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SUMMARY

Carbon nanotubes are molecular-scale tubes of graphitic carbon that possess many
unique properties. They have high tensile strength and elastic modulus, are thermally and
electrically conductive, and can be structurally modified using well established carbon
chemistries. There is global interest in taking advantage of their unique combination of
properties and using these interesting materials as components in nanoscale devices and
composite materials.

The goal of this research was the correlation of the mechanical properties of
coiled carbon nanotubes with their chemical structure. This research project began with
the hypothesis that these nanostructures would respond to mechanical compression in a
similar manner to macroscale springs. A novel experimental approach was developed to
test this hypothesis. Individual nanocoils, grown by chemical vapor deposition, were
attached to scanning probe tip using the arc discharge method. Using a scanning probe
microscope the nanocoils are repeatedly brought into and out of contact with a
chemically-modified substrate. Precise control over the length (or area) of contact with
the substrate is achievable through simultaneous monitoring the cantilever deflection
resonance, and correlating these with scanner movement. The mechanical response of
nanocoils depended upon the extent of their compression. Nonlinear response of the
nanocoil was observed consistent with compression, buckling, and slip-stick motion of
the nanocoil. The chemical structure of the nanocoil and its orientation on the tip was
determined using scanning and transmission electron microscopy.

The mechanical stiffness of eighteen different nanocoils was determined in three
ways. In the first, the spring constant of each nanocoil was computed from the slope of
the linear response region of the force-distance curve. The assumptions upon which this
calculation is based are: 1) under compression, the cantilever-nanocoil system can be

modeled as two-springs in series, and 2) the nanocoil behaves as an ideal spring as the
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load from the cantilever is applied. Nanocoil spring constants determined in this fashion
ranged from 6.5x107 to 5.16 TPa for the CCNTs understudy. In the second, the spring
constant of the nanocoil was computed from measuring the critical force required to
buckle the nanocoil. The critical force method measured the force at the point where the
nanocoil-cantilever system diverges from a linear region in the force curve. Nanocoil
spring constants determined in this fashion ranged from 1.3x10” to 10.4 TPa for the
CCNTs understudy. In the third, the spring constant of each nanocoil was computed
from the thermal resonance of the cantilever-nanocoil system. Prior to contact of the
nanocoil with the substrate, the effective spring constant of the system is essentially that
of the cantilever. At the point of contact and prior to buckling or slip-stick motion, the
effective spring constant of the system is modeled as two springs in parallel. Nanocoil
spring constants determined in this fashion ranged from 2.7x107 to 0.03 TPa for the
CCNTs understudy.

Using the thermal resonance of the cantilever system a trend was observed
relating nanocoil structure to the calculated modulus. Hollow, tube-like nanostructures
had a higher measured modulus than solid or fibrous structures by several orders of
magnitude. One can conclude that the structure of carbon nanocoils can be determined
from using their mechanical properties. This correlation should significantly contribute
to the knowledge of the scientific and engineering community. It will enable the
integration of carbon nanocoils in  microelectromechanical (MEMS) or
nanoelectromechanical systems (NEMS) as resonators, vibration dampers, or any other

application in which springs are used within complex devices.
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CHAPTER 1

MECHANICAL PROPERTIES OF CARBON NANOTUBES

1.1 Research Motivation

Creating nanoscale devices is one of the great challenges of this millennium. The
integration of newly discovered nanoscale phenomena into real world applications is a
cross-disciplinary task, requiring the collaboration of engineers and scientists. Because
of their unique mechanical and electronic properties [1] carbon nanotubes have received
great interest in their application in devices and technologies.

Some of these devices are already coming into fruition. Carbon nanotube arrays
are being used to make ultralight and flexible displays. Samsung, in collaboration with
Unidym has created a prototype carbon nanotube-based color active matrix
electrophoretic display (EPD) which uses the nanotubes as field emission source material
[2]. The EPD claims to have improved brightness and energy conservation compared to
conventional flat display technologies. Jensen et al. [3] have constructed a functional
radio receiver from an individual carbon nanotube; where it serves as the antenna, band-
pass filter, amplifier and demodulator. Although both of these examples are utilizing
nanomaterials, they are being integrated into large scale platforms. Significant research
continues to be needed for the integration of nanomaterials into nanoscale devices.

The goal for the work presented in this dissertation was the correlation of the
mechanical properties of coiled carbon nanotubes with their chemical structure. This
research project began with the hypothesis that helical nanostructures will have similar
mechanical behavior to macroscale springs. A novel experimental approach was
developed to test this hypothesis. A secondary objective was the creation of a predictive

model for the compression of the nanocoils. The development of this model would



significantly contribute to the knowledge of the scientific and engineering community. It
will enable the integration of carbon nanocoils in microelectromechanical (MEMS) or
nanoelectromechanical systems (NEMS) as resonators, vibration dampers, or any other
application in which springs are used within complex devices.

This chapter will serve as an introduction to carbon nanotube chemistry. The
discovery of these structures and a look at some proposed and realized applications will
be discussed therein. In addition to these topics, current experimental techniques used to
measure the mechanical properties of carbon nanotubes will be discussed. Chapter 2 of
this dissertation will serve as an introduction into the field of scanning probe and electron
microscopies. These were the primary tools used in presented work. Chapter 3 will
discuss the experimental design used within the study. Chapter 4 and 5 investigates the
use of multi-parameter force spectroscopy (MPFS) to measure the response of the coiled
nanotube under a compressive load. Chapter 6 presents the developed compression

model.

1.2 Carbon Nanotube History

Carbon nanotubes were accidentally discovered by lijima in 1991 during a study
on manufacturing methods for fullerenes [4]. Unlike the spherical fullerenes, he found
carbon tubes with nanometer scale widths and lengths in microns. These structures,
termed carbon nanotubes (CNTs), were found to be cylindrical in shape with hexagonal
carbon bonding similar to that of graphene. Figure 1.1 displays the atomic structures of a
carbon nanotube and a Cg fullerene. This figure shows the nanotube with both an open
and closed-end configuration. In the closed-end configuration, the nanotube is capped

with a fullerene hemisphere. The sides of the nanotube have been described as a rolled



graphene sheet. Most nanotubes are synthesized with both ends capped and require post

synthesis processes to form an open structure.
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Figure 1.1. Model of single-walled carbon nanotube and fullerene structures. The
nanotube displays both an open and closed cap structure. (By courtesy of Encyclopaedia
Britannica, Inc., copyright 2005; used with permission)

Both the scientific and engineering communities have embraced carbon nanotubes
due to their exceptional and unique properties [5]. CNTs can have metallic or semi-
conducting electric properties, an outgrowth of their atomic structure [6]. The
mechanical properties of CNTs have led to their proposed application in structural
materials, due to their extremely high stiffness and strength. CNTs have been estimated
to have 1 TPa modulus and a 10-12% strain to failure [7, 8]. Individual nanotubes have
been observed to elastically bend through 360° without accumulated damage [9]. A
nanotube under high strain is shown in Figure 1.2. The electric and mechanical
properties of the carbon nanotube are due primarily to the hybridized bonds, which are

similar to that of graphite. These properties, combined with the nanometer and micron



scale dimensions of the nanotube, have led to their proposed use in a variety of

nanotechnology and nanoscience applications.

Figure 1.2. Bending and buckling of MWCNT through high applied strain: (a) original
straight MWCNT, (b) the MWCNT is bent upwards onto itself, (c) the same tube is bend
downward onto itself in opposite direction of (b). (Reprinted by permission from
Macmillan Publishers Ltd: Nature [9], copyright 1997.)

1.3 Carbon Nanotube Structure

The structural units of the carbon nanotube are hexagonal carbon rings. The
primary bond between the atoms consists of sp2 hybridization (one sigma and two pi-
bonds) with trigonal planar symmetry, where each atom is bonded to its three closest
neighboring atoms at approximately 120° in plane (Figure 1.3). The in-plane properties
of the nanotube are derived from the strong sigma bonds. The weaker pi-bonds are
delocalized within the hexagonal ring; centered symmetrically at a distance of 0.33A

from the central axis of the sigma bond. The pi-bond is responsible for both the



electrical conductivity and the out of plane properties, such as wall bending stiffness.
There are numerous crystalline structures for carbon nanotubes. These are determined by
the helicity (chirality) of the graphitic lattice and the diameter of the hexagonal carbon
structures. The various nanotube structures are commonly classified using the White
notation [10]. Simplified, this notation describes the way in which a graphene sheet is
rolled to make a graphitic tube structure. The White notation contains a basal vector
which is used to find the circumferential joining point to turn the sheet into a tube. The
number of hexagonal rings used when following the a and b vectors to close the tube
structure is written in the form (a,b), which also defines the helical angle (6y)of the
nanotube (Figure 1.4). This nomenclature is similar to that often used to describe helical

chain polymers with translational symmetry.

m bond

o bond

Figure 1.3. Hexagonal bonding structure for one graphite layer: the carbon nuclei are
shown in filled circles, out-of-plane delocalized n-bonds are shown as dotted lines, o-
bonds connect the carbon nuclei in-plane.

Changes to the hexagonal lattice of the nanotube can lead to temporary or
permanent changes in the tube radius or structure. Wang et al. [11], asserted that
inclusion of heptagonal and pentagonal rings pairs into the hexagonal lattice is necessary
to promote the formation of helical and zigzag structures. A helical carbon nanotube is

shown in Figure 1.5A. The inclusion of a pentagonal ring into the hexagonal lattice
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Figure 1.4. Notation for indexing nanotube structures. The definition of a roll-up vector
is a linear combination of base vectors R; and R,. ([10] Copyright 1993 by the American
Physical Society.)

causes the inward curvature in the structure, leading to a surface with positive curvature
[12, 13]. Inclusion of the larger pentagonal ring into the lattice causes the lattice to curve
outward forming negative curvature (Figure 1.5B). These defects are known to exist in
the fullerenes, giving rise to their curved shapes. Wang et al. also proposed that if there
was no twist on the pentagonal-heptagonal (P-H) paired carbon rings along the growth
axis of the tube, a planar-spiral structure would form. If, however the P-H pairs do twist
along the growth axis, a helical structure would form. The helicity and twist angle are
determined by the distance between the P-H pairs. They also proposed that a variety of
structures can be formed by the inclusion of these bending defects in the hexagonal
lattice. In practice, however, these defects occur during the growth of the carbon
nanostructures, where the nucleation at the catalyst has a large impact on the inclusion, or
prevention, of these defects during synthesis [14-20].
Up to this point, the discussion has focused on single-walled carbon nanotubes

(SWCNTs). These structures consist of a single graphitic carbon layer that is exactly one

carbon atom thick. The electric and mechanical properties discussed previously were
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Figure 1.5. (a-c) Hexagonal, pentagonal and heptagonal carbon ring structures in the
matrix of graphitic layer. (d) Helical carbon nanotube formation by twisting the
orientations of the P-H pairs. (Adapted with permission from [11]. Copyright 2000
American Chemical Society.)

determined for this structural form of the carbon nanotube. The nanotubes found by
Iijima in 1991 consisted of concentric tubular graphene sheets and named multi-walled
carbon nanotubes (MWCNTSs). The individual walls are not bonded to each other and
only weakly interact through van der Waals forces. In this case, one can visualize a tube
made by rolling sheets of graphite into a tube. The walls are separated by a spacing of
3.4A, the distance between the individual sheets of graphite. Because they are not
covalently bound together, the individual walls of the MWCNT can freely rotate and

slide between each other with minimal resistance, again a property very similar to



graphitic sheets. Because of this freedom of motion, it is believed that tension and
torsional loads will not transfer between the layers of the MWCNT. High resolution
transition electron microscope (HRTEM) images of several MWCNTSs are given in
Figure 1.6. As with SWCNTs, MWCNTs are synthesized with a capped end that allows
the transfer of a compressive load between the walls via van der Waals forces. In
addition to compressive loading, applied loads may also be transferred throughout the
MWCNT structure if global or local buckling occurs. Buckling is discussed in more
detail in Chapter 6. The presence of multiple walls does not change the axial stiffness of

the nanotube compared to SWCNTSs, but will significantly increase the bending stiffness.

Figure 1.6. High resolution TEM images of various multi-walled carbon nanotubes. The
image of a multishell nanotube showing the geometric changes due to the presence of
five and seven membered rings (position indicated in the image by ‘P’ and ‘H’) in the
lattice. Note that the defects in all the shells are well aligned. (From [21]. Reprinted with
permission from AAAS)



1.4 Nanotube Synthesis Methods

Carbon nanotubes are synthesized through three primary techniques: arc
discharge, chemical vapor deposition, and laser ablation. The arc discharge method
involves sending a charge through two graphite rods placed a few millimeters apart
creating plasma between the electrodes. The plasma vaporizes the carbon atoms; as they
condense, they form a variety of carbon structures including fullerenes, nanotubes, and
amorphous carbon. The quality of the nanotube sample is dependant on the stability of
the plasma formed between the electrodes, current density, cooling, atmosphere, etc. [22].
This technique produces both SWCNT and MWCNT with a very low yield (25% of
starting material [21, 22]). Nanotubes generated by this technique must be purified and
separated from the other material generated during synthesis. In chemical vapor
deposition (CVD) a hydrocarbon feedstock (commonly methane, ethane or ethylene) is
passed over a substrate held at a temperature between 600-1000°C [23]. As the
hydrocarbon feedstock decomposes, carbon atoms reform into either SWCNT or
MWCNTs as they interact with the substrate surface [24]. Often, substrates used in the
CVD synthesis technique are treated with specific catalyst materials to aid in the
synthesis of nanotubes with a particular structure. CVD synthesis is capable of producing
very high yields of nanotubes; however the defect concentration tends to be higher than
other methods. Laser ablation, as the name implies, uses a laser to vaporize a graphite
source material and the nanotubes are formed in a process similar to that of the arc
discharge technique. This process produces SWCNT and the laser source can be tuned in

order to control nanotube diameter [25].

1.5 Applications

The size and extraordinary properties of these molecules have made them prime

candidates for replacing conventional materials or used in the development of new



technologies. There are numerous potential applications for carbon nanotubes in
materials and micro-electromechanical systems (MEMS). The high stiffness, strength,
and aspect ratio have led to applying carbon nanotubes (CNTs) in composite materials as
fiber reinforcement [26]. Because of their small size, the nanotubes could be used along
side with the liquid resin used in mold injection technologies, a common commercial
technique for making plastic parts. Unfortunately, there are several obstacles that exist
before such applications become commercially feasible. The first, and most significant,
obstacle to implementing this technology is the cost of bulk material. In applications
such as composites, where uniform material properties are required, the bulk nanotube
material will often require a series of purification steps in order to achieve homogenous
properties. Also, uniform dispersion of CNTs in composite materials remains a technical
challenge [27-29]. Currently, there are several companies selling carbon nanotubes.
These companies offer a range of carbon nanotube products for both industry and
academic customers. Offerings include pure, functionalized, and length specific SWCNT
or MWCNTs, as well as industrial grade supplies. Costs scale with sample purity.

A number of applications of carbon nanotubes in micro-electromechanical

systems have also been proposed. Using their high aspect ratio dimensions, CNTs could

Figure 1.7. Illustration of telescoping walls of MWCNT. (Image courtesy of Lawrence
Berkeley National Lab.)
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be used as structural components in MEMS systems, dramatically reducing their size into
nanoelectromechanical system scale. Another proposed use of MWCNTs is to use them
as mechanical bearings, taking advantage of the free rotation the layers have with respect
to each other [30]. In this application, the outermost shell would be mechanically
clamped or pinned to a device followed by exposure of one or more inner shells (Figure
1.7). The interior tubes would be a free rotating axis while the remaining exterior shells
can be used as structural components in MEMS systems. MWCNTSs can also be used as
gear-like structures. The nanotube would act as a shaft while gear-like teeth are
imbedded in the outer wall of the structure [31], an example is given in Figure 1.8. In
addition to device applications, other proposed applications for nanotubes include
hydrogen fuel storage [32] and drug delivery [33]. The applications of carbon nanotubes
are, for all intensive purposes, limited only by ones imagination and capability to

construct such devices.

Figure 1.8. Carbon nanotube based gears utilizing embedded benzene molecules. (image
courtesy NASA, Ames Research Center)
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1.6 Measurements of CNT Mechanical Properties

Mechanical property measurements have been performed on either individual
nanotubes or nanotube-containing composite materials. Nano-composite testing is
simpler because the sample dimensions are compatible with conventional mechanical
testing methods. Traditional mechanical testing becomes difficult to implement on
nanoscale-sized samples. Simply put, picking up, pulling, bending, or twisting an
individual nanotube is a nontrivial achievement. Although challenging, mechanical tests
have been performed on individual single-walled and multi-walled nanotubes [9, 27, 34-
53]. Ruoff et al. [47] have published a comprehensive review of nanotube mechanical

experimentation.

1.6.1 Vibration Analysis

Due to their large aspect ratio and regular structure, nanotubes are often modeled
as simple beams. Through monitoring the vibration of a nanotube, its Young’s modulus
(E) can be calculated. The first experimental measurement of the Young’s modulus of
multi-walled carbon nanotubes (MWCNTs) was performed by Treacy et al. [54]. In this
work, the authors observed MWCNTSs undergoing thermal vibration in a TEM image
(Figure 1.9). The mean square vibration amplitude was determined to be proportional to
the temperature within the instrument, confirming thermal excitation as the source for the
nanotube vibration. The authors assumed equipartition of thermal energy among the
vibrating modes and hollow cylinder geometry of the nanotubes. This allowed the
Young’s modulus to be calculated based on the observed vibration amplitude of the free
end of the nanotube. Eleven nanotubes were examined, their moduli ranged from 0.40 to
4.75 TPa for the modulus with a mean of 1.8 TPa and an uncertainty of + 1.4 TPa.

Krishnan et al. [55] used this technique to determine the elastic modulus of SWCNTs.

12



These authors, examined 27 SWNTSs and from these calculated the average modulus to be
1.3 (-0.4/40.6) TPA from a study of 27 SWCNTs.

Advancing this technique, Poncharal et al. [56] used electromechanical excitation
as a method to investigate the mechanical properties of MWCNTs from resonance
frequency vibrations. This was accomplished though attaching a gold lead to a fiber
composed of MWCNTs and electrically isolating them inside the TEM. A potential was
applied to the sample through the wire to electromechanically excite the nanotubes. The
authors found a relationship between the modulus and the nanotube diameter. For tubes
with outer diameters less than 12 nm, the calculated Young’s modulus was ~1TPa. For
nanotubes with larger diameter, the modulus was calculated in the range of 0.1 and 1TPa.

A TEM image of the electromechanical excitation of a MWCNT is given in Figure 1.10.

1.6.2 Nanomechanical Analysis

Nanoscale manipulation is the most direct means of experimentally determining
the mechanical properties of carbon nanotubes. The atomic force microscope (AFM) has
been an important tool in carrying out these measurements on nanotubes, as well as other
nanomaterials. A limitation in using the AFM in this manner is that the nanotube must be
laying on a surface. As a result, one must account for the tip interactions with both the
nanotube as well as the substrate. For more complex mechanical tests, three-dimensional
manipulation of the nanotube is required. The AFM is in the family of scanning probe
microscopes and can be operated in several modes, including: lateral force, contact mode,
or tapping mode operations. A more detailed description of this instrument is given in
the following chapter.

Falvo et al. [9] used a nanomanipulator and a contact mode AFM cantilever probe
tip to manipulate and bend MWCNTs deposited onto a mica substrate. The nanotubes

had sufficient friction on the substrate to allow these operations to be performed.
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Through manual manipulation of the nanotubes, the author was able to create large bends
in the MWCNTs (Figure 1.2). During bending, buckling and rippling of the MWCNT
surface was observed. The authors estimated that the MWCNTSs could undergo a strain
up to 16% without observable mechanical or structural defects.

The bending modulus of a MWCNT was directly measured using an AFM probe.
This was accomplished by Wong et al. [57], using the lateral force mode of the AFM on
immobilized nanotube samples on a MoS, substrate. The nanotubes were deposited at
random on the substrate and pinned through the application of SiO pads using
lithographic patterning (Figure 1.11a). Once secured, the substrate was imaged by the
AFM until individual, secured nanotubes were located. MWCNT diameter and length
were measured by sectional analysis of the image(s). The authors used the AFM probe
tip to apply a lateral force at different locations along the length of the nanotube. A
lateral deflection is observed on the cantilever beam as probe tip interacts with the
nanotube (Figure 1.11d). This deflection is recorded with respect to scanner position.
The friction with the substrate, rigidity of the cantilever beam, and lateral deflection are
analyzed to determine the force acting on the nanotube. The bending modulus of the
MWCNT is then calculated by fitting force versus deflection curve. The measured values
of the bending modulus were 14.2+8.0 GPa, with a maximum measured value of
28.5GPa. These values are considerably lower than theoretical values for the MWCNTSs.
The authors postulate that the inclusion of defects within the MWCNT contributed to the
difference between the observed and predicted values.

Salvetat et al. also measured the deflection of MWCNTSs [52] and SWCNT ropes
[58] under an applied load. In their method, the nanotube and nanoropes were deposited
onto a membrane with 200 nm pores (Figure 1.12a). An AFM probe tip would be
positioned at the midpoint of the carbon nanotube spanning the pore and used to apply a

bending force, effectively performing a three-point bend (Figure 1.12b). Force versus
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Figure 1.9. Bright Field TEM of free standing MWCNT fibers showing the blurring at
the tips due increased thermal vibration. (Reprinted by permission from Macmillan
Publishers Ltd: Nature [54], copyright 1996.)
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Figure 1.10. Nanotube response in applied resonant potentials: (A) no external
excitation of the nanotube, (B) resonant excitation of the nanotube at its fundamental
vibration (0;=530 kHz), (C) resonant excitation at the second harmonic (®,=3.01 MHz).
The shape of the nanotube during excitation resembles that of a classical beam in primary
and secondary vibration. (From [56]. Reprinted with permission from AAAS)
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deflection data was captured during the deflection of the nanotube; this is used to
calculate the elastic modulus of the individual nanotube or SWCNT rope bundle. Using
the equation for mechanical deflection of a hollow cylinder, the elastic modulus can be
calculated from the measured deflection and applied load force. The calculated elastic
modulus for MWCNTs was between 10 and 60 GPa [52]. Both the elastic and shear
modulus for the SWCNT rope was calculated. The elastic modulus of the SWCNTSs were
found to be near 1TPa while the shear modulus of the nanorope had a low shear modulus
(G = 1GPa). The low shear modulus of the SWCNT ropes is hypothesized to be due to
imperfections in the structure of individual tubes such as variations in tube diameter
and/or vacancies in the tube lattice. These imperfections may increase the friction
between the nanotubes within the rope inducing a large damping capacity [58].

Yu et al. [59] measured the axial tensile loading of multi-walled carbon nanotube.
This was accomplished through the use of a custom stage capable of three-dimensional
manipulation with the capability to pick-up, position, and clamp individual MWCNTs.
This stage was designed to fit into an SEM, allowing the authors to perform the
manipulations while imaging the nanotubes. To measure the tensile loading, an
individual MWCNT was attached to the tip of an AFM probe through the use of the stage
and localized electron beam induced deposition (EBID) of carbonaceous material [59].
The other end of the MWCNT was clamped to another AFM probe tip of lower stiffness
(see Figure 1.13a). A tensile load was applied on the MWCNT, through a displacement
of the more rigid cantilever through the use of a y-axis piezomotor. The applied force
was measured by the deflection of the more pliant cantilever beam (Figure 1.13b). Using
the stiffness of the pliant cantilever and the measured displacement, the force acting on
the beam from the MWCNT is calculated. The maximum tensile load on the MWCNTs
was measured as the load applied caused the tube to break. Once fractured, the nanotube

was taken to a TEM to accurately determine the geometry and number of walls. The
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Tip

Lateral force

Figure 1.11. Overview of AFM measurement of bending modulus of MWCNT: (a)
carbon nanotubes were deposited on a cleaved MoS; substrate, pinned in place by
deposition of patterned SiO, pads, (b) optical micrograph of sample (scale bar is 8um),
(c) AFM image of 35.3 nm nanotube protruding from a SiO; pad, (d) schematic of beam
bending by AFM probe tip (lateral force is indicated in red trace), (¢) schematic of pinned
beam of length L subjected to a point load P with a distributed load force of f. (From
[57]. Reprinted with permission from AAAS)
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measured tensile strength of the outermost layer of the MWCNTs was measured between
11 and 63 GPa; a value significantly lower than theoretical estimates for SWCNT tensile
strength. Since the nanotubes were synthesized using the arc discharge method, the outer
walls may have contained defects, thereby reducing its tensile strength. Using a similar

attachment method, Chen et al. [46, 60] measured the tensile response of coiled carbon

Figure 1.12. Three-point bending of carbon nanotubes.: (a) AFM image of SWCNT rope
laying on a polished alumina membrane, (b) schematic of the AFM probe use to apply a
bending force to the nanotube/nanorope. (Reprinted figure with permission from [58].
Copyright (1999) by the American Physical Society.)
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nanotubes. This study demonstrated that the behavior of carbon nanocoils are analogous
to elastic springs under tension (Figure 1.14). They found that the nanocoil could
undergo an elongation of up to ~42% of the free length without measurable structural
damage [46]. The nanocoil had a measured spring constant K of 0.12 N/m in a low strain
regime. The spring constant was found to increase with the extent of elongation. The
mechanical properties of the nanocoil were characterized on the basis of a nonlinear

relationship between the spring constant K and shear modulus G, through the expression

Gd*'-d') 1 .

K =¥0— Equation 1.1
64R°N, &

where d is the outer diameter, d; is the inner diameter, R is the radius of the coil, N is the

number of coils, and ¢ is a dimensionless coefficient for the geometry of the coil [46].

1.7 Summary of Material Properties

Table 1.1 summarize the values for Young’s modulus, E, from various
investigators using molecular mechanics simulations or experimental data. These
published elastic modulus values for carbon nanotubes ranges from 0.76- 5.5 TPa. The
table demonstrates that the mechanical properties of carbon nanotubes are highly
dependant on the assumptions made by the investigators. For MWCNTs, a wall spacing

of 3.4 A is often used; derived from the spacing of the layers in graphite.
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Table 1.1. Published values for the material properties of CNTs derived from molecular
simulations.

Author(s) Year | Modulus | Thickness N Method Trends
(TPa) (A)
Robertson et al. [61] 1992 1.06 34 local density 11
function
Yakobson ef al. [62]+ 1995 5.5 0.66 TB
Yakobson et. al.[62] 1996 1.07 34 0.19 TB
Cornwell et al. [63]+ 1997 1 3.4 TB 1/
Lu (MWCNT) [64] 1997 1.11 3.4 universal force # of
walls
Lu (SWCNT)[64] 1997 0.97 34 universal force
Hernandez ef al. [65] 1998 1.24%* 34 density funct.
theory (QM)
Yao [66] 1998 1 34 universal force, e
tight binding
Ozaki et al.[67] 2000 0.98 34 O(N)
Van Lier et al. [68] 2000 1.09 34 0.11 Hartree-Fock (QM)
Zhou et al. [69] 2000 5.1 0.71 electronic band 11
theory
Zhou 2001 0.76 3.4 0.32 LDF(QM)
Belytschko et al. [70] 2002 0.94 34 0.29 modified Morse
Troya et al. [71]+ 2003 1.16 34 PM3 (QM)
Troya et al.[71]+ 2003 1.4 3.4 MSINDO (QM)

* computed surface modulus of 0.42 TPa-nm
(QM) quantum mechanics method
+ study focusing on nonlinear responses (buckling or fracture)
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Figure 1.13 (a) individual MWCNT clamped between two AFM scanning probe tips. (b)
schematic of tensile loading experiment. (From [8]. Reprinted with permission from
AAAS))
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Figure 1.14. SEM images of the tensile loading of a carbon nanocoil. (a) A nanocoil
clamped between two AFM cantilevers. (b) Relaxed nanocoil prior to loading. (c)
Nanocoil at elongation of 20#. (d) Nanocoil at relative elongation of 33%. (Reprinted in
part with permission from [46]. Copyright 2003 American Chemical Society.)
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CHAPTER 2

SCANNING PROBE AND ELECTRON MICROSCOPY

2.1 Scanning Probe Microscopy

Scanning probe microscopy (SPM) encompasses a family of techniques that
image surfaces using a physical probe. Scanning probe microscopes raster a probe across
the specimen surface through the use of a piezoelectric actuator while recording the tip-
sample interactions as a function of probe location. The field began with the invention of
the scanning tunneling microscope (STM) in 1981 by Gerd Binning and Heinrich Roher
[72], utilizing the quantum tunneling effect to interrogate the density of states on a
sample surface. They were awarded the Nobel Prize in Physics for this invention in
1986. The STM is capable of generating atomic scale resolution of semiconducting and
conducting surfaces. The atomic force microscope (AFM), invented in 1986 by Gerd
Binning, Calvin V. Quate, and Christopher Gerber, interrogates the topography of many
types of samples regardless of the sample conductivity [73]. The resolution of the
scanning probe microscope varies between the different techniques; however it is highly
influenced by the probe geometry and the resolution of a piezoelectric motor. A typical
scanning probe microscope and controller are shown in Figure 2.1.

In many research groups, scanning probe microscopy is used in tandem with
electron microscopy (discussed in the section 2.5), as both techniques are capable of
resolutions near the atomic scale. Scanning probe microscopy offers several advantages
over electron microscopy. The resolution of SPM microscopes is limited only by the size
of the probe-sample interaction, rather than beam diffraction. The scanning probe

microscope is capable of imaging in air at standard; pressures, under vacuum, or in liquid
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Figure 2.1. Veeco MultiMode Illa Scanning Probe Microscope (SPM). The instrument
is capable of atomic force microscopy (AFM) and scanning tunneling microscopy (STM)
techniques.

[74-77] (using specialized specimen holders). Samples for electron microscopy must be
held under a partial vacuum. This allows the use of scanning probe microscopes in the
investigation of biological samples [78-81], thin film assembly in real time [82-85], or
any number of other applications. In addition to sample topography, both the STM and
AFM have been used to directly modify specimen surfaces. With the choice of a stiff
probe, the AFM has been used to pattern a surface through the creation of
nanoindentations [86-88], scratches [89, 90], or nanomanipulation of features on the
sample surface. In 1989, Eigler and Schweizer [91], researchers at IBM’s Zurich
Research Laboratory, reported the manipulation of individual xenon atoms using an STM

at ultra low temperatures into a highly ordered array (Figure 2.2).
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Figure 2.2. A sequence of STM images taken during the construction of a patterned array
of xenon atoms on a nickel (110) surface. (Reprinted by permission from Macmillan
Publishers Ltd: Nature [91], copyright 1990.)

Scanning probe microscopy is not without its own limitations. The image
resolution is greatly limited by the tip size and geometry. The scan rate of scanning
probe methods is slower than those of electron microscopy due to the raster time of the
piezoelectric actuator. Some research groups are investigating methods of improving the
speed and resolution of scanning probe techniques through modifications of the probe
design. Onaran et al [92] integrated a probe tip onto a micromachined optoacoustic
membrane creating a high speed atomic force probe capable of up to 60 kHz scan rate, an
order of magnitude greater than conventional speeds. Some SPM techniques are limited
in their ability to probe the interior features of specimens. The AFM is primarily used for
topographic imaging; however phase imaging techniques can be used to interrogate
interior sample features. The STM can tunnel several nanometers into a sample with the

appropriate electron tunneling settings.
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The AFM has developed into an invaluable analytical tool yielding information
about the topography as well as chemical and physical properties of samples at the
nanoscale. In order to obtain reliable information from the AFM, one must have

knowledge of the components and the operating principles of the instrument.

2.2 Atomic Force Microscopy

The atomic force microscope (AFM) operates by measuring the interactions of a
cantilever probe tip with the specimen surface as the two are moved relative to one
another. Typically, the vertical deflection of the cantilever is measured during sample
imaging. Torsional deflection of the cantilever beam can also be measured. The method
of the raster varies from manufacturer to manufacturer. For example, Veeco Instrument
Inc. (Plainview, NY) Nanoscope Models II and IIla implement a piezoelectric actuator on
which the sample rests, while the probe tip is held in a fixed position. Pacific
Nanotechnologies (Santa Clara, CA) places the piezoelectric actuator on their cantilever,
while the sample is in a fixed position. The advantage of this setup is that it allows for
large samples and increased imaging speed. Originally, the cantilever probe deflection
was directly recorded [73], through the mechanical connection of a stylus to the scanning
probe. Modern instruments utilize a laser optic system to measure the deflection of the
cantilever. A piezoelectric actuator or scanner is used for the precise control of the
system in X, y, and z directions.

The basic setup of the atomic force microscope (AFM) is demonstrated in Figure
2.3. The AFM consists of the cantilever holder, laser optics, position sensitive detector
(PSD), piezoelectric scanner, and computer controller. This setup is similar to that of the
VeecoNanoscope Illa (Veeco Instruments, Plainview, NY). The basic operation of the
instrument consists of the following operations: 1) the sample is moved into close

contact with the cantilever probe tip through the use of positioning screws for large scale
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movements. Often an optical scope is used during this approach step. 2) The sample is
brought into contact with the probe tip through Z-axis motion of the piezoelectric scanner
(piezoscanner). The point of contact is determined from an initial deflection of the
cantilever through a change in the reflected laser from the beam as measured on the PSD.
3) Once contact is achieved, the piezoscanner begins to raster the substrate under the tip
in the X,Y-plane. As surface features interact with the tip, the contact forces cause
deflections of the beam. The extent of the beam deflection follows Hooke’s law. These
are measured by changes in reflected laser optics incident on the PSD. The voltage
change of the PSD is sent to the computer controller where it converts these voltage
values to a distance value. This will correspond to the height of the feature deflecting the
cantilever. 4) An image of the sample features are generated by correlating the collected

PSD deflection signals with the x,-position of the tip on the sample.

2.2.1 AFM Components

The basic operation of the AFM is to measure sample surface features through the
use of a probe. The means of accomplishing this vary between manufacturers as
described previously. There are several common components. These include vibration
isolation units, piezoelectric scanner(s), cantilever or other mechanical probes, detectors,

and controller units.

2.2.2 Vibration Isolation

Although not specifically a component of an AFM, the use of a vibration isolation
unit greatly reduces environmental mechanical and acoustic noise from interfering with

image quality as the instrument operates by detecting the lateral or vertical deflections of
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Figure 2.3 Schematic of basic setup and operation of AFM.
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a cantilever. By mechanically isolating the cantilever beam, the sensitivity of the
instrument is enhanced. In AFM operation, the mechanical isolation of the cantilever is
analogous to the electrical shielding of the instrument wiring, and is completed through
the use of rigid microspore designs as well as an external vibration isolation unit [93].
External vibration isolation units vary in design, cost and application. A simple
unit can consist of using rubber stopper or pad between the instrument and the table
(<$20) or a large concrete slab suspended by bungee chords (~$100); the latter is shown
in Figure 2.4A  More expensive units consist of pneumatically suspended tabletops
(~$2,500) capable of isolating the instrument from a large range of environmental
vibrations (Figure 2.4B). Without the use of vibration isolation units, using the

instrument to visualize atomic-scale features is difficult, if not impossible.

2.2.3 Piezoelectric Scanner

Piezoelectric materials undergo a mechanical deformation in response to an
applied electric field. A key component of the AFM is the piezoelectric scanner or motor,
which consists of a column of piezoelectric material capable of precise displacements in
the three dimensions when a controlled voltage is applied. The sensitivity and magnitude
of the displacements of the piezoelectric scanner are determined from the column
geometry. They are capable of operating at high resonant frequencies, allowing high
scan rates in the instrument. Often manufacturers will sell different scanners with
varying scan size values. Unfortunately, piezoelectric scanners (piezoscanner) exhibit
both a linear and non-linear response to the applied voltage, and operation of the
instrument should only be during the linear portion of the scanner motion (Figure 2.5).
The response of piezoelectric materials, and thus the scanner, is sensitive to temperature

fluctuations and are designed to be thermally insulated [94].
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Figure 2.4. Image of bungee based vibration isolation system.
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Because of the non-linear response of the piezoscanner frequent calibration
required. The calibration allows the software to correct data collected during scanner
operation in the non-linear voltage region. The scanner calibration procedure varies from
between manufacturers, but is commonly performed using a standard surface grating
created through a micromachining technique [95]. For best results, the scanner should be
calibrated against a surface grating with features similar in size to those of the samples to
be analyzed. Often a large scale (>10um line spacing) and small scale (<lum line
spacing) grating are used to correct for the nonlinearities of the scanner.

In most cases the sample is mounted onto a metal specimen disc magnetically
held in place on the piezoscanner. Tape or adhesive is often used to secure the specimen
to the disc during imaging limiting the movement of the sample. When imaging a sample
under fluid, a permanent adhesive (epoxy or glue) is often used. Careful consideration of
the chemical inertness of the adhesive to the fluid must be determined to avoid failure or

contamination from the adhesive.

Scanner Displacement

Drive Voltage
Figure 2.5. Image of the response of a piezoelectric scanner to an applied potential. The
region in between the red lines represents the linear response.
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2.2.4 Cantilever Probes

Cantilevers are commercially available from a variety of manufacturers. They are
produced using microfabrication techniques (similar to those used in integrated circuit
fabrication) from silicon or silicon nitride materials. Typically, the user chooses the
cantilever based on its imaging application. Factors considered when choosing a
cantilever include tip geometry, cantilever geometry, cantilever beam spring constant,
resonance frequency, and cantilever material. To reduce interference from acoustic or
building noise, the fundamental resonance frequency of the cantilever should be high.
Both vibrational and thermal noise can reduce the sensitivity of the AFM and are both
reduced through the use of shorter length cantilever beams. The cantilever tip geometry
is of critical importance to the AFM image resolution. The tip sharpness, measured as a
radius at the apex, is a key element in the capability of the AFM to resolve sample
features.

Often the cantilevers are available with a metal coating on the topside of the beam
(opposite the tip) to enhance the laser reflection from the beam material. There are two
primary beam geometries for the cantilevers: triangular and rectangular. Triangular
cantilevers are designed to reduce lateral (torsional) deflection of the beam. Rectangular
beams are susceptible to torsional bending during contact imaging mode. Rectangular
beam geometries are preferred for this reason for use in lateral force imaging.

Modification of the cantilever tips can be performed to enhance the performance
of cantilever probes. The attachment of a carbon nanotube to the apex of a cantilever tip
has become a popular enhancement due to the high aspect ratio of carbon nanotubes,
smaller radius of curvature, and durability. The use of a nanotube modified tip enables
greater capability to probe deep and narrow features; an ideal capability for profiling
lithographic processes [96]. Several different attachment methods have been developed

from electromechanical welding of the carbon nanotube to a metal coating of the
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Figure 2.6. SEM image of a MWCNT modified scanning probe tip (left) and a schematic
showing the ability of a CNT modified tip to trace the profile of trenches with deep
narrow features (right). (Reprinted with permission from [96]. Copyright 2002, American
Institute of Physics.)

cantilever tip [97] to the growth of the nanotube directly from the tip [98]. Tips can also
be chemically functionalized to study chemically specific interactions between the tip and
sample [99-104]. In this study, coiled carbon nanotubes are attached to the cantilever

probe tips via the method developed by Stevens et al. [97].

2.2.5 Detectors

Commercial AFMs use laser optics to track the vibration and deflection of the
cantilever beam. The instruments use optical detectors to measure changes in the beam
as it interacts with the sample. The most popular laser detection system used in AFMs is
the position sensitive detector (PSD). The PSD consists segmented photodiode
transducers output a voltage commensurate with incident light intensity. Early
generations of AFM PSDs consisted of a two-segment photodiode array capable of only
measuring the vertical motion of the incident laser beam (vertical deflection of the
cantilever beam). Later designs incorporated a four-segment or quadrant-photodiode

array enabling capture of both the vertical and torsional deflection of the cantilever
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beams. The torsional signal provides information about the frictional forces between the
tip and sample. A schematic of the two-segment and quad-PSD are given in Figure 2.7.
Cantilever deflection and torsion are determined from the detector. In the quad-PSD
design, vertical deflection results in an intensity difference between quadrants A and C
versus quadrants B and D. The cantilever torsion is determined by tracking the intensity
changes of quadrants A and B against C and D.

Recently some groups have developed the means to directly measure the
cantilever deflection. This has been accomplished through the integration of a silica
piezoelectric detector (strain gauge) onto the cantilever[105-108]. Because it is a
piezoelectric material, the resistance of the silica changes as the cantilever beam deflects.
By monitoring the fluctuations of an electrical current through the silica, one can track
the cantilever deflection. These cantilevers are useful for imaging samples that are light
sensitive [109]. This research has also led to piezoelectric actuated cantilevers; allowing

a significant reduction in the instrument size as the scanner is removed [105, 106, 110].

2.2.6 Controllers

The AFM controller is a critical instrument component that affects the precision,
sensitivity, and performance of the microscope. The controller is responsible for
collection and analog-to-digital (A/D) conversion of data from the detectors and the
precise actuation of the piezoscanner. This component is also functions as a lock-in
amplifier for the purposes of modulating the cantilever beam resonance for thermal
tuning. The number of functions for the controller varies between manufacturers, but in

general, serves as the interface device between the user and the instrument.
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2.3 Imaging Modes

Atomic force microscope images can be acquired in various ways. Contact mode
(also known as static mode) is a scanning technique where the sample and tip are kept in
contact during image capture. Dynamic or intermittent-contact mode (also known as
Tapping Mode™), involves the external oscillation of the cantilever beam allowing the
tip to have minimal contact with the sample during image capture. Using either of these
operating modes, the instrument can be used to interrogate van der Waals forces,
capillary interactions, chemical bonding, electrostatic and magnetic forces, friction
forces, etc [111] in addition to sample topography. Sample compliance can also be

determined through the use of phase imaging and force volume imaging techniques.

2.3.1 Contact Mode Imaging

Constant-force imaging keeps the force exerted on the tip from the sample at a
constant. The extent of deflection exerted on the cantilever beam through tip-surface
interactions is used as the feedback signal for measuring the surface topography. This is
achieved in a feedback loop that keeps a user generated set-point voltage from the
photodiode signal at a constant value during the sample imaging. The effect of this is
that the cantilever is held at a constant deflection during the sample raster process. The
piezoscanner on the substrate compensates for topographical changes during the raster
motion by changing the Z-axis position so that the net deflection on the cantilever is kept
to the desired setpoint value. By tracking the changes that the piezoscanner undergoes,

the controller computer can reconstruct the detail of the sample in a topographical image.
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Figure 2.7. Schematic for two-segment (a) and four-segment (b) position sensitive
detectors. The cantilever deflection and torsion are determined from the ratio of voltages
on the detector quadrants defined on the given equations.
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2.3.2 Torsional Mode Imaging

Torsional mode imaging is a secondary contact imaging method that measures the
torsional (lateral) deflection of the cantilever beam as the tip interacts with the sample.
As the tip is rastered across the substrate during most scans, the tip experiences lateral
forces in addition to vertical forces. This operating mode is known as Friction Force
Microscopy (FFM) or Lateral Force Microscopy (LFM) and measures frictional forces
between the tip and the substrate. Cantilever torsion causes the cantilever beam to
undergo torsional bending (twisting); this causes the reflected laser beam to move
horizontally across the PSD (Figure 2.8 (top)). Applications of FFM include measuring
the sample hydophobicity or hydrophilicity. For example, the friction profiles of an
uncoated and octadecanethiolate(ODT)-coated Au(111) surface are shown in Figure 2.8
(bottom). The measured friction force of the tip on the modified Au(111) surface is less
than that of the unmodified Au(111) [112]. Only AFM instruments with quadrant
photodiode arrays are capable of this imaging mode. A specialized use of LFM is the
Chemical Force Microscopy (CFM), where the tip is functionalized with a chemical
species and scanned over the sample to detect adhesion differences between the tip and

the species on the sample surface [113, 114].

2.3.3 Force Modulation Imaging (FM-AFM)

This technique is a secondary contact imaging method that measures substrate
compliance (stiffness or elasticity) in addition to surface topography [115]. In this
imaging mode, a secondary piezoelectric actuator oscillates the cantilever chip at a higher
rate than the raster scan rate. This causes the force exerted by the tip to be modulated so

that the average force on the sample is equivalent to contact mode imaging. The
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Figure 2.8. Friction force measurements with AFM. (Top) As the sample is scanned
laterally, the cantilever experiences a torsion that deflects the laser beam laterally.
(Bottom) Friction loops collected using an uncoated Si3Ny tip on (a) bare Au(111) surface
and (b) octadecanethiolate (ODT)-modified Au(111) surfaces. The friction of the
ODT/Au(111) surface is less than uncoated Au(111), indicative of the lubricating
properties of the layer. Reprinted with permission from [112]. Copyright 1999 American
Chemical Society.)
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sample material resists the oscillation. Under the same applied tip load, a stiffer material
will deform less than that of a softer material. In other words, a stiff material will resist
the vertical oscillation of the cantilever causing the beam to deflect more than a softer
material. This method measures the cantilever deflection as the oscillating beam is
rastered across the sample. Sample compliance is measured through monitoring the
variation in the deflection amplitude of the cantilever at the frequency of oscillation. The
topographic information of the sample is collected simultaneously with the force

modulation data.

2.3.4 Dynamic Mode

In dynamic (intermittent-contact) mode, the cantilever is externally oscillated.
This is achieved through the use of a secondary piezoelectric actuator held in intimate
contact with either the cantilever itself, or the cantilever holder. The piezoelectric
actuator amplitude is driven by the controller module and typically applies an oscillation
to the cantilever at a frequency near its natural resonance or harmonics. During imaging
under this technique, the applied oscillation amplitude and frequency from the
piezoelectric actuator serve as a reference. The measured oscillation amplitude,
frequency, and phase of the cantilever are measured against this reference. During
contact with the sample, the oscillation amplitude of the cantilever becomes dampened.
This is due to a combination of van der Waals forces, electrostatic, and other forces
acting on the tip as it approaches the surface of the sample [116]. The creation of a
topographical image is similar to the feedback mechanism described in the contact mode
imaging. Instead of holding the beam deflection constant, the damping factor of the

cantilever is used as the feedback signal. The advantage of using intermittent contact
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Figure 2.9. Schematic of phase imaging mode operation of AFM. The cantilever
oscillation depends on the composition and topography of the sample. The phase shift
signal occurs as the probe tip dissipates energy as it contacts the-surface. The illustration
describes two local regions on a flat substrate (brown). The blue region (B) is made of
different material, and protrudes from the substrate. The yellow region (Y) demonstrates
a change in material properties within the substrate. The only the blue region will
register in a topography image, while both the blue and yellow image will be measured
during phase imaging. (Reprinted by permission from Macmillan Publishers Ltd: Nature
Materials [117], copyright 2007.)
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mode is that one can image more delicate samples (such as supported lipid bilayers) due

to the decreased contact and forces acting between the tip and the sample [118].

Figure 2.10. Contact mode imaging topography (A) and phase image (B) of three
aggregated Salmonella typhimurium cells covered with an extracellular polymeric
capsule. The phase image reveals the inner structure of the cell in addition to the
continuity of the flagella. Scale bar corresponds to 2pm. (Adapted with permission from
[119]. Copyright 2007 American Chemical Society.)

2.3.5 Phase Imaging

Phase imaging is a secondary dynamic mode technique that is capable of
detecting variations in sample composition, adhesion, friction, elasticity. As previously
described, during dynamic mode imaging, the cantilever is excited to its resonance
oscillation through an external piezoelectric actuator (Figure 2.9). This amplitude is used
as a feedback signal to measure the topographical features of the sample. During the
feedback loop there is a lag between the input drive signal to the actuator and the beam
oscillation measured by the PSD [117]. This phase lag is monitored simultaneously with
the topography data. The sample stiffness and sample-tip interactions are the causes of
the phase lag; similar to that of force modulation AFM. In addition to investigating the

variations in material properties of the sample, phase imaging can also be used to
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improve the contrast of a topography image. Figure 2.10 displays the use of phase
imaging to interrogate the internal structures of Salmonella typhimurium cells covered

with an extracellular polymeric capsule [119].

2.3.6 Non-contact imaging

Non-contact mode atomic force microscopy (NC-AFM) imaging obtains surface
topography though measuring long-range molecular forces occurring as the cantilever is
oscillated near the sample [101, 120]. This technique is also known as Dynamic Force,
acoustic AC mode or wave mode AFM. In this mode, the instrument oscillates the
cantilever near its resonant frequency. It then measures changes in the resonant
frequency or vibration amplitude as the tip interacts with sample features. The sensitivity
of this method can provide similar resolution to contact mode AFM. NC-AFM does not
suffer from tip or sample degradation effects that are often observed during repeated

scans with contact mode AFM.

2.4 Quantitative AFM Measurements

In addition to generating topography, friction, compliance, or any number of other
images of the substrate, the AFM can also quantify the tip-sample interactions. This is
commonly done through the use of force-distance curves or oscillation amplitude plots.
These plots are obtained through disabling the x and y-motion of the piezoelectric
scanner, allowing only the extension and retraction of the scanner in the z-direction. The
instrument operator can control the scan rate, scan size, and scan start position to vary the

contact force exerted between the tip and sample.
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2.4.1 Force-Distance Curves

Force-distance curves (force curves) correlate the vertical deflection of the
cantilever beam measured from the PSD against the vertical movement of the AFM
scanner during a scan cycle. Force curves are commonly used to measure the vertical
force that the tip applies to the substrate while a contact mode image is acquired. This
allows the user to prevent excessive tip wear or sample damage during image acquisition,
or to induce such damage. This technique can also be used in the quantitative analysis of
sample viscosity as well as elasticity.

Several commonly encountered force-distance curve effects are displayed in
Figure 2.11. An idealized force curve is presented in Figure 2.11a. This plot describes a
scan cycle with no measurable tip-sample interactions. The plot consists of approach
(blue) and retract (green) data collected during a single scan cycle. During the approach
curve, there is no observable deflection (bending) of the cantilever beam until the space
between the tip and sample is small (typically <1 nm). Under this distance, van der
Waals interaction will begin to cause the tip to become attracted to the sample surface
and a downward deflection will be measured in the beam, often called the “jump-to-
contact” [86, 121, 122]. Since the scanner is still moving the substrate in the direction of
approach, the beam will experience an upward deflection. This deflection will continue
until the scanner motion is reversed or the cantilever breaks.

During the retract motion of the scanner the cantilever deflection returns to its
original position, as long as no damage is experienced by the beam. Eventually, as the
retract motion continues, the distance between the cantilever will be enough to remove
the tip from contact with the surface. If an adhesive or attractive force is experienced by
the tip, the downward deflection of the beam may continue past the jump-to-contact
point. When the restoring forces of the cantilever exceed the attractive forces of the
sample, the tip will release from the substrate and the cantilever will return to its original

position (Figure 2.11b). Often, a hydration layer (water layer) will be present on either
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the tip or sample, or both. This water layer can cause an attractive interaction between
the tip and the sample that is not characteristic of the sample properties. To reduce the
effects of the water layer, tips and samples can be stored in desiccators, or the AFM can
be placed in a dry environment (N, box) or ultra high vacuum (UHV) during imaging
[94].

The force curve depicted in Figure 2.11c describes the interaction between the tip
and a long molecule on the surface. No significant effects are observed during the
approach portion of the curve. During the retract portion of the curve the molecule
undergoes unfolding followed by mechanical elongation beyond the jump-to-contact
region. As the molecule unfolds, a more gradual deflection of the cantilever is observed
relative to an explosive rupture or release event observed in Figure 2.11b.

The force-distance curve allows for quantitative analysis of the forces during the
cycle as well as for the calibration of the instrument sensitivity. The mechanical load
exerted by the cantilever is calculated by multiplying the total deflection of the cantilever
by its spring constant. The optical lever sensitivity (OLS) is a measure of the
commensurate movement of the laserspot on the PSD during cantilever deflection
relative to the voltage applied to the scanner. This is a unique value to individual
cantilevers. The units for the OLS are AV (PSD)/ AV (scanner). This value is used in

several methods to determine the spring constant of the cantilever.

2.4.2 Oscillation Amplitude Plots

Oscillation amplitude (OA) plots are similar to force-distance curves. They are
acquired during a single vertical scan cycle of the AFM scanner under dynamic mode
operations. The curves are generated through monitoring the oscillation amplitude of the
cantilever at a specific drive frequency during the approach and retract portion of the scan

cycle. The oscillation amplitude plot can be captured simultaneously with, or
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Figure 2.11. Force-distance curves describing beam deflection behavior with different
surface interactions. The blue line represents the cantilever position as the scanner moves
the substrate toward the probe tip (approach curve). The green line represents the
cantilever position as the scanner moves away from the probe tip (retract curve). (a)
Ideal force-distance response with no interfacial adhesion between probe and sample. (b)
Typical force curve observed when adhesive interactions occur between tip and sample.
(c¢) Force curve predicted when tension is placed on a molecule secured between the tip
and substrate.
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independently of, the force-distance curve. A typical oscillation amplitude plot is shown
in Figure 2.12 along with a force curve that was simultaneously captured. During the
extension of the scanner (green approach curve), the oscillation amplitude of the beam is
unchanged until a small distance exists between the tip and the sample. At this point, as
was the case with the force curves, van der Waals forces attract the tip to the sample
surface causing a drop in the oscillation amplitude to occur. This occurs just prior to
physical contact of the tip with the surface (jump-to-contact). As the scanner extension
continues, the tip is in mechanical contact with the sample causing the oscillation
amplitude to “bottom out” while the tip is pinned. This continues as the scanner motion
is reversed, and until the adhesive (attractive) interaction of the tip with the sample is
exceeded by the restoring force of the cantilever. When this occurs, the oscillation
amplitude of the cantilever is almost instantaneously restored. A ‘ringing’ event is
observed (far right portion of Figure 2.12b) as the cantilever tip ruptures from the surface
and the cantilever returns from a state of mechanical tension returning to its fundamental
resonance. The oscillation amplitude plot allows microscopists to precisely position the
cantilever tip (through monitoring the amplitude drop prior to contact) into close

proximity with the sample surface in order to minimize tip damage.

2.5 Electron Microscopy

There are a wide range of analytical techniques for the characterization of
materials. The two commonly used for high resolution imaging of surfaces are atomic
force microscopy (AFM) and scanning electron microscopy (SEM) [123-125]. These
techniques share a number of similarities. The AFM rasters a physical probe across the

sample and measure its interactions to form an image. The SEM scans a focused
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electron beam across the sample surface. The AFM offers several advantages over the
SEM in that it can be used on non-conducting samples, as well as in ambient or fluid
environments. The AFM is also capable of providing topographical imaging of the
sample. The SEM is not without its own advantages. It is capable of measuring the
features of rough samples due to its large depth of field and lateral field of view. It is
also capable of elemental analysis of the sample surface. When used as complements,
these techniques provide a more complete representation of the surface, than if they were

to be used independently.

2.5.1 Transmission Electron Microscopy

Electron microscopy is based on two fundamental discoveries: the wave-particle
postulation formed by Luis de Broglie in 1924 [126], and that the magnetic field of a
solenoid can bend electrons, discovered in 1926 by Hans Busch [127]. de Broglie was
awarded the Physics Nobel Prize in 1929 for his discovery of the wave nature of
electrons. These two discoveries led Ernst Ruska to the conclusion that it is possible to
build a microscope which uses electrons instead of photons. This was realized in 1931
with the invention of the first electron microscope. Ruska was awarded the Physics
Nobel Prize for this invention in 1986. His design, the basis for electron microscopes up
to the 1970s, would later be known as the transmission electron microscope (TEM) [128].
A basic schematic of a TEM is shown in Figure 2.13.

The transmission electron microscope (TEM) has become an invaluable tool for
the characterization of materials. It is the premier instrument for measuring
microstructural properties. The basic operation of the instrument is analogous to a light
microscope: a beam of electrons is passed through a thin sample where it diffracts after
passing through the material. The diffracted electrons are collected and magnified

through the use of a series of condenser and objective lenses. Either the diffraction
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pattern of the beam, or the magnified image of the sample, can be viewed through the
manipulation of these lenses. Although other techniques are also capable of measuring
the crystalline structure of a material, such as x-ray diffraction [129], the use of electrons
has several advantages over diffraction techniques. Unlike x-rays, electrons can be easily
focused. This allows the creation of diffraction patterns from microscopic regions of the
sample, used in the analysis of crystalline materials.

There are several imaging techniques that the TEM can perform beyond sample
diffraction. The following is a discussion of some of the more common techniques.
Diffraction contrast imaging [129] is used to image defects (dislocation, interfaces,
second phase particles, etc) within a sample. As the electron beam diffracts through the
sample, electrons with various intensities are generated. A diffraction contrast image is
created by measuring the intensities of the diffracted beam. High resolution uses a high
energy electron source causing a reduction of the transmitted beam diameter. In high-
resolution transmission electron microscopy (HRTEM), the phase of the diffracted
electron beam is preserved and can undergo constructive or destructive interference with
the transmitted beam. Through the use of this technique, called “phase-contrast
imaging”, a column of atoms can be imaged. In addition to diffraction and spatial
imaging, the HRTEM can also be used to obtain chemical information about the sample
through energy-dispersive x-ray spectrometry (EDS) and electron energy-loss
spectrometry (EELS). In EDS, an x-ray spectrum is acquired from small regions of the
sample that are illuminated by focusing the electron beam. These x-rays are compared
against the characteristic x-rays from chemical elements to determine the concentration
of the elements within a sample [130]. In EELS the energy losses of the electrons after
they travel through the sample are measured, where they have undergone plasmon
excitations to core electron excitations [131, 132]. The chemical information of the
sample is determined from the collected EELS spectra. There are several basic TEM

imaging modes each is capable of providing different information about the sample. The
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techniques mentioned above are the most common imaging modes. For a more in depth
discussion of the operation of the TEM and material diffraction, the reader is referred to

the book by Fultz and Howe [129].

2.5.2 Scanning Electron Microscopy

The first SEM was built in 1938 by von Ardenne by rastering the electron beam
of a TEM to create what is now commonly known as a scanning transmission electron
microscope (STEM) [133, 134]. In 1942, the first SEM for bulk samples was developed
by Zworkin et al., containing many of basic principles of the modern SEM [134, 135]
described in Figure 2.14. A number of improvements have been made on the instrument
since this time, resulting in an increase in the instruments resolution from 50 nm in 1942
to ~0.7 nm today. Several other functional improvements were developed enabling the
instrument determine the sample composition through measure of X-rays, backscattered
electrons, cathodeluminescence, Auger electrons, and specimen current [136].

Because the SEM operates through electron beam travel and detection, the sample
must be both conductive and able to withstand vacuum. A voltage is applied between the
sample and a filament, resulting in electron emission from the filament. In order to
achieve this, the sample chamber must be held in a vacuum environment ranging from
10* to 10" Torr. The electrons are guided to the sample and focused by a series of
electromagnetic lenses in the beam path. The resolution and depth of field for the
instrument are determined by the beam current and the size of the electron beam as it
contacts the sample. The beam is focused by a series of condenser lenses followed by
probe-forming objective lenses. In addition to focusing on the sample, the lenses also
help to minimize the effects of spherical aberration, diffraction and astigmatism [136].
After the incident electrons interact with the surface, secondary or backscattered electrons

are emitted. The SEM image is formed by detecting the intensity of the secondary

51



electrons at each x, y point of the surface during the rastering of the electron beam across
the sample.

In addition to the sample morphology, the SEM is capable of investigating the
sample composition. This is accomplished through the detection of other emissions from
the interaction of the probe beam with the sample. The two most common signals
detected for composition are the X-ray and backscattered electrons. The X-ray signal is
used to provide elemental analysis through the addition of an electron-dispersive
spectrometer (EDS) or wavelength-dispersive spectrometer (WDS) [130, 136]. The
backscattered electrons go deeper into the sample due to low-energy loss during its
collisions. The percentage of electrons that emerge from the sample in this method have
been found to be dependant on the atomic number of the sample material [137, 138];
allowing this signal to be used to investigate sample composition [139].

The instruments discussed in this chapter were vital for the study of the
mechanical properties of coiled carbon nanotubes. The AFM was used for the precise
control of the compression of the nanocoil. The SEM enabled the measurement of the
nanocoil orientation and dimensions. The TEM allowed investigation of the chemical

structure of the nanotubes.
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Figure 2.13. Illustration of the primary components of a transmission electron
microscope (TEM). (By courtesy of Encyclopaedia Britannica, Inc., copyright 2008;
used with permission)
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permission)
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CHAPTER 3

EXPERIMENTAL DESIGN

The atomic force microscope (AFM) was the primary tool for the manipulation of
the nanotubes during the study. To enable mechanical compression studies of an
individual coiled carbon nanotube, several unique instrument modifications and
experimental methodologies were created. Nanotubes were affixed to a commercially
available cantilever probe. The AFM hardware was modified to allow the collection of
signals not readily available from the manufacturer. Custom software was developed in
house, to acquire, process, and analyze these signals during the compression of the
nanocoil. To enable determination of the chemical structure of the carbon nanocoils,
modifications to conventional specimen holders for SEM and TEM were also required.

This chapter describes these instrumental and procedural improvements in detail.

3.1 General Experiment Overview

Compression tests on the CCNT modified tips were conducted using a Veeco
(Santa Barbra, CA) Nanoscope Illa scanning probe microscope under a nitrogen
environment (relative humidity below 6%). The microscope was modified to gain access
to raw vertical and horizontal deflection signals for use in multi parameter force
spectroscopy (MPFS). General operation of the microscope was done through the use of
Nanoscope 5R31 software. Calibration of the x,y and z motion of AFM piezoelectric
scanner was conducted using NIST certified calibration gratings (MikroMasch) and the
instrument software.

Each compression test commenced with cycling the piezoscanner in the z-
direction for ~2hours using an unmodified cantilever probe to allow the scanner to reach

thermal equilibrium. This ‘warm up’ period would reduce scanner drift during the
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compression of the nanocoils. After the warm up period, the modified cantilever was
loaded into the cantilever holder and the instrument was set to Tapping Mode™
operation. In Tapping Mode™ operation, the oscillation amplitude is used to determine
the point of contact between the cantilever and the substrate. By monitoring the
oscillation of the cantilever, approach to the surface occurs with less risk of tip damage.
Next, the fundamental beam vibration frequency is identified and the amplitude of the
secondary piezoelectric actuator is set to achieve a user defined oscillation. Typically,
the oscillation is set between 0.5 and 1.5V depending on the cantilever stiffness. After
tuning, the extension of the scanner begins and continues until the coil contacts the
surface. The contact set-point is determined by a user defined oscillation damping factor
that occurs as the oscillation amplitude decreases as the tip approached the substrate. To
protect the nanocoil from damage, the instrument is set to false engage the surface with
an oscillation amplitude damping factor set to 1.4.

When the set-point is triggered, the microscope is immediately toggled from
image acquisition mode to force curve operations. In this mode, the cantilever deflection
is monitored as a function of scanner vertical motion. Both the force distance data and
oscillation amplitude data for the system can be displayed in this mode. The user is then
able to manually adjust the piezoscanner position to bring the nanocoil into contact with
the substrate. All compression studies were conducted with a scan velocity of 50 nm/s
with a scan size of 2.5um and scan rate of 0.02Hz. Force curves and oscillation
amplitude plots were captured using these settings with and without external excitation to
the cantilever beam. For frequency capture, the external excitation was turned off
allowing only thermal vibration of the cantilever to be measured. The DAQ was also
used to acquire the time-dependent deflection data, piezo drive voltage signal, and the
horizontal deflection signal. The settings for the cantilever resonance frequency capture
by the LabView software were set at a window size of 7000 FFT points, 400 kHz

frequency range, and 400 waterfall points recorded. An ensemble average was taken for
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every 15 of the Fourier transforms to increase the signal to noise ratio of power spectral
density (PSD) traces.  These settings allowed approximately 2 cycles to be monitored
during data capture with sufficient resolution within the ensemble to detail the
compression event. The data was processed using custom software described below.
Following the compression tests, the nanocoils were imaged using both SEM and
TEM. The SEM imaging was to determine if any damage was incurred during the
compression tests. In almost all cases, the nanocoils exhibited no deformations from the
study. The TEM was used determine the chemical structure, number of walls, for the
nanocoils. This information is used to model the compression of these structures. TEM
imaging was not conducted prior to compression tests to avoid any beam induced damage
that may occur on the nanocoils. The last operation performed on the nanocoils was to
determine the optical lever sensitivity (OLS) of the beams. This value is used in the
several frequency calculations, as well as in relating beam deflection to applied force.
Ideally, the OLS would be measured for each beam prior to the attachment of the
nanocoils; as the method to determine OLS requires tip contact with a rigid surface. To
preserve the nanocoils, a custom stage was designed to deflect the cantilever beams under
standard AFM operation without making contact to the CCNT. Through the use of this

stage the OLS for the beams were measured.

3.2 Nanotube Modified Scanning Probe Tips

Due to their unique geometry and mechanical properties, carbon nanotube
modified tips are ideal scanning probe structures. Carbon nanotube modified tips can be
fabricated in a number of ways. Cheung et al. [98] have grown individual single-walled
carbon nanotubes (SWCNTs) directly on the cantilever probe tip using the CVD method,
described previously. The catalyst material and growth conditions can be changed for

either SWCNT or MWCNT growth. This approach provides little control over the
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nanotube orientation. The carbon nanotube tip can be shortened, increasing its resistance
to bending or buckling, and sharpened to improve its lateral resolution using current
induced oxidation [140]. While this approach enables batch fabrication of nanotube-
modified tips, characterization of tip orientation and tip shortening must be done on a tip-
by-tip basis. A second approach for preparing CNT-modified tips involves picking up
individual nanotubes from a surface and securing it to the cantilever or the probe. The
nanotubes can be either clamped, via electron beam induced deposition [8], or welded,
via arc discharge [97], to the cantilever probe. The coiled carbon nanotube (CCNT)
modified cantilever probe tips used in this study were fabricated in this manner [97].
Coiled carbon nanotube modified cantilever probe tip fabrication was completed
at NASA Ames Research Center (ARC) under the tutelage of C.V. Nguyen and R.M.
Stevens. The fabrication was completed through the following changes to the arc
discharge method described above. Uncoated silicon cantilevers (NSC-18) purchased
from MikroMasch (Wilsonville, OR) were coated with 5 nm of nickel to provide the
conductive path for the arc discharge. The nanotube source material was generated from
a proprietary CVD catalyst developed at ARC. This catalyst was deposited onto a copper
wire and nanotube growth was completed using standard CVD methods. The catalyst
material was such that a low yield of multi-walled coiled carbon nanotubes were grown
onto the wire. The curvature of the wire, along with the low yield of nanotubes along the
surface, allowed individual nanocoils to be addressed. Both the nanotube source and the
cantilever were each mounted onto a three-stage micromanipulator. These were mounted
on top of a Zeiss Axioskop (Germany) inverted optical microscope. The optics of the
microscope included large working distance lenses that created a total magnification of
1000x, along with various polarizing filters to enhance the visualization of the individual
CCNTs. A Hewlett Packard 6234A dual output power supply was used to anchor the
nanocoil to the tip. The cantilever was connected to the negative electrode and the

nanotube source was connected to the positive electrode. Once aligned via the translation
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stages, 25V was applied and the current was increased until arc discharge occurred. This
technique takes advantage of the alignment of nanotubes with an applied current
observed during arc discharge synthesis, first reported by Saito et al. [141]. Figure 3.1
illustrates the precision to which CCNTs can be aligned with the cantilever tip using this
approach. A schematic of the attachment apparatus id given in Figure 3.2. A batch of

~50 cantilevers was prepared with a variety of coil geometries and lengths.

Figure 3.1. SEM image of a coiled carbon nanotube (CCNT) modified cantilever probe
tip. The attachment point (red) is believed to be a covalent bond formed during the arc
discharge attachment method.
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Figure 3.2. Schematic for the cantilever modification apparatus. Silicon cantilever was
coated with nickel to provide a conductive surface to facilitate arc discharge. A coiled-
MWNT sample and the cantilever were translated within close proximity of each other.
A voltage is applied to create an arc discharge attachment of the nanocoil to the
cantilever.

3.3 Cantilever Selection Criterion

The primary metric used in determining the cantilever for the CCNT modification
was the force (spring) constant of the beam. This constant is often expressed in values of
force per unit length and represents the flexural response of the beam to an applied load.
Commercial suppliers of cantilevers express the force constant of the cantilever beams in
units of Newtons per meter (N/m). The larger the force constant value, the greater the
force that must be exerted to the beam to cause it to deflect. Recall that these cantilever
probes are primarily used in an AFM, where the instrument measures the displacement of
the cantilever beam caused during interactions with sample surface.

At the onset of this investigation, the effective stiffness of the nanocoils was not
known. The relative stiffness of both the nanocoil and the cantilever has direct impact on
the utility of the AFM for measuring the compression behavior of the carbon nanocoils.

Mechanical loading of the nanocoil occurs through the restorative force of the cantilever;
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to be measured by the instrument, the compression of the nanocoil must effect a
deflection of the cantilever beam. If the cantilever is too pliant, the mechanical load is
insufficient to cause compression of the nanocoil. If the cantilever is too rigid, nanocoil
compression occurs without any measurable beam deflection.

MikroMasch (Wilsonville, OR) scanning probes were used in this study. This
choice was made based on the immediate availability of product supplies and the range of
properties expressed in the available cantilever catalog. Two types of chips were used for
CCNT modification: NSC-18 and CSC-38. Cantilevers on the former series have a
manufacturer’s rated force constant averaging 3.5N/m. The CSC-38 has a 3-lever design
(Figure 3.3) where each cantilever has a different average force constant value: 0.08 N/m

(beam A), 0.03 N/m (beam B), and 0.05 N/m (beam C).

Figure 3.3. SEM image of a three-beam cantilever (CSC-38). During nanocoil
attachment, one or more tips will become modified. This is due to limited control of the
attraction of nanocoils to the different cantilever beams.

Multi-Parameter Force Spectroscopy (MPFS) was developed to track the change

of the thermally excited resonant frequency of the cantilever beam while measuring the

61



force-distance and oscillation amplitude data [142]. Monitoring the frequency response
of the cantilever as it comes into contact with a surface enables measure of the elasticity,
stiffness, and compressibility of the substrate as well as material places between it and
the tip.

Limited information in the force-distance curve acquired using rigid beam
compression is illustrated in Figure 3.4. At the point of contact with the substrate, no
measurable deflection of the cantilever beam was observed. A frequency shift was
observed indicating a compression event had occurred in the system. The force-distance
response from the compression of nanocoil modified CSC-38 cantilevers given in Figure

3.5. With the pliant beam, linear compression of the nanocoil is observed.

3.4 Equipment Setup

3.4.1 AFM Hardware Modifications

MPFS has been developed in the Bottomley group to simultaneously measure
several key signals generated during typical AFM measurements [142]. These signals
include the wvertical cantilever deflection, torsional cantilever deflection, thermal
resonance frequency of the cantilever, and piezoelectric scanner position. Conventional
AFM software does not provide this information to the user. Hardware and software
modifications were made to the instrument to generate MPFS data during the
compression of carbon nanocoils.

All force measurements and compression studies were conducted using a
Nanoscope IIla (Veeco, Santa Barbra, CA) atomic force microscope with extender
electronics. The microscope was equipped with a signal access module (SAM) allowing

access to signals used in the function of the instrument. The microscope was controlled
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Figure 3.4. Force distance (top) and oscillation amplitude(bottom) plot of a coiled carbon
under 625 nm compression. The cantilever has a ‘rigid’ beam with stiffness of ~3.5N/m
(NSC-18). There is no discernable beam deflection occurring in the force distance curve.
The oscillation amplitude plot displays the tip contact with the substrate. Approach curve
in white. Retract curve presented in yellow.
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Figure 3.5. Force distance (top) and oscillation amplitude(bottom) plot of a coiled carbon
under 625 nm compression. The cantilever has a ‘pliant’ beam with stiffness of
~0.03N/m (CSC-38, beam B). Both the force distance and oscillation amplitude plots
show a response during the compression of the nanocoil.
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using standard software supplied by the manufacturer. The SAM uses standard BNC
cable connections to allow access to a variety of instrument signals.

During initial MPFS studies, the SAM was used as a source for the piezoscanner
voltage, vertical and horizontal deflection signals. These signals were routed to a SRS
785 Dynamic Signal Analyzer (DSA) (Stanford Research System, Sunnyvale, CA) where
the time-dependant deflection data was converted into the frequency domain using a
BMH window to create power spectral density (PSD) plots. The DSA had a frequency
range of 102.4 kHz. It was found that the deflection signals coming from the SAM were
transformed with a low-pass filter. This would prevent the MPFS measurements of pliant
cantilevers, as their resonant frequencies are often below the filter; with values between
10 and 20 kHz. After communication with the AFM manufacturer, it was determined
that the true deflection signals were accessible through contacts on the instruments
printed circuit board (Figure 3.6). Components Ul, U5, and U6 contained the signals
necessary for MPFS measurements. Using test probe and a multimeter, the following
signals were identified on these components: raw vertical deflection signal (U1, pinl),
PSD sum signal (U5, pin2), normalized vertical deflection (U5, pin 7), raw horizontal
deflection (U6, pin 10). Permanent BNC cable connectors were installed to these
components to gain access to the signals.

A National Instruments (NI) (Austin, TX) PCI-6120 data acquisition card (DAQ)
was used to monitor and acquire the thermally driven power spectrum of the cantilever
during the compression studies. Its bandwidth capability extended up to 400 kHz. The
signals from the instrument control board (raw vertical and horizontal deflection) as well
as the piezoscanner signal from the SAM were connected to a NI BNC-2110 connection
box that fed the signals into the DAQ. All cables were isolated and grounded, preventing
cross talk and environmental interference. These signals were analyzed using NI’s
LabView and MATLAB (Mathworks, Natick, MA) software programs on a secondary

processing computer. A schematic of the experimental setup is given in Figure 3.7.
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3.4.2 Software Design

The general operation of the AFM was conducted through the use of the
manufacturer’s software. This included control over features such as operating mode
(contact or Tapping Mode™), scan rate, scan size, drive frequency and amplitude, and
many other parameters. During the compression studies, the instrument was set to
acquire force-distance and oscillation amplitude plots, while applying no external
excitation to the cantilever. The general experimental operating procedure is described in
the proceeding section. In addition to these conventional plots, MPFS was used to gather
more information from the compression studies.

The signals from the PCI-6120 DAQ were analyzed by custom LabView software
written by Jeff Boyles (Georgia Institute of Technology, 2006). This software used the
input signals of raw vertical and horizontal deflection and the voltage signal to the
piezoelectric scanner from the DAQ. It converts the vertical deflection data into the
frequency under a Blackman-Harris window, to reduce side lobe effects during the
Fourier transform. The data is then passed through a fast Fourier transform (FFT) to give
the resonant spectra of the cantilever. Sequential samples of the resonant spectra are
ensemble averaged to improve the signal-to-noise ratios. The average spectra are used to
create a ‘waterfall’ plot when the amplitude-frequency data is plotted as a function of
time. This is synchronized to the piezoscanner voltage signal. The user may change the
number of points used to perform the fast Fourier transform on the data, the sampling
range of the analyzer, and perform various averaging operations on the power spectral
density (PSD) signal. This data along with the piezoscanner voltage and raw horizontal
deflection signal is recorded using this software. The graphical user interface for this
program is displayed in Figure 3.8. Several MATLAB programs were written to enable
visualization, manipulation, and analysis of the resonant frequency data obtained during

the compression of the carbon nanocoil. The source code for the
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components Ul, U5, and U6 (circled) contained signals needed for MPFS.
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Figure 3.7. Schematic of experimental setup used to simultaneously monitor
piezoscanner position, horizontal and vertical cantilever deflection, and thermal resonant
spectra.
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following programs can be viewed in the Appendix A. The first program developed for
MATLAB was made with the purpose of organizing the LabView data into addressable
matrices that could be manipulated. The data output format from the LabView software
is to store the waterfall data, scanner voltage signal, and horizontal deflection data as
separate ASCII text files. These files contain a header section followed by the collected
data. The MATLAB programs are designated with a name followed by a .m extension.

Program ‘jb1b.m’ reads the ASCII files and uses the header to parse the data into
several arrays that it saves into a user named matlab.mat file. This data conversion
allows MATLAB to load and read the data faster than in the raw ASCII format. The
generated m-file contains the saves data into addressable variables that can be accessed
through other functions: frequency amplitude data (WF), frequency range (freq), scanner
voltage signal (SM), horizontal voltage signal (HM), and the time stamp for each spectra
recorded in the waterfall (dtime). Since the conversion process takes a significant
amount of time, the .mat data file is often used to access data collected from the
compression study.

Program ‘jb2b.m’ is used to view the compression data. This program reads the
*mat file and plots the resulting waterfall data. The user inputs upper and lower
frequency bounds that are applied to the collected data. This allows the user to view a
specific vibration mode or the entire spectrum. Recall that the maximum frequency
sampled from the DAQ is 400 kHz. Often multiple vibration modes will occur below this
value for pliant beams. Figure 3.9a is the first screen that the user encounters in the
program, displaying the frequency-amplitude data of the waterfall plot. In this view, the
individual spectra are overlaid, displayed by the different colored plots. Figure 3.9
displays the fundamental and higher order frequency plot for a typical nanocoil
compression study. Once the frequency limits are input, the user can either display the

waterfall data along with the scanner movement (Figure 3.9b), or by itself (Figure 3.9c¢).
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70




When displaying the waterfall data along with the scanner movement, it is presented in a
top view, where the plot given is frequency versus time. The amplitude data is expressed
as a change in the plot color in this view.

The user has limited ability to resolve the thermal resonance frequency response
from the data given from jb2b.m. To better resolve the frequency shifts observed during
the compression cycle, ‘jbmax.m’ was written to perform a peak picking routine on the
waterfall data. This program reads the single PSD spectrum and finds the frequency value
associated with the highest amplitude value. The user selects a frequency range in which
to perform the routine. This is so that the operation can be completed outside of the //f
noise influence to prevent false values for the peak picking routine. The data output is a
frequency versus time plot with the data points representing the frequencies where the
maximum amplitude occurs for each of the waterfall PSD spectrum. Figure 3.10 displays
the raw waterfall data (A) and max-amplitude (B) plots for the same data set. Through
the use of jbmax.m, one removes the background optical interference and other noise
signals while retaining frequency response of the cantilever-nanocoil system. One must
be careful when interpreting this data. As the amplitude of the frequency data approaches
the noise floor (often during initial contact or release events) the ability to resolve the true
frequency decreases. This is also the case if an environmental signal (noise) has a large
amplitude relative to the resonant frequency. This is given in the circled region of Figure
3.10b, where the peak picking routine assigns data points to an environmental signal
rather than the cantilever resonance.

A graphical user interface (GUI) that combines data manipulation and
visualization of frequency-amplitude plots functions was developed in jb2b.m. This GUI
includes a peak picking routine (jbmax.m) that is capable of performing analysis on the
PSD spectra. The visualization functions are contained in the left-side of the GUI

displayed in Figure 3.11. The user can plot the waterfall data in a variety of forms. The
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Figure 3.9. Data output from jb2b.m program from compression of carbon nanotube
modified cantilever probe tip. A) frequency- amplitude plot of all collected power
spectrum density plots captured during the compression cycle. B) frequency response
with scanner voltage. C) 3D waterfall plot of collected power spectrum density plots.
The scan size was 2500 nm with a rate of 0.02Hz.
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analytical functions of the GUI are given in the right-side panels. In this section, the user
is able to calculate analyze the curves in one or multiple PSD plots. By fitting a curve to
the PSD plot, one can calculate the Q-factor and effective spring constant (k) the system.
The GUI can perform this calculation on a single PSD or the entire waterfall ensemble,
where it outputs all the values calculated during the data fit into a spreadsheet. This data
can be plotted to show the change in k, amplitude, and Q of the system during the

compression cycle.

3.4.3 Analytical Calculations

The data processing GUI allows the user to calculate the spring constant of the
nanospring-cantilever system through analysis of the power spectra obtained during
compression. The user inputs values for the upper and lower bounds of the frequency,
initial amplitude, initial Q-factor value, beam sensitivity, and Q-factor tolerance. Using
these values, the program then undergoes a recursive calculation to find the best fit curve
for the PSD, via the sensitivity method (a.k.a Method of Hutter and Bechhoefer [143]).
This method assumes that a microcantilever vibrating in a fluid can be described as a
simple harmonic oscillator. This process is automated so that the k-values for all power
spectral density plots in a given “waterfall” ensemble are calculated. The output allows
the user to track changes in k, oscillation amplitude, or Q-factor to cantilever resonance
frequency shifts.

The amplitude versus frequency data can be fit to the following equation

assuming the cantilever behaves as a simple harmonic oscillator:

Equation 3.1

f2f }

A(f) = ADcfl{(flz -7+ 0’

where A(f) is the amplitude as a function of frequency, Apc is the DC amplitude, f; is the

fundamental resonance frequency, and Q is the beam quality. The sensitivity method

74



employs the equipartition theorem to equate the mean value of the harmonic energy to
that of the thermal energy of the system (Equation 3.2), allowing a direct calculation of
the beam stiffness.

1 1 ) .
EKBT_Ek<A > Equation 3.2

where Kj is the Boltzmann constant, 7 is the absolute temperature, £ is the effective beam
stiffness, and <4”> is the mean-square amplitude of the cantilever thermal motion.
Calculation of <A*> is performed by numerical integration. In this study, the acquired
thermal spectra is fit to an advanced form of the Hutter-Bechhoeffer equation, including

terms for white noise floor and 1/f noise as described in Equation 3.3.

G

A(f) =G, +F + ADCﬁ2|:(ﬁ2 - fz)z +ﬁ]2 Equation 3.3

0’
where the fit quantities of Cy, C;, Cs, Apc, f1, and O are determined by a nonlinear least
squares optimization algorithm in MATLAB. Figure 3.12 displays the resultant data
from the 375 nm compression of a nanocoil using this technique. One drawback of this
approach is that the calculated spring constant (k) develops a dependence on the
measured amplitude of the curve fitting routine. For optical lever systems, such as the

AFM, the measured values for £ may be influenced by noise floor amplitude.
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Figure 3.11. Autoquk program graphical user interface (GUI). The user can display the data in as full PSD, single PSD, or peak max
(left). The right section of the program allows the user perform quantitative analysis on the selected PSD data.
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Figure 3.12. Data from the analysis of the power spectrum density plots using the

sensitivity method calculated from the Analytical MATHLAB GUI.
under a 375 nm compression cycle.

The nanocoil is

Plots of peak frequency (red) relative to spring
constant for cantilever-nanocoil system (A), amplitude (B), and Q (C) is presented.
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3.5 Substrate Setup and Shim Modification

Substrates used during the compression tests were thiol-modified template-
stripped gold (TSG) surfaces [144]. The TSG substrates were prepared by depositing a
gold film (~400 nm) onto a cleaved mica surface via e-beam evaporation. A one-half
inch diameter circular disk was punhed from the mica sheet using a punch obtained from
Ralmike’s Tool-a-Rama (Springfield, NJ). The gold side of this disk was epoxied to a
silicon chip. After curing, the mica is removed from the chip leaving an exposed gold
surface; the template-stripped gold. Freshly prepared TSG surfaces were treated with
Imm thiolic solutions. After several hours the substrate is removed from the derivatizing
solution, subsequently rinsed with filtered ethanol, and stored in a desiccator prior to use
in compression tests. Just before use, the thiol-modified TSG substrate is secured to a
magnetic AFM shim with the use of a temporary adhesive. The majority of the
compression experiments were conducted on substrates consisting of 11-dodecanethiol
(Sigma-Aldrich) SAMs due to minimize the adhesion of the nanocoil with the substrate
[114, 142]. TSG substrates were mounted onto flat or tapered shims [145] to afford
systematic variation in the angle in which the nanocoil contacts the substrate. Tapered
magnetic shims with 5° or 10° slopes were manufactured in house by the GTRI Machine

Shop personnel.

3.6 TEM Holder Design

A JEOL100CX-2 TEM was used in the structural characterization of the carbon
nanocoils. This instrument was chosen because it had a removable sample holder design.
A custom TEM holder capable of securing the entire cantilever chip within the beam path
was designed and manufactured. This allowed the preservation of the modified

cantilever for further studies. Without this holder, the cantilever beam would need to be
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removed from the chip and placed onto a standard TEM sample grid, a nontrivial and

irreversible procedure. The custom built TEM holder is shown in Figure 3.13.

Figure 3.13. Custom TEM holder with cantilever chip and penny also shown for size
reference.

Initial TEM imaging of the CCNT modified cantilever tips had unexpected
results. Beam induced damage to the nanocoil was observed. The TEM holder design
freely suspends the cantilever in the beam path, connecting to the holder at a set screw.
Conventional TEM sample holders consist of a porous carbon grid on which samples rest.
With the cantilever suspended in vacuum, there is no direct path for heat to dissipate from
the sample to the holder. It is believed that the heating of the sample is the cause of the
damage observed in Figure 3.14B. To prevent this from occurring during nanocoil
characterization, the duration of direct beam contact with the nanocoil was limited. This

reduced observable beam damage in subsequent imaging of the nanocoils.
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200 nm

Figure 3.14. (A) TEM of nanocoil modified probe tip. (B) Damage to the nanocoil is
observed after several minutes of beam exposure.
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CHAPTER 4

MULTI-PARAMETER FORCE SPECTROSCOPY OF COILED

CARBON NANOTUBES

In this chapter, the mechanical response of a helical multi-walled carbon nanocoil
to axial compression is presented. The text of this chapter is taken, for the most part,
from a manuscript in review at ACS Nano. The nanocoil was attached to the apex of a
cantilever probe tip; the atomic force microscope was employed to apply a cyclic axial
load on the nanocoil. The mechanical response was determined by collecting in real-time
the thermal resonance frequency, displacement, and oscillation amplitude of the
cantilever-nanotube system. Depending upon compression parameters, the coil
undergoes buckling, bending and slip-stick motion. Characteristic features in the thermal
spectrum, force and oscillation amplitude curves for each of these responses to induced

stress are presented.

4.1 Introduction

Multi-parameter force spectroscopy (MPFS) is a technique developed within the
Bottomley group to simultaneously measure the force-distance, oscillation amplitude, and
frequency response of a cantilever based atomic force microscope (AFM) during
dynamic interactions with a sample. Conventional AFM operational software uses the
photosensitive detector (PSD) to measure the cantilever deflection as it rasters across a
sample surface [103, 146-148] . During dynamic mode operation the cantilever is
externally excited using a piezoelectric actuator to modulating at the cantilever’s natural
resonant frequency to achieve user defined amplitude [149]. The oscillation amplitude

and cantilever deflection can be recorded as the cantilever probe tip interacts with the
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substrate. Figure 4.1 displays the frequency response waterfall during the compression of

a coiled carbon nanotube.
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Figure 4.1. Thermal resonant frequency response of coiled carbon nanotube during

cyclic compression. The fundamental and second order vibration frequency responses
are displayed.

4.2 Background

Since their discovery, carbon nanotubes have attracted great interest in nanoscale
applications [150, 151] due to their unique mechanical and electrical properties. Carbon
nanotubes can be as long as hundreds of microns yet have diameters of only a few
nanometers. The single walled carbon nanotubes (SWNT) are straight, whereas the
multi-walled carbon nanotubes (MWNT) can have straight as well as coiled morphology.
These materials are lightweight, have an extremely large elastic modulus, and exhibit
high thermal and electrical conductivity. For example, carbon nanotubes have been used
as the sensing element in chemical sensors [152] to improve the mechanical integrity of

polymer composites [153-156] and as devices in nanoelectronics [157-162].
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A considerable amount of effort has been extended in characterizing carbon
nanotubes. Electrical and mechanical properties have been investigated on bulk nanotube
samples [26] as well as single nanotube samples [102, 111, 163]. The scanning tunneling
and atomic force microscopes have been invaluable tools in this endeavor, particularly
for measuring properties on individual nanotube samples, since these instruments
facilitate nanoscale positioning, control, and measurement [47]. Scientists have
investigated the tensile strength [8, 59] and bending properties of SWNTs and MWNTs
[52, 57, 164, 165]. Chen and co-workers stretched a carbon nanocoil anchored at each
end to a AFM cantilever and measured its tensile response [46]. Recently researchers
have begun to investigate the application of helical MWNTs in composite materials
[166], or as mechanical sensors [167, 168]. Mechanical entanglement between the coil
and the matrix enhances the fracture toughness and mechanical strength of the composite.

Initial studies of the mechanical properties of an individual coiled nanotube
attached to an atomic force microscope probe tip were previously investigated within the
Bottomley group. A shift in resonance frequency of during compression of the nanocoil
was found to be associated with the compression and buckling of the nanocoil between

the probe tip and the substrate surface [142].

4.3 Mechanical Response of a Coiled Carbon Nanotube to Axial Compression

An AFM was used to compress a multi-walled coiled carbon nanotube (CCNT)
that was attached to a probe tip. Figure 4.2 displays a scanning electron micrograph of the
nanocoil used in this study; the nanocoil was mounted onto a cantilever beam with a
spring constant of 0.037 N/m. Extension of the z-piezo scanner supplies mechanical
loading to the CCNT. The magnitude of applied load is a function of the magnitude of

scanner extension following contact of the nanocoil with the substrate and the spring
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Figure 4.2. SEM image of a CCNT-modified AFM probe tip. The CCNT was mounted
on a low-stiffness AFM cantilever beam (MikroMasch CSC-38) with a measured spring
force constant of 0.037 N/m. The CCNT extends 4.7um beyond the Si tip with a helical
pitch of 1.16 um.

constant of the cantilever to which the nanocoil is attached. In this study, to
systematically vary the applied load, the scanner start position was varied; the range and
speed of scanner extension was kept constant at 2500 nm and 0.02 Hz, respectively. To
reduce the probability of mechanically-induced damage and/or detachment of the
nanocoil, compression/decompression studies were performed without contacting the
silicon probe tip to the surface. This constraint coupled with the desire to precisely
control the magnitude of applied load necessitated the following protocol. Prior to
approaching the surface, the microscope was placed in tapping mode and the cantilever is
driven at its fundamental vibrational frequency. After false engagement, the microscope
was switched to force curve mode. Cantilever oscillation amplitude was used to

determine the point of contact between the nanocoil and the surface; contact being
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characterized by a sharp decrease in the oscillation amplitude. With contact established,
setting the oscillation drive amplitude to zero enabled monitoring of the thermal
resonance of the cantilever continuously during cyclic movement of the scanner. Thus, at
each compression increment, force curves, oscillation amplitude plots, and thermal

resonance spectra were acquired.

4.3.1 Reproducibility

Figure 4.3 presents the thermal resonance frequency as a function of time over
four cycles of scanner extension and retraction as the CCNT was brought into and out of
contact with an 11-dodecanethiol-modified template-stripped gold substrate surface
anchored onto a flat shim. In this figure, the CCNT was in contact with the substrate
only during the last 250 nm of scanner extension. Two thermal resonance frequencies are
observed over the frequency band of 0 to 400 kHz. Prior to contact, the fundamental
cantilever resonance frequency (orange) is found at 9.4 kHz and the secondary
vibrational mode (blue) is observed at 71.7 kHz. At the point of contact, the fundamental
resonance increases to a value that cannot be determined due to its amplitude falling
below the noise floor. The CCNT begins buckling shortly after contact with the surface;
during buckling the resonance frequency drops from 30 kHz to 12 kHz at full extension
of the scanner. During the retract portion of the scan cycle, the resonance frequency
increases until the point of release of the nanocoil from the surface. At this point, the
resonance frequency returns to its fundamental resonance value in free space. A similar
trend was observed for the secondary vibration of the cantilever. Since the signal-to-
noise ratio during compression of the second mode is greater than that observed for the
primary mode (data not shown), from this point forward, the secondary vibration mode
data will be presented. A salient feature of the data presented in Figure 4.3 is the

similarity of the frequency shifts from one scanner cycle to the next. There is an
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asymmetry in the frequency response of the system; during retraction higher values are
observed. A plausible explanation for this observed hysteresis is increased tension
caused by adhesive interactions between the coil and the surface [102].

During initial compression studies, the following factors that might affect the
frequency response of the nanocoil-cantilever system were investigated: compression
velocity, extent of compression, and substrate treatments. It was found that the
compression velocity had little to no effect on the magnitude of the frequency shift of the
nanocoil as it contacts the substrate. However, as the rate of compression increased,
faster data acquisition rates were required to maintain constant resolution along the
frequency axis. Given the maximum slew rate range of the DAQ card and the desire to
minimize the time intervals between thermal resonance spectra, a Z-piezo scan rate of
0.02Hz was selected. At this rate, a scanner extension/retraction cycle is completed every
50 seconds. The Labview™ (National Instruments, Austin, TX) software was optimized
to the following settings: 800 kHz bandwidth, 7000 point FFT, and 15 power spectrum
density (PSD) plots were ensemble averaged per data entry, and 400 PSD plots were
collected in each waterfall data set. Along with these settings, a scan size of 2500 nm
was chosen to allow the piezoelectric JV scanner (Veeco) to remain in the linear portion
of its operation. These experimental conditions were used throughout all compression

experiments.

4.3.2 Substrate Effects

The observed frequency response of the nanocoil during compression was dependent
upon the identity of the substrate. Compression of carbon nanocoils on highly ordered
pyrolytic graphite (HOPG) was investigated using freshly cleaved grade-1 HOPG (SPI

Supplies) as a substrate. Because of their similar hexagonal carbon structures and
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Figure 4.3. Thermal resonance frequency of the primary (orange) and secondary (blue)
vibration modes of the CCNT-modified cantilever during cyclic compressions applied via
AFM. The nanocoil is compressed to a distance of 250 nm during each scanner cycle as
the z-piezo scanner (light-blue) moves the substrate toward the cantilever probe tip
creating a mechanical load on the nanocoil. The z-piezo scanner had a scan size of 2500
nm.
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potential -7 interactions, it was anticipated that their interaction forces would be greater
that that observed for interaction of the nanocoil with a methyl-terminated thiol-modified
TSG substrate [169]. Figure 4.4 compares the frequency response from the nanocoil

undergoing 350nm of compression on HOPG and on a I1-dodecanethiolated TSG
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Figure 4.4. 350 nm compression of a coiled carbon nanotube on 1-dodecanethiol
modified TSG and HOPG substrates.

substrate. The approach portion is identical on both substrates indicating similar
compression conditions occurring during both experiments. The retract portion of the
compression cycle exhibits a higher frequency shift on the TSG substrate, indicating
increased adhesion of the nanocoil to this surface. This result suggests that the nanocoil

surface may not have the same graphitic structure as straight carbon nanotubes or that
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compliance of the thiol superlattice is increasing the contact area (relative to HOPG) and
thus increasing the strength of adhesion.

Figure 4.5 displays the compression results from 375 and 750 nm compression on
substrates with methyl and carboxyl-terminated thiol monolayers. Comparing the
frequency response of the nanocoil during compression on the functionalized substrates
reveals several trends. Firstly, the magnitude of the frequency shift occurring during
compression on the methyl functionalized substrate is greater that that of the carboxyl
group. The frequency shift is used to calculate the stiffness of the nanocoil-cantilever
system during compression. Because the cantilever is a fixed material, silicon, with a
constant geometry, its stiffness is constant throughout the compression experiments. The
cause of the observed frequency shift is due to changes in the mechanical properties of
the carbon nanocoil. As the frequency shift increases in value, the effective stiffness of
the nanocoil is increasing.

It was expect that at initial contact between the nanocoil and the substrate would
result in the same values for the frequency response. One explanation of this
phenomenon is that the rigidity of thiol monolayers are not equivalent [104]. As the
nanocoil is compressed against a pliant monolayer, the force exerted on the nanocoil
would be dampened, thus reducing the observed frequency response [170, 171]. The
second observed trend is that the carboxyl-terminated has a greater attraction (adhesion)
to the nanocoils. This is evidenced as the nanocoil remains in contact with the substrate
for a greater period during the retract portion of the frequency response.
Figure 4.5A demonstrates this phenomenon between ~79 and 81 seconds. This region of
the plot is at the end of compression cycle where the piezomotor is in retract motion. The

frequency response for the carboxyl thiol continues for ~150 nm of scanner motion past
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Figure 4.5. Frequency response of nanocoil under 375(A) and 750 nm(B) compression

on substrates treated with 1-dodecanethiol (red) and 11-mecaptoundecanoic acid (blue).
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the release observed in the methyl-terminated thiol. This event is observed in Figure
4.5B between ~79 and 82 seconds. The last phenomenon observed is that the carboxyl-
functionalized substrate causes a second frequency shift to occur during the compression.
This second buckling event could be caused by defects in the coil structure exhibiting

failure under the applied load or slip-stick motion of the nanocoil on the substrate.

4.3.3 Force-Distance Curve Response

Figure 4.6a displays the corresponding force curve acquired by the AFM during
one scanner cycle. The point of contact on the approach portion of the force curve
occurred at the same time point as the jump in frequency presented in Figure 4.5.
Similarly, the return of the frequency to 9.4 kHz occurred at precisely the same time as
the release event in the retract portion of the force curve. The downward deflection of
the cantilever on scanner retraction is consistent with a small amount of adhesion
between the nanocoil and the chemically-modified surface.

Figure 4.6 also presents force curves acquired as the distance of scanner extension
with the CCNT in contact with the substrate increased from 125 to 875 nm. Salient
features in the approach curves over this distance interval include two regions of
increasing cantilever deflection with scanner extension and an intermediate region where
no deflection is occurring despite upward movement of the substrate. Note that the
second linear region is not due to contact with the probe since the nominal length of the
nanocoil is 4.7um (helical pitch of 1.16 um) is more than thrice the distance the scanner
extends following contact.

The response in Figure 4.7 is comparable in shape to those reported previously for
a nanocoil affixed to a stiff cantilever. Traces d-f exhibit a second shift in thermal

resonance frequency that was not previously observed. The time point on the upward
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Figure 4.6. Force-curve data collected during compression of the CCNT at an approach
angle of 7° to the surface. The total z-piezo scanner size was held constant at 2500 nm.
The compression amounts on the nanocoil were increased by changing the start position
of the scanner cycle. The force-curves are collected at 125 (a), 250 (b), 375 (c), 500 (d),
750 (e), and 875 nm (f) compression distance. The data are offset so that the jump to
contact in the approach curves (blue) are aligned for comparison.
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Figure 4.7 Thermal resonance frequency response of the CCNT at varying compression
conditions. The z-piexo scan size was set at 2500 nm. The nanocoil was compressed on
an angled substrate to give an approach angle of 7° to the surface. Compression amounts
of 125 (a), 250 (b), 375 (c), 500 (d), 750 (e), and 875 nm (f) are presented. The
occurrence of slip-stick is observed beginning at a compression distance of
approximately 457 nm, and can be observed at larger compression distances. The
displayed frequency data is from the second vibration mode, due to increased S/N
response.

93



movement of the scanner at which the second rise in frequency occurs corresponds to the

time at which the cantilever bends upward for the second time.

4.3.4 MPFS Analysis

Figure 4.8 displays the frequency response (A), force curve (B), and oscillation
amplitude (C) data collected during a single scanner cycle for a contact distance of 875
nm and stacked in a manner to aid comparison. Note that in this figure, the frequency
data is plotted as a function of scanner movement. The cantilever-CCNT system remains
in free space vibration until the scanner extends to the point of contact between the
nanocoil and the substrate; the initial contact (designated with arrow #1 in all three
panels) occurs at ~1620 nm into the scan cycle and is marked by a decrease in cantilever
oscillation amplitude when the cantilever is driven and by upward deflection of the
cantilever and an increase in its resonant frequency with driven by only thermal motion.
As the scanner continues to extend, there is a non-linear drop in frequency
simultaneously with a linear upward deflection of the cantilever (designated with arrow
#2). This combined behavior is consistent with CCNT buckling.

At ~1815 nm of scanner extension, the cantilever begins to deflect downward,
towards the substrate. Beginning at ~1865 nm of scanner extension (designated with
arrow #3), cantilever deflection and resonant frequency remain constant even though the
scanner is continuing to extend towards the cantilever. Constant deflection and resonant
frequency is observed until the scanner has extended to ~2150 nm (designated with arrow
#4). At this point, the cantilever bends upward in a linear fashion and its resonant
frequency increases with scanner extension until the point at which the scanner begins to
retract. As the scanner retracts, the expected decrease in cantilever deflection and
resonant frequency is observed. At ~495 nm of scanner retraction, a sudden upward

motion of the cantilever is observed typical of sudden release of the tip from the substrate
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surface (designated with arrow #5). The resonant frequency and deflection remains
constant until the scanner has retracted by ~1050 nm. Then, the nanocoil detaches from
the surface (designated with arrow #6) and the frequency of the cantilever-nanocoil
system returns to its free space value.

Three possible explanations for this behavior are that the CCNT undergoes: 1)
post buckling — a deformation of the wall structure of the nanotube [172], 2) higher order
buckling that deforms the helical structure of the nanocoil, or 3) movement across the
substrate by slip-stick motion [173, 174]. The observation of two “ringing” events during
retract motion of the scanner in the oscillation amplitude plot (Figure 4.8) supports the
slick-hypothesis. These are indicated by arrows #5 and #6. During scanner retraction,
tension increases until the restorative forces acting on the cantilever overcome the
adhesive interaction. A sudden release from contact causes a short-lived oscillation of
the cantilever, i.e. “ringing”. The observation of two “ringing” events in the oscillation
amplitude plot is also supportive of the slip-stick hypothesis. It is postulated that slip-
stick motion results in a larger portion of the nanocoil coming into contact with the
substrate. The tension imposed by scanner retraction and the increased contact area
should result in a larger resistance to the restorative force of the cantilever. Release of a
portion of the CCNT from the surface results in ringing as the coil adopts a new

geometry.

4.3.5 Slip-Stick Validation

To test the slip-stick hypothesis, the nanocoil angle at point of contact was
systematically varied. The geometry and orientation of the CCNT, relative to the
cantilever, was determined by analysis of a set of scanning electron micrographic images

acquired at various angles. When brought into contact, the angle at the point of contact of
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Figure 4.8. Thermal resonance frequency response (A), force-distance (B) and oscillation
amplitude (C) responses of the cantilever-CCNT system under 875 nm compression with
an approach angle of 7°. The displayed frequency data is from the second vibration
mode, due to increased S/N response. In the several phenomena are observed occurring
during the scanner extension: the initial contact with the substrate (1), buckling response
of the nanocoil (2), slip(3)-stick(4) motion. During scanner retract motion several ringing
events are observed in the oscillation amplitude that correlate to the return to the buckling
geometry of the coil (5) and release from the surface (6).
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the CCNT is ~7° relative to the surface normal. To change the angle, beveled shims were
used in place of standard mounting shims. Wedge-shaped shims [145] were
manufactured with a 5° grade and scribed to mark the reference position. As illustrated
in Figure 4.9, a simple 180° rotation of the wedge-shaped shim afforded the acquisition

of data sets at nanocoil point of contact angles of 2° and 12°.
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Figure 4.9. Illustration representing the use of an angled shim to change the effective
approach angle of the CCNT to the substrate surface.

Experiments were conducted using the wedge-shaped shim in the same manner as
with a flat shim. If the onset of the second jump in resonant frequency was due to a stick
event following slip, then our expectation was that this event would occur at lower
scanner extension values with increasing point of contact angle. Figure 4.10 is a
compilation of the frequency shifts observed during nanocoil compression at the
following point of contact angles: 2° (blue), 7° (red), and 12° (green). Figure 4.10a
shows no discernible differences in the frequency response at the three angles when the
CCNT was in contact with the substrate for a scanner extension distance of only 250 nm.
At an in-contact distance of 375 nm (Figure 4.10b), the frequency response on the 2° and

7° substrates are the same, however the occurrence of a second frequency shift is
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observed on the 12° substrate. At greater in-contact distances (Figure 4.10c & 4.10d), the
second frequency shift event occurs at all three angles. It is interesting to note that as the
contact angle is increased, the frequency response of the system during the approach and
retract segments is asymmetric and correlates with point of contact angle. On the 2°
substrate at 875 nm of extension, the first and second frequency shifts have a strong
symmetry with the cyclic motion of the piezo scanner. As the angle is increased to 7° or
12°, this symmetry is lost and is indicative of increased areas of contact between the
CCNT and the substrate facilitated by the slip-stick event.

Figure 4.11A presents force curve and frequency response data when the CCNT
was brought in and out of contact with the substrate angled at 2° for a contact distance of
375 nm. Note that over the time interval of 23.5 - 25 s, the scanner is extending without
a significant change in either cantilever deflection or resonant frequency. Similarly, over
the time interval 25.5 — 27 s, the scanner is retracting with no significant change in
cantilever deflection or resonant frequency. During each of these periods, the CCNT is
sliding across the surface into a new geometry. Figure 4.11B compares the resonant
frequency response to the apparent spring constant of the cantilever-nanocoil system
calculated from the thermal spectra acquired at each data point in the frequency plot.
Note that over the time interval of where the frequency response is constant, the spring
constant of the system increases, indicating a mechanical stiffening of the nanocoil. As
the nanocoil undergoes the ‘slip’ portion of slip-stick across the surface it is under a
constant force from the cantilever, rather than a progressive force observed during
buckling. As the contact area of the nanocoil increases, the frictional forces acting on the
coil increase; causing the measured stiffness
to increase. The point at which the CCNT sticks to the substrate, the frequency response
again increases as a new region of the nanocoil undergoes buckling.

At its onset, the objective of this investigation was the determination of CCNT’s

stiffness to axial compression. As delineated above, this stiffness is not directly
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measurable when it is mounted onto a soft cantilever or when the nanocoil undergoes
bending, buckling, or slip-stick motion. The bending/buckling phenomenon is facilitated
by open end spring geometry [175]. The compression stiffness of the CCNT can be
estimated, however, from the resonant frequency of the cantilever at the point of contact
with the substrate surface. At this point, the spring constant of the coil is computed from
the effective spring constant of the system using a springs in series model. A kcenr of
0.051 + 0.004 Nm™' was computed using this approach. No significant difference in the

calculated value of kcent With respect to the angle at the point of contact was observed
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Figure 4.10. The thermal resonance frequency response of the CCNT at different
approach angles are displayed at compression distances of 250(A), 375(B), 500(C), and
875 nm (D). The approach angle was changed from 12° (green), 7° (magenta), and 2°
(blue) through the use of an angled substrate. The z-piezo scan size was 2500 nm with a
scan rate of 0.02Hz. The displayed frequency data is from the second vibration mode,
due to increased S/N response.
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CHAPTER S

LARGE ANGLE COMPRESSION OF A CCNT

5.1 Background

In order for the CCNT to behave as an ideal compression spring in NEMS
systems, the axial compression needs to be at the surface normal (an compression angle
of 0°). In addition to this requirement, the nanocoils need to have closed ends,
preventing torque during compression [175-177]. However, the current fabrication
technique [96, 97] of the arc discharge method for carbon nanocoil modified probe tips
generates an open-ended spring system on the probe. Compounding this with the varying
angles of contact during compression, these systems rarely approach ideal compression
spring behavior, as found in their macroscale analogs.

In the previous chapter, the compression of a nanocoil system with small but
varying angles of compression with respect to the substrate was examined. The initial
contact of the coil with the substrate was observed with a characteristic drop in oscillation
amplitude, jump to contact in the force-distance plot, and an increase in the thermal
resonance frequency [34, 38, 142]. This event is followed with a decrease in the thermal
resonance frequency associated with the buckling of the nanocoil. The importance of
surface-tip geometry during compression of a carbon nanocoil was discussed. In
particular, the occurrence of slip-stick motion can be inhibited or enhanced through
changing the angle of compression of the nanocoil to the surface. This was achieved

through the use of substrates with a tapered angle.

In this chapter, the compression of an as-fabricated carbon nanocoil modified

probe tip exhibiting a 35° compression angle (Figure 5.1) is presented. Due to the large
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compression angle of this system, a significant buckling response during the compression
study was anticipated. To our surprise, the MPFS response of this system exhibited

unique behaviors in both the force-distance and oscillation amplitude plots.

5.2 Results and Discussion

A series of compression studies were conducted on the CCNT modified AFM
cantilever probe (see Figure 5.1). The experimental parameters used were identical to
those used on the coil presented in Chapter 4. A characteristic drop was observed in the
oscillation amplitude curve was used to monitor the point of initial contact between the
nanocoil and the substrate. After the initial point of contact was established, the piezo
scanner start position was adjusted so that the net compression of the nanocoil increased
in multiples of 125 nm. During compression, the nanocoil cantilever system changes
from a pinned-open spring system (free-vibrating system) to a pinned-pinned spring
(surface-coil-tip system) [175, 176, 178]; due to the geometry of the coil relative to the
probe and substrate. During this change, lateral compressive forces are applied to the
nanocoil from both the tip and the substrate. Because the nanocoil has an open coil face
in contact with the substrate, the nanocoil enters into a buckled state (non-axial
compression) once a mechanical load is applied. If the nanocoil had a closed face and
appropriate orientation, the system would undergo axial compression of the spring
system, behaving as an ideal macro-scale compression spring. After capturing the
frequency data, the substrate is retracted form the cantilever returning the system to the
free-vibrating state.

During compression studies, several phenomena believed to be influenced by the
large compression angle (35°) of the system were observed. These phenomena have not

been observed during previous compression, experiments performed on CCNT-modified
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Figure 5.1. SEM image of nanocoil modified scanning probe tip with a compression

angle of 35°, relative to the substrate surface.

tips. A zero-load approach to the surface slip-stick motion, and distinct adhesion events
are observed during the ‘compression’ experiments performed on this nanocoil. These
were measured using MPFS where the force-distance, oscillation plot, and frequency
response were recorded during the compression experiments.

Figure 5.2 displays the acquired force-distance (A) and oscillation amplitude (B)
plots for the nanocoil at the initial point of contact with the substrate. The conventional
definition of initial contact is the point where either a negative deflection is observed in
the force-distance plot due to the van der Waals interactions, or a decrease in the
oscillation amplitude approach curve. Although captured at this ‘initial’ contact point, a
significant portion of the nanocoil (~750 nm) is observed having already interacted with
the substrate. This figure describes compression events where the nanocoil is able to

contact and interact with the substrate without an observable deflecting the cantilever.
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The relevant data in the force-distance and oscillation amplitude plots are the significant
nanocoil-substrate interactions occurring during the retract potion of the curves. In the
oscillation amplitude plot (Figure 5.2B), the occurrence of several amplitude spikes
(‘ringing’ events) in the retract portion of the plot is observed. These have previously
been associated with release events between the nanocoil and substrate during slip-stick
motion.

The ringing occurs when the surface retracts from the cantilever, putting the coil
in tension. During slip-stick motion, the lateral motion of the nanocoil overcomes the
friction force of the substrate and ruptures, resulting in low friction movement of the coil
across the substrate the slip-portion of the phenomena. This lateral motion is translated
into a vertical oscillation observed in the cantilever beam via the nanocoil coupling. The
large adhesion interactions occurring in the force-distance plot and slip-stick ringing
observed in the oscillation amplitude plot, give evidence that a significant portion of the
nanocoil is in contact with the substrate prior to the initial drop in oscillation amplitude
associated with the initial contact of the nanocoil to the substrate. This is contradictory to
the traditional metrics that associate surface contact with a drop in the oscillation
amplitude. Thus with a 35° compression angle, the nanocoil-cantilever system undergoes
buckling and slip-stick events prior to conventional detection techniques. In addition to
this, no measurable force is applied to the nanocoil (as determined by the force-distance
plot) to initiate the buckling. The slip-stick events observed in Figure 5.2 exhibit a
phenomena described as zero-load engagement.

The second unique phenomena observed in the large compression angle
experiment was that distinct adhesion events observed in the retract portion of both the
force-distance and amplitude plots. These events indicate a repeated “tension and
release” of the nanocoil modified cantilever probe tip during the retract motion of the

substrate. Since only the nanocoil is in contact with the substrate during these studies,
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the adhesion events observed in the force-distance plot are due solely to nanocoil-
substrate interactions. These features also correlate to the ringing events occurring in the
oscillation amplitude plot with spacing measured at 47.07, 100.37, 137.09, and 274.17
nm from the initial surface contact (as determined from oscillation amplitude drop).
Figure 5.3 is the force-distance and oscillation amplitude plots taken at a
compression distance of 125 nm past the initial point of contact. The same features are
observed in this plot as those observed in Figure 5.2. In addition to the ringing events
from the nanocoil-substrate interactions, a cantilever deflection response associated with
compression of the nanocoil is observed. This is similar to the compression of other
nanocoils where the applied load forces causes buckling to occur in the nanocoil. Figure
5.3 displays similar spacing of the adhesion events; measured at 55.7, 125, 148.09, and
288.04 nm. These values were similar to those measured in Figure 5.2, suggesting that
they are caused by physical features of the nanocoil, rather than random interactions
between the nanocoil and the substrate during slip-stick motion. To confirm this, an
SEM image of the nanocoil was taken at different angles to better determine its geometry.
Through comparing the values of the adhesion events to the physical geometry of the
nanocoil (Figure 5.4), a direct correlation between the observed “tension and release” or

ringing events with the structure of the nanocoil is confirmed.

5.3 Frequency Response

Under normal AFM operation, a linear response is observed in the force-distance
curve as the nanocoil contacts the substrate. In the case of a nanocoil with a large
compression angle, this relationship is not observed. However during the retract portion
of the plot, significant adhesion occurs for approximately ~750 nm of scanner retract
motion in the force-distance and oscillation amplitude plots (Figure 5.2). Initial

interpretations of the force-distance and oscillation amplitude plots suggest that there is
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no mechanical coupling of the nanocoil-substrate interactions with the cantilever motion
during the initial contact with the substrate. Using conventional techniques, the true
initial contact between nanocoil and substrate cannot be established. Buckling and slip-
stick motion of the nanocoil has already occurred by the time the jump-to-contact in the
force-distance and oscillation amplitude plots is observed. The conventional techniques
to establish surface contact are unable to determine the true initial point of contact of the
nanocoil to the substrate under the extreme orientation of the nanocoil with respect to the
substrate, where zero-load engagement occurs. However these techniques are useful in
describing events occurring during the retract motion of the scanner, as the nanocoil is
observed to have significant adhesive interactions with substrate resulting in observable
‘tension and release’ events. Although these techniques have been shown to describe
events during retract in great detail, their insensitivity to the initial loading of the
nanocoil is problematic. By monitoring changes in the thermal resonance frequency of
the nanocoil-cantilever system, the points of initial contact, buckling and compression of
the nanocoil are easily discerned.

The thermal resonance frequency of the nanocoil-cantilever system was measured
during the acquisition of force-distance data a given compression distance. The
frequency response for the 125 nm compression is displayed in Figure 5.5. Unlike the
force-distance and oscillation amplitude plots, the features observed in the thermal
resonant frequency plot are similar to those encountered during the previous compression
experiments with small compression angle nanocoils. At the initial contact with the
substrate, there is an increase in the measured frequency is associated with system change
from a clamped-free to a clamped-clamped state. This frequency increase also indicates
an increase in the stiffness of nanocoil-cantilever system. Since the cantilever stiffness is

constant, any change in the observed stiffness of the system is attributed to the
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500 nm

Figure 5.4. SEM image of large compression nanocoil estimating locations where
observed slip-stick events A-F may occur. These distances were measured from the free
end of the nanocoil.

mechanical properties of the nanocoil. As the compression increases, the nanocoil
undergoes mechanical buckling; a phenomenon commensurate with a decrease in the
resonant frequency. The frequency response differs significantly during the retract
portion of the compression cycle as multiple release events occur.

The retract portion of the frequency plot supports the argument for increased
adhesive interactions between the nanocoil and the substrate. The “tension and release”
events observed in the force-distance plots are observed in the thermal resonant
frequency plot (Figure 5.5: 25-32 seconds) as an increase in the frequency followed by a
ringing event. The frequency increase is attributed to the tension that nanocoil
experiences as the substrate is retracted. The frequency shift associated with tension has
values greater than the initial frequency shift observed during the initial contact between
the nanocoil and the substrate. As the coil is put into tension, the stiffness increases to a

value greater than that of the nanocoil when put into compression; a phenomena similar
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Figure 5.5. Thermal resonant frequency response of large compression angle nanocoil at
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response is displayed with the piezoelectric scanner motion (B).
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to a macroscale spring [44, 46]. Furthermore, the ringing event is most noticeable as a
large amplitude, broad band event in the frequency that does not correlate to any specific
mode of the nanocoil-cantilever system. Multiple ringing events in the frequency plot

(Figure 5.5A) are observed as there are multiple release events occurring.

5.4 Nanocoil Contamination

Following this above series of compression experiments, a second study was
conducted on the nanocoil on a new template stripped gold substrate. The conditions of
the second compression experiment were identical to those of the initial compression
experiment. In this subsequent set of compression experiments, the force-distance,
oscillation amplitude and thermal resonant frequency data were recorded using the MPFS

technique.

Figure 5.6 displays the force-distance and oscillation amplitude plots from the
second set of experiments at 0 nm (A) and 375 nm (B) compression. Both of these plots
display significant nanocoil-substrate interactions, as evidenced by the hysteresis in the
retract portion of the curves, where the nanocoil maintains contact with the surface
beyond jump to contact point during the retract motion of the scanner. A significant
difference between these plots and those initially obtained for the compression of the
nanocoil is the absence of the “tension-release” features in the force-distance curve and
slip-stick induced “ringing” observed in the oscillation amplitude plots during the first
compression study (Figure 5.2). Because the cantilever holder positions the cantilever
probe tip in a specific orientation, the same regions of the nanocoil should be in contact

with the substrate during both experiments. Given that the contact geometry and the
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substrate chemistry is identical in both experiments, the loss of these features indicates

that a change in the surface chemistry of the nanocoil may have occurred.

5.6 Adhesion Force Measurement

The adhesive forces at each of the unique tension and release events occurring
during the compression study of the nanocoil was calculated. These were calculated from
the release events occurring in compression experiments conducted at 0, 125, 250, and
350 nm from the point of contact. The force at each release event was calculated by
multiplying the cantilever spring constant (0.08 N/m) with the measured displacement
from the force distance curve at each event. Table 5.1 displays the calculated forces and

their averaged values.

Table 5.1. Summary of experimental rupture forces observed during slip-stick motion of
large compression angle coiled nanotube (values given in nN).

Feature 0 nm 125nm | 250 nm | 375 nm Avg.
A 1.2416 1.392 1.6784 1.2264 1.3846
B 2.7848 3.3656 3.0776 2.8664 3.0236
C 2.3648 2.0288 1.624 3.716 2.4334
D 1.624 2.1088 2.0648 — 1.932533
E 1.0296 0.9616 1.5832 1.2488 1.2058
F 1.4616 0.7464 1.9624 1.0624 1.3082

In chapter 4, the mechanical response of a single nanocoil to compression was
investigated as a function of substrate surface composition and angle. The important
findings from this chapter were: the sensitivity of MPFS measurements to substrate
composition, the identification of the second bucking event as slip-stick motion of the
nanocoil, and the calculation of the effective spring constant of the nanocoil-cantilever
system.. In the present chapter, the mechanical response of an improperly oriented

nanocoil was examined. The important findings were that the MPFS technique is very
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sensitive to the point of contact on approach and to the physical structure of the nanocoil
upon retract. In the following chapter, the compression of several CCNTs will be carried
out using the MPFS protocol described above. The structure of these nanocoils will be
determined with transmission electron microscopy. Coupling the results of these two
investigations, a correlation between the mechanical properties of the CCNTs with their

structure will be presented.
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CHAPTER 6

CARBON NANOCOIL COMPRESSION MODELING

6.1 Modeling Mechanical Properties of Nanotubes

Nanotubes are either single or nested molecules that have distinct material
behavior at the nanometer level. Many of its applications however, involve macro-scale
ensembles of nanotubes, e.g. bundles of tubes woven into fibers. Different modeling
techniques must be applied to investigate phenomenon occurring over specific
dimensional ranges; the results must be reconciled. Some examples of different
modeling techniques include molecular simulations, coarse grain simulations, continuum
mechanics, micro-scale composite mechanics, and component level structural mechanics
(listed in increasing size domain applications) [62, 64, 65, 179]. The dissertation is
focused on the behavior of an individual carbon nanotube, rather than its applications;

this chapter will focus on modeling applicable to the nanotube itself.

Figure 6.1. Illustration of a double-walled carbon nanotube (left) and its continuum
mechanics structure equivalent (right).

116



6.1.1 Continuum Method

The continuum model is based on traditional engineering models such as beams,
shells or membranes. When applied to nanotubes, this model treats the molecules as a
continuous material with a definite geometry and isotropic material properties (e.g.
Young’s modulus) as depicted in Figure 6.1. This is in contrast to molecular dyamics
(MD) simulations, where each atom of the molecule is modeled and the interactions with
other atoms are mathematically defined.

Yakobson found “a remarkable synergism between the methods of MD and those
of macroscopic structural mechanics... [and] with properly chosen parameters, this
analytical model predicts nanotube behavior not only at small deformations but also
beyond the linear response” [62]. His conclusion was reached during a study in which a
molecular dynamic model of nanotubes under axial compression, bending, and torsional
deformations was studied. By comparing the observed behavior of the MD system to that
of a continuum models, confidence was given to researchers modeling nanotubes by a
continuum model based on a simple rod.

Govinjee and Sackman modeled MWCNTs using the Euler beam theorem [180].
In particular, they investigated the use of Euler-Bernoulli beam bending theory (discussed
in section 6.1.4) to infer the Young’s modulus of the nanotubes. They showed that at the
nanoscale, a size dependency exists on the material properties when the continuum cross-
section assumption is used. This phenomenon does not exist in classical continuum
mechanics. They demonstrated that the use of the continuum cross-section assumption in
calculating the nanotube modulus is valid only when the nanotube contains a large
number of atomic layers (walls). Using this assumption for nanotubes with a small
number of walls yields a greater modulus than that observed experimentally. The

continuum-beam assumption was further explored by Harik [181, 182].
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Harik addressed the specific applicability of the continuum-beam model to the
determination of mechanical properties of carbon nanotubes [181, 182]. This work
explains several criteria for the application of the Euler beam model to carbon nanotubes
and other nano-rod structures. These criteria assess homogenization, aspect ratio, and
linearity of strain of the nanostructures. The homogenization criterion states that
Lnt/a;>10, where Lyt is the length of the nanotube and «; is the width of the carbon ring.
This criterion asserts that any consideration of homogenization requires a minimum
number of graphene cells along the length of the nanotube before the material averaging
can be considered unique. The aspect ratio criterion states that Lyr/dnr>10, where dr is
the diameter of the nanotube. The strain criterion states (Lnt-Lnrto)/Lnto«1, where the
axial strain of the nanotube is infinitesimal [182]. This work asserts that nanotube, or
nanorod, structures will undergo Euler buckling provided that their geometry satisfies the
above criterion as described in an applicability map (Figure 6.2). For most nanotube
studies, the nanotube is of sufficient length to allow the continuum-beam model to be
applied to the system. In cases of small aspect ratio geometries for the nanotube, this
model may not be applicable.

Ru used a shell model to determine the effects of interlayer forces in the axial
buckling and bending of carbon nanotubes [49]. The shell model is a continuum
mechanical model of MWCNTs as tubes within tubes. He found that the van der Walls
forces between layers of a double or multi-walled nanotube cause an inward force to act
on some of the tubes in the molecule. This causes the critical axial strain of MWCNTs to
be lower than that of SWCNTs of the same outer diameter [50, 183, 184]. Although the
axial strain for the MWCNT may be reduced compared to the SWCNT, the axial force
applied to it may be increased due to the larger cross-sectional area. When nanotubes are
embedded in an elastic matrix, the relationship between strain and interlayer forces is

again observed [184, 185]. This again demonstrates the significant relationship between
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the observed geometry and composition (number of walls) with the material properties of
the nanotube.

6.1.2 Material Properties of SWCNT's

In the macroscale analysis of mechanical systems, one of the more important
quantities is the Young’s Modulus, E, a constant material property. When investigating
the Young’s Modulus of carbon nanotubes, the value is expected to change with the
diameter of the tube, since the change in curvature of the tube modifies the C-C bond
hybridization [186], thus changing the stiffness of the molecule. When determining the
properties of single and multi-walled carbon nanotubes, some groups treat the nanotube
as an isotropic structure, with a fixed shell thickness, according to the continuum
mechanics model. In modeling a single walled carbon nanotube (SWCNT), the
continuous shell approximation has been found to be a sufficient approximation with the
calculated values of E and the shell thickness (t) for the nanotube having similar values to
that of a single graphene sheet. The Young’s modulus of multi-walled carbon nanotubes
(MWCNTs) was found to be similar to that of bulk graphite.

Differing reports have been presented on the calculated modulus of the single-
walled nanotube. Yakobson and Zhong Chan have reported values of E = 5TPa with an
associated shell thickness t = 0.07 nm [62, 69, 187], where the wall thickness value is
defined by the pi-bond thickness. Many other groups have reported values comparable to
that of bulk graphite, E =1TPa with t = 0.34 nm [53, 64] for the SWCNT. Treating the
nanotube as a homogenous isotropic continuous shell of thickness t, the elastic
deformations can be calculated from the Young’s modulus and the Poisson’s ratio, v. If
one neglects the curvature of the nanotube, assuming it to be a graphene sheet of width
2nR, E and t can be determined from the bending rigidity (D(t)) and in-plane stiffness
(C(t)) of graphene [188]
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where D(t), C(t), and v are values intrinsic to the graphene determined from the C-C bond
rigidity and can be calculated without assuming a value for t.

The bending rigidity (D) of graphene has been determined from a number of
different techniques including molecular dynamics [189] and first principle calculations
[61, 179], neutron scattering from the out-of-plane vibrational frequency of graphite
[190]. In these cases the bending rigidity is determined by inversion configuration of the
C-C bonds [191]. The values of the D varied from 0.85¢V to 1.5¢cV depending on the
method by which it was determined. The in-plane stiffness (C) is found to have a value
of ~60eV/atom and depends on bond stretching and the angle variation in the molecular
force field framework [188]. The value for graphene Poisson’s ratio (v) is also calculated
from a variety of methods, giving a broad range of values between 0.16 and 0.34 [65,
187, 189, 192]. Using these values in (Equation 6.1) and (Equation 6.2) the modulus and
thickness are given as £~ 5TPa and = 0.07 nm. Some groups continue to use £~ 1TPa
and ¢ = 0.34 nm (values comparable to graphite) when describing single walled nanotube
properties, despite the evidence that the thickness of the shell should be less than 0.1 nm
when using the isotropic continuous shell approximation, assuming the nanotube similar
to graphene. This disagreement stems from the treatment of the thickness of the
graphene sheet in their respective theoretical models, as the values are equivalent when
determining axial stiffness. The value of £ however, becomes important in determining
the flexural properties of the nanotube.

The moment of inertia for a single-walled nanotube is greater than that of a
graphene sheet. This conclusion follows from the calculation of the effective flexural

rigidity (EI) of a SWCNT [188]
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if 2¢ « Dy, then (1-(2¢/Dy))* = 1-4(2¢/Dy). Thus, the flexural rigidity (Equation 6.3) can be

written as
El = %DSEI = %DSC Equation 6.4

this relationship describes that the in-plane stiffness of graphene, C, governs the bending
rigidity of a large diameter SWCNT. Thus, the shell thickness of graphite (£ = 1TPa, ¢ =

0.34 nm) can be used to approximate the properties of a SWCNT.

6.1.3 Material Properties of MWCNTSs

The multi-walled carbon nanotube can be described as concentric graphene sheets
rolled on top of each other. The system can also be approximated a system of graphene
stacks laying on each other. A two-layer graphene tube is considered as an anisotropic
shell with a thickness of 7tp = ¢ + d;, where d; is the interlayer distance (0.34 nm for
graphite). If van der Waals forces are assumed to prevent the sliding of the layers, then
the neutral plane is between the layers and the bending stiffness is determined by the in-
plane C-C bonds instead of the out-of-plane stiffness of a single graphene sheet [190].
The properties of the two-layered graphene stack is described as a shell with £ = 1 TPa
and ¢/ = 0.34 nm. When determining the Young’s modulus of nanotubes with a larger
number of shells, N, the following is used

By -
YOON,-1+(t/d.) d,

Equation 6.5

where E = 4.7Tpa and t = 0.074 nm [187].
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6.1.4 Beam Theory

The above sections described the application of the continuum mechanical model
to carbon nanotubes. Many groups have modeled the carbon nanotube as an elastic
beam. There are different mathematical models describing the transverse vibration of
beams taking into account different effects that one may experience in the real world
behavior of the beam. Bress-Timoshenko [193] and Love theories model the beam with
bending, shear deformation, and rotary inertia. The Rayleigh theory [194] models only
bending and shear effects on the beam elements. The Euler-Bernoulli beam theory [194],
often referred to a simply beam theory, models only the transverse bending of a beam.

Euler-Bernoulli beam theory describes the relationship between beam deflection
and an applied load. The beam was originally modeled as a one-dimensional object with
a distributed load. The simplicity of beam theory has led to its adoption as an important
tool in science and engineering. The following is differential expression for the

transverse vibration of a thin beam from Euler-Bernoulli theory

82
e {EI (x)

P Equation 6.6
X

2 2
Oy } v pa 2o
where y is the deflection of the beam, EI is the bending modulus of the beam, p is the
density of the beam material, 4 the cross-sectional area, and ¢ is time. The successive

derivatives of y along with terms in Equation 6.6 give quantities that describe the slope of

the beam deflection (#), bending moment (M), and shear force (V) [194, 195]

oy o’y 0 o’y .
0=—, M =El(x)—-, V=-—|EI Equation 6.7
ox ) ox? ax[ ) ox? a

making the Euler-Bernoulli model a widely used and versatile model for engineers and
scientists. As the beam becomes more complicated with specific conditions such being

on an elastic foundation, under an axial force, etc, then additional terms can be added to
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the differential form of beam theory. Equations for such conditions are listed in Table
6.1. By combining these, the differential equations used to describe different beam
behaviors can be generated. The distributed load on a basic beam is given by

2 4
0y, g0V
ot? ox?

q(x)= pA Equation 6.8

where ¢(x) is the distributed applied load, y is the displacement, p is the density, 4 is the
cross-sectional area. The stiffness of the beam, £, is also derived from beam theory from
the second moment of the cross-sectional area to give

3EI

k Equation 6.9

where / is the beam length. The critical buckling load (Pi) is the axial load where the

compressive stresses of the beam can lead to failure. This is calculated as

p o 7’El

erit = —ZZ Equation 6.10
for a beam with both ends pinned. The pinned-pinned boundary condition describes the
cantilever probe under compressive load. This expression changes with the variety of
boundary conditions that can exist for the beam.

The vibration of the cantilever can occur at several modes. The fundamental

mode (natural) vibration of the beam is of great importance to researchers. The natural

frequency of the ith mode of vibration for the beam is

2
w, = A |EL Equation 6.11
1>\ pA

where f; is the solution for an equation that is dictated by the boundary conditions of the
beam system. For approximating a nanotube beam freely vibrating, a clamped-free
boundary condition is assumed. The clamped end has zero displacement and zero slope,
while the free end has zero reaction forces during the displacement. The boundary

equation for a clamped free system is given as
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Table 6.1. Mathematical models of transverse vibration of non-uniform Euler-Bernoulli beams [195]

Conditions

Differential equation of transverse vibration
(Euler-Bernoulli model, E7 is not constant)

Comments

End is shifted; axial force is
compressive

End is shifted; axial force is tensile

Winkler foundation. One stiffness
characterization

Pasternak foundation. Two Stiffness
characterization

aXZ

62

X

{EI( )Q}sz %j =0

2 2 2 2
‘3_2{151@6)a f}—Nay a2
X Ox

ox? ot?

aZy ayZ
El(x +k,y+pA =0
2 |: ( )ax2:| lry p atz

a

2 2 2 2
9 El(x)a— +k,y—k, @+pAay 0
o " o’

Force N is constant or not, but does not
depend on y(x,?) ; system is linear

Force N is constant or not, but does not
depend on y(x,¢) ; system is linear

Reaction of the foundation:
R(x) = k rry

k, 1s translational stiffness coefficient

Reaction of the foundation:
62
R(X) = ktry_krnt 7)}

k ¢ 1s the rotational stiffness

125



cosf,coshfg, +1=0 Equation 6.12

The solutions for Equation 6.12 give values used in determining the ith-mode frequencies
of a clamped-free beam. These values are calculated as ;= 1.875, f,~ 4.694, and S5 =
7.855. Higher order modes can be calculated, but are not often experimentally observed

in nanotube vibration. The amplitude of vibration for a nanotube is given by

16L°kT . kT
02 :ﬁZﬂnA‘ z04243ﬁ
mE(a” -b") % E(a”-b")

Equation 6.13
where ¢ is the amplitude at the free end of the beam, L is the beam length, k is the
Boltzman constant, 7 is the temperature, a is the outer radius and b is the inner radius of

the nanotube.

6.2 Nanocoil Compression Model: Data Acquisition

A group of 18 carbon nanocoil modified cantilever probe tips were chosen to
determine the relationship between nanocoil structure and its mechanical properties. For
each nanocoil, the geometry was measured through SEM imaging, and the chemical
structure was measured through TEM imaging. Multi-parameter force spectroscopy
(MPFS) was used to measure the mechanical response of each individual nanocoil under
a compressive load.

This study sets the ambitious goal of developing a predictive model from MPFS
and TEM data to predict the structure of carbon nanocoils from mechanical properties
measured from the collected compression data; consisting of thermal resonance
frequency response, force-distance and oscillation amplitude plots. Some groups have
developed theoretical models relating the structure of a straight MWCNT to its
mechanical properties [187]. Other groups have experimentally observed that the
geometry of the MWCNT can impact the mechanical response [140]. Specific research

into coiled carbon nanotubes and their mechanical properties is limited. Chen et al. [46]
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have measured the mechanical response of a single nanocoil under tensile load; finding it
to behave as elastic coils with minimal deformation. The majority of the publications
focusing on coiled carbon nanotubes are focused on their fabrication rather than their

properties.

6.2.1 Cantilever Selection

Two sets of carbon nanocoil modified cantilever probe tips were fabricated
according to methods described in Chapter 3. The scanning probes used in this
investigation were MikroMasch Series 18 and CSC-38 cantilever probe chips; chosen for
their broad range of cantilever beam spring constants. Table 6.2 contains the
manufacturer specifications for the selected cantilevers in this study. The Series-18
probes contained a single beam with an average stiffness of 3.5N/m. The CSC-38 chip
had three beams, hereby designated as beam-a, beam-b or beam-c, with average beam
stiffness values of 0.08(a), 0.03(b) and 0.05(c) N/m. Carbon nanocoils were attached to
these probe tips using the arc discharge attachment method [97]. The coiled carbon
nanotube source was created using the CVD method with a proprietary catalyst
formulation designed to preferentially grow coiled nanotubes over straight tubes.

Although the CSC-38 cantilever chips have three beams, only one was modified
per chip. This decision was based on the following facts. Firstly, the tips are aligned
under an optical microscope whose field of view is small. Only one beam could be
observed and properly modified at a time. Secondly, even though several probes per chip
can be prepared, only one nanocoil can be monitored at a time as it interacts with the
substrate. Compression studies carried out on the nanocoils attached to shorter, stiffer
beams would be performed with nanocoils attached to longer beams experiencing such
high compressive loads that mechanical damage to the nanocoils is highly likely. To

avoid this problem, the decision was made to only modify one of the three beams on the
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CSC-38 chip. In the CSC-38 fabrication process, the majority of the modified cantilevers
were beam-B; having the lowest rigidity and being the longest of the three cantilever
beams. The beam length also allowed for improved alignment between the tip and the

CCNT sample.

6.2.2 Nanocoil Characterization

Following the fabrication process, the quality of the cantilever tip alignment was
investigated by scanning electron microscope imaging (SEM). The SEM used in this
investigation was a LEO 1550 model with a resolution of 2 nm. SEM imaging provides
two functions; verification of the condition of the nanotube (alignment and geometry) and
measuring the beam dimensions. The nanotube alignment and geometry is used to

classify the large scale structural characteristics of the nanocoil. SEM imaging is able to

Table 6.2. MikroMasch manufacturer specifications for Series-18 and CSC-38 cantilever
beams.

Cantilever Thickness | Resonant Frequency
(um) (kHz) Force Constant (N/m)
Cantilever | Cantilever
Cantilever Length (5 | Width (3
Type um) um) min [typical]| max | min |typical] max | min [typical| max
Series 18 230 40 2.5 3 3.5 60.0 | 75.0 | 90.0 2.0 3.5 5.5
CSC38
lever A 250 35 0.7 1.0 1.3 140 | 20.0 | 28.0 | 0.02 | 0.08 0.2
lever B 350 35 0.7 1.0 1.3 7.0 10.0 14.0 | 0.01 0.03 | 0.08
lever C 300 35 0.7 1.0 1.3 9.5 14.0 19.0 | 0.01 0.05 0.1

provide information about the nanocoil geometry used in the analysis of the compression
study: compression angle, coil (spring) diameter (D), bar diameter (d) (width of the

nanotube), free length (/y), and number of active coils (n). An illustration describing
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these dimensions is given in Figure 6.3. Beam dimensions from SEM images can be
used to determine the cantilever stiffness and resonance frequencies using the Sader [196,
197] or Cleveland [198, 199] method. These treat the beam as a simple harmonic
oscillator, calculating the resonance behavior from the material properties and geometry
of the beam. In this study, the frequency of the beam is directly measured from two
sources, the Nanoscope™ tuning software and from the Fourier transform performed on
the beam deflection signal. During batch imaging of the nanocoils, it was soon
discovered that a range of nanocoil geometries and alignments were made during the tip
fabrication process. A complete catalog of the carbon nanocoil-modified cantilever
portfolio is provided in Appendix B.

Prior to the compression of a nanocoil, SEM images of the nanocoil were
captured in three different orientations to determine the coil alignment with respect to the
probe tip. The images were collected with the tip directly in front of the cantilever beam
(down-beam), the left or right side view of the tip and beam (side-beam), and the view
from the apex of the tip (top). These view points are demonstrated in Figure 6.4.
Collectively, these images provide a three dimensional approximation of the nanocoil
structure. The relative angle between the nanocoil and the cantilever probe tip allows us
to determine the contact angle that the coil will experience when in contact with a flat
substrate. Orthogonal view points were used to measure al and a2, the relative angle of
the nanocoil to the probe tip. These values were used in Equation 6.14 to calculate the

compression angle of the nanocoil (Ocomp).

= % —arctan 2 Equation 6.14

o \/ (tane,)’ — (tana, )’

A group of nanocoils were selected for the compression study based on several factors.
Because the compression angle can impact the onset of buckling and slip-stick motion of

the nanocoil, those with small compression angles (<10°) were selected. With the use of
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Figure 6.3. Illustration of coil (D) and bar (d) diameter of helical compression coil
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Figure 6.4. SEM images of nanocoil displaying different captured viewpoints: down-
beam (A), right side (B), left side (C), up-beam (D), and top (E). Orthogonal view points
are used to measure the angle of the nanocoil relative to the tip. al and o2 are used to
calculate the effective compression angle of the nanocoil using Equation 6.14. Scale bars
represent 2pum, unless otherwise stated.
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angled substrate shims, the compression angle of the nanocoil was corrected to achieve
values nearing the ideal conditions of axial compression of the nanocoil, a compression
angle of zero degrees. The compression angles of the selected nanocoils are presented in
Table 6.3. The nanocoils were also selected based on the helical structure of active
nanocoil. During the attachment process using the arc discharge method, the free end of
the nanocoil attaches to the scanning probe tip. It is detached from the source material as
the applied current induces resistive heating at a defect site along the length of the coil.
Because of this, the carbon nanocoils in the present study have varying number of active
coils, helical angle, free length, and thickness. Currently there is no known method to
control the length of the nanocoils during the arc discharge attachment method. There
are several published techniques that can be used to shorten the nanocoils length after
attachment [140, 200], however this was not performed on the nanocoils studied herein.
The geometry of the nanocoils is intrinsic to the fabrication process. Table 6.3 gives the

measured geometries from SEM images of the nanocoils used in this study.

6.2.3 Compression Experiments

After SEM imaging, each nanocoil subjected to the compression studies:
identical conditions and instrumental parameters were used throughout this study. All
nanocoils were compressed against flat TSG substrate treated with a 1-dodecanethiol. In
some cases, compressions were performed with an angled shim.

After the substrate and the cantilever chip were placed in the AFM, the system
would be enclosed in a dry nitrogen box to minimize the humidity during the
compression study. The extent of nanocoil compression was controlled through the AFM
software operating in both force-distance and oscillation amplitude capture modes. The
‘jump-to-contact’ observed in the oscillation amplitude plot was used to reference the

starting point for the compression. The piezoscanner would then travel past this set point
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Table 6.3. Summary of carbon nanocoil geometry measurements from scanning electron microscope imaging.

CSC-38 Series-18
Tip Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Lever C B B B B B B C C C C C C
number of coils
(n) 2 9 6 4 4.5 3 4 2.5 12 3.75 2.75 13 2 2.5 11 1 3.5 5
free length (1) 1.40 4.01 6.00 5.17 11.26 | 9.04 5.08 7.93 1195 | 6.72 3.47 7.07 6.60 12.866 | 3.691 | 4509.7
coil diameter
(D) 0.200 | 0.095 | 0.282 | 0.322 | 0.355 | 0.596 | 0.258 | 0.428 | 0.289 | 0.276 | 0.289 | 0.166 | 0.326 | 0.2424 ] 0.2509| 0.5183
bar diameter (d) | 0.146 | 0.039 | 0.137 | 0.119 | 0.121 | 0.097 | 0.107 | 0.082 | 0.102 | 0.107 | 0.090 | 0.061 | 0.118 | 0.100 | 0.119 | 0.134
Angle From Tip
Normal 16.8 59 7.3 19 7.58 557 | 24.11 | 4.37 11.96 | 6.11 10.54 | 40.7 | 20.68 | 12.26 | 6.628 | 7.34 18.52
Compression
Angle 4.8 6.1 4.7 7 4.42 6.43 12.11 7.63 0.04 5.89 1.46 28.7 8.68 026 | 5.372 | 4.66 6.52

*all units in um
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to the following values: 125, 250, 375, 500, 625, 825, and 925 nm. The scan size for the
piezomotor cycle was held constant at 2500 nm with a scan rate of 0.02Hz. For each
compression experiment, the force-distance, oscillation amplitude plot, and the frequency
response of the nanocoil-cantilever system were recorded. These are used in the
quantitative analysis of the compression of the individual nanocoils. In some cases, such
as with nanocoils of large length, additional compression experiments were conducted at
higher compression values. The frequency capture software (Labview) were a 7000 point
FFT of the deflection signal, with 15 averages of conducted on each recorded power
spectrum data set. To capture the waterfall plot, 400 of the averaged PSDs were
captured. These compression conditions were optimized so that two complete scan
cycles could be recorded by the software. In addition to these conditions, additional
frequency data was collected at a scan rate of 0.01Hz to better resolve the frequency

response of the system during compression.

6.2.4 Transmission Electron Microscopy

Following the compression experiments, transmission electron microscope images
of the nanocoils were obtained. This was completed with the use of a custom holder
designed specifically for the JEOL100CX-2 TEM. Conventional TEM sample holders
are less than are designed to hold a circular sample grid less than a few hundred microns
thick. To image the nanocoils on the conventional sample grid, it would need to be
removed from the cantilever, preventing any further studies from being conducted with
the imaged coil. In addition to this limitation, locating the nanocoil on the grid would
further complicate capture of the TEM of the nanocoil. With the custom holder (Figure
3.13) both of these problems are solved. The whole cantilever can be placed in the
holder, preserving the modified tip. In addition to this, the holder is designed to suspend

the probe tip near the center of the beam path, enabling the user to locate the nanocoil
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with relative ease. The TEM images are used to determine the number of wall that make
up the carbon nanocoils. Chapter 3 discusses the equipment setup and the collection of
the compression data in greater detail. Table 6.4 displays the TEM measurements of the

nanocoils in this study.

6.3 Nanocoil Modeling and Theory

The material properties of the carbon nanocoils are calculated using several
different methods. In each method, the goal is to measure or calculate the Young’s
modulus of the carbon nanocoil while it is attached to the cantilever probe tip. Because
of the helical nature of the carbon nanocoil, the following calculations assume that it has
spring-like behavior and can be modeled as a compression spring. With this assumption,
the nanocoil-cantilever system is simplified into a mechanical system composed of two
springs. Figure 6.5 describes the different configurations for two mechanical springs
with an applied load: series and parallel.

Working under the assumption that carbon nanocoils possess compression spring
behavior, the spring constant of the coil can be used to determine its elastic modulus.
The spring constant for a coil (k) is related to the shear modulus of the spring material

through geometric relationship given in the following equation

4
e Gt
8Dn

Equation 6.15

where G is the shear modulus of the spring material, d is the bar diameter, D the coil
diameter and n the number of active coils [175]. Re-writing the equation to incorporate a

hollow spring bar or tube, and putting it in terms of shear modulus giving

8kD’n

= Equation 6.16
(d(? - di4)
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Table 6.4. Summary of carbon nanocoil geometry and internal structure by transmission electron microscopy.

CSC-38 Series 18

Tip Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
free length (1,) 1596.8| 3246.9| 5748 &\\%&\\\\& 4755.9|7542.31 11360 &\\% 3141.6| 5420.2| 4370 11650.6] 17.567] 2831.3| 5491 | 9.241
coil diameter (D) | 225.7 | 58.65 | 268.9 | 175.14]| 142.1 | 576.51| 180.62| 415.4 | 120.24| 276.2 | 228.28 | 126.63 ] 216.58 ] 180.2 | 121.26 | 440.24 ] 292.53 | 230.45
bar diameter (d) [ 49.557] 32.32 ] 90.418| 71.799| 55.292| 83.97 | 58.337| 67.522] 63.587| 59.81 | 61.7 | 32.84 | 52.595] 72.651| 72.3 | 84.398| 87.162| 88.679
wall thickness (t) | 11.443| 7.89 | 37.98 | 16.655] 25.406| 31.71 | 20.421] 17.234] 20.824 | 8.143 | 15.832] 13.341| 21.572 | 29.52 | 30.453 | 22.405| 37.829 | 40.889
inner radius (r;) 13.336| 8.27 | 7.229 | 19.245] 2.2401| 10.275] 8.74751 16.527] 10.969 | 21.762 | 15.018 | 3.079 | 4.7255] 6.8055| 5.697 | 19.794] 5.7518 | 3.4505
outer radius (ry) [24.779] 16.16 | 45.209| 35.9 |27.646]41.985]29.169|33.761|31.793|29.905( 30.85 | 16.42 | 26.298 ] 36.326| 36.15 | 42.199| 43.581 | 44.34
number of walls (N)] 33.7 23.2 111.7 | 49.0 74.7 933 60.1 50.7 61.2 24.0 46.6 39.2 63.4 86.8 89.6 65.9 111.3 | 120.3
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Figure 6.5. Equations for the calculation of the effective spring constant k.q for two
springs in series (top) and parallel (bottom).

where dj and d; are the outer and inner bar diameters, respectively. For elastic materials,
the shear modulus is related to the elastic (Young’s Modulus) by the following expression:
G=E/2(1+v), where v is the Poisons ratio. Assuming v = 0.3, one can write the expression

in terms of the elastic modulus to give

3
E=26G= (i?f—kl:i;; Equation 6.17
0 “i

Two approaches were explored to calculate the spring constant of the coil. The first uses
the linear response of the nanocoil-cantilever system measured in the force-distance curve
to determine the spring constant of the nanocoil. The second method calculates the spring
constant of the coil from the frequency response of the nanocoil-cantilever system through
fitting the power spectrum density plot (PSD) of the fundamental vibration of the
cantilever-nanocoil system during compression. Force-distance data was also used to
calculate the shear modulus of the nanocoil-cantilever system, without measuring the
spring constant of the nanocoil or the cantilever beam. In some cases, the force-distance

plot demonstrates bucking and slip-stick motion of the system. The shear modulus can be
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calculated by measuring the force (load) acting on the nanocoil as it buckles. For a helical
spring, the following expression describes the critical buckling Cp | the ratio of the

deflection at critical load (ocr) to the free length of the spring (/)

2
B D
Cy = %=0.812 1+ 1—6.87(1—] Equation 6.18
0

this expression is derived in detail in Wahl’s Mechanical Springs Book [175]. The critical

load (PcRr) is related to the critical buckling through the compressive rigidity (o) of the
coil

d*l
= C,a, where ¢, = G -
[, 64r°n

Ocr

P, = Equation 6.19

solving for shear modulus (G)

G 64P. . 1’n

Equation 6.20

2
0.812(d} —d*)l,| 1+ 1—6.87(?)

0

where r 1s the mean coil diameter. The D/l term describes the conditions of the coil ends.
D/lyis for fixed-guided spring ends. 2D/l is used for fixed-fixed spring ends, and D/2] is
used for clamped-free spring ends. Using G=FE/2.6 one can calculate the Young’s

modulus as

204.92P,,r’n

2
(d!—d*)l,| 1+ /1—6.87(?]
0

Although one would assume that the nanocoil follows the fixed-guided end conditions, all

E=2.6G=

Equation 6.21

three end conditions are calculated to determine the effect on these conditions on the
calculated modulus of the coil. The values for Pcr were measured directly from force-
distance curves of the nanocoil compression from the AFM software. Figure 6.6 is an

illustration of the force-distance curve obtained during compression of the nanocoil
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describing three points where the critical buckling load is measured: divergence from
linear response (A), observed slip induced load (B), the extrapolated force of slip-load

from system stiffness(C).

C N\

antilever Deflection {nm)
fv)
w
1=

G

Scanner Movement (nm}

Figure 6.6. Illustration of force-distance response of nanocoil during compression showing
points of divergence from linear response (A), slip induced load (B), the extrapolated force
of slip-load from system stiffness(C).

6.4 Results
The following section will present the data collection and analysis performed on
selected nanocoil modified tips used in developing the compression model. These tips
were chosen because they describe representative trends observed during the data
collection process. The data collected from the remaining tips used the study are presented

in Appendix B.
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6.4.1 Tip #5 Characterization

6.4.1.1 Scanning Electron Microscopy Imaging: Tip #5

Figure 6.7 displays SEM images collected for Tip #5 in several orientations.
Measuring the orientation of the nanocoil relative to the probe tip, it was found that this
nanocoil has an alignment of 7.6° from the tip normal. This is calculated through the use
of Equation 6.14, using values of a; = 11.7° measured from the side-view orientation (A)
and o, = 9.4° from the down-beam viewpoint (B) SEMs. The effective compression angle
for Tip #5 is 4.4°, as the cantilever is held at a 12° pitch in the AFM holder. Nanocoil
dimensions were also obtained from SEM images. The free length of the nanocoil (/y) is
11.257um, measured from the coil apex to the cantilever tip, where the point of attachment
is established (Figure 6.7A). The number of active coils () for this tip is 4.5. In this case,
four full helical coils are counted from the free-end of the nanocoil towards the attachment
point, where a partial coil (1/2) is counted. The average coil diameter (D) from images of
the side-view and down beam orientation is 354.6 nm. The tube diameter(d)) is measured
as 121.3 nm. These measurements are performed using Adobe Photoshop™ (San Jose,
CA) image processing software. Each measurement has an error of 2.4 nm, as determined

from the minimum pixel width distinguishable by the software.

6.4.1.2 Force-Distance and Oscillation Amplitude Plots: Tip #5

During compression experiments, the nanocoil is exposed to increasing
compression distances controlled by the piezoelectric scanner. Figure 6.8 displays the
force-distance curves acquired during these experiments. As the scanner cycles, the
compression distance is measured from the initial point of contact between the nanocoil
and the substrate (jump-to-contact). In this series, the compression distances used are 125

nm(a), 250 nm(b), 375 nm(c), 500 nm(d), 625 nm(e) and 750 nm(f). The force-distance
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Figure 6.7. SEM images of Tip#5 presented in side-view (A), down-beam (B), and top
view (C) orientations. This tip has a calculated compression angle of 4.4°.
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data is artificially offset in the x-axis (scanner movement) to align the curves with each
other at the jJump-to-contact. The data is also offset in the y-axis (cantilever deflection) by
40 nm each cycle, to better resolve the features of the approach (blue) and retract
(magenta) portions of the cycle.

Figure 6.9 displays the force-curve plots superimposed on one another, with the
jump-to-contact point used to align the data sets. Following the jump-to-contact, the
nanocoil-cantilever system displays a linear response to the scanner motion (Figure 6.9A).
This has a slope measured as 0.190+0.002. As the nanocoil compresses or buckles under
the load there is a non-linear response (Figure 6.9B). As the load force acting on the
nanocoil increases, the nanocoil buckles followed by the onset of slip-stick motion. The
occurrence of slip-stick motion is observed in the approach portion of the scan cycle. This
occurs as the compressive or buckling force exerted on the nanocoil from the restorative
force of the cantilever exceeds the friction forces between the nanocoil tip and the
substrate. The characteristic response in the force-curve as slip-stick occurs is the negative
deflection response in the approach curve of the force-distance plot. This is displayed in
Figure 6.9, where the force required to induce slip-stick can be measured by extrapolating
the cantilever deflection at B (42.07 nm) and multiplying it by the stiffness of the
cantilever beam (0.0172 N/m); this force is calculated as 7.23(+0.03)x10"°N.

The data from the force-distance curve in (Figure 6.9) is used in the calculation of
the critical buckling load for the nanocoil as expressed in Equation 6.6. Because both the
nanocoil and the cantilever are in motion as the scanner cycles, the force (load) at several
events is measured. Point A represents the load on the nanocoil-cantilever system as it no
longer responds linearly to scanner motion. Point B represents the system load as the
nanocoil undergoes slip-stick motion. Point C, is the extrapolated load at the point of slip-
stick relative to the system stiffness, the extrapolated slope of linear response region of the

nanocoil-cantilever system.
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Figure 6.8. Force-distance curve of Tip #5 undergoing 125(a), 250(b), 375(c), 500(d),
625(e) and 750 nm(f) compression. The plots are artificially offset by 40 nm in the

cantilever deflection axis and aligned at the jump to contact. The approach data is in blue,
retract data is in magenta.
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Figure 6.9. Superimposed force-distance curve data for Tip #5; artificially offset to align
the contact point of the compression cycle. The force at the divergence from linearity (A),

onset of slip-stick motion (B), and extrapolated load at slip-stick (C) are calculated from
the plot.
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The oscillation amplitude plot of the compression experiments performed on Tip
#5 1s presented in Figure 6.10. These plots are superimposed onto each other aligned to
the jump-to-contact of the tip. In oscillation amplitude plots, the jump to contact is
determined by the signal drop in the oscillation signal. There is a high degree of
reproducibility in both the approach (blue) and retract (magenta) portions of the plots.
While the tip is in contact with the substrate, the oscillation amplitude drops to a minimum
value. However, during slip-stick motion of the tip a response is observed (~250-600 nm
scanner motion). These events correlate to the fine structure observed in the force-distance
curves during the occurrence of slip-stick motion.

The force-distance data is used to calculate the effective spring constant of the
nanocoil. This is done through the measured slope of the approach curve (m) at the linear
response region of nanocoil-cantilever system. This region of the plot describes the
motion of two-springs in series. Figure 6.11 illustrates the displacement of the system (z)
as determined from the motion of the piezo scanner, and the deflection of the cantilever
(x). Since the nanocoil is undergoing compression as the cantilever deflects, nanocoil
displacement is given by (z-x). Equating the compressive force of the cantilever
(Fpeam=KpeamX) and the restoring force from the nanocoil (Feei=Kkeoi(z-X)), fields an

expression for the relationship between scanner displacement, and cantilever deflection.

k..
k. x=k,, (z—x), where x=—<—7 Equation 6.22

+k

beam

beam coil

The slope from the linear region of the approach portion of the force-distance plot is

k

coil

+k

m =

k

beam coil

writing this expression in terms of the nanocoil stiffness (kcoi1) giving

* k
ol = P Poem Equation 6.23
(1—m)
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Figure 6.10. Oscillation amplitude plot of the compression of Tip #5; artificially aligned at

the point of contact. Slip-stick response is observed in the amplitude plot between ~250-
600 nm of scan motion.
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With knowledge of the spring constant of the beam, and given the linear response of the
nanocoil-modified tip measured from force-distance data, the effective nanocoil stiffness
can be calculated. This method assumes that the nanocoil behaves as an ideal spring as the
load from the cantilever is applied. In addition to this assumption, this derivation can be
used for nanocoil modifications on either a pliant or stiff cantilever beam. Using this
method, the nanocoil stiffness for Tip #5 is calculated as 0.004 N/m with an uncertainty of

6% based on a propagation of error calculation.

Figure 6.11. Illustration of nanocoil-cantilever system under static deflection.

6.4.1.3 Frequency Response: Tip#5

The frequency response of the nanocoil-cantilever system was recorded at several
compression amounts. Figure 6.12 presents the collected PSD plots during the 375 nm

compression. This data is presented with a frequency range of 1-400 kHz; below 1 kHz,
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the 1/f noise signal dominates the cantilever frequency signal. The frequency-amplitude
plot of the nanocoil-cantilever system is given in A. In this plot, all 400 PSDs are plotted
simultaneously. Notice that the significant range in the baseline amplitude of these
frequency plots is due to optical lever effects. As the cantilever approaches the substrate
(thiol-modified TSG) some of the laser spills over the beam and reflects from the substrate
surface. This surface reflection undergoes optical interference with the reflected laser
from the cantilever beam, causing regions of constructed and destructed signal. A diagram

of this effect is presented in Figure 6.13. The frequency response of the waterfall plot is

TSG Substrate

Figure 6.13. Illustration of laser spillover from cantilever to substrate. The resulting
interference pattern is measured by the PSD. The result of the optical interference are the
observed fluctuations of signal amplitude in the PSD plots.
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Figure 6.12. Frequency response of Tip #5 during compression distance of 375 nm. A)
frequency- amplitude plot of all collected power spectrum density plots captured during
the compression cycle. B) frequency response with scanner voltage. C) 3D waterfall plot
used to extrapolate the stiffness of the coil. This occurs at the first measurable frequency

of collected power spectrum density plots. The scan size was 2500 nm with a rate of
0.02Hz.
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given along with the piezoscanner voltage in Figure 6.12B. The fundamental frequency of
the nanocoil-cantilever system is observed at ~12.7 kHz. In this view, the frequency
response during the compression of the coil is observed occurring between ~20-30 seconds
and ~70-80 seconds in consecutive compression cycles. Higher vibration modes are also
observed in this plot. The second-order vibration mode is observed at ~100 kHz, where
the compression response can be observed. In addition to the cantilever frequency
response, environmental noise signals were also detected in the PSD waterfall plots.
These are observed at 65 kHz and 220 kHz. Figure 6.12C gives a 3D representation of the
waterfall data for the compression.

Quantitative information from the frequency response of the nanocoil-cantilever
system is acquired through the analysis of individual PSD plots. This is accomplished
through the use of custom MATLAB software using the method of Hutter and Bechhoefer
to fit the data acquired from MPFS. The results of this analysis are the spring constant (k)
or stiffness for the system, Q-factor, and baseline amplitude. The software completes this
analysis for each PSD collected during the compression experiment. Figure 6.14 displays
the frequency response of the nanocoil during the compression experiment, given in blue,
along with the calculated k-system (A) and amplitude (B) in red. The frequency plot is the
frequency value at maximum amplitude from a single PSD plot. The k for the coil-
cantilever system is derived from Equation 3.2. The amplitude value represents the
baseline amplitude of the PSD signal approaching infinite frequency, not the amplitude
measured at the peak frequency.

The calculated values of k-system displayed in Figure 6.14A are used to determine
the effective stiffness of the cantilever beam (kveam) and the effective stiffness of the coil-
cantilever system (k). The stiffness of the coil-cantilever while in free space is assumed
to be equivalent to the stiffness of the unmodified beam. This is due to the negligible mass
that the nanocoil adds to the cantilever beam. By averaging the values of kg outside of

the compression region, the value for the beam stiffness is given; measured as

150



0.017(x0.001) N/m. The value of kg at the initial contact of the coil to the substrate is
used to extrapolate the stiffness of the coil. This occurs at the first measurable frequency
increase in the cycle (at waterfall number 75). At this point there is assumed to be no
guided or clamped-clamped mechanical system. As the scanner motion continues, a load
from the restoring force of the cantilever is applied onto the nanocoil. The value of kg at
the initial coil contact is 0.0367+0.0006 N/m. In this dynamic system, the nanocoil and
cantilever behaves as two springs in parallel. To calculate the effective spring constant of
the nanocoil, the values for kg at the contact point for all compression experiments are
measured and averaged. The resulting value for the spring constant of this nanocoil (kcoil)

is 1.95(+.003)x 10> N/m, using the frequency method.

6.4.1.4 Transmission Electron Imaging: Tip #5

Figure 6.15 displays transmission electron microscope images of Tip #5. These
images display the internal structure of the nanocoil. Because the carbon nanocoils were
made using CVD growth method the presence of defects along the nanocoil is expected.
This may also be the reason for the MWCNT to grow into a helix rather than a tube-like
structure. Figure 6.15A displays the region of the nanocoil near the point of attachment
with the cantilever probe tip. At this joining point, there is no observable MWNT
character. The coil appears to be amorphous or fibrous at this point. Outside of the
attachment point (red), a crystalline structure (dark) similar to what is expected from
multi-walled nanotubes is observed. The exterior of the nanocoil appears to consist of
amorphous residue (light contrast). These amorphous regions of the nanocoil, may be
created during the arc discharge attachment process, or may be generated during the CVD
growth of the nanocoils.

Figure 6.15B displays a TEM image taken in the middle of the nanocoil. The

crystalline structure of concentric graphitic planes in the image are observed
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Figure 6.14. Calculated spring constant (A) and amplitude (B) for the nanocoil-cantilever
system of Tip #5 at a compression amount of 375 nm. Amplitude units are dB-Vgms.Hz %
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Figure 6.15. TEM images of Tip #5 near the attachment point (A) and in the middle of the
coil (B).
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(focused in red). In this region a MWCNT with crystalline material filling its void space is
observed. Several other nanocoils in this study demonstrated similar structures, prompting
the classification of “filled-tube” nanocoils. In terms of modeling the tubular region of the
nanocoil, it is assumed that the filling material and the amorphous coating of the nanocoil
do not significantly contribute to the mechanical properties of the nanocoil. From the
TEM images, the thickness of the crystalline segments of the MWCNT in addition other
parts of the nanocoil geometry is apparent and measurable. The coil diameter (D) is
measured as 142 nm, outer diameter of the nanotube (d,) is 55.3 nm, inner diameter of
nanotube is 4.5 nm. These values are measured with a resolution of ~1.1 nm from the
pixel size of the images. Using these values, the number of walls in the nanocoil structure

is calculated to be 75(=7). TEM values are used to calculate tube geometry.

6.4.2 Tip #6 Characterization

6.4.2.1 Scanning Electron Microscopy Imaging: Tip #6

Figure 6.16 displays SEM images collected for Tip #6 in several orientations.
Measuring the orientation of the nanocoil relative to the probe tip, it was found that this
nanocoil has an alignment of 5.6° from the tip normal. This is calculated through the use
of Equation 6.14, using values of a; = 37.8° measured from the side-view orientation (A)
and o, = 17.7° from the down-beam viewpoint (B) SEMs. The effective compression
angle (0comp) for Tip #6 is 6.4°, as the cantilever is held at a 12° pitch in the AFM holder.
The free length of the nanocoil (/y) is measured at 9.035um. This is measured from the
coil apex to the attachment point on the probe tip. The number of active coils (n) for this
tip is three. The average coil diameter (D) from images of the side-view and down beam

orientation is 596.3 nm. The tube diameter(dy) is measured as ~97 nm. Each

154



Figure 6.16. SEM images of Tip#6 presented in side-view (A), down-beam (B), and top
view (C) orientations. This tip has a calculated compression angle of 6.4°.
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measurement has an implicit error of 2.4 nm, as determined from the minimum pixel

width.

6.4.2.2 Force-Distance and Oscillation Amplitude Plots: Tip #6

Figure 6.17 displays the force-distance curves acquired during the compression
experiments of Tip #6. As the scanner cycles, the compression distance is measured from
the initial point of contact between the nanocoil and the substrate (jump-to-contact). The
force-distance data is artificially offset in the x-axis (scanner movement) to align the
curves with each other at the jump-to-contact. The data is also offset in the y-axis
(cantilever deflection) by 75 nm each cycle. The approach curve is displayed in blue, the
retract curve is shown in magenta.

Figure 6.18 displays the force-curve plots superimposed on one another, with the
jump-to-contact point used to align the data sets. Following the jump-to-contact, the
nanocoil-cantilever system displays a linear response to the scanner motion (dashed line).
This has a slope measured as 0.375+0.003. As the substrate and nanocoil apply a
compressive load to the nanocoil, it undergoes buckling. Tip #6 does not however
undergo slip-stick motion, as observed in the compression of Tip #5 (Figure 6.9). As the
compressive load is applied to this nanocoil, the system continues to buckle. There is no
characteristic response in the force-curve to describe slip-stick motion, the negative
deflection response in the approach curve of the force-distance plot.

Figure 6.18 is still used to calculate the critical buckling load for the nanocoil.
This is because the force-distance curve of the nanocoil exhibits a clear linear compression
region. The force acting on the system to cause the system to undergo non-linear response
(onset buckling) to the applied load is measured as 9.41(+ 0.3)x10'°N. The forces as the
nanocoil undergoes slip-stick motion or its extrapolated load at the point of slip-stick

relative to the system stiffness cannot be determined. The slope of the linear region of
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Figure 6.18 is measured to be 0.190+0.002, Equation 6.23 the spring constant for the
nanocoil is found to be 0.027N/m with an uncertainty of 10%.

The oscillation amplitude plot of the compression experiments performed on Tip
#6 is presented in Figure 6.19. These plots are superimposed onto each other aligned to
the jump-to-contact of the tip. In oscillation amplitude plots, the jump to contact is
determined by the signal drop in the oscillation signal. There is a high degree of
reproducibility in both the approach (blue) and retract (magenta) portions of the plots.
While the tip is in contact with the substrate, the oscillation amplitude drops to a minimum
value. Since this nanocoil does not undergo slip-stick motion, no other relevant

information is gained from the oscillation amplitude plot.

6.4.2.3 Frequency Response: Tip#6

Figure 6.20 presents the collected power spectrum density (PSD) plots during the
375 nm compression of Tip #5. This data is presented with a frequency range of 1-400
kHz; below 1 kHz, the amplitude of the //f noise prevents accurate imaging of the
cantilever frequency signal. The frequency-amplitude plot of the nanocoil-cantilever
system is given in Figure 6.20A for all 400 PSD. The frequency response of the waterfall
plot is given along with the piezoscanner voltage in Figure 6.20B. The fundamental
frequency of the nanocoil-cantilever system is observed at ~9.7 kHz. The compression of
the nanocoil is observed occurring between ~14-23 seconds and again at ~65-75; these are
displayed in consecutive compression cycles. Higher vibration modes are also observed in
this plot. The second-order vibration mode is observed at ~78 kHz, where the
compression response can be observed. In addition to the cantilever frequency response,
environmental noise signals were also detected in the PSD waterfall plots. These are

observed at 65 kHz and 220 kHz.. Figure 6.20C gives a 3D representation of the waterfall
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Figure 6.17. Force-distance curve of Tip #6 undergoing 125(a), 250(b), 375(c), 500(d),
625(e) and 750 nm(f) compression. The plots are artificially offset by 75 nm in the

cantilever deflection axis and aligned at the jump to contact. The approach data is in blue,
retract data is in magenta.
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Figure 6.18. Superimposed force-distance curve data for Tip #6; artificially offset to align
the contact point of the compression cycle. The force at the divergence from linearity
(dashed line) is calculated from the plot to be measured as 9.41x107'%+ 3x107'' N.
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Figure 6.19. Oscillation amplitude plot of the compression of Tip #6; artificially aligned at
the point of contact. No slip-stick response is observed in the amplitude plot.
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data for the compression. Quantitative information from the frequency response of the
Tip#6 is given in Figure 6.21. The results of the PSD analysis are the spring constant (k)
or stiffness for the system, Q-factor, and baseline amplitude. This analysis technique is
presented in Chapter 3 in greater detail. Figure 6.21 displays the frequency response of the
nanocoil during the compression experiment, given in blue, along with the calculated k-
system (A) and amplitude (B) in red.

The calculated values of k-system displayed in Figure 6.21A are used to determine
the effective stiffness of the cantilever beam (kveam) and the effective stiffness of the coil-
cantilever system (ksys). By averaging the values of kg outside of the compression region,
a value for the beam stiffness is measured as 0.045+0.003 N/m. The value of kg at the
initial contact of the coil to the substrate is used to extrapolate the stiffness of the coil; this
occurs at the first measurable frequency increase in the cycle (waterfall number 75). At
this point there is assumed to be no load on the nanocoil. As the scanner motion
continues, a load from the restoring force of the cantilever is applied onto the nanocoil.
The value of ks at the initial coil contact is 0.1144+0.0035 N/m. Assuming the nanocoil
and cantilever behave as two springs in parallel, the calculated value of the spring constant

for the nanocoil (ki) is 0.069+0.0004 N/m, using the frequency method.

6.4.2.4 Transmission Electron Microscopy Imaging: Tip #6

Figure 6.22 displays transmission electron microscope images of Tip #6. These
images display the internal structure of the nanocoil. Figure 6.22A displays the region of
the nanocoil near the point of attachment with the cantilever probe tip. This image
displays the transition from amorphous carbon or damaged MWCNT into the defined
tubular structure of the nanocoil (red). Regions of the nanocoil closest to the contact point

and the free end nanocoil exhibit little or no MWNT characteristics. The nanocoil is
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Figure 6.20. Frequency response of Tip #6 during compression distance of 375 nm. A)
frequency- amplitude plot of all collected power spectrum density plots captured during
the compression cycle. B) frequency response with scanner voltage. C) 3D waterfall plot

of collected power spectrum density plots. The scan size was 2500 nm with a rate of
0.02Hz.
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Figure 6.22. TEM images of Tip #6 near the attachment point (A) and in the middle of the
coil (B). Regions of amorphous carbon may be created during the arc discharge
attachment process, or may be generated during the CVD growth of the nanocoils.
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coated in an amorphous material, assumed to be amorphous carbon. Figure 6.22B
displays a TEM image taken near the middle portion of the nanocoil. The crystalline
structure of concentric graphitic planes can be clearly observed in the image (focused in
red). A MWCNT with no material trapped in its core is presented. From the TEM images,
the thickness of the crystalline segments of the MWCNT is measured, in addition to other
parts of the nanocoil geometry. The coil diameter (D) is measured as 576.5 nm, outer
diameter of the nanotube (d,) is 83.9 nm, inner diameter of nanotube is 20.5 nm. These
values are measured with a resolution of ~1.1 nm from the pixel size of the images. Using

these values, the number of walls in the nanocoil structure is calculated to be 93+7.

6.4.3 Tip #13 Characterization

6.4.3.1 Scanning Electron Microscopy Imaging: Tip #13

Figure 6.23 displays SEM images collected for Tip #13 in several
orientations. The effective compression angle (0comp) for Tip #13 is 8.7°, as the cantilever
is held at a 12° pitch in the AFM holder. The free length of the nanocoil (/) is measured
at 6.598um. This is measured from the coil apex to the probe tip. The number of active
coils (n) for this tip is two. The average coil diameter (D) is measured from images of the
side-view and down beam orientation as 325.8 nm. The tube diameter(d)) is measured as
118.4 nm. These measurements are performed using Adobe Photoshop™™ (San Jose, CA)
image processing software. Each measurement has an error of 2.4 nm, as determined from

the minimum pixel width distinguishable by the software.
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Figure 6.23 SEM images of Tip#13 presented in side-view (A), down-beam (B), and top
view (C) orientations. This tip has a calculated compression angle of 8.7°.
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Force-Distance and Oscillation Amplitude Plots: Tip #13

Figure 6.24 displays the force-curve plots of the compression of Tip #13
superimposed on one another, with the jump-to-contact point used to align the data sets.
Following the jump-to-contact there is no observable linear region of the approach curve.
Without the linear response region, the force-distance data can not be used to calculate the
nanocoil stiffness. There is a noticeable region where slip-stick may be occurring (~600
nm scanner movement). This is marked in Figure 6.25 with a dashed line. The force
measured at this value is 216(x7.6)x10"'N. No oscillation amplitude plot was captured

for this data set.

6.4.3.3 Frequency Response: Tip#13

Figure 6.26 presents the collected power spectrum density (PSD) plots during the
375 nm compression of Tip #13. The fundamental frequency of the nanocoil-cantilever
system is ~15.4 kHz. A single compression cycle is displayed showing the compression of
the nanocoil occurring between ~43-60 seconds. In addition to the cantilever frequency
response, environmental noise signals were also detected in the PSD waterfall plots
(Figure 6.26B). These are observed at 65 kHz and 220 kHz. Figure 6.26C gives a 3D
representation of the waterfall data for the compression. The scan size was 2500 nm, the
scan rate was reduced to 0.01Hz to capture a single compression cycle.

The calculated values of k-system are displayed in Figure 6.27. These are used to
determine the effective stiffness of the cantilever beam (kveam) and the effective stiffness of
the coil-cantilever system (ksys). By averaging the values of ks outside of the compression
region, the value for the beam stiffness is given as 0.132+0.007 N/m. The value of kg at

the initial contact of the coil to the substrate is used to extrapolate the stiffness of
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Figure 6.24. Force-distance curve of Tip #13 undergoing 125(a), 250(b), 375(c), 500(d),
625(e), 750 (1), 875(g), 1000(h), and 1125 nm (i) compression. The plots are artificially
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approach data is in blue, retract data is in magenta.
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Figure 6.25. Superimposed force-distance curve data for Tip #13; artificially offset to
align the contact point of the compression cycle. There is no distinguishable linear
response in this data set. The force at the onset of slip-stick motion (dashed line)
calculated from the plot is 2.16x10”+ 7.6x10™''N.
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Figure 6.26. Frequency response of Tip #13 during compression distance of 375 nm. A)
frequency- amplitude plot of all collected power spectrum density plots captured during
the compression cycle. B) frequency response with scanner voltage. C) 3D waterfall plot
of collected power spectrum density plots. The scan size was 2500 nm with a rate of
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the coil; this occurs at the first measurable frequency increase in the cycle (waterfall
number 86). At this point, there is assumed to be no load on the nanocoil. As the scanner
motion continues, a load from the restoring force of the cantilever is applied onto the
nanocoil. The value of kg at the initial coil contact is 0.346+0.02 N/m. Assuming the
nanocoil and cantilever behave as two springs in parallel, the calculated value of the spring

constant for the nanocoil (ki) is 0.214+0.0007 N/m, using the frequency method.

6.4.3.4 Transmission Electron Microscopy Imaging: Tip #13

Figure 6.28 displays transmission electron microscope images of Tip #13. These images
display the internal structure of the nanocoil to have regions of tube-like crystalline
structure and regions of fibrous structures. Figure 6.28A displays the region of the
nanocoil near the point of attachment with the cantilever probe tip. Immediately at the
cantilever probe tip, a crystalline nanotube structure can be observed. However the
diameter of this structure is far less than the rest of the nanocoil. It is believed that at this
region of the nanocoil the amorphous carbon was removed during the arc discharge
attachment. Approximately 700 nm away from the probe tip, a fibrous structure that
makes up the bulk of the nanocoil is presented. This is different from the ‘filled-tube’
structure observed in Tip #5. An outermost layer of graphitic material is found within the
fibrous sections of the nanocoil. This layer is used to calculate the effective wall thickness
for the nanocoil system.

Figure 6.28B displays the free tip of the nanocoil. Some regions of the nanocoil
exhibits very regular nanotube-like structure (red), while the remaining parts of the
nanocoil are amorphous or fibrous in nature. The coil diameter (D) is measured as 216.6

nm, outer diameter of the nanotube (d,) is 52.6 nm, the inner diameter of nanotube
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Figure 6.27. Calculated spring constant and frequency response for the nanocoil-

cantilever system of Tip #13 at a compression amount of 375 nm.
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Figure 6.28. TEM images of Tip #13 near the attachment point (A) and in the free end of
the coil (B).

173



is 9.5 nm. Using these values, the number of walls in the nanocoil structure is calculated

to be 63+7.

6.4.4 Series-18 Tip Analysis

Tip characterization was completed on the Series-18 modified cantilevers. The
analysis of Tips #14-18 was completed in parallel to the study of the CSC-38 cantilevers.
SEM and TEM image characterization and compression analysis were competed along
analysis of the frequency response collected from MPFS. The large difference between
the cantilever beam stiffness and the nanocoil stiffness prevented accurate calculation of
the nanocoil properties. The stiffness of the nanocoil-cantilever system could not be
accurately determined using either the force-distance or frequency techniques. Figure 6.29
displays the force-distance plot for Tip #14. There is no measurable cantilever deflection
through 875 nm compression of the nanocoil. Figure 6.30 displays the calculated stiffness
from the frequency response of the nanocoil-cantilever system during a 375 nm
compression cycle. Although a measurable frequency response occurs in the scan, there is
no discernable change in the stiffness of the system during the compression of the
nanocoil. This confirms the assumption that the nanocoil-cantilever system behaves as
springs in parallel, as the effective spring constant of the nanocoil is negligible compared
to that of the cantilever. Because of these limitations, the techniques used to calculate the

effective stiffness of the nanocoil cannot be applied to modified Series-18 cantilevers.
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Figure 6.29. Force-distance curve of Tip #14 undergoing 125(a), 250(b), 375(c), 500(d),
625(e), 750 (f), and 875(g) compression. The plots are artificially offset by 40 nm in the
cantilever deflection axis and aligned at the jump to contact. The approach data is in blue,
retract data is in magenta. No measurable deflection of the cantilever is observed.
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Figure 6.30. Calculated spring constant and frequency response for the nanocoil-
cantilever system of Tip #14 at a compression amount of 375 nm.
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6.5 Correlation of Mechanical Properties With Structure

Using the coil geometries measured from the SEM and TEM images along with the
data from MPFS analysis, the material properties of the nanocoils were calculated using
the frequency response, linear force-distance response, and critical buckling response.
Table 6.5 displays the calculated values for the elastic moduli of the carbon nanocoil tips.
The frequency method and force-curve method calculated the elastic modulus of the
nanocoil from its effective spring constant using Equation 6.17. The critical force method
measured the force at the point where the nanocoil-cantilever system diverges from a
linear region. This force is used in Equation 6.21 to calculate the nanocoil modulus. Both
boundary conditions of fixed-guided and fixed-fixed were investigated for the nanocoil in
this method. The properties of Tip #13 cannot be calculated using the linear force or
critical force methods due to the force-distance plot lacking a discernable linear region.

The calculated moduli are plotted against the number of walls for the nanocoils in
Figure 6.31 to determine if a relationship exists between the structure and mechanical
properties of the carbon nanocoil. A clear differentiation between nanocoils classified as
fibrous from those of regular tube and filled-tube structures is observed in the plot of the
frequency method results (Figure 6.31A). The linear force method (Figure 6.31B) does
not demonstrate any trends to differentiate the nanocoils by structure. Neither does the
critical force method (Figure 6.31C,D) differentiate fibrous and filled-nanocoils from tube-
like nanocoils. From these results, one can conclude that the structure of carbon nanocoils
can be determined from using their mechanical properties using either their frequency
response (MPFS method), but not from measuring information from the force-distance

response.
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Table 6.5. Summary of calculated elastic moduli for coiled carbon nanotubes measured using the frequency method, force-curve
method, and critical force method.

Structure Filled | Fiber | Tube Fiber | Fiber | Tube Tube | Filled | Fiber | Filled | Tube | Tube Tube
Walls 34 23 112 49 75 93 60 51 61 24 47 39 63
Frequency
Method k coil (N/m) 0.115 | 0.073 | 0.336 | 0.107 | 0.020 | 0.054 | 0.146 | 0.094 | 0.016 | 0.176 | 0.461 0.020 | 0.214
k error (%) 5.8 4.1 5.6 2.5 0.2 0.8 4.0 1.4 0.7 3.1 24 1 2.9 3.3
E(TPa) 0.0100 | 0.0027 | 0.0122 | 0.0020 | 0.0006 | 0.0130 | 0.0062 | 0.0178 | 0.0004 | 0.0314 | 0.0229 | 0.0093 | 0.0118
E error (%) 19.4 30.0 31.7 13.2 100.1 21.9 26.2 14.5 20.9 15.2 354 73.0

Force-Curve
Method

Critical Force
Method

k coil (N/m)

k error (%)

E(TPa)

E error (%)

0.0699

E(TPa) fixed-guided] 0.0558 | 0.3883 | 0.1319 | 0.0197 | 0.0125 | 0.0280 | 0.3230 | 0.0211 | 0.0490 | 0.4106 | 0.0454
E(TPa) fixed-fixed | 0.0138 | 0.0971 | 0.0329 | 0.0049 | 0.0031 | 0.0070 | 0.0807 | 0.0053 | 0.0122 | 0.1026 | 0.0113 | 0.0175
E error (%) 10.8 19.1 5.9 8.5 10.7 6.6 10.9 7.3 10.9 11.5 8.8 25.0
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Figure 6.31. Calculated elastic moduli of coiled carbon nanotubes using the frequency
method (A), linear force method (B), critical force method (C,D). Moduli are plotted
against graphitic wall number as measured by TEM imaging.
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Figure 6.31 (continued). Calculated elastic moduli of coiled carbon nanotubes using the
frequency method (A), linear force method (B), critical force method (C,D). Moduli are
plotted against graphitic wall number as measured by TEM imaging.
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CHAPTER 7

FUTURE DIRECTIONS OF RESEARCH

The research goals set forth for this study were accomplished. First and foremost,
the mechanical compression of as-fabricated carbon nanocoils has been vigorously
investigated and a relationship has been established with the structure of the carbon
nanostructures. The term nanocoils is more appropriate than coiled carbon nanotubes in
describing the nanostructures encountered in this study which included conventional hollow
nanotubes, filled nanotubes, and nanofibers.

In previous reports [102], the sensitivity of MPFS to substrate composition was
proposed. From the results presented in Chapter 4, this was demonstrated to be true; as the
surface functionality chosen for the compression studies affected the resultant frequency
response of the nanocoil. A significant difference in the frequency response was observed
as the nanocoil was compressed on 1-dodecanethiol and 11-mercaptanoic acid
functionalized gold substrates (Figure 4.5). The frequency response measured by MPFS
relates to a change in the stiffness of the moiety attached to the probe tip under load. It
would be expected that MPFS can be used to investigate the properties of any number of
different material anchored to the probe tip or substrate, such as the nanocoils or thiol
monolayers described in this dissertation. This result suggests that MPFS may be sensitive
the mechanical properties of small molecules. Based on these results, several questions
remain unanswered as to the applicability of MPFS to measure small molecule properties.
Experiments could be conducted to determine what impact, if any, the probe tip
modification plays on the sensitivity of MPFS.

During the compression experiments conducted on carbon nanocoils, several
phenomena occurring in the measured frequency response, which were not previously
understood, were observed. Through the use of improved hardware modifications (Chapter

3), including direct access to PSD signals and the use of data acquisition hardware capable
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of sample rates up to 800 kHz, these phenomena were investigated. The first improvement
on previous compression techniques came directly from the hardware modifications. The
capture and analysis of higher vibration modes for the nanocoil-cantilever system was
achieved. Unfortunately, only first and second order vibration modes for the Series-18
cantilever were observed; while up to four vibration modes for the CSC-38 cantilevers were
observed in some cases. Because of the significant decrease in energy at higher modes,
only the primary and secondary vibration modes had high enough signal-to-noise ratios to
be used in the characterization of the mechanical behavior of the nanocoils. Another
improvement on previous techniques was the increase of compression amount from <100
nm to greater than 1200 nm during some experiments. This enabled the investigation and
identification of buckling and slip-stick motion of the nanocoil under compressive load.
The impact of compression angle was also demonstrated to be significant to the mechanical
response of the nanostructures.

Despite these improvements, the experimental techniques presented in the
dissertation are limited in the ability to accurately measure the true frequency response of
the nanocoil as makes the initial contact with the substrate. In the calculations presented in
Chapters 5 and 6, the first observed shifted frequency value was used. This value is the
result of averaging several power spectrum density plots to improve the S/N of the primary
vibration mode of the system. In addition to this limitation the acquisition rate of the card
used in this study does not capture the frequencies relating to the torsional vibration modes
of the cantilevers, estimated to be in the megahertz range. The accuracy of these
calculations can be significantly improved through the reduction of the noise floor of the
power spectrum density plot and improved capture rate of the PSD data. This can be
accomplished through the use of a data acquisition card with significantly greater sampling
rate than the PCI-6120 used in the presented experiments. Similar compression studies

could also be performed using a non-optical AFM system, such as strain gauge or
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magnetically monitored cantilevers, in efforts to reduce the interference patterns observed
during data acquisition.

Despite the uncertainties in the calculated moduli of the nanocoils, the application of
MPFS in the analysis of nanostructure mechanics and material properties was demonstrated.
Chapter 6 describes in great detail the methodology used to measure the large scale and
chemical structures and the mechanical response of a batch of carbon nanocoils to a
compressive load. The fabrication and use of a custom TEM holder allowed the
investigation of the fine structure of the nanocoils, without requiring their removal for
imaging; allowing further experiments to be conducted on the nanocoils. Because of the
high occurrence of defects, carbon nanocoils created through CVD methods were not
optimal for the creation of a predictive behavioral model. However, the use of multi
parameter force spectroscopy (MPFS) to determine the elastic and shear modulus of the
nanocoils was found to distinguish the fibrous structures from those with tube-like
properties. This result alone warrants the use of MPFES as a screening tool for nanomaterial
properties. MPFS, even with the presented limitations, can still be used to screen
nanomaterials based on their measured mechanical properties. Additional research can also
be performed on more ordered crystalline structures, to improve upon the predictive
modeling capabilities of MPFS.

One potential application of the MPFS analysis method would be to incorporate the
mechanical properties with the electrical properties of nanomaterials. Carbon nanotubes
and nanocoils present ideal materials, on which these studies can be performed. Recently,
the electrical properties of novel nanotube morphologies have been investigated [201]. The
electrical properties of Y-shaped nanotube structures produced by arc-discharge synthesis
methods have demonstrated non-linear I-V characteristics. These have been proposed to be
used as an electrical gate in NEMS applications [202]. Carbon nanocoils may also present
unique electronic behaviors due to inclusion of defects in the graphite matrix (Figure 1.5).

These experiments can be conducted on the the carbon nanocoil modified cantilever tips
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used within this dissertation. The inclusion of a nickel layer for the arc discharge
attachment method provides a convenient conductive path to the nanocoils from the
cantilever base.

The mechanical-electric behavior of nanostructures can be investigated [203, 204].
In such studies, MPFS analysis of the material can be used instead of, or in conjunction with
TEM; where the nanostructure would need to be removed from the tip in order to be
imaged. If a relationship exists between the electrical properties and the mechanical
deformation (compression/ extension) of these materials, applications may exist as tactile

sensors [205, 206] or as electrical components in NEMS/ MEMS systems.
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APPENDIX A:

jblb.m

program written for the conversion of frequency data from DAQ and Labview'" formats
into array format for use in MATLAB™ programs.

clear;

Jocl=1nput('location of waterfall file? ','s");
loc2=input('location of Horizontal Movement? ','s');
loc3=input('location of scan Mmvmt file? ','s');

[col_wfl,col_wf2]=textread(locl, '%s%s');
[col_hml,col_hm2]=textread(loc2, '%s%s"');
[col_cmpl,col_cmp2]=textread(loc3, '%s%s"');

%Countin% Data Generic
2

ss=col_wf2(13,1);%size of data set
s=size (co1 wf );
sO0=s(1,1

s1ze1—str2doub1e(ss) %Equal to the numerical value of FFT
sr=sizel+9; %Number of data points +9

n=ce11(sO/sr);

nl=n/2;

wfl=str2double(col_wfl);

wf2=str2double(col_wf2);

%waterfall matrix creation

WFl=zeros(sizel,1:nl);%First col rep freq, others represent dB response
WF2=zeros(sizel,1l:nl);%First col rep freq, others represent dB response
WF=[WF1 WF2];

wft=cel1(n,1) ;%wF time data
freq=wf1(21:21+str2double(ss)-1);
for i=1:n
k=1-1;
start=21+str2double(ss) *k+9*k;
fend=21+str2double(ss)*i+9*k- 1
c=wf2(start:fend) ;%change to wf2
WF(:,1)=c;
tend= 15+str2doub1e(ss)*k+9*k
q wft(i,1)=col_wf2(tend,1);
en

bdwth=wf2(13,1);

temp=char(wft);

temp2=temp(:,7:12);

%some time data lost after 10th character. Time will sensitive only to
%tenths-place

dtime=str2num(temp?2);

hml=str2double(col_hml);
hm2=str2double(col_hm2);
cmpl=str2double(col_cmpl);
cmp2=str2double(col_cmp2);

s2=size(hml) ;

s3=size(cmpl);

HM=[hm1(21:s2) hm2(21:s2)];
SM=[cmpl(21:s3) cmp2(21l:s3)];

p1ot(freq WF) ;

%axis([0 4 .5e5 -120 -60]);
%ModMlhm)
%p1ot(cmp1,cmp2);

%a=co01_1(21:40020,:) For extracting 1nter1or data

savel=input('save converted data to? ','s ) %will save in default matlab folder
save (savel,'freq','WF','HM','sSM', 'dtime’, Twft' , "bdwth');

%macro saves freq,WF, HM, SM data
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APPENDIX A:

jb2b.m

program written for visualization of frequency data; used after data conversion from jblb.m

%Use on condensed matlab file created from jblb
%HM (horizontal deflection) time vs value
%SM (scanner movement)time vs value

hold off;
fkhz=freq/1000;
p1ot(fkhz WF) ;
x1abe1( Frequenc¥ (kHZ) ") ;
title('waterfall
y}abe1( dB vrms HzA 1/2");
clc;
'For waterfall Data'
ql=input('what is the Tower freguency Timit? (kHz) ');
q2=input('what is uEper Timit of freq r'ange'7 (kHz) ),
ver1fy_1nput( are these correct? (y/n)?
if verify~='y'
clc;
"For waterfall Data’
gl=input('what is the Tower frequency 1imit? (kHz) ');
g2=input('what is uEper frequency 1imit? (kHz) ");
q verify=input('are these correct? (y/n)? ','s");
en
s=size(WF);
fste1em_fkhz(2 1;
11=(ql-rem(ql, fste1em))/fste1em+1;
12=(q2- rem(qz,fste]em))/fste1em+l;
Nfreq fkhz(11:12,:);
NWF=WF(11:12,:);
plot(Nfreq, NWF),
x1abe1('Frequency (kHz)' ;
ylabel('AmpTitude (dB?)' )
title('waterfall');

dtl=dtime(2,1)-dtime(1,1);
dt2=dtime(4,1)-dtime(3,1);
stime=size(dtime);
times=(0:stime(1,1)-1);
time=times'*(dt1l+dt2)/2;

%save0=input('do you want to save new freq data? (y/n)? ','s');
%if saveQ=='y'
% savel=input('save converted data to? ','s');%will save in default matlab folder
é d save (savel, 'Nfreq','NwF','time');
en

%time stuff

%'For Deflection /Scanner Movement'
%verify2= 1nput( Check Horiz Movement/Scanner movement data? (y/n) ','s"');
%if verify2=="y'
%  x=HM(:,1);
% yl=HM(:,2);%Horiz Mov data
% y2=SM(:,2);%SM data
% [AX,HL, H2] plotyy(x,yl,x,y2, 'plot');
%**** Touches of Nice
% set(get(AX(1),'Ylabel'),'String', 'HM Units
(vo1t)');set(get(AX(2),'Y1abe1'),'string','5canner Movement');
% x1 abe1( Time (sec)');
% title(' Horz Mov/Scanner Movement');
%set(H1, 'Tinestyle',"."

%set(H2, 'Tinestyle’, "'),
%else
% d%ver'ify2='input('check Horz Mov/Scanner movement data? (y/n) ','s');
en

%For 3d plot must manipulate the frequency data to allow for axis fit
f3d=zeros(size(Nfreq),stime(1,1));
n= st1me(1
for i=1
f3d( ,1) [Nfreql;
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end

hold off;

mesh(t1me f3d,NwF

éga?g1( t1me(s) ), y1abe1( frequency(kHz) ') ,zlabel("ampliude');
0

ép]otCSM( ,D,smM(:,2))

verify3= 1nput( Check offset? (y/n) ','s");
if verify3==
subplot(2,1,1);
mesh(time, f3d NWF)
x1abel (" t1me(s) ), y1abe1( frequency(kHz) ') ,z1abel('ampliude');
nwsize=size(NWF);
a=nwsize(1,2);
axis([0 t1me(a D ql g2D;
view(0,90);
%hold off
subplot(2,1,2);
plot(sm(:,1), sM(:,2));
xlabel('time (s)'), ylabel('displacement (V)');
x1im([0 time(a,l)]);
end
view(0,90)

Wiaterfall
'EI:I T T T T T T T
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a0 F 4
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-110
a

5EI 1 EIEI 1 EEI 2EIEI EEEI 3EIEI 35EI 400
Frequency (kHz)

Initial plot generated in jb2b.m; the user can define frequency range to display the data in
2D or 3D plots. Note the units of amplitude.
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APPENDIX A:

jbmax.m

Peak-picking routine used to find the frequency values that correlate to largest amplitude
signal in power spectrum density plot of data.

%Use on condensed matlab file created from jblb.m
%HM (horizontal deflection) time vs value
%SM (scanner movement)time vs value

hold off;
fkhz=freq/1000;
p1ot(fkhz WF) ;
x1abe1( Frequenc¥ (kHz) );
title('waterfall
ylabel('dB?');
clc;
'Peak max'
q1=input('what is the Tower freguency Timit? (kHz) ');
q2=input('what is upper Timit of freq ran e'7 (kHz) "
verify= 1nput( are these correct? (y/n)? ,'s");
if verify~='y'
clc;
'For waterfall Data'
gl=input('what is the lower frequency 1imit? (kHz) ');
g2=input('what is uEper frequency 1imit? (kHz) ');
g verify=input('are these correct? (y/n)? ','s"');
en
s=size(WF);
fstelem= fkhz(Z 1;
11=(ql-rem(ql, fste]em))/fste1em+1;
12=(q2—rem(q2,fste1em))/fste1em+1;
Nfreq=fkhz(11:12,:);
NWF=WF(11:12,:);
%?1ot(Nfreq,NWF);
xlabe1('Frequency (Hz)');
ylabel('Amplitude (dB?)'
title('waterfall');
%dtl=dtime(2,1)-dtime(1,
%dt2=dtime(4,1)-dtime(3,
%stime=size(dtime);
%times=(0:stime(1,1)-1);
%time=times'*(dtl+dt2)/2;
smsize=size(SM);
stime=size(dtime);
totaltime=SM(smsize(1,1),1);
timeavg= tota1t1me/st1me( 1
times=(0:stime(1,1)-1);
t1me—t1mes'*t1meavg,

3;
1;
1);

a=size(NWF);

for i=1:a(2)
ind=find(NWF(:,i)==max(NWF(:,i)));
res_freq(i)=Nfreq(ind);

end

plot(res_freq,'.")

x1abel('WF count');

ylabel('Frequency (kHz)');

axis([0 a(1,2) gl q2]);

x=res_freq';
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APPENDIX B: CANTILEVER PORTFOLIO

The following are select images and MPFS data collected from the nanocoils used in
Chapter 5. The notebook designations are listed along with the tip designation. Tip #4 was

described in detail in Chapter 4. Tip# 5, 6, 13 were discussed in Chapter 6.

Each page contains an SEM and TEM image, frequency response plot, and force-distance
plot. The frequency response plot presented represents 125nm compression, unless
otherwise stated. The force-distance plots are offset to align the jump-to-contact for the
compression. All force-distance plots present data for compression amounts of 125, 250,

375, 500, 750, and 875 nm.
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