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Abstract

Synthesis of unique nanomaterials and advancement of their transformative properties play
key roles to meet the application in future nanoelectronics, nanophotonics, plasmonics, and
reconfigurable electronics. Graphene, the first two-dimensional and atomically thin film arranged
in hexagonal honeycomb lattice of carbon atoms, exhibits excellent electronic, photonic,
mechanical, and thermal properties, and was early predicted to be an excellent candidate to replace
traditional semiconductor, i.e., silicon. However, with the realization of its zero-energy bandgap,
it spurred further research to open a band gap in graphene. The fabrication of graphene nanoribbons
with narrow physical width of ribbons appeared to be a promising approach to achieve the above
goal. However, fabricating ultrathin (sub-20 nanometer) graphene nanoribbons (GNRS) is
extremely challenging even with the help of a state-of-the art electron beam lithography facility.
In contrast, the growth and development of ultranarrow carbon nanotubes (CNTSs) (diameter ~ few
nanometers to 1.5 nm) are an established technology that may suitably be leveraged to innovate
the synthesis of GNRs, and possibly new carbon nanomaterials. The research in this dissertation
work seeks to study CNT characteristics and provides an approach to create and fundamentally
understand GNR synthesis. By employing an ultrafast laser irradiation to CNTs to alter the shape
and transform the metallic electronic phase of CNTs to semiconducting/semi-insulating phases of
GNRs and hybrid GNR/nanocrystals, an important milestone for future electronics and photonics
is demonstrated.

An ultrafast laser-based approach is developed to explore experimental light-matter
interaction conditions to fabricate GNRs from multi-walled carbon nanotubes (MWCNTS). By
using a high-intensity electromagnetic field to interact with the CNTSs, this study successfully

demonstrates the nanomachining of carbon nanotubes and their transformation to graphene



nanoribbons and carbon nanocrystal hybrids. The ribbons are narrow (typically, less than 15 or 20
nm in width but could be further scaled down by choosing tubes of smaller diameters), while the
nanocrystals showing well-defined crystalline structures are embedded along the length of the
ribbons with ~ 15 nm to down to ~ 3 nm in size. It is found that the transformation from the
MWCNTSs to GNRs is more sensitive to the overall laser intensity and less sensitive to laser spot
sizes and radiation time. To understand the transformation from MWCNTSs to GNRs, a thermal
response of MWCNTs under exposure to intense femtosecond pulses is investigated, by
developing a heat-transfer Multiphysics model based on the finite element analysis method.
Further experiments are achieved in this work to obtain sub-10 nanometer ribbons that are
promising for future applications.

One big challenge to exploit the extraordinary properties of GNRs in nanophotonics and
nanoelectronics is to fabricate aligned GNR arrays. Compared to a single GNR, GNR arrays have
higher response signal intensity (current or light intensity) and hence better performance. This
work proposes a mechanism to fabricate aligned GNR arrays by first aligning CNTs. By combining
an inkjet printing technique and the dielectrophoretic technique a proof-of-concept of fabrication
of CNT arrays are demonstrated. Furthermore, the inkjet printing method is a fast, controllable,
and low-cost method. Electrodes are designed and printed for dielectrophoretic (DEP) to achieve
individual carbon nanotube alignment. This DEP alignment approach also has the advantage of
eliminating chemicals from the patterned structures and the flexibility in adoption, compared to
other expensive methods that involve lithographic processes.

The concluding part of the study is to investigate the optical responses, specifically the
plasmonic properties of individual and aligned GNRs, especially aiming to manipulate the optical

responses of GNRs to the near-infrared wavelength range. A Multiphysics model is developed to



study the plasmonic properties of the individual and GNR arrays based on the finite element
analysis method. It is found that when the width of GNR becomes smaller, the surface plasmon
resonant wavelength can be tuned from the mid-infrared (9 um) to the near-infrared (2.5 pm)
range. Further research can be pursued, including experimental fabrication and demonstration of
these devices, by doping the GNRSs to increase the Fermi energy of the electrons and thereby tuning

the resonant wavelength to the visible light range.
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in hexagonal honeycomb lattice of carbon atoms, exhibits excellent electronic, photonic,
mechanical, and thermal properties, and was early predicted to be an excellent candidate to replace
traditional semiconductor, i.e., silicon. However, with the realization of its zero-energy bandgap,
it spurred further research to open a band gap in graphene. The fabrication of graphene nanoribbons
with narrow physical width of ribbons appeared to be a promising approach to achieve the above
goal. However, fabricating ultrathin (sub-20 nanometer) graphene nanoribbons (GNRS) is
extremely challenging even with the help of a state-of-the art electron beam lithography facility.
In contrast, the growth and development of ultranarrow carbon nanotubes (CNTSs) (diameter ~ few
nanometers to 1.5 nm) are an established technology that may suitably be leveraged to innovate
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work seeks to study CNT characteristics and provides an approach to create and fundamentally
understand GNR synthesis. By employing an ultrafast laser irradiation to CNTs to alter the shape
and transform the metallic electronic phase of CNTs to semiconducting/semi-insulating phases of
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nanoribbons and carbon nanocrystal hybrids. The ribbons are narrow (typically, less than 15 or 20
nm in width but could be further scaled down by choosing tubes of smaller diameters), while the
nanocrystals showing well-defined crystalline structures are embedded along the length of the
ribbons with ~ 15 nm to down to ~ 3 nm in size. It is found that the transformation from the
MWCNTSs to GNRs is more sensitive to the overall laser intensity and less sensitive to laser spot
sizes and radiation time. To understand the transformation from MWCNTSs to GNRs, a thermal
response of MWCNTs under exposure to intense femtosecond pulses is investigated, by
developing a heat-transfer Multiphysics model based on the finite element analysis method.
Further experiments are achieved in this work to obtain sub-10 nanometer ribbons that are
promising for future applications.

One big challenge to exploit the extraordinary properties of GNRs in nanophotonics and
nanoelectronics is to fabricate aligned GNR arrays. Compared to a single GNR, GNR arrays have
higher response signal intensity (current or light intensity) and hence better performance. This
work proposes a mechanism to fabricate aligned GNR arrays by first aligning CNTs. By combining
an inkjet printing technique and the dielectrophoretic technique a proof-of-concept of fabrication
of CNT arrays are demonstrated. Furthermore, the inkjet printing method is a fast, controllable,
and low-cost method. Electrodes are designed and printed for dielectrophoretic (DEP) to achieve
individual carbon nanotube alignment. This DEP alignment approach also has the advantage of
eliminating chemicals from the patterned structures and the flexibility in adoption, compared to
other expensive methods that involve lithographic processes.

The concluding part of the study is to investigate the optical responses, specifically the
plasmonic properties of individual and aligned GNRs, especially aiming to manipulate the optical

responses of GNRs to the near-infrared wavelength range. A Multiphysics model is developed to



study the plasmonic properties of the individual and GNR arrays based on the finite element
analysis method. It is found that when the width of GNR becomes smaller, the surface plasmon
resonant wavelength can be tuned from the mid-infrared (9 um) to the near-infrared (2.5 pm)
range. Further research can be pursued, including experimental fabrication and demonstration of
these devices, by doping the GNRSs to increase the Fermi energy of the electrons and thereby tuning
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Chapter 1 - Introduction

1.1 Background

On December 29, 1959, Physics Nobel Prize laureate Richard Feynman presented a lecture
titled “There’s Plenty of Room at the Bottom” in which he introduced the concept of
nanotechnology (Feynman, 1959). Since then, nanotechnology has been a topic of high interest
although experimental efforts started later in the 1980°s. By now, scientists have developed
numerous experimental methods for the synthesis of nanostructures. In 1965, Gordon Moore, the
co-founder of leading chip manufacturer, Intel Inc., published an article in Electronics Magazine
in which he stated that the number of transistors on an affordable CPU would double
approximately every 18 months (Moore, 1965). This became known as the famous ‘Moore’s Law’.
A few years later, the first microprocessor “Intel 4004 was born in Intel in 1971; the chip was 12
square millimeters, had 2300 transistors, and had a technology node with a 10-um lithography
feature (Faggin et al., 1974,715). Moore’s Law then predicted the rate of technological
advancements in the field of solid-state devices for the following 50 years. In 2018, when Intel
turned 50 years old, Moore’s Law began to fail; delaying its 10 nm chip release date by one year,
and subsequently changing its continued chip update making period to three years as opposed to
two. In 2022, Bob Colwell, Intel’s former chief architect, claimed that Moore’s law was obsolete
claiming the 5 nm chip didn’t hold many advantages over a 7 nm chip. This not only indicates the
extreme difficulty in obtaining further downscaling of materials and their precision control but the
need for new science for future technological developments.

One of the potential pathways to achieve breakthroughs beyond Moore’s Law is to develop
novel nanomaterials that transcend the limits of silicon electronics. When graphene was first

isolated from graphite via micromechanical exfoliation using magic tape/scotch tape (Novoselov



et al., 2004), their method was believed to provide potential to replace silicon in computer chips.
However, it soon became evident that graphene is not an ideal building block for transistors due
to the lack of a bandgap (Kostya S. Novoselov et al., 2005). Since then there has been numerous
attempts to identify methods of opening sizable bandgap in graphene, such as (1) adding hydrogen
to graphene’s carbon atoms to change their hybridization from sp? into sp® (Elias et al., 2009); (2)
physically patterning graphene to form ribbon-like structure, that is, graphene nanoribbons (GNRSs)
(Nakada et al., 1996).; (3) doping graphene with elements and functional groups, etc. (Oostinga et
al., 2008). Hydrogen can help remove the conducting © band and open an energy gap; however,
the hydrogen atoms cannot be controlled easily in graphene lattice, making it difficult to create a
bandgap. Doping graphene nanoribbons (GNRSs) have been shown to effectively tune electronic
properties and can achieve bandgaps from 0.1 eV to 3 eV. Electrostatically, applying top and
bottom gate voltages on a bilayer graphene has been shown to break the inversion symmetry of
the two layers of graphene and thus lead to the opening of a tunable band gap between valence and
conduction bands (Oostinga et al., 2008). However, with this approach, only a small bandgap of
250 meV can be achieved even when the applied voltage is 100 V, a high gate voltage value that
limits the device applications (Zhang et al., 2009). Therefore, the strategy to breakdown 2D
symmetry of graphene to turn it 1D to create a narrow strip of graphene is believed to be an
effective strategy to create GNRs to harness bandgap in 2D graphene. Breaking the symmetry of
graphene, soon realized, create the new boundary conditions that opens up a bandgap (Nakada et
al., 1996).

GNRs are quasi-one-dimensional (between the 1D structure of carbon nanotubes and the
2D structure of graphene) graphene strips with a parallel armchair or zigzag edges on both sides

and widths less than 50 nm (Nakada et al., 1996; Wakabayashi et al., 1999). The first theoretical



study of GNR, performed in 1996, before the peeling of graphene, investigated the spatial
confinement using a tight binding model. Soon after the exfoliation of graphene, GNRs gained
significant interest both theoretically and experimentally. GNRs were shown to preserve the
superior electronic and magnetic properties of graphene (Rafiee et al., 2010; Zhang et al., 2005).
Furthermore, unlike large-area graphene sheets which have zero bandgap and are semi-metallic
(Kostya S Novoselov et al., 2005; Rousse et al., 2001), GNRs with widths less than 20 nm display
a finite and tunable bandgap ((Son et al., 2006); (Han et al., 2007) as well as high mobility, making
them a potential alternative candidate to silicon in the manufacturing of semiconductor devices
(Liang et al., 2007). Furthermore, since GNRs have a large surface area with edge states they
provide a platform for accessible sites for various functionalization and catalysis (Zhu et al., 2016);
as such, GNR-based nanomaterials are suitable for applications in the electrochemical sensing and
biosensing (Zhang et al., 2005) (Govindasamy et al., 2017). Many challenges exist regarding the
potential applications of GNRs in nanotechnology and even more recent emerging areas like
quantum technology, including scalable production, atomic-scale precision, high-throughput
characterization, and device integration.

1.2 Motivation and Goal of the Research in this Dissertation

Various approaches have been developed for GNR synthesis, including top-down
lithographic approaches (by patterning and selectively etching graphene), bottom-up methods
(utilizing restructured sites, molecular precursor method), and unzipping carbon nanotubes. While
all these techniques can be used to produce nanoribbons, they risk exposing the entire sample,
including the support materials (such as silicon and oxide that are often used for making an
electronic device) to a reactive and/or corrosive environment. Laser-based unzipping of nanotubes

along their longitudinal direction to form GNRs was reported (Kosynkin et al., 2009), but the study



is preliminary and lacks clarity, making it hard to control (Han et al., 2019; Kumar et al., 2011).
Therefore, a systematic mechanism to understand the process is needed.

Still today achieving large-scale production of narrow GNRs has been a primary challenge
for more than a decade. The fabrication of GNRs with sub-20 and sub-10 nanometer width is a
promising approach to overcome the barrier caused by current approach of making GNRs and thus
paving the path to “more Moore” direction. The goal of this research is to understand the
interaction between a laser-induced ultrafast electromagnetic field and carbon nanotubes to study
new low-dimensional nanomaterials (one-dimensional and hybrid one/zero-dimensional) and
evaluate their relevance to nanotechnology by developing approaches to create aligned GNR
arrays, thus enabling novel optical and electronic devices. Aligned CNTs and GNRs could further
provide a platform to explore tube-to-tube and ribbon-to-ribbon interactions. They are also ideal
candidates to develop devices with high response signals in practical electronic and photonic
devices. Well-aligned CNT structures offer improved electron mobility, strain sensitivity,
reproducibility, and mechanical properties. Similarly, applications based on GNRs depend on the
orientation of the ribbons, such as transistors and on-chip connectors. Another important
application is to modify the optical resonance of graphene plasmonics. Therefore, aligning CNTs
is a prerequisite for achieving controlled and aligned GNRs and GNR electronics, photonics and
plasmonics.

Various techniques have been developed to create aligned graphene ribbons, such as
patterning CVD-grown monolayer graphene films using electron-beam lithography (EBL) and
reactive ion etching (RIE) (Klimenko et al., 2021) as well as polymer-protected plasma etching
CNT arrays (Jiao et al., 2010). However, these methods are either expensive or utilize chemicals,

which largely limits the applications of the obtained graphene ribbons. Traditional lithographic



techniques are also challenging to produce sub-20 nanometer wide GNRs. These limitations
necessitate an alternative manufacturing technique for creating aligned graphene ribbons with high
yield, flexible to adopt, capable of operating at room temperature, low-cost, and high
controllability. The fabrication approach developed in this work meets these requirements; in
addition, the manufacturing process could be used to control the width, the layer numbers and
potentially the edge states of the GNRs. These advantages make the application of the technique
to other nanomaterials attractive to accelerate the field of nanotechnology. The primary advantages
of the CNT and GNR alignment technique developed in this work is further accelerated by
combining 2D inkjet printing and the dielectrophoretic methods that are low cost and highly
suitable for scale-up and automation; thereby having potential to be adopted by industry for large
scale production.

The main objective of this research is to fundamentally understand light-matter interactions
and electric field-nanotube interactions to co-develop a promising and effective way to create
GNRs and GNR arrays in a chip/wafer scale and overcome the current barrier in lithographic and
chemical methods in producing GNRs. Specifically, this is accomplished by utilizing a
dielectrophoretic method of aligning the CNTs and employing subsequently a laser-induced
ultrafast electromagnetic field to tailor carbon nanotubes to study new low-dimensional
nanomaterials (one-dimensional and hybrid one/zero-dimensional) and evaluates their relevance
to nanotechnology applications. The specific goals of this research include the following:

1.2.1 CNT growth principles and single nanotube characterization at nanoscale- Since the
GNRs are synthesized from the CNTs, study of CNTSs is important. As such, the relevance between

physical properties of individual multi-walled CNTs and growth temperature will be investigated.



This will involve the characterization of CNTSs via tip-enhanced-Raman spectroscopy combined
with atomic force microscopy.

1.2.2 An experimental approach to setup and understand the conditions to study light-
matter interactions and its effect to fabricate GNRs using multi-walled CNTs will be developed.
This will involve developing a comprehensive heat transfer model of light-matter interaction based
on the finite element analysis method. Various processes such as the thermal response under
exposure to intense, femtosecond pulses are discussed in this chapter.

1.2.3 An alternative approach to achieve aligned GNR arrays by first developing
techniques to align CNTs will be presented. This approach will eliminate chemicals from patterned
structures with a flexible design that can be easily adopted.

1.2.4 Understanding GNR physical parameters on their light-field manipulation: Different
approaches to manipulate GNRs' optical responses to push the resonances to the near-infrared
wavelength range will be explored. A model to simulate the plasmonic properties of individual
GNRs and GNR arrays will be developed and presented.

1.3 The rest of dissertation is organized as follows:

Chapter 2 provides an overview of the fundamental knowledge of carbon CNTs and GNRs,
including their growth/synthesis, structure and properties, and applications. After introducing
various GNR synthesis methods, the unzipping CNT method of fabricating GNRs is discussed in
detail.

Chapter 3 introduces various analytical techniques for characterizing the morphology and
nanoscale structure of CNTs and GNRs. After providing an overview of the working principles of
each characterization method, their limitations are discussed. In the last section of the chapter, an

investigation of the relevance between the properties of individual MCNTSs and their nucleation



temperatures during the growth is presented, as characterized by a tip-enhanced Raman
spectroscopy (TERS) technique.

In Chapter 4, an overview of the processes and mechanisms of an ultrafast laser interaction
with a solid is presented, followed by experimental details of the ultrafast laser unzipping method
to engineer CNTs into GNRs. This is supported by a structural characterization of the ribbons with
the aid of atomic force microscopy, electron microscopy, Raman spectroscopy, and SNOM based
infrared imaging respectively. In addition to this experiment, a detailed finite element model to
simulate the heat transfer to the CNTSs by the ultrafast laser is presented.

In Chapter 5, applications-orientated research of GNRs and GNR arrays is presented. To
develop better-performance nanodevices based on GNRs, two elements are essential: alignment of
GNRs and signal enhancement. In the first part of this chapter, the fabrication of GNR arrays by
aligning CNTs is explained, and details of our experimental method to align carbon nanotubes are
presented. The second part of the chapter focuses on the simulation of GNR array for plasmonics,
with specific emphasis on identifying the parameters of GNRs that will produce optical responses
in the visible light wavelength range.

Finally, Chapter 6 provides a summary of the results and recommendations for future work.



Chapter 2 - Overview of Carbon Nanotubes and Graphene

Nanoribbons

This chapter provides an overview of CNTs (Carbon Nanotubes) and GNRs (Graphene
Nanoribbons). The chapter begins by briefly reviewing the basic structure and notation used to
describe single-wall carbon nanotubes (SWCNTSs) and multi-wall carbon nanotubes (MWCNTS)
(in Section 2.1), followed by a description of the unique electronic structures and properties of
carbon nanotubes (in Section 2.2). With this background, the synthesis methods of CNTs and
GNRs are reviewed (in Section 2.3). Finally, Section 2.4 reviews the synthesis of GNRs.

2.1  Overview of CNTs and GNRs

Graphene, the latest allotrope of carbon nanomaterial and an atomically thin sheet of
carbon atoms with a thickness of a single atom, approximately 0.35 nm, with a two-dimensional
honeycomb lattice structure is considered as the building block of wide variety of carbon
nanomaterials, such as one-dimensional CNTs, one-dimensional GNRs, and zero-dimensional
fullerene (bucky ball). The structural relationships between these carbon nanomaterials are
summarized in Figure 2.1. The one-dimensional structure, i.e., CNTSs, are obtained by rolling a
single layer, several layers, or dozens of layers of two-dimensional graphene. As such, the carbon
atoms in CNTs are sp? hybridized. The hexagonal grid structure has a certain degree of bending,
forming a spatial topology structure. CNTs were first reported in 1991 by Sumio lijima, as shown
in Figure 2.3 (a). Since the diameter is of the order of nanometers and the length can be hundreds
of microns, the axial (longitudinal) dimension is much larger than the lateral dimension; therefore,

carbon nanotubes are treated as one-dimensional carbon nanomaterials.



Figure 2.1. lllustration of the relations between graphene and other carbon nanomaterials (Geim

& Novoselov, 2007).
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Compared with the size of the most advanced silicon-based semiconductor devices
obtained to date, the nanotube diameter is still much smaller. In addition to the small size of CNTSs,
their electronic properties, photonic properties, chemical properties, mechanical properties, and
thermal properties have a significant impact on a wide variety of technologies. Due to the number
of possible helical geometries, CNTs provide a family of structures with different diameters and
chirality. Figure 2.3 (b) shows different chirality for CNTs: (1) armchair, (2) zigzag, and (3) chiral
conformations.

The chiral factor of CNTs is represented by ¢, = na; + ma, = (n,m), where a; and a; are
basis vectors, and n and m are chiral index numbers, as shown in Figure 2.2. The chiral indices (n,
m) define the chiral vectors (blue arrows) that connect two equivalent carbon atoms in a graphene
plane. If (n, m) satisfies 2n + m = 3qg, where q is an integer, then the CNT is metallic. For
semiconducting CNTs, (n, m) meets the relation of n—m = 3¢, and n # m, q is an integer. All
armchair (n, n) CNTs are metallic. Whereas zigzag CNTs (n, 0) are either semiconductors or
metallic. The chiral angle (0) is defined as the angle between the zigzag direction and
circumference (6 = 0°~30°). Achiral nanotubes, in which 6 = 0 and 30°, are referred to as zigzag
and armchair nanotubes, respectively.

Finite termination of graphene resulting in quasi-one-dimensional (which is between the
1D structure of carbon nanotubes and 2D structure of graphene) ribbon-like structures, are known
as graphene nanoribbons (GNRs). GNRs are quasi-one-dimensional graphene strips with two
different possible edge geometries, namely zigzag and armchair, with widths less than 50 nm
(Nakada et al., 1996); (Wakabayashi et al., 1999). The two geometries, termed as armchair

graphene nanoribbons (AGNRs) and zigzag graphene nanoribbons (ZGNRs), are shown in Figure
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2.3 (c) and (d), respectively, and have different electronic properties arising from their contrasting

boundary conditions.
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Figure 2.3. (a) CNTs were first discovered in 1991 (lijima, 2002); (b) schematic representation of
CNTs in different chiralities: (upper) armchair, (middle) zigzag, and (lower) chiral conformations
(Maetal., 2010); (c) and (d) schematic representation of armchair and zigzag GNRs, respectively;
(e) schematic representation of a multiwalled CNT (designed by the author).
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Note that the atoms along a zigzag edge are from the same sublattice, whereas the atoms
from two different sublattices create bonds along the armchair edges. Depending on chirality and
width of the ribbons, the properties of the GNRs can be very different. For AGNRs, we use the
width Na to represent the number of carbon dimers in the transverse direction of the nanoribbon.
For ZGNRs, the width Nz is used to represent the number of zigzag-shaped carbon chains in the
transverse direction.

2.2 Properties of CNTs and GNRs

As one-dimensional nanomaterials, CNTs have a very high aspect ratio. Their lightweight
and small thickness result in a high specific surface area. This special structure of CNTs provides
high electrical, mechanical, and chemical properties. The electrical properties of CNTs can vary
based on many factors, including the degree of crystallinity, radius size, degree of defects, and
chirality coefficient. One of the most significant physical properties of CNTs and GNRs is their
electronic structure that depends only on their geometry and is unique to solid-state physics.
Specifically, for single-wall CNTs without doping, their electronic structure will be either metallic
or semiconducting, depending on their diameter and chirality. Before GNRs were discovered,
Nakada et al. calculated their electronic structure at two boundaries using simple tight-binding
calculations. AGNRs are found to behave as a metallic when Na = 3p + 2 (p is an integer), and in
other cases, the nanoribbons will open a certain energy gap (Nakada et al., 1996). For nanoribbons
with band gaps, the band gap energy decreases with increasing nanoribbon width with the energy
gap approaching zero as the width becomes large (~ several hundred nanometers). ZGNRs at the
zigzag boundary are all metallic with the bottom of the conduction band and the top of the valence

band overlapping at k = m. When the nanoribbons are wider (Nz = 30), in the range of 27/3 < [k| <
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© near the Fermi surface, a flat band appears, and the corresponding wave function is localized on
the zigzag boundary (Nakada et al., 1996).

2.2.1 Electronic properties

As previously shown, CNTs are defined by their chiral indices (n, m) constructed from
graphene sheets, and GNRs can be represented by Na and Nz for AGNRs and ZGNRs,
respectively. Thus, a natural approach is to begin by describing the band structure of graphene to
understand the electronic structure of CNTs and GNRs. Like graphene, CNTs and GNRs are
characterized by two types of bonds, arranged in the well-known sp? planar hybridization. The
carbon atom possesses four valence orbitals: 2s, 2px, 2py, and 2p;, and the z-axis is defined as
perpendicular to the graphene sheet. In-plane covalent bounds o (bonding) and c* (anti-bonding)
are formed by orbitals (s, px, py) which determine the binding energy and elastic properties of
graphene. Out-of-plane orbitals p; orbitals of the carbon atoms interact with each other and create
delocalized = (bonding) and =* (anti-bonding) orbitals. In CNTSs, these r states are influenced by
the curvature of the tube which impacts the band structure. They are also responsible for the weak
interaction between nanotubes in a bundle as well as the interaction with substrates. Since CNTs
are one-dimensional systems, their density of states associated with each energy band varies as VE
and presents characteristic diverging values called VVan-Hove singularities. Depending on whether
the K-lines cross exactly the Dirac point of graphene, the nanotube can be metallic or
semiconducting.

Based on the theoretical work discussed above, researchers successfully exfoliated
graphene, which led to subsequent theoretical work on GNRs. Son et al. performed first-principle
calculations using a local (spin) density approximation on two nanoribbon boundaries and showed

that both AGNRs and ZGNRs would open an energy gap with semiconducting properties, in
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contrast with the results of the tight-binding model (Son et al., 2006). According to their results,
AGNRs are categorized into three families: Na = 3p (medium band gap), 3p + 1 (large band gap),
and 3p + 2 (small band gap), where p is an integer. In each family of AGNRs, the size of the band
gap decreases monotonically with increasing nanoribbon width. Furthermore, the appearance of
band gaps in AGNRs originates from the quantum confinement effects and edge effects of
nanoribbons. Similarly, the band structures of ZGNRs are direct band gaps, and the band gap
decreases with increasing nanoribbon width. Their results show that the flat band at Er will produce
a large density of states near the Fermi level. When the effect of spin degrees of freedom is
considered in the local density approximation, small site repulsion causes the ZGNRs to
magnetize, leading the nanoribbons to exhibit ferromagnetic ordering of spins on the same side of
the zigzag boundary. The opposite sides of the nanoribbons exhibit antiferromagnetic coupling.
The opposite spin states of the nanoribbons are in different sublattices, and these magnetic orders
cause a certain energy dislocation of the sublattice potential, resulting in a nanoribbon band gap
(Son et al., 2006). Figure 2.4 shows band structures and density of states of CNTs and GNRs with
a similar number of carbon atoms, calculated using the tight-binding method (Kan, 2013). The
wave vector k is along the length direction and the density of states is plotted along the horizontal
direction. k is in the first Brillouin zone in all the plots. From Figure 2.4 (a) - (d), we can see that both
the armchair and zigzag CNT with N = 6 are metallic. Armchair CNTs and zigzag CNTs are metallic
when n = 3m, and m is an integer. GNRs have similar electronic properties to CNTs because a zigzag
and armchair GNR can be produced by unzipping an armchair and a zigzag CNT, respectively. In
addition, ZGNRs are metallic, like armchair CNTs. From Figure 2.4. (i) we can see that AGNRs are
similar to zigzag CNTs and can be divided into three families: Na = 3p (medium band gap), 3p + 1
(large band gap), and 3p + 2 (small band gap). Additionally, the band gap of AGNRs decreases

monotonically as the number of carbon atoms increases.
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Figure 2.4. (a) Armchair CNT (6, 6) band structure and (b) DOS; (c) Zigzag CNT (6, 0) band
structure and (d) DOS; (e) ZGNR N = 6 band structure and (f) DOS; (g) AGNR N =8 band
structure and (h) DOS; (i) AGNR band gap versus width N (Kan, 2013).
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2.2.2 Optical properties

Some of the optical properties of materials of interest include optical absorption,
photoluminescence, and scattering. This section focuses on optical absorption properties.
Furthermore, the optical properties are closely related to the electronic band structures of materials;
as such, CNTs and GNRs as they can absorb photons’ energy ranging from terahertz to visible
(Balarastaghi et al., 2016). For GNRSs, their optical properties are dependent on the edge status and
width, meaning that it is possible to modify their optical behavior by tuning the edge states
(Berahman et al., 2015; Cardoso et al., 2018). For GNR arrays, the distance between GNR stripes
also plays a significant role in modifying their optical responses. Due to the enhanced density of
states (DOS) at van Hove singularities (VHSs), strong optical absorption occurs when the incident
photons' energy corresponds to the energy differences of the sub-bands. Each VH belongs to a
special sub-band with sub-band number n assigned as an integer number denoting the magnitude
of the sub-band state. ZGNRs and AGNRs have different edge-dependent absorption selection
rules regarding optical properties (Chung et al., 2016; Lin & Shyu, 2000). For ZGNRs, |AJ| = odd,
where J is the sub-band index and AJ is the difference between the valence band index and
conductance band index, meaning that optical transitions occur only between two sub-bands with
a difference in index with an odd number, as shown in Figure 2.5 (a). For AGNRs, |AJ| = 0,
meaning that optical transitions occur only from the valence to conduction sub-bands with the
same index number, as shown in Figure 2.5 (b). As a geometrical parameter, since the curvature
of CNTs can affect boundary conditions while calculating the spatial distribution of wave
functions, it further affects the transition selection rules. Also, since CNTs are cylindrical in

geometry, the optical absorption of CNTs is significantly different from GNRs; CNTs have no
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open edges, thus the selection rules are not edge dependent as they are for GNRs. Additional details

about the optical properties of CNTSs are provided by Chung et. al. (Chung et al., 2016).
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Figure 2.5. Low-energy absorption spectra for Ny = 90, where Ny stands for the number of
armchair or zigzag line along the length of the ribbon (a) ZGNR and (b) AGNR (Chung et al.,
2016).

2.2.3 Thermal properties

Both CNTs and GNRs have been shown to demonstrate exceptional thermal transport
properties (Guo et al., 2009; Kwon & Kim, 2006). Guo et. al. utilized the nonequilibrium molecular
dynamics method to investigate the thermal conductivity of AGNRs and ZGNR; The thermal
conductivity was found to be strongly depending on length. For ZGNRs, the thermal conductivity

increases initially and then decreases with increasing N, while for AGNRs, the thermal

conductivity monotonously increases with N, as shown in Figure 2.6 (Guo et al., 2009).
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Figure 2.6. Thermal conductivity of an AGNR and ZGNR. The length of GNRs is fixed at 11 nm,
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Figure 2.7. (a) Thermal conductivity of a (10, 10) CNT (solid line) and constrained graphite
monolayer (dash-dotted line) (Kwon & Kim, 2006); (b) Specific heats versus temperature of
members in the carbon family (Hone et al., 2000).

Figure 2.7 (a) shows the thermal conductivity of an isolated nanotube (10, 10), which is

similar to the thermal conductivity of an isolated graphene monolayer. Figure 2.7 (b) shows the

specific heat of the members of the carbon family. Phonons are the dominant thermal excitations

in graphite, graphene, and nanotubes, and the phonon-specific heat Cpn dominates specific heat for

most temperatures. Cph depends on the phonon density of states and can be obtained by integrating
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together with a temperature-dependent convolution factor that considers the temperature-
dependent occupation of each phonon state (Hone et al., 2000). Further details on this topic are
provided by (Kwon & Kim, 2006).

2.3 Synthesis of CNT

Laser vaporization and carbon arc synthesis are two relatively efficient methods to
synthesize single-wall CNTs, both of which require catalysts. Another commonly used synthesis
technique is the chemical vapor deposition (CVD) method. The arc discharge method (shown in
Figure 2.8(a) below) utilizes high-purity graphite rods as the anode and cathode; a direct-current
arc voltage is applied across two graphite electrodes immersed in an inert gas such as a helium
atmosphere, resulting in a stable arc voltage of 12-25 V (Journet et al., 1997). Fullerenes are
deposited as soot inside the chamber, and multi-walled CNTSs are deposited on the cathode. Single-
walled CNTSs are generated when a graphite anode contains a metal catalyst (iron or cobalt; also
alloys are being studied). An arc is produced across a 1 mm gap which causes the nanotubes to
deposit on to the cathode as the anode is being consumed during the process. This process can
produce both MWCNTs and SWCNTSs. If the electrodes are doped with metallic catalysts,
SWCNTSs will be obtained, whereas if unmodified electrodes are used, MWCNTSs will be produced
(Bethune et al., 1993). The laser ablation method (Figure 2.8 (b) below) also utilizes the graphite
target. In an inert atmosphere of 500 Torr of Ar or He, the graphite is vaporized by a laser.
Specifically, carbon is vaporized from the surface of a solid disk of graphite into a high-density
helium (or argon) flow, using a focused pulsed laser. Figure 2.8 (c) shows the CVD technique
which utilizes a gaseous carbon feedstock, such as ethanol, methane, benzene, naphthalene,
camphor, alcohol, carbon monoxide, hexane, cyclohexane, or anthracene, which is passed through

transition metal (Fe, Ni, and Co) nanoparticles, which act as catalysts at elevated temperatures
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(550-800°C) in a furnace. The CVD method is the most common method currently to synthesize
CNTs. Whether the output is SWCNTs or MWCNTSs will depend on the growth parameters, such
as the catalyst and growth temperature, size, and density of catalysts, etc. CVD has more flexible

control over the shape and size of CNTSs than the other two methods.
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Figure 2.8. Different methods to synthesize CNTSs. (a) Arc discharge method (Journet et al.,

1997); (b) laser ablation method (Journet & Bernier, 1998), where the particles flow into an inert
gas environment; (c) chemical vapor deposition (Mubarak et al., 2014).
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2.4 Synthesis of GNRs

Multiple methods have been explored and developed to obtain GNRs. Using a chemical
synthesis route, effective control of molecular species was recently demonstrated to form
herringbone GNRs; however, post-processing techniques, as well as methods for precise
placement on the whole wafer, are still needed for large-scale applications (Kimouche et al., 2015;
Rizzo et al., 2018). Xu et al. reviewed some common techniques to produce GNRs including top-
down lithographic approaches (by cutting graphene), bottom-up growth methods (utilizing
restructured sites), and unzipping CNTSs; they also discussed challenges associated with these
methods including defects, rough edges, and high costs (Xu & Lee, 2016). CNTs, being small in
diameter, could be used for producing nanoribbons. Indeed, there have been many studies on
unzipping or etching of CNTs that have shown promise in producing GNRs using various methods
including sonochemical etching, oxidative unzipping with subsequent reduction, selective gas-
phase reaction etching, plasma etching, electrochemical unzipping, and etching with hypervelocity
application (Jiao et al., 2009; Kosynkin et al., 2009; Ozden et al., 2014; Shinde et al., 2011; Wu et
al., 2010; Zhang et al., 2006). While all these techniques have demonstrated the ability to produce
nanoribbons, they all also risk exposing the whole sample including the support materials (such as
silicon and oxide which are often used for making an electronic device) to reactive and/or corrosive
environments.

2.4.1 Top-down approaches

To obtain a sufficiently large band gap, the width of GNRs needs to be less than 10 nm.
Initially, researchers thought to use E-beam lithography (EBL), a sophisticated instrument to

produce nanoscale patterns, to cut graphene to obtain nanoribbons. Han et al. exfoliated graphene
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flakes from bulk graphite crystals and transferred them to a SiO»-coated substrate, obtaining GNRs
with a width of 10~100 nm by using a mask in photolithography and oxygen plasma etching. The
bandgap of the nanoribbons was determined based on transport tests, with the results showing that
the bandgap decreased with increasing nanoribbon width (Han et al., 2007). Utilizing electron
beam exposure (Figure 2.9), Wang et al. (Wang & Dai, 2010) obtained GNRs by introducing NH3
to the high-temperature oxidation etching method; the width of the nanoribbons was further
reduced to less than 5 nm, leading to a room temperature switching ratio of 10* in field effect
transistors fabricated from these GNRs. Another top-down method involves the scanning tunneling
microscopy (STM) instrument, as shown in Figure 2.10. Magda et. al. reported the patterning of
GNRs with well-defined widths and predetermined crystallographic orientations, utilizing STM
lithography-based technology. They obtained semiconducting ribbons from graphene with

predetermined energy gap values up to 0.5 eV(Magda et al., 2014).

Down to ~20nm

Ar plasma

>
Lift Al

Figure 2.9. Top-down EBL (Electron Beam Lithography) method. (a) Schematic diagram of the
EBL process; (b) and (c) AFM images of a GNR array with a width of about 20 nm and 22 nm,
respectively (Wang & Dai, 2010).
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Figure 2.10. (a) Schematic diagram showing the use of STM (Scanning Tunneling Microscope)
to cut graphene. (b) STM image of AGNR with the width of 5 nm through scanning tunneling
nanolithography in a graphene sheet. (c) STM image of ZGNR with a width of 6.5 nm (Magda et
al., 2014).

2.4.2 Bottom-up growth methods

Bottom-up methods regard GNRs as conjugated macromolecules composed of many
benzene rings and obtain GNRs by reacting small molecular units with each other. Monomers are
essential to chemically synthesize GNRs due to the flexibility in designing width and edge types
with atomic precision by designing the structure of precursor monomers. GNRs obtained by
chemical methods typically have uniform structures, which is the primary advantage of this
method, particularly when compared with top-down methods. In 2010, Dai's group first introduced
the preparation of GRNs by surface synthesis (Wang & Dai, 2010). Under the catalysis of the
metal substrate, the specially designed molecular precursor undergoes dehalogenation
polymerization, dehydrocyclization, and other reactions in sequence after annealing, thereby
producing GNRs with armchair boundaries. Precursor molecules are the basic building blocks of
nanoribbons in the surface synthesis method. Therefore, by appropriately designing the chemical
structure of the precursor, the parameters such as the boundary structure and width of the product

GNRs can be directionally changed (Moreno et al., 2018; Nguyen et al., 2017; Talirz et al., 2013).

Through this method, effective control of the properties of the nanobelt is realized, which is
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beneficial to the scientific and technological advancements. GNRs prepared by this method have
atomically precise peripheral boundaries and uniform widths. The boundaries of the nanoribbons
are also all saturated with hydrogen atoms, which is consistent with the theoretically calculated
structural model of the nanoribbons (Figure 2.11) In addition, the synthesis method is simple, the
synthesis efficiency is extremely high, and it can be used for growing many GNR materials.
However, the biggest challenge of this method is transferring the synthesized GNRs to suitable
substrates with precise position control, which is required for most GNR applications. Also,
chemical free formation of GNRs leading to clean device fabrication in a whole wafer scale process

is difficult to implement with GNRs obtained by this method (Li et al., 2008).

Figure 2.11. (a) Left: PmPV/DCE solution with GNRs; right: illustration of a GNR with PmPV
polymer adsorbed on GNR; (b)-(f) AFM images of GNRs with widths ranging from 50 nm to sub-
10nm. All scale bars indicate 100 nm (L.i et al., 2008).
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2.4.3 Unzipping CNTs
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CNTs share many similarities with graphene, such as their nanoscale width and Q1D
structure. A CNT can be unzipped longitudinally to produce a GNR. Also, single-walled CNTs
can be converted to single-layer GNRs, and multi-walled CNTs can be converted to multi-layer
GNRs. Unzipping can be achieved using chemical approaches and controllable RIE etching
approaches to partially remove some top parts of a CNT to leave a GNR. Wet chemical reactions
and dry etching processes have both been used successfully.

2.4.3.1 Chemical method

Kosynkin et al. reported an oxidation process in solution to cut multi-walled carbon
nanotubes lengthwise (Kosynkin et al., 2009). This process yielded nearly 100% GNR structures
with high water solubility. The advantage of their approach is that GNRs can be produced with
controlled widths and edge structures with high quality by controlling the placement and alignment
of the CNTs. They also noted that the use of few-walled CNTs produces sub-10 nm GNRs with
bandgaps which are sufficient for room-temperature transistor applications. However, due to the
existence of abundant oxygen-containing functional groups on the surface, the conductivity of the
as-produced GNRs was not good. The conductivity can be improved by subsequent chemical
reduction by N2H4 or annealing in Ha.

2.4.3.2 Plasma unzipping

Jiao et al. reported a gas-phase plasma etching process to convert CNTs to GNRs producing
high-quality, and narrow GNRs. A two-step process was suggested to unzip nanotubes for the mass

production of high-quality GNRs. Mild calcination at 500°C in air induced oxidation of pre-

existing defects to produce pits on the side walls of CNTs; sonication in organic solvents then
effectively enlarged the pits and unzipped the CNTs to form GNRs. The GNRs were then purified

by ultracentrifugation, producing narrow GNRs with a width of 10-30 nm. CNTs have also been
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unzipped by catalytic cutting and pulse burning at high currents. As new methods for scalable
fabrication of uniform CNTSs and their alignment continue to be developed, the synthesis of GNRs
by longitudinal unzipping of CNTs is also becoming a promising approach for the mass production
of GNRs. This method could be further improved by synthesizing GNRs of uniform width with

narrow width distribution, and GNRs of defined edges with specific chirality (Jiao et al., 2009).
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Figure 2.12. (a)-(f) GNR fabrication process by oxygen plasma etching with a nanowire etch mask;
(9) and (h) AFM images of a nanowire etch mask on top of a graphene flake before and after the
oxygen plasma etch, respectively. The scale bars are 300 nm and 100 nm in (g)-(i) and (j) and (k),
respectively (Bai et al., 2009).
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Figure 2.13. (a) A pristine MWCNT; (b) MWCNTSs deposited on a Si substrate with coated
PMMA,; (c) coated PMMA/MWCNTSs film peeled and exposed to Ar plasma; (d)—(g) potential
GNR products depending on various etching time; (h) removal of the PMMA to obtain GNRs

(Jiao et al., 2009);

2.4.3.3 Laser-based unzipping

Laser-based unzipping of nanotubes along their longitudinal direction to form GNRs has
been reported; however, the study lacks clarity and did not pay attention to a systematic mechanism
to understand the process, making it hard to control (Kumar et al., 2011). For example, study by
Kumar et al. used a nanosecond laser to thermally excite nanotubes suspended in an aqueous
solution and demonstrated the unzipping of the tubes, but it does not report the specific tube’s
shape, size, and electronic properties before and after the laser exposure to precisely understand
the phenomena associated with the light-matter interaction. Also, the nanotubes are suspended in
a solution that absorbs laser radiation, which makes the process complicated to analyze. Han et al.
used picosecond and femtosecond laser excitation to exploit processes far from equilibrium (as
described in this work) involving electron-phonon heating (Han et al., 2007). While they observed

various carbon morphologies, including diamond nano bundles, the process did not result in any

nanoribbon formation. However, there were no clear indications of phase transformation from one

27



type of carbon atom hybridization to another (e.g., sp? to sp®). The ability to precisely manipulate
the material structure in the nanometer scale with high spatial control is necessary for creating the
building blocks for numerous scientific and technological topics including quantum science and
guantum technologies. The limitations discussed in the above techniques highlight the need for a
manufacturing technique that would enable to fabricate ultra-narrow GNRs with a large yield,

chemical-free ribbons and tunable structures.
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Chapter 3 - Characterization Methods on Individual MWCNTs

Individual nanomaterial characterization in terms of their detailed physical, chemical,
thermal, optical, and electrical properties is very important to further understanding of science at
nanoscale materials and their use in technological applications. Extensive research has been made
in the growth and characterization of carbon nanotubes (CNTSs) over the past three decades, yet
new phenomena in growth science are emerging, often as a result of practical needs to build new
technologies. For example, even today it is challenging to grow CNTs at low enough temperatures
to be compatible with semiconductor processing for heterogeneous integration. Likewise, for
studying GNRs it is not only critical to design a room-temperature process but also it is important
to study fundamental process-structure-properties correlations of the CNTs involved in the light-
matter interaction.

Although several techniques can be used to investigate the morphological and structural
characterizations of CNTSs, only a few techniques can characterize them at the individual level,
such as atomic force microscopy (AFM), scanning tunneling microscopy (STM), and transmission
electronic microscopy (TEM). In this chapter, we will discuss various analytical techniques for
the CNTs and GNRs used in this thesis: AFM is discussed in Section 3.1, while electron
microscopy is in Section 3.2. In addition to the microscopy techniques, we will discuss other
techniques, such as Raman spectroscopy (in Section 3.3), that includes traditional Raman
spectroscopy as well as tip-enhanced Raman spectroscopy (TERS). While Raman spectroscopy is
a widely used characterization technique for structure and chemical footprint of nanomaterials,
other techniques focusing on the chemical functionalization of CNTs and GNRs, such as energy-
dispersive X-ray spectroscopy (EDX), that can also provide bulk chemical information on CNTSs,

and X-ray photoelectron spectroscopy (XPS), that is helpful to determine the chemical structure
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of nanotubes. Neither EDX nor XPS is discussed in the present work but suggested for future
studies to conduct. In the last section, we use the Tip-Enhanced Raman Spectroscopy technique to
analyze the relevance between the properties of individual MWCNTSs.

3.1 Atomic Force Microscopy (AFM)

AFM is based on the interaction force between a sharp metallic tip (typical diameter ~5 —
10 nm) and the sample to reconstruct the topography of the surface, and hence, image at the atomic
scale. It is used to characterize the topographic structure of a sample surface. However, many other
physical details of the sample beyond the topographic structure can be studied by AFM. Figure 3.1
shows the components in an AFM tool, including a scanning microscope, a feedback controller,
and a computer to control the setup and display the images during the scanning. The method
broadly falls under the category of a so-called scanning probe microscopy (SPM) along with
scanning tunneling microscopy, where a sharp probe is used to scan across the surface of interest
and an information at nanoscale is gathered by monitoring and understanding the probe-sample
interactions. Three modes of operation of AFM are generally used: contact mode AFM, non-
contact mode AFM, and a tapping mode AFM. The studies described in this dissertation are made
using tapping mode AFM where a scanning tip is attached to the end of an oscillating cantilever
when scanned across the surface of the sample. Usually, the cantilever oscillates at or slightly
below its resonance frequency with the tip repeatedly and gently tapping onto the sample surface.
The general principle is the following: an AFM tip is fixed onto an end of a tiny oscillating
cantilever. A laser beam with small diameter hits the cantilever/tip end and is reflected towards a
quadrant photodetector device (shown in Figure 3.2). When the tip scans on the surface of the
sample, a preset interaction force between the tip and the sample causes a deflection of the

cantilever. This deflection continually gets monitored by the photodetector which further gets
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feedback controlled by the controller. In this way, the force between the tip and the sample is
“mapped” to reconstruct the surface topography of the sample. When the AFM is operating, the
interaction forces between the tip and the sample include the van der Waals force, the electrostatic
force (the interaction distance is tens of nanometers), and the short-range chemical force (the
interaction is several angstroms). Figure 3.2 (a) shows schematic working principle of tapping
mode and (b) shows the laser path followed inside the scanner and finally gets guided towards the

detector. This AFM is suitable for operation in atmospheric conditions.
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Figure 3.1. Basic SPM components (Thornton, 2000).
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Figure 3.2. AFM working principle. (a) Tapping mode; (b) laser path inside a scanner: 1. laser; 2.
mirror; 3. cantilever; 4. tilt mirror; 5. photodetector. (Thornton, 2000).
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AFM has two operational modes: quasi-static and dynamic. The quasi-static mode is the
simpler AFM working mode. Its principle is based on a simple spring model that considers the
elastic coefficient of the cantilever to be constant (k). For a certain deflection g, (F = k-q), the
feedback system in the circuit maintains constant deflection (), and the value of vertical height
(2) is recorded to obtain the topographic structure of the sample. Due to the existence of the long-
range van der Waals force in this mode, the tip can be easily absorbed into the sample surface
during scanning, resulting in damage to the sample surface. In dynamic mode, the cantilever
vibrates around its eigenfrequency when the needle tip is scanned, which can be divided into
amplitude modulation and frequency modulation according to the feedback mechanism.

The tapping mode AFM that operates in atmospheric conditions uses amplitude
modulation. In this mode, the interaction force between the tip and the sample changes the
vibration amplitude of the cantilever. The feedback system maintains constant amplitude by
changing the height of the tip and records its position. The change in height generates the surface
topography of the sample. The non-contact AFM used in this study utilizes frequency modulation,
such that the tip vibrates at a constant amplitude at its resonant frequency while scanning the
image, and the system records the change of the resonant frequency and image.

Unlike optical microscopy, where the resolution is limited by the optical diffraction limit,
AFM breaks the diffraction limit to capture images of much smaller spatial dimension due to above
mentioned operational principles involving the interaction forces. However, the direct force
interactions that provide the advantages of AFM over other analytical techniques are also the
source of many of its limitations. One such limitation is that while the surface is very flat, the
interaction is limited to only the apex of the probe tip, however, as the surface is featured with

variations in height beyond a certain limit, the shape of the probe structure can dominate the tip-
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sample interaction and introduce tip artifacts that can obscure the data. Another significant
limitation of AFM is that it can only characterize the surface features of CNTs and GNRs, for
example, in contrast, to the detailed internal structure, such as the number of walls of CNTs and
information about their micro-domain etc. as measured by TEM. It is complex to observe and
analyze structures with nanometer dimensions. In addition to the sample preparation, it is also
important to develop specific protocols for other processes involved in the measurements, such as
analysis criteria, evaluation and interpretation of the results, analysis reliability and repeatability,
and sample storage.

3.2 Electronic microscopy

In contrast to the optical diffraction limit in an optical microscope, the wavelength of
electrons is much smaller than that of photons. The visible light wavelength range is approximately
from 400 nm to 760 nm, while the wavelength of electrons is dependent on their energy, making
it as small as 3.7 pm at 100 keV, 2.5 pm at 200 keV, and 1.97 pm at 300 keV. Therefore, the
resolution of an electron microscope is sufficiently smaller for imaging nanomaterials such as
CNTs and GNRs. However, with available practical instrumentation involved, typically the
resolution is limited to ~ 0.1 nm due to the objective lens system in electron microscopes. Despite
this limitation, it is sufficient to image the wall structures in MWCNTSs.

There are two types of electron microscopy: scanning electronic microscopy (Klimenko
et al.) and tunning electronic microscopy (TEM). Figure 3.4 shows the SEM (Versa 3D™
DualBeam™ from FEI company) and TEM (Hitachi H-8100Transmission Electron Microscope)
instruments used in this project. An electron microscope uses a beam of accelerated electrons as a
source of illumination. Ernst Ruska, a German engineer, built the first electronic microscope in

1931, based on the same principle (Ruska, 1987) that still applies to modern electronic microscopy.
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When electrons enter the specimen, the electrons interact with the specimen and gradually lose
their energy. The incident electron is referred to as the primary electron and the electrons that are
produced by the electron-matter interaction are referred to as the secondary electrons. The
scattering range of the electrons is dependent on the energy of the primary electrons, the atomic
weight of the elements in the specimen, and the density of the atoms. The scattering range increases
with the energy of the primary electrons and is also influenced by the thickness of the specimen.
Thinner specimens experience more scattering events than thicker specimens. When samples are
irradiated by an electron beam, three mechanisms occur on the sample surface or near-surface: the
elastic scattering of electrons as the backscattered electrons (BSE), the inelastic scattering of
electrons as the low-energy secondary electrons (SEs) and Auger electrons, emitted photons as the
X-ray emitted and cathodoluminescence from the atoms. Figures 3.3 (a) and (b) illustrate the
scattering process involved in thick specimens and thin specimens, respectively. In SEM, one
generally uses thicker samples and the major scattering process involved are SEs and BSEs,
whereas in TEM, one uses thinner sample, and the images are generally constructed from the

transmitted electrons.
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Figure 3.3. Interaction between primary electrons and (a) thick specimens; (b) thin specimens.
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Figure 3.4. (a) SEM (Versa 3D™ DualBeam™ from FEI company); (b) TEM (Hitachi H-8100);
(c) and (d) illustrate SEM and TEM components, respectively designed by the author.

As shown in Figure 3.4, both SEM and TEM include an illuminating system (electron gun
and condenser lens), specimen manipulation system (specimen stage for SEM, specimen holder
for TEM, and related hardware), an imaging system (objective lenses, projector, and intermediate
lenses, and detector), and vacuum system (mechanical pump, oil diffusion pump, and/or ion
pump). The main difference between SEM and TEM is the mode of imaging: SEM detects the
reflected or knocked-off electrons from the surface while TEM detects the transmitted electrons.

SEM can directly gain information on the size, size distribution, and shape of the CNTs and GNRs.
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TEM can acquire information about internal structures because the electron beam passes through
nanomaterial. Due to the fact that TEM uses transmitted electrons, the samples must be very thin
(less than 150 nm). This raises another important difference between these two methods, that is
the sample preparation.

Specimen preparation for SEM is simple; the specimen can be thick bulk material, powder,
or nanoparticles sprayed on the surface of a supporting substrate. However, a dry and clean sample
is needed to obtain a better characterization of the material. If the sample is non-conductive, a
proper coating of ultrathin metal layer is required to flow the electrons accumulated on the surface
to the ground. Common coating materials are gold, platinum, and iridium; specific coating
materials may be required for certain samples.

In contrast, sample preparation for TEM is more complex. To allow the electrons to pass
through the specimen, they must be very thin (typically less than 100 nm) and relatively flat.
Meshed grids of metals and/or conductive elements can be used to hold samples. For the CNT
samples used in this project, three factors are critical in the preparation of a successful sample: the
density of the CNTs, the concentration of the solvent N-dimethylformamide (DMF) in which CNT
dispersion is made, and any other intermediate substances such as surfactants used in the dispersion
(in our case, no surfactants are used). Figure 3.5 shows examples of SEM and TEM images of the
MWCNTSs used in this study. As can be seen in the figure, TEM can offer higher resolution than
SEM, where individual walls and the spacing between them is apparent (0.35 nm).

When switching the SE detector to the X-ray detector, energy-dispersive X-ray analysis
can be performed. Both SEM and TEM can perform X-ray spectrum analysis. This technique can
be used to obtain elemental profiles across nanoscale features. There are other applications of

TEM, such as EELS (electron energy loss spectroscopy), but that is outside of the scope of this
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study. Here, SEM imaging was obtained using an FEI Versa 3D Dual Beam Field Emission SEM
and high-resolution transmission electron microscopy (HRTEM) imaging was achieved using an
FEI Tecnai F20 XT Field Emission Transmission Electron Microscope at 200 kV energetic

electrons.
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Figure 3.5. (a) and (b) SEM images of starting MWCNT; (c) and (d) TEM images of MWCNT.

3.3 Traditional Raman spectroscopy of graphene-based materials

3.4.1 Raman spectroscopy principle and instrumentation

When shining laser light on a material, the incident photon interacts with a molecule or
crystal lattice and is scattered elastically or inelastically. As a result, when the scattered photon
energy equals the energy of the incident photon, it is referred to as Rayleigh scattering. In contrast,

when the energy and momentum of scattered photons shift from the incident photons, it is referred
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to as Raman scattering. During the scattering, both the energy and momentum are governed by the
conservation laws, which is expressed as wy = w; + w,, and kg = k; + k,, respectively, where
subscript “s” denotes the scattered photon, subscript “i" denotes the incident photon, and subscript
“v” denotes the vibrations of the molecule or the crystal lattice while interacting with the incident
photon. Raman spectroscopy is a technique based on Raman scattering phenomena. A Raman
spectrum records the scattered photons' energy (intensity) as a function of the shift of energy in
wavenumber (cm™?) from the incident light (the Raman shift). It is a fast, nondestructive, and high-
resolution tool for characterizing the lattice structure and the electronic, optical, and phonon

properties of carbon material.
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Figure 3.6. Instrumentation of four major Raman spectroscopy techniques (Jones et al., 2019).
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Researchers have developed many types of Raman spectroscopy techniques based upon a
variety of applications; Figure 3.6 shows the instrumentation involved in four major Raman
techniques. Further details of spontaneous Raman scattering, coherent anti-stock Raman
scattering, surface-enhanced Raman scattering, and tip-enhanced Raman scattering are provided
in Jones’ review (Jones et al., 2019). The Raman technique that the dissertation exploits to measure
the CNT and GNR samples is a confocal Raman microscopy, which combines optical confocal
microscopy and a Raman spectrometer, as shown in Figure 3.6 (a). In this technique, the incident
laser is spatially filtered through a pinhole in front of the spectrometer. A notch filter is then used
to filter the back-scattered Raman light. A spectrometer with an attached charge-coupled device
CCD camera is used to detect the Raman signal. To differentiate from tip-enhanced Raman
spectroscopy, confocal Raman spectroscopy will be referred to as traditional Raman spectroscopy
herein.

3.4.2 Typical Raman peaks of CNTs and graphene

Raman spectroscopy is a powerful technique used to characterize nanomaterials. In this
study, we use a Renishaw in-Via Raman spectrometer with a 514 nm excitation source with a
resolution of 0.3 cm™ in a backscattered configuration. The setup uses a microscope with a 100X
objective lens to take the Raman spectra for MWCNTs and GNRs formed from MWCNTSs. The
laser spot size is about 1 um in diameter. In the measurements, a circularly polarized light is used
to obtain the Raman spectrum.

Figure 3.7 (a) shows the typical Raman peaks of carbon nanomaterials. The wavenumbers and

attributions of different Raman peaks the carbon nanomaterials are presented in Figure 3.7 (b).
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Figure 3.7. (a) Typical Raman peaks of carbon nanomaterials (Saito et al., 2011); (b) Summary
of attributions of different Raman modes.

It should be noted that the excitation laser energy is important for resonant Raman
spectroscopy. Studies have shown that certain exciting laser energy is needed to promote specific
Raman peaks. Raman peaks can also be used to identify the electronic properties of an SWCNT.
For metallic CNTs, the G- line shape is a broadened Breit Wigner Fanoline shape; or
semiconducting single-walled carbon nanotubes (SWCNTSs), the G- line shape is a Lorentzian
shape. Furthermore, the splitting of G+ and G- can be used to predict the diameter range (Saito et
al., 2011), as shown in Figure 3.7 (a) and (b). Another method of determining the diameters of the
nanotubes is the presence of the radical breathing mode (RGB) in the Raman spectrum at low
wavenumber values.

3.4 Tip-enhanced Raman spectroscopy (TERS) studies on CNTs

3.4.1 Current state of knowledge of TERs on CNTs

TERs is an effective and powerful technique to characterize individual CNTs because 1) it
provides structural and chemical information down to the nanometer scale or even under single

molecular detection because of its extraordinary spatial resolution, and 2) it is nondestructive,
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label-free, and easy to operate under ambient conditions (Mahapatra et al., 2020; Schultz et al.,
2020; Stockle et al., 2000; Yano et al., 2009; Zhang et al., 2019).

A SWCNT can be treated as a graphene layer rolled into a cylinder, while a MWCNT can
be treated as a cylinder formed by multiple graphene layers. Thus, besides the typical Raman peaks
that belong to graphene (D, G, and 2D peaks) (Childres et al., 2013), CNTs possess new Raman
peaks rising from the rolling behavior, as a result of breaking the original symmetry and boundary
condition of the graphene. These new signatures include presence of a radial breathing mode
(RBM) peak and the splitting of the G peak (G+ and G- peaks) (Childres et al., 2013; Dresselhaus
& Eklund, 2000; Rao et al., 1997; Saito et al., 2011). Individual CNTs have been investigated by
near-field Raman spectroscopy and TERs both experimentally and theoretically. Most studies have
focused on using Raman spectroscopy on individual SWCNTSs (Anderson et al., 2007; Chen et al.,
2014; Liao et al., 2016; Maciel et al., 2008; Milnera et al., 2000; Okuno et al., 2013; Rao et al.,
2012; Yano et al., 2013). Fewer studies have been conducted on isolated double-walled or triple-
walled CNTs (Bandow et al., 2002; Heeg et al., 2018; Hirschmann et al., 2013; Villalpando-Paez
et al., 2008), as well as individual MWCNTSs (Chaunchaiyakul et al., 2016; Kato et al., 2020;
Zdrojek et al., 2012). Novotny et. al. (Anderson et al., 2007) reported a change in the chirality
based on mapping two resonant RBM phonon frequencies along spatially isolated SWCNTSs by
using near-field Raman spectroscopy. They mapped both the transition from semiconducting-to-
metal and metal-to-metal chirality at the individual nanotube level and determined the spatial
resolution of the transition region to be 40-100 nm. Rao et al. (Rao et al., 2012) provided evidence
of the chiral-selective growth of SWCNTs. They conducted in situ Raman spectroscopy
measurements of individual SWCNTSs and correlated them with their chiral angles during growth

and showed that the growth rates are directly proportional to the chiral angles.
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A noteworthy study performed by Okuno et. al. showed that a phenomenon of
semiconductor-to-metal transition of an SWCNT occurs near the extremely localized X cross
junction area by utilizing state-of-the-art TERS spectroscopy and microscopy techniques (Okuno
et al., 2013). The change in electronic properties of a SWCNT can only be identified at extremely
high spatial resolutions. Yano et al. (Yano et al., 2013) developed a TERs technique utilizing a
silver-coated nanotip and imaged the stain distribution along an individual SWCNT. By
nanoimaging of the AFM nanotip-induced localized strain, they confirmed the strain of the
manipulated SWCNT depends on its diameter and chirality. TERs is an improved technique in
comparison with the previously used TEM due to its ability to measure the Raman modes arising
from the symmetry breakdown caused by the atomic rearrangement on the inner and outer surfaces
of the nanotube. Another study conducted by Hayazawa et al. (Chen et al., 2014) utilized the
scanning tunneling microscopy-based TERs technique to simultaneously measure the chemical
and structural properties of individual SWCNTSs. They distinguished several types of CNTs and
obtained the properties of the CNTSs such as the diameter, local defects, and bundling effects while
using the TERs measurement with a spatial resolution of 1.7 nm. Later, Dong’s group improved
the spatial resolution of TERs measurement to a sub-nanometer region of 0.7 nm due to the high
TERSs enhancement factor induced by the nanogap between the silver nanotip and silver substrate.
With such a high spatial resolution, it is possible to visualize the D band scattering induced by
defects and track the strain-induced spectral evolution (Liao et al., 2016).

Double-walled carbon nanotubes (DWCNTS) are simple systems to study the interaction
between two concentric graphene layers. Individual DWCNTs with four possible metallic and
semiconducting configurations were investigated by resonant Raman spectroscopy. Villalpando-

Paez et al. concluded that the Raman bands could be used to confirm the different types of
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configurations and that the G peak is sensitive to interlayer interactions (Villalpando-Paez et al.,
2008). Another study conducted by Heeg et al. related to TERs on DWCNTS investigated the
relationship between the long linear carbon chains encapsulated inside the DWCNTSs and its host
carbon nanotube. The authors concluded that the inner tube of the host CNT determines the
vibronic and electronic properties of the long linear carbon chains (Heeg et al., 2018).

Raman spectra of MWCNTSs are more complex than those of SWCNTSs due to the increased
graphene layers and interwall interactions. The signatures of the SWCNT Raman band indicate
the presence of the low-frequency RGB and the splitting of the G peak into G+ and G- modes.
These are often not observed in MWCNT Raman spectra, especially when Raman spectra spatial
resolution is insufficient. The G band is often used to distinguish SWCNTs and MWCNTSs. Unlike
the splitting of the G band in SWCNTSs, the G band in MWCNTS appears to be a broad symmetric
band for traditional Raman spectra and multiple splitting in TERS measurement.

Nanot et al. (Nanot et al., 2010) studied double sharp line features in the G-band of an
individual MWCNT by resonant Raman spectroscopy in FET configuration at room temperature.
They observed a multipeak G- band spectrum of an MWCNT comprised of four distinct modes
and proposed a straightforward way to assign each peak to a distinct shell. For the G+ band, the
interlayer interactions are likely to induce a more graphite-like behavior rather than a graphene-
like behavior. A recent study analyzed the interwall interactions through D-band imaging with
TERs (Kato et al., 2020). It was experimentally confirmed that the D band is strongly correlated
to the number of walls and was theoretically interpreted to the origin of this correlation. The D
band in SWCNT was proposed to originate only from the defects while in MWCNTSs it is related

to structural defects and interwall interactions.
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Chaunchiayakul et al. conducted a nanoscale analysis of an individual MWCNT focused
on the relationship between the number of walls and the intensity ratio of 2D and G bands based
on TERs. The number of walls in MWCNTSs is found to be strongly related to the ratio of 2D
intensity and G intensity; it is also found that 2D band intensity increases with the interaction
between two CNTs (Chaunchaiyakul et al., 2016). To date, no studies on the domain like structure
in Raman imaging in CNT have been obtained, but two studies on graphene nanoscale size domain
and domain boundaries were conducted using Raman spectroscopy. TERS with a spatial resolution
of 0.7 nm were used to observe and study nanometer-scale domains down to 5 nm in graphene
(Balois et al., 2019). The effect of domain boundaries of mechanically strained graphene was
investigated by confocal Raman spectroscopy. It was found that the strain induced by the presence
of domain boundaries causes a G band shift (Bissett et al., 2012).

3.4.2 TERS on individual MWCNTSs

CNT samples (obtained from our collaborators at University of Pittsburgh, Pennsylvania)
were grown in a custom-designed multizone rapid thermal CVD reactor with the ability to
decouple the catalyst temperature and growth temperature (Lee et al., 2019). A silicon wafer coated
with 300 nm silicon dioxide was used as the substrate. Alumina and iron were deposited on the
substrate surface to grow CNT. The customized CVD reactor offers the ability to study the effect
of the growth temperature separately. Figure 3.8 (a) — (d) shows SEM images of CNT forests
grown separately under growth temperatures (Tg) of 550 °C, 600 °C, 650 °C, and 750 °C,
respectively. All four batches were grown under the same catalyst temperature (Tc) at 720 °C. The
height and the density of different batches of CNT forests are summarized in Table 3.1. SEM
images provide visual information about the density and the overall alignment of the grown CNT

forests; however, to obtain more structural information for the CNTs, such as diameter, the wall
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number, and quality, we performed TEM measurements. A sharp blade was used to remove the
CNT forests grown on a substrate. The CNTs were suspended in DMF solvent at a density of 10
pg/ml. Then the CNTs were sonicated for 30 min while keeping the temperature under 35 °C.
Next, 5 pl of the dispersion was drop casted on a copper TEM grid with lacey carbon support
(product # 01894, from Ted Pella) and allowed it to dry in air. Figure 3.8 (e) — (h) shows TEM
images of representative CNTs grown at Ts 550 °C, 600 °C, 650 °C, and 750 °C, respectively.
Overall, all 4 batches of CNTs showed diameters of approximately 10 nm. However, more work
is needed to relate the growth temperatures with their properties. TERS, on other hand, is not only
a more economical method of obtaining images for a large set of samples, but also it can provide

additional information about molecular vibrations.
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Figure 3.8. SEM images of CNT samples with different growth temperatures. (a)-(d) are from
(Lee etal., 2019).

Table 3.1. Properties of CNT samples for different growth temperatures.

Growth T, Batch Height (mm) Density (g/cm’)
600 1 0.362 0.032483
650 2 1.467 0.006196
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700 3 0.351 0.006702

720 4 0.418 0.009801

TERS, a technique that combines AFM and Raman spectroscopy, was used to characterize
individual MWCNTs with different CVD growth temperatures. This technique can obtain
topological information on CNTs and simultaneously map each individual Raman peak at any
spatial location on a single nanotube. Combining the spatial resolution of AFM, the chemical
information from Raman spectroscopy, and single molecule sensitivity due to high enhancement
factors from the novel tip, the spectral resolution of this method can reach as low as 8 nm. Figure
3.9 shows the TERS mapping image of a MWCNT showing different Raman bands and spatial
information of tubes from sample 1, which has a growth temperature of 600 degrees. Figure 3.9
(d) shows a topographic atomic force microscopy (AFM) image of the MWCNTS in a 1.5x1.5 um?
square area (638 nm excitation laser). The step size of the AFM image was about 8 nm, and the

scan rate was 1 Hz. AFM data were analyzed by AIST-NT SPM control software.
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Figure 3.9. TERs mapping image of CNTs (sample 1) with Raman peaks chosen at different
points on the same nanotube.
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Figure 3.9 (a) — (c) show confocal Raman images of the same CNT, constructed by the
intensity of the G-band, D-band, and 2D band. Clearly the G-band, D-band, and 2D-band
intensities of MWCNT were observed along the length of the tube, although there is significant
variation observed that is otherwise not possible to characterize the individual tubes even with
high resolution TEM. This indicates that all these three bands are related to MWCNT structural
properties, even though D peak and 2D peak are commonly used to identify defects. Meanwhile,
when the difference between Figure 3.9 (a) and (b) is compared, variation in defects or disorders
along MWCNT length can be identified from the variation in the dark regions shown in the figure.
Figure 3.9 (e) shows two typical CNT Raman spectrum, which were taken from two on TERS
image shown in Figure 3.9 (f). Figure 3.9 clearly indicates that TERS mapping has the capability
to map out each Raman band in a pixel-to-pixel spatial resolution.

In the carbon family, the G peak (~ 1590 cm™) is a result of in-plane vibrations of SP?
bonded carbon atoms. This band corresponds to the tangential vibrations of the graphitic carbon
atoms. For MWCNTSs, the G band shows a broad peak due to consolidation of super-positioning
of the constituent tubes (Kato et al., 2020). The D peak (~ 1350 cm™) is due to out-of-plane
vibrations attributed to the presence of structural defects. In MWCNTS, D peak is an indication of
defects present in carbon nanotubes, carbonaceous impurities with sp® bonds or sp? broken bonds
on the walls of the nanotubes, indicating that the nanotubes can have many degree of disorder
(Yano et al., 2013). The D-band mode involves stretching and bending of C-C bonds. 2D peak
(~2700 cm™) is assigned to a second-order two-phonon scattering process, and considered as a
second order harmonic G band, also known as an overtone or second-order harmonic of the D
mode, it happens as an inter-band process. 2D peak is sensitive to increasing defect density, but

not as significantly as the first-order mode. The 2D peak could be used as an indication of the
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number of graphene layers in multi-layer AB-stacked graphene (L. M. Malard et al., 2009) (Graf

et al., 2007).
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Figure 3.10 TERS mappings of the MWCNTSs (upper row), (a) - (d) show 8 spots chosen on each
tube, each spot is marked at a white line drawn normal to the tube length. (e) — (h) are the CNT
heights at specific spots marked in (a) — (d), respectively.

Figure 3.11 (a)-(c) show TERS mapping of Raman bands for sample batches 2, 3, and 4,
respectively.
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Fig. 3.10 shows the TERS imaging on MWCNTSs performed on individual tubes taken from
four batches of samples grown at different CVD growth temperatures described earlier. For each
MWCNT, eight spots were chosen along each MWCNT, marked by a white line normal to the
tube length. For each spot, its height along the white line was measured and the intensities of the
three main Raman bands of the MWCNTSs (G band, D band, and 2D band) were obtained. A typical
example of the Raman bands images is shown in Figure 3.9 (a) - (c) for batch 1. Figure 3.11 (a)-
(c) are TERs mapping of Raman bands for batch 2-4, respectively. The images in the left column
are G band intensity maps for certain MWCNTSs from batch 2-4, while the images in the middle
column and right column are intensity maps for D band and 2D band, respectively. Similar to
Figure 3.9, mapping of different Raman bands indicated that all these three Raman bands are
related to MWCNT structural properties, while each band may indicate different properties, for
example, carbon atom disorder or structural defects.

Figure 3.12 (a)-(d) shows the three major Raman peak intensities and their changes with
the CNT height, length, etc. as obtained from the spectra taken at the eight locations chosen earlier.
For batch 1 and batch 3, the intensity of three major Raman peaks approximately increases with
MWCNT’s diameter, while for batch 2 and batch 4, there is no relevance between Raman peak
intensities and the tube’s diameters. This might indicate that the growth temperatures applied on
batch 2 and batch 4 were more suitable to grow stable nanotubes. However, the height profile from
AFM of CNTs in batch 2 and batch 4 were not very accurate because they were taken near a large
chunk of tubes, and measurements on more tubes are needed to justify it. All the Raman peaks
intensities were averaged and plotted out in Figure 3.12 (e). Batch 3 has the highest D peak
intensity, which suggests batch 3 has more defects than the other batches. The ratios between 2D

band intensity and G band were found to be positively correlated to the layer numbers of the tubes.
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Batch 3 has the lowest ratio between 2D and G peak, which means batch 3 has the least number
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Figure 3.12. (a) - (d) The intensity of D, G and 2D for four batches, respectively; (e) The
averaged intensity of D, G and 2D peaks for different batches. (f) The ratio of D peak over G
peak, and the ratio of 2D peak over G peak for different batches.

This agrees with the fact that the average diameter from the height profile of batch 3 is the smallest
among the four batches. Batch 1 has the smallest D peak intensity and highest ratio between 2D
and G peak, suggesting a lower growth temperature will help to reduce the defects of the carbon

nanotubes and to obtain a large diameter nanotube. From batch 1 to batch 3, with increasing growth
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temperatures, the ratio between the D peak and G peak increases, while the ratio between 2D and
G peak decreases, which suggests high growth temperature will increase the defect or disorder
density and decrease the number of walls. However, for batch 4, when growth temperature gets
higher, the ratio between the D peak and G peak again decreases, while the ratio between 2D and
G peak increases, compared with batch 3. This might because a high temperature can help to anneal
the tubes and make their structure more organized and less defect. This finding could help to
provide knowledge for the study of the growth of MWCNTs as well as single-tube defect
engineering. Another interesting phenomenon observed was the TERs image showing a sub-micro
domain of Raman peaks, as shown in Figure 3.13 (right side); this may indicate an effortless
method to distinguish between structural or electronic properties. A note that needs to be made
here is for each batch of samples, only one carbon nanotube was chosen and measured, due to the
measurement time was limited. More information about the properties of carbon nanotubes could
be obtained, like microdomain, the interaction between walls, and structural transitions. It requires

more measurements from each batch of samples and a related statistical analysis.

Figure 3.13 (a) Topography image of MWCNTSs from batch 4. (b) TERS map (intensity of the
2D band) overlaid on the physical tube dimension from the dotted enclosure shown in (a).
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Chapter 4 - Ultrafast Laser — CNT Interaction and GNR

Manufacturing

Since the emergence of ultrafast lasers (UFLs), the interaction between light and materials
has attracted widespread interest because of fundamental understanding and applicability to a
variety of materials, from metal to semiconductor to insulators. UFLs also have the potential to be
used in applications in numerous fields, such as ultrafast melting and ablation (Chichkov et al.,
1996; Rousse et al., 2001), fabricating waveguides (Streltsov & Borrelli, 2002), material ablation
(Chichkov et al., 1996), and creating functional surface nanostructures to name few (Ertekin et al.,
2012; Her et al., 1998; Vorobyev & Guo, 2013; Wu et al., 2001). A UFL refers to a laser with a
pulse duration from femtosecond (107%°) to picosecond (1072 s), typically shorter than the duration
of carrier relaxation processes in materials, including the energy transfer process between electrons
and lattice, heat diffusion processes, and the hydrodynamic motion of electrons and atoms.
Compared with nanosecond lasers and even longer pulsed lasers, UFLs have higher laser intensity
and provide more tunability when treating various materials of interest.

This chapter is organized as follows: section 4.1 provides an overview of several types of
processes and mechanisms involved when a UFL interacts with a solid, including absorption,
ablation, plasma formation, and plasmonics. Section 4.2 focuses on the interaction between the
UFL and CNTs and the transition of CNTs into GNRs. This section includes the experimental
details and the development of a finite element modeling to simulate the heat induced to the CNTs
by the UFL. The context of this section is based on the study (Chen et al., 2020) published by the
author. Section 4.3 provides the chapter summary.

4.1 Interaction between UFLs and materials
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Some UFLs, such as femtosecond lasers, operate with laser pulses on a timescale of a
millionth of a billionth of a second. Comparing a femtosecond to a second is equivalent to a second
compared to 30 million years. Given this timescale, a femtosecond laser pulse is short enough to
observe the motions of atoms or even electrons in materials that leads to design materials to

manipulate the properties of the materials.
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Figure 4.1. Typical timescales of energy dissipation and phase transformation phenomena during
and after irradiation of a solid with an ultrashort laser pulse (Shugaev et al., 2016).

Figure 4.1 shows the typical timescales of energy dissipation and phase transformation
phenomena during and after the irradiation of a solid with an ultrashort laser pulse (Shugaev et al.,

2016). In the figure, the yellow-colored processes indicate electronic excitation and heating, which
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occurs immediately after irradiating the ultrafast laser pulse on the material, in a time range of
femtoseconds. After the laser pulses, the electrons-lattice heat transfer occurs, also known as rapid
non-equilibrium phase transformations; this process occurs in the picosecond time range. The
green-colored processes include lattice relaxation to reach homogeneous melting which takes up
to a few hundred picoseconds, whereas the timescale of ablation occurs in the nanosecond time
range. The last stage of this interaction process, shown in turquoise-colored boxes, is the cooling
and solidification of the irradiated area which takes up to a few hundred nanoseconds.

The UFL-matter interaction is a complex process that involves multiple physical
mechanisms. According to the order in which the steps occur, the process can be divided into three
steps: absorption, generation of plasma, and ablation. Here, absorption refers to material absorbing
photon energy, which is the first step in laser-matter interaction. Compared with atoms, electrons
are lightweight and are thus much easier to be excited or removed. Depending on the laser energy
and the material types, three major mechanisms might occur: intraband absorption, interband
absorption, and non-collision absorption. After absorbing the laser energy, the electrons are
equipped with high energy and will need to dissipate the energy to other electrons, to the lattice,
or space. When the laser energy is low and the material is metal, intraband absorption is dominant
because the number of free electrons in the metal is sufficient to absorb the photon energy. In
contrast, when the laser energy is higher and irradiates on a semiconductor surface, interband
absorption is dominant because there are insufficient free electrons. Ablation is the phenomenon
of laser removing the material after absorption, and the ablation can be thermal or non-thermal.

4.2 Laser-unzipping CNTs

The goal of this work is to nanoscale engineer the CNTs using UFL-CNT interactions to

manufacture the GNRs. A manufacturing technique was developed by laser unzipping CNTs to
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address the issues associated with currently available technologies for fabricating GNRs. The
optical and electronic properties, surface topography, and molecular vibrational properties of
manufactured low-dimensional nanomaterials are evaluated in this work. By utilizing high
electromagnetic-field interaction with CNTs, achieved by UFL exposure, a successful
demonstration of the nanomachining of CNTs and their transformation to GNRs and carbon
nanocrystal hybrids was established. The ribbons are narrow (typically less than 15-20 nm in width
or even smaller depending on tube diameter), while the nanocrystals showing well-defined
crystalline structures are embedded along the length of the ribbons from approximately 15 nm
down to 3 nm in size. While the nanotubes are metallic in their electronic properties initially, the
light-matter interaction was shown to transform them to semiconducting and/or insulating phase,
potentially enabling their use in several applications such as nanoscale devices for sensing and
electronics. The processes of using coherent and high-field electromagnetic radiation for laser-
induced nanomachining (LINM) and laser-induced phase-transformation are scalable, spatially
controllable, and operated at room temperature, thus making them suitable for numerous industrial
applications of CNTs and related systems.

4.2.1 Experimental setup

A femtosecond laser system, called Kansas Light Source (KLS) (presently located at the
JRM laboratory in the Physics Department at Kansas State University), was used as the primary
UFL source but an alternative UFL, called the HITS, was also available for the design of the
experiments. KLS is a titanium-sapphire laser system that produces tunable intensity laser pulses
of 35 femtoseconds in pulse duration, or the full width at half maximum (FWHM) of the intensity.
It generates the pulses using the principle of chirped pulse amplification (CPA), with a central

wavelength of 790 nm and a repetition rate of 1 kHz. Figure 4.2 shows the schematic representation
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of the experimental setup. In this experiment, the laser beam, which is linearly polarized, was
focused onto the sample/substrate, with a pulse energy of 1.8 mJ. Before the laser treatment, the
sample containing CNT network, had a random distribution of tubes spread on a patterned silicon
chip. The sample was placed on a 3D motorized translation stage in ambient air. The size of the
chip containing the nanotubes was much larger than the laser spot size, so the 3D translation stage
was programmed to move the sample in the XY direction (stage speed = 0.1 mm/s) to ensure all
the nanotubes were treated with laser radiation. Minimal overlapping of spot area was calibrated
while moving the stage back and forth. The laser fluence was varied from 0.1 to 2 J/cm?; by using
a lens with a focal length of 50 cm, leading to achieve a large laser spot size with a diameter of
270 um and a laser fluence of 2 J/cm?. A schematic diagram of the laser irradiation setup is
provided in Figure 4.3 , which shows the sample surface as normal to the incident radiation. A
laser pulse treatment time of 2 seconds per laser spot was considered, resulting in approximately

2,000 laser pulses being received by individual MWCNTSs.
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Figure 4.2. UFL irradiation experimental setup.
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The laser irradiation experiment was performed according to the following procedure:
Optically align the laser system and collimate the laser beam.

Place the sample on the 3D motorized translation stage.

Move the stage such that the laser spot falls at a specified point on the sample (typically one
edge). Place the sample 3 cm away from the focal spot along the collimated beam.

Align the laser to ensure that the sample plane is vertical to the laser beam propagation
direction. This alignment is performed by using the beam at low power and monitoring its
position at different locations along the optical path.

Shine the laser beam (at a low power setting) at the centers of the four large alignment markers
at the four corners of the chip (these are the reference points on the chip that are used to
determine the extent of the stage movement required to scan the whole sample).

Estimate the laser beam diameter to determine the pitch size used for laser scanning. This is
accomplished using carbon tape affixed to a metal disk and inserting it onto the laser path at
the point of interest along the optical path.

Program the 3D translation stage to ensure the laser beam moves along the substrate surface
uniformly and covers the whole surface.

Set the velocity of the stage at 100 um/s to ensure the laser beam to irradiate over the whole
substrate area.

Conduct a series of experiments with varying laser fluence values. The detailed parameters

are listed in the table shown in Figure 4.5 (b).
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Figure 4.3. (a) Laser beam scanning path; (b) laser beam parameters.

4.2.2 Sample preparations and Microscopy Studies

The following steps were involved in the MWCNT sample preparation for electron
microscopy and AFM. To begin, MWCNTs were purchased from Nanolntegris Inc. (catalog
#MW30-141). The outer diameters of most of the tubes were varied from 10 nm to 20 nm, the
inner diameter was approximately 4 nm, and the length of the tubes was varied from 1 pum to 12
pm. SEM images (Figure 4.4 (a) and (b)) and TEM images (Figure 4.4 (c) and (d)) of the original
MWCNTSs were taken and the average diameter of the MWCNTSs was between 10 nm and 20 nm.
Additionally, the number of walls (equivalent to the number of rolled graphene sheets) present in
the MWCNTSs were counted from the TEM images. These observations were consistent with the
predicted nanotube’s outer diameter. For example, for the tube shown in Figure 4.4 (d) (a nanotube
with 10 graphene-like layers), then with a ~ 4 nm inner wall diameter, the outer diameter of the
tube is approximated by d,,;(nm)= 4nm+ (2%9%0.34)nm+ (2*10x0.32) nm =
16.52 nm. The gap between each wall is 0.34 nm and each wall thickness is 0.32 nm (Cai et al.,
2009), and the interlayer distance is 0.34 nm in a CNT (Palser, 1999). The image in Figure 4.2 (d)

shows a similar outer tube diameter.
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Figure 4.4. (a) & (b) SEM images of stating (untreated) MWCNT; c) & (d) TEM images of
untreated MWCNT.

The most critical requirement for the formation of the nanoribbons and nano-diamond
embedded nanoribbons is to first make a clean suspension of the nanotubes in an organic solvent
(explained below) by dispersing well inside the fluid. Once this is achieved, the nanotube
concentration in the solution can be altered by diluting the suspension with a parent solvent; the
solution can then be drop-cast onto the chip (as previously discussed). In our experiment, we used
the organic solvent DMF (from Sigma-Aldrich, USA). Samples were prepared according to the
following procedure:

1) Dissolve 0.4 mg MWCNT powder into 20 mL DMF in a vial, and double dilute the solution.
The density of the MWCNT/DMF solution should be 10 mg/L.

2) Place the vial with the solution in an ultrasonic vibrator for one hour. The water temperature
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3)

4)

5)
6)

7)

8)

will rise upon sonification. Avoid the temperature rising to above 40 °C; if it does, allow a few
minutes to cool down or reduce the ultrasonic power.

Leave the solution overnight.

Use a pipette to gently pull 10 uL of the supernatant solution and drop it on the chip. Prior to
the solution being dropped, the chip was cleaned by sonicating and rinsing with acetone (5
min), isopropyl alcohol (5 min), and methanol (5 min.). Finally, the chip was dried on a
hotplate set at 50 °C for 5 min).

Let the sample dry for at least 6 hours in the air.

Place the sample on a hotplate set at 65 °C for 5 min.

Remove the DMF solvent following this procedure: a) soak the sample (MWCNTSs on the chip)
in toluene for 30 min at room temperature; b) remove it and soak in acetone for 30 min at 65
°C; c) soak the sample for a final time in methanol for 30 min at 65 °C; d) remove the sample
and let it dry in air.

Place the sample on a hotplate set at 65 °C for 5 min.

The chip used in the project was specially made with markers of coordinates of locations,

as shown in Figure 4.5 (a). This is critical because CNTs and GNRs are hard to locate under an

AFM; since the maximum scanning area of AFM is 11 um, it is important to know the location of

the samples at the start of the AFM imaging. Optical microscope images of the tubes with respect

to their relative location to the alignment markers can help locate an individual nanotube. AFM

imaging, SEM imaging, and HRTEM imaging were systematically performed to monitor the

nanoscale structural changes and nanotube/nanoribbon to nano-diamond crystal phase formation

as a result of intense light interaction with the nanotubes. To closely monitor these events, we

performed the above experiments side-by-side, with one set of measurements without laser
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irradiation and a second set with laser irradiation. Figure 4.5 (d) shows a representative AFM
topography with the tube’s diameter shown in Figure 4.5 (e). All the images in Figure 4.3 are

representative of individual MWCNTSs without laser irradiation.

Figure 4.5. (a) Optical microscopy images of the samples before laser treatment; (b) low-resolution
TEM image of the CNTs used in this study; (c) high-resolution TEM image of the represented
MWCNTSs; (d) and (e) atomic force micrograph image and the corresponding height profile of a
representative MWCNT with a diameter of 15.4 nm (Chen et al., 2020).

4.2.3 Results and discussion of Laser-MWCNT interaction

The optimized laser conditions for the process were obtained by irradiating the MWCNTSs
with varied laser intensities, and an optimal fluence of 0.15 J/cm? was obtained which was
subsequently used to study the interactions with the tubes.

For comparison purposes, fresh MWCNTs were initially examined without laser
irradiation; the same measurements were subsequently performed over the same location on the
chip after the laser irradiation. Figure 4.6 shows a series of resulting AFM images of the MWCNTSs

after laser irradiation. As shown in Figure 4.6 (a) and (b), the tube diameter of a nanotube before
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the laser radiation was 9.2 nm; after the laser radiation, the height of the same nanotube was 1.9
nm, without a significant change in width. This result provides direct evidence of a nanotube
geometry converting to a nanoribbon due to high-field laser-matter interactions. To further verify
this effect, we imaged several nanotubes, as shown in Figure 4.6 (c). As can be seen in the figure,
the topography of a cluster of MWCNTSs changed entirely. To investigate the local geometry, we
selected two areas (circled in Figure 4.6 (c)) and measured their local height profiles (Figure 4.6
(d) and Figure 4.6 (e)). The results showed heights of 2.1 nm and 1.8 nm, respectively, with widths

comparable to those of the original tubes.

h=1.8 nm
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Figure 4.6. AFM image of a nanoribbon cluster formed by femtosecond laser exposure with 0.15
Jlem? laser intensity; (a) AFM image of an original tube (diameter 9.2 nm) before laser exposure;
(b) AFM image of the same tube after laser exposure (diameter 1.9 nm), indicating ribbon
formation; (c) laser exposure on a cluster of nanotubes, converting most of them to nanoribbons;
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(d)—(e) two features within the cluster are selected and scanned, showing heights of 2.1 nm and
1.8 nm, respectively. (f) MCNTs Raman spectrum, and (g) carbon/GNR Raman spectrum, probed
with a 532 nm excitation source (Chen et al., 2020).

While CNTs are uniquely characterized by their diameters and chirality, in the case of
CNRs, they become more complex, due to their widths, thicknesses, and edge states. Raman
spectroscopy, a nondestructive measurement technique capable of probing the structural
information of the nanomaterial and addressing issues such as metallicity, strain, chirality, etc. of
the nanotubes, was carried out on the MWCNTS and nanoribbons. In the Raman spectrum, CNTs
(particularly MWCNTS) are characterized by several principal peaks. The peak at ~1585 cm™,
corresponding to C-C bond vibration along the tube direction (axial or tangential direction, with
neighboring atoms in opposite phase movement), represents the G peak. The peak at ~ 1348 cm™
corresponds to a defect-induced peak activated by structural defects and/or disorders (D peak).
The peak at ~2695 cm™ corresponds to an overtone of the D-peak (two-photon Raman process)
and is termed a G’ peak or 2D peak. Additionally, although not shown here due to coincidence
with a nearby silicon/oxide peak, a fourth peak was also characterized at low frequencies (about
100 to 300 cm™) that may correspond to the RBM (Delhaes et al., 2006; Lehman et al., 2011). As
the CNTs are converted into the CNRs, changes in the above peaks are expected due to their
sensitivity to the geometry (Bischoff et al., 2011; Rodriguez et al., 2019). A comparison of the
Raman spectra of the MWCNTSs and the CNRs is shown in Figure 4.6 (f) and Figure 4.6 (g). Since
the Raman spot size (~ 1um in diameter) is much larger than the width of an individual MWCNT
or nanoribbon, the spectra obtained are averaged over multiple CNTs and CNRs present in the
cluster discussed previously.

The Raman shift positions are consistent, although with some notable observations. The

original MWCNTSs possess a high degree of disorder, as evidenced by an FWHM value of the D
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peak of 59 cm™. Although no visible fault lines or structural inconsistencies are observed in the
tubes from the HRTEM images, these features could arise from the surface defects and
deformations in these long and tortuous tubes. The D-peak remains strong after the laser treatment
but with a narrower distribution, with an FWHM value of 51 cm™. A comparison of the D peaks
between the tubes and ribbons shows almost no changes in D-peak positions (1350 cm for tubes
vs. 1351 cm™ for the ribbons), indicating an absence of enhanced disorder-induced scattering
contributions in the nanoribbons. A ratio of D to G peak of more than unity in both the geometries
is indicative of a retention of higher structural defects present after the interactions of tubes with
the femtosecond pulses. The apparent G-peak for both the tubes and ribbons shows asymmetry
and fitting with Lorentzian peaks, which indicates the G peak splitting into a peak with a lower
wavenumber or lower energy peak and a higher wavenumber or higher energy peak. The lower
energy peak represents the G-peak and the higher energy peak is a characteristic of a defect-
induced peak, known as a D’ peak, which arises due to intra-valley scattering of electrons by LO
phonon in contrast with inter-valley scattering for a D peak involving TO phonon (Ferrari, 2007;
L. Malard et al., 2009). The G peak position is close to 1580 cm™ which is similar to that of the
graphene G peak (1586 cm™ and 1588 cm™ for MWCNTs and CNRs, respectively); in addition,
its FWHM value is similar to that of the graphene G peak (26 cm™ for the tubes and 19 cm for
the ribbons). The D’ peaks are present at 1621 cm™ and 1622 cm™ for MWCNTs and CNRs,
respectively, with FWHM values of 56 cm™ for the tubes and 38 cm™ for the ribbons. The
asymmetry and splitting observed (with individual fitted peaks described above) in both MWCNTSs
and nanoribbons are shown in Figure 4.6 (f) and Figure 4.6 (g), respectively. From the ratio of Ip
and lg, it is evident that the defects and disorders increase after the tubes transform into ribbons

(Io/lg is 1.3 for MWCNTS as opposed to 2.05 for ribbons), but with a narrower distribution. A
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peak at 1453 cm™ is visible for the nanoribbons but not the original nanotubes. The peak at this
position was previously analyzed by Ren et al. as one of the two bands (the other is at 1530 cm™)
responsible for hydrogen atom-terminated localized vibration of the edge atoms (Ren et al., 2010).
Finally, there is a substantial softening of the 2D peak (or G’ peak) for the nanoribbons as well as
a decrease in the 2D peak intensity. All these changes observed may result from the edge states
produced in the nanoribbons and/or the phase transformation (discussed later) of the carbon lattice
(some sp? carbon converting to sp®, as discussed previously in the context of Figure 4.6 (h)) due
to the incoming heat flux from the laser.

Although the high-field interaction of electromagnetic radiation with the nanotubes leads
to the formation of nanoribbons, closer observation of the GNR structure in Figure 4.6 (c) and
Figure 4.7 reveals the presence of small dot-like structures along the length of the ribbons. To
probe these dots, the HRTEM measurements were carried out in which the nanotubes in solution
were directly dispersed on a TEM grid and cleaned; subsequently, the TEM grid with the tubes

was laser-treated with the optimized laser power used earlier.

Figure 4.7. AFM images of nanoribbons
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In Figure 4.8 (a), TEM images show a cluster of ribbons with an embedded dot-like
structure. Many of the GNRs are associated with these high-contrast nanoparticle-type embedded
structures. Moreover, Figure 4.8 (b) shows the representative diffraction pattern taken on one of
the dots. Figure 4.8 (c) shows an HRTEM image of representative nanoparticles of 3 nmand 5 nm
particle size with clear crystallographic orientations/planes. Therefore, the high-contrast dots
observed in the TEM images in Figure 4.8 (a) and AFM images in Figure 4.7 are nanocrystals. To
further explore their atomic composition, we performed energy dispersive x-ray spectroscopy
(EDX) analysis of the same 5 nm nanocrystal in the TEM chamber. Figure 4.8 (b) shows the
elemental peaks of carbon, cobalt, iron, copper, and oxygen present in the nanocrystal. These
results indicate that the nanocrystals are formed from carbon atoms with the presence of iron and
cobalt magnetic impurities arising from the catalyst particles used for the CNT growth and oxygen
most likely from atmospheric contamination, particularly during photothermal-induced
atmospheric oxidation. The copper signal arises from the TEM grid. Understanding the formation
of this crystallographic phase transformation, starting from the sp? phase of CNTs to the sp? phase
of nanoribbons to, finally, the carbon nanocrystals (possibly, the sp® phase), is of continued

interest.

Figure 4.8. (a) TEM image of a cluster of GNR/nanocrystals. The inset image shows the
representative diffraction pattern taken on one of the dots; (b) EDX spectrum of the GNR/
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nanocrystal hybrid, with peaks of carbon, cobalt, iron, copper, and oxygen visible; (c) HRTEM
images of GNRs/nanocrystal hybrids; while the GNR on the left shows a nanocrystal ~12—-15 nm
in diameter (extending the width of the ribbon), the GNR on the right shows the onset of crystal
formation (~3 nm diameter) as the tube/ribbon interacts with high-field laser radiation; the white
lines are inserted for guidance to the eye for convenience; the scale bar is 2 nm (Chen et al., 2020).

Figure 4.9. (a)—(f) TEM images of nanoscale phase transformation.

Figure 4.9 (a)—(f) provides more evidence with low resolution (the image with some CNRs
captured on the edges of the TEM grid) and high-resolution TEM images of the nanocrystals at
different stages of their crystallographic formation, such as early-stage formation, and structures
with a core-shell type of formation with crystalline core and amorphous shell. The amorphous
shells are typical spherical particles of carbon with concentric graphite-type shells, known as
‘carbon onions’, which here are evidence of crystallographic transformation of carbon atoms from

one phase to the other enabled by the light-matter interaction. Since the light-matter interaction
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involves a temperature of thousands of degrees for an extremely short period on the surface of the
geometrically confined CNTSs, this laser-induced phase-transformation (Rao et al.) process could
be exploited for future nanoscale material synthesis. Indeed, studies have reported on carbon
nanotube to diamond crystal structure transformation, carbon onion to diamond structure
transformation, and a reversible phase transformation between nano-diamond and carbon onion;
these transformations could be investigated using laser-nanotube interactions (Sun et al., 2004;
Wei et al., 1998; Xiao et al., 2014). The process of using coherent and high-field electromagnetic
radiation for LINM and laser-induced phase-transformation (Rao et al.) is scalable, spatially
controllable, and is performed at room temperature, making it suitable for numerous industrial
applications of CNTs and related systems.

4.2.4 Infrared nanoimaging studies

To determine the physical properties of all the sample regions, we performed systematic
infrared nanoimaging studies of our samples with a scattering-type scanning near-field optical
microscope (s-SNOM) (Chen et al., 2019; Fei et al., 2011; Hu et al., 2017). The s-SNOM s
designed based on an AFM and can measure simultaneously the topography and optical
information of the sample with a spatial resolution of approximately 25 nm. The probing laser
energy is set to 0.11 eV. With s-SNOM, we measured the amplitude and phase of the complex
infrared (IR) near-field signals. With the measured IR signals, the IR optical constants of the
measured samples were determined. As shown in Figure 4.10, we plot simultaneously the AFM
topography (Figure 4.10 (a)), IR amplitude (Figure 4.10 (b)), and IR phase (Figure 4.10 (c)) of a
representative sample region that contains many MWCNTSs and laser processed GNRs. We then
select three spots (marked ‘P1°, ‘P2’, and ‘P3’ in Figure 4.10 (a)) in the image, where three 1D

features are seen. In Figure 4.10 (d)—(f), we plot the line profiles taken perpendicular to these
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features. As shown in Figure 4.10 (d), the features at ‘P1’, ‘P2’, and ‘P3’ have heights of
approximately 12 nm, 3 nm, and 1 nm, respectively, indicating P1 with nanotube signature, and
P2 and P3 with nanoribbon signatures. Their widths are significantly smaller than the linewidths
of the AFM peak profiles (marked with a double-sided arrow in Figure 4.10 (d)).

Regarding the IR properties of the three nanotubes and nanoribbons, from the IR images
and profiles in Figure 4.10 (b)—(f), we observe a significant signal difference between the nanotube
at ‘P1’ and ribbons at ‘P2’ and ‘P3’. Both the IR amplitude and phase of the nanotube at ‘P1’ are
higher than those of the SiO./Si substrate. In contrast, the ribbons at ‘P2’ and ‘P3’ have a weaker
IR amplitude compared to that of SiO2/Si, with no apparent phase contrast. Using quantitative
modeling, we converted the IR amplitude and phase signals to effective infrared permittivity: ep1
~ -6 + 0.6i, ep2 = 4.2 + 0.2i, and ep3 = 4.2 + 0.2i. Based on these numbers, we interpreted the
nanotube at ‘P1’ to be metallic, which is as expected for an MWCNT. The nanoribbons at ‘P2’
and ‘P3’, on the other hand, were determined to be either insulators or semiconductors with sizable
bandgaps. We believe that they are multi-layer nanoribbons (MLNRS) and are generated by LINM
of MWCNTSs with laser irradiation (discussed in greater detail in the next section and shown in the
modeling section). Although the origin of the semiconducting/insulating behavior of these MLNRs
is not fully explored in this work, it is possible that laser irradiation, by breaking the material
symmetry and introducing unique types of defects into these nanoribbons, causes electron
localization, resulting in insulating/semiconducting behavior. It is also possible that edge oxidation
occurs during laser irradiation, leading the samples to become partially graphene oxide
nanoribbons, as shown in the EDX. Finally, due to the phase transformation from sp? to carbon

nanocrystals, the latter nanoscale crystals will develop higher and tunable bandgaps.
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Figure 4.10. Infrared nano-imaging data; (a)-(c) AFM topography, IR amplitude, and IR phase
images of a typical sample area, respectively; (d)-(f) topography, IR amplitude, and IR phase line
profiles taken perpendicular to the nanowire features at locations ‘P1°, ‘P2’, and ‘P3’; these line
profiles were taken perpendicular to the nanowires; the double-sided arrows in (d) mark the
linewidths of the three topography peaks (Chen et al., 2020).

4.2.5 Finite element method modeling of heat transfer

4.2.3.1 Governing equations

To understand the conversion of the MWCNTSs to GNRs or CNRs, we next modeled the
femtosecond laser heating process of MWCNTSs and estimated their transient temperature profile
during laser irradiation using finite element analysis with COMSOL Multiphysics 5.3. In our
model, femtosecond Gaussian laser pulses were applied to the MWCNTSs as the heat source (used
as heat flux). A laser pulse energy of 2 mJ with 800 nm wavelength and a pulse width of 40 fs
were used as input parameters. The range of average laser power used in the experiment was 57—

114 mW.
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Figure 4.11. Finite element modeling to study the heat transfer processes during femtosecond laser-
MWOCNT interaction; for simplicity, an MWCNT with three walls is considered; (a) schematic of
the laser treating a carbon nanotube; (b) MWCNT treated as a hollow cylinder with layered solid
walls; (c) schematic of normal and angular incidence of the laser beam with the nanotube surface;
(d) cross-sectional view of the three-walled nanotube; for ease of calculation, the walls are grouped
into upper-half and lower-half walls.

The model configuration for the fs laser-MWCNT interaction is shown in Figure 4.11.
Figure 4.11 (a) shows the laser irradiation on a single MWCNT (three-walled CNT) kept on a
silicon wafer. The MWCNT is treated as a hollow cylinder with layered solid walls (i.e., continuum
shell model), as shown in Figure 4.11 (b). A femtosecond laser source is treated as a heat source
which irradiates from the top (incoming) layer to the bottom, as shown in Figure 4.11 (a). However,
the irradiation direction in Figure 4.11 (c) is shown in the inverse direction for computational

purposes only. Figure 4.11 (c) shows a schematic of the normal and angular incidence of the laser

71



beam with the nanotube surface that is considered for the implementation of initial and boundary
conditions (the red arrow shows the incident laser beam first irradiating the upper graphene layer
in the nanotube). In Figure 4.11 (d), a cross-sectional view of the three-walled nanotube with the
first, second, and third upper layers and first, second, and third lower layers with respect to the
incident laser beam is illustrated. The upper half and lower half of the tube volume were each
divided into 20 segments (Figure 4.11 (b)) to apply the proportionate amount of heat flux at every
segment, given the curvature of the tube, and for the mesh creation for the boundary value.
Uniform heating by the laser beam was achieved due to the extremely small size of
MWCNTSs. The transient temperature distribution of the single MWCNT was obtained by solving

the governing heat transfer partial differential equation (PDE):

PCy (5t + Uerans-VT) + V.(q + ¢,) = —aT: S+ Q (1)
where p and C, are the density and specific heat capacity at constant pressure. In our calculation,
p is taken as 2100 kg/m® and C, has a temperature-dependent value of 0.75 J/(g-K) at room

temperature (Lu et al., 2006; Pradhan et al., 2009). T is absolute temperature,u, 51 the velocity
vector of translational motion, g and g, are the heat flux by conduction and radiation, respectively;

a is the coefficient of thermal expansion, S is the second Piola-Kirchhoff stress tensor, and Q
contains additional heat sources. The term —aT: % is the thermoelastic damping and accounts for

thermoelastic effects in solids. For computational simplicity, a three-walled CNT was used (cross-
section shown in Figure 4.11 (d)), having graphene-like walls, each with a wall thickness of 0.35
nm. A tube inner radius of 4 nm and length of 1 um were used. To simplify the calculation, we
made several assumptions. First, in our experiment, MWCNTS are located on a substrate, but here
we only consider one individual MWCNT and neglect the reflection caused by the substrate

because the reflection of SiO2 at 800 nm is only 3% (Malitson, 1965). Second, we did not consider
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the heat loss due to the thermoelastic effect due to the much smaller thermal expansion coefficient
of CNTs compared to metals (for CNTSs it is on the order of 10 (Bao et al., 2009). Third, we
assumed fixed spatial locations of the CNTs during laser irradiation, making u;,-4ns Negligible.
The laser spot diameter is ~ 300 pum and the diameters of the MWCNTS are between 10 nm and
20 nm, allowing the Gaussian laser beam spatial profile to be treated as plane waves with evenly

distributed energy over the entire nanotube surface. Then the above equation becomes:

pCy o +V.(q+q,) =Q @)

where Q, in our model, represents the laser heat source with both spatial and temporal Gaussian
distributions. Ignoring the edge effects (since the laser spot size is much larger than the individual
MWCNTS), only the temporal distribution is considered in our simulation. The intensity of the

7 (t tO)

ultrashort pulse can be approximated as I(t) = al, exp( — 2.77 ——), where I, = Ai is the

peak laser intensity, P,,,. is the average laser power, A is the laser spot area, and prr is the pulse
repetition rate (we use 1 kHz, meaning a laser pulse period of 1 millisecond) (Paschotta, 2008). t,
defines the peak location of the laser pulse and the pulse duration zis 40 fs. We considered the

following temporal and spatial distribution for the modeling:

2(x? +y

I(t,x,y) = alyexp (—2.77 (t;%)z) exp (— 2)) (3)

For the mesh creation to implement the finite element analysis, the three-walled CNT was
divided into various zones for heat input (first, second, and third upper layers, first, second, and
third lower layers, input boundary flux, input domain, etc.), as shown in Figure 4.13. o ~ 0.25 is
the absorbance of MWCNTS, which was taken from an experimental value of MWCNT film (Xiao

et al., 2010). Here we use o ~ 0.643 based on the fact that the average diameter of MWCNT is 20

nm and the absorption coefficient of a film of 22 nm is approximately 7.4x10° cm™ (De Nicola et
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al., 2015). The heat fluxes q and gr were calculated using Fourier’s law (g = -kVT) and the Stefan-
Boltzmann law (qr = eo(Tams* — T%)), respectively, where k and o are thermal conductivity and the
Stefan-Boltzmann constant (5.67 x 108 W/ m?K*), respectively, ¢ is the emissivity (~ 1 for CNTSs,
a perfect black body), and Tamb is the ambient temperature (room temperature, 293.15 K). CNTs,
being anisotropic, have a radial thermal conductivity of ~ 1.51 W/m K and an axial thermal
conductivity value of ~ 3000 W/m K, respectively, at room temperature (Kim et al., 2001). Due
to the significantly larger axial value, we neglect the temperature variation due to radial thermal

conductivity (Pop et al., 2006). The temperature dependence of the axial thermal conductivity and

1
(2.769 X 1076+9.20721 X 1077 T)

heat capacity of the nanotubes are fitted according t0 kg0 (T) =

and C,,(T) = (3900 — 21.08 T + 0.03492 T?), respectively (refer to the plots of kgy;q (T) and
C,(T) inFigure 4.12). A summary of the model parameters and details of the boundary and initial

conditions as well as the mesh generation provided in Figure 4.12.

(a) I (b)

‘‘‘‘‘‘‘

Figure 4.12. (a) Figure Gaussian laser beam: spatial distribution; (b) periodic multi-pulse
femtosecond laser beam; (c) temperature-dependent axial thermal conductivity of MWCNTSs (k
axial (T)); (d) temperature-dependent specific heat capacity of MWCNTS (Cy(T)).

74



4.2.3.2  Parameters used in the modeling.
To resolve the numerical model, the parameters discussed in the previous section were used
in the calculation; the parameters are summarized in Table 4.1.

Table 4.1. Finite element analysis model parameters used in COMSOL

Parameter Variable Value Units

Thermal conductivity (Nakada et al., (Nakada et al., W/(m-K)
1996); kij=0 1996)

Density of MWCNT rho 2100 kg/m3

Heat capacity at constant Cp Cp(T) JI(kg-K)

pressure

Diameter of MWCNT r_cnt 3.05[nm] 3.05E-9 m

Length of MWCNT |_cnt 20[nm] 2E-8 m

Laser wavelength lam 800[nm] 8E-7m

Average power of laser p_ave 0.057[W] 0.057 W

Laser pulse width t_pulse 40[fs] 4E-14 s

Laser beam radius r_focus 150[um] 1.5E-4m

Layer thickness of MWCNT t_layer 0.35[nm] 3.5E-10 m

Laser peak intensity |_peak p_peak/area 2.016E16 W/m2

Laser spot area area pi*(r_focus"2) 7.0686E-8 m?

Laser peak power p_peak p_ave/(t_pulse*prr) | 1.425E9 W

Absorbance of 1% layer al 0.29 0.29

Absorbance of 2" layer a2 al*(1-al) 0.2059

Absorbance of 3" layer a3 (1-al-a2)*al 0.14619

Total absorbance of MWCNT a_total al+a2+ad 0.64209

4233
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The boundary heat sources are governed by —n ¢ g = Q,,, where n is the normal vector to
the surface. The quantities of heat sources applied on different layers of the tube are expressed as
follows: Q, = al(t) cos 6, on the 1%t upper layer, on the 2" upper layer, and on the 3" upper layer.
@is the angle between the incident beam and the normal vector of the surface, and a is the total
absorbance of light in MWCNTSs at 800 nm. For boundaries other than the input boundaries, we
applied thermal insulation boundary conditions, which are governed by —n e g = 0. We also
applied surface-to-ambient radiation to all the boundaries.

Since we calculate the time-dependent temperature profile of MWCNTS, the initial
condition (temperature of MWCNTSs at t = 0 s) is the starting point to solve Equation (2) above,
defined as T (x, y, z, 0) = 293.15 K, on the entire structure.

4.2.3.4  Mesh generation and convergence verification

The mesh structure, as shown in Figure 4.13 below, was constructed as follows. In the
radial direction of the tube, we used a minimum mesh size of 0.1 nm; in the axial direction, we
used a minimum mesh size of 100 nm. Three elemental segments along the radial direction per

layer were considered, corresponding to the three-walled tube.

Figure 4.13. (a) CNT mesh structure for numerical calculation
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4.2.3.5  Results and discussion

Figure 4.14 shows the modeling results of the average transient temperature of the
MWCNT when all six layers (in Figure 4.11 (d)) were considered for their absorption with an
average laser power of 57 mW. A temperature of 2200-2000 K is estimated in the upper half of
the tube that may be sufficient to soften (or even ablate) the nanotubes to make nanoribbons.
Furthermore, if we consider the MWCNTSs with absorption of an average laser power of 114 m\W,
an average temperature of 2700-2400 °C will be generated, as shown in Figure 4.15 (a). A
temperature of ~ 2900 K was earlier reported for their onset of sublimation for SWCNTSs (Begtrup
et al., 2007). Since the thermal ablation/etching of MWCNTS is expected to happen at a lower
temperature than that of SWCNTSs, our predicted temperature values are consistent with the
experimental findings. A lower ablation/unzipping temperature in our case could likely also arise
from a high level of defects present in our MWCNTS (as evidenced by the high D peak in the
Raman spectrum). The effect of Stone-Wales defects in SWCNTs by reducing their melting
temperatures from 4800 K down to 2600 K was previously reported theoretically (Zhang et al.,
2007). The transient temperature is generated in picoseconds duration of laser exposure, after
which the heat flow continues toward a thermal equilibrium state. This is rational because the high
electromagnetic field interaction with matter (solid), enabled by a femtosecond laser irradiation,
causes electronic excitation followed by energy transfer (in the form of heat) from electrons to the
lattice. Figure 4.14 (b) shows a profile of the surface temperature of an MWCNT at 0.001 ms.
Typically, this timescale is in the picosecond range, providing the equilibrium timescale for such
processes. To observe the heat accumulation/buildup effects over the entire experimental time of

exposure (and hence, the overheating due to the buildup), the modeling was carried out for 3 ms
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(actual experimental time). As shown in Figure 4.15 (b), no heat buildup and associated temperature

rise were observed due to exposure to thousands of ultrafast pulses.

(a)
T T T T
2000 4
g 1500
> 4 4
2
5
(=%
5 10004 ¢ .
=
' Ist upper layer
2nd upper layer;
3rd upper layer
500 Ist lower Iay:r
‘ =4 2nd lower layer
& 3rd lower layer
0.0 0.5 1.0 1.5 2.0
Time (ps)

B

Figure 4.14. (a) Average transient temperature of an MWCNT when all six layers are considered
for their absorption with an average laser power of 57 mW; (b) surface temperature profile of an
MWCNT at 0.001 ms.
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Figure 4.15. (a) Average transient temperature of the nanotubes with absorption on every layer
with laser average power of 114 mW ; (b) surface heat accumulation and effect on temperature;
surface temperature profile of an MWCNT between time t = 0 and 3 ms.

4.3

Summary
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In this chapter, the interactions between laser and matter, particularly the UFL interactions
with MWCNTSs, were studied with a focus on the high electromagnetic-field interaction with
CNTs. A manufacturing technique of laser-unzipping of CNTs was developed to address the issues
associated with currently available technologies for fabricating GNRs. The optical and electronic
properties, surface topography, and molecular vibrational properties of manufactured low-
dimensional nanomaterials are evaluated in this work. By utilizing high electromagnetic-field
interaction with CNTs, achieved by UFL radiation, successful demonstration of the
nanomachining of CNTs and their transformation to GNRs and carbon nanocrystal hybrids was
made. The ribbons are narrow (typically less than 15-20 nm in width or even smaller depending
on tube diameter), while the nanocrystals showing well-defined crystalline structures are
embedded along the length of the ribbons from approximately 15 nm down to 3 nm in size. While
the nanotubes are metallic in their electronic properties initially, the light-matter interaction
provides them with semiconducting and/or insulating properties, potentially enabling their use in
several applications such as nanoscale devices for sensing and electronics. The processes of using
coherent and high-field electromagnetic radiation for laser-induced nano-machining (LINM) and
laser-induced phase-transformationare scalable, spatially controllable, and operated at room
temperature, thus making them suitable for numerous industrial applications of CNTs and related

systems.
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Chapter 5 - Carbon Nanotube Alignment based on the

Dielectrophoretic Method and Nanoribbon Plasmonics Simulation

This chapter explores the possibility of aligning CNTs by using a principle called
dielectrophoresis (DEP). Also, the chapter will employ a hybrid dielectrophoresis and additive
manufacturing method to align the CNTSs.

The purpose of CNT alignment is to offer a method to the fabrication of GNR arrays. By
combining a material printing technique and dielectrophoretic method the CNT alignment proof-
of-concept was demonstrated. A UFL based nanomachining of aligned CNTs, therefore, will
enable the manufacturing of aligned GNRs. Applications based on GNRs depend on the orientation
of the ribbons and number of ribbons, such as field electrical transistors and on-chip sensors.
Another important application is modifying the optical resonance of graphene plasmonics. If the
CNTs are produced along the required spatial direction, the output GNRs could be well-controlled
according to the pre-designed structures, and thus obtain the desired signals. This chapter first
introduces CNT alignment techniques developed by researchers, then describes the
dielectrophoresis technique and experimental design to align our CNTSs; graphene plasmonics are
then introduced, which is the primary motivation to pursue the alignment of CNTs and GNRs. The
last section of the chapter presents the simulation of GNR array plasmonics.

5.1 CNT alignment techniques

There are two major approaches to aligning CNTs: (1) alignment during the growth
process, guiding the tubes to grow along a given spatial direction, and (2) alignment after the
growth process. We focus on post-growth processing alignment methods that include stretching

CNTs in polymer, applying shear force, utilizing electric and magnetic fields, and printing.
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Stretching CNTSs in a polymer matrix (Peng, 2008) is one type of solid-state process, as
shown in Figure 5.1 (a)—(c). The stretching method utilizes a polymer matrix to pull out embedded
CNT arrays to induce a stable and uniform sheet, followed by spin-coating a composite film. The
CNTs will sit in a polymer sheet, which makes them easy to transfer by peeling them off. This is
a simple and efficient method that can control the thickness and functionality of the composite
film. The drawback of this method is that it is not suitable for all MWCNT arrays, and it largely
depends on the quality of the arrays. The so-called “domino pushing” (Wang et al., 2008) method
(shown in Figure 5.1 (d)) involves a lateral shear force applied during the peeling process which
forces the CNTSs to align in the out-of-plane direction. By placing a cylinder upon the CNT array
with constant pressure, CNTs are pushed over to one direction. After this step, the aligned CNT
sheet is ready to be used by applying a membrane to peel it off the substrate. One drawback of this
method, similar to the previous two methods, is that it requires initial high-quality CNTs. Another
drawback of this method is that some of the CNTs can be damaged during the process.

Magnetic/electric field-induced alignment is an attractive method that relies on the
anisotropic magnetic/electric susceptibility and anisotropic polarizability of CNTs which produce
a magnetic/electric torque that helps the CNTs orient parallel to the field direction. By utilizing a
magnetic/electric field, CNT alignment can be realized either in post-processing or during growth.
For the post-process procedure, to make CNTs rotate and orient freely along the magnetic field
direction, typically a solvent is required to disperse the CNTs. As shown in Figure 5.1 (e) (Goh et
al., 2019), the substrates holding the solution-based or polymer matrix-based CNTs are placed
within a magnetic field. Two advantages of this method are it can reach a high level of individual
CNT alignment, and it is free of any electrodes. The drawback of the magnetic field method is that

it typically requires a strong magnetic field, as high as 10-30 T (Smith et al., 2000). Regarding
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methods utilizing an electric field, electrodes must be deposited on the substrates to apply a voltage
supply, as shown in Figure 5.1(e). The degree of alignment can be controlled by tuning the
frequency and amplitude of the electrical field (Chen et al., 2001). Earlier work, in this regard,
required standard lithographic fabrication of electrodes and the process is typically expensive,
tedious, and does not involve flexible substrates such as plastic, etc. The inkjet printing method
has attracted attention because it offers several advantages, such as it does not need an additional
process of the substrates, it is fast and cheap, and it has the capability to print small-scale electronic
devices directly because it can deposit materials simultaneously or layer-by-layer with high pattern
precision. The degree of CNT alignment by printing depends on the solution suspension, the

surface roughness of the substrate, the rate of evaporation, and the evaporation mechanism.

(a) Carbon nanotubes M HH (d) 2{>
” CVD growth “I“ I e | - oNT Ay
Substrate ecrronerore AN

Silicon Substrate -~

Assembling sheets

on the substrate
e

Polymers incorporated
In CNT sheets

Film

Film peeled off
the substrate

Figure 5.1. CNT alignment techniques; (a)—(c) stretching method (Peng, 2008); (d) domino
method (Wang et al., 2008); (e) magnetic and electric field method (Chen et al., 2001); (f)
printing method (Goh et al., 2019).
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5.2 CNT alignment based on the dielectrophoretic method

As mentioned in the previous section, the electric field has been proven to be an effective
method to align CNTs. When the migration of CNTs in a suspension relies on the electric field,
the mechanism is called electrophoresis. The dielectrophoresis (Wang et al.) method involves the
migration of CNTs due to CNT polarization induced by a oscillating electric field. The degree of
alignment can be controlled by tuning the frequency and amplitude of the electric field. When
CNTs are exposed to an oscillating electric field, an electric dipole moment is created in the tube.
The dipole moment along the longitude axis of the nanotube is much stronger than that in the
perpendicular direction; therefore, the nanotube in a suspension solution has the freedom to be
aligned to the electric field direction. The DEP force on the nanotube can be expressed
(Raychaudhuri et al., 2009) as:

Fppp = TvemeoRe [fom]VE?ms
where I" is a geometry factor that contains the volume information of the nanotube v is the CNT’s
volume, &, and g, are the permittivity of the fluid medium and free space, respectively, and
VErMs is the root mean square of the gradient of the external electric field. The polarization factor
(Clausius-Mossotti factor) f cm is expressed as (Raychaudhuri et al., 2009):

* *
Ent — Em

* *
Eone T 265,

fem(w) =

* 'O— —
f=c—i—,w=2mv
w

Re[f cm] is the real number part of f cm, which is related to the nanotube and the medium. ¢,,, and
Eqne arethe permittivity of the fluid and CNT, respectively. Re[f(w)] is the real part of the complex
polarization factor and E is the electric field. As shown in Figure 5.2, when a CNT is placed in the

DEP field, the dielectrophoretic force Fygp balances the hydrodynamic drag force Fp on the
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nanotube, andF, = n@lr)-072

, Where p is the viscosity of the fluid, I is length of the nanotube,

and r is the radius of the nanotube. V is the fluid velocity which can be expressed asV =

cl2):i (l"ﬁl‘g)_o'm. When the two forces balance, the CNT lands on the substrate. Further details

about the DEP principle are provided in Dimaki’s work (Dimaki & Bgggild, 2004). From the
equation of the DEP force, it is known that the factors that affect CNT alignment include the
geometry of the nanotubes, the properties of the CNT solution/medium, and the strength of the
electric field. In this study, four parameters were adjusted to control the alignment of the
nanotubes: bias voltage and frequency of the electric field, distances of the electrodes, and
concentration of nanotube solution. Since the actual process can be complicated, we will vary
parameters, such as the solution density and the electric field, during the experiments while
keeping other parameters constant. More research on the optimization of DEP processes is needed

in future.

'i . - "\-J 'l. — ‘f L 3 ‘H’ 4=

Figure 5.2. Schematic diagram of the forces experienced by a CNT in the electric field during
DEP process of aligning nanotubes.

The CNTSs used in this work were grown as a forest on silicon substrate using the chemical

vapor deposition method (Lee et al., 2019); the CNTs had a mean diameter of 10 nm and a height
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of 0.418 mm. It should be noted that the average lengths of CNTs were several micrometers after
transferring the CNT forest into the solution and following a sonication process. The nanotubes
were ultrasonically dispersed in an organic DMF solvent (Sigma-Aldrich, USA) to form a
dispersion with a density of 10 ug/L. The chips used in this study are made of glass substrates
coated with a dielectric layer (SU-8) and hydrophobic layer (Teflon), with deposited ITO (indium
tin oxide) as driving electrodes with designed patterns, as shown in Figure 5.3 (b) and (c). The
distances between the two electrodes vary from 20 to 100 um, while the thickness of the electrodes
is 250 nm. Figure 5.3 (a) shows a schematic diagram of a DMF droplet containing isolated CNTs
on a substrate with aligned and microfabricated electrodes. Alignment markers marked in Figure
5.3 (c) on the chip represent the six areas where we dropped the CNT solution. At the marked
Areas 1 to 6, the frequencies of the applied electric field during DEP experiments are 0.5 MHz, 1
MHz, 2 MHz, 3 MHz, 4 MHz, 5 MHz, and 0.5 MHz, respectively. The root mean square voltages
applied from Area 1 to 6 are 116.2 V, 37.7 V, 28 V, 17.5 V, 12.3 V, and 133.8 V, respectively.
For each marked area, 1 pl of CNT solution was dropped on the substrate and the electric field
was applied until the droplet was dried. The SEM images of CNTs after applying an electric field,
shown in Figure 5.3 (d)—(g) were obtained using a Hitachi SU8230 Field-Emission SEM with a 10
kV accelerating voltage. Figure Figure 5.3 (d) and (g) show the aligned CNTSs in Area 3 with low
and high magpnification, respectively; Figure 5.3 (e) and (f) show the CNTs in aligned bundles in
Area 1 and Area 2, respectively.

These images demonstrate that the CNTs were aligned between the electrodes and suggest
that many CNTs have overlapped between two electrodes for low electric field frequencies. CNTs
dropped on Area 3 with the electric field with a frequency of 2 MHz and a magnitude of 28 V root

mean square achieved the best alignment. From the images, it is observed that the nanotube
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orientation is strongly dependent on the magnitude and the frequency of the electric field; it is also
observed that the alignment degree of the CNTs reduced gradually with decreased electric field
frequency. With a lower frequency, the nanotubes were tangled, which suggests an optimization
of the evaporation timing and the concentration of the CNT solution is needed. Fewer CNT bundles
were observed at higher frequencies; however, they are still there suggesting an improved
dispersion method for the CNT solution is needed. The distance between electrodes in Area 3 is
60 um; however, there is no evidence showing 60 um is better than 20 um because, compared with
the distances, the lengths of the CNTs are small. This CNT alignment method based on DEP is

highly reproducible, fast, and low-cost.

00 10.0kV 9.4mm x40.0k SE(M) 10/18/21

Figure 5.3. (a) Schematic diagram of the DEP method; (b) substrate with patterned electrodes; (c)
electrode design diagram; (d)-(g) SEM images of CNTs after applying an electric field; (d) and
(9) aligned CNTs in Area 3 with low and high magnification.

While the CNTs are straight and aligned in the above experiment, the CNTs are tangled
together; we hypothesize two reasons for this. First, the density of the solution is high or the CNTs
are not dispersed evenly, so while the CNTs are migrating and settling, they are attracted to each

other and form bundles. This can be resolved by diluting the solution and utilizing IPA as the
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solvent because the concentration of CNTSs dispersion in IPA is less than that in DMF. Secondly,
the applied electric voltage is high, thus the DEP forces on the CNTs are higher than the dragging
forces, meaning the CNTs do not have sufficient time to react and migrate. The proposed solution
to this is to apply lower electric field and use IPA as a solvent because IPA can volatilize faster
than DMF. Another phenomenon we observed is that the CNTs only become aligned near the
electrodes and there are far fewer CNTSs in between the electrodes; this is due to the fact that the
distances between the electrodes in the design are larger than the length of the CNTSs, thus it is

difficult for the CNTSs to travel such far distances.

Electrode Design Considerations Using Material Printer and Conductive Ink: An

alternative approach for the Fabrication of DEP Substrates

2D inkjet printer

Printing tip Silver ink

Figure 5.4. A Microplotter Il from Sonoplot.
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Based on the results of the above experiment, to obtain smaller distances in between
electrodes, we designed a new electrode pattern combining our Microplotter 1l Material Printer
(GIX Microplottor 1I, as shown in Figure 5.4) and the DEP method. Photolithographically
fabricated electrodes with large distances (200 um and 300 um, as shown in Figure 5.5) were
involved for proof-of-concept demonstration of the printing method of the active DEP areas
definition and printing, however, the whole chip can be printed later. Silver microelectrodes (as
shown in Fig. 5.6) on the large-scale electrodes (Fig 5.5) were made to achieve the narrow gaps

for DEP. The average particle size of conductive printing silver ink (purchased from

50 mm
J L Arm length: 10 mm
MRS mm Sl - Arm width: 0.3 mm
12|l 11)f 10 9 8|l 7 Gap between arms: 0.3 mm
5mm s mm U mm W5 mm H s mm Connection line width: 0.2 mm
£ £
£ £
S *¥ 5mm S92MM 5mm 5.2mm 5mm

| | | ]| —— Arm length: 10 mm
il 2 3 4 5 6 Arm width: 0.3 mm
Gap between arms: 0.2 mm
-"-I T | — r Connection line width: 0.2 mm

Figure 5.5. Design of electrodes for CNT alignment.

Aldrich Sigma, product #97022) was 100 nm; we measured the average resistance of a one-layer
printed pattern to be under 10 Q for a straight printed line on silicon over centimeter distance, with
awidth of 200 um. As shown in Figure 5.4, a 10-um diameter glass tip capable of printing a feature
size as small as 10 pum with silver ink. The first layer, shown in Figure 5.5, is a

photolithographically fabricated chip design on glass but in principle it could be printed and on
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any substrates (our future work). In Figure 5.5, the numbers 1 to 12 indicate 12 pairs of arms, upon

which when an electric field is applied with variable parameters during the DEP process. The gaps

between the upper arms and lower arms are 0.3 mm and 0.2 mm, respectively.

(a) F% (b) Eg
Arm 1-6
Arm 7-12

Figure 5.6. (a) and (b) Electrode patterns for microplotter printing; (c) and (e) optical microscopy
images of the printed electrodes between arms 1 to 6; (d) and (f) optical microscopy images of
the printed electrodes between arms 7 to 12.

With the above steps completed, we then used microplotter to print the silver electrodes on

the substrates as the second layer. The designs of two electrodes are shown in Figure 5.6 (a) and
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(b). The printing method is fast, and it enables designing patterns and choosing substrates (such as
flexible substrates); it is therefore an effective method of scaling up and increasing the speed of

the process.

Figure 5.6 (c) and (d) show optical microscopy images of the printed electrodes between
Arms 1 to 6; Figure 5.6 (e) and (f) show optical microscopy images of the printed electrodes
between Arms 7 to 12. The distances between the electrodes depend on the printing process and
ink parameters. The microplotter printing parameters include the printing tip's moving speed as
well as the voltage and frequency applied on the printing tip. The ink parameters include the
dielectric permittivity and the viscosity of the solvent, and the medium dissolved in the solvent.
To simplify the process, we consider the shape and the dimensions of the CNTSs to be similar and

vary our parameters of interest, as listed in Table 5.1.

Table 5.1. Parameters for the printed arms.

Solution Frequency Vp-p (V) [Time (min) Volume
(MHz) (ul)
Arm 1 IPA/MWCNT 3 50 <1 2
Arm 2 | DMF/MWCNT 3 60 20 4
Arm 3 | DMF/MWCNT 3 60 60 4
Arm 4 IPA/MWCNT 0.1 100  |Dry quickly 3
Arm 5 IPA/MWCNT 0.5 100  |Dry quickly 3
Arm 6 IPA/MWCNT 1 100  |Dry quickly 3
Arm 7 | DMF/MWCNT 3 65 30 4 IPA wash
Arm 8§ | DMF/MWCNT 2 111 60 4
Arm 9 | DMF/MWCNT 2 111 30 4 [PA wash
Arm 11 | DMF/MWCNT 2 60 ~60 4
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We performed SEM imaging for all the samples. The resulting SEM images of CNTs

between different electrode arms are shown in Figure 5.7 to Figure 5.11.

Comparing all the results, we concluded the conditions for the best CNT alignment that is
shown in Figure 5.11. They are taken from Arm 4, which uses IPA as the solvent and in which 0.1
MHz frequency and 100 V voltage was applied. However, more research is needed to optimize
this process. The primary advantage of this method is that it offers the potential to scale up for
industrial production, because both the printing and ink formulation processes can be automated

once they are optimized.
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Figure 5.7. SEM images of CNTs between Arm 2 and Arm 3.
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Figure 5.9. SEM images of CNTs between Arm 7 and Arm 8.
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Figure 5.11. SEM images of CNTs in Arm 4.
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5.3 Application: Graphene plasmonics

In this section, a unique and fundamental characteristic, called graphene nanoribbon
plasmonics, is explained with their roles with technological importance.

Plasmonics is the study of the interaction between electromagnetic radiation and free
electrons at metallic interfaces or in small metallic nanostructures, resulting in an enhanced optical
near field generation of sub-wavelength dimension. The properties of plasmonics can be
manipulated by the selection and fabrication of metallic structures of specific geometries. Surface
plasmons are surface waves involving collective electron motion and propagation on metal
surfaces or localized in metal nanostructures (e.g., nanoparticles); where they couple efficiently to
light, they produce a strong confinement of the electromagnetic field (size << wavelength) and
they generate a large enhancement of the optical electric-field intensity (Dennis et al., 2007,
Gonzaélez et al., 2007; Myroshnychenko et al., 2008). However, graphene-based plasmonics does
not require metals and can be tunable by electrostatic field. Graphene is a tunable plasmonic
material that produces unprecedented confinement and strong light-matter interaction in a robust,
solid-state environment (Koppens et al., 2011). Graphene has attracted a significant amount of
attention due to its enhanced electronic, mechanical, and optical properties. The connection
between graphene’s unique properties and plasmonics was first established by Ju’s study in 2011
(shown in Figure 5.12 (a) and Figure 5.12 (b)), which experimentally verified graphene plasmon-
polaritons in micro-scaled graphene ribbon arrays (Ju et al., 2011). This work inspired interest in
graphene plasmonics and paved the way for graphene to become a viable platform for dynamic
control of optical phenomena as a plasmonic material. Plasmonics in traditional metal-based
materials is difficult to tune due to metals having high electron density. Furthermore, tuning can
only be done by controlling the size, shape, and dielectrics related with metal nanoparticles or thin

films (Toropov & Shubina, 2015); thus, the resonance regime is narrow. However, since the
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graphene plasmon resonance is directly proportional to the Fermi level and electron density, it can
be dynamically controlled and tuned via chemical doping or electrical gating (Bludov et al., 2013;
Jablan et al., 2009; Ju et al., 2011; Yan et al., 2013), meaning that graphene plasmonics can be
easily tuned. In addition, graphene plasmonics enables a highly localized electric field and very
high optical enhancements of 10°, about two orders of magnitude higher than that of metals, with
lower losses (Yan et al., 2013). Thongrattanasiri et al. experimentally demonstrated spatial
mapping and electrical tunability of graphene plasmons (Thongrattanasiri et al., 2012). Other
graphene nanostructure designs were investigated in addition to graphene stripes, including
graphene nanoring arrays (Yan et al., 2012), doped graphene nanodisks (Thongrattanasiri et al.,
2012), and stacks of nanodisks (Fang et al., 2014), as shown in Figure 5.12 (c)—(f). Among these
structures, graphene ribbons have gained the most attention because the fabrication technique is
relatively easy and their bandgap is geometrically controllable (Gomez et al., 2018) while most of
the enhanced properties of graphene are preserved. Furthermore, GNRs enable a quasi-one-
dimensional charge carrier confinement (Liu et al., 2009) while preserving enhanced field
properties.

Challenges that remain in graphene plasmonics are to develop cleaner fabrication
techniques that can produce high-quality graphene ribbons with lower losses, and to push the
optical responses to visible and near-infrared range by producing ultranarrow nanoribbons and by

doping appropriately (doping type and concentration).

95



Figure 5.12. Different patterns of graphene nanostructures; (a) top (left) and side (middle) view of
graphene micro-ribbon array control of THz resonance of plasmon excitation through electrical
gating (reproduced from ref (Ju et al., 2011)); (b) transmission spectra with different micro-ribbon
widths of (a); (c) graphene ring array (Yan et al., 2012); (d) doped graphene nanodisks
(Thongrattanasiri et al., 2012); (e)—(f) stacked graphene nano disks and their optical responses
(Fang et al., 2014) .

5.4 Aligned GNR plasmonics simulation using Drude model.

Fully understanding surface plasmon resonance requires quantum mechanical calculations
due to their nanoscale size. When the frequency of the light matches the natural oscillating
frequency of the surface electrons, the surface plasmon resonance condition is established. To
simplify the simulation and reduce computing cost, we assume the material to be a homogeneous
continuum medium, in which the materials' dielectric constant has a complex-valued permittivity
when describing the existence and properties of surface plasmons. Using this assumption and
combining classical electromagnetic theory by considering electromagnetic wave reflection,
transmission, and absorption for GNRs on a silicon dioxide film, i.e., a layered system, we can
simulate the surface plasmon resonance can be simulated and the dependence of the surface

plasmon resonance on the width of GNRs can be explored.
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Figure 5.13. (a) Graphene plasmonics structure; (b) real and imaginary parts of the conductivity;
(c) optical absorption spectrum of free-standing graphene.

The electromagnetic field distribution, reflectance/transmittance, and eigenmodes were
simulated with the ‘Electromagnetic Waves Frequency Domain’ physics interface of the Wave
Optics module in COMSOL. The Wavelength Domain and Boundary Mode Analysis study steps
with COMSOL Multiphysics 5.3 was used. A 2D model (shown in Figure 5.13 (a)) was used in
our simulation to save computing costs. The 2D simulation region was bounded by periodic ports
and Floquet boundaries, and the reflectance and transmittance were calculated from S parameters,
as a function of wavelength.

The essential aspect of this simulation is to determine the plasmonic properties of graphene
numerically. Graphene is a monolayer with a thickness of about 0.35 nm; compared with the
thickness of the silicon dioxide layer (a few hundred nm) and silicon substrate (a few hundred pum),
making the numerical treatment of graphene challenging. Two main approaches to address this
challenge can be used. The first approach is to treat graphene as a solid or thin film with a small
thickness (1 nm was used in this work) and define a permittivity in terms of optical conductivity
ag, light frequency, and thickness. This approach is effective when the dimensions of other layers
are larger than the thickness of graphene. The second approach is to treat graphene as a medium

with surface current with optical conductivity o, and apply it as a boundary condition to the
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interface of two media in which the graphene is placed. This approach is convenient and accurate
because most of the properties of graphene are fundamentally determined by its optical

conductivity. The optical conductivity of graphene is considered to have two contributions and

expressed as o, (®)=0,,,,(®)+0,. (@), in which o (o) represents the intraband
transitions. Intraband transitions means the electrons transitions happen within the conduction or
valence band where the momentum is not conserved. o, (@) describes interband transitions,

which is vertical transitions from the valence band to the conduction band, and the momentum
during the transition is conserved. By combining linear response theory, Kubo formula and some

approximation, the analytical expressions can be obtained (Falkovsky & Varlamov, 2007,

Falkovsky, =~ 2008;  Stauber et al, 2008). o,.(®)= @L and
7 hy—iho
i |\ho-2E, . . .
Oer (@) =0 {@(fza) 2E, )+ h—z} Figure 5.13 (b) shows real and imaginary parts of
w +

e
the ratio between the conductivity of a freestanding graphene o, and o, and o, = Ah . At zero
temperature, or if the condition Er >> KkgT is fulfilled, then the optical conductivity is simplified

4E
as o, (a)) %0 __*r _ The transmittance T and reflectance R of single-layer graphene which is

7 hy—iho
related to its conductivity can be expressed as follows (Goncgalves & Peres, 2016; Markos &
Soukoulis, 2008):

2
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The absorption of single layer graphene is A=1-R-T. Figure 5.13 (c) shows the optical absorption
spectrum of free-standing graphene. The absorption plot has characteristic features such as a Drude
peak at terahertz frequencies, a minimal absorption in the mid-infrared range and the universal
2.3% absorption beyond the far-infrared wavelength range. This result agrees with what is reported
in literature (Low & Avouris, 2014), meaning our model is rational.

By solving the Maxwell equations for a graphene layer embedded in two dielectric media,

the dispersion relations, w(q), can be obtained for the graphene surface plasmon, which is

=L 2y 2@ 0, where &, and ¢, are the permittivity of the two dielectric media

+
k1(q.w)  K2(qw) weg

around the graphene. By ignoring the damping factor and solving the dispersion equation, the

frequency of the graphene surface plasmons w, =~ /ﬁ Ercq can be obtained (Maier, 2007),
1 2

where a is the fine-structure constant and Ey is the Fermi energy (i.e. charge density).

GNR arrays are considered periodic graphene strips with a spatially dependent periodic
conductivity. If the width of the graphene nanoribbon is w and the spacing between the ribbons is
d, as shown in Figure 5.14 (a), the lattice constant is (d + w) when the conductivity satisfies a(x) =

o(x +d+ w). To add the geometry parameters of GNRs, the GNR surface plasmons could be

4am m(w+d)—-w

simplified as woyg = \/h(g — )EFc
1 2

— — Where m =1, 2,.... From this equation, we can

see that the frequency is determined by the doping level of graphene, the environment, and the
geometry parameters of the GNRs. With a smaller width and a smaller spacing of GNR arrays, the
resonant wavelength can be pushed from mid-infrared to near-infrared, and even to the visible
light range. We first simulate the optical response of free-standing graphene. The structure model
shown in Figure 5.13 (a) and Figure 5.13 (b) indicates the real and imaginary parts of the optical

conductivity of graphene used in the model based on a calculation using the Drude model. Figure
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5.13 (c) shows the optical response of a freestanding graphene layer, which agrees well with the

work by (Nair et al., 2008).
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Figure 5.14. (a) Schematic of GNR parameters; (b) layered model used in the simulation; (c)
reflectance, transmittance, and absorptance of a GNR array; (d) resonant wavelength of different
GNR width with w = d.

We then added the dielectric layer to the model and changed the geometry of the GNRs
and added a periodic boundary condition to make the GNR an array. Figure 5.14 (a) shows a
schematic of the GNR parameters and Figure 5.14 (b) illustrates the layered model used in the
simulation, where a GNR is located on a silicon dioxide film; for comparative purposes, we did
not consider the silicon substrate in the simulation. Figure 5.14 (c) shows the reflectance,
transmittance, and absorption of a GNR array with a width of 30 nm and a spacing of 10 nm. As

shown in the figure, a peak is observed in the absorption that appears at 9 um. To understand the

dependency of the GNR surface plasmon resonant wavelength, we first fixed the relationship
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between the spacing and the width of GNR as w = d, where w is the width of GNR, and d is the
spacing between two ribbons. We then decreased the width from 30 nm to 5 nm; the simulation
results are shown in Figure 5.14 (d). As can be seen in the figure, when the width of GNR becomes
smaller, the surface plasmon resonant wavelength gets shifted from the mid-infrared (5.25 pum) to
the near-infrared (2.5 um) range. If we increase the doping level of the GNRs, thereby increasing
the Fermi energy, the resonant wavelength may be pushed even further to the visible light range.

More work is needed to investigate this hypothesis, including experimental work.
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Chapter 6 - Summary and Future Work

6.1 Summary

In summary, this dissertation demonstrates graphene nanoribbons and hybrid ribbons (with
nanocrystals) of sub-20 nanometer and sub-10 nanometer ribbon widths by studying ultrafast laser
matter interactions using carbon nanotubes as starting materials. The method is highly tunable due
to the control of various laser parameters such as intensity and number of pulses exposed, making
it possible to discover various nanomaterials in future. Nanoribbons, hybrid nanoribbons and
nanocrystals, and related nanoscale carbon materials are of numerous technological importance in
electronics, photonics, plasmonics, and sensing devices. The method studied here provides a
pathway to create GNRs of sub-10 nanometer width thereby creating tunable bandgap energies in
graphene ribbon — a key requirement for graphene-based quantum materials for logic devices for
electronics. Since the ribbons are dependent on carbon nanotubes as starting materials and the
nanotubes can be grown as small as 1.5 nanometer in diameter, the method described in this
dissertation will have the opportunity to synthesize GNRs with sub-2 nanometer width for novel
electronics, photonics, and plasmonics applications. Furthermore, the method proposed in this
study is scalable, aligns with a wafer scale synthesis, chemical attachment free, and is tunable with
only few parameters such as laser power density (intensity) and pulse parameters. The method has
potential of unlocking new physics such as LIPT (laser induced phase transition) and LINM (laser
induced nanomachining) to design and discover new quantum materials.

CNTs were grown with well-controlled conditions by a collaborator (Bedewy group at
University of Pittsburgh, PA). The CNTs were grown at different growth temperatures and catalyst
temperatures. Although we have studied the light-matter interaction with one specific growth

temperature and catalyst temperature, in future the study could be conducted for various growth
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and catalyst temperatures to examine the nanoscale characteristics of the GNRs. TERS was used
to characterize the CNTs. However, the TERS study can be extensively studied for tubes grown at
different temperatures and the corresponding GNRs. For the first time it was shown that although
individual CNTs, grown under very high precision (by our collaborator), yet show “Raman
inhomogeneity” in their Raman mapping images when considering the mapping of the tube with
respect to their G, D, and 2D bands. Extensive physics-based nanotube and nanoribbon
characterization, including interlayer interactions, can be studied using the quality of CNT growth,
ultrafast modification, and TERS measurements. Other methods were also applied to characterize
individual CNTSs to distinguish between them and the GNRs, before and after UFL treatments,
respectively. A method to develop nanomachining of the CNTs and turn them into nanoribbons
and new phase transformations leading to carbon nanocrystals with ultrafast lasers was shown to
constitute an attractive manufacturing method. The transformation from the MWCNTSs to GNRs
is found to be more sensitive to the overall laser intensity and less sensitive to laser spot size and
radiation time. A heat transfer multiphysics model based on the finite element analysis method
was used to understand the thermal response under exposure to intense femtosecond pulses. An
approach to achieve aligned CNTs with DEP and their chip-scale integration following a hybrid
subtractive (photolithography)-additive (micro-plotter printing) manufacturing was well
demonstrated. Such a technique will not only align the CNTs, but it can be exploited to fabricate
aligned GNRs (or GNR arrays). The hybrid manufacturing developed is a fast, controllable, and
low-cost method. Aligned GNR arrays have a number of potential applications such as plasmonic
sensors and electronic sensors, to name a few. The tunable GNR widths in the array could provide
possibilities in exploring the optical response for near infrared to visible range. A Multiphysics

model was developed to study the plasmonic properties of the individual GNR and GNR arrays
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based on the finite element analysis method. With smaller GNR width, the surface plasmon
resonant wavelength were shown to be tuned in their resonance frequency from the mid-infrared
(5.25 um) to the near-infrared (2.5 pum) range. Visible range resonance frequency could be
achieved by using single-wall carbon nanotubes to get ultranarrow GNRs. Further GNR plasmonic
study by engineering the doping level of the nanoribbons will further tune the resonance frequency.

6.2 Future work

6.2.1 Fundamental GNR studies

Much of the work could be extended to fundamentally study the laser-matter interactions
by applying advanced simulation of ultrafast light pulses to better understand the GNR synthesis.
Currently such a model is not available and extensive efforts are needed to achieve this. Second,
the nature of nanotubes is very important to understand the GNR synthesized. Tight correlation
between CNT growth conditions, ultrafast laser parameter optimization, and the processed GNRs
will be key activities to better understand the synthesis. Although in this dissertation work a
continuum model was developed using COMSOL Multiphysics heat transfer module to simulate
the temperature increase by the ultrafast laser pulses, there is still a lack of understanding of how
the carbon nanocrystals were formed (as seen by both TEM and AFM). To better understand the
interaction between the incident high-energy photons and the carbon atoms to form new
nanostructures, including their defects and edge, an atomistic model of this 1D nanomaterial is
needed. Time-dependent density functional theory will be the best method to model the light-
matter interaction process to understand the dynamics of this interaction. Also, appropriate thermal
coupling factor of electrons and the atoms (G factor) for CNT is still unclear that is needed for

accurate thermal property study upon ultrafast light interaction. A relatively easy way to gain this
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parameter is to experimentally gain the damage temperature threshold of CNTs by laser and
calculate the G factor using the two-temperature model.

6.2.2 CNT Alignments for GNR array

Extensive optimization of the parameters of the DEP process for CNT alignment is needed,
including the distances of printed electrodes, the frequency of applied electric field, the density of
the CNT solutions, and the type and the vaporization rate of the CNTs solutions. The type of CNTs
(diameter, length, purity etc.) could also be critical for highly aligned CNTs and associated GNR
array manufacturing. The goal is to be able to control the spacing of the aligned CNTs while
achieving a degree of alignment of more than 90%.

6.2.3 Ultra-narrow GNR arrays with Appreciable Bandgap Energies.

Ultra-narrow GNRs are promising for a number of applications such as the CMOS sensors
for information processing due to their appreciable bandgap energies. Two approaches are
suggested to be conducted to obtain aligned ultra-narrow GNR arrays. The first approach is to treat
the aligned CNTSs using the ultrafast laser system. Single-walled carbon nanotubes (SWCNT) with
a diameter of 1 nm to 2 nm will be needed to achieve such GNR array after precise placement of
the tubes following DEP alignment with optimized DEP parameters corresponding to the
SWCNTSs. New optimal laser unzipping parameters corresponding to SWCNT is needed. The
second approach is to utilize the suspended GNRs obtained from the laser unzipping method (post-
processed GNRs suspended in DMF) and utilize the DEP method to align them. All the optimized
DEP parameters corresponding to the GNRs to align them need to be explored. Single GNR and
GNR array plasmonic modeling explained earlier will provide guidelines for devising the

validation.
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Successful demonstration of the above GNRs and GNR arrays will enable studying both
plasmon and electronic properties. Different methods were used to indirectly characterize the
surface plasmons, such as the attenuated total reflection (ATR) method, which requires the grating
coupling and prism coupling to measure far-field optical absorption/reflection/transmission
spectroscopies and electron energy loss spectroscopy (EELS), which uses an electron beam to
excite the surface plasmons. More recently, imaging plasmonics has become a very attractive
method as it provides a visual representation of the plasmons and practical applications of
plasmonics. Scanning Near-field Optical Microscope (SNOM) based near-field excitation has
become a popular way to characterize the surface plasmons. SNOM can be used to “see” the
propagating path of GNR plasmonics and tip-enhanced Raman spectroscopy can be used to
characterize the quality and the edge status of the GNR. FTIR (Fourier Transform Infrared
Spectroscopy) measurements may be conducted to verify the optical absorption of the GNR.

Finally, GNR array-based field effect transistor (FET) devices will provide a great platform
for using a wide variety of sensors. Because of near-field physics, field enhancement in plasmonic
FET sensors will provide a wide range of applications that conventional FET devices will fail to
produce. Since GNR transistors are expected to operate at remarkably high frequencies, meaning
they can switch at remarkably high speeds approaching the terahertz range, plasmonic based high

frequency sensors are proposed to be developed in future.
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