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ABSTRACT

In situ Raman spectroscopy was used to explore etching of carbon nanotubes as
well as their growth from Ceo. The thesis is in three parts: (1) Ceo Seed particles were
partially oxidized in air and were used to grow carbon nanotubes and other nanocarbon
structures. Seed oxidization was characterized by monitoring the evolution of the Raman
Agy(2) peak and the D band, and oxidation temperature was found to be critical to
nanotube growth. (2) To further explore oxidation, carbon nanotubes were thermally
oxidized in air at different temperatures, while the evolution of different Raman bands
was tracked. Etching dynamics and band intensity evolution were tracked in situ. Notably,
metallic species were found to etch much more rapidly than semiconducting species of
similar diameter. (3) To confirm and expand on this, a novel, simultaneous two-laser
Raman spectroscopy setup was used to track the thermal oxidation of carbon nanotubes in
O, and CO- gases at different temperatures. Metallic species were resonant with one laser
line, while semiconducting species were resonant with the other, so changes to sample
metallicity could be tracked unambiguously in two separate spectra. Again, metals were
found to etch more rapidly. In situ Raman spectroscopy can track the evolution of
nanotubes in real time and provide insight into processing. In general, detailed process
monitoring like this can help in the development of selective synthesis and processing.
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1. INTRODUCTION
1.1 Motivation

Carbon nanotubes (CNTSs) are quasi-one dimensional nanostructures that have
been the subject of intense research over the past two decades.[1,2] They are allotropes of
carbon that take the form of nanometer-wide cylinders with one or more concentric layers.
Originating from their sp>-hybridized bonds and the large disparity between their width-
to-length ratios, they exhibit extreme physical properties including, but not limited to,
high electric current capacities and carrier mobilities, high thermal conductivities, and
high tensile strengths and stiffnesses.[3-8] Conceptually, they can be thought of as rolled
up 2D sheets of graphene, another heavily-researched nanocarbon, which are closed
either at one or both ends with a half-fullerene cap. CNT structures are defined by how
tightly and at what angle these sheets are rolled (i.e. their "chirality"), with the resulting
pristine CNTs being either metallic or direct band gap semiconductors with variable band
gaps sizes.[3]

Therefore, CNTs have been studied for a wide variety of material applications,
whether they are separated individually or used in bulk.[8,9] Some of these more heavily
researched usages include flexible electronics, transparent and conductive films,
supercapacitors, conductive wires, field emission displays, thermoacoustic devices, high
strength composite materials, actuators, blackbody absorption, dry adhesion, energy
storage, chemical sensors, and scanning probe tips.[8-11] Furthermore, pristine CNTs
may be doped, chemically functionalized, or "unzipped" to form graphene sheets. In all
these roles, chirality has a direct impact on how the CNTs behave.

Over time, CNT material costs have gradually decreased as different high yield
growth methods have been developed, but as of yet, facile, commercially viable,
chirality-specific CNT growth has not yet been fully achieved.[12-14] Currently, post-
growth, solution based CNT separation techniques have been particularly successful as a
means of separating metallic and semiconducting CNTs, but these techniques require
multiple processing steps and can introduce impurities in to the final product.[9,15-17]
Therefore, there is considerable interest in studying chirality-selective CNT growth and



destruction reactions. The kinetics and basic mechanisms involved in such reactions are
generally still not fully understood, but might be monitored by analytical tools in order to
determine the cause of their selectivity.

In particular, the role of oxygen in different nanocarbon growth and destruction
reactions is also an important topic that is a central theme in this work. The presence of
various oxygen chemical species, for example, is essential in certain synthesis processes
that produce high yields of CNTs, and is known to play a role in both the removal of
defects in graphitic materials, and different types of doping.[18-21] Furthermore, metallic
CNTs in transistor-like devices can be resistively heated and preferentially burned away
in atmosphere.[22-24] It follows that it is important to control and analyze the presence of
air and water vapor when dealing with nanocarbon chemistry. A miniature CVD reactor
system was adapted so that the gas phase oxidation of different nanocarbons in air, O,
and CO; can be reliably performed while being monitored in situ.

In situ Raman spectroscopy, a powerful optical characterization technique, is the
primary characterization method that we use to directly track nucleation and oxidation
reactions as they occur. In Raman spectroscopy, essentially, when incoming laser light is
directed at a material with distinct vibrational states, most photons are scattered
elastically, but a small fraction will interact and scatter from these states at shifted
frequencies. If these scattered photons are collected and analyzed, they produce a unique
spectrum that identifies the material and by the chemical bonds the frequencies represent.
Furthermore, different peaks within this spectrum will be enhanced if the laser frequency
is resonant with different electronic states within the material system. In the case of
nanotubes, CNTs of different chiralities, diameters, metallicity, and defect levels will
produce distinct Raman spectra. [25-29] By monitoring materials in situ and tracking
changes to spectra as they evolve we get direct information about changes in the
populations of CNTs and other nanocarbons.[30-34]

This thesis reports three separate, but related studies.

In our first study (Chapter 2), we analyze the nucleation and growth of CNTs
from Ceo "seed™ molecules within a chemical vapor deposition (CVD) reactor. This is a
potential technique for chirality and type specific synthesis. It differs from the more

established CVD synthesis of CNTs using catalytic nanoparticles, which often consist of



metals or metal oxides, encompasses a well-established family of techniques. However,
the resultant grown CNTSs are typically a mixture of metallic and semiconducting CNTs,
with a range of different diameters. By instead using partially air-oxidized, fullerene
molecules of uniform diameter as catalyst particles, we expect grown CNTSs to be more
structurally similar to each other and to fall in to a smaller set of chiralities. Cloning of
seed particles has long been a part of nanotube synthesis work. Our work on Ceg seeds
was stimulated by progress in this area reported in 2010.[35] In short, better control over
seed particles should lead to better chirality control.

Consistent with Yu et al.,[35] we observed that oxidation was critical to this
procedure, and that in situ Raman was well adapted to investigate it. We were able to
characterize the partial oxidation of the seed particles quite well, and distinguish different
temperature regimes at which different nanocarbons were preferably grown. Ultimately,
CNT vyield was extremely low and it was difficult to obtain Raman spectra for individual
growing CNTs. An in-depth analysis would require a more mature process with higher
yields. However, we recognized oxidative etching as a critical step for Ceo Seed growth
and became interested in exploring this process on CNT ensembles. The in situ Raman
technique that we applied was found to be an effective way to track changes during the
etching process. The nanocarbon dispersion techniques that were developed and the good
gas flow control method we established during the air oxidation step allowed us to pursue
subsequent oxidation experiments.

In the second study (Chapter 3, published in the Journal ACS Nano), we
investigated the oxidation process for single-walled CNTs (i.e. SWCNTSs) themselves.
Thin films of SWCNTSs were prepared via CVD, loaded in to our gas flow apparatus and
controllably oxidized in air at different temperatures, while being probed with in situ
Raman spectroscopy. Interestingly, across all runs, we found spectral evidence that
metallic CNTs etched faster than smaller diameter semiconducting CNTSs. This is an
important result because many technological applications require CNTs of only one type
(i.e. either semiconducting or metallic), and the type selective etching that we observed
could be tracked in real time. Furthermore, we found that the graphitic population
declined biexponentially during combustion, across all temperatures. Also, while etch

rates of different CNT species was found to vary, the activation energies associated with



these rates was actually found to be similar, likely indicating that the overall chemical
steps responsible for etching were similar for these different species.

In our third study (Chapter 4, just published in the Journal Carbon), we were
interested in obtaining improved Raman spectra that could more clearly distinguish the
difference in etching rates of metallic and semiconducting CNTs observed in the previous
chapter. Therefore, the optical setup was modified. While the first two studies only used a
single incoming green laser line at 532 nm, a second red laser at 633 nm was added to our
system. In this novel in situ Raman setup, two distinct Raman spectra could be obtained
simultaneously for each laser. This was highly advantageous since a particular set of
CNT samples, here produced by laser ablation, could be chosen such that it had metallic
and semiconducting CNTSs of similar diameter, which were nearly exclusively resonant to
the red and green laser lines, respectively. This meant that when both lasers were used,
one spectral range would show a population of metallic CNTs, while another spectral
range would simultaneous show a population of semiconducting CNTs.

Therefore, in this work, etching was performed on this sample type, primarily
using Oz (diluted in Ar) as the etching gas. Oz etching proceeded at a rate comparable to
air etching. We also examined CO- etching, which was similar in many ways, and almost
as fast. For both gases, and across all tested temperatures, the metallic CNT populations
were again shown to etch more rapidly than the semiconductors, this time by directly
comparing one Kinetic spectra with the other, we again observed biexponential decay for
all resonant graphitic populations. Despite the very different source materials, and the
different analysis techniques the evolution was largely similar between the second
(Chapter 3) and third studies (Chapter 4), though we did find some differences in the
details. Activation energies between different Raman bands were found to be comparable,
though not identical.

In summary, we present three distinct etching studies that are thematically linked.
In each study, in situ Raman spectroscopy is used to track the evolution of nanocarbons.
In Chapter 2, we use in situ Raman to study the seeded growth of carbon nanotubes.
While our resulting yield was very low, we confirmed that oxidation plays a critical role
in the growth process, and that in situ Raman is an effective tool for tracking the

oxidation step. Since nanotubes themselves are useable as precursor seeds for cloning, it



follows that the oxidation of nanotubes should play a similarly important role in cloned
growth. More generally, the etching process can be viewed as growth proceeding
backwards in time, so the study of etching informs our understanding of nanotube growth
and reactivity. Indeed, in Chapter 3, nanotube oxidation was tracked clearly with in situ
Raman and we found that nanotube population was biased by the oxidation process. In
Chapter 4, we used a novel Raman setup to explore this population selectivity more

explicitly and in greater detail.

1.2 Cso and CNT Structure

1.2.1 Ceo Structure

Fullerenes are a family of cage-like, nano-sized, carbon allotropes whose
theoretical development and experimental study were a direct historical precursor to more
recent work with carbon nanotubes.[36] The archetypal, stable fullerene molecule, Ceo,
resembles a soccer ball, which has a polyhedral lattice containing of 20 hexagons and 12
pentagons that are formed by sp?-like bonds between carbon atoms, as shown in Figure
1.1.[37] Due to energy constraints, no two pentagons directly neighbor each other. Of
course the molecule is not planar and its curvature relates to the actual degree of
hybridization being sp>27®.[38,39] Conceptually, this means that after exciting a 2s
electron in a carbon atom to an empty 2p; orbital, we hybridize slightly more than two
(but less than three) 2p electrons to the remaining 2s electron to form the skeletal o
orbitals. The particular radial arrangement of the delocalized = orbitals help to stabilize
the molecule.[37] Since fullerenes are highly electronegative, they can be reacted with a
wide variety of electron-donor molecules and dissolve well in organic solvents such as
toluene or, as in the present study, ethanol. In terms of interactions with carbon nanotubes,
it is well-known that Ceo molecules can be trapped within the interior of carbon
nanotubes to produce so-called peapod structures.[40,41]

In our work, Ceo Was used as a seed molecule in order to catalyze the growth of
single walled nanotubes and to study this growth with our in situ Raman system. As
originally described in ref [35], it was necessary to partially oxidize the dispersed Ceo in

air in order to open up the molecular cages, which allow would then act as nanotube caps



of specific diameter and chirality.[35,42,43] In principle, by closely controlling the
amount and the temperature of oxidation, the structure of seeds could also be engineered,
resulting in the growth of nanotubes of controlled chirality or chirality distribution. For
reference, the full diameter of a pristine Ceo molecule is 0.702 nm, which is comparable
to the diameters of (9,0), (5,5) nanotubes (see Section 1.2.2 for CNT notation).[37,44]

Figure 1.1: Three-dimensional crystal structure of Ceo. The solid lines represent molecular bonds of
hybridized electrons.

Ceo Is meta-stable at room temperature, but due to strain caused by the curvature
of the lattice, in terms of enthalpy, Ceo is less thermodynamically stable than carbon
nanotubes, which are in turn less stable than graphite.[37,45] In our work, consistent with
prior works,[35,43,46] Ceo Was found to etch at lower temperatures compared to carbon
nanotubes, and it was difficult to clearly determine whether Ceo polymerization occurred
during heating or laser exposure.

Ceo itself can be typically synthesized via methods like pyrolysis of aromatic
hydrocarbons or arc-discharge.[37] These methods produce soot with different mixtures
of fullerenes, so the species are often separated using differences in solubility. In our
work, we use solid Ceo in black powder form, and it was important to consider whether

metal impurities that could catalyze growth were present and active.

1.2.2 Basic CNT Notation and Structure

In this section we give a brief overview of basic CNT structure and terminology.
These concepts are already very well developed, and more detailed information can be
obtained from the following references: [3,44,47-49]



The molecular structure of an archetypical SWCNT can be conceptually described
by taking a one atom thick sheet of graphene, and rolling it in to a seamless cylinder with
some diameter, d, close to 1 nm. The ends may be left open or closed off with fullerene-
like caps. Multiple CNTs of differing diameters may be concentrically placed in to each
other, resulting in multiwalled CNTs. Large numbers of SWCNTs may bundle together,
twist, or assume any number of configurations. Here, we focus on the basic structure of
an infinitely long, straight, pristine SWCNT.

Starting with an undoped graphene sheet, the electronic and optical properties of
the SWCNT are largely determined by its diameter and the angle at which the sheet is
rolled (i.e. 0, the chiral angle). These uniquely define each CNT, and can be equivalently
described by the CNT's chiral vector Ch,

C, =na, +ma, =(n,m), 1)

where a; and a, are unit vectors shown in Figure 1.2, and n and m are positive integers.

(@) chirat: nm) | Cy, = nay, + ma, | (p) zigzag: (n0)

e.g. (2,1) e.g. (2,0
a,
(C armchair: (n,n)
e.g. (1,1)
a;
a,

Figure 1.2: Different chiral vectors for basic (a) chiral, (b) zigzag, and (c) armchair nanotube
structures. In (a) the area defined by Cn and T define the unit cell of the particular nanotube. Note
that the n and m values shown in the above examples would result in nanotubes with diameters too
low to actually be stable. Figures adapted from References [3] and [47].



Figure 1.2(a) shows the chiral vector for a general chiral CNT. As shown, 0 is
simply the angle between the Ch and the axis of the unit vector a;. Because of the
symmetry of the honeycomb lattice, the chiral angle can range from 0 < 0 < 30°.

Geometrically, the chiral angle is simply:

6 = tan ‘1[\/§m /(m + 2n)J, @)

Similarly, since the magnitude of Cn corresponds to the CNT's circumference, dk is:

d, =C, /7 =(3)L421A)\m? +mn+n2}? I 7, ©

where the 1.421 A factor corresponds to the distance between neighboring carbon atoms.
Figures 1.2(b) and (c) illustrate the Ch for two special values of 6. In Figure 1.2(b), where
6 = 0° or, equivalently, m = 0, the resulting CNT is of zigzag-type. In Figure 1.2(c),
where 6 = 30° or, equivalently, n = m, the resulting CNT is armchair-type. As we will
shortly describe, these two configurations have a direct effect on CNT metallicity.

The lattice vector T, shown in Figure 1.2(a), is orthogonal with Cy and parallel

with the nanotube axis, such that:

_ 2m+n . 2m+n |,
ACHEC
R R

where dr is the greatest common divisor of (2m + n) and (2n + m). The rectangle outlined
by Ch and T defines the unit cell for the CNT.
As shown in Figure 1.3, the reciprocal space of planar graphite and cylindrical

CNT can be described in similar terms.



Figure 1.3: (a) The reciprocal lattice of 2D graphite, with high symmetry points shown. (b) The
Brillouin zones of a CNT, as represented by the dotted rectangles outlined by |K1| and |K2|. Cutting
lines are shown in red. Figures adapted from references [3] and [47].

The reciprocal lattice vectors for 2D graphite can be calculated as:

— 27 27 — 27 27

"= O Bl ) 2\ @k (B ) ©

with respect to the ky and ky axes shown in Figure 1.3(a). For an (n,m) CNT, however,
the reciprocal lattice vectors correspond to Cr and T and are therefore dependent on N,
the number of hexagons contained in the unit cell for that specific CNT. The

corresponding expressions are:
> 1((2n+m - (2m+n |- | > 1/~ —~
() o

and these vectors are illustrated in Figure 1.3(b) for a hypothetical (2,1) nanotube.

The first Brillouin zones of the CNT correspond to the dotted line segments that
run parallel to Kz, with length 27/|T|. Since the real-space unit cell of graphene is much
smaller than that of a CNT (i.e. the area of a single hexagon versus that of numerous
hexagons), it follows that the 1D CNT Brillouin zones are much smaller than those of 2D

graphene Brillouin zones.



If we assume that the CNT is infinitely long, then the associated wavevectors in
that can run along this direction are continuous. In the circumferential direction, however,
Cn imposes periodic boundary conditions that restricts wavevector length. We obtain N
unique, discrete wavevectors k that run along the Ky direction. These are also represented
by dotted lines in Figure 1.3(b).

It is this quantization that determines the unique electronic structure for each CNT.
Since NK; corresponds to the reciprocal lattice vector of 2D graphene cut in to N pieces,
the electronic energy band structure of a CNT consists of the set of N energy dispersion
relations that are simply cross-sectional slices taken from the band structure of 2D
graphene.

Undoped 2D graphene is a zero-gap semiconductor, and this vanishing bandgap
occurs at the K and K" high symmetry points in the reciprocal space of graphene, shown
in Figure 1.3. It follows that if one of the cutting lines (shown in red in Figure 1.3(b)),
passes through any K point, then the CNT will have a zero energy gap. More specifically,
because the density of electronic states at the Fermi energy is non-zero for CNTSs,[3] this
CNT will be metallic. Otherwise, if no cutting lines pass through any K point, then the

CNT is has a non-zero bandgap and is semiconducting.
This requirement can be expressed in terms of the YK vector in Figure 1.3. If the

YK is an integer multiple of Ky than the CNT is metallic. Geometrically, YK is equal to

W(»:2n+m KP

3 (7)

so for the CNT to be metallic, (2n + m), or equivalently (n-m), must be a multiple of 3.
As a result, at room temperature, approximately 1/3 of all possible CNTs are metallic,
while the remaining 2/3 are semiconducting. Furthermore, all armchair CNTs (n,n) are
metallic, while zigzag CNTs (n,0) are only metallic of n is a multiple of 3. A more
indirect implication is that semiconducting CNTs with larger band gaps (~1 eV) have

gaps that scale approximately with 1/d.
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1.3. CNT Etching

The oxidation of carbon nanotubes, nanocarbons, and catalyst particles required
for nanocarbon synthesis occur in large number of studies. For context, we briefly list a
few of types of these experiments, with emphasis placed on studies relating to the
formation and destruction of pristine carbon nanotubes. The addition of functional,
chemical groups (i.e. functionalization) to nanotube sidewalls is itself a wide topic and is
not addressed here.

Different wet and gas phase oxidation reactions have been used to selectively
remove amorphous and non-graphitic carbon from nanotube samples.[50-53] Depending
on the reactions, metal catalyst particles and catalyst support particles may also be
removed. Corresponding purification oxidants include a variety of acidic and basic agents,
and gas oxides such as Oz and CO. Notably, the addition of water has been found to play
an important role in the high yield, "super growth™ studies, in which oxygen is thought to
prolong metal catalyst particle activity by removing unwanted amorphous carbon.[54-58]

In a similar vein, smaller diameter nanotubes may also be preferentially
eliminated through targeting oxidation, as they are less stable than larger diameter
ones.[52,53,59,60] Likewise, single-walled carbon nanotubes are more readily oxidized
than multiwalled nanotubes.[61]

Chirality specific etching has also been studied by a number of groups.[62,63] Of
particular relevance to the results discussed in this work, the preferential oxidation of
metallic nanotube species over semiconducting species has been observed in different
studies, as has the preferential growth of semiconducting species in oxidant-assisted
synthesis work.[64-69] Less commonly, greater selectivity towards semiconductor
destruction has also been observed, as studies using H>O: as an etchant.[70,71]

Experimental methods have progressed to a point where even portions of
nanocarbons can be controllably etched. For example, solution based oxidative methods
have been used to longitudinally cut or "unzip™ carbon nanotubes into graphene
nanoribbons.[72-74] These techniques can therefore produce macroscopic amounts of
graphene nanoribbons in specific orientations suitable for device fabrication. Another

example, is the controlled oxidation of fullerene molecules, which can result in their
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cages being partially "opened". The molecules are precursor seeds, which can be used to
grow entire carbon nanotubes during synthesis by chemical vapor deposition.[35,42,43]

For the direct study of the kinetics of nanotube oxidation, in situ techniques are
particularly useful. The thermogravimetric analysis (TGA) of carbon nanotubes is a
common way to track and characterize the weight loss that occurs when nanotubes are
heated in the presence of oxidants at different temperatures, as they are being destroyed
or modified.[75,76] Relevant to the current work, Raman spectroscopy and other
nanotube sensitive optical techniques can also been used to track physical changes that
occur to nanotubes during oxidation processes.[52,53,77,78].

To conclude this section, for the sake of context, it is worth briefly describing
some of the particular metallicity-sensitive oxidation studies mentioned above and the
kinds of basic differences that exist between these studies and our own work on nanotube
oxidation.

Lukaszczuk et al. reported the selective oxidation of metallic nanotubes in air,
using TGA, UV-VIS-NIR spectroscopy, and ex situ Raman spectroscopy for sample
characterization. Selective metal-etching in this study was found to occur optimally at a
temperature of 400°C, at very slow etch rates.[64] In our work, changes to Raman spectra
were recorded during the etching process itself. We observed greater contrast in the G
band lineshapes (see Section 1.4.2.2) produced by resonant metallic and semiconducting
species. In neither of our studies did we clearly observe a strong change in selectivity
with etching temperatures.

Although ours is an etching study, etching can be part of the growth process. In
the CVD growth studies of Yu et al. and Zhou et al., enriched semiconducting SWCNTSs
growth was observed in both studies, using O. and water vapor as oxidants,
respectively.[67,68] The amount of selectivity in both studies was found to be related to
oxidant concentration, although the former work also used sulfur catalyst particles to
stimulate large diameter semiconductor growth. Our work, focuses only on the etching
of already-grown samples, using fixed oxidant concentrations. However, both growth
studies reveal that growing nanotubes are much more easily etched at lower flow rates

and with weaker oxidants than already-grown samples.
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Selective etching has also been shown under solid oxides in the work of Li et al.,
in which metallic nanotubes were preferentially etched under solid patterned NiO
films.[65]

Overall, our study adds to the picture that metallic SWCNTSs are often more
reactive than semiconducting SWCNTSs. Proposed mechanisms include their lack of
bandgap and the availability of electrons near the Fermi level needed to stabilize
transition state during bond formation, [64,79,80] as well as the smaller ionization
potential of metallic SWCNTSs.[67,68,81]

1.4. Raman Spectroscopy

1.4.1 Basics of Raman Spectroscopy

Raman spectroscopy refers to a family of optical techniques that use Raman
scattering to directly probe atomic or molecular bonds in materials (i.e. solids, liquids, or
gases).[82] Different types of bonds and their arrangements generate distinct vibrational
states, which in turn results in unique spectral features at particular frequencies in the
Raman spectrum. These spectral lines can then be used to characterize/'fingerprint' the
given material.

Raman scattering can occur when a light source is incident on a material. Most of
the photons will undergo elastic (i.e. Rayleigh) scattering, such that the outgoing photons
will leave with the same frequency as the incident photons. However, a small fraction of
the incident photons (e.g. ~0.0001 %) can scatter with optical phonons associated with
excited vibrational modes present within the material.[82] The departing photons are said
to be Raman scattered and the process is inelastic, such that the scattered and incident
photons differ in frequency. If the scattered photon frequency is lesser/greater than the
incident photon frequency, we refer to this as Stokes/anti-Stokes scattering.[82]

The simplest kinds of Raman scattering events involve one incident photon
scattered with one optical phonon. These general cases are depicted schematically as

energy diagrams in Figure 1.4.

13



excited electronic state

virtual states

ho,
ho
ho, :
excited vibrational state
ho, ho,
ground state
(a) Stokes case (b) anti-Stokes case

Figure 1.4: Energy level diagrams showing one phonon (a) Stokes and (b) anti-Stokes spontaneous
Raman scattering.

Consider a Raman scattering event where an incident photon of energy Ei = hwi
interacts with a molecule, where o is frequency and h is the reduced Planck constant. In
the case of Raman Stokes scattering, as shown in Figure 1.4(a), the incident photon can
excite an electron from the ground state of the medium to some short-lived virtual state,
as represented by the dotted lines. This virtual state can be at an energy below the first
real excited electronic state of the system. The excited electron can give up energy and
provoke the generation of a phonon of energy Ev = hwy.. The electron then relaxes to the
ground state as it emits a scattered photon. By conservation of energy, the energy of this
outgoing photon is simply Es = E;j - Ev = hwi - hov = hos.

In anti-Stokes Raman scattering, existing phonons scatter off the incident light.
Depending on the temperature T of the medium, excited phonons have a chance of
already being present. Specifically, at thermal equilibrium, compared to the ground state
population of phonons, the fraction of photons present with energy hwy is given by the
Boltzmann factor exp(-hwv/KT). Therefore, as shown in Figure 1.4(b), when scattering
between the incident photon and pre-existing phonon occurs, the phonon is absorbed, and

the scattered photon instead leaves with a higher energy than the incident photon, namely
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E. = Ei + Ev = hwi + hov=hwa. It follows that the intensity of the anti-Stokes scattered
light with increase at higher temperature.[82]

In addition to phonons, other excitations (e.g. magnons and plasmons) may also
produce Raman scattering.[82] The Raman scattering events discussed in this work are
due to optical phonons and in the case of a particular peak of metallic nanotubes, what is
described as a plasmon mode.

So long as conservation of momentum is respected, multi-photon and multi-
phonon Raman scattering events are also possible. Evidently, the probability for
scattering is reduced as the number of scattering events increases. This work is concerned
with only a few single-phonon and double-phonon scattering processes.

Essentially all the Raman spectra of SWCNTSs shown in this work are obtained
through resonant Raman scattering. Resonant scattering occurs when the optical
absorption or emission process occurs from a real state, instead of from the virtual states
depicted in Figure 1.4. One of the most important practical effects of resonant scattering
is that scattered light becomes ~10° to 108 times more intense than in the non-resonant
case. For the particular nanocarbons being studied, the optical transitions correspond to
transitions of energy difference AE between the valence and conduction bands of the
different molecules.

For an incident laser light source of energy EL, two types of resonance processes
are possible. Incoming resonance occurs if the optical transition energy matches exactly
with the incoming laser energy; that is, AE = E.. Alternatively, resonance can be
achieved when the transition energy matches with the energy of the scattered light;
corresponding to AE + hwy = EL for Stokes scattering. This difference in incoming and
outgoing resonance energies is large enough that different transitions due to different
phonons under the same laser may be easily detectable due to the same incoming
resonance condition, but not due to outgoing resonance. Since Raman scattering is weak,
the resonant enhancement effect is very important. Evidently, the choice of laser
wavelength has a direct effect on which transitions are detectable and which are not.
Likewise, increasing the temperature of the medium will increase phonon energies and

effect the resonance condition.[82]
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1.4.2 Raman Spectra

1.4.2.1 Resonance Enhancement in SWNCTs

As stated, the body of a single walled carbon nanotube (SWCNT) can be
visualized as a planar sheet of graphene that has been rolled up to form a seamless
cylinder. The angle at which the sheet is rolled and the diameter of the cylinder
determines the chirality of the nanotube. Chirality has a direct influence on the electronic
properties of a SWCNT, and can be equivalently characterized by a pair of lattice vectors
in the index (n,m). As mentioned previously, due to their different chirality, 2/3 of all
possible SWCNTSs species can be classified as semiconductors, while the remaining 1/3
are metals. [48,49]

Raman resonant enhancement in sp? carbon nanostructures differs depending on
the molecule. Undoped, planar graphene is a zero-band gap semiconductor and resonance
enhancement of Raman scattering can be obtained for any incoming laser wavelength.[25]
In contrast, resonance enhancement in SWCNTSs can only be achieved at certain
wavelengths, although the enhancement is much stronger. This is due to the presence of
distinct peaks called van Hove singularities in the quasi-1D density of states (DOS)
present in all SWCNT structures. The difference in energies between pairs of peaks

above and below the Fermi level can be matched to laser energies.
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Figure 1.5: Schematic of electronic density of states for (a) a metallic carbon nanotube and (b) a
semiconducting carbon nanotube. Conduction and valence bands are labeled, as are possible optical
transitions between bands. Figures adapted from Reference [83].
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A schematic of the electronic DOS for a metallic and semiconducting carbon
nanotube are illustrated in Figure 1.5. Here, optical transitions from valence band i to
conduction band i are labeled Eii. For example, the transition between the second highest
valence band (v2) to the second lower conduction band (c2) is the semiconductor is called
the Ezos transition. Therefore, incoming or outgoing photons with energies Eii are
required to produced resonantly enhanced spectra. Note that sharp van Hove singularities
are also present in the phonon DOS (not shown).

The following section will discuss relevant Raman peaks that were analyzed from
SWCNT and Ceo spectra. Other peaks are identifiable, but were not used for
characterization in our work.

1.4.2.2 Experimental CNT Spectra

Figure 1.6 shows a typical SWCNT Raman spectrum at low frequency on a

Si/SiO; substrate. Different Raman bands are described in detail below.
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Figure 1.6: Raman bands for a typical SWCNT sample we have synthesized by chemical vapor

deposition (black) and its accompanying silicon background (red). The CNT sensitive RBM, D, and
G bands are indicated.
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G BAND:

All graphitic sp? materials experience C-C bond stretching, which produces an
intense first-order peak known to as the G band. In other words, the G band intensity is
proportional to the amount of sp? carbon that is present, so long as the G band is non-
resonant, or if equally resonant spectral features are being compared. The phonon modes
responsible for this peak are the longitudinal optical (LO) phonon mode and in-plane
transverse optical (iTO) phonon modes. In planar graphene, these modes are degenerate,
resulting in a single peak.[25,26] In SWCNTSs, these modes are not degenerate, with the
LO phonons corresponding to vibrations along the length of the nanotube axis, and iTO
phonons corresponding to vibrations around the circumference of the nanotube.

As a result, the G band from a carbon nanotube is split in two peaks, a high
frequency G+ (at ~1590 cm™) and a lower frequency G-.[25] The G- peak frequency is
sensitive to metallicity and doping, and increases with larger nanotube diameters. In
contrast, the G+ position remains roughly fixed for different nanotube types, even if the
phonons responsible for each peak differs for metallic and semiconducting
species.[27,84,85] Multiple G- peaks in a spectrum indicate the presence of multiple
resonant nanotube species, and in some cases these peaks can be used to assign SWCNT
chirality.

Of fundamental importance to our studies is finding that the spectral lineshape of
the G- peak is highly dependent on whether the corresponding resonant SWCNT species
is semiconducting or metallic. For a semiconducting species, both the G+ and G- peaks
can be fit to narrow, symmetric Lorentzian lineshapes. For a metallic species, in contrast,
the G- peak takes the form of a broad and asymmetric shoulder that can be fitted by a
Breit-Wigner-Fano (BWF) function.[25,26] Metallic SWCNTSs are susceptible to the
Kohn-anomaly effect, such the corresponding phonon energies will fall to zero at certain
frequencies. Since this has an influence on G band spectral width and frequency,
performing eletrochemical doping experiments, while tracking the G band, is one
possible way to determine the Fermi energy (Ef) of the nanotube, and therefore nanotube
chirality.[86]
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D band:

The D band is a two-peak structure associated with a one-phonon scattering
process at ~1300-1350 cm™.[25,26] Its intensity is enhanced due to a double resonance
process (i.e. here involving one electron and one phonon). The D band intensity is
proportional to the density of defects in graphitic samples, regardless of the cause (i.e.
disorder-induced Raman modes). It is common to characterize sample purity by taking
the ratios of the D and G bands intensities (i.e. D/G ratio). D band width and frequency is
sensitive to what species of nanocarbons are present and are sensitive to CNT
diameter.[47,87,88]

2D BAND:

Graphitic sp? materials also possess a strong second order band known as the 2D
or G' band. In the associated two phonon scattering processes, two of the intermediate
states correspond to real electronic states, and this double-resonance effect causes the
band to have an intensity comparable to that of the G band if the material is relatively
defect free.[25] The 2D peak intensity is proportional to the amount of sp? carbon present
for non-resonant or equally resonant species, but is also affected by the presence of
defects. For SWCNTSs, the 2D band occurs as an overlapping two-peak structure at
roughly ~2650 cm™. The 2D band frequency is also sensitive to the amount of bundling

and doping present in the nanotube sample.[25,26]

Radial Breathing Modes (RBMs):

Radial Breathing Modes (RBMs) are lower frequency Lorentzian peaks (~100-
~400 cm™) that are unique to the Raman spectra of carbon nanotubes. They are created
by the radial vibrations of carbon atoms in the cylindrical nanotube sidewalls. The
nanotube expands and contracts radially. The frequency of a given RBM (®rewm) IS
inversely proportional to the diameter (d) of the corresponding resonant nanotube. This

relationship can generally be described by the equation:
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Doy = %1/1+ C, *d/?

t
where Ce is a environmentally dependent fitting parameter relating to van der Waals
interactions with the medium, wrewm is given in cm™, and d: is given in nm.[26] Therefore,
if an accurate Ce value is chosen, a SWCNT diameter can be assigned to a given RBM
peak.

Note that the RBM intensity for large diameter nanotubes (> 2 nm) is usually very
weak.[26] Furthermore, multi-walled nanotubes will often not produce well-defined
RBMs due to spectral broadening.[26]

1.4.2.2 The Kataura Plot:

Importantly, the optical transition energy (Eii) values for different SWCNT
chiralities can be determined either theoretically or experimentally, and plotted as a
function of SWCNT diameter. These E;i versus d: (or » from the RBM) plots are known
as Kataura plots. For a known laser transition energy E_aser = Eii with resonance window
AEii, it is therefore possible to match a known diameter dt with a particular nanotube

chirality (n,m), or at a range of possible chiralities.

A possible Kataura plot using optical transition energy data from the work of
Saito et al.[89,90] is shown in Figure 1.7. Note that the value of the transition energies
also depend on environmental effects, which are sensitive to how the nanotubes were
synthesized and any postprocessing. In the Figure, we show result for an idealized
"supergrowth” sample, whereas in practice we would shift the energies based on the
equation Eii = Eii®C - C [A + B(p/dy) + C(p/dy)?], in which p relates to the cutting line
index for each Ej; transition energy, whereas A, B, and C are sample dependent fitting
parameters, and C depends on the surrounding material system.[89,90,90,91]. These
fitting parameters model the effects of the environment changing the electronic structure

such as by changing the dielectric constant.
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Figure 1.7: Example of a Kataura plot. This plot is generated with optical data obtained from Saito et
al. [89,90] Different colored points correspond to the different optical transitions of particular
nanotube species/chiral angles which are labeled by (n,m) and chiral angle beneath. Notice the gap
between the metallic E11™ species and other semiconducting species. See text for more information.

In Figure 1.7, two lasers lines, namely a green laser (532 nm) and red laser (633
nm), like the ones used in our experiments are displayed as dotted green and red lines,
respectively. In principle, a visible RBM frequency (e.g. at 165 cm™), can be assigned to
given resonant nanotube species, but if multiple resonant species are in proximity to the
intersecting lines, assignment to a specific species can be difficult. This is further
complicated by the fact that even if correct Ce and A, B, and C factors are chosen for the
frequency assignment and energy assignment respectively, the optical energies also have

inherent uncertainties associated with the differences between experimental data and
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theoretical calculations.[89,90] In other words, unambiguous assignment of different
RBM species is not always possible depending on the resonant laser line values and RBM
frequencies. In practice it is possible to assign (n,m) for the smallest diameter nanotubes
(<1 nm) but for large diameter nanotubes it may only be possible to assign them to a
particular band.

One other point is that there can be other ways of deducing the diameter of
nanotubes within the resonant Raman spectra, such as by the G- frequency for
semiconducting nanotube.[92] This information can be used to construct different
Kataura plots, which can then be contrasted with RBM data. Here, other factors, such as

the resonance window widths for different Raman structures, may influence assignment.

1.4.2.3 Ceso_Spectra

A typical Raman spectrum for a Ceo single crystal will have over 30 low intensity
spectral modes, however the Ag(2) peak is by far the most intense mode and was found to

be a useful indicator of relative Ceo concentration during our etching experiments.[93-95]

Ay(2):

The Ag(2) mode corresponds to one of the two Ag modes, which are both Raman
active. It corresponds to a pinch mode, somewhat analogous to a G band, and represents
C-C bond stretching on the surface of the Ceo molecule.[93-95] In air, it occurs at 1468
cm as a sharp peak with a long high frequency tail. The other Ag mode, Ag(1), is a
breathing mode at 496 cm™, but is considerably less intense than the Ag(2) mode.[93-95]
Experimental Ag(2) peaks are shown in Figure 2.2.

22



1.4.2.4 Background spectra from the substrate:

All analyzed nanotube and Ceo Samples were deposited on crystalline silicon
substrates with SiO, present. Therefore a sharp first-order Lorentzian peak from Si at 520
cm is present across all Raman spectra.[96] This background peak was useful in helping
to calibrate the spectral setup and in helping to correct for sample movement in many
experiments.

As shown in Figure 1.6, second order transverse acoustic phonon overtones
produced an uneven background from 200-500 cm™ and overlapped with the presence of
RBMs in SWCNTSs.[96] This made it more difficult to track the intensity and spectral
evolution of individual RBMs in this region. Second order transverse optical bands are
also present at around ~950 cm™.[97,98]

1.4.3 Raman Apparatus

The in situ Raman spectroscopy apparatus used for our two laser work is
described and displayed schematically in the Appendix of Chapter 4. Previous
incarnations of the same setup only included a 532 nm laser and associated optics, but
were otherwise very similar to the two laser setup.

A basic Raman setup consists of an incoming laser, cleaned through a bandpass
filter, that is passed through some system of lenses and focused on to a Raman-active
sample. The scattered light is collected and passed through an edge or notch filter in order
to remove the strong Rayleigh signal arising from unscattered laser light, and is directed
in to a spectrometer to produce a spectrum that is collected on a CCD. Components like
slits are useful for optimizing signal resolution, at the cost of limiting signal intensity.

Global Raman Imaging (GRI), a variant of this setup, was used throughout this
work to image and monitor nanocarbon presence and beam focusing conditions, while
concurrently collecting spectral data. In our Cso work, GRI was actively used to monitor
nanocarbon growth on oxidized Ceo structures. Our GRI setup was developed by
Kaminska et al. and used for CNT research.[30-32] Here, the laser is passed through a

defocusing lens to produce a relatively large spot on the sample. The Raman signal is

23



passed through a filter in order to track a limit the signal to a certain Raman shift range of
interest. Then the resultant Raman signal is projected on to a CCD and can be monitored
as live changes occur on the sample. In the case of CNTs, filters can be chosen so that the
Raman image contains signal from the spectral range containing the G band, allowing

one to visually monitor the status of graphitic carbon on the sample,

2 SEEDED GROWTH WITH Ceo AND Ceo OXIDATION

2.1 Overview

The use of fullerenes as a seed material for the chemical vapor deposition (CVD)
growth of carbon nanotubes (CNTSs) has been reported, instead of commonly used metal
catalysts.[35,99,100] Since Ceo molecules are identical, they have a uniform size
distribution and might be used to grow CNTs with improved diameter and type control
when compared to metal nanoparticles. In this study, the hot-walled CVD growth of
graphitic carbon, carbon nanofibers, and CNTs is obtained from Ceg using ethanol as the
precursor. Samples are characterized by in situ and ex situ Raman spectroscopy, global
Raman imaging, and ex situ scanning electron microscopy. In situ Raman, in particular,
was applied as a means of gathering kinetic data of the etching process. The different
stages of etching, nucleation, and nanotube growth using Ceo have not been explicitly
studied using kinetic techniques, and we are interested in learning how to better control
this processes precisely.

We confirm that, as reported by Yu et al.,[35] a pre-growth oxidation step
performed at a minimum temperature yields small quantities of single-walled or thin
multi-walled CNTs. By varying sample preparation, oxidation, and CVD conditions, we
observe substantial changes to nanocarbon yield and relative abundance.
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2.2 Introduction

The chemical vapor deposition (CVD) growth of carbon nanotubes is commonly
performed using metal catalysts, which are important for high yield growth required for
most applications of CNTs. However, non-metal catalysts such as SiC and different
oxides are also well known, and in recent years pure carbon catalysts have been explored
in self-assembly growth studies.[42]

For example, SWCNT growth from nanosized diamond particles has been
achieved, and growth from carbon nanoring templates or various end-cap molecules have
been proposed.[100-103] Similarly, nanotube cloning has been achieved by groups such
as Yao et al. and Liu et al. , which involves producing short SWCNT segments and
growing new SWCNTs directly from these "seeds", either by CVD or vapour-phase
epitaxy.[14,104] Importantly, in these studies, the chirality of the cloned SWCNTs
remains the same as the original seeds. In a similar vein, Sanchez-Valencia et al. were
able to use CogHs4 precursor molecules to achieve the chirality controlled growth of (6,6)
SWCNTSs.[105] Since the production of high yields of diameter-controlled, single-
chirality SWCNTSs that are viable for industrial applications still has not been fully
realized, there is significant motivation to continue developing seeding methods.

Our study used Ceo as a seed material for SWCNT growth, closely following the
method established by Yu et al., with the ultimate goal of tracking SWCNT growth using
in situ Raman spectroscopy.[35] Currently, carbon nanotube growth from fullerene seeds
has been successfully achieved by a number of groups, although no kinetic data during
growth was collected by these groups.[35,43,106] Using ethanol vapor, we obtained not
only carbon nanotubes, but also graphitic carbon and carbon nanofibers. Generally,
SWCNT growth was difficult to track due to extremely low overall SWCNT yield.

25



2.3 Method

The procedure was based on that of Yu et al..[35] A Ceo solution was prepared by
diluting ~10 mg of powdered Cgo into a vial containing 20 mL of anhydrous ethanol, and
ultrasonicating for 20 minutes. For each prepared sample, ~50 ul of the solution was
collected and drop-casted on to individual pieces of 0.5 mm thick Si substrate with a 1pum
thermal SiO layer. These samples were heated in air to 150°C to vaporize the ethanol
and cooled to room temperature.

The sample oxidation and CVVD growth steps are depicted schematically in Figure

2.1.
T
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6 sccm 6 sccm
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Figure 2.1: Oxidation and CVD growth steps applied to each Ceo sample.

After being loaded in the CVD reactor, each Ceo sample was heated in ambient air
to a fixed oxidation temperature, which was varied between 25-800°C at a rate of
100°C/min. Oxidation and was performed to partially open and activate the Ceo Seed
particles. The Raman spectral evolution of the sample is tracked and air oxidation is
terminated after the Ag(2) peak, an indicator of Cgo concentration, vanishes or stops
changing. The reactor is then purged with a 2% H2:98% Ar mix flowed in at 76 sccm.
Once the reactor is flushed out, the gas flow is reduced to 6 sccm and the sample is
heated to 900°C. At 900°C, water is introduced by bubbler in to the reactor for 10

minutes, and the reactor is again flushed out with Hz:Ar at 6 sccm. Water is introduced in
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order to re-oxidize and activate the opened seed particles. Ethanol vapor is flowed in to
the reactor by reactor as a source gas to stimulate SWCNT growth for > 1 hour, and
growth is terminated by purging out the reactor with H2:Ar at 76 sccm and cooling the

sample back to room temperature.

2.4 Results and Discussion

Oxidation of the Cso Samples was tracked with in situ Raman spectroscopy and
imaging, using the previously described single-line 532 nm Raman setup. Figure 2.2
depicts typical Raman spectra of a sample in ambient air, as the temperature is gradually

raised from room temperature to 800°C at a rate of 100°C/min.
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Figure 2.2: Raman spectra of Ceo pre-growth sample undergoing air oxidation from T=25°C to 800°C,
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as sample is heated at 100°C/min

amount of Ceo remaining on the sample at any one time. Importantly, etching causes
rearrangement and movement of C60 particles on sample surface, and a temporary dip in

Ag(2) peak intensity at around 100°C. As temperature is increased, the sample is

The Ag(2) peak at ~1470 cm™ is relatively intense and a good indicator for the
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progressively oxidized away and flushed in to the exhaust. Note that increasing
temperature causes a gradual peak down shift of a few cm™ by 400°C and an increase in
spectral blackbody, especially above 700°C. The integrated intensity of the Aq(2) peak
can be extracted and background subtracted as shown in Figure 2.3.
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Figure 2.3: Decay of background-corrected integrated intensity of Ag(2) from Figure 2.2.

Initially, as the sample is heated prior to ~250°C and tracked via global Raman
imaging, the Ceo clusters on the samples appear to be unstable in size and undergo
rearrangement on the substrate surface. Although the actual reactions occurring are
unclear, this can result in an initial drop or rise in Ag(2) band peak intensity.

However, after 350°C, there is a clear and rapid loss in Ag(2) intensity. At around
500°C, the Ag(2) peak cannot be seen above the spectral background, indicating that only
low levels of Ceo are left on the sample.

The temperature at which the oxidation step was performed was found to have a
clear effect on what was grown following ethanol input at 900°C. Figure 2.4 shows SEM

images of samples taken without oxidation, both with and without ethanol input.
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Figure 2.4: SEM micrographs showing sample material without performing air oxidation, both with
and without ethanol input. In either case, no nanotube growth occurs.

Evidently, in both cases, no SWCNT growth is observed. Without ethanol input,
from the image, there is no clear change to the clustered Ceo material, both before and
after heating, With ethanol input, there is a some buildup of amorphous carbon over the
large Ceo agglomerations following growth.

When the oxidation step is performed, the kinds of growth obtained varied
significantly on the oxidation temperature that the samples were exposed to. Figure 2.5
shows SEM micrographs of post-growth samples that were oxidized at different

temperatures.
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Figure 2.5: SEM micrographs of post-growth samples that were etched in air from T = 400°C - 800°C.

At oxidation temperatures below 500°C, the Ceo clusters have not been
sufficiently broken up and graphitic carbon is formed on the sample surface. SWCNT
growth is only achievable at oxidation temperatures between 500°C-800°C. In these cases,
the surface density of the oxidized Ceo islands is quite low, and we observe the
appearance of nanotubes and nanofibers, which peaks at around an oxidation temperature
of 700°C. Above 800°C, all the Ceo seeds have been destroyed and no growth is possible
upon ethanol introduction.

These observations agree with the obtained Raman data. Figure 2.6 shows Raman
spectra from samples that were not sufficiently etched to produce SWCNT following the
growth.
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Figure 2.6: (a) Kinetic Raman spectra of sample exposed to ethanol at 900°C, with no oxidation step.
Frames were exposed for 1 sec, at 3 minutes intervals, during the first 30 minutes of growth. (b)
Comparison of spectra before and after growth at room temperature, when no oxidation step was

performed. (c) Comparison of analogous spectra, when a 300°C oxidation step is performed. Spectra
in (b) and (c) are taken with 15 sec exposures.

In Figure 2.6, for all spectra, we see a substantial rise in the D band intensity
following growth when insufficient etching is performed, along with the disappearance of
the Ag(1) and Ay(2) peaks for Ceo, suggesting that whatever Ceo that survived the heating
process, was covered in thick layers of amorphous carbon. The post-growth D bands in (b)
and (c) are substantial indicating the heavy build up of defective graphite. No such
increase in the D or G bands occurs at high etch temperature samples, as graphitic
accumulation does not occur in these samples.
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Despite using different Ceo solution concentration and deposition methods,
SWCNT growth was always quite low, even under optimal conditions. As a result, there
was insufficient SWCNT material to generate Raman bands that were intense enough to
extract reliably during the growth process. However, occasionally it was possible to
visually track the formation of short nanofibers using global Raman imaging. Figure 2.7
depicts this growth occurring on activated Cgo seeds at 900°C, following oxidation at
700°C.
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Figure 2.7: Global Raman imaging (at ~1400-1700 cm) of nanofibers emerging from Ceo clusters at
1 minute intervals during CVD growth with ethanol at 900°C, with oxidation performed at 700°C.

From Figure 2.7, one can observe both seeds gradually accumulate mass, which
are likely graphitic, prior to nanofiber formation. The growth rates and the times at which
the fibers emerge and then cease growing are not uniform. The growth profiles of distinct
nanofibers can be tracked visually, as shown in Figure 2.8.
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Figure 2.8: (a) Labeling of 5 separate nanofibers from Figure 14. (b) Growth evolution of the
nanofibers during 30 minutes of ethanol exposure.

From Figure 2.8(b), one notices that fibers A, C, D, and E all emerge from the
same seed particle, but all at different times, and only when the previous fibers has
stopped growing. It's unclear what causes growth termination, but it seems possible that
the nanofibers are competing for carbon source material on the seeds themselves and that
there is only enough accumulated carbon on the seed to allow for the growth of only one
nanofiber at a time.

The presence of SWCNT growth was also verified via photoluminescence (PL),
as shown in Figure 2.9, using a diluted Ceo seed solution and deposition by hand
stamping on to a Si substrate with trenches. SWCNTSs suspended in air are known to
fluoresce strongly in the infrared when excited by visible light.[107-109] Therefore, PL
imaging can rapidly image individual suspended SWCNTSs.[110] On these samples it was
very rarely possible to observe suspended SWCNTSs with lengths of about 50 um. PL

images of these samples were taken on a custom PL imaging setup. [110]

34



Figure 2.9. Near-infrared photoluminescence image of a grown SWCNT, suspended in air over
patterned silicon trenches. The suspended regions have enhanced visibility.

2.5 Conclusions

To summarize, graphitic carbon, carbon nanofibers, and SWCNTSs were all
successfully grown using Ceo seeds following oxidation using air and water vapor, during
high temperature CVVD growth in ethanol vapor. The destruction/opening of Ceo seed
particles could easily tracked using in situ Raman spectroscopy and imaging and the air
oxidation temperature determined which nanocarbon structures formed during growth. At
oxidation temperatures below 500°C, large masses of Ceo remained intact, which were
subsequently coated with defective graphitic carbon . Above 500°C, most of the Ceo is
etched away, but surviving seed particles are successfully activated and contribute to the
formation of low density carbon nanofibers and SWCNTs. SWCNT yield was very low,
and highest when Ceo is in low abundance.

To obtain nanotube growth with ethanol, we verified the necessity of a pre-growth
oxidation step in order to activate Ceo, presumably by opening and removing traces of
defective carbon. Notably, in situ Raman tracking was found to very effective at tracking
material in this step. This has the potential to be very important, since the oxidation step

which proceeds the growth phase must be well controlled.
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Although further experiments exploring SWCNT growth kinetics were not
possible due to this low yield, the etching apparatus was fully developed and full control
over etching rates while performing in situ Raman spectroscopy was demonstrated. More
importantly, species specific cloning remains an important direction of research for the
nanotube growth community. Since cloning often involves cleaving pre-existing
nanotubes, and the etching process itself is species-selective, we decided to shift our

investigation to the SWCNT etching process.
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3. SELECTIVE ETCHING OF SWCNTS IN AIR TRACKED
BY IN SITU RAMAN

Foreword

In this published work, we used the air oxidation setup to controllably etch CVD
growth SWCNTSs with probing them with single laser in situ Raman spectroscopy. The
combustion process was found to be a chirally-sensitive process, with metallic species
etching faster than semiconducting species. This occurred even if the metallic species
would have had more thermodynamically stable structures, if diameter were the only
consideration. The decay kinetics of graphitic species, individual SWCNT species, and
defective carbon were contrasted with each other, with both the defective and graphitic
species experiencing biexponential decay.

Single laser spectroscopy was found to be a simple and effective way of tracking
chemical changes to different SWCNT species in real-time, such as for species of
different diameter, and it indicated that metallic type selective etching had occurred.
However, in this work we used only a single laser for in situ spectroscopy. While
practical, we realized that this approach also has some drawbacks, and so we added an
additional laser source to the optical system in the subsequent chapter to address this
weakness.

In this paper based thesis we reproduce in full the publication entitled "Type- and
Species-Selective Air Etching of Single-Walled Carbon Nanotubes Tracked with in
Situ Raman Spectroscopy”, which is cited as ACS Nano 2013, 7(8), Pages 6507-6521.
The supplementary information is also reproduced and can be found online at
http://pubs.acs.org/doi/abs/10.1021/nn402412t .
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ABSTRACT The thermal oxidation of carbon nanotubes in air is investigated by in situ Raman
spectroscopy. Etching rates are directly seen to be diameter, chirality, and type dependent. We
directly track the evolution of bundled nanotube networks that undergo air etching from 300 to
600 °C. Some species are more robust than others. Changes to radial breathing mode (RBM) and
G— peak structures suggest that metallic species etch away more rapidly, with smaller diameter
semiconducting species etching more slowly and large diameter nanotubes, including semiconduc-
tors, etching last. The decay in integrated G and D band intensities is tracked and fit reasonably well 1
with biexponential decay. The RBM evolution is better represented by a single exponential. All bands

Intensity (arb. units)

are fit to activation plots with RBMs showing significantly different rates.

KEYWORDS: carbon nanotube combustion - air etching - in situ Raman spectroscopy - purification - chirality

epending on the situation, the com-
bustion of carbon nanotubes (CNTs)

in air can be either detrimental or

useful. In synthesis, it can inhibit or counter-
act growth, and in devices it can limit
operating currents and temperatures. Con-
trolled, it is a powerful chemical tool that
plays a role in CNT characterization, structure
modification, and puriﬁcation.“7 There has
recently been a resurgence of interest in the
manipulation of nanotube populations via
oxidation. In this work we will show evidence
obtained by in situ Raman tracking that com-
bustion is type selective, with potential appli-
cations for preparing semiconductor-rich
nanotube ensembles. In situ Raman provides
a unique window on the dynamics of the
process, allowing one to track the evolution as
it happens and observe trends that might be
difficult to detect in static ex situ measurements.
Before discussing our experiments, we
briefly review aspects of nanotube oxida-
tion and purification. Oxidation is routinely
used to characterize CNT purity. The mass
and chemical characterization of CNTs and
composite materials are commonly studied
by techniques such as thermogravimetric
analysis and differential thermal analysis,

LI-POOK-THAN ET AL.

which can involve thermally oxidizing these
samples in air*®#7'2 It is also common to
thermally oxidize CNT material in air or
oxygen in order to remove defective carbon
coatings, expose and/or remove catalyst
particles following CNT synthesis, or other-
wise modify non-CNT structures in the
sample.”'%'37'8 More generally, gas-phase
oxides are frequently used to chemically
alter the outcome of a number of CNT
growth and separation practices.'>'+17 23

Perfect chirality control in nanotube syn-
thesis has not been achieved. However,
postprocessing separation and purification
processes have been remarkably successful,
encompassing an enormous variety of tech-
niques of different yield and complexity.>*
Solution-based sorting is extensively studi-
ed, being potentially very high fidelity,
relatively scalable, and inexpensive. How-
ever, such methods are not without weak-
nesses: they can be complicated and may
be difficult to scale, and preparation of
solutions typically damages nanotubes and
coats them with difficult-to-remove adsor-
bates. Gas-phase selectivity would have some
compelling advantages. It potentially would
not leave residues and could potentially leave
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nanotubes in a pristine state.’® Recently there has
been a resurgence of interest in oxidative etching
and its selectivity, especially with respect to semicon-
ducting or metal type.>>?° Furthermore, there is an
emerging consensus that etching plays a significant
role in selectivity in synthesis, and efforts are being
made to harness this.?>?” So one motivation to explore
gas-phase etching is that it can be naturally combined
with chemical vapor deposition synthesis.

Air etching is very simple and scalable. However, as
we will show, one drawback of air etching is that the
selectivity that is presently achievable is relative and all
CNTs are destroyed to some extent, such that a large
initial mass is required. This is less of a problem now
that high-yield synthesis is achievable. This method
might one day allow sufficient nanotube separation for
some applications. Furthermore, this drawback may
not be important if etching is integrated with CVD
synthesis.

Oxidation is well known to be effective at selectively
burning off nongraphene nanocarbons and removing
impurities while leaving behind sp? carbon. Reactivity
reportedly increases going from graphite to well-
graphitized amorphous carbon, to multiwalled CNTs,
and then to single-walled CNTs (SWNTSs).2 Fullerenes
are even more reactive than CNTs, which is attributed
to higher surface curvature.?® Defective sp>-hybridized
carbon is expected to etch faster than nondefective
carbon.®?° Furthermore, compared to graphite, oxy-
gen adsorbs onto and dopes carbon nanotubes more
easily.3® 32 Osswald et al. found that disordered car-
bon removal by air oxidation was more complete in
double-walled CNTs, compared to SWNTs.>® The con-
trolled oxidation of defective CNT walls has also been
used to selectively remove layers from multiwalled
CNTs and modify conductivity.>*

There is already evidence that separation can be
achieved by selective CNT destruction using various
gas-phase oxidants, including air,"® 0, gas,3_5'22'23
50,,> hydrogen plasma,*® methane plasma,®” water
vapor,%” and fluorine gas.® In all these studies, etching
rates were found to increase with smaller CNT diameter
(dy, although these rates were also often found to be
sensitive to CNT chirality. This diameter dependency,
also observed in solution-phase oxidation studies,3**°
is typically explained in terms of higher C—C bond
strain, resulting in higher chemical reactivity with
adsorbates.1 —6,35,37,38,41—43

While bond strain does scale with diameter to a first
approximation, it is the local curvature radius (LCR) that
determines the weakest carbon—carbon bond and
consequently is thought to be a limiting factor in
oxidative etching."** LCR is chiral angle dependent
and smallest for armchair tubes and largest for zigzags,
with the result that armchairs should be least robust.
This is despite an earlier study having ascribed faster
etching to zigzag CNTs.*° So, in terms of chirality, when
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etching with air, studies have found that etching rate
scaled directly with higher chiral angle (6) values and
explained this in terms of LCR differences."** % Miyata
et al. have explicitly modeled this rate-determining
process for chiral angle. These purely geometric argu-
ments predict faster etch rates for small-diameter
nanotubes and do not in themselves explain differ-
ences in electronic type, e.g., differing etch rates for
metallic CNTs (m-CNTs) and semiconducting CNTs
(s-CNTs). Doping, however, is expected to be as sig-
nificant a factor as chiral angle."*® More generally,
other studies have shown that chirality is expected to
have a direct effect on oxygen sidewall chemisorption
and can affect chemical reactivity in general.*’*®

Depending on the etching gas and the particular
treatment, there are already some reports indicating
that m-CNTs may etch more rapidly with gas-phase
oxidants than s-CNTs. 2367384949 |Jsing laser irradiation
in air, Huang et al. observed both the preferential
destruction of m-CNTs and high chiral angle s-CNTs.>®
Similar studies involving the light-induced selective
attack of m-CNTs have also been reported.>’*?

Very recently Lukaszczuk et al. claimed on the basis
of absorption experiments and Raman data that me-
tallic SWNTSs can be selectively etched in open air, such
that 95% semiconducting purity can be obtained.?
Also very recently, Li et al. have reported that car-
bothermic oxidation of nanotubes, obtained by oxidiz-
ing nanotubes in air under a NiO layer, results in
selective etching of metallic nanotubes.?® These excit-
ing new results with respect to type-selective oxidation
reinforce the promise of such approaches and the
value of in situ data.

Preferential m-CNT etching has been attributed to
different mechanisms in various situations. One factor is
the lower enthalpy of formation of semiconductors,*’>>
while another factor may be the presence of delocalized
electronic states and separately the smaller ionization
potential.>>?%3”8 The presence of electronic states near
the Fermi level for metals and the differences in work
function®* between semiconductors and metals are very
important for the selectivity of chemical reactions.?®>>~>’

In other studies the opposite trend, with semicon-
ductors being preferentially etched, has been ob-
served, including those involving H,O, as an
oxidant.>*>*° Kawai et al. suggests that this might be
due to the C—C bond weakening caused by hole
doping.** Theoretically, density functional calculations
have also suggested that CO, gas will preferentially
etch non-armchair CNTs.>®

In situ approaches are especially well suited to
investigating such problems, as one can actually track
the selectivity of the etching as it happens. Raman
spectroscopy is solidly established as a tool that pro-
vides detailed information about all aspects of nanotubes
and nanocarbon ensembles. In this work, as-grown
CNT films on silicon are etched in air and dynamically
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characterized using in situ Raman spectroscopy, a tech-
nique that has been used to monitor CNT growth at high
temperature.”®~® Here, samples are etched at tempera-
tures between 300 and 600 °C, and dynamic changes to
~10 radial breathing mode (RBM) peaks, each corre-
sponding to specific CNT diameter and chiralities, are
tracked at all temperatures. The corresponding spectral
evolution of the G and D bands is also tracked. At
low temperatures, we validate the finding that metallic
nanotubes etch faster, producing a semiconductor-
enriched sample, and analyze the activation profiles of
the G band, D band, and different semiconducting and
metallic RBMs. A chirality/diameter (n,m) dependence
also appears to be present, but we were unable to
match the data to a single, simple relation with chiral
angle. The etching dynamics and the Arrhenius plots of
the various modes provide insight into the possible
mechanisms of selectivity.

RESULTS AND DISCUSSION

Scanning electron microscope (SEM) images provide
a general overview of the sample and the progress of
etching. The same sample was imaged and etched in
steps to evaluate the progress of etching (Figure 1). The
technical details of the etching procedure are listed in
the Methods section. Figure 1(a) shows an SEM image
prior to etching. The CNTs form a tangled network of
thick bundles, with most bundles less than 25 nm wide
and occasional individual tubes or small bundles less
than 5 nm wide. Essentially no individual SWNTs can be
seen: all are bundled. Figure 1(b) shows an image after
30 min of etching at 425 °C. There are fewer stacks of
bundles, and the network appears less dense. Indivi-
dual bundle lengths appear similar, but the bundle
thickness may be less uniform. Some bundles appear
to be peeling off and forking into thinner bundles.
Candidates for individualized SWNTs are visible
(diameters <5 nm).

Figure 1(c) shows the corresponding image after a
total of 90 min of etching at 425 °C. The surface density
of nanotubes has decreased even more, and the
bundles are thinner, though they remain present. The
sidewalls of the forking bundles appear to be “frayed”
and more uneven, while some bundles have been
completely severed, although most bundle lengths
remain the same. The silicon substrate surface, includ-
ing the catalyst nanoparticles on the surface, is more
exposed in Figure 1(b) than at earlier etching times
such as Figure 1(a), where the mat of nanotubes
obscures the catalyst nanoparticles. Higher accelerat-
ing voltage SEM images also show the presence of
surface nanoparticles for all etching times, which
would correspond to catalyst particles.

Thus, the overall effect of the air etch is to decrease
the CNT film density and to attack along the entire
length of the bundles, not only at the end of the
bundles. A similar form of sidewall attack is described

LI-POOK-THAN ET AL.

Figure 1. Scanning electron microscope micrographs of
sample etched in air: (a) before etching, (b) after 30 min of
etching, and (c) after 1 h 30 min of etching. The sample was
etched at 425 °C.

by Miyata et al., in which different barrier heights for
C—C bond breaking during air combustion are found
to be dependent on sidewall curvature.! Sidewall
attack due to oxidation has also been described in a
very recent transmission electron microscope (TEM)
study.®®

Transmission electron microscope images, including
high-resolution TEM (HRTEM), of a typical pre-etch
sample are included and discussed in the Supporting
Information (SI), showing a similar configuration of
primarily bundled nanotubes, with a smaller number
of isolated SWNTs. From the TEM and SEM micro-
graphs, we notice that the surface of the nanotube
bundles appears to be relatively free of any large deposits
of amorphous carbon. The HRTEM images reveal that
bundles are very clean, and isolated SWNTs appear un-
coated. There are certainly no large deposits of unstruc-
tured carbon; however, we cannot rule out the presence
of intimately associated graphitic-like coatings, which are
likely to be present at least to some extent.

In addition to TEM, X-ray photoelectron spectrosco-
py (XPS) was also performed to better characterize any
non-nanotube carbon on pre-etch samples. A typical
XPS spectrumis included in the SI. The asymmetric and
narrow 1s C peak is essentially dominated by sp?
carbon, consistent with the CNTs being relatively pris-
tine and having very limited amounts of amorphous or
defective carbon present.

The progress of the etching was tracked by in situ
Raman spectroscopy. Figure 2 shows the in situ Raman
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Figure 2. In situ Raman spectra of a sample being etched at 350 °C, displayed chronologically from top to bottom. (a) Spectral
changes in the RBM region. Spectra have been offset for clarity. Also shown are corresponding changes to (b) G and (c) D
bands. These spectra are not offset. The top and bottom dotted spectra correspond respectively to pre- and post-etch spectra
(after t = 132 min) for the sample. The corresponding Si/SiO, backgrounds are displayed in blue. In (a) spectra are shown every
4 min, from t = 4 min to t = 128 min, with air input occurring at t = 0 s (the original frames were taken with 5 s exposure every
10 s and then binned over 2 min). In (b) and (c) every spectrum is normalized to their maximum G band intensity. In (b) and (c),
spectra are shown every 16 min, from t = 16 min to t = 128 min. The Raman excitation wavelength for all spectra was 532 nm.

spectra of a typical sample etched at 350 °C. Figure 2(a)
shows the spectral region of RBMs and their time evolu-
tion in 4 min intervals. The spectra are shown in chron-
ological order, from top to bottom, with the top spectrum
corresponding to conditions before air is first flowed into
the reactor. In Figure 2(a) the spectra are slightly offset
vertically to make tracking the RBMs easier. The most
prominent RBMs appear to be visible on all samples both
at room temperature and when heated. There are
changes in peak intensity with heating, as expected
due to the softening of the modes themselves, as well
as the gradual shift in the energy of the resonant level
that occurs when materials are heated. These RBMs ex-
perience an expected® frequency downshift of 3cm ™ to
7 cm™ " with respect to their room-temperature frequen-
cies when the given sample is heated from room tem-
perature to temperatures between 300 and 600 °C.

We label nine of the most intense peaks in Figure 2(a),
namely, the peaks centered at (a) 143 cm™', (b)
171 em™, (c) 189 cm ™, (d) 216 cm™ ', (e) 228 cm ™,
(A 236 cm™, (g) 272 cm™", (h) 290 cm™', and ()
303 cm™". On the basis of peak width and asymmetry,
some of these peaks may represent more than one
RBM.® For example, peak ¢ contains at least RBMs at
187 and 189 cm ™. The intensity of peak a is reduced
due to a drop in the transmission caused by the optical
setup at this and lower wavenumbers. All RBM peaks
are superimposed on a distinctive silicon/silicon diox-
ide background signal (blue spectrum).

LI-POOK-THAN ET AL.

As discussed, early work indicates that smaller dia-
meter nanotubes burn first, followed by large-diameter
nanotubes.>>*' Since the RBM frequency is nearly
inversely proportional to diameter, RBM peaks at high-
er Raman shift are expected to burn before those at
smaller RBM energies. This general trend does seem to
be present in our data, with, for example, peaki etching
faster than peak c. However, that is clearly only a rough
approximation, and the true evolution is more subtle
than just small diameter burning faster than large
diameter.

Most notably, peak ¢ remains resistant to etching
compared to all other peaks. So, although a large propor-
tion of the nanotubes are burned off (i.e., ~55% of the G
band intensity is lost), the residue is relatively “enriched”
with the RBM ¢ nanotubes after etching (i.e the relative
intensity of RBM ¢ has increased by more than twice
when compared to total RBM intensity).

At the outset (t = 0 s) the relative intensities of peak ¢
versus peaks e and f are comparable. However, by t =
92 min (red spectrum) peaks e and f can no longer be
clearly distinguished, while peak ¢ has undergone
relatively less etching. Importantly, the larger diameter
peak b also etches faster than peak ¢, with the peak b
shoulder having almost vanished at this time as well,
meaning that we have more than just diameter de-
pendence. A more subtle change also occurs within the
first 2 min of etching, such that the center of peak
¢ moves from 189 cm ™' to 187 cm ™' and stays there
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until etching is stopped, suggesting that two RBM
populations with similar diameters can etch at sub-
stantially different rates.

Peak g similarly appears to resist etching compared
to other peaks, albeit not as much as peak c. That is,
prior to etching peak g is comparable in intensity to
peak ¢, but after stopping the etching, peak cis at least
twice the intensity of peak g. More generally, peaks dto
fappear to etch faster than the smaller diameter peaks
g to i, while both of these groups etch faster than peak
¢. Again, pure diameter dependence cannot explain
this group behavior.

Assignment to chiralities can be performed with
reference to a Kataura plot. Most of the pre-etch RBM
peaks at room temperature remain clearly visible as the
samples are heated to their etching temperatures, so
despite changes to peak intensity and frequency, chiral
assignments made at room temperature and etching
temperatures are essentially the same.®” For small-
diameter nanotubes there are only a few possible
chiralities, and above ~250 cm™" a robust assignment
is possible. At smaller Raman shifts the assignment can
only be tentative. However, the peaks can be naturally
grouped into semiconducting and metallic types; see
SI for details. Qu et al. applied a similar grouping
technique when analyzing the selective growth of
s-CNTs vs plasma CVD.5° From the Sl it is very likely
that peaks g to i correspond to semiconducting (Ex,°
excitonic transition energy) species, with the most
likely chiral assignments being g 272 cm™' (8,4), h
290 cm ™' (9,2), and i 303 cm™' (6,5). Peaks d to f
correspond to metallic (E;;™) species, with some pos-
sible chiral assignments being d 216 cm™' (8,8), (12,3),
or(13,1),e228 cm™' (9,6), and f236 cm ™' (10,4). Peaks
b and ¢ correspond either to metallic (E;;") or semi-
conducting (Es5°) species, and chiral assignments are
uncertain because of the crowding of different possi-
bilities in the Kataura plot. However, the resistant peak
¢ could very well correspond to (16,0), a semiconduct-
ing zigzag species. The low-intensity peak a corre-
sponds to a semiconducting species: (E33°) or (Esq>).
In terms of type, it is normal for a fixed wavelength slice
of the Kataura plot to break down this way, with metallic
peaks in the middle and semiconducting peaks on
either side. This assignment suggests that the SWNT
populations that etch the fastest correspond to metallic
species.

Further information about the evolution of the en-
semble comes from the G and D band evolution. Both
bands decrease with time as material is etched away.
Changes to the G and D bands for the sample etched at
350 °C are shown in Figure 2(b,c). Spectra are shown at
16 min intervals, and all spectra have been normalized
to a peak G band intensity of unity.

The G band line shape contains information about
diameter and metallicity (i.e., semiconductor/metal
ratios). The G band for a single nanotube is made up
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of a G+ at around 1590 cm™' and the G— at smaller
Raman shifts, and ensembles such as these are a
superposition of many individual G+ and G— peaks.
The G— peak position is diameter dependent and can
be used in an analogous way as the RBM to determine
diameter.”®”" The further to the left the G— is, the
smaller the CNT diameter. However, unlike the smaller
energy RBM modes, the G— to G-+ spacing depends on
whether the tubes are metallic or not. For a fixed
diameter, a metallic G— is approximately twice as far
in energy from the G+ for a semiconductor.”"”2 A 1 nm
diameter semiconducting nanotube has a G— at about
1550 cm~',”° whereas a metallic tube of the same
diameter is at about 1510 cm™'.”""2 The resonance
window for G bands is broader than for RBMs (about
300 meV compared to about 100 meV),”® meaning that
resonance conditions are not as strict for G bands.

The G+ band is the strongest peak in Figure 2(b),
and normalized to its peak intensity, it appears to show
essentially no change, apart from its initial 2 cm™'
downshift. The G—, on the other hand, changes sig-
nificantly. In the G—, there is a gradual loss of intensity
for small wavenumbers (below ~1555 cm™"), suggest-
ing a decrease in smaller diameter nanotubes. But this
loss also indicates a change in metallicity. Importantly,
below about 1490 cm™" there is practically no con-
tribution from semiconducting nanotubes, as they
would be smaller than 0.5 nm in diameter and so
would not be stable.”®”" Therefore, any G— intensity
to the left of this point can be attributed only to metallic
nanotubes. There is a substantial loss of spectral inten-
sity in this region. Furthermore, the decrease is relatively
uniform from 1425 cm ™' to 1525 cm ™. This suggests
that the etching throughout this region is primarily
metallic etching over a broad range of diameters.

The loss in G— broadness is consistent with the RBM
region loss of peaks e and fif they are metallic peaks, as
proposed. The loss in lower frequency G— peaks is also
consistent with the initial loss of small-diameter nano-
tubes present in the RBM. The G— band evolution is an
independent line of evidence that supports the con-
tention that the air has preferentially etched metallic
nanotubes. This is in contrast to the very recent
selective oxidation report of Lukaszczuk et al., where
there is little obvious change in the G— features.?> The
reason for the apparent lack of G band evolution in
their work is not entirely clear; certainly the G band
shape should change if the semiconductor to metallic
ratios changes, provided both types are resonant. By
contrast, studies involving the etching of m-SWNTs
using microwave irradiation with mixed-acid-assisted
dispersion’® as well as fluorine gas®® and oxygen
gas® did show a significant change in G— structure,
as expected. Also, unlike the work of Lukaszczuk et al.,
we never observe the reappearance of new small-
diameter, semiconducting RBMs, an intriguing out-
come of that work.
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The D band gives information about the evolution of
crystallinity and the degree of bundling. In Figure 2(c)
the D band evolution is shown normalized to the G
band peak intensity. Over the entire 132 min etching
time, the D/G ratio drops by about a factor of 2, likely
indicating that the crystallinity of the remaining
nanotubes is higher than the starting material, as
expected.*® The time evolution of the D/G integrated
peak intensity ratios for samples etched at different
temperatures is given in the SI. Lower, improved D/G
ratios can be obtained by etching the samples longer.
For example, for the 350 °C sample, the initial D/G is ca.
0.12, and this value falls to D/G ~ 0.08 when 50% of the
carbon is etched, as estimated by the reduction in G
band intensity.

In Figure 2(c) the D band is composed of at least two
peaks centered at around 1324 and 1355 cm™". These
likely correspond to bundled versus unbundled nano-
tube populations, respectively, although for isolated
SWNTs the D band has been seen to be somewhat
sensitive to CNT diameter.”* Since the scaled D band
line shape changed little over the course of the etching
and shows only a gradual shift in spectral weight to
small Raman shifts, this implies that the amount of
bundling has not changed significantly and has prob-
ably not had a significant effect on D/G ratio.

A separate example of etching performed at a higher
temperature, in which the sample is more completely
etched, is shown in the SI. At late times even the etch-
resistant bands are destroyed, which indicates that
there is a compromise between selectivity and yield,
and the best situation will be obtained at some inter-
mediate amount of etching. However, because a more
complete etching is achieved, the defect density is
reduced significantly. The D/G ratio continues to drop
below even 1% of its initial value, although the G band
is still easily detectable. The G band line shape is
indicative of large-diameter semiconducting nano-
tubes remaining at the end. Partial etching in this
way is therefore usable to obtain highly defect free
large-diameter SWNTs.

More generally, there appears to be little or no
change in the amount of type selectivity or species
selectivity over the range T = 300 to 400 °C, for a fixed
amount of G band etching. Thus a wide temperature
range is usable for this type of selectivity, with mainly the
rate increasing as the temperature is increased. Above
400 °C, the evolution seems similar; however the changes
take place too fast and our data were not good enough to
determine convincingly whether or not the degree of
selectivity had changed at these high temperatures.

Room-temperature Raman spectra provide another
perspective on the changes caused by air etching.
Figure 3 shows the room-temperature spectra of a
sample that was etched at 550 °C, such that the pre-
etch (black) and post-etch (red) spectra are displayed.
A scaled-up version of the post-etch spectrum (green)
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Figure 3. Room-temperature pre-etch Raman spectra
(black), with corresponding post-etch (red) spectra and Si/
SiO, background (blue). The (a) RBMs and (b) G and D bands
are shown. The intensity is normalized so that the pre-
etched maximum G band peak intensity is unity. The post-
etch spectrum is also shown normalized to the post-etch G
maximum (green). The peak on the blue, green, and red
curves near 300 cm ™' is from the substrate. The sample was
etched at 550 °C (with 6 x 5 s exposures).

is also shown, such that the G+ matches that of the
pre-etch spectrum in order to contrast the change in G
band structure. Prior to etching, most of the RBMs
visible at high temperature remain visible at room
temperature, although they are shifted and at different
relative intensities. As indicated in Figure 3(a), we have
al145ecm™, b 177 cm™", ¢ 192 ecm™', d 217 cm ™,
e 230 cm™ ', f 236 cm™' (possibly at 242 cm™),
g273cm™ ", h290 cm™', and i 307 cm . After etching,
only RBMs lower than 200 cm ™" (peaks a, b, and ) are
still abundant. The peak at 300 cm™' is substrate
related. This sample was so completely etched that it
is difficult to assess the selectivity from the RBM
spectra. Here, the small-diameter semiconductors have
been etched away along with the metallic nanotubes.
Semiconducting nanotubes are still present, but they
are at the same time large-diameter nanotubes.

The G band area in Figure 3(b) reveals more informa-
tion. Initially, relatively distinct G— peaks can be identified
at 1504, 1523, and 1540 cm ™. The 1540 and 1523 cm™"
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peaks are probably semiconducting, while the
1504 cm™ ' peak is probably metallic (see Sl for details).
More G— peaks are present but cannot be directly
identified due to overlap. Below ~1500 cm ™", however,
this overlapping signal is due almost entirely to m-CNTs.”!
After etching, the three distinct peaks also entirely
disappear, while a possible doublet peak composed of
1562 and 1570 cm ™ is revealed. These two peaks are
very likely semiconducting and were obscured, presum-
ably by large-diameter metallic G— peaks that have been
etched away. They probably correspond respectively
to the same species producing the RBM ¢ and b peaks
(see Sl for more information). The loss in the overall Breit—
Wigner—Fano (BWF) line shape, an asymmetric line shape
thought to be characteristic of metallic nanotubes, is
apparent. Here again the G— band evolution provides
an independent line of evidence for metal-specific etch-
ing. The G+ peak also narrows from 3.2 meV to 1.8 meV
(ie, full width at half-maximum), probably representing
the narrowing distribution of nanotubes.

The D band intensity falls dramatically, with the D/G
ratio falling from Ip/Ig = 0.26 to Ip/lIg = 0.01. This drop
likely corresponds to the well-established and ex-
pected oxidation of defective and/or amorphous
carbon and resulting improvement to CNT sample
crystallinity.2>33%" The D band line shape before, dur-
ing, and after etching is compared in the SI. Again, we
observe no clear change in D band structure.

Exposing the samples to ambient air during the
etching process is expected to p-dope the CNTs, so it
is also important to distinguish which Raman spectral
changes are due to doping and which are due to
material loss via etching. In particular, oxygen gas
and water vapor are known to affect the electrical
characteristics of CNT devices, and the presence of
oxygen gas has been used to tune the band gap of
s-CNTs.”> Additionally, if substantial doping does occur,
we expect the Kohn anomaly resulting from electron—
phonon coupling in m-CNTs to be affected.”®”” Due to
this effect, different levels of doping have been shown
to change the G— width of m-CNTs, so it would be useful
to distinguish whether the change in G— shape we
observe is primarily due to this effect or preferential
metallic destruction.

To determine the amount of doping occurring dur-
ing exposure to air in our samples, we compare our
spectra to the work of Kavan et al., which shows how
the typical electrochemical doping of both metallic
and semiconducting CNTs causes the Raman intensi-
ties of RBMs and the G band to fall in intensity and
shift.”® Depending on the applied voltage, doping was
found to either fill or deplete the peaks in the density of
electronic states of s-CNTs and m-CNTs. Some irrever-
sible oxidation was found to occur at large positive
potential (>1.2 V), with the largest losses in G+ intensity
accompanied by upshifts of up to ~20 cm™' and RBM
upshifts of up to ~5 cm "7
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In the present work, throughout all our etching
temperatures, no substantial shifts to G+ frequency
are shown to accompany G band intensity loss, such as
in Figure 2(b). Likewise, no shifts to RBM frequencies
were observed to occur simultaneously with falling
RBM intensities. It therefore seems likely that the
majority of the observed Raman intensity loss is due
to nanotube destruction instead of doping effects,
especially for small-diameter RBMs.

It is also notable that, at low etching temperatures
(T < 400 °C), the intensity drop can occur over a period
of several hours. Unless there is a high barrier for the
doping, which would not be the case if it requires only
physisorption, for example, one might expect the time
scale of doping to be much faster. We do observe a
very small, 1—2 cm ™' downshift of some RBMs imme-
diately after exposure to air, and this could be doping
related; but this change occurs during the first seconds
of a run and is unrelated to the large drops in Raman
intensity during etching. Additionally, given the un-
ambiguous loss in BWF character after etching, accom-
panying loss in G+ intensity and the fact that we start
with a significant amount of s-CNTs prior to etching, it
seems unlikely that line width changes can be ex-
plained by doping.

We attempted to explore type and chiral selectivity
using ex situ multiwavelength Raman at 514, 633, and
785 nm for the 400 °C etched sample, before and after
etching. The data are not obtained in situ and come
from different areas of the same sample. We only have
a snapshot at some location after a fixed amount of
etching. Definitive (n,m) assignment of the RBMs re-
mains difficult, although a larger population of CNTs
resonant at different wavelengths is examined. Effects
beyond diameter, presumably related to chiral angle,
are blatant, with several examples of close neighbors in
diameter etching at different rates. However semicon-
ductor versus metal type selectivity proved difficult to
verify, mainly because the resonant nanotubes at 633
and 785 nm turned out to be primarily semiconducting
to begin with, but there are some specific examples of
faster etch rates for peaks that could be tentatively
assigned to metallic peaks. A detailed discussion is
included in the SI. Here we provide a brief summary
with respect to type selectivity.

The results at 514 nm were for the most part similar
to 532 nm. At 514 nm (see SlI), RBM g is probably
semiconducting, and peaks h to k are probably metal-
lic. Since it is a larger diameter, the relative robustness
of peak g might be consistent with semiconductors
resisting etching more than metallic. The G— line
shape loses its metallic BWF line shape and appears
more semiconducting. Finally the 2D band, which is
initially split into two peaks, retains only the large-
frequency peak. This could have various causes, but
speculatively might be because a metallic 2D peak is
lost or due to the loss of certain CNT diameters.
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Interestingly, RBM i resists etching, yet our most likely
assignment for it is metallic. A possible assignment for
this peak is to the (8,8) species, despite armchair
nanotubes being expected to etch rapidly.*®

At 633 nm (see SI) RBM e is more resistant to etching
than RBMs ¢ and d, despite being a smaller diameter
nanotube. This might be because e is semiconducting,
and a reasonable assignment is that ¢ and d are
metallic. Chiral angle dependent rates are clear be-
cause g, h, and i are very close in diameter (and Raman
shift), yet h etches slowly, while g and i etch quickly.
Changes to the semiconducting/metal character of the
G— are not clearly visible here at 633 nm.

At 785 nm (see SI), RBM d is a semiconducting
nanotube and is quite resistant to etching. Some
RBM peaks appear to etch faster and can be assigned
to metallic tubes, but there are also possible semicon-
ductor assignments as well. After etching, the G— band
is characteristic mainly of large-diameter semiconduc-
tors and arguably may have lost some metallic char-
acter, but this change, if real, is subtle at best. We
conclude that the ex situ measurements do not dis-
agree with the in situ data, but nor do they demon-
strate clear type selectivity.

The in situ data also allow us to explore the dynamics
of etching, and this was also characterized by extract-
ing the integrated intensities of in situ Raman bands as
a function of time for various temperatures. A chal-
lenge for such measurements is background subtrac-
tion, which can be a large source of error in the
evolution curves. For background subtraction, we em-
ployed a simple trapezoidal background correction
algorithm, described in previous work®® and illustrated
in the SI. As described above the integrated intensities
were further normalized against the first-order Si band
to compensate for any drift in illumination intensity
or collection efficiency. This is a good approach as long
as the film is very transparent. In Figure 4, the G
(consisting of both G+ and G—) and D band evolution
is presented with the integrated intensity normalized
so that its initial intensity is unity. The change in
resonance window for 300 °C is small (kg7 ~ 0.03 eV)
and comparable to a 6 nm decrease in incident
wavelength.

We also analyzed RBMs in this way, and the results
are broadly consistent with the preferential etching of
metallic nanotubes, but the background subtraction
for RBMs is much less robust than for G and D bands
because of the uneven background in the RBM spectral
range (see SI). This means that the quantitative evolu-
tion of the extracted intensities faithfully represents
the G and D bands, but is less certain for the RBM
bands. The trends in the evolution curves with tem-
perature are smoothly varying. We note that one curve
does not fit perfectly in Figure 4, namely, the sample
etched at 500 °C (open squares). This is because this
sample was grown in a different batch of samples with
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Figure 4. Time evolution plots of the integrated Raman
intensities for the (a) G band and (b) D band at different
etching temperatures. The samples are etched at 50 °C
increments from 300 °C (top) to 600 °C (bottom). The 500 °C
sample had a lower pre-etch Ip/Ig ratio. Spectra have been
scaled with respect to the first-order Si intensity of the
substrate in order to reduce the effect of mechanical drift on
the Raman signal and normalized to 1 at t = 0.

a somewhat lower starting D/G ratio and different
starting RBM intensities than the other samples, which
affected the evolution at late times. Despite this differ-
ent initial state, it does fit the general trend very well at
early times.

Across all temperatures, D band etching occurred
more rapidly than G band etching, and as expected, all
etching rates increase with temperature.

None of the G band and D band evolution curves
could be fit with a single-exponential decay function.
There are at least two etching phases in each curve.
Therefore, as shown in Figure 5(a) for the T = 450 °C
etch, biexponential decay (light gray) does fit reasonably
well. One fast (wine) and one slow (violet) exponential
function are fit, such that the scaled intensity /(t) is /() =
lfast + lslow = Afast exp(ft/‘[fast) + Aslowexp(ft/fslow): where
Atast and Agiony are proportionality constants, Tr,s and Tgow
are time constants, and t is the time elapsed from when
air input begins. For the T = 300 to 600 °C samples, Tow
varied from 16900 s to 250 s and 7, varied from 1200 s
to 35 s for the G bands. For some etching temperatures,
the fast etching phase may actually contain more than
one exponential, so the biexponential fit is only an
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Figure 5. (a) Typical biexponential fit (light gray) of the G band signal (black, normalized to the Si intensity) for the 450 °C
etched sample. Slow (violet) and fast (wine) decay components are indicated. The respective time scales for the slow and fast
components are 7 = 3203 + 25 sand 7= 188 + 3 s. (b) Comparison of G band decay: Total G band signal (black) versus metallic
G— signal (wine, from 1456 to 1476 cm ') and G-+ signal (violet, from 1565 to 1585 cm ) for the 450 °C etched sample.
Corresponding (c) RBM and (d) D and G spectra for each of the 10 etching times shown in (a).

approximation, although for other temperatures the fit
was excellent. Also, for comparison with total G band
evolution, Figure 5(b) shows the evolution of the low-
frequency, metallic G— peaks from 1456 to 1476 cm ™'
(wine triangles) and that of the G+ peak from 1565 to
1585 cm™ ' (violet triangles). As expected, the metallic
peaks decay more rapidly.

There is some evidence that the fast and slow
components represent different nanotube popula-
tions. Spectrally, as seen in Figure 5(b) and (c), by the
time when I;,¢; drops close to 0 (i.e., at point (vi)), in all
samples, RBM c is the dominant peak and, assuming
that G band contribution from non-CNT sources at this
stage of the etch is low, I,y at least roughly tracks the
decay of RBM c. After I, drops close to 0, the G line
shape appears much more stable, indicating that the
majority of metal etching has already occurred during
this first etching stage. It follows that the amount of
metal/semiconductor etching can be optimized by
stopping air input at different times. Roughly speaking,
one can conclude that the fast component corre-
sponds to the phase when the G band narrows most,
and many species are selectively lost in the RBM region,
while the slow component corresponds to the phase
when the remaining G band and RBM band intensities
simply decrease uniformly.

LI-POOK-THAN ET AL.

Our samples are highly bundled, so we should
consider what effect bundling has on the kinetic
Raman spectra and the observed fast and slow com-
ponents. While the fraying of bundles observed in SEM
may indicate that air is still efficiently getting to the
core of the bundles, it is still possible that outer CNTs
will etch before the inner CNTs and protect them to a
degree. In CVD growth, the a priori expectation is that
chirality, diameter, and metallicity of individual CNTs
are randomly distributed within the bundle, with bun-
dle formation occurring well after CNT nucleation. It is
therefore unlikely that distinct inner and outer CNT
groups within a bundle are directly responsible for the
fast and slow components. This random CNT distribu-
tion within the sample should actually decrease the
amount of etching selectivity, since some portion of
the protected inner CNTs would consist of otherwise
etch-susceptible species. More generally, CNT bundles
and surface CNTs are not well organized on the sub-
strate. So, the chirality and type dependence of etching
should be enhanced for debundled and individualized
nanotubes.

Debundling caused by etching may directly impact
the resonance windows of different CNTs. Additionally,
bundle thickness is expected to affect overall G
bandwidth.”® However, at all etching temperatures,
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we do not see any significant shift in the RBM, G—, or
G+ frequencies, which would indicate that a signifi-
cant change to strain induced by debundling has
occurred.® If anything, based on the aforementioned
SEM images in Figure 1 and lack of D band shift, there
appears to be minimal debundling, and few individual
CNTs are visible once the fast component has fallen to
zero and selective etching has already occurred.

One complication in trying to understand the time
evolution is that at high temperatures the etch rate
becomes so fast that it is no longer possible to ignore
the time it takes to change over the gas composition
from reducing to oxidizing. The chamber has an inter-
nal volume of ~29 cm?, and the supply lines have a
volume of ~4 cm?. The air is introduced at a flow rate of
16 sccm, meaning it should take a time scale on the
order of 90 s to turn over the gas composition. Such
effects do not explain the biexponential, however, as
they should be negligible at low temperatures because
of the slow etch rate. Furthermore, one would expect
the presence of the purge gas transient to decrease the
etching rate, instead of increasing it, as observed here.
However, for the fastest etching rates, it is clear that
one has to view the gas concentration as ramping up
during the etch. For the highest temperatures, it is not
a good approximation to view the gas concentrations
as static.

Since the 1/7 values are simply rates, the tempera-
ture dependence of these etch rates can be plotted in
an activation plot as shown in Figure 6. The slow (black
squares) and fast (red squares) G band etch rates are
activated with energies 0.67 4- 0.05 and 0.50 £ 0.12 eV,
respectively. That is, given the large uncertainty they
are barely distinguishable, if at all, in activation energy.
The slow (blue triangles) and fast (green triangles) D
band etch rates are activated with energies of 0.79 +
0.13 and 0.58 + 0.13 eV, respectively. Given the large
uncertainty, these too cannot be meaningfully distin-
guished. These energies are of the same order of
magnitude for activation energies obtained in studies
involving the etching of graphitic carbon®?° If the fast
and slow modes correspond to different populations, the
difference in etching activation energy for these popula-
tions was too small to measure in our experiment.

As described in the SI, as an alternative to fitting
biexponentials for the entire duration of the G and D
band evolutions, one exponential could be fit at early
times and one exponential could be fit at late times.
Using this method, activation plots for the fast and
slow phases for the G and D bands were also obtained.
These energies are similar to the results obtained from
the biexponential fits, indicating that the biexponential
function reasonably approximates G and D evolution.

It is possible to extract and analyze certain RBM
evolution curves and extract different activation en-
ergies, similar to what was accomplished for the G and
D bands in Figures 5 and 6. Depending on RBM peak
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Figure 6. Activation plots for the G band slow (black square)
and fast (red square) 7 values and for the D band slow (blue
triangle) and fast (green triangle) 7 values. Activation en-
ergies are taken from the slopes of the four linear fits (lines)
and are listed in the main text.

intensity, spectral background intensity, and etching
rate, it was not possible to obtain evolution curves for
all RBMs. However, curves from peaks b, ¢, e, f, and g
identified in Figure 2 could be tracked over a variety of
temperatures, with Figure 7(a) displaying the 350 °C
etching case. Due to overlap, the intensities of peaks e
and fwere combined. Unlike the G and D bands, all the
RBM curves can be roughly fit with a single-exponential
function, with the assigned metallic e and f peaks (blue)
etching rapidly and peak c (red) being the most resistant.
Keeping in mind that the resonance window of the G
band is larger than that of the RBMs, slow G band decay
generally corresponds well with the decay of peak c,
while fast G band decay may correspond with the
averaged decay of the remaining RBM peak populations.

Some RBM-activated plots are shown in Figure 7(b).
Note that due to the large signal-to-noise ratios of the
RBMs, the energy uncertainties are larger than those of
the G and D bands. The energies for peaks b, ¢, and g
and the combined peaks e and f are respectively found
to be 1.19 4+ 0.69, 0.99 + 0.23, 0.78 4+ 0.20, and 0.72 +
0.20 eV. Therefore, while the energies for the larger
diameter peaks b and ¢ may be larger than those of the
other RBMs, the RBM energies cannot be meaningfully
distinguished from each other or from the energies of
the G and D bands, despite the substantially different
etching rates of different RBMs.

This raises an interesting point about the mechan-
ism of selectivity. One model is that selectivity in
oxidation rates arises from different activation barriers.
This may be true in some cases, and we may simply
lack the energy resolution in the current experiment.
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Figure 7. (a) Typical exponential fits (violet lines) of RBM band signals during etching at 350 °C. RBMs at 177 cm ™' (“peak b”,
orange), 192 cm ' (“peak ¢”, red), and 273 cm ' (“peak g”, green) are shown. The intensities of the RBM signals at 230 and
236cm™! (“peaks e and ', blue) have been combined. All signals are scaled to the Si intensity and normalized to 1 at t = 0. (b)
Activation plots for the four RBM groups identified in part (a). Activation energies are listed in the main text.

However, this does not explain peak ¢ in Figure 7,
which etches much more slowly despite having a
similar activation energy to the others. So at least in
this case, this is evidence that selectivity is determined
by the prefactor in the Arrhenius equation and not the
activation energy factor.

One interpretation may be that fast etching nano-
tubes, which we suppose are metallic here, effectively
have a higher molecular collision rate. Speculatively,
this might be explained by the relative delocalization
of metallic electrons on m-CNTs®' or possibly by the
higher polarizability of m-CNTs, which increases the
magnitude of van der Waals interactions,* resulting in
a larger effective cross-section. Another possibility is that
metallic species are more sensitive to defects formed
during growth, resulting in greater reactivity.2>%*

Mechanisms of selectivity related to the electronic
density of states near the Fermi level for m-CNTs are
also often used to explain enhanced metallic etch
rate.?>388> For example, An et al. have attributed the
selective reactivity of diazonium reagents with m-CNTs
to the stabilization of a charge-transfer complex
formed at the metallic density of states.®** Likewise,
the preferential etching of m-CNTs with methanol has
been linked to the lower ionization potential of
m-CNTs.2¢ Independent density functional theory cal-
culations have shown that semiconducting single-
walled nanotubes have a lower heat of formation,>®
while unique impurity states near the Fermi level of
m-CNTs act as a strong scattering center,?” both of
which result in m-CNTs being more reactive than
s-CNTs.>” Additionally, it is known that the atmospheric
oxygen and water can cause charge transfer and
trapping, which can affect the behavior of s-CNT and
m-CNT devices differently.”®

It is important to note that our samples have cobalt
catalyst present. Cobalt oxides might also play a similar

LI-POOK-THAN ET AL.

role to the nickel oxides in the carbothermic reaction
very recently reported by Li et al., and the mechanism
of selectivity may be similar in that case.?® Catalyst
particle shape®® and catalyst reduction potential®®2”%°
may be important factors.

Recently there has been discussion that growth rates
might be proportional to chiral angle.5%*° If that were
true, one might imagine that etch rates could also be
proportional to chiral angle, and there is evidence for
such scaling in air etching studies.'*° Note that this is a
different argument than the local curvature radius
limiting etch rates, which implies a specific, but differ-
ent chiral angle dependence. The argument for growth
rates proportional to chiral angle hinges on the gra-
phene edge step density scaling with chiral angle. In
etching this would be relevant if it took place from the
end only. Very recent observations of oxidation in aberra-
tion-corrected environmental transmission electron mi-
croscopy show, however, that etching proceeds by
attacking sidewalls more commonly.®® Although oxida-
tion is in some ways the opposite of growth, it would
appear that the time reverse of the growth model does
not match the oxidation dynamics, at least in our case.

The local curvature radius model might explain
some of the data. Here, there are a large range of chiral
angles visible in the RBM and/or G— spectra. However,
we do not generally observe large variations in etch
rate due to chiral angles when we make a tentative
assignment. For example, large and small chiral angles
are present in RBMs g to i, but we do not observe any
large difference in etching behavior within this group
(see SI). Bundling, too, may be a factor here, since
the inner nanotubes are protected from gas exposure
to at least some extent, which would weaken any
specific chirality dependence. If that is the case, one
should expect better selectivity from more debundled
samples.
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In general, assigning chiralities to large-diameter
nanotubes via Raman spectroscopy is prone to error.
It is possible that the etch-resistant RBM ¢ corresponds
to the semiconducting zigzag (16,0) species. This as-
signment would be compatible with a chiral angle
determining the etch rate. However, there are many
equally plausible assignments for that peak. Moreover,
other near-zigzag peaks at small diameter can be
assigned, and they do not show significantly slower
etch rates. Therefore, we could not find clear evidence
of the simple chiral angle rate dependence suggested
by the local curvature model. If there is a simple chiral
angle dependency, it is perhaps masked by semicon-
ductor/metal type dependences and by bundling.
Certainly, however, the trend of small-diameter nano-
tubes being etched first is clear.

CONCLUSIONS

To summarize, our in situ Raman spectroscopy gen-
erally supports the idea that etch rates are faster for

METHODS

Etching was tracked by in situ Raman spectroscopy as follows:
samples, consisting of chemical vapor deposition produced
nanotubes grown from cobalt thin film catalyst on thermally
oxidized silicon wafers, were cleaved into 3 mm x 3 mm square
pieces and loaded into a miniature hot-walled chemical reactor
(Linkam CCR1000). A custom-built Raman spectroscopy system
was used to monitor the sample in situ as described in previous
work.2>?" The reactor was purged in 2% H./Ar at 16 sccm and
heated to a fixed temperature between 300 and 600 °C. Etching
was initiated by pumping ambient room air with a diaphragm
pump into the reactor at a flow rate of 16 sccm, and air flow was
maintained for a matter of minutes or hours, depending on the
etch rate. After etching, the reactor was again purged with Hy/Ar
at 16 sccm and cooled to room temperature.

Raman spectroscopy was performed on all samples before,
during, and after etching, always using the 532 nm laser line.
Focusing conditions are important. To avoid laser heating the
beam was defocused to a narrow elliptical spot roughly ~50 um
long and ~5 um wide, with incident power ~1 mW using a 50 x
long working distance objective. A spatially extended spot
provides a stronger Raman signal than would be obtained from
a point, while minimizing local heating. Given the lack of a
noticeable frequency shift of the Raman first-order Si band and
the carbon-related bands, local sample heating due to the laser
is estimated to be less than ~25 °C. Second, small spatial drifts
in the z (focusing) direction can cause large drifts in the
collection efficiency, and so cause artifacts in the evolution
profile. To compensate, we used a separate imaging arm®%°
built into our Raman system. This arm was used to continually
refocus the laser spot between acquisitions of spectra to
compensate for any drift. Furthermore, the nanotube layer
was thin enough to be transparent, and we normalize the
nanotube-related bands to the substrate silicon first-order band
to cancel out small drifts. The result was that very smooth and
reproducible evolution curves could be extracted.
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small-diameter nanotubes. However this is only the
beginning of the story. Subsets of the population
persist longer than other species. Chiral angle effects
are clearly present, but there is also evidence for type
dependence. In particular, the in situ data are consis-
tent with m-CNTs etching more rapidly than s-CNTs,
and this is manifested in a biexponential of G band
intensity. Extracted activation energies appear largely
independent of tube chirality, leading to the conclu-
sion that differences in etch rates are predominantly
determined by other factors such as cross-section.

This selective etching approach, while suffering from
the drawback of destroying a lot of material, is very
simple and scalable and would be particularly inter-
esting to integrate with gas-phase synthesis. With
further study, it could have the potential to be used
as a tool to produce semiconductor-enriched samples,
while improving crystallinity. In situ tools such as in situ
Raman can help test the mechanism of selectivity and
help to optimize selectivity.

of sample etched at T =400 °C. Background correction illustra-
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550 °C. XPS spectra of pre-etch material. This material is
available free of charge via the Internet at http://pubs.acs.org.
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spectra of sample etched at T = 600°C. Radial Breathing Mode time evolution plots. This

material is available free of charge via the Internet at http://pubs.acs.org.

1. Diameter and chirality assignment

A standard way to determine the (n,m) of single walled carbon nanotubes
(SWNTs) is to use the so called Kataura plot. In the Kataura plot, the Raman laser energy
is displayed on the y-axis, while the measured Radial Breathing Mode (RBM) frequency
is on the x-axis. Because the RBM frequency is roughly inversely proportional to
nanotube diameter, and because RBM visibility depends on being resonant with laser

energy, with the resonances being chirality dependent, each nanotube has a specific
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position on the Kataura plot. In essence, each SWNT chirality (n,m) is assigned to
different wrpym and Ej; pairs.

In this work, Kataura plots are obtained using data from R. Saito’s Exciton
Kataura Plot page (i.e. http:/flex.phys.tohoku.ac jp/eii/)."*

Assignment may not be straightforward because RBM frequencies shift weakly
and resonance energies (i.e. Ejj, Exp, etc.) shift strongly under different nanotube
environments. Specifically, these pairings can be sensitive to a dielectric function «,
which depends on local environment and nanotube diameter.' Furthermore, we are using
a fixed wavelength laser so observation of an RBM means the laser is “near” the resonant
frequency (i.e. within ~100 meV), but we do not determine the exact resonance (i.e.
position on the y-axis of the Kataura plot).’

In Table S1, we list the room temperature RBMs shown in Figure 3. Our aim is
to assign these to specific species.

A simple model of the diameter dependence of the RBM frequency

1Sy, = A/d, + B , where A and B are constants that depend on local environment and

sample type. This has often been used to assign experimental RBM peaks; different
values for A and B have been obtained in different studies.*” Since our samples were
grown under water-assisted CVD on Si subtrate, we expect A to vary between 227
nm-em”’ and 248 nm-cm™!, while B should be close to 0 cm™.%? These extreme limits

correspond to Models 1 and 3 in Table S1.

Another model for the diameter dependence is described by

Oppyy = (227/ d, )wll +C, -d’ , where C. is a constant sensitive to the environment

surrounding the nanotubes.* 1 If peaks g, h, and i are assigned to (8,4), (9,2), and (6,5),11



we obtain C. = 0.046 nm™ + 0.020 nm'z, which corresponds to Model 2 in Table S1. This

model likely corresponds to the most likely peak assignment.

Extreme Case 1 Most Likely Assignment Extreme Case 2
Peak Raman | Diameter Assignment | Diameter Assignment Diameter Assignment
Label Shift (nm) (nm) (nm)
(Fig3) | (em™) | Model 1 Model 1 Model 2 Model 2 Model 3 Model 3
A =227 A =227 C.=0.046 C.=0.046 A=248 nmem™”, | A=248
nm-cm‘l, nm-cm’l, nm?> nm? B=0cm" nm-cm‘l,
B=0cm’! B=0cm! B=0cm’!
a 145 1.57 S 1.66 S 1.71 S
b 177 1.28 S (EssY) 1.33 S (Es3) 1.40 S (Es3)
orM or M (E;;™) or M (E;;™)
(En™)
c 192 1.18 S (Es3) 1.22 S (Es3Y) 1.29 S (Es3Y)
or M or M (E;™) or M (E;™)
(Ei™
d 217 1.05 M (E;,\™) 1.07 M (E,,\Y) 1.14 M (E;,\Y)
e 230 0.99 M (E;,\™ 1.01 M (E,,\Y) 1.08 M (E,\Y)
f 236 0.96 M (E;,\™) 0.98 M (Ei,\Y) 1.05 M (E;,\Y)
g 273 0.83 (8, 4) 0.85 (8, 4) 0.91 (11,1)
S (Ex*) S (Ex®) S (Ex®)
h 290 0.78 9,2) 0.79 9,2) 0.86 (8, 4)
S (Ex") S (Ex") S (Ex")
i 307 0.74 (6,5) 0.75 (6,5) 0.81 9,2)
S (Ex") S (Ex") S (Ex")

S=semiconducting, M=metallic

Table S1. Radial Breathing Mode assignments
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Assignments using these three models are graphically shown in Figures S1 to S3.

Assignments from Models 1 and 2 are probably more accurate than those in Model 3.

A=227nm<cm’,B=0
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Figure S1. Kataura plot for the Extreme Case of Model 1. Frequencies were calculated

using the expression @,,,, = A/d, + B, where A =227 nm-cm™, B=0 cm'. Different

(n,m) values are present. Only diameters larger than 0.7 nm are shown. Dotted lines

represent observed RBMs shown in Figure 3. Points are labelled by the band they

originate in. Semiconducting, metallic and mixed regions are delineated with respect to
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the labels along the top axis, indicating the band of origin (e.g. E;™

semiconducting) along the top horizontal axis.
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Figure S2. Kataura plot for the Most Likely Assigment of Model 2. Frequencies were

calculated using the expression @,,,, = (227/dt W1+C, -d? , where C.=0.046 nm™.

Different (n,m) values are present. Only diameters larger than 0.7 nm are shown. Dotted

lines represent observed RBMs shown in Figure 3. Points are labelled by the band they

originate in. Semiconducting, metallic and mixed regions are delineated with respect to

the labels along the top axis, indicating the band of origin along the top horizontal axis.
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A =248 nmcm’,B=0
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Figure S3. Kataura plot for the Extreme Case of Model 3. Frequencies were calculated
using the expression @,,,, = A/d, + B, where A =248 nm-cm™, B=0 cm'. Different
(n,m) values are present. Only diameters larger than 0.7 nm are shown. Dotted lines
represent observed RBMs shown in Figure 3. Points are labelled by the band they
originate in. Semiconducting, metallic and mixed regions are delineated with respect to

the labels along the top axis, indicating the band of origin along the top horizontal axis.

There is no obvious scaling of etch rates with chiral angle. However, all three

models predict that peak a is semiconducting (Es3° or E44°), peaks d to fare metallic
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(E;,™), and peaks g to i are semiconducting (E»,"). Peaks b and ¢ may be either type

(E1™ or Ex®).

We can similarly use the G- peaks in Figure 3 for assignment; see Table S2.>°

The G- resonance window is larger than the RBM resonance window. As a result, while

all the strongest RBM peaks should produce visible G- peaks, some G- peaks may

correspond to RBMs that are off-resonance and not visible. The center of the windows

and window width may shift depending whether the plot corresponds well to sample

environment. For example, CNT bundling can widen the RBM window." !

2

Label Raman Diameter Assignment Comments
Shift (cm™) (nm)
I ~1504 cm™ ~0.85 M Corresponds to unresolved RBMs at 240-255 cm’™"
11 1523 cm™ 0.75 (1.00) S (M) Corresponds to RBM-i (overlapping RBM-d to f)
I 1540 cm™ ~0.85 S Corresponds to RBM-g or &
v ~1562 cm’” ~1.20 S Corresponds to RBM-b and/or RBM-¢
% 1570 cm™' ~1.50 S Corresponds to RBM-a

Table S2. G- band assignments

The (6,5) nanotube, assigned to peak-i in Model 1, is highly resonant and was
found by Telg et al. to generate a G- at 1528 cm™ . This likely corresponds to the G- peak
near 1523 cm™ (peak-II). Also in this spectral range are metallic peaks from larger
diameter nanotubes. Although the (6,4) species may also contribute, it is not clearly

visible in the RBM region.
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If the 1540 cm™ peak is semiconducting it should correspond to diameters of
close to ~0.85 nm.”° For Model 1 this would correspond to ~270 cm™ (peak-g), or for
Model 3 this would correspond to 290 ~cm™ (peak-h). In either assignment these peaks
are semiconducting.

The low intensity G- peak at ~1504 cm™ is most likely to be metallic. A
semiconducting nanotube in this would not be very stable as it would correspond to
diameters of ~0.5 nm. Additionally, the lineshape of the G- in this region appears to be
asymmetric, likely having a “Breit-Wigner-Fano lineshape” typical of metallic CNTs.
Metallic tubes with this resonance are ~1 nm in diameter, and thus this correlates well
with the large unresolved RBM shoulder at around 240-250 cm™.

After the etching procedure all the previously discussed G- peaks are destroyed.
However, as shown in Figure 3(a), RBMs-b and ¢ (i.e. 177 cm™ and 192 cm™) are fairly
persistent. Notably, the G- doublet (i.e. 1562 cm™ and 1570 cm™) in Figure 3(b) is also
persistent. The presence of a semiconducting G- near 1562 cm™ suggests that at least one
of b and ¢ are semiconducting, if not both. The peak at 1570 cm™ likely corresponds to

the semiconducting RBM-a.?
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2. Raman spectra of sample etched at T = 600°C

The result of etching at T = 600 °C is presented in Figure S4. As seen in Figure
2(a), the ~10 RBMs of interest at low temperature are also present at high temperature,
although individual RBM peaks have downshifted, and not all the same RBM peaks are
visible due to the change in resonance conditions. We indicate peaks a: 140 cm™, b: 168
cm'l, c: 185 cm'l, d: 203 cm'l, da*: 211 cm'l, e: 225 cm'l,f: 240 cm'l, g:260 cm'l, g%:266
cm™, : 280 cm™, i: 290 cm™. RBMs-d/d* and g/g* may be doublet peaks, perhaps
containing peaks from species only resonant at high temperatures. A 295 cm™ SiO,
background peak (blue) is present.

RBM etching is much more complete than in the low temperature case and air
input was stopped (at t = 16 min) before the sample was entirely etched away. It appears
that the diameter dependence is more pronounced at these high temperatures, or
alternatively, when the etching is continued for a long time. Similar trends are likely
present but less pronounced than at low temperatures. For example, it is unclear whether
the higher etching temperature reduces etching peak-c selectivity, although the spectrum
at t = 3 min 30 s seems comparable to the final spectrum in Figure 2a. The weak RBM-a
peak is difficult to track visually, but seems to vanish the earliest after t = 2 min 30 s.

The corresponding change in the normalized G and D bands is much more
pronounced in Figure 3(b) and 3(c), respectively. After t =9 min 30 s, the G band is still
easily visible, though much sharper, and the D band has completely vanished. Prior to
this, the D band frequency upshifts from 1316 cm™ to 1323 cm™, indicating a change in

bundling or a loss in resonant small diameter nanotubes.’ Likewise, the loss in G-
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intensity below 1567 cm™ is much more significant than for the lower etch temperature
case. The loss in Breit-Wigner-Fano (BWF) character in the G- region is obvious,
suggesting that the surviving RBM-c and RBM-d peaks correspond, at least in part, to

semiconducting species.
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Figure S4. In situ Raman spectra of a sample being etched at 600 °C, displayed
chronologically from top to bottom. (a) Spectral changes in the RBM region. Also shown

are corresponding changes to (b) G and (c) D bands. The top and bottom dotted spectra
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correspond respectively to pre- and post-etch spectra (after t = 16 min) for the sample (30
s exposure and scaled to black frames). The correspond Si/Si0, backgrounds are
displayed in blue. In (a) the spectra are shown every 1 min, from t =30 s to t = 14 min 30
s, with air input occurring at t = 0 s. In (b) and (c), every spectrum is normalized to their
maximum G band intensity. In (b), spectra are shown every 1 min, fromt=30stot=12

min 30 s. In (c), spectra are shown every 1 min, from t =30 s to t = 10 min 30 s.
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3. RBM Time Evolution Curves

Figure S5 displays the time evolution of the most intense RBM peaks for the
350°C air etched sample, compared with the time evolution of the G and D bands. With
respect to the peaks in Figure 2(a), the evolution of peaks-b, ¢, and g are plotted. The
evolution of peaks-e and f'is also plotted, but since the peaks overlap, the sum of both
signals was plotted together. As usual, peak evolution is scaled with respect to the Si
band, and normalized with respect to peak signal att=0s.

A significant amount of noise is present in these curves due to the comparatively
low signals of the RBM peaks. Data extraction is further complicated by the presence of a
non-flat background and unresolved RBMs that are close to the distinct RBM peaks.

The RBM time evolution curves correspond well with the changes directly
observed in Figure 2(a). RBM-c is by far the most persistent peak followed by RBM-g.
The likely E;;™ peaks at e and f etch rapidly. The RBM-b shoulder peak also appears to
decrease very rapidly, however it must be noted that as a shoulder peak, background
subtraction is particularly subject to error. A simple model with an increasing etch rate
with decreasing diameter cannot explain the extracted RBM evolution curves as we have
in order of etch rate b>e+f>g(>D>G>)c where if the order were determined by this
simple model we would have g>e+f>c>b which is not observed.

As shown in Figure 5, the G band tracks relatively well with the persistent RBM-¢
peak. This makes some sense since CNTs corresponding to the other RBMs are destroyed

and cannot contribute as much to the G band.
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Another simple model might be that the etch rate is determined by sidewall

defects, with tubes etching proportionally with their defect densities. In that case one

would expect an etch rate pro

perhaps the RBM-g this is not

portional to the D band intensity. With the exception of
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sample etched at 350°C. The evo
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of Raman peaks compared with the G and D bands for the

alongside the G (black) and D bands (blue), are plotted.
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the case, and such a defect etching model can be ruled out.

lution curves of the scaled, normalized peaks at 177 cm™
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4. D/G Time Evolution Curves

Figure S6 displays the D/G time evolution for all samples from T =300 °C to 600
°C. The 500 °C sample was more crystalline to begin with and therefore has the least
signal due its low D band values. Also note that at higher etch temperatures, pre-etch D
band intensities were lowered more than the pre-etch G band intensities due to the change
in resonance, so the initial D/G values scale with temperature to an extent. Comparing
these values to Figure 4, one can show that D/G time evolution scales directly with
remaining G band intensity independently of etching temperature, at least for low
temperatures. For example, from T = 350 °C to 500 °C the D/G ratio drops by ~33%,
once G band intensity falls by 50%. To obtain high crystallinity samples, prolonged
etching is required. For a ~80% drop in D/G, the G band intensity must fall by 72%, and

for a ~90% drop in D/G, G band intensity must fall by 80%.
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Figure S6. D/G time evolution normalized to initial values from T =300 °C to 600 °C.
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5. Alternative Activated Plots

Instead of performing the biexponential fit shown in Figure 5, one exponential
can be fit at early times (red) and one exponential can be fit at late times (green) as shown
in Figure S7. These fits were performed for all G and D band time evolution curves, such
that time constants Ty and Tg0w can be obtained from the fast (red) and slow (green)

components, as they were for the biexponential fit.
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Figure S7. Alternative two exponential fit of the G band signal (normalized to the Si
intensity) for the 450° C etched sample. Independent slow (green) and fast (red) fits are

indicated.
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Using this alternative fitting scheme, alternative activation plots for the G and D
bands are given in Figure S8. The fast (black squares) and slow (red squares) G band etch
rates are activated with energies 0.53 eV + 0.10 eV and 0.47 eV + 0.07 eV, respectively.
The fast (blue triangles) and slow (green triangles) D band etch rates are activated with
energies 0.63 eV £ 0.11 eV and 0.39 eV + 0.07 eV, respectively. The large uncertainty

makes these activation energies barely distinguishable if at all.
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Figure S8. Activation plots for the G band fast (black square) and slow (red square)
t values and for the D band fast (blue triangle) and slow (green triangle) t values.

Activation energies are taken from the slopes of the four linear fits and are listed above.
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6. TEM images

Transmission electron microscope (TEM) images of a typical pre-etch sample,
taken using a JEOL JEM-2100F TEM, are shown in Figure S9. CNTs were transferred by

mechanically passing the surface of the sample across a carbon TEM grid.

Figure S9. Typical TEM micrographs of the pre-etch sample at different magnifications.

As seen in Figure S9, SWNT bundles <25 nm in thickness are typical, such that
thicker bundles often split into thinner bundles and individual SWNTs. Individual CNTs

with diameters <5 nm and thin bundles composed of 2-3 CNTs are visible. We were able



to find some isolated individual nanotubes, but they degraded quickly in the TEM. Most
tubes were bundled however, and these were more stable in the beam.

From the TEM images we note that large isolated pieces of amorphous carbon are
not visible. However, there may be unresolved graphitic carbon coatings intimately
contacting the surfaces of nanotubes or bundles. We lack the TEM resolution here to

distinguish them. The CNT walls do not appear to be particularly defective.

Figure S10: High resolution TEM micrographs of the pre-etch sample.

S-19 71



High-resolution TEM (HRTEM) images of the pre-etch sample were also taken
using a Titan® 80-300 TEM operated at 300 keV. CNTs were transferred by mechanically
rubbing the nanotube sample surface onto a lacey carbon grid. Two typical images (a)
and (b) are shown in Figure S10.

Consistent with the SEM observations and Raman data, the vast majority
nanotubes are organized into bundles, ranging here from ~2 nm to ~10 nm in width.
These bundles are extremely well graphitized, with little if any evidence of any
amorphous carbon in their interiors. They can be seen to cross in front of other bundles
and bundle together into networks in many cases. Individual SWNTs of different
diameters can also be seen in places. For the most part the individual nanotubes and
bundles of nanotubes appear largely free of coatings, despite the fact that we were
looking for examples of particularly coated nanotubes. In some places in these images it
is possible to see what might be thin layers of poorly structured carbon on the outside of
bundles or individual nanotubes. However, image artifacts such as those due to depth of
focus and motion make this unclear, and furthermore TEM induced damage and

deposition may also contribute. Certainly, as in the low resolution TEM, there is no

evidence of large flakes of amorphous carbon. Here many clean nanotubes and bundles of

nanotubes are seen. The level of non-nanotube carbon coating thus appears quite limited,

consistent with the XPS, SEM and Raman data.
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7. Ex situ Raman spectral changes to 400°C etched sample with four laser lines

The ex situ Raman spectra of the CNT sample etched at 400°C was obtained
using four laser excitation wavelengths at 514 nm, 532 nm, 633 nm, and 785 nm. Both
the pre- and post-etch Raman spectra were collected at room temperature for each laser
line. The ex situ 532 nm spectra were taken using the same apparatus and setup as all the
in situ spectra. The 514 nm, 633 nm, and 785 nm spectra were taken using a commercial
Renishaw inVia Raman microscope system using a slit illuminated 20x objective, with
incident laser powers <1 mW. The 532 nm spectra were taken on the same sample and
location before and after etching, while the remaining spectra were taken on separate

samples and different locations.

These spectra are presented in Figure S11. Spectra above 1692 cm™ for the 532
nm spectra could not be collected. Pre- and post-etch signal intensities were normalized
by setting the spectral baseline to 0 and the height of the first order Si band at 520 cm™ to
1. The post-etch spectra were also scaled (blue line) so that the G band maxima and
neighboring baselines matched those of the pre-etch spectra. The 2D band profile for the

532 nm spectra was not obtained.
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Figure S11. Ex situ Raman spectra of pre- (black) and post-etched (green) sample performed with (a)

514 nm, (b) 532 nm, (c) 633 nm, and (d) 785 nm laser lines. The sample was etched at 400°C. Spectra

above 1692 cm™ were not collected using the 532 nm laser line. The difference between the pre- and
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post-etch spectra is shown in red. Blue spectra shows the scaled post-etch spectra (see text). Asterisks

indicate peaks originating from Si/SiO;.

As we shall describe, these spectra show the rapid etching of E11M, EHS, Ezzs nanotubes versus
comparatively resistant E33S and E44S nanotubes in way that cannot be solely explained by diameter
dependence. In Table S3, the labelled RBM peaks in Figure S11 are chirality/type assigned using the
Models described in Section 1 of the SI. Likewise G- assignment is tabulated in Table S4. Sample
Kataura plots using C, = 0.046 nm™ are shown for each of the four laser lines in Figures S12-S15. Again,
Kataura plots are obtained using data from R. Saito’s Exciton Kataura Plot page (i.e.
http://flex.phys.tohoku.ac.jp/eii/)."-* Individual RBMs were indicated as being resistant (green arrow,
dotted line) or non-resistant (red arrow, dotted line) to etching based on the relative intensity change
before and after etching.

For the 514 nm spectra, the high intensity d, g, and i peaks have undergone little or no etching
when compared to the almost totally etched peaks k to n. However, the low intensity b, c, e, f, and &
peaks also etch faster than the d,g, and i peaks despite their varying diameters. From the Kataura plot we
see that the transition between metallic E;;™ and semiconducting E," species occurs starting at peaks
or g. Therefore, despite probably being a E;;™ nanotube, peak i surprisingly etches slowly. One possible
assignment for this peak is the high chiral angle (8,8) nanotube, but this is again surprising since higher
chiral angle nanotubes are expected to etch more rapidly.' '*

The pre-etch G band of the 514 nm spectra contains unresolved G- peaks between 1500-1540

cm’™, probably containing contributions from the resonant E;;™ species. RBM peaks | and m are

expected to contribute peaks close to 1540-1550 cm™, although these peaks are not distinctly visible.
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The two most intense G- that persist after etching are peaks II and its shoulder peak I; these correspond

nicely with the resistive RBMs at peaks 4 and g.

After etching, the D band upshifts from 1338 cm™ to 1344 cm™, perhaps indicating a minor
change in the amount of bundling in the sample or in defective carbon after etching. Notably the 2D
peak changes from two peaks centered at 2635 cm™ and 2670 cm™, to one peak at 2679 cm™. Different
species of SWNT have different 2D peak structures, including doublets.'” The change in 2D from

doublet to single peak may originate in the change in tube distribution.

The 532 nm spectra is similar to previously shown in situ data. The RBMs labelled b to e are
resistant compared to the other peaks, while corresponding with the onset of E33° nanotubes in the
Kataura plot. The metallic RBMs at peaks g to j etch as much as the smaller diameter E,,° species & to m.
The low intensity RBM-a also appears to etch despite being of large diameter, while peak ¢ appears to
etch slightly more than the smaller diameter peak e.

Poorly resolved G- peaks close to peak I should be generated with metallic RBMs such as RBMs
i and j. Likewise peak II can be attributed to metal peaks close to RBM-g. The other indicated G-peaks
III and IV correspond to the E,,° and Es3° peaks respectively. This assignment makes sense, since the
peak IV appears far more resistant than peak I, and the larger diameter E3;° peaks are generally more
resistant than the Ezzs peaks.

The D band at 1333 cm™ does not shift following etching.

The 633 nm RBMs are fairly unstable, with the two most comparatively resistant RBMs being
peaks e and A, which are semiconductors. All the labelled peaks after (and including) peak e appear to
correspond to small diameter E,,°, with peaks b to ¢ being likely metallics. Large diameter

semiconducting peaks before 150 cm™ are not clearly visible. We see that the larger diameter peak ¢, a
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metallic tube, does etch faster than peak e, a semiconductor, consistent again with the idea that nanotube
type may directly affect etching rate. Peak /4 is flanked by two nanotubes of similar diameter that etch
more than peak # itself indicating indicated a strong chiral dependence on etching rates for these tubes
even though they are the both semiconductors.

There are again unresolved low frequency G- peaks present, such that we expect RMBs ¢, j and 4
to have G- peaks close to 1532 cm™, 1543 cm™ and 1548 cm™. The somewhat resistant peak I
corresponds well with the somewhat resistant RBM e.

The associated D band experiences a 5 cm™ upshift from 1310 cm™ after etching, while the 2D
experiences a comparable shift from 2610 cm™ to 2621 cm™.

The 785 nm RBMs also experience significant loss, with peaks i and j corresponding to E;*
species, peaks d to /4 being Ex® nanotubes, with peaks a to ¢ being either E»,> or E;i™. The most
resistant peak is RBM d, a semiconductor. The small diameter RBM i appears to be somewhat more
resistant than peak g, possibly because peak i probably corresponds to a low chiral angle species.

In terms of the G- peaks, peak g should match with a G- at 1555 cm™, while peak i should have a
peak at 1547 cm™ (perhaps corresponding to peak I), both of which may be present as weak peaks in the
pre-etch sample. The persistent semiconducting peak II corresponds well with RBM d, as expected.

Neither the D band at 1298 cm™ or the 2D band at 2584 ¢cm™ experience major shifts to
frequency or lineshape following etching. The broad hill between 2000-3250 cm™ is attributed to the

sample background.
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Table S3a. Radial Breathing Mode assignments for E; sz = 514 nm (2.41 eV)

Extreme Case 1 Most Likely Assignment | Extreme Case 2
Peak | Raman Diameter Assignment Diameter | Assignment | Diameter Assignment
Label | Shift (nm) (nm) (nm)

(em™) Model 1 Model 1 Model 2 | Model 2 Model 3 Model 3
A=227 A=227 C.= C.=0.046 | A=248 A =248
nmrem’, nmrem’, 0.046 nm’> nmrem’, nmrem’,
B=0cm! B=0cm! nm? B=0cm’" B=0cm!

a 107 2.12 S 2.38 S 2.32 S
b 120 1.89 S 2.07 S 2.07 S
c 134 1.69 S 1.82 S 1.85 S
d 154 1.47 S 1.55 S 1.61 S
e S (E33S)
S (Es5°) orM
170 1.34 or M (E;;™) 1.39 ) 1.46 S
S S (Exs”)
S (Exs°) or M S (Exs”)
174 1.30 or M (E;,™) 1.36 (E;;™ 1.43 or M (E;,Y)
g S (E3ss)
orM S (Es5°)
189 1.20 M (E;;™) 1.24 (E,™) 1.31 or M (E;,Y)
h M (Ey;™) S (Exs”)
200 1.14 M (E;;™) 1.24 or M (E;;™)
i 208 1.09 M (E;,Y) M (E; V) 1.19 M (E;Y)
Jj 227 1.00 M (E;™) M (E;™) 09 M (EY)
k S (Ex") M (E;™)
248 0.92 or M (E;,\") 0.93 1.00 M (E,Y)
! S (Ex")
S (E»®) orM
266 0.85 or M (E;,\") 0.87 (E;,™ 0.93 M (E,Y)
m S (Ezzs)
S (Ezzs) orM S (Ezzs)
270 0.84 or M (E;;™) 0.85 (E;™ 0.92 or M (E;;™)
n 9,2),(6,5)? 9.2) S (Ex’)
290 0.78 S (E»°) 0.79 S (E»°) 0.86 or M (E;,")
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Table S3b. Radial Breathing Mode assignments for E; sz = 532 nm (2.33 V)

Extreme Case 1 Most Likely Assignment Extreme Case 2
Peak Corres- Raman Diameter Assignment Diameter | Assignment Diameter Assignment
Label ponding | Shift (nm) (nm) (nm)
(Fig Peak (ecm™) Model 1 Model 1 Model 2 Model 2 Model 3 Model 3
S10b) Label A =227 A =227 C.=0.046 | C.=0.046 A =248 A =248
used in nm-em’, nm-em’, nm’> nm’> nm-em’, nmrem’,
Fig 3 B=0cm' |B=0cm’' B=0cm' |B=0cm'
a a 146 1.55 S 1.65 S 1.70 S
b - S (Esx) S (Ess") S
170 1.34 or M (E;™) 1.39 or M (E;;™) 1.46
c b S (E33S) S (E33S) S (E335)
177 1.28 or M (E;™) 1.33 or M (E;;™) 1.40 or M (E;;™)
d - S (Esy) S (Ess") S (Ess")
189 1.20 or M (E;") 1.24 or M (E;;™) 1.31 or M (E;;™)
e c S (E33S) S (E33S) S (E335)
193 1.18 or M (E;;™) 1.22 or M (E;;™) 1.28 or M (E;,Y)
7 - (10,7) (10,7) 9,9)
205 1.11 M (E;,™) 1.14 M (E;,™) 1.21 M (E;,™)
g d (8,8) or (8,8) or (10,7)
(12,3) (12,3) M (E,™)
215 1.06 M (E;;™) 1.08 M (E;;™) 1.15
h e 9.,6) 9,6) (8,8) or
M (E;™) M (E") (12,3)
227 1.00 1.02 1.09 M (E;Y)
i f? (10,4) (10,4) (13,1)
236 0.96 M (E;;™) 0.98 M (E;,\Y) 1.05 M (E;,Y)
F f? (11,2) (11,2) 9,6)
240 0.95 M (E;™) 0.97 M (E;,Y) 1.03 M (E,,\Y)
k g (8,4) (8,4) (11,1)
275 0.83 S (Ex°) 0.84 S (E»®) 0.90 S (Ex°)
l h 9.2) 9,2) (8,4)
290 0.78 S (Ex,°) 0.79 S (E»®) 0.86 S (Ex°)
m i (6,5) (6,5) 9,2)
306 0.74 S (Ex°) 0.75 S (E»®) 0.81 S (Ex°)
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Table S3c. Radial Breathing Mode assignments for E; yszz = 633 nm (1.96 eV)

Extreme Case | Most Likely Assignment Extreme Case 2
Peak Raman | Diameter Assignment Diameter Assignment Diameter Assignment
Label | Shift (nm) (nm) (nm)
(em™) | Model 1 Model 1 Model 2 Model 2 Model 3 Model 3
A=227 A =227 C.=0.046 | C.=0.046 A =248 A =248
nm-cm’l, nm-cm‘l, nm’> nm’> nm-cm’l, nm-cm’l,
B=0cm! B=0cm’" B=0cm! B=0cm!
a 121 1.88 S 2.05 S 2.05 S
S (Exs) S (Ex’) S (Ex’)
b 154 1.47 or M (E;;™) 1.55 or M (E;;™) 1.61 or M (E;;™)
c 202 1.12 M (E;;™) M (E;;™) 1.23 M (E;™)
d 206 1.10 M (E;;™) . M (E;;™) 1.20 M (E;™)
e 224 1.01 S (Ex”) 1.04 S (Ex’) 1.11 M (E;™)
S (Ex") S (Ex’) S (Ezzs)M
f 228 1.00 1.02 1.09 orM (E;;")
g 257 0.88 S (Ex”) 0.90 S (Ex’) 0.96 S (Ex’)
h 260 0.87 S (Ex,°) 0.89 S (Ex’) 0.95 S (Ex’)
i 265 0.86 S (Ex”) 0.87 S (Ex’) 0.94 S (Ex")
(7,5) or (8,3) (7,5) S (Ex”)
J 285 0.80 S (Ex°) 0.81 S (E»®) 0.87
(8,3) or (9,1) (8,3) (7,5)
k 298 0.76 S (Ex’) 0.77 S (Ex’) 0.83 S (Ex’)
Table S3d. Radial Breathing Mode assignments for E; sz = 785 nm (1.58 €V)
Extreme Case | Most Likely Assignment Extreme Case 2
Peak Raman | Diameter Assignment Diameter Assignment Diameter Assignment
Label | Shift (nm) (nm) (nm)
(em™) | Model 1 Model 1 Model 2 Model 2 Model 3 Model 3
A=227 A =227 C.=0.046 | C.=0.046 A =248 A =248
nm'cm'l, nm-cm‘l, nm’ nm’ nm'cm'l, nm'cm'l,
B=0cm' B=0cm" B=0cm’ B=0cm’
S (Ex) S (Ex’) S (Ex’)
a 152 1.49 or M (E;;™) 1.58 or M (E;,™) 1.63 or M (E;,™)
S (Ex") S (Ex") S (Ex")
b 159 1.43 or M (E;;™) 1.50 or M (E;,™) 1.56 or M (E;,™)
S (Ex") S (Ex") S (Ex")
c 170 1.34 1.39 or M (E;,™) 1.46 or M (E;,™)
S (Ex") S (Ex") S (Ex")
d 210 1.08 1.11 1.18
S (Ex) S (Ex") S (Ex")
e 218 1.04 1.07 1.14
S (Ex") S (Ex") S (Ex")
f 230 0.99 1.01 1.08
S (Ex") S (Ex’) S (Ex”)
g 237 0.96 0.98 1.05
S (Ex") 9.4) S (Ex”)
h 261 0.87 or S (Ei;°) 0.89 S (Ex°) 0.95
(11,0) S (Ex»")
i 270 0.84 S (E;®) 0.85 S (E;°) 0.92
(8,3) or (9,1) (8,3) or (9,1) S(Ei*)
Jj 303 0.75 S (E,®) 0.76 S (E;°) 0.82

S=semiconducting, M=metallic

S-28




Label Raman Diameter | Assignment Comments
Shift (cm™) (nm)
Epasgr =514 nm (2.41 eV)
I ~1565cm™ | ~1.23 nm? S Corresponds to peak g
II 1572 cm™ 1.60 nm S Corresponds to peak d
Epaser =532 nm (2.33 eV)
I ~1499 cm ~0.94 nm M Corresponds to peaks i, j
11 ~1521 cm” ~1.06 nm M Corresponds to peak g
1T ~1542 cm’! ~0.80 nm S Peaks 1542 cm™ and 1545 cm™ correspond to
peaks m and [, respectively
v ~1565 cm’ ~1.25 nm S Peaks 1565 cm™' and 1567 cm™' correspond to
peaks e (d) and c (b), respectively
Epaser = 633 nm (1.96 eV)
I ~1558 cm’ ~1.04 nm S Corresponds to peak e
Epasgr = 785 nm (1.58 eV)
I ~1542 cm’! ~0.80 nm S(M) Corresponds to peaks i and j?
(~1.27 nm)
I ~1565 cm’’ ~1.3 nm S Peak 1561 cm™ corresponds to peak d
Table S4. G- band assignments
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Figure S12. Kataura plot frequencies for E aser = 514 nm calculated using the

EXPression e, =(227/d, y/1+C, -d? , where Ce = 0.046 nm™. Different (n,m) values are

present. Only diameters larger than 0.7 nm are shown. Dotted lines represent observed RBMs
shown in Figure S11(a). Points are labelled by the band they originate in. Semiconducting,
metallic and mixed regions are delineated with respect to the labels along the top axis, indicating

the band of origin (e.g. E1s™ is metallic, E22° is semiconducting) along the top horizontal axis.
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Figure S13. Kataura plot frequencies for E aser = 532 nm calculated using the
EXPression weg,, = (227/d, \/1+C, -d? , where Ce = 0.046 nm™. Different (n,m) values are present.

Only diameters larger than 0.7 nm are shown. Dotted lines represent observed RBMs shown in Figure
S11(b). Points are labelled by the band they originate in. Semiconducting, metallic and mixed regions
are delineated with respect to the labels along the top axis, indicating the band of origin (e.g. E1s™

metallic, E22® is semiconducting) along the top horizontal axis.
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Figure S14. Kataura plot frequencies for E aser = 633 nm calculated using the

EXPression weg,, = (227/d, \/1+C, -d? , where Ce = 0.046 nm™. Different (n,m) values are present.

Only diameters larger than 0.7 nm are shown. Dotted lines represent observed RBMs shown in Figure
S11(c). Points are labelled by the band they originate in. Semiconducting, metallic and mixed regions
are delineated with respect to the labels along the top axis, indicating the band of origin (e.g. E1s™

metallic, E22° is semiconducting) along the top horizontal axis.
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Figure S15. Kataura plot frequencies for ELaser = 785 nm calculated using the

EXPression weg,, =(227/d, \/1+C, -d? , where Ce = 0.046 nm™. Different (n,m) values are present.

Only diameters larger than 0.7 nm are shown. Dotted lines represent observed RBMs shown in Figure
S11(d). Points are labelled by the band they originate in. Semiconducting, metallic and mixed regions
are delineated with respect to the labels along the top axis, indicating the band of origin (e.g. E11V

metallic, E»2® is semiconducting) along the top horizontal axis.
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8. Background correction illustration

For a given peak, the integrated peak area is obtained by subtracting the

trapezoidal baseline. See Figure S16 and ref. 15 for a complete description.'®
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i i |
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Figure S16. Integrated area (green) and baseline trapezoid (pink) are shown for typical D

band at T =350 °C.
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9. Comparison of D band lineshape

Figure S17 shows typical D band spectra before and after etching at room
temperature, and during etching at T = 550 °C at different times, with all D band
intensities normalized to 1. The sample was etched in air for 42 minutes.

Apart from signal loss incurred from the destruction of sp® carbon, there is no

clear change in D band structure throughout the entire etching process.
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Figure S17. (a) Scaled D band at room temperature before (black) and after etching (magenta).
(b) Scaled D band during air etching at T = 550 °C for etching times t = 0 (black), t = 3 min

(green), t = 6 min (blue), and t = 12 min (red).
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10. XPS spectra

The X-ray photoelectron spectroscopy (XPS) spectrum of a typical pre-etch
sample was taken using a PHI 5500 system with an aluminum x-ray source, as shown in
Figure S16. The asymmetric peak at ~ 284.3 eV corresponds to the 1s photoelectron line
of carbon, typical of sp2 hybridization.”'20 The peak is relatively narrow (i.e. full width at
half maximum is ~0.92 V) with no pronounced doublet structure, suggesting that sp
content is low compared to sp2 content. This is consistent with the presence of CNTs with

relatively few defects and a low amount of amorphous carbon.'”*°
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Figure S18. XP spectrum of the C 1s region for a pre-etch sample.

S-36

88



REFERENCES

1. Nugraha, A. R. T.; Saito, R.; Sato, K.; Araujo, P. T.; Jorio, A.; Dresselhaus, M. S.
Dielectric Constant Model for Environmental Effects on the Exciton Energies of Single
Wall Carbon Nanotubes. Appl. Phys. Lett. 2010, 97, 091905-3.

2. Sato, K.; Saito, R.; Jiang, J.; Dresselhaus, G.; Dresselhaus, M. S. Discontinuity in
the Family Pattern of Single-Wall Carbon Nanotubes. Phys. Rev. B 2007, 76, 195446.

3. Telg, H.; Duque, J. G.; Staiger, M.; Tu, X.; Hennrich, F.; Kappes, M. M.; Zheng,
M.; Maultzsch, J.; Thomsen, C.; Doorn, S. K. Chiral Index Dependence of the G+ and G-
Raman Modes in Semiconducting Carbon Nanotubes. ACS Nano 2012, 6, 904-911.

4. Araujo, P. T.; Pesce, P. B. C.; Dresselhaus, M. S.; Sato, K.; Saito, R.; Jorio, A.
Resonance Raman Spectroscopy of the Radial Breathing Modes in Carbon Nanotubes.
Phys. E 2010, 42, 1251-1261.

5. Saito, R.; Fantini, C.; Jiang, J. In Excitonic States and Resonance Raman
Spectroscopy of Single-Wall Carbon Nanotubes, Jorio, A., Dresselhaus, G. and
Dresselhaus, M. S., Eds.; Carbon Nanotubes: Advanced Topics in the Synthesis,
Structure, Properties and Applications (Topics in Applied Physics); Springer-Verlag
Berlin Heidelberg: Berlin, 2008; Vol. 111, pp 251.

6. Fantini, C.; Jorio, A.; Souza, M.; Strano, M. S.; Dresselhaus, M. S.; Pimenta, M. A.
Optical Transition Energies for Carbon Nanotubes from Resonant Raman Spectroscopy:
Environment and Temperature Effects. Phys. Rev. Lett. 2004, 93, 147406.

7. Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley, R. E.; Weisman,
R. B. Structure-Assigned Optical Spectra of Single-Walled Carbon Nanotubes. Science
2002, 298, 2361-2366.

8. Araujo, P. T.; Fantini, C.; Lucchese, M. M.; Dresselhaus, M. S.; Jorio, A. The Effect
of Environment on the Radial Breathing Mode of Supergrowth Single Wall Carbon
Nanotubes. Appl. Phys. Lett. 2009, 95, 261902-3.

9. Jorio, A.; Souza Filho, A. G.; Dresselhaus, G.; Dresselhaus, M. S.; Swan, A. K.;
Unlu, M. S.; Goldberg, B. B.; Pimenta, M. A.; Hafner, J. H.; Lieber, C. M., et al. G-Band
Resonant Raman Study of 62 Isolated Single-Wall Carbon Nanotubes. Phys. Rev. B 2002,
65, 155412.

10. Dresselhaus, M. S.; Jorio, A.; Hofmann, M.; Dresselhaus, G.; Saito, R.

Perspectives on Carbon Nanotubes and Graphene Raman Spectroscopy. Nano Lett. 2010,
10, 751-758.

S-37

89



11. Bachilo, S. M.; Balzano, L.; Herrera, J. E.; Pompeo, F.; Resasco, D. E.; Weisman,
R. B. Narrow (n,m)-Distribution of Single-Walled Carbon Nanotubes Grown using a
Solid Supported Catalyst. J. Am. Chem. Soc. 2003, 125, 11186-11187.

12.  Jorio, A.; Pimenta, M. A.; Filho, A. G. S.; Saito, R.; Dresselhaus, G.; Dresselhaus,
M. S. Characterizing Carbon Nanotube Samples with Resonance Raman Scattering. New
J. Phys. 2003, 5, 139.

13. Miyata, Y.; Kawai, T.; Miyamoto, Y.; Yanagi, K.; Maniwa, Y.; Kataura, H.
Chirality-Dependent Combustion of Single-Walled Carbon Nanotubes. J. Phys. Chem. C
2007, 111,9671-96717.

14. Kawai, T.; Miyamoto, Y. Chirality-Dependent C-C Bond Breaking of Carbon
Nanotubes by Cyclo-Addition of Oxygen Molecule. Chem. Phys. Lett. 2008, 453, 256-
261.

15. Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A. Raman Spectroscopy of
Carbon Nanotubes. Phys. Rep. 2005, 409, 47-99.

16. Li-Pook-Than, A.; Lefebvre, J.; Finnie, P. Phases of Carbon Nanotube Growth and
Population Evolution from in Situ Raman Spectroscopy during Chemical Vapor
Deposition. J. Phys. Chem. C 2010, 114, 11018-11025.

17. Haerle, R.; Riedo, E.; Pasquarello, A.; Baldereschi, A. Sp™{2}/sp™{3}
Hybridization Ratio in Amorphous Carbon from C 1s Core-Level Shifts: X-Ray

Photoelectron Spectroscopy and First-Principles Calculation. Phys. Rev. B 2001, 65,
045101.

18. Nikitin, A.; Ogasawara, H.; Mann, D.; Denecke, R.; Zhang, Z.; Dai, H.; Cho, K.;
Nilsson, A. Hydrogenation of Single-Walled Carbon Nanotubes. Phys. Rev. Lett. 2005,
95,225507.

19. Kundu, S.; Wang, Y.; Xia, W.; Muhler, M. Thermal Stability and Reducibility of
Oxygen-Containing Functional Groups on Multiwalled Carbon Nanotube Surfaces: A
Quantitative High-Resolution XPS and TPD/TPR Study. J. Phys. Chem. C 2008, 112,
16869-16878.

20. Estrade-Szwarckopf, H. XPS Photoemission in Carbonaceous Materials: A
"Defect" Peak Beside the Graphitic Asymmetric Peak. Carbon 2004, 42, 1713-1721.

S-38 90



4. TRACKING OXIDATION OF SWCNTS BY TWO LASER
RAMAN SPECTROSCOPY

Foreword

In this study, we investigate the combustion of SWCNTSs in oxygen and carbon
dioxide gas using a novel two-laser Raman system. In contrast to Chapter 3, which used
CVD nanotubes that | synthesized myself, here the sample type was switched to a laser
ablation SWCNT source. This was chosen such that metallic and semiconducting species
were separately strongly resonant with one of the two laser lines. Again, in situ Raman
spectroscopy showed that metallic species etch more rapidly.

Metal and semiconducting species evolution can now be contrasted more easily
because the two separate spectra appear distinctly semiconducting and metallic from the
onset, and because these two nanotube populations share a similar diameter, with the
corresponding RBMs being distinctly visible since they are on separate spectra. We again
observed clear evidence of type selectivity, but we found that the degree of type
selectivity was limited in the sense that although metallic nanotubes etched more quickly,
we were not able to continue to etch to leave only semiconducting nanotubes.

In terms of the decay curves, compared to our single-laser, SWCNT etching study,
we again see a biexponential trend across all temperatures, but this time the sp®
populations are found to decay much faster with a single exponential, while the
individual nanotube species decay biexponential, matching the decay of the graphitic
species.

Up to the accuracy of our experiment, similar activation energies are obtained for
all graphitic species, so the overall etching process for metallic and semiconducting
species is likely the same.

In this paper based thesis we reproduce in full the publication entitled
"Observation of the Metallic-Type Selective Etching of Single Walled Carbon
Nanotubes by Real-Time in situ Two-Laser Raman Spectroscopy ", which is cited as
Carbon 2015, 89, Pages 232-241. The supplementary information is also reproduced and
can be found online at
http://www.sciencedirect.com/science/article/pii/S0008622315002195
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Real time, in situ Raman spectroscopy with two simultaneously incident laser excitation
wavelengths is used to investigate the dynamics of single-walled carbon nanotube etching.
For the source material, nanotubes of diameter ~1.4 nm, a 532 nm laser is resonant with
semiconducting nanotubes and a 633 nm laser is resonant with metallic nanotubes.

Changes in metallic and semiconducting population are tracked separately and simultane-
ously. In oxygen, metals consistently etch faster than semiconductors, and all etch rates
increase with the process temperature and the defect density in the source material. A
similar evolution is observed in carbon dioxide. Simultaneous two-color Raman spec-

troscopy provides information beyond standard Raman spectroscopy and can be effective

as an instantaneous measure of metallicity for nanotubes.
Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Single walled carbon nanotubes (SWCNTs) are rolled-up
sheets of graphene with nanoscale diameters. Their proper-
ties are highly dependent on diameter and chiral angle. In
particular, 2/3 of all possible SWCNTs are semiconducting
(s-SWCNTs), while the remaining 1/3 are essentially metallic
(m-SWCNTSs). The actual metal/semiconductor ratio in any
as-grown sample will depend on the synthesis method [1-6].
The final product commonly contains both s-SWCNTs and
m-SWCNTs. Chiral and type selective synthesis is widely
studied, yet synthesis alone has not been able to supply type
specific SWCNTs, at least not on a large scale.

When isolated from each other, both s-SWCNTs and m-
SWCNTSs become more useful for a variety of applications.
Applications related to conductivity benefit from m-SWCNT
samples, while applications such as transistors or optoelec-
tronics benefit from s-SWCNT samples. So there is a strong
incentive to produce samples of one type. Several separation
and post-processing techniques have emerged over the past
decade. Solution based techniques are among the most popu-
lar methods of separation, and are very effective [7-9]. There
has also been work investigating the selective burning of
SWCNTs using reactive gases [8,10-13]. Since SWCNT growth
reactions in chemical vapor deposition take place in the gas
phase, one approach would be to use gas phase etching in
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tandem to tailor nanotube distributions [14,15]. Additionally,
oxygen removes defective and amorphous carbon from
SWCNT samples [16-21]. Mild oxygen etching with chlorine
has a role in the removal of metal catalyst impurities from
SWCNTs [22,23]. Carbon dioxide gas can also be used as a
more mild etchant to etch carbon nanotubes [24,25].

Here, we provide spectroscopic evidence that m-SWCNT's
oxidize faster than s-SWCNTs of similar diameter under oxy-
gen. We show this by tracking SWCNT samples with an in situ
Raman system that is non-standard in that it uses two dis-
tinct laser wavelengths simultaneously. The reason this is
useful is that for any given laser energy, only a subset of the
SWCNT population will be resonant. For large diameter nan-
otubes (>1 nm) laser wavelengths can be chosen so that one
laser is resonant with s-SWCNT species and the other is reso-
nant with m-SWCNT species of essentially the same diameter
[26]. This could in principal be any phonon band, but the G
band is particularly practical from the point of view of sam-
pling, sensitivity, and because the lineshape is metallicity
dependent [26]. Therefore with both lasers we simultaneously
obtain, in real time and in situ, two distinct sets of Raman
spectra that correspond to the two different electronic types.
By tracking these spectra during the etching process, we can
directly compare differences in how s-SWCNT and m-SWCNT
species are being destroyed.

In this work, we assume that the Raman signal is propor-
tional to the abundance of carbon in nanotube form. More
specifically, we suppose that the integrated G band intensities
for 532 nm and 633 nm accurately represent the abundance of
carbon in the form of semiconducting and metallic SWCNTs
respectively. (As for metallicity evolution, we effectively make
the weaker assumption that the ratio of the two integrated
peak intensities represents their relative abundance.) This
assumption is reasonable under many situations, but can be
compromised by changes in the nature of the nanotubes or
their environment. Some effects that could cause deviations
from this proportionality include: the changes from air sus-
pension to surface contact [27], changes due to local environ-
ment or bundling [28], changes in resonance due to bundling
[29], heavy doping [30], or systematic changes in population
within each type, which otherwise alter band intensities. As
we will see, the data provides some evidence that the
assumption remains valid. Such evidence includes the lack
of evolution of the lineshape and the lack of evolution in peak
ratios for the various SWCNT bands within each color.

In general, in situ Raman is well suited to tracking the evo-
lution in SWCNT populations. We previously reported in situ
Raman evidence for the selective oxidation of metallic
SWCNTs in air [31]. However, because this used only a single
laser wavelength, diameter and type information were inter-
mixed. In situ Raman allows one to directly track the evolution
of different electronic properties and defect levels in the sam-
ple, while providing kinetic information for specific SWCNT
chiralities and different nanocarbons. The use of multiple
Raman lines is an improvement over the single line system
because it allows for determination of the metallicity at a
nearly fixed diameter [32-34]. Here, it is important to high-
light that by using two lasers simultaneously, we get an
instantaneous measure of the metallicity.
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2. Experimental
2.1. Etching gases

SWCNT samples were etched in oxygen gas (i.e., 20.9% O,
with Ar balance, Air Liquide certified grade) at one atmo-
sphere for process temperatures between 300 and 600 °C. At
these temperatures the etching rates are suitable for tracking
in real time. Additional experiments were performed with
carbon dioxide etchant rather than oxygen at 4.01% CO,
(with Ar balance, Air Liquide certified grade) also at one
atmosphere.

2.2. Sample preparation

We used raw laser ablation soot SWCNTSs as source material
[35], with tube diameters in the 1.4 nm range. For such nan-
otubes, semiconducting and metallic types are spectrally well
separated with the appropriate choice of laser wavelengths
[26]. The raw soot contains not just the SWCNTs, but also gra-
phitic-like “amorphous” carbon deposits.

These SWCNTSs were dispersed in anhydrous ethanol, bath
sonicated for one hour, and dropcast on to silicon wafers with
one micron thermal oxide. The wafers were then cleaved into
3mm x 3 mm pieces and loaded into a previously described
hot-walled reactor (Linkam CCR1100) and gas flow apparatus
[31]. The defect density, as determined by the Raman D/G
ratio, varied from sample to sample. This proved to be an
important factor in etch rates for our material.

2.3.  Two-laser Raman spectroscopy

The simultaneous use of two lasers to perform Raman spec-
troscopy is not standard, but it is straightforward to modify
the optical path of a standard micro-Raman setup to do so.
The key difference from a standard setup are a dichroic mir-
ror used as a beam combiner and the use of a notch filter
for one of the lasers.

A schematic of our two laser Raman system is shown in
Fig. 1. A HeNe laser beam (632.8 nm) is sent through a laser
line filter (LL), and passed straight through a dichroic filter
(DF). Simultaneously, a green diode-pumped solid state
(DPSS) laser beam (532 nm) is passed through a laser line fil-
ter, reflected off the DF, and joins the same optical path as
the red laser. Both lasers pass through a cylindrical lens
(CL), are reflected off a beamsplitter (BS1), and are focused
by a 20x microscope objective. The light travels through the
quartz window of the reactor to illuminate the sample.

The light would be focused were it not for the CL, which
defocuses the beam along one axis such that the illumination
is an unfocused cylindrical spot (~3000 um?), and laser power
density across the spot is quite low (i.e., ~1 uW/um? per laser).
For reference, the HeNe laser is a fixed 25 mW laser and the
Nd:Yag, which was tunable in this range, was set at a power
so that the G bands from the two lasers had similar peak
intensities. The scattered signals are collected by the objec-
tive and pass through BS1 before being filtered by a 532 nm
edge filter (EF) and a 633 nm notch filter (NF), thereby remov-
ing most of the Rayleigh signal at both laser wavelengths. A
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Fig. 1 - Schematic of the optical setup. DPSS laser: diode-pumped solid-state laser, LL: laser line filter, DF: dichroic filter, CL:
cylindrical lens, BS: beam splitter, EF: edge filter, NF: notch filter, L1, L2: focusing lenses. The reactor is also illustrated
schematically. (A color version of this figure can be viewed online.)

final beamsplitter (BS2) sends part of the scattered signal to
be focused through a lens (L1) onto a CCD camera for in situ
imaging, in order to track sample movement and to ensure
that the spot is focused. The other part of the signal is focused
through a second lens (L2), onto a 0.25 m spectrometer using
a 100 pm slit, a 300 lines/mm grating and a cooled CCD cam-
era so that the spectra could be recorded.

3. Results and discussion

This system was used to obtain real-time in situ metallic
Raman spectra during the etch process. Fig. 2 shows the evo-
lution of a sample etched at 500 °C under O,. The entire spec-
trum from 525 to 850nm (i.e., Raman shift of —209 to
7074cm™! for 532nm line or Raman shift of —3204 to
4097 cm™? for 632.8 nm line) was collected simultaneously.
The figures show important peaks originating primarily from
the (a) 532 nm and (b) 633 nm laser respectively. All spectra
are shown chronologically from top to bottom in 200 s inter-
vals, with each frame having a 10s exposure, and the top
spectrum corresponding to conditions just prior to O, flow
into reactor. In both spectra, carbonaceous species produce
the indicated G bands (comprised of G* and G~ peaks), RBM
bands, and the D bands. In Fig. 2(a), a window that primarily
represents scattering from the 532 nm laser, the low intensity
anti-Stokes G band of the 633 nm laser is also visible, falling
between the D and G bands of the green laser.

Raman bands of the silicon substrate, namely the trans-
verse acoustic (TA) and transverse optical modes (TO), are
also visible. Note that the first order Si (TO) peak is relatively
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intense and does not overlap with any other Raman band. If
the SWCNT sample does not move and is sufficiently trans-
parent, the silicon band intensity is expected to remain con-
stant. However, in practice, the samples experienced a
gradual spatial drift during etching that caused a change in
the intensities of every Raman band, presumably due to
defocusing. We were unable to completely stop this drift,
however we found we could largely compensate for it by
tracking the changes to the Si (TO) peak intensities for a given
laser frequency, and using these to correct for the other
Raman bands generated by the same laser. This relies on
the assumption that the defocusing affects both bands
equally. In addition to the drift, in the first few seconds the
sample changed from slightly opaque due to amorphous car-
bon, to basically transparent. This effect and the use of the Si
peak as an internal standard is presented in detail in the
Supplementary information (SI) section (see Figs. S1 and S2).

Our particular optical setup had low spectral resolution,
largely because we used a low dispersion diffraction grating
to capture the widely separated red and green laser Raman
lines. Presumably this is due to optical aberrations in our
setup. Certain features, including individual RBMs and G~
peaks, were not as well resolved as they could be. Switching
to high dispersion gratings for single line Raman spec-
troscopy restores the resolution. While there is usually some
tradeoff between resolution and bandwidth, a more perfect
optical setup would not suffer as much from this
compromise.

The G band intensity originates from sp? hybridized car-
bon in the sample. Prior to etching, the G bands from both
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Fig. 2 - In situ Raman spectra of a sample etched at 500 °C in O,. The sample was simultaneously exposed to Raman excitation
wavelengths of 532 nm and 633 nm. Spectra have been offset and divided into windows (a) and (b) for clarity. (a) Spectral
changes in semiconducting SWCNT RBM, D, G, and silicon substrate peaks due to the 532 nm laser. The anti-Stokes G band
peak from the 633 nm laser also falls into this window. (b) Corresponding changes for metallic SWCNT peaks due to the
633 nm laser. Spectra are shown every 200 s, from t = 0 min to t = 96 min 40 s. Each frame is taken with a 10 s exposure. (A

color version of this figure can be viewed online.)

lasers are the highest intensity bands. It is important to rea-
lize that the resonance effect is very strong in SWCNTSs.
While the raw SWCNT by mass was almost certainly pre-
dominantly non-SWCNT material, the G Raman signal even
at the initial time is dominated by SWCNTs. At both room
temperature and at the elevated temperatures at which etch-
ing occurred at appreciable rates, the structures of the G
bands for the green and red lasers are distinct. In Fig. 2(a),
the G~ peaks of the green are narrow and Lorentzian and
are characteristic of SWCNTs that are mostly semiconduct-
ing. The peak width of the semiconducting G band is deter-
mined by the optical setup. In contrast, in Fig. 2(b), the G~
peaks of the red laser exhibit the typical non-Lorentzian,
Breit-Wigner-Fano lineshape typical of metallic SWCNTs.
Even with the low resolution of our setup, this band is clearly
metallic. This confirms that the green laser is resonant with
mostly semiconducting SWCNTs, while the red laser is reso-
nant with mostly metallic SWCNTs.

When O; is supplied, both green and red G band intensities
fall rapidly. However, the G band of the red laser drops more
rapidly than that of the green laser. For example, given that
the relative height between the G and Si bands in both
Fig. 2(a) and (b) start off as roughly the same, it takes about
2200 s (11 frames) for the green laser G band height to fall to
the height of the of Si (TO) band, whereas it takes only 800 s
(4 frames) for the red laser G band to fall by the same amount.
This indicates that the metallic SWCNTs are etching faster
than their semiconducting counterparts. This difference in
G band etching rate was observed for etching runs from 350
to 500 °C. Above 500 °C, the decay rates of both the red and
green laser G bands are too rapid to track with our equipment.

The RBM bands are specific to the presence of SWCNTs in
the sample. Consistent with the G band data in Fig. 2, the RBM
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intensities from the red laser Raman spectra decrease faster
than those from the green laser. Although the Si Raman back-
ground makes it more difficult to track these bands at low
intensity, the RBMs roughly track the G band intensities of
their respectively lasers. For example in Fig. 2(b), at 96 min
40 s (last frame), both the G and RBM bands fall almost to zero
intensity, revealing the characteristic silicon background
below the RBMs. In contrast, in Fig. 2(a), the corresponding
G and RBM bands are still somewhat intense compared to
the silicon peaks.

Since RBMs are known to roughly vary inversely with
SWCNT diameter [36], using higher resolution spectra, we
can identify the range of diameters of SWCNTSs resonant with
both the green and red lasers. At room temperature, we iden-
tify intense RBMs at 176 + 2 and 190 + 2 cm™* for the 532 nm
laser, in addition to 190+ 2 and 198 + 2 cm* for the 633 nm
laser. Lower intensity RBMs for the red laser are also observed
at 165+ 2, 170+ 2, and 183 +2cm *. The diameter (i-e., dy)
range, to a first approximation, is d; = (227 cm™' nm)/ogewm,
where ogrpy is the RBM frequency, yielding a shared diameter
range of roughly 1.4 nm for both RBM populations [37-40]. A
more refined relation (see SI, Fig. S3) gives similar results.

From the point of view of evaluating the selectivity of the
etching it is important that the diameters are similar here,
since it is well established that smaller diameter SWCNTs
etch faster than larger diameter SWCNTSs due to the greater
strain in the nanotube lattice [11,12]. It should be noted that
resonance windows do change with large changes in tem-
perature, but since we etch at relatively low temperatures
(i-e., <600 °C), the resonance window is essentially the same
for all our experiments.

It is difficult to assign definitive chiral indices to these
SWCNTs using typical Kataura plot data, since multiple
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assignments are possible [41-43]. However, for this diameter
range, the red laser matches well with the metallic EM transi-
tion, and the green laser matches well with the semiconduct-
ing E3; and E, transitions (see SI, Fig. S3 for a detailed
analysis). The finding that the red laser represents metallic
peaks and the green laser represents semiconducting peaks
is also consistent with the G band lineshape, which has a
broad metallic G~ lineshape at 633 nm versus a narrow line-
shape at 532 nm. Since the G band resonance window is lar-
ger than those of the RBMs, it follows these SWCNT
diameter populations are also resonant within the green
and red laser G bands.

The D band is characteristic of disorder in sp? carbon net-
works, meaning it is activated by defects [44]. The source
material was raw laser nanotube soot, so part of the D band
intensity may originate not from defects in the sp? carbon
networks of the nanotube themselves but from the defective
carbon nanoparticles in which they are embedded. The D
band intensity was found to vary significantly from sample
to sample. In Fig. 2, the D bands for this sample are relatively
low, but appear to etch more rapidly than the G and RBM
bands. In fact, regardless of absolute D band intensity, rapid
D band etching for both laser lines was typical across all etch-
ing temperatures. In other words, defective carbon etching is
always far more rapid than pristine SWCNT etching and most
defects are etched away as the SWCNTs only begin to etch.

The ratio of D band to G band intensity is a commonly
used means of characterizing sample SWCNT quality. The
sample D/G ratio had a direct impact on overall SWCNT etch-
ing rates, even though the initial D band signal may not be
from the SWCNTSs themselves. We determined D/G ratio from
integrated peak intensities where the background was sub-
tracted using a trapezoidal rule that was applied previously
[31,45]. The D/G ratios at room temperature for the green laser
Raman signal range from 0.13 to 0.30, while those for the red
laser range from 0.10 to 0.19. The D/G ratios for specific sam-
ples are tabulated in the SI (see Table S1).

The origin of the D bands for both lasers can be tentatively
assigned from their frequencies and widths. At room tem-
perature, the peak frequency and full width at half maximum
of the D band of the 532nm laser are 1333+2 and
103 + 5 cm™?, while those corresponding to the 633 nm laser
are 1319 + 2 and 91 + 5 cm ™. An example of a high resolution
spectrum including the D band is shown in the SI (see Fig. S4).
From Ref.s [46] and [47], we find that these peak frequencies
respectively correspond to defective SWCNTs with diameters
of 1.25nm<di<2nm and 1.25nm<d;<1.5nm, which
matches well with our RBM assignments. The lineshape and
quite broad D band linewidths for both lasers, however, may
suggest that part of the D band signal also comes from other
non-resonant graphitic sp? carbon material, such as amor-
phous carbon [46].

Scanning electron microscope (SEM) images from samples
etched for different durations provide snapshots of the mor-
phological changes caused by etching. Fig. 3 shows SEM
micrographs of samples etched at 475 °C at different times.
Prior to etching, in Fig. 3(a), the raw laser soot consists of
SWCNT networks coated in large amounts of non-nanotube
material, which is presumably amorphous carbon. Despite

Fig. 3 - Scanning electron micrographs of samples etched in
O, and stopped at different stages: (a) before etching, (b)
after 22 min of etching at 475 °C and (c) after 1 h 30 min of
etching at 475 °C.

dominated by SWCNT features, and this is because of the
strong Raman enhancement for SWCNTs. The SWCNTs in
the SEM image are tangled in bundles of varying thickness.
Assuming that linear features less than ~2 nm in diameter
are SWCNTs, isolated SWCNTs are visible on occasion.

Fig. 3(b) shows a sample after 22 min of etching. Non-nan-
otube carbon is still present, but at lower concentrations.
Since bundles remain long, etching apparently occurs not
only at the bundle ends but also at the sidewalls. Fig. 3(c)
shows a sample etched after 90 min. The non-nanotube car-
bon that remains is probably graphitic and largely free of
defects, since by this time the D band is negligible. Even at
long etching time, SWCNT length still appears preserved
although bundle thickness has continued to decrease.
Others have shown by transmission electron microscopy that
oxidation of multi-walled carbon nanotubes occurred at the
sidewalls, and this data seems consistent with that process

the large non-SWCNT component, the Raman spectra are still 9 6[48].
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Fig. 4 - Time evolution of the G bands of samples etched
using O, gas at 500 °C. See text for description of
normalization. Each curve is fit with a biexponential
function. (A color version of this figure can be viewed
online.)

Fig. 4 shows a direct comparison of the evolution of semi-
conducting (green) and metallic (red) laser G bands for O, gas
at 500 °C, after using the Si peak to compensate for drift in
focus. The maximum G/Si intensity at t=0s was scaled to
1. This figure shows the relative difference in etching rates
for the different electronic types. Etching of the semiconduct-
ing (green) G band proceeds more slowly than the metallic,
red laser G band. For example, it takes approximately an addi-
tional 2000 s for the semiconducting (green) G peak to reach
~10% of its original intensity compared to the metallic (red)
G peak.

The shape of the evolution curve for the G bands could not
be fit by a single exponential, however, as in previous work,
we found a reasonably good fit to a biexponential function,
with separate fast and slow timescales, regardless of etching
temperature [31] (see Fig. 4). The D band decays much more
quickly and is fit well by a single exponential (see SI,
Figs. S5 and S6). In Ref. [11] we speculated that the biexponen-
tial might be a result of changes in semi-to-metal ratio, but
here this cannot be the case as both types separately show
biexponential behavior. It is possible that there are nanotubes
within each type which etch rapidly and others that do not.
For example they may be in different environments, such as
bundled or unbundled. It is also possible that a more resonant
sub-population etches faster than a less resonant sub-
population.

Fig. 5 shows the ratio of the semiconducting (green) to
metallic (red) G band signal, or metallicity, derived using the
G bands normalized as above. The ratio of metallic to semi-
conducting populations falls to ~0.4 after 3000s. After this
point the ratio changes little if at all. Note that etching does
continue after this point but both populations change at the
same rate.

Provided initial D/G ratios are similar prior to etching, etch
rates increase systematically with temperature, as would
ordinary be expected from any temperature activated
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Fig. 5 - Evolution of metallicity (metal-to-semiconductor
ratio) for samples etched using O, gas at 500 °C. The ratio of
the 633 nm to the 532 nm G band from Fig. 2 is plotted over
time. Metallicity falls over time and eventually stabilizes.
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Fig. 6 - The effect of temperature on etching rate.
Normalized G band time evolution for (a) 532 nm derived G
bands and (b) 633 nm derived G bands. In both cases, etch
rate increases with temperature. (A color version of this
figure can be viewed online.)

process; see Fig. 6. (These samples were selected to have simi-
lar initial D/G ratios of 0.16-0.18 at 532 nm.) The semiconduct-
ing signal is shown in green, while the metallic signal is
shown in red. It can be seen that the metallic signal falls fas-
ter for the entire temperature range. We note that the initial
jump in the signal coincides with the early drop in the D
band, as defective carbon is removed and the sample
becomes transparent (see SI for details; Fig. S1). At these early
times our use of the Si peak to normalize the other intensities
in not correct because the Si signal is not stable as opaque,
defective carbon is removed. The use of the Si signal to nor-
malize is only meaningful if the Si peak is not changing.
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This is a good approximation after the opaque material is
removed, and the carbon layer becomes nearly transparent.

The initial D/G ratio can have a significant effect on etch-
ing rate. However, a sample with high D/G ratio could etch
faster than a low D/G sample at a higher temperature. An
example of this is shown in the SI (see Fig. S7). This seems
reasonable since one might expect that defective samples
are more susceptible to oxidative attack, and may show that
at least some of these defects are along the sidewalls of the
SWCNT bundles. Another possibility is that the presence of
defective carbon catalyzes SWCNT etching, regardless of
there location on or around the SWCNTSs. However, even after
the D band has vanished, etching still proceeds more rapidly
on defective samples. This may be because once regions on
the walls are opened the entire SWCNT etches faster. Also,
regardless of initial D/G ratio, metallic SWCNTs always etched
faster than semiconductors, indicating that type selectivity
was not especially sensitive to D/G ratio.

Activation energies for etching could be extracted from the
characteristic times (inverse of the rate) of the biexponential
fits, yielding a fast timescale (tf.st) and a slow timescale (tgiow)-
The G band data was restricted to samples with similar D/G
ratios (0.10-0.13 for the red laser). At high temperature the
background was too high and the etch rate was too fast to
extract meaningful data. Also at 550 °C (1000/T ~ 1.2) etching
was too fast to obtain a 14y value.

The slopes of the fitted lines in Fig. 7 are activation ener-
gies for each time scale. The fast component of the semicon-
ducting SWCNTs (green laser) has activation energy
0.21+0.03eV (light green line) and the fast component of
the metallic SWCNTs (red laser) has activation energy
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Fig. 7 - Activation plot for oxygen etching. The fast
biexponential timescale (rg,s;, light green) and slow
biexponential timescale (ts1ow, dark green) are shown for the
532 nm Raman G band signals. The biexponential
timescales g, (red) and 150w (Orange) are shown for the
633 nm Raman G band signals, and t values are shown for
the 633 nm Raman D signal. (A color version of this figure
can be viewed online.)

0.35+0.09eV (red line). The slow components are
0.41 + 0.09 eV (dark green line) and 0.70 + 0.02 eV (orange line).
The uncertainties are rather large, and all that is clear is that
the activation energies for the metallic timescale (etching
rates) signal are fairly close to the semiconducting timescale,
or possibly only slightly higher. The activation energy of the D
band component is significantly higher, at 0.96 + 0.05 eV. This
implies that defective carbon etching is more sensitive to
temperature change compared to defect-free sp® carbon.
The D band etches more rapidly than other analyzed Raman
bands across all etch temperatures, in line with the expecta-
tion that defective carbon should be generally less stable than
defect-free sp? carbon.

We have focused primarily on the G band here. It is worth
pointing out that we can track all other Raman bands simi-
larly. The evolution of RBM, G, D and 2D bands for one sample
is shown in the SI (see Fig. S5). In general, the RBM tracks the
G band evolution very closely. This is despite the resonance
window of the G band being larger, such that it tracks more
SWCNT species. The 2D band tracked the G band very closely,
and furthermore there were no substantial changes to 2D
peak frequency or peak lineshape across all etched samples.
It is reasonable that the 2D band tracks the G band rather
than the D band, because while the D and 2D bands happen
to relate to the same phonons, the 2D band (like the G band)
is strong in defect free sp® carbon, while the D band requires
defects [36,49]. Since in highly crystalline nanotubes the 2D
band is strong, and since it is very well separated from the
laser line, it may be a good choice for future in situ
studies of SWCNT population evolution, as well as other
nanocarbons.

A critical issue in the interpretation of the data is that G
band intensities can change and shift not only if the abun-
dance of nanotubes changes, but also if the degree of doping
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Fig. 8 — The lack of significant G band lineshape evolution.
Metallic (633 nm) Raman G bands are shown at different
etch times for the sample etched at 400 °C under O, gas.
Spectra at different times have been normalized to the G
band peak height, in order to highlight changes to G band
shape over time. (A color version of this figure can be viewed
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changes [11,50,51]. If nanotubes become heavily doped, their
G band lineshape should change significantly. Fig. 8 shows
the typical G band lineshape evolution for the sample etched
400 °C. Only the G band of the red laser is shown since the
semiconducting (green) G band is not resolved enough under
our current optical system to clearly distinguish its G~ peaks.
For the metallic G~, which is meaningfully resolved, there was
no lineshape evolution. This is clear in Fig. 8 where the G
bands at different times have been normalized to the same
height. If there was a strong doping effect, the G lineshape
would have changed significantly, which is not the case.
Also, since G lineshape is diameter dependent, this indicates
that the diameter distribution has not changed widely. We
conclude that, at least up to the point that this lineshape
seems unchanged, the lack of spectral lineshape evolution
shows that doping changes are insignificant.

We performed similar experiments to the above using CO,
instead of O,. Some results are shown in the SI (see Fig. S8).
We saw a broadly similar evolution when CO, is used, with
preferential metallic etching occurring across all tempera-
tures, and with sample etching rates scaling with tempera-
ture. The type selectivity appears similar to O,.

The preferential destruction of metallic versus semicon-
ducting SWCNT species is consistent across all temperatures
and initial defect ratios. Probably the largest difference in
reactivity between different SWCNT chiralities in general is
induced by local curvature [11,12], but in our case the metals
and semiconductors have the nearly the same, relatively large
diameter, and so curvature differences should be negligible.

Many SWCNT reactions may be selective by type, with
various possible mechanisms explaining this behavior, as
reviewed, for example, in the work of Yuan et al. [52].
Experimentally, metallic SWCNTs have been reported to be
more reactive than their semiconducting counterparts for a
variety of different reactions [13,31,53-59].

Physically, there are many differences between metals and
semiconductors. The difference in reactivity is particularly
interesting in SWCNTs because at large diameters the nan-
otubes are very similar structurally, yet their electronic prop-
erties are so different. Metals have electronic states available
at the Fermi level and below, while semiconductors have gaps
where no electronic states are present. The absence of elec-
trons at an appropriate energy is one class of mechanisms
of selectivity. The metallic nanotube would be better able to
supply electrons to the reaction because of the presence of
occupied states at energies that are in the gap for semicon-
ductors. It is predicted that charge transfer between states
in metallic SWCNTs leads to the formation of molecular fron-
tier orbital interactions which facilitate reactions [60].
Delocalized electron states in metallic SWCNTSs and the pres-
ence of a bandgap in semiconducting is reported to lead to
lower formation energies for the reaction of methane plasma
with SWCNTs [56]. A related, but distinct mechanism of selec-
tivity is that the intrinsic conductivity of metals is generally
higher, so electrons could simply be better supplied for
chemical reactions. Separately, metals are more polarizable,
and so van der Waals interactions may be stronger, leading
to different sticking probabilities and this is a different class
of mechanisms for selectivity. For example, the higher
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polarizability could result in more effective physisorption of
reactants.

While there are various explanations for the difference in
reaction rates the literature, we could not find detailed
quantitative predictions of the etching dynamics that would
follow from such models. In the future it will be of interest
to test these models against the in situ data. Our experiments
appear to exclude models for which the rates differ because
of a significant difference in activation barrier, since the
activation barrier is similar for both types here.

4, Conclusions

To summarize, we have tracked the spectral evolution of m-
SWCNT and s-SWCNT of similar diameter undergoing oxida-
tion using a simple, but non-standard two laser, in situ
Raman spectroscopy technique. Two color Raman was found
to be an effective in situ analysis technique, allowing us to
simultaneously and separately probe and track the evolution
of these two distinct populations and so instantaneously get
feedback on metallicity. Assuming that the Raman signal is
linear with abundance, at all temperatures m-SWCNTs are
found to etch more rapidly than the s-SWCNTs. However,
the selectivity is partial and ultimately etching becomes
essentially non-selective. The initial D/G ratio strongly affects
etching rates. Evolution curves were biexponential to a good
approximation, and etch rates were activated, with similar
activation energies for both m-SWCNTs and s-SWCNTs. In
the future, models of the mechanism of selectivity should
be strongly constrained by such in situ data. This type of
two color in situ approach could be applied to track metallicity
changes in many situations and could be applied to monitor a
wide variety of processes.
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1. Changes to nanotube film transparency in the first few seconds of etching

For the first few seconds of O, and CO; exposure on all nanotube samples, the
silicon band intensities for both the 532 nm and 633 nm Raman lines were found to
increase rapidly, before stabilizing. SiO peaks undergo a similar change. An example of
this evolution is shown in Figure S1 for the 500 °C Oz etched sample. This change
corresponds to changes in carbon nanotube film opacity, due to its thickness. The film
became more transparent as defective carbon was removed from the sample surface.

Since the D band is sensitive to the presence of this defective carbon, whenever
the D band intensities of either Raman line are strong enough to track, we find that once
they fall to zero, the silicon background will begin to level off. In Figure S1, this occurs
at around 600 seconds. After this point, the Si (TO) band intensity evolves more slowly.
Subsequent evolution comes from the slow etching of graphitic carbon, including
nanotubes, but is also affected by gradual drifts in focus, as described below.
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Figure S1. Typical time evolution plots of the background corrected, integrated intensities of both
first-order Si (tranverse optical) bands and the D band from the 633 nm spectra for the sample
etched at 500 °C in O2 gas. The sudden change at early times is primarily due to the loss of highly
defective carbon.
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2. Gradual changes to all bands due to stability of the system

The intensity of the silicon band changed gradually on some samples and
sometimes showed fluctuations. We attribute this kind of change to the gradual drift in
focus, most likely caused by the thermal expansion of the reactor system. The depth of
focus of the microscope objective measured in microns, while the experiments lasted up
to hours, so stability on such scales can be challenging. In our case, the optical setup was
focused and the signal optimized before the gas was introduced. During the subsequent in
situ data gathering phase, there was no adjustment to the optical system. (Any
adjustments introduced sudden changes in to the intensity evolution). Some defocusing
was sometimes quite apparent from the in situ Raman imaging leg. We attempted to
manually refocus from frame to frame but this was cumbersome and introduced obvious
artifacts into the data. Ultimately, the best approach would be to engineer out any such
drift, however we were unable to do so. We instead used the following procedure which,
while imperfect, proved practical: we used the integrated first order Si band intensity as
an internal intensity standard and scaled the G band intensities relative to that standard.
Implicit in this is the assumption that all band intensities are equally affected by the
change. Also, this approach is only valid when the silicon peak intensity is fixed. This is
true if the carbon overlayer is very transparent. It introduces artifacts when the carbon
overlayer is opaque and changing in opacity over time. Scaling in this way was found to
compensate reasonably well for small instabilities in the optical system.

To illustrate how well Si band scaling corrects for these fluctuations, we recorded
the Raman spectra of a nanotube sample and manually translated the sample in and out of
focus along its optical axis. This was done at room temperature with the 532 nm laser line.
These translations were much larger in magnitude than those occurring due to regular
drift during a typical data gathering phase. Specifically, nanotube G band intensity was
made to vary between its maximum peak height and roughly half this maximum. The
background corrected G band and Si band intensities, as well as the variation in the G/Si

ratio, are shown in Figure S2.
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Figure S2. Focus variation test. Changes to the integrated intensities of the G band (grey), Si band
(red) and corresponding G/Si ratio (blue) of a nanotube sample being manually translated in and out
of focus.

From Figure S2, we notice that although the Si scaling does not completely
correct for all the fluctuation in the G band intensity during translation, it does reduce the
fluctuations significantly (at least by a factor of 2). Furthermore, when the G band is
close to being in focus (i.e. near the G band intensity maxima), the corresponding
corrected G/Si remains reasonably constant throughout the test (here with a value of ~9).
In the actual etching experiments, the G band did not change as much as this. So the
scaling shows that the Si band and G band are being modified in the same ratio when the

laser spot is being modestly defocused.

3. Additional RBMs (with 514 nm, 785 nm laser sources) and Kataura plot

As described in the main text, we observe room temperature RBMs at ~176 cm™
and ~190 cm™* for the 532 nm laser, and ~165 cm™, ~170 cm™, ~183 cm, ~190 cm™* and
~198 cm! for the 633nm laser. We also checked our source material with a commercial
Renishaw InVia Raman instrument at 514 nm, 633 nm and 785 nm. On that system, we
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additionally obtained RBMs at ~186 cm* for the 514 nm laser, and at ~156 cm™, ~169

cm®, and ~205 cm? for the 785 nm laser.

From the optical data of Nugraha et al. and Sato et al. [91], we are therefore able
to create a Kataura plot (see Figure S3), and assign these RBMs as either semiconducting
or metallic nanotubes. Using the equation wrem = (227/di)(1+Ce*di2)Y2, where wrem is
RBM frequency, d: is nanotube diameter, and using environmental constant C. = 0.067
nm2, we first calculate d; values for each RBM [26,85]. Then, for the environmental shift
in Eii energies, we apply the equation Eji = E;iC - C« [A + B(p/dy) + C(p/d)?], where p is
the cutting line index, and E;i°® corresponds to the supergrowth environment energy, with
chosen constants A = 0.0428 eV, B = 0.04634 eV-nm, C = 0.00747 eV-nm?, C, = 1.42
[89].
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Figure S3. Kataura plot using optical data from Nugraha et al. and Sato et al. [91]. The dotted lines
correspond to laser wavelengths at 514 nm, 532 nm, 633 nm, and 785 nm. Arrows indicate RBM
frequencies that we observed on our samples using these lasers. The solid line correspond to the £ 25
meV uncertainty range between theoretical and experimental values reported by Nugraga et al. [89].
Black data points correspond to species in the metallic E11M subband, while blue and red data
points correspond respectively to the mod-1 and and mod-2 semiconductors.

From Figure S3, we see that the 633 nm RBMs match well with metallic E1;M
species, while both 532 nm RBMs match well with semiconducting Ess® and perhaps Ess®
species. Note that because of possible variation in our choice of environmental factor
constants, and diameter assignment, as well as the large density of species in this region
of the plot and the inherent theoretical uncertainty of the energy values, it is difficult to

accurately assign a particular chirality to each RBM for our data. However, the
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assignment to metallic and semiconducting bands seems fairly robust to reasonable
changes in the six parameters of the model. The assignment of 633 nm resonance with the
E11™ metallic band and 532 nm resonance with higher (Ess®, E4°) semiconducting bands
Is also consistent with the independent Rayleigh scattering derived data of Liu et al. [111].
Furthermore the assignment is consistent with the G- band lineshapes, which have
metallic character for the 633 nm laser, and semiconducting character for the 532 nm and

514 nm lasers.

4. Initial D/G values

Our laser arc nanotube source material was in essence raw laser soot, and it
proved to be inhomogeneous with respect to D/G ratios. When cast onto silicon substrates
we found that different samples had different initial D/G ratios, with the ratio varying by
almost a factor of three. Table S1 lists the range of D/G ratios used in Oz etching

experiments.

Room temperature, pre-etch D/G ratio
Sample no. 532 nm spectra 633 nm spectra T (°C)
1 0.13 0.10 450
2 0.16 0.13 550
3 0.17 0.11 500
4 0.18 0.13 425
5 0.22 0.18 600
6 0.23 0.19 400
7 0.25 0.13 475
8 0.30 0.17 350

Table S1: D/G ratios for samples measured in situ using both laser colors. For each value, the
background corrected, integrated intensity of the D band is divided by that of the G band. These
samples were used for O etching experiments.
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5. Typical D band spectrum
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Figure S4: D band Spectrum of the Source Material at Room Temperature for 633 nm Excitation.

The D band position and lineshape is indicative of the nature of the defective
carbon in the sample. Here, the D band is centered at 1319 cm™ with a full width at half
maximum (FWHM) of roughly 100 cm™. This spectrum is consistent with resonant 1.4
nm SWCNTSs, potentially with some other non-resonant, amorphous carbon presence (see

main text).
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6. D, 2D and RBM band evolution

Although we focus on the G band spectral evolution in the main text, we were
able to extract the evolution of many other bands. The G band intensity evolution across
all samples was easier to track than those of the other Raman bands. The D band intensity
was sometimes too low to meaningfully extract. Background subtraction for the RBM
and 2D bands was somewhat uncertain because they overlapped with a uneven spectral
background structures. The RBMs in particular overlap with uneven Si substrate
background peaks and are relatively weaker in signal that the G band in our samples.
Even so, we were able to extract their evolution, and several trends are apparent. The
typical evolution of different Raman bands for both lasers is depicted in Figure S5 for the

case of the sample etched at 500 °C in Oa.
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Figure S5. Tracking of other Raman bands. Time evolution plots of different integrated Raman
intensities for the samples etched at 500 °C under Oz gas. The G band (light green) and RBM band
(dark green) evolution is shown for the 532 nm spectrum. The G band (red), RBM band (orange), 2D
band (pink), and D band (blue) evolution is shown for the 633 nm spectrum. The RBM and 2D band
track the G band of the same laser line relatively well. The D band etches faster than all the other
bands.

110



The scaled RBM bands of the green and red lasers (indicated in dark green and
orange, respectively) were found to closely track their corresponding G bands (in light
green and red). The match was not always perfect, but generally speaking the G band
closely represents the average evolution of resonant RBMs within the sample. It is worth
noting that the resonance window for RBMs is smaller than for the G band, so species not
represented by RBMs may still contribute to the G band.

The 2D band, an overtone mode of the D band also known as the G' band, is
sensitive to graphitic carbon concentration and distribution on the sample. It is interesting
to verify how well the 2D bands tracks with the G band evolution of SWCNTs. The 2D
band tracks closely with the G band of its corresponding laser line, and etches much more
slowly than its corresponding D band. Note that 2D bands of the green laser were
difficult to extract in our particular experiment due to their overlap with the edge of the
red notch filter. The tracking between the 2D and G bands suggests that the 2D band can
be used for future in situ studies as a proxy for the SWCNT abundance. Its great
separation from the laser line makes it very easy to isolate spectrally.

We emphasize here that the D band, corresponding to defective carbon, evolved
very differently from the other bands. It etches very rapidly and falls with an exponential
profile, compared to the biexponential drop in the other bands. This is very clearly shown
for relatively defective samples that were etched more slowly at low temperatures, such
as for the 400 °C O etch sample analyzed in Figure S6.
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Figure S6. Functional fits to G and D band evolution. G/Si and D/Si time evolution for a typical O:
sample etched at 400 °C. The G/Si signals are fit to biexponentials with fast and slow time scale
components, trst and Tsiow. The D/Si signal is fit to a single exponential, with a single time scale 7.

7. Etching rate dependence on initial D/G ratio

Our initial tests showed that the etch rates depended on the initial D/G ratio.
Therefore, when comparing etch rates, we always selected samples with similar initial
D/G ratios. At fixed or similar temperatures, samples with higher D/G ratios were found
to etch faster. Figure S7 illustrates these differences in etching rates. Therefore, in the

main text, for the Arrhenius plots, we select samples with similar, intially low D/G ratios.
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Figure S7. Effect of D/G ratio on etching rate using Oz gas. Normalized G/Si time evolution for (a)
532 nm Raman spectra and (b) 633 nm Raman spectra. Although temperatures are similar, and even
slightly increasing, etch rates are found to decrease substantially as D/G ratios decrease.

More defective samples are expected to be more susceptible to oxidative attack,
and this may show that at least some of these defects are along the sidewalls of the
SWCNT bundles. Another possibility is that the presence of defective carbon catalyzes
SWCNT etching, regardless of there location on or around the SWCNTSs. Once the
defective regions on the walls are opened, entire SWCNTSs become unstable and etch

more rapidly, effecting both metallic and semiconducting nanotubes.

8. Examples of Selective Etching in Carbon Dioxide

We conducted entire series of etching experiments using CO- instead of O as an
etching gas for temperatures between T = 375 - 500 °C. One of the major products of the
carbon nanotube combustion with Oz is CO2 gas. In addition to being a product of oxygen
etching of carbon, CO; itself also oxidizes graphitic carbon, so it is interesting to compare
the differences in O, and CO: etching kinetics.
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Figure S8. Etching with CO:2 gas. Time evolution plots of different integrated Raman intensities for
the samples etched at 500 °C under CO: gas. Spectra have been scaled with respect to the first-order
Si (TO) intensity of the substrate and normalized to 1 close to t = 0, once the Si background has
stabilized. The G band (light green) and RBM band (dark green) evolution is shown for the 532 nm
spectrum. The G band (red), RBM band (orange), and D band (blue) evolution is shown for the 633
nm spectrum.

Figure S8 shows a typical sample etched under CO- at 500 °C. Carbon dioxide
etching experiments were performed and analyzed in exactly the same way as the oxygen
experiments in the main text, except that the source gas was 4.01% CO. (with Ar balance,
Air liquid certified grade) at one atmosphere. (Oxygen etching experiments were with
20.9 % O2 Air liquid, certified grade also at one atmosphere.) As described above, all
bands have been normalized with the Si first order band used as an internal standard. In
general terms, the band evolution of samples etched with CO- is similar to those etched
with Oy (see Figure S5 for comparison) except that etching rates of the G and RBM bands
are slower.

Across all samples, the same characteristic biexponential decrease in G and RBM
band intensities for both laser lines is observed, as well as the exponential decrease in D
band intensities. Notably, the red laser D band still etches very rapidly. The RBMs again

roughly track with their corresponding G bands and similar RBM trends were also seen

114



on some Oz samples. It should be noted that background subtraction is much less certain
for RBMs than for the G band because of higher background in this spectral region.

COz etching still resulted in a more rapid decrease in the metallic nanotube signal
than the semiconducting nanotubes, though there is evidence that it is somewhat less
selective than O». For example, at 1000 seconds the ratio between the scaled G band
intensities of the green and red laser for the 500 °C O etched sample is ~1.5, while the
ratio for the corresponding CO. etched sample is ~1.2. Similarly, after etching and
cooling to room temperature, the RBM intensities for the CO. post-etching spectra have
comparable intensities, while the RBM intensity for the O, sample is visually weaker for
the red laser than it is for the green laser. However, we are comparing equal times, not
equal doses of gases and a rigorous comparison of the rates versus dose and other process

variables was not made.
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5. CONCLUSIONS

To summarize, the gas phase oxidation of different nanocarbons was successfully
monitored in situ using our one- and two-laser Raman setup. In Chapter 2, we used in situ
Raman spectroscopy to monitor the process of seeded carbon nanotube growth from
fullerene seed particles. The yield of nanotubes was very low, making it very difficult to
track the actual CVD growth phase. However, we verified that the oxidation stage had a
critical effect on the resulting nanocarbon growth. We were able to track this in situ,
observing significant spectral evolution during the fullerene seed oxidation stage. This
motivated our interest in the study of carbon nanotube oxidation dynamics. In Chapters 3
and 4, we presented in situ Raman spectroscopy data that illustrated how oxidation
resulted in the species selective etching of SWCNT populations. On its own, this
phenomenon is important as it is describes a means of directly modifying SWCNT
populations. It could also have direct implications for conventional CVD synthesis,
because etching (oxidation) processes may be occurring simultaneously with growth, and
also for seeding using SWCNT seeds as precursors. As in Chapter 2, subsequent growth
using SWCNT seeds could also depend critically on a respective oxidation stage.

In Chapter 3, we performed in situ Raman spectroscopy with a single laser line,
showing that metallic nanotubes etched more quickly. But the conclusion still had some
ambiguity, because it was not possible to analyze nanotubes of different type
(semiconductor or metallic) at the same time when they share the same diameter. In other
words, type and diameter information were not distinct. Therefore, in Chapter 4, we
addressed this issue by developing a novel two-laser Raman technique which allowed us
to contrast the evolution of metallic and semiconducting SWCNTSs of near-identical
diameter. This confirmed that metallic nanotubes etched faster than the semiconductors.

In all our studies, oxidation was found to have a direct effect on nanocarbon
structure and population. The gradual decay of the typically intense Ag(2) and G band
peaks in Cgo and carbon nanotubes, respectively, was found to be an effective way of
monitoring sample concentration at any given time. Similarly, monitoring the D band
decay was consistently useful as a means of determining the rate of sample purification

during oxidation, probably via the destruction of sp® carbon, although defect healing may
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possibly play a role. While we were able to track the etching of Ceo and regrowth of
graphitic carbon by in situ Raman spectroscopy, the SWCNT vyield was so low that we
were not able to generate appreciable quantities of SWCNTSs or track SWCNT growth
dynamics specifically. Our approach to investigating the process is useful, but the
specific procedure we used was not mature enough. As other researchers improve this
and related processes, it is certain that in situ Raman spectroscopy can provide more
important information.

Most importantly, in our carbon nanotube etching work, we consistently found
thermal oxidation to be a type selective process, even for nanotube source materials that
were very different in terms of origin, population make-up, structure, arrangement, and
defect number. The nanotubes used in Chapter 3 were CVVD nanotubes, while the
nanotubes used in Chapter 4 were laser arc nanotubes of large diameter, and yet the
etching appears to be similarly selective.

The method we used to show selectivity was different in each of the papers, with
changes to RBM intensity and G band structure analyzed in the one-laser work, whereas
differences in resonances were exploited to produce two simultaneously changing spectra
in the two-laser work. At a given temperature, the rates of CNT oxidation in air, dilute
O2, and dilute CO2 were all found to be roughly comparable.

Interestingly, the dynamics were similar. Biexponential decay instead of single-
exponential decay was observed for all G bands across all our nanotube studies using air,
O2, and even CO> gas. This form is visible in our raw data, both before and after
correcting for spectral background and sample movement. This was true for both CVD
grown and laser ablation nanotube samples, respectively from Chapter 3 and Chapter 4,
which were both comprised of networks of bundled surface nanotubes of comparable
surface density. The two sample types were very different. The laser ablation samples
were coated with far larger amounts of defective carbon. The laser ablation samples were
dropcast on to the silicon wafers instead of being directly grown. The CVD grown
nanotubes had a wide range of diameters, while the laser ablation samples were only
large in diameter. Despite their differences, temperature dependent G band etching rates
for samples etched under air and O» were similar. It therefore seems likely that a real

biexponential process occurs during etching, which appears to be insensitive to the
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presence of catalyst nanoparticles or how sp® carbon is distributed across the sample. The
presence of water vapor and other low concentration oxidants in atmosphere does not
appear to have a major effect on this trend.

We can speculate about the origin of biexponential shape. Assuming that the
biexponential form present in Chapters 3 and 4 have the same origin, we can infer from
Chapter 4 that the process occurs regardless of whether the SWCNTSs are metallic or
semiconducting. One possible interpretation is that the form instead relates directly to the
debundling process. Conceivably, two different populations of nanotubes within a bundle
could be etching at two different rates. For example, outer tubes could etch faster than
inner tubes within a given bundle. Because the substantial decay in the D band is found to
always occur prior to G band decay in nanotube, it is possible that defects on the exterior
of surface bundles cause these exterior nanotubes to etch more rapidly compared to
protected inner nanotubes. Because bundle composition is not homogeneous from sample
to sample, this could explain why the magntitude of the prefactors for the individual fast
and slow exponentials differs significantly from sample to sample. Another speculative
possibility might be that the fast and slow components of the biexponentials correspond
to differences in the rates of etching of the nanotube ends and sidewalls for each
individual nanotube. Regardless, the origins of the biexponential decay is certainly a
topic for future investigation.

In broad terms, results presented in Chapter 3 and Chapter 4 lead to similar
conclusions regarding the selective etching of metallic SWCNTSs versus semiconducting
SWCNTs. That is, metallic nanotubes etch faster in both studies. However, because we
were able to get very detailed information about the evolution, we did see some
differences and these would be interesting to explore in further detail in future work. One
difference is that in Chapter 3, the RBMs exhibited single exponential decay and the D
bands exhibited biexponential decay, whereas in Chapter 4, it was the RBMs that decayed
biexponentially, while the D bands decayed exponentially. Speculatively, this could
conceivably be due to differences in the composition of the nanotube bundles. For
example, the RBMs of the laser ablation nanotubes in Chapter 4 correspond to a different

range of possible chiralities compared to the CVD grown nanotubes in Chapter 3.
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The RBMs in Chapter 4 also seemed to match closely with the decay rates of the
G band, whereas the RBMs in Chapter 3 visibly etched at different rates. This is a direct
result of etch rate being directly relating to differences in nanotube diameter, metallicity,
and chiral angle. Since there was a wide range of resonant RBM species in Chapter 3,
which were not present Chapter 4, we observed different etch rates only in that Chapter.

The differences in D band Kinetics between Chapters 3 and 4 may correspond to
the different origins in sp* carbon in these studies. In Chapter 4, the probable amorphous
carbon likely originates from soot in the laser ablation process, whereas the low D band
in Chapter 3 may have a greater contribution from defects embedded within the nanotube
bundle sidewalls. Therefore, it follows that the D band evolution in the Chapter 4 is very
different from the corresponding G band evolution. This is an important point, as
different types of defects may lead to different consequences.

We did not find the same activation energies in Chapter 3 and Chapter 4. It must
be recognized that the two source materials were quite different to begin with (CVD
nanotubes with a wide range of small diameters in the first case, vs. laser ablation
SWCNTS with a smaller range of large diameters in the latter case). It must also be
recognized that the activation energies we deduced have significant statistical error and
may be subject to larger experimental errors which are difficult to quantify. In future
work the activation energies could be determined and compared more rigorously. These
activation energies could be extracted from experiments entirely along the lines of what
we have already done

The origin of these differences is likely related to whatever structural differences
that exist in the composition of the bundles in these studies. The activation barrier for G
band etching in the Chapter 4 under oxygen is lower than the average energy obtained in
the air etching studies, which might be expected to some extent.

We have established that the in situ Raman technique is useful for tracking
metallic type and population in real time. We have established that etching is selective,
but only partially. So, a very promising direction for future work would be to see to what
extent the etching process (procedure, etchants, etc.) could be varied in order to achieve a
greater change to metallicity during the nanotube etching process, while quantifying these

live changes. In particular, a different range of gas pressures, or different combination of
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gases could result in a more purely semiconducting end-product. Another interesting
avenue of study would be to track the etching process of a variety of pre-sorted metallic
and semiconducting nanotube samples and verify whether the difference in etching rates
Is identical.

Similarly, in terms of our Ceo Work, it is possible that a more highly active seed
particle can be generated under different experimental parameters. Since our early work
on the topic, there are more reports of successful cloning.[100,105,112] If the problem of
low yield in our work is overcome, the same type of study will be much more valuable,
since we will be able to observe what CNT populations are being grown and nucleated
from what particular types of seeds.

It would also be interesting to attempt to partially oxidize and then regrow our
nanotube samples, in order to produce viable seeds for tailed nanotube population growth.
For example, combining a particular gas phase etching process with an established CVD
growth technique that is known to already produce a certain range of nanotubes would
allow us to test to whether cloning is possible, and to what extent a particular nanotube
population can be narrowed by cycling through different growth and etching steps. Here,
it is possible that a certain nanotube species could be selected for, by etching away
unwanted species of different diameter or chiral angle, while population yield is increased
during growth.

Our overall results are also particular relevant in the field of nanotube growth,
since the observed etching reactions may unintentionally be taking place during the
course of ordinary nanotube CVD synthesis. Actually, the concentrations of gases and the
atmospheric pressure of the reactor were in part meant to approximate conditions that are
similar to those in typical CVD experiments. Even an unintentional air leak in such an
experiment could possibly affect nanotube species distribution in a way that was similar
to the air or O studies.

For other domains of nanotube research, two-laser Raman spectroscopy is easily
applicable in a variety of gas phase experiments, wherein we would be interested in
tracking the difference between two contrasting resonant nanotube populations. This
includes studies involving defect healing and nanotube purification, since D and 2D band

evolution is well characterized using our method.
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So, to summarize, this work shows that in situ Raman is a direct and useful
method of obtaining detailed data about changes to distinct nanocarbon populations
undergoing chemical reactions, and that the technique should be useful in resolving many
questions, especially those relating to nanotube growth, cloning, and population-specific

destruction and separation reactions.
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