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ABSTRACT

Single walled carbon nanotubes (SWNT) are considered as one of the most
promising nanomaterials for a large variety of applications such as composites, solar
cells, field emission displays, nanosensors, and integrated circuits. In all of these
applications, SWNTs are required to be supplied with controlled structures and
properties, which is the main focus of this dissertation. The first approach to tackle
this problem is to develop appropriate methods to synthesize SWNTSs of controlled
structure. To achieve this goal, a number of techniques have been developed in our
research group to selectively grow SWNTs on different support from porous silica to
flat substrates. It is demonstrated that a precise control over chirality, diameter and
bundle size can be obtained by tuning the reaction temperature in the growth of
SWNT over Co-Mo/silica powder by CO disproportionation, the so-called
CoMoCAT® process. In addition, a novel method for selective growth of SWNT on
flat substrates has been developed. In this method, SWNTSs can be grown either in
random direction or vertical alignment on the surface under standard CoMoCAT®
reaction conditions. However, on these flat surfaces, the SWNTs produced have
larger tubes than those produced on porous silica and are extremely clean and
pure. One of the great advantages of these materials is that they do not require any
purification after growth. In addition, by carefully patterning the catalyst over the

surface, vertically aligned SWNTs (VSWNT) in different forms has been fabricated.

Xvil



The second trust of this dissertation is to investigate the properties of as-
produced SWNTS with their controlled structural parameters (i.e., diameter, bundle
size, chirality, and alignment). Field emission measurements have been conducted to
evaluate the dependence of the emission characteristics on the SWNT structure, as
characterized by electron microscopy (TEM and SEM), resonance Raman
spectroscopy, and optical absorption (NIR and UV-Visible). Experimental and
calculated field emission curves indicate that the bundle size, rather than the
nanotube diameter or differences in work function are more important in determining
the field emission properties of SWNT/silica composites. For the nanotubes grown
on flat substrates, the response of the vertically aligned SWNT to polarization of
both X-rays (in X-ray absorption near edge spectroscopy, XANES) and visible light
(in Raman spectroscopy) clearly revealed the anisotropic optical properties of V-
SWNT. These studies also gave evidence for the existence of a top layer of

misaligned nanotubes.

Finally, efforts have been made to explore the growth mechanism of VSWNT
on flat substrate. First, X-ray photoelectron spectroscopy and atomic force
microscopy conducted on the flat surface with deposited catalyst gave detailed
information about the chemical status of Co-Mo catalyst and their morphological
distribution. Second, the evolution of the growth of VSWNT with time was

visualized by scanning electron microscopy and clearly demonstrated a two-step

xviil



process involving the formation of a crust layer followed by a concerted growth
constrained by crust, that resulted on the vertical alignment. Third, a kinetic study
with fitted growth data has been derived and the maximum growth rate estimated (i.e.
12.5 nm/sec). Several examples of patterned VSWNT have been given to illustrate
the effect of crust. In addition to the growth of VSWNT, oxidation and transferring
of VSWNT has been investigated for future applications. It was observed that
oxidation of VSWNT can remove smaller tubes and leave behind only the larger
tubes. Transferring of VSWNT to a conducting surface has been realized by a
couple of methods which may have an important impact in the fabrication of SWNT-

based nanoelectronic devices (sensors, electrodes, etc.).
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CHAPTER 1

FUNDAMENTALS OF SINGLE-WALLED CARBON
NANOTUBES

1.1 INTRODUCTION

With one hundred times the tensile strength of steel, thermal conductivity better
than all but the purest diamond'~, and electrical conductivity similar to copper® >,
but with the ability to carry much higher currents®®, carbon nanotubes are one of the
most commonly mentioned building blocks of nanotechnology. The first conception
of this extremely small diameter carbon filament was brought out by Smalley at a
workshop in December 1990. These conjectures were later followed up in August
1991 by an oral presentation at a fullerence workshop in Philadelphia by Dresselhaus.
However, the real breakthrough on carbon nanotube research came with lijima’s
report of experimental observation of carbon nanotubes using transmission electron
microscope’. Since then, the study of carbon nanotubes has progressed rapidly.
Among all kinds of carbon nanotubes, single-walled carbon nanotubes (SWNT) are
most intriguing. Since their discovery and structure determination by lijima and

11-19 and

Ichihashi in 199310, numerous theoretical studies on SWNT have been done
showed that the physical properties of SWNTs differs greatly by their helical

structures. But the experimental studies on SWNTs had little progress until various

production methods were established in the late 1990s, such as laser-furnace (1996)>



arc-discharge (1997)*', catalytic CVD with supported catalysts (1996)**. Along with

these advances, many creative applications have been proposed. Included in the long

25-29

list are one-dimentional quantum wire’™ > field effect transistor™2, electron

30-35 36-40 41-46

emitters” °, chemical sensors™ ", probe tips for scanning probe microscopes
Obviously, specific application requires specific flavors of SWNTs: long, short,
individual, bundled, small diameter, large diameter, metallic, semiconducting, and
even the chiral angle. Therefore, in order to fully achieve these applications by
employing specific physical/chemical properties of SWNT, custom growth of SWNT

of controlled structures is needed and is attracting more and more interest, which is

also the motivation of our work.



1.2 SWNT’S MOLECULAR AND ELECTRONIC STRUCTURES

A single-wall carbon nanotube (SWNT) can be described as a single layer of a
graphite crystal that is rolled up into a seamless cylinder, one atom thick, a few
nanometers in diameter and a long length (microns) along the cylinder axis. By this
definition, construction of a SWNT needs conceptual specification of a rectangular
region on a graphene sheet. As shown in Figure 1.1, the region can be defined by
Translational vector T, which is parallel to nanotube axis, and chiral vector Cy, that
is in the circumferential direction of a nanotube. The vector C, connects two
crystallographically equivalent sites on a two-dimensional (2D) graphene sheet
where a carbon atom is located at each vertex of the honeycomb structure’’ and can
be expressed by

Ch=na; + ma, (1)
where the pair of indices (n,m) denote the number of unit vectors a; and a; in the
hexagonal honeycomb lattice contained in the vector Cy. The chiral vector C, makes
an angle 0, called the chiral angle, with the zigzag or a; direction. The axis of the
zigzag nanotube corresponds to 6 = 0°, while the armchair nanotube axis corresponds
to 6 = 30°, and the general nanotube axis corresponds to 0 < 6<30°. In terms of the
integers (n,m), the nanotube diameter d; is given by

dy = Cy/n = 3" ac.c(m*+mn+n?)"*/n 2)



Figure 1.1: The unrolled honeycomb lattice of a nanotube.

where ac.c is the nearest-neighbour C-C distance (1.421 A in graphite), Cy, is the
length of the chiral vector Cy and the chiral angle 0 is given by

0 =tan’'s 3)
Thus, a nanotube can be specified by either its (n,m) indices or equivalently by d,

And 0.



Figure 1.2: (a) The unit cell and (b) Brillouin zone of two-
dimensional graphite are shown as the dotted rhombus and the
shaded hexagon, respectively. a;, and b; , (i=1,2) are basis
vectors and reciprocal lattice vectors, respectively. Energy
dispersion relations are obtained along the perimeter of the

dotted triangle connecting the high symmetry points, G, K and M

48

In figure 1.2, (a) the unit cell and (b) the Brillouin zone of two-dimensional
graphite are shown as a dotted rhombus and shaded hexagon, respectively, where a;
and a, are basis vectors in real space, and b; and b, are reciprocal lattice basis
vectors. In the x,y coordinates shown in figure 2, the real space basis vectors a; and

a, of the hexagonal lattice are expressed as



31/2 a 31/2 a
a, :[ D) aazja a, :[ ) aa_z (4)

where a = |a1| = |a2| =1.42x3"?=2.46 A is the lattice constant of two-dimensional

graphite. Correspondingly the basis vectors b; and b, of the reciprocal lattice are

given by:

2 2rx 2r 2«
’ (3——] b (3——) ®

324 in reciprocal space. The direction of

corresponding to a lattice constant of 4/
the basis vectors by and b, of the reciprocal hexagonal lattice are rotated by 30° from
the basis vectors a; and a, of the hexagonal lattice in real space, as shown in figure
1.2. By selecting the first Brillouin zone as the shaded hexagon shown in figure 1.2
(b), the highest symmetry is obtained for the Brillouin zone of 2D graphite. Here we
define the three high symmetry points, /", K and M as the centre, the corner, and the

centre of the edge, respectively. The energy dispersion relations are calculated for

the triangle /’MK shown by the dotted lines in figure 1.2 (b).

The translation vector T is the shortest repeat distance along the nanotube axis
and therefore defines the unit cell for the 1D nanotube with C,. The translation
vector T can be expressed as

T =tija; +ha, Z (t),tp) (6)

where the coefficients ¢, and #, are related to (n,m) by



= (2m+n)/dR (7)
t; = -(2n+m)/dr

where dy is the greatest common divisor of (2m+n,2n+m) and is given by

8
3d, if n—misamultipleof 3d ®)

{d, if n —mis not a multiple of 3d
R =
in which d is the greatest common divisor of (n,m). The magnitude of the translation

vector T 1S
T=|T|=3""L/d, 9)

where L is the length of the chiral vector Ch=n/d; and d; is the nanotube diameter.
The unit cell of the nanotube is defined as the area delineated by the vectors T and
Chp. The number of hexagons, N, contained within the 1D unit cell of a nanotube is

determined by the integers (n,m) and is given by

B 2(m* +n® +nm)
dp

N

(10)

The addition of a single hexagon to the honeycomb structure in figure 1.2
corresponds to the addition of two carbon atoms. Assuming a value ac.c = 0.142 nm
on a carbon nanotube, we obtain ¢ =1.36 nm and N = 20 for a (10,10) nanotube.
Since the real space unit cell is much larger than that for a 2D graphene sheet, the 1D
Brillouin zone (BZ) for the nanotube is much smaller than the BZ for a single two
atom graphene 2D unit cell. Because the local crystal structure of the nanotube is so

close to that of a graphene sheet, and because the Brillouin zone is small, Brillouin



zone-folding techniques have been commonly used to obtain approximate electron

and phonon dispersion relations for carbon nanotubes (n,m) with specific symmetry.

Whereas the translational vector T, given by equation (6), and the chiral vector
Cy, given by equation (1), both determine the unit cell of the carbon nanotube in real
space, the corresponding vectors in reciprocal space are the reciprocal lattice vectors
K, along the nanotube axis and K; in the circumferential direction, which gives
discrete k values in the direction of the chiral vector Ch. The vectors K; and K, are

obtained from the relations

C, K, =2z, T-K,=0

(11)
C,-K, =0, T-K =2r
From equations (11) it follows that K; and K, can be written as:
1 1
K, :N(_tzbl +4,b,), K, :ﬁ(mbl —nb,) (12)

where b; and b, are the reciprocal lattice vectors of a two-dimensional grapheme
sheet given by equation (5). The N wave vectors uK; (n = 0,...,N-1) give rise to N
discrete k vectors in the circumferential direction. For each of the p discrete values of
the circumferential wave vectors, a one-dimensional electronic energy band appears.
Because of the translational symmetry of T, we have continuous wave vectors in the
direction of K; for a carbon nanotube of infinite length. However, for a nanotube of

finite length L , the spacing between wave vectors is 21/L; .



The 1D electronic energy band structure for carbon nanotubes is related to the
energy band structure calculated for the 2D graphene honeycomb sheet used to form
the nanotube.* These calculations for the electronic structure of SWNTSs show that
about 1/3 of the nanotubes are metallic and 2/3 are semiconducting,” depending on
the nanotube diameter d; and chiral angle 6. It can be shown that metallic conduction
in (n,m) carbon nanotube is achieved when

2n+m=3q or n—m=3q (13)
where ¢ is an integer. All armchair carbon nanotubes (60 = 30°) are metallic and
satisfy the general equation (13). The unique features of the electronic structure of
SWNTs can be understood on the basis of the electronic structure of a graphene
sheet which is a zero gap semiconductor with bonding and antibonding © bands that
are degenerate at the K-point (zone corner) of the hexagonal 2D Brillouin zone. The
periodic boundary conditions for the 1D carbon nanotubes of small diameter permit
only a few wave vectors to exist in the circumferential direction, and these wave
vectors k satisfy the relation nA=nd;, where A=2n/k is the deBroglie wavelength.
Metallic conduction occurs when one of these allowed wave vectors k& passes through
the K-point of the 2D Brillouin zone, where the 2D valence and conduction bands are
degenerate because of the special symmetry of the 2D graphene lattice. As the
nanotube diameter increases, more wave vectors become allowed for the
circumferential direction, so that the nanotubes become more two dimensional and

the semiconducting band gap disappears. The band gap for isolated semiconducting



carbon nanotubes is proportional to the reciprocal nanotube diameter 1/dt. At a
nanotube diameter of di ~ 3 nm, the bandgap becomes comparable to thermal
energies at room temperature, showing that small diameter nanotubes are needed to

observe 1D quantum effects.

The electronic density of states plots in figure 1.3 show that the metallic
nanotubes have a small, but non-vanishing 1D density of states at the Fermi level,
and this non-vanishing density of states is independent of energy until the energies of

the first subband edges of the valence and conduction bands are reached.
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Figure 1.3: Electronic 1D density of states per unit cell of a 2D
graphene sheet for two zigzag nanotubes: (a) the (10,0)
nanotube which has semiconducting behaviour, (b) the (9,0)
nanotube which has metallic behaviour. Also shown in the
figure is the density of states for the 2D graphene sheet (dotted

line)’’!
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In contrast, for a 2D graphene sheet (dashed curve), the 2D density of states is
zero at the Fermi level, and varies linearly with energy, as we move away from the
Fermi level. Furthermore, the density of states for the semiconducting 1D nanotubes
is zero throughout the bandgap, as shown in figure 1.3 (@), and their bandgap energy
Eg is equal to the energy difference E;;(d,) between the two van Hove singularities in
the 1D density of states that span the Fermi level, where it is noted that Eg is
proportional to the reciprocal nanotube diameter. Because of these singularities in
the density of states, high optical absorption is expected when the photon energy
matches the energy separation between an occupied peak in the electron density of
states and one that is empty. This situation occurs at the band gap for the
semiconducting nanotubes, but also at higher energies for transitions from an
occupied subband edge state to the corresponding unoccupied subband edge state.
Such transitions between subband edge states can occur for both semiconducting ad

metallic nanotubes.
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1.3 IDENTIFICATION OF SWNT’S STRUCTURES

1.3.1 STRUCTURE PROBED BY ELECTRON-SWNT
INTERACTION

1.3.1.1 Scanning Electron Microscopy

In a typical SEM electrons are thermionically emitted from a tungsten or
lanthanum hexaboride (LaB6) cathode and are accelerated towards an anode;
alternatively electrons can be emitted via field emission (FE). Tungsten is used
because it has the highest melting point and lowest vapour pressure of all metals,
thereby allowing it to be heated for electron emission. The electron beam, which
typically has an energy ranging from a few hundred eV to 50 keV, is focused by one
or two condenser lenses into a beam with a very fine focal spot sized 1 nm to 5 nm.
The beam passes through pairs of scanning coils in the objective lens, which deflect
the beam in a raster fashion over a rectangular area of the sample surface. Through
these scattering events, the primary electron beam effectively spreads and fills a
teardrop-shaped volume, known as the interaction volume, extending from less than
100 nm to around 5 pum into the surface. Interactions in this region lead to the
subsequent emission of electrons which are then detected to produce an image. X-
rays, which are also produced by the interaction of electrons with the sample, may

also be detected in an SEM equipped for energy-dispersive X-ray spectroscopy or
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wavelength dispersive X-ray spectroscopy. With its powerful surface detecting
capability, SEM allows one to image the ropes of SWNT or even a single SWNT
with up-to-date high resoltion SEM as shown in figure 1.4. This technique can also
used to determine the existence of amorphous or catalyst particles (with

backscattered electron detector).

1.446nm

Figure 1.4: SEM images of vertically aligned single walled carbon

nanotubes from the top

1.3.1.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an imaging technique whereby a
beam of electrons is focused onto a specimen causing an enlarged version to appear
on a fluorescent screen or layer of photographic film (see electron microscope), or to

be detected by a CCD camera. The first practical transmission electron microscope
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was built by Albert Prebus and James Hillier at the University of Toronto in 1938

using concepts developed earlier by Max Knoll and Ernst Ruska.

Figure 1.5: TEM image of vertically aligned single walled carbon

nanotubes mounted on TEM grid.

Although SEM is useful in imaging the 1-D structure of carbon nanotubes, it is
not able to determine the in depth molecular structure such as number of walls,
crystal structure of SWNT, or structure of impurity or dopent in carbon nanotubes.
However, TEM is able to perform these functions.’>”” Figure 1.5 shows the clear
structure of single walled carbon nanotubes: diameter and abnormous structure can

be carefully determined.
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1.3.1.3 Electron Diffraction

Electron diffraction is a technique used to study matter by firing electrons at a
sample and observing the resulting interference pattern. This phenomenon occurs
due to the wave-particle duality, which states that a particle of matter (in this case the
incident electron) can be described as a wave. For this reason, an electron can be
regarded as a wave much like sound or water waves. This technique is similar to X-
ray diffraction and neutron diffraction. Electron diffraction is most frequently used in
solid state physics and chemistry to study the crystal structure of solids. These
experiments are usually performed in a Transmission Electron Microscope (TEM),

or a Scanning Electron Microscope (SEM) as electron backscatter diffraction.

Figure 1.6: FEletron diffraction from one single walled carbon

nanotube. (adapted from Gao, M.; Zuo, J. M.; Twesten, R. D.; Petrov,
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I.; Nagahara, L. A.; Zhang, R., Structure determination of individual
single-wall carbon nanotubes by nanoarea electron diffraction. Applied
Physics Letters 2003, 82, (16), 2703-2705. copyright (2003) with

permission from AIP)

The periodic structure of a crystalline solid acts as a diffraction grating,
scattering the electrons in a predictable manner. Working back from the observed
diffraction pattern, it may be possible to deduce the structure of the crystal producing
the diffraction pattern. According to this principle, crystal structure (chirality) of

56-60

SWNT can be determined by the technique as shown in figure 1.6."!

1.3.1.4 Electron Energy Microanalysis

Energy dispersive X-ray spectroscopy (EDX or EDS) is a method used to
determine the energy spectrum of X-ray radiation. It is mainly used in chemical
analysis, in an X-ray fluorescence spectrometer (especially portable devices), or in
an electron microprobe (e.g. inside an scanning electron microscope). The detector is
a semiconductor detector, usually a Silicon Drift Detector or a silicon crystal doped
with lithium (Si(Li) detector). The semiconductor is polarized with a high voltage;
when an X-ray photon hits the detector, it creates electron-hole pairs that drift due to
the high voltage. The electric charge is collected, it is like charging a capacitor; the

increment of voltage of the condensator is proportional to the energy of the photon, it
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is thus possible to determine the energy spectrum. The condensator voltage is reset
regularly to avoid saturation. By using this method, elemental composition of carbon

nanotubes and related materials can be determined.

1.3.2 STRUCTURE IDENTIFIED BY PROBE-SWNT
INTERACTION

1.3.2.1 Atomic Force Microscopy

The atomic force microscope (AFM) is a very high-resolution type of scanning
probe microscope, with a maximum magnification power of 5,000,000 times the
regular size of an image. The AFM was invented by Binnig, Quate and Gerber in
1986, and is one of the foremost tools for imaging, measuring and manipulating
matter at the nanoscale. The AFM consists of a microscale cantilever with a sharp tip
(probe) at its end that is used to scan the specimen surface. The cantilever is typically
silicon or silicon nitride with a tip radius of curvature on the order of nanometers.
When the tip is brought into proximity of a sample surface, forces between the tip
and the sample lead to a deflection of the cantilever according to Hooke's law.
Depending on the situation, forces that are measured in AFM include mechanical
contact force, Van der Waals forces, capillary forces, chemical bonding, electrostatic
forces, magnetic forces (see Magnetic force microscope (MFM)), Casimir forces,
solvation forces etc. Typically, the deflection is measured using a laser spot reflected

from the top of the cantilever into an array of photodiodes. Other methods that are
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used include optical interferometry, capacitive sensing or piezoresistive AFM probes.
These probes are fabricated with piezoresistive elements that act as a strain gage.
Using a Wheatstone bridge, strain in the AFM probe due to deflection can be
measured, but this method is not as sensitive as laser deflection or interferometry.
With this surface sensitive technique, diameter (measured by height of SWNT) and
length can be measured.””** Figure 1.7 shows single SWNT grown from Co

nanoparticles deposited on Si substrate in our group.

o 1.00 pm D 1.00 pm

Figure 1.7: AFM images of SWNT grown from Co nanopartiles on Si

substrate.

1.3.2.2 Scanning Tunneling Microscopy

The STM is a non-optical microscope which employs principles of quantum
mechanics. An atomically sharp probe (the tip) is moved over the surface of the

material under study, and a voltage is applied between probe and the surface.
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Depending on the voltage electrons will "tunnel" (this is a quantum-mechanical
effect) or jump from the tip to the surface (or vice-versa depending on the polarity),
resulting in a weak electric current. The size of this current is exponentially
dependent on the distance between probe and the surface. For a current to occur the
substrate being scanned must be conductive (or semiconductive). Insulators cannot
be scanned through the STM, as the electron has no available energy state to tunnel
into or out of due to the band gap structure in insulators. The beauty of this technique

is it can be used to determined carbon lattice or electronic structure of SWNT.> 7!

Figure 1.8 shows STM image of CoMoCAT® nanotubes.

Figure 1.8: STM images of CoMoCAT® SWNT. ( courtesy of Prof. C.

Lieber at Harvard)

1.3.3 STRUCTURE PROBED BY PHOTON-SWNT INTERACTION

1.3.3.1 Resonant Raman Scattering
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Raman spectroscopy is a spectroscopic technique used in condensed matter
physics and chemistry to study vibrational, rotational, and other low-frequency
modes in a system. It relies on inelastic scattering, or Raman scattering of
monochromatic light, usually from a laser in the visible, near infrared, or near
ultraviolet range. Phonons or other excitations in the system are absorbed or emitted
by the laser light, resulting in the energy of the laser photons being shifted up or
down. The shift in energy gives information about the phonon modes in the system.
Raman has been used extensively to study the bonding and properties of pristine,
metallic, and superconducting phases of graphite intercalation compounds and
fullenrene-based solids.”*”” Tt is natural to extend this technique to characterize
carbon nanotubes. Raman scattering in carbon nanotubes involves strong resonances
of the incoming and outgoing light and the vibrational states with the electronic
energy levels of a tube. The Raman spectra therefore carry a wealth of information
about the electronic states and the phonon dispersion of carbon nanotubes. Each part
of the Raman spectrum, the radial breathing mode (RBM), the disorder induces
mode (D mode) and the high-energy mode (HEM), can be used to access different
properties of single-walled carbon nanotubes. Out of all Raman modes the radial
breathing mode is unique to single-walled carbon nanotubes. In the high energy
range around 1600 cm-1 single-walled nanotube show a characteristic double-peak
structure. Here are some examples for what can be told from a nanotube Raman

spectrum: presence of nanotubes, orientation of isolated tubes’ or aligned samples’”
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81-83 84, 85

80, diameter and chirality of carbon nanotubes, metallic character of a tube,
energies of the excited electronic states, dependence of the phonon frequencies on

the strain,86 defect concentration in nanotube sam les,87 tem era‘[ure,88 dopin
p p pmng

levels,” and etc.

1.3.3.2 Optical Absorption and Fluorescence Spectroscopy

The optical absorption and luminescence process has enormous scientific value
because of the detailed information that spectral positions and intensities can reveal
about a sample’s electronic structure and permit the sensitive qualitative and
quantitative analysis. A key feature of carbon nanotubes is the strong dependence of
their electronic properties on physical tube structure. Because SWNT are formed in a
variety of discrete structures having distinct diameters and chiralities, a
corresponding variety of pi-electron band structures and excitations are found in
mixtures of nanotubes. Each possible SWNT structure is uniquely described by a
pair of integers (n,m) that describe the length and orientation of the tube’s
circumference vector when projected onto a grapheme sheet. An important feature
of SWNT electronic structure is sets of sharp maxima, called van Hove singularities.
Nanotube optical spectra are dominated by strong dipole allowed transitions,
polarized along the tube axis, between van Hove singularities in matching valence

and conduction sub-bands. These are referred to as E;; transitions, withi =1, 2, 3, etc.
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The absorption or fluorescence spectra are obtained in normally aqueous
surfactant suspension of SWNT that has been enriched in individual, disbundled
nanotubes. Careful analysis allowed each of peaks in spectra to be assigned to a
specific (n,m) species.*®*® Figure 1.8 illustrates specified (n,m) structure of
CoMoCAT ® SWNT determined by optical absorption and fluorescence. This
spectral assignment provided a large body of precise optical transition energies for a
significant range of tube diameters and chiralities. However, it should be careful
when analyzing specta because the optical absorption or fluorescence of SWNT is
affected by aggregation,” chemical derivatization,”’ interaction between nanotube

and surfactant.”®
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Figure 1.9: Optical absorption and fluorescence spectra of

CoMoCAT® SWNT.
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1.3.3.3 X-ray Absorption Fine Structure

X-ray absorption fine structure (XAFS) is a specific structure observed in X-
ray absorption spectroscopy (XAS). By analyzing the XAFS, information can be
acquired on the local structure and on the unoccupied electronic states. The X-ray
absorption spectra show a steep rise at the core-level binding energy of X-ray-
absorbing atoms and attenuates gradually with the X-ray energy. The XAS spectra
are usually divided in three energy regions: 1) the edge region, 2) the X-ray
Absorption Near Edge Structure (XANES); 3) the extended X-ray absorption fine
structure (EXAFS). The absorption peaks at the absorption edges in a range of about
5 eV were first explained by Walther Kossel as due to electronic transitions to first
unoccupied molecular levels above the chemical potential, and for many years was
referred to as the “Kossel structure” now it is known as absorption edge region. The
oscillatory structure extending for hundreds of electron volts past the edges was
called the “Kronig structure” after the scientist, Ralph Kronig, who assigned this

structure to the single scattering of the excited photoelectron by neighbouring atoms.

The peak positions and spectral line shape in a XANES spectrum are directly
associated with the nature of these unoccupied electronic states. Accordingly
XANES can be used to obtain qualitative bonding information for a full range of the
sp*/sp® bonding ratios. It can be used to identify specific bonds in molecules (e.g.

C=C, C-C, and C-O bonds) as well as the presence of chemisorbed species. Of

24



greater importance for this study, by using linearly polarized X-ray beam, angle-
dependent XANES can be used to investigate the angular dependence of the specific

orbitals involved in the transition 1s— ©* and 1s—oc*.
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1.4 PROPERTIES AND APPLICATIONS OF SWNT

1.4.1 COMPOSITE MATERIALS

Because of the stiffness of carbon nanotubes, they are ideal candidates for
structural applications. For example, they may be used as reinforcements in high

strength, low weight, and high performance composites.

Theoretically, SWNTs could have a Young’s Modulus of 1 TPa.””'® MWNTs
are weaker because the individual cylinders slide with respect to each other. Ropes
of SWNTs are also less strong. The individual tubes can pull out by shearing and at
last the whole rope will break. This happens at stresses far below the tensile strength

of individual nanotubes. Nanotubes also sustain large strains in tension without

10
showing signs of fracture. In other directions, nanotubes are highly flexible.

One of the most important applications of nanotubes based on their properties

99-109
However, there have not been

will be as reinforcements in composite materials.
many successful experiments that show that nanotubes are better fillers than the
traditionally used carbon fibres. The main problem is to create a good interface
between nanotubes and the polymer matrix, as nanotubes are very smooth and have a
small diameter, which is nearly the same as that of a polymer chain. Secondly,
nanotube aggregates, which are very common, behave different to loads than

individual nanotubes do. Limiting factors for good load transfer could be sliding of

cylinders in MWNTs and shearing of tubes in SWNT ropes. To solve this problem
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the aggregates need to be broken up and dispersed or cross-linked to prevent slippage.
A main advantage of using nanotubes for structural polymer composites is that
nanotube reinforcements will increase the toughness of the composites by absorbing
energy during their highly flexible elastic behaviour. Other advantages are the low
density of the nanotubes, an increased electrical conduction and better performance

during compressive load.

Another possibility, which is an example of a non-structural application, is
filling of photoactive polymers with nanotubes. PPV (Poly-p-phenylenevinylene)
filled with MWNTs and SWNTs is a composite,''* which has been used for several
experiments. These composites show a large increase in conductivity with only a
little loss in photoluminescence and electro-luminescence yields. Another benefit is

that the composite is more robust than the pure polymer.

Of course, nanotube-polymer composites could be used also in other areas. For
instance, they could be used in the biochemical field as membranes for molecular
separations or for osteointegration (growth of bone cells). However, these areas are
less explored. The most important thing we have to know about nanotubes for
efficient use of them as reinforcing fibres is knowledge on how to manipulate the
surfaces chemically to enhance interfacial behaviour between the individual

nanotubes and the matrix material.
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1.4.2 MOLECULAR ELECTRONICS WITH CNTS

1.4.2.1 Field Emitting Devices

If a solid is subjected to a sufficiently high electric field, electrons near the
Fermi level can be extracted from the solid by tunnelling through the surface
potential barrier. This emission current depends on the strength of the local electric
field at the emission surface and its work function (which denotes the energy
necessary to extract an electron from its highest bounded state into the vacuum level).
The applied electric field must be very high in order to extract an electron. This
condition is fulfilled for carbon nanotubes, because their elongated shape ensures a

very large field amplification.'''"'"?

For technological applications, the emissive material should have a low
threshold emission field and large stability at high current density. Furthermore, an
ideal emitter is required to have a nanometre size diameter, a structural integrity, a
high electrical conductivity, a small energy spread and a large chemical stability.
Carbon nanotubes possess all these properties. However, a bottleneck in the use of
nanotubes for applications is the dependence of the conductivity and emission

stability of the nanotubes on the fabrication process and synthesis conditions.

Examples of potential applications for nanotubes as field emitting devices are

114-116

flat panel displays, gas-discharge tubes in telecom networks,'"* electron guns

for electron microscopes,''” AFM tips and microwave amplifiers.''*'*!
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1.4.2.2 Transistors

The field-effect transistor — a three-terminal switching device — can be

constructed of only one semi-conducting SWNT.* 12

By applying a voltage to a
gate electrode, the nanotube can be switched from a conducting to an insulating state.
Figure 1.9 illustrate a transistor based on carbon nanotube. Such carbon nanotube

transistors can be coupled together, working as a logical switch, which is the basic

component of computers.

N

Figure 1.10: Carbon nanotube-based field emission transistor ( from

open source http.//hone.mech.columbia.edu/fet. htm )

1.4.2.3 Nanoprobes and Sensors

Because of their flexibility, nanotubes can also be used in scanning probe
instruments.* ***® Since MWNT-tips are conducting, they can be used in STM and

AFM instruments (Figure 1.10). Advantages are the improved resolution in
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comparison with conventional Si or metal tips and the tips do not suffer from crashes
with the surfaces because of their high elasticity. However, nanotube vibration, due
to their large length, will remain an important issue until shorter nanotubes can be

grown controllably.

Figure 1.11: MWNT-based AFM tip (from open source

http://www.nanoscience.com/products/carbon_nanotube_probes.html )

Nanotube tips can be modified chemically by attachment of functional groups.
Because of this, nanotubes can be used as molecular probes, with potential
applications in chemistry and biology.

Other applications are the following: A pair of nanotubes can be used as
tweezers to move nanoscale structures on surfaces.73 Sheets of SWNTSs can be used
as electromechanical actuators, mimicking the actuator mechanism present in natural

muscles. SWNTs may be used as miniaturised chemical sensors. On exposure to
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environments, which contain NO2, NH3 or O2, the electrical resistance changes.

1.4.3 ENERGY STORAGE

Graphite, carbonaceous materials and carbon fibre electrodes are commonly
used in fuel cells, batteries and other electrochemical applications. Advantages of
considering nanotubes for energy storage are their small dimensions, smooth surface
topology and perfect surface specificity. The efficiency of fuel cells is determined by
the electron transfer rate at the carbon electrodes, which is the fastest on nanotubes
following ideal Nernstian behaviour. Electrochemical energy storage and gas phase
intercalation will be described more thoroughly in the following chapters of the

report.

1.4.3.1 Hydrogen Storage

The advantage of hydrogen as energy source is that its combustion product is
water. In addition, hydrogen can be easily regenerated. For this reason, a suitable
hydrogen storage system is necessary, satisfying a combination of both volume and
weight limitations. The two commonly used means to store hydrogen are gas phase

and electrochemical adsorption.

Because of their cylindrical and hollow geometry, and nanometre-scale

diameters, it has been predicted that carbon nanotubes can store a liquid or a gas in
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the inner cores through a capillary effect.'” '** As a threshold for economical
storage, the Department of Energy has set storage requirements of 6.5 % by weight
as the minimum level for hydrogen fuel cells. It is reported that SWNTs were able to
meet and sometimes exceed this level by using gas phase adsorption (physisorption).
Yet, most experimental reports of high storage capacities are rather controversial so
that it is difficult to assess the applications potential. What lacks, is a detailed
understanding of the hydrogen storage mechanism and the effect of materials
processing on this mechanism. Another possibility for hydrogen storage is
electrochemical storage. In this case not a hydrogen molecule but an H atom is

adsorbed. This is called chemisorption.

1.4.3.2 Lithium Intercalation

The basic principle of rechargeable lithium batteries is electrochemical
intercalation and de-intercalation of lithium in both electrodes. An ideal battery has a
high-energy capacity, fast charging time and a long cycle time. The capacity is
determined by the lithium saturation concentration of the electrode materials. For Li,
this is the highest in nanotubes if all the interstitial sites (inter-shell van der Waals
spaces, inter-tube channels and inner cores) are accessible for Li intercalation.
SWNTs have shown to possess both highly reversible and irreversible capacities. '*°

Because of the large observed voltage hysteresis, Li-intercalation in nanotubes is still

unsuitable for battery application. This feature can potentially be reduced or
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eliminated by processing, i.e. cutting, the nanotubes to short segments.

1.4.3.3 Electrochemical Supercapacitors

Supercapacitors have a high capacitance and potentially applicable in
electronic devices. Typically, they are comprised two electrodes separated by an
insulating material that is ionically conducting in electrochemical devices. The
capacity of an electrochemical supercap inversely depends on the separation between
the charge on the electrode and the counter charge in the electrolyte. Because this
separation is about a nanometer for nanotubes in electrodes, very large capacities
result from the high nanotube surface area accessible to the electrolyte. In this way, a
large amount of charge injection occurs if only a small voltage is applied. This
charge injection is used for energy storage in nanotube supercapacitors.'*® Generally
speaking, there is most interest in the double-layer supercapacitors and redox

supercapacitors with different charge-storage modes.
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1.5 SYNTHESIS OF SWNT

Researchers dedicated to nanomaterials synthesis have achieved great success
in synthesizing SWNT by a large variety of techniques since SWNT was first
produced by Dr. Iijima’s group at NEC. Those techniques differ in nature of carbon
source, energy input, and catalyst preparation. As the seed for carbon nucleation,
catalyst preparation is of greatest importance in SWNT growth. Consequently,
methods for SWNT synthesis can be categorized in terms of preparation of catalyst
nanoparticles: dispersed in gas phase, supported by porous media, and deposited on

flat substrate.

1.5.1 SWNT GROWN FROM CATALYST NANOPARTICLES
DISPERSED IN GAS PHASE

1.5.1.1 Decomposition of Volatile Metal-containing Precursor

Methods for SWNT synthesis in this category are characterized by formation of
SWNT nucleation center through in situ decomposition of volatile metal-containing
precursors like carbonyl iron or ferrocene. One example is HIPCO® process which is
developed to produce SWNT in a continuous-flow gas phase using CO as the carbon
feedstock and Fe(CO) as the iron-containing catalyst precursor.'?’” Size and diameter
distribution of the nanotubes can be roughly selected by controlling the pressure of

CO.
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Nanotubes as small as 0.7 nm in diameter, which are expected to be the
smallest achievable chemically stable SWNTs, have been produced by this method.
The average diameter of HiPco SWNTs is approximately 1.1 nm. The yield that
could be achieved is approximately 70%. The highest yields and narrowest tubes can

be produced at the highest accessible temperature and pressure.'”” SWNT material

49
with 97% purity can be produced at rates of up to 450 mg/h with this process.

1.5.1.2 Vaporization of Metal from Metal-doped Carbon Electrode

Arc Discharge

This method creates nanotubes through arc-vaporisation of two carbon rods
placed end to end, separated by approximately 1mm, in an enclosure that is usually
filled with inert gas (helium, argon) at low pressure (between 50 and 700 mbar). A
direct current of 50 to 100 A driven by approximately 20 V creates a high
temperature discharge between the two electrodes. The discharge vaporises one of
the carbon rods and forms a small rod shaped deposit on the other rod. Producing
nanotubes in high yield depends on the uniformity of the plasma arc and the

temperature of the deposit form on the carbon electrode. '**
Insight in the growth mechanism is increasing and measurements have shown

that different diameter distributions have been found depending on the mixture of

helium and argon. These mixtures have different diffusions coefficients and thermal
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conductivities. These properties affect the
speed with which the carbon and catalyst
molecules diffuse and cool., affecting
nanotube diameter in the arc process. This
implies that single-layer tubules nucleate
and grow on metal particles in different
sizes depending on the quenching rate in
the plasma and it suggests that

temperature and carbon and metal catalyst

densities affect the diameter distribution of
nanotubes.'”® Figure 1.11 shows an arc
discharge apparatus for carbon nanotube

synthesis.

Figure 1.12: arc discharge apparatus for

carbon nanotube synthesis. ( from open
source http://www.meijo-

w.ac.jp/ST/coe/ENGLISH/seizou.html )

A lot of elements and mixtures of elements have been tested by various authors

12 and it is noted that the results vary a lot, even though they use the same elements.

This is not surprising as experimental conditions differ. The quantity and quality of

the nanotubes obtained depend on various parameters such as the metal

concentration, inert gas pressure, kind of gas, the current and system geometry.

Laser Ablation
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In 1995, Smalley's group  at Rice University reported the synthesis of carbon

131
. . . 132 .
nanotubes by laser vaporisation. A pulsed , or continuous °° laser is used to

vaporise a graphite target in an oven at 1200 °C. The main difference between

continuous and pulsed laser, is that the pulsed laser demands a much higher light

intensity (100 kW/cm2 compared with 12 kW/cmz). The oven is filled with helium or
argon gas in order to keep the pressure at 500 Torr. A very hot vapour plume forms,
then expands and cools rapidly. As the vaporised species cool, small carbon
molecules and atoms quickly condense to form larger clusters, possibly including
fullerenes. The catalysts also begin to condense, but more slowly at first, and attach
to carbon clusters and prevent their closing into cage structures. Catalysts may even
open cage structures when they attach to them. From these initial clusters, tubular
molecules grow into single-wall carbon nanotubes until the catalyst particles become
too large, or until conditions have cooled sufficiently that carbon no longer can
diffuse through or over the surface of the catalyst particles. It is also possible that the
particles become that much coated with a carbon layer that they cannot absorb more

and the nanotube stops growing. The SWNTs formed in this case are bundled

133
together by van der Waals forces
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Figure 1.13: Laser ablation apparatus for carbon nanotube synthesis.

(from open source http.//www.nanoscience.com/products

/carbon_nanotube_probes.html )

There are some striking, but not exact similarities, in the comparison of the
spectral emission of excited species in laser ablation of a composite graphite target
with that of laser-irradiated C60 vapour. This suggests that fullerenes are also
produced by laser ablation of catalyst-filled graphite, as is the case when no catalysts
are included in the target. However, subsequent laser pulses excite fullerenes to emit
C2 that adsorbs on catalyst particles and feeds SWNT growth. However, there is

insufficient evidence to conclude this with certainty.

Laser ablation is almost similar to arc discharge, since the optimum
background gas and catalyst mix is the same as in the arc discharge process. This

might be due to very similar reaction conditions needed, and the reactions probably
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occur with the same mechanism.

1.5.1.3 Vaporization of Metal

This method is based on the synthesis of SWNTs in a controlled flame

environment, that produces the temperature, forms the carbon atoms from the

134, 135
inexpensive hydrocarbon fuels and forms small aerosol metal catalyst islands

SWNTs are grown on these metal islands in the same manner as in laser ablation and

arc discharge.

These metal catalyst islands can be made in three ways. The metal catalyst
(cobalt) can either be coated on a mesh, on which metal islands resembling droplets

were formed by physical vapour deposition. These small islands become aerosol

134, 135
after exposure to a flame. The second way , 1s to create aerosol small metal

particles by burning a filter paper that is rinsed with a metal-ion (e.g. iron nitrate)
solution. The third way, is the thermal evaporating technique in which metal powder

(e.g. Fe or Ni) is inserted in a trough and heated.
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Figure 1.14: Catalytic Flame Synthesis of Carbon Nanotubes. (from

open source _http.//coewww.rutgers.edu/~sdytse/research.html )

In a controlled way a fuel gas is partially burned to gain the right temperature
of ~800 °C and the carbon atoms for SWNT production. On the small metal particles

the SWNTs are than formed. As optimisation parameters the fuel gas composition,
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catalyst, catalyst carrier surface and temperature can be controlled . In the literature

found, the yield, typical length and diameters are not stated.

1.5.2 SWMT GROWN FROM CATALYST NANOPARTICLES
SUPPORTED BY POROUS MEDIA

1.5.2.1 Catalyst Supported by Non-uniform Porous Materials

In this category, Fe, Ni, Co or an alloy of the three catalytic metals is initially

deposited on high surface area media such as mesoporous or microporous silica,
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alumina or magnesium oxide. SWNT synthesis is achieved by putting a carbon
source in the gas phase and using an energy source, such as a plasma or a resistively
heated coil, to transfer energy to a gaseous carbon molecule. Commonly used
gaseous carbon sources include methane, carbon monoxide and acetylene. The
energy source is used to “crack” the molecule into reactive atomic carbon. Then, the
carbon diffuses towards the catalyst to form SWNT if proper parameters are

maintained.

One exemplary method is CoMoCat® process developed by Dr. Daniel E.
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Resasco’s group. In this method, SWNTs are grown by CO disproportionation

at 700 — 950 OC. The technique is based on a unique Co-Mo catalyst formulation that
inhibits the sintering of Co particles and therefore inhibits the formation of undesired
forms of carbon that lower the selectivity. During the SWNT reaction, cobalt is
progressively reduced from the oxidic state to the metallic form. Simultaneously
Molybdenum is converted to the carbidic form (Mo,C). Co acts as the active species

in the activation of CO, while the role of the Mo is possibly dual. It would stabilize

2+
Co as a well-dispersed Co avoiding its reduction and would act as a carbon sink to

moderate the growth of carbon inhibiting the formation of undesirable forms of
carbon."” Tt is found that one of the critical conditions for an effective reactor
operation is that the space velocity has to be high enough to keep the CO conversion

as low as possible. Figure 1.14 shows a fluidized bed reactor for a CoMoCat®
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process. The most important advantage of fluidised bed reactors is that they permit
continuous addition and removal of solid particles from the reactor, without stopping

the operation.

+— |
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4"—*—"— make-up CO

reciculating pump

Figure 1.15: Schematic diagram of CoMoCAT® process (from open

source www.ou.edu/engineering/nanotube/comocat.html )

This method can be scaled-up without losses in SWNT quality. By varying
the operation conditions,SWNTs can be produced with different diameter ranges.

The CoMoCat catalyst has a high selectivity towards SWNTs, namely 80 — 90 % ."**
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1.5.2.2 Catalyst Supported by Highly Ordered Porous Materials

Contrary to non-uniform porous materials, that has a wide distribution of pore
sizes and presents an irregular spacing between particles, zeolites and other
molecular sieves offer a very well defined structure that contains specific and

uniform pore sizes, thus providing the possibility of controlling diameter of SWNT.

—

Figure 1.16: Schematic diagram of MCM-41 (from open source

www.quanta.kyutech.ac.jp )

Among them the mesoporous silica MCM-41 was found to be effective. The
MCM-41 (figure 1.15) is a pure-silica material with a regular array of hexagonal,
uniform, unidimensional mesopores, which can be systematically varied from 1.5 to

10 nm.
For example, highly ordered cobalt substituted MCM-41 samples were

synthesized and characterized for application as catalytic templates for producing

aligned SWNT in Dr. Gary Haller’s group.'** '*! Highly reproducible Co-MCM-41
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samples were successfully synthesized using alkyl templates with 10, 12, 14, 16, and
18 carbon chain lengths by direct incorporation of cobalt into the siliceous MCM-41
framework using a hydrothermal method; the pore size and the pore volume can be
controlled precisely. The catalytic templates showed over 90% selectivity to SWNT

with up to 4 wt % carbon yield.

1.5.3 SWMT GROWN FROM CATALYST NANOPARTICLES
DEPOSITED ON FLAT SUBSTRATE

1.5.3.1 Catalyst Deposition by Wet (Chemical) Process

Deposition of catalyst nanoparticles on flat surface by wet process normally
involves two sequential steps: 1) preparation of metal nanoparticles or metal-
containing precursors dispersed and stabilized in liquid phase; 2) formation of
catalyst nanoparticles on surface by transferring and immobilizing metal
nanoparticles or decomposing precursors. In the first step, metal nanoparticles in
solution can be synthesized by using colloidal methods and metal containing
precursors in solution have been reported to use metal salt, dendrimer, artificial
ferritin, organometallic compound, metal-surfactant complex, metal-copolymer
complex, etc. Several examples are given below to illustrate orderly arrayed SWNT

grown on flat surface by wet process.

Parallel SWNT by Fast Heating Method
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Dr. Jie Liu’s group developed this method to grow orderly oriented SWNT.'**

144 A pretreated substrate with catalyst was transferred into the center of the heated
furnace to initiate the growth. According to their experimental results, a “kite-
mechanism” has been proposed with the catalyst nanoparticle having a long

nanotube tail floating in the gas flow, which determines the orientation of SWNT

arrays.

Figure 1.17: aligned SWNT parallel to the substrate (from open

source http://www.chem.duke.edu/~jliu/labgroup/research.html )

Vertically Aligned SWNT by Dip-Coating Method

In 2004, Dr. Shegio Maruyama’s group reported growth of vertically aligned
SWNT on flat surface by alcohol assisted CVD method.'* ' In their method,

Co/Mo catalyst was deposited by dipping quartz wafer in and pulling it out of


http://www.chem.duke.edu/%7Ejliu/labgroup/research.html

solution of Co and Mo acetate salt. After calcinations, a uniform distribution of

CoMo alloy particles is formed on surface.

Figure 1.18: Co-Mo catalyst deposited on quartz substrate by dip-
coating method. (adapted from “Growth of vertically aligned single-
walled carbon nanotube films on quartz substrates and their optical
anisotropy”, S. Maruyama et al, Chemical Physics Letters, 385(2004)

298-303 )

Vertically Aligned SWNT by Drop-Spread-Dry Method

In 2005, our group developed a method to deposit Co/Mo nanoparticles on flat
surface by dropping a specially formulated Co/Mo-ligand complex solution on the
surface and letting it spread and dry, which we call Drop-Spread-Dry process.'*” The

resulted catalyst wafer is put into quartz reactor and a typical CoMoCat process is
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conducted to grow vertically aligned SWNT. Our results shows vertically aligned

SWNT can be grown not only on flat surface but also on rough surface.

Figure 1.19: Vertically aligned SWTN on rough surface produce in

our group.

1.5.3.2 Catalyst Deposition by Dry (Physical) Process

This process uses common physical film deposition methods to coat flat
substrate with desired catalyst thin film, such as vacuum evaporation, electron bean
evaporation, or sputtering coating. Recently, Dr. Timothy Fisher’s group have
created a "thin film" containing two layers of aluminum sandwiching one ultra-thin
layer of iron using electron-beam evaporation as shown in figure 1.19."*® Following

that, the film was anodized to form a porous anodic alumina template.
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Figure 1.20: Individual carbon nanotubes vertically on top of a

silicon wafer. (from open source http://news.uns.purdue.edu

[html4ever/2006 /060801 . Fisher.vertical.html )

A mixture of hydrogen and methane gas was then flowed into the template's
holes, and microwave energy was applied to break down the methane, which
contains carbon. The iron layer acted as a catalyst that prompted the carbon
nanotubes to assemble from carbon originating in the methane, and the tubes then

grew vertically out of the cavities.
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CHAPTER 2

CONTROLLED SYNTHESIS OF SWNT-POROUS
DIELECTRIC COMPOSITES AND THEIR FIELD
EMISSION PROPERTIES

2.1 INTRODUCTION

During the last few years, single-walled carbon nanotubes have generated
much interest due to their unique structure and properties. It is widely accepted that
one of their potential applications might be in field emission devices '''. Among the
numerous studies dedicated to nanotube field emitters, great attention has been paid
to optimizing the techniques for practical and reliable device fabrication ® ''*. In
more fundamental studies, the mechanisms of field-induced electron emission, as
well as the relationship between the nanotube structural parameters and emission
properties have been the focus of many publications " '®'**%. What makes SWNTs
good candidates for field emitters is the combination of their natural geometry,

chemical stability, and electrical characteristics. They could be used as electron

source in a whole range of devices, including flat panel displays,> '™ 7" light

31-37 38-41

elements, e-beam sources for lithography, etc. Among these applications,

field-emission displays (FEDs) have attracted significant attention as they could
14

become one of the first commercial products using nanotubes. In 1999, Choi et a

built the first SWNT-based FED at Samsung. Carbon nanotube-based FEDs are
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characterized by superior display performances such as fast response time, wide
viewing angles, wide operation temperatures, cathode ray tube (CRT) like colors,
ultra-slim features, low-cost and low-power consumption. FED technology is one of
the most promising approaches for direct view displays larger than 60” diagonal **.
Research efforts are currently devoted to the in-situ growth of vertically aligned
nanotubes over a large area of glass substrates at low temperatures. However, while
MWNTs can be produced at relatively low temperatures, high synthesis temperatures
are required to produce Single-Walled Carbon nanotubes. In this second case, the use

of nanotubes produced separately and later deposited on the cathode by techniques

such as the screen-printing method might be required.

We have conducted a comparative study of the field emission characteristics of
CoMoCAT™ SWNTs still embedded in the silica-supported catalyst used in their
synthesis. Researchers at Applied Nanotech Inc have recently shown that deposition
of a mixture of nanotubes and dielectric nanoparticles leads to much improved
emission characteristics **. This development makes a perfect combination with the
high quality single-walled carbon nanotubes (SWNTs) produced by the
CoMoCAT™ catalytic method that we have developed *°2. The CoMoCAT™
product is particularly suitable for this application because it may be used in its as-
prepared form, without elimination of the catalyst, given that its main component is

silica (Si0,), in the form of dielectric submicron particles.
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In the as-produced CoMoCAT® product, SWNTs with controlled diameter
distribution remain well dispersed and imbedded in the silica support in the form of
bundles of different sizes, which can in turn be controlled by adjusting the synthesis
parameters . Such a direct comparison of the FE characteristics of nanotubes with
controlled structure and morphology has not been previously done. It is important to

compare these values with available theoretical predictions ** 7.
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2.2  TAILORING (n,m) STRUCTURE OF SWNT BY

REACTION TEMPERATURE

2.21 RESEARCH OBJECTIVES

As mentioned in chapter 1, one of the most attractive features of SWNT is that
their electronic properties strongly depend on their diameter and orientation of the
carbon hexagons that form their walls. These characteristics are uniquely specified
by the chiral vector identified with the integers (n,m), but most synthesis methods
result in a wide distribution of (n,m) species. Selective growth of SWNT has several
meanings. In the first place, SWNT selectivity can imply the fraction of carbon in the
sample forming SWNT as opposed to other forms of carbon. The second type of
selectivity is regarding nanotube length, which, as recently shown, can only be
controlled in some specific cases. The third and more challenging type of selectivity
is what can be called (n,m) selectivity, that is, the controlled production of specific
(n,m) structures in much higher proportion than other structures. The first type of
selectivity is certainly highly desirable and determines the quality of SWNT. After
years of effort, many groups are able now to produce samples of high SWNT
selectivity, admittedly in small quantities. More recently, researchers have started to
focus on the other two types of selectivity, which may have a great impact in the

development of applications. Therefore, one of the objectives of this project is to

67



develop method leading to precise control of (n,m) structures of SWTNs and their

corresponding electronic properties.

2.2.2 EXPERIMENTAL SETUP

2.2.2.1 Synthesis of SWNT

The SWNT used in this study were synthesized by the CoMoCAT ™ method,

- - - L s 45,46,51,52,57
described in previous publications ™™ """

. Briefly, the silica-supported Co-Mo
catalyst used in this method was prepared using cobalt nitrate and ammonium
heptamolybdate as precursors in an aqueous impregnation method. The total metal
loading was 2 wt % with a Co/Mo molar ratio of 1/3. Prior to the production of
SWNT by the CO disproportionation reaction, the catalyst was heated in H, flow to
500°C, and then in He flow to the selected reaction temperature. CO
disproportionation was carried out in a fluidized bed reactor in flow of pure CO at a
total pressure of 80 Psi and three different temperatures, 750°C, 850°C, and 950°C.
The as-produced (raw) nanotube/silica composites are denoted NTR750, NTR850,
and NTR950, respectively. Due to the different synthesis temperatures, the surface
area of the supported catalyst varies significantly. In order to determine the final

surface area, without counting the surface area of the nanotubes, samples of the fresh

catalysts were heated in He at the three different reaction temperatures. The
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resulting surface areas determined by BET were 98.2 m*/g at 750°C, 75.8 m*/g at

850°C, and 29.3 m*/g at 950°C.

Purified nanotube samples (NTP) from the different as-produced materials
were also prepared. To produce these samples, the SWNT/silica composites were
attacked with HF solution (49 % HF) as described elsewhere **. This purification
method results in the complete elimination of the silica support and most of the metal

(i.e. residual metal about 2 wt %).

2.2.2.2 ldentification of SWNT Molecular Structure

The as-produced NTR powder samples were characterized by Raman
spectroscopy, optical absorption, and electron microscopy. The Raman spectra were
obtained in a Jovin Yvon-Horiba Lab Ram equipped with a charge coupled detector

and with He-Ne laser (632 nm) as excitation source.

The nanotubes employed in this study were further characterized by optical
absorption measurements in the wavelength range 400-1400 nm. Since this
particular characterization must be conducted in liquid suspension, the NTP samples
suspended in NaDDBS were used for this purpose. As we have previously shown *%,

NaDDBS is an effective surfactant to suspend COMoCAT® nanotubes. The resulting

solution was ultrasonicated for 2 hr and centrifuged at 15,000 rpm for 1.5 hr. Then,
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the supernatant fraction was diluted in DI water and characterized by Vis-NIR
spectroscopy. The approximate concentrations of SWNT and surfactant in these

suspensions were 0.15mg/mL and 3mg/mL, respectively.

2.2.3 RESULTS AND DISCUSSION

Raman spectroscopy is a widely-used technique for characterizing SWNT
samples and gaining information about their structure. Figure 1 presents the typical
Raman spectra of the as-produced NTR material produced by the CoMoCAT™

method at 750°C, 850°C, and 950°C.

The band appearing at about 1580 cm™ (G band) results from the in-plane
stretching mode of ordered crystalline graphite-like structures, while the band
appearing at around 1340 cm™ (D band) represents disordered carbon structure.’®*"
>%-%0" Consequently, the quality parameter that we have previously defined (1-D/G)
can be used as an approximate measure of the nanotube quality. In all the samples

used in this study, the observed quality parameter was close to 1, which indicates

that concentration of carbonaceous impurities and/or imperfections in carbon
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Figure 2.1: Raman spectra of as-produced SWNT/silica composites
synthesized at 750°C, 850°C, and 950°C. The wavelength of excitation

laser is 633nm.
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nanotubes was low in all samples. The series of bands in the range 150-400 cm™ are
associated with the radial breathing mode (RBM) and are characteristic of single-
walled carbon nanotubes. As shown in Fig. 2.1, the position of the intense RBM
bands observed for NTR750, NTR850 and NTR950 samples vary with reaction
temperature. As the temperature increases, the RBM bands shift to lower
wavenumbers. As previously described >, this systematic shift is consistent with an
increase in nanotube diameter as the synthesis temperature increases, since the

frequency of the RBM is inversely proportional to the nanotube diameter.®'®*

Assignment of RBM bands to specific nanotube structures is not
straightforward and diameter populations obtained from RBM are not reliable unless
a very detailed study is attempted. The dramatic effect of resonance phenomena,

complicated by thermal effects®” **

and the effect of nanotube aggregation can
greatly alter the relative intensities of RBM bands ®. Therefore, Raman results need
to be complemented with an independent technique. Optical absorption is a very
powerful technique that can be more quantitative than Raman in the assessment of
nanotube populations. It is well known that the quasi-one-dimensionality of SWNT
gives origin to sharp van Hove singularities in the density of electronic states. As a
result, the optical properties of SWNT are dominated by transitions between van

Hove singularities on opposite sides of the Fermi level. Kataura °® used the tight

binding model to calculate energy transitions E; and generated the well-known
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Kataura plot of E; versus nanotube diameter, which is a function of the structural
parameter (n,m). More recently, Weisman and Bachilo ®"”° have modified the
Kataura plot on the basis of the photoluminescence method that they developed.
This remarkable tool is particularly appropriate to characterize semiconducting
nanotubes in the diameter range of those synthesized by our CoMoCAT® method as

recently shown *.

In this case, we have used optical absorption in the 400~1400 nm range. The
absorption spectra for the different nanotubes extracted from the NTR750, NTR850
and NTR950 by suspending them in NaDDBS surfactant are shown in Figure 2.2.
Only a few sharp absorption peaks with a low background were obtained in the
entire Vis-NIR spectrum, in good agreement with previous PL results that evidenced
the presence of few nanotube types, with similar diameter and chirality. With such a
small number of nanotube types present in the sample, a detailed analysis and (n,m)
assignment of the SWNT present in the sample is possible. By matching the
corresponding E;; and E,; of the Weisman plot with the peak lines in the spectrum, it
can be seen that a few semiconducting SWNT dominate each of the NTR samples.
Using a UV-Vis spectrophotometer, it was observed that the bands corresponding to
metallic SWNT are much weaker than those of the semiconducting nanotubes.
However, since relative extinction coefficients of metallic and semiconducting

nanotubes are not available it is not possible to obtain from the spectra the
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Figure 2.2: Optical absorption in visible-near IR range for SWNT
synthesized at different temperatures. Pure nanotubes suspended in
NaDDBS solution (SWNT concentration 0.15mg/mL, surfactant
concentration 3mg/mL). The most abundant species in samples
produced at three temperatures are also located in the SWNT map at

the top.
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metallic/semiconducting population ratio. Within the semiconducting nanotubes in
the sample, the (6,5) type is the major constituent of NTR750 sample, while (7,6)
dominates in NTR850 and (8,7) in NTR950. This trend is in agreement with the
Raman results and previously reported TEM results that indicate that higher

7 What is now more

synthesis temperatures lead to SWNT of larger diameter
remarkable is that we can precisely identify the (n,m) types that dominate the

nanotube population on the different samples.

The detailed analysis of the optical absorption spectra has allowed us to
identify the (n,m) identity of the most abundant nanotube components in each of the
as-produced SWNT samples, e.g., the most abundant semiconducting species in
NTR750 is the (6,5) nanotube. As we have previously discussed in other
contributions ', the increase in nanotube diameter with synthesis temperature can be
explained by a faster growth of the cobalt clusters during the carbon nucleation
period. That is, at higher temperatures, by the time carbon has nucleated to form the
nanotube cap that determines the nanotube size, the Co cluster responsible for the
growth of the nanotube has grown larger. At lower temperatures, the nucleation and

cap formation occurs over Co clusters of smaller size.
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2.2.4 CONCLUSION TO TAILORING (n,m) STRUCTURE

By using the highly selective COMoCAT® catalytic method, SWNTs have been
synthesized with controlled (n,m) structure on high surface area silica, as
characterized by Raman spectroscopy, optical absorption, SEM and TEM. The Vis-
NIR optical absorption spectra were used to assign the (n,m) identification
parameters to the most abundant nanotubes present on samples synthesized at
various temperatures ranging from 750°C to 950°C. (6,5), (7,6), and (8,7) have been
found to be the dominant component of semiconducting nanotubes produced
respectively at 750°C, 850 °C, and 950°C. The increase in nanotube diameter with
synthesis temperature can be explained by a faster growth of the cobalt clusters

during the carbon nucleation period.

76



2.3 TAILORING AGGREGATION OF SWNT BY

REACTION TERPERATURE

2.3.1 RESEARCH OBJECTIVES

In addition to (n,m) selectivity, bundling of SWNT has long been a puzzling
question for carbon nanotube researchers. Bundling of SWNT greatly affect the
dispersion, modification and applications of SWNT. However, it is under debate how
the bundle is formed and how to control the aggregation of SWNT to form bundles,
as well as effect of morphology of SWNT bundles on their properties. To answer

these questions, we need to first find a way to control the aggregation of SWNTs.

2.3.2 EXPERIMENTAL SETUP

The SWNT used in this study were synthesized by the CoMoCAT ™ method
as described in section 2.2.2.1. The morphology of the composites was examined by
electron microscopy (SEM and TEM). SEM images were obtained in a JEOL JSM-
880 high resolution scanning electron microscope while the TEM pictures were
obtained in a JEOL JEM-2000FX transmission electron microscope. For this
analysis, each NTR sample was dispersed in isopropanol by ultrasonicating for 10
minutes. A few drops of the suspension were deposited on the TEM grid, then dried,

and evacuated before analysis.
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2.3.3 RESULTS AND DISCUSSION

SEM and TEM were utilized to directly observe the morphology of the
different SWNT samples. Figure 2.3 shows SEM pictures for the three as-produced
samples, NTR750, NTR850, and NTR950. Bundles of SWNT are clearly seen
meshing with the silica support particles in the three different samples. An
interesting conclusion can be derived from the analysis of these images. It is
consistently seen that the diameter of the nanotube bundles decreases as the reaction
temperature increases. That is, the trend is the opposite to that observed regarding
the diameter of each individual SWNT, which as shown above, increases with
temperature. The estimated bundle size varies from 20 nm at 750 °C to 10 nm at 850
°C, and 5 nm at 950 °C. Evidently, when the reaction temperature increases to 950
°C not only the nanotubes, but also the silica support, exhibit a significant
morphological change due to a severe thermal sintering. In order to determine
whether the support sintering rather than the reaction temperature itself causes the
decrease in bundle size we conducted the following experiment. Before the
nanotube growth step, the catalyst was preheated in He for 10 min at 950 °C, then it
was cooled down to 750 °C, at which temperature the nanotube growth was
conducted. As shown in Fig. 2.3¢c, despite the pre-treatment at 950 °C that caused the
silica sintering, the bundle size resulting from the growth at 750 °C was essentially

the same as that obtained at 750 °C, without previous heating.
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Figure 2.3: SEM images of SWNT/silica composites synthesized at
different temperatures. a) Composites produced at 750°C, b)
composites produced at 850°C, ¢) composites produced at 750°C after

preheating at 950°C, d) composites produced at 950°C.
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Figure 2.4: TEM images of SWNT/silica composites at different
temperatures. a) Composites produced at 750°C, b) composites

produced at 850°C, ¢) composites produced at 950°C.
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Therefore, it seems that the reaction temperature determines both SWNT diameter
and bundle size. The TEM images shown in Fig. 2.4 illustrate the morphology of

the typical bundles present in each of the three samples.

By contrast, the tendency to form smaller bundles at higher temperature is
harder to explain. Three factors may contribute to this phenomena: 1) thermal effect
on the nature of nanotube-nanotube interaction during the bundle formation; 2)
morphological change and phase separation of CoMoC at higher temperature: 3)
variations in pore structure of the catalyst during the heating. A simple experiment
that we conducted to investigate the effect of the support structure on the formation
of bundle seems to indicate that this effect is not the most critical. Heating at 950°C
causes a significant drop in surface area and pore volume since the high temperature
pretreatment causes an irreversible sintering on the silica pore structure. However,
when the catalyst was heated to 950°C for 10 minutes and then cooled down to 750
°C for the SWNT growth, the resulting bundle size was the same as that obtained
without the pre-heating step. One can expect that the changes in morphology and
aggregation state that can be reproducibly obtained by our catalytic method should
have an impact on the work function and other electrical characteristics that

determine the field emission properties of composites.
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2.34 CONCLUSION TO CONTROLLING AGGREGATION OF

SWNT

As apposed to the increasing trend of diameter of SWNTs with temperature,
the aggregation of SWNTs appeared to decrease with temperature due to thermal
effect or stronger aggregation tendency of smaller tubes. The average size of SWNT
bundle produced at 750°C, 850 °C, and 950°C has been found to be 20nm, 16nm, and
Snm respectively. The aggregation of SWNTs is probably affected by thermal effect

or larger aggregation tendency of smaller tubes.
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24  FIELD EMISSION FROM SWNT-POROUS DIELECTRIC

COMPOSITES

2.4.1 RESEARCH OBJECTIVES

SWNTs are perfect for field emitters due to the combination of their natural
geometry, chemical stability, and electrical characteristics. Researchers at Applied
Nanotech Inc have recently shown that deposition of a mixture of nanotubes and
dielectric nanoparticles leads to much improved emission characteristics. In the as-
produced CoMoCAT® product, SWNTs with controlled diameter distribution
remain well dispersed and imbedded in the silica support in the form of bundles of
different sizes, which can in turn be controlled by adjusting the synthesis parameters.
However a direct comparison of the FE characteristics of nanotubes with controlled
structure and morphology has not been previously done. Therefore, in this project,
we attempt to develop method to prepare SWNT/silica based electrode for field
emission and to investigate the relations of structure of SWNT/silica composites to
their field emission properties. Fitting experimental data with field emission
simulation is also desired to understand better the field emission mechanism of

SWNT.
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2.4.2 EXPERIMENTAL SETUP

The field emission measurements were conducted in a simple diode setup,
placed in a vacuum chamber with 10°~107 Torr base pressure. The cathode and
anode in the diode were separated by a ceramic spacer of well-controlled thickness
(250 um). For each measurement with the as-produced (NTR) material, the sample
was ground to a very fine powder and mixed with a conducting Ag-based fluro-
elastomer binder in order to form the emitting film. The film was attached to the

stainless steel cathode by a double-faced copper tape.

For the measurement of the purified sample (NTP), the SWNTs were
suspended in the NaDDBS solution by ultrasonicating for 10 minutes. The SWNT to
surfactant weight ratio was kept at 1:2. The NaDDBS-based NTP suspension was
then pressure-filtrated through a 0.5 pum stainless steel frit. The SWNT-coated frit

was attached to the cathode with a double faced copper tape.

The I-V curves were recorded using a Keithley 2410 sourcemeter. To
investigate the field emission process, a sequential sweeping method was employed.
In this method, the voltage is increased in a sequence of 6 different ranges: 1-100 V,
1-300 V, 1-500 V, 1-700 V, 1-900 V, 1-1100 V. Each sweep was run twice to
determine the irreversibility of the process. As a result, the sample in the last 1-1100

V cycle has been ramped twelve times.
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2.4.3 RESULTS AND DISCUSSION

Most previous field emission studies involving SWNT have employed purified
nanotubes. By contrast, the as-produced SWNT material used in this study contains
the porous silica support and the catalytic metals. The practical importance of this
study arises from the possibility of using the as-produced material, thus avoiding the
purification step. In this way, not only the cost of the material would be reduced, but
the potential damage of the nanotubes by the acid treatment is prevented. Figure 2.5
compares the field emission characteristics of the as-produced SWNT/silica
composite (NTR750) with that of purified SWNT (denoted NTP). The SWNT
content in the films is around 0.0003 mg/mm’ and 0.01 Img/mm?, respectively. The
two curves demonstrate the NTR has comparable electron emission characteristics as
the NTP with a much lower SWNT density. One reason for the higher effective
utilization of the nanotubes in the NTR samples could be the reduced shielding *'due
to the presence of the dielectric silica particles intermixed with the nanotubes, as

opposed to the densely entangled SWNT that are present in the purified film.
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Figure 2.5: Emission current as a function of field from purified

SWNT (NTP) and as-produced SWNT/silica composites (NTR)
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To investigate the field emission properties of the as-produced composites, we
performed current-voltage measurements on the NTR750, NTR850, and NTR950
samples as well as on the composite synthesized at 750°C after preheating in inert
gas at 950 °C. Figure 2.6 compares the electron emission characteristics of the
composites synthesized at different temperatures. A trend in extraction field with
nanotube synthesis temperature is observed. NTR950, with the smallest bundle size
but largest nanotube diameter has the lowest extraction field, 0.6 V/um. This sample
reaches the target of 1 mA/cm® at a field of 1.8 V/um, showing the best emission
performance among the three samples. While the other two samples, NTR850 and
NTR750 also show very good field emission properties, the extraction fields for
them was 1.6 and 2.2 V/um, respectively, in a clear trend with the synthesis
temperature; the field needed for generating the current density of 1 mA/cm® was 3.4
and 4.3 V/um, respectively. In separate measurements the maximum current density
achieved with each sample was determined. In this case, it was observed that the
maximum current density decreased with synthesis temperature; that is, the
maximum values for NTR750, NTR850 and NTR950 were 13.7, 12.1 and 3.44
mA/cm?’, respectively.  Thus, it appears that while increasing the synthesis
temperature, there is an improvement in extraction field, the maximum current

density deteriorates. An intermediate temperature might be the optimal solution.
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Figure 2.6: Emission current as a function of field from SWNT/silica

composites (NTR) synthesized at different temperatures. Inset is the

Fowler-Nordheim plot derived from field emission data of NTR750,

NTR850 and NTR950.
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From the well known Fowler-Nordheim theory, the emission current density J

can be written and simplified as "*:

2 1.5
J :1.54><10*6E—exp —6.83><107¢— (1)
¢ E

where J is in A/cm?, the electric field E is in V/um and the work function ®@ is in eV.
For plotting convenience, we use I and V to replace J and E, respectively, from the

relations:

J=— E=
5 N

where S is the emitting area, equal to 0.1926 cm® in our case, and B is the field
enhancement factor that accounts for the geometry of the emitter. Different
empirical formulas have been provided to calculate this factor. Here, we choose the
paraboloid approximation

2

= n@RIT)

2)

where R is the distance between the emitter tip and the anode while r is the radius of

curvature of the tip. By rearranging (1), we obtain

¢l.5 ﬂ2
In(1 /V?)=-6.83x10" Z—x(1/V)+In(1.54x107° xS &)

B ¢ 3)
=A(1/V)+B
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Thus, the F-N plots in the inset of Figure 6 can be fitted to equation (3) to calculate

the parameter 3 and subsequently r.

NTR 750 NTR 850 NTR 950
A =-44493 A=-32772 A=-1307.2
Ln(I/V2)= A*(1/V)+B
B=-18.136 B=-18.28 B=-17.779
Theoretical Work Function ® (eV) 5.24 5.16 5.10
Field Enhancement Factor B (cm™) 184658 244282 601775
Size of emitter (nm) 223 15.8 5.6

Table 2.1: Calculated results from the experimental field emission

data for NTR750, NTR850 and NTR 950

It i1s widely accepted that the work function can be obtained from I Vs. V
curves only on those cases in which single emitters are being used. A more common
practice has been to assume a given work function for the emitter and then
calculating the parameter p. Some authors "> 7* have used work function values
typical of graphite (i.e. about 5 eV). In this case, the fitting of the data in Fig. 2.6

was conducted using the theoretical work functions of the most abundant species in
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each sample; that is (6,5), (7,6), and (8,7). As shown below, the small variations in
the work functions for the different nanotubes do not have a significant impact on the
resulting extraction field values. Therefore, the only adjustable parameter resulting
from the fitting is the field enhancement factor, from which the emitter size can be
directly calculated. The resulting parameters are summarized in Table 2.1. The
calculated emitter sizes for the different samples are in excellent agreement with the
trend in bundle size observed experimentally by SEM. These results indicate that the
geometrical factors that determine the field enhancement play a more important role
in determining the extraction field in nanotube samples than differences in the work

functions of the specific nanotubes present in the sample.

To further illustrate the influence of these two parameters, we have simulated I-
V emission curves for several hypothetical conditions. These simulated curves are
depicted in Fig. 2.7. The following cases are considered: a) emission from
individual SWNT, in which the emitter size is the radius of the individual nanotube
and the work function is the theoretical value ° for each nanotube, i.e. 5.24, 5.16,
and 5.10 eV for the (6,5), (7,6), and (8,7) nanotubes, respectively; b) the work

functions are
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Figure 2.7: Simulated field emission with different assumptions. 1) the
emitter size is the radius of the individual nanotube and the work
function is the theoretical value for each nanotube, i.e. a) 5.24 eV for
(6,5), b) 5.16 eV for (7,6), and c) 5.10 eV for (8,7); 2) the work
functions are those characteristic of the a) (6,5), b) (7,6), c) (8,7), and
d) (6,6) nanotubes, emitter size is constantly 20 nm for bundles
composed of each type of tubes; 3) the emitters are a) 20nm bundle of
(6,5), b) 15 nm bundle of (7,6) and c) 5 nm bundle of (8,7).
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those characteristic of the (6,5), (7,6), (8,7), and (6,6) nanotubes, respectively; the
emitter size is considered fixed at 20 nm, representing bundles of the same size; c)
the work functions are those characteristic of the (6,5), (7,6), and (8,7) nanotubes,
respectively; the emitter sizes are those observed in SEM and TEM pictures, i.e.
20nm, 15nm and 5nm. It should be mentioned that even for metallic tube (6,6),
which has similar diameter as semiconducting tubes (6,5), (7,6), and (8,7), but has
lower work function of 4.7 eV, the field emission enhancement is really small
compared to the one caused by difference in bundle size. Hence, it can be inferred
that the greatest variation of field emission properties arise from differences in

emitter size, rather than differences in work function

2.4.4 CONCLUSION TO FIELD EMISSION FROM SWNT/SILICA

The synthesis reaction temperature was found to affect the nanotube diameter
and bundle size in opposite directions, that is, as the synthesis temperature increased
the nanotube average diameter was larger, but the bundle size smaller. A gradual
and consistent reduction in the emission onset field was observed as the synthesis
temperature was increased. Experiments and simulation demonstrate the bundle size,
rather than the nanotube diameter or differences in work function are more important

in determining the field emission properties of SWNT/silica composites.
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CHAPTER 3

CONTROLLED GROWTH OF VERTICALLY ALIGNED
SWNT (VSWNT) ON FLAT SURFACE

3.1 INTRODUCTION
Being one dimensional nanostructures, SWNTs exhibit outstanding structural,

mechanical and electronic properties,l'5 which leads to highly feasible proposals for

them to function as essential components for fabrication of non-volatile random

6-10 . - . . 6-18 . 19-22
access memory, interconnects in 3 dimensional architecture,” "~ field emitter,

molecular recognition probes,” **

and so on. Their unique structure-property
relation and great application potential make them promising building blocks for
molecular electronics and give numerous researchers tremendous passion to develop

techniques assembling these building blocks into functional arrays to realize their

potential applications.

Since most of these applications are based on flat substrate, questions are
brought out that how to appropriately incorporate SWNTSs into these systems. The
first method one may figure out to assemble SWNTs on flat surface is by post-
dispersion and deposition of bulk-produced SWNTs. However, the impurities and
defects introduced in the purification and dispersion process impose a big threat in

fabrication of SWNT-based devices. Moreover, the lengthy process and difficulty in
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transferring SWNT to nano-structures compromise the benefit of this method. In
regard of these disadvantages, another tempting bottom-up method was intuitively
attempted by in-situ fabrication of SWNT-base devices. Unlike bulk production of

25-28

SWNT on porous materials of high surface area 29-31

or in aerosol environment,
the first problem emerging before researchers is how to disperse and stabilize nana-
sized particles on flat surface because agglomeration may occur on the surface. To
surmount the problem, generally two categories of approaches have been tried by
researchers. One of them is by employing the latest thin film technology through
physical vapor deposition, normally called as dry process, such as sputter coating or

: 32-42
vacuum evaporatlon.

For example, the synthesis of SWNT on a flat silicon
surface was reported by several groups, but the produced SWNTs were accompanied
by MWNT due to agglomerated catalyst metals with large diameters.”>*” Delzeit et
al **synthesized SWNTs with relatively high quality and selectivity by pre-
depositing 20 nm of Al underlayer on a silicon surface before depositing Inm of Fe-
Mo catalyst, which however resulted in significant surface roughness due to

agglomeration of Al. In addition, other quantum dots like Ni catalyst particle was

also used to for synthesus of SWNTs on Al layer by Zhang et al.”’

As opposed to dry process, wet methods involving solution-based catalyst

precursors have recently attracted much more attention due to their low cost (no need

for expensive photo- or electro-lithography facilities), the advantages in easily tuning
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the composition and concentration of the catalysts, and the ability to form various
complex configurations of catalyst patterns by adjusting the physical properties (such
as surface free energy and viscosity) of the solution. These features make it possible
to investigate a new class of customer-designed catalysts, which allow better control
of the diameters of the nanotubes, the density of the nanotubes in the patterns, and
their orientation and morphology on the substrates. For example, Li et al. *proposed
that ferritin protein was utilized for sparsely located iron nanoparticles on a flat
silicon wafer to synthesize SWNTs. Homma et al. ** *dispersed commercially
available Fe or Fe,O3 nanoparticles in ethanol and loaded them onto an Si substrate.

Recently Amama et al. ** ¥

reported a method to deliver nearly monodispersed
catalyst nanoparticles stabilized by dendrimer to SiO,/Si, Ti/Si, sapphire and porous

anodic alumina (PAA) substrates.

After solving the problem of immobilizing nano-seeds for SWNT growth on
flat substrate, another issue of manipulating growth of SWNTs, especially in
alignment, raised to direct the technology to the end application. Alignment of CNT
is subcategorized into horizontal alignment (parallel to surface) and vertical

alignment (perpendicular to surface). Horizontal alignment has been realized by

48-55 57-61

presence of electric*™®, magnetic field® or by direction of gas flow Vertical
alignment of multi-wall carbon nanotubes has been mastered by researchers for

several years.®”"" However, the growth of vertically aligned SWNT (or V-SWNT)
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on substrates has remained a challenging task. Only recently, substantial progress
has been made on this controlled growth first by some research groups in .Iapan.72'77
The special environmental conditions required for the V-SWNT growth have been
carefully investigated by Maruyama et al. > who pointed out the importance of
achieving total cleanliness in the vacuum chamber where the growth is conducted."
Hata and co-workers’™*”"” have explored the effect of flow rate and the molar ratio of
co-feeding gases, ethylene, He, and water. Dai et al. ”* further investigated the effect
of O, and H; in optimizing growth of VSWNT. Much less attention has been paid to
the state of the catalyst particles, such as the distribution of the metal particles that
act as seeds for the growth of the nanotubes. In addition, the growth mechanism has

not been explored completely such as why all the SWNT that forms the “forest”

appear to have the same growth rate and length.

In this project, a new catalyst preparation method was developed such that a
controllable uniform Co-Mo nanoparticles distribution was able to be achieved based
on CoMoCAT® process. VSWNTs have been synthesized in conventional thermal
CVD reactor from this catalyst thin film. Detailed analysis of structures of VSWNT

and their growth process was conducted to understand the growth mechanism.
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3.2 DEVELOPMENT OF CVD METHOD FOR SWNT GROWTH

ON FLAT SUBSTRATE

3.2.1 RESEARCH OBJECTIVES

CoMoCAT®" has long been proved to be an effective way to selectively produce
SWNTs of controlled structures by disproportionation of CO on Co-Mo bimetallic

catalyst.”” 7%

In chapter 2, it has been demonstrated that reaction temperature can
be used as controlling knob to tailor (n,m) structure of SWNTs. Interaction between
support materials and catalyst was found to tuning (n,m) structure as well by Giulio
et al. in our group. Based on the knowledge learned from CoMoCAT® process about
optimized reaction condition and growth mechanism, growth of SWNTs on flat
surface are supposed to be possible in controlled conditions as does in reaction
occurring on porous materials. Therefore, the objectives of the research is

» To develop a versatile and controllable method to deposit Co-Mo

nanoparticles on flat substrate

» To control the distribution of Co-Mo nanoparticles for SWNT growth

» To optimize the reaction conditions for SWNT growth

3.2.2 EXPERIMENTAL SETUP
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3.2.2.1 Production of SWNTSs on Si substrate

Catalyst solution of various concentration (ranging from 0.09~0.38% in total
metal weight) was prepared by dissolving salts of Co and Mo into isopropanol while
keeping molar ratio of Co/Mo constant to 1:3. Then a drop of catalyst solution was
put on a 2xlcm p-type Si wafer and it spreaded all over the surface and dried in a
covered Petri dish ( which is called slow drying because of slow solvent transport
due to confined convection and rate-limiting diffusion under small concentration
gradient ) to form a uniform catalyst film. Following that, the wafer with catalyst

film was baked in convection oven at 100 °C for 10 min and 500 °C for 15 min.

After pretreatment, the wafer was placed in quartz reactor parallel to the
flowing direction. Prior to the production of SWNT by the CO disproportionation
reaction, the catalyst was heated in H, flow to 500°C, and then in He flow to the 750
°C. The flow rate of gases was 1000 sccm for each stage. The pressure through the

whole process was atmosphere.

Patterned catalyst on substrate was prepared by two kinds of methods: natural
pattern and manual pattern. Natural pattern process is to dry Si wafer wetted with
catalyst solution in air (fast drying). Manual pattern process is to use TEM parallel

grid as mask and sputter coat Au/Pd on calcined catalyst/wafer prepared by slow

drying.
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3.2.2.2 Characterization of catalyst substrates and SWNTSs

The as-produced SWNTs and catalyst/wafer were characterized by Raman
spectroscopy, and electron microscopy and probe microscopy. The Raman spectra
were obtained in a Jovin Yvon-Horiba Lab Ram equipped with a charge coupled
detector. SEM images were obtained in a JEOL JSM-880 high resolution scanning
electron microscope while the TEM pictures were obtained in a JEOL JEM-2000FX
transmission electron microscope. AFM were operated with tapping mode on

NanoScope III by Digital Instruments.

3.2.3 RESULTS AND DISCUSSION

3.2.3.1 Formation of Co-Mo Nanoparticles on Flat Substrate

As mentioned in the instruction part, wet method owns several advantages over
dry method to deposit catalyst nanoparticles on flat substrate. In theory, the key to
successful deposition of nanoparticle is to suppress the polymerization of metal ions
or atoms in solvent and to minimize the surface tension of solvent for wetting effect
as well as to keep nanoparticles on surface from agglomerating during drying and
decomposition of metal-containing precursors. Maruyama et al. "> developed a so-
called “dip coating” method to prepare catalyst by immersing substrate into ethanol
solution of Co and Mo acetate salts and pulling it out at constant slow rate. We found
that a real solution of Co-Mo can be achieved by stabilizing Co and Mo ions with

complex ligands such as isopropoxide or Cl in isopropanol. When dropped on
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surface, the solution spreads quickly to cover the whole area and a uniform catalyst
thin film forms if the liquid is let dried slowly by limiting the convection and
diffusion of vaporized solvent. One of the advantages of this method is it is very easy
to control the surface density and size distribution of nanoparticles by adjusting the
concentration of catalyst solution. The morphology and chemical status of Co-Mo

nanoparticles will be discussed in chapter 3.4.

3.2.3.2 SWNT Morphology on Flat Surface Controlled by Catalyst

Concentration

Figure 3.1 shows an obvious trend how concentrations of catalyst solution
affect growth of SWNTs on Si substrate, which was visualized by SEM. Vertically
aligned SWNTs (forest) were grown on substrate deposited with catalyst solution of
0.19% metal concentration. On wafers deposited with catalyst solution of 0.38% and
0.02% metal concentration, random network of SWNTs (grass) were observed after
reaction. Apparently, catalyst solution of either higher or lower concentration is not
suitable for growth of forest. Besides, it was observed grass grown with catalyst
solution of higher concentration was reasonably denser than that with catalyst
solution of lower concentration. We have tried to push the reaction to a limit by
raising the metal concentration up to 3.8% and lowering down to 0.001%. It turned
out that very high concentration of catalyst resulted in carbon fiber and multi-walled

carbon nanotubes while extremely low concentration of catalyst produced largely
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scattered SWNTs. It is clear forest only grow on substrates with catalyst solution of

concentration in a proper range.

Characterizations of VSWNTs were performed by Raman and TEM. Figure
3.2 shows Raman spectrum of as-produced VSWNTs with three excitation lasers
(633 nm, 514 nm, and 488 nm). It is well known peaks for radial breathing mode
(RBM) of SWNTs are related to diameter of SWNTSs by orpm = 234/dswnt + 10 [cm”
1183, Main RBM features with 3 lasers for VSWNT covered a range from 130 cm-1
to 300 cm-1. The corresponding diameter range was from 0.8 nm to 1.9 nm.
Therefore, as-produced VSWNTs had a wide size distribution and large average
diameter, which was reflected by convergence of G- and G+ features and broad base
of the whole G band. ® TEM images in figure 3.3 perfectly agree with Raman
results. Meanwhile, these images display clean VSWNTs free of impurities like

metal particles.
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Figure 3.1: SEM images of SWNTs produced on silicon wafers with
catalyst solution of different concentrations: a) 0.38%, b) 0.19%, c)

0.02%. Concentration is in total metal weight.
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Figure 3.2: Resonance Raman spectrum of as-produced VSWNTs

with lasers of various wavelength: 633 nm (solid line), 514 nm (dotted
line), and 488 nm (dashed line).
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Figure 3.3: TEM images of VSWNTs removed off silicon wafer.
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3.2.3.3  Optimization of Reaction Conditions for Growth of VSWNT

«+» Effect of Catalyst Solution Concentration
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Figure 3.4: Height of VSWNT as a function of catalyst concentration
in solution (total metal in solution by weight). Reactions were

conducted at 750°C for 1hr with atmospheric pressure.

As demonstrated earlier, VSWNT only grow on flat substrate with catalyst
solution of concentration in a proper range. It needs to further investigate what is the
working range and how the fine tune of catalyst concentration in the range affects the
growth of VSWNT. Figure 3.4 shows how the height of VSWNT changes with the
concentration of catalyst solution in the range where VSWNT is able to be achieved.
Clearly, the height of VSWNT reached maximum (24 pym) in the middle of the

working range (1300 ppm of total metal concentration). Since the catalyst
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concentration determines the surface density of catalyst nanoparticles, it is
reasonable to infer that surface density of catalyst at 1300 ppm either optimized the
mass transfer of carbon source during reaction or enhanced the neighboring effect for

aligned growth.

«» Effect of Reaction Pressure
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Figure 3.5: Height of VSWNT as a function of relative pressure in
reactor. Reactions were conducted at 750°C for 1hr with 1300 ppm of

total metal concentration in solution.

Figure 3.5 shows the effect of reaction pressure on the growth of VSWNT. In

the case of reaction at -10 psi, 0 height means there is no VSWNT, but random
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network of SWNT of 1~3 molecular tube thickness. The height of VSWNT
increased with pressure until it reached 48 um at 20 psi and turned down after that
point. The reaction below 20 psi seems to be mass transfer limited while the CO

pressure above 20 psi probably over reduces the Co-Mo catalyst.

«» Effect of Reaction Temperature
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Figure 3.6: Height of VSWNT as a function of reaction temperatures.
Reactions were conducted for 1hr with 1300 ppm of total metal

concentration in solution.

It is surprising VSWNT can be produced in the broad temperature window

ranging from 650 °C to 800 °C. A dramatic drop of VSWNT height from 24 ym to 1
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um when changing temperature from 750 °C to 800 °C can be explained by slow
reaction rate due to either sintering of nucleation center for SWNT growth or over-

reduction of Co-Mo catalyst.

3.2.4 CONCLUSION TO DEVELOPMENT OF METHOD FOR

GROWTH OF SWNT ON FLAT SUBSTRATE

We have developed a simple method to grow various forms of SWNTs on
substrates by regular atmospheric CVD method. Before any pretreatment, a uniform
thin layer of Co-Mo nanopartiles is deposited on flat substrate by our “drop-spread-
dry” process. This process is easy to control the surface density of nanoparticles by
adjusting the catalyst concentration in solution. VSWNTs were found to only grow
in a proper range of catalyst concentration and the height of VSWNT varies with
catalyst concentration finely tuned in the working range. Reaction pressure and

temperature were also optimized to increase the height of produced VSWNT.

116



3.3 MICROANALYSIS OF STRUCTURE AND PROPERTIES

OF VSWNT

3.3.1 RESEARCH OBJECTIVES

In the CoMoCAT®™ process, (n,m) structure of SWNT can be tailored by
reaction temperature and interaction between catalyst and substrate. When VSWNT
are grown on flat substrate, interesting questions are brought up whether the
VSWNT growth is as selective as COMoCAT® process. Thus, a detailed analysis of
VSWNT by electron microscopy and optical spectroscopy is needed to explore the

structures of VSWNTs.

Due to its one dimensional structure, SWNTs have quantization of the
circumferential wave vectors, creating strong divergences in the electronic density of
states known as van Hove singularities, which formulate discrete energy levels or
““subbands”’.**® The resulting unique properties make SWNTs an important
candidate for various electronic and optical applications.**” In particular, since the
intersubband gap energies correspond to infrared to visible light, several innovative
optical applications have been proposed. *>*” The 1D shape of a SWNT would be
advantageous in polarization-sensitive optical devices, provided one has a sound

understanding of its anisotropic optical properties. Despite their significant potential,
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there have been few experimental studies on the anisotropic optical absorption of
SWNTs to provide confirmation to earlier theoretical works in the inter-subband™
and higher energy regions.”” So far, such investigations using aligned SWNTs
embedded in a polymer matrix ** and magnetically aligned SWNTs in gel’' have
been reported. In addition to optical absorption, polarized Raman scattering has also
been employed to study the anisotropic optical properties of SWNTs. So far several
studies employing polarized RRS on SWNTs, either bundled or isolated, have been
reported.””'%> Hwang et al.”’ and Duesberg et al.”’ performed polarized RRS
experiments on nearly isolated SWNTs on a glass plate and presumably bundled
SWNTs aligned in a melt-spun PMMA fiber, respectively, and showed that the
scattering intensities of both RBM and G peaks are maximized when the polarization

of the light is parallel to the SWNT axis and are suppressed when perpendicular.

As a macroscopic one-dimensional aligned structure, VSWNT is a perfect
object to study anisotropic optical properties. Maruyama et al.'” have investigated
anisotropic properties of SWNTs determined from polarized optical absorption and
Raman scattering measurements of a vertically aligned SWNT film. Therefore,
polarized optical measurements can be used to determine the ordered and disordered
structures of VSWNT provided the measurements can be applied on VWNT

disclosing information from different positions along aligned direction of VSWNT.
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So far, no polarized optical measurements for such purpose have been reported.
Thus, in our project, several tasks need to be accomplished:
» Use electron microscopy to determine molecular structure of VSWNT.
» Use optical measurement to determine the (n,m) and diameter distribution
of VSWNT.
» Use position-resolved micro Raman and angle-resolved X-ray absorption
near edge structure to determine the ordered and disordered structure of

VSWNT.

3.3.2 EXPERIMENTAL SETUP

Production of VSWNT is as described in section 3.2.2.1. As produced
VSWNT on silicon wafer was cleaved by leaning and push a surgery blade against
the edge of silicon wafer. A small chip of VSWNT/silicon wafer was mounted on
specimen carrier by copper tape. SEM imaging and analysis was conducted in JEOL
JSM-880 High Resolution SEM equipped with backscattered electron detector,
transmitted electron detector, electron channelling imaging , and Kevex X-ray

analyzer with IXRF software

VSWNT was removed from wafer by mechanical method and dispersed in

isopropanol. One drop of VSWNT/isopropanol dispersion was dropped on carbon

lacy grid for TEM imaging in JEOL 2000-FX Intermediate Voltage STEM equipped
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with secondary electron detector, Gatan Digi-PEELS Electron Energy Loss
Spectrometer, Kevex Quantum 10 mm2 X-ray detector, and IXRF X-ray analyzer

with digital imaging capability.

The optical absorption equipment used in this study was a combination of a
Bruker Equinox 55 FTIR and a Shimadzu double-beam spectrometer UV-2101. A
10-mm light path "I" grade quartz cuvette was used for the measurements. Raman
spectra were obtained on a Jovin Yvon-Horiba LabRam 800 equipped with a charge-

coupled device detector. The laser excitation energy was 1.96 eV (633 nm).

Position-resolved micro Raman along the length of VSWNT was carried out at
Oak Ridge National Lab with red laser polarization direction parallel and
perpendicular to the grow direction of VSWNT. The angle-dependent C K-edge
XANES spectra were taken under UHV with total electron yield (TEY) mode at the
bending magnet beamline 9.3.2 of Advanced Light Source (ALS) in Lawrence
Berkeley National Laboratory (LBNL). The XANES data were collected at various
angles ranging from 6=10° (“glancing geometry”) to 6=80° (“normal geometry”),
where 0 denotes the angle between the sample normal and the direction of the

electric vector of the X-ray beam.
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3.3.3 RESULTS AND DISCUSSION

3.3.3.1 Molecular Structure of VSWNT Determined by Electron
Microscopy

«» Scanning Electron Microscopic Method

The most direct method to visualize VSWNT is scanning electron microscopy.
Figure 3.7 shows secondary electron SEM images at different angles and positions.
Crosssectional view from 60° direction at lower magnification presents VSWNT
with well aligned bundles of uniform height. The surface on the top seems smooth
indicating the apparent growth rate for each SWNT bundles is the same. The SEM
pictures imaging the bottom and middle of VSWNT from the side at higher
magnification shows a combination of major well aligned SWNT bundles and minor
branches sticking out of stems instead of perfectly parallel SWNT bundles. Thus, the
real world of VSWNT is composed of ordered and disordered structures. When
moving view to the top of VSWNT, one can see an apparent SWNT layer in the form
of random network, which is called “crust”. The aligning mechanism and function of

crust will be further discussed in chapter 3.4.
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Figure 3.7: SEM images of VSWNT. Top left is the top view of

VSWNT, top right is the side view of VSWNT's top, bottom left is the
side view of VSWNT’s bottom, bottom right is the side view of

VSWNT’s middle.
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«» Transmission Electron Microscopic Method

Figure 3.8: TEM image of VSWNT after being recovered from the

silicon wafer and deposited on lacy carbon grid.

High resolution transmission electron microscopy is able to resolve VSWNT
structure at molecular level. As shown in figure 3.8, VSWNTs are clean single
walled carbon nanotubes without metal impurities. No multi-walled or double-walled
carbon nanotubes are observed in TEM. By measuring diameter of VSWNTs
representative in the sample, the diameter of VSWNT is determined to range from 1

nm to 4 nm, which is composed of mainly large tubes and few small tubes.
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Apparently, the size distribution of VSWNT is broader than that of conventional

CoMoCAT" tubes and the average diameter is larger too.

3.3.3.2 Electronic Structure of VSWNT Determined by Optical

Absorption and Raman Scattering
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Figure 3.9: Near IR absorption (spectrum at the top) and Raman shift

in the radial breathing mode of VSWNT dispersed in

carbomethylcellulose aqueous solution.
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As discussed in chapter 2.2, Raman spectroscopy provides useful information
about VSWNT structure. The lower panel in Figure 3.9 presents the radial breathing
mode of Raman shift of the VSWNT dispersed in carbomethylcellulose (CMC)
solution. The series of bands in the range 150-400 cm™ are characteristic of single-
walled carbon nanotubes. As it is well-known, the frequency of the RBM is related

to the nanotube diameter by © ggv = 234/dswnt + 10 [cm’l]. 104 However, assignment

of RBM bands to specific nanotube structures is not straightforward and diameter
populations obtained from RBM are not reliable unless a very detailed study is
attempted. The dramatic effect of resonance phenomena, complicated by thermal
effects and the effect of nanotube aggregation can greatly alter the relative intensities
of RBM bands '”. Therefore, Raman results need to be complemented with an
independent technique. Optical absorption is a very powerful technique that can be
more quantitative than Raman in the assessment of nanotube populations. It is well
known that the quasi-one-dimensionality of SWNT gives origin to sharp van Hove
singularities in the density of electronic states. As a result, the optical properties of
SWNT are dominated by transitions between van Hove singularities on opposite
sides of the Fermi level. Kataura > used the tight binding model to calculate energy
transitions E;; and generated the well-known Kataura plot of E;i versus nanotube
diameter, which is a function of the structural parameter (n,m). More recently,
Weisman and Bachilo '® have modified the Kataura plot on the basis of the

photoluminescence method that they developed. This remarkable tool is particularly
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appropriate to characterize semiconducting nanotubes in the diameter range of those

synthesized by our CoMoCAT ® method as recently shown '?’.

In this case, we have used optical absorption in the 800~1600 nm range. The
absorption spectra for the VSWNT dispersed in CMC solution are shown in Figure
3.9. As compared to only a few sharp absorption peaks with a low background in the
entire Vis-NIR spectrum, much more features are found in VSWNT sample. By
matching the corresponding S;; or S,; of the Weisman plot with the peak lines in the
spectrum, individual nanotube or group of nanotubes can be determined. The result
is combined with resonant Raman spectra to determine stereo and electronic
structures of VSWNT. 3 groups of peaks were found in the radial breathing mode of
resonant Raman as shown in figure 3.9. Because those peaks are generated by
resonance with red laser of 633 nm, not all nanotube species are expected to be
probed by the laser. However, diameter distribution of VSWNT probed by red laser
is typical of VSWNT observed by TEM as demonstrated in figure 3.8. Peaks in the
range of 100~150 cm™ and 240~300 cm™ correspond to semiconducting tubes of
larger diameter and small diameter respectively. By correlating RBM peaks with
data from the Weisman plot, it can be seen that in the small tube range (n,m)
structures are able to be specified as (8,3), (7,5), (7,6), (10,3) as shown by solid
green circles while in the large tube range (n,m) structures are hard to differentiate

because large number of big tubes resonant in that range. Those RBM peaks are in
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perfect agreement with absorption peaks in Near IR range. Absorption peak in the
range between 900 nm and 1300 nm are S11 transition for (8,3), (7,5), (7,6), (10,3).
Absorption peaks in the range of 1400~1600 nm correspond to S22 transition for
semiconducting tubes presented in the group of Raman shifts in the range of
100~150 cm™. In addition to semiconducting tubes, metallic tubes are also found in
the Raman spectrum. The peaks in the range of 170~230 cm™ are referred to as

metallic tubes, which are out of range in the Near IR absorption.

The detailed analysis of the optical absorption spectra has allowed us to
identify the (n,m) identity of the most abundant nanotube components in VSWNT
sample. As compared to major (6,5) in conventional CoMoCAT® sample produced at
750 °C, VSWNT has broader size and (n,m) distribution and consist of small tubes

with several (n,m) structures and big tubes with much more nanotube species.

3.3.3.3 Ordered and Disordered Structure of VSWNT Studied by
Polarized Photon Flux

++ Polarized Raman Scattering on Full Length of VSWNT

The features in the Raman spectra of single-wall carbon nanotubes in the range
1550~1600 cm-1 as shown in figure 3.10 are identified as the tangential stretch G-

band modes and can be understood by zone-folding of the 2D graphite phonon
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dispersion relations and therefore show a number of characteristics that relate to the
low dimensionality of the carbon nanotube. Unlike graphite, the tangential G mode
in SWNTs gives rise to a multi-peak feature, also named the G band, where up to six
Raman peaks can be observed in a first-order Raman process. However, a simple
analysis can be carried out considering the two most intense peaks, that basically
originate from the symmetry breaking of the tangential vibration when the graphene
sheet is rolled to make a cylindrically shaped tube. The two most intense G peaks are
labelled G* , for atomic displacements along the tube axis, and G, for modes with
atomic displacement along the circumferential direction, and the lowering of the
frequency for the G* mode is caused by the curvature of the nanotube which softens
the tangential vibration in the circumferential direction. The D-band is activated in
the first-order scattering process by the presence of in-plane substitutional hetero-
atoms, vacancies, grain boundaries or other defects and by finite size effects, all of

which lower the crystalline symmetry of the quasi-infinite lattice.

Polarization of the incident and scattered light is not an important issue for a
sample of misaligned carbon nanotubes, but polarization effects are very important
for the Raman response of a sample of aligned carbon nanotubes (either aligned
bundles or a single straight carbon nanotube). Although strict polarization studies
require selection rules and phonon/electron symmetry analysis, there is a general and

simple polarization behavior that one should have in mind when acquiring the
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Raman spectra from a sample of aligned carbon nanotubes. Carbon nanotubes
behave as antennas, with the absorption/emission of light being highly suppressed

96108 ‘Therefore, if one wants to

for light polarized perpendicular to the nanotube axis
measure Raman spectra from a sample of aligned carbon nanotubes, the largest

Raman intensity will be generally observed for light polarized along the tube axes,

and almost no signal will be observed for cross polarized light.

VSWNT is a good model to study the polarization effect of Raman due to its
aligned structure. But as shown in the SEM image in figure 3.7, VSWNT is a
combination of ordered and disordered structures. This is the reason why the G band
of VSWNT (figure 3.10) with laser polarization perpendicular to growth direction is
pronounced instead of no signal in the ideal model as discussed above. In our
experiment, micro Raman with polarization direction parallel and perpendicular to
the alignment direction was conducted along the length of a 70 pm high VSWNT
sample. Since the intensity of G band is sensitive to the direction of incident and
scattered optical E fields with respect to the direction of alignment while the
intensity of D band is not, it is not surprising that the G/D ration along the length of
VSWNT measured with laser polarization parallel to the growth direction is higher
than that measured with laser polarization perpendicular to the growth direction, as
shown in figure 3.11. Interestingly, the G/D ration in the parallel direction goes

down to merge with G/D ratio in the perpendicular direction when scattering location
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moves to the top of VSWNT. The explanation for this might be the existence of
disordered structure of crust, at which polarized laser in either direction will be

scattered with the same efficiency.
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Figure 3.10: Polarized Raman along the length of VSWNT: top panel

was measured with laser polarization parallel to growth direction,

bottom panel was measured with laser polarization perpendicular to

growth direction.
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Figure 3.11: G/D ratio of Raman shift as the function of the length of
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«» Angle-resolved X-ray Absorption Near Edge Structure Analysis on

VSWNT

The X-ray absorption near edge structure (XANES) technique involves the
excitation of electrons from a core shell (in our case Cls) to unfilled states. The peak
positions and spectral line shape in a XANES spectrum are directly associated with
the nature of these unoccupied electronic states. Accordingly XANES can be used to
obtain qualitative bonding information for a full range of the sp*/sp” bonding ratios.
It can be used to identify specific bonds in molecules (e.g. C=C, C-C, and C-O
bonds) as well as the presence of chemisorbed species. Of greater importance for
this study, by using linearly polarized X-ray beam, angle-dependent XANES can be
used to investigate the angular dependence of the specific orbitals involved in the

transition 1s— n* and 1s—o*.

Figure 3.12a shows the changes in the XANES spectra of the SWNT forest
for different incident angles 6, which is also the angle between the axis of the vertical
nanotubes and the electric field vector of the X-ray beam. In all the spectra, the pre-
edge and post-edge regions were normalized to 0 and 1, respectively. Several
characteristic peaks can be identified at the C K-edge which is similar to that of

1% and has been previously discussed.''” The spectra are characterized by a

graphite,
sharp C(1s)-to-n* transition near 285.4 eV, a sharp C(1s)-to-c* transition near 291.5

eV, two other o* transitions from 292 to 298 eV and broader (c+m) transitions
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between 301 and 309 eV. The position and width of these resonances are typical of
C-C single bonds. Two smaller peaks in the 287-290 eV region can be assigned to
oxygenated surface functionalities, perhaps associated to a small level of defects of

the nanotubes. These peaks would correspond to n* C=0 and ¢* C-O resonances.

The XANES spectra were fitted to an arctangent step corresponding to the
excitation edge of carbon, a smooth decreasing background, and a series of
Gaussians,. The fitting program EDG_FIT by G. N. George, SSRL, available from
http://ssrl.slac.stanford.edu/exafspak.html, which utilizes the double-precision
version of the public domain MINPAK fitting library''' was used for the fit. All
spectra were fit over the range of 275-325 eV. Pseudo-Voigt line shapes of a fixed
1:1 ratio of the Lorentzian to Gaussian contribution were used to model the n* and
o* resonances features and successfully reproduce the spectra. Functions modeling
the background contributions to the pre-edge features were chosen empirically to
give the best fit and included pseudo-Voigt functions that mimicked shoulders on the
rising edge. For all spectra, a fit was considered acceptable only if it successfully
reproduced the data as well as the second derivative of the data. The resonance peak
area after the background subtraction was obtained by integrating over a range of 10

eV.
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Figure 3.12: a) XANES spectra of V-SWNT at different angles with
respect to top surface of V-SWNT,; b) Experimental and fitted data of

o* and ©* peak intensity.
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The local order of the SWNTs is clearly evident in the angular dependence of
the XANES series. Since the synchrotron light is linearly polarized horizontally, the
intensity of the m* transition is sensitive to the orientation of the m* orbital with
respect to the polarization vector. Thus, since the mn* orbitals in the nanotube
specimen are oriented with respect to the incident photon beam, a rotation of the
specimen with respect to the incoming photon shows a measurable angular
dependence. At normal incidence, the electric field E is in the same cross section
plane as the n* orbitals, and thus, the n* resonance peak is the highest at this angle,
as opposed to at glancing angles. Conversely, when E is normal to the surface, the
field lies along the tube axis (along z) and is perpendicular to the plane of the m*
orbitals, the intensity of the n* resonance is at its minimum. Specifically, there is an
increase in the intensity of the n* resonance with increasing angle of X-ray beam
incidence. The local contribution to the n* excitation XAS intensity is proportional
to the square of the scalar product of the local normal and E. As shown before, the
n* resonance intensity is proportional to the sine-squared function of the incidence
angle. Indeed, a plot of the mn* excitation vs. the incidence angle shows an
approximate sine-squared dependence, as shown in left panel of Fig. 3.12b. By
contrast, a C—C o* orbital orthogonal to the n* orbital should show an opposite trend.
The o* orbitals can be viewed as combination of two perpendicular components, one
is parallel to tube axis direction (6*,), another along circumferential direction (also

perpendicular to the tube axis, 6*1). The local contribution to the o* excitation XAS
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intensity at 291.5 eV is proportional to the sum of the squared scalar products of the
two components and electric polarization vector. With a simple calculation by
accounting for all 6* contributions on the entire tube circumference, we found the
intensity of the 6* bound resonance at 291.5 eV is indeed roughly proportional to
(0.8+cos’0) . However, deviations from the predicted trend are observed for both *
and ©* transition at low angles. These deviations are consistent with a fraction of the
tubes, most noticeable at grazing angles, oriented parallel to the surface, rather than

perpendicular as the majority of the tubes in the forest.

3.3.4 CONCLUSION TO MICROANALYSIS OF VSWNT

Detailed characterization was conducted on VSWNT by SEM, TEM, optical
absorption, Raman scattering, and XANE. SEM and TEM demonstrate the
morphology and molecular structure of VSWNT. Composed of almost pure single
walled carbon nanotubes, VSWNT consist of 2 parts: top layer of crust with random
network of SWNTs and ordered body with mainly aligned SWNTs. Combined
optical absorption in the near IR range and Raman scattering determine the (n,m) and
diameter distribution of VSWNT, showing broader distribution and larger average
diameter than conventional CoMoCAT" tubes. Polarized Raman scattering and
angle-resolved XANE show the effect of disordered structure crust on the

polarization dependence of anisotropic optical properties of VSWNT.
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3.4 EXPLORATION OF GROWTH MECHANISM OF VSWNT

3.4.1 RESEARCH OBJECTIVES

Despite large uncertainties in the measurements and differences in the synthesis
methods employed, it is well recognized that, in an unrestricted state, the growth rate
of single-walled carbon nanotubes is at least higher than several microns-per-

112-114
second.

By contrast, when the growth occurs via catalytic decomposition of
carbon-containing molecules on high surface-area catalysts, such as CoMo/SiO,, the
growth takes place in a scale of hours. As previously proposed,''> ''® while the
amount of carbon deposits slowly increases with time, this does not necessarily mean
that the growth of a given nanotube is so slow. It is plausible that the slow rate
observed for overall rate of carbon deposition is in fact a slow rate of nucleation
followed by a fast nanotube growth rate. Accordingly, new nucleation sites will
appear on a high-surface area material and each site will give rise to a nanotube that
grows relatively fast. Of course, the nanotubes that grow later will do it constricted
by the presence of those that grew earlier. As a result, control of nanotube length
during growth appeared as an almost impossible task for a long time. However,
recent studies of SWNT growth on flat substrates have shown that, in fact, length of
SWNT can be controlled.” '8 We have found that the density and distribution of

the catalyst moieties on the flat surface is crucial to determine whether the nanotubes

grow in vertically oriented fashion (“forest” or V-SWNT) or a random network
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parallel to the surface (“grass”). We found that different forms of SWNT arrays can
be reproducibly obtained on flat silicon substrates when the Co-Mo catalyst particles
have the appropriate distribution, which can be readily controlled by simply varying

the concentration of catalyst solution.

The difference between this type of flat catalyst and the high surface-area
catalyst, is that on a flat surface the nanotube growth is, in principle, less constricted
by the catalyst structure due to the absence of porosity. However, the growth of a
nanotube is still constricted by the presence of the other nanotubes, which as we will
show make them grow vertically oriented (V-SWNT). A question that remains
unanswered is why all the SWNT that forms the “forest” appear to have the same
length and what is most puzzling is the smoothness of the top of the forest clearly

observed in the SEM images.

3.4.2 EXPERIMENTAL SETUP

VSWNT was synthesized as described in section 3.2.2.1. Morphology of
catalyst on the silicon wafer after calcinations was characterized by atomic force
microscopy (AFM) with tapping mode on NanoScope III by Digital Instruments. The
chemical status of catalyst was characterized by X-ray photoemission spectroscopy

(XPS) on a PHI 5800 ESCA Monochromatized XPS Spectrometer, which uses

Al(ka) radiation (1486 eV) as a probe. To decrease the influence of oxidation and
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contamination for XPS samples, these substrates were sealed in a glove bag filled
with He gas as soon as they were removed from the furnace or the CVD reactor, and
then transferred to an analysis chamber (2.0x10—9 Torr) through a loading chamber
(5.3x10—6 Torr) for XPS measurements. All these procedures were finished in 30
min. Binding energies (BEs) were referenced to the C Is peak at 284.6 eV to
compensate for the charging effect. The surface atomic ratios of the calcined and the
reduced Co—Mo catalysts on substrate were estimated from peak intensities in the

XPS spectra and atomic sensitivity factors.

As produced VSWNT on silicon wafer was cleaved by leaning and push a
surgery blade against the edge of silicon wafer. A small chip of VSWNT/silicon
wafer was mounted on specimen carrier by copper tape. SEM imaging and analysis
was conducted in JEOL JSM-880 High Resolution SEM equipped with
backscattered electron detector, transmitted electron detector, electron channelling

imaging , and Kevex X-ray analyzer with IXRF software

3.4.3 RESULTS AND DISCUSSION

3.4.3.1 Chemical Analysis of Catalyst Immobilized on Flat Surface

To investigate the chemical status of Co-Mo immobilized on flat surface is key

to understanding the mechanism of high selectivity and activity for Co—Mo catalysts
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in controlling the growth and structure of SWNTs. Figure 3.13a shows binding
energy (BE) of Co 2p levels for the calcined and the reduced Co—Mo catalysts on the
Si substrates. The reduced samples showed slight differences from calcined ones in
the range of 778 ~784 (2p 3/2 spin orbit). It was found BE for Co Molybdate at 782
eV slightly shifted to lower eV, which may result from the change in the oxidation
state of Co during reduction. Interestingly, after reduction there is no BE appearing
at 778 eV which is attributed to metallic Co. Figure 3.13b shows BEs of Mo 3d
levels for the calcined and the reduced catalysts on the Si substrates. Both spectra
exhibit a pair of spin-orbit BEs at 233 and 236 eV. The Mo 3d5/2 BE at 233 eV is
attributed to Mo6+ in MoO3 and/or nonstoichiometric Co molybdates,
stoichiometric CoMoQO,. These results indicate that the decomposition of Mo
complex resulted in the formation of Mo®" in MoO3 and/or CoMoO,. Because the
metallic Co did not appear after reduction and BEs for Co 2p and Mo3d changed
almost nothing, we infer that the calcination of CoMo catalyst decomposed Co
complex into Co oxide species existing mostly as CoMoOx, and CoMoOx help to

stabilize Co in oxide state during the subsequent reduction.

Table 3.1 shows the surface atomic ratios of the calcined and the reduced Si
substrates coated with Co—Mo catalysts. The calcined and the reduced samples had
Co/Mo atomic ratios of 0.48~0.51, apparently higher than initial ratio of Co to Mo in

solution 0.33, which means excessive Co exits on the surface of catalyst
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nanopartiles. It is noteworthy that the atomic ratios of Co and Mo to total elements
didn’t change much after reduction, respectively. This further proves the existence of

stable phase of Co Molybdate.

Based on the XPS data, a model is proposed to describe the evolution in
morphology and chemical state of Co—Mo catalysts on the Si substrates during
calcination and reduction. After “drop-speard-dry” process, a thin layer of bimetallic
catalysts (initial Co:Mo 1:3 in atomic ratio) is formed on surface. After calcination
in air at 500 °C, metal complex are decomposed into CoMoOx and MoO3, which
exist as well-dispersed nano-sized particles. After reduction in H; at 500 °C, existing
CoMoOx remains unchanged. Finally, the growth of SWNTSs starts with the reaction
of disproportionation of CO on catalyst surface. Upon contact with carbon, Co
molybdate is converted into Mo carbides and release active metallic Co particles

from which SWNTs selectively grow during the CVD reaction.

O1s Si2p Co2p Mo3d Co/Mo
CoMoWafer, after calcination 69.5 28.16 0.76 1.58 0.48
CoMoWafer, reduced at 500°C 68.63 29.11 0.76 1.49 0.51

Table 3.1: Chemical composition of catalyst particles on silicon wafer

after calcination and reduced at 500°C. The original atomic ratio of

Cobalt to Molybdenum in the catalyst solution is 0.33.
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Figure 3.13: XPS spectra for Co 3d5/2 and Mo 3d5/2 in two cases:
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catalyst after reduction at 500°C.
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3.4.3.2 Morphological Analysis of Catalyst Immobilized on Flat

Surface

AFM, known to be a powerful tool to explore 3-D surface profile of materials,
was employed to probe morphology of catalyst particles on Si wafers. In Figure 3.14
higher-magnification SEM pictures of SWNTs and AFM images of calcined
catalyst/substrates are arranged side by side for comparison. Catalyst particles
formed with solution of 0.02% metal concentration were small and widely separated.
As a result, grass grown from that was sparse and almost lying down on the surface
completely. In the case of 0.19% metal concentration, catalyst was densely
distributed on substrate in relatively uniform nano-particles. The average distance
between those particles were around 60-70 nm, which matched the average distance
between bundles of forest in (bl) of figure 4. When the concentration of catalyst
solution was high enough (0.38%), catalyst started aggregating to form big particles
as shown in (a2) of figure 4 and there was still small particles remained between
thosre big ones just like nano-particles formed with solution of 0.19% metal
concentration. It is speculated that conglomeration of Co/Mo alloy blocks the
nucleation of SWNTs and thus poisons part of surface while small particles maintain

the capability to grow SWNT bundles.
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Figure 3.14: Side-by-side comparison of SEM pictures (left column) of

SWNTs with AFM images (rvight column) of corresponding silicon
wafers with catalyst solution of different concentrations: a) 0.38%, b)
0.19%, c) 0.02%. Concentration is in total metal weight. AFM were

done after silicon wafers were calcined in oven at 500 °C.
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3.4.3.3 Evolution of VSWNT with Time

10 min 30 min

Figure 3.15: SEM Images of V-SWNT obtained for a series of reaction
time period. The scale bars in those images are 1 um for 0, 30, 60

seconds and 3 minutes, 2 um for 10 minutes and 5 um for 30 minutes.
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To investigate how this crust develops during the growth process, we have
followed the evolution of the forest structure as a function of time. Fig. 3.15 clearly
shows the different morphologies of the nanotube layer observed as a function of
time. The first image shows the flat catalyst surface before any carbon was
deposited. Next, the appearance of short SWNT is observed after only 30 s. of
reaction time. It is evident that the early growth does not occur over the entire
surface, but rather on some preferential spots which are those in which the
development of the active Co-Mo catalyst and nucleation of nanotube caps occurs
first, as proposed earlier.'* Tt is important to note that during the early stages of the
growth process, there is no indication of a vertically oriented structure. During the
following 30 s., it appears that the entire surface as been covered by nanotubes, with
evidence of sites being activated at a later time than the first ones. As a result, a thin
layer of randomly oriented SWNT gets woven. After 3 min., a uniform crust with
very short aligned SWNT bundles underneath can be clearly seen. This is a critical
moment. It is obvious that the entangling of SWNT bundles due to different growth
rate and random orientation has stopped at this stage; instead, as the nanotube growth
continues from the root, the crust is pushed up, but being rather rigid, the overall
growth is now concerted. Consequently, a microscopically uniform growth is forced

and a somewhat vertical alignment of every nanotube occurs.

146



Ist-order structure 2nd_order structure
Single tube Bundle

= A

3rd _order structure
Forest

—

SR Semarders:

Figure 3.16: Schematic diagram of growth process of VSWNT
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The results above lead us to propose a two-step mechanism for growth of
VSWNTs on flat surfaces as shown schematically in figure 3.16. The first step is
formation of crust of random network of SWNT. Based on the fact that as-produced
VSWNTs are completely free of metal particles as shown in figure 3.8 and VSWNTs
are able to grow on used substrate after removing previously grown VSWNTs, It
could be inferred individual SWNTs follow bottom growth mechanism: the active
nano-clusters remain on the substrate through the whole reaction and SWNT
nucleation occurs with uplift of graphitic cap from the cluster surface while carbon
atoms supply via surface diffusion. Recent molecular dynamics simulation also
proved this process'®. As we discussed previously, Cobalt molybdate transforms into
molybdenum carbide after absorbing carbon disproportionated from carbon
monoxide and release cobalt nano-clusters in the beginning of reaction. Experimental
results and theoretical calculation illustrated the function of molybdenum as a carrier
to stabilize active cobalt nano-clusters. Therefore, it is reasonably deluded a SWNT
bundle generally originates from a Co/Mo alloy particle which has several active
sites on surface for SWNT nucleation. Images for 0.19% metal concentration in
Figure 3.14 clearly demonstrates how VSWNTs bundles originate from the alloy
particles at the bottom. The average distance between alloy particles plays an import
role here. As shown in figure 3.14, the average distance for VSWNTs was
determined to be around 60-70 nm. When the average distance is larger than that, as

in the case of 0.02% metal concentration, the elongating SWNT bundles are not able
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to sustain their upward growth tendency and start bending toward any direction and
end up lying down on the surface. Touching each other of bundles during growth
even make things worse by holding back each other. In the case of 0.38% metal
concentration, aggregated alloy particles flatten cobalt nano-clusters due to size
effect and lose their activity as template for SWNT nucleation. Therefore, those big
particles poison part of surface and make the actual average distance between active
particles larger than that necessary for VSWNT, though small particles are still
origin of SWNT bundles. When the average distance is in the proper range, the
elongating bundles touch each other before losing their upward growth tendency and
support each other for synergetic growth. The second step in the growth of VSWNT
is aligned growth led by crust. During formation of crust, the initially different
growth rate for each nanotube or bundles become averaged by crust. Finally, the
crust lead all the nanotube or bundles grow at the same apparent rate toward to some
direction. That is the reason why the top of forest is always smooth and uniformly

high.

3.4.3.4 Simulation of VSWNT Growth

To further understand the growth process of VSWNT, a simulation based our
previous data can be used to investigate the mechanism. The mechanism of carbon
filament formation assumes that the carbon atoms, formed on the metallic surface

from the hydrocarbon decomposition, will react forming surface metallic carbide.
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The process of decomposition-segregation of this carbide allows the carbon atoms to
penetrate into the metallic particle, and finally regenerate the metallic surface. The
evolution of the carbon concentration at the interface of the metallic carbide and the
metal particle, Cg, can be expressed according to first-order kinetics,

dCp/dt = kg(Cs — Cp), (1)
where the parameter kB represents the coefficient of segregation-diffusion of the
surface metallic carbide. It depends on the diffusivity of the carbon through the
surface carbide, the carbide phase thickness, and the exposed surface area of this
carbide. Cg represents the carbon surface concentration generated from the fed
hydrocarbon decomposition. This parameter is mainly affected by the gas
composition, pressure, and temperature during reaction. It will also vary with the
remnant surface activity of the metal particles in the catalyst,

Cs=Cso™*a, (2)
where Cg is the carbon concentration at the gas side of the metallic particles when
the catalyst is not deactivated. This model also considers that the catalyst can be
deactivated by the formation of encapsulating coke. This coke can be partially
removed from the catalyst surface by gasification with the hydrogen present in the
reaction atmosphere. Consequently, the rate of catalyst deactivation is expressed as
[31,32]

—da/dt = kga — k(1 — a)= kg(a — ag), 3)

150



where kg and k; are the deactivation and regeneration kinetic constants, respectively.
For a given catalyst, both kinetic parameters are a function of the operating
conditions, namely temperature and gas composition. The catalyst residual activity,
as, and the parameter kg, dependent on k4 and k,, are expressed as follows:

as = k/(kq + k), kg =kq + Ky, 4

The evolution in time of the surface carbon concentration is deduced from Eqgs. (2)
and (3):

Cs = Cso( as + (1— as) exp(—kgt), (5)

The carbon formation (CNT) rate can be expressed as a function of the gradient of
carbon concentration across the metallic particle, once the surface carbide has been
produced,

rc = kc(Cp — Cr) = kcC, (6)

where Cg is the carbon concentration at the interface of the surface carbide and the
metal particle and CF is the carbon concentration generated after diffusion through
the metal particle. It can be supposed that CF is low, and so, its value is negligible
with respect to CB. The effective carbon transfer coefficient, kC, depends on several
factors such as the carbon diffusion coefficient, the average size of the metallic
particles, and the exposed metallic surface area of the catalyst. The evolution of
carbon concentration in the interface carbide-metal particle, Cg, is deduced from
Egs. (1) and (5):

Ca(t) = Cso (as + kga exp(—kgt)— kgP exp(—kagt), (7)
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The terms o and P are given by

a =kg(1- as)/ka(ks — kg), )
B = (kp — kqas)/ks(ks — ko), )
From Egs. (6) and (7), the evolution of carbon formation rate in time can be
expressed as

re(t) =rco [ as + koo exp(—kgt)— ks exp(—kgt)], (10)
where the term rco represents the maximum rate of CNT formation that can be
attained in the absence of deactivation:

rco = kcCso , (11)
Finally the evolution of the carbon content accumulated on the catalyst, equivalent to
CNTs production, can be calculated as

me(t) =] re(t) dt, (12)
The integration of Eq. (10) gives the following expression:

mc(t) = reo [ ast +a(1— exp(—kgt)) — B(1 — exp(—ksgt))], (13)
In the case that the catalyst does not suffer deactivation, the above expression is
simplified to

mc(t) =rco [t — 1/kg (1 — exp(—kgt))], (14)
Eq. (13) allows the prediction of the carbon content evolution over the catalyst as a
function of the operating conditions. All the parameters of this kinetic model, rco ,
kg, kg, and k,, have a real physical meaning and show the great influence of the

catalyst properties and the operating conditions on the CNT formation rate.
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By using the above model, the time evolution data in chapter 3.4.3.3 can be
fitted to find those parameters in the kinetic model. Here we use 2 functions to
express carbon content mc: height of VSWNT and G/Si ratio in the Raman spectrum
of VSWNT. Figure 3.17 shows the experimental data and fitted growth curve of
VSWNT growth. The generated kinetic parameters are listed in Table 3.2. From the
calculation, the maximum growth rate of SWNT in this system is estimated to be
0.75 pm/min, that is approximately 12.5 nm/min. This value is much smaller
compared to the data obtained by L. X. Zheng et al. *®. In their case, individual
SWNTs were grown freely in the air close to the surface of silicon wafer without
perturbation from other tubes while in our case the growth of SWNTs was

constrained by entangling with neighboring tubes.
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Figure 3.17: Kinetic study of VSWNT growth with time. Triangles are
experimental data of VSWNT height and circles are experimental data
of G/Si for VSWNT. Red lines are fitted curve for those data. (Courtesy

of Prof. Antonio Monzon, University of Zaragoza, Spain)

Table 3.2: Fitted parameters in kinetic model for two expressions.

Parameters G/Si signal Height
rco= 3.48223 0.75355
kg= 3.04279 0.35372
k4= 0.12455 0.25114
= 0.03302 0.10234
as= | 0.209557657 | 0.289521331
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3.4.3.5 Restarted Growth of VSWNT

Restarted growth of VSWNT originates from the idea catalyst remains active
after the reaction is disrupted. The experiment was conducted by starting reaction as
normal synthesis of VSWNT in the thermal CVD reactor and terminating reaction
after 10 min with inert gas. After 5 min, reaction was restarted by switching back to
CO. The produced VSWNT is shown in figure 3.18. A clear line in the middle of
VSWNT is seen to separate VSWNT into 2 parts: the top part grown before
disruption and the bottom part grown after disruption. Magnified image in the middle
of VSWNT shows the line is a thin layer of disordered SWNTs. We may infer that
some of nanotubes may still remain connected to the catalyst when the reacting
species is depleted by inert gas. When reaction was turned off, discontinued growth
of VSWNT made the whole film relaxed and settled back down to the surface.
When reaction was turned on, the initial growth rate varies from one tube or bundle
to another just as a fresh reaction begins before forming a first crust. Then the
different growth rate and flexible nature of SWNT push them to bend or deviate
from the original growth direction before termination. Relaxation of VSWTN after
termination of reaction and the random growth forms a second layer of crust, which

averages the grow rate again and start growing up together.
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Figure 3.18: SEM Images of V-SWNT obtained with a short period of
disruption by flushing system with He during production.
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3.4.3.6 Patterned Growth of VSWNT

Further demonstrations of the role of the crust in determining the structure of
the resulting forest have been obtained by depositing the Co-Mo catalyst in a non-
uniform manner over the flat substrate. For example, when the catalyst was
deposited on the rough surface side of the silicon wafer, instead of obtaining a
uniform catalyst film, the catalyst preferentially deposited on the shallow depressions
of the unsmooth surface (see Fig. 3.19b). As a result, the nanotube growth occurred
on separate domains, with each domain generating a separate crust. Therefore, the
height and orientation of each domain was somewhat different, as illustrated in Fig.
3.19¢. The curvature of the top of the crust in these small domains contrasts with the
much flatter surface observed on the broader area forests, for which the effects of the
edges is less pronounced. One can imagine that when the crust is pushed away from
the surface as the nanotube growth proceeds, the edges will be unevenly pushed up,
which causes the curvature. To investigate the effects of the edges on the forest, we
prepared samples in which the catalyst was only deposited on certain regions. For
example, the effect of the edge is illustrated in Fig. 3.19d, which shows the
separation between a region with catalyst and the bare substrate. It can be seen that
the entangled crust is resting on the substrate at the border where no catalyst is
present, this interaction with the substrate anchors the whole crust, and the nanotubes
growing beneath make the crust curve. Similarly, Fig. 3.19¢ shows the case in

which, using a very fast drying rate, circular spots of dried catalyst were produced.
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The small size of these islands (roughly 4 pm in diameter) and non-uniformity of

catalyst distribution make the edge effect more pronounced.

Figure 3.19: SEM image of V-SWNT grown on a) a flat silicon wafer

surface, c) a rough silicon wafer surface, d) end of a region covered
with non-uniform distribution of catalyst, e) a small circular spot
covered with catalyst on a bare silicon surface. b) is a rough silicon

wafer surface after deposition of Co-Mo catalyst.
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3.4.4 CONCLUSION TO GROWTH MECHNISM OF VSWNT

The growth mechanism of VSWNT is explored by investigation of morphology
and chemical state of Co-Mo catalyst immobilized on flat surface as well as study of
evolution of VSWNT with time. Detailed characterization of catalyst by XPS and
AFM demonstrate catalyst after calcinations forms well dispersed nanoparticle with
chemical composition as Co Molybdate and Molybdenum oxide. The distribution of
catalyst nanoparticles determines whether a VSWNT is formed or not. By studying
the time evolution of VSWNT growth, VSWNT is formed through a two-step
process. The first step is the weaving of a crust of entangled SWNT which grow with
different rates and with random orientation over the surface. The second step is a
concerted growth of vertically aligned SWNT constrained by the uniform top crust.
Several examples are presented to demonstrate that the crust influences the
morphology of the resulting forest. Catalysts which are non-uniformly distributed on
the substrate produce curved crusts instead of the consistent forest with a flat top

obtained when the catalyst layer is uniform.
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3.5 PROCESSING OF VSWNT

3.5.1 RESEARCH OBJECTIVES

As we discussed previously, VSWNTs have broad diameter and (n,m) structure
distribution. Optical absorption and Raman scattering show that semiconducting
tubes in VSWNT are composed of small tube group and large tube group.
Temperature programmed oxidation (TPO) performed on VSWNT also shows two

peaks indicating those two group of tubes, as shown in figure 3.20.
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Figure 3.20: TPO of VSWNT with 5% O; in He. Temperature ramp is

10 °C per min

It is then preferable for some application if one can separate or remove one

group from another. Since two group of tubes are burned with O,/He gas at different
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temperatures, selective oxidation might be a good option to accomplish the goal.
Theoretically, small tubes is oxidized first at lower temperature because of their high
reactivity resulted from higher degree of C-C bond bending. Thus, one of the

research objectives is to investigate effect of selective oxidation by O,.

VSWNTs have been propose to be a good candidate for several applications
such as nano heat sink, light emission display, photovoltaic device, and biosensor.
For these applications, VSWNT is required to mount on a conductive substrate.
Since direct synthesis of VSWNT on conductive substrate has not been realized yet,
transfer of VSWNT to another substrate is attempted. Therefore, another objective in
this project is to develop method to transfer VSWNT without damaging its ordered

structure.

3.5.2 EXPERIMENTAL SETUP

Selective oxidation of VSWNT was conducted in a horizontal CVD reactor by
flowing 5% O, /He at required temperature for 20 min. Partially oxidized VSWTN
was characterized by SEM and TEM. SEM imaging was finished in JEOL JSM-880
High Resolution SEM equipped with backscattered electron detector, transmitted
electron detector, electron channelling imaging , and Kevex X-ray analyzer with
IXRF software. TEM imaging was carried out in JEOL 2000-FX Intermediate

Voltage STEM equipped with secondary electron detector, Gatan Digi-PEELS
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Electron Energy Loss Spectrometer, Kevex Quantum 10 mm2 X-ray detector, and

IXRF X-ray analyzer with digital imaging capability.

3.5.3 RESULTS AND DISCUSSION

3.5.3.1 Oxidation of VSWNT

Figure 3.21 shows VSWNT selectively oxidized at different temperatures. To
determine the thermal effect, one VSWNT sample was heated in He environment
without burning tubes. It was found in figure a) and d), VSWNT after annealing at
550 °C apparently shows no difference from the original VSWNT as shown in figure
3.7. Compared to the big cracks in the oxidized VSWNT of b) and c), annealed
VSWNT remains continuous film of SWNT because the heat stress generated during
heating is dissipated by the ordered structure. From image b) and c), it seems
oxidation starts from the bottom where catalyst connects with SWNT, which is
evidenced by the fact, . The non-uniform oxidation at the bottom and other part of
VSWNT generates enough stress to break the whole VSWNT. Once the crack is
formed, SWNTs on the edge of crack seem to be burned at first. It is noteworthy that
top of VSWNT appears smoother after burning. A close look at the VSWNT from

the top shows more open structure in f) with small braches being burned already.
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a) Annealing in He, 550°C d) Annealing in He, 550°C,

b) Burned in O,; 500°C ¢) Burned in 02 500°C

¢) Burned in O,, 550°C ) Buméd in 0,;550°C;

Figure 3.21: morphological change of VSWNT after being selectively
oxidized by 5% O2 /He at 500°C and 550°C. a) and d) are side view
and top view of VSWNT annealed in He, b) and e) are VSWNT

oxidized at 500°C, c) and f) are VSWNT oxidized at 550°C.
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Figure 3.22: TEM images of VSWNT before (a) and after (b) oxidation

in O2/He at 550°C.
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As what we expected, small tubes are burned first at lower temperature as
shown in figure 3.22. The TEM images of VSWNTs before and after oxidation
demonstrate a clear difference between them. VSWNTs before oxidation are clean,
long, and diverse in diameter. After oxidation, most of small tubes disappear and
only large tubes remain. Some tubes are even cut in the middle. A very interesting
phenomena we observed is lots of these residual tubes are filled with something
inside. It is speculated those fillings are tiny fragments of SWNT left behind

oxidation.

3.5.3.2 Transfer of VSWNT

We have developed two methods to detach the VSWNT film from Si substrate.
One is similar to preparation of thin film for TEM grid. The procedure is as follows:
Buffer solution (pH=7) is in a glass beaker. A silicon wafer with VSWNT grown on
that is slowly submerged into the buffer at an angle of roughly 20 celsius degree. As
the sample is submerged slowly, the VSWNT film starts to depart from the substrate
and move laterally onto the water surface. In the end, the detached film floats on the
water surface as shown in figure 3.23a. Then one can use any substrate to pick up
film from beneath the film. It is worth noticing that the transferred VSWNT remains

exactly the same as before transferring.

165



Figure 3.23: VSWNT transferred to Au surface by wet method. a)
VSWNT detached from Si wafer and floating on the water, b) VSWNT
transferred to Au surface, c) SEM image of original VSWNT, d) SEM
image of VSWNT after transfer.

Another method used to transfer VSWNT is similar to wax process for
removing hair. A scotch tape or copper tape is first attached on the surface of
VSWNT. Push it with a little force and peel the tape off. The VSWNT will come off
the Si substrate with tape as shown in figure 3.24. Compared to the first method, the
transferred VSWNT was flip over with the spiky top the original bottom of untreated
VSWNT. In addition, the VSWNT is deformed to some extent due to pressure

imparted on top of VSWNT during process.
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Figure 3.24: VSWNT transferred to sticky tape surface

3.5.4 CONCLUSION TO PROCESSING OF VSWNT

We have demonstrated that VSWNT can be selectively oxidized to remove
small tubes. During oxidation process, some fragment of SWNT or other things
diffuse into large nanotubes. We have also developed two methods to transfer
VSWNT onto other substrates without damaging its structure. In the wet method
involving using buffer solution, the transferred VSWNT remains exactly the same as
before transferring. On the other hand, the transferred VSWNT is deformed to some
extent due to pressure imparted on top of VSWNT during process and the VSWNT

was flip over with the spiky top the original bottom of untreated VSWNT.
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CHAPTER 4

SUMMARY OF RESEARCH FOR DISSERTATION

This dissertation is focused on development of controlled methods for synthesis
of SWNTs on different substrate, relationship between controlled structures and
properties of SWNTs, as well as growth mechanism of SWNTs with ordered

structure.

Continuous effort has been made to develop thermal chemical vapor deposition
method with Co-Mo bimetallic catalyst system for synthesis of SWNTs of controlled
structures in terms of diameter, chirality, aggregation, and alignment. By using the
highly selective CoMoCAT® catalytic method, SWNTSs have been synthesized with
controlled diameter and bundle size on high surface area silica, as characterized by
Raman spectroscopy, optical absorption, SEM and TEM. The Vis-NIR optical
absorption spectra were used to assign the (n,m) identification parameters to the most
abundant nanotubes present on samples synthesized at various temperatures ranging
from 750°C to 950°C. (6,5), (7,6), and (8,7) have been found to be the dominant
component of semiconducting nanotubes produced respectively at 750°C, 850 °C,
and 950°C. As apposed to the increasing trend of diameter of SWNTs with
temperature, the aggregation of SWNTs appeared to decrease with temperature due

to thermal effect or stronger aggregation tendency of smaller tubes. The average size
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of SWNT bundle produced at 750°C, 850 °C, and 950°C has been found to be 20nm,
16nm, and Snm respectively. Experience and knowledge of production of SWNTs on
porous materials has been extended to synthesis of SWNTs on flat substrate. A
unique catalyst deposition method and corresponding production process have been
invented to grow SWNTs on surface of silicon wafer. This method is advantageous
in easy controllability of surface density of catalyst nanoparticles on flat substrate
and simple experimental setup and operation of reactions. By varying the surface
density of catalyst nanoparticles and patterning method, random network of SWNTs
and vertically aligned SWNTs can be selectively synthesized on flat surface.
Utilization of similar characterization methods as used in the porous materials case
demonstrates SWNTs in vertically aligned SWNTs are extremely clean and pure free
of metal impurities. Results from Raman and optical absorption shows these tubes
are larger tubes and have broader diameter and chirality distribution than those of

conventional CoMoCAT® materials.

In chapter 2, relations of structure of SWNT/silica composites to their field
emission properties have been discussed in detail. A simple analysis of the data
indicates that the bundle size, rather than the nanotube diameter or differences in
work function are more important in determining the field emission properties of
SWNT/silica composites. The possibility of tailoring the electrical properties of

SWNT emitters by adjusting the synthesis parameters has been demonstrated. In
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addition, the present results show that the as-produced SWNT/silica composites have
similar or perhaps better field emission properties than the purified nanotube
samples, even though the concentration of nanotubes on the emitting surface of the
as-produced was much lower than that in the pure SWNT sample. The reason for
aggregation variance of SWNTs produced at different temperatures has also been
investigated by using SEM, TEM and designing experiments with preheating
process. The results show the aggregation of SWNTs is probably affected by thermal
effect or larger aggregation tendency of smaller tubes. The above investigations help
to obtain better understanding of field emission from SWNT, which is crucial to
fabrication of field emission devices consisting SWNTs like flat panel display,

microscopy probe and light source.

In chapter 3, investigation of interaction between vertically aligned SWNTs
and polarized photon flux has been conducted. The anisotropic optical properties of
VSWNT probed by height-resolved polarized Raman and angle-resolved XANES
indicate ordered structure and misaligned SWNT coexist in VSWNT and the top
layer of VSWNT is dominated by random network of SWNTs as is evidence by
SEM images. A series of methods and experiments have been carried out to explore
the growth mechanism of VSWNT. XPS characterization on catalyst after
calcination and reduction has shown Co-Mo (1:3 in molar ratio) is immobilized on

surface as CoMoOx and Mo oxide. These forms remain unaffected by reduction

183



pretreatment or only small amount of vacancies are generated. AFM measurement
shows a uniform distribution of nanoparticles on surface and correlates that to
different forms of SWNT grown from them. Growth of VSWNT with time has been
visualized by SEM and simulated by a kinetic model to understand growth
mechanism. It is clear that formation of VSWNT involves a two-step process: first
formation of random network of SWNTs (crust) and followed growth in alignment.
Several examples have been given to illustrate the effect of crust. Interesting results
have been observed in oxidation of VSWNT, which is proved to be effective in
removing small tubes and leaving behind large tubes. In addition to aggressive
processing of VSWNT, non-attacking methods have been developed to transfer
VSWNT without losing ordered structure to conductive surface such as gold plated
silicon wafer and copper tape by wet process and dry process. The results from these
researches provide not only a way to produce ultra-pure SWNTs with ultra-high
yield but also deeper insight into the understanding of SWNT growth mechanism
with catalyst/flat substrate as research model. Attracting much interest, the vertically
aligned structure of SWNT on flat substrate is taken advantage of to fabricate
SWNT-based photovoltaic devices, nano-heat sink, interconnects, or field emission

devices.
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