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ABSTRACT
VIABILITY OF CARBON NANOTUBES FOR SPACE RELATED TECHNOLOGY
AND APPLICATIONS

By

Susan P. Song

Currently there is a critical need to develop non-Si based “radiation-hard” devices and
nanotechnology for space applications. A “radiation-hard” device is a device able to
withstand a dosage up to 1000 Gray (Gy) before failing. Space technology must be
shielded from radiation encountered in space: heavy ions, protons, electrons, and
neutrons. Methods for radiation-hardening have included using silicon-on-sapphire [1-5]
or silicon-on-insulator substrates, which are however, expensive and fail after a period of
time. Silicon-based devices fail due to destruction of p-n junctions. Carbon nanotube
(CNT) based technology is not based on conventional p-n junctions with charge-
separated regions. CNT-based space technology could also bring the advantages of cost
and size reduction. At the time of this writing, only a few papers, which are theoretical
[6-7], have been published on the potential effect of radiation on CNTs. However, to the
best of this author’s knowledge, the experiments outlined in this thesis are the first such
experiments in which the effect of radiation on the properties of CNTs has been

investigated in such a well calibrated experiment.
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INTRODUCTION
This work described in this thesis investigates the effect of space radiation, specifically at
low-earth orbit (LEO), on the properties of carbon nanotubes (CNTs) in order to
determine their viability for space applications. LEO is the region ranging from 10 km to
1000 km above the earth. Potential space applications of carbon nanotubes include:
self-repairing materials for the skins of shuttles or space suits, new space-resilient

electronics, flat-panel displays and even space elevators.

Heavy ions are a significant source of radiation and are encountered in LEO at high
declination. The heavy-ion, and trapped particle regions are illustrated in Figure 1.
Current transistor-based electronics technology requires radiation shielding against heavy
ions, which are massive, charged particles. The amount of shielding required for
effective defense against heavy ions would be mass-prohibitive. Radiation effects are
classified into non-destructive errors, which can be overcome by device reset and
destructive errors, which cause permanent device malfunction. Examples of radiation
effects include: Single Event Upset (SEU), a change of state or transient induced by an
ionizing particle such as a cosmic ray or proton in a device; Single Event Functional
interrupt (SEFI)/Single Event Transient (SET), a condition where the device stops
operating in its normal mode, and usually requires a power reset or other special
sequence to resume normal operations; Single Hard Error (SHE), an SEU which causes a
permanent change to the operation of a device; Single Event Latchup (SEL), a
potentially destructive condition involving parasitic circuit elements forming a silicon

controlled rectifier (SCR); Single Event Gate Rupture (SEGR), the burnout of a gate



insulator in a power MOSFET and a destructive condition; Lastly, Single Event Burnout
(SEB) which is a highly localized burnout of the drain-source in power MOSFETS, which
is also a destructive condition. All the previously mentioned damage mechanisms are

serious problems for current transistor-based electronics in space applications.

Since their discovery over a decade ago by Iijima [8], CNTs have spawned a wave of
research into their potential applications. NASA is particularly interested in the
development of CNT-based electronics and textiles which are space-qualifiable.
Investigations into the potential use of CNTs as cold cathode sources have also been

conducted [9-11].

CNTs are essentially self-closed sheets of graphite. CNTs are either single-wall or
multi-wall. Single-wall CNTs can be either separate or bundled in a rope containing
twenty to fifty individual nanotubes in a triangular lattice (hexagonal close-packed
stacking); the latter is shown in Figure 2 (a)-(b). Individual single-wall CNTs are
generally on the order of 0.7-2 nm in diameter and several microns in length. The mean
diameters of single-wall CNTs (both individual and bundled), and the inter-tube distances
for bundled CNTs, are dependent on the catalyst used and the growth conditions.
Individual, separate single-wall CNTs, to best of this author’s knowledge, have been
synthesized only in the presence of any one of the transition metals such as iron, nickel,

copper or cobalt or lanthanides, such as lanthanum, yttrium, gadolinium and neodymium.

[0S



Multi-wall CNTs consist of several layers, with the diameter of the outermost wall
ranging from 20 to 30 nm, are also generally up to several microns in length. An example
of a multi-wall CNT of about 15 layers is shown in Figure 3. Various unique forms,

curly or Y-junction, of CNTs have been reported as well [12].

In the course of the research presented in this thesis, first time studies of heavy ion
interaction in carbon nanotubes and other new nanoscale materials have been conducted.
Our results show high radiation resilience for single and multi-wall CNTs, which indicate

that carbon nanotubes may have good potential for space applications.

The organization of the thesis is as follows: In Chapter 1, we review the basic properties
of CNTs. In Chapter 2, the main experimental techniques used in the research are
described. In Chapter 3, synthesis of the carbon nanotubes investigated in this thesis is
discussed. The synthesis research included system components at Michigan State
University, at the University of Michigan, and at the NASA Goddard Space Flight
Center. Parts of the research were done in collaboration with these two institutions. The
heavy ion radiation experiments and their results are described in Chapter 5. Our

conclusions are discussed in Chapter 6.



CHAPTER 1
PHYSICAL STRUCTURE AND IDEAL ELECTRONIC AND MECHANICAL
PROPERTIES OF CARBON NANOTUBES

Ideal properties of carbon nanotubes (CNTs), for better understanding of their
applications potential, and also for understanding of what a radiation-induced deviation
from ideal would entail, are described in this Chapter. Theoretical growth mechanisms
are briefly discussed, since part of the research presented in this thesis involved the

growth of multi-wall carbon nanotubes and nanotube-nanowire heterostructures.

An excellent reference for theoretical and some experimental properties of carbon
nanotubes is “Physical Properties of Carbon Nanotubes”, by R. Saito, G. Dresselhaus,
and M.S. Dresselhaus, published by Imperial College Press (1998). This reference is

extensively quoted in this section.

Physical structure of a single-wall CNT

A single-wall CNT is a single-layer seamless cylindrical graphene tube. There are three
key vectors that define the structure of a single-wall CNT: the chiral (which also defines
the “handedness” of a CNT, i.e., whether the nanotube is “rolled” clockwise or counter-

clockwise), translational and symmetry vectors. These vectors are shown in Figure 4.

The chiral vector is denoted asa , and is represented by OA in Figure 3. The vector

OA is a unit vector in the direction perpendicular to the nanotube axis, or equator, of the



nanotube and OB is in the direction of the nanotube axis. T , the translational vector, is a
unit vector in the direction of OB in the Fi gure, and R , in the direction of OR inFi gure

4, is the symmetry vector. The chiral vector,—(:'; is defined by
a=na+m55(n,m) (1)
where n and m are integers, Z]— and E are the unit vectors in real space of the CNT, and

0<|m|<n.

The unit cell of a single-wall CNT is given by rectangle formed by the translation vector,
T and the chiral vector, -C_,,shown in Figure 4. Single-wall CNTs can be chiral (non-
symmorphic) or achiral (symmorphic). Achiral single-wall CNTs, have a mirror plane,
whereas chiral or non-symmorphic, nanotubes have no mirror plane. There are two types
of achiral single-wall nanotubes: armchair and zigzag (Figure 4). The names armchair
and zigzag are derived from the shape of the cross-section formed when a nanotube is
“cut” along its equator. Each of the end caps of the CNTs contains six pentagons and an

appropriate number and location of hexagons. Additionally, the armchair nanotube

corresponds to the condition when n=m, i.e., when —C’7= (n,n) and the zigzag nanotube

corresponds to the case when m=0, or C_,, =(n,0). All other (n,m) chiral vectors

correspond to chiral nanotubes.
The chiral angle, 8, determines the angle at which the graphitic sheet is *“rolled up” to

make the CNT. It is defined by the following relationship:

Ch *aq

[Cal]

cos 0 =

(2)



The diameter of a single-wall CNT, d,, is given by

d,=£,whereL=IaI=1/C_h.o-C_';=a\/n2+m2+nm 3)
v/ 4

where n and m are the indices of the CNT, L is the length of the nanotube and

The translational vector is defined to be the unit vector of a 1D CNT and is parallel to

the nanotube axis. The translational vector is defined by:

T= E +;2_az. = (1,1;), where t; and t; are integers @)
Finally, the symmetry vector R is described by the following,

R=pay + pa; =(p,q) ©)
where p and ¢ are integers and do not have a common divisor except unity. The
symmetry vector R is defined as the site vector having the smallest component in the

direction of C_,, .

The brillouin zone of a single-wall CNT is the same as the brillouin zone of the single
graphene sheet. It is defined by two unit vectors b; and b,, where

2 L 3
b] a (\/gx+y)? b2 a (ng y)

and a=~/3 * the bond length between carbon atoms. This is a standard derivation of the

reciprocal space unit vectors b; and b, from the real space unit vectors.

3 ] 3 1
=a¥*(—x+— , = —_— X—-—V
ay=a (2x 2y) aj a(2x 2))



and
a; 'b_j = 270jj

but it is implemented within the appropriate 2 — D space. The real and reciprocal space

unit vectors are shown in Figure 6 (a)-6 (b).

Physical structure of a Multi-wall CNT

Multi-wall CNTs are usually formed by ten to twelve concentric graphene layers. In
general, each of the individual concentric layers will keep their respective electronic
properties and not be commensurate, i.e., the carbon atoms of each of the comprising
nanotubes will not be aligned with each other. The interlayer spacing is slightly less than

that of graphite, being 0.34 nm.

Electronic properties of Single-wall CNT's

The diameter and chirality of single-wall CNTs determine whether they are metallic or
semi-conducting. Two-thirds of all CNTs are semi-conducting, while the other third are
metallic [13]. Semi-conducting CNTs have a band gap between of about 1 eV. More
specifically, the arm-chair nanotubes, denoted by (n,n) are always metallic and the zigzag
nanotubes, denoted by (n,0) are metallic when n is a multiple of 3, semi-conducting
otherwise. This results in two categories for metallic CNTs. Metallic zigzag CNTs are
all in the metal-1 category. The arm-chair single-wall CNTs are in the metal-2 category.
Figure 6 shows the indices of the CNTs in relation to their conductivity and illustrates

how the indices are determined.



The relationship between the diameter and chirality of single-wall CNTs and their

electronic properties is as follows. T(T is the reciprocal lattice vector in the direction of
the chiral vector,C_,l , of a single-wall CNT. The condition for metallic energy bands is

that the ratio of the length vector YK to that of 'K_] is an integer. YK = (2n+m)/3 xK_l ,

where n and m are integers that represent the number of carbon atoms in the same
corresponding positions in the hexagonal rings of carbon which are crossed horizontally
and downwards, respectively, to form the chiral vector on the honeycomb-like lattice of

an unrolled CNT. The wave vectors are shown in Figure 6 (c).

Another important property of CNTs (both multi-wall and single-wall) is ballistic or
quasi-ballistic transport. Ballistic transport refers to single electron or quantum transport,

in which there is no scattering of electrons in the nanotube. Mathematically the quantum

conductance, Gy, can be expressed as

2

where e is the charge of an electron and 4 is Planck’s constant, and the factor of two in

the expression comes from the fact that single wall nanotubes have two conducting

channels. Ballistic transport represents the special case when L<< Ly<<L,, where L is

the length of the wire, Ly, is the momentum relaxation length and Ly, is the phase

relaxation length. Momentum relaxation refers to the average distance that an electron

wave function travels in a conductor or semiconductor before its momentum is



randomized due to a collision, and phase relaxation refers to the average distance that an
electron wave travels in a conductor or semi-conductor before its phase is randomized
due to scattering. In other words, nanotubes exhibit ballistic transport because of their
extremely small size, and in ballistic transport there is little or no scattering which results

in very high current flow.

Semiconducting CNTs have been successfully doped p-type and n-type. Hence, diodes,
which are a junction between p and n-type semiconductors, have been developed using
crossed CNTs [14]. However, the role of the p-n doping versus the effect of the contacts

in affecting the diode action is currently under investigation.
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Figure 2: Examples of ropes of single-wall carbon nanotubes (a) Tapping Mode AFM
image of ropes dispersed on a gold substrate. Each “strand” is actually 15-20 close-
packed single-wall carbon nanotubes. (b) Cross sectional HRTEM from the Smalley
group photo gallery showing how the individual tubes are arranged within a typical rope
(http://smalley.rice.edu/index.php?topgroupid=1&groupid=10).



Figure 3: HR TEM Image of a typical Multi-wall CNT showing individual layers



Figure 4: Definition of the Chiral (Cy), Translational (T) and Symmetry (R) Vectors

Vectors OA and OB define the chiral vector (Cp,) and the translational vector (T),
respectively. R is the symmetry vector. The Figure corresponds to Cp=(4,2), T=(4,-5)
and R=(1, -1). The rectangle OABB’ defines the unit cell of the nanotube. (Taken from
R. Saito, G. Dresselhaus and M.S. Dresselhaus, “Physical Properties of CNTs”, Imperial
College Press, 1998)
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Figure 5: The Different Types of Chiral Structures of Carbon Nanotubes

(a) Armchair nanotube (carbon atoms are perpendicular to the nanotube axis) (b) Zigzag
nanotube (c) chiral nanotube (Taken from R. Saito, G. D: 1t and M.S. Di 1t
“Physical Properties of Carbon Nanotubes”, Imperial College Press, 1998)




Figure 6: Relationship between Wave Vectors in a Carbon Nanotube. (Taken
from R. Saito, G. Dresselhaus and M.S. Dresselhaus, “Physical Properties of
Carbon Nanotubes”, Imperial College Press, 1998)
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of Carbon Nanotubes”, Imperial College Press, 1998)

Figure 7: Indices v:
(Taken from R. Saito, G. D 1h
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Mechanical Properties of CNT's

The Young’s modulus of a material defines the stiffness or strength of a material. The
Young’s modulus of single-wall CNTs was reported to be as high as a few TPa using
innovative in-situ methods in TEM. Multi-wall CNTs have a high young’s modulus, or
elastic modulus, which is the ratio of stress over strain, of several Gigapascals (GPa) in
the direction of the tube axis. The TEM method [15] of measuring Young’s modulus of
CNTs utilizes thermal energy to cause the nanotubes to vibrate. More specifically, the
amplitude of the thermal oscillations is measured using TEM by utilizing several images

taken using a CCD camera. Then, treating the nanotube as a cylindrical cantilever, the

vibration energy W, is related to the effective spring constant k by W = %ku,z,. Then

since the effective spring constant is a function of the Young’s modulus, one can simply
solve for the Young’s modulus. The Young’s modulus is a function of a CNT’s diameter

and helicity.

Another measure of strength of a material is the bending modulus. The bending modulus
is a measure of how much a material can be bent before it breaks. In another set of
experiments in the TEM, by using a frequency variable oscillating voltage supply, the

resonant frequency was determined. This is because resonance is selective based on the

nanotube’s dimensions. Then the resonant frequency, f;, of the CNT was used to

determine the bending modulus because it is dependent on the Bending modulus, Eg, and

_B 1 | +DDE
fi= o ———F (7)
87 L p

17

is given by:



where D is the outer tube diameter, D; is the inner diameter and L is the length of the
nanotube. These parameters can be determined from a TEM image. The other
parameters are constants. The density of carbon is given by p, B;=1.875 and B,=4.694,

for the first and second harmonics.

After a bit of rearranging, one finds that the Bending modulus, Eg, as a function of the

resonant frequency and other parameters is given by the following equation:

Eg ®)

Hence, the once the resonant frequency, f;, of the CNT is found, one can determine the

bending modulus.

A third measure of strength is the strain energy. The strain energy, Eq of the single-wall
CNT, when considered as a graphene sheet, is given by:

zzETd}
Eo=—c3
l

(€))

d, is the diameter of the nanotube, T is the length of the CNT per 1D unit cell in the
direction of the nanotube axis and E; is the Young’s or Elastic modulus of the sheet.

Carbon is very unique in that it allows for hybridization of its ¢ and = orbitals. The great
strength of CNTs in the direction of the nanotube axis comes from first, the strength of

the double bond between the carbon atoms due to the o bonding, n bonding and lastly,

18



weak interlayer interactions. The strain energy experienced by a CNT increases with
decreasing diameter of the CNT. CNTs are very flexible in the direction perpendicular to

their axis.

CNTs also have the ability to store elastic energy, which is the potential energy stored
when a material is deformed. The first contribution to elastic energy in CNTs is due to

the o electrons. The second contribution comes from = electrons.

CNTs, in comparison with trans-polyacetylene, experience only a limited Peierl’s
distortion. Peierl’s distortion refers to the tendency of a double-single-bond combination
to freeze into a series of quantum wells and barriers rather than hybridize into a
delocalized electronic state, as shown in Figure 7. Peierl’s distortion causes a metal-
insulator transition, which combines a mechanical effect with an electronic outcome.
Peierl’s distortion has been a serious limitation in attempts to manufacture carbon-based
molecular electronics, such as polyacetylene-based molecular wires. However, it does
not look to be a serious issue in CNTs. In CNTs, the Peierl’s distortion is applicable only
to metals and hence to only one third of the CNTs, which are metallic in nature. Energy
analyses indicate that, though the metallic energy bands are unstable under the Peierl’s
distortion, the induced energy gap is very small, < 10 eV [13]. A distortion of 107 eV
would not be significant in a 0.5-1 eV bandgap measurement, and even if observed could
be due to other causes. No serious Peierl’s distortion problems have been reported in the

literature to date.
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Thus, CNTs have many exciting potential applications due to their excellent mechanical
properties, namely high Young’s modulus, high aspect ratio, and considerable strength
and flexibility. Multi-wall CNTs are already being used as Scanning Probe Microscopy
tips [16] and could possibly be used as linear bearings [17], and coaxial conducting wires

or capacitors. The formation of CNTs into space elevators [18] has also been theorized.

These excellent electronic and mechanical properties of CNTs have spurred research into
other potential applications such as a battery [19-20], a flow sensor and a beam source for
TEM [21-23]. Additionally, their high aspect ratio inspired research into their potential
use as field-emission displays, resulting recently in a highly compact CNT-based x-ray

device for portable medical applications [24].
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Figure 8: PEIRELS DISTORTION (a) TRANS-POLYACETYLENE experiences a large
Peier]’s distortion while (b) Benzene is almost completely delocalized. CNTs exhibit only

a small Peierl’s distortion.



Theoretical Growth Mechanism of CNTs
The axial growth mechanism (length-addition) of CNTs had been under debate for many
years. The two most widely debated growth models for the growth of CNTs were the

closed-growth and the open growth model. The closed growth model assumes low

growth temperature (~1100°C) and that the nanotube is always capped. According to this

model, growth occurs through the absorption of a C; dimer near a pentagon in the cap of
the nanotube. In the open growth model, a high temperature is assumed, and growth is
also achieved by the addition of a C, dimer. Capping to an open end occurs eventually

due to the formation of a heptagon-pentagon defect pair, as illustrated in Figure 8. These

heptagon-pentagon pair defects are also known as Stone-Wales defects.

Some support for the open growth method comes from the direct observation of open-end
CNTs [25]. Another piece of evidence which supports this model is the observation of
CNTs inside larger diameter nanotubes. CNT encapsulated Cgg fullerenes (“bucky
balls”) have also been produced by pulsed laser vaporization, the majority of which
involve 1.4 nm diameter CNTs, possibly due to the favorable van der Waals separation of
0.3 nm [26]. There has been no experimental validation of the closed growth model. For
both of these carbon addition mechanisms, a metallic catalyst need not be present. A
catalyst was not used for the multi-wall CNTs from the NASA Goddard Space Flight

Center.

Other proposed growth models included the polyyne ring nucleus model [27] and the

Liquid-Metal-Solid (LMS) model [28]. To date, these methods rely on the presence of a
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metallic catalyst. In the polyyne ring nucleus model, growth occurs when small
monocyclic rings (C10-C60) join to form polycyclic rings and convert to either fullerenes
or back to monocyclic rings in the presence of cobalt (Co) in combination with one of
three other catalysts: sulfur (S), bismuth (Bi) or lead (Pb). In the presence of cobalt, the
other catalysts sulfur, bismuth or lead tend to increase the yield of single-wall CNTs and

modify the diameter distribution [29]

The LMS model has been verified but only applies to the specific case where a catalyst
was deposited on a substrate and growth was conducted using plasma. In the LMS
model, essentially the carbon is absorbed into the catalyst and then upon saturation the
carbon is extruded in the form of a nanofiber or nanotube. We have evidence that
suggests that the carbon components of the CNT-Si nanowire heterostructures produced
by the experiments conducted at the University of Michigan were grown according to an

LMS model.
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Figure 9: Formation Mechanism of End Caps in Carbon Nanotubes

Show are the formation of a disclination in carbon nanotubes via the a) addition of a
pentagon, b) removal of shaded hexagons, c) addition of a heptagon, highlighted in red
and d) addition of two pentagons and a heptagon. Arrows are drawn to allow for easier
identification (Taken from M.S. Dresselhaus, G. Dresselhaus, A. Jorio et al, “Raman
spectroscopy on isolated single wall carbon nanotube”, Carbon Vol. 40, pp. 2043-2061
(2002)
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CHAPTER 2
ANALYSIS METHODS
The CNT-silicon nanowire heterojunctions and the CNTs pre- and post-irradiation were
investigated using four methods: (1) Micro-Raman spectroscopy and Surface-Enhanced
Raman spectroscopy, (2) scanning electron microscopy (SEM), (3) transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy, both with
selected area diffraction, and (4) atomic force microscopy (AFM). These four methods

will now be discussed in further detail.

Raman Spectroscopy/Surface Enhanced Raman Spectroscopy

Raman spectroscopy reveals the bonding structure and the degree of purity of a volume
of a material equal to the spot size times the penetration depth of the laser beam. There
are two methods used in Raman spectroscopy: Anti-Stokes and Stokes. For this project,
the Stoke’s method was used, i.e., a laser beam is incident on a material, induces lattice
vibrations, or phonons, at certain frequencies, and causes the photon from the laser beam
to lose energy. This loss of energy to the sample causes a shift in the wavelength of the
photon. This shift is then detected by the monochromator. This results in peaks at
characteristic shifts away from the original wavelength of the beam. Sharp peaks indicate
a highly ordered material, whereas broad peaks are due to amorphous material. This
allows us to differentiate between different morphologies of carbon, such as SWCNT's

and MWCNTs.
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The Micro-Raman system used for this project is shown in Figure 10. It consists of an
Argon-ion laser from Coherent, an optical microscope, an Electron Tubes 9124B photo-
multiplier tube and a Jarrell-Ash 25-100 series double Czerny-Turner monochromator set
up in back-scattering configuration. The Raman system and the software for controlling
the Raman system were designed and built by Joerg Mossbrucker for his Master’s thesis
project [30]. The wavelength at which the CNTs were examined was 514.5 nm. The
Raman spectra were deconvolved with Lorentzian peak amplitudes using PeakFit®
software. For the Raman investigations the photomultiplier tube was air-cooled, and the
room lights were turned off, to reduce noise. The samples were placed on the microscope
stage and the laser beam was focused to a spot size of approximately 30 microns using

the 60x objective.

For the Tubes @Rice single-wall nanotubes, at the 514.5 nm wavelength the two strongest
tangential modes occur at the Raman shifts of 1567 cm” and 1591 cm™. The peaks occur

at the same Raman shifts at the 488 nm wavelength. However, the peaks have a smaller

full width at half maximum (FWHM) and are sharper. The D-band or “disorder peak” for

CNTs and planar graphite occurs at 1350 cm’ and is a broad peak. For silicon, at the

Raman peak occurs at 523.286 cm’’ and does not overlap with the carbon peaks in any

experiments where both might be present. Multi-wall peaks have a Raman shift at about

1580 cm’.

The radial breathing modes of CNTs occur at 248/d, cm'l, where d, is the diameter of the

nanotube [13]. This spectral information was unfortunately available to us due to the
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overlap of the high brightness laser line for the 514.5 and 488 nm wavelengths. An
attempt to analyze the breathing modes using the HeNe laser was also unsuccessful. 633
nm (red light) has a stronger coupling to carbon sp2 bonds than either 514.5 nm or 488
nm wavelengths. However we found that our PMT lacked the requisite sensitivity in the

red range.

Surface-Enhanced Raman Spectroscopy employs the use of metallic nano-particles
(colloidal silver or gold) to enhance the response of the sample to the laser excitation.
The enhancement is primarily due to large local electromagnetic fields which come from
resonant optical excitation of surface plasmons (packets of electrons) [31] That is,
energy transfer between photons and the photons which occurs only when the wavelength
where the quantum energy carried by the photons exactly equals the quantum energy

level of the plasmons.
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Figure 10: Raw Raman Spectra Taken at 488 nm Showing Tangential Modes for Tubes @Rice
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) allows surface analysis of materials at the micron
to nanometer scale. For the scanning electron microscope used in this project, the
electron beam is generated by an electron gun, guided in a raster pattern down the column
by two scanning coils in the objective lens and the electrons hit the atoms in the sample,
resulting in various types of scattered electrons. They are secondary, back-scattered, and
Auger electrons. Secondary electrons are low energy electrons excited from 100

nanometers or less within the sample, back-scattered electrons are high-energy electrons
which are reflected by an angle greater the 90°. These scattered electrons are then

detected by an Everhart-Thornley detector. The front of the detector is a Faraday cage.
Secondary electrons, once inside the Faraday cage, are then attracted to the scintillator
which is the second component of the detector, across which a 12 kV voltage is applied.
The Scanning Electron Microscope was useful for determining the distribution of the

CNTs in the Si-CNT heterostructure sample.

The Scanning Electron Microscopes used for this project were the CamScan 44FE Field
Emission Scanning Electron Microscope and the Hitachi S-47001I Field Emission
Scanning Electron Microscope. A field-emission scanning electron microscope differs
from a regular scanning electron microscope in that emission from a sharp-pointed
emitter occurs through application of a high electric field. Generally field-emission
scanning electron microscopes allow for higher resolution and induce less damage to a

sample.
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High-Resolution Transmission Electron Microscopy/Transmission Electron

Microscopy
In TEM, an electron beam is generated by an electron gun. For the Hitachi H-800

(E=200 KeV, 1=.00251 nm), the electron gun is thermionic, i.e., the electron beam is
produced by the resistive (thermionic) heating of a tungsten filament. The electrons are
sent down a column, hit atoms in the sample, whereby the electrons are scattered in a
variety of ways (diffraction, reflection, and backscattering). Forward scattered electrons
are the primary source of signals used in the TEM. High-Resolution transmission
electron microscopy (HR-TEM) is used to analyze the atomic layer structure of nanoscale
materials. HR-TEM is therefore valuable in the study of CNTs because it reveals their
structure in atomic scale, their crystallinity and various mechanical properties.
Transmission electron microscopy (TEM) provides structural information with resolution
equal to that of Atomic force microscopy (AFM). HR-TEM has higher resolution than

either AFM or TEM to atomic plane spacings.

Contrast in a TEM/HR-TEM is in three forms: amplitude, diffraction and phase contrast.
Amplitude contrast occurs when using a small objective aperture, excluding all electrons
except those of either the transmitted electron beam or the diffracted beam. Diffraction
contrast occurs when you have a two beam condition, so that you have only the main
beam and one strongly diffracted beam. Phase contrast occurs due to differences in the
phases of the electron waves scattered from a sample. A phase contrast image is taken
with a large objective aperture. Regions of the sample with higher mass density or which

are strongly biased will scatter more electrons, and therefore appear dark in the image
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[32]. How much information in reciprocal space is transferred to the image is dependent
on H(u), the contrast transfer function. H(u) then is the product of the aperture function,

envelope function and the aberration function. The phase distortion function is % (u).
x(u):%C 5/13144 +mAAfu® , where C, is the spherical aberration coefficient, A is the

wavelength of the electron, 4f is the defocus value, and u is the magnitude of the unit

vectors in reciprocal space. X (u) is valuable because it allows one to determine the effect

of spherical aberration, acceleration voltage and defocus value on the resolution.

In the case of the CNT-Si nanowire heterostructures, the amplitude contrast allowed
ready differentiation between the silicon, iron and carbon components. The accuracy of
the measurement of CNTs using TEM varies with the diameter of the tube. It has been
reported that in general, based on simulations of TEM images, for CNTs with diameter
larger than 1.0 nm in diameter, the estimate of the tube diameter agrees to within 10% of
the value, whereas for those sub nanometer in diameter, the difference could be as large

as 30% [32].

The CNTs were prepared for TEM and HR-TEM by ultrasonicating in ethanol, and then
pipetting onto 3 mm diameter mesh copper grids covered with holey carbon film. The
holey carbon film was prepared according to the procedure outlined in Appendix A. The
primary benefits of holey carbon film are that it is stable under the electron beam,
prevents charging of the material being investigated and supports more material than the

copper grid alone.
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Calculation of diffraction patterns for CNTs

Selected area diffraction was an important tool for our analyses. The diffraction pattern
in general reveals the crystallinity and the identity of a material because the diffraction
patterns for materials differ significantly for amorphous, polycrystalline and crystalline
materials. Amorphous materials produce rings for the diffraction pattern, due to the
random orientation of the atoms, polycrystalline materials produce speckled rings, and
crystalline materials produce spots. If the crystal does contain defects, then streaks are
produced. One can calculate the relevant parameters of interest, such as the lattice

parameter and symmetry of a crystalline material using the diffraction pattern.

As previously mentioned, the brillouin zone of the CNT is comprised of rectilinear

segments inside the hexagon of carbon atoms. The reciprocal lattice vectors, b; and b;

for the CNT, are

The various lattice spacings, d, for different orientations of a CNT or any crystal, can be
found via the simple equation Rd=AL, where R is the distance between diffraction spots
or rings on a TEM diffraction pattern, L is the camera length, and A is the wavelength of

the electron. For CNTs, HR-TEM reveals whether they are multi-wall or single-wall.

The expected diffraction pattern for CNTs of different indices can be calculated by using

the following equation given in a previous report [33]:
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A(k) = f(k)Zexplik-R-]E ZA,, (k)

(11)
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where f(k) is the carbon structure factor of the electron or X-ray, R; are the atomic

positions along the helix, (n,m) are two integers representing the indices of the CNT,

— k
k= (kx,ky, 2 ) is the wave vector transfer, k| = 1’k% +k§ y Wi = tan_l[k—y} Jn is the

¥4

nth order cylindrical Bessel function (r,, z) are cylindrical coordinates of the “initial”

atom of the helix of radius r, pitch P and atomic repeat distance p in the z-direction.

The one disadvantage posed in using TEM and HR-TEM is that although they allow for
highly detailed investigation of the structure of a material, due to the minute amount of
the sample examined, it does not allow one to determine the uniformity of properties of

the majority of a material.

Atomic Force Microscopy

Atomic force microscopy (AFM) is a form of scanning probe microscopy (SPM), which
provides structural information with tens of nanometers scale resolution. In AFM, a
sharp tip made of SiN or silicon, which is attached to a cantilever, is brought close
enough to the sample so that the atomic orbitals of the tip interact with those of the

sample. The tip is raster scanned across the sample by a piezoelectric scanner. A laser
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beam is reflected off the back of the cantilever which holds the tip and detected by a four-
cell photodiode. Therefore, when there is a change in the position of the tip, there is a
change in the strength of the signal being detected by the photodiode quadrants. The
topographical image is formed via the stored vertical position of the piezoelectric scanner
at each (x,y) point which was required to maintain either a constant height or a constant
deflection or a constant oscillation amplitude near the cantilever resonant frequency
(Tapping Mode, discussed below). Constant values are maintained through the use of a

feedback loop.

There are two modes of AFM: Tapping Mode™ and contact mode. In Tapping ModeTM,

a micro machined silicon tip at the end of a silicon *“diving board” cantilever is used. The
diving board is oscillated near its natural resonant frequency by means of a small external
signal. When the tip nears the sample surface, interactions with the sample induce small
changes in the oscillation frequency, the rms amplitude of which is detected by the
photodetector, and plotted as (z: x,y). The phase difference between the natural resonant
and interaction frequencies can also be plotted (A¢: x,y) and this information is
particularly sensitive to material composition differences, and also to edges. This work
was performed in Tapping Mode most of the time. In contact mode, a micro-machined
SiN tip on the back of a triangular non-oscillating cantilever is used. Variations in the
choice of the spring constant k of the cantilever allow flexibility in examining different
surfaces, where k is the same as that in Hooke’s law, F=kx. The height, or the

deflection, of the tip with respect to the sample surface is kept constant.
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AFM, because of its high-reso]ulion capability, provides detailed information as to the
surface structure of individual nanotubes as well as the presence of defects which go
through to the surface. The phase image reveals differences in the composition of a
sample. Atomic Force microscopy is useful for structural and compositional analysis of

the CNT and carbon nanofiber surfaces.

Scanning probe microscopy was conducted using the Nanoscope Illa Multimode SPM

System from Veeco Metrology Group/Digital Instruments, operated in ambient air.
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CHAPTER 3

SYNTHESIS AND SAMPLE PREPARATION METHODS

The CNTs examined for this project were synthesized by three different methods. One
set of CNTs were commercially produced by Tubes@Rice and Carbon Nanotechnologies
via the HiPco method (high pressure carbon monoxide (CO) decomposition) and
produced exclusively single-wall CNTs. Another set of CNTs was produced at the
NASA Goddard Space Flight Center using the carbon arc method in a helium atmosphere
without a catalyst. This method produced exclusively multi-wall CNTS with well-defined
walls composed of single graphene layers. The third method involved growth of
MWCNTs as part of a MWCNT-Silicon nanowire heterostructure using plasma
deposition in an inductively coupled plasma (ICP) Reactor. Two other hollow core
carbon fibers with well-defined wall structures were also investigated for comparison
with the CNTs. These were: Electrospun carbon nanofibers and vapor grown carbon

fibers. All synthesis conditions will now be briefly described.

Production of Single-Wall Nanotubes

Single-wall CNTs, from the Rice University spin-off companies Tube @Rice, now called
Carbon Nanotechnologies [http:// cnanotech.com/pages/about/4-1_background.html],

were produced via the HiPco process and suspended in toluene. In the HiPco process,
flowing CO is mixed with Fe(CO)s through a heated reactor. The reaction produces iron
clusters, which then serve as catalyst particles for CNT growth. More specifically the

solid carbon is produced via the following reaction:

co +co —F 5 ¢(s) + o, (10)
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The CNTs are then sus'pended in a toluene solution. Before analysis by our group they
were purified and formed into “Bucky Paper” according to the procedure reported by
Rinzler et al [34]. In this process the Tubes @Rice suspended in toluene were first
refluxed in 2-3 M nitric acid for 45 hours. After the reflux, the CNTs were placed in a
container and allowed to settle and the brownish-yellowish supernatant liquid on the top
of the container was decanted. This was then followed by suspending the CNTs in
deionized water via ultrasonication, allowing the CNTs to settle and then decanting the
supernatant liquid and repeating the previous steps two or three times until the liquid is
dark throughout. Finally, the solution was dispersed in NaOH via ultrasonication and

’

then vacuum filtered through a membrane and allowed to dry, forming the “bucky paper’

Production of Multi-wall Carbon Nanotubes at the NASA Goddard Space Flight

Center

To produce the multi-wall CNTs at the NASA Goddard Space Flight Center, a graphite
rod was welded at a steady rate with a Helium pressure of 50 psi and a current of 19
Amps. The catalyst requirement was relaxed. The relationship between amount and
quality of growth and experimental parameters including pulse width, current amplitude
and helium pressure, has been under development. The specimens utilized in the
radiation experiments were also subjected to a unique (patent pending) filtering process,
which resulted in high MWCNT yields. Figure 32 shows examples of NASA GSFC

MWCNTs, indicating good defect free walls between 5-20 layers in thickness.
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Production of Multi-wall Carbon Nanotube-Si Nanowire Heterostructures

(Collaborative Effort, University of Michigan and Michigan State University)

Carbon nanostructures of approximately micron-scale lengths were grown in an

inductively coupled plasma system, using a 20-nanometer layer of iron catalyst on a p-
type (100) silicon wafer in methane-hydrogen-argon plasma. The carbon nanostructures
were shown to be multi-wall CNTs and hollow core vapor grown carbon nanofibers.
Simultaneously, tapered silicon nanowires were etched that retained the (100) orientation
and crystallinity of the original silicon substrate. Increasing reactor times resulted in a
progressive etch of the silicon nanowires, but no change in the approximately micron-
scale lengths of the CNTs and nanofibers. Junctions were observed between the silicon

and carbon nanostructures.

The simultaneous growth/etching was achieved in an inductively coupled plasma system.
Inductively coupled plasmas (ICP) have high radial uniformity and low pressure/low
temperature operating characteristics [42] which make them attractive for large-scale
applications. The inductively coupled plasma system was based on a modified Gaseous
Electronics Conference (GEC) Reference cell [43]. The original GEC reactor had two
parallel electrodes, 2.54 cm apart. The bottom electrode was biased with a 13.56 MHz
radio frequency (RF) power supply at 50 Watts. In the modified cell, the top electrode
was replaced by a 5-turn coil that was also powered by a 13.56 MHz RF power supply at
475 Watts. The pressure of the gas mixture was 100 mTorr with 87% Argon, and 6.5%
methane and 6.5% hydrogen. Argon was used to sustain the plasma in the inductively

coupled mode. Further details are reported in reference [44].
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Samples were prepared by forming a 10-20 nm thick Fe layer on a p-type (100) silicon
substrate, using laser ablation [45-46]. Individual depositions were carried out over

time periods of 1 hour 0 minutes, 3 hours 10 minutes, and 5 hours 23 minutes.

This work was performed as part of a collaborative effort with the University of
Michigan using the University of Michigan Gaseous Electronic conference (GEC)
Reference Cell, with its unique Spatially Resolved Optical Emission Spectrometer
(SROES). Nanoscale heterojunctions between silicon and ot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>