





ABSTRACT

NEW APPROACHES TO SCALED-UP CARBON NANOTUBE SYNTHESIS AND
NANOTUBE-BASED METAL COMPOSITES AND SENSORS

by
Anmit Goyal

The first phase of the work presented in this dissertation is the development of a scaleable
process for the cost-effective synthesis of single walled carbon nanotubes (SWNTS) by
thermally-induced catalytic chemical vapor deposition (CVD). With the goal of
understanding the growth mechanism and optimize the synthesis process, the effect of
CVD and catalyst parameters on nanotube formation was investigated in detail. It was
found that nucleation and growth of SWNTs occurred within a few seconds of the
introduction of the carbon source, carbon monoxide, at temperatures above 675 °C over a
Co-Mo/MgO catalyst/support system, resulting in the formation of high quality thinly
bundled SWNTs with a narrow individual nanotube diameter distribution. A simple
kinetic model is proposed to explain the observed growth and exit gas (CO,)
concentration data. A scaled up run using fluidized bed reactor is performed to
demonstrate large SWNTSs production.

In the second phase of the research performed some of the CVD parameters
optimized for the synthesis of pure nanotubes were used to infiltrate SWNTs as well as
multiwalled carbon nanotubes (MWNTSs) into catalyst precursor filled iron and aluminum
matrices, respectively, to directly fabricate metal-nanotube composites. Two carbon
sources, carbon monoxide and acetylene were used for the synthesis of SWNTs and
MWNTs, respectively. The yield strength of iron-carbon nanotube composites showed

substantial enhancement of up to 45% and 36 % with ~ 1 wt % of infiltrated SWNTs and



MWNTs, respectively, relative to that of similarly treated pure iron samples of the same
piece density without carbon nanotubes. Vickers hardness measurements showed an
increase of 74% and 96% for iron composites filled with SWNTs and MWNTs,
respectively. The use of a mixed feed of CO and acetylene resulted in carbide-free
fabrication of the nanocomposites. A reaction mechanism supporting the observed
carbide-free growth is also presented.

In the third phase of the research performed, a SWNT fabrication protocol using
CVD growth or electrophoretic deposition was employed for integrating nanotubes as
biosensor and chemical gas sensor probes. For biosensor probes, vertically aligned
SWNTSs were grown or deposited on metal interconnects (Cr/Co), at precise locations,
which were patterned on quartz substrates using photo- and e-beam lithogrpahy to make
electrical connections to each SWNT/bundle individually. Gas sensor probes were
fabricated using individually suspended SWNTs contacted by Cr/Au pads as source and
drain field effect transistor components for the monitoring of NO, vapors. The adsorption
of an electron donating gas such as NO; on the SWNT sidewalls shifts the Fermi level of
the p-type semiconducting nanotubes, consequently changing their electrical
conductivity. Experimental results showed that sensor response to NO, (at 10-300 ppm
levels) was of the order of a few seconds at 100 ppm, and was reversible and
reproducible. Recovery of the sensor response was achieved by heating the sensors at 120
°C for a period of 10-12 hours indicating physisorption of the NO, molecules on the

nanotube sidewalls.
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CHAPTER 1

INTRODUCTION

“Since their discovery in 1991, carbon nanotubes have attracted a great deal of attention”.
Most of the literature on carbon nanotubes opens with a sentence like this one. It sounds
very encouraging but fails to capture the excitement that carbon nanotubes and
nanotechnology has generated among scientists and even among the general public. The
wealth of exciting properties of carbon nanotubes makes one wonder where one should
begin when talking about them. One obvious starting point would be to talk about their
relationship to graphite, which is made from carbon the most versatile element on earth.
Starting from the mid-1980s, however, new forms of carbon, the buckminster fullerenes,
were discovered leading to new ideas on the structural physics and chemistry of caged
clusters at the frontier between a molecule and a three-dimensional crystal.

The result of research on the fullerenes then led to hollow carbon structures
comprised of rolled up sheets of graphite, now widely known as carbon nanotubes. Their
exceptional mechanical strength that exceeds that of steel, and electronic properties that
range from those of one dimensional metals to one dimensional semiconductors, have
attracted a great deal of attention. This has led to extensive research in these materials
pointing to potential applications that range from scanning probe microscopy tips,
hydrogen storage for fuel cells, field-emitting flat panel displays, high strength
composites, field effect transistors and sensors. Applications relying on growth or
deposition of aligned nanotube and mechanical strength in the area of flat panel displays

and polymer nanocomposites have shown the most success. However, a complete



understanding of the formation of nanotubes and the design of a facile and cost-effective
process for scale up to production is still in the research phase. Moreover, the use of
nanotubes to fabricate high strength and lighter weight metal nanocomposites is still in its
infancy because of high temperature processing challenges. One of the most difficult of
all applications is the incorporation of single wall nanotubes in micro- and nano-
electronic devices. This requires precision and control to make working devices with a
single type (in terms of chirality and diameter) of nanotube so as to have a detailed
~understanding of the devices electronic properties. With these challenges in mind the
work performed for this thesis was centered around bulk synthesis by catalytic chemical
vapor deposition (CVD) of carbon nanotubes and the use of some aspects of the synthesis
technologies developed to fabricate high strength nanocomposites and novel nanotube-
based bio- and gas-sensors.

Following this brief introduction, Chapter 2 will provide a review of the basic
knowledge about carbon nanotubes that has emerged so far from published research. It
will cover structural studies and especially techniques used for the characterization of
single walled carbon nanotubes (SWNTs). Chapter 3 will review various CVD methods
for bulk production of single wall nanotubes and the results presented in this chapter will
provide an optimized method and a reaction mechanism that can be scaled up for the
production of high quality SWNTs with minimal post processing for purification. Chapter
4 will turn to the experimental CVD method to infiltrate single and multiple wall carbon
nanotubes into metal (iron and aluminum) matrices. The composites formed are
characterized to determine if metal carbide phases are present. The findings will yield

information on increase in yield strength and hardness with selective incorporation of



nanotubes as a filler material. Chapter 5 will focus on methods to directly grow or
electrophoretically deposit carbon nanotubes as part of a process to fabricate a bio-sensor
or bio-probe device. The use of pre-synthesized SWNTs in the fabrication of gas sensors
and their testing under various gas environments will also be discussed in Chapter 5.

Detailed conclusions are drawn in Chapter 6 and the future work in Chapter 7.



CHAPTER 2

CARBON NANOTUBES

2.1 Overview

It is the chemical genius of carbon that it can bond in different ways to create structures
with entirely different properties. This variety comes from the bonding configuration of
carbon atoms. Carbon has six electrons, i.e. 1s%, or inner shell electrons which do not take
part in the hybridization and the remaining four in 2s and 2p which can hybrid to form sp,
sp’ and sp’ structures. Diamond and graphite are the two well-known forms of crystalline
carbon. Diamond has four coordinated sp’ carbon atoms forming an extended three-
dimensional network, whose motif is the chair conformation of cyclohexane. Graphite
has three coordinated sp’ carbons forming planar sheets, whose motif is the flat six-
membered benzene ring. The latter sp’ type of bonding builds a layered structure with
strong in-plane bonds and weak out-of-plane bonding of the van der Waals type. Graphite
is thus a soft material, which slides along the planes. The story of fullerenes and
nanotubes belongs to the architecture of sp’- bonded carbon and the subtlety of certain
group of topological defects that can create unique, closed shell structures out of planar
graphite sheets.

Graphite is the thermodynamically stable bulk phase of carbon up to very high
temperature in the normal range of pressure. This is not true when there are only finite
numbers of carbon atoms; it is because of the high density of dangling bonds when the
size of graphite crystallites becomes smaller (i.e., nanosize). At small sizes, the structure
does well energetically by closing onto itself and removing all the dangling bonds. Thus,

with few hundred-carbon atoms, the structure formed corresponds to linear chain, rings,



and closed shells. The closed shell carbon atoms with even number of atoms are called
Fullerenes.

To form curved structures from a planar fragment of hexagonal graphite lattice,
certain topological defects have to be included in the structure. To produce a convex
structure, positive curvature has to be introduced into the planar hexagonal graphite
lattice. Creating pentagons does this; one needs exactly twelve pentagons to provide
topological curvature necessary to completely close the hexagonal lattice, which strictly
follows Euler’s principle. One can thus imagine that a greatly elongated fullerene can be
produced with exactly twelve pentagons and millions of hexagons. This would
correspond to a Carbon Nanotube.

lijima first observed in 1991 that multi-walled carbon nanotubes (MWNTs)
(Figure. 2.1 a) of graphite were deposited on the negative electrode during the direct
current arcing of graphite used for the preparations of fullerenes (lijima, 1991). This
followed by the discovery of single-walled carbon nanotubes (SWNTs) (Figure. 2.1 b)
(Iijima, 1993; Bethune, 1993) lead to a new era of research in nanotechnology. The
unique one dimensional structure and cylindrical symmetry of SWNTs leads to appealing
mechanical and electrical properties which have received a great deal of attention and
investigation. A wide range of potential applications has been proposed for carbon
nanotubes due to their extraordinary properties. Applications include but are not limited
to conductive high-strength composites, field effect transistors, gas- and bio-sensors, field

emission displays, semiconductor devices, and energy storage.



Figureure 2.1 (a) Multi-walled carbon nanotube (MWNT) consisting of concentric
cylinders formed by wrapping of graphene sheets. (b) Single-walled carbon nanotube
(SWNT).

[Source: Iijima 1993, Bethune 1993].

SWNTs and MWNTs have been mainly utilized in three areas of research both
academically as well as industrially, namely: field effect transistors for sensors, flat panel
display emitters and conductive high strength composites. Nanoelectronic devices using
carbon nanotubes will be useful in downsizing the circuit dimensions, thus, following
Moore’s law computational power can be increased with shrinkage of circuits by orders
of magnitude (Moore 1965). In addition, SWNTs are ballistic conductors and can conduct
electricity at room temperature without significant scattering from the atoms and defects.
Therefore, electrons encounter very little resistance and dissipate minimal thermal energy
in the SWNTs (Tans, 1997). In addition to shrinkage of electronic devices, the ballistic
conducting properties arising due to quantum wire like structure make them useful in
novel devices such as spin transport medium for spintronics. Experimental results show
that metallic SWNTs can carry currents up to 10° A/cm?, and since nanotubes are
completely covalently bonded with sp’ configuration there is no electromigration as in

case of metals due to atomic diffusion. This property makes it useful in high power

electronics (Liang, 2001; Yao, 2000). The electronic structure of a nanotube is dependent



on the diameter and chirality (this will be discussed in detail in a later section on band
structure of the tubes), resulting in both metallic and semiconducting tubes. The
semiconducting tubes when contacted between two metal electrodes can be used as a
field effect transistor (FETs). Semiconducting tubes can be converted from conducting to
insulating state by modulating the gate field (Tans, 1998). Transistors using an individual
SWNT can be fabricated by identifying the position of the nanotube on a surface by
means of markers and atomic force microscope (AFM) scans (Helbling, 2007), by
dragging nanotubes on pre-defined electrodes using AFM tips (Martel, 1998; Bachtold,
2001), or by drop casting solutions on the substrates and contacting with metal electrodes
(Tans, 1998). Although promising results have been reported using individual SWNTs,
several inherent properties such as diameter and chirality variations in typical samples,
make it challenging to obtain reproducible devices. Therefore efforts are underway to
find alternative ways of incorporating SWNTs in conventional CMOS schemes to
fabricate reproducible devices. This will be discussed in Chapter 5 which discusses the
fabrication of individual SWNT based gas sensors.

Nanocomposites utilizing carbon nanotubes are the second-most promising
direction in nanotechnology. With the discovery of near molecular scale carbon
nanotubes and advances in understanding their mechanical and electrical properties over
the past decade, new nanocomposites based on these novel materials are possible.
Experimental estimates of SWNT strength are in the range of 13-52 GPa and tensile
modulus is of the order of 1 T Pa (Yu, 2000; Walters, 1999; Gere 1990), values much
higher than those of carbon fibers. Electrical resistivity and thermal conductivity

measurements along the length of a bundle of SWNTSs indicate values approximately 10



Qcm and 200 Wm™'K™, respectively (Hone, 2000). Two main issues to be addressed for
the effective use of nanotubes and the translation of their extraordinary mechanical
properties to a composite are alignment and uniform dispersion in the
polymer/ceramic/metal matrix. Jia, 1999 et al. used an in-situ process for the fabrication
of a PMMA/MWNT composite. An initiator was used to open up the @ bonds of the
MWNTs in order to increase the linkage with PMMA. The formation of C-C bonds result
in a strong interface between the nanotubes and the PMMA. Haggenmueller, 2003 et al.
used a method of repetitive film forming and mixing at high temperature and pressure,
this resulted in uniform dispersion. The first commercial application of MWNTSs has been
their use as electrically conducting components in polymer composites. Nanofiber
morphology with high aspect ratio leads to low loading levels of the MWNTs that allow
sufficient conductivity for originally insulating plastics. Promising results have been
reported for polymer-nanotube composites; however, not enough improvement in
mechanical properties has been achieved in metal composites, which can be attributed to
bundling of nanotubes. This part will be discussed in detail in the Chapter 4.

In addition to electronic and mechanical applications, MWNTSs have been shown
to outperform commercial silicon AFM tips (Dai, 1996; Nishijima, 1999). The use of
MWNTS as AFM tips has a number of advantages, which result from their high aspect
ratio and small diameter. Mechanical robustness of MWNTs and the low buckling force
dramatically increases the probe life and minimize sample damage. Also, deep and
narrow structures can be easily accessed and imaged. Furthermore, functionalization with
different chemical groups is used to investigate the local chemistry of the surface being

probed (Wong, 1998).



Another area of interest is the functionalization of carbon nanotubes.
Functionalization of nanotubes imparts new chemical and electrical properties different
from those of pristine nanotubes (Chen, 1998; Mickelson, 1998). New properties arise
from the attachment of chemical species to the sidewalls or ends of carbon nanotubes
which is used to tailor the interaction nanotubes with other entities, such as solvents
(Wang, 2005), a polymer matrix (Ramanathan, 2005), or other nanotubes (Chiu, 2002).
Functionalization can be obtained through chemical or physical means. Chemical
modification includes sidewall functionalization by desired molecular groups whereas
physical modification is deposition of suitable species on the surface of nanotubes.
Carbon nanotube caps and defects are more active than the sidewalls and prone to
oxidation. Most of the functionalization process starts with prolonged acid treatments to
add carboxylic, nitrate, and chlorine groups. Synthesized single-walled carbon nanotubes
(SWNTs) are a mixture of metallic and semiconducting tubes, functionalization aides in
dispersing (Chen, 2001) and separating the tubes on the basis of electronic properties

(Zheng, 2003).

2.2 Structure and Types
An ideal single-walled carbon nanotube can be thought of as a hexagonal network of
carbon atoms that has been rolled up to make a seamless cylinder. Just a nanometer
across, the cylinder can be tens of microns long and each end is capped with half a
fullerene molecule. Generally, nanotubes form in two categories. The first form is called
multiple walled carbon nanotubes (MWNTs Figure 2.1 b). They are made of concentric

cylinders placed around a common central tube, with spacings between the layers close to
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that of the interlayer distance in graphite of 0.34 nm. Their external diameters are on the
order of 4-50 nm. The MWNTSs can be grown using catalytic chemical vapor deposition,
so that by patterning the catalyst and applying an electric field or plasma during growth,
it is possible to obtain the vertically aligned and patterned nanotubes shown in Figure. 2.2
a. The smallest possible MWNT is the double wall carbon nanotube as shown in Figure

2.2 b,

Figureure 2.2 (a) Transmission electron microscope image of a MWNT and aligned
MWNTs. (b) Double wall carbon nanotube.
[Source: Harris, 1999].
The electrical properties of MWNTs are found to be less interesting because electron
conduction in MWNTs occurs through the outer shell. Since the diameter of the nanotube
shell is relatively large, the band gap (ca. 3.4 eV) and semi-metallic band structure
approaches that of graphite (Bachtold, 1999). Layers can be removed via oxidation and it
has been observed that each layer has its own electronic structure (Collins, 2001).

The second form of nanotubes are called single walled carbon nanotubes (SWNTs

Figure 2.1 b), which are close to fullerenes in diameter and comprise of a single cylinder.

They possess uniform diameters (0.4 - 2 nm) and can be several micrometers long
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(Collins, 2001; Qin, 2000; Zheng, 2004). They also assemble via van der Waals
interactions to form hexagonally aligned bundles of individual SWNTs (Thess, 1996).
The structure of carbon nanotubes is distinct from that of all previously known
carbon fibers and filaments. A SWNT can be thought of as a graphene sheet rolled up to
from a cylinder, such that open edges meet to form a tube with the ends closed. The
pentagons nucleate to initiate the closure mechanism. The rolling of the graphene sheet
can be done in various ways, satisfying the criterion that the dangling bonds present at
both the edges are matched. Any translational shift along the edges before fitting the
dangling bonds will lead to a different orientation of the lattice with respect to an
arbitrary tube axis. Thus, in general, the hexagonal arrays of carbon atom winds around
in a helical fashion, introducing helicity to the structure. In the mapping of a graphene
plane into a cylinder, the boundary conditions around the cylinder can be satisfied only if
one of the Bravais lattice vectors (defined in terms of two primitive lattice vectors and a
pair of integers (m, n)) of the graphene sheet maps to a whole circumference of the
cylinder. This scheme is very important in characterizing the types of single wall

nanotubes (see below) and the essential symmetry of the nanotube structure.

armchair’
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Figure 2.3 A carbon nanotube is based on a two-dimensional graphene sheet. (a) The
chiral vector is defined on the hexagonal lattice as Cy, = na; + ma,, where &, and a; are
unit vectors, and » and m are integers. The unit cell of this nanotube is bounded by
OAB'B. To form the nanotube, imagine that this cell is rolled up so that O meets A and B
meets B', and the two ends are capped with half of a fullerene molecule. Different types
of carbon nanotubes have different values of » and m. (b) Zigzag nanotubes correspond
to (n, 0) or (0, m) and have a chiral angle of 0°, armchair nanotubes have (n, n) and a
chiral angle of 30°, while chiral nanotubes have general (n, m) values and a chiral angle
of between 0° and 30°. Nanotubes can either be metallic (dots enclosed in circles) or
semi-conducting (dots).

[Source: Dresselhaus, 2001].

The circumference of any SWNT is characterized by the chiral vector, which is defined
by:

Ch=nar+ ma: 2.1)
where a; and a; are the unit vectors in the hexagonal lattice and » and m are the integers
as shown in Figure. 2.3 a. n and m indices fully identify the SWNTs. Nanotubes made
from lattice translational indices of the form (n, 0) or (n, n) will have two helical
symmetry operations while all other sets of nanotubes will have the three equivalent
operations. The (n, 0) type of nanotubes are in general called Zig-Zag nanotubes, whereas
the (n, n) and m-n = 3 X (where X is an integer) types are called Armchair nanotubes; all
others are called Helical or Chiral nanotubes (Figure. 2.4 a-c). Armchair SWNTs are all
metallic whereas zig-zag and helical tubes are either metallic or semi-conducting
(Dresselhaus, 2001). Electronic properties of the nanotubes are dictated by the diameter
and chirality. Chiral vector basically forms the circumference of the SWNT and the
diameter is the circumference divided by =. It is also related to the chiral indices by the

following relationship.

d 2.2)

_ V3ac-(m* + mn+n*)"? _G
p3 V4
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Where a.. is the distance between neighboring carbon atoms. The chiral angle 0 is given

6 = tan"'[\3n/(2m+n)] (2.3)

s
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Figure 2.4 (a) Zig-Zag nanotube, (b) Chiral nanotube, (¢) Armchair nanotube.

SWNT bundles can be characterized by using Raman spectroscopy and scanning electron
microscopy (SEM) while individual nanotubes can be characterized by scanning
tunneling microscopy (STM) and transmission electron microscopy (TEM). Some of the

above mentioned structural properties of the nanotubes are given below in Table 2.1.

Table 2.1 Structural Parameters for Carbon Nanotubes
[Source: Charlier, 2000]

Symbol Name Formula Value
“a” Length of unit vector a=V3a..=249 A acc=1.44A
“a1, 8" unit vectors (N3/2,12)a,(\N3/12,1/2) a X,y coordinate
“by, by” reciprocal lattice vectors | (1/¥3, 1) 2n/a, (1/N3, 1) 2n/a X,y coordinate
“Cy” chiral vector Ch =na; + ma; = (n, m) (0<|m|<n)
“L” length of Cy, L = |Cy| = aV(n® + m* + nm)
“d,” diameter di=L/n
“9” chiral angle sin 8 = V3m/(2V(n? + m” + nm)) | (0<0 | < 7/6)
cos 0 = (2n +m)/ /(2N(n* + m® +
nm))
tan 6 = V3m/(2n +m)
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2.3 Band Structure of SWNT's

As mentioned in the last section, graphene and carbon nanotubes are closely related
according to their atomic scale structure and this relationship also holds true for the
electronic structure and properties (Saito, 1992). In graphene, three of the four valence
electrons of carbon are hybridized in sp’ orbitals forming covalent o bonds to neighboring
atoms, and the one remaining electron populates a p orbital. The half filled p orbital
forms a valence bond with one bonding 7= and one antibonding n* orbital with the
neighboring atoms. The bonding 7 orbital is filled, while the antibonding a* orbital is
empty. Since all the atoms contribute an electron in a p orbital, the electron in the n
orbital are delocalized over the entire atomic plane. This situation is very similar to the
delocalized electrons in conjugate double bonds, e.g. in benzene. But in contrast to
benzene, where the electrons are restricted to the limited geometry of the benzene ring, in
graphene the electrons can move in the plane with momentum. This leads to the band
structure of graphene.

The band structure is usually presented in the first Brillouin zone of the
reciprocal lattice, which is shown in Figure. 2.5 for graphene. The band structure of

graphene can be obtained by following dispersion relation (Saito, 1992).

172
Egraphene = ty0 {1 + 4005(‘\/52]@(1 ]cos (—kég) 4cos’ (%ﬁ)} 2.4)

Where yy is the C-C tight bonding overlap energy, a is the lattice constant (@ = V3 ay),

where ayp denotes the nearest neighbor distance with the value of 1.42 A. In the Figure

2.5, b; and b; are base vectors.
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Reciprocal lattice vector

Bravals Lattice

Figureure 2.5 Bravais lattice and corresponding reciprocal lattice vector for a graphene

sheet.
[Source: http://www.photon.t.u-tokyo.ac.jp/~maruyama/kataura/discussions.html]

As mentioned before the bonding = orbital is filled and the antibonding n* orbital
is empty, thus the Fermi level is located between these bands. The & and n* bands touch
at K points, that is in the corners of the Brillouin zone, the density of states vanish at the
Fermi level and graphene is a zero gap semiconductor. In graphite, the weak interaction
between the graphene planes results in the small overlap between & and n* bands, hence a
small but finite density of states at the Fermi level is populated with electrons and holes,
which makes graphite a semimetal (Cracknell, 1973; Samuelson, 1980). Since electronic
transport is dominated by the electronic states near the Fermi level, the K points are the

most interesting ones in the Brillouin zone.
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Figureure 2.6 (a) Band structure of graphene. The valence and conduction band touch at
the six Fermi points in & space called K points. (b) Contour plot of graphene valence
states for a SWNT with zero chiral angle. Lower energies are marked with yellow and
higher with red (right hand side). The circular contours around six K points (left hand

side) defines the graphene unit cell in &k space, beyond this the unit cell repeats itself.
[Source: Saito, 2000]

Now the band structure of a SWNT can be derived from the band structure of graphene
(Saito, 1992; Hamada 1992). The electronic properties of SWNTs arise from their quasi-
one dimensional nature, which leads to quantum confinement of the electrons in the

circumferential direction. All the electronic states of the tube have to match this
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periodicity around the circumference and thus their momentum kv has to fulfill (Saito,
1992) the following equation:

k,C, =2xi (2.5)
Where i is an integer and C}, is the chiral vector. Thus, when the graphene sheet is rolled
up to form a nanotube each band of graphene splits into a number of subbands labeled by
the subband index i, according to their quantization condition, the momentum k is
directed along the tube axis. The emphasized lines in the Figure. 2.7 a- b are the subbands

of the m and n* bands of graphene. One dimensional dispersion relation is then given by

172
E, =1y, {1 + 4cos[%)cos[k5a J +4cos’ [k;a J} (2.6)

(Saito, 1992)
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Figureure 2.7 Illustrations of orientation of the allowed £ lines for zig-zag (n, 0) (a) and
armchair (n, n) (b) tubes, respectively, superimposed on the graphene unit cell and
contours of the electronic dispersion for the n* electron.

[Source: Dresselhaus, 1992]

The allowed set of £ values depends on the diameter and chirality of the SWNT as

shown in Figure. 2.7 a-b. Exact alignment of the & points with the K points of graphene
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determines the electrical properties of the SWNT. If the allowed k values are aligned with
the special comner K points of the Brillouin zone, the SWNT behaves as a metal with a
non-zero density of states at the Fermi level, as shown in Figure. 2.7 b. The reason for
this is that now an electron has a path through an allowed state and then a Fermi point
which allows it to enter the conduction band without additional energy. It is also possible
that none of the allowed & values align with the K points. In this case, the SWNT will
behave as a semiconducting tube (Liu, 2001). The energy gap is inversely proportional to
its diameter (Dresselhaus, 1992), as shown in Figure. 2.7 a. Thus, electronic properties
are diameter and chirality dependent and follow the selection rules as described in the
structural section (2.2) of this chapter, i.e. metallic if » - m = 3i and if n = m;

semiconducting if n — m # 3i, where n, m and i are integers.

2.4 Characterization and Measurement Techniques for SWNTs and MWNTs
In this section various techniques that were used in this work to characterize as prepared
catalyst, as prepared SWNTs/MWNTs and purified SWNTs/MWNTs are discussed
briefly. A brief overview of measurement of mechanical and electrical properties of
nanotube based composites and sensors are also discussed. These techniques will be also

be discussed in detail in Chapter 4 and Chapter 5, respectively.

2.4.1 Raman Spectroscopy

Raman spectroscopy is the most powerful and widely used characterization technique for
SWNTs. Raman scattering is the inelastic scattering of light, i.e. scattering of light in
which the scattered photon gains or loses energy. A monochromatic beam of light is

incident on the sample and the spectrum of the scattered light is examined. The elastic
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scattered light (Rayleigh scattering) dominates the spectrum with an intense peak at the
energy of the incoming photons. However, additional peaks are observed at energies
different from the excitation energy and these peaks are known as Raman peaks after the
Indian physicist Sir C.V. Raman who first observed the effect in 1928 (Raman, 1928).
Thus, in the scattering process photons lose (Stokes) or gain (anti-Stokes) energy
corresponding to the frequency shift. In solids Raman scattering excited in the ultraviolet
to the infrared range occurs via the creation or annihilation of lattice vibrations or
phonons, which either subtracts or adds energy to that of the incident photons. Lattice
dynamics is intimately related to the solid state electronic and crystal structure and has
been widely used as an indirect probe of atomic order in inorganic and organic crystals,
and particularly in carbon allotropes, such as graphite, diamond, fullerenes and nanotubes
(Dresselhaus, 2000; Schwan, 1996; Wagner, 1991). The observation of Raman spectra
from very low concentrations of single wall nanotubes is possible because of the very
large density of one-dimensional electronic states that occurs at well-specified energies
referred to as van Hove singularities dependent on the unique geometric structure of each
SWNT. When the incident photon energy is in resonance with the electronic transition
energy between the valence band and conduction band at van Hove singularities or very
special energy states, E;(d), the Raman signal becomes very large as a result of the
strong electron-phonon coupling which occurs between the electrons and phonons of the
nanotube under these resonance conditions. Note that resonance enhancement occurs
only in SWNTs due their quasi-one-dimensional structure. Multiwall nanotubes on the
other hand are more two-dimensional and hence their electronic band structures have no

van Hove singularities and therefore no resonance enhancement of the Raman spectrum.
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The so-called Kataura plot is obtained when calculated transition energies between the
van Hove singularities in the valence and conduction bands Ej; (dy), for all chiral SWNTs
(n, m) are plotted versus the SWNT diameters (Kataura, 1999). The Kataura plot has been
widely used to interpret the Raman spectra using different laser excitation energies from
currently-produced SWNT samples which contain a mixture of nanotube diameters and
chiralities. The plot is shown in Figure 2.8. To create the plot Kataura et al. measured the
optical absorption spectra of SWNTs and correlated them with band structure
calculations using the zone-folding method with the correlation given in Equation 2.4.
Scanning tunneling microscopy studies (Wilder, 1998) and tunable wavelength Raman
spectroscopy studies together with fluorescence measurements (Bachilo, 2002), showed

that the theoretical Kataura plot agreed with the experimental data

Cad

10,10

Energy Sepration {ev)

Nanotube Diameter (nm)

Energy (ev)

Black points are semiconducting tubes
Red points are metallic tubes

Figureure 2.8 (a) Electronic 1D density of states per unit cell for a metallic armchair
SWNT (10, 10). Van Hove singularities are the peaks and the gap between valence and
conduction band is shown. (b) Kataura plot for all (n, m) SWNTs, each circle denotes one
chirality. [Source: Kataura, 1999]
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Thus it can be inferred from the Kataura plot, that at an excitation of 632.8 nm (1.95 eV)
brings into resonance both semiconducting and metallic tubes in a typical SWNT sample.
In the spectrum, smaller diameter semiconducting SWNTs with resonant transition E)?
and larger metallic SWNTs with resonant transition E; M will be apparent. (In this work,
mostly 632.8 nm excitation is used).

Raman-active modes can be predicted by group theory for specified lattice
structure and symmetry, although, group theory selection rules indicate that there should
be fifteen to sixteen Raman-active modes in a single wall carbon nanotube, only six or
seven lines are experimentally observed because some of the lines have small scattering
cross-sections. A typical Raman spectrum for SWNTs is shown in Figure 2.9. The
spectrum has three important features namely, low frequency lines assigned to radial
breathing modes (RBM) of the nanotubes, intermediate frequency disorder-induced mode
due to defects and/or amorphous carbon on the nanotube sidewalls (D-peak), and a higher
energy tangential mode (G-peak). One should note that in G-peak region there is shoulder
also labeled as the G peak due to the breakdown of the degeneracy of the G mode in
graphite via roll-up of the graphene sheet. The Raman lineshapes are Lorentzian except

for the G™ peak in metallic, which has a Breit-Wigner-Fano lineshape due to electron-

phonon coupling.
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Figure 2.9 Raman spectrum for SWNTSs showing RBM, D-peak and G-peaks.
The RBM lines usually appear in the low frequency region, between 120 — 280 cm™ and
correspond to the atomic vibrations of the carbon atoms in the tube’s radial direction.
RBM line frequencies are diameter-dependent and can be use to determine the average

individual SWNT diameters following the relationship in Equation 2.7 (Rao, 1997).
d, =(238/ wrem)'*" 2.7

where wgpy (cm™) indicates the RBM peak position and d; (nm) is the diameter of the
nanotube. The D line is the second important feature. It indicates the disorder-induced,
defect bands at ~ 1300 cm™ for 632.8 nm laser excitation. Although it is usually referred
to as the disorder line no definitive studies have concluded that these features can be
attributed to kinks, heptagons and other defects on the tube walls. However, by empirical
observation between the D - peak and G - peak intensity ratio one can monitor the quality

of the SWNT sidewalls (Kataura, 2000). The G line similar in frequency to the main line
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in graphite is also referred to as the tangential mode because its C-C stretching
eigenvector is parallel to the tube axis. As pointed out earlier, a second lower frequency
G™ component is observed in SWNTs due to curvature-induced softening and removal of

the degeneracy of the C-C graphene mode.

2.4.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is one of the most versatile techniques available
for the characterization of carbon nanotubes. The primary reason for the usefulness is the
high spatial resolution that can be obtained. For typical scanning electron microscopes,
resolution on the order of 2 to 5 nm are possible, while advanced research instruments
have resolution less than 1 nm in the range where individual SWNTSs can be resolved.
One of the important features of the SEM is the three-dimensional appearance of the
specimen image, a direct result of the larger depth of field, as well as the shadow relief
effect of the secondary and backscattered electron contrast. In the case of SWNTs, itis a
good technique to check bulk yields as SWNTs form in bundles with diameters of about
15 nm. Alignment of nanotubes can also be studied using tilted SEM images. In this work
a LEO (Carl Zeiss) 1530 VP microscope was used at the Material Characterization
Laboratory of NJIT. Throughout the thesis SEM is extensively used to image catalyst
deposition and dispersion, as-prepared and purified tubes, tubes formed in-situ in metal

composites and on quartz template structures.
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2.4.3 Transmission Electron Microscopy (TEM)

TEM provides cross-sectional information of the sample with at near-atomic scale
resolution. In TEM a high energy monochromatic electron beam is accelerated towards a
thinned down, electron transparent sample and the transmitted portion of the electrons
and electron diffraction pattern are projected on to a phosphor screen. While in SEM
mainly topographical information is revealed, TEM is able to provide much detailed
information like number of sidewalls, defects such as kinks, density of catalyst particles,
bundles in case of SWNTs, different forms of carbon and information about the growth
mechanism if growth is performed in-situ in an environmental chamber (Sharma and
Igbal, 2004). We also used TEM to image the interface between the metal grains and the
nanotubes in metal-carbon nanotube composites. Most of the measurements were
performed using the TEM at NJIT [LEO 922 Omega EF-TEM]. For nanocomposites the
TEM observations were made at Rutgers University using a TOPCON 002B ultra-high
resolution TEM operated at 200 kV. The sample preparation varies and depends on the
physical state of sample. For bulk nanotubes, samples are typically sonicated in ethanol
or methanol and deposited on copper TEM grids with a holey-carbon layer. In case of
metal-nanocomposites the sample preparations are more complex and time-consuming,

and will be described in detail in Chapter 4.

2.4.4 X-Ray Diffraction

X-Ray diffraction (XRD) studies were performed to characterize the average structure of
the SWNTs and to determine the presence or absence of impurity phases in the SWNT
preparations and metal nanocomposites. The XRD patterns of purified SWNTSs show only

the (hk0) and (00l) reflections but no general (hkl) reflection was observed. Special
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studies have been suggested to study the (hk0) reflection; such studies support the
electron microscopy data of Murakami (1993). In this thesis, XRD studies were
performed to find the level of purity of the SWNT samples, particularly to determine if
the MgO catalyst support being used is washed away using dilute HCI after synthesis. In
the case of the metal-nanocomposites XRD was used to determine if different phases of
metal and carbon were formed during the growth of the SWNTs and MWNTs. All XRD
measurements were made using a Philips XRD diffractometer [PW3040, in the Materials

Characterization Laboratory at NJIT].

2.4.5 Mechanical Measurements

Information about enhanced mechanical properties for a composite reinforced with
nanotubes was obtained by making two kinds of investigations. Firstly, the Vickers
hardness measurements were conducted using a LECO micro-hardness tester (LM 700,
LECO Corp.). A load of 10 kgf (kilogram force) at ambient temperature with a dwell
time of 5 seconds was selected and an optical image of the indentation sites using a fine
pixel camera attached to the LM 700 micro hardness tester was obtained before and after
indentation. Secondly, stress-strain data were taken with an MTS servo hydraulic system
operated at a constant displacement rate so as to give a strain rate of about 0.00004/sec
(Wiegand, 1991). The data were taken in simple compression along the cylindrical
sample axis. Flow stress and work hardening coefficients were obtained from stress-strain
curves for the nanotube-iron composites and compared with similar data obtained from

the pristine reference iron pellets.
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2.4.6 Electrical Measurements:

It is important to understand the electrical properties of SWNTs that are subsequently
employed in devices. Understanding the conduction mechanism is also important in order
to obtain the desired properties of the fabricated device. As mentioned in previous
sections, the as-prepared bulk SWNTs are a mixture of metallic and semiconducting
tubes, thus, this investigation becomes more important. In the case of transistors made for
gas-sensing applications, we contact each tube with gold metal electrodes using e-beam
evaporated Cr/Au metal pads followed by current-voltage (I-V) measurements using a
LabView controlled set up. The measurement set up consisted of a current amplifier:
Keithley 428 (0.01 nA to 10pA), two multimeters: Keithley 2000 (-100 mV to 100 mV),
and two voltage sources Keithley 2400 meters (-20V to 20V). The details about the
laboratory-scale gas test set up and different types of electrical measurements will be

discussed in Chapter 5.
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Table 2.2 Compilation of Properties. All Values are for Single Wall Carbon Nanotubes

Unless Otherwise Stated

Equilibrium Structure

Average Diameter of SWNT's 1.2-1.4 nm
Distance from opposite Carbon Atoms (Line 1) 283 A
Analogous Carbon Atom Separation (Line 2) 2.456 A
Parallel Carbon Bond Separation (Line 3) J 2 245 A
3
Carbon Bond Length (Line 4) 1.42 A
[N—
4
C - C Tight Bonding Overlap Energy ~2.5eV
Group Symmetry (10, 10) Csy
Lattice: Bundles of Ropes of Nanotubes Triangular Lattice (2D)
Lattice Constant 17A
Lattice Parameter:
(10, 10) Armchair 16.78 A
(17, 0) Zigzag 16.52 A
(12, 6) Chiral 16.52 A
Density:
(10, 10) Armchair 1.33 g/em®
(17, 0) Zigzag 1.34 g/cm’
(12, 6) Chiral 1.40 g/cm®
Interlayer Spacing:
(n, n) Armchair 3.38A
(n, 0) Zigzag 341A
(2n, n) Chiral 3.39A
Optical Properties
Fundamental Gap:
For (n, m); n-m is divisible by 3 [Metallic] OeV
For (n, m); n-m is not divisible by 3 {Semi-Conducting] ~0.5eVv
Electrical Transport
Conductance Quantization (12.9k€2)!
Resistivity 10* Q-cm
Maximum Current Density 10" A/m®
Thermal Transport
Thermal Conductivity ~ 2000 W/m/K
Phonon Mean Free Path ~ 100 nm
Relaxation Time ~10"s
Elastic Behavior
Young's Modulus (SWNT) ~1TPa
Young's Modulus (MWNT) 1.28 TPa

Maximum Tensile Strength

~ 100 GPa



CHAPTER 3
SYNTHESIS OF CARBON NANOTUBES USING THERMAL CATALYTIC
CHEMICAL VAPOR DEPOSITION
3.1 Abstract
The primary objective of the work described in this chapter is the synthesis of single
walled carbon nanotubes (SWNTs). Thermally-induced catalytic chemical vapor
deposition (CVD) was utilized as a simple and cost-effective approach for producing high
quality SWNTs. The effect of growth parameters in a CVD system was investigated in
order to optimize the process. As-grown and purified SWNTs were characterized using
Raman spectroscopy, field emission scanning electron microscopy (FE-SEM), X-ray
diffraction (XRD), and transmission electron microscopy (TEM) to obtain structural and
purity information. It was found that nucleation and growth of SWNTSs occurred within a
few seconds of the introduction of the carbon source, carbon monoxide, resulting in the
formation of high quality SWNTs with a narrow diameter distribution in thin bundles.
The SWNTs synthesized comprised of only small amounts of amorphous carbon and
were grown using cobalt nitrate (as the active catalyst precursor) mixed with
molybdenum nitrate (the promoter precursor) and magnesium oxide as catalyst support,
at a temperature above 675 °C. These studies together with data on exit gas
concentrations of CO; formed during SWNT synthesis allowed the determination of a
simple kinetic model. This served as the basis for a large scale method for production of

SWNTs using thermal CVD in a fluidized bed reactor.
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3.2 Background on SWNT Synthesis
SWNTs can be synthesized using four methods, namely, arc-discharge (Bethune, 1993;
lijima, 1993; Journet, 1997; Ebbesen, 1992), laser ablation (Thess, 1996; Guo, 1995;
Yudaska, 1997), plasma-enhanced chemical vapor deposition (PECVD) and thermal
chemical vapor deposition (CVD) (Endo, 1995; Kong, 1998; Cassell, 1999; Hafner,
1998). The growth of carbon nanotubes takes place by a vapor-liquid-solid growth
mechanism. Carbon vapor generated from the carbon precursor diffuses into the catalytic
metal particles, leads to a liquification of the nanoparticles as indicated by the metal-
carbon binary phase diagram and finally the precipitation of a graphitic filament occurs at
saturation. In arc-discharge and laser ablation methods carbon precursors are generated
from graphite rod, whereas for CVD the carbon source is gaseous carbon monoxide,

ethanol vapor or a hydrocarbon gas, such as methane.

3.2.1 Synthesis of SWNTs by Arc Discharge

In the arc discharge method, carbon atoms are evaporated in plasma of helium gas when
an arc is ignited between the graphite anode and cathode as shown in Figure 3.1. Cg
fullerene is synthesized by a similar method, and lijima (1991) was the first to show that
multiwall carbon nanotubes (MWNTs) form on the cathode. Ebbesen and Ajayan (1992)
demonstrated the synthesis of bulk quantities of MWNTSs by this method. The as-grown
MWNTs were shown to have few defects such as heptagons and pentagons on the side
walls of nanotubes. Relatively large quantities of disordered carbons that form during
synthesis by this method can be removed by controlled oxidation; nevertheless the
oxidation process also removes a considerable amount of the nanotubes formed. For the

growth of SWNTs small amounts of catalytic metals (such as, cobalt and nickel) were
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placed inside holes machined into the graphite electrodes. Growth of SWNTs was
demonstrated for the first time by lijima (lijima, 1993) and Bethune et al (Bethune, 1993)
using cobalt as catalyst in the graphite rods. Later Journet et al (Journet, 1997) optimized
the arc-growth of SWNTs by utilizing 1 at % of yttrium and 4.2 at % of Ni as the
catalyst. Significant amounts of SWNTs were found in the web-like soot material
produced. The structure of these arc-grown SWNTs were found to be similar to that of
the laser-grown (see below) tubes which been shown to have a hexagonally close packed
bundled structure where the individual SWNTs are held together by van der Waals
interactions.

0%
Helium atmosphere,
400 mbar

Figure 3.1 Schematic of arc discharge apparatus used for nanotube growth. TEM cross-

sectional images for bundled SWNTs and 5-wall MWNTSs grown using this method.
[Source: lijima, 1993].
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3.2.2 Synthesis of SWNT's using Laser Ablation

In 1997 Smalley and coworkers demonstrated an alternative method for growth of
SWNTs at the gram scale. The laser ablation method (Figure 3.2) utilizes intense laser
pulses from typically two lasers impinging on the carbon target containing 0.5 at % of
nickel and cobalt. The target is placed in a furnace heated at 1200 °C. A flow of inert gas
(Argon) is introduced to carry the nanotubes grown to be collected on a cold finger
located downstream. The SWNTs produced were mostly in the form of hexagonally-
packed bl;ndles or ropes consisting of tens of nanotubes. Around 70% SWNTs compared
to about 50% SWNTs for the arc-method are produced by the laser process. By-products
of this process are similar to that of the arc-process and consist of graphitic polyhedrons
with enclosed catalyst metal particles, and small amounts of disordered carbon on the

SWNT sidewalls.

Figure 3.2 Laser ablation method to grow single walled carbon nanotubes.
[Source: Smalley, 1997].
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Both arc discharge and laser ablation involve the condensation of carbon atoms
generated by evaporation of graphite. The temperatures during growth are close to 3000 -
4000 °C and therefore these methods cannot be used to grow nanotubes directly on
device structures or allow the growth of arrayed nanotubes. Moreover, the volume
fraction of disordered carbon grown is rather high and scaled up production costs would
therefore be prohibitive. However, attractive features of both arc- and laser- grown
SWNTs due to their high growth temperatures, are the high degree of structural

perfection of their sidewalls and relatively narrow distribution of tube diameters.

3.2.3 Synthesis of SWNTs by Chemical Vapor Deposition (CYD)

The above-mentioned two methods have long been the principal techniques used for the
synthesis of SWNT. They both rely on evaporating carbon atoms from graphite at > 3000
°C, for short reaction times of the order of a few micro- to milli-seconds. The CVD
method on the other hand is a moderate temperature (700 - 1200° C) technique involving
relatively long reaction times, which can typically run from minutes to hours. Arc
discharge and laser ablation produce carbon nanotubes in the form of powders, whereas
CVD can be used to make nanotubes both on the flat substrates (Kong, 1998; Franklin,
2001; Homma, 2002, Seidel, 2003) as well as in powder form (Lacerda, 2004; Dai,
1996). It is a more versatile process, allowing control of length and orientation (Zhang,
2001; Huang, 2003), together with a limited control on diameter of the nanotubes (Li,
2001; Bachilo, 2003). Various CVD methods are available for nanotube growth, the
prominent methods include decomposition of carbon monoxide at high pressure widely
known as the HiPCO method (Nikolaev, 1999; Bronikowski, 2001), disproportionation of

carbon monoxide (Alvarez, 2001; Kitiyanan, 2000; Zheng, 2002), and a new method that
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is becoming prominent involving the use of alcohol CVD (Maruyama, 2002; Murakami,
2003). The CVD method can be used to make MWNTs (Delpeux, 2002) as well as
SWNTs, by varying the carbon source and growth conditions. Typically metal catalyst
particles such as Fe, Ni, Co, or Mo in powder form of their nitrate, acetate and molybdate
salts or on as coating on a substrate are heated to high temperatures under hydrogen and a
carbon feedstock in gaseous form is introduced into the reactor at 1 atm. for nanotube
growth. The experimental setup and the schematic for the CVD method used in this work
is shown ‘in Figures 3.3 a and b. The parameters that greatly influence the growth and
quality of the nanotubes produced are the choice of carbon feedstock, particle size and

dispersion of catalysts, growth temperature and pressure, and the gas flow rate.

a Quartz tube

Three
zone high

furnace

flask

Flow
meters

Bubbler

Figure 3.3 Experimental setup: a) photograph of the CVD setup used in this work, and
b) schematic for growth of SWNTs.
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Unsaturated hydrocarbon feedstocks, such as acetylene and ethylene have been
reported to give higher yields and decomposition rates compared to methane, CO and
alcohol. In addition, the latter gases give more ordered SWNT sidewalls. CO is also
known to give more ordered MWNTs with fewer walls. Therefore, gases like methane
and CO are mainly used for SWNT synthesis, whereas unsaturated hydrocarbon gases
like acetylene and ethylene are used for the production of MWNTs. MWNTSs can be
grown at significantly lower temperatures of around 500-700 °C since the carbon
feedstock fc;r MWNTs dissociate at these temperatures and less stringent conditions are
required for catalyst particle size. A major disadvantage of CVD grown MWNTs is their
high defect densities, most likely arising due to low temperature growth conditions,
which do not provide sufficient thermal energy to anneal out defects on the sidewalls.

SEM images of CVD grown SWNTs and MWNTs from the literature are shown in

Figure 3.4

Figure 3.4 SEM images from literature a) HiPCO b) CoMoCat.

3.3 Growth Mechanism for Carbon Nanotubes
The model originally proposed for the growth of carbon fibers (Baker, 1972) and silicon
whiskers (Wagner, 1964), widely known as the vapor-liquid-solid (VLS) model, has been

extended to understand the growth mechanism of carbon nanotubes (Saito, 1995). The
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VLS model schematically shown in Figure 3.5 can be explained in terms of the
dissociation of the carbon precursor molecule under the catalytic conditions provided by
transition metals. The metal nanoparticles provide the liquid phase by dissolution of
carbon, which decreases their melting points. The transition metal catalysts are chosen
because of the moderate solubility of carbon in the metals in the synthesis temperature
range. The dissolved carbon precipitates out of the metal particle as a tube after the metal
particle-carbon liquid is super-saturated. Nucleation and precipitation in the form of sp’-
bonded tubules occur in the colder regions of the particles. Tubule formation is favored
over that of other forms of carbon such as graphitic sheets with open edges, because the
energy gained by forming the closed tubular structure saturates the dangling bonds at the
edges of graphene sheets initially formed. SWNT growth ceases after the catalyst particle
is covered with amorphous or graphitic carbon layers, this prevents the diffusion of
carbon into the metal and also leaves no further nucleation sites. The catalyst size is also
an important factor. In the case of arc discharge and laser ablation methods the catalyst
particles are fragmented in the carbon plasma and therefore the growth conditions, such
as temperature, pressure and noble gas flow rate govern the particle size. Except for
methods like HiPCO involving floating catalyst growth, in most CVD methods the
catalyst particles are pre-synthesized from their precursor salts before nanotube growth.
The size depends on the ability of the metal particles to disperse on the support material.
For flat surfaces such as silicon and quartz wafers, it is highly desirable to use dispersing
and immobilizing agents like polymers to create uniform and monodisperse catalyst

layers. The Therefore the ability of transition metal catalysts to form nanotubes depends
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on several factors, such as their binary phase diagram with carbon, formation of

metastable metal carbides and interaction of the catalyst with the support material.

Figure 3.5 VLS model for carbon nanotube growth: a) porous support particle with
embedded catalytic metal nanoparticles, b) carbon diffusion resulting in nucleation sites,
c) carbon precipitates as nanotubes at super-saturation, and d) poisoned catalyst particle
covered with graphitic carbon layers cutting off nanotube growth.

Two mechanisms have been observed for the growth of carbon nanotubes as
shown in Figure 3.6. One mechanism involves bottom growth, where the catalyst particle
is at the bottom of the tube and attached to the support material. In the second mechanism
(referred to as tip growth) the catalyst particle is lifted up by the growing nanotube and
attached to the tip while nanotube growth continues from the tip down. The type of
growth involved is governed by the interaction between the metal catalyst particle and
support material. Contact angles between the particle and support determine the strength
of the interaction. For example, a large contact angle between the two results in a weak

interaction and tip growth is favored, whereas small contact angles result in strong

interaction and leads to bottom growth. In most cases bottom growth has been observed
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for SWNT synthesis by CVD although tip growth has also been reported. MWNTSs have
been found to grow by similar mechanisms.

For bulk growth of SWNTs in the powder form a greater interaction of metal
particle with the support material is desirable. A high surface area and large pore volumes
are required specifically for the support material to contain sufficiently large numbers of
well-dispersed catalyst nanoparticles. In addition, the metal particles must remain
immobilized within the pores of the support material in order to withstand high
temperatures without significantly growing in size by Ostwald ripening. The
agglomeration and growth of the catalytic metal particles generally lead to the formation
of MWNTs and in some cases large bundles of SWNTs. The most commonly used
support materials are silica, alumina, zeolites and magnesium oxide. Substrates used for
nanotube growth are: Si wafers, silica and quartz wafers.

Pl

Metal / /
Support Support

s

CcO

C C

B |

Figure 3.6 Schematic of the two mechanisms for the growth of SWNTs; a) base growth,
where carbon atoms or carbon dimers deposit at the support, and b) tip growth where
carbon atoms or dimers deposit from the tip down.
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3.4 Comparison of Key CVD Methods for Bulk SWNT Production

3.4.1 High Pressure Carbon Monoxide (HiPCOQO) Synthesis of SWNT's

Commercially viable quantities of SWNTs using the high pressure catalytic
decomposition of carbon monoxide referred to as the HIPCO method was developed at
Rice University by Smalley’s group (Zheng, 2002; Nikolaev, 1999). Iron pentacarbonyl
[Fe(CO)s] an organometallic precursor that decomposes at high temperatures in the gas
phase to iron particles is used to catalyze the synthesis. SWNTs then grow by the
disproportionation of carbon monoxide to carbon via the following reaction which is also
known as the Boudouard reaction:

2CO(g) « C(s)+CO2 ()

Since the reaction is reversible it is driven to the right by higher pressures (~30-100 atm).
Also relatively high temperatures (near ~1050 °C) are used. Gas-phase iron
pentacarbonyl decomposes rapidly above 300 °C (Nichllos, 1973) whereas the
disproportionation reaction occurs at a significant rate only at temperatures above 500 °C
(Renshaw, 1970). Thus, the rate at which the gas mixture is heated through the
temperature range of 300—500 °C determines the outcome of this process. In addition, CO
and Fe(CO);s are initially kept at a low temperature using a water-assisted injector and
allowed to heat up rapidly on introduction into the reaction chamber. Carbon monoxide
as a carbon source is more stable than unsaturated hydrocarbons. It also produces very
little disordered carbon at the growth temperatures used. This also limits the overall
conversion rate to carbon and as mentioned above the reaction rate is increased by high
temperature and pressure. Using this method a SWNT growth rate upto ~450 mg/hour

with a purity of about 75~80 %, can be achieved. A TEM image of SWNTs grown using
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this method is shown in Figure 3.7. Because of the need to remove large amounts of
catalyst metals, the price of SWNTs synthesized by this method is relatively high.
SWNTs produced and purified by Carbon Nanotechnologies Inc of Houston, TX can be

currently obtained at a price of $500/gm.

Figure 3.7 TEM image for a bundle of SWNT synthesized using the HiPCO method
[Ref: sample obtained from CNI and observed at NJIT, TEM facility].

3.4.2 Cobalt Molybdenum Catalytic Chemical Vapor Deposition (CoMoCat)
Method using Carbon Monoxide for Synthesis of SWNTs

CoMoCat is a chemical vapor deposition method developed by Resasco et al. (Alvarez,
2001; Kitiyanan, 2000) for the synthesis of SWNTs. A bimetallic Co-Mo catalyst
embedded in SiO; (silica gel) support was used. The catalyst was prepared using a wet
method which involved soaking the support material with solutions of cobalt nitrate and
ammonium heptamolybdate to achieve the desired atomic ratio of the catalytic metals.

Carbon monoxide was used as the carbon source and the synthesis was carried out at a
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temperature range of 600-800 °C and the pressure between 1 atm and 5 atm. This method
is relatively more economical than the HIPCO method; however, the use of silica support
makes its removal more difficult. This method can also be used to grow SWNTs on
silicon wafers, quartz and zeolites. Both randomly oriented tubes and vertically aligned
tubes have been grown using this method on flat silicon wafers. High flow rates are
necessary to grow the vertically aligned SWNTs. In addition to the work of Resasco et al,
growth of SWNTs by carbon monoxide CVD using different substrates have also been
reported by other groups (Dai, 1996; Plojnes, 2002; Zheng, 2002).

3.43 Carbon Monoxide Chemical Vapor Deposition (CO-CVD) Method for
Synthesis of SWNTs

This method was developed and optimized in the course of this work. Here SWNTs were
synthesized in powder form using carbon monoxide as the carbon source and MgO as the
catalyst support material. A detailed parametric study of the various factors influencing
the growth of the SWNTs was performed. Specifically the effects of catalyst type,
bimetallic catalyst composition, growth temperature, and flow rate and partial pressure of
the carbon source, were investigated. The growth process consisted of three stages,
namely: catalyst preparation, catalyst calcination and reduction, and finally, SWNT
growth.

Catalyst preparation: The catalysts were prepared by a wet mixing and
combustion synthesis method (Patil, 1993; Tang, 2001). Magnesium nitrate hexahydrate
[Mg(NO3).6H,O], cobalt nitrate hexahydrate [Co(NO;).6H;O], ammonium
heptamolybdate [(NH4)¢M070,4.4H,0] and citric acid (all from Sigma Aldrich) were

mixed with enough distilled water to form a clear solution. Part of the solution was
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poured into quartz or ceramic boats and fired for 5-10 min. at a temperature of 550-560
°C in a pre- heated furnace resulting in a fine creamy powder which was ground further
using a mortar and pestle. Catalyst/support oxides in different atomic ratios MgO(;x.
yyCoxMo, were obtained. In a second approach to obtain larger quantities of catalyst for
fluidization experiments, a simpler protocol for making the catalyst/support combinations
were used. An aqueous solution of Co:Mo in a 1:4 ratio was mixed with magnesium
oxide (MgO) (Sigma Aldrich) powder of 20 um size and citric acid, followed by
calcination at a temperature of 150 °C in large ceramic trays. The powder was then sieved
using a 500 pm mesh and further annealed to remove moisture because water can act as a
weak oxidant.

Calcination and reduction: The calcination and reduction of the catalyst was
performed using a microprocessor controlled three-zone (Applied Tests Systems Inc.),
horizontal tube furnace, Desired amount of catalyst/support precursors were placed in
quartz boats and covered with Toray® carbon paper. The catalyst was calcined by heating
to 500 °C for a period of 30 min. under ambient pressure. This step converted the nitrate
and molybdate salts into their respective oxides. The setup was pumped (GE, % HP) to
107 torr before the reduction step and backfilled with hydrogen (Spectra Gases Inc,
research grade) to atmospheric pressure. The temperature was maintained at 500 °C for a
period of 35 min. and a flow rate of 100 sccm (standard cubic centimeters per minute).
For the fluidized bed experiments less than 5 % H; mixed with nitrogen (N,) (Matheson,
ultra high purity) was used for safety reasons as the reduction gas. Hydrogen is known to

form a combustible mixture with air in the 4% to 74 % range with an auto-ignition



42

temperature of 571 °C. These experiments should be conducted with great care and
approval from the Safety Department of the institution should be obtained.

Nanotube growth: After pumping out the hydrogen in the last stage, the
temperature was raised to 600-850 °C and the system was backfilled with flowing CO
(Matheson, 99.9 % research grade) at atmospheric pressure and flow rates between 100-
1000 sccm. The growth conditions were maintained for a period of 1-30 min. System
was then filled with flowing argon (Matheson, research grade) and allowed to cool after
each run.

Purification: As-prepared samples were treated with 4-6 M HCI (Sigma Aldrich,
36 % by vol.) and mixed well using a magnetic stirrer for 45 min. to 1 hour in order to
remove the MgO support and catalytic metals. The solution was then vacuum-filtered and
the solids deposited on the filter paper (Millipore, PTFE 47 mm dia, 0.1 pum pore size)
was allowed to dry and used for further analysis. In addition, the nanotubes obtained from
the filter paper were suspended in water using a non ionic surfactant, Triton-X100
(Supelco) and again vacuum-filtered. After drying in ambient conditions a free standing
nanotube sheet or paper was obtained. In order to remove the amorphous carbon
remaining after the acid treatment a limited oxidation step was carried out using water
vapor as oxidant. A small amount of water was placed in the first zone of the furnace and
argon was used as the carrier gas. The nanotube paper or powder sample was placed in
third zone and oxidation was performed at 450 °C. TGA (Hata, 2004) data have shown
that the oxidation temperature of SWNTs takes place well above 450 °C while for

amorphous carbon is removed in the 300 — 450 °C temperature range.
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3.5 Results and Discussion

3.5.1 Effect of Catalyst Composition

A total of six different compositions were used to grow SWNTs while keeping all other
variables, such as synthesis temperature, flow rates, carbon source and growth time,
constant. As described in the experimental section the catalyst was prepared in various
atomic percent combinations with MgO as the common support material. All the
calculations were performed based on a starting material comprised of 3 gms of MgNO;
Six combinations were used: 1) Mog osMg0Oq.9s, 2) Co.05sMg0p 95, 3) C0p.01M00.01Mg0¢ 98,
4) C00.01M00.02Mg00.97, 5) C00.01M00.04Mg00 95, and 6) Cog9sM0g01MgOo.4. The Raman
spectra displayed here are divided into the radial breathing mode (RBM) region below
1000 cm™” and the tangential mode (TM) region around 1600 cm for the above-

mentioned catalysts and are shown in Figures. 3.8 (a-f) and 3.9 (a-f), respectively.
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Figure 3.8 Raman spectra using 632.8 nm laser excitation in the radial breathing mode
region for nanotubes prepared using catalyst compositions: a) Mo only, b) Co only, ¢)
Co:Mo 1:1, d) Co:Mo 1:2, e) Co:Mo 1:4, and f) Co:Mo 5:1.



Intensity (a.u)

45

1318/1568 1587
a

Mo On Co only
] \l Y i P 1683 =
::'MMW\ ranse ] 1540

1 900 |
s w] 1294 \

0 0ee “a
0 2008
180 ]

o] 8]

1000 1200 ™ 1508 1988 w00 1888 1208 1400 1500 éﬁ M :1&2
s 1578 —» Co:Mo (1:1) -y d 1581 _, 0:Mo (1:2)
3000 | 108 ]
wa] 1299 1541 o]

3008 ] . :
z000 ] e
1000 | m

108 ]

.T ¥ LA ¥ . L1 L 1 L 1t

1800 1288 1000 150 oMo (12 1208 188 1500 é:Mo (gl:)
30000 - . == : :
25000 1676 v - f 1872
20008 1 1639 =1 1300 1525
13000 - - J E Y
10080 1304 o
5000 4 - 4

a4 a4

1000 1208 188 188 1800 2088 988 2 1288 2 1K a0e 1860 2000

Raman Shift (cm-1)

Figure 3.9 Raman spectra using 632.8 nm laser excitation in the disorder and tangential
mode region for catalyst compositions: a) Mo only, b) Co only, c) Co:Mo 1:1, d) Co:Mo
1:2, ¢) Co:Mo 1:4, f) Co:Mo 5:1.

The SEM images of the samples prepared using the above-mentioned catalyst

combinations are shown in Figure 3.10.

From the Raman spectra in Figures 3.8 (a) and 3.9 (a) for samples prepared using

just Mo as catalyst,no RBM and TM features are observed indicating that SWNTSs are not

formed. The Raman spectra in Figures 3.8 (b) and 3.9 (b) for samples prepared using Co

alone as catalyst indicate significant growth of SWNTs. The observed RBM line at 279

cm’' corresponds to the presence of SWNTs with an average individual tube diameter of
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0.84 nm (calculated using Equation 2.7). SWNT-specific TM features at 1545 em™ (G
peak) and 1581 cm™ (G* peak) are also clearly observed. The presence of relative few
RBM lines indicates a narrow diameter distribution of the SWNTSs formed using Co alone
as catalyst. However, the monometallic cobalt catalyst particles have no regular shape as
evident from the SEM image in Figure 3.10 (b), where a random distribution with
irregular shape and size of the metal particles can be observed. As molybdenum is mixed
with cobalt to form bimetallic catalysts; the Raman spectra shown in Figures 3.8 (c-f) and
Figures 3.9 (c-f) for ratios 1:1, 1:2, 1:4, 5:1 show clear features of SWNTs in both the
RBM and TM frequency regions, respectively. The peak positions for each catalyst
combination, calculated diameters from the RBM peaks and the ratio of intensity of the D
to the G* peak are listed in Table 3.1. The SEM images in Figures 3.10 (c-¢) show
monodispersed catalyst particles when molybdenum is equal to or in excess of cobalt
metal, for example, in the 1:1, 1:2, 1:4 Co:Mo ratios, respectively. However, when cobalt
metal is in excess as in case of 5:1 Co:Mo ratio, the catalyst shape and size become
random. In addition, from Figure 3.11, a plot of the ratio of the intensities of the disorder
line (D) and tangential mode (G") line ~ I(D)/I(G") gives an indication of the purity (and
hence the quality) of the SWNTs prepared. The lower the value of this ratio the better is
the average quality of the nanotubes synthesized. The lowest value of I(D)/I(G") = 0.090
is observed in case of samples prepared using a Co:Mo ratio of 1:4 indicating that this
catalyst combination has the highest selectivity towards SWNT growth. Based on the
Raman data, it is concluded that molybdenum acts as a promoter and cobalt acts as the

active catalyst for SWNT growth. In addition, introduction of molybdenum makes the
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bimetallic catalyst particles spherical and monodisperse, and thus more ideal for
engineering studies related to scaled SWNT production.

Table 3.1 Raman Peak Positions, Calculated SWNT Diameters and Ratio of D/G” Line
Intensities

Co:Mo | RBM SWNT | Dpeak | TM peaks(cm™) | D peak G'peak [ I(DYV(G") | Yield
Peaks | Diameter | (cm™) intensity | intensity
(cm™) (nm) (a.n) (a.u)
G G"
0:1 | No peak N/A 1318 | 1568 | 1587 790 691 1.143 0
1:0 279 0.84 1294 | 1540 | 1583 2497 11712 0.213 1
1:1 249 0.95 1299 | 1541 | 1578 1653 5573 0.297
277 0.85 6.3
122 276 0.85 1313 | 1550 | 1581 594 768 0.773
75
1:4 240 0.99 1304 | 1539 [ 1576 2497 27775 0.090
276 0.85 10
5:1 180 1.35 1300 | 1525 | 1572 1110 2691 0412 [12to
267 0.88 18

The yields defined in terms of the weight of carbon deposited (after purification)
to the total weight of starting catalyst for the various combination ratios, are listed in
Table 3.1. However, one must note that this yield corresponds to the total carbon
deposited and not only just SWNTs. Later in this study it will be shown using a simple
EDX image analysis how different forms of carbon segregate. In addition, from the
binary phase diagrams shown in Figure 3.12 for C-Co and Co-Mo the catalyst phase
favorable for SWNT growth and the carbon adsorbed by the active cobalt catalyst can be
determined. From Figure 3.12 (a) it can be seen that carbon dissolves in the a-phase of
Co metal in the 700° -1000 °C temperature range. It is also observed from Figure 3.12 (b)

that the Co present in the catalyst composition at a temperature of 550-560 °C is in the B
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phase. However, at the nanotube growth temperature of around 700 °C, $-Co converts to
a-Co in the presence of Mo. Under these conditions around 10 % (atomic) ~ 10 % (by
weight) Mo is dissolved in cobalt whereas, around 1 % (atomic) ~ 0.17 % (weight) of
carbon can dissolve in cobalt under the same conditions. This concentration of carbon in
cobalt can be considered to be supersaturated - it represents the concentration at which
carbon begins to precipitate out in the form of SWNTSs. Elemental analyses by EDX was
performed in order to confirm the distribution of catalyst over the support. In Figure
3.13, the ratio of Co:Mo agrees well with the composition desired over the entire surface
scanned as shown in Figure 3.13. The table at the bottom left of Figure 3.13 lists the

elemental weight and atomic percentages.
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Figure 3.10 SEM images for as-prepared SWNT samples prepared over different
catalysts: a) Mo only, b) Co only, ¢) Co:Mo 1:1, d) Co:Mo 1:2, e) Co:Mo 1:4, and f)
Co:Mo 5:1.
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Figure 3.13 SEM image and EDX elemental analysis for the Co:Mo 1:4 catalyst.

3.5.2 Effect of Growth Temperature
Nanotubes were grown at five different temperatures while keeping all other variables
such as, catalyst composition, carbon source, CO flow rate, and growth time constant.

The Co:Mo catalyst in ratio of 1:4 shown in Figure 3.13.was used to study the effect of
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temperature. Key experimental conditions listed below were maintained at constant
values in order to avoid deviation from experiment to experiment.

e Constant total flow rate of reactant gases was maintained at 500 sccm.

¢ Constant amount equal to 0.03 gm of catalyst was used in every run.

e Catalyst used throughout the studies was prepared in a single large batch (for
example, a master batch of 3-5 gms of Co:Mo 1:4 catalyst was prepared for the
studies reported here).

The optimum flow rate required for the CO; sensor (Rosemount Analytical model 880A)
is 500 sccm (controlled using a CO mass flow meter: Sierra Instruments range 0- 2
L/min) as described in the manufacturer’s manual. 0.030 gm of catalyst was found to
grow enough nanotubes for Raman, SEM and TEM analyses. For XRD measurements
single nanotube synthesis experiments were conducted to obtain the 500 mg of nanotubes
needed. The CO, sensor which was equipped with a 2-point calibration system, it was
calibrated with CO, gas diluted with argon. Figure 3.14 shows the exit concentration of
CO, at different deposition temperatures collected over 30 minutes. It can be observed
that as the deposition temperature is increased the CO, formation increases and
consequently the formation of carbon deposited also increases following the Boudouard
reaction [2CO (g) <« C (s) + CO; (g)]. The Raman spectra shown in Figure 3.15 for
samples prepared at 650, 700 and 750 °C clearly show that the most optimum
temperature for nanotube formation is 700 °C. Nanotube growth probably begins at 650
°C since very weak Raman scattering can be observed with no distinct peaks in RBM
mode region. However, as the temperature is raised to 700 °C, RBM lines with peaks at
214 and 222 cm™ corresponding to 1.12 and 1.08 nm diameter SWNTs can be observed.

As the temperature is raised further to 750 °C, the RBM line intensities decrease but it is



53

not clear whether a majority of the tubes formed are single-or multi-walled. Another
possibility is that at higher growth temperatures the smaller diameter SWNTs are
destroyed, and the RBM lines of the larger diameter nanotubes remaining lie at
frequencies below the approximately 150 cm™ lower limit of the Raman system used in

! associated with

this study. At lower temperatures the Raman line near 1300 cm’
disordered carbon is more intense due to the formation of amorphous carbon and/or
defects on the nanotube sidewalls. With increasing growth temperature the intensity of
the 1300 cm™ line decreases due to the greater crystallinity of the nanotube sidewalls.
The I(D)/1(G") ratio values for samples prepared at 650, 700 and 750 °C are 0.539, 0.160,
0.129, respectively. The carbon yield calculated on a weight basis as defined earlier
matches well with the exit gas concentration measurements. A representative calculation
for 700 °C is shown in Table 3.3. Cumulative amounts of carbon deposited (Cc) in moles
at the end of 30 minutes is 0.00026775 mol, which is equivalent to 0.00321 gms of
carbon deposited with 10.7% of starting catalyst/support material (0.030 gm). The
amount of carbon recovered after acid purification is about 0.0030 gm which is 10 % of
the starting catalyst/support material (shown in Table 3.2 for 700 °C, where the balance

used could measure the weight only to 3 decimal places - more accurate values would be

measurable with a more sensitive balance).
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Figure 3.14 Exit CO; gas concentration at different SWNT deposition temperatures.

Table 3.2 Raman Peak Positions, Calculated SWNT Diameters and Ratio of D/G"
Intensities at Different Growth Temperatures

SWNT Dpeak G'peak
Temperature RBM Peaks Diameter D peak intensity  intensity
°C (cm™) (nm) (cm™) TM peaks (cm™) (a.u) (a.u) KDYI(G") Yield
G G*
650 No peak N/A 1301 1543 1581 1373 2547 0539 6
700 214 1.12 1305 1550 1580 805 5019 0.160 10
222 1.08
750 210 1.14 1317 1542 1580 451 3504 0.129 13.33

230 1.04
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Figure 3.15 Raman spectra with 632.8 nm excitation for SWNTs prepared using Co:Mo
1:4 catalyst at: a) 650 °C, b) 700 °C, and c) 750 °C.



56

Table 3.3 Estimates of Carbon Deposition using CO; Exit Gas Concentrations at 700 °C

Temp 700 °C

Time (min)

o

0.5

W NNNDNNMNNDNDDNNDNDNONS DO aQQ@QQAaaA
CORPTYONBERON A OOOINDNADNVN APV RWON =

Conc. vol %
CO,
0
0.2
0.18
0.16
0.13
0.1
0.1
0.09
0.08
0.08
0.07
0.07
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

Pcoy(atm)
0
0.00998
0.008984
0.007987
0.006492
0.005494
0.004995
0.004496
0.003997
0.003997
0.003498
0.003498
0.002998
0.002998
0.002998
0.002499
0.002499
0.002499
0.002499
0.002499
0.001999
0.001999
0.001999
0.001999
0.001999
0.001999
0.001999
0.001999
0.001999
0.001999
0.001999
0.001999

Pco(atm)
1
0.99002
0.991016
0.992013
0.993508
0.994506
0.995005
0.995504
0.996003
0.996003
0.996502
0.996502
0.997002
0.997002
0.997002
0.997501
0.997501
0.997501
0.997501
0.997501
0.998001
0.998001
0.998001
0.998001
0.998001
0.998001
0.998001
0.998001
0.998001
0.998001
0.998001
0.998001

X

499.002
499.1016
499.2013
499.3508
499.4506
499.5005
499.5504
499.6003
499.6003
499.6502
499.6502
499.7002
499.7002
499.7002
499.7501
499.7501
499.7501
499.7501
499.7501
499.8001
499.8001
499.8001
499.8001
499.8001
499.8001
499.8001
499.8001
499.8001
499.8001
499.8001
499.8001

X*vol%CO;
0
0.998003992
0.898382911
0.798722045
0.649156097
0.549395665
0.4995005
0.449595364
0.399680256
0.399680256
0.349755171
0.349755171
0.299820108
0.299820108
0.299820108
0.249875062
0.249875062
0.249875062
0.249875062
0.249875062
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032
0.199920032

Cc (mol/time)
0
4.45537E-05
4.01064E-05
3.56572E-05
2.89802E-05
2.45266E-05
2.22991E-05
2.00712E-05
1.78429E-05
1.78429E-05
1.56141E-05
1.56141E-05
1.33848E-05
1.33848E-05
1.33848E-05
1.11651E-05
1.11551E-05
1.11551E-05
1.11651E-05
1.11551E-05
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06
8.925E-06

Cc (mol)

0
2.22769E-05
4.01064E-05
7.13145E-05
8.69405E-05
9.81064E-05
0.000111496
0.000120427

0.0001249
0.000142743
0.000140527
0.000156141
0.000147233
0.000160618
0.000174003
0.000156172
0.000167327
0.000178482
0.000189637
0.000200792
0.000169575

0.0001785
0.000187425

0.00019635
0.000205275

0.0002142

0.000223125
0.00023205
0.000240975

0.0002499

0.000258825
0.00026775

SEM images for the SWNTs deposited at 650-750 °C are shown in Figure 3.16 a-

f, respectively. No nanotubes were found in the sample grown at 650°C and only sparse

growth was observed for a sample prepared at 675 °C. 700 °C was found to be the

optimum temperature both with regard to nanotube growth and stability of catalyst

particle size. As the growth temperature was further increased to 725 °C and 750 °C, the
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SEM images from the samples show significant growth of nanotubes but the catalyst
particles appear to be randomly oriented. In addition, the Raman spectra show low RBM
line intensities for samples grown at higher temperatures suggesting that the nanotubes

are bundles of thin MWNTs and not SWNTSs.

200nm

Figure 3.16 SEM images of as-prepared SWNTs at different temperatures: a) 650 °C, b)
675 °C, c) 700 °C, d) 700 °C, e) 725 °C, and f) 750 °C.
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3.5.3 Effect of CO Flow Rate

In order to investigate the influence of the carbon monoxide flow rate on the SWNT yield
and purity, the flow rates were varied within the range of 500 sccm to 1000 sccm. The
flow rate was controlled using a Sierra Instruments mass flow meter, with a range of 0-2
L/min. Once again all other conditions such as, 100 % CO as carbon source, 0.030 gms of
Co:Mo (1:4) catalyst, growth temperature of 700 °C, deposition time of 30 minutes, and
atmospheric pressure, were maintained constant. Figure 3.17 shows typical Raman
spectra obtained from the as-prepared SWNTs for flow rates of 500, 600, 700, 800, and
1000 sccm. The Raman spectra of the SWNTs indicate no shift or change in peak
positions as a function of CO flow rate. Also, the ratio for D to G" line intensities
remains essentially the same for all the flow rates. However, it can be observed that the
SWNT line intensities are highest for a flow rate of 700 sccm and is consistent with the

exit CO;, gas concentration data shown in Figure 3.18. The peak positions of 213 and 251

cm~ correspond to average SWNT diameters of 1.13 and 0.94 nm, respectively.
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Figure 3.17 Raman spectra obtained with 632.8 nm laser excitation of as-prepared
SWNTs using different flow rates.
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There is no observable change in the RBM peak positions at flow rates between 500 to
1000 sccm suggesting that at higher flow rates the SWNT diameters can be controlled
within a narrow range. As discussed earlier, low flow rates produce SWNTSs with smaller
diameters corresponding to RBM peaks at 240 and 276 cm™ for the same growth
conditions. From Figure 3.18, the exit CO, gas concentrations are almost the same for
CO flow rates of 700, 800 and 1000 sccm. There is a shift in the equilibrium
concentration from 0.03-0.04 vol% to 0.16-0.17 vol% when the CO flow rates are
changed from 600 to 700 sccm. This can be attributed to the increase in rate of removal
of carbon dioxide at higher flow rates; therefore the reverse Boudouard reaction slows
down and leads to a shift in the equilibrium. This suggests that at higher flow rates a
higher conversion of CO to SWNTs can be obtained. From the experimental data shown
in Figure 3.18 and following the calculation shown in Table 3.3, the carbon yields after
30 minutes on a weight basis for different flow rates of 500, 600, 700, 800 and 1000 sccm

at a temperature of 700 °C are 10.7, 48.14, 59.90, 68.46, 80.23 %, respectively.

< %2 —+—500 SCCM
R —8—600 SCCM
S o1 —&— 700 SCCM
8 —2— 800 SCCM
& 01 —O0— 1000 SCCM

0.05

Time (min)

Figure 3.18 Exit CO; gas concentration data at different flow rates.
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3.5.4 Effect of Initial Partial Pressure of CO

In order to investigate the effect of a diluted carbon precursor feed. Experiments were
conducted by maintaining all other parameters constant while changing the volumetric
flow ratio of carbon monoxide to argon, so as to have initial partial pressures of CO (Pco)
0f 0.2, 0.4, 0.6, 0.8 and 1 atm. Figure 3.19 (a-e) show representative Raman spectra for as
prepared SWNTs after a growth time of 30 minutes under these conditions. From Figure
3.19 (a) at Pco = 0.2 atm, SWNT growth is observed as indicated by the appearance of
weak RBM lines. For samples prepared at Pco of 0.4 atm and above, relatively intense

RBM and TM lines as shown in Figure 3.19 (b-e).
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Figure 3.19 Raman spectra using 632.8nm excitation at different initial partial pressures
of carbon monoxide: a) 0.2 atm, b) 0.4 atm, ¢) 0.6 atm, d) 0.8 atm, and e) 1 atm.
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As the CO pressure is increased the peak position of RBM line varies indicating changes
in the SWNT diameters. This was not the case when SWNTs were prepared as a function
of the CO flow rate. The RBM line peaking at 210-214 cm™ corresponding to a SWNT
diameter of ~ 1.1 nm was found consistently in most of the samples. XRD and TEM
studies discussed in section 3.5.5 below reveal a similar diameter distribution. An EDX
study (Figure 3.20) was also conducted to find the number of active catalytic sites
(cobalt) occupied by the carbonaceous species after deposition. The maps for cobalt and
carbon on the samples are shown in Figure 3.20. The EDX measurement conditions:
working distance of 9 mm, constant area and time for scan of 300 sec and energy of 6
keV, were kept constant. The statistical quantitative analyses data from the images
obtained are listed in Table 3.4. Irrespective of the change in partial pressure from 0.2
atm to 1 atm of CO, the catalyst sites occupied was found to be in the range of 80-85%.
These two observations are critical for the scale up, as non-diluted higher flow rates of
CO would not be safe to use. In the fluidized bed scheme for the same reaction, the H;
and CO feed is diluted with N; both in the reduction and deposition stages, respectively.

Table 3.4 An Estimate of Catalytic Site Occupation as a Function of Inlet CO Pressure
from Corresponding Images Shown in Figure 3.20

Initial CO pressure | Total no. of Sites Occupied Percentage
P, (atm) catalytic sites (green | (green dots covered | occupation
color dots) by red dots)
0.2 46 38 80.00
0.4 71 58 83.33
0.6 6 5 81.70
0.8 45 36 82.61
1.0 148 126 85.13
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Figure 3.20 EDX maps showing distribution of cobalt catalyst (green dots) and carbon
(red dots) at different inlet pressures of carbon monoxide used.

3.5.5 Purification

An XRD study was done primarily to investigate the efficiency of the purification
method used to remove the support/catalyst (MgO/Co-Mo) from as-prepared SWNTs.
The diffractograms (Figure 3.21) are plotted both as x-ray intensity versus 20 and Q (A™)
= 4nSin6/A and shown for as-prepared and purified samples. The data show that MgO
reflections are not observed for the purified sample (Swanson, 1953). In addition, from
the XRD patterns for the purified samples in the region below Q < 2A™ four peaks at 0.98,

1.18, 1.3, and 1.8 A are observed consistent with the 2D triangular lattice of SWNT
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bundles as reported in earlier studies (Thess, 1996). A small, sharp peak at 1.85 A is
close to the graphite (002) position. The reflection at Q = 0.43 A™ could not be observed
since the diffractometer used cannot resolve small angle reflections. Also, from the (110)
reflection at 20 = 77.25° (Figure 3.21) d;; = 12.4 nm can be calculated using Bragg’s
equation. Therefore for a bundle of 10 SWNTs arranged in a hexagonal packing, an
individual SWNT diameter of 1.1 nm can be estimated (Bandow, 1997) which is
consistent with the average individual tube diameter obtained from the Raman and TEM
data.

The TEM images of as-prepared and purified SWNTs grown on MgO are shown
in Figure 3.22. From the TEM image in Figure 3.22(a) it can be seen that only small
amounts of amorphous carbon are present. The support material MgO can be seen at the
top left and bottom of the image while catalyst particles are dispersed on the nanotube
bundles and MgO. The image in Figure 3.22 (b) shows that HCI purification has removed
all the MgO support consistent with the XRD data in Figure 3.21; however, small
amounts of amorphous carbon and catalyst particles attached to the SWNTs still remain.
The TEM images therefore show that these purified samples are comprised of thin
bundles of SWNTSs compared to HIPCO SWNTSs, which form larger bundles of 20-100
nanotubes (see Figure 3.7). In order to remove residual amorphous carbon that cannot
dissolve in HCI, a partial oxidation procedure was conducted. TGA data show that
SWNT oxidation occurs at 600 °C in air (Hata, 2004). SWNTSs were therefore partially
oxidized using water (a weak oxidant) through which flowing argon at 300 sccm was
bubbled over SWNTs maintained at a temperature of 450 °C. Amorphous carbon has

been reported to oxidize in air at 300 °C. The TEM image from a weakly oxidized sample
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shown in Figure 3.22 (c) indicate defect free walls with very few catalyst particles
attached mainly to the tips. The average diameter of the SWNTs is ~1.1 nm, consistent
with the Raman and XRD data discussed earlier. Figure 3.23 shows an over all
comparison of SWNTs obtained by CO-CVD, CoMoCat, and the HiPCO processes based

on TEM images and Raman spectra taken from corresponding samples.
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Figure 3.21 XRD diffractograms: on top as prepared SWNTs with catalyst and support,
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Figure 3.22 TEM images of SWNTSs: a) as-prepared with catalyst and support, b) after
HCI acid purification, and c) after partial oxidation.
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Figure 3.23 Comparison of TEM images and Raman data for purified CO-CVD,
CoMoCat [Source: Kitiyanan, 2002], and HiPCO [from Carbon Nanotechnologies Inc]
processes.

3.5.6 Kinetic Model for SWNT Deposition

Chemical vapor deposition (CVD) is a critical process in the microelectronics industry
since one of the key steps in chip-making is the deposition of different semiconductors
and metals on the surface of a chip. This step is typically achieved by CVD. In this
section the CVD reaction mechanism for SWNT deposition will therefore be discussed in

some detail. A number of CVD reactors have been studied in the past, such as barrel

reactors, boat reactors, and horizontal and vertical reactors, to study reaction kinetics. In
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this study a boat reactor is used where a small amount of catalyst is placed in ceramic or
quartz boats inside the reaction chamber. A model to develop the rate law of the catalytic
reaction that is not diffusion-limited is presented. Since, at low pressures there is a large
increase in the diffusion coefficients, surface reactions are more likely to be rate-
controlling than the mass transfer.

The reaction of interest is the Boudouard reaction involving the decomposition of
two molecules of gaseous CO to form one molecule of gaseous CO; and a carbon atom in
solid C.

The overall Boudouard reaction is:

2C0(g) = C(s)+COy(g) 3.1

A model depicting the sequence of steps in the cobalt-catalyzed Boudouard reaction is

shown in Figure 3.24 below.

co,

c{-"i' + omc’ G C
Y, S/ )/ i/ \

Adsorption Surface reaction Precipitation

Figure 3.24 Schematic showing the sequence of steps in reaction-limited catalytic
deposition of SWNTs.

In Figure 3.24 the dashed lines show the formation of a complex with the catalytic site,
whereas solid lines show the bonding of a molecule to the catalytic site. The model can

be represented by the following reaction steps:

CO(g)+S :ﬁ CO.S Adsorption of carbon monoxide on the cobalt surface (3.2)

COS+CO(g) :V—_.’—‘ CS+CO, Surface reaction to form adsorbed carbon and
carbon dioxide in the gas phase (3.3)



CS—55C(s)+S

where,

Precipitation of carbon out of the cobalt surface

k; is the rate of the forward adsorption reaction

k; is the rate of the backward adsorption reaction
k3 is the rate of the surface reaction

k4 is the rate of the forward precipitation reaction
ks is the rate of the backward precipitation reaction

Units for reaction constants (mole/atm min)

The proposed mechanism is based on the following assumptions:
1. The adsorption and surface reaction which leads to desorption of CO; reactions
rapidly approach equilibrium.

2. Precipitation of carbon is rate-limiting. This is the classic Eiley-Rideal
mechanism where reaction between an adsorbed molecule and a gas phase
molecule takes place.

Therefore,

Or,

And

R, =kP,[S]-k[COS]=0
R, =k FolCOS] -k, [CSIFy, =0
R,. =k][C.S]

k, -k _[COS]
k, FeolS]
k, _[CSIE,

K =% _L1-"1c
“ "% [COSIE,

The site balance is given by:

where,

S, =[S]+[CO.S1+[C.S]

S, = Total number of initial catalytic sites
S = Available sites for reaction at any given time
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34

3.5)
(3.6)
(3.7

(3.8)

3.9)

(3.10)

CO.S = Sites occupied by CO to form an intermediate complex

C.S = Sites occupied by C atoms to form a complex

The rate-limiting is the precipitation reaction
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Therefore,

R =R = dCc = kSIc.vttrI(zzd.s'l)CO2 SO

pre 4 2
dt Feo, Feo

14K, Py +K_K

sur**ads
Co,

(3.11)

Where, R, is the rate of precipitation and is equivalent to rate of formation of carbon R..

Kaas and K, decreases with increasing temperatures. Therefore at high temperatures it is

2
Feo

co,

a good approximation that 1> K _, ., +K_, K

sur” *ads

Therefore,
dC. K._.P,S

Rpre - Rc = [ reaction” CO ~o (3.1 2)
dr (I::Ommal - PCO)

Considering that the total number of initial sites is equal to 100 % or 1 in the beginning

2
Rpre = Rc = dCc = Kreacu’onPCO (313)
dt (Pcomma -k CO)
Therefore,
t P 2
C. = [Krnaoin 52—t (3.14)
0 (Pcomma/ -k co)

Thus, carbon deposited is first order with respect to the concentration of carbon

monoxide.

The experimental data agrees well with the above model as shown by the linear
dependence of the plot of the carbon deposited (C,) against time (t) in Figure 3.25. In
Figure 3.26 the carbon deposited (C.) is plotted against (Pcoz/(Pco,»,,,»,ial . Pcg))xt, at

different initial carbon monoxide partial pressures (Pcoinitar)-
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Figure 3.25 Plot of carbon deposited (C,) vs time (¢),
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Figure 3.26 Determination of Kesion by plotting the carbon deposited (Cc) vs
(Pco’/(Pcoiniial - Pco) Xt.

From Figure 3.26 the K,eqcion values at different Pcoinis can be determined as slopes of

the plots after linear regression. The Kjeacion Values are listed in Table 3.5.
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Table 3.5 Kinetic Coefficients at Different Inlet Carbon Monoxide Pressures

Peointiar (atm)  Kresction (Mole/atmxmin)  |(D)//(G™)

0.2 SE-08 0.584
04 6E-08 0.279
0.6 4E-07 0.395
0.8 5E-07 0.475

1 7E-07 0.159

It is important to note that so far the model reports the formation of carbon and as
well as SWNTs. In order to segregate the amorphous carbon to form SWNTs, the
reaction equation can be multiplied by the I(D)/I(G") ratio which is a measure of the
selectivity towards nanotube formation. The I(D)/I(G+) ratios of intensities obtained from
the Raman data (Figure 3.19) are listed in Table 3.5. It was already noted from earlier
observations that the number of catalyst sites occupied by the carbonaceous species is
independent of the initial partial pressure of CO. Therefore if fresh catalyst is fed into the
reactor, the kinetics does not depend on past history and can be treated separately, where
a decay or selectivity coefficient can be multiplied by the rate equation.

Therefore,

t 2
C=— — [K eccion __fo’ 4 (3.15)
I(D)/ I(G ) 0 (Pcomiual _PCO)

3.6 Fluidization Bed Reactor for Scale up of SWNTs
In the previous sections it was concluded that SWNTs can be selectively synthesized with
the diameter controlled in a narrow range of flow rates using Co:Mo (1:4) catalyst
supported on MgO at 1 atm of pure CO feed at a temperature of 700 ° C. It was also
observed that as the CO feed is diluted with an inert gas the rate of formation of

nanotubes decreases with a minimum at a CO partial pressure (Pcoinitia) Of 0.2 atm. This
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condition is not favorable for the production of SWNTs. However, for safety reasons
pure CO cannot be used at high flow rates in a typical laboratory environment. In this
section, an initial study using some of the findings from the small scale reactor will be
used to demonstrate the formation of a large batch of nanotubes in a cost effective
manner. As mentioned earlier in the experimental section, the catalyst/support
preparation procedure was somewhat modified in order to make the larger quantities
required to achieve the required depth of the bed.

There are very few reports in the literature regarding the use of a fluidized bed
system to synthesize carbon nanotubes and most are limited to MWNTs (Wang, 2002;
Weizhong, 2004; Mauron, 2002). Production of fine particles such as carbon nanotubes is
a challenging task in the field of powder technology research. Initial experiments in this
study were carried out on the MgO powder of -325 mesh, which is equivalent to 44 pm
and below. Before choosing the size of the MgO particles, the particle size distribution of
the optimized catalyst was carried out using a Beckman Coulter LS series particle size
analyzer in order to understand the relative size distribution of the catalyst that is largely
constituted of MgO (> 95 %). Figure 3.27 shows that the particle size distribution of the
MgO support varies from 2 pm to 1000 um with the highest volume fraction of particles
having sizes of 20 and 300 pm. The mean particle size observed is 143 um. The large
variation in particle size indicates the formation of agglomerates. It is very important to
understand catalyst/support particle size distributions scale up issues. Since all the
calculations for fluidizing the bed depends on a nominal particle size, the loss of particles
due to entrainment can be estimated by knowing the volume fraction of particles smaller

than the mean size present in the bulk catalyst/support powder. In addition formation of
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agglomerates is favorable for reduction in loss due to entrainment, at the same time it

increases the difficulty of fluidizing the whole bed uniformly.

T ] T l T T l ' 1 DL I I ) 1] I N [ ] ¥ L) ]
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Particle Diameter (um)

Figure 3.27 Particle size distribution of Co:Mo/MgO catalyst/support in ratio of 1:4
Co:Mo/MgO.

The -325 mesh MgO powder was further sieved using 500 um pore sieve (35
mesh) to retain all the agglomerates and remove larger chunks of particles. A 2 inch
quartz tube with a ceramic gas distributor (pore size 40 um) at the bottom was used to
determine the minimum fluidization velocity required. Figure 3.28 shows a plot of the
pressure drop versus the flow of N;. The experimental minimum fluidization velocity
was found to be between 0.033 m/sec, which is equivalent to 4 liters/min with tube cross

section area of 0.00202 m>.
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Figure 3.28 Plot of pressure drop versus nitrogen flow.

Calculation for minimum fluidization velocity

Using the Ergun equation for pressure drop in packed beds (McCabe, 5™ ed. 1993)

APg, _150pVo(1-5 1.750V0 (1-¢)

3.16
L ¢.D,’¢’ ¢,D,¢’ (19

where,

AP is the pressure drop

2. is the acceleration due to gravity
4 is the viscosity of gas phase

D, is the particle diameter

V, is the superficial velocity

¢ is the void fraction

p is the density of gas phase

pp is the density of particle,

all in SI units.

In the case of incipient fluidization a quadratic equation is obtained:

1504V ou (1-2,,) | 1.7V ous

= - 3.17
#D,%. 4Dz, g(pp—p) (3.17)
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where the subscript M refers to a minimum value. For very small particles, only the

laminar flow term of the Ergun equation is significant. Also for spherical particles the
void fraction &), is 0.40. Therefore, for particle Reynolds number, Ng. p < 1, the above

equation reduces to

174 g(pp_p)3M3 2 2
Vo = =———"4_¢ °D 3.18
oM ISOﬂ(I—SM) ¢s P ( )

For a particle size of 143 pm, 4 liter/min of volumetric flow rate (experimental
data), nitrogen gas density of 1.256 Kg/m?, and viscosity of 0.0180, Ni.,» is equal to 0.33

using the following equation:

Ngep = DeFp (3.19)

]

Therefore minimum fluidization velocity (VQM ) for this case using Equation 3.18 is
0.028m/sec.

The velocity equivalent of the volumetric flow rate of 4 liter/min with the cross
section area of the tube = 0.002025 m?, is 0.032 m/sec. Therefore, the experimentally
observed velocity (0.032 m/sec) is slightly higher than the calculated velocity of 0.028
m/sec. It suggests that the particulate forms bigger agglomerates than that indicated by
the particle size distribution. This is possible because MgO is known to be hygroscopic at
ambient conditions. In addition, while determining size the particle size distribution the
particles are sonicated resulting in de-segregation. Figure 3.29a shows a photograph of
the fluidized bed experimental setup used in this work and Figure 3.29b shows a

schematic of the scale up process.



76

a
Exhaust\ 2 inch quartz tube b

Catalyst

\Mu

Temperature

Fumace

Ar »
Gases co+
Hz >
Flow
Controllers
Mass flow Catalyst bed

Temperature Controller ~ Ceramic gas distributor

Figure 3.29 Experimental setup for scaled-up SWNT synthesis: a) photograph of the
fluidized CVD setup used in this work. Note color of the catalyst/support bed which is
white, and b) schematic for growth of SWNTs using fluidized bed CVD.

For the experiment carried out a 110 gm batch of catalyst/support was introduced
into the reactor tube resulting in a bed height of 10.5 cm. The bed fluidized uniformly to
a height of 13.5 cm and a bubbling type of fluidization was observed. As the gas flow
was increased the bed height remained uniform suggesting that the expansion of the bed

comes from the space occupied by gas bubbles. Photographs of the fluidized bed

experiment are shown in Figure 3.30.
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Figure 3.30 Photographs of fluidized bed during a run; a) before flow of gases bed height
is 10.5 cm; and b) after gas flow bed height is 13.5 cm. Note darkening of
catalyst/support bed due to carbon deposition.

SEM and Raman analysis were conducted on the samples after fluidized CVD
deposition clearly indicating the formation of SWNTs but at low yields. It is likely that
the low yields are due to the lowered concentrations of CO used in this run due to safety
considerations and use of a reducing gas environment with low H; concentrations. Figure
3.31 (a) is a representative SEM image obtained from the as prepared sample and Figure
3.31 (b) is from a purified sample. Due to the relatively large amount of MgO and low
SWNT yield, it was very difficult to observe SWNTs in the as prepared sample.
However, after briefly cleaning (1 hr) with 4M HCl, SWNTs were easily visible. A

Raman spectrum from the purified tubes is shown in Figure 3.32, where features for the

SWNTs can be clearly observed in the RBM and TM regions of the spectrum.
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Figure 3.31 SEM images of SWNTs from fluidized CVD run: a) as prepared SWNTs, b)
Acid purified SWNTs.
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Figure 3.32 Raman spectrum obtained with 632.8 nm laser excitation for purified
SWNTs synthesized using a fluidized bed reactor.
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3.7 Conclusions
The carbon monoxide chemical vapor deposition (CO-CVD) method was developed and
optimized for the production of SWNTs in a scalable manner. Two furnaces, one a
horizontal furnace with a small scale boat type reactor and another, a large-scale vertical
furnace with a fluidized bed reactor, were set up and characterized for nanotube growth.
A Co-Mo/MgO catalyst/support system was studied and it was found that Co is the
effective catalyst while Mo acts as co-catalyst or promoter for nanotube growth. It was
also observed that if Co, is present in excess of Mo, the catalyst becomes random in
shape and size. Spherical monodisperse catalyst of composition Co:Mo in the ratio of 1:4
with the remaining comprised of MgO as catalyst support, was found to be most effective
for nanotube growth. The optimum conditions for growth of SWNTs using the small
scale reactor were determined in this study. It was observed that nanotube growth
initiates at a temperature of 675 °C and above, and the most optimum temperature is
around 700 °C. The I(D)/I(G") ratios associated with the intensities of the disorder and
graphitic lines of the SWNTs, respectively, determined from the Raman data, confirmed
this observation. From Co-Mo-carbon phase diagram it was inferred that the Co catalyst
converts from the B to the a-phase at the nanotube growth temperature in the presence of
Mo, and 1.7 wt % carbon is needed to supersaturate the catalyst metals. Purification of
SWNTs was carried out using 4-6 M HCI and thin bundles of very high quality SWNTs
were observed with transmission electron microscopy. XRD data revealed complete
removal of MgO support after HCI purification. Yields of 10% by weight of SWNTs
were obtained in these small scale experiments. As the flow rate was increased the exit

CO; gas concentration data revealed a shift in equilibrium suggesting that higher yields
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can be obtained with increasing flow rates. It was found that the partial pressure of CO
above 0.2 atm is needed for nanotube growth; however, the percentage occupation of
catalyst sites did not vary with the partial pressure of CO. A rate limited kinetic model
with precipitation as the rate limiting step in conjunction with the observed experimental
growth was proposed and fitted well with the experimental data. The SWNT formation
reaction was observed to follow first order kinetics. An initial scaled up experiment
carried out in a fluidized bed using the large-scale vertical furnace showed the formation
of SWNTs but at low yields probably due to the relatively low concentration of CO used
due to safety considerations. More detailed optimization of the scaled up process would
therefore be necessary and will be carried out later in the group using a safer

experimental set up.



CHAPTER 4

METAL-CARBON NANOTUBE COMPOSITES

4.1 Abstract
The primary objective of the work described in this chapter is the fabrication of metal-
nanotube composites. Catalytic chemical vapor deposition method is used to infiltrate
metal pellets with SWNTs/MWNTs. Two carbon precursors namely, carbon monoxide
and acetylene are used for the synthesis of SWNTs and MWNTS, respectively inside the
metals. Catalysts used in this study are acetates and nitrates of cobalt, iron, and
molybdenum. Either individual metals or and in some cases bimetallic mixes of the above
mentioned metals are used. To monitor the growth of nanotubes and metal-carbon phases
the composites are characterized using Raman spectroscopy, FE-SEM, TEM, XRD, and
EDX. Vickers hardness numbers and stress-strain curves are obtained to characterize the
mechanical properties of the composites formed. We found that the yield strength of iron-
carbon nanotube composites shows substantial enhancement up to 45% with ~ 1 wt % of
infiltrated SWNTs, relative to that of similarly treated pure iron samples without carbon
nanotubes of the same piece density. The work hardening coefficient and the Vickers
hardness coefficient (74% and 96% for the SWNT- and MWNT- reinforced composites,
respectively) are also significantly increased in these composites relative to the reference
samples. In order to avoid the formation of iron carbide, a carbon feed comprised of a
mixture of acetylene and carbon monoxide is used. A reaction mechanism supporting the
observed carbide-free growth of nanotubes is also presented in this chapter. The same
fabrication-infiltration technique was extended to other metal matrices, such as copper

and aluminum.
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4.2 Overview of Composites

Many technologies require materials with unusual combinations of properties that cannot
be provided by conventional single phase metal alloys, ceramics and polymers. This is
needed more so in the case of aerospace, underwater, construction and transportation
industries. A composite in the currently understood context, is a multiphase material that
is artificially fabricated in contrast to thermodynamically stable single phase metals or
alloys. In addition, the constituent phases must be chemically dissimilar and separated by
a distinct interface. Metallic alloys and ceramics are single phase structures and therefore
do not fit this definition. Composites are fabricated made by various combinations of
metals, ceramics and polymers. Examples are ceramic-polymer and ceramic-metal
composites. Most composites are fabricated to create improvement in properties, such as
stiffness, toughness, ambient and high temperature strength, and thermal and electrical
conductivity. A composite material is composed of at least two phases: one is referred to
as the matrix, which is continuous and surrounds the other phase, often called the
dispersed phase. The resultant properties are a function of concentration of constituent
phases, structural alignment of the dispersed phase and the interface between the two
phases.

Composites can be classified based on the matrix material, the dispersed phase
used, and the composite properties. A simple classification based on the architecture of
the dispersed phase is discussed below and presented in Figure 4.1. The three main
branches of this classification are particle-reinforced, fiber-reinforced and structural
composites. Each branch can be subdivided further into two categories. In particle-

reinforced composites, dispersion strengthening can be achieved if the dispersed phase is
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equiaxed (i.e., the particle dimensions are approximately the same in all directions); in
continuous fiber-reinforced composites alignment is determined by the aspect ratio o
(ratio of the length to diameter) of the fiber. Structural composites involve combinations

of homogeneous and composite materials into arrayed architectures.

Composites
Particle- Structural
reinforced Fiber-
l reinforced
Sandwich
Large Dispersion ' | Laminates
strengthened panels
particle Comtinous Discontinous
(sligned) (shory

Figure 4.1 A classification scheme for the various composite types on the basis of the
geometry of the dispersed phase.

The present work is based on reinforcing a metal matrix with carbon nanotubes, which
can be perceived as long fibers with very small diameters as discussed in the
Introduction. In addition, technologically, the most important composites are those in
which the dispersed phase is in the form of a fiber. As can be noticed from the
classification in Figure 4.1 fiber-reinforced composites can be divided into two categories
on the basis of fiber length. The mechanical properties of such composites depend mainly
on two characteristics other than the properties of the fiber itself. Firstly, the length to
diameter ratio of the fiber, and secondly the orientation and concentration of the fibers

dispersed in the matrix. The degree to which an applied load is transmitted to the fiber
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also depends on the interfacial bond between the fiber and matrix and for this purpose a
critical fiber length is necessary for effective strengthening and stiffening of the
composite material. This critical length /. is dependent on the fiber diameter d and its
ultimate (or tensile) strength O'Tﬁ and on the fiber matrix bond strength 7. (or the shear

yield strength of the matrix, whichever is smaller) given by the Equation:

_ o"fd
Y

4

le

@a.1)

For glass and carbon fiber-matrix combinations, this critical length is on the order of 1
mm, which is between 20 to 150 times the fiber diameter. When a stress equal to g’y is
applied to fiber with critical length /., the stress position profile is as shown in Figure 4.2
a, i.e., maximum fiber load is achieved at the center of the fiber length. As the fiber
length increases the fiber reinforcement becomes more effective; this is demonstrated in
Figure 4. 2 b, where / > I. and the applied stress is equal to the fiber strength. In the case
of I < I, the resultant stress position profile is shown in Figure 4.2 c. A fiber with / >> [,
normally 15/, is referred to as continuous, and is discontinuous when the fiber length is
smaller than this. Discontinuous fibers mainly constitute particle-reinforced fibers.

Table 4.1 Common Fillers and their Respective Aspect Ratios

Form Size Fabrication route Examples
d 1
Monofilaments 100-150 o CVD SiC, Boron
pm
Multi-filaments | 7-30 pm o Precursor stretching, Pyrolysing: Carbon, Glass,
melt spinning Nicalon™, Keviar
Short Fibers 1-10 ym ] 50-5000 | Spinning of slurries or solutions, safﬁ]m’ Kaowool,
pm heat treatment Fiberfi ™
Whiskers 0.1-1 ym ]5-100 um|  Vapor phase growth/reaction SiC, Al2O3
Particulates 5-20 pm | 5-20 pm [Steel making byproduct: refined ore;{SiC, Al203, B4C, TiB2
sol-gel processing etc.
Carbon Nanotubes | 1-100 nm © CVD; Arc-discharge: Laser ablation| SWNTs, MWNTs




85

a b
M‘m‘ m‘
applied load applied load
®» [ ]
® ®»
® ®
& &
= k2 —+— k2 — |— te2— —te2—
1 1
1 ] : =
I=lc I> e
c
Maximum
applied load
-4
®
&
Position
I<lc

Figure 4.2 Stress position profiles when fiber length (a) / is equal to critical length /., (b)
1 is greater then critical length /. and (¢) / is less than the critical length /. that is

subjected to a tensile stress equal to the fiber tensile strength a'f
[Source: Callister, (2002). Materials Science and Engineering an Introduction, 6™ Ed. John Wiley & Sons,
Inc. New York, pp.536]

For spheres, which have minimal reinforcing capacity, the aspect ratio a equals to
unity. In designing new composites with reinforcing fillers, the process aim is to have
fillers with high aspect ratio, improved compatibility and interfacial adhesion. A useful

parameter to characterize the effectiveness of filler is to relate the area to volume ratio
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(4/V) with the aspect ratio. Thus, maximizing 4/V and particle-matrix interaction through

the interface requires a >> I for fibers and 1/a << I for platelets as shown in Figure 4.3.
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Figure 4.3 Surface area to volume ratio, 4/¥, of a cylindrical particle versus aspect ratio
a=ld

[Source: McCrum, (1997). Principles of Polymer engineering, 2™ Ed. Oxford University Press, New York,
Pp.242-245)

The orientation or arrangement of fibers within the matrix and relative to each
other is another important factor in determining bulk mechanical properties. With respect
to orientation two extremes are possible: (1) A parallel alignment of the longitudinal axis
of the fibers in a single direction; and (2) Randomly oriented fibers throughout the
matrix. In the case of metal- carbon nanotube composites, we will mainly focus on the
second type i.e., randomly oriented nanotubes (dispersed phase) in the metal (matrix
phase) because in this work we were able only to fabricate composites of this type. Figure

4.4 illustrates the direction and dispersion of carbon nanotubes within the matrix.
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Figure 4.4 (a) Parallel aligned continuous fibers in a metal matrix (b) randomly oriented
fibers in a metal matrix.

4.3 Background for Metal-Carbon Nanotube Composites
Carbon nanotubes, which have high length to diameter ratios, are capable of imparting
toughness and strength to polymer, ceramic and metallic composites (Curtin, 2004; Igbal
& Goyal, 2005). Theoretical modeling (Lier, 2000; Sanchez-Portal, 1999, Hernandez,
1998; Lu, 1997; Yakobson, 1997) and experimental measurements (Treacy, 2002; Wong,
1997; Salevtat, 1999; Krishnan, 1998) have demonstrated that carbon nanotubes have
high stiffness and strength, high electrical and thermal conductivity, and are capable of
sustaining high elastic strain. Carbon nanotubes have been incorporated in polymer and
ceramic matrices (Flahaut, 2000; Siegel, 2001; An, 2003; Balazsi, 2003; Zhan, 2003;

Zhan, Kuntz, & Garay 2003; Wang, 2004) to provide improved mechanical properties.
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However, only sparse results are available for carbon nanotube-metal composites, with
no improvement in mechanical properties reported so far. Unfortunately, materials
fabrication difficulties have limited research on carbon metal-carbon nanotube reinforced
composites. One of the key issues is to achieve uniform dispersion of nanotubes in the
matrix without damaging or destroying the crystalline structure owing to the high
temperatures and highly reactive environments needed for the production of metal
matrices. Mainly powder processing methods have been used to form ceramic and metal
composites (Flahaut, 2000; Siegel, 2001; An, 2003; An & Lim, 2002; Balézsi, 2003;
Zhan, 2003; Zhan, Kuntz, & Garay 2003; Yang, 2004; Wang, 2004). The large aspect
ratio of the tubes makes it difficult to obtain a good dispersion between the two phases
before subjecting the mixture to sintering or hot pressing. However, some progress has
been made in achieving dispersion of small amounts of nanotubes in metals by utilizing
conventional milling techniques. Kuzumaki et al. (1998) fabricated aluminum composites
using 5 and 10% by volume of pre-synthesized arc-grown multi-wall carbon nanotubes
(MWNTs) by hot press and hot extrusion methods. TEM observations revealed no
formation of carbides along the interface of metal and nanotubes after annealing at
temperatures of 873-983 K. However, there was no significant change observed in
mechanical strength. Yang and Schaller (2004) prepared MWNT/magnesium composites
by gas pressure infiltration of liquid magnesium into a porous array of nanotubes and
investigated their damping characteristics; but no improvement relative to damping
characteristics of conventional metal matrix materials was observed. However, a 20 %
increase in shear modulus at high temperatures was reported for a magnesium composite

reinforced with 25 %-SAFIL® (a short synthetic polyglycolic acid fiber) coated with
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nanotubes and compared to magnesium reinforced with 25 %-SAFIL® fibers. This
suggests the possibility of weak bonding between the magnesium matrix and the carbon
nanotubes. When SAFIL® fibers along with small amount of carbon nanotubes are used
the shear modulus at high temperatures is further enhanced because of increased bond
strength between magnesium and the carbon nanotubes. Flahaut er al. (2000) fabricated
carbon nanotube-iron-Al,O3; composites by hot-pressing in-situ formed carbon nanotubes
using a H,-CH,4 mixture as the carbon source. A very good dispersion of nanotubes can
be achieved by in-situ growth of the nanotubes on the powder. However, the carbon
nanotubes made using this process are damaged during the high temperature (1500-1600°
C) processing step used and disordered carbon layers precipitate at the grain boundaries.
The nanotubes therefore do not provide an increase in mechanical strength. Goh et al.
(2006) also used a powder metallurgy technique to reinforce a magnesium matrix with
0.3 wt % carbon nanotubes. The results show improved thermal stability and an increase
of 0.2 % in yield strength, ductility and work of fracture (point of rupture for composite
under compression or tensile load, expressed as integral under the stress-strain curve).
Aluminum-carbon nanotube composites have also been studied both for
improvement in mechanical [George, 2005; Zhong, 2002; Tang, 2004;] and electrical
properties (Xu, 1999). In all the methods mentioned above powder metallurgy techniques
have been used to mix pre-synthesized carbon nanotubes in various volume percentages
with metals or ceramics. George at al. used ball milling to mix the nanotubes with
aluminum powder of 200 mesh size and compacting it at a load of 120 kiloNewtons. The
billets formed were then sintered at a temperature of 580 ° C and finally extruded at about

the same temperature. An increase in Young’s modulus of 12-23 % for 0.5 % to 2 %
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MWNT loading, respectively was reported. However, no observations were made for
carbide formations in this study. Zhong et al. (2002) also utilized a powder mixing
method to form nano-aluminum/carbon nanotube composites by compacting at 1.50 GPa
at room temperatures followed by consolidation at a pressure of 1 GPa at 280 — 460 ° C.
They reported an increase in hardness at 380 ° C of about 178 %. Utilizing a method
similar to that of Zhong et al. (2002), Tang et al. (2004) reported a decrease in coefficient
of thermal expansion by as much as 65 % with 15 vol % addition of nanotubes to
aluminum. Xu et al. (1999) reported a slight increase in electrical resistivity with
increasing amount of nanotubes by hot pressing a mixture of nanotubes and aluminum
powder; however, the process used resulted in the formation of an aluminum carbide
phase.

The above-mentioned observations of the lack of substantial increases in
mechanical strength in metal composites with nanotube loading are probably related to
the use of methods involving physical incorporation of pre-synthesized nanotubes into
the metal matrix, which results in very little bonding of the nanotubes to the metal matrix
required to mechanically support the structure. Also, the formation of different metal-
carbon phases in optimal quantities may be required to impart ﬁn'ther improvement in
mechanical properties. In this study we report on a fabrication strategy to directly grow
the nanotubes inside the metal matrices by chemical vapor infiltration in pellet forms of
metals. The nanocomposites investigated in this work are: iron-SWNT, iron-MWNT, and

aluminum-MWNT.
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Table 4.2 Mechanical Properties of Commonly Used Filler Materials: Comparison with
Carbon Nanotubes [Source: Askeland, 1989]

Tensile Modulus of Melting  Specific  Specific
Density sirength  elasticity  Duciility temp. modulus strength
Material (g/cm’)  (GPa) (GPa) (%) CC)  (10°m) (10°m)
E-glass 2.55 34 7.4 47 <1725 290 14
S-glass 2.50 45 86.9 52 <1725 35 18
Si0, 2.19 5.9 2.4 8.1 1728 338 274
ALO, 3.95 21 380 055 2015 9.86 53
Zr0, 4.84 2.1 340 062 267 7.26 4.3
Carbon 1.50 5.7 280 2.0 3700 188 19
(high-strength)
Carbon 1.50 1.9 530 036 3700 363 13
(high-modulus)
BN 1.90 14 %0 1.6 2730 4.78 7.4
Boron 2.36 34 380 089 2030 164 12
B.C 2.36 23 480 048 245 209 9.9
SiC 4.09 2.1 480 044 2700 12.0 5.1
TiB, 4.48 0.10 Ss10 002 298 1.6 0.3
Be 1.83 128 300 0.4 1277 19.7 7.1
w 19.4 4.0 410 098 3410 22 2
Polyethylene 0.97 2.59 120 22 147 124 27.4
Kevlar 1.44 4.5 120 38 500 881 257
ALO; whiskers 396 21 430 49 1982 1.0 53.3
BeO whiskers 2.85 13 340 38 2550 123 41.0
B,C whiskers 2.52 14 480 2.9 2450 195 56.1
SiC whiskers 318 21 480 44 2700 154 66.5
Si;N, whiskers 3.18 14 380 3.7 — 12.1 4.5
Graphite 166 21 703 3.0 3700 43 128
whiskers

Cr whiskers 7.2 8.90 240 3.7 1890 3.40 12

400450

350-400

Note: In the category Melting Point the temperatures given for nanotubes are the
respective oxidation temperatures.

Table 4.3 Mechanical Properties of Metal Matrices that can Potentially be Reinforced
with Carbon Nanotubes

Youngs Tensile

Material | Density | Modulus | Strength
Ty cm’® a Mpa
Steel 16 210 676

Titanium 45 83 241
Aluminum 2.8 70 468
CFRP 1.5 140 2500

CNT 1.3 1,200 50,000
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4.4 In-situ Synthesis of Metal-Carbon Nanotube Composites

A detailed study for the various factors influencing the growth of carbon nanotubes in a
metal matrix to form a composite has been performed. Specifically, the effects of carbon
precursor, type of catalysts, bimetallic-catalyst ratio, pelletization pressure, time for
growth, and powder or pellet from of metal matrix has been investigated. The growth
process mainly consists of three main stages: firstly, catalyst precursor preparation and
loading in a metal matrix, secondly reduction of precursor to metal under hydrogen
environment, and thirdly nanotube growth using different carbon sources. The metal
matrix pellets with carbon nanotubes were characterized using Raman spectroscopy, field
emission-scanning electron microscopy (FE-SEM), energy dispersive X-ray analysis
(EDX), X-Ray diffraction (XRD) and high-resolution transmission electron microscopy
(HRTEM).

The nanotubes were grown using chemical vapor deposition method using a 2.54
cm quartz tube reactor placed in a high temperature furnace controlled externally by a
three point microprocessor controlled temperature unit (Applied Systems Inc. three point
temperature controller). The high temperature furnace is capable of reaching 1200 °C, a
mechanical pump by manufactured by GE with % horse power was used to attain a
vacuum of 10° Torr. Carbon monoxide (Matheson, 99.9 % research grade), acetylene
(99.6%) and ethanol vapors (100% purity especially from Fischer) were used as the
carbon source. Iron acetate (Aldrich, 99.995%), iron/cobalt acetate (Aldrich, 99.995%),
iron/molybdenum acetate (98%), iron pthalocyanine (Aldrich ~90%), ferrocene (Fluka,
>98%), and nanosized iron powder, were used as catalysts or catalyst precursors. Metal

matrices were formed from: iron powder (Sigma-Aldrich, 99.9 + %) of -325 mesh size
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corresponding to 20 um particles, aluminum powder (Sigma-Aldrich ~99%) particle size
of ~ 20 pm, 20-50 nm size coated aluminum powder was obtained from ARDEC,
Picatinny and an alloy of aluminum 1060 A (Reade Advanced Materials) with 0.01% of

iron content were used in this study.

4.4.1 Catalyst Loading
The nanotube growth process depends on the type of catalyst used. Below is the list of
methods used for introducing catalyst or catalyst precursors into the metal matrices:

1) Acetates: 0.01 — 0.03 wt % iron acetate, cobalt acetate and molybdenum acetate
were dissolved in ethanol.. Typically in 15 ml of ethanol solution weighing about
14 gms, 0.00135 — 0.00405 gms of acetates were added and sonicated. Three
different catalyst precursor solutions were obtained in this manner: iron acetate,
iron-cobalt acetate (1:1 ratio), and cobalt-molybdenum acetate (1:1 ratio) all
dissolved in ethanol. Few drops of the solution were used to soak either the metal
powder or a pellet formed from the metal powder.

2) Ferrocene: Ferrocene powder was mixed with iron powder of 20 um size and
compressed to form pellets. In this method during the high temperature synthesis
of nanotubes ferrocene pyrolyzed above 300°C and contaminated the whole
growth chamber. A second method, using the two heating zones in the furnace at
different temperatures to pyrolyze ferrocene on to the metal powder was
conducted and a third method involving introduction of ferrocene (0.2 wt %)
mixed with ethanol using a micro syringe (1 ml soln.) in the last stage of nanotube

growth at 700 °C was also utilized.
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3) Iron Pthalocyanine: Iron pthalocyanine in powder formed was mixed with iron
powder of 20 pm size and pellets were formed.

4) Nanosized iron powder (50 nm): Nano sized iron powder was used to synthesize
nanotubes in two ways: powder used as-obtained and reduced for one hour under
hydrogen at 500 °C, and secondly, powder covered with hexane and heated in
argon (70 °C) to remove hexane followed by reduction under hydrogen.

5) Iron-Co-Mo/MgO: A mixture of Co-Mo (1:4) with MgO as support was mixed
with iron powder of 20 pm size. Experiments were carried with 0.25 to 1 gm of

the catalyst mixed with 3-4 gms of iron powder.

4.4.2 Synthesis Processes for Carbon Nanotubes
In this section the processes for synthesis of carbon nanotubes after catalyst loading are

described. The section is divided in two parts: SWNT and MWNT synthesis.

4.4.2.1 In-situ Single Wall Carbon Nanotube (SWNT) Synthesis. Typically 3-5
gms of micron-sized iron powder was soaked in catalyst precursor solution, dried
overnight in a hood and pressed into cylindrical pellets under an applied load of 5000 kg
to give piece densities in the range of 5.67 to 5.81 gm/cc. The pellets formed were 13 mm
in diameter and between 4 and 5 mm in thickness using a stainless steel die obtained from
International Crystal Laboratories. The density of both the reference pellets without
nanotubes and the pellets with nanotubes were 72-74.5% of the pure iron density (7.8
gm/cc). Therefore, the average porosities of all the samples used in the mechanical
measurements were the same. The catalyst loading in our samples was very low as

described in the catalyst loading section above — 0.01 weight % of metal acetate



95

precursor was dissolved in 15-20 ml of ethanol to make the master solution. From this
only about 2-3 ml was used to soak the starting iron pellet or powder. After heat
treatment to decompose the precursor to oxides followed by reduction in hydrogen to
metal, the amount of catalyst metal in the iron matrix was estimated to be about 0.003
weight % of the total weight of the pellet.

The pellets or powders were placed in a quartz boat in a horizontal quartz tube
reactor in a microprocessor-controlled high temperature furnace. The quartz tube was
pumped down to about 10 torr and heated to 500°C to decompose the acetate precursors
to oxides under argon. The reactor was back-filled with flowing pure hydrogen for 30
minutes to an hour to reduce the oxides to metals. The hydrogen was then pumped out,
the reactor temperature was raised to 700°C and the carbon source, carbon monoxide
(CO), was introduced into the reactor at a flow rate of 100 standard cubic centimeters per
minute (sccm) for 30 minutes to about 1 hour to deposit SWNTs within the matrix as
determined by micro-Raman spectroscopy and field emission-scanning electron
microscopy (FE-SEM). After completion of the deposition, the system was pumped
down, back-filled with argon and allowed to cool to room temperature under 100 sccm of
flowing argon. The pellets were either taken out at this point for characterization or in
some cases annealed at 900°C under 100 sccm flowing argon followed by cooling to
ambient temperature before removal. The growth process differed from the above-
mentioned method depending on the type of catalyst used and will be described as and

when necessary in the Results and Discussion section.
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4.4.2.2 In-situ Multiwalled Carbon Nanotube (MWNT) Synthesis. The catalyst
precursors and promoters, cobalt acetate (0.01 weight %) and molybdenum acetate (0.01
weight %), respectively, were dissolved in ethanol. Typically 3-4 gms of micron-sized
iron powder was soaked in this solution, dried overnight in a hood and pressed into thin
cylindrical pellets under an applied load of 5000 Kg. The pellets were 13 mm in diameter
and between 4 and 5 mm in thickness. The pellets were typically made with an applied
load of 5 MT's (metric tones) to give piece densities in the range of 6.10 gm/cc.

The pellets were placed in a quartz boat in a horizontal quartz tube reactor in a
three-zone, microprocessor-controlled high temperature furnace. The quartz tube was
pumped down to about 10 torr, a single step protocol involving heating to 800°C under
flowing argon followed by switching to either a) a mixed feed of acetylene and argon
with flow rates of 6 to 7 sccm and 300 sccm, respectively or b) a mixed feed of acetylene,
CO and argon with flow rates of 6, 100 and 300 sccm, respectively, at atmospheric

pressure, followed by cooling under argon atmosphere.

4.4.2.3 Reference Pellets of Metals. Reference pellets were prepared with the
same weight of metal powder (but without catalyst precursor; see discussion about
catalyst content above) and applied load, followed by heating under argon under the same
temperature cycles and time used to grow the nanotubes. The density of the reference

samples is also kept the same as the samples containing nanotubes.
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4.5 Characterization of Metal-Carbon Nanotube Composites

The characterization of the composites was conducted by micro-Raman spectroscopy, x-
ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM) and
energy dispersive x-ray (EDX) analysis. A confocal micro-Raman spectrometer
(LabRam, Jobin Yvon/Horiba, Metuchen, New Jersey USA) was used with the laser light
source ét a wavelength of 632.8 nm. For FE-SEM (LEO microscope, Carl-Zeiss) imaging
the pellets were placed on sample holders with carbon tape as support, and the
microscope was operated at an applied electric field of 2 keV. Samples were fractured
after all other measurements were made to investigate the dispersion of carbon nanotubes
within the whole matrix. EDX measurements were performed at 6 keV and a working
distance larger than 9 mm. A clear FE-SEM image was obtained before an area was
selected for point EDX measurements. XRD measurements were performed using a PAN
Analytical Diffractometer employing Cu-Ka radiation (wavelength A = 1.5405 A) from
20 =20 to 110 degrees at a count rate of 2.8 sec per step of 0.02 degrees.

A transmission electron microscope (TOPCON 002B ultra-high resolution TEM)
operated at 200kV was used to obtain the TEM images. In order to thin down the sample
for TEM imaging a protocol based on the method of Laub et al (from a Lab Manual
method from EPFL-CIME, 1015 Lausanne Switzerland method developed by Anderson
et al) was used. Briefly, two 10 mm % 3 mm x 1 um slices of metal were cut and then
mounted on a tripod with epoxy glue. The metal strips were polished using diamond
lapping films from 30 um to 3 um pore size in that order. A film is replaced by smaller
size when there are striation marks on the whole film and it seems to be used up by visual

observation. The thumb rule is that the sample can be thinned down as much as 3 times
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the pore size of the lapping film. The objective to use a lapping film from higher to lower
size is to decrease the surface roughness. This process can obtain a sample as thin as 50-
100 pm, but it is not thin enough to conduct a TEM investigation. Following that the
sample was electropolished using a Fischione electropolisher with 50%chromic
acid/50%acetic acid by volume as electrolyte and 27V applied voltage. The final step
involved ion milling at three different angles of 6, 12, 15 degrees for 3 hrs each with an
electric field of 3 KV and current of 5 mA on each side at same time.

Stress-strain data were taken with an MTS servo hydraulic system operated at a
constant displacement rate so as to give a strain rate of about 0.00004/sec (Wiegand,
1991). The data were taken in simple compression along the cylindrical sample axis. A
flow stress and a work hardening coefficient were obtained from stress-strain curves for
the nanotube-iron composites and compared with similar data obtained from the pristine
reference iron pellets. Vickers hardness measurements were conducted using a LECO
micro-hardness tester (LM 700, LECO Corp.). A load of 10 kgf (kilogram force) at
ambient temperature with a dwell time of 5 seconds was selected and an optical image of
the indentation sites using a fine pixel camera attached to the LM 700 micro hardness
tester was obtained before and after indentation. Each specimen was indented at several
locations. Three to five measurements were made with clear indentations and an average

value of the hardness is reported.
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4.6 Results and Discussions

4.6.1 Influence of Catalyst on SWNT Growth

Iron (Cassell, 1999; Li, 2001), cobalt (Kathyanini, 2004; Lan, 2003), iron-cobalt
(Kathyanini, 2004), cobalt-molybdenum (Kitiyanan, 2000; Tang, 2001), ferrocene
(Schintzler, 2003), and iron pthalocyanine (Harutyunyan, 2003) have been successfully
used as catalysts or catalyst/carbon precursors to grow carbon nanotubes. It is well-
known that iron is an excellent catalyst for carbon nanotube growth and can partially
dissolve and bond to carbon to provide supporting bridges at the cavities. Bonding might
also occur at nano-sized iron particles embedded in the larger iron particles of the matrix.
Our first observation of the growth of multiwall carbon nanotubes using iron as catalyst
motivated us to perform this study with related catalysts and precursors. In the process
development phase we identified the above- mentioned catalysts and precursors to be
suitable in order to introduce minimum amount of a third phase (catalyst particles) i.e.
other than metal matrix and carbon nanotubes. The primary goal was to achieve
uniformly dispersed catalysts, which results in the growth of carbon nanotubes with low
amounts of amorphous carbon. Presence of amorphous carbon at grain boundaries
affects the mechanical strength of nanocomposites adversely (Flahaut, 2000). Figure 4.5
shows the Raman-active RBM modes for the SWNTs synthesized using different
catalysts used in this study. Figure 4.6 shows the tangential modes and the corresponding
SEM images for the samples are shown in Figure 4.7. The RBM modes are key features
used to determine the diameter distribution of single wall carbon nanotubes formed in
the sample. The RBM lines appear in the low frequency region 120 — 280 cm™ and

correspond to the atomic vibrations of the carbon atoms in the tube’s radial direction.
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Nanotubes were grown on eight different catalysts; in case of ferrocene three different
methods were used to incorporate the catalyst within the matrix. From Figure 4.5 it can
be noticed that in the case of iron and iron-cobalt powder there is growth of single wall
nanotubes and the corresponding RBM peaks are at 191.6 cm™ and 214.5, 276.4 cm’,
respectively. However, these samples did not show the G peak (shoulder or G™ peak)
signatures for single wall tubes. The G line similar in frequency to the primary line in
graphite is also referred to as the tangential mode. As pointed out earlier, a second lower
frequency G” component is observed in SWNTs due to curvature-induced softening and
removal of the degeneracy of the C-C graphene mode. SEM images of the nanotubes
grown on iron and iron-cobalt powder as shown in Figures 4.7 a-b reveal that a low
density of nanotubes is formed on the iron pellet surface. For the sample prepared using
nanosized iron particles, Fig 4.6 shows a high intensity D—peak located at 1317.5 cm™,
which is attributed to disorder arising due to the formation of amorphous carbon and
defects on the tube walls. Although, SWNTs appeared to have formed since both RBM
and TM features were observed for this sample, the process was not pursued further due
to overall experimental difficulties. Two methods were used to prepare SWNTs using
nanosized iron particles. In the first method the nanosized particle mixed with micron
sized iron particles were used to directly grow the nanotubes after initial reduction in
hydrogen. This method resulted in sizable oxidation of the iron particles due to their
large surface area and even long reduction times of up to 3 hours under pure hydrogen at
500 °C did not increase the yield of nanotubes. In order to reduce oxidation, a second
method was used where a small amount of nanosized iron particles was immersed under

hexane and slowly heated to 70 °C under argon atmosphere to avoid oxidation. A
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mixture of two sizes of iron powders was then compressed to form pellets after SWNTs
were grown on them.

Ferrocene was used in three different ways, first by mixing with iron powder,
second by subliming at 300 °C and third by injecting a ferrocene solution during the
SWNT growth at 900 °C. As mentioned earlier, the method of incorporation of catalyst
and nanotube growth varies according to the catalyst used and will be discussed in the
Results section. Therefore a short overview of the experimental observations is provided
in this section. Ferrocene dissociates at a much lower temperature (~300 °C) than that
required for nanotube growth. In the first method, ferrocene and iron powders are
initially mixed together and a protocol similar to that described in the experimental
section for SWNT growth was used with the exception of growth was performed at a
temperature of 900 °C. The growth of MWNTSs can be seen in Figs. 4.5 and 4.6;
however, the images showed the formation of a black layer of soot on the entire surface
of the pellet possibly due to the rapid dissociation of ferrocene. This also led to
contamination of the entire experimental set up with soot. To avoid this, ferrocene was
placed in the first zone of the furnace and the pellets were placed in the third zone. The
first zone was heated slowly to 300 °C under flowing argon. The sublimed ferrocene was
then carried on to the pellets which were kept at the nanotube growth temperature. This,
however, did not completely prevent contamination of the growth apparatus, and
therefore a third method was used where ferrocene was introduced at the nanotube
growth temperature by injecting an alcohol solution of ferrocene into the reaction zone.
There was no indication of RBM modes in the Raman spectra of samples prepared by the

second process and this was confirmed by SEM images which showed no single wall
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nanotubes (Figure 4.7 ¢). In samples prepared using injected ferrocene a new feature at
667 cm™ was observed in the Raman spectrum which is associated with the formation of
magnetite (Cao, 2000) in the sample. The G™ peak (shoulder on the lower frequency side
of the G peak) was not observed and the disorder mode is relatively intense when
injected ferrocene was used to prepare the composite pellets. The use of ethanol also
caused a black soot coating to be formed on the surface of the pellet as confirmed by
performing a study with ethanol as carbon source, which showed the formation of a large
amount of nanotubes together with amorphous carbon soot that would make it difficult to
perform mechanical property measurements on the samples. The use of iron
pthalocyanine also resulted in the formation of the magnetite phase, and with no
indication of RBM and tangential mode features in the Raman spectra shown in Fig 4.4
and Figure 4.6, respectively. We also used the Co-Mo/MgO catalyst discussed in the
previous chapter. Here, although the growth of SWNTs was very good as confirmed by
Raman spectroscopy, larger amounts of catalyst of the order of 0.5 to 1 gm per pellet
was required to achieve uniform growth. Large catalyst loadings are undesirable for
composite applications. It also makes it difficult to judge changes in mechanical
properties with nanotube loading due to catalyst particle size variation between the metal
matrix and the nanotube phase.

Finally, two catalysts made from iron acetate and iron-cobalt acetates were used
and showed the most promising results. The remainder of the discussion will be on
SWNT-iron composites prepared using these two catalysts. As is evident from Figs. 4.5
and 4.6, both RBM and tangential mode features associated with SWNTs are clearly

observed with high intensities in the Raman spectra taken from these samples. The
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SEM images shown in Fig 4.7 also confirm the presence of SWNTs throughout the
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Figure 4.7 SEM images for iron-carbon nanotube composites prepared using different
catalysts or catalyst precursors. (a) iron powder, (b) iron-cobalt powder, (c) iron
nanoparticles, (d) ferrocene-iron powder, (€) sublimed ferrocene, (f) injected ferrocene
solution, (g) iron pthalocyanine, (h) iron-Co-Mo/MgO pellet, (i) iron acetate, and (j) iron-
cobalt acetate.

The Raman spectra from samples prepared using iron and iron-cobalt catalysts are

replotted in Fig 4.8 for clarity and to obtain a better understanding of the spectral details.
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Clear evidence for the formation of SWNTs is provided by the appearance of the
characteristic SWNT lines associated with the carbon-carbon bond tangential modes near
frequencies of 1591 cm™ and 1552 cm™ (the latter appearing as a v?ell-deﬁned shoulder
in the spectrum), and the lines at 190, 247, 259 and 279 cm”! due to the radial breathing
modes (RBMs) of individual tubes of different diameters (Rao, 1997). The line observed
at 293 cm™ is likely to be associated with Fe,Os present as an impurity in the iron matrix
(Cao, 2000). The diameters (d, nm) of the individual SWNTSs can be determined from the
RBM frequency ®. For bundled SWNTSs: d = (23 8/w)'°7° (Alvarez, 2001). Therefore, the
RBM mode frequencies at 190, 247, 259 and 279 cm™ correspond to individual SWNT
diameters of 1.27, 0.96, 0.91 and 0.84 nm, respectively, in the sample. The broad line at
1327 cm’ assigned to defects and amorphous carbon was found to be relatively weak.
This indicated that rather defect-free SWNTs are formed with relatively little amorphous
carbon present. Figure 4.8 b is a representative Raman spectrum obtained from a
composite prepared using CO with only iron acetate as the catalyst precursor; it shows
features similar to that of the spectrum in Figure4.8 a, consistent with the formation of
SWNTs, except that the defect and amorphous carbon content is even lower than that for
the sample in Figure 4.8 b, as indicated by the lower intensity of the broad line at 1302
cm™.

Further nanoscale characterization of the SWNTSs and their distribution in the iron
matrix was performed by FE-SEM imaging. Figs. 4.9 a-b show low and high-resolution
FE-SEM images, respectively of the SWNT-iron composites. The lighter spots, some of
which are marked by black circles on the micrograph in Figure 4.9 a, represent some of

the locations of high SWNT density in the composite. The SWNTs appear to be well
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appear to be well dispersed in the matrix and growth is significant as evident from the
higher magnification image shown in Figure 4.9 b. Diameters of 10 to 20 nm estimated
from the FE-SEM images are an order of magnitude larger than the individual SWNT
diameters obtained from the RBM Raman frequencies, indicating that the SWNTs formed
are bundled into “ropes”. The images also show that the nanotube bundles are decorated
with unused catalyst and catalyst sub-oxide particles, and that they span the cavities
(darker regions in the FE-SEM images) in the metal matrix. The individual iron particles
are therefore likely to be anchored in place by the nanotube bridges. It is estimated from
the measured increase in weight after nanotube deposition that typically 1 weight % or

2.2 volume % of SWNTs are incorporated into the starting iron matrix.
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Figure 4.8 Raman spectra for representative iron-nanotube composites using 632.8 nm
laser excitation. (a) Shows spectrum for composite fabricated with iron and cobalt acetate
catalyst precursors and pure carbon monoxide (CO) as the carbon source at 700°C
followed by annealing at 900°C under argon; and (b) Shows spectrum for composite
fabricated with only iron acetate catalyst precursor, using a similar protocol to that used
for the sample in spectrum (a).
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Figure 4.9 Field-emission scanning electron microscope images of an iron-SWNT
nanocomposite: (a) Low magnification image of iron-SWNT nanocomposite surface
showing well dispersed nanotubes as lighter contrast dots, some of them indicated by
small circles. The iron particle surfaces are gray and the cavities between them are dark
in the image shown; and (b) Higher magnification image obtained by zooming in on one
of the circled regions in (a) showing SWNT bundles decorated by catalyst particles
bridging the darker cavities between the gray iron particles of approximate dimensions of
10 microns or greater. The catalyst particles on the SWNT bundles appear to be charging
possibly due to the presence of metal sub-oxides formed during the deposition process.

4.6.2 Influence of Pelletization Pressure and Growth Time

In order to increase the carbon nanotube loading during the growth process an
experimental study was conducted as a function of pelletization pressure and growth
time. Three different pressures of 3, 4 and 5 metric tons were applied to form equal
weights of iron powders into pellets. Three pellets for each load were prepared with the
same Fe-Co catalyst. Note that this catalyst had provided the best results in terms of
SWNT growth (also refer to previously described methods used to load the catalyst
precursors into the Fe matrix). Three different growth times of 30, 45 and 60 minutes
were used to form the nanotube-iron composites. The results shown in Figure 4.10
indicate that as the porosity and growth time increases, the amount of carbon deposited

also increases. However, Raman observations on these samples show that most of the
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carbon formed after 40-45 minutes was amorphous and not carbon nanotubes as evident

from the increase in the intensity of the D peak in the Raman spectra.
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Figure 4.10 Pelletization pressure and growth time to observe increase in carbon filler.

4.6.3 Identification of Structural Phases in the Iron-Nanotube Composites

XRD measurements (Figure 4.11) showed the presence of pure iron as indicated by
reflections at 20 values of 45, 65, 83, and 99 degrees. XRD reflections from SWNTs are
not detected due to the relatively low weight % (0.5-1) loading of SWNTs in the
nanocomposites. Reflections associated with the iron-rich cementite Fe;C phase were
clearly absent. An XRD line at a 20 value of 26 degrees was observed near the expected

(001) reflection of graphite, but its intensity is too high for it to be attributed to a carbon
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phase. This reflection is tentatively assigned to an iron sub-oxide formed in the iron

matrix under our fabrication conditions.
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Figure 4.11 X-ray diffraction pattern using Cu-Ka radiation with wavelength A = 1.5405
A from an iron-SWNT composite prepared using CO, and iron-cobalt acetate catalyst
precursors.

EDX data taken from nano-sized spots from the composite surface together with
corresponding FE-SEM images (Figure 4.12) showed the carbon content to be higher
(observed 32-77 %) than the 6.7 weight % predicted for Fe;C, and is consistent with
these spots being comprised largely of SWNTs. Such measurements were carried out at
many locations on the pellet surface with the beam size in EDX at approximately 1um x1

pm at 6 keV. Therefore, the measurements made are likely to represent the properties of

the bulk phase.
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Figure 4.12 Energy dispersive x-ray spectroscopic data (right panel) and corresponding
SEM images (left panel): (a) For reference iron matrix with no carbon nanotubes where
only the line due to iron is observed, (b) For region around and including carbon
nanotubes in iron-SWNT composite. Carbon line corresponds to 61.97 weight %, much
higher than that expected for the Fe;C carbide phase.

The SWNTs are largely concentrated in cavities in the matrix as indicated by the
FE-SEM images shown in Figure 4.9b. The TEM image in Figure 4.13 shows a SWNT
bundle spanning a cavity. The nanotube sidewalls appear to have suffered some damage
from the extensive sample preparation process required. This confirmed the concept of
pinning of the particles in the iron matrix by the nanotubes. This observation is important
since SEM imaging does not clearly indicate the interface between the nanotubes and the

metal matrix. Due to the rigorous sample preparation involved) successful TEM

observations were possible only on a limited number of samples.
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Figure 4.13 Transmission electron microscope image in the neighborhood of a pore in an
iron-SWNT composite. The image shows a SWNT bundle with somewhat corrugated
walls caused by the sample thinning methods employed. The image shows that the
SWNT bundle is pinned to the iron matrix at both the ends, and bridges the pore in the
matrix. Scale bar is 10 nm.

4.6.4 Mechanical Properties

4.6.4.1 Vickers Hardness Measurements. The Vickers hardness test method
(Figure 4.14) consists of indenting the test material with a diamond indenter in the form
of a right pyramid with a square base and an angle of 136 degrees between opposite faces
subjected to a load of 1 to 100 kgf (kilogram force). The full load is normally applied for
5 to 15 seconds. The two diagonals of the indentation left on the surface of the material
after removal of the load are measured using a microscope and their average is
calculated. The area of the sloping surface of the indentation is calculated, and the

Vickers hardness (HV) given by Equation 4.1 below is the quotient obtained by dividing

the kgf load by the square of the indentation area in mm?.
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Figure 4.14 Vickers hardness measurements: Indentation marks observed after subjected

loads, the diagonal dimensions are used to calculate hardness numbers.

. 136°
Fsin F
HV=—T2.'.HV=1.854-‘-1—2—

Where,

F= Load in kilogram-force (kgf)

d = Arithmetic mean of the two diagonals, d; and d; in mm in Figure 4.13
HV = Vickers hardness

4.2)
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When the mean diagonal of the indentation has been determined, the Vickers hardness
can be calculated from Equation 4.2, but it is more convenient to use conversion tables.
The Vickers hardness is reported for example as: 800 HV/10, which signifies a Vickers
hardness of 800 obtained using a 10 kgf force. Several different pressure settings give
practically identical hardness numbers on a uniform material. This is much better than the
arbitrary changing of scales used in other hardness testing methods. The advantages of
the Vickers hardness test are that extremely accurate readings can be taken, and just one
indenter type is used for all types of metals and surface treatments.

Vickers hardness indices, which correlate with the tensile strength and fatigue
resistance (Callister, 2003), were measured on these nanocomposites and compared with
measurements on pristine reference pellets prepared under the same conditions but with
no nanotubes in them. A load of 10 kgf was applied and a clear diamond-shaped
indentation was observed. In a typical measurement, at least 3-5 points on the composite
surface were chosen for better statistics. Typical average values of the Vickers hardness
(HV) indices HV/10 (with 10 kgf) of 95.2 for the reference sample and 135.7 for an iron-
SWNT composite sample showed an increase in the hardness index by 74 % relative to
that of a reference sample for a representative iron-SWNT nanocomposite prepared using
CO as the carbon source and iron and cobalt acetate as catalyst precursors. A list of the
Vickers Hardness numbers obtained is given in Table 4.4. The metal micrographs for the
samples before and after indentation that show significant change in hardness are
depicted in Figure 4.15. As indicated earlier, the use of large amounts of catalysts is
undesirable. Although dense growth of nanotubes is observed for iron-Co-Mo/MgO

pellets with high catalyst loadings, the Vickers hardness number shows a decrease due to
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the relatively weak mechanical properties of MgQO, distribution of particle sizes and weak
interfaces between the MgO and iron particles. In addition, hardness is related to tensile
strength, or in other words it is a measure of resistance to plastic deformation.
Consequently they are roughly proportional, as shown in Figure 4.16 for tensile strength
as a function of Brinell’s hardness number for cast iron, steel and brass. However, the
same proportionality does not hold good for all the metals. We will make use of cast iron
and steel as reference to obtain theoretical values for ultimate tensile strength. Since in
experimental observation we could not apply loads up to ultimate tensile failure. We will
use the extrapolation of available data and literature to estimate the same. Vickers
hardness numbers can be converted to Brinell’s hardness. The equivalent Brinell 500 Kg
numbers from the available Vickers data are found and the tensile strengths obtained
from the Figure 4.16 are compared. The results are shown in Table 4.4. From the
compression measurement on extrapolation the trend matches well with both reference
and pellets reinforced with carbon nanotubes.

Table 4.4 Vickers Hardness Numbers and Tensile Strengths for Iron-SWNT Composite
Samples

Sample Vickers Si units | % Change | Brinell’s Tensile Comments
Description Hardness | (MPa) after Hardness Strength
Number = | (HV/10 x| SWNT in- | Number (MPa)
HV/10 9.807) situ (500 Kg) from
synthesis Figure
4.16
All the samples below were heat-treated at 900 °C
Reference iron | 57.75 566.35 Control
pellet sample
Pure iron pellet | 73.67 722.48 27.57
Iron-Cobalt 96.87 949.97 67.74
powder
precursor
infiltrated iron
pellet
Ferrocene 79.45 779.16 37.58

infiltrated iron
pellet
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(CONTINUED)

All the samples below were heat-treated at 700 °C

Reference iron
pellet

95.20

933.63

250

Control
Sample

l Iron acetate
catalyst
precursor
infiltrated iron
pellet

124.62

1222.12

30.90

110

360

Iron-Cobalt
catalyst
infiltrated iron
pellet

135.67

1330.52

42.51

120

380

Iron-Co-Mo
catalyst
precursor/MgO
iron pellet

44.45

435.92

533

Significant
amount of
catalyst used

iron Powder peliet

Iron-Cobait Powder

Iron-Cobailt Powder

m-iliﬂﬂon
-
Reference Pellet
-
Iron acetate
-
iron-Cobalt acetate

iron-Cobalt acetate

Figure 4.15 Micrographs of Vickers indentation marks for the samples listed in Table

44.
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Figure 4. 16 Relationships
between hardness and tensilc
strength for steel. brass. and
cast iron. {Data taken trom
Metals Handbook: Propertic:
and Selection: Irons and
Steels, Vol. 1, 9th edition, B.
Bardcs (Editor). Amcrican
Society for Metals. 1978, pp.
36 and 461: and Metals
Handbook: Properties and
Selection: Nonferrous Alloys
and Pure Merals, Vol. 2. ith
edition. H. Baker (Managins
Editor). American Society Lo
Metals, 1979, p. 327]

Compressive stress-strain  curves

were measured on samples containing SWNTs and compared with stress-strain curves

measured for pure, similarly heat- and pressure- treated iron reference samples. The data

from two representative samples displayed in Figure 4.17(a) shows significant

differences between the nanocomposite and pure iron reference samples. The flow stress,

the stress for significant plastic flow, is taken at the intersection of a straight line passing

through the initial linear part of the stress-strain curve at low strains and a straight line

passing through the linear work hardening part of the curve at larger strains. For the data
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in Figure 4.17(a), the flow stress is about 45% higher for the sample containing the
SWNTs compared to the value for the reference iron sample. This flow stress is
numerically equivalent to a yield stress obtained by a 0.4% strain offset technique. In
addition, the work hardening coefficient, the slope in the latter linear part of the stress-
strain curve at larger strains, is greater by a factor of about 3.4 (a 240% increase) for the
sample containing the SWNTs relative to the reference sample. Thus, the mechanical
strength of the sample containing the SWNTs is significantly increased and much greater
work is required to deform this sample plastically in the work hardening range compared
to the reference sample. Since mechanical properties depend on porosity, it is important
to emphasize that the porosity of the reference sample and the sample with SWNTs is the
same and therefore differences in porosity cannot account for the enhanced mechanical
strength. The initial linear slopes of the stress-strain curves of Figure 4.17(a) are
influenced by instrumental effects and are not considered here.

One sample containing SWNTs was recompressed after the initial stress-strain
curve was measured, and the results indicate that the flow stress increased by an amount
consistent with the work hardening during the first compression. After this recompression
both flat end surfaces of this sample were ground so as to reduce the sample length or
pellet thickness by 370 um. A stress-strain curve taken after grinding again indicates that
the flow stress increased by an amount consistent with the work hardening during the
initial compressions. Thus, the removal of the thin surface layers containing the highest
population densities of SWNTs had a minimal effect on the flow stress. These results
indicate that the higher flow stresses observed in the samples containing the SWNTs are

due to bulk effects and that the SWNTs are distributed throughout the sample
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thicknesses of the order of 0.6 cm. After an initial compression a reference sample was
also ground on both flat end surfaces to remove 175 um from each side of the sample
thickness. A stress-strain curve taken after grinding also indicates that the flow stress
increased by an amount consistent with the work hardening during the first compression.
Enhanced yield strengths were observed for a number of similarly prepared composites;
data for some of these composites are shown by the stress-strain curves in Figure 4.17(b).
To the first approximation, the theoretical values predicted by the rule of mixtures fit well
with the experimental data. Although many mechanical models are available to predict
the metal composite properties, parameters such as the Burgers vector, thermal strain, and
Poisson’s ratio have not been calculated or experimentally determined for carbon
nanotubes. Therefore, values of the tensile strength for a bundle of SWNTSs and for an
individual MWNT obtained from the literature were used. The rule of mixtures is given
by the Equation:
06:=0mVm * OcntVent 4.3)

where o , o, and Gy are the tensile strengths of the metal-SWNT composite, SWNT
bundle and metal, respectively; and Vp, and V¢, respectively represent the volumes of
the metal and the nanotubes in the composite.

The pellets are porous and the densities used to calculate the volumes do not
correspond to the true density of the matrix material. The tensile strength of the pellet is
smaller than that of the matrix material and can be estimated by normalizing the pellet
density with the true density of the matrix material using the Equation below:

6c = 6mVm(0.72) + 6cntVent 4.4)
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Taking ocne = 3 GPa [Ref..] for a SWNT bundle, V= 2.2 vol % and oy, = 200 MPa for
iron and V, = 97.8 %, Equation 4.4 yields o, = 206.83 MPa, which is very close to the

experimentally observed value of 205 MPa from Figure 4.17a.
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Figure 4.17 Stress versus strain curves for iron-SWNT samples made with metal acetates
as catalyst precursor and iron reference samples. (a) Lower curve for an iron reference
sample, upper curve for a sample prepared with iron acetate as catalyst precursor. (b)
Lower three curves are for iron reference samples and the upper three curves are for iron—
SWNT composite samples. The top two curves were taken from iron-SWNT composites
prepared using iron acetate as the catalyst precursor, and the third curve from the top was
taken from an iron-SWNT composite prepared with Co and Fe acetate precursors.
Sample descriptions are also given by the color markers on the bottom right of the figure.
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4.6.5 In-Situ Metal-MWNT Composites
In this section a discussion on the process parameters that influence growth of MWNTs
for synthesis in iron and aluminum composites is presented. The carbon precursors used
are carbon monoxide and acetylene. Catalyst precursors used are acetates and nitrates of
iron, cobalt and molybdenum. The temperatures required for MWNT synthesis are
relatively low and growth can be carried for longer times unlike for SWNTs. The
optimization required is therefore discussed briefly and there is more focus on composite
characterization and mechanical properties.

Acetylene at low partial pressures has been used for the growth of both SWNTs
(Liu, 2004; Sharma & Igbal, 2004) as well as MWNTs (Delpeux, 2002), but under the
present growth conditions only MWNT formation in the metal matrix was expected. The
iron-MWNT composites were prepared using acetates of cobalt and molybdenum as
catalyst and promoter precursors, respectively, and a mixture of acetylene and CO diluted
with argon as the carbon source at flow rates ranging from 6 to 300 standard cubic
centimeters (sccm). A representative micro-Raman spectrum of composites with
nanotubes grown in-situ from acetylene or acetylene and CO, in both cases diluted with
argon are shown in Figure 4.18 a-b, respectively. The spectrum does not show the
relatively sharp RBM lines that are indicative of SWNTSs. The features at 1323 cm™ and
1581 cm™ for samples prepared with acetylene-CO and at 1332 cm™ and 1583 cm™ for
samples prepared with acetylene alone represent the disordered (D) carbon and graphite
(G) peaks, respectively, suggesting the formation of primarily MWNTs. Also, in the
tangential mode frequency region spectral features near 1590 cm’! associated with the

rolling up of a single grapheme sheet are not observed, indicating the absence of SWNTs
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in a majority the sample. The Raman spectra therefore suggest the formation of MWNTs,
although the presence of small amounts of SWNTs in the composite cannot be ruled out
since very weak scattering in the RBM region is evident in Figure 4.18. Growth of iron
carbide also takes place when acetylene is used as the carbon feed — this aspect will be
covered in more detail later in the discussion of the XRD results. The line widths of the D
and G bands and the D/G ratios are related to the crystallinity of the carbon phases
formed. The D/G ratio in the case of iron carbide formation is higher with broader G
bands. The intensity of the D peak depends on in-plane carbon atom displacements,
which leads to a loss of the hexagonal symmetry of the two- dimensional graphene
planes. From Figure 4.18a D/G = 0.579 and from Figure 4.18b D/G = 0.247. It can also
be seen that the G lines are relatively narrow and the D line is reduced in intensity with
the introduction of CO mixed with acetylene (D/G = 0.247). In addition, for iron carbide
to be a major component, the D/G ratio should be of the order of 1.5 according to
observations in most coke formations (Zeng, 2002). This suggests that even with an
acetylene feed where D/G = 0.579, the formation of iron carbide is partial and most of the
carbon atoms form MWNTs. This observation was confirmed by SEM images discussed

below. However, XRD data show characteristic iron carbide peaks for such samples.
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Figure 4.18 Raman spectra of composites fabricated at 800 °C using (a) acetylene and
argon, (b) acetylene-CO mixed with argon. Cobalt and molybdenum acetate are used as
catalyst and promoter precursors in the starting iron matrices.

FE-SEM images are consistent with largely MWNT formation and the images
shown in Figure 4.19 a-b indicate somewhat denser growth of MWNTs in the iron
matrix. FE-SEMs were obtained from the cross-section of a piece cut from an iron-
MWNT composite and examined for evidence of infiltration of the nanotubes deep inside
the porous metal matrix. Figure 4.19c depicts a low magnification image showing

sizable MWNT penetration to a depth of 150 to 160 um. A lower concentration of

nanotubes is evident below 160 um and through the approximately 0.5 mm thickness of
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the piece. A high magnification image taken from a region about 160 pm from the top
surface of the composite showing dense growth of MWNTs is displayed in Figure 4.19d.
Measured weight changes indicate a MWNT loading of up to 1 weight % in the
optimized iron-MWNT composites, which is similar to that obtained for the iron-SWNT
composites. However, up to 5 weight % MWNTs can be grown using iron matrices of
smaller piece density prepared at lower pelletization pressures. These pellets can be
subsequently consolidated to higher densities by hot isostatic pressing techniques for use

in structural and related applications.

Figure 4.19 (a) Image showing dense growth of MWNTs on composite prepared using
acetylene mixed with CO in argon as the carbon source. (b) Higher magnification image
showing MWNTs in a dense network within interstitial spaces of the iron matrix. (c),
Low magnification cross sectional view of a piece from an iron-MWNT composite. The
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edge of the top surface of the composite (arrow) is on the left side of the image. Dark-
grey regions show penetration of carbon nanotubes down to 150-160 pm. Somewhat
lighter regions can be seen further down inside the matrix. (d) Higher magnification
image taken from the circled region of the image in panel (c) showing extensive growth
of nanotubes.

Vickers hardness measurements of the iron-MWNT composites showed
enhancement in average hardness by 180% for an iron-MWNT composite prepared with
acetylene and argon (Table 4.5), but the XRD pattern from this sample clearly showed
the presence of iron carbide (Fe;C) (Figure 4.20). The composite prepared by combining
CO with acetylene, however, showed an enhancement in hardness by 97.5%,
substantially higher than that of a similarly loaded iron-SWNT composite (Goyal, 2006)
with no evidence for Fe;C phase formation from XRD measurements (Figure 4.20),
clearly indicating that the hardness increase is entirely due to nanotube infiltration.
MWNTs formed in the iron-MWNT composites appear to be longer than the
corresponding SWNTs in the iron-SWNT composites and may therefore provide more
efficient and therefore stronger interparticle bridging than the SWNTs.

In order to understand why iron carbides are not formed when acetylene is mixed
with CO, we propose the following sequence of reactions during in-situ growth with
acetylene. The Fe;C impurity phase is formed by reaction 1 below:

3Fe;0; + 8H; + C;H; — 2Fe;C + 9H,0 1)
It involves the reduction of Fe,O3 present in the iron matrix by hydrogen (formed by the
initial dissociation of acetylene) followed by adsorption of carbon from acetylene
decomposition. The dissociation of acetylene is further enhanced by the presence of iron

as catalyst. Iron is supersaturated with carbon and leads to the formation of iron carbide.

However, this phase is unstable at high temperatures and decomposes to iron and
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amorphous or disordered carbon soot. Introducing CO initiates occurrence of concurrent
reactions 2 and 3 below. The presence of CO results in the formation of carbon nanotubes
and CO; following the disproportionation reaction 2 in presence of catalysts and reaction
3. In addition to that, reaction 3 scavenges hydrogen to form carbon nanotubes and
prevents the reduction of Fe;Os to Fe;C via reaction 1.
2CO0—» C+CO, (2)
CO+H,; » C+H0 3

The above reaction sequence is consistent with the XRD data, which shows no
evidence for the formation of the Fe;C phase when CO is introduced into the carbon
precursor feed. Figure 4.20 a-b show XRD patterns for composites made using acetylene
and argon, and a mixture of acetylene, CO and argon, respectively. Further confirmation
that the phase is Fe;C is shown by the fact that a composite containing this phase is
decomposed to Fe by heat treatment in hydrogen at 850°C for 2 hours (Park, 2001)
(Figure 4.20c). Furthermore, the XRD data for the composites also do not show the
presence of austentite and martensite carbide structures, which would show reflections at
20 values of 41, 47 and 63 degrees due to austenite and values of 44, 51 and 82 degrees
due to martensite, respectively (De, 2004). The formation of austenite by carburizing
gases generally occurs in the temperature range of 850-950 °C where the high solubility
of carbon at such temperatures results in the formation of a stable crystal structure. The
presence of the austenite phase increases the hardness of metals because the structure
comprises of a low carbon core and outer layers with high carbon content. Thus it is
important to differentiate between various phases formed during nanotube growth in

metal matrices. The temperature used for nanotube growth is therefore chosen to be 800
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°C which is substantially lower the austenite forming temperature. Martensite, which is a
very hard but brittle phase, is formed during quenching of metal pellets containing the
austenite phase. The crystal structures of martensite and austenite are different and thus it

is easy to determine the relative amounts of each phase from XRD data.

c ¢ » Carbon
d ron
&6 Iron Carbide
Decomposed Pellet at 850
(Acetylene+Argon)
®
¢ 1 4
- " . i A
g |® "’
;
% CO+Acetylene+Argon feed
z

Figure 4.20 X-Ray diffraction (XRD) patterns using Cu-Ka radiation with wavelength A
= 1.5405 A from various iron-MWNT composites. a) XRD from composite prepared
using an acetylene-argon feed shows reflections indicating formation of iron carbide
phase. b) XRD from iron-MWNT composite prepared using a carbon source comprising
of CO and acetylene mixed with argon, which shows only carbon and iron peaks. ¢) XRD
from iron-MWNT composite containing Fe;C heat treated at 850°C for 2 hrs in hydrogen
shows decomposition of the carbide phase. Only iron reflections are clearly evident in the
diffraction pattern.
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Sample HV/10 SI units (MPa) % Change Comments

Description numbers (HV/10 % 9.807)

All the samples below are treated at 800 °C, with the same heat treatment time cycles.

Annealed 77.6 761.0 Control sample

Reference pellet

Acetylene-Argon | 217.6 21343 180.4 Iron carbide

feed formed as shown
by XRD

CO-Acetylene- 153.3 1503.1 97.5 No iron carbide

Argon feed (4.48 formed;

vol % MWNTs) confirmed by
XRD

Compression test measurements performed on iron-MWNT composites show similar

yield stress enhancement as in the case of iron-SWNT composites. The increase in upper

and lower yield strength is 36 and 43%, respectively as shown in Figure 4.21. The lower

yield point for the reference sample is at 179 MPa and for the iron-MWNT sample it is at

255 MPa. The upper yield point for the reference sample is at 200 MPa and at 276 MPa

for the iron-MWNT composite. The observed increase in strength of the iron-nanotube

composites can be attributed to the mechanical support provided to the cavities by the

carbon nanotubes. The theoretical values predicted by the rule of mixtures (Callister,

2003) fit well with the experimental data. The theoretically predicted upper yield point

using the rule of mixtures (Equation 4.3) is 283 MPa which is in good agreement with the

observed value of 276 MPa.
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Figure 4.21 Stress versus strain plots for iron-MWNT composite sample prepared with
cobalt-molybdenum acetate as catalyst precursor (top curve) and iron reference sample
(lower curve).
4.6.6 Aluminum-MWNT Composites
A preliminary study was performed with aluminum as the metal matrix to confirm the
results for mechanical property enhancement in iron due to pinning of nanotubes. In
addition, aluminum is a widely used metal in the aerospace and defense industry and
there is an emerging need to obtain aluminum composites with enhanced mechanical
properties. In this section a discussion on the effect of the particle size on aluminum
pellet formation and the results on composites fabricated with aluminum alloys,
containing small amounts of iron which can function as catalyst for nanotube growth are
presented.

The catalyst preparation methods are the same as those used for SWNT growth

and discussed in Section 4.4.1. The melting point for aluminum is 650 °C and this limited
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us only to the synthesis of MWNTs, the temperatures required for SWNTs by thermal
chemical vapor deposition are in the range of 700°-950 °C. Therefore nanotube synthesis
in aluminum to form aluminum-nanotube composites was carried out at 600 °C.

Initially a passivated aluminum nanosized particles obtained from ARDEC,
Picatinny Arsenal were used, the particle size range was observed using SEM (Figure
4.24) and it was found to be uniformly between 60-80 nm. The powder was soaked in
catalyst solution and dried overnight and formed into pellets with an applied load of 4
metric tons. XRD data (Figure 4.22 a-b) showed that the powder consisted of pure

aluminum.

[Feak Tist
a

Figure 4.22 XRD diffractograms a) peak list from aluminum nanosized powder, b) pure
aluminum reference peak list from XRD data base (01-089-2769).

Three types of experiments were performed in this study, first using above-mentioned

aluminum nanosized powder, second using mixture of aluminum nanosized powder and
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325 (~20 um) mesh aluminum particles and third using aluminum alloy 1060 with a
composition of 99.8 % Al containing 0.10 % Fe with an average particle size of 16.5 um.

Using the experience gained from the synthesis of iron-MWNT composites, we
first synthesized nanotubes with acetylene diluted with an argon gas feed. Significant
amounts of MWNTs were formed as evident from the Raman data (Figure 4.23 a) and
SEM images (Figure 4.24). The XRD results (Figure 4.25) on this sample, however,
showed the formation of aluminum carbide. The D/G ratio from Raman also indicates
higher values confirming this observation as discussed above for the iron-MWNT
composite containing iron carbide.

Therefore, CO mixed with acetylene and diluted with argon was used. No carbide
formation was observed in the XRD pattern and lower D/G ratios were seen in the Raman
spectra (Figure 4.23 b-d). These results also confirm the reaction mechanism proposed in
the earlier (Section 4.6.5) involving the formation of the nanotube phase with elimination
of the carbide phase. However, one must note that the yield of MWNTSs does not increase

significantly by changing the carbon precursor feeds.
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Figure 4.23 Raman spectra from AI-MWNT samples a) Al-nanosized using acetylene-
argon feed, b) Al-nanosized using CO-acetylene and argon feed, c) Al-nano- and micron-
sized mixed powders with CO-acetylene and argon feed, d) aluminum alloy 1060 with
CO-acetylene and argon feed.
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Figure 4.24 SEM image from surface of Al-nanosized powder-MWNT composite.
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Figure 4.25 XRD patterns of: a) Al-nanosized powder sample after MWNT synthesis,
and b) Aluminum carbide peaks from reference XRD data base (00-001-0953).
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After the initial results for carbide formation using an acetylene feed, CO-acetylene feeds
were used for all the subsequent experiments. In the above experiments it was observed
that the formation of pellets using Al powder with nanosize was very difficult. The
pellets would fragment into many pieces as soon as they were taken out of the die and
could therefore not be used for mechanical property measurements, such as compression
tests. Therefore two size distributions of aluminum powders were used to form pellets.
1.5 gms of 20 um size aluminum powder was mixed with 0.100 gms of 60-80 nm sized
powder to fill the die and compressed at 4 MT. These pellets showed improved
consolidation and only broke into two pieces. One piece was therefore used as reference
and the other piece for nanotube infiltration. From the Raman spectra shown in Figure
4.23 c it can be noticed that both the D and G peak indicating formation of amorphous
carbon along with graphitic carbon are present. The D/G ratio is of the order of 1.12
which is lower than 1.5, which is usually the case when iron carbide is formed. Figure
4.26 a- b show representative SEM images obtained from the surface of the pellet before
and after nanotube synthesis. From the images it can be clearly observed that there is a
mixture of two particle sizes and that the nanotubes emerge from the particles of smaller
size containing small amounts of iron-cobalt catalyst obtained from the acetate precursors
added before synthesis. Representative XRD patterns from these samples are shown in
Figure 4.27 a-c. The diffraction pattern in Fig 4.27a shows the diffraction peaks from the
composite sample after nanotube synthesis which can be compared with those for pure
aluminum in Figure 4.27b and for aluminum carbide in Figure 4.27c. It can be clearly
observed that the aluminum phase remains unchanged after nanotube synthesis and there

no evidence for the presence of aluminum carbide phase.
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I

Figure 4.26 SEM images taken from the surface of nano- and micron-sized mixed
aluminum powders: a) before MWNT synthesis and infiltration, and b) after MWNT
synthesis and infiltration. It can be noticed from image (b) that the formation of
nanotubes is from the smaller aluminum particles. The size distribution of the aluminum
particles is clearly evident in image (a).
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Figure 4.27 XRD line positions from sample surface and from databases. (a) Composite
sample surface fabricated with aluminum nano- and micron- sized powders after MWNT
synthesis, b) Peak positions for aluminum taken from XRD database (00-004-0787), and
c¢) Peak position for aluminum carbide taken from XRD database (00-001-0953). It can
be clearly observed that in (a) the aluminum phase is unchanged after nanotube synthesis
and no carbide formation has occurred.

Vickers hardness measurements were carried out to see the change in hardness for all the
samples relative to the control samples. A list of hardness numbers is shown in Table 4.6.
In the case of composites prepared with aluminum nanosized powders, the increase in
hardness is very large because of aluminum carbide formation. This is analogous to
results obtained for iron-MWNT composites. The increase in hardness that occurs due to
formation of MWNTSs with no carbides present as indicated by XRD results is 67.32%.
We could not use these pellets any further for compression tests due to fragmentation.

We report the hardness numbers and compression tests on pellets prepared using

aluminum powders with two particle sizes (Table 4.6). The compression data showed
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(Figure 4.28) that the yield point is substantially decreased relative to that of the
reference sample probably due to the absence of bonding of the MWNTs with the
aluminum matrix, although the slope of the stress vs strain curve which corresponds to
the Young’s modulus increases with MWNT loading. Further mechanical property
measurements on an aluminum alloy containing a small fraction of iron to provide
pinning sites for the nanotubes therefore needs to be performed to understand the
behavior of aluminum-MWNT composites.

With this goal in mind, aluminum-iron alloy-MWNT composites without carbide
formation have been prepared and their Vickers hardness numbers measured. These
numbers given in Table 4.6 show an increase in hardness of the composites by 58.70%
relative to a pure aluminum alloy reference sample. This increase in hardness is,
however, similar to that observed for a pure nano-sized aluminum matrix with in-situ
grown MWNTs, although uniform and dense growth of nanotubes is evident from the
SEM images (Figure 4.29). In order to obtain enhanced yield strength in aluminum-
nanotube composites it may therefore be necessary to use alloys with higher

concentration of iron pinning sites.
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Figure 4.28 Stress versus strain curves for AI-MWNT samples made with metal acetates
as catalyst precursor and Al reference samples. Lower curve for an AI-MWNT sample
prepared with cobalt-molybdenum acetate as catalyst precursor, upper curve for an Al

reference sample.

Table 4.6 Vickers Hardness Numbers for Aluminum-MWNT Composites

Sample Description HV/10 S1 units (MPa) Change Comments
numbers (HV/10 x 9.807)
All the samples below are treated at 600 °C, with same heat treatment time cycles.

Starting metal matrix from Aluminum nanosized powder

Annealed reference pellet | 35.74 350.50 Control sample
Acetylene-argon feed 154.27 1512.93 331.65% aluminum carbide formed
CO-acetylene-argon feed | 59.8 586.46 67.32% No iron carbide formed; confirmed

by XRD

Starting metal matrix from Aluminum nano/micron sized mixed powders

Annealed reference pellet Control sample

CO-acetylene-argon feed No aluminum carbide formed;
confirmed by XRD

Starting metal matrix from Aluminum alloy 1060

Annealed reference pellet | 25.22 247.33 Control sample

CO-acetylene-argon feed | 40.03 392.53 58.70% No aluminum carbide formation:

confirmed by XRD
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Figure 4.29 SEM images taken from: (a) The surface of aluminum alloy 1060 before
MWNT synthesis, and b) After MWNT synthesis. Dense and uniform growth of MWNTs
can be observed over the whole surface and inside crevices.
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4.7 Conclusions
In this chapter, an in-situ CVD method for metal-carbon nanotube composite developed
during the course of this work, is discussed. The results indicate that acetates of iron and
cobalt supported on the metal matrix particles are ideal catalyst precursors for nanotube
synthesis. Several other catalysts studied also indicated the formation of nanotubes, but a
layer of carbonaceous material also formed on the surface of the pellets making it
difficult to conduct studies of the mechanical properties of the composite formed.
Characterization by XRD revealed that no other phases of iron and carbon were formed
during SWNT synthesis with CO as the carbon source. MWNT synthesis with acetylene
as the carbon source on the other hand resulted in the formation of an iron carbide
impurity phase. By mixing acetylene with CO as the carbon source, iron carbide
formation was prevented. A mechanism for the reaction involved is proposed in this
chapter and confirmed by XRD measurements. Iron-SWNT and iron-MWNT composites
prepared were found to have substantially enhanced compressive yield strength and
hardness relative to specimens of similarly treated iron matrices without nanotubes.
Increases of yield strength up to 45% and 36 % with ~ 1 wt % of infiltrated SWNTs and
MWNTs, respectively, relative to that of similarly treated pure iron samples without
carbon nanotubes of the same piece density was observed and Vickers hardness showed
an increase of 74% and 96%, respectively. Iron being a very effective catalyst for carbon
nanotube growth anchors the nanotube tips to the metal surfaces and creates supporting
bridges in the cavities of the metal matrix as shown particularly by transmission electron
microscopy. These bridges offset in part the weakening of the composites due to the

presence of the cavities or pores in the matrix structure, resulting in higher mechanical
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strength. The enhanced mechanical strength raises the possibility of using of these
nanocomposites in structural and engineering applications. It is expected that further
mechanical strength enhancement and weight reduction can be achieved by increased
nanotube loading using a more optimized deposition process and by controlling the

porosity of the iron matrix.



CHAPTER §

CARBON NANOTUBE- BASED BIOCHEMICAL AND CHEMICAL SENSORS

5.1 Abstract
Single wall carbon nanotubes (SWNTSs) have many attractive properties that can be
exploited to develop the next generation of sensors. Here the use of directly grown or
electrophoretically deposited carbon nanotubes to fabricate a bio-sensor or bio-probe
device, and the use of pre-synthesized nanotubes in the fabrication and testing of gas
sensors, are described. Vertically aligned SWNTs were grown on metal interconnects
(Cr/Co), which were patterned on quartz substrates using photolithography to make
electrical connections to each SWNT individually. This fabrication was conducted using
processes that are also used for complementary metal oxide semiconductor (CMOS)
processing. The insulating layer was comprised of silicon nitride, which is robust to the
ionic liquids used in biological cell cultures. Electron-beam lithography was used to
define the locations (5 nm-100 nm holes) for SWNT growth, which was performed using
thermal chemical vapor deposition and electrophoretic deposition. A second application
of gas sensors involved individually suspended SWNTSs contacted by Cr/Au pads as
source and drain field effect transistor components for the monitoring of various gases
(NO;, NH3, CH4, Hp, CO, CO,, ethyl acetate, acetone vapor, and a mixture of
hydrocarbon vapors, and H,0). The adsorption of different electron donating gases on the
SWNT backbone shifts the Fermi level of the p-type semiconducting nanotubes,
consequently changing their electrical conductivity. Experimental results showed that
sensor response to NO, (at 10-300 ppm levels) was in the range of a few seconds for 100

ppm, and was reversible and reproducible. Recovery of sensor response was achieved by
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heating the sensors at 120 °C for a period of 10-12 hours. Reversible electrical response
indicated physisorption of NO, molecules on the nanotube sidewalls. Other gases did not
show a significant increase or decrease in the source drain current. Although a change in
threshold voltage was observed for a negative gate bias, the results were not reproducible.
The experiments for all the gases were conducted in dry gas (N, 80% and O, 20%) and
humid gas (35% relative humidity) environments enabling compatibility of the sensors
with real time applications, such as monitoring of low concentrations of gases in

residential, industrial, medical, and automotive environments.

5.2 Overview of Nanotube-Based Sensors
Sensors are devices that detect or measure physical and chemical quantities such as
pressure, temperature, concentration, pH, sound, and chemical structure-induced changes.
The measurands are converted into electrical signals. A good sensor features high
sensitivity, fast response, reversibility, reproducibility, low operating and manufacturing
costs, and high volume production. The application of carbon nanotube as a sensing
element in the sensor arises due to their inherent properties of small size, high strength,
electrical conductivity, high surface area, low power consumption, and thermal stability.
Carbon nanotube-based sensors have been demonstrated for pressure (Liu and Dai, 2002;
Wu, 2004), flow (Ghosh, 2003), thermal (Wong and Li, 2003), gas (Kong, 2000; Modi,
2003), strain (Dharap, 2004; Li and Chou, 2004) and biological (Sotiropoulou and
Chaniotakis, 2003) sensor applications. In this chapter the focus will be mainly on the
fabrication of carbon nanotube-based biological sensors, and the fabrication and testing

of gas sensors comprised of carbon nanotubes.
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5.2.1 Carbon Nanotube Based Biological Sensors

Carbon nanotubes (CNT) have given cell biologists and biochemists a new interface for
investigating cells and important organelles (Li, 2005). The biosensor applications of
CNTs include: scanning probe microscope tips used to probe single cells or molecules,
field effect transistor (FET) devices used to sense specific ions, porous CNT films used
as electrochemical biosensors, and CNT nanoelectrode arrays as electrochemical sensors.
Recent discoveries of the electromechanical properties of CNTs may lead to their use as
force sensors with piconewton sensitivity (Tombler, 2000). Nanoelectrode arrays for both
electrochemical and electromechanical biosensor applications are the focus of this
research work. In section 5.2 it was pointed out that the intrinsic properties of carbon
nanotubes make them an ideal sensing element and their use in various types of sensors
was briefly highlighted. In this section we emphasize the studies that have been
conducted using carbon nanotubes to form various biological sensors.

Sotiropoulou and Chaniotakis (2003) developed an amperometric biosensor using
carbon nanotubes as the immobilization matrix. Aligned MWNTs were grown on a Pt
substrate which also served as the transduction platform for signal monitoring as shown
schematically in Figure 5.1. The MWNT arrays were purified with acids and oxidation to
remove impurities and amorphous carbon, followed by immobilization of the glucose
oxidase enzyme. The response and sensitivity of the sensor was found to be very high

when compared to an air-treated sensor.
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Figure 5.1 Schematic diagram of a CNT array biosensor. The enzyme immobilization

allows for the direct electron transfer from the enzyme to the platinum transducer. [Source:
Sotiropoulou and Chaniotakis, 2003].

Zhang and Gorski, 2005 demonstrated an electrochemical sensing platform based on the
integration of redox mediators and CNTs in a polymer matrix. The incorporation of
CNTs reduced the overpotential for the mediated redox process by an extra 0.30 V and
reduced the response time from 70 seconds to approximately 5 seconds. This mechanism
due to CNTs facilitated redox mediation in polymer matrix composite films used to study
amperometric determination of d-nicotinamide adenine dinucleotide (NADH). McKnight,
(2003) used vertically aligned carbon nanofibers (VACNFs) grown on a Fe/Ni alloy with
tungsten interconnects. VACNFs were passivated with insulating SiO; and the tips were
exposed. The effective tip radius was calculated to be 20 nm from cyclic voltammetry
measurements of 1 mM ruthenium hexamine trichloride in a 0.1 M KCl solution using Pt
reference and counter electrodes. The VACNF probes were also employed to implant
DNA into living cells. The cells survived the implantation and expressed the DNA in cell

progeny. This study was a very important proof of several principles of intracellular



147

probing. However, as will be shown, the size and geometry of the VACNF (conical
shaped with tip diameters of ~ 20 nm, base diameters of ~ 1 micron, and lengths of 6 — 10
microns) limit their application to biochemical and biophysical investigations involving

intracellular probing.

Functional Molecules
At the Tips of the SWNTs

&

Insulation around
SWNT Shaft

Interconnect Metal

Figure 5.2 Shows a schematic drawing of a proposed SWNT array device.
[Source: Farrow, 2005, unpublished].

It consists of SWNTs grown attached to interconnects to facilitate measuring
changes in their electrical characteristics. The sidewalls of the SWNT probes are
passivated leaving the tips exposed to reduce the background noise and increase their
electrical sensitivity. Functional molecules are bonded to the tips of the SWNTs. One
variation of this device involves its use as an array of electrochemical sensors where the
signal is derived from the characteristic reduction/oxidation (redox) reaction of a specific
molecule in contact with one of the probes. The molecule is identified from the redox
potential, which is measured from the current/voltage characteristic using cyclic
voltammetry. The research conducted so far to fabricate the SWNT arrays mentioned
above will be discussed below. It is important to note that such devices have broader
electronic applications and their use is not just limited to biosensing devices. Graham

(2004) for example has demonstrated a fabrication protocol to make vertically aligned
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MWNTs (also called vias) using a process called Damscene to deposit a support metal
layer (tantalum) and catalyst (Fe clusters 20 nm in size). The holes were created using
focused ion beam milling to a size between 25-35 nm followed by growth of nanotubes
using thermal CVD at low pressure (10 Torr) with acetylene and hydrogen as feed gases.
This work made a significant contribution in realizing 3D structure transistors; however,
the use of iron as catalyst and acetylene as carbon precursor limits the growth of carbon
nanotubes to primarily multiwall carbon nanotubes (MWNTs). In another study by the
same group (Duesberg, 2004), a process using i-line lithography to create larger holes
(350-1500 nm in size) on silicon dioxide, and backfilling by depositing amorphous
silicon to narrow down the holes to a size range of 20-500 nm. The holes were then filled
with iron catalyst by sputtering followed by removal of excess catalyst by ion beam
polishing. This study provides an alternate route to create catalyst islands in desired
locations; however, once again primarily MWNTSs were grown. In the third and fourth
chapters of this thesis significant growth of SWNTs and MWNTs using carbon monoxide
and acetylene precursors, respectively with different metal catalysts, is discussed. This
experience in synthesis of SWNTs using CO and ethanol with thermal CVD will be
utilized in growing nanotubes on the device structures described above. Electrophoretic
deposition on device structures of pre-synthesized SWNTs using similar methods will
also be discussed.

The ultimate goal was to produce an optimized CNT probe for investigating
cellular signaling mechanisms with molecular sensitivity and spatial resolution on the
order of nanometers. The geometry and physical properties of the CNT probe will allow

it to be inserted into a living cell while maintaining cell functionality during probing.
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This would not only include the electrochemical functionality but also cell motility.
There would be a great technological advantage to a CNT probe array such as that shown
in Figure 5.2 that cells could move over without affecting their motility while allowing
the CNT probes through the plasma membrane for localized measurements of
electrochemical and mechanical activity. This should be possible if the diameter of the
CNT probes is of the order of the size of the phospholipids making up the cellular plasma
membrane (~ 3.5 nm). Single wall carbon nanotubes would be the best choice for this
application since the average diameter of an individual SWNT is ~ 1.2 nm.

The proposed SWNT probe could monitor the near-membrane intracellular

2+
signaling events (voltage, [Ca ], enzymatic activity). It is, therefore, a very promising

device with a multitude of applications in physiology/biophysics, cell signaling,
pharmacology, neuroscience and other areas that study various forms of the interface
between extracellular and intracellular signaling. Many cellular processes that are
important for normal physiology occur in the vicinity of the plasma membrane. A large
body of research is aimed at the coupling of electrical trans-membrane signals to
intracellular events, which include important research areas such as, excitation-
contraction coupling and excitation-secretion coupling. Measurement of voltage between
the tip of a single SWNT electrode and the extracellular space could be very useful,
especially if it could be done with nanometer spatial resolution. Previously, distribution
of trans-membrane potential was simplistically inferred via theoretical modeling
(Goldman, 1943; Hodgkin, 1949; Eisenberg, 2003) or calculated from molecular
dynamics of membranes and channels (Roux, 1999; Jiang, 2002; Barreiro, 2003; Allen,

2004). Direct and simple measurements of voltage near functional channels have not
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be therefore of great interest. The SWNT nanoprobe will permit direct measurements of
charges on membrane surfaces and investigate how trans-membrane potentials change at

a near-molecular scale.

5.3 Fabrication: Results and Discussions

For successful manufacturing of a MEMS/NEMS device, the fabrication process involves
design, characterization, and preliminary tests. The use of new materials and device
concept results in process adjustments from the existing silicon techniques and are
indispensable. The use of carbon nanotubes in a vertical alignment to use as probes or as
field effect transistors especially on quartz substrate has not been previously
demonstrated. Many of the process steps involved in past research work had, therefore,to
be modified. By means of test experiments each step is determined and well
characterized.

In following section detailed studies on fabrication steps of the various layers are
considered. A detailed explanation of the final working procedure is presented in the

Appendix B.

Fabrication Details The development of the process steps can be divided according to
the number of layers that were laid down. The following section is designed accordingly;
each layer will be discussed and it’s processing in detail with materials involved and
challenges faced. The complete flow schematic for such a process proposed by Farrow
(2005) is shown in Figure 5.3. The work presented here is limited to “Step n” shown in

the process flow schematic. Following this, each sub-section will be discussed for one or
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two sub-parts of the full process flow diagram. Deviation from the proposed flow
diagram will also be addressed. The CNT array previously shown schematically in Figure
5.2 corresponds to the configuration shown in “Step 0” (Figure 5.3). The lay out of the

metal pattern and the location for nanotube deposition is shown in Figure 5.4

8 Quanz Substrale b) Photoresss! deposstion ¢} Pattem resist in 4y InlerconnectSeed

Micro-well and micro-fluic channel
process is inserted after this step.

Figure 5.3 Process flow for biosensor device with carbon nanotubes as probes.
[Source: Farrow (2005)].
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Sites for nanotubes

4 inch Wafer with 9 cells
each of 14 mm X 17 mm

Figure 5.4 Lay out of the proposed metal pattern, alignment markers, and the site for
nanotube growth.

Steps a and b: Choice of Substrate and Photoresist Deposition. Quartz wafers of 100
mm diameter and 350 pm thickness were used. The quartz substrate was chosen to enable
the investigation of cells from the back side using optical microscopy. Since most of the
processes for photolithography were developed for silicon substrates, the process steps
involved had to be modified. A standard process for cleaning wafers before deposition of
resist involves rinsing of the wafers with acetone for 10 minutes, followed by rinsing
with isopropyl alcohol for 10 minutes and thoroughly rinsing with de-ionized (DI) water
and drying in nitrogen. The wafers are then baked at 120 °C for 10-20 minutes to remove
moisture before coating with an adhesive layer of hexamethyl disilane (HMDS) — a step
that is also known as wafer priming. However, initial experiments conducted using a
similar protocol resulted in weak or no adhesion of photoresist on top of the HMDS
prime layer. This will be discussed in more detail after consideration of the metal

deposition Step e. The reason is that the quartz surface has residual adsorbed water. The
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HMDS layer therefore reacts with the hydrogen atoms in the water layer and does not
form the adhesive layer required for uniform photoresist deposition. There are two ways
to overcome this: firstly by vapor priming, and secondly by Pirhana cleaning (P clean). P
clean processing was carried out with a mixture of sulfuric acid and hydrogen peroxide at
a temperature of 67 °C followed by rinsing with running DI water at the same
temperature and then with running DI water at room temperature. All the steps were
carried out for 5 minutes each. The P clean step requires additional safety precautions,
such as the use of neoprene gloves, face shield, and an extra gown on top of the clean
room lab coat. The wafers were dried by blowing N, and baked at 120 °C for 30 minutes
to remove the moisture. The results for this protocol showed perfect adhesion of HMDS
as evident after the liftoff process (Step €). HMDS was coated using a spin coater at a
speed of 1200 rpm for 40 seconds with an acceleration of 500 rpm/sec.

Step b: Photoresist deposition. The wafer as discussed above has a coating of
HMDS before depositing photoresist. One of the desired features for a good photoresist is
its uniformity. Shipley 1813 photoresist, which is a liquid polyimide photosensitive
polymer, was used. The liquid was spun onto the wafer, forming a thin sheet, and then
cured in an oven to form a resistant plastic coating. Four different recipes were used to
obtain the desired photoresist layer. The spin speed versus film thickness plots for dyed

Shipley 1800 series resists are shown in Figure 5.5.
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Figure 5.5 Photoresist thickness versus spin speed curves for Shipley 1800 series
photoresists.

The recipes used for the photoresist layers were:

Recipe 1:

HMDS 2000 rpm for 40 sec with acceleration of 500 rpm/sec
S1813 4000 rpm for 60 sec with acceleration of 500 rpm/sec
Softbake at 110 °C for 2 min on a hot plate

Exposure 10 mW/cm? for 20 sec

Recipe 2:

HMDS 1200 rpm for 40 sec with acceleration of 500 rpm/sec
S1813 3500 rpm for 30 sec with acceleration of 500 rpm/sec
Softbake at 110 °C for 2 min on a hot plate

Exposure 10 mW/cm? for 25 sec

Recipe 3:

HMDS 1200 rpm for 40 sec with acceleration of 500 rpm/sec

S1813 3500 rpm for 30 sec with acceleration of 500 rpm/sec

Softbake at 90 °C for 10 min in an oven

Cold plate for 60 sec

Second layer of S1813 5000 rpm for 30 sec with acceleration of 500 rpm/sec
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e Second softbake at 90 °C for 2 min in an oven
e Cold plate for 30 sec
e Exposure of 10 mW/cm? for 35 sec

Recipe 3a

e Same as recipe 3 with exception of exposure time of 30 sec
Recipe 3b

e Same as recipe 3 with exception of exposure time of 27 sec
Recipe 4

e HMDS 1200 rpm for 40 sec with acceleration of 500 rpm/sec

e S1813 3500 rpm for 30 sec with acceleration of 500 rpm/sec

Softbake at 90 °C for 10 min in an oven
Exposure of 10 mW/cm? for 20 sec

The following briefly describes observations made to make changes in the parameters of
the recipes mentioned above: The HMDS layer deposited with a spin speed of 2000 rpm
and S1813 with a spin speed of 4000 rpm for 60 sec did not yield good adhesion. This
was observed when the wafer was developed using MF-319 standard developer for 60
seconds. Therefore, in the second recipe both the spin speed for HMDS and S1813 was
reduced to get thicker layers and the softbake protocol was kept the same in order to
observe changes due to the thicker coatings. The wafers were given longer exposures
because after the first process the whole photoresist was washed off due to under-
exposure. Under-exposure results in a thin layer of photoresist remaining at the bottom,
which is soluble in acetone and can lead to complete removal of the photoresist layer at
the time of liftoff of the metal. However, this did not solve the problem and on
development the pattern was still uneven and had broken edges when observed under an
optical microscope. In recipe 3 a two-layer photoresist process was studied with the goal
of obtaining a better undercut as shown in Figure 5.6. The undercut is required to have a

good metal layer on the substrate. In the two-layer process, first layer using the same
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protocol as above is deposited followed by deposition of a second thinner layer of
photoresist. Since in this process the first layer is soft-baked at 90 °C for a total of 12
minutes (10 + 2 minutes in two soft-bake steps; also see recipe 3 above for a better
understanding of the process), the photosensitivities of these two layers are different. The
top layer is less sensitive to light than the bottom layer. These results in an inclined
profile referred to as the undercut in CMOS processes. Since the thickness of the resist is
now much higher compared to that for the resist from the one layer process, the exposure
time was increased to 35 sec for recipe 3 and to 30 and 27 seconds, respectively (dose
focus experiments) in recipes 3a and 3b. However, these process modifications did not
yield a good resist pattern and the process steps involved increased. It was therefore
necessary to revert back to the one photoresist layer process and reduce both the softbake
temperature from 110 °C to 90 °C and exposure time from 25 sec to 20 sec. This protocol
with a short development time (10~30 sec) yielded the best results and a perfect
photoresist pattern was observed under an optical microscope. In the discussion here
optical images after each step were not included because a camera attached to the
microscope in the clean room was not available.

Step c: Pattern resist in contact aligner. The exposure was made in the contact mode
with a mask aligner MA6 from Karl Suss that operates with a 350 W mercury lamp light
source. The 4 inch wafers were aligned with the help of markers shown in Figure 5.6 with
the help of a microscope attached fo the instrument. UV-exposure test series on Shipley
1813 were required to determine the exact dose of exposure. The samples were found to
be exposed for 20 sec at an energy densitiy of E = 10.0mW/cm’. This is equal to an

exposure dose of D = 200 mJ/cm?. The energy density E was measured using a dose
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measurement technique immediately before the actual exposure. The exposed samples
were developed using a Microposit developer concentrate (MF319), which is a standard
tetramethylammonium hydroxide phosphate developer for positive resists (95% water,
<1% surfactant, and 2.2% tetramethylammonium hydroxide, with a pH of 13). The
development time was determined again by means of test series and was found to be
10~30 seconds or the time until the photoresist pattern was visible to the naked eye.

Step d: E-beam evaporation for Cr/Co metal deposition. In e-beam evaporation
or physical vapor deposition (PVD), the metal wafers that were exposed to UV light and
hard-baked in previous steps, were mounted on a carousel and placed in the vacuum
chamber. A block of the metal to be deposited was also placed in the source tray. The
source tray for the model Temescal VES-2550 is designed to house more than one metal
(reliable vacuum pocket crucible with 15cc and 25cc pockets) with up to 40 x 4” wafer
capacity and capability to fit custom substrates. In a typical process the metal is heated by
means of a highly energized electron beam (up to 10 keV) under high vacuum conditions
that allow the metal atoms to evaporate freely in the chamber and subsequently condense
on all the surfaces. The wafers can be mounted in two configurations. In one
configuration where the wafer is perpendicular to the metal source a non-conformal
coating of the metal is obtained. This process leads to deposition of metals only on flat
surfaces and not on edges and edge lengths because after photolithography the wafers
produced have several steep 90 degree valleys. In the second configuration the wafers are
mounted on a hemispherical carousel and therefore metal vapors generated deposit on all
the sides uniformly resulting in a conformal coating over the entire photoresist surface

irrespective of the valleys. The two configurations are shown in Figure 5.6 below.
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Figure 5.6 E-beam evaporation set-ups. a) Wafers mounted perpendicular to the metal
source and the resulting metal profile on the photoresist pattern together with the
undercut profile, and b) Wafers mounted on the hemispherical carousel for conformal
deposition, and the resulting metal coating on the photoresist pattern.

Both methods were studied, poor metal pattern edges after lift off were observed
using the first method. The second configuration was used after optical observation of
metal patter after liftoff. The low contamination of the evaporated metal is the main
advantage of this kind of evaporation. PVD leads to high quality thin films. A 20 nm
thick chromium (Cr) adhesion layer that enables good cobalt (Co, which functions as the
nanotube growth catalyst) adhesion on the quartz surface was evaporated at a rate of 2
A/s. A 120 nm thick Co layer was then evaporated at a rate of 1 A/s. The determination

of the Co thickness depended on three parameters; namely the quality of the subsequently

deposited silicon nitride film, the alignment markers for e-beam lithography at 100 keV,
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and the catalyst/seed layer needed for nanotube synthesis or electrophoretic deposition.
Thickness chosen for the chromium and the cobalt layers were 20 and 120 nm,
respectively. Using these thicknesses the alignment marks were detectable in the e-beam
lithography system using backscattered electron (BSE) detection with 100 keV electrons.
With BSE detection the alignment mark contrast increases with the atomic number and
thickness of the mark (Farrow et al, 1993). When a heavier metal such as Au is used the
metal thickness can be reduced and the marks are detectable with the same e-beam
energy. In another example, 42 nm thick Cr/Au layers were deposited for the gas sensors
and only 30 keV for alignment and e-beam writing could be used. In addition, infrared
radiation for backside alignment can be blocked thus enabling accurate backside
alignment. The thickness was also sufficient for nanotube synthesis and electrophoretic
deposition. The results for these processes will be shown in the later fabrication steps.
Briefly, for nanotube synthesis a layer of active metal catalyst, such as cobalt of thickness
above 5 nm is desired; however, in this process most of the available surface for growth
was masked with a layer of silicon nitride or layers of gold and silicon nitride, thereby
limiting the surface area available only through the holes. By covering the metal layer,
the exposed metal area was of the order of 20 nm ~ 35nm (holes) and thickness did not
play a very crucial role. For electrophoretic deposition the metal layer is a more
important factor. As can be seen from the design (Figure 5.8), the sites for the nanotube
deposition are connected to metal contacts. These features are 1~2 micron in size and
have to be connected to a conducting contact pin while performing electrophoretic
deposition. Chosen thickness of the metal layer makes the process more robust and less

likely to have cracks in the metal en route to the sites of interest.
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Figure 5.7 DEKTAK vertical height measurements. (a) Shows a scan for an area of 1
mm X 1 mm at medium scan speed; the vertical height is 1557 A, and (b) scan at a
different location for an area of 3 mm x 3 mm at a slow scan speed; the vertical height is
1397 A.

Step e: Lift-Off of metal.  Good lift-off results were achieved when the samples were
dipped for 20 min. in acetone at room temperature in a covered container to prevent
evaporation. The samples were gently sprayed with acetone using a pipette until the
Cr/Co film was detached from the surface. Most often the film broke into big pieces
which were sucked into the pipette and removed from the solution. If the detached pieces

were small they could remain suspended in the solution and contaminate the surface by
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sticking via van der Waals forces after lift-off. If this happens they cannot be removed
any more. The acetone bath had to be changed two or three times and the procedure
repeated until the lift-off looked good. Then the samples were bathed in isopropanol at
room temperature and rinsed with DI water for 10 min. As a result the top side of the
samples were structured with markers and electrode structures which were then used for
the alignment and for making contacts to SWNTs. A good lift-off result for the electrode
structures is shown in Figure 5.8. (a) full wafer pattern after metal lift off, (b) nanotube

deposition sites, (c) gap required between two nanotube sites.

a= W ¥ -
8
Site for nanotube
growth

Figure 5.8 Result of a wafer after lift off. (a) Shows pattern obtained after metal lift off,
(b) Shows sites for nanotube growth or deposition, and (c) Shows required gap of ~2 pum;
measurements on fabricated device structure indicates a gap of 3 um.
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Step j: Silicon Nitride using Plasma Enhanced Chemical Vapor Deposition
(PECVD). Silicon nitride (Si3zN4 or SiNy) was deposited as a film on top of the metal
pattern obtained after lift off. There are two reasons for depositing a SiNy film: firstly,
SiNy is the material on which windows can be transferred down to the metal level after e-
beam lithography. These windows will then be used for SWNT growth by CVD or
deposition by electrophoresis. Secondly, it provides an insulating barrier between
conducting interconnect metal and the cell culture solutions on which measurements will
be performed. A 50 nm thick low stress SiNy film was deposited at low temperatures
using plasma enhanced chemical vapor deposition (PECVD). PECVD was conducted at
the NJIT MFC clean room facility using Plasma Therm 790 standard equipment. The
system uses a capacitively-coupled 13.56 MHz source excitation to produce the plasma
between two aluminum plates. The samples were placed on the anode substrate holder in
order to minimize ion damage. Initially the system was cleaned using a vacuum pump
and isopropyl alcohol. Before making a deposition, a cleaning cycle run was conducted
using oxygen plasma to remove any residual contaminants. In addition, a passivating
layer of SiNy of 50 A in thickness was deposited on the chamber walls before the final
deposition was performed. A typical cycle used for the PECVD process after pumping
down the system to 1 x 10 Torr was as follows:

1) Initially heat the chamber wall to a desired temperature of 20 °C and the substrate
to a temperature of (300-350 °C)

2) Purge the system with nitrogen for 3 minutes at 1 liter/min

3) Using following deposition conditions:



Parameter Set Point Actual readout
Pressure: 900 mTorr 899 mTorr
Power: 50w 49 W

NH;: 45 SCCM 45 SCCM
SiHg: 280 SCCM 280 SCCM

He: 800 SCCM 800 SCCM
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4) Turn RF power on: The system is equipped with an autotuner in order to achieve
the plasma and required flow rates. The system can be preset to the desired
thickness.

5) Purge the system with nitrogen.

6) Evacuate gases and cool down to room temperature under nitrogen atmosphere.

7) End of cycle and samples can be taken out for measurements.
Above runs were performed at two different substrate temperatures of 300 °C and 350
°C. The observations on the SiNy layer were made using SEM for morphology, by
ellipsometry (Rudolph Research Auto EL) to obtain the thickness, and optical imaging
after etching was performed with HCI to look for pinholes.

Figure 5.9 shows the SEM image after deposition at 300 °C indicating a uniform

conformal coating over the entire surface at a magnification of 1300x. Since SiNy is an
insulating material it was difficult to get high resolution images at energy of 2 keV. The

line visible in the image is the edge of the metal pattern below the SiN layer.
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Figure 5.9 SEM image of a wafer after deposition of a 50 nm SiNy film using PECVD.
Some of the coated samples were used to grow carbon nanotubes and it was
observed that the SiNy film cracked at the nanotube growth temperature. This was
attributed to the presence of pinholes in the PECVD deposited layer, which functioned as
crack propogation centers. The difference in the coefficient of thermal expansions
between SiNy and metal layer at the interface causes the cracking of the SiN layer (this
will be discussed more in nanotube deposition step) It was difficult to observe the
pinholes in the SEM images recorded. Therefore HCl was used as an etchant, which
selectively removed Co metal but not SiNy, by this method it was possible to locate the
pinholes on the film. Figure 5.10 is an optical image after the etching process with 12 M
HCI. In Figure 5.10 a color difference in the form of arrays can be observed which arises
due to the presence of metal layers below the SiNy layer. The image in Figure 5.10a is a
low magnification image showing the presence of pinholes over the entire area, while
Figure 5l.10b shows a high magnification image indicating a number of pinholes with the
metal layer below. The results therefore showed that the process used did not yield the

uniform coverage and this can happen because of two reasons: (1) Contamination of the
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PECVD chamber with SiNy, and (2) Use of a lower temperature process resulting in layer

thicknesses that were 1.5~2 times the desired thickness of 50 nm.

a b

Pin Holes Co metal Pin Holes

Figure 5.10 Pin holes on SiN, deposited using PECVD visible after a 12 M HCI etch.
The SiNy layer was then deposited at the higher temperature of 350 °C in order to
get the optimal thickness and better uniformity. Higher temperature is expected to yield
denser growths and thereby fewer pinholes. The SEM image shown in Figure 5.11
indicates a uniform film. Optimal film thickness is also indicated by ellipsometric

measurements carried out at three locations on the film. The results are shown in Table

31
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Figure 5.11 SEM image after deposition of a SiNy layer on the metal patterned quartz
wafer using PECVD at 350 °C.

Table 5.1 Ellipsometric Measurement on SiN Layer on Silicon Substrates Deposited at

350 °C

TL NL ORD Thickness (A) = MXORD + TL
517 2.037 1751 517

509 2.045 1742 509

472 2.023 1766 472

The thickness is calculated using a standard formula MxORD + TL = Thickness

(A). A program for two layers i.e. SiNy on top of Silicon was chosen. TL is the thickness

of a layer, NL is the refractive index, ORD is a correction factor, and M is an integer

multiplied by the correction factor. M is chosen depending on an initial guess of the

thickness. For the above measurement M = 0 was chosen and the resulting thickness was

of the order of ~ 500 A.
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Step k and I: e-beam resist, e-beam lithography. A standard procedure for e-beam
resist ZEP was used. Seven different electric field doses were used as shown in Figure
5.12 to create windows from 5 nm to 100 nm. This work was carried out at the New
Jersey Nanotechnology Consortium (NJNC) at Bell Laboratories located at Murray Hill,

New Jersey.

*Lowest doses at top

5 10 20 40 60 100 50pum X 50um patches of (as
labeled) dots. Dots are

arrayed on 0.5um centers.
The entire test pattern is
surrounded by an optical
grating to aid in locating the
test write.

O o0Oo0oa0n
O 0000
O 00o00a0

*Highest doses at bottom

Figure 5.12 E-beam lay out: each square consists of specified (5-100 nm) size holes
separated by 1 micron. Lowest dose focus is towards top and the highest dose focus is at

the bottom of the lay out.
[Source: NINC].

Step m: Reactive Ion Etch (RIE) etch to remove resist and silicon nitride. The

ZEP photoresist with a thickness of 2000 A was then the mask used for patterning the
SiN, (500 A) layer below. A Trion Technology Phantom instrument capacitively coupled
plasma reactive ion etching system was used to etch the SiNy layer openings from the

topside of the sample. In an RIE system the plasma is driven capacitively with a power
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source operating at 300 Watts using a 13.56 MHz, solid state RF generator. In this case, a
reactive gas species, such as CF4, CHF; or SF is added to the chamber. Flourine-based
plasmas are generally used for isotropic etching. When the plasma is formed by the
applied RF potentials, the gas molecules are broken down into a number of fragments and
radicals. A significant number of these molecular fragments may become ionized in the
plasma and may be accelerated to the various electrode surfaces within the discharge
chamber. In the RIE system used the samples are placed on the powered electrode and
exposed £0 the flux of ions from the plasma, as well as the more isotropic flux of gas
species that may also be formed within the chamber. During reactive ion etching, gaseous
species from the plasma react with the surface atoms forming compounds or molecules.
These species then leave the surface thermally, if the vapor pressure is high enough, or as
a result of ion bombardment. The free radical concentration controls the isotropic
chemical etch rate of the system. The contribution of physical and chemical part of the

plasma can be manipulated by varying the power and gas pressure.

Etching lons

Photoresist
SiNx

Metal
Quartz

Etching Region

Figure 5.13 Reactive ion-etch profile after partial exposure. It shows the depletion in
SiNy layer with residual photoresist layer on top.



169

The tests were conducted to observe etch rates on two silicon substrates coated
with with 2000 A and 500 A thick ZEP and SiN, layers, respectively. The thickness of
the layers chosen for the tests is the same as the layers on the device. Tests were
performed with two different gases at different chamber total pressures and power. The
final morphology of the holes was investigated using SEM on the quartz substrate with an
array of holes created by e-beam lithography on the ZEP photoresist after the etching
step.

Brief descriptions of RIE processes are given below. The respective etch rates
were determined by ellipsometric measurements.

Process 1

Gas: CF4; Flow: 10 SCCM

Pressure: 150 mTorr

Power: Set Point 15 W; Actual read out 12 W
Time 30 seconds

Two pieces of silicon one with ZEP and the other with SiNy coating are placed on
the substrate holder that is also the powered electrode. The above recipe yields an etch

rate of 12.67A/30sec for SiNy and 431.67A/30sec for the ZEP photoresist. The

ellipsometric measurements before and after the etch process for two layers are shown

below.
Before etch for 500 A SiN, on Silicon After etch for 500 A SiN, on Silicon
TL |NL ORD | Thickness (A) TL |NL ORD | Thickness (A)
656 1.923 | 1885 656 640 1.924 | 1885 640
657 1.912 | 1899 657 640 1.921 | 1888 640
647 1.913 | 1898 647 642 1.920 | 1886 642

Avg. =653.33 Avg. = 640.667
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Etch rate = Avg. thickness before etch — Avg. thickness after etch
Time of exposure

Etch rate SiNy = (653.33 — 640.667)/30 sec =12.67 A/30 sec
Before etch for 2000 A ZEP on Silicon After etch for 2000 A ZEP on Silicon
TL NL ORD Thickness (A) TL NL ORD Thickness (A)
2967 | 1.364 | 3199 2967 2477 | 1.490 | 2736 2477
2880 | 1.360 | 3010 2880 2480 | 1.494 | 2723 2480
2785 | 1.361 | 2980 2785 2380 | 1.520 | 2648 2380

Avg. = 287733 Avg. = 244567

Etch rate ZEP = 431.67A/30sec
Process 2
Gas: CHFj3; Flow: 50 SCCM
Gas: Oy; Flow: 5 SCCM
Pressure: 55 mTorr
Power: Set Point 250 W; Actual read out 150 W (desired value)
Time 60 seconds
The above recipe was derived from experiments done at the Molecular Foundry in
Lawrence Berkeley National Labs (Deirdre Olynick, private communication) and yields
an etch rate of 244.67A/10 sec for SiN, and 2266A/60 sec for ZEP photoresist. The
ellipsometric measurements before and after the etch process for the two layers are

shown below.

Before etch for 500 A SiN on Silicon After etch for 500 A SiN, on Silicon

TL | NL ORD | Thickness (A)

TL |NL ORD | Thickness (A)

714 | 1913 | 1898 714

440 | 1.84 1929 440

649 | 1.927 | 1880 649

412 | 1.905 | 1909 412

649 | 1.927 | 1880 649

Avg. =426

Avg. = 670.67
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Etch rate SiN, = 244.67A/10 sec

Before etch for 2000 A ZEP on Silicon After etch for 2000 A ZEP on Silicon
TL NL ORD Thickness (A) TL NL ORD Thickness ()
2523 | 1.511 | 2673 2523 446 1.442 | 2843 446

2451 | 1.524 | 2636 2636 401 1.444 | 2885 401

2692 | 1.451 | 2863 2863 Avg. =423.5
2557 | 1.49 2736 2736

Avg. =2689.5 Etch rate ZEP = 2266 A/1 min

It is desired that the etch rate of SiNy is such that the sacrificial layer of ZEP is not
removed entirely before 500 A of SiNy can be removed in order to expose the metal
layer. In the first process the ratio of etch rates of SiNy to ZEP is approximately 1:40,
with etch rates of 12.67 and 431.67 A, respectively. The time required to completely
remove SiNy is the total thickness of the SiNy layer divided by the etch rate, i.e., 1183
seconds, however, in the same time period the entire ZEP layer is totally removed due to
the much faster (431.67 A) etch rate. This leads to an exposed SiNy layer after 139
seconds of exposure time which under plasma conditions is then etched away leaving
behind the entire metal layer exposed to the atmosphere.

In the second process, the ratio of etch rates of SiN, to ZEP is 1:1.55, with etch
rates of 244.67 A/10 sec and 2266/min A, respectively. Therefore the time required to
remove 500 A of SiNy layer is approximately 21 (exposed for 25 seconds) seconds, for
the same exposure, ZEP removed is 944.67 A. The selectivity of this etch process
towards the two layers meets the requirement, as an approximately 1050 A thick layer of

residual ZEP of a total of 2000 A acts as a barrier and limits the total removal of SiN,



172

below the ZEP layer. As mentioned before we performed a test run on an array of holes
from 5 nm to 100 nm. Each grid consists of a 10 x 10 array of holes 1 micron apart
generated with a single dose focus created by the e-beam. A total of seven such sets for
each size are available and shown in Figure 5.12 and Figure 5.14. It can be noticed that
the holes for 5, 10 and 20 nm are not at all visible (Figure 5.14), it is possible that either
these holes were not written by the e-beam or totally wiped off during the etching
process. The verification for the presence of holes was not possible before etching since
the ZEP layer has to be coated with a carbon layer in order to image the morphology. The
carbon coating will alter the etching process in an unknown way, possibly an oxygen
plasma step has to be introduced to oxidize the carbon, but the oxygen plasma also etches
ZEP. For this application the holes for 40 and 60 nm are sufficient to create windows to

grow or deposit nanotubes at desired sites as shown in Figure 5.8.
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Figure 5.14 SEM image of the array of holes with sizes from 5 nm to 100 nm. Each row
corresponds to a single dose focus. The numbers therefore designate a total of seven dose
focus experiments.

A statistical analysis was conducted by measuring the hole diameters for all seven dose
focuses for 40 nm and 60 nm grids. The smallest hole diameter achieved after the RIE
etch is 145.5 nm in the case of the 3™ dose focus for the 40 nm array (refer to Figure 5.14

and Table 5.2).
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Table 5.2 Hole Diameters Determined Using SEM Measurement Tool for 40 and 60 nm
Grids for The Seven Dose Focuses After the RIE Etch

File no. Grid Image Hole 1 Hole 2 Average
no. on diameter | diameter
grid (nm) (nm)

40 nanometer array

1 Numbered

array

2 r'y 1

3 1 100

4 1 107.8

5 1 171.7

6 1 171.7
Avg. 1 171.7 171.7

7 2

2 174.9 1729 173.9

9 170 178.6 174.3
Avg. 2 1741

10 3

11 3 147.2 138.6 142.9

12 3 142.7 153.5 148.1
Avg 3 40 1455

13 4

14 4 164.5 153.2 158.85

15 4 131.6 158.4 145

16 4 162.8 176.6 169.7
Avg. 4 157.85

17 5

18 5 171.6 163.8 167.7

19 5 173.5 165.6 169.55
Avg. 5 168.63

20

21 175.7 183.8 179.76

22 155.6 163.8 169.7
Avg. 6 169.73

23 7

24 147.2 1423 144.75




(CONTINUED)

25 157.7 171.8 164.75

26 172.3 162.3 167.3
Avg.7 158.93
60 nanometer arrays

27 1

28 t 1

29 1 161.8 163.2 162.5

30 1 167.3 158.9 163.1
Avg. 1 162.8

31

32 165.4 166.3 165.85

33 2 169.8 162.6 166.2
Avg. 2 166.03

34 3

35 3 180.1 181.4 180.75

36 3 178.4 189.5 183.95

37 3 173.8 181.4 177.6
Avg. 3 180.77

38 60 4

39 195.4 197.1 196.25

40 1854 178.7 182.05
Avg. 4 189.15

41 5

42 5 160.8 163.4 162.1

43 5 160.2 160.2 160.2
Avg.5 161.15

44 6

45 184.9 195.1 190

46 6 180.5 177 178.75
Avg.6 184.38

47 7

48 7 178.8 184.6 181.7

49 v 7 148 148

50 7 170 170 170
Avg.7 175.85

175
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Step n: Carbon nanotube growth and electrophoretic deposition. The vertical
growth of individual and bundled single wall carbon nanotubes (SWNTSs) on silicon and
quartz surface is a critical issue in nanoelectronics. Vertically aligned nanotubes have
been grown recently on various substrates including silicon (Konno, 2004; Murakami,
2004; Ding, 2004; Christen; 2004; Maruyama, 2002). However, growth of nanotubes on
quartz substrates has not been studied in detail simply because quartz is not typically used
in nanoelectronics. In this section the methods employed to optimize vertical growth of
SWNTs and the compatibility with other layers, mainly silicon nitride, will be described.
In addition a method of electrophoretic deposition of carbon nanotubes on the metal
surface at room temperature will be discussed.

Uniform catalyst deposition in the size regime of a few nanometers (5 -20 nm) has
been found to be critical for vertical growth of carbon nanotubes. Spin coated catalyst
solutions of cobalt and molybdenum, metal deposited by e-beam evaporation with a
photoresist layer, metal deposited and after removal of photoresist layer, and finally,
metal with a silicon nitride layer on top, will be studied. In the above-mentioned systems
the effect of oxidation time/temperature, time for nanotube growth using ethanol as
carbon precursor, will also be discussed.

The first step was to identify the metal catalysts that can be used to grow SWNTs
on quartz. From past experience Co:Mo acetate precursor solutions aided with a polymer,
polyvinylpyrollidone (PVP) (Wang, Ph.D. thesis, 2005) for better dispersion and uniform
layer deposition on quartz substrate, were used. Co:Mo in a ratio of 1:1 with 1wt % of
PVP in ethanol solution was spin coated at 3000 rpm for 60 seconds. The quartz pieces

were placed in a clean ceramic boat, which was then positioned inside a high temperature
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furnace. Oxidation at 500 C in air was carried out at the rate of 5 °C/min in order to
remove PVP slowly and decompose the acetates to the corresponding oxides. This led to
the formation of islands of catalyst metal oxides in the sub-micron size range, a step that
is very important to grow vertically aligned SWNTSs. The final temperature is 850°C and
held for another 2 hrs.

The substrate was cooled to room temperature and subjected to a typical run for
nanotube growth. The typical run described here will remain the same for all the metal
catalyst types mentioned earlier. The quartz pieces with metal catalyst oxides are heated
to 500-850°C under H; and held for 35 minutes to reduce the metal oxides. The chamber
is pumped down to 107 Torr and back filled with carbon precursor ethanol with argon
(300 SCCM) as the carrier gas to 1 atmosphere pressure; temperatures used are between
700-850°C for growth and growth time is between 2 to 30 min.

Figure 5.15 (a-i) shows Raman spectra for SWNTs grown on various substrates.
Figure 5.15 (a) shows the spectrum of sample prepared using a catalyst layer from a
Co:Mo acetate solution spin coated on a quartz substrate. The substrate was heated to
800°C at the rate of 5°C/min and held there for 2 hrs. Nanotube growth is also carried out
at this temperature for 20 min. The Raman spectrum clearly indicates the presence of
both radial breathing mode (RBM) and tangential mode (TM) lines indicating the
presence of SWNTs in the sample. The peak at 463.51 cm™ is associated with crystalline
quartz. Using Equation 2.7, the RBM lines at 194 and 206 cm™ correspond to SWNTs
with average individual tube diameters of 1.25 nm and 1.17 nm, respectively. The
presence of relatively narrow TM peaks at 1591 and 1580 cm™ indicates that majority of

the tubes are likely to be semiconducting. In addition, the higher relative intensity of the
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disorder (D) mode near 1300 cm™' suggests the presence of MWNTs as well as defects on
the sidewalls of the SWNTs formed. The Raman spectrum is consistent with SEM images
indicating vertically grown forests of SWNT together with a large number of MWNT
(Figure 5.16). However this experiment suggested that cobalt can be used as catalyst for
extensive SWNT growth under optimal conditions. This observation is important since a
very limited number of catalyst metals for nanotube growth can be deposited using e-
beam evaporation techniques. The sample for which the Raman spectrum is shown in
Figure 5.15 (b) has a metal layer of 20/120 nm of Cr/Co deposited using e-beam
evaporation on patterned Shipley 1813 photoresist. A very short oxidation step is
performed where the substrate is heated rapidly to 800 °C from room temperature and
directly reduced under H, for 35 min in a typical run. The presence of photoresist under
the metal layer serves two purposes: (a) It functions as a secondary carbon source for
nanotube growth because of its low dissociation temperature, and (b) It provides an
indication of how adversely lift off affects the formation of SWNTs in later experiments.
In addition, a rapid oxidation step provides a view of morphological changes in the metal
layer. The Raman spectrum (Figure 5.15 b) indicates only the formation of MWNTs
since lines in the RBM mode region are not observed. Also the D mode at 1327 cm™ is
comparable in intensity to line at at 1574 cm™ which can be assigned to the graphitic G
mode of MWNTs. In addition, the lower frequency TM line of SWNTs is not observed,
further indicating the absence of SWNTs in the sample. This is also confirmed by the
MWNT-type SEM images from the sample shown in Figure 5.16 (b) although the
precursor decomposition and reduction step resulted in metal particles of 20-25 nm in

size that are suitable for SWNT growth. Lack of growth of SWNTs can, therefore, be
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attributed to incomplete reduction of metal oxides or the absence of initial formation of
metal oxide clusters. The spectrum between 400 to 1000 cm™ are not shown because of
the presence of high intensity peaks from crystalline quartz in this region. Figure 5.15 (c-
e) correspond to samples with an oxidation step of 30 minutes to 800°C followed by
holding at constant temperature for another 30 minutes and keeping the deposition time
constant at 20 minutes to observe the effect of oxidation without photoresist. Whereas in
Figure 5.15 (b) growth of MWNT was observed with rapid catalyst precursor oxidation,
there is substantial growth of SWNTs in samples corresponding to the spectra shown in
Figure 5.15 c-e. The presence of broader peaks in the low frequency region occurs due to
exposed quartz after lift off. The RBM peaks in Figure 5.15 ¢ are at 243 and 261 cm™, in
Figure 15 (d) at 261 cm™ and in Figure 5.15 (e) it is hard to locate the peak due to broad
high intensity quartz peak. The observation of relatively few RBM peaks suggests a
narrow distribution of nanotube diameters in the sample, which is highly desired for
nanoelectronic devices. On comparison of Figure 5.15 (c) with Figure 5.15 (d), it can be
observed that the intensity of the TM line is lower in Figure 5.15 (d), due to the fact the
Raman spectrum from this sample was taken from the back side of the quartz wafer. It
also suggests that nanotube growth takes place as soon as the carbon precursor is
introduced. Hence, in order to achieve low density growth one can reduce the deposition
time to the order of few minutes. This was confirmed by making a series of runs for
which a representative Raman spectrum is shown in Figure 5.15 (e) grown with only 3
minutes of deposition time. The SEM results shown in the Figure 5.16 (c-¢) correspond to
the Raman spectra shown in Figure 5.15 (c-e). Figure 5.15 ¢ and d shows images from

high density growth of SWNTs and MWNTs, where many of the tubes are oriented in the
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vertical direction. The back-side Raman measurement shown in Figure 5.15 (d) shows
that SWNTs are also present at the bottom-most layer and therefore low density nanotube
growth was achieved for the short growth time of 3 minutes (Figure 5.15 €). However, in
this case the nanotubes are not vertically aligned and grow in an inter-connected manner
between the metal islands.

The Raman spectra in Figure 5.15 (f-i) were from samples grown after a 50 nm
thick SiNy layer is deposited on top of the metal layer. The spectrum shown in Figure
5.15 (f) is not a true representation of the sample since this sample was covered with a
conductive carbon coating in order to perform SEM imaging. This sample does have a
large density of SWNTs as can be seen from the SEM image in Figure 5.16 (f). The
coefficient of thermal expansion for SiNy is 3.3 pinch/inch K and for metal Co is 12.3
pinch/inch K; this mismatch at the interface causes the cracking of the SiNy layer.
Especially, the oxidation cycle for up to 270 minutes at a temperature of 800 °C is not
conducive to the process. Therefore, in further experiments the lowest possible
temperature and the shortest time required for oxidation at that temperature were
determined. The sample from which the Raman spectrum in Figure 5.15 (g) was
obtained was oxidized at a temperature of 700°C for 270 minutes. The sample for Figure
5.15 (h) corresponds to 60 minutes of oxidation and the sample in Figure 5.15 (i)
corresponds to 30 minutes of oxidation. In Figure 5.15 (g) the RBM mode is weak,
however, the presence the split TM peaks confirm the presence of SWNTs. The SEM
images also support this observation. The reduction of the oxidation temperature
substantially reduces the cracking of the SiNy layer. One important observation is that the

nanotubes form in a chain like fashion connecting all the exposed metal particles
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emerging out of the SiN, layer. This is a desirable feature for many electronics
applications where nanotubes are used as interconnects between two metal particles as
source and drain, with an oxide layer at the bottom as a back gate to form field effect
transistors. The sample for which the Raman spectrum is shown in Figure 5.15 (h) was
oxidized for 60 minutes. It sﬁowed the best results with minimal cracking of SiNy and
chain-like growth. A piece of the device structure was used as the substrate in this case
and therefore in RBM mode region several peaks for quartz are observed. The peaks at
177 and 251 cm™ are assigned to SWNTs, while peaks at 158 and 299 cm™ arise due to
crystalline quartz. The disorder mode is low and both G™ and G components of the TM
mode are present, indicating the presence of SWNTs. Finally the Raman spectrum from a
sample, which was subjected to e-beam and RIE etches and therefore has the specific
windows where nanotubes are to be grown, is shown in Figure 5.16 (i). A very low
density of nanotubes was formed in this case, since the oxidation cycle was only for 30
minutes. It was also observed that significant amounts of MWNTs are formed possibly
due to lack of sufficient catalytic sites. The SEM image in Figure 5.16 (i) shows that the
nanotubes are located in the holes, but the SiNy layer was still cracked at several places.
This is evident when e-beam written numbers (20, 40, 60, and 100), which are easily

noticeable and have disfigured after the nanotube growth process, are examined.
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Figure 5.15 Raman spectra excited with 632.8 nm laser radiation for: (a) Sample
prepared using Co-Mo acetate catalyst precursor spin-coated from solution; (b) Sample
with catalyst deposited by e-beam with resist; (c) Sample with catalyst deposited by e-
beam without resist followed by 60 min oxidation and reduction; (d) Same sample as (c)
but taken from the backside; (¢) Sample with catalyst deposited by e-beam and no resist
followed by 270 min oxidation; (f) Sample with catalyst deposited by e-beam + silicon
nitride and 270 min oxidation; (h) Sample with catalyst deposited by e-beam + silicon
nitride and 60 min oxidation; (i) Sample with catalyst deposited by e-beam + silicon
nitride and 30 min oxidation.



Figure 5.16 SEM images of (a) Sample prepared using Co-Mo acetate catalyst precursor
spin-coated from solution, Inset shows growth of vertical nanotube forests; (b) Sample
with catalyst deposited by e-beam with resist; (c) Sample with catalyst deposited by e-
beam without resist followed by 60 min oxidation and reduction; aligned nanotubes are
formed; (d) Same sample as (c) but taken from the backside; (e) Sample with catalyst
deposited by e-beam and no resist followed by 270 min oxidation, inset shows cracking
of SiNx layer and tubes are grown as interconnect between metal clusters; (i) Sample
with catalyst deposited by e-beam + silicon nitride and 30 min oxidation.



Figure 5.16 (continued) SEM images of (f) Sample with catalyst deposited by e-beam +
silicon nitride and 270 min oxidation, inset shows cracking of SiNx layer and tubes are
grown as interconnect between metal clusters; (g) g) e-beam metal with SiNx and 270
min oxidation; (h) Sample with catalyst deposited by e-beam + silicon nitride and 60 min
oxidation.
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5.4 Electrophoretic Deposition (EPD) of SWNT's
The temperature and oxidation conditions could not be further reduced to synthesize
SWNTs on the metal catalyst. It was therefore necessary to find an alternative lower
temperature process to deposit the nanotubes. Electrophoresis has been used in the past to
deposit nanotubes on conducting surfaces at room temperature (Choi, 2001; Thomas,
2005; Gao, 2001). Electrophoresis deposition (EPD) is a very simple and cost effective
method that usually requires a simple experimental setup. It is driven by the motion of
charged particles, dispersed in a suitable solvent, towards an electrode under the
influence of an electric field. Small particles less than 30um size can be used in
suspensions with low solid loading and low viscosity. Deposition takes place via particle
coagulation. The drawback of this method is that the control of the deposition of the
SWNTs in form of bundles or individual tubes depends on the nature of the suspension.
As-synthesized pristine carbon nanotubes are inert, often aggregated and contain
impurities such as amorphous carbon on the sidewalls and catalytic metal particles. Post
synthesis treatment for purification using HCI and nitric acid imparts functional groups
on side walls, such as carboxylate and oxygen-containing groups. These acidic groups
electrostatically stabilize the nanotubes in water, or other polar liquids, by developing a
negative surface charge. Several types of solvents have been used to prepare nanotube
suspensions for EPD (Niu, 1997; Thomas, 2005; Choi, 2001; Du, 2002; Bae, 2002;
Kurnosov, 2003; Ma, 2005; Nakayama, 2001). Preparation of a stable dispersion is a
prerequisite for successful EPD. In general terms an electrostatically stabilized dispersion
can be obtained with particles of high (- potential, while keeping the ionic-conductivity

of the suspensions low. SWNTSs have shown high (- potential values at low pH values
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(Hu, 2005). It has also been shown that the presence of charging salts can play an
important role in improving adhesion of the nanotubes to substrates and increasing the
deposition rates (Choi, 2001, Bae, 2002; Kurnosov, 2003; Ma, 2005). Depending on the
salt used the deposition can be performed either on the anode or cathode. For example,
nanotubes have been shown to deposit on the positive electrode (anode) from suspensions
in the presence of benzylalkonium (please check chemical name) chloride (Bae, 2002)
while the presence of quaternary ammonium (Girishkumar, 2004) salts have been shown
to deposit nanotubes on the negative electrode (cathode).

Purified SWNTs were obtained from Carbon Nanotechnologies Inc (CNI). 10 mg
of nanotubes were suspended in 30 ml of distilled water. 10* moles of magnesium nitrate
hexahydrate [Mg(NO3),6H,0] was added to the suspension and sonicated for 2-3 hrs. A
few drops of non ionic Triton-X surfactant were added to improve the suspension. A
small piece of a patterned device on quartz with cobalt metal was used as the negative
electrode, and a platinum wire was used as the positive electrode. A series of tests were
performed at DC voltages in the 5V- 25V range and with different substrate structures in
order to optimize the deposition. The schematic for the experimental setup is shown in
the Figure 5.17. The same batch (P®288 from CNI) of SWNTs was used for all the EPD

experiments.
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Quartz piece
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metal

Pt. wire

CNT

Figure 5.17 Schematic for the electrophoretic deposition of carbon nanotubes from an
aqueous suspension of carbon nanotubes (CNTSs). The, quartz substrate is patterned with
Co metal and Mg(NO;),6H,0 is added to the suspension.

Figure 5.18 shows a representative Raman spectrum after deposition of SWNTs
on the metal patterned on the quartz substrate. The spectrum of the as-deposited SWNTs

is the same as that of the as-received SWNTs from CNI.
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Figure 5.18 Raman spectrum excited with 632.8 nm radiation of SWNTs after
electrophoretic deposition on a metal surface.



188

The deposition mechanism can be explained in terms of ion adsorption where
Mg®* ions are adsorBed by the suspended SWNTs resulting in the formation of an
electrical double layer. The migration of nanotubes and final deposition under DC bias
can be attributed to the preferential adsorption of ions in the nanotube suspension. The
microstructure of the deposited SWNTs was determined using SEM. Figure 5.19 a-f are
representative SEM images for DC biases of 5, 10, 15, 20 and 25 V, respectively. The
SEM image in Figure 5.19 (a) for a sample obtained at a DC bias of 5 V shows a very
low density of SWNTs. A single bundle of SWNTSs was observed after surface imaging
of the entire cathode surface. The images in Figure 5.19 b and c, for samples deposited at
a DC bias of 10 V show very uniform and well aligned layers of SWNT bundles over the
entire metal surface. A small amount of surfactant can also be observed, which can be
washed away after the deposition process is completed.

The SEM image in Figure 5.19 (d) is for a sample deposited at a bias of 15 V. It
shows a similar degree of alignment as for the sample deposited at 10 V. The deposition,
however, is denser and forms a uniform layer. Figure 5.19 (¢) shows the SEM image for
a sample deposited at a bias of 20 V. The deposit is very dense but randomly oriented.
SWNTs are observed right on the tip (shown as inset) where SWNT deposition would be
required during device fabrication. Figure 5.19 (f) shows the SEM image for a sample
deposited at a bias of 25 V. As expected a denser layer of SWNTs was observed.
However, some of these samples were difficult to image because the quartz substrate is
ins;ulating and a conducting carbon layer was not deposited. Figure 5.20 is an

electrophoretic deposited using optimized condition of 10 V and 10 minutes.



Figure 5.19 SEM images after electrophoretic deposition on metal surfaces patterned on
quartz wafers for different DC biases: a) 5 V,b)and ¢) 10 V,d) 15V, e) 20 V, and f) 25
V.
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The images 5.20 a and b shown are from the sample that was e-beam written and
etched using RIE as discussed earlier in step 1 and m. The sample charges under electric
field of 2 keV in SEM due to the presence of top insulating silicon nitride layer. It can be
noticed that all the holes are populated with nanotube bundles. A larger magnification
image shown in Figure 5.20 b shows a bundle of tube in an etched hole of diameter ~100
nm. The size of the bundle is approximately 20 nm. Presence of tubes in the holes was
confirmed using micro Raman (Figure 5.20 c), with a beam spot size of approximately 1
um, it covers an array of 3x3 holes and all the features as of pristine tubes were observed.
The deposition of tube is observed to occur only at the center of the hole. This can be
explained by electric field distribution between two metal plates under DC bias. A finite
element analysis conducted to determine the electric field distribution between the two
plates, platinum and a cobalt plate which is covered with 50 nm SiNy having 100 nm
holes is shown in Figure 5.20 A. It clearly suggests that due to narrowing down of the
holes below sub micron scale the field is highly localized in the center of the holes with
sharp edges at corners of hole near SiNy surface. As the hole size is increased the electric

field flattens out and more tubes can deposit on the metal surface.
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Figure 5.20 SEM and Raman of electrophoretic deposited SWNTs on e-beam written
and RIE etched sample at 10 V DC bias for a period of 10 minutes. Sample has an
insulating coating of SiNy as a top layer.
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Figure 5.20 A Electric field distributions with a 10 V DC bias between a platinum and
cobalt plate with 100 nm holes on a 50 nm SiNy insulating layer using finite element

analysis.
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5.5 Gas Sensors: Introduction

The motivation for improved gas sensing capabilities for ammonia (NH3), carbon
monoxide (CO), and nitrogen oxides (NO and NO,) is predominantly driven by the risk
of these gases to humans. Exposure to gaseous ammonia at concentrations of 50-100
parts per million (ppm) can cause severe burns to the skin, eyes, throat, and lungs. In the
case of exposure at or above 5,000 ppm, blindness, lung damage, and death are possible.
Even at low concentrations, ammonia exposure causes coughing and irritation. Persons
with asthmatic conditions are particularly prone to these effects. At concentrations around
25 ppm, chronic exposure can lead to damage of the eyes, liver, kidneys, and lungs. The
threat of exposure to carbon monoxide is considerably greater. CO is a byproduct of
incomplete combustion reactions. Exposure at concentrations around 30 ppm can result in
the weakening of heart contractions, reduction in ability to perform manual tasks, and
general drowsiness. For individuals with heart conditions, exposure to concentrations as
low as 10 ppm can cause similar effects on the body. At concentrations greater than 35
ppm for extended durations (>24 hrs), carbon monoxide exposure can result in
headaches, irritability, blurred vision, lack of coordination, nausea, dizziness, and death.
According to United States government regulations, the threshold level value for CO is
50 ppm for an eight hour exposure. Nitrogen oxide gas, at 1-5 ppm, is a general irritant of
the respiratory system as well as the eyes. Exposure over time results in fluid build-up in
the lungs, nausea, and fatigue. Higher concentration exposures cause swelling of the
throat, reduced oxygenation in the blood, and in severe cases, death.

Based upon these symptoms, considerable attention has been given to the

monitoring of these gases in the environment. Automotive congestion elevates the
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presence of these gases in urban locations. In rural settings, gas concentrations can

become elevated due to fertilizers or excessive density of livestock byproducts.

Carbon Nanotubes as Gas Sensors Carbon nanotubes have been investigated
for gas sensing applications by various groups. Sensors based on nanotubes mostly rely
on direct change in their electrical properties when subjected to a chemical gas
atmosphere comprising of the analyte to be studied. SWNTSs with their one dimensional
structure are ideal molecular wires with a highly robust chemical structure, which
provides the necessary characteristics for large scale integration into advanced sensor
devices. This section focuses primarily on NO, detection.

NO;: First report was by Kong (2000) where semiconducting-SWNTs (S-
SWNTs) grown by chemical vapor deposition on SiO, /Si substrates and patterned
catalyst were used for NO, and NHj detection. The change in I-V, curves after exposure
to gases showed that molecular gating effects are capable of shifting the Fermi level of S-
SWNTs and modulating the resistance by orders of magnitude. In this study, the lower
concentration limit for NO, was found to be 2 ppm and 0.1 % for NH; with a response
time of 5 min. and 10 min., respectively. The electrical conductance of the nanotubes was
observed to decrease ~ 100 fold after exposure to 1% NH; with a response time of ~ 1-2
min. and sensitivity of ~ 10 to 100. In another study conducted at NASA (Li, 2003),
purified SWNTs prepared by the HiPCO (high pressure carbon monoxide) method were
used on interdigiated electrodes for NO, and nitrotoluene detection. The detection limits
for NO, and nitrotoluene were observed to be 44 ppb and 262 ppb, respectively. The

sensor response was on the order of seconds and recovery by UV exposure was observed
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to occur in a few minutes. Suehiro (2005) demonstrated NO, detection using
dielectrophoretic impedance measurements involving SWNTs and MWNTs trapped in a
castle wall arrangement that was photolithographically fabricated. The devices were
exposed to NO,, (NH3 was also studied) and the sensor impedance was measured at room
temperature in the 1-100 KHz frequency range. It was observed that the number density
of the nanotubes trapped increased the sensor sensitivity. Chemical functionalization has
also been explored for NO; (and also for NH3) detection. For example, Qi (2003) has
demonstrated that nanotubes functionalized with polyethyleneimine (PEI) converts the
as-prepared p-doped nanotubes to n-type tubes due to electron transfer doping via the
amine groups on PEL This increased the sensitivity towards NO, detection to a level of
parts per trillion. Reproducible results showing the capability to sense NO; at levels that
were as low as 1 ppb with 1-2 min. response times have been reported. Sensor recovery
were performed by UV-exposure which results in desorption of the NO, molecules.
Another important feature of the PEI wrapped n-doped nanotubes is that they do not
show any response to NHj, CO, CO,, CHs, Hy and O,. For selective NH; detection the
nanotube device was coated with Nafion®.

The sensor devices based on nanotubes described above provide evidence of their
gas sensing abilities in different device setups. However, the role of a nanotube and the
sensing mechanism needs further investigation. No studies have been reported for an
individual nanotube without any direct contact with the substrate or gate. As it is widely
known Si and its oxides can also be used as a gas sensing element, it is therefore
important to study the nanotubes fabricated as a bridge rather than lying on the wafer

surface. Here, a novel approach utilizing the variation of the electrical properties of
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carbon nanotubes to sense a particular analyte. The choice of device configuration is
based on an individual suspended S-SWNT. The fabrication process has been simplified
in order to integrate it into a large scale device based on conventional CMOS methods.
Several reproducible devices were made using nanotubes of different diameters. A dry
gas (N2 80% and O; 20 %) and a humid environment (35 % relative humidity) were used
to examine the gas molecule analyte in order to create successful devices for real time
applications.

5.6 Experimental Section

5.6.1 Device Fabrication

This section is divided in three parts: (a) Process flow for device fabrication, (b).
Chemical functionalization of the carbon nanotubes, and (c¢) AFM characterization used
in process flow. (Experiments were conducted at ETH)

5.6.1.2 Process Flow. SWNTs made by high pressure carbon monoxide chemical
vapor deposition (HiPCO) were used to fabricate the devices. For detailed description
readers are referred to Stampfer (2004). A brief description is provided here for
completeness. The nanotubes were mixed with sodium dodecyl sulfate surfactant,
sonicated, and centrifuged at 75.60 g for 4 hours. The upper 80% supernatant was
decanted while micelle suspended nanotubes were retained at the bottom. The schematic
of the procedures used are illustrated in Figure 5.20. A Si substrate (4 mm x 4 mm)
containing a 200 nm oxide layer was spin coated with a copolymer of methyl
methacrylate and methacrylic acid [P(MMA-MAA)] as first resist layer followed by
PMMA as second resist layer to enhance the lift-off process and baking at 180°C (Figure

5.21b). The reference alignment markers were defined by electron beam (e-beam)
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lithography (Figure 5.21c). Development was done by a 1:3 solution of methyl isobutyl
ketone (MIBK) and isopropanol (IPA). After the development process layers of Snm Cr
and 30 nm Au were deposited followed by lift-off and cleaning. Before nanotube
deposition, the surface was functionalized with DAS, N-[3-(Trimethoxysilyl)Propyl]-
Ethylene-Diamine (97%), molecules. This provides the advantage that Coulomb
attraction between the positively charged surface due to NH;" functionalization and the
negatively charged carbon nanotubes with SO; -groups from the SDS (sodium dodecyl
sulfate) suspension, enhances the deposition. Deposited reference alignment markers
served to identify the location of each SWNT which is recorded by atomic force
microscopy (AFM) in the tapping mode (Figure 5.21d). The AFM image is used to orient
and locate the mask of each CNT based nanodevice. After spin coating again, e-beam
lithography was used to structure the individual devices (Figure 5.21f). Exposure to UV
light was used for removal of residual resist in order to improve the contact resistance.
Figure 5.22 shows a schematic of the proposed device consisting of a single suspended
nanotube contacted with Cr/Au pads and gate oxide of SiO; of 200 nm thickness, which

was etched to suspend the nanotubes.

Figure 5.21 Process flow for individual SWNT based gas sensor. [Source: Stampfer et al.
IEEE 2004].
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Figure 5.22 Suspended SWNT connected with Cr/Au metal contacts on 200 nm SiO,
gate oxides. [Source: Stampfer et al. 2004].

The contacts were wire bonded with aluminum wires, and a pin assignment was
performed. Two pins were assigned as gate and numbered 5 and 15 (readers should refer
to left l;ottom image for each sample shown in Figure 5.2;”) and on each sample 8
SWNTs were contacted with Cr/gold pads. Figure 5.23 shows the pin diagrams for
Samples A, B, C,D

Sample #A

2019181716 15

Figure 5.23 Pin assignments for Samples A.
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Figure 5.23 Pin assignments for Samples B, C (continued).
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Sample #D

201918171615

(R Vg
Figure 5.23 Pin assignments for Samples D (D-Functionalized with BaO) (continued).

5.6.1.2 Chemical Functionalization. BaO is a well known NO; scavenger and
widely used in catalytic converters in the automobile industry (Fridell, 1999). Sample D
is functionalized with BaO in order to increase selectivity and sensitivity towards NO,,
The sample was immersed in a barium nitrate solution for 24 hours at 100 °C followed by
rapid thermal annealing at 600 °C in an argon atmosphere to form BaO coatings.

The reaction involving NO, uptake is:

Ba0 +2NO, + O <> Ba(NO;),

At room temperature only physiosorption of NO, has been reported. As catalytic
converters are exposed to hot gas the regeneration of catalyst takes place continuously.
Following the recovery can be achieved in two ways, either by heating the device or by

using UV exposure to remove adsorbed NO; since the reaction is reversible.
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5.6.1.3 Characterization by AFM. AFM in the tapping mode was used to determine

the location and orientation of the SWNTs.

0 15pm 0 15pm

SWNT 2 on Sample #B 1.46 nm SWNT 6 on Sample #C 1.06 nm

Figure 5.24 AFM images for single walled carbon nanotubes to determine location and
orientation for contacting with chrome/gold pads with e-beam.

5.6.2 Electrical Measurements
Electrical measurements were performed both on gold structures used as dummy and
SWNT contacted with Cr/Au contacts.

Description of Measurement modes:

In all the modes described below the current between source-drain (/) was measured
with a high precision current amplifier, with an amplification factor of k and converted to

voltage V= k. I;41-V characteristics are plotted for each mode as described below.

Measurement Mode 1 (MM1): corresponds to a constant source drain voltage, Vg4 =
constant and a constant gate voltage, V; = constant (Typical values used Vg = 150 mV

and Vg = 0)
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The sequence of measurements is shown in the schematic below in Figure 5.25 a:
from 0 to a set point and than back to zero when measurements are aborted, both V4 and

Vg were measured.

» <

Figure 5.25 a Measurement Mode 1 sequence: results are plotted as Iyq vs sequence for
this mode.

Measurement Mode 3 (MM3): corresponds to a constant gate voltage, Vg = constant
and a source drain sweep —Vq4 to +V4 (Typical values used Vg =0 V and Vg = -250 mV
to +250 mV)

The sequence of measurements is shown in the schematic below Figure 5.25 b: Vq; zero
to positive set point, from positive set point to negative set point and than back to zero

value. Vg; zero to set point and back to zero when Vg sweep cycle is complete.

V,,: LOOP, V, = const

1

4

Figure 5.25 b Measurement Mode 3 sequence: results are plotted as Iyg vs Vgq.



203

Measurement Mode 5 (MMS): corresponds to a constant source drain voltage, Vds =
constant and a gate sweep, -V to +V (Typical values used Vgg= 150 mV, Vy;=-20 V to
20V)

The sequence of measurement is shown in the schematic below Figure 5.25 c¢: Vg; zero
to set point and back to zero when V sweep is complete. V,; zero to positive set point,
from positive set point to maximum negative set point and finally from negative set point

to zero.

V,,= const., V,,: LOOP

v,

e

Figure 5.25 ¢ Measurement Mode 5 sequence: results are plotted as Iyg vs Vg

Scheme 1: Electrical measurement for a single gas

First the device was allowed to cool to room temperature under dry gas flow. The gas test
bench was programmed in the following manner e.g. Table 5.3, dry gas flow for 15
minutes, followed by flow of gas to be analyzed for a period of 1-2 hrs (sufficient enough
to make measurements in all three modes), followed by purging with dry gas for 15 -30
minutes.

Table 5.3 Example for a Test Bench Program for a Single Gas Measurement in Three
Electrical Measurement Modes Following Scheme 1

Gas XX

Segment no. Gas/Gases Time Concentration
1 Dry Gas 15 min Purge gas

2 Gas XX 1-2 hrs YY ppm

3 Dry Gas 15-30 min Purge gas
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Electrical measurements under scheme 1: Firstly measurements in MM1 were carried out
under dry gas flow (15 minutes) and continued under the gas to be analyzed; these
measurements were typically stopped after 15-20 minutes of the analysis gas (XX) flow.
A few minutes of time was used to reenter the new parameters for the MMS.
Measurements were continued for MM3 and after the cycle was completed, XX gas flow
was aborted (total time required for all three modes varied between 40 minutes to 1:30
minutes) and dry gas was allowed to purge the chamber. The same sequence was
followed for all the gases and also for humid gas environments where dry gas was
replaced by humid gas.

Scheme 2: Electrical measurements for all gases in series

Continuous measurements in MM1 were used in order to determine response of various
gases. Gas test bench was programmed in the following manner (refer to Table 5.4
below). For each gas two concentration set points were used and purged with dry gas
before a new gas was allowed to flow into the chamber. Same measurements were also

carried out in humid gas environment where dry gas was replaced by humid gas.
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Table 5.4 Example of Gas Test Bench Program for All Gases in Electrical Measurement
Mode 1 Following Scheme 2

Segment No.

g ~-T - IS O R e

NN RN N m et et e e ke e
W RN = S O 0 1 L & W

Gas/Gases

Dry Gas
Methane
Methane

Dry Gas
Hydrogen
Hydrogen

Dry Gas

Carbon Dioxide
Carbon Dioxide
Dry Gas

Dry Gas

Ethyl acetate
Ethyl acetate
Dry Gas

Carbon Monoxide
Carbon Monoxide
Dry Gas
Ammonia
Ammonia

Dry Gas
Nitrogen dioxide
Nitrogen dioxide
Dry Gas

Time

15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min

Conc.

Piirge
3000 ppm
6000 ppm
Piirge
5000 ppm
10000 ppm
Piirge
0.50% (5000 ppm)
2.0% (20000 ppm)
Piirge
Plirge

24 ppm

60 ppm
Piirge

20 ppm

50 ppm
Piirge

30 ppm

90 ppm
Piirge

60 ppm
200 ppm
Piirge
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5.7 Results and Discussion

Measurements to make sure nanotube exists on device: Each tube was tested in order
to make sure that the measurements were made on nanotubes and not the shorts between
the tube and gate oxide.

For example, measurements on CNT 2 on sample B are shown in Figure 5.26 b. In order
to make these measurements one of the contacts was used to apply the source drain
voltage, and the second metal contact was grounded. In the second measurement one
contact was used to apply the source drain voltage and the other one was kept floating.
Similarly the second contact was used as a contact to apply the source drain voltage and
the other contact was gounded and then kept floating. In total four measurements were
performed (shown in Figure 5.26 a). The motive for these measurements was to find the
current flow path. Of the above-mentioned verification steps, there were only two
possible conduction paths (61 and 63) and makes sure that there is no current flow in the
case of floating combinations (for example in 60 and 62 there is only some leakage
current). In case the tube is shorted with the substrate, higher current flow must be
observed in the plots for the 60 and 62 settings, which is not the case. The I-V
characteristics are shown in Figure 5.26 b. The numbers 60,61,62,63 correspond to the

plots in Figure 5 - for details please refer the caption for graph.
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Figure 5.26 a Schematic showing connections and SWNT verification measurements.

Isd [A]

-3.00E-01 -2.00E-01

——6:Vsd ; 7: Float (62)
——86:Vsd; 7: Grnd (63)

——7:Vsd ; 6: Grnd (61)

7:Vsd ; 6: Float (60)

+00 1.00E-01 2.00E-01 3.00E-O1

Figure 5.26 b Leakage checks: verification to check nanotube is measured and not bond

shorts.

Dry Gas flow measurements to obtain transistor characteristics: Followed by these

measurements devices were heated at 120 °C for 10-12 hrs in order to remove the

absorbed moisture from ambient. The transistor characteristics were then recovered to



208

find a working point. As shown in Figure 5.27, a gate sweep from —V; =20 V to V=20

V at constant Vg = 150mV was performed.

lon = 37.9NA Gon = 25.3 pQ" Ron= 3.96MQ
lot= 1.66NA Gog = 11.1 nQ™" Ryg= 90.5 MQ

CNT 2 -V gsweep after heat no gas
(8:26-07-08))

r T —1-00E-06 r Y /
* 10 20 30

On 1.00E-07 -

3
' 1.00E-08 |
}
\
V‘\!W“M’P
1.00E-09 -
VglV]

Off

Isd[A]

Figure 5.27 Measurement Mode 5 to determine the transistor characteristics. Vg = -20 to
20V, Vg =150mV.

Figure 5.28 displays the I-V bias curve for CNT2 on sample B. At V; = 0, nonlinearity in
the I-V curve at room temperature and the asymmetric dependence of the conductance on

the gate voltage indicates that the nanotube is semiconducting.
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Figure 5.28 Measurement Mode 3 Vg sweep from -20 Vto 20 V, V= 0.

5.7.1 Electrical Measurements with Gas Flow

SWNTs were exposed to 10-300 ppm of NO,, and representative response curves shown
in Figures. 5.29 were measured. The response under gas flow was measured in three
modes as described in the experimental section under scheme 1 and in MM 1 under
scheme 2. Previous studies have reported a change of one order of magnitude in
conductance for NO, concentration of 200 ppm in 2-10 seconds; 100 ppm of NO, were
also detected in the same time scale of 2-5 seconds. There was a difference in the control
gas being used because in the earlier studies nitrogen was used prior to the introduction
of NO; at detectable concentrations. In studies where dry gas, which is a mixture of 80%
N and 20% O, was used as control gas, the baselines were higher because O, like NO, is
an electron acceptor and contributes towards holes and thereby conductance. In future it
is planned to make measurements with pure N; flow so as to compare results with
previous work. In Table 5.5 shown (scheme 2) below, the time period and gas

concentrations for each gas are listed for a run that was made overnight. For each gas,
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two concentrations were measured and the chamber was purged for 15 minutes with dry
gas before a new gas was introduced. Figure 5.29 a, and b show the Iy vs sequence and
gas concentration results. It can be clearly observed that there is a significant change in
source drain currents with flow of NO; (in the last three segments). Exposure to NO;
rapidly increased the Iy4 or source drain current, consequently increasing the conductance.
Similar behavior has been observed with the devices reported by Kong (2000).
Theoretical (Kong, 2000; Peng, 2000 and Chang, 2001) and experimental studies (Kong,
2000) have attributed this phenomenon to electron donation from the carbon nanotube to
the electron accepting NO, molecule. As-prepared SWNTs are p- or hole doped
semiconductors due to their interaction with molecular oxygen. The acceptance of
electrons by NO; increases the conductance of the SWNT structure via the creation of
further holes in the valence band of the semiconducting nanotube. Figure 5.29 a and b
show the response to various other gases (refer to Table 5.5), with no substantial change
in source drain current observed with the exception of hydrogen at 10,000 ppm. The work
reported in this thesis focuses mainly on the results for NO,. However, the results
obtained from other gases are listed in the appendices in the order of measurements

conducted.
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Table 5.5 Gas Concentrations for Measurement Mode 1 Run Made Overnight: V3 = 150
mV, V=0V

Gas/Gases Time Conc.

Segment No. _

1 Dry Gas 15 min Purge

2 Methane 15 min 3000 ppm

3 Methane 15 min 6000 ppm

4 Dry Gas 15 min Purge

S Hydrogen 15 min 5000 ppm

6 Hydrogen 15 min 10000 ppm

7 Dry Gas 15 min Purge

8 Carbon Dioxide | 15 min 0.50% (5000)

9 Carbon Dioxide | 15 min 2.0% (20000)

10 Dry Gas {5 min Purge

11 Ethyl acetate 15 min 24 ppm

12 Ethyl acetate 15 min 60 ppm

13 Dry Gas 1S min Purge

14 Carbon 15 min 20 ppm
Monoxide

15 Carbon 15 min 50 ppm
Monoxide

16 Dry Gas 15 min Plrge

17 Ammonia 15 min 30 ppm

18 Ammonia 15 min 90 ppm

19 Dry Gas 15 min Plirge

20 Nitrogen 15 min 60 ppm
dioxide

21 Nitrogen 15 min 200 ppm
dioxide

22 Dry Gas 15 min Purge
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All gases in sequence with dry gas flow in between until dry gas after CO2

2.50E-08 - -+ 2.50E+04
co2 COz2 20000

2.00E-08 - He 4 2.00E+04
g 1.50E-08 - <+ 1.50E+0 d A
g - —# —gases
= 1.00E-08 - -+ 1.00E+0¢

5.00E-09 - + 5.00E+03

0.00E+00 ; : 0.00E+00

0 5000 10000 15000 20000 25000 30000 35000

Sequence

Figure 5.29 a MM 1 run, overnight, V¢ = 150 mV, V; =0. Data plotted from start until
the end of CO, flow (refer to Table 5.5).

all gases in sequence with dry gas in between starting CO2 onwards

NO2
6.00E-08 - NH 200 T+ 2.50E+02
EA EA % Lo Tua NO2
S.OOE-Da N 20 50 30 & 200E+02
4.00E-08 -
< + 1.50E+02
i" 3.00E-08 - _ﬂl
=~ + 1.00E+02
2.00E-08 -
1.00E-08 T S.00E+01
0.00E+00 : - ¥ : 0.00E+00
0 5000 10000 15000 20000 25000 30000 35000

Sequence

Figure 5.29 b MM1 Vg = 150 mV, V, = 0. Data plotted from dry gas purge after CO,
flow until end of the run (refer to Table 5.5).
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Figure 5.30 Of the above data (Figure 5.29 b) only last three segments comprising of dry
gas, followed by two concentrations of NO; (60 and 200 ppm) are plotted.

CNT 2 ——Vgsweep after heat no gas
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Figure 5.31 Measurement Mode 5: Vg sweep =-20 V to 20 V, Vg =150 mV.

Low concentration runs to check the lower onset of detection were performed after
recovering the device by heating overnight at 120 °C. 10 ppm of NO, concentration was

used and measurements were done in three modes (scheme 1), plots are as shown in
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Figure 5.32 (MM1), Figure 5.33 (MM3), Figure 5.34 (MMS5). In MM1 clear change in Iy
can be observed although at such low concentrations almost no change in gate sweep and

source drain sweep can be observed.

NO2 second run — led (9:28-07-08)

—#—NO2 10 ppmi{9:28-07-06)
1.80E-08 T 1.20E+01
1.60E-08
1.40E-08 1.00E+01
1.20E-08 + 8.00E+00

< 1.00E-08
3 8.00E-00 6.00E+00
6.00E-09 + 4.00E+00
4.00E-09
g + 2.00E+00
0.00E+00 T T 0.00E+00
0 2000 4000 6000 8000 10000

Sequence

Figure 5.32 Measurement Mode 1 measurements, with 10 ppm of NO;. Vg = 150 mV,
and V=0 V.

——NO2 10 ppm (11:28-07-06)
—— lsdfA] (03:26-07-06)

Isd [A]

-0.3

Figure 5.33 Measurement Mode 3, 10 ppm of NO; Vg = -250 mV to 250 mV and V, =
0.
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NO2 second run
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6.00€-08 —— after 3rd day heat (1:28-07-06)
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-3.00E+01 -2.00E+01 -1.00E+01 0.00E+00 1.00E+01 2.00E+01 3.00E+01
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Figure 5.34 Measurement Mode 5, 10 ppm of NO; Vg =-20t0 20 V, Vgg= 150 mV.
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Table 5.6 Gas Concentrations for Measurement Mode 1 run made overnight: Vg4 = 150

mV, V=0V

Gas/Gases Time Conc.
Segment No. . _
] Dry Gas 15 min Purge
2 Methane 15 min 3000 ppm
3 Methane 15 min 6000 ppm
4 Dry Gas 15 min Purge
S Hydrogen 15 min 5000 ppm
6 Hydrogen 15 min 10000 ppm
7 Dry Gas 15 min Plirge
8 Carbon Dioxide 15 min 0.50% (5000)
9 Carbon Dioxide 15 min 2.066 (20000)
10 Dry Gas 15 min Purge
11 HC Mix* 15 min 60 ppm
12 HC Mix* 15 min 150ppm
13 Drv Gas 15 min Purge
14 Carbon Monoxide | 15 min 20 ppm
15 Carbon Monoxide | 15 min 50 ppm
16 Dry Gas 1S min Purge
17 Ammonia 15 min 30 ppm
18 Ammonia 15 min 90 ppm
19 Dry Gas 15 min Piirge
20 Nitrogen dioxide | 15 min 60 ppm
21 Nitrogen dioxide 15 min 200 ppm
22 Dry Gas 15 min Purge

*HC-Mix Acetylene 0.3%

Ethane

0.3%

Propane  0.3%
Ethylene 0.3%
Nitrogen. Rest
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all gases second run (with dry gas ) — lacl[A] (13:28-07-06)
—ii—gas cone. in ppm (13:28-07-06)

2.00E+04

1.50E+04

1.00E+04
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0.00E+00
0 5000 10000 15000 20000

Sequence

Figure 5.35 Measurement Mode 1, V¢ = 150 mV, V, = 0. Nanotube was subjected to
gases as shown in Table 2.

Sample C CNT6

The second device was tested for NO; beyond these measurements. The first two plots
were under dry gas flow environment and can be used as reference for comparison when
subjected to NO; flow. This tube showed nearly linear I-V bias characteristics as depicted

in Figure 5.36

DRI [=lediA] 36:02-08.0%) |

-03 v_’—sy"ﬂn—w ¢ o1 0.2 03

Figure 5.36 CNT 6 on sample C, measurement mode 3, Vg =-250 mV to 250 mV and
Vg =0.
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Figure 5.37 Measurement mode 5, Vg =-20 Vt0 20 V, Vig= 150 mV.

Refer to Table 5.6 for the gas concentrations for the results shown in Figures. 5.38 and
5.39. As expected from the previous result, this device also showed a considerable
change in source drain current for NO, gas. Same concentrations were used as before of

60 and 200 ppm. Both source drain current and gas concentration data for all the gases

are shown in Figure 5.38.
CNT 6 Sample C all gases — lscl[A] (38:02-08-06)
—l—gas conc.

1.80E-07 - T 2.50E+04

1.40E-07 -

s B M 2.00E+04
_. 1.00E-07 - 1 1.50E+04
i 8.00E-08 -

6.00E-08 - - 1.00E+04

4.00E-08 - | 5.00E403

2.00E-08 -

0.00E+00 L 0.00E+00

0 5000 10000 15000
Sequence

Figure 5.38 Measurement mode 1 Vg = 150 mV, Vg = 0. All gases in series with dry gas
used to purge.
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Figure 5.39 The plot shows only the last three segments from Figure 5.38. The last three
segments comprise of dry gas followed by two concentrations of NO; (60 and 200 ppm).

Another set of measurements was performed at a fixed concentration of 100 ppm of NO,.

Measurements were made in all the three modes as shown in Figures. 5.40 (MM1), 5.41

(MM3), and 5.42 (MMS).

H

0.00E+00

|—IsdIA] (00:03-08-06)

—8— NO2 0-100 ppm (00:03-08-06)

120

-1.00E-08
-2.00E-08 -
-3.00E-08 -
-4.00E-08 4
-5.00E-08 -
-6.00E-08 -
-7.00E-08 -
-8.00E-08 -

-0.00E-08 cssmssceeas

Sequence

5000

Figure 5.40 Measurement mode 1 Vg =-250 mV, Vg = 0. NO, 100 ppm.
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Figure 5.41 Measurement mode 3, Vgg=-250 mV to 250 mV, V,=0.

NO2 100 ppm

—— NO2 100 ppm (02:03-08-05)
—— Diy Gas (37:02-08-06)

1.40E-07 -
1.20E-07 -

8.00E-08 -
6.00E-08 -
4.00E-08 -
2.00E-08 -

Isd[A]

Fat - e
T

-3.00E+01 -2.00E+01 -1.00E+01 0.00E+00 1.00E+01 2.00E+01 3.00E+01
vglv]

Figure 5.42 Measurement mode 5, Vg=-20t020 V, V54 =150 mV.

5.7.2 Device Recovery

UV exposure and thermal treatment were used to recover the device. Some results
presented here to show that the device was fully recoverable by thermal treatment.
Electrical measurements were performed while the device was being heated to determine

the time required to reach the initial state of the device and the rate of recovery. (UV
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results can be found in Appendix 1). Figure 5.43 shows the MM 5 measurements at the
initial stage i.e. after heating and not subjected to any gas environment and the second
plot represents the data after a whole day of measurements with various gases followed

by heating overnight at 120 °C.

CNT 2
5.00E-08 - —— Vgsweep after day 1 heat and
no gas (8:26-07-08))
—— Vg sweep after day 3 heat and
4.00E-08 - no gas{1-28-07-06)
_ ViAo 4
<
°
- 2.00E-08 -
\ 1.00E-08 1

25 20 -5 10 -8 0 5 10 15 20 25
vg[v]

Figure 5.43 Device recovered by heating at 120 °C. Pink curve before and blue curve
heated after exposure to various gases.

Results are shown in Figure 5.44 A-C, the scales on all the plots are the same so as to
visually monitor the change in hysteresis. Finally, Figure 5.45 shows the source drain
current at Vg = 0 vs. time to find the rate of recovery for the device. Seven cycles of
measurements were completed and then it was stopped due to a burning smell from the
other sensors placed in the same chamber. The aluminum box used to house the device
was perfectly sealed and was under dry gas flow, therefore hindrance due to other

gaseous or vapors has a weak possibility.
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Figure 5.44 (A-C) Continuous MM 5 measurements to find the time for complete device
recovery.
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Figure 5.45 Recovery rate: Iyg (higher Isq value from plot 27 A-C) at Vg = 0 vs time.

Binding energy for the NO, molecule at room temperature is in the range of -0.34 eV to -
0.79 eV (Peng, 2004). Using these values the recovery time can be calculated using

equation shown below:

r= vo—l o ~Es/KsT)

where the parameters: 7 = recovery time (s),
K = Boltzmann constant (8.62 x 10 eV K"),
Ep = Binding energy (eV),

T = Temperature (K), and

V, = attempt frequency (10 ' s™)

It corresponds to a recovery time of 0.5 us to 16 s. However, from the recovery
result shown above it was observed that the time needed to recover is of the order of 10-
12 hrs at a higher temperature (120 °C). Conversely the binding energy of a molecule for
such recovery times and under these conditions would be -1.38 eV. This indicates that the
NO; molecule binds to the SWNTs in some other molecular arrangement, possibly as

NO, NO; or N,O4 (NO; dimer). Further electrical measurements as shown here must be
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performed to find the recovery time for NO, and other gases. This will give a better

insight in terms of binding energy of each molecule or its derivatives.

5.8 Conclusions
In this study, a facile room temperature process was used to integrate vertically aligned
SWNTs via precise deposition at desired locations. A protocol was developed and carried
out to deposit various layers of metals and insulators on a quartz wafer. Initially CVD
methods developed earlier and described in Chapter 3 were carried out. It was however
observed that nanotube growth by CVD on catalytic metal layers covered with SiNy
resulted in cracking of the SiNy due to thermal mismatch at the interface. A room
temperature electrophoretic method was therefore developed to deposit pre-synthesized
SWNTs in small holes of diameter ~100 nm. An electrostatically stable low pH
suspension of SWNTs in an aqueous solution of the charging salt magnesium nitrate was
prepared. Nanotubes were found to deposit at a DC electric bias of 10 V for 10 minutes
and populate almost all the holes created on SiNy using e-beam lithography. A selective
etch process for removal of e-beam exposed SiNx was developed. RIE etch rates were
found for SiNy to be 244.67 A/10sec and for ZEP to be of 2266 A/60 sec. Raman and
SEM data revealed aligned SWNT deposits near the center of the holes. The deposition
was consistent with a finite element calculation of the distribution of the electric field
which was found to be localized at the center of the holes. This suggests that sub-micron
dimensions lead to sharp edges of electric field at corners leaving the center of the holes

as the main deposition sites.



225

Second part of this work demonstrates a new approach for the development of
molecular sensors with reasonably reproducible performance. Several devices, each with
an individually suspended single walled carbon nanotube of different diameter, were
successfully fabricated. Few devices were electrically measured to gauge the response of
various gases. NO; showed a significant response with a lower limit of 10 ppm and
response time of 2 -5 seconds (100 ppm) with a sensitivity of 15-20 from the base value
of the electrical conductance. Devices were found to be fully recoverable by heating at a
temperature of 120 °C for a time period of 10-12 hrs. Functionalized devices did not work
as the nanotubes were damaged during the process of functionalization probably due to
mechanical forces and a scheme is presented here for use in further experiments. Further
investigation is required to get a better understanding of the binding energy of the
molecules that are physisorbed on the nanotube sidewalls and tips by making electrical
measurements while recovering the devices by thermal treatment. Measurements made
on other gases did not show any significant change in source drain current when

subjected to various biases in different measurement modes.



CHAPTER 6

CONCLUSIONS

Scaleable Synthesis of SWNTs (Chapter 3): The carbon monoxide chemical vapor
deposition (CO-CVD) method was developed and optimized for the production of
SWNTs in a scalable manner. Two furnaces, one a horizontal furnace with a small scale
boat type reactor and another, a large-scale vertical furnace with a fluidized bed reactor,
were set up and characterized for nanotube growth. A Co-Mo/MgO catalyst/support
system was studied and it was found that Co is the effective catalyst while Mo acts as co-
catalyst or promoter for nanotube growth. It was also observed that if Co, is present in
excess of Mo, the catalyst becomes random in shape and size. Spherical monodisperse
catalyst of composition Co:Mo in the ratio of 1:4 with the remaining comprised of MgO
as catalyst support, was found to be most effective for nanotube growth. The optimum
conditions for growth of SWNTs using the small scale reactor were determined in this
study. It was observed that nanotube growth initiates at a temperature of 675 °C and
above, and the most optimum temperature is around 700 °C. The I(D)1(G") ratios
associated with the intensities of the disorder and graphitic lines of the SWNTs,
respectively, determined from the Raman data, confirmed this observation. From Co-
Mo-carbon phase diagram it was inferred that the Co catalyst converts from the B to the
a-phase at the nanotube growth temperature in the presence of Mo, and 0.17 wt % carbon
is needed to supersaturate the catalyst metals. Purification of SWNTs was carried out
using 4-6 M HCI and thin bundles of very high quality SWNTs were observed with

transmission electron microscopy. XRD data revealed complete removal of MgO support
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after HCI purification. Yields of 10% by weight of SWNTSs were obtained in these small
scale experiments. As the flow rate was increased the exit CO, gas concentration data
revealed a shift in equilibrium suggesting that higher yields can be obtained with
increasing flow rates. It was found that the partial pressure of CO above 0.2 atm is
needed for nanotube growth; however, the percentage occupation of catalyst sites did not
vary with the partial pressure of CO. A rate limited kinetic model with precipitation as
the rate limiting step in conjunction with the observed experimental growth was proposed
and fitted well with the experimental data. The SWNT formation reaction was observed
to follow first order kinetics. An initial scaled up experiment carried out in a fluidized
bed using the large-scale vertical furnace showed the formation of SWNTs but at low
yields. More detailed optimization of the scaled up process would therefore be necessary
and will be continued by new member of the group.

In-situ Metal-Carbon Nanotube Composites (Chapter 4): In this chapter, an
in-situ CVD method for metal-carbon nanotube composite developed during the course
of this work, is discussed. The results indicate that acetates of iron and cobalt supported
on the metal matrix particles are ideal catalyst precursors for nanotube synthesis. Several
other catalysts studied also indicated the formation of nanotubes, but a layer of
carbonaceous material also formed on the surface of the pellets making it difficult to
conduct studies of the mechanical properties of the composite formed. Characterization
by XRD revealed that no other phases of iron and carbon were formed during SWNT
synthesis with CO as the carbon source. MWNT synthesis with acetylene as the carbon
source on the other hand resulted in the formation of an iron carbide impurity phase. By

mixing acetylene with CO as the carbon source, iron carbide formation was prevented. A
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mechanism for the reaction involved is proposed in this chapter and confirmed by XRD
measurements. Iron-SWNT and iron-MWNT composites prepared were found to have
substantially enhanced compressive yield strength and hardness relative to specimens of
similarly treated iron matrices without nanotubes. Increases of yield strength up to 45%
and 36 % with ~ 1 wt % of infiltrated SWNTs and MWNTs, respectively, relative to that
of similarly treated pure iron samples without carbon nanotubes of the same piece density
was observed and Vickers hardness showed an increase of 74% and 96%, respectively.
Iron being a very effective catalyst for carbon nanotube growth anchors the nanotube tips
to the metal surfaces and creates supporting bridges in the cavities of the metal matrix as
shown particularly by transmission electron microscopy. These bridges offset in part the
weakening of the composites due to the presence of the cavities or pores in the matrix
structure, resulting in higher mechanical strength. The enhanced mechanical strength
raises the possibility of using of these nanocomposites in structural and engineering
applications. It is expected that further mechanical strength enhancement and weight
reduction can be achieved by increased nanotube loading using a more optimized
deposition process and by controlling the porosity of the iron matrix.

Biosensor Fabrication (Chapter 5 part a): In this study, a facile room
temperature process was used to integrate vertically aligned SWNTs via precise
deposition at desired locations. A protocol was developed and carried out to deposit
various layers of metals and insulators on a quartz wafer. Initially CVD methods
developed earlier and described in Chapter 3 were carried out. It was however observed
that nanotube growth by CVD on catalytic metal layers covered with SiNy resulted in

cracking of the SiNy due to thermal mismatch at the interface. A room temperature
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electrophoretic method was therefore developed to deposit pre-synthesized SWNTs in
small holes of diameter ~100 nm. An electrostatically stable low pH suspension of
SWNTs in an aqueous solution of the charging salt magnesium nitrate was prepared.
Nanotubes were found to deposit at a DC electric bias of 10 V for 10 minutes and
populate almost all the holes created on SiNy using e-beam lithography. A selective etch
process for removal of e-beam exposed SiNyx was developed. RIE etch rates were found
for SiNy to be 244.67 A/10sec and for ZEP to be of 2266 A/60 sec. Raman and SEM data
revealed aligned SWNT deposits near the center of the holes. The deposition was
consistent with a finite element calculation of the distribution of the electric field which
was found to be localized at the center of the holes. This suggests that sub-micron
dimensions lead to sharp edges of electric field at corners leaving the center of the holes
as the main deposition sites.

Gas Sensors (Chapter 5 part b): This part of the work on nanotube-based
sensors demonstrates a new approach for the development of gas sensors with
reproducible performance. Several devices, each with an individually suspended SWNT
of different diameter, were successfully fabricated. Some of the devices were electrically
characterized in order to gauge their response to various gases. NO, showed a significant
response with a lower limit of 10 ppm and response time of 2 -5 seconds (100 ppm) with
a sensitivity of 15-20 from the base value of the electrical conductance. Devices were
found to be fully recoverable by heating at a temperature of 120 °C for 10-12 hrs.
Measurements made on other gases did not show any significant change in source drain
current when subjected to various biases in different measurement modes. Devices with

chemically functionalized SWNTs did not work as the nanotubes were mechanically
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damaged during the functionalization process; a scheme is presented for use in further
experiments. Further investigation is also required to get a better understanding of the
binding energy of the molecules that are physisorbed on the nanotube sidewalls and tips
by making electrical measurements during the thermal treatment used to desorb the gases
from the sidewalls and recover the devices.

In summary, the work presented in this dissertation represents the first phase of
the development of a cost-effective CVD approach to scaled up nanotubes using CO as
the carbon source, and novel nanotube-based metal composites prepared by chemical
vapor infiltration techniques, and nanotube-based biosensors and chemical sensors. In
addition an electrophoretic technique for the deposition of vertically aligned SWNTs for
biosensor probing devices was demonstrated and initially optimized. Further

development of these research areas will continue in the group.



CHAPTER 7

FUTURE WORK

Suggested future work related to the research presented in this thesis can be divided into
four parts: (1) Approaches to further improve the scaled up SWNT synthesis process; (2)
Use of other metal matrices, particularly aluminum, for forming nanotube-filled metal
composites; (3) Alternative fabrication approaches to down-size and further improve the
biosensor device, and (4) Variations in electrical measurements to obtain improved
understanding of the mechanism of electrical conductance changes in carbon nanotube
based gas sensors.

Fluidized bed studies discussed in this thesis have revealed that a more controlled
environment is required for scaled up synthesis. In order to determine the right
parameters for the large scale synthesis of SWNTs, an exit gas concentration
measurement will be helpful. As observed in this study, catalyst/support size and
composition is most important for nanotube growth. Only small furnaces were available
for catalyst/support oxidation reported in this work. However, it is important that when
handling large quantities of catalyst/support mixtures furnaces should be acquired
wherein hundreds of grams of mixtures can be oxidized in a safe chemical hood using the
protocols developed in this work. This will result in better control of catalyst morphology
similar to small scale studies.

For nanotube-based composites, the in-situ technique to make metal
nanocomposites should be extended to other metal matrices, particularly aluminum and
its alloys. However, in order to form porous pelletized matrices for metals other than iron

and steel, special facilities may be needed. In this study room temperature hydraulic
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compression was used to form iron pellets. For aluminum, copper, and magnesium, hot
isostatic or conventional hot pressing may be necessary to consolidate the pellets. One
approach attempted in this study to mitigate challenges due to poor consolidation was by
mixing metal powders of two or more particle size distributions. It is therefore suggested
that commercially available pellets, hot pressed pellets, melt-moulded pellets, or
commercially available thin metal foils, be used as metal matrices. Thin foils with
arrayed porosity fabricated using anodization techniques can also be used to grow
vertically aligned pre-synthesized SWNTs via electrophoresis as discussed in Chapter 5
of this thesis. These foils containing aligned SWNTSs can then be hot-pressed to form a
layer by layer three dimensional composite. Such a nanocomposite structure would also
be easy to model in order to understand changes in mechanical properties, since the
process to make nanotubes is already optimized would use pre-synthesized nanotubes
prepared by methods that have already been optimized.

For the fabrication of biosensors in this study a mixture of semiconducting and
metallic nanotubes was used. Since single stranded DNA assisted technology has very
recently become available to separate semiconducting from metallic SWNTs in solution
form, it is recommended in future work to use a pure solution of either pure metallic or
semiconducting nanotubes.

In the work on nanotube-based gas sensors the fabrication process is found to be
very robust; however there is room for improvement in the measurement of the electrical
properties of the devices. To determine the device recovery a heated test bench or
pressure chamber is required. In the present study the climate chamber could be used

only for short time periods because the polymeric wall of the chamber started to melt.
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Measurements using a climate chamber with a non-polymeric wall would therefore be
necessary. Also, it is recommended that measurements be made in pure N as the inert
gas, instead of 80 % N, and 20% O,. This will give better sensitivity and comparison
with existing measurements to determine the lowest detectable concentrations. The gas
environment chosen for the present study was geared towards the automobile industry
and showed good sensitivity and reproducible results. In addition, it would be necessary
to use pre-functionalized nanotubes in order to make the device selective towards a
particular gas. It was however observed that the nanotubes deposited on the silicon
surface were severely damaged after functionalization. The functionalization process also
led to short circuiting of the electrical contacts, since they are only 400 nm apart. More
controlled electrochemical functionalization approaches may therefore be necessary in

order to mitigate these challenges.



APPENDIX A
XRD DATA FOR IRON COMPOUNDS

List of the XRD data from commercially available “expert” data bank linked with Philips
XRD equipment at NJIT.

1. Aluminum 01-089-2769

2. Aluminum 00-004-0787

3. Aluminum carbide 00-001-0953

4. Iron 00-001-1252

5. Graphite 03-065-6212

6. Iron carbide 00-003-0989
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APPENDIX B

FABRICATION PROCESS RECIPE FOR BIOSENSOR

Fabrication recipe for the integration of carbon nanotubes on a quartz wafer using

conventional CMOS techniques.

Standard Photolithography using Shipley 1830 for Lift-off

Cleaning
Starting material Quartz wafers 100 mm dia and 350 um
thickness
Acetone 10 min at 25 °C
Isopropanol 10 min at 25 °C
D.I water rinse 10 min at 25 °C
P-Clean: Sulfuric acidand | 5 min at 67 °C
Hydrogen peroxide mixture
Hot. D.I water rinse 5 min at 58 °C, continuous flow of
D.] water
Cold D.I water rinse 5 min at 25 °C, continuous flow of
D.I water
Blow dry N, 5-10 min Until completely dry
Thermal drying 30 min at 120 °C
Photolithography for lift-off using Shipley 1813
HMDS 1200 rpm/ 40 sec at Priming of sample surface
acceleration setting 5
Shipley 1813 3500 rpm/30 sec,
acceleration setting 5
Pre bake Oven 10 min at 90 °C
Cooling Cold plate 1 min For relaxation of resist
Thickness 1.35 um
MAG Contact aligner 200 mJ/cm® At 10 mW/cm” for 20 sec
exposure
Microposit developer MF319 10-30 sec Pattern visible by bare eye

D.I water rinse

Tray 5 min, Rinse in
flowing water 5-10 min
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Cr/Co Thin Film Deposition and Lift-Off

236

Metal Deposition
Cr 2A/s 10 sec = 20 nm
Co 1 A/s 120 sec = 120 nm
Lift-off
Acetone 30 min Bespatter with pipette,
change acetone soften as
needed
Isopropanol 30 min Bespatter with pipette
D.I water 10 min Bespatter with pipette
Blow dry N» 5-10 min Until completely dry

SiN, layer Deposition using PECVD

PECVD SiN, 50 nm using Plasma Therm 790 capacitively coupled 13.56 MHz

equipment
Clean system Isopropanol and Vacuum To remove deposits from
Pump previous runs
Pump 1 x 10 Torr
Heat Chamber wall @ 20 °C
Substrate Holder @ 350 °C
Purge N, 3 min at 1//min
Pressure 900 mTorr
Power 50 W
NH; 45 sccm
SiHy 280 sccm
He 800 sccm
RF power on Set the required thickness of
50 nm
Purge to cool down N> Cool down to room

temperature

E-beam

E-beam resist and E-beam lithography
ZEP
Thickness 2000 A

Exposure
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RIE Etch
Reactive Ion Etch (RIE) etch using Trion Technology Phantom instrumen
CHF; 50 sccm Gas flow :
(03 5 sccm Gas flow
Pressure 55 mTorr
Power 250 W set point Actual read out 150 W
Time Exposed for 25 sec Etch rates: SiNx 247.67
A/10 sec; ZEP 2266 A/60
sec
ZEP Resist Cleaning
ZEP removal
Acetone 10 min 10 min
Isopropanol 10 min
D.I water 10 min

Electrophoretic Deposition of SWNTs

SWNT suspension 10 mg HiPCO tubes;10™ 2-3 hrs sonication
moles [Mg(NO3),6H,0] in
30 ml distilled water; few
drops Triton-X surfactant

DC bias -ve electrode Quartz wafer; | 10 V, 10 min

+ve electrode Platinum wire




APPENDIX C
GAS SENSOR DATA FOR OTHER GASES

Electrical measurements conducted under different gas environments to test SWNT based

gas sensors.

Carbon Dioxide

Mode 1: measurements at a gas conc. of 5000 ppm of CO2 Vsd = -250 mv and Vg =0

CO2Modet | —Isd[Al
—#— CO2 0-5000 ppm (25:26-07-
0.00E+00 , " 6000
100E.08 00 000100,
-2.00E-08 -
= -3.00E-08 -
§' 4 3000
-4,00E-08 -
-5.00E-08 - R
-6.00E-08 - T 1000
-7.00E-08 inssss— L0
Sequence
Mode 5: Gate sweep -20 V 10 20 V Constant Vsd 150 mV
CNT 2
8.00E-08 - ——Vgsweep after heat no gas
(8:26-07-06))
Vgsweep CO2 0.5%(26:26-
6.00E-08 - e
<
2
' e —
-30 10 20 30

Figure C.1 Nanotube sensor response to 5000 ppm of CO, in Model and Mode 5.
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Hydrogen

Mode |: Measurement at a gas conc. of 5000 ppm, Vg = -10 V, Vsd = -250 mv

H2 mode 1 —lsd A]
~—{ii—H2 0-5000 ppm (22:26-07-06)
‘B.OOE"“ T T T T 6000
11000 | 1000 3000 5000 7000 1

L 5000
-9.00E-08 J

L 4000

§-1.ooe-o7 1 3000

4 2000
1.10E-07

4 1000
1.20E-07 lo

Sequence

Mode 5: Vg <20V 10 20 V and Vsd constant 150 mV

CNT 2
o e Vgeweep alter heat no gas
SO0 (8:26-07-06))
———Vgsweop Hydrogen 5000 ppm
(23:26-07-06)

6.00E-08 -

Isd[A]

Figure C.2 Nanotube sensor response to 5000 ppm of H; in Model and Mode 5.
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Ammonia

Mode 1: measurements at a gas conc. of 50 ppm of NH3

NH3 Mode 1 | —Isd[A]
4 NH3 0-50 ppm (27:26-07-08)
5.50E-08 + 60
5.00E-08 T 50
4.50E-08 i
2
4.00E-08
+ 20
3.50E-08 410
3.00E-08 T T 0
0 2000 4000 6000 8000 10000
Sequence
Mode 5: Gate sweep -20 V 10 20 V Constant Vsd 150 mV
CNT 2
[—w, after heat
8.00E-08 - @2eorom o
Vgsweep after heat and NH3
50 ppm (28:26-07-06)

6.00E-08 -
<
i’ 4.00E-08 -
. W\“ﬂ

2.00E-08 ™" N\,

™~
r T -UEWT-'{‘J%{ 5 ——== T : T 1
-30 -20 -10 0 10 20 30
Vglv]

Figure C.3 Nanotube sensor response to 50 ppm of NH; in Model and Mode 5.
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