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ABSTRACT

C h ira lity  C o n tro l o f  S in g le -W alled  C arb o n  N an o tu b es  o n  S u rfaces

and 

Optimization of Their Growth in Vertically-Aligned Arrays

by

Sean T. Pheasant

In order to use single walled carbon nanotubes (SWNTs) for electronic, 

mechanical, and medical applications, there must be control over the types and 

orientation o f the SWNTs that are produced, and they also need to be produced in large 

quantities. Results from research focusing on these issues are described in this thesis. The 

first part talks about growing SWNTs with chirality control on a surface. The second part 

discusses how to optimize the growth o f vertically-aligned nanotube arrays (SWNT 

carpets) with oxidants, carbon feedstock, temperature and pressure.

The focus o f the chirality-control research was to prove that an existing nanotube 

could be grown longer on a surface. The thought is that the initial SWNT seed will act as 

a template, and determine the chirality o f the elongated SWNT. It was found that it is 

possible to re-grow SWNTs on silicon and highly oriented pyrolytic graphite, but that it 

is rare and can be very slow.

A CVD apparatus was built to optimize the growth of vertical arrays of SWNTs. 

Care was taken to reduce the background level of oxidants so that exact amounts of 

oxidants could be injected into to the growth gas flow to see how they affected growth. A
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hot filament was also used during the nucleation stage to dissociate molecular hydrogen 

for the rapid reduction o f iron oxide catalyst particles to iron. It was found that using 

carbon dioxide or water in conjunction with the hot filament catalyst activation increased 

the growth rate. Using a small amount o f oxygen hindered growth, or prevented it 

completely. It was also found that while atomic hydrogen allowed better growth in many 

scenarios, too much could deter growth. The results o f the carpet growth studies also 

gave some insight as to the mechanism by which carbon is incorporated into a SWNT 

from molecules in the gas phase.
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Chapter 1 -  Introduction

Imagine a world where batteries are replaced by efficient supercapacitors that 

never go bad and have a greater power density; where cheap chemical sensors are placed 

in every room for your safety; where there is a parachute strong enough to hold a 747 

airliner; where circuits are only a few nanometers in size; where inexpensive flat-panel 

displays are all around being used for things like smart windows, computer screens and 

climate control in your house. These inventions would all require materials that are light, 

strong, electrically conductive and abundant. There is such a material that fulfills all these 

requirements: carbon nanotubes. If  we have them and they do all these great things, then 

why don’t they pervade our every-day lives with all the wonderful innovations just 

mentioned? The problem lies in the fact that the nature o f the nanotube structure allows 

for many possible types with different electrical properties. Another problem is that for 

many applications they would need to be oriented in a particular direction, and not in the 

tortuous jumble that is most common. The most basic problem lies in the fact that we do 

not have the ability to produce limitless amounts. We can make grams, and even 

kilograms, but we need to be able to make tons. The research described in this thesis 

addresses all of these problems. This work describes experiments that may lead to a 

process where only one type o f single-walled carbon nanotube (SWNT) comes out o f a 

reactor. Also described is the optimization o f the growth o f vertical arrays o f SWNTs, 

dubbed carpets, or forests. This work on carpets also shows that there can be some 

control in the type of SWNT produced by using a particular set o f growth conditions. 

This work is foundational to determining what steps need to be taken to produce the 

particular types of SWNTs we want in the quantities we want.
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1.1 What Are Single-Walled Carbon Nanotubes?

Single-walled carbon nanotubes are in a class of closed-cage carbon molecules 

called buckminsterfullerenes or fullerenes. The first fullerene observed was Ĉo, in 1985 

by Harold Kroto, James Heath, Sean O’Brian, Robert Curl and Richard Smalley . 1 It is a 

spherical molecule made up of sp2-hybridized carbon bonded together to make a series of 

pentagons surrounded by hexagons. Its vertices are the same as that o f a soccer ball. This 

molecule’s elongated counterpart, the carbon nanotube, was discovered in multiwall form 

in 1991 by Iijima , and discovered in single-wall form in 1993 independently by Iijima et 

al. 3 and Bethune et al.4 (figure 1.1).

• far '■ ■"* •_ ' • • " ‘ A

Yr.'-wi v -

Figure 1.1: First transmission electron microscope images o f SWNTs found by (a) Iijima 
et al.3, and (b) Bethune et al.4.
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A SWNT is essentially a single layer o f graphite, called graphene, rolled up into a 

tube. By connecting two points defined by the roll-up vector Ch, the hexagonal lattice 

becomes a tube translating in a direction perpendicular to Ch, along translation vector T 

(figure 1.2) . 5 A rectangle with two adjacent sides being Ch and T forms the unit cell of 

the SWNT. Due to the large number o f points on the lattice that Ch can extend to, many 

different types of tubes can be formed. These SWNTs are referred to as chiral nanotubes. 

Ch is defined by the equation Ch=nai+ma2 , where ai and a2 are lattice vectors, and n and 

m are integers. The indices (n,m) are used to classify SWNTs (figure 1.3). There are two 

achiral SWNTs (SWNTs without a twist) called zigzag (m=0) and armchair (n=m) 

nanotubes because of the corresponding shapes at their ends. All SWNTs with 0 in 

between the roll-up vectors that define the zigzag and armchair tubes have a twist, and 

are called chiral SWNTs (figure 1.4).

Figure 1.2: A graphene sheet displaying the lattice vectors, the roll-up vector and the 
translation vector. The shaded area encloses the unit cell. 5
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Figure 1.3: A graphene sheet showing the lattice vector indices. The black indices refer to 
semiconducting SWNTs, and the red ones refer to metallic SWNTs.6

zigzag (a = 06)

intermediate (0<<x<30°)

Figure 1.4: The two achiral SWNTs (armchair and zigzag), and one chiral SWNT.
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A property that makes SWNT so versatile is how their electronic structure 

changes with chirality. SWNT can conduct electricity either like a metal, or like a 

semiconductor. The band gaps vary from ca. 0.8 to 1.4 eV. There are singularities in the 

density o f states for SWNT that are not seen in graphite . 7 These are known as Van Hove 

singularities, and determine the band gap o f the SWNT. These singularities are shown for 

three specific SWNTs in figure 1.5. The band gaps vary depending on the chirality of the 

SWNT. The separation between the density of state peaks gets smaller as 0 increases, 

until it reaches 0 at 0=30° (armchair) . 8 When (n-m)/3 gives an integer value, the SWNT is 

metallic; all others are semiconductors. 9

(8,0)

-10 -5 0 5 10
energy (cV)

Figure 1.5: Density o f states plots for three different SWNTs. The (8,0) SWNT is 
semiconducting and has a nonzero band gap. The other two SWNTs are metallic and 
have zero band gap . 10
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The conduction capabilities mean they can be used for molecular field effect 

transistors, 11' 13 supercapacitors, 14’15 chemical sensors, 16' 18 electron emitters in flat panel

i  q  o n  o  1 ___

displays, ’ and efficient energy transport. The semiconducting tubes would be used 

for transistors and field emitters, while the metallic ones would be necessary for wire 

replacements. With SWNTs being pretty much the sharpest probe in existence, they are 

ideal for emitting electrons in field emitter displays, which would be very thin, and would 

consume less energy. With a lot o f focus on energy conservation, just a 10-fold increase 

in conduction capability would have an enormous effect on the energy industry due to a 

large amount of energy being lost as heat in transport. A goal o f SWNTs since their 

discovery has been to make what is called the armchair quantum wire . 21 This wire would 

not need to be composed of continuous SWNT strands, but would just need to have many 

short tubes with their sidewalls touching at some point so electrons could move from tube 

to tube . 22 ,23 This and the other electrical applications would require control o f the 

direction in which the SWNTs are oriented.

The extremely high tensile strength o f SWNTs (100 times that o f steel) 24 "26 give 

them the capability to be used for mechanical applications. In order to be used for 

something like an elevator to space, we would need to be able to make SWNTs of 

unlimited length, and at a very high growth rate. They would also need to be oriented in 

the same direction to form a rope.

1.2 SW NT Synthesis

A SWNT is produced from an interaction between carbon and a metal 

nanoparticle. Many current methods of SWNT production result in a tortuous jumble of 

material that is produced in the gas phase by vaporization and condensation. Nanotubes
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were first created in such a way from an arc discharge on graphite electrodes. 27 The

SWNTs made by this method have few defects, but only -100 mg per day can be

28produced, and there is a great amount o f amorphous carbon mixed with the SWNT. 

Production by the laser oven method was later developed for greater yield (-1 gram per 

day) 29 while still preserving their high quality30. In this method, a laser is used to 

vaporize a graphite-metal mixture. The SWNTs produced in a laser oven are bundled up 

into ropes where they ran parallel to each other, but they still end up in powder form 

(oriented randomly) coming out o f the reactor. 31 A method used for large-scale

39production runs carbon and metal powder through an induction thermal plasma flame.

Other methods of production use gas-phase decomposition of carbon-containing 

molecules to provide carbon for SWNT production. The most commonly used method of 

this kind is chemical vapor deposition (CVD) where both decomposition and nanotube 

formation occurs on the catalyst particle. An example o f this method that is used for 

commercial SWNT production is the HiPco method . 33,34 The HiPco reactor mixes a cool 

(room temperature) CO/Fe(CO)s mixture with hot (1100 °C), high-pressure CO to 

coalesce iron nanoparticles where the CO can deposit carbon through the Boudouard 

reaction (2CO(g) = C(S) + C0 2 (g)). Another method that works by carbon precursor 

decomposition is plasma-enhanced chemical vapor deposition (PECVD ) . 35 In standard 

CVD, the metal catalyst particle decomposes the feedstock, whereas in PECVD energetic 

electrons from a plasma are used to for decomposition.

There have been studies where SWNTs have been produced at lower temperatures 

(550-900 °C) by CVD from catalyst particles sitting on a surface, and using various other 

feedstocks like hydrocarbons37 ' 39 or alcohols. 40 ' 4 2  A gas containing the carbon feedstock
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is run over the surface, which is at a high temperature, and the carbon-containing 

compound decomposes on the metal particles to form SWNTs. With a low surface 

density o f catalyst, the SWNTs lie on the surface in random directions.

Production o f SWNTs on surfaces has its limits in that less o f the catalyst is 

exposed to the gas flow so less carbon will contact the particle making the growth rate 

lower. Liu and coworkers found that when the particle lifts off the surface in a kite 

mechanism, SWNTs can grow to several centimeters because of the increased growth 

rate . 37,43 While it is possible to control the growth orientation on surfaces, sparse catalyst 

dispersion results in low yields.

1.3 SWNT Carpets

One o f the ways that SWNT orientation is controlled on the bulk scale is to make 

them in highly aligned vertical arrays . 39 ,44 ' 52 The research discussed here focuses on such 

a method o f growth. Vertical arrays o f SWNTs, also known as forests or carpets, have 

been studied extensively for the past 8  years. Initially, carpets were made of multi-wall 

nanotubes because of the higher yields and ease o f growth, but the focus in this thesis is 

on single-walled nanotubes due to their desired properties. Carpets have already been 

applied by being used to make tapes , 53 fibers (figure 1 . 6  shows a fiber being spun from a 

MWNT carpet) , 54,55 membranes56 ,57 and films58,59 with unique thermal, mechanical and 

electrical properties. Yields are still not high enough though for any o f these applications 

to have a significant influence.
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Figure 1.6: Fibers being spun from a MWNT carpet. 54

SWNT carpets are often grown to a height o f several hundred millimeters.44 ,46 ,47 

A 1-mm carpet grown in our lab is shown in figure 1.7. 48 They can be grown with 

catalysts such as iron , 39 ,45 nickel, 60 or a mixture , 40,61 and grow by a root mechanism62,63 

where the catalyst stays on the surface and the nanotube grows away from the surface. 

Studies have found that growing on a metal oxide surface is crucial to enabling carpet 

growth . 39 ,40 ,47 Depending on the growth gases and pressure o f the chemical vapor 

deposition apparatus, supergrowth can be achieved, which is what enables the growth of 

the millimeter-tall carpets mentioned previously. Studies have been focused on what the 

growth mechanism is39 ’62,64 to determine what combination of catalyst, support and 

growth conditions give the highest growth rate.
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Figure 1.7: A 1-mm tall SWNT carpet. 48

Previous studies have found that additional steps must be taken in order to 

drastically increase the growth rate. Passing a hydrocarbon feedstock alone over a 

catalyst is not enough to grow carpets for macroscopic applications. Activating the gas 

with microwave plasma has proven to increase the growth rate. Hata et al. showed in a 

seminal paper that water is a key ingredient for supergrowth . 44 Xu et al. showed that 

using a hot filament to create atomic hydrogen facilitated growth . 45 The research in this 

document is a continuation of that work, where atomic hydrogen is still used during the 

nucleation stage.

The motivation for using atomic hydrogen arose from looking at diamond growth 

processes that have been around for 25 years . 65 These processes use a hot filament to 

dissociate molecular hydrogen, which in turn facilitates the addition o f carbon to a 

diamond lattice. A previous study showed that SWNTs could be grown with the aid of 

atomic hydrogen66 so a hot filament CVD apparatus was designed and implemented in
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our lab. It was thought that the hot filament made atomic hydrogen for rapid reduction of 

the catalyst, and for formation of hydrocarbon radicals that could be more readily 

incorporated in the SWNT, but our recent work has found that it is only needed for 

catalyst reduction, and that too much atomic hydrogen can actually hinder growth by 

lowering the carbon activity. While it is not necessary in all cases, the initial hot filament 

treatment is necessary for growth in experiments where oxidants are used. Hot filament 

CVD (HFCVD) has provided a novel way to produce pristine SWNT carpets at a low 

pressure.
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Chapter 2 -  Re-growth of SWNTs on Surfaces

In order to utilize SWNTs in many of the potential applications that have been 

proposed, a bulk amount must have uniform electrical properties. This means producing 

large amounts of the SWNT with the same chirality. It would be wasteful and expensive 

to produce a large amount with varied chiralities, sort out the ones needed, and then 

throw the rest away so a method is needed where only one type of SWNT comes out o f a 

reactor. The concept o f SWNT amplification arose in response to this need. The process 

starts with a batch o f SWNTs of random chirality distribution that have been cleansed of 

the metal catalyst used to grow them. They are then chemically cut, dispersed into a 

solvent, and sorted to isolate one type of SWNT. Catalyst particles are then attached to 

the SWNT ends. These SWNT-catalyst (SWNTcat) units are then put into a reactor so 

they can be grown longer with the existing SWNT acting as a template for the grown 

portion. Most of the SWNTs coming out of the reactor would then be of one type. A 

small portion of this batch would be put through the process a few more times with the 

sorting step until only one type of SWNT was being produced. Once that is achieved, the 

process could be repeated without the sorting step. A small mass o f SWNTs would be 

taken out of each successive batch and made longer, amplifying the mass o f one type of 

SWNT. This amplification process is illustrated in figure 2.1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

SSI

Sort 
(if needed) Attach

Disperse

Purify 
and Cut Grow

Figure 2.1: SWNT amplification cycle.

The experiment that needed to be accomplished before amplifying large quantities 

of SWNTs was to show that it was possible to make a single short SWNT longer, and 

show that it retained the chirality o f the piece it started from. This was done by placing a 

SWNTcat on a surface and growing it by CVD. Things that needed to be considered in 

this proof-of-concept display was how the SWNTs were cut, how they were dispersed 

into solution, what catalyst was used, how the catalyst was attached to the SWNT ends, 

onto what surface the SWNTcat was deposited, how it was deposited, and what reaction 

conditions were used to make the SWNT longer. The area focused on in this thesis is the 

last step in the amplification process: growth on surfaces.
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Recent work by Tour and coworkers has shown that SWNT seeds can be grown 

on surfaces. 67 The experiment was done on a silicon surface in a 1” quartz tube furnace. 

The seeds were SWNTs with polyethylenimine groups on the ends that acted as linkers to 

the Fe(NC>3 )3  catalyst. Docking was done at 500 °C for 30 min in 1 atm of H2 , and growth 

was done at 750 °C in a 1/4/5 mixture o f CiHVH^/Ar for a total of 1000 seem and 1 atm. 

The results o f the seeded growth are shown in figure 2.2. A SWNT that was less than 1 

pm in length grew to several micrometers. It is believed the chirality of the original 

SWNT was retained because the grown portion had the same diameter. Because of strong 

interaction between both the SWNT and catalyst particle with the surface, this growth 

likely occurred by a kite mechanism, where the SWNT grows into free space with the 

catalyst particle at the end . 37 ,68 We used HOPG in our work, and showed that re-growth 

can occur, but that it occurs along the surface, and is therefore very slow at the 

temperature that were used.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

Figure 2.2: (a) Initial SWNT on Si with a marker near by, and (b) its height. (c)The 
elongated SWNT after the growth run is also displayed with (d) its height, (e) A zoomed- 
out view of the SWNT is shown at the bottom . 67

2.1 Sample Preparation

The SWNTs were produced by the HiPco method , 33 and were cleansed o f the iron 

catalyst by wet air oxidation with SF6 catalyst deactivation .69 A cutting process by 

fluorination , 70 or piranha (H2 SO4-H2O2) treatment71 was then used to get SWNTs of less 

than 300 nm in length. The SWNTs were suspended in solution by either surfactant or 

functionalization. Surfactants for water were SDS or SDBS . 72 The functional groups for 

suspension in CHCI3 were dodecyl groups, attached to the SWNTs by Li/NH3 reductive
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alkylation . 73 A solution of 1 to 10 mg/L SWNT was spun coat onto the surface at 3600 

rpm. The sample was then heated to 400 °C in the tube furnace in 1 atm Ar for 20 

minutes to pyrolyze the functional groups, and leave bare SWNTs on the surface. A spot 

on the surface was then imaged with a Veeco Nanoscope 3 a atomic force microscope 

(AFM). A growth experiment was then run on the sample, and the same spot was imaged 

again. Returning to the same spot was accomplished by using the lOx optical 

magnification of the surface on a video monitor attached to the AFM setup. By noting 

where the cantilever was in relation to surface features seen with the magnification, it 

could be placed within 5 pm of where it was originally.

2.2 Apparatuses for Re-growth

Two apparatuses were used for growth experiments. One was a 1” tube furnace 

connected to a manifold that allowed for several gases to flow concurrently (figure 2.3). 

A bubbler was also attached to introduce liquid feedstocks like alcohols. The gas flows 

were controlled with MKS mass flow controllers, and the pressure in the quartz tube was 

maintained at 1 atm. This setup allowed for both the gas and the surface to be kept at high 

temperature. The other apparatus was a button heater inside a high vacuum chamber 

(figures 2.4 and 2.5). Only the sample was heated so the gas remained cool. This 

apparatus could also be accurately run at low pressures with the use o f metering valves 

and a turbomolecular pump.
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Figure 2.3: Tube furnace re-growth apparatus (a) schematic, and (b) picture.
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Figure 2.4: Button heater re-growth apparatus schematic.
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butterfly Baratron mass flow
valve gauges controllers
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Figure 2.5: (a) Button heater re-growth apparatus photograph, and (b) the button heater 
with an HOPG sample secured on top of it.
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2.3 Results and Discussion

It has been shown that controlled etching and re-growth o f a SWNT is possible, 

but only happens under particular growth and surface conditions. This was determined by 

looking at the length of a single SWNT before and after the run in the reactor. Showing 

with AFM that the original SWNT got longer is conclusive evidence that re-growth is 

possible.

The surface on which the SWNT was grown was highly oriented pyrolytic 

graphite (HOPG). The SWNTs were deposited onto the surface by spin coating at 3600 

rpm from a solution of dodecylated SWNTs in C H C I 3 .  Metal particles are mobile on a 

graphite surface, and etch in the presence o f hydrogen74,75 so the surface is ideal for 

docking the catalyst to the end of the SWNT by partial etching. Silicon surfaces with a 

native oxide layer were tested, but it was found that neither the SWNTs nor the catalyst 

particles are mobile on the surface at high temperatures in etching gases.

To prove that reductive docking was possible, the sample was heated in the tube 

furnace to 500 °C in 1 atm H2 for 1 hour. The result as seen in figure 2.6 is that all the 

SWNTs were etched away completely. This experiment showed that the catalyst particles 

could dock to the end of the SWNTs, but it did not show partial etching, which is needed 

for re-growth. Partial etching was shown in an experiment done in the button heater 

apparatus. The sample was run at 700 °C for 20 minutes in 100 Torr H2 . The AFM 

images in figure 2.7 show that a single SWNT can be repeatedly etched with this 

procedure, and still remain. The SWNT went from 340 to 298 nm after the first etching, 

and from 298 to 263 nm after the second etching.
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Figure 2.6: (a) The initial SWNT sample, and (b) the surface after heating in 1 atm H2 for 
1 hour at 500 °C.

(a) (b) (c)

262 nm long340 nm Ions 298 nm long

?.0ft

Figure 2.7: (a) The initial SWNT at 340 nm getting shortened to (b) 298 nm, and then (c) 
262 nm after consecutive etchings at 700 °C in 100 Torr H2 for 20 minutes.

There was one instance where an existing SWNT was grown longer on HOPG.

The experiment was done in the button heater apparatus, at 100 mTorr C H 4 ,  and 800 °C

for 10 minutes. Figure 2.8 shows that a single SWNT was grown from 46 nm to 120 nm.
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We believe the chirality was preserved because the SWNT diameter remained constant. 

The time it took to grow indicates that the growth rate is either very slow due to surface 

interactions, or that growth only occurred for a very short period before it was 

permanently hindered by the surface or by the death of the catalyst.

(a) (b)

415 nm
H eigh t  

7 .000 nra
Hei g h t 

1 0 .000  nm
Data ty p e  
Z range

Data ty p e  
Z range

46 nm long

0.6 nm

1.0 nm

1 2 0  nm long

0.6 nm

0.6 nm

Figure 2.8: The SWNT on HOPG is lengthened from an (a) initial length o f 46 nm to 
final length of (b) 120 nm by being heated to 800 °C in 100 mTorr CH4 for 10 minutes.

The conclusions from this and other re-growth experiments show that SWNTs can 

be re-grown, but that it is a rare occurrence on surfaces, and that the yield is very low. 

Strong interactions between the SWNTs and the surface, and between the catalyst and the 

surface make it difficult for docking and growth to occur. As discussed above, the growth 

seen on Si was probably from a kite mechanism so the growth rate would be very high 

with no hindrance from the surface. On HOPG, the SWNT was in the same orientation 

and only slightly longer, which indicates that growth occurred along the surface. Because
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a surface is detrimental to growth, the ideal scenario would be to have SWNT seeds 

grown in free space either in the gas phase, or by standing up on a surface.
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Chapter 3 -  Apparatus for SWNT Carpet Growth

The CVD system is a 1” quartz tube furnace with a multiple-inlet manifold on one 

end, and a load lock on the other (Figures 3.1 and 3.2). A turbomolecular pump backed 

by a scroll pump is attached to the vacuum manifold, and is used to evacuate the system 

prior to use. All connectors and fittings used are rated for high vacuum. All tubing that is 

exposed to oxidants is wrapped in heater wire and fiberglass to keep it at -6 0  °C so that 

contaminants do not adsorb to it. Copper tubing was used for all gas supply lines to 

prevent permeation of gas into the system. The oxidant impurities (O2 , CO2 , H2 O) were 

reduced to less than 1 ppm. A previous iteration o f the system used Teflon tubing, which 

is gas permeable, and allowed a significant amount o f air into the inlet gas.

6

furnace

Figure 3.1: Schematic drawing of the hot filament CVD apparatus: (1) vent, (2) magnetic 
slide, (3) Ti sample holder, (4) gate valve, (5) capacitance monometer, (6 ) gas inlet, (7) 
path to rotary vane pump, (8 ) loading chamber, (9) turbomolecular pump, (10) metering 
valve, and ( 1 1 ) path to residual gas analyzer.
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Figure 3.2: Hot filament CYD apparatus with load lock and vacuum pumps.

The load lock, attached to the downstream side of the quartz tube, enables rapid 

removal and insertion of substrates without exposing the growth chamber to 

contamination. It is made o f 304 stainless steel, and consists o f a rectangular loading 

chamber welded to a tube (figure 3.3). Inside o f this tube sits a magnetic slide, which is 

simply a piece of Teflon with two cylindrical magnets embedded into it (figure 3.4). 

Another magnet-embedded teflon slide sits outside the tube so the inner slide can be 

moved back and forth (figure 3.5).
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Figure 3.3: The loading chamber separated from the quartz tube by a gate valve.

Figure 3.4: The inner magnetic slide, connected to the sample holder with a molybdenum 
rod.
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Figure 3.5: The outer magnets embedded in Teflon used to move the inner magnetic slide 
for rapid insertion o f the sample.

The slide allows for rapid insertion and removal o f the sample into and out o f the 

furnace through the load lock. It is connected to a molybdenum or inconel rod threaded 

on both ends. The other end o f the rod is connected to a hook that joins to the sample 

holder. The sample holder is a ribbed, cylindrical holder shown in figure 3.6 containing a 

quartz boat. For most experiments, the holder used was made of titanium, but for high 

temperatures (800-1000 °C) a graphite one was used.

Figure 3.6: Cylindrical sample holder.
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The loading chamber is accessed through a rectangular plexiglass covering that 

can be removed when the load lock is pressurized. The covering seals to the chamber 

with an O-ring when it is under vacuum. On the opposite end o f the load lock (at the end 

o f the steel tube) is a quick flange connection to a T swagelok fitting (figure 3.7). On 

either end o f this T is a ball valve. One leads to a rotary vane pump that is used to 

evacuate the load lock, and the other is attached to a tank o f ultrahigh-purity nitrogen for 

venting. The load lock is separated from the quartz tube by a gate valve (figure 3.3). 

There is a space of about 1 foot between the gate valve and the furnace for the sample to 

cool once the experiment is done.

Figure 3.7: A swagelok T at the end of the load lock for evacuating and venting.

The pressure in the reactor quartz tube is measured with MKS capacitance 

manometers before and after the quartz tube. The composition o f the gas flow was 

monitored by a Dycor LC100MS residual gas analyzer connected to the vacuum manifold
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just downstream of the quartz tube, and with a Therma Nicolet Avatar 370 Fourier 

transfer infrared spectrometer located on the high pressure side o f the scroll pump. The 

pressure in the RGA is kept low through use of a sapphire metering valve located where 

the line branches off of the apparatus (figure 3.8). A series was taken with both machines, 

measuring the intensity o f particular peaks over time. Examples o f these series are shown 

in figure 3.9.

Figure 3.8: Manifold connected to the downstream end of the quartz tube for evacuating 
and monitoring the gas composition with the RGA.
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Figure 3.9: Series data from the (a) RGA and (b) FTIR showing the composition o f the 
gas flow in the reactor. The RGA series records the levels o f particular molecular weights 
over time, and the FTIR records the intensities o f particular peaks over time.

Suspended in the middle o f the quartz tube is a 1-cm-long, 0.25-mm-diameter

tungsten filament at the end of two l / 8 ”-diameter molybdenum rods. Figure 3.10 shows

the filament both off and on. The filament is secured to the rods by nuts that screw onto

their ends. The filament is heated using a current o f  10 A. The power required is 40 to 70

watts. The power supply used for the filament operation is run by a Labview program.

When heated in the presence o f acetylene, the filament carburizes, increasing the
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resistance (and therefore the temperature) until a final temperature of -2400 °C is

reached.

Figure 3.10: The tungsten filament suspended in the middle o f the quartz tube shown (a) 
off and (b) on.

The purpose o f the hot filament is to dissociate molecular hydrogen to atomic 

hydrogen in the flowing gas. The filament takes up 0.7% o f  the cross sectional area o f  the 

quartz tube. An upper limit of 1.4% of the gas is atomic hydrogen, assuming that every 

molecule that hit the filament dissociates. Atomic hydrogen concentration was monitored 

with the RGA by looking at the increase in methane concentration when the filament was
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turned on because atomic hydrogen leads to the formation of methane from acetylene. It 

is thought that most o f the gas passes through the reactor without reaching the furnace 

temperature because its velocity is meters/second. Thus the reactor is best thought o f as a 

cold gas/hot wall reactor.

MKS mass flow controllers were attached to %” copper tube manifold 

(figure 3.11). The supply lines from the gas bottles were connected to another manifold 

that led to a vacuum pump and had valves on each individual line. This manifold allowed 

each supply line to be evacuated independently prior to opening the gas bottle so as to 

prevent contamination from air in the line. The mass flow controllers were controlled 

with a Labview program. Typical gas flows were 400 seem H2 , and 2 seem C2H2 , 

resulting in a pressure and flow rate in the quartz tube o f 1.4 Torr and 8  m/s, respectively. 

Up to 7 seem CO2 or 2 seem H2O were also added for increased growth rate. The amount 

of oxidant added to the gas flow could be accurately monitored and controlled because 

the background concentrations o f any oxidants had been reduced to levels barely 

detectable by the RGA. Acetylene was the feedstock used for most experiments because 

previous studies have shown that a 2 -carbon species is most readily incorporated into a 

SWNT39,48 (discussed further in section 5.4).
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Figure 3.11: Two separate manifolds in the supply lines connected to the mass flow 
controllers; one for evacuation and one for channeling the gases in the supply line going 
to the reactor.

The water is injected into the gas flow with a bubbler that connects to the reactor 

supply line with a T. The gas flowing through the bubbler is hydrogen, supplied from a T 

in the line coming from the tank. The bubbler is attached to a manifold that has valves in 

several places so it can be evacuated, closed off from the tank, sparged, and run through 

an MKS mass flow controller (figure 3.12). This manifold is wrapped in heater tape to 

keep water from condensing in the MFC.

The water concentration was determined in two ways. The partial pressure in the 

in bubbler, which was the pressure o f the regulator, was 25 psig. The partial pressure of 

water is the vapor pressure at room temperature, which is 23.8 Torr. This means that the
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water is 1% of the flow going through the MFC so when flowing at its maximum of 200 

seem, the water flow rate is 2 seem. The RGA series confirmed this. When running 2 

seem of water, its pressure reading in the RGA was different from that of acetylene 

(which had a flow rate of 2 seem that was accurately measured by the MFC), but when 

normalizing both pressures with their respective ionization cross sections, they came out 

to be the same value. Thus, it was confirmed that the water’s flow rate was the same as 

that o f the acetylene, and is therefore 1% the flow rate o f the MFC associated with the 

bubbler.

Figure 3.12: Water bubbler manifold for the introduction of water vapor into the gas 
mixture going to the tube furnace.
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Chapter 4 - Methods

4.1 Carpet Growth Procedure

The substrates were silicon wafers with a native oxide layer o f a few nanometers. 

They were washed with a series of liquids: chloroform, isopropanol, and nanopure water. 

They were then blown dry with compressed air before being put into an electron beam 

evaporator. They were coated with 10 nm of AI2 O3 , followed by 0.5 nm Fe.

Before inserting the sample, the gas flow rates were preset with the filament 

heated to a temperature greater than 2300 °C. The sample was inserted into the hot zone 

at a temperature o f 550 °C. It was situated about 0.5 cm away from the filament (figure 

4.1). The temperature setting o f the furnace was then immediately set to 750 °C. 

Alternatively, samples were inserted into the furnace at the desired final growth 

temperature. The filament was turned off 30 seconds after sample insertion. It took about 

8  seconds for the filament to turn off completely. The furnace took approximately 6  

minutes to reach a final growth temperature o f 750 °C. Total growth time was a standard 

30 minutes. The sample was rapidly removed from the hot zone and allowed to cool 

quickly once the run was done. Once cool, it was drawn back into the load lock, the gate 

valve was closed, the load lock was evacuated to remove the growth gases, and it was 

then purged with nitrogen so the sample could be removed. When a new sample was 

inserted, the load lock was evacuated to a pressure of 1.5X10"3 Torr before opening the 

gate valve. If  a particular series of experiments needed to be done, one right after the 

other, the growth gases were left running while new substrates were put into the load 

lock.
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Figure 4.1: The position of the sample relative to the filament.

4.2 Height and Density Measurements

The characterization method that was used first on the carpets was scanning 

electron microscopy (SEM). Measurements were taken with a JEOL 6500 SEM with an 

accelerating voltage of 5 kV. The carpets were looked at end-on to determine their 

heights. The resolution was high enough to easily determine the heights to within less 

than 0.1 pm. Height measurements were taken along the entire length o f the carpet every 

5 mm, and then averaged. An example of one of the images used for height measurement 

is shown in figure 4.2. This method also revealed where along the profile the carpet was 

the highest, giving an indication o f whether things like diffusion and the hot filament are 

affecting growth (discussed in chapter 5). The height measurements also allowed the
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densities to be obtained. The Si was weighed before and after growth, and the volume of 

the carpet was determined with the height, and the area over which the carpet grew. This 

area was measured with calipers.

f<? c;i f>.ukv xi;>un WD 10.Omm

Figure 4.2: A typical carpet grown by hot filament CVD.

4.3 Fluorescence

One of the methods used for characterization of the SWNTs was fluorescence 

spectroscopy. This method reveals the diameter distribution o f the semiconducting 

SWNTs. When a SWNT is excited by a particular wavelength o f light, an electron is 

excited from the valence band to the conduction band, the levels o f which are defined by 

the van Hove singularities observed in density o f electronic states. This excitation (E22 

absorption) leaves a hole in the conduction band. This electron-hole pair, or exciton, 

attracts each other as would a positive and negative charge so that emission occurs 

between different energy levels (En emission) . 6 This process is illustrated in figure 4.3. 

The values o f E n and E22 vary depending on chirality so observing the emission 

wavelength reveals what semiconducting SWNTs are present. Metallic tubes cannot be
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observed with this method. The observable SWNTs and their corresponding excitation 

and emission wavelengths can be seen in table 4.1.

5

conduction

E n

fluorescence

valence

-c, ■

B22
absorption’

■-  V 1

V — —  V o  -

0 2 4 6 8 10
Density of Electronic States

Figure 4.3: The density o f states in a semiconducting SWNT indicating the energy levels 
between which absorption and emission occur during fluorescence. 6
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XT1 (nm) (nm) hv „  (eV) hv^ (eV) Assignment Predicted 
*rbm (cm 1*

Observed
*RBM M

833 483 1.488 2 567 (5,4) 372.7 373f
873 581 1.420 2.134 (6,4) 335,2
912 693 1.359 1.789 (93) 307.4
952 663 1302 1870 (83) 296.1 297|
975 567 1.272 2.187 m 307.4
1023 644 1.212 1925 (7,5) 281.9 283 {
1053 734 1.177 1.689 (10,2) 265.1 264§
1101 720 1126 1.722 (9.4) 256.4
1113 587 1,114 2.112 (8,4) 2783
1122 647 1.105 1916 (7,6) 262,1 264{
1139 551 1088 2,250 (9,2) 289.7
1171 797 1059 1.556 (12,1 237.0 2361
1172 716 1.058 1,732 (M ) 243,7
1197 792 1036 1.565 (113) 232,8 23311'
1244 671 0.997 1,848 (9.5) 241,4
12.50 633 0.992 1.959 ;io3 251.1 251)
1250 786 0.992 1.577 10,5) 225.1 2251'
1263 611 0.982 2.029 (111) 256.4
1267 728 0.979 1703 (8,7) 228.9
1307 859 0.949 1.443 (13,2) 2113
1323 790 0.937 1.569 (9,71 214.9 2151
1342 857 0.924 1.447 [12,4 207.5
1372 714 0.904 1.736 (H A ) 2215
1376 685 0,901 1.810 [12 2) 227.0
1380 756 0.898 1.640 0 6) 213.4
1397 858 0.887 1.445 i16) 200.8
1414 809 0,877 1533 (9,8) 203,4
1425 927 0.870 1337 (15,1) 193,6
1474 868 0.841 1,428 (10,8) 192.5
1485 928 0,835 1336 I13,5) 187.2
1496 795 0.829 1.559 12,5) 198.3
1497 760 0.828 1.631 (133) 203,4
1555 892 0.797 1.390 (10,9) 183.3
•Using the express! n sK ^ _ 223.5 12.5 end assuming a C - t  bond distance of 0.144 nm. tRami

d.  (nm)

excttation wavelength 830 nm. jRamar* excitation wavelengths C33 nm and 636 t* §72 nm. |  Raman 
excitation wavelength 1064 nm  IjRaman excitation wavelength 782 rm  •ptaman excitation wavelength TBS nm.

Table 4.1: Absorption and emission wavelength and energy assignments for 
semiconducting SWNTs. 6

Measurements were obtained from solutions made from the carpet SWNTs. The

nanotubes were suspended by dropping the carpet-covered wafer into ~10 mL of 1%

SDBS by weight in nanopure water. NaOH was added to the solution to increase the pH, 

and eliminate the quenching effect acids have on fluorescence. 76 ,77 A 660-nm diode laser

and a 785-nm diode laser were used for excitation. The 660-nm laser gave a stronger
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signal for small-diameter SWNTs, and the 785-nm laser was better for identifying 

SWNTs with larger diameters.

4.4 Raman

Raman spectroscopy is commonly used to determine various characteristics of

o  n o

SWNTs such as diameter, bundling, long-range order and quality. ’ Raman spectra 

come from a light scattering phenomenon where the scattered light is of a different 

frequency than the light with which the sample was irradiated. In nanotubes, this 

frequency difference is due to vibrational transitions.

Raman was used on the carpets to observe SWNT quality, which refers to the 

degree o f defects in the sidewalls. The tangential phonon mode results in a band at 1590 

cm '1. This band, called the G-band, is caused by the sp2-hybridized C-C bonds . 78 There is 

another band at 1300 cm '1, called the D-band, which is the result of a break in symmetry

78of the SWNT. The more defects, whether caused by functionalization, missing carbons 

or amorphous carbon, the greater the intensity o f the D-band.

Measurements were obtained from the same SWNT solutions that were used for 

fluorescence. The machine was a Kaiser Optical System Raman spectrometer. A fiber 

optic probe was inserted into the SWNT solution, which was in a 20-mL scintillation vial. 

The excitation source was a 785-nm diode laser.
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Chapter 5 - SWNT Carpet Growth by Hot Filament CVD

We studied the effect of changing different growth parameters in order to give us 

an idea o f what the growth mechanism was, and what conditions would give the highest 

growth rate while still maintaining SWNT quality. The parameters we studied were 

oxidant concentration, feedstock composition, feedstock concentration, growth time, 

temperature, pressure and substrate. Because the processes occurring in the catalyst 

particle for nucleating a SWNT is different from those o f growth , 39 ,64 ,79 we also looked at 

whether different conditions for nucleation and growth allowed for further optimization. 

The carpet height, density, fluorescence and Raman data (along with whether any carpet 

grew at all under a particular set of conditions) revealed the best growth conditions at low 

pressure by HFCVD.

5.1 Oxidant Concentration

Previous studies have shown that it is essential to inject a small amount o f an 

oxidant—usually water vapor—into the growth gas to increase the growth rate, and 

achieve supergrowth . 44 ,80 ' 83 Hata et al. has suggested that the increased growth rate comes 

from the oxidant partially etching away the carbon on the catalyst to keep a graphitic 

shell from forming and stopping growth 44

Our study confirmed that particular oxidants increase the growth rate many times. 

The two oxidants to do so that we studied were CO2 and H2O. Oxygen was also studied, 

but it was found to be detrimental to growth. Small amounts o f it (greater than 5 ppm) 

sufficiently decreased the carbon activity to prevent growth. The H2 O levels used ranged 

from 25 to 5000 ppm. As seen in figure 5.1a, the effect the water had on the resultant 

carpet height decreased as the water concentration increased. We added as much water as
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possible with our apparatus ( 2  seem, which was equal to the flow rate of acetylene), but 

never reached a point where the carpet height began to drop off. The same results were 

seen with CO2 . The CO2 concentration ranged from 500 to 17500 ppm without observing 

a decrease in carpet height, although as with the water, the increases were smaller and 

smaller as the CO2 concentration increased (figure 5.1b). Water increased the growth rate 

up to 12 times, and CO2 increased it up to 4 times. These rates are compared to when no 

oxidant is added, leaving their levels at less than 1 ppm in the clean CVD apparatus we 

used. Because better growth was seen with water, it was used for all subsequent studies 

where other parameters were changed to optimize growth.
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Carpet Height vs. H20  Concentration
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Figure 5.1: Graphs of carpet height as a function (a) H2O and (b) CO2 concentration.

Fluorescence measurements showed that adding an oxidant increased the amount 

o f larger-diameter SWNTs (figures 5.2 and 5.3). This occurrence could be the result of 

the oxidant preventing the over-coating of the catalyst as Hata suggested. The increased 

curvature of the smaller catalyst particles makes forming a nanotube more energetically
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favorable, but the larger particles are less likely to be restricted in such a way, and will 

more readily over-coat. The water may be competing with the carbon deposition, and 

etching away the carbon deposited on the surface of the catalyst particle. This etching 

would allow particles to nucleate and grow SWNTs that were otherwise over-coating.
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Fluorescence {660 nm excitation) of varying H O concentration
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Figure 5.2: Fluorescence spectra resulting from changing the H2 O concentration obtained 
by (a) 660 nm excitation, and (b) 785 nm excitation.
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Fluorescence (660 nm excitation) of varying CO. concentration
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Figure 5.3: Fluorescence spectra resulting from changing the CO2 concentration obtained 
by (a) 660 nm excitation, and (b) 785 nm excitation.
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The density o f a carpet grown without an oxidant was only slightly lower and still 

within the error of one grown with water present, which indicates that the increase in the 

number o f particles that nucleate is small. This observation argues for the possibility o f 

the water changing the geometry of the catalyst particles, and therefore changing the 

diameter of the SWNTs they nucleate. In order for the water to affect such a change, it 

would have to chemisorb to the catalyst particles to change their surface tensions and 

wetting characteristics between them and the alumina support. One way this could 

happen is if  the water dissociates and forms hydroxyl groups on the surface of the 

catalyst. If  the hydroxyl groups decrease the interfacial energy between the Fe and the 

alumina, then the particle would wet a larger area o f the surface. Such a change in 

particle geometry could affect the diameter o f the SWNT it grows.

The presence o f surface hydroxyl groups can also explain the characteristics of 

the increasing growth rate with increasing water concentration. The fact that a saturation 

effect is seen as more water is added indicates that there was a finite surface area that 

could be hydroxylated, and once all the surface is covered there is little effect in adding 

more oxidant. Work by Hartuyunyan et al. suggests that growth does not occur until the 

catalyst particle is melted, after which carbon can diffuse into it, and precipitate a

R4SWNT. The Fe-C phase diagram, produced here by ASM International software (figure 

5.4), shows that increasing the concentration o f carbon in Fe can drive it past it’s eutectic 

point, increase the melting point, and form a stable carbide at high temperature. The 

hydroxyl groups covering the nanoparticle could react with carbon dissolved in the iron 

and moderate the carbon concentration to where the mixture stays in the eutectic region. 

This is different from water in the gas phase etching carbon on the surface in that surface
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moieties are reacting with carbon in the bulk, but has the same final effect in keeping the 

catalyst particle active.

Weight P ercent Carbon

1600
'0.41538*C

2.43

1400-
1394'C L + C(graphite)

17.1.
17.3

2.97

0.104

600-

400

A tom ic P ercen t CarbonFe

Figure 5.4: Fe-C binary alloy phase diagram, produced by ASM International software.

Assuming that the concentration o f carbon in iron does not get so high as to form 

a carbide and kill growth, another role the hydroxyl groups may play is to facilitate the 

deposition o f carbon into the nanoparticle to increase the growth rate. I f  the rate at which 

carbon is incorporated into the tube is high enough to keep the carbon concentration in 

the particle low, then the binary mixture remains on the carbon-lean side o f the eutectic. 

Such a mixture would have a higher melting point, and could keep low the rate at which 

carbon is dissolved into the particle. In order to change such a rate when keeping the 

temperature constant, the dissociation and adsorption of the feedstock would need to be 

catalyzed. Hydroxyl groups on the surface could react with the acetylene to form a water
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molecule, which would enter the gas flow, and a C2H- radical that would bond to the iron 

surface. Such a species may dissociate more readily and increase the carbon dissolution 

rate. This is another process that explains the saturation effect seen when increasing the 

water concentration in that, like with the scenario of the hydroxyl groups reacting with 

the carbon in the bulk of the iron particle, it also depends on the surface area o f iron 

available to be decorated with hydroxyl groups.

If  the catalyst particle is being coated with an oxidant species, then it is easily 

seen why water is the better oxidant. Throughout this discussion, the species has been 

described as a hydroxyl group. Were it a carbon species, carbon dioxide would facilitate 

growth better, but the reason both it and water work is that they are both likely 

decomposing to the same final O-H species. This process may take longer, and may not 

be as energetically favored for carbon dioxide. If  the carbon dioxide is decomposing to a 

different species that performs the same function as the O-H species, it is still not 

facilitating growth as well as the O-H species. Another possible explanation for the 

weaker effect of carbon dioxide comes from the case o f the oxidants directly etching 

away carbon on the surface of the particle. While carbon dioxide can etch carbon through 

the reverse o f the Boudouard reaction, it is not as thermodynamically favored at the 

growth temperature as the water reacting with solid carbon to form CO and H2 . In all 

scenarios elucidating how an oxidant helps the growth, a model can be proposed to 

explain the observation o f water working better.

The time during which the oxidant is effective was also considered. Hata et al. 

claimed that it was necessary for the duration o f the growth.44 We were curious as to 

whether or not it was necessary during only nucleation, or only growth, or both. Our
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experiments show that it is necessary for growth, and makes little difference whether it is 

present or not during nucleation. If oxidant is present only during the nucleation stage, 

the carpet will grow as if  no oxidant were present for the entire run. The trends are the 

same for both oxidants. With 2 seem (5000 ppm) o f water flowing for the entire run, the 

average carpet height was 95 pm. When the 2 seem of water was turned on after the first 

30 sec during which the filament was on, the carpet grew to an average height o f 105 pm. 

With the 2 seem of water flowing only during the first 30 sec, the height was 13 pm. 

Without using any oxidant at all for the entire run, the resulting average carpet height was 

11 pm. The same runs were done with 7sccm of carbon dioxide, and the average carpet 

heights were as follows: 39 pm with the carbon dioxide on the whole time, 56 pm with it 

on after the first 30 seconds, 15 pm with it on for only the first 30 seconds, and again, 11 

pm without and carbon dioxide for the entire run. These results are summarized in table

5.1.

Oxidant Duration Carpet Height (pm)

H20 entire run 95

H20 after first 30 sec. 105

h 2o first 30 sec. 13

C 0 2 entire run 39

C 0 2 after first 30 sec. 56

C 0 2 first 30 sec. 15

none - 11

Table 5.1: Carpet heights resulting from flowing H2 O or CO2 during different stages of 
the experiment.
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As the heights indicate for both oxidants, more growth is actually seen when there 

is no oxidant present during the nucleation stage. This observation argues for the theory 

that the purpose o f the oxidant is to etch away excess carbon. By not having an oxidant 

present during the first few seconds o f growth, more carbon can dissolve into the particle 

and get it to its eutectic faster, thus melting it faster. The molten particle would have a 

higher growth rate,64,84 and once the oxidant is introduced, the carbon concentration 

would be moderated so that the carbide does not form. When the oxidant is present 

during nucleation, it could react with the carbon on the surface o f the catalyst particles as 

the acetylene hits it and dissociates. The rate at which the carbon dissolves into the 

particles would go down, and increase the time it takes to saturate the particles to the 

point where the nucleation o f SWNTs occurs.

Our experiments confirm that oxidants promote the continued growth o f SWNTs. 

O f water and carbon dioxide, water has the bigger effect. Raman measurements show that 

the Ig/Id changes very little when an oxidant is added, meaning the quality o f the SWNTs 

is not greatly effected by them. Such a change is accomplished only through a change in 

temperature,39,85 or by using a different catalyst.86,87 The oxidant only increases the rate at 

which carbon is added to the SWNTs. Our studies did not reveal what the upper limit of 

oxidant concentration was where it would start hindering growth because the amount of 

oxidant we could add was limited by the mass flow controllers available to us. A 

thermodynamics calculation with HSC Chemistry software reveals that higher 

concentrations of water (starting at twice as much water as acetylene) would lower the 

carbon activity to less than 1, and bring the environment into etching conditions. The 

graphs in figure 5.5 show the equilibrium compositions for the reaction conditions we
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were using. When the carbon shows a nonzero value, the carbon activity is greater than 1 

and carbon deposition is favored.

We also found that higher temperatures also lead to etching conditions when the 

maximum amount of water (2 seem or 5000 ppm) is used. This temperature effect is 

discussed further in section 5.6. The best growth conditions when using 2 seem (5000 

ppm) acetylene as the source gas were found to be at 750 °C, with 2 seem of water added 

to the gas flow.
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Figure 5.5: Calculations of equilibrium compositions with HSC Chemistry 5.11 when 
there are (a) 5000 ppm C2H2 with 5000 ppm H20 , and (b) 5000 ppm C2H2  with 10000 
ppm H2 O. The total pressure in both simulations is 1.4 Torr. The carbon activity in (a) is 
greater than 1 as indicated by a nonzero value for the carbon equilibrium concentration. It 
is less than 1 in (b) because there is no carbon in the equilibrium composition.
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5.2 Acetylene Concentration

Increasing the acetylene concentration increased the growth rate. Figure 5.6 

shows the carpet height as a function o f acetylene concentration. The increase was not 

linear. When the concentration was repeatedly doubled, the increase in height was 

consistently less. Because the growth rate did not tail off readily, adding more acetylene 

would likely increase the growth rate even more, but it would also increase the chance of 

gas-phase pyrolysis. A greater carbon flux to the catalyst could also quickly increase the 

concentration to where a carbide or a stable graphitic shell around the particle would 

readily form, and kill growth. The SWNT may still grow from a metastable nanoparticle 

as the carbon concentration in it increases to where a carbide should form, but given time 

the particle will crystallize. The higher carbon flux increases the probability of such a 

crystallization event occurring, and killing growth.
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Carpet Height vs. C2H2 Concentration with water added
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Figure 5.6: Carpet height as a function o f acetylene concentration with the maximum 
amount o f water added (5000 ppm).

Fluorescence measurements showed that there was a greater proportion of large- 

diameter SWNTs as the acetylene concentration was increased. Figures 5.7 and 5.8 show 

that this was the case when either oxidant was used. The increase was bigger when water 

was used, indicating again that water is the better oxidant for facilitating growth. The 

propensity for the larger particles to nucleate and grow when there is a greater flux of 

carbon feedstock supports the idea that the smaller particles are being overfed, making it 

more likely for them to form a carbide or an over-coating.88 When the carbon flux is not 

high enough, the larger particles are underfed, and are therefore not as likely to nucleate 

and grow as the smaller particles.88
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Fluorescence (660 nm excitation) of varying C2H2 concentration
with HzO added
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Figure 5.7: Fluorescence spectra resulting from changing the acetylene concentration 
with 5000 ppm water added to the growth gas, and obtained by (a) 660 nm and (b) 785 
nm excitation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

Fluoescence (660 nm excitation) of varying C2H2 concentration
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Figure 5.8: Fluorescence spectra resulting from changing the acetylene concentration 
with 10000 ppm carbon dioxide added to the growth gas, and obtained by (a) 660 nm and 
(b) 785 nm excitation.
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Another competing process must be considered when determining why the 

diameter distribution shifts to larger diameters. This is the process of larger particles 

over-coating more readily with increased acetylene flux, as discussed in section 5.1. 

Without any oxidant present, the large particles over-coat and do not nucleate a tube, but 

an oxidant adsorbed on the surface could moderate the formation of such a shell. Larger 

particles would need more oxidant to keep the surface concentration o f carbon down to 

allow a SWNT to nucleate. Because water is the better oxidant, whether it is forming a 

surface species that facilitates growth, or is reacting directly with carbon on the surface of 

the catalyst particle, it is better at moderating the carbon shell formation on the larger 

particles. As stated above, there is a greater increase in large-diameter SWNTs when 

water is used than when carbon dioxide is used, which supports this scenario. With 

enough oxidant, and a high enough flux o f carbon feedstock, the larger particles are no 

longer hindered from growing by either a carbon shell formation, or by being underfed to 

the point of forming a stable carbide.

5.3 Growth Time

Growth runs were done under the same conditions for 15, 30, 60 and 120 minutes. 

The growth rate was found to decrease for the longer runs, but not drastically. The 

average rate after 2 hours was 1.85 pm/min, where it was 4 pm/min for the 15-minute run 

(figure 5.9). The series without an oxidant was the exception. It leveled off after the 15- 

minute run. This is likely due to the absence o f an oxidant allowing growth to end early 

by the catalyst particle forming either a carbon over-coating, or a stable carbide.
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Carpet Height vs. Time
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Figure 5.9: Change in carpet height as a function of growth time for four different 
scenarios: 10000 ppm acetylene with 5000 ppm water, 5000 ppm acetylene with 
5000 ppm water, 5000 ppm acetylene with 10000 ppm carbon dioxide, and 5000 ppm 
acetylene with no oxidant added.

Two series were done with water; one with 0.5% acetylene, the other with 1% 

acetylene. Doubling the acetylene concentration did not double the growth rate for any of 

the time runs. As discussed in section 5.2, the reason for this nonlinear increase in growth 

rate is likely from an increased probability o f a carbide forming. The crystallization 

process occurs when a nucleation site forms, on which the rest o f the crystal can build. 

The likelihood of such an event happening increases with time. The linearity in the plots 

for the longer times indicates that it is not gas diffusion through the carpets to the catalyst 

particles that slows growth. If  such diffusion were limiting growth, the growth rate would 

continue to decrease as the carpet got taller in the longer experiments. The fact that we do
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not see such trend lends credence to the theory o f carbide formation being responsible for 

the carpets from longer growth runs being shorter than expected.

Dissolution o f the feedstock into, and the precipitation of the carbon out o f the 

catalyst particle are not thought to be rate-limiting steps. When the concentration of 

acetylene is increased, the growth rate increases. If  carbon dissolving into the feedstock 

and diffusing through it reached a maximum at a given temperature, then increasing the 

concentration of acetylene would not increase the growth rate, and would instead kill 

growth accumulating too much carbon on the surface o f the particle to form an over

coating or carbide. Having more acetylene present increases the collision rate with the 

catalyst particles, which increases the amount dissolving into the particles, which in turn 

increases the rate that carbon adds to the SWNTs.

5.4 Feedstock Composition

Experiments were done to determine which source gas was the most reactive in 

producing SWNT carpets. Eres et al. showed in molecular jet experiments (which 

prevents secondary gas-phase reactions from occurring) that the yield from acetylene was 

at least 10 times higher than any other hydrocarbon.39 Studies by Xu et al. in a previous 

iteration o f the apparatus used for these experiments used methane for a feedstock.45,48 In 

this case, growth was seen only when the filament was hot. The hot filament produced 

ethylene and acetylene from the methane. It was claimed in this study that the purpose of 

the hot filament was not only to make the 2-carbon species, but was also needed to 

activate it once it had been made by forming a radical. The study showed that it was 

definitely a 2-carbon species that was forming the SWNTs, and not methane.48 This was 

proven by using 13CH4  mixed with 12C2 H2 , and looking at the shift in the tangential
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phonon mode of the resulting SWNTs. The resulting Raman shifts showed that the 

SWNTs were composed of a mixture o f 13C and 12C that was in the same proportion as

n p
the C2 species produced from the methane, and the added C2H2 .

The 13C studies did not specify whether ethylene or acetylene was specifically 

needed for growth. Our studies confirmed what the results o f the molecular jet 

experiments showed, which was that it is solely acetylene that grows the SWNTs, and not 

ethylene. When replacing acetylene with ethylene in our experiments, and running under 

the same growth conditions, no growth was observed. Additionally, the filament was on 

only for the first 30 seconds of the runs to rapidly reduce the iron catalyst. Because it was 

not on during growth, we also know that the acetylene does not have to be activated such 

that it forms a radical before being incorporated into the SWNT. It is sufficient for the 

acetylene to hit the catalyst particles in its molecular form, where it can dissociate and be 

incorporated into the SWNTs. It is unclear whether the carbon adds to the tube as 

individual atoms, as C2 units, or longer chains. The fact that growth is not seen from 

methane under the same conditions, and that well-known mechanisms o f soot formation 

show carbon to add in C2 units by the HACA mechanism89 gives support to the theory 

that carbon also incorporates into a nanotube in a C2 fashion. Acetylene’s propensity to 

add to a graphitic structure in such a way may be why it is the main growth molecule. It’s 

high reactivity in growing SWNTs as compared to other carbon feedstocks was why it 

was used for all other studies presented here.

5.5 Substrate Effects

A systematic study of reaction parameters has been carried out with the goals of 

understanding how the substrate on which the iron catalyst is deposited affects growth. In
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earlier studies it was believed that the alumina support prevented migration of the iron 

catalyst, but we now believe that it prevents a reaction between the native SiC>2 layer and 

the iron. We also found that while atomic hydrogen is useful in reducing the iron, too 

much can hinder growth.

Initial studies demonstrated that a carpet can be grown without exposure to atomic 

hydrogen. We also observed that when growth was carried out without addition o f an 

oxidant that carpet growth does not occur near the filament but does grow further away 

from the filament. We further observed that the area o f no growth increases with the 

temperature of the hot filament, i.e. with increased atomic hydrogen production. This 

suggests that exposure of the substrate to atomic hydrogen deactivates the iron catalyst.

The situation is different when an oxidant is added to the mixture. Without 

exposure to atomic hydrogen we found that parts per million of molecular oxygen can 

prevent growth of a carpet while water and carbon dioxide do not affect growth. 

However, when any of these oxidants is present along with atomic hydrogen, growth of a 

carpet near the filament is observed. Thus water and to a lesser extent carbon dioxide 

appear to moderate the deactivation effect of atomic hydrogen and to assist in the 

nucleation and growth of SWNTs.

It has also been observed that when a sample is inserted into a furnace heated to 

750 °C that a carpet is not grown with or without the presence o f water or carbon dioxide. 

However, a carpet is readily grown if  atomic hydrogen is present along with water or 

carbon dioxide during the initial insertion and heating of the substrate. Atomic hydrogen 

can be removed after the initial heating without affecting subsequent growth of SWNT 

carpets. In fact it has been shown that acetylene can be added minutes after the initial
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sample insertion and atomic hydrogen exposure without affecting SWNT carpet growth. 

Thus it appears that the role o f atomic hydrogen combined with water or carbon dioxide 

is to prepare the iron catalyst for SWNT nucleation and growth.

Successful growth of a SWNT carpet appears to be strongly dependent on the 

processing history of the iron/aluminum oxide layer. One expects that initially the iron is 

present as oxide islands on the aluminum oxide layer. Thus the first step in activation 

likely involves the reduction o f iron oxide particles to metallic iron particles. A 

thermodynamic calculation carried out with HSC Chemistry software and database is 

shown in figure 5.10 for both elemental iron and iron oxide in contact with aluminum 

oxide as a function o f temperature. One clearly sees that elemental iron does not react 

with aluminum oxide (figure 5.10a) while iron oxide forms a stable iron aluminate in the 

presence o f low pressures o f hydrogen (figure 5.10b). We suggest that our observations 

of the dependence of SWNT carpet growth on processing conditions may be in part 

explained by the formation o f iron aluminate. If samples are heated to elevated 

temperatures without prior reduction o f the iron oxide then iron aluminate may form. If 

this is the case then subsequent reduction to the metallic state may be not occur, due to 

kinetic limitations, at low hydrogen pressures as is implied by the thermodynamic 

calculation. Lack o f carpet growth due to exposure to high fluxes o f atomic hydrogen can 

not be caused by failure to reduce the iron oxide. We suggest in this case that the 

aluminum oxide base undergoes reduction to aluminum suboxide or aluminum which is 

able to react with elemental iron to form an inactive catalyst particle. This reduction 

process would be prevented by the addition o f oxidants such as water. This would explain 

in part the beneficial effects of water addition.
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5.6 Growth and Nucleation Temperature

Growth runs were done in which the sample was grown at the same temperature it 

was nucleated. Figure shows that growth was seen from 500 to 850 °C in 50-°C intervals. 

Twenty-five-degree intervals were measured between 750 and 850 °C to isolate the 

temperature interval in which growth stopped. Maximum growth was seen at 775 °C. 

There was a drastic drop-off in growth going from 775 to 800 °C (figure 5.11). By 

850 °C, the smallest amount of growth was observed, and at 900 °C, there was no growth 

at all.

These observations indicate that not only does growth stop at 800 °C and above, 

but that the system is put into etching conditions at high temperatures. We know that 

growth occurs in the range o f 550 to 750 °C because a standard protocol we used 

consisted of inserting the sample at 550 °C, then setting the furnace to 750 °C for the 

duration of the run. Were a small amount o f growth seen at all temperatures above 

775 °C, we would assume that it happened during the short time it took the chip to heat 

up to the furnace temperature, and then stopped at higher temperatures due to a reaction 

with the catalyst like the formation of a carbide. Because we see no growth at 900 °C and 

above means that the SWNTs that grew at lower temperature were etched away. Finding 

gas phase equilibrium compositions by free energy minimization using HSC Chemistry 

5.10 reveals that when there is an equal amount o f water as acetylene, which was the case 

for this series of experiments (2 seem of each), then the carbon activity is greater than 1, 

therefore favoring growth (figure 5.5a). Once the water concentration is greater than 

twice that o f acetylene, the carbon activity drops below 1 and the system shifts to etching 

conditions (figure 5.5b). According to these calculations, we should see carbon
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deposition at all the temperatures we attempted to grow at (up to 1000 °C), but the 

absence of any carpet at 900 °C and above indicates that the catalyst has been 

deactivated, and that etching is occurring.

Carpet Height vs. Temperature
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Figure 5.11: Carpet height as a function o f temperature. The black plot indicates the 
series where growth and nucleation occurred at the same temperature, and the red plot is 
of the growth temperature the sample was set to after it was nucleated at 550 °C.

The process that stops growth may be separate from the one in which the SWNTs 

are etched. Section 5.1 discussed how increased carbon concentration in the iron particle 

can induce carbide formation, and particle solidification. The increased temperature may 

be increasing the solubility o f the carbon90 to the point where the carbon concentration 

drives the melting point beyond the growth temperature. In the absence o f the catalyst 

particle going through an irreversible change, the only thing stopping growth would be 

the etching conditions facilitated by the high temperatures. The reaction favored to occur 

at high temperatures (> 500 oC) with an excess o f water is C2H2 + 2 H2O = 2CO + 2 H2 .
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Other hydrocarbon species go through a similar reaction to form CO. This reaction could 

not have been occurring in our system though, because there was not an excess o f water. 

The etching was likely initiated by the SWNT separating from the catalyst particle once 

the carbide formed. Once the end o f the SWNT was free o f the catalyst, the only reaction 

that may readily occur is that o f water with the SWNT end to form CO, as a reaction 

between H2 and the SWNT end is less likely.

Before extensively studying the effects o f oxidants, we found that in order to 

grow it was necessary to insert the sample at a lower temperature and grow at a higher 

temperature. Section 5.5 discusses that the reason for this is due to reactions between the 

iron and the alumina support. It was found that water moderated a reduction reaction 

occurring between the atomic hydrogen and the alumina, therefore allowing nucleation to 

occur at the same temperature at which growth was to be conducted. The carpet grown 

from nucleating at 550 °C and growing at 750 °C was roughly the same height as the one 

both nucleated and grown at 750 °C. This similarity indicates that once the catalyst 

particles are melted, the growth rate stays constant up to 800 °C, where it stops. As will 

be discussed in section 5.7, the rate-limiting step is not diffusion of carbon through the 

particles, but is the flux of the carbon feedstock hitting them. The diffusion rate through 

the molten particles is such that carbon can go through them at the same rate that 

acetylene hits them.

Adding 2 seem (5000 ppm) water allowed for the series shown in figure 5.11 to 

be obtained, where the sample was inserted at the same temperature growth was to occur. 

Without the water, the sample would have needed to be inserted at a lower temperature 

(550 °C). A series o f experiments was done with 2 seem water, and insertion at 550 °C to
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see if  growth characteristics would change at high temperatures when nucleating at low 

temperatures. The high growth temperatures used were 750 to 1000 °C in 50-°C 

increments. The results o f this series are also shown in figure 5.11. The carpet heights 

from most o f these high-temperature growth runs were taller than those made from 

insertion and growth at the same temperature. The only similarity was that there was no 

growth from the 1000 °C growth temperature. These observations are not surprising in 

light of the discovery that the only thing hindering nucleation at high temperature was a 

reaction between the catalyst and the alumina support (discussed in section 5.5). Once 

that reaction is prevented, the growth characteristics are determined by the carbon 

activity, and whether the catalyst becomes saturated with carbon to the point of forming a 

carbide at the growth temperature. As discussed above, growth occurs only up to 775 °C, 

and then etching occurs at higher rates as the temperature increases. Because the carpets 

in this series were nucleated at 550 °C, there was more time for growth as the furnace 

heated to its final temperature, and therefore longer SWNTs to etch once the high 

temperatures were achieved. The taller carpets we observed were just a greater remnant 

after that etching. At higher temperatures the carpets were shorter because the etching 

rate increased with temperature.

Because the high concentration o f water was the cause of etching at the higher 

temperatures, a series o f experiments was conducted at high temperatures with only 

1 seem (2500 ppm) water. As with the last series discussed, this one was also done with 

nucleation at 550 °C followed by an immediate adjustment o f the furnace temperature 

setting to the growth temperature (750-1000 °C in 50-°C increments). Carbon deposition 

was observed all the way up to 1000 °C in this series. The carpet height decreased from
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the 750-°C run to the 850-°C run where it leveled off at approximately 20 pm (figure 

5.12). The lower concentration o f water prevented the system from shifting to etching 

conditions at high temperatures, leaving the SWNTs that grew at lower temperatures. The 

carpet height remained constant at higher temperatures because the samples were in the 

growth temperature region for about the same amount of time. The fact that the carpet 

height drops off at 800 °C and above indicates that lowered carbon activity and 

temperature-induced catalyst change can both occur to hinder growth. The problem with 

the lowered carbon activity when flowing 2 seem (5000 ppm) of water was eliminated in 

this series by halving the water concentration, but the growth drop-off still occurred. 

Because there is a saturation effect with increasing water concentration, as discussed in 

section 5.1, the carbon deposition is still facilitated nearly as much as it was with 2 seem 

of water flowing so growth termination due to carbide formation at high temperature due 

to increased carbon solubility in the iron still has a high chance of happening.

Carpet Height vs. Growth Temperature
(with a nucleation temperature of 550 °C)
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Figure 5.12: Carpet height as a function of growth temperature after nucleation at 550 °C. 
There was 2500 ppm water present in the growth gas for this series.
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Further studies o f the effect of water concentration were conducted at high 

temperature. Samples were inserted at 550 °C, and then raised to 1000 °C with water 

concentrations varying between runs. The water flow rates used were 0.1, 0.2, 0.5, 1 and 

2 seem (250, 500, 1250, 2500 and 5000 ppm). The results o f this series are shown in 

figure 5.13. As discussed previously, using 2 seem resulted in no growth. The maximum 

height was 21 pm, which was seen in the 1-sccm run. The runs using less than 1 seem 

resulted in roughly the same heights, which were around 13 pm. This is about the height 

of a carpet grown by inserting at 550 °C, raising to 750 °C, and not using any oxidant. 

These similarities indicate that when using 0.5 seem and less o f water, there was not 

enough oxidant to facilitate growth during the temperature ramp-up before reaching 800 

°C, where growth stopped. A last run was done in this series using 1 seem water, but 

running for a total o f 60 minutes as opposed to the standard 30 minutes. The height o f the 

resulting carpet was 16 pm, which was shorter than the sample that was run for 30 

minutes. The shorter height for the longer run is not only an indicator that growth stops at 

higher temperatures, but that 1 seem water may still allow for a small amount of etching 

at 1000 °C.
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Carpet Height vs. H20  Concentration
(nucleation temperature = 550 °C and growth temperature = 1000 °C)
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Figure 5.13: Carpet height as a function of water concentration when nucleating at 550 °C 
and raising to a final growth temperature of 1000 °C.

While it has been shown that SWNTs grown at higher temperatures have less

defects,39 there are practical problems to growing at high temperatures in our apparatus.

If  a catalyst/support combination were found that would allow growth at high

temperatures, there is the problem of secondary gas phase reactions occurring. The RGA

data showed that at high temperatures (above 900 °C), some carbon monoxide forms

from the acetylene and water, and methane forms from the acetylene and hydrogen. The

amount o f water and acetylene consumed by the reactions would have a negligible effect

on growth, but at higher pressure and lower flow rates it could become a problem.

Amorphous carbon is also likely to form by gas phase pyrolysis at higher temperatures

and get embedded in the carpet. The density o f carpets exposed to high temperatures was
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higher than those run at 750 °C, indicating that mass was adding to the carpet that had 

grown at lower temperatures without adding height.

Raman measurements were taken for the series where the insertion temperature 

and the growth temperature were the same (figure 5.14). The Id/Ig decreased as 

temperature increased. At 500 °C, the lowest temperature at which a carpet could be 

grown, Id/Ig was greater than 1. The break in tube symmetry causing the large peak could 

be due to amorphous carbon coating the SWNTs rather than defects in the SWNTs, but 

the low temperature and high gas velocity make it unlikely that amorphous carbon was 

forming from gas phase pyrolysis. From 600 °C to 650 °C, there is a large decrease in 

Id /Ig - The likely reason for this decrease is that the catalyst particles have melted. Metal 

nanoparticles melt at much lower temperatures than the bulk material due to the Gibbs- 

Thompson effect.91 Iron catalyst particles less than 3 nm in diameter melt at less than 

-700 ° c , 92,93 which is in the temperature range we observed the Id /Ig  decrease. This 

observation suggests that SWNTs can be grown from solid catalyst particles, although 

with many more defects, and at a much lower rate. Eres et al. proposed that C2 fragments 

from dissociated acetylene on the surface o f the catalyst particle bond together to form 

chains that migrate to the end o f the SWNT, then break and reform bonds with the aid of 

atomic hydrogen on the surface until the energetically-stable hexagonal structure is 

formed. Puretzky et al. proposed a model where the carbon dissolves into a molten 

outer layer o f the catalyst particle, while the core stays solid, and the saturation and 

precipitation of the carbon into a nanotube all occurs in this outer layer.64 It may be that 

the former explanation where there is only activity on the surface o f the catalyst particles 

is the mechanism that is occurring before the melting temperature is reached, but that it
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allows for more defects to get incorporated into the SWNTs. The latter explanation could 

explain how the tube is growing above 600 °C. By dissolving into the metal particles, the 

carbon could add to the SWNTs as individual atoms or in pairs, which would provide 

smaller building blocks that would more easily fit into the hexagonal lattice (especially if 

it added in pairs89). By adding as longer chains, there is a greater chance that polygons 

other than hexagons will form from, and put defects into the SWNT. Once the particle is 

melted, the Id/Ig should remain fairly constant because carbon is adding to the tube by 

the same mechanism, although it does go down slightly with increasing temperature due 

to increased energy in the system allowing the SWNT to go to its most 

thermodynamically stable conformation.
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Raman (780 nm excitation) of varying temperature
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Figure 5.14: Raman spectra o f the temperature series where nucleation and growth 
occurred at the same temperature. Only the D-peak and G-peak are depicted, and all 
spectra are normalized to the G-peak.

The fluorescence measurements gave further indication that a drastic change 

occurs at 650 °C. Figure 5.15 shows that below 650 °C, there was no fluorescence signal. 

As the temperature went up from 650 °C the diameter distribution shifted to larger 

SWNTs. A possible cause of this that was soon discounted was that the catalyst particles 

ripen more at higher temperatures, making them larger. We do not think this is occurring 

because we inserted a sample at high temperature without any feedstock flowing, held for 

several minutes, and then exposed to acetylene. The resulting SWNTs had the same
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diameter distribution as when the acetylene is flowing during insertion. One likely cause 

is that the catalyst particles wet the surface more or change geometry where they connect 

to the SWNT as the temperature goes up, increasing the diameter. The interaction 

between the particles and the SWNT and between the particles and the surface have been 

found to change with temperature, thus changing the diameter o f the SWNT while it is 

growing.94 This change in the particle geometry could also be due to the increased 

temperature increasing the carbon’s solubility.90 With more carbon dissolved, the particle 

may have different wetting properties or have a different interfacial energy between it 

and the SWNT.
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Fluorescence (660 nm excitation) of varying temperature
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Figure 5.15: Fluorescence spectra o f the temperature series where nucleation and growth 
occurred at the same temperature, obtained by (a) 660 nm and (b) 785 nm excitation.
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5.7 Growth and Nucleation Pressure

Two series were done where the pressure in the quartz tube was raised to 5, 10 

and 15 Torr, up from the standard 1.4 Torr the system was normally run at. The protocol 

for the first one was to insert the sample at 550 °C, and raise to 750 °C, while adding 2 

seem (5000 ppm) water to the growth gas flow. In the second series, the samples were 

inserted at 550 °C, then raised to 1000 °C, while flowing 1 seem (2500 ppm) water with 

the growth gases. The resulting carpet heights are seen in figure 5.16 for both series. In 

both cases, the carpet height increased with pressure. This observation is evidence once 

again that the rate-limiting step to growth is flux o f acetylene molecules impacting the 

catalyst particles, and not diffusion of carbon through those particles. The more feedstock 

that hits the particles from the gas phase, the higher the growth rate. The effect from 

increasing the pressure was much larger for the series grown at 750 °C than for the one 

grown at 1000 °C. This is because growth stops above 800 °C, and a small amount of 

etching may be occurring at 1000 °C, as discussed in section 5.6.
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Carpet Height vs. Pressure
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Figure 5.16: Two plots o f carpet height as a function of pressure. Nucleation occurred at 
550 °C for both series. The black plot indicates a final growth temperature o f 750 °C with 
5000 ppm water present in the gas flow, and the red plot indicates a growth temperature 
o f 1000 °C with 2500 ppm water present.

Another thing we observed at higher pressures was that the blank space on the 

chip closest to the filament got bigger as the pressure increased. Section 5.5 discussed 

that this space is due to the atomic hydrogen reducing the alumina to the metal where is 

can alloy with the iron and kill its catalytic activity. This suggests that at higher pressure 

there is a greater flux o f atomic hydrogen against the surface of the chip. The pressure 

was increased by partially closing the valve to the scroll pump so that the flow rate 

decreased. While atomic hydrogen would be expected to diffuse to the quartz tube wall 

before traveling very far down the tube, the mean free path of the o f the gas goes down at 

the higher pressure, making it take longer to get to the wall, all the while going down the 

tube. This alteration to the flow characteristics o f the gas resulted in a greater amount of 

atomic hydrogen getting to the sample substrate. This observation showed that regulating
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the atomic hydrogen involves the pressure and flow rate as well as the filament 

temperature.

Fluorescence measurements from these pressure runs showed that increasing the 

pressure yields SWNTs with smaller diameters (figure 5.17). A possible reason for this is 

that increased acetylene concentration causes the larger particles to over-coat with a 

graphitic carbon shell leaving only the smaller particles to grow. This model is 

contradictory to what Liu et al. says about smaller particles being over-fed and poisoned

• oo ,
by too high o f a carbon flux, but it is supported by our observation of increased growth 

rate due to increased carbon concentration. The fact that the growth rate increased with 

increasing pressure, and that small-diameter SWNTs were still grown indicates that over

feeding is not a mechanism that prevents growth in our system.

The fluorescence spectra in figure 5.18 show that if  the sample is inserted at low 

pressure (1.4 Torr) then raised to high pressure (25 Torr), the resulting diameter 

distribution is the same as when the nucleation occurs at the higher pressure (a greater 

amount o f small-diameter SWNTs). This suggests that the increased carbon flux may 

cause the carbon concentration in the particle to increase faster, and change its wetting 

properties. This could change the area of interaction between the particle and the SWNT, 

and between the particle and the substrate. The decrease in diameters indicates that the 

size of the interactive area o f the particle with the SWNT has decreased.
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Figure 5.17: Fluorescence spectra resulting from changing the pressure, and obtained by 
(a) 660 nm excitation and (b) 785 nm excitation.
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Fluorescence (660 nm excitation) of varying nucleation
and growth pressure
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Figure 5.18: Fluorescence spectra showing the different diameter distributions resulting 
from nucleating and growing at different pressures. They were obtained by (a) 660 nm 
and (b) 785 nm excitation.
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The densities o f the carpets were uniform at -60  g/cm3 when the oxidant 

concentrations and growth temperature were changed, but a large change in density was 

seen when the nucleation pressure changed. The density decreased by half when the 

pressure was increased beyond the standard 1.4 Torr. The likely cause o f this was the 

decrease in nucleation density. With the larger particles being more susceptible to over

coating at higher pressures, only the particles with smaller diameters will nucleate 

SWNTs. When nucleating at low pressure and growing at high pressure, the density is 

higher, as when nucleating and growing at low pressure. The lower pressure favors the 

nucleation of larger particles as well as the small, and therefore increases nucleation 

density. However, it appears that increasing the pressure shifts the diameter distribution 

back down to small-diameter SWNTs by changing particle geometry.

Another reason that the small-diameter SWNTs are favored at high pressure may 

be due to the increased carbon activity. The small-diameter SWNTs are higher in energy 

due to their greater curvature,95,96 so a greater carbon activity would allow growth from 

smaller particles that is not as thermodynamically favored at a low pressure. However, an 

increase in density would be expected, but was not observed. It is possible that the 

decrease in density due to larger particles not growing may have counteracted it.

5.8 Catalyst Particle Nucleation Efficiency

The electron-beam evaporation method deposits the iron as a series o f islands 

rather than a continuous layer.97,98 To determine how many o f these particles nucleate a 

SWNT, we need to start with the ideal density o f hexagonal close packed SWNTs of 

1 nm, which is the average diameter o f the SWNTs grown in the carpets. Doing a 

geometric calculation using the carbon mass per unit length along a cylinder results in a
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density o f 1.1 g/cm3. It has been generally assumed that the diameter o f the SWNT is 

determined by that o f the catalyst particle.99’102 They would therefore have to be near 1 

nm in diameter. If  there was a close-packed array, there would be a particle at every other 

position because only 0.5 nm of iron is deposited. A spherical particle 1 nm in diameter 

would also have to be 1 nm high, which is twice the thickness o f the layer. Therefore, the 

maximum possible density o f the SWNT carpet could only be 0.55 g/cm3. The average 

density we measured was 0.06 g/cm . This suggests that at least -10%  of the catalyst 

particles are nucleating SWNTs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

Chapter 6 - SWNT Carpet Growth on Different Surfaces

In an attempt to see if SWNT carpet production could be scaled up, carpets were 

grown on surfaces other than silicon. I f  large quantities of SWNT are to be produced in 

vertical arrays, a substrate has to be continuously run through the reactor, and be able to 

withstand the high growth temperature. One way to do this would be to roll a metal foil 

coated with the alumina/iron layers through a reactor. Another way would be to blow a 

powder o f small flakes coated with iron through a hot reaction zone. Both substrates were 

run in our carpet growth reactor to see if  it was possible to grow on them.

6.1 Foils

The cylindrical sample holder was used to run large pieces o f foil o f 0.001” to

0.002” thickness. Once coated by e-beam evaporation with 10 nm A I 2 O 3  and 0.5 nm Fe, 

the foil was rolled up and put inside the sample holder so that the coated side faced the 

inside of the cylinder. The foils used were large enough to completely cover the inside of 

the sample holder as seen in figure 6.1.

Figure 6.1: The sample holder with a rolled-up foil inside. The side o f the foil with the 
catalyst on it is facing the inside of the cylinder.

Carpets grew on these foils, but only over a small area. Figure 6.2 shows that 

there was only growth near the filament. The wavy barrier where growth stops comes 

from the ribs of the sample holder causing certain areas of the foil to heat up slower. The
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length along the foil where growth occurred shows the distance in which the atomic 

hydrogen has an effect.

Figure 6.2: Carpets grown on a rolled foil. They extend about 2 cm down the length of 
the foil. The disc shapes on the foils are from the shutters in the evaporator allowing only 
a certain area to be coated with the proper amount o f catalyst. The foils are (a) 625 
inconel, and (b) 321 stainless steel.

Some foils were cut into strips similar in dimension to the silicon chips (0.7 X 5 

cm), and then coated in the evaporator so more experiments could be done from one 

coating. They were laid in the furnace with the ends clamped down on a molybdenum 

stud as shown in figure 6.3, to keep them from curling up. These were also ideal for 

imaging with SEM because the carpet would not need to be molested by cutting a piece 

off a large piece o f foil with scissors. The SEM revealed that carpets grew in the range of 

20 to 30 pm (figure 6.4). Growth on these surfaces had not yet been optimized with 

oxidants, but the carpets were consistently shorter than the ones grown on silicon under 

the same conditions. It is likely some alloy formation is occurring between the foil and 

the catalyst that is hindering growth.
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Figure 6.3: A small foil sample pinned to a molybdenum stud.
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Foils can be used to scale up carpet growth by running them on a roll-to-roll 

system within the reactor as shown in figure 6.5. A hot filament would be present where 

the foil came off the roll so the iron catalyst could be rapidly reduced. The foil would 

then travel through a hot zone created by resistive heating elements. Growth gases would 

pass through this zone at a low pressure. Once on the other side the carpet would either 

be scraped off or rolled up with the foil onto another roller. The speed of the roller would 

determine how long a given area spent in the hot zone, and therefore the thickness o f the 

carpet.

Gas In

Figure 6.5: Schematic for a roll-to-roll reactor concept for making large areas o f SWNT 
carpets on foils.

Large areas o f foil could be coated in a roll-to-roll e-beam evaporator. Figure 6.6 

shows such an evaporator owned by Southwest Research Institute in San Antonio. The 

evaporation rate and the speed with which the sheet is run over the evaporation targets 

determine the thickness of the layers. Growth on foils is still in its first stages, but once it 

has been optimized to where carpets with a thickness o f greater than 100 pm can be 

grown, the evaporation process coupled with a roll-to-roll reactor will allow hundreds of 

square feet o f carpet to be grown in a day.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88
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Figure 6 .6 : Roll-to-roll e-beam evaporator at Southwest Research Institute.

6.2 Flakes

The Southwest Research Institute prepared a flake substrate for us to grow on in 

our apparatus. These flakes were 40 nm of AI2 O3 with 1 nm of Fe on one side. They were 

made in the roll-to-roll e-beam evaporator apparatus shown in figure 6 .6 . A roll o f mylar 

sheet was coated with sodium chloride, and then the alumina-iron combination. It was 

then placed in another roll-to-roll machine to remove the coating by running the sheet 

under a roller that was dipped in water. The NaCl layer dissolved, and left alumina-iron 

flakes in the water. The flakes were filtered out and dried to form a powder. SEM images 

o f this powder are shown in figure 6.7.
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Figure 6.7: Catalyst flakes prior to growth.

The powder was placed at the front of the quartz boat in the sample holder and 

run in the furnace with standard growth conditions. As nanotubes grew, the powder blew 

down the length of the boat, but most o f it remained to be scraped off and collected. The 

resulting nanotube powder was fluffy like the SWNT powder that comes out of the HiPco 

reactor.

Growth on the flakes is shown in the SEM images of figure 6.8. Each flake has a 

carpet on it. Grown under the same optimized conditions as for silicon, the carpets do not 

get as long on the flakes. The longest observed is 22 pm. This may simply be the result of 

limited diffusion o f the feedstock gas to the substrate, or it is possible that longer carpets 

were grown at the top of the powder pile, and were blown off the boat in the high gas 

flow rate.
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Figure 6.8: Examples o f carpets grown on catalyst flakes.
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These flake carpets have the potential to be used in applications where a small 

volume o f aligned SWNTs are needed. An experiment was done on silicon to show that 

the flakes can be isolated and grown on. Some o f the powder was put in methanol and 

spin-coated onto a Si chip. The chip was run under standard growth conditions with 

acetylene and imaged with SEM. Figure 6.9a shows an isolated flake with a carpet on it. 

Even ones that have the iron facing down grew, as seen in figure 6.9b. These would be 

ideal for applications where only a small amount o f aligned SWNTs would need to be 

added to a nanostructure. If  an ink were made out o f flakes in solution, it could be 

brushed onto a surface so that a carpet o f a specific pattern could be grown.
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Figure 6.9: Catalyst flakes on a Si surface growing carpets both (a) away from the 
surface, and (b) toward it.
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Another application for these flakes would be to use them as another method of 

mass production of SWNTs. Keeping them suspended in free space in a gas flow would 

allow more surfaces to get a greater flux o f carbon, and increase the growth rate. 

Allowing the flakes to fall into a hot zone against an upward flow o f gas would increase 

the residence time, and maximize yield. Not only would this provide a large mass 

SWNTs, but each flake would have SWNTs aligned with one another, which might make 

it easier to implement them in the application in which they are needed.
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Chapter 7 - Summary

There are many revolutionary potential applications for single-walled carbon 

nanotubes, but there are obstacles standing in the way of implementing them. There must 

be control over the chirality o f the SWNTs coming out the reactor that produces them, 

and there needs to be a way of controlling the orientation o f large numbers o f them. The 

chirality control can come from re-growth, which was proven possible by research 

described in this thesis, but further work needs to be done to increase the yield. The large 

quantities o f aligned SWNTs can come from SWNT carpets.

The work here has optimized the growth of these carpets by hot filament chemical 

vapor deposition. We found that the hot filament is needed only to produce atomic 

hydrogen for the rapid reduction o f the catalyst, and is not needed for producing an active 

carbon species. If  too much atomic hydrogen is present, it can reduce the alumina support 

on which the iron is deposited and kill the iron’s catalytic activity. If  atomic hydrogen is 

not used, and the metal is not reduced fast enough, the iron oxide will react with the 

alumina support to form a mixed oxide, which also prevents growth.

Oxidants, particularly water and carbon dioxide, were found to play an important 

role in increasing the growth rate o f SWNT carpets. They decorate the surface o f the 

catalyst particles with an oxygen species like hydroxyl groups, and facilitate carbon 

deposition. Due to the limited surface area o f the particles, there is a limit to how much 

the concentration of the oxidant can be increased before it is no longer beneficial. It was 

discovered that parts per million o f oxygen stops growth if there is not enough atomic 

hydrogen to counteract it. Water and carbon dioxide also increased the number o f large
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diameter SWNTs. We suggest that this occurs because surface hydroxyl groups moderate 

the formation of a carbon over-coating on the larger catalyst particles.

The growth temperature was found to be critical for maintaining growth. At too 

low a temperature (less than 600 °C) there is minimal growth. A marked change in the 

quality o f the SWNTs occurs in the 600 to 650 °C temperature range along with a more 

rapid growth. We attribute this change to the melting o f iron particles in the 1-nm size 

range. We also observed an increase in the production o f larger diameter SWNTs with 

increased temperature. This may also result from the melting of the larger diameter iron 

nanoparticles at the higher temperatures. At near 800 °C and above we observe little 

SWNT growth. We attribute this to an increased carbon solubility that results in a phase 

transition from a fluid iron particle with dissolved carbon to a solid iron carbide particle. 

We also observe that at temperatures above 800 °C etching o f SWNTs occur in the same 

gas environment that grows SWNTs below 800 °C. We explain this as a kinetically 

favored attack of water on the open ends o f the SWNT that have separated from 

solidified iron carbide particles.

Acetylene proved to be the most reactive carbon source for growing SWNTs. 

Increasing the carbon flux by increasing the acetylene concentration leads to increased 

growth, however it also increases the likelihood o f saturating the particle to the point 

where a carbide will more likely form. If  nucleation of SWNTs is carried out at higher 

acetylene concentration we find that the growth o f larger diameter SWNTs is repressed. 

We believe this is due to a higher probability o f larger particles over-coating rather than 

nucleating a nanotube. This effect is also observed as a lower density o f nucleation when 

nucleation is carried out at higher acetylene pressures.
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These studies have laid a foundation for possible scaling o f aligned growth of 

SWNTs. A possible large-scale reactor, which involves the growth o f carpets on metal 

foil as it moves from one roll to another, has been discussed. Alternatively one may 

produce flakes o f catalyst support and grow carpets from their surfaces in reactors 

designed to provide the necessary resonance time for growth.
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