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grown by plasma enhanced chemical vapor deposition (PECVD) was investigated.  

Aligned CNTs were observed using a cosputtered catalytic metal deposited directly on 

boro-aluminosilicate glass.  Catalytic metal alloys were sputtered directly onto the 

substrate using magnetron sputtering.  Deposition occurred at powers between 20-300 

Watts and pressures between 5-20 mTorr.  The cosputtered metal is composed of nickel, 

the catalytic metal, and titanium.  Catalyst layer morphologies are analyzed using a 

atomic force microscope (AFM).  PECVD was used to grow CNTs with NH3 and C2H2 

feed gases.  Growth occurred at powers between 100-250 Watts, temperatures between 

500
o
C -750

o
C, and pressures between 1.8-5.0 Torr.  The effect of alloy composition and 

PECVD growth conditions were analyzed using a scanning electron microscope (SEM) 

and a transmission electron microscope (TEM).  Aligned CNTs were grown on the 

cosputtered catalyst with extremely high growth densities and growth rates up to 5.0 

µm/min.  Growth rates and CNT diameters are directly related to catalyst morphologies.  

The alloyed catalyst showed increased adhesion when compared to a pure nickel film. 

This process eliminates the need to deposit an underlying layer on glass and plastic 
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EFFECT OF COSPUTTERED CATALYST ON GROWTH AND ALIGNMENT 

OF CARBON NANOTUBES BY PLASMA ENHANCED CHEMICAL VAPOR 

DEPOSITION 

CHAPTER 1 

INTRODUCTION 

 

 

Since the discovery of carbon nanotubes (CNTs) by Iijiama in 1991
1
, there has 

been extensive research effort devoted to understanding their properties. A CNT is most 

easily described as a sheet of graphene that has been rolled into a very small diameter 

tube.  Zigzag, armchair, and chiral structures are depicted in Figure 1.1A, and form the 

three main orientations of CNTs, each with a specific orientation to the roll
2
.  Figure 1.1A 

shows single walled carbon nanotubes (SWCNTs), nanotubes that are comprised of a 

single carbon sheet rolled up in its specific orientation. Figure 1.1B shows a multi walled 

carbon nanotube (MWCNT), a single nanotube structure that is comprised of multiple 

layers also known as a carbon nanowire.  CNTs chemical structure is very similar to 

graphite, a majority of the bonds are sp
2
 with a delocalization of the π orbital

3
.  The π 

orbital delocalization causes the “roll” forming the CNT, depending on the orientation of 

the roll one of the three main structures of CNTs will be formed.  Currently CNTs are 

being researched in a number of fields such as: mechanical strength, and 

microelectronics, biosensors, field emission, hydrogen storage.  

CNTs were first realized when carbon was evaporated via an arc discharge in an 

argon environment
1
. Further research has lead to growth methods that achieve larger 

yields and better control of critical properties, such methods are chemical vapor 

deposition (CVD), plasma enhanced chemical vapor deposition (PECVD) and laser 

ablation.  CNT growth is also controlled by the catalyst deposited on the substrate.  
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Under most conditions a catalytic metal such as nickel, iron, and cobalt is necessary to 

synthesize CNTs.  Research has shown a direct relation of catalyst surface morphology to 

critical CNT parameters, such as diameter
6
.   

 

 

   

 In this study, we have grown CNTs on cosputtered nickel and titanium.  A radio 

frequency (RF) PECVD was used to grow CNTs with ammonia (NH3) and acetylene 

(C2H2) feed gasses.  Process temperatures ranged from 500
o
C -750

o
C and pressure ranged 

from 1.8-5.0 Torr.  Aligned forests of CNT’s were grown on cosputtered nickel/titanium 

films with no sublayer needed for adhesion.  It was realized that the small percentage of 

titanium in the nickel increased adhesion enough to withstand thermal stresses of CNT 

growth, thus eliminating a metal deposition step and increasing catalyst control.  

  

Figure 1.1 A) Structures of a CNT: (left to right, top to bottom) Orientation, zigzag, chiral, and armchair4 B) 3-D structure 

of a MWCNT with chiral orientation5. 

A)

. 

B) 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1. Carbon Nanotubes 

Since its discovery in 1991 by Iijima, the CNT has attracted significant attention 

by the scientific community.  Originally discovered accidentally by d.c. arc-discharge 

evaporation of carbon in an argon filled vessel, CNTs were sparsely grown on the 

negative electrode
1
.  CNTs develop when a sheet of graphene rolls to form a hollow tube.  

The graphene will take the form of carbon-carbon bonded hexagons, comprised mostly of 

sp
2
 bonds with a delocalization in the π orbital

3
.  This delocalization causes the “roll” and 

the formation of the hexagonal structure giving CNTs a highly sought out property, large 

mechanical strength.   When SWCNTs develop they form a helical pattern within the 

hexagonal graphene structure.  Depending on the growth conditions three major CNT 

structures can be created: zigzag, armchair, and chiral structures
2
 depicted in Figure 1.1A.  

Equation 2.1 describes the chirality vector C, the chirality vector connects two equivalent  

 1 2C na ma   (2.1) 

lattice sites in the graphene sheet.  The chirality equation describes the unit vectors, a1
 

and a2, of the hexagonal lattice depicting the structure
7
, and is depicted in Figure 2.1. 
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Figure 2.1 Two dimensional representation of the chirality vector in a graphene sheet. 
  

2.2. Applications 

The wide variety of applications has led to considerable research in a multitude of 

fields on CNTs.  CNTs have the ability to greatly increase mechanical strength; it is 

reported that by adding just 1 wt. % CNTs to polystyrene the Young’s modulus and 

strength increased by 35%-42% and 25% respectively
2
.  CNTs have the ability to sustain 

extreme stress, twisting, stretching, compressing, and bending without showing signs of 

weakness in any area
8
.  They are extremely rigid with an astonishing Young’s modulus 

between 1-5 TPa
8,9

 for SWCNTs, however CNTs have a very low density due to their 

hollow structure.  These properties make for a very strong structure with a relatively light 

mass; it has already started to revolutionize mechanical structures.  Currently CNTs are 

only used as a strengthening agent, mainly as an additive in carbon fiber resin, the weak 

point in carbon fiber.  Many industries have started to produce some products using 

CNTs such as BMC, a bicycle company producing ultra light weight bikes
10

, shown in 

Figure 2.2.  With further research it is believed that CNTs will not just provide support 
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for other materials but will comprise an entire structure of their own, creating a light 

weight structure that is stronger than any current product. 

 

 

Figure 2.2 BMC bicycle that incorporates CNTs into the 100% carbon-fiber frame of the bicycle.  

An astonishing accomplishment for the nanotechnology community10. 

 

The microelectronics industries could potentially benefit from the electrical 

properties of CNTs.  CNTs have the ability to act as semiconductors or metals depending 

on their structure.  Semiconducting SWCNTs (s-SWCNTs) show great promise due to 

their high electron/hole mobility, high current density, high on/off current ratio, and the 

ability to operate at high frequencies
7,11,12

.  Integrated circuits are encountering a number 

of issues as device dimensions shrink, according to moors law.  Examples include: 

electron tunneling, leakage through thin insulator films, and growing complexity of 

devices
7
.  Incorporating CNTs into integrated circuits would have decrease the limiting 

device dimensions, causing a commensurate increase in speed and number density.  The 

promising properties of s-SWCNTs could produce the largest change in the manufacture 

of integrated circuits since their initial development; however to apply CNTs to 

semiconductors the major limiting factor is dimension control.  CNT based transistors 
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must have near perfect dimension uniformity to meet voltage and current requirements.  

Research is needed to more reliably control CNT parameters for mass produced 

integrated circuits. 

Biosensors made from CNTs have led to the desired miniaturization in numerous 

applications.  CNT biosensors include cholesterol sensors
13,14

 gas sensors
15,16 

and 

pesticide sensors
17,18

.   CNTs help drive down the cost of the sensors by significantly 

reducing operational costs.  They are much smaller with the promise of being disposable.  

But the most significant improvement has been the increase of accuracy due to the large 

number of biosensors on each device
19

. 

CNTs show promising characteristics in field emission, and have the ability to act 

as display units for future devices.  CNT-based devices would have the ability to flex and 

fold, possibly fitting a full size screen and computer into the users pocket.  Due to the 

high strength of CNTs and their ability to be either semiconductor or metal they have the 

ability to perform the same tasks as present day devices while staying flexible and more 

durable.  Creating a single field emitter has been realized but the creation of a matrix of 

emitters is much more complex.  Creating a CNT emitter only requires that the CNT 

mechanism be tip growth, and that a high electric field be applied to the CNT.   To create 

a usable matrix all of the CNTs must be the same height and diameter otherwise electrons 

travel differently through each CNT causing each emitter in the matrix to act 

differently
20,21

.  Emitters made using CNTs would also have self cleaning properties due 

to the ultra-hydrophobic properties of CNTs.  

Currently motorized vehicles have undergone a significant change from powerful 

low efficient vehicles to less powerful highly efficient vehicles.  There has been a mass 
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movement by many vehicle manufactures to incorporate electric motors into their current 

vehicles (hybrid vehicles) to help increase the efficiency.  Some motor companies are 

currently in the engineering and prototype stages of fully electric vehicles, however all of 

these vehicles have a limited range.  The current vehicles rely on lithium-ion batteries for 

energy storage; due to their size and weight, they can only provide a range of around 40 

miles before a gas powered motor activates to recharge the batteries
22

.  One fully electric 

car has a range of 244 miles however it takes a 8-10 hours to recharge the batteries
23

.   

Incorporating a safe hydrogen storage device that can be refilled fast and provide 

the electric energy necessary to propel a vehicle would be a viable solution to this 

problem.  Hydrogen can be fed into a fuel cell to provide the necessary energy for an 

electric vehicle to travel around 240 miles on one tank of hydrogen, with the ability to 

refill similar to a petroleum vehicle
24

.  One major problem is safety, hydrogen is a very 

dangerous gas being both flammable and Joule-Thomson expansion can cause self-

ignition when expanding from a high pressure.  Hydrogen storage via CNT has shown 

promising results for safer, low pressure storage while still holding a large amount of 

hydrogen.  CNTs of any diameter, preferably SWCNTs, can store hydrogen via 

adsorption.  The CNTs act as nano-pores allowing for very large amounts to be stored 

while the weight is greatly reduced due to the low density of CNTs
25,26

.  To store 

hydrogen it has been theorized that using CNTs could be used in smaller devices such as 

computers and other hand held devices as a replacement for batteries.   
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2.3. Synthesis of Carbon Nanotubes 

CNTs are commonly grown by one of the following processes: arc discharge, 

laser ablation, CVD, and PECVD.  The d.c. arc discharge evaporation of carbon was the 

process in which CNTs were discovered.  CNTs grew on the negative end of a carbon 

electrode with a metal catalyst in an inert environment.  The CNTs grown tended to be 

very high quality, with little or no damage to the atomic structure; however a non-

uniform pattern and with very little yield commonly result from the arc discharge 

method
1
.  

Arc discharge did not give consistent growth across the substrate thus no studies 

could be made about CNT growth mechanisms.  Laser ablation of graphite-metal targets 

gave homogenous CNT growth across the substrate.  There were still some major 

drawbacks with laser ablation, operating temperatures of 1100
o
C were required for a high 

yield and the sample sizes were quite small
27,28

.  Laser ablation was suitable for 

characterization of CNTs however it was not a viable process for high volume 

processing. 

 CVD via a carbon containing gas source and catalytic substrate gave high yield 

CNT growth.  CVD chambers are usually made of quartz due to its purity and high 

melting point, a schematic of a common tube furnace CVD is shown in Figure 2.3.  The 

substrate is heated while in an inert environment, usually argon gas.  At operating 

temperature, between 600
o
C-1000

o
C

29,30
, the inert gas source valve is closed and the 

desired carbon containing gas source valve is opened, carbon sources are commonly 

C2H2, CH4, or CO.  Thermal energy inside the chamber combined with the catalyst 

causes the catalytic dissociation of the precursor gas into its pure carbon species
30

.  
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Carbon attaches to the catalytic metal, begins the formation of the hexagonal carbon 

structures, and grows into a CNT.  The CVD process has the ability to incorporate large 

substrates allowing for high density, uniform production of CNTs.  High temperatures are 

required for CVD of CNTs requiring substrates that are thermally stable.  CVD synthesis 

of CNTs typically produces unaligned growth of CNTs.  The lack of an electric field to 

align the CNTs transfers all alignment control to the catalyst preparation.  If the spacing 

between each CNT growth site is small enough the CNTs will grow aligned due to 

support from the surrounding CNTs.  Parameters available to adjust are gas flow rate and 

composition, temperature, and pressure.  The parameters allow control over CNT growth 

parameters but not alignment. 

 

Heating Element

Heater Insulation

Gas in

(From flow 

controller)

Gas out

(To vacuum)Substrate

Quartz Tube
 

Figure 2.3 Horizontal CVD chamber with cylindrical heaters surrounding the entire quartz tube,  

Produced with permission, Neil Ford, 2007. 

 

PECVD currently allows the most control over CNT growth; it involves coupling 

electrical energy to the process gas while heating the substrate.  The energy is transferred 

to the gas via the powered electrode.  The coupled electricity alters the atomic structure 

of the process gas, giving some of the gas enough energy to dissociate.  The desired 

mechanism in a CNT reaction is the dissociation of the carbon containing species 

creating a highly reactive neutral.  Carbon reactive neutrals typically take the form of 

pure carbon atoms or carbene molecules.  Carbene molecules are reactive neutral species 
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where the carbon atom has six electrons in the valence shell, two of which are shared.  

The carbon and carbene reactive neutrals reach the catalyst at the substrate surface, react, 

and begin the growth of a CNT
31

.   A diagram of a parallel plate reactor PECVD similar 

to the system used in the research conducted in this study is shown in Figure 2.4. 

 

Heater

Switch
RF Power 

Supply

Substrate

Process Gas in

Mass Flow 

Controllers

Gas out

(To vacuum)
Throttle

Valve

Chamber

Powered 

Electrode

Pressure

Gauge

Heater Power 

Supply

Gas in
Shower Head 

Gas Delivery

Ground 

Electrode

 

Figure 2.4 Schematic of a plasma enhanced chemical vapor deposition reactor. 

 

PECVD systems are commonly used in the growth of CNTs due to their ability to 

grow CNTs in very low temperature environments, it has been reported that CNTs will 

grow as low as 120
o
C

32
.  120

o
C is well below the melting point for most plastics allowing 

for CNT growth on most polymers.  Due to the electric field that is generated by the 

plasma, CNTs have the ability to grow vertically aligned
31,32,33

, depicted in Figure 2.5.  

Vertically aligned CNTs are the first step in diameter control.  CNTs with the same 

orientation, chirality, and diameter are required to create uniform transistors primarily 
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using CNTs.  That coupled with polymers and the ultra-hydrophobic properties of CNTs 

would help to create a self cleaning flexible electric device. 

 

 

Figure 2.5 Image of vertically aligned CNTs. Hyung Soo Uh 2005 

 

2.4. Plasma Processes 

This study uses a radio frequency (RF) PECVD at a frequency of 13.56 MHz.  A 

plasma is considered a fourth state of matter due to it having properties unlike a solid, 

liquid, or a gas.  Glow discharge plasmas are used in a multitude of industries, from lights 

that are used every day to the precise processes used to create semiconductors.  Plasmas 

are highly desired for chemical reactions because the energy can be coupled to the 

reaction via electricity rather than high temperature.  A lower temperature enables a 

number of substrates previously unavailable for the process.  

A plasma is most commonly defined as a partially ionized gas composed of ions, 

electrons, reactive and non reactive neutral species
34

.  The degree of ionization can span 

many orders or magnitude from partially ionized to fully ionized.  Charged particle 
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concentration is normally on the order of a few hundred parts-per-million (ppm), mostly 

made up of ions and an approximately equal number of electrons.  The low concentration 

of charged species leaves the remainder of gasses to be mostly comprised of neutral 

molecules and atoms including reactive neutrals, stable species, and metastables.  A 

metastable is a species in an electronically excited energy state.  When the excited state 

relaxed to a lower more stable energy state is it commonly emits electromagnetic (em) 

radiation in the form of light.  The glow is the characteristic that most people relate to a 

plasma.  

Power is coupled to a gas through an electric field produced between two 

electrodes.  The gas becomes ionized and the charged particles begin to accelerate, 

gaining kinetic energy.  The kinetic energy of a charged species is inversely related to its 

mass.  Ions have approximately 50,000 times more mass than an electron, thus a majority 

of the energy is coupled to the electrons.  The distribution of energy tends to follow a 

Maxwell-Boltzmann probability density function. However, a glow discharge plasma is a 

non-equilibrium plasma and can have complicated distributions not necissiarly following 

a Maxwell-Boltzmann function. 

Electrons accelerate to velocities significantly higher than ions causing an 

impingement rate of electrons orders of magnitude higher than ions.  Insulating substrates 

with no place to dissipate charge will build up a negative charge due to the high 

impingement of electrons.  The negative charge will create an area above the substrate 

that is negatively charged, this area is known as the sheath.  The electric charge of the 

sheath accelerates the positively charges ions toward the surface of the substrate.  Ions 

bombard the surface creating the possibility of surface alterations. 
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High energy electrons transfer their power through two types of collisions, elastic 

and inelastic.  Elastic collisions occur when the total kinetic energy of the system is the 

same before and after a collision.  Inelastic collisions occur when the total kinetic energy 

of the system is not conserved, where some of the kinetic energy is transferred into 

another form of energy.  Inelastic collisions create a number of reactions that enable the 

low temperature operation of a plasma reactor.   

Metastables make up the majority of the reactions that occur in a plasma.  The 

excitation of an electron is caused by the collision of a gas molecule and a high energy 

electron.  This collision does not have enough energy to separate the electron from the 

molecule, thus exciting it to a new energy state, for example the excitation of acetylene is 

shown in Equation 2.2.   

 

2 2

*

2 2 2 2

*

2 2 2 2 C H

e C H C H e

C H C H h

   

 
 (2.2) 

The electron rapidly comes down from the higher energy state releasing em radiation.  

The energy released by the electron can differ depending on the atoms energy level, 

causing the photon to have different wavelengths of light.  A photograph of an oxygen 

glow discharge plasma is depicted in Figure 2.6.  Photo-emission alters the chemical 

process very little however it can be analyzed via optical emission spectroscopy for 

determination of species in the plasma.  Optical emission spectroscopy gives quantative 

results insitu, showing the large number of unstable species that are very hard to analyze 

otherwise
35,36

.  
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Figure 2.6 Glow discharge plasma of oxygen in a parallel plate reactor. 
 

Two important reactions caused by inelastic collisions of an electron and a neutral 

are ionization and dissociation.  Ionization occurs when a high energy electron collides 

with a molecule or atom.  The electron must have enough energy to overcome the 

ionization energy required to separate the electron from the species.  The ionization of 

acetylene is shown in Equation 2.3. 

 2 2 2 2 2e C H C H e      (2.3) 

Dissociation is the process of breaking a bond and splitting a molecule into smaller 

molecules/atoms.  Dissociation requires less energy than ionization resulting in a higher 

dissociation reaction rate.  In the process of dissociation reactive neutrals can be created, 

reactive neutrals are responsible for the majority of the chemical reactions that occur in a 

plasma, for example the dissociation of acetylene gas is shown in Equation 2.4.   

  2 2 2e C H C H H e      (2.4) 

Dissociation in the gas phase reduces the need for catalytic dissociation, speeding up the 

reaction rate and reducing reaction temperature.  Dissociation in a PECVD enables the 

reaction temperature to be significantly lower than in a CVD.  Lower temperatures enable 
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growth on a large number substrates previously unavailable, for example plastic 

substrates. 

 

2.5. Catalyst Deposition 

CNTs require a catalyst to grow on substrates other than compressed carbon.  

Transition metals, nickel, iron, and cobalt, are common catalysts used in CNT 

fabrication.  Vertically aligned CNTs and CNFs have been reported to grow on these 

catalysts. A summary of previous studies is shown in Table 2.1.  While there is a 

substantial literature reported for pure metals, multi metal catalysts are less common.   

 

Table 2.1 A review on catalyst, sublayer, substrate, growth method and resulting carbon structure previously studied in 

literature. All CNTs/CNFs grown in these studies were vertically aligned.  

 
 

Catalyst Sublayer Substrate
Growth 

Method

Carbon 

Structure
Reference

Co, Co-Cu Alloy N/A Si PECVD CNF 37

Co, Co-Ni Alloy Cr, Ir, Ta, Ti, W Si PECVD CNF 38

Co, Fe, Ni N/A Si PECVD CNF 39

Fe N/A Mesoporous Si CVD MWCNT 40

Fe SiO2 Si PECVD MWCNT 41

Fe N/A Porous Si CVD MWCNT 42

Fe SiO2 Si PECVD CNF 43

Fe-Ni Alloy N/A Si PECVD CNF 44

Mo/Fe         

Layered Film
Al Si CVD MWCNT 45

Ni SiO2 Si CVD CNF 46

Ni Al Al PECVD CNF 47

Ni Cr Glass PECVD MWCNT 48

Ni Cr/SiO2 Si PECVD CNF 49

Ni N/A Si PECVD MWCNT 50

Ni Glass Glass PECVD CNF 51

Ni Glass Si PECVD CNF 52

Ni N/A Si PECVD MWCNT 53

Ni N/A Si PECVD CNF 54

Ni N/A Si PECVD CNF 55

Ni Al2O3 Al2O3 CVD MWCNT 56

Ni N/A Si PECVD CNF 57

Ni Ti Si PECVD CNF 58

Ni W/Ti alloy Si PECVD CNF 59

Carbon Nanotube and Nanofiber Growth Review
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Unlike most thin films deposition techniques, a flat film is undesired for a CNT 

catalyst.  CNT growth requires the catalyst to be in particle or “island” form.  There is a 

critical dimension that restricts CNTs from growing on the catalyst.  If the catalytic site 

becomes large enough few CNTs will grow.  It has been demonstrated in literature that 

the particle size of the catalyst directly correlates to CNT diameter and growth 

characteristics
60,61

.  Controlling catalyst particle size could eventually result in uniform 

CNT diameter across a substrate. 

Deposition techniques of catalysts vary widely including electro deposition, spin 

coating, magnetron sputtering, ion beam sputtering (IBS), and evaporation.  Most 

techniques involve a thick film with minimal control over uniformity and particle size 

such as spin coating and evaporation.  Spin coating requires the metal to be dissolved into 

solution demanding hazardous chemicals
62

.  Whenever solution based processes are used 

contamination of the substrate is a risk.  Currently the most common deposition 

techniques are IBS and magnetron sputtering.  They allow for precise control of thickness 

while being readily available and don’t require the use of solution based chemicals.  

Particle size can be controlled within a much smaller range and contamination is 

minimal. 

Magnetron sputter deposition is the primary source of catalyst deposition in this 

study.  Magnetron sputtering is a technique that creates ions using a low pressure plasma.  

The ions are accelerated into a target; the target is the material that will be deposited on 

the substrate.  Below the target sits rare earth magnets creating a magnetic field.  The 

magnetic field localizes the electrons above the target creating plasma.  Ions are 

perpendicularly accelerated by the plasma sheath into the target.  Depending on the 
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configuration of the magnets they can alter the utilization of the target and the deposition 

rate.  Magnets are optimized based on the targets composition and the specific purpose of 

that target, most magnet configurations are optimized for high deposition rates while 

utilizing as much of the target as possible.  The sheath of the plasma further accelerates 

the ions perpendicular to the target, ejecting atoms from the target in a straight line.  The 

atoms move in a straight line until they hit another atom, the substrate, or the chamber 

walls.  Sputter chamber orientations can be sputter up with the substrate above the target 

or sputter down with the substrate below the target.  Deposition rates can be controlled 

based on pressure, power, and distance from the target. Surface mobility can also be 

controlled by temperature, the lower the mobility the better the chance that catalytic sites 

will form
34

.  Figure 2.7 depicts a two inch magnetron sputtering gun with a copper target 

during a deposition process.  

 

 

Figure 2.7 Two inch magnetron sputtering gun with a copper target installed. 

 

Each magnetron gun can be optimized for both target utilization and deposition 

rate by altering the rare earth magnet configuration in the gun.  Rare earth magnet 
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configuration can cause the electron density to change based on the magnetic field. A 

schematic of a magnetron and its magnetic field lines is shown in Figure 2.8a.  The top 

view of the magnet configuration is shown in Figure 2.8b.  Incorrect magnet 

configuration can create poor sputtering across the target causing utilization to decrease 

below 20%.  With the appropriate configuration targets can yield as high as 45% target 

usage.  Commonly magnetron guns are setup to achieve yields around 30-35% but have a 

significantly higher deposition rate. 

 

 

Figure 2.8 Schematic of a magnetron: A) Side view of a magnetron displaying the magnetic field, ions, electrons, and 

sputtered material. B) Top view of magnetron showing magnet configuration. 

 

Magnetron sputter deposition systems commonly are unable to sputter magnetic 

materials.  The magnetic field of the target shunts the field created by the magnets in the 

magnetron.  Some systems allow the magnetic configuration to be changed into an iron 

slug causing the magnetic field to increase its strength in a small percentage of the target.  

The increased magnetic field overcomes the shunting caused by the target allowing the 
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deposition of pure magnetic targets.  However, due to the small area covered by the 

localized plasma utilization of the target falls to 10-20%.  

Sputter deposition is a solid to vapor process, the deposition pressure will 

significantly affect deposition rate.  At higher pressures with a constant power the 

average energy of the gas is significantly reduced.  Reduced average energy will 

significantly reduce the number of ions with enough energy to sputter, reducing the 

deposition rate.  Thus higher pressures reduce the deposition rate and lower pressures 

increase the deposition rate.  Once the pressure gets too low it starts to reach a limit 

where there are not enough gas molecules to sputter and the deposition rate starts to 

decrease. The higher the energy in the ions the more energy they will transfer to the 

sputtered material, that energy will affect the way the sputtered material acts when it hits 

the substrate.   

Catalyst deposition parameters substantially affect CNT diameter, density, as well 

as whether the growth mechanism is base or tip growth
61,63

.  It has been discovered that 

the catalyst preparation plays a significant role in the growth process; improper catalyst 

preparation will lead to poor growth
33

.  Catalyst deposition and plasma conditions have 

the ability to control whether growth occurs in the form of amorphous carbon, carbon 

fibers, SWCNTs, or MWCNTs.  Catalyst deposition parameters can also affect the grain 

size of the catalyst particle.  It has been reported that deposition power directly relates to 

catalyst grain size
6
. The grain size was shown to alter the CNT diameter and length.  

Process parameters and catalyst deposition can also cause the growth of carbon 

nanofibers (CNF) instead of the intended CNTs
64

.  A CNF is a carbon fiber that 

commonly has a solid core and is comprised of weak graphene ordering
65

.  CNFs have 
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similar properties to CNTs however they tend to have weaker strength due to the weak 

graphene ordering.   

Surface morphology of the catalyst is a key factor in the parameters of CNTs.  It 

is vital to understand the morphology of the specific deposition technique that is being 

used.  Sputtering, as mentioned, can create different morphologies under different 

deposition parameters.  Atomic Force Microscopy (AFM) can be used to analyze the 

morphology of the catalyst and if it is suitable to grow CNTs.  Figure 2.9a-f shows 

varying surface morphologies of a nickel catalyst that is ideal for growing CNTs.  

Different morphologies will give widely different CNT results from aligned forests of 

CNTs, to unaligned high density CNTs, to sparse growth with little CNT activity
6,66

.  

 

 

Figure 2.9 Nickel catalyst of varying morphologies (left) and their effect on CNT growth (right): (a) 0.5nm Ni layer (b) 

1nm Ni layer (c) 2nm Ni layer (d) 4nm Ni layer (e) 6nm Ni layer (f) 9 nm Ni layer. Chhowalla et al. 200167. 

 

Little has been discussed in the scientific community about cosputtering catalyst 

on substrates, specifically cosputtering an alloyed catalyst without a sublayer.  

Cosputtering is the process of depositing two separate metals at the same time, creating 

an alloy.  Cosputtering of nickel-chromium catalysts with a chromium sublayer has been 

reported; however, no aligned CNT forests were grown
67

.  It has been shown that alloyed 
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catalysts, also known as co-catalysts, have the ability to fabricate CNF
62,68,69

.  In the 

literature search for this thesis, no results were found of cosputtered catalyst without a 

sublayer metal.  The advantage of cosputtering the catalyst is to gain further control over 

the catalyst morphology and to increase the adhesion of nickel to the substrate.   

   

2.6. CNT Growth Mechanisms 

Overall Mechanism 

 The mechanism of carbon nanotube (CNT) growth from carbon containing gases on 

various catalysts is generally agreed upon although there is controversy about specific 

details
62,66,68,70-72

.  Figure 2.10 shows a schematic of the four processes that are proposed: 

adsorption of the carbon containing species on the catalyst face, dissociation of the carbon 

containing species, bulk diffusion of elemental carbon through and surface diffusion around the 

catalyst nanoparticle, and the reaction of carbon on the opposite face of the nanoparticle to form a 

CNT.   

 

 
Figure 2.10 Schematic of CNT tip growth and processes involved in carbon diffusion. 
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The process shown in Figure 2.10 can be represented by a series of chemical reactions.  

For example, consider the reaction mechanism that has been proposed for acetylene
70

.  The 

acetylene gas adsorbs on the catalyst surface and then dissociates as shown in Equations 2.5. 

 

2 2 2 2

2 2 2

2 2 2

gas ads

ads ads

ads ads ads

C H C H

C H CH

CH C H

 2.5 

 

Once dissociated the adsorbed gasses either diffuse on or through the catalyst or return to the gas 

phase.  Elemental hydrogen will form hydrogen gas (H2) which desorbs to the gas phase 

according to Equation 2.6. 

 22 ads gasH H  2.6 

 

Depending on the type of carbon containing gas, this set of reactions from adsorption to 

the reforming of hydrogen gas, can be either exothermic or endothermic
68

.  The adsorbed carbon 

can then diffuse either around (surface) or through (bulk) the catatlyst nanoparticle and then react 

forming a CNT following Equation 2.7. 

 2 2ads CNTC C  2.7 

 

While Equations 2.5-2.7 represent a plausible growth mechanism a number of different 

specific reactions may occur. 

 

Carbon Diffusion 

Carbon needs to transport across the catalyst for CNT growth; however, the 

relative importance of surface diffusion of elemental carbon to bulk diffusion is unclear.  
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Nielson et al.
68

 reports the surface diffusion of carbon on nickel is negligible in the 

temperature range of 350-700 
o
C for a thermal process.  Bulk diffusion has been 

interpreted as the rate limiting step based on the similarity of the overall activation energy 

of thermal CNT growth and carbon diffusion
62

.  In PEVCD, CNT growth rate was found 

to be inversely proportional to catalyst diameter, also suggesting bulk diffusion
66

.  Other 

groups have reported bulk diffusion in PECVD reactors based on activation energies of 

1.3-2.4 eV
69,70,73,74

.   

While these results indicate atomic carbon is diffusing through the bulk, a 

hydrocarbon radical species may transport across the surface.  The hydrocarbon could 

then dissociate at the site of CNT growth.  Recently PECVD growth of CNTs has been 

shown to have activation energies as low as 0.23 eV
75

, more the magnitude of surface 

diffusion (~0.3 eV).  The authors attributed the low energy to the plasma dissociation of 

the hydrocarbons. 

There are two major hypotheses for the driving force based around the diffusion 

of carbon through the nanoparticle bulk, temperature driven diffusion and concentration 

gradient driven diffusion
62,68

.  Temperature driven diffusion is based on a temperature 

gradient between the top face of the catalyst particle and the bottom face
62

.  The top face 

raises in temperature due the an exothermic dissociation reaction from the hydrocarbon 

feed.  It is also proposed that the bottom face cools due to an endothermic precipitation 

process.  However, several endothermically dissociating gases also produce carbon 

deposits with nickel crystallites.  This latter result has caused some to question the 

temperature gradient model
68

; however, others have accounted for this anomoly
72

. 
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The second mechanism proposed for carbon diffusion through the bulk is the 

concentration gradient dissolution precipitation model
68

.  Due to saturation of carbon 

atoms at the surface, adsorbed carbon dissolves into the catalyst.  If the activity of the 

carbon at the gas/leading face is higher at the CNT growth/trailing face, a driving force 

for carbon diffusion is established.  When the trailing face becomes supersaturated with 

carbon it begins to precipitate forming a nanofiber or nanotube.   

 

State of Catalyst Nanoparticle 

In the vapor-liquid-solid (VLS) model for CNT growth, the catalyst nanoparticle 

changes states from solid to liquid.  According to this model energy from an exothermic 

dissociation reaction locally increases the temperature of the catalyst nanoparticle causing 

it to melt
71

.  The observation of pear shaped catalyst particles on the CNT tip supports 

this model
71

.  The liquid particle acts as the medium for transport of carbon from the 

vapor to the CNT where it becomes supersaturated and CNTs grow by precipitation.  If 

the catalyst is liquid or solid phase supersaturation occurs at different compositions of 

carbon in nickel, as shown in the phase diagram in Figure 2.11.   

 

 

Figure 2.11 Carbon nickel phase diagram. Solid nickel reaches supersaturation at much lower temperatures and weight 

percents of carbon76. 
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It is believed that the melting temperature can be reduced by two main effects, 

reaching temperatures that CNTs are grown in.  According to the Gibbs-Thompson effect 

as the nanoparticle size decreases the melting point decreases.  A nanoparticle can have a 

large surface area in comparison to the volume, combined with the curvature of the 

particle the surface tension can cause excess force on the particle causing a drop in the 

melting temperature.  Also, as the concentration of carbon in the catalyst increases it 

causes a freezing point depression.  For example, see Figure 2.10 for the bulk C-Ni 

system.  It was shown that the melting point can decrease as much as 700-800 
o
C leading 

to melting points as low as 550 
o
C

77
. 

On the other hand, recent work has shown CNT growth from a solid catalyst 

particle
78

.  In that study, in situ environmental TEM images showed the presence of solid 

lattice planes during growth.  Images taken during CNT growth show the nanoparticle at 

the tip of the CNT undergoes severe mechanical stress causing it to reshape multiple 

times from near spherical to the pear shaped particle.  Thus, the deformation of catalyst 

does not necessarily confirm liquid growth as previously cited.  However, this study was 

conducted at low temperature (480
o
C); at higher temperatures the VLS model is still 

believed to apply.  

 

Base and Tip Growth Mechanism 

Two mechanisms have been proposed for CNT growth, base growth and tip 

growth
62,63

.  Growth mechanisms are affected by the catalyst, the substrate temperature, 

the growth method, and other conditions.  It is well known that different catalysts affect 
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different modes of growth.  Tip growth occurs when a catalyst particle detaches from the 

substrate surface and travels at the tip of the CNT growth regime.  Carbon deposits on the 

bottom surface of the catalyst particle, lifting it as the CNT grows.  Base growth occurs 

when the catalyst particle remains at the surface while the CNT grows above the catalyst.  

Carbon deposits on the top of the catalytic particle and grows while the particle remains 

adhered to the substrate.  The adherence of the catalyst to the substrate will determine the 

mechanism, low adhesion combined with small catalytic sites result in tip growth.  Strong 

adhesion and with any size particle normally results in base growth
62

.  Nickel prefers to 

grow via the tip growth mechanism due to its poor adherence to substrates
79

.  

Additionally, liquefaction of the catalyst particle leads to the particle loosing adhesion 

and lifting off the surface, resulting in tip growth of CNTs
78

.   

 

Role of Process Gas in CNT Growth 

Virtually any carbon containing species can be used as a process gas when 

fabricating CNTs.  However, three major process gasses are commonly used, C2H2, CH4, 

and CO
62,80

.   Specific catalytic metals can have a precursor gas that gives higher growth 

rates.  For the purpose of this study it has been shown that when C2H2 is paired with 

nickel enhanced growth rates and dense CNT formation occurs
80

.   

 While the effect of ammonia (NH3) on CNT growth has been extensively studied, 

its effect is still not completely understood.  It has been reported that pre-etching the 

catalyst with NH3 can roughen the surface creating catalyst sites that are better suited for 

CNT growth
61,64

.  However, there is debate over the other processes in which NH3 and 

other carrier gasses play a role, such as: N2 increasing atomic carbon diffusion into the 
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catalyst nanoparticle
81

, etching amorphous carbon
82-84

, and the effect of NH3 on CNT 

alignment
83,85

. 

Pre-etching using a NH3 plasma to change the morphology of the catalyst has 

been productive in growing CNTs.  Figure 2.12a-f shows how significantly an NH3 

plasma can affect the catalyst before a CNT growth begins.  Once the film is deposited 

the substrate is loaded into the growth chamber. Before the CNT growth begins a NH3 

plasma is introduced to the substrate, the plasma etches and bombards the catalyst 

removing small amounts of catalytic metal.  This process helps to roughen up the surface 

of the catalyst creating better catalytic sited for CNTs to grow on
64,61

. 

 

 

Figure 2.12 SEM images showing the effect of NH3 plasma pre-etching on nickel catalyst: (a) 30 A Ni layer and pre-

treatment for 10 min and (b) 40 min; (c) 100 A Ni layer and pre-treatment for 10 min and (d) 40 min; (e) 300 A Ni 

layer and pre-treatment for 10min and (f) 40 min. Choi et al. 200364. 

 

 

N2 has been shown to increase bulk diffusion of carbon through the catalyst.  

Depth profiling using secondary ion mass spectrometry (SIMS) was utilized to 

investigate the composition of carbon in the bulk of metal catalysts
81

.  Lin et al.
81

 

analyzed the concentration of carbon with and without N2 on cobalt, iron, and nickel.  
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Figure 2.13 shows the ion counts from the SIMS depth profiles depicting a significant 

change in carbon concentration when nitrogen is added.  The group concluded that the 

presence of nitrogen plays a critical role for carbon diffusion into the metal catalysts.  It 

was proposed that the enhanced bombardment effect of the nitrogen plasma delayed 

surface passivation of amorphous carbon, and that a clean catalyst surface promoted 

diffusion.  However, it was not mentioned why nitrogen has a lower effect on the 

concentration of carbon in nickel.   

 

 
Figure 2.13 SIMS depth profiles of the metal foil substrates (Fe, Co and Ni foils) after wiping off the catalyst-assisted 

CNTs deposited under two different atmospheres: CH4/H2=10/100 sccm/sccm, or CH4/N2=10/100 sccmysccm): (a) Fe 

foil, CH4/H2 (specimen F1); (b) Fe foil, CH4/N2 (specimen F2); (c) Co foil, CH4/H2 (specimen F3); (d) Co foil, 

CH4/N2 (specimen F4); (e) Ni foil, CH4/H2 (specimen F5); (f) Ni foil, CH4/N2 (specimen F6)81. 

 

NH3 was also shown to etch amorphous carbon during the CNT growth process
82-

84
.  Choi et al. showed SEM results from samples processed with NH3 pre-treatments, 

pure C2H2 and mixed NH3/ C2H2 thermal CNT growth.  Pure C2H2 led to CNT growth, 
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however, amorphous carbon slowly passivated the CNTs shown in Figure 2.14a-d.  It was 

proposed that the catalyst particles become coated with amorphous carbon stopping CNT 

growth.  At that time the CNTs begin to grow in diameter via amorphous carbon 

deposition
83

.  TEM images and Raman spectrum were used to show the amorphous 

carbon layer on top of the CNT. 

 

 
Figure 2.14 Morphologies of the CNTs synthesized on Ni films at 900 °C for (a) 20 min, (b) 40 min, and (c) 60 min 

after 5 min of NH3 pretreatment. Compare (b) with (d), which are synthesized in the same condition, but with and 

without the NH3 pretreatment, respectively83. 

 

Choi et al. then analyzed the result of adding NH3 into the C2H2 feedstock gas at 

92%, 75%, 50%, 25%, and 8% NH3 in C2H2.  The addition of NH3 enabled the CNTs to 

continue to grow vertically with no amorphous carbon deposits on exterior of the CNT.  

Figure 2.15a-d shows CNTs grown with varying NH3 concentrations.  It was proposed 

that the NH3 prevented the nickel catalyst nanoparticles from being passivated by an 
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amorphous carbon deposit, keeping the nanoparticle catalytically active enabled the 

prolonged growth of CNTs.  It was also proposed that atomic hydrogen decomposed from 

the NH3 dissociation reaction reacts with amorphous carbon creating volatile products 

keeping the catalyst surface clean
83

. 

 

 
Figure 2.15 (a) Morphology of the CNTs synthesized at 900 °C for 60 min with a mixture of C2H2 :NH3=30:60. 

Morphologies of the CNTs synthesized at 850 °C with C2H2 :NH3 mixtures for the ratios of (b) 5:55, (c) 30:30, and 

(d) 55:583. 

 

 

Alignment of CNTs 

CNTs synthesized via CVD  normally have no common orientation, diameter or 

length
33

, as depicted in Figure 2.16a. However, it has been shown that by crowding CNTs 

together aligned growth is possible via thermal CVD.  PECVD synthesis employs the 

electrical field used to create the plasma to align the CNTs.  Having a common height 



31 
 

and area the CNTs are all exposed to the same amount of process gas creating a field of 

aligned CNTs that have the same length
33

 depicted in Figure 2.16b.  The ability to grow 

fields of aligned CNTs creates the opportunity to pattern them and carry CNTs into a 

future of production. 

 

 

Figure 2.16  (a) CNTs with no orientation and substantially different lengths grown via CVD with no plasma. (b) 

CNTs with a common orientation and similar heights, growth via PECVD, Abdi et al. 200633.  

 

The effects of the carrier gas on the alignment of CNTs has been reported
83,85,86

.  

It has been proposed that NH3 is necessary for aligned thermal CNT growth
83,85

.  Lee et 

al.
85

 proposed that catalyst etching from an NH3 pretreatment was the cause for the 

elongated growth of CNTs during thermal growth.  Choi et al.
83

 proposed that NH3 did 

not modify or change the catalyst, that it kept the catalyst particle active allowing 

elongated growth of CNTs.  Both groups attributed the alignment mechanism to closely 

packed CNTs aligning themselves.  It was later shown that NH3 is not necessary for 

aligned growth of CNTs.  Jang et al.
86

 thermally grew aligned CNTs while replacing NH3 

with H2.  It is speculated that differences in the processes of the three groups could 

attribute to the dissimilar results, while all three groups employed a thermal growth 
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method Choi et at. and Lee et al. both used a nickel catalyst while Jang et al. used a 

cobalt catalyst.   
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CHAPTER 3 

EXPERIMENTAL METHODS 

 

 

The experimental equipment and procedures are described in this chapter.  Boro-

aluminosilicate glass substrates with dimensions of 25x25x1.1 mm, produced by Delta 

Technologies LTD, were used.  They have low reactivity with nickel and titanium and 

were the primary source of substrates.  Six inch silicon wafers manufactured by Wacker 

Siltronic with P type epitaxial silicon were also used.  The wafers were cut into a similar 

size as the glass substrates.  Both substrates have a high thermal resistance allowing them 

to withstand the temperature of a CNT growth.  After catalyst deposition each glass slide 

is broken into four pieces approximately 1cm x 1cm depicted in Figure 3.1.  The breaks 

are performed using a carbide glass scribe and glass breaking pliers.  The reduction in 

size is necessary due to the small size of the substrate heater in the PECVD.  

 

 

Figure 3.1 Boro-aluminosilicate glass slide maked where glass is broken creating 4 substrates. 

 

Prior to all growth processes the substrates are cleaned using an AMD wash.  An 

AMD wash consists of a rinse with acetone (A), a rinse with isopropyl alcohol or 

methanol (M), and a rinse with deionized (D) water.  When the rinse cycle is complete, 

the substrates are dried using a dry nitrogen jet.  An AMD wash removes organic 

materials and particulate matter from the surface of the substrate. 

 

1 cm 
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3.1. Experimental Apparatus 

The experimental equipment and parameters are discussed in this section.  It was 

desired to deposit a thin layer of nickel, a catalytic metal, onto a substrate.  Nickel is 

known to have poor adhesion to quartz substrates so an adhesive sublayer was used.  

Catalyst was deposited using two types of physical vapor deposition; ion beam sputtering 

(IBS) or magnetron sputtering.  Finally a plasma enhanced chemical vapor deposition 

(PECVD) system is used to grow CNTs on the catalyst films. 

 

3.1.1. Ion Beam Sputter Deposition 

During the initial phase of the study, catalyst was deposited using a Veeco Micro 

Etch IBS system.   The system sputters one material at a time but holds three targets in 

the chamber so more than one material can be deposited without breaking vacuum.  The 

IBS is evacuated using a diffusion pump (Veeco Six Inch) backed by a mechanical 

roughing pump (Leybold Ruvac).  Table 3.1 displays the operating parameters used for 

IBS.  The system had a base pressure of 5x10
-6

 Torr and an operating pressure of 1x10
-4

 

Torr.  The potential across the accelerator was 750 V, the plasma current was 0.60 A, 

there was no temperature control, the substrate was rotated at 20 rpm, and the argon gas 

flow rate was 20 sccm.  The IBS was configured to run with these set plasma conditions 

and accelerator voltages and they could only be changed with considerable effort towards 

process optimization.  These values gave deposition rates of nickel and aluminum of 13.3 

nm/min and 16.7 nm/min, respectively.  Since thicknesses between 10 nm and 40 nm 
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were desired, deposition times were short and film thickness was hard to precisely 

control. 

Table 3.1 Ion beam sputtering parameter values and deposition rates for Al and Ni. 

 

 

Pure aluminum was initially deposited as a sublayer between the nickel and the 

glass.  The aluminum was deposited via IBS for 30 seconds resulting in a 5-10 nm thick 

layer of aluminum on the substrate.  Nickel was deposited following the aluminum 

deposition.  Two distinct deposition conditions were used.  First a 10 second deposition 

with a fully open shutter deposited a film approximately 4-6 nm thick.  Second, a 10 

second deposition with the substrate held at an angle to the target.  The angle successfully 

decreased the deposition rate; substrate rotation allowed the entire substrate to be coated 

and deposited a thinner film, approximately 2-4 nm thick.  Aluminum was found to be an 

undesired sublayer because its melting point of 660 
o
C is below CNT growth 

temperature. Therefore, indium-tin-oxide (ITO) was used as an alternate sublayer. 

To help with process repeatability a series of process steps were followed for the 

deposition of nickel, aluminum, and ITO.  Before each process the system was pumped to 

5x10
-6

 Torr or lower.  The system was then brought back up to a deposition pressure of 

3x10
-4

-4x10
-4

 Torr in an argon environment.  Preparing for a plasma the cathode current 

is set to 15A, discharge voltage to 40V, and the magnet power supply is set to 0.6A.  

Ion Beam Parameter Value 

Operating Gas Ar 

Gas Flow Rate 20 sccm 

Base Pressure 5x10
-6

 Torr 

Operating Pressure 3x10
-4

 Torr 

Substrate Rotation 20 rpm 

Plasma Current 0.60 Amps 

Accelerator Potential 750 Volts 

Ni Deposition Rate 13.3 nm/min 

Al Deposition Rate 16.7 nm/min 

  



36 
 

With the shutter closed a plasma is initiated at 250V with the accelerator set to 750V.  

The same process is followed in reverse to extinguish the plasma.   

 

3.1.2.  Magnetron Sputter Deposition 

The second method used for catalyst deposition is magnetron sputtering.  An AJA 

International Orion 4 magnetron sputter deposition tool was used, as shown in Figure 3.2.  

The magnetron sputter tool has the ability to sputter a wide variety of materials and can 

deposit uniform films to within ±12 Å across a four inch substrate.  The system was 

retrofitted with three magnetron guns with two inch targets.  Two of the magnetron guns 

are configured for non magnetic materials while the third is configured for magnetic 

materials.  Magnetron sputtering commonly is unable to sputter magnetic materials; 

however the small size of the targets on this system allows magnetic materials that are up 

to three millimeters thick and the use of a pure nickel target.   

 

 

Figure 3.2 AJA International Orion 4 sputter tool 



37 
 

The magnetron sputter system is equipped with a mechanical roughing vacuum 

pump (Alcatel Adixen 2005SD) and a turbo molecular high vacuum pump (Pfeiffer 

Vacuum TMU-261) capable of reaching an ultimate vacuum of 1x10
-8

 Torr.  Pressure can 

be monitored with three pressure gauges: a ionization gauge (Hornet InstruTech IGM-

401) is used to measure pressures at or below 1x10
-4

 Torr, a capacitance manometer 

(MKS 627B) is used to measure the operating pressures, between 10
-3

 and 10
-4

 Torr, and 

a convectron gauge (Granville-Phillips 275) is used to monitor the system between 10
-3

-

10
3
 Torr.  

A gate valve located between the vacuum pumps and the chamber allow pressure 

control without altering the gas flow.  With the chamber gated, the system is capable of 

operating between 1x10
-4

-1x10
-1

 Torr.  Even though the system is able to operate at such 

a pressure range a plasma is only stable between 1x10
-3

-4x10
-2

 Torr.   

Shutters over each target allow presputtering of the targets without sputtering the 

substrate.  Presputtering removes any oxidation or contaminants that are on the surface of 

the target.  The inside of the chamber is shown in Figure 3.3, the shutter configuration 

can be seen displaying nickel and titanium with open shutters. 

Separate radio frequency (RF) power supplies provide energy to the magnetron 

guns and enable two processes, cosputtering or sputtering a single material while actively 

biasing the substrate.  Cosputtering is the simultaneous deposition of two or more 

different materials creating an alloy.  It enables researchers to test many different film 

compositions.  Biasing is the process of applying power to the substrate to control the 

energy of the ion bombardment.  Substrate biasing can potentially cause poorly adhered 

target atoms to detach and can cause more distinct islands to form, enhancing CNT 
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growth.  To cosputter and bias the substrate simultaneously the sputter system would 

need a third power supply; therefore, in this study only cosputtering was investigated.   

 

 

Figure 3.3 Shutters on the Orion 4.  Film thickness would be nearly impossible to control without the shutters. 

 

Table 3.2 shows the range of deposition parameters used in this study, they 

include: substrate temperature between 16-500 
o
C, substrate rotation rate of 20 rpm, two 

power supplies operating between 25-250 W, an argon flow rate of 20 sccm, and an 

operating pressure between 5-25 mTorr. 

 

Table 3.2 Magnetron Sputter parameter values and deposition rates for Ti and Ni. 

 

Orion 4 Sputtering Parameter Value 

Operating Gas 

Gas Flow Rate 

Ar 

20 sccm 

Base Pressure 1x10
-8

  Torr 

Operating Pressure 5-25  mTorr 

Power Supply 25-250 Watts 

Substrate Heating 

Substrate Rotation 

16-500 
o
C 

20 rpm 

Ni Deposition Rate 0-8.3 nm/min 

Ti Deposition Rate 0-6.3 nm/min 
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To help with process repeatability a series of process steps were followed for the 

deposition of nickel and titanium.  The sputter system was evacuated to 5x10
-6

 Torr 

before each deposition, it was then brought back to deposition pressure by flowing argon.  

Plasma is struck between 25-35 mTorr and controlled using a manual matching network, 

once the plasma has been struck the desired process pressure can be set.  Plasma power is 

adjusted to the deposition set point with the shutter closed. 

Depending on the amount of use, the system requires a clean every 2-3 months.  

The thick layers will begin to flake off causing contamination of the targets and 

substrates requiring removal.  Cleaning consists of using an abrasive Scotch-Brite pad to 

remove the sputtered material from the chamber walls, during the removal shutters must 

be closed to reduce contamination.  Flakes of metal are vacuumed out and the chamber is 

wiped clean using IPA.  The system is then evacuated overnight and each target is 

sputtered to remove oxidation and contamination that may have occurred during cleaning.  

 

3.1.3. Plasma Enhanced Chemical Vapor Deposition 

Figure 3.4 shows the modified Lam Auto Etch 590 diode plasma system that is 

used for the PECVD growth of CNTs.  The system contains a 1400 Watt RF generator at 

a frequency of 13.56 MHz coupling power to a graphite top electrode and a coated 

stainless steel grounded bottom electrode.  The RF generator has an automatic matching 

network to optimize power input to the plasma.  The electrodes and RF power supply are 

cooled using a water chiller at 16
o
C.  A roots blower stack (Leybold Ruvac SU250; 

Leybold Trivac D40BCS) evacuates the main chamber commonly reaching a base 

pressure of 0.03 Torr at with a maximum pumping rate of 170 ft
3
/min.  The plasma 
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system was modified from its intended use for high volume etching of silicon dioxide.  

Detailed schematics and equipment specifications can be found in Appendix A. 

 

 

Figure 3.4 Lam Auto Etch 590, a modified plasma etcher turned into a PECVD used to grow CNTs 
 

Table 3.3 shows the parameter ranges for the experimental study conducted on the 

plasma system.  CNT plasma growth consisted of a NH3/C2H2 plasma conducted at a 

temperatures between 500-750
o
C, pressures between 1-5 Torr (depending on gas flow 

rates), powers between 75-250 Watts, acetylene gas flow rate between 20-100 sccm, and 

an ammonia gas flow rate between 50-150 sccm.  The system utilizes computer control 

only relying on parametric input values for growth conditions.  Temperature is controlled 

using a variable transformer connected to a heater located in the plasma chamber. 
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Table 3.3 PECVD operating parameters and range. 

 

 

A General Electric Advanced Ceramics resistive element heater capable of 

temperatures near 1500 
o
C was installed on the bottom electrode for high growth 

temperatures.  The heater is comprised of pyrolytic graphite heating element that is 

incased in pyrolytic boron nitride.  This heater was selected due to its low profile 

enabling it to fit into the reactor chamber and its low reactivity in a plasma.  To power the 

heater, the exhaust vacuum system was modified with a feed through manifold.  The 

modification allowed the heater to be electrically connected to the exterior power supply 

while under vacuum.  It is suspected that because the heater is located on top of the 

electrode instead of within the electrode that it causes interference in the plasma.  

Interference would affect the alignment of the CNTs possibly causing the interweaving. 

Through the manifold a type K thermocouple was also linked to the heater for 

temperature measurement.  A stainless steel tube was used to shield the thermocouple 

wire from electrical interference and reduce charging, leading to more accurate 

temperature measurement. In order to get the shield to properly function it was necessary 

to install a capacitor in parallel with the thermocouple tip to act as an impedance filter.  

The size of the capacitor was calculated to be approximately 0.01 µF, as follows:  

PECVD Parameter Value 

Operating Gases Ar, C2H2, NH3, O2 

C2H2 Flow Rate 20-100 sccm 

NH3 Flow Rate 50-150 sccm 

Base Pressure 0.03 Torr 

Operating Pressure 1.0-5 Torr 

RF Power 75-250 Watts 

Temperature 500-750 
o
C 
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  (3.1) 

Where C is the capacitance [F] and f is the frequency [Hz]. 

The heater located on top of the electrodes could create a large source of error in 

the system, but was the only configuration available.  The thermocouple that measures 

the growth temperature has a significant amount of shielding on it to keep if from 

charging in the plasma.  If the shielding shifts, or if the heater is slightly moved while 

loading a substrate the tip of the thermocouple can become exposed causing it to charge 

in the plasma.  During the inert heating phase this is not a problem due to the lack of 

plasma, the system is heated to the desired temperature and the plasma is activated.  Once 

the plasma is activated the thermocouple becomes charged and reports an incorrect 

readout.  This is counteracted by a short temperature adjustment period when the gas 

flow is altered.  When the plasma activates minor changes may be needed but can’t be 

administered due to the charging issue. When the plasma is extinguished the temperature 

was checked.  If the temperature drops too low the run was discarded because the process 

temperature was not achieved.  

The top graphite electrode contains a shower head designed for the uniform gas 

distribution across a substrate.  Years of use caused some of the gas inputs to block 

leading to non-uniform gas distribution.  The bottom electrode had residual materials that 

began to flake off leading to contamination concerns.  To update the system, the top and 

bottom electrode were replaced. 

Figure 3.5 shows the inside of the plasma chamber where the bottom electrode 

was retrofitted with glass slides and the substrate heater.  They glass slides trigger a 

failsafe that would not allow the system to operate unless there was a wafer loaded.  Due 
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to the small size of the substrates and heater, this failsafe would not be triggered under 

normal operation.  After multiple CNT runs were completed it became apparent that 

during CNT processing a layer of waste/bi products began building up on both electrodes.  

Initially a six inch silicon wafer was used to protect the bottom electrode.  It is suspected 

that the wafer interfered with the electrical connections on the substrate heater causing a 

fuse to blow in the power source.  The wafer was replaced with glass slides that protect a 

small portion of the electrode and to trigger the failsafe.  No protection could be offered 

to the top electrode due to the gas inputs. 

 

 

Figure 3.5 Assembly of the bottom electrode. A) Thermocouple housed inside a stainless steel shield. B) Ceramic 

heater approximately 1.5”x1.0”. C) Positive and negative leads for the heater protected from the plasma by ceramic 

beads. 

 

The plasma system runs on programmed cartridges with preset mass flow 

controllers (MFC) allowing up to five process gasses.  A MFC controls gas by diverting a 

portion of the gas through a small tube, as shown in Figure 3.6. The tube has a resistive 

heater wrapped around it with a constant heat load applied to the heater.  When the gas 
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passes through the heated area it changes the temperature of the gas.  Utilizing the heat 

capacity of the gas an energy balance can relate the molar gas flow rate to the measured 

temperature difference before and after the heated area.  Using the ideal gas law the 

molar flow rate is converted into the standard volumetric flow rate in standard cubic 

centimeters per minute (sccm). Equation 3.2 displays the relation between the volumetric 

flow rate, V  [cm
3
/min (sccm)] and the change in temperature, ΔT [K].   

3
7 o

p o

nRTf Q cm
V 6x10

C T P min

 
    

  
 (3.2) 

where f is the fraction of gas diverted into the channel, n  [mol/sec] is the molar flow 

rate, Q  [J/sec] is the applied heat, Cp [J/mol/K] is the heat capacity of the gas, R 

[J/mol
.
K] is the gas constant, To [K] is the standard temperature of 273.15

 
K, and Po [Pa] 

the standard pressure of 101.3 KPa.  

MFCs are calibrated for a specific gas, typically nitrogen.  To use a MFC for a 

different gas, a gas correction factor (GFC) must be applied to the input value to correct 

for the difference in heat capacities and are typically provided by the manufacturer
87

.  To 

calculate the input value for a given gas, Equation 3.3 is used. 
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Figure 3.6  Schematic of an average MFC 

 

 1
2 2

1

V
GCF V

GCF
   (3.3) 

 

Where GCFx is the gas correction factor of the process gas and V [sccm] is the 

volumetric flow rate of the process gas.  A table of the GCFs provided from the 

manufacturer can be found in Appendix B.   

The flow rates and GFCs are stored in cartridges that program the system. For this 

system, cartridges only function for Ar, O2, CF4, CHF3, and SF6, the commonly used 

gasses for etching silicon dioxide.  The equivalent flow rates of the corrected process 

gasses were calculated using the GCFs and manually input into the plasma system. C2H2 

and NH3 flow rates had to be manually entered each time the system was power cycled. 

Before each run the system was evacuated to 0.04 Torr, it was then brought up to 

operational pressure using argon for an inert environment during the heating process.  

Power was supplied to the heater using a variable transformer and ramped at 

approximately 1V/min which translates to about 24
o
C/min.  Plasma power is input to the 
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computer controller, the plasma is automatically controlled by the computer negating the 

need to adjust the matching network.  When a run is complete the temperature is 

decreased at the same ramp rate in an argon environment. Once at room temperature the 

system is evacuated and the substrate extracted. 

After each growth the chamber is put through a cleaning process.  Cleaning the 

chamber consists of wiping down the entire chamber with IPA to remove any residual 

buildup of waste products.  The chamber is then closed and evacuated.  An oxygen 

plasma is used to clean the chamber at 200 W for 10-15 minutes.  The system is 

evacuated after the clean and shutdown. 

 

3.2. Characterization 

The characterization equipment and sample preparation methods are described in 

this section.  The catalyst film thickness was measured using profilometry and film 

morphology using an atomic force microscope (AFM).  Finally, CNTs were analyzed 

using a scanning electron microscope (SEM).  

 

3.2.1.  Profilometry 

Catalyst film thickness was measured using an Alpha-Step 5000 surface 

profilometer shown in Figure 3.7.  Edges in the films were prepared using a single step 

shadow mask.  A strip of temperature resistant Kapton tape was placed across 

approximately half of the substrate.  A film was deposited, leaving half of the substrate 

coated, and a film to glass barrier located in the center. 
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A profiler is a tool that uses a contact stylus to measure variations in film 

thickness.  A stepper moves the substrate below the stationary stylus.  Changes in the 

position of the stylus plotted and the film thickness is estimated from the average 

difference in position.  An impact resistant air suspension table is used to reduce the 

amount of noise generated by vibrations. 

 

 

Figure 3.7 Alpha-Step 5000 surface profiler used to characterize the sputter deposition tool. 
   

Film thickness was measured from the film to the substrate.  When the tape is 

lifted off the substrate it can lift the edge of the metal film.  If the profiler stylus measures 

from substrate surface to film the stylus can pull loose sections of the film that have been 

lifted causing inconsistent and erroneous results. 

Film thickness was measured at the top, center, and bottom of each substrate 

checking uniformity.  The measurements at each location were taken three times and 

averaged.   The profiler was operated at 200 Hz with scan rates between 50-100 µm/min 

and scan speeds between 5-20 μm/sec.  Figure 3.8 shows a typical characterization curve 

depicting the deposition rate vs. power for nickel.  The curves allowed an accurate 

estimate of the thickness of a film prior to being sputtered.  Based on the line that was fit 

to the data points an equation can be calculated and used to estimate the deposition rate or 



48 
 

the deposition thickness.   Characterization curves were plotted for each target.  The error 

bars depicted in Figure 3.8 are not significant enough to be seen past the data point.  

Error can be seen to increase as the film thickness decreases due to the resolution of the 

tool.  Data was taken above point where error is a critical factor. 

   

 

Figure 3.8  Characterization curve of nickel deposited at: 20 sccm argon, 5 mTorr, 17 oC, and 40 mm. 
 

Knowing the thickness of a sputtered film is useful in considering how the CNTs 

are going to grow on the surface.  It has been documented in literature that catalyst film 

thickness directly relates the surface morphology, and that poor surface morphology leads 

to poor CNT growth
46

.  The characterization curves are critical for cosputtering where a 

slight change in power could change the catalyst composition significantly.     

 

3.2.2.  Atomic Force Microscopy 

A Digital Instruments AFM (Nanoscope III) shown in Figure 3.9 was used to 

analyze the surface morphology of the catalyst films.  AFM is a high resolution form of 
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scanning probe microscopy, with the ability to obtain resolution that is less than a 

nanometer.  It uses a cantilever with a probe that is chemically grown on the tip.  The 

probe is made of silicon nitride. 

 

 

Figure 3.9 Image of the atomic force microscope used to analyze surface morphology. 
 

The AFM operated in non-contact mode where the cantilever is oscillated at a set 

frequency by the operator very close to the substrate, but not touching it.  The cantilever 

oscillated at 300 kHz, had a scan rate between 1-2Hz, and sampled 512 samples per line 

with 512 lines.  Surface morphology is analyzed by the deflection of the cantilever from 

the surface of the film.  Cantilever deflection is measured by a laser that is reflected off 

the top of the cantilever into a photodetector.  The photodetector translates the deflection 

in the z direction into a measurement based on its x and y location.  Using all three points 

a three dimensional image is created from the scan.  
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Preparing a sample for the AFM requires the sample to be less than one square 

centimeter.  Samples were cleaned using an AMD wash and kept in a sealed container. 

Small amounts of dust on the sample can stick to the cantilever causing poor images.  

Dust on the sample can also cause the cantilever to incorrectly adjust for the height 

showing incorrect morphologies. AFM images are imported into WSxM, a program 

designed specifically to analyze images created by an AFM.  Using the software the 

catalyst island size could be measured and compared. 

   

3.2.3. Visual Inspection 

Initially and directly after a CNT growth, the color of the film was visually 

inspected.  If the film is mostly made up from amorphous carbon it is light grey in color 

and tended to have non uniform color across the film.  If CNTs were grown with a high 

density the film is significantly darker, close to black in color.  Visual inspection 

provided a crude method to ascertain if there was an issue with the system during the 

growth.  For example, if a process gas was not activated the films will be non uniform or 

non-existent, or if the heater failed very little growth should be present.   

 

3.2.4. Scanning Electron Microscopy 

A dual beam field emission SEM (FEI Quanta 50 series) was used to characterize 

CNTs as shown in Figure 3.10.  The SEM is equipped with an energy dispersive x-ray 

(EDX) attachment that enables the analysis of the alloy film composition.   

Samples are loaded into a sample preparation and transfer case to reduce damage 

to CNT films.  Specimen holders are loaded and a double sided conductive carbon tape is 
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adhered to the surface.  The tape keeps the sample from moving and keeps it grounded to 

reduce charge buildup.  With samples that do not conduct electricity, such as the 

substrates used in this study, extra steps must be taken to reduce charging.   

 

 

Figure 3.10 Image of the dual beam FEI Quanta 50 SEM that was used for CNT analysis. 

 

In preparing a CNT sample for SEM imaging, caution must be taken not to 

damage the CNTs on the surface.  Samples are placed on the specimen holders, then a 

thin piece of copper tape is placed across the top of the sample making contact with the 

CNTs and the conductive substrate holder.  CNTs are conductive, transferring the charge 

from the SEM through the CNTs, into the copper tape, and grounding on the specimen 

holder.  To help reduce charging the substrates are sputtered with a thin coating of gold.  

Gold produces a highly conductive layer that is not visible to the SEM across the CNTs.  
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Improper setup leads to significant substrate charging resulting in very poor image 

resolution.   

Figure 3.11 shows the substrate holder in the SEM, this system can fit up to six 

substrates at a time.  Throughout the entire process, from the sample preparation to the 

SEM substrate holder, the position of each substrate is logged so the image from the SEM 

is associated with the correct substrate.   

 

 

Figure 3.11 Substrate holder inside the SEM.  A substrate holder allowing multiple substrates significantly reduced 

imaging time allowing significantly more analysis time on each substrate. 
 

Characterization of the surface morphology of the catalyst was attempted; 

however the substrates became substantially charged and no high resolution images could 

be taken.  Flaws and minor scratches were visible; these topographical issues in the films 

would translate to non-uniformities in the CNT films.   

The SEM images are analyzed using Adobe Photoschop CS3 imaging software to 

get a range for the length and diameter of the CNTs and to see if they are aligned or 

damaged.  The measurement scale was first set using a relation of pixels to the 

measurement bar in the images.  Once the correct scale is acquired the CNT diameters 
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were measured across a number of images at different locations of the substrate.  This 

same technique was used to analyze the length of the CNTs.  

 

3.2.5. Transmission Electron Microscope 

A transmission electron microscope (TEM) (FEI Tecnai F-20) shown in Figure 

3.12 was used to characterize the structure and growth mechanism of CNTs.  It has a 

Schottky type field emission source normally operated at 200 kV giving ultra-high 

brightness with a point resolution of 0.24 nm.  High resolution enabled the imaging of the 

separate walls that make up one MWCNT.  The TEM is equipped with an energy 

dispersive x-ray (EDX) attachment that enables the analysis of catalyst in the tip of the 

CNT.   

 

 

Figure 3.12 FEI Tecnai F-20 TEM used to analyze the growth mechanism and structure of CNTs90. 
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Sample preparation for a TEM is commonly the limiting factor in the image 

resolution.  In a TEM an electron beam must be able to pass through the sample thus 

limiting the maximum thickness of a sample.  Commonly TEM samples are placed on a 

grid structure both for support and to enable a thin specimen for the electrons to pass 

through, a TEM grid is shown in figure 3.13.   

 

 

Figure 3.13 Common copper TEM sample support grid.  

 

Initial sample preparation for the TEM consisted of depressing a TEM grid on top 

of the CNT forest and sliding it sideways.  This method was only successful in adhering a 

limited number of CNTs to the grid.  This limited the number of CNTs to be analyzed by 

the TEM thus resulting in images that were not ideal.  Preparation methods were altered 

to include a step to increase the number of CNTs on the TEM grid.  This was 

accomplished by removing the CNTs from the substrate and placing them into a small 

amount of IPA.  The solution was placed in a ultrasonic bath to help separate the CNTs 

from each other.  Using a pipette three to four drops of the solution was dripped over a 

lacy carbon TEM grid.  This method resulted in numerous CNTs available for TEM 

analysis, enabling high resolution TEM (HRTEM) images. 



55 
 

The grid is then loaded into a TEM grid holder, and secured in place by a small 

washer and threaded washer.  The grid holder is designed to fit into a load lock that 

allows the TEM to stay under vacuum at all times.  Once a sample is loaded imaging can 

begin.  Images are generated in a proprietary format requiring analysis to be completed 

using a program called ImageJ. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

 

The experimental results from the study are presented in this chapter.  The three 

main objectives are: (1) to deposit a nickel catalyst and synthesize CNTs; (2) to alloy 

nickel with another metal and synthesize CNTs without a sublayer metal; (3) to study the 

effects of the PECVD growth parameters on the catalyst and CNTs.   

 

4.1. Catalyst Studies 

The catalyst and sublayer deposition techniques, thicknesses, and alloy 

compositions are analyzed in this section.  Catalyst deposition was a major part of this 

study because of its ability to control CNT properties.  Ion beam sputtering (IBS) and 

magnetron sputter deposition are the two deposition techniques that were used. 

 

4.1.1. Ion Beam Sputtering 

Aluminum Sublayer With Nickel Catalyst Layer 

CNTs synthesized by catalyst deposited using the IBS are analyzed in this section. 

Initial trials and proof of concept runs began with catalyst deposition trying to replicate 

previous research.  Aluminum was the initial sublayer used in the project with a thickness 

between 10-20 nm.  A 10 nm nickel catalyst film was then deposited on top of the 

aluminum film.  Due to the high deposition rate of the IBS the process was altered to 

slow down the deposition rate.  A impromptu method was suggested to rotate the 

substrate only part of the way into the deposition range.  This successfully reduced the 

deposition rate creating a thinner catalytic film.  The process was repeated with the 
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substrate only partially rotated in front of the target.  The deposition rate of the catalyst 

was successfully reduced resulting in a nickel catalyst layer of approximately 2-4 nm.  

Run parameters were generated from literature and previous work on the system 

and are displayed in Table 4.1.  A series of eight runs were designed to help optimize the 

system for CNT growth.  In all of the runs, it could be visually seen that the layer on top 

of the substrate was patchy and extremely non uniform.   

 

Table 4.1 Table of initial run parameters for plasma growth of carbon nanotubes. 

 

 

SEM analysis showed that something was altering the catalyst or sublayer during 

the CNT growth.  The films had pooled into small islands that had significantly larger 

thicknesses than deposited.  Small amounts of nickel were still on the surface of the large 

islands and small localized groups of CNTs grew on the surface of the islands.  It was 

realized that the operating temperature between 650-750
o
C was near or above the melting 

point for aluminum, 660
o
C.  It is proposed that the aluminum sublayer would melt and 

then form thick islands on the surface of the substrate.  The CNTs that did grow on the 

islands had no alignment and no uniformity in diameter, as shown in Figure 4.1.  Thus a 

sublayer metal with a higher melting point is needed. 

Temperature Press NH3 C2H2 Power Time Catalyst

Run # C Torr Sccm Sccm W min Metal

1 750 3 80 20 200 30 Al/Ni

2 750 1 80 20 200 30 Al/Ni

3 650 3 80 20 200 30 Al/Ni

4 750 3 80 50 200 30 Al/Ni

5 700 3 50 20 200 30 Al/Ni

6 700 1 50 20 200 30 Al/Ni

7 750 3 80 50 200 30 Al/Ni

8 750 3 80 50 200 30 Al/Ni
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Figure 4.1 Melted aluminum particle with nickel on the surface. CNTs grown under PECVD Run # 4. 

 

It has been stated that a rough surface morphology is needed to synthesize 

CNTs
43,44

.  Figure 4.2 depicts and image of the surface morphology with an average 

particle size of 65 nm.  If the aluminum did not reflow the surface morphology of the 

catalyst showed that CNTs should grow.  It is comparable to the morphology of the 

sputtered films that grow unaligned CNTs. 

The PECVD growth parameters that had the highest growth density, uniformity, 

and lowest damage CNTs were selected for future growth runs with a new catalyst at: 

750
o
C, 80 sccm NH3, 50 sccm C2H2, 200 W, 3 Torr, and 30 minutes.  Figure 4.3 shows a 

SEM image of the best run from the aluminum sublayer data, a section of the aluminum 

that did not melt during the growth run.  Several of the runs listed in Table 4.1 resulted in 

the growth of carbon nanocoils (CNC), CNCs are CNTs that have helical growth patterns 

in the form of a coil or spring.  Figure 4.4 shows a CNC grown on the nickel catalyst with 

an aluminum sublayer.     
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Figure 4.2 Surface morphology of Aluminum sublayer with nickel catalyst. 

 

 

Figure 4.3 CNT growth on an aluminum sublayer with nickel catalyst. CNTs grown under PECVD Run # 9. 
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Figure 4.4 CNC grown on aluminum nickel catalyst.  CNCs grown under PECVD Run # 4 

 

Indium Tin-Oxide Sublayer with Nickel Catalyst Layer 

Indium tin-oxide (ITO) has been reported to grow CNCs when used as a 

sublayer
88,89

, and therefore, ITO was used to see if CNCs could be reproduced across a 

substrate.  ITO was deposited under the same conditions as the aluminum sublayer and 

resulted in a layer that is suspected to be 10-20 nm.  The same procedures were followed 

as the previous deposition to deposit a 10 nm and a 2-4 nm nickel film on top of the ITO 

sublayers.  Initial results displayed CNTs that were not helical but had two distinctive 

size distributions.  Figure 4.5 shows two distinct size ranges for the CNTs, one has a size 

distribution of 200-500 nm and another that is 30-60 nm.  CNTs showed mild chirality 

most likely attributed to stresses caused by large catalyst particles.  No more CNCs 

formed on the ITO substrates than were found on the aluminum substrates.   

. 
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Figure 4.5 ITO nickel substrate with two distinct CNT diameter regimes. CNCs grown under PECVD Run # 10. 
 

Plasma growth conditions with other ITO sublayers led to CNTs with diameters 

much larger than those grown with aluminum sublayers as depicted in Figure 4.6a.  The 

CNTs on one substrate showed no chirality and a better alignment than the aluminum 

sublayer.  It was also observed that multiple CNTs grew from a single catalytic site, as 

shown in Figure 4.6b.  It is speculated that the ITO forms different grain sizes than the 

aluminum sublayer.  It has been shown that larger grain sizes result in larger catalyst 

particles
76

.  Larger catalyst particles will result in larger CNT diameters and the growth 

of multiple CNTs from the same catalytic site.  The CNT diameters ranged from 50nm to 

500nm, but were not bimodal like the CNTs observed in Figure 4.5.  Based on the 

preliminary results the research on CNCs was not taken further. 
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Figure 4.6 (a) CNTs grown on ITO with significantly varying diameters and poor alignment. (b) CNTs grown on ITO 

with significantly varying diameters, good alignment and multiple CNTs growing from a single catalytic site. 
 

4.1.2. Magnetron Sputtering 

CNTs synthesized by catalyst deposited using magnetron sputter deposition are 

analyzed in this section. Magnetron sputtering enabled high throughput and precise 

control over sputter deposition parameters.  The desire to explore the effect of catalyst 

morphology on CNT growth let to a set of experimental runs where catalyst preparation 

varied and PECVD growth conditions were kept constant.  The conditions chosen were 

the parameters from the aluminum sublayer runs that proved to grow the highest density 

of CNTs.   

 

Titanium Sublayer with Nickel Catalyst Layer 

Titanium was used as a sublayer for the nickel catalyst.  Titanium not only has 

good adhesion to quartz substrates but its melting point is well above the CNT growth 

temperature.  Initially titanium was kept at a constant power only altering pressure to 

change thickness.  Power, pressure, temperature, and deposition time were the four 
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parameters that were altered for nickel deposition as shown in Appendix C, a list of all 

magnetron sputter depositions throughout the study.  A series of CNT growth runs were 

completed to assess how catalyst growth conditions affected the properties of the CNTs. 

Low power sputtering of nickel was used in this study.  High sputter powers it 

produces very poor quality CNTs with low yield and low uniformity.  A range of low 

power depositions were set for nickel with a constant power of titanium set to 250 W.  

Titanium film thickness was controlled by setting pressure to 10 or 20 mTorr resulting in 

titanium films of 105 and 63 nm respectively.  Nickel film thickness was controlled by 

varying the power between 35-100 W, varying the time between 5-20 minutes, and the 

pressure between 10 and 20 mTorr.  Table 4.2 shows run parameters of the titanium 

sublayer and pure nickel catalyst films.  The varied parameters resulted in nickel film 

thicknesses between 5-17 nm.   

 

Table 4.2 Run parameters for the titanium sublayer with pure nickel catalyst films.  

 

 

Results from runs 1-3 and 5 showed CNT growth across the entire substrate with 

no adhesion problems or issues with the sublayer melting.  PECVD parameters stayed 

constant for all runs at: 750
o
C, 50 sccm NH3, 50 sccm C2H2, 200 W, 3 Torr, run for 30 

Power Thickness Press Time Power Thickness Press Time

Run # W nm mTorr min W nm mTorr min

1 250 105 10 20 100 14 20 10

2 250 63 20 20 100 14 20 10

3 250 105 10 20 75 11 20 10

4 250 63 20 20 75 11 20 10

5 250 105 10 20 50 7 20 10

6 250 105 10 20 75 5.5 20 5

7 250 105 10 20 100 17 10 10

8 250 105 10 20 35 9 20 20

Titanium Nickel
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minutes.  Runs 1 and 2 had dense CNT growth but displayed significant damage to the 

CNTs possibly caused by NH3 etching during the growth, displayed in Figure 4.7a and 

4.7b.  The CNTs had a diameter range of 100-200nm and showed no alignment across the 

substrate.   

 

 

Figure 4.7 (a) Damaged CNTs grown on titanium sublayer with nickel catalyst on top. (b) Average CNT growth across 

substrate. Both images came from CNTs grown on catalyst deposited under Run #2 (See Table 4.2) parameters. 

 

Four depositions grew CNTs, three at 100 W and one at 75 W.  Of the three 

depositions, the CNTs with the best alignment, low damage, and a high density grew 

from the catalyst deposited at the lower power.  The CNTs had a diameter range between 

50-200 nm, and the CNTs were mostly aligned across the substrate. The best results were 

grown on a titanium sublayer and nickel catalyst layer, deposited from Run #3 (Table 

4.2).  The results are displayed in Figure 4.8, displaying some alignment, low amounts of 

damage, but the CNTs had a large range of diameters. 
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Figure 4.8 Partially aligned CNTs grown on a nickel catalyst, deposited under Run #3 conditions. 
 

CNTs were only observed on films deposited with higher nickel powers, resulting 

in thicker nickel films.  However, it has been shown in literature that catalyst films are 

desired to have lower thickness
46

.  It is suspected that the lower powers either did not 

deposit enough nickel on the surface to catalyze growth of CNTs, or the NH3 pre-etch 

over etched the catalyst creating a poor surface for CNT growth.  

 

Titanium Sublayer With Alloyed Ni/Ti Catalyst 

The magnetron sputter system has the capabilities to cosputter two metals at once.  

Nickel has adhesion problems with quartz substrates, it was decided to see if a nickel 

alloyed with titanium would both enhance nickel’s adhesion while still being able to 

grown nanotubes.  Initially nickel-titanium alloys were deposited on top of a titanium 

sublayer with varying compositions and deposition parameters to find a range where 

CNTs would grow.  After the correct alloy composition was determined the adhesion 

would be analyzed.  
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A series of titanium nickel alloys were deposited on titanium with a constant 

thickness.  Catalyst alloy films ranged from 42-56 nm thick with 25-50% titanium in 

nickel.  Run conditions and film thicknesses for all nickel titanium alloys with a titanium 

sublayer can be found in Table 4.3.  Runs 1-4 grew few CNTs that were unaligned and 

had a low density.  Depicted in Figure 4.9a is CNT growth on one of the films that was 

common to all four films, unaligned CNTs on one side of the substrate and amorphous 

carbon on the other parts of the substrate.  Figure 4.9b shows a typical result with 

amorphous carbon building up on the substrate blocking CNT growth sites.  It was 

suggested that the titanium composition was too high.  With less titanium and more 

nickel more CNTs will grow limiting the amorphous carbon that is deposited.  It was also 

determined to adjust the substrate to try and decrease the grain size of the particles. 

 

Table 4.3 Run parameters for nickel titanium alloy catalyst with a titanium sublayer. 

 

 

 

Power Thickness Press Time Power (Ti/Ni) Thickness Press Time

Run # W nm mTorr min W nm mTorr min

1 250 27 20 10 250/150 50 20 10

2 250 27 20 10 250/100 42 20 10

3 250 27 20 10 250/200 56 20 10

4 250 27 20 10 250/175 53 20 10

5 200 21 20 10 200/200 50 20 10

6 250 27 20 10 250/200 56 20 10

7 200 21 20 10 200/250 57 20 10

8 200 21 20 10 200/250 85 10 10

9 200 43 20 20 100 (Ni) 14 20 10

10 200 43 20 20 75/250 18 10 3

11 250 53 20 20 250/200 56 20 10

12 250 105 10 20 75/100 22 20 10

13 250 105 10 20 75 (Ni) 11 20 10

14 250 105 10 20 50/75 16 20 10

15 250 105 10 20 25/40 37 5 40

16 250 105 10 20 25/50 45 5 40

Titanium Ti/Ni Codeposition
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Figure 4.9 (a) CNTs grown initial alloy catalyst films with titanium sublayer, deposited under Run #3 (Table 4.3) 

conditions. (b) Top view of CNT film depicting amorphous carbon buildup, deposited under Run #5 conditions. 
 

Runs 5-16 (Table 4.3) were used to improve the catalyst and sublayer; however 

there was not a major change in results.  CNTs were still unaligned although they showed 

good growth density, length, and had little to no damage. The nickel catalyst was an 

excellent metal for growing CNTs, however there seemed to be an underlying cause to 

the lack of alignment.  It was hypothesized that the minor change in surface morphology 

caused by the sublayer was enough to inhibit alignment.  

Varying different parameters in the alloyed catalyst layer was also analyzed 

during Runs 5-16.  It was realized that while film thickness remained approximately the 

same lower deposition powers for longer times resulted in much more dense CNT fields 

with little to no amorphous carbon.  Figure 4.10a shows CNTs on a 56 nm alloyed 

catalyst film sputtered at high powers.  It is clear that they have a significant amount of 

amorphous carbon to the point where it affects the way the CNTs grow.  Low power 

depositions resulted in very dense CNTs with little amorphous carbon. The CNTs 

depicted in Figure 4.10b were grown on a 45 nm thick alloyed catalyst film sputtered at 
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low powers.  They are hard to see because of their dense almost aligned growth.  The 

only amorphous carbon is a mild amount that has deposited within the CNTs, causing 

little to no effects in the growth. 

 

 

Figure 4.10 (a) CNTs grown on high power deposition catalyst, deposited under Run #3 conditions.  

(b) CNTs grown on low power deposition, deposited under Run #16 conditions. 
 

Ni/Ti Alloy Catalyst Layer With No Sublayer 

To test adhesion of the alloyed catalyst film, the titanium sublayer was removed 

from the deposition process.  Three films were sputtered to assess the high temperature 

adhesion of the cosputtered films and pure nickel on the boro-aluminosilicate glass 

substrates.  The sputtered films were pure (99.99%) nickel, 25/40 W (24% Ti) Ti/Ni, and 

25/50 W (20% Ti) Ti/Ni.  Growth time was set to give approximately the same thickness 

for all three films.  Each substrate was subjected to thermal stress via a CNT run with a 

temperature of 650 
o
C for approximately 10 minutes.  A progressive difference was 

observed with each substrate.   
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The pure nickel did not adhere to the substrate leaving a small amount of catalyst 

left on the substrate, as shown in Figure 4.11a.  The 20% titanium film also had poor 

adhesion but had significantly more catalyst still on the substrate.  Small pieces flaked off 

from the substrate during the heating cycle.  Additionally when even small forces are 

applied to the film, it would peel off the substrate leaving bare glass below, as shown in 

Figure 4.11b.  The 24% titanium film appeared to adhere to the substrate and would not 

flake off even with external force applied.   

The black coating on Figure 4.11c is characteristic of a dense coating of CNTs on 

top of the catalyst film that displays good adhesion.  Adhesion increases as titanium 

concentration increases.  It is believed that there is a critical percentage of titanium in 

nickel that causes the adhesion to drastically change.  Without enough titanium the 

catalyst film can’t withstand the heat cycle of a CNT run. 

 

 

Figure 4.11 Three substrates subjected to CNT heat cycle up to 650 oC. (A) Pure Ni film, film that is left on the 

substrate is so poorly adhered when moving the wind blew some of it off. (B) 25/50W TI/Ni, part of the films un-

adhered during the CNT heat cycle, gold is from post sputtering for SEM analysis. (C) 25/40W Ti/Ni. The missing part 

of the film is due to copper tape, placed on substrate for SEM analysis of CNT film, no parts of the film showed poor 

adhesion. 

 

Further analyzing the adhesion layers phase diagrams of nickel and titanium were 

used.  Figure 4.12 shows a phase diagram of nickel-titanium alloy.  Comparing the 

adhesion to the phase diagram it can be seen that a beta nickel-titanium is formed at 21.4 
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wt% titanium with the chemical formula of Ni3Ti and an ordinary hexagonal crystal 

structure
76

.  The beta alloy is similar to the enhanced adhesion layer of 24 wt% titanium 

in figure 4.11c. The change of orientation of the alloy could be the result of the enhanced 

adhesion for the catalyst film. 

 

Figure 4.12 Phase diagram of nickel-titanium alloy metals76. 

 

Using an AFM, images were taken of the substrate with and without a sublayer, a 

SEM was used to analyze the subsequent CNT films grown on the catalysts.  Figure 

4.13a depicts an image of the catalytic surface with a titanium sublayer deposited under 

Run #15 parameters (Table 4.3).  Figure 4.13b depicts the catalyst layer without a 

titanium sublayer deposited under Run #4 conditions, shown in Table 4.4.  The two 
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catalytic layers have the same thickness and composition.  CNTs grown on these 

substrates are shown in Figures 4.13c and 4.13d respectively. 

 

 

Figure 4.13 AFM of catalytic films and the CNTs that grew on top of the respective films. Both catalyst layers are of 

the same deposition thickness and alloy composition. (a)Ti/Ni film with Ti sublayer, average catalytic site is 68nm in 

diameter Catalyst Run #15. (b) Ti/Ni film with no Ti sublayer, average catalytic site is 40 nm, resolution is poor due to 

very little protrusion in the Z direction, catalyst Run #4. (c) CNT growth on Run #15 catalyst, a significant amount of 

amorphous catalyst and no alignment was observed. (d) CNT growth on Run #4, little to no amorphous carbon with 

CNTs showing good alignment across the entire substrate.  
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Table 4.4 Depositions designed to analyze how catalyst film thickness and composition affects CNT growth. 

 

 

The height of the catalyst has been reduced by removing the titanium sublayer.  

Figure 4.13b seems to show very little, that is due to the lack of protrusion in the z 

direction.  Comparing the catalyst morphology in Figure 4.13a and 4.13b shows catalytic 

sites of 68 nm on average with a sublayer and 40 nm on average without a sublayer.  

Removing the titanium sublayer created catalyst sites that were smaller in diameter with 

little to no height in the z direction, increasing CNT growth.  

The changes in morphology height and diameter led from unaligned CNTs to the 

growth of aligned forests of CNTs, depicted in Figure 4.13c and 4.13d.  It also increased 

the uniformity of CNT growth across the substrate as well as reducing the number of 

damaged CNTs.  Little to no amorphous carbon was deposited in the aligned CNTs.  The 

aligned CNTs show a small amount of intertwining with an approximate growth rate of 5 

μm/min.   

The average catalytic site size of the two depositions was compared to CNT 

diameters grown under the same PECVD conditions.  Catalyst with a sublayer grew 

CNTs with an average diameter of 52 nm, compared to 68 nm catalyst particle size.  

CNTs grown with no sublayer had an average diameter of 36 nm compared to the catalyst 

Power (Ti/Ni) Thickness Press Time

Run # W nm mTorr min

1 40/25 42 5 40 Few CNTs Mostly Amorphous Carbon

2 25/50 39 5 35 Non-Uniform Film, Poor Adhesion

3 35/50 49 5 40 Few CNTs Mostly Amorphous Carbon

4 25/40 37 5 40 Alligned CNTs

5 25/40 56 5 60 Few CNTs Mostly Amorphous Carbon

6 25/40 46 5 50 Few CNTs Mostly Amorphous Carbon

7 25/40 28 5 30 Few CNTs Mostly Amorphous Carbon

8 60/60 94 5 40 No CNTs, all Amorphous Carbon

Ti/Ni Codeposition

Growth Results
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particle size of 40 nm.  On average across the study CNTs synthesized with no sublayer 

were 20-30 nm smaller in diameter than the same CNTs grown with a sublayer.  

A series of catalyst depositions with different compositions and film thickensses 

were used to find the optimum catalyst for CNT growth.  Table 4.4 shows 8 runs used to 

determine the correct catalyst for this study.  Each catalyst film was grown under similar 

PECVD conditions ideally reducing the amount of variance between runs.  It was 

apparent that concentrations of titanium above 40% yielded little to no CNTs and 

between 20-35% titanium in nickel readily yielded CNTs, however below 24% adhesion 

becomes an issue.  When alloys were compared with and without the titanium sublayer it 

was clear that the sublayer was significantly hindering the growth and alignment of the 

CNTs. 

Four runs, Runs #4-7 (Table 4.4), were deposited to analyze how catalyst 

thickness effects CNT growth.  The four runs had the same composition of 24 wt% 

titanium in nickel which was found to grow the most aligned and least damaged CNTs.  

They were deposited between 30 minutes and an hour resulting with thicknesses of 28, 

37, 46, and 56 nm.  When comparing SEM images from Runs #4-7 (Table 4.4) is 

becomes clear that the film thickness has a significant effect in CNT growth.  Runs #5-7 

were comprised mostly of amorphous carbon with a small amount of sparse CNTs, Run 

#4 was the only run that synthesized aligned CNTs.   A 20 nm difference is all that 

separates the aligned CNT growth, displayed in Figure 4.12d, and a film mostly coated 

with amorphous carbon displayed in Figure 4.14.   
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Figure 4.14 SEM image of Run 5 (Table 4.4) CNT growth. It is clear that little to no CNTs were synthesized. 90% of 

the substrate looked similar to the image above, showing only amorphous carbon. 
 

Catalyst NH3 Pre-Etch 

Before a CNT growth run, the catalyst is pre-etched using a pure NH3 plasma.  It 

has been reported in literature that the NH3 plasma etches the catalyst removing small 

amounts of catalyst effectively roughening up the surface creating better catalytic sites 

for CNT growth
43,44

.  Pre-etching was analyzed at room temperature and at process 

temperature, around 650
o
C.  The samples were etched for 1, 5 and 20 minutes at room 

temperature and 30 seconds, 1 and 5 minutes at 650
o
C.    

Surfaces etched at room temperature showed no change from 1 minute to 20 

minutes.  However, the 30 second etch at 650
o
C made a noticeable difference both 

visually and in the morphology.  A one minute etch at each temperature is shown in 

Figures 4.15a and 4.15b.  More distinct islands created from the pre-etch are clearly 

shown with an average particle diameter size of   Figure 4.15a shows a catalyst sample 

that was etched at room temperature under the same pressure and power as 4.15b with the 
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same catalyst layer thickness and composition.  It is clear that the faster etch rate creates 

surface more conducive for CNT growth than the low temperature etch. 

 

 

Figure 4.15 AFM images etched for 1 minute at 75 W, 50 sccm NH3, and 3 Torr with different temperatures. (a) Run 

#4 (Table 4.4) alloy catalyst film with no sublayer etched at 17oC (b) Run #4 (Table 4.4) alloy catalyst film with no 

sublayer etched at 650oC    

 

The pre-etch step was also analyzed by comparing AFM images of the catalyst 

directly after sputter deposition and after the pre-etch.  Figure 4.13 shows AFM images of 

catalyst films with and without a sublayer, comparing Figure 4.13b and 4.15b it is clear 

that the particle size has become more defined with the etch process.  However, the 

average particle size increased to approximately 70 nm after the pre-etch, 30 nm larger 

than the average CNT diameter grown it.  The catalyst islands still show a low profile in 

the z direction, when comparing Figure 4.13a and 4.15b it is not clear what would cause a 

difference in CNT growth between the two films. The average particle size is 

approximately the same, when the z height is measured 4.13a is five times larger than 

4.13b. The difference in z height and surface pre-etch is suspected to be the cause for a 
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change in CNT growth from unaligned CNTs grown on 4.13a to aligned CNTs grown on 

4.15b. 

CNT growths were performed on unetched substrates, substrates etched at room 

temperature, and substrates etched at 650
o
C.  The unetched and room temperature etch 

both had little to no CNT growth that was clear from a visual inspection and did not 

require SEM analysis.  The substrate etched at 650
o
C produced CNTs that are similar to 

those found in Figure 4.13d.  

 

TEM Analysis of CNTs 

Figure 4.16 shows a TEM of a CNT synthesized on catalyst Run #4 (Table 4.4).  

The TEM shows that the CNT is a true MWCNT with approximately 40 walls.  The CNT 

also has a center tube that is 7.5 nm in diameter.  Due to nickel being alloyed with 

titanium its adhesion has been increased. It was hypothesized that this will change the 

growth mechanism from tip growth, very common for nickel catalysts, to base growth.  

During TEM imaging no catalyst metal could be found in the CNTs.  This lead to the idea 

that the CNTs are grown via the base growth mechanism, however it does not prove or 

disprove the theory.  For catalyst Run #4 (Table 4.4), the TEM analysis resulted with an 

average thickness across all imaged CNTs of 37.6 nm.  
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Figure 4.16 TEM image of a CNT synthesized on catalyst Run #4 (Table 4.4). 

 

TEM analysis was conducted on two separate samples to analyze how much error 

was present when recording CNT diameter results.  Figure 4.17a shows a TEM of a CNT 

grown on catalyst Run #30, Figure 4.17b shows a SEM of CNTs from the same growth.  

The data recorded from the SEM image in Figure 4.17b resulted in an average thickness 

of 32 nm ±6 nm.  The average thickness of all CNTs imaged on the TEM was 37.6 nm ±3 

nm.  A small amount of error is present when using a SEM due to charging of the 

samples limiting the amount of resolution possible. However, thickness results from the 

SEM give a good approximation of the diameter for analysis. 
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Figure 4.17 (a) TEM image of MWCNT grown on catalyst Run  #4 (Table 4.4). (b) SEM image used to analyze 

diameter of CNTs grown on the same catalyst layer. 

 

 

In summary it was determined that for a nickel-titanium alloy with no sublayer 

the film should be 30-40 nm thick sputtered with low deposition powers and low 

deposition pressures.  Catalyst composition should not be lower than 20 wt% titanium or 

adhesion significantly declines and should not be greater than 40 wt% titanium or CNTs 

are scarcely synthesized.  The optimum composition was found to be between 20-30 

wt%, specifically 24 wt% titanium in nickel was found to grow the most aligned, dense 

CNTs.  With the approximate range of deposition parameters that the catalyst should be 

within the catalyst tuning was concluded.  . 

 

4.2. Plasma Growth Studies 

PECVD and CVD CNT growth techniques are analyzed in this section.  Gas flow 

rates, growth temperature, plasma power, and pressure are studied.  Effects on CNT 

diameter, growth rate, alignment, and damage are reported.  A table of all CNT runs 

conducted on the PECVD is displayed in Appendix D. 
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An experimental analysis was created to see what major parameters affected the 

growth of the CNTs.  Table 4.5 shows the eight experiments that were conducted.  Two 

compositions of catalyst were sputtered, the time of each was adjusted so the film 

thickness was the same.  Temperature, power, and catalyst composition were the three 

parameters to be analyzed.  SEM and visual inspection was used to analyze the results.   

 

Table 4.5 Growth parameters for non-sublayer catalyst. All non-altered parameters include: PECVD:  3 Torr, 150/100 

sccm NH3/C2H2, 10 min. Sputtered at: 20 sccm Ar, 5 mTorr, 40 min.  

 

 

Figure 4.15a shows Run #2 (Table 4.5), an example of poor CNT growth with 

mostly amorphous carbon covering the substrate. Figure 4.15b shows Run #5 (Table 4.5), 

one of the three substrates, Runs #1 #3 and #5, showing aligned growth in the trial.  All 

three growths were on the catalyst layer with a higher percent of titanium.  It also shows 

where Van der Waals forces pulled the CNTs together displaying the CNTs below the top 

of the growth. 

Comparing the temperature between runs only one of the 500
o
C growths, Run #3 

(Table 4.5), showed aligned CNTs with low damage and a good growth density.  It was 

the only run that had a high titanium percentage, and high plasma power with low temp.  

Runs #4, #6, and #8 (Table 4.5) all had lower temperatures and grew few CNTs.  Figure 

Temperature PECVD Power

C W W (Ni) W (Ti)

1 650 200 40 25

2 650 200 50 25

3 500 200 40 25

4 500 200 50 25

5 650 100 40 25

6 500 100 40 25

7 650 100 50 25

8 500 100 50 25

Catalyst Deposition Power

Run #
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4.18a displays the effect of poor adhesion on CNT growth caused by low weight percent 

titanium in nickel, grown during Run #4.  It had a high power; however a low titanium 

percentage caused poor adhesion leading to poor growth on the run.  The two 650 
o
C 

experiments, Run #1 and #5, with higher titanium weight percent showed high density 

aligned CNT growth, displayed in Figure 4.18b.   

 

 

Figure 4.18 (a) CNT growth Run # 2 (Table 4.5) low titanium composition resulted in very poor CNT growth. (b) 

Aligned CNTs grown on Run #5 (Table 4.5), displaying Van der Waals forces. 
   

Catalyst composition clearly was the most significant factor affecting CNT 

growth.  Every run, #2, #4, #7, and #8, with a lower weight percent of titanium had little 

to no CNT growth.  Two of the runs began to show the catalyst beginning to lose 

adhesion, slightly flaking off at the edges.  It is suspected that the poor adhesion affected 

the growth of the CNTs even when the catalyst remains on the substrate.  It should also 

be noted that every run with the slightly higher weight percentage of titanium showed 

dense CNT growth.   

Growth power during this study did not seem to have a significant effect on the 

CNT characteristics.  Aligned CNTs and unaligned CNTs grew at both low and high 
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powers.  However when the three inhibiting conditions were combined, low temperature, 

low power, and low titanium percentage the least CNT growth was recorded.  It is 

expected that the growth power has a significant enough effect causing the dissociation 

reaction in the gas phase of the carbon species.  Temperature and catalyst composition 

were clearly the two parameters that had the most significant effect on CNT growth.  This 

small study showed how a small change in the weight percent of titanium in nickel could 

cause a significant effect in the formation of CNTs.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

5.1. Conclusions 

Aligned fields of CNTs were successfully synthesized on cosputtered nickel 

titanium catalysts without a sublayer.  The effect of the alloyed catalyst was analyzed and 

deemed to have a significant role in the growth of CNTs.  Removing the sublayer 

previously necessary for adhesion significantly altered the morphology of the catalyst 

increasing CNT growth and alignment.  

Catalysts were deposited via physical vapor deposition using an IBS or a 

magnetron sputtering system.  Initially aluminum was used as a sublayer with a catalytic 

nickel layer deposited on top, aluminum was deemed unsuitable for CNT growth due to 

its melting point.  Titanium replaced aluminum as the sublayer using the same catalytic 

film of nickel.  Dense fields of CNTs grew however they were unaligned and had poor 

uniformity across the substrate.  Alloys created by cosputtering nickel and titanium were 

investigated and proved to be a viable catalytic layer to grow CNTs on.  The titanium 

sublayer was analyzed and suspected to be inhibitory to CNT growth due to poor catalyst 

surface morphology.  The titanium layer was removed and a nickel titanium alloy was 

cosputtered directly onto the boro-aluminosilicate glass substrates.   

Results from the single catalytic layer confirm the hypothesis of CNT inhibition 

via titanium sublayer.  Surface morphology showed significantly smaller catalytic sites.  

Aligned forests of CNTs grew under multiple conditions on two different catalytic alloy 

concentrations.  The films were also analyzed for adhesion to the boro-aluminosilicate 

glass substrates.  Low concentrations of titanium in nickel proved to increase adhesion of 
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the nickel catalyst to the substrate.  The project proved to increase adhesion, removed a 

deposition step, while significantly enhancing the catalyst morphology and synthesizing 

aligned forests of CNTs  

 

5.2. Recommendations for Future Work 

Processing CNTs on cosputtered materials has not widely been examined or 

experimented with.  Further investigation should focus on first fine tuning Ni/Ti alloys 

and getting perfectly aligned forests of CNTs.  Alloys have unique properties and could 

possibly create a innovative way to alter and control CNT growth.  The weight 

percentage of titanium in nickel affects the adhesion of the films.  Finding access to a 

piece of equipment that could measure the films adhesion would allow a researcher to 

find the percent of titanium required for proper adhesion of the nickel catalyst to the 

substrate.  Advances in both weight percent and film thickness have the ability to grow 

perfectly aligned fields of CNTs.  It has been theorized that catalyst particle size could be 

controlled by cosputtering the catalyst with a blocking metal.  A limiting factor for CNTs 

in the electronics industry is the non-uniformity of the CNT fields.  Being able to 

cosputter a catalyst that can both control the diameter but also control adhesion would be 

a highly sought out technology in industry.  

The development of new alloys for CNT growth by adding different catalyst and 

inert metals while cosputtering could drastically change CNT formation.  Subsequent 

growth should be analyzed on different alloys with varying weight percentages.  The 

change from titanium to a different material could increase adhesion or enhance control 

over CNT diameter.  Adding another power supply to the Orion 4 sputtering system 



84 
 

would enable an alloy of three metals further adding to the control of CNT growth.  It 

could also lead to further pursuing ITO, the material that induces chirality in CNTs.  

Further analysis on the CNTs would greatly benefit the use of ramen spectroscopy 

and electron probe micro analysis (EPMA).  Ramen spectroscopy would enable the 

analysis of disorder in the CNTs showing slight damage or growth issues that may occur.  

Further analyzing CNTs helps to understand how they grow giving insight on what 

parameters to alter to increase CNT growth characteristics.  EPMA would allow for the 

exact measurement of the catalyst alloy concentration.  Concentrations calculated based 

on deposition rates are accurate but should be checked using another measurement 

device. 
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APPENDIX A: PECVD SYSTEM DESCRIPTION AND TEMPERATURE CALIBRATION 

The AutoEtch 590 is a fully automated, plasma etcher, originally designed to dry etch oxides.  

The AutoEtch 590 is configured to process 4” silicon wafers.  Process parameters are set by the 

operator through a graphical user interface.  An automated closed-loop radio frequency 

matching system rapidly adjusts impedance values to maximize power to the plasma. 

 

 

Figure A.1 LAM AutoEtch 590 major assembly schematic; CRT display not pictured91. 

 

 
Figure A.2 LAM AutoEtch 590 process chamber assembly schematic91. 
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Table A. 1 Major components and features of the LAM AutoEtch 59091. 

Component Features 

Operator Interface  Keyboard allows parameter input 

 CRT displays setpoints and current values 

 CRT is hinged to allow visual access to chamber 

Wafer Transport  Automated belt drive 

 Entrance and exit airlocks 

Electrodes  Graphite construction 

 Process gasses flow through manifold in upper electrode 

 Actuating upper electrode for gap adjustment 

 Thermocouple monitors lower electrode temperature 

RF Generator  ENI Power Supply 

 1250W generator at 13.56 MHz 

 Output impedance of 50 ohms 

RF Match System  Matches plasma impedance to RF generator 

 Two air-gang capacitors controlled in a closed-loop 

 Accounts for changes in power, electrode gap, gas 

mixture, and chamber pressure 

External Pumps  Chamber pumps: Leybold TRIVAC D40 in series with Leybold 

RUVAC WSU250 

 Airlock pump: Leybold TRIVAC D40 

Throttle Valve   Butterfly-style valve controls chamber pressure 

 Controller receive signal from a capacitance manometer 

Gas System  Capable of regulating five gas flows 

 Flow rates set on recipe page of user interface 

 Fail-safe diverts gas flow to chamber vacuum manifold 
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Figure A.3 Calibration curves for resistive heater in plasma chamber. Two calibration curves were produced: 1) no gas 

flow and an operating pressure of 60 mTorr, and 2) 100 sccm of Ar at an operating pressure of 3.0 Torr91. 
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APPENDIX B: GCF CALCULATIONS AND TABLE PROVIDED BY MANUFACTURER 

Converting from one gas to another requires Equation B.1.92  

 1 1

2 2

GCF V

GCF V
  B.1 

For example, PECVD has to be converted from SF6 to NH3. Equation B.2 displays how you would 

calculate the input flow rate of SF6 for 150 sccm NH3. 

 6

0.26
53 ( )

0.73 150

x
x sccm SF

sccm
 

 (2.2) 

The result of the calculation, 53 sccm, is the flow rate of SF6 that is input into the PECVD 

computer. When NH3 is utilized on that specific MFC it will have a flow rate of 150 sccm. 
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Table B.1 GCFs and subsequent values used to calculate the correction factors92. 
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APPENDIX C: MAGNETRON SPUTTER DEPOSITION PARAMETERS 

Table C.1 List of all pure catalyst depositions with a sublayer completed on the magnetron sputter deposition tool. 

 

 

Table C.2 List of all alloy catalyst depositions with and without a sublayer completed on the magnetron sputter 

deposition tool. 

 

 

  

Temperature Power Thickness Press Time Temp Power Thickness Pressure Time

C W nm mTorr min C W nm mTorr min

1 7/30/2008 17 250 105 10 20 17 100 14 20 10

2 8/22/2008 17 250 63 20 20 17 100 14 20 10

3 8/26/2008 17 250 105 10 20 17 75 11 20 10

4 8/28/2008 17 250 105 10 20 17 100 17 10 10

5 9/2/2008 17 250 105 10 20 17 75 11 20 10

6 9/17/2008 17 250 105 10 20 17 50 7 20 10

7 9/18/2008 17 250 105 10 20 17 75 5.5 20 5

8 9/19/2008 17 250 63 20 20 17 75 11 20 10

9 10/21/2008 17 250 105 10 20 17 35 9 20 20

10 10/30/2008 17 250 63 20 20 17 75 11 20 10

11 10/31/2008 17 250 63 20 20 17 75 11 20 10

Titanium Nickel

Run # Date

Temperature Power Thickness Pressure Time Temp Power (Ti/Ni) Thickness Pressure Time

C W nm mTorr min C W nm mTorr min

12 11/18/2008 17 250 27 20 10 17 250/150 50 20 10

13 11/24/2008 17 250 27 20 10 17 250/100 42 20 10

14 11/25/2008 17 250 27 20 10 17 250/200 56 20 10

15 12/8/2008 17 250 27 20 10 17 250/175 53 20 10

16 12/11/2008 N/A N/A N/A N/A N/A 17 200 (Ni) 58 20 20

17 12/17/2008 17 200 21 20 10 17 200/200 50 20 10

18 1/5/2009 17 250 27 20 10 17 250/200 56 20 10

19 1/7/2009 17 200 21 20 10 17 200/250 57 20 10

20 3/9/2009 17 200 21 20 10 17 200/250 85 10 10

21 3/12/2009 17 200 43 20 20 17 100 (Ni) 14 20 10

22 4/6/2009 17 200 43 20 20 17 75/250 18 10 3

23 4/6/2009 17 250 53 20 20 500 250/200 56 20 10

24 4/9/2009 17 250 105 10 20 17 75/100 22 20 10

25 4/13/2009 17 250 105 10 20 17 75 (Ni) 11 20 10

26 4/15/2009 17 250 105 10 20 17 50/75 16 20 10

27 4/24/2009 17 250 105 10 20 17 25/40 37 5 40

28 5/18/2009 17 250 105 10 20 17 25/50 45 5 40

29 5/26/2009 N/A N/A N/A N/A N/A 17 40/25 42 5 40

30 5/27/2009 N/A N/A N/A N/A N/A 17 25/40 37 5 40

31 5/27/2009 N/A N/A N/A N/A N/A 17 40 (Ni) 35 5 40

32 5/28/2009 N/A N/A N/A N/A N/A 17 25/50 39 5 35

33 8/21/2009 N/A N/A N/A N/A N/A 17 35/50 49 5 40

34 8/27/2009 N/A N/A N/A N/A N/A 17 25/40 56 5 60

35 9/3/2009 N/A N/A N/A N/A N/A 17 25/40 46 5 50

36 9/3/2009 N/A N/A N/A N/A N/A 17 25/40 28 5 30

37 9/28/2009 N/A N/A N/A N/A N/A 17 60/60 94 5 40

Titanium Ti/Ni Codeposition

Run # Date
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APPENDIX D: CNT GROWTH PARAMETERS ON PECVD 

Table D.1 List of all CNT growths attempted on the PECVD during the study. 

 

Temperature Heater V Press NH3 C2H2 Power Time Catalyst Power Time NH3 Temp

C V Torr Sccm Sccm W min # W min sccm C

1 6/28/2007 710 N/A 3 80 20 200 30 Al/Ni N/A N/A N/A N/A

2 6/30/2007 750 N/A 1 80 20 200 30 Al/Ni N/A N/A N/A N/A

3 7/6/2007 650 N/A 3 80 20 200 30 Al/Ni N/A N/A N/A N/A

4 7/9/2007 750 29.4 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

5 7/10/2007 700 29.8 3 50 20 200 30 Al/Ni N/A N/A N/A N/A

6 7/11/2007 700 28.8 1 50 20 200 30 Al/Ni N/A N/A N/A N/A

7 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

8 7/23/2007 750 29.1 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

9 7/25/2007 750 32 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

10 8/1/2007 750 30.2 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

11 8/1/2007 700 29 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

12 8/13/2007 650 27.4 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

13a 8/20/2007 650 29 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

13b 8/20/2007 650 29 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

14a 8/21/2007 750 29.9 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

14b 8/21/2007 750 29.9 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

15a 8/22/2007 750 31.1 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

15b 8/22/2007 750 31.1 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

16a 8/22/2007 650 26.4 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

16b 8/22/2007 650 26.4 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

17a 8/23/2007 750 32 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

17b 8/23/2007 750 32 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

18a 8/29/2007 650 27.2 3 80 50 200 30 Al/Ni N/A N/A N/A N/A

18b 8/29/2007 650 27.2 3 80 50 200 30 ITO/Ni N/A N/A N/A N/A

19 4/10/2008 750 32 3 80 50 200 30 Al/Ni 200 0.5 20 23

20 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

21 4/24/2008 750 N/A 3 80 20 200 30 Al/Ni N/A N/A N/A N/A

22 4/24/2008 750 N/A 3 80 20 200 30 Al/Ni 50 3 50 750

24 8/21/2008 750 31.9 3 50 50 250 30 1 75 1 50 750

25 8/25/2008 750 31.5 3 50 50 250 30 2 75 1 50 750

26 8/27/2008 750 32 3 50 50 250 30 3 75 1 50 750

27 9/2/2008 750 32 3 50 50 250 30 4 75 1 50 750

28 9/3/2008 750 32 3 50 50 250 30 5 75 1 50 750

29 9/16/2008 750 32.1 3 50 50 250 30 3 75 1 50 750

30 9/17/2008 750 32 3 50 50 250 30 6 75 1 50 750

31 9/18/2008 750 32.7 3 50 50 250 15 7 75 1 50 750

32 10/6/2008 750 32.8 3 50 50 250 15 8 75 1 50 750

33 10/9/2008 750 32.5 3 50 50 250 15 3 75 1 50 750

34 11/11/2008 750 32 3 50 50 250 15 10 75 1 50 750

35 11/14/2008 750 32.1 3 50 50 250 15 11 75 1 50 750

36 11/19/2008 750 32 3 50 50 250 15 12 75 1 50 750

37 11/24/2008 750 32.2 3 50 50 250 15 13 75 1 50 750

38 12/2/2008 750 31.5 3 50 50 250 15 14 75 1 50 750

39 12/4/2008 750 N/A 3 50 50 250 15 14 75 1 50 750

40 12/10/2008 750 31.3 3 50 50 250 10 14 75 1 50 750

41 12/12/2008 750 31.6 3 50 50 250 10 15 75 1 50 750

CNT Growth parameters Pre-Etch with NH3

Run # Date



101 
 

Table D.1 Continued 

 

 

Temperature Heater V Press NH3 C2H2 Power Time Catalyst Power Time NH3 Temperature

C V Torr Sccm Sccm W min # W min sccm C

42 12/15/2008 750 31.6 3 50 50 250 10 16 75 1 50 750

43 12/18/2008 750 31.9 3 50 50 250 10 17 75 1 50 750

44 12/22/2008 750 N/A 3 50 50 N/A 20 13 N/A N/A N/A N/A

45 1/29/2009 750 28.4 3 50 50 250 10 18 75 1 50 750

46 2/4/2009 750 30 3 50 50 250 10 17 75 1 50 750

47 2/17/2009 750 30.2 3 50 50 250 10 19 75 1 50 750

48 2/23/2009 750 30 3 50 50 250 10 Trial 75 1 50 750

49 2/24/2009 750 29.9 3 50 50 250 10 16 75 1 50 750

50 2/25/2009 750 N/A 3 50 50 250 10 19 75 1 50 750

51 3/2/2009 750 30.8 3 50 50 250 10 19 75 1 50 750

52 3/3/2009 750 30.8 3 50 50 250 10 15 75 1 50 750

53 3/9/2009 750 N/A 3 50 50 250 10 20 75 1 50 750

54 3/10/2009 750 31.8 3 50 50 250 10 20 75 1 50 750

55 4/2/2009 750 32.1 3 50 50 250 10 21 75 1 50 750

56 4/3/2009 750 32.1 3 100 50 250 10 14 75 1 50 750

57 4/7/2009 750 31.9 3 50 50 250 10 22 75 1 50 750

58 4/8/2009 750 31.5 3 50 50 250 10 23 75 1 50 750

59 4/9/2009 750 31 3 50 50 250 10 24 75 1 50 750

60 4/13/2009 750 31.5 3 50 50 250 1 25 75 1 50 750

61 4/14/2009 750 31.3 3 50 50 250 2 25 75 1 50 750

62 4/16/2009 750 31.7 3 50 50 250 5 25 75 1 50 750

63 4/17/2009 750 31.3 3 50 50 250 10 26 75 1 50 750

64 4/17/2009 750 31.2 3 150 100 250 10 26 75 1 50 750

65 4/20/2009 750 32.2 3 150 100 200 10 26 75 1 50 750

66 4/23/2009 750 32.2 3 150 100 200 10 26 75 1 50 750

67 4/27/2009 750 32.1 3 150 100 200 10 27 75 1 50 750

68 4/27/2009 650 27.1 3 150 100 200 10 27 75 1 50 600

69 4/28/2009 650 27.5 1.7 150 100 200 10 27 75 1 50 600

70 5/20/2009 650 28 3 150 100 200 10 28 75 1 50 600

71 5/26/2009 650 27 3 150 100 200 10 29 75 1 50 600

72 5/27/2009 650 28.1 3 150 100 200 10 30 75 1 50 600

73 5/28/2009 650 26.3 3 0 100 200 10 32 75 1 50 600

74 5/28/2009 650 27 3 150 100 200 10 32 75 1 50 600

75 5/29/2009 500 20.3 3 150 100 200 10 30 75 1 50 500

76 6/1/2009 500 21 3 150 100 200 10 32 75 1 50 500

77 6/1/2009 650 27.9 3 150 100 100 10 30 75 1 50 600

78 6/2/2009 500 21.3 3 150 100 100 10 30 75 1 50 500

79 6/3/2009 650 27.4 3 150 100 100 10 32 75 1 50 600

80 6/4/2009 500 21.4 3 150 100 100 10 32 75 1 50 500

81a 8/26/2009 650 27 3 150 100 200 5 30 75 1 50 650

81b 8/26/2009 650 27 3 150 100 200 5 33 75 1 50 650

82 8/31/2009 500 21 3 150 100 200 5 30 75 1 50 500

83 8/31/2009 550 23.5 3 150 100 200 5 30 75 1 50 550

84 8/31/2009 600 25.2 3 150 100 200 5 30 75 1 50 600

85 9/1/2009 650 27.7 3 150 100 200 5 30 75 1 50 650

86 9/1/2009 700 29.2 3 150 100 200 5 30 75 1 50 700

Run # Date

CNT Growth parameters Pre-Etch with NH3
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Table D.1 Continued 

 

 

Temperature Heater V Press NH3 C2H2 Power Time Catalyst Power Time NH3 Temperature

C V Torr Sccm Sccm W min # W min sccm C

87 9/4/2009 650 25.31 3 150 100 200 1 30 75 1 50 650

88 9/6/2009 650 26.5 3 150 100 200 5 36 75 1 50 650

89 9/7/2009 650 26.7 3 150 100 200 5 35 75 1 50 650

90 9/7/2009 650 26.6 3 150 100 200 5 34 75 1 50 650

91 9/18/2009 650 26.1 3 150 100 200 5 30 75 1 50 650

92 9/22/2009 650 27 3 150 100 200 5 30 75 1 50 650

93 9/22/2009 650 27 3 150 100 200 5 30 75 1 50 650

94 10/1/2009 650 26.5 3 150 100 200 5 37 75 1 50 650

95 10/6/2009 650 26.7 3 150 100 200 5 30 75 1 50 650

96 10/6/2009 650 26.5 3 150 100 200 10 30 75 1 50 650

97 10/7/2009 650 26 3 150 100 250 10 30 75 1 50 650

98 10/8/2009 650 25.6 3 150 100 300 10 30 75 1 50 650

99 10/13/2009 650 26.7 3 150 100 200 10 30 75 1 50 650

100 10/14/2009 650 26.6 3 150 75 200 10 30 75 1 50 650

101 10/16/2009 650 27 3 150 50 200 10 30 75 1 50 650

102 11/4/2009 650 26.5 3 150 100 200 5 30 75 0:30 50 650

103a 11/6/2009 650 27 3 150 100 200 5 30 75 0:30 50 650

103b 11/6/2009 650 27 3 150 100 200 5 39 75 0:30 50 650

104a 11/8/2009 650 26 3 150 100 200 5 30 N/A N/A N/A 650

104b 11/8/2009 650 26 3 150 100 200 5 39 N/A N/A N/A 650

105 11/9/2009 650 28.6 3 150 100 200 5 30 75 0:15 50 650

CNT Growth parameters Pre-Etch with NH3

Run # Date


