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PLASMA ENHANCED GROWTH OF CARBON NANOTUBES 
 
 

1 INTRODUCTION AND LITERATURE REVIEW 

1.1 Carbon Nanotubes 
 

Carbon nanotubes (CNTs) were discovered sixteen years ago by Sumio Iijima, a 

researcher at the NEC Corporation1.  Most basically, a CNT is a graphite sheet that has 

been rolled up to form a hollow cylinder.  Depending on the direction of the roll, different 

CNT structures are formed; the zigzag and armchair rolling orientations are depicted in 

Figure 1.1A.  Like graphite, bonds in a CNT are essentially sp2; however, the tube-shape 

curvature causes a delocalization of the π orbital.  It is this delocalization that causes 

carbon nanotubes to have unique properties, including: high mechanical strength, 

electrical conductivity, and thermal conductivity.  A CNT comprised of a single rolled 

sheet of graphite is referred to as a single-walled nanotube (SWNT), whereas a multi-

walled nanotube (MWNT) is made up of multiple, concentric SWNTs.  The structures of 

SWNTs and MWNTs are shown in Figure 1.1B and Figure 1.1C, respectively.  

 

Figure 1.1 The structures of a carbon nanotube.  A) Graphite sheet with direction of CNT 
rolling shown2.  B) 3-D structure of a SWNT3.  C) 3-D structure of a MWNT4. 
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Due to their size and nature of structure, CNTs have many interesting electrical 

properties.  Defect-free CNTs exhibit remarkable quantum effects and may potentially be 

used as quantum wires.  CNTs can also be use in electronic devices (i.e. transistors and 

memory) since they exhibit semiconductive properties with high electron mobility and 

strong field effects.  These properties may also be exploited as the CNT is integrated into 

sensors, field emitters, batteries, and other devices. 

The mechanical properties of CNTs are also of great interest.  The delocalized π 

bonds caused by the circular curvature of the CNT lead to an extremely high Young’s 

modulus.  Experiments have shown that CNTs are stiffer than diamond, another carbon-

based structure.  With a density approximately three times smaller than that of steel, 

CNTs could be used as a structural additive in lightweight composites.  A summary of 

potential applications grouped by CNT property is provided in Table 1.1. 

 

Table 1.1 Potential CNT applications listed by CNT property5  
 

Property Group Potential Applications 

Mechanical 
Strong composites 

Nanoprobes/Nanotweezers 
  

Chemical 

Gas molecule sensors 
Pressure gauges 

Flow sensors 
Electrodes in electrochemical cells 

Biosensors 
  

Field Emission 
Flat panel displays 
X-ray generators 

  

Electrical 
Memory 

Transistors 
Integrated circuits 
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1.2 Methods of CNT Growth 

Early growth techniques of CNTs include arc discharge and laser ablation.  In an 

arc discharge, a potential is applied to two graphite electrodes that are mounted in a low 

pressure, helium atmosphere.  Carbon from the anode is transferred via the arc to the 

cathode and deposited as nanotubes.  Laser ablation, which was originally used to 

produce fullerenes, uses a high powered laser to vaporize a graphite sample.  The 

graphite sample is located in a high temperature, argon atmosphere, and CNTs are 

formed when the carbon vapor condenses.  While both arc discharge and laser ablation 

produce high purity CNTs, they require temperatures upwards of 1200°C and are not 

capable of mass-production of site-specific CNTs. 

Chemical vapor deposition (CVD) is one method in which high density, patterned 

growth is attainable.  In a CVD reaction, a growth substrate is first heated in a reaction 

chamber, typically a quartz tube, then subjected to a flow of a carbon containing 

precursor gas, such as CO, CH4, or C2H2.  A diagram of a typical CVD reactor is 

provided in Figure 1.2.  The thermal energy, while not great enough to dissociate the 

precursor gas, provides the activation energy for catalytic dissociation.  Transition metals, 

including Fe, Ni, Co, and Mo have been found to act as catalysts for growth in CVD 

reactions.  By patterning the catalyst on the surface of the substrate, site-specific growth 

of CNTs can be attained. 
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Figure 1.2 Typical chemical vapor deposition reactor. 
 
 
 

Plasma enhanced CVD (PECVD) is similar to thermal CVD, except that electrical 

energy is coupled directly to the gas molecules present in the reactor, versus thermally 

transferring energy through the walls.  This energy transfer is highly efficient and causes 

changes in the chemistry of the precursor gas.  A diagram of a typical PECVD reactor is 

provided in Figure 1.3.  PECVD creates an environment capable of providing the 

activation energy required for CNT growth at temperatures much lower than those used 

in thermal CVD.  Growth at temperatures as low as 120°C has been reported6. Low-

temperature growth is extremely important for potential applications in which the 

substrate material may become damaged at high temperature. 
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Figure 1.3 Typical plasma enhanced chemical vapor deposition reactor.  Note: the 
resistive heating element can be located either above or below the lower electrode. 
 
 

1.3 Plasma Processes 

A plasma is a partially ionized gas.  Because a plasma contains charged particles, it 

is capable of conducting electricity.  Glow discharge plasmas, characterized by a low 

concentration of ionized gas (on the order of one part per million), are used extensively in 

the semiconductor industry, and are the focus of this discussion.  The species present in a 

glow discharge plasma include: stable atoms and molecules, reactive neutral free radicals, 

metastables, ions, and free electrons.  While glow discharge plasmas consist mainly of 

stable species, the charged particles, along with the reactive neutrals, are what dominate 

the chemical processes and behavior of the plasma. 

Plasmas are formed by coupling electrical energy to a gas, which is accomplished 

by applying an electrical field to the gas.  Once ionized, the charged particles are 
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accelerated by the electric field.  Applying conservation of momentum, it can be shown 

that most of the energy is coupled to the electrons because their mass is orders of 

magnitudes less than that of a gas ion.  The high energy electrons travel at extremely high 

speeds and repeatedly collide into other species present in the plasma, and thus attain a 

distribution of energies.  The average energy of the electrons is much greater than that of 

the ion/neutral energies, thus, a plasma can be considered a non-equilibrium system.  By 

relating the average kinetic energy of a particle to its thermal energy, a particle’s 

“temperature” can be found.  Free electrons in a plasma have a temperature on the order 

of 104ºC, while ions are much “cooler”, with temperatures on the order of 101 to 102 ºC.  

This non-equilibrium system can be exploited to perform chemistry at very low 

temperatures. 

Because the free electrons in a plasma are moving much faster than the ions, the 

impingement flux of the electrons is much greater than that of the ions.  The difference in 

impingement flux between the oppositely charged species causes a net negative charge to 

build up on any surface located in a plasma; the region of negative charge is referred to as 

the sheath.  Positive ions from the plasma bulk are attracted to the negative sheath and are 

accelerated towards the surface.  Because of the nature of the sheath’s electric field, the 

ions are accelerated in a direction perpendicular to the surface.  Ion bombardment is the 

process in which an ion is accelerated through the sheath, where it collides with the 

surface.  While this process can be detrimental to a surface, the energy transferred from 

the ion to the surface may beneficially affect the chemistry between the plasma species 

and the surface itself. 
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When a free electron undergoes an inelastic collision with a large species present in 

the plasma, a number of processes can occur.  Ionization occurs if the free electron 

transfers sufficient energy to dislodge another electron from a neutral species.  An 

example of ionization is shown in Equation 1, where X2 represents a generic diatomic gas 

molecule. 

−+− +→+ e2XXe 22    Eq. 1 

Dissociation may occur if a free electron collides with a neutral molecule, causing it 

to split into two neutral species.  An example of dissociation is shown in Equation 2. 

−− +→+ eX2Xe 2    Eq. 2 

Dissociation typically requires less energy than ionization.  Based on the distribution of 

electron energies, the dissociation process occurs more frequently than the ionization 

process; therefore, the concentration of reactive free radicals is greater than the 

concentration of ions in a plasma. 

The energy transferred in an inelastic collision may also go into the excitation of a 

valence electron.  Relaxation of the electron to a lower state is accompanied by the 

release of a photon, with a wavelength characterized by the energy change.  The emission 

process is shown below in Equations 3 and 4.  X2(i) and X2(ii) represent the same 

diatomic gas molecule with an electron in a primary and secondary energy state, 

respectively. 
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−− +→+ e)ii(X)i(Xe 22   Eq. 3 

ν+→ h)i(X)ii(X 22    Eq. 4 

The light from the emission processes not only gives a plasma its characteristic 

“glow”, but also provides a unique fingerprint that can be analyzed for determination of 

the species present in a system. 

 

1.4 CNT Growth Mechanisms via CVD and PECVD 

The reaction mechanisms and rate limiting steps inherent in CNT growth are very 

similar to those found in thin film deposition.  The deposition of a thin film constitutes a 

series of processes, as depicted in Figure 1.4: 

 

 

Figure 1.4 Generic thin film formation reaction scheme.  1. reactants transport from the 
bulk to the surface through a boundary layer, 2. reactants adsorb on the surface, 3. a 
series of surface reactions occur to form the thin film, 4. byproducts of the reactions 
desorb from the surface, 5. the byproducts transport through the boundary layer to the 
bulk. 

 

In CVD growth of CNTs, the carbon-containing precursor gas, or a pyrolyzed form 

of the gas, must diffuse to the catalytic surface7.  Once at the surface, the hydrocarbon is 
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believed to react with catalytic particles.  Diffusion of the hydrocarbon eventually 

saturates the particles, at which point, carbon precipitates from the metal-hydrocarbon 

species.  Depending on the adherence of the carbon-saturated metal particle to the 

metallic thin film, there are two possible growth mechanisms: base and tip growth.  Base 

growth arises when the particle remains on the catalyst surface and the CNT grows 

outward from the particle.  Tip growth occurs when the saturated metal particle detaches 

from the surface and travels at the tip of the growth regime.  The growth mechanism of 

CNTs via CVD is shown in Figure 1.5.  The base growth mechanism is shown as step 

4A; while the tip growth is shown in step 4B. 

 

 
Figure 1.5 Carbon nanotube growth mechanism.  1. diffusion of carbon containing gas to 
catalyst surface, 2. adsorption onto surface, 3. diffusion of carbon into metal particle, 4A. 
CNT formation via base growth, 4B. CNT formation via tip growth, 5. diffusion of 
hydrogen to bulk gas. 

 

The growth mechanism of CNTs in a plasma is dependent on many factors 

including substrate and catalyst material, surface temperature, and plasma conditions8.  

Catalysts exhibiting stronger adhesion to the substrate, such as Fe, tend to follow the base 

growth mechanism8.  Typically, when Ni is used as the growth catalyst in a plasma-
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enhanced process, the tip-growth mechanism is followed9.  The precipitated carbon can 

take on the form of SWNTs, MWNTs, or carbon fibers, depending on the catalytic 

surface energies.  In the case of PECVD, the carbon-containing free radicals, along with 

atomic hydrogen, may be capable of forming the metal-carbon interface at much lower 

temperatures than in thermal CVD.  Ion bombardment at the catalytic surface may also 

play a role in increasing the catalytic surface energy10. 

There are certain drawbacks to growth of CNTs via PECVD.  The free radicals in 

the plasma can deposit on the surface of the catalyst in the form of amorphous carbon.  

Amorphous buildup can poison the catalyst and restrict CNT growth.  In order to 

counteract this issue, most PECVD growth experiments utilize a dilutant gas, such as H2 

or NH3.  The dilutant gas not only decreases the concentration of the carbon containing 

free radicals, but may also act to etch away any amorphous carbon that deposits on the 

surface.  PECVD growth is possible throughout the pressure range typical to plasma 

systems, but is usually conducted between 1 and 20 Torr.  Processing at lower pressures 

decreases the growth rate. 

 

1.5 Seminal Studies 

Early attempts at growth of CNTs in a plasma were aimed at production of well-

aligned CNTs rather than production at a temperature below those used in CVD growth11.  

As the experience and understanding of CNT growth in a plasma expanded, groups began 

pursuing low temperature PECVD growth6,12,13.  As is the case with thermal CVD, 

sufficient energy must be provided to the transition metal catalyst before CNT growth 

can occur.  While the energy coupled to the free electrons in a PECVD system is capable 
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of altering the chemistry of the species in the plasma, it was found that direct heating of 

the growth substrate is also required to nucleate nanotubes.  While the typical substrate 

temperature for PECVD is approximately 600ºC14,15,16,17, temperatures as low as 120ºC 

have been reported6.  Low temperature growth is extremely important if CNTs are to be 

grown on substrate with low melting points, such as plastics.  In recent years, researchers 

have utilized the low temperature processing parameters to grow CNTs on flexible 

polymer substrates18. 

While temperature plays an important role in the activation of the catalyst, many 

groups found that a smooth catalyst layer would not nucleate CNT growth, even at high 

temperatures.  Methods, such as physical scratching16 and plasma pretreatment15 were 

employed to disrupt the continuous surface and form small nucleation sites.  In addition 

to chemical pretreatment, deposition of an inert metal underlayer prior to catalyst 

deposition was found to influence the size and shape of the catalyst particles.  

Underlayers of Al, Ir, Nb, and Ti have successfully yielded CNT growth with no 

additional pretreatment19. 

Recently, ultra-high-yield growth of CNTs has been reported using a downstream 

PECVD (DSPECVD) reactor20.  In a DSPECVD system, the hydrocarbon feedstock is 

subjected to an electric field at the entrance of the reactor; the species formed in the 

resulting plasma are allowed to flow downstream to the heated substrate, where CNT 

growth occurs.  DSPECVD effectively removes the effects of ion bombardment, as the 

substrate is not located in an electric field.  In the same study, oxygen was found to play a 

critical role in the removal of reactive hydrogen species, which destroy CNTs, from the 

feedstock.  The oxygen was also found to etch any amorphous carbon that was deposited 
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on the catalyst surface.  The removal of these detrimental effects, which are present in a 

traditional PECVD system, resulted in CNT growth rate of ~1um/min, nearly two times 

faster than the growth rate reported in previous studies.  Water, which functions similarly 

to oxygen in the scavenging of hydrogen radicals and etching of carbonaceous deposits, 

has more recently been used in a traditional PECVD system to grow SWNTs at low 

temperatures (~450 ºC)21.  A pictorial summary of important CNT growth via PECVD 

findings is presented in Figure 1.6.  

In 1.6A, results from a low-temperature growth study6 are presented.  Acetylene 

diluted in ammonia was used to grow CNTs on a silicon substrate with a 6 nm-thick 

catalytic layer.  At 500°C, a growth rate of ~3 nm/s was reported.  The growth rate 

decreased to ~0.04 nm/s when the temperature was reduced to 120°C.  At low 

temperatures the growth exhibited an amorphous structure more representative of carbon 

nanofibers (CNFs) than CNTs. 

The results from the study shown in 1.6A were used to grow CNTs on a flexible 

polymer substrate18 (Figure 1.6B).  A polyimide foil was coated with an inert underlayer 

of chromium, followed by a catalytic layer of Ni.  Growth was carried out in a DC 

plasma at 200°C.  The low temperature did not degrade or bend the substrate material.  

The result established a method of flexible field emitter fabrication suitable for display 

production and integration of nanotubes into plastic electronics. 

Figure 1.6C shows CNTs grown by DSPECVD20.  In this study, the removal of ion 

bombardment effects and addition of H-scavenging oxygen species yielded high density 

SWNT forests (C1).  Interactions between nanotubes affect the shape of the forest, as 

seen in C2. 
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Figure 1.6D shows the effect of water addition to a traditional PECVD system21.  

Transmission electron microscopy (TEM) analysis of the CNTs grown in this study 

revealed that the process yielded ultra-high purity SWNTs (D1), however the surface 

density of the growth was limited (D2). 
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B1 B2

C1

D1

C2

D2

A. Low-temperature growth
6

(2003)

1. T = 500ºC (scale bar = 1 um)

2. T = 120ºC (scale bar = 0.5 um)

B. Growth on flexible substrate
18

(2003)

1. Line of CNTs on polyimide 

(scale bar = 1 um)

2. Patterned growth on polyimide 

(scale bar = 100 um)

C. Growth in DSPECVD
20
(2005)

1. Side view of dense CNT forest

2. Macroscopic geometry of CNT 

forests

D. Water assisted PECVD
21

(2005)

1. TEM image of CNTs

2. Surface density of CNTs

A1 A2

 

Figure 1.6 Pictorial summary of CNT growth via PECVD. 
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1.6 Influence of Important Growth Parameters 

A correlation between catalyst particle size and resultant nanotube diameter has 

been shown; thinner films lead to smaller particles and tube diameters22.  This effect is 

shown in Figure 1.7.  For CNT growth, catalyst film thickness is typically less than 

20nm.  Post-deposition processing (plasma etching, ion bombardment, etc.) of the 

catalyst film may further reduce grain size and ensure the formation of nucleation sites.  

Deposition of inert metal underlayers also achieves the same result.   

 

  

Figure 1.7 Effect of catalytic layer thickness on CNT diameter. Graphic on left 
shows Ni islands on SiO2 after 15 min. anneal at 750°C; graphic on right shows 
resultant CNT growth.  Labels refer to pre-anneal Ni film thickness.  Images from 
Chhowalla et al.22  
 

Growth temperature has been found to influence growth rate and morphology22,23.  

The effect of temperature on CNT growth rate and morphology is shown in Figure 1.8.  

At lower temperatures (<700°C) growth rate increases with increasing temperature, with 

an activation energy of 0.56 eV22.  Low temperature also favors the deposition of 

amorphous carbon and can cause bamboo-like growth morphology.  TEM revealed that 

the CNTs grown at 700°C had many more walls than those grown at higher and lower 

temperatures, which supports the evidence of a faster growth rate at 700°C.  At high 
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temperature (>800°C) growth rate decreases with increasing temperature.  The decrease 

in growth rate may be due to over-nucleation of catalyst particles caused by the increased 

temperature; while surface energetics are increased at high temperatures, larger catalyst 

islands may hinder the growth of CNTs and cause unaligned CNT growth.   

 

 

Figure 1.8 Effect of temperature on growth rate and morphology.  CNTs grown 
on SiO2 substrates with Ni catalyst; plot shows average nanotube length versus 
inverse of growth temperature.  Images and plot from Chhowalla et al.22 

 
 

The C2H2:NH3 ratio has been found to influence both CNT growth rate and 

morphology22, with its effects being shown in Figure 1.9.  The ratio of the gasses 

determines the rate of the deposition and etch processes that occur in the plasma; C2H2 is 

responsible for deposition and NH3 is responsible for etching.  In a pure C2H2 plasma, 

only amorphous carbon is deposited on catalytic surfaces24.  When the feed is mostly 

NH3, etch processes dominate and growth is very slow.  Maximum CNT growth rates 

have been reported at C2H2 concentrations from 20-30%22.  At higher concentrations, the 

vertical nanotube growth cannot keep pace with the amount of carbon extruded through 

the metal catalyst, so the lateral growth below the metal particle dominates, giving rise to 

pyramidal structures of amorphous carbon22, as shown in Figure 1.9(d). 
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Figure 1.9 Effect of C2H2:NH3 ratio on CNT growth rate and morphology.  CNTs grown 
on SiO2 with Ni catalyst; NH3 flow and pressure held constant.  Note: lateral growth of 
amorphous carbon is present in images (c) and (d).  Images and plot from Chhowalla et 
al. 22 

 
 

The effect of total system pressure on CNT growth rate is shown in Figure 1.10.  

CNT growth rate increases as total system pressure increases.  At high pressures the 

number density of carbon-containing species in the plasma is large, leading to a fast 

growth rate.  As expected, the purity of the CNTs tends to decrease with increasing 

pressure, as amorphous carbon is more likely to deposit on the catalytic surface.   

 

 

 

 

 

Figure 1.10 Effect of total system pressure on CNT growth rate.  C2H2:NH3 ratio 
kept constant. Plot from Chhowalla et al. 22 
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2 EXPERIMENTAL METHODS 

2.1 Plasma CVD System 

A modified LAM AutoEtch 590 is used for PECVD growth of CNTs.  The 

AutoEtch was originally configured for high-volume etching of SiO2 on 4-inch silicon 

wafers.  The system is a parallel plate RF (13.56 MHz) plasma system; a detailed 

description of the plasma system, including equipment specifications and schematics, is 

provided in Appendix A. 

A resistive-element heater (GE Advanced Ceramics, HTR-1001) was added to the 

system chamber.  The heater consisted of a pyrolytic graphite heating element, coated 

with pyrolytic boron nitride; both of these materials are chemically inert to most 

corrosive gases, making this heater a good candidate for a plasma system.  The heater 

was installed directly on top of the lower electrode.  Power was supplied to the heater via 

a feedthrough installed on the chamber exhaust manifold.  The feedthrough was also used 

to carry the voltage signal from a Type K thermocouple to the outside of the chamber.  A 

schematic of the heater system is shown in Figure 2.1. 

 

Figure 2.1 Substrate heater and feedback control loop schematic 
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The temperature of the heating element, which was rated to 1500°C, was at first 

controlled by a feedback PI controller (OMEGA, CN9000A). The controller was not well 

suited for the extremely fast response time associated with a small heater, so temperature 

oscillations of 10-30°C were present when feedback control was used. In order to attain a 

more consistent temperature, the controller was removed from the loop and temperature 

was regulated solely by applied voltage.  Voltage-Temperature calibration curves were 

created and are provided in Appendix B. 

With the plasma on, the thermocouple acted as an antenna for the signal from the 

RF generator box.  This caused erroneous temperature readings from -200 to 1000ºC.  In 

order to resolve this issue, multiple measures were taken.  First, a capacitor was placed in 

parallel with the thermocouple tip.  The capacitor decreased the RF interference by acting 

as an impedance filter.  The rough size of the capacitor was determined from Eq. 5 and 

found to be ~0.01 uF. 

FF
Hzf

C µ
ππ

01.010174.1
10356.12

1

2

1 8
7

≈×=
×⋅

== −  Eq. 5 

Where  C  = capacitance (F) 
     f = frequency (Hz) 

Multiple capacitors near this value were tested until a stable, accurate temperature 

reading was obtained.  Second, the insulated section of the thermocouple lead was 

twisted in order to decrease the effects of the interference. Finally, the thermocouple lead 

was shielded and grounded to the wall of the chamber.  The resulting temperature reading 

in a plasma was estimated to be accurate within ±20 ºC. 
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The plasma system has multiple gas inputs/mass flow controllers (MFCs) that allow 

use of up to five process gasses.  MFCs operate based on the fundamental energy balance 

shown in Eq. 6. 

  pQ nC T= ∆ɺ     Eq. 6 

Where Q = heat load (J) 

  nɺ  = molar flow rate (mol/s) 

  Cp = heat capacity (J/mol/K) 

  T∆  = temperature change (K) 

A portion of the incoming gas is diverted to a resistively-heated, small-bore tube.  The 

flowing gas cools the heated tube and the temperature differential is measured.  Based on 

this differential, the gas heat capacity, and the heat load supplied to the heating element, 

the flow rate of the gas can be determined.  Because the heat capacity and density are 

different between gasses, most MFCs utilize gas correction factors (GFCs) for 

determining flow rates.  Typically, N2 is used as a reference gas in the calculation of 

GFCs.  Calculation of GFCs differ slightly between MFC manufacturers; Eq. 7 is taken 

from the MKS Manual25.  The densities in the equation are taken at standard temperature 

and pressure (0°C, 1 atm) and S is the molecular structure correction factor (see 

Appendix C for values of S). 

S
C

C
GCF

xpx

NpN

x
,

, 22

ρ
ρ

=     Eq. 7 

The GFCs associated with each mass flow controller in the plasma system are 

programmed in swappable modules.  Because the system was originally used as an oxide 

etcher in the semiconductor industry, the only available modules include gas correction 
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factors for Ar, O2, CF4, CHF3, and SF6.  In order to use process gasses such as C2H2 and 

NH3, the appropriate gas correction factors were applied during recipe entry.  A table of 

gas correction factors is provided in Appendix C. 

 

2.2 Catalyst Deposition 

There are multiple methods for depositing growth catalysts onto the substrate.  One 

common method is solution-based deposition.  In this method, solutions of metallic 

catalyst particles or metal containing compounds are applied to the substrate.  Typically, 

a polymer is added to increase the viscosity and the solution is applied by spin coating.  

Solution-based deposition methods are difficult, inconsistent, time consuming, and 

unable to yield highly-patterned substrates.  Physical methods of catalyst deposition 

include electron beam evaporation, thermal evaporation, pulsed-laser deposition, ion-

beam sputtering, and magnetron sputtering.  Nickel was chosen as the catalyst for this 

project.  Two methods of Ni deposition were tested: spin coating of an aqueous nickel 

salt and ion beam sputtering (IBS).  This section describes each deposition method. 

2.2.1 Spin coating an aqueous nickel salt 

For the spin coating method, aqueous nickel acetate (NiAc) solutions were prepared 

at 0.50, 0.25, and 0.10 wt. % NiAc.  Initial evaporation tests were performed to 

qualitatively determine the wettability of the silicon substrate.  Plasma etching, both 

chemical and physical, was utilized to increase the wettability of the substrates.  An 

experiment was performed to determine the effect of plasma parameters on wettability, as 

measured by contact angle using a goniometer.  The plasma-treated substrates were then 
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coated with NiAc solutions in a spin coater.  Once coated, the substrates were subjected 

to a reducing atmosphere of H2:N2 (20:80 sccm:sccm) at 300°C for 60 minutes. 

2.2.2 Ion beam sputtering of a nickel film 

A Veeco MicroEtch IBS system was used to deposit Ni catalyst onto glass 

substrates.  An inert underlayer of Al was deposited prior to Ni deposition.  IBS 

parameters and experimental deposition rates for Ni and Al are provided in Table 2.1.  

The IBS system was configured for fixed plasma conditions and accelerator voltages. 

This significantly limited deposition process tuning; layer thickness was adjusted by 

changing the sputter time.  The relatively fast deposition rates decreased the accuracy of 

deposition of thin films (<10 nm).  The effect of beam strength on both deposition rate 

and resultant particle size should be further investigated to create a more desirable 

catalytic surface.  

 

Table 2.1 Ion beam parameter values and deposition rates for Al and Ni 
 

Ion Beam Parameter Value 
Operating Gas Ar 
Base Pressure 5x10-6 Torr 

Operating Pressure 1x10-4 Torr 
Plasma Current 0.60 Amps 

Accelerator Potential 750 Volts 
  

Ni Deposition Rate 13.3 nm/min 
Al Deposition Rate 16.7 nm/min 

 

 



 23 

2.3 Growth Studies 

Based on the typical process parameters used in PECVD growth, a 23 factorial 

experiment was designed.  The three factors that were varied were: temperature, 

acetylene/ammonia flow ratio, and pressure.  Figure 2.2 presents a visual depiction of the 

experimental design.  The experiment was comprised of a total of eight growth trials.  

Glass substrates with 2.5 nm Al underlayers and 2.5 nm Ni catalytic layers were used in 

all Design of Experiment (DOE) trials.  In addition to the DOE, a final growth trial was 

performed where parameters were set to theoretical optimal growth values, as determined 

by literature.  For the final trial, a glass substrate with a 10 nm Al underlayer and a 2.5 

nm Ni catalytic layer was used. 

 

 

Figure 2.2 Experimental design for CNT growth via PECVD 
 
 

The following growth procedure was employed for each of the growth trials.  After 

venting the plasma chamber to atmosphere via a port on the backside of the exhaust 

manifold, the lid to the chamber, which houses the upper electrode, was opened and the 

catalyst coated substrate was loaded onto the heater.  The lid was carefully closed to 
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ensure a good seal on the chamber gasket and the chamber was then evacuated to a 

pressure of 30 mTorr; chamber evacuation took approximately five minutes.  The heater 

was then turned on and ramped at ~20-25ºC/min to the desired growth temperature.  

Heater warm-up was performed in an Ar atmosphere to prohibit any oxidation of the 

resistive heating element.  Once the desired temperature was reached, the system was 

allowed 10 minutes to equilibrate.  At this point, the process gases were introduced to the 

chamber at the desired flow ratio. Once the pressure settled at its desired value, the 

plasma was initiated.  Growth time was 10 minutes.  After the growth period, process gas 

flow was stopped and Ar was reintroduced to the chamber. The heater temperature was 

slowly ramped down to room temperature; heater cooldown took approximately 10-15 

minutes depending on the growth temperature.  Once cool, the Ar flow was stopped and 

the chamber was evacuated to its original base pressure.  Finally, the AutoEtch was 

powered-off, vented to atmosphere, and the sample was removed from the chamber. 

 

2.4 Characterization 

The catalyst surfaces were analyzed with Atomic Force Microscopy (AFM).  A 

Veeco DI Nanoscope III located in the Chemistry Department at Oregon State University 

was used.  AFM characterizes a surface via a stylus profilometer.  Based on the 

interaction between the stylus tip and the surface, images can be resolved.  The tip can 

interact with the surface through height measurement, chemical forces, or magnetism.  

Both normal and tapping modes were used to resolve the surface; images taken using the 

tapping mode had significantly less noise than the normal mode. 
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Growth characterization was performed using Scanning electron microscopy 

(SEM).  A FEI Sirion Field-Emitting SEM, 30kV microscope equipped with Oxford Inca 

250 Energy Dispersive X-ray (EDX) spectrometer, located at Portland State University, 

was used for characterization.  All samples were grounded with a small strip of copper 

tape connecting the sample to the microscope stage, in order to prevent excessive 

charging during characterization.  The inside of the microscope chamber showing sample 

orientation and grounding method is shown in Figure 2.3. 

 

 

Figure 2.3 CCD image of SEM chamber with grounded samples; arrows show copper 
grounding tape. 

 

SEM bombards a surface with a focused electron beam.  The impact of the beam 

causes secondary electrons to be emitted from a 1 um teardrop region below the surface 

of the sample, called the interaction volume.  Images of the surface can be resolved 

through detection of the secondary electrons.  EDX spectroscopy can provide elemental 

analysis by quantifying the x-rays emitted during excitation-relaxation processes.  
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3 RESULTS AND DISCUSSION 

3.1 Spin Coating Nickel Acetate 

A wettable surface was necessary for deposition of Ni acetate solutions onto silicon 

substrates.  Experiments were run to test if a plasma could increase the wettability.  Both 

reactive (NF3/O2) and inert (Ar) gases were used.  The interface between a drop of water 

and the treated silicon correlates to the wettability of the surface; therefore, contact angle 

measurements were the basis of this experiment. 

As a control, an untreated silicon wafer was determined to have a contact angle of 

67.5°.  After a deionized water/acetone rinse and a three minute drying period in a 100°C 

oven, the contact angle was unchanged (69.0°) .   

Treatment in a non-reactive Ar plasma at varied pressure and power yielded an 

average contact angle decrease of only 8.5°.  This process did not significantly affect the 

wettability of the Si, as water still had a tendency to bead up and roll off the surface. 

Treatment in a NF3/O2 plasma was found to significantly increase the wettability of 

the wafer, as witnessed in a large decrease in contact angle.  Visual inspection after 

plasma treatment showed that a foggy white film had developed on the surface of the 

wafer.  Subsequent rinsing and drying removed the foggy film; contact angles after rinse 

were compared to the control wafer.  Table 3.1 shows a multifactor analysis of variance 

(ANOVA) on the contact angle decrease after plasma treatment in NF3/O2.  The effect of 

different plasma parameters, including: % NF3, power, pressure, and time are 

investigated.  Through the analysis, it was found that pressure was the only factor that did 

not have a statistically significant effect on contact angle decrease at a significance level 

of 0.05.    
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Table 3.1 ANOVA of contact angle decrease after NF3/O2 plasma and subsequent 
rinse/dry 
 

Source Sum of Squares Df Mean Square F-Ratio P-Value 
Main Effects      
A. % NF3 264.5 1 264.5 6.06 0.0179 
B. Power 546.8 1 546.8 12.52 0.0010 
C. Pressure 18.8 1 18.8 0.43 0.5157 
D. Time 561.1 1 561.1 12.85 0.0009 
Residual 1877.3 43 43.7   
      
Total (Corr.) 3029.9 47    

 
 
 
Low % NF3 (50 %), high power (200 W), and extended processing time (2 min) 

were found to decrease the contact angle the most.  Wafers subjected to processing times 

greater than one minute exhibited foggy film growth and uniformity issues.  A shortened 

growth time prevented any noticeable film development and still yielded a hydrophilic 

surface (contact angle decrease of 50°).  Once processed, water did not bead off the 

silicon surface, but evenly coated the entire wafer.  The process recipe used for all NiAc 

coating experiments is provided in Table 3.2. 

 
Table 3.2 Plasma parameters for the preparation of hydrophilic Si 
 

Parameter Setting 
Gas Ratio 50:50 sccm NF3:sccm O2 

Power 200 W 
Time 1 min 

 
 

After preparation of hydrophilic silicon was complete, NiAc solutions were applied 

to the substrates via spin coating.  Multiple concentrations of NiAc were tested, along 

with the addition of methanol, which aided in the evaporation process, in an attempt to 

produce a uniform film.  A 0.1 wt% NiAc in a 50:50 H2O:methanol solution was found to 
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produce the most uniform coating when spun at 3000 RPM for 30 seconds.  However, the 

uniformity of the catalytic layer was unacceptable.  Application of NiAc solutions on a 

silicon substrate via spin coating was abandoned for CNT growth. 

 

3.2 Sputtering Nickel 

Multiple Al underlayer thicknesses were deposited onto glass substrates (10, 5, 2.5 

nm) by IBS.  Ni catalyst layer thickness remained constant at 10 nm.  Initial 

characterization of the catalyst surface was conducted by AFM.  Three-dimensional AFM 

images are shown in Figure 3.1.  While the definition of particles on the substrate surface 

varied greatly with Al thickness, the particle size did not seem highly dependent on the 

underlayer.  The size of the particles may be a function of the ion beam power.  The IBS 

tool had been configured to operate at a single beam power, so exploration of this effect 

was limited.  Well-defined particles with diameters of 40-50 nm, were formed on the 

substrate with an Al thickness of 2.5 nm.  Based on these results, an Al underlayer 

thickness of 2.5 nm was chosen for CNT growth.  Additionally, Ni thickness was reduced 

to 2.5 nm in an attempt to further reduce the particle size.   
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Figure 3.1 AFM images of substrates with varying Al underlayer thicknesses. Al 
thickness for: A) 10 nm, B) 5 nm, C) 2.5 nm.  Ni thickness for all substrates was 10 nm.  
Areas shown are 1 um x 1 um. 
 
 

3.3 Growth Studies 

An overview of the growth trial results is provided in Table 3.3.  CNT growth was 

observed on samples from four of the eight DOE growth trials.  Growth was also 

observed on the sample from the final growth trial; the surface density and growth rate 

was the largest for the final run.   

 

A) B) C) 
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Table 3.3 Growth trial parameters and results 

Trial 
 

C2H2 : NH3 

[sccm : sccm] 
Temp. 
[°C] 

Press. 
[Torr] 

Result 

1i 15:30 650 1 Amorphous carbon 

2ii  20:80 750 3 Amorphous carboniii  

3 20:80 650 1 Amorphous carboniii  

4 50:50 800 1 Sparse CNTs 

5 20:80 800 1 Amorphous carboniii  

6 50:50 650 3 Am. carbon; few CNTs 

7 20:80 650 3 Am. carbon; few CNTs 

8 50:50 800 3 Sparse CNTs 

9iv 20:80 800+ 3 Dense CNT growth 
 

i Growth performed before DOE complete; total flow rate less than other DOE trials;  growth time 
was 30 minutes 

ii Growth performed with feedback temperature control; temperature was 50°C below DOE value 
iii Samples charged during SEM characterization; difficult to resolve structures 
iv Non-DOE growth trial; substrate had 10 nm Ni catalytic layer on 2.5 nm Al underlayer 

 

SEM images of CNT growth are provided in Figure 3.2.  SEM images from all 

growth trials are provided in Appendix D.  The sample from growth trial 5 was charging 

during SEM characterization and no images were taken.  All growth exhibited unaligned 

morphology, which is most likely due to the sparseness and length of the growth.  Sheath 

effects were not measured in this experiment, but a weak bias may have also contributed 

to the lack of alignment. 
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Figure 3.2 SEM images of CNT growth.  Number labels represent the growth 
trial from which the image was taken.  Images from growth trials 4 and 8, large 
white islands are annealed Ni; the surface stayed relatively free of amorphous 
carbon.  Images from growth trials 6 and 7 show amorphous carbon deposits on 
the entire catalytic surface. 

 

EDX analysis was performed to resolve the structural compositions of each sample; 

results are provided in Figure 3.3 and Figure 3.4.  For growth trials 4 and 8, the lighter 

structures were found to be composed mainly of Ni and C, which is expected, as the Ni 

first anneals forming islands into which carbon diffuses during the formation of CNTs.  

EDX analysis of the gray area underneath the Ni-C islands revealed that it was the Al 

underlayer.  Analysis of samples from growth trials 6 and 7 revealed that the surface was 

covered with amorphous carbon with traces of Ni.  The surface of the samples from 

growth trials 4 and 8 had relatively clean surfaces, apart from the Ni-C islands and sparse 

4 6 

7 8 
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CNT growth.  The difference in growth morphology is most likely due to the growth 

temperature; samples without amorphous carbon had a growth temperature of 800ºC, 

while those with amorphous carbon deposits were grown at 650ºC.  The higher 

temperature favors the formation of graphitic structures such as CNTs. 

 

A

A

B

B

 

Figure 3.3 EDX analysis of representative sample from growth trials 4 and 8.  
Area A was found to be the annealed Ni catalyst with traces of C and Al; area B 
was found to be the Al underlayer.  Scale bar = 200 nm. 
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Figure 3.4 EDX analysis of representative sample from growth trials 6 and 7.  The 
surface was mainly comprised of amorphous carbon with traces of Ni.  Scale bar = 
1 um. 

 

When the annealed island size from growth trials 4 and 8 is compared against the 

images shown in Figure 1.7, the initial Ni film thickness can be estimated at ~5nm, which 

is slightly thicker than previously expected when thickness was determined by time-

averaged IBS deposition rate. 

  Growth diameters and rates for trials that yielded CNTs are provided in Table 3.4.  

Also included in the table is the calculated value of CNT diameter (D) multiplied by the 

growth rate (GR); for a SWNT, this value is proportional to its mass.  DOE CNT growth 

resulted in CNT diameters of ~15-70 nm.  The wide range of diameters suggests that the 

catalyst deposition method and annealing step may produce catalyst particles with 

inconsistent diameters.  CNTs from growth trial 9 exhibited two common diameters: 150 

and 50 nm.  The respective growth rates of the large and small diameter CNTs differed 

dramatically; smaller diameter CNTs grew lengthwise, four times faster than those 
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exhibiting the large diameter.  However, the D x GR values for both species were similar.  

The D x GR values for all CNTs grown in trial 9 were nearly an order of magnitude 

greater than those from the DOE. 

 

Table 3.4 CNT diameters and growth rates 

Trial C2H2 : NH3 

[sccm : sccm] 
Temp. 
[°C] 

Press. 
[Torr] 

Diameter 
(D) [nm] 

Growth Rate 
(GR) [nm/min] 

D x GR 
[nm2/min] 

4 50:50 800 1 45 60 2700 

6 50:50 650 3 15 180 2700 

7 20:80 650 3 70 80 5600 

8 50:50 800 3 25 160 4000 

9 20:80 800+ 3 150 125 18,750 

9 20:80 800+ 3 50 500 25,000 
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4 CONCLUSIONS AND RECOMMENDATIONS 

4.1 Summary 

CNTs were successfully grown in a PECVD reactor.  Al underlayers and Ni 

catalyst layers were physically deposited on the surface of glass substrates using IBS.  

The effect of underlayer film thickness on the resulting catalyst particle size was 

investigated through AFM and SEM analysis.  Pre-annealing particle diameter was found 

to be 40-50 nm for a 2.5 nm Al underlayer.  Growth occurred at temperatures of 650 and 

800ºC; at the lower temperature, CNTs were found among amorphous carbon deposits 

that covered the entire catalytic surface, while the higher temperature yielded little to no 

amorphous carbon.  The growth exhibited no alignment, most likely due to its sparse 

nature, the shear length of the CNTs, and possibly a weak electrode bias. 

 

4.2 Recommendations for Future Work 

Further investigation should first focus on the tuning of the catalyst deposition.  

Because the IBS tool used for deposition of the Al underlayer and Ni catalyst layer was 

traditionally operated at a single beam power, deposition rate of each metal was fixed.  

Film thickness was only a function of deposition time.  The film thicknesses common to 

CNT growth were relatively thin when compared to what the tool traditionally deposited.  

In order to attain films less than 10 nm thick, deposition time was very short (< 1 min), 

which made reproduction very difficult.  The final particle size of the sputtered films was 

not greatly affected by deposition time and may be a function of beam strength.  The 

effect of beam strength on both deposition rate and resultant particle size should be 

investigated in order to attain a catalytic surface more desirable for CNT growth.  
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Substrates should also be characterized by AFM after the annealing step of the growth 

process to verify formation of Ni islands suitable for CNT nucleation. 

Subsequent growth investigations should focus on the tuning of the plasma recipe to 

yield high-density CNT growth.  High temperature (~800ºC), high pressure (>3 Torr), 

and relatively high concentrations of NH3 (>50%), should result in increased growth rates 

while preventing the formation of amorphous carbon.  Once an “optimal” recipe is 

determined, low-temperature growth, possibly on flexible polymer substrates, should be 

investigated. 

Relating to characterization, future growth samples should be sputtered with a thin 

film of a conducting metal prior to SEM characterization in order to prevent sample 

charging.  Also, TEM should be used to determine the internal structure of the CNT 

growth (i.e. single-wall, multi-wall, amorphous, bamboo-like, etc). 

Plasma properties should be investigated, possibly through Optical Emission 

Spectroscopy (OES) or mass spectrometry.  Plasma composition could be determined and 

used to aid in the elucidation of possible growth precursors and reaction mechanisms.   
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Appendix A:  LAM AutoEtch 590 

 
System Description 
 
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 
pictured. 

 

 
Figure A. 2 LAM AutoEtch 590 process chamber assembly schematic. 
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Table A. 1 Major components and features of the LAM AutoEtch 590. 

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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Appendix B: Calibration Curves for Substrate Heater 
 

Temp [ºC] = 27.2*Voltage [V] + 38.6
R2 = 0.996

Temp [ºC] = 27.0*Voltage [V] - 7.1
R2 = 0.995

0

200

400

600

800

1000

0 5 10 15 20 25 30 35

Applied Voltage [V]

T
em

pe
ra

tu
re

 [º
C

]

P = 0.06 Torr, No Flow
P = 3.00 Torr, 100 sccm Ar

Linear (P = 0.06 Torr, No Flow )
Linear (P = 3.00 Torr, 100 sccm Ar)

 
Figure B. 1 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 Torr.  During growth 
trials, the heater was ramped to the desired temperature under Ar flow.  The heater 
temperature was readjusted to the desired temperature after introduction of growth 
gasses. 
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Appendix C: Gas Correction Factors 
 
 
Table C. 1 Molecular structure correction factors 
 

Gas Molecular Structure S 

Monatomic 1.030 

Diatomic 1.000 

Triatomic 0.941 

Polyatomic 0.880 

 
 
Table C. 2 Gas properties and correction factors 
 

Gas Formula Cp [cal/g/°C] Density @ 0°C [g/L] Correction Factor 

Acetylene C2H2 0.5829 0.404 1.16 

Air -- 0.24 1.293 1.00 

Ammonia NH3 0.492 0.760 0.73 

Argon Ar 0.1244 1.782 1.44 

Carbon Tertraflouride CF4 0.1654 3.926 0.42 

Fluoroform CHF3 0.176 3.127 0.50 

Nitrogen N2 0.2485 1.250 1.00 

Oxygen O2 0.2193 1.427 1.00 

Sulfur Hexafluoride SF6 0.1592 6.516 0.26 
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Table C. 3 Corrected MFC flows 
 

Actual MFC 

Gas GFC Flow [sccm] Gas GCF Flow [sccm] 

C2H2 1.16 20 O2 1.00 17 

C2H2 1.16 50 O2 1.00 43 

Ar 1.44 100 CF4 0.42 29 

NH3 0.73 80 SF6 0.26 28 

NH3 0.73 50 SF6 0.26 18 

O2 1.00 200 SF6 0.26 52 
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Appendix D: Growth Trial SEM Characterization Images 
 
 

  
 
Figure D. 1 SEM images of sample from growth trial 1 (C2H2:NH3 ratio = 15:30, 
temp. = 650ºC, press. = 1 Torr, time = 30 min.). 

 
 

 
Figure D. 2 SEM image of sample from growth trial 2 (C2H2:NH3 ratio = 20:80, 
temp. = 750ºC, press. = 3 Torr, time = 10 min.). 
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Figure D. 3 SEM image of sample from growth trial 3 (C2H2:NH3 ratio = 20:80, 
temp. = 650ºC, press. = 1 Torr, time = 10 min.). 

 
 

  
Figure D. 4 SEM images of sample from growth trial 4 (C2H2:NH3 ratio = 50:50, 
temp. = 800ºC, press. = 1 Torr, time = 10 min.). 

 
 

  
 

Figure D. 5 SEM images of sample from growth trial 6 (C2H2:NH3 ratio = 50:50, 
temp. = 650ºC, press. = 3 Torr, time = 10 min.). 
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Figure D. 6 SEM images of sample from growth trial 7 (C2H2:NH3 ratio = 20:80, 
temp. = 650ºC, press. = 3 Torr, time = 10 min.). 

 
 

  
Figure D. 7 SEM images of sample from growth trial 8 (C2H2:NH3 ratio = 50:50, 
temp. = 800ºC, press. = 3 Torr, time = 10 min.). 

 
 

  
Figure D. 8 SEM images of sample from growth trial 9 (C2H2:NH3 ratio = 20:80, 
temp. = 800ºC, press. = 3 Torr, time = 20 min.).



 

 


