
Chemical Vapor Deposition of Carbon Nanostructures and 

Carbon Nanotubes-Reinforced Composites 

Chi-Hwa Wu 

Submitted in Partial Fulfillment 

of the 

Requirements for the Degree 

Doctor of Philosophy 

Supervised by 

Professor David R. Harding 

Department of Chemical Engineering 
The College 

School of Engineering and Applied Sciences 

University of Rochester 
Rochester, New York 



CURRICULUM VITAE 

The author was born in Taipei, Taiwan on June 14, 1976. He attended Tunghai 

University from 1994 to 1998, and graduated with a Bachelor of Science degree in 

1998. He came to the University of Rochester in the Fall of 2000 and began 

graduate studies in Chemical Engineering. He received a Frank J. Horton Research 

Fellowship from 2001 to 2006. He pursued his research in polymeric composite 

materials with nanostructures reinforcement under the direction of Professor 

David R. Harding and received the Master of Science degree from the University of 

Rochester in 2004. 



ACKNOWLEDGEMENTS 

I would like to thank my research advisor Professor David R. Harding for his 

support and guidance. This dissertation would not have been possible without his 

encouragement and help throughout my years of graduate study. I thank Messrs. M. 

Bonino, D. Turner, M. Wittman, S. Noyes, R. Gram, D. Guy, S. Scarantino, R. 

Janezic, K. Lintz, , J. Sailer, and L. Elasky of the Target Fabrication Group at 

Laboratory for Laser Energetics for technical assistance and support, Mr. B. 

McIntyre of the Institute of Optics of University of Rochester for assistance with 

electron microscopy, and Mrs. C. Pratt of the Department of Mechanical 

Engineering of University of Rochester for assistance with nano-indentation. I 

thank my fellow students A. Knight and M. Bobeica for their helpful discussions 

and help. I also thank Dr. F.Y. Tsai, a former member of the Target Group, for his 

encouragement and support throughout my Ph.D. study, and with whom I have 

been lucky enough to maintain a closed and cherished fiiendship. 

I appreciate the support in the form of a Frank J. Horton Research Fellowship 

from the Laboratory for Laser Energetics. This work was supported by the U.S. 

Department of Energy Office of Inertial Confinement Fusion under Cooperative 

Agreement No. DE-FC52-92SF19460, the University of Rochester, and the New 

York State Energy Research and Development Authority. The support of DOE 

does not constitute an endorsement by DOE of the views expressed in this article. 



I would also like to especially thank my parents K.T. and Lu-Chu, my sisters 

Emily and Jenny, and my girlfriend, Y. Yang, for their unconditional love and 

encouragement as I pursued this goal. 



ABSTRACT 

The vapor deposition of open-networked carbon nanostructures and carbon 

nanotubes (CNTs)-reinforced composites have been developed and studied 

parametrically. Carbon nanostructures, including nano-tubes, nano-foams, nano- 

particles, and nano-walls, have been deposited on catalyst-assisted substrates using 

microwave plasma electron cyclotron resonance-chemical vapor deposition 

(ECR-CVD) system at temperature as low as 300 "C. Processing parameters 

determining the morphologies and properties of the nanostructures were identified 

to optimize the productions. 

Carbon nanotubes-reinforced polymer composite films were synthesized at low 

temperature by a two-step process using: ( I )  ECR-CVD system to vapor deposit a 

nanotube film substrate at 480 OC with gas mixture of methane and hydrogen, and 

(2) chemical vapor infiltration (CVI) of hydrocarbon (CH) polymers into the 

nanotube substrate. In this study, parylene and glow-discharge polymerization 

(GDP) polymers were utilized to infiltrate the nanotube substrate at temperature 

below 70 "C. A strong interfacial adhesion between the carbon nanotubes and the 

polymer matrix is a major factor that determines the reinforcement performance of 

such nanocomposites. Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) studies showed that nanotubes embedded within the 



polymer matrix not only provide a chemically compatible interface with the 

polymer but also enhance interfacial adhesion by mechanical interlocking or 

entangling. 

The feasibility of making carbon nanotubes-reinforced composite depends on the 

processing parameters, including the effect of polymer vapor infiltration and the 

volume density of the nanotube substrate. Characterizations of these composite 

films have been conducted and it was found that vapor-deposited parylene/CNTs 

composite possessed better interfacial bonding and an infiltration distance -200% 

greater than the GDPiCNTs one, while using a 39 vol.% nanotube substrate. In 

addition, analyses via nano-indentation measurement revealed that the effect of 

nanotubes reinforcement within the composite resulted in 14% increase in elastic 

modulus. 
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Chapter 1. Introduction 

1.1 Carbon Nanotubes 

Since discovered in 199 1 [ I ] as elongated fullerenes, carbon nanotubes (CNTs) 

have introduced an important opportunity to the fields of scientific and engineering 

worlds with their superior properties and outstanding geometrical dimensions. 

Carbon nanotubes can be described as a hexagonal sheet of carbon atoms rolled 

into a seamless cylindrical shape, as shown in Figure 1.1. A nanotube is composed 

entirely of sp2 bonds structure, which is similar to those of graphite and provides 

the molecules with its unique strength. A typical nanotube has outer diameters 

varying between 1-2 and few tens of nanometers when it was first discovered, 

while the inner hollow diameter is typically of the order of only 1 to 5 nm [2,3]. 

There are two types of nanotubes: single-walled nanotubes (SWNTs) and multi- 

walled nanotubes (MWNTs), as shown in Figure 1.2 (a) and (b), respectively. The 

detailed structures and properties will be described in the next section. 

Besides their extremely small size, it has been suggested that carbon nanotubes 

possess tensile strengths at least 100 times stronger than high strength steel alloys 

[4], have current capacities 1000 times higher than copper [4,5], and transmit heat 

twice as well as pure diamond [6]. To take advantage of this unique combination of 



size and properties, researchers have been exploring the potential of CNTs in a 

wide variety of applications. For example, CNTs have been experimentally 

demonstrated as an atomic force microscope (AFM) tip for imaging and 

lithography [7,8]. With extremely small sizes and good conductivity of CNTs, this 

tip now can be made as small as few nrn offering reasonable resolution. In addition, 

the remarkable electronic properties of nanotubes enable them for use as quantum 

wires to bridge a junction device, as shown in Figure 1.3, for the nanoelectronics 

applications [9,10]. Also, the geometric properties of CNTs, such as the high aspect 

ratio, mechanical strength and chemical stability, qualify them an ideal candidate 

for the electron field emission displays (FEDs) [ l  1 - 131. Other than these thermal 

and electrical applications, second major application will be based on nanotube 

strength, elasticity and mechanical properties including mechanical memory, 

supersensitive sensors, hydrogen and ion storages, and nano-structural materials. 

While the outstanding properties of carbon nanotubes have led to a wide range of 

applications, in this study here we limit our analysis to the use of carbon nanotubes 

as a filler for structural reinforcement in a host polymer matrix, a material referred 

to as a carbon nanotube-reinforced polymer composites, which is one of the main 

subject of this study and will be discussed in detail in Chapter 4. 



1.2 Structures and Properties of Carbon Nanotubes 

Carbon nanotubes are fullerene-related structures, which is aforementioned as a 

piece of graphene sheet to form a cylinder with end caps containing pentagonal 

rings. The role of a pentagonal ring defect is to produce a convex structure, which 

helps to form the curved structures and close the tube at two ends [14]. In the 

mapping of a graphene plane into a cylinder, chiral vector Ch = n a,+ m a2 is 

defined in terms of the lattice translation indices (n, m) and the unit vectors a, and 

a2 of the hexagonal lattice, as shown in Figure 1.1 (a), to identify and determine the 

directions along which the graphene sheets are rolled to form tubular structures. 

The nanotubes of type (n, n) in Figure 1-l(b) are commonly called armchair 

nanotubes with a symmetry \ - T\ - 1 shape. Another type of nanotubes (n, 0) is 

known as zigzag nanotubes because of the VW shape along the axis. All other 

types of nanotubes could be defined as a pair of indices (n, m), where n #m [14]. 

The electronic conductivity of nanotube is highly sensitive to a change of these 

parameters, which determines a carbon nanotube being either metallic or 

semiconducting [ 14,151. 

Interest in nanotubes for nano-scale material applications exists due to a number 

of extraordinary properties: 

(1) Single and multi-walled carbon nanotubes have very good mechanical 

properties. The tensile modulus and strength of the nanotubes ranging 



from about 270 GPa to 1 TPa and 11-200 GPa, respectively, have been 

reported [16, 171, making nanotubes perhaps the ultimate high stiffness 

reinforcement material. Table 1.1 shows the mechanical properties of 

CNTs with other materials [2,4-6,16,17]. It indicates that CNTs possess 

most superior mechanical characteristic. 

(2) Nanotubes possess hollow and closed topology that produce a distinct 

mechanical response compared to other graphitic structures. Nanotubes 

can sustain extreme strains (40%) in tension without showing signs of 

brittle, behavior, plastic deformation, or bond rupture [18]. 

(3) Nanotubes are lightweight, high aspect-ratio structures and could be the 

ideal packing materials for gas-storage and hydrocarbon fuel storage 

devices [ 141. 

It is also worth noting that the carbon nanotubes are chemically and molecularly 

defined structures with reproducible dimensions that make them stiffer and stronger 

than any potentially known material with applications for the design of polymer 

composites. Early evaluations of carbon nanotubes indicated they possess 

outstanding mechanical properties - greater than those of vapor grow carbon fiber 

(VGCF), a reinforcement fiber usually employed in materials and aerospace 

applications. Table 1.2 lists an example of CNTs and VGCF as reinforcement 

within a polystyrene (PS) polymer matrix [19]. The higher elastic modulus of 

nanotubes with a tensile strength an order of magnitude higher than that of 



conventional carbon fibers qualifies the nanotubes as a desirable reinforcement in 

polymer composite materials. 

1.3 Carbon Nanotubes-Reinforced Polymer Composites for Use as ICF 

Targets 

1.3.1 Inertial Confinement Fusion 

The main mission of the Laboratory of Laser Energetics (LLE) at the University 

of Rochester is to investigate inertial confinement fusion (ICF) using the direct- 

drive approach. Inertial confinement fusion is a process where the fuel is confined 

by its own inertia for a sufficiently long time at very high density and temperature 

for the fusion reaction to occur. This is achieved by uniformly illuminating a target 

that consists of a thin-wall shell with a concentric solid fuel (DT or D2) with the 

sixty beams of the 30 kJ Omega laser thereby compressing its contents to a density 

and pressure sufficient to initiate nuclear fusion. The laser beams instantaneously 

ionize the atoms in the outermost layer of the target and heat the resultant plasma. 

As the plasma ablates and expands outwards, the remainder of the fuel accelerates 

inwards, compressing the central region until the fuel is 1000 liquid density, which 



raises the fuel temperature to trigger the fusion reaction [20]. The schematic of 

direct-drive ICF process is shown in Figure 1.4. 

1.3.2 Target Requirements 

A spherical target typically consists of a thin-wall polymer capsule that is -1 mm 

in diameter with a wall thickness of 3-5 pm and a uniform solid fuel (DT or D2) 

layer (1 00 pm thick) on its inner surface. Foam shells having densities of 70 - 120 

mglcc and thickness of 40 - 60 pm will be coated with a normal density plastic 

layer. The preparation of these targets will be greatly facilitated if the capsule 

possesses the following properties: (i) high gas permeability at elevated 

temperature to allow a rapid fill with DT; (ii) high strength and elastic modulus to 

withstand greater bucklinghursting pressures and thus be filled more rapidly than 

current targets; (iii) good thermal conductivity that may help the layering process 

by creating a more isothermal environment for the ice; (iv) substantial transparency 

in the visible spectrum to allow observation during DT filling. 

The design of the ICF target varies with the different laser facilities employed to 

conduct the experiment. Table 1.3 lists the target designs for the main current laser 

facilities [21, 221. It is noted that direct-drive ICF experiments on the National 

Ignition Facility (NIF), whose energy is almost 50 times larger than OMEGA'S 

energy, require targets with larger diameters (3.5mm) and comparable thick wall 



for OMEGA targets (3 pm); achieving the surface smoothness, uniform wall 

thickness, and sphericity of these targets is considerable more difficult as the target 

size increases. 

1.3.3 Carbon Nanotubes-Reinforced Polymer Microcapsules 

Various materials have been used to fabricate shells for use as ICF fuel capsules 

[21]. Previous and current processes for the production of ICF targets have been 

dedicated to developing plastic shells for their mechanical properties, high 

permeability, optical transparency and low atomic number and low density. Those 

plastic materials that are available for use in the OMEGA application include 

polystyrene (PS) [23], poly-a-methylstyrene (PAMS) [24], vapor deposition 

polymerization (VDP) polyimide [25], and hydrocarbons capsules fabricated using 

a glow-discharge-polymerization (GDP) process [26]. Such materials with 

promising properties have been greatly beneficial in target fabrication. The next 

generation of shells for the NIF or Fusion energy will have to be permeation-filled 

more rapidly with the DT fuel, because the larger size has a comparably larger fuel 

inventory. Therefore, the possibility of making a strong plastic shell by reinforcing 

it with carbon nanotubes (CNTs) reinforcement is investigated to meet this 

challenge. 



Carbon nanotubes could benefit target fabrication in the following two ways: 

First, due to the greater strength and toughness of the reinforcing CNTs and 

interfacial bonding for load transfer, "whisker-like" carbon nanotubes reinforcing 

the plastic shell wall, as shown in Figure 1.5 (a), can make the shell withstand 

greater bucklinghursting pressures and thus be filled more rapidly than current 

targets. The carbon content of nanotube reinforcement could also provide increased 

laser absorption with which the lower density would minimize the hydrodynamic 

penalty. Moreover, carbon nanotubes also possess high thermal conductivity that 

may help the layering process by creating a more isothermal environment for the 

ice. Second, carbon nanotubes can function like foams, inside a shell as shown in 

Figure 1.5 (b), to support DT ice and help creating an ideal structure for the target. 

The open connectivity of the CNTs-type foam would benefit the ice layering 

process by providing a more "open" and connective radial path through the foam 

wall. 

1.4 Objective 

Carbon nanotubes (CNTs) have been recognized as ideal reinforcement materials 

in other technology fields [7-141. A great deal of recent research has focused on 

limiting the defects within the nanotubes (which are particularly detrimental from a 

mechanical property perspective) and increasing the production yields from 



nanotube processing techniques. Current nanotubes-reinforced nanocomposites are 

usually prepared by "wet" processing methods, such as solution mixing and 

casting, melt dispersion, or extrusion and injection techniques. Those techniques; 

however, have few limitations and do not achieve expected properties due to, (i) 

poor separation of bundles: there are types of nanotubes that are produced as 

bundles. In order to have an optimal load transfer from the matrix to the nanotubes, 

they must be separated; (ii) week nanotube-polymer interface: these wet processing 

methods do not yield a homogeneous and stable interface between nanotube and 

polymer matrix. Also, at the moment the efforts to make CNTs or nanotube- 

reinforced composites at low temperature needed for ICF application have failed to 

achieve properties equivalent to those of high-temperature productions. 

Therefore, the attraction of this study is the potential to determine the feasibility 

of making carbon nanotubes-reinforced polymer composite thin films or shells with 

desirable low temperature and great mechanical properties for target fabrication, 

and using only chemical vapor deposition (CVD) and vapor deposited 

polymerization processes. 

The main goals are: 

(1) Develop a fabrication process for production of vapor-deposited carbon 

nanotubes at low temperature with desirable mechanical properties and 

dimensions for ICF application. 



(2) Optimize the vapor deposition with different processing conditions to produce 

other types of low temperature open-networked carbon nanostructures, 

including nano-foams and nano-walls. 

(3) Develop a series of fabrication procedure to synthesize carbon nanotubes- 

reinforced polymer composites using only vapor deposition process. 

(4) Identifying and characterizing the interfacial interaction between nanotubes 

and polymer matrix. 

( 5 )  Characterize the composites quality and properties relevant to the ICF 

applications, including tensile strength, mechanical modulus, composite 

densities, and shell wall thickness uniformity. 



1.5 Tables and Figures 

Table 1.1 Mechanical properties of CNTs compared with other materials 

[2,4-6,16,17]. 

Materials 

CNTS 

C Nanoropes 

S i c  fibers 

Quartz 
- 

S tee1 

EPOXY 

Wood 

Diameter 

(nm) 

1-10 

10-100 

10,000- 

20,000 

9,000 

- 

- 

- 

Density 

(g/cm3) 

1.33-2.6 

1.3 

2.3 

2.2 

7.8 

1.25 

0.6 

Modulus 

(GPa) 

Up to -1000 

563 

190 

70 

2 08 

3.5 

16 

Tensile Strength 

(GPa) 

Up to -200 

-75 

2.8 

3.4 

0.4 

0.05 

0.08 



Table 1.2 Mechanical performance of the multi-walled carbon nanotubes 

(MWNTs) and vapor-grown carbon fibers (VGCF) as reinforcements for 

polystyrene (PS) composites [19]. 

Composite 
1 wt% loads 

PS + VGCF 

PS + MWNT 

VGCF or MWNT 
parameters 

Diameter 
(nm) 

> 200 

3 0 

Composite tensile properties 

Aspect 
ratio (Vd) 

< 100 

> 1000 

Strength 
(MPa) 

- 1 

16 

Modulus 
(MPa) 

1190 

1690 



Table 1.3 Designs of Inertial Confinement Fusion (ICF) targets for various 

laser facilities [21,22]. 

National Ignition 

Facility (NIF) 

- 3500 

< 5 

350 

Direct-Drive Targets 

Capsule Diameter (pm) 

Capsule Wall Thickness (pm) 

DT Layer Thickness (pm) 

OMEGA Laser System 

(U of Rochester) 

- 880 

3-5 

100 



-. 
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(1 0,s) chirol nanntube 

Figure 1.1 (a) A graphene sheet made of carbon atoms placed at the corners 

of hexagons forming the lattice with chiral vector, Ch=nal+ma2 (al and a2 are 

the unit vectors) denoting the rolling direction of the sheet to make (b) a (5,s) 

armchair nanotube, a (9,O) zigzag nanotube, and a (10,5) chiral nanotube [14]. 



Figure 1.2 TEM images of typical (a) SWNTs, and (b) MWNTs [1,14]. 



SOURCE (Pt o r  Au) D RAI lV 

1 Gate (silicon) 
- 
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Figure 1.3 Schematic of the carbon nanotubes-based field effect transistor 

[9,101. 



Expanding 
60 laser beams, 

30 kJ UV 
Compressed pellet 

1. Irradiation 2. Radiation 3. 'Thermonuclear ignition 

Figure 1.4 Schematics of the Inertial Confinement Fusion (ICF) process [20]. 
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Figure 1.5 Schematics of the typical targets with (a) nanotubes-reinforced 

shell walls and (b) nanotubes-reinforced DT layers inside the walls. 



Chapter 2. Fabrication of Carbon Nanotubes by Microwave 

Plasma Chemical Vapor Deposition 

2.1 Introduction 

2.1.1 Synthesis Methods of Carbon Nanotubes 

For the synthesis of high yield and good quality carbon nanotubes, many 

methods were invented and developed. A summary of some standard nanotubes 

fabrication techniques is given in Table 2.1. The earliest approach to produce 

nanotubes was an arc-discharge process [27] as pioneered by Iijima [I]. This was 

shortly followed by a laser ablation technique developed by Smalley at Rice 

University [28]. Chemical vapor deposition (CVD) has become a common 

technique to grow CNTs in the last decade [29-341, with the interest of capable to 

be scaled for industrial production. Regardless of the applications and growth 

approach, the ability to control the properties of the nanotubes is critical to realize 

the promise of carbon nanotubes. 

The arc-discharge process involves the use of two graphite electrodes under a gas 

atmosphere (such as argon or helium) and a voltage is applied until a stable arc is 

achieved [1,27,35]. This produces SWNTs in mixture of MWNTs and soot. To 



synthesize pure SWNTs, an arc discharge with a cathode containing metal catalysts 

(such as cobalt, iron or nickel) mixed with graphite powder results in a deposit 

containing SWNTs [28]. The yield has been significantly increased by optimizing 

the catalyst mixture and the deposition condition. 

In the laser ablation method, a target consisting of a mixture of graphite and a 

metal catalyst (such as cobalt or nickel) is placed in a horizontal quartz tube 

enclosed in a furnace and under a flow of inert gas at controlled pressure [I]. Laser 

pulses enter the tube and strike the target to vaporize graphite and nucleate CNTs 

through the reactor. The nanotubes are deposited on the cooler walls downstream 

from the furnace. Despite the high temperature (-1200 "C) of the furnace, this 

method has still become an important technique due to the high yield of CNTs 

(-70%). 

Growth of CNTs using thermal chemical vapor deposition (CVD) is an 

alternative to the arc-discharge and laser ablation methods. It is relies on thermal 

generation of active radicals from the hydrocarbon gas over transition metals to 

grow CNTs on a substrate, where temperature is normally about 800-1500 "C. 

Usually, a catalyst is necessary to promote the growth from some form of 

hydrocarbon feedstock (CH4, C2H2, C2H4.. .) [36]. It was also reported the yield and 

average diameter of CNTs could be varied by controlling the process parameters 

[371. 



In early work the arc-discharge, laser ablation, and thermal CVD were the most 

common forms of CNTs productions, typically resulting in nanotubes with low 

structural defects and thus excellent physical properties. However, one of the 

disadvantages using of those techniques for the production of CNTs is that they 

also need very high temperatures, normally around 1000 "C but up to 3000 "C as 

well. For some applications, the carbon nanotube community has also looked to 

low- temperature plasma processing to grow nanotubes at low temperature. CNTs 

can be grown by dissociating the precursor with the aid of highly energetic 

electrons in a glow discharge and as a result, the substrate temperature can be 

substantially lower than in previous methods. Several plasma based growth 

techniques have been reported [38-431 and in general, the process appears to be 

more compatible, less contamination, higher yielding and more likely to control 

alignment of CNTs. Thus, currently attention has focused on developing new 

techniques for the preparation of CNTs by using the plasma-enhanced CVD 

methods. 

In this study, the production of CNTs was carried out using a microwave plasma- 

enhanced CVD technique- electron cyclotron resonance chemical vapor deposition 

(ECR-CVD) [41]. The advantage of a microwave plasma ECR-CVD is a high 

dissociation percentage of the precursor gas, high uniformity of plasma energy 

distribution, and was generally used for large area dry etching, surface cleaning, or 

diamond film deposition. Therefore, we adopted the advantages of ECR-CVD to 



synthesize carbon nanotubes at low temperature needed for ICF application. A 

good ECR-CVD system requires a well-regulated, highly reproducible microwave 

source plus magnets that generate a controlled magnetic field within the plasma 

extraction zone. The structure of the system and the designs of experiment will be 

covered in more detail later in this chapter. 

2.1.2 Growth Mechanism of Carbon Nanotubes 

Many growth mechanisms have been proposed to explain the relation between 

the growth condition and the structure of CNTs. Through out this thesis, we 

focused on the mechanism in which the methane (CHq,,) was used as the carbon 

source with metal catalysts. 

The growth mechanism for CNTs using catalyst-assisted ECR-CVD is still not 

fully clear; however, it is generally accepted that CNTs are formed by carbon atoms 

dissolving, diffusing, and precipitating through the catalyst droplets in the process 

[44,45]. As seen in Figure 2.1, for an individual CNT, carbon atoms are produced 

via the catalytic dehydrogenation of hydrocarbon radicals, and they diffuse through 

the metal nano-particles due to the concentration gradient in carbon density. When 

the nano-size catalyst contains carbon atoms in excess of equilibrium 

concentration, the carbon atoms begin to diffuse and precipitate at the top surface 

and form a first graphite shell so as to wrap the catalyst particle. The process shows 



that the contribution of carbon atoms dissolution and diffusion through the catalyst 

nano-particles in feeding CNT growth is restricted by the initial stage of ClVT 

growth [45], that is, when the particle cools down causing C atoms precipitation 

from the supersaturated particle and CNT nucleus formation. This catalyst-assisted 

growth process is also known as a "tip-growth, bottom-up" mechanism. 

2.2 Experimental 

2.2.1 Materials 

Transition metal, Co, used as a catalyst was purchased from Aldrich Chemical in 

the forms of cobalt nitrate [Co(N03)2 . 6H20] (catalogue name: cobaltous nitrate 

hexahydrate, 99.999% purity). Brij 30 [(C20H4205)n, n - 41 (catalogue name: 

polyethylene glycol dodecyl ether) was also purchased from Aldrich Chemical, and 

used as a surfactant in some experiments to enable the spin coating of water-based 

cobalt nitrate onto a Si wafer substrate. Hydrogen gas (H2(,), 99.999% purity), 

methane gas (CH4(,), 299.999% purity), and argon gas (Aq,), 299.998% purity) 

were purchased from Air Products. 2-inch and 1-inch diameter P-type Si wafers 

purchased from University Wafer were used as substrates. 



2.2.2 Procedures and Apparatus 

The fabrication process of CNTs involved two steps. Firstly, the silicon wafer 

substrates were cleaned by etching with 0.1% hydrofluoric acid for 15 sec to 

remove the oxide layer, and then with deionized water for 5 min to remove the 

acid. Then, a thin layer (50 - 500 nrn) of cobalt nitrate in 1 M water or acetone 

solutions was spin-coated onto Si substrate to provide a catalytic surface with a 

Headway Research, Inc. EClOlDT spin-coater backed by an Alcatel 2010 

mechanical pump. Brij 30 was added to improve the wetting ability of the Si wafer. 

The catalyst-assisted substrate was immediately transferred into a vacuum furnace 

(NEY Centurion VPM 500) with programmable temperatures (accuracy = *0.1 "C) 

and drying at 65 "C under vacuum for 12 h. The furnace was purged by a constant 

flow of air (7.5 cm3/min) throughout the process. The process schematic is 

presented in Figure 2.2. 

Secondly, the catalyst-coated substrate was positioned in the ECR-CVD (ASTeX 

AX4555, MKS Instruments, Inc.) system. The setup of the deposition system is 

shown in Figure 2.3. The 100 cubic inch vacuum chamber (Energy Beams, Inc.) 

was evacuated with an Varian Turbo-V 250 turbomolecular pump backed by a 

Varian SD-90 mechanical pump. The base pressure was - 3 . 0 ~ 1 0 - ~  Torr, monitored 

using a MKS HPS421 cold cathode gauge. The ECR-CVD system consists of six 

main elements: (1) a source of 2.45 GHz microwave energy, (2) an antenna and 



tuner to couple the microwave energy into the deposition chamber, (3) a water- 

cooled ECR vacuum chamber with a window to admit the microwaves into the 

process chamber, (4) an 875-Gauss magnet system capable of generating sufficient 

magnetic field to confine the plasma, (5) an upstream gas sources of CH4, argon, 

and H2, and (6) a 304 stainless steel substrate holder with a 3-inch diameter PBN 

(pyrolytic boron nitride) substrate heater (GE Advanced Ceramics) biased with a 

DC power supply (Advanced Energy NIDX 500). 

Prior to the growth of CNTs, the substrate holder with the specimen was pre- 

heated by a temperature controller (Eurotherm 7EC, Varber-Colman Company) and 

maintained at approximately 500 "C for 10 min, and the substrate was reduced in 

30 sccm flow rate of hydrogen plasma with the ECR effect operational to become 

well-distributed nano-sized catalysts. The processing conditions are shown in Table 

2.2. After the H2 pretreatment, the catalyst-coated substrate was then followed by 

CNTs deposition process with CH4 and H2 as precursor gases with varying 

different processing conditions, as shown in Table 2.3, in the same ECR-CVD 

system under 600 W microwave power and the substrate subjected to a negative 

DC bias. A typical deposition is carried out at the substrate temperature of 480-600 

"C with a DC bias of -200 V for 30 min. After the processing is complete, the 

sample was cooled down to room temperature in the presence of pure argon, 

followed by evacuating the chamber until the pressure reached to 760 Torr. 



2.2.3 Characterization 

Morphologies and nanostructures of the catalyst-coated substrate surfaces and 

as-grown CNTs were examined by scanning electron microscopy (Zeiss-Leo 

DSM982 Field Emission SEM). The diameter, wall thickness, and the lattice 

images of CNTs were examined by a thermionically fired transmission electron 

microscope (JEOL 2000EX TEM). In addition, the SEM system includes a x-ray 

spectrometer and integrated imaging (EDAX Phoenix) system, allowing the CNTs 

characterization analyst to obtain the accurate microanalysis data and accurately 

map the distribution of elements. The CNTs images were recorded and analyzed 

using an image processing software (Image-Pro Plus 7.0) to calculate the volume 

density of CNTs film. 

The Young's modulus, tensile strength, and the hardness were measured using 

nano-indentation. The samples were tested on a Nanoindentor XP (Nano 

Instruments Inc.). A diamond Berkovich indenter was used. Indentation tests are 

performed using a continuous stiffness measurement (CSM) technique [46] and a 

method of basic modulus measurement at a constant depth. Loading is controlled 

such that the loading rate divided by the absolute load remains constant at O.OS/sec. 

The indenter is pressed into the test surface to a maximum penetration depth of 

1000 nrn. With every batch of samples, a sample of fused silica is also tested using 

identical setup and procedures. 



2.3 Deposition of Carbon Nanotubes 

The critical issue during the deposition of CNTs films was to maintain the 

carbon atom concentration in the vapor phase, so that the morphologies and growth 

rate of deposited nanotubes could be possibly controlled throughout the process. 

2.3.1 Morphology of Carbon Nanotubes 

Typically, a deposited CNTs film could be visually observed 1-5 min after 

introduction of the methane and hydrogen with the ECR effect. The CNTs films 

were dull black in color and could be grown uniformly over 2 inch silicon wafers. 

The CNTs thin films are about 5 - 10 ym thick, while the individual tubes are from 

300 nm to about 3 pm long. Figure 2.4 (a) shows a cross-sectional SEM image of 

a MWNTs film. A random tube network including curved tubes was formed. The 

MWNTs film was typically deposited for 30 min with an initial layer of - 50-nm- 

thick cobalt catalysts, and grown at 480 "C and 14.1 mTorr with a 4 to 1 (30:7.5 

sccm) hydrogen to methane ratio. Figure 2.4 (b) is corresponding to the top -view 

of the MWNTs film, showing that the tubes are in better alignment and the growth 

direction is more perpendicular to the substrate surface. One explanation of this 

observation is that we tried to fracture the MWNTs film in order to examine the 



side-view under the SEM, thus it may pull out and alter the plane of the cross- 

sections. 

The factors to determine the CNT morphologies and growth mechanism were 

studied by examining the higher magnification SEM and TEM images, in 

Figure 2.5 and 2.6, respectively. From Figure 2.5 (a) and (b), the catalysts at the 

tube caps are obvious, implying that the growth mechanism in our experiment is 

the tip-growth mechanism (Chapter 2.1.2). This is also confirmed by performing 

TEM analysis to reveal that the catalyst cap conforms closely to the nanotube core 

as shown in Figure 2.6. Furthermore, the color difference of nanotube walls 

indicates that the nanotubes are multi-walled and hollow rather than solid fibers. 

The inner and outer tube diameters of individual tube could be measured using 

the SEM. Figure 2.7 (a) and (b) show a typically cross-sectional nanotube with 

measurement where normally the tube inner diameters (dCNT) are in the range of 

10-30 nm and the outer diameters (DCNT) are from 30 to 80 nm. They are 

corresponding to average 29 - 73 graphite layers with 0.34 nm interlayer distance 

of the pure graphene spacing reported in literature [47] (Table 2.4). 

Moreover, the density of individual MWNTs (PCN,) can be calculated from a 

simple mass balance equation of the pure graphite density ( PI('UphilP = 2.24 g/cm3), 

as given by (Derivation in Appendix A) 



- P graphite 

PCNT - 
1 + "''inner 

where vol vol are the volume of inner (hollow) tube and the volume of 

outer tube, respectively. Assuming no catalyst residual inside the tube, the ratio of 

inner and outer tube volume can also be calculated by 

"0' inner - - 1 
"0' outer D t N T  - 1 

d i N T  

where DCNT, dCNT are the tube outer and inner diameter (Figure 2.8), respectively. 

The average density of individual MWNTs under normal depositing condition is 

1.86 g/cm3, as calculated using above equations and the measured dimensions of 

the CNTs deposited here. Figure 2.9 shows the ratio of inner (hollow tube) and 

outer tube diameter as a function of the MWNTs density, suggesting that the 

density of MWNTs with fewer layers of walls is closed to the single-walled 

nanotubes of 1.33 g/crn3 [48,49]. 



2.3.2 Growth Rate of Carbon Nanotubes 

The growth rate of carbon nanotubes was determined by measuring the length of 

MWNTs for different processing of times. As stated before, deposited CNTs film 

could be visually observed 1-5 min after introduction of the methane and hydrogen. 

A growth rate curve, shown in Figure 2.10, was obtained by measuring the length 

of tubes for time fiom 5 min to 8 hours, under otherwise identical conditions. The 

curve shows that nanotubes deposited for a period of rapid (first 5 min) and then 

constant growth, which is last about 10-15 min. During the rapid growth, the 

nanotubes grew to about 1.25 pm for the first 5 min at a rate of - 250 nmlmin. The 

curve shows a decrease in the growth rate after 30 min deposition. It is reasoned 

that the decrease in the growth rate occurs as a result of the cobalt catalyst 

becoming fully enclosed within the carbon layer. Consequently, with the further 

increase of deposition time, it became more difficult for the reactive carbon species 

to reach the nucleation sites. It was noted that the CNTs grown in this study show 

quite uniform diameters, fiom 30-80 nm, throughout the deposition. It attributed to 

the good distribution and uniform size of the cobalt particles fiom the catalyst 

preparation. 



2.4 Effects of Processing Conditions 

The effects of four deposition parameters and processing conditions on the 

morphologies and properties of vapor-deposited MWNTs films were examined to 

identify the parametric space for the smooth deposition and optimal film properties, 

and to maintain and maximize the process uniformity and reproducibility. 

2.4.1 Electron Cyclotron Resonance 

A major benefit of using an ECR plasma ion source in MWNTs films processes 

is that it permits deposition of high quality nanotubes at lower temperature to strip 

hydrogen from the methane without the need for solely thermal reactions at the 

substrate. This is achieved by using the ECR effect to increase ion density, 

maximizing ionization efficiency within the plasma, and extracting ions from the 

ECR chamber with a controlled, divergent magnetic field. With the help of a ECR 

plasma source, which is electrodeless and can be controlled to produce reactive 

species and create a clean plasma, we have grown pure MWNTs on cobalt-coated 

(50-500 nm thick) Si substrates at 480 "C, which is lower than the lowest reported 

growth (520 "C) to date using the same method [41, 501. 

In our ECR-CVD system, the methane and hydrogen gases are ionized and 

dissociated by the resonance electrons and microwave power coupled into the 



plasma. Nanotubes morphologies at different microwave powers were compared in 

Table 2.5. The nano-structures of deposited films in different microwave powers 

are shown in Figure 2.1 1. The formation of nanotubes started at 500 W, and the 

maximum tubes sizes were found at 600 W. The results show that microwave 

power above a certain threshold value is essential for low temperature MWNTs 

deposition. Higher microwave power increases the flux of ionized and dissociated 

methane and hydrogen radicals in the plasma and also increases their energy 

allowing them to travel farther on the substrate once they are physisorbed. At lower 

microwave power, where no nanotubes were observed, the diffusion length of CH4 

and H2 radicals on the growing surface is smaller than those at higher microwave 

power. Furthermore, neither hydrocarbon species nor the pure carbon atoms are 

likely to diffuse through the surface of Co catalysts at low microwave power, and 

thus form the nanotubes. 

2.4.2 Deposition Pressure and CH4 Concentration 

Figure 2.12 shows micrographs of nanotubes grown at different pressure. The 

deposition pressure was varied to study its effects on the plasma environment under 

the ECR conditions. It is noted that the microwave power, CH4 : H2 ratio, and the 

bias voltage were kept constant at 600W, 1 : 4 and -200 V, respectively. At 7-mTorr 

process pressure, the deposited film with MWNTs length much shorter than in film 



deposited at higher pressures. Furthermore, as shown in Figure 2.1 3, it can be seen 

that the MWNTs length increases, at a rapid rate, with increasing pressure till -14.1 

mTorr and then eventually decreases. It is because, at higher pressure, a denser 

plasma is created resulting in an increase in the ion flux at the substrate. However, 

because the ion energy is expected to be lower at increasing pressure due to more 

nonelsatic collisions among ions [51.]. The lower energy and extent of ionization 

and dissociation are thereby deduced and responsible for the decrease of MWNTs 

observed. In addition, when the CVD background is insufficient, oxygen or water 

can enter the chamber and reoxidize the catalyst, known as catalyst poisoning, 

decreases the growth of tubes. The optimum value of pressure for our experiments 

was found to be 14.1 mTorr. 

Figure 2.14 plots the nanotube length against the CH4 concentration. As CH4 

concentration increases, the tube length initially rises by - 40% and then decreases 

again. The initial rise is expected, as a higher concentration of CH4 in the plasma 

compensates for the etching of CH4 by H2. Once at concentrations over a certain 

percentage, 50 % in our study, the growth rate of vertical nanotube can not keep up 

with the amount of carbon extruded through the Co catalysts, so that the lateral 

growth dominates the formation of structures thereafter. Furthermore, since the 

relative amount of H2 in the plasma is less, the etching rate is much lower than 

the deposition rate, leading to a formation of undesired amorphous or poor 



quality carbon nanostructures. This will result in the decrease of the growth of 

nanotubes. 

2.4.3 Substrate Temperature 

The effect of substrate temperature on growth and structure of deposited 

MWNTs has been investigated. Because of the fields and requirement for the ICF 

application, it is needed to find out the possible lowest temperature for nanotubes 

fabrications. Figure 2.15 (a)-(c) show that CNTs can not grow at substrate 

temperature below 480 "C while other processing conditions remained at the 

pressure of 14.1 mTorr with 20% CH4, 600 W of microwave power, and -200 V 

substrate bias for 30 min deposition. At 150 "C, due to the low dissolving and 

diffusing rates of carbon atoms, carbon atoms can only congregate at the early stage 

of formation and then precipitate on the side area of the catalyst droplets to form 

amorphous carbon films or clusters, as shown in Figure 2.15 (a). However, various 

types of carbon nano-structures, such as nano-walls and foam-like nano-sheets, 

were formed at lower temperatures and the detail of this will discuss in Chapter 3. 

At temperature higher than 480 "C, the nanotubes are uniform with the tubes 

having a diameter of 40 nrn and a height of about 2 pm. For nanotubes formations, 

it is believed that the effect of substrate temperature is to minimize the thermal 

energy required to activate the catalysts to precipitate carbon atoms to form 



nanotubes. With the increase of the temperature, the dissolving and diffusing rates 

of carbon atoms will increase, and carbon atoms can get to the top and back areas 

of the catalyst droplets to form nanotubes. 

2.4.4 Substrate Bias 

In an ECR plasma system with the substrate bias, the gas dissociation is mainly 

controlled by microwave power with assistance of ECR. The kinetic energy of 

positive ions impacting the surface is manipulated by the negative substrate bias. 

As a result, the effect of negative substrate bias is to attract and accelerate the 

positive species in plasma to stick into the substrate and form the nanotubes. 

Figure 2.16 shows the effects of the negative dc bias voltage on the growth of 

MWNTs. The length of the nanotubes increased with the increasing bias voltage up 

to -200V and then stayed constant afterwards. It should be noted that the diameters 

of the deposited nanotubes, about 30 - 40 nm, are impervious to the dc bias. This 

can be attributed to the well-distributed Co catalysts sizes, which are determined by 

the spin-coating process and the pre-deposition H2 plasma pretreatment. 



2.5 Properties of Vapor-Deposited Carbon Nanotubes Films 

The properties of vapor-deposited MWNTs thin films are summarized in 

Table 2.6. The literature values for MWNTs films, produced at higher temperatures 

but similar in diameter to those studies here, are included for comparison [49, 521. 

Young's modulus and hardness are obtained from the nanoindentation process. The 

modulus-displacement data of a typical MWNTs film sample is illustrated in Figure 

2.17. The values presented are the averages calculated from the data points 

collected with 5 thin films from different batches. An array of 12 indents is 

performed on each sample; successive indents are separated by approximately 50 

microns. The volume density of MWNTs films was examined by recording the 

SEM images and then using an image processing software (Image-Pro Plus 7.0) for 

the calculation. In addition to the MWNTs films produced at this study, 

commercially available MWNTs thin films (Nanocs, Inc., New York) with 

diameters ranged from 50 to 200 nm were parallel-tested for comparison and also 

used as substrates for fabricating nanotube-reinforced polymer composites, as 

detailed in Chapter 4. 

The properties of vapor-deposited MWNTs thin films using ECR-CVD showed 

consistent and are in agreement with those of nanotubes reported at high 

temperature. However, it should be noted that the values of those mechanical 

properties were measured as a large bundle or rope of MWNTs, or as a MWNTs 



thin film. As a result, these are somewhat lower than those measurements of 

individual MWNTs (from 0.1 to -1 TPa) [53,54]. It was found that structural 

effects of the collection of MWNTs and the interwall slides within the MWNTs are 

responsible for the properties. 

Furthermore, it is apparent that the Young's modulus and hardness of those films 

by ECR-CVD possess higher values than those of commercial films with bigger 

MWNTs diameters. This is in agreement with the reported data [52], whereas the 

modulus decreases as the diameter of nanotubes increases. It may be attributed to: 

(i) the large diameter ropes may contain even more imperfections than smaller 

ropes; (ii) the elastic behavior of bigger and disordered tubes may involve shear 

deformation, which is sensitive to defects and dislocations. 

2.6 Summary 

A fabrication process that produces multi-walled carbon nanotubes (MWNTs) 

thin films with consistent quality and properties has been established in this study. 

Low temperature (480 "C) well-aligned MWNTs thin films with diameters around 

30 to 80 nm were grown on cobalt-assisted Si substrates with mixture of CH4 and 

H2 precursor gases using microwave plasma electron cyclotron resonance chemical 

vapor deposition (ECR-CVD) system. The effect of ECR enables the 



reproducibility and coating uniformity throughout the fabrication process. Varying 

the processing conditions including the CH4/H2 gas flow ratio, processing pressure, 

plasma power, and the substrate temperature and bias modified the properties of 

vapor-deposited MWNTs. These effects were also attributed to the changes in 

morphology, density, and nano-structures. 

In addition, the mechanical performance , such as Young's modulus and 

hardness, of the produced MWNTs falls in the agreement with those of MWNTs 

that are synthesized using are-discharge process or other chemical vapor deposition 

at much higher temperature. 



2.7 Tables and Figures 

Table 2.1 Common methods of carbon nanotubes productions [1,27-30,351. 

Plasma- 
Enhanced 
CVD 

Metal catalysts 
nucleate growth 
of CNTs with 
help of plasma 
effects 

Up to 90% 

500-800 "C 

Excellent 
structures; 
great 
uniformities 
and alignments 

Production 
rates still 
relatively low 

CNTs 
production 
methods 

Summary 

Yield 

Fabrication 
Temperature 
Advantages 

Disadvantages 

Arc Discharge 

Graphite 
evaporated by a 
plasma via high 
currents 

30% 

5,000-8,000 "C 

Less structural 
defects of CNTs 

Tubes tend to 
be short and 
highly 
entangled 

Laser 
Ablation 

Graphite 
blasted 
with intense 
laser pulses 

Up to 70% 

1,000-3,000 "C 

Produces 
SWNTs; 
diameter 
control via 
reaction 
temperature 
More expensive 
than the other 
methods 

Thermal 
Chemical 
Vapor 
Deposition 

Decomposition 
of hydrocarbon 
gases at  high 
temperature 

20 to -100 % 

800-1,500 "C 

Easiest to scale 
to industrial 
production 

Typically 
MWNTs with a 
high density of 
defects 



Table 2.2 Typical processing conditions of H2 plasma pretreatment for the 

catalyst-assisted substrates. 

DC Bias (V) 

-100 

H2 plasma 
pretreatment 

H2 flow rate 
(sccm) 

,- 

3 0 

Time (min) 

10 -15 

Microwave 
power (W) 

600 



Table 2.3 Summary of the processing conditions for the CNTs production 

using ECR-CVD system. 

Processing conditions 

Microwave power 

CH4 gas flow rate 

HZ gas flow rate 

Processing pressure 

Substrate temperature 

DC Bias 

Substrate 

600 W 

5 to 20 sccm 

10 to 40 sccm 

7.0 to 19.2 mTorr 

400 to 600 OC 

-50 to -250 V 

p-type Si (100) 



Multi-walled carbon nanotubes 

Inner (hollow) diameter dCNT 

Outer diameter DCNT 

Average layers of MWNTs 

10-30 nm 

30-80 nm 

Spacing between the tubes 
(distance between two graphite 
layers) 

29-73 layers 

0.34 nm 

Table 2.4 Measurements of diameters of the typically as-deposited MWNTs. 



I Catalyst I 

Sample # 

Base pressure 

Processing 
pressure 

Cobalt 

Substrate 
Temperature 

T30619 

6.10 x 1 0 ' ~  
Torr 

12.3 x lo.3 
Torr 

Substrate 
Bias 

T30630 

6.55 x 
Torr 

12.1 x lo-3 
Torr 

1 H2 flow rate I 
CH4 flow rate 

7.5 sccm 

T30711 

6.74 x loe6 
Torr 

12.0 x 
Torr 

30 sccm 

Deposition 
time 

T30715 

6.74 x 10 .~  
Torr 

12..1 x 
Torr 

30 min 

Table 2.5 Effects of the ECR microwave power on the morphologies of vapor- 

deposited carbon nanotubes. 

Microwave 
power 
Reflected 
power 

Film 
Morphologies 

200 W 

15 W 

amorphous 
carbon films; 
no carbon 
nanotubes 
observed 
(Fig.2- 1 1 (a)) 

400 W 

17 W 

no carbon 
nanotubes 

500 W 

12 W 

scattered 
carbon 
nanotubes 
with short 
length (Fig.2- 
1 1 (b)) 

600 W 

12 W 

dense and 
well-aligned 
carbon 
nanotubes 
(Fig.2- 1 1 (c)) 



Tube 
diameter 
(nm) 

Volume 
Density 
( vol. %) 

Young's 
modulus 
(GPa) 

Hardness 
(GPa) 

ECR-CVD 
vapor- 
deposited 
MWNTs films 

MWNTs 
films flanocs, 
Inc.) 

High- 
temperature 
MWNTs films 

Individual 
MWNTs 

Table 2.6 Properties of vapor-deposited MWNTs films by ECR-CVD 

compared with those of MWNTs produced by other methods. Include the 

properties of individual MWNTs as reference. 



Figure 2.1 Growth mechanism of carbon nanotubes on metal (M) catalyst- 

assisted substrate by chemical vapor deposition. CH4 was used as the carbon 

source 144,451. 
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Figure 2.2 Schematic of the fabrication process of catalyst-assisted substrates. 
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Figure 2.3 Setup of the electron cyclotron resonance- chemical vapor 

deposition (ECR-CVD) system. 
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Figure 2.5 SEM images of MWNTs, (a) grown on cobalt-assisted substrates, 

and (b) obvious catalyst particles at the tip of tubes. Growth conditions were 

the same as those in Fig. 2.4. 



Figure 2.6 TEM micrograph of a catalyst particle fully enclosed within one 

end of the MWNT. 



Figure 2.7 Cross-sectional SEM images of (a) a multi-walled nanotube shown 

hollow structure, and (b) measurement of inner and outer diameters of the 

tube. 



Figure 2.8 Schematic of a multi-walled nanotube with average density of 1.86 

g/cm3 calculated from Equation (2-1) and (2-2). 



innerlouter diameter ratio 

Figure 2.9 Calculated density of MWNTs as a function of the ratio of inner 

and outer tube diameters. As the ratio increases (fewer layers in a tube), the 

density is closed to the single-walled nanotube of 1.33 g/cm3. 
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Figure 2.10 Average MWNTs length as a function of growth time. Note that 

the diameters of nanotubes remained at - 50 - 80 nm even as the growth time 

increased. 



Figure 2.11 SEM images of MWNTs grown with microwave powers of (a) 

200W, (b) SOOW, and (c) 600W. 



Figure 2.12 SEM images of MWNTs grown at pressures of (a) 7 mTorr, (b) 

14.1 mTorr, and (c) 19.6 mTorr. 
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Figure 2.13 MWNTs length and diameter as a function of growth pressure. 
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Figure 2.14 Average MWNTs length and diameter as a function of CH4 

concentration. 



Figure 2.15 SEM images of MWNTs grown with substrate temperatures of 

(a) 150 "C, (b) 300 "C, and (c) 480 "C. 
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Figure 2.16 Average MWNTs length and diameter as a function of substrate 

bias. 



Displacement Into Surface (nm) 

Figure 2.17 Typical modulus-displacement data acquired by nano-indentation 

with a carbon nanotube film sample. 



Chapter 3. Vapor Deposition of Open-Networked Carbon 

Nanostructures at Low Temperature 

3.1 Introduction 

Over the past few years, attention has been focused on the research field of one- 

dimensional nanostructure materials, such as nanowires and nanotubes, because of 

both their special properties and the wide range of their potential applications in 

nano-devices [14,55-581. It is known that carbon nanotubes (CNTs) represent 

unusual form of carbon in the nanometer scale. Its unique crystalline structure and 

dimensionality make carbon structures with new mechanical, chemical and 

electronic properties possible [59-611. Although there is a great deal of attraction 

for carbon nanotubes, it is surprising that so far there has only few reports on the 

growth of other types of nanostructures including carbon nano-particles, carbon 

nano-sheets, carbon nano-rods, and carbon nano-walls. They possess many superior 

mechanical, electrical, physical or chemical properties compared with bulk 

materials [62-651 ; thus, those nanostructures could be very useful for applications 

such as hydrogen storage, light-emitting devices, catalyst carriers, or reinforcement 

materials for ICF targets. 



In this chapter, a fabrication process for synthesizing nanostructures at low 

temperature is presented using a microwave ECR-CVD system, as shown in Figure 

2.3, Chapter 2. Also, the results of a parametric study of the fabrication process are 

shown for better understanding the optimized conditions that yielded 

nanostructures with consistent quality and reproducible properties. 

3.2 Experimental 

3.2.1 Catalysts Preparation 

Cobalt, iron, and nickel acted as catalysts were either spin-coated or rf sputtered 

in the form of 5-50 nm thin films over 2-inch diameter p-type Si wafers substrates. 

Cobalt nitrate [Co(N03)2 . 6H20] and iron nitrate [Fe(N03)3 - 9H20] (catalogue 

name: ferric nitrate nonahydrate, >99.999% purity) were purchased from Aldrich 

Chemical and used as received. The fabrication process including procedures and 

apparatus was identical to that for the synthesis of multi-walled carbon nanotubes 

(MWNTs) in Chapter 2.2. 

For the nickel catalyst, a 500 8, Cr or A1 layer was first thermally evaporated 

onto the Si substrate to improve adhesion of the Ni layer. This was followed by 

depositing of Ni in a RF sputtering system with a base pressure of 3 .Ox1 0-7 Torr. A 



schematic of the procedures and depositing apparatus is shown in Figure 3.1. The 

nickel sputtering source (99.98% purity) was purchased from SCI Engineered 

Materials. The processing pressure was maintained at 1 5 . 0 ~  1 o - ~  Torr throughout 

the deposition and 120 W RF power (RFPP Power Product) was applied to the 

sputter sources. Duration of the deposition process was 3 min. 

The grown Ni catalytic layer was 50 - 100 nrn thick. The substrate was not 

heated during the Ni thin film deposition. The film thickness was monitored in situ 

with a quartz-crystal thickness monitor (INFICON XTCl2 Crystal Monitor) and 

then confirmed by profilometer (TalySurf PGI 1240, Taylor Hobson) and 

interferometers (Zygo NewView 5000, Zygo Corp.). 

3.2.2 Procedures and Characterizations 

The growth of carbon nanostructures was performed in the microwave ECR- 

CVD system shown in Figure 2.3. The power was 600 W at 2.45 GHz and plasma 

was guided through a tuner and introduced into a vacuum chamber through a quartz 

window with the confined magnet field by the 875 Gauss magnet system. The 

system was evacuated down to a base pressure about 8 . 0 ~ 1 0 - ~  Tom by a series of 

pumping system, and a gas mixture of CH4 and Hz with various flow rates (see 

Table 3.1) was fed to the vacuum chamber to achieve the desired pressure from 7 to 

40 mTorr. The substrate temperature was varied from 200 to 480 "C using a 3-inch 



diameter PBN (pyrolytic boron nitride) substrate heater (GE Advanced Ceramics) 

and sustained at this range of temperature during the process, monitored by a set of 

thermocouples. A DC power supply was connected to the substrate holder to 

negatively bias the substrate from 0 to -200 V at -50 V intervals. It should be noted 

that before CH4 was introduced to the chamber in order to start the growth of 

carbon nanostructures, the substrate with the specimen was pre-heated and 

maintained at approximately 400 - 600 "C in 30 sccm of hydrogen plasma with the 

ECR effect for 10 - 15 min. This is to ensure the metal thin films become well- 

distributed nano-sized catalysts. 

As-grown samples were examined by scanning electron microscopy (Zeiss-Leo 

DSM982 Field Emission SEM) and transmission electron microscope (JEOL 

2000EX TEM). In addition, the SEM system includes a x-ray spectrometer and 

integrated imaging (EDAX Phoenix) system, allowing the characterization analyst 

to obtain the accurate microanalysis data and accurately map the distribution of 

elements. 

The Young's modulus and the hardness were measured using nano-indentation. 

The samples were tested on a Nanoindentor XP (Nano Instruments Inc.), as 

described in Chapter 2.2.3. 



3.3 Results and Discussion 

3.3.1 Morphology of Vapor-Deposited Carbon Nanostructures 

It is known that different catalyst materials, including Co, Fe, and Ni, coated on 

substrate will result in separate growth mechanisms as well as several distinct 

nano-structures. The results examined by SEM showed that the deposited structures 

can include carbon nano-particles, carbon nano-foams, and wall-like nano- 

structures. 

3.3.1.1 Carbon Nano-Foams 

Figure 3.2 (a) shows SEM images of as-deposited carbon foam-like 

nanostructures. A dense open-networked carbon nano-foam is obtained at 

deposition temperature as low as 300 "C. The nano-foams were typically deposited 

on an initial layer of - 50-nm-thick cobalt catalysts with 600 W microwave power 

for 30 min. The only gas used was methane, and the flow rate was 20 sccm. It is 

important to point out that there is no negative bias applied to the substrate 

throughout the deposition, which is opposite to the requirement for growing CNTs. 

Nevertheless, before CH4 was introduced to the chamber to commence the 

deposition, it was still necessary that the substrate was pre-heated to 400 "C in a 



hydrogen plasma for 10 min. Table 3.2 depicts the details of processing condition 

for the growth of nano-foams. 

The distribution of the nano-foams is uniform over the substrate surface area; 

however, various pore sizes, ranged from 50 nm to few micrometers, were also 

observed within one nano-foam film. Occasionally, small size pore structures 

inside a big pore like the one shown in Figure 3.2 (b) were observed. It is found 

that the size of pore could be likely controlled by increasing the substrate 

temperature during the deposition. As can be seen from Figure 3.3 (a) and (b), with 

increase of substrate temperature from 300 to 400 "C, the pore sizes are more 

continuous and uniformly distributed and the boundaries between individual pore 

are increased as well. This is possibly because the higher temperature provides a 

better clustering of the initial cobalt catalyst layer, resulting in a dense network of 

nano-foams. 

In addition, it is found that the carbon nano-foams showed difference in 

morphology when the substrate was biased. Figure 3.4 (a) shows a nano-foam film 

subjected with -50 V bias has better alignment and grew more vertically than that 

without a bias, as shown in Figure 3.4 (b). It is very likely that the bias charge, 

which is perpendicular to the substrate, on the carbon atoms was much stronger 

than the laterally precipitated carbon species that may form parallel growth. The 

details will be discussed later in this chapter. 



3.3.1.2 Carbon Nano-Particles 

Figure 3.5(a) shows the sample surface of the as-deposited carbon nano-particles 

layer. The surface finish is smooth and uniform. A closed profile shown in Figure 

3.5(b) demonstrates the average diameters of the individual nano-particles are 

distributed in the range of 20 to 100 nm. Typical nano-particles were grown with 

Co or Fe catalytic layers under the bias voltage of -100 V at substrate temperature 

of 300 - 400 "C for 15 min. The precursor gases were CH4 and H2. Processing 

conditions are present in Table 3.3. It is found that the growth of carbon nano- 

particles occurred in a wide range of processing pressure from 14 to 40 mTorr with 

various CH4/H2 ration and flow rates. However, we found that the sizes of particles 

will increase as the duration of deposition increase. Figure 3.6 (a) and (b) show the 

SEM images of carbon nano-particles deposited for 60 min, under the identical 

conditions as those in Figure 3.5. It is noted that the average diameters of the nano- 

particles increase approximately loo%, ranged from 40 to 200nm. It is believed 

that the nano-particles preferably grow in the direction of parallel to the substrate 

because the lateral growth of carbon species dominates the formation of structures 

after a certain point of time. Also, as the growth time increased, the grown nano- 

particles are more likely to meet with one another, eventually resulting in the 

bigger size of particles. By carefully monitoring of growth time, a desired size of 

carbon nano-particles materials could be deposited. 



In addition to the growth time, substrate bias plays a role in the determination of 

the morphologies of carbon nano-particles films. Compared to the film grown with 

-100 V bias, one coated with -50 V bias grew in a wavy fashion but lacked for 

uniformity, as shown in Figure 3,7(a). The individual particle size (Figure 3.7(b)); 

however, is in the same range as that grown with higher bias. 

3.3.1.3 Carbon Nano-Walls 

The growth of carbon nano-walls was found during the growth of carbon 

nanotubes. Our initial motivation was to grow carbon nanotubes at low temperature 

by utilizing the ECR-CVD system. To this end, various types of metal catalysts 

(Co, Fe, and Ni) coated with or without an underlayer of A1 were tried in order to 

optimize the growth process. The growth of nano-walls was performed in the ECR- 

CVD system equipped with a 600 W microwave power. A mixture of CH4 and H2 

were used as precursor gases. Typical flow rates of the CH4 and H2 were 7.5 and 

30, respectively. The processing pressure was maintained at 14 mTorr during the 

deposition. Substrate was applied with bias voltage of -200 V and kept at 410 "C, 

which was the lowest growth temperature reported [66-681. 

Typical SEM images of the carbon nano-walls grown using the present system 

on catalytic substrates for 30 min are shown in Figure 3.8. These pictures show that 

two-dimensional carbon nano-walls were flat and grown vertically on the substrate. 



High-resolution SEM, as shown in Figure 3.9, revealed that the thickness of walls 

was 20-100 nm, and their height was approximately 500nm. It is important to note 

that the growth of carbon nano-walls were only achieved using the iron (Fe) coated 

substrates. No carbon nano-walls were observed at Co and Ni catalytic substrates. 

The growth mechanism of the carbon nano-walls material is still a subject of 

further work. In few previous reports, growth mechanisms for carbon nano-walls 

and similar structures such as carbon nano-sheets and nano-flakes were proposed 

[68,69]. The growth of nano-walls is attributed to the existence of a strong lateral 

growth of carbon atoms, as the tubular structures do not close and connect laterally 

to form continuous wall structures. Figure 3.10 shows the growth of nano-walls at 

different growth stages. In Figure 3.10(a) and (b), some Fe catalyst islands or 

particles can be seen clearly at the initial stage of the growth. Narrow strips started 

to grow across some of the islands and eventually developed into sheet-like 

structures when all the strips met with one another (see Figure 3.1 O(c)). The free 

carbon from the plasma atmosphere will further adhere on the existing structure to 

become wall-like carbon nano-walls. 

Growth rate profiles for the nano-walls were obtained by measuring the height 

and thickness of the nano-walls over the different amounts of growth time (0 to 8 

hr). Figure 3.1 1 shows the average height and thickness of nano-walls as a function 

of growth time, under otherwise identical conditions. The height of nano-walls 

increased almost linearly with the increase of growth time for the first 112 to 1 hour 



and then saturated at approximately 520 nm. On the other hand, the thickness of 

nano-walls gradually increased at first 2 hours and saturated at about 80 nm 

thereafter. It is needed to emphasize again that the carbon nano-walls fabricated 

using ECR-CVD system in this study were grown at the substrate temperature of 

41 0 "C, the lowest ever reported. 

3.3.2 Effects of Processing Conditions 

Catalyst type, particle size and shape, substrate temperature and substrate bias all 

strongly affect the growth of the nano-structures. The dependence of the 

morphologies of the nano-structures, including nano-foams, nano-particles, and 

nano-walls on those parameter is discussed. 

3.3.2.1 Catalyst-Assisted Substrates 

The deposition conditions for synthesizing different nanostructures, including 

normal carbon nanotubes (CNTs), carbon nano-foams, carbon nano-particles and 

carbon nano-walls, were summarized in Table 3.4. An unexpected result in this 

study was the absence of a need for using Ni as catalyst to synthesize those 

nanostructures. It is noted that Ni catalysts were coated by sputtering system had no 

impact on the deposition of nanostructures, even though nickel particles have been 



extensively used in literature to produce carbon nanotubes [70-721. It is likely 

because that soon after the sputtering deposition, the initial Ni layer has already 

been transformed into nickel oxide, which is probably due to the samples exposure 

to atmosphere. 

The SEM micrographs for the Co and Fe catalyst-coated substrate surfaces, 

before nanostructures depositions, are shown in Figure 3.12. The Co catalyst 

particles in Figure 3.12 (a) are spherical and individually separated and ranged 

from 20 to 100 nm in diameter, which are approximately the sizes of the diameters 

of nanotubes produced in Chapter 2. This is in agreement with the reported 

statement that the sizes of the catalyst particles determine the diameters of the 

nanotubes [73,74]. The Fe catalyst particles in Figure 3.12(b) are approximately 

20-50 nm in size, but the particles are embedded tightly with others to form a T- 

shape catalyst islands or linear nanostructures. This may relate to a higher sintering 

effect of Fe particles than other catalyst under the same catalyst reduction process 

with H2 plasma pretreatment. These morphologies of the Fe catalysts layers may 

play a predetermining factor for synthesizing the carbon nano-walls. In the cases of 

the nano-wall formation, the C-C bonds in the initial stage from the precipitated 

carbons and free carbon may form nucleus structures and be connected linearly 

with each other on the surface of the tightly sintered Fe catalyst [50,75]. In other 

words, the tightly sintered particles will be more difficult to melt during deposition 

to become nano-scaled liquid droplets, which are pushed upward individually to 



form nano-tubes. This explains that there was no CNTs observed using the Fe 

catalysts substrates. 

3.3.2.2 Substrate Temperature 

We report on the role of the growth substrate temperature in determining the 

morphologies and structures of the nanostructures, as compared in Table 3.4. We 

have found that varying the growth temperature between 300 and 480 "C with Co 

or Fe catalytic particles results in different carbon nano-structures being formed. 

For nano-foams and nano-particles formations at temperature as low as 300 "C, the 

dissolving and diffusing rates of carbon in the are limited by the effects of low 

temperature and low concentration of carbon atoms so that carbon atoms can only 

precipitate on the side area of the metal catalysts to form at the horizontal 

directions. As for the nano-walls formation, the required substrate temperature is 

about 410 "C, which is high enough to activate the substrate surface to 

accommodate carbon atoms to form the wall-like structures. It is believed that the 

Fe catalyst droplets become flat due to their high melting status at this temperature 

(410 "C), so the precipitation areas on the catalysts are enlarged; consequently, 

formation of carbon nano-walls will grow on them. 



3.3.2.3 Substrate Bias 

Figure 3.13 shows the effects of the negative DC bias voltage on the growth of 

carbon nano-particles and nano-walls. The wall height of the nano-walls increased 

linearly with the increasing bias voltage up to -200V and then stayed constant 

afterwards, while the wall thickness showed only little variation. Nevertheless, the 

average diameters of the deposited nano-particles, about 40 - 50 nm, were 

unaffected by the bias. 

Like the growth of CNTs, relatively high ion density and the kinetic energy may 

be expected in the growth of nanostructures using ECR-CVD system. Applying 

negative DC bias voltage to the substrate seems to be an effective technique to 

accelerate and collect the positive species in plasma to stick into the substrate and 

form the nanostructures. The unique feature of nano-walls or other nanostructures 

may be a consequence of the substrate bias effect plus the action of the magnetic 

field within the ECR plasma. 

3.4 Properties of Vapor-Deposited Carbon Nanostructures 

The properties of the carbon nano-structures including Young's modulus and 

hardness measured by nanoindentation is presented. Although there are three types 



of nanostructures in this experimentation, the only data acquired was from the 

measurement of carbon nano-walls due to the surface qualities and roughness. 

Figure 3.14 shows the modulus-displacement data of typical carbon nano-walls 

sample. Compared with MWNTs film produced in the same ECR-CVD system, as 

seen in Table 3.5, the carbon nano-walls showed lower Young's modulus and 

hardness values. The lower measured values of the properties may be attributed to: 

(i) the nano-walls structures suffering from deposition defects in which nano-walls 

only showed the top edges or sometimes disappeared during the measurement; (ii) 

the surface roughness and irregularity of nano-walls samples due to the large 

spacing between each nano-walls structure. (iii) the structure effect due to the 

relatively low areal density of the nano-walls. 

3.5 Summary 

In experiments on fabrication of carbon nanotubes (CNTs) by the ECR-CVD 

system, gas mixtures of CH4 and H2 have been also used to obtain radicals having 

high internal energy and deposit thin films with various types of nanostructure 

materials, including nano-foams, nano-particles, and nano-walls. In this chapter, we 

demonstrate a method to fabricate distinct carbon nanostructures on metal catalysts- 

assisted substrates at temperature as low as 300 OC. We have investigated the 



relationship between local structures, as characterized by SEM, and the processing 

parameters. Varying the deposition conditions including the catalyst types, 

substrate temperature and bias significantly modified the deposited nanostructures 

and their properties. These effects were attributed to changes in morphology, 

structure defects, and mechanical properties. The results in this chapter show that 

conformal coating of these carbon nanostructures on a flat surface can be a useful 

property for functional coating, electrochemical energy storage, and high surface 

area materials. By carefully monitoring of the fabrication processes, desired carbon 

nanostructures materials with controllable dimensions and properties could be 

prepared. 



3.6 Tables and Figures 

lcrowave power 

HZ gas flow rate 

Processing pressure 7.0 to 40 mTorr 

Substrate temperature 

-50 to -250 V 

Table 3.1 Processing conditions for the deposition of carbon nanostructures 

by ECR-CVD system. 



HZ gas flow rate 

Processing pressure 

Substrate temperature 

H2 pretreatment 

Table 3.2 Processing conditions for the deposition of carbon nano-foams. 



HZ gas flow rate 

Processing pressure 14 - 40 mTorr 

Substrate temperature 

HZ pretreatment 

Table 3.3 Processing conditions for the deposition of carbon nano-particles. 



Table 3.4 Effects of the processing conditions on the morphologies of vapor- 

deposited carbon nanostructures. 

Form of carbon 

nanostructures 
Catalyst Gas 

Co/Fe 

Fe 

Co 

Pressure 

(mTorr) 

CH4/H2 

CH4/H2 

CH4/H2 

Substrate 

temp. ("C) 

14.0 to 40.0 

14.0 

7.0 to 40.0 

Substrate 

bias (V) 

300 to 400 

410 

480 to 600 

-50, -100 

-200 

-50 to -250 

Nano-particles 

Nano-walls 

Nano-tubes 



I 1 ECR-CVD system Carbon nano-walls film MWNTs film 

Tube diameter/ wall 
thickness (nm) 

Volume Density 
( vol. %) 

Young's modulus 
(GPa) 

1 Hardness (GPa) I 

Table 3.5 Properties of vapor-deposited carbon nano-walls by ECR-CVD 

compared with those of MWNTs film. 
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Figure 3.1 Setup of the sputtering coater for the Ni catalyst deposition. The 

processing time is 3 min. 



(b) 

Figure 3.2 SEM images of (a) open-networked carbon nano-foams, and (b) a 

magnified image of the foams with various pore sizes. 



(b) 

Figure 3.3 SEM images of nano-foams grown at 400 "C with (a) denser 

networks than those at 300"C, and (b) more uniform and well-distributed pore 

sizes. 



Figure 3.4 SEM images of (a) aligned and vertical nano-foams grown with 

-50V substrate bias, and (b) randomly distributed nano-foams without bias 

application. 



Figure 3.5 SEM images of (a) the typical surface of a nano-particles film, and 

(b) nano-particles with average diameters in a range of 20 -100 nm. 



Figure 3.6 SEM images of nano-particles grown for 60 min with (a) uniform 

and continuous surfaces, and (b) -100% increase in diameters compared with 

those of 15 rnin deposition. 



Figure 3.7 SEM images of nano-particles grown at -50V bias with (a) a wavy 

surface, and (b) the same particle sizes as those grown at -100V. 



Figure 3.8 SEM images of typical carbon nano-walls by ECR-CVD, (a) two- 

dimensional wall-like structures, and (b) vertically aligned carbon nano-walls. 



Figure 3.9 SEM images of (a) a close-up carbon nano-walls showing vertical 

alignment, and (b) the measurement of carbon nano-walls. The wall thickness 

and height were approx. 20-100,500 nm, respectively. 



Figure 3.10 SEM images of the nano-walls at different growth stages, (a) 

after a growth of 3 min, (b) after 5 min, and (c) after 15 min. 
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Figure 3.11 Average wall height and thickness of nano-walls as a function of 

growth time. 
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Figure 3.13 The wall thickness of carbon nano-walls and the diameter of 

nano-particles, respectively, as a function of substrate bias. 
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Figure 3.14 Typical modulus-displacement data acquired by nano-indentation 

of carbon nano-walls film deposited by ECR-CVD. 



Chapter 4. Chemical Vapor Deposition of Carbon Nanotubes- 

Reinforced Polymer Composites 

4.1 Introduction 

4.1.1 Background: CNTs Properties Critical to Reinforcing Composites 

Given the exceptional values of modulus and strength that have been predicted 

or measured for carbon nanotubes, they are potentially an ideal reinforcement 

material for high performance polymer composite material. However, using 

nanotubes as reinforcing fibers in composite materials is still a developing field 

from both theoretical and experimental perspectives. In order to fully and 

efficiently utilize the properties of CNTs in composites for structural 

reinforcement, several issues related to the fabrication of the nanotube-reinforced 

composites will need to be addressed. 

(i) Nanotubes dispersion within the polymer matrix 

One important issue for nanotube-reinforced composites is the separation and 

dispersion of the nanotubes with the matrix, which is critical as the CNTs tend to 



assemble into ropes or bundles due to weak van der Waals interactions between the 

individual tubes. In order to have an optimal load transfer from the polymer matrix 

to the nanotubes, they must be separated. While some research groups have been 

able to separate individual nanotubes from the bundles via ultrasound, which has 

been shown to damage nanotubes [76], maintaining separated nanotubes during the 

processing of fabrication of nanotube-reinforced composites is still an unresolved 

subject. Some results suggest that the use of a surfactant as a coupling agent may 

overcome van der Waals attractive force and allow good dispersion of the 

nanotubes within the polymer [77]. A suitable chemical oxidation of carbon 

nanotubes was also found to introduce oxygen containing surface groups which can 

stabilize dispersions of nanotubes at much higher concentrations and raise the 

stability of aqueous suspensions [78]. However, it is unclear whether such 

processing agents can be employed to promote nanotube dispersion without 

compromising the nanotube-polymer interface. 

(ii) Nanotubes orientation 

Another topic of importance is how the orientation and alignment of carbon 

nanotubes in a polymer matrix affects the properties. Optimal material properties 

will only be achieved if the orientation of the nanotubes within the polymer matrix 

can be controlled. Processes that can provide products with nanotubes randomly 



distributed or aligned in a preferred direction in a polymer matrix for enhanced 

performance are desirable. Several techniques have been proposed to address this 

issue. One group found that cutting thin slices of a nanotubes-reinforced epoxy film 

introduced preferential orientation via shear flow [79]. A process of fabricating 

aligned nanotube films by drawing a nanotube suspension through a micropore 

filter was reported [80]. An alternative method that may be more suitable for larger 

samples is producing aligned MWNTs on a patterned substrate by pyrolysis [81]. 

However, it is still difficult to produce a composite with all reinforcement perfectly 

aligned along a specific direction. 

(iii) Load transfer across the nanotube-polymer interface 

In order to assess the feasibility and advantages of using nanocomposites, issues 

such as the basic principle of reinforcement of materials by carbon nanotubes as 

well as the nanotube-polymer interfacial properties, need to be addressed. A 

number of studies have analyzed the importance of load transfer across the 

nanotubes-polymer interface and the interfacial interaction: for example, a strong 

interface between multi-walled carbon nanotubes (MWNTs) and polystyrene (PS) 

[82] and polyhydroxyaminoether (PHAE) [83] has been reported. Analysis of 

single-walled carbon nanotubes (SWNTs) bundles-PMM (polymethyl 

methacrylate) thin films found that PMMA was able to penetrate within the 



bundles, which would likely enhance the interface between the nanotubes and 

polymer matrix [84]. Significant wetting and interfacial adhesion for SWNTs 

bundles embedded in an epoxy resin has also been reported [85]. 

To evaluate the theory of nanotube reinforcement, the basic principle used in 

micro size fiber-reinforced composites is introduced. The polymer matrix-fiber 

stress transfer mechanism is relatively well described by a model modified for 

hollow tubes [86]; assuming that the applied stress is transferred to the nanotube 

via a nanotube-polymer interfacial shear mechanism at the molecular level, a force 

balance expression for the CNTs-polymer interfacial shear strength between a 

hollow tube and the surrounding polymer matrix is illustrated in Figure 4.1 The 

interfacial shear stress, ~ C N T ,  can be expressed as [87] 

where OCNT is the tensile strength of a nanotube segment of length dx, and LC, dCNT, 

and DCNT are the critical length, inner and the outer diameter of nanotubes, 

respectively. The ratio of the inner diameter to the outer diameter is about 0.30- 

0.90, estimated for most cases, but should become significantly smaller for thinner- 

wall nanotubes. Thus, the determining parameter in Eq.(4-1) is the tensile strength 



GNT of nanotube fragments of length LC. There is currently no simple way to 

measure the critical length LC or the tensile strength GCNT. However, recent 

experiments provide estimates of about 20-1 50 GPa for critical lengths between 50 

and 500 nrn [88.89]. Using GCNT = 50 GPa as a conservative value in Eq.(4-I), the 

interfacial shear strength was calculated to be of the order of 500 MPa and greater 

for critical length values between 100 and 500 nm, as shown in Figure 4.2 [88,89] 

These values are much higher than the range of values measured in traditional 

fiber-based composites (usually ranges between 50 and 100 MPa for high modulus 

carbon fibers in epoxy). In other words, it is generally expected that CNTs can be 

used as additives for reinforcements of composite materials. 

4.1.2 Growth of Carbon Nanotubes-Reinforced Composites 

Using nanotubes as reinforcing fibers in composite materials is still a developing 

field from both theoretical and experimental perspectives. Several experiments 

regarding the mechanical properties of nanotube-polymer composite materials with 

CNTs have been reported recently [82,87,90,91]. Interest in nanotube-reinforced 

composites for structural applications exists due to: 

(4) High stiffness of carbon nanotubes. Numerical simulations predict tensile 

modulus on the order of 1-5 TPa [87,88], making nanotubes perhaps the 

highest stiffness filler material. 



( 5 )  High elastic strains of the nanotubes. Literature reports predict elastic 

strains in the nanotube as large as 5%, suggesting an order of magnitude 

increase in nanotube-reinforced composite's tensile strength compared to 

traditional composites. 

(6) Extremely high strength-to-weight ratios. For the exceptional strength and 

stiffness of the nanotube filler material, it may suggest the possibility of 

substantial weight saving for any weight-critical applications. 

(7) Multifunctionality. In addition to their outstanding mechanical properties, 

CNTs have also been shown to have exceptional electrical and thermal 

related properties, suggesting materials that may be designed to meet 

mechanical properties as well as other specifications. 

Current nanotubes-reinforced nanocomposites are usually prepared by solution 

mixing and casting or by melt dispersion, extrusion and injection techniques [92- 

961. Although these techniques improve the mechanical properties of the 

nanocomposites compared to the monolithic material, these techniques do not yield 

expected properties due to: (i) non-uniform nanotube dispersions, (ii) lack of 

nanotube orientation, (iii) limitation of nanotube volume content (less than I%), 

and (iv) weak interface between nanotubes and the polymer matrix because of 

CNTs clumping into ropes. Therefore, in this chapter we present a fabrication 

process of carbon nanotubes-reinforced polymer composites by using merely 

chemical vapor deposition (CVD) and chemical vapor infiltration (CVI) processes. 



Using techniques such as these it may be possible to create nanotube-reinforced 

polymer composites at low temperature where the arrangement of the nanotubes is 

well controlled and uniformly dispersed with defined orientation and density. It is 

the ability to infiltrate these CNTs substrates of different densities that will 

determine the interfacial interaction with polymer matrix. 

4.2 Vapor Deposition of Polymer 

Carbon nanotubes-reinforced polymer composites are proposed to be produced 

using vapor deposition, with consistent quality and properties for the ICF 

experiments and other applications. Figure 4.3 shows the schematics of the vapor 

deposition process in which a composite is formed by sequentially vapor depositing 

and then vapor infiltrating (CVI) gaseous hydrocarbon (CH) polymer matrix into 

the MWNTs films that were synthesized by ECR-CVD system in Chapter 2. The 

goal is to vapor-deposit a uniform polymer layer up the top surfaces of nanotubes 

films but not necessarily coat the ends of the nanotubes which contain the catalysts 

for further growth, and to study the feasibility of vapor-infiltration through the 

interfaces to form the composites. Vapor deposition of the hydrocarbon (CH) 

polymers is achieved by two distinct methods: glow discharge polymerization 

(GDP) and parylene (poly-para-xylene) coating process. 



4.2.1 Glow Discharge Polymerization 

A glow discharge polymerization process [97] is introduced to vapor-deposit 

polymer with the MWNTs films. Figure 4.4 shows the deposition procedures to 

deposit a polymer layer and could be described as follow: firstly, trans-2-butene 

(HCH3C=CH3CH) is the hydrocarbon gas used as the precursor for the coating 

material [97,98]. This is introduced into a hydrogen carrier-gas stream to maintain 

a saturation of hydrogen ions in the resultant plasma. This results in the deposited 

GDP films having a 1 : 1 carbon to hydrogen ratio; secondly, the gas mixture enters 

a quartz tube surrounded by a helical-resonator which is driven at its resonant 

frequency by amplifying the output of a function generator; here, the double bond 

in the trans-2-butene is broken down in the plasma region where the plasma energy 

is also manifested as ion bombardment aiding the deposition, and the hydrocarbon 

fragments deposit on substrates and react with the surface of the nanotube 

substrates. Lower ratios of trans-2-butene to hydrogen flow are needed for 

deposition of stronger coatings in this experiment [97]. These free hydrocarbon 

radicals have high chemical reactivity which promotes CH compound formation at 

a temperature much lower than that required for thermal reaction. In addition, the 

provided pressure is low and hence the mean-free-path is long; these fragments 

meet in the gas phase and react on and in the CNTs films. Therefore, by adopting 



the advantages of GDP process, it is possible to vapor-deposit nanotubes-reinforced 

polymer composites at low temperature. 

4.2.2 Parylene Coating Process 

Parylene is the generic name for members of a thermoplastic polymer series, 

including the basic member of this unique polymer family - parylene N, shown in 

Figure 4.5, and other variants. Parylene is an inert, hydrophobic, optically clear 

biocompatible polymer coating material used in a wide variety of industries. Unlike 

other polymeric materials, parylene is not manufactured or sold as a polymer but 

rather is produced by vapor-phase deposition and polymerization of its dimer (di- 

para-xylene) created from the combining of two identical molecules. Typical 

parylene synthesis scheme, shown in Figure 4.6, is a relatively simple vacuum 

application system compared to the GDP process. It starts with vaporization of the 

powdered raw material (dimer) at approximately 150 "C, resulting in conversion to 

a dimeric gas. Gas molecules are subsequently cleaved to the monomer form in a 

second stage by heating to 650°C. The active monomer gas is then introduced to an 

evacuated coating chamber where it disperses and polymerizes spontaneously on 

substrate surfaces at room temperature to form parylene film. 

Unlike a curing liquid or high-temperature coating, this molecular stage activity 

produces no stress or surface tension on coated substrate surfaces where all sides of 



every surface are exposed simultaneously to the polymerizing gas. Because of the 

low reactivity of the dimer gas, parylene is able to effectively infiltration or 

penetrate the small dimensions of nanotubes films. Thus, the nature of the film 

and its room-temperature deposition process allow parylene to be used on 

the MWNTs substrate. This technique provides a better uniformity of the 

production of nanotubes-reinforced composites while the polymer is vapor- 

infiltrating into the nanotubes that are protected without significant mechanical or 

loading effects. 

4.3 Experimental 

Multiwalled carbon nantubes (MWNTs)- reinforced polymer composite films 

were synthesized at low temperature by a two-step process, as shown in Figure 4.7, 

using (i) ECR-CVD system, to make a MWNTs thin film on a catalyst-coated 

substrate with gas mixture of methane and hydrogen, and (ii) chemical vapor 

infiltration (CVI) of CH polymers matrix into the nanotube films. In this study, 

parylene and glow-discharge polymerization (GDP) polymers were utilized to 

infiltrate the MWNTs films. 



4.3.1 MWNTs Thin Film Substrates 

1 -inch diameter p-type Si wafers purchased from University Wafer were used as 

substrates and spin-coated with Co catalysts before the growth of MWNTs thin 

films. The growth of MWNTs films was performed in the microwave ECR-CVD 

system, shown in Figure 2.3, and the fabrication process including procedures and 

apparatus was identical to that for nanotubes films in Chapter 2. After the 

completion of the process, the sample was cooled down to room temperature with 

the presence of pure argon and transferred to either GDP or parylene vacuum 

coaters. 

In addition to the MWNTs films produced at this study, commercially available 

free-standing MWNTs thin films (Nanocs, Inc., New York) were purchased and 

parallel-tested for comparison and also used as substrates for fabricating nanotube- 

reinforced polymer composites. 

4.3.2 Vapor Deposition and Infiltration of Polymers 

As described previously, GDP and parylene coating processes were used to 

vapor deposit and infiltrate polymer with the produced MWNTs substrates. 

In the GDP technique, the deposition system consists of a vacuum chamber, a 

mechanical pump, a helical-resonator, a plasma generator system, and a quartz tube 



(1.5-inch in diameter, 15-inch in length) containing sample substrate, as shown in 

Figure 4.8. The vacuum chamber was evacuated down to a base pressure about 

5 . 0 ~  Torr with a mechanical booster pump (BOC Edwards EH250F) backed by 

a mechanical pump (BOC Edwards E2M40F) and a gas mixture of trans-2-butene 

(C4H8) and hydrogen (H2) with flow rates 0.15 and 4.72 sccm, respectively, was fed 

to the vacuum chamber to achieve the processing pressure of 77.5 mTorr, 

controlled by a throttle control valve (MKS Type 653). A K-type thermal couple 

connected with temperature readout was attached inside the quartz tube from a side 

port to measure the temperature during the deposition. The helical-resonator 

connected with a RF power generator (Hewlett Packard 33120A waveform 

generator) and an amplifier (EIN A150 RF power amplifier) produced desired 

plasma powers at a frequency of 1 1.7 MHz, as Table 4.1 lists the deposition 

conditions and plasma parameters usually employed in fabricating MWNTs- 

reinforced GDP composites. The MWNTs substrates were placed at different 

locations inside the quartz tube to investigate the influence of processing conditions 

on the GDP coating rates as well as the polymer infiltration distance with the 

nanotubes substrates. 

These results of a solid GDP coating have combined contributions from a 

number of factors including the geometry of the substrate and the plasma source, 

the deposition time, trans-2-butenehydrogen ratio, and the RF plasma power. The 

deposition rate was obtained using the blank Si wafers as the witness substrates that 



were placed at the same positions as the MWNTs films substrates. The thickness of 

the deposits was measured using profilometer (TalySurf PGI 1240, Taylor Hobson) 

and interferometers (Zygo NewView 5000, Zygo Corp.) by placing microscope 

glass slides 0.2 mm thick as masks over part of the specimen so that abrupt steps 

from the coated to the masked area were found. The difference between the initial 

and final profile was divided by the coating time to determine the deposition rate. 

In the parylene coating system, as shown in Figure 4.9, each vaporization source 

is a small Pyrex glass tube container (0.5-inch in diameter, 4-inch in length) 

attached to two 50-W cartridge heaters (Watlow FIREROD) and K-type thermal 

couples. For each coating batch, -5 gram of parylene N dimer (Cookson 

Electronics, SCS) was loaded into the container. To maintain uniform deposition of 

parylene, the heating temperatures are set by calibration and controlled by two PID 

controllers (Omega CN9000) for the heating temperature of 168 and 185 "C. 

The vaporization sources are directed under vacuum to a 1-inch in diameter and 

3-foot long quartz tube surrounded by a pyrolysis furnace (Lindberg, General 

Signal) heated to 600 "C where the gas is then pyrolized to cleave the dimer to its 

monomeric form. In the room temperature deposition chamber, a glass bell jaw (2- 

inch in diameter, 6-inch in height), the monomer gas deposits uniformly on the 

substrate as transparent polymer films. The chamber pressure is maintained at -1 

Torr throughout deposition backed by a mechanical pump (Welch Duo-Seal 1376). 

Table 4.2 lists the deposition conditions. 



The measurement of the coating thickness was conducted by using a reflection 

infrared device where a plastic witness plate was placed next to the MWNTs 

substrate and in the transmission path of a beam of infrared (IR) laser (max. power 

output = 4.25 mW) and the light is reflected by the plate into a fiber optics cable 

connected to a chromatography-based recorder (OmniScribe Recorder, Houston 

Instrument). There will be some distortion of the laser light based on the interaction 

of a specific wavelength of IR energy and the refractive index of the sample layer 

and the layer thickness. This distortion creates a pattern known as fringing, and can 

be used to determine parylene film thicknesses and expressed as [99,100] 

where tpA is the parylene thickness per fringe, A. is the laser wavelength of 0.67 pm , 

and n p ~  is the refractive index of parylene. For typical parylene N, the refractive 

index is 1.61 [99,100]. Film thickness could be calculated based on counting the 

number of fringes and then multiplying the unit thickness per fringe. In this study, 

tpA was calculated to be 0.208 pm; in other words, about 1 pm thick parylene film 

could be produced for every 5 fringes recorded. 



4.3.3 Characterization 

Morphologies and nanostructures of the MWNTs-reinforced polymer composites 

and their interfaces were examined by scanning electron microscopy (Zeiss-Leo 

DSM982 Field Emission SEM). The composite films images were recorded and 

analyzed using an image processing software (Image-Pro Plus 7.0) to calculate the 

volume density of MWNTs film. Moreover, the relationship between the nanotube 

films densities and polymer infiltration distance, and the correspondence of 

MWNTs volume fractions to polymer infiltration distance were studied. 

The Young's modulus and the hardness were measured using nano-indentation. 

The samples were tested on a Nanoindentor XP with a Berkovich indenter. The 

composite samples were superglued to adhere the test samples to an aluminum 

stub, taking care to ensure that the test areas sit over the stub. Indentation tests were 

performed using the Continuous Stiffness Measurement (CSM) technique [ lo l l .  

An array of 10 indents was performed on each sample; successive indents are 

separated by approximately 60 micros. The indenter approaches the surface at a 

rate of 5 nrnlsec until contact is detected and is pressed into the test surface to a 

maximum penetration depth of about 1000nrn. 

Measurements were performed by the Nano Instruments Innovation Center at the 

MTS Systems Corporation in Oak Ridge, Tennessee. 



4.4 Results and Discussion 

4.4.1 Processing of Vapor-Deposited Composites 

A fabrication process that produces multi-walled nanotubes-reinforced polymer 

thin films with consistent quality and properties has been established. The process 

is capable of vapor-depositing hydrocarbon polymer on top of the MWNTs films 

with controlled GDP and parylene deposition. 

4.4.1.1 Deposition Rate of Polymer 

In the GDP technique, it is believed that free-radical chemistry and ion energy 

vary considerably with substrate location and with plasma conditions, especially 

gas pressure, coating time, and plasma power level. Therefore, the choices of 

substrate geometry and plasma operating conditions are critical to achievement of 

the desired film property. Throughout this study, few factors are found to have 

significant effects on the coating rate of the GDP polymer films: 

(1). Geometry of nanotube substrates and plasma source 

Figure 4.10 displays the variation of the GDP coating rates. Note that the 

substrates were placed at several different locations and one of these marked as 

position 0 cm and resulted in coating rate of 0.034 prn/hr was inside the helical- 



resonator region, while the others were placed inside or outside the quartz tube 

under otherwise identical conditions.. The coating rate was 0.356 pmhr  and 0.155 

p / h r  with 40 W RF power for substrate located at the center of the vacuum 

chamber (18.5 cm away from the resonator) and 0.5 cm outside the quartz tube 

(27.5 cm away from the resonator), respectively. There is no simple growth rate 

relationship for the different location of substrates. This indicates that the 

molecules are not stable within the plasma but dissociate into fragments of the 

trans-2-butene (C4H8) molecular. The dissociation of the hydrocarbon in the plasma 

depends on ionization and bombardment both by electron impact and by ion- 

molecule reactions. 

(2). Plasma Power 

Two values of RF power, 20 and 40 W, delivered to the microwave generator 

were studied to determine the effect of plasma power on producing GDP polymer 

films. As shown in Table 4.3, GDP films coated with 20W RF power showed 

average lower coating rate (-0.143 prnlhr) than those with 40W RF power supply 

(-0.356 pmlhr) under same deposition time (from 20 to 250 hours), but no 

significant difference of nanotubes reinforcement and nanotube/polymer interfacial 

features were observed from SEM, as details will be discussed in next section. Note 

that all substrates were located at the center of the coating chamber (1 8.5 cm away 

from the resonator) in this experiment. 



As for the deposition of parylene; however, the coating rate remained constant 

throughout the deposition and was independent of the geometry of the substrates. 

The deposition rate under the conditions described in the Experimental section 

4.3.2 was - 8 ph, about 20 times faster than that of GDP. Because of the 

spontaneous dispersion and polymerization of the monomer gas in the deposition 

chamber, it is expected that parylene provides a conformal coating on virtually any 

edges of the substrate surfaces. 

4.4.1.2 Low Temperature Deposition 

Sequentially depositing MWNTs and then infiltrating with polymer requires low 

temperature for sustaining the polymer matrix and MWNTs reinforcement. In this 

study, parylene and glow-discharge polymerization (GDP) polymers were utilized 

to vapor-infiltrate the nanotube substrates at temperature below 70 "C. 

The average substrate temperature in the GDP coating was about 70 "C for the 

substrate located at the center of coating chamber, while it was increased to 200 OC 

for substrate inside the helical-resonator. It is believed that the plasma energy and 

the effect of hydrocarbon gas dissociation inside this region are much higher and 

more active than those of other areas in the system. These effects all contributed the 

increase of substrate temperature. 



On the other hand, parylene coating as a vacuum deposited plastic has the unique 

quality of coating under room temperature (22 "C). Unlike other high-temperature 

coatings, parylene will not bridge, or run off and conformally coat over any areas of 

the substrates. With the nature of parylene and the plasma-free coating mechanism, 

the MWNTs substrates to be coated remains at or near room temperature 

eliminating all risk of thermal damage. 

4.4.2 Nanotubes-Reinforced Polymer Composites 

Over 100 MWNTs film substrates have been coated with CH polymer, either by 

GDP or parylene process, to allow extensive characterizations and analyses, 

including topological and dimensional characterizations, and the interface analyses. 

4.4.2.1 Interfacial Characterizations 

Carbon nanotubes embedded in a polymer matrix form a distributed interface, 

which is directly related to the mechanical performance of the produced nano- 

composite. It has been well established for the micro-scale fiber-reinforced 

composites that the performance depends critically on the interfacial characteristics 

between the reinforcement and the polymer matrix [102,103]. Therefore, it is 

necessary to characterize the interfacial structures of the MWNTs-reinforced 



composites, such as the polymer infiltration distance within nanotubes, 

nanotubelpolymer interfacial bonding, stress transfer between the phases as well as 

the mechanical properties, to evaluate the future development in nanotube- 

reinforced composite materials. 

Figure 4.11 shows the SEM images of the typical deposition of GDP with a 

MWNTs film. Results suggest that the MWNTs substrate (-10 pm thick) 

experience a 2-3 pm GDP vapor-infiltration depth in 50 hours GDP polymer 

coating, as seen in Figure 4.12 (a) and (b). Note that the nanotube substrate has 

been sputter coated with Au to address the contract and hence the individual tubes 

observed here appear slightly bigger than their original size. The entire surface of 

the nanotube substrate was covered with a uniform layer of GDP polymer. The 

interfacial region between nanotubes and GDP polymer matrix was shown by 

fracturing the as-deposited films to examine the side-view under the SEM. 

Although distinct contact between the nanotubes and the polymer were observed, 

the actual interfacial interaction was not estimated at this point due to the 

uncertainties in the adjacent surface of either nanotubes or polymer. However, it is 

clear that the nanotubes can form intimate contacts with the polymer matrix, 

suggesting it is possible to grow nanotube-reinforced composites using vapor 

deposition. 

The interface between the incorporated MWNTs and GDP polymers has also 

been determined by controlling the processing conditions, including the GDP 



coating rate, the deposition time, and the RF powers delivered to the plasma. 

Although the GDP coating rate was identified in terms of the relative distance 

between the substrate and the plasma resonator, SEM images also confirmed that a 

substrate located at the center of the coating chamber (1 8.5 cm from plasma source) 

had greater infiltration distance than that at other positions, as shown in Table 4.4. 

Figure 4.13(a) and (b) are the SEM images of GDP coated with the MWNTs 

substrate under 20 W RF power for 25 hours. It exhibits that partial densification of 

GDP polymer on nanotubes and clearly shows individual nanotubes embedded with 

the polymer matrix. Although the GDP coating rate at 20W RF power was 60% 

less than that of at 40W, only minimal difference in the nanotubelpolymer 

interfacial features were observed. Table 4.5 shows the comparison of the GDP 

polymer vapor-infiltration distance within the MWNTs films in terms of variation 

of RF powers and deposition time. The infiltration distant reached to - 2-3 pm to 

form stronger interfaces between nanotubes and polymer matrix when the 

composites were fabricated under 40W RF power supply for 25 hours with 

otherwise identical conditions. Note that the produced composite film started to 

densify the top surface after -50 hours GDP coating and became completely 

sealed-off after 250 hours, as shown in Figure 4.14, indicating a fully dense GDP 

on top of the MWNTs substrate and no vapor infiltration or penetration of polymer 

was allowed. 



Nevertheless, for the deposition of parylene, the produced MWNTs-reinforced 

parylene composite was more uniform and conformal, as shown in Figure 4.1 5. The 

parylene polymer exhibits clear infiltration within the MWNTs film substrate. A 

typical parylene1CNTs composite, like Figure 4.15, was form by vapor depositing 

and infiltrating 5-20 pm thick (0.5 to 3 hours) parylene polymer on top of the 

nanotube substrate. The interfacial interaction between nanotube and polymer 

matrix was examined, as shown in Figure 4.16, suggesting the intimate contact and 

adherence of the polymer to most of the nanotubes. Table 4.6 shows the difference 

of the polymer infiltration distance with various coating time using GDP and 

parylene coating processes. The results display that parylene1CNTs composite 

experienced 5-8 pm vapor infiltration for 0.5 to 10 hours coating and it was about 

200% greater than GDPICNTs. This value can be considered that the longer 

deposition time generally resulted in a better defined polymer1CNTs interface; until 

the deposited polymer completely sealed off the top surface of nanotube substrates 

during the deposition. Moreover, because of the fast coating rate and the properties 

of the parylene process, the parylene polymer started to vapor infiltrate and form 

the interface with nanotubes at the first 5-1 0 min while there was no observation of 

any infiltration or interface of the GDPICNTs composite until 10 hours of 

deposition. 



4.4.2.2 Nanotubes Reinforcement 

Although the interfacial characterizations of the composites were identified by 

comparison with the infiltration distances of the polymers into the MWNTs 

substrate, the mechanism of nanotubes reinforcement with the polymer matrix was 

still needed to understand. Figure 4.17 shows the results from SEM study that 

nanotubes anchored to the GDP polymer matrix could provide not only a 

chemically compatible interface with the host polymer but also enhance interfacial 

adhesion by simple mechanical interlocking and attaching. Here the close 

examination of the fracture surface, as in Figure 4.17(b) and (c), showed contact 

and adherence of the polymer matrix to the nanotubes. It is clear that only minimal 

GDPICNTs interfacial interaction and entanglement have also occurred at the 

interface. 

As for the parylene1CNTs composites, because of the conformal coating of the 

parylene polymer, it is more likely the polymer matrix could deposit and infiltrate 

through the spacing between individual nanotubes and then mechanically or 

chemically interact and wrap around the tube to form a distributed interface, as 

shown in Figure 4.18. In other words, it is most probable that such interfaces are 

more able to sustain stress from polymer matrix. This has suggested the possibility 

of chemical bonding between the nanotubes and the polymer in these composites, 

but the nature of the bonding is not clearly known. 



In addition, the infiltration distance of CH polymer and the mechanical 

performance of the produced composites were found to depend upon the volume 

density of the MWNTs films. Figure 4.19 shows that the vapor infiltration of 

parylene polymer into the nanotube mats with high volume density -71 vol.% 

(purchased from Nanocs Inc.) was less than 2 pm; less dense (39 vol.%) CNTs 

films, fabricated by the ECR-CVD system in Chapter 2, experienced a 5-8 pm 

infiltration depth. In some cases the polymer was vapor infiltrated through the 

entire layer of MWNTs film, as shown in Figure 4.20. This indicates that a well- 

distributed interfacial bonding between nanotube and polymer was created and no 

failure of the composite appeared to arise from mechanical fracture of the polymer 

matrix when it was cleaved to take the SEM images. It is believed that for 

reinforcement with carbon nanotubes, the load transfer from polymer matrix to 

nanotubes is sufficient and the interfacial bonding is strong to sustain the stress at 

the nanotubelmatrix interface. 

4.4.3 Properties of Carbon Nanotube-Reinforced Composites 

In this study, the feasibility of making nanotube-reinforced composite at vapor 

phase were quantified by the examination of the strength of the produced 

composites via measuring- the near-surface properties, i.e., Young's modulus and 



hardness, by nano-indentation at various volume fractions of the MWNTs 

substrates. 

Due to the softness of the produced MWNTs-reinforced composites, the samples 

were sent out to the MTS Nano Instruments Innovation Center who are experienced 

measuring the properties of soft materials, instead of an in-house measurement, for 

better response and accuracy. The results for elastic modulus and hardness vs. 

penetration for the 10 indentation experiments on a particular sample are averaged 

together to calculate an average and standard deviation. Figure 4.21 illustrates the 

modulus and hardness-displacement data of a typical sample. Compared with the 

original MWNTs film produced by ECR-CVD system, as seen in Table 4.7, the 

nanotube-reinforced parylene composites shows very little increase in modulus and 

has lower value of hardness. Moreover, reinforced composites (with 39 vol.% 

MWNTs substrate) possess modulus 14% greater than the blank parylene polymer 

matrix (modulus: - 6.648 GPa), while the composite using 71 vol.% nanotube 

substrate has negative impact with the mechanical performance, as shown in Figure 

4.22. We believe that it is because of the shorter infiltration distance for the higher 

volume density CNTs which results in less load transfer, and a more pliable, 

elastic-based, structural artifact that lowers the apparent material property. It is 

more like two layers of monolithic material but not a reinforced composite. In case 

of using less volume fraction nanotube substrate, the measured values of the 

properties may be attributed to: (1) more void spaces for polymer infiltration (better 



interfacial interaction), (2) larger contact surface areas (more efficiency for load 

transfer), and (3) less formation of the nanotube bundles (better homogeneous 

dispersion). 

4.5 Summary 

In this chapter, we present a fabrication process that produces carbon nanotubes- 

reinforced polymer composites by vapor deposition and infiltration. Reinforced 

polymer composite films were synthesized at low temperature by a two-step 

process using (1) ECR-CVD system to make a MWNTs thin film with identical 

processing conditions described in Chapter 2, and (2) chemical vapor infiltration 

(CVI) of CH polymers matrix into the nanotube films. In this study, glow-discharge 

polymerization (GDP) and parylene polymers were utilized to infiltrate the 

MWNTs films. 

It has been investigated that by varying the processing condition in the 

production of CH polymers, for example: GDP polymer coated under 40 W RF 

power with substrate 18.5 cm away from the resonator for 25 hours, and parylene 

polymer deposited at 8 p m h  for 30-60 min, all modified and optimized the 

uniformity and quality of the deposited polymer. Furthermore, by examining the 

SEM images, the interfacial structures of carbon nanotubes and polymer 



composites were investigated. Interfacial interactions of the composites were 

characterized by comparison with the infiltration distance of the polymer within the 

CNTs substrates. It was found that parylene1CNTs composite has better interfacial 

bonding and an infiltration distance -200% greater than those of GDPICNTs one. 

In addition, the infiltration distance of vapor-deposited parylene depended upon 

the volume density of nanotubes substrates in which the less dense nanotube 

substrate (39 vol. %) experienced not only a deeper infiltration (5-8pm), but also a 

better interfacial adhesion than those of much denser (71 vol.%) substrate. Elastic 

modulus was measured using nano-indentation and found that reinforced composite 

(with 39 vol.% MWNTs substrate) possessed modulus 14% greater than pure 

polymer. 



4.6 Tables and Figures 

Trans-2-butene flow rate 

Substrate temperature 

MWNTs film substrate or 

Table 4.1 Summary of the processing conditions for the GDP production. 



Furnace temperature 

PID controller temp. #I 

PID controller temp. #2 

MWNTs film substrate or 

Table 4.2 Summary of the processing conditions for the parylene coating 

system. 



Coating ) 20 1 0.140 -+ 0.008 I 0.355 -+ 0.032 I 

GDP Coating Rate 
( ~ m / h r )  

Table 4.3 Average coating rate of the GDP deposition subjected to 20 and 

40W FW plasma power under various coating time. All samples were located 

at the center of the coating chamber (18.5 cm away from the resonator). 

RF Power 

20 W 40 W 



Table 4.4 Summary of the GDP infiltration distances at different substrate 

locations under 40W RF power for 25 hours deposition. 

RF Power: 40W 
Coating Time: 25hrs 

No interface 

No interface 

< 1 p m  

2-3 pm 

< 0.5 pm 

GDP Infiltration Distance 

Location 
(distance 
to helical- 
resonator) 

inside 
resonator 

outside 
resonator 

outside 
tube 

P l ( 0  cm) 

P2 (4.5 cm) 

P3 (10 cm) 

P4 (18.5 cm) 

P5 (27.5 cm) 



Table 4.5 Effect of the RF power and coating time on the infiltration distance 

of the GDP within the MWNTs substrate. 

Infiltration RF Power 

Distance 

Coating 
Hours 

(hr) 

10 

2 5 

5 0 

250 

0 Pm 

<1 pm 

1-2 pm 

CNTs were completely 
sealed by GDP 

< 1 p m  

2-3 pm 

2-3 pm 

CNTs were completely 
sealed by GDP 



Polymer coating process / Infitration 
Distance 

0.5 

Table 4.6 Effect of using GDP and parylene coating processes on the 

infiltration distance of polymer within the CNTs over various coating time. 

No infiltration 

Coating 1 

4-5 ym 

No infiltration 

< l y m  

2-3 pm 

Time 
(hr) 

5-8 ym 
- 

5-8 ym 

. . 

10 

50 



Table 4.7 Properties of vapor-deposited parylene1CNTs composites compared 

with those of 39 and 71 vol. % MWNTs films. 

ParyleneM9 
vol.% CNTs 

composite 

10-20 

7.594 * 1.433 

1.236 * 0.241 

Film 
thickness 

(pm) 

Young's 
modulus 

Hardness 
(GPa) 

NanocsB 
nanotubes 
(71 vol.%) 

15-20 

2.800 * 0.917 

0.811 * 0.240 

ECR-CVD 
nanotubes 
(39 vol.%) 

3-10 

7.524 * 1.35 0 

2.924 * 1.214 

Parylenel71 
vol.% CNTs 

composite 

20-30 

2.776 * 0.487 

0.131 * 0.059 



Figure 4.1 Stresses acting on a segment of nanotube in a composite [86,87]. 



Figure 4.2 Effect of the nanotube diameter, DCNT, and critical length, I,, on 

the nanotube-polymer interfacial shear  strength,^^^^ [88,89]. 



-- catalysts layer 

I substrate 1 

CNTs 

ECR-CVD catalysts layer - 
l CH polymer 

CVI - CNTs 
I substrate fi 
L 

catalysts layer 

Figure 4.3 Schematic of fabrication procedures for the nanotubeslpolymer 

composites using chemical vapor deposition (CVD) and vapor infiltration 

(CVI) techniques. 



GDP 

Vapor Deposition 

and Infiltration 

MWNTs 
substrate 

MWNTs 
substrate 

Figure 4.4 Procedures of vapor depositing a uniform layer of GDP thin film 

on top of the nanotube substrate. 



Figure 4.5 General structure of (a) parylene N, (b) parylene C, and (c) 

parylene D. 



Di-para-xylene 
(Dimer) 

Para-xylene 
(Monomer) 

Poly (para-xylene) 
(Parylene) 

Figure 4.6 Typical synthesis scheme of parylene. 
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Figure 4.7 Schematics of a two-step procedure for the CNTs-reinforced 

composites. 



Processing 
pressure 77.5 mTorr Helical- resonator 

RF power (I I .7MHz) 

C4H81H2 ratio= 0.03 

vacuum 
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Figure 4.8 Setup of the glow discharge polymerization (GDP) deposition 

system. 
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Figure 4.9 Setup of the parylene coating system. 
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Figure 4.10 GDP coating rate as a function of substrate position. 



GDPICNTs 
interface 

Figure 4.11 SEM images of (a) 50 hr GDP deposition with a MWNTs 

substrate, and (b) a fracture surface of GDPICNTs interface. 



GDPICNTs 
1 interface 

Figure 4.12 SEM images of (a) the typical interface of a nanotubes- 

reinforced GDP composite, and (b) an enlarged images of the GDPICNTs 

interface. 



Figure 4.13 SEM images of GDPJCNTs composites grown with 20W RF 

power, (a) exhibition of partial densification of polymer, and (b) a magnified 

image of the interface showing nanotubes embedded within the GDP polymer. 



Figure 4.14 Top-viewed SEM images of GDPICNTs composite grown for (a) 

5 hrs, (b) 25 hrs, and (c) 250 hrs. 



Figure 4.15 SEM images of a typical parylene1CNTs composite. 



Figure 4.16 SEM images of (a) typical interface between parylene polymer 

and CNTs, and (b) a magnified morphology showing the contact and 

adherence of the polymer to most of the nanotubes. 



Figure 4.17 SEM images of (a) a GDPICNTs interface, (b) and (c) a selected 

region in (a) showing nanotubes interfacial adhesion by simple mechanical 

interlocking and attaching with the polymer matrix. 



Figure 4.18 SEM images of an interface between parylene polymer and CNTs 

indicating 5-7 pm vapor infiltration. The insertion shows the individual 

nanotubes fully wrapped with polymer coating to form a distributed interface. 



39 vol . % 71 vol.% 

MWNTs substrate volume density (vol.%) 

Figure 4.19 Correlation of the parylene polymer infiltration distance and the 

MWNTs substrate volume density. 



Figure 4.20 SEM images of (a) a fully-infiltrated paryleneICNTs composite, 

and (b) a well-distributed interface indicating strong interfacial bonding 

between CNTs and polymer matrix. 



Displacement Into Surface (nm) 

Figure 4.21 Typical modulus and hardness-displacement data acquired by 

nano-indentation of vapor deposited MWNTs-reinforced parylene composite. 
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Paryle 
+ CNT (39 + CNT (71 

MWNTs substrate volume density (vo1.W 

Figure 4.22 Correction of Young's modulus of the parylene/CNTs polymer 

and the MWNTs substrate volume density. 



Chapter 5. Summary 

Feasibility of making plastic micro-capsules reinforced with carbon nanotubes 

(CNTs) for inertial confinement fusion (ICF) experiments was explored. Carbon 

nanotubes, a promising material owing to their very small diameters on the order of 

1 nm, very high aspect ratios of 1000 or more, and exceptional mechanical strength 

and stiffness, have made them attractive candidates as a reinforcement filler 

material in polymer-based structural composites for us as ICF targets. In addition, 

their outstanding thermal properties suggest that carbon nanotubes incorporated 

into the polymer can significantly enhance the properties and improve the 

performance of such a composite. 

Initial experimental work on carbon nanotubes-reinforced polymers has 

demonstrated that an increases in effective modulus and strength can be attained 

with the addition of small amounts of carbon nanotubes. However, fabricating the 

nanotubes-reinforced polymer composites with low-temperature processes is made 

difficult because of complexities related to: the structure and properties of the 

nanotubes, the synthesis methods of the nanotubes within the polymer, the 

characteristics of the interface and load transfer between the CNTs and the 

polymer, and an understanding of the impact of the nanotubes on the mechanical 

performance of the composites. It will be necessary to develop new techniques for 

the preparation of CNTs and nanotubes-reinforced composites at low temperature. 



Such an approach is demonstrated in this work as it was sought to introduce and 

extend the chemical vapor deposition (CVD) and chemical vapor infiltration (CVI) 

methods to fabricate these materials with reproducible properties and quality with 

controlled dimensions. 

Two phases of fabrication processes have been developed in this dissertation as a 

means to incorporate carbon nanotubes into the polymer matrix. In Chapter 2, the 

production of CNTs was established using electron cyclone resonance chemical 

vapor deposition (ECR-CVD) system. By adopting the advantages of ECR-CVD 

including high plasma density, high deposition rate, and low temperature, it is 

possible to synthesize CNTs at low substrate temperature. A parametric study was 

conducted on the fabrication process of multi-walled carbon nanotubes (MWNTs). 

The production yield, dimension, and qualities of nanotubes were determined by 

varying processing conditions that include the precursor gas flow ratio, processing 

pressure, plasma power, substrate temperature and bias, and substrate location. The 

reproducibility and coating uniformity were optimized by applying the 600 W 

plasma power, heating the substrates to 480 "C and subjecting a -200 V dc bias with 

the substrate. With the assist of ECR effect, low-temperature, well-aligned 

MWNTs with diameters around 30 to 80 nrn were grown on cobalt-assisted Si 

substrates with gas mixture of CH4 and Hz. These processing conditions also 

resulted in the changes in morphology and the nano-structures of the produced 

nanotubes. In addition, the Young's modulus and hardness of vapor-deposited 



MWNTs films were measured using nano-indentation and showed that they are in 

agreement with those of nanotubes produced at much higher temperature. 

The effectiveness of catalyst materials and other processing parameters on the 

produced carbon nanostructures was discussed in Chapter 3. The deposition of 

open-networked carbon nano-structures has been developed on catalyst-assisted Si 

substrates using ECR-CVD system at temperature as low as 300 "C. Different types 

of carbon materials were synthesized on well-dispersed Co or Fe catalyst with a gas 

mixture of hydrogen and methane. The results were examined by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) and showed that 

the deposited structures can include, in addition to carbon nanotubes (CNTs,) 

amorphous carbon nano-foams, carbon nano-particles, and carbon nano-walls. 

The morphologies of these nano-structures depended strongly upon the 

processing conditions. For example, nano-foams were formed at substrate 

temperature of 300 OC without bias application to the substrate, while nano-particles 

were produced at 400 OC and -1 00 V bias of the substrate. The effects of processing 

condition on the morphologies of vapor-deposited nanostructures were compared in 

Table 3.4. Note that the carbon nano-walls with a unique two-dimensional structure 

were found during the growth of nanotubes. The growth of nano-walls is attributed 

to the existence of a strong lateral growth of carbon atoms and the lateral 

connection to form continuous wall-like structures. Furthermore, the mechanical 



properties of carbon nano-walls were measured; however, the values were failure to 

reach as high as those of carbon nanotubes in Chapter 2. 

Carbon nanotubes were investigated as a filler material for structural 

reinforcement in a host polymer matrix as discussed in detail in Chapter 4. The 

unique approach, in this experiment, is to make CNTs-reinforced composites using 

only vapor deposition and infiltration processes. Multiwalled carbon nanotubes 

(MWNTs)-reinforced polymer composite films were synthesized at low 

temperature by a two-step process using (i) microwave-assisted ECR-CVD to make 

a MWNTs film substrate, as described in Chapter 2, at 480 "C on a catalyst-coated 

substrate with gas mixture of methane and hydrogen, and (ii) chemical vapor 

infiltration (CVI) of hydrocarbon (CH) polymers into the nanotube mat. In this 

study, parylene and glow-discharge polymerization (GDP) polymers were utilized 

to infiltrate the nanotube substrate at temperature below 70 "C. Sequentially 

depositing MWNT and then infiltrating with polymer requires low temperature for 

sustaining the polymer matrix. Our experimental data suggests that varying the 

processing condition, such as substrate geometry, plasma power in GDP process, 

deposition time, and the qualities of polymer dimer, modified the uniformity and 

quality of the vapor-deposited CH polymer. 

Carbon nanotubes embedded in a polymer matrix form a distributed interface, 

which was directly related to the performance of the nanocomposites. Strong 

interfacial bonding is fundamental to composite reinforcement. It is therefore 



necessary to characterize the interfacial structure of the composite films and the 

polymer vapor-infiltration distance to lead the future development in composite 

materials. Characterizations of these composite films have been conducted and it 

was found that a fully-dense (-7 pm infiltration) composite film was synthesized 

via substrate vapor-deposited with parylene polymer, while the GDP polymer was 

only experienced less than 3 pm infiltration. In addition, less dense nanotube 

substrate (39 vol.%) was found that it had better interfacial bonding and longer 

polymer infiltration distance than those of the denser (71 vol.%) one. Moreover, the 

composites properties relevant to the ICF applications, including elastic modulus 

and hardness were characterized to determine whether carbon nanotubes are a 

viable candidate for reinforcement in more general applications. It was found that 

nanotubes-reinforced parylene composites increased by 14% in elastic modulus. 

Optimized carbon nanotubelpolymer matrix interfacial adhesion results in enhanced 

strength, toughness, as well as long-term behavior for the ICF targets and other 

applications. Thus, the optimization of the process to address these issues will be 

the subject of future work. 
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Appendix A. Density Calculations of the Multi-Walled Carbon 

Nanotubes 

Consider that a nanotube is a matrix consisted of a tubular structure with an 

outer diameter of DCNT and a coaxial hollow cylinder at the center with a diameter 

of dCNT (refer to Figure 2.8). Based on the mass balance, the density of the 

nanotube can be expressed as 

- - '0'. outer 

1 + 'O'. inner 

'0'. outer 

- Pgraphite 

1 + vo'* inner 

'0'6 outer 



where the P grup voli 1,,1 s i ,  vol,,,,, are the density of the graphite (2.24 gicm3), 

volume of inner (hollow) and outer tube, respectively. The volume of the inner and 

the outer tube are given by 

and 

- a ed;,,. 
vO'. inner- 4 x ~ m T  

- 
'0'. outer- 

" (~f , ,  - d;,T ) 
4 x CNT 

where is the length of the nanotube. Thus, the ratio of inner tube volume to 

the outer tube volume is therefore 

2 
vO' inner - - CNT 

2 
'0' outer 

- 
CNT 

- - 

2 - 1 
CNT 



In the measurement described in 2.3.1, typical tube inner diameters (dCNT) are in 

the range of 10-30 nrn and the outer diameters (DCNT) are from 30 to 80 nm. As a 

result, the ratio of the inner diameter to the outer diameter is from 0.12 to 0.67, and 

the density of nanotube is calculated to be in the range of 2.21 -1.43 g/cm3, as 

shown in Figure 2.9. 




