
ABSTRACT 

THORNTON, JACKSON DIMARTINO.  Carbon Nanowalls: Processing, Structure and 

Electrochemical Properties.  (Under the direction of Dr. Jerome J. Cuomo). 

 

Processing-structure-property relationships for carbon nanowall (CNW) materials have been 

established throughout the course of this research.  CNWs were deposited using an 

inductively coupled plasma enhanced chemical vapor deposition process.  Processing 

conditions, such as chamber pressure, gas composition and plasma power were altered to 

change the plasma environment, while optical emission spectroscopy (OES) was used to 

determine the effects of these parameters on the plasma chemistry.  The number of reactive 

species, mean-free-path of the species and ratio of carbon radicals to atomic hydrogen were 

found to have the greatest effects on the film structure and morphology.  OES was used to 

verify that the substrate temperature and roughness had a minimal effect on the plasma 

density and composition, which allowed the substrate conditions to be decoupled from the 

factors that affect the plasma.  By increasing the surface roughness and temperature, the 

nucleation density and reaction rate for CNW deposition was increased.  Through the 

alteration of these various processing conditions, a “deposition map” was produced to 

display how factors in the processing space affect the material’s structure and morphology.  

The CNWs were nitrogen doped using a novel post-processing plasma treatment, which 

allowed for the incorporation of up to 16% nitrogen in ten minutes.  A few of the wide-

ranging morphologies and doping conditions were used to evaluate the CNWs as electrode 

materials in electrochemical capacitors.  The specific capacitance increased from about one 

to eight farads per gram for materials with higher surface areas, more defective structures 

and higher nitrogen concentrations.  Although these capacitance values are much lower 

than those obtained for state-of-the-art activated carbons, the CNW electrodes had a much 

faster frequency response than conventional supercapacitors due to their high conductivity 

and intimate contact with the current collector.   
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1 General Background 

1.1 Introduction 

The goal of the present investigation is to examine the processing-structure-property 

relationships of carbon nanowall materials.  Various plasma enhanced chemical vapor 

deposition (PECVD) processing parameters were altered to control the structure and 

morphology of the material.  Additionally, post processing treatments were performed to 

incorporate dopant atoms into the structure.  Defect incorporation and loss of long range 

order were the major structural features studied, and these were characterized by 

spectroscopic techniques.   

The electrochemical properties were examined after gaining an understanding of how the 

processing conditions affect the structure of the carbon materials produced.  The primary 

application targeted through this research was the electrochemical capacitance of carbon 

nanowalls in an aqueous electrolyte.  Trends in the specific capacitance of a device were 

observed by altering the structure and morphology of the material.  Additionally, the 

incorporation of dopant atoms was found to have a significant effect on the electrochemical 

capacitance. 

Although the primary focus of this research examines the material properties in 

electrochemical capacitors, the processing-structure relationships that were identified are 

useful for tailoring the properties of the material to other applications.  Other potential 

applications include electron field emitters, various sensors, strength enhancers for 

composite networks, or electrode materials in other electrochemical storage and conversion 

devices.  Additionally, the methods established for characterizing the growth environment 

are applicable to reactors or gas precursor systems that are different than the present 

experimental setup, and are helpful for understanding and predicting the type of material 

produced. 
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1.2 Carbon 

Because the deposition and characterization of carbon is the primary focus of this 

dissertation, the following sections include a brief summary of the element.  The word 

carbon is derived from the Latin word “carbo,” which to the Romans meant charcoal or 

ember.  In modern society, carbon holds a much deeper and complex meaning.  Carbon is 

an important element, not only because it forms millions of organic compounds with other 

elements, but also due to its ability to form a variety of allotropes.  In bulk form, carbon is 

one of the best lubricants (graphite), the strongest crystal and hardest material (diamond), 

one of the best gas adsorbers (activated charcoal), one of the best helium gas barriers 

(vitreous carbon) and forms the highest strength fibers [1].   

 The element carbon is widely distributed in nature, and is found mostly in the form of 

compounds.  Graphite and diamond are the only two naturally occurring polymorphs of 

carbon found on earth as minerals.   These two well-known bulk allotropes of carbon have 

been studied since ancient times [2].  However, in recent years a great deal of scientific 

interest has been focused on nanoscale carbon materials.  As with bulk carbon materials, 

carbon nanomaterials come in a variety of forms, including fullerenes, nanotubes, 

nanodiamond, graphene and nanowalls.  This research focuses on the growth, structure and 

applications of carbon nanowalls, and provides detailed descriptions of the observed 

phenomena by utilizing the wealth of literature available on other carbon based materials. 

1.3 Structure and Bonding of the Carbon Atom 

The element carbon has atomic number Z=6 and an atomic weight of A=12 amu for its most 

stable isotope.  The ground state electron configuration of carbon is 1s22s22p2.  Typically, the 

electrons located in the outermost orbital, otherwise known as valence electrons, are the 

only ones available for bonding.  For carbon these are the two 2p electrons, and in this state 

would cause carbon to be divalent.  Some highly reactive organic molecules have this 
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bonding configuration, but most carbon allotropes and stable carbon compounds are 

tetravalent, having four valence electrons, rather than divalent.   

A chemical bond is formed when a valence electron gets close enough to two positive nuclei 

to be attracted by both simultaneously.  In the case of carbon, the more common tetravalent 

bonding is covalent and can take on several forms, including the sp3, sp2 and sp orbital 

bonds.  These bonding forms occur through an alteration of the 2s and 2p electron states to 

form hybrid atomic orbitals.  Hybridization of the electron orbitals only occurs during 

bonding and is the cause for the variety of allotropes observed in carbon. 

Table 1.1 displays properties of the various bonding hybridization states.  The sp3 bond 

consists of four hybrid electron orbitals, which are created by merging the 2s and 2p 

electronic states.  This leads to the three-dimensional tetrahedral bonding symmetry 

observed in diamond, as well as many gaseous and organic molecules.  Sp2 bonds occur in 

graphitic structures and aromatic compounds where planar bonds are formed with atoms 

120o apart.  The sp2 bond contains three hybrid orbitals that form covalent σ-bonds with 

other atoms in the plane, while a π-bond is also formed consisting of a delocalized electron 

orbital that is perpendicular to the plane of the σ-bonds.  An sp bond is created by the 

merging of an s and p orbital, and forms two σ-bonds which are 180o apart.  In an sp bond, 

the other two valence electrons form π-bonds. 

Table 1.1: Properties of bonding hybridization states in carbon [1] 

Bond Hybrid Type Bond Energy (kJ/mol) Bond Length (Å) Bond Angle 

C-C sp3 370 1.54 млфɕ 

C=C sp2 680 1.3 мнлɕ 

/ʀ/ sp 890 1.2 мулɕ 

 

As Table 1.1 indicates, the sp3 bond is the longest and weakest of the carbon bonds while the 

sp2 and sp bonds decrease in length and increase in strength, respectively.  These bond 

energies are counterintuitive when one remembers that diamond, the hardest crystal, 
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contains sp3 bonds, and graphite, a soft lubricating material, contains the stronger sp2 bonds.  

These discrepancies can be further explained by examining the crystal structures of these 

two materials, as displayed in Figure 1.1.   

 

Figure 1.1: Crystal structures of diamond (left) and graphite (right) [1] 

The sp3 bonds in diamond propagate in a three dimensional network, while sp2 bonds are 

planar and form the layered structure observed in graphite.  The planar sheets of sp2 bonded 

carbon are held together by Van der Waals forces, which are weak in comparison to 

covalent bonds.  This leads to highly anisotropic properties in graphite, where the material 

is strong within the plane of sheets, but weak outside of the plane.  On the other hand, 

diamond contains a three dimensional network of covalent bonds, and although the hybrid 

sp3 bonds are weaker than the sp2 bonds in graphite, the three dimensional structure of 

diamond is rigid creating a harder bulk material.   

1.4 Doping in Carbon 

The electronic properties in carbon materials vary because of the differences in hybrid 

bonding of the allotropes.  Diamond is a wide-bandgap semiconductor with a 5.5 eV energy 

gap.  Conversely, graphite is a semi-metal where the valence and conduction bands overlap, 
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which leads to high conductivity in the covalently bonded planes and lower conductivity 

perpendicular to the planes.  The differences in the electronic properties of these two 

materials arise from the nature of the chemical bonds.  In diamond, the valence electrons are 

tied up in covalent σ-bonds making it difficult for them to move under the influence of an 

electric potential.  On the other hand, every carbon atom in graphite contributes one weakly 

bound π electron to be used for conduction.  However, it is possible to alter electrical 

properties of both materials through the addition of impurity atoms. 

The most common dopant atoms added to carbon structures include boron, which has three 

valence electrons, and nitrogen, which has five valence electrons.  Both atoms are similar in 

size to carbon and can be incorporated without imparting a significant amount of strain on 

the crystal lattice.  Boron leads to a positive conduction mechanism as it is a p-type dopant 

with one fewer valence electron than carbon.  Alternatively, nitrogen has one extra valence 

electron, which causes an n-type conduction mechanism.   

Changes in the electronic structure not only affect the conduction mechanism of carbon 

materials, but can also create electrically active surface sites.  In sp2 bonded carbons, the 

dopant atoms will locally alter the electron cloud of the neighboring atoms leading to 

reactive sites in the vicinity of the impurity.  These reactive surfaces allow for interesting 

materials properties, including anchoring sites for the selective growth of nanoparticles [3], 

as well as the ability to undergo a variety of electrochemical charge transfer reactions [4]. 

1.5 Carbon Materials at the Nanoscale 

The properties of bulk materials are largely determined by the types of the constituent 

elements and the nature of their chemical bonds.  This is different in the nanometer regime, 

where in addition to the chemical bonds, the size, dimensionality and shape of the 

structures also play an important role in determining the properties of the material [5]. 
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Many unique material properties evolve when the dimensions are restricted to the 

nanometer range, commonly defined as less than 100 nm, due to the confinement of the 

electron wavefunctions.  The importance of this electronic confinement and its effect on the 

properties of a material leads to a classification of materials based on the number of 

nanoscale dimensions.  For instance, a zero-dimensional material has three nanoscale 

dimensions, a one-dimensional material is confined in two nanoscale dimensions, while a 

two-dimensional material has only one confined dimension.  The three-dimensional 

designation is then left to bulk materials [6].  An example of the varying dimensionality of 

nanomaterials is depicted in Figure 1.2. 

Figure 1.2 displays the structure of four different sp2 bonded carbon materials, including the 

three-dimensional material graphite, graphene, carbon nanotubes and fullerenes.  As 

described earlier, graphite has a layered crystal structure of sp2 bonded sheets of carbon that 

are held together by Van der Waals forces.  A single sheet of sp2 bonded carbon is called 

graphene.  In graphene, the length and width of the sheet can extend to large dimensions, 

but the sheet's height is confined to the nanoscale creating a two-dimensional material.  A 

sheet of graphene rolled into a tube creates the one-dimensional carbon nanotube, while the 

fullerene molecule is graphene rolled into a zero-dimensional ball. 

The common building block for all of these carbon-based materials is the sp2 bonded 

graphene sheet.  For this reason, graphene has been dubbed “the mother of all graphitic 

materials” [6].  Although the properties of graphene have been theorized since the 1930’s, 

the material itself was not isolated from its counterparts until 2004 [7].  Graphene exhibits 

many unique properties due to the nature of its chemical bonding and the two-dimensional 

structure.  As mentioned above, the sp2 bond is extremely strong in the plane of the atoms 

and experimental results have shown that graphene is the strongest material ever tested [8].  

In addition to strong “in-the-plane” bonding, the π-bonds in graphene allow for “free” 

electrons that can travel at near relativistic speeds with very little resistance [9].  Similar 
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properties are observed along the length of the tube in carbon nanotubes, as well as along 

the planes in graphite.  The properties are not as pronounced in graphite due to interactions 

between the multiple planes of graphene.  Carbon nanowalls fall into the category of 

“graphene-like” materials because they have one to ten graphene layers, and thus, exhibit 

many properties similar to graphene. 

 

Figure 1.2: Structure of sp
2
 bonded carbon materials of different dimensionalities [6] 

In addition to the impressive mechanical and electrical properties afforded by sp2 bonds, the 

size, shape and dimensionality of carbon nanomaterials gives them other unique properties.  

As with most nanomaterials, there exists a high surface-to-volume ratio, as well as high 

surface activity.  This allows for many potential applications, including electrodes for 

energy storage and conversion, adsorbents, reinforced additives, lubricants and sensors [10].  
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Many of these carbon nanomaterials also have atomically sharp edges which opens avenues 

for electron field emission devices [11]. 

1.6 Carbon Materials in Electrochemical Capacitors 

Since the advent of the device in 1957, carbon has been implemented as an electrode 

material in electrochemical capacitors (EC), also known as supercapacitors or 

ultracapacitors.  Activated carbons are the most common electrodes used and a number of 

advances have been made in the field of activated carbons, which contain nanoscopic pores 

to achieve high surface areas [12].  The importance of surface area becomes evident when 

one remembers the general equation governing the capacitance of a device: 

 
A

C
d

e
=  (1.1) 

where C is the capacitance, ε is the dielectric constant of the insulator, A is the area of the 

electrode material and d is the separation distance between positive and negative charges.  

Thus, high surface area electrodes greatly improve the capacitance of a device.  

Additionally, ECs establish charge separation at the interface of an electrical double layer 

between the electrode and electrolyte, which reduces the charge separation distance to the 

order of a few ångströms [13].  These two attributes allow electrochemical capacitors to 

achieve capacitances which are several orders of magnitude larger than conventional 

capacitors [14].   

In addition to having high surface area, some properties that make carbon the most 

commonly used electrode material include its electrochemical stability in a variety of 

electrolytes over a wide potential range, high conductivity leading to low internal 

resistances and natural abundance thereby reducing costs [15].  A schematic diagram of a 

conventional EC utilizing activated carbon electrodes is displayed in Figure 1.3.  The two 

carbon based electrodes are separated by a porous polymer that allows the electrolyte ions 
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to diffuse across the separator into the pores of the electrode of opposite charge.  This 

establishes a charge separation between the electrode and electrolyte, which produces an 

electric field allowing the capacitor to store energy [14].   

 

Figure 1.3: Schematic diagram of an electrochemical capacitor [14] 

The energy stored in a capacitor is directly proportional to its capacitance by the relation: 

 21

2
E CV=  (1.2) 

where V is the maximum operating voltage of the device.  The energy density of a device 

gives the total amount of charge that the device can store per unit weight.  This contrasts 

with power density, which is a measure of the speed by which the charge can be accessed.  

The maximum power of a capacitor is dependent on the resistance of the internal 

components of the device including resistances from the current collectors, electrodes and 

the electrolyte solution.  These resistances are measured collectively by a quantity known as 
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the equivalent series resistance (ESR).  When a capacitor is discharged at matched 

impedance (i.e. Rload = ESR) the maximum power is given by the equation: 

 
2

4

V
P

ESR
=
³

 (1.3) 

Thus, the conductivity of the electrode material and contact that the electrode makes to the 

current collector will greatly impact the maximum power of the capacitor.  For this reason, 

graphene-like materials are prime candidates for use in electrochemical capacitors. 

Electrochemical capacitors are important for energy storage and conversion applications 

because they bridge the gap in energy and power density between dielectric capacitors and 

batteries.  A Ragone chart is commonly used to compare the energy density and power 

density of various energy storage and conversion devices.  Figure 1.4 displays how 

supercapacitors stack up against conventional capacitors, batteries and fuel cells.  Generally 

speaking, supercapacitors have lower power density, with higher energy density than 

conventional capacitors, and the opposite is true when comparing supercapacitors to 

batteries and fuel cells.  The promising properties afforded by supercapacitors allow for 

many unrealized applications in the growing field of sustainable energy. 
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Figure 1.4: Ragone chart comparing supercapacitors to dielectric capacitors, batteries, and fuel cells 
[14] 
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2 Processing 

There are many ways to produce nanostructured materials.  Each of these methods fall into 

two distinct categories, consisting of “top-down” and “bottom-up” approaches.  In the top-

down approach, the process begins with a bulk material, and through lithography and 

etching, features with nanoscale dimensions are produced.  This type of processing is 

typically used in the electronics industry for creating semiconductor devices.  On the other 

hand, using the bottom-up approach for growing nanostructures has recently become more 

popular where organic or inorganic structures are built molecule-by-molecule or atom-by-

atom.  Various vapor deposition methods are common bottom-up approaches for producing 

carbon nanomaterials. 

Vapor deposition refers to any process where vapor state substances condense to form solid 

materials through either conversion or chemical reactions.  These processes can further be 

characterized as physical vapor deposition (PVD) or chemical vapor deposition (CVD).  

PVD techniques utilize a purely physical process, such as high temperature or sputter 

bombardment, to produce vapor molecules which deposit onto a substrate.  In the 

alternative, CVD processes utilize chemically reacting volatile compounds to produce a 

nonvolatile solid material [1].  Although both techniques have been used to produce carbon 

nanostructures, CVD allows for greater control of the film structure and morphology.  

Therefore, CVD is the primary focus of this work. 

2.1 Chemical Vapor Deposition 

CVD is a synthesis technique where chemical constituents react on or near a substrate in the 

vapor phase to form a solid deposit.  The chemical reactions can be activated by several 

methods including, thermal activation, plasma activation and photon activation.  These 

activation methods are distinguished by the form of energy each utilizes, where thermal 

activation uses high temperatures, plasma activation utilizes electrical energy to ionize 

vapors and photon activation uses short wavelength ultraviolet radiation [2].  Despite the 
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notable differences in the activation methods, all CVD processes undergo a similar sequence 

of events.  The process initiates when the reactant gases enter the processing chamber by 

forced flow and react to produce active species.  Then, these active species must diffuse 

through a boundary layer to reach the substrate surface where deposition reactions take 

place.  Finally, the gaseous by-products of the reaction will diffuse away from the surface 

through the same boundary layer [2].   

The boundary layer is created when the flow of gases through the reactor become laminar.  

In laminar flow, the velocity of gas decreases from its maximum value in the center of the 

reactor to zero at the reactor wall.   The boundary layer is the region in which the flow 

velocity changes from zero at the wall to that of the bulk gas away from the wall.  The 

diffusion of gases through a boundary layer is only applicable in CVD reactions occurring at 

relatively high pressures where laminar flow is observed.  Boundary layer diffusion 

becomes less critical in cases where the pressure is low and gas flow is in the molecular 

regime [2].  

Another important concept in CVD processing is the reaction rate for deposition.  By 

controlling the reaction rate, it is possible to deposit materials with varying structures and 

morphologies.  The rate-limiting step controls the reaction and is generally determined by 

either surface reaction kinetics or mass transport.   Surface reaction kinetics are controlled 

by both nucleation and growth at the substrate surface, and by the amount of available 

reactive species. Alternatively, mass transport is controlled by the diffusion of gases through 

the boundary layer.   Surface reaction kinetics control low pressure reactions, and the 

deposit obtained has greater uniformity, better step coverage and improved quality.  In 

addition, reduced pressure CVD reactions have other advantages, including more control of 

the deposit’s structure and reduced impurities [2].  In this work, the processing was done at 

reduced pressures where the growth is primarily controlled by surface reactions.   
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2.2 Nucleation and Growth 

The surface reactions in vapor deposition processes are controlled by nucleation and growth 

stages.  These stages characterize the processes by which reactant species condense on the 

substrate to form a solid material.  Condensation reactions typically begin when energetic 

growth species impact the surface, where they are not in thermal equilibrium and will 

diffuse on the surface.  While diffusing, many mobile species combine until they reach the 

critical size to form a stable nucleus.  Once a stable nucleus is formed, additional atoms 

congregate onto the nucleus and film growth occurs [3].  

Many variables impact the nucleation of the species and their growth modes.  These 

parameters include the number of adsorbed species and their energy, the temperature of the 

surface and the characteristics of the substrate.  For vapor deposition from an ideal gas at 

pressure P, the arrival rate of species to the substrate is given by: 

 2R P mkTp=  (2.1) 

where m is the mass of the vapor molecule, k is the Boltzmann constant and T is the 

temperature.  Equation 2.1 describes the rate at which single atoms or molecules arrive at 

the surface where they diffuse until they are lost by one of several processes.  Such 

processes include re-evaporation, nucleation of clusters, capture by existing clusters, 

dissolution into the substrate and capture at special defect sites such as steps [3].  Figure 2.1 

depicts a few of these processes. 

By understanding the processes associated with nucleation and growth, one can 

systematically alter the deposition conditions to achieve the desired film morphology.  For 

instance, by decreasing the arrival rate of adsorbed species (R) or increasing their surface 

mobility, materials tend to grow laterally rather than vertically.  Surface mobility is 

influenced by the temperatures of both the substrate and the source of material, where 

higher temperatures lead to increased mobility.   
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Figure 2.1: Vapor phase processes occurring at the substrate surface [3] 

The surface characteristics of the substrate also influence nucleation and growth.  

Imperfections and defects in a surface will lower the energy barrier for nucleation and allow 

for a smaller critical nucleus size.  Additionally, the chemical nature, cleanliness and 

topography of the substrate affect the adhesion of material to the surface.  Adhesion will 

increase for higher kinetic energies of the incident species and increased nucleation densities 

[3]. 

As indicated above, many user-defined variables, such as pressure, substrate temperature 

and vapor source conditions, will affect the deposited material.  The ways in which these 

conditions affect growth is important when designing new material systems or describing 

observed phenomena.  The aim of this work is to characterize how various changes in the 

processing environment of CNWs affect their structure and properties. 

2.3 Plasma Activation 

The previous sections provide a detailed description of the process for transporting active 

species to a surface, and also how those species condense on the surface.  This section will 

focus on the specific means for activating the gaseous precursors to produce reactants that 

will form a solid deposit.  Historically, thermal activation has been the most common 

technique for providing the energy required to induce chemical reactions in CVD.  

However, more recently plasma enhanced chemical vapor deposition (PECVD) has become 



 

17 

a widely accepted means for processing semiconductors, and also is a promising method for 

producing novel nanostructured materials. 

2.3.1 The Plasma State 

Plasma is defined as a quasineutral collection of reactive particles, which include electrons, 

ions, photons and neutral gaseous species.  Quasieutrality implies that there will be no 

regions with excess positive or negative charge within the plasma.  If this type of region did 

arise, it would produce an electric field which would move the charged particles in order to 

eliminate the charge imbalance [5].  Plasmas are often viewed as “electrical fluids” because 

these charged particles respond to fields collectively.  This collective response allows plasma 

to be classified as the fourth state of matter shown in Figure 2.2.  In the laboratory, plasmas 

are produced using electric fields to pull the electrons from gasses rather than the thermal 

energy used to change between the other states of matter.   

 

Figure 2.2: Description of plasma as the fourth state of matter 

Regardless of the method used to generate a plasma, the production and acceleration of 

electrons is essential for sustaining the plasma discharge.  Electrons are important because 

of their ability to inelastically collide with neutral species, which leads to excitation and 

ionization.  The excitation collisions, which are then followed by de-excitation and the 

emission of radiation, are responsible for the characteristic glow of the discharge.  Ionizing 

collisions produce additional electrons that sustain the discharge.  The electron density and 
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electron energy are commonly used to characterize the plasma due to their necessity in 

creating a plasma.  The electron density is typically between 109 and 1012 cm-3 with an 

average energy of 1 to 10 eV in common processing plasmas.  Electron energy and 

temperature can be used interchangeably where 1 eV ≈ 11,600 K.  Because of the large 

number of particles in a plasma, all energy and density values take on a distribution, where 

the quoted values are an average of the distribution. 

In addition to the electron density and electron energy, the degree of ionization is also an 

important parameter for describing a plasma.  The degree of ionization is defined as the 

fraction of ionized species to the original number of neutral species.  For typical laboratory 

plasmas, the degree of ionization ranges from 10-6 to 10-1 with an average around 10-4 [5].  

This means that only one in ten-thousand molecules are ionized for the average processing 

plasma.  On the other hand, the sun has a degree of ionization of one, which means that 

every atom is ionized.  The wide range of plasma parameters creates a subdivision for 

various types of plasmas, including those in thermal equilibrium and those not in thermal 

equilibrium. 

Thermal equilibrium implies that the temperatures of all species, including electrons, ions 

and neutrals, in the plasma are the same.  Thermal equilibrium plasmas are very hot and 

typically have a high degree of ionization.  A plasma which is not in thermal equilibrium 

has different temperatures for each different plasma species.  More specifically, the electrons 

are characterized by much higher temperatures than the heavier particles.  This subdivision 

is often related to the pressure in the plasma.  A high gas pressure leads to an efficient 

energy exchange between the plasma species where there are many collisions and 

temperatures equilibrate.  At low pressures, fewer collisions occur between the plasma 

species, and because of inefficient energy transfer, the species are different temperatures [6].   

Laboratory plasmas are usually non-thermal equilibrium plasmas where the ion and neutral 

gas temperatures remain around room temperature, while the electrons rise to energies 
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corresponding to tens-of-thousands of degrees.  The high electron temperatures give rise to 

inelastic electron collisions, which sustains the plasma through ionization and also results in 

a chemically rich environment.  The processing of plasma based materials becomes a more 

promising technique when a chemically rich environment is mixed with low gas 

temperatures.  For the purpose of this work, the plasmas are of the non-equilibrium variety 

and are sustained at lower pressures, in the millitorr range. 

Debye shielding is another important concept used to describe many of the phenomena 

observed in plasmas.  In all plasmas, free charges will move in response to an electric field 

to decrease the effects of that field.  Typically, the lighter and more mobile electrons will 

respond to these fields [5].  Debye shielding is a process where any potential that is imposed 

on the plasma causes the plasma electrons to move in such a way that diminishes the 

potential's effects.  As a result, the plasma will modify the excess charge by attenuating it 

exponentially with a characteristic decay length referred to as the Debye length (λDe).  This is 

described in Equations 2.2 and 2.3 [7]: 
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In these equations, Φ is the attenuated potential at distance x, Φo is the initial potential, Te is 

the electron temperature, no = ne = Zni is the charged particle density, εo is the permittivity of 

free space and e = 1.6x10-19 C is the electronic charge.  It is a common criteria that the plasma 

be larger in size than the Debye length [5].  For industrial plasmas, the Debye length is in the 

range of 0.01 to 1 mm. 
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Debye shielding is especially important where external objects come into contact with the 

bulk plasma.  The external objects can include dust particles, substrates, or even the walls of 

the plasma chamber.  The objects will become negatively charged because they are exposed 

to ion and electron fluxes, and also, because electrons have higher mobility than ions.  The 

plasma will remain quasineutral at distances on the order of the Debye length away from 

the object.  Therefore, the plasma will acquire a higher potential than that of the object or the 

walls in order to maintain its quasineutrality.  The plasma potential is typically on the order 

of tens of volts above the most positively charged object in the chamber.  This positive 

potential sets up a sheath between the bulk plasma and any surface.  Ions are accelerated 

through the sheath to energies equal to that of the potential drop between the plasma and 

the object. 

2.3.2 Plasma Generation 

Many laboratory methods exist for generating a plasma through the application of 

electromagnetic fields.  The simplest configuration consists of a direct-current (DC) power 

supply connected to parallel plates as shown in Figure 2.3.  An electric field is established 

between the plates when the power supply is turned on.  The electric field accelerates any 

stray electrons in the gap toward the anode.  If an electron gains sufficient kinetic energy 

and collides with a neutral gas atom, the atom becomes ionized (Figure 2.3a).  Then, there 

will be a positive ion, the incident stray electron and the electron knocked off of the neutral 

atom.  The electrons will continue ionizing neutrals until they reach the anode and complete 

the circuit.  Meanwhile, the ions will be accelerated to the cathode.  Because of its higher 

mass and kinetic energy, a violent collision occurs when an ion strikes the cathode, and the 

collision causes the emission of secondary electrons and atoms from the cathode (Figure 

2.3b).  These secondary electrons are then accelerated to the anode, which leads to ionization 

of more neutral atoms and molecules (Figure 2.3c).  Eventually, when the number of 
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electrons being lost to the anode equals the number of secondary electrons generated at the 

cathode, a steady state plasma is achieved.   

 

Figure 2.3: Schematic of plasma generation using a DC capacitor 

Although DC fields provide a simple method for producing plasmas, there are many 

limitations.  A DC plasma is only sustained when both electrodes are conducting.  If one or 

both electrodes are non-conductive, the electrodes will become charged due to the 

accumulation of positive or negative charges, which will extinguish the discharge.  An 

alternating-current (AC) can be applied between the two electrodes so that each will act 

alternately as the cathode and anode, which will overcome this problem.  An AC discharge 

creates a situation where the charge accumulated during one half cycle will be at least 

partially neutralized during the next half cycle [6].  In addition, time-varying electric fields 

produce magnetic fields which accelerate and trap electrons to sustain the plasma.  For these 

reasons, many configurations utilizing AC fields are used for producing plasmas.   

Plasmas produced using AC fields behave differently depending on the driving frequency.  

At frequencies lower than about one MHz, the plasma ions are sufficiently mobile to 

establish a complete discharge at each electrode surface during each half cycle.  In this low 

frequency case, the plasma behaves as a DC discharge that periodically reverses polarity.  

At frequencies higher than one MHz, ions cannot respond to the rapid changes in field 

direction.  Therefore, the ions remain essentially stationary in the bulk plasma region, while 

the electrons are quickly accelerated to high energy levels because of their extremely small 

mass.  This condition leads to a non-equilibrium plasma where the ion energies remain low, 
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while the electrons gain sufficient energy to sustain the discharge and activate plasma 

species for novel chemical reactions [2]. 

Both microwave and radio-frequency (RF) generators are used to produce high frequency 

plasmas.  The electromagnetic radiation wavelength generated in the microwave region is 

comparable to the dimensions of the discharge vessel, which necessitates complex coupling 

mechanisms.  Most microwave plasmas are produced in a waveguide structure or resonant 

cavity.  In an RF discharge, the wavelength of the electromagnetic fields are much larger 

than the vessel dimensions, which allows for reasonably homogenous plasma generation 

over large areas [8].  RF plasmas are a promising method for the production of carbon 

nanomaterials because of the widespread acceptance of RF chambers for processing silicon 

wafers, as well as their ability to control substrate bias separately from the bulk plasma 

conditions [9]. 

At typical RF frequencies, the electrons and ions behave in drastically different manners 

because of the differences in their masses.  Electrons are lighter than ions and can follow the 

instantaneous electric fields produced by the applied RF voltage.  The characteristic 

frequency of electrons in a plasma (ωpe) is governed by the equation [7]: 
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where ne is the electron density in cm-3, e is the electron charge, me is the mass of an electron 

and εo is the permittivity of free space.  The ions also have a characteristic frequency that 

follows a similar relationship in which the ion density and mass are substituted for those of 

the electron.  Due to the mass difference between these particles, in typical laboratory 

plasmas the electron frequency is in the GHz range while the ion frequency is around one 

MHz.  Thus, in the RF frequency range above one MHz, the heavy ions will only follow time 
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averaged electric fields, while electrons can follow the instantaneous fields produced by the 

generator [6].   

There are two primary ways of sustaining an RF powered plasma, consisting of E-mode and 

H-mode coupling.  These coupling mechanisms are designated by the way in which the RF 

power heats the electrons in the plasma.  In E-mode coupling, the RF generator is set up so 

that an alternating electric field accelerates electrons to sustain the discharge.  This 

configuration is also referred to as a capacitively coupled discharge because the electrodes 

configure as an RF capacitor.  The H-mode coupling mechanism accelerates electrons using 

alternating magnetic fields.  In this configuration, the RF power is driven through a coil 

inductor, and therefore, is known as an inductively coupled discharge.   

Both capacitive and inductively coupled discharges have been studied experimentally and 

theoretically for over a century [9].  More recently, inductively coupled plasmas (ICP) have 

gained acceptance in the semiconductor industry.  ICPs are characterized by higher electron 

densities, and thus, a higher density of reactive species than their capacitive counterparts.  

The ability to achieve high plasma densities over large areas makes the ICP a promising 

candidate for industrial scale production processes.  For this reason, inductive coupling is 

the plasma configuration used throughout the present investigation. 

2.3.3 Plasma Enhanced Chemical Vapor Deposition 

Neutral gas techniques, such as thermal CVD, are limited in their ability to produce ordered 

nanostructures due to the intrinsically random nature of such processes.  Conversely, 

plasma environments offer long range forces and interactions between the charged particles 

generated in the discharge.  Therefore, one can expect that plasma based methods such as 

plasma enhanced chemical vapor deposition (PECVD) will provide a much greater degree 

of control compared with neutral gas routes, owing to the long range electrical interactions 

[10].  It has been demonstrated that local electric fields have an influence on the materials 
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obtained during vapor phase deposition, where growth in a preferred direction is achieved 

in the presence of the electric fields inherently associated with the plasma sheath [11].  

Under conventional CVD conditions the most important parameters that control material 

growth are related to catalyst nature and size, gas mixture and substrate temperature.  

Compared with CVD, the plasma environment is characterized by a much larger parameter 

space [11].  System variables in PECVD include equipment variables (reactor size and 

configuration, materials of construction, method and amount of power applied), gas 

variables (pressure, flow and gas ratios) and substrate variables (substrate temperature, 

material and location in reactor) [12].   In addition to these factors, plasma parameters such 

as electron energy, electron density and the degree of ionization will influence the material 

growth.  The plasma parameters will change based on the applied plasma power, the 

driving frequency, the pressure and the physical configuration of the chamber and source.  

In all cases, the electron energies in a plasma correspond to temperatures that are much 

higher than can be achieved by conventional means, which leads to novel chemistries at 

reduced substrate temperatures. 

In plasma chemistry, it is the electrical discharge that furnishes the energy to initiate 

chemical reactions.  For non-equilibrium plasmas, this energy is transferred solely by the 

electrons since they are constantly gaining energy from the applied field.  The energy of the 

electrons is determined by two parameters, the total field that they are subjected to and their 

interactions with other particles.  In low pressure discharges, the electrons do not collide 

often enough with neutral species to come into thermal equilibrium with these heavy 

particles.  Therefore, the steady state conditions are primarily governed by the energy losses 

that the electrons and ions incur by recombining on the walls of the discharge chamber [8].   

Inelastic energy transfer occurs when the high energy electrons collide with gas molecules 

which excite the molecules to higher energy levels.  These collisions cause the electrons to 

lose part of their energy, but that energy is then replenished by the applied electric field.  
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The excited molecule can now either dissociate or initiate other reactions because of its 

higher internal energy.  It can also lead to the synthesis or creation of a new chemical 

species.  Excited atoms and molecules have a much greater reactivity than atoms and 

molecules in the ground state allowing novel chemistries to be achieved [8].  Some plasma 

reactions involving electrons and excited species are shown in Table 2.1. 

Table 2.1: Common plasma reactions involving electrons and excited species [8, 12] 

Electron/Molecular Reactions 

Excitation e- + A2 Ҧ A*
2 + e- 

Dissociation e- + A2 Ҧ 2A + e- 

Attachment e- + A2 Ҧ A-
2 

Dissociative Attachment e- + A2 Ҧ A- + A 

Ionization e- + A2 Ҧ A+
2 + 2e- 

Dissociative Ionization e- + A2 Ҧ A+ + A + e- 

Recombination e- + A*
2 Ҧ A2 

Detachment e- + A-
2 Ҧ A2 + 2e- 

Atomic/Molecular Reactions 

Penning Dissociation M* + A2 Ҧ 2A + M 

Penning Ionization M* + A2 Ҧ A+
2 + M + e- 

Charge Transfer A± + B Ҧ B± + A 

Ion Recombination A- + B+ Ҧ AB 

Neutral Recombination A + B + M Ҧ AB + M 

Decomposition 

Electronic e- + AB Ҧ A + B + e- 

Atomic A* + B2 Ҧ AB + B 

Synthesis 

Electronic 
e- + A Ҧ A* + e- 

A* + B Ҧ AB 

Atomic A + B Ҧ AB 

 

A researcher will usually aim to influence plasma parameters in such a way that certain 

desired reactions are favored, while other undesired reactions are suppressed.  It is 
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important to pay attention to two fundamental aspects of plasma chemistry during this 

optimization process.  These aspects are the requirements for initiating and sustaining the 

plasma discharge, and the requirements of the chemical processes induced in the plasma [8]. 

2.3.4 Hydrocarbon Plasmas 

PECVD is becoming one of the most promising techniques among the variety of fabrication 

methods used to produce carbon nanostructures because of its ability to facilitate large-area 

production, reasonable growth rates, and all while at relatively low temperatures.  High 

performance can be achieved during PECVD by the selective production of specific reactive 

species, the efficient transport of those species onto the growing surface and the control of 

surface reactions for both nucleation and growth [13].  As mentioned above, the 

characteristics of the electrons in the bulk discharge will govern the production of reactive 

species.  The plasma sheath will then direct these species to the substrate where surface 

reactions lead to nucleation and growth. 

Typically, a hydrocarbon gas is used as the precursor for carbon growth in PECVD.  The 

most common precursor gas is methane, but many other carbon containing gasses are used 

for the deposition of carbon based materials [2].  In methane plasmas, the predominant 

plasma generated species are CHx molecules and H atoms.  Mass spectroscopic studies 

show that larger CyHx molecules can also be formed [12].   Of these carbon containing 

molecules, the non-radical species, such as CH4 and C2Hy (y=2, 4, 6) are not thought to be the 

primary contributors to film growth.  Instead, the main growth precursors are the radical 

species, including Cx (x=1, 2, 3) and CHx (x=1, 2, 3).  These radical species will effectively 

stick to a surface where they will either undergo typical nucleation and growth reactions, or 

chemisorb directly to any dangling bonds [14]. 

Dangling bonds are created on the surface of the growing film by ion bombardment.  The 

bombardment of energetic ions to the growing film surface arises due to the potential drop 
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between the plasma and the substrate.  These ions can transfer energy to the solid both 

inelastically and elastically.  The inelastically dissipated energy is rapidly converted to 

thermal energy which increases the surface temperature and may have significant 

consequences on the structure of the deposited material [14].  Elastic collisions lead to 

sputtering of the deposited film.  For hydrocarbon plasmas, both carbon and hydrogen are 

low mass ions that will not transfer a significant amount of momentum to the growing film.  

The lack of momentum transfer leads to a negligible sputter rate of the carbon atoms in a 

growing film, but may displace any hydrogen atoms that are incorporated.  This removal of 

hydrogen atoms leads to the creation of dangling bonds at the surface and increases the 

incorporation efficiency for radicals [14].   

Although hydrogen has a negligible effect on sputtering of the deposit, atomic hydrogen 

will react with the film surface.  There are three elementary reactions that occur when a C:H 

layer is exposed to atomic hydrogen.  The first reaction is the abstraction of hydrogen from 

an sp3 CHx group to form H2.  The second is hydrogenation of unsaturated sp and sp2 

hybridized carbon atoms to an sp3 configuration.  The final and most relevant reaction for 

this research is hydrogen induced chemical etching.  Atomic hydrogen will erode the 

growing carbon surface through reactions that produce gaseous byproducts.  Typically, the 

interior of sp2 clusters or graphitic planes are not attacked by atomic hydrogen because they 

are more stable than the edge groups.  However, damage produced by ion bombardment 

enhances the surface reactivity and increases the erosion yield [15]. 

Many different gas combinations and ratios are used to achieve a balance between carbon 

deposition and etching.  The defective nature of amorphous carbon leads to higher etch 

rates than the crystalline phases.  Likewise, the edges and defects in crystalline materials are 

etched faster than the highly oriented regions.  However, the growth rates of the less 

ordered phases are faster than those of the ordered phases [15].  For this reason, an 
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equilibrium must be established between the growth and etching of carbon species to 

achieve the desired film properties [33]. 

In an H2/CH4 plasma, a ratio of 50 is commonly used for diamond growth [15] while ratios 

in the 1 to 10 range are used for the growth of graphitic carbon [22].  The plasma 

environment will dissociate the molecular species leading to atomic hydrogen in the case of 

H2, while CH4 will be converted into both lower and higher order carbon containing radicals 

and atomic hydrogen.  CHx and C2 radicals are regarded as the essential building blocks for 

the growth of carbon materials [24, 27].  However, it is apparent that stoichiometrically, the 

total number of carbon atoms is much less than the total number of etchant atoms.  Even in 

a pure methane plasma, there are four hydrogen atoms for every carbon atom.   

2.3.5 PECVD of Carbon Materials 

PECVD has been widely used for the fabrication of carbon based materials.  In the 1950’s, 

researchers began taking advantage of the non-equilibrium nature of plasma discharges for 

the synthesis of diamond films at reduced pressure [16].  More recently, the fabrication of 

vertically aligned carbon nanostructures, such as nanotubes [17], nanofibers [18] and 

nanowalls [19] have been achieved, where the perpendicular electric field associated with 

the plasma sheath enhances vertical alignment.   

Since their discovery in 1991 [20], carbon nanotubes (CNTs) have been at the forefront of 

scientific research due to the unique properties afforded by the bonding and morphology of 

these one-dimensional nanostructures.  CNTs were first grown using thermal CVD.  

However, it was quickly discovered that the perpendicular nature of a plasma sheath on the 

growing film surface enhances the vertical alignment of CNTs, which led to the acceptance 

of plasma assisted methods of fabrication [21].  During the growth process, carbon 

containing precursor species are catalyzed on transition metal nanoparticles to form sp2 

bonded tubes or fibers with diameters similar in size to the nanoparticle.  In contrast to 
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nanotubes and nanofibers, carbon nanowalls (CNWs) grow on a variety of substrates 

without the use of catalytic nanoparticles.  CNWs are an attractive candidate for potential 

uses in many areas where CNTs have been exploited because of their many similarities in 

structure and morphology, including high aspect ratio, large surface area, rich electronic 

states and excellent mechanical properties [22]. 

Unlike CNTs which are rolled up sheets of graphene, CNWs are comprised of flat graphene 

sheets as displayed in Figure 2.4.  These graphene sheets stand almost vertically on the 

substrate surface where they are stacked and overlap each other to form a curved and wall-

like structure.  The nanowalls have thicknesses ranging from a single sheet of graphene to a 

few tens of nanometers [23] with lateral dimensions reaching several microns [24].  CNWs 

are terminated by open graphitic edge planes instead of closed graphite shells.  Because the 

edge plane is more reactive than the basal plane in graphite, CNWs are an open carbon 

system with high porosity and high surface activity [25].  The metallic nanoparticles 

required for growth of nanotubes and nanofibers are not present in CNWs leading to 

impurity-free materials [26]. 

 

Figure 2.4: SEM images of (A) CNFs and (B) CNWs grown in a microwave PECVD process [19] 

CNWs were first discovered in 2001 during the growth of carbon nanofibers in a microwave 

PECVD process [19].  Since then, a number of reports have been published using a variety of 
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processing conditions for growing CNWs.  It seems that the plasma state is essential for 

producing CNWs, where researchers have used DC, RF and microwave plasma discharges 

in a variety of configurations.  The precursor gases used in these PECVD processes are also 

varied.  A majority of the reports use CH4 as the carbon source and H2 as an etchant gas.  

Other carbon precursors include C2H2, C2H4, C2F6 and CO2 [27, 28, 29].  In addition to H2, the 

etchant and diluent gases include O2, N2, NH3, H2O, as well as the noble gases He, Ne, Ar 

and Kr [27, 30, 31].  The temperature for processing CNWs ranges from 520oC to 1,100oC 

with pressures anywhere from 10-3 torr to atmospheric pressure.  The non-catalytic growth 

process allows CNWs to be deposited on a variety of high temperature substrates including 

Si, Ni, Pt, Ge, Ti, W, Ta, Mo, SiO2, Al2O3 and stainless steel [22, 32]. 

In addition to the nearly vertical nanowalls, there is a relatively smooth underlayer of 

material that forms on the substrate surface [36].  This underlayer has been analyzed using 

scanning electron microscopy (SEM) which displays a 1-15 nm thick layer of graphitic 

carbon growing parallel to the substrate surface before the onset of vertical growth [26].  

Yoshimura et al. [37] performed grazing incidence x-ray diffraction during the initial stages 

of growth to determine the crystalline nature of the underlayer.  In the initial stages of 

growth, the underlayer consists of purely graphitic carbon.  Just prior to the onset of vertical 

growth, an uncommon carbon allotrope, only observed under high pressure conditions is 

observed.  These high pressure conditions are thought to lead to a curling of the leading 

graphitic edge, which also changes the orientation of the graphene layers on the substrate 

surface from parallel to perpendicular [37].   

Numerous researchers have proposed similar growth mechanisms for CNWs based on 

experiments performed in the early stages of deposition [13, 27, 30, 32, 36].  In the initial 

nucleation stage, growth is dependent on the type of substrate material.  If there is a large 

lattice mismatch between graphite and the substrate material, an amorphous carbon layer 

will form.  Carbide forming substrate materials form an intermediate carbide layer rather 
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than amorphous carbon [32].  Once this intermediate layer is formed, the growth is 

independent of the substrate material and follows a three step growth mechanism.  First, 

carbon containing radicals adsorb onto the intermediate layer where they form a thin base 

layer [27].  This base layer consists of small graphitic domains with many irregular cracks 

and dangling bonds.  The graphitic domains continue to grow parallel to the substrate until 

they impinge upon one another.  Next, the continued growth of the graphitic domains 

builds up stress and the growing edge curls upward.  This is the onset of the change in the 

growth direction from parallel to perpendicular [32].  Finally, radical accumulation occurs at 

these perpendicular edges where the graphene layers rapidly grow.  This rapid growth and 

vertical alignment occurs through the contribution of two factors: (1) the strongly bonded 

planes of graphene have a much higher growth rate than the weakly bonded stacking 

direction [27]; and (2) the diffusion of radical species occurs rapidly in the direction parallel 

to the plasma sheath making the graphene layers preferentially grow in this direction [13].   

2.4 Processing Equipment 

The processing of CNWs in this work was performed using an RF inductively coupled 

plasma (ICP) reactor. As discussed briefly in Section 2.3.2, inductive discharges allow for 

much higher plasma densities while operating at lower pressures than their capacitive 

counterparts.  In addition to high density and low pressure, a common feature of ICPs is 

that the RF power is coupled to the plasma across a dielectric window or wall, rather than 

by direct connection to an electrode within the plasma.  This noncapacitive power transfer 

allows for low voltages across all plasma sheaths, leading to low ion acceleration energies.  

Typical ion bombardment energies in ICPs are on the order of 10 to 40 eV which minimizes 

sputter contamination in the deposit from the walls and substrate [7].  
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Figure 2.5: Planar coil for producing an inductively coupled discharge [7] 

Both cylindrical and planar coil configurations can be used to sustain inductive discharges.  

The planar coil shown in Figure 2.5, is a commonly used configuration for materials 

processing and generates a relatively uniform plasma with electron densities as high as 1012 

cm-3 [7] over substrate diameters up to 300 mm or more [21].  In axisymetric geometry, the 

coil generates an inductive field having magnetic components Hr and Hz which form an 

azimuthal electric field Eθ in the presence of a plasma.  From Faraday’s Law, this azimuthal 

electric field has an associated current density Jθ of plasma electrons that travel in a direction 

opposite the direction of current within the coil.   

For inductive coupling, most of the power is transferred from the electric fields to the 

plasma electrons within a skin depth layer near the plasma surface.  This power is absorbed 

through collisional (Ohmic) dissipation in which the plasma electrons collide with other 

plasma species, and by collisionless heating processes where the electrons “collide” with the 

oscillating electromagnetic fields [7].  At distances into the plasma longer than the skin 

depth, the electron density is such that the electromagnetic fields generated by the inductive 

coil are diminished.  However, at low electron densities, the plasma conductivity is low and 

the electromagnetic fields will fully penetrate the plasma.  In this low density regime, 

inductive source operation is impossible, but a weak capacitive discharge can still exist [7]. 
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The high inductive voltage required to sustain a plasma can be supplied from a 50-Ω RF 

power source through a capacitive matching network as shown in Figure 2.6.  The 50-Ω 

power source is designed to efficiently transfer power to a 50-Ω load.  Therefore, to obtain 

maximum power transfer the plasma must act as a 50-Ω electrical component.  This is rarely 

the case and hence a matching network is required.  The matching network consists of 

variable impedance components, which will match the plasma impedance to the Thevenin 

equivalent source impedance of 50-Ω when tuned. 

 

Figure 2.6: Variable impedance matching network for RF plasma generators [7] 

Figure 2.7 is a schematic of the plasma chamber used for depositing CNWs in this work.  A 

three-turn planar coil couples 13.56 MHz power through a quartz window into a 42 L 

stainless steel vacuum chamber.  The sample stage consists of a boron-nitride coated 

pyrolytic graphite resistive heater located ten centimeters below the quartz window.  A 

thermocouple is used to measure the surface temperature of the sample stage and is the 

feedback for a PID controller which adjusts the temperature.  Process gases are introduced 

through mass-flow-controllers (MFC) where the pressure of each constituent gas is 

monitored using a capacitance manometer.   
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Figure 2.7: Schematic of the plasma chamber used to produce CNWs 
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3 Characterization 

The processing methods available for synthesizing materials are only as good as the 

characterization techniques used to analyze the growth environment and deposited matter.  

It is especially important to be aware of the underlying physics of an analytical technique to 

achieve knowledgeable interpretation of the data when dealing with nanomaterials.  This 

chapter includes descriptions of some of the characterization techniques used to investigate 

the plasma environment and the carbon nanowalls that were produced throughout this 

research. 

3.1 Spectroscopy 

Spectroscopy has been historically defined as the study of interactions between light and 

matter as a function of the wavelength of light.  Later, this concept was greatly expanded to 

comprise any measurement of a quantity in energy space.  The spectrometer counts the 

number of particles, including photons, electrons or ions, as a function of their energy.  The 

interpretation of these separated particles depends on the physical process by which they 

arrive at the detector. 

In the middle of the 20th century, the importance of spectroscopy was heightened with the 

advent of quantum mechanics.  According to this theory, all matter exists at discrete 

"quantized" energy levels rather than in a continuum of energy space.  This quantization of 

energy shows up in many radiative excitation/de-excitation processes and has become a 

powerful analytical tool for understanding matter.  In these radiative cases, photons are 

absorbed or emitted by atoms or molecules with specific energies relating to the difference 

in energy between the upper and lower states of a specific transition.  This phenomenon is 

described by the equation: 
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where E is the energy, h is Plank’s constant, c is the speed of light and λ is the wavelength of 

light.   

For atoms and molecules, there exist different types of energy levels that can be occupied 

depending on the degrees of freedom (DOF) in the atom or molecule.  All atoms and 

molecules have distinct electronic orbitals that the electrons can occupy, which leads to an 

electronic DOF.   This is the primary means by which atoms absorb and emit light.  Other 

methods of absorbing and emitting electromagnetic radiation are available due to the 

chemical bonding and potentially anisotropic nature of a molecule.  In addition to electronic 

transitions, molecules can have vibrational and rotational DOF.  The vibrational DOF arises 

from changes in the physical location of one atom relative to another atom along the length 

of a chemical bond.  These vibrations are quantized, which leads to discrete vibrational 

energy levels.  If the molecule has a permanent dipole, quantized rotational levels are also 

observed resulting from the rotating dipole moment.  Depicted in Figure 3.1 is an energy 

diagram representing the electronic (n), vibrational (ν) and rotational (J) transitions with 

their relative energy.   

As seen in Figure 3.1, electronic transitions represent the largest ΔE, followed by vibrational 

transitions and finally, rotational transitions.  Assuming a hydrogen-like atom, the 

electronic energy levels can be calculated as: 

 
2 4 2

2 2

2
n

e Z
E

h n

p m
=-  (3.2) 

where μ is the reduced mass of the electron, Z is the atomic mass and n is the principle 

quantum number.  Electronic transitions fall in the range of 1 to 10 eV, which corresponds to 

the UV-visible spectrum of light.   
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Figure 3.1: Energy diagram representing electronic, vibrational and rotational transitions 

The vibrational energy levels can be calculated by: 
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where ν is the vibrational level, and ωe, xe and ye are constants which are molecule 

dependent.  Pure vibrational transitions fall in the range of 10-2 to 1 eV, which lies in the 

infrared wavelength range.   
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The rotational energy levels are calculated by: 
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where J is the rotational energy level, ħ=h/2π, μ is the reduced mass of the atom-atom pair 

and ro is the average bond length of the transition.  Rotational transitions are on the order of 

10-3 eV, which is in the microwave region of the electromagnetic spectrum.  All three energy 

level types are used to analyze matter depending on the characterization technique used 

and the wavelength of light emitted or absorbed by the sample. 

3.2 Optical Emission Spectroscopy 

Optical emission spectroscopy (OES) analyzes the light emitted from a given medium 

through the collection, dispersion and detection of photons [1].  Optical methods are 

especially important in plasma processing because they provide an in-situ diagnostic tool 

for real-time characterization, without interfering with the plasma [2].  In a plasma, gas 

phase species are promoted to excited electronic states by collisions with energetic electrons.  

Light is emitted when the excited species go through de-excitation processes as a means of 

conserving energy.  Figure 3.2 illustrates an electron impact excitation of the ground state of 

atom A to an excited state A*, followed by the subsequent emission of a photon at frequency 

ω to reduce the energy of the atom to some lower state Af.   
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Figure 3.2: Schematic of electron impact excitation followed by a radiative de-excitation process 

The emission wavelength is: 

 
2 cp

l
w

=  (3.5) 

where  

 ( )* fA
e E Ew= -  (3.6) 

Nearly all of the light emitted by a laboratory plasma is associated with electronic 

transitions because plasmas are primarily sustained by electron energetics.  These 

transitions usually fall within the UV-visible wavelength range of the electromagnetic 

spectrum.  All atoms and molecules have their own unique energy states with distinct 

energy differences between the allowed transitions, which enables OES to provide insight 

into the nature of the chemical species generated within the plasma [3].   

The emission intensity of a specific transition is proportional to the density of excited 

species undergoing that optical transition.  The fraction of plasma species that are 

electronically excited into an optically emitting state is determined by the electron energy 

distribution function of the plasma, which is influenced by changes in the discharge 

parameters [4].  However, emission intensities alone provide limited insight because the 

number of photons emitted depends not only on the radiative decay processes measured 
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through OES, but also on the excitation rate of the species and nonradiative de-excitation 

rates which are not light emitting.  This implies that the emission intensity is not in direct 

correlation with the ground state species concentration [5]. 

Actinometry is a method where a light emitting species of interest is compared to a non-

reactive species to gain insight into the ground state concentration.  For a ground state 

transition, the emission intensity of species A is given by: 

 A A A AI k nh=  (3.7) 

where I is the optical emission intensity, k is a proportionality constant, n is the density of 

the species in the ground state and η is the excitation efficiency of the discharge to promote 

the species from the ground state to the electronically excited state responsible for optical 

emission [4].  It is assumed that as the discharge parameters are varied, nA = k ηB, where B 

corresponds to a non-reactive species.  For this assumption to be reasonable, both species 

must be produced by electron impact excitation, the excited species must decay exclusively 

by light emission and the electron impact cross-section of both species should be similar [6].  

These assumptions can be combined with the Equation 3.7 to yield: 

 A A

B B

n I
k

n I
=  (3.8) 

where k is a constant that is independent of the discharge parameters [4].  Actinometry is 

also used as a qualitative technique where both species are reactive and contribute to film 

growth.  In these instances, an indication of the molar ratio of one species to another is 

achieved through the ratio of their optical emission intensities.  This qualitative approach 

has historically been used with hydrocarbon plasmas when depositing diamond [3], and is 

implemented in this research. 
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3.2.1 OES in Carbon-Based Plasmas 

The growth of carbon-based materials in plasma environments is strongly affected by the 

concentrations of different radical species in the plasma.  OES is used to gain insight into the 

relative amounts of carbon depositing species and etching species under different 

processing conditions.  Table 3.1 displays some of the emission lines commonly used to 

characterize carbon-based plasmas.  

Table 3.1: Electronic transitions commonly used to characterize carbon-based plasmas [1, 3, 7, 8, 9] 

Species Transition Peak Position (nm) 

H  h n'  3 Ҧ n  2 656.1 

H  ̡ n'  4 Ҧ n  2 486.1 

H  ɹ n'  5 Ҧ n  2 434.1 

H  ɻ n'  6 Ҧ n  2 410.0 

H2 
G1ʅg Ҧ B1ʅu 462.9 

d3ʃu Ҧ a3ʅg 581.0 

CH 
B2ɲ Ҧ X2ʃ 387.0 

A2ɲ Ҧ X2ʃ 431.4 

C2 d3ʃg Ҧ a3ʃu 512.9, 516.3 

C3 A1ʃu Ҧ X1ʅ+
g 405.1 

CN B2ʅ+ Ҧ X2ʅ+ 358.6, 388.3 

NH A2ʃ Ҧ X2ʅ- 336.0 

 

A qualitative understanding of the ionized and metastable carbon species concentrations is 

achieved through the use of OES, which can then be correlated to film morphology.  The 

three most commonly cited species that play a role in the deposition and nanostructuring 

process include: (1) carbon dimmers, C2, which are presumed to insert into the carbon-

carbon bonds of a growing film while also forming critical nuclei that evolve toward two 

dimensional graphite like sheets; (2) CH carbon radicals which mostly contribute to the 

deposition of amorphous carbon; and (3) atomic hydrogen which activates the surface 

dangling bonds and etches away the amorphous carbon phase [10].  Insight into the process 



 

45 

chemistry can be achieved by understanding how changes in processing conditions affect 

the relative intensities of these species. 

The role of atomic hydrogen is of primary importance in hydrocarbon plasmas because of 

its ability to change the resultant film structure by etching weakly bound carbon species.  

The production of monatomic hydrogen can be enhanced by altering processing conditions 

that increase the electron temperature [11].  The effects of the electron temperature on the 

production of atomic hydrogen can also be used as a diagnostic tool where the emission 

spectrum of atomic hydrogen gives an indication of the electron temperature.  The relative 

intensities of emission lines in the Balmer series (Hα, Hβ, Hγ and Hδ) can be used to estimate 

the excitation temperature of the plasma by examining changes in the amount of hydrogen 

in a higher excited state relative to that of a lower excited state. 

Although OES gives an indication of the concentration of some radical species, emission 

lines corresponding to CH2, CH3, C2H2, and other polyatomic species are not typically 

observed.  The excitation energies of these species are mostly dissipated by radiationless 

transitions which are considered to be much faster than radiative decay processes [12].  

These higher order carbon species are known to affect film growth but do not show up in 

OES.  Instead, only the emitting carbon containing radicals can be detected to provide an 

indication of the amount of carbon species present in the plasma. 

3.2.2 Optical Emission Measurements 

The optical emission measurements in this work were carried out using an Ocean Optics 

LIBS2000+ optical multichannel analyzer.  This arrangement consists of seven spectrometer 

channels with a 200 to 900 nm optical range.  Each channel covers a range of roughly 100 nm 

where the groove densities for the different channels are displayed in Table 3.2.  Each 

channel has a 2048 pixel linear CCD detector which allows for rapid acquisition over the 

entire optical spectrum.  The light emitted from the plasma passes through a quartz window 
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where it is collected using an optical fiber and a 0.55 cm collimating lens.  The lens is set up 

to collect the light emission from a parallel beam, 1.5 cm above the substrate platform.   

Table 3.2: Ocean Optics LIBS2000+ spectrometer channel groove densities 

Channel # Wavelength Range Grating Groove Density 

1 200 - 300 nm 2400 lines/mm 

2 300 - 400 nm 2400 lines/mm 

3 400 - 500 nm 1800 lines/mm 

4 500 - 600 nm 1800 lines/mm 

5 600 - 700 nm 1800 lines/mm 

6 700 - 800 nm 1800 lines/mm 

7 800 - 900 nm 1200 lines/mm 

 

A typical optical emission spectrum from a methane/hydrogen plasma is shown in Figure 

3.1.  The most intense emission comes from the Hα transition of the Balmer series at 656.3 

nm, which typically saturates the detector under the conditions used to make the 

measurements.  This saturated Hα transition is omitted from the remaining discussion 

because many of the carbon containing transitions of interest are much less intense and 

would be filtered out to obtain a reading on the Hα intensity.  The transitions occurring at 

wavelengths higher than 656 nm are predominantly due to molecular hydrogen, and not 

many emission lines are detected in the 200 to 400 nm region.  For these reasons, the brunt 

of the optical emission characterization is carried out using the spectral range from 400 to 

600 nm.  
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Figure 3.3: Full optical emission spectrum from CH4/H2 plasma using LIBS2000+ spectrometer 

Figure 3.4 shows the 400 to 600 nm spectral range of the emission spectrum depicted in 

Figure 3.1.  Many of the carbon containing emission lines used to characterize hydrocarbon 

plasmas, as well as the remaining transitions of the Balmer series, Hβ, Hγ and Hδ, and the 

Fulcher molecular hydrogen bands are labeled on the spectrum.  For this work, the relative 

amounts of these species will be correlated to the properties of the deposited material to 

gain insight into the plasma chemistry.   
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Figure 3.4: 400 to 600 nm spectral range of Figure 3.1 with labeled emission lines 

3.3 Introduction to Raman Spectroscopy 

Raman spectroscopy is one of the primary forms of spectroscopy used to detect bond 

vibrations in molecules, and provides a nondestructive and fast characterization tool for 

obtaining high resolution structural and electronic information about a sample.  Substances 

can be identified from characteristic spectral patterns or “fingerprints” in a Raman spectrum 

to determine quantitatively or semi-quantitatively the amount of substance in a sample [13]. 

Raman spectroscopy works on the principle of inelastically scattered light.  When light is 

incident on a sample, it can be transmitted, absorbed and/or scattered.  The scattered light 

interacts both elastically and inelastically with the sample.  Most of the scattered light is 

elastically scattered by a process known as Rayleigh scattering, and has the same frequency 

as the incident light (ωo) [14].  However, if nuclear motion is induced during the scattering 
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process, energy can be transferred from the incident photon to the molecule or vice-versa.  

This leads to an inelastic scattering process where the energy of the scattered photon differs 

from the incident photon by one vibrational unit (ωo ± ωvib).  Raman scattering is expressed 

as the shift in photon energy from that of the exciting radiation, which is typically measured 

in wavenumbers [13]:  

 1

vib

vib

hc
E cmw

l

-è ø= =    ê ú (3.9) 

The Raman Effect can be described using energy level diagrams like that shown in Figure 

3.5.  In this diagram, an incident photon raises the energy of the material from the ground 

state to a virtual state.  The virtual state is not a stationary energy state of the material, but 

rather a distortion of the electron distribution around a covalent bond.  Then the material 

relaxes by emitting a photon.  If the material returns to the same vibrational energy level, 

the emitted photon has the same energy as the incident photon, ωo.  This is referred to as 

Rayleigh scattering (Figure 3.5b).  If the material returns to a higher vibrational energy than 

where it started, the emitted photon has less energy, ωo – ωvib, and is referred to as Stokes 

Raman scattering (Figure 3.5c).  Under some conditions, a material may have a vibrational 

energy higher than the ground state energy where an incident photon can absorb energy 

from the lattice leading to the emission of a higher energy photon, ωo + ωvib (Figure 3.5a).  

This is called anti-Stokes Raman scattering, and is typically weaker in intensity than Stokes-

shifted scattering [14].  For this reason, Raman spectroscopy is usually performed on the 

low-energy side of the incident beam to give the Stokes scattered signal. 
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Figure 3.5: Schematic energy diagram depicting the Raman Effect 

Raman scattering is an inherently weak process where only one in every 106 to 108 scattered 

photons are Raman shifted [13].  Therefore, in Raman spectroscopy an intense light source, 

such as a laser, is used to irradiate the sample.  In addition, the sample must be Raman 

active.  Intense Raman scattering occurs from vibrations that cause a change in the 

polarizability of the electron cloud around the molecule.  Usually, symmetric vibrations 

cause the largest distortions in the electron cloud and lead to high scattering efficiency.  This 

contrasts with infrared spectroscopy where the most intense absorption is caused by a 

change in the dipole moment, and asymmetric vibrations are the most intense [13].   

A Raman spectrum can have contributions from both first-order and second-order 

scattering events.  If a photon with frequency ωo and wavevector ko is incident on the 

sample, a photon with frequency ωsc and wavevector ksc is scattered.  In the case of Rayleigh 

scattering, energy and momentum conservation laws provide that: 
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o scw w=  (3.10) 

 o sck k=  (3.11) 

For first-order Raman scattering, energy and momentum are conserved between the initial 

and final state as given by: 

 ()o sc vib qw w w= °  (3.12) 

 o sck k q= ° (3.13) 

where a phonon ωvib (q) is created for Stokes scattering, and a phonon ωvib (q) is annihilated 

for anti-Stokes scattering.  In the case of second-order Raman scattering, the conservation of 

energy and momentum between the initial and final states provides that: 

 () ( )' "' "o sc vib vibq qw w w w= ° °  (3.14) 

 ' "o sck k q q= ° °
 (3.15)

 

In second-order processes, pairs of phonons from throughout the first Brillouin zone can 

contribute to the Raman spectrum [15]. 

3.3.1 Raman Spectroscopy in Carbon Materials 

Raman scattering provides a sensitive spectroscopic technique for identifying the structure 

and bonding in carbon materials.  It can distinguish between diamond, graphite, amorphous 

carbon and many of the nanoscale allotropes of carbon.  The common crystalline phases of 

carbon yield very simple first-order spectra, where diamond peaks at 1332 cm-1 and graphite 

has doubly degenerate E2g modes at 42 and 1582 cm-1.  The peak at 42 cm-1 is due to the weak 

interplanar Van der Waals interactions which are the reason for its low energy.  The 1582 

cm-1 peak is referred to as the G (Graphite) band, and corresponds to bond stretching 

vibrations in all rings and chains of sp2 atoms [16].  The full width at half maximum of the G 
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band can be used to assess the crystalline quality where a sharper peak corresponds to a 

higher degree of crystallinity [17]. 

As the crystalline quality in graphitic materials decreases and disorder is introduced into the 

structure, the selection rules on momentum conservation are relaxed and phonons from 

throughout the Brillouin zone can contribute to first-order Raman scattering [14].  Changes 

in the material that break the translational symmetry of the crystal are due to any lattice 

imperfections such as in-plane substitutional heteroatoms, vacancies and grain boundaries 

[18].  The relaxation in selection rules leads to two disorder induced modes in sp2 bonded 

carbons known as D and D'.  The D' band peaks at around 1620 cm-1, which corresponds to 

the energy value where the dispersion curve for graphite is flattest.  The intensity ratio of 

the G to D' band is dependent upon the number of distorted graphene planes [17].  The G 

and D' bands overlap in very disordered carbons, which leads to an apparent blue-shift in 

the graphite line [19].   

The D band arises in disordered carbon due to the breathing modes of sp2 atoms in rings 

that are isolated or nearly isolated from a surrounding graphene sheet [20].  The probability 

of finding such a ring increases as the crystallite size decreases.  For this reason, the D peak 

is commonly used as a qualitative measure of the in-plane correlation length of a graphitic 

cluster, where the ratio of the integrated intensity of the D to the G peak, ID/IG, is inversely 

proportional to the crystallite size [21].  The D band is also highly dispersive due to double 

resonance effects, where changes in the excitation energy cause the peak to shift in the range 

of 1330 cm-1 to 1360 cm-1 [22].  A peak in this frequency range corresponds to a maximum in 

the phonon density of states near the K and M points of graphite [14].   

In addition to the G, D and D' peaks, the first-order Raman spectra of graphitic carbon can 

exhibit weak bands at 810, 1083, 1150 and 1480 cm-1 [23].    The 810 cm-1 band is considered 

to be an inherent feature in the density of states for graphitic lattice vibrations.  The peak at 

1083 cm-1 appears in the presence of defects, and similarly to the D and D' bands, is thought 
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to be related to the existence of edges.  Both the 1150 and 1480 cm-1 bands are signatures of 

transpolyacetylene and are connected to the presence of hydrogen.  These hydrogen 

indicating peaks will disappear after post deposition annealing [24].  The intensities of these 

weak bands are much lower than the G, D and D’ peaks, and therefore, are left unnamed 

[23]. 

The second-order Raman spectrum of sp2 bonded carbons also reveals important 

information about the material.  The most intense feature in the second-order spectrum is a 

band around 2700 cm-1 historically named G'.  However, it is now known that this band is 

the second-order of the D peak, which is currently referred to as 2D [16].  Single crystal 

graphite has no D line and the 2D band is asymmetrical.  Therefore, the 2D band may be 

decomposed into two components, 2D1 and 2D2, at 2700 and 2735 cm-1, which are roughly ¼ 

and ½ the height of the G peak [19].  For CVD deposited graphite, the line shape of the 2D 

band becomes a single Lorentzian peak due to a lack of order in the c-direction [25].  The 2D 

peak will also change shape and intensity as a function of the number of layers of graphene 

in the sample.  One sheet of graphene has a single, sharp 2D1 peak that is roughly four times 

more intense than the G peak [16].  A further increase in the number of layers leads to a 

decrease in the 2D1 peak and an increase in the 2D2 peak until the graphite spectrum is 

retained (see Figure 3.4).  The ratio of the integrated intensity of the G to the 2D band, IG/I2D, 

has been used as an indication of the number of graphitic layers, where a ratio of four 

corresponds to bulk graphite, and then decreases with the number of layers to a value 

around ¼ for a single sheet of graphene [26].    
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Figure 3.6: Raman spectrum of sp
2
 bonded carbon with varying numbers of graphene layers [16] 

In addition to the 2D band, three weak second-order Raman peaks are observed in the 

spectra of graphitic carbon.  These peaks can be assigned to the combination modes 1083+D 

≈ 2450 cm-1, D+G ≈ 2930 cm-1 and 2D' ≈ 3240 cm-1 [18, 27].  These second-order Raman bands 

are destroyed as the amount of structural disorder in the carbon increases [19].   

An overview of the Raman bands observed in graphitic carbon along with a description of 

their origin is shown in Table 3.3.   
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Table 3.3: Peak position of Raman bands observed in graphitic carbon along with descriptions 

Peak Position (cm-1) Description 

810 Inherent feature in the graphite DOS 

1083 Disorder band associated with symmetry breaking in graphite 

1150 Signature of transpolyacetylene due to H incorporation 

1332 Cubic diamond peak 

1330 - 1360 D - disorder band associated with symmetry breaking in graphite 

1480 Signature of transpolyacetylene due to H incorporation 

1582 G - graphite band corresponding to bond stretching in sp2 carbon 

1620 D' - disorder band associated with symmetry breaking in graphite 

2450 1083 + D - Second order peak in graphite 

2700 2D - Second order peak in graphite 

2930 D + G - Second order peak in graphite 

3240 2D' - Second order peak in graphite 

 

3.3.2 Raman Spectroscopy Measurements 

The Raman spectroscopy measurements carried out in this work were performed using 

backscattering geometry through a microscope objective.  Four different laser lines were 

used to evaluate the materials’ structure, and each laser's experimental settings are 

described in Table 3.4. 

Table 3.4: Experimental parameters for Raman spectroscopy measurements 

Laser Wavelength Grating Groove Density Objective Aperture 

325 nm 2400 lines/mm 40x (quartz) 

442 nm 2400 lines/mm 50x 

633 nm 1800 lines/mm 50x 

785 nm 1200 lines/mm 50x 

 

A typical Raman spectrum of the CNWs produced in this work is displayed in Figure 3.7.  

The peaks typical of disordered graphitic carbon were observed and labeled in this 

spectrum.  The primary bands of interest for evaluating the materials are the D, G and 2D 
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peaks.  The peak ratios and widths are used to evaluate the crystalline quality, as well as the 

number of graphitic layers. 

 

Figure 3.7: Typical Raman spectrum of CNWs prepared in this work with labeled peaks 

For comparative purposes, the Raman spectrum of CNWs was plotted with those of highly 

ordered pyrolytic graphite (HOPG), pyrolytic graphite (PG) and glassy carbon (GC).  The 

four spectra are displayed in Figure 3.8.  HOPG, PG and GC were chosen because they are 

sp2 bonded carbon materials with varying amounts of disorder.  HOPG is created by 

pressing natural graphite to form an ordered crystal structure.  This differs from PG and GC 

which are produced through the pyrolysis of a hydrocarbon gas at elevated temperatures.  

The differences in PG and GC occur in the size of the crystalline domains, where GC has a 

much smaller domain size leading to a larger degree of disorder in the structure. 
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Figure 3.8: Raman spectra of CNWs, GC, PG and HOPG 

The difference in crystalline nature of these materials creates characteristic features in their 

Raman spectra.  In HOPG, the D and D’ bands are absent while the 2D band consists of two 

overlapping peaks characteristic of natural graphite.  The lack of disorder induced bands in 

this material is expected due to its highly crystalline nature.  Both PG and GC exhibit both D 

and D’ peaks while the 2D band is a single Lorentzian peak.  The single 2D peak indicates a 

lack of order in the c-direction of these materials.  PG is more ordered, and therefore, has 

smaller D and D’ bands relative to the G peak.  These trends display the ability of Raman 

spectroscopy to determine the amount of disorder in carbon-based materials. 

CNWs have a similar Raman spectrum to the disordered carbons with a few discrepancies.  

The Raman spectrum of CNWs exhibits D and D’ peaks that are more intense than those in 

PG but less intense than GC, which establishes that the degree of disorder is in between 

these two materials.  As compared to the commercial forms of carbon, the 2D band exhibits 
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a similar Lorentzian shape as the man-made carbons, but has a much higher intensity 

relative to the G peak.  Typically, the 2D band decreases in intensity when the amount of 

structural disorder increases [19].  However, the 2D band is also known to increase when 

there is a decreasing number of graphene layers [16].  Thus, CNWs exhibit a spectrum that 

is indicative of few-layer-graphene while also showing a large amount of disorder. 

It is desirable to determine what types of disorder are primarily responsible for creating the 

D and D’ bands in CNWs.  The disorder is not presumed to occur within the graphene 

sheets because the narrow G peak width observed in the Raman spectrum indicates a highly 

crystalline material.  However, the high degree of edge density may be a source of the 

symmetry breaking disorder responsible for creating the D and D’ bands.  To test this 

hypothesis, two different CNW morphologies with varying amounts of edge density were 

measured using different objective apertures.  It was anticipated that with a lower 

magnification the laser would irradiate more edges, while higher magnification would 

irradiate fewer edges.   

Figure 3.9 displays the differences that occur in the ID/IG ratio when varying objective 

apertures and edge densities.  The plot exhibits a decreasing ID/IG ratio when the 

magnification is increased and the edge density is decreased.  The decrease that occurred in 

the D peak after increasing the magnification indicates that the number of edges visible to 

the laser contributes significantly to the appearance of these disorder induced Raman bands. 
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Figure 3.9: Change in ID/IG intensity ratio with changing objective aperture 

A difference in the energy and intensity values of the D band was observed when varying 

laser wavelengths were utilized.  This phenomenon is displayed in Figure 3.10.  When 

longer laser wavelengths were used, the D band increased in intensity and shifted to lower 

wavenumbers.  This dispersion and intensity difference in the D band is thought to occur 

due to a k-selective resonance process [28].  These anomalies in the D peak of CNWs with 

varying objective aperture and laser energy require that these experimental parameters 

remain fixed to maintain consistency.  Throughout this work, a magnification of 50x and a 

laser wavelength of 633 nm were used to mitigate these effects. 
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Figure 3.10: Raman spectrum of CNWs with varying excitation wavelength 

3.4 X-Ray Photoelectron Spectroscopy 

The theoretical foundations of x-ray photoelectron spectroscopy (XPS) originate from Albert 

Einstein’s photoelectric effect experiment.  This experiment displayed how radiation of low 

intensity and high frequency will eject electrons from certain materials, while lower 

frequency radiation fails to produce any electrons regardless of the intensity.  The equation 

derived by Einstein to explain the photoelectric effect is the basis of modern XPS analysis, 

and is as follows: 

 21

2
e bmv h En= -  (3.16) 

where hν is the energy of the incoming photon, Eb is the binding energy of the electron in 

matter and ½mv2 is the kinetic energy of the ejected electron.  An additional spectrometer 
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dependent term is added to the equation in XPS measurements.  the binding energy is easily 

calculated by measuring the kinetic energy of the ejected electron and knowing the energy 

of the incoming photon.  The binding energy is a sensitive characteristic of the chemical 

bonds in a compound, making XPS a suitable technique for obtaining information about a 

sample's elemental composition and bonding. 

When an x-ray photon is incident on a solid surface, it has a limited penetration depth on 

the order of one to ten microns.  Within this penetration depth, the photon ionizes the atoms 

in the solid.  The electrons ejected during these ionizing interactions have a much greater 

probability of interacting with the solid than the x-ray photons.  Thus, while ionization 

occurs to a depth of a few microns, only the electrons which originate within a few tens of 

ångströms below the solid surface can leave the surface without energy loss [29].  These 

electrons create the characteristic photoelectron peaks in an XPS spectrum.  The shallow 

escape depth of these ejected electrons makes XPS a surface sensitive technique.   

XPS is used to determine the relative concentrations of the various constituents in a sample 

by interpreting the peak areas in terms of a peak sensitivity factor.  For a homogenous 

sample, the number of photoelectrons ejected per second in a specific peak is given by: 

 I nf y ATsq l=  (3.17) 

where n is the number of atoms of the element [cm-3], f is the x-ray flux [photons/(s-cm3)], σ 

is the photoelectric cross-section for the atomic orbital [cm2], θ is an angular efficiency 

factor, y is the efficiency of the photoelectric process, λ is the mean-free-path of 

photoelectrons in the sample, A is the sample area of the probe and T is the detection 

efficiency [29].  From Equation 3.17: 
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=  (3.18) 

where the denominator is defined as the atomic sensitivity factor, S.  Thus, to determine the 

atomic fraction of any constituent in a sample, Cx: 
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Values of S for the elements can be found in a number of references and peak fitting 

programs which allows for elemental quantification of most samples [29].   

3.4.1 XPS in Carbon-Based Materials 

The primary elements of interest for this work are carbon, oxygen and nitrogen.  The peak 

locations for these elements are at C 1s ≈ 284.5 eV, O 1s ≈ 532 eV and N 1s ≈ 400 eV [30].   The 

atomic concentration of a sample is calculated by measuring the peak areas of the elements, 

and comparing these areas with their peak sensitivity factors taken into account.  

Additionally, all peaks can usually be broken up into a number of constituent peaks 

depending on the specific bonding type present.  There is some discrepancy in the literature 

as to the exact locations of these peak components and their corresponding bonding 

configurations, but a few representative values follow below.   

For peak fitting in the XPS spectra, the peak widths are constrained between 0.5 and 1.5 eV 

because the inherent peak widths of the elements are significantly narrower, but 

conventional laboratory instruments are unable to deconvolute peaks much narrower than 

this limit.  The primary peak for the C 1s transition at 284.5 eV arises from sp2 graphitic 

clusters.  A binding energy at 285.5 eV is due to C=N bonds (sp2), 286.5 eV for C-N bonds 

(sp3), 287.5 eV for C-O bonds and 288.0 eV for C=O bonds [31].  The N 1s transition can also 

be deconvoluted into a number of constituents.  For nitrogen in a graphitic carbon lattice, 

three nitrogen peaks at 398.3, 399.5 and 400.5 eV are observed, corresponding to pyridine-
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like, pyrrole-like and graphite-like nitrogen [32].  Peaks in the 402 to 403.5 eV range are 

indicative of pyridine-N-oxide functionalities, whereas peaks in the 404 to 408 eV range are 

characteristic of molecular nitrogen [30].  Many carbon-oxygen functional groups are found 

in the O 1s spectrum, including C(O)OH at 531.8 eV, O-C=O at 532.2 eV, C=O at 532.5 eV, O-

C-O and –OH at 532.8 eV, and C-OH at 533.9 eV [29, 33].  Thus, peak decovolution provides 

some indication of the dopant type and bonding configuration present in a material. 

3.5 Electrochemical Techniques 

Electrochemical capacitors are electrical energy storage devices that store and release energy 

by atomic scale charge separation at an electrode/electrolyte interface.  The electrode 

material is a primary component that determines the capacitance of an electrochemical 

capacitor, and the most definitive test for a new electrode material is how it performs in a 

full-scale device [34].  Thus, a test fixture that closely mimics the unit cell configuration will 

give data more closely aligned to the performance of a packaged device. 

A typical electrochemical capacitor is comprised of two electrodes that are isolated from one 

another by a porous separator.  The separator allows for ion flow between the electrodes, 

while preventing the two electrodes from creating an electrical short.  Most commercial 

electrodes have thicknesses in the range of ten microns for high power applications to 

several hundred microns for high energy applications [35].  It is important to determine the 

appropriate electrode thicknesses for any meaning to be given to the measured capacitance 

values, because very thin electrodes can lead to an overestimation of the actual device 

performance. 

In order to mimic a commercial electrochemical capacitor, a symmetrical two-electrode test 

fixture is used rather than the three-electrode cell commonly used in electrochemical 

research.  With a three-electrode configuration, only one electrode contains the material 

being analyzed and the charge transfer characteristics across the single electrode are 
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markedly different than with the two-electrode configuration.  A three-electrode cell 

commonly yields capacitance values that are approximately double those of a two electrode 

cell, and this heightened sensitivity can lead to large errors when projecting the energy 

storage capability of an electrode material [35].  A schematic of the two-electrode cell used 

in this work is displayed in Figure 3.11.  In this cell, the current collectors are made of 316 

stainless steel that have been passivated using a HNO3:HF:H2O = 1:1:1 etchant to create a 

surface that is less reactive in the electrolyte solution.  The porous polymer separator was 

obtained from Celgard and is a uniaxially stretched polypropylene film that is 25 µm thick 

with a surfactant coating to allow for wetting with aqueous electrolytes.   

 

Figure 3.11: Schematic diagram of the 2-electrode electrochemical cell used to measure capacitance 

The common metrics used to analyze device performance in electrochemical capacitors are 

the specific capacitance, gravimetric power and energy densities and life cycle.  In a 

symmetrical two-electrode device, the specific capacitance is the capacitance per unit mass 

of one electrode, and is given by: 
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where C is the measured capacitance of the two electrode cell, m is the total mass of the 

active material in both electrodes, and the multiplier of four adjusts the capacitance of the 

two-electrode cell and the combined mass of the two electrodes to the capacitance and mass 

of a single electrode [35].  The power (P) and energy (E) densities of an electrochemical 

capacitor are both proportional to the square of the maximum voltage (V) as shown below: 
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2
E CV=  (3.22) 

where ESR is the equivalent series resistance and C is the capacitance of the device [36].  

These values are commonly given on a gravimetric basis. 

The electrode performance of CNW materials were evaluated using cyclic charge/discharge 

(CCD), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).  For the 

CCD and CV electrochemical techniques, the fundamental equation for capacitance was 

used to measure the performance of the devices: 

 
/

I
C

dV dt
=  (3.23) 

where I is the current, V is the voltage and t is the time.  EIS gives an indication of the 

frequency response of the materials, while modeling can also be used to gain insight into the 

capacitance of the cell.  
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3.5.1 Cyclic Charge/Discharge 

The high degree of control available for applying current, and high sensitivity when 

measuring voltage make galvanostatic charge/discharge the recommended method for 

measuring the capacitance of a device.  Additionally, this method more closely mimics the 

load that is applied to a capacitor in a majority of applications [35].  Galvanostatic 

charge/discharge is performed by charging a device with a constant current to a 

predetermined voltage while measuring the time required to reach that voltage.  Then, the 

device is discharged at a constant current and the time required for discharge is recorded.  

This charging and discharging is performed for a number of cycles. 

A single charge/discharge step for a symmetric double layer capacitor gives a linear 

response of voltage versus time as shown in Figure 3.12.  Thus, the capacitance is easily 

calculated using Equation 3.23 where the constant discharge current is divided by dV/dt, 

which is measured as the slope of the linear discharge curve. 

 

Figure 3.12: Galvanostatic charge/discharge curve displaying typical double layer response 

Very low rates of discharge lead to large errors because the current from cell leakage 

capacitance and faradic reactions contribute to an increasing percentage of the signal.  
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Therefore, the current should be adjusted to provide linear charge/discharge curves, while 

maintaining charge and discharge times of less than a few minutes [35]. 

3.5.2 Cyclic Voltammetry 

While the use of constant current data is recommended, cyclic voltammetry can also be used 

to calculate capacitance.  In CV measurements, the voltage is ramped up to a predetermined 

value at a constant scan rate, and the current required to maintain that scan rate is 

measured.   

 

Figure 3.13: Cyclic voltammogram displaying typical double layer response 

The cyclic voltammogram takes on a box-like shape for a symmetrical double layer 

capacitor, as depicted in Figure 3.13.  From this curve, the average current is measured as: 

 
2
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where I+ is the average current during the forward scan and I- is the average current during 

the reverse scan.  The capacitance can then be calculated according to Equation 3.23 by 

dividing this average current by the scan rate.  In order to adequately reflect a materials 
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performance, the scan rate should reflect that of a typical device with discharge times on the 

order of a few minutes. 

3.5.3 Electrochemical Impedance Spectroscopy 

Impedance spectroscopy is a technique where a low voltage signal is oscillated at varying 

frequencies across a device, while the impedance and phase angle are measured as a 

function of the applied frequency.  For capacitor electrodes, EIS is normally carried out at 

the open circuit potential by applying a small amplitude alternating potential (5 to 10 mV) 

over a wide frequency range (1 mHz to 1 MHz) [36].  With this technique, the data is 

analyzed using both Bode and Nyquist plots.  A Bode plot consists of the phase angle and 

impedance values given as a function of frequency, while a Nyquist plot depicts the 

imaginary versus real impedance.  A typical example of the phase angle portion of a Bode 

plot for a double layer capacitor is given in Figure 3.14. 

 

Figure 3.14: Bode plot showing phase angle vs. frequency for a typical electrochemical capacitor 

In Figure 3.14, three different modes of operation are observed for the electrochemical 

capacitor.  At low frequencies, the phase angle is around -90o corresponding to ideal 

capacitor behavior.  As the frequency increases, the phase angle increases to 0o which is 
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characteristic of a resistor.  At 0o phase angle, the device does not act as an energy storing 

capacitor, but rather the resistance from the electrolyte and cell components transfers all of 

the current.  As the frequencies are increased even higher, the phase angle increases toward 

+90o.  This is characteristic of an inductor and at these high frequencies, any stray inductance 

in the device overshadows all other cell components.   

These trends in frequency space are similar to those found in a series RLC circuit, where the 

inductor has high impedance at the highest frequencies, the capacitor has high impedance at 

low frequencies and the resistor bridges the gap between these two regions.  Figure 3.15 

depicts a series RLC circuit.  The device characteristics can be modeled by changing the 

values of the different circuit elements to obtain values for the double layer capacitance, 

equivalent series resistance and equivalent series inductance, based on the shape of the 

Bode plot.   

 

Figure 3.15: Series RLC circuit used for modeling EIS data 

A Nyquist plot, shown in Figure 3.16, can also be used to characterize an electrochemical 

capacitor.  Using this plotting technique, a vertical line in the –Zim direction corresponds to 

an ideal capacitor.  The intersect of the curve with the real impedance axis represents the 

equivalent series resistance of the cell, which determines the rate at which the cell can be 

charged or discharged [34].  The negative portion of the Nyquist plot relates to any stray 

inductance in the cell or measurement apparatus.  Thus, impedance spectroscopy can be 

used to obtain modeled data for the capacitance of a device, as well as directly measuring 

the equivalent series resistance.  In addition, examining the frequency versus phase data of 

the Bode plot gives an indication of the frequency response for the device. 
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Figure 3.16: Nyquist plot showing typical double layer response 
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4 Effects of Plasma Parameters on CNW Growth 

4.1 Introduction 

The parameters that control the material properties in a PECVD reaction can be grouped 

into two classes.  One class is associated with the substrate surface, and the other is 

associated with the plasma environment [1].  Although the surface conditions and plasma 

chemistry are interrelated, general tendencies can be established by decoupling these two 

parameters.  The primary focus of this chapter is to examine processing parameters which 

affect the plasma, whereas the substrate conditions are discussed in Chapter 5.  Some of the 

many factors that will affect the plasma are intrinsic to the process, while others can easily 

be altered by the user.   

The intrinsic processing parameters include the chamber geometry, chamber material and 

plasma coupling method.  The chamber conditions affect the electron and ion loss 

mechanisms, while the plasma coupling method alters how the charged particles are heated.  

The charged particles that impact the walls in electrically conducting chambers are lost to 

ground, whereas in an insulating chamber, the fast moving electrons set up a negative 

charge along the chamber surface rather than completing the circuit.  This negative charge 

establishes an electric field that accelerates ions to these surfaces, which increases the 

plasma potential and ion bombardment energy.  A semi-insulating amorphous carbon layer 

typically accumulates on the chamber walls when depositing carbon materials and can 

affect the plasma conditions.  Therefore, it is beneficial to maintain some degree of 

amorphous carbon “seasoning” on the chamber walls to establish steady state chamber 

conditions.   

The size of the chamber and location of the substrate with respect to the plasma are other 

parameters that are not typically altered under normal operation.  These parameters 

establish the number and types of particles impacting the substrate surface.  One of the most 

important intrinsic plasma parameters is the coupling method.  The plasma coupling 
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mechanism changes the way in which charged particles gain energy, as well as controlling 

the trajectory of these charged particles with the field geometry.  Thus, every different 

plasma chamber and coupling mechanism has its own inherent properties that are unique to 

the configuration. 

In contrast to these intrinsic plasma conditions, many operating parameters are altered on a 

regular basis and have an effect on the plasma.  A few of the more common user defined 

parameters include the total gas pressure in the discharge vessel, the gas composition and 

the input power from the power supply.  The effects of these parameters on the growth of 

CNWs can be described by the following techniques: Optical emission spectroscopy (OES) 

to determine how these factors affect the plasma environment; scanning electron 

microscopy (SEM) to allow for observation of the film morphology; and Raman 

spectroscopy to examine the crystalline quality of the deposited materials. 

4.2 Experimental Procedure 

The deposition of CNWs was performed using an inductively coupled RF-PECVD system, 

which consists of a stainless steel vacuum chamber that is 25 cm high and 45 cm in diameter, 

a 20 cm diameter three-turn planar coil that couples 13.56 MHz power through a quartz 

window into the vacuum chamber and a boron-nitride coated pyrolytic graphite resistive 

heater as the sample stage, which is located ten cm below the quartz window.  The 

temperature of the heater is measured with a thermocouple, which is used as the feedback 

for a PID controller that sets the temperature.   

N-type silicon (100) was used as the primary substrate for deposition, but other materials 

were considered, including silica, nickel, stainless steel and alumina.  Methane and 

hydrogen were used as the precursor and etchant gases, respectively.  The pressure, gas 

composition and input plasma power were varied systematically to determine the effects of 

each variable on the deposited material.  Optical emission from the plasma was measured 
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using an Ocean Optics LIBS2000+ optical multichannel analyzer, which collects the light 

passing through a quartz viewport into a fiber optic cable.  The light collection is collimated 

using a 0.55 cm lens to observe the plasma conditions at a distance of 1.5 cm above the 

substrate surface.  The samples were characterized using SEM and micro-Raman 

spectroscopy.  The Raman analysis was carried out at room temperature using 632.8 nm 

excitation from a He-Ne laser through a 50x objective lens. 

4.3 Results and Discussion 

The following sections briefly describe the experiments performed to analyze the effects of 

pressure, gas composition and plasma power on the growth of CNWs.  The effects of the 

altered parameters were examined using OES to gain insight into the plasma chemistry.  

The film morphology and crystalline nature of the deposits were surveyed using SEM and 

Raman spectroscopy, and were correlated to the OES data.    

4.3.1 Effect of Pressure 

The substrate material, substrate temperature, gas composition, input plasma power and 

deposition time were maintained at the constant values given in Table 4.1 to analyze the 

effects of gas pressure on the deposited material.  The pressure was altered by increasing the 

flow rate of methane and hydrogen in their respective ratios in the range of 5 to 50 sccm.  

The gas pressures examined were 50, 100, 150, 200 and 250 millitorr.   

Table 4.1: Constant processing parameters when varying gas pressure 

Substrate Material Temperature H2 : CH4 Plasma Power Time 

Silicon 750 oC 7 : 3 1,300 W 20 min 

 

The primary effect of altering pressure in the plasma environment is to change the mean-

free-path (MFP) between collisions for electrons, ions and neutral gas species.  The MFP 

(λmfp) is governed by the equation: 
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where k is the Boltzmann constant, T is the temperature of the particle, d is the diameter of 

the particle and P is the pressure.  Thus, the MFP between collisions decreases with 

increasing pressure.  With a shorter MFP, gas phase interactions increase leading to an 

increased production of complex hydrocarbon species and equilibration of the reactive 

species temperatures [2].  However, a decreased MFP also has the effect of decreasing the 

electron temperature which inhibits the amount of energy available for chemical reactions 

[3]. 

Figure 4.1 displays the optical emission intensity of the C2 at 516.5 nm, CH at 431.4 nm, Hγ at 

434.1 nm, Hδ at 410.0 nm and H2 at 581.0 nm spectral lines as a function of pressure.  This 

plot exhibits a decrease in the emission intensity of all species with increasing pressure.  A 

decrease in emission intensity indicates a monotonic decrease in the number of light 

emitting reactive species that are captured by the spectrometer.  Upon visual inspection of 

the plasma, it was noted that the plasma expands at lower pressures, where increasing 

pressure confined the plasma to the region of the chamber near the electrode surface.  It is 

assumed that the Debye length of the plasma decreases with increasing pressure under 

these operating conditions, which accounts for the observed confinement of the plasma and 

the reduced emission intensity in the vicinity of the substrate surface.  Thus, the number of 

reactive species near the substrate decreases with increasing pressure due to the shorter 

MFP of these particles. 
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Figure 4.1: Optical emission intensity of various reactive species as a function of gas pressure 

By normalizing these emission intensities to the emission intensity of the Hβ line at 486.1 

nm, insight is gained into how the molar ratios of the C2, CH, Hγ, Hδ and H2 reactive species 

change relative to Hβ.  This data is displayed in Figure 4.2.  As the pressure increases, the 

ratios of Hγ and Hδ to Hβ remain relatively constant.  A constant intensity ratio between 

different transitions in the same atomic series indicates that the electron temperature is not 

greatly affected by changes in the pressure under the present operating conditions [4].  In 

addition to the trends observed in the atomic hydrogen Blamer series, the intensity ratio of 

the C2, CH and H2 lines all increased with respect to the Hβ line.  Thus, gas phase 

interactions that favor the production of radical molecular species are promoted with the 

reduced MFP at higher pressures.  Additionally, the relative number of carbon containing 

growth species to atomic hydrogen etching species increase as the pressure increases. 
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Figure 4.2: Emission intensities of reactive species as a percentage of the Hβ intensity 

Scanning electron micrographs of the films deposited during these experiments are 

displayed in Figure 4.3.  These images were all acquired at the same magnification so that 

morphological trends could be established.  The evolution of film structure with increasing 

pressure is evident in these images, where increasing pressure reduces the individual 

nanowall size.  Once the pressure reaches 250 mT, there is no longer full coverage of the 

substrate surface.  The size of more than 30 nanowalls was measured using a ruler and 

correlated to the scale bar in these images to obtain the average CNW length for each 

condition.  This data is plotted in Figure 4.4, which includes error bars equal to one standard 

deviation in the length measurements.  This data confirms that the CNW length decreases 

with increasing pressure.  The decrease in length correlates with the OES data, where higher 

pressures led to fewer reactive species in the vicinity of the substrate.  Fewer reactive species 

amount to a slower growth rate of the graphene sheets.  Additionally, a branched structure 
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is observed at lower pressures, which evolves into smoother CNWs at higher pressures due 

to the decreasing growth rate.   

 

Figure 4.3: Scanning electron micrographs depicting the evolution of film morphology with pressure 
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Figure 4.4: Average CNW lengths from images in Figure 4.3 

Raman spectra were taken for each of the deposition conditions, and the peaks were fit 

using a Voight profile.  The peak areas, widths and ratios of the D, G and 2D peaks were 

calculated and used to establish trends in the data.  Figure 4.5 shows the width of the G 

peak, as well as the peak area ratios of ID/IG and IG/I2D as a function of the deposition 

pressure.  The G peak becomes narrower and both ratios decrease as the pressure increases.  

A narrow G peak is associated with highly crystalline material, a decrease in the ID/IG ratio 

indicates a larger coherent crystallite size and a decrease in the IG/I2D ratio occurs with a 

decreasing number of graphene layers.   

The Raman data indicates that increasing the pressure in the discharge vessel increases the 

crystalline quality of the deposited CNWs.  Based on the OES data, it was demonstrated that 

an increase in the pressure led to a decrease in the total number of reactive species near the 

substrate surface.  It also demonstrated an increase in the ratio of carbon radicals relative to 



 

82 

the atomic hydrogen etching species.  Thus, two different factors contribute to the observed 

Raman trends. 

 

Figure 4.5: Raman data as a function of processing pressure 

With fewer reactive species near the substrate surface the growth rate decreases which 

allows more time for the carbon atoms to orient themselves into stable graphitic clusters 

with fewer defects.  Hydrogen induced etching becomes a factor at extremely low C2/Hβ and 

CH/Hβ ratios with large amounts of atomic hydrogen, where atomic hydrogen attacks the 

basal planes of graphene in addition to the edge planes.  Hydrogen induced etching of the 

basal plane decreases the coherent crystallite size, which results in a decrease in the ID/IG 

ratio.  Additionally, any erosion in the basal plane of graphene becomes a secondary 

nucleation site for more carbon atoms to stick to and form branches from the primary wall.  

This is confirmed by both SEM and Raman analysis. 
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The IG/I2D ratios for all samples fall in the range of 0.4 to 0.65.  A ratio in this range indicates 

that the material consists of single to few-layer sheets of graphene.  Additionally, the G peak 

width was 19 cm-1 at 250 mT, which is close to the value obtained for HOPG of 12.5 cm-1, 

indicating a highly crystalline material.  Therefore, altering the pressure allows for a change 

in the size and shape of the graphene flakes in CNWs, while also changing the crystalline 

quality of the deposit.  These changes are attributed to changes in the mean-free-path of the 

active species in the plasma with all the implications that arise therein.   

4.3.2 Effect of Gas Composition 

When depositing carbon materials, the carbon containing radicals, such as C2, are typically 

assumed to be precursors for carbon growth, while atomic hydrogen is considered an 

etchant.  Therefore, changing the ratio of CH4 to H2, alters the fraction of carbon atoms to 

hydrogen atoms in the plasma, which greatly affects the deposited material.  The substrate 

material, substrate temperature, total pressure, plasma power and deposition time were 

held at the constant values given in Table 4.2 to analyze the effects of gas composition on the 

growth of CNWs.  By changing the flow rates of the gases, the gas composition was 

systematically varied between 7% CH4 in H2 to 100% CH4. 

Table 4.2: Constant processing parameters when varying gas composition 

Substrate Material Temperature Pressure Plasma Power Time 

Silicon 750 oC 150 mT 1,300 W 20 min 

 

The optical emission intensity of the C2, CH, Hγ, Hδ and H2 reactive species for the different 

gas compositions is displayed in Figure 4.5.  The most striking trends include an increase in 

the intensity of C2 and a decrease in the intensity of Hγ with increasing CH4 in H2.  The 

increase in the number of carbon radicals and decrease in atomic hydrogen is an expected 

outcome, because increasing the concentration of the carbon containing precursor relative to 

molecular hydrogen increases the molar ratio of carbon to hydrogen in the plasma.  The 

emission from CH remains relatively constant over the gas composition range, implying 
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that the CH radical concentration is dependent on both the carbon and hydrogen containing 

gases, maintaining a steady balance under the present operating conditions.  The emission 

intensity of H2 increases with increasing CH4 in H2, which is attributed to the dissociation 

CH4 to form molecular hydrogen species with less atomic hydrogen formation.  Thus, 

dissociation reactions of CH4 contribute significantly to the formation of the excited 

molecular hydrogen species measured. 

 

Figure 4.6: Emission intensity of various reactive species as a function of gas composition 

The intensity ratios of C2, CH, Hγ, Hδ and H2 to the Hβ line are plotted in Figure 4.7.  The 

amounts of C2, CH and H2 relative to atomic hydrogen increase with increasing CH4 in H2.  

The increases in C2 and CH relative to Hβ are readily understood by the increasing molar 

ratio of carbon to hydrogen as the amount of methane in the gas mixture increases.  An 

increase in H2 relative to atomic hydrogen suggests that it is more difficult to produce 

atomic hydrogen from a methane molecule than from molecular hydrogen.  A slight 
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decrease in the intensity ratio of Hγ to Hβ and a slight increase in the intensity ratio of Hδ to 

Hβ are observed with increasing CH4 in H2.  These conflicting trends do not allow for any 

conclusive statement to be made regarding the electron temperature. 

 

Figure 4.7: Emission intensities of reactive species as a percentage of the Hβ intensity 

Scanning electron micrographs of the CNWs prepared in this experiment are depicted in 

Figure 4.8.  The effects of increasing the concentration of CH4 in H2 are to increase the 

amount of branching, and to decrease the length of the individual nanowalls.  The 

branching arises when there are too many carbon depositing species in the reactor without 

the counterbalancing effects of the atomic hydrogen etchant.  This allows carbon to nucleate 

and grow from the primary nanowall surface before being etched away by atomic 

hydrogen.  Figure 4.9 displays the average CNW length with changing gas composition.  At 

7% CH4 in H2, the CNWs are smaller than at 27% and 47%, which is due to a limited amount  
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Figure 4.8: Scanning electron micrographs depicting the evolution of film morphology with a 
changing concentration of CH4 in H2  
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of the carbon precursor available for the growing film.  From 67% to 100% CH4, the 

nanowalls show extensive branching which causes a densely packed morphology and 

smaller nanowalls. 

 

Figure 4.9: Average CNW length with changing gas composition 

The Raman data pertaining to these samples is summarized in Figure 4.10.  The G peak 

width and ID/IG ratio increase, while the IG/I2D ratio remains relatively constant with 

increasing methane concentration.  An increase in the G peak width and ID/IG ratio indicates 

a decrease in the crystalline quality and a decrease in the coherent crystallite length, 

respectively.  Thus, by increasing the amount of carbon radicals and decreasing the atomic 

hydrogen etching species, the crystalline quality of the deposit degrades.  This trend is 

expected when less hydrogen is present because the deposition of amorphous carbon is 

faster than that of graphitic carbon, and there is less etchant present to remove the 

amorphous carbon.  Therefore, a less ordered structure arises with less atomic hydrogen.  
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The IG/I2D ratio remains relatively constant at a value of around 0.5 over the entire gas 

composition range measured, which verifies that the deposited CNWs consist of few-layer-

graphene. 

 

Figure 4.10: Raman data as a function of gas composition 

4.3.3 Effect of Plasma Power  

The effects of plasma power were examined over a range from 200 to 2,200 W in 200 W 

increments, while all other process parameters were held at the constant values given in 

Table 4.3.  The plasma behaves in a predominantly capacitive mode at powers below 800 W, 

which leads to a dull discharge that is confined to the region of the chamber just below the 

quartz window.  Additionally, the matching network will not properly tune the plasma for 

zero watts reflected power under these conditions, and some of the input power to the 

inductor is reflected back to the power supply.  The coupling mechanism switches into the 
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inductive mode above 800 W, and the plasma density is such that the electromagnetic fields 

are absorbed by the plasma electrons within the skin depth layer.  In the inductive mode, 

the entire discharge gets much brighter and expands farther away from the quartz window. 

Table 4.3: Constant processing parameters when varying plasma power 

Substrate Material Temperature Pressure H2 : CH4 Time 

Silicon 750 oC 150 mT 2 : 1 20 min 

 

Lieberman and Lichtenberg [5] suggest that the primary effect of increasing the input 

plasma power in an inductive plasma is to increase the number density of electrons in the 

plasma, which in turn increases the number density of reactive species.  This can further be 

explained by remembering that power is given as the product of voltage and current.  An 

inherent feature in the inductive coupling mechanism is the low voltage drop across all 

sheaths.  Therefore, increasing the applied power has the primary effect of increasing the 

current in the discharge, which is directly related to the density of electrons and reactive 

species.  The change in current is accompanied by a slight increase in voltage, but the 

increase in voltage is small compared to the change in current.  Thus, the number of reactive 

species drastically increases with increasing plasma power, while the plasma chemistry 

remains relatively constant [5].  These effects are verified by observing the optical emission 

data.   

Figure 4.9 shows the emission intensity of the C2, CH, Hγ, Hδ and H2 reactive species as a 

function of the input power.  The plasma operating at 200 W and 400 W had insufficient 

emission intensity to be detected by the spectrometer.  At the remaining power levels, the 

emission intensities of all species increase with increasing power, indicating a monotonic 

increase in the number of reactive species.  The intensity ratio of all the C2, CH, Hγ, Hδ and 

H2 reactive species to that of the Hβ line is plotted in Figure 4.12.  The data shows some 

discrepancy up to the point where the plasma changes into the inductive mode at around 

800 to 1000 W.  In the inductive mode, the C2, CH and Hδ intensity ratios to Hβ are constant 
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with power indicating that the molar ratios of these species compared to atomic hydrogen 

are relatively constant.  There is a slight decrease in the intensity ratio of H2 to Hβ 

accompanied by a slight increase in the Hγ to Hβ ratio.  Thus, as the power increases, more 

of the molecular hydrogen is being broken down into atomic hydrogen.  Additionally, an 

increase in the more highly excited Hγ line relative to Hβ indicates an increase in the 

plasma’s electron energy distribution function.  Thus, the electron temperature distribution 

increases at these very high powers. 

 

Figure 4.11: Intensity of various reactive species as a function of input plasma power 

Scanning electron micrographs of the samples produced in this experiment are depicted in 

Figure 4.13 and Figure 4.14.  Many different film morphologies are observed over this range 

of input plasma power.  At the 200 W power level, the film is flat with very little structure.  

A branched network of carbon evolves as the power increases.  The distinct CNW structure 

is observed around 1,000 W where the sheets continue to grow laterally and spread with 
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increasing power.  The film becomes discontinuous, and the underlying substrate can be 

observed at power levels of 1,800 W and above.  

 

Figure 4.12: Emission intensities of reactive species vs. power as a percentage of the Hβ intensity 

Changes in these morphological features are attributed to the changes in the number density 

of reactive species with varying power.  There are very few reactive species and the growth 

rate is slow at the lowest powers.  The slow growth rate leads to smaller graphitic sheets, 

and the nanowalls take on a densely packed structure.  The graphene sheets become larger 

and more spaced out as the plasma power and growth rate increases.  The amount of atomic 

hydrogen relative to the carbon containing species increases at the highest power levels, 

until eventually the etching rate overpowers the growth rate, and the CNW growth is 

sporadic and fails to cover the entire substrate surface.  The average length of the CNWs 

reaches a maximum around 1600 to 1800 W as shown in Figure 4.15.  The extent of atomic 
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hydrogen etching becomes more pronounced and the average CNW size begins to shrink as 

the power is increases above this level. 

 

Figure 4.13: Scanning electron micrographs of films deposited at 200 to 1200 W  
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Figure 4.14: Scanning electron micrographs of films deposited at 1200 to 2200 W 
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Figure 4.15: Average CNW length with increasing power 

The Raman data for the samples examined in this experiment is summarized in Figure 4.16.  

The data shows two distinct regions of growth that correspond with the observed mode 

change in plasma coupling.  The inductive coil acts as an RF capacitor with the quartz 

window behaving as a target below 800 W, which leads to a situation where very defective 

structures are produced.  This is further confirmed by the wide G peak and high ID/IG 

intensity ratio.  The crystalline quality of the CNWs improves as the power increases and 

the plasma switches into the inductive mode.  A slight decrease in the width of the G peak 

and the two intensity ratios are observed at higher powers, but the decreasing slope is much 

smaller than that at low powers.  Once the plasma is in inductive mode, the size of the 

individual nanosheets increases as the power increases.  At this point, the nanosheets 

maintaining an almost constant crystalline quality. 
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Figure 4.16: Raman data as a function of input plasma power 

4.4 Conclusions 

One can systematically change the structure and morphology of the CNWs produced by 

understanding the processing parameters that alter plasma conditions.  The number of 

reactive species, mean-free-path of these reactive species and ratio of carbon depositing 

species to atomic hydrogen were found to have the greatest effect on the growing film.  As 

the number of reactive species near the substrate increases, the CNWs take on a morphology 

that is more spread out where the individual carbon sheets are larger.  The number of 

reactive species can be increased by decreasing the pressure or increasing the power.  The 

amount of etching from atomic hydrogen produces sporadic and pitted CNWs films with a 

large number of reactive species present in the plasma, and this phenomenon occurred at 

the lowest pressures and highest powers. 
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The mean-free-path also had an effect on the growing film.  It was noted that the MFP 

between collisions decreases with increasing pressure, and as a result, more gas phase 

reactions occur.  These reactions led to an effective change in the distance from the plasma 

region to the substrate platform, where increasing pressure confined the plasma and the 

distance from the substrate to the plasma region increased.  This caused the total number of 

reactive species in the vicinity of the substrate to decrease, while the relative number of 

molecular species to atomic hydrogen increased.  These conditions led to a low growth rate 

of highly crystalline CNW materials.   

The ratio of carbon containing radicals to atomic hydrogen could easily be altered by 

changing the gas composition.  With very high carbon radical to atomic hydrogen ratios, the 

CNWs became branched where secondary graphitic sheets nucleated and grew from the 

primary nanowall.  This occurred because of changes in the balance between material 

deposition and etching, where less etchant allowed for the deposition of disordered 

structures which have a higher growth rate. 
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5 Effects of the Substrate Surface on CNW Growth 

5.1 Introduction 

Nucleation and growth govern the reactions that occur on the substrate surface during 

PECVD.  For nucleation on perfect terraces, the rate limiting step is usually the formation of 

stable nuclei, which have a large surface-to-volume ratio and positive free energy because of 

their small size.  The critical cluster size, with radius r*, is the size which is most unstable.  

Clusters of size r > r* tend to grow, whereas clusters of size r < r* decay in order to lower the 

free energy of the system [1].  Using the capillarity theory for homogenous nucleation of a 

spherical particle, the critical nucleus size follows the functional relationship: 
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where γint is the interfacial free energy and ΔGv is the volume free energy of the cluster.  The 

free energy of formation (ΔG*) to form such a nucleus is given as:   
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In contrast to homogenous nucleation, atoms and molecules typically nucleate and grow on 

a substrate surface during vapor deposition by the processes shown schematically in Figure 

5.1.  Nucleation on such surfaces is referred to as heterogeneous nucleation where the 

critical nucleus size remains constant, while the number of atoms required to form the 

nucleus decrease by interacting with the heterogeneous site.   
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Figure 5.1: Schematic of heterogeneous nucleation from the capillarity theory [2] 

The energy barrier for forming a stable nucleus on a heterogeneous surface is reduced by a 

shape factor S(θ): 

 * *( )hetG S GqD = D (5.3) 

where 

 2( ) (2 cos )(1 cos ) / 4Sq q q= + -  (5.4) 

The factor S(θ) has a numerical value ≤ 1 which is dependent only on the shape of the 

nucleus (θ) [3].  Thus, the free energy required for forming a stable nucleus decreases as the 

cluster reduces its surface area by interacting with heterogeneous features.  The shape factor 

S(θ) is decreased by features, such as steps or impurities in the substrate surface, which 

further reduces the free energy of formation.  With these considerations in mind, changes in 

the morphological trends of CNWs with changing substrate surface conditions were 

examined.   

5.2 Experimental Procedure 

CNWs were deposited using an inductively coupled RF-PECVD system, which consists of a 

vacuum chamber that is 25 cm high and 45 cm in diameter, a 20 cm diameter three-turn 

planar coil that couples 13.56 MHz power through a quartz window into the vacuum 

chamber and a sample stage made of a boron-nitride coated pyrolytic graphite resistive 

heater located ten cm below the quartz window.  The temperature of the heater was 
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measured using a thermocouple, which is the feedback for a PID controller that sets the 

temperature.   

Silicon wafers were used as substrates, while hydrogen and methane were the precursor 

gases.  The effects of the substrate surface and temperature during deposition were 

examined by using the rough and polished sides of a silicon wafer while changing the 

power applied to the resistive heater to alter surface temperature.  Optical emission from the 

plasma was measured using an Ocean Optics LIBS2000+ optical multichannel analyzer, 

which collects the light passing through a quartz viewport into a fiber optic cable.  The 

samples were characterized using SEM and micro-Raman spectroscopy.  The Raman 

analysis was carried out at room temperature using 632.8 nm excitation from a He-Ne laser 

through a 50x objective aperture. 

5.3 Results and Discussion 

The sections below give a brief description of the experimental parameters, as well as the 

data obtained during the experiments.  It should be noted that the temperatures quoted are 

measured using a thermocouple located on the heated substrate holder.  This temperature is 

not the actual substrate temperature due to the imperfect contact made between the 

substrate and heater in a vacuum environment.  However, the trends observed give an 

indication of the effects of increasing or decreasing the actual temperature on the substrate 

surface. 

5.3.1 Effects of the Substrate Surface 

The polished and rough sides of a silicon wafer were used as substrates during the same 

deposition to determine how the surface features on a substrate affect the growth of CNWs.  

Extraneous factor for nucleation could be ruled out by using multiple pieces from the same 

wafer during deposition.  All other processing parameters were maintained at the constant 

values given in Table 5.1. 
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Table 5.1: Constant processing parameters when varying the substrate surface conditions 

Substrate Material Pressure H2 : CH4 Plasma Power Time 

Silicon 150 mT 2 : 1 1,300 W 20 min 

 

As mentioned in Chapter 4, the substrate surface conditions are relatively independent from 

the plasma environment.  This statement is verified using optical emission data.  Figure 5.1 

shows the intensity of selected transitions from the C2, CH, Hδ, Hγ and H2 reactive species as 

a function of the temperature of the substrate heater.  All intensity values are essentially 

constant over the temperature range measured, which indicates that the number density of 

these reactive species is constant.   

 

Figure 5.2: Optical emission intensity of various reactive species as a function of substrate 
temperature 

Figure 5.3 shows the ratio of the C2, CH, Hδ, Hγ and H2 emission lines to that of the Hβ 

transition.  The intensity ratios also maintain a constant value over the entire temperature 
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range.  A constant emission intensity and constant intensity ratio with changing 

temperature suggests that the plasma density and composition are not significantly affected 

by the temperature of the substrate in this experimental configuration.  This OES data 

verifies that the substrate conditions and plasma parameters can justifiably be decoupled 

from one another. 

 

Figure 5.3: Emission intensities of reactive species as a percentage of the Hβ intensity 

The average surface roughness of both sides of the silicon wafer were measured using a 

stylus profilometer.  Table 5.2 displays the roughness data taken from five different 

positions on the silicon wafer along with the standard deviation in the measurement.  The 

data indicates that the unpolished side of the silicon wafer has an average roughness that is 

approximately two orders of magnitude higher than the polished surface.  Thus, the rough 

surface has a lower energy barrier for nucleation than the polished surface due to a 

reduction in the shape factor in Equation 5.3.  
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Table 5.2: Average roughness of the polished and unpolished sides of a silicon wafer 

Substrate Average Roughness (Å) Standard Deviation (Å) 

Polished Si Wafer 22.0 3.6 

Rough Si Wafer 1385.2 281.8 

 

Figure 5.4 shows SEM images of the CNWs produced during these experiments.  No CNW 

growth was observed on either surface until the substrate heater was set to 750oC.  In these 

images, P refers to the polished side of the silicon wafer while R refers to the rough side.  

The pictures display how the surface roughness affects the nucleation density of the CNWs.  

At 750oC, the polished side of the silicon wafer shows sporadic nucleation without full 

surface coverage, while the rough surface reduces the energy barrier for nucleation leading 

to a dense CNW morphology.  At 800oC, the effects of the rough surface are more 

pronounced and exhibit a very densely packed morphology, whereas the polished side of 

the wafer gave full surface coverage and a CNW network similar to that observed on the 

rough side at 750oC. 

0 displays the average CNW length with varying surface roughness and temperature.  The 

rough surface exhibits smaller average CNW lengths due to the decreased energy barrier for 

nucleation at both temperatures.  Additionally, increasing the temperature reduces the 

length of CNWs, which is believed to occur due to an increase in the reaction rate for 

nucleation and growth at higher temperatures.  The chemical reactions that occur during 

growth in this environment require a finite amount of thermal energy for the reaction to 

proceed.  This contrasts with the observations in physical vapor deposition where an 

increase in the temperature leads to increasing surface mobility and a decrease in nucleation 

density.  These reactions occur more readily with increasing thermal energy, which is seen 

as increases in the CNW density and growth rate with increasing surface roughness and 

temperature. 
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Figure 5.4: Scanning electron micrographs of CNWs deposited on the polished (P) and rough (R) 
surfaces of a silicon wafer at different temperatures 
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Table 5.3: Average CNW length with changing surface conditions 

Temperature Substrate Avg. CNW Length (µm) Std. Dev. (µm) 

750 oC 
Polished 1.34 0.43 

Rough 1.04 0.44 

800 oC 
Polished 0.92 0.29 

Rough 0.48 0.15 

 

The Raman data for these samples is summarized in Table 5.4.  At 750oC, the rough surface 

produces a material with a lower G peak width, lower ID/IG ratio and lower IG/I2D ratio.  This 

data indicates that the films deposited on the rough surface have higher crystallinity, a 

lower degree of disorder and fewer graphene layers than those on the polished surface at  

750oC.  The opposite effect occurs at 800oC where the polished surface produces a material 

with higher crystalline quality.   

Table 5.4: Raman data for different substrate surface conditions 

Temperature Substrate WG ID/I G IG/I 2D 

трл х/ 
Polished 33.38 2.39 0.51 

Rough 23.22 1.51 0.33 

улл х/ 
Polished 24.20 1.40 0.38 

Rough 30.17 1.95 0.44 

 

The observed Raman data is due to the ease with which nucleation occurs under these 

varying surface conditions.  At lower temperature, nucleation is difficult on the polished 

surface while the rough surface lowers the energy barrier for nucleation and stable nuclei 

have time to form and grow.  The difficulty in nucleation on the polished surface leads to 

conditions where the growth-to-etching balance is tipped further toward etching, and the 

material produced has many defects and open edge sites causing a lower crystalline quality 

measured in the Raman spectrum.  At higher temperatures, both surfaces readily form 

stable nuclei.  The rough surface forms many more nuclei that the polished surface, which 
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grow into one another and lead to a high edge density and high growth rate.  Under these 

conditions the growth-to-etching balance is tipped further toward the growth side where 

there is too much carbon deposition without the regulating effects from atomic hydrogen.  

Thus, less ordered carbon forms with much faster growth rates will proliferate, and produce 

more defective materials.   

As these experiments indicate, the temperature and surface roughness play an important 

role in determining the nucleation density of CNWs, which also has an effect on the 

resultant film structure and morphology.  A simplified nucleation and growth mechanism is 

proposed in Figure 5.5 which explains how the roughness and temperature affect the 

deposition.  In this simplified mechanism, stable circular clusters of atoms nucleate on the 

surface with an average separation distance, d.  This separation distance is reduced on 

rough surfaces where the heterogeneous sites lower the energy barrier for nucleation.  

Similarly, the separation distance decreases with increasing temperature due to the higher 

thermal energy available for chemical reactions allowing nucleation to occur more readily.  

As the separation distance decreases, the nuclei impinge upon one another more rapidly 

which leads to smaller nanowalls that are more tightly spaced.  This simplified model 

closely mimics the observed morphologies observed in these experiments. 
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Figure 5.5: Proposed nucleation and growth mechanism for CNWs 

5.3.2 Creation of a ñDeposition Mapò 

Section 4.3.3 described how an increase in the plasma power increases the number density 

of reactive species, which has interesting implications when coupled with the effects of 

temperature on the reaction rate for nucleation and growth.  To examine the effects of these 

two parameters, all other processing conditions were set to the values given in Table 5.5. 
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Table 5.5: Constant processing parameters when varying power and temperature 

Substrate Material Pressure H2 : CH4 Time 

Silicon 150 mT 2 : 1 20 min 

 

The optical emission intensity of C2, CH and Hγ at different temperatures as a function of 

plasma power is given in Figure 5.1.  The trends depicted here have been previously 

explained where the emission intensity is effectively constant with changing temperature, 

and increases with increasing plasma power.  Thus, increasing the power increased the 

number of reactive species, whereas changes in temperature only affect the surface 

conditions. 

 

Figure 5.6: Optical emission intensity of selected reactive species at varying power and temperature 

Figure 5.7 displays a montage of the samples grown under varying powers and 

temperatures.  Many interesting trends are observed as both temperature and power 

increase.  As stated in Section 5.3.1, increasing the temperature increases the reaction rate for 
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nucleation and growth on a surface.  This trend is observed at every power level, where an 

increase in the temperature results in a more densely packed CNW structure, and a decrease 

in the size of the individual nanowalls.  A similar effect occurs as the plasma power 

increases, which causes an increase in the number of reactive species arriving at the 

substrate surface.  More reactive species at the surface leads to a higher growth rate, and 

depending on the nucleation density, will lead to larger sheets for low nucleation density or 

a more tightly filled morphology at higher nucleation densities. 

 

Figure 5.7: Scanning electron micrographs of CNWs produced at different powers and temperatures 

At 660oC very little growth was observed at the lowest powers, and as the power increased 

the CNW structure began to evolve.  Therefore, this temperature is above the critical 
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temperature for nucleation, but the number of reactive species at the lowest powers is not 

sufficient to produce stable clusters.  As the power increases, more species congregate on the 

surface to produce nuclei, which subsequently grow into CNWs.  Finally, at 2,000 W the 

etching from atomic hydrogen overcomes the growth rate from the carbonaceous species 

and the nanowalls become sporadic.   

At 730oC the critical nucleus size was small enough to form stable clusters at all power 

levels.  The growth rate increased, and the individual walls became larger as the plasma 

power increased.  The growth rate was so high at 2,000 W that branches from the primary 

wall began to form, which created a more densely packed morphology.  At the two highest 

temperatures, there was high nucleation density for all plasma powers, and due to the 

increasing power, the CNWs became more closely packed.  Under these conditions, there 

were so many stable nuclei that the sticking probability for the impinging carbon radicals 

was high, and many of the incoming radicals remained on the surface.   

In order to determine how the temperature and power affected the growth rate, cross-

sectional images were taken of the samples prepared at 730oC for all power levels, and at 

1600 W for all temperatures.  Figure 5.8 shows a characteristic cross-section along with the 

growth rate of CNWs as a function of both power and temperature.  As the figure displays, 

the CNWs form a continuous network that grows vertically from the substrate surface, 

while the growth rate increases linearly with increasing power and temperature.  The 

growth rate is in the range of tens of ångströms per second under these processing 

conditions. 
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Figure 5.8: Representative cross-section of CNW sample (left) and plot of growth rate (right) 

The Raman data from the samples prepared in this experiment are summarized in Figure 

5.9 to Figure 5.11.  Samples prepared at 660oC with 800 W and 1200 W plasma power had 

insufficient signal-to-noise in the Raman spectra to achieve a satisfactory peak fit, and this 

data is not reported.  The G peak width is plotted as a function of the plasma power for the 

four different temperatures in Figure 5.9.  The data shows a significant increase in the G 

peak width as the temperature increases from 730oC to 840oC, which indicates that the 

crystalline quality of the material degrades with increasing temperature.  Additionally, 

there is a slight increase in the G peak width as the power increases, but this increase is not 

as pronounced as when the temperature increases.  The observed decrease in crystallinity is 

most likely due to an increase in the growth rate of carbon material.  At higher 

temperatures, nucleation of carbon species becomes easier which changes the growth-to-

etching balance.  This allowed for more carbon to react on the surface with the same amount 

of atomic hydrogen present, and led to the growth of carbon materials with less crystalline 

order. 
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Figure 5.9: Width of the G peak in the Raman spectra of CNWs prepared at different                            
powers and temperatures 

Figure 5.10 and Figure 5.11 show the intensity ratios of ID/IG and IG/I2D as a function of 

plasma power for the four temperatures tested.  These ratios show similar trends as the 

width of the G peak, where they increased with higher temperature depositions.  However, 

the ID/IG ratio decreased slightly with increasing power for all temperatures except those 

prepared at 790oC.  Because this ratio is inversely proportional to the coherent crystallite 

size, it appears that increasing power and decreasing temperature increases the crystallite 

size.  The effects of temperature are much more pronounced than changes in power, which 

indicates that the nucleation density plays a major role in determining the coherent 

crystallite size.  As the temperature decreases, the nucleation density also decreases and it is 

expected that larger crystallites will grow under these conditions.  These trends are evident 

in the observed Raman data. 
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Figure 5.10: ID/IG ratio in the Raman spectra of CNWs prepared at different powers and temperatures 

The peak ratios of IG/I2D are plotted in Figure 5.11.  An increase in this ratio correlates to an 

increase in the number of graphene layers.  Thus,  Figure 5.11 exhibits an increase in the 

IG/I2D ratio with an increase in power and temperature, which  indicates that the number of 

graphene layers also increases.  However, the 2D peak is known to decrease in more 

disordered carbon structures.  Therefore, the number of layers may not decrease at the rate 

that the Raman data indicates.  Regardless of the origin of the IG/I2D ratio changes, this trend 

is likely due to the increased growth rate observed with increasing temperature and power.  

This increased growth rate leads to more defective materials, as well as materials with the 

potential for a larger number of graphene layers.   
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Figure 5.11: IG/I2D ratio in the Raman spectra of CNWs prepared at different powers and 
temperatures 

5.4 Conclusions 

The substrate conditions play a major role in achieving a specific CNW morphology and 

structure.  Optical emission spectroscopy was used to verify that the surface roughness and 

temperature have a minimal effect on the plasma density and composition.  Thus, the 

substrate conditions can be decoupled from factors that affect the plasma environment. 

By maintaining comparable plasma conditions, changes in the surface roughness and 

temperature were described by examining the effects of these parameters on the free energy 

for forming a stable nucleus.  The free energy for forming a stable nucleus decreases with 

more surface defects and at higher temperatures, which caused the nucleation density to 

increase.  This is seen in the morphology of the CNWs under varying substrate conditions.   
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There are more stable nuclei on the substrate for the impinging carbon radicals to react with 

as the nucleation density for forming CNWs increases.  Under similar plasma conditions, 

the atomic hydrogen etchant remains constant so that the higher growth rate of carbon 

species results in an increasingly branched and dense network of CNWs.  Raman 

spectroscopy readily detects the increasing edge density and decreasing crystallinity as the 

roughness and temperature increase.  In conclusion, changing the substrate conditions allow 

for a means of altering the CNW structure and morphology without significantly altering 

the plasma parameters. 
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6 Doping of CNWs 

6.1 Introduction 

Chemical doping with foreign atoms is an effective method to modify the intrinsic 

properties of a material, tailor the electronic properties, manipulate the surface chemistry 

and produce local changes in the elemental composition of the host material.  One of the 

major advantages of vapor phase processing is the ability to incorporate various 

heteroatoms into a growing film by adding gaseous precursors containing the dopant atom.  

Plasma processes are beneficial because most vapors undergo dissociation and synthesis 

reactions in the plasma to produce reactive combinations of the growth and dopant species.  

Nitrogen is considered to be an excellent element among the numerous potential dopants 

for graphitic materials because its atomic size is similar to carbon, and also, because of its 

ability to form electrically active sites in sp3 bonded carbon materials [1]. 

CNTs and CNWs can be nitrogen-doped during vapor deposition by adding either nitrogen 

[2], ammonia [3] or nitrogen containing carbon precursors, such as acetonitrile, imidazole or 

benzylamine, to the feedstock vapor [4].  Nitrogen doping readily occurs in thermal 

deposition methods when nitrogen atoms are present in the carbon precursor.  No nitrogen 

containing carbon precursors have been used to dope CNWs.  However, the synthesis 

reactions in plasma environments create CN radicals, which are comparable to the nitrogen 

containing carbon precursors [2].   

The bonding of nitrogen in graphitic carbon structures primarily occurs in three different 

configurations, including quaternary, pyridinic and pyrrolic.  Nitrogen atoms in a 

quaternary, or graphite-like configuration, bond to three neighboring atoms, where three of 

the valence electrons form σ-bonds with the carbon atoms, the forth electron fills a π-state 

and the fifth electron forms a π*-state giving an n-type doping effect.  The nitrogen atoms in 

a pyridine-like configuration form two σ-bonds and a π-bond with two neighboring carbon 

atoms, while the final two electrons establish a lone pair.  Pyrrolic nitrogen incorporates into 
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a five membered ring, with three σ-bonds to the neighboring carbon atoms and the final two 

electrons forming a lone pair [5].  A schematic diagram of these nitrogen bonding 

configurations along with the energy structure associated with the bonding type is given in 

Figure 6.1.  The electronic properties of the resulting material will vary based on the type of 

incorporation.  There are more electrons to conduct electricity with quaternary nitrogen 

incorporation, while pyridinic and pyrrolic nitrogen alter the local electronic structure in the 

material, but do not contribute an extra electron to the valence band [6].  

 

Figure 6.1: Nitrogen incorporation sites and energy diagram for sp
2
 bonded carbon networks [6] 

The inclusion of pyridinic and pyrrolic nitrogen into graphitic structures lowers the energy 

for creating pentagonal defects [3].  These defects lead to a strong bending in the graphitic 

planes, and produce a positive curvature in the graphene sheets [7].  Additionally, the 

incorporation of dopant atoms deteriorates the crystal quality of the graphene sheets, and 

causes the material to lose thermal stability [4]. 

The benefit of adding dopant atoms to carbon nanostructures can be seen in the electrical 

properties of the material.  CNWs exhibit p-type conductivity without any nitrogen present, 
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while the addition of nitrogen changes the conduction to n-type.  Additionally, the carrier 

concentration increases with increasing nitrogen concentration, which indicates that the 

nitrogen atoms act as electron donors [8].  Teii et al. were able to control the concentration of 

nitrogen in CNWs by changing the flow rate of nitrogen gas during the growth process in a 

microwave PECVD reactor [2].  This allowed for tailoring the electrical conductivity of the 

material as a function of the nitrogen flow rate. 

6.2 Experimental Procedure 

In order to incorporate nitrogen into the CNW structure, doping experiments were 

performed in two modes.  These two modes included nitrogen incorporation during 

growth, as well as a post processing nitrogen treatment.  All experiments were carried out in 

an RF-PECVD system, which consists of a 42 L stainless steel vacuum chamber, a 20 cm 

diameter three-turn planar coil that couples 13.56 MHz power through a quartz window 

into the vacuum chamber and a resistively heated sample stage that is located ten cm below 

the quartz window.  The temperature of the sample stage is measured using a 

thermocouple, which is the feedback for a PID controller that sets the temperature.   

During CNW deposition, nitrogen gas was added to the methane/hydrogen precursors for 

nitrogen incorporation.  This method follows similar procedures to those reported in the 

literature [2, 8].  Additionally, a novel post-processing nitrogen treatment was employed, 

where an argon/nitrogen plasma was used to create reactive nitrogen species that interact 

with a previously deposited CNW film.  The plasma's optical emission was measured using 

an Ocean Optics LIBS2000+ optical multichannel analyzer, which collects the light passing 

through a quartz viewport into a fiber optic cable.  The samples were characterized using 

SEM, micro-Raman spectroscopy and XPS.  The Raman analysis was carried out at room 

temperature using 632.8 nm excitation from a He-Ne laser through a 50x objective lens. 
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6.3 Results and Discussion 

The sections below briefly describe the processing parameters for the nitrogen doping 

experiments.  Optical emission data was examined to gain insight into the nitrogen 

containing species created in the plasma.  The film morphology and crystalline nature of the 

deposits were surveyed using SEM and Raman spectroscopy, while XPS was employed to 

determine the elemental composition of the films. 

6.3.1 Nitrogen Incorporation During Growth 

Recent literature suggests that nitrogen can be incorporated into the CNW structure during 

deposition by adding nitrogen gas to the growth precursors [2, 8].  Experiments were 

performed to compare the literature results using a 2.45 GHz microwave plasma to the 

present 13.56 MHz ICP growth apparatus.  Nitrogen was added to the methane/hydrogen 

mixture during deposition, while all the other variables were held at the constant values 

given in Table 6.1.  The nitrogen addition was made at 7.5%, 17.5% and 27.5% of the total 

gas mixture.  No material was deposited on the substrate with 27.5% nitrogen present in the 

gas mixture.  Therefore, the nitrogen gas acted as a growth inhibitor that either removed 

material, or did not allow for carbon deposition at high concentrations. 

Table 6.1: Constant processing parameters when changing nitrogen concentration in the gas mixture 

Substrate Material Temperature Pressure H2 / CH4 Plasma Power Time 

Silicon тол х/ 200 mT 2.3 1,200 W 20 min 

 

Optical emission spectra from the methane/hydrogen/nitrogen plasmas are displayed in 

Figure 6.2.  The primary features of interest are the CN (B-X) and NH (A-X) transitions, 

which occur in the 300 to 400 nm spectral range.  The emission intensities from these 

nitrogen containing lines increased substantially as the concentration of nitrogen in the gas 

mixture increased.  The C2 and CH emission intensities remained in the range of 50 A.U., 

which was similar to the emission intensity in the methane/hydrogen plasmas with no 

nitrogen present.  The emission intensity from CN greatly overshadows the C2 and CH 
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species with values of 400 and 1,150 A.U. for 7.5% and 17.5% N2, respectively.  The presence 

of molecular CN and NH species indicates that the molecular nitrogen dissociates and 

undergoes synthesis reactions within the plasma.  The carbon atoms in the plasma 

preferentially bond with the nitrogen based on the high optical emission intensity of CN 

relative to the C2 and CH species. 

 

Figure 6.2: Optical emission spectra displaying some of the nitrogen containing radical species 

SEM images of the films deposited with 0% and 17.5% N2 in the gas mixture are displayed 

in Figure 6.3.  These images display increasing amounts of branching in the material as the 

nitrogen concentration increased.  The addition of nitrogen into a carbon network leads to 

enhanced production of pentagonal defects [7], which create secondary nucleation sites 

from the primary nanowall.  These secondary nucleation sites lead to increased branching as 

the SEM images indicate. 
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Figure 6.3: SEM images of CNWs produced with 0% (left) and 17.5% (right) N2 in the gas mixture 

 

Figure 6.4: Raman spectra of the films produced with different nitrogen concentration showing the 
evolution of the D peak at 1,330 cm

-1
 

The Raman spectra of the CNWs readily pick up this increase in the branching.  Figure 6.4 

displays the 1,100 to 1,800 cm-1 region of the Raman spectra for the three films produced in 

this experiment.  The disorder induced D and D’ bands increase in intensity relative to the G 
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peak with increasing nitrogen concentration.  The peaks in these spectra were fit using a 

Voight profile to allow for comparison of the peak areas and widths.  The width of the G 

peak along with the intensity ratios ID/IG and IG/I2D are graphed in Figure 6.5.  The G peak 

width and both ratios increase with increasing nitrogen concentration.  These trends are 

expected based on the SEM images in Figure 6.3, which demonstrate that nitrogen creates 

defects in the crystalline planes.  These defects produce secondary nucleation sites where 

branching occurs, where the branches and defects increase the G peak width and ID/IG peak 

ratio.  The ratio of IG/I2D also increased which indicates an increase in the number of 

graphene layers.  However, the 2D peak is known to decrease in intensity with more 

disordered films, and could cause the observed trend.  All values are in the range of 0.3 to 

0.5 which is characteristic of few-layer-graphene [9]. 

 

Figure 6.5: Raman data taken from peak fits of the full spectra in Figure 6.4 
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The addition of nitrogen into the precursor gas mixture significantly affected the CNWs 

produced.  These effects were seen as an increase in the CN emission in the plasma, a 

change in morphology observed in the SEM, and also an increased amount of disorder 

measured by Raman spectroscopy.  XPS was used to determine the effects of nitrogen on the 

elemental composition of the films.  A survey scan of the XPS spectra for the three different 

samples is displayed in Figure 6.6.  The peak locations for C 1s, N 1s and O 1s excitations 

are also labeled.  These spectra display no appreciable amount of nitrogen in any of the 

samples measured.  A small amount of oxygen is present in the films, which is typical of 

surface contamination in carbon films and could result from the adsorption of water vapor 

in the ambient atmosphere when transferring the films to the XPS instrument. 

 

Figure 6.6: XPS data of samples prepared with different nitrogen concentrations 

The lack of nitrogen in the films is puzzling based on the amount of CN radical emission 

observed in the plasma.  It is thought that nitrogen atoms will embed into the graphene 
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sheets through incorporation of a CN radical into a hexagon in the growing film.  However, 

this only occurs if the period of formation of the hexagon adjacent to the nitrogen atom is 

short enough to trap the nitrogen in the lattice.  The more mobile nitrogen atoms can leave 

the lattice by dissociation of the CN radical before the neighboring hexagon has formed, 

because of the short lifetime of the CN radical.  This leaves a dangling bond on the carbon 

atom, which connects to the growing film to form a pentagon [10].  The probability of a 

nitrogen atom leaving the lattice is very high, and therefore, the large number of pentagonal 

defects with no nitrogen atoms is likely due to the growth rate being too slow to trap the 

nitrogen atoms in the lattice.  This contrasts with present work in the literature where a 

microwave PECVD process was used to successfully incorporate nitrogen into the CNWs [2, 

8].  However, the electron energetics in microwave plasmas are typically higher than in RF 

plasmas, which has a major effect on the plasma chemistry and could affect the 

incorporation of nitrogen atoms into the carbon lattice. 

6.3.2 Nitrogen Plasma Post-Treatment 

Because the addition of nitrogen gas to the growth precursor failed to incorporate nitrogen 

under the present operating conditions, an alternate approach for doping CNWs using a 

nitrogen plasma post-treatment was examined.  For this experiment, CNW films were 

prepared on silicon substrates during the same deposition using only methane and 

hydrogen precursors.  The CNWs were then exposed to argon/nitrogen plasmas at powers 

ranging from 100 to 500 W with the remaining post-processing parameters given in Table 

6.2. 

Table 6.2: Parameters for post-processing nitrogen treatment 

Temperature Pressure Ar : N2 Time 

25 oC 15 mT 2 : 1 10 min 

 

The Raman data for the nitrogen plasma treated films is plotted in Figure 6.7.  The G peak 

width and ID/IG ratio decrease with increasing plasma power up to 200 W, and then increase 
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as the plasma power increases above this level.  Thus, low power plasma treatments have 

the effect of decreasing the amount of disorder in the original film.  This is thought to occur 

through the removal of amorphous surface carbon on the films, while leaving the structural 

integrity of the graphene sheets intact.  There are more radical species to interact with the 

film as the plasma power increases above 200 W, which disrupts the underlying graphene 

sheets leading to increased disorder.  The IG/I2D ratio remains relatively constant throughout 

the range of applied plasma powers, indicating that the plasma post-treatment does not 

affect the number of graphene layers in the films. 

 

Figure 6.7: Raman data for nitrogen plasma post-treated films 

The XPS spectra of these samples are given in Figure 6.8.  The amount of nitrogen 

incorporated into the film increases with increasing plasma power.  Additionally, a 

significant amount of oxygen and silicon are observed in the plasma treated films.  The 

elemental compositions obtained from these XPS spectra are given in Table 6.3.  The atomic 
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percent of nitrogen increases from 3% at 100 W to 16% at 500 W.  The amount of silicon also 

increases with increasing plasma power.  There are a couple of sources of silicon in this 

experimental configuration that could explain the observed spectra: one source of silicon 

could be from the underlying substrate, where the plasma etches the deposited material and 

the underlying substrate becomes visible to the XPS instrument; another source of silicon 

could be due to sputtering of the quartz window in the PECVD chamber which would then 

deposit onto the CNW surface.  The oxygen incorporated into the film remains constant in 

the range of 35% with plasma powers above 200 W.  A follow-up experiment was carried 

out to understand the origin of this oxygen. 

 

Figure 6.8: XPS spectra from nitrogen plasma post-treated films 
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Table 6.3: Elemental composition of nitrogen plasma post-treated films 

at% Control 100 W 200 W 300 W 400 W 500 W 

C 1s 99 63 40 33 33 28 

O 1s 1 26 36 36 33 34 

N 1s - 3 9 12 15 16 

Si 2p - 8 15 19 19 22 

 

A few ways that oxygen can be incorporated into the film during the post-processing 

plasma treatment include: oxygen coming from a leak in the gas lines, water vapor 

adsorbing from the ambient atmosphere when the sample is removed from the chamber, 

water vapor on the chamber walls breaking down in the plasma to create oxygen containing 

radicals, which will interact and bond with the CNWs, or sputtering of the quartz window 

to incorporate SiOx particles onto the surface.  The integrity of the gas lines was evaluated 

by turning off the gas cylinders and measuring the time required for a pressure reduction at 

the cylinder regulator.  It was found that the leak rate is less than 10-9 sccm, while the gas 

flow through the chamber during processing is in the range of 102 sccm.  Thus, the amount 

of oxygen from a leak in the gas lines is negligible compared to the amount of gas flowing 

through the chamber. 

The hypothesis of oxygen incorporation from water vapor desorbing from the chamber 

walls and being broken down in the plasma was tested by preparing a CNW sample under 

the same conditions as the previous samples, and then post-treating it without breaking 

vacuum.  A 300 W plasma treatment was examined, and the elemental composition is given 

in Table 6.4.  There is still a significant amount of oxygen present for a 10 minute plasma 

treatment when vacuum is not broken.  However, there is less oxygen present than when 

the sample is removed from the chamber after deposition, and then placed back in for 

treatment.  Additionally, the amount of silicon visible to the XPS is reduced.  The fact that 

silicon and oxygen are still present in the sample indicate that sputtering of the quartz 

window could be part of the source of impurities, but the lower elemental composition 
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when vacuum is not broken indicates that etching from residual oxygen radicals also affects 

the material composition.  The constant nitrogen concentration with time verifies the 

reproducibility of the nitrogen treatment.  The time dependent nature of the plasma 

treatment was displayed when another sample was exposed to the plasma for five minutes, 

and had half of the nitrogen incorporation as the sample exposed for ten minutes. 

Table 6.4: Elemental composition of 300 W nitrogen plasma treated samples 

at% Control 5 min 10 min 10 min (vacuum) 

C 1s 99 64 33 54 

O 1s 1 22 36 25 

N 1s - 6 12 12 

Si 2p - 8 19 9 

 

Thus, the oxygen incorporation in these films could be created by a combination of sources, 

including water vapor adsorption onto the film from the ambient atmosphere, water vapor 

dissociation in the plasma, which then reacts with the film surface, and sputter deposition of 

the quartz window.  The films can be doped directly after CNW deposition without 

breaking vacuum to reduce the effects of residual oxygen radicals in the plasma.  Water 

adsorption to the surface of the doped films results from the plasma treatment lowering the 

surface energy of the film and making it more hydrophilic.  This can be seen in contact angle 

measurements, which are presented in Section 7.3.4. 

6.3.3 Oxygen Plasma Post-Treatment 

Based on the discovery of oxygen incorporation in the nitrogen plasma treated samples, it 

was assumed that an oxygen post-processing plasma treatment could also be used to 

functionalize the materials with oxygen.  A similar procedure was implemented, where 

CNW samples were grown during the same deposition and then treated under different 

oxygen plasma conditions.  The post-processing parameters were held at the constant 

values given in Table 6.5, while the plasma power was varied in the range of 100 to 300 W.  
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Shorter periods of time were used for oxygen exposure due to the aggressive etching effects 

of oxygen plasmas on carbon based materials. 

Table 6.5: Parameters for post-processing oxygen treatment 

Temperature Pressure Ar : O2 Time 

25 oC 15 mT 2 : 1 3 min 

 

The Raman data for the oxygen plasma treated samples is given in Figure 6.9.  Similar 

trends are observed as with the nitrogen treated samples, where low power treatments 

decrease the G peak width and ID/IG ratio, while increasing powers lead to increasing 

amounts of disorder.  Again, the IG/I2D ratio remains constant indicating little change in the 

number of layers of material.  The increasing disorder is further explained by noting that 

oxygen aggressively etches carbonaceous materials.  The plasma only etches away any 

amorphous material on the CNW surface at low powers, while increasing the plasma power 

increases the extent of etching to the point where the ordered crystalline material is attacked 

by the plasma, leading to an increase in the amount of disorder. 
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Figure 6.9: Raman data for oxygen plasma treated samples 

Figure 6.10 displays the XPS spectra for the oxygen treated CNWs, while the elemental 

compositions are tabulated in Table 6.6.  Increasing the plasma power slightly increases the 

oxygen content.  All films also contained silicon which could be due to etching of the film 

such that the underlying substrate is visible, or through sputter deposition from the quartz 

window.  Thus, oxygen plasma treatments also have the potential to functionalize these 

carbon based materials. 



 

131 

 

Figure 6.10: XPS spectra of oxygen post-treated samples 

Table 6.6: Elemental composition of oxygen post-treated samples 

at% Control 100 W 200 W 300 W 

C 1s 99 84 82 80 

O 1s 1 13 14 16 

Si 2p - 3 4 4 

 

6.4 Conclusions 

Nitrogen incorporation during the growth of CNWs was not observed using the present 

experimental setup.  However, a post-processing plasma treatment was used to successfully 

incorporate a significant amount of nitrogen into the film structure in a short period of time.  

These nitrogen doped materials also contain a large concentration of oxygen, which is 

thought to occur due to a number of sources including: water adsorption onto the material 

when it is exposed to the ambient air, water vapor desorbing from chamber walls and 
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dissociating in the plasma to create oxygen functional groups, and sputtering of the quartz 

window due to the capacitive component of the inductive discharge.  Additionally, an 

oxygen plasma post-treatment successfully incorporated oxygen functional groups into the 

CNW structure. 

Plasma treatment may be an alternative method to dope or modify other carbon materials 

because the sp2 bonded structure in CNWs is similar to graphene, carbon nanotubes, porous 

carbon, carbon fibers and graphite.  Additionally, the reactive environment produced in a 

plasma has led to the incorporation of the particular active species present in the plasma.  

Thus, other dopant atoms can potentially be introduced through the dissociation of 

precursor gasses containing the dopant.  This is the first report of nitrogen or oxygen 

incorporation into CNWs using a post-processing plasma treatment. 
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7 CNWs as Electrochemical Capacitor Electrodes 

7.1 Introduction 

Electrochemical capacitors are energy storage devices that store and release energy by 

atomic scale charge separation at the interface between an electrode and electrolyte [1].  The 

two main factors that limit the capacitance of these devices are the pore distribution, and the 

resistance of the electrode material.  The pore distribution of a material should be optimized 

with regard to the electrolyte ion size to improve the electrode performance, while both the 

bulk and interfacial resistances of the electrode material should be minimized to increase the 

specific power [2].  Carbon nanowalls are potential candidates for electrode materials 

because they exhibit high external surface areas, rather than internal pore volume, which 

can be tailored to a specific electrolyte ion size.  CNWs also consist of highly conductive 

graphene-like sheets and are in intimate contact with the substrate material, which can also 

function as the current collector in order to lower the interfacial resistances. 

It is usually anticipated that the capacitance of an electrode will be proportional to its 

available surface area.  However, experimental studies suggest that many other factors 

contribute to capacitance.  Much of the surface area may be unusable in high surface area 

materials because of the small pore sizes, especially if the pores are too small to be accessed 

by the electrolyte ions [3].  Thus, the electrolyte accessibility into the electrode material 

becomes an important factor in taking advantage of high surface area electrodes.  

Additionally, the capacitance of the edge orientation of graphite is reported to be an order of 

magnitude higher than that of the basal plane which makes it possible to have a higher 

capacitance in materials with more edges [4].   

Reports of oxygen, nitrogen or boron containing functional groups in carbon electrodes was 

shown to enhance the capacitance of the material [2].  These functional groups develop a 

pseudocapacitive behavior in the electrode, where fast-faradic reactions enhance the 

capacitive properties, even in materials without high surface areas.  CNWs with varying 
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degrees of edge density and doping functionalizations were evaluated as electrode materials 

for electrochemical capacitors in order to examine the effects of these properties on the 

specific capacitance of the material. 

7.2 Experimental Procedure 

CNWs were deposited onto 2.5 cm diameter, 75 µm thick nickel disks, which function as 

both the substrate material and current collector for the capacitor electrodes.  The masses of 

the electrodes were measured before and after deposition using a Mettler Toledo balance 

with ten µg accuracy to obtain the weight of CNW material deposited onto the substrates.  

All of the samples had weights varying from three to ten mg of CNWs per electrode.   

Capacitance measurements were carried out using the two-electrode cell shown in Figure 

7.1.  For these experiments, two symmetrical samples were prepared during the same 

deposition and used as the electrodes.  The electrolyte consisted of aqueous KOH with a 

concentration of 30% w/v, which was sparged with high purity nitrogen for 15 minutes 

prior to application onto the electrode surfaces.  A 2.85 cm diameter, 25 µm thick porous 

polypropylene separator was used to prevent shorting between the electrodes, while 

allowing for ion conductivity through the membrane.  The separator was obtained from 

Celgard, and contained a surfactant coating to allow for wetting in aqueous environments.  

The electrode/separator/electrolyte assembly was pressed between two HNO3:HF:H2O 

passivated 316 stainless steel plates with a spring load that applied a 4.4 N force to the 

sample.  The entire cell was encased in a PVC housing and was used multiple times with 

reproducible results. 
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Figure 7.1: Two-electrode cell used for making electrochemical measurements 

A voltage range from 0 to 0.5 V was used in this work to maintain the cell integrity, even 

though aqueous electrolytes have a theoretical maximum voltage of around 1.1 V.  Any 

extraneous contributions from faradic reactions between the electrolyte and the cell 

materials were reduced by using this lower potential window.  Although, this voltage range 

had a minimal effect on the measured capacitance of the cell, the specific energy and power 

densities are greatly reduced because both of these quantities vary with the maximum 

voltage squared.  Therefore, the energy and power densities were not reported in the 

present investigation.   

The capacitance of the devices were measured using Cyclic charge-discharge (CCD), cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS), which were carried 

out on a Gamry Reference 600 Potentiostat/Galvanostat/ZRA.  All measurements were 

performed with three repetitions to ensure reproducibility of the data. 

The current density applied to each sample during the CCD measurement was based on the 

total weight of active material in both electrodes.  A representative charge/discharge curve 

from a CNW sample taken at different current densities ranging from 50 mA/g to 1 A/g is 

given in Figure 7.2.  These curves are relatively linear in both charging and discharging, 
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which displays the predominantly capacitive behavior of the cell.  The charge/discharge 

cycles were repeated 50 times for each sample at each current density, and the average 

capacitance value was reported.  The slope of the discharge curve was calculated to give a 

value for dV/dt, and then the discharge current (I) was divided by the slope according to the 

equation: 

 
I

C
dV dt
=  (7.1) 

This gave a value for the cell capacitance and was normalized to the weight of CNWs in 

both electrodes to obtain a value for the specific capacitance of the sample. 

 

Figure 7.2: Representative galvanostatic CCD curves for CNWs at varying current densities 

CV was also used to obtain capacitance values for these materials.  The CV data was 

obtained at different scan rates to get an indication of how the capacitance changed with 
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different charging rates.  Figure 7.3 displays representative CV curves at scan rates ranging 

from 50 mV/s to 1 V/s.  These curves all exhibit a box-like characteristic, which resembles an 

ideal capacitor where the current is independent of the voltage.  There is some rounding of 

the corners of the CV curves at higher scan rates due to the finite time required for ion 

movement into the pore structure of the electrode.  However, the curves remain fairly box-

like, even at scan rates up to 1 V/s.  Twenty CV cycles were recorded for every scan rate 

prior to recording the data, which ensured that the cell was in steady state.  A steady state is 

typically achieved after only a few cycles, but the 20th cycle was used for consistency.  In 

order to obtain a value for capacitance from the CV curves, the average current must be 

calculated according to Equation 7.2:  

 
2

avg

I I
I

+ -+
=  (7.2) 

where I+ and I- are the average currents from the forward and reverse scans.  The average 

current value is then divided by the scan rate according to Equation 7.1 to obtain a value for 

the capacitance of the device.  This value is normalized to the weight of active material in 

both electrodes to obtain a value for the specific capacitance. 
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Figure 7.3: Representative cyclic voltammograms for CNWs at varying scan rates 

EIS was used to gain insight into the frequency response of the materials, as well as values 

for the equivalent series resistance and specific capacitance.  All EIS data was obtained using 

±5 mV oscillations with no DC offset.  Figure 7.4 displays a typical Bode plot of carbon 

nanowalls.  This frequency versus phase data was modeled using an RLC circuit, where the 

R and L components correspond to the equivalent series resistance and inductance, and the 

C represents the double layer capacitance.  A fit for the RLC model is displayed as a solid 

line over the actual phase data, and can be used to obtain values for the different cell 

components.  The frequency at which the phase angle crosses -45o is another metric used to 

compare the response of different devices.  A Bode plot exhibits the -90o phase of a capacitor 

at the lower frequencies because the capacitive component of the devices has the highest 

impedance in this frequency range.  The frequency at which the device crosses -45o phase is 

the point where the device switches from resistive impedance at higher frequencies, to 
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behaving in a predominantly capacitive mode.  Thus, data for the optimal operating 

frequency of the material is gleaned by examining the Bode plot. 

 

Figure 7.4: Representative Bode plot of CNWs along with an RLC fit 

7.3 Results and Discussion 

The following sections briefly describe the processing conditions used to deposit the CNW 

electrodes, as well as the measured capacitance values.  Additionally, commercially 

available capacitors with known capacitance were measured to validate the testing methods 

described in the previous sections of this chapter. 

7.3.1 Validation of Test Methods 

The capacitance of two supercapacitors and an electrolytic capacitor were measured and 

compared to the values given by the manufacturer to verify that the measurement 

techniques used to measure the CNW electrodes gave reasonable results.  All commercially 
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available devices were obtained from Digikey.  Because the weight of active material in 

these devices is unknown, specific capacitance values are not given and the applied current 

in the CCD measurements was not normalized to the weight of material. 

Table 7.1: Measured capacitance values for commercially available capacitors 

Commercially 
available devices 

CCD CV EIS 

Current Capacitance Scan Rate Capacitance Capacitance Crosses -45o 

100 F 
Supercapacitor 

100 mA 100.9 F - - 
80.24 F 0.09 Hz 

500 mA 96.4 F - - 

220 mF 
Supercapacitor 

рлл ˃! 207 mF 
25 mV/s 206 mF 

176 mF 0.3 Hz 

50 mV/s 199 mF 

1 mA 203 mF 
100 mV/s 191 mF 

250 mV/s 177 mF 

5 mA 189 mF 
500 mV/s 157 mF 

1 V/s 119 mF 

млл ˃C 9ƭŜŎǘǊƻƭȅǘƛŎ 
Capacitor 

мл ˃! мпн ˃C 250 mV/s мсп ˃C 

ммр ˃C 4,000 Hz рл ˃! мот ˃C 500 mV/s мпт ˃C 

млл ˃! мос ˃C 1 V/s мпн ˃C 

 

Table 7.1 gives the measured values for the three commercially available capacitors 

examined in this work.  The CCD data for the 100 F supercapacitor is consistent with the 

value printed on the device, while the 220 mF supercapacitor gave values slightly under 220 

mF.  CCD for the 100 µF electrolytic capacitor overestimates the value printed on the device, 

which is expected because the capacitance values given for electrolytic capacitors are the 

minimum value for the device [5].  All capacitance values decrease with increasing 

charge/discharge current, which is due to the finite time required for the electrolyte ions to 

penetrate the pore structure of the active material [6].  Thus, the drop in capacitance with 

increasing current is more pronounced for the more porous materials.  A high measurement 

current may be the reason for the underestimation of the capacitance in the 220 mF 

supercapacitor, where the applied currents are higher than those used by the manufacturer 
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to designate the capacitance.  However, at 500 µA, the 220 mF device required about 14 

minutes per charge/discharge step, which makes these lower current values impractical for 

actual supercapacitor device operation.   

The capacitance measurements taken using CV are consistent with those obtained using 

CCD.  The 100 F supercapacitor overloaded the measurement instrument, even at fairly low 

scan rates, so no data is given for this device.  The measured capacitance of the other devices 

decreases with increasing CV scan rates, similar to the CCD measurements.   

A value for the capacitance was also obtained using EIS from the RLC circuit model fit.  The 

modeled capacitance for all three devices is in the same order of magnitude as the actual 

device capacitance, but all of the values are lower than those obtained using CCD and CV.  

This lower value is most likely due to the imperfect fit of the model.  Another noteworthy 

result from the EIS measurements is the location where the phase angle of these devices 

crossed -45o.  Both of the supercapacitors cross -45o in the 10-1 Hz range, while the 

electrolytic capacitor crossed -45o at 4 kHz.  These trends arise due to inherent features in 

the ways that these capacitors separate charge.  The supercapacitors store charge in a porous 

electrode structure, which requires an extended amount of time for the electrolyte ions to 

fully penetrate.  On the other hand, the electrolytic capacitor has a dielectric coating on a 

roughened piece of metal, which has a much less porous structure allowing charge 

separation to occur more rapidly.  Thus, the measurement techniques were validated for 

their accuracy through the examination of commercially available capacitors, and 

interesting features in the frequency response of the different types of capacitors were 

obtained. 

In addition to the investigation of commercially available capacitors, information about the 

electrochemical cell was obtained to ensure that any capacitance from the cell components 

was minimal compared to the capacitance of the CNWs.  Table 7.2 gives the measured 

capacitance values of bare nickel electrodes in the electrochemical cell.  The measured 
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capacitance values are in the range of 10-4 F, and the device crossed -45o at 40 kHz.  For 

comparison, all CNW electrodes gave capacitances in the 10-2 F range, indicating that the 

electrochemical cell contributes less than 1% of the total capacitance.  Additionally, the 

frequency response of the cell is much faster than any of the CNW samples measured, 

where most CNWs have a frequency response in the 102 Hz range.  Therefore, contributions 

from the electrochemical cell are negligible compared to the values reported in the following 

sections on the capacitance of the CNW electrodes.   

Table 7.2: Measured capacitance using bare nickel electrodes 

CCD CV EIS 

Current Capacitance Scan Rate  Capacitance Capacitance Crosses -45o 

25 µA 106 µF 250 mV/s 89 µF 
 

 

50 µA 98 µF 500 mV/s 84 µF 65 µF 40,000 Hz 

100 µA 96 µF 1 V/s 82 µF 
 

 

 

7.3.2 Effects of Surface Area on Specific Capacitance 

Four different CNW morphologies were prepared for testing to examine the effects of 

surface area on the specific capacitance of CNWs.  A Quantachrome Autosorb-1 was used to 

measure the quantity of N2 gas adsorbed on the CNWs to obtain a numerical value for the 

surface area of these materials.  The Brunauer-Emmett-Teller (BET) surface area was taken 

from the adsorption curve in the P/Po range of 0.05 to 0.35.  SEM images of the samples, 

along with their surface areas and processing parameters are given in Figure 7.5.  Additional 

processing conditions included a total gas pressure of 150 mT and nickel substrates.  The 

deposition times were altered for the various processing conditions to provide electrode 

thicknesses of 25 µm. 
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Figure 7.5: SEM images and processing conditions for CNWs with varying surface areas 

The specific capacitances of these materials were measured using CCD, CV and EIS.  Figure 

7.6 and Figure 7.7 display the specific capacitance of these materials at different current 

densities for the CCD measurements, and scan rates for the CV measurements.  Both plots 

exhibit similar trends, where increasing the surface area of the material increases the specific 

capacitance.  This trend is expected because an increase in the surface area correlates to an 

increase in the area for electrolyte ion storage, which is directly related to the capacitance.  

Additionally, the specific capacitance decreases with increasing current density and scan 

rate due to the time required for the electrolyte ions to penetrate into the porous electrode.  

This effect is more pronounced in the higher surface area materials because the pore 

structure becomes more densely packed.  However, all samples still exhibit relatively high 

capacitances at current densities and scan rates corresponding to charge times of less than 

one second. 

108 m2/g 235 m2/g 317 m2/g 685 m2/g

730 oC 790 oC 840 oC 840 oC

H2:CH4 = 2:1 H2:CH4 = 2:1 H2:CH4 = 2:1 N2:CH4 = 2:1
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Figure 7.6: Specific capacitance vs. current density for CCD measurements of CNWs with different 
surface areas 

The data obtained using EIS is given in Table 7.3.  The specific capacitance modeled using 

an RLC circuit is slightly lower than those measured using both CCD and CV, similar to the 

commercial capacitors.  All of these materials have a phase response that crosses -45o in the 

range of 102 Hz, indicating that the frequency response of these materials allows for 

relatively fast switching.  This fast frequency response is most likely due to the low 

equivalent series resistance in these materials, which is around 10-1 Ω.  Thus, high frequency 

operation with low resistive losses is observed due to the intimate contact of the active 

material with the current collector, as well as the high conductivity of the graphene-like 

materials. 
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Figure 7.7: Specific capacitance vs. scan rate for CV measurements of CNWs with different surface 
areas 

Table 7.3: EIS data obtained using CNW electrodes with varying surface area 

Surface Area (m2/g)  108 235 317 685 

Specific Capacitance (F/g) 1.51 2.05 3.06 4.23 

Crosses -45o (Hz) 240 230 130 200 

Equivalent {ŜǊƛŜǎ wŜǎƛǎǘŀƴŎŜ όʍύ 0.16 0.13 0.17 0.15 

 

7.3.3 Effects of CNW Electrode Thickness on Specific Capacitance 

The mass of active material and thickness of the electrodes are known to influence the 

measured capacitance [1].  Typically, supercapacitors have electrode thicknesses ranging 

from about ten µm for high power density supercapacitors, to several hundred microns for 

high energy density supercapacitors.  Therefore, test electrodes with thicknesses comparable 

to commercial devices are more representative of a materials performance in an actual 

device.  Materials were produced using the same processing conditions as those used to 
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create the 317 m2/g material in order to examine the effects of electrode thickness.  The 

deposition times were altered to change the resulting electrode thickness based on the 

measured growth rate of about one µm of material for every five minutes of deposition.  

Table 7.4 displays the constant processing parameters for these depositions.   

Table 7.4: Processing conditions for producing electrodes with different thickness 

Substrate Material Temperature Pressure H2 : CH4 Plasma Power 

Nickel упл х/ 150 mT 2 : 1 1,200 W 

 

 

Figure 7.8: Specific capacitance vs. current density for CCD measurements of CNWs with different 
thicknesses 

Four samples were prepared with thicknesses of 5, 15, 25 and 35 µm.  Figure 7.8 and Figure 

7.9 display the specific capacitance of the electrodes with varying thicknesses, which was 

measured using CCD and CV.  Both measurement techniques produced similar results, in 

which the specific capacitance decreased with increasing sample thickness.  The origin of 
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these trends becomes evident when looking at the measured capacitance values from the 

raw data.  Table 7.5 displays one data point for each of the four samples taken using CV at 

100 mV/s.  This data displays a large jump in the measured capacitance when the thickness 

increases from 5 to 15 µm, followed by slight increases in the measured capacitance up to 35 

µm.  However, the weight increases at a steady rate throughout the thickness range.  

Therefore, the specific capacitance of the device decreases because the added weight does 

not improve the measured capacitance.  The reduction in specific capacitance with 

increasing thickness suggests that the electrolyte ions are not able to fully penetrate into the 

nanostructure of the material.  Therefore any additional thickness beyond a certain point 

becomes unusable as an electrochemically active area. 

 

Figure 7.9: Specific capacitance vs. scan rate for CV measurements of CNWs with different 
thicknesses 
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Table 7.5: Raw data for CV measurements at 100 mV/s for samples with varying thickness 

Thickness Weight Measured Capacitance Specific Capacitance 

5 µm 3.72 mg 5.52 mF 5.94 F/g 

15 µm 8.30 mg 11.5 mF 5.56 F/g 

25 µm 11.85 mg 11.7 mF 3.95 F/g 

35 µm 18.99 mg 14.6 mF 3.08 F/g 

 

Table 7.6 displays the data acquired using EIS for the CNWs with varying thickness.  Again, 

the specific capacitances are slightly lower than those obtained using CCD and CV 

measurements, but are still relatively close in proximity.  All devices have a phase response 

that crosses -45o in the range of 100 to 200 Hz with a low ESR.  This fast phase response and 

low series resistance is attributed to the intimate contact with the current collector, and the 

highly conductive graphene-like nanowalls.  However, the data presented in this section 

indicates that electrolyte ions do not fully permeate the nanostructure, which causes 

significant changes in the specific capacitance with varying thickness. 

Table 7.6: EIS data obtained using CNWs with varying thickness 

Thickness (µm) 5 15 25 35 

Specific Capacitance (F/g) 5.43 4.15 3.06 2.36 

Crosses -45o (Hz) 200 120 130 115 

9ǉǳƛǾŀƭŜƴǘ {ŜǊƛŜǎ wŜǎƛǎǘŀƴŎŜ όʍύ 0.18 0.23 0.17 0.26 

 

7.3.4 Doped CNW Electrodes 

A recent review paper by Inagaki et al. [2] cites a number of articles where the researchers 

introduced oxygen, nitrogen and boron containing functional groups, in order to improve 

the specific capacitance of activated carbons.  Although the specific reactions responsible for 

this increase in capacitance are unknown, there are various rationales for explaining the 

improved properties.  These include, the dopant atoms establishing a pseudocapacitive 

behavior where fast-faradic reactions increase the capacitance, improvement in the 

wettability of pore walls through the formation of polar functional groups on the carbon, 
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and increases in the capacitance of the space charge layer due to increases in the carrier 

concentration.  However, there are currently no reports of plasma-assisted doping being 

used to improve the capacitive properties of a material.  Therefore, the plasma doping 

procedures studied in Chapter 6 were examined as a means for improving the properties of 

CNW based electrochemical capacitors. 

CNW samples were produced using the same processing conditions for creating the 108 

m2/g and 317 m2/g materials while the processing times were altered to maintain a 25 µm 

film thickness.  The samples were then post-treated using a 300 W argon/nitrogen plasma at 

five and ten minute processing times.  The five and ten minute doping conditions produce 

materials with nitrogen concentrations of 6% and 12%, while the oxygen concentrations 

reach 22% and 36%, respectively.   

 

Figure 7.10: Specific capacitance vs. current density for CCD measurements of CNWs with various 
nitrogen concentrations 
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The CCD and CV data for these materials at different charge rates are given in Figure 7.10 

and Figure 7.11.  As these figures indicate, both nitrogen doping conditions significantly 

increase the specific capacitance in both CNW morphologies.  The increase in specific 

capacitance for the 108 m2/g samples average around 20% improvement, while the 317 m2/g 

samples shows about 40% average improvement in the specific capacitance with doping.  

The capacitance per unit surface area for these samples was examined to help explain these 

trends.   

 

Figure 7.11: Specific capacitance vs. scan rate for CV measurements of CNWs with various nitrogen 
concentrations 

Table 7.7 displays the capacitance per unit surface area for the doped samples, which were 

obtained through the CV measurements at 100 mV/s scan rate.  Although the 317 m2/g 

material has a higher specific capacitance than the 108 m2/g material, the capacitance per 

unit area for the 108 m2/g material is higher than that of the 317 m2/g material.  Thus, as 

compared to the 317 m2/g material, the 108 m2/g material more efficiently utilizes its 
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available surface area to store charge.  The less efficient use of surface area found in the 317 

m2/g material is most likely caused by the torturous path required for the electrolyte ions to 

penetrate into the 317 m2/g material with respect to the 108 m2/g material.   

The contact angles of these samples using a water droplet are given in Figure 7.12.  The 

contact angles of these materials demonstrate that the 317 m2/g material has a higher surface 

energy than the 108 m2/g material, which supports the theory that there is less ion 

penetration in the 317 m2/g material.  However, the electrolyte completely wets all samples 

after plasma treatment.  Therefore, one would expect the increase in specific capacitance 

with doping to be more pronounced in an original material with poor wetting 

characteristics and a lower capacitance per unit area, such as the 317 m2/g material.   

Table 7.7: Capacitance per unit surface area taken for CV measurements at 100 mV/s 

Surface Area (m2/g)  108 317 

Nitrogen Concentration 0% 6% 12% 0% 6% 12% 

Areal Capacitance (µF/cm2) 1.67 2.03 2.00 1.25 1.66 1.77 

 

 

Figure 7.12: Contact angles of different CNW morphologies before and after plasma treatment 

Table 7.8 displays the EIS data taken for the samples with varying nitrogen concentrations.  

The table correlates well with the CCD and CV data, where increasing nitrogen 

concentrations increase the specific capacitance.  The phase response for all samples crosses 

-45o in the range of 102 Hz with the 108 m2/g samples showing slightly faster phase response 

Surface Area 108 m2/g 317 m2/g After Plasma

Contact Angle 8.5 o 52.7 o 0 o
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than the 317 m2/g materials.  Additionally, the measured ESR values for all samples are low, 

and are in the range of 10-1 Ω. 

Table 7.8: EIS data obtained using CNWs with varying nitrogen concentration 

Surface Area (m2/g)  108 317 

Nitrogen Concentration 0% 6% 12% 0% 6% 12% 

Specific Capacitance (F/g) 1.51 1.70 1.75 3.06 4.61 4.77 

Crosses -45o (Hz) 240 270 300 130 100 115 

Equivalent {ŜǊƛŜǎ wŜǎƛǎǘŀƴŎŜ όʍύ 0.16 0.19 0.14 0.17 0.21 0.22 

 

An argon/oxygen plasma treatment was performed on the same two morphologies using a 

300 W plasma for three minutes in order to decouple the effects of oxygen and nitrogen in 

the doped materials.  This plasma treatment creates a material with 16% oxygen as opposed 

to 1% oxygen, which was present in the virgin samples.  No nitrogen is present in the 

oxygen treated samples, and the plasma treatment creates a hydrophilic surface with 0o 

contact angle.  Some understanding of the different effects of oxygen and nitrogen are 

gleaned by decoupling this problem, even though the 16% oxygen concentration is not as 

high as the oxygen content in either of the nitrogen treated samples. 

Figure 7.13 and Figure 7.14 display the CCD and CV data for the oxygen treated samples.  

Oxygen incorporation displayed some moderate improvements in the specific capacitance, 

but the results are much less pronounced than those observed with nitrogen incorporation.  

A large improvement in specific capacitance is not observed, even though the contact angle 

of the oxygen treated samples is 0o.  This miniscule improvement indicates that the addition 

of more functional groups, such as those from nitrogen and oxygen, as well as the nitrogen 

atoms themselves, positively impacts the specific capacitance.   
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Figure 7.13: Specific capacitance vs. current density for CCD measurements of CNWs with various 
oxygen concentrations 

Table 7.9 displays the EIS data for the oxygen treated CNW samples, which correlates well 

with the data acquired using CCD and CV.  Again, the oxygen treatment had very little 

effect on the 108 m2/g sample, while a slight improvement in the specific capacitance was 

observed with the 317 m2/g sample.  The phase response and series resistance for these 

samples remained close to the values of the untreated samples, which are at a level of about 

102 Hz and 10-1 Ω, respectively. 
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Figure 7.14: Specific capacitance vs. scan rate for CV measurements of CNWs with various oxygen 
concentrations 

Table 7.9: EIS data obtained using CNWs with varying oxygen concentration 

Surface Area (m2/g)  108 317 

Oxygen Concentration 1% 16% 1% 16% 

Specific Capacitance (F/g) 1.51 1.53 3.06 3.50 

Crosses -45o (Hz) 240 280 130 140 

9ǉǳƛǾŀƭŜƴǘ {ŜǊƛŜǎ wŜǎƛǎǘŀƴŎŜ όʍύ 0.16 0.15 0.17 0.19 

 

7.4 Conclusions 

CNWs were examined as electrochemical capacitor electrodes in this work by directly 

depositing the material onto nickel current collectors.  Materials with different surface areas 

were produced by altering the processing conditions for growing CNWs.  The specific 

capacitance of the devices increased as the surface area of the material increased.  This 

increase in specific capacitance with increasing surface area arises because the higher 
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surface area materials have more area per unit weight for the electrolyte ions to adhere to 

for charge storage.  The thickness of the electrode material also had an effect on the specific 

capacitance, where thicker electrodes had a more torturous path for electrolyte ion 

penetration, and the thicker samples led to diminishing returns in capacitance. 

Nitrogen doping significantly improved the capacitive behavior of the CNWs.  It is believed 

that the nitrogen functionalizations contribute to increasing the number of active sites for 

electrolyte ion storage.  Additionally, the plasma treatment leads to a hydrophilic surface 

where the electrolyte completely wets the CNW material.   Conversely, oxygen plasma 

treatment had a minimal effect on the specific capacitance of the CNWs.  The concentration 

of oxygen functional groups in this experiment was significantly lower than the total 

concentration of functional groups in the nitrogen treated samples, but the minimal 

improvement seems to indicate that nitrogen plays an important role in increasing the 

capacitive behavior. 

Although relative improvements in the specific capacitance of CNWs were realized by 

changing the surface area, thickness and dopant incorporation in these materials, all of the 

specific capacitance values were in the range of one to eight farads per gram.  These values 

are one-to-two orders of magnitude lower than the values obtained for state-of-the-art 

activated carbon electrochemical capacitors.  In a review by Frackowiak [7], typical values of 

activated carbon capacitors are given as 100 to 200 F/g in aqueous environments and 50 to 

150 F/g in organic media.  The lower values of capacitance for the CNW samples are 

presumed to be caused by the differences in structure between these materials and activated 

carbon.  CNWs have large areas of highly ordered graphitic basal planes, while activated 

carbons exhibit a highly defective structure.  The capacitance of the edge orientation of 

graphite is reported to be an order of magnitude higher than that of the basal plane, while 

other defects in the materials are known to improve capacitance [7].  Thus, the more 
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defective structure of activated carbons is more suited to store electrolyte ions than the 

highly ordered CNWs. 

 

Figure 7.15: Phase response for commercially available supercapacitor and electrolytic capacitor as 
well as CNWs 

However, the highly ordered structure of CNWs does provide benefits in the frequency 

response and ESR for electrochemical capacitor operation.  Figure 7.15 displays the phase 

response for a commercially available supercapacitor and electrolytic capacitor, as well as 

one of the CNW electrodes prepared in this work.  As the data indicates, the CNW electrode 

exhibited significantly improved phase response as compared to the supercapacitor 

electrode, but is not able to switch as fast as the electrolytic capacitor.  However, the CNW 

electrodes provide much higher specific capacitance than the electrolytic capacitor.  

Therefore, CNWs provide an intermediary between the fast response and low capacitance of 

electrolytic capacitors, and the high capacitance but slow response of supercapacitors. 
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8 Summary, Conclusions, and Future Research 

8.1 Summary and Conclusions 

This research has focused on the processing-structure-property relationships of carbon 

nanowall materials.  A wide range of CNW morphologies were obtained by altering the 

processing conditions.  Additionally, post-processing plasma treatments were utilized to 

incorporate nitrogen and oxygen into the CNWs.  The different film morphologies and 

doping treatments altered the specific capacitance of CNW electrodes used in 

electrochemical capacitors.  Thus, the processing-structure relationships were used to tailor 

the CNW morphology, which improved the material’s properties.  The remainder of this 

chapter reiterates the specific trends observed in the processing-structure-property 

relationships and discusses other interesting directions for future research endeavors. 

8.1.1 Processing-Structure Relationships 

The processing-structure relationships developed in this work provide a solid foundation 

for tailoring the material properties of CNWs.  Optical emission spectroscopy was used as 

an in-situ diagnostic tool to understand how altering a variety of processing conditions 

affected the plasma chemistry.  The number of reactive species, mean-free-path of these 

reactive species and ratio of carbon depositing species to atomic hydrogen were found to 

have the greatest effect on the growing film.   

The CNWs took on a morphology that was more dispersed as the number of reactive species 

near the substrate increased, and as a result the individual graphene sheets got larger.  The 

number of reactive species was increased by either decreasing the pressure, or increasing 

the power.  When too many reactive species were present, the extent of etching from atomic 

hydrogen produced CNW films that were sporadic and pitted.  These “over-etched” films 

were produced at the lowest pressures and highest powers tested.   
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The mean free path (MFP) also had an effect on the growing film.  The MFP between 

particle collisions decreased with increasing pressure, and more gas phase reactions 

occurred.  These gas phase reactions led to an effective change in the distance from the 

plasma region to the substrate platform, which decreased the total number of reactive 

species and increased the relative number of molecular species to atomic species.  These 

conditions led to a slow growth rate of highly crystalline CNW materials.   

The ratio of carbon containing radicals to atomic hydrogen was easily altered by changing 

the gas composition.  The CNWs became highly branched at high carbon radical to atomic 

hydrogen ratios, where secondary graphitic sheets nucleated and grew from the primary 

nanowall.  This occurred due to changes in the deposition-to-etching balance.  Disordered 

structures were produced with less etchant present, due to the different  growth and etching 

rates of the different forms of carbon.   

The trends in optical emission spectroscopy (OES) observed throughout this work led to a 

better understanding of the plasma chemistry, which allows for a comparison of this work 

to other gas precursor systems and plasma configurations.  OES was also used to verify that 

the substrate surface and temperature had a minimal effect on the plasma density and 

composition.  Thus, the substrate conditions could be decoupled from the factors that 

affected the plasma environment.  Changes in the surface roughness and temperature were 

described by examining the effects of these parameters on the free energy for forming a 

stable nucleus.  The free energy for forming a stable nucleus decreased and the reaction rate 

for growth increased with more surface defects and at higher temperatures.  These trends in 

nucleation density caused a more densely packed CNW morphology to evolve with more 

surface roughness and higher temperatures.  Thus, the structure and morphology of CNWs 

could be tailored by altering a number of processing conditions. 
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8.1.2 Doping 

Although nitrogen doping of CNWs through the addition of nitrogen gas to the deposition 

chamber has been reported in the referenced literature, the present RF-ICP experimental 

setup incorporated no nitrogen under similar conditions.  The failure to incorporate  

nitrogen is most likely due to differences in the plasma coupling mechanisms and chamber 

configurations, which change the plasma chemistry.  However, a post-processing plasma 

successfully incorporated a significant amount of nitrogen into the CNW structure in a short 

period of time.  This plasma treatment method may be an alternative method to dope or 

modify other carbon materials because the sp2 bonded structure in CNWs is similar to 

graphene, carbon nanotubes, porous carbon, carbon fibers and graphite.  Additionally, the 

reactive environment produced in a plasma led to the incorporation of any active species 

that were present in the plasma, which creates the potential for other dopant atoms to be 

introduced through similar means.    

8.1.3 Electrochemical Properties 

The CNWs produced in this work were used as electrodes in electrochemical capacitors by 

directly depositing the material onto nickel current collectors.  Materials with different 

surface areas and thicknesses were produced by altering the processing conditions for 

growing CNWs.  The specific capacitance of the devices increased with increasing surface 

area.  This occurs because the higher surface area materials have more area per unit weight 

for the electrolyte ions to adhere to for charge storage.  The thickness of the electrode 

material also had an effect on the specific capacitance, where thicker electrodes had a more 

torturous path for electrolyte ion penetration.  This thickness effect led to diminishing 

returns in capacitance with increasing thickness.  Nitrogen doping also significantly 

improved the capacitance of the CNWs.  The nitrogen functionalities increased the number 

of active sites for electrolyte ion storage, while producing a hydrophilic surface that the 

aqueous electrolyte completely wets.    
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Although relative improvements in the specific capacitance of CNWs were realized by 

changing the surface area, thickness and dopant incorporation, all specific capacitance 

values were in the range of one to eight farads per gram.  For comparison, typical values of 

activated carbon capacitors are given as 100 to 200 F/g in aqueous environments and 50 to 

150 F/g in organic media.  The lower values of capacitance for the CNW samples occur due 

to differences in structure of these materials compared to  activated carbon.  CNWs have 

large areas of highly ordered graphitic basal planes, whereas activated carbons exhibit a 

highly defective structure throughout.  The capacitance of the edge orientation of graphite is 

reported to be an order of magnitude higher than that of the basal plane, while other defects 

in the materials are known to improve capacitance.  Thus, the more defective activated 

carbon structure is more suited to store electrolyte ions than highly ordered CNWs. 

The highly ordered structure of CNWs does provide benefits in the frequency response and 

equivalent series resistance for electrochemical capacitor operation.  It was found that the 

CNW electrodes had a significant improvement in the frequency response compared to 

supercapacitors, but could not switch as fast as electrolytic capacitors.  However, the CNW 

electrodes provided much higher specific capacitance than the electrolytic capacitors.  

Therefore, CNWs provide an intermediary between the fast response and low capacitance of 

electrolytic capacitors, and the high capacitance but slow response of supercapacitors. 

8.2 Directions for Future Research 

The processing-structure relationships established for CNWs in this work are useful for 

examining these materials in a variety of additional applications.  Although the 

morphological trends which were more favorable for creating higher capacitance devices 

may not improve the properties in a different application, the general tendencies described 

for altering the materials properties will prove useful.  All of the various applications which 

have utilized the unique materials properties afforded by carbon nanotubes are potentially 

viable for CNWs because these two materials have many similar structural features.  Some 
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of the potential applications include electrode materials for other energy storage and 

conversion devices, catalyst supports, electron field emitters and composite additives.  A 

quick examination of the structure-property relationships of CNWs in other applications is 

possible by using the processing-structure relationships provided in this work. 

In addition to the processing-structure relationships, the novel plasma doping techniques 

for incorporating nitrogen into CNWs can be expanded to other material systems, as well as 

other dopant atoms.  Plasma-assisted doping provided a simple means to incorporate 

nitrogen into the CNWs, and has the potential to incorporate nitrogen into other carbon-

based materials, including activated carbons, other graphitic forms of carbon and diamond.  

Additionally, other dopant gases, such as diborane, silane and phosphine, have the potential 

to incorporate boron, silicon and phosphorous.  The addition of nitrogen into the CNWs 

improved their capacitance, and may improve other properties, such as electron field 

emission, by providing electrically active sites.  Plasma-assisted nitrogen doping also has 

the potential to improve the capacitance in activated carbons, and should be examined. 

Although the high conductivity and open pore structure of CNWs did not produce the 

highest specific capacitance reported, the material showed promise for higher frequency 

operation.  Organic electrolytes or ionic liquids could be used rather than the aqueous 

electrolytes tested to improve the energy and power densities of these devices.  These 

electrolytes require more controlled synthesis and storage, but would provide a much larger 

electrical potential window for operation.  Additionally, the open pore structure of CNWs 

may provide a much more compatible electrode structure than the activated carbons 

because the ion sizes in these media are much larger than those found in aqueous 

electrolytes.  The wetting of these electrolytes on CNWs would also be more beneficial 

because the surface energies of these solvents are less than the surface energy of water.  In 

conclusion, the research examined here provides a solid foundation for future research 

endeavors in a number of areas.   


