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Abstract 
Graphene, first isolated in 2004 and the subject of the 2010 Nobel Prize in 

physics, has generated a tremendous amount of research interest in recent years due to 

its incredible mechanical and electrical properties.  However, difficulties in large-scale 

production and low as-prepared surface area have hindered commercial applications.  

In this dissertation, a new material is described incorporating the superior electrical 

properties of graphene edge planes into the high surface area framework of carbon 

nanotube forests using a scalable and reproducible technology. 

The objectives of this research were to investigate the growth parameters and 

mechanisms of a graphene-carbon nanotube hybrid nanomaterial termed “graphenated 

carbon nanotubes” (g-CNTs), examine the applicability of g-CNT materials for 

applications in electrochemical capacitors (supercapacitors) and cold-cathode field 

emission sources, and determine materials characteristics responsible for the superior 

performance of g-CNTs in these applications.  The growth kinetics of multi-walled 

carbon nanotubes (MWNTs), grown by plasma-enhanced chemical vapor deposition 

(PECVD), was studied in order to understand the fundamental mechanisms governing 

the PECVD reaction process.  Activation energies and diffusivities were determined for 

key reaction steps and a growth model was developed in response to these findings.  

Differences in the reaction kinetics between CNTs grown on single-crystal silicon and 
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polysilicon were studied to aid in the incorporation of CNTs into 

microelectromechanical systems (MEMS) devices.  To understand processing-property 

relationships for g-CNT materials, a Design of Experiments (DOE) analysis was 

performed for the purpose of determining the importance of various input parameters 

on the growth of g-CNTs, finding that varying temperature alone allows the resultant 

material to transition from CNTs to g-CNTs and finally carbon nanosheets (CNSs): 

vertically oriented sheets of few-layered graphene.  In addition, a phenomenological 

model was developed for g-CNTs.  By studying variations of graphene-CNT hybrid 

nanomaterials by Raman spectroscopy, a linear trend was discovered between their 

mean crystallite size and electrochemical capacitance.  Finally, a new method for the 

calculation of nanomaterial surface area, more accurate than the standard BET 

technique, was created based on atomic layer deposition (ALD) of titanium oxide (TiO2). 
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1. Introduction 

1.1 Motivation 

Whether for their extraordinary thermal, mechanical, or electrical properties, 

carbon nanotubes and graphene have been touted as some of the most interesting 

nanomaterials systems for applications in micro- and nanoscale electronic devices, heat-

spreading devices, optical filters, transparent conductors, thin-film transistors, energy 

conversion and storage devices, and structural reinforcement materials, amongst many 

other existing and developing technologies.  Single-walled carbon nanotubes may be 

metallic or semiconducting, allowing applications in transistors and electrical 

interconnects, but present practical difficulties in their production as well as separation 

of semiconducting and metallic nanotubes.  Multi-walled carbon nanotubes, while easier 

to produce, may not be used in applications requiring semiconducting materials; 

however, they are well suited for use in structural reinforcement, energy storage and 

conversion, and as cold-cathode field emission sources for vacuum microelectronics.   

While carbon nanotubes are commonly grown on substrates in a forest-like 

arrangement, graphene is typically grown as a lateral sheet on a substrate.  As with 

single-walled carbon nanotubes, production difficulties for graphene have hindered 

scale-up and commercial uses.  Achieving uniform single-layer graphene growth on 

large substrates presents a great challenge, but the promise of graphene-based 

technologies continues to spur intense research efforts and innovations. 
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This dissertation describes a new hybrid nanomaterial that combines the 

superior electronic properties of graphene edge planes with the conductive, high surface 

area backbone of multi-walled carbon nanotubes.  Avoiding many of the 

aforementioned practical limitations of production, this material is produced by a 

relatively inexpensive, well developed, and scalable method with roots in the 

microelectronics industry.  Before discussing the research performed on this material, 

the first chapter of this dissertation will broadly introduce several key concepts related 

to the structural properties of carbon nanomaterials, several production methods for 

these materials, as well as an overview of the tools used to better understand their 

properties.  The goals of this research as well as an overview of the subsequent chapters 

will follow the introduction. 

1.2 Structural Properties of Carbon Nanotubes 

1.2.1 Single-Walled Carbon Nanotubes 

Single-walled carbon nanotubes (SWNTs) may be imagined as a single layer of a 

graphite crystal (graphene) that has been rolled into a small-diameter cylinder.  

Structural details of a SWNT are defined by its chiral vector  

 
!
Ch = n

!a1 +m
!a2 ≡ (n,m) , (1.1) 

where 
!a1  and  

!a2  are the SWNT basis vectors, and a SWNT is most commonly described 

by its pair of chiral indices (n,m) [1].  The angle between the 
!a1  unit vector and the 

chiral vector 
!
Ch  is the chiral angle  
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θ = tan−1 3m
(m + 2n)

⎡
⎣⎢

⎤
⎦⎥

. (1.2) 

A SWNT with θ = 0°  is referred to as a “zigzag” nanotube, and a SWNT with θ = 30°  is 

termed an “armchair” nanotube.  The direction of the nanotube axis falls in the range of 

0 <θ < 30°  without considering handedness[2].  The diameter of the SWNT may be 

described by  

dt =
Ch

π = 3
π

⎛
⎝

⎞
⎠ aCC (m2 +mn + n2 ) , (1.3) 

where aCC  is the nearest-neighbor C-C distance (1.421 Å in graphite)[1].  Therefore, a 

SWNT may be equally described by either its (n,m)  indices or by dt  and θ .  Figure 1 

illustrates several of these values in an unrolled SWNT honeycomb lattice.  The unit cell 

of a SWNT is defined by OBB’A in its real-space 2D lattice. 
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Figure 1: Unrolled honeycomb lattice of a  (4,2) SWNT[3], where the rectangle 

OAB’B defines its unit cell.  This sheet may be rolled into a nanotube by connecting 

sites O and A, and B and B’.   
!
Ch =OA  and 

!
T =OB .  

 

 

Figure 2: (a) Unit cell of graphene containing carbon atoms labeled A and B.  

(b) Brillouin zone of graphene (shaded).  Γ, K, and M are the high symmetry points, 

and 
!ai ,  
!
bi  i = 1,2( ) are the basis vectors and reciprocal lattice vectors, respectively. 
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Figure 2 (a) illustrates the unit cell in real space as a dotted rhombus, and Figure 

2 (b) shows the Brillouin zone in reciprocal space for graphene.  
!a1  and 

!a2  are the basis 

vectors in real space, and 
!
b1  and 

!
b2  are the reciprocal lattice basis vectors.  In terms of 

x,y coordinates, the real space basis vectors may be expressed as 
!a1 = 3a 2,a 2( )  and 

!a2 = 3a 2,−a 2( ) , where 
a = !a1 =

!a2 =1.42 × 3 = 2.46Å
 is the lattice constant of 

graphene.  The reciprocal lattice vectors are defined as  

!
b1 = 2π 3a,2π a( )  and 

 

!
b2 = 2π 3a,−2π a( ) , with the reciprocal lattice constant 

4π 3a
.  The shortest repeat 

distance along the nanotube axis, or the translation vector, is defined as  

!
T = t1

!a1 + t2
!a2 ≡ (t1, t2 ) , (1.4) 

and may be visualized by the vector OB  in Figure 1.  The coefficients t1  and t2  are 

given by  

t1 =
2m + n( )

dR
,

 

t2 =
− 2n +m( )

dR
, (1.5) 

where dR  is given by 

dR =
d
3d

⎧
⎨
⎩

 
if n −m is not a multiple of 3d, 

(1.6) 
if n −m is a multiple of 3d 

and d  is the greatest common divisor of (n,m) .  The magnitude of  
!
T  is given by  

!
T = T = 3Ch

dR
. (1.7) 
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The number of hexagons contained within the unit cell of a SWNT may be calculated 

from the (n,m)  indices by 

N =
2 m2 + n2 + nm( )

dR
.

 (1.8) 

1.2.2 Multi-Walled Carbon Nanotubes 

Multi-walled carbon nanotubes (MWNTs) are comprised of multiple concentric 

SWNTs within the same tubular nanostructure.  The walls of each layer of the MWNT 

are parallel to the central axis.  Several morphological subsets of MWNTs exist which 

differ in the organization of the concentric cylinders.  As seen in Figure 3 (a), some 

MWNTs possess smooth inner walls and may be described purely as a collection of 

concentric SWNTs.  In other cases such as Figure 3 (b), the innermost wall or walls are 

not parallel to the cylinder axis and instead form a faceted structure commonly referred 

to as “bamboo-type” inner walls.  Finally, it is also possible to imagine MWNT 

structures that form from a single rolled sheet of graphene, called “scroll-like” MWNTs, 

which differ from MWNTs comprised of nested concentric SWNTs, or “Russian-doll” 

MWNTs. 

While most MWNTs with smooth inner walls are assumed to have the nested 

tube structure, evidence of MWNTs with the scroll structure has been presented by 

several groups.  In an early study by Bacon[4], graphite whiskers, or cylindrical 

nanofibers with a solid core, the scroll structure was proposed as the whiskers were 

exploded by the application of a large current.  The resultant structure was comprised of 



 

7 

 

very large sheets, much larger than the circumference of the original whiskers.  Ruland 

et al.[5] found evidence for scroll-like MWNTs based on detailed X-ray diffraction 

studies of CNT chirality.  Lavin et al.[6] found evidence from transmission electron 

microscopy observations of defects analogous to slip dislocations in crystals, indicating a 

possible transition from scroll-like MWNTs to nested MWNTs in the same nanotube. 

A likely reason for the existence of bamboo-type inner MWNT walls is a 

relationship between the shape of the catalyst nanoparticle and the resultant CNT.  For 

more spherical or cylindrical nanoparticles, smooth inner walls form in the precipitated 

nanotube, and more conically-shaped nanoparticles give rise to bamboo-type inner 

walls[7-10].  In addition, any partial diffusion of the catalyst particle into the substrate 

may cause a larger relative contact area between the nanoparticle and substrate, giving 

rise to conically-shaped catalyst particles[11].  While MWNTs with smooth inner walls 

are nearly entirely composed of sp2 carbon, bamboo MWNTs have a greater prevalence 

of defects and sp3 carbon, which is terminated in hydrogen present in the precursors. 
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Figure 3: (a) Transmission electron micrographs of MWNTs with smooth inner 

walls and varying numbers of walls[12].  (b) MWNTs with bamboo-type inner walls, 

and an embedded catalyst particle at the right[13].  (c) Nested, or Russian doll, MWNT 

structure (left) and scroll-type MWNT structure (right)[5] 
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1.3 Methods for the Growth of Carbon Nanotubes 

1.3.1 Non-Equilibrium Quenching Processes 

1.3.1.1 Arc Discharge 

Arc discharge is a high temperature synthesis technique for CNT production 

(>1700 °C) and, as a result, tends to produce CNTs with fewer defects than other 

techniques[14].  Arc discharge was the first method for the production of both MWNTs 

and SWNTs, and was initially employed for the production of fullerenes (e.g. C60) and 

carbon fibers[15].  It was also the technique used in the discovery of CNTs in 1991 by 

Iijima[12].  Arc discharge typically involves the use of two high-purity graphite rods as 

the anode and cathode, which are brought together in a helium or argon environment 

under an applied voltage, producing an arc (see Figure 4)[16].  As the anode is 

consumed, the gap between cathode and anode is held constant by adjusting the 

position of the anode.  If a catalyst is added to one of the electrodes, nanotubes may be 

obtained[15].  Advantages of this technique include a high degree of CNT crystallinity, 

yielding superior electrical and mechanical properties.  However, the as-grown CNTs 

must be separated from other carbon products and catalyst residue and the deposition 

temperature is too high to be suitable for applications in the electronics and CMOS 

industry[17]. 
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Figure 4: Schematic illustration of the arc discharge technique.  Reproduced 

from [18]. 

1.3.1.2 Laser Ablation 

Laser ablation is mechanistically similar to arc discharge, and was pioneered as a 

method for growth of CNTs by Guo et al.[19].  During the laser ablation process, a laser 

incident upon a graphite pellet containing catalyst material vaporizes the carbon and 

catalyst metal.  When the vaporized species are directed to a water-cooled collector by 

the flow of carrier gas, the carbon condenses as CNTs[15].  Laser ablation has been 

demonstrated to be a scalable technology and has been commercialized, but suffers from 

similar temperature-related drawbacks as arc discharge in that deposition temperatures 

are typically around 1200 °C.  See Figure 5 for a schematic of the laser ablation process. 

Aside from temperature limitations, arc discharge and laser ablation are limited 

in the volume of carbon product produced relative to the size of the carbon source, and 

additional purification steps are necessary to isolate the desired CNT yield.  Gas phase 

involves the use of two high-purity graphite rods as the
anode and cathode. The rods are brought together
under a helium atmosphere and a voltage is applied
until a stable arc is achieved. The exact process variables
depend on the size of the graphite rods. As the anode is
consumed, a constant gap between the anode and cath-
ode is maintained by adjusting the position of the
anode. The material then deposits on the cathode to
form a build-up consisting of an outside shell of fused
material and a softer fibrous core containing nanotubes
and other carbon particles. To achieve single walled
nanotubes, the electrodes are doped with a small
amount of metallic catalyst particles [13–15,21,22].
Laser ablation was first used for the initial synthesis

of fullerenes. Over the years, the technique has been
improved to allow the production of single-walled
nanotubes [16,23,24]. In this technique, a laser is used to
vaporize a graphite target held in a controlled atmo-
sphere oven at temperatures near 1200 !C. The general
set-up for laser ablation is shown in Fig. 6. To produce
single-walled nanotubes, the graphite target was doped
with cobalt and nickel catalyst [16]. The condensed
material is then collected on a water-cooled target.
Both the arc-discharge and the laser-ablation techni-

ques are limited in the volume of sample they can pro-
duce in relation to the size of the carbon source (the
anode in arc-discharge and the target in laser ablation).
In addition, subsequent purification steps are necessary
to separate the tubes from undesirable by-products.
These limitations have motivated the development of
gas-phase techniques, such as chemical vapor deposition
(CVD), where nanotubes are formed by the decomposi-
tion of a carbon-containing gas. The gas-phase techni-
ques are amenable to continuous processes since the
carbon source is continually replaced by flowing gas. In
addition, the final purity of the as-produced nanotubes
can be quite high, minimizing subsequent purification
steps.
Nikolaev et al. [17] describe the gas-phase growth of

single-walled carbon nanotubes with carbon monoxide
as the carbon source. They reported the highest yields of
single walled nanotubes occurred at the highest acces-
sible temperature and pressure (1200 !C, 10 atm).

Smalley and his co-workers at Rice University have
refined the process to produce large quantities of single-
walled carbon nanotubes with remarkable purity. The
so-called HiPco nanotubes (high-pressure conversion of
carbon monoxide) have received considerable attention
as the technology has been commercialized by Carbon
Nanotechnologies Inc (Houston, TX) for large-scale
production of high-purity single-walled carbon nano-
tubes.
Other gas-phase techniques utilize hydrocarbon gases

as the carbon source for production of both single and
multi-walled carbon nanotubes via CVD [25–28]. Niko-
laev and co-workers [17] point out that hydrocarbons
pyrolize readily on surfaces heated above 600–700 !C.
As a consequence, nanotubes grown from hydrocarbons
can have substantial amorphous carbon deposits on the
surface of the tubes and will require further purification
steps. Although the disassociation of hydrocarbons at
low temperatures affects the purity of the as-processed
nanotubes, the lower processing temperature enables
the growth of carbon nanotubes on a wide variety of
substrates, including glass.
One unique aspect of CVD techniques is its ability to

synthesize aligned arrays of carbon nanotubes with
controlled diameter and length. The synthesis of well-
aligned, straight carbon nanotubes on a variety of sub-
strates has been accomplished by the use of plasma-
enhanced chemical vapor deposition (PECVD) where the
plasma is excited by a DC source [18–20] or a microwave
source [29–33]. Fig. 7a and b shows the ability to grow
straight carbon nanotubes over a large area with
excellent uniformity in diameter, length, straightness,
and site density. Adjusting the thickness of the catalyst
layer controls the diameter of the tubes, shown in
Fig. 8a and b.
In CVD growth of straight carbon nanotube arrays,

described by Ren et al. [19] a substrate is first coated with
a layer of nickel catalyst. High-purity ammonia is then
used as the catalytic gas and acetylene as the carbon
source. A direct-current power generates the required
plasma, and a deeply carbonized tungsten filament
assists the dissociation of the reactive gases and supplies
heat to the substrate. Control over the nanotube length

Fig. 5. Schematic illustration of the arc-discharge technique (after
Ref. [22]).

Fig. 6. Schematic of the laser ablation process (after Ref. [4]).

1902 E.T. Thostenson et al. / Composites Science and Technology 61 (2001) 1899–19121902 E.T. Thostenson et al. / Composites Science and Technology 61 (2001) 1899–1912
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techniques, such as chemical vapor deposition (CVD), have been developed in order to 

address these limitations[16]. 

 

Figure 5: Schematic of the laser ablation process.  Reproduced from [20]. 

1.3.2 Chemical Vapor Deposition 

Catalytic chemical vapor deposition allows for the growth of CNT arrays on a 

substrate, and the reaction is mediated by a thin-film catalyst layer.  It is also compatible 

with a lower process temperature, making CVD a viable deposition technique for 

electronics applications, and may be used to selectively grow CNTs on specific locations 

on a substrate by patterning the catalyst layer.  CVD is considered an economically 

viable and scalable technology[14]. 

CNT synthesis by CVD proceeds through the decomposition of carbon-

containing precursor gasses interacting with a transition metal (Fe, Co, Ni) or alloy 

catalyst layer, which may be deposited as a thin film or as-deposited nanoparticles[14].  

When the catalyst is deposited as a thin film, usually by electron beam evaporation or 

sputtering, the film dewets to form nanoparticles as the substrate is heated.  For most 

involves the use of two high-purity graphite rods as the
anode and cathode. The rods are brought together
under a helium atmosphere and a voltage is applied
until a stable arc is achieved. The exact process variables
depend on the size of the graphite rods. As the anode is
consumed, a constant gap between the anode and cath-
ode is maintained by adjusting the position of the
anode. The material then deposits on the cathode to
form a build-up consisting of an outside shell of fused
material and a softer fibrous core containing nanotubes
and other carbon particles. To achieve single walled
nanotubes, the electrodes are doped with a small
amount of metallic catalyst particles [13–15,21,22].
Laser ablation was first used for the initial synthesis

of fullerenes. Over the years, the technique has been
improved to allow the production of single-walled
nanotubes [16,23,24]. In this technique, a laser is used to
vaporize a graphite target held in a controlled atmo-
sphere oven at temperatures near 1200 !C. The general
set-up for laser ablation is shown in Fig. 6. To produce
single-walled nanotubes, the graphite target was doped
with cobalt and nickel catalyst [16]. The condensed
material is then collected on a water-cooled target.
Both the arc-discharge and the laser-ablation techni-

ques are limited in the volume of sample they can pro-
duce in relation to the size of the carbon source (the
anode in arc-discharge and the target in laser ablation).
In addition, subsequent purification steps are necessary
to separate the tubes from undesirable by-products.
These limitations have motivated the development of
gas-phase techniques, such as chemical vapor deposition
(CVD), where nanotubes are formed by the decomposi-
tion of a carbon-containing gas. The gas-phase techni-
ques are amenable to continuous processes since the
carbon source is continually replaced by flowing gas. In
addition, the final purity of the as-produced nanotubes
can be quite high, minimizing subsequent purification
steps.
Nikolaev et al. [17] describe the gas-phase growth of

single-walled carbon nanotubes with carbon monoxide
as the carbon source. They reported the highest yields of
single walled nanotubes occurred at the highest acces-
sible temperature and pressure (1200 !C, 10 atm).

Smalley and his co-workers at Rice University have
refined the process to produce large quantities of single-
walled carbon nanotubes with remarkable purity. The
so-called HiPco nanotubes (high-pressure conversion of
carbon monoxide) have received considerable attention
as the technology has been commercialized by Carbon
Nanotechnologies Inc (Houston, TX) for large-scale
production of high-purity single-walled carbon nano-
tubes.
Other gas-phase techniques utilize hydrocarbon gases

as the carbon source for production of both single and
multi-walled carbon nanotubes via CVD [25–28]. Niko-
laev and co-workers [17] point out that hydrocarbons
pyrolize readily on surfaces heated above 600–700 !C.
As a consequence, nanotubes grown from hydrocarbons
can have substantial amorphous carbon deposits on the
surface of the tubes and will require further purification
steps. Although the disassociation of hydrocarbons at
low temperatures affects the purity of the as-processed
nanotubes, the lower processing temperature enables
the growth of carbon nanotubes on a wide variety of
substrates, including glass.
One unique aspect of CVD techniques is its ability to

synthesize aligned arrays of carbon nanotubes with
controlled diameter and length. The synthesis of well-
aligned, straight carbon nanotubes on a variety of sub-
strates has been accomplished by the use of plasma-
enhanced chemical vapor deposition (PECVD) where the
plasma is excited by a DC source [18–20] or a microwave
source [29–33]. Fig. 7a and b shows the ability to grow
straight carbon nanotubes over a large area with
excellent uniformity in diameter, length, straightness,
and site density. Adjusting the thickness of the catalyst
layer controls the diameter of the tubes, shown in
Fig. 8a and b.
In CVD growth of straight carbon nanotube arrays,

described by Ren et al. [19] a substrate is first coated with
a layer of nickel catalyst. High-purity ammonia is then
used as the catalytic gas and acetylene as the carbon
source. A direct-current power generates the required
plasma, and a deeply carbonized tungsten filament
assists the dissociation of the reactive gases and supplies
heat to the substrate. Control over the nanotube length

Fig. 5. Schematic illustration of the arc-discharge technique (after
Ref. [22]).

Fig. 6. Schematic of the laser ablation process (after Ref. [4]).
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thermal CVD processes, or CVD using heat to drive the decomposition of carbon 

precursors, CNTs are grown in the temperature range of 700 – 900 °C[15].  In the thermal 

CVD process, an energy source such as a furnace with a resistive or inductive heater, a 

hot filament, or an infrared lamp generate the heat required to dissociate the carbon 

precursor in the presence of a catalyst.  More recently, the growth temperature for 

thermal CVD has been reduced to 400 – 450 °C for compatibility with CMOS 

processes[21-23].  While the lower growth temperature of CNTs grown by CVD leads to 

CNT films with a higher defect density compared to higher temperature techniques such 

as laser ablation, a post-growth annealing process close to 2000 °C may improve 

crystallinity[24].  Vertically-aligned films or “forests” of CNTs may be produced by 

thermal CVD through a “crowding” effect, whereby CNTs may grow in the vertical 

direction due to a high density of nucleated CNTs interacting with one another via van 

der Waals forces, but will lack vertical alignment without sufficient CNT density[25].  It 

has been observed that the growth rate of CNTs produced by thermal CVD increases 

dramatically once a density threshold has been met[26].  For a schematic of a thermal 

CVD reactor, see Figure 6. 
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Figure 6: Diagram of a thermal CVD furnace for the growth of CNTs.  This 

furnace was designed to introduce small amounts of water vapor to improve CNT 

yield.  Reproduced from [27]. 

1.3.2.1 Plasma-Enhanced Chemical Vapor Deposition 

Plasma-enhanced CVD (PECVD) differs from the simpler thermal CVD 

technique in that a plasma is generated by the interaction of electromagnetic radiation 

and precursor gasses.  The function of the plasma is to aid in the dissociation of the 

precursors, which is accomplished solely by a heat source in thermal CVD.  As a result, 

the process temperature for CNT growth by PECVD may be lower than temperatures 

needed in thermal CVD.  In fact, PECVD techniques were originally developed so that 

deposition processes could be compatible with microelectronics, as certain processes 

cannot tolerate the higher temperatures of thermal CVD[8].  In PECVD growth of CNTs, 

Hofmann et al.[28] have achieved growth temperatures as low as 120 °C.  As mentioned 

in the previous section, CNTs grown by thermal CVD require high density growth to 

achieve vertical alignment through a crowding effect; however, CNTs grown by PECVD 

tend to be vertically aligned even at lower CNT density due to the presence of a 

vertically-oriented electric field generated by the plasma.  While a key advantage of the 
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PECVD technique is lower reaction temperature and a higher degree of alignement, 

bombardment of the growing film by ions and reactive radicals from the plasma tends to 

cause CNTs grown by PECVD to have a higher defect density than those grown by other 

techniques.  This can be a disadvantage in certain applications, but may also allow for 

the growth of graphene-CNT hybrid nanostructures.  For more details on the 

relationship between plasma-induced defects in CNTs and graphene-CNT hybrid 

materials, refer to Chapter 3. 

A number of plasma sources have been used in PECVD for CNT growth, 

including DC, DC with a hot filament, RF, microwave, and inductively-coupled plasma 

reactors[8].  For the work presented here, a 915 MHz microwave PECVD (MPECVD) 

system was used with a microwave power of 2.1 kW.  Compared to the more commonly 

used 2.45 GHz MPECVD reactor, the 915 MHz microwave source allows for more 

uniform and larger-area CNT deposition.  The incident microwave from the magnetron 

source is transmitted along a waveguide and through the reaction chamber, and reflects 

back from a sliding short.  The resultant standing wave and its corresponding electric 

field ionize the low-pressure precursor gasses in the reaction chamber, producing a 

plasma.  The microwave energy not absorbed by the plasma is reflected from an isolator 

to a dummy load and cooled by cooling water[29].  For a schematic of the 915 MHz 

MPECVD system, see Figure 7. 
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Figure 7: Schematic of the 915 MHz MPECVD system used in this research.  

Reproduced from [29]. 

1.4 Primary Materials Characterization Techniques 

1.4.1 Electron Microscopy 

This section will present two of the most frequently used characterization 

techniques in this work: electron microscopy and Raman spectroscopy.  Other 

techniques relevant to particular projects will be discussed in the relevant chapter. 

Scanning electron microscopy (SEM) makes use of electrons emitted by an 

electron gun and guided through electromagnetic lenses and apertures to irradiate the 

surface of a sample.  The beam is focused onto a sample surface and scanned across the 

sample.  The most common imaging mode in SEM is the collection of secondary 

electrons from the sample surface.  As the electron beam is scanned across a sample 

surface, electrons are inelastically scattered from the sample via interaction with the 
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incident electron beam and collected by an electron detector.  Typically, the penetration 

depth of the incident radiation is on the order of tens of nanometers and is determined 

by materials parameters as well as the incident electron beam energy.  As a result, only 

secondary electrons generated near the sample surface are collected, so SEM is an 

imaging technique best suited for determination of the surface morphology of 

nanostructures.  The resolution limit of SEM is typically close to 1 nm[30, 31].  No 

specific sample preparation is necessary for conductive samples, which are grounded, 

and insulating samples are commonly coated with a metal (e.g. Au) by sputtering to 

avoid sample charging. 

As with SEM, transmission electron microscopy (TEM) also generates an electron 

beam at an electron gun and directs the beam to a sample through electromagnetic 

lenses and apertures (condenser, objective, and selected area).  However, TEM differs 

from SEM in that the collected electron signal consists of elastically scattered electrons 

that have passed through a very thin sample, ideally no more than 10 nm thick.  

Methods for sample preparation include argon ion milling, sample crushing, microtome, 

and focused ion etching.  For the majority of the CNT samples discussed in this research, 

CNT films were baked into a resin, and thin-sliced in the vertical (growth) direction by 

microtome to observe the entire high-aspect-ratio structure.  The resolution of the 200 kV 

TEM instrument used in this research was below 1 Å, and samples appear transparent in 

TEM.  These factors allow for the determination of fine detail of the CNTs and related 

nanostructures, including morphological details of the inner nanotube walls[30, 31].  See 
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Figure 8 for simple diagrams of the functionality of the SEM and TEM, and Figure 9 for 

a representation of the TEM imaging mode. 

 

Figure 8: Ray diagrams of (a) TEM and (b) SEM.  Reproduced from [31]. 
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Figure 9: Electron diffraction pattern and image produced by electron 

transmission through a thin sample.  Reproduced from [30]. 

1.4.2 Raman Spectroscopy 

Raman spectroscopy has been an extremely useful characterization tool for 

graphitic materials in the past several decades due to the wealth of information it can 

provide about microstructure and electronic structure, as well as its nondestructive 

nature.  It has been used to characterize pyrolytic graphite[32], carbon fibers[33], glassy 

carbon[32], graphitic foams[34, 35], graphitic nanoribbons[36], fullerenes[37], CNTs[1], 

and graphene[38].  Raman spectroscopy relies on inelastic Raman scattering in order to 

determine characteristic materials parameters related to chemical structure, 

morphology, defects, and certain electronic properties, amongst other parameters.  

During the Raman scattering process, incident photons from a laser source interact with 
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molecular vibrations such as phonons, which shifts the energy of the scattered photons.  

This gives rise to the Raman shift, or the frequency shift of the scattered photons, which 

are detected by a collector in a Raman microscope.  A Raman spectrum will display a 

number of intensity peaks along the x-axis, which indicates the Raman shift (usually in 

cm-1), yielding information about the vibrational modes of the material system.  There 

are a number of distinct Raman modes in CNTs and graphene, which will be 

summarized here and are shown in Figure 10. 

C-C bond stretching, which is present in all graphitic materials, is the source of 

the G band located near 1582 cm-1.  Therefore, any changes in the hexagonal symmetry 

of graphene will impact the G band, which is thus sensitive to strain effects in graphene.  

Examples of sources of strain on graphene include the interaction between stacked 

graphene layers or multi-walled CNTs, interaction between graphene and its substrate, 

and the curvature of CNTs.  In SWNTs, the narrow nanotube curvature gives rise to 

peak splitting in the G band[1], while a single peak is observed in graphene[39]. 

The low-wavenumber (120 – 350 cm-1) radial breathing mode (RBM), generally 

observable only in SWNTs, allows for the determination of SWNT diameters as well as 

resonant optical transition energies for a particular CNT[32].  RBM features correspond 

to the coherent vibration of carbon atoms in the radial direction.  The frequency of the 

RBM is directly related to the SWNT diameter, and through the use of a Kataura plot 

relating the optical transition energies to SWNT diameters, the (n,m) indices of a 

particular SWNT may be obtained[1].  In a sample containing many SWNTs rather than 
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an isolated nanotube, the RBM may be used to determine whether SWNTs are present 

(as opposed to MWNTs) simply by the existence of an observable RBM in the spectrum, 

and is useful in determining the diameter distribution of the sample[1]. 

 

Figure 10: Raman spectra of various sp2 nanocarbons.  The RBM, D, G, D’, G’, 

D+D’, and 2G peaks are labeled for some samples but may apply to any sp2 carbon 

nanostructure.  Reproduced from [32]. 

Other bands of particular interest are the D and D’ bands, which generally arise 

due to disorder in the nanocarbon system.  These bands are dispersive, meaning that 

their Raman shifts depend on the wavelength of the incident laser.  In an experiment 
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examining the effect of ion irradiation on single-layer graphene, the D and D’ band 

emerged after the ion dose was applied at 1345 and 1626 cm-1, respectively, measured by 

a 514 nm laser[40].  Disorder in nanocarbon systems may be quantified by analyzing the 

intensity ratio of the D and G bands, which is proportional to the average distance 

between defects[41].  As seen in Figure 11, the phonon modes in the hexagonal carbon 

ring differ as they give rise to the D and G peaks in Raman spectra.  Raman spectroscopy 

may yield information on the mean spacing between defects by providing quantitative 

information on the relative contribution of the phonons responsible for the D breathing 

mode compared with the Raman active G mode.  In this way, a defect as determined by 

Raman spectroscopy is a disruption in the symmetry of the phonon modes present in the 

nanocarbon systems. This can be measured by determining the ratio of the magnitude of 

the D mode phonons, caused by breaking this symmetry, to the magnitude of the G 

mode phonons.  This relationship will be discussed in more detail in Chapter 3.   
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Figure 11: Phonon modes in hexagonal carbon rings comprising the G mode 

and the D breathing mode observable in Raman spectra.  

Another dispersive band common to all types of sp2 carbons is the G’, or 2D, 

band.  The G’ band is a second-order, two-phonon process and exhibits a strong 

frequency dependence on the incident laser energy[32].  This band is particularly strong 

in graphene samples, and may even be used to differentiate between 1-, 2-, 3-, and 4-

layer graphene as well as turbostratic carbon (randomly oriented layers).  See Figure 12 

for differences between graphenes in the G’ band. 
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Figure 12: Differences in the G’ band as a function of number of graphene 

layers.  Reproduced from [38]. 

1.5 Goals and Scope of the Dissertation 

The primary goal of this work was to understand and better control the growth 

of graphenated carbon nanotubes (g-CNTs), a hybrid carbon nanostructure 

incorporating few-layered graphene (FLG) flakes, or “foliates,” into the sidewalls of 

vertically oriented MWNTs self-organized into a forest-like thin film.  These 

nanostructures are of interest for a variety of applications, especially making use of their 

unique electrical properties for supercapacitor electrodes and field emission sources, as 
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discussed throughout the dissertation.  The growth parameters best suited to the growth 

of g-CNTs were studied with a design of experiments approach using a 915 MHz 

MPECVD growth system, and kinetics models were applied to the growth process to 

better understand its fundamental mechanisms.  The role that the graphene foliates play 

in the superior electrochemical performance of g-CNTs was also clarified, decoupling 

the impacts of increased surface area and electronic properties of the graphene edge 

planes.  Finally, a new approach was conceived to study the surface area of laboratory-

scale nanostructures, making use of atomic layer deposition of TiO2, which is more 

accurate than the previous state-of-the-art technique. 

Chapter 2 focuses on understanding the growth mechanisms of CNTs and g-

CNTs grown by MPECVD, including identifying differences between this technique and 

similar CNT growth techniques.  A kinetics model based on the familiar model of silicon 

oxidation was applied to CNTs grown on crystalline silicon and polycrystalline silicon 

substrates.  The latter material has not previously been extensively studied for CNT 

growth, and is particularly relevant to the incorporation of CNT films into 

microelectromechanical systems devices as they are composed, in part, of poly-Si. 

Chapter 3 is dedicated to the structure and properties of g-CNTs.  Relationships 

between the thin-film growth parameters and subsequent nanostructure morphology 

are presented through a design of experiments study of the 915 MHz MPECVD reactor.  

The particular importance of growth temperature is highlighted, which alone allows the 

resultant nanostructure to undergo significant morphological shifts, in turn influencing 
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the properties of the nanostructures.  Through the use of Raman spectroscopy and cyclic 

voltammetry, a relationship between the nanocrystalline domain size of carbon 

nanomaterials (mean spacing between defects) and specific capacitance was discovered, 

spanning many classes of carbon nanostructures. 

Chapter 4 discusses a new technique capable of measuring the total surface area 

of nanostructured films that was successful for films with as little as 20 cm2 total surface 

area.  This is a significant improvement over the standard BET technique, which requires 

at least 1000 cm2 of material for accurate measurements.  This method was applied to 

CNTs and g-CNTs, finding that the surface area increase caused by the addition of 

graphene foliates to CNT films is not sufficient to account for the capacitance increase of 

g-CNTs, emphasizing the importance of the electronic structure of graphene edge planes 

in their performance as supercapacitor electrodes. 

Chapter 5 summarizes the work described in this dissertation and outlines 

several future research directions. 
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2. Integrating Carbon Nanotube Forests into Polysilicon 
MEMS: Growth Kinetics, Mechanisms, and Adhesion 

2.1 Introduction 

Vacuum microelectronic devices (VMDs) and sensors[42-47] present an attractive 

alternative to solid-state technology in applications where solid-state devices are 

unreliable or do not provide adequate performance.  Situations that require high 

frequency and high power device performance, or operation in harsh environments such 

as high temperature or radiation, are ideal for vacuum microelectronics.  While charges 

flowing through semiconducting channels tend to scatter, resulting in a loss of power 

and signal quality, electrons in a vacuum tube are unaffected by scattering loss[47].  

Despite the performance advantages in certain applications, the use of vacuum 

electronics has been limited due to inadequate development of a suitable cathode that 

can be integrated into the common vacuum microelectromechanical systems (MEMS) 

platform.  MEMS devices are fabricated by silicon-based microfabrication 

techniques[48], are constructed from almost entirely polycrystalline silicon (polysilicon 

or poly-Si) to achieve conductive structures and layered deposition, and can be 

micromachined into desired architectures.  MEMS, a technology presently used as a 

platform for many types of navigation, automotive, and consumer microelectronic 

devices, offers a versatile and reliable microscale platform that can allow for integration 

of a large number of vacuum circuit elements on a single substrate.  
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CNT cold-cathode field emitters have been shown to be excellent candidates for 

integration with MEMS[49-51] owing to their outstanding electrical and mechanical 

properties, allowing for the design and fabrication of complex and innovative integrated 

VMDs. To date, however, the factors involved with integrating CNTs as field emitters, 

specifically in situ growth of CNTs on polysilicon substrates, have not been well studied. 

A scalable and reliable technology requires precise control over all components and 

conjoined materials. For CNT field emitters, precise control of the distance between the 

cathode and extraction electrode is critical to controlling power requirements and to 

avoid electrode shorting and device failure.  Understanding CNT growth mechanisms, 

kinetics, and adhesion on MEMS substrate materials will enable seamless integration of 

CNT technology with existing standard MEMS processing techniques.  CNT diameter, 

forest density, and length all influence field emission characteristics.  Here, the focus will 

be on the growth kinetics as a means to developing fine control over these parameters. 

While no studies have been performed on the kinetics and mechanisms of CNT 

growth on polysilicon, significant research has been performed studying growth kinetics 

and mechanisms for CNTs grown on single-crystal silicon by both thermal and plasma-

enhanced chemical vapor deposition (CVD).  In early experiments by Baker et al.[52] on 

thermal growth of carbon nanofibers with catalyst particles fixed at the tips (tip-growth 

mode), bulk carbon diffusion through the catalyst was identified as the rate-limiting step 

due to the similarity of the growth activation energy with carbon diffusion.  Similarly, 

Chhowalla et al.[53] reported a bulk-diffusion-limited growth process in tip-growth by 
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PECVD, finding an activation energy of 1.4 eV and a growth rate that varied inversely 

with catalyst nanoparticle diameter[54].  Several other groups have reported activation 

energies in the range of 1.3 – 1.6 eV[55-57], and others have found the energy barrier to 

CNT growth closer to 2.2 – 2.4 eV[58-60].  Conversely, in the low-temperature regime (T 

= 150 – 500 °C), Hofmann et al.[28] reported a very low activation energy of 0.25 eV for 

tip-mode PECVD growth, attributing the low value to surface diffusion of plasma-

dissociated precursors across the catalyst particle.  As such, bulk diffusion through the 

catalyst is not required for successful CNT growth.  While most growth trends are 

nearly linear, especially for tip-mode thermal CVD deposition techniques, parabolic 

growth trends have been observed as well by several groups[61-64] in thermal CVD.  

This effect was attributed to gas phase diffusion-limited deposition.  Wirth et al. found a 

pressure dependence of p0.6 and activation energy <1 eV for tip-growth thermal 

CVD[65], attributing observations to both dissociation of acetylene on the catalyst 

surface and a rate-limiting step of diffusion in the catalyst.  Surface-diffusion-based 

growth mechanisms have been described theoretically by Louchev et al.[10, 66] 

involving carbon precursor species traveling along the length of growing CNT forests.  

In addition to a lack of literature addressing CNT growth kinetics on polysilicon 

substrates, there is little work studying higher temperature (800 – 900 °C) PECVD base-

growth kinetics and mechanisms.  Furthermore, there is no experimental work 

performed considering a mechanism involving a rate-limiting step of surface diffusion 

along the length of the growing CNT forest to the catalyst. 
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Despite significant efforts to understand CNT growth kinetics on single-crystal 

Si, little is known about growth on poly-Si substrates.  Therefore, base-mode growth of 

CNTs by PECVD was studied on Si (100) and polysilicon substrates, designed 

identically to those fabricated in the industry-standard Polysilicon Multi-User MEMS 

Process, or PolyMUMPs, with the goal of modeling the same type of growth that occurs 

on MEMS devices.  A parabolic growth trend was observed between CNT forest height 

and deposition time, separate activation energies corresponding to different phases of 

growth, and present evidence in favor of a growth mechanism dominated by surface 

diffusion of carbon precursor along the outer surface of the CNTs, along the length to 

the catalyst fixed at the base of the CNT.  Data is then presented to explain the causes of 

growth differences between CNTs deposited on Si (100) and CNTs deposited on poly-Si.  

Finally, thin film interlayers were engineered between the catalyst and the polysilicon 

substrate to improve the adhesion of CNT field emitters to the substrate. 

2.2 Experimental 

2.2.1 Substrate Preparation 

The single-crystal silicon substrates used for the growth of CNTs in this study 

were N-type conductive (100) silicon.  The polycrystalline silicon wafers were likewise 

fabricated at RTI International using a similar process to the standard PolyMUMPs to 

replicate the substrate conditions for CNT growth on a MEMS device.  A 1 µm thick 

polysilicon film was deposited on a 500 µm thick N-type (100) silicon wafer via low-

pressure CVD (LPCVD) followed by a 200 nm thick sacrificial layer of phosphosilicate 
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glass (PSG) to serve as a phosphorus dopant source.  The wafer was then annealed at 

1050 °C for 1 hour in argon to n-dope the polysilicon as well as release stress in the 

polysilicon film formed during the LPCVD process.  Next, the substrates were cleaned in 

a buffered oxide etch (BOE), rinsed with DI water, and dried with N2 gas.  All CNT 

growth substrates were coated with an iron catalyst layer 5 nm in thickness at RTI 

International using a CHA electron beam evaporation system. 

Improvements in CNT adhesion to polysilicon substrates were made possible 

through the use of 2.5 nm thick metallic layers introduced between the polysilicon 

substrates (prepared as described in Section 2.1) and the thin film CNT catalyst.  It has 

also been shown[67-69] that these interlayers can result in better control of the final CNT 

film morphology by reducing catalyst diffusion into the poly-Si substrate during 

growth, but this was not directly investigated in this study.  In order to compare the 

adhesion between CNT films with and without a metallic interlayer, samples of identical 

dimensions were fabricated for each of the interlayers, as well as a control sample that 

contained no interlayer.  A dicing saw was used to precisely define 6.25 mm2 substrates.  

Next, a brief BOE rinse was performed to remove any residue and then the substrate 

was loaded into the CHA electron beam evaporation system to deposit the refractory 

metal layers and iron catalyst. 

2.2.2 Carbon Nanotube Growth 

Microwave PECVD was employed for the growth of CNT forests on each type of 

substrate, which has been described in detail in previous publications [70-75] and 
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outlined in Chapter 1.  In brief, the process occurs during two steps: heat up and growth.  

The heat up step involves raising the substrates to the desired deposition temperature, 

which is regulated by a thermocouple located directly under the quartz sample stage, 

followed by igniting and tuning a reducing plasma.  The plasma is struck under a 100 

sccm flow of NH3 at the base reactor pressure, and tuned to approximately 2.1 kW 

microwave power as the pressure in the reactor rises to 21 torr.  During this initial 

temperature and plasma ramp, the iron film dewets into catalyst nanoparticles.  

Following heat up, CH4 is introduced as the carbon-containing precursor at 150 sccm 

flow rate, and the NH3 flow is decreased to 50 sccm.   

CNTs were grown for different time intervals (1, 2, 3, 4, and 5 minutes) at 

temperatures of 825, 850, and 875 °C on both Si (100) and polysilicon for the purpose of 

identifying activation energies associated with different stages of growth.  An extended 

range of deposition times was performed on each substrate at 850 °C in order to identify 

the diffusivity values of carbon feedstock through the growing CNT film.  All CNTs 

possessed bamboo-type inner walls as seen in Figure 13, and grew by base growth.  The 

CNTs grown on polysilicon substrates frequently display a region of lower density, 

smaller diameter CNTs that extend past the tips of the bulk CNT film (Figure 13 (b)). 
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Figure 13: Morphology of CNTs simultaneously grown on a) Si (100) and b) 

polysilicon imaged by SEM.  c) TEM micrograph of a CNT with bamboo-type inner 

walls, with inset depicting a catalyst iron nanoparticle embedded within the CNT 

base.  d) Schematic of field emission test chamber (SMU: source measure unit). 
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2.2.3 Characterization Techniques 

Scanning electron microscopy was performed with a FEI XL30 SEM-FEG 

microscope to measure the CNT film thickness and a Tecnai G2 Twin instrument was 

used to collect transmission electron microscopy images.  Raman spectra were measured 

using a Horiba Jobin Yvon LabRam ARAMIS Raman microscope with a 633 nm HeNe 

laser.  Synchrotron X-ray scattering measurements were performed at beamline 7.3.3 at 

the Advanced Light Source using a beam energy of 10 keV and a Mo/B4C 

monochromator with the purpose of determining the extent of nanotube alignment.  

Alignment was quantified from the anisotropy of WAXS patterns using Herman’s 

orientation factor (f)[76] which has a value between 0 and 1.  Values closer to 1 indicate a 

higher degree of alignment.   

2.2.4 Adhesion Testing 

Adhesion of the CNT emitters to the substrate was examined using the standard 

American Society for Testing and Materials (ASTM) test methods for measuring 

adhesion of thin films[77], which assesses the adhesion of films to substrates by 

applying and removing pressure-sensitive tape over the film (3M Magic Tape 810D).  

This procedure was combined with spectrophotometer measurements performed 

iteratively after each tape test in order to measure the reflectance from the underlying 

sample.  More than ten samples from each interlayer set were tested with 50-60 

spectrophotometer measurements performed on each sample for statistical relevance.  

The reflectance correlated directly to the CNT density remaining on the sample after 
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each adhesion test, which provided quantitative measurements of the degree of 

adhesion of the CNT film to the substrate.  Each sample was mounted onto a custom 3D-

printed sample holder that was designed to be compatible with a Shimadzu UV-3600 

UV-Vis-NIR Spectrophotometer.  The instrument was operated in reflectance mode, 

scanning wavelengths between 200 and 700 nm.  After the baseline measurements, the 

sample holder was removed from the instrument and the first tape test was performed.  

Constant pressure was applied using fixed weights that were moved uniformly across 

the film surface, and tape removal speed was carefully monitored.  However, it has been 

shown[78] that variability in the speed at which the tape is removed, as well as the 

variability in applied pressure, do not strongly impact adhesion evaluation.  After the 

tape was removed, the sample was loaded back into the spectrophotometer for another 

set of reflectance measurements.  This process was repeated until the reflectance 

measurements saturated, indicating that all possible CNTs were removed. 

2.3 Results and Discussion 

2.3.1 Kinetics Model 

A model of the growth kinetics was performed for each substrate in order to 

understand the differences between CNT growth on crystalline silicon substrates using 

PECVD and the corresponding growth on a polysilicon substrate.  A model based on 

Fick’s first law for a thin membrane[79] was used in a similar way to the Deal and Grove 

model of thermal oxidation of silicon[63, 64, 80].  In this model, first developed by Cui et 

al.[29] and reproduced here, it is assumed that the flux of carbon species through the 
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boundary consisting of the tip of the CNT forest is given by Fick’s first law, and the 

diffusion constant for carbon through this boundary layer as well as the thickness of the 

boundary remain constant in space and time.  The steady-state assumption is also in 

effect, whereby the flux of carbon species impinging upon the growing CNT array is 

assumed equal to the flux of carbon species through the CNT array, and also equal to the 

flux through the catalyst particle[29].  

The flux (F0) of carbon species from the gas phase through a boundary consisting 

of the tips of the growing CNT forest may be treated according to Fick’s first law.  As 

such, this flux may be described by  

F0 = D0 (C0 −C1) / l , (2.1) 

where D0 is the diffusion coefficient for carbon species through this boundary layer, C0 is 

the concentration of carbon species in the gas phase, C1 is the concentration of carbon 

species immediately across the barrier in the CNT forest, and l is the thickness of the 

boundary region.  For a diagram of the CNT growth model, refer to Figure 14.  Based on 

the assumptions described above, D0 and l are assumed to be constant and may be 

combined into h ≡ D0 / l .  Thus, 

F0 = h(C0 −C1) . (2.2) 
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Figure 14: Schematic for the model used to determine CNT growth kinetics 

based on the method of Deal and Grove.  Reproduced from [29]. 

The flux of carbon species within the layer consisting of the growing CNT forest may be 

written as 

F1 = −D1(dC dx) , (2.3) 

where D1 is the diffusion coefficient through the CNT forest, C is the concentration of 

carbon species, and x is the growth direction.  However, since the steady-state 

assumption is in effect, the flux through the CNT film is constant throughout the forest 

and this expression may be simplified to  

F1 = D1(C1 −C2 ) / L . (2.4) 
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C2 is the concentration of carbon species at the base of the CNT forest (i.e. the 

CNT/substrate interface), and L is the CNT film thickness at a particular point in the 

growth process.  Finally, the flux of carbon species from the CNT array into the Fe 

catalyst layer is taken into account.  As chemical adsorption takes place at the catalyst 

layer, the flux is described by  

F2 = kC2 , (2.5) 

where k is proportional to the diffusivity of the carbon species into the catalyst (D2), and 

may be written as k = k0D2 .  The diffusivities D1 and D2 are Arrhenius expressions of the 

form  

Di = Di0 exp −Eai /KBT( ) , i = 1,2 , DisplayText cannot span more than one line!  

where Eai is the activation energy associated with the physical process occurring at 

location i and Di0 is the corresponding diffusion constant ( i = 1,2 ), KB is the Boltzmann 

constant, and T is temperature.  Through the steady-state assumption, the flux through 

each layer must be equal, so F ≡ F0 = F1 = F2 .  Solving for F,  

F = kC0
l + k h + kL D1( ) .  (2.7) 

If the number of carbon species adsorbed by the catalyst and subsequently precipitated 

as CNTs is N, the one-dimensional growth rate of the CNTs is 

dL dt = F N . (2.8) 

This expression has a general solution of the form 
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B(t − t0 ) = AL + L
2

, (2.9) 

where   

A = 2D1 1 k +1 h( )  and B = 2D1C0 N , (2.10) 

t is the growth time, and t0 is the CNT nucleation delay.  In the limit of short growth 

times (corresponding to small values of L), the general solution to the differential 

equation can be approximated as 

B(t − t0 ) ≈ AL , (2.11) 

and therefore B/A is referred to as the linear rate constant.  Similarly, for longer growth 

times,  

B(t − t0 ) ≈ L
2

, (2.12) 

and thus B is the parabolic rate constant.  Physically, the short-growth approximation 

corresponds to the nucleation of CNTs at the catalyst nanoparticles and beginning of 

CNT forest growth, and will hereafter be referred to as the “linear region” of growth.  

The long-growth approximation corresponds to physical processes occurring long after 

the nucleation phase, while the CNT forest is growing, and will be referred to as the 

“parabolic region” of growth.  

In expanding the linear and parabolic rate constants,   

B A = kC0 N = k0D2C0 N = k0C0N
−1D20 exp(−Ea2 KBT )  (linear) (2.13) 

and  

B = 2C0N
−1D10 exp −Ea1 KBT( )  (parabolic). (2.14) 
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In taking the natural logarithm, 

ln(B A) = γ 2 + (−Ea2 KB )T
−1

 (linear) (2.15) 

and  

ln(B) = γ 1 + (−Ea1 KB )T
−1

 (parabolic), (2.16) 

where γ1 and γ2 are constants.  Thus, in finding the slope of the Arrhenius plots for the 

linear and parabolic regions, the activation energy governing the rate-limiting reaction 

occurring during that step may be determined.  The termination growth regime, existing 

for growth times exceeding the time steps considered for the parabolic region, is not 

discussed here, although reports of CNT growth termination mechanisms may be found 

in the literature[81-84]. 

2.3.2 CNT Growth Kinetics and Activation Energies 

As discussed in the Experimental Section, to determine the activation energies 

for each phase of growth, growth temperatures of 825, 850, and 875 °C were used for 

deposition times of 1, 2, 3, 4, and 5 minutes.  As such, each point in Figure 15 represents 

of five growth data points.  During each growth experiment, Si (100) and polysilicon 

substrates were loaded simultaneously in the PECVD reactor, and the film thickness for 

each was measured by SEM.  Figure 15 is the Arrhenius plot displaying the natural 

logarithm of both the linear and parabolic rate constants as a function of inverse 

temperature.  The slope (m) of the Arrhenius curve is related to activation energy by 

Ea = −KBm .  The results of this analysis indicate activation energies during nucleation 
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corresponding to diffusion of carbon feedstock into the catalyst of Ea,lin
Si

= 1.61 eV on the 

Si (100) substrates, and Ea,lin
poly−Si

 = 1.54 eV on polysilicon substrates.  These values closely 

match the literature values for bulk diffusion of carbon into γ-Fe, which have been 

reported in the range of 1.54-1.6 eV[85].  While γ-Fe typically does not form below a 

temperature of 912 °C[86], the existence of residual carbon in the PECVD reaction 

chamber could allow for the formation of γ-Fe rather than α-Fe or a mixed phase.  On 

the other hand, activation energies from the parabolic growth regime were found to be 

Ea,para
Si

= 1.90 eV and Ea,para
poly−Si

= 3.69 eV for CNTs grown on Si (100) and polysilicon 

substrates respectively. 
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Figure 15: Arrhenius plot used to determine activation energies corresponding 

to the linear and parabolic regions of CNT growth.  The slope of the linear region for 

both substrates is quite similar and corresponds to bulk diffusion of carbon precursor 

into the γ-Fe catalyst nanoparticles.  The slope in the parabolic region differs between 

CNTs on Si (100) and polysilicon, leading to different activation energies for the 

diffusion-limited phase of growth. 

To understand the physical processes responsible for the increased energy 

barrier during CNT growth compared with bulk diffusion occurring during nucleation, 

as well as to understand parabolic activation energy differences between growth on each 

substrate, the theory of diffusion developed by Deal and Grove[80] was again employed.  

The overall growth rate expression used to fit growth rate data is  

R(t) = 0.5A 1+
4B(tgr )
A2

−1
⎛

⎝
⎜

⎞

⎠
⎟  (2.17) 
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where R is the height of the CNT forest, tgr is the growth time, and A and B are 

composite terms previously discussed, defined as  

A = 2D k , B = 2Dn0 ns  (2.18) 

D is the diffusivity, k is the effective rate constant for the conversion of feedstock into 

nanotubes, n0 is the concentration of feedstock at the tips of the CNTs as estimated by 

the ideal gas law[87], and ns is the density of the deposited nanotubes (0.02 g cm-3)[63]. 

A more robust data set was needed to effectively fit Equation 2.17, and thus 

another growth series was performed at 850 °C with growth times of 20, 30, 40, 50, 60, 

120, 240, and 480 s.   Equation 2.17 was fit to the above set of data treating A and B as 

constants to determine through the fit.  The Levenberg-Marquardt nonlinear least 

squares algorithm was used to calculate values of A and B, which were subsequently 

used to extract diffusivity values (Figure 16).  The diffusivity values calculated by this 

method were 3.5 x 10-4 cm2/s and 7.9 x 10-5 cm2/s for CNT growth on Si (100) and 

polysilicon substrates, respectively. 
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Figure 16: CNT forest height kinetics at 850 °C.  The solid curves correspond to 

the fit to the Deal and Grove expression, with A and B values listed. 

To determine the degree to which the growth process is diffusion-limited, a 

quantity referred to as the diffusion-limiting factor α was calculated in a similar fashion 

to Puretzky et al[63].  The time-dependent term found under the radical in Equation 2.17 

clearly plays a crucial role in the curvature of the length vs. deposition time curve for a 

CNT growth reaction, and is defined as 

α (tgr ) = 4Btgr A2 = 2n0k
2tgr Dns  (2.19) 

Based on the fit of the Deal and Grove expression, the corresponding values of the 

diffusion-limiting factor as a function of growth time are α Si = 0.012tgr  and 
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α poly−Si = 0.834tgr  for growth at 850 °C.  In order for the process to be considered 

diffusion-limited, α >>1 [63].  Therefore, it is clear that growth of CNTs on polysilicon 

becomes diffusion-limited about 10 times faster compared with CNTs grown on Si (100), 

resulting in a CNT growth rate reduction earlier in the growth process on poly-Si 

compared to Si (100). 

2.3.3 Diffusion Mechanisms 

Considering the above description of CNT growth kinetics on Si (100) and 

polysilicon substrates, three closely related issues have arisen.  First, the activation 

energy for the parabolic region of growth is higher than the bulk activation energy 

calculated for the linear region associated with nucleation.  Furthermore, the activation 

energy found for the parabolic region of growth on polysilicon is significantly larger 

than the equivalent energy barrier for growth on Si (100).  Finally, the diffusivity of 

carbon precursors through the growing CNT forest on polysilicon is significantly lower 

than the diffusivity for growth on Si (100).  To understand the factors giving rise to these 

observations, the physical diffusion mechanisms of the growth process must be 

considered under the PECVD growth conditions. 

The diffusion mechanisms most relevant to a porous thin film system are 

Knudsen diffusion and surface diffusion.  Knudsen diffusion involves the collision of 

gas molecules with pore walls as a means of gas transport through the pore, or the space 

between CNTs in the present case.  Knudsen diffusion may occur in a system if the pore 

size is smaller than the mean free path of the gas molecules by a factor of ten or more[64, 
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88, 89].  Knudsen diffusion is commonly cited as the governing diffusion mechanism for 

CNT growth by thermal CVD[63, 64].  An alternative mechanism is surface diffusion of 

carbon molecules or radicals along the surface of growing CNTs as a means of transport 

from the gas phase to the catalyst particle at the substrate surface.  This mechanism has 

been theorized by Louchev et al.[10, 66], and may be a more likely governing diffusion 

mechanism when the carbon precursors are in the form of reactive radicals.  While the 

conditions are met for Knudsen diffusion in the current system, evidence is presented 

below in favor of surface diffusion along the CNT length being the primary transport 

mechanism for this PECVD process.  Specifically, a trend of decreasing CNT length with 

increasing process temperature, defect density for CNTs grown on each substrate, the 

growth mechanism for a graphene-CNT hybrid material, and the existence of bamboo-

type inner CNT walls will be discussed in the context of a surface diffusion mechanism, 

offering supporting evidence that the growth process is controlled by this mechanism. 

A conclusive way to determine the diffusion mechanism is to determine the 

temperature dependence of the diffusivity of the system.  By calculating diffusivity at a 

number of temperatures and examining whether these values correspond to a T1/2 

dependence or a exp(-1/T) dependence, it is possible to determine whether the 

governing mechanism is Knudsen diffusion or surface diffusion, respectively.  As this 

analysis requires more data than is presently available, several pieces of supporting 

evidence are instead proposed in favor of the surface diffusion mechanism. 
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The first potential mechanism to consider is the type of precursor transport 

through the channels in between adjacent CNTs in the growing forest, or Knudsen 

diffusion.  The Knudsen number, the figure of merit determining whether transport is 

governed by Knudsen diffusion, is the ratio of the pore size (r) to the mean free path of 

the carbon-containing precursor (λMFP).  If this ratio is less than 0.1, Knudsen diffusion 

may occur[64, 88, 89].  Mean free path may be calculated as[90] 

λMFP = RT 2πd 2NAp  (2.20) 

where R is the ideal gas constant, T is the temperature, d is the molecular diameter, NA is 

Avogadro’s number, and p is the chamber pressure.  Using methane as the carbon-

carrying species and the growth parameters enumerated in the Experimental Section, 

λMFP ≈ 7.8 µm.  Since the inter-CNT pore size is on the order of tens of nanometers, the 

above ratio is much less than 0.1.  Therefore, it is possible that some Knudsen diffusion 

may occur during growth.  It seems unlikely, however, that this is the primary diffusion 

mechanism, as most carbon-containing species exist in the form of reactive radicals due 

to the presence of the plasma.  Additionally, the CNTs possess a high defect density due 

to ion bombardment, which may serve as adhesion sites for reactive radicals and hinder 

Knudsen diffusion. 

There are several pieces of supporting evidence that favor surface diffusion along 

the length of the CNTs as the primary diffusion-limiting mechanism during steady-state 

growth.  In the case of iron-catalyzed growth in this PECVD reactor, the growth 

proceeds from the iron catalyst nanoparticles, which remain anchored at the substrate-
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nanotube interface.  A growth mechanism dominated by surface diffusion must allow 

for diffusion of carbon species from the gas-nanotube interface to the catalyst particle at 

the substrate surface, so surface diffusion must occur along the length of the CNTs.   

Across a wider temperature range (700 – 900 °C), a general inverse relationship 

between CNT forest height and growth temperature on MEMS devices was observed 

(Figure 17).  These growth experiments on polysilicon MEMS devices were performed 

under identical growth conditions but varying the process temperature.  This trend is 

also reflected in the results of several other mechanistic studies[13, 53, 66, 91], and was 

initially attributed to diffusion of the catalyst into the polysilicon substrate.  However, it 

is unlikely that a significant amount of iron silicide exists in the catalyst nanoparticles, at 

least during the linear phase of growth, due to the earlier conclusion that the 

nanoparticles are austenite, which does not form readily if a significant amount of 

silicon has become incorporated into the nanoparticle[92].   
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Figure 17: CNT forest height as a function of growth temperature on 

polysilicon MEMS devices.  All CNT forests were grown for 150 s. 

The trend of decreasing CNT length as a function of increasing temperature can 

be explained if the majority of the diffusion of carbon species from the gas phase to the 

catalyst particle occurs by the surface diffusion mechanism along the CNT sidewalls.  

The average distance that a carbon species may travel along the length of a CNT before 

coming to rest is given by[66] 

λSD = a0 exp Eads − ESD( ) 2KBT⎡⎣ ⎤⎦  (2.21) 

where a0 is the distance between adsorption sites on the CNT surface, Eads is the energy 

barrier to adsorption, and ESD is the activation energy of surface diffusion along the 

length of the CNT.  Under these experimental conditions and using literature values to 

approximate the different energy barriers, λSD is on the order of tens of micrometers, and 
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this characteristic length is reduced strongly with increasing temperature.  Therefore, it 

is possible that the reduction in CNT length with increasing temperature on polysilicon 

MEMS devices is primarily due to the limitation in surface diffusion length. 

In order to elucidate the surface diffusion mechanism as well as understand the 

large activation energy for the parabolic growth region on polysilicon substrates, Raman 

spectroscopy was used to measure the mean distance between defect sites on CNTs 

grown on each substrate.  Through the Tuinstra-Koenig relationship[41], it is possible to 

calculate the mean crystallite size (La) of CNTs by studying the relative intensities of the 

D and G Raman bands.  This expression was modified by Matthews et al. to take into 

account the wavelength of the incident laser[93].  As seen in Figure 18, there is a 

significant difference in La between CNTs grown on Si (100) and polysilicon, which were 

found to be 66 and 201 Å respectively.  This difference in La may arise from the presence 

of smaller catalyst nanoparticles on poly-Si substrates, discussed below in Section 3.3, 

which could produce smaller diameter and more crystalline CNTs.  If it is assumed that 

La is a good approximation to a0 in Equation 2.21, the distance between adsorption sites 

that act as a pathway to surface diffusion along the length of the CNTs is larger for 

CNTs grown on polysilicon.  This may explain the large Ea for the parabolic region of 

growth on polysilicon (3.69 eV) compared to CNTs grown on Si (100) (1.90 eV), as the 

energy barrier for transport between adsorption sites should increase with increasing 

distance between adsorption sites.  In addition, the parabolic activation energy for CNTs 
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grown on Si (100) is close to the reported value for carbon adsorption on CNT 

sidewalls[66, 94]. 

 

Figure 18: Raman spectra of CNTs grown on Si (100) and polysilicon 

substrates.  The crystallite size is 66 Å for CNT on Si (100) and 201 Å for CNTs on 

polysilicon. 

More support of surface diffusion as the primary diffusion mechanism in this 

system comes from the existence of a hybrid carbon nanostructure consisting of few-

layered graphene covalently bonded to the sidewalls of CNTs referred to as 

graphenated carbon nanotubes (g-CNTs) also supports the surface diffusion mechanism.  
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As reported elsewhere[70-74, 95] and discussed in more detail in Chapter 3, this hybrid 

nanostructure (Figure 19) usually requires an elevated temperature (~1050 °C) in order 

to form the leaves of few-layered graphene, referred to as “foliates.”  The growth 

mechanism of these foliates has been proposed as either a stress-buckling 

mechanism[71] where varying growth rates between concentric nanotube walls causes 

buckling and fracture, allowing growth of the foliate at the fracture site, or an ion 

bombardment mechanism[72] where energetic ions from the plasma environment cause 

defects in the outer nanotube walls, allowing foliates to nucleate and grow (discussed 

more in Chapter 3).  In either case, defect sites in the outer walls of the CNTs exist at 

high spatial frequency, which is also the pathway by which surface diffusion-driven 

growth occurs.  However, at the elevated temperatures used to grow g-CNTs, growth 

typically terminates at about 10 µm, after which point growth of foliates begins[71, 72].  

This lower terminal length is in agreement with a surface diffusion mechanism that 

limits the maximum forest length as temperature is increased.  If the temperature during 

growth remains lower (~850 °C), these g-CNT structures may also form, but only when 

the growth time is much longer[73].  These lower temperature g-CNTs also form foliates 

only after the termination length of the forest is reached, which is typically about 40-50 

µm at 850 °C.  More growth details may be found in the next chapter. 
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Figure 19: a) Plan view SEM micrograph of graphenated CNTs and b) higher 

magnification image of a g-CNT.  Inset: TEM micrograph of a few-layered graphene 

foliate terminating in 3-5 graphene layers. 

Temperature gradients within the growing CNT array also support a surface 

diffusion mechanism.  There are two heat sources during the growth reaction: the first is 

the substrate heater underneath the growth substrate and the second is the plasma 

above the growing CNT array.  The heat generated in the CNT film by ion- and reactive 

radical-bombardment from the plasma, powered by 2.1 kW of microwave power, should 

be higher than that of the substrate heater, so a thermal gradient exists in the downward 

direction.  As a result, the CNT tips are the hottest regions of the film.  After growth 

terminates due to the limitation in surface diffusion length, the tips continue to 

experience reactive carbon-containing radicals impinging upon them.  As the tips are at 

a higher temperature than the lower regions of the CNTs due to the aforementioned 

thermal gradient as well as heat loss occurring from conductive losses along the length 

of the tube and convective loss from gas molecules in the region between CNTs (due to 
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some limited Knudsen diffusion), the surface diffusion length is smallest for this region.  

As carbon species adsorb onto the CNT tips, surface diffusion may occur over a very 

small length scale, especially at higher growth temperatures, and nucleate foliates at the 

defect site where it comes to rest.  In this way, surface diffusion seems the most likely 

mechanism in light of the evidence presented for this hybrid nanostructure. 

Additionally, it has been observed that when the temperature is increased 

further (1100 °C or higher), CNTs or g-CNTs are no longer present in the resultant film.  

Instead, vertically oriented sheets of few-layered graphene are deposited on the 

substrate without any nanotube structure present[72].  As the CNTs grown by this 

PECVD reaction have bamboo-type inner CNT walls, it is possible that the surface 

diffusion length is even smaller for these conditions than the length of a single bamboo 

segment, preventing the growth of nanotubes.  Instead, carbon nanosheets are produced 

at temperatures exceeding 1100 °C, which will also be discussed in more detail in 

Chapter 3.   

As a final point supporting the surface diffusion mechanism, bamboo-type 

growth has been associated with a surface diffusion mechanism[10]. 

2.3.4 Causes of Reduced Diffusivity for CNTs grown on Polysilicon 

Thus far, the kinetics of CNT growth on polysilicon has been discussed and 

compared to growth on Si (100), the physical interpretation of the associated activation 

energies has been examined, and diffusion mechanisms have been explored.  Here, the 
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reason why growth on polysilicon has lower diffusivity and becomes diffusion-limited 

earlier in the growth process compared with CNTs grown on Si (100) will be considered. 

It is well known that the diameter of the catalyst nanoparticles is closely related 

to the diameter and growth rate of the resultant CNT [53, 96, 97].  Catalyst nanoparticle 

diameter and CNT diameter are directly proportional, and CNT diameter and CNT 

growth rate are inversely proportional.  It is therefore important to examine the way in 

which the iron catalyst film dewets on polysilicon in relation to Si (100).  Figure 20 

shows SEM micrographs of catalyst nanoparticles forming on each substrate at 850 °C, 

prepared by terminating the CNT growth process before introduction of the carbon 

precursor, as well as the diameter distribution of these nanoparticle arrays.  From Figure 

20, it is clear that nanoparticles that dewet on polysilicon are less uniform, with the 

highest frequency nanoparticle diameter between 15 and 30 nm, and form a bimodal 

distribution.  In contrast, the nanoparticles that form on Si (100) substrates possess more 

uniform diameters and are larger on average.  Additionally, the nanoparticles that form 

on top of the grains on polysilicon substrates tend to be larger (~60-70 nm) and smaller 

particles aggregate near the grain boundaries.  The lower mode in the bimodal 

distribution is attributed to particles formed around the grain boundaries, where the 

crystal facets are expected to vary.  This is in agreement with literature[98], in which 

smaller particles form on the Si (111) crystal face (25-35 nm) and larger particles (55-65 

nm) form on Si (100) due to differences in surface energy.  While catalyst thickness and 

pretreatment time impact the resultant nanoparticle dimensions[99, 100], these 
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parameters were very similar in the referenced study compared to the present 

experimental conditions. 

 

Figure 20: Catalyst nanoparticle arrays produced by dewetting at 850 °C in an 

ammonia plasma environment on a) Si(100) and b) polysilicon.  (c-d) illustrate image 

processing performed in order to obtain the nanoparticle diameter distributions, 

found in (e-f).  (e-f) display the distributions of Feret diameters, excluding particles 

found at the edge of the image. 

As mentioned above, the catalyst nanoparticle diameter influences the resultant 

CNT diameter as well as growth rate.  Since the nanoparticle diameters are dispersed 
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across a range of values more so on polysilicon compared to Si (100) substrates, there is 

also a dispersion of growth rate of the nanotubes catalyzed by these particles.  Due to 

the close proximity of CNTs to one another during the growth process, van der Waals 

forces[101, 102] may cause neighboring CNTs with differing growth rates to collectively 

bend and become tortuous.  Since the dispersion of nanoparticle diameters is higher for 

CNTs grown on polysilicon due to the variety of surface energies displayed by the 

various exposed crystal faces, the tortuosity of these films is expected to be higher.  CNT 

films with a higher degree of tortuosity have a lower apparent film thickness, assuming 

equal CNT length, due to the compression of CNT length along the vertical 

direction[26].  Therefore, an increase in tortuosity would lead to a reduction in apparent 

growth rate and a reduction in diffusivity, as is observed for CNT growth on polysilicon 

compared to growth on Si (100).  This discrepancy would be eliminated if real CNT 

length were used for kinetics calculations rather than film thickness. 

In order to measure the difference in tortuosity for CNTs grown on each 

substrate, wide-angle X-ray scattering (WAXS) measurements were taken to quantify the 

degree of alignment of each type of film.  As discussed in the Experimental Section, the 

orientation factor (f) for typical aligned CNT films grown on Si (100) and polysilicon 

substrates was determined in order to corroborate the conclusions made from the 

nanoparticle analysis.  The orientation parameter is calculated from anisotropy in the X-

ray scattering pattern, 
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f = 1
2
3 cos2φ −1( )  (2.22) 

where  

cos2φ =
I(φ)sinφ cos2φ( )dφ

0

π /2

∫
I(φ)sinφ( )dφ

0

π /2

∫
 (2.23) 

φ is the angle between the z-axis and the vertically-oriented CNT, while I(φ) is the 

azimuthal intensity distribution collected at the q location of maximum intensity[76, 

103], corresponding to the interlayer spacing of the graphitic sidewalls. 

For CNTs grown on Si (100), fSi = 0.4 and for CNTs grown on polysilicon, fpoly-Si = 

0.2.  From these values, it is clear that the CNTs grown on polysilicon possess a much 

higher degree of tortuosity compared with CNTs grown on Si (100) (Figure 21).  This 

may also help to explain why the diffusivity is markedly lower for growth on 

polysilicon and the parabolic activation energy is larger, as the effective growth rate 

disparity is reduced when taking tortuosity into account. 
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Figure 21: WAXS spectra of CNTs grown on (a) Si (100) and (b) poly-Si.  The 

CNTs on poly-Si display a higher degree of tortuosity, with an orientation factor of 

approximately 0.2.  The orientation factor of CNTs on Si (100) is approximately 0.4. 

2.3.5 Improving CNT Adhesion to Polysilicon 

A practical requirement for the industrial viability of a packaged CNT field 

emission vacuum microelectronic device (CNT FE-VMD) is the ability to integrate a 

VMD platform with cathodes that can provide high current density and long lifetime.  In 

the previous sections, better control over CNT length and CNT forest morphology may 

be achieved through improved understanding of CNT growth kinetics on poly-Si, which 

is important in precisely controlling the CNT-anode gap distance, for example.  

However, mechanisms of device failure must also be studied to improve device 
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performance and lifetime.   There have been numerous studies[104-106] on the failure 

mechanisms of stand-alone CNT field emitters and there are several possible causes of 

failure.  Examples include shortening of the CNT emitter length during operation over 

time due to enhanced oxidative ablation of the tube caused by local resistive heating (i.e. 

thermo-mechanically activated fracture)[105, 107], degradation due to ion 

irradiation/bombardment and the concurrent degradation of the CNT[108, 109], and 

extraction of the CNT from the substrate due to either electrodynamic force-activated 

failure or increased resistive heating at the substrate-CNT interface[105, 106].  In the case 

of CNT emitters grown on MEMS polysilicon-based substrates, poor adhesion between 

the CNT emitter and its substrate is the primary limiting factor for overall device 

lifetime.  A loss in adhesion between the emitter and the substrate will not only render 

the emitter unable to contribute to the total emission current density, but it could lead to 

catastrophic device failure if that emitter bridges electrically isolated components (e.g. 

the cathode and the extraction grid).  A common method to improve adhesion of thin 

films is to use an adhesion layer between the substrate and the film, and because CNTs 

nucleate from a thin film catalyst, the integration of an adhesion layer between the 

polysilicon substrate and catalyst was investigated to improve adhesion of the CNT film.  

Many groups have explored adhesion layers for CNT films on crystalline silicon and 

metallic substrates[110-112].  Titanium and molybdenum adhesion layers were 

specifically chosen based on the best literature results on crystalline silicon, and were 

compared to a reference sample without an adhesion layer.  The titanium interlayer 
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produced the best adhesion compared to the reference and the molybdenum interlayer 

samples (Figure 22).  The reflectance for the as-prepared films and the average 

reflectance after each subsequent tape pull were directly compared to the other 

interlayer samples by measuring against control samples for each metal interlayer 

without a CNT forest. The titanium interlayer samples required approximately 2.5 times 

more adhesion tests to reach saturation when compared to the reference sample, 

whereas the molybdenum showed only a small improvement of approximately 1.3 times 

more than the reference sample.  It was also seen throughout all the samples tested that 

the titanium interlayer samples had a final reflectance saturation point of approximately 

35%, whereas the reference and molybdenum samples averaged approximately 40%.  

This could indicate that more CNT emitters remain permanently adhered (i.e. have an 

adherence strength larger than the removal force of the tape) after all adhesion tests 

were performed when compared to the reference and molybdenum samples.  This data 

indicates that using a titanium interlayer for CNT emitter growth on MEMS structures 

can offer improved adhesion properties, which could correspond to improved device 

lifetime.  Furthermore, additional interactions could exist at the interface between the 

CNT emitter and the polycrystalline substrate that could reduce contact resistance and 

improve field emission properties of the emitter, while also reducing resistive heating at 

the substrate-CNT interface during operation of the emitter.  These interactions will be 

the subject of future research. 
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Figure 22: Average reflectance from the underlying substrate as measured by 

spectrophotometer for CNTs grown using various metallic interlayers.  The error bars 

represent standard deviation.  An adhesion improvement of approximately 1.3x was 

observed for Mo interlayers, and approximately 2.5x for Ti interlayers compared with 

the control sample of CNTs grown on Fe-coated poly-Si. 

2.4 Conclusions 

Growth of CNTs on polycrystalline silicon substrates has been studied to 

improve understanding of growth mechanics for applications in MEMS technology.  The 

kinetics of CNT growth on polysilicon was elucidated using the model of Deal and 

Grove[80] to understand the activation energies and mechanisms for base-mediated 

growth using microwave PECVD.  These results were compared to CNT growth on 

crystalline (100) silicon substrates, finding nucleation-stage activation energies that 
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match literature values for bulk carbon diffusion into austenite catalyst nanoparticles.  

Parabolic diffusion-limited growth was observed on each substrate, with activation 

energies for the diffusion-limited growth phase of 1.90 and 3.69 eV for growth on Si 

(100) and polysilicon, respectively, in the temperature range of 825 – 875 °C.  A 

difference in overall diffusivity of carbon species through the growing CNT network 

was found, with values of 3.5 x 10-4 cm2/s for growth on Si (100) and 7.9 x 10-5 cm2/s for 

growth on polysilicon at 850 °C.  In addition, deposition became diffusion limited earlier 

in the growth process using polysilicon substrates.  Evidence was presented in favor of a 

growth mechanism involving surface diffusion of carbon species along the length of the 

growing CNTs from the gas phase to the catalyst at the base of the CNT forest, but some 

limited Knudsen diffusion may also occur.  Possible reasons for this difference in 

diffusivity and the activation energy differences were explored through analysis of the 

catalyst nanoparticle dewetting process as well as subsequent changes in CNT tortuosity 

and alignment, as measured by WAXS.  Finally, interlayer addition techniques were 

presented to improve CNT adhesion to polysilicon substrates for applications as cold-

cathode field emission sources for MEMS integration.  Therefore, CNT forest integration 

into MEMS devices was improved through both an improvement in understanding of 

the growth kinetics, providing additional control over CNT film morphology, as well as 

an improvement in CNT adhesion to the substrate to extend device lifetime. 
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3. Growth and Characterization of Graphene-Carbon 
Nanotube Hybrid Nanostructures for Electrochemical 
Energy Storage 

3.1 Introduction 

This chapter will focus on the growth parameters, properties, and structure of g-

CNTs: a hybrid nanomaterial combining the exciting properties of graphene with multi-

walled CNTs.  The FLG graphene foliates form covalent bonds with the CNT sidewalls, 

growing laterally outward from the CNT growth axis, and provide the hybrid 

nanomaterial with improved electrical properties including improved performance as a 

supercapacitor electrode material.  The FLG foliates very closely resemble carbon 

nanosheets (CNSs), a recently discovered class of nanoscale graphitic material that may 

grow on a wide variety of substrates in a vertically oriented direction.  Therefore, the 

following sections will discuss the fundamentals of CNSs as well as the structural details 

and growth parameters for several g-CNT materials, and basic electrochemistry 

concepts required to understand the properties of g-CNTs as they relate to applications 

in supercapacitors.  Sections 3.2 and 3.3 will delve deeper into relationships between 

growth parameters and structure, as well as present new structure-property 

relationships for g-CNTs for applications as a supercapacitor electrode material. 

3.1.1 Carbon Nanosheets 

CNSs are a class of two-dimensional carbon nanomaterial that grow in the 

direction perpendicular to a substrate and are vertically oriented.  Grown almost 

exclusively by plasma-enhanced CVD (except for some limited use of sputtering 
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techniques[113, 114]), these flakes of few-layered graphene, sometimes referred to as 

vertical graphene (VG) or graphene nanosheets, are on the order of hundreds of 

nanometers to tens of micrometers and often less than 1 nm thick[115].  As they are 

composed of few-layered graphene, their structural properties are governed by the same 

principles outlined in Chapter 1.  Unlike the growth requirements for CNTs, CNSs may 

be grown on a wide variety of substrates with or without a catalyst layer.  They have 

been grown directly, without a catalyst, on metals, semiconductors, and insulators[116].  

Since the graphene edge plane is exposed in the vertical growth direction and the 

growth process involves the use of a plasma, CNSs tend to display significant defect 

peaks in their Raman spectra (D and D’) and a sharp, intense G’ (or 2D) peak.  As 

discussed in Chapter 1, while single-layer graphene tends to display a single, sharp G’ 

peak, the G’ peak in two-layer and three-layer graphene is best fit to four Lorentzian 

peaks.  In some of the CNS samples grown in this research using a 915 MHz PECVD 

reactor, the CNS G’ peak is best fit to four Lorentzian peaks, indicating that many of the 

vertically oriented CNSs terminate in just two or three layers of graphene.  Additionally, 

CNS edges observed in TEM for this research have displayed two distinct fringes, 

indicating that some of the CNSs are composed of two graphene layers at the edge 

(Figure 23). 
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Figure 23: (a) Raman spectrum of the G’ peak in a CNS film grown on a silicon 

substrate.  (b) SEM and TEM images of CNSs 

3.1.2 Graphenated Carbon Nanotubes: Structural Overview and 
Growth Parameters 

g-CNTs are a unique extension of the CNS material within a high surface area 

CNT framework.  Several examples of g-CNT materials have been demonstrated by 

other groups using PECVD, typically in a two stage deposition process; the first step of 

the process involves growth of vertically aligned CNTs, which may be grown by thermal 

CVD or PECVD, and subsequently undergo a secondary deposition step for the growth 

of CNSs on the CNT sidewalls.  First directly demonstrated by Zeng et al.[117], exposure 

of the previously-prepared CNTs to a reducing plasma is a necessary step in the growth 

of CNSs on the CNT surface, and without a plasma exposure to increase the defect 

density of the CNT forest, amorphous carbon was instead deposited on the sidewalls. 
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Parker et al.[71] first demonstrated a one-stage process for simultaneous growth 

of CNTs and covalently bonded CNSs, also referred to as foliates, using the PECVD 

reactor also employed for this research.  More details on the growth of g-CNTs will 

follow in this chapter, including growth parameters, phenomenological growth 

mechanisms, and performance details as supercapacitor electrodes.  During the course 

of this work, several variants of g-CNTs have been developed and studied based on an 

improved understanding of their growth mechanism.  As will be discussed further in 

Sections 3.2 and 3.3, a growing body of evidence suggests that plasma-induced defects, 

which occur during the growth of CNTs and g-CNTs, serve as nucleation sites for 

graphene foliates.   

g-CNTs grown in the 915 MHz PECVD system typically require growth 

temperatures near 1050 °C, while CNTs may be grown between 750 – 950 °C, which will 

be discussed in more detail in Section 3.2.  Based on the observation that CNTs 

frequently appeared damaged with nanotube section missing for growth runs 

performed immediately after cleaning the growth chamber, it was hypothesized that the 

removal of carbon byproducts from the reactor walls reduces the available carbon 

during growth, yielding significant defects in CNTs grown immediately thereafter.  

Combined with the observation that defects in the CNT sidewalls likely serve as 

nucleation sites for graphene foliates, an experiment was designed to clean the reaction 

chamber, reduce the growth temperature to 850 °C, and extend the deposition time 

significantly.  While CNT deposition begins within seconds of the introduction of carbon 
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precursor and CNTs forests with heights of 30 – 40 µm may be obtained within 5 min, 

the extended deposition time allows the CNTs to grow until their termination limit 

while adding additional defects due to ion bombardment from the plasma.  The result of 

the experiment was the growth of g-CNTs, with clearly visible graphene foliates, at the 

significantly lower temperature of 850 °C after 30 min deposition.  In addition, the lower 

deposition time resulted in better-aligned g-CNTs, so the resultant film was termed 

vertically-aligned g-CNTs (VA g-CNTs).  Similar experiments were performed at even 

longer deposition times, yielding a morphology termed “CNS-on-CNTs,” and SEM 

images of these structures are shown in Section 3.3.  Table 1 lists several variants of g-

CNTs, all high graphene edge density carbon nanomaterials, along with relevant growth 

conditions and morphological characteristics.  All films were grown at 21 torr chamber 

pressure, 100 sccm ammonia flow during pretreatment, and 3:1 ratio of 

methane:ammonia (150:50 sccm) during the growth phase. 
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3.1.3 Basic Principles of Electrochemical Supercapacitors 

3.1.3.1 Electrochemical double-layer 

Electrochemical double-layer capacitors (EDLCs), or supercapacitors, are a class 

of electrochemical energy storage device that makes use of atomic-scale charge 

separation by the formation of an electrochemical double layer.  The electrochemical 

double layer was first proposed by von Helmholtz[118] in the 19th century while 

studying the charge distribution at the interface of colloidal particles.  This double layer 

occurs at the interface between an electrode material and the electrolyte in which it is 

submersed.  It is caused by a charge separation induced by an applied voltage yielding 

opposite charges on the electrode material and adsorbed solvated ions.  

As seen in Figure 24, there have been several modifications of the classical 

Helmholtz double layer model, the first of which is the model of Gouy and 

Chapman[119, 120].  Gouy and Chapman considered not only the electrolyte species 

directly proximate to the electrode surface, but also a continuous distribution of 

electrolyte ions in the solution known as the diffuse layer.  However, this model 

produces an overestimation of the double-layer capacitance[121] in its treatment of  the 

exponentially decaying potential as a function of distance from the electrode surface 

caused by the charge distribution of electrolyte ions.  Stern combined these two models 

to incorporate two distinct regions of ion distribution: the inner compact layer or Stern 
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layer, and an outer diffuse layer[122].  Within the Stern layer, the ions are strongly 

adsorbed by the electrode and form two charge planes.  An inner charge layer, known as 

the inner Helmholtz plane (IHP), forms when ions from the electrolyte solution adsorb 

onto the surface of the charged electrode.  The outer Helmholtz plane (OHP) is formed 

by solvated ions in the electrolyte that are not specifically adsorbed onto the 

surface[121].  This is an incomplete list, however, of the possible mechanisms of 

electrochemical charge storage, and mechanisms involving charge storage in nano-

confined spaces are still being investigated.  It should also be mentioned that 

pseudocapacitance also contributes to electrochemical capacitance in addition to double 

layer capacitance, which involves fast and reversible redox reactions that occur at the 

electrode interface, and is often present in real materials systems to some degree[121]. 
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Figure 24: Electrochemical double layer at a positively-charged surface, 
illustrating (a) the Helmholtz model, (b) the Gouy-Chapman model, and (c) the Stern 

model.  The inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) are 
indicated, and ψ0 and ψ are the potentials at the electrode surface and electrode-

electrolyte interface, respectively.  Reproduced from [121]. 

3.1.3.2 Cyclic Voltammetry  

When cyclic voltammetric (CV) measurements are performed, a potential is 

applied to the working electrode (e.g. CNT film) at a constant rate between two user-

defined potential limits, and cycles between the maximum anodic and cathodic potential 

limits[123, 124].  This potential is measured with respect to a reference electrode with 

constant potential, electrically isolated, and close to the working electrode.  The potential 

applied to the working electrode produces the charge separation at the core of the 

electrochemical double layer and the current produced as a result is directly 

proportional to the double layer capacitance as 

(see Fig. 2b). However, the Gouy–Chapman model leads to an
overestimation of the EDL capacitance. The capacitance of two
separated arrays of charges increases inversely with their
separation distance, hence a very large capacitance value would
arise in the case of point charge ions close to the electrode
surface. Later, Stern17 combined the Helmholtz model with the
Gouy–Chapman model to explicitly recognize two regions of
ion distribution—the inner region called the compact layer or
Stern layer and the diffuse layer (see Fig. 2c). In the compact
layer, ions (very often hydrated) are strongly adsorbed by the
electrode, thus the name of compact layer. In addition, the
compact layer consists of specifically adsorbed ions (in most
cases they are anions irrespective of the charge nature of the
electrode) and non-specifically adsorbed counterions. The inner

Helmholtz plane (IHP) and outer Helmholtz plane (OHP) are
used to distinguish the two types of adsorbed ions. The diffuse
layer region is as what the Gouy–Chapman model defines.
The capacitance in the EDL (Cdl) can be treated as a

combination of the capacitances from two regions, the Stern
type of compact double layer capacitance (CH) and the
diffusion region capacitance (Cdiff). Thus, Cdl can be expressed
by the following equation:

1

Cdl
¼ 1

CH
þ 1

Cdiff
ð1Þ

The factors that determine the EDL behavior at a planar
electrode surface include the electrical field across the electrode,
the types of electrolyte ions, the solvent in which the

Table 1 Properties and characteristics of various carbon and carbon-based materials as supercapacitors electrode materials

Materials Specific surface area/m2 g%1 Density/g cm%3

Aqueous electrolyte Organic electrolyte

/F g%1 /F cm%3 /F g%1 /F cm%3

Carbon materials
Commercial activated carbons (ACs) 1000–3500 0.4–0.7 o 200 o 80 o 100 o 50
Particulate carbon from SiC/TiC 1000–2000 0.5–0.7 170–220 o 120 100–120 o 70
Functionalized porous carbons 300–2200 0.5–0.9 150–300 o 180 100–150 o 90
Carbon nanotube (CNT) 120–500 0.6 50–100 o 60 o 60 o 30
Templated porous carbons (TC) 500–3000 0.5–1 120–350 o 200 60–140 o 100
Activated carbon fibers (ACF) 1000–3000 0.3–0.8 120–370 o 150 80–200 o 120
Carbon cloth 2500 0.4 100–200 40–80 60–100 24–40
Carbon aerogels 400–1000 0.5–0.7 100–125 o 80 o 80 o 40
Carbon-based composite materials
TC–RuO2 composite 600 1 630 630 — —
CNT–MnO2 composite 234 1.5 199 300 — —
AC–polyaniline composite 1000 — 300 — — —

Fig. 2 Models of the electrical double layer at a positively charged surface: (a) the Helmholtz model, (b) the Gouy–Chapman model, and (c) the

Stern model, showing the inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP). The IHP refers to the distance of closest approach of

specifically adsorbed ions (generally anions) and OHP refers to that of the non-specifically adsorbed ions. The OHP is also the plane where the

diffuse layer begins. d is the double layer distance described by the Helmholtz model. j0 and j are the potentials at the electrode surface and the

electrode/electrolyte interface, respectively.

2522 | Chem. Soc. Rev., 2009, 38, 2520–2531 This journal is &c The Royal Society of Chemistry 2009
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IC = CDL
dV

dt( ) , (3.1) 

where IC is the charging current, CDL is the double layer capacitance, and dV/dt is 

the potential sweep rate[125].  CV is a useful tool in identifying the presence of 

electrochemical reactions, providing information on reversibility and reaction kinetics, 

assessing stability of the electrode, and determining the charge storage capacity and 

capacitance of the working electrode[124]. 

3.2 Perspectives on the Growth of High Edge Density Carbon 
Nanostructures: Transitions from Vertically Oriented Graphene 
Nanosheets to Graphenated Carbon Nanotubes 

3.2.1 Introduction 

Nanostructured carbon materials have existed as a prominent area of materials 

research for over two decades, from the discovery of Buckminster fullerenes[126] to 

CNTs[12] and more recently graphene[127], including freestanding carbon 

nanosheets[116] with thickness less than 1 nm.  Recent reviews of graphene synthesis 

can be found in Refs. [128 ] [129 ] [130 ].  Combinations of CNT and graphene materials 

systems have been reported in two-stage processes[117, 131, 132] using plasma-

enhanced chemical vapor deposition, and intrinsic chemical bonding between few-

layered graphene sheets and the CNT framework was demonstrated [132].  Potential 

applications of these graphene/CNT hybrid materials include supercapacitors[133, 134], 
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lithium ion batteries[135], transparent conductive electrodes[136], neural stimulation 

electrodes[70], and CNT field effect transistors[137].   

Recently, a single PECVD process has been developed[70, 71] to grow few-

layered graphene on the sidewalls of CNTs, referred to as graphenated carbon 

nanotubes.  This section further develops understanding of the nature of this 

simultaneous CNT/FLG hybrid growth and the growth of related high edge density 

carbon nanostructures.  The importance of deposition temperature on carbon 

nanostructure morphology and dimensionality is highlighted.  Additionally, a 

connection between deposition temperature, graphene edge density, and specific 

capacitance is provided, and an alternative phenomenological growth model is 

proposed. 
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Figure 25: (a) SEM and (b-d) HR-TEM micrographs of the g-CNT structure.  
The FLG “foliates” reduce to approximately 3-5 graphene layers at the edge. 
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3.2.2 Experimental 

3.2.2.1 Carbon Nanostructure Preparation 

N-type conductive silicon(100) wafers with resistivity 1 Ω/cm were coated with 

iron catalyst at RTI International using a CHA electron beam evaporation system. 

Wafers were coated with 2, 5, and 12 nm Fe catalyst layers, yielding three different 

thicknesses for the parametric study. 

Carbon nanostructures were grown using a 915 MHz microwave plasma-

enhanced chemical vapor deposition system.  Substrates initially undergo a temperature 

ramp-up step, during which the substrate is raised to the desired deposition 

temperature in 100 sccm NH3, followed by striking and tuning a plasma at 21 torr and 

2.1 kW of magnetron input power.  The process then enters the pretreatment phase, and 

the process parameters remain constant as the iron film dewets into catalyst 

nanoparticles. The deposition phase begins by changing the gas flow to the desired ratio 

of CH4:NH3.  Details of the deposition system can be found in Cui et al[13], and are 

shown in Figure 7. 

Prior to each deposition experiment, substrates were cleaned in acetone and 

isopropanol.  Repeatability was ensured by cleaning the deposition chamber with 

isopropanol between each experiment and performing a growth cycle without a 

substrate present to season the chamber.  The purpose of this preliminary growth cycle 
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was to bring the chamber to a reproducible state by exposure to a known amount of 

carbon prior to sample deposition on a substrate.  During these seasoning runs, the 

chamber was heated to 850 °C in 100 sccm NH3.  Pretreatment continued for 15 minutes 

in NH3 plasma, and deposition proceeded for 15 minutes using a gas flow of 150 sccm 

CH4 and 50 sccm NH3.  

 

 

Figure 26: A set of DOE screening experiments preceded the full process space 
analysis for the purpose of identifying key factors that most strongly affect carbon 

nanostructure morphology. The screening runs, in this case, highlight the 
temperature-driven shift from the CNT to CNS morphology.  Both of the pictured 

experiments performed at 1100 °C and a 5:1 CH4:NH3 ratio resulted in the CNS 
morphology, while both films grown at 800 °C and 2:1 CH4:NH3 ratio were CNTs. 



 

77 

 

The screening experiments preceding the DOE employed a process space, 

as seen in Figure 26, comprised of temperature, pretreatment time, and gas ratio.  

Probing the corners of this cube revealed vertically aligned CNTs on the 800 °C 

plane, and ribbon-like carbon nanosheets on the 1100 °C face.  All screening runs 

used 5 nm Fe catalyst thickness and 120 seconds deposition time. The 

temperature, pretreatment time, and gas ratio for the various structures can be 

found in Figure 26.  The carbon nanosheet morphology has been described 

previously as ultrathin sheet-like carbon nanostructures composed of vertical 

graphene layers[138].  This nanosheet morphology was achieved using the same 

substrate and growth conditions, aside from temperature, as CNT films (Figure 

27). The full experimental design incorporated temperature, gas ratio, 

pretreatment time, deposition time, and catalyst thickness as factors; and 

capacitance, Raman D/G ratio, CNT diameter, presence of CNTs, presence of 

CNSs, and second order Raman scattering from Si as responses.  While some of 

these results are outside the scope of this section, the effect of temperature on the 

DOE responses of greatest interest for high edge density carbon nanostructures 

are reported, including; capacitance, presence of CNTs, and presence of CNSs. 
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Figure 27: (a) Cross sectional SEM image of carbon nanosheets grown at 

similar conditions to those obtained in the DOE screening experiments (b) Top-view 

SEM image of typical carbon nanosheets (c) HR-TEM micrograph of a single 

nanosheet with two graphene layers, as seen by the two parallel fringes. 

3.2.2.2 Electrochemical Measurements 

The electrochemical setup, including the cell and sample preparation, 

have been discussed in detail in a previous publication[139]. Briefly, a three 

terminal electrochemical cell with working, counter, and reference electrodes 

(K0235 by Princeton Applied Research) was used. The working electrode was the 

nanostructured electrode under study, the counter electrode was a Pt mesh (3 

cm—2.5 cm), and the reference was an Ag wire in 1 M tetrabutylammonium 

perchlorate (TBAP) and 0.01M silver nitrate (AgNO3) in acetonitrile (reference 

electrode-RE-7 and its solution supplied by BioLogic). The reference electrode 

resided in a separate subsection of the cell connected to the region near the 

double layer interface of the working electrode by a Luggin-Haber capillary tube. 

The electrolyte used was 1 M LiClO4 in acetonitrile. The potentiostat was a SP-

300 (Bio-Logic). All chemicals were used as received. 
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For the electrochemical measurements, the sample was mounted on a piece of 

sheet metal using copper tape. An electrical contact was made by painting conductive 

silver epoxy on the nanostructure side. The nominal active area of the electrode as 

defined by a PTFE gasket was 1.43 mm2. 

Area specific capacitance was calculated using cyclic voltammetry for scans 

taken at a scan rate of 100 mV/s for each sample. Specific capacitance was calculated 

using the expression[125] 

C F
cm2

⎡
⎣⎢

⎤
⎦⎥
=

i(E)dE
V1

V2∫
υ × (V2 −V1)× A , 

(3.2) 

where C is the area specific capacitance, i(E) is the instantaneous current (A), V1 and V2 

are the voltage endpoints (V), ν is the scan rate (V/s), and A is the nominal area of the 

sample (cm2).  Finally, the integral term in the numerator is the total voltammetric 

charge obtained in the positive sweep of the voltage in the window (V2 – V1). 

3.2.3 Results and Discussion 

3.2.3.1 Temperature Effects on Morphology 

The most influential factor in determining film morphology during the 

parametric study was temperature (Figure 28). By varying temperature alone, the 

resultant film could consist of CNTs, g-CNTs, or CNSs. The deposition probabilities in 

Figure 28 are defined as the number of experiments performed that resulted in the given 
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structure divided by the total number of experiments performed at that temperature.  

The solid curve is a standard least squares regression profile based on experimental data 

from all run conditions used in the DOE study.  To further illustrate this result, a 

temperature series from 950 °C to 1150 °C was conducted using growth conditions of 

180 sec pretreatment time, 120 sec deposition time, 5:1 CH4:NH3 ratio, and 5 nm Fe 

catalyst layer for each experiment. As seen in Figure 29, an increase in process 

temperature from 950 °C to 1000 °C transitions the resultant nanostructures from CNTs 

to g-CNTs.  When the growth temperature reaches 1100 °C, the film is comprised of 

CNSs with no nanotubes present. Thus, g-CNTs have emerged as an intermediate 

structure that lies between these two well-studied morphologies with respect to the 

growth temperature. 

 

Figure 28: Standard least squares prediction profiles illustrating relative 
likelihood of achieving (a) CNT or (b) CNS morphology based on varying 

temperature.  The least squares curves were obtained from data gathered during the 
design of experiments parametric study.  The dashed curves, including the curve 

below zero, depict the 95% confidence intervals. 
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Figure 29: The morphology of the resultant films varies dramatically from the 
CNT structure at 950 °C, to g-CNTs at 1000 °C and 1050 °C, to CNSs at 1100 °C under 

constant growth conditions. 

Recently, Stoner and Glass proposed a classification scheme for characterizing 

nanostructured carbon materials based on density of exposed graphene edges, called the 

Electron Density of Graphene Edges (EDGE) Triangle[140] (Figure 30).  Based on studies 

by Randin and Yeager[141-143] comparing the capacitance of basal- and edge- exposed 

highly oriented pyrolytic graphite (HOPG), graphene edges have an approximated 20x 

improvement in specific capacitance compared to planar graphene.  As a result, the 

specific capacitance of a sp2-bonded carbon structure is a function of the relative 

concentration of edge plane exposure[141, 144].  As shown herein, varying growth 
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temperature provides control of the edge density concentration by enabling a transition 

between aligned CNTs, g-CNTs, and vertically oriented graphene nanosheets.  Thus, all 

three corners of the EDGE triangle can be traversed in a counter-clockwise direction by 

increasing temperature, which produces structural morphologies starting from the 

bottom edge (a-CNTs) to the right side edge (g-CNTs) to the left edge (CNSs).  In 

summary, this corresponds to vertical arrays of 1D structures (a-CNTs) transitioning to 

3D structures (g-CNTs), and then finally to 2D structures (CNSs) with increasing 

temperature.      

 

Figure 30: Electron Density of Graphene Edges (EDGE) Triangle, adapted from 

Ref. [140].  The arrows indicate morphological changes that occur as process 

temperature is increased, from (a) aligned CNTs (a-CNT) and bamboo CNTs (b-CNT) 

to (b) graphenated CNTs to (c) nanosheets. 
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A morphology that appears to bridge the g-CNT and CNS structures was 

observed for structures grown in the presence of metal substrates.  An experiment was 

designed to examine the difference in morphology between nanostructures deposited on 

a silicon substrate with Fe catalyst and nanostructures grown directly on a metal 

substrate in a microwave PECVD environment.  A Ni foil substrate without a separate 

catalyst layer was placed in the deposition chamber alongside a Si substrate with a 5 nm 

Fe catalyst layer, and nanostructures were formed at growth conditions usually 

associated with CNSs.  The resultant film exhibited the nanosheet structure on the Ni 

substrate, but formed a unique CNT-based hierarchical structure of ultra-high foliate 

density g-CNTs, hereafter referred to as “ultra g-CNTs,” incorporating multiple 

secondary nucleation of graphene foliates with CNSs occupying the space between 

CNTs (Figure 31).  The framework of the structure resembles conventional g-CNTs 

whereas the surface of the nanotube structure resembles the vertically oriented CNSs.  

This extreme secondary nucleation resulted in an order of magnitude increase in tube 

diameter to ~1.4 µm and may represent the region of ultra-high edge density denoted by 

the question mark in Figure 30. 
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Figure 31: “Ultra” g-CNTs displaying multiple secondary nucleation of 
graphene foliates with increasing magnification from left to right. For comparison, 
the inset at the left represents typical g-CNTs, and inset at the right is a CNS film 

grown on a silicon substrate.  The framework of the structure can be seen to resemble 
typical g-CNTs as seen on the left whereas the surface of the nanotube structure 

closely resembles vertically oriented graphene nanosheets.  Nanosheets were also 
present at the substrate surface between the nanotube structures.     

3.2.3.2 Temperature Effects on Specific Capacitance 

A least squares prediction profile from the DOE offers additional evidence of the 

relationship between temperature, morphology, and capacitance (Figure 32).  The 

dashed lines in this plot represent 95% confidence intervals, and the solid line is a least 

squares curve generated from data obtained during the parametric study.  It is 

noteworthy that while temperature is the only process parameter represented in this 

plot, data from variations within other process parameters are included here as well.  

For example, capacitance data points at a certain temperature may originate from films 

grown at several pretreatment times or gas ratios, which were included in the least 

squares model.  In this way, capacitance may be analyzed as a function of deposition 
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temperature in the context of the entire parametric study.  The local maximum in 

capacitance that is clear from this plot exists in the temperature regime that resulted in 

g-CNT growth during this study (925-1050 °C), indicating that the presence of few-

layered graphene foliates improves the capacitive response of the material as expected 

from the capacitance of edges vs. basal planes of sp2 bonded nanostructures. Figure 33 

illustrates two representative CV scans of CNTs and g-CNTs. The specific capacitance is 

extracted from the area under the CV curves, and it is apparent that the g-CNTs, grown 

at a higher temperature, display superior charge storage compared with traditional 

CNTs. 

 

Figure 32: Standard least squares prediction profile of capacitance (mF/cm2) as 

a function of deposition temperature (°C) across all other variables within the 

parametric study.  The solid line is a least squares curve generated from data obtained 

during the parametric study and the dashed lines in this plot represent 95% 

confidence intervals.  The local maximum exists in the g-CNT morphological regime.  

25 samples were used to generate this least squares model of capacitive response to 

temperature variation. 
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Figure 33: Cyclic voltammetry scan (scan rate: 100 mV/s) of samples with 

growth temperatures (Tg) of 750 °C and 925 °C. The Sample grown at 925 °C (g-CNTs) 

clearly shows higher charge storage capacity (area under CV scan) as compared to the 

750 °C sample (CNTs). Inset: Galvanostatic charge discharge curve (at 315 uA/cm2) for 

sample grown at 750 °C indicating linear charging and discharging behavior.    

3.2.3.3 Foliate Formation Mechanism 

As process temperature is able to control the transition between the nanotube 

and nanosheet structures, with g-CNTs formed at intermediate temperatures, it is of 

interest to examine the mechanism for the formation of this new carbon nanostructure.  
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A stress-buckling mechanism has been previously proposed by Parker et al.[71], 

whereby a residual stress buildup between CNT walls with disparate growth rates 

causes a protrusion, which fractures and serves as a nucleation site for graphene foliates.  

Here an alternative method of foliate nucleation and growth is presented based on a 

plasma-etching model.  

In a study analyzing the effect of pretreatment time on graphene foliate 

formation, a trend was observed in the uniformity of foliate coverage along the vertical 

direction of the CNT forest.  For a growth process without any pretreatment 

(transitioned from thermal ramp-up in ammonia plasma directly to the deposition in 

ammonia/methane plasma), CNTs were produced without evidence of foliate formation.  

However, when a pretreatment step was introduced, foliate formation occurred with 

higher foliate densities near the CNT tips and relatively few foliates formed near the 

CNT-substrate interface at low pretreatment time steps.  As the pretreatment time 

increased, this foliate density gradient effect was diminished up to a pretreatment time 

of 6 min (Figure 34).  At this higher pretreatment time, the foliate coverage was uniform 

along the length of the CNTs within the forest. 

To understand the precise effect of increasing pretreatment time on the catalyst 

at elevated temperatures, dewetting experiments were performed by halting the g-CNT 

growth process just before the growth stage (prior to exposure to a carbon source gas), 
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thus producing a two dimensional array of catalyst nanoparticles.  The pretreatment 

time was varied from 0 to 9 min.  As seen in Figure 34 (b), the porosity, measured as the 

ratio of empty space to catalyst nanoparticle area, increased as pretreatment time 

increased.  Additionally, the average diameter of the catalyst particles decreased slightly 

with increasing pretreatment time.  
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Figure 34: (a) By increasing the duration of the pretreatment step, the foliate 
density gradient is reduced.  For pretreatment times less than 6 min. (3 min. pictured 
at left), graphene foliates agglomerate near the CNT tips and few are present at the 

CNT-substrate interface.  Increasing the pretreatment time to 6 min. (pictured at right) 
results in even foliate coverage throughout the length of the CNT forest.  For 

pretreatment times longer than 6 min., vertical alignment becomes poor due to 
weakening of the crowding effect.  (b) Effects of increasing pretreatment time on 

catalyst nanoparticles without CNT deposition. 
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CNT diameters have been found to have a linear relationship with the size of the 

nanoparticles that catalyze their growth[99, 145-147]; thus, it is proposed that the 

increase in the porosity of the CNT forest provides increased access of the reducing gas 

phase etchants to the entire depth of the forest (Figure 34 (a)).  As shown by Zeng et 

al.[117], a hydrogen plasma treatment of CNTs allowed for subsequent PECVD 

deposition of graphene nanosheets on the sidewalls of the CNTs, whereas without the 

hydrogen plasma treatment the consecutive step resulted in amorphous carbon 

deposition under the same growth conditions.  It was proposed that some C-C bonds 

were replaced by C-H bonds, and some C-C bonds were broken by plasma 

bombardment, creating nucleation sites for the carbon nanosheets.  During deposition of 

g-CNTs with a 50:150 sccm NH3:CH4 ratio, a similar mechanism of sidewall etching from 

NH3 radicals and simultaneous nucleation and deposition at the defect sites could 

account for the formation of graphene foliates in g-CNTs in the single deposition process 

reported here.  This mechanism is also in agreement with the observations that the 

graphene foliates do not form until after a critical duration of growth time is reached 

and the density of foliates increases with deposition time[71].  

3.2.4 Conclusions 

The growth temperature of an MPECVD process was used to control the 

dimensionality and morphology of carbon nanostructures with a varying density of 
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edges. Edge density can strongly affect charge concentration and is thus an important 

characteristic for such applications as supercapacitors, electrodes for neural stimulation 

and electrocatalysis.  An in-depth analysis using a design of experiments was performed 

yielding growth of CNT, g-CNT, and CNS films in the same MPECVD reactor.  Based on 

statistical trends in this study, a parametric temperature series revealed that deposition 

temperature is the key factor in controlling nanostructure morphology, and g-CNTs 

emerged as a temperature-based transitional morphology between CNT and CNS 

structures.  As predicted[140], the edge density had a significant effect on specific 

capacitance with the nanostructure containing greatest graphene edge density, g-CNTs, 

exhibiting the highest specific capacitance.  Finally, an alternative g-CNT growth model 

to the previous stress-buckling model was proposed based on the plasma etching effect. 

3.3 Role of Nanocrystalline Domain Size on the Electrochemical 
Double-Layer Capacitance of High Edge Density Carbon 
Nanostructures 

3.3.1 Introduction 

Nanostructured carbon materials have been widely studied for applications in 

electrochemical energy storage, including activated carbon[148-150], CNTs[76, 151-153], 

and graphene[154-157].  Applications of such devices include hybrid structures in 

automotive energy storage[158], flexible electronics[159-161], and neural stimulation 

electrodes[162].  In order to optimize the performance of such devices, a clear 
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understanding of the relationship between the physical properties of nanostructured 

carbon materials and electrochemical capacitance is required.  As a nondestructive 

process, determination of nanocrystalline domain size using the Raman ID/IG ratio[32, 41, 

163, 164], referred to interchangeably as graphitic cluster size or in-plane correlation 

length[165], provides a facile and inexpensive method to engineer carbon nanostructures 

for energy storage applications. In this study, a relationship is presented between this 

nanocrystalline domain size and the specific capacitance of various carbon 

nanostructures grown by plasma-enhanced chemical vapor deposition and measured by 

Raman spectroscopy.  Previous work[166-170] has suggested a relationship between 

graphitic edge planes and specific capacitance for graphite, glassy carbon, highly 

ordered pyrolytic graphite, carbon nanofibers, MWNTs, and doped graphene.  This 

work is believed to be the first to quantify the relationship between structural defects, 

largely contributed by FLG edge planes, and specific capacitance in terms of 

nanocrystalline domain size for graphene-CNT hybrid materials.  It is also believed to be 

the first study of its kind across materials that span such a large range of domain sizes.  

3.3.2 Materials and Methods 

The details of the PECVD growth system are described elsewhere[13], as is the 

deposition process for growth of the g-CNTs used in this study[71] (see Table 1).  In 

brief, nanostructures were grown in a 915 MHz microwave PECVD reactor using 50 Å 
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Fe catalyst deposited on silicon.  Prior to deposition, the substrates were heated to the 

desired deposition temperature in 100 sccm NH3, followed by striking and stabilizing 

the plasma at 21 torr and 2.15 kW magnetron input power.  The substrates were 

pretreated for several minutes in the ammonia plasma to dewet the Fe catalyst film to 

form nanoparticles.  The gas flow was subsequently changed to 150 sccm CH4 and 50 

sccm NH3 for the desired deposition time.  The graphene and CNT formed 

simultaneously during the growth process. Possible mechanisms for this formation have 

been discussed in Section 3.2.  In contrast to the high temperature conditions of g-CNT 

growth, which results in a high foliate density but poor nanotube alignment, vertically 

aligned g-CNTs (VA g-CNTs) were achieved by reducing deposition temperature to 900 

°C and extending deposition time to 30 minutes.  Hierarchical structures of few-layered 

graphene and CNTs were created by further extending the deposition time, hereafter 

referred to as carbon nanosheets on carbon nanotubes, or CNS-on-CNTs.   

Raman spectroscopy was carried out using a Horiba Jobin Yvon LabRam 

ARAMIS spectrometer operating with a 633 nm HeNe laser.  The D and G Raman modes 

were deconvolved as Lorentzian peaks and the D’ was modeled as a Gaussian peak, as 

suggested by Ferrari and Robertson[165] and Mennella et al[171].  The ratio of the D and 

G band intensities were calculated from the intensities of the isolated peaks.  The Raman 

spectra of the nanostructured materials and deconvolution of the peaks are shown in 
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Figure 35.  Scanning electron micrographs of the various nanostructures examined in 

this study are shown in Figure 36.  Carbon nanostructures were imaged with a FEI XL30 

SEM-FEG scanning electron microscope. 

The electrochemical cell and sample preparation have been described in detail 

elsewhere[139].  A three-terminal cell (K0235 by Princeton Applied Research) was used 

with the nanostructure under study as the working electrode, a Pt mesh as the counter-

electrode, and an Ag wire in 1 M tetrabutylammonium and 0.01 M AgNO3 in acetonitrile 

as the reference electrode.  The electrolyte used was 1 M LiClO4 in acetonitrile.  To 

perform electrochemical measurements, the nanostructured electrode was mounted on a 

piece of sheet metal using copper tape, and electrical contact was made by painting 

conductive silver epoxy on the nanostructure side.  The nominal active area of the 

electrode was 1.43 cm2, defined by a PTFE gasket. 
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Figure 35: Raman spectra and Lorentzian deconvolution of the first-order 

Raman-active modes in various carbon nanostructures grown by MPECVD.  The 

peaks shown are the D, G, and D’ in order of increasing wavenumber. 



 

 

 

3.3.3 Results and Discussion 

3.3.3.1 Relationship Between Nanocrystalline Domain Size and Nanostructure for 
High Edge Density Carbon Nanostructures 

The classical relationship between the ID/IG ratio and nanocrystalline domain size 

was developed by Tuinstra and Koenig[41] as La = C ID IG( )−1 , where La is the in-plane 

correlation length and C = 44 Å for an excitation wavelength of λL = 514.5 nm.  Matthews 

et al.[93] appended this expression to include the wavelength dependence of the 

constant term, where C λ( ) = −126Å + 0.033λL  for visible wavelengths. Using this 

expression, the nanocrystalline domain size of each material was calculated (Figure 36).  

A clear correlation is observed between the nanostructure observed in the SEM and the 

nanocrystalline domain size as estimated from the Raman spectra.  The CNS 

nanostructure in Fig 2(a) contains the highest density and the thinnest nanosheets of all 

the samples studied, indicating that the crystalline domain size is expected to be the 

smallest. TEM reported elsewhere[72] has shown that such structures terminate in few 

layered graphene, down to 2 or 3 layers.  The CNS structure in Figure 36 (b) forms at the 

top of a CNT forest and the thickness of the nanosheets increases dramatically while the 

density decreases from the samples in Figure 36 (a), indicating a larger spacing between 

the edges.  As one observes the nanostructure evolution from Figure 36 (c) – (e), a 

decreasing density of graphene edges is observed on the g-CNT sidewalls until no 

foliates remain and the nanostructure is a standard vertically aligned CNT morphology.  

96



 

97 

 

Samples shown in Figure 36 (d) and (e) are interesting in that both the SEM and the 

Raman-derived crystalline domain sizes show very minor differences.  It is intriguing 

that the nanocrystalline domain sizes are so similar for these samples, which could 

imply that few-layered graphene may nucleate at the sites of previously existing defects 

in support of the proposed nucleation and growth model for graphene foliates[72, 117]. 

 

Figure 36: Nanocrystalline domain size in carbon nanostructures with varying 
degrees of disorder and graphene edge density.  SEMs from (a) – (e) are CNSs, CNS-
on-CNTs (plan view, underlying CNT forest not pictured), g-CNTs, VA g-CNTs, and 

CNTs, and the inset table lists the calculated nanocrystalline domain size for each 
material. 
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3.3.3.2 Interpretation of the Nanocrystalline Domain Size Calculation 

The data in Figure 36 and the discussion above illustrate that the observed edge 

density follows trends in the Raman-derived crystalline domain size. While the Tuinstra 

and Koenig expression originally attempted to link the D peak intensity to phonon 

confinement, it has been discovered more recently that double resonance is the 

activation mechanism[172].  Therefore, one may consider La as an average interdefect 

spacing with the expectation that a larger defect density gives rise to a higher D peak 

intensity, and thus a smaller La[173]. Comparing this Raman expression with crystallite 

size estimates by X-ray diffraction, the larger crystallites are given less weight in this 

case and the above expression underestimates La due to the dominant effect of small 

crystallites[174-176].  Bearing in mind the limitations of the above formulation of 

crystalline domain size, the trends detailed in this letter are nevertheless rooted in the 

existence and spatial frequency of defects in the materials.  Thus, La can be equally 

referred to as the mean spacing between defects, including the edge defects that are 

prominent in the materials of the present study. 

3.3.3.3 Relationship Between Nanocrystalline Domain Size and Specific Capacitance 

Data from the previously discussed design of experiments study of MPECVD 

growth[72] (Section 3.2) was used to compare the ID/IG ratio and specific capacitance of a 

variety of carbon nanostructures from CNTs to highly defective amorphous carbon (a-
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C), thus extending the range of nanostructured carbons beyond those depicted in Figure 

36.  Briefly, the DOE process employed statistical methods to populate the process space 

of growth in the PECVD reactor, analyzing catalyst thickness, pretreatment time, 

process gas ratio, deposition temperature, and deposition time as factors and presence of 

CNTs, presence of CNSs, CNT diameter, ID/IG ratio, and capacitance as responses.  

 

Figure 37: The relationship between nanocrystalline domain size and specific 
capacitance.  A linear fit converges with an R2 value of 0.89 for various carbon thin 

films deposited according to the design of experiments procedure[72]. 
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A monotonically increasing trend was discovered between ID/IG and capacitance, 

which prompted a comparison with La.  As can be seen in Figure 37, a linear relationship 

exists between capacitance as a function of nominal surface area and the nanocrystalline 

domain size calculated from the Raman data.  Figure 38 illustrates this trend in the form 

of cyclic voltammetry (CV) curves for three representative films: CNTs, g-CNTs, and a-

C.  This result is in agreement with reports of Rice and McCreery[167] and others[161, 

168, 177, 178] who determined that the specific capacitance of the basal plane was much 

lower than edge planes in graphitic materials.  More recently, it was experimentally 

demonstrated that the edge of a single graphene sheet possesses a specific capacitance 

four orders of magnitude higher than the basal plane, a faster electron transfer rate, and 

stronger electrocatalytic activity[179]. The trend is also consistent with previously 

reported electrochemical impedance spectroscopy data[71] of g-CNTs, showing an 

increase of 5.4x for mass-normalized capacitance of g-CNTs compared with CNTs at 1 

Hz, and faster charge transfer kinetics in g-CNTs compared to CNTs[95]. 
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Figure 38: Cyclic voltammetry curves (100 mV/s) of structures from the plot in 
Figure 37.  SEM micrographs are representative images of the nanostructures grown 
for the capacitance data set, including CNTs, g-CNTs, and amorphous carbon (a-C). 

By roughly estimating and comparing the surface area of CNTs and CNSs, it is 

possible to eliminate the possibility that the trend in Figure 37 arises primarily due to 

differences in surface area.  CNSs grown by PECVD can be modeled as semi-circular 2D 

objects with a radius of ~700 nm and inter-sheet spacing of ~500 nm based on SEM 
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images.  For a substrate of 1 cm2 nominal area, this corresponds to a surface area on the 

order of 10-4 m2.  Similarly for CNTs on a 1 cm2 substrate, assuming a CNT diameter of 

~50 nm, height ~10 µm, and density 1.5 x 1010 CNTs/cm2 [139], the surface area is on the 

order of 10-2 m2.  Thus, CNTs have approximately two orders of magnitude higher 

surface area compared with CNSs under these experimental conditions.  Since CNSs 

possess a smaller La and higher specific capacitance than CNTs, it can therefore be 

concluded that defect density, which influences electronic structure and adsorption, 

more strongly corresponds to electrochemical capacitance than surface area for these 

materials. 

The density of states (DOS) of pristine graphene, which is 0 at the Fermi level, 

has been shown to increase with an increase of edge plane defects[180-182].  

Furthermore, a high DOS was reported at graphene zig-zag edges[182].  Interestingly, 

double-layered graphene is nearly 1.6 times more reactive than single layer graphene 

according to calculations performed by Sharma et al.[183]  As the primary class of 

defects in the hybrid materials presented here is edge plane defects emerging from few-

layered graphene foliates, an increase in local charge density at these edge plane sites 

may be primarily responsible for the improvement in double-layer capacitance and 

charge transfer kinetics.  Figure 39 illustrates local differences in charge density for two 

simplified representative structures: a graphene flake with a pentagon defect and a 
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small foliate covalently bonded to a CNT.  Molecular orbitals and charge densities were 

calculated using the extended Hückel method, and energy was minimized using the 

MM2 interatomic potential.  The edge plane sites display significantly higher charge 

density compared with the basal planes, in agreement with the literature[161, 168, 177, 

178]. 

 

Figure 39: Representation of the molecular orbitals and associated charge 
densities in a small graphene sheet (left) and a CNT with a graphene foliate (right) 

calculated using the extended Hückel method.  Blue regions are more negatively 
charged, and red represents positively charged areas.  Charge density and associated 
density of states are higher near the graphene edge planes relative to the basal plane, 

consistent with experimental observations. 



 

104 

 

3.3.4 Conclusions 

Carbon nanomaterials with varying defect density were grown via MPECVD 

and their Raman spectra were analyzed.  The ID/IG ratio was used to calculate the mean 

nanocrystalline domain size, which may also be interpreted as the mean distance 

between defects or in-plane correlation length[165], including the foliates of few-layered 

graphene grown directly on substrates or simultaneously with CNTs.  A linear trend 

emerged between the measured specific capacitance and La, yielding a novel perspective 

for engineering carbon nanomaterials for energy storage applications. 

3.4 Summary 

 In this chapter, g-CNTs were studied extensively to understand the relationship 

between process parameters during growth and the subsequent nanostructure 

morphologies, as well as the relationship between structure and properties for 

electrochemical applications.  The process space of the 915 MHz PECVD reactor was 

mapped, focusing on the region where g-CNTs may be produced.  A temperature trend 

was discovered whereby morphology and dimensionality of the nanomaterial may be 

manipulated by varying only the process temperature.  In addition, a new 

phenomenological growth model was proposed involving plasma-induced defect 

etching in the CNT sidewalls, allowing for nucleation of FLG foliates at the defect sites.  

Finally, through Raman spectroscopic analysis of several varieties of high edge density 
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carbon nanostructures, a linear relationship was discovered between mean crystallite 

size and specific electrochemical capacitance. 

 The results of these studies strongly suggest that graphene edge density within 

carbon nanostructures plays an important role in determining the electrical properties of 

the material and its specific electrochemical capacitance.  However, the possibility 

cannot be excluded that total nanostructure surface area is the primary figure of merit in 

determining performance as supercapacitor electrode materials due to a lack of direct 

surface area measurements.  Therefore, it is clear that a better understanding is needed 

of the impact of the addition of graphene foliates to the total surface area of the 

nanostructure, while monitoring subsequent changes in specific capacitance. 
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4. General Protocol for High Sensitivity Surface Area 
Measurements of Nanostructured Films Enabled by 
Atomic Layer Deposition of TiO2 

4.1 Introduction 

Nanotechnology, and in particular nanostructured materials, have been at the 

forefront of research in physics, chemistry, materials science, and various engineering 

disciplines since the 1980s[184].  Nanomaterials possess at least one spatial dimension 

less than 100 nm and often have very high specific surface area.  In particular, carbon 

nanostructures such as fullerenes[126], CNTs[12], graphene,[127] and hybrid CNT-

graphene materials have received significant attention in recent years for such diverse 

applications as supercapacitor electrodes[133, 134], lithium ion batteries[135], 

transparent conductive electrodes[136], neural stimulation electrodes[70], and CNT 

field-effect transistors[137].  These applications are strongly dependent on the surface 

area of the electrode.  Other areas of nanotechnology that rely heavily on accurate 

characterization and manipulation of surface area include nanotoxicology[185, 186], gas 

sensing[187, 188], hydrogen storage[189], and photovoltaics[190, 191]. 

A particularly active field of research that relies heavily on the careful 

engineering of the surface area of nanostructured materials is electrochemical double-

layer capacitors (EDLCs)[192, 193].  EDLCs, or supercapacitors, store charge 

electrostatically using reversible adsorption of electrolyte ions at active nanostructured 
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surfaces.  Capacitance (C) is a critical property of the EDLC and depends directly on the 

surface area by C = εrε0A/d, where εr is the electrolyte dielectric constant, ε0 is the 

permittivity of free space, d is the effective thickness of the double layer, and A is the 

electrode surface area[193].  As a result of this relationship, for a certain nanostructured 

carbon EDLC electrode in a particular electrolyte, if one can measure the surface area of 

the EDLC electrode, it will provide the area specific capacitance Csp = εrε0/d. 

Csp can help understand how the other material properties such as the density of 

graphene edge planes and/or sub-nanometer pores within nanocarbons impact specific 

capacitance[141, 161, 168, 178].  A high density of graphene edge planes may influence 

specific capacitance by altering the charge density distribution or allowing for 

adsorption of pseudocapacitive surface groups[73], and sub-nanometer pores may 

reduce the effective double layer thickness (d) by distortion of the solvation shell of 

electrolyte ions[194].  

The most common method used to experimentally measure the surface area of 

nanostructured materials stems from the theory of physical gas adsorption and 

desorption from solid surfaces known as Brunauer-Emmett-Teller (BET) theory and is 

employed by many commercial instruments.  The typical range of operation for such 

instruments spans surface areas of 0.1 to 50 m2.  However, as is often the case in 

laboratory-scale research, the samples generally do not have enough total surface area to 
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be precisely measured by BET.  This is especially true for synthesis processes geared 

toward materials development or discovery, where large-scale production methods do 

not exist.  Here, a highly sensitive method is described for measuring the surface area of 

nanostructured films by using atomic layer deposition (ALD) and liquid-phase dye 

sorption techniques.   

Quantifying the amount of dye molecules that are adsorbed on mesoporous TiO2 

nanoparticle or nanotube scaffolds is a protocol used to characterize the active surface 

area of dye-sensitized solar cells[195-200].  However, the application of this method to 

the characterization of the surface area of other types of nanostructured materials is 

hindered by limited dye adsorption.  In this chapter, this challenge is solved by first 

functionalizing the nanostructured films with TiO2 by atomic layer deposition.  Owing 

to its self-limiting growth mode, ALD may be deposited over the original complex, high 

aspect ratio nanostructures[199] with a conformal and uniform layer of TiO2 while 

preserving the original nanostructure.  With the ALD TiO2 functional coating, it is 

possible to use the dye adsorption method to estimate the surface area of nanostructured 

films.  The application of this technique to graphene-CNT hybrid materials is also 

reported, yielding new insight into the improved electrochemical properties of 

graphene-CNT hybrid materials. 
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4.2 Experimental 

4.2.1 Carbon Nanostructure Preparation 

The substrate used for the deposition of carbon nanostructures was N-type 

conductive silicon (100) wafers, which were coated with a layer of iron catalyst of 5 nm 

thickness at RTI International using a CHA electron beam evaporation system.  Plasma-

enhanced chemical vapor deposition was performed with a 915 MHz microwave 

PECVD reactor for the growth of CNTs and g-CNTs.  The growth process is described in 

detail in previous publications[70-73].  Briefly, substrates undergo an initial heat-up step 

during which the substrate is raised to the desired deposition temperature under 100 

sccm NH3 flow.  The subsequent “pretreatment” stage allows the chamber pressure to 

rise to 21 torr with NH3 flow at constant temperature, the purpose of which allows the 

Fe layer to dewet into catalyst nanoparticles on the Si surface.  Finally, methane is 

introduced during the deposition step at a flow rate of 150 sccm CH4 and 50 sccm NH3.  

For this study, CNTs were deposited at 850 °C substrate temperature and 360 s 

pretreatment time, with deposition times from 3 min to 10 min to vary film thickness.  g-

CNTs were deposited at 1050 °C and 360 s pretreatment time, using deposition times 

from 2 min to 20 min to vary graphene foliate density.  Structures similar to the g-CNTs 

used in this study have been described in various reports[117, 131, 134, 201].  The 

growth mechanism of graphene foliates has been proposed as either a stress buckling 
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mechanism[71] in the CNT sidewalls during growth, or a plasma-induced defect etching 

mechanism[72, 117, 131] followed by subsequent carbon deposition at defect sites as 

discussed in Chapter 3.   

In order to ensure the validity of the experimental technique presented in the 

following section, relatively simple arrays of antimony-doped tin oxide (ATO) 

nanoparticles were studied for comparison with literature results.  ATO films were 

prepared on a fluorine-doped tin oxide (FTO) glass substrate by colloidal dispersion 

processing and subsequently coated with TiO2 by atomic layer deposition, thus forming 

a structure referred to as NanoATO.  More details of the nanoparticle coating process 

have been reported elsewhere[199]. 

4.2.2 TiO2 Atomic Layer Deposition 

As mentioned in the previous section, ALD was used in this study to 

conformally coat high aspect ratio nanostructures including g-CNTs with an ultrathin 

layer of TiO2 to serve as an adhesion layer for dye adsorption.  Originally called atomic 

layer epitaxy, ALD was first demonstrated by Suntola and Antson for the production of 

flat-panel displays based on thin film electroluminescence[202].  ALD is a technique 

based on successive surface-controlled reactions from gaseous precursors to produce 

extremely uniform and controllable thin films[199, 203].  In the semiconductor industry, 

ALD has become the standard technique to deposit high-k dielectrics in MOSFETs and 
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dielectrics for trench capacitor structures[203].  As seen in Figure 40, the deposition 

process for TiO2 thin films commonly makes use of TiCl4 and H2O as precursors, 

sequentially introduced into the reaction chamber interspersed with purge cycles.  TiCl4 

bonds to hydroxyl groups that exist on the surface of the substrate, and the H2O dosing 

step provides the oxygen groups and removes unwanted chlorine groups. 

 

Figure 40: Overview of the ALD sequence for deposition of TiO2 thin films.  
Reproduced from [204]. 

 

 

 19 

°C. The time sequence of the recipe used for each ALD cycle was 1/5 s and 1/5 s for the 

TiCl4 dose/purge and H2O dose/purge, respectively (Figure 5).*   

 

Figure 5: Schematic diagram representing the ALD cycle sequence used to deposit the 
TiO2 films discussed in this chapter. 

During each growth run, p-type Si (100) substrates covered with a native oxide 

layer were placed along the length of the reactor as the control samples to monitor the 

film thickness, since the growth rate of ALD TiO2 has been shown to be the same on Si 

and FTO.23 Film thickness was measured on the control sample by using a J.A. Woollam 

M-88 Variable Angle Spectroscopic Ellipsometer at scan angles ranging from 65-75° and 

a polarizer angle of 20°. The corresponding TiO2 growth rates at 300 °C were 

approximately 0.5 Å per cycle with a 25-cycle nucleation delay.  

                                                        

* NOTE: A slightly longer dosing time (i.e., 1.5 s instead of 1 s) was used for the TiO2/nanoFTO electrodes in 
order to allow precursors more time to diffuse into and uniformly coat deep pores within the nanoFTO. 
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Figure 41: Schematic of the custom-built ALD reactor used in this work.  
Reproduced from [204]. 

In this study, TiO2 deposition was performed with a custom-built ALD reactor, 

pictured schematically in Figure 41.  TiO2 was deposited on ATO nanoparticles, CNT, 

and g-CNT films using TiCl4 and H2O as precursors.  The thin TiO2 coating provides 

adsorption sites for dye molecules.  Carbon nanostructured films were raised to the 

deposition temperature of 135 °C during a 900 s temperature equilibration step 

preceding growth of titanium oxide, and ATO substrates were raised to 300 °C following 

the process reported previously[199].  The lower temperature (135 °C) was used for 

deposition on carbon nanostructures to avoid etching of the FLG foliates on g-CNTs.  A 

negligible difference in the relative intensities of the Raman D and G bands after TiO2 

coating strongly suggests that foliates remain intact and undamaged after the coating 
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Figure 58: Top-view schematic of Ultra High Vacuum system that integrates our lab’s 
ALD reactor as well as other advanced thin film instrumentation. 
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process.  Precursors were alternately introduced during 1.5 s pulses interspersed with 5 

s purge steps.  200 such cycles resulted in a conformal TiO2 coating on the 

nanostructures, measured as ~10 nm by transmission electron microscopy.  

4.2.3 Dye Adsorption 

The dye used for this technique development was cis-diisothiocyanato-bis(2,2’-

bipyridyl-4,4’-dicarboxylato) ruthenium(II) bis(tetrabutylammonium) (Solaronix), more 

commonly referred to as N719 in the literature.  The acetonitrile used in the dye 

adsorption solution (DrySolv Acetonitrile, VWR International) was <50 ppm H2O, with 

<1 ppm residue after evaporation.  

4.2.4 Characterization Techniques 

Carbon nanostructures and ALD-coated nanostructures were imaged with a FEI 

XL30 SEM-FEG scanning electron microscope, and they were examined with imaging 

and electron diffraction using a FEI Tecnai G2 Twin transmission electron microscope.  

Raman spectra were collected using a Horiba Jobin Yvon LabRam ARAMIS Raman 

microscope with 633 nm HeNe and 325 nm HeCd lasers.  UV-Vis spectra were taken 

with a Shimadzu UV-3600 UV-Vis NIR double monochrometer spectrophotometer, 

which allows for a stray light level as low as 0.00005% at 340 nm, visible resolution of 0.1 

nm, and an absorbance noise level of 0.00003 A at 1500 nm.   
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Synchrotron X-ray scattering measurements were performed with a beam energy 

of 10 keV and a Mo/B4C monochrometer to determine the extent of nanotube alignment.  

CNT alignment was determined from the anisotropy of wide-angle X-ray scattering 

(WAXS) patterns using Herman’s orientation factor f [76], which has a value between 0 

and 1, where values closer to 1 indicate a higher degree of alignment. 

4.3 Results and Discussion 

4.3.1 Surface Area Measurement Technique 

The dye adsorption-desorption technique is commonly used in dye-sensitized 

solar cell research to characterize the degree of dye loading on photoelectrodes[195-200].  

The method described here for determining the real surface area of nanostructured 

materials expands upon this methodology, as illustrated in Figure 42.  First, carbon 

nanostructures were grown by PECVD and then coated with an ultra-thin layer of TiO2 

by ALD as described in Section 4.2.  Atomic layer deposition is an ideal technology for 

this application due to its ability to produce highly uniform and conformal coatings 

even on high-aspect-ratio nanomaterials systems.  The TiO2 coating increases the surface 

area of the nanostructure by a small amount that is on the order of 5% for a g-CNT film 

based on a 200 nm CNT diameter that is typical of this structure.  This small increase can 

be further minimized in future work by using a thinner ALD coating.  The core-shell 

hybrid nanostructures were then annealed in a tube furnace at 500 °C for 5 hours in air 
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to crystallize the TiO2, which has been shown to improve dye loading efficiency[196].  

As a result of annealing in an oxygen-containing environment, the CNT/g-CNT core was 

etched away while the crystallized TiO2 shell remained intact.  The dye adsorption 

occurs on the outermost layers of the nanostructure and thus the removal of the carbon 

core does not significantly impact the dye adsorption-desorption process.  The annealed 

TiO2 nanostructure was heated to 150 °C on a standard laboratory hot plate to remove 

surface moisture and placed in a 0.5 mM solution of N719 dye in acetonitrile for at least 

36 hours to achieve complete monolayer adsorption.   

Upon removal from the dye solution, the dye-loaded nanostructure was 

thoroughly rinsed in acetonitrile to remove excess dye, dried, and placed in 1M NaOH 

for desorption of the dye in accordance with standard literature procedures[195-200].  

The volume of the desorption solution was carefully measured by pipette.  UV-Vis 

absorption was then measured at 535 nm with a reference cuvette of 1M NaOH.  The 

Beer-Lambert law[205] was used to calculate the concentration of dye in solution, which 

has an extinction coefficient at 535 nm of ε = 1.47 x 104 M-1 cm-1. The concentration of 

desorbed dye molecules was then used to calculate the surface area of the 

nanostructured film, utilizing a cross-sectional surface area of 1.65 nm2 [191, 200] for the 

dye molecule.  This methodology has been successful in studying structures with 

substrate areas as small as 0.4 cm2 and total surface areas as small as 20 cm2. 
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Figure 42: Flow chart depicting the dye adsorption-desorption process for 
calculating nanostructure surface area.  The nanostructure under study is coated with 
TiO2 by ALD, annealed at 500 °C, then placed in a dye solution to adsorb a monolayer 
of N719 dye.  The dye-loaded TiO2 nanostructure is subsequently placed in a NaOH 
solution to remove the dye from the nanostructure surface, and the concentration of 

dye molecules in solution is measured by UV-Vis. 

4.3.2 Materials Characterization 

Scanning and transmission electron microscopy images of the carbon 

nanostructures before and after coating are shown in Figure 43.  The MWNTs possess 

bamboo-type inner walls, and the oxide thickness is approximately 10 nm.  Figure 43 (c-

d) demonstrate that the graphene foliates of g-CNTs are not damaged or etched back by 

the ALD coating process, which was also confirmed by Raman spectroscopy.  After the 

annealing process, the oxide transitioned to the anatase crystalline state.  The SAED 
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pattern and direct TEM lattice fringe measurement in Figure 44 confirmed the presence 

of anatase TiO2 in the annealed films.  The exposed crystal plane is predominantly (101), 

which has been demonstrated to be the most efficient plane for adsorbing N719 dye[206] 

due to the similarity between the spacing of the Ti atoms in the anatase (101) plane, and 

the spacing of the two binding carboxylate groups in N719[207, 208]. 

 

Figure 43: (a-b) TEM micrographs of bamboo-type CNTs.  The darker outer 
layer in (b) is the ALD TiO2 coating with thickness ~10 nm.  (c-d) are representative 

SEM images of the g-CNT morphology before (c) and after (d) ALD coating.  The inset 
TEM micrograph in (c) illustrates the foliate tip morphology. 
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Figure 44: (a) TEM image and SAED pattern of a crystallized TiO2 nanotube 
after CNT removal via oxidation.  The SAED pattern indicates that the oxide is 
anatase TiO2.  (b) TEM image of an annealed TiO2 nanotube with exposed (101) 

anatase crystallites. 

Raman spectra were collected from the nanostructures during each stage of the 

surface area measurement process using a 633 nm HeNe incident laser.  Figure 45 

displays Raman spectra before and after the ALD coating, as well as after the annealing 

stage, with the spectra normalized to the carbon G peak for the samples containing 

carbon.  g-CNTs possess a relatively high defect density, which is attributed to the high 

density of graphene edge planes[73, 140] and is reflected in the large ID/IG peak intensity 

ratio[41].  The ID/IG ratio does not change significantly after the ALD coating process, 

with any small difference attributed to imaging a different region of the film.  In 

addition, three low-intensity peaks emerged in the low-wavenumber region, which are 
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indicative of the presence of amorphous or polycrystalline TiO2.  The tetragonal 

structure of anatase yields six Raman-active modes, namely three Eg modes centered at 

144, 197, and 639 cm-1, two B1g modes at 399 and 519 cm-1, and one A1g mode overlapping 

with a B1g mode at 519 cm-1 [195, 209, 210], as well as two bands at approximately 315 

and 796 cm-1 arising due to disorder or two-phonon scattering[211].  After annealing in 

air at 500 °C for 5 h, the D and G carbon peaks are no longer present, and prominent 

anatase B1g, A1g+B1g, and Eg peaks remain.  It is therefore concluded that the ALD coating 

process does not damage the underlying carbon nanostructure or etch the graphene 

foliates, the as-deposited TiO2 is amorphous or polycrystalline, and the film transitions 

to a carbon-free anatase TiO2 nanostructure upon annealing in air. 

 To confirm the presence of N719 on the TiO2 nanostructure, Raman spectroscopy 

was again employed.  Dye-loaded TiO2 nanostructures were compared with N719 dye in 

powder form.  These spectra were collected with a 325 nm HeCd laser for improved 

sensitivity and resolution due to resonance conditions with the dye[212].  As seen in 

Figure 46, the characteristic spectral features of N719 in the 1000-1700 cm-1 region are 

observed for the dye powder as well as the dye-loaded TiO2 nanostructures.  Bands 

present in the 1000-1200 cm-1 range arise due to C-H bending modes, and bands in the 

1400-1700 cm-1 range are due to C-C stretching[213].  The close correspondence between 

the spectra confirms that the dye was adsorbed on the nanostructure surface. 
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Figure 45: Raman spectra (633 nm) at different stages of the surface area 

measurement process.  The green curve represents the spectrum of g-CNTs, with 

prominent carbon D and G peaks.  In blue, the g-CNTs have been coated with TiO2 

and display low intensity TiO2 peaks at low wavenumber in addition to the carbon D 

and G peaks.  The red curve, with pronounced bands at lower wavenumber and no 

carbon bands, is the spectrum of the annealed nanostructure.  (*) arises due to 

structural disorder in anatase, and peaks labeled “Si” are contributed by the silicon 

substrate in the annealed nanostructure. 

 

Figure 46: Raman spectra (325 nm) of N719 dye powder (blue) and dye-loaded 

TiO2 nanotubes (red). 
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4.3.3 Validation of the Procedure 

The surface area measurement procedure was performed on three types of 

nanostructures in this study.  First, NanoATO was studied to verify the experimental 

dye adsorption and desorption measurement process.  These nanoparticle films were 

chosen for process verification due to their simple geometry and ease of comparison to 

literature results.  The NanoATO films were prepared in an identical manner to the films 

studied by Peng et al.[199], who noted a nonlinear trend in surface area as a function of 

the number of TiO2 deposition cycles.  A similar trend was observed for the films used in 

this study, shown in Figure 47, which is likely due to the effect of the ALD coating 

gradually sealing small diameter pores[199].  Error bars in the data are the standard 

deviation of two measurements from different samples, and normalized surface area is 

defined as the surface area of the film as measured by dye adsorption and divided by 

the projected substrate area. 

As a second process verification step after comparing NanoATO surface area 

results with literature, the specific surface area of one of the CNT samples, in 

conjunction with the mass of the ALD-deposited oxide, was used to estimate the density 

of the titanium oxide layer.  The mass of the CNT growth substrate was measured before 

the deposition of nanotubes, after the CNT film deposition, and again after the CNTs 

were coated with TiO2.  No annealing was performed before mass measurements were 
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taken.  Making use of the total surface area measured by the dye sorption method, the 

following expression was used to estimate the specific surface area: ρ = ∆moxide ⁄ (S·t), 

where ρ is the density of TiO2, ∆moxide is the mass added after ALD deposition, S is the 

total surface area of the nanostructure, and t is the thickness of the oxide film.  For a 

CNT sample with ∆moxide = 680 ± 10 µg, S = 249 cm2, and t = 9.5 ± 0.5 nm, the density of the 

titanium oxide deposited at the surface of the CNTs at 135 °C was ρ = 2.9 ± 0.2 g/cm3.  

This value is in agreement with literature reports for amorphous or polycrystalline TiO2 

films deposited near this temperature[214, 215].  As such, this technique may also be 

used to determine the density of TiO2 thin films deposited on rough or high aspect ratio 

films.  This would not be possible using ellipsometry or X-ray reflectivity, which require 

smooth surfaces. 

In order for the values obtained by the dye sorption technique to be accurate 

representations of nanostructure surface area, it must be ensured that dye molecules are 

not penetrating the nanotube structure and contributing inner wall surface area.  If the 

inner wall of the nanotubes were coated by dye molecules, the measured surface area 

would be roughly twice as large as the area of the outer nanostructure surface.  

Considering the above expression for oxide density, if the surface area were indeed half 

as large as the measured value, this would approximately double the calculated oxide 

density.  As a TiO2 density of 2.9 ± 0.2 g/cm3 was calculated with the measured surface 
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area, if surface area from the inner walls contributed to the measured total, the 

calculated TiO2 density would be approximately 5.8 g/cm3.  Polycrystalline anatase TiO2 

has experimentally-determined density between 2.9 and 3.9 g/cm3.  Therefore, it is not 

possible that a significant amount of dye coated the inner nanotube walls. 

 

Figure 47: Normalized surface area results for the three types of nanostructures 
under study.  Normalized surface area is defined as the real surface area of the 

nanostructure divided by the projected substrate area.  At the left, a nonlinear trend 
was observed in the surface area of NanoATO films as a function of the number of 

TiO2 ALD cycles, in agreement with the results of Peng et al.[199]  In the center, CNT 
surface area is plotted with varying deposition times, where deposition time controls 
film thickness.  The rightmost plot depicts a nearly linear trend between surface area 

of g-CNT films with increasing deposition time, where deposition time controls 
graphene foliate density.  The error bars represent the standard deviation of two 

identically prepared samples. 

4.3.4 Application to Carbon Nanostructures 

CNT films were grown at several deposition times and subjected to the ALD 

coating and dye adsorption/desorption process.  The values reported in Figure 47 for 

CNTs of approximately 60 nm diameter and approximately 40 walls are in line with the 
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theoretical calculations of Peigney et al.[216], also supporting the supposition that the 

inner nanotube walls were not subjected to dye adsorption.  The reduction in 

normalized surface area as the total deposition time approaches 10 minutes is most 

likely due to a reduction in growth rate caused by catalyst poisoning, or the effect of the 

encapsulation of the active catalyst nanoparticle surface by excess amorphous 

carbon[81].  This effect was elucidated by in situ experiments which observed a thin 

layer of carbon on the front face of inactive catalyst particles[81], as well as by 

experiments that successfully reactivated the catalyst nanoparticles by removing this 

excess carbon[82].   

g-CNTs grown by the higher temperature PECVD method typically have a lower 

degree of alignment compared with CNTs grown at lower temperature, and the film 

thickness terminates at between 10 µm and 15 µm regardless of deposition time.  Rather 

than controlling film thickness, increasing deposition time instead is responsible for 

increasing the density of graphene foliates.  Additionally, there is a nucleation delay for 

the formation of foliates[71, 72], which tend to form in higher density near the tips of the 

CNTs.  In order to study the changes in surface area that arise from the addition of 

graphene foliates, g-CNT samples were grown at different deposition times.  The 

samples grown at the lowest deposition time of 2 min displayed the same morphological 

characteristics as g-CNTs, namely 10 µm film thickness and a low level of CNT 
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alignment.  However, these samples did not possess graphene foliates, as the critical 

growth time had not yet been reached.  The samples with growth time higher than 2 min 

all contained graphene foliates, with the density increasing for higher growth times.  The 

normalized surface area increases with the deposition time as shown in Figure 47.  The 

normalized surface area of the film with the highest foliate density is approximately 80% 

higher than the sample grown at 2 min without graphene foliates. 

To determine if the g-CNT surface area measurements are realistic, it is possible 

to estimate the expected surface area increase upon the addition of graphene foliates to 

CNTs using a simple geometric calculation.  If the film thickness is approximately 10 µm 

with the top 2 µm having semicircular foliates of radius 250 nm and density 1 foliate/100 

nm, the lower 8 µm having foliates of 100 nm radius and density 1 foliate/500 nm, and 

the CNTs treated as cylinders with radius 100 µm, then the expected increase in surface 

area by the addition of foliates is approximately 70%.  This value is quite similar to the 

value obtained through experiment, with differences attributable to simplistic 

assumptions and small variations in film morphology. 

When comparing the surface area of different types of nanostructured films, one 

must take into account the thickness of the films as it is clear that, for a given film, 

increasing thickness will increase surface area.  From the results in Figure 47 it is 

apparent that the normalized surface area of the g-CNT films is generally lower than the 
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surface area of the aligned CNT films.  To understand the reason behind this, the CNT 

data point at 3 min deposition time is compared with the g-CNT control sample, which 

was grown under g-CNT conditions but growth was terminated before the nucleation of 

graphene foliates.   

The orientation parameter (f)[76] for typical aligned CNT and g-CNT films were 

studied by the wide-angle X-ray scattering (WAXS) technique.  As described in the 

Section 4.2, an orientation factor approaching 1 indicates that the nanotubes are better 

aligned.  For aligned CNTs it was found that f = 0.18, and for g-CNTs f = 0.08.  The 

anisotropic WAXS intensity distributions alongside representative CNT and g-CNT SEM 

micrographs may be found in Figure 48.  It is noteworthy that, in the case of g-CNTs, the 

orientation factor may be underestimated due to scattering contributions from the 

graphene foliates when calculated by the WAXS technique.  From the orientation 

parameter, it is possible to calculate an effective film thickness corrected for CNT 

tortuosity by ∆l=[3 ⁄ ((2f+1) )]1/2*∆z [26, 217], where ∆l represents the effective film 

thickness in the absence of tortuosity and ∆z is the apparent thickness as measured by 

SEM.  

The measured film thicknesses of the CNT films grown for 3 min as well as the g-

CNT control sample were approximately 15 µm.  Considering the orientation 

parameters above, the tortuosity-corrected film thicknesses are approximately 24.1 µm 
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for g-CNTs and approximately 22.3 µm for CNTs.  Thus, calculating normalized surface 

area divided by film thickness yields 1.96 for g-CNTs and 2.65 for CNTs, indicating that 

the aligned CNTs have higher surface area than the poorly aligned g-CNT control 

sample when film thickness is taken into account.  The reason for this is likely a 

reduction in film density due to catalyst nanoparticle sintering effect and Ostwald 

ripening of the catalyst prior to nanotube growth[218].  The catalyst nanoparticles 

aggregate under high growth temperature, and cause a reduction in film density as well 

as an increase in average CNT diameter[218].  This hypothesis is supported by the 

experimental observations (see Figure 43) that g-CNT diameters are larger than the 

diameters of aligned CNTs grown at lower temperature. 

 

Figure 48: Wide-angle x-ray scattering distributions for aligned CNTs (left) 
and g-CNTs (right) along with representative SEM micrographs of each morphology.  
Anisotropy in the WAXS patterns allows for the calculation of Herman’s orientation 

factor. 
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A major application area of g-CNTs is in electrochemical energy storage as a 

supercapacitor electrode material.  It has been noted in previous publications[70, 73] that 

g-CNTs are capable of significantly higher charge storage when compared with aligned 

CNTs.  From electrochemical impedance spectroscopy, g-CNTs display a 5.4x 

improvement in mass-normalized capacitance at 1 Hz compared with CNTs[70].  In 

nominal surface area-normalized capacitance measured by cyclic voltammetry, g-CNTs 

had approximately twice the specific capacitance of multi-walled CNTs, as reflected by 

the trend in nanocrystalline domain size presented in Ref. [73].  However, the 

normalized surface area of g-CNT is, in general, less than or equal to the normalized 

surface area of CNTs.  Therefore, the surface area analysis suggests that the changes in 

electrode surface area are not sufficient to account for the large increase in capacitance 

for these hybrid graphene-CNT nanostructures.  It is therefore suggested that, for carbon 

nanostructures of high defect density and high graphene edge plane density, the 

nanocrystalline domain size and subsequent changes in charge density distribution are 

primarily responsible for the improved performance as supercapacitor electrodes rather 

than simple trends in surface area. 

4.4 Conclusions 

A general technique has been developed to measure the surface area of 

nanostructures using atomic layer deposition of titanium oxide and dye sorption.  This 
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technique was validated and applied to CNT and graphene-CNT materials deposited by 

PECVD: high surface area nanostructures which are of broad interest for numerous 

applications, including energy conversion, energy storage and electrodes for sensing or 

stimulation among others.  Many laboratory-scale samples such as nanostructured thin 

films fabricated by vapor deposition techniques, may have high specific surface area but 

a total surface area less than 1000 cm2, making them unsuitable for accurate 

measurement of total surface area by conventional techniques.  The current technique is 

applicable to nanostructures down to 20 cm2 total surface area, complimenting the 

standard BET technique.  Thus, this general protocol fills an immediate gap in current 

nanometrology technology, and is applicable to any nanostructure capable of sustaining 

the atomic layer deposition process.  This technique produced the first direct evidence 

that the high defect density and prevalence of graphene edge sites in g-CNTs 

significantly contribute to their enhanced performance as a supercapacitor electrode 

material. 
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5. Conclusions, Summary, and Future Work 

5.1 Conclusions 

The primary conclusions of the work presented in this dissertation are listed 

here, and summarized in the following sections. 

• MPECVD growth of CNTs on Si (100) and poly-Si was studied using a model 

similar to that of oxidation of silicon to better understand growth dynamics for 

MEMS and VMD integration.  Activation energies and diffusivities were 

determined for different stages of growth and explained through analysis of 

catalyst nanoparticle size dispersion and CNT alignment. 

• A design of experiments study was performed for the PECVD growth process to 

improve understanding of process-structure relationships for carbon 

nanomaterials.  Temperature was determined to be the most influential factor, 

allowing transitions between 1D, 2D, and 3D carbon nanostructures. 

• Raman spectroscopy was employed to study the micro- and nanostructure of 

high graphene edge density carbon nanomaterials.  The nanocrystalline domain 

size was found to have a linear correspondence with specific capacitance across a 

wide range of nanostructure morphologies. 

• A new method was conceived for determining the total surface area of 

laboratory-scale nanostructured films using atomic layer deposition of TiO2.  
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Films with surface area as low as 20 cm2 were measured, demonstrating a 

significant improvement over the standard BET method which requires samples 

of at least 1000 cm2.  Additionally, it was determined that foliates of g-CNTs 

enhance electrochemical capacitance not only by increasing surface area, but 

more importantly by modifying the electrical properties of the material. 

5.2 Summary 

In the following sections, the work performed for each research chapter of this 

dissertation is summarized, highlighting the conclusions listed above. 

5.2.1 Integrating Carbon Nanotube Forests into Polysilicon MEMS: 
Growth Kinetics, Mechanisms, and Adhesion 

The growth of CNTs on polycrystalline silicon substrates was studied to improve 

the design of CNT cold-cathode field emission sources for MEMS applications and 

VMDs.  MPECVD was used for CNT growth, resulting in CNTs that incorporate the 

catalyst particle at their base.  The kinetics of CNT growth on polysilicon were 

compared to growth on Si (100) substrates using the model of Deal and Grove, finding 

activation energies of 1.61 and 1.54 eV for the nucleation phase of growth, and 1.90 and 

3.69 eV for the diffusion limited phase on Si (100) and polysilicon, respectively.  

Diffusivity values for growth on polysilicon were notably lower than the corresponding 

values for growth on Si (100), and the growth process became diffusion-limited earlier.  

Evidence favors a surface diffusion growth mechanism involving diffusion of carbon 
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precursor species along the length of the CNT forest to the catalyst at the base.  

Explanations for the differences in activation energies and diffusivities were elucidated 

by SEM analysis of the catalyst nanoparticle arrays and through wide-angle X-ray 

scattering of CNT forests.  Finally, methods were presented to improve adhesion of CNT 

films during operation as field emission sources, resulting in a 2.5x improvement. 

5.2.2 Perspectives on the Growth of High Edge Density Carbon 
Nanostructures: Transitions from Vertically Oriented Graphene 
Nanosheets to Graphenated Carbon Nanotubes 

Insights into the growth of high edge density carbon nanostructures were 

achieved by a systematic parametric study of plasma enhanced chemical vapor 

deposition.  Such structures are important for electrode performance in a variety of 

applications such as supercapacitors, neural stimulation electrodes, and electrocatalysis. 

A morphological trend was observed as a function of temperature whereby g-CNTs 

emerged as an intermediate structure between CNTs at lower temperatures and CNSs, 

comprised of few-layered graphene, at higher temperatures. This is the first time that 

three distinct morphologies and dimensionalities of carbon nanostructures (i.e. 1D 

CNTs, 2D CNSs, and 3D g-CNTs) have been synthesized in the same reaction chamber 

by varying only a single parameter (temperature).  A design of experiments approach 

was utilized to understand the range of growth permitted in a microwave PECVD 

reactor, with a focus on identifying g-CNT growth within the process space. Factors 
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studied in the experimental design included temperature, gas ratio, catalyst thickness, 

pretreatment time, and deposition time. This procedure facilitates predicting and 

modeling high edge density carbon nanostructure characteristics under a complete 

range of growth conditions that yields various morphologies of nanoscale carbon.  Aside 

from the morphological trends influenced by temperature, a relationship between 

deposition temperature and specific capacitance emerged from the DOE study.  

Transmission electron microscopy was also used to understand the morphology and 

microstructure of the various high edge density structures.  From these results, a new 

graphene foliate formation mechanism is proposed for synthesis of g-CNTs in a single 

deposition process. 

5.2.3 Role of Nanocrystalline Domain Size on the Electrochemical 
Double-Layer Capacitance of High Edge Density Carbon 
Nanostructures 

Nanostructured carbon materials, especially activated carbon, CNTs, and 

graphene, have been widely studied for supercapacitor applications.  To maximize the 

efficacy of these materials for electrochemical energy storage, a detailed understanding 

of the relationship between the nanostructure of these materials and their performance 

as supercapacitors is required.  A fundamental structural parameter obtained from the 

Raman spectra of these materials, the in-plane correlation length or nanocrystalline 

domain size, is found to correlate with the electrochemical capacitance, regardless of 
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other morphological features. This correlation for a common nanostructural 

characteristic is believed to be the first result of its kind to span several distinct 

nanostructured carbon morphologies including graphene-CNT hybrid materials, and 

may allow more effective nanoscale engineering of supercapacitor electrode materials. 

5.2.4 General Protocol for High Sensitivity Surface Area 
Measurements of Nanostructured Films Enabled by Atomic Layer 
Deposition of TiO2 

Due to their nanoscale dimensions, nanomaterials possess a very high specific 

surface area, which directly informs their properties in energy conversion and storage 

and catalytic chemical transformation, amongst other applications.  However, common 

laboratory scale samples of nanostructured films have a total surface area that is too 

small to measure by conventional gas adsorption techniques such as the Brunauer-

Emmett-Teller method, although they may have high gravimetric surface area.  The 

methodology presented in this chapter allows for accurate measurement of the surface 

area of nanostructured films of a variety of materials, and involves two steps: uniformly 

and conformally functionalizing the surface of the nanostructured film under study by 

an ultrathin titanium oxide adhesion layer through atomic layer deposition, and 

quantifying the amount of adsorbed dye molecules on the TiO2-coated nanostructure 

film.  Carbon nanostructures, especially nanomaterials making use of the exciting 

properties of graphene, are under investigation by numerous laboratories around the 
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world, and were therefore chosen as ideal materials for the demonstration of this 

procedure.  In this research, two nanomaterials of high aspect ratio were chosen for this 

purpose: MWNTs and g-CNTs. This method has been successful in studying films with 

total surface area as low as 20 cm2, and was additionally used to probe the underlying 

mechanisms of highly effective charge storage in high graphene edge density carbon 

nanomaterials. 

5.3 Future Work 

5.3.1 Elucidating Structure-Property Relationships in High Graphene 
Edge Density Carbon Nanomaterials by Wide-Angle X-ray Scattering 

Traditional characterization techniques used to study carbon nanostructures, 

such as electron microscopy and Raman spectroscopy, are capable of studying structural 

features of these materials at the micro- and nanoscale such as nanocrystalline domain 

size or graphene layer extent (La), number of concentric nanotube walls, CNT diameter 

and spacing, among many other parameters.  One shortfall of several existing techniques 

is the statistical significance of many such results, as they only probe a small area of the 

film under study.  The wide-angle x-ray scattering (WAXS) technique has a distinct 

advantage in the study of nanostructured carbon by providing data spanning a majority 

of the film area, and additionally is able to elucidate structural parameters at the 

nanoscale which may not be calculated by another method.  By following the theory and 

algorithm described by Ruland and Smarsly[219], it is possible to find up to 18 structural 
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parameters via WAXS spectra of non-graphitic carbons, which include quantities such as 

preferred orientation of stacked graphene layers, crystallite size, carbon-carbon bond 

length. 

Synchrotron WAXS data have been collected for five variants of g-CNTs with 

different CNT morphologies and foliate densities at the Advanced Light Source at 

Lawrence Berkeley National Laboratory.  A routine is being developed using Wolfram 

Mathematica to implement the data-fitting algorithm of Ruland and Smarsly, which will 

subsequently be fit to the experimental data using a nonlinear fitting algorithm.  Figure 

48 demonstrates the evaluation of the Ruland and Smarsly algorithm for coherent 

scattering for an arbitrary set of input parameters. 

To briefly outline the WAXS scattering algorithm, the observed scattering data is 

expressed first as Iobs = kAP Ieu ⊗ hb( ) , where Ieu  is the theoretical intensity distribution 

normalized in electron units per carbon atom, k is a normalization constant, A is the 

absorption factor, P is the polarization factor, and hb  represents the instrumental 

broadening, with ⊗  being the convolution in small ranges of 2θ .  Ieu  is composed of 

the coherent intensity (Icoh) and the Compton scattering (Iincoh): Ieu = Icoh + Iincoh .  For 

samples containing nitrogen and oxygen impurities, the coherent scattering intensity 

may be described by Icoh = (1-cun)fc2(Iinter + Iintra) + cunfc2 + cNfN2 + cOfO2, where cun, cN, and cO are 

the concentrations and fc, fN, and fO are the atomic scattering factors of unorganized 
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carbon, nitrogen, and oxygen, respectively.  Iinter arises from interlayer scattering 

between graphene sheets, and Iintra refers to the scattering contribution from one 

graphene sheet.   

As this technique has the capability to determine up to 18 structural parameters 

of the nanomaterial under study, this research presents an avenue to determine new 

processing-structure and structure-property relationships for carbon nanomaterials.  

Many of these structural parameters cannot be determined by another method and can 

be found from a single WAXS scan of the nanostructured film. 

 

Figure 49: Coherent intensity contribution to the wide-angle x-ray scattering 
intensity for non-graphitic carbon materials.  Based on the theory of Ruland and 
Smarsly, this spectrum represents coherent intensity based on arbitrarily chosen 

material parameters. 
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5.3.2 Optimizing the Performance of Vertically Aligned Carbon 
Nanotubes as a Supercapacitor Electrode Material through Controlled 
Lateral Film Compression 

A method of compressing aligned CNT networks has been developed with the 

purpose of reducing the nominal surface area of a nanostructured supercapacitor 

electrode to increase specific capacitance.  To form these compressed or “crumpled” 

CNT films (Figure 49), vertically-aligned CNTs are first grown on a silicon substrate and 

briefly annealed in air to reduce the adhesive force between film and substrate.  An 

elastomer film based on acrylic is then stretched in one (uniaxial) or two (biaxial) 

directions to three to five times the original dimensions of the polymer, and the aligned 

CNT forest is transferred to the polymer substrate.  Upon relaxation of the polymer, the 

CNT film forms three-dimensional ripples in the previously two-dimensional film and 

the nominal surface area is reduced by the amount of polymer pre-strain. 

Initial results for CNTs crumpled to varying degrees in the uniaxial crumpling 

mode are shown in Figure 51 and Figure 52.  Figure 51 shows cyclic voltammograms for 

CNTs applied to polymers pre-stretched to 200% (left) and 300% (center) of their original 

dimensions for sweep rates ranging from 20 – 200 mV/s, and the specific capacitance 

values are shown at the right.  Figure 52 shows the constant-current charge-discharge 

curves for 200% (left) and 300% (center) samples, indicating good double-layer behavior, 
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with a Ragone plot shown at the right.  Finally, Figure 53 presents initial findings for 

biaxially crumpled CNT films (300% compression) as well as specific capacitance values. 

Ongoing research activities include studying the impact of CNT length on the 

electrochemical properties of the crumpled films, as well as in situ electrochemical 

studies of stretched and relaxed CNT films on the polymer substrate.  In addition, a two-

electrode device will be constructed.  This methodology will allow improvements in 

electrochemical capacitor performance for applications where capacitance as a function 

of nominal area is the figure of merit. 

 

Figure 50: Morphology of laterally compressed CNT films.  Uniaxially 
compressed samples result from pre-stretching the polymer substrate 

in one direction, and biaxially compressed samples were pre- stretched 
in two directions. 
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Figure 51: CV curves for uniaxially crumpled CNT films.  At the left, the films 
were compressed 200%, and 300% curves are shown at the center.  The specific 

capacitance values are shown at the right. 

 

Figure 52: Constant-current charge-discharge curves for uniaxially crumpled 
CNT forests.  200% compression is shown at the left and 300% at the center, with a 

Ragone plot at the right. 

 

Figure 53: CV curves for 300% biaxially crumpled CNTs (left) and specific 
capacitance (right). 
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5.3.3 Understanding Charge Exchange Processes in Triboelectric 
Nanogenerators Through the Use of Carbon Nanomaterials 

5.3.3.1. Introduction 

The goal of this study is to understand the fundamental mechanisms of charge 

exchange and separation between the functional nanomaterials comprising triboelectric 

nanogenerators (TENGs).  The triboelectric effect, central to the functionality of TENGs, 

is a type of contact electrification resulting from friction between materials.  Often 

considered a negative effect in technological and research applications that results in 

wasted energy, TENGs operate by harnessing the energy generated by the separation of 

friction-induced charges between nanostructured materials.  While a number of 

innovative designs exist making use of the triboelectric effect since the inception of 

TENGs in 2012[220], many of their underlying operational principles remain poorly 

understood. 

The central goal of this study is to better understand the charge exchange process 

in TENGs.  To accomplish this, the following specific objectives will be pursued: 

• Understand the physical processes associated with enhanced charge exchange 

between materials at the triboelectric layer: is it charge exchange driven by 

electron transfer or ion transfer, or both? 

• Elucidate the fundamental limits to the maximum amount of charge that may be 

exchanged between materials at the triboelectric charge exchange interface 
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• Determine whether conductors (e.g. graphene or CNTs), semiconductors or 

semimetals, or insulators (e.g. polymeric materials), or a combination thereof, are 

most appropriate for use in the triboelectric interface of TENGs 

• Decipher the relative importance of nanoscale surface roughness and electrical 

properties (e.g. work function) of the active triboelectric layers 

Experiments making use of carbon nanomaterials to vary the properties of the 

triboelectric interface (e.g., nanoscale friction, surface termination/functionalization, 

roughness, etc.) and computational approaches will be employed to accomplish these 

research goals. 

5.3.3.2. Background and Relevance to Previous Work 

TENGs make use of both triboelectrification and electrostatic induction to 

convert mechanical energy into electricity.  Also known as tribocharging or contact 

electrification, triboelectrification occurs when two solid surfaces are brought into 

contact with one another (with or without intentional rubbing or friction) and charge 

transfers from one surface to another[221].  When in contact, some materials tend to 

develop a positive charge while others become negatively charged; in general, it has 

been observed that polar materials tend to become positively charged and nonpolar 

materials become negatively charged[221].  Materials may be arranged into a 

“triboelectric series” according to their tendency to acquire a positive or negative charge 
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upon contact as seen in Figure 54.  When materials are chosen that are further from one 

another in the series, i.e. possess differing triboelectric charging affinities, the resultant 

charge density on each material surface is greater, and likewise the induced charge 

density at each end electrode is greater, yielding superior output voltage and power 

density[220, 222, 223]. 

 

Figure 54: Triboelectric series ranking materials according to their tendencies 
to lose or gain electrons in contact or frictional charging processes.  The highlighted 
materials were tested in the first TENG devices, finding superior power generation 

between materials further from each other in this series.  Reproduced from [220]. 

In the contact-separation mode of TENG device operation, the triboelectric layers 

are compressed resulting in charge exchange from one surface to the other.  When the 

compression relaxes, the layers separate and likewise the tribo-charges at the interface 

are separated as well.  As a result, an electric potential is induced in the interfacial 
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region between triboelectric layers, causing electrons to flow between the induction 

electrodes.  See Figure 55 for a graphical illustration of the process.  As the films contact 

and separate, an alternating potential drives electrons back and forth in an outer 

circuit[222].   

 

Figure 55: Operating principle of TENGs.  (a) A flexible TENG device 
generating alternating current through a bend-and-release process.  (b) Schematic of 

the operation of a compression-type TENG device.  Reproduced from Ref. [222]. 

Creative approaches to device design have produced TENGs with significant 

performance advantages over the original TENG design, including new operational 
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W twisting, folding, and crumpling, or a stretching motion, the 

composite-based nanogenerator could directly generate the 
power output while maintaining mechanical and electrical 
robustness. The device was sewn onto the knee of a nylon 
stocking to demonstrate the feasibility for driving commercial 
electronics and integrating on clothes as wearable electronics.    

  3.     Flexible Triboelectric Nanogenerator 

 Triboelectrifi cation is conventionally known since the ancient 
Greek era and usually taken as a negative effect. However, tact-
fully based on a conjunction of triboelectrifi cation and electro-
static induction, triboelectric nanogenerator (TENG) is invented 
recently, which could convert mechanical energy into electricity. 
Considering triboelectrifi cation ubiquitously exists in the sur-
rounding environment and for any most common materials 
used every day, TENGs could be inherently fl exible and mean-
while serve as an energy source for our daily increasing port-
able or implantable electronic device, or as one of self-powered 
environmental sensors in the future internet of things. 

  3.1.     Invention and Working Principle 

 In 2012, a simple, cost-effective and all-polymer based fl exible 
triboelectric nanogenerator (TENG) for harvesting mechanical 

energy, through a conjunction of triboelectrifi cation and elec-
trostatic induction, was demonstrated. [ 98 ]  The TENG consists of 
two polymer fi lms, that have different electron-attracting abili-
ties, with metal fi lms deposited on their back sides ( Figure    11  a). 
When the two fi lms contact, friction happens, owing to the nat-
ural nanoscale surface roughness, which leads to equal amount 
but opposite signs of charges generate at the two fi lms’ surfaces. 
Thus, an electric potential is formed at the interface region. As 
the two fi lms contact and separate, the alternative potential will 
drive electrons in the external load to fl ow back and forth. Such 
a typical fl exible polymer TENG yields an output voltage of up 
to 3.3 V and a power density of 10.4 µW cm −3 .  

 This mode is vertical contact-separation mode of TENG. A 
detailed working principle is shown in Figure  11 b. When the 
TENG is pressed, the two tribo-materials contact. According to 
previous works, [ 14,99 ]  due to their different electron-attracting 
abilities, electrons could be transferred from one material to 
another, thus there will be net negative charges on the sur-
face of the layer with a strong electron attracting ability and 
net positive charges on the other (Figure  11 b (II)). As the two 
tribo-materials separate, the tribo-charges in the interfacial 
regions are separated, which will induce an electrical poten-
tial in the interfacial region, therefore electrons in the attached 
induction electrodes will be driven to fl ow from one side to 
another (forming a current fl ow, Figure  11 b (III)). In this pro-
cess, electrons keep fl owing until the TENG is fully released, 
which is represented by Figure  11 b (V). At this moment, both 

Adv. Mater. 2016, 
DOI: 10.1002/adma.201504299

www.advmat.de
www.MaterialsViews.com

 Figure 11.    Invention and working principle of the fl exible triboelectric nanogenerator. a) The construction and photography images of the fi rst fl exible 
triboelectric nanogenerator. Reproduced with permission. [ 98 ]  Copyright 2012, Elsevier. b) Working principle of the TENG. Reproduced with permis-
sion. [ 99 ]  Copyright 2012, American Chemical Society.
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modes[224-226].  Variation in the chosen materials has also been shown to play an 

important role in TENG performance, and advanced nanoscale materials including 

graphene[227-229] and CNTs[230, 231] have been employed in TENG devices, 

producing devices with output voltages of tens of volts compared to the original 

polymer-based TENG which produced up to 3.3 V[222]. 

Transparent and flexible graphene-based TENGs were first fabricated by Kim et 

al.[227], who used a layer-by-layer transfer technique to study the impact of the number 

of graphene layers on device performance.  Using up to four graphene layers with 

turbostratic stacking grown by CVD on Cu, it was found that output voltage and current 

decreased with increasing number of layers.  However, when multiple graphene layers 

were grown on Ni using CVD with regular stacking structures (AA/AB, ABC, ABA), the 

output voltage and current improved dramatically compared with the randomly stacked 

layers.  COMSOL simulations were performed to determine the working process of the 

graphene TENGs.  By using the work functions of the triboelectric layers (PET polymer 

and graphene), it was found that electrons are injected from the PET to the graphene 

layer resulting in negative charge buildup on graphene and a net positive charge on the 

PET surface.  An air gap intentionally introduced between the layers by use of a spacer 

caused the formation of dipole moments, yielding a potential difference between the two 

electrodes (a top graphene electrode and the bottom graphene layer, functioning as an 
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active triboelectric layer as well as electrode).  This study emphasized the importance of 

surface roughness in triboelectric charge generation, which arises due to wrinkles and 

defects in graphene stemming from the CVD growth process, and the electrical 

properties of the triboelectric layers (especially their work functions).   

In addition to the demonstration of a high-performance graphene-based TENG, a 

scalable roll-to-roll manufacturing process was conceived to transfer large-area 

graphene grown on Cu substrates to a EVA/PET polymer substrate for use in 

TENGs[228].  This process demonstrates the scalability of graphene-based TENG 

technology, and was additionally achieved without the use of any polymer residue or 

metal etching, which reduces the cost of device fabrication and is environmentally 

friendly. 

CNT films are frequently prepared as “Buckypapers” for electronic applications 

such as supercapacitor electrodes, which usually involves growth of CNT films, 

suspension of the CNTs in solution, and vacuum filtration to form an interconnected 

paper-like network.  Such networks possess high conductivity, are stretchable when 

transferred to certain polymer substrates, and present inherent surface roughness.  Park 

et al.[231] developed a CNT-based TENG with a CNT Buckypaper, which was 

additionally fabricated as a self-powered pressure sensor.  Fiber-based TENGs have 

been created using CNT coatings to function as low cost, three-dimensional TENGs with 
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applications in wearable self-powered electronics, and have been demonstrated as a self-

powered shirt to drive a wireless body temperature sensing system[232]. 

5.3.3.3 General Methodology 

Several research thrusts are proposed to accomplish the project goals 

enumerated in Section 5.5.3.1.  Each involves design and testing of carbon 

nanostructure-based TENG devices to probe the effects of friction-generating nanoscale 

surface roughness and modifications to the electrical characteristics of the carbon 

nanomaterials.  Each research area will be accompanied by relevant COMSOL 

Multiphysics and/or Density Functional Theory (DFT) calculations.  In particular, 

COMSOL will be used to model device-level electrostatics at different stages of the 

TENG operational cycle and should provide insight that directly relates to experimental 

findings.   

Recently, Zhang et al.[160] developed a technique to introduce significant 

additional wrinkles and edges into planar graphene in a polymer-based “crumpling” 

process.  Details of the crumpling process and crumpled graphene morphology may be 

found in Section 5.5.3.4.  Such a morphology presents an ideal tool for studying the role 

of surface roughness at the triboelectric interface of TENGs, as the preparation process 

already includes graphene transfer from the CVD growth substrate to a polymer film, 

which is typically a requisite layer in TENG devices.  In addition, the stretchable 
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polymer substrate may be pre-stretched different amounts in order to vary the degree of 

graphene surface roughness.  In this way, the nanoscale roughness may be carefully 

varied to determine its relative importance in the performance of TENGs. 

As with the proposed crumpled graphene TENG devices, aligned CNT films 

may be transferred to polymer substrates for application as the active triboelectric layer.  

Preliminary results involving transfer of aligned CNT forests to polymer substrates and 

subsequent electrochemical testing may be found in Sections 5.5.2 and 5.5.3.4.  These 

aligned CNT films also may be crumpled or stretched in order to vary nanoscale 

roughness, and the extremely high density of CNT tips at the top of an aligned CNT film 

makes this material an ideal choice for a rough, conductive triboelectric layer.  

Previously, CNT-based TENGs have employed CNT Buckypapers, or otherwise 

unaligned networks of CNTs which do not directly expose a high density of CNT tips, 

limiting the degree of nanoscale roughness. 

g-CNTs have been developed in recent years for applications as supercapacitor 

electrodes and cold-cathode field emission sources.  As the few-layered graphene 

foliates grow perpendicularly outward from the CNT axis, they can provide an 

additional source of surface roughness for g-CNTs prepared as a Buckypaper for 

application as a triboelectric material.  Conductivity of the CNTs is preserved as the 

graphene foliates are covalently bonded to the CNT sidewalls and the density of 
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graphene foliates may be controlled to carefully control variations in nanoscale 

roughness. 

Aside from roughness in the triboelectric interface, the electronic properties of 

the interfacial material are centrally important to the performance of nanogenerators as 

discussed above.  While the preceding research directions focus on varying or increasing 

the interfacial roughness, electronic properties of the material (work function, 

conductivity, bandgap, strain, etc.) will also be impacted.  For a more direct approach to 

modifying the triboelectric materials’ electronic properties, however, a chemical 

modification approach may be more appropriate.  Beginning with planar, single-layer 

graphene grown on Cu substrates by CVD, the graphene film will be chemically 

modified by several approaches including fluorination[233], nitrogen doping, and 

hydrogenation[234].  In addition, defects will be intentionally introduced to graphene by 

ion bombardment, monitoring the defect density by measuring the relative intensities of 

the D and G bands in the Raman spectra.   

In the case of the graphene functionalization approaches, the degree of 

functionalization will be controlled and quantified by X-ray photoelectron spectroscopy 

(XPS), and the subsequent changes in graphene work function will be measured by 

ultraviolet photoelectron spectroscopy (UPS) and Kelvin probe force microscopy 

(KPFM).  Quantification of varying degrees of surface roughness of crumpled and 
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planar graphene will be possible through the use of atomic force microscopy (AFM) 

surface roughness measurements and, for crumpled graphene and g-CNTs, Raman 

spectroscopy. 

Substantial evidence suggests that a possible mechanism of contact electrification 

is the transfer of mobile ions from one material surface to the other as opposed to 

transfer of electrons (for a detailed review on this topic, see Ref. [221]).  To determine the 

degree of ion motion between the triboelectric layers, graphene will be pressed against 

the relevant counter-material, and subsequent XPS characterization will provide 

detailed information on the type and amount of ions that transferred.  In addition, gas 

sensing techniques will be employed to dose graphene-based TENGs in situ with 

various chemical species and monitor subsequent trends in molecular properties that 

promote or hinder charge exchange. 

5.3.3.4 Graphene Crumpling Process 

The graphene crumpling process was developed by Zhang et al.[160].  A film of 

few-layered graphene was grown on a Ni film by CVD and transferred to a PDMS 

stamp.  An elastomer film based on acrylic was then stretched to three- to five-times its 

original dimension in either one or two dimensions (uniaxially or biaxially stretched, 

respectively), and the graphene film was transferred onto the pre-stretched polymer by 

stamping.  After this final transfer step, the elastomer substrate was allowed to relax in 
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one direction at a time, producing crumpled graphene.  Figure 56 (a-e) illustrates the 

pre-stretching process and scanning electron microscopy images of the resulting 

graphene morphology. 

 

Figure 56: (a) Schematic illustration of a biaxially pre-stretched polymer 
substrate, relaxing one direction at a time (left to right).  (b-e) SEM images of 

crumpled graphene.  (a-e) reproduced from [160].  (f) Uniaxially pre-stretched aligned 
CNT film.  (g) Biaxially pre-stretched aligned CNT film.  (h) g-CNT. 

5.3.3.5 Expected Results, Significance, and Application 

Expected results of this research include better understanding of the role of 

material parameters, both mechanical (surface roughness) and electronic (work function, 

conductivity, bandgap, etc.), on the operation of TENGs.  Through the methodology 

described above, including experiment and simulation focusing on variation of material 

roughness and electrical properties, the charge transfer processes in triboelectric 
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materials used in TENGs will be elucidated.  The fundamental limits to the amount of 

charge that may be stored at the interfacial layers and limits to the strength of the 

electric field across TENG devices will be quantified, all of which will allow for better 

scientific understanding and device design of TENGs. 

 Many applications of these devices have been demonstrated in the past several 

years since the invention of the TENG.  Researchers have used TENGs in self-powered 

pressure sensors and body temperature sensors as discussed in Section 2[231, 232].  

Other demonstrations of TENG application include atmospheric pressure sensors and 

detection of footsteps, respiration, and heartbeat, suggesting possible surveillance and 

security applications.  TENGs may also be used to harvest mechanical energy in mobile 

touchscreen devices, translating tactile energy into electrical energy to extend the battery 

life of mobile devices.  An intelligent self-powered keyboard has been developed[235] 

that is capable of harvesting mechanical energy used in typing as well as identify the 

keyboard user based on typing habits such as typing rate and keystroke force.  

Additionally, mechanical energy in nature such as the kinetic energy generated by ocean 

waves can be converted into electrical energy using TENGs.   
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Appendix A: Design of Experiments Parameters 

 

Table 2: Growth parameters for runs performed during the DOE study 
presented in Section 3.2. 

Temperature 

(°C) 

Pretreatment 

Time (s) 

Gas Ratio 

(CH4:NH3) 

Catalyst 

Thickness (Å) 

Growth Time 

(s) 

750 726 1 5 30 

925 210 4.5 5 120 

1100 5 8 1 480 

925 210 4.5 5 120 

925 5 4.5 5 480 

1100 9000 1 1 480 

925 210 1 5 480 

750 5 4.5 10 480 

750 9000 4.5 5 480 

925 9000 1 10 30 

925 210 4.5 5 120 

1100 210 4.5 5 30 

925 9000 8 5 30 

1100 3000 8 10 480 

750 5 1 1 30 

750 210 8 1 480 

750 5 8 5 30 

1100 5 1 10 120 

1100 9000 5 5 120 

1100 5 5 5 120 

800 9000 2 5 120 

800 5 2 5 120 

800 9000 5 5 120 

800 5 5 5 120 

1100 9000 2 5 120 
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