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ABSTRACT 

Synthesis and Electronic Transport in Single-Walled Carbon 

Nanotubes of Known Chirality 

Robert Victor Caldwell 

Since their discovery in 1991, carbon nanotubes have proven to be a very 

interesting material for its physical strength, originating from the pure carbon 

lattice and strong covalent sp
2
 orbital bonds, and electronic properties which are 

derived from the lattice structure lending itself to either a metallic or 

semiconducting nature among its other properties.  Carbon nanotubes have been 

researched with an eye towards industry applications ranging from use as an alloy 

in metals and plastics to improve physical strength of the resulting materials to uses 

in the semiconductor industry as either an interconnect or device layer for computer 

chips to chemical or biological sensors.   

This thesis focuses on both the synthesis of individual single-walled carbon 

nanotubes as well as the electrical properties of those tubes.  What makes the work 

herein different from that of other thesis is that the research has been performed on 

carbon nanotubes of known chirality.  Having first grown carbon nanotubes with a 

chemical vapor deposition growth in a quartz tube using ethanol vapor as a 

feedstock to grow long individual single-walled carbon nanotubes on a silicon chip 

that is also compatible with Rayleigh scattering spectroscopy to identify the chiral 



indices of the carbon nanotubes in question, those tubes were then transferred with 

a mechanical transfer process specially designed in our research lab onto a substrate 

of our choosing before an electrical device was made out of those tubes using 

standard electron beam lithography.  

 The focus in this thesis is on the work that went into designing and testing this 

process as well as the initial results of the electronic properties of those carbon 

nanotubes of known chirality, such as the first known electrical measurements on 

single individual armchair carbon nanotubes as well as the first known electrical 

measurements of a single semiconducting carbon nanotube on thin hexagonal 

boron nitride to study the effects of the surface optical phonons from the boron 

nitride on the electrical properties of the carbon nanotube.  Finally a few research 

projects are discussed in which carbon nanotubes of known chirality were used in 

conjunction with first electrical tests on molecules, secondly on a prefabricated 

complementary metal-oxide-semiconductor integrated circuit as an inverter and 

lastly to study the photoconductivity generated by a synchrotron laser source to 

identify the values for the low energy excitonic peak.
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Chapter 1 

 

Introduction to Carbon Nanotubes 
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1.1  - The Element Carbon: Materials and Motivation  

 

 Carbon is a very versatile material that when combined in different manners 

will yield materials that have extremely varied mechanical and electrical properties.  

As the sixth element in the periodic table and sitting at the top of column IV, 

carbon has 6 electrons, 2 of which occupy the 1s
2
 atomic orbital; the last 4 of which 

occupy the 2s
2
2p

2
 atomic orbitals.  These last 4 electrons are referred to as the 

valence electrons and yield orbitals that are labeled as 2s, 2px, 2py and 2pz.  The 

energy differences between these atomic orbitals is small, which gives rise to the 

possibility that these orbitals can mix with each other to form hybridized orbitals 

called sp
1
, sp

2
 or sp

3
 depending on how many electrons from the p orbitals are 

mixed with the electron from the 2s orbital.  Examples of this hybridization process 

are as follows: sp
1
 – C2H2 (acetylene), sp

2
 – graphite consisting of 3 covalent bonds 

with neighboring carbon atoms, sp
3
 – diamond consisting of 4 covalent bonds with 

the neighboring carbon atoms.  A simple change in hybridization can lead to 

materials that differ vastly from each other, such as diamond and graphite.  

Mechanically, diamond is one of hardest materials known to man and is highly 

transparent, while graphite is dark in color and soft in form.  Electrically, diamond 

has very low electrical conductivity, whereas graphite is a very good electrical 

conductor.  Among group IV elements, carbon alone can have this kind of 

versatility in forming varied hybridized orbitals due to the fact that it lacks more 
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than just the inner spherical core 1s orbital; silicon and germanium have larger 

cores of electrons and primarily only form sp
3
 hybridized orbitals.   

 Carbon as a material has long been known to man since antiquity in 2 of its 

naturally occurring forms of diamond and graphite, as well as in its amorphous 

form such as charcoal.  Yet it was not until the late 1700s that carbon was labeled 

as a fundamental element by the French scientists Claude Louis Berhollet, Gaspard 

Monge and C.A. Vandermonde (1786) [1].  In the intervening years pure carbon 

materials have undergone numerous transitions as man has searched for new 

materials to drive technology ranging from Edison patenting the first incandescent 

light bulb run on a carbon fiber filament in 1880 [2] to the discovery of fullerenes, 

specifically C60 which is more commonly referred to as a buckyball, in 1985 by 

Richard Smalley, Robert Curl, James Heath, Sean O‟Brien and Harold Kroto [3].  

(C60 is the zero-dimensional form of carbon sp
2
 hybridization or covalent orbital 

bonding, with carbon nanotubes as the one-dimensional form [4] and a single sheet 

of graphene as the two-dimensional form [5], whereas graphite is a three-

dimensional stacking of loosely bound graphene sheets as shown in Figure 1.1 [6])   
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Figure 1.1: The figure shows how a sheet of graphene can be transformed into a 

buckyball, carbon nanotube or a stack of graphite [6]. 

 

Six years later in 1991 [7] the official discovery of a buckytube, later known as a 

carbon nanotube, with multiple walls was made by Sumio Iijima with the use of an 

arc discharge growth method.  In 1993 two research groups located the first single-

walled carbon nanotubes at roughly the same time; the first was Sumio Iijima with 

a variation of the same arc discharge growth method that was used in 1991 [4], 

while the second group (D.S. Bethune et al.) utilized an arc discharge growth 

method combined with a cobalt/nickel catalyst to produce single-walled carbon 

nanotubes [8].  The late 1990s saw the beginnings of electrical testing of single-
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walled carbon nanotubes (SWNTs), which were first performed on large bundles of 

SWNTs [9], and later on individual SWNTs along with the advancement of 

chemical vapor deposition (CVD) growth to produce on-chip SWNTs that are clean 

and isolated from each other [10].   

Since the late 1990s, carbon nanotube research has exploded as experimental 

data has shown that this material possesses incredible mechanical [11], electrical 

[12], optical [13] and thermal [14] properties that can be used in a variety of 

industries and products.   CNTs possess an aspect ratio of length to diameter of up 

to 10
8
 to 1 (greater than 10 centimeters in length to 1 nanometer in diameter) [15], 

yet they are still one of the stiffest and lightest materials known to man with the 

tensile strength measured up to 63 gigapascals [16] due to the sp
2
 hybridized 

bonding structure.  Carbon nanotubes have begun showing up in materials ranging 

from tennis rackets to paint in order to improve their strength while not adding 

significantly to their weight.  The electrical properties of carbon nanotubes are no 

less spectacular than the mechanical ones, and some of the top silicon chip 

companies such as Intel and IBM have shown intense interest in replacing parts of 

computer chips with SWNTs.  A single metallic carbon nanotube can, in theory, 

carry a current density up to ~ 10
9
 A/cm

2  
[17] (a value of over 3 orders of 

magnitude more than copper, which is limited by electromigration, commonly used 

as an interconnect in modern electronics).  A semiconducting carbon nanotube has 

high on/off ratios of ~ 10
6
 [18] coupled with ballistic transport using Ohmic 

palladium contacts [19], and a high- dielectric [20] has been shown to perform on 
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par with silicon transistors.  Carbon nanotubes have also been studied extensively 

as chemical and gas sensors [21] due to having every carbon atom on the outside of 

the tube, which leads to having a very high surface area.  In order to understand 

more about carbon nanotubes (essentially rolled-up sheets of graphene), the 

physical and electrical properties of graphene must first be understood.   

  



7 
 

 

1.2  - Graphene: Physical and Electrical Properties 

 

 

Figure 1.2a: The crystal structure of graphene is shown, along with the unit cell 

(dotted parallelogram) and basis atoms A, and B.    ⃗⃗⃗⃗ , and    ⃗⃗⃗⃗  are the real space unit 

vectors.  Figure 1.2b: The reciprocal space lattice of graphene is shown with the 

colored hexagon indicating the Brillouin Zone.  , K, M represent the high 

symmetry points of graphene.    
⃗⃗  ⃗, and    

⃗⃗⃗⃗  are the reciprocal unit vectors. 

 

As shown in Figure 1.1, graphite is the three-dimensional stacking of a single 

atomic layer of carbon atoms in their sp
2
 hybridized form that are arranged in a 

hexagonal-honeycomb lattice structure called graphene.  These two-dimensional 

layers are only loosely bound to each other due to a much larger inter-layer spacing 

of 3.35 angstroms ( ) than the intra-layer nearest-neighbor distance of 1.42  .  This 
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makes it possible to isolate a single layer of graphene to perform experiments on it 

using a mechanical exfoliation process [22].  The 3 sp
2
 hybridized orbitals in 

graphene form covalent  bonds with the nearest neighbors situated 120° apart, 

which are arranged in a single plane, leading to a very strong two dimensional 

physical structure.  These electrons are tightly bound, and when considering the 

solid state electronic properties of graphene one must look only to the last of the 

four valence electrons located in the de-localized 2pz orbital located perpendicular 

to the two-dimensional plane, forming a covalent  bond.   Figure 1.2 shows the 

two-dimensional crystal structure of a sheet of graphene where each point is a 

carbon atom -bonded to the 3 closest neighbors.  The unit cell of graphene is 

shown in Figure 1.2a as a dotted rhombus with a two atom basis labeled A and B 

with real space lattice vectors (in x,y coordinates) written as [23]: 

  ⃗⃗⃗⃗   
√ 

 
  

 

 
  ,       ⃗⃗⃗⃗   

√ 

 
   

 

 
                  (1.1) 

Where   = √ *ac-c = 2.46  , and ac-c = 1.42    as the nearest-neighbor distance.   

Figure 1.2b shows the reciprocal lattice of graphene with the colored 

hexagon representing the first Brillouin Zone with unit vectors [23]: 

  
⃗⃗  ⃗   

  

√  
 
  

 
 ,     

⃗⃗⃗⃗   
  

√  
  

  

 
 ,                      (1.2) 



9 
 

 

The lattice constant in the reciprocal space is    √  .  Also shown in Figure 1.2b 

are the high symmetry points of graphene, , , M corresponding to the center, 

corner, and center of the edge of the Brillouin Zone.   

 The energy dispersion relation for graphene was first calculated in 1947 by 

P.R. Wallace using tight-binding model [24].  Rather than go through the full 

derivation, we will simply state the approximation of the two-dimensional equation 

for the electronic structure of graphene as [23]:  

       (     )            
√    

 
    (

   

 
)        

   

 
             (1.3) 

The band structure of graphene is plotted using Equation 1.3 in Figure 1.3 where 

the top half of the graph is the anti-bonding  band and is the conduction band of 

graphene, while the lower half is the bonding  band and is the valence band.   
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Figure 1.3: The two dimensional energy dispersion relation for graphene, where 

the upper half is the conduction band and the lower half is the valence band.  The 

two bands touch at the six K points located on the graph. 

 

Due to graphene consisting of a two carbon atom basis with each atom donating 

one  bond electron we end up with a situation where both electrons occupy the 

lower valence band leaving graphene as a zero-gap semiconductor with no 

electrons in the conduction band.  From Figure 1.3 we can also see the two bands 

touch at the 6 ' points at the corners of the Brillouin Zone.  For small 

momentum  ⃗  around a K point, the energy dispersion becomes linear/ conical 

(hence the term the Dirac Cone).   



11 
 

 

1.3  -  Carbon Nanotubes: Physical and Electrical 

Properties 

 

A single-walled carbon nanotube (SWNT) can be portrayed as a rolled-up sheet 

of graphene, although the techniques to create carbon nanotubes are very different 

processes and will be explained in detail in the next chapter.  SWNTs typically 

range in diameter from 0.5 up to 3 nanometers and can be up to 18.5 centimeters in 

length [15].  Multi-walled carbon nanotubes (MWNTs) are made up of 2 or more 

concentric SWNTs and can be as thick as tens of nanometers [7].  Figure 1.4 shows 

how rolling a sheet of graphene and connecting different points of the physical 

lattice can lead to carbon nanotubes with different chiral angles and electrical 

properties that can range from metallic, to semi-metallic, to semiconducting.  
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Figure 1.4a: A schematic diagram of how to “roll” a sheet of graphene to form for 

a carbon nanotube and how to use the basis vectors to identify the chiral indices 

(n,m).  Figure 1.4b:  From top to bottom; an armchair CNT, a zigzag CNT, a chiral 

CNT. 

 

By connecting an origin point (0,0)  to any other point (n,m) one can form a carbon 

nanotube out of the basis vectors of graphene with a chiral vector consisting of 

[23]:  

  
⃗⃗⃗⃗       ⃗⃗⃗⃗       ⃗⃗⃗⃗ ,  where     are integers and                         (1.4) 

These values of n and m are called the chiral indices and yield a number of 

characteristics of the carbon nanotube ranging from the electrical type of the tube to 

the diameter as will be shown below.  The vector that is perpendicular to the chiral 

vector is called the translation vector,  ⃗  and is denoted by [23]:  

 ⃗   
    

  
  ⃗⃗⃗⃗    

    

  
   ⃗⃗⃗⃗                          (1.5) 
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 Where    is the greatest common divisor of       , and       .  The 

resulting rectangle carved out by the chiral and translation vectors form the unit cell 

of the carbon nanotube.  The resulting diameter of the carbon nanotube can be 

written as [23]: 

     
|  ⃗⃗⃗⃗  ⃗|

 
 

 

 
√                                (1.6) 

The chiral angle is denoted as the angle between the chiral vector,   
⃗⃗⃗⃗ , and the basis 

vector,   ⃗⃗⃗⃗ , and can be denoted as [23]:  

        
    

 √          
             (1.7) 

The value of the chiral angle can only range from 0° to 30° due to the symmetrical 

nature of the hexagonal lattice.  

 From the energy dispersion relation of graphene, the band structure of 

carbon nanotubes can be obtained by placing boundary conditions along the 

circumference of the tube as we roll the sheet of graphene, which leads to a 

quantization of wave vector associated with the chiral vector,   
⃗⃗⃗⃗ .  The reciprocal 

lattice vectors,  ⃗⃗ , of carbon nanotubes can be taken from this quantization and are 

found through the relation: 

     
⃗⃗  ⃗    

⃗⃗  ⃗              with     as integers                                (1.8) 
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Where   
⃗⃗  ⃗ are the real space lattice vectors associated with the chiral and translation 

vectors   
⃗⃗⃗⃗  and  ⃗  respectively.  Due to carbon nanotubes having diameters that are 

usually significantly smaller than their lengths; a CNT that is considered infinitely 

long will be continuous and the quantization will only occur in the perpendicular 

direction and not along the CNT axis.  This assumption leads to a series of one-

dimensional energy dispersion relations that are cross-sections of the two-

dimensional graphene band structure that can be stated as [23]: 

           ( 
  ⃗⃗⃗⃗  ⃗

|  ⃗⃗⃗⃗  ⃗|
    

⃗⃗⃗⃗ ) , where µ=0,1,…,N-1, and –
 

 
   

 

 
       (1.9) 

Where N is the number of hexagons in a single unit cell of a carbon nanotube; 

consisting of 2N carbon atoms per unit cell which leads to N bonding and N anti-

bonding orbitals and N pairs of one-dimensional energy dispersion relations.    

 From here it is interesting to note that if a cutting line or one-dimensional 

subband passes exactly through the center of the K point on the cone from the two 

dimensional energy dispersion relation of graphene the carbon nanotube will, at the 

Fermi energy, have a finite density of states (DOS) and be metallic, whereas if the 

cutting line misses the K point the carbon nanotube will possess a finite energy gap 

between the valence and conduction bands and act as a semiconductor.  Figure 1.5 

shows the cutting lines either hitting or missing the K point and the resulting 

energy band. 
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Figure 1.5a: The diagram shows the one dimensional subbands placed on the 

hexagonal lattice structure and, for an armchair CNT, crossing the K point.  Figure 

1.5b: The band structure of a (5,5) armchair CNT.  Figure 1.5c,d: The figures 

show the same set of allowed states missing the K point, indicating a (7,0) 

semiconducting CNT along with the corresponding (d) band structure. 

 

Or more simply, if the value of (n-m) equals a multiple of 3 where n,m are the 

chiral indices the CNT will be metallic, and if not, it will be semiconducting.  The 

energy gap of the semiconducting carbon nanotubes will be given by [23]: 

   
       

  
                  (1.10) 
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Where      is the center to center distance of the nearest neighbor carbon atom in 

the crystal lattice,    is the diameter of the carbon nanotube and     is the overlap 

integral that comes from tight-binding theory.   

 Similarly to obtaining the electric energy dispersion relation for carbon 

nanotubes by quantizing the one of graphene, we can obtain the quantized phonon 

dispersion relation (not including the radial breathing mode) by employing the 

same zone-folding with appropriate boundary conditions.  The relation is [23]:  

   
          

 ( 
  ⃗⃗⃗⃗  ⃗

|  ⃗⃗⃗⃗  ⃗|
    

⃗⃗⃗⃗ ) , where (        
         

      –
 

 
   

 

 
)            (1.11) 

Where    
   ⃗   is the two dimensional energy dispersion relations for graphene.  

Figure 1.6 shows the plot of the phonon dispersion relation of a carbon nanotube 

where the three branches that intersect the zero energy point are called acoustic 

phonon modes, and all other higher energy modes are called optical phonons.   
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Figure 1.6: The phonon dispersion relation for a (10,10) CNT.  The lower three 

lines that intersect the origin represent acoustic phonon modes, while the rest of the 

lines are for optical phonons.  The inset shows the phonon DOS for the CNT with a 

dotted line to represent the phonon DOS of graphite and a dot-dashed line 

indicating the phonon DOS of graphene for comparison [25]. 

 

There are overall 4 acoustic modes; a double degenerate transverse acoustic mode 

(TA) for the x,y directions, a longitudinal acoustic mode (LA) for the z direction 

and a twisting mode (TW).  Phonons and carbon nanotubes will be discussed in 

more detail in Chapter 5 of this thesis.     
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1.4  - Summary 

 

Carbon has had a long history of being known to mankind in various forms, yet 

it was not until recently (1991) that carbon nanotubes were discovered.  In the last 

20 years, we have found that carbon nanotubes are a unique material that can be 

either semiconducting or metallic based on the chiral indices (n,m), which is 

determined by the “roll up” vector used when looking at a graphene sheet.  This 

fact is surprising given that carbon nanotubes derive their mechanical and electrical 

properties from graphene, which is a zero-gap semiconductor or semimetal.   
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Chapter 2 

 

Synthesis of Carbon Nanotubes 
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2.1 – Motivation for the Growth of Carbon Nanotubes 

 

 In order to fully understand the basic physical, electrical, and optical 

properties of carbon nanotubes it is useful to perform experiments on a single 

isolated single-walled carbon nanotube (SWNT).  The „holy grail‟ of carbon 

nanotube growth, with the study of basic properties in mind, is to be able to grow 

specific types or chiralities of clean carbon nanotubes (CNTs) in specific places or 

directions, that are isolated enough from one another to be able to make an 

electrical device with minimal difficulty.  Other important types of synthesis focus 

on being able to create a growth entirely based on a single chirality of CNTs, or 

mostly a single chirality, and then being able to separate the CNTs by chirality after 

the growth has been completed.  Computer companies like Intel or IBM desire 

metallic carbon nanotubes as interconnects in their computer chips, but they would 

need to have not just one CNT, but a large bundle of the exact same chirality 

metallic CNTs to form their interconnect to get the most out of their chips.  

Similarly for using semiconducting carbon nanotubes as a device layer in computer 

chips, you would need to have all of the CNTs of the same chirality to ensure 

shared threshold voltages and sharp on/off ratios with a low subthreshold slope.  

Growth of carbon nanotubes can take many shapes and forms that each have pluses 

and minuses associated with them, and over the last 20 years many new types of 

growth have been created in the pursuit of these goals.   
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2.2 – Types of Carbon Nanotube Growth  

 

When carbon nanotubes were first discovered in 1991 [1] by Sumio Iijima 

the only known method for producing CNTs was one referred to as DC arc 

discharge or the carbon arc method.  This procedure was first used in the 1980s to 

mass produce large quantities of the C60 fullerene [2], and it was later noted that 

with minor adjustments it could produce multi-walled carbon nanotubes (MWNTs) 

along with very few single-walled carbon nanotubes.  The arc discharge procedure 

is to place 2 graphitic rods, serving as electrodes, ranging from ~5 to 20 millimeters 

in diameter at a distance of around 1 mm in a vacuum chamber at ~ 500 torr of 

helium.  By placing a voltage of 20-25 volts across the electrodes and a DC current 

of 50-120 amps across the electrodes, a temperature of up to 3000°C is reached by 

where the carbon from the graphitic rods are vaporized into a plasma, and carbon 

„soot‟ is deposited on the negative electrode.  The soot contains MWNTs along 

with all other species of fullerenes and amorphous carbon material.  The CNTs 

would then need to be extracted chemically from the soot and cleaned before 

further study on them could be performed.  

 In order to produce SWNTs in any significant quantity using the arc 

discharge method, a metal catalyst would need to be present unlike the MWNT 

growth which required no catalyst.  The first catalysts used, by Sumio Iijima and 

Toshinari Ichihashi [3], were iron fillings in a dimple of one of the carbon electrode 
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rods while the chamber was filled with 10 torr of methane and 40 torr of argon.  

With a DC current of 200 amps at 20 volts across the electrodes, the iron would 

melt and form a particle of iron carbide in the gas phase above the cathode and 

would react with the methane in the chamber to form SWNTs.  Another method, 

developed at the same time by D.S. Bethune et al. [4], was to bore a hole in one of 

the graphitic rods and filling it with cobalt powder, which combined with a current 

of ~100 amps in 100-500 torr of helium, would produce SWNTs.  Figure 2.1 shows 

the transmission electron microscope (TEM) pictures of both MWNTs and SWNTs 

produced using the arc discharge synthesis.   
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Figure 2.1a: The MWNTs that resulted from the first growths using the arc 

discharge method [1].  Figure 2.1b: The first SWNTs from the arc discharge 

growth method by Iijima et al. [3].  Figure 2.1c: The SWNTs from the arc 

discharge growth by Bethune et al. [4]. 

 

Both of these methods for producing SWNTs also produced large quantities of 

fullerenes and amorphous carbon materials that would need to be isolated so that 

further study of CNTs could proceed.  The separation and purification techniques at 

the time centered on filtering, chromatography, and centrifugation.  Careful 

monitoring of the heating/cooling of the chamber and chemical cleaning all have 

some drawbacks, along with the fact that the arc discharge method does not 
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produce any significant quantities of SWNTs.  Only around 20% of the carbon 

material formed turned out to be CNTs, which made fundamental studies of CNTs 

difficult in the early years [5]. 

 The first real breakthrough in carbon nanotube synthesis came in 1996 [6].  

A research group, Richard Smalley et al., perfected a method called laser ablation 

that yielded around 70% of carbon material transformed into single-walled carbon 

nanotubes that were self-organized into ropes or bundles containing hundreds of 

SWNTs as shown in Figure 2.2.   

 

Figure 2.2a,b: Two examples of the ropes of SWNTs that resulted from the first 

set of growths using the laser ablation method [6]. 

 

This procedure consists of placing a neodymium-yttrium-aluminum-garnet laser at 

one end of a long quartz tube and a water cooled copper collector at the other end, 

in a furnace heated to around 1200°C.  The laser would vaporize a graphite rod, 
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containing a 50:50 mixture of cobalt and nickel powder located in the center of the 

furnace reaching temperatures comparable to that in the arc discharge method of 

around 3000-4000°C.  The collector would then be annealed at 1000°C in vacuum 

to remove as many of the unwanted fullerene and amorphous carbon material from 

the SWNTs as possible.  Unfortunately, this purification process also destroys 

many of the CNTs as well.  Later this process was supplemented by placing the 

SWNTs and residual carbon species in a nitric acid solution for extended periods of 

time to remove the undesirable materials [5].  This laser ablation method was the 

first real synthesis procedure that produced large quantities of SWNTs that could 

readily be isolated from other carbon materials and be used to study the 

fundamental properties of carbon nanotubes.   

Unfortunately, there were a few problems with the arc discharge and laser 

ablation synthesis methods in the goal of producing clean isolated single-walled 

carbon nanotubes for electrical study.  One of the main drawbacks associated with 

these types of growths was that the SWNTs would need to be isolated from the 

byproducts that they grew with so that electrical measurements could be performed 

on an isolated SWNT (or more commonly at the time, on bundles of SWNTs). 

Once the CNTs were cleaned and isolated from the other carbon species associated 

with the synthesis, they were dispersed in liquid and sonicated to break them apart 

from each other before spinning the solution onto a silicon chip to form into an 

electrical device.  The consequence was that the long ropes or bundles of SWNTs 

would be broken apart from lengths ranging from tens to hundreds of µm down to 
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lengths that were at most tens of µm.  This length restriction was perfectly fine for 

numerous tests and experiments, but in the end another type of synthesis was 

needed that could produce CNTs of significantly longer lengths.  Ideally this new 

type of growth would need to have minimum amounts of amorphous carbon and 

other fullerene contamination so that cleaning and purification would be greatly 

reduced. 

Chemical vapor deposition (CVD) has been around for a lot longer than 

carbon nanotubes and has been used in the semiconductor industry for decades to 

create, among other things, thin films, so it was only a matter of time until it was 

used to create carbon nanotubes.  While there are many different types of CVD 

processes that have been used extensively for a variety of processes, the focus here 

will only be on that associated with carbon nanotube synthesis.  The late 1990s saw 

the rise of CVD growth as the preferred method for synthesizing SWNTs for 

experiments [7].  While the process had many flaws associated with it in the early 

years, many research groups, among which Hongjie Dai and his research group at 

Stanford University, worked hard to solve a lot of the initial issues with producing 

largely defect-free CNTs in this manner.   

The basic procedure in this type of growth is to place a metal catalyst, often 

iron nanoparticles or iron-molybdenum nanoclusters in the early years, typically 

supported on a material such as alumina (that has a high surface area to increase the 

growth yield) on a flat silicon/silicon dioxide substrate (normally possessing a 
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uniform thickness of around 500 µm of silicon and 200 to 300 nanometers of 

silicon dioxide) in a known position called a catalyst island that was created using a 

lithographic process.  (All of the Si/SiO2 substrates described in this thesis are of 

those in the previous sentence unless otherwise noted.)  The Si/SiO2 chip is placed 

into a long quartz tube in a furnace and a carbon feedstock gas (often methane or 

carbon monoxide in the early years of CVD growth) is turned on along with 

hydrogen.  One will then heat the chamber to between 700-1000°C and the carbon 

nanotubes will grow from the catalyst particles.  Figure 2.3a shows a schematic of 

the CVD growth system in the Hone lab at Columbia University as well as two 

digital pictures of the setup.  Figure 2.3b shows a scanning electron microscope 

(SEM) picture of SWNTs growing from a catalyst island on a Si/SiO2 chip from 

CVD growth from the Dai group [7].   
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Figure 2.3a: A schematic diagram of the CVD oven in the Hone lab as well as two 

digital pictures of the setup.  Figure 2.3b: The results of SWNTs coming from 

patterned catalyst islands that were grown by the CVD method [7]. 
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The carbon nanotubes produced in this manner can be selectively grown to be 

largely MWNT or SWNT depending on the type of growth, and in the early years 

ranged in length up to tens of micrometers while being spread out enough on the 

Si/SiO2 chip to pattern electrical devices out of a single CNT for further study.  

This provided a large step in the direction of the „holy grail‟ of CNT growth.   
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2.3 – How Chemical Vapor Deposition Synthesis of Carbon 

Nanotubes Works 

 

Even after years of intense study it is still unknown exactly how the carbon 

nanotube forms around the catalyst particle.  The leading hypothesis, at this time, is 

that the carbon atoms are broken down by the high temperatures in the growth 

oven, then saturate the now liquid metal catalyst and once fully saturated form a 

cap on one end of the catalyst particle from which the carbon nanotube begins to 

form [8].  The two types of growth are tip based and base based as shown in Figure 

2.4.   

 

Figure 2.4: A schematic diagram for both tip and base growth of CNTs in a CVD 

setup [recreated from 8]. 
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The tip based growth occurs when the metal catalyst particle floats free of the 

surface as the CNT grows; the particle is responsible then for supplying the carbon 

needed for the CNT to grow.  Base growth of the CNT occurs when the metal 

catalyst particle remains attached to the surface of the chip and the carbon required 

to grow the tube is supplied at the base.  Unlike arc discharge and laser ablation 

synthesis methods, where the diameter range of the resulting SWNTs are fairly 

small, with all CNTs around 1.4 nm in diameter, CVD growth yields a wide range 

of diameters from as low as ~0.7 nm up to 3 nms for SWNTs.  The size of the 

catalyst particle often dictates the diameter of the CNT, meaning that catalyst 

preparation is highly important to the process. 
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2.3.1 – Parameters of Chemical Vapor Deposition Growth 

 

CVD growth has proven over the years to be by far the most versatile of the 

different synthesis procedures available to experimentalists in providing different 

types of CNTs.  There are numerous different factors involved in the growth that 

can be tweaked to dramatically change the type and the success of the growth:  

- type of catalyst 

- support structure for the catalyst 

- ratio of catalyst to support material 

- dispersal method for the catalyst 

- feedstock of carbon atoms 

- amount of time the feedstock gas is flowing 

- temperature of the growth 

- flow rates of the different gases 

- ratios of the gases used in the growth 

- pressure of the growth chamber 

- type of substrate   

Combining some of these parameters will yield good growths, yet more often than 

not they will be poor. Using certain types of catalysts with certain carbon sources 

can lead to less than ideal growths.  Attempting to grow on various substrates can 
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lead to vastly different results as well, such as the difference between trying to 

grow on silicon dioxide versus silicon nitride.  Silicon nitride typically leads to 

very poor growths due to the diffusion and migration of the catalyst particles on the 

surface; it is thought that the metal particles potentially migrate at high temperature 

on silicon nitride surface to form larger catalyst particles than they do on SiO2 as 

well as diffusing into the surface of the nitride. 

 Having mentioned metal nanoparticles or molecular clusters being used as 

catalysts for carbon nanotube growth, it is useful to go into a little more detail 

about them.  The most common metals used either on their own or in combination 

with another metal are iron, nickel, molybdenum, and cobalt among others.  These 

metals all share a few characteristics such as having high melting temperatures, and 

carbon diffusion rates and solubility.  The metal used for the catalysts are often 

obtained through one of a few processes, such as carefully heating a thin film of the 

metal to form nanoparticles, obtaining molecular clusters of the nanoparticles 

through dissolving salts in solvents to name two.  Once the nanoparticles are 

formed, the next important step is the dispersal of the catalyst, both in placement on 

the chip and in making sure that the nanoparticles are not too close together if the 

goal is isolated long CNT growth.  With a thin film of metal the only ways to 

control the size of the particles is to vary the film thickness (as well as various 

thermal treatments), but with nanoparticles or molecular clusters that are suspended 

in a solvent there are a few other options for uniform dispersal.  One is to use 

micelles to isolate either one or a few nanoparticles in a small packet, while another 
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is to mix a polymer in the solution that will keep the nanoparticles separated when 

placed on a Si/SiO2 chip.  If none of these steps are used to isolate the nanoparticles 

on the chip, then when the solvent dries the nanoparticles tend to cluster around 

each other in a „coffee stain‟ pattern.  This pattern will normally impede the growth 

of long isolated CNTs as they will knock each other back down to the surface, as 

they try to grow, or the catalyst particles themselves would fuse together to create a 

much larger particle that will be too big to grow a CNT.  Figure 2.5 shows a „coffee 

stain‟ pattern with the resulting CNTs from a growth using iron trichloride as a 

catalyst and methane as a carbon feedstock. 

 

Figure 2.5: A “coffee stain” pattern of catalyst particles that arise from the liquid 

the particles are suspended in drying up and how it effects the growth. 
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Some of the keys to a successful growth is to choose the correct gas flow 

rates, growth time for a given catalyst/support structure, and carbon source along 

with keeping the growth setup free of contamination.  Along having the correct 

parameters of catalyst with feedstock, it is useful to know that certain types of 

carbon feedstock break down into carbon atoms at different rates, and therefore, the 

flow rate should accommodate that fact so that the carbon decays right before the 

sample.  Hydrogen flowing in the chamber along with the carbon feedstock will 

also convert some gases byproducts, such as those from carbon monoxide, into 

H2O which will prevent the accumulation of amorphous carbon on the CNTs as 

well as helping to avoid catalyst poisoning [9].  (The addition of H2O vapor into the 

growth through a water bubbler will have a similar effect.)  Pressure and flow rate 

can also be combined in the gas chamber to produce results that can vary from 

achieving higher CNT yield with carbon sources, such as carbon monoxide, to 

combining low pressure with low flow rates to produce ultra-long CNTs of up to 

centimeters in length [10].  The diameter of the carbon nanotubes produced during 

a growth can be manipulated through the amount of carbon atoms present by 

selectively poisoning different sized catalyst particles.  Small catalyst particles 

become poisoned under conditions of high percentages of carbon atoms, while 

large catalyst particles appear to lack enough carbon atoms under the opposite 

condition [11].  All of this is important in determining parameters that will 

optimize the CNT growth.  Often just having a growth recipe that gave success to 
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one research group was not enough to ensure success in a separate lab when tried 

initially.  Many attempts were necessary to fine-tune a specific growth before the 

expected results were achieved, proving that carbon nanotube growth is far from a 

settled science and involves a lot of trial and error. 

A quick side note is that other types of CNT growth exist.  One of which is 

another type of CVD growth called plasma-enhanced chemical vapor deposition 

(PECVD) where a plasma discharge source consisting of a copper coil placed 

around the outside of the quartz tube and operated at 13.56 MHz is placed upstream 

from the catalyst and chip which will overall reduce the temperature at which 

carbon nanotubes are normally grown [12].  Ohmic growth has been successfully 

used to growth large quantities of CNTs on carbon paper with an eye towards 

applications in solar and fuel cells [13].   
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2.4 – The Beginnings of Chemical Vapor Deposition 

Growth for Carbon Nanotubes 

 

 When chemical vapor deposition growth of carbon nanotubes became 

popular in the late 1990s the carbon source of choice was methane, largely due to 

success seen by the Dai group at Stanford University with growing single carbon 

nanotubes out of patterned catalyst islands on a Si/SiO2 chip that would reach 

lengths of up to ~100 µm [7].  The growth initiated by the Dai group through 

lithographically defined catalyst islands on Si/SiO2 chips provided one of the first 

real placements of carbon nanotubes in a desired location, as shown previously in 

Figure 2.3, and one step closer to the holy grail of carbon nanotube growth.  

In the early 2000‟s carbon monoxide arose as an alternative to methane as a 

carbon feedstock for CVD growth with the work of Jie Liu and his research group 

at Duke University, where single CNTs were grown aligned to the gas flow up to 

centimeters in length and providing samples for the first time that could help 

researchers understand the length dependence of electrical characteristics of the 

CNTs [14].  This result was achieved through a process of „fast heating‟ where the 

catalyst on the silicon chips were kept outside of the oven inside the quartz tube 

until the proper growth temperature was reached at which point the quartz tube slid 

and the chip would end up in the center of the hot zone of the oven.  This type of 
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„fast heating‟ would create turbulence around the catalyst particle and the theory is 

that the tube, through tip based growth, would jump up into the gas flow and not be 

knocked down by its nearest CNT neighbors, thus allowing it to reach lengths in 

the range of centimeters.  The stability of the gas flow has proved to be very 

important in producing tubes with ultra-long lengths.  The gas flow must be 

laminar [15], in the quartz tube as well as stable at the surface, unless one is using a 

fast heating technique.  Growths that follow these steps will normally have long 

CNTs that are aligned in the direction of the gas flow, which proves immensely 

useful for a variety of applications.  Figure 2.6 shows an example of long carbon 

nanotube growth from a carbon monoxide source using the fast heating method of 

growth.   
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Figure 2.6: A selection of growths of long SWNTs from Liu et al. by using the fast 

heating technique [14]. 

 

Both methane and carbon monoxide growths proved very robust and resilient in 

producing carbon nanotubes with low defect densities and extremely long lengths 

that proved very useful in electrical measurements, but due to the fact that both 

carbon sources required high growth temperatures, around 900°C, a lot of 

amorphous carbon would be introduced on the CNT [8]. 

  In 2003 a research group in Japan lead by Shigeo Maruyama introduced a 

carbon nanotube growth that used ethanol vapor as a carbon source and required a 
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slightly lower temperature of only 850°C [16].  While the first CNTs grown by this 

method were short and clumped around the catalyst locations, other research 

groups, among them the group led by Stephen O‟Brien at Columbia University, 

tweaked the ethanol growth until it could replicate the earlier methane and carbon 

monoxide growths in terms of stability and growth of CNTs in the range of 

centimeters of length [17].  The main difference was that the lower temperatures 

produced much less amorphous carbon on the CNTs, and appeared to give a better 

yield of long CNTs along with lacking the health dangers of working with carbon 

monoxide.  Figure 2.7 shows long carbon nanotube growth from the O‟Brien group 

using ethanol vapor as a carbon source with the CNTs aligned with the gas flow 

direction. 

 

Figure 2.7: Two growths of long SWNTs from O‟Brien et al. by using ethanol 

vapor as a carbon feedstock gas [17]. 

 

The year of 2004 saw the introduction of a new type of carbon nanotube 

growth with ethylene as the carbon source [9].  By combining ethylene with H2O 
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vapor and using a thin film of iron evaporated onto a thin film of Al2O3, Sumio 

Iijima and his research group were able to grow a „forest‟ of single walled carbon 

nanotubes that vertically reached lengths of up to 2.5 millimeters in only 10 

minutes of growth.  Figure 2.8 shows a carbon nanotube „forest‟ as grown by the 

Iijima group using ethylene and water vapor.   

 

Figure 2.8: A typical growth of a “forest” of SWNTs by Iijima et al. by using 

ethylene and water vapor as a feedstock [9]. 
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This type of growth inspired an acetylene based synthesis where the resulting 

carbon nanotube structures could then be taken off of the Si/SiO2 chip and woven 

into a „yarn‟ that could then be used in a variety of applications[18].  There are 

many other types of carbon feedstocks that can be used to grow carbon nanotubes, 

such as acetylene [19], a mixture of methane and ethylene [20] and even purified 

vodka, as it is mainly a combination of ethyl alcohol and water, among others, most 

of which will not be discussed in detail in this thesis. 

  



46 
 

 

2.5 – Results on Experiments in Carbon Nanotube Growth  

 

 All growths mentioned in this section were ones that I performed at 

Columbia University in one of three different research labs (Professors Hone, Kim 

and O‟Brien) using furnaces with 1” quartz tubes in ovens that had a central hot 

zone of around 18” in length.  Although there were many variations on this recipe 

that was used over the years, Section 2.5.1 describes the primary growth recipe that 

was used for carbon monoxide growth of carbon nanotubes in the Hone lab at 

Columbia University. 
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2.5.1 – Carbon Monoxide Growth 

 

 The catalyst that was used was two nanometer iron nanoparticles suspended 

in hexane that was created in a similar manner to that used by the Dai group at 

Stanford University [7].  The catalyst would then be spun onto pre-made catalyst 

islands on a Si/SiO2 chip created with photolithography using a bi-layer of PMMA 

and SU-8.  The bi-layer was necessary to block the nanoparticles from falling down 

to the surface and contaminating the growth as the PMMA dissolved in acetone to 

remove the films and leave the silicon dioxide clean for growth.  If the two 

nanometer iron nanoparticles were not used as the catalyst for the carbon monoxide 

growth, then a thin film of iron ranging from as low as 1   up to 7   in height was 

used in a similar manner with the bi-layer process.   

The furnace setup used in the growths were very similar to that shown 

previously in Figure 2.3 for a normal CVD process, except in the case of carbon 

monoxide there is an impurity in the gas in the form of iron-carbonyl and would 

require a smaller heated quartz tube to be placed upstream of the growth tube to 

draw out the impurities before the CO gas reached the sample.  Between each 

growth the quartz tubes would be cleaned with isopropyl alcohol (IPA) or burned 

out in pure oxygen at ~1000°C to remove any organic material.   
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The Si/SiO2 chip with catalyst would then be placed in the quartz tube in 

the oven and the temperature would be ramped up to 650°C in oxygen for around 

30 minutes where any remaining organic material on the chip would be burned 

away.  An argon purge would take place for five to ten minutes to remove the 

oxygen from the growth chamber while the quartz tube is slid in the oven so the 

chip is now outside of the oven and out of the hot zone.  At this point CO and H2 

are introduced in equal quantities of 1000 SCCM each and the temperature is 

ramped up to around 920°C.  When the desired temperature is reached, the quartz 

tube is quickly slid so that the chip is in the center of the oven and growth will then 

occur at 900°C for 20 to 25 minutes using the fast heating method that originated 

with the Liu group at Duke University.  After the growth is done the CO is taken 

away and the sample is allowed to cool down to room temperature in a pure 

hydrogen environment to prevent the accumulation of amorphous carbon on the 

CNTs. Figure 2.9 shows a few results of long single CNTs grown by using CO as a 

carbon source for CVD growth. 
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Figure 2.9: A typical growth of long SWNTs using carbon monoxide as a 

feedstock gas, with catalyst islands, in the Hone lab at Columbia University. 

 

 As mentioned earlier, the hydrogen present during the growth with CO gas 

will combine with the byproducts to form H2O that will also prevent the 

accumulation of amorphous carbon as well as keep the catalyst particles from 

poisoning as fast as they would without the hydrogen gas present.  Despite the 

hydrogen present, carbon monoxide as a carbon source remains extremely dirty and 

produces an enormous amount of amorphous carbon that deposits itself both on the 

sample and on the quartz tube that would require a cleaning step between each 

growth.  Although, carbon monoxide as a feedstock has quite a few factors in its 

favor in terms of a very stable, consistent growth of CNTs that could reach very 

long lengths as shown in the pictures of Figure 2.9, the health hazards of working 

with CO and the dirtiness of the growth prompted the search for a better carbon 

source for the growth of CNTs.  
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2.5.2 – Methane Growth 

 

The earliest CVD growths were performed with methane as a carbon source 

and while the Hone group did not actively do much of its own methane growth (a 

small sample of ultra-low flow rate growths with methane were performed by 

another lab member), the Kim group at Columbia University specialized largely in 

it and would share oven time with members from our research group.  The recipes 

that were largely used in their oven were as follows. 

The main catalyst that was originally used in the methane growth at 

Columbia University was the same two nanometer iron nanoparticles used in the 

carbon monoxide growths, yet the catalyst that we focused on was iron (III) 

chloride suspended in DI water.  68 milligrams of FeCl3 would be mixed with 8 

milliliters of DI water to create a 0.05 M solution that could then be diluted down 

to lower concentrations as necessary.  A small piece of wood or toothpick would be 

used to dip into the solution then draw the catalyst on the Si/SiO2 chip at one edge.  

The growth itself was fairly straight forward by heating the sample up to 950°C in 

500 SCCM of argon.  Once this temperature was reached the flow rates would 

change to 200 SCCM of argon combined with 60 SCCM of hydrogen for 30 

minutes.  The argon would then be replaced with methane at 100 SCCM, and the 

growth would take 2 to 3 hours for ultra-long CNTs.  After the growth was 

finished, the quartz tube would be flushed with argon at 500 SCCM for 10 minutes 
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at the growth temperature then allowed to cool to room temperature in the same 

argon flow before being taken out.  Figure 2.10 shows the results of methane 

growth combined with FeCl3 catalyst. 

 

Figure 2.10: A typical growth of long SWNTs using methane as a feedstock gas 

with FeCl3 as a catalyst at Columbia University. 

 

  In order to improve the laminar flow inside the growth tube the Kim group 

would place a smaller diameter quartz tube inside the normal one inch quartz tube 

and place the sample inside of that as shown in Figure 2.11 [21].  
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Figure 2.11a: A schematic diagram of the smaller quartz tube that was placed 

inside the quartz growth tube to improve the Laminar flow of the oven by the Kim 

group at Columbia University, along with (b) a few examples of the improved flow 

producing straight, long SWNTs [21]. 

 

This type of growth produced many long single CNTs, but with combining our 

growth with Rayleigh spectroscopy which will be talked about more in the next 

chapter, we found that the majority of the CNTs grown by this process were either 

MWNTs or small bundles of SWNTs, and were coated with large amounts of 

amorphous carbon. This type of growth was discarded by the Hone group in favor 

of a growth being worked on by the O‟Brien group at Columbia University that 

used ethanol vapor as a carbon feedstock. 
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2.5.3 – Ethanol Vapor Growth 

 

The ethanol vapor growth that will be discussed next in the end proved to 

be the most successful of any of the growths tried during this thesis in providing 

long, individual SWNTs that were not bundled and were largely free of amorphous 

carbon deposition.  Each CNT that was produced by this growth was checked out 

using Rayleigh spectroscopy to determine its chirality and cleanliness, and in the 

end every CNT used in any project mentioned later in this thesis was grown using 

one of the techniques described below.  At this point the flat Si/SiO2 chip that was 

used for growth changed to accommodate the fact that Rayleigh scattering 

spectroscopy required zero scattering from the background, and thus the Si/SiO2 

chips were etched in KOH to produce a slit that went through the entire chip over 

which the CNTs would be grown.  This process will be explained more in the next 

chapter. 

The original ethanol vapor growth centered on using Co-Mo salts dispersed 

in ethanol with a silica support structure as a catalyst, or using a thin film of 

evaporated Co [17].  Both of these types of catalyst would be placed on one edge of 

the silicon chip, at first using a toothpick similar to the style used in the 

FeCl3/methane growth and later applied with a polydimethylsiloxane (PDMS) 

stamp to ensure greater consistency between growths.  In the case of the salts, it 

would need to be baked for four hours at 60°C on a hotplate before then being 
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placed in an open air oven and ramped up to 550°C, over a four hour span, and it 

would then sit at that temperature for another two hours before being ready for 

growth.  Once the chip was placed in the growth oven and the ethanol in a bubbler 

surrounded by ice water to control the vapor pressure and ensure repeatable growth 

by having the same ethanol temperature on every growth, the oven would be 

ramped up to 750°C in Ar/H2 with 80/40 SCCM flow rates respectively over a one 

hour time span before then being ramped more quickly up to 850°C for the growth 

itself.  The gas flow would then be switched to Ar/H2 120/15 SCCM and pushed 

through the ethanol bubbler for 20 minutes.  After the growth the flow rates and the 

direct flow, avoiding the bubbler, would be restored as the sample cooled to room 

temperature.  Figure 2.12 shows a sample of the types of CNTs growth through this 

type of growth.    
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Figure 2.12: A typical growth of long SWNTs using Co-Mo salts as a catalyst and 

ethanol vapor as a feedstock as performed by the Hone lab at Columbia University. 

 

 In the end this type of growth produced numerous long CNTs that when 

looked at in the Rayleigh setup would prove to be bundles of SWNTs (or MWNTs) 

around 95% of the time, and due to the stamping procedure could still be quite dirty 

from picking up bits of the salts that would break away from the rest of the CNTs 

located near the catalyst.  At this time it was determined that the Hone group would 

set up their own ethanol oven for growth and a new type of catalyst was chosen. 
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The new catalyst was a nanocluster of iron and molybdenum, called Muller 

catalyst [22] after its creator, where 30 Fe III atoms are surrounding 12 

[(Mo)(Mo)5] pentagons as shown in Figure 2.13.   

 

Figure 2.13: A schematic diagram of the Fe-Mo nanocluster catalyst that was 

created by Muller et al. [22]. 

 

Due to the outer bonds being acetate ligands the catalyst could be easily dispersed 

in ethanol, and once combined with a Pluronic polymer it would not clump when 

dispersed on a silicon chip, providing long SWNT growth that is currently 

supplying (as of late 2010/early 2011) around 30-40% of long CNTs as individual 

SWNTs, a significant improvement over the earlier ethanol growths.  This was 

largely due to the work of Chenguang Lu at Columbia University. 
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  The growth recipe itself is very similar to that used by the O‟Brien group 

mentioned earlier.  Ice would be placed around the ethanol bubbler to ensure a 

stable ethanol vapor pressure.  The catalyst would be placed on the growth chips 

using a wooden toothpick and then placed into an open air quartz tube and heated at 

450°C for one hour.  A 20 minute purge of argon flowing at 450 SCCM would 

precede the heating of the quartz tube and growth chip.  The temperature would be 

slowly ramped up to 750°C with flow rates of Ar/H2 300/10 SCCM.  When it 

reached 750°C the flow rates would hold at Ar/H2 50/100 SCCM for 45 minutes to 

reduce the catalyst particles.  The temperature would then rise to 860°C under 

Ar/H2 450/50 SCCM.  At this point the flow would go through the ethanol bubbler 

in concentrations of Ar/H2 400/100 SCCM for 10-20 minutes before the sample 

would be cooled to room temperature in an Ar/H2 50/50 SCCM flow rate 

environment.  This recipe was tweaked numerous times over the years but Figure 

2.14 shows a typical growth of long CNTs using ethanol vapor as a feedstock. 



58 
 

 

 

Figure 2.14: A typical growth of long SWNTs using the Co-Mo nanocluster 

catalyst by Muller et al. [22] with ethanol vapor as a feedstock gas as performed by 

the Hone lab at Columbia University (the picture was taken after a mechanical 

transfer step). 
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2.5.4 – Ethylene Growth 

 

The final type of growth that I attempted during this thesis was using 

ethylene and water vapor as a carbon source to create a large array of vertical 

SWNTs that would entwine into what looked like a CNT „forest‟ that could reach 

millimeters in height as was mentioned earlier in connection with the Iijima group 

from Japan in 2004 [9].  The catalyst for this growth was 1 nanometer of iron 

evaporated on 10 nanometers of Al2O3 provided by atomic layer deposition (ALD) 

on a Si/SiO2 chip.  A typical recipe for this growth is to have a DI water bubbler 

filled about halfway and kept at room temperature.  The oven with the growth chip 

inside would be heated up to 750°C in Ar/H2 600/400 SCCM.  Once this 

temperature is reached, 150 SCCM of ethylene is added to 40 SCCM of argon 

flowing through the water bubbler for a growth lasting between 10 and 25 minutes.  

Once the growth is done, a cool down to room temperature is conducted under 

Ar/H2 600/400 SCCM.  The water vapor is supposed to keep the catalyst from 

poisoning as it grows so that ultra-tall forests can be achieved.  Figure 2.15 shows a 

typical growth of ten minutes under these conditions as well as a picture of a very 

short growth with only 1 min of growth that can show just how quickly CNTs can 

grow under the right conditions. 
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Figure 2.15a: A typical 10 minute growth of a “forest” of SWNTs using the 

ethylene and water vapor procedure designed by Iijima et al. [9].  Figure 2.15b: A 

close up view of the SWNTs that make up the “forest”.  Figure 2.15c: A one 

minute “forest” growth that shows how fast the SWNTs grow in a short time. 
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2.6 – Summary 

 

There are numerous methods for synthesizing carbon nanotubes, ranging 

from an arch discharge method, to a laser ablation method, yet the most promising 

growth for isolating long, single CNTs is the CVD method.  This type of growth 

yield vastly different results by tweaking the main parameters such as catalyst type, 

carbon feedstock gas and growth temperature.  Over many years of trial and error, 

we have found that an ethanol based growth using the Muller Fe-Mo nanocluster 

catalyst suspended in a Pluronic polymer in ethanol supplied the highest percentage 

of long, single SWNTs. 
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Chapter 3 

 

Identifying and Transferring Carbon 

Nanotubes of Known Chirality 
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3.1 – Optical Processes for Obtaining the Chiral Indices of 

a Carbon Nanotube 

 

 Carbon nanotube (CNT) synthesis has come a long way in the last two 

decades towards producing individual single-walled carbon nanotubes for research 

purposes.  Growth techniques at this time still yield a large number of bundles of 

single-walled carbon nanotubes (SWNTs) along with the fact that the chiralities 

and types, metallic or semiconducting, of CNTs that are grown are still random and 

cannot, at this time, be controlled in any significant manner as was described in 

more detail in the last chapter.  With this in mind, one must look for another 

method of distinguishing the chirality of the CNTs that are grown and, if necessary 

for a given experiment, find a means to transfer or place the CNT in a desirable 

location for further study. 

 Prior to 2004, two of the most popular optical techniques to identify the 

chiral indices (n,m) of a given carbon nanotube were to use Raman scattering [1] or 

photoluminescence spectroscopy (PL) [2].  Luminescence/fluorescence 

spectroscopy is a process whereby the lowest, E11, excitonic state (the 

recombination of electron-hole pairs) will emit a photon whose energy which will 

correspond to the band-gap of semiconducting carbon nanotubes [3].  The 

fluorescence of the carbon nanotube in this manner is limited only to the 
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semiconducting CNTs due to the lack of a band-gap in metallic and semi-metallic 

CNTs, as well as suffering from the fact that the early measurements were 

ensemble ones on suspended CNTs in solution that made it difficult to pinpoint a 

specific spectral peak for a given CNT [4].  Fluorescence, as well, is limited in that 

the CNTs used in the experiment must be isolated from each other.  If they are in a 

bundle, and one of the CNTs is metallic, the semiconducting CNTs in the bundle 

will not fluoresce due to the metallic CNTs (the semiconducting CNTs would 

transfer the energy that would be used for fluorescence to the metallic CNTs and a 

non-radiative decay would take place) [3].  Photoluminescence excitation (PLE) is 

an offshoot of PL that can yield the values of the energies of the excited states 

beyond that of just the lowest level E11, band-gap [5].  By combining the two 

techniques, PL and PLE, one can determine the chiral indices, (n,m) of the carbon 

nanotube in question, by using the emission from PL to obtain E11 and using an 

excitation energy in PLE to obtain the higher level transitions.  Yet overall the 

process is limited in that the background and environment of the carbon nanotube 

can greatly affect the measurements (spectral peak shifts of up to 100 meV have 

been seen for high energy transitions [6]) and subsequent identification of the 

carbon nanotube, as well as the fact that these processes are only of use in CNTs 

with diameters smaller than ~1.2 nm. 

 Raman scattering spectroscopy is another popular experimental process that 

uses the inelastic scattering of phonons to yield the structural information of a 

carbon nanotube.  Of the many varieties of Raman scattering spectroscopy the most 
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useful in identifying the structures of carbon nanotubes is called resonant Raman 

spectroscopy, which uses electronic resonances to enhance the signal [1].  The 

primary benefit of resonant Raman spectroscopy over fluorescence is that Raman 

spectroscopy is able to work on both semiconducting and metallic carbon 

nanotubes as well as being able to study not only the optical transition energies but 

the vibrational modes of the carbon nanotube as well [1].  The radial breathing 

phonon mode (RBM) of the carbon nanotube is easily accessible with Raman 

scattering, and can provide the diameter of a carbon nanotube to within a single 

angstrom, providing a valuable tool in narrowing the search for the specific chiral 

indices of a given CNT [1].  In order to fully identify the CNT using Raman 

spectroscopy one must acquire information about the electronic density of states 

(DOS), as well as the RBM, of a given CNT by tuning the energy of the laser and 

isolating the resonant energies associated with the one dimensional van-Hove 

singularities in the DOS [1].  Raman spectroscopy has one large drawback, which 

is the fact that it is a slow process for data acquisition (due to its weak signal) and 

requires a tune-able broadband light source both of which limits the usefulness of 

this type of structural identification of the CNT. 
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3.1.1 - Rayleigh Scattering Spectroscopy 

 

 Rayleigh scattering spectroscopy is the third form of optical measurement 

that will be discussed in this thesis that can be performed on a carbon nanotube to 

identify the chiral indices and hence the physical structure.  Rayleigh scattering 

spectroscopy measures the spectral dependence of the elastic scattering cross 

section from an object that is much smaller than the wavelength of the incident 

light [7].  Rayleigh spectroscopy of CNTs requires a bright, broadband, continuous 

white light source. Also, while the signal can be quite weak and drowned out by 

scattering from the background, if the carbon nanotube is isolated from the surface 

(in our case suspended across a slit in the silicon chip as shown in Figure 3.1) the 

signal can be quite easy to isolate and measure.   
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Figure 3.1a: A schematic diagram of the silicon chip used for growth showing the 

slit that goes all the way through the chip and the carbon nanotubes grown over it.  

Figure 3.1b: An SEM image of the CNTs growing over the slit. 

 

The main advantage of Rayleigh scattering spectroscopy over Raman 

spectroscopy or fluorescence measurements is that Rayleigh spectroscopy is not 

limited to a specific type of carbon nanotube; it can readily identify either 

semiconducting or metallic carbon nanotubes, and discriminate between single 

CNTs and bundles [8].  Figure 3.2 shows the setup of a Rayleigh scattering 

spectroscopy system whereby the super-continuum white light source is focused 

onto roughly a 2 µm by 2 µm area of the suspended carbon nanotube, and the 

scattered light is collected in a confocal arrangement at an oblique angle, and fed to 

a spectrometer. 
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Figure 3.2: A schematic diagram of how Rayleigh scattering spectroscopy works. 

 

The final spectrum of the carbon nanotube is obtained by filtering out the scattering 

from the background and using the spectrum from the reference signal to normalize 

that from the CNT.  The result is that we see the intensity of the excitonic peaks 

associated with the carbon nanotube as a function of the energy of the photon [8].   

The light source/spectrometer combination used in the Heinz lab provides 

spectral information in the range of around 1.7 to 2.7 eV.  Because the carbon 

nanotubes that are grown are roughly 1.4 to 2.4 nm in diameter, the exciton peaks 
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in the spectra for the carbon nanotube can be matched to a Kataura plot [9] (which 

is the theoretical tight binding plot of the expected transition energies for all carbon 

nanotubes as a function of their diameter as shown in Figure 3.3). The energies 

scale roughly as 1/dt, where dt is the diameter of the CNT. 

 

Figure 3.3: A Kataura plot is the transition energies for carbon nanotubes versus 

the diameter of the tubes.  The blue circles represent metallic carbon nanotubes and 

the red circles represent semiconducting carbon nanotubes where each point is a 

specific (n,m) chiral index. The window in the shaded region represents the ares of 

the Kataura plot that we could access with our growth and Rayleigh spectrometer 

(Maruyama group) 

 

A spectrum containing two peaks, often with matching phonon sidebands [10] 

spaced roughly 200 meV from the central peaks (as well one can tell the family 

pattern of mod 1 or 2 of the CNT from the intensity and separation of the two main 
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peaks in the Rayleigh spectrum), will likely be matched to the S33 and S44 

transitions for a single semiconducting carbon nanotube.  A split single peak will 

usually correspond to the M22+ and M22- transitions of a chiral metallic carbon 

nanotube, and finally a single clear peak without any other features will often 

belong to the M22 peak of an armchair metallic carbon nanotube.  The chiral 

metallic carbon nanotube shows a split peak rather than the sharp single peak of the 

armchair CNTs due to the trigonal warping of the CNT [11].  If there are more 

peaks in the spectra than these mentioned, it will likely belong to a bundle of many 

single-walled carbon nanotubes.  Figure 3.4 shows an example of the Rayleigh 

scattering spectroscopy for each type of carbon nanotube.   
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Figure 3.4a-d: Rayleigh scattering spectra of two armchair carbon nanotubes (14, 

14) and (16, 16), semiconducting carbon nanotube (20,7), and chiral metal carbon 

nanotube (12,6). 

 

 The optical energy transitions that are observed here occur close to the K 

point of the graphene structure and can be categorized into family relations based 

on their mod =0, 1 or 2.  For metallic CNTs (mod (n-m,3) = 0), a cutting line, as 

discussed in Chapter 1, will cross the K point.  The two nearest cutting lines will 

form the basis for the first optical transition of    
  and    

  which occur at a 

distance of 2/dt from the K point.  Semiconducting tubes can either be in the family 

of mod 1 or mod 2 (as shown in Figure 3.3).  In this case the cutting line misses the 
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K point by a distance of 2/3dt to the S11 transition and a distance of 4/3dt to the S22 

transition.  The semiconducting CNTs (mod (n-m,3) = 1) will have the closest 

cutting line to the right of the K point while the semiconducting CNTs (mod (n-

m,3) = 2) will have the S11 transition on the left side of the K point. Up until this 

point we have assumed that the Dirac cone is a linear isotropic figure, but when 

discussing the optical transitions this approximation falls apart.  Near the K point 

the contours of the Dirac cone appear circular but as one moves away from the K 

point they become triangular.  This effect is called trigonal warping and will cause 

the energy transitions to deviate from the 1/dt scaling from the Kataura plot in 

Figure 3.3.  For practical purposes this means that the chiral indices will form a V 

shape around the 1/dt line on the Kataura plot, as shown in Figure 3.5, with small 

chiral angle or zig-zag CNTs at the ends of the V with the chiral angle increasing 

towards the center of the V.  For metallic CNTs the inner chiral index will be an 

armchair CNT. 
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Figure 3.5:  A section of a Kataura plot showing the family relations in a V shape 

around the 1/dt scaling line of the energy transitions as a function of the diameters 

of the CNTs [12]. 

 

When assigning a (n,m) value to a given set of peaks from the Rayleigh 

scattering spectroscopy, many factors come into play to assist in the designation.  

The primary factor that is currently used to determine the chiral indices of a CNT is 

to look at the values for the peaks and compare the ratios.  Figure 3.6 shows a set of 

expected ratio values for both semiconducting and metallic carbon nanotube.   
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Figure 3.6:  The expected ratios of both semiconducting and metallic carbon 

nanotubes as measured through Rayleigh scattering spectroscopy.   

 

Looking at the family trends of the suspected assignment can also give clues as to 

the actual (n,m) value.  Figures 3.7a and b show a plot of the peak values arranged 

within their family trends.   

 

Figure 3.7a,b: A series of plots showing the family trends in the values of the 

spectral peaks of carbon nanotubes taken through Rayleigh scattering spectroscopy. 

(arranged by Christophe Voisin) 
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All of these excitonic peak values are matched up to a database that was 

constructed in 2006 that combined Rayleigh scattering data with transmission 

electron microscope (TEM) electron diffraction on the same CNT in order to verify 

the results of the Rayleigh experiments [11].   

While the normal Rayleigh scattering spectroscopy experiment requires that 

the carbon nanotube be isolated from the surface of the silicon chip, hence the fact 

that the CNTs that we measure are suspended over a slit in the silicon chip, a group 

at Cornell University headed by Jiwoong Park has in the last year produced a 

system for measuring the Rayleigh scattering spectrum of a CNT on a quartz 

substrate [13].  The experiment is performed using a dark-field microscope with the 

usual broadband laser source to minimize the background scattering along with 

coating the surface of the quartz with glycerol to match the refractive index of 

quartz.  Being able to directly measure the Rayleigh scattering spectrum of a carbon 

nanotube on a substrate without having to suspend the CNTs is a powerful tool, but 

does have the drawback of being limited in the fact that when making an electrical 

device out of a given carbon nanotube the position of the CNT cannot be changed.  

With the silicon chips that we use in our experiments we can readily identify the 

chirality of the carbon nanotube, and with a simple mechanical transfer step we can 

place the CNT with micrometer precision on any surface/substrate that we desire.  
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3.2 – Exact Placement of Carbon Nanotubes 

 

 Carbon nanotube growth, as mentioned in Chapter 2, is a process that will 

yield quantities of CNTs that are mixtures of MWNTs, SWNTs, semiconducting 

and metallic in nature.  Depending on the type of growth it can be quite difficult to 

separate and isolate a single CNT to perform electrical measurements on it, let 

alone the fact that it is difficult to know what type of CNT was isolated until after 

the electrical measurements are performed.  By combining the ethanol growth 

mentioned earlier with the slit silicon chips to perform Rayleigh scattering 

spectroscopy on the CNTs grown over the slit with a simple mechanical transfer 

step, our group has come up with a method for growing long aligned SWNTs that 

can be identified and then transferred onto a target substrate of our choosing with 

micrometer precision.  To date this is one of only a handful of other types of 

transfer techniques to place CNTs in a desired location, and one of only two others 

that can identify the chiral indices of the CNT before the transfer.  Our transfer is 

the only one that offers all of these advantages while having the option of keeping 

the CNT completely clean from the resist scum layers associated with standard 

electron beam or photolithography processing.   

 One of the most popular early methods for attempting to have a CNT in a 

desired location is to place a catalyst island in a specific location and grow the CNT 
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using the gas flow in the CVD chamber [14].  The advantages to this type of 

placement is that all of the processing can be done in bulk with a photolithography 

machine on a full 4-inch wafer, and the desired device can be selected after the 

growth out of the thousands that were made.  Unfortunately, there is no way to 

know if the CNT that you are measuring is either a single SWNT or a bundle since 

atomic force microscope (AFM) measurements can only measure the height of the 

bundle but cannot distinguish between a single SWNT and two SWNT bundled 

lying next to each other.  Also there is no way to know if the CNT is either 

semiconducting or metallic until after you perform the electrical measurements.  In 

the end one must play the odds and create hundreds of devices until one is found 

that has the required characteristics, but when made in bulk with photolithography 

it can be accomplished fairly quickly.   

 Another method that has had some success over the years is to employ 

surface chemistry to create a sticky region of the chip, using at times PMMA [15] 

or self-assembled monolayer (SAM) [16] an example of which is 

(aminopropyl)triethoxysilane (APTS)  or to functionalize the carbon nanotube [17] 

and attach it to a preordained section of the silicon chip.  Both of these methods 

primarily use CNTs that are suspended in a solution and sonicated to isolate them 

from each other. In the case of functionalization the CNT, a molecule is added that 

will functionalize the CNT, after which, the solution will be spun onto the surface 

of the silicon chip at which point the CNTs will selectively bind to certain pre-

patterned areas.  In the end, the advantages of these two methods of precise 
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placement of CNTs is that again one can perform the experiment in bulk as all of 

this can be done with e-beam or photolithography, and the desired device can be 

used while the rest are ignored.  The disadvantage is that as with the placement of 

catalyst it is impossible to control what type of CNTs is at any given location or 

even how many CNTs are in a given location, with no way to know until one 

performs the experiment, although recent advancements in purification has 

provided solution of CNTs of which upwards of 99% have the same chirality [18]. 

Alternating current dielectrophoresis (ACDEP) [19] will also yield similar 

results to surface chemistry and functionalization, and is performed by running an 

AC current between two pre-patterned electrodes and a solution of CNTs is spun on 

the surface of the silicon chip where the CNTs will self-assemble between the two 

electrodes.  While it is impossible to tell which type of CNTs will settle between 

the electrodes, isolating a single CNT or bundle can be achieved with care, giving it 

an advantage over the last two methods.  Similarly using an AFM tip to 

mechanically pick up a CNT from a cartridge of CNTs and placed in a desired 

location [20] will provide access with care to a single isolated CNT or bundle, but 

there is no way to know what type of CNT has been placed on the surface until the 

measurement has been performed. 

A research group at Champaign Urbana in Illinois headed by John Rogers 

in 2007 [21] developed a method for growing long aligned SWNTs on prepared 

quartz substrates that was combined with a transfer technique can pick up large 
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quantities of the arrays of CNTs and deposit them on any target substrate.  The 

transfer method is to use an electron beam evaporator to deposit around 100 

nanometers of gold onto the quartz substrate with the CNTs.  Next spin on a layer 

of polymide (polyamic acid) at 3000 rpm for 30 seconds and bake it at 110 degrees 

Celsius for 2 minutes.  From here one can physically peel the film away bringing 

the CNTs with it with near 100% transfer efficiency.  The film can then be placed 

on any target substrate, and the polymide can be ion etched while the gold can be 

chemically etched to make the CNTs ready for electrodes and electrical 

measurements.  By itself this method will yield transfers of predominately SWNTs 

onto a desired substrate, but unless it is combined with the on-chip Rayleigh 

spectroscopy designed by the Park group at Cornell University that was described 

earlier in this chapter, one cannot know the type of CNT that is being transferred 

nor have more than rough control over where a specific CNT falls onto the target 

substrate. 
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3.2.1 – Transfer of Carbon Nanotubes with Known (n,m) 

 

The mechanical transfer of carbon nanotubes that was developed in the 

Hone group at Columbia University provides micrometer precision placement to 

any substrate and when coupled with Rayleigh scattering spectroscopy it is the only 

known method at this time that will yield a single SWNT of known chirality that 

can be perfectly clean.  The original process designed in 2005 [22] along with a few 

of the subsequent procedures would yield a clean CNT until the transfer step, 

which used PMMA as a sticking layer to grab the CNT or a drop of PMMA 

dropped through the slit on the backside of the chip which would force the CNT 

onto the target substrate, thus resulting in a dirty transfer process.  As long as one 

was using PMMA and electron beam lithography to make the metal leads for the 

electrical device this scum layer on the CNT did not matter since it would have 

been introduced during normal processing.  If one desires a clean CNT, one can 

make a dry transfer of the CNT onto a target substrate and then use a shadow mask 

technique to make the metal leads to the CNT, thus keeping the CNT from seeing 

any PMMA in the entire process.  One can also dry transfer the CNT onto premade 

leads and have the CNT suspended without seeing any PMMA processing as well.  

Both of these techniques prove useful for probing the intrinsic properties of carbon 

nanotubes where cleanliness matters. 



84 
 

 

The basic process involved in this mechanical transfer is to take a silicon 

chip and etch all the way through it to create a slit, normally between 50 and 100 

µm wide, and then etch down from the top to create a platform around the slit as 

shown earlier in Figure 3.1.  The platform is necessary for the transfer as it lowers 

the overall surface area of the growth chip so a piece of dust or debris will not 

hamper the transfer process unless it is located on the platform.  The catalyst is then 

placed on the larger upstream side of the platform near the edge of the slit and 

grown using the ethanol CVD process described in the last chapter.  Rayleigh 

spectroscopy is then performed on the CNTs that do cross the slit and the positions 

are marked for the single CNTs of known chirality that are to be transferred.  

Originally the extra CNTs and bundles were then burned out using a different 

higher powered argon-ion laser. (Over time this part of the process was suspended 

in order to reduce the amount of time that was spent on each chip during this part of 

the process.)  With the positions of all the single SWNTS and bundles known, one 

can readily identify which is the desired CNT after the transfer by measuring the 

distance between each CNT on the target chip after the transfer.  After the optical 

measurements to identify each CNT that is crossing the slit, the silicon chip is 

placed upside down in the transfer setup located over the target chip and brought 

very close to contact.  As mentioned earlier in the original process one would then 

take a single drop of PMMA and place it on the backside of the chip as depicted in 

Figure 3.8 and turn on a local heater located under the target chip to cure the resist 

and trap the CNT.   
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Figure 3.8: A schematic diagram of the original mechanical transfer process for 

single carbon nanotubes that originated in the Hone lab at Columbia University 

[23]. 

 

Once the temperature returned to close to 60 degrees Celsius, the two silicon chips 

can be taken apart and the CNT can then be written down to the surface of the 

target chip using e-beam lithography.    We found the original process would drag a 

lot of amorphous carbon located on the backside of the slit onto the surface of the 

target chip when the PMMA was dropped from behind.   

This process has later been refined to spinning a layer of PMMA onto the 

surface of the target chip and heated to ~ 180 degrees Celsius, to make it soft, right 

before the two chips are brought into contact, at which point the CNT would be 

trapped in the PMMA as the heater was turned off and the sample would cool 

before being pulled apart as shown in Figure 3.9.  
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Figure 3.9: A schematic diagram of the current mechanical transfer process for 

single carbon nanotubes used by the Hone lab at Columbia University along with a 

digital picture of the actual setup. 
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 From here one can write a window in the PMMA using e-beam lithography and 

then rinse the chip in first developer (3:1 IPA: MIBK), then ethanol, dried in air 

and finally placed in acetone to clean the PMMA off of the chip.  Ethanol is used 

because it possesses very low surface tension and will not break the CNT as it is 

dried in air and dragged to the surface of the target chip.  If ethanol was not used 

we would often see that the CNT would float away in the acetone as it never 

touched the surface of the target chip if a thick layer of PMMA was used in the 

transfer to ensure that the CNT was grabbed.  If a thin layer was used the ethanol 

step was unnecessary as the CNT would always attach to the surface, but we would 

often lose the CNTs during the transfer as they never touched the PMMA.   

Two other transfer techniques, aside from the one developed in the Hone 

lab at Columbia University, exist that will yield the chiral indices of a given carbon 

nanotube before the transfer while still providing micrometer level precision of the 

placement of the CNT onto the target substrate.  The first was developed in 2007 

[23] by a group in Israel headed by Yael Hanein and involves creating a chip with 

pillars and growing the CNTs suspended across the pillars.  From here one can 

perform Raman measurements and map out the CNTs suspended across the pillars, 

and when finished one can turn the chip over and physically stamp the CNTs onto a 

target substrate.  As was mentioned earlier in this chapter, Raman spectroscopy can 
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be very slow and time consuming, but this method will yield CNTs of known 

chirality in a desired location on a substrate.   

The second method was developed in 2009 [24] by a group in China headed 

by Zhongfan Liu, and requires one to grow CNTs on a silicon chip with alignment 

marks etched into the surface.  PMMA is then spun onto the top of the chip and the 

entire PMMA film with the CNTs encapsulated within were lifted off of the silicon 

chip using a KOH solution (1M), and the resulting film would be physically 

transferred onto a target substrate using a XYZ stage and microscope.  This process 

will conclude with micrometer precision in the placement of the CNT, and when 

combined with Raman spectral mapping, (after the growth and before the transfer) 

one can transfer individual SWNTs of known chirality in a precise location.  

Similar to the last method developed by Hanein et al., Raman spectroscopy can be 

quite slow and time consuming so this procedure carries the same disadvantages as 

the last method.  There is one other disadvantage in this process which is that the 

transferred carbon nanotubes often have a scum layer from the KOH that is very 

hard to remove and will degrade the overall electrical performance of the device. 
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3.3 – Summary 

 

When the work for this thesis began in 2003, there were very few methods 

for either identifying the chiral indices of a carbon nanotube, and even less that 

could be done so in a manner where electrical measurements were possible 

afterwards.  There were very few, if any, mechanical transfer techniques available 

that could place a given carbon nanotube in a desired position, with high accuracy, 

on a separate substrate.  One of the biggest successes in this thesis has been to be a 

part of the team, and to later refine the process to increase the success rate to 

upwards of 80 to 90 % whereby the chiral indices of a given single-walled carbon 

nanotube could be identified by Rayleigh scattering spectroscopy and then 

transferred onto a target substrate with micrometer precision so that an electrical 

device could be made and experiments performed on that same carbon nanotube. 
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Chapter 4  

 

Electron Transport in Carbon Nanotubes 
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4.1 – Introduction to Electron Transport in Carbon 

Nanotubes 

 

 Individual single-walled carbon nanotubes are a unique material in which to 

study one-dimensional electron transport, where electrical measurements of the 

basic properties of the single-walled carbon nanotubes (SWNTs) are carried out by 

running either a direct or alternating current (DC or AC) through metal source and 

drain contacts to either end of the carbon nanotube (CNT) (that is either suspended 

in air/vacuum or lying on a dielectric surface such as SiO2).  The charge density of 

the CNT is varied, (or conversely the energy bands in the conductance channel of 

the CNT are shifted) by a capacitive coupled piece of metal called a gate electrode.  

When applying a bias across the source and drain leads and placing a voltage on the 

gate, one will measure the resulting current through the source and drain electrodes.  

Figure 4.1 shows a typical configuration used to measure the electrical properties of 

CNTs in what is commonly called a field-effect transistor (FET) setup.   
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Figure 4.1: A schematic diagram of a carbon nanotube field-effect transistor.  The 

source, drain and gate electrodes are labeled, along with the dielectric material. 

 

From some of the initial electrical measurements performed on carbon 

nanotubes in the late 1990s [1] researchers confirmed the theory that individual 

carbon nanotubes can indeed have either metallic or semiconducting attributes 

based on their chiral angle and indices (n,m) as described near the end of Chapter 1 

(in which if n-m = 3j in which j is an integer the CNT will act as a metal whereas if 

it does not then it will act as a semiconductor [2]).  In reality only armchair CNTs 

are predicted by tight binding theory to have a zero value band gap [2] (armchair 

CNTs possess a non-zero Mott gap in their conductance values which is described 

in more detail later in this chapter) while non-armchair metallic CNTs possess a 

very small band gap around 10 to 100 meV due to the curvature of the CNT which 

opens a small gap in the band structure [2].  An armchair carbon nanotube does not 

experience a gap due to curvature, because at the Fermi energy the bands that cross 

are of different symmetries; likewise zigzag carbon nanotubes are also protected 

from energy gaps due to curvature [2].  Semiconducting CNTs on the other hand 
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possess a section of their density of states that is zero, which translates into a band 

gap that is normally around 0.5 to 0.8 meV in size (tight binding theory states that 

the energy gap of a semiconducting CNT can be calculated as roughly Eg ~ 0.7 

eV/dt (nm) where dt is the diameter of the CNT) [3].  

 Also of note is that researchers found that electrical transport in individual 

SWNTs can result in transport regimes that can be either classical or quantum in 

nature due to the one-dimensional nature of the CNT which result from the 

quantization of the wave functions of the electrons in the circumferential direction 

when they are confined by the small diameter of the CNT.  From here one can take 

the Landauer formula for conductance of a quasi-1D system [2]: 

     (
   

 
)                                       (4.1) 

Where      represents the probability of transmission of the electron at the Fermi 

level of the energy through the CNT and      = 2 for a metallic carbon nanotube 

with 2 bands available for electron transport.  From here one can see that if there is 

perfect transmission through the CNT ( a transmission probability of unity), the 

result will be what is called ballistic conduction in which the voltage drops will 

only occur at the contacts to the CNT as the electron goes from a 3D to a 1D 

conductor [2].  The resulting conductance value of            is called the 

quantum conductance of the CNT, which corresponds to around 155 µS which can 

in turn be converted into the quantum resistance of the CNT as R = 1/G yielding 

           = 6.5 k.  The value of 4 in the equation of           comes from 
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the fact that the electron sees 2 1D subbands near the Fermi energy as it jumps 

from the electrodes to the CNT due to the orbital degeneracy.  Each subband will 

also be able to possess an electron of spin up and spin down, yielding 4 channels 

that can contribute to the conductance [3].  In order to reach a measured electrical 

resistance that is close to 6.5 k, one must create a device that is perfectly clean 

with Ohmic contacts normally composed of palladium and measured at very low 

temperatures on the scale at most a few Kelvin.  One of the earliest examples of 

this type of experiment was performed by the Dai group at Stanford University in 

2003 in which they were able to reach a low value resistance of around 17 k [4]. 

 If there is non-unity in the probability of transmission,     , then one will 

see what is called the diffusion regime of electron transport whereby a voltage drop 

will not only occur at the contacts but over the length of the CNT as well.  The 

conductance will again be the same as in Equation 4.1, but when calculating the 

electrical resistance one will result in this equation [3]: 
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)  (

 

   )  (
 

   ) (
 

  
)                              (4.2) 

Where   represents length of the CNT and    is the mean free path that yields the 

average distance traveled by an electron in the CNT before it is scattered.  In 

metallic CNTs the value of the mean free path has been measured to be as high as 

10 µm at low temperatures whereas semiconducting CNTs have mean free paths on 

the order of one µm [5].  The diffusive regime of electron transport, also called the 

classical transport regime, is one in which the assumption is that         whereas 
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the ballistic regime is the opposite in which        .  One will recognize that the 

first term in Equation 4.2 is the quantum resistance of the CNT, whereas the second 

term relates to the scattering associated as the electron travels through the CNT 

which is normally caused by thermal lattice vibrations called phonons (which are 

defects in the crystalline structure of the CNT as well as a twisted, strained or bent 

CNT, other electrons as well as trapped charges in the oxide surface and other 

impurities in the surrounding environment of the CNT); electron-phonon scattering 

as well as other types of scattering can all be termed as disorder which will be 

discussed in more detail in the next chapter.   
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4.2 – The Metal – Carbon Nanotube Interface 

 

The other main source of electrical resistance in carbon nanotubes is found 

at the interface between the metal electrodes and the carbon nanotube.  There are 

two types of contact resistances that can be found in CNT devices.  The first of 

which is any type of impurity that is found at the interface of the CNT and the 

metal electrode such as residue from processing, or water molecules from being 

exposed to air.  Careful cleaning of the chip and CNT device as it goes through 

processing is the easiest way to reduce this type of contact resistance, but it is 

almost impossible to remove it entirely.  One can also perform the experiments 

either at low temperature and/or in an ultrahigh vacuum after a high temperature 

bake out to remove water molecules from the contacts.    Impurities such as these 

mentioned here can increase the electrical resistance of the device as well as block 

certain physical features from appearing in the data by degrading the overall 

performance of the device. 

 The other type of contact resistance is what is called a Schottky barrier, 

which is caused by a misalignment of the bands at the interface between the metal 

electrode and those in the CNT.  In an equilibrium situation where no bias is 

applied to the metal electrodes, the metal and CNT Fermi levels will have to align, 

the mismatch of which causes a potential barrier.  The energy height of that barrier 
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is determined by the work function of the metal (   
   

), the work function of the 

CNT (   ), and the energy gap of the CNT (Eg)[3]: 

   
      

  

 
       

         
  

 
         (4.3) 

From this one can see that semiconducting CNTs have a much higher Schottky 

barrier than metal CNTs due to the size of their band gap.  A p-type contact will 

result when the Fermi energy of the metal lines up with the valence band of the 

CNT, resulting in a situation where the holes see no barrier.  Whereas the electrons 

will see a very large barrier, which for a CNT, which is normally p-type, will result 

in what is called an Ohmic contact.  If the Fermi level of the metal contact lies in 

the middle of the band gap of the CNT then both p and n types of conduction will 

see a Schottky barrier.  Figure 4.2 shows an example of how the work functions 

and Fermi levels of the metal and the CNT create Schottky barriers in the device.   
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Figure 4.2a-c: A schematic diagram of how a Schottky barrier height ((a) 

unaligned to the height of the energy level of the CNT) affects the transport when 

aligned (b) at the midgap of the CNT, and (c) in p-type contacts [recreated from 3].  

 

When creating a CNT electrical device, one can change the type of 

conduction between n and p type based on which metals are used for the electrodes; 

using palladium as the metal for the electrodes will lead to p-type conduction where 

holes are the primary carrier just as using aluminum will lead to n-type conduction 

where electrons are the primary carrier [3].  In addition to the work function of the 

metal at the interface creating a Schottky barrier, the type of metal chosen for the 

contacts to the CNT can also have a difference in how well the metal wets and 

adheres to the CNT thus changing how strongly the overlapping orbitals for the 

electrons in the metal and CNT are interacting, which can lead to a very different 

result in the device performance.  An example of this is the fact that palladium and 
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platinum have similar work functions, yet lead to different device characteristics in 

that palladium electrodes can lead to Ohmic contacts and platinum leads usually 

yields devices of high contact resistance due to poor wetting of the metal on the 

CNT thus poor overlap orbitals for the electrons [6]. 
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4.3 – Carbon Nanotube Field-Effect Transistors 

 

For the vast majority of the work in this thesis the carbon nanotubes used in 

the various projects came from the combined Rayleigh scattering spectroscopy and 

mechanical transfer technique described in Chapter 3, as well as being grown by 

the ethanol vapor CVD growth described in Chapter 2.  This means that most of 

our electrical measurements were made on individual SWNTs of known chirality.  

As mentioned earlier in this chapter the typical device geometry is that of a field-

effect transistor where the dielectric is usually silicon dioxide, but can be thin 

boron nitride, as described in the next chapter, or suspended in air or vacuum for 

measurements that are isolated from the surface of the silicon chip.  In order to 

make the metal electrodes and gate terminal, standard electron beam lithrography, 

with PMMA as the polymer in the process, was used in combination with electron 

beam evaporation to create palladium contacts to the CNT itself.  Palladium was 

used in order to achieve low contact resistance and in many cases Ohmic contact. 

The Pd leads were then brought out away from the CNT to larger Cr/Au or Ti/Au 

leads and bonding pads that could survive multiple wire bonding sessions to 

connect the CNT to a chip carrier and our electrical probes.  In certain cases such as 

when looking for evidence of photoconductivity (explained in greater detail in 

chapter 6) tunneling contacts were desirable so Cr/Au was used to contact the CNT 

to create large Schottky barriers.   Figure 4.3 shows an optical microscope image of 
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a device where the half of the CNT was contacted with Pd electrodes (the other half 

was contacted with Cr/Au leads to compare the performance between the two 

metals), that then were contacted to the Cr/Au or Ti/Au leads and bonding pads.  

 

Figure 4.3: An optical microscope picture of a finished carbon nanotube field-

effect transistor with palladium leads contacting half of the carbon nanotube that 

are then brought out to larger Cr/Au leads and bonding pads.  The other half of the 

leads are made from Cr/Au to compare the two metals as contacting material. 

 

 With the source and drain leads connected to the CNT, the next step was to 

create small windows around the leads and use an oxygen plasma step to remove 

any unwanted CNTs that might have transferred with the desired CNT.  From here 

either the silicon chip itself was used as a global back gate to vary the amount of 

charge in the channel of the FET, or a local gate was created using a different 
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material as a dielectric.  An atomic layer deposition (ALD) machine located at 

Columbia University provided thin films of aluminum oxide and hafnium oxide for 

a number of projects although they did occasionally produce films that leaked 

electrically, which required multiple samples to be made at times to find one that 

performed correctly.  These oxides would be placed over the device as a whole and 

a top gate would be placed locally over the CNT along with the leads and was often 

made of metals, such as gold/palladium or aluminum.  Projects such as attempts in 

high-frequency measurements of individual semiconducting CNTs, as described 

briefly in Chapter 6, as well as some unsuccessful attempts at placing a single CNT 

on a thin flake of boron nitride and then placing a top gate over the device utilized 

this process.  The final version of the boron nitride CNT device described here 

involved a local back gate that was located underneath the carbon nanotube, as well 

as the source and drain electrodes using the thin film of boron nitride as the 

dielectric material.   

During every step of the procedure for making an electrical device out of a 

single CNT of known chirality, from the growth to the transfer to the actual 

processing done on the CNT, a premium was always placed on cleanliness and 

keeping the surface of the CNT as pure as possible.  Ultimately keeping the CNT 

pristine can be difficult as PMMA forms a scum layer only a few nanometers thick 

that is can only be removed without destroying the CNT with a high temperature 

Ar/H2 anneal.  Many hours went into attempting processing with various solvents 

and chemicals to find one that would reduce the contact resistance from the scum 
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layer as much as possible.  The tests ranged from using chemicals such as acetone 

and NR9 resist remover to 1,2 dicholoethane (DCE) in order to remove the PMMA 

and reduce the scum layer as well as varying the time and temperature used in the 

processing to find the optimum conditions.  It was found that in order to achieve 

the best results in reducing the PMMA scum in such processing one would use 

DCE heated to around 100 degrees Celsius for one hour in performing the „lift off‟ 

step of creating an electrical device out of a CNT.  Yet when the electrical devices 

were tested it was found that the amount of PMMA scum when using acetone at 

room temperature and letting the „lift off‟ step occur overnight was often enough to 

reduce the contact resistance to an acceptably low value. The best value we have 

produced in our lab was a device resistance of 12.61 k on a known armchair CNT 

at room temperature (as will be shown later in this chapter in Figure 4.5). 

When measuring a CNT-FET device one can perform the basic DC 

measurements in one of two manners.  The first method is where one would hold 

the voltage on the gate electrode steady at a single value, which can be anywhere 

from 0 to over 100 V depending on how thick the dielectric layer is or if it is 

measured while suspended in air or vacuum, and sweep the values of the voltage on 

the drain electrode and measure the current across the CNT.  (The source electrode 

would be grounded in this setup.)  The other method is to put a steady value of bias 

voltage across the CNT, one can go as low as a few millivolts up to 8 to 10 volts 

depending on the environment the CNT is placed in (in air the CNT will normally 

be destroyed at only a few volts while if the device is measured in an inert gas such 
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as argon one can go higher in bias voltage before the CNT is destroyed) while 

sweeping the voltage on the gate electrode.  

 In the standard FET configuration primarily used in the work in this thesis, 

the normal values used for an IV sweep was to hold the gate voltage steady at 

negative 10 volts to ensure the semiconducting CNTs were turned to the „on‟ state 

and sweep the voltage on the drain electrode from negative 100 mV up to 100 mV. 

For gate sweep measurements the bias voltage would be set at either plus or minus 

10 mV, while the gate voltage was swept from negative 10 to positive 10 volts to 

avoid a breakdown of the silicon dioxide.  These kinds of tests are called low bias 

measurements.  High bias measurements where the CNT can be taken up to many 

volts in bias voltage are discussed more in Chapter 5.  Figure 4.4 shows a 

simplified band diagram that explains how a p-type semiconductor CNT-FET 

works (as well as the case for an n-type CNT), where the channel height can be 

modified by the gate electrode and transport can be induced through the Schottky 

barriers by increasing the bias voltage on the device.   
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Figure 4.4: A schematic diagram of how the bands bend in a CNT-FET due to a 

positive or negative gate voltage that will induce either n or p-type conduction 

respectively. 

 

Oxygen doping occurs when the measurements are taken in air and induce the CNT 

to be p-type on electrical measurement [7].  The voltage on the gate electrode, in 

reality, creates an electric field that will increase or decrease the electrostatic 

potential in the channel which moves the band up for a negative gate voltage with 

positive charge in the channel and down for a positive one with negative charge in 

the channel.   
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4.4 – Armchair Carbon Nanotubes and the Mott Gap 

 

The earliest individual SWNTs of known chirality that came through this 

kind of processing were used primarily to identify that the Rayleigh scattering 

spectroscopy did indeed work as intended by distinguishing between metal and 

semiconducting CNTs as well as identifying the chiral indices.  (Carbon nanotubes 

were later grown on transmission electron microscopy (TEM) grids, and were then 

imaged by Rayleigh scattering spectroscopy and finally checked by TEM to 

confirm their physical structure [8].)  Figure 4.5 shows the Rayleigh scattering 

spectroscopy of an armchair metallic SWNT, a chiral metallic SWNT as well as a 

semiconducting CNT with their corresponding gate sweeps to show that their 

electrical signature matches the conclusions from the Rayleigh measurements.   
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Figure 4.5a-c: The Rayleigh scattering spectrum for an (a) (18,18) armchair, (b) 

(12,6) chiral metal, and (c) (20,7) semiconducting CNTs with their corresponding 

low bias gate sweeps.  The gate sweeps for the chiral metal CNT are for a different 

tube than that of the Rayleigh spectra. 

 

All three types of CNTs show good conductance values indicating low contact 

resistance, and a clean, clear saturation region at either end of the gate sweeps, 

indicating that the conductance has reached its maximum value for the device in 

question.  Of more importance is that all three types of CNTs show a „gap‟ region 

that in the metals appear quite small and in the semiconductor appears large due to 

the band gap of the CNT.  At the time of these measurements in 2005, tight binding 

theory predicted that chiral metal CNTs would possess a small, non-zero, gap that 

was due to the curvature of the CNT, whereas armchair CNTs would possess no 
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gap at all [2].  The initial low temperature measurements performed on the 

armchair carbon nanotubes presented a gap region that did not perform as the chiral 

metal carbon nanotubes did.  The armchair CNTs did not possess a „bottom‟ of the 

gap when measured in temperature as shown in Figure 4.6, indicating a very 

different mechanism for the gap than the curvature of the CNT that is responsible 

for the gap of the chiral metal CNTs.  It is not fully understood at this time why the 

gaps in these two pictures behave so differently. 

 

Figure 4.6: A set of low temperature, low bias measurements on sections of an 

armchair CNT and a chiral metal CNT indicating that the armchair CNT gap does 

not „bottom out‟ thus possessing a different mechanism for the gap region than the 

curvature induced gap present in the chiral metal CNTs. (graphs made by Bhupesh 

Chandra) 

 

The gap is even observed at high biases of up to 3V on the source/drain contacts, 

indicating that it is not solely a low bias voltage event (as shown in Figure 4.7).   
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Figure 4.7:  A set of high bias measurements on a (18,18) armchair carbon 

nanotube indicating that the mysterious gap is present at all bias voltages. (graphs 

made by Bhupesh Chandra) 

 

Every armchair CNT that was measured by our research group at the time showed a 

small gap, so obviously the theory is missing a critical piece of information or 

possesses a wrong assumption.   

The first thought was that the individual SWNTs that were imaged in the 

Rayleigh spectroscopy setup were somehow twisted or strained, as various tight 

binding models had shown that this could be a mechanism that would open a gap in 

the band structure of an armchair CNT.  We were later disproved of this thought as 

theory excluded armchair carbon nanotubes from a gap induced by strain, although 

it did hint at a gap that could be possibly induced by electron-electron interactions 

[9].  Whether that strain or twist was introduced during the growth or transfer was 

unknown.  Considerable effort went into attempting to deduce if this was in fact the 
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case from looking into performing Rayleigh spectroscopy on the CNTs on the 

surface of the silicon chip after a transfer, to compare it to the spectra from before 

the transfer while it was suspended, to looking into modeling the growth itself to 

look for evidence of strain as the CNTs fell on the surface.  Another thought was 

that the van der Waals forces between the CNT and the silicon dioxide surface 

could be enough to deform the CNT, and thus open a small gap in the band 

structure as the theory suggests that if the mirror symmetry of an armchair carbon 

nanotube is broken that it will open a small gap [10].  Another thought focused on 

the possibility of doping from an unknown source could be imposing a gap on the 

band structure as modeling shows that an armchair CNT on a hydrogen-passivated 

silicon surface with a dangling bond from a removed hydrogen atom would create a 

band gap [11].   

We have found that armchair CNTs are incredibly rare to come out of our 

growth, with only a handful that survived transferring and processing to become 

electrical devices, and thus are very valuable.  While we possessed hints at what 

may be causing a band gap in the electrical measurements of our armchair CNTs, it 

was determined that we needed more data before we could begin to truly 

understand what was taking place.  Those armchair CNT devices in question were 

eventually used in a low temperature probe station that contained an oil leak that 

ruined the chips for further study before a solid answer could be obtained.  It was 

not until a few years after this that a research group at the California Institute of 
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Technology headed by Marc Bockrath, with experiments performed by Vikram 

Deshpande, found the answer to our questions in what is called a Mott gap [12]. 

Tight binding theory has been one of the leading methods for modeling the 

electrical behavior of carbon nanotubes since their discovery two decades ago, but 

it possesses a blind spot in that it cannot account for the interactions between 

electrons.  Although to first order this is not a large problem, the theory does 

indicate that armchair CNTs will have zero gaps in their band structure whereas we 

know that this is not the case from experiments; in this case the theory breaks down 

when dealing with a metal whose energy bands are at half-filling, a situation in 

which there are strong electron-electron and Coulomb repulsion effects [12].  In 

this situation the electrons find it energetically favorable to localize, which leads 

the metal to form a Mott insulating state, and thus a Mott gap of around 10 to 100 

meV in the band structure.  The CNTs used in this experiment, performed by 

Vikram Deshpande, were incredibly clean suspended samples (to avoid interference 

from the surface of the chip) that were then measured for the Mott gap in a 

magnetic field to fully close energy gaps created by curvature or strain so that the 

Mott gap itself could be isolated.  Single electron tight binding theory states that an 

axial (or parallel) magnetic field will open or close curvature induced gaps in chiral 

metal CNTs as well as opening a gap in an armchair CNT [13,14].  This shifting of 

the gap size due to the magnetic field comes from replacing the electron 

momentum term in the Hamiltonian from    to          where    is the vector 

potential (∇         ⃗ ) [2].  In other terms the axial magnetic field shifts the k-
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states sideways and for a sufficiently large value of the field it will open or close a 

gap.  From here it is easy to see that if the gap in the armchair CNTs cannot be 

closed by a magnetic field then the mechanism is beyond the single particle theory 

and electron-electron effects must be taken into consideration.  Figure 4.8 shows a 

schematic diagram of how a parallel magnetic field will change the size of the gap 

in both armchair and chiral metal CNTs.   

 

Figure 4.8:  A schematic diagram of how an axial magnetic field influences the 

band structure of both an armchair and chiral metal CNT by opening and closing a 

gap. 

 

Figure 4.9 shows a plot of the magnetic field versus the gate voltage on the CNT 

devices in which one can see how the gap region of the CNTs open and close with 

the magnetic field as well as a schematic diagram to help explain the results of the 

experiment versus the tight binding theory.  The minimum value of the measured 
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gap is the Mott gap plus an additional factor from the charging energy and a small 

E term.   

 

 

Figure 4.9: A plot of the conductance, G(S) versus the magnetic field, B(T), and 

the gate voltage, VG(V).  The electron and hole sides of the graphs are separated by 

an energy gap, of which the minimum value is the Mott gap plus a small factor 

from the charging energy [12].  A schematic diagram is shown explaining the 

results of the experiment. 
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The additions to the gap from the charging energy and the E term have to 

be subtracted from the minimum gap value to isolate the exact size of the Mott gap, 

which is found to scale as ~ 1/r
a
 where r is the radius of the CNT and a  = 1/(1-g) 

with g as the Luttinger parameter.  Figure 4.10 shows how the size of the Mott gap 

scales with the radius of the carbon nanotube. 

 

Figure 4.10a,b:  A plot of the size of the Mott gap versus the radius of the carbon 

nanotube with an inset in (b) showing how the gap scales with the magnetic field 

[12]. 
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4.5 – Summary 

 

 Carbon nanotubes are a unique material in that one can truly measure 

physics in a one-dimensional channel.  In a carbon nanotube field-effect transistor 

one can see the effects of the quantization of the electron waves and how a 

quantum resistance is set in place through a limited number of channels for electron 

transport as well as seeing how a mismatch in the work function of the metal 

electrode to that of the carbon nanotube creates what is known as a Schottky 

barrier.  The conduction in a carbon nanotube can be manipulated to either n or p 

type based on which metal is used for the leads.  From all of this the first electrical 

measurements on individual armchair carbon nanotubes of known chirality showed 

a small non-zero gap in the energy band structure, the reason of which proved 

elusive until it was shown years later that each carbon nanotube possessed a Mott 

gap. 
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Chapter 5 

 

Surface Optical Phonons and the Effect on 

Electron Transport in Carbon Nanotubes 
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5.1 - Electron-Phonon Scattering in Carbon Nanotubes 

 

Electron transport in carbon nanotubes (CNTs) can either in the ballistic 

regime, where an electron does not undergo a scattering event while in the carbon 

nanotube, or diffusive regime, where an electron encounters at least one scattering 

event as it travels in the carbon nanotube [1].  These interruptions to the path of the 

traveling electron are called scattering events, or disorder, and can come from a 

variety of sources, such as: defects in the lattice structure of the carbon nanotube 

itself, dangling bonds which normally occur during growth, subsequent poor 

handling, or from trapped charges in the surface that the carbon nanotube is lying 

on which can result in either short and long range disorder [2].  The last main 

source of scattering for electron transport in carbon nanotubes is from the 

interaction between the electron and a phonon [2], which is a vibration of the 

physical lattice of the carbon nanotube.  All of these sources of scattering lead to 

reducing the mean free path of the electron, the average distance traveled by the 

electron before it encounters a scattering event, in the carbon nanotube which 

degrades the overall device performance.   

In a perfect metallic single-walled carbon nanotube (SWNT) devoid of 

defects and isolated from the surface or environment, the main source of scattering 

is from the electron-phonon interactions [3].  When low voltages are applied to the 

sample, the acoustic phonon is the dominant one in determining the resistance of 
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the device as it scales linearly with temperature [2].  An acoustic phonon is a low 

energy vibration of the lattice spread over many unit cells in which the electrons are 

scattered elastically during events that occur near the K point, indicating low to 

moderate momentum phonons that occupy various phonon modes whose velocities 

are much smaller than the Fermi velocity of the electrons, which is modeled 

primarily through the use of a deformation potential as described by Suzuura and 

Ando [4].  Inelastic scattering of the electrons due to phonons are caused by high 

energy, zero momentum shift modes called optical phonons, which are the primary 

factor in limiting electrical transport at high bias voltages [5,6] by setting a 

maximum on the amount of current the SWNT can carry, and occur primarily 

within a single unit cell. A third form of phonon is called a zone-boundary phonon, 

which can scatter an electron across the boundary between the cells and is both a 

high energy and high momentum process.  Figure 5.1 shows a schematic diagram 

of the energy bands near a K point for the carbon nanotube and each type of 

scattering process from an acoustic, optical and zone-boundary phonon.   

 

Figure 5.1a-c: A schematic diagram of the three types of electron-phonon 

scattering:  (a) is due to acoustic phonons, (b) is due to optical phonons, and (c) is 

due to zone boundary phonons. (Recreated from [3]) 
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Optical phonons can be very effective at limiting the conductance of a 

carbon nanotube sample, while acoustic phonons are very weak scattering centers 

especially for metallic carbon nanotubes.  The weakness in the scattering is due to 

the fact that the deformation potential formed by the lattice vibrations will only 

vary slowly in time, which is caused by the fact that the bands are orthogonal from 

each other [7].  (The fact that the massless bands are orthogonal leads to a situation 

where, in metallic CNTs, backscattering is suppressed and it is only 

semiconducting CNTs that are susceptible to long-range disorder.)  The selection 

rules governing the scattering in this case is further limited by the fact that a carbon 

nanotube is a one-dimensional channel, meaning that the scattering is limited to 

forward or 180° backscattering.  Two-dimensional objects such as graphene can 

have backscattering at angles other than 180°.  A consequence of these selection 

rules is that the inter-band transitions yield a scattering process in which an 

electrical resistance is not introduced due to the fact that the direction of motion 

and velocity is conserved [8].   
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5.2 – Experiments with Carbon Nanotubes on Silicon 

Dioxide 

 

 Experiments performed on individual single-walled carbon nanotubes, 

when looking at the electron-phonon coupling relations, have focused on two 

particular device configurations: the carbon nanotubes are either lying on a silicon 

dioxide substrate, or suspended in air (which will not be discussed in this thesis).  

In both cases one of the primary means of studying the electron-phonon 

interactions is the mean free path of the electron in the carbon nanotube.  In order 

to extract the value for the mean free path, one would usually measure the 

resistivity () of the carbon nanotube as it is a constant value for a given CNT 

operating in the diffusive regime of transport [modified from 3]. 

     (
 

   )  
 

 
              (5.1) 

The method that is normally used to isolate the resistivity of a CNT is to take gate 

sweep measurements at a number of channel lengths (such as 500 nm up to 10 m) 

and isolate the resistance of the CNT at each channel length.  The slope of the 

linear region of the R versus L graph will be the resistivity of the CNT. (This 

process is shown a little more clearly in Figures 5.2 and 5.3 later in this chapter)  

The measurement of the resistivity of a carbon nanotube will separate the effects of 

the contacts, such as Schottky barriers [9] and scum layers of PMMA, and allow 
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the researcher to focus solely on the underlying physics of the carbon nanotube.  

This is accomplished by measuring the resistance of the carbon nanotube device at 

a variety of different channel lengths on the same CNT, and comparing them to 

each other.  The slope obtained while plotting the resistance of the device versus 

the length of the channels measured will be the resistivity of the device.  Another 

method to looking at electron-phonon scattering is to view it from the perspective 

of the scattering rate of the electrons due to either acoustic or optical phonons.  By 

combining Fermi‟s golden rule along with the deformation potential mentioned 

earlier [4] that the electron sees due to the vibrations of the lattice, and considering 

acoustic phonons populated solely through temperature, Park et al. came to the 

following scattering rate for electrons due to acoustic phonons [3]: 

 

   
   

  

 
   (

   

    
 )  

 

   
             (5.2) 

Where  s = s/q is the velocity of the acoustic phonon waves, Ξ is the deformation 

potential,  is the mass density of the CNT and  F is the Fermi velocity.  For a 

deformation potential of ~5 eV and a diameter of 1.8 nm, they arrive at a scattering 

rate of ac~ 3*10
-12

 seconds which leads to a mean free path of lac ~ 2.4 µm.  In the 

case of scattering due to optical and zone boundary phonons the scattering rate 

equation will be [3]: 

 

  
  

  

 
    

     
 (

 

    
 )                   (5.3) 
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Where     
  is the electron-phonon Hamiltonian. Park et al. approximate it to be 

~12.8 eV for the optical phonons, leading to op ~ 2.3*10
-13

 seconds and lop ~ 180 

nm.  The Hamiltonian for the zone boundary phonons gives a value of ~25.6 eV 

which leads to a zb ~ 4.6*10
-14

 seconds and lzb ~ 37 nm.  These values indicate that 

the scattering at high bias voltages from zone boundary and optical phonons for 

metallic carbon nanotubes limit the mean free path much more than the acoustical 

phonons do at low bias voltages.  

Figure 5.2 shows a plot of the electrical resistance versus the channel length 

on a (18,18) armchair CNT at room temperature.   
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Figure 5.2: A plot of the electrical resistance versus channel length for a (18,18) 

armchair CNT at room temperature.  The slope of the linear fit gives the value for 

the resistivity. 

 

By taking the linear fit of this graph, one can extract the value for the resistivity 

(the slope of the fit) to be 7.82 k/m.  Using Equation 1, we find that this carbon 

nanotube has a room temperature mean free path of              .  These 

values are quite close to the best resistivity measurements to date (metallic CNTs 

usually possess a room temperature resistivity of around 10 to 12 k/µm), which 

lead to a room temperature mean free path that is usually measured around 1 µm in 

length [10] (at low temperatures this value can approach 10µm in length).  
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Semiconducting CNTs have roughly an order of magnitude smaller mean free path 

of around 1 µm, at low temperatures, due to being more susceptible to acoustic 

phonon scattering [10].  The measurements for these devices were carried out by 

performing the simple IV and gate sweeps described in chapter 4 at various 

temperatures in a low temperature probe station (allowing sufficient time between 

temperature ramps for the temperature of the device to fully stabilize).  The values 

for the conductance, and hence the resistance (G = 1/R), were taken from each gate 

sweep either at or as close as possible to the full „ON‟ state or saturation in order to 

ensure a stable value at each temperature.   

In order to fully understand how electron-phonon interactions inhibit 

electron transport, one must now look at how the phonon populations change 

versus the change in temperature.  As mentioned earlier, tight-binding theory states 

that the scattering from acoustic phonons will be linear in temperature.  Figure 5.3a 

shows a similar plot of the electrical resistance as a function of the channel length 

of a metallic carbon nanotube for a few different temperatures [10].  Figure 5.3b is 

the plot of the resistivity of that same metallic CNT versus temperature, where one 

can see that the resistivity is indeed linear but only up to around a temperature of ~ 

100K, after which it deviates sharply [10]. 
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Figure 5.3a: A plot of the electrical resistance versus the channel length of a 

metallic CNT at various temperatures.  Figure 5.3b: A plot of the resistivity versus 

temperature for the same metallic CNT [10]. 
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5.3 – Surface Optical Phonons and Carbon Nanotube 

Devices 

 

 Up to this point the surface that the carbon nanotube is lying on has been 

mentioned as a potential source of scattering, but has largely been ignored in 

interpreting the data.  In the last few years theory [11, 12] and then experiments 

(starting on graphene but later on carbon nanotubes) has shown that the optical 

phonons in the surface of a polar substrate such as silicon dioxide can be a large 

and potentially primary factor in determining the overall transport of electrons in a 

carbon nanotube.  Some of the original work performed in 2008 on graphene by 

Bolotin et al. at Columbia University [13] shows that once the device is suspended 

above the surface, the resistivity becomes linear above 100 K and the mean free 

path increases dramatically.  This result indicates that the surface of the silicon 

dioxide greatly affects the performance of the device prior to its removal, as shown 

initially by the Fuhrer group at the University of Maryland on graphene [14].  The 

theory associated with the surface optical phonons state that what occurs is that the 

polar nature of the surface creates a local electric field from the high energy 

oscillations of the optical phonons, which require a small distance from the carbon 

nanotube to dominate the electronic transport in the device.  The distance between 

the CNT and the surface is ultimately dictated by how flat the surface is, as a rough 
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surface will change the average distance between the surface and the CNT more 

than a smooth surface. 

A former lab member of the Hone group at Columbia University (Bhupesh 

Chandra) performed the first experiments on carbon nanotube devices in which the 

goal was to investigate the effect of the surface optical phonons on carbon nanotube 

device performance.  Figure 5.4 shows a plot of resistivity versus temperature for a 

(26,11) CNT [15]: the original tight binding theory dictated a linear relation in the 

acoustic phonon scattering as denoted by the green line, while the red line 

represents a theoretical fit including the expected scattering from the surface optical 

phonons.   
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Figure 5.4: A plot of the resistivity versus temperature for (26,11) CNT, that 

shows a linear relation until ~ 100K where it deviates sharply.  The green line 

represents the contribution solely from acoustic phonon scattering, while the red 

line represents a fit that includes scattering from the surface optical phonons [15]. 

 

One can clearly see that the red line is a direct fit to the measured data indicating 

that above 100 K the optical phonons of the silicon dioxide become the primary 

scattering mechanism in carbon nanotube devices. 

Later experiments performed by the same lab member focused on a single 

carbon nanotube that was transferred across stripes of hafnium oxide (  SO 1,2 = 

19.42, 52.87 meV), and aluminum nitride   SO 1,2 = 83.60, 104.96 meV) [16].  The 

goal of the experiment was to show how higher energy optical phonons in the 
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surface will delay the temperature at which they begin to dominate the transport in 

the device.  The data obtained in the preliminary experiments were ultimately 

inconclusive, as the roughness of the hafnium oxide sections likely threw off the 

result of the “turn on” temperature value for the optical phonons.  But the results 

for the aluminum nitride did show a higher „turn on” temperature than SiO2 at 

around 125 to 150 K versus around 100 K.   The temperature at which the surface 

optical phonons took over the scattering was no different than that of silicon 

dioxide, despite the fact that the energies for the surface phonons were much higher 

in value than those of silicon dioxide (  SO 1,2 = 59.98, 146.51 meV [16]).  

Ultimately a surface is needed for carbon nanotube devices whose optical phonon 

energies are high enough that they will not turn on and dominate the electron 

transport at room temperature. 
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5.4 – Boron Nitride as a Surface for Carbon Nanotube 

Field-Effect Transistors 

 

Recent experimental and theoretical work [11, 12] has demonstrated that 

oxide dielectrics, such as SiO2, can substantially degrade the performance of 

electronic devices made from carbon nanotube and graphene.  The surface polar 

phonons (SPP) of SiO2 strongly scatters electrons; due to their relatively low 

energies, (  SO 1,2 = 59.98, 146.51 meV [15]), the SPP modes turn on above ~ 

100K and provide the dominant contribution to the resistivity at room temperature 

[11].  In addition, the surfaces of oxides suffer from charge traps and dangling 

bonds, which lead to large hysteresis, disorder, and scattering due to charged 

impurities [14, 17-19].  Suspending the CNT [20] or graphene [13] above the 

substrate can eliminate these problems but it is not useful for high-performance 

electronics due to weak gate capacitance and highly fragile samples.  Local top 

gating with thin high- dielectrics deposited though atomic layer deposition (ALD) 

has shown to be very successful in reducing some of these issues [21].  However, 

ALD processing can still lead to impurities and trapped charges along, and 

common dielectrics, such as hafnium oxide (  SO 1,2 = 19.42, 52.87 meV [16]), 

possess low SPP energies.  
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Hexagonal boron nitride (h-BN) has recently emerged as an alternative 

dielectric material with many advantages compared to SiO2 [22].  It has comparable 

dielectric properties: breakdown voltage of 0.7 V/nm, a band gap of ~ 5.9 eV [23], 

and a dielectric constant () of 3-4.  However, its SPP energies are almost twice as 

high.  Furthermore, as a layered crystalline material, it should not have surface 

states and charge traps that lead to disorder and hysteresis.  In fact, our recent work 

has demonstrated that graphene devices on BN show markedly improved 

performance, with higher mobility, lower charged impurity density, and no 

hysteresis.  The resistivity of graphene on BN is linear in temperature up to room 

temperature, and SPP phonon scattering is only evident at elevated temperatures.  

Other work has recently provided direct demonstrations of greatly reduced disorder 

for graphene on BN [24].  Therefore, there is strong motivation to examine the use 

of BN as a dielectric material for carbon nanotubes. 

Figure 5.5 depicts the method used to fabricate the device used for this 

study.  Nanotubes were first grown across 100-µm wide slits etched through Si 

wafers [25].   
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Figure 5.5: A schematic diagram of the process used to select a single h-BN flake 

and transfer it to a target chip by using a bi-layer of PVA and PMMA to life the 

thin film of PMMA off in DI water.  The bi-layer of PMMA and SU-8 on the target 

chip will isolate the desired flake.  The CNT is then transferred onto the desired 

flake using a thin layer of PMMA to grab it before then opening a window using 

electron beam lithography and letting the CNT fall to the surface. 

 

Although it was not used for this specific carbon nanotube, Rayleigh scattering 

spectroscopy [26, 27] can be used at this step to assign (n,m) indices to each 

suspended nanotube.  In parallel, BN flakes were exfoliated from high-quality h-

BN single crystals [28] onto a separate chip coated with PMMA and a thin layer of 

water-soluble polyvinyl alcohol (PVA) as a release layer.  Optical and atomic force 

microscopy were then used to identify a thin, flat, and clean BN flake suitable for 
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use as a gate dielectric.  A third chip, with a metal (2 nm Ti, 8 nm AuPd) back gate 

and alignment markers on a Si/SiO2 substrate, was patterned by electron beam 

lithography for use as a substrate for the final device. 

Next, the BN flake was transferred onto the metal back gate.  This transfer 

was accomplished by releasing the PMMA layer in water, then inverting the 

PMMA film and placing it onto the substrate chip with the chosen BN flake aligned 

over the back gate.  A particular fabrication challenge was the need to transfer only 

the BN flake of interest onto the substrate, because spurious BN flakes were found 

to prevent subsequent nanotube transfer.  Therefore, a bilayer of PMMA and SU-8 

photoresist, with a 40 x 40 µm window patterned above the back gate, was used to 

block the transfer of BN outside of the target area.  The PMMA is used to enable 

lift-off of the SU-8 hard mask, after transfer of the BN, yielding a clean surface.  

As an example of the success of this technique, Figure 5.6a shows an optical 

micrograph of exfoliated BN on the PVA/PMMA, and Figure 5.6b shows a single 

flake transferred to a target substrate (with no back gate); the PMMA/SU-8 layer 

ensures that only a single flake is transferred. 
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Figure 5.6a: An optical microscope picture of a silicon chip littered with h-BN 

flakes from the mechanical exfoliation process.  Figure 5.6b: An optical 

microscope picture of the target chip after a single h-BN flake has been isolated.  

Figure 5.6c: An optical microscope picture of the final CNT-FET device on the h-

BN flake at a magnification of 100x 

 

Finally, the suspended nanotube was placed onto the BN flake by a 

previously-described mechanical transfer process [29].  For the nanotube used in 

this study, we used atomic force microscopy to measure a diameter of ~1.8 nm, on 

a 3 nm thick flake of crystalline h-BN, and scanning electron microscopy was used 

to confirm that the CNT did indeed land on the BN flake.  Electron beam 

lithography was then used to pattern source and drain electrodes (0.8 nm Ti/ 22 nm 
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Pd), leading to bond pads (1 nm Ti/70 nm Au).  Between each processing step, 

PMMA residue was removed by annealing in H2/ Ar (2/48 SCCM, 350 °C, 3.5 

hours).  Figure 5.6c shows an optical microscope picture of the final device taken at 

a magnification of 100x. 

Electrical transport measurements were carried out in a low temperature 

flow cryostat at 10
-6

 mTorr and at temperatures from 8K to 450K.  Low-bias tests 

were performed twice: once before and once after vacuum annealing at 450K for 

one hour.  High-bias tests were performed after the annealing and low-bias tests.  

All measurements were performed on a 1 µm segment of the carbon nanotube. 

Figure 5.7 shows two low bias gate sweeps of the 1 µm channel device on 

the h-BN at room temperature performed before (red line) and after (black line) the 

annealing step.  Also plotted is the linear subthreshold slope of the device, from 

before and after the annealing step, where it rises from a value of 120 mV/decade to 

190 mV/decade, as well as showing a clear reduction in electrical hysteresis from 

one step to the next.   
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Figure 5.7: A set of low-bias gate sweeps of the CNT device on the h-BN flake, 

using the local back gate,  at room temperature before (red line) and after (black 

line) the 450K anneal.  The measurement performed before the annealing step 

shows a subthreshold slope of 120 mV/decade, while the measurement after the 

annealing step shows a subthreshold slope of 190 mV/decade. 

 

All low bias tests from the set of experiments that were carried out before the 450 

K annealing step were performed with a bias voltage of +5 mV (+50 mV for the 

second set of measurements after the annealing step) while sweeping the local back 

gate from -3 V to 3 V.  

 The value of the subthreshold slope of the device before the annealing step 

(120 mV/decade at room temperature) is among the best reported values for 
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untreated carbon nanotube devices that are not encased in another material. Wind et 

al. reported two devices, one of which was encased in thermal SiO2 of between 15 

and 20 nm in height with a local top gate [30], and another device which was 

located on very thin SiO2 of only 2 to 20 nm in thickness to the global back gate 

[31], where they observed values for the subthreshold slope at 130 mV/decade to 

160 mV/decade respectively.  This type of thin SiO2 film was isolated by using a 

sacrificial layer of SiO2 with a mask layer of silicon nitride to section off an active 

device area whose bare silicon surface was then oxidized to a thickness of around 

110 nm before a high quality oxide was grown for the FETs.  Figure 5.8 shows a 

schematic diagram of their CNT-FET device along with the low bias 

measurements.   
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Figure 5.8a:  A schematic diagram of a CNT-FET using a very thin layer of SiO2 

over a local back gate to improve the performance of the device.  Figure 5.8b:  A 

series of gate sweeps showing the subthreshold slope of the series of devices for a 

range in the thickness of the dielectric. [31] 

 

Pisara et al. used a thick (200 nm) SiO2 combined with the global back gate to 

achieve a subthreshold slope of around 113 mV/decade by airing the sample for 

over 2 months to increase the work function of the Cr contacts and thus reduce the 

Schottky barrier for the device [32].  One of the best reported values for the 

subthreshold slope was obtained by the Dai group at Stanford University with a 
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reported value of ~80mV/decade in a device made with a local top gate using 

hafnium oxide as a high- dielectric which was deposited with an atomic layer 

deposition process [33].  Figure 5.9 shows a schematic diagram for this process 

along with the low bias gate sweeps to show the subthreshold slope. 

 

Figure 5.9a:  A schematic diagram of the CNT-FET used in conjunction with a 

thin layer of hafnium oxide as a dielectric and an aluminum top gate structure.  

Figure 5.9b:  The low bias gate sweep of this CNT-FET device using the local top 

gate. [33] 

 

The value that we found in our h-BN device of around 120 mV/decade can likely 

be improved as our value is almost certainly higher than it could be due to a large 

accumulation of PMMA scum on the CNT from standard e-beam lithography.  

AFM measurements show PMMA sticks readily to the surface of h-BN and while it 

did burn off in 350 °C anneals in the CVD ovens that were performed in between 
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each processing step.  Further tests will likely need to be done using shadow 

masking to put down metal for source and drain electrodes in order to reduce the 

contact resistance to the CNT and improve the cleanliness of the device in general.   

Figure 5.7 shows how the annealing done at 450 K in vacuum at 10
-6

 mTorr 

for 1 hour drastically reduces the electrical hysteresis.  Likely this is due to the high 

temperature in the annealing step removing the last of the PMMA scum on the 

exposed sections of the CNT along with any water residue remaining on the chip in 

vacuum.  The crystalline structure of the h-BN with its lack of trapped charges, 

vacancies, and inert nature contributes to the reduced hysteresis with minimal 

treatment.  This can also be tested in more detail on a device that is made using 

shadow masking for the leads to avoid PMMA on the CNT; creating a more 

pristine device.   

Low bias gate sweeps of the 1 µm CNT device on h-BN was done using the 

local back gate at temperatures ranging from 8 K to 450 K.  By taking the value of 

the conductance at the highest level for each temperature we can see that the 

electrical resistance of the device is mostly flat until it reaches a value around 250 

K to 300 K, at which point it rises swiftly in a non-linear fashion as shown in 

Figure 5.10.   
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Figure 5.10: A plot of the electrical resistance of the device as a function of 

temperature.  The resistance showed almost no change until room temperature at 

which point it rose exponentially. 

 

With a SiO2 substrate we see the non-linear rise in the resistivity of a CNT device 

to occur as low as 100 K.  This is the point where the surface optical phonons begin 

to dominate the scattering and decrease the carrier mobility of the device [11].  In 

order to avoid overloading the sample and breaking through the h-BN flake, we 

were unable to take our gate voltage high enough to ensure all temperatures 

reached saturation to take these values.  But even going out to only negative 3V on 

the gate, saturation was achieved at almost every temperature.  Unfortunately, we 

were unable to acquire a true value for the resistivity due to the other length 
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segments on the CNT device not surviving the processing that this chip went 

through.  We are unable to fully correlate our result of a mostly flat resistance up to 

300 K followed by a sharp increase at higher temperatures with the predictions of 

Perebeinos et al. [11] showing the optical surface phonon turn-on in SiO2 to be 

around 100 K.   Further work will need to be done to definitively show that h-BN is 

a far superior surface to SiO2 in this regard. 

At the conclusion of the low electrical bias temperature tests, the CNT on h-

BN device was put through a series of high electrical bias tests to study the effects 

of a large voltage across the CNT situated on the thin dielectric.  Five tests were 

performed in series, each increasing in bias and gate voltage until the electrical 

characteristics of the CNT device changed and were irreversible.  Figure 5.11 

shows the IV curves of the first high-bias test.   
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Figure 5.11: A series of IV sweeps at high electrical bias indicating the saturation 

currents for a number of gate voltages with an inset showing a plot of the saturation 

current of the device at high electrical bias as a function of the gate voltage.  The 

linear response from VG(V) = -1.5 V and higher is consistent with the device 

operating in the velocity saturation regime discussed by Fuhrer et al. [34].  The 

slope of the line in the inset of the graph yields the saturation transconductance 

with a value of ~1 S. 

 

All tests were performed at room temperature in vacuum at 10
-6

 mTorr.  Our testing 

showed that the device survived without change until a voltage of ± 3.5 V was 

placed on the gate in conjunction with ± 3V on the source/drain.  Following the 

work performed by Fuhrer et al. [34], we proceeded to take the saturation values of 

the current and plot them versus the gate voltage as shown in the inset of Figure 
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5.9.   While we were unable to extract further high electrical bias information from 

this device, again likely due to large amounts of residual PMMA underneath he 

contacts leading to high contact resistance, we were able to prove that this device 

operates in the velocity saturation regime due to the linear nature of the current 

saturation versus the gate voltage which was the same result seen by Fuhrer et al. 

The linear fit of the inset of the graph in Figure 5.9 yields a saturation 

transconductance for the device of ~1 S.   

In order to calculate the geometrical capacitance of our device we take the 

equation used by McEuen et al. [35]: 

       
 

  (
  

 
)
                     (5.4) 

Where  is the dielectric permittivity, h is the thickness of the h-BN flake, d is the 

diameter of the CNT and L is the length of the channel.  Using Equation 5.4 we can 

calculate that with the device geometry that we are employing that we get a value 

for the geometrical capacitance to be around 88 to 117 aF using 3 nm for h, 1.8 nm 

for d and  ~ 3-4o.  This value compares favorably to that of the devices that 

McEuen et al. [35] found in their experiments, where they saw a heavy influence by 

quantum capacitance effects.  The theoretical value for the quantum capacitance is 

[36]: 

                            (5.5) 
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 Where   is the number of 1D subbands, h is Planck‟s constant and    is the Fermi 

velocity of the electrons in the carbon nanotube.  For a single subband and a Fermi 

velocity of 8.1x10
5
 m/sec we obtain a value for the quantum capacitance of around 

95.6 aF/µm, which compares very favorably to our measured value of between 88 

and 117 aF for a one µm device.  It is likely that thin h-BN flakes used as a 

dielectric for a local back gate would prove to be a valuable type of device to study 

quantum capacitance effects. 
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5.5 – Summary 

 

In conclusion, we have reported the first results for a carbon nanotube 

device using an h-BN flake as a dielectric showing that h-BN leads to a negligible 

electrical hysteresis and improved device performance due to a lack of trapped 

charges or impurities in the crystal surface.  Due to looking at the electrical 

resistance of the device rather than the resistivity, the surface optical phonons of the 

h-BN did not appear to dominate the carrier mobility until near room temperature 

which if true would show that h-BN is far superior to SiO2 in studying the intrinsic 

nature of the carbon nanotube to higher temperatures.  Our high bias testing was 

largely inconclusive as well, yet did show that this device operates in the saturation 

velocity regime.  Ultimately we have found that standard e-beam lithography leads 

to an inordinate amount of PMMA scum on the h-BN flake surrounding and 

encasing the CNT which leads to an increased contact resistance and decreased 

device performance.  We suspect this was the leading cause for not having a value 

of the subthreshold slope closer to the theoretical limit of 60 mV/decade, and why 

our high bias testing was less than ideal.  Future work will have to find a way 

around this by perhaps using shadow masking to create the leads to the CNT along 

with using a CNT identified using Rayleigh scattering spectroscopy.   
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Chapter 6 

 

A Collection of Other Projects using Single-

Walled Carbon Nanotubes of Known Chirality 
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6.1 – Introduction 

 

Rayleigh scattering spectroscopy combined with the mechanical transfer of 

carbon nanotubes (described in detail in Chapter 3) gave the Hone lab at Columbia 

University a unique opportunity to create custom made devices with carbon 

nanotubes (CNTs) of known chirality placed with micrometer precision on a 

substrate of our choosing.  The first few experiments that were identified that could 

make use of these techniques focused mainly on the ability of the Rayleigh 

scattering spectroscopy to identify either a metallic or semiconducting single-

walled carbon nanotubes (SWNT) for a specific project, while later projects were 

discussed and are still being looked at that focus solely on using this process for the 

specific chirality differences between CNTs and how that effects their electrical 

properties.  The first two projects that utilized single CNTs of known chirality were 

a high-frequency project using semiconducting CNTs, while the metallic CNTs 

were used in a single molecule transport project.   
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6.2 – High-Frequency Measurements on a Single 

Semiconducting Carbon Nanotube of Known Chirality 

 

The high-frequency project focused on transferring semiconducting CNTs 

of known chirality onto a quartz substrate and using an inter-digitated finger pattern 

of palladium to increase the total current of the device for the electrodes with a thin 

atomic layer deposition of Al2O3 coupled with a local top gate made of gold.  

Ultimately we were able to make a device with one of these semiconducting CNTs. 

Due to the parasitic capacitance of the device, we were unable to observe a signal 

higher than around 150 mega Hertz (which even back in 2004 was not very high, 

since at the time the best data acquired showed a signal from the direct 

measurement of the frequency response of a carbon nanotube field-effect transistor 

up to 580 MHz [1], while indirect measurements using a resonant impedance 

matching circuit that showed a frequency response at 2.6 GHz [2].)  Since 2004 

research groups have seen direct frequency responses of CNT-FETs of up to 80 

GHz [3].  Figure 6.1a shows an optical microscope image of the final device.  

Figure 6.2b shows the signal data from the device and the signal data from the 

dummy device (same structure as the actual device but without the CNT which is 

used to subtract out the parasitic capacitance from the final data) in which one can 

see a change from the two graphs only up to 150 MHz.   
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Figure 6.1a: An optical microscope picture of a finished high-frequency device 

involving a single semiconducting carbon nanotube of known chirality.  Figure 

6.1b: The frequency response of the real high frequency device, and the frequency 

response of the dummy device.  There is an observable signal up to 150 MHz 

before the parasitic capacitance drowns the signal. 
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6.3 – Electrical Measurements of a Single Molecule 

Connected to Carbon Nanotubes 

  

The single molecule transistor project, on the other hand, was wildly 

successful in using single SWNTs or bundles of SWNTs as electrodes for a 

molecule.  Originally metallic SWNTs of known chirality that originated from the 

Rayleigh and transfer process were used as the source and drain electrodes for the 

molecule before being deemed too valuable, and at that point ethanol growth of 

long SWNTs which consisted primarily of bundles of carbon nanotubes were used 

instead of the SWNTs of known chirality.  The project itself focused on taking 

these long CNTs and cutting a small 2-5 nm section of the CNT and placing a 

single molecule in the gap to measure the electrical properties of that molecule [4].   

Transistors based on a single molecule has been a long sought goal of the 

semiconductor industry in order to shrink the size of their field-effect transistors yet 

attempting to connect a nanometer sized object to macroscopic metallic leads is a 

very challenging goal.  One of the first big breakthroughs came in 1997 [5] by a 

research group at Yale University by Reed et al. where a gold wire on a flexible 

substrate was coated with benzene-1,4-dithiol to form a self-assembled monolayer 

(SAM) on the surface of the gold wire.  A mechanically controllable break junction 

(MCB) would be performed which would leave the gold wire in two pieces.  At this 
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point one can use a piezoelectric component to slowly bring the two pieces back 

together until the first electrical contact is established, which due to the fact that the 

two gold pieces are coated in a SAM the electrical signal would be from the SAM.   

While this process did yield electrical measurements on single molecules, 

there are quite a few problems that can arise from the MCB experiment.  The first 

is that it can be difficult to control the break which could result in multiple contact 

points that are re-established as the two gold wires are brought back together rather 

than a single contact point.  Another is that the molecule might be placed at an odd 

angle between the two gold contacts and would thus develop a strain which would 

change the electrical measurements.  During the next decade a number of methods 

were devised to create nano-sized gaps for placing molecules in to measure the 

electrical properties, ranging from using a gold coated scanning tunneling 

microscope (STM) tip and crashing it into a surface coated with the desired 

molecules and measuring the electrical properties as the tip pulled away until 

contact was broken [6], to using angled shadow mask evaporation to create a small 

gap in between two electrodes [7] in which a single molecule could be placed.  All 

of these processes share the issues with the MCB experiment mentioned above.  

What was needed was to limit the size of the leads and to create more stable and 

reproducible gaps in which to place the desired molecules. 

Carbon nanotubes were first used as leads for organic material, such as 

pentacene, in 2004 [8] primarily by the Dai group at Stanford University.  They 
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used a process of electrical breakdown on multi-walled carbon nanotubes first 

devised a few years earlier by the Avouris group [9] in which using high currents 

through the MWNTs in air would eventually breakdown each shell in turn until a 

gap ranging from 2-50 nanometers was created in the CNT.  Organic material, such 

as pentacene or DNA [10], could then be grown or placed in the gap to create a 

molecular transistor.  One of the biggest problems with this method of creating 

gaps in CNTs for molecular electrical devices is that it is very difficult to control 

the size of the gap reliably and reproducibly, and a number of devices would need 

to be created to ensure a gap of the desired size. 

  The process at Columbia University developed between the Nuckolls, Kim 

and Hone groups [4] focused on taking either individual SWNTs or bundles of 

SWNTs, coating them with a layer of PMMA, and using standard electron beam 

lithography to open a small 10 nanometer sized gap at which point a controlled 

oxygen plasma step would cut a 2-5 nm sized gap in the CNT based on how long 

the plasma was running.  From here one would use the carboxylic acid coated ends 

of the CNTs to perform a dehydration reaction to form an amide linkage between 

the ends of the CNT, thus creating a single molecular junction to perform electrical 

measurements.  Figure 6.2a shows an AFM image of a cut CNT, while Figure 6.2b 

shows a gate sweep of a finished device from before and after the cutting of the 

CNT along with the electrical measurements of the molecule after reconnection.   
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Figure 6.2a: An AFM image of the cut in the CNT.  Figure 6.2b: The gate sweep 

for a finished device with sweeps for before and after cutting of the CNT as well as 

the data for a single molecule after reconnection [4]. 
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6.4 – A Hybrid Complementary Metal-Oxide-

Semiconductor-Carbon Nanotube Inverter 

 

 Similar to the holy grail of carbon nanotube growth of being able to 

selectively grow individual single-walled carbon nanotubes with a given chirality 

in a given location, there has long been interest in utilizing carbon nanotubes in 

normal CMOS technology and integrating them into computer chips both as 

interconnects (metallic CNTs), and as a device layer for field-effect transistors 

(semiconducting CNTS).  In order for CNTs to compete with standard silicon 

materials used for these purposes, one must acquire large bundles of identical 

CNTs of a given type (metallic or semiconducting) based on which process is 

desired.  As explained in Chapter 2 at this time there is no known growth method 

that will yield these results and, as such, researchers have instead been looking at 

how smaller samples of CNTs (individual or small bundles of mixed CNTs) will 

work with existing CMOS technology in order to extrapolate how well CNTs could 

work in a real-world setting once the desired growth or selections methods present 

themselves.  

 One critical issue in working with even a small number of CNTs in a 

CMOS process is that the temperature at which CNTs grow is well above the 

melting temperature for many of the metals in a standard CMOS chip [11], 
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meaning the CNTs must be grown separately and then added to an existing CMOS 

chip.  One of the earliest tests on CNTs on a CMOS chip was performed by the Dai 

group at Stanford University in 2004 [12], but rather than using a standard CMOS 

chip, one was created with metals (in this case molybdenum) that could withstand 

the growth temperatures of 875 °C that they used in their experiment.  Carbon 

nanotubes were grown on chip to connect the various devices and largely 

functioned as a demonstration of a scalable method for integrating CNTs and 

CMOS chips, which did lead to a large and still ongoing attempt to grow CNTs on 

CMOS chips of specialized metals [13]. 

  The other method for combining CNTs and CMOS technology is to grow 

the CNTs on another substrate, and then transfer them onto the CMOS chip after 

the growth.  The primary method used for this process is to suspend the CNTs in 

solution, sonicate and functionalize them, and disperse them onto CMOS chips 

which have target areas that will grab the CNTs such as the dielectrophoresis 

method [15] described in Chapter 3.  This procedure is a scalable process for large-

scale production, yet suffers from inconsistent numbers of CNTs in a given location 

on the CMOS chip as well as breaking the CNTs into short segments due to 

sonication. 

The method developed at Columbia University in the Shepard and Hone 

research labs is one in which the Rayleigh scattering spectroscopy and mechanical 

transfer method described in Chapter 3 is used for semiconducting CNTs of known 
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chirality to serve as a device layer in creating an inverter on an industry built 

CMOS chip [16].  Due to the uneven surface of the CMOS chip, as shown in 

Figure 6.3, the transfer of the carbon nanotube proved difficult as the chip had 

swings of many micrometers in height at which the CNT would rarely see the 

surface during the transfer and would often wash away.   

 

Figure 6.3: A schematic diagram of the surface topography of the CMOS chip that 

was used in the hybrid CMOS-CNT inverter device. 

 

At the time of this project the mechanical transfer involved dropping a 

small amount of PMMA through the back of the growth chip through the slit used 

for Rayleigh scattering spectroscopy while the growth chip was in contact with the 

target chip (in this case the CMOS chip) before then curing the resist and breaking 

the two chips apart.  Since the surface of the CMOS chip was so uneven the 

PMMA that was dropped from the back had numerous directions to flow in rather 

than sit trapped in the slit area of the growth chip and would almost always drag the 

desired CNT away with it.  Due to the unevenness of the surface and the 
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topography of the growth chips, we were forced to etch a smaller platform on top 

of the growth chip that would fit inside the raised pads on the CMOS chip in order 

to ensure contact of the CNT to the surface.  Figure 6.4 shows a series of SEM 

pictures that show the small raised platform and some carbon nanotubes grown on 

it. 

 

Figure 6.4a-c: A series of SEM pictures to show the platform used to transfer the 

CNT into the groove between the raised pads on the CMOS chip. 

 

In the end we were unable to successfully transfer a semiconducting carbon 

nanotube of known chirality in the desired location (as shown in Figure 6.5), but 
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another single semiconducting carbon nanotube that did not go through the 

Rayleigh process was transferred into the desired location on the CMOS chip and 

by using standard electron beam lithography we were able to connect the CNT to 

the existing CMOS pads and create a working inverter device.   

 

 

Figure 6.5: A SEM image of the CNT on the CMOS chip [14].   

 

A quick aside to the e-beam lithography process is that writing on a CMOS 

chip with an e-beam system is incredibly difficult as the metal underneath the 

surface of the chip would cause massive charging requiring the use of a discharge 

layer of around ten to 15 nanometers of evaporated aluminum (later removed after 

the writing and before the developing step with a quick ten second rinse in NaOH) 
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that could be grounded to the stage in order for the e-beam writing to work 

successfully.  This type of discharge layer is also necessary when performing e-

beam writing on a quartz substrate, and instead of evaporated aluminum one can 

use the water soluble product called Aqua Save.  The lead design was that of an 

inter-digitated finger pattern composed of palladium connected to Cr/Au pads to 

increase the total current of the device on which a 30 nanometer thick layer of 

Al2O3 was placed as a dielectric for a local top gate made of aluminum.  Figure 6.6 

shows an optical microscope picture of the finished device.   

 

 

Figure 6.6: An optical microscope picture of the finished CMOS-CNT device [14]. 
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The device was far from ideal as the drain current did not saturate at the 

biases we were able to apply to the device, as well as the fact that this process is not 

scalable and was only intended for demonstration.  Figure 6.7a-c shows the low 

bias IV and a gate sweep of the CNT-FET as well as the voltage transfer 

characteristics of the hybrid CMOS-CNT device.    

 

Figure 6.7a: The low bias IV curves of the CNT-FET for different gate voltages.  

Figure 6.7b: The low bias gate sweep of the CNT-FET.  Figure 6.7c: The voltage 

transfer characteristics of the final device operating at VDD = 0.26 V [14]. 
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Future work is needed to create a device with better electrical properties, yet in the 

end the device did work as a proof of concept a hybrid CNT-CMOS inverter on a 

standard CMOS chip. 
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6.5 – Photoconductivity on a Single Semiconducting 

Carbon Nanotube of Known Chirality 

 

 Measuring the photocurrent in a carbon nanotube is one of the prime 

methods for studying the properties that are located in the near to mid-infrared 

regime where some of the lower energy optical transitions occur for carbon 

nanotubes of moderate diameters. Previous experiments, as far back as 2001 by a 

research group in Japan [17] and in 2003 by Levitsky and Euler [18], have focused 

primarily on essentially measuring the photo-response of thin films of SWNTs as a 

function of the energy as a proof of concept that SWNTs can generate a 

photocurrent when a low source drain bias is applied in coordination absorption of 

light in the infrared regime.  At this time a research group, headed by Phaedon 

Avouris at IBM, began to make photoconductivity measurements on individual 

SWNTs in the same manner in an attempt to look at the optical peaks for a single 

CNT rather than an ensemble of various CNTs [19], and what was found was that 

the photons from the laser would spark a transition that would create an exciton 

that could then be broken by an electric field created by a small bias voltage on the 

leads connected to the SWNT and a photocurrent could be measured.   

 The project that was carried out jointly at Columbia University and 

Brookhaven National Research Laboratory involved using individual 
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semiconducting single-walled carbon nanotubes of known chirality (from the 

combined Rayleigh scattering spectroscopy combined with the mechanical transfer 

described in Chapter 3) were first identified by their S33 and S44 peaks in the 

Rayleigh setup then transferred onto a normal Si/SiO2 chip.  After standard electron 

beam lithography created electrical leads  composed of Cr/Au to create large 

Schottky barriers to induce tunneling contacts to the CNT, an experiment called 

Fourier transform photoconductivity (FTPC) was carried out to determine the 

values of the spectral peaks for the E11 and E22 transitions of the semiconducting 

CNT, thus giving a picture of the E11 through E44 and in some cases E55 (also from 

Rayleigh scattering spectroscopy) excitonic peaks for the first time on a single 

CNT [20].  This experiment also showed that many-body effects in CNTs of small 

diameter, where curvature effects are significant, cannot be ruled out in that they 

play an important role in determining the position of the spectral peaks.   

 The experiment itself consists of directing synchrotron radiation focused 

with an optical microscope and combined with a Fourier transform spectrometer 

onto the CNT device which is under bias to create a photocurrent.  The beam from 

the synchrotron will create an exciton which will then be broken by the strong bias 

on the source and drain of the FET device and, with the semiconducting CNT 

turned to the „off‟ position, the photocurrent can be measured.  Without a very flat 

„off‟ region in the semiconducting CNT, the photocurrent will be lost in the random 

noise of the device as well as any gate leakage above the single digit picoamp range 

will result in measuring the photocurrent induced in the silicon of the chip itself 
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rather than the CNT.  Initially the incoming light was mechanically chopped at 100 

Hz in order to check that there was no damping or shifting of the peaks due to the 

RC response of the photocurrent circuit.  The data was collected using a rapid scan 

in which hundreds of scans were averaged together to form the final spectral image 

(each scan would last for a few seconds as at that point the device would drift away 

from the “off” region of the semiconducting CNT and the photocurrent would be 

lost).  Figure 6.8a shows an optical microscope image of a device used in this 

project; Figure 6.8b shows a DC gate sweep of the FET device.  Figure 6.8c shows 

the photocurrent of the device as measured at the arrow in (b) chopped at 100 Hz.  

Figure 6.8d shows the photocurrent interferogram of the device. 
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Figure 6.8a: An optical microscope picture of the device made from a single 

semiconducting carbon nanotube of known chirality that was used for the 

photoconductivity measurements.  Figure 6.8b: The gate sweeps from the DC 

measurements performed on the device.  Figure 6.8c: The measured photocurrent 

as a function of time chopped at 100 Hz.  Figure 6.8d: The photocurrent 

interferogram of the device [18]. 

 

Figure 6.9 shows the results of the experiment for two semiconducting carbon 

nanotubes, in which one can see the values of the peaks from the photoconductivity 

measurements in red and those from the Rayleigh scattering spectroscopy in black.   
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Figure 6.9: The final data from the photoconductivity measurements (in red) along 

with the Rayleigh scattering spectra (in black) that show the exciton peaks from E11 

to E44 in (a) for a (14,13) carbon nanotube and E11 to E55 in (b) for a (19,14) carbon 

nanotube[18]. 

 

The many body effects are shown in the values of the ratio of E22/E11 in which 

single electron theory states that it should be a ratio of 2 and experiment shows the 

ratio to be closer to 1.75 for CNTs of small diameter.   
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6.6 – Summary 

 

 The combined Rayleigh scattering spectroscopy and mechanical transfer 

process described in chapter 3 have given us a very powerful tool to create 

electrical devices using single-walled carbon nanotubes of known chirality on any 

target surface with a precision of a few micrometers.  While some of these projects 

such as the hybrid CMOS-CNT inverter, which was ultimately unsuccessful in 

terms of competing with standard CMOS inverters, and the molecule project, while 

successful in terms of measuring single molecules, did not heavily rely on using 

SWNTs of known chirality, the overall success in terms of proof of concept for the 

CMOS and high frequency projects and the overall success of the 

photoconductivity experiment show that the process of isolating SWNTs of known 

chirality for specified devices is a very useful one that will continue to grow. 
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