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ABSTRACT OF THE DISSERTATION 

 

Electronic, Optical, and Mechanical Characterization of Zero- and One- Dimensional 

Nanostructures 

 

by 

Chi-Nung Ni 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2008 

Professor Prabhakar R. Bandaru, Chair 

  

Low dimensional nanostructures have drawn tremendous interest owing to 

their remarkable electrical, optical, and mechanical properties, which can be used for 

novel electronics, energy approaches, and size/power efficient applications. Examples 

include quantized electrical conduction in single molecules (zero-dimension)/ 

semiconducting nanotubes (one-dimension). Additionally, nanotubes have been shown 

to have high mechanical stiffness/resilience, anisotropic optical absorption due to their 

one-dimensional morphology. Such aspects were investigated in detail in this thesis. 

In Chapter 1, a brief introduction to molecular electronics and the properties of 

single molecules such as Mn12 Acetate, and linear structures such as carbon nanotubes 

and their applications are addressed. The quantized electrical transport behavior and 

its optical dependence, of Mn12 Acetate have been studied through novel electro-

migration assisted nano-junctions in Chapter 2.  



 xxi 

In Chapter 3, a comprehensive study of the synthesis of carbon nanotubes 

(CNTs) using thermal chemical vapor deposition (TCVD) is presented. The 

characterization in terms of nanotube length and quality were compared, as a function 

of synthesis temperature, gas mixture, types of substrate, etc., and a growth 

mechanism was then determined. An improved synthesis procedure was successfully 

proposed based on the study. 

In Chapter 4, the electrical transport behavior of SWCNTs, functionalized with 

different molecules (e.g., dodecyl, phenyl groups), were compared and investigated. 

The doping effects from those covalently bonded functional groups were manifested in 

the change in transport properties (e.g., p-, n-type, or metallic). 

The flexural rigidities (EIs) of MWCNT bundles were investigated through 

optical methods including laser transmission measurement and imaging techniques, in 

Chapter 5. The deflections of CNT bundles under fluid flow were monitored in situ 

and the flexural rigidities derived from the measured deflection through modified 

Stokes-Oseen formalisms. The potential of a CNT based gas flow sensor was 

demonstrated.  

In Chapter 6, the anisotropic optical absorption properties of MWCNTs were 

investigated and the absorption cross-sections, considering the misalignment of 

nanotube mats, were calculated and compared to those from SWCNTs. The nanotube 

diameter dependence of the optical absorption anisotropy was also studied. Chapter 7 

summarizes the thesis. 



 

 

 1

Chapter 1. Introduction to Low Dimensional 

Nanostructures 

1.1. Zero – Dimensional Structures: Molecules and Molecular 

Electronics 

1.1.1. Molecular Electronics 

Molecular electronics is broadly defined as a discipline where device 

characteristics are dictated by the physical, chemical, and electronic structures of 

individual molecules at the nano-scale. Since its inception
1
, molecular electronics has 

been a field of significant interdisciplinary interest. The idea of putting a few 

molecules, or even a single molecule, in between metal electrodes for manipulating 

their electronic properties for device applications was first conceived in the mid-

1970s
2
. There has been a considerable amount of study for determining the structure-

function relationships for electronic transport (intra- or inter-molecular) through 

molecules
3
 (in Figure 1-1). The most advanced applications suggest the use of 

molecular elements for logic and/or memory units
4
. 

 



2 

 

 

 

Figure 1-1 An illustration of a single molecule (e.g., benzene) sandwiched between 

gold electrodes (source and drain), through sulfur (or thiol group) bonding. The 

gate electrode is distanced from the side of the molecule.
3
 

 

1.1.1.1. Possibilities of novel applications 

The ability to increase electronic circuit integration density in Si-CMOS based 

electronics has encountered limitations due to problems in cramming more features at 

smaller scales
5
 (along with, increasing costs of fabrication facilities). It is easy to see 

the promise, of using molecules in electronics, including (a) size of the molecule, 

which can help further scale down transistors with benefits of lower cost, increased 

efficiency, and reduced power dissipation, (b) synthetic tailorability, through the 

choice of molecular composition and geometry to manipulate the transport, optical, 

and structural properties of the molecular device, (c) self-assembly, through selective 

end groups functionalization to simplify the fabrication process, and (d) realization of 

new computational schemes, on the basis of discrete energies of the molecular orbitals 

due to the nanometer size of the molecules. 



3 

 

 

1.1.1.2. Electronic conduction and the break junction 

In the 1990s, the development of a solid theoretical framework formed the 

basis for interpreting the current-voltage characteristics of molecular junctions. Some 

early approaches used the Landauer formulation
6
, originally developed for 

semiconductor devices. In this formalism, electrical transport through molecular 

junctions was interpreted in terms of elastic scattering, and the conductance given as 

the product of the quantized unit of conductance (2e2
/h) and a transmission coefficient 

(T) describing the effectiveness of a molecule in scattering the electron from the 

upstream lead (SOURCE) into the downstream lead (say, the DRAIN - in analogy to a 

conventional CMOS transistor configuration). The transport through a single 

molecular device comprising [Co(tpy-(CH2)5-SH)
2
]
2+

 was demonstrated by Park et al7, 

among others, as shown in Figure 1-2. 

 

Figure 1-2 I-V characteristics of a single molecule [Co(tpy-(CH2)5-SH)
2
]
2+

 transistor 

as a function of gate voltage from -0.4 (red) to -1.0 (black). The upper inset is 

the atomic force microscope (AFM) image of the electrode hosting the 

molecule. The lower inset is the schematic of the device.
7
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A major obstacle impeding the further progress of the field of molecular 

electronics is the lack of a controllable interface to link the nanometer-size chemical 

element/molecule with macroscopic electronic circuits. Contemporary fabrication 

techniques using electron beam lithography limit the formation of metallic junctions to 

separations of the order of 10 nm, with no little reproducibility from one molecular 

junction to another. Recently, two novel approaches have been used to address the 

problem. One employs scanning tunneling microscope (STM) while the other was 

electromigration induced break junctions to form a nanometer-size gap in the 

junction
8,9

, as shown in Figure 1-3. 

 

Figure 1-3 Scanning electron microscopy (SEM) picture of electrodes with nanometer 

separation. The dark region was formed by normal evaporation while the gray 

region was shadow evaporated.
8
 

However, conventional STM approaches lack operational flexibility, with the 

consequence that many groups have adopted break junction approach. A hybrid 

junction formation process combining electron beam lithography and shadow 

evaporation was attempted to achieve junctions with nanometer spacing
8
. A mask was 



5 

 

 

defined at the 10-nm scale using electron beam lithography, and the metal was shadow 

evaporated at different angles. 

1.1.2. Mn12 Acetate 

Mn12 acetate [Mn12(CH3COO)16(H2O)4O12]‧2CH3COOH‧4H2O
10

 (Figure 1-4), 

is a prototypical single molecular magnet (SMM) with a total spin magnetic moment 

of 20μB and was one of the first molecules which showed magnetic hysteresis, under 

cryogenic conditions (~ 1.4 K).  Mn12 acetate was consequently considered as a 

candidate for high-storage density devices. 

 

Figure 1-4 The drawing of the core of Mn12 acetate complex shows the relative 

positions of Mn
Ⅳ

 (the four in the core of the molecule) ions and Mn
Ⅲ

 (the eight 

on the peripheral of the molecule) ions and ligands (the tripods in solid line)
11

.  
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The magnetic cluster comprises eight Mn ions in the +3 oxidation state (spin S 

= 2) and four in the +4 state (spin S = 3/2). The magnetic ions are coupled via anti-

ferromagnetic interactions yielding an S = 10 ground state.  

The energy levels have been calculated theoretically
11

 for a passivated Mn12O12 

cluster in Mn12 acetate and are shown for the minority spin highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) at -6.08 and -4.00 

eV respectively. The majority spin HOMO and LUMO energy levels are at -4.89 and -

4.45 eV, respectively. The system has been shown to be stable in terms of the total 

magnetic moment due to the large spin flip gaps (1.63 and 0.89 eV, for the ↓ to ↑ and 

↑ to ↓, respectively). 

 

Figure 1-5 Schematics of the energy levels of Mn12 acetate shows the majority spin ↑ 

and minority spin ↓.
12

 

Due to the magnetic properties and discrete electrical energy levels of Mn12 

acetate, it is possible to use synthetic tailorability principles to moiety which can serve 

as an electrical component (e.g., transistor or conducting wire) in addition to 

LUMO-4.0 eV

LUMO-4.45 eV

HOMO-4.89 eV

HOMO-6.08 eV

LUMO-4.0 eV

LUMO-4.45 eV

HOMO-4.89 eV

HOMO-6.08 eV
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information storage. Aspects dealing with such multi-functionality will be discussed in 

Chapter 2. 
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1.2. One – Dimensional Structures: Carbon Nanotubes 

Carbon nanotubes (CNTs) were first identified as contiguous hollow tubes in 

the core structure of carbon fibers in the 1970s
12

. These quasi-one dimensional 

molecular systems are typically nanometer-sized in diameter but can be few hundred 

micrometers in length, yielding a very large aspect ratio ranging from 10
3 

to 10
5
. First, 

some important aspects of the carbon nanotubes, e.g. structure, synthesis, and 

properties/applications of carbon nanotubes, will be reviewed. 

1.2.1. Structure and Synthesis 

Carbon nanotubes can be seen as cylinders made from sheets of graphene, as 

first observed by Iijima
13

. As a result, the bonding mechanism in a carbon nanotube is 

similar to that of graphite.  

1.2.1.1. Atomic and electronic structure 

In graphite, carbon atoms combine through sp2 
hybridization

14
. Here, one s-

orbital and two p-orbitals combine to form three hybrid sp2
-orbitals oriented  at 120° 

to within a plane (shown in Figure 1-6). The in-plane σ-bond is a strong covalent bond 

which forms the basis of the stiffness and high strength of a CNT. The out-of-plane π-

bonds formed by p-orbital contribute mainly to the weak interlayer interaction, as seen 

in graphite.  
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Figure 1-6 (a) A schematic of a single-wall carbon nanotube (SWCNT) showing 

constituent hexagonal structures. (b) sp2
 bonding structure in a unit cell of the 

CNT: in-plane σ-bonds contribute to strength, and out-of-plane π-bonds 

contribute delocalized bonding.
15

 

Depending on the way that the graphene sheet is rolled, CNTs can be either 

semiconducting or metallic. Figure 1-7a depicts a graphene sheet with a defined lattice 

translation vector r, along which the nanotube can be rolled. Note that r can be 

expressed as a linear combination of basis vectors a and b of the hexagon, through r = 

na + mb, with n and m as integers. 

Different types of nanotube can then be uniquely defined by the values of n 

and m. Three major categorizies are zigzag (θ = 0  ̊), chiral (0 ̊< θ < 30 ̊), and armchair 

(θ = 30  ̊), as shown in Figure 1-7b. Based on simple geometry, diameter d is (√3ac-c/ 

π)(n
2
 + nm + m

2
)
1/2

 and chirality θ = sin
-1

 [√3m / 2(n2
 + nm + m2

)
1/2

]. When n – m = 

3q, where q is integer, the nanotube is metallic, which accounts for 1/3
rd

 (armchair) of 
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all possible CNTs. The other 2/3
rd

 are semiconducting nanotubes, with small energy 

band gap. 

 

Figure 1-7 Definition of chirality r as linear combinations of base vectors a and b. (b) 

Schematic of zigzag, chiral, and arm-chair nanotubes.
 16

 

If the nanotube is formed through concentric multiple sheets of graphene, it is 

then defined as a multi-walled CNT (MWCNT, shown in Figure 1-8), and was first 

discovered
13

. 

Transmission electron microscopy (TEM) studies on MWCNTs give a 

interlayer spacing of approximately 0.34 nm
17

, close to the interlayer separation of 

graphite, 0.335 nm. It has been reported that the interlayer spacing for MWCNTs 

ranges from 0.342 – 0.375 nm, depending on the number of shells in the nanotube
18

. 

An increase in inter-layer spacing with the decrease in number of shells is attributed to 

large curvature. Another morphology, the scroll structure, was observed in MWCNTs 

by Zhou et al19
. MWCNTs are reported to show mostly metallic transport 

characteristics
20

. 
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Figure 1-8 High-resolution transmission electron microscopy (HRTEM) images 

showing MWCNTs with interlayer spacing of ~0.34 nm.  

 

1.2.1.2. Synthesis and preparation 

Three main methods have been used up to now for CNT synthesis: (i) arc-

discharge
21

, (ii) laser ablation
22

, and (iii) catalytic chemical vapor deposition (CVD)
23

. 

Arc-discharge and laser ablation: 
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In the arc-discharge method, an electric field is applied across two carbon 

electrodes (anode/cathode) using an Ar/He plasma
24

. The carbon is discharged from 

one electrode and the nanotubes, both high-purity SWCNT and MWCNT are formed 

in bundles, on the other electrode along with amorphous carbon. 

The growth of high-purity SWCNTs by laser ablation was first achieved by 

Smalley et al.25
 This method utilizes intense laser pulses to ablate a carbon target 

containing small amount of metal catalysts (e.g., 0.5 atomic percent of nickel and 

cobalt), which is heated to > 1000 °C. Inert gas is passed through the growth chamber 

to carry the synthesized nanotubes onto a cold finger. Similar to those from arc-

discharge, the produced SWCNTs are mostly in the form of ropes and mixed with 

amorphous carbon.  

Consequently, purification of CNTs is needed for both methods and is 

performed by heating the as-grown materials in an oxygen ambient, to remove the 

amorphous carbon from the CNT mixture. However, the oxidation process also etches 

away some carbon nanotubes and inevitably introduces defects.  

Chemical Vapor Deposition (CVD): 

Among synthesis techniques, CVD methods are especially attractive as they 

can be scaled up and are suited for the patterned growth of nanotubes. The synthesis of 

CNTs by CVD requires the presence of gaseous carbon species (e.g., acetylene 

(C2H2)
26

, ethylene (C2H4)
27

, methane (CH4)
28

, and carbon monoxide (CO)
29

). The 
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synthesis requires metal catalysts, such as transition metals (e.g., Ni, Fe, Co, or Y) 

which transform into nano-particles and serve as growth sites for CNTs.  

Chemical vapor deposition (CVD) methods for nanotube synthesis are 

generally categorized into thermal CVD (TCVD) and plasma-enhanced CVD 

(PECVD). The difference is that thermal energy is used to decompose the gas in 

TCVD, while in PECVD the gas molecules are decomposed by electron impact. The 

apparatus for TCVD consists of a quartz-tube placed inside a furnace with a 

controllable source gas flow, as shown in Figure 1-9. 

 

Figure 1-9 A schematic shows a tube-furnace apparatus for thermal chemical vapor 

deposition (TCVD)
30

. 

The catalysts are introduced as either supported catalyst (deposited on the 

substrate before the growth) or floating catalyst (introduced during growth). The 

process temperatures are typically in the range 400 – 1000 °C, for carbon species to 

break down onto the surface of the catalysts to form nanotubes. Using supported 

catalysts method can produces less-catalyst-contaminated CNTs (less defective) and is 

preferable for patterned CNT growth, where the growth area is defined through 
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selective deposition of the catalyst on the selective substrate area. Further details on 

thermal CVD will be presented in Chapter 3. The growth through floating catalyst 

method can normally approach > 1 mm long CNTs due to the continuous supply of 

catalyst, while the tubes tend to be contaminated by the excessive catalysts. 

1.2.2. Properties and Applications 

Carbon nanotubes ideally exhibit a high degree of atomic-scale perfection, 

which makes them chemically stable and inert
31

. Depending on their diameter and 

chirality, single-wall carbon nanotubes (SWCNTs) can be ballistic conductors of 

electrons
32

 or show semiconducting characteristics
33

. Similar to graphene under 

tension, nanotubes are two orders of magnitude stronger than steel while at a density 

1/6
th
, resulting in a large strength – weight ratio ~few hundred times higher. Their 

optical absorption properties, inherited from graphene, behave strongly for radiation 

from infrared to ultra violet. The melting point of nanotube, at vacuum, is comparable 

to that of graphene ~ 4000 K
34

. Carbon nanotubes are also excellent heat conductors 

(~ 6000 W/mK), and are expected to surpass the large thermal conductivity of 

isotopically pure diamond
35

. Here, we give a brief review on few of the remarkable 

properties of CNTs as well as their applications that are relevant to this study. 

1.2.2.1. Electrical properties 

The transport properties of nanotubes are intimately related to their electronic 

band structure
36

. Generally, semiconducting nanotubes have an energy bandgap 

predicted to be Eg ~ 0.7 eV / dt (nm). Small-bandgap nanotubes are normally with 

bandgaps less than 100 mV. When the Fermi level is tuned into the bandgap, the 
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semiconducting tube of large bandgap shows a broad region of near-zero conductance 

since Eg >> kBT, while a small bandgap tube shows only moderate dip in conductance 

since its bandgap is comparable to kBT. 

The transport characteristics of CNTs have been studied as a quasi 1-D system, 

through the Landauer formalism. If the transport is ballistic and the tube has perfect 

contacts, a quantized conductance of 4e2
/h (~ 154 μA/V) is predicted. Metallic 

nanotubes were reported to often approach such a quantized conductance value even at 

room temperature
37

. Semiconducting nanotubes devices have a conductance of within 

25% of this theoretical limit
38

. Additional resistance from the contacts can result in 

smaller conductance.  

CNT-based field effect transistors (FETs) were demonstrated to have 20 times 

less switching resistance (d Isd/dV) and 200 times higher current density than 

conventional Si-based MOSFETs
39

. CNT FETs have also shown enormous carrier 

mobility (~ 10
5
 cm

2
/Vs), high on-off conductance ratio (~ 10

5
), as well as capability of 

operation in THz frequency range.
40

 Gas sensing has been demonstrated by the 

realization of SWCNT chemicapacitor
41

, and has been shown to be complete 

reversible over many cycles. A SWCNT-FET for biosensing was first demonstrated by 

Besteman et al.42
, and was used to detect the addition of glucose by monitoring the 

change in conductance. Chen et al.43
 fabricated a molecule-functionalized SWCNT-

FET for specific protein detection by detecting the change in the measured current 

upon protein binding to the CNT surface. DNA detection has also been demonstrated 

by many groups
44

. 
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1.2.2.2. Mechanical properties 

The elastic properties of MWCNTs were first experimentally studied by 

Treacy et al.45
, who showed an average Young’s modulus of 1.8 TPa, with maximum 

value ~ 4 TPa. Studies using AFM (atomic force microscopy) to laterally bend 

nanotubes revealed an average value of the Young’s modulus of ~1.3 TPa
46

. CNTs 

were also shown to be extremely flexible and able to sustain strain ~ 16 % without 

mechanical failure.
47

. In Figure 1-10, MWCNTs were bent on a substrate using an 

AFM tip and twisted over themselves, without showing any sign of failure. It provides 

a visible proof of their resilience and stiffness. 

 

Figure 1-10 The original adsorbed shape of the tube (a) is 10.5 nm in diameter and 850 

nm long, being (b) first bent upward, until it bends all (c) the way back onto 

itself. (d) It is then bent all the way back the other way onto itself.
47

 

For the mechanical properties beyond the elastic region, Ruoff’s group has 

measured the tensile strength of MWCNTs, using AFM tips for tethering the nanotube 

at both ends
48

. Observed from experiments, the fracture was carried out by a sword-in-
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sheath mechanism, where failure was restricted by the outer/external shell of the 

nanotube and the inner shells simply slide off the shells once the outer shell fails. 

Young’s modulus of the outer shell is derived to be between 0.3 – 1 TPa. The tensile 

strain was around 12 % and the tensile strength topped at ~60 GPa. These measured 

tensile strength/strain are much lower than those predicted using MD (molecular 

dynamics) simulation
49

, which estimated the tensile strength to be up to 150 GPa and 

breaking stain up to 30 %. The difference between the highest measured tensile 

strength/strain and the predicted ones arose from the structural defects, which was not 

considered in the simulation, in the outer shell of the sampled CNTs. The weak inter-

shell interaction was measured by Yu et al.50
, who showed the sliding friction/area to 

be 0.08 – 0.3 MPa, which matched the low-end of the experimental values of the shear 

strength of graphite samples. Similar tensile strength/strain experiments were carried 

out by the same group (Ruoff et al.) on the bundled SWCNTs
51

 and the tensile 

strain/strength were quantitatively very close to those of MWCNTs.  

While the CNTs are brittle at ambient temperatures, they were observed to 

show superplasticity, at T ~ 2000 °C, sustaining strain of up to 280 % with a 

concomitant 15 fold reduction in diameter
52

.  

CNTs have been used as reinforcements for high strength, light weight, high-

performance composites.
45

 The observed tensile strength of individual nanotubes is of 

the order of ~100 GPa, far better than traditional carbon fibers
48

. The tailorable 

flexibility and compliance of nanotubes under mechanical loading is important for 

their potential application as nanoprobes and in NEMS (nano-electro-mechancal 
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system)
53

. The potential of CNT-filled polymers in medical field was also explored
54

 

and showed that CNT-filled fabrics have better biocompatibility, confirmed by 

measuring the T-cell count and through histopathological study
55

. 

1.2.2.3. Optical properties 

Due to their constituent graphene layers, CNTs have similar optical properties 

to graphite. The experimental studies on graphite using both electron energy loss 

spectroscopy (EELS)
56

 and optical reflection measurement
57

, for incident radiation 

energy ranging from 0.2 – 40 eV, have shown rich absorption characteristics with 

absorption peaks at ~ 4.5, 5.2, 11, 15, and 28 eV, in good agreement with theoretical 

calculations
58,59

. These absorption characteristics are thought to be due to π-bond, σ-

bond, and the combinational contributions of both.  

The studies on the optical absorption for SWCNTs
60,61

 indicated that the peaks 

at 4.5 and 5.2 eV are attributed to Im{ ε} (parallel to the SWCNT axis) and Im{ ε||} 

(perpendicular to the SWCNT axis), respectively, and this CNT morphology 

dependence of anisotropic properties can be used to determine the CNT alignment
59

, 

as will be shown later in the thesis. Furthermore, the quantization of electronic wave 

vectors in perpendicular (circumferential) direction gives rise to divergences in 

electron density of states (DOS) and produces discrete energy levels or sub-bands
62

. 

Since these inter sub-band gaps correspond to the energy in infrared to visible light, 

the absorption characteristics of CNTs are expected to more dominant than in their 

parent form, graphite. 
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Due to the afore-mentioned optical and sub-band characteristics of CNTs, they 

have been proposed for several optical applications, such as saturable absorbers for 

lasers/telecommunication devices
63

, infrared photoemission sources
64

, and infrared 

photodetectors
65

. Their high absorption can be further enhanced by doping
66

 or by 

introducing defects
67

 and CNTs have also been demonstrated for applications such as 

radar absorbing materials for military purpose, and EMI shielding
67

. Aspects dealing 

with anisotropic absorption properties of CNTs will be discussed in more details in 

Chapter 6. 
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Chapter 2. Electronic and Optical Properties of Single 

Mn12 Acetate Molecules 

2.1. Introduction 

Molecular electronics, in addition to the possibilities of miniaturization, has the 

potential to extend the paradigm of obtaining new functionality at the nanoscale. 

Consequently, several prototypical molecules have been proposed
68

 for discrete 

nanoscale components including wires, switches, rectifiers, and storage
69

 in 

information processing applications. In this context, it would be especially interesting 

to harness a molecule’s intrinsic synthetic tailorability
70

 to construct a single molecule 

based multi-functional element, the possibility of which is suggested by our 

experiments. In this study, we show that enhanced differential conductance (G = 

dI/dV) ~ 77 µA/V (close to 2e
2
/h) can be seen in the single molecular magnet (SMM): 

Manganese Acetate [(Mn12O12(O2CCH3)16(H2O)4.2CH3COOH· 4H2O) “Mn12-Ac” 

(Figure 2-1a). This is the first time that such large values for G through an 

organometallic molecular system, such as Mn12-Ac single molecule/s, have been seen, 

revealing the possible use of SMM based systems as conducting wires in addition to 

information storage. 

Several methods have been used to probe electrical transport at the single 

molecule level. These include scanning probe microscopy (SPM)
71

, crossed wire 

tunnel junctions
72

, mechanically controllable break junctions
73

 and hybrid approaches 

such as STM-break junctions
74

.  In each of these measurements on the molecular 

junctions, the observed peak G has usually
73,75

 been less than 1 µA/V, with one 



21 

 

 

exception
76

 – where a value of ~ 50 A/V through a ferrocene based organometallic 

molecule was recorded at 1.3 K. Such low G values have generally been attributed
77

 to 

the interactions of the molecule with the electrode interface. 

In this work, we fabricated nanometer size gaps for probing molecular 

conduction in the Mn12-Ac molecule, through electromigration induced breakage of 

thin Ti (7 nm)/Au (20 nm) wires laid out on both high temperature cured native 

oxide/Si and 100 nm evaporated SiO2/Si substrates. This technique has been 

previously used to exquisitely probe single electron transport through single 

molecules
7
, and is amenable to batch synthesis for large scale nanoelectronics. By 

regulating the voltage ramp-rate (< 30 mV/s) and the dimensions of the line, it was 

possible to create a break junction with a very small gap
78

 corresponding to nanometer 

separation
79

 (Figure 2-1b), and electrical resistance in theGrange. 

2.2. Experimental Methods 

The break junctions were subsequently dipped into a solution of 3% 3-

thiobenzoic acid (which is a linker molecule for hinging the Mn12-Ac moiety to the 

electrodes - Figure 2-1a) for 20 hours. This treatment facilitates the formation of -S-

Au bonds at the electrode interface, with dangling COO
-
 groups at the other end of the 

pendant acid. Any excess acid is then washed away, and the substrate is then treated, 

for 24 hours, with a 0.1 mM solution of Mn12-Ac dissolved in acetonitrile.  The acetate 

groups (- 
-
O2CCH3) on the Mn12-Ac are known to exchange rapidly with the COO

-
 

groups. It would then be reasonable to conclude, as is assumed in other single 

molecule studies, that a single/few Mn12-Ac molecule/s could span the electrode gap, 
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if the Mn12O12(O2CCH3)14(O2CR)2(H2O)4 (R = 3-thiophenyl substitute) entity is of the 

appropriate size. 

Figure 2-1 (a) The Mn12O12(O2CCH3)16(H2O)4 (Mn12-Ac) molecule showing the 

relative positions of the Mn
3+

 and the Mn
4+

 ions and the acetate/carboxylate 

(O2CCH3) groups. The Mn ions are separated by acetate and water groups and 

arranged in tetragonal body-centered lattice (S4 symmetry). The linker 

molecule (3-thiobenzoic acid) is shown attached to the Mn12-Ac.(b) The Mn12-

Ac molecule is laid across a nano-junction (inset shows a Scanning Electron 

Microscope image of the junction), tethered to the electrodes M1 and M2 

(Source and Drain), by 3-thiobenzoic acid, for electrical transport 

measurements. 
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We then performed AC and DC electrical transport measurements to monitor 

the Current (I)-Voltage (V) characteristics on several molecular junctions containing 

the Mn12-Ac both in the dark and in the presence of illumination.  The measurements 

were carried out in a Helium gas ambient, to minimize electrochemical interactions 

with the environment. The effects of the lead capacitance (and the inter-electrode 

capacitance) were also carefully calibrated out/subtracted. In five junctions, out of a 

total of eighty, we obtained a significant enhancement in the magnitude of the currents 

under illumination from a halogen lamp white light source (peak wavelength ~ 700 

nm). 

2.3. Electronic and Optical Characterization of Mn12 Acetate 

Representative I-V characteristics are depicted in Figure 2a. By numerically 

differentiating the I-V curves (Figure 2-2a) we obtained the differential conductance 

(G = dI/dV) – voltage (V) curves (Figure 2-2b). Two features are noteworthy in the I-

V and G – V spectra: (a) an asymmetry i.e., I(V) ≠ I(-V) and nonlinear behavior, 
73,76

 

characteristic of molecular transport (see Figure 2-2a inset), and (b) a dramatic change 

of the G, on illumination, where a value of up to 77 A/V was observed (In the dark, a 

conductance of ~ 4 A/V was seen- the same order of magnitude as in previous G 

measurements on other molecules).  The unequal magnitudes of the peak G as a 

function of voltage polarity, as in Figure 2-2b, could be due to the unequal coupling of 

the molecule to the electrodes
80

. 
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Figure 2-2 (a) Current (I)-Voltage (V) characteristics of a Mn12-Ac molecular 

junction. Three representative measurements are shown. The inset is a 

theoretical interpretation of the I-V characteristics of a single molecule
19

 - the 

close correlation with the experimental curves is to be noted. (b) The 

differential conductance (G) - voltage (V) graphs, obtained by differentiating 

(a), of the Mn12-Ac molecule junction in the dark (black) and with (blue) 

illumination. A sixty-fold increase in the G, up to ~ 77 A/V together with a 

voltage shift of ~ 1.3 V is observed in the transport characteristics of the 

illuminated molecule. The inset shows a close-up of the G-V spectra, for the 

dark/un-illuminated molecule. (c) G – V plot for another Mn12-Ac molecular 

junction is qualitatively similar to Figure 2(b). The peak G value depends on 

the intimate coupling of the molecule to the electrode
18

 (see text).  
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While for any one particular Mn12-Ac sample, the I-V characteristics were 

stable and reproducible, we saw slight device-to-device variation in the maximum 

values of the conductance (while two samples showed G ~ 77 A/V (Figure 2-2b,) the 

G values of the other three samples was in the range of 40-77 A/V (Figure 2-2c). 

However, it is to be noted that these values are still larger than for any other molecule 

reported in literature
76

. Possible explanations for the variation of the peak G include a 

change of (i) conformation, and/or (ii) electrode coupling for each individual 

molecular junction device, each of which could be very important
81

 in influencing 

electrical transport. 

We think that the observed characteristics are unique and representative of the 

presence of Mn12 –Ac molecule/s at the junction. We claim this on the basis of testing 

several (> 200) control samples, i.e., break junctions which are (a) molecule-bare and 

(b) containing only the 3-thiobenzoic acid linker molecules, where it was seen that the 

G is three-six orders of magnitude smaller and illumination had negligible effect. The 

shapes of the I-V curves in the control samples were also markedly different and 

completely non-reproducible in consecutive measurement. 

Other aspects of conduction through the Mn12 Ac molecule/s were analyzed 

from the electrical transport characteristics. From the G -V spectrum of the molecule 

in the dark (Figure 2-2b and inset), the distance between the differential conductance 

maxima was ~ 0.5 eV (the distance in the figure is 1.0 eV (0.5*2 = 1.0 eV) which 

corresponds to twice the value of the HOMO-LUMO gap (0.4*2 = 0.8 eV)), which 

seems to be in correspondence with the 0.4 eV, calculated for the HOMO-LUMO gap 
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in the Mn12-Ac system, from density functional, electronic structure calculations
24

 .  

On the other hand, when light is shone onto the molecular junction, there was an 

instantaneous (< 0.1 s) increase in G (from low conductance at dark state to high 

conductance at illuminated state, with Gilluminated/Gdark of 60, at 1.8 V), from a dark, 

low conductance, state to an illuminated, high conductance, state with Gilluminated/Gdark 

of 60, at 1.8 V. Additionally, the peak value of the G shifts by ~ 1.3 V (Figure 2-2b). 

The enhanced currents in the molecular junctions were modeled in terms of a photo-

induced voltage. By treating the molecule as a dielectric medium
82

 (3) in between 

two parallel metal plates of area A, we derived a voltage change (V) equal to (e 

l/A) due to a charge displacement of distance l (e = 1.602 ∙10
-19 

Coulomb, A ~ 3 

nm
2
 - Figure 2-1a). Such a charge rearrangement could occur inside the Mn12-Ac 

molecule, between the outer Mn
3+ 

 and the inner Mn
4+

 ions, with a l of ~ 0.27 nm
83

 

resulting in a V of ~ 0.5 V, of the same order as the measured 0.65 V (= 1.3 V /2) 

voltage shift. 

Interpreted in terms of a molecular level model, energy level re-distribution 

due to the impressed photovoltage causes charge transfer and modifies the G – V 

characteristics. As the Mn12-Ac molecule is intrinsically of mixed valence, it is likely
84

 

that this system can be readily and reversibly reduced by one or two electrons to give 

Mn4
4+

Mn7
3+

Mn
2+

 or Mn4
4+

Mn6
3+

Mn2
2+

 moieties respectively.  The facile reduction of 

one or two Mn
3+

 ions to give Mn
2+

 ions, induced by external illumination, could 

harness efficient electrical transport in Mn12-Ac. Further evidence for light induced 

charge transfer excitations arises from examining the optical absorption characteristics 
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of bulk Mn12-Ac, in single crystalline and powder forms. It was stated
78

 that charge 

transfer occurs from the inner Mn orbitals to the outer Mn orbitals at ~ 740 nm - 

wavelengths close to those used in our experiment. Enhanced photoconductance was 

also reported
79

 for Mn12- Ac in the 400-850 nm range with the possibility of intra-d 

shell transitions in the Mn
3+

 and Mn
4+

 ions along with oxide Mn
4+

 charge transfer. 

However, optical properties of Mn12-Ac have not been extensively investigated, and 

we hope that the present work provides motivation for further study. 

To probe the electrical transport mechanism further, we monitored the peak 

differential conductance (Gpeak) as a function of the temperature (T) (Figure 2-3a) for 

the illuminated Mn12-Ac molecule.  An exponential decrease in Gpeak was observed. 

From the slope of the Gpeak–T plot, we derived an activation energy (Ea) for electrical 

conduction of ~ 0.4 eV, which was close to the experimentally determined value for 

bulk Mn12-Ac
79

. Similar G(T) characteristics, at T > 200 K, have also been reported 

recently for other molecular junctions
85

 with Ea  being related to incoherent, intra-

molecular hopping processes. A contribution to Ea could also arise from a T-

dependent Mn12-Ac molecular conformation change, correlated with the de-excitation 

of (Mn
3+

- Mn
4+

) dimers, through structural distortions
86

. While the thermal variation 

of the electrical properties of molecules has not been widely studied, these effects 

along with the possibilities of electrode metal reconstruction at the molecule-electrode 

interface should also be taken into account. Interestingly, it was found that the 

unpaired electron spin density, in Mn12-Ac, is delocalized over the entire molecule at 
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temperatures > 150 K
87

, which may attribute to the increase in differential 

conductance with temperature. 

The temperature variation of the G is an additional proof that we were indeed 

measuring electrical transport through the Mn12-Ac molecule/s and can rule out the 

possibility of conduction through clusters or metal chains
88

, which could be created in 

break junction fabrication. These characteristics also do not correspond to any known 

impurity or defect states in the oxide or arise from the photoconductance of the silicon 

substrate. The likelihood of electrochemical reactions contributing to G has also been 

excluded through comparison with cyclic voltammetry (CV) data
89

. More detailed 

mechanisms for these very interesting phenomena, at the single molecule level, such 

as the determination of the charge transfer and conduction paths demand further 

investigation. While we do not know conclusively whether one/many molecules are 

present at the nano-junctions, the observation of such high G values in the Mn12-Ac 

system, on illumination, is very fascinating. 

Preliminary experiments, using a back- and side-gate, are in progress for 

tuning the transport spectra. It is possible that screening of the Mn12 cluster by the 

metal leads or induced image charges could be responsible for initial lack of success. 

It was anecdotally noted that enhanced conduction in the Mn12-Ac molecule was more 

frequently observed on a bare Si substrate (native oxide/Si substrate) than on a SiO2/Si 

substrate. The presence of water molecules
89

 on the Mn12-Ac could be responsible, 

i.e., there is a tendency for the Mn12-Ac to “stick” to the hydrophilic oxide and disrupt 

electrical transport. 
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Figure 2-3 (a) A diode like behavior and a decrease in G is seen for the Mn12-Ac 

molecular junction with decreasing temperature. (b) Gpeak decreases 

exponentially with the temperature, indicative of an activation type behavior. 

From the slope of the straight line fit (= 
B

a

2k

E
 = 2307), we derive an activation 

energy (Ea) of 0.4 eV. 

We conclude that Mn12-Ac could be used potentially as a conducting wire at 

room temperature, of utility in contacting nanoelectronic components. Mn12-Ac, as an 

SMM, has also been proposed for nanoscale storage and as a quantum information 

processing element. Significant obstacles remain for practical use as intrinsic quantum 

tunneling of the magnetization necessitates low temperature (< 77 K) operation. While 

electron transport through Mn12-Ac based systems at low temperatures is currently 

under investigation
78

, we hope that the present research provides a motivation for the 

synthesis of SMMs with much larger blocking temperatures. This integration of 

transport and storage will then provide a new method of individually connecting to, 

addressing, and programming a single molecule and pave the way for multi-functional 

molecular electronics. 
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The content for this chapter was taken from the published journal article: C. 

Ni, S. Shah, D. Hendrickson and P. R. Bandaru, “Enhanced Differential Conductance 

through Light Induced Current Switching in Mn12 Acetate Molecular Junctions”, 

Applied Physics Letters 89, 212104 (2006). 
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Chapter 3. Synthesis of Carbon Nanotubes through 

Control over the Catalyst Activity 

3.1. Introduction 

In this work, carbon nanotubes were grown via catalytic chemical vapor 

deposition (CVD) method, with iron (Fe, 99.96% purity) as the catalyst. During the 

CVD, the metal film, deposited by e-beam evaporation, was first transformed into 

metal particles via annealing at the growth temperature of 600 – 800 ̊C. The carbon 

source was obtained through thermal decomposition of hydrocarbons at the surface of 

the metal catalysts. Acetylene (C2H2) was used as carbon feed gas. Even though there 

is a tendency for C2H2 to form heavier hydrocarbons such as vinyl acetylene (C4H4), 

the decomposition of hydrocarbons into H2 and C takes place only after the acetylene 

hits the surface of the catalytic particles. Carbon atoms then saturate the surface of the 

catalysts and form carbon nanotubes
90

. With a sufficient catalyst particle density, 

carbon nanotubes tend to support neighboring tubes during the growth, resulting in 

vertical growth. 

The overall growth mechanism
91

 includes (i) decomposition of carbon 

containing species (hydrocarbons), (ii) the adsorption and desorption of the carbon 

atoms at the interface of the catalyst particles, (iii) surface and bulk diffusion of the 

carbon into the catalyst, (iv) carbon saturating the catalysts and nucleation, (v) 

extrusion/separation of un-dissolved carbon from the catalyst particles (Figure 3-1).  
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Figure 3-1 Schematic of the detailed processes involved in modeling of CNT growth.
91

  

When the contamination due to the amorphous carbon is not considered, the 

growth length is limited by the diffusion of the carbon species into the bottom of the 

CNT mats and is postulated to follow a “Deal-Grove” type diffusion law,

, where h is the nanotube length, B/A is the reaction rate and τ0 is 

the delay time
92

. Generally, if the growth is not assisted with the addition of oxidizer 

(e.g. water vapor) to enhance the activity/lifetime of the catalyst, it is terminated by 

the accumulation of the amorphous carbon on the catalyst surface. In this case, the 

majority of the growth happens in the first few minutes.
91

  



h2  Ah  B(t 0)
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In order to grow vertically well-aligned CNTs on the substrates, it is important 

to control not only the sizes of the catalytic particles but also optimize the 

decomposition rate of the hydrocarbons. 

3.2. Experimental Setup: Chemical Vapor Deposition (CVD) 

Well-aligned nanotubes comprising multi-wall carbon nanotubes were 

synthesized on substrates via CVD. The CVD reactor consists of a quartz tube (Quartz 

Scientific, 1.5” outer diameter, 3’ length) placed inside a high temperature furnace 

(Lindberg/Blue, HTF 55322, 1200 °C, 12-in uniform-temperature zone). The CVD 

system (illustrated in Figure 3-2) and is equipped with four mass flow controllers 

(MKS1179: 400 sccm full-scale for Ar and H2; MKS1479: 200 and 400 sccm full-

scale for C2H2 and NH3, respectively) and an automatic pressure control system 

(MKS651, 1-1000 torr using a downstream throttle valve.  

A thermocouple is located at the center of the CVD furnace and close to the 

quartz tube and measures the temperature of CVD reactor.  A substrate prepared with 

a catalyst film is positioned at the center of the furnace inside the quartz tube for the 

CNT growth. 
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3.3. Synthesis Control 

Prior to metal film deposition, the substrate (e.g. n-type silicon, p-type silicon, 

SiO2 coated silicon substrates, or quartz plates) is ultrasonically cleaned in acetone and 

iso-propanol for 5 min, successively. Nitrogen gas was used to dry the substrate in 

between. Subsequent to wet-cleaning, the substrate was further cleaned by oxygen 

plasma (ashing) at 150 W for 5 min. A catalyst film (Fe, 1 – 10 nm) is then deposited 

using electron beam evaporator at 10
-7

 Torr. 

The CVD quartz tube is pumped down to pressure as low as 50 mtorr with 

roughing pump to expel the air/moisture inside the growth chamber, with the Fe-film 

deposited substrate loaded at the tube center. Ar is then fed into the chamber until the 

target growth pressure (770 Torr) is reached, followed by heating the growth chamber 

to the target temperature (with temperature ramp rate ~ 50 ̊C/min and flowing Ar of 

400 sccm). 

The growth is performed under a gas flowing mixture of C2H2 (99.96% pure), 

Ar (99.999% pure), H2 (99.999% pure) and NH3 (99.999% pure) for a predetermined 

period of time (1 – 15 min). Such high purities of the gases were necessary for 

obtaining reproducible growth. 

The CNT growth was carried out using different recipes comprising a wide 

range of temperatures, gas mixtures, and the results are now discussed. 



36 

 

 

3.3.1. Effect of Temperature 

The reactor temperature is a dominant factor in determining the length, purity, 

and properties of CNTs
93

. We first determined the optimal C2H2 flow rate for maximal 

CNT length by carrying out many growth runs with different C2H2/Ar ratio while 

keeping other growth parameters fixed. The optimal C2H2/Ar flow rate was thus 

determined to be 20/400 sccm. 

 

Figure 3-3 Nanotube length as a function of growth temperature and iron film 

thickness (bars on the left, middle, and right, for each temperature, corresponds 

to 5, 3, and 4-nm film, respectively). Scanning electron microscopy (SEM) 

images of CNTs at (a) 700 °C, and (b) 640 °C. (c) The optimal temperature for 

the growth is ~ 640 °C. The scale bar is 5 μm. It is noted that for the growth at 

700 °C, the amorphous carbon forms as black spheres tangled with CNTs, as 

illustrated in (a). 
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Figure 3-3 shows the experimental results as a function of growth temperature 

and the scanning electron microscopy (SEM) images of the CNTs grown at 700 and 

620 °C. As lower temperatures are used, the amorphous carbon decreases and the 

CNT lengths increase. The optimal temperature is seen to be 620 – 640 °C. At 

temperatures lower than 620 °C, there seems to be insufficient carbon feedstock gas 

for sustained growth. It was also found that longer CNT mats with minimal 

amorphous carbon were synthesized with lower hydrocarbon flow rate (e.g. C2H2 < 30 

sccm). 

3.3.2. Effect of Substrate 

On the silicon substrate, some growth runs gave uniform CNT mats of lengths 

over 80 μm while other runs under identical growth conditions yield pooly aligned 

tubes of length < 5 μm.  

Figure 3-4 shows the CNTs grown on bare silicon substrate appear to be less 

aligned/uniform compared to CNTs grown on the substrates with an oxide layer (100 

nm) on top. Possible reasons for obtaining reproducible growth have been discussed 

by many groups
94,95

. At ambient temperature, the Fe could be unstable on silicon 

substrates for many reasons. Prior to the growth, the Fe film on Si substrate is most 

likely in the form of iron oxide, Fe2O3, which tends to prevent iron diffusion into Si. 

Upon introduction of hydrocarbons, the environment becomes reducing and the iron 

oxide can be reduced into elemental iron. On one hand, the Fe can coalesce into larger 

Fe particles which serve as CNT growth sites. On the other hand, Fe can diffuse into 
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Si to form iron silicides which do not catalyze CNT growth. These two competing 

mechanisms could result in inconsistent growth. 

 

Figure 3-4 Scanning electron microscopy (SEM) images of CNTs grown on (a, b) a 

bare silicon substrate and (c, d) a silicon substrate with oxide layer (100-nm 

SiO2). The CNTs grown on bare silicon appeared to be less uniform/aligned 

across the substrate surface. 

3.3.3. Temporal Evolution 

Initially, the CNT length could be linear with growth time since a longer 

reaction time implies that the carbon feedstock remains for a longer time in the 

environment. The CNT lengths as a function of the growth time were studied. The 

CNTs were grown with C2H2/Ar at a rate of 50/400 sccm at temperature of 650 °C for 
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8, 10 and 13 min. The substrate used was a SiO2/Si substrate with 4-nm Fe catalyst 

film, deposited on top of the SiO2. 

While there seems to be a time dependence of tube length, which shows the 

that tube length increases with growth duration, this correlation becomes inconclusive 

when the run to run variation is taken into account (as shown in Figure 3-5). 

 

Figure 3-5 A plot of CNT length as a function of growth time. The length-growth time 

correlation is not obvious due to the run to run variation (shown via the error 

bars). 

In order to further study the catalyst activity and define the actual growth time, 

we set the growth time to as low as 30 seconds. It was noticed that CNT growth 

occurred even after we turned off the carbon feedstock and the furnace power. As it 

takes over 15 min for the furnace temperature to drop below 400 °C and considering 

the possibility of residual hydrocarbons in the chamber, growth could still occur. It is 

then seen that there is a difficulty in defining precisely the CNT growth time. The 

time delay for C2H2 to travel from the gas tank to the quartz tube to initiate the growth 
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was estimated to be ~ 15 sec. This time delay was used to correct for the total growth 

time. 

To predict the CNT length as a function of growth time, we fit our data using a 

Deal-Grove type model
92

, which postulates that the growth is limited by the diffusion 

of carbon species through the porous CNT mats to the growth sites (catalyst particles). 

In this model, the CNT growth length increases parabolically with time and follows 

. On the other hand, another growth model
91

 which takes into 

account the deactivation of the catalyst by the accumulation of the amorphous carbon 

on the catalyst surface predicts that the growth reaches a steady state, within the first 

few minutes. Alternatively, Futaba et al96
 proposed a model where the catalyst activity 

is exponentially reduced. Both the above models predict a much faster termination of 

the CNT growth compared to the Deal-Grove model. 

Futaba’s model predicts a terminal length ~ 54 μm, in good agreement with 

our experiments (Figure 3-6). It is also noted that the growth runs for even longer 

times (up to 30 min) did not show the further increase in length, indicative of early 

growth termination.  



h2  Ah  B(t 0)
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 Figure 3-6 The experimental growth results were fitted with Deal-Grove model (blue, 

solid) and the exponential decay model (red, dashed), with C2H2/Ar of 50/400 

sccm at 650 °C. 

 

3.3.4. CNT Morphology: Hollow vs. Bamboo 

It has been reported that addition of NH3 during pretreatment or during CNT 

growth can influence the growth
97

. NH3 decomposes easily at the growth temperature, 

as 2NH3 → N2 + 3H2. Due to Le Chatelier principle, this results in the suppression of 

the decomposition of hydrocarbons (e.g., C2H2 → 2C + H2). 

We have observed two main differences between the growth with and without 

NH3. First, compartments in the nanotubes were always observed in the runs with NH3 

addition. Secondly, such bamboo-shaped (with compartments in the hollow center) 

CNTs could only be grown at > 800 °C, ~ 100 °C higher than the growth temperature 
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for straight CNTs. Figure 3-7 shows the TEM images of straight and bamboo-shaped 

CNTs.  

 

Figure 3-7 Transmission electron microscopy (TEM) images shows the effect of the 

ammonia addition during the growth on the structure of the CNTs. (a) straight 

tubes were grown when NH3 was not used, and (b) bamboo-shaped CNTs were 

produced with the addition of NH3. 

When NH3 was added during the growth step, the compartments were more 

densely packed, compared to when NH3 was added in the pretreatment step
97

, which is 

shown in Figure 3-8. A higher temperature is necessary for growth in the presence of 

NH3 as it presumably suppresses C2H2 decomposition, and higher temperature 

promote greater hydrocarbon decomposition. 
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. 

Figure 3-8 Transmission electron microscopy (TEM) images taken from the CNTs 

grown (a) with NH3 pretreatment, and (b) NH3 during both pretreatment and 

during the growth. 

 

3.3.5. Synthesis of Longer CNTs 

As discussed earlier, the activity of the catalyst particles is the limiting factor 

to the CNT length and the nominal growth lengths of the CNT (10 – 100 μm) via the 

current thermal CVD methods is in agreement with other groups
98,99

. It has been 

reported that the growth is very sensitive to the morphology of the catalyst particles, 

which themselves are a function of the pretreatment
100

. One of the main purposes of 

the pretreatment is to anneal the catalyst film for it to break down into small particles 

of the right sizes, and the nucleation of the catalyst particles could occur 
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spontaneously during the heating of the furnace (> 15 min).  Controlling the amount of 

hydrogen during pretreatment is crucial. 

 

Figure 3-9 Proposed growth procedure aimed at improving the lengths of the CNTs. 

The first step is to ramp up the pressure from 50 mtorr to 770 torr (growth 

pressure) by flowing Ar. Then, in step 2, furnace temperature is ramped up to 

the growth temperature, before the introduction of hydrocarbon feedstock (the 

3
rd

 step) to initiate the growth. 

While the reducing environment during the growth helps activate the catalyst 

particles, too much hydrogen can also change the surface energy at the substrate – 
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catalyst interface causing wetting/sintering of the catalyst particles, suppressing 

growth
99

. An optimal growth procedure is illustrated in the following (Figure 3-9). 

The aim is (a) efficiently activating and (b) avoiding the premature sintering of 

the catalysts, by introducing an excessive amount of hydrocarbons in the beginning of 

the growth, and (c) then lowering the hydrocarbon flow rate and furnace temperature 

to minimize the passivation of the catalyst particles (as illustrated in Figure 3-9). The 

C2H2 (hydrocarbon) flow rate is regulated to 50 sccm for the first 60 sec and is then 

lowered down to 6 or 10 sccm for the rest of the growth process. The growth 

temperature is also maintained at 650 °C for the first 60 sec and lowered subsequently 

(e.g., 650, 630, 615, or 605 °C). The Ar flow rate is maintained at 400 sccm 

throughout the process. 

The best recipe is considered the one yielding the largest CNT lengths with 

good uniformity over the entire substrate, as seen in scanning electron microscopy 

(SEM) images. In the case of C2H2 lowered to 6 sccm and temperature at 605 °C after 

the first 60 sec of the growth (with a total growth time ~ 10 min), uniformly aligned 

CNT mats of ~ 150 μm were synthesized (in Figure 3-10). 
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Figure 3-10 Scanning electron microscopy (SEM) images from the long CNTs grown 

by an optimized growth procedure. The edge of the CNT mats, which were 

scraped off of the substrate, were viewed from 30° off the substrate normal. 

The inset is the top few of the CNT mat. 

 

3.3.6. Raman Spectroscopy Characterization 

Raman spectroscopy was used to quantitatively evaluate the CNT
101,102

. Two 

important features obtained in Raman spectroscopy of CNT samples are the first-order 

D-band (~ 1320 cm
-1

) and G-band (~ 1580 cm
-1

) peaks. The D-band peak is due to 

disorder in the CNTs, and is mostly attributed to sp3
 bonding, as in amorphous carbon. 

The G-band peak, which marks the nanotube purity, results from the graphitic 
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structure (sp
2
 bonding). Thus, a lower ID / IG ratio (IG and ID are the intensity of G- and 

D- band peaks) implies greater CNT purity.  

In order to define the ID / IG ratio, each peak (D- and G- band) was first fitted 

with a Lorentzian model, as in Figure 3-11. 

 

Figure 3-11 Raman spectroscopy of the as-grown CNTs. The plot on the left (a) is the 

raw data showing the double peaks. The plot on the right (b) shows the 

deconvoluted Lorentzian curves for G and D peaks. 

The ID / IG ratio of CNTs grown with different recipes was measured and is 

listed in Table 3-1. A factor which is influential in determining the CNTs is the 

hydrocarbon decomposition rate. The heterogeneous decomposition of C2H2 is taken 

/assumed to be proportional to [C2H2]*exp(-Ea/RT), where [C2H2] is the concentration 

of the acetylene (proportional to the C2H2 flow rate) in the chamber, Ea (~159 kJ/mol 

for C2H2
103

) is the activation energy for the thermal decomposition, and T is the 

reaction temperature. The C2H2 decomposition rate was then estimated and is listed in 

the last column of Table 3-1. 
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Figure 3-12a shows the measurements from different CNTs samples. The ID / 

IG ratio seems to be linearly proportional to the decomposition of C2H2, for straight 

CNT samples, as shown in Figure 3-12b. 

Table 3-1 Raman spectroscopy of selected CNT growth runs, ID / IG ratio, and the 

calculated C2H2 decomposition rate. (“-“ represents “to” ). 

Sample C2H2/Ar 

(sccm) 

Temperature 

(°C) 

Length 

(μm) 

ID/IG 

(peak) 

C2H2 

decomposition 

rate (a.u.) 

1 50/400 685 40 0.79 267 

2 50/200 - 4/200 650 - 615 100 0.72 130 

3 50/400 630 40 0.65 79 

4 50/400 - 5/200 650 - 615 70 0.64 68 

5 5/400 630 20 0.5 8 

 

It is noted that the CNT mats grown with our optimized growth method, and 

pretreated with hydrogen, show a lower ID / IG ratio, implying higher CNT purity. On 

the other hand, the Raman spectroscopy on bamboo-shaped CNTs showed a very 

weak correlation between the ID / IG ratio and the acetylene decomposition rate. The 

irregular compartment morphology produced in the bamboo-shaped CNTs could be a 

source of disorder, and can contribute to stronger D-peak intensity. 

 



49 

 

 

 

Figure 3-12 (a) Raman intensity from various straight CNT samples; each curve is 

shifted for clarity. (b) The ID/IG ratio as a function of C2H2 decomposition rate 

shows a linear correlation for straight CNTs but a weak correlation for bamboo 

CNTs. 
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3.4. Summary and Discussion 

The effect of temperature as well as the concentration of carbon feedstock 

during the CNTs growth was studied. It was seen that the growth temperature 

determines the decomposition rate of the hydrocarbons and the interaction between the 

catalysts and the supporting substrate. While higher growth temperature gives more 

consistent growth, the lengths are terminated by the excess supply of hydrocarbons, 

facilitating amorphous carbon. Lower growth temperature produce CNTs with higher 

purity but the sintering of the catalysts can hinder growth. An Energy Dispersive X-

ray (EDS) spectrum taken in the scanning electron microscope (SEM) was indicative 

of root growth mechanism in our CNTs. A barrier/oxide layer (SiO2) between the 

catalysts and the silicon substrate was seen to be beneficial to the growth, as it 

prevents the formation of the iron silicides. Bamboo-shaped CNTs were synthesized 

by the introduction of ammonia during the growth. 

By comparing the CNT lengths grown for various time periods, it was found 

that the catalysts were only active for the first few minutes of the growth and we then 

propose an optimized procedure was proposed for synthesizing longer CNTs (> 100 

μm). 
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Chapter 4. Modification of the Electrical Properties of 

Single-Wall Carbon Nanotubes through 

Functionalization 

4.1. Problems of Controlled Nanotube Doping 

The use of semiconducting carbon nanotubes (CNTs) as components in 

electronic elements such as inverters or transistors in digital circuits
104

 demands the 

control of polarity (p- or n-type).  This control has been achieved either through 

electrostatic means
105,106

 or through exposure of the CNT - electrode ensemble to 

appropriate ambients. As an example of the latter, it has been seen that oxidizing 

agents/electron acceptors such as ambient O2, or NO2 can induce p-type 

behavior
107,108

, possibly due to electron transfer from the nanotube to adsorbed oxygen 

moieties. On the other hand, electron donors/reducing agents, such as potassium
109

, 

make the CNT n-type. Such an electron transfer from/to the CNT has also been 

proposed to be an underlying mechanism for chemical sensing
110

 and for nanotube 

sorting
111

.  

In this study, we propose an alternate way for nanotube doping, which involves 

the selective addition of functional groups to single-walled CNTs. Now, it is well 

known from organic chemistry
112

, that attached substituents could influence the 

electron density of the nanotube. For example, electronegative substituents (such as 

OH
-
) through non-bonding lone pair donation or alkyl groups through hyper-

conjugation can induce negative charge. On the other hand, electron withdrawing 

groups (e.g., NO2) can be used for obtaining a net positive charge.  The idea then is to 
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cause p- or n-doping, at the molecular level, through controlling the relative charge on 

the basic graphitic motif of the nanotube. We make an analogy of the nanotube with 

the benzene ring (also sp2
 bonded), which can be activated/deactivated for 

electrophilic substitution through the influence of appropriate substituents.   

The proposed method, based on local charge transfer to/from the nanotube can 

be useful in that a precise level of nanotube doping (proportional to the number of 

attached molecules) is possible. Additionally, the influence of the electrode on the 

electrical characteristics is eliminated through selective attachment of the functional 

groups, as it was observed that the sensitivity of electrode contact work functions to 

adsorbed gases
113

, such as potassium or O2 used for doping nanotubes, can modulate 

the electrical transport characteristics. For example, this can be ensured by choosing a 

molecule with a large HOMO-LUMO gap with negligible energy level overlap with 

the electrode material
114

. We will also, show in this paper how the threshold voltages 

and hysteresis characteristics of SWNT transistors can be altered through attached 

functional groups. 

4.2. Experimental Methods 

The functionalized SWNTs were synthesized by reducing the nanotubes using 

lithium in liquid ammonia (for de-bundling), and subsequently reacting the nanotube 

salts with (i) alkyl (dodecyl) and (ii) phenyl iodides. The dodecyl and phenyl moieties 

were chosen to provide electron donating and electron withdrawing substituents, 

respectively. (The details on the reaction mechanisms and the structural analyses of 

the functionalized SWNTs have been reported elsewhere
115,116

). The SWNTs, 1 nm in 
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diameter (synthesized through the HiPco process), were dispersed in chloroform, and 

then pipetted onto a Ti (10 nm)/Au (90 nm) electrode (deposited through e-beam 

evaporation) patterned SiO2 (100 nm)/n-Si substrate for electrical property 

measurement. For comparison, non-functionalized CNTs were also investigated – in 

this case the metal catalyst purified tubes were dispersed in chloroform with a 

surfactant (SDS- sodium dodecyl sulfate) additive. 

 

Figure 4-1 (a) Schematic of the experimental arrangement for probing the electrical 

properties of functionalized carbon nanotubes-the right inset shows a single 

walled CNT placed between Ti/Au electrodes. 

 



54 

 

 

4.3. Electrical Characterization 

The experimental setup for the electrical transport characterization, using 

phase sensitive detection, is shown in Figure 4-1. We first report on the I-V 

measurements on pristine, un-functionalized SWNTs. Figure 4-2 shows the current 

through the unfunctionalized nanotube as a function of (a) applied voltage and (b) gate 

voltage. A behavior characteristic of two back-to-back Schottky diodes was observed, 

in the output conductance (I12-V12) curves (1 and 2 refer to the two contacts- Figure 1), 

along with positive carrier (hole) dominated conduction for the SWNT, as seen 

through the increased conductance at negative gate voltages (Generally, SWNTs 

processed in air have hole carrier (p-type) conduction due to the influence of ambient 

oxygen
4
 and/or the work function difference) The unequal turn on voltages on the 

positive and negative bias directions probably reflects the asymmetry of the two 

electrode contacts. The large magnitude of hysteresis in the transconductance (I12-Vg) 

curve is noteworthy, with a positive threshold voltage (VT) shift of almost 11 V. While 

Schottky contacts are expected to form on the junction of the Ti electrodes (work 

function,  ~ 4.3 eV), and the semiconducting SWNTs ( ~ 4.5 eV), contact 

asymmetry could result in non-uniform charge distribution. For example, the presence 

of a dipole (due to local charge, oxide etc.) on the surface of one of the electrodes 

could result in a hole barrier
117

 and a net negative charge at the nanotube/nanotube –

contact interface. This is manifested in the hysteresis curve and the VT shift. 

Generally, the presence of a background positive (negative) charge would account for 

a negative (positive) VT shift along the Vg axis
118

. Such an effect was previously 
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attributed to the injection of electrons from the nanotube into the SiO2 layer and the 

hysteresis itself posited to be the basis for a memory device
119

, but we think that this 

could be due to accumulation of charge local to the nanotube. The basis of this 

assertion is the observation of symmetric I12-V12 curves on SWNTs prepared in similar 

configuration, which presumably reflects identical contacts (Figure 4-3). It is also 

interesting to note that the magnitude of the hysteresis, along with any VT shift, is 

much reduced, which supports our hypothesis of reduced charge storage at/in the 

nanotube-contact interface.  
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Figure 4-2 The I-V characteristics for unfunctionalized SWNTs, with residual charge 

at the electrode-SWNT interface. (a) rectifying behavior, with (b) hole carrier 

(p-type) conduction and a large hysteresis in the current-gate voltage 

characteristics. 

We then compared the electrical transport characteristics of a dodecyl 

functionalized SWNT, prepared for electrical transport measurements using nominally 

identical procedures as for the un-functionalized nanotubes. Symmetric Schottky 

contact dominated behavior was again observed in the I12 – V12 curves (Figure 4-4- 
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inset). In addition to the independence of electrical transport on the gate voltage, the 

hysteresis in the I12-Vg characteristics has been eliminated. Such behavior was always 

seen in the dodecyl-SWNTs, being observed in nine samples. While it may be argued 

that such characteristics are typical of metallic SWNTs, observation in each and every 

one of the examined dodecyl functionalized samples indicates a role for the alkyl 

(dodecyl) group. The broad implication of this result is that the source of negative 

charge has been eliminated. While symmetric contacts could be one reason, it is also 

possible that the dodecyl functional groups are involved in the change of the I12-Vg 

characteristics. We posit that electron transfer occurs from the dodecyl groups to the 

SWNT, and quenches the native hole carriers. To understand the possible influence of 

local doping of the nanotubes through attached molecular moieties, we then conducted 

electrical transport measurements on phenyl-functionalized SWNTs. In this case, the 

results corresponded closely to those obtained for a symmetrically contacted, un-

functionalized SWCNT (Figure 4-3). We rationalize these results on the basis of the 

electrophilic (hole donating) phenyl group having less of an influence on the carrier 

transport of the intrinsically p-type nanotube.  
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Figure 4-3 Electrical transport in un-functionalized SWNTs, in the absence of residual 

charge at the electrode-SWNT interface. Symmetric I-V curves are seen, and 

the magnitude of hysteresis in the transconductance characteristics (inset) is 

smaller than in Figure 4-2. 

 

Figure 4-4 Electrical transport characteristics for dodecyl- functionalized SWNTs, in 

the absence of residual charge at the electrode-SWNT interface. The hysteresis 

is completely eliminated, and the SWNT exhibits metallic behavior, indicative 

of negative charge transfer to the nanotube eliminating residual positive holes. 

Symmetric I-V curves, with Schottky barrier, are shown in the inset. 
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4.4. Summary and Discussion 

The above results are intriguing in that alkyl (dodecyl) chains, which are 

normally thought to be insulating
120

 are seen to contribute to the electronic transport 

through carbon nanotubes. Our proposed electron transfer mechanism, involving 

hyper-conjugation mediated through the interaction of the -electrons of the alkane 

chains with the -electrons of the nanotubes, should be further investigated.  It is also 

to be noted that the substituents (i.e., dodecyl and phenyl) were chosen to have 

negligible interaction with the metal electrodes through an analysis of the published 

values of the energy gaps and chemical hardness
114

, e.g, for phenyl groups on graphite, 

the HOMO-LUMO gap was predicted
121

 to be ~ 8 eV, with electron affinity ~ 1 eV, 

while for dodecyl groups the values are assumed
122

 to be in the range of 5 eV. In this 

context, the possibility of enhanced chemical adsorption, as manifested in the red shift 

of the SWNT D-peak in Raman spectroscopy
116

, for the dodecyl functionalized 

SWNTs is of interest. 

While the electrophilic/nucleophilic character of the functional group can 

modify the electrical transport, the nature (e.g., work function) of the electrode 

material can still play a major role. For example, a contact with surface adsorbates 

could have a larger work function with a reduced Schottky barrier. This paper, 

however, provides a new principle for carbon nanotube doping, at the molecular level, 

through the attachment of organic functional groups. Attached groups could also play 

a role in precise control of the doping levels in nanotubes, especially as it was found
123
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that a critical level (f) of doping, i.e., 2∙10
-4

 < f <  2∙10
-3

, is necessary for constructing 

CNT based nanoscale devices.  

The content for this chapter was submitted to the Applied Physics Letters: 

C.Ni, J. Chattopadhyay, W.E. Billups, and P.R. Bandaru, Modification of the electrical 

characteristics of single wall carbon nanotubes through selective functionalization 

(2008).
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Chapter 5. Optical Determination of the Flexural 

Rigidity of Carbon Nanotube Ensembles 

5.1. Introduction 

Carbon nanotubes (CNTs) have been experimentally shown to have a 

remarkable combination of mechanical properties, which include exceptionally high 

elastic moduli, - in the TPa range for both single-walled CNTs
124

 (SWNTs) and multi-

walled CNTs
45,48

 (MWNTs) and superplasticity
52

. Accompanied by high stiffness
125

, 

the ability to undergo reversible bending and buckling, withstanding strains
47

 of up to 

30%, with minimal defect formation has also been reported. However, while loads and 

strains can be relatively easily configured and measured, it is not practically feasible to 

accurately determine the cross-sectional area of nanotubes
126

 for the calculation of 

stresses, or the moments of inertia. Indeed, molecular dynamics based simulations 

yield a large discrepancy
127,49

 - up to a factor of six-, presumably due to this reason
126

.  

A corresponding problem involves the mechanical behavior of ensembles of 

nanotubes, such as CNT mats, where additional issues such as (a) varying tube-tube 

distances, (b) van der Waals interactions
128

, and (c) relative sliding of nanotubes
129

 

should also be considered. We note that the practical determination of the mechanical 

response of nanotubes of varying lengths (L), subject to different forces (P), such as 

deflection under shear (∆) = , or buckling loads (Pcr) = , the quantity of 

interest is generally the flexural rigidity
130

, EI, where E is the elastic modulus and I the 

moment of inertia. Noting the difficulties with the individual measurement of E and I, 
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in this letter we demonstrate a simple optical detection method to measure the EI 

product in mats of aligned nanotubes, arranged in several different configurations. 

This is the first time that a quantity of practical interest for the understanding of the 

mechanical properties has been addressed and measured. The principles of our method 

can be extended to the practical applicability of CNTs for tactile and shear force 

sensing, e.g., in robotic applications, monitoring fluid flows, security sensors etc. 

5.2. Modeling and Simulation 

5.2.1. Fluid Flow Modeling 

The Reynolds number (Re) to characterize fluid flow was estimated, through

. With air, as the fluid, the following values were used for υ 

(kinematic viscosity) ~ 1.5x10
-5

 m
2
/s and  (density), ~ 1.2 kg/m

3
 at 1 atm and 20 °C. 

U is air velocity; and L the characteristic length, which is the: 

(i) diameter of the tube (~ 6.2 mm), for flow in the pipe,  

(ii) distance from the leading edge to the sample, for flow over the 

substrate/thin plate, or 

(iii) the diameter of the CNT, for flow through vertically oriented nanotubes. 

The individual components of the flow are discussed in more detail below: 



Re 
UL



UL
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5.2.1.1. Flow in the pipe 

Re for the air flow through the cylindrical pipe is found to be in the range of 

8,300 – 24,800 (at air velocities 20-60 m/s), which is clearly in the turbulent regime
131

. 

To predict the fluid velocity at the location of the CNT sample, we avoid spurious 

entrance effects, by placing the sample sufficiently inside (~17 cm) the tube. This 

distance is beyond the entrance distance (Le) ~ 14.7 cm, where , at a 

velocity of 60 m/s. Past Le, the fluid flow is fully developed, and the peak fluid 

velocity (Upeak), at the pipe center, is related to the average velocity (Ua) through 

. This peak flow is what the CNT sample is endured since 

it’s placed at the center of the pipe, as shown in Figure 5-1. 

 

Figure 5-1 Schematic of the flow chamber where the VA-MWCNTs placed at the 

center inside the pipe. The fluid flow was directed from the right hand 

side into a quartz tube. 
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5.2.1.2. Flow over the plate 

Mats of VA-MWCNTs are grown on a quartz slide close to the leading edge (< 

300 μm) of the substrate. Consequently, the Re in this region, ~ 10
2
, are much smaller 

than that for turbulent flow, which is around 10
6
, and the fluid flow over the plate is 

considered laminar. The boundary layer thickness, , at a certain distance, x, from the 

leading edge, is computed using . The velocity (u) profile is considered as a 

function of the vertical height (y), and is given by . The schematic is 

shown in Figure 5-2. 

 

Figure 5-2 Schematic showing the side view of the flow chamber and the fluid flow 

profile before the sample and over the sample plate (circled; solid-line 

indicates the boundary layer). 

With average CNT lengths (30-100m) and air velocities, in the range of 20-

60m/s used, the δ is ~ 10-19 m) implying that the upper region of the nanotubes is 

exposed to the full centerline flow (Upeak). Table 5-1 shows the boundary layer 
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thickness, at 20 microns from the leading edge, as a function of average air velocity 

(calibrated from the measured air pressure using a flowmeter). 

Table 5-1 Calculated boundary layer thickness () as a function of air pressure and 

velocity, for a few representative cases. 

Air pressure 

(psi) 

Air velocity (m/s) (μm) 

10 20 19 

22 40 12 

38 60 10 

 

5.2.1.3. Flow around cylinders 

Due to the small CNT diameters (~ 50 nm), the Re for flow through/around 

tubes is very small (~0.2 at an air velocity of 60 m/s). A modified Stokes-Oseen 

equation is used to predict the drag coefficient at low Re, the first term gives the drag 

on a single cylinder, and the second term provides a correction for , (the volume 

fraction). 

 

The above expression, however, is based on conventional Navier-Stokes 

continuum mechanics
132

, where it is assumed that the fluid velocity right next to the 

surface of the object is zero (no-slip boundary condition). At the size scales for flow 

through CNT mats, the no-slip assumption is no longer valid and a correction, through 

the Knudsen number (Kn) must be introduced
133

. Kn is the ratio of the mean free path 
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of molecules ( ) in the fluid to the characteristic length (L) of a system. For no-slip, 

Kn < 10
-3

. However, for air at standard temperature and pressure, and ~80nm, and 

with an average spacing between nanotubes of ~ 150 nm, the Kn ranges around 0.5. 

Consequently, slip at surfaces must be considered, and will reduce the effective drag 

on the object. The incorporation of the slip condition yields the following 

comprehensive relation for the drag coefficient (CD).  

 

5.2.2. Comparative Analysis of the Differences between Stokes-

Oseen Mechanics and Other Models 

There have been a few theoretical studies on the flow of fluids through nanotube 

mats. Walther et al used non-equilibrium molecular dynamics
132

 to model water flow 

past single-walled nanotubes, and report good agreement with the macroscopic 

Stokes-Oseen equation. While the flow velocities used were similar to those in our 

own experiments, both the nanotube diameter and the array density were smaller. The 

drag coefficient (CD) values obtained in their simulations were fit to a power law 

equation of the form:   

The flow of liquid argon around both single- and double-walled nanotubes was 

investigated by Tang et al.
134

, who found that the drag was higher than predicted using 

continuum equations. Non-equilibrium molecular dynamics were used and the drag 
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results fit . In another study
135

, Ford and Papavassiliou, used 

computational fluid dynamics (CFD) based simulations to study water flow around an 

array of nanotubes. The use of CFD allowed larger systems to be studied, and drag 

coefficient results were presented for simulations using both a no-slip assumption (

) and a slip assumption ( ) on the CNT 

surface. It is to be noted that CD in all cases is inversely proportional to the Reynolds 

number, Re. 

Key differences between these earlier studies and the macroscopic Stokes-Oseen 

model, is that the macroscopic model ideally assumes infinitely long cylinders, and is 

constructed under the assumption of no-slip on the tube surface. In order to address 

these issues, we have taken two additional steps when finding the CD. First, our 

calculations break the nanotube length up into many individual segments. Typically 

the CNTs are divided into 100 segments along their length-larger number of segments 

do not appear to show much difference in calculated results. Air velocity, drag 

coefficients, and drag force are calculated for each segment. In our approach (which 

also accounts for reduced flow velocity in the boundary layer region), we account for 

the key differences mentioned above, i.e., the infinite length assumption (which 

implies uniform velocity over the entire length). Secondly, at the size scales found for 

flow through mats of nanotubes (air flow in between nanotubes, with an average 

spacing of ~ 150nm), the slip assumption is taken into account, through the Knudsen 
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number correction. The consequent, corrected, Stokes-Oseen equation was seen to be 

an adequate choice for our experiments. 

5.2.3. CNT Deflection under Flow 

Subsequent to the determination of CD, the drag force per unit length, FD, is 

found through , as a function of fluid velocity, u, and the cross-

sectional area, A (the product of CNT diameter, d, and height, h). The horizontal 

deflection, as a function of position in the vertical direction (y) is determined through a 

nanotube height dependent, distributed force/unit length w(y) through: , 

where E is the CNT elastic modulus and I, the moment of inertia, w(y) the force/unit 

length, to obtain the horizontal displacement as a function of nanotube height and 

average air velocity, with the following boundary conditions:  

(i) no shear at the CNT free ends (d3x/dy3
 = 0, at y = h),  

(ii) no bending moments at the free end (d2x/dy2
 = 0, at y = h),  

(iii) zero slope at the fixed end of the CNTs (dx/dy = 0, at y = 0), and  

(iv) zero deflection at the fixed end (x = 0, at y = 0). 

The validity of the boundary conditions was carefully checked through numerical 

estimations for the given flow condition, and the deflections modeled are small 

enough that the small angle approximation remains valid
22

. 

In order to calculate the deflection of a nanotube exposed to fluid flow, a 

procedure to allow for repeated numerical integration of the distributed load on the 
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side of the tube was developed. This was done by dividing the total nanotube height 

(h) into a number (N) of units, of length, y. Similar results were observed for N > 50 

(error in deflection of less than 0.01%), and lower N values tended to under-estimate 

the error.  

For each y, the following calculations were performed. The velocity profile in 

the boundary layer is determined through , while above the 

boundary layer . With the determined velocity 

distribution and given nanotube diameter (~ 50nm) both the Reynolds number (Re) 

and the drag coefficient (CD) were calculated for each height step. With these values, 

the FD on each segment (y) was found. This force was then integrated, using the 

trapezoid rule, with appropriate boundary conditions (see text). Subsequently, the 

deflection is obtained for each height segment along the nanotube length, and at the 

nanotube tip. The sequence of calculations leading to an understanding of fluid flow 

along the height of the nanotube is represented in Figure 5-3. 

When the CNT is placed further away from the leading edge of the substrate, 

the boundary layer becomes thicker which leads to a modified velocity profile, drag 

force, and CNT deflection. The calculated values for CNT 1.3 mm away from the 

leading edge for the applied fluid flow at 40 m/s and 60 m/s are plotted and shown 

inFigure 5-4. 
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Figure 5-3 Simulations of fluid velocity, drag force, and CNT deflection as a function 

of CNT heights. 

 

Figure 5-4 Simulations of boundary layer profile, fluid velocity, and CNT deflection 

for CNT being placed at 1.3 mm away from the leading edge, at flow velocity 

40 m/s and 60 m/s. 

 

5.2.4. Flexural Rigidity Estimation 

In order to obtain the optimal values for the flexural rigidity of the nanotube 

bundles, the EI value used in the simulations was adjusted to provide the best possible 
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fit to the measured deflections. In this process, values for nanotube height and spacing 

from the leading edge were obtained (estimated through Scanning Electron 

Microcopy), and simulations were performed to obtain deflections for similar flow 

conditions as in the actual experiments. An initial EI value of 5∙10
-17

 Nm
2
 was used, 

and varied in 5∙10
-17

 Nm
2
 steps, with the total error (difference between the measured 

and simulated deflections) obtained for each EI value. After a first iteration, the 

flexural rigidity which resulted in the lowest overall error was used as a starting value 

for a second, more refined iteration. A step size of 2∙10
-18

 Nm
2
 was used for this series 

of calculations, with EI values tested both above and below the previously obtained 

value. The flexural rigidity value which provided the lowest total error was selected as 

the best fit.  

One thing to note is that, based on the Logarithmic Overlap Law, the velocity 

profile close to the wall surface is non-trivial and is considered as a result of the 

combination of turbulent and laminar stresses when the turbulent flow is exercised in 

the pipe. The modeling of this problem is yet mature enough to give an exact solution. 

Therefore, we estimated the errors in EIs, fitted from both extreme cases (pure 

turbulent and pure laminar velocity profiles). The differences of EIs between both 

cases fell within 10% and 1% for 5 m x 5 m and 7 m x 7 m samples, 

respectively. The explanation can be that 5 m x 5 m sample, compared with 7 m x 

7 m one, is located further downstream from leading edge and the fluid flow is much 

better established to distinguish the difference between both velocity profiles, which 

lead to difference in drag force/fitted EIs. 
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5.3. Experimental Setup 

5.3.1. Synthesis of Patterned VA-CNT Arrays 

CNTs were vertically grown on quartz substrates. The quartz plate (1 mm in 

thickness) was cleaned by ultrasonication with acetone and IPA, sequentially, for 60 

seconds. The substrates were blown dried with nitrogen. The solvent residue on the 

substrates was further removed using oxygen plasma (150 W for 30 second) before a 

5-nm thick Fe film was deposited via electron beam evaporator under a pressure of ~ 

10
-7

 Torr, with deposition rate ~0.1 Å/s. The deposition thickness and rate is 

monitored via a I/C5 deposition controller. The patterning of the Fe catalyst into 

arrays of blocks is achieved by masking the substrate with a TEM grid of specified 

pitch size (5 x 5 μm or 7 x 7 μm). 

The vapor phase CVD growth was carried out by first heating up the quartz 

substrate to the growth temperature (900 C) in the tube furnace (sample was sat in a 

quartz tube with 1-in O.D. inside the tube furnace) while flowing argon (Ar) and 

ammonia (NH3) mixture with total flow rate of 500 sccm (ratio of Ar : NH3 = 3 : 1). 

Once the furnace reached and stabilized at the desired growth temperature, benzene as 

carbon source was introduced into the growth chamber from the upstream. The 

reactant was held in a syringe and dispensed through a needle into stabilized argon 

flow, and at a rate of 0.1 mL/min. The reactant was evaporated, because of the heat 

from the furnace, and was carried downstream to the substrate by Ar/NH3 flow. 
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The flow mixture of Ar and NH3 was kept at same level throughout the growth 

and subsequent cooling down process. The target temperature for the growth was set 

at 900 C and the growth lengths of the CNTs were determined by controlling the 

growth period, as long tubes require longer growth time. 

5.3.2. Flow Arrangement 

The quartz substrate with the vertically aligned patterned nanotubes was placed 

inside the experimental apparatus, shown in Figure 5-5. The nanotubes are located by 

the very front edge of the quartz substrate. This equipment consisted of a quartz tube 

with an inner diameter of 6.2 mm connected to a pressurized air/gas line. The sample 

was held in place by plastic inserts (preventing sample vibration) and was exposed to 

air flow across a range of velocities controlled by adjusting the air pressure (average 

fluid velocity was calibrated to air pressure).  

 

Figure 5-5 A schematic of the flow chamber where the VA-MWCNTs is placed at the 

center inside the pipe. 
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5.3.3. Optical Arrangement 

In this study, two approaches were used to monitor the deflection of the CNTs. 

First, a polarized laser (with wavelength of 633 nm) was focused to a roughly 30 m 

spot size and positioned at the desired location on the sample (over the patterned 

region near the substrate edge). The laser beam was aligned parallel to nanotube axis 

and perpendicular to the substrate. A photo-detector was used to monitor the intensity 

change of the transmitted laser beam as flow with different fluid speed is applied. 

Second, optical images of CNTs were captured in situ using a CCD camera to monitor 

the deflections of the tubes, as a function of applied fluid velocity. 

An immediate issue in using a quartz tube is its poor quality of images, 

resulting from the scattering of light passing through the quartz tube. Due to the 

curvature of the quartz tube and the size of the laser beam, part of the light 

transmitting through the tube is refracted as the laser incidence is not normal to the 

quartz tube. This refraction / scattering results in laser measurements with poor 

sensitivity and insufficient resolution, for CCD. By replacing the quartz tube with a 

flat quartz plate, the scattering was greatly reduced, as shown in Figure 5-6. 
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Figure 5-6 Substrate sample is installed into a slit at the center of the plastic tube, 

which is then inserted into a quartz tube to prevent the air leak and quartz 

serves as an optics window (schematic of the apparatus on the top and CCD 

image taken from the sample through the window on the left). The resolution 

of the image is greatly improved by replacing the quartz tube with flat glass 

plate as the window (apparatus shown at the bottom and CCD image on the 

right). The black arrows indicate flow direction and red arrows indicate laser 

incidence. 

The intensity of a laser beam transmitted through a nanotube mat sample was 

calibrated and correlated with the coverage of the nanotubes on the substrate, and 

consequently with the deflection of the CNTs. For example, 200 mesh and 400 mesh 

grids used for CNT growth are expected to have 50% and 65% transmission, and 

indeed, this is what was experimentally observed (as shown in Figure 5-7).  
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Figure 5-7 The laser transmission intensity is reduced by 50% and 65% when CNT 

patterns are arranged in a 200 mesh and a 400 mesh grid, respectively. The 

very close agreement of the experimental results with the predicted values was 

used as a calibration for nanotube deflection. 

The transmission intensity was also recorded as a function of fluid velocity, 

and the nanotube deflection was calculated based on the intensity variations and 

pattern coverage. In more detail, for each nanotube pattern, the grid was aligned so 

that the pattern rows were perpendicular to the leading edge of the substrate, which 

ensured parallel fluid flow. Any deflection, in the direction of fluid flow, is then 

parallel to the rows (Figure 5-8) and can be accurately recorded through a CCD 

camera, and analyzed by image processing. The scale of the images was calibrated via 

the known CNT pattern size and the uncertainty in the deflection, set by the camera 

resolution, is ~ 0.25 μm. It was found that the measured deflection (d) was 

proportional to the square of the peak velocity (d ~ , where C is a constant of 
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proportionality), and is a good fit to the experimental data (Please see the next 

chapter). 

 

Figure 5-8  Schematic of the top view of the CNT arrays shows of the effect of fluid 

flow on aligned CNT mat patterns. The displacement d is correlated with a 

measured variation in the laser transmission intensity. The representative laser 

spot is colored in red (gray for b/w printout) and the black squares are CNT 

ensembles. 

To check whether the data fit is truly representative of CNT bending, we 

correlated the transmitted laser intensity to the deflection, and area, of the nanotubes. 

The transmitted intensity, in the absence of fluid flow is related to the area initially 

devoid of the CNT mats (Anf) and is determined from the geometry of Figure 5-8. 

When subject to fluid flow, the nanotubes deflect a distance d, covering an extra area 

(l x d), where l is the length of the CNT pattern. The light transmission is now 

proportional to (Anf – l x d), and the normalized intensity is . This relation 
n f

n f
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will be used to correlate and cross-check between the nanotube deflections as 

measured by the CCD camera and those deduced from laser transmission intensity. 

5.4. Measurements and Results 

Two approaches, i.e., (i) measuring variations in light intensity at the 

photodetector, and (ii) variations in nanotube position through optical image 

processing were used to consistently monitor the nanotubes’ deflection as a function 

of applied fluid velocity 

5.4.1. Laser Transmission as a Function of Flow Velocity 

Arrays of vertically aligned CNTs, which are installed at the center of the flow 

chamber and by the leading edge (as shown in Figure 5-9), are subject to the fluid flow 

at different velocity (pressure) and the laser transmission is monitored in situ.  

Initial measurements on CNT mats with pre-determined pattern geometries 

showed that the change in transmitted laser intensity is in excellent agreement with the 

coverage of the CNTs, indicating absorption of the laser light. A precise 

correspondence between the air flow velocity and decreased transmitted laser intensity 

was observed (Figure 5-10a), which was attributed to nanotube deflection and 

subsequent hindrance to the light transmission. This correlation is able to be observed 

for all the spots measured from the patterned CNT arrays.  
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Figure 5-9  (a) Patterned nanotube mats, comprising vertically aligned multiwalled 

nanotubes, with varying pattern size were grown on quartz substrates through 

chemical vapor deposition. The response of the nanotube mats to fluid flow is 

the basis for the determination of the flexural rigidity (EI);  (b) The shearing of 

carbon nanotube arrays, in an SEM in situ, can be modeled through solid 

mechanics (the outline in the middle depicts the close correspondence between 

the theory and experimentally observed shear);  (c) A schematic of the 

experimental set-up for observing the nanotube deflections, during fluid flow, 

through the transmitted laser intensity variations and CCD image processing. 
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Figure 5-10  (a) The variations in the transmitted laser intensity is a very sensitive 

function of the fluid velocity, and can be used for (b) digital calibration of the 

flow. (c) The data points show a decrease in the transmission with increased 

nanotube deflection caused by fluid motion. The analytical fit to the data is 

from another independent measurement of the deflection through CCD image 

processing (see text). 
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It is indeed remarkable that the flow across a CNT mat can be so accurately 

and digitally determined (Figure 5-10b). This behavior was, again, consistently and 

reproducibly obtained over several samples, and attests to the outstanding mechanical 

characteristics of CNTs. The reduced light intensity is proportional to the deflection 

and the drag force on the nanotubes, and a parabolic dependence on the velocity, in 

accordance with classical fluid mechanics theory
131

 was obtained (Figure 5-10c).  

5.4.2. Monitoring the Deflection via CCD and the Derivation of 

Flexural Rigidity (EI) 

The deflections of CNT arrays as a function of applied flow velocity were 

monitored in situ using a CCD camera. The clear correlation between the deflections 

and air velocity is shown in Figure 5-11. It is noted that the resolution of the measured 

reflection is 0.3 μm, derived by the area size and the pixel of the image.  

Using the formalisms described before, the EI is calculated and fitted to the 

experimental results (Figure 5-11), through a numerical optimization procedure. 

Figure 5-12a and b are representative results obtained from 7 μm x 7 μm (35 μm in 

length) and 5 μm x 5 μm (40 μm in length) patterned CNT mats, with EI values of ~ 

6.5 x10
-16

 Nm
2
 and ~ 6.3 x 10

-16
 Nm

2
 respectively. In addition, the deflections 

obtained through laser intensity variation (Figure 5-12c), for the 5 μm x 5 μm pattern, 

have also been fit to an EI of ~ 8.8 x 10
-16

 Nm
2
. The very notable agreement between 

the EI values obtained from two separate experiments again attests to the consistency 

of the two methods. We also note that the error in the EI determination has a very 

small (~ 10%) contribution from factors such as CNT diameter, length and spacing 
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variation, and mainly arises from the resolution of nanotube deflection, which can be 

further improved. 

 

Figure 5-11 SEM image shows the CNT arrays under study (top). The images 

captured by CCD when the flow velocity is 0 and 30 m/s (images on the left 

and right, respectively). 
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Figure 5-12  The deflection of carbon nanotube arrays, obtained through the CCD 

image processing, is plotted as a function of air velocity, for a (a) 7 μm x 7 

μmand (b) a 5 μm x 5 μm pattern. Numerical simulation was used to obtain 

the EI fits to the data. The range of EI values cover the error in the nanotube 

deflections. (c) The deflections were also measured through laser intensity 

variation, and the fitted EI values were in close correspondence to the CCD 

measurements.   

5.4.3. Model Comparisons 

We observe a close correspondence between our experimental results and 

published non-equilibrium molecular dynamics
136

 and computational fluid dynamics 

simulations
135

. It was seen that the nanotube deflections are well approximated by the 

assumption of Knudsen effect incorporated into a Stokes-Oseen model (Figure 5-13a).   

Subsequent to the determination of EI, it is possible to apply the flow simulation 

model to predict nanotube deflection over a wider range of nanotube heights and flow 

velocities (Figure 5-13b). Combined with our experimental results, the simulations can 

provide a calibration curve for a simple flow meter, whereby the velocity can be 
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determined by measuring the deflection of nanotubes of a known height, subject to the 

flow. 

 

Figure 5-13  (a) Our experimental results are modeled well by considering a Knudsen 

number (Kn) modified Stokes-Oseen expression and appropriate molecular 

dynamics and fluid mechanics simulations;  (b) The nanotube deflection, as a 

function of CNT height and average air velocity. 
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5.4.4. CNT Flow Sensors 

Our technique could be applicable for a carbon nanotube gas flow sensor. The 

light transmission as a function of flow velocities for both air and Ar were measured 

and compared in Figure 5-14. The sample was a 5 μm x 5 μm (40 μm in length) CNT 

mats. The transmission variation, under similar flow velocities between different 

gases, can be interpreted by their difference in density (ρ), according to 

 and the proportionality of CNT deflection to FD.  

 

Figure 5-14 The light transmission as a function of flow velocity of air and Ar. The 

difference in transmission (due to CNT deflection) between two gases is due to 

the different density between these gases. The sample is a 55-μm CNT array 

and the fitted EI is 7.8∙10
-16 

Nm
2
. 

The parameter ratio of Ar and air (0.000142 / 0.000083 =1.7) from the best fit 

of the experimental data turned out to be in a good agreement with their density ratio 



FD 
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(1.8/1.2 =1.5; or molecular weight ratio 40/29). The high sensitivity in transmission to 

the gas density demonstrated a possible application of carbon nanotubes as gas sensor. 

5.5. Summary and Discussions 

In Figure 5-10c, while the data points are obtained through light transmission 

measurements, the analytical expression, 1-0.000024  was obtained through 

CCD measurements. The consistency between two independent measurements reveals 

the robustness of our methods.  

It is noted that any vibration/substrate movements under the flow may also 

cause the laser transmission to change. Control experiments carried out by shinning 

the laser spot on either bare quartz substrate or continuous CNT mats showed no 

dependence of the transmission intensity to the applied flow velocity. Furthermore, by 

laying the laser spot at the CNT mats-bare quartz interface which results in half of the 

spot passing through quartz and the other half on continuous CNT mats, the laser 

transmission was recorded as a function of flow velocity and it showed extremely 

weak dependence on flow velocity. The substrate movement under the upper limit of 

the applied flow velocity in this study (~65 m/s) contributes to a sample displacement 

~ 0.5 μm, which is < 20% of the measured deflection under the same flow velocity. 

Even though this effect of the sample movement/vibration on the measured 

transmission has been considered in the data presentation (included in the error, as 

shown in Figure 5-12), the actual effect is believed to be much lower due to the large 

coverage area of the beam spot on the CNT arrays. Hence, we could reasonably 

2
peak

U
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attribute the transmission change under the applied flow to the CNT deflections. We 

estimate the value of the moment of inertia, I, using the parallel axis theorem (

), to be ~ ~5x10
-24

 m
4
, for a 5 m x 5 m square mat. With a reported 

nanotube elastic modulus ~1 TPa, a flexural rigidity of ~5x10
-12

 Nm
2
 is calculated, 

four orders of magnitude higher, than found in the current work. To account for this 

discrepancy, we conducted
137

 compression tests of nanotube mats loaded normal to the 

tube axes (in the same direction as the drag, in this work), where we determined an 

elastic modulus of ~ 0.2 GPa. While van der Waals forces between the nanotubes 

within the mat could be operative, sliding between adjacent CNTs is also feasible. 

Consequently, a nanotube mat could be expected to exhibit a much lower resistance to 

deflection than a rigid array. Using the above elastic modulus (E) value, an EI ~1∙10
-15

 

Nm
2
 is obtained for 5 m x 5 m square pattern, in close agreement to our 

experimental results. Flexural rigidity (EI) values would be expected to transition from 

one extreme of a single, isolated nanotube to another extreme of a sufficiently large 

mat, where increasing mat size would provide no additional resistance to bending, due 

to the sliding of CNTs. 

 In this study, we have demonstrated two simple and consistent methods for 

measuring the deflection of patterned arrays of carbon nanotubes subject to drag force, 

due to fluid flow. By modeling the fluid flow across the nanotubes, numerical values 

for the flexural rigidity (EI) values, a quantity pertinent to mechanical deformation 

such as buckling and deflections were obtained. To our knowledge, this is the first 

time that the measurement of EI has been directly addressed.  



I  In  Andn
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With flow-deflection calibration, the experimental techniques presented in this 

work could be adapted as the basis for the characterization of nano-scale flow, for 

various applications including shear force sensors for boundary layer measurements, 

micro- and nano-fluidics, high sensitivity tactile sensing and gas sensing, which has 

been demonstrated in this study. 

Part of the content for this chapter was taken from the published journal article: 

C. Ni, C. Deck, K. Vecchio, P. R. Bandaru, “Optical Determination of Flexural 

Rigidity of Carbon Nanotube Ensembles”, Applied Physics Letters 92,173106 (2008). 

(The paper was selected for the Virtual Journal of Nanoscale Science & Technology, 

May 12, 2008). 
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Chapter 6. Anisotropic Optical Absorption Properties of 

Multi-wall Carbon Nanotubes 

6.1. Introduction 

6.1.1. Optical Absorption in Carbon Nanotubes  

The optical properties of carbon nanotubes (CNTs) have been intensively 

studied in the past few years, owing to their potential for many optical applications, 

such as field emission and lighting
138,139

. For examples, their constituent graphitic 

sheets have been seen to absorb visible light strongly, due to π-plasmon excitations
 140

 

and can then be used as conventional black paint. Indeed, the darkest black body with 

absorption efficiency > 99.95 % was demonstrated recently from a vertically aligned 

CNT sample
141

, surpassing the efficiency (of ~ 98 %)
142

 previously manmade darkest 

materials, a nickel-phosphorus alloy. Combined with a wide absorption spectrum 

(ranging from ~ 60 nm – 2500 nm)
143,144

, high mechanical strength, and thermal 

conductivity, CNTs are favored as coating materials for pyroelectric / thermal 

detectors
145

.  

Their one-dimensional morphology contributes to anisotropic optical 

absorption characteristics, where the absorption for electromagnetic radiation, with the 

electric field polarized parallel (co- / p- / TM- polarized) to the tube axis is larger than 

that for radiation perpendicular (cross- / s- / TE- polarized) to the axis. This 

anisotropic absorption property has also been manifested in polarized Raman 

spectroscopy
146

 and optical polarizers
147

.  
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6.1.2. Absorption Cross-section, Coefficient, and Absorbance 

While absorption efficiency ((I0-I)/I0, the ratio of the radiation being absorbed 

(I0-I, I is the transmitted radiation) to input radiation intensity (I0)) is useful in 

describing the absorption of materials, alternative quantities such as absorption 

coefficient / cross-section are more indicative of the intrinsic properties of the 

materials, and are independent of the materials geometry (e.g., thickness). 

The cross-section, for example, is used to describe the probability of collision 

of the incoming photons with the particles in the medium/sample
148

. It is proportional 

to the number of incident photons (N), the density of the particles in the medium (n), 

and also depends on the size of the interaction area. For example, when light passes 

through a medium, photons get absorbed/scattered upon collision. The change in the 

number of photons (dN) traveling in the medium over a distance dx follows dN/dx = - 

Nnσ, where σ takes into account the size of the particles and other variables (e.g., 

particle’s energy, mutual interactions) that effect the collision. Through  
𝑑𝑁′

𝑁′
=

𝑁

𝑁0

 𝑛𝜎𝑑𝑥
𝑡

0
, where N0 is the number of the input photons and t the thickness of the 

medium, the number of the photons transmitted N = N0 exp(-nσt). It is equivalent to I 

= I0 exp(-nσt) since the number of photons (N,  N0) is proportional to radiation 

intensity (I, I0). The quantity σ then has the units of [L
2
/particle], and is defined as 

absorption cross-section. The absorption coefficient (nσ) and absorbance (nσt) are 

then defined. It is noted that the absorption cross-section is independent of the 

medium density and thickness and is intrinsic to the material and its interaction with 

the incident photon. 
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Recently, Islam et al.149
 have studied the optical absorption cross-sections for 

single-walled CNTs (SWCNTs) and the approach was used as a quantitative measure 

of their degree of alignment. In this work, the cross-sections for vertically aligned 

multi-walled CNTs (VA-MWCNTs) for both co-polarized and cross-polarized 

radiations were measured and compared quantitatively with those reported for VA-

SWCNTs. A correlation was observed between the absorption cross-section 

anisotropy (||/; || for co- polarization and  for cross- polarization) and tube 

diameter. Li et al.150
 has investigated the polarized light emission from MWCNTs due 

to electrical current heating. Since, by Kirchhoff’s law of thermal radiation, the ratio 

between emissivity and absorptivity of a material is a constant for a body in thermal 

equilibrium, the optical absorption studies on MWCNTs can also shed light on the 

mechanisms of polarized light emission. The investigated VA-MWCNT diameter 

dependence of the absorption anisotropy provides insights into the origin of the 

anisotropic characteristics and affords a mean to control the CNT emission 

polarization, for possible nano-scale polarized light emitters. It was seen that the 

MWCNTs behave as semi-metallic materials
151,152

, with higher absorption cross-

sections than SWCNTs
153

, where absorption takes place only in the external layers, 

due to screening effect. 

6.2. Experiment 

Carbon nanotube mats comprising vertically aligned multi-wall carbon 

nanotubes (VA-MWCNTs) were synthesized on a quartz substrate via thermal 

chemical vapor deposition (TCVD). The CNT growth was carried out under a flowing 



92 

 

 

mixture of C2H2 (99.96% pure) and Ar (99.999% pure) of 30 sccm and 400 sccm, 

respectively, for 5 min. The catalyst is a 3 nm Fe film, deposited using electron beam 

evaporation at 10
-7

 torr. 

SEM images of the nanotube film revealed a uniformly aligned carbon 

nanotube forest with an average height L ~15 m (Figure 6-1a). Raman spectroscopy 

taken from the VA-MWCNTs has a IG/ID ratio > 2. TEM images indicated the tube 

diameters ~20 nm (Figure 6-1b). 

The polarization properties were investigated using the experimental setup 

illustrated in Figure 6-1c. Light (473 nm/633 nm) from a linearly polarized laser was 

shone onto the VA-MWCNT sample (at an angle ; 0 <  < π/2), where , the 

substrate tilt angle, is defined as in Figure 6-1c. The transmitted intensity was 

analyzed by a polarizer, before being collected by a photodetector. The optical path 

length t (sample thickness) is hence L / (cos θ). The measurements were conducted in 

the co-polarized (electric field parallel to the plane of incidence – Figure 6-1d) and 

cross-polarized (electric field perpendicular to the plane of incidence – Figure 6-1e) 

configurations. 



93 

 

 

 

Figure 6-1 (a) SEM images taken at 45° from substrate normal showed lengths of 

MWCNT ~ 15 μm. (b) TEM images revealed the average diameter of the tube 

to be ~ 20 nm. (c) Schematic of experimental setup of the absorption 

measurements and (d) co-polarized absorption and (e) cross-polarized 

absorption configurations. 

 

6.3. Results and Analysis 

6.3.1. Absorption Measurements 

Figure 6-2a shows the measured transmitted intensity dependence of the VA-

MWCNT film for co- and cross-polarized radiation of wavelengths 473 and 633 nm as 
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a function of substrate tilt, θ. The higher transmission for (i) cross-polarized radiation 

compared to the co-polarized case, and (ii) higher wavelength radiation is to be noted. 

The reason for (i) is attributed to the lower optical absorption for cross-polarized 

radiation, due to electric-field-induced depolarization from the nanotube cross 

section
154

. When the nanotube is illuminated with cross-polarized radiation (with 

electric field, E
cr

), an induced current builds up local charge density on the CNT 

surface. The charges give rise to a local depolarization field (Ed), opposing the applied 

electric field, and yielding a reduced total effective field (Eeff = E
cr

 + Ed). This 

reduction leads to a reduced equivalent conductivity, and lowers optical absorption. 

Such local field suppression does not occur when the electric field is parallel (i.e. the 

co-polarized configuration) to the nanotube, as the induced charges occur only at the 

end of the tubes, if the tube length is much greater than its diameter so Ed is negligible. 

The reduced transmission for shorter wavelength radiation (ii) has also been observed 

in SWCNTs by many groups
149,153

. For instance, Electron Energy Loss spectroscopy 

(EELS) measurements on SWCNTs revealed the absorption peaks at 4.2-4.5 eV and 

~5.2 eV, due to surface and bulk π-plasmon excitations, respectively
155

. Based on the 

fact that these two peaks are observed on the same positions (in eV) regardless of the 

diameter or preparation method of SWCNTs, it is deduced that the observed peaks 

originate from the graphitic plane, and can also occur in MWCNTs. 
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Figure 6-2 (a) Transmitted intensity of 633 and 473-nm lasers for both co- and cross-

polarized radiations. The angle  was changed from 0° to 50° in 5° step. (b) 

The absorbance is derived from the transmission, and shows that the 473-nm 

radiation has higher absorbance for both polarizations. The cross-polarized 

absorbances for both wavelengths are modulated by (cosθ)
-1

 while co-polarized 

absorbance shows higher values. (c) The absorbances normalized with (cosθ)
-1

 

are plotted, and are (d) related to Λ
cr

 and f(θ) (proportional to sin
2 θ). It is 

noted that the absorbance of 473-nm radiation is lower than that predicted at 

large θ due to light leakage when the CNT sample size is not sufficient to 

cover the light spot (1.5 – 2 mm), This was not seen for 633-nm radiation since 

the light spot was sufficiently small (< 1 mm), in this case. 

The existence of absorption peaks at higher energy region is manifested 

through the observed higher absorption (lower transmission) for 473-nm (2.6 eV) 

radiation compared to the 633-nm (1.9 eV) radiation, measured in MWCNTs. 
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Based on the linear relationship of absorbance (nσt) to the CNT sample 

thickness t, where t = L / (cos θ), the measured absorbance, nσL/(cos θ), is thought to 

be proportional to (cos θ)
-1

. However, this relationship only applies to the measured 

cross-polarized absorbance but not for co-polarized cases, due to the orientation of the 

electric field with regard to the nanotube (Figure 6-2b). It is then reasonable to assume 

that the normalized co-polarized absorbance Λ
co

 is related to the normalized cross-

polarized absorbance (independent of θ), through Λ
co

 (θ) = Λ
cr

 + f(θ), as shown in 

Figure 6-2c. To determine f(θ), the effect of the incident orientation of the light is 

taken into account. At θ = 90  ̊, when the radiation is incident perpendicular to the 

length of the CNTs, one expects the electric field E
co’

, which follows E
co’

 = E
co

 (sin θ), 

to reach its maximum, which can be related to an intensity proportional to sin 
2θ. Such 

maximal intensity would results in an increased absorbance (or absorption cross-

seciton) and leads to our assumption that f(θ) is linearly proportional to sin
2θ, as seen 

in Figure 6-2d. 

Such correlation is in good agreement with the measurements and theoretical 

simulations (which predicts Λ proportional to E
2
) of Murakami et al153

, who studied 

the anisotropic polarization of SWCNTs. By extrapolating the measured absorbance to 

θ = 90 ̊, Λco
(θ = 90º) for both 473 and 633 nm radiations were derived, from Figure 

6-2d, and the quantities (along with Λ
co

 (θ =0º)) are listed in Table 6-1. Λ
co

(θ = 90º) is 

also defined as Λ||’ and Λ
co

(θ = 0º) as Λ’. 
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Table 6-1 A list of the co-polarized absorbance for θ = 90º, Λ
co

(θ = 90º), and 0º, Λ
co

 (θ 

= 0º), for both 473 nm and 633 nm radiations. 

 Λ
co

 (90º) = Λ||’   Λ
co

 (0º) = Λ’ 

473 nm 14.9 8.1 

633 nm 11.7 6.1 

 

6.3.2. Determination of Degree of Alignment 

With a perfectly aligned nanotube mat, the absorption cross-sections σ, for 

either the parallel (σ||) or perpendicular (σ) radiation configuration, can be derived 

through Λ|| = nσ||t and Λ = nσt, respectively, with known CNT density n and 

effective thickness t. The notation Λ|| and Λ are defined for perfectly oriented 

nanotubes, that is  𝜑 = 0 where υ is the polar angle between the nanotube axis and 

substrate normal, while Λ||’ and Λ’  refer to disorderly aligned orientation,  𝜑 ≠ 0. 

Since the perfectly vertical CNT mats are unrealistic, the degree of alignment needs to 

be taken into account. To infer the alignment, a Gauss-Boltzmann distribution P(), 

with a variable parameter (A) was used
156

, 

 

P()  has a maximum probability at υ = 0  ̊, as illustrated in Figure 6-3. 


P() 
exp(A  sin2)

exp(A  sin2)d(sin)
1

1
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Figure 6-3 Schematic shows the distribution/degree of alignment (through the angle υ) 

of nanotubes tubes in vertically-aligned multiwall carbon nanotube (VA-

MWCNT) mats, which follows a Gauss-Boltzmann type distribution. 

An incident radiation though a CNT can be described through E = E|| + E (E|| 

= 𝑖  |E | cos() and E = 𝑗  |E |sin()), where  is the angle between the polarization of 

radiation and nanotube axis. Since it was measured that the CNT absorbs co-polarized 

radiation ~ 500 times (exp(Λ
co

 – Λ
cr

) = exp(14.9 – 8.1)) more than the cross-polarized 

radiation, this implies the total transmitted electric field is expected to be close to ~ 

E, hence E ~ E. The transmitted intensity (I ~ |E|
2
) is related to I() = Io sin

2
, 

where I0 = |E|
2
. With a perfectly aligned CNT sample, one can expect I(0°) = I(180°) = 

0, implies minimum transmission (related to E) while I(90°) = (270°) is the maximal 

transmission (related to E||~ 0). 

Figure 6-4a illustrates the simulated distribution P(), as a function of A. To 

predict the transmitted intensity I as a function of polarization angle , the distribution 
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of CNT alignment was considered. For example, if a CNT mat consists of three 

nanotubes with misalignment υ = 0°, -20°, and +10°, the measured transmitted 

intensity from each nanotube, for incident radiation  = 0°, is 0, 0.25, and 0.05, 

respectively (solid curve in Figure 6-4b, simulated using A = infinity for perfectly 

aligned CNT mats). The expected transmitted intensity is then approaching 0.1 (= (0 + 

0.25 + 0.05)/3, assuming equal probability (1/3) for the three nanotubes). The average 

transmitted intensity  𝐼(𝛼)  at each  was simulated, by convoluting P() with the 

transmitted intensity curve  (I(), solid curve in Figure 6-4b) through  𝐼 𝛼  =

 𝑃(𝛽 − 𝛼) ∙ 𝐼(𝛽)2𝜋
𝛽=0 , and the simulated  𝐼(𝛼)  as a function of A is illustrated in 

Figure 6-4b.  

An average transmission intensity  𝐼(𝛼)  was then estimated from the best fit 

to the measured transmitted intensity, and the parameter A was derived to be ~ 80, for 

our sample (Figure 6-4c). 
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Figure 6-4 (a) Simulated Gauss-Boltzmann type distribution as a function of single 

parameter A and misalignment υ. (b) The simulated transmitted intensity, 

convoluted by P(, A), show an enhanced maximum/minimum ratio with the 

increase in tube alignment (by A ↑).(c) The transmitted intensity has a 

minimum corresponding to the polarization of incident radiation parallel to 

CNT orientation ( = 0°). The variable A was derived, from the best fit of the 

curve, to be ~80. 

 

6.3.1. Bare Absorption Cross-Sections 

While σ|| and σ were defined for perfectly oriented MWCNTs, < υ > = 0, a 

different cross-sectional interpretation is necessary. The cross-sections derived from 
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the measured absorbance Λ||’ and Λ’  are expressed, in the parallel case, as η|| and in 

the perpendicular case, as η, through
149
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The nematic order parameter, S defined through  𝑃 𝜑  
3cos2𝜑 − 1

2
  𝑑(cos𝜑)

1

−1
, 

is essentially a macroscopic concept used here to describe an averaged ordering over a 

region containing a large number of rod-like structures (e.g., CNTs)
157

. As shown in 

Figure 6-5, S ranges from one (for perfectly aligned CNTs) to zero (for 

random/isotropically aligned CNTs) and is completely determined by the variable A 

(in P()). S was then derived to be ~ 0.82 (for A ~ 80). 
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Figure 6-5 Plot of nematic order parameter S as a function of variable A.  



102 

 

 

In the above, the cross-sections of VA-MWCNT mats for co- polarized light (

) and cross-polarized light ( ) were determined through Λ||’ =  nL and Λ’ = 

nL, where L is 15 μm, Λ||’ and Λ’ were calculated (refer to Table 6-1). n is 

estimated by the following steps: First, assuming a hexagonal basis (unit cell), the area 

occupied by each atom is 
1

2
∙  

 3𝑎2

4
 ∙ 6 = 2.6 Å

2
. The atomic density, with a 3.4 Å 

spacing between successive nanotubes, is 
1

2.6 (Å2)
∙

1

3.4 (Å)
= 0.113 atom/Å

3
. According 

for the inner core of the nanotube (~ 10 nm), the total density of the carbon atom is 

approximately 0.113 (atom/Å
3
)∙  1 −

𝜋
4  102 

𝜋
4  202 

 = 0.085 atom/Å
3
. However as the 

nanotube are arranged ~200 nm apart, the effective atom density becomes 0.085 

(atom/Å
3
) ∙

𝜋

4
(202)

200 2
 ~ 6.7·10

-4
 atom/Å

3
 ~ 1.1·10

-3
 mole/cm

3
. 

The absorption cross-sections (|| and ) and the degree of linear polarization 

(DLP = 
𝜎||−𝜎

𝜎||+𝜎
) were calculated and listed in Table 6-2. The quantities for SWCNT

153
 

are also listed for comparison. It is noted that the optical absorption cross-sections of 

the VA-MWCNTs were then seen to be ~ 10 times larger than those of SWCNTs. The 

DLP for the MWCNTs is then ~ 35% smaller than that of the SWCNTs. 

Table 6-2 A list of the co- (σ||) and cross- (σ) absorption cross-sections and the degree 

of linear polarization (DLP) for MWCNTs and SWCNTs, at the wavelengths 

of 473, 633 (for MWCNTs), and 550 nm (SWCNTs
153

). 

Type Wavelength (nm) ||  DLP 

MWCNT 
473 0.117 0.062 0.31 

633 0.098 0.047 0.35 

SWCNT 550 0.014 0.003 0.55 



||







||
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6.3.2. Tube Diameter Dependence of Polarization 

To study the correlation between the degree of linear polarization (DLP) and 

the tube diameter of VA-MWCNTs, the absorbance for VA-MWCNTs grown from 

the catalyst film (Fe) of different thicknesses (1.2, 2.8, and 5.5 nm) were measured. As 

shown in Figure 6-6a, the absorbance anisotropy (=Λ
co

 /Λ
cr

) monotonically increases 

with sin
2θ, and decreases with the increase in the catalyst film thickness. As the 

diameter of CNT (d) shows a linear correlation with the catalyst film thickness 

D158,159
, it can be deduced that Λ

co
 /Λ

cr
 decreases with increasing CNT diameter. The 

|| / and DLP show a similar trend (Figure 6-6b).  

While the correlation between the optical absorption and tube diameter of CNT 

has not yet been resolved
160

, the depolarization effects (Ed) can be used to give a 

qualitative interpretation of the correlation, between absorption cross-section 

anisotropy (|| /) and the tube diameter (d). For cross-polarized radiation, the 

depolarization effect is relaxed as tube diameter increases (Ed ~ 1/d), due to a reduced 

local charge density, resulting in  increasing with an increase in d, through  ~ 1/ 

Ed ~ d. On the other hand, this depolarization effect does not occur for co-polarized 

radiation which leads to || independent of Ed. The absorption cross-section (|| / ~ 

Ed ~ 1/d) is then derived to be inversely proportional to tube diameter d.  
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Figure 6-6 (a) The curve fitting of absorbance ratio measured from MWCNTs mats 

grown with 1.2, 2.8, and 5.5-nm Fe film, showing 
co 

/ 
cr

 increases with the 

increase in the film thickness. (b) Absorption cross-section anisotropy and 

degree of linear polarization (DLP) calculated and plotted against the catalyst 

film thickness. Scanning electron microscopy (SEM) of MWCNT mats grown 

from (c) 1.2 nm, (d) 2.8 nm, and (e) 5.5 nm Fe film. 

Since a MWCNT is composed of many SWCNTs arranged coaxially, it is easy 

to attribute || of a MWCNT to the summation of those of the constituent SWCNTs, 

leading to || as well increasing with d. When the screening effect is taken into 

account, as MWCNT is normally considered as metallic
161,162

 the || of a MWCNT is 
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then only due to the external layer. Such correlation was also supported by the study 

on the thermal properties of MWCNT by Yi et al163
, which indicates weak interwall-

coupling in MWCNT. 

6.3.3. CNT Mats for Light Polarizer Applications 

It was demonstrated that VA-MWCNT mats can be used as light polarizers. In 

one experiment, the incident polarization was oriented at 45 so that both the co-

polarized and cross-polarized light have the same magnitude of the electric field (E
co

 = 

E
cr

 = E/√2). The transmitted radiation was then measured as a function of polarizer 

angle δ, with the substrate angle θ varied from 0 – 50º.  

 

Figure 6-7 The illustration shows the variation of the transmitted elecric field, with 

increasing substrate tile angle (θ). The polarization of the incident radiation, set 

at 90, was decomposed into E
cr

 and E
co

, oriented at 45 and 135. A clear shift 

in the transmitted polarization is due to a faster reduction in E
co

 compared to 

E
cr

, as θ increases (The minimum transmission θ → 0). 

As the co-polarized transmitted intensity is less than the cross-polarized 

intensity, the ratio of transmitted intensities Ico
 to Icr

 decreases with an increase in , as 
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shown in Figure 6-2a, which results in a shift of total transmitted radiation. The 

principle is shown in Figure 6-7. 

 

Figure 6-8 (a) Measured intensity as a function of polarizer angle δ shows the decrease 

in transmission and a shift in peak with the increase in substrate tile angle θ. 

(b) The normalized intensity from (a) shows a clear shift to 45°. (c) The 

measured peak shift was compared with calculated peal shift from absorption 

measurement and shows a good match with each other. 

Figure 6-8 show the measured transmitted intensity shifts as a function of 

substrate tile angle θ. The shift is in good agreement with the theory illustrated in 

Figure 6-7, and decreases from 90 to ~ 45, with increasing θ (Figure 6-8a, b). These 

measured shifts were compared with those calculated from the transmitted intensities 

(Figure 6-2a) measured for co- and cross- polarization, through 45 - tan
-1

(Icr 
/ Ico

), as 

in Figure 6-8c. The data were in good agreement and support our reasoning. 
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6.4. Discussion 

Quantitative determination of the absorption cross-sections for co- and cross-

polarized radiation for VA-MWCNT mats has been obtained for the first time. 

Compared with SWCNTs, the higher values observed in VA-MWCNTs for both 

polarization configurations are attributed to the larger tube diameters of the 

MWCNTs, due to higher surface conductivities giving rise to greater absorption. The 

higher absorption cross-section of MWCNTs makes them a better candidate for 

applications requiring high absorptivity, such as pyroelectric detectors, EMI shielding, 

etc.  Additionally, the absorption anisotropy (|| / ) was found to decrease with 

increasing CNT diameter, and could be explained as due to depolarization effect. Such 

tube diameter-optical anisotropy correlation also provides a way to control the degree 

of linear polarization (DLP) of the absorptivity/emissivity of CNTs, for use in nano-

scale polarized emitters. Additionally, the possibility of VA-MWCNT mats for light 

polarization was shown.  
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Chapter 7. Summary of Dissertation 

In this dissertation, a detailed study of the electrical, optical, and mechanical 

properties of zero- (single Mn12 acetate molecule) and one-dimensional (carbon 

nanotube) structures was accomplished. 

(1) In the study of Mn12 acetate, the electrical transport properties were measured 

through a nano-junction based approach. The nanometer size gaps for probing 

molecular conduction in the Mn12-Ac molecule can exquisitely probe single electron 

transport and is amenable to batch synthesis for large scale nanoelectronics. Enhanced 

differential conductance (G = dI/dV) ~ 77 µA/V (close to 2e
2
/h) was observed ina 

single Mn12-Ac molecule. This is the first time that such large values for G through an 

organometallic molecular system has been seen, revealing the possible use of single 

molecular magnet (SMM) based systems as conducting wires in addition to 

information storage.  

(2) A thermal chemical vapor deposition (CVD) system was fabricated as a part of 

this dissertation and the synthesis of multi-wall carbon nanotubes (MWCNTs) was 

investigated using various growth conditions/parameters (e.g., growth temperature, the 

flow rate of hydrocarbon feedstock, types of substrates, and temporal evolution). The 

growth results indicate that deactivation of the catalyst could occur during the growth, 

due to the excessive supply of hydrocarbon. An optimal growth process was proposed 

to achieve longer CNT growth.  
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(3) In the study of electrical transport properties of functionalized single-wall 

carbon nanotubes (SWCNTs), an alternate way for nanotube doping was 

demonstrated, which involves the selective addition of functional groups to single-

walled CNTs. The dodecyl-functionalized SWCNTs showed a suppressed p-type 

behavior, and the hysteresis loop in ISD – VG was eliminated.  The phenyl-

functionalized SWCNTs, on the other hand, are hole doped donor and do not affect the 

transport behavior of intrinsic p-type SWCNT. By selectively functionalizing 

SWCNTs, a precise level of nanotube doping (proportional to the number of attached 

molecules) was seen to be possible. Additionally, the influence of the electrode on the 

electrical characteristics could be eliminated through selective attachment of designed 

functional groups. 

(4) In the study of the flexural rigidity of MWCNT bundles, two simple and 

consistent methods for measuring the deflection of nanotubes subject to drag force, 

due to fluid flow, were demonstrated. By modeling the fluid flow across the 

nanotubes, numerical values for the flexural rigidity (EI) values, a quantity pertinent to 

mechanical deformation such as buckling and deflections was obtained for the first 

time. The potential for the use of CNT-based flow sensors, for fluid velocity and/or 

gas detection, was also demonstrated. 

(5) In the investigation of CNT optical properties, a quantitative determination of 

the absorption cross-sections for co- and cross-polarized radiation for vertically-

aligned MWCNT (VA-MWCNT) mats was obtained for the first time. Compared with 

SWCNTs, the higher values observed in VA-MWCNTs for both polarization 

configurations are attributed to the larger tube diameters of the MWCNTs, due to 
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higher surface conductivities and greater absorption. The higher absorption cross-

section of MWCNTs makes them more suitable for applications requiring high 

absorbance, such as pyroelectric detectors, EMI shielding, etc.  Additionally, the 

absorption anisotropy (|| / ) was found to decrease with increasing CNT diameter, 

and could be explained as due to depolarization effects. Such tube diameter-optical 

anisotropy correlation also provides a way to control the degree of linear polarization 

(DLP) of the absorption/emission of CNTs, for the use in nano-scale polarized 

emitters. 
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