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Abstract 

Carbon nanotubes (CNTs), discovered by Ijima in 1991, are one of the allotropes 

of carbon, and can be described as cylinders of graphene sheet capped by hemi-

fullerenes. CNTs have excellent electrical, mechanical, thermal and optical properties and 

very small size. Due to their unique properties and small size, CNTs have a great 

potential for use in electronics, medical applications, field emission devices (displays, 

scanning and electron probes/microscopes) and reinforced composites. CNTs can be 

grown by different methods from a number of carbon sources such as graphite, CO, 

C2H4, CH4 and camphor. Under certain conditions, a metallic catalyst is used to initiate 

the growth. The three main methods used to grow CNTs are: Arc-discharge, laser 

ablation (LA) and chemical vapour deposition (CVD). In the present work CNTs were 

grown from a mixture of camphor (C10H16O) and ferrocene (C10H10Fe) using Chemical 

Vapour Deposition (CVD) and argon was used as a carrier gas. The iron particles from 

ferrocene acted as catalysts for growth. The substrates used for the growth of CNTs were 

crystalline Si and SiO2 (Quartz) placed in a quartz tube in a horizontal furnace. Several 

parameters have been found to affect the CNT growth process. The effects of three 

parameters: growth temperature, carrier gas (Ar) flow rate and catalyst concentration 

were investigated in the present work in order to optimize the growth conditions with a 

simple and economical CVD setup. The samples were characterized using electron 

microscopy (EM), thermogravimetirc analysis (TGA), Raman and FTIR spectroscopy 

techniques.  It was found that the quality and yield of the CNTs were best at 800°C 

growth temperature, 80sccm flow rate and 4% catalyst concentration. 
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Chapter 1  
 

INTRODUCTION 
 
1.1 Carbon 

The element Carbon belongs to group IV in the periodic table and has an atomic 

number of 6. Elemental carbon occurs in different solid forms. The stable low pressure 

and low temperature phase is called graphite, whose structure consists of planar 

hexagonal networked layers of carbon atoms. The high pressure and high temperature 

form of carbon is called diamond, which consists of tetrahedral network of carbon atoms 

forming a face centered cubic (f.c.c.) lattice. A closed cage form is called a fullerene and 

a tubular form is called a carbon nanotube. The phase diagram of carbon is shown in Fig. 

1.1. A carbon atom has six electrons; two of them fill the 1s orbital and the remaining 

four electrons fill the sp3, sp2 or sp hybrid orbital.  Diamond has sp3 hybrid orbitals which 

make four equivalent σ covalent bonds to connect to four other carbon atoms and form 

the tetrahedral structure.  The electrons within diamond are tightly held within the bonds 

among the carbon atoms. Diamond absorbs light in the ultraviolet region but not in the 

visible or infrared region, so pure diamond appears clear to human eyes.  In graphite, 

three outer-shell electrons of each carbon atom occupy the planar sp2 hybrid orbital to 

form three in-plane σ bonds, and one electron makes an out-of-plane π bond. This makes 

a planar hexagonal network of carbon atoms. Parallel hexagonal networks of carbon 

atoms are held together at certain spacing by the van der Waals force. The weak van der 

Waals interaction among graphite sheets makes graphite soft and ideal as a lubricant 

because the sheets can easily glide over each other. Graphite is stronger in-plane than 



  
 

 

d

an

ca

1

gr

ta

co

g

                     

iamond (due

nd electrical

auses the gra

Figure

.2  Carbon
 

A carb

raphite shee

akes place d

ompensation

ives the nan

                    

e to strong σ

lly conducti

aphite to app

e 1.1 The pha

n Nanotub

bon nanotub

ets. Chemica

due to curvat

n, the π orb

notubes extr

                    

σ bonds) and

ve. The loo

pear black [1

ase diagram o

bes (CNTs

be (CNT) ca

al bonding in

ture, causing

bital is more

raordinary el

                    

d because o

se π electro

1,2].  

              

f carbon mate

 

) 

an be viewed

n nanotubes 

g the three σ

e delocalized

lectronic, m

                    

f the out-of-

on absorbs li

.  

erials, reprint

d as a hollow

is sp2, howe

σ bonds to sl

d outside th

mechanical, c

               1  I

f-plane π bon

ight in the v

ed with perm

w cylinder f

ever rehybrid

lightly shift 

he tube. Thi

chemical, th

INTRODUCT

nd it is therm

visible range

 

mission [4]. 

formed by ro

dization of b

out of plane

s rehybridiz

hermal, magn

TION 

 
2 

mally 

e and 

olling 

bonds 

e; for 

zation 

netic, 



  
 

 

an

m

al

th

(C

sp

w

sh

                     

nd optical p

more conduc

llows for top

he hexagona

C60) is a clo

phere whose

with more re

hown in Fig

Figure

                    

roperties an

ctive, and ch

pological de

al network, t

osed cage str

e surface con

hybridizatio

. 1.2(a).  

  
e 1.2 Bonding

with per

                    

nd makes the

hemically m

efects, such 

to form cap

ructure made

nsists of 20 h

on character 

g structures o
rmission [2]. 

                    

em mechanic

more active t

as pentagon

pped bent, to

e up of 60 a

hexagons an

because of 

  
of diamond, g

                    

cally stronge

than graphit

ns and heptag

oroidal and 

atoms of car

nd 12 pentag

high curvatu

graphite, nano

               1  I

er, electrical

te. This reh

gons, to be i

helical nano

rbon in the f

gons. The bo

ure [2].  All

otubes, and fu

INTRODUCT

lly and therm

ybridization

incorporated

otubes. Fulle

form of a ho

onding is als

l these form

       

ullerenes, repr

TION 

 
3 

mally 

n also 

d into 

erene 

ollow 

so sp2 

ms are 

rinted 



  
 

 

fu

o

M

st

th

   

w

ar

d

in

p

re

                     

Carbo

ullerenes. CN

f a single w

MWCNT is f

tructures, as

hey are calle

                

Figure

More 

well defined

rmchair, zig

escribed (ex

n a planar g

ointed from

elation: 

                    

on nanotubes

NTs can be 

wall of graph

formed from

s shown in F

ed carbon nan

 

a 

e 1.3 (a) Gra
sheet, 
MWC

research ha

d and simpl

gzag and c

xcept for the

raphene she

m the first a

                    

s were disco

single wall

hene sheet w

m 2 to severa

Fig. 1.3. MW

no fibers (CN

aphical repres
reprinted w

CNT. 

as been done

le structure

chiral as pr

ir length) by

eet are chose

atom toward

                    

overed in 19

(SW) or mu

with one ato

al tens of gra

WCNTs hav

NFs) [8].  

             

 

sentations of 
with permiss

e on single 

. SWCNTs

esented in 

y a single ve

en and one i

d the second

                    

91 by Iijima

ulti wall (MW

omic layer ro

aphene sheet

ve diameters

                    

 b

morphologie
sion [2], (b)

wall nanotu

 have three

Fig. 1.3(b)

ector C (calle

is used as o

d one (Fig.

 SWCNT 

               1  I

a [3] while e

W). A SWCN

olled to form

ts rolled into

s up to 100n

      

b  

es projected f
) schematic 

ubes (SWCN

e basic geo

. SWCNTs

ed chiral vec

origin. The c

1.4) and is

 
  MWCNT

INTRODUCT

experimentin

NT consists

m a tube wh

o concentric

nm, above w

from the grap
of SWCNT

NTs) due to 

ometrical fo

 are compl

ctor). Two a

chiral vector

s defined by

T 

TION 

 
4 

ng on 

 only 

hile a 

c tube 

which 

phene 
T and 

their 

orms; 

letely 

atoms 

r C is 

y the 



                                                                                                                         1  INTRODUCTION 
 

 
5 

 

C = na1 + ma2    (1) 

Where n and m are integers, a1 and a2 the unit cell vectors of the two-dimensional 

lattice formed by the graphene sheets. The direction of the nanotube axis is perpendicular 

to this chiral vector [5]. 

 

Figure 1.4 Chiral vector C and chiral angle θ definition for a (2, 4) nanotube on graphene 
sheet a1 and a2 are the unit cell vectors of the two-dimensional hexagonal 
graphene sheet. The chiral angle θ is the angle between the chiral vector C and 
the zigzag axis, reprinted with permission [5]. 

 

The length of the chiral vector C is the circumference of the nanotube and is given 

by the corresponding relationship: 

c = |C| = a (n2 + nm + m2)1/2   (2) 
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where a is the length of the unit cell vector a1 or a2. This length a is related to the carbon-

carbon bond length acc by the relation: 

a = | a1| = | a2| = acc 3    (3)  

For graphite, the carbon-carbon bond length is acc = 0.1421 nm. The same value is 

often used for nanotubes. 

 Using the circumferential length c, the diameter D of the carbon nanotube is thus 

given by the relation: 

D = c/π     (4) 

and the chiral angle θ  (angle between the chiral vector and zigzag axis joining the carbon 

atoms) can be defined by: 

)
2
3 m(tan 1

nm +
= −θ

   (5)  

Nanotubes are described by the pair of integers (n,m) which is related to the chiral vector. 

The value of (n,m) determines the chirality of the nanotube that affects the optical, 

mechanical and electronic properties. Three types of CNTs are revealed with these 

values: 

when n = m, the nanotube is called “armchair” type (θ = 0◦) 

when m = 0, then it is of the “zigzag” type (θ = 30◦) 

otherwise, when n ≠ m, it is a “chiral” tube and θ takes a value between 0◦ and 30◦. 

Nanotubes with |n − m| = 3 (where q is an integer) are metallic and those with |n − m| = 

3q ± 1 are semiconducting. The terminating cap of nanotube is formed from pentagons 

and hexagons. The smallest cap that fits on to the cylinder of the carbon tube is the C60 

hemisphere [5]. 
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1.3 Properties and Potential Application of Carbon nanotubes  
 

CNTs consist of only one element, i.e. Carbon. This chemical simplicity allows 

physical properties to be calculated in detail for comparison with experimental results. 

The electronic properties of CNTs are unique in the way that the presence or absence of 

an energy gap depends on the way in which the carbon hexagons match up around the 

circumference of the tube. CNTs can be made to have either metallic or semiconducting 

properties by altering the tubes’ geometrical structure (chirality) without adding any 

dopant into the system. Electronic and structural properties of carbon nanotubes are 

determined to a large extent by their nearly one dimensional structure [8]. CNTs have 

received a lot of attention and numerous ideas for their applications have been proposed 

since their discovery. Thanks to their remarkable physical properties, such as their high 

Young’s modulus, high electrical conductivity and high aspect ratio. The potential 

applications of CNTs include: electronics (transistors, wires, interconnects), opto-

electronics (light-emitting diodes, lasers), sensors, field emission devices (displays, 

scanning and electron probes/microscopes), batteries/fuel cells, fibers, reinforced 

composites, medical and biological applications, and hydrogen storage [9]. 

The most important properties of CNTs and some of their potential applications are stated 

below: 

Electronic properties: Electronic properties of CNTs have received the greatest 

attention because of their high electrical and thermal conductivities. Depending on their 

chiral vector, carbon nanotubes with a small diameter are either semi-conducting or 
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metallic. The differences in conducting properties are caused by the molecular structure 

that results in a different band structure and a different band gap [6]. 

Optical properties: Defect-free nanotubes, offer direct band gap and well-

defined band and sub-band structure, which are ideal for optical and optoelectronic 

applications. Optical spectra have been established for individual SWCNTs using 

fluorescence, and ultraviolet to the near infrared (UV-Vis-NIR) spectroscopic techniques. 

Theoretical studies have revealed that the optical activity of chiral nanotubes disappears 

if the nanotubes become larger [6]. Dai et al. [9] used the optical absorbance properties of 

SWCNTs to demonstrate the selective destruction of cancer cells. Cancer cells have 

many surface receptors for folate, so by noncovalently functionalizing SWCNTs with 

folate, SWCNTs were able to enter cancerous cells but not the receptor-free healthy ones. 

Near-infrared (NIR) light is harmless to the body, but with radiation from a NIR laser, the 

cells that internalized SWCNTs heated up to 70°C in two minutes and resulted in cell 

death. 

Mechanical properties: Carbon nanotubes have a very large Young modulus in 

their axial direction. Sigma (σ) bonding is the strongest in nature, and thus a nanotube 

that is structured with all σ bonding is regarded as the ultimate fiber with the strength in 

its tube axis. Both experimental measurements and theoretical calculations agree that a 

nanotube is as stiff as or stiffer than diamond with the highest Young’s modulus and 

tensile strength. Most theoretical calculations are carried out for perfect structures and 

give very consistent results [19].  

In general, various types of defect-free nanotubes are stronger than graphite. This 

is mainly because the axial component of σ bonding is greatly increased when a graphite 
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sheet is rolled to form a tube. The Young’s modulus is independent of tube chirality, but 

dependent on tube diameter. The Young’s modulus for MWCNT is higher than a 

SWCNT, typically 1.1 to 1.3 TPa, determined both experimentally and theoretically. 

When many SWCNTs are held together in a bundle or a rope, the weak van der Waal 

force induces a strong shearing among the packed SWCNTs which decreases the 

Young’s modulus. It is shown experimentally that the Young’s modulus decreases from 1 

TPa to 100 GPa when the diameter of a SWCNT bundle increases from 3 nm to 20 nm. 

The elastic response of a nanotube to deformation is also very remarkable. Most hard 

materials fail with a strain of 1% or less due to propagation of dislocations and defects. 

Both theory and experiment show that CNTs can sustain up to 15% tensile strain before 

fracture [2 and reference therein].  

Chemical properties: The chemical reactivity of a CNT (compared with a 

graphene sheet) is enhanced as a direct result of the curvature of the CNT surface. Carbon 

nanotube reactivity is directly related to the pi-orbital mismatch caused by an increased 

curvature, so a smaller nanotube diameter results in increased reactivity. Open ends of the 

tube are also chemically reactive. Chemical modifications of either sidewalls or end caps 

have been reported. The modification of CNT is promising for use in applications such as 

sensors, polymer-CNT composites and coatings [6]. 

Thermal properties: CNTs have high thermal conductivity along the tube axis. 

The high thermal conductivity along the tube axis is shown in Fig. 1.5a. This allows for 

the use of CNTs in thermal management like, for instance, on chip cooling, as shown in 

Fig. 1.5b. The vertically aligned MWCNTs conduct heat along the length of the tube.  
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CNT-based AFM Tips  

AFM probes are usually made of micro machined silicon cantilevers with 

integrated pyramidal tips. Such tips have a typical radius of about 10 nm. CNT-based 

supertips with superior characteristics (stability, resolution, lifetime, mechanical strength) 

can overcome the limitations of micro-machined silicon tips. 

 

 

 

 

 

 

 

Figure 1.6 Comparison of AFM tips (without and with CNT). 

 

Fuel Cell and Hydrogen Storage:  

The strong capillarity of CNTs due to their tubular shape, together with their high 

surface/weight ratio, make CNTs ideal for gas adsorption, and hence for fuel cell and 

hydrogen storage applications [2]. For many applications, the availability of ensembles of 

CNTs with uniform diameters, length, and electronic properties is important, e.g. for 

electric leads, metallic CNTs are needed, but transistors require semiconducting tubes. To 

date there is no existing CNT synthesis method that sufficiently allows the control over 

length, diameter, or the electronic properties of the CNTs. 

Incorrect trajectory 
using silicon tip 

Correct trajectory 
using CNT tip 

CNT 
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Chapter 2 
 

 

CARBON NANOTUBES SYNTHESIS METHODS 

 

Carbon nanotubes (CNTs) can be synthesized from a carbon source such as 

graphite (solid pure carbon source) or from a number of organic compounds (precursors) 

by their decomposition in an inert environment. In order to arrange carbon atoms to form 

a CNT, some source of energy is required. There are different methods to impart energy 

to carbon atom and to provide an environment so that they can bond together to form 

CNTs.  The major methods presented in the literature are discussed below. 

 
2.1 Arc Discharge Synthesis 

The carbon arc discharge method, initially used to produce C60 fullerenes, is the 

first recognized method for the growth of both SWCNTs and MWCNTs [7].  In this 

method, two graphite rods (anode and cathode) are used as electrodes and He or Ar gas is 

introduced to produce an inert atmosphere. A low-voltage (~12 to 25 V) and high-current 

(50 to 120 amps) power supply is connected to the electrodes. As the rods are brought 

close together, an arc is produced across a 1-mm gap between two graphite electrodes 5 

to 20 mm in diameter as shown in Fig. 2.1. The temperature rises to 3000 - 4000°C and 

evaporates carbon atoms from the anode; ionized carbon atoms are attracted to the 

graphite cathode and stick to it in the form of tube in addition to fullerenes and 
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amorphous carbon. The electric field in the plasma enables the growth of vertically 

aligned CNTs. 

Iijima [3] discovered MWCNTs in 1991 in a sample prepared by this method. He 

found that nanotubes formed on the cathode, along with soot and fullerenes. Iijima and 

Bethune were the first to report on the production of SWCNTs [See ref. 7 and references 

therein].  

 

 

 

 

 

 

Figure 2.1 Schematic diagram of an arc discharge chamber. 

 

Bethune [12] and Iijima [13] both found that SWCNTs could only be grown by 

adding metal catalyst to the anode. Iijima used an Fe:C anode in a C4H4:Ar environment, 

while Bethune used a Co:C anode in a He environment. A mixture of Ar:He gas is mostly 

used in the growth of CNTs. By tailoring the Ar:He gas ratio, the diameter of the 

SWCNTs formed can be controlled, with greater Ar content yielding smaller 

diameters[7]. The anode–cathode distance can be changed to vary the strength of the 

plasma formed in between. MWNTs can be obtained by controlling the pressure of inert 

gas in the discharge chamber and the arcing current. Ebbesen &  Ajayan [14] synthesized 

MWCNTs on large scale using arc-discharge in 1992. 

 

Power source

He or Ar           Plasma 

 

            Graphite  rods 
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Shi et al. [15] produced cloth-like soot containing about 40% single wall carbon 

nanotubes (SWCNTs) with a Y–Ni alloy composite graphite rod as anode for D.C. arc-

discharge. The SWCNTs had nearly the same diameter of 1.3 nm and were armchair (n, 

n) type carbon nanotubes (n=8, 9, 10 and 11). Ando et al. [16] have used an arc jet 

method, a modified form of arc discharge, to increase the ratio of SWCNTs in soot. They 

used Fe with graphite to grow SWCNTs. 

 

The large amount of energy consumption makes this process less favorable for 

CNT production. Achieving stable discharge plasma is another factor in generating an 

environment favorable to CNT growth. As the anode is consumed, it has to be moved 

towards the cathode continuously. The stability of an electric arc is limited due to its 

moving nature on the cathode and anode surface. The nanotubes produced by this method 

need a lot of purification before use [2,7]. 

 

2.2 Laser Ablation Synthesis 

In this process, a carbon target containing Ni and Co is placed in a tube furnace 

heated to 1200°C and intense laser pulses are used to ablate the target under inert 

atmosphere; a schematic setup is shown in Fig. 2.2. Nanometer-size metal catalyst 

particles are formed in the vaporized graphite. The metal particles catalyze the growth of 

SWCNTs but many by-products are also formed at the same time. The carrier gas-flow 

sweeps most of the carbon species produced by the laser evaporation out of the furnace 

zone depositing it as soot on a water-cooled copper rod. 
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Figure 2.2 Schematic diagram of a laser ablation furnace. 

 

The produced SWNTs are mostly in the form of ropes consisting of tens of 

individual carbon nanotubes [7, 11]. The yield varies from 20 to 80% of SWCNTs by 

weight. The by-products of this synthesis are graphitic and amorphous carbon, “Bucky 

onions” (concentric fulleroid spheres) surrounding metal catalyst particles and small 

fullerenes (C60, C70, etc.). When pure graphite is used MWCNT are produced. For very 

pure material with a narrow diameter distribution the laser ablation method is the process 

of choice [11]. 

 

2.3 Chemical Vapour Deposition (CVD) 
 

Chemical vapour deposition (CVD) is the catalytic decomposition of 

hydrocarbons or carbon precursors with the aid of supported transition metal catalysts. 

The CVD method is the most suitable carbon nanotube synthesis method in terms of 

product purity and large scale production [17]. A variation of CVD, Plasma Enhanced 

CVD (PECVD), is an alternate solution being tested by some researchers [18]. In the 

synthesis of CNTs (single- or multi-walled) by CVD, thermal energy is imparted to 

hydrocarbons to break them into reactive radical species in the presence of catalyst like 

 

    Laser 

Target: Carbon source with metal catalyst 
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Co, Ni, or Fe. CVD temperatures vary between 600 and 1200°C. Fig. 2.3 shows the 

schematic diagram of the CVD technique. The transition metal sources vaporize at 

temperatures much lower than that for the gas phase pyrolysis of the carbon sources. For 

example, ferrocene or Fe(CO)5 evaporates at 200°C. The iron particles condense together 

and form clusters. An iron cluster of 40 to 50 atoms (~0.7 nm diameter) is about the size 

of the smallest SWNT. Smaller clusters tend to evaporate and are unstable. Very large 

clusters are also not ideal for nanotube growth because they favor graphitic overcoating. 

Declustering or breakup of large clusters also happens in the reactor. It is the competition 

between various processes (clustering and evaporation) that creates favorable size 

clusters. By tuning of various parameters such as temperature, flow rates of various 

carrier gases, injection velocity of the Fe((CO)5)2, residence time, etc., it is possible to 

obtain reasonable quantities of nanotubes. The kinetics of cluster formation and nanotube 

growth reactions is not well understood [see ref. 2, 7 and references therein]. 

 

 

 

 

 

 

Figure 2.3 Schematic diagram of the CVD technique. 

 

CNTs growth in CVD can be split into two basic types depending on the location 

of the catalyst, gas phase growth or floating catalyst and substrate growth. In gas phase 
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growth, the catalyst formation and nanotube growth occur literally in mid-air. In substrate 

growth, catalyst nanoparticles or metal precursors are deposited on a substrate such as 

SiO2. In substrate growth, once the nanotube begins to grow by either surface or bulk 

carbon diffusion, the CNT will undergo either base growth or tip growth (Fig. 2.4). In 

base growth the catalyst particle remains attached to the surface and the nanotube is 

extruded into the air or along the surface. During tip growth, the end of the nanotube 

remains stuck to the surface and the catalyst particle shoots into the air at the opposite 

end of the extruding nanotube. Tip growth is considered the dominant mechanism for 

MWCNT growth, and base growth is dominant for SWCNT growth [7]. 

The generally accepted model for carbon nanotube growth proposed by several 

researchers is shown in Fig. 2.4. Metal particles are supported on the substrate material 

and either strong or weak metal– substrate interaction is assumed. High activity of carbon 

in the gas phase drives itself to dissolve in the nano-sized catalyst particles (transition 

metals: Ni, Co, or Fe). The particles may thus easily become supersaturated or saturated 

with carbon atoms arising from the decomposition of hydrocarbon gases. 

 
 

Figure 2.4 Schematic diagram of bottom (or base) growth and tip growth of nanotubes on a 
substrate, reprinted with permission [11]. 
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The precipitation of carbon from the saturated metal particles leads to the 

formation of tubular carbon solids in sp2 structure. In Fig. 2.4a, carbon nanotubes grow 

upward from the metal particles that remain attached to the substrate because of strong 

metal–substrate interaction (base growth mechanism). In the case of weak metal–

substrate interaction (Fig. 2.4b), the particles are detached from the substrate and move 

up to the head of the nanotubes (tip growth mechanism).  

Once a nanotube begins to grow, the diameter is set and will not change as growth 

continues. At the onset of growth, the catalyst particle and the resultant nanotube are of 

similar size, which means that one particle leads to only one nanotube during a single 

growth step. There are cases in which long nanotubes have been shown to change 

chirality along their length, which is due to some structural defect induced during the 

growth. For a catalyst particle of unchanging size, the growth of CNTs should continue 

until the hydrocarbon is shut off, either by removing the feedstock from the reaction area 

or by amorphous or graphitic carbon fully coating the particle [7]. 

 

2.3.1 Substrate Choice and its Effects 
 

In CVD method CNT growth temperature lies in the range of 500 – 1200 °C, so 

the substrate material should have a melting point well above the growth temperature. 

Different substrate materials reported in the literature and their effect on the CNT growth 

are discussed here. Ortega-Cervantes et al. [19] synthesized carbon nanotubes on 

different substrate materials like: quartz, conductive glass, porous alumina and nickel 
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plates, using Fe and Co catalysts and ethanol as the carbon source. Successive nanotube 

growths were achieved on conducting glass, nickel plates and porous alumina substrates. 

Nickel plate and porous alumina substrates revealed SWNTs, whereas conducting glass 

substrate revealed MWNTs [19]. Biao Wang et al. [20] studied the growth of CNTs on 

various metal and metal coated substrates and found that good quality uniform CNTs 

were grown on Ni, Ti, Ta and Al coated (~100nm thick layer) Si wafer but no CNTs were 

grown on Cu, Au and Si wafer coated with Ni-Cr. Cinar Oncel and Yuda Yurum [21] 

reported in their  review the use of Si, SiO2, Ni, AIOP-5, Al2O3, Graphite fibers, MgO 

and CaCO3 as substrates by different researchers and cited corresponding references. 

Kumar et a.l [22] have used the quartz tube of the CVD system itself as a substrate and 

collected the CNTs grown on the inner wall of the tube, from camphor and ferrocene. 

Wei et a.l [23] have used quartz and spheres of ZrO2 as substrates and found that CNTs 

growth on ZrO2 was more efficient. Liu et al. [24] used a flat sheet of graphite with 

predeposited layers of Al and Fe on it and have successfully grown VACNTs with water 

assisted CVD. Baddour et a.l [25] have used stainless steel in the form of plate, grid and 

powder and have grown a dense layer of CNTs without adding an additional catalyst. 

 

2.3.2 Carbon Precursor and other Factors 

The precursor for carbon nanotubes is fed into the system in the gaseous state at 

some specific conditions. To avoid oxidation of the carbon, the chamber is kept free of 

oxygen during the production process and a continuous inert gas flow is supplied to the 
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reaction chamber. Helium, Nitrogen and Argon are the most extensively used inert gases. 

Widely used carbon precursors are acetylene, methane, ethanol, ethylene, and toluene. 

Reaction time and gas flow rates, substrate temperature, catalyst type, carbon source and 

inert gas are important factors that affect the CNTs synthesis and product quality [19].  

Porro et al. [26] used Si substrate and a mixture of camphor and ferrocene, as carbon 

source and Fe catalyst source, Nitrogen as a carrier gas and studied the effects of growth 

temperature, gas flow, substrate tilt angle and catalyst concentration. They used a 

Tagushi Matrix design approach [26] to optimize the deposition parameters and reported 

that CNTs with better physical and structural characteristics were obtained at a growth 

temperature of 800°C, 420ml/min carrier gas flow, 3.3% catalyst concentration and 

horizontal position of substrate.  It is reported that lower synthesis temperatures than 

optimum synthesis temperature result in lower carbon nanotube yield in the product [27]. 

It is also reported that the reaction temperature plays an important role in the alignment 

properties and diameter of the synthesized nanotubes [28]. 

Usually, the carbon nanotube growth temperature (or reaction temperature) is 

between 550°C and 1200°C, and may vary according to the type of catalyst and support 

material used. Zhu et al.  synthesized carbon nanotubes on graphite fibers by thermal 

CVD and showed that carbon nanotubes can only be grown in a limited temperature 

range. At low growth temperatures, only a carbon layer is formed on the fiber surface. 

However, at high temperatures, the diffusion rate of iron particles into carbon fibers was 

enhanced and the nanotube growth possibility reduced.  
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The flow rate of the carbon source gas is generally between 10 and 30 ml per 

minute. S. Musso [29] carried out the fluid dynamics analysis of gas flow in thermal 

CVD system designed to grow CNTs from Camphor and Ferrocene and reported the 

development of secondary transversal vortex flows caused by the effects of a temperature 

gradient inside the deposition system. They correlated the production of porous 

carbonaceous crust rich in iron particles on the top of very thick CNT mats to the 

irregular co-evaporation of the two reagents correlated with the difference of vapor 

pressure of camphor and ferrocene. 

R. Brukh and S. Mitra [30] have studied the mechanics of CNTs growth by CVD 

from C2H4 and found that the optimum resident time of carbon source (C2H4) in the 

reaction zone is 0.5s. C2H4 decomposed to form elemental carbon via a sequence of free 

radical reactions, which then assembled as CNTs. The rate of carbon consumption 

leading to molecular growth increased with residence time. The residence time of the 

carbon source in the reaction zone depends on the carrier gas flow rate. Different carrier 

gases at the same flow rate have different effect due to the difference in their 

atomic/molecular weight [31]. Kumar et al. [22] reported that at high Ar flow 

(~100ml/min) most of the camphor-ferrocene vapour blow out of the reaction tube 

unpyrolyzed, resulting in low yield of CNTs. They propose a flow rate of 50ml/min or 

less for camphor-ferrocene mixture for good yield of CNTs. 

Cinar Oncel and Yuda Yurum [21] reported in their  review the catalytic activity 

of Fe, Co and Ni supported alumina and silica and reported that Fe and Co at 700°C give 

MWCNTs. They also reported that Fe resulted in the best crystallinity of the nanotubes 
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among Fe, Co and Ni catalysts. C. Du and N. Pan investigated the growth of carbon 

nanotubes directly on nickel substrate. They studied nucleation and growth behavior of 

nanotubes with respect to growth sites and reaction temperature and reported that; at 

lower synthesis temperatures nickel nanoparticles serves as the nucleation sites, however 

at high temperatures grain boundaries and defective sites are the nucleation sites. Also, a 

small amounts of iron nanoparticle deposition on nickel substrate results in an 

improvement of density of the carbon nanotubes.  

There are also studies on the performance of the non-metallic catalysts. Cho et al. 

synthesized carbon nanotubes using dispersed magnetic fluids, instead of conventional 

metallic catalyst particles. Application of magnetic fluid of surfactant-coated magnetite 

nanoparticles by spin coating method on Si substrates resulted in successful growth of 

dense and aligned carbon nanotubes. Botti et al. reported carbon nanotube synthesis 

without metal catalyst addition. They fabricated carbon nanotubes and nanowires using 

amorphous hydrogenated carbon nanoparticles as precursor. It is demonstrated that the 

structure of the nanotubes obtained strongly depends on the catalytic particle size and 

chemical composition. Widely used catalyst materials in carbon nanotube synthesis are 

cobalt, iron, titanium, cobalt and nickel [see ref. 21 and references therein]. 
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2.4 Summary 
 

Carbon nanotubes (CNTs) are one of the most attractive materials for 

nanoelectronic, for reinforcing the material in composites and for applications as sensors, 

actuators and field emission devices. Intensive research activities to improve the 

synthesis methods and conditions, quality and productivity of the carbon nanotubes have 

been done in last two decades. However, the production of carbon nanotubes in a 

controlled way, in large amounts, and with well-defined properties has not yet been 

achieved. There are number of growth methods reported in the literature but the three 

most widely used methods for CNT growth are Arc Discharge, Laser Ablation and 

Chemical Vapor Deposition (CVD). The CVD method is believed to be the most suitable 

carbon nanotube synthesis method in terms of product purity, large-scale production and 

low-cost mass production technique of carbon nanotubes.  

CVD is the catalytic decomposition of hydrocarbons or carbon precursors with 

the aid of transition metal catalyst.  Most of carbon nanotube synthesis techniques require 

the introduction of catalyst in the form of gas particulates or as a solid support. The 

selection of a metallic catalyst affects the growth and morphology of the nanotubes. 

Widely used catalyst materials in carbon nanotube synthesis are cobalt, iron, titanium, 

nickel and combinations of these metals and/or oxides. Iron is considered as the best 

catalyst for small diameter CNTs. Most widely used carbon precursors are acetylene, 

methane, ethanol, 2-propanol, ethylene, toluene and camphor. The most common used 

carrier gases are He, N2 and Ar. Flow rate of the carrier gas as well as carbon precursor in 
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gaseous form also affects the growth and quality of CNTs. Type of the substrate, growth 

temperature and deposition time also affect the growth and quality of CNTs. 

In the present work camphor was used as carbon source, ferrocene as the source 

of Fe floating catalyst, Ar as carrier gas and Si and Quartz as substrates. The effects of 

three parameters (growth temperature, carrier gas flow and catalyst concentration) were 

studied in this research work in order to have better control over the economical and 

energy efficient growth of CNTs. A simple and economical CVD system was setup for 

the growth of CNTs. The parameters were optimized to achieve the lowest possible 

temperature for the growth of good quality CNTs. The lower the growth temperature the 

lower the energy consumption will be. It will also help the growth of CNTs on low cost 

substrates which will help reduce the production cost. 
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Chapter 3 
 

CHARACTERIZATION OF CARBON NANOTUBES 
 

 
 

There are many potential applications for Carbon nanotubes (CNTs), thanks to the 

nanometer dimensions and the remarkable physical properties. In order to comprehend their 

basic physical and chemical properties, a complete and correct characterization of carbon 

nanotubes is crucial. There are many techniques that are available to characterize carbon 

nanotubes, like Fourier Transform Infrared (FTIR) and Raman spectroscopy, Thermo- 

gravimetric Analysis (TGA) and electron microscopy (SEM, TEM). These techniques and 

the relevant information that can be obtained for CNTs are discussed in this chapter.  

 

3.1 Infrared (IR) Spectroscopy 
 

Spectroscopy is the study of the interaction of electromagnetic radiation with a 

substance. The nature of the interaction depends upon the properties of the substance. 

The electromagnetic spectrum covers a very wide range of frequencies or wavelengths. 

When electromagnetic radiation passes through a sample (solid, liquid or gas), certain 

frequencies of the radiation are absorbed by the molecules of the substance leading to the 

molecular excitations (vibrational or rotational or stretch or bending). The frequency of 

absorbed radiation is unique for each molecule, thus providing information on the 

characteristics of a substance. A molecule exposed to infrared radiation will absorb the 

radiant energy only if it matches the energy of vibration of that molecule. IR 

spectroscopy is a non-destructive, quick and relatively cheap spectroscopic technique.  



                                                                                            3 CHARACTERIZATION OF CNTs 
 

 
26 

 

There are seven to nine infrared active modes in SWCNTs, depending on the 

symmetry: chiral, zigzag and armchair [9]. Comparing the predictions for IR spectra of 

SWCNT for different symmetries, it is found that phonon modes around 850 cm-1 and 

1590 cm-1 appear in all symmetries almost independently of the diameter and are 

therefore expected to produce clearly recognizable structures in absorbance or reflectance 

spectra of a variety of SWCNT. According to the theoretical model based on force-

constants, the frequencies for small-diameter SWCNT are lower than the corresponding 

modes in a two-dimensional graphite layer and converge to the position of the graphite 

modes with increasing diameter [see ref. 31 and references therein].  Infrared (IR) 

spectroscopy is used to investigate the growth and purity of CNTs.  It is often used to 

determine impurities remaining from synthesis or molecules capped on the nanotube 

surface. The Infrared spectrum exhibits all the modification of the CNTs structure and 

reveals the nature of compounds added to them. IR spectroscopy provides less 

information about the vibrational properties of carbon nanotubes because of the strong 

absorption of SWCNTs in the IR range. In transmission IR study of CNTs two features 

are present, i.e. a weak line at ~868 cm-1 and a broad asymmetric band at ~1575 cm-1[36]. 

 

3.2 Raman Spectroscopy 

Raman spectroscopy is based on the inelastic scattering of light by a material 

which produces a shift in wavelength of the incident light. It is one of the most useful and 

powerful techniques to characterize carbon nanotube samples. It does not require sample 

preparation, is a fast and non-destructive analysis technique. It allows for the detection 

and the study of a single and isolated CNT. This shift in wavelength is used to deduce 
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information about the material. Most light passing through a transparent substance 

undergoes elastic scattering, called Rayleigh scattering. In Rayleigh scattering a photon 

interacts with a molecule, polarizing the electron cloud and raising it to a “virtual” energy 

state. This is extremely short lived (on the order of 10-14 seconds) and the molecule soon 

drops back down to its ground state by releasing a photon. Since the molecule is dropping 

back to the same state it started in, the energy released in the photon must be the same as 

the energy from the initial photon. Therefore the scattered light has the same wavelength. 

In Raman scattering the light photons lose or gain energy during the scattering 

process. If the molecule is promoted from a ground to a virtual state and then drops back 

down to a (higher energy) vibrational state then the scattered photon has less energy than 

the incident photon, this is called Stokes scattering. If the molecule was already in a 

vibrational state and after scattering of the incident photon it goes to its ground state then 

the scattered photon has more energy, this is called anti-Stokes scattering. 

 

 

 

 

 

 

 

Figure 3.1 Three different forms of scattering of electromagnetic radiations from matter. 
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Only about 1 in 107 photons undergo Stokes Raman scattering. The amount of anti-Stokes 

scattering is even less than Stokes scattering. Normally in Raman spectroscopy only the 

Stokes half of the spectrum is used, due to its greater intensity [32]. 

 
3.2.1 Raman Spectroscopy of CNTs 
 
 A CNT consists of a graphene sheet rolled in a tube, vibrational modes of CNT 

are derived from those of graphene by applying boundary conditions along the 

circumference [36]. The first paper on Raman scattering in single wall carbon nanotubes 

(SWCNTs) was published in 1997 by Rao et al. [33]. A typical Raman spectrum is 

shown in Figure 3.2. Raman spectrum of CNTs can be divided into three main parts, the 

radial breathing mode (RBM), the disorder induces mode (D mode) and the high-energy 

mode (HEM). Each part is used to access different properties of single-walled carbon 

nanotubes. There are two dominant Raman signatures of CNTs in these Raman spectra 

that distinguish a SWCNT from other forms of carbon. First, the low-frequency feature, 

usually in the range 100-300 cm-1, is arising from scattering by the radial breathing 

modes (RBM) which correspond to symmetric in-phase displacements of all the carbon 

atoms in the SWCNT in the radial direction. Second, the double-peak structure (around 

1500-1600 cm-1) is associated with the tangential (G band) vibrational modes of 

SWCNTs and is related to the Raman-allowed feature appearing in Raman spectra for 

graphite [5]. Neither the RBM feature nor the multi-component G band features are 

observed in any other sp2 bonded carbon material. 
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excitation energies differ from one another due to the resonance Raman Effect. Each (n, 

m) nanotube has a different set of electronic resonance levels, so that each laser line 

accesses a different set of nanotubes. Since the number of atoms around the 

circumference of a tube is proportional to the nanotube diameter, it is expected that the 

frequency of the RBM mode ωRBM will depend on the inverse tube diameter, as observed 

experimentally [7, 8,31]. 

 

3.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is an analytical technique used to determine a 

material’s thermal stability and its fraction of volatile components by monitoring the 

weight change that occurs as a specimen is heated. The measurement is normally carried 

out in air or in an inert atmosphere, such as Helium or Argon, and the weight is recorded 

as a function of increasing temperature. In addition to weight changes, some instruments 

also record the temperature difference between the specimen and one or more reference 

pans (differential thermal analysis, or DTA) or the heat flow into the specimen pan 

compared to that of the reference pan (differential scanning calorimetry, or DSC). DSC 

can be used to monitor the energy released or absorbed via chemical reactions during the 

heating process. 

3.3.1 Thermogravimetric Analysis (TGA) of CNTs 

 In case of the carbon nanotubes, TGA analysis is performed in an oxidative 

atmosphere (air or oxygen) with a linear temperature ramp. The maximum temperature is 

selected so that the specimen weight is stable at the end of the experiment, implying that 
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all chemical reactions are completed (i.e., all of the carbon is burnt off leaving behind 

metal oxides). The weight change in an air atmosphere is a superposition of the weight 

loss due to oxidation of carbon into gaseous carbon dioxide and the weight gain due to 

oxidation of residual metal catalyst into solid oxides [34]. The following information can 

be obtained from TGA. 

i.  Residual mass (Mres): the ash content or the mass of residual metal oxide, 

ii. Oxidation temperature (To): the temperature of the maximum in the weight 

loss rate (dm/dTmax) and  

iii. The weight loss onset temperature (Tonset): the temperature when oxidation 

just begins.  

Gradual onset is believed to be due to nanotubes being contaminated with 

amorphous carbon and other types of carbonaceous impurities that oxidize at 

temperatures (~400°C) lower than that of nanotubes. Weight loss due to carbon oxidation 

is often superimposed on the weight increase due to catalyst oxidation at low 

temperatures and in some cases this leads to an upward swing of the TGA curve prior to 

the bulk of the weight loss. TGA measurement of “as-produced” nanotube material in air 

usually produces only one peak in the dm/dT curve, as “fluffy” raw nanotubes oxidize 

rapidly in an oxygen-rich environment. The oxidation temperature T0 provides a measure 

of the thermal stability of nanotubes in air and it depends on a number of parameters like 

diameter of the tube (smaller diameter nanotubes are believed to oxidize at lower 

temperature due to a higher curvature strain), defects in nanotube walls (can lower the 

thermal stability), metal particles present in the nanotube specimens (amount of metal 

impurity in the sample influences the thermal stability). Thermal stability is a good 

measure of the overall quality of a given nanotube sample. Higher oxidation temperature 
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is always associated with purer, less defective samples [35]. A large spike in the 

temperature difference (DTA) plot (temperature goes up by 10-20 oC, and then comes 

down and continues along a linear ramp) is a signs of combustion (i.e., the sample starts 

burning and releases a considerable amount of heat very quickly, causing a sharp increase 

in temperature followed by heat dissipation and a subsequent temperature drop). This 

behavior is more often observed on as-produced unpurified nanotubes that are “fluffy” 

and have more metal catalyst. Typical heating rates employed in TGA measurements of 

carbon nanotube specimens are in the 5-20 °C/min range. 

 

3.4  Electron Microscopy 

Electron Microscopes use a beam of highly energetic electrons to examine objects 

on a very fine scale. Electron microscopy techniques enable us to see and study carbon 

nanotube structures in great detail. The instrument development was driven primarily by 

the well-known limitations of the light microscope. In electron microscopy a beam of 

energetic electrons is incident on the sample. As a result of interaction of this beam 

different types of electrons and radiations are emitted from the sample and the substrate 

which are detected and used to construct the image of the sample. There are two well 

known types of electron microscopes: scanning electron microscope (SEM) and 

transmission electron microscopes (TEM).  
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3.5.1 Scanning Electron Microscopy 

In order to observe nano size objects like CNTs, the use of an SEM is necessary 

to overcome the limited angular resolution of optical microscopes [38]. Both nanotube 

powder samples as well as individual tubes on a bulk substrate (e.g., silicon wafer) can be 

observed by SEM. A fine electron probe is scanned across the sample surface while 

recording the current of the electrons emitted from the sample surface (called secondary 

electrons) due to interactions of incident high energy electron beam with the sample 

surface. The image is the intensity of the emitted electron current versus beam location at 

the sample. An image can be formed by the secondary electrons emitted from the sample 

surface as well as by the backscattered primary electrons.  
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3.5.2 Transmission Electron Microscopy 

Although SEM can be useful in imaging the tubular one-dimensional (1-D) 

structure of the MWCNTs, there is another method of electron microscopy that can be 

much more helpful in the structural studies of carbon nanotubes. This method is 

transmission electron microscopy (TEM), and it is a powerful technique that is used to 

determine the number of walls in a MWCNT [2,3] or image the isolated SWCNTs. It 

allows for the measurement of the tube diameters as well as investigation of structural 

defects in carbon nanotubes. 

In fact carbon nanotubes (CNTs) were discovered using TEM when observing 

carbon soot produced in an electric arc between graphite electrodes. In a transmission 

electron microscope, the electron wave mainly experiences two basic processes during its 

propagation from the specimen to the image: interaction with the specimen and 

modulation by the electron-optical lens system. During the first process, the electron 

wave picks up the structure information of the specimen. In the second process, the 

structure information is transferred to the microscope. Due to the unique design of the 

TEM, the electron wave carrying the structure information forms an electron-diffraction 

pattern (EDP) on the back focal plane of the objective lens and an image on the imaging 

plane. Therefore, the EDP and the image can be simultaneously observed in the TEM. By 

using an aperture at the back focal plane of the objective lens to select the transmitted 

electron beam for imaging, a bright-field (BF) image is formed. A dark-field (DF) image 

is created by using one of the diffracted beams in the EDP for imaging. If a large aperture 
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Mainly due to the spherical aberration (Cs) of the objective lens in the 

microscope, the contrast of an HRTEM image is affected by the focusing conditions, and 

the image resolution is limited. As a result, a HRTEM image is usually not 

straightforward to interpret and it is hard to directly observe the atomic structure of 

carbon nanotubes (CNTs). Due to the recent development of the Cs-corrected HRTEM, 

the resolution of the microscope has dramatically improved to the sub-Å level. It is worth 

remembering that to minimize spherical aberration, the microscope is preferably operated 

at an acceleration voltage lower than 120 kV to minimize the knock-on atomic 

displacement damage of the CNTs by high-energy electrons, and to increase the image 

contrast. 

TEM also has the option of the use of electron diffraction and electron energy loss 

spectroscopy (EELS) on the nano scale. Electron diffraction has been used to determine 

average helicity and the local variations of helicity of the individual SWCNT within the 

ropes of SWCNTs. Combined with x-ray energy dispersive spectroscopy, TEM has also 

enabled the identification of the catalyst composition responsible for nanotube nucleation 

[9].  
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3.5 Summary 
There are a number of techniques for nanotubes characterization that are very 

useful for SWCNTs; however MWCNTs characterization needs more development.  

Infrared (IR) spectroscopy is used to determine impurities remaining from synthesis or 

molecules capped on the nanotube surface. TGA/DTA is used to find the product stability 

(by determining To- oxidation temperature) and impurities in the product. Due to small 

size of CNTs, Scanning Electron Microscopy (SEM) is an appropriate technique to be 

used for their characterization. Images taken by an SEM can be recorded almost in real-

time. The geometric data of CNTs can be extracted from SEM images which can tell the 

type of CNTs (conductor or semiconductor) and the relatively huge vacuum chamber 

allows the analysis of large samples and provides enough space for robotic nano-

manipulation systems for the handling and characterization of individual CNTs. Full 

characterization of MWCNTs like inter-shell spacing and internal diameter of the tubes 

cannot be done with SEM. TEM provides the ultimate resolution and helps in finding 

internal and external radii, inter-shell spacing of MWCNTs and objects inside CNTs. The 

most powerful technique to characterize nanotubes is the Raman spectroscopy: without 

sample preparation, a fast and non-destructive analysis is possible. RBM peaks in Raman 

spectra are used to find the diameter of SWCNTs and DWCNTs. Ratio of D and G peaks 

give the measure of the quality of CNTs. For a correct characterization of nanotubes, 

these techniques should complement each other. 
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Chapter 4  

EXPERIMENTAL DETAILS 

 
Carbon nanotubes can be grown from different carbon sources using different 

techniques as discussed in chapter 2. In the present work CNTs were grown by the 

chemical vapor deposition (CVD) method from a mixture of camphor and ferrocene. 

The experimental work discussed in this chapter consists of samples growth and their 

characterization. Samples growth process consists of: quartz tube cleaning, substrates 

cleaning and loading, samples growth in an inert atmosphere at pre-set temperature 

and cooling of furnace to room temperature. Three sets of samples were grown under 

different conditions. Details of these steps are given in the first part of this chapter. 

Sample characterization was performed by TGA, Raman and IR spectroscopy and 

electron microscopy (SEM and TEM) techniques. Details of characterization are 

given in the second part of this chapter. 

 
4.1Samples Growth 

4.1.1 CVD Setup 

 The CVD setup used in the present work consists of a tube furnace (Barnstead 

Tube Furnace, Model F21100), a 115cm long quartz tube of 5 cm diameter, a heating 

coil, a flow meter( , an Ar gas cylinder and an oil bubbler arranged as shown in Fig. 

4.1. The quartz tube is placed in the furnace in such a way that the left end of the tube 

is 45 cm away and the right end is 70 cm away, form the center of the furnace. This 

off centric position of the quartz tube was chosen in order to leave   room for the 

source material to be placed inside the tube away from the furnace. A separate setup 
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The right end (inlet) of the tube is connected to the Ar gas tank through 

floating ball flow meters and the left end (outlet) is connected to the exhaust via the 

oil bubbler. The temperature of the furnace, i.e. the second zone, is controlled by a 

programmable microcontroller whereas the temperature of the first zone is controlled 

by the current to the heating coil, delivered with the help of a variac and measured 

with an IR probe connected to a digital temperature meter.  

 

4.1.2 Quartz Tube Cleaning 

The quartz tube was cleaned thermally at 900°C in an oxidative environment 

for 20 min with compressed air flown at 500sccm into the tube. The tube was then 

cooled down to room temperature before loading the substrates and source materials.  

 

4.1.3 Substrate Choice 

For CNTs to be used in electronics, they need to be grown on some support or 

substrate. One of the factors considered in the choice of the substrate is its thermal 

stability at high temperatures. As in CVD, the growth temperature may go up to 

1200°C so the substrate material must have a melting point greater than the growth 

temperature. Different types of substrates are reported in the literature as discussed in 

chapter 2. In this work cSi and cSiO2, i.e. quartz, were chosen as substrates so that the 

CNTs grown on them could be characterized by IR and UV-vis spectroscopy 

techniques respectively. Both have melting temperature well above the 1000°C which 

was the highest growth temperature used. 
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4.1.4 Substrate Cleaning 

Substrate cleaning is crucial in order to get rid of contaminations like 

manufacturing and packaging residues, finger prints and oil and dust particles. 

Contamination can affect the growth process and also the properties and performance 

of the grown sample. Both cSi and cSiO2 substrates were cleaned ultrasonically in 

acetone (CH3COCH3) for 5 minutes, then in methanol (CH3OH) for 5 minutes, then in 

deionized water for 5 min, and finally were dried by blowing (compressed) air. 

 

4.1.5 Samples Growth Procedure 

Cleaned substrates were immediately placed on an alumina boat and loaded 

into an already cleaned quartz tube at the center of the heating zone in the furnace.  

Appropriate quantities of camphor and ferrocene (3~4 gm) were placed in an another 

alumina boat, which was positioned inside the quartz tube, nearly 30 cm on right side 

from the centre of the furnace and nearly 15cm left from the right end of the quartz 

tube, as shown in Fig. 4.1. 

Three sets of samples (consisting of 21 samples in all) were prepared from a 

Camphor–Ferrocene mixture. Iron (Fe) from the decomposition of ferrocene served as 

catalyst. Carbon from ferrocene and camphor served as the carbon source. For the 

first set of samples the growth temperature was varied from 750 °C to 1000°C with a 

step of 50°C, at a constant carrier gas (Ar) flow rate of 50sccm and ferrocene to 

camphor ratio of 3.3 to 100. In the second set, the carrier gas (Ar) flow rate was 

changed from 10sccm to 50sccm in steps of 10sccm,  and then two more samples 

were grown at 80sccm and  100sccm, at a constant growth temperature of 900 °C and  



                                                                                                   4 EXPERIMENTAL DETAILS 

 
43 

 

1000°C with a step of 50°C, at a constant carrier gas (Ar) flow rate of 50sccm and 

ferrocene to camphor ratio of 3.3 to 100. In the third set the catalyst concentration 

(ferrocene percentage in the mixture) was varied from 0 to 5% with a step of about 

1% and the growth temperature was kept constant at 900°C with constant carrier gas 

(Ar) flow rate of 50sccm.  Table 4.1 shows the different parameters for all samples. 

Although CNTs were clearly observed at all growths, the quality, quantity and 

position of the nanotubes deposited were found to be different in different growths. 

 
 

Table 4.1  

Detail of the samples grown at different pyrolysis temperatures.  

 

Set-I 
Growth Temperature Variation 

(with catalyst concentration 3.3% and flow rate 50sccm) 

S.No. Growth Temperature (°C) Sample ID 

1 750 CNT28-02-09 

2 800 CNT05-02-09 

3 850 CNT25-03-09 

4 900 CNT18-02-09 

5 950 CNT23-02-09 

6 1000 CNT23-03-09 

7 900 CNT31-03-09 

8 900 CNT07-04-09 
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Table 4.2 

 Detail of the samples grown at different flow rates of carrier gas. 

 

Table 4.3 

Detail of the samples grown with different catalyst concentrations 

Set-III 
 Catalyst Concentration Variation 

(with growth temperature 900°C and flow rate 50sccm) 

S.No. Catalyst Concentration (%) Sample ID 

16 0 CNT05-05-09 

17 1 CNT04-05-09 

18 2 CNT01-05-09 

19 3.3 CNT31-03-09 

20 4 CNT06-05-09 

21 5 CNT07-05-09 

Set-II   
Carrier Gas (Ar) Flow rate Variation  

(with catalyst concentration 3.3% and growth temp. 900°C) 

S.No. Carrier Gas Flow rate (sccm) Sample ID 

9 10 CNT09-05-09 

10 20 CNT12-05-09 

11 30 CNT13-05-09 

12 40 CNT19-05-09 

13 50 CNT31-03-09 

14 80 CNT21-05-09 

15 100 CNT20-05-09 
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In the growth process, first, argon gas was passed at a rate of 500sccm for 30 

minutes to expel atmospheric air out of the reaction tube, then the flow was reduced to 

50sccm (or the other required flow rate) and the furnace was turned on with a set 

pyrolysis temperature (750–1000 °C). When the furnace reached the set temperature, 

the current to the heating element was turned on and slowly increased using a variac 

and the temperature was monitored with an IR probed digital temperature meter. The 

mixture of camphor and ferrocene was heated to ~200°C in the first region of the 

quartz tube. Vapors of camphor and ferrocene were carried out by Ar gas into the 

second region of the furnace where pyrolysis took place and CNTs were grown on the 

substrates and on the inside of the walls of the quartz tube. The material (CNTs or 

other products or unpyrolysed camphor or ferrocene) that did not deposit on the 

substrate or walls of the quartz tube, were collected via the oil bubbler attached at the 

outlet. The whole sample growth process took 5 to 15 minutes. When the source 

material exhausted, both the heating sources were turned off and the furnace was 

cooled down to the room temperature under Ar flow. Once the furnace was cooled 

down, samples were removed and the furnace was cleaned using the above mentioned 

method, for the next deposition. 
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4.2 Characterization 

All the samples in the powder form were characterized by TGA, Raman and  

FTIR (using HATR) spectroscopy, and electron microscopy (SEM/TEM) techniques. 

These techniques and the instruments involved are discussed in the following sections 

of this chapter and the results are presented in chapter 5.  

 

4.2.1 Thermogravimetric Analysis (TGA) 

 TGA analysis were done using a Q Series SDT Q600 Model (TA 

Instruments) in air with flow rate of 50mL/min. The temperature range was chosen 

from 30 ºC to 1000 ºC with a ramp rate of 5ºC/min. No sample preparation was 

required for TGA. Masses between 5mg and 12 mg of as collected CNTs powder 

scratched from the quartz tube were filled in a small alumina boat and loaded into the 

heating compartment of the instrument. Data was collected at the rate of 1 point per 

second.  

4.2.2 Raman Spectroscopy 

Raman spectra were acquired with a Renishaw inVia Raman Microscope RE 

02, at Trent University, in Peterborough ON. The instrument used a He-Ne laser with 

633nm wavelength, 50 mW (max. power) and a spot size ~5µm. No sample 

preparation was required: a small spec of CNTs powder was placed on a glass slide 

under the objective lens of microscope. The microscope was focused and the spectra 

were collected with the following settings: 

Accumulation time: 90sec, 

Number of scans (accumulations): 5 

and Objective lens setting: X20 
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4.2.3 IR Spectroscopy 

FTIR spectra were taken using a Perkin Elmer Spectrum 100 with HATR 

accessory. A sample in the powder form was spread over the ZnSe crystal of the 

spectrometer and pressed with the force arm attached to the instrument. Spectra were 

collected in the wavenumber range 400cm-1 to 4000cm-1   with a resolution of 4cm-1 

and 10 accumulations.  

 

4.2.4 Electron Microscopy 

A small quantity of CNT powder was dispersed in methanol using a sonicator, 

for 3-5 minutes to make a very dilute (nearly clear) solution. A drop from this CNT-

methanol solution, was placed on TEM grid (carbon coated copper mesh) with the 

help of a pipette and the grid was left to dry under a table light lamp (at temperature ~ 

40 - 50°C) for nearly 15 minutes. Then the dried grid was placed (loaded) into a 

JEOL 2010F transmission electron microscopy, to acquire TEM micrographs. Upon 

the completion of TEM analysis the grid was removed (unloaded) and used in a JEOL 

7000F scanning electron microscope. SEM micrographs were obtained at different 

magnifications and accelerating voltages.  

 
4.3 Sources of error and possible improvements in the present  

CVD setup 
 
1. Blockage of outgoing pipe/connector: The  mixture of ferrocene and camphor 

boils off very quickly around 160°C and the vapors of the mixture flood out of the 

quartz tube passing through pyrolysis zone and condense on the inner side of the 

metallic connector and affect the gas flow. Sometimes the tube is blocked 
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completely and the gas flow stopped, which affected the CNTs growth process 

and hence the product quality. If the pressure buildup inside the tube is too high 

then it will flow back through the safety valve (connected with inlet of the quartz 

tube) and there is a chance of blockage of the overflow pipe as well. So the 

coupler used to connect the quartz tube with the oil bubbler (outlet) can be 

changed with one having a bigger diameter of the extending pipe. 

2. Control of temperature of mixture heating zone (zone one): Catalyst and precursor 

mixture is heated in the first zone of quartz tube using a wire element wrapped 

around the tube and current flow to the heating wire is controlled with the help of 

a variac. With the present setup it is not possible to control the ramp rate of 

temperature and to set a specific temperature limit. If this zone is equipped with a 

temperature controller then this problem can be fixed. It was observed during 

present deposition work that a low temperature ramp (by increasing current in 

small steps) helps in preventing a quick boiling of the mixture and decreasing the 

chances of the blockage of the tube. 

3. In the mixture of camphor and ferrocene the boiling point of camphor is less than 

that of ferrocene so camphor evaporates before the ferrocene which is undesired. 

This problem could be solved by splitting the first heating zone into two zones 

with different temperature controllers.   

4. Precise positioning (individual and relative to each other) and the orientation of 

the substrates and source materials in both heating zones can help in the reliability 

and repeatability of the sample growth. 
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Chapter 5 

RESULTS AND DISCUSSION 

 

Three sets of samples were grown under different growth conditions.  CNTs 

were clearly observed under all growth conditions, however the quality, quantity and 

position of the nanotubes grown were found to be different for different growth 

parameters. 

A thin film of carbon with small hair-like structures on substrates surfaces and 

edges, a hair-like bridge between neighboring substrates, a thick mat of CNTs and 

other carbon products on the inner wall of the quartz tube were observed. The CNTs 

mat from the quartz tube was collected by scraping the tube walls. The as-obtained 

CNTs powder and carbon fibers (hair-like structures) were investigated by FTIR and 

Raman spectroscopy techniques, optical and scanning electron (SEM) microscopy  

and TGA techniques. Results of these investigations are presented and discussed in 

this chapter. 

5.1 Effect of Growth Temperature 

TGA plots for the first set of samples are shown in Fig.  5.1. From the graphs 

in Fig. 5.1(b) it can be seen that the amount of residual mass decreases with 

increasing growth temperature. The residual mass is a compound of iron and oxygen 

i.e. iron oxide. Less residual mass means that the residues of iron catalyst on CNTs 

decreased with increasing growth temperature. This feature was also supported by the 

fact that the oxidation temperature increased with increasing growth temperature, 

which is an indication of more graphitization. However, the less product yield at 
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higher temperatures could be due to the secondary flow of the material, caused by the 

temperature gradient which pushes more carbon onto a catalyst particle while higher 

temperatures favor its graphitization/adhesion resulting in a thick and long carbon 

fiber. TEM images of sample grown at higher temperatures (see Fig.  5.2)  show bead 

like structures forming a fiber. The EDX of this fiber revealed that huge amount of 

carbon surround a small iron particle. In order to discourage this accumulation of 

carbon the carrier gas flow rate was varied in set-II and its effect was investigated. 

 
(a) 

 
(b) 

Figure 5.1 (a) TGA plots of all the samples in Set-I, (b) graphs of variation of oxidation 
temperature and residual mass with the growth temperature. 
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namely D and G were observed at 1580 cm-1 (±5cm-1) and 1325 cm-1 (±5cm-1) 

respectively. The height of D and G peaks decreased with increasing growth 

temperature which is again in support of the above mentioned accumulation of 

amorphous carbon at higher temperatures.  

 

(a) 

 

(b) 

Figure 5.3 (a) Raman spectra of all samples in Set-I, (b) and graph of IG/ID ratio. 

 

FTIR spectra for the first set of samples are shown in Fig. 5.4. No absorption 
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substrate and left to dry overnight (nearly 14 hours). Methanol evaporated and the 

CNTs powder was stuck onto the Si substrate in the form of a broken and non-

uniform film. FTIR spectra of these samples were taken using a single sample holder 

(again, the Si substrate contribution was included in the background). This time some 

absorption peaks were observed indicating some compounds of carbon, hydrogen and 

oxygen but no CNT characteristic peak was observed. More work on IR study of 

CNTs is required.  

5.2 Effect of Carrier Gas Flow Rate 

In order to discourage the accumulation of carbon, the carrier gas flow rate 

was changed from 10sccm to 100sccm in set-II and its effect on the quality of the 

samples was investigated. It was found that higher flow rates reduced the 

accumulation of amorphous carbon but decreased the product yield.  

 

Figure 5.5 (a) TGA of all the samples in Set-II 
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Figure 5.5 (b) Plots of variation of oxidation temperature and residual mass. 

Higher gas flow pumped out the material from the pyrolysis zone, with less 

residence time. TGA results indicated that the oxidation temperature was almost 

unaffected by the change in carrier gas flow rate. The residual mass showed an 

oscillatory behavior when changing carrier gas flow rate, and had minimum value at 

40 and 80sccm (see Fig.5.5 (b)). The product yield was high at 40sccm and low at 

80sccm.  

 

 
Figure 5.6 (a)  Raman spectra of all samples in set-II 

 

-1
0
1
2
3
4
5
6
7
8

450
470
490
510
530
550
570
590
610
630
650

0 20 40 60 80 100

O
xc

id
at

io
n

te
m

p 
  (

°C
)

Carrier Gas Flow Rate (sccm)

m
re

s
%

0

5000

10000

15000

20000

25000

30000

0 200 400 600 800 1000 1200 1400 1600 1800 2000

C
ou

nt
s

Wavenumber (cm-1)

Raman Spectra of all th samples in Set-II

10sccm

20sccm

30sccm

40sccm

50sccm

80sccm

100sccm



                                                                                  5 RESULTS AND DICUSSIONS 

         
57 

 

 
Figure 5.6 (b) Graph of ID/IG versus carrier gas flow rate. 

Raman studies of this set of samples revealed that the quality of the product 

improved with increasing flow rate with one exception from this trend for the sample 

grown at 40sccm. FTIR spectra for this set of samples were similar to the ones in first 

set where no peak was observed.  

5.3 Effect of catalyst concentration  

A variation in the residual mass was observed from TGA graphs of set-II. In 

order to investigate this variation in the residual mass, the effect of the catalyst 

concentration was studied in set-III. From TGA graphs of all samples in set-III 

(shown in Fig. 5.7), it was found that the sample with 0% catalyst concentration had a 

very high oxidation temperature as compared to the other samples in this set. This 

suggests that the sample with 0% catalyst concentration was graphitic or black 

carbon. The residual mass signal showed an oscillatory behavior when changing 

catalyst concentration with minimum at 1% and 4%.  
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(a) 

 
(b) 

Fig.  5.7 (a) TGA graphs of all samples in set-III ,  (b) plots of variation of oxidation 

temperature and  residual  mass. 

Raman spectra of this set of samples are shown in Fig. 5.8. For the sample 

with 0% catalyst concentration a very broad and high D peak and a high G peak was 

observed. The graph of ID/IG (i.e., the ratio of intensities of D and G peaks in the 

Raman spectrum) showed minimum values for samples with 1% and 4% catalyst 

concentration, consistent with TGA results, indicating that these samples were good 

quality as compared to other samples in the set. 
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    (a)  

 
(b) 

Figure 5.8 (a) Raman spectra of all samples in set-III (b) graph of IG/ID ratio of 
D and G peaks of spectra in (a). 
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5.4 Electron Microscopy Results 

SEM images of samples # 2 and # 3 are shown in Figs. 5.9 and 5.10 at 

different magnifications.  From Fig.5.9 it can be seen that the height of the dense and 

aligned CNT  mat is nearly 500µm.  

          

Figure 5.9 SEM micrograph CNTs mat (sample # 2). 
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 Figure 5.10 SEM micrograph of CNTs/CNFs in sample #3. 
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Figure 5.11  SEM micrograph (of sample # 2) CNTs at 100000 times magnification. 
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 (a) 

    

(b) 
Figure 5.12 (a) SEM micrograph of branched CNFs/MWCNTs, 

        (b) magnified view of end of a MWCNT. 
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Figure 5.14 TEM micrographs at different magnifications, showing MWCNTs. 
(sample # 2 CNT05-02-09 800) 
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     (a)     

 

            (b) 

Figure 5.15 (a) Closer view of a MWCNT with dark spots (b) EDX of CNT shown in 
(a), suggests that the dark spot on the tube consists of Fe catalyst particle. 
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5.5 CONCLUSION 

Carbon nanotubes (CNTs) can be grown from mixtures of camphor and 

ferrocene, using chemical vapor deposition (CVD) technique. Growth process of 

CNTs was affected by a number of growth parameters. For temperatures more than 

900°C the quality of CNTs decreased and a mixture of small carbon fibers, carbon 

spheres and metal particles were observed. High flow rate of carrier gas resulted in 

low yield. A mixture of single wall, double wall and multiwall CNTs were grown. 

CNTs grew on both c-Si and Quartz substrates but the density of CNTs was less on 

the substrates surfaces as compared to their density on the edges of the substrates. 

Comparing the results of present work with those reported in literature, it was found 

that the present CVD setup is simple and economical and good quality samples were 

grown at 800°C pyrolysis temperature, 80sccm carrier gas flow rate and 4% catalyst 

concentration.  

5.6 Future Work 

FTIR spectra of all samples didn’t show any prominent peak. In fact, the high 

concentration of the material resulted in a very week signal. Future work is needed to 

improve the quality of the signal. KBr pellets with a small quantity of CNT powder 

should be used for better transmission IR signal. 

The preferential and directional growth of hair-like structure of CNTs/CNFs 

on substrate edges also needs to be explored. A further step towards achieving a better 

understanding of the growth process is to improve the present CVD setup as 

suggested in chapter 4. 
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