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1. Introduction 

Since their discovery, single-walled carbon nanotubes (SWCNTs) has at-
tracted great interest to be used as emerging material due to their unique 
properties. SWCNTs have applications in flexible displays, energy storage 
and conversion, and as a replacement of silicon in future electronics. The 
properties of SWCNTs are dependent on their morphology and atomic 
structure, which is defined by chiral indices (n,m). However, the control 
over the structure and morphology of the nanotubes remained a chal-
lenge and a major obstacle to the applications of carbon nanotubes.  

Floating catalyst chemical vapor deposition (FCCVD) is a continuous 
and scalable method for the growth of SWCNTs. Various carbon sources 
have been investigated for the growth of nanotubes in FCCVD, however, 
ethylene has not been used alone as a carbon source. Enhanced direct 
injection pyrolytic synthesis (EDIPs) process used combination of eth-
ylene and toluene as a carbon feedstock for the growth of SWCNTs in 
FCCVD. Moreover, ethylene was explored as a hybrid carbon source 
along with CO in FCCVD. However, the structure of SWCNTs has not 
been investigated in these studies and there are no reports of direct de-
termination of the structure of SWCNTs synthesized from ethylene. 
C2H4, as a important carbon source, has been widely used in substrate 
CVD for CNT synthesis[1] [2]. Therefore, it is an interesting carbon pre-
cursor to explore in FCCVD for the growth of SWCNTs.  

 
1. What are the effects of feeding reactant at the different positions 

the reactor on the morphology of nanotubes and their film 
prerformance? 
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2. What is the structure of SWCNTs synthesized in ethylene based 
reactor?  

3. Can water as growth promoter tune the structure of nanotubes 
in ethylene based FCCVD?  

4. Is it possible to produce more novel structures or materials in 
ethylene-FCCVD? 

Ethylene was used as a carbon precursor in FCCVD for the synthesis of 
SWCNTs to address the above-mentioned research questions. SWCNTs 
synthesized from ethylene are two times longer (mean 13 μm) than the 
nanotubes produced from carbon monoxide (6.5 μm) in a similar FCCVD 
(Publication I & III). Electron diffraction showed that the structure of 
SWCNTs synthesized from ethylene was different from the previously re-
ported nanotubes synthesized from CO and ethanol. SWCNTs were syn-
thesized with randomly distributed chiral indices between the armchair 
and zigzag edge (Publication I). The structure of SWCNTs was further 
tuned using water as a growth promoter to synthesized narrow chirality 
distributed nanotubes. Addition of a small amount of water 115 ppm com-
pletely shifted the chirality distribution towards the armchair edge (Pub-
lication II). Water assisted FCCVD produced narrow chirality distribu-
tion and the proportion of single chirality (9,8) increases up to 27% of the 
tube in the sample.  

The performance of SWCNT films was studied in Publication I &III. 
SWCNTs films fabricated from ethylene based FCCVD showed high con-
ductivity and sheet resistance reduced to 51 Ohm/sq. for 90% transmis-
sion at 550 nm. A hybrid of 1D SWCNTs and 2D graphene was also fabri-
cated by directly depositing nanotubes on the graphene in Publication 
IV. The interface of SWCNT-Graphene hybrid was investigated using 
atomic resolution scanning electron microscope (STEM), which showed 
the carbon-carbon alignment of the hetrostructure.  
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2.Theory 

2.1 Carbon Nanotubes  

Carbon, being a unique element, presents exceptional physical, chemical 
and biological properties. Various type of covalent bonding using four va-
lence electrons form different allotrope of carbons which exhibit com-
pletely different properties (Figure 2.1). Graphite and diamond are bulk 
solid phases allotropes of pure carbon, on the other hand, fullerene, gra-
phene and carbon nanotubes are nanoscaled allotropes. Since their dis-
covery by Sumio Iijima, carbon nanotubes received extensive research in-
terest due to their outstanding chemical, thermal, mechanical and elec-
tronic properties and their potential application in various fields 
[3][4][5][6]. Carbon nanotubes are considered as graphene sheets which 
are rolled into 1-dimentional hollow cylindrical shapes. In graphene, car-

bon form Sp2 bonded hexagonal lattice where 2s, 2px and 2py form 120° 

angle to each other. CNTs are classified as single walled carbon nano-
tubes (SWCNTs) or multiwalled carbon nanotubes (MWCNTs) depend-
ing on the number of concentric graphene tubular sheets. CNTs that con-
sist of more than one graphene sheet are known as MWCNTs. MWCNTs 
consists of several coaxial tubular sheets, each sheet being a SWCNTs. An 
extra sheet around the hollow SWCNTs with a spacing of 3.4 Å formed a 
double walled carbon nanotube (DWCNTs)[7].  
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The properties the SWCNTs depend upon their structure. The structure 
of the SWCNTs is defined with the chiral vector Ch which is constructed 
by connecting two crystallographically equivalent sites on a 2D graphene 
sheet.  

Ch = na1  +  ma2 ….2.1 
a1 and a2 are unit vectors which join the two-equivalent point on the gra-
phene sheet. The structure of the nanotube is determined by integers n, 
m which specify the chiral vector Ch (Figure 2.2). The structure of the 
SWCNTs is classified either armchair, zigzag or chiral depending on roll-
ing of graphene sheet which is defined by chirality (n,m). For instance, if 
m is equal to zero (n,0), the structure is characterized as zigzag tubes and 

the chiral angle θ for this structure is zero. The chiral angle becomes max-

imum at 30° for armchair SWCNTs which have chiral indices n equal to 

m. The armchair and zigzag are achiral tubes because their planes are the 
mirror to each other. The SWCNTs other than achiral are chiral, and their 
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chiral angles are in the range between 0< θ<30°. The chiral angle of 

SWCNTs is given as  

 

 

  

2.3 Electronic Properties of SWCNTs 

Electronic properties of SWCNTs can be studied on the basis of graphene. 
The electronic transitions in graphene are carried out between valence 
and conduction electronic bands. For graphene, the band structure is de-
fined by tight binding model with the nearest neighbour interaction[9]. 
The electron energy derived by Wallace is given as E2D 

 

Where Kx, Ky are wavevectors,  is nearest-neighbour transfer integral 
and a=0.246 nm is the in-plane lattice constant.   Figure 2.3 shows the 
Brillion zone of the hexagonal graphene with corner points known as k 
points. For graphene, the conduction and valence band touches at the k 
points, which creates a single electronic state at the Fermi level. There-
fore, graphene is metallic in nature with zero band gap.  
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However, the situation is complex for the case of SWCNTs. Rolling of 2D 
graphene sheet into 1D nanotube induces changes in the electronic struc-
ture of SWCNTs. The radial confinement imposes boundary conditions 
which are used to calculate the allowed 1D subbands as follow  

 
  Where q represents an integer. If any of the 1D subband passes through 
the k point, the nanotube is metallic otherwise semiconducting[11]. For 
(n-m)/3= integer, the allowed subband touches the k point and there is 
an electronic state at Fermi level[12] [13]. Therefore, it indicates the me-
tallic behaviour of SWCNTs with zero bandgap at room temperature. On 

the other hand, for semiconducting SWCNTs (n-m)/3≠ integer, the sub-

band do not touch the corner points of 1st Brillion zone[13]. There is no 
density of state at the k point for semiconducting SWCNTs which indicate 
a band gap inversely proportional to the diameter of the tubes.  

2.4 Optical Properties of SWCNTs 

Optical absorption spectroscopy is a reliable method for quick under-
standing of the characteristics of nanotubes. Absorption spectra are 
mainly used to find the diameter of SWCNTs by scanning a sample in ul-
traviolet visible and near infrared (UV-NIR) region of the spectrum. 
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As optical response of SWCNTs, the electronic transitions occur between 
conduction and valence band. The transitions are also known as van hove 
singularities. A typical UV–Vis–NIR absorption spectrum of SWCNTs is 
shown in Figure 2.4a, which consists of three distinct peaks associated 
with the first optical transition in semiconducting tubes S11, second tran-
sition in semiconducting tubes S22, and first transition in metallic nano-
tubes M11. The transition energy of SWCNTs is related to their diameter 
in an inverse relationship [14]. Based on tight binding model the optical 
transition energy is given as  

For semiconducting SWCNTs                                    

 

For metallic SWCNTs                                  

Where  is the nearest-neighbour transfer integral. Tight binding model 
is limited to include the effect of curvature and c-c bond length optimiza-
tion, many body effects and interaction with the environment. The tran-
sition energy is plotted against the diameter of the SWCNTs in Kataura 
plot which is used to calculate their diameter. Besides optical transition 

peaks, there is strong π plasmon absorption, which represents the collec-

tive excitation of π electron of carbon and other impurities inside the 

sample[15].  
Raman scattering is another important optical phenomenon exhibited by 
SWCNTs and Raman spectroscopy is widely used for their characteriza-
tion. The Raman scattering is classified as stokes and anti-stoke where 
stoke scattering is associated with the emission of phonon and absorption 
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of phonon is referred to anti-stoke[14]. Raman scattering is defined as 
the inelastic scattering of the incident photon from molecules which are 
excited to higher energy level[14]. A typical Raman spectrum of SWCNTs 
is given in Figure 2.4b which show two distinct features defined as radial 
breathing mode (RBM) and tangential mode. The RBM peaks are present 
in low energy region between frequencies 100 to 400 cm-1. There can be 
RBM peaks from several resonant SWCNTs or a single RBM peak repre-
senting only a single type of tube in the sample. The RBM peaks are used 
to determine the diameter and chirality of the resonant SWCNTs. The di-

ameter of the SWCNTs (  is inversely related to the frequency of RBM 

 as   

 

Where A=217.8 and B=15.7 are experimentally determined val-
ues[16][17]. The relationship is used to determine the diameter of the 
nanotubes. One major limitation of the Raman is that only nanotubes 
which are in resonance show RBM peaks and correspondingly their di-
ameter can only be measured. Therefore, it is difficult to observe the di-
ameter distribution of all the nanotubes present in the sample using only 
Raman spectroscopy[18]. Kataura plot is used to assign the (n,m) to the 
RBM peaks by taking into account the calculated diameter from RBM and 
the resonance condition Eii.  
The strong peak in Raman spectra appears at 1590 cm-1 which represent 
the G-band. The G band is phonon mode between two carbon atoms in 
graphene unit cell in which vibration occurred tangentially between two 
carbon atoms[19]. The G-band in SWCNTs consists of several peaks com-
pare to single peaks of G-band in graphene due to phonon vector confine-
ment along the circumference direction and symmetry breaking due to 
the tubular structure of SWCNTs. Therefore, the G-band in SWCNTs is 
divided into G+-band (1590 cm-1) and G—band (1570 cm-1). The D-band 
appears at 1350 cm-1 indicate scattering of the excited phonon from the 
defects in the crystalline lattice. The ratio of G/D is used as a measure of 
the structural quality of SWCNTs.   
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Since the discovery in 1991, several methods have been developed to syn-
thesise nanotubes (Table 3.1) [20]. Iijima, Ichihashi and Bethune et al 
first time reported the synthesis of carbon nanotubes[3][21]. Arc dis-
charge and laser ablation method were the most widely used for early re-
search work on the growth of nanotubes. In the former method, an arc 
discharge is used for the growth of nanotubes generated between two face 
to face graphite electrode at a high temperature of above 2500 °C and 
partial pressure of 600 mbar. Laser ablation method is also similar to the 
arc discharge method, the only difference is evaporation of graphite using 
laser beam[22].  

 

Chemical vapour deposition (CVD) is low cost and widely used method 
for the growth of nanotubes at a low temperature around 1000 °C. Dai et 
al. in 1996 first time reported the growth of SWCNTs using CVD[24]. It 
employed a carbon containing source of carbon which decomposes cata-
lytically on the surface of transition metal particle for the growth of nano-
tubes. The most commonly used catalysts in CVD are iron, nickel and co-
balt. The catalysts are either supported on a substrate or grow nanotubes 
from the floating catalyst in gas phase. Yacaman et al. designed the pro-
cess using Fe supported on the graphite for the growth of carbon nano-
tubes (Figure 3.1) [25]. Later on, metal nanoparticles supported on po-
rous oxides were extensively studied for the growth of single walled car-
bon nanotubes[26][27][28][29][30].  
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Floating catalyst CVD (FCCVD) is a continuous and scalable process for 
the growth of SWCNTs as shown in Figure 3.2. The furnace of the FCCVD 
reactor can be either horizontal or vertical. Vertical reactor provide lam-
inar flow and less eddies during the nucleation of NPs and growth of 
tubes. Due to eddy formation in horizontal reactor, the NPs are produced 
in broader size range. The catalyst nanoparticles (NPs) are formed in-situ 
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in FCCVD using organometallic compounds. These compounds decom-
pose at a temperature above 400 °C into small NPs ranging from few na-
nometers. Cheng et al. first time developed the FCCVD using ferrocene as 
catalyst recursor[31]. Rope-like-bundles of SWCNTs were produced in 
FCCVD using benzene as a carbon source at a temperature of about 1200 
°C. Sulfur containing thiophene is added as growth promoter which 
raises the proportion of SWCNTs.  

 

 
Later on, continuous HiPco process was built based on the FCCVD tech-
nique[32][38]. The reactor maintained a high pressure of 1-10 atm and 
temperature of 800-1200 °C, with a supply of two flow, cold flow of 
Fe(CO)5/CO and a pre-heated CO flow. NanoMaterial group at Aalto Uni-
versity developed a dry transfer technique for SWCNTs film fabrication 
using continuous FCCVD[39][40][41]. The process used CO as a carbon 
source and ferrocene as a catalyst precursor at reactor the temperature of 
850 °C. Spark discharge process is slightly different FCCVD, which use 
the pre-made catalyst in the gas phase for the growth of 
SWCNTs[42][43]. A spark discharge generator, consists of a pair of rod-
shaped electrodes, evaporates Fe NPs as pre-made catalyst. The catalyst 
NPs are carried into the reactor with a flush of N2 jet and CO was used as 
carbon source which produced highly individual SWCNTs with a mean 
length of 4 μm. 
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3.2 Carbon Feedstocks 

Different types of carbon sources were explored in CVD. CVD process was 
first time reported using CO as a carbon source[24]. Later on, CoMoCAT 
and HiPco process employed CO as carbon for the growth of high quality 
and smaller diameter (0.7 t0 1.5 nm) SWCNTs[29][32]. The SWCNT, 
synthesized from carbon monoxide-based FCCVD reactor at ambient 
pressure, were extensively studied at Nanomaterial group, Aalto Univer-
sity[39]. The process uses carbon monoxide (CO) as a carbon source for 
the synthesis of clean nanotubes.  The nanotubes are characterized as 
high quality with the small diameter ranging from 1 to 1.2 nm. The FC-
CVD process with CO as carbon has limitations to operate it at very high 
temperature. The CO decomposition reaction has opposite thermody-
namics and kinetics. The boudouard reaction for the disproportion of car-
bon monoxide into graphitic carbon and CO2 is exothermic. The increase 
in temperature results in decreased yield of reaction and limits the supply 
of carbon to catalyst particle[44]. The hydrocarbons as the carbon source 
are the potential alternative to CO for high yield and longer nanotube.   
Several hydrocarbon precursors were reported in the literature for sup-
ported and floating catalyst SWCNTs synthesis reactor. Gaseous hydro-
carbons such as methane, ethylene and acetylene have been successfully 
used for the synthesis of SWCNTs at various temperatur[45] [46] [47]. 
Hydrocarbons are efficient carbon sources which release enough carbon 
upon their decomposition for high yield synthesis of SWCNTs. In addi-
tion, their decomposition is not thermodynamically limited.  Simplified 
reaction for the decomposition of hydrocarbon is given as  

 

 
Methane is less reactive than ethylene and acetylene, therefore, it re-
quires high temperature for the growth of nanotubes[23]. Liquid carbon 
sources such as benzene, tauluene and ethanol were used for high yield 
synthesis of carbon nanotubes[48][49] . Ethanol is a useful carbon 
source for producing long nanotubes at high yield[34][51]. OH group 
from ethanol decomposition has a cleansing effect to remove amorphous 
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carbon from the catalyst particles for the synthesis of high quality nano-
tubes.  

Ethylene is an important carbon source for the growth of SWCNTs in 
CVD. Ethylene is unsaturated hydrocarbon with sp2 structure. It releases 
graphitic carbon on its thermal decomposition[52]. Decomposition of 
ethylene is endothermic which required high reaction temperatures. A 
simplified decomposition reaction is  

 
 

 
Where M is the metal catalyst. Other reactions are also involved during 

the decomposition of ethylene.  

 
 

 

 

 

 

 

 
Released carbon in reaction 3.1 is used for the growth of SWCNT. Reac-

tion 3.5 shows that ethylene also polymerizes to form the higher hydro-
carbons. However, this polymerization reaction is only favoured at low 
temperatures and the fraction of higher hydrocarbon is extremely small 

at a high temperature above 1200 °C[53].  

Ethylene as a carbon source has been studied for the growth of SWCNTs 
from supported CVD. Dai et al. reported the growth of ultralong semicon-
ducting nanotubes from ethylene mixed with the methane[2]. A combi-
nation of ethylene and methane in supported CVD showed growth of 
nanotubes at better yield than alone. Ethylene was used as the alone car-
bon source in super growth supported CVD[1]. Water assited ethylene 
process significantly enhanced the yield and weight ratio of SWCNTs/cat-
alyst exceeded 50, 000%. The process produced 99.98% pure SWCNTs.   
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Ethylene has not been used alone as carbon source in FCCVD synthesis 
of SWCNTs. Ethylene as dual carbon source was explored along with tol-
uene and other aromatic compounds in Enhanced Direct Injection Pyro-
lytic Synthesis (EDIPS)[54]. EDIPS process proposed that the aromatic 
compounds are first converted into sp2 ethylene in EDIPS process, which 
is further used for the synthesis of sp2 structure of carbon nanotubes. 
Therefore, direct addition of sp2 ethylene along with aromatic com-
pounds into the reactor enhances the synthesis of SWCNTs in the pro-
cess[50]. This makes ethylene as an efficient carbon source for the growth 
of SWCNTs. Ethylene as a hybrid carbon source along with CO produced 

long nanotubes at high temperature of 1100 °C [44].  

Water is commonly used in chemical vapor deposition as growth en-
hancer. Hatta et al. reported the growth of dense and vertically aligned 
carbon nanotubes using water with millimeter scale height in just 10 
minutes [1]. The very high yield attributed to the higher activity of the 
catalyst nanoparticle with the addition of the water and is increased to as 
high as 84% [55]. Time evaluation data indicates that the catalyst activity 
is increased upto a certain water concetration, after which it decreases 
due to oxidation or poisoning of the catalyst NPs[56]. Fei et al. reported 
an increase in growth rate from 20 μm/s to 80-90 μm/s for the addition 
of 0.43% optimized water concentration[57].  
Water has visible impact on the diameter of the SWCNTs. Tsuji et al. 
studied the addition of water for growth of SWCNTs over Fe-MGO based 
catalyst.  The addition of water synthesized SWCNTs with narrow diam-
eter distribution. The studies proposed that the addition of water prevent 
the Ostwald ripening and suppress agglomeration of the smaller NPs 
which leads to the synthesis of smaller diameter SWCNTs. On the con-
trary, water preferentially etch away the smaller diameter SWCNTs. So 
the narrow diameter distribution is proposed to be the net result of two 
opposite reactions[58]. 
The addition water as growth promoter assists to control the chirality of 
the SWCNTs. Based on Raman characterization, Harutyunyan et al. 
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shows that the ration of metallic tube to the semiconducting tubes is sen-
sitive the water conditioning and produced metallic fraction of the tube 
to maximum of 91% [59]. The evidence of preferential growth is only 
based on Raman studies; however, in situ microscopy indicated morpho-
logical changes of the catalyst NPs. Moreover, it was found that the water 
treatment not only controls the diameter of the NPs but also alter the 
shape of the particle. Water also promotes the selective synthesis of sem-
iconducting SWCNTs. Water was proposed to have the oxidative behav-
ior which etch away the relatively unstable metallic SWCNTs for selective 
growth of semiconducting tubes [60]. The FET showed the improved per-
formance with higher on/off ratio with the addition of the water vapors. 
In addition, li et al. reported selective synthesis of semiconducting 
SWCNTs with purity around 99%. The chirality is determined based Ra-
man spectroscopy and UV-vis absorption which show 97 % of the tubes 
with chirality (14,4) [61].   

3.5 SWCNT Thin Films 

The SWCNT films are the continuous network of nanotubes or bundle of 
nanotubes. The SWCNTs are mixture of metallic and semiconducting 
tubes. The metallic nanotubes connect with each other in the network to 
make the percolation path for conduction through the network. A thresh-
old density of the network is required for good connection of metallic 
nanotubes to form percolation path. At low density, the network is lack 
of percolation paths and there is no conduction in the thin film. The films 
show metallic behaviour at a higher density of tubes with ohmic current-
voltage characteristics. The conductivity of the film enhances as the num-
ber of SWCNTs in the network increases, while a decrease in transpar-
ency. Thin films of SWCNTs with high conductivity as well as transpar-
ency are highly desirable for applications as transparent conducting films 
in flexible electronics.   

The solution based vacuum filtration is an extensively studied method 
for the fabrication of SWCNT based transparent conducting film. The 
first ever reported SWCNTs film was also fabricated with the vacuum fil-
tration technique [5]. The filtration method was further developed for the 
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synthesis of the film with various thickness, transmission and conductiv-
ity. Filtration method involves the filtration of the surfactant-based dilute 
liquid suspension of the carbon nanotubes on a membrane. The filter 
cake is completely washed with purified water to remove any surfactant 
and transferred to any substrate for its application [10]. However, the so-
lution-based filtration method has shortcoming, which limits its applica-
tions [2]. Filtration method involves the sonication, which shortens and 
damages the quality of nanotubes. Moreover, it is hard to remove the sur-
factant completely from the film. The Nanomaterial Group at Aalto Uni-
versity developed completely dry process for fabrication and direct trans-
fer of TCFs onto any substrate without the involvement of any solution 
ingredient. The dry process involves the filtration SWCNTs containing 
aerosol directly coming from the floating catalyst CVD (FC-CVD) reactor. 
The carbon monoxide (CO) based FC-CVD process was used for the syn-
thesis of SWCNTs in dry manufacturing of TCFs [14]. 

3.6 Transparent Conducting Films 

The SWCNTs films with their optoelectronic properties are considered to 
be a potential replacement of industrial standard indium tin oxide (ITO). 
ITO based TCFs are very conductive at high transparency in the visible 
range of the spectrum. They have high IR-reflectivity and better environ-
mental stability. However, ITO is brittle, and conductivity reduced on 
mechanical deformation. It limits the application of ITO based TCFs for 
flexible electronics [3]. Moreover, ITO has a high refractive index, which 
creates haze in the TCFs [6]. Single wall carbon nanotubes based transpar-

ent conducting films are better than ITO based films in term of flexibility, 
stretchability and haze. The sheet resistance of SWCNTs based TCFs is very 
little affected on stretching and mechanical deformation. Additionally, the 
SWCNTs based films can be produced anywhere in the world from abundant 
carbon raw material [2]. 

Morphology of the nanotubes is critical for the high conductivity of the 
films. Kaskela et al. synthesized nanotubes of different length and ob-
served higher conductivity of the films having longer tubes. The re-
sistance of the network is dominated by the resistance of the junctions 
between the nanotube bundles. The electrical conductivity of the film is 
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reduced due to these resistive junctions. It is believed that longer nano-
tubes offer a smaller number of resistive junctions as well as smaller 
numbers of contacts in series which enhance the electrical conductivity 
of the film. However, for the very long tubes around 20-30 μm, the re-
sistance along the tubes become comparable to the junction resistance 
and the effect of longer tubes is limited after a certain length [62]. Bun-
dling of the nanotubes has an obvious effect on the performance of the 
nanotube film. Mustonen et al. produced high conductivity films from in-
dividual nanotube having a sheet resistance of 60 Ohm/sq. for 90% 
transmission at 550 nm. The highly individual tubes provide an increased 
number of parallel conductive pathways compare to the bundled nano-
tubes which enhance the conductivity of the film. A comparison of the 
conductivity of SWCNT films is given in the Figure 3.3. 

The content of the metallic nanotube is also very important for the high 
performance of SWCNT films. In an unbiased synthesis, 2/3 of the tubes 
are semiconducting SWCNTs while 1/3 of the tubes are of metallic nature. 
The higher proportion of metallic SWCNTs increases the number of me-
tallic percolation paths in the network for higher conductivity films. 
Cheng et al. fabricated films from high enrichment of metallic SWCNTs 
by selective removal of small diameter semiconducting SWCNTs using 
hydrogen[46]. The SWCNT film enriched with metallic nanotubes 
showed excellent optical transparency and electrical conductivity.  
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4.Method  

 
For the current work, we mainly used floating catalyst chemical vapour 
deposition (FCCVD) method for the synthesis of SWCNTs. FCCVD also 
known as aerosol synthesizes SWCNTs in gas phase at high temperature 

around 800 to 1100 °C. The growth of SWCNTs required a either a carbon 

containing gas or liquid as carbon source along with metal catalyst nano-
particles (NPs). The NPs provide active sites to the carbon atoms for the 
growth of nanotubes. The NPs are synthesized either by high temperature 
decomposition of organometallic compounds or spark discharge method 
where high voltage is applied to the electrodes. The organometallic ferro-

cene can decompose at a temperature higher than 350 °C and and nucle-

ate into NPs ranging in sizes from 2 to 6 nm. The simultaneous decom-
position of carbon source at high temperature supplies carbon to NPs 
which nucleate the nanotubes.  

4.1 Floating Catalyst CVD Reactor 

 
SWCNTs were synthesized in a vertical high temperature FCCVD reactor, 
as shown in Fig. 1a.17 in Publication I, II and III. Reactor consists of 
a 60 cm long furnace equipped with a quartz tube of 70 cm length and 21 
mm inner diameter.  Gas flows into the reactor were controlled using 
mass flow controllers (MFCs). The reactor furnace was operated at a set 
temperature of 1050 °C. To feed precursors into the hot zone of the fur-
nace, a stainless-steel water-cooled injector probe was used. The reactant 
inside the injector are kept at room temperature by constantly circulating 
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water between the walls of the injector. There is no chemical reaction in-
side the injector. Ethylene (C2H4, 99.999%, AGA) was used as the carbon 
feedstock and hydrogen (H2, 99.999%, AGA) and nitrogen (N2, labora-
tory grade, vaporized from liquid nitrogen) as additional carrier gases. 
Ferrocene (FeCp2, 99%, Alfa Aesar) was mixed with silicon dioxide pow-
der (99.9%, Balzers Materials, weight ratio FeCp2: SiO2 = 1: 4) in a car-
tridge held at ambient temperature. To introduce ferrocene vapour into 
the reactor, a flow of nitrogen was passed through the cartridge contain-
ing the precursor powder. Gold chloride (AuCl3, 99.99%, Sigma-Aldrich) 
and nitric acid (HNO3, 70%, Sigma-Aldrich) were used for doping of 
SWCNTs. 

 

4.2 Ethylene Based FCCVD 

Floating catalyst CVD was used for the synthesis of SWCNTs. Ethylene as 
a carbon source along with small amount of hydrogen was used in an in-
ert environment of nitrogen. Nitrogen as the carrier gas was chosen to 
make the growth process economical and safe to operate. The reactor was 
optimized at ethylene flow of 0.75 ccm (0.20 vol %). Addition of 45 ccm 
hydrogen (13 vol %) ethylene assists the controlled decomposition of eth-
ylene. The reactants are carried into the reactor using nitrogen. The total 
nitrogen flow of 300 ccm (87 vol %) was divided into three sub-flow of 
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100 ccm each. The ferrocene flow of 100 ccm (29 vol %) N2 passes through 
the ferrocene cartridge, which brings the ferrocene vapours into the re-
actor. The main flow of 100 ccm (29 vol %) N2 carries ethylene and hy-
drogen. Additionally, 100 ccm (29 vol %) N2 was introduced from the side 
of the reactor. The side flow surrounds the main flow from the injector to 
avoid recirculation across the injector.  
The reactants were introduced using water cooled-injector into the reac-
tor at two different position denoted as Feed Position L and H. Feed Po-
sition L located at the centre of the reactor while the Feed Position H is 
approximately 10 cm higher. The centerline temperature measurement 
showed a temperature profile with maximum temperature at the centre 
of the reactor and decrease towards the ends of the furnace. This shows 
that both the positions have different temperature and conditions to offer 

for the growth of nanotubes. For a set furnace temperature of 1050 °C, 

Feed Position H has a much lower temperature of 550 °C compare to 

1000 °C at Feed Position L. The effect of growth conditions on the syn-

thesis nanotubes was systematically studied using different feed posi-
tions. Ferrocene as catalyst precursor decomposes at temperature higher 

than 400 °C to nucleate NPs. Both the positions have temperature above 

decomposition temperature of ferrocene (400 °C), thus, ferrocene de-

composes into NPs. Ethylene decomposes in the reaction over the cata-
lyst NPs, releasing graphitic carbon for the growth of nanotubes. The 
SWCNT aerosol from the reactor outlet was filtered with a 13 mm diam-
eter Millipore filter. The SWCNT deposits on the filter and forms a ran-
dom network of SWCNTs that extend towards the thin film conductor. 
The thin films from the filter were transferred to a quartz substrate with 
a simple press transfer. 
 
4.2.1 Water-assisted Growth of SWCNTs 
 
Water is used as growth promoter in ethylene based FCCVD in Publica-
tion II. The lower flow of 40 ccm (11 vol %) N2 through the ferrocene 
cartridge lower its concentration in side the reacor, thus, decrease the 
number concentration of NPs. H2O vapors were introduced into the re-
actor by bubbling N2 gas through a water-filled bubbler. A flow of 0 to 40 
ccm N2 passed through the water bubbler, corresponding to 0 to 350 ppm 
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of H2O[68]. The total flow through the reactor was maintained at 346 
ccm and the temperature of the reactor was fixed at 1050 °C.  

 
 

4.2.2 Growth

Ethylene based FCCVD also simultaneously synthesized heterostructure 
of 1D SWCNTs and 2D graphene. Graphene was grown along with nano-
tubes using higher ethylene and ferrocene flow at Feed Position L. Eth-

ylene flow of 1 ccm was used at 1050 °C. 200 ccm (57 vol %)  N2 passed 

through the ferrocene cartridge which carried more ferrocene into the re-
actor than the standard condition for nanotube growth. Addition of 115 
ppm of water also assisted the simultaneous growth of heterostructure 
from lower ferrocene flow (40 ccm N2) 11 vol %.   
 
4.2.3 Fabrication of Graphen-CNT Hybrid 
 
The SWCNTs were synthesized using standard conditions 0.75 ccm (0.21 
vol %) ethylene, 45 ccm (13 vol %) H2 and 100 ccm (29 vol %) N2 flow 

through ferrocene cartridge at 1050 °C. The as synthesized SWCNTs were 

dry deposited on the commercial graphene (Graphenea Inc) using ther-
moforetic deposition method[69]. Graphene is suspended on peforated 
silicon nitride grids (Pella Inc). Lazer irradiation at 3W excitation power 
was used for 20 s to clean the sample under 10-7 pa pressure[70] and sam-
ple was shifted to the microscope column maintaining the same vacuum 
system.  

4.3 CO Based FCCVD 

A similar FCCVD reactor was used for the growth of nanotubes using CO 
and ferrocene in Publication III. However, furnace is slightly longer 

than the ethylene based FCCVD. The reactor was operated 850 °C and 

total flow of 400 ccm CO. A flow of 50 ccm (12 vol %) CO carried ferrocene 
vapors into the reactor from the ferrocene cartridge. Another pure CO 
flow of 250 ccm (62 vol %) was entered as main flow using water cooled 
injector and 100 ccm (25 vol %) from side inlet of the reactor. CO2 as 
growth promoter was used to tune the synthesis of nanotubes. In this 
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work, CO2 flow rates was set to 0.0, 1.0, 1.25, 1.5, 2.0, 2.5, 3.0, and 5.0 
ccm corresponding to the volumetric fractions of 0%, 0.25%, 0.31%, 
0.37%, 0.50%, 0.62%, 0.74%, and 1.23%, respectively. The prepared 
SWCNTs were collected downstream of the reactor using a membrane 
filter with the help of a vacuum.  

4.4 Doping of SWCNTs films  

The SWCNT films were doped using AuCl3 solution and concentrated 
HNO3. The nanotube films were transferred on quartz substrate using dry 
transfer technique[36]. The SWCNT films of 13 mm size were wetted with 
3 to 4 drops of 63% concentrated HNO3. After 3 minutes treatment, the 
films were washed completely using distilled water and dried using com-
pressed air. To dope with AuCl3, 16 mM solution of AuCl3 in acetonitrile 
was prepared according to the preciously described method[71]. The 
SWCNTs films were treated with the prepared solution around 5 minutes. 
Then, SWCNT films were completely washed with acetonitrile to remove 
any remaining AuCl3.  

4.5 Characterization  

Gas-phase size classification of SWCNTs was done by using scanning mo-
bility particle sizer (SMPS) depending on their electrical mobility. SMPS 
can classify aerosol charged particles up to 2 nm according to their size 
and shape with the help of a differential mobility analyzer (DMA). When 
a charge carrying aerosol particle enters in an external electric field of 
known strength, they are in constant terminal velocity. For a known 
charge distribution on the particles, the smaller the size the smaller is the 
viscous drag force and hence higher mobility of the particle in the field. 

From DMA the mobility diameter  for spherical shaped objects is 
roughly equivalent to their volumetric diameter. Since SWCNTs are cy-

lindrical in shape therefore  of SWCNTs apart from their bundle di-

ameter is also positively correlated to their bundle length ( ) (i.e. 

). Therefore, in DMA we observed   greater than 30 nm for our 

SWCNTs. The DMA selects particles lying in a specific range of  de-
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pending on the applied voltage and are introduced into the particle coun-
ter. The number of aerosol particles in each bin size are counted with the 
help of a condensation particle counter (CPC) or by Faraday cup elec-
trometer (FCE). In this thesis we employed SMPS+FCE (the GRIMM 
Aerosol Technic GmbH, Germany with sensitivity of 0.1 fA) to monitor 
stability of the FCCVD reactor in real-time and to get number size distri-
butions (NSDs) of SWCNTs. The total number concentration (NC) of 
SWCNTs was estimated from NSDs at various water concentrations in 
publication II to compare yield of the SWCNTs. The NC of the SWCNTs 
was obtained using 0.3 lpm flow of the aerosol from FC-CVD reactor di-
luted with 0.7 lpm of pure nitrogen.  

 
4.5.2 Electron Microscopy 
 
Scanning electron microscope (SEM) and transmission electron micro-
scope (TEM) were mainly used to take images of SWCNTs. SEM (Zeis 
Sigma VP) is used to measure the length of nanotubes. SWCNTs were de-
posited on the silicon substrate using thermophoretic deposition tech-
nique[72]. Silicon substrate provide enough contrast for clear SEM im-
ages. Hoever, it is hard to distinguish between individual and bundled 
nanotubes from SEM images.  

High resolution double aberration corrected TEM (JEOL-2200 FS) was 
employed to investigate the structure, bundling of nanotubes as well as 
sizes of NPs. SWCNTs were directly deposited on the TEM grids.  The 
TEM grids were placed on the filter paper, which filter the aerosol coming 
from the reactor. This method provided the opportunity to investigate the 
as produced nanotubes without any further treatment and free from any 
contamination. The samples were collected after nanotubes ddeposition 
from few seconds to 10 minutes depending on the yield of the reactor. 
TEM was mainly operated at 80 kV for imaging nanotubes. Atomic reso-
lution aberration corrected Nion Ultra STEM 100 was used for the high-
resolution images of nanotubes and NPs. STEM is operated at 60 kV pri-
mary beam energy at ultrahigh vacuum of 2 x 10-7 Pa. Similarly, the sam-
ples were prepared for STEM by directly depositing nanotubes on gra-
phene coated silicon nitride grids by directly placing the grids on filter 
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paper. Direct and dry thermophoretic deposition method was also used 
to deposit nanotubes on the silicon nitride grids[72][73]. 

  
4.5.3 Electron Diffraction 
 
Electron diffraction is the direct technique to measure the structure of 
SWCNTs. It is an unambiguous intrinsic layer-line analysis method for 
the accurate determination of chiral indices of individual nanotubes from 
their respective diffraction pattern. The diffraction patterns of individual 
nanotubes were obtained using high resolution TEM as shown in Figure 
4.2.  
The equatorial line at the centre has intrinsic layer line spacings (ξi) 
which are functions of only chiral indices (n,m). It is non-dimentional 
parameter and corresponds to each non-equatorial layer line. The di is 
the spacing of each non-equatorial layer measured from the equatorial 
line. The di of the first order hexagone are d1, d2, d3 and for the second 
order hexagone named as d4, d5, d6. The di and ξi of each diffraction pat-
tern were measured and method described in reference [74] was used to 
measure the chirality of each tube.  
 

 

Fourier Transform  
 
Fourier transform can also be used for direct determination of the chiral-
ity of nanotubes. The real space image of STEM and its corresponding 
Fourier Transform is shown in Figure 4.3.  Fourier transform image also 
shows the layer line spacing di similar to electron diffraction pattern. The 
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layer line spacing di along with the period of oscillation along the equato-
rial line from the Fourier transform image were used to find the chiral 
indices (n,m) of the nanotubes.  

 
4.5.4 Optical Spectroscopy 
 
Optical absorption spectroscopy was used to find the diameter of the 
nanotubes. A Uv-Vis-NIR spectrometer (PerkinElmer Lambda 950) 
characterized the nanotubes film transfere onto a quartz substrate. Ab-
sorption spectra of the nanotubes film on quartz substrate was obtained 
in the wavelength range from 250 to 2500 nm. The diameter of nano-
tubes is determined using Kataura plots. A fitting method previously pub-
lished by our group was used to find the diameter distribution of nano-
tubes using absorption spectra[77]. Uv-Vis-NIR spectrometer was also 
used to measure the transmission of nanotubes film at 550 nm.  

Raman spectroscopy was used to confirm variation in diameter of the 
nanotubes and quality of the tubes. Raman spectrometer (Horiba Jobin-
Yvon Labram HR 800) equipped with the excitation laser of 514, 488 and 
633 nm laser was used to obtain the Raman spectra of nanotube films.  

 
4.5.5 Electrical Characterization  
 
The sheet resistance of the SWCNT films is determined with the four-
point probe. The resistance of the film is expressed as  
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Where Rs is the sheet resistance of the system. Resistivity , L length, t 
thickness and W is the width of the simple rectangular system. The sheet 
resistance of nanotube film was measured using Jandel four-point probe 
connected to a HP 3485A multimeter  
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5. Results & Discussion 

 

5.1 Effect of Feeding Position on the Growth of SWCNTs 

Ethylene based FCCVD prsocess was developed for the synthesis of 
SWCNTs in Publication I. FCCVD process first time used ethylene as a 
carbon source for the growth of SWCNTs. The SWCNTs were grown in an 
inert environment of 300 ccm nitrogen, which makes the FCCVD process 
environment-friendly. An extremely small flow of ethylene o.75 ccm was 
used. Ethylene is believed to decompose over the iron NPs for the growth 
of SWCNTs. The simplest reaction of ethylene decomposition is given as  

 

 
Here, C is the released carbon to NPs on ethylene decomposition to 

grow nanotubes. As reaction 4.1 suggest, the addition of H2 can control 
the decomposition of ethylene. The reactor was optimized with 40 ccm 
hydrogen for the growth of clean and high-quality nanotubes. The higher 
concentration of hydrogen (more than 60 ccm) suppress the decomposi-
tion of ethylene and significantly decreases the synthesis yield[44]. The 
low flow of hydrogen (less than 20 ccm) brings more carbon into the sys-
tem and deteriorate the quality of the nanotubes.  

 
Feeding of the reactant gases at different reactor positions has an effect 
on precursor decomposition, catalyst nucleation, adsorption and precip-
itation of carbon on NPs. To study the effect of feed position, the reactants 
are introduced at different position into the furnace with the help of a 
water-cooled injector as shown in Figure 5.1 a. The reactor has a temper-
ature profile with maximum temperature in the middle which decreases 
towards both ends of the furnace Figure 4.1. So, feeding at different posi-
tions offers different growth conditions.  
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Growth of SWCNTs is mainly studied at two positions denoted by Feed 
Position H (550 °C) and Feed Position L (1000 °C) (Figure 5.1a). Growth 
of nanotubes at Feed Position L has 8 times higher yield in comparison 
to the Feed Position H as shown in Figure 5.1b. Feed Position L takes 15 
minutes for the fabrication of 90% transmission compare to 120 minutes 
for Feed Position H.  Feed Position L has high temperature 1000 °C at 
which ethylene and ferrocene simultaneously decompose to grow 
SWCNTs. The simultaneous decomposition of ethylene and ferrocene al-
lows more of the catalyst NPs to grow nanotubes for high yield synthesis 
of nanotubes. In comparison, Feed Poshition H has lower temperature at 
which only ferrocene decomposes to nucleate NPs. The early nucleation 
of NPs results in loss of NPs before they reach the growth zone, which 
decreases the SWCNT yield.  

 

 
Feeding position also influences the bundling and length of nanotubes. 

SWCNTs collide in the gas phase to form bundle and probability of colli-
sion increases at a higher yield. Feed Position H produced a high propor-
tion (28%) of individual SWCNTs with small bundle size of 4 ± 2.4 nm 
compare to 11% individual nanotubes for Feed Position L (Figure 5.1e). 
The length of nanotube is important for their application especially as 
TCFs. Feed Position H produced long tubes with a mean length of 13 ± 
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4.5 μm which is more than two times longer than the tubes grown at Feed 
Position L. This mean length of the tubes is higher compare to previous 
studies reported in literature for FCCVD[39][78]. It is believed that the 
higher bundling terminates the growth to grow longer tubes which re-
sulted in shorter tubes at Feed Position L. Moreover, early nucleation of 
NPs provides longer residence time in Feed Position H for the synthesis 
of longer nanotubes. So, the feed positions affect the nucleation of NPs 
due to their different temperature which influence synthesis yield, bun-
dling and eventually length of the SWCNTs.  

The continuous and sufficient supply of carbon to NPs is important for 
the growth of long tubes. An imbalance in the supply of carbon to NPs 
lead to the termination of the SWCNT growth resulting in shorter 
tubes[79]. For instance, we observed shorter (less than 7.5 μm mean) 
tubes in CO based FCCVD (Figure 5.2) in Publication III. Addition of 
different concentrations of CO2 has an obvious effect on the length of the 
tubes. The CO disproportion reaction is thermodynamically, as well as 
kinetically limited. Boudouard reaction for CO decomposition is given as  

 

The low conversion rate of CO decomposition in exothermic reaction at 
850 °C, possibly terminate the growth after growing a few micrometres 
due to the limited supply of carbon to the catalyst NPs[80]. In typical CO-
based FCCVD system, the CO is over 90 vol% in the feedstock for CNT 
growth. This ethylene system (uses only 0.2 vol% C2H4) has the much 
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higher carbon conversion efficiency from carbon source into CNT, com-
pared to the typical CO system. This increased and continuous supply of 
carbon from higher conversion, possibly assists the growth of long tubes. 
Moreover, the continuous supply of carbon was postulated to keep the 
catalyst-tube adhesion strength high[81], which allows defect healing and 
prevents early growth termination[82]. Moreover, the tubes are long as 
well as straight without any circular formation (Figure 5.2 e). The for-
mation of a circular structure affects the SWCNT film conductivity and 
its performance as TCFs. 

Structure of SWCNTs is important for their applications. Majority of the 
previous studies reported the structure of nanotubes using indirect tech-
niques such as Raman spectroscopy which are ambiguous methods for 
chirality determination. Direct determination of the structure of nano-
tubes is challenging and time consuming. The structure of SWCNTs from 
ethylene has not been determined earlier by any direct measurement e.g 
electron diffraction.  

Electron diffraction as a direct and unambiguous method was used in 
Publication I for the accurate determination of the structure of nano-
tubes synthesized from ethylene based FCCVD process. Chirality maps in 
Figure 5.3a,b show the distribution of nanotubes according to their struc-
ture. The mean diameter of the tubes is 1.50 nm for Feed Position H and 
1.66 nm for Feed Position L. Nanotubes are uniformly distributed be-
tween zigzag and armchair edge without any biased accumulation. More-
over, there is even distribution of chiral angles from 0 to 30° without any 
accumulation towards higher or lower angles with a mean chiral angle of 
15°. Particularly, there is not an obvious diference in the behaviour of chi-
rality distribution for Feed Position H and L, despite significant varia-
tions in the morphology of tubes for both positions.  
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The results are novel and important as they are the first direct measure-
ment of the structure of nanotubes from a hydrocarbon based FCCVD. 
Structure of nanotubes from ethylene is different than the previously re-
ported SWCNTs synthesized from other carbon precursors CO and etha-
nol which have an accumulation of high chiral near armchair 
tubes[83][18][84].  Therefore, the results are contradictory to the screw 
dislocation theory, which suggests preference in the growth of near arm-
chair tubes due to the high formation energy barrier of zigzag tubes[85]. 
Zigzag tubes are postulated to have slower (10-1000 times) growth 
rate[86] which limit their abundance in the sample. Cap formation theory 
better explains the evenly distributed chirality of nanotubes, which pos-
tulate that structure of nanotubes is defined during their nucleation and 
structure of the cap determine the chirality[87]. It suggests that nanotube 
growth is without any preference and zigzag could also be stable.  

5.3 Chirality Controlled Growth of SWCNTs 

Random chirality distribution is not desirable for the applications of 
nanotubes in nano-electronics. The uniform structure of nanotubes has 
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only a few bandgaps which reduce device-to-device performance varia-
tion, e.g. in the on/off ratio. Therefore, randomly distributed nanotubes 
from simple ethylene base process are not suitable for their applications. 
Single or narrowest possible chirality distribution tubes are desired for 
applications in field effect transistors (FET)[88], integrated circuits[89] 
and other nano-electronics. 

To control the structure of nanotubes in the gas phase, water as a 
growth promoter is used in ethylene based FCCVD in Publication II. 
The growth of SWCNTs was investigated at the water concentration of 0, 
115 and 300 ppm. Electron diffraction analysis of the individual tubes 
was adopted. The SWCNTs were deposited on the TEM grid and each 
tube was approached separately to find its diffraction pattern. Based on 
the intrinsic layer line analysis method from the electron diffraction pat-
tern, the (n,m) chiral indices were assigned to individual tubes.[74] The 
statistical (n,m) distribution of 120 individual SWCNTs each is repre-
sented in chirality map for 0 ppm, 115 ppm and 300 ppm of water (Figure 
5.4).  

Chirality map shows that the addition of water has an obvious effect on 
diameter, chirality and chiral angle distribution of SWCNTs. For the sam-
ple of 0-ppm of water, TEM shows very broad diameter spreading, thus 
chirality is also very wide and randomly distributed with no distinct ac-
cumulation towards either zigzag or armchair edge. TEM confirmed that 
the addition of 115 ppm water produced small as well as narrow diameter 
distributed SWCNTs with a mean diameter of 1.10 nm. It is important to 
note that the addition of water did not only remove the small diameter 
tubes but also prevented the growth of larger diameter SWCNTs, result-
ing in SWCNTs of narrow diameter distribution. For small diameter 
SWCNTs, the low chiral angle tubes are less stable in the oxidative envi-
ronment[90]. For 115-ppm water concentration, we observed extremely 
narrow chirality distribution. Around 27% of the SWCNTs are measured 
as single chirality (9,8) and two dominant semiconducting chirality (9,8), 
(8,7) count for 45% of the tubes (Figure 5.4). This is by far the narrowest 
SWCNT chirality in FCCVD process to the best of our knowledge 
[91],[92],[83]. Moreover, the SWCNTs are accumulated near the arm-
chair edge at high chiral angles in accordance with the screw dislocation 
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theory[90] [85]. More than 80% of the tubes are concentrated with chiral 
angles between 26-30° (Figure 5.4). This indicates an enormous shift in 
chirality from a very random distribution at 0 ppm water to extremely 
narrow distribution at optimum water concentration of 115-ppm. How-
ever, chirality scatters again at higher water concentrations and the accu-
mulation of single-chirality (9,8) is only 10% at 300-ppm water. 

 

ED quantitatively revealed that water as a growth promoter influences 
the synthesis of the semiconducting proportion of SWCNTs. We have ob-
served that the optimum water concentration of 115-ppm produced a high 
proportion of semiconducting tubes. Based on ED, the synthesis of 75% 
semiconducting SWCNTs at 115-ppm water is one of the higher propor-
tions from an FCCVD and 7% more than the growth of semiconducting 
tubes at 0-ppm water. However, the increased water concentration to 
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300-ppm reduced the semiconducting content to 63% which is 13% lower 
from growth at 115-ppm.  

5.4  Effect of Water on the size of NPs 

NPs size, structure and physical state is critical for the growth of nano-
tubes. A small change in NPs properties reflects in the structure of 
SWCNTs. Chirality controlled growth of SWCNTs has been realized in 
substrate CVD with the precise control NPs size and physical state. How-
ever, precise control over the formation of NPs has not been achieved in 
the gas phase. We studied the effects of water on the NPs formation in 
gas phase decoupled from SWCNT growth in Publication II.  
To investigate SWCNT growth behaviour, we used STEM for measure-
ment of NP size. Figure 5.5 shows NP size distribution at different 
SWCNT growth conditions. The NPs size clearly decreased for the addi-
tion of a small concentration of water. Fig. 5.5a shows mean NPs size of 
2.9 nm at 0 ppm water. Addition of 115 ppm of water obviously reduces 
the NPs size and mean size reaches to 1.31 nm. The higher water concen-
tration of 300 ppm leads again to the formation of larger size NPs with a 
mean size of 2.25 nm. It is important to note that the tangential growth 
mode of SWCNTs is dominant for 115 ppm of water, in which the diame-
ter of SWCNTs is approximately equal to the size of NPs. The growth 
mode again shifted to perpendicular for 300 ppm water, in which the size 
of the NPs is much larger than the nanotube diameter. Water is proposed 

to change the NP formation mechanisms, i.e. the nucleation rate with affect-
ing the ferrocene homogeneous decomposition rate.  This is supported by 

the increased NP concentration as observed with DMA (Figure 5.5a).  How-
ever, the high-water concentration of 300 ppm produced larger size NPs 
due to the synthesis of very high number concentration of NPs at 300 
ppm resulting in bigger NPs as a result of particle collision. We can relate 
the variation in NPs for the addition of water to the diameter and struc-
ture of SWCNTs. NP catalysts with a comparatively narrow size distribu-
tion produced SWCNTs with a narrow diameter distribution. Moreover, 
water as an oxidant etch away low chiral angle nanotubes to make ex-
tremely narrow chiral angle distribution. 
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5.5 Performance of SWCNT Films 

The morphology of SWCNTs, discussed in the previous section, has an 
impact on the application of SWCNTs especially as TCFs in flexible elec-
tronics. In this section, we will explore the effect of variation in length 
and bundling of nanotubes on the performance of TCFs using CO- based 
FCCVD and Ethylene-based FCCVD, which differs in carbon source.  
The SWCNT films of different transparencies were produced using CO-
based FCCVD and dry transferred to the quartz substrate in Publication 
III. The films transmissions were plotted against sheet resistance and fit-
ted according to the following equation  

                5.3 
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Where Rs sheet resistance, T transmission and k is the coefficient of 
proportionality. Figure 5.6a shows the undoped sheet resistance of the 
SWCNT films produced at different concentration of CO2. The sheet re-
sistance clearly decreases from CO2 concentration of 0 to 0.50%, how-
ever, the sheet resistance increases again at higher CO2 concentrations 
and 1.23% CO2 has the lowest performance. Doping of the SWCNT films 
further reduces the sheet resistance and improved the performance. 
AuCl3 is an efficient and stable dopant[94]. AuCl3 doping showed 3 to 6 
times decrease in sheet resistance (Figure 5.6 b). The SWCNT films, pro-
duced at 0.50% CO2, showed the minimum AuCl3 doped sheet resistance 
of 86 Ohm/sq. for 90% transmission at 550 nm (Figure 5.6 b). Manufac-
turing of SWCNT films at 0.50% CO2 is benefited from the synthesis of 
very long tubes at small bundling. The longer tubes reduce the numbers 
of resistive junctions and assist improvement in conductivity of the 
SWCNT films. 

 

Ethylene as a carbon source is used to further increase the performance 
of SWCNT films. Ethylene based FCCVD was used for the manufacturing 
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of SWCNT films of different transparencies and plotted against sheet re-
sistance in Figure 5.7 (Publication I). As discussed in previous sections 
that Feed Position H has long SWCNTs (13 ± 4.5 μm) at very small bun-
dling. The longer nanotubes at small bundling enhance the conductivity 
of the film, therefore, the pristine sheet resistance of the film reduces as 
low as 195 Ohm/sq. for 90% transmission at 550 nm (Figure 5.7a). 
Shorter tubes (5 ± 3.5 μm) at larger bundle size, produced at Feed Posi-
tion L, showed an increase in the sheet resistance of the film to 463 
Ohm/sq. for 90% transmission at 550 nm.  

Doping of the SWCNT film further reduces the sheet resistance by 
Fermi Level shifts[71]. After AuCl3 doping, the sheet resistance of the 
films reduces to more than three times for long SWCNTs from 195 to 60 
Ohm/sq. for 90% transmission at 550 nm. Moreover, HNO3 is a strong 
dopant which further improves the film performance by enhancing con-
ductivity. HNO3 doped films showed sheet resistance of 51 Ohm/sq. for 
90% transmission films at 550 nm that is one of the lowest sheet re-
sistances reported in the literature (Figure 3.3). Notably, the use of eth-
ylene as carbon source has significantly enhanced the conductivity of the 
SWCNT film in comparison with the CO. We have successfully overcome 
the shortcoming of CO for manufacturing of SWCNT films using ethylene 
replacement as carbon source. So, we conclude that ethylene is an effi-
cient carbon source to produce long nanotubes at small bundling for high 
performance SWCNT films.  
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5.6 Graphene-SWCNTs Heterostructures 

5.6.1 Simultaneous Growth of SWCNTs-Graphene 
 
Ethylene as carbon source has also unique features of simultaneous 
growth of SWCNT-graphene heterostructures. Numerous studies have 
reported separate growth of graphene and nanotubes in CVD, but simul-
taneous growth is not systematically studied[95][96]. We succeeded to 
grow heterostructures using ethylene in ferrocene based FCCVD. AFM 
image in Figure 5.8a shows graphene flakes along with the nanotubes. 
Some of the graphene flakes are attached with nanotubes and follow their 
path. There are also small graphene flakes collected separately on the 
substrate.  

 

To confirm 2D structure belong to graphene, electron diffraction tech-
nique is used to study the crystallographic structure. Diffraction patterns 
from the SWCNT-graphene concurrently display features of both 
SWCNTs and graphene Figure 5.9[97]. The hexagonal crystalline struc-
ture of the flakes confirms the synthesis of graphene. Graphene is availa-
ble in two or more layers and crystalline structure shows multifold dif-
fraction spots arising from flakes. To visualize the graphene, we used 
STEM with atomic resolution. The hexagonal structure of graphene is 
clearly visible in STEM image as shown in Figure 5.8b. The simultaneous 
growth mechanism of SWCNT-graphene is still unclear. From STEM im-
ages, there is evidence that NPs catalyzes the growth of graphene in a 
similar way as their role catalysing for the nanotube growth. STEM image 
clearly shows that graphene is growing from one side of the NPs catalyst. 
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We propose that NPs are first encapsulated with the graphene on the sup-
ply of carbon. NPs initiate the growth of graphene from one side of cata-
lyst on the excess supply of carbon which extends further as 2D structure.  

 
5.6.2  Interface of 1D-2D SWCNT and Graphene 
 
We also studied the interface of a hybrid of graphene and SWCNTs from 
ethylene based FCCVD in Publication IV. The SWCNTs are synthesized 
in ethylene based FCCVD and directly deposited onto monolayer gra-
phene in silicon nitride TEM grid. The samples on the grid were heavily 
contaminated and cleaned with laser irradiation in a vacuum. After clean-
ing the sample, atomically pure area up to 1 μm2 was visible using STEM 
as shown in Figure 5.10c. STEM images are at atomic resolution and 
structure of the SWCNT-graphene hybrid can be determined.  
The structure of the nanotubes is described with (n,m) chiral indices. Chi-
rality of nanotubes is directly determined either by electron diffraction or 
Fourier transform. We have discussed the chirality measurement using 
electron diffraction in previous section. Here, Fourier transform (FT) is 
employed to determine the structure of nanotubes using STEM (Figure 
5.10). The FT of the heterostructure of Figure 5.10 d is presented in Fig-
ure 5.10 f, showing distinct contributions from both materials. The in-
trinsic layer line spacing d1···n are mathematically related to the structure 
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of the tube [98]. FT method determine the chirality of tube in Figure 5.10 
d as (20,2) with a chiral angle as 4.7°.  

 

 

 
 FT indicate the frequency components of a real-space image in all di-

rections, it also determines the orientation of any periodic structure. 
Therefore, it is possible to obtain the relative orientation of graphene and 
SWCNTs by measuring the angle θarmchair and θchiral in FT. For example, 
(6,6) armchair tube in Figure 5.10 i shows perfect alignment with the sup-

porting graphene lattice. (6,6) tube has helicity of 30
θarmchair is exactly 30 This gives a misalignment angle of 0° 

for (6,6) tubes. For (20,2) tube, the helicity is 4.7° and misalignment an-
gle reaches to 25.3° from the θarmchair. Similarly, 24 heterostructures were 
analyzed to measure their related angles and angle distribution is given 
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in Figure 5.10 j. The angles are not uniformly distributed instead they fa-
vour align configuration. This shows that SWCNTs are not randomly ori-
ented having landed on the substrate randomly[72]. Interestingly, the 
aligned structures not only have the highest possible symmetry but also 
allow the nanotube handedness to be directly extracted based on the gra-
phene orientation[99]. 
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6.Conclusion & Future Work 

 
This thesis developed FCCVD process using ethylene as carbon precursor 
for the growth of SWCNTs. The process used nitrogen as carrier gas 
which made the growth of nanotubes economical and environmentally 
friendly. High quality SWCNTs were synthesized in the mean diameter of 
1.50 nm. Ethylene based process produced significantly longer nanotubes 
with mean length 13 μm, in comparison to the CO process. Electron dif-
fraction was used for direct and accurate determination of the structure 
of nanotubes synthesized from ethylene. The nanotube chirality from 
ethylene based FCCVD is evenly distributed between zigzag and armchair 
edge without any prefer accumulation.  

To tune the chirality of the nanotubes, water as growth promoter was 
used in ethylene based FCCVD. Addition of water has an obvious impact 
on the structure of nanotubes. Specially optimized water concentration 
of 115 ppm produced extremely narrow chirality having 27% of single chi-
rality (9,8) tubes in the sample. We have observed that ethylene without 
addition of water grow all types of SWCNTs without any preference to the 
armchair or zigzag which contradicts to the screw dislocation theory.  
However, addition of water as an oxidant etch away less stable zigzag 
tubes in accordance with the screw dislocation theory. Addition of water 
influences the formation catalyst NPs to produce them in small and nar-
row size distribution. The narrow size distribution of NPs produced nar-
rowly diameter distributed nanotubes.  

The performance of pristine as well as doped SWCNT films was inves-
tigated. Ethylene based FCCVD produced high conductivity transparent 
films with a sheet resistance of 51 Ohm/sq. for 90% transmission after 
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HNO3 doping.  In comparison, CO process produced SWCNT films hav-
ing a sheet resistance of 86 Ohm/sq. for 90% transmission films after 
AuCl3 doping.  

Ethylene as carbon also simultaneously synthesised heterostructure of 
graphene and SWCNTs in FCCVD. The growth of heterostructure is fa-
voured at higher concentration of ethylene and ferrocene. In another 
study, a hybrid of SWCNTs and graphene was fabricated to investigate 
the interface of the 1D-2D heterostructure. Atomic resolution STEM 
showed carb-carbon alignment of SWCNT-graphene.  

The structure of nanotubes can be further tuned in H2O assisted 
FCCVD. The low ferrocene concentration will produce more homogene-
ous NPs due to less collision during their nucleation. The control over 
NPs can lead to the synthesis of a few chiralities in gas phase FCCVD pro-
cess. Moreover, use of oxygen as a growth promoter in ethylene FCCVD 
can synthesise homogeneous structure of nanotubes due to its strong 
etching effect. Nucleation of NPs in the presence of water can be explored 
more.  

In addition, sulfur as the growth promoter in ethylene FCCVD can pro-
duce longer tubes at a significantly higher yield. It will be interesting to 
explore the fabrication of SWCNT films from sulfur assisted FCCVD. The 
conductivity of the SWCNT films can be higher due to improvement in 
the morphology of nanotubes. It will be worth to explore more the simul-
taneous growth of SWCNT-Graphene heterostructure. The heterostruc-
ture can have different applications in energy conversion and storage.  
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