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1. Introduction

Carbon nanotubes (CNTs), especially single-walled CNTs (SWCNTs), are at-
tracting much attention owing to their outstanding electrical, optical and me-
chanical properties, and have been utilized in various fields accordingly[1]. 
The overlap of randomly oriented or aligned CNTs makes a network named 
CNT film which is generally transparent and conductive and can be applied 
directly into areas as solar cells[2], touch screens[3] and organic light-emitting 
diodes[4]. A CNT film on a flexible and/or stretchable substrate, e.g., polye-
thylene terephthalate (PET), polydimethylsiloxane, preserves the properties 
very well under mechanical bending or stretching, thus exhibits a great poten-
tial in flexible and transparent electronics[5] which are expected to be com-
mercialized in the near future (there already exist some companies focusing on 
flexible and transparent electronics based on CNT films, e.g., Canatu Oy in 
Finland, Tsinghua-Foxconn Nanotechnology Research Center in China). We 
have developed a dry technique to fabricate SWCNT thin films in principle 
onto any substrate, which can retain the pristine morphology/structure of 
SWCNTs to demonstrate the properties of as-synthesized SWCNTs[6]. The 
SWCNTs produced by an aerosol-based or floating catalyst chemical vapor 
deposition (FCCVD) method can be deposited onto a membrane filter via gas- 
phase filtration, and be real-time monitored using the aerosol measurement 
equipment, which provides instant feedback for optimizing experimental pa-
rameters. Besides, the size and thickness of an SWCNT film can be readily con-
trolled by the filter size and collection time, respectively. The dry fabrication of 
SWCNT thin films avoids the irreversible change of morphology/structure 
including shortening of CNTs and wrapping of residue dispersant which gen-
erally exists in those films prepared by the solution-evolved method[7]. As a 
result, the performance of dry-deposited SWCNT film-based thin-film transis-
tor (TFT)[8] prevails over that of TFT fabricated from the solution-processed 
SWCNTs. Therefore, the FCCVD method was adopted to produce SWCNTs 
throughout the research topics presented in this dissertation. 

To synthesize SWCNTs by the FCCVD method, carbon and catalyst precur-
sors are needed. Compared with toxic carbon monoxide (CO), flammable and 
explosive gaseous hydrocarbons as methane (CH4), ethylene (C2H4), ethanol 
(C2H6O) has the advantages of low-cost, relative non-toxicity, easy accessibility 
and is a clean energy source, thus has been frequently employed as the carbon 
source for SWCNT synthesis. CNT fibers directly spun from the outlet of an 
FCCVD reactor have been reported using ethanol as the carbon source[9]. 
However, transparent conducting films (TCFs) consisting of SWCNTs synthe-
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sized from ethanol have not been fabricated yet. Although several references 
on FCCVD-produced SWCNTs with ethanol as the carbon source can be 
found[10–14], the characterizations were insufficient for detailed analysis, 
especially the chiral structures of SWCNTs need to be studied in depth. Herein, 
ethanol was used as the carbon source to produce SWCNTs in an aerosol reac-
tor for the fabrication of TCFs. By optimizing the growth parameters, we fabri-
cated AuCl3-doped SWCNT TCFs with a sheet resistance of ca. 78 Ω/sq at 90% 
transmittance (T) at 550 nm. Meanwhile, the morphologies and structures of 
as-produced SWCNTs were studied in detail. Particularly, the chiral indices, 
(n,m)s, of SWCNTs were determined by the electron diffraction technique, 
generating chirality maps which provide a comprehensive understanding of 
SWCNTs. 

For SWCNT synthesis, a promoter like sulfur or water added into the synthe-
sis reactor significantly affects SWCNT growth. For instance, sulfur has been 
frequently employed as a growth promoter in the FCCVD method for SWCNT 
synthesis. The addition of sulfur was found to increase nanotube yield, diame-
ter, length and to tune the chirality distribution of SWCNTs. However, the 
roles of sulfur in regulating the morphological and structural features of 
SWCNTs are not clear enough. Here, we independently studied the roles of 
sulfur in SWCNT growth by using the spark-discharge-produced iron and co-
balt particles as the catalysts and ethylene as the carbon source for SWCNT 
synthesis in an FCCVD reactor. The effects of sulfur on SWCNT yield, diameter, 
length, chiralities as well as the optoelectronic performance of SWCNT films 
were systematically investigated. We suggested that an optimal amount of sul-
fur can promote the formation of active sites on the catalyst surface to enhance 
SWCNT growth. 

Except for ethanol as the carbon source, toluene (C7H8) was also adopted to 
grow SWCNTs for the fabrication of TCFs with enhanced optoelectronic per-
formance. Toluene has been selected as the carbon source to synthesize CNTs 
for spinning CNT fibers which require high-yield production of CNTs[15–17]. 
Thus, compared with that in ethanol case, the SWCNT yield may be increased 
further if toluene is selected as the carbon source here, meanwhile keeping the 
competitive optoelectronic performance of TCFs. Moreover, in contrast to 
ethanol, toluene is an aromatic compound that excludes the effect of the oxy-
gen-containing group on SWCNT growth, which is helpful for the mechanism 
study of chirality distribution. By producing large-diameter (mean diameter is 
2.3 nm) SWCNTs and long (mean length is 41.4 μm) nanotube bundles, we 
achieved a low sheet resistance of ca. 57 Ω/sq at 90% T for the SWCNT TCFs. 
For structural analysis of the SWCNTs, a chirality map of the SWCNTs was 
depicted from the electron diffraction results. 

Ethanol has been frequently selected as the carbon source to synthesize se-
miconducting SWCNTs (s-SWCNTs) as well. Due to the existence of variable 
band gaps, s-SWCNTs have been aggressively applied in the semiconductor 
fields, e.g., digital electronics[18], thermoelectric generators[19], photovol-
taics[20] confirmed by the corresponding proof-of-concept demonstrations. 
The purities of s-SWCNTs higher than 99.9% have been claimed using both 
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solution separation[21] and substrate CVD growth[22] methods. Nevertheless, 
the lengths of solution-sorted s-SWCNTs are limited roughly in the range of 
0.5~2 μm[21], and the dispersant or polymer is hard to be completely removed. 
The s-SWCNTs directly grown on a substrate have to be post-transferred to a 
target substrate and suffer from low yield. Consequently, large-scale fabrica-
tion of ultrahigh-performance electronics based on the s-SWCNTs produced 
by those two methods is still under investigation. Combining the FCCVD me-
thod with ethanol being the carbon source, in this dissertation, we have pre-
sented the continuous production of semiconducting-enriched SWCNTs. 

This dissertation consists of five chapters. In Chapter 1, the research moti-
vation and main conclusive results are summarized. Chapter 2 introduces 
fundamental knowledge of SWCNTs, i.e., structural, electrical and optical 
properties, as well as basic properties and figure of merit of SWCNT TCFs. 
Chapter 3 describes the experimental methods to synthesize SWCNTs, the 
fabrication of SWCNT TCFs, film doping process and characterization tech-
niques. The result and discussion part locates in Chapter 4 in which reactor 
design, optimization of growth parameters and interpretation of results are 
included. Finally, Chapter 5 concludes the main results of the studies con-
tained in the dissertation and discusses possible directions for the future re-
search of SWCNT TCFs and s-SWCNTs.  
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2. Single-walled carbon nanotubes

2.1 Morphology and structure 

For easy understanding, an single-walled carbon nanotube (SWCNT) can be 
visually thought of as a one-dimensional (1D) cylindrical hollow structure 
rolled-up from a single layer graphene sheet (Figure 2.1.1a), though in an 
actual case no SWCNT grows in this way. The diameter of an SWCNT generally 
situates in the range of 0.7~2.5 nm, depending on the method used to 
synthesize nanotubes. An SWCNT with the smallest diameter of 0.3 nm has 
been found inside a multi-walled CNT through high-resolution transmission 
electron microscopy (TEM) obervation[23]. On the other hand, an SWCNT 
with a diameter approaching 6 nm was also obtained by the laser vaporization 
growth method[24]. Except for the growth method, the experimental 
parameters utilized in an specific synthesis technique can also affect the 
diameters of SWCNTs. For instance, we have found that the mean diameter of 
SWCNTs can be tuned by the concentration of hydrogen, and larger-diameter 
SWCNTs were synthesized with a higher flow rate of hydrogen[25]. Regarding 
the length of an SWCNT, the typical value spans from hundreds of nanometers 
to dozens of micrometers, which is also dependent on the growth method and 
experimental parameters. 

According to the rolling-up illustration, an SWCNT can be described by a 
chiral vector[26]: 

 

where  and  are the unit vectors of the graphene hexagonal lattice. The 
lengths of unit vectors  and  are calculated as follows: 

, where  is the distance between the nearest neighboring carbon 
atoms, 0.142 nm. Thus, the diameter of an SWCNT is determined by: 

 

The angle  named chiral angle is defined by the formula: 
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Thus, if , then , the chiral indice of an SWCNT is (n,0) which is 
named zigzag tube; if , then , the chiral indice of an SWCNT is 
(n,n) and called armchair tube. Otherwise, the SWCNT is chiral with an indice 
of (n,m) (Figure 2.1.1b-d).  

From the experimental point of view, the (n,m) number of a given SWCNT 
can be determined by electron diffraction with a transmission electron 
microscope (TEM), or a variety of optical spectroscopic techniques like 
absorption and Raman characterizations which are covered in Chapter 3. 

 

Figure 2.1.1. (a) A graphical illustration of how a (3,2) SWCNT is rolled up from a single layer 
graphene sheet. The edge from the graphene lattice along the vector  determines the edge 
shape of the rolled SWCNT as well as zigzag, armchair or chiral type nanotube. Top view of a 
zigzag (10,0) SWCNT model (b), an armchair (7,7) SWCNT model (c) and a chiral (9,5) SWCNT 
model (d). Rendered using Nanotube Modeler (an open-source program for generating xyz-
coordinates for Nanotubes and Nanocones, http://www.jcrystal.com/products/wincnt/). 

2.2 Electronic properties 

The electronic properties of an SWCNT are dependent on the orientation of sp2 
hybridized electrons of carbon atoms, as is described earlier by a pair of inte-
ger numbers (n,m). Since an SWCNT can be deemed as a rolled-up structure 
from a single layer graphene sheet, the electronic properties can be compre-
hended by considering the parent material of graphene. In contrast to the ran-
dom movement of electrons in different directions in a two-dimensional gra-
phene sheet, the electrons in a 1D nanotube are confined around the circum-
ference of the nanotube, resulting in their motion along the tube axis, which 
causes the unique electronic properties of CNTs. The conduction and valence 
bands of graphene touch at the six points, i.e., Dirac points, forming a hexago-
nal shape named the first Brillouin zone of graphene (Figure 2.2.1a). There-
fore, graphene has a zero band gap, inducing its semi-metallic properties. The 
band structure of graphene can be described by a tight-binding model[27], 
inducing a dispersion relation: 

 

where the positive sign stands for conduction band and the negative one for 
valence band,  and  are tight-binding parameters, and 

 

armchair (n=m)

zigzag (m=0)

C=na1+ma2

tube axis
a1

a2

z
θ

(a) (b) (c) (d)

(10,0) (7,7) (9,5)
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where  is the graphene lattice constant. 
In an SWCNT, the wave vector  is quantized along the circumference of the 

tube because of the periodic boundary condition[28]: 

 

where  is the chiral vector,  is an integer. These two parameters define the 
allowed states of an SWCNT as well as the parallel lines in the reciprocal space. 
By slicing the band structure of graphene, each line generates an energy sub-
band. In addition, the position of the line determines the metallicity of the 
SWCNT. If the line goes through the Dirac points of graphene, then the 
SWCNT is called metallic nanotube (Figure 2.2.1b). A semiconducting nano-
tube is defined when no line passes through the points (Figure 2.2.1c). The 
(n,m) number determines whether the line inserts the points or not. If 

, d is an integer, then an SWCNT behaves metallic properties, 
otherwise, it is a semiconductor in which exists a band gap between the 
conduction and valence bands. The band gap of a semiconducting SWCNT is 
inversely proportionally to its diameter, approximately following the empirical 
fomular[28]: 

 

where d is the diameter of the SWCNT. It has also been predicted that small 
band gaps may exist in (n,0) metallic SWCNTs, due to the curvature-induced 
hybridization of s and p orbitals[29]. However, (n,n) armchair nanotubes are 
believed to be truly metallic. 

In an SWCNT, the density of states (DOS) follows its electronic band struc-
ture and exhibits the van Hove singularities characteristic of 1D structure. 

 

Figure 2.2.1. (a) Top: The band structure of graphene. The conduction and valence bands 
touch at the six K-points in the Fermi energy plane. Bottom: The first Brillouin zone of graphene. 
The black lines are cuts of the graphene band structure and stand for the allowed states of a
(3,3) nanotube. Reproduced from Ref. [30] with permission. Copyright 2002, American Chemi-
cal Society. (b) For the metallic nanotubes, the line goes through a K point (corner of the hex-
agonal) at the Fermi energy of graphite. (c) For the semiconducting nanotubes, the line does 
not pass through the K point. (b) and (c) are reproduced from Ref. [31] with permission. Copy-
right 2000, American Physical Society.  

(a) (b) (c)
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2.3 Optical properties 

To analyze the optical properties of SWCNTs, there are mainly three spectros-
copy characterizations including optical absorption, Raman and photolumi-
nescence. These techniques can provide much information on bulk SWCNT 
samples, e.g., nanotube diameter, chiral indice, the metallicity as well as the 
purity or quality. Photoluminescence is limited to the mapping of semicon-
ducting SWCNTs (s-SWCNTs) and requires SWCNTs to be homogeneously 
dispersed in a solvent. Therefore, for the SWCNT thin-film samples studied in 
this dissertation, optical absorption and Raman which can offer rapid feedback 
to experimental results were favored and utilized for the analysis in all the 
publications presented here. 

2.3.1 Optical absorption  

Optical absorption characterization of SWCNTs can offer quick and 
comprehensive understanding as well as semi-quantitative analysis of a bulk 
sample. Upon absorbing light energy, electrons in an SWCNT jump from 
valence band to conduction band, forming interband transitions , 

, etc. The transitions induce the occurrences of van Hove singularities 
of semiconducting and metallic nanotubes, labeled as S11, S22, M11, etc. (Figure 
2.3.1a, b). The characteristic transition peaks of S11, S22 and M11 are utilized to 
determine the regions of electronic types and diameters of SWCNTs based on 
the Kataura plot[32] from which (n,m) species can be assigned as well.  

 

Figure 2.3.1. The density of states of a metallic (7,7) SWCNT (a) and a semiconducting (9,5) 
SWCNT (b), and the corresponding interband transitions S11, S22, M11. The data are adapted 
from Kataura-Plot for Resonant Raman in Shigeo Maruyama’s homepage, an open-source 
website (http://www.photon.t.u-tokyo.ac.jp/~maruyama/kataura/1D_DOS.html). (c) A typical 
optical absorption spectrum of an SWCNT thin film sample studied in Publication , showing 
the characteristic peaks of S11, S22, M11. Reproduced from Ref. [25] with permission from The 
Royal Society of Chemistry. 

A representative absorption spectrum of an SWCNT film is displayed in 
Figure 2.3.1c. The approximate mean diameter of SWCNTs in a sample can 
be determined based on the position of S11, and the diameter distribution of 
SWCNTs can be fitted from the whole spectrum[33]. Besides, the purity of 
SWCNTs in a sample can be roughly calculated after background subtraction 
using either linear or non-linear baseline[34]. The background of the absorp-
tion spectrum of a CNT sample arises from a high-energy component ascribed 
to  plasmon interaction as well as the overall scattering from carbonaceous 
byproduct, catalyst particles, and defected tubes. Consequently, the back-
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grounds of CNT samples prepared by different methods can be significantly 
varied. As for the accurate assignment of chiral indices of SWCNTs, one has to 
carefully prepare solution samples for absorption measurement to obtain the 
finely resolved transition peaks of individual nanotubes. However, the absorp-
tion spectrum of SWCNTs in the form of a thin film always present broad tran-
sition peaks under which many (n,m) species are overlapped. Numerical fitting 
with special care of the spectrum could result in some chiral indices of 
SWCNTs, though there always exist some variations depending on the fitting 
code used[35,36]. Except for those transition peaks, a strong  plasmon peak 
located around 250 nm, i.e., ~4.9 eV, also appears in the absorption spectrum 
of a CNT sample. The plasmon resonance peak is generally believed to origi-
nate from the M point in the Brillouin zone of graphene lattice[37]. In practice, 
the locations of the transition peaks might be shifted by the curvature-induced 
energy variation[38], the interactions with the environment and nanotube 
bundling. Among them, the bundling could induce redshifts, e.g., tens of meV, 
of transition peaks of SWCNTs, which can be understood as a result of the di-
electric screening by adjacent nanotubes[39]. 

2.3.2 Raman 

Resonant Raman spectroscopy characterization is also a non-destructive me-
thod to provide fine features of SWCNTs. Raman spectroscopy is based on the 
inelastic Raman scattering of phonons related to the vibrational states in a 
molecule. In a normal case, the probability of inelastic scattering is rather low, 
since the electronic transition occurs to a virtual state with a short lifetime. 
However, the probability is significantly increased if the energy of incident 
phonon or the emitted phonon coincides with the energy discrepancy of the 
valence and conduction bands[40]. This process is called Raman resonance 
phenomenon. One typical Raman spectrum of SWCNTs is displayed in Figure 
2.3.2b. 

 

Figure 2.3.2. (a) The Kataura plot showing the optical transition energy Eii of SWCNTs. The 
blue and red dots stand for semiconducting and metallic SWCNTs, respectively. The family 
number (2n+m) and excitation wavelength (or energy) are also indicated. Data were adapted 
from [33]. Copyright 2010, American Chemical Society. (b) A representative Raman spectrum of 
an SWCNT thin film sample on a quartz substrate similar to those studied in Publication . 
The wavelength of the excitation laser is 633 nm. 
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Typically, the Raman spectrum of SWCNTs is characterized by the radial 
breathing mode (RBM) and the graphitic (G) mode. The RBM is a bond-
stretching out-of-plane phonon mode for which carbon atoms move in the 
radial direction. The RBM frequency ( ) usually situates in the range of 
100~350 cm-1 and is inversely proportional to the nanotube diameter following 
the empirical formula[33]: 

 

where  is the diameter of an SWCNT,  and  are two expe-
rimentally obtained constants for SWCNT thin-film samples. It should be 
mentioned that some other formulae have also been put forward in specific 
situations[41] and small corrections to the empirical parameters come from 
substrate effect and tube-tube interactions. Therefore, the diameters and chir-
al indices of resonant SWCNTs can be determined from RBM peaks based on 
the Kataura plot (Figure 2.3.2a). It is worth noting that even though Raman 
has been considered to be one of the most important routes for nanotube cha-
racterization, one has to adopt multiple excitation wavelengths to excite a sta-
tistically reliable (n,m) species in an SWCNT sample, since one laser can only 
excite a few certain SWCNTs which locate in the resonance energy range[42]. 
Furthermore, the intensity ratio of the RBM to G modes is highly chiral angle 
and mode dependent[43]. The nanotube bundling was also found to affect the 
frequencies of RBM peaks[44,45]. Accordingly, Raman alone cannot be used 
to reliably determine the (n,m) distribution of an unknown SWCNT sample. 

The G band located around 1580 cm-1 in a Raman spectrum is related to tan-
gential mode vibrations of the carbon atoms. The G band of SWCNTs normally 
consists of two sub-bands, higher frequency G+ mode which comes from the 
vibrations along the tube axis, and lower frequency G- mode that originates 
from the vibrations in the circumferential direction. The splitting of G band is 
caused by the curvature-induced energy difference between the axis and cir-
cumference in-plane vibration modes. The G- mode is frequently used to dis-
tinguish electronic types of SWCNTs. s-SWCNTs are characterized by Lorent-
zian line shape and the metallic counterparts generate a broad Breit-Wigner-
Fano (BWF) line shape[40]. 

Except for those first-order features of RBM and G bands, the Raman spec-
trum of CNTs also displays a disorder-induced D band around 1350 cm-1. The 
D band is associated with the impurities and defects, e.g., catalyst particles, 
amorphous carbon, defected nanotubes, and thus can be used to evaluate the 
quality of a CNT sample by calculating the ratio of either peak intensities or 
integrated peak areas of G and D bands.  

2.4 Synthesis process 

SWCNT synthesis requires carbon source, catalyst (particle diameter around 3 
nm) and high temperature (around 750~1100 oC). The carbon source for 
SWCNT synthesis can be small-molecule hydrocarbons such as methane (CH4), 
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ethylene (C2H4) and acetylene (C2H2), or carbon monoxide (CO), or liquid hy-
drocarbons, e.g., ethanol (C2H6O), toluene (C7H8). Transition metals are the 
frequently utilized catalysts for nanotube growth, e.g., iron (Fe), cobalt (Co), 
nickel (Ni), molybdenum (Mo) and their alloys[46]. Copper (Cu) is also a pop-
ular catalyst for SWCNT growth[47]. The generally acknowledged formation 
processes of an SWCNT involve following steps[48], 1) the decomposition of 
carbon source at high temperature assisted by the catalyst, 2) the permeation 
of carbon atoms into the catalyst (surface diffusion also happens in some cas-
es), 3) the precipitation of carbon atoms on the surface of catalyst particle, 
forming a carbon cap, 4) the growth of the carbon cap with continuous carbon 
feeding to form an SWCNT.  

 

Figure 2.4.1. A schematic illustration of the processes for SWCNT synthesis using the substrate 
CVD method. (1) Spraying coating of the catalyst precursor onto a silicon substrate situated on 
a hot plate. (2) Reduction of the catalyst precursor to metallic catalyst particles by hydrogen. (3) 
Introduction of carbon source for SWCNT growth in a tube furnace kept around 900 oC. The 
schematics are adapted from Ref. [49]. Copyright 2015, Nature publishing group. 

The synthesis methods for SWCNTs mainly include high-pressure carbon 
monoxide (HiPCO)[50], laser ablation[51], arc discharge[52], catalyst-
supported chemical vapor deposition (CVD)[53] and floating catalyst CVD 
(FCCVD)[54]. All the methods have enabled scaled-up production of SWCNTs 
for commercial applications. Among them, substrate CVD and FCCVD are the 
most popular methods for mechanism study and application of SWCNTs for 
the moment. In the substrate CVD method, firstly, the catalyst precursor is 
prepared by atomic level deposition, e.g., magnetron sputtering, atomic layer 
deposition, electron beam evaporation, or solution coating, e.g., spray coating, 
dip coating, spin coating, onto a silicon or quartz substrate. Then, the sub-
strate is placed inside a furnace at a set temperature below growth tempera-
ture for the reduction of the catalyst precursor by hydrogen. After reducing the 
catalyst, carbon source together with carrier gas is introduced into the furnace 
kept at an elevated temperature for a while (usually dozens of minutes) for 
CNT growth. Then, the introduction of the carbon source is terminated and the 
substrate is taken out after cooling down the furnace for characterizations. A 
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schematic description of the abovementioned processes is demonstrated in 
Figure 2.4.1. SWCNTs in a vertically[55] or horizontally[56] aligned form are 
grown by this method. In addition, substrate CVD method is advantageous for 
chirality- and metallicity-selective growth of SWCNTs since the catalyst can be 
intentionally designed before the growth for specific targets. On the whole, the 
substrate CVD is favorable for the mechanism investigation of SWCNT growth, 
though it suffers from low yield due to the limitation of active catalyst immobi-
lized on the substrate, confining their applications in small-scale electronics, 
e.g., transistors. 

By contrast, the FCCVD method enables large-scale production and conti-
nuous collection of SWCNTs. In the FCCVD process, carbon precursor and 
catalyst source (typically ferrocene) are introduced by carrier gas into a reactor 
set at a target temperature. All the aerosol products are floating in a gas phase 
and the as-synthesized SWCNTs can be collected from the downstream of the 
reactor as a form of powder, fiber or film. Compared with the substrate CVD 
method, the primary difference in the FCCVD method is that the catalyst pre-
cursor can be continuously injected into a reactor and the catalyst particles are 
floating in the gas phase, resulting in short residence times (several seconds) 
of the products in the growth zone. As a consequence, the FCCVD process is 
easier to be scaled-up for continuous and industrial-level production. SWCNT 
fibers and transparent conducting films (TCFs) have been fabricated by the 
FCCVD method. For instance, Li et al.[57], for the first time, fabricated CNT 
fibers through continuously withdrawing the product with a rotating spindle 
from the outlet of an FCCVD reactor. A press-transfer technique has been de-
veloped by our group to fabricate SWCNT TCFs with tunable conductivity and 
transparency[6]. The as-synthesized SWCNTs can be deposited onto a mem-
brane filter by gas filtration, forming a thin film of which the size is deter-
mined by the collection area of the filter[6,58,59]. We also adopted the FCCVD 
method to produce SWCNTs studied in the dissertation. The schematic illu-
stration of the FCCVD reactor can be found in Chapter 3.1. 

2.5 Transparent conducting film 

As mentioned in Chapter 1, SWCNTs own unique electrical and optical proper-
ties, thus, they can be applied in TCFs. The light can go through the holes with 
sizes of micrometers in a network formed by SWCNTs which ensure high elec-
trical conductivity simultaneously. In contrast to the conventional TCFs made 
of metal, e.g., silver nanowires, or metal oxide, e.g., indium tin oxide (ITO) 
film, SWCNT TCFs can maintain their electrical properties quite well under 
repeated mechanical bending or stretching, making them suitable for the ap-
plication in flexible and/or stretchable electronics which could be manufac-
tured by the roll-to-roll technique. Moreover, when polyethylene terephthalate 
(PET) is used as the substrate, SWCNT TCFs have less light reflection com-
pared with the commercialized ITO film[3]. ITO also has other disadvantages 
like the scarcity of indium and high production cost. Therefore, the fabrication 
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of large-scale SWCNT TCFs is of great significance for their applications in 
flexible and/or stretchable electronics.  

The fabrication approaches of SWCNT TCFs contain wet and dry processes. 
The wet process is a solution-evolved method, including vacuum filtration[60], 
spray coating[61], dip coating[62], spin coating[63], Mayer rod coating[64], 
etc. In the wet method, firstly, SWCNTs in a powder form are dispersed in a 
solvent followed by centrifugation to obtain a homogeneous SWCNT ink with a 
suitable viscosity. Then, the SWCNT ink is utilized to make TCFs by vacuum 
filtration or coating techniques, after which the TCFs have to be baked in an 
oven to improve the adhesion with the substrate and be washed repeatedly to 
remove the dispersant. During those multiple processes, SWCNT lengths can 
be shortened and the insulating dispersant is hard to be removed completely 
from the thick bundles (mean bundle diameter can be ca. 10~15 nm). Those 
negative effects on SWCNTs are the major factors increasing the sheet resis-
tances of the SWCNT films fabricated by the wet method. As for the dry me-
thod for TCF fabrication, it mainly refers to two routes, i.e., drawing CNT 
yarns from an aligned CNT array[65] and filter collection of as-synthesized 
SWCNTs from an FCCVD reactor[6]. The TCF made by drawing yarns from a 
CNT array is composed of multi-walled CNTs, thus is beyond the scope of the 
study in this dissertation. The advantages of the FCCVD method for the fabri-
cation of SWCNT TCFs include outstanding optoelectronic performance, excel-
lent compatibility with the roll-to-roll manufacturing, and the ability to scale-
up production. A more detailed introduction of those fabrication techniques 
can be found in a well-written review article published recently[66]. Schematic 
illustrations of the fabrication methods of SWCNT TCFs are presented in Fig-
ure 2.5.1. 

 

Figure 2.5.1. Schematic illustrations of the fabrication methods for SWCNT TCFs. (a) Vacuum 
filtration. (b) Spray coating. (c) Dip coating. (d) Spin coating. (e) Mayer rod coating. (f) Drawing 
CNT yarns from a CNT array. (g) Filter collection of SWCNT film from an FCCVD reactor. The 
schematics are reproduced with permission from Ref. [66]. Copyright 2016, American Chemical 
Society. 

Before comparing the optoelectronic performance, i.e., sheet resistance ver-
sus transmittance demonstrated throughout the dissertation, of SWCNT TCFs 
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reported by different groups in the literature, a figure of merit should be intro-
duced first[66]: 

 

where  is the dc electrical conductivity,  is the optical conductivity,  is 
the measured transmittance at 550 nm,  is the actual sheet resistance, 

 and  are the free space per-
meability and permittivity, respectively. Then, the equation can be rewritten as 
follows: 

 

Now, it’s easier to compare the optoelectronic properties of SWCNT TCFs. 
One just needs to calculate the  ratio by inputting the sheet resistance 
and transmittance values. A higher  ratio indicates better TCF perfor-
mance. 

SWCNT TCF was firstly fabricated by Wu et al.[60] in 2004 using a vacuum 
filtration method and, through nitric acid treatment to the film, a sheet resis-
tance of 30 Ω/sq was obtained at 70% transmittance ( ) at the 
visible part of the spectrum. Since then, intensive efforts have been devoted to 
making SWCNT TCFs with improved optoelectronic performance. For in-
stance, via the doping treatment to SWCNT TCFs using a chlorosulfonic supe-
racid, Hecht et al.[67] obtained TCFs with a sheet resistance of 60 Ω/sq at 
90.9% T ( ). The very low sheet resistance was mainly attributed 
to the doping of chlorosulfonic acid. Even though the sheet resistance value 
might be the lowest for the SWCNT TCFs fabricated by the wet method, the 
superacid is too toxic to be used on a large scale, and the treated SWCNTs may 
be seriously deteriorated. 

 

Figure 2.5.2. (a) A photograph of an SWCNT film (~92% T) on a membrane filter (ɸ=25 mm). (b) 
A photograph of an SWCNT TCF on a PET substrate bent on the surface of a quartz tube (ɸ=28 
mm) to demonstrate the flexibility of the SWCNT TCF. (b) is presented in Publication . 
Reproduced from Ref. [68] with permission from The Royal Society of Chemistry. (c) A typical 
scanning electron microscopy micrograph of the morphology of SWCNT film (~90% T) after 
ethanol densification.  

Instead, we have fabricated SWCNT TCFs with a sheet resistance of 110 
Ω/sq at 90% T ( ) on a pilot-scale by the FCCVD method[6]. 
After optimizing growth parameters, SWCNT TCFs with better optoelectronic 

(a) (b) (c)
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performance than the one reported using superacid have been fabricated with 
high reproductivity[69] and a low sheet resistance of 51 Ω/sq at 90% T 
( ). More recently, Jiang et al.[59] released a remarkable result 
that the SWCNT TCF with an extremely low sheet resistance of 25 Ω/sq at 90% 
T ( ) was acquired after nitric acid doping. This TCF perfor-
mance is comparable with that of ITO film. Therefore, these results have con-
firmed that the optoelectronic performance of the SWCNT TCFs fabricated by 
the FCCVD method is superior to that of the TCFs made by the wet method. 
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3. Methods

3.1 Reactor design and setup 

The FCCVD reactor was elaborately designed to synthesize SWCNTs for the 
formation of uniform films. Herein, laminar flow in the reactor was expected, 
hence, only a quartz tube (internal diameter is 23 mm, length is 1050 mm) was 
used without a water-cooling injector which has been adopted for other reac-
tors in our laboratory. Ferrocene together with a small amount of thiophene 
was dissolved in ethanol to form a homogeneous liquid feedstock which can be 
injected using a syringe pump into a heating line. The syringe pump with a 
syringe needle diameter of 0.7 mm can precisely control the injection rate of 
precursor solution which can be evaporated in the heating line at 140 oC. A 10 
cm-long stainless steel tube with an inner diameter of 0.5 mm was added to 
fully mix the gaseous precursors with carrier gas before being introduced into 
the quartz tube. A stainless steel cone was installed at the inlet part of the 
quartz tube to ensure the flow gradually expands to form a laminar flow when 
the vaporized gaseous precursors carried by a mixture of nitrogen (N2) and 
hydrogen (H2) go through. The mixed gas is heated in the whole heating line to 
avoid flow recirculation at the inlet part caused by the temperature difference 
between otherwise introduced cold gas and hot quartz tube. To keep laminar 
flow passing through the membrane filter for sample collection, at the outlet of 
the reactor, the upper part of the filter holder was machined to be a cone. All 
the aerosol products and gases filtrate through the membrane filter while the 
bypass line is closed when collecting samples. This kind of design for sample 
collection increases the collection efficiency and uniform SWCNT films can be 
obtained. A relief valve functionalized automatic release of excess gas was 
mounted in case of pressure rise inside the quartz tube. Additionally, the ex-
haust was purified by a high-efficiency particulate air (HEPA) capsule to re-
move ~99.7% particles larger than 0.3 μm and passed through a bubbler vessel 
containing 2 M/L sodium hydroxide (NaOH) solution to absorb sulfur com-
pound decomposed from thiophene before being emitted into the air. The 
schematic of the FCCVD reactor for SWCNT synthesis is displayed in Figure 
3.1.1. Both wall and centerline gas temperatures were measured with 800 
standard cubic centimeters (sccm) N2 flushing the quartz tube before starting 
experiments. 
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Figure 3.1.1. (a) The flow schematics of the FCCVD reactor for SWCNT synthesis and the 
formation of SWCNT film on a membrane filter. For clear demonstration, the drawing of a 47 
mm filter holder is displayed at the sample collection part. (b) The profiles of the wall and center-
line gas temperatures measured with a set temperature of 1000 oC. Carrier gas of 800 sccm N2 
was introduced into the reactor from the top of the reactor when measuring temperatures from 
the bottom. The diameter of the thermocouple tip is 1.5 mm. The schematics and temperature 
profiles are presented in Publication . Reproduced from Ref. [25] with permission from The 
Royal Society of Chemistry. 

A spark-discharge FCCVD reactor was also utilized for the SWCNT synthesis 
presented in this dissertation. The main advantage of this reactor is that the 
catalyst can be pre-made prior to being introduced into the SWCNT synthesis 
reactor, which enabled us to control the size and composition of the catalyst 
particles. The catalyst particles were produced inside a rod-to-tube type spark-
discharge generator. Briefly, highly pure iron (Fe) or cobalt (Co) rod and tube 
were utilized as the electrodes. The materials from the electrodes were evapo-
rated by applying a high voltage of 2~3 kV across the electrode gap in N2 at-
mosphere. The catalyst particles were formed by an evaporation-nucleation-
condensation process and were carried into the SWCNT synthesis reactor by 
N2 flow. Ethylene was selected as the carbon source carried by N2 and H2. The 
schematics of the spark-discharge reactor for SWCNT synthesis can be found 
elsewhere[70]. 

3.2 SWCNT synthesis and TCF fabrication 

3.2.1 Materials  

Ferrocene (98%) and thiophene (≥99%) were ordered from Sigma-Aldrich. 
Ethanol (99.5%) was supplied by Altia Oyj, Finland. Toluene (99.7%) and me-
thanol (99.9%) were purchased from Alfa Aesar and Acros Organics, respec-
tively. Rod and tube iron (99.8%), cobalt (99.95%) electrodes were ordered 
from Goodfellow in UK. Gold chloride ( 99.99% trace metals basis), acetoni-
trile (99.8%) and nitric acid (65%) were from Sigma-Aldrich. AGA in Finland 
provided hydrogen (99.999%), ethylene (99.999%), diluted H2S (0.01 vol% 
H2S in N2, 99.999%) and nitrogen (vaporized from liquid nitrogen and purified 
by an OT3-4 oxygen/moisture trap from Agilent). The membrane filter with a 
pore size of 0.45 μm was ordered from Merck Millipore, France. 
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3.2.2 Ethanol as the carbon source 

First, 0.25~0.4 wt% ferrocene together with a small amount of thiophene (mo-
lar ratio of S/Fe is in the range of 0.1~0.3) was dissolved in ethanol to form a 
homogeneous liquid feedstock via two minutes of ultrasonication. Then, the 
feedstock was loaded into a glass syringe and injected with a syringe pump 
(NE-1000 series, New Era Pump Systems, USA) at a feeding rate of 4~10 
μl/min. The solution evaporated in a heating line at 140 oC enabled by a heat-
ing cord and an SDC temperature controller from BriskHeat, USA. The vapo-
rized precursors were carried by 600~800 sccm gaseous mixture of N2 and H2 
into a vertical aerosol reactor kept at 980~1050 oC. The growth parameters 
were adjusted in the aforementioned ranges according to the expected results 
presented in the publications in which specific parameters can be found. As-
synthesized SWCNTs were deposited onto a membrane filter placed at the 
downstream of the reactor to form a thin film by gas-phase filtration. The 
SWCNT film on the filter was press-transferred onto a quartz slide or silicon 
substrate for characterizations. The film thickness or transmittance was con-
trolled by the collection time. 

3.2.3 SWCNT synthesis in a spark-discharge reactor 

In all the experiments, the total number concentration and the mobility di-
ameter of the catalyst particles were fixed to ~4.3 × 106 cm-3 and ~3.5 nm, re-
spectively. 0.1 sccm ethylene and 80 sccm H2 were introduced to the FCCVD 
reactor set at the temperature of 1050 oC for SWCNT synthesis. As the sulfur 
source, 0.01 vol% diluted H2S in the flow range of 0~50 sccm, i.e., 0~10 ppm 
H2S, was used. The pre-made catalyst particles were introduced to the reactor 
by 370~420 sccm N2. The total flow rate was kept at 500 sccm. 

3.2.4 Toluene as the carbon source 

An appropriate amount of ferrocene (2~3 wt%) and a small volume of thio-
phene (Fe/S molar ratio is in the range of 1.5~3) were dissolved in toluene in a 
vial. The solution was sonicated for one minute and loaded into a glass syringe 
with a Teflon plunger tip (Innovative Labor Systeme, Germany). Then, the 
solution was injected with a syringe pump to a heating line at 130 oC. The va-
porizers of the gaseous precursors were carried by N2 (300~500 sccm) and H2 
(40~70 sccm) to an elevated temperature (1060~1120 oC) reactor for SWCNT 
synthesis.  

3.2.5 Synthesis of semiconducting-enriched SWCNTs 

Ethanol was the carbon source, ferrocene and thiophene were utilized as the 
catalyst and promoter sources, respectively. A variable amount of methanol 
(0~36 vol%) was intentionally added to enhance s-SWCNT growth. Based on 
the work presented in Publication , the experimental parameters were 
further optimized here. The precursor ethanol solution containing methanol, 
0.25 wt% ferrocene and a small amount of thiophene (molar ratio of sulfur to 
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iron is 0.15) were sonicated for one minute to form a homogeneous solution 
which was injected at the feeding rate of 1 μl/min into a heating line. The eva-
porated precursors in the heating line at 130 oC were carried by 200~300 sccm 
N2 and an appropriate volume of H2 (7~25 sccm). The temperature of the reac-
tor was adjusted in the range of 900~960 oC. As-produced SWCNTs were col-
lected at the outlet of the reactor with a patterned 25 mm membrane filter (the 
collection area was scaled to ca. 5 mm × 5 mm by patterning). The pressure 
inside the quartz tube was raised due to the usage of the patterned filter. The 
collection time for the 5 mm × 5 mm film with a transmittance of ca. 95% was 
around 1~2 hours. The pressure (0~20 KPa) inside the quartz tube was regu-
lated by a needle valve (to partially block the exhaust) mounted at the outlet 
and was measured with a precision digital test gauge (type 2084, Ashcroft, 
USA).  

3.3 Optical spectroscopy characterizations 

3.3.1 Absorption 

The optical absorption and transmittance spectra of the SWCNT films trans-
ferred onto quartz slides (HSQ300, FinnishSpecialGlass, Finland) were meas-
ured separately employing a UV-Vis-NIR spectrometer (Agilent Cary 5000) 
with a wavelength range of 175-3300 nm. A data interval of 1 nm was chosen to 
ensure a smooth spectrum. Before each measurement, the baseline correction 
was conducted with two blank quartz slides located in the reference and sam-
ple beam paths, respectively. After baseline calibration, the blank slide in the 
reference beam path was kept to exclude the effect of the substrate while the 
one in the sample beam path was replaced by a sample slide. The transmit-
tance values were read at 550 nm of the transmittance spectra.  

3.3.2 Raman 

Raman spectra were recorded using a Raman spectrometer (Horiba Jobin-
Yvon Labram HR 800) equipped with laser wavelengths of 488 nm, 514 nm, 
633 nm, and 785 nm. A 100x magnification objective was selected to minimize 
the effect of ambient light. A proper filter size was selected to prevent the laser 
burning of SWCNTs. Every present spectrum was averaged on three spectra 
collected at different regions (the distance between two locations was set to be 
longer than the mean length of nanotube bundles to avoid multiple counting of 
the same tubes) with each laser. All the spectroscopy data were normalized 
and plotted with Origin.  

3.4 Microscopy characterizations 

3.4.1 Scanning electron microscopy 

Sparsely-distributed SWCNTs were deposited onto a silicon (Si with a 100 nm 
thick SiO2) substrate by a thermophoretic method[71] for imaging with a scan-
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ning electron microscope (SEM, Zeiss Sigma VP) operated at an acceleration 
voltage of 1 kV using an inlens secondary electron detector. Only the isolated 
filaments (including individual nanotubes and bundles) whose two ends can 
be found were taken into account. For simplicity, “bundle length” is used to 
describe the length of nanotubes in this dissertation. The SWCNT bundle 
lengths were manually measured using ImageJ from the SEM micrographs. 
The SWCNT films were densified with ethanol for the observations of surface 
morphologies.  

3.4.2 Atomic force microscopy 

A dimension 3100 atomic force microscope (AFM) was employed to scan 
SWCNT films transferred onto silicon substrates at a tapping mode and 
Gwyddion was utilized to analyze the AFM images for measuring the surface 
roughnesses of SWCNT films. SWCNT films were densified with ethanol be-
fore AFM characterization.  

3.4.3 Transmission electron microscopy 

For the TEM observation, SWCNTs were directly deposited onto a lacey car-
bon TEM grid situated on a membrane filter. To measure SWCNT bundle di-
ameters, the TEM micrographs of the SWCNTs were acquired with a JEOL 
2200FS Double Cs-corrected TEM operated at 200 kV. 

 

Figure 3.4.1. (a) A TEM micrograph of a typical individual SWCNT for the acquisition of the 
electron diffraction pattern. Presented in Publication . Reproduced from Ref. [25] with 
permission from The Royal Society of Chemistry. (b) An electron diffraction pattern of a (19,3) 
SWCNT. (c) The profile of the equatorial line of the diffraction pattern displayed in (b). 

To determine the chiral indices, (n,m)s, of SWCNTs, the accelerating voltage 
of the TEM was shifted to 80 kV for the acquisition of electron diffraction pat-
terns of SWCNTs. Only straight, clean and individual SWCNTs were consi-
dered (Figure 3.4.1a). After gathering a statistically reliable number of elec-
tron diffraction patterns, Gatan DigitalMicrograph was utilized to analyze the 
diffraction patterns by introducing a non-dimensional “intrinsic layer-line 
spacing” method developed by Jiang et al.[72]. In practice, a profile line was 
drawn along the equatorial line of a diffraction pattern to obtain the value of δ. 
The layer-line spacing d3 and d2 were also measured (Figure 3.4.1b, c). Then, 
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the chiral indice, (n,m), of an SWCNT can be calculated based on the three 
values following the reported method[72].  

3.5 Doping of SWCNT films 

First, the SWCNT films on membrane filters were press-transferred onto 
quartz slides. Then, 50 μl of 16 mM fresh gold chloride (AuCl3) solution was 
drop-casted to each film. The films were washed with pure acetonitrile five 
minutes later and dried by blowing compressed air prior to sheet resistance 
measurement. As for HNO3 doping, films were first transferred to PET sub-
strates since the films on quartz slides detached upon casting HNO3. Concen-
trated HNO3 (65 wt%) was dropped onto nanotube films which were washed 
with deionized water one minute later. Sheet resistances were measured after 
drying the films by compressed air. All the doping processes were carried out 
in a fume hood under ambient conditions. 

3.6 Measurement of sheet resistances 

Conducting thin films are usually characterized by their sheet resistances, . 
In a three-dimensional conductor, the resistance  can be described as: 

 

where  is the resistivity of the conductor,  is the length,  is the cross-
sectional area,  is the width,  is the thickness. 

The sheet resistances of the SWCNT films on quartz slides were measured 
with a four-point probe (Jandel Engineering Ltd., UK) connected with a digital 
multimeter (HP 3458A, Hewlett Packard, Agilent) system. The probe consists 
of four tungsten needles with a separation of 1 mm between each other. The 
needle tip has a radius of curvature of 100 μm and a loading force of 15 grams 
per needle. The current  is applied to the outer pair needles and voltage  can 
be measured from the inner pair. The sheet resistance value is calculated from 
the following equation[73]: 

 

where  is the value shown on the data readout display,  is the final value of 

actual sheet resistance. Every data point of sheet resistance was averaged on 
three measurements at different locations of the same sample. Then, the data 
points were fitted based on an empirical formula described elsewhere[6]. 
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4. Results

4.1 Testing new reactor

At the very beginning, wall and centerline gas temperatures of the newly-built 
reactor were measured with a K-type thermocouple having a tip diameter of 
1.5 mm. The thermocouple tip faced with the flow direction and 800 sccm N2 
was flushing in the quartz tube heated at a set reactor temperature of 1000 oC. 
The measured temperature profiles are displayed in Figure 3.1.1b. The aver-
age residence time of the aerosol particles in the 70 cm-long growth zone 
(800~1000  oC) of the quartz tube was calculated to be around five seconds. In 
addition, the maximum Reynolds number of the flow at the outlet part was 
calculated to be ca. 48, indicating that the flow is laminar in the whole quartz 
tube. Before starting experiments, we carried out literature investigation work 
regarding the growth parameters for preliminary experiments and the vapor 
pressures of precursors to determine the temperature of the heating line. The 
new reactor was tested with slightly modified parameters referred from refer-
ence [57]. Ethanol and ferrocene were selected as the carbon and catalyst 
sources, respectively carried by N2 alone, since it would be easier to figure out 
the possible issues using a simple recipe. The reactor worked for the first set of 
experiments, and a gray film was formed on a membrane filter. The film was 
then press-transferred to a quartz slide for optical absorption and Raman 
measurements and the resulting spectra are presented in Figure 4.1.1a, b. 
The first and second interband transitions of semiconducting nanotubes ( , 

) and the first interband transition of metallic nanotubes ( ) in the optical 
absorption spectrum, and radial breathing mode (RBM) in the Raman spec-
trum are the characteristic features to confirm the existence of SWCNTs. S11, 
S22 and M11 in the absorption spectrum, and RBM peaks in the Raman spec-
trum are clearly displayed in Figure 4.1.1a and b, respectively, indicating the 
successful production of SWCNTs with the new reactor. The inserted photo-
graph of a film on a 47 mm filter demonstrates the uniformity of the film on 
which no flow shape can be observed (Figure 4.1.1a). Furthermore, direct 
observation of the products by TEM verifies the presence of SWCNTs (Figure 
4.1.1c). However, after searching for optimal parameters nearby, the sheet 
resistance of AuCl3-doped film was still up to 700 Ω/sq at 90 % transmittance 
( ) (Figure 4.1.1d) which is far away from the requirement of a 
highly conductive film (<100 Ω/sq at 90% T, 8). The inferior 
optoelectronic performance was mainly attributed to the low quality of the 
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products (evidenced by the high background of the absorption spectrum and 
the abundant catalyst particles in the TEM micrographs).  

Therefore, we started to add thiophene and H2 to the growth recipe to seek 
other conditions at which high-quality SWCNTs could be produced for the 
fabrication of highly conductive SWCNT films. The addition of sulfur (thio-
phene as the source was selected here since liquid carbon source, ethanol, was 
used) to the growth recipe for CNT synthesis has been generally acknowledged 
to increase CNT yield[74], diameter[75] and length[76] (detailed discussions 
on how those factors affect the TCF performance can be found in Publication 

- ). Additionally, H2 is also frequently added to balance the thermal de-
composition of hydrocarbon carbon sources via the chemical equilibrium equ-
ation, resulting in an optimized ratio of carbon to catalyst for SWCNT growth. 

 

Figure 4.1.1. (a) The optical absorption spectrum of the film sample inserted as a photograph. 
S11, S22, and M11 peaks are labeled to reveal the existence of SWCNTs. Collection time for the 
film on the 47 mm filter was only three minutes. (b) RBM peaks in Raman spectrum of the sam-
ple showing a consistent result with that from the absorption spectrum. Laser wavelength: 633 
nm. (c) TEM micrographs of the products displaying narrow-diameter SWCNTs and plenty of 
catalyst particles. (d) Sheet resistance versus transmittance of pristine and AuCl3-doped films, 
illustrating inferior optoelectronic performance of the films. 

For instance, Shandakov et al.[77] systematically investigated the decompo-
sition products of ethanol for SWCNT synthesis in a similar reactor system 
with ours by analyzing corresponding Fourier-transform infrared (FT-IR) 
spectra. They have made it clear that the majority gaseous products of ethanol 
decomposition are methane (CH4) and carbon monoxide (CO) and proposed 
the following reaction: 
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Apparently, the reaction was put forward based on stoichiometric chemistry 
according to the results analyzed from FT-IR spectra. There must exist some 
other decomposition routes to produce intermediates following the reactions 
which have been considered as the most important thermal decomposition 
means of ethanol at high temperatures[78]: 

 

 

 

Then, CH4 and CO can be assumed to be produced via: 

 

 

As a consequence, the concentration of H2 as one of the decomposed prod-
ucts can shift the reaction 4.1.1 back and forward, and an appropriate volume 
of H2 is significant for the production of an optimal number of carbon atoms to 
grow high-quality SWCNTs. 

4.2 Optimizing parameters after adding thiophene and H2

With the addition of thiophene and H2, the growth parameters were referred 
from reference [11] and optimized mainly by evaluating the optoelectronic per-
formance, i.e., sheet resistance versus transmittance, of as-collected SWCNT 
films. Only those films collected at the optimal conditions were doped with 
AuCl3 to obtain lower sheet resistances. Compared with the commonly used 
dopant of nitric acid (HNO3), AuCl3 has been considered to be a more stable 
dopant which can downshift the Fermi level towards the valence band of 
SWCNTs, decreasing the Schottky barrier height and enhancing the film con-
ductivity accordingly[79].  

4.2.1 The effect of thiophene concentration 

The starting feeding rate of the precursor solution was set to be 10 μl/min (the 
calculated vaporized gas flow rate is 3.8 sccm) in order to reduce the collection 
time. To study the sulfur effect, the concentration of thiophene was varied 
while that of ferrocene was fixed. According to the sheet resistance versus 
transmittance curves, the optimized ratio of sulfur to iron (S/Fe) is 0.2 (Fig-
ure 4.2.1a). The sheet resistance of the pristine film collected at S/Fe=0.2 is 
around 487 Ω/sq at 90% T ( ). Analysis of the optical absorption 
spectra of the corresponding films with a transmittance close to 90% T indi-
cates that the mean diameter of nanotubes increases with the increasing of 
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S/Fe ratio, i.e., thiophene concentration. Furthermore, the S11 of the absorp-
tion spectrum of the film collected with S/Fe=0.2 shifts to 2225 nm from 1160 
nm when no thiophene was added (Figure 4.1.1a), corresponding to an in-
crease in the mean diameter to 2.0 nm from 0.9 nm analyzed from the Kataura 
plot. Sulfur has been considered to decrease the carbon dissolution into cata-
lyst by forming a 1~2 nm layer on the catalyst surface via Fe-S bonding, re-
straining the supersaturation of carbon in catalyst particles and reducing the 
encapsulation of the particles by carbon coating (i.e., “poisoning” as claimed) 
accordingly[80–83]. At a low sulfur concentration, the superfluous decom-
posed carbon radicals can still encapsulate some catalyst particles, leading to 
the presence of carbon-coated catalyst particles in the film[84]. However, the 
catalyst particles could be encapsulated by the sulfur layer if sulfur concentra-
tion is too high, blocking enough carbon dissolution or surface diffusion for 
CNT growth[80,82]. Only an appropriate amount of sulfur enables the growth 
of high-quality SWCNTs. As for the increase in mean nanotube diameter with 
sulfur addition, several possible explanations have been proposed, e.g., surface 
diffusion of carbon atoms on the catalyst[80], the expansion of the active area 
on catalyst surface[85], an increased number of enlarged catalyst particles by 
the aggregation of active particles[81,82]. A further deeper investigation of the 
roes of sulfur in tuning the morphology and structure of SWCNTs is discussed 
in Chapter 4.4.  

 

Figure 4.2.1. The effect of thiophene concentration. (a) Sheet resistance versus transmittance 
of pristine SWCNT films. The results are presented in Publication . Reproduced from Ref. 
[25] with permission from The Royal Society of Chemistry. (b) The optical absorption spectra of 
the corresponding films. S11 peak is labeled to indicate that mean nanotube diameter increases 
with S/Fe ratio. The feeding rate of precursor solution is 10 μl/min. 

The background (comes from catalyst particles, amorphous carbon, and 
other carbonaceous products) area of the absorption spectrum has been calcu-
lated to roughly estimate the purity of a CNT sample[34]. As seen from Figure 
4.2.1b, the absorption spectrum with S/Fe=0.1 has the highest background 
which could support the interpretations and is responsible for the inferior TCF 
performance. Absorption alone is unable to provide enough information to 
illustrate the results shown in Figure 4.2.1a. Advanced characterizations like 
high-resolution TEM and elemental mapping of the catalyst particles (espe-
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cially those encapsulated and isolated) in a statistical manner can offer more 
detailed information. 

4.2.2 The effect of ferrocene concentration 

Based on the results of sheet resistance versus transmittance, the optimal fer-
rocene concentration was found to be 0.3 wt% (Figure 4.2.2a). The sheet 
resistance of the AuCl3-doped film at the optimized ferrocene concentration is 
ca. 130 Ω/sq at 90% T ( ) which is a reasonable value when con-
sidering the high yield (the collection time of a 90% T film on a 25 mm filter 
was only three minutes). Generally, for CNT synthesis, an optimal ratio of car-
bon to catalyst (in this case, ferrocene as the catalyst precursor, ) 
should be kept in mind when searching for conditions. The small catalyst par-
ticles can be poisoned by the excessive carbon coating in the case of low ferro-
cene concentration[86]. On the other hand, the collected film would contain 
abundant catalyst particles if the ferrocene concentration is too high. Both 
situations are disadvantageous for the synthesis of high-quality SWCNTs as 

 

Figure 4.2.2. The effect of ferrocene concentration. (a) Sheet resistance versus transmittance 
of pristine and AuCl3-doped SWCNT films. The plots can be found in Publication . 
Reproduced from Ref. [25] with permission from The Royal Society of Chemistry. (b) A TEM 
micrograph of the nanotube bundles with the ferrocene concentration of 0.3 wt%. (c) The 
distribution of particle diameters obtained from the sample shown in (b). The numbers are mean 
value ± standard deviation. (d) The optical absorption spectra of the corresponding films. (e) A 
TEM micrograph of the nanotube bundles with the ferrocene concentration of 0.35 wt%. (f) The 
distribution of the particle diameters obtained from the sample shown in (e). The feeding rate of 
precursor solution is 10 μl/min. 

well as the fabrication of conductive films. Therefore, only a medium concen-
tration of ferrocene can maximize the conductivity, i.e., minimize the sheet 
resistance, of an SWCNT film by producing high-quality SWCNTs. The supe-
rabundant particles in the films collected at increased ferrocene concentra-
tions are responsible for the higher backgrounds of the absorption spectra 
(Figure 4.2.2d). To explore a bit more in detail, TEM observation and the 
measurement of the particle size were carried out. More large particles can be 
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found in the TEM micrograph labeled with a higher ferrocene concentration of 
0.35 wt% (Figure 4.2.2b, e), the statistical measurement result of the par-
ticle diameter is also consistent with the TEM observation (Figure 4.2.2c, f). 
In order to confirm the proposal of the poisoning of small catalyst particles by 
carbon encapsulation, one needs to perform high-resolution TEM imaging to 
statistically study the sizes of active and non-active, i.e., carbon-encapsulated, 
particles. 

4.2.3 The effects of H2 and temperature 

As mentioned above, H2 is needed to balance the decomposition of the carbon 
source for CNT synthesis. It was found that H2 in a small range would not have 
a significant effect on the ultimate optoelectronic performance of SWCNT 
films collected at the feeding rate of 10 μl/min presented in Figure 4.2.3a. 
We also observed that the yield was continuously decreased with increasing H2 
flow rate while the total flow rate was fixed at 800 sccm. This behavior is most 
probably related to the effect of H2 on the reaction equilibrium, which has also 
been found in growing vertically aligned CNT arrays[87]. Thus, when consi-
dering sheet resistance and yield together, a moderate H2 flow rate of 500 
sccm was taken as the optimized flow at a high feeding rate of 10 μl/min, while 
it is 400 sccm at a low feeding rate of 6 μl/min. Due to the modest inhibiting 
effect of H2 on ethanol decomposition, plenty of byproducts thermally decom-
posed from ethanol would exist in the films if a very low flow rate of H2 was 
used, leading to raised sheet resistances of the films. To verify the origin be-
hind the change of SWCNT yield with H2, combined characterization of high-
resolution TEM and thermogravimetric (TG) analysis should be carried out. 
TEM imaging of the products can provide some visual evidence of the amounts 
of amorphous carbon, CNTs, and catalyst particles. Moreover, TG measure-
ment enables the quantitative analysis of the relative contents of the ingre-
dients. Since the characteristic peaks of SWCNTs in the optical absorption 
spectra obtained at the high feeding rate of 10 μl/min are not clearly presented, 
the feeding rate was reduced to 6 μl/min to acquire the absorption spectra 
displaying apparent features for comparison. As observed from the absorption 
spectra in Figure 4.2.3b, it is demonstrated that the mean diameter (esti-
mated from the Kataura plot based on the position of S11) of SWCNTs increases 
with H2 flow. The corresponding diameter distributions of the SWCNTs were 
fitted using a Matlab code reported elsewhere[33]. The fitting results show a 
more distinct trend of the shift in nanotube diameters (Figure 4.2.3d-f). The 
decomposed H radicals from H2 may etch away some small-diameter nano-
tubes which have higher curvature energies and are more reactive 
accordingly[88,89].  

The temperature of the reactor is also an important parameter affecting the 
thermal decomposition of the carbon source (ethanol here). Based on the re-
sults of sheet resistance versus transmittance, 1000 oC was found to be the 
optimal temperature for the SWCNT synthesis in this work. Lower tempera-
tures cannot afford enough carbon atoms needed for the optimal growth of 
SWCNTs, while a higher temperature generates too many carbon radicals. 
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Figure 4.2.3. The effects of H2 flow rate and temperature. (a) Sheet resistance versus transmit-
tance of pristine SWCNT films collected at varying H2 flow rates. The feeding rate is 10 μl/min. 
(b) The optical absorption spectra of the SWCNT films reported in Publication . The feeding 
rate is 6 μl/min. Reproduced from Ref. [25] with permission from The Royal Society of 
Chemistry. (c) Sheet resistance versus transmittance of pristine SWCNT films collected at dif-
ferent temperatures. The feeding rate is 10 μl/min. (d), (e) and (f) are the fitted diameter distribu-
tions of the SWCNTs based on the spectra shown in (b). The total flow rate was fixed at 800 
sccm. (d)-(f) can be found in Publication . Reproduced from Ref. [25] with permission from 
The Royal Society of Chemistry. 

4.2.4 The effect of the feeding rate of precursor solution 

It has been reported that the bundle diameters of SWCNTs in a film play a cru-
cial role in the sheet resistance of the film[90]. By utilizing the conductance 
atomic force microscope (AFM), Nirmalraj et al.[91] studied the resistances of 
the nanotube junctions in SWCNT networks and found that the junctions be-
tween narrow bundles exhibit lower resistances. In an FCCVD reactor, as-
synthesized SWCNTs can collide each other to form bundles owing to Brow-
nian diffusion, which is dependent on the total concentration of SWCNTs in 
the reactor. Hence, a low total concentration is beneficial for the production of 
narrow nanotube bundles. Therefore, to further reduce the sheet resistances of 
SWCNT films, the feeding rate of the precursor solution can be decreased. In 
addition, it was demonstrated that the charge carriers could be confined inside 
nanotube loops, preventing their transportation to neighbor tubes[92]. The 
formation of the loops may be accelerated at a high concentration of as-
synthesized SWCNTs in the gas phase. Consequently, a low feeding rate of the 
precursors likely produce straight nanotubes as well. The mean bundle length 
of the SWCNTs in a film is another dominant factor affecting the sheet resis-
tance of the film. SWCNT growth was considered to be terminated upon form-
ing a bundle[93]. As a consequence, more long SWCNTs might be produced at 
a diluted concentration of as-formed nanotubes. In view of the findings and 
proposals mentioned above, the feeding rate of precursors was studied in de-
tail in Publication  and . It is well-known that the band gap of an 
SWCNT is inversely proportional to its diameter. The large-diameter SWCNTs 
with narrow band gaps which trigger a large number of charge carriers would 
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be favorable for the fabrication of SWCNT TCFs. As a result, an SWCNT film 
comprising narrow, straight and long bundles as well as large-diameter 
SWCNTs should be preferable for their application in the conductive films. 
Here, we have been trying to optimize the growth parameters to reach those 
targets in the studies presented in this dissertation.  

 

Figure 4.2.4. (a), (b) and (c) are TEM micrographs of the SWCNT bundles synthesized at the 
feeding rates of 8 μl/min, 6 μl/min and 4 μl/min, respectively. (a) and (c) were displayed in Pub-
lication , (b) in Publication . Reproduced from Refs. [68] and [25], respectively with 
permissions from The Royal Society of Chemistry. (d), (e) and (f) are the histogram distributions 
of the bundle diameters in the samples represented by (a), (b) and (c), respectively. 

TEM was employed to check the morphologies of the SWCNT bundles. Sev-
eral individual SWCNTs and narrow bundles consisting of two or three 
SWCNTs are displayed in the TEM micrograph of the SWCNT sample col-
lected at the feeding rate of 4 μl/min (Figure 4.2.4c), while only large bun-
dles are visible in the samples collected at higher feeding rates (Figure 4.2.4a, 
b). A statistical measurement of the nanotube bundles in the three samples 
shows that the mean bundle diameter of SWCNTs synthesized at the feeding 
rates of 8 μl/min, 6 μl/min, and 4 μl/min are 10.2 nm, 6.3 nm, and 5.3 nm, 
respectively (Figure 4.2.4d-f). Among them, the individual SWCNTs account 
for 24.6% in the sample collected at the lowest feeding rate. The diameter dis-
tribution of the extracted individual SWCNTs (totally 62 tubes, can be found in 
Publication ) demonstrates that the mean diameter of the SWCNTs is 2.1 
nm. The decreased bundle diameter and increased percentage of individual 
SWCNTs are ascribed to the low feeding rate which leads to a reduced total 
concentration of catalyst particles and carbon radicals for nanotube growth. As 
a consequence, as-synthesized SWCNTs in the gas phase have fewer chances to 
collide each other, giving rise to the formation of narrow bundles and a grow-
ing percentage of isolated SWCNTs. The number of conduction paths for the 
charge carriers in narrow bundles or even individual SWCNTs is much higher 
than that in large bundles, as charge carriers mainly transport at the bundle 
surface and that inboard nanotubes only contribute to optical absorption[90]. 
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Figure 4.2.5. (a), (b) and (c) are SEM micrographs of the film morphologies collected at 8 μl/min, 
6 μl/min and 4 μl/min, respectively. (a) and (c) were displayed in Publication , (b) in Publica-
tion . Reproduced from Refs. [68] and [25], respectively with permissions from The Royal 
Society of Chemistry. (d) and (e) are AFM micrographs of the SWCNT films collected at 8 μl/min 
and 4 μl/min, respectively. Films with a transmittance close to 90% were densified with ethanol 
before SEM and AFM observations. The whole area was considered for RMS analysis in (d) 
while only the white square was taken into account in (e). The bright spots in (e) are deemed to 
be Au particles since the film was doped with AuCl3 prior to AFM scanning. (f) The histogram 
distribution of the bundle lengths measured from SEM micrographs. (d), (e) and (f) can be found 
in Publication . Reproduced from Ref. [68] with permission from The Royal Society of 
Chemistry. 

To visually observe the film morphology, SEM imaging of the films was car-
ried out. Before the SEM observation, all the as-collected films with a trans-
mittance close to 90% were first press-transferred to silicon substrates and 
then densified with ethanol to reduce surface roughness. Quite a few nanotube 
loops can be seen from the SEM micrographs of the films collected at higher 
feeding rates of 8 μl/min and 6 μl/min (Figure 4.2.5a, b). While straighter 
nanotubes are displayed in the film collected at the lowest feeding rate of 4 
μl/min (Figure 4.2.5c). Simulation results have found that there exits back 
flow at the outlet of a high-temperature quartz tube[94,95]. The back flow en-
hanced by the thermophoresis phenomenon could induce local convection 
vortex which may be more vigorous in the case of a high flow rate, bringing 
about more nanotube loops or curls. Except for that, the growth speeds of the 
nanotubes in a large bundle might be different, e.g., the inboard nanotube 
grows slower than the outboard one, accelerating the formation of nanotube 
loops. This formation mechanism is similar to that of carbon nanocoils[96]. It 
was demonstrated by electrostatic force microscopy that nanotube loops act as 
confining barriers inside which charge carriers are trapped, restricting the 
transportation of charge carriers among nanotubes[92]. As a consequence, an 
SWCNT film containing more nanotube loops would exhibit higher sheet resis-
tance value and the number of the loops should be minimized if a low sheet 
resistance is expected. AFM characterization was carried out to verify the re-
sults analyzed from TEM and SEM micrographs. The SWCNT films having a 
transmittance around 90% were densified with ethanol as well before AFM 
scanning. The root-mean-square (RMS) roughness of the SWCNT film col-
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lected at 8 μl/min is 15.1 ± 1.6 nm (mean value ± standard deviation) which 
decreases to 9.2 ± 1.0 nm for the film collected at 4 μl/min (Figure 4.2.5d, e). 
The decrease in surface roughness of the film results from the thinner bundles 
in the film, which is consistent with the observations by TEM and SEM. In 
order to measure bundle length, sparsely-distributed SWCNTs were deposited 
onto a silicon substrate for SEM imaging (the SEM micrograph of typical na-
notube bundles for length measurement can be found in Publication ). The 
statistical measurement result shows a mean SWCNT bundle length of 28.4 
μm (Figure 4.2.5f) which is much longer than those of the SWCNTs synthe-
sized from the FCCVD reactors using carbon monoxide[6,93,97,98] or ethy-
lene[69,99] as the carbon source in our laboratory. The life extension of the 
active catalyst particles via restraining carbon encapsulation by the weak oxi-
dant like the oxygen-containing radicals decomposed from ethanol could in-
terpret the growth of long SWCNTs. Furthermore, the laminar flow as was 
expected could also benefit the growth of long SWCNTs, since otherwise the 
growth might be terminated via bundling which can be boosted by locally con-
vective flow[93,97]. Nirmalraj et al.[100] found that the sheet resistance in an 
SWCNT film is governed by the resistances of contact junctions made by nano-
tube bundles. Especially, the resistances of the junctions formed by semicon-
ducting nanotubes and metallic ones contribute more to the overall resistance 
owing to the existence of the Schottky barrier at the junction. Consequently, a 
film composed of long SWCNTs has fewer contact junctions and could exhibit 
a lower sheet resistance. 

The comparison of the optoelectronic performance of SWCNT films col-
lected at different feeding rates confirms the idea that SWCNT TCFs exhibiting 
decreased sheet resistances were fabricated with a lower feeding rate of the 
precursor solution (Figure 4.2.6a). Based on the fitted curves, the sheet re-
sistances of AuCl3-doped SWCNT films at 90% T collected at feeding rates of 8 
μl/min, 6 μl/min, and 4 μl/min are ca. 123 Ω/sq ( ), ca. 95 Ω/sq 
( ), and ca. 78 Ω/sq ( ), respectively. The superior 
optoelectronic performance is attributed to the narrow, straight and long 
SWCNT bundles consisting of large-diameter nanotubes produced at the low 
feeding rate of 4 μl/min. We believe that even lower sheet resistances for 
SWCNT films could be achieved by using further decreased feeding rate com-
bined with other optimized growth parameters (mainly N2 and H2 flow rates) 
though at the expense of the yield. During the optimization of growth parame-
ters, we found that the flow rates of H2 and N2 (1:1) should be slightly adjusted 
in accordance with the feeding rate. Smaller flow rates of H2 and N2 should be 
used with a lower feeding rate to have a reasonable yield as discussed earlier 
that H2 could affect nanotube yield and film conductivity. The collection time 
of the film with 90% T on a 25 mm filter using the optimized feeding rate is 28 
minutes (Figure 4.2.6b). The SWCNT yield in this work is higher than those 
reported utilizing the same FCCVD method for TCF fabrication. Meanwhile, 
the sheet resistances of our SWCNT TCFs are nearly comparable with those 
reported[69,93,97], showing great potential in large-scale applications of 
SWCNT TCFs. The mean diameter of the SWCNTs synthesized at the feeding 
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rate of 4 μl/min is around 2 nm, and more than 60% of the SWCNTs have di-
ameters in the range of 1.8~2.2 nm (obtained with the Matlab fitting, and re-
ported in Publication ). The diameters calculated from the absorption 
spectrum match those obtained from the TEM micrographs. As mentioned 
above, the large-diameter SWCNTs are one of the contributors to the lowest 
sheet resistance achieved at 4 μl/min. The disappearance of van Hove singu-
larity transition peaks S11 and S22 in the absorption spectrum of AuCl3-doped 
SWCNT film is ascribed to the increased work function of SWCNTs and a 
downshift in the Fermi level towards the valence band, which is induced by the 
charge transfer from SWCNTs to AuCl3[79].  

 

Figure 4.2.6. (a) Sheet resistance versus transmittance curves of pristine and doped SWCNT 
films collected at different feeding rates. (b) Collection time versus transmittance. A filter with a 
diameter of 25 mm was used for film collection. (c) The optical absorption spectra of the 
SWCNT films. The film collected at the feeding rate of 4 μl/min was doped with AuCl3 to demon-
strate the doping effect. (d) and (e) are the RBM peaks in Raman spectra excited by 488 nm 
and 633 nm laser, respectively. (f) G and D bands in Raman spectra of the SWCNT films. Laser 
wavelength is 633 nm. All the data were re-plotted based on the original data reported in Publi-
cation  and . Adapted from Refs. [25] and [68], respectively with permissions from The 
Royal Society of Chemistry. 

Raman spectroscopy characterization is a semi-quantitative method to esti-
mate the quality of SWCNTs by calculating the ratio of either intensities or 
integrated areas of G and D bands. As seen from the Raman spectra shown in 
Figure 4.2.6f, the D bands are almost invisible, revealing the excellent quali-
ty of the SWCNT films. The intensity ratio of G and D bands, IG/ID, in the Ra-
man spectra of the films at feeding rates of 8 μl/min, 6 μl/min, and 4 μl/min 
are 95, 125, and 106, respectively (details and the Raman spectra exited using 
other lasers can be found in Publication  and ). The positions of RBM 
peaks in a Raman spectrum can be utilized to calculate the diameters of 
SWCNTs following formula 2.3.1. The calculated diameters of resonant 
SWCNTs are consistent with the results analyzed from the corresponding ab-
sorption spectra. Additionally, more large-diameter SWCNTs can be found 
using the optimal feeding rate of 4 μl/min based on the analysis from RBM 
peaks (Figure 4.2.6d, e).  
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In short, we have successfully produced narrow, straight and long nanotube 
bundles comprising large-diameter SWCNTs with high yield for the applica-
tion of highly conductive SWCNT TCFs, which lays a solid foundation for the 
pilot production of high-quality SWCNTs for their industrial-level applications. 

4.3 Chiral indices of the SWCNTs synthesized from ethanol 

Most of the reported chirality maps of the SWCNTs synthesized using ethanol 
as the carbon source were determined from optical characterizations[11,101–
104], i.e., absorption, photoluminescence, and Raman. The accurate assign-
ment of the chiral indices of SWCNTs from the absorption spectrum requires 
well-resolved transition peaks of single (n,m)s and thus is limited to the analy-
sis of the SWCNTs in a solution. The SWCNTs in a thin film cannot present 
well-resolved peaks, and many chiral indices are overlapped beneath the spec-
trum, resulting from the nanotube bundling which also leads to a slight red-
shift in transition peaks[38]. Raman is a well-known resonant characterization 
method, consequently, only those SWCNTs located in the resonant energy 
window of an incident laser can be excited and indexed[42]. Therefore, a Ra-
man apparatus equipped with multiple lasers (as many as possible in principle) 
is preferred to characterize a bulk SWCNT sample for the (n,m) assignment 
with high accuracy. As for photoluminescence, only s-SWCNTs can be excited 
since the electronic excitations of metallic ones are quenched[105].  

In order to unambiguously determine the chiral indices of SWCNTs, the elec-
tron diffraction technique was adopted here for the chirality probing. The typi-
cal diffraction patterns of zigzag (19,0), armchair (11,11), and chiral (14,9) 
SWCNTs are displayed in Figure 4.3.1a-c.  

 

Figure 4.3.1. The electron diffraction patterns of a zigzag (19,0) SWCNT (a), an armchair
(11,11) SWCNT (b), and a chiral (14,9) SWCNT (c).

Utilizing ethanol as the carbon source to synthesize SWCNTs by the FCCVD 
method, Barnard et al.[17] released the first study reporting a chirality map 
depicted from electron diffraction results. Compared with the first chirality 
map acquired from electron diffraction analysis, the maps shown in Figure 
4.3.2 are more comprehensive and convincing on account of presenting spe-
cific (n,m) numbers in a larger quantity. To understand how sulfur can affect 
the chirality distribution of SWCNTs, we obtained two chirality maps of 
SWCNTs produced at different S/Fe ratios. Since no chirality map (based on 
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electron diffraction analysis) regarding the sulfur effect on ethanol-synthesized 
SWCNTs by FCCVD can be found ahead of the moment of writing the disserta-
tion, the results presented here are much meaningful and can examine the 
maps depicted from the optical characterization results. At first glance, no ob-
vious difference in the distributions of (n,m) can be found based on the maps 
displayed in Figure 4.3.2a and b. The majority of SWCNTs are near-
armchair tubes, while some tubes are close to zigzag type. Some large-
diameter SWCNTs are scattered beyond 2 nm since there exist more chiral 
indices in the large-diameter region. The analysis is also supported by the di-
ameter and chiral angle distributions (Figure 4.3.2e, f, h and i). The optical 
absorption spectra of the SWCNTs for diffraction are displayed in Figure 
4.3.2c. The absorption spectra indicate a modest increase in the mean diame-
ter of SWCNTs with raising the sulfur concentration. Almost all the previous 
studies regarding the sulfur effect on SWCNT growth have confirmed that the 
addition of sulfur leads to an increase in the mean diameter of SWCNTs and a 
shift in chiral indices to the large-diameter region in a chirality map. However, 
as seen from the results studied here, a slight change of sulfur concentration in 
the growth recipe does not make a noticeable influence on the chirality distri-
bution of SWCNTs. We have also carried out the research regarding the sulfur 
(sulfur source is H2S) effect on the chirality distribution of SWCNTs produced 
by a spark-discharge reactor, concluding that sulfur has little influence on the 
chirality modulating of SWCNTs[106]. It is supposed that a more distinct vari-
ation of sulfur concentration would result in an apparent shift in chiral indices. 
Therefore, to probe the role of sulfur in shifting SWCNT chiralities, the chirali-
ty maps obtained with and without sulfur (while all other growth parameters 
are kept constant) should be compared, though the quality of SWCNTs in both 
cases cannot be ensured to be high enough for gathering a statistically reliable 
number of electron diffraction patterns. For instance, there are some reports 
where no CNTs were found without adding thiophene to the growth 
recipe[107], or only a few short CNTs were observed with the absence of sul-
fur[76]. 

In addition to the sulfur effect, the effect of H2 on the chirality distribution 
of SWCNTs was investigated as well. There is no apparent shift in chiral indic-
es either when comparing the chirality maps displayed in Figure 4.3.2b and 
d. The mean diameter and diameter distributions of SWCNTs almost coincide 
with those analyzed from the absorption spectra shown in Figure 4.2.3b. 
Gathering more electron diffraction patters would minimize the slight discre-
pancy. In all, based on the diffraction results, the mean diameters of SWCNTs 
in all the three cases locate in the range of 1.7~1.8 nm, and the mean chiral 
angles around 20o. It is worthy to mention that the purity of s-SWCNTs in all 
the cases ranges from 75% to 77%. As a whole, the chirality distributions pre-
sented in these cases are consistent with those reported previously using etha-
nol as the carbon source for SWCNT synthesis[17,108,109], indicating that the 
optical characterization techniques can be employed for a rough estimation of 
the SWCNT chiralities to enable timely feedback to the growth parameters. 
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The chirality maps presented here can be considered as standard templates for 
comparing the chiral indices of the SWCNTs synthesized from ethanol. 

 

Figure 4.3.2. (a), (b) are chirality maps of SWCNTs synthesized with S/Fe ratios of 0.15 and 0.2, 
respectively. (a) and (b) are used for the study of sulfur effect. (c) Absorption spectra of 
SWCNTs. (b) and (d) are chirality maps of SWCNTs synthesized with H2 flow rates of 400 sccm 
and 500 sccm, respectively. (b) and (d) are used for the study of H2 effect. (e)-(g) are diameter 
distributions extracted from chirality maps in (a), (b) and (d), respectively. (h)-(j) are chiral angle 
distributions extracted from chirality maps in (a), (b) and (d), respectively. (e), (f), (h) and (i) are 
showed for the analysis of sulfur effect. (f), (g), (i) and (j) are presented for the analysis of H2 
effect. (b), (d), (f), (g), (i) and (j) can be found in Publication . Reproduced from Ref. [25] with 
permission from The Royal Society of Chemistry. 

Utilizing ethanol as the carbon source, near-armchair SWCNTs[108,109] 
and highly enriched s-SWCNTs (~95% purity)[110,111] were synthesized by the 
catalyst-supported CVD method. Therefore, ethanol might possess some in-
trinsic properties to promote the growth of near-armchair SWCNTs or s-
SWCNTs. Via molecular dynamic simulations of ethanol decomposition on 
iron nanoparticles for CNT growth, Wang et al.[112] proposed that the produc-
tion of OH and H radicals are thermodynamically and kinetically favorable, 
respectively. It was also generally acknowledged that the OH and H radicals in 
a reaction system could etch small-diameter metallic SWCNTs which have 
higher curvature energies and lower ionization energies and are more chemi-
cally reactive accordingly[88,111,113–115], raising the percentage of near-
armchair or semiconducting species. From an experimental point of view, 
Ding et al.[116] suggested that the decomposed OH radical from methanol can 
selectively etch metallic SWCNTs to enrich their semiconducting counterparts. 
Besides, it was theoretically predicted that the interface tube-catalyst binding 
is unstable for zigzag tubes because of the high interface energy[117], and thus 
zigzag nanotubes can be preferably etched away by some etchant. We have also 
observed that the SWCNTs synthesized from ethylene by the FCCVD method 
are randomly distributed with only 65% semiconducting tubes and many zig-
zag species[69]. The absence of oxygen-containing groups and lower H2 flow 
rate in the ethylene-based process may elucidate the distinct results with those 
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presented here. However, more solid evidence, e.g., the chirality maps ac-
quired from the SWCNTs synthesized using a mixture of ethanol and methanol 
(or water) as the feedstock together with the investigation of the lattice struc-
ture of the catalyst particle are needed to confirm the statements. Additionally, 
it is also possible that the oxygen-containing radicals could modify the struc-
ture and/or morphology of catalyst nanoparticles, bringing about the appear-
ance of a specific lattice plane for the selective growth of near-armchair tubes 
or s-SWCNTs. The modification of catalyst by the radicals has been confirmed 
by TEM observation of the catalyst nanoparticles[118]. In-situ TEM tracking of 
the evolution process of catalyst nanoparticles could verify the possible mod-
ification of catalyst by some radicals[119]. 

4.4 Independent study on the roles of sulfur 

As mentioned in Chapter 4.2.1, the effect of sulfur on SWCNT synthesis should 
be studied systematically. Here, by using a spark-discharge FCCVD reactor, we 
independently investigated the roles of sulfur (H2S as the sulfur source) in 
growing SWCNTs for the fabrication of TCFs. The effect of sulfur on the yield, 
diameter, quality, and length of SWCNTs as well as the optoelectronic perfor-
mance of SWCNT TCFs was studied in detail. 

The SWCNT yield was found to be sensitive to the sulfur concentration. The 
yield first increases then decreases with increasing the H2S concentration in 
the reactor (Figure 4.4.1a). The addition of an optimal amount of H2S leads 
to a 2.5-fold increase in the SWCNT yield. The effect of sulfur on the SWCNT 
growth was also found to be catalyst-dependent since the optimal sulfur con-
centration which was required to achieve the maximum yield was different for 
Fe and Co catalysts. The regulation of CNT yield by sulfur has been reported in 
many cases[74,76,107,120]. Another generally acknowledged role of sulfur is to 
increase the CNT diameter[81,107,121], which has been also confirmed in our 
work. The S11 peak in the optical absorption spectra obtained with sulfur addi-
tion behaves a redshift of ca. 200 nm (Figure 4.4.1b), indicating the increase 
in the mean diameter of SWCNTs. For instance, the mean diameter of the 
SWCNTs synthesized from Fe as the catalyst increases to 1.26 nm from 1.06 
nm owing to the addition of 5 ppm H2S (Figure 4.4.1d). Besides, the IG/ID 
ratio in Raman spectra of the SWCNTs rises with the addition of an appropri-
ate amount of sulfur (Figure 4.4.1c), implying the improvement of SWCNT 
quality. 

To explore how sulfur can change SWCNT yield and diameter, TEM, energy-
dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy 
(XPS) characterizations were performed. The TEM observation and EDS anal-
ysis demonstrated that there is no obvious change in either the size or the 
composition of the catalyst particles with the addition of H2S. In contrast, the 
XPS analysis of the SWCNTs indicated the presence of both Fe (0.04 at%) and 
S (0.05 at%) (see Figure S6 in Publication ). The two peaks located 707 
eV and 720 eV were displayed in the Fe 2p spectrum, manifesting the existence 
of metallic Fe. As for S, there exist two broad S 2p features between 161~166 
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eV and  167~171 eV. The chemical states at the lower binding energy region in 
the S 2p spectrum can be ascribed to S-S bonding and C-S bonding, while the 
high binding energy feature could be induced by the C-SOx-type bonding[122–
124]. Iron sulfide or sulfur-containing alloys should be observed at 161~163 eV 
and thus they seem to be the minority species on the catalyst surface[122,125]. 
H2S is thermodynamically favorable to adsorb onto the catalyst surface and 
decompose into activated fragments like -SH and-H[126–128]. These activated 
radicals may promote the interface bonding between the carbon atoms and the 
catalyst[129], which could be supported by the detected C-S bonding presented 
in the XPS spectrum, leading to more active surface sites and an increase in 
the yield, as well as the growth of longer SWCNTs as shown in Figure 4.4.1e. 
However, an excess of sulfur would negatively affect the carbon dissolution 
and precipitation processes, fading the catalytic role or even deactivate the 
catalyst particles, bringing about the decrease in the SWCNT yield. The in-
crease in the diameters of the SWCNTs synthesized with sulfur addition can be 
attributed to the expanded active surface area on the catalyst surface[85,129]. 

 

Figure 4.4.1. (a) The normalized yield calculated from the transmittance values of the SWCNT 
films obtained from Fe and Co as the catalyst. (b) The optical absorption spectra of the 
SWCNTs synthesized without and with an optimal amount of H2S. (c) G and D bands in the 
Raman spectra of the SWCNTs. (d) The diameter distributions of the SWCNTs extracted from 
the electron diffraction results. (e) The bundle length distributions of the SWCNTs measured 
from the SEM micrographs. (f) The optoelectronic performance of the SWCNT films. The figures 
can be found in Publication . Reproduced from Ref. [106] with permission from Elsevier. 

To demonstrate the combined effects of the morphological and structural 
features induced by the sulfur addition, we also measured the sheet resistances 
and transmittances of the SWCNT TCFs. The addition of an optimal amount of 
H2S enhanced the optoelectronic performance of the SWCNT TCFs. For in-
stance, the sheet resistance of the pristine SWCNT films obtained with Fe as 
the catalyst was lowered to 469 Ω/sq ( ) from 1512 Ω/sq 
( ) at 90% T after adding 5 ppm H2S. As for the AuCl3-doped films, 
a decreased sheet resistance of 116 Ω/sq ( ) from 243 Ω/sq 
( ) at 90% T was observed (Figure 4.4.1f). The enhancement of 
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the optoelectronic performance of the SWCNT films with sulfur addition was 
mainly ascribed to the large-diameter, long, and high-quality SWCNTs. 

4.5 Toluene as the carbon source for nanotube synthesis 

Inspired by the results discussed in Chapter 4.2, we tried to synthesize 
SWCNTs with larger diameters, narrower and longer bundles to further im-
prove the conductivity of SWCNT TCFs. As suggested in Chapter 4.2.4, the 
sheet resistances of SWCNT TCFs could be lower if the feeding rate is further 
reduced. We have carried out some relevant experiments to validate the as-
sumption. At a lower feeding rate of 2 μl/min (together with 350 sccm N2 and 
180 sccm H2), the sheet resistance of the film at 90% T was reduced to 65 Ω/sq 
( ) after AuCl3 doping, which was primarily attributed to the 
narrow bundles (mean bundle diameter is 3.53 nm with a standard deviation 
of 1.87 nm) and a raised percentage of individual SWCNTs with a proportion 
of 34.3% out of 230 nanotube filaments. Nevertheless, the yield (based on the 
collection time of the same size film) was around an order of magnitude lower 
than that at a higher feeding rate of 4 μl/min. Therefore, to increase the yield 
and simultaneously keep an excellent optoelectronic performance of SWCNT 
TCFs, an alternative liquid carbon source should be found to replace ethanol.  

Toluene (C7H8) has been employed as the carbon source for the production 
of CNT fibers which require high yield of as-synthesized CNTs from an FCCVD 
reactor[15,17,130]. Unlike alcohol, the aromatic compound toluene is exclusive 
of the oxygen-containing group, which rules out the effect of oxygen on 
SWCNT growth and is advantageous for the mechanism study on chirality dis-
tribution. More recently, a record low sheet resistance of 25 Ω/sq at 90% T 
( ) for SWCNT TCF was achieved by feeding toluene and ethy-
lene into an FCCVD reactor[59]. The mean diameter and length of the 
SWCNTs were reported to be 2 nm and 62 μm, respectively, and the propor-
tion of individual SWCNTs was claimed to be 85%. Hence, we finally chose 
toluene as the carbon source to synthesize long and large-diameter SWCNTs 
for the fabrication of TCFs. Compared with the reported studies, we adopted a 
simpler recipe in which toluene alone acts as the carbon source carried by a 
much smaller H2 flow rate. The growth parameters were carefully investigated 
and evaluated by the optoelectronic performance of SWCNT TCFs. By optimiz-
ing the growth parameters, SWCNT TCFs exhibiting a considerably low sheet 
resistance of 57 Ω/sq at 90% T ( ) were obtained. The yield is 
almost an order of magnitude higher than that in the ethanol case at the feed-
ing rate of 2 μl/min. The outstanding optoelectronic performance was ascribed 
to the long (mean length is 41.4 μm), straight and narrowly bundled (mean 
bundle diameter is ca. 7 nm) SWCNTs with large diameters (mean diameter is 
2.3 nm). Moreover, the corresponding mechanism behind the effect of each 
parameter on SWCNT growth was elaborated. Besides, the chiral structures of 
the SWCNTs were studied by the electron diffraction technique. The chiality 
map of the SWCNTs displays a bimodal distribution of chiral angles with 67.8% 
tubes close to armchair type and 32.2% near zigzag edge. 
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Since a new carbon source was selected, the growth parameters also need to 
be optimized according to the new chemistry regime. Our target has been de-
creasing the sheet resistances of SWCNT TCFs evaluated at the transmittance 
of 90%. Thus, only a narrow parameter window was considered regarding the 
optimization. The distinctions shown below and those in Publication  can 
be amplified if the parameter window is expanded. The factors like the quality, 
diameter, and length of SWCNTs as well as SWCNT bundle diameter and film 
morphology can affect the optoelectronic performance of an SWCNT TCF. The 
mean diameter of the SWCNTs synthesized at different conditions was found 
to vary in the small range of 0.1~0.3 nm (Publication ). Additionally, the 
mean length of the SWCNTs was supposed would not change obviously, e.g., 
~5 μm, when adjusting parameters though one needs to carefully investigate it. 
Therefore, the discussion of the diameter and length of SWCNTs are excluded 
in this dissertation. More detailed information regarding those two factors can 
be found in Publication . Here, SWCNT quality, SWCNT bundle diameters, 
dopant effect, the comparison of film performance and yield, and chiral struc-
ture were mainly discussed. 

4.5.1 Controlling the quality of SWCNTs 

After optimizing the solution recipe (optimal ferrocene concentration and Fe/S 
ratio are 2 wt% and 2.5, respectively, see Figure 1 in Publication ), we 
started to investigate the control of the quality, morphology, and structure of 
SWCNTs by adjusting growth parameters. 

The quality (in terms of the amounts of catalyst particles, amorphous carbon, 
and other non-crystalline carbon structures) of SWCNTs plays a critical role in 
determining the performance of SWCNT products. Thus, controlling the quali-
ty is crucial for the selective production of SWCNTs to meet the criterion for 
applications. Herein, the growth parameters like temperature, H2 flow rate, 
and the feeding rate of precursors were mainly studied to tune the SWCNT 
quality. 

As is well-known, the temperature is the factor influencing the decomposi-
tion of the carbon source for CNT synthesis. The inadequate decomposition of 
carbon source at a low temperature would not provide enough carbon radicals 
for nanotube growth, while nanotubes synthesized at an elevated temperature 
have a higher crystallinity. The TEM micrograph displayed in Figure 4.5.1a 
presents the existence of abundant amorphous carbon on the surface of 
SWCNTs, while much cleaner SWCNTs can be observed in Figure 4.5.1d at 
the reactor temperature of 1120 oC. As a result, the SWCNT TCF collected at 
the low temperature of 1060 oC exhibits a 2.7 times higher pristine sheet resis-
tance value than that of the film collected at the higher temperature of 1120 oC 
(Figure 4.5.1b). The IG/ID ratios also indicate that the quality of the SWCNTs 
synthesized at 1060 oC is the lowest (Figure 4.5.1e, the IG/ID ratios using 
other lasers show the same trend and can be found in Publication ), which 
is mainly caused by the amorphous carbon coating and the presence of more 
catalyst particles (see Figure S4 in Publication ). Reynaud et al.[107] also 
observed more catalyst particles and carbon soot in the nanotube film col-
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lected at the lower temperature of 1000 oC compared with those at 1100 oC, 
which was ascribed to the inadequate decomposition of toluene at 1000 oC. In 
addition, it should be pointed out that the doping factor ( ) de-
creases with increasing the reactor temperature. The doping treatment by 
HNO3 could chemically dissolve some catalyst particles in the film[131]. Hence, 
the removal of more catalyst particles in the film collected at the low tempera-
ture enhances the charge transport ability more and results in a larger doping 
factor accordingly.  

 

Figure 4.5.1. (a) A TEM micrograph of the SWCNTs synthesized at 1060 oC. (b) The optoelec-
tronic performance of SWCNT films collected at different temperatures. (c) G and D bands in 
Raman spectra of the SWCNTs produced at different H2 flow rates. (d) A TEM micrograph of 
the SWCNTs synthesized at 1120 oC. (e) and (f) are G and D bands in Raman spectra of the 
SWCNTs produced at varying temperatures and feeding rates of precursors, respectively. The 
figures can be found in Publication . 

H2 flow rate is another factor affecting the nanotube quality. It was found 
that the SWCNTs produced at 40 sccm H2 possess the highest quality (Figure 
4.5.1c, the IG/ID ratios using other lasers show the same trend and can be 
found in Publication ) and the corresponding SWCNT films exhibit the 
lowest sheet resistances (Figure 2a in Publication ). The IG/ID ratio de-
creases first then increases with increasing the flow rate of H2, implying that 
the SWCNT quality also follows the tendency. This phenomenon can be under-
stood by the deposition of too much amorphous carbon from the enhanced 
toluene decomposition at a medium H2 flow rate and the gasification of the 
amorphous carbon by hydrogen etching at a high H2 flow[132,133]. The feed-
ing rate of the precursors was found to have an unexpected effect on the nano-
tube quality. At a low feeding rate of 0.8 μl/min, the IG/ID ratio is the lowest 
while that is the highest at a higher feeding rate of 1.6 μl/min (Figure 4.5.1f). 
We have previously found that the feeding rate of the precursors must accom-
modate the flow rate of carrier gas to obtain high-quality SWCNTs for the ap-
plication of highly conductive films[68], which has been mentioned in Chapter 
4.2.4. The relative concentrations of the decomposed radicals might be influ-
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enced by the flow rate of carrier gas. Further reduction of N2 and H2 flow rates 
are expected to produce SWCNTs with higher quality at the feeding rate of 0.8 
μl/min. The more detailed discussion concerning the effects of the parameters 
on the nanotube quality can be found in Publication . 

4.5.2 Tuning the diameters of SWCNT bundles 

The study of an SWCNT TCF should always, at least, include the bundle di-
ameters and lengths of SWCNTs, since those two factors can greatly influence 
the optoelectronic performance. In an aerosol reactor, the as-synthesized na-
notubes in the gas phase can have more or less mutual collision caused by 
Brownian diffusion, and most of the bundles are formed in this way. Nanotube 
bundles can also form during the growth process due to the strong attraction of 
van der Waals forces among several independently growing nanotubes. In ad-
dition, some floating bundles can re-bundle during the film formation on a 
membrane filter, since the film is formed through a gas-phase filtration 
process. Consequently, to study the bundle diameter, the diameter distribution 
of the SWCNT bundles in an actual as-formed film would be ideal. However, in 
a practical case, it is hard to measure the bundle diameters in a thick film 
though the measurement of the bundles in a film with the transmittance high-
er than 97% with TEM would minimize the discrepancy. The thicker film in 
TEM can cause focus issues due to the variation of the height profiles of nano-
tube bundles, leading to an increase in measurement error. AFM is another 
technique to check the bundle diameters by measuring the height profiles of 
sub-monolayer bundles situating on a silicon substrate. The tapping mode is 
usually adopted in the AFM scanning, thus compressing the nanotube bundles 
and inducing an underestimation of the bundle diameters accordingly. There-
fore, TEM is the representative technique to study the bundle diameters. Even 
though there might exist a slight underestimation of the bundle diameters 
compared with those in an actual film, the trends shown in both cases should 
be the same.  

In the toluene case, a low feeding rate of 0.8 μl/min and a higher feeding 
rate of 1.6 μl/min were selected to compare the bundle diameters. The TEM 
micrographs of the SWCNTs visually display the diameter difference of the 
SWCNT bundles (Figure 4.5.2a, b). Statistically gathering the nanotube 
bundles forms the histogram distributions of bundle diameters. The mean 
bundle diameters of the SWCNTs synthesized at the feeding rates of 0.8 
μl/min and 1.6 μl/min are 6.4 nm and 8.8 nm, respectively (Figure 4.5.2d, 
e). It has been mentioned in Chapter 4.2.4 that the narrower bundles in an 
SWCNT film generate more charge transport routes and should behave better 
in terms of conductivity. However, the optoelectronic results presented here 
(see Figure 4f in Publication ) is in contrast to the general tendency. As 
discussed in the previous part on the effect of feeding rate on the nanotube 
quality, the quality of the SWCNTs is the lowest when adopting the low feeding 
rate of 0.8 μl/min while that is the highest at 1.6 μl/min. The flow rate of carri-
er gas (both N2 and H2) should be decreased a bit to match the low feeding rate. 
Therefore, one is not recommended to claim that nanotube quality, diameter, 
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length or the bundle diameter alone contributes most to the conductivity (or 
sheet resistance) of an SWCNT film. Furthermore, other factors should be 
ideally kept constant (or as close as possible) to investigate one of the factors. 
A more systematic experimental study of the growth parameters, combined 
with machine learning[134], might locate the optimal conditions to produce 
SWCNTs for the fabrication of TCFs with an optoelectronic performance ap-
proaching or even outperforming that of ITO film. 

 

Figure 4.5.2. (a) and (b) are TEM micrographs of the SWCNTs synthesized at the feeding rates 
of 0.8 μl/min and 1.6 μl/min, respectively. (c) An SEM micrograph of isolated SWCNT bundles 
for length measurement. The optimized feeding rate of 1 μl/min was utilized. (d) and (e) are 
diameter distributions of the SWCNT bundles collected at the feeding rates of 0.8 μl/min and 1.6 
μl/min, respectively. (f) The length distribution of the nanotube bundles in (c). The figures are 
displayed in Publication . 

The SWCNT length is another critical factor affecting the sheet resistance of 
a film. Here, we also measured SWCNT lengths since a new carbon source, i.e., 
toluene, was selected. We found that the mean length of the SWCNT bundles is 
up to 41.4 μm with a standard deviation of 21.5 μm (Figure 4.5.2f). The 
growth of such long SWCNTs may be on account of the fast growth speeds 
enabled by instant carbon feeding from toluene. Compared with the lengths of 
the SWCNTs synthesized from carbon monoxide[98], ethylene[69], or etha-
nol[68] as the carbon source, it is suggested that the active hydrocarbon, here 
toluene, has the ability to provide adequate carbon atoms for the growth of 
long SWCNTs prior to the deactivation of catalyst particles out of the growth 
zone. As mentioned earlier in Chapter 4.2.4, long SWCNTs are always pre-
ferred in TCF applications since the number of dominant resistance contribu-
tors, i.e., contact junctions, is reduced in a film comprising long tubes.  

4.5.3 Enhancing film conductivity by dopant 

The conductivity of an as-fabricated SWCNT TCF is usually far away from the 
requirement of the device which needs high optoelectronic performance. Thus, 
chemical doping as the main strategy to enhance the film conductivity is 
needed, and the subsequent encapsulation of SWCNT films to prevent air and 
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moisture is imperative in the device fabrication process. Nitric acid 
(HNO3)[6,59,61,135] and gold chloride (AuCl3)[68,79,98,136] are two popular 
dopants utilized for doping CNTs. Via doping, the enhanced conductivity of 
SWCNTs is originated from decreasing the Schottky barrier between metallic 
and semiconducting nanotube contact junctions[137], shifting the Fermi level 
towards the valence band of nanotubes[79], and densifying the film[61]. HNO3 
can also chemically dissolve the catalyst particles to improve the film conduc-
tivity, which has been considered as one purification route[131]. Herein, Ra-
man spectra of the pristine and doped SWCNTs were carefully analyzed to 
uncover the origin of the doping effect. As seen from the RBM peaks in Figure 
4.5.3a, their intensities were suppressed after doping, indicating the related 
SWCNTs were doped. Moreover, the blue shift (to a high frequency) in the G 
band (Figure 4.5.3b) implies that both HNO3 and AuCl3 are p-type dopants 
which accept the electrons from nanotubes. It is worth noting that the G band 
in the Raman spectrum of AuCl3-doped SWCNTs has a larger shift compared 
to that in the HNO3-doped sample, revealing that AuCl3 is the stronger dopant 
for the SWCNTs produced in this work. The sheet resistance of the SWCNT 
TCF at 90% T was reduced to ca. 66 Ω/sq ( ) from the pristine 
value of ca. 143 Ω/sq ( ) through HNO3 treatment (Figure 
4.5.3c). AuCl3 doping lowered the pristine value further to ca. 57 Ω/sq 
( ) which is one of the lowest sheet resistances for the SWCNT 
TCFs at 90% T[59,69,97,138]. We have found that the doping ability, i.e., life 
time, of AuCl3 degrades with time if AuCl3 is stored under ambient conditions 
for one week (some precipitation can be observed), meaning the AuCl3 solution 
should be as fresh as possible for comparing doped resistances. Consequently, 
HNO3 was selected as the dopant throughout the optimization process since its 
concentration is constant (kept at 65 wt%). All in all, chemical doping of 
SWCNTs introduces extra atoms or impurities most probably. For instance, 
HNO3 as a strong acid can cause some structural defects[139] while AuCl3 
treatment of SWCNTs brings about some gold particles[136]. The defects and 
impurities would ultimately impact device performance in certain applications. 
Therefore, a more stable and stronger dopant which has a weaker negative 
effect on SWCNTs should be adopted to meet the requirements of optoelec-
tronic devices, such as solar cells[140], organic light-emitting diodes 
(OLEDs)[59]. Alternatively, the synthesis of metallic-enriched SWCNTs might 
be advantageous for their applications in transparent conductors[89].  

4.5.4 Comparison of film performance and yield 

To have a rough idea about how good the films are, the SWCNT films reported 
in this work and some other FCCVD-fabricated SWCNT films in the 
literature[59,68,69,97,98,138,141] were selected to compare with the repre-
sentative TCFs made of graphene[142], silver nanowires[143], and ITO 
film[143] (Figure 4.5.3c). It is demonstrated that the optoelectronic perfor-
mance of the SWCNT TCF reported in this work is comparable with those of 
TCFs made of other rigid materials. Additionally, SWCNT TCF has the advan-
tages of low reflective index and maintaining electronic properties under me-
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chanical bending and stretching[59]. The morphological features of the 
SWCNTs, the dopant, and the optoelectronic performance of TCFs are summa-
rized in Table 4.5.1. As higher  value indicates better TCF perfor-
mance, it is demonstrated that the optoelectronic performance of the SWCNT 
TCF fabricated by the dry method, i.e., gas filtration, is superior to that of the 
TCF made by the wet method, i.e., solution-evolved coating or filtration, which 
is mainly ascribed to the short nanotubes and large bundles in the film fabri-
cated by the solution method. Hence, gas filtration is the method for scaled-up 
production of SWCNTs to fabricate the TCFs with competitive optoelectronic 
performance. For instance, Canatu Oy founded by our group leader is a com-
pany manufacturing TCFs from the SWCNTs produced by the gas filtration 
method. More recently, meter-scale SWCNT films have been fabricated by gas 
filtration of the SWCNTs from an FCCVD reactor combined with a roll-to-roll 
transfer system[141]. According to the results reported by Jiang et al.[59], one  

 

Figure 4.5.3. (a) and (b) are the RBM peaks and G bands in Raman spectra excited by 633 nm 
laser, respectively. The insert in (b) is the enlarged part of G band to show the blue shift after 
doping. (c) Comparison of the optoelectronic performance of the SWCNT TCFs in this work 
(toluene as the carbon source) with the reported SWCNT films fabricated by the gas filtration 
method and the TCFs made of other materials. (d) Comparison of the SWCNT yield. The specif-
ic yield was calculated following: . The figures can be 
found in Publication . 

needs to synthesize long and individual SWCNTs with near-ohmic contacts 
among nanotube junctions. The production of isolated SWCNTs is possible 
though at the expense of the yield. However, realizing the goal of near-ohmic 
contacts among nanotube junctions is usually hard to achieve in an as-
collected SWCNT film from an FCCVD reactor. The post-treatment like Joule 
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heating of the film in an inert gas atmosphere might weld the nanotubes to-
gether at the junction parts to facilitate the transport of charge carriers[147]. 

Table 4.5.1. Summary of the morphological features of as-synthesized SWCNTs and the optoe-
lectronic performance of corresponding TCFs after doping treatment.

Fabricat
ion 
method

Dt
(nm)

L
(μm)

Dbun

dle
(nm)

Subst
rate

Dopant Rpristine
(Ω/sq)

Rdoped
(Ω/sq)

T550
(%)

Refer
ence

Spin 
coating

- - - Glass HNO3+
SOCl2

- 59 71 17.1 [63]

Spray 
coating

- - - PET HNO3 400 170 90 20.5 [61]

Rod 
coating

- - - PET HNO3 500 160 90 21.8 [64]

Gas 
filtration

1.26 4.2 3.5 Quartz AuCl3 469 116 90 30.0

Gas 
filtration
+grid

1.35 - - PEN HNO3 - 53 80 30.1 [144]

Gas 
filtration

1.45 9.4 12.8 PET HNO3 820 110 90 31.6 [6]

Gas 
filtration

1.82 27.4 6.3 Quartz AuCl3 440 95 90 36.6

Gas 
filtration

1.3 4.8 3.5 PEN HNO3 950 89 90 39.1 [93]

Gas 
filtration

1.9 7.5 7.1 Quartz AuCl3 273.4 86.8 90 40.1 [98]

Gas 
filtration

- ~10 - PET NO2 300 84 90 41.4 [58]

Gas 
filtration

2.0 28.4 5.3 Quartz AuCl3 360 78 90 44.6

TP 
collectio
n

2.0 7.6 - PET AuCl3 390 76 90 45.8 [145]

Gas 
filtration

1.7~
2.4

20 - PET HNO3 200 65 90 53.6 [141]

Gas 
filtration

1.1 4 1.21 Quartz HNO3 - 63 90 55.3 [97]

Gas 
filtration

2.3 41.4 ~7 PET AuCl3 143 57 90 61.1

Aerosol 
doping

2 - - PET HAuCl4 485 36 85 61.8 [146]

Liquid 
filtration

- - - PET HSO3Cl - 60 90.9 64.2 [67]

Gas 
filtration

1.3 13 4 Quartz HNO3 195 51 90 68.3 [69]

Doping 
study

- - - PET HAuCl4 ~600 40 90 87.0 [138]

Gas 
filtration

2.0 62 85% 
isola
ted

PET HNO3 41 25 90 139.2 [59]

Note: 1. “TP” stands for the thermophoretic precipitator which is a plate system designed for the 
collection of CNTs or other aerosol particles. 2. A gird method is used to increase the transpa-
rency of CNT film while keeping low sheet resistance simultaneously by depositing a dense film. 
3. Dt is the mean diameter of SWCNTs, L is the mean length of SWCNTs, Dbundle is the mean 
diameter of SWCNT bundles, Rpristine and Rdoped are the sheet resistances of pristine and doped 
SWCNT TCFs, respectively, T550 is the transmittance value obtained at 550 nm. 4. “–” means 
the relevant data are not available in the literature. 5. PEN and PET stand for polyethylene 
naphthalate and polyethylene terephthalate, respectively. 6. , , and refer to Publica-
tion , Publication , Publication and Publication , respectively.

To qualitatively assess SWCNT yield, the result in this work was compared 
with those reported in the literature[59,68,69,98] (Figure 4.5.3d). Here, the 
specific yield was utilized for the comparison. Considering the comparable 
optoelectronic performance of SWCNT TCFs, the yield in this work is 7.5 times 
higher than that in ethylene case[69], and around 12 times higher than that of 
SWCNTs synthesized from ethanol at the feeding rate of 2 μl/min (evaluated 
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by the collection time of the same size film at 90% T). In all, we have fabricated 
the SWCNT TCFs with considerably low sheet resistance and high yield simul-
taneously. Our study paves the way for the industrial applications of SWCNTs 
in transparent conductors. 

4.5.5 Chiral indices of the SWCNTs synthesized from toluene 

Except for the optoelectronic performance of SWCNT TCFs, we are also inter-
ested in the chiral structures of SWCNTs. The chiral indices of the SWCNTs 
synthesized from toluene should be studied as well since a new carbon source 
was selected in our laboratory. Barnard et al.[17] reported the first chirality 
map of the SWCNTs synthesized from toluene and the chiral indices were de-
termined by the electron diffraction technique. However, the chiral indices are 
hard to read from the reported chirality map, thus a much clearer chirality 
map is needed. Moreover, a new chirality map of the SWCNTs from toluene 
can verify the reported one by using a different CVD system. In this work, we  

 

Figure 4.5.4. (a) The chirality map of the SWCNTs synthesized from toluene in this work. The 
chiral indices were determined by the electron diffraction. (b) and (c) are the diameter and chiral 
angle distributions of the SWCNTs, respectively extracted from the chirality map in (a). The 
figures are displayed in Publication . 

gathered 180 electron diffraction patterns of the individual SWCNTs for the 
chirality study. The analysis of the diffraction patterns generates a chirality 
map displayed in Figure 4.5.4a. At first glance, the chiral indices present a 
bimodal distribution which is roughly divided at the chiral angle of 15o (Fig-
ure 4.5.4c). The chiral angle distribution matches the one reported by Bar-
nard et al.[17]. Through the theoretical calculations, Yakobson group proposed 
a continuum model which considers the interface free-energy and the growth 
barrier of an SWCNT to understand the preferable growth of a specific chiral 
indice[117]. Two competitive growth processes including energetically pre-
ferred growth of achiral tubes and kinetically accelerated growth of chiral 
tubes were proposed. A function of  was finalized to describe the two 
growth trends, displaying a bimodal distribution of the chiral angles as well. 
The simple function may illustrate the origin behind the bimodal distribution 
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of the chiralities observed in our work. More detailed discussions can be found 
in Publication  and the reference[117]. Besides, as the armchair tubes 
overcome lower energy barrier for the nucleation compared with the zigzag 
counterparts[117], the near armchair tubes behave a prevalence and account 
for 67.8% out of 180 tubes. Using ethanol[25] as the carbon source, the ma-
jority of the chiral indices of as-collected SWCNTs are close to armchair type. 
Thus, the chirality distribution shown here might support the etching proposal 
which holds that the unstable near-zigzag tubes can be etched away by the 
oxygen-containing radicals like OH decomposed from ethanol[25]. Further-
more, the purity of the s-SWCNTs produced from toluene is 65.6% which is ca. 
10% lower than that of the s-SWCNTs synthesized from ethanol[25], which 
could be also caused by the etching of small-diameter metallic tubes[88,115]. 
In addition, the diameters of the SWCNTs were extracted from the chirality 
map and constitute the histogram distribution of diameters. The mean diame-
ter of the SWCNTs was found to be ca. 2.23 nm (Figure 4.5.4b) which is con-
sistent with that (ca. 2.32 nm) fitted from the absorption spectrum (see Fig-
ure S10 in Publication ). The large-diameter SWCNTs could also enhance 
the conductivity of the corresponding TCFs since numerous charge carriers 
can be excited in virtue of their narrow band gaps[148]. The chirality map in 
Figure 4.5.4a can serve as a reference for those SWCNTs synthesized from 
toluene in spite of the diversity of CVD systems for nanotube production.  

4.6 Production of semiconducting-enriched SWCNTs 

Apart from improving the conductivity of SWCNT TCFs, selective growth, e.g., 
chirality, metallicity, of SWCNTs is also a meaningful research topic for the 
moment. Especially, semiconducting SWCNTs (s-SWCNTs) are drawing in-
creasing attention due to the existence of variable band gaps and have been 
applied in many semiconductor fields like digital electronics[18], thermoelec-
tric generators[19], photovoltaics[20]. Most recently, a milestone accom-
plishment that a 16-bit computer was built entirely from CNT transistors using 
s-SWCNTs with the purity of 99.99% has been achieved by Shulaker 
group[149]. The computer was able to output the message of “Hello, World” by 
running a simple program. Therefore, the production of s-SWCNTs with high 
purity (>95%) is of significant meaning for the semiconductor devices.  

To produce s-SWCNTs, solution-evolved separation and substrate CVD 
growth are two dominant methods at the moment. Among them, solution se-
paration is more popular on account of the advantages of high-purity s-
SWCNTs and scaled-up production. The s-SWCNT purity of ca. 99.997% de-
termined by the high throughout electrical testing has been achieved by the 
polymer-assisted extraction method[21]. With a film coating technique[66], 
e.g., spray coating, dip coating, roll-to-roll coating, the s-SWCNTs in a solution 
can be coated onto many smooth substrates for large-scale applications[150]. 
Nevertheless, the solution process is too time-consuming, including repeated 
sonication, ultracentrifugation, and separation procedures. The major chal-
lenge, thus, for the separated s-SWCNTs is that their lengths are usually short-
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er than 2 μm[21,151]. As for the direct growth of s-SWCNTs by the substrate 
CVD method, the yield of s-SWCNTs is pretty low (even invisible by naked 
eyes)[151], limiting their scaled-up applications. Furthermore, the as-grown s-
SWCNTs have to be transferred to some temperature-sensitive substrates for 
the applications of flexible devices, introducing structural defects in the trans-
fer process[152]. Hence, a simple, one-step method is needed to produce s-
SWCNTs on a large scale. 

As was inspired by the semiconducting ratio of 76.8% described in Chapter 
4.3, we were encouraged to adopt ethanol as the carbon source and optimize 
the growth parameters further to synthesize s-SWCNTs on a pilot scale using 
our FCCVD reactor. Herein, methanol was selected as an additive to enhance 
the growth of s-SWCNTs. The effect of methanol amount was selectively dis-
cussed through optical characterizations in the dissertation. 

4.6.1 The effect of methanol amount 

Optical absorption characterization is a fast and easily accessible technique for 
relatively comprehensive understanding of SWCNTs. Therefore, the optimiza-
tion of the growth parameters targeting high-purity s-SWCNTs was mainly 
based on the analysis of the optical absorption spectra. To minimize the effect 
of ambient doping on SWCNTs, all the absorption spectra were acquired im-
mediately upon taking out the film sample from the reactor downstream (air 
exposure time throughout the whole process was around two minutes). We 
have reported a semiconducting ratio of 76.8% in our previous work using 
ethanol as the carbon source[25]. Meanwhile, it has been suggested that me-
thanol, as a weak etchant, has the potential to enrich s-SWCNTs by preferen-
tially etching some metallic tubes[116]. Thus, methanol was selected as a 
growth enhancer for s-SWCNT production in this work, as it is easily miscible 
in ethanol and the concentration can be finely tuned due to the gentle oxida-
tion ability. The purity of the s-SWCNTs synthesized without methanol is rela-
tively low compared with those obtained with the addition of a suitable 
amount of methanol, though excess methanol decreases the purity (Figure 
4.6.1a, b). The purity of the s-SWCNTs synthesized at the optimal conditions 
was calculated to be higher than 95% (Figure 4.6.1b). Besides, it should be 
pointed out that the width of S11 peak in the absorption spectrum shrinks and 
the height rises with the addition of methanol. By fitting the absorption spec-
tra to obtain the corresponding diameter distributions, the proportion of nar-
row-diameter SWCNTs was found to reduce after adding an excess amount of 
methanol, though the mean diameter only has a slight shift from ca. 1.29 nm 
(0 v% methanol) to ca. 1.31 nm (18 v% methanol). A semiconducting-enriched 
SWCNT film displaying light green color on a 13 mm membrane filter is pre-
sented in Figure 4.6.1b to demonstrate the scalability of our reactor. The 
comparison of RBM features (Figure 4.6.1c-f) indicates the disappearance of 
some near-zigzag SWCNTs with the addition of an appropriate volume of me-
thanol. 
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Figure 4.6.1. (a) The optical absorption spectra of the SWCNTs collected at varying concentra-
tions of methanol. (b) The calculated purities of s-SWCNTs from the corresponding absorption 
spectra in (a). The calculation method follows the methods reported elsewhere 
[110,111,153,154]. (c)-(f) are RBM peaks in Raman spectra of the SWCNTs. Other growth 
parameters: 1 μl/min-940 oC-22 sccm H2-300 sccm N2-14 KPa. 

In addition to the effect of methanol concentration, the pressure inside the 
quartz tube was also found to be important for the synthesis of high-purity s-
SWCNTs. The overpressure inside the quartz tube promotes the growth s-
SWCNTs. Except for those factors, the wall conditions of the quartz tube play a 
significant role in producing s-SWCNTs. The old quartz tube which has been 
run for around two weeks improves the reproducibility of high-purity s-
SWCNTs. An old quartz tube was utilized to produce s-SWCNTs presented 
here. According to the absorption spectra of the s-SWCNTs synthesized using 
the same growth parameters, the saturated quartz tube should be relatively 
stable to produce s-SWCNTs with reasonable consistency. All these findings 
are under investigation at the moment. 
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5. Conclusion and outlook

The work of this dissertation demonstrates the first results on the applications 
of SWCNTs synthesized from ethanol and toluene separately as the carbon 
source in the field of TCFs and continuous production of semiconducting-
enriched SWCNTs by the FCCVD method. The primary objective was to manif-
est the ability of liquid carbon source, i.e., ethanol and toluene, to synthesize 
good-quality SWCNTs with high yield for the rapid fabrication of highly con-
ductive TCFs. Specifically, we targeted to improve the optoelectronic perfor-
mance of SWCNT TCFs and the purity of s-SWCNTs via optimizing the growth 
parameters. 

First, an inexpensive and environmental-friendly liquid hydrocarbon com-
pound, ethanol, was chosen to be the carbon source for SWCNT synthesis with 
a newly-built FCCVD reactor. The various growth parameters were optimized 
with respect to the optoelectronic performance of TCFs. SWCNT TCF with a 
low sheet resistance of ca. 78 Ω/sq at 90% T was obtained with a reasonable 
yield. The distinct finding compared with other studies is the mean length of 
the SWCNT bundles reaches 28.4 μm which is particularly beneficial for the 
fabrication of stretchable electronics. What is worthy to be mentioned is the 
chiral indices of the SWCNTs clustered around armchair edge were deter-
mined by the electron diffraction technique. 

Then, a spark-discharge FCCVD reactor was utilized to investigate the roles 
of sulfur in SWCNT growth. We found that sulfur can increase the SWCNT 
yield, diameter, length, and can improve nanotube quality. The optoelectronic 
performance of the SWCNT TCF collected with the addition of an optimal 
amount of sulfur exhibits a sheet resistance of ca. 116 Ω/sq at 90% T which is 
almost half of the value for the TCFs obtained without sulfur. We suggested 
that sulfur with an appropriate concentration promotes the formation of active 
sites on the catalyst surface to enhance SWCNT growth.  

Since the yield of as-produced SWCNTs decreased a lot in ethanol case when 
lower sheet resistances of TCFs were expected, an alternative carbon source 
may address the yield issue. Then, toluene was selected to be another liquid 
carbon source. The growth parameters were carefully investigated as well in 
the toluene case. A remarkably low sheet resistance of ca. 57 Ω/sq at 90% T 
was achieved for the SWCNT TCFs. It should be pointed out that the yield in 
the toluene case is around 12 times higher than that in the ethanol case, consi-
dering the comparable optoelectronic performance. The mean length of the 
SWCNT bundles is as long as 41.4 μm. By electron diffraction analysis, a chi-
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rality map displaying a bimodal distribution of the chiral angles was generated. 
The chirality distribution of the SWCNTs verifies the theoretical prediction 
proposed by the Yakobson group. The work using toluene as the carbon source 
has laid a solid foundation for the industrial-level application of SWCNTs. 
When it comes to the industrial-level production, the flow rates of N2 and H2, 
and the feeding rate of precursor solution should be scaled with the diameter 
of the quartz tube used, while the recipe of precursor solution can be copied 
from this work. In addition, the stability and durability of the pilot reactor to-
gether with the cost should be taken into account. 

Except for improving the optoelectronic performance of TCFs, selective 
growth of s-SWCNTs was also carried out using ethanol as the carbon source. 
Methanol was added to be a promoter for s-SWCNT growth. With the addition 
of an optimal volume of methanol, the purity of s-SWCNTs can be higher than 
95% calculated from the absorption spectrum. The continuous production of 
semiconducting-enriched SWCNTs demonstrated here has significant mean-
ing for the application of s-SWCNTs in large-area flexible and stretchable sem-
iconductor devices, e.g., OLED.  

In terms of the optoelectronic performance of SWCNT TCFs, there is still 
some room to be improved. One needs to be very careful with the growth pa-
rameters and should keep in mind that the feeding rate of the precursors must 
accommodate the flow rates of carrier gases, e.g., N2 and H2. There may exist 
other optimal parameters, thus investigating more parameter combinations 
probably locate another region for further lowered sheet resistances. Decreas-
ing the feeding rate of the precursors induces the production of more individu-
al SWCNTs and lower film sheet resistances accordingly, which is also benefi-
cial for the fabrication of TFTs. Machine learning could be combined with a 
series of experimental data sets (the data from several variables with each of 
the other parameters fixed) to accelerate the optimization of growth parame-
ters targeting high-performance SWCNT TCFs. Additionally, a systematic in-
vestigation of SWCNT doping may improve the TCF performance via optimiz-
ing the doping process, e.g., in-situ gas-phase doping of as-formed SWCNTs in 
the synthesis reactor, and/or selecting a stronger dopant, e.g., HAuCl4. Re-
garding the mechanism study, H2 effect on the morphological and structural 
features of SWCNTs should be given special care. Independent experimental 
investigations particularly combined with theoretical simulations on the H2 
effect can be carried out. Theoretical studies on sulfur effect are also helpful 
for the understanding of the sulfur role in SWCNT growth at the atomic scale. 

To further raise the purity of s-SWCNTs, the feeding rate of the precursors 
can be decreased a bit with appropriate flow rates of N2 and H2. The growth 
temperature can also be moderately adjusted. Except for methanol, other oxy-
gen-containing compounds like isopropanol, H2O, CO2 with a finely controlled 
concentration may be considered to be an additive to the recipe for the synthe-
sis of s-SWCNTs by the FCCVD method. The repeatability of the s-SWCNT 
synthesis, especially the roles of the reactions at the quartz tube wall, needs to 
be further studied. Additionally, magnet-assisted separation of s-SWCNTs and 
the metallic counterparts could be tried if individual SWCNTs are dominant in 



Conclusion and outlook 

51 

the synthesis reactor. The alignment of as-produced s-SWCNTs from the reac-
tor outlet using the thermophoretic collection system can be tested as well, 
which is meaningful for the high-current electronics. 
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