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Abstract 

Carbon nanotube (CNT) thin films are the promising material to replace 

indium tin oxide for the applications in transparent and conductive electronics. 

We report the synthesis of high-yield CNTs with CH4 as carbon source via 

floating catalyst chemical vapor deposition (FC-CVD) system. With the 

optimized synthesis parameters, CNT TCFs have a sheet resistance of 59 Ω/sq 
at 90 T% with 10 min collection on a 4.7 cm diameter filter. Here, the yield of 

CH4-based CNT film is much higher than those of other SWCNT films, e.g. 

20 times of CO-based single-walled carbon nanotube (SWCNT) films with 

86.8 Ω/sq at 90 T%, 150 times of C2H4-based SWCNT films with 51 Ω/sq at 

90 T% and 10 times of C2H6O-based SWCNT films with 78 Ω/sq at 90 T%. 

Moreover, we applied TEM and SEM to analyze the morphology of CNTs. 

Surprisingly, double-walled carbon nanotubes (DWCNTs) with the proportion 

up to 80% were found. These DWCNTs with a diameter of 3.5-6 nm constitute 

into bundles with a mean diameter of 8.3 nm and a mean length of 14.52 μm. 

We believe these DWCNTs with unique morphology contribute to high-

performance CNT TCFs with high yield. 
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1. Introduction 
 

Carbon nanotubes (CNTs), particularly single walled carbon nanotubes (SWCNTs), have 

become a point of discussion during the last two decades. Since the discovery by Iijima in 1991, 

SWCNT has drawn great interest to be used as a promising material owing to its unique chemical 

and physical properties that make them useful for wide applications [1,2]. Specifically, the CNT-

based thin films have vast applications in transparent conductive films (TCFs) and thin film 

transistors (TFTs) [3,4]. TCFs are optically transparent and electrically conductive materials, 

which are widely used in electronics applications, e.g. flat panel displays, touch sensors and 

photovoltaics [5]. Indium tin oxide (ITO) currently is the dominant material for industrial-scale 

TCF application as it has outstanding properties with a sheet resistance of 10 Ω/sq at 90%  

optical transmittance [6]. However, the poor mechanical stability, high refractive index and 

limited supply of ITO have prevented many challenges for the development of future electronics. 

Importantly, as a brittle ceramic, the brittle nature of ITO hinders its sustainable application in 

future optoelectronics which need mechanically flexible, lightweight and low fabrication cost 

TCF materials. CNT thin film is a promising material that can show high electrical conductivity 

and high optical transparency. CNT based TCF materials have the potential to replace ITO as 

they can enable to fabrication process easier as well as provide more stretchable and flexible 

flatform with stronger mechanical strength. Recently, many companies are attempting to 

introduce CNTs to upgrade their products. Due to the rapid growth and development of customer 

electronics, TCFs are a very extensive field for CNTs. The properties of CNTs are highly 

depended on their morphology and atomic structure, which is becoming a prime challenge to 

the applications of carbon nanotubes.   

Over the last decades, researchers have established a series of techniques of producing CNTs, 

such as arc discharge [7], laser ablation [8] and chemical vapor deposition (CVD) [9]. 

Specifically, the floating catalyst CVD (FC-CVD) [10–12], is a continuous process for CNTs 

synthesis with high yield and quality. FC-CVD has been greatly used in both academic and 

industrial fields. In our group, earlier researchers reported that the gas-phase CNTs from 

FCCVD can be directly deposited into the transparent conductive films (TCFs). With optimized 

conditions, the SWCNT films via FCCVD with CO [13], C2H4 [14]or C2H6O[15] can have a 

sheet resistance less than 100 Ω/sq with 90% T, which have been applied in the commercial 

products. However, there are still many challenges for the industry application of CNT TCFs, 

especially to further improvement of the conductivity and yield of CNT films. 

In this study, the high-quality CNT based films are synthesized via the FC-CVD system with 

high yield. Methane (CH4) is used as a carbon source due to the most stable hydrocarbon which 

means we can produce clean nanotube with a low amount of amorphous carbon at high synthesis 

temperature. Hydrogen (H2) and nitrogen (N2) are applied as carrier gases, ferrocene (FeCp2) as 

catalyst precursor, and sulfur (S) as a promoter for CNT synthesis. Firstly, the synthesis 

parameters with a fixed FeCp2 amount were optimized to improve the yield and optoelectronic 

performance of CNT TCFs. As a result, the CNT TCFs with a low sheet resistance of 75 Ω/sq 

at 90 T% was obtained with a super-high yield of 4 min collection on a 4.7 cm diameter filter.  
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To further improve the optoelectronic performance of TCFs, we reduced the CNT yield in a 

reasonable range via tuning the feeding rate of FeCp2. With the yield decrease, the CNT TCFs 

performance first improved and then declined. Specifically, CNT TCFs have a sheet resistance 

of 59 Ω/sq at 90 T% with 10 min collection on a 4.7 cm diameter filter. Here,  the yield of CH4-

based CNT film is much higher than those of other SWCNT films, e.g. 20 times of CO-based 

SWCNT films with 86.8 Ω/sq at 90 T% [13], 150 times of C2H4-based SWCNT films with 51 

Ω/sq  at 90 T% [14] and 10 times of C2H6O-based SWCNT films with 78 Ω/sq  at 90 T% [15]. 

Moreover, we applied TEM and SEM to analyze the morphology of CNTs. Surprisingly, 

DWCNTs with the proportion up to 80% were found. These DWCNTs with a diameter of 3.5-

6 nm constitute into bundles with a mean diameter of 8.3 nm and a mean length of 14.52 μm. 

We believe these DWCNTs with unique morphology contribute to high-performance CNT TCFs 

with high yield. 
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2. Background 

2.1. Structural properties of SWCNTs 

SWCNT is one of the low-dimensional carbon allotropes families which have outstanding 

geometrical and electronic properties. As shown in Figure 2.1.1, SWCNT is represented as a 

graphene sheet that is rolled up into 1-dimensional hollow cylindrical shape. Graphene is a 

hexagonally arranged 2-dimensional carbon crystal structure. In graphene, carbon is formed as 

sp2 orbital hexagonal lattice where 2s, 2px, and 2py formed with the angle of 120° each other. 

The length of SWCNT varies from tens of nanometers to hundreds of millimeters, and the 

diameter from sub-nanometer to few nanometers. The carbon atom of SWCNTs forms strong σ 

bond with their corresponding carbon atom by a sp2 orbital hybridization, and the continuing pz 

orbital  forms a π bond with another pz of its neighbor carbon atom [16]. The SWCNTs unique 

electrical and mechanical properties can be  determined by these π and σ bonds [17].  

 

Figure 2.1.1. Schematic representation of the carbon allotropes; Zero-dimensional (0D) fullerene, one-

dimensional (1D) single-walled carbon nanotube, and two-dimensional (2D) monolayer graphene. 

Adapted from [18].  

The properties of SWCNT rely on its structure. The SWCNT structure can be expressed by using 

the graphene unit cell-based vectors a1 and a2 determining the chiral vector Ch, which is 

connected with the two equivalent points on a 2D graphene sheet. The unit vectors are joined if 

the graphene ribbon is rolled into a tubular SWCNT structure as 

          𝐶ℎ = 𝑛𝑎1 + 𝑚𝑎2                                            (2.1.1) 

The nanotube structure is defined by using the integers (n, m) which are specifying the chiral 

vector Ch (Figure 2.1.2). The SWCNT structure is categorized as armchair, zigzag or chiral based 

on the rolling of graphene sheet which is determined by chirality (n, m). For instance, if n is 

equal to m then SWCNT is classified as armchair. The armchair nanotubes have a metallic band 

structure. For this structure, the chiral angle θ reaches its maximum at 30° [19]. On the other 

hand, when m=0, the SWCNT is characterized as zigzag tubes and the chiral angle θ becomes 

zero. The armchair and zigzag tubes are considered as achiral tubes as their planes are the mirror 

to each other. The SWCNTs other than achiral are chiral and their chiral angles are in the range 

between 0 < θ <30°. The chiral angle of SWCNTs is expressed as  

                                             θ= tan−1[
√3 𝑛

(2𝑚+𝑛)
]                                         (2.1.2) 

 

 

0D - Fullerene 1D - Single walled carbon nanotube 2D - Graphene
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Figure 2.1.2. A graphic displaying a chirality map that defines the carbon nanotubes structure into 

zigzag, armchair and chiral SWCNTs. Where armchair (n=m) and zigzag (n=0) are the two nanotubes 

classified at chiral angels of 30° and 0°. Other carbon nanotube types between these limiting cases are 

categorized as chiral nanotubes.  

2.2. Electronic properties of SWCNTs 

The electronic properties of SWCNTs can be studied based on the graphene. The electronic 

transitions in graphene are occurring between the valence and conduction bands. Rolling a 

graphene sheet, the band structure of SWCNTs can be explained by the tight-binding model 

with the nearest neighbour interaction [20]. The electron energy dispersion in graphene is given 

[21],  

            𝐸2𝐷(𝑘𝑥𝑘𝑦) = ±𝛾0 [1 + 4 cos (
√3𝑘𝑥𝑎

2
) cos(

𝑘𝑦 𝑎

2
) 4 𝑐𝑜𝑠2 (

𝑘𝑦 𝑎

2
)]        (2.2.1) 

where 𝑘𝑥,𝑘𝑦 are the wave vectors, 𝛾0 is the nearest neighbour transfer integral and = 0.246 nm 

is the in-plane lattice constant.  

The electronic properties of SWCNTs can be determined by their structure.  As shown in Figure 

2.2.1, the Brillion zone of the hexagonal graphene includes corner points indicate the K points. 

It can be seen that the conduction and valence band meet at the K points which makes a single 

electronic state at the Fermi level. Thus, graphene is acting as metallic in nature with a zero band 

gap [20].  
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Figure 2.2.1. a) The Brillion zones of graphene, b) metallic CNTs, the bold line intersects a K point at 

the Fermi level and c) semi-conducting SWCNTs, the bold line does not go through a K point, with a 

finite energy gap. Adapted with permission from [20].   

However, the situation is complicated for the case of SWCNTs . The 2D graphene nanosheet is 

rolled up into 1D nanotube which induces changes in the electronic structure of SWCNTs. To 

calculate the allowed 1D subbands, the radial confinement boundary conditions are applied as 

the following formula 

                                    𝐶ℎ ∗ 𝑘 = 2𝜋p                                       (2.2.2) 

where 𝐶ℎ is the chiral vector and p is an integer.  

The nanotube is called metallic SWCNTs if any of the 1D subbands passes through the k point. 

Otherwise, it is known as semiconducting CNTs [16]. For example, for metallic CNTs (n-m)/3 

= integer where subband meets at the K point with creates an electronic state at Fermi level 

(Figure 2.2.1b) [22,23]. Therefore, it represents the metallic behavior of SWCNTs with a zero 

band gap. However, for (n-m)/3≠ integer, the allowed subband does not touch at the corner 

points of the 1st Brillion zone [23]. Thus, it is referred to as the semiconducting nature of 

SWCNTs. As there is no density of state at the K point in the case of semiconducting SWCNTs, 

the band gap is inversely proportional to the diameter of the tubes. 

2.3. Optical properties of SWCNTs 

The optical absorption spectrum (OAS) of CNTs can be used to measure the absorption of 

electromagnetic radiation in a sample over the function of the wavelength. When the light 

propagates through an absorbing medium, its intensity decreases exponentially. The relationship 

between the incident and transmitted light can be expressed by according to Beer-lambert 

formula: 

                                                             𝐼(𝐿) = 𝐼0𝑒−𝛼𝐿𝑐                                      (2.3.1) 

where the intensity of transmitted light is I (L), I0 is the intensity of incident light, the absorption 

coefficient is α, L is the optical path length, and c is the concentration of absorbing species in 

the material. As shows in Figure 2.3.1, by measuring the transmitted intensity with respect to 

the incident intensity. However, the absorbance can be expressed by the following equation: 

                                                            𝐴 = − ln(
𝐼

𝐼0
)                                           (2.3.2) 

    

 

a) b) c)
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Figure 2.3.1.  The optical absorption in material including concentration of absorption species c and 

absorption coefficient α. The optical path length is L, and the incident and transmitted intensities are I 

and I0, respectively.  

The OAS is a reliable technique for understanding nanotubes characterization. Optical 

absorption spectra are typically used to determine the diameter of SWCNTs by scanning a 

sample in ultraviolet- visible and near-infrared (UV-VIS-NIR) region of the spectrum. The 

optical response of SWCNTs consists of electronic transitions occurring between valence and 

conduction bands. These transitions are known as van hove singularities. 

 

 
Figure 2.3.2. The typical optical spectrum of a CNT thin film. Image adapted from [24].  

For the nanotube characterization, the corresponding wavelength typically ranges from 200 nm 

up to 2600 nm. As depicted in Figure 2.3.2, a typical absorption spectrum of SWCNTs consists 

of three absorption peaks, which are associated with the first optical transition in metallic tubes 

Wavelength (nm)

A
b
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depicted as M11, first transition in semiconducting tubes as S11, and second transition in 

semiconducting tubes as S22. The relationship of optical transitions of CNTs is inversely 

proportional to the nanotube diameter [25]. According to the tight-binding model, the optical 

transition energy can be formulated:   

 

                   For semiconducting SWCNTs      𝐸11
𝑠 =

2𝑎0   𝛾0

𝑑
                             (2.3.3)                                           

                                                                         𝐸22 
𝑠 =

4𝑎0  𝛾0

𝑑
                             (2.3.4) 

                  For metallic SWCNTs                     𝐸11
𝑀 =

6 𝑎0 γ0

𝑑
                            (2.3.5)                                                   

 

where γ0 is the nearest-neighbor transfer integral.  

 

 
Figure 2.3.3. A schematic illustrating the Kataura plot for optical transitions, the blue branches referred 

to the transitions of s-CNT, and the red branch associated with the transitions of m-CNT. According to 

this plot, we can estimate the mean diameter of CNTs based on the transition energies.  

However, the effect of curvature, the c-c bond length optimization, and many-body effects are 

not included in the tight binding model. A  Kataura plot depicted in Figure 2.3.3, which shows 

the relationship between transition energy and tube diameter. The approximate mean diameter 

of CNTs in a thin film sample can be determined based on the peak positions. Aside from the 

electronic transition peaks, there is a strong-intensity π plasmon absorption peak can also be 

detected, which attributes to the collective oscillation of π electrons in carbon as well as other 

impurities inside the sample [26].  

 Raman scattering is another vital optical phenomenon, which is exhibited by CNTs and Raman 

488 nm

533 nm

633 nm

785 nm
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spectroscopy is a widely used technique for their characterization. Raman scattering is the 

inelastic scattering of the incident photon from molecules. This scattering classified as stokes 

and anti-stokes scattering. The emission of phonon is referred to as stoke scattering and anti-

stoke scattering is associated with the absorption of phonon.  

 

 
Figure 2.3.4. A typical Raman spectrum from a CNT thin film sample excited by a 633 nm laser.  

As shown in Figure 2.3.4, a typical Raman spectrum of CNTs with the two important features 

defined as radial breathing mode (RBM) and tangential mode (the  G and D bands). In the case 

of RBM, the out-of-plane vibrations oriented radially away from the CNT axis. Thus, the 

diameter of the entire CNT oscillates like breathing (Figure 2.3.5a). The RBM peaks appear in 

the lowest energy region between the frequency range region 100-400 cm-1.  

In principle, a single RBM peak illustrates only a single type of tube in the sample or RBM 

peaks from various resonant CNTs. The RBM peaks are used to determine the SWCNT diameter 

and chirality (n, m) based on the Kataura plot (Figure 2.3.3) and each point in Kataura plot 

shows one (n, m) of CNT. The relationship between the diameter (dt) of CNTs and the RBM 

frequency (ωRBM) is used to determine the diameter of the nanotubes. This formula is expressed 

as 

                                                       ω𝑅𝐵𝑀 =
𝐴

𝑑𝑡
+ 𝐵                                   (2.3.6) 

where  A = 217.8 and B = 15.7 are experimentally calculated values [27,28].  

The prime limitation of the Raman is that the RBM peaks can not appear for all the nanotubes. 

However, only nanotubes that are in resonance show RBM peaks and their diameter can only 

be measured correspondingly. Thus, it is very hard to find the diameter distribution of all the 

nanotubes those are appeared in the sample using Raman spectroscopy.  
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Figure 2.3.5. Schematic illustrates the vibration modes excitation in Raman spectra a) The out-of-plane 

vibration which is associated to increase the radial breathing mode excitations. b) The in-plane 

vibrational modes which are corresponding to the G band Raman signal. Image adapted from [29]. 

In Raman spectra, the dominant peak appears at ˜1590 cm-1 is called the G band which refers to 

the graphite-like band.  As can be seen from Figure 2.3.5b, this band is phonon mode between 

a pair of carbon atoms in the graphene unit cell and there is a vibration that happened tangentially 

in between two carbon atoms [30]. Owing to the curvature, the G band of CNTs splits into two 

energy peaks, such as lower energy G-  (˜1570 cm-1), and higher energy G+ peak (˜1590 cm-1). 

Interestingly, the G+ peak is associated with the lattice vibration in the CNT axis direction, and 

the G- peak vibrates along the circumferential direction. Thus, it is very difficult to identify 

whether the nanotube is semiconducting or metallic from the G- peak. In addition to the G band, 

the peak appears at ˜1350 cm-1 is called D band which indicates that the disordered properties 

caused by the vacancies, or any defects. Notably, the intensity ratio of G/D is commonly used 

to evaluate the structural quality of CNTs.  

2.4. Synthesis of CNTs 

2.4.1. Different techniques for CNTs 

Currently, there are three most common methods to prepare CNTs (Figure 3.1.1), consists of arc 

discharge, laser ablation and chemical vapor deposition (CVD). The CVD is further divided into 

substrate chemical vapor deposition (S-CVD) and floating catalyst chemical vapor deposition 

(FCCVD) method.  

Since the discovery in 1991, the arc discharge is the first method to produce carbon nanotubes 

developed by Iijima [1]. In this method, high temperature (over 1700 °C) is required for CNT 

growth. The two electrodes having a distance (1-2 mm) are placed in a vacuum chamber filled 

with helium or argon as an inert gas (Figure 2.4.1a). If the electric current passes through the 

positive and negative electrodes then the high temperature can turn the gas into plasma and 

evaporate the electrode materials with charged nanoparticles. In arc discharge, usually the 

a) b)
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electrodes are made of graphite. The evaporated anode carbon will be deposited on the cathode 

surface.  

The researchers have found that the CNTs wall number relies on the composition of electrodes. 

Thus, the metal-doped graphite electrodes will lead to the SWCNTs and the pure graphite  

electrodes to MWCNTs. It has been proven that the metal-doped graphite is more effective to 

control the diameter of SWCNTs. For example, Bethune et al. [31] and Ajayan et al.[32] 

investigated the composition of carbon and cobalt regarding the synthesis of the very small 

diameter of CNT (1.2 nm).  Moreover, catalyst-doped graphite has also been studied such as Fe, 

Ni, and platinum-group metals [33–37].   

 

Figure 2.4.1. Schematics of various techniques for carbon nanotube synthesis. (a) Arc discharge, (b) 

Laser ablation, (c) substrate chemical vapor deposition, adapted from [24], and (d) floating catalyst 

chemical vapor deposition, which is used in this thesis.  

The laser ablation technique for SWCNT  synthesis was firstly  established by Smalley et al. in 

1995 [8] (Figure 2.4.1b). The mechanism of this method is similar to arc discharge, but a laser 

beam is utilized for the evaporation of graphite. In this technique, high temperature is used in 

furnace for the SWCNT growth and the furnace is filled with the inert gas. The metal or graphite 

target is bombarded by using a laser. After that, the vaporized carbon and metal particles will 

be reconstructed into the form of carbon nanotubes, and the generated CNTs are then deposited 

on a cooled surface. Researchers have reported that the laser source [38] and transition metal 

composition [39,40] will have a promising effect on the CNT growth.   

In general, these two methods (arc discharge, laser ablation) are very practical methods for CNT 

synthesis as they can yield highly graphitized nanotubes with high temperatures. However, the 

high synthesis temperature leads to a big challenge for large-scale production of CNTs. 

Moreover, by-products appear along with the SWCNTs, such as MWCNTs, amorphous carbon 

a)

b)

c)

d)
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and metallic particles. Therefore, further treatment is a prerequisite to achieve high-purity 

SWCNTs. It is also very hard to control the chirality of SWCNTs using these two methods.  

On the other hand, Chemical vapor deposition (CVD), has taken into account as the most widely 

used procedure for large-scale production of SWCNTs with high quality and selectivity. In 1996, 

the growth of CNTs using the CVD method was first developed by Dai et al.  [9]. In general, 

the carbon source which decomposes on the catalyst surface at high temperature or plasma, and 

then start to grow SWCNTs. Recently, two growth models named the tip growth [41] and base 

growth [42], are generally accepted through the actual growth mechanism remains elusive. On 

the basis of how catalyst is produced, we separate the CVD method into two categories, the 

substrate CVD (S-CVD, Figure 2.4.1c), where the catalysts are spread on the surface of 

substrate, and the floating catalyst CVD (FC-CVD, Figure 2.4.1d), where the catalysts are 

carried by gas into the furnace.  

In S-CVD, the transition metals (Fe, Co, Ni, etc.) are deposited on the substrate and carbon 

precursor is catalytically decomposed in the presence of high-temperature furnace (700-1200 
oC). This S-CVD method is essential for preparing the horizontally aligned CNTs [43] and the 

CNT forest [44]. On the other hand, based on the catalyst activity and substrate size the S-CVD 

large-scale production is limited.  

Importantly, FC-CVD, a scalable and continuous process compared to arc discharge and laser 

ablation or S-CVD methods. FCCVD, is the method which is more convenient and controllable 

[45], is an effective process to large-scale production of CNTs with high quality [46] as well as 

enable to direct synthesis of various SWCNT architectures, as for example transparent films 

[47,48], continuous fibers [49,50], and CNT sponges [51].  

There are several features of  FC-CVD can affect the morphology and properties of the CNTs, 

with catalyst decomposition, catalyst size, temperature, carbon source, and gas-phase chemistry 

being the five principle parameters [52,53]. In FC-CVD, the most productive catalysts are 

formed from pyrolysis of sublimed organometallic compounds, such as carbonyl iron, ferrocene, 

dimethoate, or metal nanoparticles generated using a hot-wire or spark system [54–56]. In 1998, 

Cheng et al. first established the FC-CVD method to synthesize SWCNTs where ferrocene was 

used as a catalyst [12,57]. Therefore, the result of this work reported that FC-CVD is a great 

potential method for high yield production of CNTs. The diameter of the nucleated CNTs is 

slightly smaller than the size of the catalyst. There are many outstanding carbon sources for the 

growth of CNTs are known, such as hydrocarbons and carbon monoxide (CO) [53]. In general, 

hydrocarbons are thermally self-decomposed into carbon clusters (Cx Hy) and then they are 

absorbed by the catalyst. Thus, this approach can enable to produce the fast and high yield 

growth of CNTs [58]. In contrast, the production of amorphous carbon might increase with the 

increase of partial pressure of the hydrocarbon or temperature. The CO as a carbon source is 

notably different from hydrocarbons. It decomposes at the surface of the catalyst nanoparticles, 

generating carbon atoms for CNT formation, while the disproportionation reaction needs the 

existence of a catalyst surface [59]. 

                                                       2CO ↔ C (s) + CO2 (g)                       (2.4.1) 

This reaction can immensely decrease by-product generation. The growth of SWCNT with the 

CO disproportionation has been taken at either high or atmospheric pressure (Figure 2.4.2), and 

both methods have the large-scale applications on commercial production of SWCNTs and 

films.  
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Figure 2.4.2.  Synthesis of high-quality CNTs  with CO as a carbon source at atmospheric pressure based 

on FCCVD [11]. a) The schematic represents the experimental setup and wall temperature profile for 

FCCVD synthesis of CNTs with ferrocene as a catalyst. Open circles indicate sampling locations where 

CNTs were not observed and solid circles refers to the conditions for CNT sampling. b) The diagram of 

the CNT formation mechanism in the FeCp2–CO system at a temperature of 1000 oC.  

In 2001, another FC-CVD procedure was developed by Smalley et al. [46] where the CO used 

as a carbon source at high pressure which is known as the HiPco SWCNTs,  to produce large-

scale production of SWCNTs with the presence of iron nanoparticles formed from the 

decomposition of iron pentacarbonyl. Currently, He et al. [60] and Koziol et al. [53] reported 

that the structural distinguishes between tubes grown using CO, methane, ethanol, toluene by 

electron diffraction methods. The optimal growth temperature for CNT formation appeared to 

range from 700 to 1200 oC. Argon, helium, nitrogen  or hydrogen are very commonly used 

carrier gas for feedstock introduction and product carriage, but enough research has not been 

carried out on the difference between using helium, argon or nitrogen for the CNT growth. 

Notably, one study suggests that when the flow rates of hydrogen increase then the 

decomposition of hydrocarbons decreases. Thus, iron oxide can be reduced during the 

production of CNTs [61,62]. Moreover, hydrogen can etch CNTs and amorphous carbon.  

After that, Kauppinen et al. established the FC-CVD method to obtain high-quality, high-yield 

SWCNTs where SWCNTs can be produced in ambient pressure using CO as carbon source 

[11,54,55,63]. As shown in Figure 2.4.2a, the laminar reactor for SWNT production with a 

water-cooled injector and a vertical furnace. The injector probe reaches into the high-

temperature zone of the vertical CVD reactor. Recirculation of the extra flow occurs only in the 

region close to the injector probe outlet. However, the flow of the nanoparticles does not take 

part in the recirculation, the total flow becomes fully established and laminar as it moves towards 

the high temperature zone of the furnace, specifying laminar flow conditions for catalyst particle 

formation and SWNT growth. The aerosol of catalyst or precursor, carbon source, and carrier 

gas are introduced via an injector probe into the high temperature zone of the vertical CVD 

reactor. In the reactor end, the floating CNTs and bundles can be directly and continuously 

obtained. 

a) b)
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The schematic of catalyst formation and SWCNT growth process in FC-CVD where CO as 

carbon source and FeCp2 as catalyst precursor is in Figure 2.4.2b. Decomposition of FeCp2 

vapor results in catalyst particle formation and then carbon source also decomposes and add to 

the catalyst. Catalyst particles are then formed by nucleation and continue to grow via collision 

processes. Moreover, the disproportionation of CO molecule takes place on the nanoparticle 

surface until saturation. The time limit of SWCNT growth might be determined by the dynamic 

temperature zone in the reactor and the inactivity of catalyst due to their size or excess saturation, 

as well as the bundling because of the collision between the SWCNTs. Moreover, the CNT 

growth window for temperature for the CO system was estimated to be 891 to 928 oC  [11].  

FC-CVD method has drawn great attention in the academic filed. In this method, the SWCNT 

parameters can be controlled by modulating the reactor and applying various feeding conditions. 

For instance, the bundle diameter of SWCNTs can be modulated by controlling the catalyst 

flowing rate [64], and the bundle length of SWCNTs can be increased by scaling up the reactor 

dimension [48]. 

Apart from the fundamental research, FC-CVD method has been considered as a promising 

process for the industry standard large-scale production of SWCNTs because of continuous 

feeding of carbon source and catalysts. At present, the industrial production of CNT thin films 

has produced by FC-CVD method and having a great potential to replace the conventional 

indium tin oxide (ITO) materials.   
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3. Transparent Conductive Films 

Transparent conductive films (TCFs), which are electrically conductive and optically 

transparent material. TCFs have drawn attention due to their various applications in modern 

technology, such as solar cells, touch panels, liquid crystal displays (LCD) or organic light-

emitting diodes (OLED) [65]. The TCF displays with low sheet resistance (Rs) at high light 

transmittance (T), where T is measured from optical absorption spectroscopy and Rs is measured 

by the four-probe method. We can add these two parameters to define the figure of merit K of 

TCFs as follows in, 

                                         𝐾 = (𝑅𝑠 × 𝑙𝑛𝑇)−1                                                      (3.1) 

where higher K value provides the better performance of TCFs. 

Nowadays, indium tin oxide (ITO) is widely used material for industry-standard role TCF 

application as it has low sheet resistance (from 10 to 100 Ω/sq) at high light transmittance 

(>85%) [66,67]. However, ITO is fragile [68] and the indium element reservation is very low 

[69]. Because of these drawbacks, it has limited its further application for flexible TCFs in the 

future. Therefore, it has been motivating the look for new alternative TCF materials. Researchers 

have found several materials with great potential instead of  ITO, such as silver nanowires [70–

72], copper nanowires [6], graphene [73,74] and SWCNTs [3,75,76]. 

Owing to high conductivity, the silver nanowires (Ag NWs) based TCF with the sheet resistance 

of 20 Ω/sq at 95% transmittance, which is better than ITO. However, the limitations of silver 

nanowires are the high cost of raw materials, the oxidation in air and the reflection increases 

with wavelength. As copper is cheaper than silver, copper nanowires (Cu NWs) are also 

becoming the most promising materials in TCF technology. Although Cu NWs can obtain the 

best TCFs with a sheet resistance of 100 Ω/sq at 95% transmittance, the stability of Cu NWs 

against oxidization is a big challenge [6]. 

Graphene has a very good optical and electrical properties and it can be used as an ideal material 

for TCF application. But, the electrical properties greatly rely on graphene quality. With the four 

or five layers of mechanically exfoliated graphene TCF exhibits very low sheet resistance of 8.8 

Ω/sq at 84% transmittance [73,77,78]. The solution process based graphene TCF illustrates a 

sheet resistance of above 1000 Ω/sq at 85% transmittance [79–82]. However, the defects (grain 

boundary, wrinkles, folds or cracks) and the transfer difficulties are the main problems of 

graphene for TCF application.  

However, SWCNT is becoming a promising material for TCF applications because of its easy 

production, super electrical conductivity, flexibility and good chemical stability.   

3.1. Transparent conductive SWCNT films  

The SWCNT films are formed from continuous network of nanotubes or bundles of nanotubes.  

As depicted in Figure 3.1.1a, a scanning electron microscopy image of SWCNT network and its 

implementation as transparent conductive film on PET from Ding et al.  [15] Since the film is 

very thin such as sub-nanometer to tens of nanometer, SWCNT network can be considered as a 

quasi two dimensional (2D) system [83]. The interconnectivity of such network can be described 

by using a well-established 2D percolation theory as the following 

                                          𝑁𝑐 = 4.2362𝜋𝐿𝑠
2 ≈

1

𝐿
                                          (3.1.1) 

where, Nc is the threshold of network, Ls and L are the length and aspect ratio of individual 
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SWCNTs, respectively. As the aspect ratio is very high, SWCNT has a 1-3 nm of diameter and 

several micrometers in length, this refers that the threshold of a SWCNT network is very low. 

Therefore, the amount of materials is not enough as required to make an interconnected path for 

carrier transport, leading to the high light transmittance. The thin films of SWCNTs with high 

conductivity as well as transparency are highly desirable for applications as transparent 

conducting films in flexible electronics. 

 
 

Figure 3.1.1. (a) A typical scanning electron microscopy (SEM) image of SWCNT thin film, (b) Optical 

photo of SWCNT film on PET. Adapted from [84].  

From the formula 3.1, it is evident that the sheet resistance of SWCNT-TCF decreases with the 

thin film thickness increasing. According to the literature, with the various fabrication methods 

such as wet or dry process, the conductivity of TCFs changes extensively because of the various 

geometric and chiral structure of SWCNTs.  

To understand the carrier transport within the network researchers have employed a simple 

model where the carrier transport is along a SWCNT and then jumps to another SWCNT through 

their junction, though the resistance of SWCNT-TCFs is very complicated. It has been 

demonstrated that the resistance of SWCNT-TCFs largely assigns to the tube-tube junction 

resistance, while the resistance with the individual tube contributes slightly. The junction 

resistance relies on the SWCNT bundle length and diameter as well as the electronic types of 

SWCNT such as metallic or semiconducting [85,86].  

Based upon the similar transmittance, the longer bundles will make fewer junctions compared 

with the shorter ones, arising to improved conductivity. Simien et al. [87] and Hecht et al. [88] 

have studied how the conductivity of CNT thin films depends on bundle length. Moreover, 

Hecht et al.  reported that the film conductivity (σ)  is directly proportional to the average bundle 

length (Lav)  as, σ ∝  Lav. However, by studying CNTs with length of 0.4 cm, Li et al. proposed 

that the resistance along the tube is dominated rather than the resistance of the junction [89].  

Apart from the the bundle length, the bundle diameter also plays prime role in film conductivity. 

The charge transport  mainly occurs on the surface of bundles, while the whole bundle tubes 

could be given the light absorption [90]. Therefore, small bundles of SWCNTs are required for 

highly conductive films. Mustonen et al. [56] comprehensively studied the effect of bundle 

diameter and achieved highly individual SWCNTs by FC-CVD system. After HNO3 doping, the 

corresponding TCF illustrates sheet resistance of  63 Ω/sq at 90% transmittance. Jiang et al. [76] 

has synthesized carbon-welded and non-bundled SWCNT network and obtained a sheet 

resistance of 25 Ω/sq at 90% transmittance after HNO3 treatment. 

a) b)
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Liao et al. [13] reported that the tuning of the bundle length and diameter using CO2   as promoter 

in FC-CVD, where the SWCNTs with large tube diameter ~ 1.9 nm and a metallic tube ratio of 

46.3% form the bundles with length of  ~7.5 μm and small bundle diameter ~7.1 nm. They 

employed filter-press transfer method to make thin films, the corresponding TCF showed 86.8 

Ω/sq at 90% transmittance. Laiho et al. [91] systematically studied the scale-up deposition of 

prepared aerosol SWCNTs on 50 mm wafers or the PET with the help of a large size 

thermophoretic precipitator (TP). Therefore, corresponding TCFs illustrated a comparable 

uniformity and conductivity to the filter-press transfer films.   

Table 3.1. Performance of SWCNT films from literature [24].  

 

Films Fabrication  

 

Pristine 
Rs 

(Ω/sq.)/T 

Dopant 

 

Final Rs 
(Ω/sq.)/T Ref. 

 SWCNT 

 
 
Disperse commercial HiPco CNTs in 

superacid chlorosulfonic acid and obtained 
the film by vacuum filtration. 

− HSO3Cl 60/90.9% 
Hecht et al. 

[92] 

SWCNT 

 
FC-CVD using CO as carbon source and 

FeCp2 as catalyst precursor, with a semi-
industrial reactor to prepare the longer (9.4 
μm) CNT bundles. 

  820/90% HNO3 110/90% 
Kaskela et 

al. [48] 

 SWCNT 

 
FC-CVD with a spark reactor, which can 
control size and concentration of pre-made 

catalysts. The SWCNTs have highly 
individual (>80%) tubes. 

− HNO3 60/90% 
Mustonen et 

al. [56] 

SWCNT 

 
 

FC-CVD with feedstock of FeCp2 
dissolved in ethanol, obtaining SWCNTs 
with mean bundle length ~27 μm. 

  320/90% AuCl3 95/90% 
Ding et al. 

[93] 

 SWCNT 

 
 
FC-CVD using CO and C2H4 as mixture 

carbon source to get long (17 μm) SWCNT 
bundle. 

   291/90% AuCl3 73/90% 
Anoshkin et 

al. [94] 

 SWCNT 

 
 

FC-CVD using C2H4 and toluene (FeCp2 
dissolved), growth with high feeding rate, 
SWCNTs are long (mean 62 μm) and 

highly individual welded by graphite 
carbon. 

 41/90% HNO3 25/90% 
Jiang et al. 

[76] 

 SWCNT 

 

 
FC-CVD using CO as carbon source, CO2 
as growth promotor to modulate tube 
diameter and length etc. 

  273/90% AuCl3 86/90% 
Liao et al. 

[13] 

SWCNT 

 
 

FC-CVD using CO as carbon source, CO2 
as growth promotor to modulate SWCNT 
growth, thin films deposited by large TP on 

glass or PET. 

           
200/87.8% 

HNO3 60/87.8% 
Laiho et al. 

[91] 
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4. Experiment 

4.1. Preparation of CNT thin film and sample description 

In this work, all the CNTs are synthesized using the FC-CVD method, where the methane (CH4) 

is used as carbon source and ferrocene as the catalyst precursor and sulfur is used as the promoter 

to tune the growth of CNTs.  

 As shown in Figure 4.1.1a, a vertical furnace (Entech, Sweden, length, 90 cm) equipped with a 

precursor feeding system, quartz tube (inner diameter, 22 mm) and, sample collecting 

nitrocellulose membrane filter (Merck Millipore, France, diameter 45 mm). The furnace 

temperature was set at 1100 °C is used for high temperature CNT growth. Gas flows into the 

reactor were controlled using a mass flow controller (MFC, Aalborg, USA). Ferrocene (99.0%, 

Alfa Aesar) is used as catalyst precursor, CH4 (99.99%, AGA) as carbon source, S (99.9%, 

Sigma-Aldrich) as growth promoter. N2 (99.995%) vaporized from liquid nitrogen and H2 

(99.999%, AGA) as carried gas for CNT synthesis. Specially, N2 is purified by a moisture 

absorber filter. To introduce ferrocene vapor into the reactor, nitrogen was passed through the 

cartridge containing the precursor powder. The gas flow and cartridge temperature were 

controlled to tune the amount of ferrocene and sulfur into the reactor.  

 

Figure 4.1.1. a) Schematic of   the CNT film fabrication reactor where CH4 is used as a carbon source  and 

ferrocene as catalyst precursor, sulfur is employed as CNT growth promoter. b) The schematic of sample 

collection holder which is nicely designed for CNTs aerosol deposition onto a membrane filter using 

vacuum. 

The top part of the reactor is connected to the gas inlet and the bottom part is connected to the 

gas outlet. Ferrocene and sulfur were put in two separated cartridges which can be heated up. A 

vapor-phase catalyst precursor (ferrocene), a SWNT growth promoter (sulfur) and carbon source 

(CH4) were floated into the reactor for CNT synthesis. In addition, H2 is used to tune CH4 

1.9L

1.5L 0.5L

2L

0.4L

a)

b)

O-ring

Filter

Sample holder
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decomposition. The excess CH4 decomposition can produce more amorphous carbon, which can 

inactive the catalysts and degrade the conductivity of the produced SWCNT film. During the 

process, ferrocene and sulfur were vaporized by heating in cartridge and carried into the reactor 

with nitrogen as carrier gas.  

Total gas flow is around 0.4 slm including N2, H2, and CH4. The flow rate of the carrier gas N2 

for ferrocene and sulfur was 100 sccm and 150 sccm respectively, and then they were mixed with 

the other 80 sccm N2, 70 sccm H2, and 8 sccm CH4 into the furnace, as depicted in Figure 4.1.1a. 

Since the saturated vapor pressure of ferrocene and sulfur increase with temperature, higher 

heating temperature means that higher concentration (pressure) of ferrocene and sulfur are 

introduced to the furnace tube. The temperature of the furnace was set at 1100 ℃ and the 

vacuum flow was controlled by the MFC system. During the whole experiment, the amount of 

CH4, N2, and S were tuned, by adjusting the flow rate and temperature respectively. The furnace 

temperature set for the reaction was maintained at 1100 ℃ based on previous trials, and typical 

collection time for each film was between 1 min and 30 min as shown in figure 4.1.1a. 

Correspondingly, the CNTs will grow in a laminar flow and thin films will be collected in the 

outlet of the reactor. The aerosol CNT samples are collected using two different technics, the 

filter-press transfer [95] and the thermophoretic precipitator (TP) [96].  

As shown in Figure 4.1.1b, a filter with 0.45 μm pore size is placed in a cone-shaped holder, 

one top of the filter an O-ring is used for sealing. Then the aerosol CNTs are collected on the 

filter with the help of a vacuum, the CNT film thickness can be controlled by varying the 

collection time. Lastly, the CNT films on the filter can be directly transferred on various 

substrates by pressing.  

4.2. Doping of CNTs 

To further improve the conductivity of CNT thin film, doping is generally employed. Doping 

improves CNT conductivity in two ways: the carrier concentration in the networks can be 

increased, the tube-tube junction resistance can be reduced. In this thesis, we used Gold (III) 

(AuCl3: purity 99%, Sigma-Aldrich) as a dopant for two reasons. Firstly, sheet resistances of 

AuCl3 doped CNT films are relatively stable at ambient conditions. Secondly, the intrinsic 

structure of CNTs could be preserved after AuCl3 treatment. The CNT films on membrane filters 

were press transfer to quartz slides (35 × 20 × 1mm, Finnish special glass). The AuCl3 powder 

was dissolved in acetonitrile (99.8%, Sigma-Aldrich) to a concentration of 16 mmol/L as the 

doping solution to the TCFs. Since the solution is very sensitive to light, it was wrapped by foil 

to avoid decomposition. As shown in Figure 4.2.1, after measuring pristine CNT film, the 

sample is placed in the fume hood, then some drops of AuCl3 in acetonitrile solution (16 mM) 

were placed on to the CNT film until the whole film was immersed in the solution. After a 

residual time of 5 min, the solvent was washed away by pure acetonitrile and then the film was 

dried with N2 by air low gun. The sheet resistance will be measured again right after doping.  
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Figure 4.2.1. Schematic representation of the doping process of CNT thin film by AuCl3. 

4.3. Characterization 

4.3.1. Optical Spectroscopy  

The optical absorption spectroscopy (OAS) technique is used to study the diameter, metallic or 

semiconductive tube ratio, and doping level of CNT TCFs. In this thesis, we employed this 

method to insight the diameter of CNTs. To measure the absorption spectra of the CNT thin 

films, the sample was transferred via a dry transfer technique from the filter to an optically 

transparent substrate, comprised of a 1 mm thickness quartz window (material: HQS300, 

Heraeus).   

 

 

 

Figure 4.3.1. The schematic representation of the typical UV-vis-NIR spectrometer where deuterium 

lamp is used as a light source, through the monochromator (MC), beam splitter (BS), reference (R) and 

sample (S), and to the detector (DE).  

The optical transmittance T (at 550 nm) and the UV-vis optical absorption were performed using 

a dual-beam spectrophotometer (UV- Vis-NIR Agilent Cary 5000). It is equipped with two 

excitation sources (a deuterium lamp and a halogen lamp), which together covers the working 

wavelength range from 175 to 3300 nm. The electromagnetic wave with all wavelengths is 

produced by a light source, then passed through a monochromator. Monochromator is used to  
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get a single wavelength of light. Then beam splitter is employed to split a single beam of light 

into two rays where one ray passing through a sample and other one through reference. After 

the calibration, an uncoated substrate was used with a reference beam to exclude the effect of 

the substrate. The light then goes towards the reference and the sample when recorded by a 

detector. The detector compares the reference value I0, to the sample value, I. Thus, the 

absorption spectrum can be produced.  

To understand the macroscopic properties of CNT films, we used optical absorption 

spectroscopy and to investigate the CH4 effect UV–vis–NIR spectroscopy is an efficient and 

comprehensive method to analyze the diameter distribution, all tubes will contribute to the 

absorption spectra [93]. 

Raman spectroscopy technique is used to investigate the quality and diameter of CNT TCFs in 

this work. In case of Raman spectroscopy, the CNTs are transferred on quartz slide similar to 

OAS measurement. In this work, Raman spectra were obtained using a Raman spectrometer 

(Horiba Jobin-Yvon Labram HR 800) equipped with three distinct excitation wavelengths 488 

nm, 514 nm, and 633 nm.  

 

 

 

Figure 4.3.2. Illustration of the resonant Raman spectrometer including different excitation sources [29]. 

In Raman spectroscopy, equipment is used to measure the Raman spectra which consists of an 

excitation laser, and it is well designed for increasing the Raman scattering event frequency to 

obtain a decent measurement of the scattered light signal. To enhance this signal, the laser was 

placed to focused on a small area of the sample while the signal was measured. The microscope 

optical lenses are used to focus the laser beam and these lenses can also be used to collect the 

scattered light, which is sent into a charge coupled device (CCD) to record through a 

monochromator. A dichroic mirror (beam splitter) and an adjustable edge filter were used to 

reduce the intensity of the Rayleigh-scattered light before it passes through the monochromator  

[97].  
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4.3.2. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is widely used to investigate the morphology such as tube 

(bundle) lengths, density, defect, or impurities of SWCNTs. In this thesis, we used SEM to study 

the nanotube lengths.  

 

 

 Figure 4.3.3. The schematic diagram of scanning electron microscope (SEM). Image adapted from  [98].  

To create a magnified image of a sample, the SEM uses a focused beam of high energy electrons. 

The electron is emitted from an electron gun. With the assistance of acceleration voltage, the 

electrons are passed through the condenser lens and the objective lens. Thus, an electron beam 

is formed with a few nanometers diameter. The electron signals are generated by using the beam-

specimen surface processes if the electron beam bombards the surface of the specimen. When 

the electron beam is scanned across the specimen surface, the electron signals are detected by 

the detector. Therefore, these signals are shifted into the corresponding points based on the 

number of detected electrons and displayed on a screen. Thus, the SEM image is formed as a 

serial data stream which is called electron image  [99].  

As CNTs are very small and were deposited on an insulating substrate, such as Si/SiO2 or quartz, 

the samples have to be observed by an in-column-type (in-lens) secondary electron detector at 

1.0 kV acceleration voltage. In order to study the CNT bundle length by SEM, the aerosol CNTs 

were deposited on Si/SiO2 substrate by filter press transfer method. Then the bundle length 

distribution was analyzed using software ImageJ by counting all the CNTs shown in SEM 

image. 

4.3.3. Transmission electron microscopy 

Transmission electron microscopy (TEM) is a powerful method to analyze the nanoscale 

structure of SWCNT. In our work, we employed a JEOL 2200FS Double Cs-corrected TEM for 

high-resolution imaging at 200 kV. To prepare a TEM sample, we placed the TEM grid on the 

membrane filter, followed by putting them in the holder and harvesting SWCNTs with the 

assistance of a vacuum.  
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4.3.4. Sheet Resistance Measurement 

The sheet resistance (Rs) method is used to analyze the electrical properties of a thin film, such 

as metal or doped semiconducting thin films. The Rs of SWCNT TCFS was measured by a 

Jandel test unit (model, RM3000) equipped with a 4-point probe head (Jandel, UK), consisting 

of four in-line tungsten tips with a 300 μm curvature, loading force of 15 g each (60 g total) and 

1.0 mm separation. For the sheet resistance measurement, the SWCNT thin films were 

transferred on the quartz substrate by filter-press method, then the 4-point probe system was 

applied.  When the thickness t is small compared to the probe distance s, the sheet resistance 

can be calculated by the following formula Rs = 
𝜋

𝑙𝑛2

𝑈

𝐼
= 4.53

𝑈

𝐼
 , where U is voltage and I is the 

current [100].  

 

Figure 4.3.4. A schematic illustration of 4-probe setup where t is the thickness of the film and probe 

distance is referred to s. A constant current is supplied from outer probes and the voltage drop is recorded 

by the middle probes. 
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5. Results and Discussion 

5.1. Effect of collection gas flow on the uniformity of the film 

In this study, we first investigate the effect of collection gas flow. As the conventional collection 

method, firstly the films were collected with the 0.4 slm gas flow. Therefore, the collected films 

are not homogeneous and these specific patterns on the film caused by the laminar flow due to 

the low gas flow. In a further study, we increased the collection gas flow to make turbulence gas 

flow for the homogenous CNT film. When we increased collection gas flow over 1.8 slm (0.4 

slm from CNT synthesis and 1.4 slm from side N2 gas flow), we obtained a uniform CNT film. 

Based on this investigation we used 1.8 slm collection gas flow for further experiments.  

 

Figure 5.1.1. Optical images of CNT film on the filter with diameter of a) 10 cm, b) 4.7 cm diameter 

filter with 1.8 slm and 0.4 slm collection gas flow. 

5.2. Optimization of the recipe for high yield CNT synthesis 

Here, the FeCp2 cartridge was set at 45 °C and N2 gas flow with 100 sccm for the high yield 

CNT growth. The saturated vapor pressure of FeCp2 at 45 °C is around 6 times higher than that 

at 25 °C. The reactor was set at 1100 °C and total gas flow fixed at 400 sccm for the constant 

synthesis time. Then, the CH4, H2, and S were optimized based on the CNT film yield and 

performance.  

5.2.1. CH4 effect on CNT synthesis 

As shown in Figure 5.2.1, the CH4 from 5 to 11 sccm was optimized with 50 sccm H2 and 150 

sccm N2 through sulfur cartridge at 105 oC (Fe:S = 4:1). Compared to SWCNT films from other 

FCCVD systems (e.g. CO [13], C2H4  [14] or C2H6O  [15]), the CNT films from this CH4  system 

have weak and broad absorption peaks in the visible and infrared regions. As illustrated in Figure 

5.2.1a, the typical optical absorption spectra of CNT films was synthesized with various CH4 

concentrations. From the absorption peak location, the nanotube from the lower CH4 

concentration gives the smaller CNT diameter. The mean diameter can be estimated based on 

the position of the absorption peaks. In this study, the S11 peak lies at 1572 nm. Based on the 

Kataura plot, the mean diameter of CNT estimated is around 1.2 nm. 

According to Figure 5.2.1b, CNT yield changes with the variation of CH4 concentration. The yield 

is normalized with respect to yield for 8 sccm CH4 concentration. With the increase of CH4 

concentration, the CNT yield is also increased. Here, the CNT films with 4.7 cm diameter have 

around 90% transmittance with 4 min collection. For example, the yield for 5 sccm CH4 is around 

30% compared that for 8 sccm CH4, but the yield at 11 sccm CH4 is two times higher than that 8 

b)

1.8 slm 0.4 slm 1.8 slm 0.4 slm

a)
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sccm CH4. It shows that the addition of higher carbon source in the system, produces more CNTs 

which in turn synthesizes higher yield.  

 
Figure 5.2.1. The optical absorption spectra, yield, optoelectronic performance of CNT films, and 

conductivity with various CH4 amount. a) UV-vis-NIR optical absorption spectra for the set of CNT 

films with different CH4 concentrations. b) Yield effected by different CH4 concentrations c) 

Optoelectronic performance of CNT TCFs evaluated by sheet resistance vs. transmittance. The sheet 

resistance (Ω/sq) vs. transmittance (%) at 550 nm wavelength of pristine and AuCl3 doped CNTs based 

transparent conductive films using CH4 as a carbon source. d) Sheet resistance based on various CH4  

amounts before and after AuCl3 doping.  

To further get insight on the effect of carbon source CH4 on CNT TCFs, we fabricated films 

with various transparencies by collecting samples with different collection times. The films were 

directly transferred on transparent quartz slides by a press-transfer technique [48] for measuring 

transmittance. A plot of data points having different transmittance versus sheet resistance is 

shown in Figure 5.2.1c. Data points were fitted by following the formula 3.1, where K is constant 

of proportionality which depends on the optical and electronic properties of CNT based TCFs. 

For the pristine CNT films, the sheet resistance value of the 90%  transmittance (@ 550 nm) 

CH4  of 8 sccm CNT film (627 Ω/sq) is much lower than those with CH4 of  6 sccm (702 Ω/sq) 

and CH4 of 4 sccm (802 Ω/sq) CNT films.  

To further improve the conductivity, we doped CNTs film with AuCl3 which is considered to 

be a more stable dopant for CNTs [101]. Doping of CNTs with AuCl3 shifts the Fermi level of 

both metallic and semiconducting nanotubes down towards the valance band [102] which helps 

to improve the conductivity of the film. After AuCl3 treatment, the sheet resistance of films at 

90% transmittance decreases to 196 Ω/sq for 6 sccm CH4, 165 Ω/sq for 8 sccm CH4 and, 205 
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Ω/sq for 4 sccm CH4. The sheet resistance value of 165 Ω/sq for 90% transmissions from 8 sccm 

CH4 is one of the best reported values among them.  

However, the change of CNT film conductivity is not monotonic. The film conductivity first 

increases and then decreases with CH4 concentration increase, as shown in figure 5.2.1d. As 

noticed for pristine films, with the CH4 concentration increase, sheet resistance decreases till 8 

sccm CH4, so the highest conductivity is obtained for 8 sccm CH4. Then sheet resistance is 

increasing at higher concentration of CH4 because higher concentration of CH4 gives more 

amorphous carbon which decreases the performance of the film. After AuCl3 treatment, the sheet 

resistance is also decreasing till 8 sccm CH4 so the film conductivity improved and then the film 

conductivity decreased with CH4 amount increase Figure 5.2.1d. In summary, the best 

performance CNT films are from 8 sccm CH4, which has a sheet resistance value of 165 Ω/sq 

for 90% transmission.  

5.2.2. Effects of H2 on CNT growth 

Here, the CH4 concentration was fixed at 8 sccm and we optimized the H2 concentration from 

40 to 80 sccm. To study the macroscopic properties of CNT films we firstly used UV-vis-NIR 

optical absorption spectroscopy to investigate the H2 effect. The typical absorption spectra of 

CNT film with varying H2 is shown in Figure 5.2.2a. The CNT diameter is not sensitive with 

H2 increase. The CNT yield is normalized based on the H2 concentration at 70 sccm. Importantly, 

the yield is found to decrease with increasing the H2 concentration (Figure 5.2.2b). For pristine 

films, with the H2 concentration increase, the sheet resistance decreases till 70 sccm H2 and then 

sheet resistance increases at a higher concentration of H2 (Figure 5.2.2c). In short, the yield is 

decreasing with increasing the amount of H2. The conductivity of nanotube films first increases 

and then decreases. We reported the best performance CNT film from 70 sccm H2. 

 

Figure 5.2.2.  The optical absorption spectrum, yield, and conductivity of CNT film with various H2 

amount. a) The optical absorption spectra of CNT film with various H2 b) Yield changes based on the 

concentration of H2. c) Sheet resistance at varying H2 for the pristine film. 

5.2.3. Sulfur dependence 

Herein, we keep CH4 of 8 sccm and 100 sccm N2 through the FeCp2 cartridge at 45 oC, and H2 

of 70 sccm are fixed. Then we optimized the N2 through S cartridge at 105 oC from 50 to 250 

sccm (for the condition of 50 sccm N2 through S cartridge with 105 oC, write as 50 sccm S). 

Optical absorption spectra were first studied. A typical absorption spectrum of CNT films with 

various sulfur is shown in Figure 5.2.3a. Absorption peak from 1200 nm to 2000 nm is related 

to the CNT diameter.  The higher sulfur concentration produces the smaller CNT diameter. 
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Figure 5.2.3. The optical absorption spectra, yield, the optical performance of the CNT films, and 

conductivity of CNT films with various sulfur concentration. a) Optical absorption spectra of CNT films 

with varying sulfur. b) Variation in normalized yield with the change in amount of sulfur from 50 sccm 

to 250 sccm. c) The sheet resistance versus optical transparency for pristine films and AuCl3 doped films. 

d) Corresponding variation in specific conductivity of pristine and doped films. 

The CNT yield is normalized based on the 150 sccm sulfur. With the sulfur concentration 

increases, the CNT yield increases rapidly till 70 sccm Sulfur. Then the yield slightly decreases 

(Figure 5.2.3b). Notably, the CNT film performance is similar from 150 to 250 sccm sulfur, but 

the yield decreases. It can be seen from Figure 5.2.3c, the optical performance of the CNT films 

for before and after doping with AuCl3, the sheet resistance at 90% T550 nm for CNT films with 

different sulfur concentrations. As noticed for pristine films, the sheet resistance decreases with 

the increase of sulfur concentration. The sheet resistance of a pristine film with 90% 

transmittance with 75 sccm S is 400 Ω/sq, 150 sccm S is 180 Ω/sq, and 250 sccm S is 150 Ω/sq 

respectively. After doping, the sheet resistance of a doped film with 90% transmittance becomes 

100 Ω/sq, 75 Ω/sq, 80 Ω/sq by using 75 sccm S, 150 sccm S and 250 sccm sulfur respectively. 

The Conductivity of nanotube films increases with sulfur concentration increase (Figure 5.2.2d). 

In summary, the CNT yield increases with the S amount increase. The best performance CNT 

films are from 150 sccm S, which has a sheet resistance value of 75 Ω/sq for 90% transmission. 

The conductivity of CNT film is improved with S increasing.  
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Figure 5.2.4. RBM of CNTs synthesized with various sulfur concentrations. Laser wavelengths: a) 633 

nm, b) 514 nm and c) 488 nm, respectively.  

Raman spectra were used to estimate the diameter of CNTs. As shown in Figure 5.2.4 (a-c), the 

Raman spectra in the range of 100-350 cm-1 illustrate the characteristic radial breathing mode 

(RBM) of CNTs. According to the following relationship, ωRBM = A/dt + B, where A = 217.8 

and B = 15.7 for CNT thin film samples, the diameters of CNTs can be calculated from the 

frequencies of RBM peaks. For example, with the excitation wavelength of 633 nm laser, RBM 

peaks of CNT moved from higher frequencies to lower frequencies with the decreasing sulfur 

from 250 to 100 sccm, which reflects the diameter of tubes becoming larger. The same trends 

are found with laser wavelength of 514 and 488 nm.  

 

Figure 5.2.5. G and D bands of CNTs synthesized with different sulfur concentrations. Laser 

wavelength: a) 633 nm, b) 514 nm and c) 488 nm, and the corresponding height ratio of G and D bands, 

IG/ID in d), e) and f), respectively.  

To estimate the quality of CNT films, Raman spectroscopy method has been used. The intensity 

ratio of graphitic (G) band (approx. 1590 cm−1) to disorder (D) band (approx.1340 cm-1), IG/ID, 

in Raman spectrum is usually evaluate the quality of CNT films. All the IG/ID values of the 

Raman spectra are illustrated in (Figure 5.2.5d-f). With the excitation of 633 nm laser, the IG/ID 

value of CNTs prepared by 150 sccm sulfur is the highest, suggesting the best quality of CNTs. 

The similar trends are found with the other two excitation wavelengths of 514 and 488 nm laser. 

It does mean that the quality of CNTs has been improved with 150 sccm sulfur.  
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5.3. Relationship between yield and performance 

Our other (CO [13], C2H4 [14] or C2H6O [15]) FCCVD systems reported that the low yield can 

give a better performance from straight nanotubes with small bundle diameters. CNTs in the gas 

phase by FCCVD follows Brownian motion so low yield can reduce the collision of CNTs in 

the gas phase, reducing the bundle diameters. The small bundle diameter and long CNT will 

benefit film conductivity.  

Here, we tune the CNT yield and study the effect on the film performance. We change the 

temperature of FeCp2 and sulfur cartridges, but keep CH4 of 8 sccm, H2 of 70 sccm and Fe : S 

ratio of 4, based on the optimized condition.The optical absorption spectra of CNT films 

synthesized with different ferrocene and sulfur concentrations are shown in Figure 5.3.1a, 

Optical absorption technique is used to analyze the macro properties of CNT films. There is no 

dramatic change with those three absorption peaks. Afterward, we have manufactured CNT 

films with different transparencies by varying the collection time and plotted against sheet 

resistances, as shown in Figure 5.3.1b. Accordingly, the normalized yield could be calculated. 

It can be seen that the yield is decreasing with the FeCp2 temperature decrease (Figure 5.3.1c). 

Moreover, the CNT TCFs from various FeCp2 and S temperatures illustrate different levels of 

conductivity. For pristine and doped films, the sheet resistance is found to first decrease and 

then increase with yield decrease. For example, the sheet resistance of pristine CNT films at 

90% T550 nm decreases from 226 Ω/sq (FeCp2 45 °C, S 105 °C) to 202 Ω/sq ( FeCp2 40 °C, S 100 

°C), but increase to 298 Ω/sq ( FeCp2 35 °C, S 95 °C) and to 686 Ω/sq ( FeCp2 30 °C, S 88 °C). 

For improving the conductivity of CNT TCFs, AuCl3 solution was used as an efficient dopant. 

A similar trend was also found in doped films (Figure 5.3.1d). The sheet resistance of doped 

TCFs firstly reduces from 79 Ω/sq to 59 Ω/sq, then increases to 65 Ω /sq and to 183 Ω/sq at 90% 

transmittance with yield decrease. Importantly, the lowest obtained sheet resistance of a doped 

CNT film with 90% transmittance is 59 Ω/sq, ( FeCp2 40 °C, S 100 °C), which is the best sample 

among them.  

CNT yield increases with ferrocene temperature increase. But, the performance of CNT film 

first increased and then decreased, which conflicts with our previous conclusions of better 

performance from lower SWCNT yield. Here, the CNT films exhibiting the best performance 

are from FeCp2 40 oC, with the sheet resistance value of 59 Ω/sq by AuCl3 doping at 90% 

transmission on 4.7 cm diameter filter with 10 min collection. It is worth mentioning that the 

yield of CH4-based CNT film at 40 °C of FeCp2 is much higher than those of other SWCNT 

films, e.g. 20 times of CO-based SWCNT films with 86.8 Ω/sq at 90 T% [13], 150 times of 

C2H4-based SWCNT films with 51 Ω/sq at 90 T% [14] and 10 times of C2H6O-based SWCNT 

films with 78 Ω/sq at 90 T% [15]. 
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Figure 5.3.1.  Effects of FeCp2 and S temperature a) UV–vis–NIR absorbance spectra of CNT film with 

different Ferrocene and Sulfur concentrations. b) Optoelectronic performance of CNT TCFs by sheet 

resistance versus transmittance at 550 nm for undoped films and doped films with AuCl3. c) The yield 

of CNT film with the effect of FeCp2 temperature, and d) The relationship between FeCp2 temperatures 

versus sheet resistance at 90% transmittance, the CNT TCF with 40 °C temperature displays a sheet 

resistance of 59 Ω/sq at 90% T550 nm after doping, which is the lowest among all the samples. 

 

Figure 5.3.2.  RBM of CNTs synthesized with various ferrocene and sulfur concentrations. Laser 

wavelengths: (a) 633 nm, (b) 514 nm and (c) 488 nm, respectively.   

Figure 5.3.2a-c, shows the radial breathing mode (RBM) in Raman spectra of CNT thin films. 

The diameters of CNTs can be calculated from the RBM frequency with the relationship ωRBM 

= A/dt + B, where A = 217.8 and B = 15.7. The diameters of tubes increase when FeCp2 and S 

temperature increases (laser wavelength of 633 nm, Figure 5.3.2a). The same trends are found 

with the laser wavelength of 514 nm (Figure 5.3.2b). However, the different trends are found 

under the excitation wavelength of 488 nm,  the RBM peaks are disappeared with FeCp2 30°C, 

S 88 °C;  FeCp2 35 °C, S 95 °C; they are only visible when the FeCp2 40 °C and S 100 °C (Figure 

5.5.2c).  
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Figure 5.3.3. G and D bands of CNTs synthesized with different ferrocene and sulfur concentrations. 

Laser wavelengths: (a) 633 nm, (b) 514 nm and (c) 488 nm, and the corresponding IG/ID in (d), (e) and 

(f), respectively.  

As shown in Figure 5.5.3, Raman spectra at the excitation wavelength of 633, 514 and, 488 nm 

were used to study the quality of CNTs. The intensity ratio of G (cm-1) and D (cm-1) band (IG/ID) 

exhibits the quality of CNTs. The higher the ratio, the higher the purity and fewer defects. The 

height ratio of G and D band, IG/ID values are shown in (Figure 5.5.3d-f). With the excitation 

wavelength of 514 and 488 nm, the IG/ID values of CNTs have the highest value with the highest 

ratio of FeCp2 to Sulfur. However, the reverse trends are found with the excitation wavelength 

of 633 nm, the IG/ID values of CNTs has the lowest.  

5.4. Morphology of CNT bundle  

In this high-yield CNT FCCVD system, we found a distinctive result of the performance-yield 

relationship that the film conductivity is not monotonically reduced, but first improved and then 

declined with yield increase. To understand this result, we applied TEM and SEM to analyze 

the morphology of CNTs produced with FeCp2 temperature of 40 °C. 

5.4.1. Bundle diameter  

Here, we employed TEM method to investigate the tube and bundle diameter of CNTs.   

Surprisingly, we found both SWCNTs and DWCNTs simultaneously produced in this high-yield 

FCCVD system. Wherein, the proportion of DWCNTs (Figure 5.4.1a) with a diameter of 3.5-6 

nm is up to 80%. SWCNTs with small diameters prefer to form bundles. The bundle diameter 

was estimated to be 8.3 nm (Figure 5.4.1b) and 35% of the CNTs are individual. Considering 

the high proportion of large-diameter DWCNTs, these bundles with a mean diameter of 8.3 nm 

are still quite ‘small’.  
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Figure 5.4.1. CNT bundle analysis based on TEM. The typical TEM images (a), (b).  c) The distribution 

of CNT bundle diameter.  

5.4.2. Length of CNT bundles 

In order to deeply understand the causes of the high performance of CNT films, the microscopic 

structure of the synthesized CNTs was studied [93]. Sparsely distributed CNTs were collected 

onto a SiO2/Si substrate by using a press transfer method for the length measurement of the CNT 

bundles with the scanning electron microscope (SEM; Zeiss sigma VP) [84]. As shown in Figure 

5.4.2a, all the tubes are quite straight with few clusters or loops, being beneficial for electrical 

conductivity. Contact junction resistance plays a key role in the thin film conductivity. The 

longer tubes have fewer contact junctions compared to shorter tubes under same transmittance, 

fewer junctions are beneficial for electrical conductivity. The CNTs with longer bundle length, 

as we discussed above, show potential for better TCF performance. In 2018, Liao et al. [13] 

introduced a certain amount of CO2 in FC-CVD reactor where CO was used as a carbon source. 

They found that the bundle length of SWCNTs increases with CO2 concentration, and the mean 

length is of 7.5 μm when introducing 0.50 % CO2 to a reactor.  Here, the CNT bundles are 

collected in 20 s on a 10 cm diameter filter and then transfer on Si substrate by press. The mean 

length of CNT bundles is 14.52 μm based on the statistics from 85 bundles (Figure 5.4.2b).  

 

Figure 5.4.2. CNT bundle length distribution. a) A representative SEM image of CNT bundles deposited 

on silicon substrate by press-transfer method (20 s collection time on a 10 cm diameter filter). b) CNT 

bundle length distribution based on the statistics of 85 bundles. 
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6. Conclusion and Outlook 
 

In this thesis, we studied the synthesis of high-quality CNTs with high yield via FC-CVD 

system. The CNT aerosol was directly deposited on the filter to fabricate the CNT-based TCFs. 

Methane (CH4), the most stable hydrocarbon, is applied as a carbon source, ferrocene (FeCp2) 

as catalyst precursor, sulfur (S) as a promoter, hydrogen (H2) and nitrogen (N2) as a carrier gas. 

Specially, the cartridges of FeCp2 and sulfur were heated up for the high yield of CNT. The 

specific synthesis parameters were optimized to improve the yield and optoelectronic 

performance of CNT TCFs.  

Firstly, the FeCp2 cartridge was set at 45 °C where the saturated vapor pressure of FeCp2 is 

around 6 times higher than that at 25 °C. The various growth parameters were optimized with 

respect to the yield and optoelectronic performance of TCFs. The CNT TCFs with a low sheet 

resistance of 75 Ω/sq at 90 T% was obtained with a super-high yield of 4 min collection on a 

4.7 cm diameter filter. For this result, the specific synthetic conditions were a reactor 

temperature of 1100 °C, H2 of 70 sccm, the total gas flow of 400 sccm, CH4 of 8 sccm, and a 

molar ratio of Fe to S around 4.  

To further improve the optoelectronic performance of TCFs, we reduced the CNT yield in a 

reasonable range via tuning the temperature of FeCp2. The motivation came from that the low 

concentration of CNT aerosol can effectively reduce the probability of collision in the FCCVD 

synthesis process. And then long CNT bundles with small diameters can be obtained and this 

specific morphology can contribute to the high electrical conductivity of CNT TCFs. These 

results of lower yield-higher conductivity have been verified in the SWCNT-FCCVD system 

with CO, C2H4, and C2H6O as carbon source. Here, we studied the CNTs yield and TCFs 

performance at the FeCp2 temperature of 45 °C, 40 °C, 35 °C and 30 °C with the constant Fe: S 

ratio of 4. The yield significantly decreases with low FeCp2 temperature. However, the highest 

conductivity of CNT films was fabricated at FeCp2 temperature of 40 °C. This CNT TCFs have 

a sheet resistance of 59 Ω/sq at 90 T% with 10 min collection on a 4.7 cm diameter filter.  

It is worth mentioning that the yield of CH4-based CNT film at 40 °C of FeCp2 is much higher 

than those of other SWCNT films, e.g. 20 times of CO-based SWCNT films with 86.8 Ω/sq at 

90 T%, 150 times of C2H4-based SWCNT films with 51 Ω/sq at 90 T% and 10 times of C2H6O-

based SWCNT films with 78 Ω/sq at 90 T%. 

In this high-yield CNT FCCVD system, we found a distinctive result of the performance-yield 

relationship that the film conductivity is not monotonically reduced, but first improved and then 

declined with yield increase. To understand this result, we applied TEM and SEM to analyze 

the morphology of CNTs produced with FeCp2 temperature of 40 °C. Surprisingly, we found 

both SWCNTs and DWCNTs simultaneously produced in this high-yield FCCVD system. 

Wherein, the proportion of DWCNTs with a diameter of 3.5-6 nm is up to 80%. SWCNTs with 

small diameter prefer bundling. The bundle diameter estimated at 8.3 nm and 35% of the CNTs 

are individual. Considering the high proportion of large-diameter DWCNTs, these bundles with 

a mean diameter of 8.3 nm are still quite ‘small’. Moreover, the mean length of these bundles is 

around 14.52 μm, which is similar to that from C2H4- FCCVD system. 

These high-yield CNT TCFs with excellent conductivity produced via FCCVD have the 

potential to replace ITO in touch sensors, OLEDs and also the next generation electronics. The 

results, especially the large diameter CNT TCFs overcoming the yield-performance, are 
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valuable in the fields of both fundamental sciences of CNT synthesis and industrial applications 

of CNT TCFs. However, future research should be carried out to further understand these 

phenomena and improve the CNT TCFs conductivity, for example, 

1. The relationship between CNT diameter, wall number, and catalyst size, chemical 

composition 

2. Decouple catalyst nucleation with CNT synthesis to directly produce individual SWCNTs 

with a super-large diameter (over 3 nm) 

3. Improve the CNT growth speed for super-long CNT synthesis 

4. How the CNT diameter affects the junction resistances in CNT networks, which can be 

studied with the help of conductive atomic force microscopy. 
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