
Single-walled carbon nanotubes (SWCNTs) 
are one of the most interesting emerging 
materials for practical applications. As 
transparent conductive films and thin film  
transistors they provide prospects for both 
improved flexibility and conductivity over 
established metal oxide and silicon-based 
materials. Their usefulness in these 
technologies, however, is limited by an 
incomplete picture of how the SWCNT 
network properties and performance 
emerge from those of individual tubes. 
  
This thesis presents an ambient pressure 
floating catalyst approach for synthesis of 
individual single-walled carbon nanotubes 
and embeds them into functional 
components. It serves as the first report of 
the detrimental effect of carbon nanotube 
bundling on the performance of transparent 
conductive films and provides physically 
justified guidelines for fabrication of 
uniformity-optimized thin film transistors. 
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Abstract 
Single-walled carbon nanotubes (SWCNTs) are one of the most interesting emerging materials for practical 
applications. As transparent conductive films (TCFs) and thin film transistors (TFTs) they provide 
prospects for both improved flexibility and conductivity over established metal oxide and silicon-based 
materials. Technologically crucial performance optimizations, however, require a coherent picture how the 
SWCNT network properties, specifically sheet conductance, absorbance and spatial uniformity, emerge 
from individual nanotubes. 
 
Here, a new kind of floating catalyst approach based on a spark discharge generator (SDG) is presented for 
the synthesis of predominantly individual SWCNTs in the gas phase. In this process, Brownian diffusion is 
identified as the major cause behind nanotube gas-phase aggregation (bundling). This can be avoided by 
limiting the SWCNT number concentration down to ~105 cm-3, yielding a high fraction of 60-80% of 
individual tubes on substrates. For mostly individual 3-4 μm long SWCNTs, the observed aggregation rate 
matches a mobility diameter of 20 nm. The synthesized tubes exhibit a pre-eminence of near-armchair 
chiralities, up to 70% having chiral angles ≥20°, with an unconventionally high fraction of semiconducting 
tube species, 80%, at a growth temperature of 750 °C. 
 
Furthermore, by optical and electrical characterization of networks fabricated from individual tubes and 
small diameter bundles, unambiguous experimental evidence of the detrimental nature of SWCNT bundling 
on TCF performance is found. The performance loss is explained to be due to gratuitous absorbance in 
large diameter bundles, without a compensating conductivity gain. An absorbance-conductance model is 
presented, assuming that the Beer-Lambert law applies independent of the TCFs’ internal geometry, 
whereas at room temperature a significant charge carrier transport is allowed only through metallic-metallic 
tube junctions. The maximum network conductivity is expected where the nanotube lengthwise resistances 
between the junctions become as large as the junction resistances, providing the ultimate performance limit 
for metallicity-mixed SWCNT networks of 80 Ω/☐ at 90% transparency. For all-metallic and doped 
networks, the limit is expected at 25 Ω/☐. In correspondence, nitric acid treated TCFs fabricated using 
individual 4 μm long SWCNTs are demonstrated with a sheet resistance of 63 Ω/☐ at 90% transparency. 
 
Finally, random-network TFTs fabricated from the individual tubes approach the uniformity of ideal 
computer-simulated systems. The TFTs exhibit On/Off current ratios between 104 and 106 and simultaneous 
charge carrier mobilities up to 100 cm2 V-1s-1 combined with a fabrication yield of >99%. The normalized 
On-current shows standard deviation of ~25%, showing unprecedently high uniformity for random network 
TFTs. 
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Tiivistelmä 
Yksiseinäiset hiilinanoputket (SWCNT) ovat yksi kiinnostavimmista uusista materiaaleista käytännön 
sovelluksissa. Läpinäkyvinä ohutkalvojohteina ja -transistoreina ne tarjoavat ennenäkemättömiä 
mahdollisuuksia sekä taipuisuuden että johtavuuden saralla, joihin perinteiset metallioksidit tai pii eivät 
pysty vastaamaan. Teknologisesti välttämätön suorituskykyoptimointi kuitenkin vaatii tarkkaa kuvaa siitä, 
miten näiden kalvojen johtavuus, valonläpäisy sekä tasalaatuisuus seuraavat yksittäisten hiilinanoputkien 
ominaisuuksista. 
 
Tässä väitöskirjassa esitellään uudenlainen kipinäpurkausgeneraattoriin (SDG) perustuva 
leijukatalyyttimenetelmä, jonka avulla syntetisoitiin etupäässä yksittäisiä hiilinanoputkia. Samalla 
osoitettiin, että hiilinanoputkien kaasususpensiossa tapahtuva kimppuuntuminen seuraa pääosin Brownin 
diffuusiosta, joka voidaan välttää pienentämällä hiilinanoputkien lukumäärätiheyttä noin arvoon 105 cm-3. 
Näin saavutettiin jopa 60-80% osuus yksittäisiä nanoputkia deponoituna pinnoille. Pääosin ysittäisistä, 3-4 
μm pitkistä hiilinanoputkista koostuvan aerosolin mobiliteettihalkaisijaksi määritettiin n. 20 nm perustuen 
niiden aggregaationopeuteen. Leijukatalyyttimenetelmällä syntetisoiduista putkista jopa 70% kasvoi 
suurilla, yli 20° kiraalikulmilla ja epätavallisen suuri osa, jopa 80%, oli puolijohtavia 750 °C 
kasvulämpötilassa. 
 
Lisäksi osoitettiin kokeellisesti käyttäen absorptio- sekä johtavuusmittauksia paksujen 
hiilinanoputkikimppujen heikentävän ohutkalvojohteiden suorituskykyä. Heikkenemä selitettiin 
suurihalkaisijaisten kimppujen suuremmalla absorptiolla, jota kimppujen johtavuus ei kykene 
kompensoimaan. Erityisesti työssä esitetään johtavuus-absorptiosuhteelle puolikokeellinen malli, joka 
olettaa Beer-Lambert-lain pätevän ohutkalvojohteille riippumatta niiden sisärakenteesta, sekä 
liitosvastusmallin jossa varauksenkuljettajat liikkuvat vain metalli-metalli-putkirajapintojen läpi. Suurin 
johtavuus saavutetaan, kun liitosten välisten hiilinanoputkien pituusvastukset saavuttavat liitosvastuksen 
arvon. Tätä hyödyntäen laskettiin metalli-puolijohtavuussekoitetun hiilinanoputkiverkon parhaaksi 
mahdolliseksi suorituskyvyksi 80 Ω/☐ 90% valonläpäisyllä. Vastaavasti doupatuille sekä erotelluille 
metallisille putkille laskettiin maksimisuorituskyvyksi 25 Ω/☐. Typpihappokäsitellyt, yksittäisistä 4 μm 
pitkistä hiilinanoputkista valmistetut ohutkalvojohteet saavuttivat erittäin korkean 63 Ω/☐ suorituskyvyn 
90% valonläpäisyllä. 
 
Lopuksi valmistettiin ohutkalvotransistoreja hyödyntäen yksittäisistä hiilinanoputkista koostuvia verkkoja, 
joiden tasalaatuisuus lähestyi tietokonesimuloitua ideaalista systeemiä. Ohutkalvotransitorien tyypilliseksi 
On/Off-virtasuhteeksi määritettiin 104 - 106 ja varauksenkuljettajien liikkuvuudeksi jopa 100 cm2 V-1s-1 
samalla säilyttäen yli 99% laitesaanto. Normalisoidun On-virran standardipoikkeamaksi määritettiin ~25%, 
mikä on ennennäkemättömän korkea tasaisuus satunnaisverkkosysteemille. 
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1. Introduction 
 

Single-walled carbon nanotubes (SWCNTs) have unique optical and electronic 
properties due to their unusual chirality-dependent electronic band structure 
and quasi-one-dimensional character. As conductors, individual SWCNTs are 
either metallic or semiconducting depending on the confinement of electron 
wavefunctions around their circumference, have aspect ratios exceeding 
several thousands, and exhibit ballistic transport [1].  
 
Thus, many electronic applications such as field-effect transistors (FET) and 
nano-electromechanical systems benefit greatly from clean, high-quality and 
non-aggregated (i.e. individual) SWCNTs [2-4]. For realizing these devices, 
floating catalyst chemical vapour deposition (FC-CVD) methods, most 
prominently high pressure CO disproportionation [5] (HiPco) and ferrocene 
vapour decomposition [6], provide distinct advantages, as they enable the 
direct deposition of high quality tubes on any substrate [7]. However, these 
systems have failed to overcome the bundle formation issue, as its causes have 
remained, by and large, poorly understood. A main focus of this thesis was to 
both look for means to overcome, but also to better comprehend the bundling 
phenomenon. 
 
To address the origin of the problem, our SWCNT growth and catalyst particle 
generation steps were decoupled, facilitating a deductive approach to study the 
phenomenon. The catalyst generation was devised by a purpose-built, ex situ 
spark discharge generator (SDG), permitting a precise control of catalyst, and 
thus, SWCNT number concentration during growth. A set of fundamental 
measurements on SWCNTs’ affinity for aggregation supported by numerical 
calculations confirmed for the first time how individual SWCNTs behave as 
classical aerosol particles, and quantified how the bundling is caused by 
Brownian diffusion. This discovery helped us to overcome the bundling, 
allowing up to 80% individual SWCNTs to be synthesized and deposited on 
various substrates. The as-grown tubes were thoroughly analyzed using a wide 
variety microscopic and spectroscopic techniques, revealing unusually small 
diameters along with the pre-eminence of near-armchair chiralities. 
 
With the help of the SDG, the electro-optical performance of transparent 
conductive films (TCFs) was studied as a function of bundle diameter by using 
an aggregation chamber for the diffusive and controlled bundle formation 
from individual SWCNTs. As a consequence, this work communicates the first 
unambiguous experimental evidence for how bundle diameter reduces TCF 
performance, providing prospects for future process optimization. As the most 
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important contribution, a formulation of a semi-empirical conduction-
absorbance scaling-law is presented, providing the highest attainable ratio of 
SWCNT TCF conductivity and absorbance for metallicity-mixed nanotube 
random networks. 
 
Finally, the spark discharge system was improved by implementing a digital 
feedback system relying on a condensation particle counter (CPC) for 
optimizing the deposition time of a pre-defined SWCNT network surface 
density. Thin film transistors (TFTs) utilizing the optimized networks provided 
unprecedentedly small statistical variation in key performance metrics, 
including On/Off current ratio, mobility and On-current. Indeed, these 
approach the limits of an ideal system, as confirmed by numerical simulations, 
providing crucial information on what is technologically attainable with 
random network SWCNT transistor channels. 
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2. Carbon Nanotubes 
 
2.1 Structure 
  
Carbon nanotubes (CNTs) belong to a diverse family of carbon allotropes 
(Figure 2.1), resembling a hollow, cylindrical shape with a diameter on the 
order of 1-100 nm and lengths typically from a few micrometers up to several 
centimeters. The structure of a CNT wall is superficially identical to that of 
graphene, a 2-dimensional sheet of sp2 bonded carbon atoms in a hexagonal 
arrangement, which is rolled up to form a hollow tube. Based on the number of 
the concentric tubular carbon shells, the CNTs can further be divided into sub-
classes of single-walled carbon nanotubes (SWCNTs), double-walled carbon 
nanotubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTs), all 
having distinct physical properties. 
 
Since the now famous article published by Sumio Ijima [8] in the journal 
Nature in 1991, in which he described the structure of “helical microtubules of 
graphitic carbon”, CNTs have drawn great deal of research interest worldwide. 
The first report only demonstrated the structure of MWCNTs, but the 
description of SWCNTs was soon to follow, independently reported together 
by Ijima and Ichihashi at NEC [9] and Bethune et al. at IBM [10] in 1993. At 
the same time, theoretical condensed matter physicists got interested in this 
new material and predicted that the electronic band structure of SWCNTs 
depends on diameter and chirality, which further excited the interest of the 
scientific community [11]. 
 
 

 
Figure 2.1 Examples of different allotropes of carbon. a) An sp3 bonded 
diamond lattice b) Graphite consisting of parallel stacked graphene sheets c) 
A buckminsterfullerene (C60) and d) a single-walled carbon nanotube. 
(Adapted from Wikimedia Commons under CC Attribution-Share Alike 3.0 
Unported License [12]. 
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Figure 2.2 A flat graphene lattice is used as a base to define the SWCNT 
structure. The chiral vector  is defined using graphene’s unit cell base 
vectors  and  and the positive integers (n,m); thus the name chiral indices. 
Adapted from Wikimedia Commons as public domain [13].  

The structure of a SWCNT is unambiguously defined with the help of graphene 
lattice unit cell base vectors  and , ( =2.461 Å) and their positive integer 

multiples (n,m) called the chiral indices ({n,m}  Z+). Together they form 

what is called the chiral vector , which connects the two equivalent points on 
the graphene sheet that are then joined by conceptually rolling the graphene 
ribbon into a tubular SWCNT structure. 
 
With the help of the graphene lattice unit vectors shown in Figure 2.2, the 
chiral vector is written as 
 
         .         (2.1) 
 
When n=m, the formed SWCNT is dubbed an armchair configuration, having a 
chiral angle of 30º. The armchair tubes have a metallic band-structure and 
thus, no band gap. The name “armchair” is based on how the carbon hexagons 
are oriented while visualizing the tube in a vertical position, locally resembling 
the shape of an armchair. On the other extreme, when the chiral angle reaches 
0º, the formed SWCNT is called a zigzag, having chiral indices (n,0). The 
SWCNTs between these limiting cases are called chiral and may have either 
metallic or semiconducting band structures.  



 5 

2.2 Optical properties 
 
The structure of carbon nanotubes is a rather unique, giving rise to their quasi 
one-dimensional electronic structure with a characteristic optical absorption 
spectrum (OAS). Unlike in 3D solids, the OAS comprises of sharp peaks, 
corresponding to transitions between van Hove singularities. The peaks in the 
OAS spectrum arise from the dipole-allowed transitions between i-th 
conduction and valence band van Hove singularities, marked as Eii. Since 

transitions between i-th and j-th band, where i j, are not optically active, the 
optical response of SWCNTs is related to the band gaps of semiconducting 
tubes. Owing to the quasi 1-dimensional nature of the tubes, excitonic effects 
play an important role in their electrodynamics, resulting in the broadening of 
the absorption lines [14]. As a result, OAS shown in Figure 2.3 is typically 
observed, with clearly distinguishable, but rarely sharp, optical transition 
peaks. 
 
In large scale, the attenuation of light in SWCNT film is linked to its’ thickness 
through Beer-Lambert law 
 
          ,        (2.2) 
 
where  is the intensity of incident light beam,  is the optical path length 
through the sample,  is the wavelength dependent extinction coefficient and  
is the concentration of absorbing species. For characterization of transparent 
conductive films, the absorption at visible wavelength range of 400-700 nm is 
relevant. 
 

 
Figure 2.3 A typical optical absorption spectrum of a dense network of 
single-walled carbon nanotubes. The position between the vertical dashed 
lines approximate the wavelength ranges where each optical transition, E11, E22 
and M11 are found [15]. 
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Besides optical absorption, Raman spectroscopy has been used as a valuable 
tool for the fast characterization of SWCNTs [16]. In Raman scattering, a small 
fraction of the incident photons interact inelastically with the quantized 
molecular vibrations (phonons), resulting in a net loss or gain of energy. 
Either way, the observed energy shifts provide information on the phonon 
modes in the system. Lasers are used for monochromatic illumination, 
providing an easy way of filtering out the excitation wavelength from the 
scattered light. 
 
The interesting features in the Raman spectrum of SWCNTs are the radial 
breathing modes (RBMs) and the G and D bands [15]. Of these, the RBMs are 
the most important, for they are only observed in single-walled and double-
walled carbon nanotubes, and are attributed to radial expansions and 
contractions of the tube. Thus, their characteristic frequencies provide 
information on the nanotube diameters, while their presence can be used to 
show the existence of SWCNTs in the sample.  The RBM modes are usually 
observed in the range of 100-350 cm-1, whereas the G and D bands are found 
roughly at 1600 and 1200 cm-1, respectively. The D band intensity and 
especially the ratio of G and D bands (IG/ID), is often used as an indicator of 
defect density in the sp2 carbon network [17-19]. 
 

2.3  Electronic properties 
 
The electronic properties of SWCNTs depend on the orientation of the sp2 
hybridized graphitic network, described by the (n,m) indices. Therefore a 
SWCNT has either a metallic or a semiconducting band structure, with either a 
small, curvature-induced band gap, or a moderate one, arising from the band 
structure of graphene. The nanotubes that fulfill the criterion n=m have a 
metallic band structure, whereas if (n-m)/3 is an integer they are semimetallic, 
and semiconducting otherwise. 
 
This band structure is easiest to comprehend by considering graphene. In a 
graphene sheet, the conduction and valence bands touch at the six corner 
points of what is known as the first Brilloun zone (the K and K’ points). Thus, 
the graphene sheet itself is semi-metallic with a zero band gap. The electron 
energy E2D at these points, and also the band structure of graphene, can be 
described using a simple tight binding model with a nearest-neighbor 
interaction [20]. 
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With the help of wave vectors  and , the  is defined as 

 

 ,  (2.3) 

 
where  is the nearest-neighbor transfer integral and =2.46 Å is the 
graphene lattice constant. 
 
For SWCNTs, the situation is somewhat different, as the electrons are confined 
along the circumference of the nanotube, while at the same time extending 
along the tube axis. Thus, the allowed states are parallel lines in the reciprocal 
space. The resulting cross-sectional sub-bands that are sliced from the 
dispersion cone of graphene are presented in Figure 2.4. The dispersion 
relation of the ith sub-band can be written as 
 

      ,      (2.4) 

 
where  and  are the distances from the center of graphene’s dispersion cone 

in units of energy and wave vector,  is the Fermi velocity and  is the ith 

energy gap. 
 
 

 
Figure 2.4 a) The band structure of SWCNTs as described with the help of 
graphene’s dispersion relation . b) The distance of the black cutting lines 
from the K point indicates the diameter-dependent band gap in 
semiconducting SWCNTs. c) Metallic SWCNT band structure. The conduction 
and valence bands are touching at the corner points of the first Brilloun zone. 
Adapted from Wikimedia Commons, in the public domain [21].  
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2.4  Synthesis 
 
The synthesis of carbon nanotubes can be divided into physical and chemical 
methods. The most widely used physical processes are arc discharge and laser 
ablation [22-23], utilizing either a high energy plasma discharge or laser beam 
to evaporate the graphitic carbon target alloyed with small amounts of catalyst 
precursor, such as Co or Ni, or a mixture of both. The process occurs inside a 
high temperature furnace, typically held at 1200 ºC.  
 
Chemical processes have developed into two distinct directions: substrate-
supported and floating catalyst chemical vapor decomposition (CVD and FC-
CVD). Substrate CVD relies on the catalytic decomposition of gaseous carbon 
precursors on pre-fabricated metal catalysts, supported by a temperature-
resistant substrate (such as MgO or Al2O3) inside a high temperature reactor 
held at 700-1400 ºC [24]. Typical catalyst choices include transition metals 
like Ni, Co and Fe, but growth has been also reported on noble metals [25] and 
silicon dioxide (SiO2) [26-27]. Typical carbon precursors include acetylene 
(C2H2), ethylene (C2H4), ethanol (C2H5OH) and methane (CH4). The practically 
indefinite process duration enables the utilization of low-reactivity carbon 
precursors, which may lead to a better structural quality. For the most part, 
FC-CVD works on the same principles as supported CVD, utilizing the same 
carbon precursors and catalyst materials. However, during FC-CVD growth 
the catalyst particles are in gas suspension. The catalysts can be generated 
either by the physical evaporation of catalyst material, as in a hot wire 
generator (HWG) [28], or from chemical precursors, as in the ferrocene [6] 
and HiPco [5] processes. In FC-CVD methods used in this thesis, the growth of 
SWCNTs relies on the catalytic decomposition of CO (the Boudouard reaction) 
at temperatures between 750 and 880 ºC, taking place exclusively on catalyst 
surfaces: 
 
      .      (2.5) 
 

In the presence of hydrogen, CO hydrogenation also occurs: 
 

   ,                    (2.6)  
 

boosting the carbon feed rate to the catalyst, thus enhancing growth.  
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3. SWCNT networks 
 
3.1  Conductivity and quality factor 

 
The fabrication of electronic devices requires a large number of SWCNTs to 
interconnect into a random or aligned network, whose electrical 
interconnectivity emerges from stochastic parameters such as nanotube 
lengths, chiral distribution and packing density. At low density, the 
interconnectivity is described by 2D percolation theory. When straight and 
finitely conducting sticks are randomly dispersed on a plane, at a certain areal 
density threshold, the system becomes electrically interconnected. This 
density threshold is called the critical density or the percolation threshold 
( ). The sheet conductivity  scales with the stick density  as 
 
         ,        (3.1)  
 
where  is a conductance coefficient and  a critical exponent, approaching 
1.33 at  [29], and converging asymptotically to unity at higher densities 
[30]. The critical density is a function of mean stick length  [31] 
 

         ,        (3.2)   

 
where 4.236 is a ‘magic number’ drawn from Monte Carlo simulations. Typical 

CVD-grown tubes have mean lengths of several μm, giving a critical density 

lower than 1 μm-2. Hence, the raw material requirement is extremely low, and 
if the gate electrode can be made transparent, SWCNTs enable the fabrication 
of highly translucent digital circuitry. 
 
However, semiconducting SWCNT networks fabricated from as-grown 
heterogeneous tubes are intrinsically limited in performance due to the 
coexistence of metallic nanotubes [32-33]. Thus, with a typical metallic to 
semiconducting tube ratio (M/S) of 1:2, tertiary percolation is observed, 
yielding distinct thresholds for the whole system and metallic and 
semiconducting tubes separately [34]. Figure 3.1 shows networks with slightly 
different surface densities, yet one exhibiting a metallic and the other 
semiconducting behavior. 
 
 
 
 
 



 10 

 
Figure 3.1 A schematic depiction of the two types of SWCNT networks. The 
sparse network contains semiconducting bridges between points A and B, 
whereas the denser counterpart is shorted by metallic tubes. 

 
For random network semiconductor fabrication, the whole system and 
metallic thresholds are of great relevance. The metallic threshold ( ) can 
be estimated by adding a linear term into Equation 3.2, taking into account the 
M/S via
 

        ,      (3.3) 
 

where ≈0.33 is the fraction of metallic tubes. 
 
Equations 3.2 and 3.3 yields , where  is the critical density of 
the whole system. Due to the stochastic nature of percolation process, the 
transitions from open circuit to whole system percolation and finally to 
metallic behavior are not discrete, but normally distributed. Figure 3.2 shows 
a plot for percolation probability of hypothetical SWNCT networks with  at 
0.6 μm-2 and  at 1.8 μm-2. Importantly, while the theoretically predicted, 

discrete semiconducting density window is wide, 1.2 μm-2 in this particular 
case, the high yield density window bereft the occurrence of significant 
metallic percolation is humble 0.2 μm-2 – a figure extremely challenging to 
reproducibly realize. 
 
Hence, the network electrical characteristics are extremely sensitive to density 
variations, which should be eliminated for high-yield semiconductor 
fabrication. Unfortunately, SWCNTs prefer to form bundles, which further 
limits the usable density window, as has been recently shown by Seppälä and 
co-workers [35].  They used Monte Carlo simulations to generate networks 
from randomly disordered bundles, i.e. containing segments of both metallic 
and semiconducting tubes, concluding that the metallic percolation probability 
increases more steeply for bundle networks than for corresponding CNT 
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networks. This also limits the maximum usable SWCNT density, thus limiting 
e.g. the source-drain transconductance by the removal of parallel conduction 
paths from the percolating system [36]. This is because the transconductance 
is essentially set by the high-resistivity junctions between the individual tubes 
and bundles, where most of the voltage drop in the circuit takes place [37-39].  
The same phenomena dominate the conductivity of TCFs. Comparing CNT 

lengthwise resistances, from 3 to 16 kΩ μm-1 [38, 40], with junction 

resistances, from 10 kΩ to several MΩ [37-39], has established a linear 
dependence between SWCNT lengths and sheet conductivity [7, 41-44]. For 
TCF performance this has profound implications: the characteristic 
performance measure, the ‘quality factor’ , defined as the ratio of sheet 
conductance ( ) and absorbance ( , is thus proportional to tube length: 
 

      ,       (3.4) 

 
where the latter equality is an alternative representation using sheet resistance 

 and transmittance . These observations imply a maximum conductivity 
achievable with SWCNTs [45]. Finally, charge carrier transport experiments 
on large diameter bundles have revealed the carriers traverse primarily on the 
outer-most tube layer [46-47]. Thus an increase in absorbance caused by 
electrically inactive tubes inside the bundle [48] seems to inexorably reduce 
performance, as given by Equation 3.4. 
 

 
Figure 3.2 A schematic presentation of percolation probability in SWCNT 

networks as a function of increasing surface density (CNTs per μm2). Whole 

system percolation emerges at a surface density ≈0.2 μm-2, and metallic 

percolation at around ≈1.4 μm-2. 
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3.2  Transparent conductive films 
 
Transparent conductive films (TCFs) can comprise of any material, which 
combines electrical conductivity with optical transparency, and are an 
essential part in touch-sensors, photovoltaic cells and OLED-devices. As of 
2015, conductive metal oxides, especially indium tin oxide (ITO), has emerged 
as de facto industry standard. ITO has low resistivity when thermally 
annealed, high visible spectrum transparency, decent environmental stability 
and extremely good etchability, important for lithographic patterning [49-50]. 
ITO, however, has several drawbacks: as an oxide it is fragile, with a 
conductance that deteriorates rapidly under mechanical deformations [51]. 
This precludes ITO for flexible electronics and from cost-efficient roll-to-roll 
fabrication. In addition, ITO has a high refractive index, which necessitates the 
use of optical matching layers to minimize Fresnell reflection [52]. Moreover, 
post-deposition heat treatment is required to increase conductivity, whereas 
flexible polymer substrates withstand elevated temperatures poorly, limiting 
conductivities achievable on plastics. Finally, indium raw-material supplies 
are, by and large, governed by countries with protectionist political agendas. 
Thus, replacement materials for ITO have been extensively studied, including 
CNTs and graphene based TCFs [33, 53]. 
 
Carbon nanotubes are a promising replacement material for metal oxides in 
TCFs. Multiple types of CNTs have been utilized with widely varying 
fabrication and deposition techniques, and post- and pre-deposition 
treatments. Wu et al. used vacuum filtration of surfactant-stabilized SWCNTs 
in combination with filter dissolution and post-deposition treatment using 

nitric acid to achieve remarkably high performance figures of 30 Ω/  at 70% 

transparency (Figure 3.3).  
 

Others have later reported 1 kΩ/  at T=90% [54], and 300 Ω/  at T=90% by 

combining vacuum filtration with PDMS contact stamping using arc tubes, 
despite harsh pre-deposition ultrasonication for SWCNT dispersion [55]. 

Recently, Hecht et al. have reported 60 Ω/  at T=91% using a superacid-

dispersed solution of SWCNTs followed by vacuum filtration and transfer, 

whereas Anoshkin et al. reached 73 Ω/  at T=90% for FC-CVD tubes grown 

from ethylene-assisted CO, treated with a strong solution of gold chloride 

(AuCl) [56]. Nasibulin et al. and Kaskela et al. reported figures of 84 Ω/  and 

110 Ω/  at T=90%, respectively, for HNO3 and NO2 treated films grown by 

entirely CO based FC-CVD process followed by dry-deposition [7, 57]. 
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Figure 3.3 The optoelectronic performance of SWCNT TCFs reported in the 
literature, including commercial ITO. 

 
Diameter and chirality enrichment of specific SWCNT species has also been 
studied as a potential way to improve TCF performance. Increasing the 
fraction of metallic tubes has been reported to improve the conductivity 
compared to a mixed network. Yet, the performance achieved remains at a 

relatively low level of 1 kΩ/  at T=90%, likely caused by tube cutting during 

sonication and re-bundling during surfactant removal [58]. Hersham’s group 

demonstrated a gain in conductivity from 350 to 146 Ω/  at T=75% in 

DWCNT-enriched TCFs in comparison to SWCNT mixed samples [59]. 
Surfactant effects has also been studied by Coleman amongst others, using 
SBS and SDS for arc-synthesized SWCNTs. The difference, however, was 
found to be insignificant and the performance remained around 110 Ω/  at 

T=80% [60]. Other deposition schemes have also been proposed, e.g. Meyer’s 
rod coating. While the performance thus acquired can be relatively high when 
strong HNO3 treatment is used, the complex ink formulation and optimization 
processes increase fabrication costs [61]. 
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3.3  Thin film transistors 
 
Thin film transistors (TFTs) are fundamental building blocks for the flat panel 
displays surrounding us today in our mobile phones, computers and 
televisions. The dawn of flat panel technology came at the end of the 1970’s 
when amorphous silicon (a-Si) was first demonstrated as an active material in 
liquid crystal displays (LCDs) [62]. The development has been rapid ever 
since, and in the 1980’s a-Si got a new competitor from polycrystalline silicon 
(poly-Si), providing much higher charge carrier mobility and hence, switching 
speed. However, due to high production costs, poly-Si has been constrained to 
high-end consumer electronics, such as small high-resolution displays, 
whereas most devices still rely on a-Si for cost effectiveness. In addition, a-Si 
suffers from low charge carrier mobility (< 1 cm2 V-1s-1) and electrical 
instability. In addition, the fabrication of silicon-based transistors requires 
high temperature vacuum processing technologies, which seriously limits the 
use of flexible substrate materials. Whereas silicon-based devices are not 
flexibile nor transparent, CNT-based electronics can be both. The room 
temperature processability and competitive charge carrier mobility of CNT 
TFTs (>100 cm2 V-1s-1) provide a compelling alternative for silicon 
semiconductors. One of the recent research directions have focused on 
integrating SWCNT networks into TFTs after the technology was first 
demonstrated by Snow et al. and Bradley et al. about a decade ago [34, 63]. 
 
A breakthrough in SWCNT TFTs will require uniformity and reproducibility 
for key performance metrics, such as the On-state current, On/Off-current 
ratio and charge carrier mobility. The specific combination of these 
parameters will determine the suitability of SWCNT TFTs for a specific 
application. With pristine networks, the achievable device uniformity depends 
at least on the metallic to semiconducting tube ratio [64], bundling [35], tube 
length distribution and random spatial variations arising from finite sized 
systems [65].  
 
Sun et al. fabricated high-performance TFTs without metallic tube separation, 
simultaneously achieving an high charge carrier mobility of 35 cm2 V-1s-1 and 
On/Off current ratio of 106 using a FC-CVD synthesis route [6] similar to us 
(Figure 3.4). Unfortunately the devices also exhibited On/Off current spread of 
almost 105 [66], intolerable for an industrial process. In comparison, random 
networks from pre-separated tubes show similar key characteristics, although 
with a smaller overall spread: just recently, Ding and co-workers achieved a 
high charge carrier mobility (27 cm2 V-1s-1) combined with greatly reduced 
On/Off current ratio variation [67].  
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Figure 3.4 The highest reported On/Off current ratio vs. Mobility 
uniformities for pristine or pre-separated random network SWCNT TFTs, 
along with polycrystalline and amorphous silicon and organic polymers. 

 
The Hersham group fabricated a large number of n- and p-type devices by 
ALD encapsulated chemically doped nanotubes, limiting On/Off current 
spread to <10 with a very uniform subthreshold swing [68]. In 2012, they 
demonstrated hysteresis-free, top-gated TFTs using a hybrid inorganic-
organic gate dielectric on separated high-purity SWCNTs, achieving excellent 
uniformity in terms of charge carrier mobility, although still experiencing 
On/Off spread of 102 [69].  Later reports show low On-state current spread of 
10-50% together with average charge carrier mobilities up to ~73 cm2 V-1s-1 
[64, 70]. 
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4. Analytical techniques 
 

4.1  Electron microscopy 
 

Electron microscopic techniques are powerful tools for the characterization of 
SWCNTs. With a modern aberration corrected transmission electron 
microscopes (TEM) [71] resolutions of 0.5 Å are achievable together with 
elemental identification of the single atom scale [72]. Lattice structures can be 
identified using electron diffraction (ED), where electrons interact with the 
lattice atoms to form a diffraction pattern. ED is the only technique for 
unambiguous identification of SWCNTs’ chirality regardless of nanotube 
diameter, species or other factors. In this work, for both imaging and ED, a 2x 
Cs corrected JEOL-2200FS TEM was used, operated either at 80 or 200 kV 
acceleration voltages to ensure best image contrast and to minimize sample 
damage. The (n,m) indices in publication II were deduced from ED patterns 
using the intrinsic layer line spacing method [73]. The SWCNT and bundle 
length were determined using two types of scanning electron microscopes 
(SEM), Jeol JSM-7500F (Publication III)  and Zeiss Sigma VP (Publications II, 
IV and V) operated at low, 1-2 kV acceleration voltages. 
 

4.2  Atomic force microscopy 
 

Atomic force microscopy (AFM) belongs to the branch of scanning probe 
microscopic techniques. Scanning probe techniques are extremely powerful 
surface imaging tools capable of sub-ångström resolution. The techniques 
have emerged quickly to become one of the de facto imaging modalities in 
nanosciences after Eigler and Schweizer famously demonstrated the 
manipulation of individual Xenon atoms on zinc crystal in 1990 [74]. The 
principle of AFM is in probing the interaction forces between the specimen 
and a tip fixed on a stiff cantilever, which is scanned over the specimen. The 
deflection is sensed with the help of a laser beam reflected from the cantilever 
to an array of position sensitive photo-detectors to form a topography image. 
In this thesis, AFM was used as a supplementary technique in publication III-
IV. 
 

4.3  Spectroscopy 
 

An absorption measurement provides information on the SWCNT resonant 
states [15], relating directly to the distribution of chiralities [75]. In this work, 
absorption measurements were conducted on SWCNTs dry-transferred [7] 
onto optical grade quartz substrates. The absorption spectra were acquired 
using a dual beam path UV-Vis-NIR spectrometer (Perkin-Elmers Lambda 



 17 

950) with a clean reference sample in the reference beam path. The 
instrument allowed measurements over a wide wavelength range from 175 to 
3300 nm. Raman spectroscopy was carried out using a Jobin Yvon Labram 
300 equipped with a solid state 632.81 nm HeNe laser source. The SWCNTs 
were likewise transferred onto optical grade quartz substrates, yielding a 
negligible Raman background. The background noise was reduced by focusing 

the laser beam into a ~20 μm spot size with a 100× microscope objective. 
 

4.4  Electrical characterization 
 

In this work, the sheet resistances were measured using a Jandel Engineering 
Ltd. General Purpose Four Point Probe System, including a probe head and 
RM3000 test unit for data readout. The probe head consisted of two pairs of 

tungsten contact tips with a radius of curvature of 100 μm, a loading force of 
15 g each (total of 60 g) and a separation of 1 mm. The sheet resistance was 
evaluated based on a relation 
  

    .     (4.1)  

 

Especially for low resistance samples (<100 Ω/ ) the four point measurement 

is necessary to eliminate the contribution of the probe-sample contacts and 
cable resistances [76]. For resistance characterization the SWCNT samples 
were transferred on a supporting quartz substrates utilizing the dry transfer 
technique demonstrated in [7]. 
 
The characteristics of semiconducting SWCNT networks were measured using 
Agilent 4168 semiconductor parameter analyser (Agilent Technologies Inc., 
USA). The charge carrier mobilities were determined based on measured 
transconductances on the linear region of the transfer curves using the 
standard formula 
 
    ,                (4.2) 

 
 
where  is the gate capacitance,  is source-drain bias,  and  are 
channel length and width, respectively, and  is the transconductance. 

The gate capacitance was calculated using the rigorous model presented in 
[77]. 
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4.5  Differential mobility analysis 
 
Differential mobility analysis (DMA) is a widely used technique in the field of 
aerosol science for the determination of particle number size distributions 
(NSDs) in the gas-phase. The measurement is based on size classification of 
charged aerosol particles according to their electrical mobility, i.e. the ratio of 
their physical size to the charge they carry, in an electric field. 
 
The system is arranged so that particles with a selected electrical mobility pass 
through the DMA and are carried to the outlet for number concentration 
measurement. Scanning the voltage between the DMA electrodes forming the 
electric field enables determination of the particle NSDs within a particle size 
range regulated by the DMA flow rates, voltage range and geometry [78]. 
 
Moisala et al. demonstrated an on-line detection of SWCNTs produced in FC-
CVD reactors using a combination of DMA and condensation particle counter 
(CPC) [79]. The SWCNT growth was observed as an increase in geometric 
number mean diameter and as decrease in total particle concentration. They 
concluded that regardless of the particle concentration and degree of 
agglomeration, the identification was reliable, and the DMA measurement 
could be used to detect relative changes in the reactor products, enabling 
process monitoring and adjustment during synthesis. High aspect ratio 
structures such as SWCNTs are known to align in the presence of an electric 
field. In correspondence, it turns out that for such structures the fiber 
diameter sets the terminal drift velocity in the field, whereas the length has 
only a minor effect, thus largely dictating the  electrical mobility diameter 
acquired by the DMA system [80]. 
 
In this work, NSDs yielded by the reactor systems were monitored to evaluate 
both the total number concentration and reaction stability. The measurements 
were conducted using three types of systems: Grimm Aerosol Technik 
SMPS+E (Publication II), Grimm Aerosol Technik SMPS+C (Publication IV) 
and TSI SMPS+C model 3071+3775 (Publication I). Each system consisted of 
DMA unit for particle size classification, combined with a particle counter. The 
SMPS+C systems housed a CPC, while the SMPS+E had a faraday cup 
electrometer (FCE) instead. The FCE was used especially to capacitate 
detection of catalyst particles smaller than 4 nm in size in Publication II. 
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4.6  Equivalent circuit model 
 
In publication V, the uniformity of fabricated SWCNT TFTs were 
benchmarked against ideal, computer-generated equivalents. Such 
comparisons can help to identify variations in device properties arising from 
e.g. SWCNT bundling [35] and density variations due to the filtration process.  
 
The equivalent circuit model was generated by randomly and isotropically 
placing line segments inside a rectangle. The model assumed a lognormal 
length distribution, following experiments [81]. Each line segment in the 
rectangle was mapped as a circuit node, and each intersection between two 
segments as a resistor. Depending on the type of contact, resistance values 
shown in Table 1 were used [37]. The edges of the rectangle were used as the 
source and drain nodes. Any hanging nodes not connected to the source and 
drain nodes were detected using a clique-detection algorithm and removed. 
The resistance between the source and drain was determined using a modified 
nodal analysis (MNA) method: a -1 V potential was placed between the source 
and drain and the current through the network evaluated. 
 
Table 1. SWCNT-type-dependent contact resistance values used in the 
equivalent circuit computer simulations [37]. 
 

 METAL-METAL SEMIC.-METAL SEMIC.-SEMIC. 

Gated (ON state) 100 kΩ 100 kΩ 100 kΩ 

Non-gated (OFF state) 500 kΩ 100 GΩ 1 GΩ 
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5. Synthesis and sample fabrication 
 

5.1 Synthesis with hot wire generator 
 
The hot wire generator (HWG, Figure 5.1) is a FC-CVD based synthesis route 
for high-quality SWCNTs, which utilizes a glowing wire as the source of 
catalyst particles. The particles are formed in situ through a physical 
evaporation-nucleation-condensation process taking place inside a high 
temperature furnace tube with an inner diameter of 22 mm, typically made of 
quartz or other temperature-resistant material [28]. The iron evaporates from 
a resistively heated wire at ambient pressure and under laminar flow inside a 
ceramic inner tube with a 16 mm inner diameter. In the configuration 
originally presented in [28], the catalyst particles were produced exclusively 
under an inert Ar/H2 flow (with molar fractions 93/7) and then introduced 
into the CVD reactor furnace held at 800 °C and mixed with CO to form 
SWCNTs.  
 
In this thesis, the original design was slightly modified by replacing the inner 
flow with a mixture of CO/CO2 at arbitrary molar fractions. The inner gas flow 
rate was held at 500 cm3 min-1. The side flow was 500 cm3 min-1 of CO. Like in 
the earlier implementation, the inner and outer flows mixed inside the reactor. 
The modification was motivated to allow consecutive nucleation of catalyst 
particles and SWCNTs enabled by the immediate presence of a reactive gas 
atmosphere, thus preventing the catalyst growth beyond the active size trough 
collision and aggregation [82]. 

 

 
Figure 5.1 A schematic illustration of the hot wire generator reactor 
assembly. The modification made by the author is marked with a red line. 

Sample
collection

DMA
+

CPC
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5.2 Synthesis with spark discharge generator 
 
The spark discharge generator (SDG), while essentially a standard SWCNT 
growth FC-CVD reactor, uses a novel approach for catalyst particle generation 
[83]. The particles are formed ex situ from a pair of rod-shaped iron electrodes 
(99.95%, Goodfellow, UK) having an interstitial spacing of 0.5-1.0 mm and a 
diameter of 2-5 mm. The particle aggregation is prevented by flushing the 
discharge gap using a high-velocity N2 jet (200-1500 ms-1), introduced through 
a nozzle with a tip radius of 1.25 mm, kept at a distance of 4 mm from the 
discharge electrodes.  
 
The gap capacitance (C), in typical operation between 0.47-47 nF, is recharged 
using a high-voltage source through a ballast resistor (R) of 1.5 MΩ until a 
dielectric breakdown takes place in the gap, discharging the capacitor and 
restarting the process. Thus, the operation of the SDG system resembles a self-
sustained relaxation oscillator. The left side of Figure 5.2 shows the reactor 
schematics, consisting of the SDG and CVD reactor in a vertically stacked 
configuration. 
 
The recharge voltage and the ballast resistor together define the recharge 
current, while the current and the gap capacitance define the frequency ( ) at 
which the discharges occur. Typically the frequency is held below 1.0 kHz, 
above which the residue ions in the discharge gap cause instability problems. 
Each discharge between the electrodes generates nitrogen plasma, which then 
evaporates atoms from the electrode surface. The electrode mass loss rate is 
thus proportional to the frequency of constant energy discharges, and the 
resulting mass concentration of iron per unit volume of the N2 dilution gas is 
directly proportional to the volumetric flow rate , typically held at 6-45 liters 
per minute. As a rule of thumb, the lower the dilution flow, the larger the 
particles formed. Thus higher flows are preferred for catalyst particle 
production. The versatility of the system is reflected in recent demonstrations 
of bimetal nanoparticles from alloyed targets in the size range of 5-15 nm [84-
85] and even atomic clusters [86], using very similar approaches. 
 
Each discharge creates an approximately constant number ( ) of primary 
particles, or condensation nuclei, and thus their number concentration  can 

be expressed as 
  

          .         (5.1) 
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The diameter of the primary particles from these discharges is on the order of 

1-2 nm, while  is between 105 and 106 with a capacitance of 2.2 nF and a 

discharge gap of 1 mm [83]. Regardless of the dilution rate, however, the 

primary particles tend to aggregate and merge due to their extremely high 

Brownian diffusivity, rapidly increasing their size to a typically observed value 

of 3-4 nm. These secondary particles are then used as catalysts for seeding 

SWCNT growth.  

 

After the spark generator, a small fraction of the generated nanoparticles 

carried by the 200 cm3 min-1 N2 flow is mixed with an additional 250 cm3 min-1

of CO and 50 cm-3 min-1 of H2 and introduced into a vertical CVD reactor 

residing on top of the spark generator assembly. The rest of the N2 flow is 

guided to an exhaust port. Just like in the HWG, the CVD reactor consists of a 

vertical quartz tube with inner diameter 22 mm, inserted into a high-

temperature furnace, held at a temperature of either 750 or 880 °C. 

 

Crucially, as is evident from Equation 5.1, changing the spark discharge 

frequency can be used to control the catalyst formation rate. If we disregard 

agglomeration effects, doubling the discharge frequency by doubling the 

recharge voltage and current should provide double the number 

concentration. Conversely, doubling the dilution flow rate will halve the 

concentration.

 

 
Figure 5.2 Schematics of the spark-discharge generator and the surface 

density controlled deposition system. The spark FC-CVD reactor feeds the 

deposition system with individual SWCNTs constantly counted by the CPC. 

Reproduced with permission from  [87], Copyright © 2015, Kaskela et al. 

(Publication IV). 
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5.3 Surface density control 
 
High-yield fabrication of random network SWCNT TFTs requires tools for 
nanotube deposition at an accurately tunable surface density. In Publication V, 
this was realized by integrating a CPC-based feedback system with the spark 
discharge generator.  
 
Figure 5.2 shows the configuration where the CPC (TSI model 3010, USA) is 
directly and continuously c0upled to the FC-CVD reactor outlet, providing on-
line number concentration information to a computer. In addition, the reactor 
outlet tube branches to an outlet with a filter holder containing a membrane 
filter. The computer interprets the CPC data, i.e. converts the instantaneous 
number concentration and volumetric flow into a surface deposition rate and 
finally to an accumulated surface density. Thus, the operator provides the 
computer a desired surface density and the rest of the system functions 
automatically. Considering typical deposition times used in the experiment are 
between 10-120 minutes, the 1 Hz frequency at which the CPC provides the 
concentration feedback should be adequate. Spatial variations in the deposited 
networks were minimized by adding a 10 cm long, high Reynolds number 
(8700) flow segment made of a 1/16” Swagelok® stainless steel capillary into a 
line leading to the filter holder. Before the filter holder, the capillary was 
followed by another, 15 cm long, 1/4” pipe segment preserved for flow settling. 
During the experiment, the gas flow conditions were maintained at standard 
levels given in the previous chapter and the CVD reactor temperature at 880 
°C. However, to match the flow requirements set by the simultaneously 
coupled CPC system (1000 cm3 min-1) and filter collector (300 cm3 min-1), the 
reactor flow was diluted with an additional 800 cm3 min-1 of N2. 
 

5.4 Bundle diameter control 
 
The influence of bundle diameters on the electro-optical performance of 
SWCNT TCF was studied in Publication IV. The success of the experiment 
required a system for the sustained generation of SWCNT bundles with 
predictable and repreducible diameters. An additional, although by no means 
insignificant, requirement was to generate the bundles from SWCNTs with an 
unchanged set of physical properties, i.e. lengths, diameters and chiral 
distributions. Thus, the bundle geometry could not be altered by changing the 
synthesis recipe, so an approach which induced the bundling outside the 
reactor was devised instead. 
 
Sustained bundle formation was achieved by coupling a gas reservoir to the 
reactor outlet, having a total volume of ~3000 cm3 and thus providing an 
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additional gas-phase residence time of 360 s for the floating SWCNTs (Figure 
5.3). The gas reservoir, which we call an aggregation chamber, had a radius of 
3 cm and a total length of approximately 120 cm. The reactor coupling was 
constructed from a ~50 cm long, properly grounded, 1⁄4” Swagelok® stainless 
steel line, and the reservoid had conically shaped end-pieces to maintain a 
smooth gas flow.  
 
During the experiment, the entire reactor flow of 500 cm3 min-1 was passed 
through the aggregation chamber. The low volumetric flow rate and large 
diameter of the vessel resulted in an extremely low Reynolds number of ~0.06, 
remaining well within the laminar flow regime (Re << 4000). Due to the large 
mass of the system (several kg’s), especially in proportion to the heat flux from 
the reactor gas flow, the vessel remained at ambient temperature at all times. 
 
  

 
Figure 5.3 The system used in the bundling experiments. The spark 
discharge reactor was coupled to an aggregation chamber to which the 
SWCNT-containing gas flow was introduced. Reprinted with permission from 
[88], Copyright © 2015, American Institute of Physics (Publication IV). 
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5.5 Sample deposition 
 
The greatest advantage of floating catalyst processes is that the synthesis is 
inherently continuous and the sample collection can take place at ambient 
temperature and pressure. This allows the deposition of high-purity SWCNT 
samples on any substrate without having to disturb the reactor operation. In 
this respect, typically used deposition methods are membrane filtration [7], 
thermophoretic deposition [89] and electrostatic deposition [90], of which the 
first two were used in making this thesis. 
 

5.6 Fabrication of TCFs and TFTs 
 
The TCF samples were fabricated using an ambient temperature press-transfer 
technique earlier introduced by Kaskela et al. [7]. The procedure is very 
simple: to transfer an as-deposited SWCNT network from a nitrocellulose 
membrane filter to a target substrate, the filter was sandwiched between the 
substrate and a smooth and rigid back-plate (typically a piece of borosilicate 
glass), while simultaneously applying a moderate pressure of approximately 1 
kPa for a few seconds. The filter was then peeled away using a pair of sharp-
tipped tweezers, leaving the SWCNT network fixed to the substrate as a 
consequence of van der Waals interactions. No further processing is necessary. 
 
TFT fabrication was devised on p++ type Si wafers with 100 nm of thermally 
grown SiO2 on both sides (Si-Mat, Silicon Materials) using the procedure 
described in [66]. Briefly, the Au contact pads for source and drain electrodes 
and the aluminium back gate were fabricated by standard cleanroom 
processing techniques, followed by cleaning in an acetone bath and flushing 
with isopropyl alcohol (IPA). Next, the membrane filter was placed on top of 
the silicon chip and adhered to the surface by a few droplets of ultrapure 
isopropyl alcohol (IPA, Sigma-Aldrich), followed by submersion into an 
acetone bath for several hours to dissolve the filter material. Finally, the 
network was patterned in a second lithography process, during which the 
areas between the source and drain electrodes were protected by photoresist. 
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6. Results and discussions 
 

6.1  SWCNT gas-phase aggregation 
 
Diffusion is the primary transport mechanism for suspended particles less 
than 60 nm in size. Since they undergo a net displacement, it also leads to 
mutual collisions and growth through coalescence. The particles’ velocity, 
along with absolute temperature and gas viscosity, are coupled to both their 
size and shape. These define their physical mobility, or sensitivity to respond 
to an external force, such as the momentum transfer from a colliding 
molecule. 
 
The SWCNT bundle growth dynamics in CVD reactor can be approximated 
with classical, monodisperse aerosol aggregation models by disregarding  such 
physical phenomena as possible electrostatic forces between the tubes [91]. 
For a monodisperse particle population with an arbitrary shape and size, 
yielding a mobility diameter  < 100 nm, the number concentration ( ) 
evolves in time as 
 

      ,      (6.1) 

 
where  is the coagulation coefficient depending on particle mobility 

diameter, surrounding gas temperature ( ) and viscosity ( ), and  is the 
number concentration at . 
 

Using Equation 6.1, the average number of nanotubes per bundle, , 

increasing by aggregation due to the collisions, can be expressed as 
 

    ,    (6.2) 

 
where  is the number of nanotubes at , and the term -1 is necessary to 
agree with Equation 6.1. 
 
Now, when the average tube diameter is , then geometrically the average 

bundle diameter can be written as  [43]. Due to van der 
Waals interactions, the colliding SWCNTs pack closely [92], and thus the 
development of  in time yields a relation 
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   .    (6.3) 

 
Clearly, the starting bundle diameter and its rate of growth both depend on the 
initial number concentration in the reactor  and the coagulation coefficient 
of the SWCNTs . The coagulation coefficient is defined as [91] 

 

         ,          (6.4) 

 
where  is the Boltzmann constant and  is a slip correction factor necessary 
for particles smaller than ~100 nm, and is defined as [91] 
 

     ,    (6.5) 

 
where  represents molecule mean free path at the prevailing . 
 
The mobility diameters of individual, high aspect-ratio SWCNTs have proven 
difficult to estimate. Direct measurements using a differential mobility 
analyzer (DMA) do not yield reliable values due to the complicated charging 
dynamics of extremely small diameter fibers with a high electron mobility [93-
95]. The first report on on-line detection of SWCNTs was presented by Moisala 
et al. in 2006, showing that distinguishing between catalyst particle and 
SWCNT agglomerates in a DMA system was possible based on their electrical 
mobility [79]. A bit later, Kim and coworkers conducted length sorting of 
MWCNTs based on their electrophoretic properties using a DMA setup [96]. 
They estimated the mobility diameter of a 15 nm thick and 700 nm long fiber 
as 120 nm, which serves as an upper estimate for our SWCNTs [80]. Using a 
similar approach to Kasper, McDonald, Mercer and Davies [80, 97-99], 
Donaldson estimated the mobility diameters for individual SWCNTs, arriving 
at an estimate of 8-40 nm, serving as our lower estimate [100]. Calculating 
approximations for coagulation coefficients at a mean reactor temperature of 
~780 °C with these parameters provided upper and lower boundaries of 
9.2×10-9  ( =10 nm) and 9.8×10-10 cm3 s-1 ( =100 nm), respectively. 
Especially the lower estimated particle mobility is extremely high, implying 
the reactor number concentration should never exceed 5×105 cm-3 to prevent 
serious aggregate formation during the 10-15 s residence time, or perhaps even 
1×105 cm-3. However, at the upper estimate, number concentrations up to 
5×106 cm-3 could be accepted, allowing a much greater range of number 
concentrations, should SWCNT aggregation emerge predominantly from 
diffusion. 
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6.2  Advances in synthesis 
 
In the first phase of this thesis, the HWG system was modified to allow catalyst 
particle formation in reactive CO flow, enabling concurrent catalyst and 
SWCNT nucleation. This was achieved through careful optimization of the 
reactor conditions, i.e. the concentration of CO2 and the wire temperature, to 
simultaneously inhibit CO disproportionation on the catalyst source and to 
allow the reaction on as-formed catalyst particles; CO disproportionation 
favors the formation of CO at low temperatures, and CO2 at elevated 
temperatures [101]. Figure 6.1 shows the theoretical equilibrium calculated on 
the wire surface, together with the experimental estimate from measuring the 
wire resistance, which provided a fast indication of wire carbonization in 
excess CO. Wire carbonization quickly led to unstable catalyst production and 
drift in the reactor yield. An excess of CO2, on the other hand, would harm the 
SWCNT growth by etching away the elemental carbon from the catalyst 
particles, hindering growth [102]. We observed that a CO concentration higher 
than theoretically expected was required, which we concluded to be a 
consequence of a non-uniform wire temperature. 
  

 
Figure 6.1 Theoretical equilibrium CO2 mole fractions on bulk iron (solid 
line). The inset experimental data (squares, dashed line) indicates when 
SWCNT growth and optimal catalyst lifetime and SWCNT yield was observed. 
The Tsurface was measured using a pyrometer. Adapted with permission from 
[103], Copyright © 2012, Elsevier (Publication I). 
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Stable SWCNT production was observed at wire surface temperatures between 
~1070-1450 °C (measured with a pyrometer, Impac IGA12, Germany) and CO2 
concentrations between 0.7-1.2%. 
 
A high reactor output as gauged by the DMA measurement was observed at 
CO2 concentrations between 0.7-0.9% and wire temperatures between ~1170-
1400 °C, which we deemed to be the optimal conditions. The highest reactor 
output was obtained at a CO2 concentration of 0.7% and a wire temperature of 
1400 °C, i.e. where the wire evaporation rate was at a maximum and catalyst 
etching reactions at a minimum. These conditions provided a yield increase of 
approximately 4-fold (Figure 6.2) when compared to the HWG operated in 
flowing Ar/H2.  
 
The HWG synthesized SWCNTs observed in a high-resolution aberration 
corrected microscope revealed the existence of abundant of high quality 
nanotubes. Regardless of the short deposition time of only 180 seconds, the 
deposited tubes were aggregated in large bundles of several tens of 
nanometers in diameter, as evident in high angle annular dark field TEM 
image shown in Figure 6.3. A set of bright field TEM micrographs recorded 
from selected spots on the TEM grip were used to measure the nanotube 
diameters, establishing a statistical figure of 1.20±0.14 nm. 
 

 
Figure 6.2 The reactor output DMA distributions with either CO/CO2 (red 
triangles) or Ar/H2 (blue squares) passed through the HWG. Adapted with 
permission from [103], Copyright © 2012, Elsevier (Publication I). 
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Figure 6.3 Left: a high-resolution TEM micrograph of an individual HWG 
SWCNT. Right: a high-angle annular dark field STEM micrograph of a SWNCT 
network, revealing the existence of large bundles and abundant catalyst 
particles. The inset shows a magnified catalyst particle with a typical size of 2-
3 nm. Adapted with permission from [103], Copyright © 2012, Elsevier 
(Publication I). 

Despite the high output yield, the tube quality remained high, as manifested 
by the measured Raman IG/ID ratio of 38.4 and by the clear RBM modes 
shown in Figure 6.4. Optical absorption measurements were done to look for 
possible chiral selectivity in the as-synthesized samples, although none could 
be discerned. Yet, the recorded OAS differed from earlier HWG tubes by 
having higher energy optical transitions, indicating a smaller mean diameter. 
A comparison of fitted spectra [75] revealed a clear change in diameter, the 
original configuration yielding 1.40±0.30 nm and the modified one 
1.17±0.15 nm, agreeing with the TEM observations. 

 
The mechanisms leading to decreased SWCNT mean diameter remain largely 
speculative. The behavior could have been caused by a smaller overall catalyst 
size as a result of the shorter aggregation time, although no direct proof of this 
was found. In fact, although no statistical analysis was conducted, the TEM-
observed catalyst sizes (Figure 6.3 inset) match those reported earlier for the 
HWG system (1-3 nm) [82]. The enhanced SWCNT production rate was 
interpreted to be the consequence of a faster CO disproportionation rate at the 
higher CO concentration. 
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Figure 6.4 a) Raman spectra from HWG-grown SWCNTs with the 
characteristic RBM and G and D bands. b) Optical absorption spectra and the 
corresponding SWCNT mean diameters. The notion previous work refers to 
[28]. Adapted with permission from [103], Copyright © 2012, Elsevier 
(Publication I). 

At later stages of this work, the focus of reactor development moved into the 
direction of making fewer tubes, but keeping them from forming bundles. The 
spark discharge reactor relied on ex situ catalyst generation, which both 
enabled a straightforward control of the catalyst number concentration, but 
also allowed us to actually measure their size and numbers prior to synthesis. 
The observations confirmed that the SWCNT number concentration could in 
fact be tuned by altering the concentration of catalysts fed into the CVD 
reactor. 
 
Figure 6.5. shows both the catalyst and SWCNT NSDs measured with a 
combination of DMA and FCE at different spark generator settings. Crucially, 
while other parameters were kept constant, including discharge gap 
capacitance (47 nF), gap length (0.5 mm) and dilution flow rate (45 lpm), the 
SWCNT number concentration could be increased from 1.70×105 cm-3 to 
7.98×105 cm-3 by increasing the spark recharge voltage from 2.2 to 3.3 kV. 
With these parameters, the lowest practical operating voltage was 
approximately 2.0 kV; with a gap length of 0.5 mm the breakdown voltage in 
N2 is ~1.7 kV and further lowering the voltage would have caused spark 
instability.  
 
The number concentration achieved at 2.2 kV was used for TEM and AFM 
sample deposition. The TEM samples were collected for 180 s using direct 
filtration, whereas the AFM samples were deposited by thermophoresis for 
approximately 30 minutes to achieve a satisfactory surface coverage on clean 
mica (silicate) substrates. 
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Figure 6.5 a) Catalyst particle and b) SWCNT NSDs measured with the DMA 
with different spark generator settings. Reprinted with permission from [81], 
Copyright © 2015, American Institute of Physics (Publication II). 

Figure 6.6 combines the bundle size statistics from both TEM and AFM, and 
demonstrates the typically observed sample morphologies from both imaging 
modalities. Regardless of the deposition method or imaging modality, the 
analysis revealed a high fraction of individual tubes. The bundles analyzed 
from random locations on a TEM grid suggested that 60% of tubes were 
individual and only 10% in bundles larger than two individual tubes. This 
estimate was supplemented by an extensive AFM analysis of hundreds of tubes 
and bundles, indicating a mean diameter of only 1.21 nm.  
 

 
Figure 6.6 a) TEM micrograph showing the as-deposited SWCNT network 
from N≈2×105 cm-3. b) A high-resolution micrograph of two individual 
SWCNTs joining to form a bundle and c) bundle size statistics based on TEM. 
d) A typical AFM scan field with bundle height histogram e) a few example 
height profiles of the SWCNT bundles. Reprinted with permission from [81], 
Copyright © 2015, American Institute of Physics (Publication II). 
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Considering the tube diameters, it was concluded that approximately 80% of 
the bundle cross-sections observed were in fact individual tubes. The achieved 
sample morphology was thus strikingly different from that typically observed 
for FC-CVD samples from e.g. HiPco or ferrocene vapor decomposition 
systems [5-6, 104]. 
 
The synthesized tubes, apart from being clean and individual as confirmed by 
TEM, also exhibited small diameters, high chiral angles and an anomalously 
high fraction of semiconducting tubes. These were revealed by electron 
diffraction patterns acquired using high-resolution aberration corrected TEM 
and by applying the intrinsic layer line method [73]. The growth temperature 
of 880 °C yielded tubes with an already small mean diameter of 1.10 nm, 
which was further reduced to 1.04 nm when the growth temperature was 
lowered to 750 °C (Figure 6.7). These remarkably small diameters were well 
comparable to those typically reported for e.g. HiPco and CoMoCat, exhibiting 
mean diameters of ~1.0 nm and ~0.8 nm, respectively. 
 
Figure 6.8 shows chiral maps of spark-synthesized tubes. A statistical analysis 
of the chiral indices revealed the tubes were mostly distributed to high 
helicities. Of the tubes grown at 880 °C, over 60% had a chiral angle ≥ 20°, 
whereas the tubes grown at 750 °C had even larger fraction of almost 70%. 
Interestingly, independent of the growth temperature, the observed angular 
spread was amongst the smallest reported in the literature. A direct 
comparison to HiPco tubes, considered by many as a de facto narrow angle 
distribution floating catalyst synthesis route, showed that those tubes in fact 
have a much greater angular spread [105]. Similarly, even CoMoCat tubes 
[106-107], acknowledged to have the narrowest angular distribution of all 
standard CVD methods, compared only on par, or even behind in a 
comparison to spark tubes.  

 

 
Figure 6.7 SWCNT diameter distributions from electron diffraction (each 
distribution, n≈90) for spark FC-CVD grown tubes. Reprinted with permission 
from [81], Copyright © 2015, American Institute of Physics (Publication II). 
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Figure 6.8 Chiral angle maps of the spark-CVD tubes grown at a) 750 °C and 
b) at 880 °C. Reprinted with permission from [81], Copyright © 2015, 
American Institute of Physics (Publication II).

While the growth temperature had an effect on tube lengths, according to the 
Raman IG/ID ratio, their quality remained exceptionally high. The 750 °C 
tubes, as shown in Figure 6.9, had a slightly lower IG/ID ratio at 42 vs. 48 at 
880 °C. However, this difference can originate from multiple sources, of which 
overall graphitization level is only one [17]. 
 
The dominating chiral indices, found near the armchair edge, were clustered 
around (7,6) and (8,6) at the growth temperature of 750 °C. Very similarly, in 
samples grown at 880 °C, the predominant indices were (8,7) and (9,6), again 
near the armchair edge. For unknown reasons, the lower growth temperature 
yielded a larger fraction, 80%, of semiconducting tube species, while at 880 
°C, the observed fraction was the usual 67% observed in typical CVD tubes. 
Regardless of the growth temperature, the grown tubes remained relatively 

long. In fact, the 880 °C growth temperature yielded 3.97 μm long tubes as 
revealed by a statistical analysis conducted by SEM. Shorter but still sufficient 
for many applications, the lower 750 °C temperature provided a mean length 

of 1.95 μm, likely resulting from a lower CO disproportionation rate. 

 
Figure 6.9 Raman spectra recorded from spark FC-CVD tubes. Reprinted 
with permission from [81], Copyright © 2015, American Institute of Physics 
(Publication II). 



 35 

Thus, we succeeded in limiting gas-phase aggregation by providing effective 
and simple means to control and monitor the catalyst concentration. The 
concentration of active size particles was directly linked to the SWCNT 
number concentration. Even at low concentrations, the SWCNT production 
rate remained at an acceptable level, although the rate of production still limits 
possible target applications to those requiring only small amounts of tubes. 
Applications such as percolating field-effect transistors [34] demonstrated in 
this thesis, or nano-electromechanical systems [2-3] can easily be realized.  
 
The versatile deposition techniques available for floating catalyst routes have 
the further advantage of allowing the use of temperature sensitive platforms 
without additional post-processing. The tube diameters grew with increasing 
growth temperature, which could tentatively be attributed to enhanced CO 
disproportionation rate at elevated temperature, thus leading to saturation of 
larger diameter catalyst particles and subsequent growth of larger diameter 
tubes. For the same reason, the lengths were increased at the higher growth 
temperature. Simultaneously, for so far unknown reasons, the semiconducting 
tube species were favoured at the lower growth temperature.  
 
Considering solely the aggregation rates during synthesis, which remained low 
at number concentration of 1.70×105 cm-3, manifests the fact the mobility 

diameter of individual SWCNTs of several μm long remains closer to a 
spherical equivalent of 10 nm than 100 nm. Indeed, this was later 
supplemented through a set of experiments conducted by measuring the 
SWCNT aggregation rates in the aggregation chamber.  
 
In those experiments, the bundle diameters as a function of aggregation time 

 were extracted by using the AFM from samples deposited on mica. To 
compare against analytically derived SWCNT aggregation rates, the gas-phase 
number concentrations at different aggregation times were acquired with a 
combination of DMA and CPC systems (Grimm Aerosol Technik SMPS+C).  
 
The NSDs thus acquired indicated larger electrical mobility mean diameters 

 for longer aggregation times (Figure 6.10a). The simultaneous decrease 
in number concentrations from 1.12×106  down to 3.24×105 cm-3 and increase 
in bundle diameters from 1.80 up to 2.90 nm (c.f. Figures 6.10 and 6.13) best 
corresponded to a mobility diameter value of 20 nm (spherical equivalent), as 
analytically verified by solving the Equation 6.3. Yet while the calculation 
ignored diffusive losses to the chamber walls, the result acquired can still be 
regarded as fairly accurate manifested by the precise prediction of the bundle 
growth rate. 
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Figure 6.10 a) The SWCNT number size distributions (NSDs) as measured 
with a combination of DMA and CPC before (condition ii) and after (condition 
iii) the aggregation chamber. b) Numerically solved number concentration 

 and bundle diameter  using mean tube diameter of 1.1 nm and 
mobility diameters of 10, 20 and 30 nm. Reprinted with permission from [88], 
Copyright © 2015, American Institute of Physics (Publication IV). 
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6.3 Transparent conductive films 
 
In the second part of this thesis, mechanistic investigations of the influence of 
bundle geometry on TCF electro-optical performance were conducted. This 
was motivated by earlier authors, who had showed that the conductivity of 
SWCNT networks was mostly limited by inter-tube and inter-bundle junctions 
[37-39]. This observation had led to a generally accepted notion that the sheet 
conductivity should scale linearly with the bundle and nanotube lengths [7, 
42-44]. 
 
In publication III, networks of SWCNTs were deposited using the hot wire 
generator reactor operated with a 2.7 A wire current, an inner gas flow 
consisting of 480 cm3 min-1 of Ar/H2 at a molar ratio of 93/7 and an outer flow 
of 500 cm3 min-1 of CO. As an additive, 1300-1500 ppm of CO2 was introduced 
into the reactor to maximize SWCNTs purity and promote growth [102]. To 
influence the bundle lengths and diameters, the reactor temperature was 
tuned between 650 and 880 °C, which affected the CO disproportionation rate. 
The shortest bundles, 0.17±0.01 μm, were collected from the lowest growth 
temperature, 650 °C, whereas longer bundles, 0.45±0.05, 1.13±0.50, 

4.56±0.80 and 9.80±3.40 μm were collected from 700, 750, 800 and 880 °C, 
respectively. The bundle length statistics were extracted by careful analysis of 
SEM micrographs acquired using JEOL JSM-7500FA at a 1.5 kV acceleration 
voltage from samples deposited on Si/SiO2 wafers. The bundle diameters 
exhibited similar trends as the lengths: the smallest mean diameter, 3.1±1.0 
nm was observed from samples collected from 650 °C and larger diameters of 
3.4±1.0, 3.2±1.5, 5.2±3.7 and 5.3±2.5 nm from those collected from 700, 750, 
800 and 880 °C, respectively. The SWCNT diameters, also sensitive to growth 
temperature, were acquired by means of optical absorption spectroscopy [75], 
yielding mean diameters from 0.95 nm (650 °C) to 1.60 nm (880 °C). 

 
TCF performance was compared by varying the deposition time and thus the 
film thickness, transmittance and sheet resistance. Analysis of quality factors 
confirmed that the bundle lengths and sheet conductances show a linear 
scaling (Figure 6.11). Interestingly, the quality factors also had a weak 
correlation with bundle diameters. This observation was supported by an 
inclusion of earlier published data from [7] and [42] to complete the picture of 
Figure 6.11. 
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Figure 6.11 Quality factor K versus bundle length, with smaller diameter 
bundles exhibiting higher performance. The linear fits do not intersect at the 
origin due to percolation effects. The notions Susi et al. and Kaskela et al. refer 
to works [7, 42]. Reproduced under Creative Commons Attribution License 
from [108], Copyright © 2012, Mustonen et al. (Publication III). 

Clearly, TCFs deposited from small diameter, 3.4 to 6.0 nm bundles, 
represented a better overall performance scaling of approximately 1.5 kΩ-1 

μm—1. The TCFs deposited from larger, 7.8 to 12.8 nm bundles exhibited a 

more moderate rate of scaling of 1.0 kΩ-1 μm-1. The difference observed 
between small and large diameter bundles was explained by simple geometric 
arguments assuming the junction resistances and bundle lengthwise 
resistances would be independent of bundle diameters. In fact, while 
measurements claiming greater junction resistances for larger bundles existed 
[39], the samples used in those experiments were prepared in a way 
potentially resulting in surfactant residues on the tube surfaces, potentially 
greatly affecting those findings. We thus concluded that larger diameter 
bundles might increase the TCFs’ absorbance in proportion to the average 
number of tubes in the bundles. Increased absorbance would naturally be 
detrimental for performance, as to compensate for the lost transparency, the 
conductivity should increase in same proportion. This agreed with the findings 
of Dressel and co-workers who had earlier postulated that SWCNT TCFs obey 
the Beer-Lambert law [109], i.e. thicker films absorb more light in proportion 
to the length of the optical path, which would also directly correspond to the 
number of CNTs they encounter. Figure 6.12 clarifies this idea. 
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Figure 6.12 An illustration to clarify how an increasing bundle diameter 
affects the absorbance of a specific network morphology. Reproduced under 
Creative Commons Attribution License from [108], Copyright © 2012, 
Mustonen et al. (Publication III). 

This work was continued in Publication IV, concentrating our efforts towards a 
more quantitative understanding of the bundle diameter effect. Unlike in 
earlier works, in this experiment the spark discharge reactor was used as the 
source of individual SWCNTs, grown using a fixed recipe throughout the 
experiments. This approach had the clear advantage over previous studies, and 
indeed, also our work in Publication III, where confounding factors such as 
varying SWCNT diameters and especially lengths could now be eliminated 
from the analysis. 

 
The TCFs were fabricated from tubes grown at 880 °C in a gas flow 500 cm3 

min-1 consisting of carbon monoxide (CO), hydrogen (H2) and nitrogen (N2) at 

mole fractions of 0.7, 0.1 and 0.2, respectively. Two different spark recharge 

voltages, 2.5 and 7.0 kV, yielding number concentrations of 2.35×105 cm-3 and 

1.14×106 cm-3, were used.  
 
The bundle lengths and diameters were acquired by SEM (Zeiss Sigma VP 
SEM at 1.5 kV) and AFM (Veeco Dimension 5000) imaging, respectively 
(Figure 6.13). TCF samples were deposited from three different bundling 
conditions. The smallest diameter bundles, 1.38 nm, were acquired from 
number concentration of 2.35×105 cm-3, deposited directly from the reactor 
outlet. The mean bundle length, which likely represents also the length of 

individual SWCNTs in the experiment, was 3.0 μm. The intermediate diameter 
bundles, 1.80 nm, were deposited from the number concentration of 1.14×106 
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cm-3, which was high enough to cause collisions during the synthesis. These 
intermediate diameter bundles exhibited a slightly increased mean length of 

3.1 μm. The largest bundles, 2.90 nm in diameter, were deposited using the 
aggregation chamber, which reduced the original number concentration of 
1.14×106 cm-3 down to 3.24×105 cm-3 through aggregation. In these samples, 

the bundle length was 3.8 μm. As indirect evidence of changes in bundle 
morphology, a 20 nm redshift was observed in optical transitions with 
increasing gas-phase bundle diameter (shown in the inset of Figure 6.14). This 
was interpreted to be a consequence of greater dielectric screening in network 
made of larger structures [110]. 

 

Figure 6.13 a) Bundle diameters and b) bundle lengths from three different 
bundling conditions. Reprinted with permission from [88], Copyright © 2015, 
American Institute of Physics (Publication IV). 

 
Figure 6.14 Transmittance vs. sheet resistance for TCFs fabricated from 
pristine SWCNTs with different bundle diameters. The inset shows the E11 
optical transitions exhibiting a 20 nm redshift. Reprinted with permission 
from [88], Copyright © 2015, American Institute of Physics (Publication IV). 
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The optical and electrical characterization revealed that the highest 

performance, with a quality factor of 32.80 kΩ-1, was provided by the smallest 
diameter bundles. The observation is especially important since these bundles 
also had the shortest average length, implying the reported conductivity 
scaling [7, 42-44] might in fact be influenced by longer tubes incorporating 

into longer bundles. Correspondingly, longer bundles of 3.1 μm yielded an 

intermediate quality factor of 21.90 kΩ-1 and the longest 3.8 μm bundles as low 

as 15.50 kΩ-1. Thus, ~25% longer bundles yielded a performance figure which 
was ~50% lower, as shown in Figure 6.14. 
 
At first, we thought we could straightforwardly normalize the data by the 
number of tubes per bundle, correcting for the increased absorbance. 
However, this simple normalization does not fit the observations well.  In fact, 
the 2.90 nm bundles contain approximately four times more carbon per unit 
length than the 1.38 nm bundles. Thus, such a normalization overshoots by a 
factor of two. To compensate for this discrepancy, the original idea was 
updated to conform with the following findings drawn from the literature: 
  

i) Current conduction happens primarily on the surface of bundles, 
i.e. increasing the average number of tubes does not significantly 
affect TCF conductivity [46-47]. 

ii) Each carbon atom in the TCF, regardless of the type of tube it’s 
bound to, absorbs light with a certain average efficiency, amended 
by a small contribution from resonant transitions [48].  

iii) At ambient temperature, only junctions between metallic tubes 
allow charge transport, whereas heterojunctions and 
semiconducting junctions are regarded as hanging nodes, involving 
prohibitively high contact resistances [37]. 

 

In addition, for quantitative comparison of TCF quality factors via a certain 
physical model, a reference point needs to be established. This we called an 
ideal quality factor . By definition,  was defined as a quality factor of a 
TCF made from 100% individual tubes, which may be physically impossible to 
realize due to bundling during deposition. It follows that as , the 
quotient  is a monotonically decreasing function with a maximum 

=1. The value of  for tubes with a mean length of 3 μm was 
approximated by assuming that  and the average number of tubes per bundle 
cross section, , are approximately linearly proportional around the point 

=1, yielding =34.40±3.5 kΩ-1, indicated in Figure 6.15. 
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Figure 6.15 Approximation of  by assuming  found from the 
intersection of the fitting line and =1. Reprinted with permission from [88], 
Copyright © 2015, American Institute of Physics (Publication IV). 

Thus, the extracted value of  represents the ultimate performance limit for 
any SWCNT TCF fabricated from mixed-metallicity tubes with a mean length 

of 3 μm or less. However, to provide a prediction how the quality factor would 
behave as a function of , the postulations i) and ii) need to be amended with 
the predictive power provided by postulation iii). Should the charge transport 
only occur between metallic tubes, then the conductivity contribution, if any, 
of each individual tube or bundle added to the network depends upon its 
probability to form a metallic-metallic junction. A straightforward calculation 
shows that the occurrence of such an event in random would in fact be exactly 
the same as the probability of any one bundle, regardless of its size, to contain 
a metallic tube (which is precisely correct only for small bundles, as in larger 
bundles also the orientation matters). For the simplified case of perfectly 
overlapping and equally long tubes, the probability is expressed using  as 
 

    ,                (6.6) 

where the quotient 2/3 is the probability of a tube to be semiconducting drawn 
from the metallic to semiconducting tube ratio presented in Publication II. 
Finally, combining postulations i)-iii) yields an alternative expression for TCF 
quality factor using  and  as 
 

   ,               (6.7) 

 
where  represents a dimensionless fitting parameter taking into account the 
non-idealities of the network. 
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Figure 6.16 Scaling of the of normalized quality factor  as a function of 

. The notion Kaskela et al. refers to work [7]. Reprinted with permission 
from [88], Copyright © 2015, American Institute of Physics (Publication IV). 

The second term in Equation 6.7, , was drawn from the relation 
, combining the first two postulations. Figure 6.16 plots the 

model prediction, along with the simple model proposed in Publication III, i.e. 
. Indeed, Equation 6.7 fits nicely the data with the parameter =2.67. 

 
The predictive power of the model was further tested by calculating additional 
data points based on the results presented in Publication III and [7], found 
also to fall nicely on the extrapolated  line.  
 
Furthermore, by substituting the relation  established in [7, 
42-44] into Equation 6.7, and by merging the known constants into                

 = 30.4±5.8 mm-1 kΩ-1 (where = 3 μm is the SWCNT 
length in the experiment), the quality factor of an arbitrary SWCNT TCF can 
be expressed as 
 

  .              (6.8) 

 

Importantly, the scaling law presented in Equation 6.8 has a strictly limited 
domain, beyond which the scaling is physically impossible to reach. Thus, 

 is not a monotonically increasing function, but reaches a maximum 
when the nanotube lengthwise resistances between the junctions become as 
large as the junction resistances, as originally suggested in [45]. This is the 

point where the lengthwise resistances start to dominate over the junctions and 

no more conductivity gain is achieved by increasing the inter-junction distance. 
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Using the literature estimates for these quantities presented in [38, 40], we 

estimate the maximum to be ≈10 μm and =1, yielding a quality factor 

of 114 kΩ-1. This can be translated into sheet resistance and transmittance, 

providing an ultimate limit of 80±15 Ω/� at 90% transparency for any mixed-
metallicity network. Further, should the model hold also for all-metallic 

SWCNT films, the ultimate limit might be found around ~25 Ω/� at 90% 
transparency. In good agreement with the prediction, Figure 6.17 shows the 

performance of TCFs fabricated in Publication II using 4 μm long, nitric acid 

(HNO3) treated spark discharge FC-CVD tubes, which reached a remarkably 

high performance of 63 Ω/� at 90% transparency, being among the highest 
reported in the literature [33, 111]. 
 
Thus although the full TCF morphology, including such factors as density (or 
porosity) of the network, remains unresolved, the limits are clear. TCF 
performance is dictated by the raw material parameters: greater CNT lengths 
improve conductivity and larger bundle diameters add absorbance. 

 

Figure 6.17 The electro-optical performance of HNO3-treated spark FC-CVD 
tubes. The TCFs exhibited an almost world-record performance of 63 Ω/☐ and 
90% transparency in ambient conditions. The notions Hecht et al. And Wu et 
al. refer to works [111] and [33]. Reprinted with permission from [81], 
Copyright © 2015, American Institute of Physics (Publication II).  
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6.3 Thin film transistors 
 
In the last part of the thesis, the spark discharge reactor was used for the 
deposition of SWCNT networks with a controlled surface density, from which a 
large number of TFTs were fabricated for a statistical uniformity analysis. The 
synthesis reactor was again operated at 880 °C and in a gas flow consisting of
N2, H2 and CO at standard mole fractions of 0.5, 0.1 and 0.4, respectively. The 
reactor number concentration was maintained at  approximately 1.5×105 cm-3 
to prevent bundle formation. The target surface densities were estimated 
based on 2D percolation theory, yielding a semiconducting percolation 

window between 0.35 and 1.05 μm-2 for 4 μm tube mean lengths and a metallic 
to semiconducting ratio of 1:2. The network uniformity and surface density 
were evaluated using a Zeiss Sigma VP SEM operated at 1.5kV for networks 
transferred to Si/SiO2 substrates. The analysis revealed almost a perfectly 
linear correlation between the set and realized surface densities, as evident 
from Figure 6.18. 
 
Confident that the deposition system could provide predictable results, a set of 
SWCNT films was deposited for TFT fabrication and subsequent electrical 
characterization. The impact of network density on On/Off current ratio and 
variation was analysed with a set of clean-room fabricated devices using a 

semiconductor parameter analyser. The transfer characteristics were 
measured in the linear regime of the transfer curves with a source-drain bias 
VDS = -1 V. To show how the system behaves as function of network density, 
the acquired transfer curves (40 for each density) are paired with 
representative SEM micrographs in Figure 6.19. 
 

 
Figure 6.18 A statistical analysis of the realized surface density. Reproduced 
with permission from [87], Copyright © 2015, Kaskela et al. (Publication IV). 
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Figure 6.19 SEM micrographs from target densities of 0.36-1.8 μm-2 together 
with TFT transfer curves at -1 V source-drain bias from 40 devices for each 
density. The channel dimensions were 100 μm × 100 μm. Reproduced with 
permission from  [87], Copyright © 2015, Kaskela et al. (Publication IV). 

As theoretically expected, the transition from a partially open circuit at a 
surface density of 0.36 μm-2 towards the semiconducting window at <1.0 μm-2 
and finally to metallic percolation beyond 1.0 μm-2 is clearly distinguishable, 
manifested by the On/Off current ratio which decreases along with greater 
density due to emerging metallic shortcuts. The optimum density, as also 
theoretically expected, resides in the midpoint of the semiconducting density 
window at around 0.7 μm-2, providing the highest On/Off current ratio and the 
best device yield.  
 
The achieved network uniformity was further characterized by acquiring the 
transfer curves of another 644 TFTs fabricated from SWCNT samples 
deposited at the optimal surface density of 0.7 µm-2 on a pre-fabricated chip 
with a 100 mm2 surface area. The chip contained device templates with 
channel widths ranging from 100 to 500 μm and channel lengths from 5 to 
100 μm.  
 
The SWCNT networks fabricated exhibited excellent spatial uniformity, which 
was manifested as an extremely small TFT On-state current variation (σ/μ) of 
less than 25% and a superb device yield of > 99%, with only a single device 
failing on the whole chip. In many applications, a simultaneously achievable 
high On/Off-current ratio (typically >104), high charge carrier mobility 
(typically >10 cm2 V-1s-1) and small On-current spread are essential. The 
devices fabricated not only exhibited a low On-state current spread but also a 
remarkably good uniformity in terms of mobility and On/Off current ratio, as 
evident by the scatter plot shown in Figure 6.20. 
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Figure 6.20 SWCNT TFTs fabricated exhibiting a high On/Off current ratio 
up to 106 and charge carrier mobility up to 100 cm2 V-1 s-1. The On-state current 
spread was ~25% (μ=5.04 and σ=1.39 mA/mm). Reproduced with permission 
from  [87], Copyright © 2015, Kaskela et al. (Publication IV). 

The figure shows a set of 40 devices with channel dimensions of 100 μm × 50 
μm (W×L), mobilities between 30 and 100 cm2 V-1s-1 and On/Off-current 
ratios between 104 and 106. The left inset shows the normalized On-current 
histogram for the same set of devices, with a variation of ~25% (μ=5.04 
mA mm-1 and σ=1.39 mA mm-1). 

 
Finally, the achieved uniformities were compared with computer-generated 
ideal networks having variable channel length from 5 to 100 μm and a fixed 
width of 100 μm. The motivation behin the simulations was to extract the 
ultimate uniformity limit, especially for On/Off current ratio, emerging from 
intrinsic variations of random, mixed-metallicity networks. In this respect, the 
comparison in Figure 6.21 shows only a minor difference between the ideal 

and actual networks. For semi-infinite channel lengths greater than 40 μm, 
the distributions overlap almost perfectly. 
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Figure 6.21 The measured On/Off current ratio as a function of channel 
length for 100 μm, 200 μm and 500 μm wide devices together with in silico
prediction for 100 μm wide devices. Reproduced with permission from  [87], 
Copyright © 2015, Kaskela et al. (Publication IV). 
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7. Conclusions 
 
Experiments with the spark discharge system demonstrated the importance of 
SWCNT number concentration in controlling the morphology of the bundles 
yielded by the reactor. At lowest achieved SWCNT number concentrations, 
~105 cm-3, a fraction of up 80% individual tubes were observed on substrates. 
The experiments conducted with the aggregation chamber suggested the 
mobility diameters of individual SWCNTs are on the order of 20 nm, making 
the tubes extremely mobile in a hot CVD furnace, and directly confirming that 
the primary bundling mechanism is diffusive aggregation. Thus while the 
fraction of bundled tubes can likely be further reduced, it might not be 
technologically viable due to the extremely low number concentrations 
required. 
 
In the spark generator system, for reasons which remain unknown, the 
semiconducting tube fraction exhibited sensitivity to the growth temperature, 
being an unusually high 80% of the tubes grown at 750 °C. While speculative, 
this observation provides a prospect for further increasing the fraction by 
tuning the growth temperature. Should the approach in fact favour the 
selective growth of semiconducting tubes, the spark system might provide a 
reliable and simple workbench for CNT-based semiconductor fabrication. 
 
The gratuitous absorbance caused by large diameter bundles was confirmed to 
be detrimental for TCF performance. This was quantified in a semi-empirical 
model providing a tool for the quantitative estimation of TCF performance 
based on SWCNT lengths and bundle diameters. The model pinned down the 
ultimate performance of mixed-metallicity SWCNT TCFs to 80 Ω/☐ at 90% 
transparency. Likewise, an all-metallic network may reach 25 Ω/☐. In 
contrast, our nitric acid treated spark SWCNT TCFs demonstrated a record 
high performance of 63 Ω/☐ at 90% transparency. 
 
Finally, a deposition system enabling the fabrication of uniform and 
deterministic surface density SWCNT networks was realized. Further, the 
networks were used for TFT fabrication, which simultaneously exhibited a 
high On/Off current ratio of 104-106 and charge carrier mobilities up to 
100 cm2 V-1s-1. In addition, the observed On-current variations were among the 
lowest reported for random SWCNT networks, remaining roughly at ~25% 
regardless of the device dimension in the semi-infinite regime. Most 
importantly, in terms of uniformity of On/Off-current ratio, the fabricated 
devices approached ideal performances, suggesting no substantial uniformity 
gains can be realized by further process optimization.  
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For future research, further improvements in TCF performance can continue 
through synthesis process optimization at least for the time being. The most 
straightforward route for improving TCF conductivity is the sustained growth 
of long and individual SWCNTs, possibly achievable through the utilization of 
more reactive carbon precursors, such as hydrocarbons, or by extended growth 
times with longer CVD reactors. For that purpose, more work on long-term 
reactor stability is required, especially from the catalyst generation point-of-
view, as longer tubes will likely be even more prone to bundling. In that 
direction an additional improvement of some 50% is still within view, but 
further gains will necessarily require other more subtle  approaches such as 
micro-patterning. 
 
We believe that the further development of SWCNT TFTs will require new 
techniques. The uniformity limits achievable by conservative means, i.e. those 
involving no metallic tube separation, have now been reached. Thus, the 
realization of next generation devices will depend heavily on the elimination of 
metallic tubes either by selective synthesis, sorting, or post-deposition 
removal. Of these, selective synthesis and deposition techniques evading the 
liquid processing steps otherwise necessary, provide the most significant 
advantages, although a great deal of new innovations and basic research are 
required to make these technologies viable. 
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Single-walled carbon nanotubes (SWCNTs) 
are one of the most interesting emerging 
materials for practical applications. As 
transparent conductive films and thin film  
transistors they provide prospects for both 
improved flexibility and conductivity over 
established metal oxide and silicon-based 
materials. Their usefulness in these 
technologies, however, is limited by an 
incomplete picture of how the SWCNT 
network properties and performance 
emerge from those of individual tubes. 
  
This thesis presents an ambient pressure 
floating catalyst approach for synthesis of 
individual single-walled carbon nanotubes 
and embeds them into functional 
components. It serves as the first report of 
the detrimental effect of carbon nanotube 
bundling on the performance of transparent 
conductive films and provides physically 
justified guidelines for fabrication of 
uniformity-optimized thin film transistors. 
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