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 Abstract  

Reliable Growth of Vertically Aligned Carbon Nanotube Arrays by Chemical Vapor 

Deposition and In-situ Measurement of Fundamental Growth Kinetics in Oxygen-free 

Conditions 

by  

Jung Bin In 

Doctor of Philosophy in Engineering - Mechanical Engineering  

University of California, Berkeley  

Professor Costas P. Grigoropoulos, Chair 

 
Vertically-aligned carbon nanotube (VACNT) arrays are both an important 

technological system, and a fascinating system for studying basic principles of 
nanomaterial synthesis. However, despite continuing efforts for the past decade, important 
questions about this process remain largely unexplained. Recently, nanotube research 
investigations have been conducted, aiming at revealing the underlying growth 
mechanisms, rather than merely studying the feasibility on new growth methods. 
Nonetheless, growth deactivation and the accompanying termination mechanisms still 
remain a topic of nanotube synthesis science. Due to the extremely small size, however, 
direct characterization of various transport and conversion events occurring at the catalyst 
surface is not an easy task. Thus investigations on growth kinetics are the first step to 
resolve questions about growth mechanism.   

Before exploring kinetic aspects of the growth process, one must achieve reliable 
growth conditions since growth non-reproducibility retards obtaining reliable growth data 
and undermines the scientific value of the data. In order to improve growth reliability, 
several factors that may contribute to growth non-reproducibility were identified and 
thereafter mitigated. Firstly, a simulation study was conducted to achieve insight into 
temperature and velocity profile of gases inside the reactor since gas flow dynamics can 
render growth environment near the substrate non-uniform. Interestingly, when argon gas 
was used as the main carrier gas, natural convective flow emerged, generating flow 
circulation before the gas reached the substrate placed at the center of the tube reactor. 
This flow circulation was not favorable for controlled gas introduction. This problem could 
be resolved by using a more heat- and momentum- conductive gas such as helium.  

Secondly, atomic force microscopy of annealed catalyst revealed that the aluminum 
sub-layer was not thermally stable at the growth temperature although this material has 
been widely used as a barrier layer to avoid silicide formation of catalyst on silicon 
substrates. In this respect, aluminum oxide should be a better choice, but under-
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stoichiometry of the aluminum oxide layer, which originated from sputter target 
degradation, affected thermal stability of the layer. Reactive sputtering by oxygen addition 
greatly enhanced thermal stability, and finally defect-free catalyst nanoparticles were 
formed by thermal annealing.  

Thirdly, the effect of the small part-per-million levels of oxygen-containing species 
on VACNT growth revealed that oxygen-containing gas impurities in nominally pure gas 
sources have a great influence on growth kinetics in a positive way; their presence 
increases catalyst lifetime and growth yield. However, the kinetic behavior that is highly 
sensitive to gas purity is prone to showing an interfering kinetic trend where the real 
mechanism is masked by the significant gas impurity effect. The stark difference in catalytic 
lifetime after the introduction of high-performance gas purifiers shows that extremely tight 
control of the reaction gas composition purity is necessary to obtain controlled growth of 
CNTs under atmospheric chemical vapor deposition (CVD) conditions. Finally, more 
reliable growth of VACNTs was achieved, and thereafter the next step for fundamental 
growth kinetics measurement was followed.  

Finally, the CVD system was equipped with an optical micrometer that enables in-
situ measurement of the height of growing VACNTs, which have advantageous structure 
facilitating measurement of growth kinetics since the array height has a robust correlation 
with growth yield and thereby growth rate. Various ethylene and hydrogen combinations 
were examined to capture growth kinetics related to different gas environment. The 
measured initial growth rates were linearly proportional to ethylene concentration, 
whereas a reciprocal relation was observed with respect to hydrogen concentration. The 
apparent activation energy was higher than reported in references. Flow rate variation 
experiments revealed that gas phase reaction is involved as the crucial growth step, which 
supports the observed high activation energy. Consequently, a growth model was proposed 
so that it could reasonably fit the initial growth rate data.  

Kinetic aspects related to growth deactivation were explored by measuring the final 
growth height and catalyst lifetime. Unlike growth with unpurified gases, growth became 
much less sensitive to gas composition after purification. Importantly, it was observed that 
growth deactivates by deficit of carbon source when relatively low ethylene was 
introduced. This result is surprising since ethylene pressure should be high enough at the 
catalyst, considering the calculated sticking coefficient of ethylene is very low, 
approximately 10-5. Thus it substantiates the idea that catalyst-mediated gas pretreatment 
process is critical to sustain nanotube growth. Importantly, this idea challenges the widely 
accepted growth termination concept whereby nanotube stops growing due to catalyst 
encapsulation by excessive carbon. Indeed, reduced flow rate of gas mixture increased 
growth yield remarkably by promoting the gas pretreatment over the catalyst. Catalyst 
ripening, or steric hindrance by interaction of nanotubes can be an alternative reason for 
growth termination, but analysis of morphologies of the annealed catalyst and as-grown 
nanotubes revealed that their effects were not significant for the corresponding growth 
conditions.  
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CHAPTER 1 INTRODUCTION 

1.1 Overview 

Carbon nanotubes (CNTs) have achieved a virtually iconic status in the 
nanotechnology field due to a unique combination of electrical, mechanical and electronic 
properties that seem to embody the promise of the new generation of nanomaterials. 
Vertically-aligned carbon nanotube (VACNT) arrays― forests of parallel aligned 
nanotubes― show great promise as a key component for applications that range from field 
emitters and displays, to highly-permeable membranes. However, development of these 
applications has to rely on controllable, economic, and highly tunable synthesis techniques 
that should be able to produce these arrays reliably on large scale. Chemical vapor 
deposition (CVD) based methods have established themselves as front-runners for this task 
from the early stage of nanotube synthesis research, especially after CVD was combined 
with growth promoters such as water that significantly enhance catalytic lifetime and 
growth yield(1, 2). 

In spite of those improvements in synthesis technique for the past decades, 
understanding of the growth kinetics remains a topic for debate. The process configuration 
is deceptively simple: all nanotube thermal CVD growth configurations involve passing a 
gas mixture that contains a carbon feedstock gas, a reducing gas (typically hydrogen), and 
an inert carrier gas over a transition metal nanoparticle catalyst at temperatures above the 
pyrolysis temperature of the carbon feedstock. Qualitatively, it is clear that carbon source 
undergoes a series of decomposition steps either in gas phase or on the catalyst surface, 
and then incorporates into a growing nanotube.  This growth proceeds at a rather high rate 
(up to several micrometers per second) yielding arrays that could reach 10mm height or 
more(3, 4), and then terminates quickly and often irreversibly. Recent studies have 
observed significant difference in growth efficiency among hydrocarbon species(5-9), 
suggesting that possible pyrolysis or gas phase reactions (GPR) accompanying gas heating 
on the substrate or reactor wall in CVD can affect growth kinetics(10-12).  Studies targeting 
the influence of hydrogen in growth kinetics are relatively rare(13), although its effect on 
nanotube morphology has been studied extensively(14-16). 

Despite the simplicity of the process, a growing number of papers are reporting 
different kinetic trends and often-conflicting explanations. To complicate the situation 
further many studies produce different kinetic trends in different laboratories, despite 
using similar setups. Although at this point the benefit of using additives, such as water is 
well-established, the mechanism of their action is still not well understood. Finally, another 
significant aspect of the process, growth termination mechanism is a source of the lively 
debate, although it can provide fundamental clues for synthesis of very long nanotubes, and 
a catalyst regeneration strategy for low-cost production.  

This study focuses on removing the confusing effects of various additives and 
impurities and revealing the fundamental kinetics of the VACNT growth and termination. 
We use a CVD growth setup that combined highly-purified process gases with an in-situ 
growth kinetics monitoring system to characterize this kinetics. We present a generalized 
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model of the CNT growth kinetics and show how this could generate different kinetics 
reported in the literature. We explore how the major input variables change the “base” 
kinetics of VACNT growth, and in the central result of this work, we demonstrate that these 
kinetics obey simple and straightforward relationships. Finally, we report data on the 
growth termination kinetics and discuss the potential mechanisms for this process. 

 

1.2 Scope of Research  

The main object of this study is to observe growth kinetics of vertically aligned 
carbon nanotubes by in-situ, and based on the kinetic data to suggest the most plausible 
growth kinetics and termination mechanism.  

Firstly, in chapter 2, we seek to determine a reliable catalyst preparation process 
and stable growth conditions that enable robust and reproducible growth result, as these 
should be satisfied prior to the experimental observation of the nanotube growth kinetics. 
A simulation study is conducted to gain an insight into the temperature profile inside the 
reactor to see the effect of thermal properties of different carrier gases. Different methods 
for barrier layer deposition are examined to obtain defect-free growth since instability of 
the underlying layer can undermine growth reproducibility and homogeneity of individual 
nanotubes. Consequently, successful growth of sub-2nm SWNT array is achieved.  

In chapter 3, a series of physical or chemical phenomena that occur during nanotube 
growth are described and discussed regarding a kinetic role of each process. A general 
growth model is proposed based on fundamental crystal growth kinetics, and we 
demonstrate that this model can actually predict several growth limiting processes that 
were reported in other studies. We also show that the separate mechanisms can be 
incorporated into the proposed model, which confirms its validity. Finally, systematic 
growth experiments related to growth kinetics are conducted with the in-situ growth 
height monitoring setup. Importantly, deoxo purification units are installed to rule out any 
promoting effect by oxygen-containing impurities present even in nominal ultrapure gases. 
Various kinetic aspects by different combinations of gas mixtures are discussed based on 
the initial growth rate, final height of nanotube arrays, and growth lifetime of each growth 
run.  
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CHAPTER 2 SYNTHESIS TECHNIQUE FOR CARBON NANOTUBE 
GROWTH 

2.1 Overview on Growth Techniques 

2.1.1 Synthesis Method 

Since the first discovery of carbon nanotube(17), various techniques for carbon 
nanotube synthesis have been developed to obtain high quality of nanotubes in a 
reproducible, economic, and controllable manner. Nanotube synthesis necessarily requires 
a source of carbon and high energy to form a graphitic cylinder. Owing to efforts to 
synthesize this novel material for past decades, the synthesis feasibility is not an issue of 
concern anymore; rather we focus on developing growth method that requires less energy 
consumption in economic sense, with great yield and graphitic quality in a large scale. 
Besides, selective growth with controlled property such as chirality is also an important 
goal in order to integrate carbon nanotubes as an invaluable element in the electronics 
industry. 

In pursuit of the above goals, uniformity in spatial and temporal distributions of 
both of the carbon source and growth energy is a prerequisite for developing reliable 
synthesis techniques. Various synthesis techniques for carbon nanotube growth have been 
tried to satisfy the needs. In the early stage of nanotube synthesis, arc-discharge method 
was widely used by using a carbon electrode as a carbon source and high current arc as an 
energy source.(18) Despite its capability for mass production, the synthesis yield is 
significantly low (~30%), compared with other methods. Similarly, laser ablation method 
uses pulsed laser on graphite or metal catalyst-graphite composite.(19) However, the as-
grown nanotubes obtained by these methods are randomly deposited on the reactor wall, 
which indicates areal selectivity is not possible without dedicated control on the material 
deposition. In addition, lengths of nanotubes are limited by short reaction time (the pulse 
or arc duration).  

In contrast, Chemical vapor deposition (CVD) has great advantage in tunability and 
scalability of deposition, as proven in conventional microfabrication industry for epitaxial 
film growth, which has great common with carbon nanotube (CNT) growth. Moreover, 
since valuable applications of CNTs are related to electronic devices, compatibility of CVD 
method with the microfabrication process is most appealing. Recently, it was demonstrated 
that in-situ monitoring system when implemented in CVD, enables accurate control of 
growth by controlling gas introduction when the synthesis reaches the desirable amount of 
nanotubes.(20) In this respect, CVD is the most plausible way to incorporate CNTs to 
industrial fabrication processes with no need of complicated material transfer techniques.   

When it comes to scientific research, CVD method for CNT growth has several 
advantages; it shares common characteristics with typical CVD process. Importantly, it 
implies that well-established knowledge on traditional CVD can readily be applied to the 
study on CNT growth mechanism. For instance, thermodynamics and kinetics of epitaxial 
film growth by MOCVD can provide theoretical insight for nanotube growth. In addition, 
the growth rate achieved by CVD is generally within the easily observable range (slower 
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than micrometers per second), which is preferable for growth kinetics study. Thus CVD-
based methods have established themselves as front-runners for this task from the early 
stage of nanotube synthesis research. Indeed after CVD was combined with growth 
promoters such as water that significantly enhance catalytic lifetime and growth yield(1, 2), 
an overwhelming number of growth papers have been published based on CVD method. 

Depending on the energy source, various kinds of CVD techniques have been used 
by researchers; thermal CVD, laser CVD and plasma enhanced CVD (PECVD) are the most 
widely used ones. Firstly, thermal CVD uses only heat energy to overcome energy barrier 
necessary for deposition. Electric resistance is widely used as a heat source owing to its low 
price and high controllability. Combined with temperature sensor such as thermocouple or 
IR detector, thermal CVD can provide a relatively large area with quite uniform growth 
environment that is necessarily required for growth of nanotubes that have great 
homogeneity in properties.  

In terms of energy efficiency, the heat element for thermal CVD is surrounded by 
insulator such as ceramic wall. This type of reactor is called hot-wall reactor. The heat 
capacity of the insulator is generally much higher than that of process gases or growth 
substrate, so that it provides basically a constant wall temperature environment by 
transferring overwhelming amount of heat to the substrate by radiation. However, the 
system heats the process gas as well before the gas reaches the substrate. Considering 
hydrocarbon gases are most widely used carbon source for CVD synthesis of CNT, pyrolysis 
reaction in gas phase can occur in very complicated chemical pathways at the elevated 
temperature, producing a myriad of pyrolysis products. Moreover, excessive heating of gas 
can convert hydrocarbon gases into amorphous carbon deposit or soot-like carbon that 
contaminates the reaction chamber and also undermines quality of nanotubes.  

In contrast, cold-wall reactor type system confines the heating area on the substrate 
or susceptor.  A few cases take advantage of inductive heating to mitigate complexity in the 
chamber design. Especially, Hart et al.(10, 21) pioneered this type of reactor to grow CNTs 
by using silicon susceptor as an electric resistance placed inside a quartz tube. It uses least 
amount of energy to heat the substrate, and hence rapid heating of substrate is possible. 
Owing to significantly lower wall temperature, gas phase reaction (GPR) and chamber 
contamination is minimized. Thus we can say this type of reactor has a practical value if 
GPR is not an important step for deposition. However, more dedicated control on substrate 
temperature is necessary; for instance, a cold gas can actually cool the substrate when gas 
flow speed is high. Considering it to be a constant heat flux problem of laminar external 
flow model, the surface temperature of the substrate can be estimated by the following 
relation, as classical laminar boundary layer heat transfer theory predicts.(22)  

 

           
  
   

          
        

  
   

 
         

  

 
 
 
 

 
  

 

 
 
 
 

 
   (2-1) 

 
where u, L, α and ν indicate a free-stream speed, length of plate, heat diffusivity, and 
kinematic viscosity, respectively. 

Indeed, hydrogen gas, which is widely used for catalyst reduction or dilution of 
hydrocarbon, has more conductive property, compared with nitrogen that is also used as a 
diluting gas. In case of hydrogen at 1000 K, 1 atm, the second term of the Eq. 2-1 is only 
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about 39% of nitrogen; this indicates the substrate temperature becomes significantly 
lower by hydrogen flow when it replaces nitrogen. If the growth process needs switching 
from nitrogen to hydrogen gas, temperature will instantly decrease with a transient time 
defined by temperature control system. Thus, different parameters for temperature control 
may be necessary depending on thermal properties of gases. Moreover, care must be taken 
when mass transport is an important factor (in most likely high pressure CVD) since mass 
transport induced by temperature gradient around the substrate cannot be ignored. In 
general, natural convection affects lateral uniformity of deposition; decreasing deposition 
thickness toward the center of the heating area. In more extreme cases, thermo-diffusion, 
or Soret, effect can affect diffusion of CVD gases as pointed out by Castillo et al.(23)  

Laser CVD (LCVD) for nanotube synthesis uses most likely thermal energy (pyrolytic 
LCVD) that originates from photon energy absorption, on the local area that is defined by 
the laser spot size. It is different from the laser ablation method in that this laser CVD 
maintains all the characteristics of general thermal CVD except that it uses laser as a heat 
source. The biggest merit of laser CVD is that basically it can heat a local area rapidly and 
thereby allow fast growth and direct writing on the substrate. In principle, it follows 
characteristics of thermal CVD of cold-wall reactor type.  

PECVD setup for nanotube growth has system components very similar to thermal 
CVD but it adds plasma generator above the substrate. The advantage of PECVD is that it 
generates very reactive hydrocarbon precursors by collision with energetic electrons 
generated in plasma, and thereby nanotube growth at lower temperature is possible with 
minimized thermal damage to the substrate. For instance, growth temperature of thermal 
CVD ranges generally 600~900°C, while PECVD allows a minimum of 120°C as 
demonstrated by Hofmann et al.(24) This low temperature growth is required especially 
when nanotube CVD is combined with conventional semiconductor process where high 
temperature environment should be avoided to prevent inter-diffusion between 
heterogeneous films.  However, plasma can directly induce structural defects on growing 
nanotubes. Thus the plasma generator is sometimes placed upstream of the gases to avoid 
such damages.(25) Especially, this type of CVD is called remote PECVD that pre-treats 
hydrocarbon feedstock before it reaches the substrate. Even though Zhang et al.(25) 
demonstrated this type of CVD could produce array of SWNTs with good synthesis 
reproducibility, it lacks analysis on the nature of precursors that actually impinge on the 
substrate; radicals will evolve quickly by colliding either with other molecules or the wall, 
after passing through the plasma zone. Similar to this growth enhancement by gas 
pretreatment, several nanotube growth studies examined the effect of pre-heating by 
passing the process gases through high temperature flow cell.(10, 12, 21)  

CVD is also categorized into atmospheric CVD (APCVD, near atmospheric pressure) 
and low pressure CVD (LPCVD, low or sub-atmospheric pressure) depending on the 
operating pressure. APCVD generally achieves high deposition rate, although fast-grown 
nanotubes have more defects, and GPR proceeds faster than LPCVD by more frequent 
molecular collision at high pressure, resulting in contamination of chamber wall. Thus 
APCVD especially of hot-wall reactor type requires a cleaning step. In general, the film 
uniformity of APCVD is limited by the diffusion of gases (diffusivity ~ 1/P), especially when 
temperature is high enough. Recently, Yasuda et al. demonstrated CVD growth of CNTs was 
greatly enhanced with shower-type CVD by enhancing mass transfer of water vapor(3); 
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nanotubes grew longer in length, and lifetime of catalyst was extended. This work suggests 
that in addition to thermodynamic parameters such as temperature and pressure, mass 
transfer by convective flow can also significantly affect growth. This type of gas feeding 
system is especially favorable for uniform nanotube growth on large area providing spatial 
efficiency in chamber design. In contrast, LPCVD facilitates diffusion of precursors with 
better uniformity and diminished GPR. The growth rate is slower compared with APCVD 
but better quality of graphitic structure is obtained. However, the partial pressure of 
hydrocarbon gas should be high enough to nucleate nanotube cap when the size of nucleus 
is very small (generally less than 3 nm for SWNT).  

 

2.1.2 Catalyst Nanoparticles for CNT Growth 

In principle, catalyst has a critical effect in reaction kinetics by lowering the 
energetic barrier of a particular chemical reaction, neither modifying thermodynamics nor 
being consumed. CVD can also utilize catalysis and especially, the catalyst-assisted CVD is 
called catalytic chemical vapor deposition (CCVD). It has been demonstrated that catalyst 
successfully assists nanotube growth in CVD with high yield and great graphitic quality. 
With only few exceptions, nanotube growth by CVD uses catalyst in the form of a metal 
nanoparticle. Thus, it would be valuable to discuss the role of metal catalyst in CNT growth.  

CNT growth process requires continuous feeding of atomic carbon. As carbon 
feedstock, light hydrocarbons are widely used for CVD since they are abundant by well-
established refinery process, chemically away from soot formation, and existent in gas 
phase at room temperature. Then, in terms of chemistry, we can express nanotube growth 
as a decomposition reaction of a hydrocarbon molecule: 

 

          
 

 
               (2-2) 

 
The subscript "NT" stands for carbon in nanotube. For instance, methane needs scissions of 
four C-H bonds but the bond energy (439kJ/mole) is too high to be overcome by thermal 
energy or molecular collision at CVD growth temperatures. However, metal catalyst has 
abundant electrons, facilitating adsorption of hydrocarbon gas molecules. The adsorption 
allows different stages of surface intermediates with diminished energy barrier. As a result, 
catalyst accelerates the decomposition reactions, providing carbon source more rapidly. In 
other aspect, it enables low temperature growth of nanotubes which is highly preferred for 
compatibility with conventional microfabrication technologies. 

In reality, hydrocarbon gases undergo pyrolysis by gas phase reactions (GPR); 
thereby carbon deposition even on an inert surface is quite general at the elevated 
temperatures. However, CVD growth of nanotubes on non-catalytic substrate (with no 
nanoparticle), has not been observed. Then there arises a question: is a catalyst 
nanoparticle necessary for CNT growth? As mentioned in chapter 2.1.1, the answer is no. 
High energy method such as arc-discharge or laser evaporation enables spontaneous 
nanotube growth from solid carbon source, although the nanotube synthesis is 
accompanied by generation of other carbon allotropes such as fullerenes. Thus we can state 
that the necessity of catalyst originates from characteristics of the synthesis method. In 
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other words, we can ask differently; why does not CNT grow without catalyst by CVD 
method? 

First of all, hydrocarbon precursors for CVD contain hydrogen that renders 
pyrolysis chemistry extremely complicated by producing a myriad of radicals of C-H 
fragments and other relatively stable hydrocarbon products. At general thermal CVD 
temperature, carbon polymerization in gas phase is very limited, as at most ppm levels of 
polyaromatic hydrocarbon (PAH) molecules was observed.(26) As a result, most of 
polymerization occurs on the catalyst, which substantiates that electron-abundant surface 
of metal catalyst provides a good place by holding carbon radicals on the surface with 
sufficient residence time to allow carbon polymerization. 

Then the last question could be: why should the catalyst have a form of particle? One 
can speculate that nanotube formation can be inhibited by the flatness of the substrate, 
without catalyst nanoparticles. In other words, the strain energy that is needed to wrap a 
graphene structure, can be overcome by curvature of a nanoparticle. Indeed, recent CVD 
growth techniques for graphene synthesis are based on carbon deposition on a flat surface 
of catalytic metal such as copper and nickel.(27, 28) Interestingly, several studies 
demonstrated carbon nanotubes could grow even from non-metallic nanoparticles.(29, 30) 
Although the exact mechanism is debatable, it emphasizes importance of shape of growth 
template that can promote nanotube growth even without or with much less catalytic 
activity.  

In addition to energetic role discussed above, catalyst nanoparticles play a crucial 
role in controlling nanotube growth in morphological aspects. As mentioned above, catalyst 
has a shape of pseudo-spherical particle, which is a good template to initiate nucleation of 
hemispherical nanotube cap. Indeed, the size of catalyst is one of the most controlling 
factors that define diameter of the nanotube. Ming et al.(31) demonstrated the diameter 
ratio of nanotube to catalyst particles ranges approximately from 0.5 to 1. Yamada et al. 
also reported the diameter of carbon nanotubes can be controlled by adjusting film 
thickness of catalyst.(32) 

Few cases(33) show significant lateral growth of carbon nanotube that can be 
frequently observed in other inorganic nanowire growth such as silicon nanowire(34). 
However, it has not been reported that CNT catalyst migrates to the side-wall of CNTs. 
Therefore, the most plausible explanation would be that the lateral growth originates from 
carbon deposition by non-catalytic pyrolysis of hydrocarbon gas. Such non-catalytic 
deposition of carbon can be avoided by suppressing GPRs. Considering activation energies 
of homogeneous GPR is generally much higher than that of catalytic reaction, decreasing 
growth temperature would help suppress GPR. An alternative approach could be via 
introduction of carbon etchant such as water vapor that selectively removes amorphous 
carbon at growth temperature. Indeed, Hata et al. demonstrated water-assisted growth, so 
called "super-growth", produced vertically aligned single walled carbon nanotubes (VA-
SWNT) of high purity (>99.98%) up to millimeter scale in height.(1)   

Accepting that catalyst greatly enhances CNT growth, our focus naturally moves to 
the selection of catalyst material. A large number of CNT growth reports demonstrated that 
transition metals such as Fe, Co, and Ni were the most effective catalyst for CNT growth. 
Molybdenum (Mo) is sometime added to the transitional metals as a co-catalyst, especially 
for SWNT growth, but Mo itself does not exhibit high growth activity. Instead, it has been 
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proposed that Mo helps Fe catalyst by promoting carbon delivery to iron nanoparticles(35, 
36), preventing iron silicate (Fe2SiO4) formation on a silica support(37), or inhibiting 
surface diffusion of iron, thereby avoiding excessive agglomeration(38, 39).  

One may ask why especially Fe, Co, and Ni are so effective for nanotube growth, 
even though other precious metals such as Au, Pd, and Pt are widely used as catalysts in 
various catalysis processes using hydrocarbon gases. Feng et al.'s study (40) gives a 
fundamental clue to this question. By molecular dynamics (MD) simulation, they proposed 
that this catalyst selectivity is related to adhesion strength at the interface of the nanotube 
open end and the catalyst. Fig. 2.1 excerpts a schematic from their paper. It describes that 
weak adhesion between the catalyst and nanotube cannot maintain the open end of the 
nanotube, rather energetically favoring nanotube separation from the catalyst and 
thereafter cap formation. In the opposite case, too strong adhesion will favor carbon 
encapsulation of a catalyst particle since the energy barrier to lift the nanotube tip cage at 
the initial stage will increase. Their calculation was consistent with the empirical 
preference; Fe, Co, and Ni are better material, compared with Au, Pt, and Pd.     

 

 

Fig. 2.1 A schematic illustration of detachment of a SWNT from a catalyst nanoparticle and subsequent a cap 
formation; strong adhesion of CNT-iron (left) has less probability of detachment than CNT-gold (right). 
Excerpt from Ref. (40). 

 
Catalyst nanoparticles for nanotube growth can be prepared by various ways. 

Catalyst nanoparticles, after preparation by a separate process, can be directly deposited 
on a substrate from dispersed state in a solution. In this case, particle areal density on the 
substrate is readily tunable by controlling particle concentration of the particle solution. 
However, this method is hard to achieve a sufficient number density of particles to promote 
vertical growth of nanotubes. Considering the self-alignment of vertically aligned carbon 
nanotubes (VACNTs) is related to crowdedness of nanotubes, such low density will not 
initiate VACNT growth because it allows more space wherein nanotubes can collapse, 
resulting in entangled structure. This is contrary to other nano-filament growth such as 
CVD growth of silicon nanowire.   

Alternatively, catalyst can be delivered during CVD in vapor phase, so called floating 
catalyst method.(41) Iron chloride (FeCl3) is widely used as a precursor. The catalyst 
precursor is introduced and precipitated on the substrate, thereafter forming catalyst 
nanoparticles. This method is advantageous in that CVD process integrates catalyst 
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preparation and nanotube growth processes together in a large scale. However, it leads to 
contamination of the CVD chamber. Also, selective deposition of catalyst on a desired area 
of the substrate is challenging similarly to growth by arc discharge method.  

Catalyst nanoparticles can also form by in-situ during heat treatment of catalyst thin 
film. Thin film of metal catalyst breaks into discrete islands by dewetting on an oxide 
support. This spontaneous process, however, produces a range of particle size distribution, 
necessarily producing nanotubes with different diameters. Instead, this method usually 
provides dispersed nanoparticles dense enough to initiate growth of VACNT arrays. Owing 
to its near-straight structure, VACNT array is not only indispensable for applications, but 
also convenient and useful for in-situ visualizing and measuring the growth process. Since 
kinetics measurement is an ultimate goal of this research, VACNT growth is the aim of the 
following preliminary experiments. In this respect, we adopted this method for catalyst 
preparation. 

 

2.2 CNT Synthesis by Thermal CCVD 

Nowadays growing CNTs has become a quite accessible area in nanomaterial 
synthesis, but achieving VA-SWNT of very small diameter (<2 nm) with good synthesis 
reproducibility is still challenging because of difficulty in preparation of such small size of 
nanoparticles and vulnerability to catalyst poisoning due to smaller number of active sites. 
This problem is directly related to high price of VA-SWNTs, which is a very important issue 
in CNT industry; hence the growth technique should be wisely chosen to meet the 
economic requirement. Particularly, atmospheric thermal CVD (APCVD) is cost-efficient, as 
it consists of simple components: it does not need vacuum system of LPCVD or high 
frequency plasma generation unit of PECVD. However, low cost for system building does 
not necessarily guarantee economic maintenance. Especially, gas consumption should be 
compromised with growth yield and material quality, and hence process optimization is 
necessary. Moreover, before looking into the growth kinetics, it is important to find near-
optimal growth conditions, in order to avoid a situation where growth is allowed within 
too narrow parametric window, undermining the scientific value of the observation. In the 
next part, detailed growth procedure will be described with an effort to find reliable 
growth conditions.  

 

2.2.1 Preliminary Experiment  

As the first step, catalyst was prepared by the following procedures. A brand new 
silicon wafer (4-inch, (100), p-type) was used as the substrate, without an additional 
cleaning process. As catalyst, various thicknesses of iron (Fe) and molybdenum (Mo) were 
deposited on 30 nm of alumina (AlOx) or metal aluminum (Al) barrier layer that was 
previously deposited on the Si substrate. The deposition order was Fe – (Mo) – AlOx or Al 
on Si. Mo was optionally used as a co-catalyst to promote Fe element.  Three different kinds 
of barrier layers (Al by ebeam evaporator, AlOx by RF sputtering, and AlOx by reactive RF 
sputtering) were prepared, and their thermal stability were compared. 

Alumina was deposited by RF sputtering (Edwards Auto 306 DC and RF Sputter 
Coater) with an alumina target (99.99% pure, Plasmaterials, Inc.) Especially, the alumina 
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target (75mm dia. x 6mm thk.) was bonded to an OFE copper backing plate (75mm x 
0.0625" thk.) to prevent excessive heating during sputtering. Even though e-beam 
evaporator can deposit alumina as demonstrated in several papers, the target is 
significantly heated by e-beam energy, and thereby it can undermine stoichiometry of the 
alumina target by reducing oxygen. Consequently, the stoichiometry of the oxide film is not 
guaranteed by e-beam evaporation and the under-stoichiometry can affect stability of the 
alumina film at high temperatures(42). In principle, sputtering provides a better 
stoichiometry of oxide film because evaporation occurs by collision with argon ion, not by 
heat. However, even stoichiometry of sputter target can become degraded by repeated 
usage. Regeneration of sputter target is possible by pre-sputtering an alumina target in 
argon-oxygen mixture with shutter closed before deposition(43). Reactive sputtering is 
also available by introducing controlled amount of oxygen during deposition to modify 
stoichiometry of the oxide film.  For this study, reactive sputtering method was adopted to 
regulate the oxygen content, since the effect of oxygen gas is constantly maintained for 
extended (~1 hr) deposition time. The detailed procedure of each method follows. 

For (non-reactive) alumina sputtering (RF-type), the chamber was pumped out until 
the base pressure reached about 3x10-5 Torr. It used Ar gas to generate plasma, and 25 
SCCM of Ar was introduced and maintained for more than 5 minutes before plasma ignition 
to remove possible residual gases quickly. The chamber pressure was stabilized at ~5.8 
mTorr. Then plasma (210W) was ignited with the shutter closed, and about 2 minutes of 
pre-sputtering was conducted to remove any contaminant on the target. After opening the 
shutter, the deposition started and it usually took about 48 minutes to deposit 30 nm of 
film. However, the deposition rate was not stable; it fluctuated from run to run. Besides, a 
different target (even of the same specification and vendor) showed different deposition 
rates. 

 For reactive alumina sputtering, the same procedure was followed but 2.5 SCCM of 
O2 was added, increasing the process pressure up to ~6.2 mTorr. The deposition rate was 
lower than the Ar-only process; it took 60 minutes for 30 nm deposition. Interestingly, 
deposition rate by this reactive sputtering was very stable. Considering that the alumina 
target gets under-stochiometric as being used when there is no regeneration process(43), it 
seems that varying oxygen content in the alumina target has deposition rate stabilized, 
which plausibly explains why the non-reactive Ar sputtering was not stable. Unfortunately, 
the size of the target was smaller than the wafer (due to the limit of the sputter equipment). 
In order to remedy this problem, thicknesses of each film should be checked by a NanoSpec 
film thickness measurement system prior to the next Fe-(Mo) deposition step. Only 
uniform film area with the desired thickness (30±2nm) was used for the final CVD growth. 

For Fe, Mo, and Al deposition, e-beam evaporator (Edwards EB3 Electron Beam 
Evaporator) was used with metal Fe, Mo, and Al target (99.95~99.99% pure, Plasmaterials, 
Inc.) Each target except Al has a bulk form of metal that was mechanically machined to fit 
into the target hearth of the evaporator. The good thing of a bulk target is that it does not 
need a crucible that should be chemically compatible with the target. However, this type of 
target is vulnerable to contaminants around the hearth. Thus care must be taken to keep 
the target clean. Especially, for Al deposition, pellets of Al with a graphite crucible were 
used because the bulk type of Al totally melts even by a small current. In practice, a 
graphite crucible had a short lifetime although it is recognized to be compatible with Al 
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evaporation. In practice, it was observed that Al wetted the graphite crucible during 
evaporation, possibly forming carbide at the interface. Repeated evaporation eventually 
made cracks on the crucible and finally broke it completely likely by thermal expansion of 
Al by e-beam heating.  

The evaporator has 4 slots where different targets are loaded in order to deposit 
multi-layers with different elements. Fe, Mo and Al were deposited together in a single run. 
The base pressure for e-beam was about 4x10-6 to prevent target contamination in the 
chamber because those metals are easily oxidized by possible oxygen and water vapor in 
the evaporation chamber. Before opening the shutter, beam position was adjusted to the 
center of the target, and beam sweeping was carefully set for the electron beam not to 
deviate from the target. Fe deposition started at around 32~34 mA of beam current, and 
Mo at 95~110mmA. The deposition thickness was controlled by in-situ with a quartz 
crystal monitor. While the measurement is reliable with moderate radiation from the 
target, the excessive thermal radiation from the target actually heats the crystal monitor, 
especially in case of Mo, resulting in a drift (decrease by heating, and vice versa) of 
measurement by modifying frequency of crystal vibration(44). Thus abrupt increase of 
thickness value right after shutter opening or closing was neglected, and the deposition 
was delayed until the temperature change was diminished with beam intensity weaker 
than the real deposition current. Deposition rates were kept at a low value (~0.3nm/min 
for Fe, Mo, and Al) to achieve uniformity and controllability of film thickness. After 
completion of catalyst deposition, the catalyst wafer was split into individual chips (~ 
10mmx10mm) by applying moderate force with a diamond scriber. Basically, this 
operation made a nice cut along the crystal direction of the silicon wafer.  

Finally, the prepared catalyst was loaded to the CVD growth system. Our home-built 
thermal CVD system consists of a gas feeding system and a quartz tube furnace (Lindberg 
Blue TF55035A, Thermo Electron Corp.) As a reaction chamber and gas flow cell, a quartz 
tube of water-free grade (25 mm outer-diameter x 1mm thickness, Quartz Plus, Inc.) was 
used. In order to introduce process gases, helium (purity: 99.999 %, Air Liquid), hydrogen 
(purity: 99.9999%, Air gas), and ethylene (purity: 99.999%, Air gas) cylinders were 
connected to each mass flow controller (MKS). A hygrometer (Hygrophil-F 5672, Bartec) 
was placed after the flow controllers to monitor water level in the gas mixture. Especially 
we put a dedicated effort to maintain very dry gas lines. The flow lines were kept at above 
100°C by a heat tape to prevent condensation of water. In order to minimize air 
introduction to the gas line, we installed a valve between the end of gas feed line and inlet 
of the quartz tube so that the valve could be closed and isolate gas lines whenever the 
quartz tube should be opened for loading or unloading of the catalyst substrate. A 
schematic of the experiment setup is shown in Fig. 3.4A. 

As previously discussed, thermal APCVD leaves significant carbon residue on the 
quartz tube wall after a growth run. Thus the quartz tube was heated at 850°C for 10 
minutes with exposure to the air before every run of CVD growth, so as to remove any 
carbon residue in the tube. While cooling the furnace, the quartz tube was closed when the 
temperature reached 500°C to prevent any possible introduction of water vapor present in 
air. Then a small fan was used to make the cooling faster. When the quartz tube was open 
again to load the catalyst substrate, the furnace temperature should not be high (< 100 °C), 
in order to avoid oxidation by air. Dirt or silicon particulates can be deposited when the 
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wafer is scribed or transferred, and they actually hinder growth by leaving areal defects on 
the substrate. Thus every chip was cleaned by blowing nitrogen on it sufficiently (for about 
20 sec with gun pressure of 15 psi.) The leading edge of the first substrate was carefully 
positioned aligned to the thermo-couple that is placed at the center of the furnace. When 
multiple of chips were loaded, other chips were put to the rear side-by-side. After closing 
the quartz tube, the system was purged for additional 10 minutes with 1000 SCCM of 
helium to remove air molecules possibly introduced while the sample was being loaded.  

The CVD growth process is summarized in the following diagram (Fig. 2.2). The first 
heat-up rate was 50°C/min and the second ramp-up was from an annealing temperature 
(Ta) to a growth temperature (Tg) in 1 minute.  Before growth was initiated by ethylene, 
catalyst was annealed under hydrogen gas to reduce oxide of Fe (Mo) catalyst into the 
metallic form. Flow rates for growth period were 100-15-515 (SCCM) for ethylene, 
hydrogen, and helium, respectively. Water or oxygen was introduced at the same time with 
ethylene when the effect was examined. After completion of the growth, the as-grown 
nanotube chip was unloaded when the temperature went below 350°C in order to prevent 
nanotubes from being thermally damaged by air.  

As a supplement, nanotube growth was conducted with laser heating (LCVD) to 
observe growth characteristics by localized rapid heating. An argon ( =515 nm, 
continuous) laser was illuminated through a 20x objective lens perpendicularly to the 
catalyst substrate. Similarly, Ar, H2, and C2H4 were introduced but the annealing step was 
skipped to examine effect of rapid heating. Instead of measuring temperature on the local 
beam spot, we controlled the laser intensity to adjust growth temperature. A mechanical 
shutter was applied right after the beam opening of the laser so as to apply laser abruptly 
with practically negligible transient temperature ramp.  

 

 

Fig. 2.2 CVD Process diagram describing change in the temperature and gas combination with respect to 
process time. 

 
In terms of experiment safety, any damages on the quartz tube such as crack or leak 

should be checked before heating the furnace, since the process gases (ethylene and 
hydrogen) are inflammable. All the gas lines of the CVD system were equipped with 
stainless steel tubing connected by Swageloks™ to minimize gas leak. Plastic tubing is not 
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appropriate since it can be accidentally damaged by a sharp edge, and it is not compatible 
with the heat tape that is used to prevent water condensation. When oxygen effect on 
nanotube growth is examined, the molar ratio should be carefully chosen under the level of 
explosive reaction with hydrogen or hydrocarbon gases. Due to the lack of knowledge on 
toxicity of carbon nanotube especially to a human body, it has been controversial how to 
treat this material(45). Nowadays, however, it is generally accepted that carbon nanotube 
is likely toxic, so that researchers should treat the material presuming it may be 
carcinogenic. Especially, when nanotubes have to be treated in powder form, it is strictly 
required to use protective equipment in a fume hood or other separated environment.  

 

2.2.2 Result and Discussion 

2.2.2.1 Simulation Study on Temperature Profile in CVD System 

Before setting forth growth of nanotubes, it would be valuable to understand the gas 
flow and temperature field in the furnace system to confirm if the growth conditions allow 
uniform environment near the substrate. As pressure was maintained at 1 atm without 
vacuum pump and moderate flow rate (< 1000 SCCM) was used, pressure field inside the 
system is reasonably regarded uniform. In contrast, the growth temperature is significantly 
higher than the ambient; there must be inevitable temperature gradient and thereby 
substantial amount of heat transfer. Therefore, before asserting constant temperature 
environment, understanding on temperature profile in the system should be preceded.  

Temperature is one of the most important parameters of CVD, as it affects the 
thermodynamics and kinetics of the deposition process, and it does so approximately in an 
exponential manner. As discussed in chapter 2.1.1, a hot-wall reactor provides relatively 
uniform temperature field. Considering heat energy is transferred mainly by radiation from 
the hot wall of the furnace, the IR absorption property of the substrate and gases is 
important in order to understand the temperature field near the catalyst substrate. Since 
the substrate is a piece of silicon that is thick (~520µm) enough for sufficient radiation 
absorption, the temperature of the conductive substrate will be close to the wall 
temperature. However, infrared (IR) absorption by gas medium (diluted in inert gas) is 
orders of magnitude lower than absorption by substrate, and thereby convective heat 
transfer near the surface will mostly determine temperature profile of gas.  

Before a gas molecule reaches the substrate, it is pre-heated by hot wall of quartz 
tube. For that reason, absorption property of the quartz tube is another important factor to 
estimate gas temperature. As shown in Fig. 2.3, commercially available quartz tubes have 
different optical properties depending on the grade of quartz. In this study, a water-free 
grade (214A in Fig. 2.3, <5ppm OH) was chosen for the experiment. This type of quartz 
tube is IR-transmitting as shown in the transmittance spectrum.  According to Wien's 
displacement law, the maximum radiation occurs at 2.83 µm in wavelength at 1023 K; we 
regard the quartz tube as transparent with respect to IR, so that the heat is transferred 
directly by radiation to the substrate. This high IR-transmittance is preferred when gas 
heating and thereby GPR should be minimized. It is also beneficial when the growth system 
should be combined with an optical growth monitoring system since carbon contaminants 
generated by excessive gas heating can stick to the quartz tube and subsequently dim 
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probing illumination. Since we will use an optical micrometer to study growth kinetics 
(chapter 3), we applied this IR-transmitting quartz tubing for all growth experiments.  

 

 

Fig. 2.3 Transmittance spectra of various type of quartz (excerpt from vendor brochure, Quartz Plus, Inc.). 
Type 214 is a standard (<5ppm OH) and 214A is water free (<1ppm OH). Type 219 is titanium doped and 124 
is solid material used for windows.  

 
Although direct measurement might be possible by placing a thermo-couple inside 

the flow, or by IR sensor, measurement of gas temperature is still challenging due to the 
overwhelming radiation occurring inside the furnace at a high temperature. Instead, 
simulation study was conducted to gain a general insight into the thermal profile of gases. 
Model simplifications were necessary for reasonable calculation time: 

(1) Gas flows between parallel plates with the flow rate at which the maximum speed of 
the flow rate profile is correspondent to that of the real flow.  

(2) The quartz tube is 100% transmitting to the radiation for the furnace wall.  
(3) The gas is inert with no IR absorption.    
(4) No chemical reaction occurs on the substrate. 
(5)  Volume force on gas is considered to take buoyant effect into account.  

Especially, the assumption (1) is postulated to solve a 2D steady-state problem that is 
greatly beneficial in terms of simulation time. Instead, it undermines analogy to the real 
situation.  Therefore it should be emphasized that the solution of this ideal problem reflects 
only a qualitative aspect of real phenomena. It is also providing lower bound of gas 
temperature of more realistic situation where 3D problem must be solved. Applying 
axisymmetric condition is not possible due to non-axial symmetry of the substrate and 
directionality of buoyant force.  

For a simulation, COMSOL Multiphysics®  (ver. 3.5) was used with a direct solver 
(PARDISO).  A directly measured temperature profile was applied to the furnace wall as a 
boundary condition.  Two different inert gases, argon and helium were examined. The 
gases were considered to be ideal gases, and especially temperature-dependent thermal 
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properties such as thermal conductivity, dynamic viscosity, density, and etc., were 
considered to improve accuracy (Fig 2.5) (46). The flow speed at the inlet was 4.38 cm/sec, 
and the ambient temperature was 300K. Air exists between the furnace wall and quartz 
tube as in the real system. The model geometry is shown in Fig. 2.4A.  

As a result of heat conduction, temperature of the quartz wall was high although the 
IR absorption was neglected. By heat loss near both ends of the furnace, the temperature 
profile showed significantly increasing or decreasing temperature gradient at the end, 
while the center of the furnace had relatively uniform temperature. Remarkably, 
circulation flow was observed in the argon flow (Fig. 2.4C, left), placed close to the inlet. It 
seems natural convection induced lift of flow by natural convection due to a steep 
temperature gradient present between the inlet and the center of the furnace. Evidently, 
the flow roll disappeared by disabling natural convection term in the governing equation of 
the simulation. This flow roll is not favorable for CVD, in that it increases residence time of 
gas in an unpredictable way, allowing excessive GPRs. Another characteristic is the 
asymmetry of the velocity field near the substrate (Fig. 2.4D, left) where more of gas flows 
beneath the substrate than above it. Indeed, real growth experiment supported the result; 
using argon as a diluting gas yielded different growth behavior as the catalyst side was 
flipped upside down; better (in terms of yield) growth was observed when the catalyst side 
faced down.  

 In contrast, natural convection was suppressed in helium flow (Fig. 2.4C, right); gas 
temperature became more uniform (Fig. 2.4B), and the velocity near the substrate showed 
symmetry unlike the argon case. First of all, it is evident that the flow behavior changed 
because helium is more heat- and momentum- conductive gas. Even though an analytic 
solution cannot be easily obtained in this mixed convection problem(47), Rayleigh number 
(Ra) as classical heat transfer theory suggests, can give a fundamental clue on behavior of 
natural convection.(22)  

 

   
          

 

  
 

     

  
 
  

  
 
     

   
        (2-2) 

 
As expressed in Eq. 2-2 and Fig. 2.5, helium has about 1 order higher thermal diffusivity 
and kinematic viscosity (related to smaller Ra) than argon at wide range of temperature, 
resulting in suppressed buoyant flow.  

Hydrogen gas is also used by being mixed with argon or helium in a growth 
experiment. Although a simulation with hydrogen was not conducted, it is reasonably 
expected that it would show a behavior similar to helium since its gas properties are of the 
same order of magnitude with helium. Nitrogen is sometimes used in place of argon or 
helium(48), but the nitrogen is reactive to hydrogen, especially on iron catalyst at lower 
temperature (300~550°) and very high pressure (15~25 MPa), known as Haber process 
for ammonia synthesis(49). Even though this reaction is exothermic (Δh=-92.2 kJ/mol), and 
thereby significant equilibrium shift is expected at the growth temperatures, we cannot 
exclude possibility of ammonia formation at the catalyst, and it is not obvious how the 
ammonia or possible nitrogen adsorbates would behave on the catalyst. As a result, we 
conclude that helium is a better carrier gas than argon or nitrogen in the CVD conditions 
for carbon nanotube growth. 
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Fig. 2.5 Thermal diffusivity (α) and kinematic viscosity (ν) of helium and argon at wide range of temperature. 

 

2.2.2.2 Catalyst Pretreatment and VACNT Growth 

Previously, it was argued that catalyst plays a crucial role not so much in 
decomposition chemistry of ethylene molecules as in morphology of nanotubes. In order to 
grow VA-SWNT, it is very important to prepare chemically reactive and densely dispersed 
catalyst nanoparticles with diameters of a few nanometers (generally less than 5 nm, Ref. 
(32)). Usually, the size of nanoparticle is controlled by thickness of the film, annealing 
condition, and interaction between the catalyst and support. For the rest of this chapter, it 
will be discussed how these factors influence growth of nanotubes on the basis of ex-situ 
characterization including AFM, SEM, and RAMAN spectroscopy.  

Growth experiment starts with catalyst pretreament before carbon feedstock 
introduction since the iron catalyst is readily oxidized by air, during catalyst preparation 
procedure. The oxide form of iron (Fe2O3) has much less reactivity to hydrocarbon than its 
metallic form. In order to reduce the oxide, hydrogen gas mixed with an inert gas is 
introduced, where oxygen in the catalyst desorbs mostly in a form of water.(50) The 
hydrogen flow is maintained to avoid additional oxidation by oxygen impurities possibly 
resulting from leakage in the gas feeding system, or from gas source itself as the gas purity 
of a commercially available gas cylinder is limited to a few ppm of impurities. Even though 
ethylene gas can also reduce the oxide, hydrogen treatment is widely accepted as a 
necessary step since it is possible to obtain a constant initial activity of catalyst before 
hydrocarbon introduction1, by separating catalyst reduction from nanotube growth 
process.  

                                                        
1 This is required for the kinetics study to observe pure growth behavior. Coupling with catalyst conditioning 
would show induction period. 
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AFM scanning was actively used in a tapping mode to observe surface morphology 
of catalyst thin film and catalyst nanoparticles after thermal annealing. Care was taken not 
to use blunt tips in order to minimize the tip effect in scanning; the AFM images shown 
here were taken with near-new tips that were used less than 5 scans (1×1 µm2). Fig. 2.6 
shows the AFM images of as-deposited and after-annealed catalyst film. In order to capture 
catalyst morphology change by thermal annealing, the standard growth process was 
followed as described in chapter 2.2.1, but the process stops before introduction of 
ethylene with immediate cooling.  

The sputtered alumina film (30nm) is likely amorphous (51), and grains with 
distinguishable size were not observed. The alumina film has a flat surface with negligible 
roughness. In general, sputtered film with no substrate heating grows into dense columnar 
structure with no dome formation (ZT mode, Ref. (44)). The AFM image on the sample after 
Fe (0.5 nm)/Mo (0.2 nm) layer deposition on the alumina film shows seemingly smooth 
and flat film. After annealing, however, 3D islands of catalyst nucleated. Evidently, high 
temperature annealing broke the film into individual particles. In Fig. 2.7, XPS scanning on 
as-deposit and annealed catalyst clearly shows remarkable reduction of iron signal by 
extended annealing, implying break-up of almost continuous iron layer2. During annealing, 
there is no gain of material on the substrate, and thereby equilibrium process prevails. In 
principle, thin film of Fe layer forms discrete particles in process of free energy 
minimization, since the surface energy of Fe (2.08~2.22 J/m2) is significantly high, 
compared to alumina (0~0.2 J/m2) (52), which is a typical characteristic of Volmer-Weber 
(VW) mode.  

The maximum height of the particles is about 2nm (850°C annealing), which is 
consistent with diameter distribution of as-grown nanotubes (Fig. 2.11D). However, 
statistical analysis on the catalyst particle size distribution was not conducted since it is not 
possible to reasonably discern sub-nanometer Fe particles from other possible bumps; for 
instance, roughness of underlying alumina surface (Fig. 2.6) obscures particle counting.  
Despites the uncertainty, when only discernible large particles are counted, the number 
density of iron particle has magnitude of an order of 103 per µm2, which is in the same 
order reported by other literature (51, 53).  

Annealing temperature is an important factor to control size of nanoparticles, since 
high temperature accelerates surface diffusion of iron atoms and thereby ripening behavior. 
Indeed, larger particles formed at 850°C than at lower (750°C) temperature (Fig. 2.6). 
Interestingly, particle agglomeration and particle coarsening were not as dramatic as 
reported in Nessim et al.'s paper where iron catalyst got significantly sintered by hydrogen 
annealing under a similar condition(16). Since the nature of the underlying alumina 
support is also an important factor for sintering phenomena, this comparison implies that 
the better stability of our catalysts is related to the alumina layer. Evidently, Amama et al. 
reported that activity and morphology evolution of iron catalyst at growth temperature are 
significantly affected by the preparation method of alumina film(51), also implying that 

                                                        
2 Fe-Alumina catalyst was deposited for this sample. Additionally, it is noticeable that as-deposit iron catalyst 
shows iron oxide peaks (evident binding energy shift to ~713 eV), which means iron catalyst was readily 
oxidized in air.  
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thermal stability of the catalyst are defined not only by the material itself but also the 
material preparation method. 

 The thickness of deposited catalyst film is also directly related to distribution of 
particle sizes, since it is the source of material, and thereby thicker film is expected to form 
larger particles at the given condition. Fig. 2.8 indicates iron catalyst satisfies this general 
expectation: the thicker the catalyst film is, then the larger sizes the catalyst particles attain. 
Subsequently, nanotubes grown from thicker catalyst film and thereby larger particles had 
larger diameters in average as revealed by TEM (Fig. 2.9).  

 
 

 

Fig. 2.6 AFM images of as-deposit and annealed catalyst films.  
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Fig. 2.7 XPS spectrum of as-deposit and annealed catalyst. The catalyst (2nm Fe / 30nm Alumina) was 
annealed at 750°C for 1hr.  

 
 

 

Fig. 2.8 AFM images (250 × 250 nm2) of as-deposited and annealed (Ta= 850 °C) catalyst of different 
thicknesses. 
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Fig. 2.9 TEM images of nanotubes grown from (A) Fe (0.6 nm)/Mo (0.2 nm)/Alumina (30 nm), and (B) Fe 
(0.5nm)/Mo (0.2nm)/(Alumina) 30nm. The average diameter of the left sample was about 3nm, and the right 
sample is 1.6nm. 

 
Silicon forms with iron an iron silicide compound. It is well known that iron silicide 

does not exhibit catalytic activity for nanotube growth(54). And this is the main reason for 
a barrier layer deposition. Up to this point, we presumed that the aluminum or alumina 
barrier layers have relatively great thermal stability compared to very thin Fe or Mo 
catalysts. However, we observed significant thermal instability of the barrier layers at 
growth temperatures.  

Firstly, aluminum film that was deposited by ebeam evaporation formed relatively 
large (tens of nanometers) domes as shown in Fig. 2.10A and 2.10B. High roughness of 
aluminum film basically would improve dispersion of Fe-Mo catalyst by increasing the 
effective surface area. In addition, interaction between metals is generally stronger than 
metal-oxides(44), so that aluminum would help dispersion of Fe-Mo catalyst nanoparticles. 
However, after the annealing process (Ta=850°C), a large number of micro defects were 
observed; a few of them exposed holes and patches of high SEM contrast. The SEM images 
reveal very interesting characteristics of the defects. As shown in Fig. 2.10C, the defects 
have a particular directionality. Considering the annealing temperature was even higher 
than the eutectic (577°C) or melting temperature of aluminum bulk (660°C), it is likely that 
the aluminum film becomes unstable by melting during annealing. One can figure out that 
the defect shape has great analogy to pit formation by silicon etching: silicon diffuses to 
aluminum, leaving characteristic pit shape depending on crystalline direction of silicon 
wafer(44). Fig. 2.10D shows the top surface of vertically aligned nanotube array grown 
from the catalyst of aluminum barrier layer. Evidently, nanotubes did not grow on the 
defect, leaving holes that have same shape and directions with the defects.  

Considering our result, aluminum may not be a proper barrier layer for silicon 
substrate and metal catalyst. Furthermore, aluminum actually wets iron surface and forms 
alloy. In a sense, this strong interaction improves dispersion of iron nanoparticles. In other 
sense, however, aluminum can poison iron particles blocking its catalytic sites since 
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aluminum alone does not have catalytic activity for carbon nanotube growth. Acros et 
al.(55) exerted dedicated effort to prove incompatibility of metal aluminum buffer layer 
(10 nm) with iron catalyst (1 nm) by using in-situ XPS. Indeed, they observed that Al-Si 
alloy was formed and it eventually swallows iron catalyst, proven by loss of iron peaks in 
XPS.  

 

 

Fig. 2.10 (A) SEM image of as-deposited aluminum film (30 nm) on silicon. (B) AFM image of as-deposited Fe 
(0.5 nm)/Mo (0.2 nm)/Aluminum (30 nm) catalyst. (C) SEM image of annealed (Ta= 850°C) catalyst (same 
one used in (B)). (D) SEM image on top of nanotube arrays (Ta , Tg = 850°C) grown from the same catalyst that 
is used for image (C).  

 
Despite the incompatibility we observed, metal aluminum has been widely used for 

SWNT synthesis(56-58). It seems the real growth mechanism on Fe-Al layer is related to 
oxide passivation layer of aluminum which forms by exposure to the ambient air, or by 
oxygen impurities in the CVD gas mixture. Yet, it is not easily conceivable how the thin 
aluminum oxide would behave on the molten aluminum. Instead, we speculate that 
nanotube could grow kinetically before iron got poisoned by aluminum or diffused silicon. 
In contrast, thick oxide film should be more stable than the metal film at high temperature. 
Evidently, the melting temperature, which reflects thermal stability in general (44), of 
aluminum oxide (2072°C in bulk) is much higher than that of aluminum (660°C). In this 
respect, inert oxide such as alumina, magnesia and silica should be better material as a 
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barrier layer. Instead, the catalyst-support interaction will be weaker than metallic layer, 
thus annealing time should be adjusted to avoid possible severe particle agglomeration.  

Even though VA-SWNT grew successfully with alumina layer, a practical issue was 
observed regarding thermal stability degradation by stoichiometry change as discussed in 
chapter 2.2.1. AFM scanning on annealed alumina films (Fig. 2.11A and 2.11B) clearly 
reveals thermal stability was significantly affected by oxygen content of alumina film. The 
sample of Fig. 2.11A was prepared by sputtering process with argon plasma only. For Fig. 
11B, alumina was sputtered reactively with 10% of oxygen added to argon. Both substrates 
were annealed at 850°C by following the same annealing scheme with the aluminum case. 
As-deposited alumina films look almost the same, regardless of oxygen reactant addition. 
However, annealing made a stark difference: a large number of nanoscale defects by the 
non-reactive sputtering method. Contrary to the characteristic defects of metal aluminum 
layer, directionality does not exist. Fe-Mo-alumina catalyst (0.5-0.2-30 nm) layer also 
shows defective surface after annealing, possibly resulting from the alumina instability. It 
consists of some intact and highly sintered area where catalyst nanoparticles cannot be 
well distinguished. In contrast, reactive sputtering by oxygen remarkably improved 
thermal stability, resulting in no surface defect; hence Fe-Mo nanoparticles of sub-2 nm 
size were nicely formed.  

Vertically aligned single walled carbon nanotubes (VA-SWNTs) could be grown with 
both of the alumina samples. For CVD, annealing and growth temperatures were set at 
850°C and flow composition of the gas mixture was 100-15-515 (C2H4-H2-He) SCCM. 
Interestingly, nanotubes grown on those catalysts show different diameter distribution (Fig. 
2.11C and 2.11D); nanotubes grown from unstable alumina had somewhat larger 
diameters in average (1.6 nm) with broader range. In contrast, VA-SWNTs of sub-2 nm (1.3 
nm avg.) diameters were obtained by using the stable alumina layer (Fig. 2.11D). Raman 
spectra (Nicolet Almega XR dispersive Raman spectrometer, Thermo Scientific) on the top 
of the sub-2nm VA-SWNT show that the nanotubes are well-graphitized with a high G 
(1595 cm-1) to D (1310 cm-1) band ratio: ~9.9 in 633nm excitation (Fig. 2.12C). A shoulder 
peak at ∼1560 cm-1 is clearly distinguished on the G band (1595cm-1), suggesting a large 
population of SWNTs. The radial breathing modes (RBM) in Fig. 2.12D indicates 
consistently the presence of sub-2.0 nm wide CNTs. Finally, growth of defect-free VA-SWNTs 
of 2 sub-2nm diameter was achieved, as shown in the SEM images of Fig. 2.12A and 2.12B.  
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Fig. 2.11 (A)(B) AFM images that show morphology change by thermal annealing (Ta= 850°C) of Fe (0.5 
nm)/Mo (0.2 nm)/Aluminum (30 nm) catalyst where alumina was deposited by (A) non-reactive sputtering 
and (B) reactive sputtering. Nanotubes grown from the catalyst have different diameter distribution; (C) and 
(D) correspond to catalyst (A) and (B), respectively. Average diameter of (C) is approximately 1.6 nm, and (D) 
has 1.3 nm in average.  

 
Regarding further narrowing-down of the nanotube diameter, 0.5/0.2 nm of Fe/Mo 

was the minimum size that practically allowed growth of VA-SWNT on the given CVD 
conditions. Further reduction in catalyst thickness did not allow array growth, although 
very short (<1 µm) VA-SWNTs or entangled SWNTs were sometimes grown with very low 
yield. To our knowledge, CVD growth of VA-SWNTs with smaller diameters, for instance 
sub-1 nm, has not been reported. A concrete reason for this lower bound of diameters of 
VA-SWNT has not yet been suggested. However, it is natural that small catalyst particles 
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may be more vulnerable to catalyst deactivation such as non-graphitic carbon 
encapsulation or Ostwald ripening. For instance, surface curvature on a small iron particle 
will provide highly reactive sites and the excessively decomposed carbon can quickly 
enclose the small catalyst, disturbing the growth process. Additionally, due to the 
significantly amplified surface effect (i.e. surface atom mobility) of sub-1 nm nanoparticles, 
the ripening effect could be accelerated, resulting in early growth termination. 

 

 

Fig. 2.12 (A) Cross sectional SEM image of VA-SWNT array grown from Fe (0.5 nm)/Mo (0.2 nm)/Aluminum 
(30 nm) catalyst. (B) Defect-free top image of the VA-SWNT array. (C) RAMAN spectra of the corresponding 
nanotubes. 633 and 473 nm RAMAN excitation through 100× object lens was applied to the top (or tips) of 
the nanotube array.  (D) High resolution RAMAN spectra in radial breathing mode (RBM) range. Peaks at 
higher RAMAN shift originates from nanotubes with smaller diameter;                  . (59) 

 

2.2.2.3 Laser CVD Growth of Carbon Nanotubes  

As a supplement, growth experiment was conducted by LCVD. Unlike the growth by 
thermal CVD furnace, nanotubes could never grow successfully on a silicon substrate, 
whereas nanotube growth or film damage by excessive heating was easily observed with a 
quartz substrate. These comparative results reveal that due to the high thermal 
conductivity, silicon act as a heat sink, removing heat energy so quickly. Thus a quartz 
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substrate was necessary to provide a temperature high enough to initiate nanotube growth. 
In addition, about 100 nm of chromium layer was deposited by RF sputtering to facilitate 
absorption of laser light. Subsequently, 2 nm Fe / 0.3 nm Mo / 30 nm alumina were 
deposited on the chromium film.  

In most of literature on LCVD nanotube growth, nanotube growth was obtained by 
illuminating laser to the bottom of the catalyst surface through a transparent substrate 
(bottom-illumination)(60, 61). The bottom-illumination is preferred in that laser light does 
not directly interact with growing nanotubes, which is not an established behavior yet. 
Instead, this bottom-illumination necessarily requires a transparent substrate to allow 
laser beam to reach the catalyst film layer. The SEM images in Fig. 2.13A-C show nanotubes 
grown by this bottom-illumination when a mixture of 300 SCCM of ethylene and 100 SCCM 
of hydrogen was introduced by flow controller at pressure of 1 atm. The laser power was 
tuned to 0.15 W.  

However, direct illumination on the catalyst side (top-illumination) also allowed 
immediate growth of nanotubes on the same condition (Fig. 2.13D). This is contrary to Park 
et al.'s report(60) where only graphitic material with poor quality was deposited by top-
illumination. It seems this discrepancy derives from CVD conditions, not nature of 
nanotube growth. Evidently, our LCVD growth experiment demonstrates that nanotube 
growth by top illumination is feasible. Besides, top-illumination has a substantial advantage 
when a transparent substrate is not allowed.  

 

 

Fig. 2.13 SEM images of nanotubes grown by LCVD. (A) Nanotubes grown with bottom illumination. (B)(C) 
Zoom-in images of (A); the corresponding areas are designated by white broken lines. (D) Nanotubes grown 
with top illumination. (E) Nanotubes grown at lower (~ 100 Torr) pressure. The image (D) and (E) share the 
same image scale. The scale bar in (E) indicates 1 µm. 

 

The SEM images in Fig. 2.13 show interesting characteristics of laser growth: very 
short growth and excessive catalyst sintering at the beam center, but aligned nanotube 
array near the rim of the beam spot. Considering that the beam intensity profile follows 
Gaussian distribution, the center area was most likely exposed to excessive heat, even 
breaking up the underlying support films. In contrast, array growth was obtained on the 
area of diminished tail in the energy profile. These observations imply that the growth non-
uniformity might be overcome by delicate tuning of laser power. However, a uniform (or 
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center-filled) growth could not be achieved by power adjustment; only short nanotube 
growth with very low yield or carbonaceous layer deposition was observed by a decreased 
power.  

One plausible explanation for the non-uniform growth behavior could be related to 
inefficient mass transport by natural convection. Unlike thermal CVD in the furnace system, 
heating of gas occurs locally on the laser spot. This abrupt heating necessarily induces 
significant temperature gradient of gas that is flowing over the hot spot. An upward motion 
by buoyant force will lift the boundary layer, retarding mass transfer of hydrocarbon 
precursor to the hot spot. As a result, nanotubes grow relatively longer on the outer area, 
while the inner area got starved of carbon source.  

When nanotube density is not high enough, nanotubes collapse and can be aligned 
to the flow direction as demonstrated in horizontal (parallel to the substrate) growth of 
nanotubes(62). Thus the alignment directions of the nanotubes on the rim of growth spot 
(Fig. 2.13D) suggest that there existed strong inward flow. This kind of flow motion is 
typical when natural convection becomes apparent. Therefore the observed inward 
alignment of nanotubes indicates significant effect of natural convection during LCVD 
growth.  

In order to mitigate the natural convection, Eq. 2-2 is revisited. Rayleigh number is 
proportional to pressure by 2nd order. That is, natural convection can be greatly suppressed 
by lowering pressure. Indeed, LCVD growth at a low pressure (~100 Torr) helped improve 
growth uniformity as compared in Fig. 2.13E. Then a series of laser growth were conducted 
in the same condition but for different durations of laser illumination so as to capture 
kinetic characteristics of LCVD growth of nanotubes (Fig. 14). The series of SEM images 
reveal interesting features of the LCVD growth. Initially, growth rates corresponded to 
Gaussian beam profile: faster growth at the center. However, nanotubes on the center area 
stopped growing between 30 and 60 sec, while growth on the rim area was sustained 
further and the nanotubes started to be aligned inward.  

 

 

Fig. 2.14 SEM images of nanotubes with different LCVD growth time. The laser power was fixed at 0.15W. 
The scale bar on the rightmost image indicates 1 µm.  

 
For a comparison, the laser power was increased to 0.18~0.19 W (Fig. 2.15A and 

2.15B). As expected, the initial growth rate became faster, but nanotube yield at the center 
area was very low, resulting in severe non-uniformity. It indicates catalyst at the center 
became deactivated very quickly (< 10sec). As shown in Fig. 2.15C, the deactivated catalyst 
got severely sintered by excessive heating. Consequently, the uniformity improvement by 
lowering pressure was compensated by the laser power increase.  
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Fig. 2.15 (A)(B) Nanotubes grown by LCVD with a higher (0.18~0.19W) power. The image scale is same with 
Fig. 2.14. (C) Zoom-in image of the designated area in image (B).  

 

Coming back to the question of why growth yield at the center is low regardless of 
laser power adjustment, it involves GPRs as well as mass transport by natural convection. 
Localized heating by laser minimizes heating of gas and thereby GPRs. Recently, several 
studies proposed GPR is an important growth step.3  High temperature, that is, high laser 
intensity promotes GPR very near the beam spot, whereas natural convection becomes 
dominant. Low laser intensity supports the opposite effects. One possible solution could be 
using more reactive carbon feedstock that does not need GPRs. Then control on mass 
transport by temperature or pressure adjustment will allow uniform growth.   

Lastly, it is intriguing that nanotubes grew in tip-growth mode, as revealed by the 
high-magnification SEM image in Fig. 2.16. This is contrary to the root-growth by our 
thermal CVD with the same catalyst where nanotube re-growth was possible on the same 
substrate. One of the critical differences in LCVD growth from the conventional CVD is that 
the catalyst is heated abruptly. Then nanotubes should grow without pre-annealing 
process; growth will occurs immediately after fast reduction of iron oxide. Huang et al. 
reported rapid-heating process promotes tip-growth mode(62). They suggested convective 
flow induced by temperature difference in the heating process instantly lifts the catalyst 
and sustains further elongation of nanotubes by floating the nanotube tip or catalyst in the 
gas stream: so called kite mechanism. Even though this idea explains how nanotubes are 
aligned to the gas flow direction, the explanation about growth mode change from root- to 
tip-growth is not clear.  

In principle, the growth mode is determined by catalyst-support interaction; strong 
adhesion will inhibit catalyst from being detached from the substrate. Since e-beam 
evaporation was used for the catalyst preparation process, possibly the catalyst evaporant 
got quenched as soon as it lands on the substrate during deposition, and thereby the 
interface formation would be kinetically incomplete. Unlike the conventional growth by 
thermal CVD, LCVD does not allow enough time for pretreament by annealing. Therefore, 
we believe that the growth process by carbon kinetically prevails over catalyst-support 
interface formation, resulting in tip-growth.  

 

                                                        
3 This topic will be discussed again in chapter 3. 
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Fig. 2.16 A high magnification image of nanotubes grown by LCVD. It indicates the nanotubes grew in tip-
growth mode; the catalyst particles stayed at the tip of the nanotubes.  

 

2.2.2.4 Growth Reproducibility 

Although it is not widely discussed in the literature, we have observed that growth 
behavior is not 100% reproducible especially in the case of VA-SWNT growth. This non-
reproducibility could be related to growth parameters. If the growth is conducted in 
unstable (or not robust) conditions in the parametric space of CVD, the result can fluctuate 
due to the sensitivity to growth condition. For example, growth with an unstable barrier 
layer (aluminum or under-stoichiometric alumina) was relatively unpredictable in terms of 
growth rate or deposition yield. From an empirical point of view, such sensitivity had 
correlation with size of nanoparticles; growth reproducibility was hard to achieve with 
smaller nanotubes. In addition, the synthesis process requires extra care in order to 
achieve reliable result. Especially, it was important to maintain clean condition of CVD and 
catalyst deposition system, in order to rule out any environmental factors. Interestingly, 
the growth "practically" got affected by weather; that is humidity. For instance, the first run 
in the morning generally showed better growth. Considering the growth system remained 
idle over night, ambient moisture might have possibly penetrated into the system. As will 
be discussed in the next chapter, the implication is that nanotube growth is extremely 
sensitive to moisture level. These arguments suggest that nanotube growth by CVD 
requires tight control to achieve reliable kinetics data, which is one of the most important 
prerequisites for the growth kinetics study.  In order to mitigate these issues in advance 
and allow extended growth time, we chose relatively thicker size (2nm Fe) of catalyst and 
incorporated gas purification units for growth kinetics study, as will be discussed soon in 
chapter 3.  

 
 
 
 



30 
 

CHAPTER 3 CNT GROWTH KINETICS 

3.1 Overview on Growth Kinetics by Catalytic CVD  

3.1.1 Introduction 

Before discussing VACNT growth kinetics observed by experiment, complicated 
physical and chemical processes occurring during CVD should be understood in order to 
get insight into the growth mechanism. The CVD synthesis of carbon nanotubes involves a 
series of transport and conversion events that produce a flux of carbon material from a 
precursor provided by the feed gases (or generated by gas phase reactions) to the carbon 
nanotube that is growing from the catalyst particle. In describing growth kinetics, it will be 
assumed that the status of catalyst nanoparticle is in a state of "ready for growth" 
attributed to the catalyst pretreatment process. That is, the process right after introduction 
of carbon feedstock will be discussed in this chapter.  

Briefly speaking, nanotube growth processes by CVD share several common 
characteristics. Controlled amount of carbon source gas (light hydrocarbon gas in most 
cases) is introduced and transferred to the gas-catalyst interface by gas phase diffusion as 
well as advection motion of carrier gas. Then the arriving molecules adsorb to the catalyst 
surface and start to decompose into carbon and hydrogen. The latter will be desorbed into 
the gas stream and swept away to the exhaust. The carbon adsorbate dissociates itself 
further into atomic carbons, and thereafter the carbon adatoms diffuse through the catalyst 
particle to the open end of the growing nanotube and finally incorporate into graphitic 
carbons of the carbon nanotube. Assuming no deactivation of catalyst, the overall process is 
continuously repeated by constant introduction of carbon feedstock and it reaches a steady 
state quite quickly. The overall process is summarized in Fig. 3.1, and before we discuss the 
detailed results obtained in our study, it will be useful to provide a general description of 
growth kinetics of CNT arrays. 

 

 

Fig. 3.1 A schematic overview on CNT growth process. 
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3.1.2 Diffusion in Gas 

Considering most of CVD systems adopt a chemically inert flow channel (a quartz 
tube in our setup) that is sufficiently long, we can assume that the flow motion and thereby 
delivery of carbon feedstock follow characteristics of fully developed internal flow. 
However, the detailed description on flow pattern near the substrate is not simple since it 
depends on the geometry of the substrate and possibly susceptor. Nevertheless, in general, 
we can postulate that free stream of gas forms a thin (velocity and temperature) boundary 
layer right over the substrate with no slip of gas at a constant substrate temperature. 
Similarly, a concentration boundary layer develops by mass flux to the substrate, where 
gas-phase diffusion plays a critical role in mass transfer. Advection flow helps delivery of 
fresh hydrocarbon molecules and removal of reaction products. Otherwise, deposition rate 
will diminish as it consumes carbon source, similarly to reactions in closed system.  

Diffusion behavior in gas phase can be well described by Fick's law.  
 

        
    

     
  
 

 
      (3-1) 

 
Here, it is assumed that diffusion occurs in slow mass transfer rate regime. Although 
ethylene molecules produce twice as much hydrogen as decomposed ethylene, the 
conversion rate is relatively slow, as will be demonstrated later, and thus Stefan flow is 
simply neglected in this study. Ordinary diffusivity (Dg) is inversely proportional to 
pressure by reduced mean free path (MFP) so this property explains why LPCVD provides 
efficient gas delivery to the substrate. Generally, gas phase diffusion is very fast compared 
to other transport or conversion processes occurring in CVD when the temperature is 
relatively low. 

Nonetheless, gas diffusion may become important soon after nanotubes start to 
elongate. VACNTs develop a very interesting nano-porous array structure. CNT-CNT 
distance (as estimated by number density of catalyst particles) is about tens of nanometers 
that is much shorter than MFP of gas molecules even under APCVD environment. Then the 
diffusive flow becomes close to Knudsen flow, and  the diffusion coefficient is estimated 
as(63): 

       
  

 
 
 

 
 

 

 
      (3-2) 

 
where   : pore radius,   : porosity,  : tortuosity. Here, it is presumed that the nanotube 
wall is chemically inert, although carbon deposition on graphitic wall was experimentally 
demonstrated in severe conditions similarly to chemical vapor infiltration (CVI) process. 
Indeed, the TEM images revealed that our CNTs did not have thick amorphous over-layer. 
Contributions of surface diffusion on the nanotube wall(64) and any transport 
enhancement by atomistic smoothness of the nanotube wall surface(57) are also neglected.   

Now it is required to calculate effective diffusion coefficient. In principle, the 
resultant diffusion resistance has additive nature modeled via serial resistances(63). 
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Considering the Knudsen resistance is much higher than ordinary diffusion resistance4, 
simplification can be drawn by the following equation.  

 
 

    
 

 

  
 

 

  
 

 

  
     (3-3) 

 
However, the real geometry of VACNTs is quite complex: nanotubes are actually curled and 
sometimes bundled. A dedicated analysis on diffusivity through VACNT arrays has not yet 
been established. Despite these difficulties, Xiang et al.(53) quantitatively estimated 
contribution of gas phase diffusion to growth kinetics. They proposed that VA-SWNT 
growth is not limited by gas diffusion if the length is shorter than order of millimeters, 
whereas most of VA-SWNT growth terminates with shorter lengths if no growth enhancer 
is added.    

As discussed in chapter 2.2.2, mixed convection, which entails a combined form of 
forced and natural convection, can appear as natural convection becomes appreciable, 
being induced by temperature gradient of gas. Mixed convection should be avoided in that 
it thickens boundary layer significantly, retarding mass transport. Moreover, thin boundary 
layer assumption does not hold in mixed convection area, which makes analysis more 
complicated. In chapter 2, it was discussed that natural convection can be suppressed by 
using more conductive gases such as helium and hydrogen, or by lowering pressure. More 
simply, natural convection can be overwhelmed by increasing inertia force compared to 
buoyant force; faster flow rate mitigates buoyancy. Additionally, faster flow will facilitate 
convective mass transfer by making the concentration boundary layer thinner.  

 

3.1.3 Gas Phase Reactions 

In modern CVD analysis, gas phase reaction (GPR) has attracted more attention as 
being proven to have significant effect on deposition kinetics and film morphology.(65) 
Unfortunately, transport phenomena of hydrocarbon gas are coupled with complicated 
self-pyrolysis chemistry in gas phase, rendering the analysis even more complicated. In 
reality, GPRs of light hydrocarbon gases are not negligible at CNT growth temperatures.(66, 
67) However, GPRs of hydrocarbon pyrolysis involve a large number of elementary steps 
consisting of initiation, propagation of radicals and intermediate products, and termination 
with final products. A computational simulation might help study GPR-coupled mass 
transfer, but it will require a significant amount of calculation time. Therefore, in this work, 
analysis on the detailed paths of GPRs will be lumped and discussed moderately (chapter 
3.6.3).    

In general, non-equilibrium processes are dominant in GPRs, some of which are 
close to equilibrium, though. Thus reaction time of GPR or residence time of gas molecules 
in the CVD reactor is a key parameter to predict resultant species. A flow rate is directly 
related to residence time of gas. While residence time of gas reagents is readily estimated 

as    
   

 
, it should be noticed that the temperature profile along the reactor is not 

                                                        
4 Based on Xiang et al.'s parameters, the diffusivity values are estimated as DK ~ 4.45×10-2 cm2/sec and Dg ~ 
4.57×100 cm2/sec. 
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constant in reality, and hence different gas expansions at different positions should be 
considered. In any case, fast flow will sweep gas molecules shortly from the hot zone where 
possibly important gas phase reactions occur. Therefore, before asserting mass transfer 
enhancement by fast flow, the role of GPR in nanotube growth chemistry should be 
identified.  

For instance, GPR products of thermally activated ethylene pyrolysis contain various 
hydrocarbon species (10, 66, 67) that might have critical role in nanotube growth. Indeed, 
recent literature reports point to the existence of several efficient precursors for nanotube 
growth. Several pyrolysis products appear to be more efficient growth agents than the 
original carbon feedstock: for instance, benzene(6), acetylene(5, 7, 8), and C4H4(11). When 
Meshot et al.(10) tried to decouple heating of gas from substrate heating, they showed that 
thermal pretreatment of ethylene remarkably enhanced growth rate. Recently, Plata et 
al.(12) measured growth rates of various carbon feedstocks, and identified several alkynes 
as the efficient carbon source with vinyl acetylene being the most effective. It is interesting 
that they observed that a small amount (<1% by vol.) of such species promoted growth 
more effectively, when combined with ethylene feedstock.  

However, excessive self-pyrolysis will generate aromatic soot precursors and 
amorphous carbon particulates, which is obviously unfavorable for high-quality nanotube 
synthesis. Moreover, the favorable carbon precursors can be consumed into larger 
molecules by reactions that likely have higher orders in time .(68) These observations 
suggest that there exists an optimum degree of GPRs that accelerates nanotube growth 
most. For sure, effects of GPRs should be dependent of kind of carbon feedstock, so that the 
importance may not emerge in case of relatively stable gases, for instance, methane. 
Alternatively, gas phase pyrolysis diminishes greatly by avoiding gas heating due to a high 
activation energy of the initiation step (~3.36 eV for ethylene (66)).  

 

3.1.4 Adsorption and Surface Reactions 

Continuing from the previous argument, a hydrocarbon precursor, after gas phase 
diffusion and related gas phase reactions, impinges on the catalyst surface. Then it is either 
reflected into gas space, or trapped on the catalyst surface, being weakly bound by Van der 
Waals attraction, so called physisorption. However, CNT growth temperature is very high 
(~1000K), so that the weak interaction is readily overcome by thermal energy, and thereby 
physisorption state of a hydrocarbon precursor is negligible; hence, adsorption of inert 
carrier gases such as argon and helium are not taken into consideration. Very interestingly, 
one paper(69) demonstrated use of different inert gases induces morphological change of 
catalyst by surface faceting. Remarkably they showed that this restructured catalyst 
enabled chiral-selective growth of nanotubes: helium promoted growth of metallic 
nanotubes. However, the underlying mechanism is still not clear. In our cases, we could not 
observe this growth selectivity (as characterized by Raman spectroscopy) by replacing 
argon carrier gas with helium, thus effect of inert gas is not considered for adsorption.  

Subsequently, stronger interaction with metal catalyst is established by overlap of 
electrons of π-orbital in the unsaturated hydrocarbon and metal-projected electrons, and 
further by σ-bond formation with metal that is much stronger, which are called 
chemisorption. Now the adsorbates are sustained by those strong interactions, and it is 
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directly related to catalysis of hydrocarbon dissociation by compensating high activation 
energy with bonding to metal surface. Here, a catalyst nanoparticle has a limited number of 
active sites for adsorption. The active sites may not correspond to the individual metal 
atoms exposed on the surface, and different adsorbate-catalyst combinations may have 
different number of active sites, depending on the related physical dimensions and 
energetics. 

This adsorption process is the crucial and most complicated part for CVD growth of 
nanotubes, in that it simultaneously involves significant physical (phase transformation) 
and chemical (catalysis) modifications of carbon molecules at the extremely narrow 
interface. The main difficulty in analysis is that basic thermodynamic or kinetic data are not 
readily obtainable in many combinations of catalysts and gaseous hydrocarbon precursors, 
although a large number of studies have been carried out with particular combinations of 
light hydrocarbons and metal catalysts such as Pt, Pd, Re, Ru, Ir, Ni, and so on. 
Unfortunately, data on ethylene-iron (that is used for nanotube growth in this study) are 
not extensive, possibly because of carbide formation. Moreover, the conventional studies 
on light hydrocarbon catalysis focused on molecular modification of hydrocarbon gases: for 
instance, hydrogenation, dehydrogenation, and isomerization. For those studies, carbon 
deposition at elevated temperatures is a problematic issue that should be avoided. Studies 
on carbon deposition (for example, amorphous carbon coating or diamond deposition) 
might help, but it involves significant degree of gas-phase pyrolysis promoted thermally or 
by plasma generation.    

Nevertheless, potential energy diagram (PED) obtained by density functional theory 
(DFT) simulation provides an important insight on adsorption kinetics of ethylene on other 
metals (Fig. 3.2). (Theoretical studies on ethylene-iron catalysis were relatively rare 
compared to other hydrocarbon-metal combinations.) First of all, even though the apparent 
reaction of ethylene decomposition looks simple with leaving carbon solid and molecular 
hydrogen, the detailed reaction paths indeed consists of successive elementary steps of 
dehydrogenation and scission of carbon-carbon bond with different levels of energy barrier 
(activation energy, Ea). Moreover, in many cases, energetics of surface reactions are 
strongly dependent on surface geometry with different coordination number of surface 
catalyst atoms. Consequently, the resultant kinetics will follow the most efficient path, 
likely with lower activation energies and preferentially on stepped or kinked sites.  

 Various hydrocarbon gases can have different reactivity for nanotube growth. For 
instance, owing to higher binding energy (BE) (89 kcal/mol in acetylene, 68 kcal/mol in 
ethylene)(70), acetylene adsorbs on iron more strongly than ethylene. Due to the high 
growth temperature, contribution of entropic barrier, which is related to steric factor, can 
affect adsorption kinetics significantly. Free energy change by adsorption can be 
approximately evaluated by the following relation.(71)  

 

                
   

    
      (3-4) 

 
where Zad and Zgas indicate partition functions of hydrocarbon molecule in adsorbate and 
gas state, respectively. Comparison of the partition function reveals that acetylene 
adsorption has at least similar or less entropic loss than ethylene, owing to its linear 
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structure. Fig. 3.2C shows calculated free energy change of various hydrocarbon adsorbed 
on Pt, suggesting that ethylene desorption will prevail at significantly lower temperature 
than acetylene.(71) Even though their calculation was based on Pt and Pd catalyst, the 
qualitative argument will still hold for the case of iron catalyst.  

 

 

Fig. 3.2 (A) potential energy diagram (PED) of ethylene decomposition on Ni catalyst. Excerpt from Ref. (72). 
(B) Light hydrocarbon decomposition on Pd and Pd/Ag catalyst. Excerpt from Ref. (73). (C)(D) Calculated free 
energy change of hydrocarbon on Pt(111) and Pd(111). Excerpt from Ref. (71). (E) Ethylene decomposition 
paths on catalyst. Especially iron follows path B. Excerpt from Ref. (74). (F) A schematic describing 
comparison of decomposition PED of a hydrocarbon and its dehydrogenated form. 

 
Moreover, admitting that the final product should be an atomic carbon, acetylenic 

surface precursor is closer to the final form of surface reaction, as depicted in fig. 3.2E and 
3.2F. Thus it can be inferred that acetylene is possibly more efficient carbon feedstock 
compared to ethylene. In contrast, saturated hydrocarbons such as methane have very 
stable molecular structure, so dissociative adsorption that has higher adsorption barrier 



36 
 

should occur prior to further dissociation, whereas pi-bond of unsaturated hydrocarbon 
(ethylene and acetylene) enables adsorption with no need of dissociation. Especially, Eres 
et al.(75) examined various hydrocarbon gases to compare growth efficiency with their 
molecular jet growth setup, and they demonstrated that acetylene is a special species that 
is very efficient for nanotube growth (Table 3.1). Interestingly, they could not achieve 
nanotube growth by ethylene and methane feedstock with Fe/Al (10 nm /1 nm) catalyst at 
a relatively low temperature (650 °C). In practice, acetylene is used on a leaner condition, 
that is to say lower pressure, than the other hydrocarbons in order to avoid excessive 
decomposition leading to non-graphitic carbon polymerization that deactivates catalyst 
quickly. It is noticeable that most of low temperature CNT growth studies have used 
acetylene as a carbon source.(76)  

 

 

Table 3.1 Comparison of carbon source efficiency in the molecular jet growth experiment. Excerpt from Ref. 
(75). 

 
In order to understand adsorption kinetics on a theoretical basis, it is presumed that 

a rate-determining step exists.(74) Then we can come up with possible scenarios: surface 
reaction limited, adsorption limited, and desorption limited process. In the first case, 
adsorption process is very fast; thereby equilibrium between gas phase of a hydrocarbon 
and its adsorbate phase is established. Considering that the activation energy for surface 
reactions (1~2 eV in general) is generally much higher than the adsorption barrier of 
unsaturated hydrocarbons, a surface reaction is likely much slower than adsorption or 
desorption. This situation is preferred at high pressure and low temperature conditions.   

Before discussing the related surface reactions, we need to know how many surface 
species stay on the catalyst. Langmuir isotherm provides a fundamental tool for describing 
equilibrium surface coverage quite simply, in terms of pressure of a hydrocarbon gas.(77) 

 

          
     

  
      (3-5a) 

  
   

      
      (3-5b) 
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where  : number of occupied sites,   : maximum number of available sites. Before applying 
this model rigorously, however, the underlying assumption should be understood. First of 
all, it is assumed that the adsorption does not occur on the sites already occupied by 
another molecule. In practice, it was demonstrated that ethylene adsorption satisfies this 
simplification for graphene growth.(78) Additionally, Langmuir adsorption assumes that 
adsorption energetics does not change regardless of surface coverage. In reality, however, 
adsorption can show very complicated behavior as repulsive lateral interaction of crowded 
adsorbates becomes significant. Moreover, since adsorbates preferentially occupy reactive 
ones among non-homogeneous adsorption sites of a catalyst, the stability of adsorbates will 
decrease as the good sites are occupied.(74, 79) Nonetheless, the initial (or low coverage) 
state of catalyst can be considered close to ideal surface of Langmuir model, as it is widely 
accepted.(80) Therefore we postulate Langmuir isotherm can reasonably describe 
hydrocarbon adsorption at least when surface coverage is low. 

Subsequently, surface reaction rate is proportional reasonably to the surface 
coverage (Langmuir-Hinshelwood kinetics). For example, atomic carbon is produced by 
dissociation of acetylene adsorbates (    

 ) on catalyst. In surface reaction limited case, 
adsorption process of the hydrocarbon and hydrogen molecule is considered near 
equilibrium. Particularly, hydrogen adsorption-desorption process is very fast compared to 
that of larger molecules, so that equilibrium of hydrogen adsorption is generally 
satisfied.(81) Here acetylene is chosen to simplify derivation. Then the surface reaction 
becomes simply     

                 . If we set  hc,  H,  C and  V as coverage of 
acetylene, atomic hydrogen, atomic carbon, and vacant site of catalyst, respectively, then 
we get  hc+ H+ C+ V = 1. Following Langmuir-Hinshelwood methodology for surface 
chemistry, the following relation is obtained.  

 

      
       

  
    

   

         
  
       

  
           

    (3-6) 

 
Where    

  
 and    

   indicates hydrocarbon pressure right over the catalyst and the 

equilibrium pressure corresponding to the gas phase pyrolysis. fC is a parameter 

accounting for surface coverage by carbon; for instance,    
         

        
  
       

  
          

. 

Intuitively, fC is an increasing function of residence time of a carbon adatom and its 
generation rate Rs. It should be noticed that the Eq. 3-6 for Rs does not have an explicit form 
since the coverage of carbon adatom is still unknown. 

The above equation is based on additional assumptions: (1) acetylene adsorption is 
linearly proportional to the number of vacant sites; (2) molecular hydrogen adsorbs in a 
dissociative manner on two sites; (3) the sites covered by carbon adatoms are not active 
for gas adsorption event; (4) the surface process has reached steady state. Acetylene and 
atomic hydrogen have different sizes, thereby the size effect is presumed to be contained in 
the coefficient bH. Regarding assumption (4), the process reaches steady, but in reality 
coverage of carbon adatoms would change if there were no nanotube growth process. For 
instance, in case of graphene growth, carbon will eventually cover, forming a layer of 
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graphene. For nanotube growth, the carbon coverage reaches steady state as carbon 
adatoms diffuse to nanotube growth interface. (The further treatment will be discussed 
later in diffusion-in-catalyst part.) Another simplification is possible when hydrogen 

adsorption is negligible.(82) Then we can consider       
    at the high growth 

temperature.  
Apparently, the resultant reaction order of Eq. 3-6 is placed between 0 and 1 with 

respect to acetylene pressure, similarly to Michaelis–Menten kinetics. Besides, the above 
relation reveals that surface reaction becomes linear with respect to gas pressure when the 
pressure is low         or residence time of adsorbed molecule is very short       .  
In contrast, when the hydrocarbon pressure is very high, the molecule will cover large area, 
eventually saturating the catalyst surface. In this case, the reaction order will approach 
zero, thereby surface reaction and nanotube growth rate will become constant regardless 
of gas composition.  

The other limiting cases appear on the opposite conditions: fast surface reaction and 
relatively slow adsorption of hydrocarbon or desorption of product hydrogen. As 
mentioned above, however, desorption of hydrogen is very fast, thus desorption of 
hydrogen does not likely limit the surface process. In adsorption limited process, when a 
hydrocarbon molecule lands on an active site of catalyst, the following processes are so fast 
that the surface precursors will react immediately. In other words, the surface reaction 
reaches equilibrium, whereas adsorption equilibrium is not established. In contrast to 
surface reaction limited case, Low pressure and high temperature condition facilitates this 
kinetics. Finally, the surface kinetics will correspond to: 

 

      
    

  
    

   

        
          

  
          

     (3-7) 

 

3.1.5 Diffusion through Catalyst and Carbon Incorporation 

Carbon atoms provided by hydrocarbon adsorption and subsequent surface 
reactions diffuse into the interface of open end of a nanotube and catalyst. This process is 
related to carbon coverage ( C) on the catalyst since it is determined by mass balance of the 
incoming carbon flux and diffusion rate through the catalyst. For instance, as mentioned in 
the surface reaction limited case, if carbon influx is sufficiently fast, then diffusion in (or on) 
catalyst will determine the apparent nanotube growth rate. If this is the case, the preceding 
phenomena such as gas diffusion, gas phase reactions and surface chemistry play little role 
in growth kinetics. Therefore, it is important to investigate kinetic aspect of carbon 
diffusion through the catalyst. 

Diffusion of carbon atoms contained in catalyst will follow down the concentration 
gradient just as Fickian diffusion. The diffusivity and carbon solubility greatly depend on 
the phase of catalyst as well as the material itself.  First of all, physical phase of nanotube 
catalyst has been a controversial topic in nanotube growth research. Unlike the silicon 
nanowire growth that apparently follows vapor-liquid-solid (VLS) mechanism, the phase of 
nanotube catalyst was ambiguous. Even though material properties of bulk form of metal 
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indicate that the melting temperatures of widely used catalysts (Fe: 1538°C, Co: 1495°C, Ni: 
1455°C) are much higher than nanotube growth temperature, the emphasized surface 
effect of nanoparticles can modify melting behavior, reducing melting temperature even a 
few folds lower than that of bulk.(83) It also had been argued that eutectic form by carbon 
addition can also contribute to early change of phase of the catalyst nanoparticles in 
several simulation studies.(84, 85) Harutyunyan et al. claimed that nanotube growth is 
highly preferred above the eutectic point with iron catalyst, so that nanotube cannot grow 
below the temperature and that possibly solidification of catalyst terminates growth.(86)  

However, the recent studies especially with development of low temperature 
growth and in-situ TEM techniques, demonstrated that nanotube can actually grow from a 
catalyst in solid phase at relatively low temperatures (600~650°C).(24, 87, 88) 
Interestingly, the in-situ TEM studies commonly observed all of the active iron catalyst has 
form of cementite (Fe3C) rather than metallic iron (Fe). Although these studies 
unambiguously demonstrated that solid catalyst can allow nanotube to grow, it answers 
only a part of the original question; the other questions still remain: "can nanotube grow 
from catalyst in liquid phase?" Up to now, the direct observation regarding this question 
has not been demonstrated yet. In terms of growth kinetics, this ambiguity substantially 
matters if nanotube growth is limited by carbon diffusion through catalyst. Noy et al.(89) 
estimated the maximum growth rate achievable with iron catalyst. It has an order of 
magnitude of ~105 µm/min at 750°C, which is significantly higher than growth rates (~102 
µm/min at 750°C , Ref. (3, 90) ) practically obtained by CVD method. However, iron carbide 
(cementite) has even slower carbon diffusion rate: diffusion coefficient about 4-order 
smaller than iron (91, 92), which places the calculated upper bound near the practical 
range. If this is the case, carbon diffusion process in catalyst will apparently emerge as a 
rate-limiting step of nanotube growth. 

The above arguments are based on diffusion in bulk, but carbon can also be 
delivered by surface diffusion that should be a relatively faster pathway to reach the 
nanotube-catalyst interface. Considering nature of kinetic process, the flux of material 
chooses faster one among parallel alternative processes. Thus carbon will diffuse mainly on 
surface with reduced activation energy; especially at a low growth temperature, surface 
diffusion will overwhelm the bulk diffusion. An apparent activation energy calculated from 
CVD growth cannot elucidate the real diffusion path since the bulk diffusion has activation 
energy (~1 eV in iron, 1.5~1.9 eV in cementite, Ref. (91)) that is close to that of 
hydrocarbon catalysis. Interestingly, Hoffman et al.(93) observed growth activation energy 
decreases significantly (1.3 eV → 0.23~0.4 eV) by plasma treatment of acetylene, 
suggesting that the real diffusion path became evident after accelerating surface reaction 
with aid of plasma. However, bulk diffusion is not avoidable at high temperatures and 
especially for growth of multi-walled carbon nanotube (MWCNT), where the multiple 
nanotube cylinders placed inside are not easily accessible to surface carbon adatoms. 
Gamalski et al. observed these separated diffusion paths induces structural strain by 
gradient in growth rate, resulting in shedding of inner walls.(94)  

As carbon accumulates in the catalyst, the carbon content reaches point of 
supersaturation, and subsequently an island of carbon cap nucleates on catalyst surface, 
which would grow as the tip of a nanotube. Then it is lifted by continuous feeding of carbon 
atoms, and finally nanotube starts to elongate. Kinetics of this tip formation has been 
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studied mainly by molecular dynamics (MD) simulation.(95) Interestingly, in-situ TEM 
studies revealed incubation period exists in the initial kinetic behavior, after which growth 
rate accelerates to a certain value.(31, 94) However, the origin of this incubation is not 
clear, and it is not related to the cap formation kinetics since it occurs even a few seconds 
after lift of the cap. MD simulations may figure out the mechanism, but the time scale of 
general MD simulations is too short to catch such transient behavior in a practical way.  As 
will be shown later, we could not clearly observe incubation kinetics, and the effect on the 
overall kinetics was negligible. Therefore further analysis will rule out this behavior.  

Continuing adsorption process, mass conservation reveals that carbon flux through 
catalyst can be described by  

 

   
         

  
      (3-8) 

 
after simplification of catalyst geometry.(96) Dc is the effective diffusion coefficient 
accounting for both bulk and surface diffusion through catalyst, and dc is a characteristic 
dimension of the catalyst nanoparticle. Ns is a carbon concentration right beneath the 
catalyst surface, and likewise N0 is a carbon content at the nanotube root. The energetic 
barriers of crossing those interfaces are negligibly small compared to the surface chemistry 
and bulk diffusion processes. Thus it is assumed that equilibrium prevails for those 
processes. Then the carbon concentration is alternatively described in terms of the 
equivalent value of hydrocarbon pressure. 
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where   

  is the maximum carbon concentration beneath the catalyst surface; the 
concentration when     . Subsequently, the carbon flux becomes 
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Finally, the growth rate is readily calculated in consideration of dimensions of nanotube 
diameters. 

 

   
   

   
  
  
 
        (3-13) 

 
where   is a volume of carbon in graphite, and ri and ro indicates inner and outer radius of 
the nanotube.(89)  

 

3.2 General Model for Growth Kinetics  

In the previous chapter, basic mechanisms on a series of events during nanotube 
growth were discussed. Now we can represent growth kinetics using a rather simple 
equivalent electrical circuit (Fig. 3.3), which includes contributions from three resistances: 
diffusion of the gas species through the growing CNT forest to the catalyst site (R1); the 
resistance associated with the carbon adsorption to the catalyst surface and any further 
reactions happening there (R2); finally the resistance associated with the diffusion of 
carbon through the catalyst particle to the CNT growth site (R3). In practice, carbon is 
consumed into non-graphitic carbon layer such as amorphous carbon deposit on the 
catalyst. With the same analogy, this could be described as a current leak. Comparing the 
main current, however, the amount of leak is negligible, thus it will not be considered in the 
following analysis. 

 

 

Fig. 3.3 Generalized model of the CNT growth showing (A) gas diffusion to the catalyst, (B) carbon conversion 
and CNT growth, and (C) equivalent electrical circuit for the kinetic model. 

 
Then we can write the rate of the CNT growth as: 

   

  

   
     

        
      (3-14) 

 
where   /kT is the driving force for the reaction, the n0 is the initial concentration of active 
sites of catalyst, and   is the kinetic coefficient.  If we write the diffusion terms explicitly as: 
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     (3-15) 

   
  

  
       (3-16) 

 
where h(t) is the height of  the CNT array, dc is the effective size of the catalyst particle, and 
Dg and Dc are the carbon diffusion coefficients in the gas phase and through the catalyst 
particle, respectively. Finally, we can write down the generalized expression for the growth 
rate as: 

 

   

  

   
     

       
 
 
    

     
  
  

     (3-17) 

 
where the   is a model-dependent function that describes adsorption resistance and ck is a 
constant that reflects the number of carbon atoms in the gas molecular state. Eq. 3-17 has 
several interesting features. First, not surprisingly, it predicts that the initial growth rate of 
the carbon nanotube array is proportional to the driving force for the reaction, i.e. to the 
first order to the rate of carbon precursor production in the gas phase. Second, it sets the 

maximum theoretically achievable growth rate as   
    

  

   
      

    
, where the growth is 

limited exclusively by the diffusion of carbon through the catalyst particle assuming that 
the adsorption resistance is much smaller than the diffusion resistance. Third, it predicts 
several kinetic regimes for the growth process depending on the relative value of the terms 
in the denominator of the Eq. 3-17 (or Eq. 3-14).  When         , which corresponds to 
the growth limited by the diffusion of the precursor through the CNT array, the equation 
reduces to the Deal-Grove equation that is often used to describe diffusion-limited CNT 
array growth.(97) When         , then the growth is primarily limited by adsorption 
process, and the kinetic can follow different law depending on the specific model of 
adsorption.  

Indeed, the kinetics of separate growth processes discussed previously should be 
integrated into the general model. As a constitutive equation, mass conservation simply 
provides the following relation. 

 
                (3-18) 

 
The constant coefficient 2 reflects the number of carbon atoms in the hydrocarbon 
molecule. For the derivation here, adsorption limited surface process is adopted. Especially 
when consumption of driving force by diffusion in catalyst is small, carbon flux in catalyst 

(JC) can be linearized by Taylor expansion with an assumption:     
       

    . Then 
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     (3-19) 

 
Assembling Eq. 3-1, 3-7, and 3-12 with 3-18, 

 

   
    

     
  
 

                  
 

    
  
    

   

         
          

  
               

 
    

      
   

   

    
      

  
    
       

  (3-20) 

 
Subsequently, the growth rate can be described by Eq. 3-13 as: 

 

   
 

   
  
  
 
  

   
     

  

           

     
 
        

       
   

  
          

   
 

   

    
      

  
    
       

  (3-21) 

 
After nanotube grows over a certain length, Knudsen diffusion overwhelms gas phase 

diffusion, then the first term of the denominator becomes simply  
          

     
  

       

   
. 

If carbon coverage is high, then surface carbon deposit such as amorphous carbon 
patches will form and quickly deactivate catalyst, thus further simplification is possible: 
surface carbon coverage is negligibly small. Hydrogen coverage is also negligible at the 
elevated temperatures as discussed previously.  

 

      
          

  
                (3-22) 

 
Additionally, the third term of the denominator reduces to: 
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Consequently, we obtain a formula in a rather concise form. 
 

   
 

   
  
  
 
  

    
  

   
 

    
     

       
  

    

  
 

 

     
 
  
  
 
    

  

     

      
     

      

    

  
 

 

     
 
  
  
 
    

  

  

   (3-23a) 

 
where    

      
      and     

     
       

    . Particularly, the initial growth rate of 
VACNT should be faster with diminished gas diffusion resistance. Likewise, non-array 
growth of nanotubes will have much higher gas diffusion efficiency owing to low density of 
nanotubes. Then the initial growth rate is expressed as: 

 

  
      

   
      

 

  
 

 

     
 
  
  
 
    

  

  

     (3-23b) 
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Finally, the above two formulae confirm validity of the general model.5 We adopted 
adsorption limited case but the same form is obtained for surface reaction limited one just 
by replacing ka with krbhc.  

The most critical assumption on the above derivation was that carbon coverage on 
the catalyst is negligibly small enough to linearize several derivation steps. If growth 
condition does not suffice to this assumption, an alternative model (or possibly non linear 
model) should be developed. Regarding this problem, Tibbetts et al.(96) proposed the 
following equation.  

 

   
 

   
  
  
 
  

  
    

  
  

  

  
    

    
 

     (3-24) 

 
where the growth rate increases nonlinearly with respect to carbon flux, being saturated by 
excessive reaction rate.  

 

3.3 Termination of Nanotube Growth 

3.3.1 Termination Mechanisms 

Nanotubes grow from the catalyst particles as hydrocarbon gas molecules 
continuously adsorb and decompose on the highly reactive particle surface, producing 
carbon atoms, which then incorporate into the growing nanotube.  This process is 10 – 100 
times faster than epitaxial CVD growth, but it slows down and eventually the growth stops, 
often time rather abruptly. The exact mechanism for termination is not yet known, and it 
still remains as a topic in nanotube growth science. In this chapter, several main 
mechanisms of growth deactivation will be listed, which should be beneficial to understand 
the experimental result.  

Recalling that catalyst plays a critical role in nanotube growth chemistry, 
understanding on catalyst deactivation mechanism is crucial to understand growth 
kinetics. Particularly, the mechanism should be able to explain the abrupt cessation 
behavior of nanotube array growth. Related to catalyst deactivation, one of the biggest 
innovations in carbon nanotube growth was the development of the growth enhancers that 
are mild oxidants in most cases, such as water, alcohol, and other oxygen-containing 
molecules. These enhancers significantly increase the sustainable CVD growth time and 
thereby enable millimeter-scale (or even cm-scale) growth of carbon nanotubes, the so 
called “super-growth”.(1, 3) Futaba et al.(7) examined the effects of various enhancers on 
the growth kinetics and concluded that their growth-promoting properties are indeed 
related to the presence of the oxygen-containing molecules in the gas mixture. Therefore 
understanding the effect of enhancers will greatly help elucidate the ultimate answer on 
growth termination mechanism.  

 As suggested by modern catalysis researches, hydrocarbon decomposition 
leaves carbonaceous overlayers that have longer residence time on the metal catalyst 

                                                        
5 "kT" term in front of ka emerges when ka is defined based on pressure of the hydrocarbon. It can just 
removed if one define ka in terms of concentration.   
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and subsequently get stabilized at high temperature.(77) The strongly adsorbed 
carbon residue will reduce activity of catalyst by blocking active sites of metal catalyst. 
Hata et al.(98) proposed that catalyst particles be deactivated by accumulation of 
amorphous carbon on the catalyst surface, and they also suggested that this carbon can be 
removed or minimized by adding a small amount (~100ppm) of water vapor to the gas 
mixture. In order to observe poisonous effect of excessive carbon, they intentionally 
coated catalyst with carbon by high concentration of ethylene under the same growth 
condition, resulting in very poor growth. Remarkably, post-processing with water 
vapor etched the carbon layer and enabled regeneration of catalyst. They supported 
the idea by arguing that nanotube growth rapidly terminated when the water supply 
stopped during growth. They also observed growth was very poor with oxide form of 
the iron catalyst, which supports the main role of water was oxidation of carbon rather 
than catalyst oxidation.  

Accepting the seemingly same effect of water, however, Amama et al.(2) suggested 
that Ostwald ripening of small catalyst particles could be the main cause of termination. 
This ripening behavior can be minimized by surface hydroxylation of alumina support with 
water vapor, retarding surface diffusion of iron atoms. This hypothesis can directly explain 
different efficiency of various kinds of catalyst support layer (52, 99, 100); stronger 
interaction suppresses surface diffusion that is related to ripening kinetics, whereas 
weaker interaction allows excessive ripening and thereby nanotube grows with a poor 
yield. Moreover, morphological characteristics of a support layer affect such interaction 
that the deposition method even with the same material (alumina) may show different 
degree of ripening of iron catalyst.(51) Recently, Kim et al.(101) demonstrated by in-situ 
TEM that catalyst ripening could lead to growth termination. They also showed those 
ripened catalyst particles eventually migrated into the alumina supporting layer and 
thereby completely deactivated, which would explain irreversible loss of catalytic activity.  

Despite these significant advancements, the exact mechanism of the enhancer action 
is still debatable, and different research groups report different shapes and parameters for 
the dependence of the growth rate on time.(21, 89, 90, 102) Possibly, the ambiguity 
originates from different growth conditions of each study. Concerning with Hata and co-
workers' argument, it is noticeable that the reaction rate of their “supergrowth” is 
unbeatably fast (~250 µm/min at 750 °C, about one order faster than our case as will 
be shown in later part of this chapter.), compared with other group's studies where 
vertically aligned SWNTs were obtained by the similar thermal APCVD method. Also, 
carbon layer was deposited even on the silica substrate. As a result, we can speculate 
their growth condition was quite carbon-rich, which probably facilitated growth 
termination by excessive carbon. In contrast, Amama and his co-workers' studies are 
based on LPCVD growth especially equipped with rapid heating capability, hence short 
annealing (30 sec) was conducted before growth process.(51) Consequently, their 
growth should be more vulnerable to ripening while nanotube grew slowly (< 5 
µm/min at 750 °C) under the carbon-lean condition.  

If catalyst activity is sufficiently sustained, a diffusion barrier (related to nano-
porous nanotube arrays) can manifest itself in growth deactivation kinetics by making 
catalyst starved of carbon source. Zhong et al. (97) proposed that nanoporous 
nanotube arrays be the main diffusion barrier (R1 in equiation 3-14), where growth 
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process could be elongated by facilitating gas diffusion with catalyst patterned on the 
substrate. Alternatively, Patole et al. (4) suggested catalyst itself retard carbon 
diffusion by being gradually transformed into oxidized or carbonized  form of iron, 
which correspond to increase of R3 of equation 3-14. Their study suggested that the 
size of catalyst determine growth kinetics with larger catalyst having thicker diffusion 
barrier layer. Indeed, nanotube growth of these studies was maintained for extended 
time (longer than 10 hours), resulting in a very thick array of a centimeter scale. 

Lastly, it was proposed that steric hindrance contributes to growth termination 
as nanotubes are mechanically coupled each other.(103-105) In this respect, collective 
nanotube forest is regarded as one mechanical structure. As a result of strain energy 
buildup, nanotube forest shows morphological evidences such as deformation or 
cracks. In practice, it is not an easy task to distinguish termination by diffusion and by 
steric hindrance since both of the mechanisms are related to the thickness of nanotube 
arrays.(103) For instance, thicker array will have higher diffusion resistance and 
simultaneously higher strain energy. An occurrence of cracking on top of the array can 
also be emphasized by allowing faster diffusion path, resulting in imbalance of growth 
rates of nanotubes.  

  

3.3.2 Deactivation Kinetics 

Mathematical description of reaction rate can provide a practical way to describe 
deactivating kinetics in a given parametric space. It can also give a clue on the underlying 
deactivation mechanism. Nevertheless care must be taken not to be too involved in 
mathematical fit to experimental data. As discussed previously, an extreme condition will 
amplify a corresponding termination mechanism. When multiple of mechanisms are 
combined, however, the analysis will become complicated, and it will require more 
parameters to describe its kinetic behavior. Despite more chance of accurate data fit, it 
should be kept in mind that too descriptive model will undermine scientific value of the 
analysis. Geoffray Bond quoted in his book(74) a great mathematician, Cauchy's joke to 
deliver a concise but valuable message: With five constants I can draw an elephant; with six I 
can make it wag its tail. 

Before considering a specific termination mechanism, analysis on deactivating 
catalysis starts by defining catalytic activity             as 

 

            
           

        
     (3-25) 

 
at position x on catalyst surface at time t.(106) The activity of pristine catalyst,          is 
assumed spatially homogeneous. Then the apparent reaction rate    is described by 
integration over the catalyst area. 
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Consequently, we find that a catalytic activity is separable from reaction rate of pristine 
catalyst. 

 
  
                         (3-26) 

 
,where   : initial (or non-deactivating) reaction rate,   

     : a mean of reaction rate at time t, 
  : partial pressures of reactants,    : a mean of catalytic activity at time t. Studies on    can 
be conducted by measuring the initial growth rate from the in-situ kinetic data. Then 
deactivation kinetics can be studied by normalizing the observed growth rate by the initial 
rate.  

Firstly, Iijima et al.(90) proposed the exponential decay model to describe 
deactivating growth behavior by amorphous carbon encapsulation. They showed that 
the model fits to their ex-situ kinetic curves with great accuracy. Unfortunately, this 
model relied on heuristic derivation justified by curve fitting rather than by analysis on 
the underlying physics or chemistry of carbon nanotube growth. The mathematical 
form is stated as  

 

     
  

 
 

         (3-27a) 

       
       

 
 

        (3-27b) 

 
where   

  is initial growth rate and    is a time constant related to growth termination. 

Then according to the definition of catalytic activity in Eq. 3-26, 
 

        
 

  
       (3-28) 

 
Puretzky et al.(107) tried to come up with deactivation model based on kinetics 

of poisonous carbon platelet growth. The model involves several differential equations 
with relatively lots of parameters, assuming non-equilibrium processes. They assumed 
that carbonaceous layers are generated from adsorbed carbons. One of the governing 
equations, related to the spreading of the poisonous layer, states that  

 
      

  
              (3-29) 

 
Where NL is the number of carbon atoms in poisoning carbon platelet, whereas NC is 
the number of carbon atoms produced by adsorption of hydrocarbon feedstock gas. 
Recently, Lee et al.(102) suggested a simplified model based on the same governing 
equations that Puretzky et al. suggested. Interestingly, the final form turned out to be 
the exponential decay that actually corresponds to the Iijima’s model. 

While many papers used the above model to analyze growth kinetics, one should 
be careful because Eq. 3-29 does not consider nucleation and growth behavior of the 
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poisonous carbon platelet 6 . Rather, it describes immediate surface poisoning 
situations, for instance, by strongly adsorbing gas molecules that is related to 
conventional catalyst deactivation such as metal poisoning by sulfur. Moreover, one of 
the characteristics of this model is relatively gradual termination behavior at the end 
of the growth, but it fails to predict abrupt termination behavior that was frequently 
observed in a number of studies.(21, 89, 105, 108-110)  

Alternatively, using Kolmogorov-Mehl-Avrami model to describe carbon platelet 
growth can produce the characteristic abrupt termination kinetics.(89, 110) This model 
also reflects sporadic events of carbon platelet nucleation under constant surface 
concentration of carbon adatoms. 

 

         
 

 
 
 

       (3-30) 

 

In case of 2D islands of surface carbon, n become 3 with     
     

 

 
 where    indicates 

nucleation rate and va linear expansion speed of the platelet. Then it has similar 
exponential decay formula but with higher order of time. Applying this model requires that 
the critical size (rc) of platelet nucleation be sufficiently smaller than the domain (or 
catalyst surface) size to satisfy assumption of sporadic nucleation. Thus nanotube growth 
from a very small catalyst (~1 nm) may not follow this model, and dedicated analysis on 
the identity of carbon platelet and critical nucleus size is necessary.   

Catalyst deactivation by Ostwald ripening can also be described in a 
mathematical form. Due to the complicated mechanism, however, kinetics of ripening 
is frequently described by the following empirical relation(103): 

 
 α 
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             (3-31) 

 
where   

  is a catalyst activity at steady state, and     is a kinetic constant. It usually 

describes sintering kinetics of supported metal particles on chemically inert substrate 
such as oxides. Related to nanotube growth, Kim et al. demonstrated growth 
deactivation correlates with catalyst ripening kinetics.(101) Latorre et al.(103) 
adopted this equation to describe their in-situ kinetic data under the assumption that 
the ripening is the main growth termination mechanism. Nonetheless, it is still not 
clear how the collective growth behavior of nanotube forest can be related to change in 
catalyst size and thereby reduction of active sites on the individual catalyst particles. It 
is also ambiguous how selective growth cessation of relatively smaller catalyst 
particles will lead to the complete growth termination.  

Lastly, when diffusion resistance becomes significant as CNT arrays are getting 
thicker, growth deactivation can appear regardless of catalyst activity. This behavior 
has great common with thermal oxidation kinetics of silicon, so called the Deal-Grove 

                                                        
6 Eq. 3-29 has ambiguity because NC is defined in terms of the number of adatoms, not surface concentration. 
Otherwise kC should be inversely proportional to the catalyst surface area. 
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kinetics(111). This type of kinetics has a parabolic kinetic curve with respect to time. 
Interestingly, the same parabolic curve can be derived by equation 3-23a.   

 
     

  
     

     
    

     
       

  

    
  

 
 

     
 
  
  

 
    

  

  

 
 

      
 

 
Then analytical solution is readily obtained:  
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where A  
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 . Since the deactivation kinetics is 

not related to catalyst, an expression for catalytic activity is not obtained. Effect of 
steric hindrance was not reflected in Eq. 3-23a, but by assuming the strain energy 
accumulated in the nanotube array is linearly proportional to the height, one can come 
up with an additional resistance term in the denominator of the equation.  
Consequently, a similar parabolic relation will appear by analogy to the above 
derivation.  

 

3.4 Motivations for Fundamental Kinetics of Carbon Nanotube Array 
Growth 

Vertically aligned arrays of carbon nanotubes (VACNT) represent some of the most 
remarkable examples of self-aligned nanomaterials systems. The nanotubes in these arrays 
can grow up to cm-long lengths and reach aspect ratios of up to 107.(112)  Since their first 
demonstration(113), VACNT growth and processing have been an active research are due 
to their potential applications ranging from supercapacitor electrodes(114), to field 
emission displays(113), to nanofiltration membranes(57). Despite remarkable 
advancement of growth techniques as discussed in chapter 2.1, the underlying growth 
mechanism is still controversial, and especially kinetic behavior of nanotube growth shows 
discrepancy among a number of researches.(21, 82, 89, 90, 97, 110, 115) At the initial stage 
of research on nanotube growth kinetics, growth kinetics was studied based on ex-situ 
characterization of as-grown nanotubes. However, carbon nanotube growth behavior is 
quite dynamic that ex-situ observation with a moderate number of data points may smooth 
out real kinetics. In this respect, experimental observation based on in-situ measurement 
will be greatly beneficial.  

Significantly, before we could resolve this debate we also need to establish the 
fundamental (enhancer-free) kinetics of the VACNT array growth. While growth enhancers 
greatly improves growth yield, the drastic effect of enhancers can obscure the basic 
kinetics.(116) Surprisingly, this topic has received very little attention, with most 
researchers assuming that as long as trace concentration of water and oxygen are small 
enough, the observed kinetic reflects the enhancer-free behavior. Therefore, we focus on 
the effect of very small levels of water and oxygen impurities on the CNT growth kinetics 
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with help of an in-situ measurement tool, and we show that they remain surprisingly 
significant even when ultra-pure gases are used for the process. Subsequently, we analyze 
the basic kinetics of VACNT growth and finally discuss possible termination mechanism. 

 

3.5 Experimentation for Growth Kinetics Study 

3.5.1 In-situ Measurement of Growth Kinetics  

For catalyst preparation, we followed the same procedure that is already described 
in chapter 2. However, the substrate was accurately diced in order to rule out any possible 
variance in gas diffusion, originating from different substrate dimensions. Before catalyst 
deposition, a silicon wafer (100) was half-diced (~250µm in depth) to get substrate pieces 
with a regular size (5×5 mm2). In order to protect silicon chip deposition during dicing 
process, 100 nm of sacrificial photoresist (PR) was coated, which would be removed by 
plasma PR removing system (Matrix Asher Model 106) before catalyst deposition. Double 
layers of iron(2 nm)/alumina(30 nm) were used as catalyst. The experiments utilized 
atmospheric pressure CVD growth setup using a 1-inch size tube furnace (Fig. 3.4A, 3.4B), 
which was also used for the study in chapter 2. This type of setup is almost ubiquitous in 
the CNT growth literature; however an in-situ growth monitoring setup was incorporated 
with minimum modification to the furnace system, preserving the original temperature 
field.  

The in-situ monitoring system is based on a digital optical micrometer (LS7030M, 
Keyence), similar to the setup first reported by Yasuda et al.(20) In this setup, a telecentric 
LED beam illuminates the growing nanotubes through a transparent quartz tube, casting a 
shadow onto a CCD detector (Fig. 3.4C, 3.4D). This method provides a non-destructive, non-
interfering, fast (1 Hz for this study) and accurate way in measuring height of the VACNTs 
in real time. However, we found that the surface roughness of a general circular quartz tube 
distorted the scanning beam of the telecentric optic system, resulting in slightly wavy 
growth curves; to remedy this problem we have replaced the center section of the process 
tube with a square (15×15 mm2) tube (Quartz Plus, Inc.) with a 60-40 mechanical polish 
applied to the walls. This setup produces smooth and much more reliable kinetic curves.  
We also confirmed that the difference in catalytic lifetime and final height of nanotubes was 
almost negligible between both types of quartz tubes; therefore the shape change from a 
round tube to a square tube did not significantly affect CNT growth. 
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Fig. 3.4 (A) A schematic describing coupling of in-situ measurement system with the CNT growth furnace. A 
narrow slit (2~3mm) was made through the furnace to allow the beam to illuminate the growing nanotubes. 
Upstream gas feeding lines were wrapped with heat tape (~120°C) to prevent condensation of water. (C) A 
schematic of cross-sectional view along probing beam. (D) A photo image near the center of the furnace. The 
green line indicates the beam path. 

 

3.5.2 Gas Purification 

Oxygen-containing species renders the growth chemistry complicated by promoting 
or oxidizing catalyst depending on its molecular form and concentration (7, 117). The gas 
mixture used in this CVD process must contain a carbon source gas (methane, ethylene, or 
acetylene), a reducing gas (hydrogen or ammonia), and an inert carrier gas that can also 
contain a mild oxidant (~1 ppm) that acts as a growth enhancer. Firstly, we examined the 
effect of traces of oxygen-containing gas impurities on CNT array growth kinetics. Second, 
we have equipped all the gas lines feeding the process tube with deoxo purification units 
(PureGuard™, Johnson Matthey). These purifiers remove oxygen, water, and oxides of 
carbon (CO and CO2) down to the levels below 1 ppb (Fig. 3.5). Our setup was also 
equipped with additional lines to introduce controlled amounts of water vapor through 

A

B

C D
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water bubbler, and oxygen (supplied as diluted oxygen gas, 4% O2 in Ar, and dosed with a 
mass-flow controller). We also took additional care to ensure that our system was isolated 
from the ambient moisture and oxygen, and continuous monitoring of gas humidity 
showed that water levels did not drift during the process or during the system idle time. 

 

 

Fig. 3.5 A schematic describing effect of the gas purifiers. 

 

3.6 Result and Discussion 

3.6.1 VACNT Growth and In-situ Measurement 

The CNT synthesis followed the procedures described in chapter 2; especially 
catalyst annealing temperature (Ta) was fixed at 725 °C, and growth temperature (Tg) was 
750 °C except the temperature variation experiments. To maintain constant initial activity 
of the catalyst, we have applied an identical pretreatment during the furnace heating and 
catalyst reduction, prior to applying the growth gas mixture. A subsequent growth 
produced up to 1mm high well-graphitized VACNT arrays, as indicated by the SEM images 
and Raman spectra (Fig. 3.6A and 3.6C). Generally, RAMAN spectra of as-grown nanotubes 
include weak signal of RBM (Fig. 3.6C). In most of the runs, we obtained vertically aligned 
carbon nanotube arrays consisting of a mixture of SWNT and DWNT, and the average 
diameter was approximately 3 nm (Fig. 3.6B).  
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Fig. 3.6 (A) SEM image of VACNT arrays. (B) A TEM image of the nanotubes after dispersing the nanotubes on 
a TEM grid. (C) A RAMAN spectrum of the nanotubes grown with 30% ethylene and 40% hydrogen with 
helium dilution (Total: 1000 SCCM). 633nm HeNe laser was used for RAMAN excitation. (D) A photograph of 
~1.4 mm-tall VACNT sample. 

 
In-situ growth monitoring data obtained during growth with several different water 

levels (Fig. 3.9A) show that growth in all conditions shares several common characteristics: 
the growth starts at its maximum rate, then the growth rate starts to decrease, and 
suddenly the growth process comes to an abrupt halt, similar to kinetic curves 
demonstrated by Kim et al(101). In Fig. 3.7,   

  indicates an initial growth rate, and a growth 

lifetime (  ) is defined as the time when growth rate falls below 0.01µm/sec.  
Note that the superior time resolution provided by the in-situ monitoring system is 

critical to discern these features. The CNT growth kinetics is often described by the 
exponential decay model (Iijima's model(90)). However, it has been argued that this 
model significantly overestimates growth termination time or catalyst lifetime.(21, 89) 
This is more evident when the growth termination is abrupt. It is interesting that the 
exponential decay model was applied mostly to ex-situ data that have limited number 
of points and thereby can hardly catch the dynamic behavior of abrupt termination.(90, 
102) Fig. 3.7 depicts how scarcity of data points can smooth out real characteristics of 
a kinetic curve. Especially, the exponential decay model significantly deviates at the 

1200

1000

800

600

400

200

0

R
a

m
a

n
 i
n

te
n

s
it
y
 (

a
.u

.)

30002500200015001000500

Raman shift (cm
-1

)

10 nmA B

C D



54 
 

moment when growth is initiated or close to its termination. In this respect, one should 
be careful when analyzing ex-situ data with Iijima's model. Moreover, it shows that this 
model does not capture the three different regimes (distinguished by green broken lines) 
of the growth rate throughout the process; yet that model provides a seemingly adequate 
fit to the array height data that would be captured using an ex-situ analysis. Nonetheless, 
the exponential decay model could reproduce the initial part of growth behavior in 
some studies(101), and likewise we can apply the model for limited purpose. For 
instance, the black dot lines of Fig. 3.7 and 3.8 are data fit of the exponential decay 
model that is applied to the first region divided by green vertical lines.  

 

 

Fig. 3.7 Red circles indicate data points chosen every 100 sec from in-situ data (red curve) to simulate ex-situ 
data collection. Dot lines of gray color indicates the fit (the exponential decay model) line and its 1st derivative 
for growth rate calculation.    

 
In most cases, the CNT growth rates decreased throughout the process, except the 

very first moments of growth where we could sometimes observe an induction period for 
the growth (Fig. 3.8). Latorre et al.(103) proposed a phenomenological model attributing 
that initial induction period to the catalyst carburization. In contrast, Sharma et al.(87) 
used in-situ TEM to demonstrate that CNT growth was always preceded by rapid cementite 
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(Fe3C) formation (< 0.11sec).  Our experiment does not provide a definitive answer to the 
origin of this behavior, as we cannot exclude transient behaviors associated with imperfect 
gas mixing, alignment errors of the optical system, or a non-uniform initial growth rate.  
Therefore, the following analysis excludes this initial transient region. As a first 
approximation to estimate the initial growth rate in absence of the transition region, we 
have extrapolated it using the exponential decay model(90) applied to the first region of 
the kinetic data (Fig. 3. 8).  We comment this model fit is purely practical; it does not 
directly support the underlying mechanism implied by the exponential decay model.   

 

 

Fig. 3.8 Initial growth rate estimation with a distinct induction period. Exponential decay model was applied 
to the left area of green dotted line excluding induction period in order to estimate the initial growth rate.  

 

3.6.2 Effect of Gas Impurities 

Different levels of water vapor present as a gas impurity in the system had a 
significant effect on the catalyst lifetime (Fig. 3.9A).  Feeding the nominally ultra-pure gases 
(C2H4-H2-He/100-400-500 SCCM) into the system produced growth that terminated at 94 
min.  Addition of about 12 ppm of water vapor to the growth mixture extended the catalyst 
lifetime to 139 min, in agreement with the previously reported literature data.(1, 3) 
However, when we removed the residual oxygen and water from the gas mixture using the 
deoxo purification units, we observed a drastic decrease of the catalyst lifetime — the 
growth terminated at only 19 min.  This decrease is interesting for several reasons.  First, it 
shows that even a very small amount of water vapor in the reaction mixture (~1ppm) can 
have a significant effect on the CNT growth kinetics.  Second, it demonstrates that to obtain 
the “true” base kinetics of the CNT growth, we need to use active purification of the gas 
streams.  Interestingly, we noticed that the kinetic curve of "pure" growth maintained the 
common characteristics such as gradual decay of growth rate and abrupt termination (Fig. 
3.9B). Therefore, the abrupt termination of the growth does not involve the oxygen-
containing gases; that is, we can rule out the catalyst oxidation by oxidizers as growth 
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termination cause (we can also rule out any contributions from the substrate surface to the 
catalyst oxidation).  

 

 

Fig. 3.9 (A) Representative kinetic curves for VACNT growth in different conditions. (Red) Growth using 
unpurified gases with added 12 ppm of water vapor; (Purple) Growth using unpurified gases; (Blue) Growth 
using purified gas sources. For all curves the gas mixture composition was fixed to C2H4-H2-He/100sccm-
400sccm-500sccm. (B) A zoom-in plot of the growth kinetics in (A) obtained with purified gas sources.  

 

3.6.3 Growth Kinetics on Pristine Catalyst for CNT Growth 

As the general model in chapter 3.2 indicates, ethylene and hydrogen gas pressure 
mostly determine nanotube growth kinetics when sensitive effect of growth promoters is 
ruled out. Fortunately, the gas purification provided us with condition to observe pure 
effect of ethylene and hydrogen. A series of growth experiments were conducted with 
different combinations of gas mixtures. Additionally, effects of different growth parameters 
such as temperature, flow speed were also examined. Finally, water effect on initial growth 
rate was revealed. The in-situ kinetic data were logged in a spread sheet of MS Excel™ to 
allow further analysis. Before discussing deactivation kinetics, we calculated initial growth 
rates to describe growth on a pristine catalyst, based on the assumption that possible 
deactivation mechanisms do not manifest themselves at the very first moment of growth.  

 

3.6.3.1. Carbon Concentration Variation 

First, we examine the effect of the varying ethylene gas concentration from 5% to 
60% while maintaining a 40% hydrogen concentration in the mixture (Fig. 3.10A).  The 
initial growth rates measured in these experiments were clearly proportional to the 
ethylene concentration (Fig. 3.11), which is consistent with the trends reported by other in-
situ studies(115, 118). The linear relation between the growth rates and ethylene 
concentration agrees with the predictions of the Eq. 3-23. The absence of the saturation 
behavior also suggests that the coverage of ethylene adsorbates on catalyst was relatively 
small as well as that the initial growth process was not limited by the rate of carbon 
adatom diffusion through the catalyst, both of which support model simplification of 
      

             
  
              in Eq. 3-22.  
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Fig. 3.10 Representative growth rate curves obtained for runs with (A) fixed hydrogen flow of 400 SCCM and 
varying amounts of ethylene and (B) fixed ethylene flow of 100 SCCM and varying amounts of hydrogen. For 
all runs the total gas flow was maintained at 1000 SCCM. 

 
The inset in Fig. 3.11 gives additional information on equilibrium pressure of 

ethylene; it is negligibly small as the linear data fit almost intercepts the origin of the plot. 
An estimate on the equilibrium pressure can be roughly made based on thermodynamics of 

gas phase pyrolysis of ethylene:        
 
             .  
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       (3-33) 

 
At 750 °C, ΔG° is about -120 kJ/mol(119), resulting in      

  of approximately 1.2 Pa in our 

APCVD condition (40% hydrogen). Assuming that free energy of carbon in nanotube does 
not deviate significantly from solid carbon (graphite), it corresponds well to our 
observation.  

In contrast, thermodynamics modification by emphasized size effect due to small 
size of catalyst nanoparticle can predict an increase of equilibrium pressure; Usoltseva et al. 
(120) pointed out that vapor pressure increase by curvature of nanoparticle should be 
overcome to nucleate nanotubes ; Picher et al. (121) proposed carbon solubility increase 
(Ostwald-Freundlich equation) of nanoparticle can contribute to equilibrium pressure 
increase of small nanotubes. Evidently, Jackson et al. (122) observed particular (or possibly 
smaller) catalysts stops growing earlier by diminished pressure of acetylene. We also 
observed small (or sub-2 nm) catalyst that is used in chapter 2, requires more than 5% of 
ethylene with the total flow of 1000 SCCM, in order to obtain array growth, whereas 1% of 
ethylene was enough to sustain array growth in this case (sub-5 nm catalyst). Nevertheless, 
the ethylene equilibrium pressure measured in this series of experiments is negligible, so 
that we reasonably postulate that catalyst size effect on growth thermodynamics did not 
emerge as a prominent factor in this scale. 

 

 

Fig. 3.11 Initial growth rates as a function of ethylene concentration in the gas mixture.  Dashed lines 
correspond to the fit to the Eq. 3-35 where m=1. The inset is a larger plot near the origin of the plot.  
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3.6.3.2. Hydrogen Concentration Variation 

Another growth run series conducted using varying amounts of hydrogen and a 
fixed ethylene concentration (10%) showed a monotonic decrease of the growth rate with 
the increase in hydrogen concentration (Fig. 3.10B and 3.12).  Generally, we could attribute 
this behavior to an equilibrium shift of the ethylene pyrolysis reaction. Driving force 
reduction by hydrogen may explain such monotonically decreasing trend. However, as 
discussed above, the equilibrium ethylene pressure is very small even with 400 SCCM of 
hydrogen; suggestive of negligible effect of hydrogen. Moreover, observation on Fig. 3.12 
clearly reveals that the trend does not follow a minus square of hydrogen content. Product 
hydrogen can contribute to increase of hydrogen pressure right over the catalyst, but 
ethylene sticking probability based on initial growth rates has an order of magnitude of 10-

5; hence the amount of product hydrogen is negligibly smaller than hydrogen content in the 
upstream gas mixture.  

The role of hydrogen in catalytic ethylene decomposition reactions is not clear at 
these high temperatures. Due to its highly exothermic nature for adsorption, hydrogen 
effect on removal of carbon adatoms may be neglected as mentioned in chapter 3.2. 
Considering hydrogen adsorption as well as hydrogenation of light hydrocarbon molecules 
is highly exothermic, here it is assumed that effect of hydrogen is limited on growth 
conditions. For instance, temperature range for catalytic hydrogenation of unsaturated 
light hydrocarbon by Pt is generally placed on 200~500 K, whereas dehydrogenation 
dominates at 400~800 K.(77) Apparently, the observed relation of hydrogen and initial 
growth rates is reciprocal with order of -1; that is   

       
. Dissociative adsorption of 

hydrogen reveals hydrogen coverage on catalyst is proportional to square root of hydrogen 
pressure as Eq. 3-21 implies, which is not consistent with the experimental result; thus it 

supports the assumption of       
    that is postulated for derivation of Eq. 3-23.  

In order to further explore the role of hydrogen on the catalyst surface reaction, we 
exposed the partially grown (or still active) CNT arrays to 40% of hydrogen diluted with 
helium for 1 hour at the growth temperature, but we could not detect any measurable 
changes in the CNT height. This result suggests that nanotube etching by adsorbed 
hydrogen adatom or possibly desorbed atomic hydrogen is either non-existent or at least 
very slow(13, 82). Similarly, graphene etching by hydrogen molecules has been studied by 
researchers with various metal catalysts. Interestingly, each metal catalysts show different 
temperature ranges where the etching initiates; iron required relatively high temperature 
(900°C) compared to nickel (700°C) and cobalt (600°C)(123, 124); it implies that the 
thermal energy at 750 °C was not enough for direct etching of nanotubes in our condition.  

However, Fig. 3. 12 clearly shows significant growth inhibition by hydrogen. We 
believe that hydrogen can contribute to removal of active carbon precursor before its 
complete dissociation, although hydrogen cannot remove carbon adatoms or graphitic 
carbons at our growth temperature (750°C). Then this removal reaction will occur in gas 
phase or on the catalyst. Additionally, hydrogen can retard incorporation of carbon at the 
growth interface of the catalyst and nanotube by inhibiting catalyst-nanotube bond, 
similarly to pyrocarbon deposition mechanism.(125) Unfortunately, these possibilities can 
have a mathematically identical form, hence our kinetic data cannot directly discern the 
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real mechanism of hydrogen inhibition. Therefore, although we adopt precursor removal 
on catalyst for the mathematical description in chapter 3.5.3.4, the same model can be 
applied to the other inhibition mechanisms. 
 

 

Fig. 3.12 Initial growth rates as a function of hydrogen concentration in the gas mixture.  Dashed lines 
correspond to the fit to the Eq. 3-35 when n=1.  

 

3.6.3.3. Flow Rate Variation  

We believe that to explain the observed trend we need to focus on non-equilibrium 
self-pyrolysis of ethylene that may generate an important CNT carbon precursor. We have 
explored the role of GPRs and feedstock preconditioning by reducing the total flow rate by 
a factor of 2, allowing the process gases to spend more time in the CVD reactor.  The change 
that we observed is remarkable (Fig. 3.13A): the initial growth rate almost doubled.  Note 
that this result could not be attributed to more efficient delivery of ethylene, as the lower 
flow rates would only decrease mass transport rate.  More reduction of flow rate resulted 
in further increase in growth rate (Fig. 3.13B)7. 

Most likely the chemistry of the GPR is more complicated than self-pyrolysis of the 
ethylene; indeed Ma et al.(11) noted that self-pyrolysis of ethylene is negligibly slow at the 
typical growth temperatures. We speculate that the GPR is likely assisted by reactive 
species desorbing from the catalyst; for instance, small amount of radical or foreign 
hydrocarbon can drastically change GPR kinetics of light hydrocarbon pyrolysis(67) since 
the pyrolysis chemistry consists of a series of chain reactions. Indeed, ethylene flow over 
the catalyst substrate at the growth temperature left black carbon residue on inner wall of 
the furnace quartz tube, whereas the quartz tube looked much cleaner in the control 

                                                        
7 When flow rates are reduced under 500 SCCM, the in-situ data shows amplified noise due to carbonaceous 
material deposition on the quartz wall, which interferes with probing beam of measurement system; hence 
large fluctuation of data did not allow reasonable estimation of initial growth rate. Instead, average growth 
rate are shown here.  
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experiment (ethylene flow with no catalyst). Similar catalyst-assisted preconditioning of 
CVD precursor was reported in GaP nanowire growth, where trimethylgallium evolved into 
monomethylgallium stepwise with the help of Au catalyst(126). Indeed our studies show 
evidence that placing an active catalyst substrate in front of another catalyst promotes 
growth on the downstream substrate (Fig. 3.14). Another evidence can be related to the 
height profile along flow direction; we observed increasing nanotube array height, which 
supports the hypothesis that gas evolves on the catalyst surface.    

 

 

Fig. 3.13 (A) growth rate of the CNT arrays recorded for different values of total flow rate through the system. 
(B) average growth rates with respect to different total flow rates. The inset is a log-log plot of the same data; 
the dotted line indicates a linear fit of the log-log data. 

 

 

Fig. 3.14 A Photo image showing gas pretreatment effect by catalyst. The leading edge of catalyst2 reflects 
growth difference by the preceding substrates 

 
Indeed a simple estimate of the sticking probability (S) gives an additional support 

to the assumption that gas phase reaction plays a significant role in CNT synthesis.  
Molecular impingement of ethylene (750 °C, 10% of 1 atm. total) is 1.43×1022 
(molecules/cm^2/sec). Then the impingement onto the exposed surface of iron catalyst 
particle is estimated about 3.84×109.  1.5×105 carbon atoms are required to maintain the 
observed growth rate (0.24um/sec). As a result, the sticking probability has an order of 
magnitude of 10-5 when it is assumed that carbon is provided only by ethylene molecules. 
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However, Gamalski et al.(94) reported a much higher sticking probability (0.042~0.2) at 
~600 °C with iron catalyst and acetylene precursor, which is one of the products of 
ethylene pyrolysis near 1000K (66).  

 

3.6.3.4. Growth Temperature Variation 

Another evidence of GPR or ethylene pretreatment effect is related to the activation 
energy. Estimating an apparent activation energy (Ea) using Arrhenius equation (vg~e-Ea/RT) 
generally gives a clue on a rate-limiting step of the overall growth kinetics. To obtain this 
value we conducted a series of growth runs at different temperatures using 
10%C2H4/40%H2 process gas mixture. The initial growth rates obtained in these 
measurements were well described by Arrhenius equation with the apparent activation 
energy of about 2.6 eV (Fig. 3.15). This value is considerably higher than a typical energy 
for the bulk diffusion (1~1.7eV)(82) and surface diffusion (0.23~0.4eV)(93) of carbon. 
Surface reaction decomposition processes of carbon feedstock are characterized by the 
activation barrier of 1.66eV for acetylene-Fe(127) and 1.35eV for ethylene-Fe(13). Gas 
phase diffusion is typically a very rapid process with much lower activation energy; 
therefore it is unlikely that the initial growth is limited by mass transport of ethylene 
molecules. Picher et al.(115) observed similar activation energy values (2.8eV for Ni, 2.4eV 
for Co), but they used ethanol as a carbon source and attributed the high activation energy 
to a particular mechanism of ethanol decomposition. The other possibility that we could 
consider is a gas phase reaction (GPR) that generates active precursors for the CNT 
synthesis, which is also consistent with the observation in the flow rate variation 
experiments.  

 

 

Fig. 3.15 An Arrhenius plot of the initial growth rate as a function of temperature.  Feed gas composition was 
100 C2H4/ 400 H2/ 500 He (all flows in SCCM.) 

 
As the first step to understand how GPRs could show increased activation energy, 

we set up the reaction steps as shown in Fig. 3.16. It postulates there exist two paths along 
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which carbon is incorporated into the nanotube: surface reaction of ethylene carbon 
feedstock     

   and that of a GPR product     
  . Regarding the role of hydrogen, we 

considered it contributes to removal of reactive carbon precursor by hydrogen addition, 
but it could not remove carbon adatoms according to the argument in chapter 3.6.3.1. 
Further reaction of the GPR product leads to generation of poisonous carbon species 
        .  

When GPR effect is negligible, growth     
   will proceed purely by catalysis of 

ethylene carbon feedstock.  For instance, Pirard et al.(13) reported their activation energy 
of nanotube growth with ethylene-FeCo system was 1.35 eV. Interestingly, they 
demonstrated the growth kinetics had less than 1st order (< 700 °C) with ethylene but 0th 
order with hydrogen pressure. They proposed the following model to describe their in-situ 
data: 

 

   
  

         

         
              (3-34) 

 
, suggestive of significant ethylene coverage on catalyst. Thus we presume their result 
explains growth by direct decomposition of ethylene with no aid of GPRs.  

When GPR effect becomes significant as is the case in our experiment, it is revealed 
that    

   is close to 0 from the ethylene variation experiment and the growth rate is 
proportional to the GPR product, thereby it simply reduces to:   

 
   
            

 
Unfortunately, we do not have evident information on the identity of the efficient carbon 
precursor gas produced by GPRs; we designate it as CxHy. Finally the resultant growth rate 
becomes summation of the above two contributions: 

 
  
     

     
  

 

Considering higher activation energy of    
 , ethylene surface reaction     

   will prevail at 

relatively low temperature but GPR contribution     
   will dominate the apparent growth 

kinetics as temperature increases. However, we did not observe distinct transition of 
activation energy, and thus we conclude that ethylene contribution was relatively small in 
our growth condition    

     
  .  
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Fig. 3.16 A schematic of a series of reaction steps describing growth kinetics. 

 
Now, we will discuss why GPR promoted growth has a higher activation barrier. By 

mass conservation of      on the Fe surface in Fig. 3.16, the GPR product over the 

substrate could be described by the following kinetic equation: 
 

       
 

  
                

       
 
          

 
 

 
Here we assume that GPR is not severe at the general growth temperatures; hence        
and      are almost constant, and kp is negligible. When it reaches steady state shortly,  

 

  
           

 
 

           

           
 

 
Mass transport (Gd) of CxHy to the free stream will affect its partial pressure over the 
catalyst, and it is determined mostly by the flow dynamics of gases through the CVD reactor.  
By mass conservation of CxHy,  

 
        

                    

 
Thus the final form is obtained as:  

 

  
  

             
 

           
 

 

     
  
  

 
      (3-35) 

 
  

  
 in Eq. 3-35 indicates ratio of adsorption speed to convective mass transport, which is 

consistent with Damköhler number. If the reaction rate is even faster than diffusion 
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process  
  

  
   , mass transport will not affect the growth kinetics. Otherwise  

  

  
   , 

growth rate will significantly decrease as carbon precursor gas is swept out by upstream 
flow over the substrate. From the flow rate variation data (Fig. 3.13B), the latter is 
relatively close to the case in our conditions. Yet we do not know the identity of the 
efficient precursor and thereby it is not possible to achieve reasonable estimation of ka. If 

we accept 
  

  
   , we can roughly estimate contribution of mass transport(128) as  

 

     
  
  

 
  

 

  
. However, the inset in Fig. 3.13B shows that the power of the fit is about -0.68; 

the above estimation contains uncertainty related to Damköhler number, so that it does not 
reflect the real trend accurately. We also believe that the total flow variation plot that used 
average growth rates instead of initial rates undermines the accuracy of analysis.  

According to the carbon series data (Fig. 3.11), growth rate is clearly first order with 
respect to ethylene: m=1. Besides, the data on the Fig. 3.12 show that the growth rate is 
inversely proportional to the hydrogen concentration, in excellent agreement with the Eq. 
3-35, revealing n = 1 by data fit. Finally, we obtain  

 

       
  

     
             (3-36a) 

   
   

             

          
 

 

     
  
  

 
      (3-36b) 

   
 

   
           (3-36c) 

 
when we set:    

               
       . 

Revisiting to the discussion about limiting processes (surface reaction or adsorption) 
on catalyst surface, activation energy of adsorption process      must be much lower than 
that of surface reaction       that is related to scission of carbon-carbon and carbon-
hydrogen bonds. Unlike ethylene, the GPR product is stable on catalyst, and the adsorption 
process should be more probable. Moreover, we showed that GPR is assisted by catalyst, so 
that the reactive precursor should be generated very near the substrate where catalyst is 
easily accessible by diffusion        . Then activation energy of kg2 should be 
comparable to that of catalysis of hydrocarbon decomposition. For instance, acetylene, 
which is one of possible GPR precursors of ethylene, ranges on 1~1.7 eV of activation when 
abundant amount is directly used for nanotube growth. Finally, the apparent activation 
energy for nanotube growth becomes higher by activation energy of kf (  

 ), based on Eq. 3-
36c. 

As an experimental evidence, Meshot et al.(10) reported an interesting Arrhenius 
plot of data obtained by decoupling gas heating from substrate heating with their cold wall 
reactor.(Fig. 3.17A) They demonstrated the apparent activation energy increases 
significantly (1.02~1.88 eV) with higher ethylene pretreatment temperatures. In other 
sense, it implies that when gas heating is coupled with substrate heating, the apparent 
activation energy can emerge in an increasing way by crossing the isotherm curves of gas 
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preheating. A similar explanation is possible by scrutinizing Arrhenius plot based on our 
argument, as described in Fig. 3.17B. Additionally, it should be noted that growth rate has 
upper and lower bound. When the reaction rate is faster than diffusion through catalyst, 
then carbon adatom will completely cover the catalyst, where the reaction rate reaches its 

possible maximum (        
    

 

 
 ). In the opposite extreme, the kinetics will just follow 

growth kinetics by ethylene     
   with no growth acceleration by GPRs. As a result, the 

apparent behavior eventually stays between those extreme cases.  
 

 

Fig. 3.17 (A) excerpt from Ref. (10). Tp and Ts stand for temperatures of gas preheating and substrate, 
respectively. (B) a schematic describing contribution of GPR in Arrhenius plot. 

  

3.6.3.5. Water Concentration Variation 

There has been a consensus that water elongates catalyst lifetime, but surprisingly 
its role in growth rate has not been discussed intensely. This is probably related to 
capability of in-situ kinetics measurement since average growth rates do not directly reflect 
initial growth kinetics in an accurate manner, although both have moderate correlation 
each other. For instance, one can mistakenly underestimate growth rate in case where 
growth starts rapidly but stops earlier than the end of growth run. Due to our accurate in-
situ system, we could examine water effect on the initial growth kinetics. The flow rate was 
fixed at C2H4-H2/100-400 (SCCM), and depending on water flow rate, the flow rate of 
helium was adjusted to maintain the total flow at 1000 SCCM.  

As widely accepted, if the role of water is simply removing poisonous carbon 
(possibly amorphous carbon on catalyst), then water can increase growth rate by removing 
the carbon poison, allowing more of active site to carbon feedstock. This explanation 
presumes that etching rate of carbon poison should be faster than that of active carbon 
adatoms that is eventually incorporated into the nanotube. In this respect, an excessive 
amount of water will actually remove all carbons available on catalyst surface, resulting in 
diminished growth rate. Recent in-situ kinetics studies on the role of water in growth 
kinetics actually demonstrated moderate amount of water (~100 ppm in APCVD) 
accelerates initial growth, but more water eventually reduced growth rate.(3, 7) We 
observed similar behavior (Fig. 3. 18): increasing at low concentration and decrease with a 
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high content of water. In addition, we conducted etching experiment to see if a pure water 
flow diluted with helium (~20 ppm) can really etch nanotube itself. By the in-situ 
monitoring system, we could not detect any decrease of array height for 10 minutes at 
750 °C, which is consistent with Hata et al.'s thermo-gravimetric analysis (TGA) data.(1) It 
also supports the idea that etching by water applies only to catalyst surface.  

In the water variation trend, growth rate reduction is straightforward, but the above 
claim about increase in initial growth rate is not clear. First of all, it requires a critical 
assumption: a fraction of catalyst sites were immediately poisoned by introduction of 
carbon source. If this is the case, water could accelerate initial growth rate. Otherwise, 
catalyst itself is initially free of poison, and it does not provide intuitive reason for faster 
growth rate by water. Moreover, recalling that our ethylene variation data shows a perfect 
linear trend, we cannot imagine such abrupt early poisoning by introduction of ethylene. 
Thus it is not likely related to catalyst poisoning mechanism.  

One plausible idea is modification of catalyst by water adsorption. Harutyunyan et 
al.(69) demonstrated when helium gas is introduced with a small amount of water, catalyst 
surface is modified by faceting, exposing sharp steps. These step sites must be very reactive 
to hydrocarbon decomposition, resulting in fast growth. In addition, water may contribute 
to GPRs that is proven to have significant effect in our study. It should be noted that water 
can be involved in GPRs of ethylene, modifying thermodynamics of ethylene pyrolysis. This 
topic can be met in combustion studies of hydrocarbon gases. Related to homogeneous 
dehydrogenation reactions of light hydrocarbons, Lunsford et al. (129) investigated the role 
of water in oxidative dehydrogenation of ethane, which reveals that water enhances 
dehydrogenation reactions. Indeed, we observed growth with excessive water show a 
reduced growth rate but the growth experiment still left significant amount of carbon 
deposit on the wall of the furnace quartz tube. We did not conduct quantitative study on 
this carbon deposit, but it is obvious that when introduced with ethylene, water did not 
make quartz tube distinctly cleaner, implying that water might be participating in GPRs.  

 

 

Fig. 3.18 Initial growth rate by water variation.  
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Fig. 3.19 (A) Parametric map of CVD growth of MWNT array. Excerpt from Ref. (89). (B) GPR effect on growth 
kinetics. Excerpt from Ref. (68).   

 
Interestingly, we can find great common ground in several studies related to GPR 

and water (Fig. 3. 18, Fig. 3. 19A and 3.19B); growth rate trend shows relatively steep 
increase at start but it diminishes gradually with long tail. Noy et al.(89) demonstrated that 
optimum plateau exists in the parametric space of water concentration and total pressure 
(Fig. 3.19A).  Pressure in the plot indicates total pressure of gases that is directly related to 
molecular collisions and thereby GPR rates. Fig 3.19B shows the result of Brukh et al.'s 
work (68) where they examined GPR effect by controlling flow rate, similarly to our 
method, but even smaller flow rate range was adopted. Their nanotube had a large amount 
of non-graphitic carbon deposits by excessive GPR reactions. They observed GPR helps 
growth but eventually severe GPR reduces growth rate. It is intuitively acceptable that 
highly polymerized carbon species generated by severe GPR would cover the catalyst 
surface before its complete dissociation occurs. This negative effect is contrary to our 
observation in Fig. 3.13B, but we believe that owing to relatively cleaner conditions, we 
could not capture the decreasing trend.   

In summary, we conducted a series of growth experiments with different 
combinations of gas mixtures. The initial growth rate was 1st order with respect to ethylene 
and reciprocal of hydrogen partial pressure. Importantly, GPRs enhanced growth rate 
significantly by producing highly reactive carbon gas precursor, and it also accounts for the 
observed high activation energy. Moderate amount of water accelerated initial growth rate 
but excessive water eventually suppressed growth by etching carbon adatoms. The 
mechanism for the initial growth rate increase by small amount of water is not clear but 
water can possibly contribute to growth speed by faceting of catalyst surface or by GPR 
promotion. Nonetheless, more dedicated effort is required to understand the true role of 
water in initial growth.  
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3.6.4 Growth Deactivation Kinetics  

Up to this point, initial growth rate data were used to investigate growth kinetics of 
clean catalyst. Another key parameter for characterization of the CNT growth kinetics is 
catalyst lifetime, defined as the time it takes the growing array to reach the termination 
stage (for practical reasons we define that time as the time beyond which growth rate 
decays below 0.01µm/sec). Based on observed catalyst lifetime, researchers have proposed 
several termination mechanisms for the CVD growth of CNT arrays.  Nanotube growth can 
be stopped growing by excessive amorphous or graphitic carbon(89, 98), encapsulating 
active sites on catalyst.  If this is the case, catalyst can be regenerated by carbon etchant, 
specifically oxygen-containing molecules(7, 98).  Catalyst may deactivate by Ostwald 
ripening, which could also be partially suppressed by water(2).  Finally, growth rate can be 
diminished by a diffusion barrier as nanotube forest grows thicker; then catalyst patterning 
will facilitate better gas diffusion(97).  None of these mechanisms has been definitively 
established as the dominating cause of the growth termination; therefore we decided to 
investigate the growth kinetics for possible clues to the most likely termination 
mechanism. 

As pointed out in chapter 3.6.1, catalyst lost the initial activity rapidly, eventually 
leading to growth termination, while gas purity affected the growth termination 
significantly. Thus, we need to investigate the role of such impurities and its implication on 
growth termination. Purified gas sources allowed us to investigate the effects of addition of 
water and oxygen. Catalyst lifetime and final height trends recorded for two series of 
growth runs that used 0% and 40% hydrogen concentration using unpurified gases. Fig. 
3.20 shows that water vapor indeed has a significant influence on the growth process, 
similarly to the data on the Fig 3.9. Interestingly, at 40% hydrogen concentration, we found 
that there exists an optimal water concentration that maximizes the catalyst lifetime. After 
this threshold is exceeded, water causes the CNT growth to terminate earlier. This result is 
consistent with results reported by other studies.(3, 90) With no added hydrogen to the gas 
mixture, however, additional water did not enhance growth; it only reduced lifetime and 
growth yield. This trend is contrary to the results of Yasuda et al.(3) where growth yield 
showed concave trend with respect to water concentration even without added hydrogen 
in the CNT growth gas mixture. The growth rates observed in our experiments were slower 
than the rates observed by Yasuda et al., therefore we believe that our process generated 
less carbon and product hydrogen. Thus, we speculate that the iron catalyst in our 
experiments was more vulnerable to oxidation by water at low added hydrogen levels. 
Indeed, subsequent hydrogen treatment (exposure to 40% H2 in He, for 5 minutes at 
750°C) was able to partially re-activate the catalyst after the growth: the CNT array grew 
by additional 12 µm (from 515 µm height before the first termination). However, this 
second-stage growth terminated quickly, and no further regeneration was possible. In 
comparison, the same growth process run with 40% H2 concentration using purified gas 
sources produced a trend similar to the results obtained with unpurified gases, but at lower 
values of the final array height and a shorter process lifetime. As expected, at high humidity 
values, the trends seem to converge as the added water vapor starts to overwhelm the 
effects of other impurities.   
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We have also investigated the effect of adding molecular oxygen to the growth 
mixture.  When we introduced small (~8ppm) amount of oxygen to the growth gas mixture 
of 10% of ethylene and 40% of hydrogen, oxygen has deactivated the catalyst almost 
immediately. We believe that the molecular oxygen, O2, especially in thermal CVD, is a 
much stronger oxidizer than water; therefore while small amounts of water enhance the 
growth, similar levels of oxygen are deleterious to the iron catalyst. Interestingly, at least 
one growth paper that used plasma- enhanced CVD growth reported that oxygen promoted 
nanotube growth with similar level of oxygen(25); the reason for the difference is unclear, 
although we can speculate that PECVD produces higher levels of reducing agents which 
could mitigate the effects of oxygen. Our data also indicate that the oxygen-containing 
impurities in the source gases affecting the growth are most likely not limited to water and 
oxygen; therefore a more thorough analysis could be necessary to establish their identity.  

To understand why the CVD synthesis of carbon nanotubes is so sensitive to sub-
ppm levels of oxygen-containing impurities, we have to note that the growth process 
occurs on the surface of an extremely thin layer of discontinuous nanoparticles. At 
atmospheric pressure even a 1 ppm level of impurity in the reaction gas would impinge on 
the catalyst surface at a rate of approximately one monolayer per millisecond, assuming the 
impurity adsorbs with close to 100% sticking probability.  Thus, if the gas species is fairly 
reactive, it could change the turnover rate of the nanoparticle catalyst fairly significantly.  
This argument implies that process sensitivity to the impurity levels should also depend on 
the process pressure, and consequently, we would expect that low-pressure CVD growth of 
carbon nanotubes would be much less sensitive to the oxidizer impurity levels.  

 

 

Fig. 3.20 (A) Growth lifetime and (B) VACNT final height curves obtained by at different water vapor levels 
added to the feed gas stream and different levels of hydrogen gas purity.  Gas stream mixture was fixed at 
C2H4-H2-He/100-400-500 SCCM (red circles) and at C2H4-H2-He/100-0-900 SCCM (purple squares).  Green 
diamonds denote data obtained with purified gas sources. 

 
One of the unfortunate consequences of the extreme sensitivity of the CNT growth 

to oxygen-containing impurities is the possibility of having such impurities interfere with 
the basic trends observed in the growth experiments. Typically, CVD growth experiments 
done with laboratory-grade purity gases produce a complicated trend in catalyst lifetime as 
a function of the gas mixture composition. To illustrate the impurity effect with relation to 
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gas mixture combinations, we have performed a series of growth experiments that used 
different concentrations of hydrogen in the growth mixture (Fig. 3.21A and 3.21B).  For one 
of the series we used the “normal” ultrapure hydrogen gas source without any extra 
purification steps. The kinetics of the growth obtained in this series shows non-monotonic 
behavior― the growth lifetime increases first and then starts to decrease. However, when 
we repeated the series while passing only the hydrogen stream through the purifier unit 
we found that the lifetime increase was diminished but still observable, which indicates 
that the hydrogen stream was indeed a significant source of species influencing the 
reaction.  Finally, when all the gases (ethylene, helium, and hydrogen) were purified, the 
final height of the VACNT arrays showed only a slight decrease with the increasing amount 
of hydrogen in the system, and the growth lifetime became practically independent of 
hydrogen concentration, compared to growth with unpurified gases. The trend observed 
for the final height of the VACNT arrays is rather natural: at low hydrogen flow most of the 
hydrogen is generated from the in-situ pyrolysis of the ethylene gas, and adding more 
hydrogen gas would eventually shift the reaction towards the ethylene formation, and thus 
decrease the overall amount of carbon produced in the system. We speculate that the non-
monotonic behavior observed in the non-purified gas stream feed reflects the effect of trace 
amounts of water and oxygen that first act as growth enhancers, and become overwhelmed 
only when the hydrogen concentration reaches a significant value. 

The same procedure was repeated with ethylene variation. The catalyst lifetime first 
showed a brief increase and then a steady significant decrease as a function of the carbon 
feedstock concentration (Fig. 3.21C). Indeed, when we conducted these experiments using 
purified gases, most of the complicated trends have vanished revealing starkly simple 
kinetics, similarly to hydrogen variation data. While the final heights of hydrogen data have 
great correlation with the corresponding lifetime data, ethylene data show quite different 
trend. Interestingly, the final height is almost linear to ethylene at low concentration, but 
above a particular level, the final height remains almost constant regardless of further 
introduction of ethylene.  

The most unexpected result from these experiments is the almost complete 
insensitivity of the growth lifetime to the changes in the carbon concentration and 
hydrogen concentration. If the carbon encapsulation mechanism is the dominating 
mechanism for growth termination, then the process should be very sensitive to the carbon 
concentration on catalyst surface (and in the gas phase) (89, 98, 102); the experimental 
data clearly do not support this conclusion. Similarly, considering that the increased 
hydrogen concentration suppresses the formation of the CNT growth precursors, then the 
level of hydrogen in the feed mixture should have a profound effect on the termination 
process; data on the Fig. 3.21A and 3.21B show that it does not. Moreover, if the carbon 
encapsulation was a significant cause of the CNT growth stoppage, we should be able to 
regenerate “dead” catalyst by carbon-etching gases such as water vapor(98). However, in 
our experiments, once the catalyst was completely deactivated, we could not restart the 
growth. These results argue that carbon encapsulation is not the main cause of the VACNT 
array growth termination. 
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Fig. 3.21 Growth lifetime (A, C) and final height of the CNT arrays (B, D) as a function of the hydrogen and 
ethylene content of the feed gas mixture, respectively.  For the hydrogen variations series the ethylene flow 
was fixed at 100 SCCM, and For the ethylene content variation series the hydrogen flow was always 400 SCCM. 
In all experiments the helium flow rate was adjusted to keep the total flow rate at 1000 SCCM for all cases. 
Temperature conditions (Ta=725 °C / Tg= 750 °C) are consistently applied. 

 
Rather, the hydrogen and ethylene data obtained with relatively low (< 200 SCCM) 

flow rate of ethylene suggests that growth terminated by insufficient carbon supply. With 
the information on growth rates in Fig. 3.11, one can figure out that the trend of catalyst 
lifetime increases with growth rate. Recalling our GPR-promoted growth model, ethylene 
should meet catalyst and desorbs into gas phase to form an active growth precursor; when 
nanotube forest grows thicker, the desorbed species should overcome increased diffusion 
resistance to meet gas molecules over the top of the nanotube array. Likewise growth 
precursor should pass back through the porous nanotube array to reach catalyst. The total 
flow variation data in Fig. 3.13A supports this idea. The initial growth rate of 50-200-250 
(C2H4-H2-He) gas composition is almost equal to the value of 200-400-400 growth speed. 
That is, twice faster growth was obtained by doubled amount of ethylene or by half speed 
of flow rate. Even with the same initial growth rate, however, the growth of 50-200-250 
(C2H4-H2-He) was sustained for much longer lifetime. 
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This phenomenon can be interpreted by Damköhler number  
  

  
  we defined in 

chapter 3.6.3.4. As nanotube forest grows taller, the diffusion resistance    , which 
accounts for mass transfer of the active carbon precursor to catalyst, increases linearly 
with height by Eq. 3-23a, resulting in decrease of adsorption rate. Applying Eq. 3-23a to 

this case, we obtain a new expression of Damköhler number: 
 
    

     
 

 

  
 
  

  
 , which becomes 

smaller than the original expression. Eventually, the convective diffusion into the free 
stream becomes more significant, and thereby growth with faster flow will die out earlier. 
Indeed, growth termination data (Fig. 3.22) calculated from total flow rate variation 
experiments show dramatic enhancement of growth lifetime by reduced flow speed. This 
idea is contradictory to Maruyama and co-workers' work (53) where they have estimated 
that the termination mechanism, which originates in the diffusion barrier through the 
growing CNT forest, could not be rate-limiting. However, they calculated reaction constant 
based on the presumption that the carbon feedstock acts as a real carbon precursor with no 
consideration on GPRs; thus, we believe that their analysis cannot be directly applicable to 
our case.  

 

 

Fig. 3.22 Effect of total flow rate on growth termination (Ta=725 °C / Tg= 750 °C). The relative concentration 
of C2H4-H2-He was fixed at 10-40-50 %.  

 
Nonetheless, the above idea does not make a complete answer to growth 

termination, in that the carbon variation data in Fig. 3.21D shows a critical final height (~ 
240 µm) beyond which nanotube does not elongate even with increased supply of ethylene. 
In that regime, nanotube grows faster but it stops earlier, producing the same amount of 
nanotubes. Moreover, if nanotube stops growing only by carbon deficit, one may imagine 
that nanotube growth can be sustained forever by increasing carbon flux gradually, 
following the array height increase. However, this is not the case; once the growth stops, 
nanotube does not re-grow by increased ethylene flux. Therefore, we need to examine 
alternative mechanism of growth termination. 

Another plausible reason for deactivation is ripening of metal catalyst(2), which is 
inevitable at high temperatures. To monitor the ripening behavior of catalyst in our 
experiments we exposed the catalyst to our standard clean hydrogen-helium pretreatment 



74 
 

for 1 hour longer than the 17 minutes total time that we used for our regular annealing 
recipe. Unlike the data observed in other studies(2, 101), the corresponding AFM images 
(Fig. 3.23) do not show the dramatic change in the particle size and number density that is 
representative of ripening process, suggesting that our catalyst was stabilized by sufficient 
pretreatment. Moreover, when we delayed the ethylene introduction time (thus allowing 
more annealing) we obtained growth rate curves where the shapes are almost identical to 
the rate curve obtained without such time delay (Fig. 3.24). These results indicate that the 
catalyst deactivation kinetics did not follow simply a ripening process.  

Although the delayed growth experiments (10 minutes delay) show longer growth 
than the no-delay case, its enhancement is not as dramatic as by the flow rate effect in Fig 
3.22. Also, the enhancement effect did not appear by further delay (20 minutes). Thus we 
believe that ripening effect was not dominating in our growth conditions, and its 
contribution to growth deactivation was moderate. Moreover, ripening mechanism does 
not provide a clear answer to the question about the final height saturation observed in 
Fig3.21D. It is not obvious yet whether ethylene gas accelerates ripening kinetics. Rather, 
other studies, where the same catalyst (iron on alumina) was used, gave a general 
comment that hydrocarbon gas does not affect ripening behavior (2, 101), but it seems that 
more quantitative approach is required to assert it. Instead, we can speculate that catalyst 
ripening would eventually lead to growth cessation in a long term.  

One may seek another termination mechanism such as steric hindrance that was 
introduced in chapter 3.3.1, but it was hard to find a direct evidence to substantiate 
ethylene effect on termination kinetics, based on this mechanism. Considering that growth 
with a reduced flow rate produced significantly longer and faster growth, the termination 
is not directly related to the growth rate and final height. Additionally, we could not 
observe noticeable cracks formed on nanotube arrays as dramatically demonstrated by 
other studies.(105) Thus the strain energy buildup induced by CNT array thickening is not 
likely a cause of the observed growth termination.   

 

 

Fig. 3.23 AFM images (A) before additional annealing (standard annealing at 750 °C) and (B) after additional 
1hr annealing (at 750 °C). 

A B
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Fig. 3.24 Kinetic data of the delayed growth experiments (Ta=725 °C / Tg= 750 °C). A gas composition of 100-
400-500 SCCM (C2H4-H2-He) was commonly applied to each experiment.  

 

 

Fig. 3.25 G to D ratio of RAMAN data collected from the top surface (near nanotube tips) of VACNT samples 
grown by different ethylene gas concentration. The gas composition and growth conditions are 
corresponding to the ethylene variation experiment in Fig. 3.11. 633nm HeNe laser was used with 100x 
objective lens for RAMAN excitation. 

 
Unfortunately, we could not get a complete answer to the growth termination, 

especially at high ethylene pressure. Instead, we speculate that this might be related to a 
kind of poisonous hydrocarbon species. While the active carbon precursor was predicted 
by linear relation with respect to ethylene pressure, the other GPR products can have a 
higher order.(66, 67) In this respect, poisonous carbon precursor formation can become 
significant at high ethylene condition, resulting in growth termination. Indeed, the RAMAN 
G to D ratio, which is a figure of merit to evaluate graphitic carbon grade, shows sharp 
decrease when ethylene flow rate increases higher than 200 SCCM (Fig. 3.25). We collected 
the RAMAN signal near the tips of nanotube arrays. The result is consistent with the idea 
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that Yasuda et al.(130) proposed; they observed carbonaceous impurities that exist 
especially near the tip of VACNT, suggestive of deposition of highly sticking carbon species 
delivered by the ethylene flow. Moreover, as ethylene replaces helium molecules in the 
high ethylene concentration condition, the diffusion property of the gas mixture can 
significantly change; the diffusivity of the active carbon precursor will decrease due to the 
larger size of gas molecules. Therefore, this negative diffusion effect can also contribute to 
the final height saturation. 

 

 

Fig. 3.26 (A-C) Cross sectional SEM images of as-grown CNT forest after its complete growth termination. The 
images were captured at different positions (top – middle – bottom). (D) high magnification image near the 
bottom of the CNT forest. 

 
Lastly, we examined the morphology of as-grown CNT arrays by SEM after the 

complete deactivation of growth (Fig. 3.26). We captured distinct change in alignment of 
VACNTs; initially (TOP) nanotube grows with good alignment with relatively straight 
nanotube structure, but the nanotubes gradually lose alignment to the end of growth, 
finally producing entangled structure at the bottom. Similar trends have been reported in a 
number of studies.(21, 89, 109, 131) Especially, Hart et al. observed that such alignment 
loss is accompanied by decrease in nanotube density. They also related these phenomena 
to the abruptness as well as to collectiveness of growth termination kinetics since the top 
of nanotube arrays are interconnected and relatively rare nanotubes at the bottom are not 
enough to lift nanotubes above.(109) We consistently observed similar morphology from 
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completely deactivated nanotubes. In addition to the mechanical reason above, the 
entangled nanotubes at the bottom (Fig. 3.26D) will retard diffusion of active carbon 
precursors that is an important process in our growth, which will also contribute to the 
abrupt termination. 

In summary, we examined the role of gas impurities and its implication on growth 
termination mechanism. The deactivation kinetics revealed that the oxygen-containing gas 
impurities contained in nominally pure gas sources have a great influence on growth 
kinetics in a positive way: It increased catalyst lifetime and growth yield. However, the 
kinetic behavior that is highly sensitive to gas purity is prone to show an interfered kinetic 
trend where the real mechanism is masked by the significant impurity effect. Owing to high 
performance gas purifiers, we could observe fundamental growth kinetics. Unlike growth 
with unpurified gases, growth becomes much less sensitive to gas composition after 
purification. Importantly, we observed growth deactivated by deficit of carbon source 
when relatively low ethylene was introduced. Reduced flow rate as well as increase of 
ethylene introduction helped achieve growth improvement. Especially slow introduction of 
gas mixture increased growth yield remarkably, substantiating that catalyst-mediated GPR 
process is critical to sustain nanotube array growth. However, this idea cannot completely 
resolve the mystery of growth termination: almost constant final height at higher ethylene 
content. Unfortunately, catalyst ripening or steric hindrance cannot be an alternative 
solution to this problem. Poisonous carbon species generation by severe pyrolysis of 
ethylene may explain this phenomenon, but further study should be necessary to obtain 
clear evidence. 
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CHAPTER 4 CONCLUSIONS 

4.1 Summary 

Carbon nanotubes (CNT) grow in a seemingly simple catalytic chemical vapor 
deposition (CVD) process, yet the detailed mechanism of the process has continued to 
puzzle researchers. First of all, we achieved reliable growth of sub-2nm VA-SWNTs by 
examining different catalyst support layers. AFM scanning on thermally treated catalyst 
revealed that the alumina film deposited by reactive sputtering with oxygen addition was 
most stable at nanotube growth temperatures.  

Based on the reliable growth condition, we have examined the role of trace amounts 
of gas impurities on the kinetics of atmospheric pressure CVD growth of carbon nanotubes. 
Our studies, which used an in-situ height monitoring system, revealed that even the 
nominally ultra-pure gases contain enough trace amounts of oxygen-containing species to 
affect the growth drastically. We were able to obtain the “clean” kinetics of the CNT array 
growth by passing the feed gases through the high performance gas purifiers. Our data 
show a remarkable decrease of the catalytic lifetime after the removal of the trace oxygen 
containing impurities. We suggest that the gas purification can be an essential step in 
obtaining reliable nanotube growth data. 

We presented a series of parametric ethylene CVD growth studies in a hot-wall 
reactor using the purified gases that reveal the fundamental kinetics of the CNT growth.  
Our data showed that the most important parameter determining the rate of the CNT 
growth is the production rate of active carbon precursor in the gas phase reaction, and that 
the growth rate is proportional to the concentration of the carbon feedstock and inversely 
proportional to the concentration of hydrogen gas. The termination times obtained with 
the purified gas mixtures were strikingly insensitive to variations in both hydrogen and 
carbon concentration ruling out the carbon encapsulation of the catalyst as the main 
process termination cause. 

What do our results tell us about the kinetics of “clean” VACNT forest growth and 
growth termination? First, they show that current hypotheses about the potential 
termination mechanism do not provide an adequate, comprehensive, and consistent 
explanation. Moreover, our data definitively rule out the mechanism that has been 
dominating the literature, i.e. encapsulation of the catalyst by amorphous carbon. Second, 
they show that the growth kinetics follows very simple rule― the initial growth rate is 
always proportional to the concentration of the active carbon species. The third and most 
important result of this study is that the catalyst-assisted gas phase pyrolysis of carbon 
feedstock has a dominating effect on the growth kinetics in the hot wall reactor growth.   

 

4.2 Future Studies 

As a result of our in-situ kinetics study, the future studies of the CNT growth have to 
pay utmost attention to exploring and controlling gas phase reaction (GPR) part of the 
growth process. The flow rate variation data imply that the GPRs of carbon precursor are 
assisted by catalyst, which clearly suggest that ethylene gas is not an efficient carbon 
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precursor for carbon nanotube growth and a specific GPR product may be the main source 
of carbon. In this respect, we have two directions for the future studies. The first one would 
be seeking for the real precursor. Literature of carbon nanotube growth reveals that 
sticking probability of acetylene is order of magnitude higher than ethylene, but 
experimental observations of recent studies still demonstrate more efficient species may 
exist(12). The second one would be controlling GPRs to maximize growth efficiency. For 
instance, if the real precursor does not exist at room temperature and pressures that 
commercial gas cylinders provide, this second direction will be more appropriate.  
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