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Abstract:  

  In the first year of the project, we have taken an effort to investigate two significant aspects of 

carbon nanotube synthesis: chirality selection of single-walled carbon nanotube and growth 

termination of carbon nanotube array. In order to successfully study two issues, we have first 

focused on the development of a “proper” TEM sample preparation method and demonstrated 

that a focused ion beam based method worked very well for our research purpose. Therefore, 

based on the developed TEM sample preparation method, we tried to investigate a chirality 

selection mechanism of single-walled carbon nanotube, but we have found out that not only the 

proper TEM sample preparation but also, more importantly, the optimization of growth 

conditions for synthesis of short, less dense, and highly crystalline single-walled carbon 

nanotubes is highly required. This work will continue in the second year of the project. In 

addition, the investigation on the growth termination of CNT array using the developed TEM 

sample preparation method has been performed and the result was very interesting. Based on 

ex-situ and in-situ TEM investigation, we proposed a modified growth termination model to 

better explain various phenomena of carbon nanotube growth and growth termination. In the 

second year of the project, we will confirm our growth termination model and perform rational 

designs of catalyst layers for extremely long catalyst lifetime.          
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Introduction:   

  Carbon nanotubes (CNTs) exhibit exceptional physical and mechanical properties, which have 

been drawing significant attention from academic societies as well as industries. For examples, 

CNTs are 100 times stronger than steel at only one sixth of the weight, and conduct electric 

current three orders magnitude higher than conventional metals [1-3]. For SWCNTs, the 

electronic properties can vary between semiconducting and metallic depending on their 

structures (as known as their chirality). Based on the exceptional properties of CNTs, various 

potential applications such as field emitters [4], biosensors [5], strong fibers [6, 7], membranes 

[8], and super-capacitor electrodes [9] have been proposed and demonstrated in a laboratory 

environment. However, the realization and commercialization of these CNT-based applications 

in the industry have not been successful so far, mainly due to lack of control over their structures 

(e.g. length, diameter, crystallinity, number of walls, etc), yield and chirality during large-scale 

synthesis. Especially, the control of SWCNT’s chirality selection and continuous synthesis of 

CNT arrays with infinite length have been two ultimate goals in CNT synthesis research since its 

discovery. In order to accomplish two ultimate goals, it is highly required, in advance, to 

thoroughly understand the chirality selection mechanism of SWCNTs and the growth 

termination mechanism of CNT arrays.  

  For chirality selection mechanisms of SWCNTs, the experimental approaches as well as 

theoretical calculations have been performed. The selective growth of nearly 90 and 96% of 

semiconducting tubes, respectively, by plasma enhanced chemical vapor deposition (PECVD) 

has been reported [10, 11]. However, an exact mechanism how plasma in reaction gas ambient 

leads to semiconducting tube dominance is still unclear. A. R. Harutyunyan, et al. [12] showed 

that by adjusting catalyst pre-treatment conditions the ratio of metallic to semiconducting tubes 

can be altered from 18% to 91%. In addition, they observed in-situ the evolution of catalyst 

shapes and size distributions depending on pre-treatment conditions using environmental-cell 

transmission electron microscope (E-TEM) and correlated catalyst morphology changes with 

metallic tube selectivity. W. -H. Chiang and R. H. Sankaran [13] developed a catalyst synthesis 

method, which produces uniformly sized catalyst particles with various compositions of Ni and 

Fe, so they can exclude the effect of catalyst particle sizes and only investigate the effect of 

catalyst particle compositions. They showed that the distribution of SWCNT chiralities evolved 

with compositions of catalyst particles. These two works made significant advances in 

understanding chirality selection mechanism. However, in these two works, they investigated 
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SWCNTs with Raman, photoluminescence, or absorption spectroscopy but catalyst particles with 

TEM, so structural correlations between SWCNTs and catalyst particles have been established in 

indirect way. Structural determination of SWCNT chirality by high resolution imaging [14] and 

diffraction [15] using TEM has been demonstrated but simultaneous investigation of both 

SWCNTs and catalyst particles has not been reported. Theoretical calculation predicted that 

SWCNTs with some specific chiralities are energetically favorable for Ni(111) surface [16] 

based on epitaxial relationship, but no experimental evidence has directly supported this 

calculation so far. Previous results strongly suggest that there may be strong correlations between 

catalyst structures and SWCNT chiralities, but no experimental result so far has shown the direct 

correlation between them. 

  For growth termination mechanisms of CNT arrays, there have been far more advances in the 

understanding of CNT growth termination phenomena compared to chirality selection 

mechanism, because it is more practical issue. In the last decade, several growth termination 

mechanisms of CNT forests have been proposed in order to explain certain features of growth 

and growth termination, such as abrupt growth termination [17], growth enhancement by water 

vapor [18-20], and the temperature dependence of growth termination [21, 22]. Recently, a study 

concerning long-length CNT forests [23] confirmed that there is the inverse dependence of 

growth termination or catalyst lifetime on the growth temperature and flow rates of carbon 

precursor, the two most important parameters in CNT forest growth. Catalyst lifetime is known 

to depend on the relative amount of carbon in the carbon precursor, and this can be explained by 

the growth termination mechanisms of amorphous carbon poisoning [18, 19] in which the growth 

of CNT forest is terminated by deactivated catalysts covered by amorphous carbon, or by carbide 

formation [24]. However, these mechanisms cannot explain the growth temperature dependence. 

On the other hand, Ostwald ripening and sub-surface diffusion induced growth termination 

[20-22, 25] do explain the growth temperature dependence, because both Ostwald ripening and 

sub-surface diffusion are thermally activated processes. However, it is difficult for this growth 

termination mechanism to account for the observed effect of differing carbon contents in the 

precursor. Thus, to date, there has been no single growth termination mechanism that can explain 

all of the features of CNT forest growth. 

  For both chirality selection mechanism and growth termination mechanism studies, the most 

effective way is to directly observe the interface between CNTs and catalyst particles. Thus, in 

the first year of the project, we have first focused on the development of transmission electron 
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microscopy (TEM) sample preparation method, which enables us to directly observe the 

interfaces between carbon nanotubes (CNTs) and metal catalyst particles. We have proposed two 

methods: catalysts on ceramic beads and focused ion beam (FIB) based method. We found out 

that FIB based method works much better than the method using catalysts on ceramic beads for 

our research purpose. Then, we have taken the efforts on attaining high-resolution TEM images 

of the interfaces between CNTs and metallic catalysts in order to investigate the structural 

correlation between CNTs and metallic catalysts. However, we realized that there are a few 

problematic issues in the approach, which we performed in the first year of the project. 

Nevertheless, throughout the developed FIB based TEM sample preparation method and in-situ 

and ex-situ TEM investigation, we have obtained important knowledge related to the growth 

termination mechanism of CNT arrays. 

 

Experiment: 

- Growth of CNT forests on Si wafer and TEM investigation  

  A silicon wafer (P/Boron (100) type) was used as a substrate. The substrate was coated with 

10-30 nm of Al2O3 film at the rate of 0.02 nm/s and 0.5 nm of Fe film at the rate of 0.01 nm/s 

using e-beam evaporation. A piece of the catalyst-coated substrate was inserted in the middle of 

a quartz tube whose inner diameter was 46 mm. The temperature was ramped to 740 °C in 15 

minutes at low pressure (base pressure: 5×10-7 Torr). When the temperature reached 740 °C, a 

gas mixture of C2H2 (2 sccm), H2 (400 sccm), water vapor (5 mTorr) was fed for 4 and 30 

minutes to grow the CNT forest. Hot filament was turned on only for the initial 4 minutes. 

During the growth process, the pressure was measured to be 2 Torr.  

  Standard TEM sample preparation methods have been utilized. For cross-sectional samples, 

the sample was stacked together with dummy silicon pieces using Gatan G-1 Epoxy and then 

hand-polished on one side. After finishing one side, the other side was also back-polished and 

then dimpled down to 5-10 µm at the center. Then, the sample was ion-milled from both sides at 

4.5° angle and at 4.5 kV using Gatan PIPSTM until the small hole at the center of the sample was 

made. 

- Growth of CNT forests on thin membrane 

  The 3 mm by 3 mm pieces of Si wafer with 500 nm thick thermally grown SiO2 were stacked 

together using  Gatan G-1 Epoxy and then hand-polished on one side. After finishing one side, 
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the other side was also hand-polished until the sample thickness was thinned down to 40 µm. 

The half-ring grid was bonded to the samples for safe handling. The samples were loaded in a 

focused ion beam (FIB) and milled until 100 nm thick windows were made. Then, the samples 

were loaded in e-beam evaporator and 30 nm Al2O3 and 0.5 nm Fe layers were deposited on the 

edge of the membrane by e-beam evaporation at the rate of 0.02 nm/s and 0.01 nm/s, 

respectively. The CNT growth was performed in the same way as the CNT growth on the 

catalyst-coated Si wafer using the water-assisted HF-CVD. For ex-situ TEM investigation, the 

membrane was directly loaded and investigated in the TEM without additional sample 

preparation.  

  For in-situ investigation, E-TEM experiments were performed by ‘re-growing’ the CNTs from 

a membrane sample. Initially, CNT forest was grown on a membrane sample for 3.5 minutes ex 

situ, and the sample was subjected to a similar growth condition in the E-TEM. We ramped up 

the temperature up to 700 °C in 5 minutes under 0.4 Torr of H2 and waited for an additional 10 

minutes for stabilization of the sample. Then, we added 2×10-3 Torr of C2H2 to the 0.4 Torr of H2 

just before we recorded the video. 

 

Results and Discussion: 

- Development of “new” TEM sample preparation method 

  Development of a sample preparation method for observing the interfaces between CNTs and 

catalyst particles without any damage induced by the conventional post-TEM sample preparation 

method has been first performed. We have tested two methods: catalysts deposited on ceramic 

beads FIB based method. As shown in Figure 1a, Pd catalysts on Al2O3 beads lead to the growth 

of carbon structures, but these are not single-walled CNTs (SWCNTs), which have definite 

chiralities. We have tried to optimize growth conditions for SWCNTs, but it was not quite 

successful. We believe that the failure to produce SWCNTs from catalysts on ceramic beads is 

not caused by catalyst-support structures. This is more likely to be caused by improper catalysts 

for SWCNT growth. Only Pd and Pt catalysts on Al2O3 were available for the growth. Thus, if 

we can get Fe/Al2O3 beads, this method would work much better. On the contrary to catalysts on 

bead method, FIB based method produced well-aligned array of CNTs as shown in Figure 1b. 

Therefore, all of the experiments in the first year of the project were performed using FIB based 

method.  
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(a) (b) 

 
 

Figure 1. Growth of CNTs on (a) Pd/Al2O3 bead catalysts and (b) Fe/Al2O3 deposited thin 

membrane prepared by FIB based method 

  

- Investigation of chirality selection mechanism of single-walled carbon nanotube 

  Based on FIB based method, CNTs were grown on Fe/Al2O3 deposited membranes for several 

different time periods. The growth condition where the growth of the SWCNTs and 

double-walled CNTs (DWCNTs) was confirmed with Fe/Al2O3/Si samples using a hot-filament 

assisted chemical vapor deposition (CVD). A representative TEM image of the interface between 

CNTs and catalysts is shown in Figure 2a. The image in Figure 2a clearly shows that SWCNTs 

are synthesized and the interfaces are clearly visible. However, high-resolution image of the 

interface between the CNT and the catalyst particle for the investigation of the structural 

correlation between CNTs and catalyst particles was hardly acquired. There are a few reasons. 

As shown in Figure 2a, some of the CNTs (arrowed) do not have catalyst particles at the base. 

Figure 2b indicates that some of catalyst particles are lifted up in the array of CNTs. Also, some 

of catalyst particles should be dissolved out by Ostwald ripening and subsurface diffusion as 

reported earlier by our group[]. Thus, in this case, it is obvious that we cannot get high-resolution 

images. In many other cases, the density of CNTs is too high to get high-resolution TEM image 

of individual CNT and catalyst particle. It is very hard to properly focus due to overlapped CNTs 

and catalyst particles. Therefore, we realized that it is highly required to first optimize the growth 

condition where less dense and very short SWCNTs can be produced. This is the critical factor 

for successfully investigating the structural correlation between CNTs and catalyst particles. 
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Figure 2. TEM images of (a) the interface between CNTs and catalyst particles and (b) CNT 

array of the Fe/Ah03 membrane sample after CNT growth for 10 minutes. 

- Growth termination mechanism of CNT arrays 

In order to investigate growth termination mechanisms of CNT anays, CNT forests were 

grown on the membrane samples for various growth times. As shown in Figures 3a and 3b, the 

growth was not fully initiated in 3 minutes, but by 3.5 minutes, the CNTs nucleated and the 

forest structure started to fonn. This means that at least 3 minutes is required for the nucleation 

step in our CNT forest growth. The relatively long nucleation time is attributed to our growth 

procedure in which the pre-heated fumace is translated to the sample such that the sample is 

located in the middle of the fumace in order to minimize the aggregation of catalyst particles. 

Thus, a certain time would be required for heat transfer and subsequent catalyst particle 

formation, but it is otherwise faster than the nmmal heating rate of a tube fumace. As presented 

in Figures 3c and d, the height of the SWCNT forest increases with growth time up to 10 minutes, 

indicating that CNT forest growth is successfully reproduced with the membrane samples. For 

growth times longer than 10 minutes, the length of CNT forest is too long for TEM observation, 

and thus we limit the growth time to 10 minutes. 
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Figure 3. TEM images of the membrane samples after growing CNT forests for (a) 3 min, (b) 3.5 

min, (c) 5 min, and (d) 10 min at 740 °C. (Note: each image has a different scale bar) 

 

   Figures 4a and b show high resolution TEM images of the interfaces between CNT forests 

and catalyst and support layers for the membrane samples after growting CNT forests for 3.5 and 

10 minutes. The clear difference between the samples after 3.5 minutes of growth and 10 

minutes of growth in Figures 4a and b is the number density of catalyst particles. The 3.5 minute 

growth sample in Figure 4a has a higher number density of catalyst particles in comparison with 

the 10 minute growth sample shown in Figure 4b. Some of catalyst particles in Figure 4a have 

been lifted up from the support layer along with the growing carbon structures. In Figures 4b and 

c, several CNTs (indicated by the arrows) do not have catalyst particles at their base, meaning 

that these CNTs no longer grow as a result of the loss of their catalyst particles. In previous 

studies, our group has claimed that the loss of catalyst particles is induced by Ostwald ripening 

and sub-surface diffusion [20-22, 25], which eventually leads to the termination of CNT forest 

growth. In Figures 4d and e, several interesting features are observed in the CNT arrays. Some 

catalyst particles (indicated by red circles in Figures 4d and e) reside within the CNT arrays, 
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even though it is well known that CNTs grow from Fe/Al2O3/Si substrates in the base growth 

mode [26]. Figure 4f shows a high resolution TEM image of a catalyst particle residing in the 

CNT arrays in the Figure 4d, clearly revealing the crystal structrue of the catalyst particle. 

However, the fact that catalysts are observed to be embedded within the CNT array does not 

necessarily mean that CNTs in this system grow in the tip growth mode: many more catalyst 

particles are seen at the base of the forest, and those catalysts that have lifted up from the 

substrate are not present at the tips of the CNTs. It seems most probable for catalyst particles to 

climb up in the CNTs during the growth, even though CNTs start to grow in the base growth 

mode. 

 

 
Figure 4. High resolution TEM images of the interfaces between CNT forests and catalyst and 

support layers for the samples grown for (a) 3.5 and (b) 10 minutes. (c) Magnified TEM image 

of CNTs without catalyst particles at the base in (a). TEM images showing the lifted catalysts in 
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the CNT arrays for the samples grown for (d) 3.5 and (e) 10 minutes. (f) Magnified TEM image 

of the lifted catalyst particles in (d). 

 

  In order to determine the mechanism by which catalyst particles exist in bulk of the CNT 

forest, we performed real time growth experiment in situ in an environmental transmission 

electron microscope (E-TEM). In order to mimic the geometry of the CNT forest described 

above, we performed the E-TEM experiments by ‘re-growing’ the CNTs from a membrane 

sample where an initial CNT forest was grown for 3.5 minutes ex situ, and then subjected to a 

similar growth condition in the E-TEM. We ramped up the temperature up to 700 °C in 5 

minutes under 0.4 Torr of H2 and waited for an additional 10 minutes for stabilization of the 

sample. Then, we added 2×10-3 Torr of C2H2 to the 0.4 Torr of H2 just before we recorded the 

video. Figure 6 shows six frames captured from the movie. In Figures 5a and b, the particle “1” 

starts to climb up from the substrate through the CNT walls. In addition, in Figures 5c, and d, 

other catalyst particles “2”, and “3” climb up. In Figures 5e and f, two more catalyst particles “4” 

and “5” move from the left side of the TEM image and eventually catalyst particles “1”, “2”, “4” 

and “5” meet each other, and coalesce together to form a larger particle (Figure 5f). Compared to 

catalyst particles on the Al2O3 support layer, the catalyst particles that climb up into the CNT 

forests move easily, with a broadly random motion. This is most likely because the interaction 

between the CNT walls and the catalyst particles is weak. Thus, center-of-mass movement of 

particles is the mechanism by which the particles climb up through CNTs. 
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Figure 5. Six subsequent snapshots (a)-(f) captured from the video recorded during in-situ TEM 

growth experiment showing that the catalysts climb up through CNT arrays and coalesce into a 

big particle. Time lapses after the frame (a) are (b) 14.78, (c) 18.76, (d) 22.55, (e) 35.33, and (f) 

38.8 seconds.  

 

  Figure 6 is a series of frames from another movie and clearly shows how easily catalyst 

particles move through CNTs and even jump to neighboring CNTs. The catalyst particle “1” in 

Figure 6a sits on the outward wall of the CNT and is covered by a graphitic shell. In Figures 6b-e, 

particle “1” comes out of the graphitic shell, penetrates inside the CNT and subsequently moves 

upward into the array. Simultaneously, two other particles “2” and “3” in Figures 6a-d move 

downward through CNTs, so the direction of movement of catalyst particles is indeed random. In 

Figures 6f-h, particle “1” jumps to the neighboring CNT, returns to the CNT where it was 
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initially, and then resumes its motion up from the substrate. Therefore, the catalyst particles that 

have been lifted off of the substrate and into the CNT forest can not only move upwards or 

downwards, but also jump to adjacent CNTs.  

 

 
Figure 6. Eight subsequent snapshots (a)-(h) captured from the video recorded during in-situ 

TEM growth experiment showing the movement of the lifted catalysts. Time lapses after the 

frame (a) are (b) 5.07, (c) 7.65, (d) 8.5, (e) 9.75, (f) 13.0, (g) 15.5, and (h) 20.08 seconds.  
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  In terms of uniform and stable growth of CNT forest, this observed migration of catalyst 

particles into the CNT forest is not a desirable phenomenon. We have observed through ex-situ 

and in-situ TEM investigations that some of those catalysts that have been lifted up into the 

forest subsequently nucleate and grow CNTs of their own. However, considering that most of 

studies regarding the efficient growth of CNT forest require a deposited Al2O3 layer as a support 

material [26-28] and the number of CNTs growing from the lifted catalysts are so low, the lifted 

catalysts from the support into CNT array should not contribute significantly to the overall forest 

growth compared to the remaining catalysts on Al2O3 support. Thus, as the number of lifted 

catalyst increases, the number density of growing CNTs decreases: this means that the lifted 

catalysts critically affect the process of growth and growth termination of the CNT forest, and 

contribute along with Ostwald ripening and sub-surface diffusion [20-22, 25] to the termination 

process. Thus, it remains a question as to why the catalyst particles migrate through CNT array 

and how significantly this process contributes to the overall termination process. 

  The nucleation and growth of CNTs on the metallic catalysts is driven by the chemical 

potential of supersaturated carbon inside the catalyst particle [29]. In the base growth mode, it is 

generally accepted that catalysts remain attached to the substrate during growth as a result of the 

strong surface interaction energy [29]. Because of this energetic preference, the direction of the 

carbon precipitation is towards the free surface rather than the interface between the catalyst and 

support layers. However, when the chemical potential energy of supersaturated carbon in the 

catalyst particle becomes high enough for some reasons, the precipitation of a new graphitic 

layer in between catalyst and support layers may be possible as observed in Figure 7a (indicated 

by an arrow). As soon as the catalyst particles are detached from the substrate due to the 

nucleation of a new graphitic layer at the catalyst/substrate interface, they are able to climb up 

the CNTs and move freely, as observed in Figures 5 and 6. 
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Figure 7. (a) High resolution TEM image of the catalyst particle, which nucleates and just starts 

to grow the CNT. The graphitic layers seem to cover the whole catalyst particle. (b) The 

schematic representation of an Fe particle on Al2O3 layer and two competing forces exerted on 

the Fe particle.  

 

  Based on the model shown in Figure 7b, we can construct a simple force balance equation 

between the chemical potential energy of supersaturated carbon and the surface interaction 

energy. The chemical potential energy of supersaturated carbon inside the Fe particle and surface 

interaction energy between the Fe particle and Al2O3 layer can be described as the following 

equations: 

Chemical potential energy = NC*kBT ln NC*

NFe + NC*

− NC(0)kBT ln
NC(0)

NFe + NC(0)

 

Surface interaction energy = (γ iron +γalumina −γ iron−alumina )× A  

 

where NC* is the number of supersaturated C atoms, NFe is the number of Fe atoms, NC(0) is the 

number C atoms in Fe particles at the solubility limit, kB is the Boltzmann constant, T is the 

temperature, γ iron  is the surface energy of Fe, γalumina  is the surface energy of Al2O3, 

γ iron−alumina  is the interfacial energy between Fe and Al2O3, and A is the surface area between the 

iron particle and alumina. 

  In order to grasp the essential physics of this model, it is useful to consider the case where the 

energies of the Fe and Al2O3 surfaces and the Fe-Al2O3 interface are constant. Under this 

assumption, there are two factors that affect this balance equation: the number of supersaturated 
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carbon atoms (NC*) and the size of catalyst particles (NFe and A). The number of supersaturated 

carbon atoms (NC*) is generally well correlated with the flow of carbon precursor. Therefore, as 

either the carbon precursor flow increases or as the size of catalyst particles decreases, there 

would be much more chances for catalysts to be lifted up, resulting in shorter catalyst lifetime. 

This correlates with the observation that the catalyst lifetime reduces as the flow of carbon 

precursor increases [23]. Also, CNTs produced by long CNT forest growth with extremely long 

catalyst lifetime [23, 28] are usually multi-walled CNTs and deposited catalyst layers for long 

CNT growth are relatively thick, again consistent with this model. 

  Our experimental results strongly suggest that the growth termination of CNT forests is 

affected by the morphological evolution of catalyst particles. The observed lift-off of catalysts 

during growth works along with Ostwald ripening and sub-surface diffusion [20-22, 25] to 

strongly change the number density of catalyst particles available for CNT growth, thus leading 

to growth termination. In the early stages of CNT forest growth, Ostwald ripening dominates in 

reducing the catalyst density [22], but also smaller catalyst particles are also lifted up with the 

nucleation of CNTs. In this stage, most of very small particles either dissolve out or are lifted up. 

Then, in the later stage of growth, sub-surface diffusion dominates [22], but the number density 

of catalyst particles is well maintained for a longer period time. In this stage, CNT growth is very 

stable and the growth rate is almost constant. However, as the sizes of the catalyst particles 

continue to decrease due to sub-surface diffusion and at some point, the sizes of the catalysts 

cross the energy balance threshold and have an increased chance to be lifted up in the CNT 

arrays. The inclusion of this additional process in the overall understanding of growth 

termination not only better explains the observed dependence on growth temperature, but also 

the effect of carbon precursor flow rates on catalyst lifetime. 

  In conclusion, a complete picture of the evolution of the catalyst morphology during the CNT 

forest growth is provided by a combination of ex-situ and in-situ TEM investigation. We have 

developed a new TEM sample preparation methodology that allows direct observation of the 

interfaces between CNTs and catalyst layers. Based on these observations, we propose a 

modified growth termination model, in which the loss of catalysts from the substrate due to a 

‘lift-up’ processes works synergistically with Ostwald ripening and sub-surface diffusion 

significantly to reduce the number density of catalyst particles available for CNT growth, leading 

to eventual growth termination. This modified model better explains the totality of observed 

phenomena related to the growth and growth termination of CNT forests. 
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