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Abstract:  

In the second year of the project, we have investigated two fundamental mechanisms of 

carbon nanotube (CNT) growth: chirality selection of single-walled CNT (SWCNT) and growth 

improvement of CNT arrays based on the results in the first year of the project. For the chirality 

selection mechanism, we have tried to optimize growth conditions using the thin membrane 

TEM sample for clearly observing the interfaces between CNTs and catalyst particles. However, 

the approach was not quite successful. Instead, we initiated to perform in-situ CNT growth 

experiments using in-situ TEM holders, which were installed at KIST in August of 2016. For the 

growth improvement of CNT arrays by rational design of catalyst layers, we have made a 

significant advancement for the last two years. Especially in the second year of the project, we 

have investigated the effects of sub-supporting SiO2 layer on the interaction between Fe particles 

and supporting Al2O3 layer for uniform and stable growth of CNT forests. Our results show that 

catalyst particles with a higher number density are formed on the Al2O3 layer deposited on the 

sub-supporting SiO2 layer than that deposited directly on the Si(100) wafer. Based on the 

cross-sectional TEM images, liquid contact angle measurements, and ellipsometry analyses, the 

Al2O3 layer deposited on thermally grown SiO2 layer is found to have a lower porosity, resulting 

in a lower adhesion (higher wetting angle) between Fe and Al2O3. In addition, the sub-supporting 

SiO2 layer acts as a diffusion barrier to prevent the formation of a new phase with Si crystal. 

These factors help in maintaining a high number density of Fe catalyst particles on the Fe 1 
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nm/Al2O3 10 nm/SiO2 300 nm/Si(100) sample. Therefore, in order to grow CNT forests with a 

high population density, it is desirable to use the SiO2 sub-supporting layer under the Al2O3 layer. 

In addition, in order to maintain the catalyst size and number distribution during CNT growth, a 

new catalyst preparation method has been developed: Fe ion is implantation method. When the 

Fe implanted SiO2/Si wafer is annealed, Fe particles diffuse out to the surface of the wafer. The 

distribution of these particles is uniformly maintained even after 12 h of annealing in Ar ambient. 

Thus, the Fe particles formed from Fe-implanted SiO2/Si wafer are expected to produce uniform 

and long CNT forests. 

Introduction: 

In the second year of the project, we have performed the research into two directions 

following the plan suggested in the second-year proposal: (1) the investigation of the chirality 

selection mechanism and (2) the improvement of carbon nanotube (CNT) array growth by the 

rational design of the catalyst layer for suppressing the processes leading to CNT growth 

termination. In order to investigate chirality selection mechanisms of single-walled CNTs 

(SWCNTs), we tried to optimize SWCNT growth conditions, where less dense, very short, and 

highly crystalline SWCNTs can be synthesized. In that way, we expected that we could obtain 

enough statistics to clearly observe the interfaces between SWCNTs and metallic catalysts based 

on the focused ion beam (FIB) based transmission electron microscopy (TEM) sample 

preparation method, which we developed in the first year of the project. However, we could not 

successfully find proper growth conditions. In addition, we realized, even though we could 

observe the interfaces by ex-situ experiments, the structural correlation between SWCNTs and 

metallic catalysts needs to be confirmed by in-situ experiments. Therefore, we changed a 

strategy for performing in-situ experiments using in-situ TEM holders, which were installed at 

KIST in August of 2016. 

For the improvement of CNT array growth by suppressing the processes leading to CNT 

growth termination, we have made big advances. The evolution in catalyst morphology causes 

the growth termination. Thus, the maintenance of catalyst particles is the key to the growth of 

long CNTs. In the first year of the project, in order to minimize the evolution of catalyst 

morphology, we have emphasized the importance of the interaction between catalyst and 

supporting layer. As supporting layer for metallic catalyst particles, Al2O3 layer has been shown 

to possess superior ability to support vertically aligned growth of CNTs [1]. The role of Al2O3 
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layer has been studied with respect to various aspects. The suggested roles of Al2O3 layer are to 

maintain strong interaction between Fe and Al2O3 layer to minimize surface migration of 

particles [2], to enhance catalytic activity of catalysts to reform hydrocarbons [3, 4], to prevent 

the metallic catalysts from forming metal silicides [5], and to change the chemical state of 

supported catalysts [6]. The type of alumina used can also affect the growth of CNT forests 

owing to the differences in the surface properties [1, 7]. 

However, only a few studies have reported on the role of the sub-supporting layer in the 

growth of CNT forests. This is due to a common belief that the sub-supporting layer would not 

significantly affect the formation of catalysts while the supporting layer does affect. In our 

experience of growing CNT forest, however, we observed that the presence of sub-supporting 

layer does affect the growth of CNT forests. In particular, the presence of the sub-supporting 

layer such as thermally grown SiO2 layer makes clear difference in terms of the alignment of 

CNT forests. However, there has been no clear statement or fundamental research so far that a 

SiO2 sub-supporting layer plays a crucial role in the growth of CNT forest. 

To the best of our knowledge, only one study has reported the effects of the sub-supporting 

layer on the growth of CNT forests [8]. In their work, the thickness and morphology of the 

catalyst sub-supporting SiO2 layer were varied. The morphology differences of the SiO2 

sub-supporting layer affected the size and number density of the Fe catalyst particles and the 

growth of CNT forests [8]. However, the effects of the presence of a SiO2 sub-supporting layer 

on the CNT forest growth have not yet been investigated. Understanding the role of SiO2 

sub-supporting layer on the growth of CNT forests is critical for achieving highly controllable 

growth of CNT forests. 

In the second year, we investigated the effects of a SiO2 sub-supporting layer by comparing 

Si(100) wafers with only native SiO2 and thermally grown 300-nm-thick SiO2 layers. We 

employed atomic force microscopy (AFM), the transmission electron microscopy (TEM), and 

ellipsometry techniques for examining the different morphological evolutions of catalyst 

particles and Al2O3 support layer on two substrates, which would lead to the difference in the 

growth of CNT forests. 

In addition, we have developed a new method to prepare catalysts for the growth of CNT 

forests using Fe ion implantation technique. The morphology of Fe catalyst particles by Fe ion 

implantation followed by annealing for 15 minutes in Ar ambient rarely evolves up to 12 hours 

annealing. This means that this new method has a potential to form very stable Fe particles 
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during the CNT growth and lead to extremely long CNT growth, even though further studies to 

thoroughly understand catalyst forming processes and subsequent CNT growth are absolutely 

necessary. 

 

 

Experiment: 

- Growth of CNT forests on Fe deposited substrates with and without sub-supporting SiO2 

layer  

Two types of substrates, silicon (100) wafer and silicon (100) wafer with a 300-nm-thick SiO2 

layer, were used in this study. The substrates were first coated with a 10-nm-thick Al2O3 layer by 

atomic layer deposition (ALD) followed by coating with a 1-nm-thick Fe thin film by e-beam 

evaporation. The substrates were cut into small pieces in the dimensions of about 1 cm × 1 cm 

for performing annealing and growth experiments. 

An atmospheric CVD technique using a Lindberg Blue M (HTF55322) tube furnace was used 

for the growth of spinnable CNT forests. Catalyst-coated substrates were loaded into the middle 

of a quartz tube having an inner diameter of 38 mm and a length of 700 mm. The temperature 

was ramped to 670 °C in 20 min under an Ar flow of 400 standard cubic centimeters per minute 

(sccm). Then, a gas mixture of C2H2 (19 sccm), H2 (95 sccm), and Ar (286 sccm) was fed for 

3-10 min for growing the CNT forest. The heater was turned off after the growth, and the 

substrates were removed after cooling down the reactor below 100 °C under Ar gas flow. 

- Annealing of catalyst-coated substrates 

Annealing of the catalyst-coated substrates was performed using the same tube furnace used in 

the CNT forest growth. The temperature was ramped to the target temperature in 25 min under 

Ar atmosphere, and the temperature was maintained under Ar or Ar/H2 atmosphere for 10 min. 

The samples were removed after cooling down the furnace below 100 °C under Ar gas flow. 

- Preparation of Fe ion implanted wafers 

The Fe ion implanted substrate was prepared using silicon (100) wafer with a 300 nm-thick 

oxidized layer. Fe+ ion was implanted using a lab-made ion implanter at the accelerating voltage 

of 60 keV at Korea Multi-Purpose Accelerator Complex. The dose of Fe+ ion was 1016/cm2. As a 

control sample, 1 nm-thin Fe film was deposited on a silicon (100) wafer with a 300 nm-thick 

oxidized layer by e-beam evaporation. For annealing, a quartz tube furnace (Lindberg/Blue M, 

HTF55322C, inner diameter 35 mm) was used. The Fe implanted and deposited samples were 
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heated to 800 °C in 15 minutes under Ar atmosphere, maintained for various times, and cooled 

down to room temperature. 

 

Results and Discussion: 

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

In order to clearly observe the interfaces between CNTs and metallic catalysts, we have 

optimized SWCNT growth conditions, where less dense, very short, and highly crystalline 

SWCNTs can be synthesized. As shown in Figure 1, in few cases, we could obtain high 

resolution TEM images of the interfaces between CNTs and catalyst particles using thin 

membrane samples, but we could not get statistically meaningful data so far. In addition, even 

though we could get enough data by ex-situ experiments, the structural correlation between 

CNTs and catalyst particles needs to be confirmed by in-situ experiments. Therefore, we decided 

to perform in-situ CNT growth experiments using in-situ TEM holders, which were installed at 

KIST in August of 2016. During initial in-situ growth experiment, we could successfully 

synthesize and observe carbon nanostructures as shown in Figure 2. In the third year of the 

project, we will continue to do in-situ experiments for investigation of chirality selection 

mechanisms. 

 

catalyst 

(a) (b) 

 
Figure 1. (a-b) High resolution TEM images of the interfaces between CNTs and catalyst 

particles for the investigation of chirality selection mechanisms. 
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(a) (b) 

(c) 

 
Figure 2. TEM images of (a) a catalyst particle before in-situ growth and (b) catalyst particles 

and carbon nanostructures during in-situ growth. (c) The schematic of in-situ TEM holder. 

 

- Effects of SiO2 sub-supporting layer on the growth of carbon nanotube forests 

In the first year of the project, we have developed the modified growth termination model in 

Figure 3. In this model, the strong interaction between catalyst particles and supporting layers is 

of critical importance to the lifetime of catalyst particles and thus the final lengths of CNT arrays. 

So far, Al2O3 supporting layers are well known to have strong interaction with Fe catalyst 

particles, but the effects of sub-supporting layers on the interaction between Fe catalyst particles 

and Al2O3 supporting layers have not been yet investigated.  
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Figure 3. (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 a Fe particle on Al2O3 layer and two competing forces exerted on the 

Fe particle.  

 

In order to compare the morphologies of the catalyst particles formed on the two different 

substrates with and without SiO2 sub-supporting layer, the substrates were annealed under 

hydrogen atmosphere at various temperatures. In both the cases, it was commonly observed that 

larger catalyst particles are formed with an increase in the annealing temperature. Noticeable 

differences can be observed between the two substrates. In the presence of the SiO2 

sub-supporting layer, catalyst particles with a higher population density are formed at all 

temperatures ranging from 600 °C to 900 °C as compared with that prepared in the absence of 

SiO2 sub-supporting layer. Especially, the catalyst particles are rarely observed at 600 °C and 

700 °C on the substrates having no SiO2 sub-supporting layer (Figures 4(a) and (b)). The 

roughness values of the samples shown in Figures 4(a) and (b) are 0.276 nm and 0.310 nm, 

respectively, and that of the as-deposited sample is 0.142 nm. This indicates that the deposited Fe 

layer is not completely transformed to form Fe islands on the Fe 1 nm/Al2O3 10 nm/Si(100) 

substrates on annealing up to a temperature of 700 °C. 
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Figure 4. AFM images of the samples after subjecting to heat treatment under Ar/H2 atmosphere 

for 10 min: Fe 1 nm/Al2O3 10 nm/Si substrate treated at (a) 600 °C, (b) 700 °C, (c) 800 °C, and 

(d) 900 °C and Fe 1 nm/Al2O3 10 nm/SiO2 300 nm/Si substrate treated at (e) 600 °C , (f) 700 °C, 

(g) 800 °C, (h) 900 °C. All the scale bars are 500 nm. 

 

For a more precise examination of the catalyst particle formation, the annealed substrates were 

analyzed by TEM. Figure 5 shows plane-view TEM images of the two types of substrates that 

are annealed at 700 °C and 900 °C under H2 atmosphere for 10 min. A clear difference in the 

particle number density can be observed on the two substrates. More Fe particles are formed in 

the presence of SiO2 sub-supporting layer at both the temperatures examined, which is in good 

agreement with the AFM results. Straight and perpendicular dark lines are observed on the Fe 1 

nm/Al2O3 10 nm/Si substrates annealed at 700 °C and 900 °C (Figures 5(a) and (c)). Further 

analysis and related discussion will be dealt with later in the manuscript. 
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Figure 5. Plane-view TEM images of Fe 1 nm/Al2O3 10 nm/Si wafer after heat treatment at (a) 

700 °C and (c) 900 °C under H2 atmosphere for 10 min and Fe 1 nm/Al2O3 10 nm/SiO2 300 

nm/Si wafer after heat treatment at (b) 700 °C and (d) 900 °C under H2 atmosphere for 10 min. 

 

Figure 6 shows cross-sectional TEM images of the two substrates after subjecting to annealing 

at 700 °C for 10 min. The surface morphology of the annealed Fe 1 nm/Al2O3 10 nm/SiO2 300 

nm/Si(100) sample shown in Figure 6(b) appears much rougher than that of annealed Fe 1 

nm/Al2O3 10 nm/Si(100) sample shown in Figure 6(a). This observation is also in consistence 

with the AFM results, by which the roughness values of the samples with and without SiO2 

sub-supporting layers are found to be 1.35 nm and 0.310 nm, respectively. Crystalline structures 

of Fe particles can be clearly distinguished on the amorphous Al2O3 layer from the 

corresponding high magnification TEM images (Figures 6(c) and (d)). Depending on the 
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presence of the sub-supporting layer, the contact angles between the Fe surface and the Al2O3 

layer are different in the samples shown in Figures 6(c) and (d). The differeces in the wetting 

angle of Fe catalyst particles on the Al2O3 supporting layer could be attributed to the differences 

in the surface properties of the Al2O3 layers. The adhesion between Fe and Al2O3 is stronger on 

Si(100) than on thermally grown SiO2, and thus the contact angle is lower in the former case than 

in the latter case. Therefore, the differences in the surface properties of Al2O3 layer induced by 

the existence of the SiO2 layer result in the different contact angles between Fe and the Al2O3 

layer, thereby resulting in differences in the number density of the catalyst particles. 

 

 
Figure 6. Cross-sectional TEM images of (a) and (c) Fe 1 nm/Al2O3 10 nm/Si wafer and (b) and 

(d) Fe 1 nm/Al2O3 10 nm/SiO2 300 nm/Si wafer after heat-treating at 700 °C under H2 

atmosphere for 10 min. 
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The cross-sectional TEM images shown in Figure 6 indicate that the surface property of Al2O3 

layers is strongly affected by the presence of the sub-supporting SiO2 layer. In order to further 

verify the effects of the sub-supporting SiO2 layer on the surface properties of the Al2O3 

supporting layer, we performed liquid contact angle measurements using H2O and CH2I2 as the 

representative hydrophilic and hydrophobic liquids. For both the liquids, the contact angles are 

different depending on the presence of the SiO2 sub-supporting layer as shown in Figure 7. Both 

substrates exhibit different contact angles with the liquids as indicated in Figure 7. Even though 

the interaction between Fe and Al2O3 is different from the H2O-Al2O3 or the CH2I2-Al2O3 

interactions, the obtained results support that the surface property of the Al2O3 layers strongly 

depends on the sub-supporting layer. 

 

 
Figure 7. Images of droplets of water and diiodomethane on Al2O3 10 nm/Si wafer and Al2O3 10 

nm/SiO2 300 nm/Si wafer indicating the variety of contact angles. A water droplet on (a) Al2O3 

10 nm/Si wafer and (b) Al2O3 10 nm/SiO2 300 nm/Si wafer and a diiodomethane droplet on (c) 

Al2O3 10 nm/Si wafer and (d) Al2O3 10 nm/SiO2 300 nm/Si wafer. 

 

In order to evaluate the porosity of Al2O3 films the ellipsometry technique was used. It is very 

difficult to obtain the quantitative information about the porosity of the Al2O3 films from 
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high-resolution TEM images. Assuming that the composition and thickness of Al2O3 films are 

identical, the refractive index of the Al2O3 films can be correlated with their porosity; porosity 

and refractive index have an inverse relationship [9]. Using this relationship, the ellipsometery 

technique has previously been used to characterize the porosity of alumina films where the 

influence of alumina type on the growth of CNT forest was studied [1]. In our case, the 

STEM-EDS analysis shows that the atomic ratios of Al to O for both Al2O3 films are nearly 

identical, and the thicknesses of the two films are also similar as observed from TEM images in 

Figures 6(a) and (b). Thus, we can correlate the optical properties of the Al2O3 films measured 

by ellipsometry with the porosity of the Al2O3 films with and without sub-supporting SiO2 layer. 

Figure 8 displays the index of refraction of Al2O3 10 nm/Si(100) and Al2O3 10 nm/SiO2 300 

nm/Si(100) substrates as a function of wavelength. Since lower refractive index indicates higher 

porosity [1], the Al2O3 film grown on the Si(100) substrate is found to have a higher porosity 

than that grown on the SiO2/Si(100) substrate. The difference in the porosity of the Al2O3 layers 

may be responsible for the different surface properties such as the oxidation state, morphology, 

and surface energy, which in turn results in variations in the wetting angles between Fe and 

Al2O3 layers formed on the two substrates indicated in Figure 6. The influence of the SiO2 

sub-supporting layer on the properties of the Al2O3 layer may result from the deposition method 

of Al2O3. Al2O3 supporting layer was deposited using a layer-by-layer deposition process by 

ALD which would affect the structure of the first Al2O3 layer depending on the surface state of 

the underlying substrates. This should also result in different structures of the subsequent Al2O3 

layers, leading to the difference in the porosity. 

 

 
Figure 8. Index of refraction as a function of wavelength for as-deposited Al2O3 10 nm/SiO2 300 
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nm/Si wafer (dashed line) and Al2O3 10 nm/Si wafer (solid line). 

 

Based on the ellipsometry results shown in Figure 8, the Al2O3 supporting layers on Si(100) 

and on SiO2/Si(100) seem to exhibit different porosities. The difference in porosity would cause 

the difference in the surface properties of Al2O3, which in turn would result in the difference in 

the contact angle between Fe and Al2O3 layers. Therefore, lower contact angle between Fe and 

Al2O3 on Si(100), i.e. stronger adhesion between Fe and Al2O3 layer, retards the formation of Fe 

islands. This leads to a much lower Fe particle areal density in the case of the Fe 1 nm/Al2O3 10 

nm/Si(100) sample.  

Furthermore, the porous nature of the Al2O3 layer would cause Fe to diffuse into Al2O3 layer, 

as reported in previous studies [1, 7, 10]. Even though we carried out annealing of the samples 

only for 10 min, which usually corresponds to the reduction step before the actual growth step, 

the Fe elemental mapping images by EDS given in Figures 9(b) and (d) indicate that Fe is 

already diffused into the whole Al2O3 layer. For comparison, the high angle annular dark field 

(HAADF) scanning TEM (STEM) images are shown in Figures 9(a) and (c), respectively. As 

seen in Figures 9(c) and (d), a different phase nucleates from Si and grows into the Si substrate. 

The Fe elemental mapping in Figure 9(d) confirms that the new phase contains Fe. This 

Fe-containing phase corresponds to the straight lines observed in the plane-view TEM images 

shown in Figures 5(a) and (c). These lines are only observed when Al2O3 is deposited directly on 

the Si(100) wafer, and become larger as the temperature increases as presented in Figures 5(a) 

and (c). The high-resolution TEM image of the interface between Al2O3 and Si in Figure 9(e) 

indicates that the Fe-containing phase nucleates at the surface of Si and propagates into the Si 

crystal. Fast Fourier transform (FFT) patterns from the Si crystal and the new phase shown in the 

insets of Figure 9(f) are clearly distinguishable and the pattern from the new phase (inset shown 

at the upper right corner in Figure 9(f)) matches with that of the FeSi2 phase [11]. However, in 

the case of Fe 1 nm/Al2O3 10 nm/SiO2 300 nm/Si(100), the thermally grown sub-supporting SiO2 

layer acts as a diffusion barrier against Fe, thereby stopping the Fe diffusion as shown in the 

TEM images (Figures 6(b), 9(a), and 9(b)). This observation is also related to the lower number 

density of Fe particles on the Al2O3/Si(100) than on the Al2O3/SiO2/Si(100), which would 

strongly affect the growth, and alignment of the CNT forests. 
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Figure 9. (a) HAADF STEM image of the cross-section of Fe 1 nm/Al2O3 10 nm/SiO2 300 nm/Si 

wafer and (b) the corresponding Fe elemental mapping image. (c) HAADF STEM image of the 

cross-section of Fe 1 nm/Al2O3 10 nm/Si wafer and (d) the corresponding Fe elemental mapping 

image. (e) and (f) Cross-sectional TEM images of the sample given in (c). Insets in (f) show the 

reduced FFT images corresponding to the marked area. All the samples were treated at 700 °C 

under H2 atmosphere for 10 min. 

 

In summary, we investigated the influence of SiO2 sub-supporting layer present under the 

Al2O3 layer on the growth of CNT forests. The areal number density of the Fe catalyst particles 

shows the clear difference depending on the presence of the thermally grown SiO2 

sub-supporting layer, which critically affects the alignment of CNT forests. Catalyst particles 
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with a higher number density are formed on the Al2O3 layer deposited on the sub-supporting 

SiO2 layer than that deposited directly on the Si(100) wafer. Based on the cross-sectional TEM 

images, liquid contact angle measurements, and ellipsometry analyses, the Al2O3 layer deposited 

on thermally grown SiO2 layer is found to have a lower porosity, resulting in a lower adhesion 

(higher wetting angle) between Fe and Al2O3. In addition, the sub-supporting SiO2 layer acts as a 

diffusion barrier to prevent the formation of a new phase with Si crystal. These factors help in 

maintaining a large number density of Fe catalyst particles on the Fe 1 nm/Al2O3 10 nm/SiO2 

300 nm/Si(100) sample. Therefore, in order to grow CNT forests with a high population density, 

it is desirable to use the SiO2 sub-supporting layer under the Al2O3 layer. This study opens up 

new possibilities to accurately control the properties of CNT forests by the rational design of the 

sub-supporting layer. 

 

- New method to prepare catalysts for CNT growth: Fe ion implantation 

As a new catalyst preparation method, we have taken advantage of Fe ion implantation into a 

SiO2/Si wafer. When Fe ions are implanted into a SiO2/Si wafer, they form Fe particles inside the 

wafer [12, 13]. Upon annealing, the Fe particles diffuse out to the surface [14], which can be 

used as catalysts for the growth of CNTs. 

In order to investigate how Fe atoms are distributed and diffuse upon heating, the cross section 

of as-implanted wafer was analyzed by TEM. Figure 10 displays the cross-sectional TEM images 

of Fe+ ion implanted SiO2/Si wafer with a dose of 1016/cm2 tracing the depth of the wafer (b-d). 

Fe atoms coalesced into small Fe particles and the particles are distributed throughout the SiO2 

layer in colloidal form. The standard free energy of formation of SiO2 is lower than those of iron 

oxides such as Fe2O3 and Fe3O4 [15]. The stronger reactivity between Si and O prevents Fe from 

forming iron oxides. Thus, it is energetically favorable for Fe atoms to form Fe colloidal 

particles rather than replace Si in SiO2, breaking Si and O bond [15]. 
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Figure 10. (a) Cross-sectional TEM image of Fe+ ion implanted SiO2/Si wafer with a dose of 

1016/cm2 and its higher magnification images at (b) upper, (c) middle, and (d) lower part marked 

as 1, 2, and 3 in (a), respectively. 

 

The evolution of Fe particle distribution after thermal annealing was revealed by 

cross-sectional TEM images in Figure 11. Figure 11 shows cross-sectional TEM images of Fe+ 

ion implanted SiO2/Si wafer with a dose of 1016/cm2 after 12 hour annealing. When the Fe 

implanted wafer was heated, Fe particles diffused into two directions: to the surface of the SiO2 

layer and to the SiO2/Si interface. The number density of Fe particles in the middle of the SiO2 

layer decreased (Figure 11(c)), and the Fe particles migrated to the surface of SiO2 layer and to 

the SiO2/Si interface (Figures 11(b) and (d)). 
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Figure 11. (a) Cross-sectional TEM image of Fe+ ion implanted SiO2/Si wafer with a dose of 

1016/cm2 after 12 hour annealing and its higher magnification images at (b) upper, (c) middle, 

and (d) lower part marked as 1, 2, and 3 in (a), respectively. 

 

At the surface and the interface, the particles agglomerated together to form larger particles 

(Figures 11(b) and (d)). The larger particles at the surface of SiO2 layer did not entirely escape to 

the surface, and were stuck in the SiO2 layer, being slightly exposed to the surface. Therefore, 

they are reluctant to migrate, and this explains why the particle distribution of implanted wafer 

after thermal annealing remained nearly unchanged. This is schematically represented in Figure 

12. In the as-implanted wafer, Fe ions are distributed in colloidal form following a Gaussian 

distribution. As they are heated, they move toward the surface of the SiO2 layer and the interface 

between SiO2 and Si, and form larger particles. The particles near the surface are stuck and 

tightly bound, which maintains the particle distribution nearly uniform after prolonged thermal 

annealing up to 12 hours. 
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Figure 12. Schematic representation of Fe particle distribution in (a) as-implanted wafer and (b) 

the implanted wafer after annealing. 

 

The distribution of Fe particles on the surface was investigated by AFM. Figure 13 shows 

AFM images and diameter distribution of Fe particles after various annealing times. After 15 

minute annealing, Fe particles are diffused out to the surface. The diameter of particles follows a 

Gaussian distribution and the diameter was maintained after prolonged annealing time. Thus, this 

AFM result shows that the Fe ion implantation for preparation of Fe catalyst particles have great 

potential to produce CNT forests for a very long growth time, which is desirable for the growth 

of extremely long CNT forests. 

 

 
Figure 13. Change of Fe particle size after annealing at 800 °C. (a) – (d) AFM images of 

Fe-implanted wafers. (a) 15 min, (b) 1 h, (c) 4 h, and (d) 12 h annealing. (e) – (f) Particle size 

distribution of Fe-implanted wafers. (e) 15 min, (f) 1 h, (g) 4 h, and (h) 12 h annealing. 
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In summary, we have investigated a new catalyst preparation method, which prevents the 

formed catalyst particles on the surface of SiO2/Si wafer from coalescing with each other or 

coarsening. This is a critical advantage of this ion implantation method over conventional 

e-beam evaporation method for extremely long CNT array growth. This work is still on going 

and will continue in the third year of the project. 
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