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Abstract 
Carbon nanotubes with various unique structures, including vertically aligned singlewall carbon nanotubes, Y-junction, and nanocoils, were synthesized by chemical vapor deposition. Singlewall nanotubes seem to be self-attracted to each other during vertical growth, forming numerous nanotube-towers with 10 m in height and 2-3 m in diameter. The density of Y-junction singlewall carbon nanotubes were simply controlled by variation of spinning rate when the substrates were coated with catalyst solution by spin coating. The Y-junctions have both metallic and semiconducting nanotubes, indicating the possible formation of Y-branchings with different electrical properties. Additionally, we grew carbon nanocoils on quartz substrates onto which indium tin oxide thin film had been formed. Growth behavior of carbon nanocoils was investigated with variation of spin-coating speed.
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1. Introduction 

The miniaturization of electronic and mechanical devices into nanometer scale is indispensable for next-generation technology. Basic step for this goal is to develop a way to synthesize nano-materials for being used as building components for nanodevices. Carbon nanotubes (CNTs) have been gaining a great deal of attention as a candidate material due to their quasi one-dimensional nano-sized structures and unique properties (Choi et al., 2003). Among various types of carbon nanotubes, vertically aligned singlewall (Murakami et al., 2004), Y-junction (Gothard et al., 2004) and coil structured (Chen et al., 2003) carbon nanotubes are fascinating candidates for these application since they have unique shapes and properties. In this study, we synthesized those unique carbon nanotubes using chemical vapor deposition, followed by characterization.

2. Experimental Details

Selective growth of Fe thin film (5 nm) was carried out using shadow mask by rf magnetron sputtering. Singlewall carbon nanotubes (SWNTs) were grown on Fe-coated porous Si substrates using thermal CVD. During increasing the temperature to 900 oC, Ar gas was flowed with a flow rate of 1000 sccm. As soon as the temperature reached the desired value, Ar gas was replaced by a gas mixture of CH4 (1000 sccm), C2H4 (20 sccm) and H2 (500 sccm). The growth time of SWNTs was 10 min. 
Y-junction SWNTs have been synthesized on thermally oxidized Si substrates by thermal CVD using Mo-doped Fe nanoparticles supported by aluminum oxide as catalysts. Before the growth, the catalyst solution was prepared with following procedure. We added 40 mg of iron (III) nitrate nonahydrate, 30 mg of aluminum oxide nanoparticles, and 3 mg of bis(acetylacetonato)-dioxomolybdenum (VI) into a vial. 30 ml of methanol is added in the vial, and then those elements are lightly hand-mixed. The solution prepared is sonicated for 30 minutes to form a suspension of the catalyst. One drop of the catalyst solution can fully cover a 1 cm2 substrate placed on spin coater. The spin coating is carried out with various spinning rates of 1,000 - 7,000 rpm. Y-junction SWNTs were synthesized using CH4/H2 gas mixture for 10 minutes at 900 oC.
Carbon nanocoils were formed on ITO-coated quartz substrates. 50 nm thick ITO thin film was deposited on quartz plate by rf magnetron sputtering. The elemental ratio of Sn/(In+Sn) in sputtering target was 50%. Then, Fe-containing solution was spread on ITO film by spin coating with two different spinning rates of 500 rpm and 1000 rpm. Carbon nanocoils were grown at 700 oC for 30 min using C2H4 gas (700 sccm).

.

3. Results and Discussion
Figure 1 shows that the vertically aligned SWNTs were selectively grown on Fe-patterned porous Si substrates. The nanotubes were grown only on the position where Fe film was deposited, as shown in figure 1(a). Figure 1(b) is a titled (45 o) image showing an enlarged view of white rectangle part in Figure 1(a). This figure clearly shows the vertical alignment of the nanotubes. Quite an interesting shape of alignment is seen in the figure. There are numerous nanotube-towers with about 10 m in height and 3 m in diameter. Each tower is composed of several hundreds of nanotubes. The nanotubes seem to have been self-attracted each other during the growth, forming nanotube-towers. We believe that our SWNTs sample is promising for scientific research and practical application, for example, sidewall functionaliztion and field emission display. 

                    (a)                                                   (b)

Figure 1: Low (a) and high (b) magnification SEM images of vertically aligned SWNTs
In order to investigate the morphology of catalyst particles just before the growth of Y-junction SWNTs, the catalyst solution coated SiO2/Si substrate prepared with spinning rate of 3500 rpm was heated to 900 oC in Ar atmosphere and then cooled down as soon as possible by opening furnace, so that outer wall of heated quartz tube is exposed to the air of room temperature. Figure 2a is a SEM image showing the morphology of Mo-doped Fe particles supported by aluminum oxide on the substrate. The particles are agglomerated, resulting in non-uniformly distributed particles. Energy dispersive X-ray spectroscopy (EDS) analysis of the particles during SEM measurements indicates that the composition is mainly Fe and Al with small amount of Mo present. Figure 1b-d show SEM images of Y-junction SWNTs synthesized on SiO2/Si substrates. The catalyst solution was previously spread by spin coating with three different spinning rates of (b) 1,000 rpm, (c) 3,500 rpm, and (d) 7,000 rpm. Most of CNTs shown in these figures have branched structures, forming Y-junctions. The catalyst particles supported by aluminum oxide are seen beneath the Y-junctions. The morphology of catalyst particles in Figure 1c is very similar to that in Figure 2a since those particles on two substrates underwent same procedure. It was found from Figure 2b-d that the density of catalyst particles decreases with increasing spinning rate. Interestingly, the density of Y-junction SWNTs can be simply controlled by that of catalyst particles from which the nanotubes nucleate and grow. When taking a look at a Y-junction in detail (for instance, see white arrow in Figure 2b), we could find out i) that a Y-junction is formed by a new nanotube nucleation on the wall of a nanotube that was previously nucleated and being grown, ii) that the diameters of branched nanotubes are usually smaller than those of stem ones, and iii) that more Y-junctions can be formed on other positions of stem and/or branched nanotube, forming multiple Y-junctions. The diameters of nanotubes look too big as for individual SWNTs in SEM images. This is because the samples were coated with Au for better images before the SEM measurements. Raman and TEM measurements on these sample showed that Y-junctions consist of three individual SWNTs with different diameters (2-5 nm) and electrical properties (metallic and semiconducting).
          (a)                                 (b)                                  (c)                                  (d)

Figure 2. SEM images of (a) Mo-doped Fe catalyst particles supported by aluminum oxide, which are prepared by spin coating (3,500 rpm) (b) Y-junction SWNTs grown on the catalyst particles prepared with 1,000 rpm spin coating , (c) with 3,500 rpm spin coating, and (d) with 7,000 rpm.

We formed Fe films on ITO/quartz substrates by spin-coating of Fe-containing solution. The ITO thin film was previously prepared by rf magnetron sputtering using the sputtering target with In/Sn ratio of 1/1. The spin-coating was carried out with two different rates of 500 rpm and 1000 rpm so as to investigate the effect of catalyst film thickness on the growth of carbon nanocoils. Figures 3(a) and (b) show SEM images of carbon nanocoils synthesized on Fe/ITO/quartz substrates where Fe films were spin-coated with spinning rates of 500 rpm and 1000 rpm, respectively.  Figure 3(a) represents that a thick Fe film (500 rpm) resulted in the growth of a lot of carbon nanotubes with small number of nanocoils. The relative number of the nanocoils to the nanotubes is increased when thin Fe film (1000 rpm) was used, although the yield of all carbon nanomaterial is decreased, as shown in figure 3(b). It is believed that Fe is essential for the growth of carbon nanotubes whereas ITO induces their helical growth. Therefore, Fe and ITO should work together to grow carbon nanocoils. However, in case of a thick Fe film, the Fe particles located far from Fe/ITO interface do not have an opportunity to co-work with ITO for growing nanocoils. Only small portion of Fe film near Fe/ITO interface produces carbon nanocoils while most of particles in thick Fe film synthesize carbon nanotubes, which are clearly seen in figure 3(a). On the other hand, very thin Fe film on ITO/quartz substrate resulted in high percentage of nanocoils, as can be seen in figure 3(b). There is however small number of carbon nanocoils and nanotubes, indicating that the density of Fe particle was not high enough to grow high yield of nanostructured carbon materials. Based on experiments, we are suggesting following mechanism. Fe and In/Sn/O atoms are interdiffused during increasing the temperature to 700 oC, which results in the formation of particle that is composed of Fe-rich region and In/Sn-rich region. Carbon nanotubes are easily synthesized in Fe-rich region whereas much more number of carbon atoms is believed to be introduced into In/Sn-rich than into Fe-rich region because the melting temperatures of In (156.6 oC) and Sn (231.93 oC) is even lower than that of Fe (1538 oC). Therefore, each part has different extrusion rate of carbon nanotubes, which results in the formation of carbon nanocoils. A TEM image of carbon nanocoils grown on thick Fe film is presented in figure 3(c). The structure of a nanocoil is similar to that of MWNT, except helical shape. It can be therefore said that a carbon nanocoil is a helical MWNT. 
                 (a)                                          (b)                                         (c)
Figure 3. SEM images of carbon nanocoils grown on (a) thick and (b) thin Fe films. (c) TEM image of carbon nanocoils grown on thick Fe film.


4. Conclusion 
Various structures of carbon nanotubes, including vertically aligned SWNTs, Y-junction SWNTs, multiwalled carbon nanocoils, were synthesized and characterized. Numerous nanotube-towers comprising several hundreds of vertically aligned SWNTs were constructed. The density of Y-junction SWNTs could be controlled by spinning rate of catalyst solution when spread on the substrate by spin coating. Carbon nanocoils, helical multiwalled carbon nanotubes, were produced using Fe/ITO bilayer as a catalyst. These achievements will be useful for various applications.
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Figure 1. Dimensions of final proceedings pageFig. 1. Typical stress-path of active and passive confinement
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