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ABSTRACT 
 
Vertically aligned single-walled carbon nanotubes 

(SWNTs) were synthesized at a low temperature of 600°C 
by radical chemical vapor deposition (CVD). For applying 
this technique to electronic devices, we synthesized 
SWNTs in nano-sized SiO2 holes to fabricate SWNT-vias, 
which is expected to be used for multi-layer interconnects 
and vertically aligned field effect transistors (FET). SWNTs 
were grown in holes with various sizes and shapes 
patterned by electron beam lithography. We also show the 
concept of large area deposition of vertically aligned 
SWNTs by improved radical CVD system. 

 
Keywords: single-walled carbon nanotubes, vertically 
aligned, nano-sized via, radical chemical vapor deposition 
 

1 INTRODUCTION 
 
Carbon nanotube (CNT) is one of promising materials 

for future electronic devices because of their excellent 
properties such as high current density and low 
electromigration. SWNT can be a channel of a transistor [1] 
because SWNT shows semiconducting behavior as well as 
metallic. Control of growth direction of SWNTs is 
necessary for electronic device applications. One of 
interesting growth of SWNTs is vertical alignment. 
Vertically aligned SWNTs have been synthesized by both 
thermal and plasma CVD [2-6]. By radical CVD, we have 
succeeded in growth of extremely dense and vertically 
aligned SWNTs [4,5]. MWNT-vias have been fabricated by 
some groups [7-9]. However, a reliable method for growth 
of densely-packed SWNTs in nano-sized holes has not been 
achieved. Dense SWNTs are very interesting for 
applications such as low resistive interconnect and high 
current transistors. In this study, we show fabrication of 
densely-packed SWNT-vias using the vertically aligned 
SWNT growth technique. 

 
2 VERTICALLY ALIGNED SWNTS 

 
Vertically aligned SWNTs were synthesized by a 

radical CVD apparatus [4,5] shown in Fig. 1, which has an 
antenna in the chamber and the sphere-shaped plasma is 
generated by microwave. Because the plasma is fixed at the 
tip of the antenna, a substrate holder can be far away from 

 

 
Figure 1: Radical CVD apparatus. The plasma is fixed 

at the tip of the antenna. No ions can arrive at the substrate. 
SWNTs are synthesized by only radicals. 

 
the plasma. No ions can arrive at the substrate. When we 
apply a bias between the antenna and the substrate holder, 
no current is measured. Therefore, only radicals can be 
carbon precursors for SWNT growth. In addition, the 
growth temperature depends on only a substrate heater, 
which means that we can grow SWNTs at a low 
temperature.  

Vertically aligned SWNTs were deposited on Si wafers 
with a sandwich-like structure of Al2O3 (0.5 nm)/Fe (0.5 
nm)/Al2O3 (>5 nm) [4,5]. The Al2O3 layer beneath the Fe 
film (bottom Al2O3 layer) is a buffer layer to prevent 
reaction of Si and Fe catalysts during CVD process. The 
Al2O3 layer above Fe film (top Al2O3 layer) is also very 
important to grow vertically aligned SWNTs. This layer 
interrupts diffusion of Fe particles during the pre-heating 
period, so that a high density of Fe catalytic particles is 
obtained. As a result, densely-packed vertically aligned 
SWNTs can be synthesized. We speculate that SWNTs 
support one another with van der Waals attractions to be 
vertically aligned. So the high density of Fe particles is 
essential for growth of vertically aligned SWNTs. 
      For growth of SWNTs, the substrate was heated at 600-
640°C for 5 min for pre-heating, and a microwave power of 
60W was applied in a mixture of H2 and CH4 gases to grow  
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Figure 2: Vertically aligned SWNTs grown by microwave 
plasma CVD. (a) Cross sectional SEM image of vertically 

aligned SWNTs.  (b) Raman spectroscopy of vertically 
aligned SWNTs, measured using a 633 nm laser. An inset 

shows Raman data for RBM. 
 
SWNTs. The flow rates of H2 and CH4 were 45 sccm and 5 
sccm, respectively and the total gas pressure was 20 Torr. 
Then, the plasma and heater were switched off, and the 
sample was cooled.  

Figure 2(a) shows an SEM image of as-grown vertically 
aligned CNTs. All CNTs are vertically aligned and the 
sample has a very high density. We characterized the 
sample by micro-Raman spectroscopy. For measurements 
of Raman spectroscopy, we used an excitation laser with 
wavelengths of 633 nm. Radial breathing mode (RBM) 
peaks of SWNTs can be seen clearly in an inset of Fig. 2(b). 
The diameter was estimated using the correlation, d = 232/ 
(ν-6.5), where d is the diameter of SWNT in nm and ν is the 
Raman shift in cm-1 [10]. The graph also shows a high ratio 
of G to D peak, indicating a good quality of our SWNTs. In 
addition, any MWNTs have not been observed in TEM 
images, so almost all CNTs are single-walled.  

3 NANO-SIZED SWNT VIAS 
 

For growth of CNTs in holes, two methods have been 
devised; one method fabricates holes of silicon dioxide, and 
then grows CNTs in the holes [7, 8]. In contrast, another 
method synthesizes CNTs on patterned catalysts before 
formation of silicon dioxide film [9]. The second process is 
possible for large diameter MWNTs by plasma CVD with 
concentration of an electric field at the substrate.  

Although our method uses plasma, an electric filed is 
not concentrated at the substrate because the plasma is far 
away from the substrate and no ions exit at the substrate. In 
addition, SWNTs have extremely small diameters and are 
very flexible. We think that although our SWNTs have a 
very high density, nano-sized patterned SWNTs are 
difficult to be free-standing with a high aspect ratio. So we 
used the process in which SWNTs were grown after 
fabrication of the silicon dioxide holes. 

Figure 3 shows a schematic diagram of our process. (a) 
The Fe catalyst layer with the sandwich-like structure was 
deposited by magnetron sputtering on a Si wafer. (b) SiO2 
was formed on the catalyst by tetraethylorthosilicate 
(TEOS)-CVD. (c) Nano-sized resist patterns were formed 
by electron beam lithography. A chemically-amplified 
negative resist was used here. (d) A 50 nm-thick Ni layer 
was deposited as a metal mask for the next SiO2 etching 
process. Then, the patterned resists were removed by lift-
off. (e) For fabrication of the holes, SiO2 was etched by an 
inductively-coupled plasma (ICP) system using fluoride gas. 
(f) SWNTs were grown by radical CVD at the condition 
outlined above. 

CNTs in nano-sized holes were shown in Fig. 4. CNTs 
were grown in holes with various sizes and shapes. The 
holes are 220nm in depth. Figure 4(b)-(d) show circle holes 
with diameters of 250nm, 170nm, and 130nm, respectively. 
Dense CNTs can be also synthesized in holes with square 
and triangle shape as shown in (e) and (f).  As expected, 
nano-sized patterned CNTs curved and were not vertically 
aligned as their length increased. Note that no CNTs were 
observed on the Ni mask. Thick Ni film was difficult to 
become small particles at the CVD condition used in this 
study or was affected by fluoride gas during the SiO2 
etching. 

Characterization of as-grown CNTs was performed by 
micro-Raman spectroscopy. In Fig. 5, sharp RBM peaks 
can be observed, indicating existence of SWNTs. However, 
Raman data in high frequency region shows a higher D 
peak than that in Fig. 2. In the process of fabrication of the 
holes, it is difficult to stop the etching of SiO2 layer at just 
above the sandwich-like structure of Al2O3 / Fe / Al2O3. We 
speculate that a part of the top Al2O3 and the Fe films were 
removed in the process of the SiO2 etching. As mentioned 
above, the top Al2O3 layer is very important to synthesize 
vertically aligned SWNTs. The region without the top 
Al2O3 layer resulted in a mixture of SWNTs and MWNTs, 
which caused the higher D-peak. 
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Figure 3: Schematic diagram of process for growth of 
SWNTs in nano-sized holes. 

 
 

 

 
Figure 4: CNTs grown in holes with various sizes and 

shapes. Circle holes with diameters of (b) 250nm, (c) 
170nm, (d) 130nm. (e) Square hole. (f) Triangle hole. 

 
 
 
 

 
 
 
 

 
 
 

 
 
 

 
Figure 5: Raman spectroscopy of CNTs grown in nano-

sized holes, measured using a 633 nm laser. An inset shows 
Raman data for RBM. 

 
      Fabrication of interconnects with a low resistance and a 
high current density and transistors with a high current is 
expected using this densely-packed SWNTs vias. A contact 
of a SWNT and an electrode is one of the most important 
issues for fabrication of electronic devices [11-13]. 
Positions of catalytic particles should be clarified because 
there is a possibility that they affect a SWNT-electrode 
contact characteristic. In our case, catalysts are anchored at 
the root of SWNTs, which indicates the root growth mode. 
The root growth mode was revealed by a marker growth 
method [14]. This method grows vertically aligned SWNTs 
intermittently. When two SWNT layers are deposited with 
different growth time, we can identify the two layers using 
a marker between the two layers. Our experimental results 
showed that the first grown layer was above the second one, 
so we could conclude the root growth mode. Characteristic 
of vertically aligned SWNT-electrode contact is under 
investigation. 
 

4 MULTI-ANTENNA SYSTEM FOR 
LARGE AREA DEPOSITION 

 
To fabricate the SWNT-via holes in the present LSI 

process, large area deposition of SWNTs must be achieved. 
We have an antenna in the CVD chamber at the present 
time. But we can scale up the radical CVD apparatus easily 
by introducing multi-antenna system as shown in Fig. 6. 
Although the picture shows a system with three antennas as 
an example, the number of antennas that can be introduced 
in the chamber is unlimited in principle. SWNTs with a 
uniform length on a large substrate can be expected by an 
appropriate design of multi-antenna. In addition, because 
we use a very low power of 60W for an antenna during 
growth of SWNTs, the multi-antenna system also needs a 
low power that is an advantage for industry. 

 

Si
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Si

(d) Metal mask 
deposition

Si Si

Si
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Si
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Figure 6: Concept of multi-antenna system for large 

area deposition of vertically aligned SWNTs. 
 

 
5 CONCLUSIONS 

 
Densely-packed vertically aligned SWNTs were 

synthesized at a low temperature of 600°C by radical CVD 
on a substrate with a sandwich-like structure of Al2O3 / Fe / 
Al2O3. Nano sized SWNT-vias were fabricated although 
some MWNTs were mixed. To prevent MWNTs from 
being synthesized in the holes, more precise control of SiO2 
etching technique or other processes are required. Multi-
antenna system will achieve the large area deposition for 
integration of SWNTs.  

  
ACKNOWLEDGEMENTS 

 
This work is supported in part by a Grant-in-Aid for 

Center of Excellence (COE) Research from the Ministry of 
Education, Culture, Sports, Science, and Technology. 

 
REFERENCES 

 [1] S. J. Tans, A. R. M. Verschueren, C. Dekker, Nature, 
393, 49, 1998. 

[2] Y. Murakami, S. Chiashi, Y. Miyauchi, H. Minghui, 
M. Ogura, T. Okubo, S. Maruyama,  
Chem.Phys.Lett, 385, 298, 2004. 

[3] K. Hata, D. N. Futaba, K. Mizuno, T. Namai,  M. 
Yumura, S. Iijima, Science, 19, 1362, 2004. 

[4] G. Zhong, T. Iwasaki, K. Honda, Y. Furukawa, I. 
Ohdomari, H. Kawarada, Jpn. J. Appl. Phys., 44, 
1558, 2005.  

[5] G. Zhong, T. Iwasaki, K. Honda, Y. Furukawa, I. 
Ohdomari, H. Kawarada, Chem. Vap. Deposition., 
11, 127, 2005. 

[6] Y. Y. Wang, S. Gupta, R. J. Nemanich,  
Appl.Phys.Lett., 85, 2601, 2004. 

[7] M. Horibe, M. Nihei, D. Kondo, A. Kawabata and Y. 
Awano, Jpn. J. Appl. Phys., 43, 6499, 2004. 

[8] A. P. Graham, G. S. Duesberg, R. V. Seidel, M. 
Liebau, E. Unger, W. Pamler, F. Kreupl, and W. 
Hoenlein, small, 4, 382, 2005. 

[9] J. Li, Q. Ye, A. Cassell, H. T. Ng, R. Stevens, J. Han, 
and M. Meyyappan, Appl.Phys.Lett., 82, 2491, 
2003. 

[10] L. Alvarez, A. Righi, T. Guillard, S. Rols,  E. 
Anglaret, D. Laplaze, J. L. Sauvajol, Chem. Phys. 
Lett., 316, 186, 2000. 

[11] H. T. Soh, C. F. Quate, A. F. Morpurgo, C. Marcus, 
J. Kong, and H. Dai, Appl.Phys.Lett., 75, 627, 1999. 

[12] R. Martel, V. Derycke, C. Lavoie, J. Appenzeller, 
K. K. Chan, J. Tersoff, and Ph. Avouris, 
Phys.Rev.Lett., 87, 256805, 2001. 

[13] A. Javey, J. Guo, Q. Wang, M. Lundstrom, and H. J. 
Dai, Nature, 424, 654, 2003. 

[14] T. Iwasaki, G. Zhong, T. Aikawa, T. Yoshida, H. 
Kawarada, J. Phys. Chem. B, 1091, 19556, 2005. 

97NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-6-5 Vol. 1, 2006


	573.pdf
	Centre de Recherche sur la Matière Condensée et Nanosciences – CNRS
	ABSTRACT
	2. COMPUTATIONAL METHODS
	The pristine and relaxed after a heat treatment structures show a spectrum with only one peak corresponding to the unit cell of the zeolite proving that the integrity of the template was conserved. Lee, Han and Hyeon shown experimentally a peak appearing at 23 (2*θ) corresponding to 1.8 Å-1. This peak could be associated to an amorphous region remainder from the experimental method. Moreover, we can see the comparison with an amorphous structure corresponding to a coke of saccharose obtain at 400 K [ ] confirming this possiblity. Recently, Hou et al [ ] have shown a new method to obtain replica with after heat treatment, they improved the texture of the replica. We calculated the Bulk modulus of the faujasite using a GULP model [ ], which is a core-shell potential, giving the Hessian matrix, and after diagonalization, we obtain a Bulk Modulus of Bo=59 GPa. Thus, the hydrostatic properties of the replica were obtain from the calculation of the energy as a function of the hydrostatic pressure, giving a Bo=700GPa for a density of 0.9cc/g. Thus, we have simulated the molecular nitrogen adsorption isotherms at 77K, using a Grand Canonical Monte-Carlo method, and with a LJ model. We obtained a good agreement with some results depending of the samples (see figure 3). However, we did not attribute why we obtained an insufficiency in the quantity of gas adsorbed compared to the best replica of Kyotani, unless an increasing of the porosity during the zeolite leaching, or a mesoporosity underestimated in their experiments or even if a resulting part of amorphous carbon is coexisting in their samples.
	Therefore, to go into the discussion, we calculated the PSD estimated with the Gelb-Gubbins method (see figure 4). Due to this topological method, we can calculate precisely the PSD of our structures and then compare to the DFT method applied to the N2 isotherms. First, the differential PSD curve show that our replica is a completely made of spherical pores with a size of 10 Ǻ diameter offering a high microporosity. Besides, we obtained an adsorbed volume around 0.7cc/g, in good agreement with experimental results.  
	4. CONCLUSION
	We have performed Grand Canonical Monte-Carlo (GCMC) simulations of Chemical Vapour Deposition of carbon faujasite zeolites based on a tight binding model for the adsorbate-adsorbate interactions that enables to account for covalent bonding along with a realistic model for adsorbate-substrate interactions. We obtain a 3D interconnected porous carbon structures from the zeolite faujasite, that is stable upon matrix removal. Beside, we characterized the textural structure of this replica, the nitrogen adsorption properties, and his pore size distribution. The hydrostatic mechanical properties of this replica has exhibited a very higher bulk modulus compared to the faujasite and is really interesting for its very low density. It is presently considered as a possible gas storage device for methane and hydrogen.

	1102.pdf
	Role of Nanoscale Topography on the Super-Hydrophobicity: 
	A Study of Fluoro-Based Polymer Film on vertically Carbon Nanotubes 

	1194.pdf
	ABSTRACT
	1.1 Materials

	1241.pdf
	3.  SUMMARY AND CONCLUSIONS

	1152.pdf
	METHODS

	894.pdf
	ABSTRACT
	CHEMICAL DECONTAMINATION
	BIOLOGICAL DECONTAMINATION


	324.pdf
	ABSTRACT
	Keywords: Polystyrene, Nanoparticles, Glass transition tempe
	INTRODUCTION
	Micron and nano-sized polymer particles have wide field of i
	EXPERIMENTAL
	Materials Preparation
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENT

	REFERENCES




	489.pdf
	 
	Materials


	1576.pdf
	CRCA Cantilever Property




