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ABSTRACT

During the chemical vapor deposition of multiwalled carbon nanotubes using the vapor phase delivery of a metal-organic (ferrocene) catalyst
precursor, a strong selectivity for growth on patterned SiO,/Si substrates has been observed. A mechanism for this selective growth is
described here. Delivered metal particles (Fe) on Si and SiO, regions were investigated using several high-resolution characterization techniques.
Active iron catalyst (y iron) particles were formed on the silicon oxide surface resulting in the formation of highly aligned nanotubes on this
substrate. However, in the Si regions, stable FeSi, and Fe,SiO, particles were formed due to chemical reactions between silicon surface and
Fe particles at high temperature leading to an inhibition of nanotube growth in the Si regions.

Carbon nanotubes have attracted considerable interest duam or greater, grown by plasma enhanced CVD (PECVD)
to their unique one-dimensional structure and superior or thermal oxidation method on pristine Si (001) wafer), was
electrical and mechanical propertied.Particularly, carbon prepared and patterned by conventional photolithography.
nanotubes have fascinating electrical properties such as highThen etching of silicon oxide was performed using hydro-
current density (10Amps/cn?)® and ballistic conductanée  fluoric acid solution. The prepared substrates were subse-
by virtue of their one-dimensional electronic structure. These quently cleaned ultrasonically in acetone and deionized water
features have led to their potential use as nanotube interconand placed into a tube furnace. Pressure was maintained
nects in microelectronic devices. To build an integrated around 100 mTorr and an argon gas atmosphere was supplied
nanotube-based system, it is essential to fabricate carborto prevent the patterned SiSi substrate surface from
nanotubes on designed substrates in a controllable manneroxidation. After the furnace was heated to the deposition
Our previous publications have reported a method for highly temperature of 806C, a solution of ferrocene (0.4 mg) in
organized carbon nanotube growth selectively on the pat-xylene (10 mL) was prevaporized at 130 and introduced
terned Si@/Si substrates using a vapor phase ferrocene/ into the quartz tube. Due to the pressure difference between
xylene delivery method, i.e., nanotubes grow only on the the cylinder consisting of the prevaporized ferrocergene

SiO, surfaces and leave the Si substrates bfafiRhe level mixture and the CVD system, the catalyst and carbon sources
of control provided by this method enables us to construct gre automatically introduced into the furnace chamber to
complex carbon nanotube architectures, which can fulfill their grow carbon nanotubes. Xylene acts as the source of carbon
potential applications such as active elements in field atoms, while Fe from ferrocene serves as the catalyst for
emission displays, sensors, and electronic devices. Howevermuyltiwalled carbon nanotube growth. Aligned carbon nano-

there has been no clear eXplanation for the mechanism Oftubes were grown Se|ective|y on the patternedzsmjctures
this site selectivity. Here we report the studies that clearly put not on the silicon surface.

elucidate the mechanism of nanotube growth selectivity on Scanning electron microscopes (JEOL 6330F FESEM and

SiGz vs Si. Hitachi S-5000 HRSEM) were employed to characterize the

Multlwalled. carbon nanotupgs were produced using a growth of carbon nanotubes and surface morphology of the
thermal chemical vapor deposition (CVD) method by expos- designed substrates after nanotube growth. To examine

in'g a mixture of ferrocene and xylene vapor sgtlhe patterned morphology of the Si@surface area, the grown nanotube

SiOJSi substrates _at 80w _for 1010 20 min. For the layer was partially removed using tweezers. For the elemental

Substrate preparation, a SiG@yer (of a thickness of 100 analysis over the substrates after carbon nanotube growth,
* Corresponding author. E-mail: jungy@rpi.edu an electron probe microanalyzer (EPMA) with wavelength-
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dispersive spectroscopy for X-rays (JEOL: JXA-8621 WDS)
and an Auger electron spectroscopy (AES: PHI 670) were
used. A transmission electron microscope (TEM: Hitachi
H-9000) operated at 300 keV was employed to characterize
the structure of catalyst particles and carbon nanotubes on
the substrate. For obtaining the diffraction patterns of
particles formed in silicon and silicon oxide matrix, an
electron beam with 2030 nm diameter was used to
minimize contributions from Si@and Si, which otherwise
might affect the interpretation of the results. For the TEM
sample preparation for cross sectional observation, carbon
and tungsten films were deposited on the surface of the
interested areas to protect the interested surface from ion
damage. Then, extra materials were removed from both sides
of the interested region using a focus ion beam (FIB: Hitachi
FB-2000A), until a very thin (electron microcopy transparent)
specimen (250 nm) was obtained. The thinned part was then
removed from the substrate and mounted on a copper mesh
using a “microsampling techniqué?.

Figure lais a typical SEM image of the selective growth
of aligned multiwalled carbon nanotubes on patterned,/SiO
Si structures. It is clearly seen that carbon nanotubes have
grown vertically only on the patterned SiStructures (about
100 nm in thickness) and form aligned nanotube arrays on ) m 200nm
the designed structures inheriting their original shapes and
size precisely (1&m in width), while leaving the Si areas
blank. The height of these nanotube pillars is abouus0
and can be controlled by changing the time of CVD process.
The vapor phase catalyst delivery method mentioned here
is different from that used in conventional thermal CVD
methods in which patterned catalysts on the designed
positions need to be deposited on the substrate surfaces
before CVD?*316 Therefore, in this method, vapor phase
catalyst, Fe, and carbon source are supplied at the same time
all over the substrate at high temperature (8G9, making
the process relatively simple in comparison to other methods.

Figure 1b,c shows the surface morphology of Si and,SiO _. . .

. . Figure 1. SEM images of selective growth of carbon nanotubes
areas. A close view of the surface shows that many particles,," patterned Sigsi substrate using the vapor phase ferrocene/
are formed on the silicon surface, but these apparently doxylene delivery method. (a) Selective growth of aligned multiwalled
not aid in carbon nanotube growth (Figure 1b). A dense film carbon nanotubes on the patterned B8D substrate. (b) Close
of particles is also observed on the silicon oxide surface observation on the bared silicon surface where no nanotubes have
where aligned nanotubes grow very well (dense aligned grown._(c) Surface morphology of silicon oxide region after

. . . . scratching carbon nanotubes, a few nanotubes remained on the
nanotubes were removed in Figure 1c). Particle sizes aregjjicon oxide surface.
observed to be around 2@0 nm in the silicon oxide region
but larger in the Si region. EPMA and AES data indicated |reqularly shaped particles of 10 to 40 nm in diameter appear
that iron and carbon are dispersed over both the silicon andgp the top surface of the oxide area as well as inside the
the silicon oxide region during CVD. Only carbon was cayities of nanotubes. Nanotubes having-0 nm diam-
detected on the as-grown surface on the Si area by AES.eters are grown from these dispersed particles. While on the
However, after sputtering in situ with 3 keV argon ions for  gyrface of Si area no trace of nanotubes is found, but larger
30 min, iron and silicon signals could be detected, indicating precipitates of submicron size particles are observed beneath
the presence of a thin carbon over layer on the Si area.  the surface (Figure 2b,d).

Clear information on these Fe-containing particles after  Selective area electron beam diffraction results shown in
nanotube growth could be obtained by cross-sectional TEM Figure 3 indicate that the formed irregular-shaped nanosize
observation of the substrates. TEM images of the cross particles on the top of silicon oxide surfaces are pure gamma
section of the substrates after CVD growth of nanotubes areiron (fcc Fe), which is an active catalyst for carbon nanotube
shown in Figure 2. On the SiCarea, nanotubes as well as growth on the Si@region. However, on the silicon surface,
Fe-containing particles can be easily identified even after diffraction patterns suggest the formation of iron silicide and
removing most of the aligned nanotubes (Figure 2a,c). iron silicate. A cross-sectional image of the silicon region
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Figure 2. TEM images of the cross section of the substrates. (a)
SiO, area after CVD growth and removing of carbon nanotubes.
(b) Si area without any nanotube growth but precipitate of
submicron-size particles near the surface. (c) Enlarged picture from
the nanotube/Siginterface in (a) showing the formation of gamma
iron particles on silicon oxide surface and the growth of nanotubes
from the particles formed. (d) Enlarged area from (b) showing the
formation of iron silicide and iron silicate crystals during CVD
processing. Corresponding schematics are also illustrated.

FeSig

shows that during the CVD processing, nucleation of these
new phases occurs from the silicon surface and grow into
the Si matrix (particle size about 5000 nm), Figure 2d.
Compared with gamma Fe particles having irregular shapes
on the silicon oxide surface, these crystallized particles inside
the silicon matrix were formed with well-defined shapes
showing stable compound formation through chemical reac-
tion between Si and vapor phase Fe during high temperaturg
CVD process. Electron beam diffraction results on these
crystallized particles indicated that the particles are mainly
iron silicide (FeSi, Figure 3b) and iron silicate (E8iO;,
Figure 3c).

From the above results, we draw the conclusion that on
the silicon oxide region, the high activity of carbon in the
gas phase drives carbon to dissolve into Fe particles formed
on the substrate surface during decomposition of ferroceneFigure 3. Selective area diffraction patterns from the particles on
athigh temperaure. T e partcles may thus easily becomelG o1 Sutecs (e 20) 210 . 1e 3 i (005 20
Satura.ted. or supersaturated with carbon atoms, and, thésilicate fgr?nation during the CVD process on silicon oxide surface
precipitation of carbon from the surface of the Fe particle anq silicon surface, respectively.
leads to the formation of tubular carbon solids in? sp
structure. Iron particle is chemically stable on the silicon as iron silicide (Fe$) and iron silicate (F£5iOs), which are
oxide during the full CVD process time. Therefore, the known for their noncatalytic activity for carbon nanotube
gamma Fe catalysts with small dimensions can effectively growth?®
catalyze the growth of highly dense carbon nanotubes on In conclusion, the selectivity of multiwalled carbon
the SiQ region. However, on the silicon surface, a chemical nanotube growth on Siand Si was studied using the vapor
reaction occurs between the silicon, Fe, and oxygen, which phase catalyst delivery method on patterned &80sub-
exists in small concentrations in our vacuum systéithis strates. Active gamma irory{Fe) catalysts that effectively
reaction is dominated by diffusion of Fe through the native prompt the growth of carbon nanotubes are formed on the
silicon oxide layer at high temperatuf&eThese results ina  SiO, surface. The formation of iron silicide (Fegiron
complete change of the chemical nature of the deposited Fesilicate (FgSiO,) particles on the silicon surface during the
particles from an active Fe catalyst to stable compounds suchhigh temperature deposition process creates catalytically

Fe;SiO4
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inactive Fe compounds, and hence no nanotube growth is (7) Zhang, Z.; Wei, B. Q.; Ramanath, G.; Ajayan, P. Appl. Phys.

. . : Lett. 200Q 77, 23.
found. We believe that the chemistry of catalyst particles (8) Wei, B. Q. Vajtai, R.; Jung, Y.; Ward, J.: Zhang, R.; Ramanath, G.:

on substrate is very important for growing carbon nanotubes. Ajayan, P. M.Nature 2002 416, 495.
These results will enable us to select more suitable substrates (9) Wei, B. Q.; Vajtai, R.; Jung, Y.; Ward, J.; Zhang, R.; Ramanath, G.;
PN ; Ajayan, P. M.Chem. Mater.in press.
for further designing of carbon nanotube architectures. (10) Sen. R.; Govindaraj. A.: Rao. C. N, Bhem. Phys. Lett.997 267,
. 276.
Acknowledgment. The authors acknowledge funding  (11) Andrews, R.; Jacques, D.; Rao, A. M.; Derbyshire, F.; Qian, D.; Fan,
from the Focus Center New York for Electronic Interconnects X.; Dickey, E. C.; Chen, JChem. Phys. Lettl999 303 467.

: : : ; (12) Ohnishi, T.; Koike, H.; Ishitani, T.; Tomimastsu, S.; Umemura, K.;
at Rensselaer Polytechnic Institute, NEDO International Joint Kamino, T, Proceedings of the 25th International Symposium for

Grant Program, and NSF-NSEC at RPI for directed assembly Testing and Failure AnalysiASM International: Santa Clara, CA,
of nanostructures. Also we would like to thank Professor G. 1999; p 449.

; ; ; (13) Fan, S.; Chapline, M. G.; Franklin, N. R.; Tombler, T. W.; Cassell,
Ramanath and Eric Lass at RPI for discussion. A. M. Dai, H. Sciencel099 283 512.

(14) Jung, I. S.; Lee, S. H.; Song, Y.; Choi, S. Y.; Cho, K.; Nam, K.

References Appl. Phys. Lett2001, 78, 901.

(1) Dresselhaus, M. S.; Dresselhaus, G.; Avouris, ®arbon nano- (15) Li, W. Z.; Xie, S. S.; Qian, L. X.; Chang, B. H., Zou, B. S.; Zhou,
tubes: synthesis, structure, properties, and applicati@minger: W.Y.; Zhao, A.; Wang, GSciencel996 274, 1701. )
Berlin, New York, 2001. (16) Ren, Z. F.; Huang, Z. P.; Xu, J. W.; Wang, J. H.; Bush, P.; Siegal,

(2) Yakobson, B. I.; Brabec, C. J.; Bernholt,Phys. Re. Lett. 1996 M. P.; Provencio, P. NSciencel99§ 282, 1105.

76, 2511. (17) Lifshits, V. G.; Saranin, A. A.; Zotov, A. VSurface Phases on

(3) Wong, E. W.; Sheehan, P. E.; Lieber, C. Stiencel997, 277, 1971. Silicory Wiley: New York, 1994; p 189. _

(4) Falvo, M. R.; Clary, C. J.; Taylor, R. M.; Chi, V.; Brooks, F. P.; (18) Chemelli, C.; D’Angelo, D.; Girardi, G.; Pizzini, 3\ppl. Surf. Sci.
Washburn, S.; Superfine, Rlature 1999 397, 236 1993 68, 173. _

(5) Wei, B. Q.; Vajtai, R.; Ajayan, P. MAppl. Phys. Lett2001, 79, (19) De los Arcos, T.; Vonau, F.; Garnier, M. G.; Thommen, V.; Boyen,
1172. H. G.; Oelhafen, P.; Duggelin, M.; Mathis, D.; GuggenheimARpl.

(6) Frank, S.; Poncharal, P.; Wang, Z. L.; De Heer, WSaiencel 998 Phys. Lett2002 80, 2383.

280, 1744. NL034075N

564 Nano Lett., Vol. 3, No. 4, 2003



