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Template-directed carbon nanotube network using self-organized Si
nanocrystals

B. Yang, M. S. Marcus, D. G. Keppel, P. P. Zhang, Z. W. Li, B. J. Larson, D. E. Savage,
J. M. Simmons, O. M. Castellini, M. A. Eriksson, and M. G. Lagallya)
University of Wisconsin—Madison, Madison, Wisconsin 53706

(Received 6 May 2005; accepted 17 May 2005; published online 22 Jung 2005

We demonstrate a way to direct carbon nanotube growth using Si nanocrystals that are self-ordered
via the thermal decomposition of thin silicon-on-insulator substrates. The Si nanocrystals are about
90 nm wide and 100—-150 nm tall, with 200 nm spacing. Nanotubes connect the silicon nanocrystals
to form a network. Nanotubes selectively appear between tops of the Si nanocrystals. We show that
the flow pattern of the carbon feedstock in the chemical vapor deposition growth process is
disturbed by the geometric effect of the Si nanocrystals, providing a mechanism for growth between
the tops of the Si nanocrystals. ZD0O5 American Institute of PhysidDOI: 10.1063/1.1952585

The bottom-up assembly of nanostructures, includingrical measurements. Raman spectroscopy measurements
guantum dots, carbon nanotubd§€NTs), and nanowires, show that the nanotube networks contain both single-walled
promises a variety of applications ranging from and multiwalled CNTs.
nanoelectronids’ to nanoelectromechanical systérgs;md Figure 1 shows a scanning electron microsc¢pEM)
sensors.’ Many studies have focused on directed self-image of a nanotube network grown using the FePt salt so-
assembly using templat&st? in which nanostructures are lution. Nanotubes connect the Si nanocrystals and form a
directed to assemble into a particular arrangement when thgyetwork. Usually they extend over several microns, bridging
grow. Such directed self-assembly, including the assembly ohany Si nanocrystals. Some CNTs, or portions of CNTs,
carbon nanotubes, has been achieved on nanometer featupgdpear fuzzy in Fig. (B) because they are not in focus, either
patterned by advanced lithograptsee, e.g., Refs. 9 and)11 because they are higher or lower than the island tops, or
Because making such a template involves complicated prdPecause they are vibratiigMost CNTs are suspended be-
cessing, it is attractive to use self-assembled nanotemplatei¥veen the tops of Si nanocrystals. Nanotubes drop to the
if possible. oxide substrate when the spacing between islands is large, as

We describe here the directed self-assembly of nanoshown in Fig. 1b). These observations indicate a strong geo-
tubes using such a template, a self-organized nanocrystal dRetric influence on the nanotube growth. We have achieved
ray formed via the decomposition of thin silicon-on-insulator Similar results on decomposed SOI using a thin Fe film as
(SO). No lithography is involved. As the Si template layer catalyst(Fig. 2.

(the top Si layerthickness on a SOI001) wafer is reduced

to tens of nanometers, it dewets and agglomerates into Si
nanocrystals at high temperatures in a vacdtifit. These
nanocrystals assemble in a unique fourfold symmetric
pattern,3'15with the nanocrystals self-assembled aldhg0)
directions. This arrangement of Si nanocrystals forms the
template for directed assembly of nanotubes. The nanotubes
that we grow are primarily suspended between the tops of
the Si nanocrystals, even though the catalyst we use is de-
posited uniformly over the whole surface. We propose a
mechanism to explain this observed predominance of CNTs
spanning the tops of Si nanocrystals, and support this mecha-
nism with simulations.

A 10 nm thick Si template layer in SOl dewets and ag-
gregates into self-organized Si nanocrystals if heated at
950 °C for 1 min in an ultrahigh-vacuum environment. A
Fe—Pt salt solutiorifollowing the recipe in Ref. 16, diluted
10° times is spun on or a 1—-2 nm thick Fe film is evapo-
rated on this substrate to act as the catalyst for CNT growth.
Chemical vapor depositiofCVD) is performed at 900 °C,
with a flow of CH, at 400 sccm and Hat 20 sccm near
atmospheric pressure. With this recipe, we have consistently
produced CNTs on a variety of surfaces and have examined
these with a variety of probes, including transmission elecfiG. 1. SEM images of a carbon nanotube network formed on decomposed

tron microscopy, x-ray photoelectron spectroscopy, and eleghin SOI using Fe—Pt solution cataly$) (top view) nanotubes connecting
isolated Si nanocrystals argd) (87° tilted view suspended nanotube bridg-
ing over Si nanocrystals and dipping to the substrate between two widely
¥Electronic mail: lagally@engr.wisc.edu spaced ones.
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FIG. 3. Simulated methane flow pattern on rectangularly shaped island array

: : t 900 °C: (@) array with 200 nm spacing, andb) array with
FIG. 2. SEM images of carbon nanotube network on decomposed thin SO ’ - . .
using 1 nm Fe film catalysta) top view and(b) 80° tilted view showing a 200 nm/400 nm spacing. The islands are 99 nm high _and 120 nm wide.
high density of suspended nanotubes. Methane gas flows from the left to the right, with a velocity of 0.0033 m/s.

The top wall is set to be a moving wall in the simulation.

The nanotube density is sensitive to growth conditions

and thus can be adjusted by varying the growth recipe. Under The Si ngnocry_stals are about 90 nm high an_d
all growth conditions, the majority of the nanotubes is con-+00—150 nm wide, with 200 nm base-to-base spacing. With

nected to at least one islar(@ig. 2. When the nanotube such a Iqrge height-to-spacing ratio, the nanocrystals may be
density is low, almost all nanotubes are suspended betwegtp!€ to disturb the flow pattern of the carbon feed gas. At our
the tops of islands. In the tilted vie[fFig. 2(b)], as we adjust growth conditions, the mean free path of the gas molecules is
the focus to shift the focal plane, we can observe that &N the same order as the separation of the Si islands, and the
majority of the nanotubes is suspended between island topt&€d gas may not be able to reach the bottom areas between
Among 177 nanotubes counted in SEM images, 4% sit or‘ih? Si nano_crystals, prov_ldlng a stagnant zone. To confirm
the oxide without connecting to Si islands, while 87% arethis suggestion, we examine the effect of the S_| 'nanocry_stals
attached to at least two Si islands. The rest are connected &' the flow pattern for our CVD growth conditions, using
one Si island. The spider-shaped nanotube pattern starting &@Mputational fluid dynamicSCFD) modeling software
Si islands is generally present, suggesting that the growth dfluen. ) )
the nanotubes starts preferentially from the Si islands. Nano- N our CVD growth, the methane flow is laminrThe
tubes can grow between the islands, reaching neighborinfirnace tube diameter is much larger than the mean free path
islands, or they can fall to the oxide and stop growing. Of thedf the gas molecules, hence, gas transport is dominated by
121 segments of nanotubes we counted bridging Si island®olecule-molecule collisions, and the flow can be described
whose spacing is smaller than 250 nm, 87% stay suspenddty continuum theory. As a simple first approximation, we
between the two islands. consider only geometric effects in the simulation. The simu-
In previous studies using lithographically patterned subJation is done in two dimension, ) with an array of rect-
strates, where the catalyst is selectively positioned on the topngularly shaped islands on the sample surface. The islands
of pillars, nanotubes grow between such pilt&when the — are 90 nm high, 120 nm wide, with 200 nffig. 3@] or
catalyst is distributed evenly over the sample, nanotube200 nm and later 400 nm spacifigig. 3(b)], and we simu-
grow both on top of the pillars and on the bottom areadate ten periods of the rectangular units. The simulation do-
between the pillar§! In our experiment, we deposit catalyst main height is chosen to be2m, ten times the island spac-
over the entire surface and it remains distributed evenlyng, such that we can still achieve a quantitative picture with
across the substrate, as we observe with SEM at higher maggduced computation. The flow front at the entrance of the
nification, both on top of the Si nanocrystals and on thereactor is uniform in height and a moving boundary with a
oxide between the nanocrystals. Nanotubes can in principleelocity of 0.0033 m/s is placed at the top. Figure 3 shows
grow anywhere and start from any location, at the top of thghat the islands markedly disturb the flow pattern; the modi-
islands or otherwise. Nanotubes appear, in fact, to prefer téed flow is fully developed after the first several islands.
grow on the oxidé® Yet we observe a strong preference for Similar to earlier results of flow on rough surfac8sour
nanotubes to exist between the tops of the Si islands whesimulation reveals stagnant regiofgeep blue coloredbe-
the island spacing is small. We suggest that the topographiyveen the islands and consequently starved nanotube growth
of the nanocrystals on the substrate determines theonditions [Fig. 3(@]. The fully developed flow pattern
suspended-nanotube network. We propose that this topograhows that the magnitude of the gas flow velocity between
phy hinders feedstock gas from reaching catalyst particleslands is almost zero, so that the methane gas is not able to

lying lower, on the oxide. reach the bottom areas between the islands. Although there
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are catalyst particles on the oxide between the islands, theyrystals that form when the thin Si template layer of SOI
are not able to capture the carbon feedstoulethane ggs decomposes at high temperature under vacuum. No lithogra-
and thus nanotube growth will be starved there. As the islang@hy is required. The majority of the nanotubes is suspended
spacing becomes larger, the gas is more able to flow down toetween the tops of Si nanocrystals. We explain this behavior
the oxide, as shown in Fig.(. Chances for nanotubes to by the influence of the island topography on the methane gas
start growing from catalyst particles on the oxide should beflow pattern, with feedstock unable to reach the oxide surface
larger as the island spacing increases. Indeed, we obseryghen the 3D islands are close. The nanotubes grow away
many nanotubes grow from the catalysts on the oxide befrom the Si nanocrystal surfaces instead of conforming to
tween the islands when the separation between Si islands {fem in order to minimize the total free energy, and then
about 500 nm. _ . . attach to other nanocrystals. Suspended CNTs grown in this
The flow pattern given by the CFD simulation should be yanner may allow us eventually to achieve functional nano-

qualitatively correct, but it does not take into account theyne architectures useful for electronic, optoelectronic, or
consumption of the feed gas, which will be higher on top of .hemical sensing applications.

the islands. This consumption of the feed gas further reduces
the flow of methane for nanotube growth in the lower re-  The authors thank Prof. S. A. Majetich, Carnegie Mellon
gions. We believe this picture explains in a simple physicaluniversity, for providing the Fe-Pt catalysts and Mr. H. F.
fashion why nanotubes grow from the tops of the islandsTang for help with the CFD simulation. This work was sup-
when the island spacing is appropriate, without a need t@orted by DOE and NSF CAREER program.
invoke chemical effect
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