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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. ©2005 American Institute of Physics. fDOI: 10.1063/1.1952585g

The bottom-up assembly of nanostructures, including
quantum dots, carbon nanotubes,sCNTsd, and nanowires,
promises a variety of applications ranging from
nanoelectronics1,2 to nanoelectromechanical systems3,4 and
sensors.5–7 Many studies have focused on directed self-
assembly using templates,8–12 in which nanostructures are
directed to assemble into a particular arrangement when they
grow. Such directed self-assembly, including the assembly of
carbon nanotubes, has been achieved on nanometer features
patterned by advanced lithographyssee, e.g., Refs. 9 and 11d.
Because making such a template involves complicated pro-
cessing, it is attractive to use self-assembled nanotemplates,
if possible.

We describe here the directed self-assembly of nano-
tubes using such a template, a self-organized nanocrystal ar-
ray formed via the decomposition of thin silicon-on-insulator
sSOId. No lithography is involved. As the Si template layer
sthe top Si layerd thickness on a SOIs001d wafer is reduced
to tens of nanometers, it dewets and agglomerates into Si
nanocrystals at high temperatures in a vacuum.13–15 These
nanocrystals assemble in a unique fourfold symmetric
pattern,13,15with the nanocrystals self-assembled alongk130l
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 SOI 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 solutionsfollowing the recipe in Ref. 16, diluted
106 timesd 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 depositionsCVDd is performed at 900 °C,
with a flow of CH4 at 400 sccm and H2 at 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 elec-
tron microscopy, x-ray photoelectron spectroscopy, and elec-

trical measurements. Raman spectroscopy measurements
show that the nanotube networks contain both single-walled
and multiwalled CNTs.

Figure 1 shows a scanning electron microscopesSEMd
image of a nanotube network grown using the FePt salt so-
lution. Nanotubes connect the Si nanocrystals and form a
network. Usually they extend over several microns, bridging
many Si nanocrystals. Some CNTs, or portions of CNTs,
appear fuzzy in Fig. 1sad because they are not in focus, either
because they are higher or lower than the island tops, or
because they are vibrating.17 Most CNTs are suspended be-
tween the tops of Si nanocrystals. Nanotubes drop to the
oxide substrate when the spacing between islands is large, as
shown in Fig. 1sbd. These observations indicate a strong geo-
metric influence on the nanotube growth. We have achieved
similar results on decomposed SOI using a thin Fe film as
catalystsFig. 2d.

adElectronic mail: lagally@engr.wisc.edu

FIG. 1. SEM images of a carbon nanotube network formed on decomposed
thin SOI using Fe–Pt solution catalyst:sad stop viewd nanotubes connecting
isolated Si nanocrystals andsbd s87° tilted viewd suspended nanotube bridg-
ing over Si nanocrystals and dipping to the substrate between two widely
spaced ones.
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The nanotube density is sensitive to growth conditions
and thus can be adjusted by varying the growth recipe. Under
all growth conditions, the majority of the nanotubes is con-
nected to at least one islandsFig. 2d. When the nanotube
density is low, almost all nanotubes are suspended between
the tops of islands. In the tilted viewfFig. 2sbdg, as we adjust
the focus to shift the focal plane, we can observe that a
majority of the nanotubes is suspended between island tops.
Among 177 nanotubes counted in SEM images, 4% sit on
the oxide without connecting to Si islands, while 87% are
attached to at least two Si islands. The rest are connected to
one Si island. The spider-shaped nanotube pattern starting on
Si islands is generally present, suggesting that the growth of
the nanotubes starts preferentially from the Si islands. Nano-
tubes can grow between the islands, reaching neighboring
islands, or they can fall to the oxide and stop growing. Of the
121 segments of nanotubes we counted bridging Si islands
whose spacing is smaller than 250 nm, 87% stay suspended
between the two islands.

In previous studies using lithographically patterned sub-
strates, where the catalyst is selectively positioned on the top
of pillars, nanotubes grow between such pillars.8,18When the
catalyst is distributed evenly over the sample, nanotubes
grow both on top of the pillars and on the bottom areas
between the pillars.11 In our experiment, we deposit catalyst
over the entire surface and it remains distributed evenly
across the substrate, as we observe with SEM at higher mag-
nification, both on top of the Si nanocrystals and on the
oxide between the nanocrystals. Nanotubes can in principle
grow anywhere and start from any location, at the top of the
islands or otherwise. Nanotubes appear, in fact, to prefer to
grow on the oxide.18 Yet we observe a strong preference for
nanotubes to exist between the tops of the Si islands when
the island spacing is small. We suggest that the topography
of the nanocrystals on the substrate determines the
suspended-nanotube network. We propose that this topogra-
phy hinders feedstock gas from reaching catalyst particles
lying lower, on the oxide.

The Si nanocrystals are about 90 nm high and
100–150 nm wide, with 200 nm base-to-base spacing. With
such a large height-to-spacing ratio, the nanocrystals may be
able to disturb the flow pattern of the carbon feed gas. At our
growth conditions, the mean free path of the gas molecules is
on the same order as the separation of the Si islands, and the
feed gas may not be able to reach the bottom areas between
the Si nanocrystals, providing a stagnant zone. To confirm
this suggestion, we examine the effect of the Si nanocrystals
on the flow pattern for our CVD growth conditions, using
computational fluid dynamicssCFDd modeling software
sFluentd.

In our CVD growth, the methane flow is laminar.19 The
furnace tube diameter is much larger than the mean free path
of the gas molecules, hence, gas transport is dominated by
molecule–molecule collisions, and the flow can be described
by continuum theory. As a simple first approximation, we
consider only geometric effects in the simulation. The simu-
lation is done in two dimensionssx,zd with an array of rect-
angularly shaped islands on the sample surface. The islands
are 90 nm high, 120 nm wide, with 200 nmfFig. 3sadg or
200 nm and later 400 nm spacingfFig. 3sbdg, and we simu-
late ten periods of the rectangular units. The simulation do-
main height is chosen to be 2mm, ten times the island spac-
ing, such that we can still achieve a quantitative picture with
reduced computation. The flow front at the entrance of the
reactor is uniform in height and a moving boundary with a
velocity of 0.0033 m/s is placed at the top. Figure 3 shows
that the islands markedly disturb the flow pattern; the modi-
fied flow is fully developed after the first several islands.
Similar to earlier results of flow on rough surfaces,20 our
simulation reveals stagnant regionssdeep blue coloredd be-
tween the islands and consequently starved nanotube growth
conditions fFig. 3sadg. The fully developed flow pattern
shows that the magnitude of the gas flow velocity between
islands is almost zero, so that the methane gas is not able to
reach the bottom areas between the islands. Although there

FIG. 2. SEM images of carbon nanotube network on decomposed thin SOI
using 1 nm Fe film catalyst:sad top view andsbd 80° tilted view showing a
high density of suspended nanotubes.

FIG. 3. Simulated methane flow pattern on rectangularly shaped island array
at 900 °C: sad array with 200 nm spacing, andsbd array with
200 nm/400 nm spacing. The islands are 90 nm high and 120 nm wide.
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.
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are catalyst particles on the oxide between the islands, they
are not able to capture the carbon feedstocksmethane gasd
and thus nanotube growth will be starved there. As the island
spacing becomes larger, the gas is more able to flow down to
the oxide, as shown in Fig. 3sbd. Chances for nanotubes to
start growing from catalyst particles on the oxide should be
larger as the island spacing increases. Indeed, we observe
many nanotubes grow from the catalysts on the oxide be-
tween the islands when the separation between Si islands is
about 500 nm.

The flow pattern given by the CFD simulation should be
qualitatively correct, but it does not take into account the
consumption of the feed gas, which will be higher on top of
the islands. This consumption of the feed gas further reduces
the flow of methane for nanotube growth in the lower re-
gions. We believe this picture explains in a simple physical
fashion why nanotubes grow from the tops of the islands
when the island spacing is appropriate, without a need to
invoke chemical effects.21

On a flat substrate, nanotubes generally grow along the
substrate surface because of strong van der Waals forces be-
tween the nanotubes and the substrate. This strong interac-
tion drives them to maximize their contact area with the
substrate. When nanotubes start from catalyst particles on
top of the nanocrystals, however, the energy gained by stay-
ing close to the substrate comes at the expense of the strain
energy for the nanotubes to conform to the substrate mor-
phology. The nanotube profilehsxd along the tube axis is
determined by the balance of the strain and adhesion ener-
giesEs andEad. The strain energyEs can be calculated by the
integration ofEpsa4−b4d /8e rsxd−2dx along the tube, where
E is the Young’s modulus,asbd is the outersinnerd diameter
of the nanotube, andrsxd is the local radius of curvature
along the nanotube.22 For a nanotube with a diameter of
about 100 Å, the adhesion energy is reported to be
0.8±0.3 eV/Å.23 The strain energy can be calculated with a
known local curvature. It has been shown that a 100 Å nano-
tube would prefer not to conform to the substrate topography
when the island radius is smaller than 500 nm.24 This result
qualitatively explains our observations: the nanotubes con-
form to the three-dimensionals3Dd island surface for some
length depending on their diameters, and then grow away
from the island surface when the strain energy becomes
larger than the adhesion energy.

Among the nanotubes that nucleate on tops of the is-
lands, those that manage to stay up and bridge to other is-
lands preferentially continue to grow, while those that dip
down fail to survive because their continued growth becomes
starved. When the island spacing is small, most of the ones
that survive will be bridging. As the spacing gets larger, more
nanotubes will start to grow from the catalysts on the oxide
surface between the islands because now they are able to
capture the feedstock gas. At the same time, nanotubes that
nucleate on the islands and grow have a chance to reach
down and continue to grow on the oxide. In addition, the
nanotubes that are suspended between more widely separated
islands have a larger chance to touch the bottom oxide sur-
face and get stuck as they vibrate. Figure 1sbd shows an
example: a nanotube is suspended between the tops of sev-
eral islands, drops onto the oxide surface, and then lies on
the tops of the islands again.

In summary, we have produced a carbon nanotube net-
work using a unique nanotemplate, self-assembled Si nano-

crystals that form when the thin Si template layer of SOI
decomposes at high temperature under vacuum. No lithogra-
phy is required. The majority of the nanotubes is suspended
between the tops of Si nanocrystals. We explain this behavior
by the influence of the island topography on the methane gas
flow pattern, with feedstock unable to reach the oxide surface
when the 3D islands are close. The nanotubes grow away
from the Si nanocrystal surfaces instead of conforming to
them in order to minimize the total free energy, and then
attach to other nanocrystals. Suspended CNTs grown in this
manner may allow us eventually to achieve functional nano-
tube architectures useful for electronic, optoelectronic, or
chemical sensing applications.
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