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ABSTRACT

In this report, 2D arrays of single-walled carbon
nanotubes (SWNTs) have been grown on Silicon substrate 
of both Si(100) surface and Si(111) surface by using
chemical vapor deposition (CVD). The two-fold growth 
symmetry on Si(100) and three-fold growth symmetry on 
Si(111) show preferred growing direction of carbon
nanotubes along the lattice orientation of the underneath 
substrate. This confirms the earlier simulation results [1, 2].
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1 INTRODUCTION

The research on single-walled carbon nanotubes
(SWNTs) has long been an interesting research topic due to 
their unique mechanical, electronic and thermal properties 
as well as chemical stability [3,4]. Utilizations of these
properties have shown wide range applications including 
nanoelectronic devices [5], sensors [6], scanning probes [7] 
and field emission display [8]. These applications,
especially the one of making carbon nanotube transistors 
[9], make it very desirable for the integration of carbon 
nanotubes (CNTs) with long established Si technology.
However, there is one long-standing issue that needs to be 
tackled in order to accomplish large integration: growing 
ordered nanotube architecture with high yield. In the past, 
obtaining ordered SWNT architecture in aligned
orientations has been challenging. Many efforts have been 
put into making well-defined 2D networks of SWNTs and 
nanowires (NWs) [10-11]. But the alignment achieved is 
limited. Here we propose a simple but effective way of
building SWNT arrays with perfect alignment to lattice 
orientation through the lattice directional growth
mechanism

The three-fold symmetry of the discrete orientations 
between CNTs and hexagonal graphene surfaces has shown 
that carbon nanotubes (CNTs) have preferred orientations 
on the highly oriented pyrolytic graphite (HOPG) substrate 
where they have sharp potential energy minima [12]. This
was demonstrated by the manipulation of CNTs with AFM 
on HOPG substrate showing the motion changing from 
sliding/rotating in-plane to stick-roll associated with
dramatic increase of lateral manipulating force when CNTs 

are in commensurate contact with HOPG. And this was 
additionally justified by the simulation results using
molecular statistics and dynamics method [1]. Later, on 
silicon surfaces, direct synthesis of SWNTs with relevant
simulation [2] using the same method as in [1] has revealed 
that the orientations of grown SWNTs can be determined 
by the lattice of the Si substrate, though the experimental 
results obtained are not distinct and the yield of SWNTs is 
low. In our approach [13], arrays of SWNTs with discrete 
orientations have been synthesized through the same
mechanism on different silicon substrates by chemical
vapor deposition using methane. The yield has been largely 
improved.

2 SYNTHESIS

Our synthesis begins with the patterning of catalytic
strips on silicon substrate using micro contact printing
method [13]. Firstly, liquid phase catalyst are prepared by 
dissolving AlCl3·6H2O(2.4g), FeCl3·6H2O(90mg),MoO2Cl2
(4mg) and P123 copolymer (1g) in a mixed ethanol and 
butanol solution using previous developed recipe [14, 15] 
for growing SWNTs. A conditioning catalyst is also
adopted to enhance the yield [10]. Secondly, a 1cm 1cm
PDMS stamp with strip pattern on the surface is inked with 
catalyst and used to print catalyst strip pattern onto the
silicon surface [13]. On the surface of silicon substrate,
there is  naturally grown native oxide. The strips are spaced 

at 2-micron pitch. Thirdly, the patterned substrate is
transferred into 1-inch quartz tube furnace to proceed to 
CVD growth at 900ºC with methane flowing rate at
1000mL/min. The flowing of methane is maintained for 10 
to 20min and is preceded and followed by the flowing of 
argon.

3 RESULTS

We have conducted the experiments on substrate of both
Si (100) surface and Si (111) surface. We characterized our 
samples with field emission electron microscope (SEM) 
and atomic force microscope (AFM). 

3.1   Si (100) surface

In Fig. 1(a), the feature of the two-fold growth
symmetry is clearly seen from the arrays of white lines.
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Figure 1: SEM images of SWNTs on single crystalline 
Si (100) surface substrates. (a) Arrays of SWNTs are grown
between patterned catalyst strips. (Strip pattern are broken 
into disconnected islands.) (b) SWNTs are grown across 
each other with 90º.

The two preferred orientations of these SWNTs as shown in
Fig. 1(b) characteristically reflect the lattice structure
underneath. With further cross section characterization by 
AFM (Fig2), we can measure their diameters. The range of
their diameters is  from 1-5nm with a means of 1-2nm and 
lengths up to 6 micrometers [13].

3.2   Si (111) surface

We repeated the same experiment on substrate of Si(111) 
surface. Three-fold growth symmetry is clearly shown in 
Fig 3(a) and 3(b). The orientations of these nanotubes  being 
separated by multiples of 60º, additionally confirm a perfect 
matching between SWNTs and the lattice orientation of the 
Si (111) surface. Dark area of strip patterns is catalyst
printed from PDMS stamp.

Figure 2: AFM images of SWNTs on Si (100) surface (a) 
and a cross section analysis of one tube.

Contrary to earlier result [2], in our experiments under 
the same condition, SWNTs grown on Si(111) aren’t any 
shorter than those grown on Si (100), though from the 
previous simulation, energy barriers for sliding the
nanotubes on Si(111) is 2 times higher than that on Si
(100).

One very interesting observation that we have in the 
above images is that it is rare to find any two carbon
nanotubes grown to cross each other while they can easily 
be grown across the catalyst. This proposes a method of 
controlling the length of carbon nanotubes and forming a 2-
D network architecture. Especially in figure 3c, the
branching feature is observed. Whether they are inherently 
grown to connect to each other is yet to be determined.

In this work, we have confirmed in further steps the 
preferred growing direction of SWNTs along Si substrate 
lattice orientation. We observed that other tubes lying
across to them limit the lengths of these SWNTs when they
are grown into arrays. This, combined with our improved
yield of growing SWNTs, emphasized the great potential of
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Figure 3. (a)-(c) SEM images of SWNTs on single
crystalline Si(111) surface substrate. Dark area is the
pattern of catalyst. SWNTs are aligned to each other with 
an angle of multiples of 60º. No tubes are observed to cross 
each other. Branching feature is clearly seen in (c).

the technique to the integration of making nanotube devices
with conventional silicon technology.
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