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Effect of a Si-nanocrystal Layer on the Vertical Growth of Multiwalled
Carbon Nanotubes by Using Chemical Vapor Deposition
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We report a synthesis approach using a Si-nanocrystal (NC) layer that is formed by annealing a
Si-rich oxide with different oxygen contents (stoichiometry, x) for growing vertically-aligned multiwalled carbon nanotubes (VA-MWCNTs). VA-MWCNTs with a largest length and diameter of
about 190 µm and 20 nm, respectively, were grown at x = 1.6. The atomic-resolved transmission
electron microscopy image of the tube wall at x = 1.6 revealed almost-straight and well-separated
graphitic sheets without defects, possibly resulting from the highest-quality Si NCs at x = 1.6.
Active iron catalyst particles were formed on the Si-NC layer, resulting in the formation of highlyaligned MWCNTs. Possible mechanisms are described to explain the experimental results.
PACS numbers: 61.48.De, 68.37.Lp, 68.37.Hk, 81.07.De
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I. INTRODUCTION

Recently, vertically-aligned (VA) multiwalled carbon
nanotubes (MWCNTs) have received much attention in
view of both fundamental studies and device applications due to their unique properties [1–3]. VA-MWCNTs
are also promising candidates to improve the thermal
performance of a thermal interface material due to its
ultra-high thermal conductivity of about 600-3000 W
m−1 K−1 for an individual MWCNT [4]. VA-MWCNTs
can be obtained in two different structures, commonly
known as the tubular and the bamboo-like structures [5],
by using chemical vapor deposition (CVD). Both structures are frequently formed together when a thin catalyst
layer or catalyst particles are employed for the growth of
MWCNTs [6,7]. However, the bamboo-like structures
are not suitable for CNT devices such as membranes,
filters, and microbatteries, where tubular structures are
required [1,2]. Much experimental evidence has shown
that the thickness of the catalyst layer governs the size
of the catalyst particles [8,9], whose shape determines
the structure of a VA-MWCNT [5].
Various efforts have been made to improve and control the growth of CNTs. A sputtered Al film is known
to enhance CNT growth, thereby producing longer tubes
than the CNTs grown in the bare quartz area [10]. It has
been reported that the CNT growth rate can be adjusted
by merely altering the thickness of Si oxide, and this dependence can be utilized to tune the CNT length and
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to build 3D architectures [11]. CNTs have been shown
to preferably grow on Si substrates at areas implanted
with xenon ions, leaving the unimplanted areas blank
[12]. CNT networks have been produced using a nanotemplate, self-assembled Si nanocrystals (NCs) [13].
In this paper, we report a unique synthesis approach
using a Si-NC layer that is formed by annealing a Sirich oxide (SRO, SiOx ) for growing VA-MWCNTs. This
method has an advantage over the conventional methods
in that it can control the diameter and the height of the
VA-MWCNTs by simply varying the stoichiometry (x)
of the SRO films.

II. EXPERIMENTAL
100 nm SRO films were fabricated on p-type Si wafers
by using ion beam sputtering deposition (IBSD). The
sample fabrication was performed at room temperature
using an Ar+ beam with an ion energy of 750 eV at 25
mA in an IBSD system with a Kaufman-type DC ion gun
and Si target. The deposition chamber was evacuated to
a pressure of 5.0 × 10−9 Torr before introducing the argon gas into the system. The SRO layers were deposited
by sputtering Si in an oxygen ambient at different partial
pressures. The x value of the SiOx films was varied from
1.2 to 2.0. Details of the system are described elsewhere
[14].
After deposition, the SRO samples were annealed at
1100 ◦ C for 20 min in a ultra-pure nitrogen ambient to
grow Si NCs within the SiO2 . The size of the NCs was an-
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Fig. 1. (Color online) Schematic for the fabrication processes of the VA-MWCNT.

alyzed by using high-resolution transmission microscopy
(HRTEM) for various x values [15]. The sizes of the Si
NCs were estimated to vary from ∼5 to ∼2 in the range
of x = 1.2 ∼ 1.8. A 15 nm Fe film was deposited on
top of the Si-NC layer/Si wafer by using electron-beam
evaporation and was subsequently annealed at 850 ◦ C for
30 min to form Fe nanoparticles as a catalyst for CNT
growth. CVD of CNTs was then performed at 900 ◦ C
for 15 min with a mixed flow of C2 H4 at 400 sccm, Ar at
300 sccm, and H2 at 100 sccm. The fabrication processes
of the VA-MWCNT are schematically described in Fig.
1. The grown MWCNTs were sonicated for 2 h in a solution of isopropyl alcohol and kept for 16 h until they
were dispersed to prepare the HRTEM specimen.

Fig. 2. (Color online) (a) - (c) SEM images of VAMWCNTs for x = 1.2, 1.6, and 1.8, respectively. (d) Height
and diameter of VA-MWCNTs as functions of x.

III. RESULTS AND DISCUSSION
Figures 2(a), (b), and (c) show SEM images of the
MWCNTs grown on Si-NC layers formed at different x.
The MWCNTs are vertically well-aligned irrespective of
x. Figure 2(d) summarizes the x-dependent variations of
the length and the diameter of the VA-MWCNTs, which
were measured by scanning electron microscopy (SEM)
and HRTEM, respectively. Both the length and the diameter of the VA-MWCNTs increase with increasing x
up to 1.6, but above x = 1.6, they sharply decrease. The
largest length and diameter are about 190 µm and 20
nm, respectively, at x = 1.6.
As confirmed by the HRTEM images in Fig. 3(a),
all VA-MWCNTs had an ideal tubular structure. No
bamboo-like MWCNTs were grown in this work, irrespective of x. The defects are observed except for x =
1.6, as indicated by red arrows in Fig. 3(a). The atomicresolved image of the tube wall at x = 1.6 reveals almoststraight graphitic sheets well separated by a distance of
0.34 nm, as shown in the marked box of Fig. 3(a). At
other x values, the graphitic sheets are less straight and
more distorted, indicating a lower degree of crystalline
perfection compared to the VA-MWCNTs at x = 1.6.
These results may explain why both the diameter and
the length of the VA-MWCNTs are largest at x = 1.6.

Fig. 3. (Color online) (a) HRTEM images of VA-MWCNTs
for x = 1.2, 1.4, 1.6, and 1.8. The defects are marked with
red arrows, and atomic-resolved images of the tube walls are
shown in separated boxes. (b) HRTEM images of Fe nanoparticles at the tip of CNTs for x = 1.2 and 1.6.

The HRTEM micrograph of a MWCNT bunch in Fig.
3(b) shows that spherically-shaped catalyst particles are
predominantly observed at the tip of the tubes for x =
1.6, which is a characteristic of well-grown tubular struc-
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Fig. 4. (a) Cross-sectional HRTEM image showing the
existence of γ-Fe catalyst nanoparticles at the interface of
MWCNTs/Si-NC layer. (b) Magnified HRTEM image of Fe
nanoparticles. The inset shows the lattice fringes of a Fe
nanoparticle.

tures [5], but at other x values, the catalyst particles have
a conelike shape, consistent with the atomic-resolved images in Fig. 3(a).
A cross-sectional HRTEM image at x = 1.6 after CVD
growth of CNTs is shown in Fig. 4(a). Irregular-shaped
Fe-containing particles of 10 to 20 nm in diameter and
some VA-MWCNTs grown from these dispersed particles appear on the top surface of the Si-NC layer even
after removal of most of the VA-MWCNTs. The lattice
fringes in the inset of Fig. 4(b) and the electron diffraction pattern (not shown here) prove that the nanosized
particles are pure γ-Fe (fcc Fe), which is known to be
an active catalyst for CNT growth on a SiO2 surface
[16]. However, our work is in contrast with a previous
report [16] in that the VA-MWCNTs were grown better
on Si-NCs-containing SiO2 than on pure SiO2 (x = 2.0),
as shown in Fig. 2(d), indicating that the Si NCs could
strongly affect the growth of VA-MWCNTs. On the SiNC layer, the carbon atoms in the gas phase dissolve
into the γ-Fe nanoparticles formed on the surface during
annealing. The γ-Fe nanoparticles would then become
supersaturated with carbon atoms, and the precipitation of carbon from the surface of the γ-Fe nanoparticle
would result in the formation of tubular highly-aligned
MWCNTs.
As reported by us [14], the photoluminescence intensity of the Si-NC layer is largest at x = 1.6, indicating
the optimum formation of Si NCs, principally in view of
the NC density and the defect states at the NCs/SiO2
interface [17]. Based on these facts, several physical origins can be considered for explaining the growth of the
best-quality VA-MWCNTs at x = 1.6. Firstly, the γ-Fe
nanoparticles could be prepared under optimum conditions resulting from the highest-density Si NCs with minimal interface states at x = 1.6 because the Si-NC layer
is properly corrugated, thereby providing seeds suitable
for the nucleation of Fe nanoparticles. As a second possibility, the vertical growth of MWCNTs could be directly
enhanced by the existence of Si NCs, consistent with the
fact that CNTs grow away from Si NC surfaces in order
to minimize the total free energy [13].
Raman measurements were also done for VA-

MWCNTs grown at different x. Two distinctive features in the Raman spectra were the D band (disorder)
at ∼1359.9 cm−1 and the G band (graphite) at ∼1576.4
cm−1 , representing zone center phonons of E2g symmetry and K-point phonons of A1g symmetry, respectively
[3,18]. The G bands were hardly distinguishable between
the samples with different x values, while clear differences were shown in their D bands. The intensity ratio
between the D and the G bands (ID /IG ) was smallest
at x = 1.6, meaning the degree of long-range ordered
crystalline perfection was highest with the disorder minimized at x = 1.6 [19], consistent with the HRTEM results.

IV. CONCLUSION
Si NCs were employed to grow highly-aligned MWCNTs by using CVD. SRO films with different values of
x were fabricated on p-type Si wafers by using IBSD
and were annealed to form Si NCs. Subsequently, a Fe
film was deposited on top of the Si-NC layer/Si wafer
and annealed to form Fe nanoparticles as a catalyst.
The SEM and the HRTEM images showed that the VAMWCNTs had the largest length and diameter when
their walls were composed of almost-straight and wellseparated graphitic sheets without defects at x = 1.6,
possibly resulting from the highest-density Si NCs with
minimal interface states at x = 1.6. These results suggest
that the growth of VA-MWCNTs can be well controlled
by simply varying the stoichiometry of SRO films.
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