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ABSTRACT

Nanoscale metal catalysts have been indispensable for carbon nanotube (CNT) synthesis by chemical vapor deposition (CVD). We show that
even semiconductor nanoparicles of SiC, Ge, and Si produce single-walled and double-walled CNTs in CVD with ethanol. This implies that
nanosize structures might act as a template for the formation of CNT caps composed of five- and six-membered rings. Providing a template
for cap formation is the essential role of the catalysts.

Controlled synthesis of carbon nanotubes (CNTs) is a major
issue for their applications to nanoscale electronics and
photonics. Nanoscale metal catalysts have been indispensable
for CNT synthesis by chemical vapor deposition (CVD),
which is commonly used for CNT synthesis on substrates.1

Metal catalysts are thought to work by (i) decomposing
hydrocarbon molecules, (ii) precipitating carbon atoms on
the catalyst particle surface, and (iii) forming a graphite
cylinder. Effective catalysts have been limited to iron, cobalt,
nickel, and palladium, which have a catalytic function to
produce graphite on bulk crystal surface.2 Recently, however,
gold, silver, and copper have been reported to produce
CNTs.3-5 This implies that hydrocarbon-molecule decom-
position and graphite formation abilities are not essential and
leads to a new interpretation of the role of catalyst particle
in CNT growth: only a nanoscale curvature would be
necessary to grow CNTs if carbon atoms are supplied to the
nanocurvature.

Here, we report experimental evidence supporting the
above hypotheses: CNT formation on semiconductor nano-
paricles of SiC, Ge, and Si, with which no catalytic functions
were expected, in CVD with ethanol. Grown CNTs are
single-walled (SWCNTs) or double-walled (DWCNTs), with
a diameter of 5 nm or smaller.

SiC nanoparticles were formed on Si(111) substrate. To
clean the Si substrate, we used H2SO4/H2O2 (4:1) oxidation
(for 5 min) followed by buffered-HF etching (for 1 min).
Finally, the Si substrate was soaked in C2H5OH solution for

3 min. After wet treatments, SiC crystalline nanoparticles
with the epitaxial relationship of (111)/(111) were formed
by heating the Si(111) substrate at around 1000°C in an
ultrahigh vacuum (UHV). The source of carbon was carbon-
bearing molecules desorbed from the sample or the sample
holder. Ge and Si nanoparticles were formed on 6H-
SiC(0001) substrates. To clean the SiC substrate, we
used H2SO4/H2O2 (4:1) oxidation (for 5 min) followed by
buffered-HF etching (for 1 min). After final oxidation in
H2SO4/H2O2 (4:1) (for 5 min), annealing and Si deposition
on the SiC substrate were done at around 1000°C in UHV.
By annealing and Si deposition, the surface structure of
SiC changed from 1×1 (before annealing), tox3×x3 (after
1000°C annealing), and finally to 3×3 (after Si deposition).
Ge or Si was deposited on the 6H-SiC(0001)3×3 surface at
room temperature. For Ge and Si, crystalline nanoparticles
with the epitaxial relationships of both (111)/(0001) and
(110)/(0001) were formed by annealing the substrate at
400 °C.6,7

For CNT synthesis, high-temperature air heating and
ethanol CVD were performed successively, the same as the
case of gold, silver, and copper.3 First, the substrate was
introduced into the furnace, which had been preheated to
900 °C. The introduction and heating were done in air at
atmospheric pressure. The duration of air heating was 1-10
min depending on the particle species and size. Then, air
was evacuated with a rotary pump down to 1× 102 Pa and
replaced by Ar/H2 (3% H2 by volume) with the pressure of
9 × 104 Pa. To remove the oxide formed on the catalyst
particles during air heating, the sample was kept in the
900 °C Ar/H2 ambience for 10 min. Then the temperature
was set to 850°C, and the CVD growth was performed by
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bubbling liquid ethanol using Ar/H2 gas for 10-30 min at
5-7 × 102 Pa. The flow rate of the bubbling gas was about
50 sccm (standard cubic centimeter per minute).

To synthesize CNTs using semiconductor nanoparticles,
it is essential to use particles 5 nm or smaller. We prepared
such particles in UHV while observing reflection high-energy
electron diffraction (RHEED). SiC nanoparticles were formed
on Si(111) substrate, and Ge and Si nanoparticles were
formed on SiC(0001) substrates. Figure 1a is a RHEED
pattern from SiC nanoparticles on Si substrate. The transmis-
sion diffraction spots, one of which is denoted by an arrow,
indicate that SiC crystalline particles have epitaxial relation-
ship with the Si(111) substrate.8 The atomic force microscope
(AFM) image of the surface in Figure 1b shows that the
nanoparticle size is less than 5 nm. Similarly, Ge and Si
crystalline nanoparticles were formed on SiC(0001) sub-
strates. RHEED patterns and AFM images of those particles
are shown in Figures 1c-f. The RHEED patterns confirm
the epitaxial relationships of Ge(111)/SiC(0001) and Si(111)/
SiC(0001), and the AFM images reveal that Ge and Si
nanoparticle sizes are less than 5 nm.

CNTs were grown using those nanoparticles by supplying
carbon atoms thermally decomposed from ethanol at 850°C.
Heating in air is the key technique for CNT synthesis from
semiconductor nanoparticles. Prior to supplying ethanol, we
cleaned the sample by 900°C heating in air. This process
removes carbon contaminants on the nanoparticles.3 It should
also cause oxidation of nanoparticles, but the core of the
semiconductor nanoparticles remained unoxidized as dis-

cussed later. The surface oxide layer should be reduced or
sublimated by succeeding heating in Ar/H2, and resulting
clean particles should contribute to CNT growth.

Transmission electron microscope (TEM) images are
shown in Figure 2 for CNTs grown from SiC, Ge, and Si
nanoparticles. In all cases, CNT growth was confirmed. They
are not very straight and forming looped shapes. High-
resolution images in the insets show that these CNTs are
either single-walled or double-walled. For Ge and Si nano-
particles, the root part including a catalyst particle could be
observed. However, lattice fringes of the particles could not
be observed because it was difficult to adjust the electron
beam incidence to the crystalline orientation of the particular
nanoparticles. The CNT yield from Ge nanoparticles is higher
than those from SiC and Si nanoparticles. The melting point
of Ge is much lower than those of SiC and Si. It is plausible
that Ge nanoparticles are molten during CVD, which might
be related to the higher CNT yield.

Raman scattering spectra from grown CNTs are shown in
Figure 3. Signals due to the radial-breathing mode (RBM)
were detected in all cases.9 Two excitation-laser wavelengths
were used to probe a wide range of CNT chiralities. Metallic
CNTs with diameters of 1.2-1.3 nm produce RBM at around
185-210 cm-1 with 633 nm excitation-laser wavelength, and
semiconducting CNTs with diameters of 1.3-1.5 nm produce
RBM at around 165-190 cm-1 with 532 nm excitation-laser

Figure 1. RHEED patterns and AFM images of epitaxially grown
semiconductor nanoparticles. (a) RHEED pattern of epitaxially
grown SiC nanoparticles on Si(111)7×7. A 20 kV electron beam
was incident from the [112] azimuth. The arrow indicates a
transmission diffraction spot of SiC(111) plane. (b) AFM image
of SiC nanoparticles. Size distribution is 1.2( 0.5 nm. (c) RHEED
pattern of epitaxially grown Ge nanoparticles on SiC(0001). The
arrow indicates a transmission diffraction spot of Ge(111) plane.
(d) AFM image of Ge nanoparticles. Size distribution is 1.7(
1.4 nm. (e) RHEED pattern of epitaxially grown Si nanoparticles
on SiC(0001). The arrow indicates a transmission diffraction spot
of Si(111) plane. (f) AFM image of Si nanoparticles. Size
distribution is 1.3( 0.7 nm. Figure 2. TEM images of CNTs grown from semiconductor

nanoparticles of (a) SiC, (b) Ge, and (c) Si. Upper and lower insets
are high-resolution images of SWCNTs and DWCNTs, respectively.
Inset scale bars: 5 nm.
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wavelength.10 For all the nanoparticle species, RBM peaks
originated from both metallic and semiconducting CNTs are
seen. Large signals indicated by asterisks originate from the
SiC substrate.11

The CNT diameters observed in the TEM images in
Figure 2 are 3-4 nm and are larger than those derived from
RBM peaks. Such large-diameter CNTs produce RBM peaks
at less than 100 cm-1, which could not be detected with the
present Raman spectrometer. In TEM, CNTs lifting off the
substrate were selectively observed. Those lifting CNTs are
curled or looped, showing that they are defective. On the
other hand, straight CNTs tend to lie on the surface when
they grow longer than about 100 nm.12 Large-diameter and
defective CNTs did not fall on the substrate surface and thus
could be observed by TEM.

We did not see any clear differences in the CNT diameter
distributions among SiC, Ge, and Si catalysts. There seems
to be no preference of chirality for each catalyst species.
Even if there were any catalyst-species dependences, a broad

size distribution of nanoparticles made it difficult to elucidate
the catalyst-species dependences.

The present study demonstrates that SWCNTs and
DWCNTs are produced from SiC, Ge, and Si nanoparticles.
The chemical state and phase of the nanoparticles during
CVD are of great interest. Although they were exposed to
high-temperature air before the CVD process, the core of
nanoparticle was expected to remain unoxidized. This is
because compressive stress induced by surface oxidation
prevents full oxidation of the nanoparticles.13 The thin oxide
layer formed in the air heating can easily be sublimated at
the CVD temperature.14,15 However, we do not exclude the
possibility of contribution of oxide on CNT growth at
present.

Concerning the phase of the catalyst particles in the CVD
ambience, Ge nanoparticles can be molten at 850°C because
the melting point of bulk Ge is 937°C and melting point
reduction is expected for nanoparticles.16 On the other hand,
SiC nanoparticles might remain solid during CVD, because
SiC particles on a Si surface only sublime without melting.
In UHV, we have confirmed that the SiC nanoparticles used
for CNT growth were single crystalline even at 1000°C by
RHEED (Figure S1, Supporting Information). For Si nano-
particles, although we have no experimental evidence, we
think that Si nanoparicles were solid during CVD because
of the high bulk melting point, 1410°C, and the strong
covalent bond. The covalent Si and SiC cases are different
from metal particles whose thermal stability is governed by
weak metallic bonds.

Unlike the conventional metal catalysts, iron, cobalt, and
nickel, for CNT synthesis, semiconductors as well as gold,
silver, and copper, in their bulk form, do not have a catalytic
function to produce graphite. And even those materials, when
they become nanosize particles, can form CNTs. This implies
that carbon atoms on a nanoparticle can assemble themselves
into CNTs. Nanosize structures with a curvature of 5 nm or
smaller might act as a template for the formation of CNT
caps composed of five- and six-membered rings. Providing
a template should be the essential role of the catalysts. Then,
we speculate the CNT growth mechanism as follows.
Nanoparticles can be liquid17,18 or solid19 in the CVD
ambience. Most metal nanoparticles and Ge are molten
during CVD, while SiC and Si particles might remain solid.
When the catalyst is liquid, carbon atoms are soluble in it.
In the solid case, carbon atoms are adsorbed on the surface
of the catalyst. Or, catalyst and carbon atoms may form a
noncrystalline cluster.20 In any case, carbon atoms precipi-
tated or adsorbed on the nanoparticle surface may assemble
themselves to form CNT caps. Once a cap is created, it acts
as a nucleus and carbon atoms on the nanoparticle are
incorporated into the edge of the cap, forming a graphite
sheet cylinder as a nanotube (root growth mechanism).21 On
a flat surface, on the other hand, even if a graphite sheet is
formed, its surface is inert and graphite growth is terminated
at one monolayer. For liquid phase, our interpretation would
be within the framework of the vapor-liquid-solid (VLS)
mechanism of nanotube growth.17,21 However, the VLS
mechanism only explains selective carbon uptake into

Figure 3. Raman spectra of CNTs grown from semiconductor
nanoparticles of (a) SiC, (b) Ge, and (c) Si. The upper and lower
spectra were obtained using excitation-laser wavelengths (λex) of
532 and 633 nm, respectively. Spectra from three measurement
points are overlain in each panel. The signals indicated by an
asterisk originate from the SiC substrate.
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nanodroplets and supersaturation of carbon, and it does not
tell how a cap is created. A theoretical support of cap creation
on a curved surface could be found in ref 22, although it
was only successful on the iron particle surface.

We should comment on the yield of CNTs from the new
catalyst species. Although we could not get quantitative data,
the yield was much lower for SiC, Ge, and Si than for iron
group metals iron, cobalt, and nickel. As mentioned above,
Ge nanoparticles had a higher CNT yield compared to SiC
and Si nanoparticles. The CNT yield of gold, silver, and
copper lay in the intermediate of iron group metals and
semiconductors. The difference in the CNT yield might
reflect the catalytic activity of ethanol decomposition. SiC,
Ge, and Si should have little activity of ethanol decomposi-
tion. Thus, a higher growth temperature, 850°C, was
essential to induce pyrolysis of ethanol. The phase of the
nanoparticle, solid or liquid, would also affect the CNT yield,
because it relates to the precipitation mechanism of carbon
atoms on the nanoparticle surface.

The self-assembling nature of CNTs on a nanoparticle has
important meaning in the growth control and application of
CNTs. “Catalyst-free” synthesis of CNTs would be possible
by using nanoscale roughness with a high density. The
nanoscale structures can have a single-crystalline orientation,
as suggested for SiC particles. By selecting a suitable material
or a crystal structure, chirality-controlled CNT growth would
be possible from nanocrystals in a single-crystalline orienta-
tion.
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