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Abstract We demonstrate the growth of single-walled carbon nanotubes (SWNTs) using ethylene-based chemical

vapor deposition (CVD) and ferritin-induced catalytic particles toward growth temperature reduction. We first

optimized the gas composition of H2 and C2H4 at 500 and 30 sccm, respectively. On a planar SiO2 substrate, high

density SWNTs were grown at a minimum temperature of 760oC. In the case of growth using nanoporous templates,

many suspended SWNTs were also observed from the samples grown at 760oC; low values of ID/IG in the Raman

spectra were also obtained. This means that the temperature of 760oC is sufficient for SWNT growth in ethylene-based

CVD and that ethylene is more effective that methane for low temperature growth. Our results provide a recipe for low

temperature growth of SWNT; such growth is crucial for SWNT-based applications. 
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1. Introduction

Since their discovery in 1993, single-walled carbon
nanotubes (SWNTs) have attracted much attention due to
both their outstanding physical properties and their
nanoscale dimensions [1-4]. For example, the superior
electronic performance of SWNTs has resulted in a huge
number of studies on post-silicon materials, looking toward
the realization of SWNT-based nanoelectronics. However,
there are a few barriers to the adoption of SWNTs into real
logic devices with single strand precision. Those obstacles
are the low controllability of the metallicity in the growth
stage, the difficulty of control of the growth direction or of
single tube-transfer, and the decrease of the growth
temperature. 

In terms of metallicity-controlled growth, there are still
many tasks that must be accomplished to clarify this
growth, although some promising results have recently
been reported toward single-chirality SWNT growth
through the control of the catalytic alloy composition and
the morphology [5-7]. In detail, Wang et al. reported the
use of the CoSO4/SiO2 alloy system to control SWNT
catalytic activity; these researchers obtained preferential
growth of (9,8) tubes [5]. Wang et al. also adopted a
similar approach of using a W6Co7 alloy as a catalyst and
reported the specific growth of (12,6) SWNTs [6]. Control
of the tube diameter or the chirality through varying of the
catalytic particle size is another approach to realize

metallicity-controlled growth of SWNTs. Based on the
diameter correlation between the catalytic particles and the
resultant tube has been reported. Thin film-based catalysts
made using electron-beam (E-beam) evaporation and
successive annealing have mainly been employed in
catalyst preparation. On the other hand, catalysts dispersed
in a liquid phase, such as ferritin [8-13] and Au colloids
[14-17], have also been used to obtain uniform-sized
catalytic nanoparticles. In addition, thermal annealing,
which results in heat-derived evaporation, has been
reported as a secondary technique to control the catalytic
particle size [17]. As a different approach, the use of
growth templates that have regular arrays of nano-sized
pores has been attempted because it can be expected that
the nanoporous templates, such as zeolites [18-21], MgO
[22-23], and mesoporous silica [24], incorporate catalytic
metals into their pores and provide a preferential nucleation
sites for SWNT growth. As examples of this, Hernadi et al.
first reported the catalytic synthesis of multi-walled carbon
nanotubes (MWNTs) using various types of zeolite support
[18]. Moteki et al. observed diffusion of Co thin film-
induced catalytic metals into the template pores (silicalite-
1) during ethanol chemical vapor deposition (CVD) [21].
He et al. reported very promising results about the
chirality-selective growth of SWNTs using a CoxMg1-xO
catalyst and an MgO template [25]. However, many of
these works were unable to show a clear size correlation
between the pores and the SWNTs size, and thus there is
still room for improvement in this area. 

As a growth methodolgy, CVD has been widely
employed because of its facile accessibility and ease of
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adjustment of the growth parameters. Taking into account
the growth mechanism of SWNTs, catalytic metals need to
incorporate carbon atoms from the source gas and finally
precipitate supersaturated carbons as a solid phase to make
a hexagonal networks of carbon nanotubes. Thus, we
inevitably need a high temperature process to allow thermal
decomposition of the source gas, dissolution into the metal
catalyst, and precipitation. In terms of the growth
temperature reduction, which would provide a substantial
advantage for industrial applications, such as nanoelectronic
devices, the decrease of feedstock decomposition would be
an excellent way to solve the problem of low temperature
growth. 

In this study, in an attempt to move toward growth
temperature reduction, we investigate the growth of
SWNTs using ethylene-based CVD. We employ an SiO2

wafer as a planar substrate and adopt zeolite-L and ZSM-
5 as nanoporous growth templates. As a catalyst, we
choose ferritin molecules, so as to obtain uniform-sized
nanoparticles. The growth temperature is varied in the 640
to 850oC range according to previous results. Our results
should provide a recipe for low temperature growth of
SWNTs, which process is crucial for SWNT-based
nanoelectronic applications. 

II. Experimental

 We prepared SiO2 wafers and used them as a reference
growth substrate for loading of ferritin molecules after surface
treatment using a mixture of aminopropyltriethoxysilane
(APTES, Sigma) and toluene (Sigma). Details of the surface
treatment are provided elsewhere [26]. Ferritin is a kind of
protein that consists of 24 subunits and contains iron-based
compounds in its 6-nm diameter inner space. Ferritin-
induced iron-oxide NPs can be obtained through mild
calcination at 450oC; owing to their appropriate size of
approximately 3~5 nm in diameter, these materials can
then be used as catalysts for SWNT growth. 

To grow floating SWNTs in air, due to their intense
Raman spectrum signal, and to investigate the effects of
nanopore size on the final SWNT diameter distribution, we
loaded the nanoporous growth templates, zeolite-L and
ZSM-5, onto the surface-modified SiO2 wafers. Zeolite-L
and ZSM-5 have pore sizes of 0.71 and 1.22 nm,
respectively, and thus we expected that the template pores
might confine the catalytic particles by accommodating the
nanoparticles into their uniform-sized pore structures; this
approach is similar to approaches used in previous studies
[26]. The nanoporous materials were first immersed in
ethanol at 10:90 wt.% and dispersed by ultrasonication.
The suspension was dropped on the surface-modified SiO2

wafers and dried in air at 80oC. Finally, we doped ferritin
molecules on the prepared template substrates as shown in
Fig. 1(a). Here, to guarantee identical density of catalytic
nanoparticles, the concentration of the ferritin molecules

was fixed at 0.05 mg/mL. 
The prepared substrates were installed in the middle area

of a horizontal-type quartz furnace. After purging the
chamber twice with Ar gas, the furnace was heated to the
growth temperatures in a reduction environment using a
mixture of Ar (900 sccm) and H2 (100 sccm). After
holding the temperature for a further 5 min to stabilize the
furnace, we introduced the C2H4 and H2 mixture to initiate
SWNT growth. To investigate the effect of ethylene partial
pressure on growth temperature, we changed the flow rate
of H2 from 300 to 700 sccm while the C2H4 flow fixed at
30 sccm. To investigate the growth features within our
experimental condition, the growth temperature was
changed from 680 to 850oC. After 5 min of growth, the
chamber was furnace-cooled in Ar ambient to room
temperature. 

A field-emission scanning electron microscope (FE-
SEM, Hitachi S-4800) and atomic force microscope (AFM,
Park Systems XE-70) under tapping mode were used for
structural characterization. A microRaman spectrometer
(Horiba, Aramis) using an excitation wavelength of 532 nm
was utilized to determine the SWNT diameter from the
peaks in the radial breathing mode (RBM) of the Raman
spectra. The accuracy of the Raman frequency shift was
calibrated to within 1 cm−1 using the Si peak at 520 cm−1.
A laser spot of 1 µm in diameter and an acquisition time of
10 s were used to record each spectrum. The averaged
profile from the three spectra was used as the Raman signal
for characterization. 

III. Results and Discussion

First, we investigated the effect of the carbon partial
pressure by changing the mixture ratio of H2 and C2H4.
The flow rate of H2 was changed from 300 to 700 sccm,
while the flow rate of C2H4 was fixed at 30 sccm. Figure
1(b) provides SEM image of the SWNTs grown with
higher amounts of H2 (700 sccm) at 760oC. A lot of tubes
showed SWNTs that were a few micrometers long; others
are very short. On the other hand, for the flow rate of
500 sccm of H2, the tubes shown in Fig. 1(c) have longer
and higher density than those shown in Fig. 1(b). The
brightness evident in Fig. 1(c) is thought to have resulted
from the electron bean induced current (EBIC) effect, as
has been previously reported [27,28]. Figure 1(d) provides
an SEM image of the SWNTs grown with a lower amount
of H2 (300 sccm) at 760oC. These growth results, which
show relatively lower density, are similar to those shown in
Fig. 1(b). We successively performed Raman analysis to
examine the tube diameter and structural quality as shown
in Fig. 1(e). We obtained a typical Raman spectrum, which
has RBM signals in the lower frequency region, a disorder-
related peak (D-band) around 1350 cm−1, and a tangential
stretching vibration mode of the graphite (G-band) around
1590 cm−1. For the SWNTs located on the SiO2 substrate,
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we can estimate the tube diameter from the RBM peaks
using the following relation [29]: 

Here, ω is the Raman frequency [cm−1] and d is the tube
diameter [nm]. The relation yields tube diameters of 1.7,
1.76, and 1.81 nm for the 700, 500, and 300 sccm H2 flow
rates, respectively. The structural quality of the tubes is
high because the intensities of the D-band are quite low,
while the G-band peaks are very sharp and have intense
signals. Although the Raman spectra give similar results
for all the growth conditions employed, we chose the
500 sccm H2 condition at 30 sccm C2H4 flow rate based on
the SEM results. 

Next, we varied the growth temperature from 680 to
850oC at fixed gas composition. Typical SEM images of
the SWNTs grown at 680, 720, 760, and 800oC are given
in Figs. 2(a) to 2(d). Figure 2(e) also displays the Raman
profiles of the samples. According to these results, we can
conclude that the growth temperatures of 680 and 720oC
are too low to obtain high quality and high density SWNTs
when using flow rates of 30 sccm of C2H4 and 500 sccm of
H2. As can be seen in Fig. 1(c), the growth temperature of
760oC yields good growth results; this is shown again in

Fig. 2(c). The higher growth temperature of 800oC yields
longer and higher density SWNTs as shown in Fig. 2(d).
The quality of the tubes is also high as can be seen in the
Raman results (Fig. 2(e)). Although the growth results at
800oC look better than those of 760oC, we can conclude
that the minimum growth temperature is 760oC. 

Figure 3 shows the variation of the SWNT areal density
with respect to the growth temperature and gas composition.
The areal density is estimated by counting the number of
SWNTs longer than 1 µm in the SEM images of each
condition. At higher and lower H2 flow rate conditions, the
areal density gradually increases from 680 to 780oC and

ω 248 d⁄=

Figure 1. (a) Schematic drawing of sample preparation
procedure. SEM images showing SWNTs grown using
different H2 flow rates of (b) 300, (c) 500 and (d) 700 sccm.
The C2H4 flow rate is fixed at 30 sccm. (e) Typical Raman
spectra obtained from the above-mentioned samples. 

Figure 2. SEM images showing SWNTs grown on SiO2 wafer
with different growth temperatures of (a) 680, (b) 720, (c) 760
and (d) 800oC. The gas composition is fixed at H2:C2H4=500:
30 sccm. (e) Typical Raman spectra obtained from the above-
mentioned samples. 

Figure 3. Comparison of SWNTs areal density with respect to
the growth temperature and gas composition. 
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reaches its maximum density at 800oC. On the other hand,
the 500 sccm of H2 flow condition shows a maximum tube
density at 760oC; this value only slightly decreases until
850oC, which means that the gas condition has relatively
weak growth temperature dependence. Based on these
results, we conclude that the optimum H2 flow rate and
minimum growth temperature at a 30 sccm flow rate of
C2H4 are 500 sccm and 760oC, respectively. This growth
temperature is significantly lower than that of methane-
based CVD growth, which is generally performed at 900oC
at least [5-15,17,26,28]. In addition, we performed AFM
analysis to examine the tube diameter and density. The
topographic image and corresponding height profiles of aa’
and bb’ are shown in Fig. 4. The heights of the tubes on
line aa’ show values of 1.2~2.2 nm; the tubes on line bb’
show height values of 1.2~4.2 nm. The thicker tubes, for
example those with values of 2.7 and 4.2 nm on line bb’,
are bundled SWNTs, not single tubes. 

To grow suspended SWNTs and to investigate the effect
of pore size on the tube diameter distribution, we grew
SWNTs on zeolite-L and ZSM-5 nanoporous templates.
Figure 5 presents the growth results for zeolite-L with
different growth temperatures. The gas composition was
fixed at H2:C2H4=500:30 sccm. It is very hard to observe
SWNTs for the sample grown at 680oC, as can be seen in
Fig. 5(a). The tubes can be seen but the density is still too
low for the sample grown at 720oC (Fig. 5(b)). However,
the growth temperature of 760oC produces many
suspended SWNTs as can be seen in Fig. 5(c). Here, the
growth temperature of 800oC leads to a higher density of
suspended SWNTs, as is also observed in the SiO2

substrate case (Fig. 5(d)). Lots of the SWNTs have a
suspended configuration and many of them are formed into
bundles. The bright lines on the SiO2 substrates in Figs.
5(c) and 5(d) are thought to have resulted from the EBIC
phenomenon as mentioned before. Figure 5(e) displays
typical Raman spectra obtained from the above-mentioned
samples. Because the tubes were suspended in air, we
adopted a modified relation between the SWNT diameter
and the RBM frequency as follows [30]: 

Here, ω is the Raman frequency [cm−1] and d is the tube
diameter [nm]. For the sample grown at 680oC, it is hard
to observe RBM peaks and the intensity of G peak is not
high enough, which means that the sample hardly contains
any SWNTs. On the other hand, we can clearly observe
RBM peaks and sharp and intense G peaks in the samples
grown above 720oC. The diameter range of the Raman-
detected SWNTs is from 1.35 to 1.74 nm, based on the
above-mentioned equation. 

Finally, we grew suspended SWNTs using a ZSM-5
template, which has a pore size of 1.22 nm. For the sample
grown at 680oC, we can observe tubes with very low

density as can be seen in Fig. 6(a). The suspended tube
density is observed to slightly increase for the 720oC
grown sample (Fig. 6(b)). In addition, the 760oC grown
sample produces many suspended SWNTs as can be seen

ω 204 d⁄( ) 27+=

Figure 4. AFM photograph and corresponding height profiles
show the as-grown SWNTs have diameter range of 1 to 4 nm. 

Figure 5. SEM images showing SWNTs grown on Zeolite–L
template with different growth temperatures of (a) 680, (b)
720, (c) 760 and (d) 800oC. The gas composition is fixed at H2:
C2H4=500:30 sccm. (e) Typical Raman spectra obtained from
the above-mentioned samples. 
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in Fig. 6(c); some tubes show bundled shapes. The 800oC
grown sample also yields many suspended and bundled
tubes (Fig. 6(d)), but we can conclude that the temperature
of 760oC is sufficient to grow SWNTs using the ZSM-5
template. This is proved by the results of the Raman
analysis, which are shown in Fig. 6(e). Because we can
observe SWNTs in the 680oC grown sample, the RBM
peaks and a relatively sharp G-peak can be recorded for
that the sample. Compared with the zeolite-L sample, this
ZSM-5 sample shows a similar tube diameter range from
1.4 to 1.74 nm, which was obtained for the 720, 760, and

800oC samples. 
In terms of the SWNT diameter, there is no evident

difference between the zeolite-L and ZSM-5 templates,
although there is a slight difference in the template pore
size. Previously, we reported that average SWNT
diameters slightly decrease from 1.61 nm (ZSM-5) to 1.4
nm (zeolite-L) with narrower diameter distribution when
we grow SWNTs using a 2 Å Fe thin film catalyst and
methane gas at 900oC [26]. The tube diameter ranges
obtained here are similar but we were able to grow SWNTs
at the quite lower temperature of 760oC. Additionally, from
the point of view of growth temperature reduction, we
previously investigated the growth temperature dependence
in the 860 to 920oC range using methane gas, while we here
investigated the temperature range from 640 to 850oC using
ethylene gas. Thus, the use of ethylene seems to be more
effective than the use of methane for growth temperature
reduction.

Figure 7 summarizes the variation of the ID/IG values of
the Raman spectra with respect to the growth temperature
in the 640 to 850oC range. Below the temperature of
680oC, ID/IG presents a value over 1.2, which indicates the
formation of graphitic materials with defective structures.
In the 680 to 740oC range, the ID/IG values are located from
0.1 to 0.5, with a relatively large error bar. This implies that
this is a mixture of high and low quality nanocarbon
materials, including SWNTs. Low ID/IG values of 0.1~0.2
can be obtained from the samples above 760oC. This can
be attributed to the fact that the minimum required
temperature to grow SWNTs using ethylene feedstock is
760oC. More efforts are underway to obtain high quality
SWNTs and to decrease growth temperature further
through precise optimization. 

IV. Conclusions

In an effort to reduce the growth temperature, we
demonstrated the growth of SWNTs using ethylene-based
CVD and ferritin-induced catalytic particles. We first
optimized the gas composition of H2 and C2H4 at 500 and
30 sccm, respectively. Then, on a planar SiO2 substrate,
high density SWNTs were grown at the minimum growth
temperature of 760oC. In the case of growth using
nanoporous templates, many suspended SWNTs were also
observed and low values of ID/IG in the Raman spectra
were also obtained from the 760oC grown samples; this
means that ethylene gas is more effective than methane
feedstock for SWNTs growth temperature reduction. 
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