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Abstract

Catalytic CVD generation of high-purity single-walled carbon nanotubes (SWNTs) without use of an electric furnace or a hot-
filament is demonstrated. High-purity SWNTSs were generated from alcohol used as a carbon source with Fe/Co particles supported
on zeolite by Joule heating of a silicon base plate. This technique was applied for an in situ measurement of Raman scattering during
the growth stage in a vacuum chamber equipped with an SPM/Raman detector. The surface temperature was measured by a
systematic shift in the silicon signal and kept at 850 °C. The G-band intensity of the SWNT Raman spectrum increased nearly

linearly with time in the growth stage after an initial rapid increase.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of single-walled carbon nanotubes
(SWNTs) [1] has invoked numerous research interests
because of their unique physical properties [2] and hence
remarkable potential as a new material for various ap-
plications. The generation technique of SWNTs has
since been developed by demands for specimens with
sufficient amount and quality. Followed by the land-
mark establishment of the synthesis method in macro-
scopic amounts by laser-furnace [3] and arc-discharge [4]
methods, several techniques employing the CVD ap-
proach [5-13] have been proposed for improved effi-
ciency or productivity in the bulk synthesis of SWNTs.
At present, CVD approaches, including the high-pres-
sure CO (HiPco) technique [6,7], have become dominant
for the mass production of SWNTs.

As a new approach for higher-purity and lower-
temperature generation, we have proposed the use of
alcohol, particularly ethanol and methanol, for the
carbon feedstock [14,15]. The proposed alcohol catalytic
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CVD (ACCVD) method can produce high-quality
SWNTs when combined with appropriate catalysts and
experimental procedures. Furthermore, it was recently
demonstrated that high-quality SWNTs could be syn-
thesized on a mesoporous-silica coated substrate [16] or
directly on a solid substrate such as silicon or quartz
[17,18]. Detailed comparisons of HiPco and ACCVD
products are found in our recent papers [19,20], and the
generation mechanism is discussed based on molecular
dynamics simulations [21]. Another advantage of AC-
CVD is simplicity and safety of its implementation. The
use of alcohol is now feasible for the direct growth of
SWNTs on metal electrodes or on Si substrates for
manufacturing FET devices from directly grown na-
notubes [22]. Furthermore, Okazaki and Shinohara [23]
have demonstrated hot-filament CVD using ethanol for
a simpler generation technique.

In this Letter, an even simpler version of ACCVD
without resort to an electric furnace or a hot filament is
proposed. All one needs is a vacuum chamber with a
rotary pump and a hot plate to heat up the catalyst.
Growth of SWNTSs has been demonstrated by using Fe/
Co metal particles supported on zeolite. Since this CVD
apparatus is so simple, we have further achieved in situ
observation of Raman scattering during the SWNT
growth stage.
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2. Preparations and experiments

Details of the preparation of metal-supporting zeolite
powder are described elsewhere [14,15]. Catalytic pow-
der was prepared by impregnating USY-zeolite powder
(HSZ-390HUA over 99% SiO,) with iron acetate
(CH3CO»),Fe and cobalt acetate (CH3CO,;),Co—4H,0
[24,25]. The weight concentrations of Fe and Co were
chosen to be 2.5 wt% each over the catalytic powder.

A simple CVD apparatus was used with an electric
furnace, a quartz tube, and a vacuum rotary pump
[14,15]. However, we found that keeping the ethanol
vapor at high CVD temperature was inessential for
SWNTs growth. All that we needed were a vacuum
chamber and a small heater inside the chamber, as
shown in Fig. la. We supplied ethanol vapor from a
reservoir at room temperature through an ethanol gas
port, and we installed an optical system that can focus
laser light to a 2 um spot and collect scattered light
through a top observation window. For measurement of
Raman scattering in situ, we selected a vacuum chamber
unit for a scanning probe microscope (SPM), SII
SPA 300HV. A typical 2 mW Raman excitation laser
was used. This optical system was connected with a

(@) excitation laser ~ Monochromator

(488 nm)

Raman scattering

detector

laser (633 nm)

quartz

window AFM probe
ethanol Flean
gas port scanner

vacuum

turbo-molecular pump chamber

(b) AFM probe

-

heat insulator

electrodes

silicon wafer

AFM sample stage

Fig. 1. Schematics of the experimental apparatus. (a) Set-up for in situ
measurement of Raman scattering during SWNTs growth. Note that
the 633 nm laser/detector and AFM probe have not been used in this
Letter. (b) A magnified image of the silicon sample heated by Joule
heating.

Raman system via optical fibers. For micro-Raman
scattering measurements, CHROMEX 5011S and AN-
DOR DV401-FI spectrometers and a CCD system
with a SEKI TECHNOTRON STR250 optical system
were used.

A Joule heater was used for the catalysts, as shown in
Fig. 1b, with an ac voltage supplied to a silicon substrate
(Nilaco, 100, p-type, 20 x 5 x 0.5 mm) through a voltage
regulator. Zeolite powder supporting Fe/Co nano-par-
ticles was placed on the silicon base. The zeolite particles
were dispersed in ethanol, and a drop of about 0.5 pL
was dried on the silicon substrate. Typical resistance of
the substrate including the contact resistance, 100 Q
before heating, was decreased to ~5 Q after heating due
to the reduction in the contact resistance.

After evacuating the chamber to 0.1 Torr, an ac
voltage (typically 6 V) was applied to the silicon plate.
The surface temperature of the silicon plate was moni-
tored by the calibrated change of the silicon Raman
shift, ~520 cm~!, to be reported in the next section.
After application of this voltage, the surface tempera-
ture of the silicon plate increased to the growth tem-
perature, typically 850 °C, in ~1 min. Then, ethanol
vapor at 1 Torr was supplied through a needle valve. To
keep the surface temperature constant, the ac voltage
was slightly adjusted by monitoring the silicon Raman
shift. After a certain CVD period, the ethanol supply
was stopped, the chamber was evacuated for 4 min, and
the heating power was turned off. Since no Ar buffer gas
was present in the supply line, this procedure was es-
sential for the generation of high-purity SWNTs. Ex-
posure of ethanol vapor to lower temperature catalysts
during the heating-up or cooling-down resulted in con-
siderable generation of amorphous carbon. With a
supply line of buffer gas such as Ar or Ar/H,, standard
ACCVD procedures [14,15] were usable. The produced
samples were characterized by FE-SEM (Hitachi S-900)
and TEM (JEM2000FX at 120 kV) in addition to
Raman scattering.

3. Results and discussion
3.1. Cold wall CCVD generation of SWNTs

The Raman scattering of SWNTs generated by the
cold wall CCVD is shown in Fig. 2a. A sharp, branched
G-band signal at ~1590 cm~!, a very small D-band
signal at ~1350 cm~!, and a radial breathing mode
(RBM) around 150-300 cm~! are typical features of
SWNTs [26,27]. High purity of SWNTs generated by
this process is evident in contrast with a normal AC-
CVD sample [15] (Fig. 2b) and a HiPco sample, supplied
by Rice University with batch #HPR113.4 (Fig. 2¢). The
diameter d of SWNTs was estimated from the RBM
Raman shift v using the relationship d/nm = 248/(v/
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Fig. 2. Raman scattering spectra measured by 488 nm laser excitation. The right panel shows full range, and the left panel is a magnification of the
radial breathing mode (RBM): (a) Fe/Co on zeolite; (b) conventional ACCVD at 850 °C and (c) HiPco sample.

cm™!) on the top axis of Fig. 2 [28,29]. By comparison of
the RBM signal in Fig. 2 with the temperature-depen-
dent diameter distribution of the ACCVD sample [14],
the effective reaction temperature was estimated to be
slightly higher than 850 °C. We observed a larger D-
band signal in the Raman scattering of the sample (not
shown) generated by a wrong heating-up procedure (i.e.,
a supply of ethanol vapor during the heating-up of sil-
icon plate). Because of the low temperature reaction
during this heating-up, a considerable amount of
amorphous carbon was generated. The yield of SWNTs
was not measured for this sample, but the catalyst
powder looked black after 20 min of CVD reaction.

Single-walled carbon nanotubes were further char-
acterized by SEM and TEM observations. For a SEM
measurement, the silicon substrate was directly mounted
on a SEM sample holder. In the SEM image of this
sample measured at 5 kV, shown in Fig. 3a, bundles of
SWNTs were observed as thin web-like structures be-
tween zeolite particles of about 300 nm. Morphology of
SWNTs was similar to our previous observations of
standard ACCVD samples [14,19], though the amount
of SWNTs was much less due to the lower ethanol
pressure and no Ar/H, gas. The ‘as grown’ sample was
mildly sonicated in methanol for 1 min and a drop was
dried on a grid for TEM observation. The absence of
metal particles or multi-wall carbon nanotubes in
Fig. 3b evidences high purity of these SWNTs. In
comparison with the high-quality standard ACCVD
sample [14,19], a small amount of amorphous carbon
attached to the side walls was noticed, and the bundle
size was found to be thinner.

Since simple heating of the catalyst can generate high-
purity SWNTs, a much simpler ACCVD procedure can

Fig. 3. (a) SEM and (b) TEM images of SWNTs generated by cold wall
CCVD.
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be proposed. Without a surrounding electric furnace, no
preheating of the ethanol is essential. It is also evident
that no gas-phase decomposition of ethanol is necessary
for ACCVD generation of SWNTs. Hot-filament CVD
[23] using ethanol seems to contradict this finding.
However, a hot filament was always positioned so close
to the catalysts in those experiments that catalysts may
have been heated effectively.

3.2. Temperature dependence of Raman shifts of silicon
peak and G-band

Fig. 4a shows the temperature dependence of Raman
scattering from ‘as grown’ SWNTs supported on zeolite
and mounted on the silicon substrate. After the cold
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Fig. 4. (a) Temperature dependence of Raman scattering of SWNTs
grown by cold wall ACCVD. (b) Temperature dependences of the
Raman shifts for silicon and G-band peaks. Silicon peaks were mea-
sured with a plain silicon surface with a thermocouple. The surface
temperature of silicon substrate loaded with SWNTs was determined
by using this correlation.

wall CCVD generation, the sample was heated again in
vacuum and Raman scattering was measured at different
temperatures for calibration of subsequent in situ mea-
surements. Significant decreases were observed in the
G-band and the silicon peak signals with increasing
temperature. At the same time, softening (i.e., down
frequency shift) of these vibrations was clearly observed,
as shown in Fig. 4b in comparison with several previous
reports [30-32]. In micro-Raman measurements, the
temperature of the laser spot was determined by a bal-
ance between the heat input of the laser and the cooling
by heat transfer from the laser spot to the environment.
For a silicon substrate, however, this extra laser heating
is negligible because of the efficient heat conduction to
bulk substrate and cancellation of anharmonic softening
shift by the compressive stress due to the surrounding
substrate [33]. As shown in Fig. 4b the Raman shift for
pure silicon substrate measured with a thermocouple
agreed well with the data and the semi-empirical curve
reported by Balkanski et al. [32]. Hence, the softening of
the silicon peak position is especially useful for the in
situ measurement of surface temperature merely by use
of the Raman scattering signal. On the other hand, an
extra laser heating effect was observed for a nanotube
sample when a higher power density was used [30].
When a laser with a power density as small as 6 x 10* W/
cm? (2 mW at 2 pm beam diameter) was used in our
study, our results in Fig. 3b was similar to those re-
ported in [30], but an appreciably different value has also
been reported [31]. As the reason for this discrepancy is
yet unknown, we have used the G-band shift as a rough
estimate of temperature in the present Letter.

3.3. In situ Raman scattering measurements during
SWNT growth

In the cold wall CCVD process, the excitation laser
was continuously irradiated to the sample, and Raman
scattering was measured at every second. A gradual in-
crease in the G-band signal at ~1566 cm™' is clearly
observed in the instantaneous Raman signal, shown in
Fig. 5a, as an average of each minute. The G-band peak,
which appears at a lower frequency, implies that the re-
action temperature was around 930 °C by a linear ex-
trapolation of data in Fig. 4b. The instantancous G-band
intensity and the Raman shift are compared with the
silicon peak intensity and the silicon peak shift in Fig. 5b.
Soon after heating of the silicon plate, a red shift and a
rapid decrease in intensity of the silicon peak was ob-
served. Since there was no G-band peak, the detected
Raman shift of the G-band was just a random scatter in
the bottom panel. After the exposure to ethanol vapor,
practically no change in the silicon peak was observed,
showing that the surface temperature was kept nearly
constant. On the other hand, a rapid increase in the
G-band, followed by an essentially linear increase in
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Fig. 5. In situ measurement of Raman scattering during ACCVD
process. (a) Examples of instantaneous Raman scattering signals
during the growth stage of SWNTSs. Spectra are based on 1 min av-
erages. (b) Instantaneous changes in the G-band intensity and Raman
shift vs. silicon signals used for estimation of surface temperature.

intensity, was observed. Since the temperature was kept
constant, the G-band shift also remained constant. After
stopping the flow of ethanol vapor, there was still some
increase in the G-band intensity. After the heating volt-
age was turned off, a shift and a rapid increase in the
intensity were observed in the silicon and G-band signals
due to cooling of the sample. During this cooling stage, a
gradual increase in the G-band signal was observed after
a rapid increase, being consistent with a temperature-
dependent change in the Raman shift.

The observed linear increase in the G-band signal
without an incubation time (delay of growth) during the

CCVD process is consistent with our previous TGA
observations [15], where a linear increase in the SWNT
yield with the CVD time was measured. The linear in-
crease in the amount of SWNTSs can be explained by one
of the two possible mechanisms: either a linear increase
in the length of each nanotube or that in the number of
nanotubes, or both. A further study using an AFM in
this chamber may provide a clue.
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