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The synthesis of single-walled carbon nanotubes (SWNTs) at a controlled position on a flat surface was demonstrated by
laser-assisted chemical vapor deposition (CVD). The developed multilayer substrate including an energy-confining layer
(ECL) enabled the efficient heating of catalysts on the surface, resulting in the rapid and localized syntheses of SWNTs. Using
a Nd:YAG laser as a heat source, we achieved the rapid synthesis with laser irradiation for 1 s and the localized synthesis in an
area of approximately 1 mm diameter. In addition, the scanning of the laser irradiation spot at a rate of 1 mm/s enabled the line-
patterned synthesis of SWNTs at a linewidth of 2 mm. The resulting synthesis of SWNTs on a flat surface by laser-assisted
CVD will lead to the easy and controllable fabrication of SWNT-based nanodevices. [DOI: 10.1143/JJAP.46.L333]
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Single-walled carbon nanotubes (SWNTs) have attracted
considerable interest due to their novel electrical, optical,
and mechanical properties, and they are expected to be
promising materials for a wide variety of nanodevices, such
as electric circuits, field emitters, sensors, and optical com-
ponents.1) SWNTs have been synthesized by arc discharge,2)

laser vaporization,3) and chemical vapor deposition (CVD).4)

Among these methods, CVD is widely used because of its
advanced feature enabling the synthesis of SWNTs directly
on a surface. One of the difficulties in the development of
practical applications is controlling the position of SWNTs
on the surface. Position-controlled synthesis has been
achieved by the patterning of catalysts in CVD.5,6) Recently,
laser-assisted CVD has been reported as an alternative
technique for the position control. Rohmund et al. synthe-
sized carbon nanotubes on a millimeter scale using a focused
CO2 laser and Fe(CO)5 catalysts.7) Fujiwara et al. synthe-
sized SWNTs with a diameter of 5 mm using an Ar-ion laser
and catalysts consisting of Fe(NO3)3�9H2O, MoO2(acac)2,
and alumina nanoparticles.8) The advantage of this tech-
nique is that it enables the heating of desired points locally.
This local heating reduces heat-induced damage to the sur-
face, which enables the synthesis of SWNTs on substrates
including low-melting-point materials or device compo-
nents. Furthermore, this technique enables the synthesis of
SWNTs independently at each position on one substrate. By
changing irradiation conditions9,10) or applying an electric
field,11,12) it has the potential of arranging SWNTs with
different lengths, diameters or directions on one substrate.
This form-selected synthesis at individual positions cannot
be achieved by global heating in conventional CVD. How-
ever, the synthesis of SWNTs on flat surfaces by laser-
assisted CVD has not been performed yet. Towards the goal
of fabricating SWNT-based nanodevices, SWNT synthesis
on flat surfaces should be required.

In this study, we performed the laser-assisted CVD syn-
thesis of SWNTs on a flat substrate employing an energy-
confining layer (ECL). The ECL enables the efficient heating
of catalysts on the surface, which results in the localization

of a synthesis spot, a decrease in heat up time and the growth
of SWNTs on a flat Si substrate. We achieved the local
synthesis of SWNTs in an area of about 1 mm diameter and
their rapid synthesis with laser irradiation for 1 s. Using this
rapid growth method, the line-patterned synthesis of SWNTs
by scanning laser irradiation is also demonstrated.

Figure 1 shows the multilayer substrate developed with
the ECL. The substrate involves a sputtered Co thin film
as a catalyst layer, a 100-nm-thick sputtered SiO2 film as a
support layer and the ECL, which consists of a 100-nm-thick
sputtered Cr film as a laser-absorbing layer and a 1.5-mm-
thick thermally oxidized film as a heat-insulating layer.
When a laser irradiates the multilayer substrate, most of the
laser energy, which has not been reflected on the surface, is
absorbed by the Cr film and transformed to heat energy.
Since the thermally oxidized thick film underneath prevents
thermal conduction, the Co thin film over the irradiated area
is efficiently heated and transforms into nanoparticles.13)

Then SWNTs are synthesized on the surface within the
irradiated area. Without the ECL, the laser beam is trans-
mitted into the substrate due to the low absorption coef-
ficients of Si and SiO2, and the heat energy is dispersed into
a large region in the Si substrate due to its high thermal
conductivity. In this case, synthesis requires a high laser
power, a long heat up time, and a large synthesis area.

Figure 2 shows the experimental apparatus for laser-
assisted CVD. The multilayer substrate was placed in a

Fig. 1. Schematic of laser-assisted CVD synthesis of SWNTs on multi-

layer substrate with ECL.
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vacuum chamber, and the chamber was evacuated to about
1 Pa. Then ethanol vapor14) was supplied to the chamber
from a room-temperature reservoir. The pressure of the
chamber was kept at 1.3 kPa. We used a continuous single-
mode Nd:YAG laser (wavelength of 1064 nm) with a
Gaussian profile intensity as a heat source. This laser was
focused using an objective lens to the substrate through the
window of the vacuum chamber. The entire optical assembly
was set on an xyz stage beside the chamber to adjust the laser
focus, spot site, and scan position of laser irradiation. We
adjusted the laser focus and spot while monitoring the
laser-irradiated region using a charge-coupled device (CCD)
camera. The substrate was irradiated using the laser at a
power of 50mW and a beam spot diameter of about 3 mm.
The irradiation time was varied from 1 s to 10min. After
irradiation, the irradiated spot was analyzed by scanning
electron microscopy (SEM) and Raman spectroscopy with
an excitation wavelength of 488 nm.

Figure 3 shows the SEM images of the synthesized
SWNTs for 1 s irradiation. On the flat surface of the multi-
layer substrate, SWNTs were synthesized in a circular area
with a diameter of approximately 2 mm. At the center of the
circular area, dense SWNT bundles were clearly observed
[Fig. 3(b)]. Towards the outside of the circular area, the
number of bundles decreased and finally disappeared at the
edge [Fig. 3(c)]. Figure 4 shows the Raman spectrum of the

synthesized SWNTs. Since the focus spot of Raman spec-
troscopy was about 4 mm in diameter, the measured spectrum
was an average over the entire circular area. This spectrum
shows distinct radial breathing modes (RBMs; 150–300
cm�1) and a G-band with a zone-holding spread (about
1590 cm�1), which indicates that SWNTs were successfully
synthesized by laser-assisted CVD. Following the correla-
tion between diameter d (nm) and the RBM Raman shift
� (cm�1): d ¼ 248=� ,15,16) the diameter of SWNTs was
estimated to be 1.2–1.5 nm. However, the intensity of the
D-band signal (about 1350 cm�1) in the Raman spectrum
was slightly higher than that of SWNTs synthesized by
an alcohol CVD method.9,17) We assume that this D-band
comes from SWNTs in the perimeter region of the circular
area where the temperature is at the low end of the
appropriate range for synthesis.

The irradiation up to 10min also enabled the synthesis
of SWNTs. The amount of SWNTs increased with time.
However, the sizes of the circular area and their Raman
spectra were similar. The rapid synthesis with 1 s irradiation
is attributed to the short heat up time brought about by laser
heating and the ECL. Since the laser enables the heating of a
micrometer-sized area confined by the ECL, the temperature
at the irradiated spot immediately increases and saturates.
The laser power of around 50mW was found to be optimal
for the synthesis at the beam diameter of 3 mm. When we
irradiated the substrates with a high laser power, the center
of the circular area was ablated. SWNTs were synthesized
around this center forming a doughnut-shaped area. The size
of the circular area could be controlled by changing the laser
power and spot diameter. We realized the localized synthesis
within a diameter of about 1 mm, as shown in Fig. 5. Further
localization can be realized by choosing appropriate laser
powers and spot diameters.

We calculated the temperature distribution on the surface
of the multilayer substrate by a finite difference method. We
estimated thermal conduction in a two-dimensional axisym-
metric cylinder model with the radius and depth of 15 mm.
The center of its surface was constantly irradiated using a
laser. The laser power was 50mW and it had a Gaussian
profile intensity with a diameter of 3 mm at which the inten-
sity became 1/e2. The temperature at the boundary was set
to be 300K (27 �C). Figure 6(a) shows the calculated tem-
perature distribution on the surface. Predicting the actual
value is difficult because the physical properties of the sub-

Fig. 2. Configuration of experimental apparatus for laser-assisted CVD

synthesis of SWNTs.

Fig. 3. SEM images of SWNTs synthesized by laser-assisted CVD

for laser-irradiation time of 1 s: (a) entire circular area, (b) center and

(c) edge of area.

Fig. 4. Raman spectra of synthesized SWNTs. The excitation wavelength

was 488 nm at a spot diameter of 4 mm.
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strate change with temperature. This calculated distribution
should be understood qualitatively. The highest temperature
was achieved at the center of the irradiated spot. Towards
the outside, the temperature gradually decreased. SWNTs
are synthesized within the area where the temperature is
suitable for synthesis. The distribution explains the resulting
synthesis of SWNTs in the circular area. Figure 6(b) shows
the time variation of the temperature at the center. The
temperature was saturated in a period of microsecond order,
which explains the rapid synthesis of SWNTs. The thick-
ness or materials of the ECL can be changed to meet the
requirement of the applications. With the optimization of the
design of the ECL and synthesis conditions, SWNTs can be
synthesized on substrates other than a Si substrate.

The rapid synthesis with the ECL enabled the line-pat-
terned synthesis of SWNTs by scanning the laser irradiation
spot. Figure 7 shows the SEM images of the demonstrated
line-patterned synthesis of SWNTs. The irradiation spot was
scanned on the substrate using the xyz stage at a scanning
speed of about 1 mm/s and a laser power of 50mW. SWNTs
were synthesized in a designed pattern of a line at linewidth
of 2 mm. At the center of the line, distinct SWNT bundles
were observed. This line-patterned synthesis can be used for
the production of various SWNT-based nanodevices as an
easy and versatile method.

In summary, we have synthesized SWNTs by laser-
assisted CVD on a flat surface employing an ECL. The ECL
enabled the efficient heating of catalysts on the surface,
resulting in rapid synthesis for 1 s and localized synthesis

in an area of 1 mm diameter. The rapid synthesis using the
ECL also enabled the synthesis of SWNTs in a desired line
pattern by scanning irradiation spot. This novel fabrication
method is expected to facilitate the development of various
SWNT-based devices.
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Fig. 5. SEM image of localized synthesis of SWNTs in area of about 1mm
diameter.

Fig. 6. (a) Calculated temperature distribution on surface of multilayer

substrate. (b) Calculated time variation of temperature at center of

surface.

Fig. 7. SEM images of line-patterned synthesis of SWNTs by scanning of

laser-irradiation spot: (a) entire region, (b) enhanced area, and (c) highly

magnified image of enhanced area.
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