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ABSTRACT
We exploit the strong plasmon resonance of gold nanoparticles in the catalytic decomposition of CO to grow various forms of carbonaceous
materials. Irradiating gold nanoparticles in a CO environment at their plasmon resonant frequency generates high temperatures and strong
electric fields required to break the CO bond. By varying the laser power, exposure time, and gas flow rate, we deposit amorphous carbon,
graphitic carbon, and carbon nanotubes. The formation of iron oxide nanocrystals catalyzes the growth of carbon nanotubes. Predefined
microstructure geometries are patterned by moving the focused laser spot during the growth process, forming suspended single-walled
carbon nanotube structures. Raman spectroscopy, energy dispersive X-ray spectroscopy, and transmission electron microscopy are used to
characterize the resulting material. The localized nature of the plasmonic heating enables growth of these materials, while the underlying
substrate remains at room temperature.

Surface plasmon resonance in metal nanoparticles has been
investigated for many years.1 Many applications, such as
surface-enhanced Raman spectroscopy (SERS) and surface
plasmon-enhanced fluorescence spectroscopy (SPFS), for
example, are made possible by the strong electric fields
generated by the plasmon resonance phenomenon.2,3 Subwavelength plasmon-assisted lithography can be achieved
using nanoparticle arrays in conjunction with conventional
UV lithography.4,5 Nanoscale integrated optics exploit the
short wavelength of plasmonic waves to reduce device
dimensions by an order of magnitude relative to the optical
wavelength of similar frequency.6 Plasmon resonant nanoparticles have also created new applications in chemistry and
biology,7 including noninvasive cancer treatment therapy.8
Nanoscale materials have opened up new degrees of
freedom in the design of catalysts with efficiencies and
selectivities exceeding those of their bulk counterparts. For
example, gold is considered to be a poor catalyst for most
applications. However, gold nanoparticles on metal oxide
supports have recently demonstrated high catalytic activity.9-11 This work and others have established the great
potential for new chemical pathways at the nanoscale.
Here, we present a method for the laser-directed growth
of carbonaceous nanomaterials that exploits the surface
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plasmon resonance phenomenon in metal nanoparticles. In
this plasmon resonant chemical vapor deposition (PRCVD)
process, the high temperatures reached through plasmon
resonant excitation of nanoparticles, together with their
catalytic properties, enable deposition of amorphous carbon,
graphitic carbon, iron oxide, and carbon nanotubes. The large
temperature gradients generated by the nanoparticles enable
two very different chemical processes to take place side-byside, that is, the CO dissociation and the formation of iron
oxide and carbon nanotubes. This localized chemistry enables
new growth processes to occur that cannot be achieved by
uniform heating and standard CVD. Moving the position of
the focused laser spot during the growth process makes
possible the growth of three-dimensional microstructures,
such as suspended carbon nanotubes. The localized nature
of the nanoplasmonic heating provides a means for growing
carbon nanotubes without heating the remainder of the
substrate thus enabling the integration of carbon nanotubes
with new classes of substrate materials and devices.
Gold nanoparticle arrays are deposited on glass and silicon
substrates by electron-beam evaporation of 5 nm thick films
of Au. This process is known to produce islandlike growth
of strongly plasmonic nanoparticles separated by only a few
nanometers.12 A 532 nm 5 W Spectra Physics solid state
laser is collimated and focused through a Leica DMLM
microscope and used to irradiate these samples. The 50×
long-working distance objective lens with NA ) 0.5 and

peaks appear at 1344 and 1581 cm-1, which correspond to
the D- and G-band Raman modes of amorphous carbon.13
The Raman spectra exhibit strong amorphous carbon peaks,
during the first few seconds of laser irradiation, that decrease
in intensity with time and then vanish after 25 s. After 60 s,
a different peak is observed at 1289 cm-1, which we attribute
to the formation of iron oxide. Raman spectra, taken post
growth, show peaks at 227, 246, 301, 292, 411, 500, 612,
and 1320 cm-1, all of which are consistent with the hematite
phase of Fe2O3.14-16 The iron and oxygen composition of
these crystallites was verified by energy dispersive X-ray
spectroscopy (EDX). The Raman, EDX, and high resolution
transmission electron microscopy (HRTEM) results corroborating the structure and composition of these Fe2O3
nanocrystals are shown in the Supporting Information.
Although ultra high purity CO was used in these experiments,
some trace amounts of Fe are present from the gas cylinder.
It is remarkable that such rapid growth of Fe2O3 can be
achieved without any intentional feedstock. The 1289 cm-1
Raman peak, observed during the PRCVD growth process,
is significantly downshifted with respect to the iron oxide
peak taken after the growth (Figure 1c), which appears at
1320 cm-1. This downshift indicates the high temperatures
reached during the PRCVD process, which results in the
thermal expansion of the lattice and hence softening of the
Raman active phonon mode.15,16 The large Raman signals
of amorphous carbon observed in the first few seconds of
the deposition are attributed to the surface enhanced Raman
spectroscopy (SERS) phenomenon and are not indicative of
the amount of material present in the focal volume.2 Figure
1c shows an in situ Raman spectrum of the amorphous
carbon taken during the deposition (after the first 12 s) and
a postgrowth Raman spectrum of the faceted crystal grains
after a 130 s deposition.
Figure 1. (a) SEM image of iron oxide nanocrystals deposited on
Au nanoparticles after laser irradiation in a CO environment. (b)
In situ Raman data taken during laser exposure. (c) Raman spectra
of amorphous carbon deposited during the first 12 s of irradiation
and iron oxide deposited after 120 s.

spot size ) 1.25 µm is used to irradiate the sample while
carbon monoxide (CO) is flowed through the reaction
chamber. Before laser irradiation, the reaction chamber is
purged by flowing CO for 5 min. An automated XYZ
translation stage (Prior, Inc.) provides 0.1 µm precision and
is also under computer control. Samples were characterized
in a Renishaw inVia micro-Raman spectrometer. High
magnification images of micro- and nanostructures grown
in this way were taken in a JEOL JEM-2100 LaB6 transmission electron microscope (TEM). The temperature dependence of Raman spectra were calibrated in a Linkam THMS
temperature controlled stage.
Figure 1 shows the catalytic decomposition of CO and
the subsequent deposition of solid (crystalline) material. In
situ Raman spectroscopy, taken during laser exposure at a
power of 12.3 mW, is used to identify the material deposited
and reveals an interesting transition that occurs during the
deposition process. During laser exposure, broad Raman
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By increasing the laser power to 23 mW, the exposure
time to 10 min and the CO flow rate to 4000 sccm, we
observe the formation of graphitic carbon and carbon
nanotubes. The SEM images in Figure 2 show a porous
microstructure grown on the substrate in the region of the
focused laser spot. The high magnification SEM image,
shown in Figure 2b, reveals a high density of carbon
nanotubes interspersed with iron oxide nanoparticles. The
synthesis of carbon nanotubes was verified by Raman
spectroscopy, as shown in Figure 2c. Several Raman
signatures, unique to carbon nanotubes, are observed including radial breathing modes (RBMs) and splitting of the G
band, with G+ occurring at 1590 cm-1 and G- at 1566 cm-1.
The RBM peaks shown in Figure 2c appear at 140 and 166
cm-1, corresponding to nanotube diameters of 2.1 and 1.5
nm, respectively, by the relation ωRBM ) 204/dt + 27.18 The
intensity of the D band, occurring at 1335 cm-1, gives a
measure of the amount of disorder and defects in carbon
nanotubes.13 The small D/G band intensity ratio indicates
that these are highly crystalline nanotubes with few defects.
Figure 2d shows the time evolution of the Raman spectra
taken during the growth process. During the first 75 s, a broad
G-band, characteristic of amorphous carbon, is found to
decrease in intensity over time and vanish. After 230 s of
3279

Figure 2. (a,b) SEM images of carbon-based nanostructures synthesized by irradiating Au nanoparticles in a CO environment. (c) Raman
spectrum of the material shown in panels a and b, exhibiting typical features of carbon nanotubes. (d) In situ Raman data taken during laser
exposure.

laser exposure, sharp G-band Raman modes, characteristic
of carbon nanotubes, are seen increasing with exposure time.
A consistent downshift of almost 30 cm-1 (from 1578 to
1550 cm-1) is observed over the course of the deposition.
These large downshifts correspond to temperatures as high
as 1180 °C.19 This indicates that the plasmonic nanoparticles
are increasing in temperature during the growth process due
to nanoparticles’ decoupling from the substrate. This is
consistent with the image in Figure 2b, which shows that
the nanoparticles are raised up off the substrate and are
intertwined in the resulting carbonaceous micro/nanostructure.
To prove that the results shown in Figures 1 and 2 are
caused by a resonant phenomenon, we performed the same
experiment with 785 nm light. Here, we observed no
decomposition of CO and no deposition of material on the
substrate, even at laser powers 10 times higher than those
used with 532 nm. Therefore, in order for sufficient electric
fields to be achieved and significant heating to occur, the
laser energy must match the plasmon resonance frequency
of the nanoparticles. Standard CVD with uniform heating
was also tested by flowing CO over the same nanoparticles
at 900 °C. This resulted in no carbon deposition of any form.
From this, we conclude that the plasmonically driven
catalytic process shown in Figures 1 and 2 is not possible
3280

using standard bulk catalysts and uniform heating and relies
on the large temperature gradients generated by the local
plasmonic heating of the nanoparticles.
In the PRCVD growth process, the plasmonic nanoparticles decompose CO catalytically to produce carbon and
oxygen, by the reaction 2CO f 2C + O2. This reaction was
verified by the detection of O2 in the reactant byproducts
using mass spectrometry. From prior studies of CO oxidation,20-28 the catalytic dissociation of CO on Au nanoparticles
is known to occur above 300 °C. We attribute this plasmoninduced catalytic dissociation of CO to the elevated temperatures produced in the nanoparticles due to Joule-like
heating associated with the surface plasmon excitation. The
free carbon atoms and molecular oxygen solidify to form
amorphous carbon, iron oxide, graphite, and carbon nanotubes in the low temperature regions of the substrate. In this
process, the iron oxide catalyzes the growth of carbon
nanotubes.29 We believe that the condensation of atomic
carbon and molecular oxygen removes any good reverse
reaction pathways, enabling a very different chemical reaction to be driven forward efficiently.
One of the important aspects of this technique is that the
position of the focused laser spot can be manipulated during
the growth process to pattern microstructures in a controllable
way. Figure 3 shows tilted SEM images between two
Nano Lett., Vol. 8, No. 10, 2008

Figure 3. (a,b) Tilted SEM images of a suspended carbon nanotube
spanning two sequential growth spots. The white arrow indicates
the direction of laser movement. (c,d) High magnification SEM
images taken at the two ends of this suspended carbon nanotube.

sequential growth locations. At each location, the PRCVD
growth was performed at a laser power of 23 mW in a CO

gas flow rate of 4000 sccm for an exposure time of 7 min.
A suspended carbon nanotube can be seen spanning the space
between the two growth regions, which are separated by 5
µm. The white arrow indicates the direction of laser
movement at a speed of 500 µm/s. The conformation of the
suspended nanotube to the direction of laser movement
indicates that the nanotubes can be grown controllably in
any direction. This method was repeated between 20 different
growth locations, ranging from 2-8 µm in separation.
Successful growth of suspended nanotubes was achieved in
more than half of these instances. It is remarkable that such
taut suspended nanotubes can be grown rather insensitively
to the speed of laser movement. Large temperature gradients
have been used previously to achieve well-aligned nanotube
growth.30 It is likely that the large temperature gradients
generated in the vicinity of the focused laser spot are
responsible for this aligned growth. We also note that the
iron oxide nanoparticles move during the growth process,
possibly due to optical trapping or thermal migration.31,32
Branching at the ends of the nanotube indicates that this is
a bundle of nanotubes. The Raman spectra of this nanotube
bundle exhibit a radial breathing mode at 155 cm-1,
corresponding to a nanotube diameter of 1.59 nm. More
complex geometries, such as lines and predefined shapes,
can be patterned with this technique, as shown in the
Supporting Information.
The TEM images in Figure 4 show a porous microstructure, similar to that shown in Figure 2, grown by the PRCVD
process on a SiN TEM membrane. These images show
carbon nanotubes grown from iron oxide nanoparticles,
which provide a seed for the nanotube growth.29 From SEM
images taken at a tilted angle, a layer of iron oxide
nanocrystals is seen lining the bottom of the corallike porous
microstructure coated with graphitic carbon and carbon
nanotubes. These graphite-coated nanoparticles aggregate to
form clusters during the plasmon resonant CVD process,
creating the corallike porous structure shown in Figure 2a.
Despite its rather messy appearance, the porous microstructure shown in Figure 2a is actually a highly active, lightdriven catalyst that integrates strongly catalytic nanostructures (Au nanoparticles) with strongly catalytic materials
(iron oxide).
The localized nature of nanoplasmonic heating allows
growth of iron oxide and carbon nanotubes without heating
of the entire substrate. This enables the growth of carbon
nanotubes on new classes of substrate materials. For example,

Figure 4. TEM images of iron oxide nanoparticles interspersed with carbon nanotubes.
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we have demonstrated successful synthesis of iron oxide
nanocrystals and carbon nanotubes on an SU-8 polymer
substrate. These results are shown in the Supporting Information.
In summary, we have demonstrated synthesis of singlewalled carbon nanotubes and iron oxide nanocrystals using
a plasmon resonant chemical vapor deposition process. Realtime, in situ Raman spectroscopy reveals the sequential
growth of different carbonaceous and metal oxide materials
during the plasmon resonant CVD process. A feasible method
for controlling the growth and direction of suspended carbon
nanotubes is demonstrated using the laser as a heat source
movable in three dimensions. The localized heating of
plasmonic nanoparticles opens up new possibilities in the
local chemistry, enabling new growth pathways of materials,
not possible using standard CVD methods with uniform
heating. In addition, the local heating of plasmonic nanoparticles enables growth of carbon nanotubes and iron oxide
without heating of the entire substrate, thus enabling the
growth of carbon nanotubes on new classes of substrate
materials and devices.
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