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The effect of laser wavelength on single-wall carbon nanotubes
synthesis yield and their properties was studied. A double-
pulse Nd:YAG laser, working at a wavelength of 355 or
1064 nm, was used for carbon nanotubes production. The
synthesized carbon nanotubes (CNTs) were investigated using

1 Introduction Carbon atoms have the unique ability
to congregate into miscellaneous nanostructures under the
conditions of laser vaporization. The covalent bonds
between constituent carbon atoms are outstandingly strong
which results in high mechanical stability and thermal
conductivity of the macromolecular structures. These
properties result in broad application of carbon nano-
structures in nanotechnology. The pulsed laser vaporization
(PLV) of graphite is used to obtain a wide variety of carbon
allotropes, such as diamond-like carbon films [1], fullerene
carbon molecules [2], carbon nanotubes [3-10], carbon
nanowalls [11], nanohorns [12], and graphene [13-16].

Pulsed lasers are especially suitable in generation of
non-equilibrium conditions due to a short time scale of
temperature changes. PLV offers extraordinarily high
temperatures in which graphite and metallic catalyst
particles are transformed into the carbon-metal vapor.
During the interaction of the laser beam with a target, its
surface is heated to a temperature exceeding the boiling
point and sometimes exceeding the critical temperature. At
the same moment, vaporization begins. The evaporated
particles are further heated by the laser pulse to temperatures
of several tens of kilokelvin and form a plasma plume. Next,
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the SEM/STEM microscopy and Raman spectroscopy. The
results show that the useful range of UV laser radiation fluence
is narrower and the properties of synthesized CNTs depend
much more on the laser fluence than in the case of infrared laser
radiation.
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the expansion of the plasma plume takes place. When the
plasma cools during expansion along a steep temperature
gradient, carbon and catalyst metal atoms condense into
larger structures. The conditions which initially change
within a nanosecond time scale are far from equilibrium and
enable synthesis of various nanostructures, otherwise,
energetically impossible under equilibrium growth con-
ditions [17-19].

Carbon nanotubes (CNTs) are among the most
promising materials in nanotechnology. They have unique
electrical, mechanical (e.g., the C—C covalent bond in CNTs
is among the strongest found in nature), and thermal
properties, potentially with wide applications in electronics,
polymer chemistry, computers, aerospace, and other
industries. The nanotubes are obtained in several structural
forms: single-wall CNTs (SWCNTSs), double-wall CNTs,
and multi-wall CNTs. They are mainly produced by the
chemical vapor deposition (CVD) [19], the laser vapor-
ization, and electric arc discharge methods. In the laser
vaporization method, both continuous wave lasers [20-23]
and pulsed lasers [3—10] are successfully used.

Single-wall CNTs produced by the PLV method are of
excellent structural integrity, long, and of high purity.
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Usually, 1064 or 532 nm Nd:YAG lasers are applied [3-8]
although 248nm KrF lasers were also used with
success [9].

In this paper, the effect of laser wavelength on SWCNTSs
properties and production yield was studied. A double-pulse
Nd:YAG laser which delivers two subsequent pulses of the
same wavelength was used for CNTs synthesis. This creates
a unique opportunity to study the effect of laser wavelength,
on the synthesis and properties of produced carbon
nanotubes. The presented synthesis laser system was used
for the first time. Usually, two separate lasers working at two
different laser wavelengths, 532 and 1064nm [8] and a
dichroic mirror were used. In this experiment, the laser
operated at a wavelength of 355 or 1064nm. The
synthesized CNTs were investigated by the SEM/STEM
techniques and Raman spectroscopy.

2 Experimental The reactor for synthesis of CNTs,
assembled at the Institute of Fundamental Technological
Research is shown in Fig. 1. This is a typical laser-furnace
system for horizontal operation. The ablation of the target
was performed in argon background gas at a pressure of
6.6 x 10*Pa flowing slowly (~5mm/s) in a quartz tube
25mm in diameter inserted in an outer S0 mm tube. The
graphite target consists of raw natural graphite decorated
with Ni and Co nanoparticles at a concentration of 1 at% for
each of them. Metal particles were deposited by reducing of
nickel and cobalt chlorides using NaBH,. The outer quartz
tube is mounted inside a 42cm long split-tube furnace
operating at 1000 °C. The target is situated in the center of
the furnace. Evaporated by the laser pulse material was
carried away by the argon stream and deposited on a water-
cooled brass collector located at the exit of the furnace.
Graphite target irradiation is performed by a double-pulse
Nd:YAG Ekspla 303 D laser. This is a two-laser system
which provides two pulses of the same wavelength with
adjustable inter-pulse delay time. The laser can be operated
at a wavelength of 355, 532, and 1064 nm with 8 ns pulse
duration with a repetition rate of 20 Hz. After completion of
the experiment, the carbon soot containing nanotubes was
scraped off the collector surface and analyzed.

In this experiment, the laser was operated at a
wavelength of 1064 or 355nm in the fluence range of 1-
6J-cm 2. The fluence of both pulses was usually similar,
the second pulse being delayed by 30ns. Therefore, in the
following part of this paper, fluence F denotes fluence of
each of two pulses; total fluence is two times larger. On the
other hand, it is not reasonable to add fluence of both pulses,
as was done in some analyses, because two pulses delayed
by 30ns cannot be regarded as just one longer pulse. The
second pulse is absorbed by the earlier ablated plume, which
decreases its interaction with the target. Gated ICCD images
of the plume emission in ambient argon at a pressure of
7.3 x 10*Pa show that already at delay times of 30ns
following laser ablation of graphite, well-developed 250 pm
thick plume is formed [24]. This plasma plume strongly
absorbs laser radiation and significantly changes energy
transfer from laser pulse to the target. Consequently, the
second pulse heats the plume more than the target.

In order to obtain a large spot on the target, the laser
beam was defocused which resulted in a beam intensity
distribution similar to a top-hat distribution. Two typical
experimental configurations [6, 8] were used: configuration
1 with a single outer tube only and configuration 2 with a
double inner and outer tubes.

3 Results and analysis

3.1 Laser wavelength of 1064 nm The results for
configuration 1 and 1064 nm laser wavelength are shown
in Figs. 2-4. Experimental conditions were as follows:
the first pulse energy was 25 mJ (fluence 1J - cm™2) while the
second pulse energy varied from 16 to 32mlJ (fluence
0.65-1.37-cm ™). The variation of the second pulse energy
in this range had no significant influence on the results.

Figure 2 shows SEM/STEM images of the collected
soot with CNTs, while Fig. 3 presents images of bundled
SWCNTs. The SEM/STEM images were collected using a
Hitachi s5500 high resolution field emission microscope.
They show the synthesized CNTs and impurities of residual
catalysts incorporated in the carbon material. The diameter
of the obtained CNTs presented in the STEM images is
about 1.25nm, which can be estimated as the distance
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Figure 1 Reactor for carbon nanotube synthesis by the laser ablation method.
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Figure 2 STEM image of carbon soot containing carbon
nanotubes.

between two dark lines visible in a STEM image (Fig. 3) of
SWCNT bundles.

The Raman spectra are shown in Fig. 4. These
measurements were carried out using a laser excitation
wavelength of 514.5nm corresponding to the excitation
energy of 2.41eV.

/ x1000k BF-STE

Figure 3 Images of bundled SWCNTs. Black dots show the metal
nanoparticles (catalyst).
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Figure 4 Raman shifts for PLV (configuration 1) with Nd:YAG
1064nm at F=1J-cm™2; (a) full spectrum, (b) deconvoluted G
bands, (c) RBMs.

The total spectrum (Fig. 4a) shows the radial breathing
mode (RBM) band, which corresponds to the radial
expansion—contraction of nanotube, the D (disorder band)
and its second-order overtone the D" band (sometimes
denoted as G’), graphitic G~ and G* bands as well as weak
double resonance features associated with the M band and
the iTOLA second-order modes [25].

Figure 4b shows the position and shape of the graphitic
peaks G and G after deconvolution. The lower frequency
component G~ is highly relevant for analysis because its
profile and position strongly depends on the nature of
SWCNTs. In the case of semi-conducting nanotubes, its
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Figure 5 Raman shifts for PLV (configuration 2) with Nd:YAG
1064nm at F=1J-cm™ % (a) deconvoluted G bands, (b) RBMs.

profile is narrow and Lorentzian, while in the case of
metallic nanotubes, its profile is broader, asymmetric, and is
described by a Breit-Wigner—Fano (BWF) line shape [25].
Metallic G~ peaks are also shifted toward lower frequencies
with respect to semi-conducting. Other line profiles are
Lorentzian in both cases. The results of deconvolution
presented in Fig. 4b show that the CNTs produced in the
experiment are of mixed nature.

The ratio of intensities of semi-conducting (Lorentzian)
to metallic (BWF) component is I /IEMF = 0.21. This
value is only indicative. For quantitative analysis, the
knowledge of the Raman excitation cross sections and
radiative transition probabilities are necessary. With the use
of well-known frequency vs. 1/diameter diagram by Jorio
and colleagues [26], it has been found that the position of
the peaks corresponds to the SWCNTSs diameters of 1.16
and 1.1nm for semi-conducting and metallic nanotubes,
respectively.

Double RBM peak at frequencies of 183 and 204 cm ™"
(Fig. 4c) indicates a narrow distribution of single-wall
nanotubes with a dominant population of about 1.16 and
1.3 nm diameter according to the formula w = 227.0/d + B
[27, 28], where @ denotes the RBM peak position, d the
carbon nanotube diameter in nanometers, and B is upshift
from the pristine value due to van der Waals’ interactions
between bundled nanotubes (for negligible environmental
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effect B ~0). The value of B~ 9 cm ™! was taken from Fig. 3
of Ref. [27]. Simple relation w = 227.0/d-/1+C-d*
with C=~0.058 [27, 28] gives very similar results.
The SWCNTs diameters determined from the frequency
of RBM peaks are more reliable than those determined from
the position of G~ peaks; we will further rely on this
approach.

Since it has been found [26, 29] that in the case of laser
excitation energy 2.41eV, only semi-conducting SWCNTs
have resonant RBM frequencies between 160 and 220 cm ™',
we may assume that both observed RBM peaks come from
the semi-conducting SWCNTs.

Similar results were obtained in the double tube
system (configuration 2). The Raman spectra of CNTs
obtained at fluence F=1J-cm™? are shown in Fig. 5.
The ratio of intensities of Lorentzian to BMF component
is Ié, /IEMF = 0.3. Again the dominant population has a
diameter of 1.3nm although in some cases another
population with a diameter of 1.44 nm appears. At fluence
F=3J-cm % (Fig. 6), the ratio of intensities of Lorentzian
to BMF component 1is considerably lower, i.e.,
15 /IBMF = 0.13, which indicates increased amount of
metallic nanotubes. The most abundant population has
diameter of 1.32 nm but diameter range is much broader—
from 0.96 to 1.65nm (Fig. 6b).

Conversely, at fluence F=6J-cm 2 (Fig. 7),
Ig- /IRMF =0.71 which means that SWCNTs are
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Figure 6 Raman shifts for PLV (configuration 2) with Nd:YAG
1064nm at F=3J-cm™%; (a) deconvoluted G bands, (b) RBMs.
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found in Ref. [30]. The results show that appropriate S o
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fluence 1-3J-cm 2 In the case of an Nd:YAP laser <
working at a wavelength of 1079 nm, the conditions thatled -,
to the highest yield of SWCNTs were found at F=1.5 ‘&
J-cm™2 while at F=3] -cmfz, about 40% decrease of §
production rate was observed [31]. However, some £
authors [32] report considerably higher optimum fluences,
I \

ie., F=8.5J-cm ? in the case of a single pulse 1064 nm
wavelength and F=17.5J-cm 2 in the case of a single
pulse 532nm wavelength. Our results show that for a
double pulse at a wavelength of 1064 nm, the most favorable
conditions for a high production yield of SWCNTs are at
fluences 1 < F <3, where F is the fluence of each of two
pulses. The estimates are based on STEM images. Since
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Figure 8 Raman shifts for PLV (configuration 2) with Nd:YAG
at355nmat F=1J-cm 2 (a) full spectrum, (b) deconvoluted G
bands; thick line—experiment, thin lines—separated spectrum,
(c) RBMs.
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(except peak at 222 cm™ ") probably belong to residual semi-
conducting SWCNTs, because metallic RBM peaks are not
excited by 514nm wavelength below 220cm™'. The
intensity of the D-band (disorder band) in relation to the
G-band increases, which means much higher level of
structure disorder. This could mean either defects in the
nanotube lattice and/or enlarged level of amorphous carbon
in the sample. Indeed, the SEM/STEM images of the
collected soot show much lower output of carbon nanotubes
in comparison to the results obtained at similar fluence with
a laser wavelength of 1064 nm.

Satisfying results were obtained at fluence F =3J-cm™
(Fig. 9) which means that in the case of UV radiation, much
higher fluence is necessary for reasonable SWCNTSs yield.
The results are similar to those presented in Fig. 6 in the case
of 1064 nm wavelength, although the ratio of intensities of
semi-conducting to metallic component is somewhat lower,
15 JIEMF = 0.64. A double RBM peak at frequency of 183
and 202 cm™ ' points to a narrow distribution of single-wall
nanotubes with the dominant population of 1.17 and 1.3 nm
diameter. The production yield was similar to that observed in
the case of 1064 nm radiation.

Indeed, in the case of a KrF laser with a wavelength
of 248 nm [9], the fluence at which high quality SWCNTSs
were produced was 5.25J-cm 2. Similarly, in the case of
excimer XeCl laser with a wavelength of 308 nm [33],
fluence of 2.25J-cm ™2 was needed.

The Raman spectra obtained from materials synthesized
at F=6J-cm 2 are shown in Fig. 10. Since excitation with
514 nm does not reveal any RBM peaks, the Raman spectra
were repeated using 633 nm excitation source showing
RBM peak at 188cm™' corresponding to the SWCNTs
diameter of 1.26 nm. The G band consists of one peak only,
which shows a BWF line shape, although the fit to the
experimental data was not the best. The absence of broad G~
component was already observed [34] in the case of metallic
armchair structures. More importantly, the production rate
of SWCNTs is substantially reduced. The STEM and
HRTEM images demonstrate that nanotubes are embedded
in a large amount of amorphous carbon. The results show
that the appropriate fluence range for the production of
SWCNTs is much narrower and the synthesis products
depend much more on the laser fluence in the case of 355 nm
than in the case of 1064 nm.

The upper limit of fluence for the 355 nm wavelength
can be restricted by the phase explosion threshold. This
threshold corresponds to a sudden transition from surface
vaporization (thermal ablation) to explosive boiling (also
known as phase explosion). Rapid laser heating causes the
heated liquid—vapor system to leave the saturation line and
enter the metastable region. When a liquid reaches its
homogeneous nucleation temperature T}, > 0.9 T, (where
T, denotes critical temperature), rapid transition from a
superheated liquid to a mixture of vapor and liquid occurs.
Since the volume of the gas phase greatly exceeds that of the
liquid phase, sudden boiling resembles an explosion [35]
and results in the ejection of a mixture of vapor and

2
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liquid droplets. It has been found [36] that the phase
transition threshold strongly depends on the laser wave-
length and decreases from F=355J]-cm™? for 1064 nm to
F=7.5J-cm? for 355nm. These data concern a Good-
fellow rigid foil target and can be somewhat different for
various carbon targets. Therefore, it is plausible that in the
case of 355 nm at laser fluence F =617 - cm_2, the synthesis
conditions were already affected by the phase explosion.
The higher threshold of fluence for production of
CNTs in the case of 355 nm wavelength in comparison to
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Figure 9 Raman shifts for PLV (configuration 2) with Nd:YAG at
355nm at F=3J-cm 2 (a) full spectrum, (b) deconvoluted G
bands; thick line—experiment, thin lines—separated spectrum, (c)
RBM:s.
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Figure 10 Raman shifts for PLV (configuration 2) with Nd:YAG
at 355nm at F=6J-cm™%; (a) full spectrum, (b) RBMs.

1064 nm is more difficult to explain given the large number
of factors controlling the efficiency of nanotube synthesis.
Since the main effect of laser wavelength on laser-induced
carbon plasma [36, 37] is the lower temperature in the case
of lower wavelength, we can assume that in the case of
355nm fluence of 1J-cm™? is probably too low to create
appropriate conditions for nanotube synthesis.

4 Conclusions A double-pulse laser system for high
yield single-wall CNTs synthesis was used. The results
show that the growth conditions change considerably with
the laser fluence. The results show that the useful range of
the UV laser radiation fluence is narrower and the properties
of synthesized nanotubes depend much more on the laser
fluence than in the case of infrared laser radiation. For
355nm laser wavelength, good quality SWCNTs were
obtained only at fluence F=37J-cm ™2 while for 1064 nm
good results were obtained in the fluence range of
1 <F<6J-cm™? although the production yield decreased
for F>3J-cm 2 In the case of 1064nm the population
distribution for SWCNTs was the narrowest at fluence
F=1J-cm 2 and then the most abundant population of
CNTs had a diameter of 1.3 nm. The population distribution
becomes broader with increasing fluence, encompassing a
larger range of SWCNTSs diameters.
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