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Abstract. The production of single-walled carbon nanotubednfluence of parameters such as the composition of the
(SWNTSs) using the cwCO,-laser ablation technique is re- graphitg metal targets, the buffer gas, its flow rate, and its
ported. Different metals and metal concentrations in the capressure on the formation of SWNTs are discussed. The
bon targets as well as different buffer gases and gas pressuresults reveal that most of the parameters have a strong in-
have been used in order to study their influence on the formdluence on the temperature environment close to the target
tion of SWNTSs. Itis shown that the conditions near the evaporod. Here, the local temperature conditions as well as the used
ration zone, i.e. especially the local temperature environmembetals play an essential role for the growth of the SWNTSs.
induced by the laser radiation as well as the used metals play

a key role in the formation process of SWNTs. Employing

a very simple experimental setup the 8@,-laser ablation 1 Experimental

technique easily provides the environment favorable for the

growth of high quality SWNT material under a wide range of The production of SWNTs was achieved usin@€@, laser

experimental conditions. operating in continuous wave mode Hb.6 um. The laser
beam was focused onto a grapliiteetal-composite target
PACS: 81.05.Tp; 81.10.Bk; 61.48.+c (spot size:0.8 m?, power density12 kW/cn¥) placed in-

side a stainless steel evaporation chamber (Fig. &) ofiters
in volume. Cylindrical targets d§.5—6 mmin diameter were
There is a large variety of potential applications of singleprepared by compacting homogeneous mixtures of powdered
walled carbon nanotubes (SWNTSs) forming a highly diversigraphite and metals in an isostatic press. No further heat treat-
fied technology portfolio ranging from nano-electronics [1, 2]ment has been applied to the target rods. The following metal
to material science [3] and fuel-cell technology [4]. A crucial concentrations (in at%) were used in the present work: Ni (2),
point for further progress in the exploitation of their prop-Co (2), Y (0.5), Fe (2), NiCo (4.2/1, 2/2, 2/0.5, 1/0.25,
erties and their applications certainly is the production 00.6/0.6, 0.50.13), Ni/Y (4.2/1, 2/0.5, 1/0.25, 0.60.6,
high-quality nanotubes with defined properties in large quang.5/0.13), Ni/Fe (4.21, 2/0.5, 0.§0.6), CQ'Y (2/0.5), and
tities in a cheap and reliable way. Here, great progress hasi/La (2/0.5, using a mixture of Ni andaCls). Argon, nitro-
been made using the electric arc-discharge method as a baigén, and helium were employed as buffer gases. Experiments
process [5], and the laser ablation technique using doublgvere performed a400 Torrunder both, dynamic (establish-
pulsed laser-furnace configurations, as a continuous way @g a gas flow of- 1 1/min) and static (without any gas flow)
production [6, 7]. Recently our group has shown that a typiconditions. A detailed study of the effects of using argon or
cal industrialCO,-laser system working in continuous wave nitrogen as ambient gases in the production of SWNTs was
(cw) mode can also be efficiently used for the production otarried out by laser ablation of K¥ (4.2/1) targets under
SWNTs [8]. Combining this laser system with a very simplestatic atmospheres ranging from 50500 Tort
evaporation setup, this not only is a step towards industrial Figure 1 shows the experimental set-up employed in the
mass production but also will lead to a better understancpresent work. During the laser ablation process the targets
ing of the role of various parameters for the formation ofwere continuously rotated around their axis and moved up-
SWNTs [9]. and downwards in order to get an uniform evaporation of the
This article describes in detail the production of SWNTstarget (see also scanning conditions in [9]). With the purpose
using this CO,-laser system operating in cw mode. Theof maintaining a continuous vaporization, the mirrors, which
- guide and focus the laser radiation, are cleaned after typical
*Corresponding author. (E-mail: wmaser@carbon.ich.csic.es) running times of about5 min Up to 200 mgof the targets
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simple metals were evaporated, the synthesized carbonaceous
materials were found in the form of powder-like soot. Occa-
sionally, soot in the form of thin and tiny filaments (less than

1 cmin length) appeared on the copper wire systems when
employing Ni or Co. This situation changed drastically, using
bi-metallic mixtures. Here, the produced carbonaceous ma-
terial was collected on the entangled copper wire systems in
the form of filamentous soot exhibiting a web-like appear-
ance (Fig. 2). Some of the soot collected on the chamber
walls was also in the form of these thin filaments. On the
other hand, most of the soot collected on the chamber walls,
on the surface of the quartz tube, and in the filter was in
the form of a powder-like soot exhibiting a rubbery texture,
and sometimes as a thick film [8]. The amount of the web-
like filaments was very abundant employing the bi-metallic
mixtures mentioned above. Substantially lower amounts only
were found using the graphjtei-metal targets containing

the lowest metal concentrations (Ni(0.5/0.13) and NiCo
(1/0.25, 0.50.13)), as well as using the ¥ mixture.

Fig. 1a,b. Experimental setup of the c\€O,-laser ablation system under Both SEM (Fig. 3) and low-magnification TEM (Fig. 4a)
dynamica and staticb conditions.a The CO,-laser radiation (A) is guided images of the web-like material synthesized ablating graph-
into the evaporation chamber (B) and focused onto the grapmétal-
composite target (C), which is rotated and moved up- and downwards to
get its uniform evaporation. Gases are introduced into the chamber through
a nozzle (D). The pressure and the flow rate were controlled by a pump (
a Pirani (1), a manometer (J), and a flowmetetnder dynamic conditions,
the gases and the synthesized products are driven through a quartz tube
where they can be collected mainly on the copper wire systems (F). Sol
soot can also be found in the filter (G), as well as on the chamber walls.
Under static conditions no quartz tube was used and a copper wire syste
additionally was placed in the upper part of the chamber in order to increas
the condensing surface for SWNT material close to the evaporation zone

were consumed after operation timesldf. In the experi-
ments performed using flowing buffer gases (Fig. 1a) most o
the synthesized soot was swept inside a quartz tube plac
above the target and at the top of the evaporation chambe
and collected mainly on an entangled copper wire and on a fi
ter placed at the end of the quartz tube. The rest of the so
was collected on the chamber walls, as well as on the su
face of the quartz tube. The vaporization apparatus employe
in the experiments carried out under static atmospheres c
be seen in Fig. 1b. Here, the quartz tube was removed a
a copper wire system filling the upper part of the evapora
tion chamber was introduced, thus increasing the collectin
surface for the produced materials close to the target.

No further purification process was applied and the as
produced carbonaceous materials have been characteriz
by scanning electron microscopy (SEM) (JEOL JSM-6400)
transmission electron microscopy (TEM) and energy dispe
sive spectroscopy (Philips CM3800 kV), and micro-Raman
spectroscopy (argon-ion laser withy: = 5145 nm, power
density 50 mW/mn¥), collection: Jobin-Yvon T6400 spec-
trometer, resolutior= 2 cnm ).

2 Results and discussion
2.1 Influence of the target composition
The results presented in this section refer to the eXpe”menlt—‘%. 2. Web-like soot sticking on the copper wire inside the quartz-tube on

carried out under both static and dynamic argo_n'and Nitropp of the evaporation chamber. This aspect is typical for soot material
gen atmospheres 400 Tort When targets containing only containing high yields of SWNTs
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10 nm

Fig. 4a,b. TEM micrographs of bundles of SWNTs synthesized under static
nitrogen atmospheres a00 Torr using a Ni/Y (4.2/1) and b Ni/Co
(0.6/0.6) targets

sive spectroscopy on zones containing these particles reveals
the presence of the employed metals. In the case of the sam-
ples produced using the bi-metallic mixtures, both elements
can be found in each particle. However, when using th&/'Ni
mixtures, the intensity ratios between the two elements can
drastically vary depending on the size of the particle. Here,
it was observed that the smaller particles consist almost ex-
s clusively of nickel, whereas the largest ones seem to be com-
Fig. 3a,b. SEM micrographs of SWNT materlal produced by laser abla-posed of comparable amounts of both, nickel and yttrium.
tion of a Ni/Y (4.2/1) target undera flowing argon andb static argon  High-resolution TEM images (Fig. 4b) show that the carbon
atmospheres a00 Torr filaments are in fact SWNTSs self-organized into bundles up to
20 nmin diameter. The diameter of individual SWNTSs within
the bundles is about4 nm as has been calculated from the
ite/bi-metal targets reveal that they contain high densitiefringe spacing or estimated from bundle cross-sections [8].
of entangled carbon filaments of some tens of nm in diamThe bundles, whose extremities are difficult to find by elec-
eter, more or less homogeneously distributed. Yields of theseon microscopy techniques, have lengths in the order of
filaments up to 80 vol% (with respect to the total carbona-l um, according to recent atomic force microscopy measure-
ceous material) have been estimated from general overviewsents performed on these samples [10]. In contrast to the
of the samples observed by SEM and TEM, as those showmaterials synthesized using bi-metallic mixtures low yields of
in Figs. 3 and 4a. [8]. Particularly high were the densitiesSWNTs were formed (mainly isolated SWNTSs or thin bun-
in SWNT material synthesized using the/Mi(4.2/1) mix-  dles of SWNTSs passing through large areas of amorphous car-
ture, followed by NyY (2/0.5) and then NiCo (2/2). To- bon) using Ni or Co, whereas no SWNT material was found
gether with these carbon filaments, particles of 2%ammin  at all in the samples produced ablating Fe- or Y-containing
diameter having a darker contrast and usually embedded graphite targets. However, since bi-metallic mixtures such as
amorphous carbon can also be seen (Fig. 4a). Electron disp@&t/Y, Ni/Co, and NjFe drastically enhance the production
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of bundles of SWNTSs, there seems to be a great synergism mixture (Fig. 5f). Here, the most intense peaks are located be-
combining certain kind of metals. This effect also has beetween 140 and45 cnt!, which correspond to tubes of about
observed in other production techniques [5, 11]. Furthermor&.6 nmin diameter. It is also worth mentioning the important
it is important to note that no SWNTs have been observedontribution of the small-diameter tubes (banea202 cnt?®
using pure graphite targets. Therefore, metal particles plagorresponding to diameters of abdut nm) observed in the
a crucial role in the formation process of SWNTSs. Althoughsamples produced using the/Na mixture (Fig. 5e). There-
some attempts have been done to explain the role of the mefaire, it seems that certain metals or metal combinations in
particles [6, 12] the microscopic details for the growth mechthe production process can cause a significant change of the
anism and for the synergetic enhancement effect still remaimost pronounced diameter within the typical SWNT diam-
unclear. eter distribution. However, no correlation between the target
More detailed information concerning the influence ofcomposition and the dominance of certain kind of chiralities
the target composition on the structural characteristics of theithin the SWNT samples could be established analyzing the
produced SWNTs as well as on the sample quality can bffequency region between 700 ab@00 cnt* which is sensi-
obtained by Raman spectroscopy. In the low-frequency pative to the different kinds of chiralities of SWNT [14].
of the spectra between 130 ap#i0 cn! a broad band con- Since the intensities of the low-frequency bands are
sisting of eight to nine peaks can be observed which clearlglosely related to the content of SWNTSs in the samples one
indicates the presence of SWNTs (Fig. 5). Since every peatan derive from the signal in this region some information
in this region corresponds to a characteristic diameter adbout the quality of the materials. Comparing the intensities
SWNTs (calculated from the relation provided by Bandow etof the various spectra shown in Fig. 5, the highest amount
al. [13] d(nm) = 22375/ vpeadcm 1)) one typically can ob- of SWNTs within the sample can be assigned in general to
serve distributions of diameters ranging from 1.11t6nm,  samples prepared with WY mixtures followed closely by
consistent with the results of TEM. In general, the contribuNi/Co, and then NiFe and NjLa target compositions. Fur-
tion of the large-diameter tubes is more important in samplethermore, the study of the band arout®650 cnT! which is
synthesized using MY mixtures (Fig. 5b), and it is espe- characteristic for disordered carbon reveals that the samples
cially significant in the samples produced with the/@o with the highest SWNTs amount (N¥ and Ni/Co) contain
as well the lowest content of amorphous carbon. However,
Ni/La samples as well as bi-metallic samples that yielded
250 the lowest amounts of web-like soot show higher contents of
a) 3000} b) . : .
amorphous carbon. Finally, samples synthesized with targets

2001 2500 containing only one metal reveal a low SWNT content and the
150} 2000 dominance of amorphous carbon. All these Raman results are
100l 1500 consistent with the observations from electron microscopy.
1000 Altogether, metals have a strong influence on the pro-
50 duction of SWNTSs. This concerns especially their quantity
soor but as well their individual characteristics, particularly their
—_ At Op—" . . . = diameter distribution. Whereas N and Ni/Co mixtures
»g 120 140 160 180 200 220 120 140 160 180 200 220 haye peen established to produce the largest amounts of
S ps00l ©) soool @ high-quality_S_WNT material, no clear corre;la_tion o_f th_e.tar-
8 get composition to the structural characteristics of individual
~=2000¢ 1500 SWNTSs (diameter and chirality) could be found.
:'?1500
&l ool 1000} 2.2 Influence of buffer gas and gas pressure
o)
€ so0f 500} The results presented in this section refer to the experiments
c carried out using the favorable N (4.2/1) mixture under
O T e B0 a0 e a0 Teo T s mo  Static argon and nitrogen atmospheres ranging from 50 to
g 2000F 600 500 Torr Laser-produced vapor plumes of ab@f—1 cm
o e) f) long were generated under argon and nitrogen atmospheres

500 between 200 an&00 Torr Within this pressure range, the

synthesized materials were collected as web-like filaments
on the copper wire system. SEM and TEM studies on these
samples reveal a very high yield of SWNT under both argon
and nitrogen atmospheres [15]. Working beld@0 Torrre-
sulted in more diffuse plumes, which occasionally were very

0 , , o long. The produced material was collected as powder-like

120 140 160 180 200 220 120 140 160 180 200 220 soot and contained very small amounts of SWNTs accord-

i -1 ing to the former SEM and TEM studies. A similar result
Frequency shift (cm"’) was obtained by other authors using the pulsed Nd:YAG laser

E;gé\?\?ﬁffsl_0%3335312¥nre%ii?f2fe2{ tmhgt;acf;‘;” gg‘;gﬁgxi(m::éfd’ﬁ r(‘g)‘) ablation technique [16]. Amorphous carbon seems to domi-
b NI /Y (0_65’0_6)’(: Ni/Co ?0_6/0_6)‘d Ni /e (2/0'_05)’eNi/La (2/05),ang  Nate these samples independent of the used atmosphere. The
f Co/Y (2/0.5). All these samples were produced in dynamic conditions€Volution of the amount of SWNTSs in the samples with pres-
using argon atmospheres4a0 Torr sure can be seen in the systematic intensity variation of the

15001 400l
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Raman spectra presented in Fig. 6 for argon and nitrogen i T T T T
buffer gas. For both kind of atmospheres, one clearly can ot ~ r = Argon

serve from the low-frequency regioh@0-250 cnt?) and as 100 - e Nitrogen ]
well from the high-frequency regiori$00-1850 cnt?) that E T
the SWNT yield below200 Torrdrastically gets reduced and 7
the spectra of thBO-Torr samples no longer show the typical "~ 1
SWNT signals. Furthermore, the evolution of the sharp pea®; 60 .
structure around350 cnT? in Fig. 6 to a broader structure - E 1
typical for disordered carbon in the spectra be@®0 Torr 40 - E -
indicates the transition to sample material with higher con < : E ;

tents of amorphous carbon. In Fig. 7 the pressure evolutio 8 20
is plotted for the peak located between 1584 4889 cnt?.
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Here, the intensity of the peak for t#®0Torr argon sam- T o =% < _
ple is taken as reference value and sel®®. The graph T S S S W
shows that the highest amounts of SWNTs (highest Rams 0 100 200 300 400 500
intensities) are obtained within the pressure range of 200 t Pressure (Torr)

400 Tort At 100 Torrthe- si.g.nals are already drastically re- Fig. 7. Evolution of the Raman intensity of the high frequency peak located
duced and &0 Torrno Sl.gmﬁcam ?‘mount of SWNTs Can,be between 1584 and589 cntt with pressure for argon and nitrogen atmo-
detected. No obvious difference in the pressure behavior Ghhere. The intensity of the peak for the sample produced wETorr
argon and nitrogen can be observed and in both cases sinef-argon has been set 1%

lar sample quantities (only slightly lower for nitrogen) and

qualities have been produced. This on first sight is surpris-

ing since the reactivity of argon and nitrogen is quite differenspheres under the pressure conditions employed in this work
and the formation of CN radicals [17,18] as well @dy  theC—C bonding formation and therefore the SWNTs growth
films [19, 20] in laser ablation of graphite targets under nitro-is favored as also has been observed by Zhang et al. [21] in
gen atmospheres has been reported. In this case, the formatidd: YAG laser ablation experiments.

of both C—C and C—N would be more or less equally fa- Finally, we should mention that no difference concerning
vored leading to an important decrease in the yield of SWNTsguantity and quality has been observed performing experi-
as a results of the competition between the growing carboments under either dynamic or static conditions. On the other
structures and the nitrogen molecules for the carbon speciésind, using helium as buffer gas and employing a pressure of
ejected during the ablation. Additionally, it was suspected tha400 Torr, powder-like soot materials were produced. Like all
the incorporation of theC—N bonding in the SWNT net- other soot material having such a powder-like texture, these
work would inhibit the tube growth [21]. However, the resultscontained only negligible amounts of SWNTs as could be
shown in this section suggest that also in nitrogen atmoseen in SEMTEM and Raman studies.
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The understanding of the described pressure and gas &- Conclusion
fects can be related to changes of the local temperature en-
vironment experienced by the evaporated species close to thiée simple cwCO,-laser ablation technique described in this
target rod. This will be explained in the next section. work is able to provide high yields of SWNTs under a rela-
tively wide range of experimental conditions. It has been
shown that the target composition, the buffer gas, and the
gas pressure are influencing particularly the quantity of the
produced SWNT material but also the characteristics of the
SWNT itself. In general, bi-metal mixtures such as/¥i
The 10.6-um cw laser radiation is able to induce favor- and Ni/Co yielded the largest amounts of SWNT material.
able conditions for the SWNT growth by evaporating ma-The use of different mixtures can also have an effect on the
terial from the graphitémetal-composite targets and, sim- diameter distribution, however no clear correlation could be
ultaneously, inducing a hot zone of abdutm around the established. The microscopic details concerning the role of
focal spot on the target. In this orange-red zone temperaturéise metal particles still remain unclear. On the other hand, the
around1200°C were measured when operating4®l0 Torr  effects of the buffer gas and the gas pressure on the yield of
under argon atmospheres. The hot rod itself acts as a loc8WNTs can be directly related to changes of the local tem-
furnace and reduces the temperature gradient experienced pgrature environment near the evaporation zone. It therefore
the evaporated species. This helps to keep the environmentigécomes clear that the use of certain metals or metal com-
temperatures suitable for the growth of SWNTs without thebination in the graphite targets, its concentration in the gas
use of an external furnace. It becomes clear that this systephase, and the local temperature conditions play a key role in
allows efficient laser—target—gas interactions and thereforge formation of SWNTSs. This should be independent of any
shows that the local conditions, i.e. especially the temperaapplied technique based on the evaporation of grafihit¢al
ture and the temperature gradient near the evaporation zonargets.
play an important role in the formation process of SWNTs.  Finally it is worth noting that the cWCO,-laser ablation
These assumptions seem to be further confirmed by the reechnique presented here is a simple but efficient method
sults of Kokai et al. [22] who used a puls@D,-laser sys- for the production of SWNTSs. Since this type of laser is al-
tem. The fact that here high yields of SWN¥ 60%) only  ready widely used in industry, automating this system will
were obtained using an external furnace clearly shows thaéfe a mayor step forward towards the mass production of
in a pulsed mode the target rod apparently is not continSWNTSs.
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