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Investigations of single-wall carbon nanotube growth by time-restricted laser vaporization
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The growth times of single-wall carbon nanotull&$VNT'’s) within a high-temperature laser-vaporization
(LV) reactor were measured and adjusted thraagsitu imaging of the plume of laser-ablated material using
Rayleigh-scattered light induced by time-delayed, 308-nm laser pulses. Short SWNT’s were synthesized by
restricting the growth time to less than 20 ms for ambient growth temperatures of 760—1100 °C. Statistical
analysis of transmission electron microscope photographs indicated most-probable lengths of 35—77 nm for
these conditions. Raman spectE,,=1.96 and 2.41 eYof the short nanotubes indicate that they are well-
formed SWNT's. The temperature of the particles in the vortex-ring-shaped plume during its thermalization to
the oven temperature was estimated by collecting its blackbody emission spectra at different spatial positions
inside the oven and fitting them to Planck’s law. These data, along with detailed oven temperature profiles,
were used to deduce a complete picture of the time spent by the plume at high growth tempérétires
1100 °Q. The upper and lower limits of the growth rates of SWNT’s were estimated as 0.6 apanBsifor
the typical nanosecond Nd:YAG laser-vaporization conditions used in this study. These measurements permit
the completion of a general picture of SWNT growth by LV based on imaging, spectroscopy, and pyrometry of
ejected material at different times after ablation, which confirms our previous measurements that the majority
of SWNT growth occurs at times greater than 20 ms after LV by the conversion of condensed phase carbon.
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I. INTRODUCTION ments were limited to times when the ablated material was
still quite hot.
Single-wall carbon nanotubdSWNT's) exhibit remark- Our approach to understanding the growth mechanism

able electronic and structural properties, which promise t@nd optimizing the yield of SWNT's is to combine laser
revolutionize various application areas, from nanoscale elecraporization andn situ diagnostics® ! Recently, we used
tronics to ultralightweight structural materidis.aser vapor- laser-induced emission, gated intensified charge-coupled de-
ization is one of the best methods to grow high-quality, high-vice (ICCD) imaging, and optical spectroscopy to probe the
purity SWNT’s. As typically employed, each laser shotplume of ablated material during a long time interval
Vaporizes a small amount of mater(a} 1016 carbon atoms <At<several Secondﬁﬂer an 8-ns Nd:YAG-laser-ablation
and~ 10 metal catalyst atoms, e.g-1 at. % Ni, Co, Fe,Y, Pulse:®"*® Combined imaging and spectroscopy of Co at-
etc) inside an oven(~1200°Q into ~500 Torr of gently ~©MSs, C, and C3 molecules, and clusters indicated that the
flowing inert ga3 On a single laser shétthe ejected ma- atomic and molecular vapor quickly con(_jer_wsed into cIusFers
terial self-assembles to form a high volume fraction of2nd became trapped in aggregates within a vortex ring-
SWNT's, which can be up to 1@m in length®® shaped plume. The times for conversion of atomic and mo-

Since the first introduction of laser-vaporization proces§eCUIar species to clusters was estimated~&200 us for

. 2 L . ‘carbon and~2 ms for cobalt at 1100 °C. We concluded that
n 1995; researcherg attempteq optimization by manlpulatthe majority of SWNT growth occurs within the spinning
ing numerous experimental variables, e.g., laser parameters

(energy fluence, peak power, repetiion rate, cw Versuvortex ring, during its long propagation time within the hot
gy46_9 P po 011 pe ’ %ven, from the available feedstock @dndensed-phaseetal
pulsed,*®°target compositiod%*! carrier gas-flow rate and

12 X 3 and carbon nanoparticles. This conclusion was strongly sup-
pressuré; ambient temperaturé:” etc. o ported by our recent work where long SWNT(Em in
These studies provided a reasoqable optimization of the P'9%ngth were grown by annealing nanoparticulate aggregates
cess and created many speculations about the growth mechgnich were generated in the laser-vaporization apparatus, but
nism. were allowed only sufficient time to grow short SWNT's

Unfortunately, the growth of SWNT's is not controlled or (<200 nm long. This material, which contained mostly
fully understood. Thus their potential technological applica-amorphous carbon and metal nanoparticles, was collected
tions, which depend on the atomic-scale structaterality), and subjected tex sity high-temperaturéd50—-1300 °¢ an-
growth rates and the possibility of large-scale production ar@ealing in order to verify that growth of SWNT’s could pro-
affected by this lack of fundamental understanding. ceed by thecondensed-phase conversimechanism at tem-

The first attempts to perforim situ spectroscopic studies peratures similar to those experienced by the nanoparticles in
during SWNT growth were based on the observation of thehe vortex ring plume during laser vaporizatith.
luminous laser plasma at early timeat80us) after The main conclusions regarding plume composition ver-
nanosecond Nd:YAG laser ablatidnand after long-pulse sus time were later confirmed by Kokai al?° who used a
CO,-laser vaporization at 25-1200 %€.These measure- similar time-resolved imaging and spectroscopy approach
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XeCl-laser dichroic d quarzwindow  quartz tube standard 4.5-in. conflat vacuum components. The ablation
7 mmirror 4 ? 2 and probe laser beams entered the quartz tube through the
i, ——i g same Suprasil window, which was mounted in a vacuum
L= S / flange. A dichroic mirror was used to reflect the ablation
gas flow 1000 °C ~ _collector water ; ; ;
NAYAGH N laser beam while coaxially passing the probe laser beam. The
‘YAG-laser furnace

furnace was equipped with a rectangular quartz windbd¢

FIG. 1. Schematic of the 2-in-diam quartz tube and hot furnacdn- length, 1-in. width, Suprasil)¥or spectroscopic diagnos-
with the viewing quartz window used for laser-vaporization growth tics of the ablated material inside the furnace. A temperature
of SWNT’s with in situ laser-induced emission imaging diagnostic. profile along the axis of the quartz tube was measured by
Beam geometries are indicated. The black dots and the numbeigtroducing a thermocouple coaxially with the quartz tube. In
show the collection points of the vaporized materiall) upstream  this case the Suprasil laser-entry window was replaced with a
and (2) collector. The C/Ni/Co target was positioned at a distancemount for the thermocouple. The end of the thermocouple
d=10 cm from the front of the furnace. could be positioned at any point at the tube axis.

Argon gas was introduced around the quartz laser-entry
based orin situ measurements of laser-induced emission andgvindow at a flow rate of 100 sccm. The pressure was main-
scattering from the propagating plume. tained at 500 Torr by pumping through a needle valve down-

De Boeret al?! performedin situ, laser-induced fluores- stream of a brass water-cooled collector, which was inserted
cence monitoring of the atomic Ni density in the near-targetinto the quartz tube and positioned just outside the furnace.
region d=1-3 mm) and confirmed that the majority of Ni A 1-in.-diam target prepared from carbon cemédylon
atoms also stay in the vapor phase for several millisecondeC) was prepared to incorporate powders of(Mlifa, 2.2—
after ablation(consistent with our measurements on &6 3.0 um, 99.9% and Co(Alfa, 1-6 um, 99.8% such that the

Prior to these diagnostic studies very littte was knownNi and Co concentration resulted in 1 at. % each. The target
about where, when, and at what rate the growth occurredvas screwed onto a 0.25-in.-diam graphite rod and was ro-
Even today, despite diagnostic investigations, estimates fdated during operation. This rod was mounted along the tube
growth rates of SWNT'’s produced by laser vaporization in-axis through a hole in the collector.
side comparable hot oven environments range over five or- The ablation lasef1.06 um Nd:YAG, 300 mJ, 8 ns full
ders of magnitude, from-1 um/s up to~15 cm/s?>% width at half maximum(FWHM) pulsg beam was focused

In this study we report the growth and characterization ofto a 4-mm-diam, donut-shaped spot on the target. The energy
short SWNT's(35—77 nm long at three different oven tem- density at the target was about 3 Jfcr gated ICCD-
peratures. Detailed length characterizations of the shogamera systeniPrinceton Instruments, 5-ns minimum gate,
SWNT’s are combined within situ measurements of the 200—820 nm spectral range/as used to perform scattering
growth time to provide new estimates of the growth ratesimaging of the ablation plume using a defocused XeCl-laser
The short SWNT's are characterized by Raman spectroscopulse (308 nm, 30 ns FWHM, 6 mJ/ctnat different time
and transmission electron microsca@EM). Detailed infor- ~ delays. The 5-ns ICCD gate was set to occur at the peak of
mation on the growth environment of SWNT’s during the the XeCl laser pulse.
early stages of their development is provided with new esti- Material collected from the chamber was investigated us-
mates of size and temperature of the aggregated nanomateria Raman backscattering under ambient conditions in a mi-
which propagates inside the oven reactor a few millisecondsroscope setupNachet NS400, 88, N.A. 0.90 using ~1
after laser vaporization. These measurements are correlat@dV of 632.8-nm excitatioi~3-um-diam spot sizefrom a
with oven temperature profiles and Rayleigh-scattering imHeNe laser. The scattered light was passed through a spec-
aging of the propagating nanomaterial to restrict growthtrograph(HoloSpecf/1.8, Kaiser Optical Systemhsind was
times available at known temperatures. Using length distridetected with an ICCD camet&I- MAX, Princeton Instru-
butions of SWNT'’s produced under these well-defined conmenty. Raman spectra were also obtained with a Dilor
ditions, the upper and lower limits of the growth rates of XY800 triple-stage Raman microprob#Y, Inc) using a Co-
SWNT’s were estimated as 0.6 and Gufin/s for the typical herent Innova 308 C Ar laser(515-nm excitation, 1 mW in
nanosecond laser-vaporization conditions used in this study-2-um spot siz¢ power at the specimen.

These results further support our previous studies which
indicate that SWNT’s grow over extended timgs100 ms
to seconds by a condensed phase conversion process. In

conclusion, a comprehensive picture of SWNT growth is  Growth rates of SWNT'’s were estimated by measuring
presented. length distributions of SWNT's grown for known durations
inside the hot oven. However, reliable estimates of SWNT
lengths can only be performed for short nanotubes where the
ends of the nanotubes can be clearly determined in TEM
The SWNT growth setup is shown in Fig. 1, and detailspictures. To limit the time available for nanotube growth, the
are described in Refs. 17 and 18. It consists of a quartz tubrget was located close to the front edge of the furr(dce
(2-in. diameter, 24-in. lengihmounted inside a hinged tube =10 cm, Fig. ] such that, after a known time spent at rela-
furnace (12-in. length that can operate at maximum tem- tively uniform temperature, the plume would be thermo-
perature of 1200 °C. The quartz tube was O-ring sealed tphoretically drawn as rapidly as possible out the front of the

Ill. GROWTH OF SHORT SWNT’s

Il. EXPERIMENT
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35
26 ns FWHM, 6 mJ/crf) from C/Ni/Co plume during synthesis of

short SWNT'’s at 2 and 15 ms after ablation inside the furnace and

FIG. 2. Temperature profiles along the furnace axis measured &t 200, 250, and 500 ms when the plume exits the furnace. The

three different furnace temperatures: 780, 960, and 1100°C dgmperature at the target position was 760 °C. ANd:YAG laser va-

the center of the furnace. The inset at the bottom shows targdtorizes a C/Ni/Co target inside a 2-in-diam quartz tube in 500 Torr
and window edge positions relative to the oven edgeda. Ar (flowing to the right at 100 sccn Each image represents a

The open circle separates steep gradient and uniform temperatugiferent ablation event5-ns gate width, opened simultaneously
zones. with the probing XeCl-laser pulse

oven to deposit upstream on the wall of the quartz tube. Ofthe plume substructure within a vortex ring. One can see
utmost importance, however, was to assure that the plumghat this substructure is highly nonuniform. Many small
spent a guaranteed time€l0-20 mg in the uniform-  turbulences can be seen within these vortex rings. The
temperature region of the oven before it underwent the rapidetailed description of the plume dynamics during SWNT
cooling at the oven edge. Rayleigh-scattering images of thgrowth was given in Refs. 17 and 18. Initially, the
plume(in association with the measured temperature profileglume generates a strong shock front and traps itself between
of the oven were used to measure and control this knownthis shock front and the target. The forward-propagating
growth time at uniform temperature. The ablated materiabjume sets the surrounding background gas in motion in such
was collected upstream on the wall of the quartz tidm®- 3 way that it flows around the plume and forms vortices.
lection point 1, Fig. 1 These vortices trap the ejected material at later times after
Figure 2 shows the oven temperature profiles measureglation. The confinement of the ejected material within the
inside the quartz tubgalong the central axjsunder flowing  vortices and the small turbulences are very important for

gas conditions for three different oven temperature setnanotube growth, since they greatly enhance the concentra-
tings: 780, 960, and 1100 °C at the center of the furnace.

The temperatures were uniforfwithin a 60—70 °C range
over the windowed region of the furnace and dropped rapidly
within the final 5-cm region at both ends. To define the uni-
form temperature zones in Fig. 2, the target position defined
the upper boundaryd(~10 cm), while the lower boundary
(d~5 cm) was determined at the distance where straight-line
fits to the gradient regions of the temperature profiles inter-
sected the constant temperature line at the target position.
For the first 5 cm of plume travelwithin the windowed
region of the furnace betweet=5 and 10 cm in Fig. P
temperature variations at the three different oven tempera-

Furnace
32

v

-

cm 4 0

1ms

3ms

tures used to grow the short SWNT’s in this study
were 760-715°C AT/T=5.9%), 960-900°C AT/T
=6.2%), and 1100-1050°CA(T/T=4.6%). However,
during the next 5 cm of plume travéfrom d=0 to 5 cm in
Fig. 2 steep temperature gradientse70 °C/cm were used
to stop the growth of SWNT's as the plume exited the
oven.

To find the positions of the plume inside and outside the
furnace we used Rayleigh-scattering imaging. Figure 3
shows images of the plume at 2 and 15 ms after ablation
inside the furnace and at 200, 250, and 500 ms when the

plume exits the furnace. Figure 4 shows more detailed FIG. 4. Images of Rayleigh-scattered light from C/Ni/Co plume
dynamics of the plume within the furnace in the uniform- during synthesis of short SWNT’s inside the furnace at 1-10 ms

5ms

7ms

10 ms

-
-
L I

Target position

%
window edge

L e e e e S R——— F—p—

temperature zone. These images allow us to resolveifter ablation at 1100 °C.
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FIG. 7. (a) Length distribution of short SWNT's generated by
the plume spending<200 ms inside the furnace at 760, 960, and
1100 °C. The curves represent a logarithmic normal distribution fits.
(b) Statistical analysis of the length distribution presented by a 50%

FIG. 5. (a) Distance of the leading edge of the plume from the box plot. Boxes and bars include 50% and 90% of all measured

target,R, vs time after ablation af =760 °C at the target position.

tubes.

(b) Temperature encountered by the plume vs time after ablation at
three different processing temperatures.

(@)

50 nm

(b) i

tion of the precursor material and the growth rate of carbon
nanotubes.

In the uniform-temperature zone the shape of the vortex
ring does not change much when it propagates forward. The
diameter of the vortex ring usually increases slowly with
time1”*® When the vortex ring approaches the temperature
gradient zone its plane tilts relative to the tube axis and the
ring elongates along this axi§18 The plume exits the fur-
nace in this tilted orientation to deposit onto the upper sur-
face of the quartz tub@-ig. 3). To determine the temperature
encountered by the propagating plume we measured the po-
sition of the leading edge of the plume at different times after
ablation[Fig. 5@)] and replotted thisR(t) curves asT(t)
using the oven temperature profil@§,R), shown in Fig. 2.
Figure 3b) shows the temperature encountered by the plume
at different times after ablation at three different furnace tem-
peratures. One can see that the ejected material spends ap-
proximately 10—20 ms at uniform temperature and 100—-200
ms in the steep gradient zone.

Figures @a), 6(b), 6(c), and &d) show TEM images of
short SWNT’s synthesized at three different temperatures
measured at the target position: 760(&}, (b), 960 °C(c),
and 1100 °C(d). These images demonstrate that many short
tubes grow from catalyst nanoparticles represented by small
black dots in Fig. 6. In most cases we can easily see the ends

FIG. 6. TEM images of short SWNT’s grown by laser vaporiza- Of these short tubes and measure their length. High-

tion at (a), (b) 760 °C, (c) 960 °C, and(d) 1100 °C. Note that the

resolution TEM(HRTEM) analysis of the 760 °C sample us-

temperatures listed were measured inside the quartz tube at tfieg HF-2000 FE TEMFig. 6(b)] demonstrated that the ma-
target position.

jority of the nanotubes observed in the lower-resolution
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images are not bundles, but are short, individual SWNT’s. Of

54 SWNT's measured by HRTEM, 45 were individual Quartz (@)
SWNT’s, 8 double-SWNT bundles, and 1 triple-SWNT tube \ Plume C/Co/Ni
bundle. target

Figures Ta) and 71b) show the length distributions, a
regular histogramFig. 7(a)] and 50% box plof{Fig. 7(b)]
for the SWNT’s grown for restricted times at the three dif-
ferent oven temperatures. Boxes and bars in Kig). include Lens
50% and 90% of all measured SWNT’s, respectively. The
length distributions of short SWNT's in Fig(& were fitted
with a logarithmic normal distribution. At higher furnace

Furnace

1000°C

To spectrograph
/

Nd:YAG laser

temperatures the maximum of the nanotube length distribu- 15 E s (b)

tion shifts to longer lengths and the width of the distribution E T-14880C ]
increases. As shown in Fig(ly), at 760 °C the most probable © -

length is 35 nm and 90% of all SWNT’s are shorter than 90 e F :
nm. At 960 °C these values are 74 and 170 nm, and at o F ]
1100 °C they are 77 and 240 nm. 5 ;
S 05F =
IV. PARTICLE TEMPERATURES INSIDE THE g g
PROPAGATING VORTEX RING PLUME OE ....l....l....l....lE
It is important to measure the temperature of the particles w0 500 950 B00 B50 790

Wavelength(nm)

in the propagating plume at different times after ablation.
First, using this correlation we can estimate when SWNT's
start to grow, since by this time the temperature should no

e)fceed the eutectic temperaturg for carbon-metal ca_taly tmission spectrum of carbon nanoparticles within the plume mea-

mixture. ,It was Sh_own experimentally thaza the yield sured at 1 ms after ablatiofgark curve and fit to Planck’s law,

of SWNT's drops rapidly al > T, (C/Co, C/Ni.”" Second,  yie|ding a temperature of 1488 °@ght curve.

to limit the growth times and to estimate the growth rates

of SWNT'’s it is necessary to determine how fast the - . L .

species within the plume reach the ambient furnace temper:?—(b)]' A similar plat(_aau |2r51 the plume emission intensity was

ture observed by Suzulgt al.=> An exothermic process, probably
To estimate the temperature of carbon particles inside thgoérrgﬁflr%ncg;:gﬁﬁ?f#kg ;tzgcéu;eﬁ;skelﬁptiethgagleur;,ehtie[]nér

propagating plume we mea_sured th_elr blackbody__em|ss_|o§mbiem temperaturg 100 ;Q it is. also .takes approximate%/

(mcandescen(_)espectra at different times. and positions in 4 ms after ablation for the p’articles within the plume to cool

the furnace[Fig. 8@]. The plume emission spectra were d o th bient t

fitted with the Planck blackbody function. The intensity of own to the ambient temperature.

the blackbody emission from a particle of radauat a wave- Particles in the plume cool by heat conduction to the sur-
length\ into interval A\ is given by rounding buffer gas and by thermal radiation. In addition, the

particles may undergo phase transition during the flight, such

I(\,a)=e(\,a)8m2a2cchAN/ N exphc/ kg T) — 1], as vaporization or resolidification, e.g., conversion of amor-

(1) phous carbon to SWNT’s. The heating and cooling processes
of small powder particles were considered theoretically in

whereg(\,a) is the spectral emissivity anlis the absolute  Refs. 26 and 27. The experimentdlt) points shown in Fig.
temperature of the particle. For small particlea (

<0.3\/2m), e(\,a)~1/\ andl(\,a)~1/\8. For larger par-

FIG. 8. (a) Schematic of the temperature measurements of the
articles inside the propagating plunib) Experimental blackbody

: . . AL RRLLI LA N s i e 4000 F T
ticles we can assume that=const, which givesl(\,a) 1600 E . () 3 ] (b) 3
~1/\5. It should be mentioned that an ICCD detector counts 1400 — _ E
photons: therefore, the ICCD signal is proportional to the | 3 o :
number of photons per unit time, i.e., ta{/in the case of & "% - F
the constant emissivity. 1000 £ 2000 :
Figure 8b) shows an example of the blackbody fit of the 3 3
emission spectrum of the carbon particles in the plume mea & & 1000 E el
sured at=1 ms after ablation assuming that const. This 0.1 1 5
Time (ms) Time (ms)

fit gives the plume temperature of 1488°C. Figur&)9
shows the temperature of the particles within the plume ver- £ 9. Temperature of carbon particles inside the propagating
sus the time after ablation. The temperature of the plum@jume vs time after ablation measured at different ambient tempera-
approaches the ambient temperat(i#60 °C) after approxi- tures: (a) 760 °C,e(\,a) = const(solid circles, the line shows the
mately 4 ms after ablation. Far,,,=1100°C, a plateau is fit based on the Eq2); (b) 1100 °C,e(\,a) = const(solid circles,
observed aT ~2500 °C in the time interval 0.3—0.7 rfiSig.  ande(\,a)~1/\ (open circles
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TABLE I. Lower and upper limits of the growth rates of SWNT’s synthesized by nanosecond laser
vaporization of a C/Co/Ni target.

Lower limit of growth rate Upper limit of growth rate
Oven Time at Most Growth  Uniform Time in Most Growth
temperature T>70°C probable rate Oven temp. uniform probable rate (um/s)
range(°C) (m9 length (um/s)  range(°C) zone(ms) length(nm)
(nm)

760-700 25 35 14 760-715 20 35 1.8
960-700 100 74 0.7 960-900 15 74 5.0
1100-700 120 77 0.6 1100-1050 15 77 5.1

9(a) can be fitted fairly well using the simple assumption thatum/s at 1500 K. This value is 10—4@imes larger than the
the heat conduction to the background gas is the major preexperimental values measured in this paper.
cess which decreases the temperature of the particles in the

plume att>1 ms. In this casé®
VI. RAMAN SPECTRA OF SHORT SWNT'’s

dT/dt=—A(T—Toven- 2 Figures 10 and 11 present Raman spectra of short
SWNT'’s measured using the 632.8-1iin96-e\j line from a
The fit T(t)=Tovent To Xp(—AY), derived from Eq.(2) to  HeNe laser(Fig. 10 and the 514.5-nn2.41-eV} line from
the experimental points in Fig(8, givesA=0.9 1/ms. an Ar' laser(Fig. 11). Figures 12a) and 12b) show a spec-
trum of a regular “long”-tube material synthesized at
1150 °C when the target was positioned near the center of the
furnace. This spectrum was measured using an excitation
It is possible to estimate the growth rates of SWNT'’s inwavelength of 632.8 nni1.96 e\j, which matches the en-
these experiments using the measured values of the mostgy separation between one-dimensiofidd) singularities
probable length of SWNT'sFig. 7), the times the ablated in the first valence band and the first conduction band in
material spent in the uniform temperature zones, and thenetallic SWNT's,E} .
short time(~4 m9 required to cool the particles within the The main feature of the tangential band of the long
plume down to the ambient temperature. The estimate$WNT’s around 1537 cit [Fig. 12b)] can be fitted with a
growth rates are listed in Table | for the three ambient temBreit-Wigner-Fano(BWF) line shape®3! This feature is
peratures used in this study. typical for metallic SWNT’s and originated from the lower-
The lower and the upper limits of the growth rates werefrequencyA (A;;) Raman component of the metallic tubes.
estimated using two different criteria. The lower limit was
estimated on the basis of the minimum temperature at which
the SWNT’s can grow. Bandowt al’® estimated that the
yield of SWNT's produced by nanosecond laser vaporization :
was about 3%-5% at=780°C. They did not find any N
SWNT’s at room temperature. Sehal?® concluded that the 3
lowest threshold temperature for SWNT growth in the :
nanosecond laser ablation process is about 850°C. Ou, 05}
study shows that short SWNT’s can be synthesized forg f
temperatures greater than 760°C. To estimate the loweg€
limit of the growth rate the minimum temperature for SWNT & 0
growth in nanosecond laser vaporization process was
assumed to be about 700 °C, and the time spent by the ak

V. GROWTH RATES OF SWNT'’s

1.5 e 2 prrerprrerrrrer T

100°C ] [ '
[1100°C

o [560C ‘

760°C

Counts x105

lated material afT>700°C was estimate@Table ). The M~ _RT &
upper limit of the growth rate was estimated based on the /RT Mﬂm
time the vaporized material spent in the uniform-temperature Y o PN ! ol

. . 100 150 200 250 300 1000 1200 1400 1600 1800
zone. With these assumptions the average growth rates ¢ Wavenumber (cm) Wavenumber (cm-1)

SWNT’s during these estimated time intervals are 0.6-5.1

pm/s. o ) FIG. 10. Raman spectra of tfi@ radial breathing mode ar(th)

The kinetics of noncatalytic carbon nanotube growth wasne tangential stretching modes of short SWNT’s generated at three
studied using molecular dynamics and Monte Carlo simulagifferent processing temperatures: 760, 960, and 1100 °C. The spec-
tions by Maiti et al? In this study the fastest growth rates trum at the bottom was obtained for the material synthesized at
were estimated at different growth temperatures from 500 t@oom temperature when no tubes were produced. The excitation
3000 K. For example, the growth rate was estimated as 8@&avelength was 632.8 nifi.96 e\).
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TABLE I1l. Line shape analysis of the tangential Raman band
measured using a 632.8-nf1.96-e\j HeNe laser. The lower-
frequency metallic feature around 1537 chwas fitted with the
BWF line shape, l(w)=Ilo[1+(w— wgwp)/al'?/1+[(w
— wgwp)/T']?. In addition, the higher-frequency metallid!) band
around 1578 cm® and three semiconducting® bands with a
Lorentzian shape were used to fit the tangential Raman band. The
weak semiconducting, (E,,) band around 1550 cnt was not
included in this fit.

Counts (arb. un.)

Symmetry o (cm™h I (cm™ 1/q
A(A) 15481 29 -0.32
A(A) 156 8
A(A1g) 1578" 14
A(A1g) 1594 11
Ea(Eyg) 1609 37
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(RBM) for the long tubes shows a peak at 191 ¢nand a

FIG. 11. Raman spectra of the tangential stretching modes 0§hou|der around 170 cm [Fig. 12a)]. .
short SWNT's synthesized at three different processing tempera- 1h€ short SWNT’s show the same main Raman peaks as
tures: 760, 960, and 1100 °C. The laser excitation wavelength wah€ long tubes. The radial breathing band of the short tubes
514.5 nm(2.41 e\j. consists of two unresolved peaks at 186 and 171dig.
10(a)]. The absolute intensity of these peaks decreases as the

The BWF line shape of this component is due to coupling ofprocessing temperature drops. The soot gener_ated at room
the discrete phonons to an electronic contindift. The temperature does not show any RBM features, since no tubes
higher-frequencyA (A;4) metallic component around 1578 can be_ grown at room .temperature by nanosecond laser va-
cm ! is not coupled to the electronic continuum and has gorization. The tarlgent!al Raman mode shows “’V.O peaks at
Lorentzian line shape. Only these two Raman component%553 gnd 1586 le [F|g.' 1ab)] tha}t can be .aSS|gned to
are required to fit the tangential band of metallic SWNT'sMetallic and semiconducting SWNT's, respectively. The me-
because of their strong enhancement due to electromagnefRllic feature at 1553 et disappeared when the excitation
effect3! The peak around 1594 crhis related to semicon- Wavelength was shifted to the semiconducting “window,”
ducting nanotubes. This feature is typical for semiconducting = 514.5 nm(2.41 eV). In this case two regulaA (A;g)
tubes and appears probably because of the laser resonarf@nponents of the semiconducting tubes were obseigd

with the energy separation between 1D singularities in thé.l). However, in the case of short tubes, a strong disorder-
3d valence and the @ conduction bandsES(d,), for the  induced peak around 1316 ¢h(\e=632.8 nm) or 1339
larger tube diameters, .32 The semiconducting tangential M * (Aexc=514.5 nm) was observelfigs. 1ab) and 11.

band can be fitted with three major components. The fittingf© understand the contribution of the amorphous carbon ma-
parameters are listed in Table II. The radial breathing modéerial in our samples to the so-called disorder-induced band
(or D band we measured the Raman spectra at room pro-
cessing temperature when no tubes were synthe$Figd.

10(a) and 1@b)]. In this case, we observed a broad double-
peak feature that is typical for amorphous carbon matétial.
The absolute intensity of thB band in the case of amor-
phous carbon soot synthesized at room temperature is much
lower compared to that for the short SWNT’s containing soot
produced at elevated temperatufEiy. 10b)]. Probably the
finite size (K \ g9 Of the short tubes results in strong contri-
bution to theD band in addition to the contribution from the
amorphous carbon.

The Raman spectra of short tubes show that they are well
FIG. 12. (a) Raman spectrum of the tangential stretching modeformed structurally. The effects of finite length on the elec-
of normal long SWNT’s produced at 1150 °C when the target wadfonic structure of carbon nanotubes were considered theo-
positioned ati=20 cm from the front of the furnace and the ejected retically in Ref. 34. As the length of the SWNT's increases,
material was collected at point 2 on the collectsee Fig. L (b)  the density of states spectrum of SWNT's changes from that
Line shape analysis of the tangential band measured using a characteristic of a OD system to that typical of a 1D system.
632.8-nm(1.96-e\) HeNe laser. The fit parameters are listed in As was shown in Ref. 34, this transformation was completed

Table 1. for SWNT's about 10 nm long.
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FIG. 13. Summary of the results from tire situ imaging and spectroscopic diagnostic investigations of SWNT'’s growth inside a hot
oven. Actual images of the laser plasniatR00 us) and Rayleigh-scattering images of the plurtie 200 1s) are shown vs timéscale in
cm at righj. During the first 10Qus after ablation, the laser plasma is very hot, and emission from excited atoms and molecules dominate
LIF from ground-state species. Ground-state populations then peak and subsequently disappear due to condensation. Images and LIF spectr:
show that carbon condenses ty 200 us after ablation, while the metal catalyst atoms condense much later. The ground-state atomic Co
population is maximum at=0.8 ms and then condensesthy2 ms. Byt=2 ms, no LIF is detectable, only LIL and RS from clusters and
nanoparticlegi.e., nearly all atoms and molecules have converted into clusters and nanoparticles, as evidenced by the vortex ring structure
of the plume. At t=2 ms, the plume temperature-sl400 °C, just above the Ni/C and Co/C eutectic temperafin@e that Ni/C and Co/C
eutectic temperatures are slightly lower for nanoparticles compared to the bulk maByrieE 4 ms, the plume has thermalized to the oven
temperature. If growth is stopped tat 25 ms, only short nanotubes are fourd240 nm in length, indicating that the majority of growth
takes place over much longer times.

VIl. SUMMARY:  THE SEQUENCE OF EVENTS IN SWNT later times(>2 m9 the plume aquires a characteristic vortex
GROWTH BY THE LASER-VAPORIZATION ring shape that still has a highly turbulent substructiigs.
METHOD 3,4, and 13

. . ) ) Images of the plume and LIF spectra show that carbon
In conclusion, we discuss a comprehensive picture of thengenses and forms clusters by200us after ablation,
events in the laser-ablation method leading to SWNT growthyphjle the metal catalyst atoms condense much later. The
by combining the results of this study with the results of OUrground-state atomic Co population is maximum @t
previous works on plume dynamics and spectroscopy, de<.8 ms, and then~90% of cobalt atoms condense into

scribed in Refs. 17, 18, and 35. clusters byt~2 ms1”1®
Figure 13 summarizes the results of aarsitu spectro- The Mie theory interpretation of the extinction spectra
scopic diagnostics using time, spatial, and temperature coofabsorption plus scatterigﬁ shows that the size of the car-

dinates. Initially a Nd:YAG laser pulse produces atomic-bon particles within the plume at these times does not exceed
molecular vapor containing-5x10* carbon and~10" 20 nm at ambient temperature<.100 °C. However, at lower
Ni/Co atoms as estimated by weighing the C/Ni/Co targetambient temperature$~760°C much larger aggregates
before and after laser ablation. The evaporated material staygere observed. Using Mie theory for spherical patrticles, the
in the vapor phase until approximately 10@s after size of these aggregates was estimated-86 nm3® This
ablation'”*® During this time, the laser plasma is very hot rapid aggregation of carbon nanoparticles at lower process-
and emission from excited atoms and molecules dominating temperatures results in a decrease in mobility and could
laser-induced emission from ground-state species. The laske one of the reasons for the rapid decrease of SWNT vyields
plasma cools rapidly, increasing the populations of theat lower ambient temperatures.
atomic and molecular ground states as indicated by laser- The temperature measurements in this study permit an
induced fluorescenc@.IF) measurements. estimate for the onset of SWNT growth. At=2 ms the

To observe the plume of ejected materiata200us we  plume temperature is-1400 °C, just above the Ni/C and
used laser-induced incandescence and Rayleigh scatteri@p/C eutectic temperatures. Since it is well known that the
from clusters and nanoparticles. By that time the plume beyield of SWNT'’s drops rapidly afi> T, "?* we can esti-
comes substantially nonuniform, as can be seen from thmate the onset of SWNT growth as2 ms for our experi-
Rayleigh-scattering image§igs. 3, 4, and 18demonstrat- mental conditions. By this time, we have shown that the
ing pronounced turbulent structure within the plumes. Atmajority of the ejected vapor has already condensed into
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clusters and nanoparticulate aggregates, so SWNT nucleation However, the main conclusions of these time-resolved
appears to occur in this environment. growth studies are that the majority of SWNT growth occurs
In order to confirm where the majority of SWNT growth for times longer than 20 ms after laser vaporization through

occurs and estimate growth rates, plume imaging and steape conversion of condensed-phase carbon and metal catalyst
temperature gradients near the end of the furnace were ergtusters and nanoparticles.

ployed to restrict the growth times of SWNT’s to about
15-20 ms at high temperature in the uniform region of the
oven. Very short SWNT’s forming thin bundles consisting of
a few tubes were found to have most probable lengths of
35-77 nm depending on the processing ambient temperature The authors gratefully acknowledge the assistance of
760-1100°C. This permits upper and lower limits for theM.A. Guillorn, P.F. Britt, and S.J. Pennycook. This research
growth rate of SWNT's to be estimated as0.6 and 5.1 was sponsored by the U.S. Department of Energy under Con-
um/s, respectively. Short SWNT's were synthesized andract No. DE-AC05-000R22725 with the Oak Ridge Na-
characterized by TEM and Raman spectroscopy. The Ramaional Laboratory, managed by UT-Battelle, LLC, and the
spectra of the short tubes show that they are well formed.aboratory-Directed Research and Development Program at
structurally. ORNL.
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