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In situ optical emission spectroscopy was used to study the temporal and spatial behavior of laser
induced plasmas in the laser-furnace synthesis of single-walled carbon nanotubes (SWCNTs). A
graphite composite target located within a sealed quartz tube with a chemical stoichiometric
composition of 95:4:1 at. wt % of carbon, yttrium, and nickel, respectively, was ablated by a
Q-switched Nd: YAG laser delivering colinear, focused laser pulses of 1064 and 532 nm temporarily
separated by 20 ns. The ablation process was done at a furnace temperature of 1273 K in a flow of
argon gas at either 150 or 200 SCCM (SCCM denotes cubic centimeter per minute at STP). The
pressure was varied (100, 400, and 600 Torr) for each gas flow setting. The temporal and spatial
behavior of the emission intensity associated with C, Swan bands (d 3Hg—a 31_[,4) was investigated
and found to be influenced by the pressure and flow rate of the argon gas. At conditions optimal to
SWCNT production, a sharp drop in C, intensity followed by a rise in C, intensity was observed.
The temporal and spatial behavior of the electron density was determined by the Stark broadening
profile of the CII emission peak at 283.7 nm and was found to decrease with the adiabatic expansion
of the plume. We propose that the sharp drop in C, intensity and the rise in electron density and
electron temperature observed in this study are due to the accompanying rapid nucleation and

growth of SWCNTs. © 2010 American Institute of Physics. [doi:10.1063/1.3311563]

I. INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) are unique
one-dimensional nanostructure with extraordinary electronic,
thermal, optical, and mechanical properties.1 These proper-
ties make SWCNTs suitable materials for a wide range of
advanced technological applications.z_4 While the applica-
tion of SWCNTs have been demonstrated on a laboratory
scale, these have yet to make it to the mass market because
of reliability issues related to the lack of control of experi-
mental parameters required to synthesize SWCNTs. Recently
it has been demonstrated that density gradient
ultracentrifugation5 is a viable method to separate various
SWCNT species. Nevertheless, it is still desirable for experi-
mentalists to have some control over the formation of
SWCNTs so that reliable electronic devices based on
SWCNTs can become economically feasible. As a result,
there is a continued effort by the international community to
study growth mechanisms and experimental parameters for
the controlled synthesis of carbon nanotubes. There are many
methods for synthesizing carbon nanotubes, however, the
most common methods are the arc-discharge,6 chemical va-
por deposition,7 and the laser-furnace methods.® The laser
method is known to produce high quality SWCNTs although
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the method is very expensive to operate. However, the laser
method is less sensitive to changes in experimental condi-
tions when compared to the chemical vapor deposition
(CVD) method. In this method, small changes in the fluid
flow of gaseous feedstock with time results in the formation
of variety of materials with varying morphologies. This is
not the case with the laser method.

If optical access to the laser generated plasma is limited
to short periods (seconds), a temporal and spatial study of the
plasma by optical emission spectroscopy (OES) becomes
possible. In this way, the effect of experimental conditions
on the plasma characteristics such as electron density, elec-
tron or plasma temperature as well the role of carbon and
catalysts in the nucleation of SWCNTSs can be made. In re-
cent times only a handful of research groups have applied the
OES method to the investigation of carbon nanotube synthe-
sis. In the laser process these were applied by Arepalli ef
al.,”" Ishigaki er al.,"" Puretzky et al.,'* and Ikegami et al."
OES was applied to the arc-discharge method by Nishio et
al."* OES procedures have also been applied in less common
synthesis methods which are variations of a combined
plasma/CVD method such as triode plasma CVD," 1f ther-
mal plasma,'® pulsed-dc plasma-enhanced CVD (PECVD)
(Ref. 17), and the microwave plasma CVD method.'®

In most of these studies the temporal and spatial behav-
ior of dominant emission bands such as the Swan C, bands
were investigated. However, no conclusions were made as to
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FIG. 1. Experimental layout for the synthesis of SWCNTs and in situ plasma spectroscopy. M =mirror, DM=dicroic mirror.

the role of C, on SWCNT nucleation or if and when nucle-
ation took place from C, or any other carbon species. Fur-
thermore, in applying OES to pursue a temporal and spatial
study of the electron density and electron temperature of
plasma either induced by laser or by high electrical voltage
discharge no group have yet deduced any link or correlation
between the changes in electron density, electron or plasma
temperature as evidence of nucleation of SWCNTs.

In this study, we have applied in sifu OES to study the
plasma in the laser-furnace method to synthesize SWCNTs.
In particular, we have investigated the temporal and spatial
behavior of C, as well as the electron density and electron
temperature. In addition synthesized materials were charac-
terized by Raman spectroscopy. With these results we reveal
the first experimental evidence for the early nucleation and
rapid growth of SWCNTs.

Il. EXPERIMENTAL

A. General experimental set-up for laser synthesis of
SWCNTs

The experimental set-up for in situ OES measurements
of carbon plasmas containing transition metals is identical to
the setup in which SWCNTs are synthesized. This is shown
in Fig. 1. For the synthesis of SWCNTs, a Q-switched Nd:
Nd:YAG (YAG) (Spectra Physics Pro290E) was operated at
30 Hz pulse repetition rate. The first and second harmonic
laser pulses with energies of 350 and 720 mJ per pulse, re-
spectively, and which were separated by a path difference
equivalent to about 20 ns were made collinear by using a set
of reflective laser mirror optics for each wavelength and
were combined by a using a dielectric mirror. The pulse
width full-width half-maximum (FWHM) was 12 and 8 ns
for the 1064 and 532 nm pulses, respectively. When operated
at 30 Hz, this corresponds to an average power of 10.5 W at
1064 nm and 21.5 W at 532 nm, respectively. The combined
beams were focused with an antireflection coated lens of
focal length F;=1800 mm to a spot size of 3 mm onto a

cylindrical graphite composite target located at the center of
an enclosed quartz tube of inner diameter 44 mm, placed in a
hinged tube furnace (Carbolite). At this spot size, the energy
density was 5 and 10.2 J cm™2 for 1064 and 532 nm, respec-
tively. The target was pressed out of paste containing graph-
ite, metal catalysts in the form of nickel and yttrium nitrates
and Dylon® cement paste. The target was pressed in a piston
and sleeve and cured at 403 K in a vacuum oven for 12 h.
Thereafter, the target was fixed to a 6.4 mm diameter stain-
less steel rod and positioned at the center of a larger quartz
tube. The target was baked at 1273 K for 4 h to allow out-
gassing of all unwanted chemicals so that a final target com-
position of 95% C, 4% Ni, and 1% Y at. % was achieved.
Fixed to the front end of the quartz tube were vacuum fittings
which could accommodate an optical window fixed at a
Brewster’s angle of 56° to minimize the reflection of the
incoming laser pulses. A gas connection to allow the in-flow
of argon gas was also fitted to the end of the quartz tube. The
flow and pressure of the argon gas was controlled by an
MKS Type 247 system consisting of a Mass-Flo® and an
MKS Type 640 transducer, respectively. A second quartz
tube of diameter 26 mm was positioned inside the outer
quartz tube. This was done to ensure laminar flow of argon
gas inside the tube. The argon gas acts as a buffer and aids in
plasma confinement which improves the condition under
which self-assembly of carbon atoms into SWCNTs is fa-
vored. The second function of the gas was to carry the
SWCNTs to the rear of the quartz tube where they condensed
on cooler regions. To produce as-prepared material contain-
ing significant amounts of SWCNTs, the laser was allowed to
raster the target surface for about 30 min by means of motion
controlled steering mirrors. These mirrors were positioned
just before the entrance of the quartz tube. After each run,
and after the system had cooled down, the material for Ra-
man spectroscopy analysis was scrapped off the inside back-
end of the quartz tube. The parameters for the synthesis of
SWCNTs are summarized in Table 1.
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TABLE I. Operational conditions under which OES data were captured and
under which SWCNTs were synthesized. As-prepared materials were la-
beled using the following nomenclature: samples prepared at flow rate of
150 and 200 SCCM were labeled by C and B, respectively, followed by a
three digit number which is the pressure in Torr, e.g., C100 refers to
SWCNTs prepared at a flow rate of 150 SCCM at a pressure of 100 Torr.

Flow rate

(sccm) (C) 150 (B) 200

Pressure (Torr) 100 100
400 400
600 600

B. Experimental set-up for OES measurements

For OES measurements, the laser was operated in single-
shot mode. Light emission due to ablation events were cap-
tured by an Andor CC52 optical unit which was mounted
adjacent to the center of the tube furnace on an X-Y-Z me-
chanical translation stage. The CC52 was linked by optical
fiber to the spectrograph. When the target is ablated, the
plasma expands in a volume and its movement is primarily
in the direction perpendicular to the target surface. In this
setup (Fig. 1), the target was placed in the same axis as that
of the incoming pulsed laser beams, defined as the z-axis.
The collection of broad-band spectra was optimized with the
aid of a diode alignment laser built-into the CC52. This al-
lowed regions along the z-axis, through which the plasma
plume propagates, to be imaged onto the entrance aperture of
the optical fiber connected to an Andor MES5000 echelle
spectrograph. The spectrograph, of focal length 195 mm with
f/7, can simultaneously record in a spectral range of 200-950
nm for a single laser ablation event. The detector attached to
the spectrograph was an Andor DH734i intensified charged
coupled device (ICCD). The detector has 1024
X 1024 pixels with total area of 13.6 um?’. The detector
chip was Peltier cooled to —10 °C for optimum performance.
The overall detectable spectral range in a single acquisition
was limited to 200-850 nm in a single acquisition. The entire
detection system was controlled by a computer loaded with
Andor Solis spectroscopic data capture software.

The hinged tube furnace was opened to an approximate
angle of 40° for periods up to 6 s during which time an
average of three laser ablation events was recorded. There-
after, the furnace was allowed to regain its temperature set-
ting of 1273 K. This process was repeated three times and
the accumulated spectra were averaged to improve statistics.
The ICCD had an internal digital delay generator (DDG)
which was connected to the laser output trigger. Firing the
laser triggered the ICCD to accept incoming signals. In the
initial phase of an ablation event, there is a strong continuum
signal due to Bremsstrahlung, emanating from the plasma
plume. This period lasted for about 500 ns during which no
recombination or emission lines of the atomic species in the
plasma were detected. This is our reference point for collect-
ing spectra. We reset this value to O ns. A fixed gate width of
500 ns was selected in the DDG. To track the spatial and
temporal evolution of the plasma plume it was possible to
increment the delay time from O to 1200 ns in increments of
100 ns. These measurements were then repeated but taken at

J. Appl. Phys. 107, 044308 (2010)

different distances from the target surface along the z-axis.
These were varied from O (target surface) to 5 mm in incre-
ments of 1 mm. The argon gas flow rate was fixed at 150 or
200 SCCM while the pressure was varied. Experimental pa-
rameters under which OES measurements was performed are
shown in Table I.

C. Ex situ as-prepared sample characterization

To compliment the OES experimental results, the syn-
thesis of SWCNTSs proceeded as outlined in Sec. I A. The
material collected after 30 min runs was characterized by
Raman Spectroscopy. For Raman work about 3 mg of the
as-prepared material was sonicated in 6 ml reagent grade
ethanol using a Hielscher UP400S horn sonicator fitted with
a tapered probe operated at 50% (200 W) power. The sample
was sonicated for 3 min while kept cool in an ice bath. A few
drops of this solution was placed on a standard microscope
glass slide and dried on a heating mantle at 323 K for 30 min
to evaporate the ethanol and produce a thin film of material
on the slide. A Horiba Jobin Yvon HR800 Raman microscope
was used for the Raman measurements. Fitted to the 800 mm
focal length spectrograph was an Olympus BX41 microscope
with a 50X objective lens. Laser radiation was focused to a
150 um spot size. The samples were subjected to two laser
excitation wavelengths of 488 and 647 nm. The laser power
measured at focus was about 1.5 mW for each of the laser
excitation wavelengths. For uniformity, all Raman data were
acquired for approximately 60 s in the range of
100-3000 cm™!.

lll. MEASUREMENT OF PLASMA PARAMETERS
A. Electron density and temperature measurements

Methods used for determining plasma parameters such
as electron density and electron temperature are largely
based on the analysis of optically thin emission spectral
lines, i.e., lines that do not suffer self-absorption, do not
show distorted line widths or are not saturated; otherwise this
will lead to incorrect measurements of plasma parameters.
The most frequently used method to measure electron den-
sity in laser induced plasmas is by measuring the Stark
broadened line profile of a particular emission line of the
collected emission spectrum. The Stark effect is due to the
collisions of the emitting atoms with electrons and ions
which result in the broadening of the line and a shift in the
peak Wavelength.lgf21 In this study we calculated the elec-
tron density by measuring the Stark broadened profile of the
CII ion emission at 283.7 nm (2s2p>-2s*3p). Doppler
broadening was neglected.22 In this work, the uncertainty in
the electron temperature measurements is due to the uncer-
tainty in the values of the oscillators strengths as found in the
National Institute of Standard and Technology (NIST)
database.” The contribution to line width may be expected
to contribute significantly in slightly ionized gas systems
where ions interact with neutral atoms.' However, in the
case of laser generated ablation plasmas, the plasma is highly
ionized in the early stages or during the propagation times
investigated so that the density of neutral perturbers is very
low. Furthermore, the oscillator strength of the CII at 283.7
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TABLE II. Emission line parameters of CII lines taken from NIST. (Ref. 23)
These were used to calculate the electron plasma temperature.

Wavelength Ajgi(X10%) Upper energy level E;
(nm) 57! (eV)

250.9 1.81 18.67

251.3 3.25 18.65

283.7 1.59 16.33

657.9 1.45 16.33

723.3 1.41 16.33

723.8 2.53 16.33

nm is 0.096.% This value is relatively very weak in compari-
son to other emission lines. Therefore, broadening attributed
to resonance pressure was neglected.24 The quadratic Stark
effect which relates to the FWHM of the broadened emission
line and that of electron density without ionic contribution is
given by the relation'”

ANpwim = 2 X 10710wN,, (1)

where w is the electron impact parameter, which can be in-
corporated for different ternperatures.19 The values for the
electron impact parameter w can be found in Refs. 19 and 24.
For the CII ion emitting at 283.7 nm, w=0.0928 A at 10 000
K. We assume in these calculations that the plasma is in local
thermodynamic equilibrium (LTE) which is a state in which
the temperature of the Boltzmann and Saha equations is
equal to that of the Maxwell-Boltzmann velocity distribution
of free electrons.” This assumption has been validated in
many studies on laser induced plasmas under various experi-
mental conditions similar to that undertaken in this study.26
In this study we employed the Boltzmann plot method to
determine to kinetic electron temperature.19 We use the fol-
lowing relation:

CZ
heN ) @)

I; 1
{2 ) oL 2

where [}; is the intensity of the emitted line of wavelength \;,
h is Plank’s constant, c is the speed of light, Aj; is the atomic
transition probability, g; is the degeneracy of level j, Z is the
ionization and equal one for singly charged ions, and U%(T)
is the partition function. Equation (2) takes the form of a
linear equation which can be plotted. By plotting the ordinate
In(7;;/A;;g;) versus the abscissa EJZ with its coefficient, 1/kT,
being the gradient of the line from which we can deduce the
kinetic electronic temperature. The accuracy of the method is
improved if more than several emission lines are plotted and
if there is a larger range of EJZ values.

In this work, the electron temperature was evaluated us-
ing six emission lines of CII. These lines are given in Table
II. The parameters were taken from the NIST spectroscopic
atomic database.”

IV. RESULTS

A. Characterization of as-prepared materials by
Raman Spectroscopy

Figures 2-5 show Raman spectroscopic data of as-
prepared laser synthesized material. These samples were ob-
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tained under conditions outlined in Table I during which the
laser was operated at a pulse repetition rate of 30 Hz. Two
laser excitations were utilized to resonantly excite semicon-
ducting type nanotubes with 488 nm and metallic nanotubes
with 647 nm.' Radial breathing modes (RBM) are shown in
Figs. 2(a)-2(f) and 3(a)-3(f). The D and G bands of the
spectra are shown separately in Figs. 4(a)-4(f) and 5(a)-5(f).

As is typical in the synthesis of SWCNTs, a distribution
of the SWCNT diameters including the semiconducting and
metallic types were found in all the as-prepared samples. To
quantify this distribution, the RBM bands were fitted with
Lorentzian curves with the peak of each curve represented by
its wavenumber position and intensity. In this paper, we did
not associate the chiral indices value (n, m) of SWCNTSs with
any of these peaks. We only track the relative changes of
each major peak with respect to the changes in the argon gas
pressure and flow rate. Since it is easier to understand tube
diameters in terms of nanometers than Wavenumbers,27 we
applied Eq. (3)

c
WRBM = El + ¢, (3)

where wgpy is radial breathing mode frequency, d is the
tubes diameter in nanometer, c; and ¢, are constants. Experi-
mental and theoretical values of these constants in published
data vary between 215 and 260 cm™! for ¢, and between 0
and 20 cm™! for ¢,.”” We choose ¢;=215 and ¢,=18 cm™,
taken from Maultzsch et al.”® Using the above relation and
applying it to the Raman spectra, we observe that the nano-
tube diameters vary in the range 1.1-1.6 nm for semicon-
ducting types (Fig. 2) and between 1.1 and 1.8 nm for me-
tallic type tubes (Fig. 3). At a low pressure of 100 Torr, the
Raman signals are relatively weak which is indicative of a
low concentration of SWCNTs while the highest intensities
of RBM signals were obtained at 400 Torr for both flow rates
of 150 (C) and 200 sccm (B).

At both flow rates (C and B), the intensities of the
Lorentzian’s fitted to the raw spectra vary with pressure for
the semiconducting type nanotubes. It was found that lower
pressures favor larger tube diameters while higher pressures
favor smaller tube diameters. The peak at 200 cm™' appears
to be associated with the dominant tube. In the case of me-
tallic tubes excited by a 647 nm laser, the tube at around
190 cm™' dominates and is completely favored at higher
pressures. Hence the pressure and flow rate influences the
nature of the nanotubes that are formed.

Figures 4 and 5 show D and G bands. The G band has
been deconvoluted to show the G~ and G* peaks. The D
band or mode is disorder induced. It is observed because its
intensity is enhanced in a double-resonant process and its
Raman frequency shifts with laser excitation energy. The in-
tensity of this peak increases with disorder. The contributions
to the disorder are from tubular defects such as vacancies,
sharp bends in the tube, hemispherical closed ends, or from
chemical or functional groups attached to the tube. The sec-
ond order overtone of the D mode is noted as D* (not shown
in the Raman spectral data) is also a double resonant process
and is located between 2600 and 2700 cm™'. It is very strong
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FIG. 2. Raman spectroscopy of laser-furnace as-prepared samples showing the RBM bands, C series. Plots of Figs. 2(a)-2(c) excited by a 488 nm excitation
line bring semiconducting type SWCNTS into resonance and Figs. 2(d)-2(f) excited by 647 nm exciation line which metallic SWCNTSs preferrably resonant.

and always present in SWCNTs and often stronger than the
D band. In this study, to obtain a measure of defect concen-
trations, we have normalized the D mode intensity to that of
the D* mode intensity.”” A low D/D* value is associated with
material with low defect concentration. The results for this
analysis are shown in Table III.

We found that the lowest and hence the best D/D* val-
ues were achieved at the higher pressures and flow rates.

Thus, low argon gas pressures gives rise to a high defect
content implying that a low pressure is not conducive for
promoting the self-assembly of carbon atoms into SWCNTSs.
At low pressures, the ablated materials travel at high velocity
outward, thus reducing the probability of self-assembly.
Samples collected under different pressure conditions also
have different texture. For example, the sample correspond-
ing to B400 was more “spongy” while C100 appeared to be
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FIG. 3. Raman spectroscopy of laser-furnace as-prepared samples showing the RBM bands, B series. Plots of Figs. 3(a)-3(c) excited by a 488 nm excitation
line bring semiconducting type SWCNTs into resonance and Figs. 3(d)-3(f) excited by 647 nm exciation line which metallic SWCNTSs preferrably resonant.

more granular like. This material can be thought of as con-
sisting of long strands of “spaghetti,” i.e., long SWCNTs
with reduced defect concentration while a granular texture
implies shortened SWCNTSs. Shorter nanotubes will contrib-
ute significantly to the D band intensity because as the tubes
get shorter, the contribution by the ends become significant
relative to the Raman signal attributed to the stretching mode
or G band.

B. Changes in the temporal and spatial intensities of
dominant C, Swan band emissions

Optical emission spectra emanating from the laser gen-
erated plasma were recorded. The pressure and flow rate of
argon gas when used to record the spectra are shown in Table
I. All elemental species (neutrals and ions), were identified at
a furnace temperature of 1273 K. While the spectra was
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FIG. 4. Raman spectroscopy of laser-furnace as-prepared, C series samples showing the D, G~, and G* bands. The spectra were fitted by Lorentzians, while
the G~ peak of metallic tubes which were resonantly excited by the 647 nm laser line was fitted Breit~-Wigner—Fano (BWF) formula.

dominated by yttrium atomic emission lines, no plasma
analysis was possible using these lines due to the lack of
atomic spectral data in available current database’s. Instead,
the emission lines of carbon were chosen. In this regard we
were able to detect only two emission bands of C,, i.e., those
of the Deslandres D’ Azambuja (DDA) (C 1l_[g—A 'T1,) and
Swan (d 3l'Ig—a 3[1,) band systems.™

The DDA was relatively weak and were very close to
and dominated by emission lines from the other elements

such as Ni, Y, and Ar. This made analysis difficult and no
analysis of these bands was made. The Swan bands on the
other hand were more distinct and were used to study the
temporal and spatial behavior of the plume emissions. Fur-
thermore, these molecules are proposed to be one of the main
precursors leading to the formation of SWCNTs.*! Figs.
6(a)-6(d) shows emission spectra characteristic of C, Swan
bands. Peaks associated with the (0, 0), (1, 1), and (2, 2)
vibrational bands are prominent at 516.5, 512.9, and 509.9
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FIG. 5. Raman spectroscopy of laser-furnace as-prepared, B series samples showing the D, G~ and G* bands. The spectra were fitted by Lorentzians, while
the G~ peak of metallic tubes which were resonantly excited by the 647 nm laser line was fitted BWF formula.

nm, respectively. These were recorded at pressures between
100 and 600 Torr at an argon gas flow rate of 200 SCCM
with delay time in increments of 100 ns Imm away from the
target surface. This delay time refers to the time after which
recombination between electrons and ions resume, leading to
the emission of characteristic lines corresponding to various
electronic transitions in the ions and/or atoms that constitute
the plasma. Prior to the start of recombination, the emission
is broadband and is referred to as the continuum emission. In

our experiments this continuum emission lasted for about
500 ns after which distinct emissions lines started to appear.
As a consequence, all references to delay times refer to the
time after the disappearance of the continuum.

The emission spectra of Figs. 6(a)-6(d) show a fluctua-
tion in the Swan band intensities with pressure. Figures
7(a)-7(d) show plots of the temporal and spatial change in
the emission intensity when the Swan band intensity is plot-
ted as a function of distance from the target surface at dif-
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TABLE III. The ratio D/D* is an indication of defect concentration in
SWCNTs. These values were obtained from Raman spectra of as-prepared
SWCNT samples excited at 488 nm for semiconducting nanotubes and 647
nm for metallic natured nanotubes.

D/D* D/D*
Sample (488 nm) (647 nm)
C100 1.71 1.18
C400 0.49 0.53
C600 0.35 0.61
B100 0.80 1.04
B400 0.23 0.67
B600 0.46 0.68

ferent pressures and two different argon gas flow rates. There
is a noticeable difference in the behavior of the Swan band
intensities with distance from the target surface for 150
SCCM [Fig. 7(a)] and 200 SCCM [Fig. 7(b)] flow rates. For
a flow rate of 150 SCCM, the Swan band intensities mea-
sured at 100, 400, and 600 Torr weaken consistently, almost
converging to a common point.

However, at a flow rate of 200 SCCM, the Swan band
intensity oscillates with decreasing amplitude up to a dis-
tance of 3 mm and thereafter decays quickly. Between 1 and

J. Appl. Phys. 107, 044308 (2010)

2 mm, there is a sudden drop in the emission intensity which
recovers between 2 and 3 mm. This phenomenon was ob-
served at all delay times between 100 and 1200 ns after the
onset of recombination while the gate width of the ICCD
was fixed at 500 ns.

C. Electron density and temperature measurements

The electron density was determined by the Stark broad-
ening [Eq. (1)] of certain spectral lines of CII at 283.7 nm.
The spatial changes in the laser induced plasma at a furnace
temperature of 1273 K was measured at the target surface
and tracked to a distance of 5 mm away from the target
surface while keeping the delay settings on the ICCD fixed at
100 ns. Figures 8(a) and 8(b) show the electronic density
profile at an argon flow rate of 200 SCCM and at pressures
of 400 and 600 Torr. Initially, at the instant of ablation, the
electron density in the evolving plasma is the same for all
pressures and flow conditions. However, as the plasma ex-
pands with time the pressure and flow begin to influence the
rate of expansion, decay, and eventual extinction of the
plume. Higher gas pressures increase the plasma confine-
ment, i.e., the plasma expands less than at lower pressures.
Therefore, as the plasma expands, the electron density in the
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FIG. 6. (a)—(d) show the emission spectra characteristic of the Swan band system of C, recorded at 1 mm from the target surface, 200 SCCM Ar flow, T
=1000 °C, and different pressures. The emission peaks of 516.5, 512.9. and 509.9 nm are associated with the (0,0), (1,1), and (2,2) vibrational bands of C,.
(a) 100, (b) 200, (c) 400, (d) 600 Torr.
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FIG. 7. (Color online) The spatial and temporal profile of the C, Swan band intensities (a) 150 SCCM, 100 Torr; (b) 150 SCCM, 400 Torr; (c) 200 SCCM,

100 Torr; (d) 200 SCCM, 400 Torr.

plasma is expected to decrease faster than at a higher pres-
sure. Hence the gradient of plot in the Fig. 8(a) (0.23) is
higher than that of the plot in Fig. 8(b) (0.16). The drop in
electron density is indicative of a recombination process be-
tween ions and electrons in the plasma, it would therefore
mean that at 400 Torr and 200 SCCM, the recombination
process was more favorable than the process that takes place
at pressure of 600 Torr and 200 SCCM. Figure 9 shows the
temporal evolution of the electron density measured at | mm
from the target surface at a pressure of 400 Torr and argon
flow rate of 200 SCCM. Again, we observe approximate
1/time decay. However, there is a noticeable appearance of a
small rise in the electron density between 0.7 and 1.0 us.
This behavior was not observed at other pressures and flow
conditions.

Figures 10(a)-10(d) show the change in electron tem-
perature with distance from the target surface for argon pres-
sures of 400 and 600 Torr and at flow rates of 150 and 200
SCCM. We observe that the electron temperature is higher at
the target surface at a pressure of 600 Torr due to increased
plasma confinement. At a higher flow rate, there is an in-
crease in the rate of collisions between argon gas atoms and
plasma ions, which will reduce the kinetic energy of the
expanding plasma plume. Furthermore, a faster recombina-
tion between electrons and ions will be promoted.

The temporal changes in the electron temperature mea-
sured at 1 mm from the target surface has been plotted for
two pressure conditions, namely 100 (B100) and 400 Torr
(B400) under an argon gas flow of 200 SCCM. These plots
are shown in Figs. 11(a) and 11(b). With time, there is a drop
in the electron temperature. However, the drop is sharper at a
pressure of 400 Torr than at 200 Torr. Furthermore, at 400
Torr, there is a distinct increase in electron temperature be-
tween 0.7 and 1.0 us. A change of electron temperature is
estimated from the graph to be approximately 2596 K. This
observation was less pronounced at a pressure of 200 Torr
where a smaller change of 761 K was recorded.

V. DISCUSSION

It is has been suggested in the carbon nanotube research
community that C, dimers could possibly be the precursors
to nanotube growth.m’31 Previous reports of in situ OES ob-
servations in carbon nanotubes synthesisg’u_m’lg‘3 335 refer
mainly to the detection of C, species and the intensity
changes observed when external parameters are changed and
optical imagery of the plume dynamics. No conclusions on
the possible nucleation of nanotubes and the role that C, has
are made. However, a recent study by Marchand et al.*® ob-
served the CVD growth of carbon nanotubes by in situ field
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FIG. 8. The spatial profile of the electron density measured at 100 ns after
recombination for (a) B400 and (b) B600.

emission spectroscopy. From this study, the authors con-
cluded that the growth proceeds by a “corkscrew” motion,
out of the plane of the catalyst surface via C, addition at the
interface of the catalyst and the growing nanotube. Another
recent computational study by Ohta et al.,”” modeled the
growth of SWCNTs on a Fe cluster. In this study, a continu-
ous supply of carbon atoms at the Fe-C interface was as-
sumed which resulted in rapid growth rates of 0.043 A/ps
which is equivalent to a growth rate of 4.3 m s~!. Therefore,
under favorable conditions, when the carbon feedstock is
rapidly available, Ohta et al.’ suggested that the rapid nucle-
ation at the metal-C interface and growth of nanotubes can
be achieved.

In all work described in this paper, we were able to make
SWCNTs where the quantity and quality depended on the
experimental conditions. An argon pressure setting of 400
Torr and flow rate of 200 SCCM produced the most and
highest quality of SWCNTs as determined by the relatively
strong Raman RBM bands [Figs. 3(b) and 3(e)] and G bands
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FIG. 9. Temporal profile of the electron density measured at 1 mm from the
target surface, 100 ns after recombination at argon pressure of 400 Torr, and
flow rate of 200 SCCM.

[Figs. 5(b) and 5(e)]. The defect concentration for this
sample was indicated by a low ratio value of D/D* (Table
).

The changes in C, Swan band intensity as a function of
time and distance from the target surface, Figs. 7(a)-7(d), is
indicative of the history of C, in the plasma plume. We ob-
serve that the initial intensity and concentration of C, in the
various experiments is independent of pressure and flow rate
since the laser energy was kept constant. At low pressures
and a flow rate of 150 SCCM [Fig. 7(a)], the C, intensity
decreases monotonically with distance from the target sur-
face and shows little variation with different delay times as
the plasma plume expands adiabatically, i.e., the molecule
experiences very little collisions or cluster formation. An in-
crease in pressure to 400 Torr showed that the rate of expan-
sion was reduced and a variation in the intensity with delay
time and distance was observed. Fluctuations in the intensity
are attributed to energy released due to cluster formation
(ordered or amorphous) or collisions between C, and/or
other plasma constituents.

In Fig. 7(c), the fluctuation in intensity is more pro-
nounced when the flow rate is increased to 200 SCCM when
the pressure is held at 100 Torr. The drop in intensity is
clearly not monotonic. There is a sharp rise in intensity be-
tween 0 and 1 mm, then a sudden drop at 2 mm. The initial
rise could be attributed to energy released when C, recom-
bines with free C atoms to form sp>/sp? clusters similar to
diamondlike-carbon (DLC) material.*® However, we can dis-
count the formation of DLC, since the characteristic broad
D-G band typical of DLC structures was absent in all Raman
spectra. C; molecular species whose emission bands are well
known were not observed in any of the emission spectra
investigated. Figure 7(d), shows the largest drop in C, emis-
sion intensity. This occurs within 2 mm from the target sur-
face and is followed by a rise in intensity at 3 mm. Correlat-
ing these observations between the plots and the values of
D/D* in Table III, the following interpretations of physical
processes occurring in the plasma plume could be described.
Under unfavorable SWCNT synthesis conditions, the C, in-
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tensity drops with time and distance due to adiabatic expan-
sion. When the conditions become favorable, fluctuations in
the C, intensities occur and when the conditions are optimal,
there is a sharp drop in intensity of C, species followed by an
apparent rise in their concentration. This phenomenon relates
to the abundance of C, is under favorable conditions, it be-
comes a building block for another ordered superstructure in
exothermic reaction. This energy is released into the remain-
ing plasma constituents. Hence, molecules such as C,, would
be thermally re-excited resulting in higher spectral emission
levels.

Electron density measurements were measured at 400
Torr and 200 SCCM as a function of distance. The data re-
vealed decrease 3 mm from the target, indicating that when
conditions are favorable, ions and electrons recombine faster
to form atoms and molecules than when conditions are not
favorable [Figs. 8(a) and 8(b)]. This corresponds to the sharp
drop in C, intensity in this region. Furthermore, the electron
temperature measurements show that under the best synthe-
sis conditions, an electron plasma temperatures exceeding
10 000 K is maintained for longer distances from the target
surface [Figs. 10(b)]. This is consistent with the work of
Ohta et al.’” where it was shown in MD simulations, that an
electron temperature of 7,=10 000 K was conducive to the
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growth of SWCNTs nucleated on a cluster of Fe atoms.
Rapid growth was favored when either C or C,, was directly
available at the metal-carbon boundary.

In their studies of the temporal and spatial evolution of
C, in 100 mTorr helium by laser ablation, Harilal et al. 3%
have shown that when the laser fluence on the target was
12 Jem™2, a single C, peak at approximately 1.4 us after
ablation was observed. When the fluence was increased to
29 J cm™, a faster second C, emission peak appeared at an
earlier time of about 700 ns. Both peaks were attributed to
different recombination processes leading to the formation of
C,. At lower fluences the reaction is due to collisions be-
tween electrons, C,(n>2) and neutrals whereas for high la-
ser fluences it is due to electron-ion and ion-ion recombina-
tion reactions.*'

In our case, the laser fluences were less than 12 J cm™
with the experiments performed in flowing argon gas instead
of a pressurized helium environment of 100 mTorr. It was
observed from Fig. 7 that C, is immediately detected and
that even with delay times ranging from 100-1100 ns, the
variation in C, intensities at a particular point drops off with
distance due to adiabatic expansion. However, as the condi-
tions become favorable for SWCNT synthesis, fluctuations
observed in C, can be attributed primarily to nucleation of
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nanotubes and rapid carbon uptake on the carbon-metal
nanoparticles. A recombination process forming C, from CII
also occurs which adds to the growth of SWCNTs.

In Fig. 9, a temporal plot of the electron density mea-
surements made at an argon pressure of 400 Torr and flow
rate of 200 SCCM are shown. Again, between 0.7—1.1 us a
small but broad peak at about 0.9 us was observed only
under optimum conditions possibly due to the heat generated
by recombination of CII and by nucleation. The heat gener-
ated as a result of recombination, nucleation and rapid
growth of SWCNTs is seen more clearly in the temporal
evolution of the electron temperature shown in Figs. 11(a)
and 11(b) where the temporal behavior was measured at 1
mm from the target surface. For this measurement, the emis-
sion lines of CII were used to determine the electron tem-
perature.

The contribution of recombination of CII into C, as a
major contributor to the heat of formation can be discounted
for two reasons: (i) there is already a relatively high concen-
tration of C, at 1 mm as shown in Figs. 7(a)-7(d) and (ii) the
expansion velocity,42 voe(1/m)"?, (where m is mass of the
species) which means that CII would have a much higher
expansion velocity than C, and would therefore have a better
chance of recombining further away from the target when the
plume has cooled due to adiabatic expansion. Therefore, the

J. Appl. Phys. 107, 044308 (2010)

rise in the electron temperature at between 0.6—1.0 us [Fig.
11(a)], can be attributed primarily to the nucleation and the
rapid growth of SWCNTs. Under optimal synthesis condi-
tions it is expected that more heat due to the exothermic
reaction would be generated than under unfavorable condi-
tions. This is exactly what has been observed in plots Figs.
11(a) and 11(b). A larger Ay value which corresponds to a
rise in plasma temperature was measured at a pressure of 400
Torr and 200 SCCM flow of argon which was the optimal
condition for SWCNT synthesis.

A. Growth Model

In the laser synthesis of SWCNTs, growth takes place on
metal catalysts that are ejected from the target surface.”
Prior to ablation, and due to the manner in which the target is
made, the metal catalyst particles (solute) are already cov-
ered by polycrystalline graphite (solvent). Ramping up the
furnace to high operating temperatures promotes the forma-
tion of metastable carbides at the graphite—metal interface.**
X-ray diffraction (XRD) pattern of the target prior to ablation
confirms the presence of Ni3C.22’45 The laser energy depos-
ited at a point at the target surface within 15 ns FWHM (Sec.
IT A), causes the heating rate at this point to rise to an esti-
mated ~10'> K s™!. The surface temperature of the target
rises to a peak value of approximately 45 000 K.* The en-
ergy transfer in the target takes place via electronic and vi-
brational excitation and results in the explosive ejection of
target material. The amount of material ejected in a single
laser shot was calculated to be between 10'8-10'° atoms.
This material consists of nanoparticulates, molecules, ions,
and electrons that form the basis of the plasma plume.

The ejected graphite-carbide-metal (GCM) nanoparticles
are between 5 and 15 nm in diameter.*® Due to the high
curvature, the interfacial carbide layer is strained as a result
of lattice mismatch in the GCM. At high temperatures, the
carbide segregates,47 and decomposes into C and Ni*® caus-
ing an increase in electronic activity of Ni. The carbon from
the decomposed carbide prefers to increase its
coordination.* This results in the volume, which the segre-
gated carbon at this region occupies to increase causing it to
push into the graphite layers above. A fullerene cap may be
initiated when stresses in the hexagonal graphite network are
relieved by the Stone—Wales rearrangement which results in
the transformation of a hexagon into a pentagon, lowering
the energy and improving the stability of the lattice. The
pentagon formation in a hexagonal dominated lattice results
in a lifting of the C structure out of the plane of the catalyst.
The formation of pentagons has been shown to be energeti-
cally favorable. In simulations performed by some groups on
the nucleation of fullerenes’ > this process becomes the
driving force for the nucleation of a nanotube. The diameter
of the resulting tube will depend on the catalysts size, curva-
ture, rims, or edges and other surface contours which result
in the minimization of the C—Fe bond energy. In the case of
larger spherical catalyst particles, many nucleation sites will
be possible leading to multiple tube growth as observed in
transmission electron microscopy observations.”>>*
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For continued growth, an external carbon source is re-
quired. In the case of laser ablation, carbon in the form of C
and C, is readily available in the plasma plume. Assuming
the catalyst particles then a single tube will be nucleated. As
the ejected catalyst moves outward in the plasma, the site
where nucleation has taken place becomes directly exposed
to the flow of carbon around the catalyst. At the C-Ni nucle-
ation site, the uptake of carbon from the plasma is high. In
this way, elongation of the tube becomes rapid. As the elon-
gation of the nanotube proceeds, the catalyst particle on
which the nanotube is growing reorientates to a position of
least resistance as it moves away from the target. In doing
this, the catalyst-nanotube would resemble a comet. Such an
orientation will increase the rate at which C, is assimilated at
the C-Ni interface and subsequent release of energy due to
heat of formation.

Hence, nucleation and rapid initial growth takes place
early in the plasma lifetime, i.e., between 0.5-2 us.

VI. CONCLUSION

In situ OES was used to characterize laser induced
plasma plumes in the laser-furnace method used for synthe-
sizing SWCNTs. The temporal and spatial behavior of the
Swan band intensity of C, emissions at 516.5 nm were in-
vestigated. Spatial and temporal evolution of the electron
density and electron temperature measurements were based
on the emissions of singly charged CII ions. OES results
were correlated with Raman spectroscopy. The temporal and
spatial behavior of C, emissions were found to be sensitive
to the variation in pressure and flow rate of argon gas. At low
pressures the plasma plume expanded adiabatically and the
C, intensity was found to decrease monotonically. During
conditions which favored SWCNT synthesis, a sharp drop in
C, emission was observed followed by a rise in emission
intensity. The temporal and spatial behavior of the electron
density under favorable conditions showed a rise in electron
density at around 900 ns. Similarly, and only under favorable
synthesis conditions, a sharp rise in electron temperature at
approximately 900 ns was observed. From these OES obser-
vations and together with Raman measurements, it is con-
cluded that the sharp drop in C, peak intensities and subse-
quent rise in electron densities and electron temperature was
a direct consequence of the nucleation and rapid growth of
SWCNTs on carbon-metal catalyst nanoparticles. The growth
of a crystalline superstructure is exothermic and this released
energy reheats the remaining plasma constituents. In conclu-
sion we report experimental evidence for the role of C, in the
early nucleation of SWCNTs and we demonstrate that OES
is an excellent method to optimize the experimental condi-
tions required for SWCNTSs synthesis.
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