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Multiwall carbon nanotubes �CNTs� are synthesized using an atmospheric pressure rf plasma jet,
with helium feed gas and acetylene gas as the precursor. The nanotubes are grown on a substrate
with a thin catalyst �iron� film, with the substrate placed downstream from the plasma on a copper
hot plate. In situ Fourier transformed infrared spectroscopy indicates an increase in gas temperature
and a decrease in the density of the acetylene molecules at higher plasma powers. The helium
metastables in the plasma break the C–H bonds in acetylene, causing molecular dissociation. It is
apparent that the resultant formation of unsaturated carbon bonds causes taller and more graphitized
CNT films to grow, as evident from scanning electron microscopy and Raman analyses of the
samples. However, at higher substrate temperatures, taller and better quality films are obtained due
to enhanced catalytic activity on the substrate surface. © 2006 American Vacuum Society.
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I. INTRODUCTION

Carbon nanotubes �CNTs� have been the subject of wide-
spread research since their discovery.1 A combination of ex-
ceptional electrical,2 thermal,3 and mechanical4 properties
has fueled these research endeavors, as CNTs promise to
combine the best features of silicon, copper, steel, and alu-
minum into one. Carbon nanotubes are grown at different
pressures by three major mechanisms,5,6 viz., arc discharge,
laser ablation, and chemical vapor deposition. In the first two
processes, energy from either the arc or the laser is used to
preferentially evaporate the carbon material �graphite, for ex-
ample� in the presence of catalysts such as iron or cobalt.
This imparts high local temperatures, which initiate and as-
sist nanotube growth. Both techniques lend significant
advantages—arc discharges do not need any external source
of heat, while the laser ablation method can lead to prefer-
ential growth of single wall nanotubes. However, on the flip
side the catalysts that support CNT growth in either tech-
nique are almost mutually exclusive. Also, these synthesis
methods do not lend to a scalable nor well-controlled pro-
cess. On the other hand, chemical vapor deposition �CVD�
�plasma enhanced or thermal� is a renowned technique wher-
ever product and process control ability is a major concern.
Also, scalability is not a problem in CVD more so in one
based on an atmospheric pressure plasma jet �APPJ�,7 unlike
in arc discharge and laser ablation techniques. These issues
were factored into choosing CVD for our CNT synthesis.
The carbon nanotube samples are mostly grown in the form
of forests, where closely spaced nanotubes are grown verti-
cally from the substrate.
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In this article, we explain an atmospheric pressure plasma
jet process for growing multiwall carbon nanotubes, using
acetylene as the precursor gas. During carbon nanotube
growth, characterizing the gas-phase chemistry is essential in
understanding the relationship between process parameters
and the ensuing films.8 We have used a Fourier transformed
infrared �FTIR� spectrometer to determine in situ the gas
temperature and density of acetylene molecules at different
plasma powers and substrate temperatures. To inspect the
CNT forests, scanning electron microscopy �SEM� is em-
ployed primarily to estimate the height of the forest. Raman
spectroscopy is used to ascertain the presence of nanotubes.

FIG. 1. Schematic representation of the carbon nanotube deposition appara-
tus. The nanotubes are grown on the substrate that is placed on the copper
heater. The gas phase is monitored in situ using a Fourier transformed in-

frared spectrometer.
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When as-grown nanotubes are analyzed, Raman spectros-
copy is also useful to estimate the quality of the samples as a
ratio of graphitic to nongraphitic content.

II. EXPERIMENT

An APPJ was used to synthesize carbon nanotubes, using
1.5 slm �standard liters per minute� of acetylene precursor
gas. The plasma is struck inside the jet, and the helium meta-
stables serve to dissociate the precursor molecules. Plasma
power is restricted to a high of 45 W, because input powers
around 50 W could cause a thermal arc to form between the
electrodes. Downstream, a copper hot plate was heated to
temperatures of 600 °C and above, after the substrate was
set on it. The set-point temperature was attained by ramping
at 1 °C/s, in the presence of 40 slm of helium. Substrate
temperature calibration was done using a wafer thermo-
couple to ensure high accuracy. The substrate was a silicon
wafer with a 0.1 �m thick thermally grown oxide layer.
10 nm of iron is evaporated on the substrate �using an
e-beam evaporator� followed by annealing at a temperature
of 500 °C and pressure of 900 mbars for 5 min, in nitrogen
ambient. A schematic of the apparatus is shown in Fig. 1.
The heater assembly is mounted on a translation stage to
ensure process scalability. The plasma power and/or the sub-
strate temperature were varied to obtain CNT forests of re-
quired heights.

The gap between the plasma jet and the heater was opti-
mized and set at 1 cm, and this gap is monitored using a
FTIR spectrometer for gas-phase characterization. KBr win-
dows were fitted on the chamber walls to facilitate infrared
transmission. A Nexus 670 FTIR spectrometer is used in this
study with a mercury cadmium telluride �MCT� detector.
Once the set-point temperature was attained, a background
scan was obtained at a resolution of 0.25 cm−1. Then acety-
lene flow was turned on for 3 min and the sample scan was
obtained during this period. The resultant FTIR spectrum
consists of bands of peaks, whose shapes and sizes describe
the process chemistry.

The length over which the IR beam is absorbed by various
molecules is a crucial parameter in understanding the process
chemistry. This being an atmospheric pressure process and in
the absence of a regular pumping system, the residence time
of the acetylene molecules inside the whole chamber is very
large ��4 min�. On the other hand, the large helium flow
rate �40 slm� tends to purge the zone above the substrate
very quickly. Since this is a CVD process, the most defining
reactions take place just above the substrate surface,9 and
this is the region we wish to investigate. It was found from
FTIR spectra that even at constant acetylene flow rates, the
area under the peaks of the acetylene bands were increasing
with time. The area under these peaks corresponds to the
density of acetylene molecules along the path of the IR
beam, inside the chamber. This indicates a diffusion of acety-
lene molecules towards the chamber walls, causing their in-
clusion in the IR spectra. To overcome this, two polyvinyl
chloride �PVC� tubes were fixed on the insides of both side-

walls, such that they enveloped the KBr windows. Each tube
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was purged with 15 slm of helium to keep the acetylene
molecules away from this region. After this modification, the
acetylene concentration �obtained from the area of bands in
FTIR spectra� remained time invariant with constant acety-
lene flow rates. Thus, we could surmise that the data from
the IR spectra correspond primarily to the region between the
plasma jet and the substrate. The IR spectra were used to
estimate acetylene molecule density and temperature at dif-
ferent plasma powers and substrate temperatures.

The height of the carbon nanotube forests was estimated
using a SEM, by inspecting the film cross section. The in-
strument used in this study is a LEO 1530 VP field emission
scanning electron microscope. First, the CNT forests are
checked for long range order at low magnification. This is
done to check for anomalies in forest height and morphology.
Then, the height of the CNT forests is measured at three
different locations along the cross section and averaged.
Apart from nanotubes, the forest also contains disordered
content such as amorphous carbon, iron, silicon, etc., and the
quality of these nanotube forests is estimated using Raman
spectroscopy. The Raman spectrometer used in this study
consists of an argon ion laser �wavelength=514 nm� and a
charge coupled device �CCD�camera for spectral detection.
A typical Raman spectrum from a CNT forest has two dis-
tinct peaks of importance. At around 1350 cm−1, a peak cor-
responding to the disordered content is present. A peak asso-
ciated with the carbon nanotube content is seen at
1575 cm−1. The ratio of the areas under the latter and former
peaks is a measure of the purity �or quality� of the CNT
forest.10

III. RESULTS AND DISCUSSION

In all experiments, CNT growth was performed for 3 min
with acetylene and helium flow rates of 1.5 and 40 slm, re-
spectively. The first set of experiments involved varying the

FIG. 2. Acetylene molecule density and gas temperature as functions of
plasma power. The data were obtained during CNT growth at a substrate
temperature of 680 °C and acetylene flow rate of 1.5 slm for 3 min. Density
was calculated using absorbance data for the asymmetric C–H stretch band
between 3150 and 3400 cm−1. The temperatures were obtained by fitting the
IR absorbances against a Boltzmann distribution function for molecular den-

sity at different rotational levels.
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plasma power at constant substrate temperature of 680 °C.
The FTIR spectra were obtained for the 3 min when the
acetylene was flowing, leading to CNT growth. In this study,
the band used for diagnostic purposes is the one from
3150 to 3400 cm−1, which corresponds to the asymmetric
stretching mode of the C–H bond in acetylene.11 This band,
and all those in a typical IR spectrum, is formed as a collec-
tion of peaks representing the transitions between lower ro-
tational levels �J�� and higher rotational levels �J��. Popula-
tion density at all J� depends on the gas temperature and is
governed by a Boltzmann distribution equation12 shown in
Eq. �1�.

AJ���2J� + 1�exp�− hcBJ��J� + 1�
kT

� , �1�

where J� is the lower rotational level number, AJ� is the IR
absorbance for that lower rotational level, h is Planck’s con-
stant, c is the velocity of light, k is Boltzmann’s constant, and
B is the rotational constant which effectively determines the
gap between each set of rotational levels. The individual J�
assignments of the asymmetric stretch C–H band were ob-
tained from HITRAN database, Refs. 11 and 13, while AJ�

FIG. 3. Comparison of CNT forests grown at plasma powers of �a� 0 W, �b� 1
of 680 °C. The forest cross sections were inspected using a scanning electr
was experimentally estimated from the FTIR spectra. Thus
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the gas temperature �T� was determined by fitting Eq. �1� to
the individual rotational level intensities in the spectra. The
intensity of the rotational level peaks and the density of
acetylene molecules are related by Beer’s law12 as

AJ� � �NJ���l���J�� , �2�

where AJ� is obtained from the FTIR spectra and is the ab-
sorbance at rotational level J�, NJ� is the density of acetylene
molecules in rotational level J�, l is the path length of the IR
beam through the acetylene atmosphere, and �J� is the ab-
sorption cross section of acetylene molecules in rotational
level J� �obtained from HITRAN�. From Eq. �2�, the density
of acetylene molecules in each rotational level was obtained
and the summation of these densities over all J� levels is the
total acetylene molecule density in the gas phase.

The density and gas vibrational temperature of the acety-
lene molecules as functions of plasma power are shown in
Fig. 2. Acetylene density was calculated by Eq. �2� and the
vibrational temperature by Eq. �1�. All experiments were per-
formed at a substrate temperature of 680 °C and acetylene
flow rate of 1.5 slm for 3 min. It is clear from the plots that
there is an increase in the acetylene vibrational temperature

�c� 30 W, and �d� 45 W. All samples were grown at a substrate temperature
icroscope.
5 W,
on m
and a decrease in the molecule density at higher plasma pow-
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ers. The rf energy supplied to the plasma jet results in the
formation of helium ions, electrons, metastables, etc. Since
the acetylene mixes with the excited helium species only in
the afterglow region of the helium plasma, it is apparent that
dissociation of acetylene is caused more by helium meta-
stables �He*�. The average energy of the helium metastable
states �2 3S and 2 1S� is 20 eV �Ref. 14� and thus would be
sufficient to break the C–H bond in acetylene by collision as
shown below.

He* + C2H2 → C2H + H

+ He �requires 5.79 eV �Ref. 15�� .

It is also possible that collision with a helium metastable
could result in Penning ionization of acetylene to form a
C2H+ ion, as shown here.

He* + C2H2 → C2H+ + H + He

+ e− �requires 17.44 eV �Ref. 15�� .

Both mechanisms result in reduction of the area under the
C–H asymmetric peak band in the FTIR spectra, as fewer
C–H bonds are detected in the path of the IR beam. Another
possibility is He* collision induced dissociation of the
CwC bond, whose bond dissociation energy �BDE� is
�8 eV.16 However, any changes to the CwC bond density
cannot be seen in the IR spectra, as the CwC bond has a
zero net dipole moment.

It was calculated that to break all the C–H bonds in the
acetylene used for each process would require a minimum of
480 W of rf power. However, the maximum power that can
be supplied to the plasma jet without causing an arc is
around 50 W. Let us consider the case of 45 W input power
and trace the power distribution to the various chemical pro-
cesses. To start with, the input power of 45 W is used to
excite the helium atoms via electron collisions and create
helium metastables �each of energy �20 eV�. From the
acetylene density versus plasma power plot in Fig. 2, it is
clear that the number of dissociated C–H bonds at 45 W
corresponds to only 1.5% of that with no plasma. But one
would have theoretically expected the dissociation to be
�45 W/480 W�=9.3%. This implies that only 17% of the
initial input power of 45 W is contributing to the dissociation
of C–H bonds. In other words, of the initial input power of
45 W, only 7.75 W is used to dissociate the C–H bonds. The
rest of the energy is likely used towards breaking the
CwC bonds or is lost as thermal losses, unutilized He*,
helium ionization, light emission from He* return to the
ground state, etc.

The increase in vibrational temperature seen in Fig. 2 is
due to excitation of acetylene molecules to higher rotational
levels within the ground vibrational state, at higher plasma
powers. Since the data were line averaged and the region
directly under the plasma jet comprises only one-third of the
line, it could be inferred that the influence of the plasma
power on vibrational temperature of acetylene is larger than
observed. In vacuum plasmas, such an increase in molecule

temperature is attributed to increased collisions with elec-
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trons and the subsequent rotational excitation by impact.17

While such a reaction mechanism cannot be completely
ruled out, we believe that in a “cold plasma” like the one
used in this study, metastable collisions are the key to the
process chemistry. From the observations made in a similar
study,18 it is apparent that He* collision with acetylene
causes dissociation of one of the C–H bonds and axial recoil
of the hydrogen atom in the other C–H bond. Metastable
collision impact causes the dissociating hydrogen atom to
impart a torque on the remaining C–H bond thereby causing
its rotational excitation. The vibrational temperature versus
plasma power plot in Fig. 2 shows a temperature increase of

FIG. 4. Height and quality of the CNT films deposited at different plasma
powers are shown here. All samples were deposited at a substrate tempera-
ture of 680 °C. SEM measurements of film height were made at three points
along the cross-sectional plane and averaged. Film quality is the amount of
graphitization seen in the samples. Raman spectra were obtained for these
samples and the ratio of the areas under the G and D peaks determines the
degree of graphitization in each sample.

FIG. 5. Changes in acetylene density and gas temperature with substrate
temperature are shown here. The IR spectra were obtained during nanotube
growth at a plasma power of 45 W and acetylene flow rate of 1.5 slm for
3 min. Density was calculated using absorbance data for the asymmetric
C–H stretch band between 3150 and 3400 cm−1, while vibrational tempera-

ture was obtained by determining the population at various rotational levels.
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50 K for 45 W of input rf power. This increase in tempera-
ture would require about 3 W of rf power, which is less than
that was initially attributed to losses.

Figure 3 shows SEM cross-sectional micrographs of car-
bon nanotube samples grown during the FTIR measure-
ments. The film heights are measured by averaging at three
points along the edge and the results are shown in Fig. 4. The
quality of the same samples is compared using Raman spec-
troscopy. Raman spectra were obtained at three different
points on the CNT forest surface. From the spectra, the areas
under the G and D peaks are estimated by integration be-
tween the same wave number limits �3150–3400 cm−1�. For
each spectrum, base line correction is repeated three times to
account for spectral noise. This results in nine sets of IG / ID

ratios, where the numerator stands for the integrated area
under the G peak and the denominator denotes the integrated
area under the D peak. The ratios are averaged and plotted in
Fig. 4. It is evident that there is a moderate increase in the
height of the CNT forests and their quality at higher plasma
powers. Other groups have found similar results, but the ap-
paratus in their work leads to higher ion energies and densi-
ties at higher plasma power.19 Such is not the case with the

FIG. 6. Cross-sectional micrographs of CNT forests grown at substrate tempe
grown with 45 W plasma power and acetylene flow rate of 1.5 slm for 3 min
atmospheric pressure plasma jet used in this study. However,
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when the sample characteristics are investigated along with
the gas-phase data, it is clear that the increase in gas tem-
perature and decrease in density have a role in the enhanced
film characteristics. Other studies have shown20 that in the
absence of a plasma, catalytic decomposition of acetylene
occurs due to the strong hybridization between the carbon
and iron atoms, thereby ultimately breaking the C–H and
CwC bonds and forming isolated carbon atoms. Thus, it has
been observed21 that formation of iron carbide is one of the
important intermediate steps in carbon filament growth. Ac-
cordingly, we believe that dissociation of acetylene in the gas
phase at higher plasma powers leads to the formation of iso-
lated carbon atoms. Such an energetically more favorable
process20 results in more efficient catalysis on the iron sur-
face, causing the growth of taller and purer carbon nanotube
forests.

Similarly, experiments were performed to evaluate the ef-
fect of substrate temperature on the gas-phase and sample
characteristics. The change in gas temperature with changing
substrate temperature is plotted in Fig. 5. Again, these data
points were calculated similar to those in Fig. 2. The IR
spectra were obtained during CNT growth at a plasma power

es of �a� 600 °C, �b� 620 °C, �c� 650 °C, and �d� 680 °C. All samples were
forest cross sections were inspected using a scanning electron microscope.
ratur
of 45 W and acetylene flow rate of 1.5 slm for 3 min. The
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reason for the increase in gas temperature as a function of
substrate temperature is obviously due to the larger acetylene
ambient temperature. When seen together with the other plot
in Fig. 5 �acetylene density versus substrate temperature� it is
clear that the decrease in acetylene molecule density is not
due to dissociation of C–H bonds but rather to rarefaction of
the medium at higher temperature, according to the ideal gas
law. This observation further reinforces the unique advantage
in using the APPJ to dissociate the acetylene molecules,
leading to the growth of better CNT forests.

Cross-sectional micrographs of the samples obtained dur-
ing these experiments are shown in Fig. 6. The film heights
were averaged from three measurements done along the film
cross section and are plotted in Fig. 7. It has been postulated8

that a minimum temperature of 550 °C is required for CNT
growth by CVD, although other techniques have apparently
demonstrated growth at lower temperatures.22 The heights of
the forests show a rapid increase at around 620 °C, but start
to saturate at 680 °C. This is typical of most thermal CVD
processes for CNT growth. Similarly, film quality is also
enhanced at higher substrate temperatures as also shown in
Fig. 7. It is interesting that taller and better quality films are
deposited despite no increase in C–H bond dissociation in
the gas phase. This runs contrary to the case where C–H
bonds were broken because of increasing plasma power, ul-
timately resulting in taller and better quality films. Thus, we
believe that the growth of CNT films in this case is governed
by catalysis on the substrate instead of gas-phase dissocia-
tion. The additional heat supplied by the heater allows the
iron catalyst to adsorb more acetylene and grow taller for-
ests. The higher temperature also leads to lesser disordered
content in the film due to better graphitization of the incom-

FIG. 7. Increases in CNT film height and quality with substrate temperature
are shown here. The samples were grown with a plasma power of 45 W and
1.5 slm of acetylene for 3 min. The data points for film height were mea-
sured at three locations using a SEM and averaged. Raman spectra were
obtained for these samples and the ratio of the areas under the G and D
peaks determines the degree of graphitization in each sample.
ing acetylene molecules.
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IV. CONCLUSION

Taller and better quality carbon nanotube forests can be
grown by increasing either the substrate temperature or
plasma power. At higher substrate temperatures, more effi-
cient catalysis on the surface due to additional thermal en-
ergy leads to the growth of films with enhanced characteris-
tics. However, only minimal advantages are derived at even
higher temperatures, as film properties saturate at around
680 °C and process scalability would also become difficult.
On the other hand, similarly better CNT forests are obtained
at higher plasma powers due to a sequence of gas-phase re-
actions rather than those occurring on the surface. Additional
plasma power dissociates the C–H bonds in acetylene, lead-
ing to formation of unsaturated carbon bonds. This leads to
energetically favorable conditions for the formation of iron
carbide and the subsequent growth of taller and better quality
CNT films.
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