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1. Introduction

Carbon nanotubes (CNTs) are fascinating materials with outstanding mechanical, optical,
thermal, and electrical properties [1-4]. CNTs also have a huge aspect ratio and a large sur-
face area to volume ratio. Because of their unique properties, vertically aligned centimeter
long CNT arrays have generated great interest for environmental sensors, biosensors, spin-
ning CNT into yarn, super-capacitors, and super-hydrophobic materials for self-cleaning
surfaces [5-11]. Yun et al. studied a needle-type biosensor based on CNTs to detect dopa-
mine. Their results showed advantages of using CNT biosensors for detecting neurotrans-
mitters [11]. Most of the envisioned applications require CNTs with high quality, a long
length, and well aligned vertical orientation. Although many researchers have studied the
synthesis of vertically aligned CNT arrays, the CNT growth mechanism still needs to be bet-
ter understood. In addition, CNT lengths are typically limited to a few millimeters because
the catalyst lifetime is usually less than one hour [12- 16]. Many groups have studied the ki-
netics of CNT growth trying to improve CNT properties. Different observation methods
[17-22] were used to determine the effect of the catalyst, buffer layers, carbon precursor, and
deposition conditions on nanotube growth. One of the suggested growth mechanisms pos-
tulates several steps [23]. First, the carbon source dissociates on the surface of the substrate.
Next, the carbon atoms diffuse to the molten catalyst islands and dissolve. The metal-carbon
solution formed reaches a supersaturated state. Finally, the carbon nanotubes start to grow
from the carbon- catalyst solution. In situ observation of CNTs during their nucleation and
growth is a useful method to understand the growth mechanism, which might help to over-
come the limitation of the short length of nanotubes, and to control array growth and quali-
ty. Various remarkable approaches of in situ observation have been performed to affirm the
growth mechanism of vertically aligned CNTs and also to obtain kinetics data such as
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growth rate and activation energy [12, 24-27]. Puretzky et al. studied the growth kinetics of
CNT arrays using in situ time-lapse photography and laser irradiation under diffusion-limit-
ed growth conditions [28]. In situ transmission electron microscopy (TEM) was used by Kim
et al. to study the dynamic growth behavior of CNT arrays [29]. Additionally, a pseudo in
situ monitoring method was used to investigate the kinetics of CNT array growth by creat-
ing marks on the side of the CNT array during the growth. Using this method, several
groups demonstrated root growth for their catalyst systems. However, their studies were
limited to short lengths and also required ex-situ observation with SEM to obtain the growth
length as a function of time [25, 27, 30, 31]. Most reported methods are designed to operate
and monitor the growth length with time for relatively short (a few millimeters long) CNT
arrays and also do not provide kinetics data for growing centimeter long CNT arrays.

Recently, we have developed new catalyst systems which are able to grow over 1 centimeter
long vertically aligned CNT arrays [6]. In this paper we examined the growth mechanism
and kinetics of centimeter long carbon nanotube arrays using a real-time photography tech-
nique and the effect of growth temperature and growth time on morphology of CNTs.

2. Experimental Method

Fig. 1 shows the schematic of the chemical vapor deposition (CVD) system used for centi-
meter long CNT array growth. The reactor consists of a 2 inch quartz tube placed inside a
high temperature furnace (Barnstead International, type F79400 tube furnace) and four mass-
flow controllers (MFC) which control the flow rate of the gas reactants such as hydrogen,
ethylene, water vapor and argon. A water bubbler is also installed to provide water vapor
using argon carrier gas. A window on the side of the reactor is used to acquire real-time
images of CNT arrays and to record data with a digital camera (Olympus E510) controlled
by a computer.

Bubbler Substrate

-t
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Mass Flow Controller

Computer

Camera

Figure 1. Schematic of the CVD system for direct observation of the centimeter long carbon nanotube arrays during
their growth. The top view of the reactor is shown.

The substrates were parts of 4 inch silicon wafers (100) with SiO, (500 nm) on the top. The
buffer and catalyst layers based on Al,O; (15 nm thick)/Fe (1 nm thick) were deposited on the
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wafers using e-beam evaporation. After the deposition, the substrates were annealed for
several hours at 400 °C in Air. All the experiments were performed using the following
optimized recipe for centimeter long CNT arrays: 560 mmHg of argon, 60 mmHg of hydro-
gen, and 140 mmHg of ethylene as a carbon precursor. The water concentration in the reac-
tor was near 900 ppm measured by a quadrupole mass spectrometer (QMS). The total pressure
was kept at one atmosphere during the growth and the temperature varied from 690 °C to
840 °C. Real-time images of the CNT array growth were recorded from the moment that
ethylene was introduced into the reactor. The images were used to study the growth mecha-
nism and kinetics of the CNT growth. Scanning electron microscopy (SEM, Phillips XL30
ESEM), high resolution transmission electron microscopy (HRTEM, JOEL 2000 FX) and Micro-
Raman spectroscopy (Renishaw inVia Reflex Micro-Raman) were employed to characterize
the CNT morphology.

3. Results and discussion

3.1. Growth evolution by real-time photography

Real-time photography was used to study the growth mechanism and kinetics of centime-
ter long CNT array growth. The digital camera provided clear images showing details relat-
ed to the dynamic changes of the array shape during the growth. This was achieved by
controlling the intervals for taking pictures from a few seconds to several hours depending
on the experimental conditions.

d
|
) 390 min, 12.42mm

65 min, 2.53 mm I ©) 130 min, 4.75 mm

4 mm

Figure 2. Real-time images of the centimeter long CNT array growth evolution with time during CVD at 780 °C: (a)
Side image of the substrate at zero growth time, (b) to (f) Images of CNT arrays grown for different times.

Fig. 2 illustrates sequential images of vertically aligned centimeter long CNT arrays grown
at 780 °C. As can be seen from Fig. 2, it is easy to distinguish the substrate from the CNT
array. Arrow 1 in Fig. 2a points to a side view of the substrate. Arrow 2 in Fig. 2f shows the
side view of the CNT array. The growth length can be obtained as a function of the deposi-
tion time from the images. Changes in the array shape can also be observed during the entire
growth time. In Fig. 2f, the growth length was 12.47 mm and the catalyst lifetime was 450
min. This experiment was repeated several times at the same deposition conditions and the
results were reproducible. Hence, Fig. 2 demonstrates the real-time images which allow
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measuring the growth length and observing the CNT array growth mechanism. This ap-
proach gives reproducible results for studying the kinetics of CNT array growth.

Movies composed of multiple images were created to investigate the morphological changes
and growth mechanism of CNT arrays during their synthesis (Supporting material 1).

3.2. Growth mode of centimeter long CNT arrays

A carbon source interruption method combined with real-time photography was used to
determine the CNT array growth mechanism (root vs. tip growth). Fig. 3 shows real-time
images of CNT arrays obtained for different periods of growth employing 5 minute interrup-
tion of the ethylene supply. In this experiment, the ethylene flow was first stopped after 70
minutes growth while the rest of reactant gases such as Ar, H, and water vapor were contin-
uously supplied with same partial pressure. Next, the ethylene was resupplied after the 5 min
break. Fig. 3b, c and d show real-time images of CNT arrays before and after the 5 minute
interruption of the carbon precursor. The growth length in Fig. 3b was 2.89 mm. The length
did not change after the ethylene interruption (Fig. 3c). CNTs started to grow again after
ethylene was resupplied (Fig. 3d). As can be seen in Fig. 3e and f, the first layer which grew
before the 5 min ethylene interruption detached from the second layer grown after the 5 min
interruption. The separation may be caused by water etching the interface between the root
of the CNTs and the substrate during the interruption. Even though the first layer detach-
ed, the second layer continued to grow from the bottom. Fig. 3f shows that the growth length
of the second layer was 2.85 mm. The calculated growth rate was 38.5 pm/min before and
after the interruption and until the growth stopped.

a) 0 min d) 80 min

b) 70 min

¢) 75 min

PR

Figure 3. Real-time images of CNT array grown for different periods of time at a deposition temperature of 780 °C
with 5 minutes interruption of ethylene: (a) Side image of the substrate at zero growth time, (b) to (f) Pictures of CNT
arrays grown for different times.

It was obvious from the data that the interruption didn’t affect the growth rate during the
CNT synthesis. The images also reveal that the growth pathway of the centimeter long CNT
array is "root growth" (Supporting materials 2).
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The top surface of the centimeter long CNT array was studied by Energy Dispersive X-ray
Spectroscopy (EDS) to determine if metal catalyst moved to the tips of the CNTs. No trace of
iron catalyst was detected on the top of the CNT array. Thermogravimetric analysis (TGA)
performed at a heating rate of 10 °C/min in air showed that the change of CNT array weight
was negligible at temperatures below 550 °C. The combustion started slightly below 700 °C
and was completed at 750 °C. The amount of residual matter was extremely small and was
not measureable after the completion of combustion above 750 °C. These results implied that
the CNT array was almost "catalyst free".

3.3. Kinetics of centimeter long CNT array growth

The change in the growth length as a function of deposition time at different temperatures
was investigated using real-time photography. Fig. 4 displays the dependence of growth
length on the growth time in the range of 730 °C to 840 °C. The rest of the CVD experimen-
tal conditions were kept constant. As shown in Fig. 4a, the growth length increases linearly
with the growth time within the entire temperature range of 730 °C to 840 °C. The data show
that the growth rate remained constant until the catalyst was deactivated. Diffusion of the
carbon precursor through the CNT forest apparently did not limit the growth rate even in the
case of 12 mm long CNT arrays. It reveals the carbon source was able to reach the surface of
catalyst particles without significant resistance. These results show that the growth rate
followed a kinetic controlled mode. Zhu et al. reported that their catalyst system was control-
led by a gas diffusion process and their growth rate decreased gradually with increasing the
length of CNT array. They reported a diffusion controlled mode for a similar range of growth
temperatures [31] used in the present paper.

In the current experiments, growth termination occurred abruptly for all experimental depo-
sition temperatures. After growth termination, the array length remained constant with time.
The reason for such abrupt catalyst deactivation is not clear and it could not be interpreted
using the suggested mechanisms in the literature such as Oswald ripening, forming stable
iron carbides, and depletion of the catalyst [32-34]. It is hypothesized that catalyst deactiva-
tion occurs due to several complex reasons. One reason is that amorphous carbon is built up
during the CVD process and covers the catalyst active site at the surface of the substrate which
results in passivation of the catalyst.

Fig. 4b shows the effect of temperature on the final growth length. The slope of the curve
increases gradually as the CVD temperature increases from 730 °C to 780 °C, and then decreas-
es. The longest CNT length of 12.42mm was achieved at 780 °C. It was observed that the longest
centimeter long CNT array was obtained neither at the highest growth rate nor at the lon-
gest catalyst lifetime. Analyzing Fig. 4 provides a better understanding of the catalyst life-
time at different temperatures. Fig. 4c shows that the catalyst lifetime decreases linearly with
the increase of temperature in the range of 730 °C to 840 °C. In this experiment, the longest
catalyst lifetime was 895 min at 730 °C. The catalyst lifetime decreases dramatically down to
a few minutes as the temperature approaches to 840 °C. The results in this paper demon-
strate that the catalystlifetime and the final growthlength are considerably longer thanreported
in the literature [12-16]. Water vapor usually plays an important role in enhancing the growth
rate and also prolonging the catalyst lifetime [35] since water vapor may clean the surface of
the catalyst particles by removing the amorphous carbon.
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Figure 4. Experimental results from the kinetics study of centimeter long CNT array growth: (a) Growth length as a
function of the growth time. The solid red lines indicate the fitting of the analytical growth equation to the experi-
mental results. (b) Plot of the final growth length after termination vs. deposition temperature. (c) Plot of the catalyst
lifetime as a function of the temperature.
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Fig. 5 shows the Arrhenius plot of the CNT growth rate as a function of the temperature.
The growth rate was calculated using the final growth length divided by the catalyst life-
time. The highest growth rate achieved was 193 um/min at 840 °C. The present results reveal
that the growth rate is proportional to the concentration of ethylene, so first order reaction is
assumed. The activation energy E , was calculated based on the Arrhenius equation k =k ,
exp(- E ,/RT) where, k; is the frequency factor, T is the growth temperature (K), k is the reac-
tion rate constant (in this case k is growth rate constant), and R is the ideal gas constant. The
activation energy calculated from Arrhenius equation and Fig. 5 was about 248 kJ/mol. Simi-
larly, Zhu et al. obtained activation energy of 201.2 k]J/mol for a Fe/Al,O,/Si substrate using
ethylene as a carbon source [27]. Li et al also reported activation energy of 158 kJ/mol for the
temperature interval of 730 °C to 780 °C using ethylene [24]. Both groups concluded that the
growth rate was not affected by the diffusion of the carbon source to the catalysts because
the CNT length increased linearly with time. In the current paper, the same trend is ob-
served although the catalyst lifetime and CNT growth length were much longer.

Based on the kinetics data, it was concluded that the centimeter long CNT array growth does
not fit the diffusion controlled mode and is more reasonable to be considered as a kinetical-
ly controlled process. This conclusion is based on the specific process conditions and size of
the substrate used here. Diffusion may play a role in growth for other experimental conditions.

Ln(Growth Rate) (um/min )

0t
0.88 0.9 0.92 0.94 0.96 0.98 1 1.02

T (x10%,1/K)

Figure 5. Arrhenius plot of centimeter long CNT array growth rate as a function of 1/temperature.

Zhu et al. adopted the silicon oxidation model for a diffusion controlled mode of CNT
growth described with the equation: & , = 0.5(A ? + 4Bt) 2 — 0.5A. Futaba et al. assumed that
the deactivation of catalyst was analogous to radioactive decay to model their super growth
of CNT via the equation: H(t) = 7 , (1 —e "™ ). They demonstrated a good fit of the experi-
mental data to the model equations. However, Futaba et al. could not extrapolate it for a lon-
ger growth time in order to obtain the final growth length and to predict the abrupt growth
termination. Hence, the models described above cannot be adopted for the centimeter long
CNT array growth. Based on the experimental data in this paper, it was attempted to derive
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a growth model using an analytical method that can be reasonably applied to the growth of
centimeter long CNT arrays.

From Fig. 4, the growth length can be expressed by a linear equation:
GL 1(t) = GL 1y = r(tzy — t) (1)

where, GL 7 (t) is the array length at a certain growth time t and temperature T, GL is the
final growth length of the centimeter long CNT array after termination at temperature T, r ,
is the growth rate and f 4 is the catalyst lifetime. The final growth length GL ; can be ob-
tained by the following equation depending on the deposition temperature:

In case of temperatures below 780 °C, the final CNT length
GL 74=0.1367T(°C) - 94.1 2)

Above deposition temperatures of 780 °C, the final CNT length is

GL ;= -0216T(°C) + 181 3)

TF =
The catalyst lifetime ¢ 7, can also be expressed by a linear equation from Fig. 6b:

try= —10.08T (°C) + 8253.7. (4)

The solid red lines displayed in Fig. 4a are plotted based on the equation (1). As shown in
Fig. 4a, the plot fits the experimental data well. The analytical model can also predict the fi-
nal growth length, growth rate, and catalyst lifetime for a certain CVD temperature.

3.4. Morphology of centimeter long CNT's

Fig. 6a, b and c display SEM images of centimeter long CNT arrays obtained at different
magnifications. At low magnification of 1000x (Fig. 6a) the image shows appearance of verti-
cally aligned CNTs. Fig. 6b and c are taken at higher magnifications and reveal individual
CNTs. The images indicate that despite the long growth time and centimeter length, the
tubes grew vertically without any interruption until the catalyst activity was terminated.

HRTEM was used to study changes in the structure and diameter distribution of individual
CNTs at different growth temperatures. The images shown in Fig. 7 reveal well defined
multi-wall CNTs without metal catalyst incorporated into the tubes. At low temperatures
amorphous carbon deposited on the walls was also observed.

Fig. 7e and f show the distribution of number of walls and average tube diameter of each
wall at different growth temperatures. The diameter of CNTs is in the range of 5 to 9 nm and
is independent on the number of walls.
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Figure 6. SEM images showing side view of a centimeter long CNT array at different magnifications. The magnifica-
tion increases from (a) to (b) and (c).

This trend was observed to be similar for every growth temperature used. We found that the
diameter distribution does not depend on the growth temperature. The distribution of the
number of walls also revealed broad range from 1 to 10 walls for each growth temperature
in Fig. 7e. Most of the tubes possess 2 to 5 walls at each growth temperature. We observed
that the single wall CNTs were produced at 800 °C and the double wall CNTs were yielded
above 750 °C. In our experiments, the distribution of the walls was not substantially affected
by the growth temperature. Hence, we noted that the growth temperature is not an impor-

tant factor affecting the structure of CNTs obtained in our growth process.
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Figure 7. HRTEM images and distribution of the CNTs walls at different growth temperatures: (a) 730 °C, (b) 750 °C,
(c) 780 °C, (d) 820 °C, (e) distribution of number of walls, (f) distribution of the average tube diameter of each wall for
different multiwall CNTs.
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Figure 9. Raman spectra of CNTs synthesized at different temperature and growth time: (a) spectra at 780 °C, (b)
spectra at 750 °C, () I/l peak intensity ratios vs. different growth time.

Micro-Raman spectroscopy (Renishaw inVia Reflex Micro-Raman) was used to investigate
the effect of temperature and growth time on the quality of CNT arrays using a 514 nm exci-
tation wavelength. Fig. 8 shows Raman shift and I,/I; ratio of the CNTs at different growth
temperatures for three points along the array length. The spectra show distinguished D
band peak (near 1350 cm™) which indicates presence of defects, disordered and amorphous
carbon. A pronounced G band peak (at 1580 cm™) originating from graphitization of CNTs is
also displayed [36-40]. As shown in Fig. 8a, the intensity of the D band increased with in-
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creasing of the growth temperature up to 780 °C. Fig. 8b displays the intensity ratio I/I; as a
function of the growth temperature from three different height positions of CNTs. The in-
tensity ratio Ip/I; was similar at bottom, middle and top positions for each growth tempera-
ture and rose from 0.62 to 1 as the temperature increases with a maximum at 780 °C. Fig. 9
shows Raman data for CNT arrays obtained at different growth time and temperatures. The
intensity of D peak increases linearly with rising the growth temperature as shown on Fig.
9a and b. Fig. 9c illustrates that the I,/I; ratio also increases near linearly with extending the
growth time, which indicates that the quality of CNTs deteriorates when the tubes reside
longer in the growth zone. At 750 °C, I,,/I; increased from 0.422 to 0.704 when prolonging
the growth time. The highest value 0.968 of I,/I; was obtained at 780 °C. Fig. 9c indicates
that Ip/I; values at 780 °C are greater than those obtained at 750 °C.

As the growth time increases, the gap between the two plots in Fig 9c broadens. Thus, the
quality of CNTs decreases faster with time at higher temperatures. The reason for this is the
accumulation of the amorphous carbon at high temperatures. These results are supported by
the presented HRTEM images.

4. Conclusions

Real-time photography was used to record the growth of centimeter long CNT arrays dur-
ing the CVD process. The kinetics of growing vertically aligned CNTs was studied based on
the photographic images. Furthermore, we found that the CNT arrays grew by the root
growth mechanism which was proved by the carbon source interruption method and real-
time photography. The length of the CNT arrays increased linearly with growth time for all
the tested temperatures followed by an abrupt growth termination. The catalyst lifetime de-
creased linearly with rising the deposition temperature and varied from a few minutes up to
several hundred minutes depended on the growth conditions. We found out that the forma-
tion of centimeter long CNT array could not be described by diffusion controlled or expo-
nentially decaying growth. This study suggests that the growth in this case is governed by a
kinetically controlled mode within the temperature interval from 730 °C to 840 °C. The cal-
culated activation energy is 248 kJ/mol. An analytical model for centimeter long CNT array
synthesis was proposed which can predict the growth rate, final CNT length, and the cata-
lyst lifetime. The obtained data indicated that the wall and diameter distribution of CNTs is
independent on the growth temperature. The quality of CNTs deteriorates with increasing
of the growth time and temperature. We found out that the amount of amorphous carbon on
the CNTs depends on the residence time of the tubes in the CVD growth zone and on the
deposition temperature. Longer residence time and higher deposition temperature accumu-
lates greater amount of amorphous carbon.
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Appendix A. Supplementary data

Movies showing the centimeter long CNT array growth inside of the CVD reactor, including
the root growth are available online.
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