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ABSTRACT

We have investigated growth kinetics of multiwall carbon nanotube (MWCNT) arrays produced by catalytic thermal decomposition of ethylene
gas in hydrogen, water, and argon mixture. The MWCNT growth rate exhibits a nonmonotonic dependence on total pressure and reaches a
maximum at ∼750 Torr of total pressure. Water concentrations in excess of 3000 ppm lead to the decrease in the observed growth rate.
Optimal pressure and water concentration combination results in a reliable growth of well-aligned MWCNT arrays at a maximum growth rate
of ∼30 µm/min. These MWCNT arrays can reach heights of up to 1 mm with typical standard deviations for the array height of less than 8%
over a large number of process runs spread over the time of 8 months. Nanotube growth rate in this optimal growth region remains essentially
constant until growth reaches an abrupt and irreversible termination. We present a quantitative model that shows how accumulation of the
amorphous carbon patches at the catalyst particle surface and the carbon diffusion to the growing nanotube perimeter causes this abrupt
growth cessation. The influence of the partial pressures of ethylene and hydrogen on the ethylene decomposition driving force explains the
nonlinear behavior of the growth rate as a function of total process pressure.

Vertically aligned carbon nanotube (CNT) arrays promise
widespread use in a variety of applications ranging from field
emission cathodes1 and supercapacitors2 to gas chromatog-
raphy columns3 and nanoelectronic devices, to sensors4 and
nanofiltration membranes.5,6 Catalytic CVD growth, in which
a mixture of the carbon feedstock gases flows over the metal
nanoparticle catalyst at high temperatures,7 readily produces
such arrays in laboratory conditions.1 However, growth

mechanisms and, in particular growth termination mecha-
nisms, are still poorly understood.4,8 As the result, synthetic
control over nanotube diameter, chirality, and length is either
limited or nonexistent.

Researchers have reported numerous process parameters such
as feed gas mixture composition and flow rate, growth tem-
perature, reaction pressure, catalyst composition, and annealing
conditions7,9-13 that can dramatically change the yield of the
nanotube arrays and quality of the carbon nanotubes. Despite
these studies, in many instances it is still difficult to achieve
reproducible nanotube array growth even when using identi-
cal process parameters. These problems can partially explain
limited use of aligned CNT arrays in real-world applications
as well as point to the reason why only a few kinetic studies
of nanotube growth exist to date.8,14,15
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In this work we investigated the growth efficiency and
growth kinetics for vertically aligned CNT array growth on
silicon substrates. We present the data that show that
variations in growth conditions have a substantial effect on
the CNT array growth rates. We then discuss the mechanistic
basis for the observed effects and propose a model that
reproduces most of the features of the observed growth
kinetics.

Materials and Methods. Carbon nanotube growth experi-
ments were performed in a 1 in. tube furnace (Lindberg Blue
TF55035A) modified for control over the process pressure
and water content of the feed gas (Figure 1A). All of our
studies were performed using ethylene as our carbon source.
The feed gas mixture always had 30% argon, 20% hydrogen,
and 50% ethylene, while total flow rates varied from 100 to
2000 sccm. To add water to the gas mixture, we split the
argon line into two streams, pass one of the streams through
a water bubbler, and then adjust the splitting ratio so that
mixing wet argon and dry argon produces the desired
humidity while retaining a total argon fraction of 30%. The
water content of the feed gas was measured with a hygrom-
eter at the furnace entrance. We find that the hygrometer is
essential for obtaining reproducible water concentrations;
simply controlling the temperature of the bubbler and mixing
the same amount of wet argon to the gas mixture does not
yield reproducible water concentrations due to a gradual
drying of the gas lines. Our system uses two hygrometers, a
Nyad Inc. model 160 and a Bartec Hygrophil F5672. The
first hygrometer equilibrates much faster than the other one
but is prone to decalibrating over time. The Hygrophil F5672

gives consistent readings but takes a relatively long time to
equilibrate. By using the “slow” hygrometer to provide a
reference for the “fast” hygrometer, we can control the
humidity in real time while still having an accurate overall
humidity value. We controlled the process pressure with a
custom-built feedback system consisting of manometer,
control valve, and pressure controller placed at the exhaust
end of the furnace (calculated error in the pressure deter-
mination due to the hydrodynamic resistance of the piping
between the manometer and the reaction chamber is less than
0.01%). This system holds constant pressure to within 0.2
Torr accuracy, over the 100-1000 Torr range.

Our nanotube growth catalyst consists of 10 nm Al and 3
nm Fe films deposited onto the surface of a Si wafer with
native oxide by e-beam evaporation. Before growth, the
samples were oxidized in air at 500 °C for 15 min. Then the
temperature was ramped up at 40 °C/min to 750 °C while
flowing argon and hydrogen and held at 750 °C for 12 min
before adding ethylene. The water is adjusted after the sample
annealed for 2 min at 750 °C. The growth was timed from
the moment the mass flow controller was opened. We
measured the height of the tall forests (higher than 60 µm)
with an optical microscope; shorter arrays were characterized
by imaging the array cross section with a Hitachi S-800
scanning electron microscope.

Raman spectra were collected with Nicolet Almega XR
dispersive micro-Raman spectrometer using 473 and 633 nm
excitation length and 100× collection objective. Scanning
electron microscopy (SEM) images were obtained using
JEOL 7401F and Hitachi S800 scanning electron micro-
scopes. Transmission electron microscopy (TEM) images
were recorded on a Philips CM300-FEG TEM operated at
300 kV and equipped with a Gatan image filter system. The
extraction voltage for the field-emission gun was 4.2 keV.
The spatial resolution of the microscope is approximately
1.8 Å.

CNT Array Growth Yield. When we performed system-
atic variation of total gas pressure and water concentration
in our chemical vapor deposition (CVD) system (Figure 1A),
we found that they resulted in the large variations in the
height of the CNT arrays produced after 10 min of growth.
This height value reaches a maximum as functions of the
total pressure at ∼700 Torr. Water concentration above
∼2500 ppm diminishes the growth rate. Remarkably, we
found a very stable region around 760 Torr of total process
pressure and 1500 ppm H2O content that maximizes the CNT
growth rate (Figure 2) and routinely and reproducibly
produces carbon nanotube arrays (Figure 1B,C) of up to 1
mm in height. The water/ethylene ratio in this region is 1/330,
which curiously is within a factor of 3 of the optimal water/
ethylene ratio previously reported by Futaba et al. for growth
of single-wall carbon nanotube (SWNT) arrays.14 Qualita-
tively, the observed sensitivity of the CNT growth to the
feed gas pressure and water concentration is not surprising,
since the total pressure affects the partial pressures of the
reaction species and, thus, ultimately determines the incom-
ing flux of carbon to the catalyst. The primary role of the
water is assumed to oxidize and remove amorphous carbon

Figure 1. Carbon nanotube array growth and characterization. (A)
Schematic of the CVD growth setup. Mass flow controllers set the
flow of all process gases to the system. A hygrometer controls the
water content of the gas mixture before it enters the furnace, and
the pressure at which the reaction takes place is controlled at the
exhaust end. (B) A photograph showing a tall MWNT film on a
silicon substrate next to a penny coin. (C) SEM image of the
nanotube mat grown at 750 °C, 760 Torr, 2000 ppm of water for
10 min. (D) TEM image of the MWNTs grown at the same
conditions as the array in (B).
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on the catalyst, along with etching the graphitic carbon,
which could also have drastic effects on the CNT growth.16

The height of the CNT arrays grown at the optimal
conditions in our system was extremely uniform and varied
by only 1-2% over the sample (Figures 1C and 2D). The
data were highly reproducible from run to run: nanotube array
height measured after 13 different 10 min long growth runs
over the course of 8 months using three different catalyst
depositions showed standard deviation of only 7.8% (Figure
2B). The TEM analysis indicates that growth in the optimal
region of the parameter space produces multiwall carbon
nanotubes (MWNTs) with well-graphitized sidewalls and low
concentration of defects (Figure 1D).

Outside the optimal growth plateau region the growth rate
drops quickly (Figure 2A). In general, the growth rate shows
a stronger dependence on pressure than on water content,
especially in the high pressure region; although water content
variations alone could produce up to 50% difference in
growth height. The strong growth rate dependence on
pressure, away from the dome top in Figure 2A, suggests
that even day-to-day atmospheric pressure fluctuations can
lead to significant height changes. This observation might
explain why some recipes found in literature for growth at
ambient pressures yield inconsistent results.

CNT Arrays Growth Kinetics. To gain insight into the
microscopic mechanism of the CVD growth at the optimal
conditions, we have studied growth kinetics by terminating the
reaction at different growth times. Since our growth was very
reproducible from run to run, this method allowed us to obtain

a highly accurate kinetic curve (Figure 3B). Our data show
that growth of MWNT in the optimal regime does not follow
an exponential growth kinetics reported in several other
studies.8,14 Instead, the growth proceeds at constant rate,
where the array height increases linearly with time, and then
abruptly terminates as the array reaches its maximum height
value. A similar abrupt termination kinetics was also reported
recently by other research groups.15,17 All of our growth runs
indicate that the catalyst remains on the bottom of the sample
during the growth process. Indeed, the backscatter-electron
imaging with SEM showed no metal particles at the top of
the array and the catalyst particles were found remaining at
the substrate after mechanical removal of the nanotube array.
If the growth process was terminated before the system
entered the growth height plateau region, the nanotube
growth could be restarted, albeit at an overall reduced rate
(see Figure S3 in Supporting Information). In contrast, once
the growth stopped it could not be resumed. Clearly, these
data contradict the commonly used exponential growth decay
model that assumes monotonic decrease in catalyst activity
over time.14 We have also noticed significant edge effects
(i.e., array edges being higher or lower than the center region)
for the arrays grown at nonoptimal conditions (see Figure
S1a,b, Supporting Information). Curiously, these effects are
virtually absent for the arrays grown at the optimal conditions
where we observed extremely uniform edge-to-edge array
thickness (Figure 2c).

CNT Growth Cessation. The growth cessation may be
caused either by poisoning of the catalyst, or of the carbon
nanotube’s growth front, or by limitations imposed by
diffusion of carbon feedstock to the catalyst surface through

Figure 2. CVD process parameter space. (A) A “phase diagram”
showing the nanotube array height measured after 10 min of growth
as a function of water concentration and total process pressure. All
growth runs were performed at 750 °C. The crosses mark the points
in the parameter space where measurements were performed. The
topographical lines are extrapolated and serve to guide the eye.
The numbers on the topographical lines are array heights in
micrometers. (B) Plot of measured CNT array height obtained in
13 growth runs using identical growth parameters and spaced over
an 8 month period. (C) Plot of the predicted normalized rate of
pyrolyzed carbon (CNT growth precursor) production predicted by
eq 10 as a function of the normalized total process pressure. (D)
SEM micrograph of a cross section of ∼350 µm tall CNT array on
the Si substrate demonstrating growth uniformity over large scale.

Figure 3. Mechanism and kinetics of growth termination. (A)
Schematics of the poisoning/diffusion model of carbon nanotube
growth termination. Growth proceeds through a two-stage process
that involves conversion of the gas-phase precursor Cgas to an
activated surface-bound form, C*. C* can then diffuse through the
catalyst particle and incorporate into a growing nanotube, or form
amorphous carbon patches Cam that block the catalyst particle
surface. The figure also indicates various concentration of the carbon
atoms used in the model description. Note that the catalyst particle
shown in this figure is used as only as a simplified representation
and does not reflect the true geometry of the catalyst/CNT system.
(B) Plot of the measured nanotube array height (open circles) as a
function of the growth time. Each data point represents an average
of at least three individual growth runs. The red solid line
corresponds to the best fit to eqs 6 and 7 using the calculated value
of GD ) 2.2 × 105 µm/min; the parameters producing the best fit
were G0 ) 30.7 µm/min, τ ) 14.5 min. The dotted blue line is the
best fit to the data using the exponential growth model by Iijima
and co-workers.14
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the dense array of CNTs. Maruyama and co-workers recently
analyzed the feedstock diffusion limitations in the CNT
growth process18 and found that for MWNT growth the
diffusion does not limit the growth kinetics until the arrays
grow to the lengths that are more than an order of magnitude
higher than arrays obtained in our study. Also, the growth
rate limited by gas diffusion to/from the catalyst particle
down through the CNT array of height Hg should decrease
as 1/Hg, i.e., much more gradually than that observed in our
experiments. High-resolution SEM images show that before
the growth cessation, nanotubes emerging from Fe catalyst
particles lose their general alignment and become randomly
oriented over several micrometers near the substrate (Figure
S2 in the Supporting Information). This behavior suggests a
spatial growth instability that hardly could be ascribed to
poisoning of the perimeter of the growing nanotube, since
poisoning particles are usually irreversibly attached to the
interface that they poison;19 therefore poisoning of the
growing end of a nanotube is also unlikely.

Thus, we conclude that the catalyst poisoning is the most
probable cause for the growth cessation. Most likely the
poisoning species is amorphous carbon. First, the presence
of water vapor that etches amorphous carbon leads to an
substantial enhancement of the nanotube growth yield.20

Second, micro-Raman spectroscopy mapping (see Figure S1
in the Supporting Information) revealed that the G/D band
intensity ratio has continuously decreased during the array
growth, indicating increasing concentration of amorphous
carbon near the catalyst surface species at the end of the
growth process (G-band Raman signal typically indicates the
level of graphitized carbon, while D-band corresponds to
disordered amorphous carbon).

What is the mechanism of the growth poisoning? We first
describe a qualitative model that accounts for the kinetic features
observed in our growth experiments. We postulate that carbon
nanotube growth proceeds in two stages. At first the ethylene
molecule adsorbs on the surface of the catalyst particle and is
ultimately converted into a carbon atom C, which can diffuse
to the catalyst particle step edge and incorporate into a
nanotube.21,22 Alternatively, it may nucleate a new amorphous
carbon cluster or join an already existing one (Figure 3A).
These cluster patches eventually grow to cover the surface
of the catalyst particle thus blocking the ethylene decomposi-
tion and carbon supply to the nanotube. This mechanism
explains irreversible growth cessation. Indeed, Ajayan and
co-workers reported that after the 10 min of high-temperature
oxidation, the catalyst activity resumes, and a second
nanotube array may be grown on the same substrate, while
further oxidation may detach the array sandwich from the
substrate. Probably, this harsh oxidation removes the amor-
phous carbon film along with the curved defect-rich nanotube
portions, and reactivates the catalyst.23 Additionally, we
expect that when the carbon patches cover the catalyst
particle surface almost completely, the feeding of the growing
nanotube perimeter becomes spatially asymmetric and vary-
ing in time. That asymmetry changes the tube orientation
and induces the increased entanglement observed in the last

stages of the array growth (Figure S2, Supporting Informa-
tion).

We now use this model to construct a semiquantitative
description of the growth and poisoning kinetics. According
to the classical Kolmogorov-Johnson-Mehl-Avrami
(KJMA) theory,19,24-26 the fraction, g(t), of the surface not
yet covered by the passivating patches by the time t after
the start of the deposition is given by

g(t)) exp[-πJV2t3

3 ] (1)

The KJMA theory is strictly applicable if the total size of
the system is much larger than the distance between the
(round) patches, and a more exact description would include
a correction for the finite size of the surface. Our derivation
is based on a simple KJMA model (eq 1), and therefore it
should be considered as an approximation. The overall carbon
nanotube growth rate Vg would be proportional to the open
surface area of the catalyst

Vg )V0g(t))V0 exp[-πJV2t3

3 ] (2)

where J (1/(m2 s)) is the rate of the amorphous carbon
nucleation, V (m/s) is the linear expansion rate of a patch,
and V0 (m/s) is the nanotube growth rate on a clean catalyst.
The parameter V0 is controlled by the delivery of the carbon
atoms to the growing nanotube perimeter and incorporation
rate, and we can estimate it using the model of Tibbetts et
al.27 Briefly, this model postulates that carbon species adsorb
from the gas phase onto the surface of the catalyst particle
and creates a carbon concentration on the surface that is
highly supersaturated with respect to the carbon concentration
at the perimeter of the growing carbon nanotube. Concentra-
tion gradient then leads the carbon atoms to diffuse through
the iron particle and incorporate into the nanotube. Although
the real geometry of the catalyst particle and a growing
carbon nanotubes is complicated, we follow Tibbetts and co-
workers by modeling the catalyst particle as a cylinder of
radius and thickness equal to the outer radius of the carbon
nanotube R0. Under these assumptions, the growth rate Vg is

Vg )
JsΩ

1- ( ri

ro
)2

Ns -N0

Ns

1

1+
JsR

DNs

(3)

Here Js (1/(m2 s)) is the effective incoming flux of carbon
atoms that accounts for ethylene adsorption, its thermal
decomposition that produces carbon on the catalyst-gas
interface, and hydrogen release back to the gas phase, along
with inverse reactions that produce volatile hydrocarbons
from adsorbed C and gaseous hydrogen. Finally, Js includes
an energy barrier that C atoms must overcome to dissolve
in the solid Fe-C catalyst (likely austenite). Ns (1/m3) is
the bulk concentration of mobile carbon atoms in the catalyst
just below its interface, and N0 is the carbon atom concentra-
tion in equilibrium with the perimeter of the growing carbon
nanotube (this concentration could also include contributions
from carbon atoms delivered by surface diffusion). The 2ro

and 2ri are the outer and inner diameters of the carbon
nanotube, D is the effective diffusivity of carbon atoms that
accounts for both bulk and surface diffusion over the
effective distance R of the order of the catalyst radius, and
Ω is the volume of a carbon atom in graphite.
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The ratio JsR/DNs defines the ratio of the carbon production
rate Js to the carbon diffusion rate. Precipitation of amor-
phous carbon observed in the Raman spectroscopy data,
along with nanotube graphite, suggests that supersaturation
of carbon in the catalyst particle and on the catalyst surface
is high enough to drive the growth process. Therefore, it is
reasonable to assume that Ns . N0. That assumption
simplifies eq 3 to:

Vg )
JsΩ

1- ( ri

ro
)2

1

1+
JsR

DNs

(4)

The impact of amorphous carbon patches formation
manifests itself as the reduction of the catalyst surface area
where the carbon is produced from ethylene while the
concentration of carbon on the still poison-free surface does
not change. Then, the aVerage carbon concentration over
the whole catalyst interface will be

Ns(t))Ns
0g(t))Ns

0 exp[- t3

τ3] (5)

where Ns
o is the carbon concentration on a clean catalyst

particle and τ is the characteristic poisoning time τ ) (3/
πJV2)1/3. We now can combine eqs 2, 4, and 5 into a simple
expression

Vg )
G0

1+
G0

GD
exp[ t3

τ3]
(6)

where

G0 )
JsΩ

1- (ri ⁄ ro)
2

and

GD )
DΩNs

0

R[1-(ri ⁄ ro)
2]

Finally, the observed height Hg of the carbon nanotube array
is

Hg )∫
0

t

Vg(t) dt (7)

Equation 6 contains three parameters: characteristic poi-
soning time, τ, the growth rate G0 on the clean catalyst at
the infinitely fast diffusion, and the growth rate GD, also on
a clean catalyst, but fully controlled by slow diffusion (i.e.,
growth rate at an infinitely fast supply of carbon). Note that
at least initially the diffusion through the catalyst particle
should not limit the growth speed, i.e., GD . G0.

We can estimate GD by assuming that we can approximate
the value of Ns by the volumetric concentration of carbon
atoms in a graphite layer (37.9 atoms/nm-3) and by using
the literature values for the diffusion coefficient of carbon
in iron at 1023 K (750 °C), D ) 3.2 × 10-7 cm2/s, volume
of carbon atom Ω ) 8.8 × 10-3 nm3, and the value of ro )
3.1 nm from the TEM measurements. Under these assump-
tions we calculate the value of GD ) 2.2 × 105 µm/min.

We can also estimate the parameter GD using a slightly
different argument. The atomic fraction of carbon in iron at
equilibrium with graphite (and MWCNT), ΩN0, could hardly
exceed the maximum atomic fraction of C in austenite (∼7
× 10-2 at 1100 K). The equivalent fraction of carbon in a
highly supersaturated solution, ΩN0, should be noticeably
higher. If we assume a supersaturation of 10 ((Ns - N0)/N0

) 10), and use the calculated carbon diffusivity in the BCC
iron of 1.8 × 10-7 cm2/s at 1100 K28 (which is not far away
from the value D ) 3.2 × 10-7 cm2/s used for the previous
estimate) and the catalyst radius R ) 3.1 nm, then we arrive
at the estimate of GD ) 2.4 × 105 µm/min, which is quite
close to the value obtained from the previous estimate.

Best fits of eqs 6 and 7 to our kinetic data (Figure 3B)
using the calculated value of GD ) 2.2 × 105 µm/min show
that our model reproduces the key feature of the growth
processsthe nearly constant array growth rate followed by
an abrupt growth terminationsover the whole range of the
growth times. The value of the parameter obtained from the
fit, G0 ) 30.7 µm/min, is indeed much smaller than the value
of GD, thus providing another consistency check for our
model. Finally, we note that the exponential growth rate
decay (dotted line in Figure 3B) does not describe the abrupt
growth cessation observed in the experiment.

Growth Rate and the Total Process Pressure. The
observed nonlinear dependence of the measured growth rate
as a function of the total pressure (Figure 2A) could be ra-
tionalized by considering the ethylene/hydrogen balance in
overall thermal decomposition reaction

C2H4T 2H2 + 2C

At equilibrium, this reaction is described by the following
balance of chemical potentials

µC2H4
) 2µH2

+ 2µC (8)

or

kBT ln
PC2H4

PH2

2
)K) 2µC + 2µH2

0 - µC2H4

0

were the subscripts denote the chemical species, µo
i is the

standard state chemical potential of the species iand K is the
equilibrium constant. Away from equilibrium, the net carbon
production per unit time per unit catalyst area, i.e., 2Js, is given
by the difference between rate of the C2H4 decomposition and
the reverse reaction rate. The decomposition occurs when
an adsorbed C2H4 molecule overcomes the activation barrier
Ea for decomposition; hence the chance to find the ethylene
molecule in this exited state is e(µ(C2H4)-Ea)/kT. Similarly, the
probability of the inverse reaction is given by e(2µ(C)+2µ(H2)-Ea)/kT.
Since ethylene decomposition requires dissociation of a covalent
bond, it is reasonable to expect that the activation energy
for this process will be much higher than the adsorption
energies for C2H4 and H2; therefore it is reasonable to assume
that the adsorbed ethylene and hydrogen molecules are in
equilibrium with the gas phase and that the corresponding
chemical potentials, µC2H4

and µH2
are equal in the adsorbed

and gaseous states. If the deviations from the equilibrium
are not extreme, the pre-exponent frequency factors, ν, for
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the direct and inverse reactions should be equal. Therefore
the carbon production flux may be approximated as

2Js )Ve(µ(C2H4)-Ea)⁄kBT -Ve(2µ(H2)+2µ(C)-Ea)⁄kBT )

Ve-Ea⁄kBT(e(µ(C2H4)-2µ(H2)-2µ(C))⁄kBT - 1)e(2µ(H2)+2µ(C))⁄kBT (9)

Finally, we can rewrite this equation as:

Vg ∼ Ve-Ea⁄kBTKPH2

2( PC2H4

PH2

2K
- 1))Ve-Ea⁄kBT(�C2H4

P0 -K�H2

2 P0
2)

(10)

where the constants �i denotes the volume fractions of a
particular gas in the gas mixture. It is clear from the last
two terms of the eq 10 that as the total pressure P0 increases,
the carbon production at first rises but then starts to decrease
as the quadratic term starts to overwhelm the linear term. In
other words, carbon production always increases proportion-
ally to P0, while carbon removal by hydrogen increases as
P0

2. The data do show a very similar trend with the variations
of process pressure (Figure 2A). Finally, the observed
decrease in the CNT growth rates with the increase of water
concentration likely reflects the etching of both the amor-
phous carbon and the graphitic carbon. The presence of
significant amounts of water in the reaction mixture intro-
duces a more complicated set of reaction processes that our
model does not capture at this point.

Reproducible growth of nanotube arrays under controlled
conditions that we have demonstrated removes many ob-
stacles to the technological applications of carbon nanotube
arrays. Tight control over CNT array dimensions should
enable their incorporation into the MEMS and NEMS devices
using processes and architectures that require high reproduc-
ibility and close matching of the components. We also
showed that the kinetics of CNT array growth can be
described quantitatively using a simple model that considers
carbon pyrolysis equilibrium, carbon diffusion through the
catalyst particle, and poisoning of the catalyst surface. Further
refinements to this model should lead to a better understand-
ing and better control of CNT growth by thermal CVD.
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