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C
arbon nanotubes (CNTs) have
achieved a virtually iconic status in
the nanotechnology field because

of their unique combination of electrical,
mechanical, and electronic properties that
seem to embody the promise of a new
generation of nanomaterials. Vertically
aligned carbon nanotube (VACNT) arrays;
forests of parallel aligned nanotubes;
could be a key component for applications
that range from field emitters and displays,1

to highly permeable membranes.2 How-
ever, development of these applications
has to rely on controllable, economic, and
highly tunable synthesis techniques that
can produce these arrays reliably on large
scale. Chemical vapor deposition (CVD)
based methods have established them-
selves as front-runners for this task from
the early stage of nanotube synthesis
research,3 especially after CVD was com-
bined with growth promoters such as water
that significantly enhance catalytic lifetime
and growth yield.4,5

Despite these improvements in synthe-
sis technique for the past decades, under-
standing of the growth kinetics remains a
topic for debate. The process configuration
is deceptively simple: most of the thermal
CVD processes for nanotube growth involve
passing a gas mixture that contains a car-
bon feedstock gas, a reducing gas (typically
hydrogen), and an inert carrier gas over
catalytic nanoparticles above the pyrolysis
temperature of the carbon feedstock. Quali-
tatively, it is clear that the carbon source
undergoes a series of decomposition steps
either in the gas phase or on the catalyst
surface, and then incorporates into a grow-
ing nanotube. This growth proceeds at a
rather high rate (up to several micrometers
per second), yielding arrays that could
reach 10 mm in height or more,6,7 and then

terminates quickly and often irreversibly.
Recent studies have observed significant
difference in growth efficiency among hy-
drocarbon species,8�12 suggesting that
possible pyrolysis or gas phase reactions
(GPR) accompanying gas heating on the
substrate or reactor wall in CVD can affect
growth kinetics.13�15 Studies targeting the
influence of hydrogen in growth kinetics
are relatively rare,16 although its effect on
nanotube morphology has been studied
extensively.17�19

Despite the simplicity of the process, a
growing number of papers are reporting
different kinetic trends and often-conflicting
explanations. To complicate the situation
further many studies produce different
kinetic trends in different laboratories, de-
spite using similar setups. Although at this
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ABSTRACT Vertically aligned carbon

nanotubes (CNTs) are an important techno-

logical system, as well as a fascinating system

for studying basic principles of nanomaterials

synthesis; yet despite continuing efforts for

the past decade many important questions

about this process remain largely unex-

plained. We present a series of parametric

ethylene chemical vapor deposition growth studies in a “hot-wall” reactor using ultrapure

process gases that reveal the fundamental kinetics of the CNT growth. Our data show that the

growth rate is proportional to the concentration of the carbon feedstock and monotonically

decreases with the concentration of hydrogen gas and that the most important parameter

determining the rate of the CNT growth is the production rate of active carbon precursor in the

gas phase reaction. The growth termination times obtained with the purified gas mixtures

were strikingly insensitive to variations in both hydrogen and ethylene pressures ruling out the

carbon encapsulation of the catalyst as the main process termination cause.

KEYWORDS: carbon nanotube . CVD growth . growth kinetics . impurity
removal
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point the benefit of using additives, such as water, is
well established, the mechanism of their action is still
not well understood. Finally, another significant aspect
of the process, growth termination mechanism, which
can provide fundamental clues for synthesis of very
long nanotubes, and a catalyst regeneration strategy
for low-cost production, remains a source of the lively
debate.14,20�22

In this paper, we focus on removing the confusing
effects of gaseous additives and impurities and reveal-
ing the fundamental kinetics of the VACNT growth and
termination. We use a CVD growth setup that com-
bined highly purified process gases with an in situ

growth kinetics monitoring system to characterize this
kinetics. We present a generalized model of the CNT
growth kinetics and show how it could generate
different kinetics reported in the literature. We explore
how the major input variables change this “base”
kinetics of VACNT growth and, in the central result of
this work, we demonstrate that the growth kinetics
obeys quite simple and straightforward relationships.
Finally, we report the data on the growth termination
kinetics and discuss the potential mechanisms for this
process.

EXPERIMENTAL DESIGN

Our experiments utilized atmospheric pressure CVD
growth setup based on a 1-in. size tube furnace
(Figure 1a). This type of setup is commonly used in CNT

growth studies; however, our system incorporated two
significant modifications. Different molecular forms and
concentrations of oxygen-containing species can ren-
der the growth chemistry complicated by activating or
degrading catalyst.10,23 We have recently reported that
even traces of oxygen-containing gas impurities pro-
mote growth and distort the kinetic trends, especially
for high-pressure CVD growth.24 To eliminate these
contributions, we have installed high-efficiency gas
purifiers on the process gas lines that removed these
impurities down to below 1 ppb levels. Another sig-
nificant addition to the system was the optical micro-
meter system24,25 that provided us with capability for
in situmonitoring of the array growth (see details in the
Supporting Information.) In this setup, a telecentric LED
beam illuminates the growing nanotubes through a
transparent quartz tube, casting a shadow onto a CCD
detector (Figure 1a�c). This method provides a non-
destructive, noninterfering, fast (1 Hz for this study)
and accurateway inmeasuring height of the VACNTs in
real time.25 However, we found that the surface rough-
ness of a general circular quartz tube distorted the
scanning beam of the telecentric optic system, result-
ing in slightly wavy growth curves; to remedy this
problem we have replaced the center section of the
process tube with a square 15 mm � 15 mm tube
(Quartz Plus, Inc.) with a 60�40 mechanical polish
applied to the walls. This setup produces smooth and
much more reliable kinetic curves. We also confirmed

Figure 1. (a) A schematic describing coupling of an in situmeasurement system with the CNT growth furnace. A narrow slit
(2�3 mm) was made through the furnace to allow the beam to illuminate the growing nanotubes. (b) A schematic of cross-
sectional view along probing beam. (c) A photo image near the center of the furnace. The green line indicates the beampath.
(d) A SEM image of the aligned carbon nanotubes. The inset is a TEM image of the nanotubes after dispersing the nanotubes
on a TEM grid. (e) A RAMAN spectrum of the nanotubes grown with 30% ethylene and 40% hydrogen with helium dilution
(total 1000 SCCM). (f) A representative kinetic (growth rate�time) curve of the nanotubes of panel e. The initial growth rate
(vg

0) and catalytic lifetime (τL) are indicated by arrows. It shows three distinctive regimes designated by green dotted lines.
The inset is the corresponding height�time curve.
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that the difference in catalytic lifetime and the final
height of nanotubes was almost negligible between
both types of quartz tubes; therefore, the shape
change from a round tube to a square tube did not
significantly affect CNT growth. We also note that the
telecentric optical system only detects the position of
the tallest part of the growing CNT array, and thus
cannot give a reliable indication of the growth uni-
formity; however, our postgrowth analysis of the sam-
ples showed that the deviations of the final height of
the CNT array did not exceed 5%. Moreover, reliability
of ourmeasurement is supported by the conclusions of
Kim et al.,26 where very similar growth rate curves were
obtained by direct measurement after cutting the
substrate. Our CNT synthesis followed the procedures
described in the previous studies24 (see also details in
the Methods section and in Supporting Information.)
To maintain constant initial activity of the catalyst, we
have applied identical pretreatment regime during the
furnace heating and catalyst reduction, prior to apply-
ing the growth gas mixture. In most of the runs we
obtained vertically aligned carbon nanotube arrays
consisting of a mixture of SWNT and MWNT (Figure 1d).
Generally, RAMAN spectra of as-grown nanotubes
include a weak signal of RBM (Figure 1c). Before we
discuss the detailed results obtained in our studies, it is
useful to provide a general description of the CNT array
growth kinetics.

Generalized Kinetic Formulation of Carbon Nanotube Array
Growth. The CVD synthesis of carbon nanotubes in-
volves a series of transport and conversion events that
produce a flux of carbon material from a precursor
provided by the feed gases (or generated by a gas
phase reaction) to the carbon nanotube growing from
a catalyst particle site on the surface (Figure 2a,b). We
can represent this series of events using a rather simple
equivalent electrical circuit (Figure 2c), which includes
contributions from three resistances: diffusion of the
gas species through the growing CNT forest to the
catalyst site (R1); the resistance associated with the
carbon adsorption to the catalyst surface, any further
reactions happening there, as well as the resistance for
incorporation of carbon into a growing carbon nano-
tube (R2). This key parameter encompasses all the

effects associated with catalyst deactivation through
various mechanisms. The last resistance term (R3) is
associated with the diffusion of carbon through the
catalyst particle to the CNT growth site.

Then if the driving force for the reactions we can
write the rate of the CNT growth as

νgr ¼
Δμ

kT
n0ω

R1 þ R2 þ R3
(1)

whereΔμ/kT is the driving force for the reaction, the n0
is the initial catalyst active sites concentration, andω is
the kinetic coefficient. If we write the diffusion terms
explicitly as

R1 ¼ h(t)
Dg

¼

Z o

t

v(t) dt

Dg
(2)

R3 ¼ l

D
(3)

where h(t) is the height of the CNT array, l is the
effective size of the catalyst particle, and Dg and D

are the carbon diffusion coefficients in the gas phase
and through the catalyst particle, respectively. Finally,
we can write down the generalized expression for the
growth rate as

νgr ¼
Δμ

KT
n0ωZ t

0
v(t) dt

Dg
þ £(t)þ l

D

(4)

where the £(t) is a model-dependent function that
describes catalyst deactivation. Equation 4 has several
interesting features. First, not surprisingly, it predicts
that the initial growth rate of the carbon nanotube
array is proportional to the driving force for the reac-
tion, that is, to the first order to the rate of carbon
precursor production in the gas phase. Second, it sets
the maximum theoretically achievable growth rate as
vgr
max = ((Δμ/kT) n0ωD)/l, where the growth is limited
exclusively by the diffusion of carbon through the
catalyst particle assuming that the adsorption resis-
tance is much smaller than the diffusion resistance.
Third, it predicts several kinetic regimes for the growth
process depending on the relative value of the terms in
the denominator of eq 4 (or eq 1). When R1. R2, which
corresponds to the growth limited by the diffusion of
the precursor through the CNT array, the equation
reduces to the Deal�Grove equation (see Supporting
Information for details) that is often used to describe
diffusion-limited CNT array growth.27 When R1 , R2,
then the growth is primarily limited by the catalyst
deactivation process, and the kinetic can follow different
law depending on the specificmodel of deactivation. For
example, using the Kolmogorov�Mehl�Avrami model

Figure 2. A simplified model of carbon nanotube growth.
(a) Diffusion through the CNT array followed by (b) reaction
at the catalyst and carbon incorporation into a growing
nanotube. (c) Equivalent electrical circuit representing the
growth model.
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to describe deactivation by carbon encapsulation repro-
duces the characteristic abrupt termination kinetics (see
Supporting Information for details) that was seen in a
number of studies.14,21,28

Finally, the initial growth rate could depend on the
gas phase pyrolysis equilibrium that produces the
active precursor, Ca, for the CNT synthesis. The simplest
case assumes that the consumption of active carbon
precursor by the growing nanotube does not change
the steady state concentration of that precursor; then
this equilibrium could be described by the following
generalized kinetic equations:

d[Ca]
dt

¼ k1[C2H4] � k2[H2][Ca] (5)

υ0g∼[Ca] ¼ K
[C2H4]
[H2]

(1 � e�k2τr [H2]) (6)

where K = k1/k2 and τr is the reaction time, determined
mostly by the dynamics of gas flow through the CVD
reactor. In the quasi-stationary case eq 6 reduces to

υ0g∼[Ca] ¼ K
[C2H4]
[H2]

(7)

Initial Growth Rate. All growth runs were character-
ized by the kinetics that exhibited three common
regimes (Figure 1f): the rate would initially show a
rapid decay, then a relatively slow monotonous de-
crease, followed by abrupt termination. Note that the
superior time resolution provided by the in situ mon-
itoring system is critical to discern these features. The
CNT growth kinetics is often described by the expo-
nential decay model (also commonly known as Iijima's
model).29 Figure 1f shows that this model does not
capture the three different regimes of the growth rate
throughout the process; yet that model provides a
seemingly adequate fit to the array height data
(Figure 1f, inset) that is typically captured by an ex-situ

analysis. In most cases the CNT growth rates decreased
throughout the process, (Figure 3); except the very first
moments of growth, where we often observed an
induction period region (see for instance, the first
growth curve (100 sccm of ethylene) in Figure 3a).
Latorre et al.30 suggested a phenomenological model
attributing that initial induction period to the catalyst
carburization. In contrast, Sharma et al.31 used in situ

TEM data to propose that CNT growth was always
preceded by rapid cementite (Fe3C) formation (<0.11 s).
Our experiment did not provide a definitive answer to
the origin of this behavior, as we could not exclude
transient behaviors associated with imperfect gas mix-
ing, alignment errors of the optical system, or a nonuni-
form initial growth rate. Therefore, all further analysis
excludes initial transient region.

First, we examine the effect of the varying ethylene
gas concentration from 5% to 60% at 750 �C while
maintaining a 40% hydrogen concentration in the

mixture (Figure 3a). The initial growth rates measured
in these experiments were clearly proportional to the
ethylene concentration (Figure 4a), which is consistent
with the trends reported by other in situ studies.32,33

The linear relation between the growth rates and
ethylene concentration agrees with the predictions
of eq 4, 6, and 7. The absence of the saturation behavior
also suggests that the active carbon coverage on the
catalyst was relatively small and that the (initial)
growth was not limited by postadsorption processes.

Another growth runs series conducted at the same
condition but using varying amounts of hydrogen and
a fixed ethylene concentration at 10% showed a
monotonous decrease of the growth rate with the
increase in hydrogen concentration (Figures 3b and 4b).
Generally, we could attribute this behavior either to
a shift of the gas phase reaction equilibrium, or to
the influence of hydrogen on the reaction equilibrium
at the catalyst surface. The most obvious possibility is
that the addition of hydrogen to the system shifts the
carbon production in the gas phase toward the re-
agents, thus decreasing the overall driving force for the
process. In this case the reaction equilibriumwill follow
eq 6 and eq 7. Note that while eq 7, which is valid
when the gas phase reaction reaches an equilibrium
state, predicts a very simple inverse dependency of
the growth rates on the hydrogen concentration, a
more general eq 6 predicts a more complicated form.
The experimental data (Figure 4b) show that while the

Figure 3. Representative growth rate curves obtained for
runs with (a) fixed hydrogen flow of 400 SCCM and varying
amounts of ethylene and (b) fixed ethylene flow of 100
SCCM and varying amounts of hydrogen. For all runs the
total gas flowwasmaintained at 1000 SCCMand the growth
temperature was 750 �C.
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kinetics follows the simpler eq 7 at high hydrogen
concentrations (Figure 4b, dotted line), it clearly di-
verges at lower hydrogen concentrations. Instead, the
complete data set is much better described by eq 6
(Figure 4b, solid line). This data strongly suggests that
one of themain roles of hydrogen in our CVD process is
shifting the pyrolysis equilibrium of ethylene and that
at least at low hydrogen concentrations the gas pyro-
lysis equilibrium keeps shifting as the gas travels
through the reactor tube. This conclusion is also con-
sistent with the strong dependence on the reaction
rate on the overall gas flow rate in the system (see
Figure S4, S5 in Supporting Information), as well as the
literature reports on the importance of the “dwell time”
of hydrocarbon gas in the hot wall reactor for optimiz-
ing CNT growth.34 Interestingly, the gas phase equilib-
rium in this systemmay be more complex than what is
described by eq 6, as the flow rate data indicate that
the gas pyrolysis equilibrium keeps shifting even at
relatively high hydrogen concentrations.

While the decrease in growth rate can be attributed
to etching of a growing carbon nanotube by hydro-
gen,35 our experimental observation does not support
this idea. When we exposed the partially grown CNT
array to 40% of hydrogen diluted with helium for 1 h at
the growth temperature (750 �C), we could not detect
any measurable changes in the CNT array height.
This result suggests that any nanotube etching by
adsorbed hydrogen or possibly desorbed atomic hydro-
gen is either nonexistent or at least very slow16,36 in our
growth conditions.

Activation Energy. Estimates of the apparent activa-
tion energy (Ea) from anArrhenius equation (vg≈ e�Ea/RT)
often help to identify a rate-limiting step in the
overall growth kinetics. To obtain this value we con-
ducted a series of growth runs at different tempera-
tures using 10%C2H4/40%H2 process gas mixture. The
initial growth rates obtained in these measurements
were well described by the Arrhenius equation with an
activation energy of about 2.6 eV (Figure 5). This value
is quite similar to the activation energy of 2.8 eV
reported by Yasuda et al. for a similar CNT growth
process.34 Notably, this energy is considerably higher

than a typical energy for the bulk diffusion (1�1.7 eV)36

and surface diffusion (0.23�0.4 eV)37 of carbon. Surface
reaction processes of carbon feedstock are charac-
terized by the activation barrier of 1.66 eV for
acetylene�Fe38 and 2.0 eV with ethylene�Fe39 sys-
tems. Gas phase diffusion is typically a very rapid
process with much lower activation energy; therefore
it is unlikely that the initial growth is limited by mass
transport of ethylene molecules. Picher et al.33 ob-
served similar activation energy values (2.8 eV for Ni,
2.4 eV for Co), but they used ethanol as a carbon source
and attributed the high activation energy to a particu-
lar mechanism of ethanol decomposition. The only
other possibility that we could consider is that a gas
phase reaction (GPR) that generates active precursors
for the CNT synthesis is responsible for the high
activation energy value.

This argument has an essential implication on
the role of GPR; the active precursor of GPR should be
efficient enough to neglect direct contribution of the
original hydrocarbon, ethylene in our case. Literature
reports also point to the existence of several efficient
precursors for nanotube growth. Several pyrolysis
products appear to be more efficient growth agents
than the original carbon feedstock: for instance,
benzene,9 acetylene,8,10,11 and C4H4.

15 Especially, Eres
et al.40 demonstrated that nanotube growth yield of
acetylene is remarkably higher than other hydrocarbons

Figure 4. Initial growth rates as a function of (a) ethylene concentration and (b) hydrogen concentration in the gas mixture.
Solid lines correspond to the fit in eq 6. Dotted line in panel b corresponds to the fit in eq 7.

Figure 5. Arrhenius plot of the initial growth rate as a
function of temperature. Feed gas composition was 100
C2H4/400 H2/500 He (all flows in SCCM.).
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when they prevented any possible gas phase reactions
with their molecular beam growth system. Moreover,
acetylene produced nanotube growth in those condi-
tions, while ethylene produced no carbon deposit.
Indeed, a simple estimate of the sticking probability
gives additional support to the importance of acety-
lene for this reaction and to the assumption that gas
phase reaction plays a significant role in CNT synthesis.
If we compare our CNT growth rate with the flux of
ethylene molecule impinging the surface, we estimate
that the sticking probability is only about 10�5 at 1023 K.
However, Gamalski et al.41 reported a much higher
sticking probability of 0.042�0.2 for acetylene. Con-
sidering that acetylene is one of the products of the
ethylene pyrolysis near 1000 K,42 it is likely that gen-
eration of acetylene in the gas phase reaction is the key
component of the growth mechanism.

Further reactions from the product acetylene may
involve more complicated chemistry that possibly
affects growth;15 however, we focus on the role of
acetylene and assume that acetylene is either the real
precursor or chemical intermediate close to that pre-
cursor. Even though we could not rigorously identify
the real precursor, the ethylene-to-acetylene reaction
can reasonably explain our growth kinetics with ethy-
lene carbon feedstock.

In addition, we speculate that the GPR is likely
assisted by some reactive products desorbing from
the catalyst. Similar catalyst-assisted preconditioning
of CVD precursor was reported in GaP nanowire
growth, where trimethylgallium evolved into mono-
methylgallium stepwise with the help of Au catalyst.43

Graphene growth studies by CVD also reported that
the preconditioning of the upstream gas by a copper
catalyst promotes formation of bilayer Bernal gra-
phene that is placed downstream.44 Indeed our studies
show evidence that the same preconditioning scheme
with an active upstream catalyst promotes growth of
carbon nanotubes on the downstream substrate (see
Figure S3, Supporting Information).

Catalyst Lifetime and Growth Termination. Another key
parameter for the CNT growth characterization of the
catalyst lifetime, defined as the time it takes the
growing array to reach the termination stage (for
practical reasons we define that time as the time
beyond which growth rate decays below 0.01 μm/sec).
Researchers have proposed several termination me-
chanisms for the CVD growth of CNT arrays. Nanotube
growth can be stopped by excessive amorphous or
graphitic carbon,21,45 encapsulating active sites on
catalyst. If this is the case, catalyst can be regenerated
by carbon etchant, specifically oxygen-containing mole-
cules.10,45 Catalyst may be deactivated by Ostwald
ripening, which could also be partially suppressed by
water.5 Finally, growth rate can be diminished by
growing nanotube forest since it acts as a diffusion
barrier when catalyst particle remain at the root of

nanotubes and the forest grows thicker; then catalyst
patterning will facilitate better gas diffusion.27 Never-
theless, none of these mechanisms has been solely
established as the dominating cause of growth termi-
nation; rather, a particular termination mechanism
manifests itself more apparently at a biased condition,
or multiple reasons are responsible in a combined way
depending on the parametric window of the experi-
ments. In this study, we focus on growth termi-
nation especially with dedicated efforts to purify (or
deoxidize) the process gases that result in remarkably
different trend. Typically, CVD growth experiments
done with laboratory-grade purity gases produce a
complicated trend in catalyst lifetime as a function of
the gas mixture composition (Figure 6a,c). For exam-
ple, from measurements using standard ultrahigh
purity gases,25 the catalyst lifetime first show a brief
increase and then a steady significant decrease as
a function of the carbon feedstock concentration
(Figure 6a). The increase in hydrogen concentration
leads to the very sharp increase in the catalyst lifetime
followed by a significant decline. As we reported
recently most of these trends originate in the compli-
cated effects of the impurities in the feed gases.24

Indeed, when we repeated this growth using purified
gases, most of the complicated trends have vanished
revealing starkly simple kinetics.

The most unexpected result from these experi-
ments is the almost complete insensitivity of the
growth lifetime to the changes in the carbon concen-
tration and hydrogen concentration. If the carbon
encapsulation mechanism is the dominating mecha-
nism for growth termination, then the process should
be very sensitive to the carbon concentration on catalyst
surface (and in the gas phase);21,45,46 the experimental

Figure 6. Growth lifetime (a,c) and final height of the CNT
arrays (b,d) as a function of the ethylene and hydrogen
content of the feed gas mixture, and the degree of gas
purification. For the ethylene content variation series the
hydrogen flow was always 400 SCCM, and for the hydro-
gen variations series the ethylene flow was fixed at 100
SCCM. In all experiments the helium flow rate was ad-
justed to keep the total flow rate at 1000 SCCM for all
cases. Kinetic trends for the unpurified gases were taken
from a previous study.12
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data clearly do not support this conclusion. Similarly,
considering that the increased hydrogen concentra-
tion suppresses the formation of the CNT growth
precursors, then the level of hydrogen in the feed
mixture should have a profound effect on the termina-
tion process; data on Figure 6c clearly show that it does
not. Moreover, if the carbon encapsulation was a
significant cause of the CNT growth stoppage, we
should be able to regenerate “dead” catalyst by treat-
ing it with a carbon etchant, such as water vapor.45

However in our experiments once the catalyst was
completely deactivated we could not restart the
growth; at best we could only regrow short collapsed
nanotubes with very low yield after we removed the
“dead” CNT array from the surface. These results argue
strongly that carbon encapsulation is not the main
cause of the VACNT array growth termination, at least
for the growth conditions that produce abrupt termi-
nations similar to the data on Figure 1f (even though
the carbon terminationmodel reproduces the shape of
the kinetics curves well).21 As we discussed in the
previous sections, gradual terminations likely reflect
the kinetics of diffusion-limited supply of carbon feed-
stock to the catalyst, and thus cannot provide much
information about the termination process.

Another plausible reason for deactivation is the
ripening of metal catalyst,5 which is inevitable at high
temperatures. Recently, Kim et al.26 demonstrated by
in situ TEM that catalyst ripening could lead to growth
termination. They also showed those ripened catalyst
particles eventually migrated into the alumina sup-
porting layer and thereby became completely deacti-
vated, which would explain irreversible loss of catalytic
activity. To monitor the ripening behavior of catalyst in
our experiments we exposed the catalyst to our stan-
dard clean hydrogen�helium pretreatment for 1 h
longer than the 17 min total time that we used for a
regular annealing recipe. Unlike the data observed in
other studies,5,26 the corresponding AFM images
(Figure 7) do not show the dramatic change in the
particle size and number density that would be repre-
sentative of the ripening process. Moreover, when we

delayed the ethylene introduction time (thus allowing
more annealing) we obtained growth rate curves that
were almost identical to the rate curve obtained
without such time delay (see Figure S2, Supporting
Information). These results indicate that the catalyst
deactivation kinetics does not follow a simply ripening
process. Maruyama and co-workers have also esti-
mated that the termination mechanism, which origi-
nates in the diffusion barrier through the growing CNT
forest, also could not be rate-limiting.47 The data on the
Figure 6b, which show the clear saturation of the array
final height with the carbon concentration increase,
also argue against this mechanism.

What do our results tell us about the kinetics of
“clean” VACNT forest growth and growth termination?
First, they show that current hypotheses about the
potential termination mechanism do not provide an
adequate, comprehensive, and consistent explanation.
Moreover, our data definitively rule out the mecha-
nisms that have been dominating the literature;
encapsulation of the catalyst by amorphous carbon.
Second, they show that the growth kinetics follows
very simple rule;the initial growth rate is always
proportional to the concentration of the active carbon
species. Third, and the most important result of this
study is that the gas phase pyrolysis of carbon feed-
stock gas has a dominating effect on the growth
kinetics in the hot wall reactor growth. Thus the future
studies of the CNT growth have to pay the utmost
attention to exploring and controlling this part of the
growth process.

METHODS
Carbon Nanotube Growth Setup and Gas Purification Setup. Our

home-built thermal CVD system consists of gas feeding system,
high temperature furnace (Lindberg Blue TF55035A, Thermo
Electron Corp.), and in situ measurement system. To introduce
process gases, helium (purity: 99.999%), hydrogen (purity:
99.9999%), and ethylene (purity: 99.999%) cylinders were con-
nected to mass flow controllers (MKS). Especially, we installed
high-performance deoxo purifying units (PureGuard, Johnson
Matthey) between the gas regulators of cylinders and flow
controllers to further purify gases. A hygrometer (Hygrophil-F
5672, Bartec) was placed after the flow controllers to monitor
water level in gases. Especially, we put a dedicated effort to
maintain very dry gas lines. The flow lines were kept above
100 �C by a heat tape to prevent condensation of water.

To minimize water introduction to the gas line, we applied a
valve between the end of gas feed line and inlet of quartz tube
(reactor tube) so that the valve was closed whenever the
catalyst substrate was loaded or unloaded.

In-Situ Growth Kinetics Monitoring Setup. To monitor the growth
kinetics in situ, the furnace was equipped with an optical
micrometer setup (LS7030M, Keyence) that uses a shadow of
the growing CNT array projected onto a CCD chip to follow the
growth process. To install, the optical micrometer parts of the
furnace cover were removed since the micrometer's working
distance is shorter than the furnace dimension. To reduce heat
loss from the furnace and shield the measurement system, we
also installed additional aluminum covers with heat absorbing
windows (Schott KG Heat Absorbing Glass, Edmund Optics Inc.)
Kinetic data was logged every second from 1min before ethylene

Figure 7. AFM images (a) after typical annealing procedure
and (b) after additional 1 h annealing.
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introduction to the end of growth using the built-in capabilities
of the system.

Substrate Preparation and Catalyst Deposition. Before catalyst
deposition, a silicon wafer (100) was half-diced (∼250 μm in
depth) to get a regular size (5 mm� 5 mm) of substrate pieces.
To protect the silicon surface from chip deposit during the
dicing process, 100 nm of sacrificial photoresist was coated,
which would be removed by the Plasma PR removing system
(Matrix Asher Model 106) before catalyst deposition. Double
layers of iron (2 nm)/alumina (30 nm) were used as catalyst.
Alumina was deposited by RF sputtering (Edwards Auto 306 DC
and RF Sputter Coater) with an alumina target (Plasmaterials,
Inc.) For iron deposition, the e-beam evaporator (Edwards EB3
Electron Beam Evaporator) was used with the metal iron target
(Plasmaterials, Inc.). The deposition rates were kept slow
(∼0.5 nm/min for alumina and∼0.3 nm/min for iron) to achieve
uniform and controllable film thickness. After the catalyst
deposition, the half-diced wafer was split into individual chips
(5 mm � 5 mm) by applying moderate force.

CNT Array Growth. Before every run of CVD growth, the quartz
tube was heated at 850 �C for 10 min with exposure to atmo-
sphere so as to remove any carbon residue in the tube. While
cooling the furnace after this cleaning step, we closed the open
tube when it reached 500 �C. After loading a catalyst substrate
at below 100 �C, we purged the system for an additional 10 min
with 1000 SCCM of helium to remove any possible gases
introduced from the ambient. The total pressure was main-
tained at 1 atm for all of the experiments. The first heat-up rate
was 50 �C/min and the second ramp-up was from 725 �C to
a growth temperature (Tg) for 1 min. Before growth was initi-
ated by ethylene, catalyst was annealed with a mixture gas of
hydrogen and helium to reduce the oxide of the Fe catalyst into
a metallic form; 40% (400 SCCM) hydrogen was introduced
when the temperature for the first ramp-up reached 550 �C. The
hydrogen flow was maintained by the end of first annealing
step (12 min), and then it was reduced to 15 SCCM for 5 min.
Finally, when growth was initiated by ethylene introduction, a
gas mixture of ethylene, hydrogen, and helium was introduced.
After termination of the growth, the as-grown nanotube chip
was unloaded when the temperature went below 350 �C in
order to prevent nanotubes from being thermally damaged by
air. The CVD growth process is summarized in the Supporting
Information (Figure S1).
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