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ABSTRACT We present a systematic study of the temperature and pressure dependence of the growth rate

of vertically aligned small diameter (single- and few-walled) carbon nanotube forests grown by thermal chemical

vapor deposition over the temperature range 560 —800 °C and 10~ to 14 mbar partial pressure range, using

acetylene as the feedstock and Al,0;-supported Fe nanoparticles as the catalyst. We observe a pressure

dependence of P*© and activation energies of <1 eV. We interpret this as a growth rate limited by carbon diffusion

in the catalyst, preceded by a pre-equilibrium of acetylene dissociation on the catalyst surface. The carbon

nanotube forest growth was recorded by high-resolution real-time optical imaging.
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he growth of carbon nanotubes by

catalytic chemical vapor deposition

(CVD) is of great interest for applica-
tions such as composites, conducting com-
posites, transparent electrodes’ > and for in-
terconnects, supercapacitor electrodes,
thermal management films, microelectrome-
chanical systems (MEMS), adhesive layers,
and yarns.*” 8 The latter applications require
the controlled, surface-bound growth of
high-density vertically aligned forests or
“mats” of multi-walled® 2 or single-walled
nanotubes.”>”"” For these reasons, it is of
great importance to understand which pro-
cesses control the growth rate, which factors
lead to high efficiency growth, and which fac-
tors cause the growth rate to slow down or
stop.'® 23 The CVD growth rate can be lim-
ited by diffusion and mass transfer in the gas
phase,?** surface reactions on the catalyst,
or carbon diffusion through the catalyst
bulk?**~2” or over the catalyst surface,?®~3°
as shown schematically in Figure 1. For many
years, from the initial observations on car-
bon nanofibers to recent analysis of single-
walled nanotubes (SWNTs), it was generally
assumed that carbon diffusion through or
over the catalyst nanoparticle was the rate-
limiting step.>*?°~3' However, if carbon dif-
fusion through a metal nanoparticle was the
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only factor, this would not explain the impor-
tance of the catalyst quality and the type of
feedstock. Here, we present data on the pres-
sure and temperature dependence of the
growth rate, which indicates that the mecha-
nism is more complex and includes both a
molecular dissociation step and a diffusion
step.

The ability to grow macroscopically
sized mats of nanotubes means that we
can now measure growth kinetics by real-
time imaging techniques,®?~ 3¢ rather than
relying on postgrowth analysis of many
samples by ex situ methods such as scan-
ning electron microscopy (SEM). Here we
use in situ optical imaging, calibrated and
supplemented by ex situ SEM measure-
ments, to measure the growth rate of small
(1—4 nm) diameter nanotube mats, for the
case of Fe catalyst on an AlL,O; support®?
and acetylene as feedstock.

Growth is carried out on Si(100) wafer
covered with 200 nm of thermal SiO,, itself
covered with a 10 nm thick Al,O; layer
formed by sputter deposition. Onto this is
deposited a 0.5—1 nm thick Fe film at ~1
A/s at a base pressure of under 107¢ mbar.
The film thickness was monitored in situ by
a quartz crystal microbalance and calibrated
ex situ by atomic force microscopy (AFM,
Veeco Explorer) and spectroscopic ellipsom-
etry (Woollam, M-2000 V).

Depending on the growth pressure, the
catalyst-coated Si substrates are then trans-
ferred to the respective growth systems.
Figure 2a—f shows SEM images (tilted view)
of the forests grown at different tempera-
tures and pressures. These views show the
side of a forest plus the top of the forests
with their entangled tubes. The nanotube
length is taken as the forest height. For the
case of CVD at 10° mbar, the nanotube for-
est has only just evolved from an entangled
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Figure 1. (a) Schematic of CNT growth process. (b) Sche-
matic of possible rate-limiting processes.

network. The growth rate is taken from the initial
growth rate.

Atmospheric pressure CVD is performed in a con-
ventional 2" quartz tube furnace (Carbolite). Verti-
cally aligned carbon nanotube arrays are grown for
5 min in a temperature range of 560—800 °C in 200:
500:10 sccm Ar/H,/CyH, mixtures at a CoH, partial
pressure of 10—14 mbar. The reaction temperature
is ramped at 20 °C/min in Ar flow. This is called the
hot-wall system.

For real-time optical imaging, a
custom-built direct heater is loaded
into the quartz tube (cold-wall condi-
tions) where the 5 X 15 mm? catalyst-
coated substrate is clamped between
two copper posts and is resistively
heated in the same reactant mixture.
The stripe is heated to ~750 °C at its
center within 5—10 s of applying the
power. The temperature is main-
tained by a DC current and is moni-
tored by a pyrometer which is cali-
brated against a thermocouple. This
system allows very rapid heating be-
cause only the substrate itself is
heated, not the whole furnace. The
growth was monitored for 30 min by

a digital camera mounted normal to Figure 2. (a—c) SEM images of CNT growth from Al,O;-supported Fe films performed in 200:
500:10 sccm Ar/H,/C;H, at atmospheric pressure for 5 min at different temperatures. (d—f) SEM
images of CNTs grown for 5 min at ~700 °C at different C;H, partial pressures: (d) growth at 107>
process compiled of the images taken  mbar. The Fe film was annealed in UHV for 5 min. (e) CVD at 2.5 x 10~3 mbar. The catalyst was
every 2 s are given in the Supporting first annealed in NH; for 5 min. (f) Atmospheric pressure CVD with direct heating method. (g)
Temperature profile across the resistively heated sample. The Si substrate shows an approxi-
mately Gaussian temperature profile centered at ~750 °C. Scale bar: 2 mm. (h) Length of CNT ar-
rays versus time obtained by optical real-time imaging.
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the quartz tube. Movies of the growth

Information. Figure 2g shows a tem-
perature profile for the directly
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heated substrates and an image of the grown nano-
tube mats. The catalyst is patterned to make the height
measurements easier and to allow temperature mea-
surements at each spot. Nanotube lengths are taken as
forest heights. Figure 2h shows the evolution of mat
height with time. A slightly sublinear growth regime is
seen, but we do not see the abrupt growth termination
seen by some groups.'®2%34

The lower pressure growth was carried out in a stain-
less steel growth chamber previously used for plasma-
enhanced CVD on resistively heated substrates,?® but
here without plasma ignition. For low pressure growth
(1073—10"2 mbar acetylene), the catalyst was activated
by heating in 0.5 mbar ammonia.>” Growth was initi-
ated when C;H, was introduced into the previously
evacuated chamber. Growth in the range of 10~ mbar
C,H, partial pressure was performed in a Hy/CoH, mix-
ture at a total pressure of 15 mbar. In this case, the cata-
lyst was heated in H, prior to growth.

Using the rapid heating cold-wall method, a forest
height of about 1 mm is reached after 5 min whereas a
furnace run with hot-wall conditions at the same tem-
perature of 750 °C yields only 100 pum. The average
MWNT diameter is 5 nm with a density of ~10'> CNTs/
cm?, There is less catalyst sintering for the fast heating
case.

The resulting carbon nanostructures were analyzed
by SEM (Jeol 6340 and LEO 1530 VP FEGSEM), high-
resolution transmission electron microscopy (HRTEM,
Jeol JEM 4000EX, 400 kV),23#3° and multi-wavelength
Raman spectroscopy (Renishaw).22237

The nanotubes are single-walled at subatmospheric
pressure but are small diameter multi-walled nanotubes
(MWNTs) when grown at atmospheric pressure. The
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Figure 3. C;H, partial pressure dependence of CNT growth rate in

cold-wall conditions, P*¢1=%%3 CNTs were grown from an Fe/Al,O; cata-

lyst at 700 °C for 5 min. For low pressures, the growth gas is pure acety-

lene, and the Fe film was activated in an NH; atmosphere. For the

higher pressure regime, growth was performed in a H, mixture and
above 10 mbar in an Ar/H, mixture.

SWNTs have a diameter from 0.8 to 2.2 nm from HR-
TEM and show the radial breathing modes with a wide
range of chiralities, and in this sense, they are similar to
those grown by water-assisted CVD.'* The catalyst par-
ticle sizes were previously characterized by AFM, and it
is found that the nanotube diameter closely reflects the
catalyst particle diameter size distribution 33374041

To understand the growth process, we first studied
the pressure dependence over a wide range using
acetylene as feedstock. Figure 3 shows the pressure de-
pendence of the initial growth rate. We find that the
growth rate varies with acetylene partial pressure P as
po61+003 gyer 7 orders of magnitude of pressure. This is
a very wide pressure range. An explicit pressure depen-
dence cannot be reconciled with a simple diffusion-
limited process, which would be independent of pres-
sure, and we return to this later.

The temperature dependence of growth rate was
measured over a C;H, partial pressure range of 4 or-
ders of magnitude, 14 mbar at atmospheric pressure,
107" mbar at 15 mbar total pressure, and 10~3 mbar
partial pressure. Figure 4a shows an Arrhenius plot of
the temperature dependence of linear growth rate for
the atmospheric pressure case. An activation energy of
0.95 eV is found for hot-wall furnace growth and 0.92 eV
for the directly heated cold-wall case. Figure 4b,c shows
the temperature dependence at the pressure of 107"
and 1073 mbar. The activation energies are found to be
quite similar, 0.93 and 0.98 eV, respectively. The fact
that the activation energy is sizable and similar at these
different pressures indicates that the mechanism is in
the same regime, and that, in particular for high pres-
sures, it has not passed into a mass-transfer-limited CVD
regime which is characterized by a low activation en-
ergy. The fall off in growth at high temperature might
be due to a deactivation of catalyst by carburization®'
or sintering.*?
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We now consider the mechanism. First, we note
that nanotube growth is a heterogeneous catalytic pro-
cess, whose efficiency varies widely. A reaction yield
(strictly, a catalyst efficiency) has been defined as the
weight of nanotubes produced divided by the weight
of catalyst used,'* and this varies from 0.1 to factors of
over 10*in the present work?? and in the water-assisted
growth.” The yield depends on the precise activation
state of the catalyst, and this might not be independent
of pressure and temperature in our experiments. Thus,
the error bars on our data are high, and this is why we
studied the kinetics over a large range of pressures.

The previous discussion of growth mechanisms of
carbon nanotubes has tended to focus on a diffusion-
limited mechanism, whether bulk or surface diffusion.
The first experiments of Baker et al.>* on carbon nanofi-
bers identified carbon diffusion through the catalyst
bulk as the rate-limiting step, based on the similarity
of the activation energy of growth and carbon diffu-
sion.*® Rostrup-Nielsen et al.*® and Klinke et al.?° noted
that concentration gradients rather than thermal gradi-
ents drove growth. The catalyst is generally solid,*® so
the diffusion energy is sizable in comparison to a liquid
state.’ Chhowalla et al.?” also suggested that MWNT
growth by PECVD was bulk-diffusion-limited, based on
the activation energy of 1.4 eV, and that the growth rate
varied inversely with catalyst particle diameter.*® Sub-
sequently, some groups reported higher activation en-
ergies over a limited temperature range, without com-
menting too much on the underlying mechanism. For
example, Puretzky et al.’® observed a high activation
energy of ~2.4 eV, Vinten et al.** reported 2.3 eV us-
ing ethanol as precursor, and Zhu et al.*® reported an
activation energy of 2.2 eV over a narrow temperature
range. On the other hand, Lee et al.*® and Kim et al.*” re-
ported activation energies of order 1.3 eV. Liu et al.3" re-
ported an activation energy of 1.6 eV, with acetylene
as precursor. Then Hofmann et al.?® reported a very low
activation energy of 0.25 eV for PECVD growth, which
they attributed to the plasma dissociation of the feed-
stock and surface diffusion-limited growth. A few cases
of gas phase diffusion-limited CVD have been seen.
Zhong et al.** and Noda et al.*® observed a parabolic
growth law, plus increased growth at regions of better
gas access, which suggested that a gas phase limit
could occur due to the narrow intertube spacing in
the highest density forests. Xiang et al.?® analyzed
whether growth rate decreases were arising from the
Knudsen diffusion through the growing forest or cata-
lyst deactivation. (Note, however, that a Knudsen lim-
ited regime would have a weaker temperature depen-
dence than we find.)

Here, we propose that a P> dependence can be ex-
plained by a combination of dissociative adsorption of
acetylene on the catalyst surface followed by a rate-
limiting step of solid-state diffusion. The acetylene ad-
sorbs on the catalyst surface
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GH = C2H2 ads

2' 2 gas
and it then dissociates into adsorbed carbon atoms
C2H2 ads = ands + H2 (1)

We assume that this reaction consists of two rate con-
stants for forward and backward reactions

R, = k,[C,H,]
R71 = k71[cads]2[H2]

These reactions are followed by a slower reaction of car-
bon diffusing through solid catalyst and precipitating
to form the nanotube

Caas — Cenr ()

which is given by the rate
Rent = KkylCog]

If k_y => kj, then this is equivalent to a pre-equilibrium
of dissociated carbon atoms governed by an equilib-
rium constant K

ki [CygllIH,]

K= L = —2ds — 2 3)

k_, [CH,]
followed by the slower reaction 2. The overall rate is pro-
portional to the concentration, [C], or from eq 3, it is pro-
portional to the [C;H,] concentration to the power 1/2

Rent = KolCygsl = koK 2ICH,]"? (4)

where [H,] has been absorbed into K'.
There are a number of possible elementary reaction
schemes for these reactions. One possibility is

GHy gas = GHa g
GHy ags = 2CH g,
CH,4s = CogsTHoge
2H.4; — H; ga (5)
Cags — Conr

with eq 5 being an exothermic evolution. In this case,
the [H,] does not enter the pre-equilibrium step. In the
linear growth regime, where the catalyst is highly ac-
tive, we approximate the catalyst by a nearly empty sur-
face, that is, assume the fractional coverage by adsor-
bates to be negligible. Note that Pirard et al.* found a
reaction order of zero for hydrogen, for ethylene as
precursor.

Figure 5 shows schematically the energy diagram
of the three processes. The overall experimental activa-
tion energy corresponds to the energy of the diffusion
transition state above that of acetylene

AE=E —E_, +E (6)
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Figure 4. (a) Arrhenius plots for CNT growth rates for atmospheric
pressure (@) hot-walled furnace growth and (A) cold-walled direct
heating method from an Fe—Al,O; catalyst in Ar/H,/C;H, (14 mbar par-
tial pressure C;H,). The activation energies are calculated from the
slope of the linear fit to the data, (®) AE = 0.95 = 0.04 eV, (A) AE =
0.92 = 0.04 eV. (b) Arrhenius plot at a pressure of 15 mbar in a H,/C;H,
mixture (0.37 mbar partial pressure C;H,), AE = 0.93 £ 0.1 eV. The
catalyst was heated in H, before C;H, was fed into the system. (c) Ar-
rhenius plot at a pressure of 1072 mbar C;H,, AE = 0.98 = 0.1 eV. The
C;H, was undiluted during growth. The catalyst film was annealed in
NH; prior to growth for 5 min.

This is dominated by E, as E; ~ E_;. Thus, this mecha-
nism accounts for both our observed pressure and tem-
perature dependences. If the energy is released in the
pre-equilibrium, the activation energy simplifies to AE
= E,, but numerically there is not much difference be-
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Figure 5. Energetics of the dissociation and diffusion steps.
E; and E_, are the energy barriers associated with dissocia-
tion rate constants k; and k_;. E; is the energy barrier of dif-
fusion on or in the metal. The overall activation energy is E;
—E_, + E,.

tween this and eq 6. The experimentally observed acti-
vation energy corresponds to the carbon diffusion bar-
rier E,.

The values of E; and E_; for the catalytic decomposi-
tion of acetylene on Fe surfaces into isolated atoms
have previously been calculated; this dissociation reac-
tion is exothermic and involves the formation of CH
fragments as an intermediate step.”® CH fragments can
form via breaking either of the C—C bond of the C;H,
molecule or of CCH fragments, respectively. The energy
barrier for the dissociation into C; species is of the or-
der of 1 eV.>° A similar calculation was also performed
for the adsorption of acetylene on Ni surfaces.”®

A diffusion-limited mechanism with predissociation
accounts for many observations. First, if only solid-state
diffusion mattered, this would not account for the huge
dependence on catalyst characteristics. All nanoparti-
cles of the same diameter would have the same cata-
lyst efficiency, which is not true. The yield now depends
via K on the density of active surface sites which disso-
ciate the feedstock. Second, the feedstock gas matters.
Different feedstocks will dissociate differently on the
catalyst surface. Various groups have observed that
nanotube forests grow taller on the outside of pat-
terned shapes and that growth rates depend on gas
flow conditions®?*23 and also on thermal treatment of
the precursor.>’ These observations are not consistent
with a solely solid-state diffusion-limited process.

A number of groups have previously measured
the pressure dependence of growth rate over a lim-
ited pressure range and found it to peak.>*>2 These
experiments used ethanol as feedstock. Molecular
beam experiments showed that acetylene is the
most active growth precursor,”® and recently, two
groups have shown that acetylene is the primary
growth precursor in both hydrocarbon and alcohol
feedstock conditions.>*>> We would expect a mono-
tonic pressure dependence over a large pressure
range for the primary growth species, acetylene, as
seen in Figure 3, but a more complex dependence for
a secondary species like ethanol. For example, ethanol

could chemisorb dissociatively on the catalyst to form
G, species in a pre-equilibrium step

CH;OH = CH, 4 + H, + H,0O

ads

and then at higher pressures, the H,O groups could
block further adsorption or combine with carbon at-
oms and give a retarding step of CO desorption. In this
case, the higher activation energies for the secondary
species would correspond to their dissociation into
acetylene.

We finally comment briefly on the growth decelera-
tion step. For our catalyst preparation, we do not ob-
serve the abrupt growth termination found by some
other groups with, for example, water-assisted growth
from ethylene or other feedstocks.'®2°3* We see a
gradual decrease of catalyst activity. The decline is
slightly stronger at high temperatures. Growth was
sometimes also intentionally stopped because of a de-
cline in nanotube quality as seen by an increased Ra-
man D peak,?*> which could be due to an overcoating
of the nanotubes by amorphous carbon. A key factor of
SWNT growth is the kinetics of carbon supply. An over-
supply of C causes the formation of multi-wall rather
than single-walled nanotubes because excess C activ-
ity allows the nucleation of extra nanotube walls.>® It
can also cause the catalyst particle to be encapsulated
with graphitic carbon.?” In our work, we have counter-
acted this tendency by using low pressures or diluted
acetylene for atmospheric pressure growth, and this
might be a reason that sudden growth cessation is not
observed.

In conclusion, we propose that the growth of verti-
cally aligned carbon nanotube forests involves the dis-
sociation of adsorbed C, species followed by a dif-
fusion-limited growth. This is compatible with both
the observed pressure and temperature dependence.
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Supporting Information Available: Side view image sequences
of Fe-catalyzed CNT forest growth. A ~5 X 15 mm? sized
Fe(1 nm)/Al,05(10 nm)/SiO,(200 nm)/Si substrate is clamped be-
tween two copper posts and resistively heated to ~750 °C (py-
rometer reading) in 200:500:10 sccm Ar/H,/C,H, in an atmo-
spheric tube furnace. The total play time corresponds to 5 min
(video 1) and 15 min (video 2) growth time. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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