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Time-resolved optical reflectivity was used to study the kinetics in the early stages of vertically aligned carbon
nanotube array growth from a molecular beam of acetylene. The molecular beam environment was used to
suppress gas phase reaction pathways and limit the growth to surface reactions specific to the molecular
structure of acetylene. The observed acetylene flux dependent induction delay and the threshold for vertically
aligned growth are characteristic features of heterogeneous chain reactions. Propagation of chain reactions
requires regeneration of the active sites that can occur only if catalytic activity is transferred from the metal
catalyst film to surface carbon species. After the active site transformation, acetylene self-assembles into
carbon structures of progressively increasing size such as chains, graphene fragments, and nanotubes. In this
paper we show that a conceptual framework supported by ab initio density functional theory calculations in
which active carbon species facilitate incorporation of new carbon readily explains recent results in vertically
aligned nanotube growth that are puzzling in the context of the diffusion/precipitation model.

Introduction

The self-organized growth of highly ordered, vertically
aligned nanotube arrays (VANTAs) by chemical vapor deposi-
tion (CVD) methods represents the most significant advance in
carbon nanotube (CNT) synthesis in recent years.1-6 This growth
mode has important advantages for practical applications and
provides a new perspective to understand the mechanism of
CNT formation. It is particularly important for practical ap-
plications that VANTA growth reduces dramatically the level
of both catalyst metal and amorphous carbon in CNTs. Because
VANTA growth occurs by the base mode in which the catalyst
metal particles remain anchored to the surface, the CNTs can
be lifted off cleanly from the substrate without residual catalyst
metal contamination.4,7,8 The highly localized carbon incorpora-
tion process also provides a mechanism for suppressing or totally
eliminating amorphous carbon9 and other undesirable products
from spontaneous and nonselective gas phase reaction path-
ways.2 However, the most important feature of aligned CNT
growth is that the growth rate of CNTs can be determined by
measuring the height of the VANTA in real-time.10-13 Real-
time measurements of VANTA growth provide quantitative data
for kinetic studies that interpret CNT growth in terms of the
carbon incorporation processes relevant for understanding the
fundamental mechanisms of CNT growth.12

With the emergence of VANTA growth a number of new
results and unexpected behavior have been reported.1-4,14 The

currently accepted picture known as the diffusion/precipitation
model is that CNT growth is mediated by a transition metal
catalyst particle that first dissolves and then precipitates carbon
to form a CNT of a diameter that is determined by the size of
the particle.15-19 The recently reported strong dependence of
VANTA growth on the presence of hydrogen, oxygen, and
water,2-4 CNT growth on semiconductors that are not carbon
catalysts20 and metal particles that do not dissolve carbon21,22

are the most significant of the many new results that are difficult
to explain by the concepts of the diffusion/precipitation model.

From previous studies of the kinetics of filamentous carbon
growth it is understood that these structures grow in several
distinct stages.15 In VANTA growth not all stages are always
fully manifested. The two most commonly observed stages in
VANTA growth include an acceleration stage at the start of
the growth and a termination stage during which VANTA
growth goes into gradual slowdown and eventually stops.12,23-25

In this work we combine the molecular beam environment
with time-resolved optical reflectivity measurements to study
VANTA growth kinetics in real-time. We report observation
of an induction period that occurs at the onset of VANTA
growth. What happens in the induction period is critically
important for all stages of growth that follow. We propose a
new model to interpret our results. The model is based on the
idea that acetylene self-assembles into carbon structures of
progressively larger size such as polyyne chains, graphene
fragments, and nanotubes. However, before the self-assembly
process can occur a transformation of the original active sites
into carbon active sites must take place. In brief, carbon becomes
the catalyst and CNT growth occurs by addition of new carbon
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to this network of carbon active sites by arriving acetylene
molecules. Growth terminates when this network is no longer
capable of making new bonds with the arriving acetylene. In
this new framework all of the unexpected results in VANTA
growth can be explained naturally in terms of processes that
affect the activity of carbon in the growing CNT without a need
to invoke additional assumptions about catalyst activation and
deactivation.

Experimental Method

The molecular beam system consists of a stainless steel
vacuum chamber maintained at a background pressure of 10-7

Torr. The composition of the vacuum background was moni-
tored by an RGA. The growth gas mixture composition was
2% C2H2, 10% H2, and the balance He. The nozzle stagnation
pressure was kept at 30 psig in all experiments. The diameter
of a stainless steel nozzle orifice was 100 µm. The gas flow
from the shutoff valve through a 6 in. nozzle tube introduced
no measurable contribution to the induction period at the start
of the growth. The catalyst metal films consisting of 10 nm Al
and 1 nm Fe were deposited by electron beam evaporation on
4 in. Si(100) wafers at room temperature. The catalyst films
were considered identical in composition only within a set of
individual substrates of 10 × 10 mm2 that were cleaved from
the same wafer. The catalyst films were heated to the growth
temperature in vacuum and no intentional oxidation or reduction
step was performed before the growth gas was introduced. The
optical reflectivity was measured using a 633 nm HeNe laser
at an angle of incidence of 68°. A beam splitter was used to
reflect part of the probe beam to compensate for laser intensity
fluctuations.

Results

The first indication that the catalyst particle size and density
are not the only factors that determine the packing density of
CNTs in VANTA growth emerges in connection with the
acetylene flux dependence of vertical alignment.3 Scanning
electron microscopy (SEM) images in Figure 1 taken after
VANTA growth show that alignment occurs only above a
certain minimum value of the acetylene flux that we refer to as
the threshold for vertical alignment (TFVA). It is important to
note that the transition from no vertical alignment to full
alignment occurs in a very narrow range of the acetylene flux.
This behavior is consistent with a narrow growth window that
characterizes VANTA growth in general. At 1 × 1018 molecules/
(cm2 s) there is no alignment and the CNTs grow as a random
mat. Partial alignment starts to appear at 2 × 1018 molecules/
(cm2 s) in the form of large bundles of CNTs as shown in Figure
1b. Full alignment is reached at a flux of 3 × 1018 molecules/
(cm2 s). The molecular beam experiments show that the presence
of a TFVA and the flux at which it appears also depends on
other growth parameters, including the substrate temperature,
catalyst film activity and the composition of the growth gas. A
strong TFVA effect was observed only with acetylene. Under
similar growth conditions CNTs grown from other small carbon
containing molecules show partial or no alignment.3

We combine a molecular beam with time-resolved optical
reflectivity to explore VANTA growth as a function of acetylene
flux above the TFVA. Details of using the molecular beam
technique in VANTA growth have been described in our
previous paper.3 Here the molecular beam is used to vary the
flux of the acetylene molecules that are delivered to a heated
substrate while all other growth parameters are kept fixed. The
acetylene flux is varied by changing the nozzle-to-substrate

distance (x). With the source gas pressure before the nozzle kept
constant, the effective acetylene flux scales simply as I(x) )
I0/x2, where I0 is the intensity at the nozzle orifice (x ) 0).26

The use of optical reflectivity in time-resolved studies of
VANTA growth has been described in our previous papers.11,12

Here we describe studies that use optical reflectivity for real-
time measurements of VANTA growth in a molecular beam
growth environment. An example of a typical signal is shown
in Figure 2. The initial flat segment is the baseline value
corresponding to the reflectivity of the catalyst film on a polished
Si wafer at room temperature. The first arrow marks the start
of substrate heating. The first fall in intensity after this arrow is
attributed to roughening of the catalyst film. Although heating
of the Si wafer covered with the catalyst film is performed in
vacuum, it is observed that the catalyst film is extremely
sensitive to the presence of traces of water. In addition to water

Figure 1. SEM images illustrating the emergence of alignment in
VANTA growth on a metal catalyst coated Si wafer. In image a,
showing only random growth the acetylene flux is 1 × 1018 molecules/
(cm2 s). The SEM cross-section image of VANTA in image b shows
that partial alignment emerges at 2 × 1018 molecules/(cm2 s). Full
alignment in image c is observed above 3 × 1018 molecules/(cm2 s).
The scale markers are given at the bottom right of the images.

Model for Self-Assembly of Carbon Nanotubes J. Phys. Chem. C, Vol. 113, No. 35, 2009 15485
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that makes up the chamber background at a pressure of 10-7

Torr, there is also water that is inadvertently introduced by the
sample holder. A quadrupole mass spectrometer attached to the
growth chamber shows that the adsorbed water is released as a
brief pressure spike during preheating. This pressure spike is
the main factor in the scatter in the initial reflectivity values.
The magnitude of the pressure spike is a function of the room
humidity and the time between experiments during which the
sample holder can adsorb water. A systematic study of the role
of water in determining the efficiency of the catalyst will be
reported in a future paper. For a detailed characterization of
the processes that cause the reflectivity drop we refer the reader
to our previous paper.12 The next mark on the curve indicates
time zero when the acetylene beam is introduced into the
chamber. The subsequent changes of the reflectivity signal in a
form of sinusoidal oscillations superimposed on the exponential
intensity decay describe the growth of VANTA. Note that the
only difference in the signal for nonaligned growth is that the
decay occurs without oscillations. The thickness of the VANTA
layer as a function of time is given in terms of the optical
constants of the VANTA.11,12 The optical constants are derived
by fitting the oscillation curves using a series of known film
thicknesses determined by SEM imaging. A detailed model that
describes the relationship between the intensity oscillations and
the optical properties of the VANTA can be found in our
previous paper.12 For discussion of the growth rate dependence
the most important parameter is the oscillation period, which
corresponds to VANTA height change of (800 ( 50) nm at the
angle of incidence of 68° used in our experiments.

The change of VANTA growth rate with varying acetylene
flux illustrated in Figure 3a are the data of central importance
for this paper. The experiments were designed to cover an
effective acetylene flux range from 1 to 1/64. This range is
obtained by doubling the nozzle-to-substrate distance three times
in succession starting with effective flux equal to 1 at a nozzle-
to-substrate distance of 5 mm. The effective flux values
correspond to 1, 1/4, 1/16, and 1/64 at 5, 10, 20, and 40 mm
nozzle-to-substrate distances, respectively. The decreasing oscil-
lation period of the reflectivity signal indicates that the growth
rate increases with increasing flux. The growth rate derived from
the oscillation period is plotted in Figure 3b as a function of
the effective flux. A subtle but important feature of these curves
is the time delay that appears between the time when the
acetylene beam is introduced into the chamber (time zero spike)
and the “knee” of the steep fall in the reflectivity signal. We
refer to this delay as the induction period. The induction period
is plotted as a function of the effective flux in Figure 3b.

The reflectivity curves in Figure 3a appear qualitatively
similar and have the same general features. However, the exact

value of the reflectivity at the moment when the acetylene beam
is introduced is slightly different in the four experiments. The
scatter in the initial values of the reflectivity signal can be
reduced, but even in the case when all substrates originate from
a single catalyst deposition, as is the case with our data sets, it
cannot be totally eliminated. This is important because previous
work established that surface roughness has a strong influence
on the value of the pre growth reflectivity signal. A smoother
surface, meaning on average smaller particles, that are typically
considered to be more reactive would have a higher signal than
a rougher surface consisting of larger, less reactive particles.
Partial alignment in Figure 1b clearly shows that growth can
be turned “on” or “off” locally by the flux, indicating that there
is a nonuniform distribution of active sites near TFVA.
However, the trends that emerge from a large number of growth
experiments show that the flux dependence above the TFVA
has a dominant effect and VANTA growth is not sensitive to
the initial reflectivity values.

Discussion

The kinetic studies cannot identify the specific chemical
structure of the carbon catalyst sites. But the effect of
experimental parameters on the reaction rate in form of the
induction period provides important clues about the possible
mechanisms associated with the active site transformation
process. Based on the strong acetylene flux dependence we
exclude catalyst particle conditioning effects such as reduction,
alloying, and saturation with carbon as the cause of the induction
period. We start the analysis by noting that induction periods
occur naturally in free radical chain reactions.27,28 The induction
period is a brief time during which the concentration of free
radicals builds up to a steady-state. We focus on the heteroge-
neous reaction of acetylene molecules that is known from a

Figure 2. VANTA growth intensity oscillations obtained by time-
resolved optical reflectivity. The important stages of the growth
experiment are illustrated with the arrows marking the start of substrate
heating and the time when the acetylene beam is introduced.

Figure 3. (a) Representative data set of time-resolved intensity
oscillations of VANTA growth on substrates cleaved from a single
catalyst wafer covering a factor of 64 in the flux of acetylene. The
four curves are lined up on t ) 0 and the induction period is illustrated
for the 1/64 flux growth curve. (b) The induction period and the growth
rate of VANTA derived from the time-resolved growth data. The growth
rates were determined from the oscillation period. The full lines are a
guide to the eye.

15486 J. Phys. Chem. C, Vol. 113, No. 35, 2009 Eres et al.
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variety of independent studies to occur by a chain reaction
preceded by an induction period.29,30

The main reason for using the molecular beam environment
is to eliminate the gas phase background and permit a simplified
data analysis. In the absence of secondary gas phase reactions
the TFVA and the induction period can be analyzed purely in
terms of surface processes. This analysis leads to a new picture
for the growth of CNTs in VANTA. Based on our data we
construct a model for CNT growth that is based on self-assembly
of acetylene molecules that occurs in four steps. Each step
illustrates a type or a class of intermediate products and their
kinetic tendencies in the growth of CNTs. A key requirement
for self-assembly to progress is a mechanism for propagation
of active sites. Bond formation with impinging acetylene—that
is necessary for active site propagation—is most efficient if the
active sites in CNT growth are carbon bonds.

Step 1, molecular adsorption of acetylene. The VANTA
growth process starts with reversible, nondissociative adsorption
of acetylene molecules on the surface active sites.31,32 The
acetylene adsorption process is fast in both directions and near
equilibrium the forward step dominates the process. In the range
of acetylene pressures used in VANTA growth the surface sites
are always fully saturated and the concentration of adsorbed
species is equal to the catalyst active site density.

Step 2, transformation of active sites and polyyne chain
formation. Since all available active sites are dynamically
blocked, adsorption of additional acetylene molecules on this
surface requires a mechanism for active site regeneration. The
regeneration of active sites is a nonreversible step that occurs
by fragmentation of molecularly adsorbed acetylene molecules.
This is a slow step that is responsible for the induction period
and requires a catalyst to overcome the initial reaction barrier.
The rate of this step is affected by the different catalyst types,
compositions, and preparation recipes, as well as by the
effectiveness of various enhancement schemes.

In this step the adsorbed acetylene molecules are converted
into surface radical species of the C2Hm type32 where (m ) 1 or
2), that are capable of rapidly reacting with impinging acetylene
molecules.29,30 Initially, some H can split off during radical
formation and become mobile surface hydrogen that can also
promote the binding of impinging acetylene molecules to surface
atoms. The significance of these transformations is that the
surface active sites are now converted into carbon radical species
that react with incoming acetylene molecules. In this picture
carbon incorporation is catalyzed by carbon. Carbon performs
the role of the catalyst.33 The main reaction products that form
at this stage consist of conjugated acetylenes that form by
dehydrogenation of impinging acetylene molecules.

These linear chains also known as polyynes are high temperature
intermediates that consist of almost pure carbon.34-36 According
to theoretical calculations polyyne chains containing up to 20
carbon atoms can be stable.34 However, the stability of polyyne
chains in Chart 1 is also affected by the nature of the end-cap

groups.36,37 In asymmetrically terminated polyyne chains of type
AC2nH the stability and the length of the polyyne chain will be
affected by the strength of the interaction with the surface atom
A.

Step 3, cross-linking of polyyne chains and the nucleation
of sp2 carbon. An important element of the model is that the
polyyne chains remain tethered to the surface with stable A-C
bonds. As these chains grow longer they start interacting with
each other by cross-linking to nucleate energetically more stable
hexagonal structures consisting of sp2 carbon.34,38 The nascent
graphene fragments will be oriented perpendicular to the surface
because they remain tethered to surface atoms at their base. At
the early stage, the graphene fragments grow extremely fast by
addition of acetylene because they have many active sites around
their edge. These sites are radical type sites, consisting of carbon
atoms with incomplete coordination. At certain size the graphene
fragments start interacting with each other by rolling up to
minimize the number of dangling bonds. This step represents
the nucleation of a nascent CNT illustrated in Chart 2. Cross-
linking and complete transformation of polyyne chains into
carbon nanotubes has been demonstrated under various condi-
tions that include starting with a specific polyyne molecule at
room temperature,39 and electron beam irradiation and heating
of polyyne containing carbon.40

Step 4, rapid coalescence of the carbon structure. The nascent
CNTs already possess a tubular structure, but the hexagonal
network of the side walls is still not complete and contains many
holes and vacancies. It is not necessary that the side wall
formation be completed in a single step. Both, theory and
experiment show that the presence of vacancies in the side walls
is a trigger for fast molecular rearrangement processes that result
in coalescence by “zipping up” open carbon bonds between large
patches of graphitic carbon.41,42 In the most general case of no
restriction on the chirality of coalescing tubes, molecular
dynamics calculations show that single wall carbon nanotubes
easily coalesce into larger diameter single wall tubes, as well
as multi wall nanotubes.42,43 When this “concerted” coalescence
occurs during growth, in addition to the substrate temperature,
it is also a function of the chemical strucuture of the carbon
source molecule and its flux. The variety of incomplete
coordination types in Chart 2 illustrates the richness of bonding
configurations that acetylene provides for carbon incorporation.
Coalescence is a coordinated process of many individual

A* + HCtCH h A*HCtCH

A*HCtCH f AsCtCHm
*

A - CtCHm* + nHCtCH f A - (CtC)H*
n+1

+ nH2

CHART 1: Polyyne Chains Attached to Surface Catalyst
Active Sites Aa

a Formation of graphene fragments by cross-linking of short polyyne
chains.

Model for Self-Assembly of Carbon Nanotubes J. Phys. Chem. C, Vol. 113, No. 35, 2009 15487
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molecular rearrangements in the CNT that occur continuously
until the growing nanotube reaches a local free energy minimum.
Coalescence also reduces the variety of carbon bonding
configurations. The result of the coalescence processes illustrated
in Chart 2 is the formation of a carbon network that first closes
the tip region while in the more disordered root region the
hexagonal network still remains open and is capable of
incorporating more carbon. At this point CNT growth enters
into a slowdown stage because the amount of carbon that can
be incorporated becomes constrained by the structure of the
completed top segment. Closing of the carbon network in CNT
formation is accompanied by a gradual loss of active sites that
changes the mechanism of carbon incorporation. As the number
and the size of the vacancies and holes becomes smaller, the
type of carbon incorporated changes from chains and graphene
fragments to acetylene molecules, or alternatively only smaller
parts of large fragments are incorporated and the rest show up
as reaction side products. A perfect CNT is a metastable
structure at a local free energy minimum, meaning that all
dangling bonds are tied up and no new carbon can be
incorporated.

An important feature of this picture is that no a priori
assumption of cap formation is required. The assumption of cap
formation is a customary first step in nucleation of CNTs in
models that use pure carbon as a source. In the presence of
hydrogen that can tie up dangling carbon bonds, the assumption
of cap formation is not necessary. We illustrate this situation
with a calculation that compares the stability of capped and
uncapped CNT segments in terms of the edge energy and the
total number of carbon atoms. The calculations are performed
in the scheme of continuum elasticity theory, where the energies
of various carbon nanostructures are described in terms of
flexural rigidity, Poisson’s ratio, and edge energies.44,45 Here
the input parameters are obtained from the gradient generalized
approximation46 within ab initio density functional theory.47 In
the plot shown in Figure 4, the blue region of the parameter
space describes conditions where capped CNTs are more stable
and in the red region uncapped CNTs are more stable. The
reference value of zero corresponds to infinitely large graphene
where edge states are negligible. The edge energy is a general
parameter that describes the bonding stability in the near edge
region and has a specific value for a particular element and
bonding type. For example, the edge energy falls in a range

from +2.0 to -12.6 eV/nm for a reference system of infinite
graphene and a hydrogen atom,45,48 and bonding with oxygen
is even stronger with a larger negative value of -24.4 eV/nm.
The important message this plot conveys is that large changes
in structural stability occur at the early stages of growth where
a short uncapped CNT is more stable than a capped CNT. Such
structures will have a relatively small number of carbon atoms,
and are likely to have dangling bonds and other energetically
less stable bonding configurations that drive up the step edge
energy. With addition of more carbon atoms the capped
structures become more stable. The edge energy decrease
eventually flattens out, indicating a weakening of the driving
force for addition of more carbon.

Here we use a hypothetical kinetic experiment to show that
the structure stability diagram in Figure 4 defines a parameter
space in which kinetic control can occur. In the early stages of
growth new carbon structures from acetylene are likely to form
in the red part of the parameter space because of the stabilization
effect of hydrogen on the edge energy. In contrast, carbon
dangling bonds have positive edge energy (11.6 eV/nm) and
growth from a pure carbon source will always start in the blue

CHART 2: Nascent CNT Segment Attached to Surface Sites Aa

a CNT with cap and completed top segment and a disordered base region. Tying up all carbon bonds terminates growth and forms a stable CNT.

Figure 4. Calculation that compares the relative structural stability of
CNT segments in terms of the edge energy and the total number of
carbon atoms. The color bar on the right illustrates the energy difference
per atom, ∆E(eV), between a segment with uncapped and one capped
end. Capped CNTs are more stable in the blue region of the parameter
space and uncapped CNTs are more stable in the red region. The blue
and red dotted lines denote ∆E(eV) of +1 and -1 meV, respectively.
The horizontal solid red line at -9.2 eV/nm designates a fixed edge
energy corresponding to a constant chemical bonding character near
the edges.

15488 J. Phys. Chem. C, Vol. 113, No. 35, 2009 Eres et al.

D
ow

nl
oa

de
d 

by
 F

R
IT

Z
 H

A
B

E
R

 I
N

ST
 D

E
R

 M
PI

 o
n 

O
ct

ob
er

 1
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
1,

 2
00

9 
| d

oi
: 1

0.
10

21
/jp

90
01

12
7



region of the diagram. What is particularly important for our
case is that H termination results in edge energy that falls near
the red-blue boundary. A loss of hydrogen during growth will
increase the edge energy and push the structure into the blue
region that corresponds to cap formation. Even if the chemical
bonding character near the edges remains stable, a transition
into the blue region will occur as the number of carbon atoms
in the structure increases. This situation is illustrated by the
red line at constant edge energy of -9.2 eV/nm. The actual
situation during CNT growth will be the combination of these
two factors. A cap will gradually form because of the loss of
hydrogen atoms at the edges, and increasing number of carbon
atoms as the CNTs grow longer. These factors combine to push
the carbon structure into the blue area of the stability diagram.

Our four step model naturally explains both the induction
period and the cooperative nature of the VANTA growth
process. In this model the induction period is associated with
the transformation of active sites from the catalyst to carbon.
The induction period ends when the chain reaction reaches a
self-sustaining stage in step 3. During this stage the active site
concentration on carbon builds up and the CNT growth rate
increases with the number of active sites. Because of the
tendency of carbon to readily form bonds with other carbon
species, the number of active sites in the carbon network can
rapidly grow to exceed easily the number of active sites on the
initial catalyst surface. The valence flexibility of acetylene35,49

is the key factor that enables rapid transformation of carbon
radical sites in VANTA growth.

The threshold carbon flux is an important concept for
explaining both self-assembly of individual CNTs and the
formation of VANTA. Although not explicit from our experi-
mental data, the need for a minimum density of active sites for
formation of individual CNTs becomes obvious in the context
of the four step model. If the density of active sites is too low
the neighboring chains and graphene fragments will be spaced
far apart. The distance between the fragments is a factor that
affects the diameter of the CNTs produced by the coalescence
of fragments into a CNT. Since the ends of these fragments are
fixed at the surface a larger distance between them requires
coalescence to cover a larger length scale, which would result
in stabilization of larger diameter tubes. No CNT growth is the
extreme situation and the obvious consequence of the active
sites being too far apart. However, the carbon chains and
graphene fragments will continue evolving into a carbon coating
on the surface until all their bonds are tied up. On the other
hand, smaller diameter tubes will form if the chains and
fragments are closer to each other during the coalescence stage.
Formation of smaller diameter tubes requires a higher density
of active sites. This is a more general and stronger statement
than the small particle size requirement. It is justified by the
various enhancement schemes that are effective without directly
altering the physical size of the particles. Since in addition to
the density of available sites, the surface coverage depends also
on the incident flux, this picture suggests that the diameter of
the CNTs could be controlled by changing the flux.

Since the flux is a critical parameter for achieving diameter
control it is important to define the optimal flux. The optimal
flux can only be defined in terms of a balance between the active
carbon sites and the incoming acetylene molecules. An acetylene
flux either above or below the optimal flux will bring about
accelerated growth termination. A flux increase above the
optimal level leads to faster growth termination because
bimolecular radical recombination processes-leading to active
site losses-become more efficient with increasing pressure.

The immediate effect of flooding the active sites with a lot of
acetylene is to tie up all the open carbon bonds that will choke
off CNT growth. Without vacancies the coalescence process
will be “frozen” and unable to rearrange the carbon bonds into
a graphene network. Below the optimal flux carbon addition to
the CNTs also slows down and stops but the mechanism is
different. Coalescence rapidly reduces the number of radicals
and dangling bonds, leaving mobile hydrogen sites as the only
point for addition of new carbon. With slow addition of new
acetylene the CNT loses active sites through molecular rear-
rangements and subsequent hydrogen desorption faster than it
creates new ones.

The TFVA is a manifestation of the cooperative nature of
the CNT alignment mechanism in the VANTA growth process.
The number of CNTs that form per a unit area (packing density)
depends on the density of nascent graphene fragments that
assemble into CNTs. If the density of active sites is too low in
the cross-linking stage, the number of CNTs that simultaneously
form by coalescence will be too low to satisfy a minimum
packing density that is necessary for crowding. Low packing
density CNTs continue growing in a form of a random mat.
However, the distribution of active sites is typically not uniform
globally across the entire surface and local variations in active
site density could result in partial alignment in areas of higher
activity. This situation is likely to be more exaggerated near
the TFVA as shown in Figure 1b.

The four step model also illuminates the reasons behind
various no growth and growth enhancement scenarios. The
observation of carbon covered particles is often cited as proof
that carbon coating causes loss of catalytic activity or poison-
ing.50 We argue that under usual CNT growth conditions the
entire surface must be coated with carbon immediately upon
first contact with acetylene.50 The difference is that particles
that can efficiently propagate the active sites through bonding
new carbon will go on growing CNTs, and those that are
inefficient will be found as “dead catalyst” overcoated with
carbon. It is known that carbon on inactive particles is
structurally and chemically different from sp2 carbon in CNTs
indicating that the carbon bonding configuration was unfavorable
for active site propagation that is necessary for CNT growth.
The common feature of all the enhancement schemes is some
mode for generation of radical species. The presence of carbon
radical species is particularly important for the efficient
transformation of the active sites to carbon at the onset of
growth.

The successive transformation of carbon species into polyyne
chains, rings, and spheres is the prevailing picture of fullerene
formation in the gas phase.37,51-53 The fact that the polyyne
chains in CNT growth are constrained to the surface keeps
the carbon network from closing and shifts the product
distribution toward CNTs.54 Additional evidence that polyyne
chains are also fundamental building blocks of CNTs was
observed in field emission experiments using multi wall CNTs.55

Electric field driven polyyne chain formation by unraveling from
the inner wall of a multiwall CNT that occurs in these
experiments can be considered as the inverse process of cross-
linking in CNT formation. Formation of chains as an intermedi-
ate stage in CNT growth has also been observed by recent
theoretical calculations.56 To ease computational constraints the
theoretical model assumes that carbon precipitates out of a Ni
particle. Even under the highly restricted conditions of low
effective carbon flux all the important elements of the proposed
model emerge out of these calculations. The calculations reveal
a threshold by showing that at a critical surface concentration
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C atoms start interacting with their neighbors to form short
chains that are stable over reasonably long time. When the
chains collide with each other they cross-link by forming triply
coordinated C atoms that can lift off from the Ni surface and
serve as nucleation centers for sp2 carbon. But disappointingly
like many other calculations before17,19,57-this model also
culminates in formation of a disordered cap that is unable to
lift up and form a side wall necessary to transition into the CNT
growth phase. It is possible that the theoretical models are telling
us that premature cap formation is detrimental to efficient CNT
growth and that including molecular structure specific features
into these models is necessary to promote side wall formation
and avoid a quick dead end.

Conclusions

The dramatic specificity of acetylene3 in VANTA growth
suggests that molecular pathways play a more significant role
in CNT formation than currently thought. Polyyne chains
have been extensively studied as the elementary building
blocks in fullerene formation.37,51-53 In contrast, no systematic
effort has been made to study molecular mechanisms in CNT
growth.58 We studied the kinetics of VANTA growth from
an acetylene molecular beam using time-resolved reflectivity
measurements. The purpose of using the molecular beam was
to simplify analysis of the growth process by eliminating
secondary gas phase reactions. Studying VANTA growth in
the absence of gas phase processes is inspired by numerous
reports on acetylene pyrolysis, which show that heterogeneous
surface reactions are the dominant component in deposition
of solid carbon from acetylene.29,30 An important result of
the molecular beam experiments is that VANTA growth
occurs only above certain threshold acetylene flux. Time-
resolved measurements reveal that above the threshold flux
VANTA growth starts after an induction period that lasts
from a few seconds to a few tens of seconds. We present a
new model that is based on self-assembly of acetylene
molecules into progressively larger carbon structures such
as polyyne chains, graphene fragments, and carbon nanotubes.
The critical concept for this new perspective on CNT growth
is the transformation of active sites from the catalyst film to
carbon. The induction period is an indication of carbon free
radical formation that has been shown as a key element of
carbon catalytic activity in pyrolytic carbon deposition
processes.29 According to our model carbon incorporation
in VANTA growth occurs at active carbon sites and continues
as long as these sites are being regenerated. Rapid coales-
cence processes during the growth continuously rearrange
the carbon bonding to satisfy the minimum energy require-
ments resulting in progressively more stable nanotube
structures with fewer vacancies and active sites.34,41-43 The
growing carbon nanotube reaches a local free energy
minimum when the carbon network is fully closed up and
no more radical sites are available for incorporation of new
carbon.59 The transfer of catalytic activity to carbon species
allows our model to be focused on growth of the carbon
network by self-assembly and its progressive stabilization
by coalescence. The balance between regeneration and loss
of carbon radical sites in the network independent of the
chemical type of the initial catalyst naturally explains the
recent results of VANTA growth that are puzzling in context
of the diffusion/precipitation model. The possibility of adding
carbon at active carbon sites located at the end of cap free
CNT segments was exploited in recently reported catalyst
free cloning work.60 These experiments revealed that when

exposing open-ended CNT segments to carbon growth species
one of the following three outcomes occurs: (1) CNTs grow
longer with their ends remaining open, (2) CNTs form a cap,
and (3) CNTs become shorter by etching. The acetylene
specific nature of our model is justified by our experiments
which identify acetylene as the primary precursor for CNT
growth.3 If acetylene is not the carbon source molecule, recent
experiments have shown that acetylene or acetylene-like
species must form before CNT growth can occur.6
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