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O
wing to their fascinating mechan-
ical, electronic, chemical, and other
properties, single-walled carbon

nanotubes (SWCNTs) are presently among
the most attractive building blocks of a
variety of nanodevices for energy conversion
and storage, environmental and biomedical
sensing and imaging, drug delivery, bioscaf-
folding in regenerative medicine, gene, pro-
tein, and DNA targeting, cellular control,
gas separation, water purification, and inte-
grated nanoelectronic curcuitry, to mention
just a few.1�4 The response of SWCNTs in
applications critically depends on the distri-
butions of their lengths, thicknesses, and
chiralities, which determine the properties
of the nanotube arrays. Despite almost two
decades of intense research, the problem of
effective control of these parameters still
remains unsolved and the as-grown nano-
tube arrays commonly contain a mix of thick
and thin, semiconducting, and metallic na-
notubes as well as a large variety of chiral
structures. Sophisticated postsynthesis che-
mical separation protocols are required to
separate the SWCNTs by their chirality and
metallicity.5 However, the problem of direct
growth of very thin nanotubes with narrow
size, diameter, and chirality distributions di-
rectly in the specified device locations and at
device-tolerable process temperatures still
remains.
Recent results suggest that this control

can be improved by tailoring arrays of cat-
alyst nanoparticles (e.g., size/position uni-
formity, alloying/layering, and lattice space)
and understanding atomic processes on
catalyst surfaces with imperfections as well
as the transient nucleation and relaxation
dynamics.6�8 This, mostly catalyst-related,
approach is presently believed to be the

most promising solution. However, very
recent results on the effective plasma-based
control of the SWCNT chirality and sizes9�15

suggest that several other factors such as
the process pressure and temperature, pre-
cursor gas composition, and the rates, dura-
tion, and selectivity of precursor supply
strongly affect the distributions of the na-
notube chirality and sizes on the same
catalyst patterns.
This is why a clear understanding of the

SWCNT nucleation mechanism in its en-
tirety is required, including carbon species
production, delivery to the catalyst, surface
and vapor transport, energy/matter ex-
change processes, and catalyst supersatura-
tion, followed by graphene layer nucleation
and lift-off. Many techniques such as classi-
cal molecular dynamics (MD), Monte Carlo
(MC), density functional theory (DFT), gas-
phase species production, surface kinetic
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ABSTRACT Multiscale, multiphase numerical modeling is used to explain the mechanisms of

effective control of chirality distributions of single-walled carbon nanotubes in direct plasma growth

and suggest effective approaches to further improvement. The model includes an unprecedented

combination of the plasma sheath, ion/radical transport, species creation/loss, plasma�surface

interaction, heat transfer, surface/bulk diffusion, graphene layer nucleation, and bending/lift-off

modules. It is shown that the constructive interplay between the plasma and the Gibbs�Thomson

effect can lead to the effective nucleation and lift-off of small graphene layers on small metal

catalyst nanoparticles. As a result, much thinner nanotubes with narrower chirality distributions can

nucleate at much lower process temperatures and pressures compared to thermal CVD. This

approach is validated by a host of experimental results, substantially reduces the amounts of energy

and atomic matter required for the nanotube growth, and can be extended to other nanoscale

structures and materials systems, thereby nearing the ultimate goal of energy- and matter-efficient

nanotechnology.

KEYWORDS: single-walled carbon nanotubes . plasma nanoscience .
chirality control . graphene layer
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models, and a variety of hybrid approaches are pre-
sently used to simulate separated aspects of this
complex process that spans over multiple space and
time scales. To remain within reasonable computa-
tional cost and reliability, the most advanced simula-
tions rely on many tractable yet artificial assumptions
about interatomic interaction potentials, as well as the
numbers of atoms involved, time scales of various
precursor�catalyst interactions, etc., that inmost cases
are several orders of magnitude different from experi-
mental reality.8,16

To avoid such problems and directly relate the
numerical results to the experiments, here we use a
multiscale, multiphase numerical model based on the
plasma-produced building unit (BU) appoach.17 This
model allows a simpler yet interlinked and tractable
description of the plasma sheath structure, ion/radical
transport to the surface, and interaction of the plasma
with the catalyst nanoparticle surface, which involves
carbon/hydrogen species creation/loss and heat ex-
change. This description is coupled to the surface/
bulk diffusion of carbon atoms on/in catalyst, fol-
lowed by the graphene cap nucleation, bending,
and lift-off.
Using this model, we show how to maximize the

benefits from both plasma and Gibbs�Thompson (GT)
effects and enable their constructive interplay to pro-
duce thinner SWCNTs with a narrow size/chirality
distribution at process temperatures and pressures
that are substantially lower than in thermal chemical
vapor deposition (CVD). The GT effect, which is com-
monly known as a reduction of supersaturation with
decreasing the size of the growth seeds, leads to higher
rates of extrusion of precursor atoms as catalyst nano-
particles get smaller.18,19 This increases the nanostruc-
ture nucleation barrier, thus demanding higher
process temperatures (which in the case of very thin
SWCNTs commonly reach 800�900 �C and even
higher) and pressures to compensate for the dimin-
ished catalyst supersaturation levels.
Our results suggest that the GT effect impacts both

positively and negatively on the SWCNT growth. More
importantly, the plasma effects are shown tomaximize
the positive GT impact by a stronger bending and
lifting of the graphene layer to form a nanotube cap.
The plasma�surface interactions also minimize the
negative impact of the GT effect by substantially
reducing the SWCNT nucleation temperature and
pressure and enabling a better size selectivity at lower
temperatures on small catalyst nanoparticles. The re-
sults of our numerical modeling are consistent with a
host of experimental observations on thermal and
plasma synthesis of SWCNTs. In particular, they explain
the key results of the very recent experiments on the
effective plasma-based control of the SWCNT chirality
and sizes9�14 and provide suggestions for the further
improvement of this ability.

RESULTS AND DISCUSSION

Plasma and Gibbs�Thompson Effects in SWCNT Nucleation.
We consider the Au catalyst nanoparticle (CNP)-assisted
nucleation of a SWCNT in reactive plasmas of Arþ H2þ
CH4 gas mixtures commonly used in plasma-aided
synthesis of carbon nanotubes.20 Figure 1 shows a large
variety of elementary acts of plasma�surface interac-
tions involved in this process. The primary step in the
SWCNT formation is the formation of a graphene layer
(GL) on the top surface of the catalyst nanoparticle. This
is strongly (and positively) affected by the GT effect of an
increase in carbonatomconcentration in small CNPs and
more effective carbon precipitation on the surface of the
Au nanoparticle rather than on the CNP�substrate inter-
face. If the kinetic energy (per area), EK, associated with
the coordinated detachment of the carbon atoms from
the CNP surface is higher than thework of adhesion (per
area), Wad, of the as-nucleated graphene layer to the
nanoparticle surface, the GL bending takes place as
sketched in Figure 1d.21 Furthermore, if the number of
atoms in the GL satisfies the isolated pentagon rule,22 a
stable cap is formed, giving rise to the specific SWCNT
chirality. The continuously created carbon atoms pre-
cipitate from the surface and bulk of the nanoparticles
and incorporate into the nanotube wall through the
open reactive edges, thus enabling the SWCNT growth.

Figure 1. Plasma�surface interactions involved in the nu-
cleation and growth of single-walled carbon nanotubes in
reactive ArþH2þCH4 plasmas: (a) substrate heating and
species deposition; (b) plasma sheath and Au CNPs on a Si
substrate; (c) plasma-related processes on the Au CNP sur-
face; (d) CNP saturation, carbon atom extrusion, and GL
nucleation. The most important surface processes involved
in carbon atom production and catalyst nanoparticle heat-
ing are ion-induced dissociation (IID), ion decomposition
(ID), hydrogen recombination (HR), ion-induced neutrali-
zation (HIN), adsorption of hydrogen atoms (ADH), de-
sorption of hydrogen atoms (DSH), adsorption (AD) and
desorption (DS) of hydrocarbon radicals, evaporation (EV),
bulk (BD) and surface diffusion (SD) of carbon atoms, and
thermal dissociation of hydrocarbon radicals (TD).
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As the nanoparticles get smaller, the GT effect leads
to the faster catalyst saturation and loss of carbon
atoms before the nucleation process on the outer
surface is complete. In addition, the minimum radius
of a stable GL also increases due to the GT effect. This in
turn results in higher nanotube nucleation barriers
ΔGN*, which is a negative impact of the GT effect. To
compensate for this loss and enable faster nucleation,
higher precursor pressures and surface temperatures
are required in thermal CVD. This also leads to the
decreased stability of small catalyst nanoparticles (e.g.,
coagulation into larger particles). The driving force for
carbon precipitation on the catalyst surface is deter-
mined by the difference Δμls in chemical potentials in
the liquid (nanoparticle) and solid (GL) phases. This
difference decreases at lower surface temperatures
and smaller catalyst radii. Hence, nucleation of thin
SWCNTs on small nanoparticles is very difficult, if
possible at all, at low temperatures. It is also not
possible on larger nanoparticles, as they are expected
to have larger minimum radii of stable GL nuclei and
also a larger work of adhesion (per area).23 In this case,
the surface temperature becomes insufficient for
the GL bending, thereby leading to the formation of
carbon nanocages or other nanostructures.24,25 The
above driving force in turn determines the kinetics of
the nucleation and growth of carbon nanotubes start-
ing from small graphitic nuclei (such as the GL nuclei in
our case), which in most cases proceeds under far-
from-equilibrium conditions.26

Our strategy in this work is based on using plasma-
specific effects to maximize the positive impact while
minimizing the negative impact of the GT effect in the
nucleation of thin SWCNTs on small CNPs at low
process temperatures and pressures and also increas-
ing the size selectivity of this process. On one hand,
effective carbon atom production through highly re-
active plasma chemistry enhanced by electron- and
ion-assisted dissociation and faster delivery of ionic
species make it possible to compensate for the loss of
carbon atoms and significantly reduce the nucleation
barrier (thus minimizing the negative impact) asso-
ciated with the GT effect. On the other hand, localized
heating of the nanoparticles through the plasma-spe-
cific heat exchange on the CNP surface enhances GL
nucleation through the enhanced surface and bulk
diffusion of carbon atoms. In this case, carbon atoms
are also energized, which increases their kinetic energy
and hence the GL bending energy. Furthermore, since
the work of adhesion also decreases as the catalyst
nanoparticles get smaller, this also leads to the nar-
rower size (and hence, chirality) distribution of the
SWCNT on smaller CNPs. The better selectivity in
this case is due to the larger differences between
the nucleation barriers and bending energies of differ-
ent-chirality nanotubes compared to thermal CVD.
This further improves the tendency toward selective

nucleation of thinner SWCNTs with a narrower chirality
distribution in theplasma, at lower substrate temperatures.

Numerical Results and Experimental Support. Here we
present the results of our numerical calculations that
support the above approach. Relevant experimental re-
sults that further validate our approach are also discussed.
Further details about the model, elementary processes
considered, and assumptions made can be found in the
Methods section and in the Supporting Information.

Graphene Layer: Lower Barriers and Temperatures,

Smaller Nuclei, and Stronger Bending. The results in

Figure 2. Energy barrier for GL nucleation (a), critical diam-
eter (b), andbending energy (c) as functions of the substrate
holder temperature for CVD (solid and dashed curves) and
PECVD (dotted and dash�dotted curves) for electron tem-
perature Te = 2.0 eV, ion temperature Ti = 0.05 eV, plasma
densityne0 = 5.0� 1012 cm�3, gas pressureP0 =50mTorr,Au
CNP radius rC = 2.0 nm, surface potentialΦS = �100 V, and
relative abundances rAr = 70%, rCH = 20%, and rH = 10% of Ar,
CH4, and H2 in the gasmixture. The dashed and dash�dotted
curves take the GT effect into account. TC and TP are the
temperatures for the nucleation of a (8,6) semiconducting
SWCNT11 in CVD and PECVD, respectively.
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Figure 2 are related to the first step of the SWCNT
growth, namely, the nucleation and then bending of a
critical graphene nucleus of diameter dcr on top of
a Au catalyst nanoparticle of radius rc (Figure 1d).
Figure 2a�c shows the dependence of the energy
barrier for GL nucleation, ΔGN*, the critical diameter,
and thework of bendingΔE = EK�Wad on the external
substrate heating temperature TH in a neutral gas
chemical vapor deposition and plasma-enhanced
CVD (PECVD) at the same precursor gas composition,
operating pressure, and external heating conditions.
Plasma-surface interactions (e.g., hydrogen recombina-
tion and ion bombardment) lead to additional catalyst
surface activation and heating.27,28 These interactions
also produce larger amounts of carbon atoms through
gas-phase and surface dissociation of hydrocarbon pre-
cursors. This also enhances surface and bulk diffusion
and, hence, catalyst supersaturation, and eventually the
driving force Δμsl for the GL nucleation, which is the
difference between the chemical potentials inside and
on the surface of the catalyst nanoparticle. This leads to
several important conclusions that are evident from
Figure 2 and are supported by numerous experimental
reports.

First, the barriers for GL nucleation and the sizes of
the stable nuclei are significantly lower in the PECVD.
Indeed, at TH = 600 �C, ΔGN* is ∼2.3 times lower and
dcr is ∼1.5 times smaller than in thermal CVD. Hence,
much smaller, stable graphene nuclei are possible in
the plasma at much lower substrate temperatures.
No stable GL nucleation may be expected in a ther-
mal process below ∼530 �C, whereas in the plasma
the GL nucleation may take place even at external
heating temperatures as low as ∼200 �C. The mini-
mum TH to nucleate a GL required to produce an
(8,6) single-walled nanotube (which showed a very
strong abundance in recent plasma-based SWCNT
synthesis11) is at least 750 �C in thermal CVD, while
only 540 �C would be sufficient while using the
plasma (Figure 2b).

Second, the bending energy, which is essential to
form a SWCNT out of a graphene nucleus, may be
substantially increased in the plasma, as can be seen in
Figure 2c. This increase can be made much stronger
through the positive effect of the GT mechanism.
Moreover, this positive effect is stronger in the PECVD,
thus evidencing a positive interplay of the plasma and
GT effects. Indeed, at TH = 600 �C, the GT effect alone
almost does not increase ΔE in the CVD, while in the
plasma it boosts the GL bending energy by about 30%,
thereby increasing the overall gain over the thermal
process to almost 60% (Figure 2c).

However, care should be taken so as not to reduce
external heating below a certain threshold belowwhich
the formation of other carbon nanostructures (e.g.,
graphenenanodotsor carbonnanocages encapsulating
the whole catalyst nanoparticle) would become more

favorable. Indeed, below 380 �C,much larger GLs nucle-
ate (Figure 2b), after overcoming much higher energy
barriers (Figure 2a). Since the bending energy is sig-
nificantly lower (Figure 2c) than at higher temperatures
(the kinetic energy of carbon atoms EK increases as the
nanoparticle gets hotter, hence the bending energy ΔE
also increases), the larger GLs will stay stuck to the
catalyst surface, thus forming nanocage-like structures
rather than single-walled nanotubes,which is consistent
with the experimental reports by other authors.24,25

Thus, thin SWCNTs are more probable at relatively
higher temperatures, which is confirmed by the experi-
mental reports on temperature dependence of SWCNT

Figure 3. Energy barrier for GL nucleation (a), critical dia-
meter (b), and bending energy (c) as functions of the CNP
radius for CVD (solid and dashed curves) and PECVD (dotted
and dash�dotted curves) for TH = 650 �C and ne0 = 1.0 �
1012 cm�3 and all other parameters the same as in Figure 2.
The dashed and dash�dotted curves take the GT effect into
account. Examples of thin (7,6)6,10,11 and thick (17,4) semi-
conducting and (15,0) metallic nanotubes are shown. δGT

C

and δGT
P denote the gains in bending energy due to the GT

effect in CVD and PECVD, respectively.

A
RTIC

LE



OSTRIKOV AND MEHDIPOUR VOL. 5 ’ NO. 10 ’ 8372–8382 ’ 2011

www.acsnano.org

8376

nucleation and growth.29�31 The decrease of the SWCNT
nucleation temperatures by more than 200 degrees in
PECVD (Figure 2) is supported by numerous recent
experiments.9�13,32�34

Nucleation and Bending: Smaller Catalyst�Thinner,

Size-Selected Tubes. Figure 3 shows how the effective
interplay of the plasma and GT effects leads to the
nucleation of thinner SWCNTs on smaller catalyst
nanoparticles, with a better size selectivity compared
to thermal CVD. First, the energy barriers for the GL
nucleation are consistently lower (∼50%) in the plasma
over the entire range of catalyst radii considered
(1�4 nm), as seen in Figure 3a. Second, a similar
conclusion holds for the critical diameter of the stable
nuclei, suggesting an even more significant (up to 60%)
reduction in the plasma-based process (Figure 3b). For
example, a Au catalyst nanoparticle with a radius of
1.36nmmaynucleate a large (15,0) nanotube in apurely
thermal process, while a much thinner (7,6) nanotube
may be possible in the plasma.

Third, the difference between the neutral gas- and
plasma-based processes becomes more and more
significant as the catalyst nanoparticles become smal-
ler. Indeed, the difference between the GL bending
energies in the two cases increases for smaller parti-
cles. More importantly, the GT effect makes this differ-
ence even more dramatic. Indeed, while ΔEP is only
1.25 times larger than ΔEC without accounting for the
GT effect (superscripts P and C stand for PECVD and
CVD cases, respectively), it becomes almost two times
larger when the GT effect is taken into account
(Figure 3c). In other words, bending of smaller GMLs
on smaller catalyst nanoparticles is stronger in the
plasma, eventually producing thinner single-walled
carbon nanotubes. This conclusion is supported by
the recent results suggesting that the (7,6) semicon-
ducting chiral SWCNT is one of the most abundant
nanotubes produced in recent experiments on SWCNT
chirality control in the plasma,6,11,12 while “hard-to-
bend” thicker nanotubes such as the (15,0) zigzag
metallic SWCNT are fairly rare in thermal CVD at the
relatively low temperature of this example.

Fourth, the results in Figure 3 confirm better nano-
tube size selectivity in the plasma-based process.
Indeed, the slopes of all plasma-related curves for
the GL nucleation energy barrier (Figure 3a), critical
diameter (Figure 3b), and bending energy (Figure 3c)
are larger. This means that any two nanotubes with
different radii (and hence, chiralities) will have larger
differences in the energy and size thresholds for their
nucleation in PECVD. This difference is larger at smaller
catalyst sizes, as can be seen in Figure 3a, b. However,
the most dramatic difference in the nanotube size
selectivity materializes through the combined plasma
and GT effects on the GL bending energy in the small
catalyst nanoparticle size range below 2 nm (Figure 3c).
In this size range, the dependence of ΔE on rC is much

steeper than for larger particles. Hence, the difference
between the bending energies of any two selected
nanotubes that nucleate on small catalyst nanoparti-
cles becomes notably larger if both the plasma and the
GT effects are taken into account. These trends explain
the reported excellent selectivity of thin single-walled
carbon nanotube growth on smaller catalyst nanopar-
ticles in the plasma.9�13 This selectivity was reported to

Figure 4. Link in a 3D parameter space between the plasma
parameters ((a) plasma density ne0; (b) electron tempera-
ture Te; and (c) surface potential ΦS), critical diameter dcr,
and bending energy ΔE (multiplied by a factor of 10) in the
plasma-based SWCNT growth. Unless varied in any parti-
cular plot, the default set of parameters is Te = 1.0 eV,
Ti = 0.05 eV, ne0 = 5.0� 1011 cm�3, P0 = 50mTorr,ΦS =�100V,
rAr = 70%, rCH = 20%, and rH = 10%. Examples of (6.5),6,10

(8,4),6,10 (7,6),6,9�11 and (8,6)11 semiconducting and (5,5) and
(15,0) metallic nanotubes are shown. The graded-color
contour plots (a) and (b) correspond to TH = 650 �C, while
plot (c) has TH = 750 �C.
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produce up to 96% of thin semiconducting SWCNTs in
the plasma.9�11 On the other hand, in thermal CVD,
which has to be operated at higher substrate tempera-
tures, not only thicker nanotubes but also a broader size
distribution, as well as a larger abundance of metallic
nanotubes compared to the plasma-based growth, are
expected.9,33

However, one should exercise caution using very
small catalyst nanoparticles (e.g., smaller than 1 nm) as
the smaller size and the increased carbon solubility
may easily lead to catalyst poisoning due to over-
feeding.35 It is thus imperative to properly balance
the rates of carbon delivery to the surface and removal
of excessmaterial from the surface. In the plasma it can
be achieved by faster delivery of carbon atoms to the
catalyst while simultaneously etching amorphous car-
bon away.17,20,28 On the other hand, using catalyst
nanoparticles above a certain size results in larger
nucleation thresholds, much larger critical nuclei, and
low bending energy (per area), eventually leading to
nanocage-like structures.24

Size/Chirality Selectivity and Experimental Support.

To further explain the experimental reports on the
effective SWCNT chirality control in the plasma, we
have linked the plasma-specific parameters (the elec-
tron temperature Te, the plasma density at the plas-
ma�sheath boundary ne0, and the substrate potential
ΦS), the GL critical diameter dcr, and the bending
energy ΔE. The results are plotted in Figure 4 using a
three-dimensional graded-color contour plot for ΔE.
The range of GL critical diameters (which in turn
determines possible SWCNT chiralities) was chosen to
cover the nanotube sizes achieved in the recent plas-
ma-based experiments. We have selected four semi-
conducting SWCNTs (of chirality of (6,5), (8,4),6,9,10

(7,6),6,9,11,10 and (8,6)11) and two armchair (5,5) and
zigzag (15,0) metallic nanotubes, in line with the ex-
pected 2:1 “natural” abundance ratio. Using the graded-
color contour plots, we have identified the most prob-
able combinations of the catalyst nanoparticle sizes and
plasma-based process parameters to enhance the nu-
cleation of the selected nanotubes. For example, the
nucleation probability of a 0.74 nm thick (5,5) metallic
SWCNT becomes higher with the increasing electron
temperature Te, plasma density ne0, and the magnitude
of the (negative) surface potential with respect to the
plasma bulkΦS. This can be explained by noting that
all these changes (in Te, ne0, andΦS) lead to higher ion
energies upon impact on the CNP surface. This leads to
more effective carbon production via ion-induced
dissociation of precursor species on the catalyst sur-
face. The surface heating also becomes more effective
through larger amounts of energy released through
the plasma�surface interactions. Consequently, the
catalyst becomes hotter, and the number of carbon
atoms on its surface increases. As a result, the bending
energy also increases, giving rise to stable, small

graphene nuclei. In turn, this favors the formation of
very thin SWCNTs with a narrow thickness/chirality
distribution. In other words, additional plasma heat-
ing facilitates nucleation of thin SWCNTs at relatively
low substrate holder (external heating) temperatures.
This conclusion is consistent with the experimental
measurements of the SWCNT diameter distribu-
tions of thin SWCNTs produced in low-temperature
plasmas.10�12

The pronounced increase of the bending energy
with the plasma density for very small critical nuclei in
Figure 4a explains the recent experimental observation
of a strong shift toward smaller diameters and a broad-
er spectrum of semiconducting nanotubes as the
plasma density increases.11 Moreover, the results in
Figure 4a also suggest that for thinner nanotubes the
increase in the bending energy with the plasma den-
sity is much steeper than for thicker ones. Hence, the
probability of nucleation of the thinner tubes becomes
relatively higher, which in turn leads to narrower
chirality distributions in denser plasmas. These results
also explain the recent experimental observation that
an increase of the rf discharge power (and hence, the
plasma density) led to the narrower nanotube chirality
distribution.10 It is noteworthy that this effect was very
clearly observed in the experiment when the power
was increased above a certain threshold. In other
words, the plasma density should not be too low to
lead to the better size/chirality selectivity of thin
SWCNTs. This is also supported by the results in
Figure 4a, where one can clearly see that the difference
between the bending energies becomes notably larger
as the plasma density increases.

The results in Figure 4 also explain the experimental
trends related to thevariations in theplasmasheathwidth
and hydrocarbon precursor supply.10 It was reported that
when the sheath width/potential difference were large,
the high hydrocarbon supply conditions prevailed. Un-
der such conditions the nanotube size/chirality distribu-
tions were narrow; otherwise, under low hydrocarbon
supply conditions this distribution was broad. From
Figure 4c it follows that as the surface potential (with
respect to the plasma bulk) increases, the rate of supply
of carbon precursors (BUs) increases. This increase is
accompanied by an increase in the bending energy,
which becomes even steeper as the nanotube size
decreases. Therefore, the probability of nucleation
of thinner nanotubes increases, which explains the
experimentally observed narrow size distributions un-
der narrow plasma sheath conditions. The changes in
the sheath width and hydrocarbon supply in the
experiments10 may also be caused by higher electron
temperatures, which in addition to the stronger in-
crease of the bending energy for thinner nanotubes
(Figure 4b) also lead to higher ionization and dissocia-
tion rates. As a result, the rates of carbon supply to the
catalyst nanoparticles also increase.
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It was also reported that the selectivity in the
nanotube size and metallicity can be substantially
increased when the process temperatures decrease.9,10

Indeed, the yield of semiconducting nanotubes in the
array can be as high as 96% under low-temperature
plasma synthesis conditions.9 The better size selec-
tivity of smaller nanotubes at low temperatures is
confirmed by the results in Figure 2b,c and Figure 3b,c,
which suggest a larger difference in the sizes of critical
nuclei and the bending energies between the nano-
tubes of different sizes under such conditions. This can
also be understood by noting that when a temperature
is high, carbon atoms in the as-formed nucleus are
more mobile and a larger number of nuclei with
different sizes can be bent and form nanotube
structures.

There is recent experimental evidence that the
selectivity of thin SWCNT growth at low temperatures
is strongly affected by the operating pressure and

percentage of hydrogen in the gas mixture.10,12,32 To
explain these observations, in Figure 5 we present a
similar 3D contour plot where the total gas pressure
P0 and percentage of hydrogen in the gas mixture rH
are used instead of the plasma-related parameters
used in Figure 4.

As Figure 5a shows, the GL bending energy in-
creases with decreasing the total gas pressure. This is
a strong indicator of the growth of thinner SWCNTs at
low gas pressures, as a result of nucleation of stable
small-diameter graphene layers on the catalyst nano-
particles, which was also confirmed experimentally.9,32

This can be explained by noting that the plasma sheath
becomes wider at lower pressures. In this case the
sheath width increases, leading to stronger hydrocar-
bon precursor fluxes onto the catalyst nanoparticle
surface. More energetic ions reach the substrate, thus
enhancing ion-induced precursor dissociation. This in
turn leads to the higher bending energy and more
likely nanotube nucleation.

An interesting feature observable from Figure 5b is
a nonmonotonic trend in the dependence of the GL
bending energy on the hydrogen gas ratio rH. Below
rH ≈ 25% the tendency is decreasing and reverses
afterward. This change is the strongest in the range of
nanotube diameters below 0.8 nm, which is particu-
larly important in applications that rely on quantum
size effects. This can be explained by the interplay of
the species delivery and surface heating effects. When
thepercentageof hydrogen increases fromsmall amounts
toward∼20%, the bending energy decreases, which is
likely due to effective recombination of carbon and
hydrogen atoms. This recombination reduces the
amount of carbon atoms that can be extruded to the
surface, and hence, the bending energy is expected to
decrease, as shown in Figure 5b.With a further increase
of rH, the catalyst heating induced by the plasma�
surface interactions (e.g., hydrogen recombination and
ion impact processes shown in Figure 1c) prevails
over the carbon atom loss due to recombination. These
processes make the surface hotter, thereby increas-
ing the rates of thermal dissociation of hydrocarbon
precursors. As a result, the carbon concentration in the
AuC alloy ζ increases, which eventually reverses the
decreasing trend in the dependence of ΔE on rH.
Importantly, this trend reversal is particularly strong
for very thin SWCNTs. Therefore, variation of hydrogen
content turns out to be one of the most effective
controls in nucleation and chirality selectivity of thin
single-walled carbon nanotubes. This result is consis-
tent with the experimentally reported decrease of the
SWCNT diameters and also narrower chirality distribu-
tions of SWCNTs after the hydrogen gas pressure is
increased in the reactive plasmas of CxHy þ H2 gas
mixtures.12,32 It is also relevant to note that in the
plasma one can achieve highly controlled production
of specific reactive species,36 such as carbon atoms C or

Figure 5. Link in a 3D parameter space between the para-
meters of the precursor gas mixture ((a) total pressure P0;
(b) relative abundance of hydrogen gas rH), critical diameter
dcr, and bending energy ΔE (multiplied by a factor of 10) in
the plasma-based SWCNT growth. Unless varied in any
particular plot, the default set of parameters is Te = 1.0 eV,
Ti = 0.05 eV, ne0 = 5.0� 1011 cm�3, P0 = 50mTorr,ΦS =�100 V,
rAr = 70%, rCH = 20%, rH = 10%, and TH = 500 �C. The SWCNT
examples are the same as in Figure 4.
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dimers C2, which show two different reaction paths to
change SWCNT chirality through low-threshold incor-
poration into the developing carbon nanotube caps.37

This offers additional opportunities for the effective
control of SWCNT chirality.

However, our calculations cannotdirectly explain the
so dramatic increases of the abundance of semicon-
ducting nanotubes in the plasma reported experi-
mentally.9,10 However, this increase is the strongest in
the low-pressure range, when thinner nanotubes
become better identifiable (e.g., by stronger photolumi-
nescence excitation (PLE) signals and better-contrast 3D
(diameter-wavelength-intensity) PLE maps) at lower
temperatures. This is consistent with our calculations
in Figure 4 and Figure 5 if one assumes that among the
most commonly observed nanotubes, the average
thickness of the metallic nanotubes is larger compared
to semiconducting ones. The results of our calculations
in Figure 5a also suggest that higher plasma density
(and, hence, the increasedhydrocarbonprecursor supply)
significantly increases the bending energy of the (5,5)
and (15,0) metallic nanotubes. This is consistent with
the experimental observation9 that larger hydrocarbon
supply leads to larger fractions of metallic nanotubes.
This point should be explored in greater detail by
taking into account microscopic details of the nano-
tube nucleation on CNPs of specific sizes.

This also prompts us to discuss the possible role of
catalyst material in the nucleation of SWCNTs in the
plasma. It was reported that the ratio of intensities of D
and G peaks in Raman spectra, ID/IG (which is the
measure of the relative presence of SWCNTs in the
array), did not change significantly when Au and Fe
catalysts were used.12 This suggests the importance of
the process-related factors (precursors, temperature,
biasing conditions, pressure, etc.) in the SWCNT nuclea-
tion and growth. However, catalyst nanoparticles made
of different materials show quite different responses to
the changes in the process conditions. For example,
SWCNTs grown on a Fe catalyst do not show any clear
dependence on the hydrogen flow rate, while this
dependence is very strong in the Au catalyst case.12

Another interesting experimental fact is that the
SWCNT diameters are larger for Fe catalyst nanoparti-
cles compared to Au.12 Since the energies for C�Fe
bonds are larger compared to C�Au bonds,38,39 one
can expect intrinsically larger bending energies for
Au catalysts under the same conditions. Our results in
Figure 3 suggest that smaller graphene nuclei also
tend to bend better in the plasma. Thus, thinner
SWCNTs are expected on Au nanoparticles. To cement
this conclusion, we have also shown that the relative
gains due to the GT effect δP

GT (Figure 3c) for Au
catalyst nanoparticles are larger compared to Fe CNPs
of the same size under the same plasma process
conditions. This happens because the driving force
for the nucleation of GL on a gold CNP, Δμls

Au, is

larger than the corresponding driving force, Δμls
Fe, for

iron catalyst. This is why the associated increase in the
bending energy ΔE in Au nanoparticles is due not only
to the lower work of adsorption Wad but also, as our
calculations suggest, to a stronger GT effect, which in
turn leads to larger kinetic energy, EK, of carbon atoms.

To conclude this section, we emphasize that a
combination of numerical results representative of
typical conditions of the plasma-based SWCNT synthe-
sis suggests a simple practical approach to maximize
the benefits of the process-related conditions to
achieve the as-yet elusive nanotube growth with a
high (ultimately deterministic) selectivity between the
abundance of different nanotube chiralities and con-
ductivity types in an array. This is particularly important
compared to the approaches based on catalyst tailor-
ing since it is much easier and less time-, effort-, and
cost-consuming to adjust process conditions rather
than deliberately tailoring catalyst layers and arrays,
which usually require several additional process steps
carried externally to the main nanotube growth reac-
tor. The graphs in Figures 2 and 3 and 3D maps in
Figure 4 and 5 allow one to select themost appropriate
Au catalyst nanoparticle sizes, precursor gas composi-
tion, working pressure, substrate temperature, and
plasma parameters to predict more effective nuclea-
tion of SWCNTs with any specific size/chirality distribu-
tion or otherwise produce other carbon nanostructures
such as nanocages or small graphene nanodots.

CONCLUSIONS
Our numerical results therefore explain and quantify

the common experimental observations of the possi-
bility of the narrow diameter/chirality distribution of
SWCNT grown in low-temperature plasma experi-
ments,9�13 where the catalyst structures (which also
turn out to be critical in the chirality-selective nano-
tubes growth6) can be preserved from unwanted
deformation, coagulation, etc., which are usual artifacts
of high-temperature CVD processes.40

Wehave also shown that thedifferences between the
nucleation barriers, critical nuclei, and bending energies
for different Au CNP radii in PECVD are notably larger
than in thermal CVD, thus leading to the better size
selectivity in a broader size range of catalyst nanopar-
ticles used. We have also presented the results of
detailed investigations of the effects of themain plasma
process parameters on theGL bending energy, showing
how variations in the plasma parameters may lead to
effective control of the SWCNT nucleation.
One of the main outcomes of this work is that the

“evil” Gibbs�Thomson effect, which makes thin nano-
tube nucleation in thermal CVD much harder, can be
gainfully used in the plasma-based process, which not
only minimizes the negative impact of the GT effect
(higher nucleation barriers) but also dramatically en-
hances its positive impact on the graphene layer bending.
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As the plasma effects get stronger, so does the GT effect,
which suggests the possibility of a truly constructive
interplay between these two seemingly unrelated effects
in producing thin single-walled carbon nanotubes with
narrow size and chirality distributions at low process
temperatures, using small catalyst nanoparticles.
Our study is the first systematic numerical study

of the recent experimental breakthroughs in the

possibility of effective control of SWCNT chirality dis-
tributions using low-temperature plasmas and ex-
plains a host of relevant experimental observations.
It can also be used to further improve the predictability
of (not only plasma-based) carbon nanostructure
synthesis experiments and approach the ultimate
goal of energy-efficient, cost-effective, environment-
friendly deterministic nanofabrication.

METHODS
Overview and Main Assumptions. We consider the Au CNP-

assisted nucleation of a SWCNT in reactive plasmas of Ar þ
H2þ CH4 gas mixtures commonly used in plasma-aided synthesis
of CNTs.17,20 The combinatorial, multiphase, multiscale model
includes the plasma sheath, ion/radical transport, species crea-
tion/loss, plasma�surface interaction, heat transfer, surface/
bulk diffusion, graphene layer nucleation, and bending/lift-off
modules. Figure 1 shows the schematics of the key neutral and
ionic species (a), plasma sheath (b), magnified sketch of the Au
CNP, key-species deposition, and prevailing plasma-induced
processes (such as surface and bulk diffusion of C species,
hydrogen atom recombination, and ion neutralization) on the
CNP surface (c), and the GL nucleation on the Au CNP (d)
predeposited on a conducting substrate of thickness d placed
on a substrate holder, which is heated externally to temperature
TH. The BUs are created on the surface of the hemispheric Au
catalyst via ion decomposition and ion-assisted and thermal
dissociation processes. The first two processes are dominant at
low temperatures and becomemore effective as the ion energy
and fluxes onto the surface increase. The latter process is more
effective when the catalyst temperature rises due to the
external and plasma heating. Carbon atoms diffuse into the
catalyst via its bulk and through its surface (SD and BD
processes as sketched in Figure 1c).

Here, it is assumed that the surface precipitation (and
saturation) time is much shorter than the bulk diffusion time,
due to relatively high precursor pressures used. In this case the
SWCNT growth proceeds in the base-led mode.41 Higher con-
centration of carbon atoms in the catalyst AuC alloy increases
the concentration of carbon atoms on the CNP surface, which is
favorable for GL nucleation. Meanwhile, the energy released via
plasma-induced reactions (such as hydrogen atom recombina-
tion, ion neutralization, and collisions of species with the
catalyst surface) makes the CNP hotter,42,43 giving rise to more
effective thermal dissociation of the neutral hydrocarbons; thus
more carbon atoms are created, diffuse, and then (after saturat-
ing the AuC alloy) precipitate on the top surface of the CNP,
where the graphene layer nucleates.

Plasma Sheath, Ion/Radical Transport, Species Creation/Loss, Plas-
ma�Surface Interaction, and Heat Transfer Modules. Here we account
for the adsorption and desorption of species, the thermal and ion-
induced dissociation of hydrocarbon species on the CNP surface,
carbon atom evaporation, and all ion�surface collisions.42 The
heating model accounts for the energies released or taken via
these surface processes44 as well as through hydrogen atom
recombination and hydrogen ion neutralization on the catalyst
surface. The carbon atom production module includes the mass
balance equation for carbon atoms

JþC þDs
1

r2C sin θ

d
dθ

sin θ
dn̂C
dθ

� �
� J�C ¼ 0 (1)

on the catalyst nanoparticle surface as well as similar equations
for other key species, which can be obtained from eq 1 by
appropriate replacement of subscripts denoting the species.42,44

In eq 1, the first term, JþC, describes the creation of carbon atoms
on the Au CNP surface due to thermal and ion-induced dissocia-
tion of hydrocarbon radicals and ions. The second term in eq 1

accounts for the carbon atom loss due to surface diffusion,
whereas the third term describes carbon atom loss due to
evaporation, interactionof carbon specieswith atomic hydrogen,
and carbon diffusion into the bulk of the Au CNP. Here, nC is the
surface density of carbon atoms produced, Ds is the surface
diffusion coefficient, and rC is the CNP radius.

The plasma-sheath model equations relate the sheath thick-
ness, λs, and ion energies to theplasma-specific parameters such as
the electron temperature Te, plasma density ne, and substrate
potential. These equations were used to calculate kinetic ion
energies and fluxes of the ion species to the substrate, which are
required in the species production module (e.g., eq 1). The energy
balance equation (complementedwith boundary conditions in the
heat transfer module) in turn describes the temperature distribu-
tion along the Si substrate, which is used to determine the catalyst
nanoparticle temperature TD and its difference from the substrate
holder temperature TH; the latter can be quite substantial in PECVD
experiments, in some cases reaching ∼100 �C and even higher.45

Surface/Bulk Diffusion, Graphene Layer Nucleation, and Bending/Lift-
off Modules. Using the output from the above modules, one can
calculate the catalyst temperature-dependent fluxes of carbon
atoms through the catalyst bulk,

Jv ¼
Z π=2

0
(πn̂ CDb=Ad)2πr2C sin θ dθ

and the catalyst surface

Js ¼ �2π(Ds dn̂C=dθ)jθ¼ 90�

and their diffusion into the catalyst through the border (θ= 90�),
where Ad = 2πrC

2 is the surface area of the hemisphere CNP
exposed to the plasma.

After the saturation of the liquid alloy in the CNP, carbon
atoms are extruded from the CNP and then react on the surface,
leading to the formation of a continuous graphene layer with the
heighth=0.34nmon theCNP surface.45 It is assumed thatduring
the GL nucleation stage the CNP radius does not change. The
concentration of the carbon atoms in the AuC alloy ζ can be
obtained from the kinetic equation of CNT growth in the mono-
layer nucleation approximation, with the Gibbs�Thomson effect
being taken into account.19 The kinetic growth equation relates
the bulk Jv and surface Js diffusion fluxes of carbon atoms
(obtained from the species creation/loss module) to the carbon
incorporation and desorption fluxes. The minimum energy
(energy barrier) ΔGN* required for the nucleation is obtained
by maximizing the Gibbs free energy of monolayer graphene
formation.46 The critical diameter of the graphene layer,

dcr ¼ 2 B rC=(A
2þB2)1=2

is obtained by maximizing the Gibbs free energy, where

A ¼ 2πrC[�hΔμGTsl=Ωþ γGV þγGS � γSV]

and

B ¼ 2π[εþ 2QC=9h]

Here, Ω is the molar volume, ε is the specific edge energy,
and γGV, γGS, and γSV are the interfacial surface energies of
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the GL�vapor, GL�Au, and Au�vapor interfaces, respectively.
In this work, QC = 4.4 eV47 is used to account for the strain
energy that originates from the bending of the graphene layer
when the edge-atom orbitals overlap with those of surface Au
atoms.46 Furthermore, ΔμGTsl is the size-dependent difference
in chemical potentials in the liquid and solid phases, which is
reduced as the GT effect becomes stronger at smaller rC.
Finally, the bending energy ΔE is defined as the difference
between the kinetic energy of carbon atoms, EK, and the work
of adhesion,WAd, per unit surface area of the graphene layer.

23

The energy barrier for GL nucleation, ΔGN*, and the critical
diameter, dcr, decrease if the carbon concentration, ζ, in-
creases, while EK increases. This makes the formation of the
stable, very small GL more likely to happen, which is favorable
for the nucleation and growth of thin SWCNTs with good
diameter/chirality selectivity.

It is also worthwhile to mention that the size of the critical
nucleus (which is intimately related to the size of the catalyst
nanoparticle) is one of the most important factors that deter-
mines the nanotube chirality. However, this simple factor does
not fully account for the interactions between the nanotube
nucleus and the catalyst nanoparticles, which involves step
edges, crystalline planes, and dislocations on the surface.7,48,49

These interactions prevent the as-formed nucleus from further
expansion over the catalyst surface and facilitate the lift-off
process through additional stress at the edge of the graphene
nucleus. Accounting for these fine structural factors requires
more sophisticated atomistic models.

Another known manifestation of the Gibbs�Thomson ef-
fect is the reduction of the melting temperature of catalyst
nanoparticles due to the curvature of the solid�liquid
interface.50,51 Since the exact melting points of nanoparticles
are size-dependent and in most cases are not known, reliable
knowledge of the GT coefficients appears to be very useful to
predict the activation energies and optimum growth tempera-
tures for single-walled nanotubes of different chiralities.
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