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A B S T R A C T

Low-temperature growth of carbon nanotubes (CNTs) has been claimed to provide a route

towards chiral-selective growth, enabling a host of applications. In this contribution, we

employ reactive molecular dynamics simulations to demonstrate how plasma-based depo-

sition allows such low-temperature growth. We first show how ion bombardment during

the growth affects the carbon dissolution and precipitation process. We then continue to

demonstrate how a narrow ion energy window allows CNT growth at 500 K. Finally, we also

show how CNTs in contrast cannot be grown in thermal CVD at this low temperature, but

only at high temperature, in agreement with experimental data.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Growth of carbon nanotubes (CNTs) in general and single

walled CNTs (SWCNTs) in particular continues to attract

widespread attention thanks to their specific electrical,

mechanical, physical and chemical properties. These proper-

ties give rise to a host of envisaged applications in diverse

areas including electronics, energy storage, composite mate-

rials and medical industry, to name just a few [1]. Interest-

ingly, SWCNTs may be either conducting or semiconducting,

depending on their chirality, allowing their use in electronic

devices such as transistors, interconnects, sensors, etc. [1–

3]. The ability to control the SWCNT chirality is thus of pri-

mary importance. Until now, however, chirality-controlled

growth remains an elusive goal. Moreover, recent molecular

dynamics simulations demonstrated that SWCNT chirality

can be altered after the initial cap formation, by the introduc-

tion of defects [4]. On the other hand, a number of studies

have also demonstrated partial chiral selectivity [5–9]. One

route often envisaged to accomplish further chiral selectivity,

is epitaxial growth [10–13]. This, however, requires the growth

to proceed from a seed or nanoparticle with crystalline struc-

ture, prohibiting the high temperatures typically required for

SWCNT growth. Alternatively, recent DFT simulations

pointed out that also a strong metal/catalyst interaction

may impose a structure on the catalyst nanoparticle which

may also lead to epitaxial growth [14].

At present, the most popular technique to grow CNTs is

chemical vapor deposition (CVD) [15,16]. The lowest tempera-

ture recorded to date for growing SWCNTs thermally is 350 �C
(623 K), by Cantoro and et al. [17]. Note, however, that various

factors besides the temperature also contribute to growth or

non-growth, including the particle size and work of adhesion

[14,18,19].
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An interesting alternative is plasma enhanced CVD (PEC-

VD), both for MWCNTs as well as SWCNTs [20–27]. The PECVD

system is characterized by a number of parameters not avail-

able to thermal CVD, such as the plasma power, bias voltage,

and the external electric and magnetic fields, as well as by

other parameters including the chamber geometry, gas pres-

sure and temperature. The availability of these additional

parameters holds promise to obtain a better control over the

growth and thus the properties of the tubes. Indeed, these

additional parameters control the density and energy of the

plasma species (electrons, ions, excited species and active

radicals), all of which contribute to the SWCNT nucleation

and growth.

One example of the use of PECVD-specific factors to our

advantage is the use of electric fields to grow vertically

aligned freestanding SWCNTs [27–29]. Another interesting

advantage of PECVD is that it allows growing CNTs at reduced

temperatures relative to thermal growth, which is a key

parameter for growth on temperature sensitive substrates

like polymers and plastics. Moreover, this also provides the

ability of selective growth (syntheses carbon nanotubes with

selective diameter distributions) [30]. The lowest tempera-

tures which have been reported for MWCNT and SWCNT

growth are 120 �C and 400 �C, respectively [31,32]. A more de-

tailed account of the various effects and advantages of PECVD

can be found in recent reviews [33,34].

The growth process of SWCNTs and the underlying

dynamics has been studied on the atomic level using classical

MD and MD/MC simulations [4,18,19,35–43], as well as using

ab initio and semi ab initio techniques [44–48]. The majority

of these works, however, correspond to thermal CVD.

Indeed, due to the complex chemical reactions occurring

in plasma, the mechanistic details of the PECVD growth pro-

cess are at present far from understood. Recently, Neyts et al.

investigated the effects of electric field [49] and Ar ion bom-

bardment [50] on the growth process of CNTs in the plasma

at the atomic level by hybrid MD/force-biased MC (MD/fbMC)

simulations [51,52]. Their results showed how applying an

electric field assists SWCNTs to grow in the direction of the

electric field. They also found that Ar ion bombardment in a

limited but well-defined energy window of 10–25 eV leads to

better nucleation and defect healing of the SWCNT cap. In

this work, we study for the first time the nucleation and

growth of SWCNTs under low temperature plasma condi-

tions. It should be mentioned that a full representation of

the plasma-based growth setup would also include the pres-

ence of a carrier gas, neutral molecule growth precursor gas,

gas phase atoms, metastable species, radicals, ions, electrons

and photons, in addition to electric and possibly magnetic

fields [53]. In order to disentangle the various effects and to

keep the simulation complexity feasible, we here only inves-

tigate the effect of ions during the growth and specifically in

relation to the required growth temperature. Other types of

simulation, however, have taken into account the multitude

of factors and processes in PECVD growth, albeit not at the

atomic scale [54,55].

A simple schematic of a typical PECVD reactor is shown in

Fig. 1a. In such a reactor the plasma is ignited and sustained

by applying either a DC voltage or RF power. As mentioned

above, the plasma environment contains various species such

as electrons, ions, radicals and molecules. If the density of

electrons and ions are equal, the plasma is quasi-neutral.

This condition is valid in the bulk of plasma. The much higher

mobility of electrons than ions results in a depletion of the

electron density near the electrodes, leading to the formation

of a positive charge region – called the plasma sheath – in

front of the electrodes. This in turn induces a voltage drop

parallel to the electrodes in front of the electrodes and thus

a strong electric field in that region electric field (Fig. 1b). In

Fig. 1b, the boundaries of the sheaths are indicated by the

dashed lines. The ions are accelerated in the sheath region

by this field, and as result the kinetic energy of the ions

may reach up to several hundred eV (Fig. 1b).

It should also be mentioned that at low temperature the

energy and flux of ions are two key parameters in sputtering

of amorphous carbon which may cover the catalyst surface

[26,56]. This amorphous carbon prevents incoming growth

precursors to be absorbed to the catalyst surface and thus

suppresses nanotube growth at low temperature. It should

also be noted that if the ion energy and density is too high,

the ions can even sputter the catalyst particle and fully devel-

oped SWCNTs on the substrate which is detrimental for the

growth [26]. Under these conditions, MWCNTs show more

resistance against ion irradiation and remain attached to
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Fig. 1 – (a) Simplified schematic of a plasma-enhanced CVD reactor, (b) potential distribution in the plasma (red line) and

density of ions (solid blue line) and electrons (dashed blue line). (A color version of this figure can be viewed online.)
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the substrate [57]. Therefore, it is crucial to design the appro-

priate plasma environment for the growth of nanostructures,

e.g. by using a remote downstream plasma enhanced CVD

[31,58] or atmospheric pressure plasma setup [29]. Finally,

the collisions of the energetic ions with the catalyst may

cause local heating of the catalyst. While tuning the ion den-

sity and energy, it should be realized that the number density

of hydrocarbon radicals is two or three orders of magnitude

higher than that of the hydrocarbon ions. Neutral molecules

(and radicals) are therefore usually considered as the main

source of carbon atoms for the formation of nanotubes

[24,59]. Thus, there is a competition between the carbon gen-

eration and deposition by radical species and carbon sputter-

ing by ions.

2. Methodology

Our simulation model is very similar to the model originally

developed by Ding et al. [60] for investigating the nucleation

and growth of SWCNTs in thermal CVD. The Fe–Fe and Fe–C

interactions are thus described by a sum of Born–Mayer repul-

sive and attractive terms, and the Johnson potential, respec-

tively [61]. Our model differs from their model only in the

use of the improved second-generation reactive empirical

bond order potential developed by Brenner et al. [62] and

modified by Ito and Nakamura [63] for describing precipitated

carbon atoms. In this model, there are two classes of carbon

atoms: (1) the carbon atoms dissolved in the metal cluster,

and (2) the precipitated carbon atoms which cover the surface

of the cluster and eventually grow into a nanotube. In our

simulations, the catalyst particle is a metallic Fe cluster con-

taining 48 atoms. It is first annealed for 100 ps at the desired

temperature, after which carbon atoms were allowed to im-

pinge on the cluster every 40 ps. The trajectories were inte-

grated by the Verlet Velocity algorithm using a time step of

0.5 fs. In the CVD simulations, SWCNT growth was studied

at 500 K (which is more than 100 K below the lowest growth

temperature recorded to date) and 1100 K (which is a typical

growth temperature).

In the PECVD simulations, thermal carbon atoms or ener-

getic carbon ions are added to the Fe cluster every 30 ps.

The ions are assumed to be neutralized by Auger emission be-

fore their actual impact with the surface. Here, the flux of car-

bon atoms is approximately equal to that of thermal CVD,

because the pressure is assumed to be equal to thermal

CVD. Carbon atoms that are added to the cluster with thermal

velocity correspond to carbon atoms originating from sur-

face-decomposition of hydrocarbon gas, while the carbon

atoms added to the cluster with higher velocities correspond

to carbon ions (accelerated in the plasma sheath).

It is also assumed that the number of all the neutral hydro-

carbon species, including the radicals, excited species, and

neutral molecules, are four times higher than that of the

hydrocarbon ions. Thus, each fifth carbon species added to

the cluster is a carbon ion, while the other four are thermal

carbon atoms. The simulated PECVD growth is carried out

at low temperature (500 K), employing the Berendsen thermo-

stat [64] with a relaxation time of 0.01 ps to control the

Fig. 2 – A snapshot of the simulated CVD growth of SWCNTs at 500 K and 1100 K. The small green atoms and the large grey

atoms are carbon and iron atoms, respectively. (A color version of this figure can be viewed online.)
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temperature. It should be noted that during the initial impact

period of the ion with the catalyst, the thermostat is turned

off for 150 fs, corresponding to an isolated system. After this

period, the atoms which do not participate in the collision

are coupled to the heat bath. After 1 ps and after removing

the sputtered species from the simulation cell, the thermostat

is turned on again for all atoms. This procedure aims to mi-

mic a strongly cooled catalyst, to ensure growth at the tar-

geted low temperature, thus avoiding excessive heating due

to the ion bombardment. While the Berendsen thermostat

does not rigorously reproduce the canonical ensemble

(although it does correspond to an NVT simulation), the

resulting processes in similar simulations were found to be

very similar to those obtained when using the canonical Bussi

thermostat [65].

The time step for the initial stages of the impact is 0.05 fs,

increasing up to 0.5 fs with decreasing maximum velocity. Ion

impact energies of 5, 15, 35, 40, 50, 60, 80 and 100 eV are ap-

plied, and each run is carried out five times to gather

statistics.

Note that MD simulations are inherently restricted to rela-

tively short time scales, such that the obtained growth rates

in any MD simulation are far too high. The essential processes

and mechanisms, however, are captured by the simulation.

Also note that due to these short time scales, thermodynamic

equilibrium can obviously not be reached. However, thermo-

dynamic effects such as the Gibbs–Thomson effect or the

size-dependent solubility of carbon in the nanocluster is nat-

urally taken into account by virtue of the force field, provided

at least that the force field is sufficiently accurate.

3. Results and discussion

3.1. Simulated CVD growth

In the CVD method, the temperature is the key parameter in

the growth of nanotubes. The effects of temperature have

been investigated in detail in earlier simulation works by

other researchers [18,66]. Our results are in good agreement

with those studies. Fig. 2a shows the dissolution of carbon

atoms in the metal cluster. It can be seen that the carbon con-

centration in the cluster first increases steeply. Subsequently,

a supersaturation stage is reached, after which the dissolved

Fig. 3 – Effect of C-ion impinging on the Fe46C186 cluster: evolution of (a) the metal cluster temperature, (b) the number of

dissolved carbon atoms, and (c) the number of deposited carbon atoms on the surface of the catalyst particle. (A color version

of this figure can be viewed online.)

Fig. 4 – Percentage of sputtered carbon atoms by ions

energy. (A color version of this figure can be viewed online.)
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carbon atoms start to precipitate until the structure reaches

an equilibrium state. In this process, a (defective) graphitic

network is seen to emerge, in agreement with previous calcu-

lations. This graphene layer subsequently forms a cap and fi-

nally detaches from the catalyst surface. In this stage, the

added carbon atoms at the surface of the metal catalyst at-

tach to the cap structure, from which the CNT can continu-

ously grow (Fig. 2d). As can be seen in Fig. 2a, the behavior

of the dissolved carbon atoms is similar at both low (500 K)

and high (1100 K) temperatures, but there is a marked differ-

ence in the evolution of the precipitated carbon atoms. In-

deed, whereas the number of precipitated carbon atoms

continuously increases at 1100 K, this number quickly is sat-

urated after complete saturation of the cluster at 500 K. Thus,

at low temperature, the carbon network simply covers the

surface of the nanoparticle, thereby deactivating the catalyst.

Therefore, nanotubes cannot grow by the CVD method at low

temperature (Fig. 2c).

Fig. 2b shows the number of carbon atoms that are dissolv-

ing in cluster and precipitating on the surface of the nanopar-

ticle as a function of time. At both temperatures, the initial

dissolution rate is higher than the precipitation rate, thus

Fig. 5 – The growth of a SWCNT for different ion energies. (A color version of this figure can be viewed online.)

Fig. 6 – Snapshots of SWCNT growth under C-ion irradiation with ion energy of 40 eV at 500 K. (A color version of this figure

can be viewed online.)
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leading to an increase in the number of dissolved carbon

atoms. After supersaturation stage, carbon atom dissolution

rate becomes equal to the precipitation rate. At low tempera-

ture, however, both rates decrease to 0, due to the encapsula-

tion of the nanoparticle.

3.2. Simulated PECVD growth

In the PECVD method, the energy and flux of the ions are of

special importance in the growth process. In the present work

we explore the possibility of low temperature growth by PEC-

VD and the effects of ion energy on the growth process.

As a first step, we investigate the collision of a single car-

bon ion with energies of 20, 50 and 80 eV with a Fe46C186 clus-

ter thermalized at 500 K. The temperature of the metal cluster

as a function of time is shown in Fig. 3. It can be seen in the

figure that the temperature of the cluster shows a spike in the

first 0.5 ps, due to the ion impact and the rapid subsequent

heat dissipation. During the initial temperature spike, i.e.,

during the impact of the ion, the number of dissolved carbon

atoms steeply decreases. The ion impinging thus leads to a

very fast precipitation of carbon during the first 0.25 ps after

the moment of impact. After this initial period, however,

the spike dies off and the carbon atoms dissolve in the cluster

again. At low ion energy (20 eV), the change in temperature

and the number of dissolved and precipitated carbon atoms

is very limited (Fig. 3). Therefore, the fluctuations in tempera-

ture and number of dissolved and precipitated atoms are not

due to turning off the thermostat.

After relaxation of the collision, the number of dissolved

carbon atoms in the catalyst has decreased slightly overall

(Fig. 3b), i.e., the collision effectively leads to the precipitation

of one or a few carbon atoms on the surface, contributing to

the formation of a graphitic structure. Especially at moderate

energy (50 eV), the number of precipitated carbon atoms in-

creases significantly (Fig. 3c).

Figs. 4 and 5 show the percentage of sputtered carbon

atoms versus impinging ion energy, and the overall growth re-

sult at different ion energies at 500 K, respectively. As ex-

pected, the percentage of sputtered carbon atoms increases

with increasing ion energy.The overall growth is found to ex-

hibit an optimum at moderate energy, as discussed below.

3.2.1. Low ion energy (<35 eV)

When the energy of the impinging ions is low, their effect is

small and the growth process is very similar to CVD growth

(Fig. 2c). An extended graphitic structure forms on the surface

of the nanocatalyst, which prevents the addition of new car-

bon atoms to the catalyst. In this condition, the energy of

the ions is not sufficient to break bonds in the amorphous

network or sputter the network (Fig. 4). Thus, at this low tem-

perature, the process does not result in the formation of a cap

that can detach from the surface and lead to growth of a

nanotube (Fig. 5a).

3.2.2. Moderate ion energies (35–60 eV)

When the impinging ions have an energy in the order of 35–

60 eV, we find that the SWCNTs can be nucleated and grow

at 500 K (see Fig. 5b). The carbon network covers a part of

the nanoparticle surface but the ions prevent this network

to cover all of surface, by displacement and sputtering amor-

phous carbon atoms. In this stage, the added carbon atoms at

the surface of the metal catalyst form a cap, from which the

CNT can continuously grow. In this energy window, the ion

energy is not too high to sputter the carbon atoms already

incorporated in the cap/nanotube (Fig. 4), but it is sufficiently

high to break amorphous carbon bonds, thereby preventing

poisoning of the metal nanoparticle which is essential for

continued growth of nanotubes (Fig. 6).

3.2.3. High ion energy (P80 eV)

At this condition, the percentage of sputtered carbon atoms is

very high (Fig. 4). Even some Fe atoms are sputtered in the ini-

tial stage of the process. Also carbon atoms already incorpo-

rated in the nanotube structure are seen to be sputtered, as

shown in Fig. 7. At this condition, a strong increase in the lo-

cal temperature is observed as well (see Fig. 3a). The high en-

ergy impacts, however, lead to the formation of many defects

in the cap structure. In this range of ion energies, SWCNT

caps are found to be able to nucleate, but they are quickly

sputtered, preventing their further growth into an actual

SWCNT (Fig. 5c).

4. Conclusions

In this work we investigated SWCNT growth under both CVD

and PECVD conditions. In the CVD method, nanotubes could

be grown at a temperature of 1100 K, whereas only a graphitic

layer grew on the surface of catalyst particle at a low tempera-

ture of 500 K. In PECVD, however, growth at this lower temper-

ature is found to be feasible, provided that ions with an

appropriate energy (35–60 eV) are present that bombard the

surface of the catalyst. For energies lower than this range, the

growth mechanism behaves very similar to the CVD method

and a graphitic encapsulating structure was formed on the sur-

face. For ion energies above this range, large amounts of carbon

Fig. 7 – High ion energies create multiple defects in the

nucleated SWCNT cap. (A color version of this figure can be

viewed online.)
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atoms, including atoms already incorporated in the CNT, were

sputtered from the structure. The energy of the impinging ions

is thus a key parameter in growing SWCNTs in a PECVD-setup,

enabling growth at low temperatures.
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