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ABSTRACT We consider the role of electric fields during metal-catalysed thermal
chemical vapour deposition growth of carbon nanotubes and show that enhanced
growth occurs from a negatively biased electrode. An electric field, applied externally
to the growing tubes and/or generated as a result of electron emission or self-biasing,
may strongly affect the carbon supply through the catalyst nanoparticle, enhancing the
growth rate. Different aspects of the growth process are analysed: the nature of the
nanoparticle catalysis, carbon dissolution kinetics, electron emission from the nano-
tube tips, charge transport in the nanotube–catalytic nanoparticle system and carbon
drift and diffusion through the catalyst under the action of the electric field. A funda-
mental tenet for modelling of charge-transport dynamics during the nanotube growth
process is proposed.

PACS 81.07.De; 81.15.Gh

1 Introduction

Like many great discoveries,
carbon nanotubes (CNTs) were initially
observed too early to be fully appreci-
ated by the scientific community [1, 2].
However, already the authors of [1]
found that, to grow ‘worm-like’ struc-
tures, three types of catalysts were suit-
able, namely iron, cobalt and nickel.
Being rediscovered in 1991 [3], CNTs
caused a sensation and are still gaining
popularity due to their unusual proper-
ties and wide variety of available and
potential applications.

Debate on the mechanisms of CNT
nucleation and growth is still proceed-
ing. Detailed reviews of the proposed
mechanisms are widely available in
the literature (see e.g. [4–6]). A num-
ber of open questions remain, such
as the detailed mechanism for high
growth rates on the order of 100 nm/s
for plasma chemical vapour deposition
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(CVD) growth of multiwalled nano-
tubes [7–9] up to as high as 11 µm/s
observed in thermal CVD growth of
exceptionally long single-walled nano-
tubes [10], corresponding to approxi-
mately the same amount of carbon de-
position as in the plasma experiments.
In this paper we draw attention to an
effect which can play a key role in
CNT growth, namely enhancement of
the carbon supply through the cata-
lyst particle to the nanotube edge by
charge-carrier transport. We omit con-
siderations of the CNT nucleation stage,
accepting the thermodynamic analysis
given comprehensively in [4], and fo-
cus on the CNT growth mechanism.
As a basis, we are guided by the most
credible and accepted viewpoint that
carbon dissolves in the metal catalyst
particle, diffuses through it and is in-
corporated in the edge of the grow-
ing nanotube anchored to the catalyst
particle [4, 7, 11].

2 Carbon nanotube
growth in the presence
of an electric field

Many studies have been re-
ported in recent years concerning the
growth of carbon nanotubes in the pres-
ence of electric fields. The original
arc discharge production method in-
volved a DC discharge with the nano-
tube material being deposited at the
cathode [3]. However, in the present
study we will concentrate on metal-
catalysed growth of carbon nanotubes
in chemical vapour deposition pro-
cesses (thermal and plasma-enhanced),
although our ideas may also be rele-
vant for the high temperature production
conditions prevalent in arc discharge
and laser vaporisation processes.

The most common occurrence of
electric fields in nanotube growth is dur-
ing plasma-enhanced chemical vapour
deposition (PECVD). See [6] for a re-
view of PECVD methods. These meth-
ods are used to grow vertically aligned
individual nanofibres, where the cata-
lyst particle is typically situated at the
tip, or films of aligned multiwalled car-
bon nanotubes where the catalyst typ-
ically remains at the base [8]. Some in-
teresting observations have been made
concerning the influence of substrate
bias (either via an applied DC bias or
through self-biasing) [7, 12–15]; how-
ever, a comprehensive review of this
goes beyond the scope of the present
paper. It appears that quite different
growth mechanisms are operating and
which one dominates will depend on
the details of the plasma environment
and catalyst preparation. One can state
with confidence that the alignment of
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both the nanotubes and the nanofibres
produced by PECVD is due to the pres-
ence of an electric field and that the
alignment increases with the magnitude
of the electric field (until, for high bi-
ases, sputtering begins to dominate over
growth [16]). Furthermore, the growth
of vertically aligned carbon nanofibres
requires the presence of energetic posi-
tive ions, directed towards the substrate
(or nanofibre tip), and hydrogen atoms.

Ono et al. [17] demonstrated that
individual carbon nanotubes could be
grown from catalyst particles deposited
on Si tips only when a negative bias was
applied to the tip. A positive bias inhib-
ited the growth. Sarangi and Karimi [18]
observed that the diameter and length
of nanotubes grown on metal wires
were increased when applying a plasma
with a negatively biased substrate. On
the other hand, Avigal and Kalish [19]
claimed better alignment for a posi-
tively biased substrate in tip-growth ex-
periments where a small electric field
(0.05 V/µm) was applied during growth
in a cold-wall reactor; however, they
made no statement concerning the effi-
ciency of the tip growth for the two bias
conditions. Finally, in flame synthesis
experiments, thick layers of aligned car-
bon nanotubes could be found to grow
in the presence of an electric field (neg-
atively biased substrate) [20].

All the experimental situations dis-
cussed above are complex and, although
the presence of an electric field can ob-
viously play an important role in influ-
encing the growth, it is extremely diffi-
cult to determine the main influences in
the complicated plasma or flame envi-
ronments. In recent years, external elec-
tric fields have also been applied during
thermal CVD growth of single-walled
nanotubes. The main reason for these
studies has been to develop ways of pro-
ducing aligned single-walled nanotubes
on a silicon chip [21–23].

We have been interested in devel-
oping this method to control the align-
ment and positioning of nanotubes with
the aim of developing techniques for
growing single-nanotube devices on
chips [24]. While carrying out these
studies we observed an asymmetry in
the growth when the nanotubes were
growing from the electrodes supplying
the aligning field. We found a signifi-
cant enhancement of growth of single-
walled carbon nanotubes from nega-

tively biased electrodes. We attribute
this as being due to the effect of field
emission from the growing nanotubes.
We speculate that this may be related to
the role of charge transport through the
catalyst particle and provide arguments
for this hypothesis. Our model can also
explain many of the electric field-related
phenomena reported in the literature and
discussed briefly above.

3 Experimental details

An example of a growth ex-
periment is shown in Fig. 1 where the
electrodes, supplying an electric field
during nanotube growth, are separated
by 14 µm. The electrodes are made of
Mo, deposited using e-gun evaporation.
The lower electrode had a +20 V poten-
tial applied during growth while the top
electrode was grounded and the doped
Si substrate, underlying a 400-nm ther-
mally grown SiO2 layer, was floated.
The catalyst used to promote the growth
consists of a multilayered film of 10-nm
Al2O3, 1-nm Fe and 0.2-nm Mo [25],
which is patterned at the edges of the
electrodes close to the gaps (visible as
the lighter triangular patches in Fig. 1).
The substrate is placed on a home-
made holder and contact pads are con-
nected via Ta clamps and electrical
feedthroughs to a voltage supply. The
furnace, enclosing a quartz tube con-
taining the sample, is heated in a flow of
300 sccm H2 and 500 sccm Ar at atmo-
spheric pressure. When the temperature

FIGURE 1 SEM picture of single-walled nanotubes growing from biased electrodes under conditions
where the nanotubes grow close to the surface (electrodes switched on after growth has started). Upper
electrode grounded, lower electrode +20 V. The shortest distance between the electrodes is 20 µm

has reached 900 ◦C, Ar is switched to
500 sccm methane, which is the car-
bon precursor for the CNT growth. We
have shown that under these gas-flow
conditions there is no gas-flow-induced
alignment of the nanotubes. The sam-
ple is exposed to the growth conditions
for a few minutes (typically 3–5 min)
before the voltage is applied over the
electrode gaps. The growth is then per-
formed for 20 min after which time the
methane flow is switched back to Ar and
the furnace is switched off. Extensive
Raman, atomic force microscopy and
scanning electron microscopy (SEM)
studies have shown that the nanotubes
grown in this way are single-walled
nanotubes with the catalyst particle re-
maining at the base.

Two interesting observations can be
made from Fig. 1. Firstly, the nanotubes
growing from the upper electrode are
significantly longer than those growing
from the lower, positively biased elec-
trode. Secondly, the nanotubes growing
from the upper electrode are surrounded
by a darkened area in the electron-
microscope picture. We have recently
shown that this effect is due to a local
surface melting and trench formation in
the SiO2 induced by the exceptionally
high temperatures reached as a conse-
quence of electron field emission [26].

An analysis of 70 individual nano-
tubes growing from both electrodes of
similar geometry on a single chip is
shown in Fig. 2. The electric field at
the shortest distance between the elec-
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FIGURE 2 Length distributions of single-walled
nanotubes growing from electrodes in a geometry
identical to that of Fig. 1. (a) Positively biased
electrode, (b) negatively biased (grounded) elec-
trode. A total of 70 nanotubes were analysed from
different samples and electrode pairs. The aver-
age length from the negatively biased (grounded)
electrode is 8.4±4.6 µm and from the positively
biased electrode 5.2±3 µm. The errors represent
the standard deviation

trodes used in the study varies from
0.8 to 1.4 V/µm. There is a clear ten-
dency for the nanotubes growing from
the positively biased electrode to be
shorter than those growing from the
grounded electrode. There are also sig-
nificantly more nanotubes growing from
the grounded electrode (41 from the
grounded electrode and 29 from the pos-
itive electrode). The average length and
standard deviation are 5.2 ± 3 µm and
8.4± 4.6 µm for growth from the pos-
itively biased and grounded electrodes,
respectively. A similar effect is seen
from the electron-microscope picture in
Fig. 3a. In this case the applied field was
also around 1 V/µm (the field decreases
by a factor of 1.2 on going from the left-
to the right-hand side of the picture).
The upper electrode is grounded and
the lower electrode is biased at +20 V.
Again, the nanotubes growing from the
upper electrode are significantly longer
than those from the lower electrode. Fig-
ure 3b shows a side view of the same
sample. Here, it is possible to see un-
dulations caused in the oxide surface by
the strong heating [26].

The more efficient growth of longer
nanotubes from the negatively biased
electrode does not depend on the trench

FIGURE 3 (a) SEM picture of single-walled nanotubes grown from biased electrodes. The applied
field was around 1 V/µm (note that the distance between the electrodes increases slightly on moving
from left to right). Upper electrode grounded, lower electrode +20 V; (b) the same sample but observed
from the side. The strong local heating due to electron emission from the nanotubes growing from the
grounded electrode was sufficient to melt the underlying oxide layer [25]

formation and high local temperatures,
nor does it depend on which electrode
is grounded. The samples shown in
Figs. 1 and 3 have been grown in such
a way that the nanotubes grow close
to the oxide surface (the aligning field
was switched on after the nanotubes
started to grow) [26]. If the aligning
field is present from the start of growth,
then the nanotubes tend to first grow

upwards [23] and are sufficiently far
away from the substrate during growth
that there is much less local heating of
the substrate and no deformations are
observed. Under these conditions we
still observe the asymmetry in nano-
tube growth. This is illustrated in Fig. 4
where the upper electrode is grounded
and the lower electrode is at a poten-
tial of −20 V (the substrate is floated,
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FIGURE 4 SEM picture of single-walled nanotubes grown from biased electrodes under conditions
where the nanotubes grow relatively far from the surface (electric field present from start of growth
process). Upper electrode grounded, lower electrode −20 V, substrate floating. The shortest distance
between the electrodes is 24 µm

as before). In this example, the short-
est distance between the electrodes is
24 µm. Out of 45 nanotubes analysed in
this sample, 34 grew from the negatively
biased electrode.

It is clear from our present experi-
ments and from previously published re-
sults [26] that the growth from a nega-
tively biased electrode in thermal CVD
can lead to high temperatures of the
growing nanotube due to the occurrence
of field emission. It is therefore pos-
sible that an increased temperature at the
catalyst could help to remove deposited
amorphous carbon and thus reduce cat-
alyst poisoning, allowing the growth of
longer nanotubes. However, in this situ-
ation the electrode acts as a heat sink,
so that the temperature at the base of
the nanotube is not expected to be sig-
nificantly higher than that of the fur-
nace, but there will be a strong tempera-
ture gradient along the growing nano-
tube [26, 27]. We therefore do not think
that enhanced temperature at the cata-
lyst particle can explain our results. In-
stead, we consider the role of ion drift
through the catalyst particle as being

the main source of the enhanced growth
from the negatively biased electrode.

4 Charge-assisted
nanotube growth

4.1 Indications of the role
of charge transport

The discussion of experi-
mental results in Sect. 3 indicates that
any model of nanotube growth in the
presence of an electric field should take
charge transport into consideration. We
base our present model on a model
developed to describe laser-induced
charging of different types of materi-
als [28, 29]. An additional justification
for the model is the recent discovery of
charging effects in chemical reactions
catalysed by small metal clusters [30].
There are several facts which indicate
the importance of charge-carrier trans-
port during CNT growth: the increased
length of single-walled nanotubes grow-
ing from the negatively biased electrode
in thermal CVD (Figs. 1–4); strong
alignment of nanotubes and nanofi-
bres in PECVD [6, 7, 12–16]; field-

enhanced growth of multiwalled nano-
tubes in PECVD from a negatively
biased substrate [17, 18]; dense growth
of aligned multiwalled nanotubes in
flame synthesis from a negatively biased
substrate [20] and high growth rate ex-
periments, e.g. > 100 nm/s rates for
growth of multiwalled nanotube films in
PECVD [7–9] that are difficult to ex-
plain by carbon diffusion in the catalyst
particle alone [9, 31].

Additionalevidenceforcharge-trans-
port effects is found in non-CVD growth
experiments. Srivastava et al. have
studied the effect of the applied elec-
tric field on the alignment, length and
diameter of nanotubes produced by arc
discharge [32]. An optimum electric
field, on the order of 0.2 V/µm, was
found to correspond to the situation with
the best alignment as well as the longest
and highest-diameter nanotubes. For
higher applied fields the nanotubes be-
come overheated and lose their align-
ment (presumably also eroding).

We take as well established that
nanotube growth proceeds predomin-
antly via carbon diffusion through the
catalyst particle and that diffusion is
the mechanism limiting or favouring
the growth rate [4]. Modelling [33, 34]
has shown only minor temperature gra-
dients in the catalyst particle, so the
diffusion is governed by the concen-
tration gradients of carbon dissolved in
the nanoparticle. However, as far as we
are aware, the importance of carbon-ion
drift has not been taken into consider-
ation in any growth models so far. To
probe whether carbon-ion drift can sig-
nificantly influence the dynamics of the
carbon supply for CNT growth, we will
first consider the details of the processes
of carbon dissolution and transport in
the catalyst particles.

(1) For the following discussion we
will assume that the small nanoparticles
used to catalyse growth of single-walled
nanotubes at high temperatures are in
the liquid state [35]. Then the diffusion
law should be written in the form

D = D1T/µ , (1)

i.e. the diffusion coefficient D is deter-
mined by the viscosity µ of the liquid
solution at temperature T . The viscosity
of liquid Fe–C alloys depends on both
the carbon content and the temperature.
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For the diffusion of carbon in bulk liquid
iron D1 = 2.5 ×10−14 [36].

The assumption of a liquid cata-
lyst particle appears essential to explain
the high growth rates that have been
observed experimentally (e.g. [7–10]).
Jost et al. [37] studied the formation
of single-walled nanotubes grown from
NiCo particles in thermal CVD and
showed that the diffusion of carbon
through the catalyst particle followed
a T 2.4 behaviour. Microgravity experi-
ments in space have shown that dif-
fusion through liquid metal particles
follows a T 2 law [38]. We suggest that
an enhanced supply of carbon to the
growing nanotubes can be achieved by
charge-carrier transport. This could ex-
plain many of the observations of in-
creased growth from biased substrates
and is discussed in detail below.

(2) Another important question con-
cerns the dissolution kinetics of carbon
in liquid catalyst nanoparticles. It is
known that halide atoms dissolved in
liquid metals bind an additional elec-
tron more tightly than in free space
as a result of screening by conduc-
tion electrons [39]. The authors of [39]
have predicted that oxygen atoms hav-
ing a rather high electron affinity (∼
1.46 eV [40]) can also exist indepen-
dently in liquid metals without the for-
mation of oxide molecules and that
negative ions (O2−) should be elec-
tronically stable. It can be speculated
that, by the same reason, carbon atoms
with an electron affinity not much less
than that of oxygen (1.263 eV [40]) are
also able to form negative ions when
dissolved in iron or other metal par-
ticles. It is quite possible that, in view
of recent findings [30], the presence
of carbon anions could be responsi-
ble for the high chemical activity of
carbon in liquid iron [41]. If carbon
can exist in liquid catalyst particles in
the form of free negative ions, then
the transport of carbon in the catalyst
nanoparticles will indeed be strongly in-
fluenced by the electric field. It should
also be mentioned that carbon atoms
have no tendency to aggregate in li-
quid metals [42], a point in support
of a charged state. A recent report of
electrochemical production of carbon
nanomaterials [43] suggests that carbon
anions, produced with the help of metal
grains in a high electric field, are respon-
sible for the growth.

(3) A third important issue in CNT
growth is the possibility of charge car-
rier transport generation in the ‘growing
nanotube–catalyst nanoparticle’ sys-
tem. CNTs are excellent field emitters
and under the conditions present dur-
ing field-enhanced growth there can be
a significant field-emission current. This
is our explanation for the extreme local
heating of the substrate found when
growing single-walled nanotubes from
a negatively biased electrode (Figs. 1
and 3) [26]. This leads to charge-carrier
transport and to charging of the CNT–
catalyst system.

In the absence of an electric field,
thermionic field emission can occur, as
described by the Richardson–Dushman
equation. The typical temperatures of
CNT growth are not sufficient to in-
duce pure thermionic electron emission
from nanotubes, with a work function
of approximately 5 eV. However, the
reaction CNT+C is exothermic and
should result in an energy release of
several eV in every act of C addition
to the CNT. Hence, the nanotubes dur-
ing the growth process may be con-
siderably hotter than the surrounding
atmosphere, which may result in ap-
preciable electron emission even in the
absence of an external field. In add-
ition, collisions of hot atoms, ions and
electrons can lead to collisional CNT
ionisation.

Following the above discussion, it
can be expected that electron emission
from the CNTs during the growth pro-
cess, especially in the presence of an
electric field, can be very effective. The
growing nanotubes will be positively
charged as a result of electron emis-
sion, and electrons (as well as negative
ions, Cm−) will drift from the catalyst
nanoparticle to the nanotube in order
to neutralise the excess positive charge
(a situation similar to that considered
in [28, 29] for fs-laser-irradiated tar-
gets). The ‘looping’ of the nanotubes,
clearly observed in Fig. 4 and in many
of our growth experiments, may be due
to a positive charging at the nanotube tip
due to strong field emission leading to
electrostatic deflection by the positively
charged electrode. This is under further
investigation.

It should be mentioned that there
are some additional effects of charge-
carrier transport that can play a role
during CNT growth accompanied by

electron emission from the growing
CNTs. As assumed above, negative
carbon ions can drift within the cata-
lyst to the anchored end of the nano-
tube together with electrons. The elec-
tron current can induce convection of
the liquid metal as well as carrying
a component of liquid alloy as a re-
sult of collisions [44]. Convection in
liquid catalyst nanoparticles due to the
Bénard–Marangoni instability, imply-
ing the presence of a solid nanoparti-
cle core, has been considered in [31].
However, it seems that convection can
also occur in a completely melted cat-
alyst under conditions of high electron
current. Finally, during laser vaporisa-
tion growth of CNTs, electron emis-
sion combined with the effects of buffer
gas can remove excitation of the CNTs
obtained due to release of the conden-
sation energy, thus leading to positive
charging of the CNT–catalyst particle
system.

Thus, a general conclusion can be
made that, under many conditions of
CNT growth, charge-carrier transport
in the ‘CNT–catalyst nanoparticle’ sys-
tem can take place as a result of field
or thermionic emission, or a combined
emission process.

4.2 Model for charge-induced
CNT growth in the presence
of an electric field

We consider a nanotube grow-
ing via the base-growth mechanism in
the presence of an electric field (either
thermal CVD with an aligning field or
in PECVD). The system is illustrated
in Fig. 5, where we assume that the
nanotube is oriented along the applied
electric field. Under the action of the
electric field, the hot nanotube is emit-
ting electrons during growth. The elec-
trons drift along the nanotube towards
its upper part under the external elec-
tric field superimposed with the self-
consistent field. As the electron mobility
in the CNT is higher than that in the
nanoparticle, positive charge is accumu-
lated at the CNT–nanotube contact. As
a result, electrons and negative carbon
ions drift through the nanoparticle to-
wards the nanotube base, where carbon
precipitates. Hereafter, we base our ar-
guments on a drift–diffusion approach
developed for describing laser-induced
charging of different materials by ultra-



114 Applied Physics A – Materials Science & Processing

FIGURE 5 Model for electric field enhanced
nanotube growth for nanotubes grown by the
base-growth method. Field- and temperature-
induced electron emission from the nanotube tip
generates an electric current along the CNT to
compensate for the electron deficiency, causing
positive charging at the nanotube base. As a result,
electrons and negative carbon ions drift toward the
tube through the catalyst nanoparticle, enhancing
the growth process

short IR laser pulses [28, 29, 45]. The
model implies the possibility of spa-
tial charge separation and generation
of local electric fields. Also, the exter-
nal electric field should be taken into
account. The following factors there-
fore have to be considered for the model
construction: (a) a nanotube can emit
electrons during growth; (b) under the
action of the electric field, the elec-
trons drift along the tube to its emit-
ting tip; (c) because of the difference
in electron mobility, there should be
strong charge and electric field gradi-
ents at the CNT–catalyst nanoparticle
contact region; (d) charge transport in
the catalyst nanoparticle consists of
drift and diffusion of the electrons and
negative carbon ions; (e) the kinetics
of carbon dissolution on the surface
of the catalyst nanoparticles should be
considered.

Under the above assumptions, the
governing equations for modelling
should be as follows [28, 29]:

The continuity equations for the
charge carriers:

∂nx

∂t
+ 1

qx

∂Jx

∂x
= 0 , (2)

where nx denotes the carrier densities
with subscripts x = e and Cm− repre-
senting electrons and carbon anions,
respectively; Jx is the electric current
density and qx is the carrier charge (e for
electrons and me for carbon anions).

The equations of motion describing
charge-carrier transport with the electric
current density Jx include both drift and
diffusion terms, which can be written in
a general form as

Jx = |qx| nxµx E −qx Dx∇nx . (3)

Here µx is the carrier mobility, Dx is
the diffusion coefficient for the compon-
ent x and E is the electric field. Notice
the difference between the viscosity µ

in (1) and the mobility µx , which is dis-
tinguished by the subscript.

The Poisson equation to calculate
the electric field distribution in the
CNT–nanoparticle system perturbed
as a result of the breaking of quasi-
neutrality due to electron emission from
the CNT is

∂E

∂x
= e

ε0
(ni −ne) (4)

and for the catalyst nanoparticle

∂E

∂x
= 1

ε0

(
νeni −

∑
m

qCm−nCm− − ene

)
,

(5)

where ν is equal to the number of va-
lence electrons and i refers to positive
ions. The dielectric permittivity in (4)
and (5) is taken to be ε = 1 because of
the small size of the catalyst nanopar-
ticles. The boundary conditions for the
electric field at the top of the CNT can
be determined using Gauss’ law, tak-
ing into account the applied electric field
and the field enhancement factor [46].

The number of continuity equations
to describe the catalyst nanoparticle (2)
depends on the charge state of carbon
that is an unexplored subject. However,
as the starting point, it is reasonable
to assume that all the ions are in the
same charge state and to consider the
two extreme cases with m = 1 and 4. As
a boundary condition at the top of the
CNT, an electron-emission term has to
be introduced in the form of the thermal-
field emission equation [47].

The equations of motion have the
forms

Je = |e| neµe E − eDe∇ne , (6)

JCm− = m |e| nCm−µCm− E

−meDCm−∇nCm− , (7)

for electrons and negative carbon ions,
respectively. Note that for negative par-
ticles drift is aligned with diffusion.
Equation (7) is applied only to the
nanoparticle, and (6) works throughout
the CNT–nanoparticle system. The dif-
fusion coefficient for the electrons is
given by the Einstein relation as De =
kTµe/e, where T is the temperature and
k is the Boltzmann constant. For carbon
atoms and ions, a diffusion coefficient
of the form given in (1) should be ap-
plied. The carbon-ion mobility can be
expressed as µCm− = meDCm−/kT [44].
The electron mobility in the liquid cat-
alyst can be evaluated using the data
on resistance. For liquid iron, as an
example, the specific resistance � is
130–140 ×10−6 Ω cm at a tempera-
ture slightly above that of the ther-
modynamic melting point [40]. The
electron mobility is evaluated as µe =
(�ene)

−1 ∼ 3 ×10−5 m2/(V s) (ν = 2
for Fe). The electron mobility in nano-
tubes has been reported to be extraor-
dinarily high, > 10 m2/(V s) at room
temperature [48]. Such a strong differ-
ence between the electron mobilities in
the CNT and in the nanoparticle should
cause a positive charge to be accumu-
lated at the CNT–nanoparticle contact
region (Fig. 5). As a result, the negative
carbon ions will efficiently drift through
the nanoparticle to the nanotube under
the action of the electric field calculated
self-consistently by (4) and (5).

5 Discussion

With our present knowledge,
a quantitative calculation would be too
speculative since too many parameters
are unknown. However, the model can
guide research strategies, which could
be of importance for developing a more
quantitative theory as well as for pro-
viding a better understanding of CNT
growth mechanisms and developing bet-
ter means of controlling the growth and
increasing the growth efficiency. Here,
based on our proposed mechanism of
charge-induced CNT growth, we dis-
cuss some important issues aimed at bet-
ter understanding the growth process.
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Let us evaluate the electric field
under which the carbon-ion drift domi-
nates over diffusion. From (7) we have

menCm−µCm− |E| ≥ meDCm−∇nCm−
(8)

or

menCm− |E| /kT ≥ ∇nCm− . (9)

This gives a rough condition

|E| = ∆nCm−kT

∆x menCm−
. (10)

Assuming ∆nCm− ∼ nCm− in a distance
corresponding to the nanoparticle size
(giving an upper estimate), we ob-
tain |E| = kT/(∆x me). For ∆x ∼ 2 nm,
T ∼ 1173 K, and m = 1–4, this gives
E ∼ (1–4)×107 V/m. This is approxi-
mately one order of magnitude higher
than the electric fields that are typic-
ally used for directed growth of single-
walled nanotubes [21] and is higher
than the field strength used to grow the
nanotubes illustrated in Figs. 1–3. Note,
however, that the internal field strength
is not necessarily the same as the ex-
ternally applied field. Although electron
emission is determined by the external
electric field, the internal field gener-
ated in the CNT–nanoparticle system
can differ substantially from the ap-
plied one. For field-emission currents
on the order of µA, the estimated in-
ternal field in the nanotube is only on
the order of 0.1 V/µm; however, the
internal field of the catalyst nanoparti-
cle can be higher than this. As a rough
estimate we consider the specific re-
sistivity of cast iron near the melting
point (200 µΩ cm), giving a voltage
drop across the nanoparticle on the order
of millivolts for µA currents. This gives
an internal electric field in the nanopar-
ticle on the order of V/µm, similar to
the applied external field. It should be
admitted that this value is very approx-
imate and expected to be an underesti-
mate. The resistance has been estimated
by the maximum value of the particle
cross section. A more precise value of
the electric field and its distribution in-
side the CNT–nanoparticle system can
be obtained via the solution of the Pois-
son equation in the framework of the
model proposed by us in this paper.
However, to apply this model more data
are needed and one of the aims of our pa-
per is to draw attention to what kind of

parameters are necessary for modelling
in order to obtain a better understanding
of the processes taking place in CNTs
during their growth.

Two further comments concerning
the above estimation should be made.
First of all, the assumption ∆nCm− ∼
nCm− gives an upper estimation of the
electric field required for ion drift to
dominate over diffusion, i.e. it is likely
that ion drift can play an important role
at lower field strengths. Furthermore, as
both drift and diffusion of negative car-
bon atoms are directed to the nanotube
base, drift addition to diffusion may be-
come important at considerably smaller
fields. A second comment concerns
the possible dependence of the drift–
diffusion ratio on the nanoparticle size
(10). This can lead to a catalyst-size-
dependent contribution to CNT growth
under otherwise similar electric field
conditions.

Brief mention should be made of li-
quid metal behaviour under high electric
fields such as used in nanotube growth
experiments. Many studies are devoted
to charge transport in liquid metals [44].
The applied electric field strongly in-
fluences the distribution of the concen-
trations of the liquid alloy components.
The metal ions drift as they are sub-
jected to the field action:

F = qE = z∗ |e| E . (11)

In the case of metals the value of the ef-
fective valence z∗ is usually negative, as
the dominant mechanism includes mo-
mentum exchange with electrons [44].
Generally, the effective valence is not
connected to the usual chemical va-
lence and varies in the literature in
the range from 0 to 564 [44]. At high
electric fields, intensive charge-carrier
transport causes convective flows as
was already mentioned in Sect. 4.1 and
predicted in [31]. Under such circum-
stances, the ion-diffusion coefficient
should be changed to the effective co-
efficient Deff > Dx for all components
of the liquid nanoparticle. This leads
to further complication of the proposed
model. However, if turbulent diffusion
is developed in the catalyst nanoparti-
cles as a charge-transport process under
the action of the electric field, this
should intensify the nanotube growth
process to a considerable extent.

The model presented in Sect. 4.2
can be applied for any method of CNT
growth. Even if electron emission is
weak, a redistribution of the charge
within the CNT–nanoparticle system
can be modelled in the framework
of (2)–(7). For CNT growth in an arc
discharge, along with the electron and
ion currents collected by the tube as
a capacitor, one should consider the
emissive properties of the tube. For
laser-stimulated CNT growth [49], along
with the occurrence of thermal-field
emission, photoemission has to be taken
into account under the action of laser
radiation.

It should also be mentioned that the
difference in the growth rates of individ-
ual CNTs in an external field, observed
by Bonard et al. [50], can be explained
in the context of our model. Nanotubes
of different radius and length have dif-
ferent field enhancement factors and,
thus, different emission currents. In the
framework of the self-consistent equa-
tions (2)–(7), the carbon supply through
the nanoparticle depends on the emis-
sion current, thus governing the growth
process.

6 Conclusions

We have addressed some of
the issues listed in [6] as topical in order
to achieve large-scale CNT production.
We directed attention to some interest-
ing observations made by us and by
other groups concerning the growth of
carbon nanotubes in the presence of an
electric field and considered the species
and mechanisms that may be respon-
sible for the growth. The kinetics of
carbon dissolution in liquid metals has
been discussed under the assumption
that carbon ions gain a negative charge.
The carbon supply to the growing tube
through the catalyst has been consid-
ered on the basis of the drift–diffusion
approach, and it has been shown that
ion drift can dominate over diffusion
under the action of electric fields that
are estimated to be less than an order of
magnitude higher in strength than exter-
nal fields typically applied for aligned
CNT growth. We therefore suggest that
the observed growth enhancement could
be greater if external fields higher than
the typical V/µm can be applied. An
electric field is seen to be important, not
only for aligning carbon nanotubes dur-
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ing growth, but it can also be a major
parameter affecting the overall growth
process and leading to the exception-
ally high growth rates that have been
observed by some groups. However,
a number of issues still remain to be
clarified and we hope that this work
will stimulate more research in this
area.
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