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The growth kinetics of single-walled carbon nanotubes (SWCNTs) in a low-temperature, low-pres-

sure reactive plasma is investigated using a multiscale numerical simulation, including the plasma

sheath and surface diffusion modules. The plasma-related effects on the characteristics of SWCNT

growth are studied. It is found that in the presence of reactive radicals in addition to energetic ions

inside the plasma sheath area, the effective carbon flux, and the growth rate of SWCNT increase. It

is shown that the concentration of atomic hydrogen and hydrocarbon radicals in the plasma plays

an important role in the SWCNT growth. The effect of the effective carbon flux on the SWCNT

growth rate is quantified. The dependence of the growth parameters on the substrate temperature is

also investigated. The effects of the plasma sheath parameters on the growth parameters are differ-

ent in low- and high-substrate temperature regimes. The optimum substrate temperature and

applied DC bias are estimated to maximize the growth rate of the single-walled carbon nanotubes.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905522]

I. INTRODUCTION

In the last decade, low-temperature reactive plasmas

have attracted a considerable attention for the controlled syn-

thesis of vertically aligned carbon nanostructures, such as

single-walled carbon nanotubes (SWCNTs) and carbon

nanofibers (CNFs),1–13 which are potentially attractive for

many applications including nanoelectronics, field emission,

nanocomposites, energy storage, sensors, biomedical device,

and several others.14–24

The significant recent interest in reactive plasmas for

materials processing is due to their numerous remarkable

characteristics.25–29 Through the various plasma-chemical

reactions, occurring in the gas phase of the plasma, diverse

combinations of electrons, ions, and radicals are created. The

ions accelerated by the plasma sheath electric field at the

plasma-substrate interface accompanied with fluxes of highly

reactive radicals towards the substrate provide the required

carbon-bearing species for the plasma-based synthesis of

high-aspect-ratio carbon nanostructures.

Plasma-enhanced chemical vapor deposition (PECVD)

is one of the most versatile plasma-based methods for highly

selective synthesis of well-aligned carbon nanostructures.

Using the PECVD technique, in addition to vertical growth,

the CNTs can be grown at lower temperatures than in the

neutral gas-based CVD process, due to the ion and radical-

related reactions on the CNT surface.9,19,20,30

Catalyst nanoparticles (CNP) play multiple roles in the

growth of carbon nanostructures in PECVD. They serve as a

growth pattern for SWCNT arrays, activate the surface for

CNT nucleation, and help controlling the SWCNT thick-

ness.1,31–34 In the SWCNT growth, the catalyst particle is

located at the base of the nanotube.15,35,36,39 In this case, each

nucleated SWCNT grows on a metal catalyst particle so that

the pattern of the nanostructure array repeats the catalyst pat-

tern, which is usually pre-fabricated on the substrate surface.

Apart from the common processes in the CVD growth

(adsorption and desorption of radicals, thermal dissociation

of hydrocarbon radicals and evaporation of C atoms), there

are additional plasma-specific reactions on the SWCNT sur-

face including ion-induced dissociation of adsorbed hydro-

carbon species, direct ion decomposition, and etching gas

interaction with the adsorbed species, which are responsible

for the SWCNT growth at low temperatures. Through this

processes, the carbon atoms are created on the SWCNT sur-

face and then diffuse to the nanotube and are finally incorpo-

rated into the growing SWCNT via the CNP.

The plasma sheath plays a crucial role in the nanostruc-

ture growth processes. Changes in the sheath properties due

to variations in the plasma parameters can be used to effec-

tively control the plasma-assisted growth of different nano-

structures.26 The sheath thickness can be controlled by the

plasma parameters and directly affects the electric field

strength. Consequently, it can be used to control the distribu-

tion and kinetic energy of charged species impinging onto

the SWCNT surface. In order to control the deposition pro-

cess and optimize the SWCNT growth parameters, it is nec-

essarily to determine a self-consistent set of the plasma

sheath parameters, in particular, to incorporate into the

plasma sheath and the surface interaction models.
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In recent years, many experimental and numerical stud-

ies were devoted to the carbon nanotube and nanofiber

growth by PECVD. A surface diffusion model for SWCNT

growth was used to obtain the conditions under which a

plasma environment can improve the SWCNT growth.37

Moreover, the growth parameters depend on the catalyst sur-

face temperature, as well as on the ion and etching gas fluxes

onto the catalyst nanoparticles.38 During the initial stage of

the nanotube formation on the catalyst nanoparticle pat-

terns,39 the degree of ionization of the carbon flux strongly

affects the kinetics of nanotube and nanocone nucleation. A

sheath model was developed to quantify the plasma-sheath-

related effects on the CNF growth characteristics.40 A hybrid

molecular dynamics/force-biased Monte Carlo simulations

explained the growth mechanism and clarified the chirality

formation of SWCNT on a substrate-bound Ni40 cluster.41

The SWCNT nucleation mechanism on Au catalyst nanopar-

ticles on a Si substrate exposed to the reactive plasma in a

ArþH2þCH4 gas mixtures was also reported.42

Most of the existing theoretical models of the PECVD

growth of SWCNTs rely on a selected adsorbed hydrocarbon

radical species or incident ions on the SWCNT surface. As

mentioned above, one of the main advantages of the plasma-

based growth is the ability to generate highly reactive, dehy-

drogenated radical species and deliver them to the catalyst

particles. Therefore, in order to increase relevance to low-

temperature plasma-based nanoscale synthesis experiments,

this work considers a multi-component plasma in

ArþH2þCH4 mixtures and presents a surface deposition

model with multiple adsorbed species linked to the plasma

sheath model. Moreover, the effects of each species are com-

pared on the growth parameters. These fundings will help

optimizing the generation of relevant radical species in

plasma-based nanofabrication experiments.

The paper is organized as follows. In Sec. II, the multi-

scale numerical model, which involves the electrostatic

sheath and surface diffusion model and includes the main

assumptions, basic equations, and the applied numerical

method, is introduced. Section III presents the results of nu-

merical simulation for the plasma sheath structure and the

growth parameters, incident ion and radical fluxes on the

SWCNT surface, as well as the plasma sheath-related effects

on the SWCNT growth parameters. The paper is concluded

in Sec. IV with a summary of the main results.

II. NUMERICAL MODEL AND BASIC EQUATIONS

This section describes a multiscale model that involves

the plasma sheath and plasma-surface interaction modules.

Figure 1(a) shows the geometry of the plasma sheath formed

near a plasma-exposed conductive substrate. The substrate is

placed on a substrate-holding platform of temperature Th.

The plasma-sheath boundary is located at z¼ 0, with the

plasma sheath filling the half space z> 0. The sheath electric

field is directed along the z axis and accelerates ion species

toward the substrate. Figure 1(b) shows the sketch of a

SWCNT with a metal CNP on the base, subjected to the

incoming neutral and ionic plasma species from the reactive

plasma in an ArþH2þCH4 mixture. The key species that

interact with the SWCNT surface are CH, CH2, CH3, and H

neutral radicals and CH3
þ and CH4

þ ions. A conventional

fluid model used to investigate the structure of the plasma

sheath incorporates electron, positive ion, and radical spe-

cies. For the electrons and ions, the effects of ionization, col-

lisions with neutrals are considered, but the electron-ion

collisions are neglected. It is assumed that the electrons and

positive ions have constant temperature throughout the

sheath, and radicals have the same temperature with the ions.

In the multi-fluid approach, the density and speed of the par-

ticles are described by the continuity

d

dz
nivið Þ ¼ �i

ionne; (1)

d

dz
neveð Þ ¼

X
i

�i
ionne; (2)

and momentum equations

mivi
dvi

dz
¼ �e

d/
dz
� Ti

ni

dni

dz
� mi�

i
gvi; (3)

0 ¼ e
d/
dz
� Te

ne

dne

dz
� me�

e
gve; (4)

with i ¼ Arþ;CH4
þ;CH3

þ, where mj is the mass, nj is the

number density, and vj is the fluid velocity of the particle

species j (j¼ i, e for positive ions and electrons, respec-

tively), and / designates the sheath potential. Moreover, �i
ion

and �j
g are the ionization frequency and the collision frequen-

cies of the electrons and positive ions with neutrals, respec-

tively. The Poisson’s equation

d2/
dz2
¼ 4p e ne �

X
i

ni

� �� �
(5)

relates the densities of charge particles to the electric poten-

tial. The set of Eqs. (1)–(5) is used to investigate the struc-

ture of the plasma sheath formed near the substrate. Using

the numerical solution of the sheath equations, the positive

ions energy and flux and radicals flux (which are the essen-

tial parameters in the nanotube growth model) at the sub-

strate are determined.

FIG. 1. Schematics of the geometry of the plasma sheath and charged and

neutral particles impinging on the CNT and substrate surfaces.
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Here, we introduce the main equations of the plasma-

surface interaction in the SWCNT growth model with a CNP

on the base. It is assumed that the SWCNT is grown on the

top of a CNP which is attached to the substrate at z0 ¼ LCNT ,

where z0 is a coordinate along the axis of a SWCNT with

length LCNT. The SWCNT surface is exposed to the fluxes of

incoming radicals (CH, CH2, CH3, and H) and positive ions

(CH3
þ; and CH4

þ) from the plasma. These fluxes contribute

to the growth of the SWCNT on the top of the CNP through

surface processes which result in the carbon atoms creation on

the SWCNT surface. It is assumed that the carbon atoms cre-

ated on the SWCNT surface diffuse to the CNT base and then

incorporate into the growing CNT wall through the CNP.43 It

is assumed that in the absence of heating effect, the CNP (Tc)

and substrate (Ts) temperatures are the same (equal).

According to the above assumptions, the main equations of

the model are the mass balance equations for CH, CH2, CH3,

H, and C radicals on the lateral SWCNT surface

jjð1� htÞ � hjLj ¼ 0; (6)

jHð1� htÞ þ hCH3
M � hHK ¼ 0; (7)

Ds
d2nC

dz02
þ
X

j

nj� exp
�Etdj

kBTc

� �
þ
X

i

X
j

hjJiydi þ
X

i

Ji

�nC� exp
�Eev

kBTc

� �
� nCradsjH ¼ 0; (8)

where

Lj ¼
X

j

Jiydi þ v0radsjH þ v0 exp
�Edj

kBTc

� �

þ v0 exp
�Etdj

kBTc

� �
; (9)

K ¼ v0 exp
�EdH

kBTc

� �
þ v0rads PNijH þ JHð Þ; (10)

M ¼
X

i

Jiydi þ v0 exp
�Etd

kBTc

� �
; (11)

and indices i and j denote hydrocarbon ions (here, CH3
þ and

CH4
þ) and radicals (here, CH, CH2, and CH3), respectively.

The first term in Eqs. (6) and (7) accounts for the adsorption

of hydrocarbon radicals and H atoms on the SWCNT sur-

face. In Eq. (8), the first, fifth, and sixth terms describe the

carbon loss due to surface diffusion, evaporation, and inter-

action of C with atomic hydrogen from the plasma sheath,

respectively. The second, third, and fourth terms in Eq. (8)

describe carbon generation due to the thermal and ion-

induced dissociation and the decomposition of hydrocarbon

radicals. The first, second, third, and fourth terms in the

expression for L quantify the hydrocarbon radicals loss due

to ion bombardment, interaction with atomic hydrogen from

the plasma, desorption, and thermal dissociation, respec-

tively. The first and second terms in Eq. (10) account for de-

sorption and interaction of adsorbed hydrogen atoms with

incoming hydrogen atoms (with the probability of PNirec)

and ions from the plasma, respectively. Finally, Eq. (11)

describes hydrogen atom generation due to ion induced and

thermal dissociation of hydrocarbon molecules. In Eq. (8)

Ds ¼ Ds0 expð�Esd=kBTcÞ

is the surface diffusion coefficient, where Ds0 is a diffusion

constant.44

From Eqs. (6) and (7), the surface coverages by H and

hydrocarbon radicals as a function of hC are obtained. The

following differential equation for surface diffusion of car-

bon is obtained from Eq. (8)

Ds
d2nC

dz02
þ FC � nC=sa ¼ 0; (12)

where FC ¼ Q� Q
P

iJi=K þ
P

iJi is the effective carbon

flux to the SWCNT surface. Here, Q ¼ ½v0�expð�Etd=kBTcÞ
½1þL1JCH2=ðL2JCHÞþL1JCH3=ðL3JCHÞ�þð

P
iJiydiÞ½1þðL1JCH2

=ðL2JCHÞÞþðL1JCH3=ðL3JCHÞÞ��=½ð1þL1jCH2=L2jCHþL1jCH3

=L3jCHþL1=jCHÞKþL1jH=jCHþðML1=L3ÞðjCH3=jCHÞ�. The

characteristic residence time of carbon atoms on the CNT sur-

face, sa, is obtained from following equation:

sa ¼ ½Q=v0 þ � exp ð�Eev=kBTcÞ þ radsjH��1: (13)

The carbon concentration is obtained from the solution of

Eq. (12) with the appropriate boundary conditions. First, it is

assumed that dnC=dz0 ¼ 0 at the top of CNT (z0 ¼ 0). Second,

it is assumed that DsdnC=dz0 ¼ knC at the CNT base

(z0 ¼ LCNT), where k ¼ Ck expð�dEinc=kBTcÞ is the incorpora-

tion speed, Ck is a constant,38 and dEinc is the energy barrier for

the incorporation of C atoms into the CNT at the base. Taking

into account the above boundary conditions, nC is obtained

nC z0ð Þ ¼ FCsa 1� cosh z0=kDð Þ
cosh z0=kDð Þ þ Ds=kkDð Þsinh z0=kDð Þ

� �
:

(14)

Having nC, the surface diffusion flux of carbon atoms on

the CNT wall can be calculated from the following equation:

Js ¼ �Ds
dnC

dz0

����
z0¼LCNT

� 2prpLCNTð Þ: (15)

Finally, the surface diffusion flux determines the SWCNT

growth rate Rt ¼ mCJs=ðprp
2qÞ, where mC is the mass of a

carbon atom and q � 2gcm�3 is the CNT material density.

Using a fourth order Runge Kutta method, we have devel-

oped a computer code for simulating the sheath region near the

substrate in one dimension. The growth kinetics equations

include the mass balance equations on the catalyst surface, which

are simultaneously solved on the catalyst surface to obtain the

growth characteristics such as the carbon surface concentration.

The simulation results are consistent with the experimental find-

ings for the SWCNT growth in low-temperature plasmas.

III. NUMERICAL RESULTS AND DISCUSSION

In this section, the numerical solutions of the multiscale

model equations are used to determine the dependence of the

SWCNT growth parameters (e.g., total SWCNT growth rate,

surface coverages of radical species, and effective carbon flux
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to the SWCNT surface) on the plasma and substrate parame-

ters. A low-temperature, low-pressure plasma of

ArþH2þCH4 gas mixtures is considered. The following pa-

rameters are used as a default set: n0e ¼ 1012cm�3, p0 ¼
60 mTorr; Te ¼ 1:5 eV, Tn ¼ Ti ¼ 0:05 eV, N0Arþ ¼ 0:6;
N0CH3

þ ¼ 0:25; N0CH4
þ ¼ 0:15; u0i ¼ 1:0; u0e ¼ 0; rCH ¼ 0:2;

rCH2
¼0:15; rCH3

¼0:1; rH¼0:05, rp¼50nm, LCNT¼100nm,

qc¼2gcm–3, and Uw¼�100, where N0i and u0i are the ratio

of the ion species i to electron density and the Bohm velocity

of this species at the sheath edge, respectively. Likewise, rj

(j¼H, CH, CH2, and CH3) is the ratio of neutral radicals to

the total neutral density in the plasma sheath. Also, rp, LCNT,

and qd are the CNP radius, length, and mass density, respec-

tively, whereas Uw is the normalized bias potential. The ener-

gies associated with all processes considered on the catalyst

and SWCNT surfaces are: Etd¼2.1eV, Ebd¼1.6eV,

Esd¼0.3eV, EdCH ¼1.8eV, EdH¼1.8eV, and Eev¼1.8eV.

A. Effect of plasma parameters

Here, we focus on the plasma-related effects such as the

electron number density at the sheath edge, electron temper-

ature, and the percentages of different hydrocarbon radicals

on the ion energy, ion and radical fluxes toward the SWCNT

surface, as well as the growth parameters. In Fig. 2, the sur-

face coverages of hydrocarbon radicals and C atoms on the

SWCNT surface, effective carbon flux, and the total

SWCNT growth rate as a function of plasma bulk electron

number density are displayed for three different values of

substrate temperature Ts.

It is seen that the surface coverage of C, effective carbon

flux, and the total growth rate increase with ne0 for all ranges

of Ts. Whereas the surface coverages of the hydrocarbon rad-

icals decrease with ne0. This is because, with increasing of

the electron number density, the ion fluxes increase due to

the more effective ionization. Moreover, as the sheath thick-

ness decreases with ne0,45 the strength of the electric field

increases. As a result, the kinetic energy of positive ions also

increases.

Figure 3 shows how the ion fluxes and energies change

by variation of ne0. It is clearly seen that increasing ne0 leads

to higher fluxes of more energetic ions impinging on the

SWCNT surface. Consequently, ion-induced dissociation

and ion decomposition processes on the surface become

more effective. These processes dominate carbon species

generation under low surface temperature conditions.

As a result, more hydrocarbon radicals are dissociated.

It is noteworthy that according to Fig. 2 the surface coverage

of CH is reduced with ne0, more than other hydrocarbon sur-

face coverages. Thus, the CH radicals appear to be the major

contribution to the SWCNT growth rate.

On the other hand, it can be seen from Fig. 2 that the

effective carbon flux and growth rate, first increase with Ts

up to the substrate temperature 800 K but then decrease at

higher temperatures. To explain this behavior, it is noted that

in the low-temperature range ð400 K � Ts � 800 KÞ, the

dominant processes are the ion-induced dissociation, ion

decomposition of hydrocarbon radicals, and interaction of

adsorbed species with atomic hydrogen from the plasma

sheath.

FIG. 2. Profiles of the surface coverage

of CH (a), CH2 (b), CH3 (c), C (d), effec-

tive carbon flux (e), and the growth rate

(f), as functions of the electron density at

the sheath edge (ne0) for three different

values of the substrate temperature.

Other parameters in calculation are

Te¼ 1.5 eV, Ti¼ 0.05 eV, rCH ¼ 0:2;
rCH2
¼ 0:15; rCH3

¼ 0:1; rH ¼ 0:05; p0

¼ 60 mTorr, and Uw ¼�100.
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On the other hand, in the high-temperature range

ðTs � 800 KÞ, the processes including adsorption and desorp-

tion of the hydrocarbon radicals and atomic hydrogen, ther-

mal dissociation of adsorbed hydrocarbon radicals,

desorption of C atoms, and the carbon incorporation into the

SWCNT wall through the CNP are the most important proc-

esses. Therefore, in the low-temperature PECVD, the ion-

induced dissociation and ion decomposition processes are re-

sponsible for carbon production.

With increasing Ts, thermal dissociation also leads to

carbon creation and as a result increases the effective carbon

flux and the growth rate. Moreover, at even higher tempera-

tures, the desorption and evaporation of C atoms lead to sig-

nificant carbon loss and hence a decrease of the growth rate.

We have found that the substrate temperature Ts� 800 K is a

favorable, and may be the optimum temperature for SWCNT

growth in PECVD within the parameter range considered

here.

Figure 4 shows the effects of the electron temperature

on the growth parameters for three different substrate tem-

peratures Ts. It is seen that, while the surface coverage of

hydrocarbon radicals decreases, the effective carbon flux and

the growth rate increase with Ts. To explain this behavior, it

is noted that the flux and kinetic energy of ions at the

SWCNT wall both increase with Ts, according to Fig. 5. This

leads to the effective ion-induced dissociation and ion

decomposition on the SWCNT surface and hence, dramati-

cally decreases the surface coverage of hydrocarbon radicals

on the SWCNT surface and increase the carbon production

FIG. 3. Dependence of the incident ions energy (a) and flux (b) on the ne0.

Other parameters are the same as Fig. 2.

FIG. 4. Profiles of the surface coverage

of CH (a), CH2 (b), CH3 (c), C (d),

effective carbon flux (e), and the

growth rate (f), as functions of Te for

three different values of the substrate

temperature. Other parameters are the

same as Fig. 2.
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on the SWCNT surface, as well as the effective carbon flux

and growth rate. Moreover, a higher electron temperature

leads to expanding of the sheath width. This is why the

energy of ions (upon impacting on the SWCNT surface) and

the ion fluxes deposited on the SWCNT surface increase.

Let us turn our attention to the effects of different hydro-

carbon radicals on the SWCNT growth. Figure 6 presents the

surface coverages of carbon, the effective carbon flux, and

the growth rate as a function of the relative concentrations of

three different hydrocarbon radicals (rj). The carbon surface

coverage, effective carbon flux, as well as the growth rate

increase with rj. The increase is more pronounced when the

percentage of CH radical is increased compared to other rad-

ical species.

B. Effects of other process parameters

To explore the effects of total gas pressure p0 on the

growth parameters of SWCNT, we first calculated the influ-

ence of p0 on the ion and neutral fluxes and ion energies.

Figure 7 shows the dependence of the deposited ion and radi-

cal fluxes, and ion energies on p0. It is found that the incident

flux of the hydrocarbon ions is independent of the total gas

pressure, while the hydrocarbon radicals flux is significantly

enhanced with p0. The kinetic energy of incident ions into

the SWCNT surface is reduced with p0 (as can be seen from

Fig. 7(a)).

To explain these results we note that with increasing p0

and hence the gas number density (it is assumed that the

neutral temperature is constant), more hydrocarbon, and

hydrogen ions and radicals are produced through the electron

impact reactions. On the other hand, the sheath becomes

wider with increasing p0, which then leads to a reduction of

the electric field inside the sheath, as well as lower ion veloc-

ities onto the substrate. Consequently, increasing the total

pressure is accompanied with an increase in the ion density

and a decrease in the ion velocity. All these changes lead to

the higher fluxes of radicals on the SWCNT surface, while

the ion fluxes remain nearly constant.

To study the pressure variation effects in the presence of

different radical species on the SWCNT growth process, the

surface coverages of H and C atoms, effective carbon flux,

and SWCNT growth rate are plotted in Fig. 8, as a function

of total gas pressure for four different cases of the radical

species concentration inside the plasma sheath (we refer to

the case of one radical CH, two radicals CH and CH2, two

radicals CH and CH3, and all three hydrocarbon radicals CH,

CH2, and CH3 as a case I, II, III, and IV, respectively). It is

found that the carbon surface coverage, effective carbon

flux, and the growth rate all increase with p0 in all cases.

FIG. 5. Dependence of the incident ions energy (a) and flux (b) on the Te.

Other parameters are the same as Fig. 2.

FIG. 6. Profiles of the surface coverage of C (a), effective carbon flux (b),

and total growth rate (c), as functions of rCH (solid), rCH2
(dashed), and rCH3

(dotted). Other parameters are the same as Fig. 2.
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As mentioned above, both the loss and production of C

atoms are enhanced with p0. However, at the substrate tem-

perature considered here (Ts¼ 800 K), the thermal dissocia-

tion of hydrocarbon molecules is more effective than the

ion-related processes. In this case, the generation of C atoms

can be more likely attributed to the thermal dissociation of

hydrocarbon molecules which is also more dominant at high

pressures. This is why the carbon surface coverage and

SWCNT growth rate increase with p0. On the other hand, it

can be seen from Fig. 8 that the effective carbon flux and the

growth rate increase for the case IV rather than the case I.

Moreover, from comparison of two cases II and III, it can be

deduced that the CH2 radical species are more effective than

CH3 ones in increasing the growth rate.

The DC applied bias plays an essential role in the con-

trol of the ions kinetic energy and distribution on the

SWCNT surface. To investigate the effects of the substrate

potential (Vdc) on the growth parameters, Fig. 9 shows the

surface coverage of radicals, effective carbon flux, and the

growth rate as a function of the bias potential (jVdcj) for three

different contributions of the hydrocarbon ion species inside

the plasma sheath. It is seen that the surface coverage of car-

bon atoms, carbon effective flux, and growth rate all increase

with jVdcj, so that the increase is more effective when both

CHþ3 and CHþ4 ions are present inside the sheath (see solid

curves in Fig. 9).

When the bias potential at the conductive substrate is

raised, all of the hydrocarbon ions obtain more kinetic

energy due to a stronger electric field. As a result, the ion

decomposition and ion-induced dissociation are enhanced,

which in turn leads to the surface coverages of hydrocarbon

radicals decrease with jVdcj. It can be seen from Fig. 9 that

the effective carbon flux and SWCNT growth rate increase

in the presence of hydrocarbon ions in the sheath. Also, it is

noted from Fig. 9 that the growth parameters profiles exhibit

a nonlinear dependence on jVdcj. Initially, hC, FC, and Rt

increase quickly with the jVdcj up to jVdcj � 100 eV but then

they change quite slowly and finally become almost constant

at the higher potential. This behavior is prominent for the

case when both hydrocarbon ions are present in the sheath.

Moreover, by comparing the dashed and dotted lines in

Fig. 9, one can find that the CHþ3 ions provide more contribu-

tion in the increase of the growth rate due to higher flux and

energy than CHþ4 ions.

To determine the consumption or production flux of the

each neutral species, which participates into the growth pro-

cess of SWCNT, the effective sticking coefficients b has

been calculated. It is defined as a fraction of the incoming

flux of the neutral species and is determined by solving the

mass balance equation in the interface between the plasma

and the substrate surface.46 Figure 10 shows the calculated

effective sticking coefficients as a function of jVdcj for differ-

ent gas pressures. The effective sticking coefficients of CH4

and H2 present the negative values, because these species are

products of the surface deposition processes on the SWCNT

surface. On the contrary, the effective sticking coefficients of

CH3, CH2, CH, and H adsorbed species have positive values,

because they are being incorporated into the growing

SWCNT. It can be seen from Fig. 10 that the sticking coeffi-

cients of CH, CH2, and CH3 increase with jVdcj, whereas all

of them decrease with increasing p0.

IV. SUMMARY AND CONCLUSIONS

Using the multi-scale model, which includes the plasma

sheath model coupled with a surface diffusion model, the

kinetics of SWCNT growth on the biased substrate in a low-

temperature low-pressure plasma reactor is studied. The

sheath structure is modeled using a multi-fluid model, which

involves electrons, two positive ion, and four reactive radical

species. The microenergetic surface diffusion model is based

on the mass balance equations for radical species on the

SWCNT surface. The effect of the plasma parameters includ-

ing the bulk electron density, electron temperature, relative

concentrations of different radicals, as well as process con-

trol parameters such as the total gas pressure, bias potential,

and substrate temperature on the ion energies, ion and radical

fluxes, and the growth parameters are investigated.

FIG. 7. Dependence of the incident ion energy (a) and flux (b) and neutral

radicals flux (c) on the total gas pressure (p0). Other parameters are the same

as Fig. 2.
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The results showed that considering two radicals CH

and CH2 in addition to CH3 in the plasma-surface interaction

can improve the growth process. The effective carbon flux

and the SWCNT growth rate are computed in this case.

Furthermore, the positive ion fluxes and energies as well as

the growth rate are shown to increase with the bulk electron

number density and temperature. Moreover, the growth pa-

rameters show the strong dependence on the substrate

FIG. 8. Profiles of the surface coverage

of C (a) and H (b), effective carbon

flux (c), and the growth rate (d), as

functions of p0 for different cases of

the radical species concentration inside

the plasma sheath. Other parameters

are the same as Fig. 2.

FIG. 9. Profiles of the surface coverage

of CH (a), CH2 (b), CH3 (c), C (d), and

H (e), uncovered surface (f), effective

carbon flux (g), and the growth rate

(h), as functions of jVdcj for three dif-

ferent contributions of the hydrocarbon

ions inside the plasma sheath. Other

parameters are the same as Fig. 2.
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temperature. It is also found that the substrate temperature of

800 K is a favorable temperature for obtaining the maximum

growth rate of the single-walled carbon nanotubes.

The ion energies decrease with increasing the total gas

pressure due to the increase in the sheath width. However,

due to stronger radical fluxes with p0, the thermal dissocia-

tion of radical species enhances the effective carbon flux on

the SWCNT substrate. As a result, the growth rate increases

with p0 at the substrate temperatures about 800 K. On the

other hand, with increasing DC bias, the effective carbon

flux and the growth rate, first increase quickly but then

become nearly constant at the higher potential.

The results showed that to maximize the growth rate,

jVdcj � 100 eV is an appropriate DC bias potential which also

prevents C atoms accumulation on the CNT surface. The

results of this work are relevant to the development of effec-

tive and energy-efficient nanotechnologies based on ther-

mally non-equilibrium low-temperature plasmas generated

in low-pressure gas discharges.
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