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A theoretical model to describe the plasma-assisted growth of carbon nanofibers (CNFs) is
proposed. Using the model, the plasma-related effects on the nanofiber growth parameters, such as
the growth rate due to surface and bulk diffusion, the effective carbon flux to the catalyst surface,
the characteristic residence time and diffusion length of carbon atoms on the catalyst surface, and
the surface coverages, have been studied. The dependence of these parameters on the catalyst
surface temperature and ion and etching gas fluxes to the catalyst surface is quantified. The optimum
conditions under which a low-temperature plasma environment can benefit the CNF growth are
formulated. These results are in good agreement with the available experimental data on CNF
growth and can be used for optimizing synthesis of related nanoassemblies in low-temperature
plasma-assisted nanofabrication. © 2008 American Institute of Physics. [DOL: 10.1063/1.2986915]

I. INTRODUCTION

Recently, there has been a significant interest in high-
aspect-ratio nanostructures (e.g., nanotubes, nanofibers, nan-
oribbons, nanorods, and nanowires) due to their many poten-
tial applications such as atomic force microscope tips,
superhydrophobic surfaces, field emitter devices, synthetic
membranes, intracellular gene delivery devices, biosensors,
and several others.''* These nanostructures may also be use-
ful in production of high strength composites, interconnects
and field-effect transistors, in electron beam lithography, and
for storage of hydrogen, lithium, and other metals.'

Various high-aspect-ratio nanostructures have been syn-
thesized by different methods including laser vaporization,
arc discharge, thermal chemical vapor deposition (CVD),
and plasma-enhanced CVD (PECVD)."*"*® In particular,
PECVD techniques have been successfully used for the pro-
duction of well-aligned carbon nanotubes (CNTs) and carbon
nanofibers (CNFs). Experiments have shown that carbon
nanostructures may be grown via PECVD at significantly
lower substrate temperatures and feature better alignment
compared to nanostructures synthesized in thermal
processes.z’21

However, in order to control the growth of CNFs and
CNTs one has to properly understand and be able to effec-
tively manage the plasma properties as well as numerous
elementary processes on the substrate. Several properties of
low-temperature plasmas used for the growth of CNFs and
other carbon nanostructures have been investigated theoreti-
cally and experimentally by many authors."®*** Mean-
while, processes on the catalyst that accompany the CNF and
CNT formation have received little attention compared to
similar processes in CVD (Refs. 26 and 27) and are still very
far from being properly understood.

In a letter article® we reported on the growth kinetics of
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CNFs in a hydrocarbon plasma. In particular, it was shown
that at low temperatures the nanofibers grow via surface dif-
fusion of carbon atoms” produced on a catalyst particle via
ion-induced dissociation of a hydrocarbon precursor.28 Ef-
fects of ion and etching gas fluxes on the growth of single
walled CNTs were studied by Denysenko et al.*

The present paper extends the scope of the letter article”
and provides additional in-depth study and interpretation of
the processes on the surface of the catalyst particles that
accompany the catalytic CNF growth. In particular, we in-
vestigate how ion and etching gas fluxes from a hydrocarbon
plasma affect the surface coverage of the catalyst surface by
different species, the effective carbon flux to the catalyst, the
characteristic residence time, and the surface diffusion length
of carbon adatoms on the catalyst surface. We also analyze
how the growth parameters depend on the catalyst surface
temperature and hydrogen adsorption and compare the de-
pendencies obtained in the plasma-assisted and thermal CVD
processes. Our results are applied to the available experimen-
tal data on CNF and CNT growth in PECVD.%?"3!-32

The structure of this paper is as follows. Section II pre-
sents the main assumptions of the CNF growth model, in
addition to the complete set of model equations used. In Sec.
III, the analytical solutions for the surface coverages and
diffusion fluxes of carbon atoms to the graphene sheets of the
CNFs are presented. Section IV is devoted to the study of the
growth parameters as functions of the catalyst surface tem-
perature and the ion and etching gas densities. In Sec. V, we
discuss the plasma-related effects on the CNF growth, as
well as some important assumptions used in the CNF growth
model. Conclusions and outlook for the future research are
given in Sec. VL.

Il. BASIC ASSUMPTIONS AND MAIN EQUATIONS

In this section we present basic assumptions and main
equations of the plasma-assisted growth of a CNF with a
metal catalyst particle on its top. It is assumed that the top

© 2008 American Institute of Physics
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FIG. 1. (Color online) Processes that are common for thermal CVD and
PECVD (a) and the additional processes on the catalyst surface that are
accounted for in PECVD (b). AD=adsorption of C,H,, DS=desorption of
C,H, (activation energy E,cp), DIS=dissociation (SE;), EV=evaporation
(E.,), SD=surface diffusion (E,), INC=incorporation into a graphene sheet
(SE;,.), BD=bulk diffusion (E,), ADH=adsorption of H, DSH=desorption
of H (activation energy E,;;), LAP=Iloss of adsorbed particles at interaction
with atomic hydrogen, IID=ion-induced dissociation of C,H,, and ID
=C,Hj ion decomposition.

surface of the catalyst nanoparticle is subject to incoming
fluxes of hydrocarbon neutrals, etching gas, and hydrocarbon
ions (here, C,H,, H, and C,Hj, respectively). As a result of
deposition of the plasma-generated species and a number of
elementary processes on the catalyst (see Fig. 1), carbon at-
oms, the primary building units of the nanofibers, are created
on the top surface of the catalyst nanoparticle. It is assumed
that the top surface of the catalyst is flat and circular and is
covered by C,H,, C, and H species with the surface cover-
ages Ocy, Oc, and 6y, respectively.

The following processes take place on the catalyst
surface: 20283334 adsorption and desorption of C,H, and H,
thermal dissociation of acetylene molecules, evaporation of
carbon atoms from the catalyst surface, ion-induced dissocia-
tion of C,H,, interaction of all the adsorbed species with
incoming hydrogen atoms, and dissociation of hydrocarbon
ions [Figs. 1(a) and 1(b)]. It is assumed that the carbon atoms
incorporate into the growing graphene sheets (shown as
stacked cones in Fig. 1) via bulk and surface diffusion.

Using the above mentioned assumptions, the mass bal-
ance equations for C, C,H,, and H species on the catalyst
surface can be written as

Jo +div(D, grad nc) — O =0, (1)

Oct — Ocnjiya— neuv exp(= SE/kgTy) =0, (2)
and

Oy + 2ncyv exp(— SE/kgT,) =0, (3)
respectively.

In Eq. (1),
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Jo=2ncyv exp(= SE/kgT,) + 20cnjya+ 2j;

is the term that describes the generation of carbon atoms on
the catalyst surface due to thermal (with the energy barrier
SE;) and ion-induced dissociation of C,H, and the decompo-
sition of C,Hj3. The second term in Eq. (1) accounts for the
carbon loss due to surface diffusion, whereas

Oc=ncvexp(= E,/kgT,) + ncogsin

+ncv exp(— Ey/kgT)

describes the carbon atom loss due to evaporation (with the
energy barrier E,,), interaction of C with atomic hydrogen
from the plasma, and C diffusion into the catalyst bulk. Here,
D,=D,, exp(—E,/kgT,) is the surface diffusion coefficient,
where D, is a constant, kp is the Boltzmann constant, and E|
is the energy barrier for diffusion of C on the catalyst sur-
face. Likewise, n,= 60,0, is the surface concentration of spe-
cies a [subscript a=(CH, H, and C) stands for C,H,, H, and
C species, respectively], vo(=1.3X 10> cm™) is the num-
ber of adsorption sites per unit area,”* and »=10"3 Hz is the
thermal vibrational frequency. Furthermore,  j;
~n,(kgT,/m;)""? is the ion flux, where n; is the ion density in
the plasma, 7,~ 1.5 eV is the electron temperature, and m;
is the ion mass, and y,~E;/Ey, where E; is the ion energy
in eV and E4;,=5.58 eV is the dissociation energy for a
C,H, molecule in a vacuum.”  Likewise, 0,45(=6.8
X 10710 cm?) is the cross section for the reactions of atomic
hydrogen (with incoming flux jj;) with adsorbed particles34
and E,(=1.6 eV) is the energy barrier for bulk diffusion.”’
In Egs. (2) and (3),

Qa =ja(1 - 01) —nyv CXP(— Eaa/kBTs) - nao-adst7

where E,, is the desorption activation energy for species «
and 6,=6cy+ 0+ ¢ is the total surface coverage. The first,
second, and third terms in the expression for Q,, describe the
adsorption, desorption of species «, and interaction of the
adsorbed species a with atomic hydrogen from the plasma,
respectively. Here, j,=7,04,/4 is the flux of the impinging
species « and 71, and vy,, are the volume density and thermal
velocity of species a. The second term in Eq. (2) accounts
for C,H, loss due to ion bombardment, whereas the last
terms in Egs. (2) and (3) account for C,H, loss and H gen-
eration as a result of thermal dissociation of acetylene.

To find the carbon surface density n- and other growth
parameters from Egs. (1)-(3), boundary conditions for Eq.
(1) are needed. First, we have assumed that the carbon at-
oms, while diffusing on the catalyst surface, incorporate into
the graphene sheets at the border of the catalyst particle (r
=r,, where r, is the catalyst particle radius), with the rate
determined from —Ddn¢/dr=kn¢, where k=A; exp(—JE;,./
kgT,) is the incorporation speed, A, is a constant®® and OF; .
is the barrier for C diffusion along the graphene-catalyst in-
terface. Second, it is assumed that at the center of the top
surface of the catalyst nanoparticle (r=0), the surface diffu-
sion flux vanishes (dn/dr|,_,0).

Knowing n¢, one can find the diffusion fluxes of carbon
atoms to the graphene sheets,
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dl”lc
Jy=— — X 2mr,, 4
s==Ds 0| x2m, (4)
P
) )
J,= (nCDb/rp)Zﬂ'rdr, (5)
0

over the catalyst particle’s surface® and through the catalyst
bulk, respectively. Here, D,=D, exp(—=E,/kzT,) is the bulk
diffusion coefficient with D,, as a constant.

The surface and bulk diffusion fluxes determine the sur-
face and bulk diffusion growth rates, HS=mCJS/(7Tr§p) and
HvszJU/(ﬂ'rﬁp), respectively. Here, p=~2 g/cm’ is the
CNF material density and m is the mass of a carbon atom.

lll. SOLUTIONS FOR SURFACE COVERAGES AND
FLUX OF CARBON ATOMS

From Egs. (1)—(3) one can obtain the following equation
for the carbon surface density:

1 d( dnc)
S\ —ncl7,+Qc=0, (6)
where 7,=[C/ vp+ v exp(=E,,/ kgT,) + Opasjy+ v €xp(
-E,/kgT,)]™" is the characteristic residence time of carbon
on the catalyst surface, Qc-=2j;+C; is the effective carbon
flux to the catalyst surface, C;=[2wvyv exp(—3E;/kgT,)
+2jyal/ [ 1+ Ljn/ (Kjen) + M/ K+ L/ jcyl, L=vyv exp(=E,cn/
kpTo) +jiya+ W aauttov exp(—SEi/ kpTy), K=vyv exp(—E.y
1kgT )+ vy0aqjn, and M=2vyv exp(=SE;/ kpT).

Equation (6) has a similar form to the equation describ-
ing CNT growth mediated by surface diffusion in CvD.*>3°
The solution of Eq. (6) is

~ (kNp/D)Io(r/\p) > -
Ii(ry/\p) + (kAp/D)Io(r,/\p) )

ne(r) = QcTa<1

where [, and I; are the modified Bessel functions of the
zeroth and first order, respectively, and Ap,=VD,7, is the sur-
face diffusion length. Using Eq. (7), one can find the surface
coverages of the catalyst by carbon atoms,

Oc(r) = nc(r)/w,
acetylene molecules,

1 - 6c(r)

1+ Ljn/(Kjcy) + MIK + Lijcy’

Ocu(r) = (®)

and atomic hydrogen,
Ou(r) = Ocu(r)(Ljn/jcu + M)/K.

From Eqgs. (4) and (7) it follows that the surface diffusion
flux may be expressed as
2r,k7,Qcl(r,/\p)

J,= . 9
* Li(ry/\p) + (kNp/D)Io(r,/\p) ©)

This expression may be simplified in some limiting
cases. For example, at a low rate of carbon atom incorpora-
tion into graphene sheets [1;(r,/N\p)> (kNp/Dg)ly(r,/\p)],
the surface diffusion flux is

Jy=27r,k7,0c. (10)

J. Appl. Phys. 104, 073301 (2008)

At high incorporation rates [£,(r,/\p)
<(kNp/D)Iy(r,/\p)] and small particle radius [(r,/\p)
< 1], the surface diffusion flux becomes

Jy = mrQc. (11)

From Eq. (10) one can see that at low rates of C incor-
poration the surface diffusion flux depends on the surface
diffusion length of carbon on the catalyst surface (since 7,
:)\123/ D,), the effective carbon flux, and the speed of incor-
poration. On the other hand, when the rates of incorporation
are high, the surface diffusion flux depends only on the ef-
fective carbon flux to the catalyst surface.

In many experiments on CNF growth the particle radius
is much smaller than the diffusion length (r,/Ap<<1). In this
case the ratio of the bulk diffusion flux to that of the surface
diffusion flux is

-2 1) @

JlJ
Dg\2kr, 8

From Eq. (12) it follows that if the energy barrier of bulk
diffusion is larger than that of surface diffusion and diffusion
along the graphene-catalyst interface (E,>E,, SE;,), then
the ratio J,/J; becomes larger with an increase in 7. There-
fore, at relatively large surface temperatures the effect of
bulk diffusion on the CNF growth may be significant. Thus,
at low T, one can expect that the effect of the surface diffu-
sion is more important than that of the bulk diffusion in
PECVD. These conclusions are in good agreement with the
results of previous studies.”®

Under conditions of intense ion bombardment the sur-
face coverage by hydrogen atoms may be small.”” In this
case, 0,~ 0c+0cy, and the carbon surface density is de-
scribed by Eq. (6) with C,=[2uyv exp(-JE;/kgT)
+2jyal/(1+L/jcy). For the 3=0 case, the surface cover-
age of the catalyst by hydrocarbon molecules is 6cy
~ jen(1=0c)/ (L+jcn)-

IV. DEPENDENCE OF GROWTH PARAMETERS ON
SURFACE TEMPERATURE AND ION AND
ETCHING GAS DENSITIES

Using the analytical results presented in Sec. III, we will
now study and examine how the parameters that characterize
CNF growth (the nanostructure growth rates, the effective
carbon flux to the catalyst surface, the characteristic resi-
dence time and diffusion length of carbon adatoms on the
catalyst surface, and the surface coverages) depend on the
catalyst surface temperature, etching gas, and ion densities.
To find such dependencies, we varied the surface tempera-
ture, as well as the etching gas and ion densities in our cal-
culations, and then observed how these changes affected the
nanofiber growth parameters.

In Fig. 2(a), the dependencies of H,, H,, and H, (=H,
+H,) on the surface temperature are shown. The curves have
been plotted assuming that hydrogen atoms are present on
the catalyst surface. One can see in this figure that the sur-
face diffusion curve is the best fit for the experimental data
of Hofmann et al.*™® in the broad range of temperatures
considered.
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FIG. 2. (Color online) (a) H,, H,, and H, in PECVD as functions of the
substrate temperature for y#0, ficy=7 X 10" cm™, fiy=3 X 1027y, E;
=500 eV, 7;=3x10" cm™, r,=25 nm, E,c4=2.9 eV, E,;u=E.,=1.8 eV,
SE;=1.3 eV, E;=0.3 eV, and 6E;,.=0.4 eV (a). The circles correspond to
experimental data taken from Ref. 21. (b) H, (curve 1 and unnumbered solid
curve), H, (curve 2 and dashed curve), and H, (curve 3 and dotted curve) for
0y=0 and 6y # 0, respectively. All other parameters are the same as in (a).

In Fig. 2(b), the growth rates H,, H,, and H,, obtained
under the assumption y # 0, are compared with those calcu-
lated for the extreme case when the surface coverage by
atomic hydrogen is negligibly small (6;=0). Since the area
of the uncovered catalyst surface at #3;=0 is larger than that
at O3 #0 [Fig. 3(b)], the effective carbon flux Q (Fig. 4)
and hence the growth rates [Fig. 2(b)] at 63=0 in the tem-
perature range 0.9<B;=1000/T,<1.8 are larger than the
corresponding parameters calculated at 6 # 0.

In the plasma-assisted process (at 6y=0 as well as 6y
#0), the surface coverage of the catalyst by carbon atoms at
low T is large compared to 6 at higher surface temperatures
[Figs. 3(a) and 3(b)]. The increase in 6 at small T is due to
a reduction in evaporation and desorption of C and C,H,
species. At low T, the loss and generation of carbon atoms
on the catalyst surface are governed mainly by the interac-
tion of particles on the catalyst with incoming ions and etch-
ing gas fluxes from the plasma.28 It is noteworthy that under
the conditions considered here (jy<$jcy), even assuming
0y # 0, the catalyst coverage by hydrogen in PECVD is rela-
tively small at low surface temperatures [Fig. 3(a)].

For comparison, let us now consider the surface cover-
age in thermal CVD (j;=0,j4=0). At low T, the surface
coverage of the catalyst by carbon atoms in the CVD process
is quite low [Fig. 3(c)]. The main reason is less effective
production of carbon atoms via thermal dissociation of C,H,.
For the case considered here the barrier of thermal dissocia-
tion of acetylene is smaller than the barrier for the atomic

J. Appl. Phys. 104, 073301 (2008)
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FIG. 3. (Color online) The surface coverages in the 6y #0 (a), 63=0 (b),
and j;=0,j;=0 (c) cases. The dashed-dotted curve in (b) corresponds to 1
— 6, for the 6 # 0 case. The external conditions are the same as in Fig. 2(a).

hydrogen desorption; thus the hydrogen coverage in CVD is
large at low T [Fig. 3(c)]. In PECVD, carbon atoms on the
catalyst are generated not only through thermal dissociation
but also via ion-induced processes. As a result, at low T the
effective carbon flux and the surface coverage of the catalyst

10

Q, (10™®cm?s”)

0.1F N i
. I . I I . I

0.8 1.2 ‘ 1.6 ‘ 2.0 2.4
1000/T, [1/K]

FIG. 4. (Color online) The effective carbon flux for the 6y #0 (curve 1),
0y=0 (curve 2), and j;=0,j;=0 (curve 3) cases. The external conditions are
the same as in Fig. 2(a).
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FIG. 5. (Color online) The residence time (a) and diffusion length (b) for the
Oy #0 (solid curve), 6;=0 (dashed curve), and j;=0,/;=0 (dotted curve)
cases. The external conditions are the same as in Fig. 2(a).

surface by carbon atoms in PECVD are much larger than the
corresponding parameters in CVD (Figs. 3 and 4).

We have also calculated the carbon residence time and
surface diffusion length in the CVD and PECVD cases. Fig-
ures 5(a) and 5(b) show the dependencies of 7, and A, on By,
respectively. One can notice that at relatively high surface
temperatures (B,=1.0) the residence time and the effective
diffusion length, calculated assuming 6y # 0, are approxi-
mately the same as the corresponding parameters at 6;=0 or
in CVD (j;=0, jy=0). However, for the temperature range
1.0=p67=1.8, the residence time and diffusion length at
0y # 0 are larger than those obtained in the 6=0 case. This
difference can be explained by the difference in the effective
flux Q¢ and the value C| in the two cases (see Fig. 4). Since
at small T, the effective carbon flux in PECVD (at 64=0 or
Oy # 0) is very different from Q¢ in CVD, the adatom resi-
dence time and the associated diffusion length also appear to
be quite different in CVD and PECVD.

Let us now turn our attention to the effects of the ion
flux variation. In Fig. 6(a), the dependencies of the growth
rate H, on the surface temperature 7 are shown for different
ion densities n;. One can see from Fig. 6(a) that the ions
affect the CNF growth mainly at relatively low temperatures
(Br>1.2) and that the rate of growth in the low-temperature
range increases for higher ion densities. This increase is due
to a stronger effective carbon flux to the catalyst surface Q¢
[Fig. 6(b)]. The flux increases because of the enhanced gen-
eration of carbon atoms in ion-induced processes.28 How-
ever, the growth rate changes with n; nonlinearly as can be

J. Appl. Phys. 104, 073301 (2008)
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FIG. 6. (Color online) The growth rate (a), effective carbon flux (b), and
residence time (c) for ;=5 X 10" (solid curve), 5 10'° (dashed curve), 5
X 10° (dotted curve), and O (dashed-dotted curve) cm™. The curves are
obtained for 6y # 0 and for the other external parameters, same as in Fig.
2(a).

seen in Fig. 6(a). Since at low 7, and large n; the surface
coverage by carbon adatoms is almost complete [Fig. 7(d)],
the number of sites for the generation of carbon atoms in
ion-induced processes is very limited. In this case, any fur-
ther increase in n; may only slightly increase H, [see dashed
and solid curves in Fig. 6(a)]. Moreover, at extremely large j;
the CNF growth may stop due to the overpopulation of the
catalyst surface by carbon atoms. This can be regarded as a
surface equivalent of the commonly known process of cata-
lyst poisoning.38 Since the magnitudes of Q¢ and C| increase
with an increase in n; at a low catalyst temperature, the spe-
cies residence time decreases when the ion density becomes
higher [Fig. 6(c)].

The ion flux also affects the surface coverages 6c, Ocy,
and 6. In Fig. 7(a)-7(d) the surface coverages as functions
of T, are shown for n;=0, 5x10°, 5x 10, and 5
X 10" ecm3, respectively. One can see from the figures that
at low T, the surface coverage by C,H, decreases and the
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FIG. 7. (Color online) The surface coverage by C,H, (solid curve), C (dashed curve), and by atomic hydrogen (dotted curve), and 1 - 6, (dashed-dotted curve)
for n;=0 (a), 5X10° (b), 5% 10" (c), and 5% 10'! (d) cm™>. The other external parameters are the same as in Fig. 6.

coverage by carbon atoms increases with an increase in n;.
These changes in the C,H, and C coverages at low T are
due to ion-induced dissociation of C,H, molecules and C,Hj
ion decomposition on the catalyst surface. The ion flux also
affects the surface coverage 6y and the value 1- 6, which is
a characteristic of the area uncovered by adsorbed species.
Since the surface coverages cy or 6c are large at low T, the
other quantities 6y and 1— 6, turn out to be small.

The growth parameters also depend on the hydrogen
atom deposition. At low T, (Br=1.6), the surface diffusion
and total growth rates, as well as the residence time 7, de-
crease with an increase in 71y due to the interaction of carbon
and hydrocarbon particles on the catalyst surface with in-
coming hydrogen flux [see Figs. 8(a) and 8(b) and Ref. 28].
In the temperature range 1.0<<S;<<1.6, an enhancement of
the etching gas deposition may be accompanied by the CNF
growth rate increase due to enhancement of C,H, deposition
which is caused by an increase in the value 1-6, [Figs.
9(a)-9(d)].

The incoming hydrogen flux significantly affects the sur-
face coverages of the catalyst surface [Figs. 9(a)-9(d)]. The
surface coverage by carbon atoms decreases while the areas
covered by the hydrogen atoms increase at larger jy. When
Ju increases, the hydrogen atoms become the main species
that are effectively adsorbed on the catalyst surface.

V. DISCUSSION

In this section we will discuss the results obtained, limi-
tations of the CNF growth model, and some issues related to
the growth of CNFs in plasma-assisted processes. We have

01L

10-7 L. | . I . I I . I
0.8 1.2 1.6 2.0 24

B, (1000/K)

FIG. 8. (Color online) The growth rate (a) and residence time (b) for 7y
=ilcy (solid curve), 7iy=0.1i¢cy (dashed curve), 1;=0.017¢y (dotted curve),
and 7iy=1073 X iy (dashed-dotted curve). Here, n,=10'"° cm™ and the
other external parameters are the same as in Fig. 7.
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FIG. 9. (Color online) The surface coverage by C,H, (solid curve), C (dashed curve), and by atomic hydrogen (dotted curve), and 1 - 6, (dashed-dotted curve)
for iy=1072 X ficy (a), y=0.01iicy (b), Ty=0.17icy (c), and fiy=iicy (d). The other external parameters are the same as in Fig. 8.

shown that at low substrate temperatures the effects of the
plasma environment on the CNF growth parameters (the sur-
face diffusion growth rate, the effective carbon flux to the
catalyst surface, the characteristic residence time and diffu-
sion length of carbon adatoms on the catalyst surface, and
the associated surface coverages) are pronounced. In particu-
lar, the ions from the plasma that bombard the catalyst sur-
face may induce dissociation of hydrocarbon neutrals ad-
sorbed on the catalyst nanoparticle. Moreover, hydrocarbon
ions while being decomposed on the catalyst surface provide
an additional supply of carbon material for CNF growth in
the plasma-assisted processes. As a result of ion bombard-
ment, the surface coverage of the catalyst by carbon atoms
increases (Fig. 7), providing much higher growth rates in
PECVD compared with the growth rates in CVD. Our results
are consistent with the experimental results on CNF/CNT
growth of Tanemura et al.’" and Woo et al.,’* which show
that the nanofibers do not grow when an ion-repelling posi-
tive potential is applied to the substrate, as well as when the
ion-attracting negative potential of the substrate surface is
small.

However, in order to provide conditions for the effective
deposition of carbon nanostructures one has to control the
ion flux to the substrate. At high ion flux densities, the num-
ber of ion-produced carbon adatoms on the catalyst surface
may be larger than the number of adsorbed sites on the cata-
lyst. As a result of this obvious oversupply of carbon mate-
rial, a carbon nanostructure may emerge on the top of the
catalyst particle, preventing the plasma-assisted growth of
CNFs with a metal catalyst particle on top. The ions from the
plasma may also facilitate radical and ion production near

the substrate.” The neutral and ion fluxes from the plasma
heat the catalyst particle on top of a CNF, increasing its
temperature with respect to the substrate ternperature.40 It
was shown recently that ion heating effect is also very im-
portant for the formation of other nanostructures, in particu-
lar, nanodots.*' The ions may also play an important role in
the formation of other high-aspect-ratio nanostructures, such
as nanotips and nanocones.**”

However, one should use plasma-based processes with a
certain degree of caution. Indeed, there is a larger (as com-
pared to thermal CVD processes) variety of species that are
deposited from the plasma onto the catalyst nanoparticle.
This may eventually lead to substantial catalyst poisoning.
To prevent the undesired overpopulation (and eventually
blockage) of the catalyst surface, one has to remove the un-
desired particles, for example, using reactive chemical etch-
ing. However, the flux of the etching gas on the catalyst also
has to be moderate. At large etching gas fluxes, the growth
rates, residence time, and carbon coverage may become very
small, as suggested by the results in Figs. 8 and 9, and thus
insufficient for effective CNF growth. The experiments of
Okita ef al.” have shown that excessive supply of the etching
gas makes the diameter distribution of vertically aligned car-
bon nanostructures broader and also reduces the process
yield.

It is notable that our model has some limitations. First,
we have only studied here the so-called CNF growth period
with a high growth rate. In addition to this growth stage,
there is also the incubation period prior to the start of rapid
CNF growth and yet another stage when the CNF growth is
slowed down and eventually saturated. All the growth stages
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depend on the experimental conditions, in particular, on the
ratio of C and H densities in the plasm:cl.%’47 Second, from
our modeling results it still remains unclear exactly how the
atomic hydrogen behaves on the catalyst surface and inside
the catalyst nanoparticle. The growth rates calculated under
assumptions 6y # 0 and 6y=0 are in good qualitative agree-
ment with the available experimental data (Fig. 2). Our
model does not account for the nanofiber heating by the
plasma fluxes nor have we considered any processes of car-
bon nucleation into graphite on the catalyst nanoparticle sur-
face which is possible at large surface coverages by carbon
[Figs. 7(d) and 9(a)]. Migration of hydrogen atoms and their
interaction with other adsorbed species on the surface have
also been neglected. Neglect of these important effects may
lead to overestimation of the surface coverages. Moreover, in
our model the flux densities of C,H,, C,H3, and H are input
parameters. In reality, the neutral and ion fluxes depend on
neutral gas composition and pressure, input power,9+ and
substrate bias. Consequently, the number of species depos-
ited on the catalyst particle in the plasma-assisted process
may be much larger than what was predicted in this work. To
obtain a better insight into PECVD of CNFs and related
nanostructures, the model should be complemented by the
appropriate chemistry and gas discharge models.

VI. CONCLUSIONS

Thus, we have presented a model describing the plasma-
assisted growth of CNFs. Using the model, we have studied
the plasma-related effects on the CNF growth parameters
such as the growth rate due to surface and bulk diffusion, the
effective carbon flux onto the catalyst surface, the character-
istic residence time, the diffusion length of carbon adatoms
on the catalyst surface, as well as the associated surface cov-
erages. It has also been demonstrated how these parameters
depend on the catalyst surface temperature and ion and etch-
ing gas fluxes onto the catalyst. Specific conditions under
which a low-temperature plasma environment can benefit the
CNF growth have been formulated.

The main conclusions based on the results obtained in
this work can be summarized as follows.

e Jon-induced dissociation of hydrocarbon molecules
and radicals, adsorption, and decomposition of hydro-
carbon ions on the catalyst surface are essential
sources of carbon atoms required for the CNF growth.
Due to ion bombardment, the carbon atoms are the
main species that cover the catalyst nanoparticles at
low substrate temperatures. It is in contrast with the
thermal CVD case, where the catalyst surface at low
T, is covered mainly by hydrogen atoms.

e The impinging hydrogen atoms can prevent oversup-
ply of carbon material to the catalyst particles and can
condition the catalyst against unwanted adsorbates.

e The characteristic residence time and the diffusion
length of carbon adatoms on the catalyst nanoparticle
surface decrease when the ion and/or etching gas den-
sities become higher.

e A suitable control of the ion and etching gas fluxes
onto the catalyst nanoparticles can enable rapid growth

J. Appl. Phys. 104, 073301 (2008)

of very-high-aspect-ratio CNFs at surface tempera-
tures substantially lower than those in thermal CVD.

* However, at low substrate temperatures, one should
minimize several adverse effects by carefully balanc-
ing the incoming fluxes of the plasma ions and etching
gas. If the ion flux is too high and the etching process
is not strong enough, excessive production of carbon
adatoms and/or other adsorbents can block the access
of carbon adatoms to the graphene sheets. This can
eventually terminate the CNF growth.

*  We note that the effects of the plasma environment on
the CNF growth are particularly important for 7
=1000 K. At higher substrate temperatures the role of
thermal processes in carbon atom supply for PECVD
is clearly dominant over the ion-induced processes.

Moreover, the CNFs may be postprocessed in the same
discharge chambers where they were deposited. By control-
ling plasma-extracted ion fluxes and varying the plasma and
sheath parameters, one can selectively coat, dope, or func-
tionalize different areas on nanofiber/nanotube surfaces.***
The model and numerical results presented here can be used
for optimizing CNF and nanotube synthesis and for analyz-
ing processes in PECVD. The main conclusions obtained
here are not restricted to carbon nonofibers and nanotubes
and can also be relevant to the plasma-assisted growth of a
broader range of nanostructures.
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