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The growth of forest of single-walled carbon nanotubes (SWCNTSs) in plasma-enhanced chemical vapor
deposition (PECVD) is studied using a deposition model. The inhomogeneity in deposition of neutrals from plasma
on the SWCNTSs, which is typical for growth of the nanostructures in PECVD, is accounted for. It is investigated
how the growth rate and the residence time of carbon atoms on SWCNT surfaces depend on the SWCNT length and
the decay length characterizing deposition of neutral fluxes on the SWCNTSs. The obtained results can be used for

optimizing the synthesis of related nanoassembles in low-temperature plasma-assisted nanofabrication.
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INTRODUCTION

Plasma-enhanced  chemical vapor  deposition
(PECVD) techniques have been successfully used for
production of different nanoscale materials including
carbon nanofibers (CNFs) and carbon nanotubes
(CNTSs) [1, 2]. These carbon nanostructures, formed by
PECVD, have better alignment and can be grown at
higher deposition rates and lower substrate temperatures
than those synthesized by thermal chemical vapor
deposition (CVD) or other methods.

In this paper, we study formation of a SWCNT forest
in plasma, using a deposition model, that is based on
mass balance equations for adsorbed species on the
single-walled carbon nanotube (SWCNT) surfaces. This
model is an extension of the model previously used for
description of the growth of an isolated SWCNT, where
it was assumed that plasma particles were deposited
homogeneously on the surfaces of SWCNTs [3]. We
account for the inhomogeneity in deposition of neutrals
from plasma on the SWCNTSs. The model equations are
solved using the WKB (Wentzel-Kramers-Brillouin)
approach, and an analytical expression for the growth
rate of the SWCNT forest is obtained as a function of
parameters of the SWCNTSs and ion and neutral fluxes.
We investigate how the growth rate depends on the
SWCNT length and the decay length characterizing the
deposition of neutral fluxes on the SWCNTSs.

1. THEORETICAL MODEL

Let us consider close-ended growth of a forest of
SWCNTs with semi-spherical peaks. It is assumed that
the SWCNTs have the same length, and the catalyst
nanoparticles are anchored to the base (at x=Lyt, where
x is the coordinate along the SWCNT axis and Ly is the
length) of a SWCNT. The plasma produced in a
C,H,/H, gas discharge is located above the forest of
SWCNTSs, and the main particles which interact with
surfaces of the SWCNTs are hydrocarbon neutrals
(C,H,), hydrocarbon ions (C,H,") and atoms or
molecules of an etching gas (atomic hydrogen H). The
hydrocarbon neutrals and atomic hydrogen are adsorbed
and desorbed on the SWCNT surfaces as well as on the
substrate surface between the SWCNTs. We consider
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the case when the distance between the SWCNTSs is
small (<1 pum), and, therefore, it is assumed that the
fluxes of neutral particles onto the surfaces of the
SWCNTSs decrease exponentially (exp(-x/I"), where x is
the distance from the top of a nanotube, and I is the
characteristic decay length [4].

The adsorption and desorption fluxes of the neutrals
can be presented as: j,ags=j.(1-6) and juges=6GaLovx
xexp(-Ea/kyTs), where vy is the number of adsorption
sites per unit area, o=CH and H denote C,H, and H
neutrals, respectively; j,=n,vmavexp(=x/1*)/4 is the flux
density of impinging neutral particles; Ts is the SWCNT
surface temperature; Yma =v8KTo /M js the thermal

velocity, k, is the Boltzmann constant, E, is the
adsorption energy; n,, 8, and m, are the plasma bulk
density, surface coverage, and ma pecies o. The
ion flux is determined as Ji ~M~Te /M where T, is

the plasma electron temperature, and n; and m; are the
ion density and mass, respectively. Since ions have
essentially larger energies than neutrals, it is assumed
that ions are deposited homogeneously on the SWCNT
surfaces [5].

We suppose that the SWCNT surfaces and the
surface between nanotubes are covered by C,H,
molecules, C and H atoms. The total surface coverage
by the particles is =60c4+64+6.. Carbon atoms can
appear on the SWCNT surfaces due to such reactions as
thermal dissociation, ion bombardment of adsorbed
C,H, molecules and decomposition of C,H,+ ions.

We obtain the differential equation for the surface
density of carbon atoms nc on the SWCNT surfaces:

D,d?n, /dx? +Qc —n. /7, =0, (€)
where D_=alvexp(—JoE, /k.T,) is the surface diffusion
coefficient of carbon atoms on the SWCNT surfaces,
a0=0.14 nm is the interatomic distance in the nanotube,
JE4 is the threshold energy of surface diffusion for
carbon on a SWCNT surface, v ~10*® Hz is the thermal
vibration frequency, Qc=2(C,+j;) is the effective carbon
flux to the SWCNT surfaces,
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characterizing the carbon loss, Cads=6.8x 107 cm? is
the cross section of the adsorbed-layer reaction,
E.=1.8 eV is the evaporation energy for carbon atoms,
O0E;=2.1eV is the activation energy of thermal
dissociation, g = v,V exp(——o),
kas
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Eq. (1) should be accompanied by boundary conditions.
We assume that:

0 0, 0 (2)
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where k = a,vexp(—E,, /k,T.) OFEin is the energy of
atom incorporation into the SWCNT wall.

In general, Eq. (1) cannot be solved analytically.
However, when the variation of the fluxes of neutrals
and ions along the SWCNTSs is weak, the solution of
Eg. (1) can be found using the WKB approach. If the
surface diffusion length is smaller than I, the SWCNT
growth rate is:
dn, L, = kQQg, 7, sinh(&) . ()
dx "t sinh(&) + (kAp, / D, ) cosh(é)
where Q is the area per unit C atom in a SWCNT wall,
Ao =+/DsTa s the surface diffusion length at x=Lyr

NT ?

Vir =—QD;

LNT

and & = [ (1/ 2 )dx; 7a=Ta(}=Ln):
0

lons and neutral particles are deposited also between
nanotubes. Their deposition can be accompanied by
formation of carbon film. The film formation between
SWCNTs was studied in [3]. Here, we consider such
nanotube’s and plasma parameters when formation of
the film between nanotubes does not take place.

RESULTS

Using the analytical results presented in the previous

section, let analyze how the parameters which
characterize the growth of SWOCNT forest [the
nanostructure growth rate (Vyr) and the time

characterizing the carbon loss near the nanotube base
(Tal)] depend on the SWCNT length, the decay length

characterizing the deposition of neutrals on the
nanotube surfaces, and the substrate temperature. To
make this analysis, we vary the SWCNT length, the
decay lengths for neutral fluxes, as well as the substrate
temperature in our calculations, and then observe how
these changes affect the SWCNT growth parameters.
The growth rate of SWCNTSs Vyr is calculated from
Eq. (3) for different external conditions. In Figs. 1 and
2, the SWCNT growth rate Vi and the characteristic
residence time of carbon atoms 7, are shown as
functions of the SWNT length Lyt for different decay
lengths of neutral particle fluxes. The dependences are
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obtained for the SWCNT surface temperatures
Ts=800 K (see Fig.1) and Ts=1000 K (see Fig. 2),
assuming that ions are deposited homogeneously on the
nanotubes. One can see from Fig.1l,a that at low
temperatures the SWCNT growth rate Vs first increases
with increase of the length Ly, reaching a maximum at
a certain length, and then it decreases. At larger I, the
maximum is observed for larger lengths. For long
nanotubes, the growth rate depends slightly on the
SWCNT length.

For nanotubes with the length in the range between
61" and 10I", the effective carbon flux to the nanotube
base decreases with an increase of Lyt because of the
exponential dependence of the hydrocarbon flux on the
coordinate. At large lengths (>10 I), the neutral particle
fluxes to the nanotube’s base are small, and the
production of carbon adatoms is mainly due to
decomposition of ions on the SWCNT surfaces. As a
result, for these lengths, the effective carbon flux and
the SWCNT growth rate are nearly independent on the
length Lyr. For Lyr>>I*, the residence time also
depends slightly on the SWCNT length (see Fig. 1,b)
because for large Lyt the loss of carbon atoms near a
nanotube base is mainly due to their evaporation
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Fig. 1. Dependences of the SWCNT growth rate (a) and
time characterizing the carbon loss (b) on the
nanotube’s length Lyr. The external parameters for (a)
and (b) are Ts=800 K, ng;=10" cm~>, n;=10* cm®,
ju=0.3jcrs, and I'=1.0 (dotted line), I"=0. wm (dashed line),
I"=0.3 um (solid line)
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Fig. 2. The same as in Fig. 1, but for Ts=1000 K

Due to decrease of the loss of carbon atoms, the
residence time z,; becomes larger with increasing Lyt
(see Fig. 1,b). At low T, the effect of etching gas on
processes on the SWCNT surfaces is essential, and the
difference in the residence times for small and large
nanotube lengths is very large (~ 100 times (see
Fig. 1,b)). Due to increase of 7, the growth rate
becomes larger with increasing Lyt for small SWCNT
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lengths. For nanotubes of middle length (61"<Lyr<10I),
the growth rate decreases with the length increase
because of decrease of Q¢ at small variation of the
residence time.

For large surface temperatures (see Fig. 2), the effect
of etching gas on the loss of carbon adatoms from the
SWCNT surfaces is less pronounced and thermal effects
are more important. The difference in z,; for small and
large Ly is small (see Fig. 2,b), comparing with this
difference for lower Ts. For small Ly, V7 increases
with an increase of Lyr. For 0.1um<Lyr<I", Q¢ decrease
is accompanied by an increase of z,; and the growth rate
depends slightly on Lyt (see Fig. 2,a). For I'< Lyr < 101,
Vit decreases due to the decrease of Qc. For large
nanotube’s lengths, the fluxes of neutral particles to the
nanotube’s base are small, and the growth rate is a
function only of the ion flux.

CONCLUSIONS

The theoretical model, describing the growth of a
SWCNT forest in PECVD, is developed. Using this
model, it is shown that the dependence for the growth
rate of the SWCNT forest on the nanotube’s length at
nonuniform deposition of neutrals on the surfaces of the
SWCNTSs can be different from that in the case of their
uniform deposition. In the case of uniform deposition,
the growth rate becomes larger with an increase of Lyt ,
until it reaches a maximum (at Lyr ~ 0.1 umin [4]), and
Vit is independent on the length for large lengths. At
nonuniform deposition of neutrals and uniform
deposition of ions, the growth rate first becomes larger
with an increase of Lyr for small lengths, reaches a
maximum at a certain length and then decreases, until it

reaches the magnitude, corresponding to the case, when
only ions are deposited on the nanostructures (see
Fig. 1,a). For long nanotubes, the loss of carbon atoms
near the SWCNT base is mainly due to evaporation. As
a result, the residence time of carbon atoms at x = Lyt is
larger for long nanotubes than for short SWCNTs (see
Figs.1,b and 2,b). Since the evaporation is more
intensive at large surface temperatures, the growth rate
of long nanotubes may increase with decreasing the
SWCNT surface temperature (Figs. 1,a and 2,a).
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POCT JIECA OJJHOCJOMHBIX YIJIEPOJIHBIX HAHOTPYBOK
P HEOJHOPOJAHBIX IOTOKAX U3 IIJIA3MBbI

I'.Il. Bypmaxa, U.b. /lenucenko, H.A. A3apenkos

W3ydeHn poct Jieca OHOCIONHBIX yriaepoaHsix HanHoTpyOok (OYHT) B mpolecce mia3MeHHO-XMMHUYECKOTO
ocaxkaenust (ITXO) Ha ocHOBE pa3pa0OTaHHON TEOPETUUECKON MOJEH JUTsA OMUCAHUS 3TOTO OCaXaeHus. [Ipu aTOM
y4TeHa HEOJHOPOAHOCTb OCAXIEHHS HEHTpPaNbHBIX YacTHIl W3 Iula3Mbl Ha mnoBepxHoctn OVYHT, xortopas
XapakTepHa JUIsl pocTa 3THUX HaHOCTPYKTYp B mpouecce [1XO. UccnenoBano, kak ckopocts pocta OVHT u Bpems
JKU3HH aTOMOB YTJIEepoAa Ha WX MOBepXHOCTH 3aBUCAT OT AnuHbl OYHT u rimyOMHBI NMPOHMKHOBEHHUS IOTOKA
HeTpansHbIX dacTul B nec OYHT. IlomydeHHble pe3ynbTaThl MOTYT OBITH HCIOJIB30BAaHBI JAJIS ONTHMHU3AINH
CUHTE3a Pa3JINYHBIX HAHOCTPYKTYP B HU3KOTEMIIEpATypHOII I1a3Me.

PICT JICY OJHOINAPOBUX BYIJIEHEBUX HAHOTPYBOK
3A HEOJHOPIJHHUX IMTOTOKIB I3 IIVIA3MH

I'.Il. Bypmaxa, L.b. /lenucenxo, M.O. Azapenkos

BuBueHo pict micy ogHomapoBux ByrieneBux Hanotpy6ok (OBHT) y mportieci mia3MoBO-XiMigHOTO OCaKCHHSI
(ITXO) Ha OCHOBI pO3pOGIIEHOI TEOPETHYHOI MOMEN ISl OMHUCY BOTO OCAKEHHS. IIpHW IbOMY BpaxoBaHO
HEOJTHOPIHICTh OCAJKEHHS HEHTpaIhbHUX YaCTHHOK i3 Tiasmu Ha noBepxHi OBHT, ska € XxapakTepHOI AJis pocTy
X HAaHOCTPYKTYp y npoueci [1XO. Jocaimreno, sk mBuakicTs pocty OBHT Ta gac *HTTS aTOMIB ByIJIEIIO Ha iX
nmoBepxHi 3anexats Bif fomxuHA OBHT Ta rimm6GuaM NpOHUKHEHHS NOTOKY HEUTpaIbHUX YacTHHOK a0 Jyicy OBHT.
3100yTi pe3ymbTaTH MOXYTh OyTH BHKOPHUCTaHI [UIS ONTHMi3amii CHHTE3Yy pIi3HUX HAHOCTPYKTYp ¥
HHU3bKOTEMIEpaTypHil mi1a3mi.
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