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INTRODUCTION

Controllable formation of nanotubes, superlong
nanotubes, nanotubes with the necessary properties are the
very important and now intensively investigated problems
(see, for example, [1, 2]). In this paper the formation of
carbon nanotubes in the plasma discharge is considered,
when on catalytic surface or surface with defects the
nanotubes under effect of the flow of carbon plasma,
bombarding the surface, are formed. The universal
expression for number of layers of multilayered
nanotubes, which have been generated during the time of
its growth in the plasma discharge, is derived.

THE DESCRIPTION OF NANOTUBE
GROWTH

Let us consider the nanotube formation, built in the
lattice ordered in an electric field of the nanotubes,
perpendicular to the catalytic surface. Atoms of carbon,
colliding with a lateral surface of a tube and getting in
area of a shadow concerning bombarding plasma stream,
are quickly cooled, cease to join to nanotubes and "are
blown" from a wood of the nanotubes as a result of
bombardment by the following atoms of their stream. That
is in the region of a shadow, closer to the basis of the
nanotube, layers do not grow on of the nanotubes. In other
words, layers of nanotube grow on some distance from its
head. We name this interval area outside of a shadow and
equal to the length of free run s of carbon atom
concerning collisions with nanotube walls. As
probabilities of connection of atoms to the top and lateral
side are practically identical, speeds of lengthening of a
lateral side and length of nanotube are identical. Then
during lengthening of nanotube on {5 its lateral side also
to be extended on £ Then the amount of nanotube layers
is equal Nmu=Lw/2nR at spiral nanotube which cross-
section, perpendicular to tube axes, represents an
untwisted spiral. Here R is the average radius of nanotube.
For first layer R it is approximately equal to fullerene
radius. Thus €s=V,(loa/Vie ). Here L is the average
distance between nanotubes, V, is the longitudinal
lengthways of the nanotube velocity of carbon ions and
atoms, V. is the thermal velocity of carbon atoms. If
VAV, then 5=Lom. Thus C.,=(nz)"*. Here ng is the
superficial density of the nanotubes. Nnu=1, if £nn=27R.
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One mechanism of the growth of the nanotube side is
its bombardment by carbon atoms and ions of a plasma
flow. The second mechanism of the nanotube growth is
the following one. Fallen on the nanotube and sorbed on
its surface carbon atom diffuse on its surface up to a
growing side, that is growth of a side is reduced to its

(1)

lengthening with some speed Vnz .

Now we show, that can arise as spiral, and
azimuthally symmetric nanotubes. Also we find quantity
of layers of the azimuthally symmetric nanotube.

For last carbon atom getting between two next carbon
atoms and to form closed cluster, which is the basis of the
azimuthally symmetric nanotube, it should overcome a
power barrier & on some tens percents higher than to
overcome a barrier &, for carbon atom to join border
open-ended spiral cluster. Probabilities to join to open-
ended circular wy, or to close w; it are proportional to
Wip~eXp(-€p/T), Wy~exp(-&,/T). Hence, the probability to
close w, of open-ended circular cluster is less than
probability to join wy, to open-ended circular cluster
W:<Wy,. Thus, the probability of origin of spiral cluster is
more than probability of origin of closed circular cluster.

However, the spiral nanotube (Figure a) is less
favourable from the power point of view, because there
are many nonsaturated connections. Hence, if during the
nanotube growth the bombardment is intensive the part of
the spiral nanotubes decreases due to "heating".

Probability to arise new layer - cluster around
azimuthally symmetric nanotube is small. It is
proportional to nanotube radius. The factor of diffusion of
carbon atoms on the nanotube surface is also proportional
to nanotube radius. Thus, at formation of multilayered
azimuthally symmetric nanotube the distribution on radius
r lengths of layers along z-axis has qualitatively kind
submitted in Figure b.

The number of carbon atoms getting in time unit on
the external surface of the nanotube we estimate as
follows:
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AN emax/dt=n,v,2TR max H
Here H is the height of the nanotube, n,, V, are the density
and velocity of carbon ions in the flow (plasma)
accordingly, 2nRnm. is the length of "circle" of an external
layer of the nanotube.
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Let us estimate the growth rate of the nanotube
surface sideways:
Vo=dL/dt=(aw,dNe/dt)/Ns (11)
Here dNy/dt is the number of atoms, diffused from the
nanotube surface on the lateral edge in time unit, N, is the
number of carbon atoms on the lateral edge. In our case
dNo/dt=wedN cmar/ dt=Wen,v,2tRmaH (12)
and
Na=H/a (13)
Then with the account (12) and (13) the equation (11) we
present in the following kind:
dL/dt=a’Wowen,V,27R max (14)
vp 1s the probability of that the carbon atom, which
ced on the nanotube surface, is diffused on the

I
l?ﬁal edge.

a) Origin spiral nanotube; b)distribution on radius r of
lengths of nanotube layers

The nanotube growth rate upwards due to carbon
atom connection, which are placed on the nanotube
surface, to a face edge is determined by the following
expression:

VHU):dH(l)/dt:(aWo dNy/dt)/N, (2)
Here a is the size of internuclear distance in nanotube
structure, wo is the atom, diffused from the nanotube
surface, probability of connection to the edge, dNy/dt is
the number of carbon atoms getting in time unit on a face
edge, N, is the number of carbon atoms on a face edge.
Taking into account that

dNy/dt=wjdNcma/dt 3)
and
N.=L/a 4
we derive the following expression:
dH"/dt=(a’wow dNcmax/dt)/L (5)

Here wj is the probability of that the carbon atom, which
is placed on the nanotube surface, diffuse on the face
edge, L is the length of the lateral face edge. With the
account (1) the expression (5) has the following kind:

dHY/dt=(a*wown, v, 2R e H)/L (6)
Now we take into account direct hits of carbon ions

from the discharge plasma flow on a face edge of the
nanotube:

VH(z):dH(z)/dt:(aWoo dNL/dt)/Nd (7)
Here woo is the probability of connection of a carbon ion
to a face edge at direct hit from the plasma flow, dN/dt is
the number of carbon ions getting from the plasma flow
on the end face in time unit. It can be estimated as
follows:

dN/dt=n,v,LAR (®)
Here R is the nanotube "thickness". Then, with the
account (4) and (8) the equation (7) can be presented as:

dH(2)/ dt=a2 Wool’lprAR (9)
Then the full growth rate of the face edge is equal
V=dH/dt=dH"/dt+dH®/dt=
=a’n,Vy(WooAR+Wow 2R o H /L) (10)
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As a result we have derived the following system of
the equations describing the nanotube growth upwards
and sideways:

dH/dt=a’n,v,(WooAR+WeW 2R e H /L) (15)

dL/dt=a’n,v,wowe2mR imax (16)

It is necessary to take into account, that in system of the

equations (15) - (16 three values, namely wj, Rnax and wy
are the functions of variables H and L.

The length of an external lateral surface of the
nanotube can be found from the assumption that it can be
presented as Arhimed’s spiral. Then

L=8R¢*4n (17)
Thus, we derive
2R nx=L(@)-L(¢-21)=3R (¢’ ~(p-21)*)/4n=
=0R(-2m)/2 (18)

Here 0R is the distance between layers of the nanotube, @
is the angular coordinate. From (17) we obtain
dependence ¢=o(L):

@=2(nL/6R)" (19)
From here, using (17) and (19), we find
27R 1 =R ((mL/8R) ") (20)

Taking into account, that L>>0R, we have from (20) the
following expression:

27R max=8R (nL/6R)"*=(nLR)"> 21

Then the system of the equations (15) - (16) becomes:
dH/dt=a’n,v,(WooAR+wew(mSR/L)*H) (22)
dL/dt=a’n,v,wowe(n6RL)"? (23)

QUANTITY OF LAYERS IN GROWING IN
THE DISCHARGE MULTILAYERED
NANOTUBE

Under a shadow we believe that part of the nanotube
surface on which bombarding carbon ions and atoms get
only after collision with another nanotube. We believe
that on the nanotube surface, located outside of the
shadow there appears fast (induced) surface diffusion. We
believe that the atom, which is placed on the nanotube
surface, diffuses with equal probability in any direction.
Therefore on the end face of the nanotube which length is
equal 2 R N , the following part of atoms comes



2t RN
o, = = .
? 2 (z,+2n RN
On the lateral side of the growing nanotube, which length

isequal Z, , the following part comes

Zsh

0w =—-—-

¢ zy+2nRN

Here N is the number of carbon atoms, settling on the

lateral surface of the nanotube outside of a shadow in time
unit:

B N=2nR .. z,

R is the average radius of the multilayered nanotube,

N s the quantity of layers in multilayered nanotube,

R is the radius of the multilayered nanotube. R

max

o Vth @y

max
is possible to express through N and distance between
layers in multilayered nanotube
Rmax=Nrt’ .
The quasi-stationary density of sorbed carbon atoms

n. is determined by balance of sorption with

probability @ and a leaving with probability @ ;
ws no Vthc = wds ncs
Here 7, is the plasma density. It is necessary to note,
that @, depends on induced effective temperature of
sorbed atoms.
Speed of lengthening of growing nanotube is equal
y = N af% ,,
T 2nxRNla

Here @, is the probability of carbon atom connection to
a growing side or the end face of the nanotube.
The growth rate of the lateral side of the nanotube is equal
Naw o,

[q

z,la

V', and V, are connected between themselves by the
following ratio
ﬁ — Zsh
V, 2nRN
From here we find quantity of layers in multilayered of the
nanotube

sh Vi,

The nanotube length, located outside of a shadow, is equal

_ VIIe
=R —

sh ny
th

Here V', is the component of the carbon atom velocity,

z

z

directed perpendicularly to the catalytic surface;

. —12
Rn—n»

sn

is the distance between nanotubes; 77, is

the surface density of the nanotubes.
N=\/Rn 2RRN VIIe COL —
V,y @

2nr, z g, up

c\/R_" Ve _ |1 Y e
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Since TRN=~z,  the area of cross-section of

. . . p2 _ p2
multilayered nanotube is equal Sup—anax—47tR .
The area of its lateral surface, on which the carbon atoms
are sorbed and fastly diffuse due to surface diffusion, is
equal S, =2nRNmR . . Taking into account that

. 4n*R*R_.
R= Nrt,/2 , we derive Sczimm . Thus, we
re
obtain that Sup is not much less S§,, ie.
R_.
C — min >3 )
S up re
In the case of azimuthally symmetric nanotube
z, V.
_ sh 9
N=00\ e, 7
eV
@y, is the probability of origin of a new layer.
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®OPMHUPOBAHUE HAHOTPYBOK HA KATAJJUTHYECKOM MMOBEPXHOCTH B IIASMEHHOM
PA3PAJE

B.U. Macnos, B.H. Tpemuvakos, H.A. A3apenxos, A.M. Ezopoe, U.H. Onuwienxo

[MToiydeHo BbIpakeHHE JUIS KOJIMYECTBA CIOEB MHOTOCIOHHOW HaHOTPYOKH, KOTOPOE YCIEBAeT ChOPMHUPOBATHCS

3a BpEMs €€ POCTa B IJIA3MCHHOM pa3psiac.

®OPMYBAHHS HAHOTPYBOK HA KATAJITAYHINA TOBEPXHI B IIJIA3BMOBOMY PO3PS/II

B.I. Macnos, B.M. Tpemuvakos, M.O. Azapenkos, O.M. €Ezopos, I. M. Onuuienko

OTprMaHO BHpa3 /I KUIBKOCTI MPOLIAPKIB OararonrapoBoi HaHOTPYOKH, 10 BeTHrae chopMmyBaTHCs 3a 4dac ii

POCTY B IJIa3MOBOMY PO3PAIi.
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