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Abstract

A kinetic 5-vertex model is used to investigate hexagon-islands formation on grow-
ing single-walled carbon nanotubes (SWCNT). In the model, carbon atoms ad-
sorption and migration processes on the SWCNT edge are considered. These two
dynamic processes are assumed to be mutually independent as well as mutually
dependent as far as the whole growth of the nanotube is concerned. Key physical
parameters of the model are the growth time ¢ the diffusion length I defined as the
ratio of the diffusion rate D to the carbon atomic flux Fand the SWCNT chiral
angle. The kinetic equation that describes the nanotube edge dynamics is solved
using kinetic Monte Carlo simulations with the Bortz, Kalos and Lebowitz update
algorithm. The behaviors of islands density and size distribution are investigated
within the growth parameters’ space. Our study revealed key mechanisms that en-
able the formation of a new ring of hexagons at the SWCNT edge. The growth oc-
curs either by pre-existing steps propagation or by hexagon-islands growth and co-
alescence on terraces located between dislocation steps, depending on values of
model parameters. This should offer a road map for edge design in nanotubes pro-
duction. We also found that in appropriate growth conditions, the islands density
follows Gaussian and generalized Wigner distributions whereas their size distribu-
tion at a given growth time shows a decreasing exponential trend.
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1. Introduction

Materials may grow via the physical ejection of atoms or molecules onto their sur-
faces. The adsorbed species condense or nucleate on the substrates to form islands
that can grow or coalesce to form new surface layers. This ejection technique has
been widely used in several crystal growth experiments (e.g. in Molecular Beam
Epitaxy) and simulations [1]-[3]. The evolution of a crystal surface subjected to
an atomic flux has been a topic that has attracted much interest from physicists in
the past decades [4] [5]. Most theoretical tools used to feature this evolution phe-
nomenon comprised rates equation theory and numerical simulations [6]-[9].
Numerical simulations also provide the possibility to feature relevant growth
mechanisms that determine the growth character in view of tailoring materials or
thin film properties in a wide range of synthesis parameters. Using numerical sim-
ulations by Monte Carlo method or molecular dynamics, realistic predictions are
possible on adatoms and island densities as well as on island size distribution in
rather complex models. Less is, however, known about these physical quantities
on vicinal or stepped surfaces.

Chemical vapor deposition (CVD) experiments for carbon nanotubes (CNT)
growth is a nanoscale procedure that needs efficient nanoparticles as catalysts
[10]-[17]. Carbon atoms issued from the decomposition of a hydrocarbon on the
catalyst maintained at high temperature adsorb on the CNT end-rim. The CNT
then grows and is collected upon cooling the system to room temperature. Several
theoretical growth models have been devised to investigate this phenomenon, in
particular in chiral CNTs growth using models with screw dislocations [18]-[20].
Some of the models have shown, among other results, that the CNT growth speed
is proportional to the nanotube chirality [18].

Due to the similarity that exists between crystal surfaces and nanotubes growth,
some crystal growth concepts could be applied to CNTs in view to get more in-
sight into CNTs formation mechanisms. In this perspective, a kinetic 5-vertex
model has been recently introduced to characterize zigzag [21] and chiral nano-
tubes growth [22]. In this model, carbon atoms can adsorb at the nanotube end-
rim and stick where they land. They can also migrate to nearby adsorption sites at
the CNT edge. It has been shown in Ref. [22] that models with adsorption and
migration kinetics of carbon atoms at the CNT edge are able to show the experi-
mental result that in appropriate growth conditions, the CNT growth rate is pro-
portional to the Burgers vector, Ze. to the chiral angle of the CNT. More recently,
a modified version of this kinetic vertex model displayed interesting fundamental
results [23]. It was shown that during the CNT growth, some specific nanofacets
are formed at the CNT edge. Their density is found to display a non-trivial scaling
behavior with the diffusion length I and the growth time . Such a behavior has
been previously observed in Ref. [6] through Monte Carlo simulations of atoms
island densities in deposition processes onto crystal surfaces.

The growth mechanisms of SWCNTs are still not very well understood [12]
[17] [24]-[28]. Such a situation motivates the present work, where hexagon-
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islands density and size distribution at the edge of a growing SWCNT are investi-
gated by means of the previous vertex model. This study of islands statistics, not
performed in our previous works, is however essential to the knowledge of details
of growth kinetics and microscopic growth mechanisms of new hexagon rings at
the nanotube edge. This could give some valuable insight to experimenters in de-
signing SWCNT's with specific edge morphologies. In the model, deposition and
migration events are assumed to be Markov processes and take place according to
their probabilities. We find that carbon island densities display a non-trivial be-
havior. Depending on values of model parameters, they follow the Gaussian or the
generalized Wigner distribution. On the contrary, the hexagon-island size distri-

bution displays an exponential decrease with the growth time ¢.

2. Kinetic 5-Vertex Model for SWCNTs Growth

The line representation of the 8-vertex model is depicted in Figure 1. In Figure 2,
the edge of a chiral SWCNT with conventional indices (15, 2) in the dislocation
theory of Ding et al [18] is mapped onto the 5-vertex model. Indeed, in vertex
mapping of crystal surfaces (see [29] and references therein), the topmost atoms
of columns are considered and should be described by one or a group of vertices.
In the case of the SWCNT edge’s mapping, we actually need one or two vertices:
4,5, 6,73, 28. The same description may also be performed with vertices 4, 5, 6, 7,
8 by omitting vertices 2 and 3 [21]-[23]. This allows the topmost carbon atom of
each column to be described by only one vertex. This consideration facilitates the
computation of the exact finite-size solution of the CNT growth model by the
transition matrix method where vertices number conservation is required. Thus,
the evolution of a portion of the CNT edge described by 5(73)6(28)4 to 56564 due
to one carbon atom deposition should be simply considered as the evolution of
57684 to 56564 where the number of vertices is conserved. Vertex energies are
chosen assuming that the completely flat edge (although corrugated at the micro-
scopic level) associated with the zigzag CNT, which is only described by vertices
5 and 6, has zero energy. All other edge excitations or deformations by deposition
or diffusion processes at a given column of atoms, are assumed, regardless of the
coordination number of the carbon atom at the vertex, to have the same energy
e . This approximation becomes a very good one at high temperatures where ver-
tex energies are less relevant in the growth dynamics (see below). It is worth not-
ing that this approximation generated very good results in agreement with exper-
imental findings in Ref. [22]. Hence, vertex energies are: €, =€, =0;

€, =€ =€ =¢€.

For the exact solution of the model, vertex configurations are classified into
time-conserved classes subdivided into subclasses where configurations are equiv-
alent by translations. A class is characterized by a given chiral angle related to the
quantity ¢=N, —N;, where N, and N, are respectively the number of verti-
ces of types 7 and 8 at the CNT end-rim. The zigzag edge with zero chiral angle is
then associated with ¢=0.
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Figure 2. (color online) Mapping of a SWCNT growing edge of length Z = 30 with conven-
tional indices (15, 2) onto the 5-vertex model. In the description, full vertex lines are used
while dashed ones are omitted [21] [22]. Vertices along the edge are labeled by moving in
an anticlockwise way around the nanotube edge. Vertices 2 and 3 are omitted in the map-
ping (see text).

A deposition site at the CNT rim is characterized by a 5-vertex subconfiguration
formed by three vertices, which we termed growth kink subconfigurations (growth

active sites). Eight such kinks are found in the model:
K, =856, K,=656, K,=857, K,=657,
K,=464, K,=768, K,=764, K,=468.

A diffusion site at the CNT growing edge is characterized by a 5-vertex subcon-
figuration formed by four vertices that we termed diffusion kinks. There are also
8 different types of these kinks:

K, =4656, K,=4657, K,=4764, K, =4768,
K, =6564, K,=8564, K,=4684, K, =7684.

The dynamics is introduced in the model by carbon atom attachments and mi-
grations (Figure 3 and Figure 4) at the CNT edge. These events are assumed to
be Markov processes. Carbon adatoms migration occurs at a hopping rate given
by the conventional Arrhenius ansatz: D =D, exp(—SE,) where D, denotes
the attempt frequency and E; the hopping energy barrier, S =1/k,T is the in-
verse synthesis temperature, k, is the Boltzmann constant, which is set to 1 in

the following.
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Figure 3. (color online) Schematic representations of the eight deposition events on the
nanotube rim (see text) and associated rim local morphological changes.
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Figure 4. (color online) Schematic representations of the eight migration processes allowed
on the nanotube edge (see text) and associated local morphological changes.
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The constant atomic flux F is expressed in atoms per unit time. One can
study its influence on the growth kinetics and the CNT edge morphology. The
CNT edge relaxation occurs in the model by carbon adatoms migration processes
that occur at the following rate [22]:

exp(pE,)

T+ exp(AE) @1)

where AE is the change of the 5-vertex energy of the tube edge when the at-
tempted move is realized; D, is the attempted frequency that is assumed to be:
D, =kT / h [22] [30] where h isthe Planck constant (hereafter setto 1); E, is
the activation energy that is assumed to be a constant set to ¢ for all migration
processes.

Denoting by v =exp(€/T), migration rates are summarized as follows:

1 1 1
D =D,=D.=D,=D,—,D,=D,=D,———,D, =D, =D, ——
1 2 5 6 02V 3 7 0V+V71 4 8 Ov+v72

In the model, a new parameter I', which has the dimension of diffusion length,
is defined through the relation: I'=D,/F . Physical quantities of interest will be
evaluated as functions of the growth time ¢ (or in the steady state) related to the
number N of deposited carbon atoms, the diffusion length T, the synthesis tem-
perature 7T ,and the chiral angle of the CNT. The temperature is fixedto 7'=10

for most islands density calculations.

3. Kinetic Monte Carlo simulations

The computational details could be found in Refs. [22] [23]. In the simulations,
the two growth processes: deposition and diffusion, can be selected at a given
growth time according to their probabilities, determined by means of the total
evolution rate of the system. This rate is calculated assuming that all possible
events at the CNT edge, are mutually independent. The kinetic Monte Carlo sim-
ulations with the Bortz, Kalos and Lebowitz (BKL) algorithm is used [31]. In the
BKL scheme, a move is performed at each step according to it’s a priori probabil-
ity. For a CNT edge 5-vertex configuration (V) obtained at a given stage of the
growth with Q possible processes with transition rates T, n =102, the total evo-
lution rate R of (V) is the sum of transition rates of all updated events on (V).

The real life-time of (V) is given by:
T:—log(F)/R (3.1)

where 7 is a random number generated between 0 and 1. The BKL algorithm
follows. A random number 7 is selected, and a random rate Q=r xR is cal-
culated. By summing the rates of updated processes of configuration (V), the first

process such that the condition

>T,>0 (3.2)

n=l1
holds is realized. Then possible processes are updated, and the system evolution

rate recalculated. After a sufficient simulation time period ¢ where g new 5-
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vertex configurations are generated, the values of physical quantities are estimated
by a time-averaging procedure. The hexagon-island density d is defined as
n/L,where n isthe average number of islands calculated at a given growth time
t atthe CNT end-rim,and L denotes the system circumference or the number
of vertices needed in the CNT edge mapping. Since L is a constant for the sys-
tem, d behaves and will be considered as 7. The average island size [ is de-
fined as the average total number of hexagons in all islands observed at the CNT

edge divided by the average number of islands (see Figure 5).

@ ey 3

Figure 5. (color online) Schematic representation of a portion of a growing CNT rim with

three hexagon-islands with an average island size of value /=2.

4. Results and Discussion

Before displaying our results, it is worth noting that, in surface growth processes,
when the diffusion length T' increases, the diffusion ability of landed atoms in-
creases. These atoms can then move a longer distance before being incorporated
in a step/island, or meeting other diffusing adatoms to make an irreversible ag-
gregation. This, of course, strongly affects the islands statistics.

In Figure 6, we illustrated the average island size [ (panel (a)) and the island
density d (panel (b)) as functions of the growth time =N / F  at selected val-
ues of the diffusion length I' for a CNT with zero chirality. The simulation tem-
perature is fixed to 7 =10. At this value, we think that most deposition and dif-
fusion kinks may be activated. All reported results have been averaged over 10*
independent runs in view to get smooth simulation data. At very small CNT rim
coverages, an increase in both / and d is observed. This physically indicates
that small hexagon-islands are formed at the CNT rim. They grow over time by
receiving either adsorbing or diffusing carbon atoms at their edges to get larger
and larger. It is noteworthy that after a certain growth period, / and d passby
a maximum, after which they decrease. When d decreases and / increases,
this means that growing hexagon-islands are merging, coalescing. This process
may lead in appropriate growth conditions to the formation of a complete atomic
layer on the CNT edge before island nucleation occurs above. For I'=1, this
event approximately occurs in the time interval N =45-63. In that case, at low
carbon atom mobility (low I'), the formation of several growing atomic layers may
occur and complex behaviors of / and d may result. Let us remark that for

I'=1000, valuesof / and d arelower than those obtained for other values of

DOI: 10.4236/wjcmp.2024.144008

83 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2024.144008

S. I. V. Hontinfinde et al.

I'. Comparing the calculated values of these quantities and the number of carbon
atoms deposited, one may conclude that atom diffusion mainly leads to the for-
mation of open hexagons ie, to the proliferation of correlated vertices of type 4
at the CNT rim. The reduction of atom migration lowers the apparition of these
vertices and enhances d and /, at least in the submonolayer regime (N <L).
Also, lowering the temperature should have the same effect by activating closing

of open hexagons and thus the increase of d and /.

2 | T T | T T | T

Average island size

20 40 60 80 100 120

[\

—_
9]

Hexagon-island density

Number N of atoms deposited

Figure 6. (color online) Average hexagon-island size / (a) and hexagon-island density
d (b) as functions of the number N =F xt of deposited carbon atoms on the CNT rim
at the temperature 7 =10 for a few values of the diffusion length I' written on the
curves. A CNT system with length L =60 and zero chirality is the one investigated.

In Figure 7, the behaviors of 2-hexagon (panel (a)), 4-hexagon (panel (b)) and
6-hexagon islands’ densities for selected values of T are illustrated as functions of
the number N of deposited carbon atoms. We used in the calculations L =60,
T=10 and ¢=0. It could be observed from different panels that the islands
density shows a decreasing trend with the island size. This means that the proba-

bility to find a large island with six hexagons at the CNT rim is rather weak.
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Moreover, the density in each panel increases with the growth time N, then
shows a maximum after which it decreases. The increasing part has an exponential
trend, and the growth time 7, needed to reach the maximum does not change
toomuchfor I'=1 and I'=10,whereasfor I'=100 and I' =1000, it sharply
increases. Comparing Figure 6(b) with Figure 7(a), one can conclude that most
hexagon-islands are of sizes 1 or 2. Let us remark that for I'=1,10 the early
growth time behavior of the island density in all panels, bears some resemblance
with a Gaussian shape. The deviation from this behavior becomes important for

large values of I' at high CNT rim coverages.

0.6

Island density
o
w

Island density
o
=
v

0.02

Island density

Growth time N

Figure 7. (color online) Densities of islands with two (a), four (b), six (c) hexagons at tem-
perature T =10 as functions of the growth time N . Four selected values of the diffusion
length T written on the curves are considered. A CNT rim with length L =60 and zero

chirality (¢ =0) is considered.

In Figure 8, we displayed the behaviors of the islands density d and the av-
erage islands size / for a CNT of chirality c¢=4 atthree valuesofl,at T =10.
The initial sample has four equidistant dislocation steps. A global maximum is

observed for each curve in both panels. By comparing Figure 8 and Figure 6, one
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can get some insight into the effect of chirality during SWCNT growth. First, it
emerges that the presence of chirality lowersboth / and d,in particular at high
coverages. This is physically acceptable due to diffusion of carbon atoms to preex-
isting dislocation steps, which are absent on zigzag CNT. Second, one remarks
that / and d continuously vanish after about three hexagon monolayers have
been deposited. This feature may have two origins. Either fast diffusion to steps
depletes landing atoms from terraces located between dislocation steps, which
mechanism may normally induce step-flow growth mode on the CNT, or the CNT
rim roughens with several hexagon layers growing at the same time. Another
origin may be the advent of growth instability, with the appearance of large local
slopes at the CNT rim with almost no place for islands nucleation. At I'=100,
diffusion processes becomes more important and one observes some oscillations
in d and /. This feature may be associated to hexagon-islands nucleation and

coalescence events at the CNT rim.

2 I T I T |C=4 T T (a) |

1.5 —
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Figure 8. (color online) Simulated average islands size / (panel (a)) and average islands
density d (panel (b)) for a chiral CNT characterizedby L=60 and c=4 atthree val-
ues of the diffusion length T written on the curves. The simulation temperature is fixed to
T =10. The figure gives an insight into the effect of chirality on both d and [ in com-
parison with results from Fig.6 where data concern a CNT with zero chirality.

In Figure 9, the effect of the CNT chirality on 1-hexagon islands density is il-
lustrated for two values of the parameter I'. In panel (a), it could be observed that
beyond the early time growth, the island density decreases with increasing values
of the chirality parameter c¢.Moreover, the growth time associated with the max-

imum density shifts to lower values with the increase of ¢. Another remark is
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that when c¢ increases, the Gaussian shape of the 1-hexagon islands density be-
comes more and more pronounced. In our opinion, these observations make
some physical sense. Indeed, at the beginning of the growth process, there are nu-
merous adsorption sites and the total growth rate of initial configurations exceeds
that of the migration sites. Carbon atoms deposition on terraces may occur and
lesser diffusion processes may follow. This enhances 1-hexagon islands formation
and justifies the early-time increase of the density in both panels. This situation
will be reversed during the growth depending on how important is the value of T.
Thus, landed carbon atoms will migrate to steps and be incorporated there. This
situation will minor 1-hexagon islands formation on terraces. Higher is the steps
density or the value of the CNT chirality c, lower should be the density of the

island measured on terraces.

16 T T T T T T I T T
a
rr=1 @
212+ 0 —
[2]
5 L 4 i
—g 0.8 6 —
S 10
é [ -
£ 04 =
O 1 1 | | | I | | l | 1
0 20 40 60 80
Number N of deposited atoms
0.8
T | T I T | T b
=10 6 (b)
> L 4 4
:‘%
é 0
c 04+ —
O : 1 | 1 I 1 l 1
0 20 40 60 80

Number N of deposited atoms

Figure 9. (color online) Densities of 1-hexagon island for I'=1 (panel (a)) and I'=10
(panel (b)) at selected values of the nanotube chirality c written on the curves in each panel.
The value ¢=2 for example, indicates that the growing CNT rim has initially an axial
dislocation with two preexisting dislocation steps. In the panels, zigzag and chiral CNTs of
size L =060 are considered. At I'=1, an increase of the CNT chirality is followed by a
decrease of the density in the stationnary growth regime.

In Figure 10, the behavior of the average islands density d is illustrated for
CNT rims with different chiralities. It could first be noted that with increasing
values of the parameter c, the average island density decreases. This indicates
that, with the decrease of the average terrace width between dislocation steps, hex-
agon-islands formation on terraces becomes unlikely due to fast carbon atom dif-
fusion to dislocation steps. One can then speculate that terrace defects density (or

kinetic processes on terraces) are affected by the average terrace width, which in
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turn, depends on step-step interactions. Some discussions about terrace width dis-
tribution on stepped Ag(110) and Au(110) surfaces could be found in Ref. [32].
From different panels, it emerges that simulated densities (full circles) could be
best-fitted to Gaussian functions at least in the early stage of the CNT growth pro-
cess (full lines). The equation of the Gaussian fitting curves has the usual form of

probability density:
2
1 (t - ,u)
P(t)= exp| — , (4.1)
T T T T 2 T T T
2k (a) 4 U (b)
d @ d
1+ - 7
o B 4
(]
00' | | | | 00 1 1 1 |
scaled growth time scaled growth time
2
T T T (C) T T T (d)
)
d
—] 1 —
... -
\/ °
(]
| | | 0 | 1 |
scaled growth time scaled growth time
T T T T 0~8 T T T T
(e) ®
°
\ i
[}
1 1 1 (]

scaled growth time

scaled growth time

Figure 10. (color online) Averaged hexagon-island densities (full circles) versus scaled
growth time calculated on CNT rims with chirality ¢=2,4,6,8,10,12 (panels (a)-(f)) or
screw dislocation steps. Values of other parameters used are: I'=1, L=60, T=10.
These results have been approximately fitted to a Gaussian behavior (full lines).

where ¢ denotes the scaled growth time. This result, in our sense, agrees with
the central limit theorem known in probability theory since the average island

density bears some resemblance with the standard normal distribution. The
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advent of this trend is not surprising since such probability density is often used
to model natural phenomena issued from several random events. We can con-
clude that the average island density follows a Gaussian behavior with the scaled
growth time 7 in the early stage of the CNT growth process.

In Figure 11, the behaviors of 1- and 2-hexagon islands densities are displayed
as functions of the scaled growth time ¢ for selected model parameters: I'=1;
c=2,4,6,8 (full circles). It results in the same church bell behavior being ob-
served in all panels for the simulated data. The scaling trend is not trivial. Our
analysis best-fitted data to the generalized Wigner distribution (GWD, full lines)

whose form reads:

P (t)=a,xt’ exp(—bptz). (4.2)
1.5 1.5
_c='z' oo ] 'rlzlta)_ _c'=4' Cabey L] (b)_
1— — 1+ —
1Hd | 1 1Hd 1
0.5+ 4 05k X
o L 11 Y VAT R BT R
0O 05 1 15 2 25 0O 05 1 15 2 25
scaled growth time scaled growth time
1.5 1.5
P L L L Lol T T T
| o=6 r=1 kc)_ | =8 r=1 | )_
1— — 1— —
1Hd 1Hd
0.5 — 0.5 —
i ] - %
)
Y VA T B B oL 111
0O 05 1 15 2 25 0O 05 1 15 2 25
scaled growth time scaled growth time
0.5
T | T I T | T | T T | T |f|
(e) 0.3 ¢ 1_:1() ]
2Hd 02+ —]
0.25 2Hd | |
0.1— —
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scaled growth time

scaled growth time

Figure 11. (color online) Simulated 1-hexagon islands density (1Hd) (panels (a)-(d)) and
2-hexagon islands density (2Hd) (panels (e), (f)) versus scaled growth time calculated on
CNT rims with chirality ¢=2,4,6,8. Values of other parameters are: I'=1, L=60,
T =10. These results have been approximately fitted to a Generalized Wigner Distribution
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(full lines) at the initial stage of the growth process.

where p, a, and b, are the distribution parameters. Such a GWD behavior
has been obtained in the study of Ag/Ag(110) and Au/Au(110) stepped surfaces
for the terrace width distribution (TWD) in ref. [32] in some model parameters’
ranges. It has also been observed for vicinal surfaces in the case of steps with al-
ternating stiffness [33]. The step-step interaction potential in this case was taken
as repulsive in the form: 7 (S)=4/S*> where S is the terrace width and 4
an interaction constant. The effective interaction between steps is believed to be
generated by surface relaxation, reconstruction and surface electronic states. It
could be remarked that in Figure 12, where T takes a higher value, the GWD de-
scribed less well simulated data. How can we explain this behavior? It is obvious
that with the axial dislocations, we do have almost equidistant dislocation steps,
separated by terraces whose width changes during the growth either by carbon
atoms adsorption or by atoms diffusion on terraces. Therefore, the densities of the
1- or 2-hexagon islands obtained after nucleation and growth events and associ-
ated TWDs are closely related. It is likely that they show the same trend. This
means that in the model, an estimation of the TWD may reveal its GWD behavior

since the island's statistics do.
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Figure 12. (color online) Simulated 2-hexagon islands density (2Hd) (full circles) versus
scaled growth time calculated on CNT rims with chirality ¢=6,8 (panels (a), (b)) for
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I'=10. These data have approximately fitted the GWD behavior.

In Figure 13 and Figure 14, the island size distribution is illustrated at different
growth times for I'=1. The behaviors are in the form: p(x) = exp(—ax) since
log(p) behaves linearly with the island size up to N =120. The probability of
finding a large island on the CNT rim is extremely weak. It is almost zero for 5-
and 6-hexagon islands at low and very high coverages. The 1-hexagon island's
density is the most important one at all growth times, being several times higher

than that of the 2-hexagon island's density.
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Figure 13. (color online) Simulated data on island size distribution during a zig-zag CNT
growth (panels (a), (c), (e)) and corresponding regression curves (panels (b), (d), (f)) at
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Figure 14. (color online) Simulated data on island size distribution during a zig-zag CNT
growth (panels (a), (c), (e)) and corresponding regression curves (panels (b), (d), (f)) at
t=80,100,120. It results an exponential decreasing behavior of the island’s size distribu-
tion with the growth time.

5. Conclusion

As in crystals growth, we studied in this work, islands statistics on growing chiral
SWCNTSs by means of numerical simulations of a kinetic vertex model. This al-
lowed us to derive the character of new hexagon layers growth on the SWCNT
end-rim. The growth occurs by pre-existing steps propagation in some ranges of

model parameters. Deviations from this growth mode were apparent at large
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deposition rates and small diffusion lengths I' as well as at high coverages. The
SWCNT chirality parameter also affects the growth mode as it can be observed
from different islands statistics. Non-trivial behaviors of the islands density with
model parameters have been observed. We found that the average islands density
displays a Gaussian behavior in the early stage of the growth for appropriate values
of model parameters. This trend becomes more accurate when the chirality pa-
rameter increases. Beyond that, densities in the 1- and 2-hexagon islands have
shown different behaviors. They followed the GWD often obtained for the TWD
in stochastic growth models of vicinal surfaces. One can speculate that during the
growth, step-step interactions were effective, and TWDs were, of course influ-
enced by hexagon-islands nucleation events on terraces. We also studied the is-
land size distribution at selected growth times for I'=1 and observed that it fol-
lows a decreasing exponential behavior. Although the present research work re-
veals interesting results from the fundamental point of view, it can stimulate many
experimental works and be exploited for catalysis as well as for the growth of other

nanostructures at steps as it happens for vicinal surfaces in crystals growth.
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