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Morphological stabilization, destabilization, and open-end closure during carbon nanotube growth
mediated by surface diffusion
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In this paper, the growth stability of open-ended carbon nanotubes mediated by surface diffusion on the
lateral surface of the nanotube is considered in detail. Nanotube growth and destabilization is viewed as a
competition of two processes at the open growth edgéexagon formation sustaining the continuous growth
of the regular hexagonal network, ariil) thermally activated pentagon formation, which causes inward
bending of the nanotube wall resulting in end closure, i.e., growth termination. The edge of the open-ended
nanotube, if it is fed by a sufficiently large surface diffusion flux, may remain stable even without extrinsic
stabilizing effects. The closure of the open end of the growing nanotube is shown to happen whenever a change
in the growth conditiongtemperature, carbon vapor pressure, or surface area from which the open end is fed
decreases the surface diffusion flux, and the characteristic time for new atom arrival on the edge becomes
larger than the characteristic time for pentagon defect formation. These kinetic effects are also shown to define
the transition from single wall to multiwall nanotube growth. Additionally, the effect of surface diffusion
feeding nanotube growth from behind the growth interface is shown to stabilize open edge morphology,
effectively smoothing the growth perturbations which may be caused by diffusion-limited aggregation at the
edge.
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[. INTRODUCTION the growth anisotropy of NTs. It has also been proposed that
this anisotropy may be caused by differences in impinging
Since the discovery of nanotub@$T) and first results on ~ fluxes in arc discharge synthe$ls3]. In contrast, we believe
their synthesis and structural characterization, the mechdbat NT growth is mediated by an additional process of sur-
nism of growth kinetics of these structures has remained 4¢ce diffusion, which directs atoms that have adsorbed onto
the nexus of experimental and theoretical studiks50]. Ehe NN_lT surfabce an:j orzo ;fslezquttakr]Iylng SLtth])st(;atesV&f[hv_vhmh
The open-end growth model, founded on experimental ob © may be rootefll4~18,21 to the growth edge. Within

: i the surface diffusion model, growth anisotropy appears as an
servations2,5,6-§, assumes that NTs grow by addition of jrinsjc effect of NT formation valid for all techniquéss].

atoms into the hexagonal network at the edges of the ope@onsideration of NT growth within the continuum surface
end and seems to be the most probable mechanism of Ndiffusion model[14] has also provided simple explanations
growth. A second model assumes that NT growth proceedfr various effects observed in NT studigs5—18,21. For

via the addition of atoms into the closed cap followed byinstance, the effect of surface diffusion, directing to the
incorporation into the hexagonal netwoi®,10]. However, growth edges adatoms from large surface areas, explains
this model appears implausible given a molecular dynamic¥hy NTs are not filled through the opening during growth
study[11] which has shown that the impinging atoms do not[14,18. An estimate based upon a microenergetics sfaéy
incorporate into the hexagonal network, instead forming & OWS that for the case of C nanotubes the surface diffusion
disordered structure at the tip. A subsequent model for catj—ength may attain the scale ofm for experimental growth

lytically grown NTs [23] assumes that C atoms precipitate emperatures. The surface diffusion model shows also that
ytically g precip formation of enclosed shell structures called “bamboo struc-

from a metal nanoparticle supersaturated with carbon, evolvg,eg” may be caused by inequality of surface diffusion

ing into the formation of a hexagonal structure at the rootyxes feeding the growth of different layeiss,17,18. This

This mechanism involves an additional growth limiting step:model provides an explanation for the formation of NT sand-

diffusion of C through the metal particle, which, due to thewich structures with separated C and BN phages. This

low diffusion coefficients in bulk matter should give signifi- model also provides insight into the formation of multiwall

cantly lower growth rates compared with the surface diffu-nanotube§MWNT) and transition to the surface amorphiza-

sion growth mode[18], and, as our recent stufi®1] shows, tion mode[17]. It has also been suggested that surface dif-

has a further restriction associated with the supersaturation ddision is the mechanism which is responsible for NT growth

the nanoparticle surface with C. by the ball milling techniqug¢20] and carbon nanotube forest

In the open-end growth model it was originally assumedgrowth by chemical vapor deposition techniqui24].

that the atoms incoming from gas or plasma are captured at This paper addresses one of the most debated questions of

the edges by dangling covalent bori@§ thereby explaining NT growth kinetics—open-end stabilization/destabilization
and closure. We refocus here on this issue by considering the
growth of an open-ended NT within the framework of the

*Corresponding author. surface diffusion model. The paper is structured as follows.
Electronic mail: louchev.oleg@nims.go.jp Section 1l is devoted to the general discussion of the con-
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tinuum surface diffusion approximation and its applicability (a)
to NT growth kinetics and the issue of open edge stability, carbon flux from vapor
outlining major contradictions between different models. + } + + + +
Section Il details a mechanism for kinetic competition be- x :
tween pentagon and hexagon formation and various implica- \ _
tions of this mechanism for NT end closure, formation of J=-Dsgradn
enclosed MWNT shell structures, transition from single-wall - )

&

7

nanotube SWNT) to MWNT formation, and postnucleation
edge stabilization. Section IV is devoted to the intrinsic sta-
bilization of the open edge provided by surface diffusion
against diffusion-limited aggregation. Section V summarizes
the main conclusions of our study.

Il. THE PROBLEM OF NANOTUBE GROWTH
AND OPEN-END STABILITY x * * * * * *

A. The continuum surface diffusion model of nanotube growth \
-

Prior to considering the problem of NT edge stability let
us discuss in detail the continuum surface diffusion approxi- )
mation used in the following analysis. First, let us note that P P ————
in contrast to the case of diffusion in gases, where random p
walk behavior and migration statistics are defined by the
mean free path, in surface diffusion the random walk step
and migration statistics are defined by the separation be-
tween the adsorption sitéecal surface energy we)lsorre- carbon flux from vapor (C)
sponding to the interatomic distance on the underlying sub- + + + + + +
strate,ao=0.1 nm, and not by the adatom separatief/\/n x
(n is the surface concentration of adatgrigoreover, even J=-Dggradn
if the adatom is alone on the surface, its random walk mi- \ ----------

gration over distanceis defined by the characteristic diffu- -
sion time ‘ !
-
7

ar~1%Ds, (1)

which depends on the surface diffusion coefficient, given by FIG. 1. Schematization of nanotube growth modes:open-
ended growth(b) with liquid catalyst nanoparticle attached at the

5 end whenR,%/D,<1/(a§Q.), and(c) transition to MWNT forma-
Ds=agvexp(— 6Ep /kgT), (2 tion for Ry2/Dp>1/(a5Q,)-

whereay=0.14 nm is the interatomic distances=~3x10"®  if the characteristic time of stabilization of the concentration
Hz is the frequency of thermal vibrations, abBp~0.13 eV field on the NT surface of length, also defined by Eq1),
[19] is the activation energy of surface diffusion for carbonis much lower thar(i) the characteristic time of surface ge-
on a NT surface. ometry changel [dL/dt]~! (wheredL/dt is the NT growth
For NT lengthsL>a,=0.14 nm, the estimation of the rate), and (i) the characteristic time of change of C flux
surface diffusion flux to the growth edge and related growthimpinging onto the NT surface, defined @[dQ./dt] 1.
rate may be based on the continuum surface diffusion apfhat is, Eq.(4) is valid whenever the surface concentration
proximation: field has enough time to adjust itself to the changing condi-
tions of the system.
anlt=DV2n+Q.—n/ 7y, 3) The_ continuum surface diffusion m_o_del allows a_ldequgte
analysis of NT growth even for conditions for which this
model at first glance looks inappropriate. Let us consider a
one-dimensional1D) formulation of Eq.(4) for a SWNT
starting to grow from a NT nucleugschematized in Fig.
1(a)—1(c)]. First, we consider the caga) when the SWNT
rows open ended from a semifullerene nucleus. The case of
rowth with a catalyst nanoparticle, shown in Figb)l is
similar because the contribution of surface diffusion be-
comes dominantby comparison with the C flux impinging
D.V2n+Q,—n/7,=0 4 onto the particle and diffusing through #s soon as the NT

whereQ. is the impinging flux of C atoms onto the surface,
which depends on the particular NT growth conditiong,
=p~ LexpE,/ksT) is the adsorption time, and, is the ad-
sorption energy.

This equation may be reduced to a quasi-steady-state ag
proximation,
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surface becomes much larger than the nanoparticle surface, dL/dt=~QQ.L, )

i.e., when the NT length becomes much larger than the nano-

particle radiug 18]. Moreover, there is an additional physical and NT length increases exponentiallgr parabolically

restriction in feeding NT growth by bulk diffusion through with time:

the metal nanoparticlg21] worth briefly mentioning here:

the characteristic diffusion time of C through the metal nano- ~ ~ + +0. 2

particle to the NT root given by szlDb (whereD,, is the Lo expQQ) = Lol 1+ 0QL+OAAQAN, (9

diffusion coefficient through the partigleshould be smaller wherel is the initial NT nucleus length.

than the characteristic time of C impingement onto its sur- For the case when NT length> \ 5 the growth rate does

face, ~1l(a§QC). Numerical estimates of these values, tak-not depend o and becomes constant:

ing into account the fact that melting temperature depends on

the surface curvaturg21], suggest that the metal nanopar- QKQ,r

ticle should remain in a liquid form during NT growth to Ve ——— 8

allow a fast sink of C atoms by bulk diffusion through the 1+khp/Ds

nanoparticle to the NT edge in order to inhibit surface super; : . : o .

satura’gion with C. This agrees well with the recent therma\i%gigﬁ?é% e?\'/{/%\gi il'?llrgﬁlgethsglr?g%r; ogwt/%ngn?g: explicit re-

analysis of catalyst nanoparticle temperature given by Gor-

bunov et al. [22]. Otherwise, i.e., wheiR%/Dy,>1/(a5Qo), ,

the C content on the nanoparticle surface increases, IeadingL(t)+ khp nCOSﬂZL(t)/KD]—l Y kftQ dt

to supersaturation and precipitation directly on the nanopar- 2D, cosh2Lg/Ap]—1 7 ©° Ta o ¢

ticle. In this case, the metal nanoparticle serves as a template (11

for the nucleation of a new layer propagating over the first

one as schematically shown in Figc], leading eventually which may be simplified using;Q.dt=Q. wheneverQ,

to MWNT formation around the entrapped metal nanoparmay be assumed constant over time.

ticle. It should be noted here that the solutions provided by Eq.
By resolving the 1D surface diffusion problem with (11) correspond well with the variety of possible experimen-

dn/dx=0 at the NT origin k=0) and the boundary condi- tal growth modes described in a review paper on growth of

tion at the growth edges=L, hollow graphitic fibers by thermal decomposition of a gas

precursor on metal catalyst particl€®3] [in treating the

growth of a multilayer wall, Eq(11) should take into ac-

count the number of layers in the whlln this case a specific

) L ) . dependence of the incorporation constknrta,/ r;,. on the

where k=a,/7ic iS the kinetic constant of incorporation .ataivst material should be taken into account. That is, for

(with the characteristic time;,. corresponding to the slowest . ,iwalled hollow fibers the slowest kinetics stégeter-

kinetic step at the edge that the adatom overcomes in inCof,ining the incorporation rajemost probably corresponds to

porating into the NT wall one obtains an ordinary differen- yhe transport of C from the edge of the external layer on

tial equation for NT length, which the surface diffusion of C species takes place to the

core layers through the bulk of the metal particle, giving

(10)

—Dgdn/dx=kn, 5

V=dL/dt=—QDdn/dx Tine~0d%/Dy,, whered is the filament wall thickness arid,,
is the diffusion coefficient through the particle, which de-
_ QkQc7g sinh(L/\p) pends on the specific activation energy of the catalyst metal.
~ sin(L/\p)+ (k\p/Dg)cosiL/\p)’ © This analysis shows that surface diffusion plays a very

significant role in feeding NT growth immediately after
where() is the area per one C atom in the NT wall, and  nucleation, since the flux colliding into the edge is propor-
tional to the edge thickness, whereas surface diffusion flux is
proportional to NT length. Even for the cases of kinetically
Np=(Ds7a)*=agexd (E,— 6Ep)/2kgT] (7)  controlled growthk\p/D¢<1, when the growth ratey
~0kQ.7,, does not formally depend on the surface diffu-
is the surface diffusion lengtlwhich may also be defined as sion coefficient, it is the surface diffusion which provides a
Ap=2(Dg7,)"?]. sufficiently large flux of C atoms to the growth edge and
This equation shows that the continuum surface diffusiortherefore does not limit the growth rate. The expansion of
approximation works well even for small NT lengths with Eq. (6) into a Taylor series shows that even under kinetics
low surface concentration, reducing asymptotically to thecontrol, k\p/D¢<1, the initial stage of growth, i.e., when
ballistic mode, which is realized when the characteristic timel/\y<1, is described by Eq$8) and(9) as long ad_/\p
of migration to the edge, Eql), is significantly smaller than <k\/Dg, and converges td~QkQ.7, only when the NT
the characteristic time of C impingement onto the NT sur-ength L and related surface diffusion fluxQ., become
face, 1/@SQC). That is, expanding Eq6) into a Taylor se-  sufficiently large.
ries for L/INp<<1, one finds that for the initial stage the  The above analysis shows that the continuum surface dif-
growth rate is proportional to NT length, fusion model is an effective tool for providing adequate es-
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timates of C fluxes to the growth edges even for small NT OSSP TT™ T T T 17
lengths. This model has the additional advantage of being 04 a)
computationally simple and efficient for low temperatures T 03

and for large time ranges, for which molecular dynamics 2

approaches, based even on analytical forms of interatomic - 02

potentials, remain so far impractical. This model is poten- 0.1k

tially able to include and resolve many additional effects. 0.0 P I
That is, in estimating the impinging C flux we have been 004 008 012 016 020
using a simplified molecular-kinetics approximatio®, time (ms)

=P/(2mmkgT)¥? not specifying whether C atoms or ions 5
are involved, and assuming the flux to be constant during NT A
growth [15,17]. Analysis of relevant publications related to a
plasma analysis in arc discharge and laser ablation plumes E 3
show that, in reality, the situation is more complicated and 2
several additional effectsl3,25—27 may interfere. For in- |
stance, in analyzing transport phenomena in arc-discharge 0 ' T
synthesis of NTs, Gamally and Ebbedé3] concluded that 004 008 012 016 020
there was a non-Maxwellian velocity distribution of C atoms time (ms)

and anisotropy of the related fluxes caused by the presence of

the electric field. Thus, by taking into account the surface 107 =
diffusion influence on NT growth, one may conclude that the .
E field in the arc-discharge technique is able to accelerate the
growth of NTs held perpendicular to it, and also to enhance
the nucleation of subsequent layers. Thdield may also
influence C adatoms surface diffusion transport along the
NT, enhancing or inhibiting the growth rate and nucleation of Ted N V4 TR B
a new layer, depending on the mutual orientation of Ehe 004 008 012 016 020
field and the NT. This effect, well known in silicon step-flow time (ms)

growth by molecular beam epitaxy28], is caused by an
effective electric charge of silicon adatoms, and may also be
relevant to the case of NT growth. The gas phase transport of
NTs during laser ablation synthesis may also influence the
process by changin®@. and also the growth temperature.
Moreover, C condensation into NT and other nanostructures
will lead to its depletion in the vapor, changing the C flux
with time. It is also obvious that the involvement of the 10°¢ P I R
electric charge effects of carbon ions and free electrons as 004 008 012 016 020

well as that of the electric field in the surrounding plasma time (ms)

and on the NT surface may also change the C flux.

The present paper does not address these questions, re-FIG. 2. Analytical solution of SWNT growth parameters as a
stricting itself to the stability of open-ended carbon NT function of time:(a) SWNT length,(b) growth rate,(c) maximal
growth fed by surface diffusion in terms of surface klnetlcssurface Cor:lcentration, ar(d) criterion of Val|d|ty of Steady'state
of defect formation. To define more clearly the problem that@PProximation.

we are going to face here we give in Fig. 2 the solution ofjjyiteq growth mode. Figure 2 shows) NT lengthL, (b)

Eq. (6) using the simplified molecular-kinetics approxima- NT growth ratedL/dt, (c) maximal surface concentration of
tion, Qc=Pc/(2mmksT)? which is assumed constant dur- ¢ given by

ing SWNT growth undefl = 1500 K andP.=10? Pa for the

-2)
=)
]

Amax (m

LV/Dg

energetics data from Refl19]: E,~1.8eV and OEp Nimax=N(0)= Q.74
~0.13 eV. This study does not show that any particular ki-
netic barrier exists in the transition from the lateral wall onto (khp/Dy)
the edge except that due to surface diffusion, that is, X|1= Sin(L/\p)+ (k\p/Dg)cosiL/Np) ]’
(13
T~V L exp( 8Ejnc/kgT), (12) and(d) the ratio ofL?/D4 to L/V, showing the validity of the

steady-state approximation.

This solution shows thallL/dt [Fig. 2(b)] and n,, [Fig.
wheredE;,.~ dEp~0.13 eV. The related parameters of sur- 2(c)] are stabilized after the NT length becomes larger than
face diffusion areD~2.2x10"" m%*s and\p~0.08um the surface diffusion lengthp~0.08um. With time the
and k\p/Dg~6Xx10°>1, corresponding to a diffusion- growth rate becomes constart=Q QN and, in principle,
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the SWNT may continue to grow. However, for this particu- edge, is suggested to allow a double-walled or multiwalled
lar case the final separation between the adaterhs/n,,, NT to grow without end closure, whereas SWNTs tend to
~3 nm<\p meaning that adatoms are able to meet eaclglose up[40,41]. However, in contrast to this, a molecular
other prior to desorption and to aggregate, thereby leading tdynamics study shows that for the case of narrow NTs the
the nucleation of the next layer and to transition to the steplip-lip interaction by itself cannot maintain stability of the
flow growth of MWNTs[17]. However, under lower C vapor open end, which also has a tendency to close[44]. It
pressures the concentration becomes low and the SWNT sushould also be noted that in addition to Rd7] the possi-
face is not prone to secondary nucleation. Thus, from thidility of SWNT formation without any metal catalyst is also
point of view surface diffusion allows SWNT to grow to a supported by an experimental observatjds].
length considerably greater thag . However, this seems to Paper[39] suggests that a NT growing from a semi-
contradict to the experimental data, which indicates that théullerene nucleus may evolve into an open-ended SWNT un-
formation of long SWNTs is feasible only in the presence ofder the action of a catalyst at the edge, or evolve into an
metal nanoparticles. This contradiction, combined with theopen-ended MWNT if in a highly supersaturated C vapor, the
issue of open edge stability/instability with respect to defecthew layers form on top of the first layer, and the lip-lip
formation, causing SWNT closure, is the main focus of ourinterlayer interaction stabilizing the edge is formed. How-
study. ever, while analyzing the formation of double-walled semi-
fullerene NTs suggested in Rd39] we find that the open
edge of the first semifullerene layer represents an effective
B. The issue of open edge stability sink for C atoms and dimers impinging into its surface, and

The issue of open-end stability has remained one of thgue to the surface diffusion of these atoms to the edge fol-
most challenging questions related to the open-ended Nipwed by their incorporation, the surface concentration is too
growth, because the open edge appears to be prone to tfpw to enable_ the nuclgz_mon_of the se_cond layer. In eff(_act,
formation of different types of defects, which alter NT the ch_aractensuc repetition t|m<=T at which the C atoms im-
growth. In fact, the conclusion about open-ended NT growttPinge into the surface of a semifullerene NT nucletisp,

[2] has immediately posed a natural question: how the operfiépends on the carbon fl@Q, as

end can remain stable given the dangling covalent bonds

present on the growth edges, which should form pentagons Timp~ 1S Q;, (14

and thereby close the end. It was proposed that this stability ) )

may be due to a high electric field concentrated at the NT tipivhere S~27R? is the external semifullerene nucleus area
which stabilizes the edge or increases the barrier to its closubject to the impinging flux of carbon. o
sure[29]. However, it was found that this mechanism would  Let us compare the above value with the characteristic
be unable to stabilize an open end at the realistic fieldliffusion time, Eqg.(1), using the characteristic length
strengthg13,30. Other extrinsic factors, such as growth be- ~7R/2 the adatom has to overcome in reaching the growth
low the annea”ng temperatu[@l]’ adsorbed hydrogen at- edge. That is, for a semifullerenelike NT nucleus with radius
oms[32], or catalytic particle$6,33] were proposed to ex- R~0.5 nm, the characteristic impingement time g,
plain this effect. It was suggested that a stabilizing effect or=4x 10" ° s atT=1000 K forP.= 100 Pa(corresponding to
the growth edge can also be caused by the action of catalygtaphite source evaporation®f,= 3400 K). In contrast, the
atoms adsorbed on the growth edge providing annealing d/pical diffusion time along the path to the edge- wR/2
pentagon defectEl9,34). Without this annealing the growth gives a valuerg~4x10 *s for Dg=~1.4x10" " m%s.

of small radius SWNTs of carbon would not be possibleComparing these values one finds that under specified con-
because of pentagon formation on the growth edge leading tditions the nucleation of the second layer on the surface of a
the tip closure, found both for zigzag and the armchair ori-NT nucleus is quite unlikely because an adatom escapes
entation[35]. It has also been shown that a stabilizing effect,from the surface to the edge about four orders of magnitude
which allows the growth of carbon SWNTsut only with  faster than the time taken by the next one to arrive. Even for
zigzag orientatioy) may also be produced by atoms of B P.~4000 Pa Te~4000 K), 7in,~10"? s is still more than
[36]. In contrast, the open edge of a carbon SWNT wagdwo orders of magnitude higher than the diffusion timg
found by a molecular dynamics study to be quite stable dur=4x10"*?s. However, with increase in length a SWNT
ing growth if its diameter exceeds a value of 3 nm evenmay evolve into a MWNT. If a single layer semifullerenelike
without the action of catalys{87] (allowing one to under- nucleus ofR=0.5 nm grows open ended forming a NT of
stand the lack of narrow SWNTs in noncatalytic growth length L=50 nm, its surface become3~27RL, and the
However, narrow SWNTs were found to form pentagonalcharacteristic impingement time becomsgsg,~4 X 10 1%s
rings on the open edge, closing subsequently in a disorderefor P.=100 Pa, whereas the diffusion time for overcoming
cap structurd37]. Referencd38] also suggested that a sta- the distanceL =50 nm becomesry;; ~2x10 %8s, i.e.,
bilizing effect may also be provided by a repulsive potentiallarger by more than an order of magnitude. In this case the
of a particle present at the NT end. The stabilization of thenucleation of the second layer becomes feasible and succes-
NT growth edge has also been suggested to be due to tlséve layer-by-layer nucleation and growth may take place.
so-called lip-lip interaction: the presence of carbon atom®ut even in this case the NT initially grows as a SWNT.
bridging the edges of adjacent laygB9]. This effect, pro- One may argue that in effect the second layer may also
viding a significant gain in the surface energy on the growthnucleate by deposition of large C fragmefgsesent in su-
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NT growth edge atom position in the hexagdr-7.3 eV) and in the pentagon
(—6.3 eV) with the energy barrier from hexagon to pentagon
at the level of—4.9 eV. Thus, for the particular case consid-
ered in Ref[19], the activation energy of pentagon forma-
tion should have the value @it ,~7.3—-4.9<2.4 eV.

Second, the process of pentagon formation on the edge
competes with the process of addition to edge sites of new C
\ atoms continuing the formation of a defectless hexagon net-
work. The related time depends on the characteristic interval
at which new C atoms are repeatedly fed to the edge sites.
The growth of a NT is mainly fed by surface diffusion,
which directs to the growth edge atoms impinging into the
lateral surface of the NT. Therefore, the time of hexagon
formation, depends on the surface diffusion flu3,

FIG. 3. Schematization of kinetic competition between pentagor™ — Dsgradn, per one edge site,
and hexagon formation on the open growth edge.

T,<<Ty T>>Th

pentagon formation hexagon formation

1
V3agls

persaturated vapprwhich may serve as surface nuclei. The Th (16)
possibility of such an event is undeniable, especially taking

Intoaccount a recent _study, which shows that in a thich assumes that hexagon formation is limited by the time
nanosheet interaction with nanotemplates, a folded config

. U(ié,f a new atom arrival and that the incorporation kinetic time

) : 5 negligibly small(Ref.[19] shows that the atom approach-
_rtn(_)re fgvprablfhdltjgft(:r:pn%-range mtergctl{m?ie]. Ho(\j/\_/te_zver, ing the edge does not have any specific activation energy
't 1S oovious that It thiS nappens under all CONCItions ony,,q prior to the transition onto the edge

every NT nucleus, leading to the formation of a new layer on Thus, if 7,> 7, the formation of the pentagon defects is

top O.f the first one, the grovvth of SWNTS.WOU|d never beinhibited by faster hexagon formation, or at least their num-
possible. Thus, once again the same question about the op

%Er is not detrimental to NT formation. In this case the edge
ended growth model arises: what is the mechanianen- . . . S
abling a SWNT to grow with a stable open edge, at leas tability against pentagon formation may be intrinsically

. aintained during NT growth without any other extrinsic
until the moment when the nucleated second layer catches Y. .+ iherwise. the NT edge appears to be prone to desta-

\;vtlgr]nt/hZ:tlir;teog];sgpt?sfgrr::c])str?ehgzjlIpelréﬁx;?acﬂgig O;ﬁ ga?ri¥3tbilization by pentagon formation, which initiates end closure.
b 9 9 P Let us compare these two times for a semifullerene

2
ended nanotube to eventually close up? nucleus withR=0.5 nm. In this case the surface diffusion
flux is minimal. For NTs smaller than the surface diffusion

Ill. PENTAGON /HEXAGON COMPETITION length the desorption is negligibly small and the diffusion
AND NANOTUBE FORMATION flux is equal to the ballistic flux into the surface,
A. Kinetic competition between pentagon
and hexagon formation SQ
I~ 5 (17
7R

The answer to the problem of open edge stability in NT

WhereSis the NT surface subject to C flux from vapor. After
the nucleation of a semifullerene nucleus, the effective area
in which C atoms impinge i$~3R?, and with an increase
in the NT lengthL it becomesS~27RL tending finally to

e upper possible lim$~27R\ , where\ is the surface

iffusion length.

In Fig. 4 these characteristic times are plotted versus the

temperature for different values of activation energy of pen-
tagon formation within the rangéE,=2-2.5eV and for

and related characteristic times defined below.

First, NT closure is known to be initiated by the formation
of pentagons on the ed¢,5,11,37,38 The process of pen-
tagon formation, associated with atom reconstruction an
change in interatom separations at the e@gg. 3 should
occur via an activation energy barrig, implying a corre-
sponding time of pentagon formatior,, which depends on

growth temperature as P.~4000 Pa T¢,=4000K). For lowT, 7,<7, and penta-
. gon formation is inhibited by new C atoms diffusing to the
T~ v eXp( OB, TkgT). (15  edge and forming a regular hexagonal network. In contrast,

for higher T, 7,>7,, implying that pentagon defects are
Every possible path of atom reconstruction on the edgéormed much faster than hexagons. It is necessary to outline
leading to pentagon formation would obviously require a dif-the importance of carbon vapor pressure in maintaining the
ferent activation energyE,. Let us consider data available edge stability. For instance, fdP.=4000 Pa the hexagon
for the particular case of armchair NT orientation: R&0] formation time is7,~5x10 8s at T=1500 K, which is
gives the energy levels on the edge corresponding to the €onsiderably smaller than the time of pentagon formation,
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10° T T T | catalyst is required for SWNTIL9,39 or lip-lip interaction
02 E N for MWNTSs [40,41], and on the other hand that large diam-
aFtos ===3E=20eV J eter SWNT may grow with a stable open end without a cata-
PR (O RN - IR - lyst [37], whereas narrow two-layer NTs even with lip-lip
v 105 < TS ’ N interaction close up42]. Our analysis suggests that the mo-
£ sPoae—aa - Ty e lecular dynamics study42] of NT growth by direct impinge-
10 e ‘\,:\\_ ] ment into the edge performed at 3000 K neglects the effect
10 Taneee " _‘*~~:_':.— of surface diffusion whereas suggestions based on microen-
o T ] ergetics datd19,39,4Q do not take into account the kinetic
1 ! ! 1 ! ! aspects of the problem. The analysis of typical times in-
1000 1500 2000 2500 3000 3500 volved in the processes of pentagon-hexagon formation al-
T) lows us to conclude that a NT may grow with open end

FIG. 4. D q ¢ characteristic ti ¢ pent ¢ without other stabilizing effects on the edge whenever it is
. - 4 Dependence of charactenistic ime of pentagon formaz by a sufficiently large surface diffusion fluxy<r,),
tion and hexagon formation, which shows that f@g~4000 Pa . . R P/

: . . whereas even with the stabilizing effect of lip-lip interaction,
(Te=~4000 K) pentagon formation prevails at high temperatures, doubl Il NT should cl hen th f diffusi
whereas hexagon formation prevails at low temperatures. a double-wa should close up when the surface dfusion

flux becomes too small.

7,~2X10"s (E,=2.0eV) and 7,~2x10 °s (JE,
=2.5eV), and edge stability may be maintained. However, B. Nanotube end closure

~ ~ ~ —5
for Pe~4Pa (Te~3000 K)ry~5x10 *s>7, and the In general, the closure of a growing open-ended NT may

edge appears to be prone to pentagon defect formation. ; i i
The increase in the NT length and in the lateral sun‘acehapmn whenever the change in the growth conditleas

areaSincreases the surface diffusion flux to the growth edgeperature, carbp n vapor pressure, and surface area from which
decreasing even further the value of, and enhancing the open end is feddecreases the surface diffusion flux, and

thereby the stability of the edge against pentagon l‘ormationthe characteristic time of new atom arrival on the edge be-

o - L comes larger than the characteristic time of pentagon defect
It is important to emphasize here the significance of Surfac?ormation
diffusion, which directs to the 'growth' edge a sufficiently In parti'cular open-end closure may occur due to a deple-
'afge amount of C atoms even |_mmed|gtely afte_r fche n.Udefion in P, around the growing NT. Let us assume that at the
ation stage. If only the contribution of direct collisions into ¢ '

the edge site from the vapor is taken into account, one findgeg'nmng of growthP¢=~4000 Ea (Ee"%‘lOOONK)éBCO[rg'
that the corresponding time,~ 1/a2Q, is about six times sponding o the bulk concentration=P/kgT~10""m
larger than the time corres ondin0 th> Ed6) for a semi- (atT=1500-3000 K. ASWNT of carbon oR=0.5 nm and

9 resp g 4 L=1um contains N.~10" atoms. This means that the
fullerene NT nucleus witiR=0.5 nm.

One may argue here that pentagon defects may be a rowth of one lum-length NT is able to exhaust the carbon

nealed into regular hexagons; for armchair orientation th apor fromN¢/nc=10 mn? of the surrounding gas volume.

corresponding activation energy barrier is shown to b:rhe fall in P causes a linear decrease Jg=—Dgrad

AE,~6.3-4.9=1.4 eV[19]. The dependence of the corre- hoePg, which feeds the growth and, as a consequence, in

. . P_l.
sponding time Th* e o .
P 9 Next, we should indicate another possible route of NT

closure. Arc discharge, laser heating, and other techniques of
Tar~ v T eXP(AEqn/kgT), (18)  NT synthesis are characterized by high nonuniformity in the
concentration and temperature fields in the active synthesis
given also in Fig. 4, shows that it is significantly smaller thanzone, often accompanied by strong convective flows. For
7, for high temperatures and has the same order of magninstance, during arc-discharge synthesis the temperature non-
tude near 1200 K. However, regardlessrgf, the annealing uniformity may cause natural convection loops, which pro-
of the pentagon also requires the presence of an additionalde transport of growing NTs through regions with higher
sixth C atom near this defect and, therefore in reality it isand lower temperature and carbon vapor pressure. The
also controlled by the rate at which C atoms are fed to thehanges and oscillations in the temperature and impinging
edge by surface diffusion. That is, the real time for thecarbon flux may both destabilize open end and initiate its
pentagon-hexagon transitiom, .,~ 7,+ 75, is determined closure. Even the transport of a NT outside the synthesis
by the highest value, i.e., by E¢L6) or (18). zone may destabilize the end and close it up. The same ar-
This analysis shows that by virtue of the surface diffusion,guments allow one to understand why the termination of the
the edge of the open-ended NT, if it is fed by a sufficientlysynthesis leads to end closure during the final stage of the
large surface diffusion flux, may remain stable even withoutprocess. In effect, after the termination of evaporation by arc
other edge stabilizing effects such as metal catalysts, hydratischarge or laser heating, the thermal energy of the gas and
gen atoms, or lip-lip interaction. Moreover, the dependencehe carbon vapor dissipate. In gases, the dissipation of ther-
of the edge stability on the surface diffusion flux resolves armal energy and concentration occurs at the same rate be-
apparent contradiction between different studies, which showause the thermal diffusivity and the concentration diffusiv-
on the one hand that for stabilization of the open end, aty have the same order of magnitude. However, in the case
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considered the dissipation of carbon vapor takes place simul- (a) single layer growth

taneously with vapor condensation into the NTs and other

solid structures. Therefore, the carbon vapor concentration in S ininlstuininleis 2 <<t

the gas dissipates more rapidly than the thermal energy. Ad- TJ.=-D, gradn ’

ditionally, the released heat of condensation and solid par- T

ticles having high thermal inertia both decelerate temperature (b) second layer nucleation

fall. Hence, the rapid fall i, will induce a rapid increase in

the characteristic time of the hexagon formation compared J, << J,

with that of pentagon formation. This will lead to the situa- C"""ﬁ 7, <<T,

tion when at the final stage of the process, pentagon forma- idh '=“l;' ':u'i'“

tion will dominate over the formation of new hexagons at the s~ D, gradt

open ends of NTs, causing their closure. (c) second layer catches up
Thus, the formation of long NTs requires continuous with the first one

evaporation of graphite and effective transfer of carbon va-

por into the zone of synthesis, which should be maintained

under a considerably lower temperature to inhibit pentagon

formation at the edge. This consideration suggests that open-
ended NTs tend to close up during the process and especially / \
at the final stage, explaining why, in accordance with the

postprocess high-resolution microscopic observations, NTs (d) first layer end closure (e) lip-lip formation
with closed ends prevail in deposits. ~ omoooooeooooooooo b mmmmmmmmemmee e >
( ) (=
_________________ A —_—
C. Formation of enclosed MWNT shell structures J;=-D, gradn J,=-D, gradn

The destabilization of the growth edge due to decrease in F|G. 5. Schematization of enclosed shell structure formation in
surface diffusion flux also suggests a particular mechanisnWwNT growth: (a) increase in SWNT lengthb) provokes nucle-
of MWNT growth into enclosed shells. In the previous pub-ation of the next layetc), which with time gets closer to the end
lications[15,17) it has been shown that MWNT structures leading(d) to end closure ofe) to the formation of lip-lip interac-
with enclosed shells, frequently observed in NT synthesistion and simultaneous propagation of a two-layer wall.
are formed because during layer-by-layer nucleation and
growth, every subsequent layer grows faster than the unOleg.'election betweeli) the closure of the first layer dfi) in-
lying layer and finally catches up with it and, thereby, stops,

; teredge lip-lip formation looks to be the result of the compe-
completely the growth of the underlying layer. Based on the. . S !
estimates made in Sec. IIB one finds that the second la Gition between two effects. That is, if the edge of the first

yer .
may nucleate whem,,< 4. Comparingrg, Eq. (1), with (?aye;] has cI%se? el‘t tfhe moment the sgcond I_E?/er flgaﬂy
Timp, EQ. (14), one finds that nucleation of the next layer catches up, the lip-lip Orma“of‘ appears Impossibie an t.e
becomes feasible when the length of the first layer _second Ia}yer propagates, leaving the f|rst.on.e bghmq. Strik-
>(DJ2mRQ)Y2 After nucleation the second layer grows ing experimental evidence for such behav!or is given in Ref.
initially with about the same rate as the first ofis,17. 45 If the second layer propagates rapidly enough com-
However, with increase ih the second layer starts to grow pared with the rate of end cI_osgre b_y pentagon formation,
faster, because it is fed, in addition, by surface diffusion fromthen both layers may form lip-lip bridging and propagate
its own surface. Finally, the growth edge of the second |aye|ater on simultaneously, under the additional condition that
catches up with the edge of the first layer, leading to théhe bridges between the layers provide an effective redistri-
increase inr, for the first layer as schematized in Figap-  bution of the adatoms coming by surface diffusion to the
5(d). In effect, before the nucleation of the second Idy&g. edge of the external layer onto the edge of the internal layer
5(a)] the area feeding the growth by surface diffusiorSis [17].
~2mRL,. The effective area from which the first layer is  In contrast to the above kinetics mode, another scenario of
fed after the nucleation of the first layer 8=27Ré4L, enclosed shell formation, when layer closure initiates nucle-
wheresL~(L,—L,)/2 is the distance between the first and ation and propagation of the next layer, is also possible. That
the second layefFig. 5b)]. When the edge of the second is, if the growth of the first layer has exhausted the local C
layer gets closer to that of the first ofieig. 5(c)] the de- vapor, the NT end closes up because of the increasg.in
crease inS=mwR(L,;—L,) results in an increase im,. The layer closure cuts off the consumption of carbon on its
Hence, the growth of the second layer leads not only to slowsurface and also in the gas. Thus, after this closure an in-
ing down and complete inhibition of the growth of the un- crease in the carbon vapor concentration should follow, and,
derlying layer, it also induces the formation of pentagon deas a consequence, the surface concentration the lateral
fects at the edge of the first layer causing clodiig. 5(d)]. surface increases to the level which triggers the nucleation of
In fact, the moment the second layer catches up with th@ new layer, which grows along the surface of the underlying
first one, their edges may also undergo lip-lip interactionJayer until its own closure—which in its turn causes an in-
and subsequently propagate togetfteig. 5(e)]. The kinetic  crease in carbon concentration in vapor, in surface concen-
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tration n, nucleation, propagation, and closure of the next
layer.

D. Transition from SWNT to MWNT formation

Let us now approach the problem of SWNT formation
and the transition to the formation of MWNT. Let us specify

Carbon vapor pressure (Pa)

the conditions allowing a SWNT to form. Returning to the — /Tl
competition of hexagon and pentagon formation on the edge, ‘Cp/’th—lo 4
the ratio of the characteristic timeg /7, 10* l 1 | 1 1
1200 1600 2000
7ol Th=V380Jev ™ Lexp 0E, kg T)>10,  (19) T'®
T T T | T
represents a reasonable level at which pentagons formed at g 10* —L=0.1A oA ,/' (b) -
the edge may not result in NT closure. Hence this condition o - 7 4
may be used as a criterion of edge stability against the clo- % 10° ) -
sure by pentagon formation. N / .
This criterion requires that higher carbon vapor pressure g 10 4 oC =
P. and lower growth temperaturdsare necessary to main- = Ll ! —_— )t
tain open-end stability. However, this criterion and implied g 107~ . ;‘““ 10
requirements contradict the condition of SWNT formation, S .r T/ Y
which requiredi) lowering P, and(ii) increasingT in order 10 . 1 1 1 '
to maintain low surface concentration on the NT surface and 1200 1600 2000
to inhibit surface nucleation of the next lay¢ds/]. Surface TX)
nucleation of the second layer may happen if the adatoms are . T . T . I r
able to overcome the separation distance, which depends on @ 10* - L>>A _(c)-_
the maximal surface concentration=1/nY2 . In order to o L -
overcome this distance by surface diffusion and to form the E 10°
nucleus, the adatoms require a time of order of magnitude 5 -
g 10k
&
= [ oC
NAZ N " g & _Ta/Tnuc -
U DS 4D Ny 20 S o [ LT TP/I‘ch-IO-
1200 1600 2000

where the factoN~exp(E,,./kgT) represents the number
of surface collisions necessary for adatoms to make a T &)
nucleus, overcoming some activation energy baréief,c. FIG. 6. P~T areas corresponding t6) open-end stability
If th|3 time is larger than the time of adsorptiomq  against pentagon defect formatiéabove broken lineand (i) the
~ v~ L expE,/ksT), the nucleation of the next layer is impos- inhibition of secondary nucleation on the surfdbelow solid lin@
sible. Hence, the criterion of the inhibition of secondaryfor different SWNT lengths.
nucleation may be formalized as
For later discussion let us note that foe-Ap one has
Js~Q:\p and n,,~Q.74, Whereas folL<\ one has]
Tal Thue= 4D sNmax7a IN<1. (21) %SQ(flg_Calr?]d nmaXSKS(iia?L/AD)Z. i )
In Figs. Ga)-6(c) we show isolines7,/7,=10 and
During NT growth the values of surface diffusion flux and 7,/7,,.=1 in coordinates oP; andT. These isolines define
of the maximal concentration increase. Resolving the conareas of open-end stability against pentagon formation
tinuous quasi-steady-state approximation for growth modgabove the broken lingsind the areas of stability of a SWNT
limited by diffusion,k\p /D¢>1, with dn/dx=0 at the NT  surface against the nucleation of the next lagtezlow the
origin (x=0) andn=0 at the edgeX=L), one obtains solid lineg. Both criteria depend on the NT length and are
given for (@) L=0.0I\p, (b) L=0.1\p, and (c) L>\p.
This figure shows that the smaller the length, the larger the
Nmax=N(0) =Qc7,[1—1/costiL/\p)] (22)  P.-T area in which the NT may grow with a stable open end
and without secondary nucleatiosee the cases oL
and =0.0I\p andL=0.1\p). This is due to the fact that fdr
<\p the values ofr, /7, are proportional td- and the lim-
iting pressure, corresponding te,/7,=10, is P.x1/L
Js=—Dsdn/dx— =Qchp tani(L/\p). (23)  (shown by the broken lineln contrast, fol. <\ the value
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of 74/ L? and the limiting pressure, corresponding to gons, whereag for C atoms in solution is the same. That is,
7ol Toue=1 is P.x1/L2 (shown by solid ling Therefore, the equilibrium concentration in a solvent corresponding to
with the increase in SWNT length tiie.-T area correspond- dissolution of pentagonal defects should be significantly

ing to open-end stability against pentagon formation expanddigher than that corresponding to nanotube hexagons. For
instance, the binding enerdg, per one atom in nanotubes is

iorfvell known to be larger by~0.4 eV compared to fullerene
As a result, as long as SWNTs remain sho\  , there are molecules consisting of pentagons and hexagons. Even tak-
i D

i . : . . P ing this average difference, one finds that for
(Fs)(ca )T:r:Za(sitl);]]W;é;?ngﬁeg:r?tgéi?igrﬁggﬁ m;lz Irs]chlgﬁldary: 1000-1500 K the equilibrium solute concentration corre-

. : i | def i 20-1 i
nucleation. In contrast, fot>\y [Fig. 6(c)] SWNTs be- sponding to pentagonal defects is about 20-100 times

bl : d leatim greater than that of NT hexagons. This means that a metal
come unstable against secondary nucleafint A), pen-  nangnarticle supersaturated with C relative to hexagon for-

tagon formation on the growth eddgoint C), or against  mation is undersaturated relative to pentagonal defects and,
both of them(point B). _ _ therefore, should effectively dissolve them if they form on
Our analysis does not take into account the possible addihe growth edge.
tional effects which may prevent pentagon formation and NT ' The involvement of metal nanoparticles provides two ad-
closure. For instance, in the presence of catalyst the edgitional effects. First, the presence of the metal nanoparticle
[19] may maintain stability against pentagon formation everprovides an additional sink for the solidification heat re-
in P-T areas below the broken line, enabling SWNTSs'leased at the growth edge, which tends to increase NT tem-
growth to lengths considerably larger than thatgf. Nev-  perature[46]. This effect inhibits the temperature increase
ertheless, in the absence of a catalyst or hydrogen atoms @&nd, hence, the formation of pentagons at the NT growth
the P.-T areas below the broken lines, the open end is pron€dge. Second, metal nanoparticles enhance NT nucleation in
to pentagon formation and should close. After this closurecarbon vapor leading to more intensive carbon condensation.
happens the NT may be covered by subsequent layers leadiherefore, together with increasing the edge stability against
ing to the formation of MWNTS. pentagon formation, the involvement of catalyst nanopar-
It is important to note here that with increase in swT licles as NT nucleatlor_1 centers additionally prowdes a fast_
length, theP-T area corresponding to stability against Ioen_decrease in C content in the gas phase, causing a decrease in
tagon formation and secondary nucleatishown by poinB the concentration of C on the SWNT surface, and, thereby,

in Figs. §a) and Gb)] shifts to lower C vapor pressures. This inhibiting next layer nucleatiofl 7]
corresponds to the general tendency in SWNT synthesis by
laser ablation where SWNTs nucleate at high C vapor pres-
sure, but with time they are transported by gas flow to areas Let us note that the process of NT growth is closely re-
of lower C pressure out away from the graphite source. IfJated to the nucleation stage. The initial NT ring nucleus has
finally, these NTs are transported into tRg-T area corre- been suggested to form from polyyne ringd, from two

sponding to point C in Fig. @) they may grow into a long parallel carbon sheets evolving into a tube by thermal acti-
SWNT under the action of a metal particle on the edge, ovation[48], from a semifullerene nucle|89], from a cata-

else close themselves up into a shorter NT shell if they growyst nanoparticlg 33], by a carbon nanosheet folding into a
without a catalyst. NT ring nucleus via thermal vibratiori&4] or via long-range

interaction with a nanoparticlgl4]. Whatever the nucleation

mechanism, NT growth in the postnucleation stage appears
E. Influence of a metal catalyst nanoparticle to be due to surface diffusion and the initial ring nucleus may
evolve into a continuously growing NT if immediately after

This study also provides an explanation as to why thehe nucleation the open edge is stabilized against pentagon
involvement of a metal catalyst nanoparticle would increas : € op 9 gainst pentag
ormation. To define th& T area of postnucleation stabili-

the output of NTs and particularly of SWNTs. The Presence, ..o of the growth edge of the ring nucleus, we show in

.Of m.Etal catalyst ato_ms or particles at the NT growth edgq:ig_ 7 the isoliner,/ 7,= 10 calculated for a NT ring nucleus
inhibits the formation of pentagons under Ppressuréy iy jangth| =1 nm. TheP_-T area above this isoline cor-
temperature conditions at which, without the catalyst, the N responds to the nucleuscedge stabilization enabling NT
open edge would be prone to destabilization. The influencyowih, whereas below this line the nucleus edge should be
of individual metal atomgNi) on edge stability has been prone to pentagon formation immediately after nucleation,
considered in Refl19] based on quantum mechanics calcu-caysing termination of NT growth. This figure shows that the
lations. The stabilizing effect of a metal nanoparticle at-growth edge may not be stabilized and the ring nucleus may
tached to a nanotube efischematized in Fig.(b)] appears not evolve into NT growth foff >1800 K even for very high

to be a simpler explanation. That is, to allow the formation ofcarbon vapor pressurdsf the order of 16 Pa. This tem-
hexagonal-phase nanotubes, the metal particle should be sperature limit is in good agreement with a similar conclusion
persaturated with carbon relative to the hexagonal phase. Thelevant to the growth of MWNTs based upon other argu-
equilibrium concentration of any substance in a solvent isments[49].

Ceqexp(—AH/kgT), where AH=E,—E; is the dissolution In addition, the results of a molecular dynamics study
heat corresponding to the difference between atom energy ishow that for a specific temperature and carbon flux onto the
the solid phasek,,, and that in the solvenEg. The value of  growth edge, pentagon formation provoking SWNT closure
Ey, is larger for regular hexagons as compared with pentaprevails for small diameters, whereas for large SWNT diam-

F. Postnucleation edge stabilization
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. 10° T T T 1 (@
<
& 100k ‘tp/’th>10 _ _
g 3| NT nucleus edge \ l j / \ l J
% 101 stbilization . N N /,
g 10 T/5<10
§< 10' |- NT nucleus edge =
> 0 destabilization
g 107 = -
T 10| . -
o 2

10 ] ] ] ] ]

1000 1200 1400 1600 1800 2000 _»

T K) nanotube with transformation of
smooth growth the smooth edge into
edge a cap-like structure

FIG. 7. PT areas corresponding {0 postnucleation edge sta- under aggregation
bilization against pentagon formation allowing the initial nuclei to destabilization
evolve into NTs(above solid ling and (i) edge destabilization by (b)
pentagon formation causing formation of fullerenelike structures.

>4 Ag * > Al A, €
eters(larger than 3 nmthe edges are not prone to end clo- ": g - > ! 128 <«
sure by pentagon formatidi37]. This suggests that the acti- :: |,§ « > :é <«
vation energy of pentagon defect formatiaft,, depends i Iy <« > 15 €
: P > 10 & > ! 18 -«
also on the radius: the smaller the radius, the smaller the > |~§- - g =l
value of 6E,. Hence, the smaller the radius the smaller the ->' : - >! :‘E -
characteristic time of pentagon defect formatiag, and
consequently smaller would be the hexagon formation time __>
required to inhibit pentagon formation and open-end closure.
This explains why the small radii SWNTs do not form with- nanotlll};z Wl&th growth edge smoothing
out the additional stabilizing effect of metal nanoparticles or pedertem gro due to stabilizing effect
g of surface diffusion

hydrogen atoms, which when adsorbed on the edge make it
stable with respect to pentagon formation.

It should be also noted here that the possible increase of Fig. 8. Schematization o) morphological destabilization by
OE, with increase in NT radius permits also a simple expla-girect impingement of atoms into the NT edge d&hgmorphologi-
nation of experimental observations, showing a shift of nanocal stabilization by the effect of surface diffusion feeding NT
tube diameter distribution to larger values, taking place withgrowth.
the increase in growth environment temperaf®@&. That is,
narrow NTs with smaller values odE, should be more ..., pie 1t should be noted that this kind of instability has
prone to edge destabilization by pentagon formation and clo-

s ; ; ; ; long been known to take place in diffusion-limited solid
sure with increase it compared with NTs with larger diam- . S .
eters and larger values @E,. Hence, the tendency of nar- phase formatiofi51]. For step-flow growth, this kind of in-

row diameter NTs to help edge destabilization and closur ;5) '\"A,tzs'?gfgrﬁfeibfs;\t,g&%”'Cpoor; tm%mcgesgtiﬁﬁgﬁgngg:e
should obviously decrease their fraction in the final NT out- Y '

put shifting the whole distribution to larger diameters with [&F from equilirium, -fractal-like growth patterns with
increase i, branching processes occurring on the scale of the growth unit

dimensions are well knowfb4].

In contrast to the techniques where the diffusion feeding
IV. EDGE STABILIZATION AGAINST the growth takes place in front of the solidification interface,
DIFFUSION-LIMITED AGGREGATION for the case of NT growth, the surface diffusion feeding the

A. Perturbation analysis growth from behind the edge has previously been suggested

to inhibit this type of edge instabilityshown in Fig. 8b)]
[14]. The present analysis treats this problem in more detail,
“taking into account the possibility of a thermokinetical effect
at the NT edge in order to provide a better insight into this
kind of destabilization.
The linear perturbation analysis performed below treats
e surface concentration field(x) on the lateral surface

In addition to the atomic-scale pentagon defects provok
ing NT closure, there is an additional type of possible mor
phological destabilization in NT growth found by molecular
dynamics studief42]. In particular, this study shows that an
initially even edge of a two-layer NT, held under a flux of C
atoms incoming directly from the gas, becomes uneven witlgh
time, i.e., covered with large protuberances, transformin : :
into caplike edge structures destabilizing NT groviig. qejgzcér[&e]q by Eq(4) together with the balance at the growth
8(a)]. Thus, if the growth is fed by atoms impinging directly '
into the edge from the gas, the edge should be prone to this 0
kind of morphological destabilization, making NT assembly —Dgdn/dx=k(n—ngg), (24)
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Wherenngﬂflexp(— Einc/kgT) is an equilibrium concen- 10

tration, whereE;,.= E,— E, is the incorporation energfE, B ' ' ' "]

is the binding energy - .
In addition, morphological stability may be caused by the ] G ]

effect of thermal perturbation of the incorporation kinetics at 10+ PR

the edge. That is, in the case when the temperature along the r ngq Qy a? 7 1

NT wall changes near the growth edge, a small edge protu- [ " W' ‘

berance,=4l, induces a small temperature perturbation at ~ L. L7

the tip of this protuberancesT= &l gradT, which in turn ‘g 10” SR

produces a change in the kinetic constask= 6T dk/dT = Jée e 4 77 °T

= ¢l gradT dK/dT. The change in the kinetic constant leads 6] A KA

to a corresponding change in the incorporation rate, which ol / __,

leads to kinetic enhancement of the initial protuberance if the 10T /! P T

temperature increases toward the edge (@ta@). There- L ,."'

fore, the present analysis includes the temperature field in the ) 0 ]

wall in the approximation of a thermally thin body, s| /! o diteq G 1

wrs o ar T )
dkV2T+3Q,=0, (25) [

whered is the NT wall thicknessk, is the heat conductance, 10°h £ ! ' L

and>Q,, is the heat exchange balance including heat gen- 1000 1500 2000 2500 3000

Elr_?\tion and removal occurring on the lateral surface of the Temperature (K)

Perturbing the concentration and temperature fields by
SH=¢ exp(wt+iay) along the edgdy coordinate, one ob-
tains an expression for the perturbation incremewepend-

ing on the perturbation wave numbar=27/N (\ is the
perturbation wavelengih P.=4 Pa (T,,= 3000 K), T=1000-2900 K, and a perturba-

tion wavelengthh =1 nm. The concentration gradient is es-
timated asG=eVn=V/QD, andn,—n2.=V/kQ, whereV

FIG. 9. Estimates of different terms in the perturbation incre-
ment Eq.(26) as a function of growth temperature.

e
w=0D.al G+ ni_ngq % B dngq _ nqu ya? is estimated by the steady-state grovsth approximattbhe
s k dT°" dT " keT |’ NT length becomes larger than the diffusion length
(26)
whereG=¢€Vn is the value of the concentration gradient at _ Qk(QcTa_ngq) o8
the growth edge and is a normal unit vector pointing out- T 1+k(7,/Dg? (28)
wards from the edge in the positixedirection,Gt=€eVT is
the temperature gradient at the edgé dk/dT This figure shows that the term corresponding to the gra-
= 8Einc! (kgT?) anddngc(dT= nngmC/(kBTz). dient of surface concentration prevails by several orders of

The activation energy of incorporation is the energy bar-magnitude over all other terms in the dispersion equation
rier the adatom has to overcome to make a transition fron§26). Only whenT is close to that of evaporation, 3000 K,
the surface near the edge onto the edge. Refeld®eloes the surface energy termﬁqQ ya?/(kgT) attains the order of
not show that there is any additional energy barrier excepiagnitude ofG. The value of the heat conductance is as-
that of surface diffusion, that iSE;,.~ 6Ep~0.13 eV. The sumed to be that of graphite perpendicular toc¢lais, that
value of surface energy at the edgejis=10 eV/nm. The s, ke=~250 W/mK (for T=2000 K) [56]. Taking into account
value of Gy is defined by the energy balance at the edge: that for a NT wallkg may be significantly highel57] than

that of graphite, the values of the two terms associated with

Groc1/kg appear even smaller.

Equation(26), which includes thermal effects, provides an

interpretation of a molecular dynamics simulation of NT
egrowth revealing the formation of edge undulatigag]. In
this study the edge was subjected to a direct flux of atoms
implying that the value oG=0. However, the NT fragment

in the simulations was kept under an extremely high tem-
perature gradier®r~ 102 K/m (from 3000 K at the edge to
1700 K at the bottom part of the NT fragment of 12 atomic
layerg. This suggests that the destabilization found in this

In Fig. 9 we show the values of all the terms included instudy would be probably caused by thermokinetical pertur-
dispersion equatiori26) calculated for SWNT growth for bation at the edge, i.e., by a temGdk/dT, wherek is also

ksGr~VEj/(2d), (27)

wherek; is the heat conductance of the NT wall ashés the
NT wall thickness. This equation contains only a part of th
binding energy.E;,.=Ep,—E,, because the adsorption en-
ergy E;~1.8 eV [19] produces the corresponding thermal
effect on the lateral surface of a carbon NT.

B. Morphological stabilization
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defined by the Arrhenius type expression similar to that of 0.0 —f=—=f-==1-
Eq. (12). It is difficult to determine from Refl42] the char- !
acteristic kinetic path of atom incorporation, but at least the o5k
stage of the bond switching into hexagon formation is similar K
to Eq. (12), «v exp(—A/kgT), whereA~1.55 eV[38]. This 810
kind of destabilization cannot be smoothed out by diffusion I
over the edge. In effect, the activation energy of C atom o
diffusion over the edge, 2.4 eM.9], shows that the C atoms -
impinged onto the edge at a rate of one atom per 290 ps,
whereas the diffusion time at the edge for 3000 K is about 2.0
v texp(2.4 eVkgT)=350-1000 ps. For loweF the situa-
tion is similar: for T=1500K and growth rateV
=0.1 mm/s[19] the period of time during which one atom 20
incorporates into one site isay,/V=1 us, whereas the time
required for atom relocation to a neighboring site on the edge < 15
is =10 us. L
In reality (especially for low temperaturgs particular 8
mode of thermokinetical destabilization should not be ex- o -
pected in NT growth. Moreover, our recent thermal physics o
estimates show that the temperature of carbon nanotubes re-
mains practically uniform as long as the NT length is smaller
than ~1-10 um [46]. However, the edge may be destabi-

—— T=1200 K
-=== T=1500K

—— T=1200K
===~ T=1500K_|

lized by random growth fluctuations, atom aggregation, or by 0 2 4 6 8 10
condensation of large carbon fragments. In this cas€Zg). A (nm)
reduces to

FIG. 10. Perturbation increment of the NT layer edge fed by
wEZWQ)\’lDSG, (29) surface diffusion(a) from behind the edge an() in front of the
edge as a function of the perturbation wavelength.

which shows that in the case of NT growth fed by diffusion
“from behind” the edge,G=eVn<0, and, thereforep<0  flow growth mode. In effect, when the layer propagates
for all A, implying that possible perturbations of the growth along the underlying layer the stability of the growth edge is
edges caused by aggregation or cluster deposits onto tifetermined by the interference of diffusion fluxes feeding the
edge should decay, and with time this perturbation idayer from both sides of the edge. The increment of the per-
smoothed oufas schematized in Fig.(®]. Figure 10a)  turbation of layer number, w;, is given in this case by
shows the value ofw versus\ on the NT edge forP.
=4 Pa andlT=1200 and 1500 K. In this cas&=eVn<0
and, therefore, the open end is stable relative to perturbations

of all wavelengths. The fastest decay corresponds to th@hereG,=e- Vn,<0 and is the concentration gradient at the
smallest possible perturbation of the scale of one growth unigdge on its own surface, where@s_;=eVn,_,;>0 is the
A=ay, i.e., to one C atom. That is, the growth edge of a NT¢concentration gradient at the edge on the underlying layer.
end has a tendency to equalize itself even relative to atomic- This expression shows that in the step flow of MWNTs,
scale unevenness. Hence, NT growth fed by surface diffusiothe |ayers undergo a transition from morphological instabil-
provides an intrinsic morphological stabilization of the edgeity to stability. That is, immediately after the nucleation of
of the open end, compared with crystal growth patternsevery new layer its edge is unstable against perturbation
where the feeding species diffuse in front of the growth in-(w1>0), whereas with time it becomes stable, & 0). This
terface implyingG=eVn>0 and »>0. This allows us to effect happens because the new layer is initially fed by the
conclude that the open edge should normally remain evegyrface diffusion in front of its edge from the underlying
during the growth of NTs and that randomly occurring per-jayer when it nucleates on the surface of the previous layer.
turbations should be smoothed with time. In contrast, FIgThlS takes p|ace in the growth of a MWNT starting from a
10(b) represents an alternative case, i.e., when the growth isemifullerene nucleugor small particle immediately after
fed in front of the interfaceG=eVn>O, and, therefore, the the nucleation when the second |ayer surface is SW-
growth edge becomes unstable and the maximal incrementy(g)]. In this case the growth edge moves in the direction of
corresponds to an atomic-scale perturbation. Thus, withouhe increase in the feeding surface concentration and, there-
the effect of surface diffusion, the stable growth of NTs with fgre, w,<G;=€eVn,;>0, and it is unstable with respect to
an open end would not be feasible. perturbations. But when the layer becomes large enough, and
when its edge gets closer to the edge of the underlying layer
[Fig. 11(b)] it is mainly fed by the surface diffusion from its
Nevertheless, the growth edges may be prone to this kindwn surface—from “behind the edge” and,>G,=¢eVn,
of perturbation during the formation of MWNTSs by a step- <0. This means that the edge perturbation of a new layer

w=27ON"ID(G;+G;_y), (30)

C. Morphological destabilization in MWNT growth
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FIG. 11. Schematization of layer-by-layer growth of MWNTs: increment for perturbation wavelength=a,. The simulation is
the edge of the second lay&) after the nucleation is fed by large done for the growth temperatufie=1500 K andP.=4 Pa.
surface diffusion flux causing morphological destabilization of the ) . ) )
edge(b), whereas when the edge of the second layer reaches that §iation attains a critical level of nucleation. The numerical
the previous one it is mainly fed by surface diffusion from behind Model and computational details are given in R&T]. Fig-
providing morphological stabilization of the edde) in NT growth ~ ure 12c) shows that the first layer is stable from the begin-
from a substrate the edge of the external layer is not prone to moming until the growth termination, which occurs when it is
phological destabilization even after nucleation because it is mainlpvertaken by the second layer. In contrast to this, all subse-
fed by surface diffusion from an underlying substrate. quent layers are prone to instability directly after the nucle-

ation (w,>0 and w3>0). However, with increase in the

which may develop immediately after its nucleation shouldlayer lengths the growth edges become and later remain mor-
be smoothed out when the length of this layer becomephologically stablgw,<0 andw;<<0) until the termination
larger. Finally, it is worth noting that in step-flow growth of of their growth.
a MWNT from the surface of a substrate shown in FigclLl
the edges of the next layers are not prone to morphological
destabilization even after the nucleation, because the external
layer is fed from behind by the diffusion flux from the sub-  The above analysis shows that, in addition to the many
strate, which is significantly larger that the flux from the previously discussed effects, the mechanism of surface dif-
previous layer, providinge<<0O for all layers. fusion stabilizes the edge of an open-ended NT against

This analysis is supported by the simulation of MWNT growth perturbations of two kindgi) pentagon defects and
growth in step-flow mode, which shows that during the(ii) morphological destabilization caused by atom aggrega-
growth the layer edges are initially prone to this instability. tion.
The results of this simulation are shown in Figs(@)212(c), The stability of the NT end against closure is determined
including (a) layer lengths,(b) layer growth rates, anc) by the competition of two processés thermally activated
perturbation increment estimated for=a,. The growth of pentagon defect formation, which initiates the closure, and
the first layer is started from a semifullerene cluster, wherea§i) regular hexagon network formation, which depends on
all subsequent layers are triggered when the surface concetiie repetition rate at which the new carbon atoms are fed to

V. SUMMARY AND CONCLUSIONS
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the growth edge by the mechanism of surface diffusion. Théeat released at the growth edge. This effect inhibits the tem-
nanotube has a tendency to close itself up when the firgterature increase and, hence, the formation of pentagons at
process has a shorter characteristic time, i.e., when the petike NT growth edge. Third, the presence of metal nanopar-
tagons at the edge are formed even before new atoms contieles enhances NT nucleation in the vapor, leading to more
to the edge to form regular hexagons. Therefore, the growingtensive C vapor condensation. Together with increasing the
open-ended nanotubes close themselves up whenever thdge stability against pentagon formation, the involvement
change in the growth conditiorisemperature, carbon vapor of metal nanoparticles as NT nucleation centers leads to a
pressure, and surface area of nanotube wall from which theéast decrease in C content in the gas phase, causing a de-
open end is feddecreases the surface diffusion flux at thecrease inP, on the SWNT surface, and thus inhibition of
edge to the level at which the characteristic time betweemext layer nucleation.

new atom arrivals on the edge and the formation of regular The parametric study of edge stability against pentagon
hexagons becomes larger than the characteristic time of pefsymation performed for a small NT ring nucle(snm long

tagon defect formation. All these processes increase the Chaé’uggests that there is an upper temperature limit for edge

acteristic time at which the atoms are fed to the edge. If thigapijization of such nuclei against pentagon formation. For

time becomes large enough compared with the time of PeNVhstance, folP .~ 10* Pa this temperature is about1800 K.

tagon formation, this would initiate NT closure explaining Above this temperature limit the nucleus should not evolve
why the majority of NTs grow open ended and then close up

into nanotube growth, transforming rather into fullerenelike
at the end of the process when C pressure falls down. . . .

By virtue of this effect, the edge of the open-ended NT, ifand .other particles. This ShO\.NS t.hat the molecglgr_ dynamics
it is fed by a sufficiently large surface diffusion flux, may stud!es Of panotube grOWth kinetics based upbrinitio and
remain stable even without additional effects such as catalySEMiempirical potentials, performed at 3000 K, may not ad-
or lip-lip interaction with another layer. However, this situa- €duately represent the kinetic paths in NT assembly, which
tion may change during the growth for several reasons: a faffbviously take place at significantly lower temperatures. A
in carbon vapor pressure, transport of the NT into an area diecent molecular dynamics study based on analytical forms
low pressure or high temperature, and new layer nucleatioff interatomic potentials for carbon and metal catalyS&
and growth, which with time decreases the surface diffusiorshows that under high temperature2000 K) the formation
flux feeding the underlying layer. We note that the mechaof cagelike nanoparticles containing many defects takes
nism proposed in Sec. llI B for open-end closure in MWNT place, instead of nanotube formation.
layer-by-layer growth occurring when the upper layer ap- In connection with the initial stage of NT formation we
proaches the underlying layer is in good agreement with @ote the results of a recent study of aligned NT growth on
microscopic image of a three layer W$anotube[58], SiC by “the surface decomposition method,” showing that
which exhibits an open-end bent inwards in the presence diT length increases parabolically and exponentially as a
the edge of the third external layer. function of heating time and temperature, respectiyéy.

The growth of SWNT as well as transition from SWNT to This result is in good agreement with the surface diffusion
MWNT is shown to be at the nexus of two conflicting crite- model. That is, the exponential increase of the growth rate
ria. That is, edge stabilization against pentagon formatiowith increase inT is defined by the exponential dependence
requires an increase in the carbon vapor presfye@nd of the carbon vapor pressure dip whereas the parabolic
decrease in growth temperatufewhereas in order to inhibit increase in NT length with time is an intrinsic feature of the
secondary nucleation on the surface of the first layer, it ignitial stage of NT growth mediated by surface diffusion, as
necessary to decreas® and to increasd. A parametric the growth rate is proportional to NT length as defined by
study of both criteria distinguishes particul®,-T areas Egs.(8) and(9).
where growth of SWNTs may be feasible. In particular, We would also like to add that the proposed mechanism
SWNT formation is feasible only when its length is much of kinetic competition between pentagon defects and regular
smaller than that of the diffusion length, and the surfacehexagons resolves not only the particular problem of edge
concentration of C adatoms remains too low to trigger thestability in NT growth, but also the problem of kinetic selec-
nucleation of a new layer. However, with increase in SWNTtion between NT and fullerenelike nanoparticle formation
length(i) it is prone to the formation of further layers leading [46]. In our opinion, it may resolve a more general problem
to MWNT formation (under highP. and lowT), or (ii) it is of kinetic selection between the formation of the fullerene
prone to edge destabilization and closwader lowP, and  and graphitic phases—a problem which still remains unre-
high T). However, the additional stabilizing effects at the solved in terms of thermodynamics and structural energetics.
edge, effectively inhibiting pentagon defect formation, mayWe suggest here that the selection between the graphite and
allow long SWNTs(longer than the surface diffusion length fullerene phase formation is also defined by a competition of
to form even under lowP.. In particular, attached metal pentagon and hexagon formation, which takes place at the
nanoparticles produce three additional effects. First, the presnitial stage of hexagon cluster extension by C condensation
ence of metal particles at the NT growth edge inhibits thefrom vapor, i.e., when the first pentagonal defect is formed
formation of pentagons under pressure-temperature condida a thermally activated process at the edge of two or three
tions at which, without them, the NT open edge would beneighboring hexagons, initiating the bending of the plane
prone to destabilization. Second, the presence of the catalysheet into a nanospherical cluster.
nanoparticle provides an additional sink for the solidification The perturbation analysis of the growth edge stability
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