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Thermal physics in carbon nanotube growth kinetics

Oleg A. Louchev and Hisao Kanda
Advanced Materials Laboratory, National Institute for Materials Science, 1-1 Namiki, Tsukuba,
Ibaraki 305-0044, Japan

Arne Rosén and Kim Bolton
Department of Experimental Physics, School of Engineering PhysidsebGg University
and Chalmers University of Technology, SE-412 96, Gothenburg Sweden

(Received 29 October 2003; accepted 2 April 2004

The growth of single wall carbon nanotubéSWNT9 mediated by metal nanoparticles is
considered withir(i) the surface diffusion growth kinetics model coupled with a thermal model

taking into account heat release of carbon adsorption—desorption on nanotube surface and carbon
incorporation into the nanotube wall afid) carbon nanotube—inert gas collisional heat exchange.
Numerical simulations performed together with analytical estimates reveal various temperature
regimes occurring during SWNT growth. During the initial stage, which is characterized by SWNT
lengths that are shorter than the surface diffusion length of carbon atoms adsorbed on the SWNT
wall, the SWNT temperature remains constant and is significantly higher than that of the ambient
gas. After this stage the SWNT temperature decreases towards that of gas and becomes
nonuniformly distributed over the length of the SWNT. The rate of SWNT cooling depends on the
SWNT-gas collisional energy transfer that, from molecular dynamics simulations, is seen to be
efficient only in the SWNT radial direction. The decreasing SWNT temperature may lead to
solidification of the catalytic metal nanoparticle terminating SWNT growth or triggering nucleation

of a new carbon layer and growth of multiwall carbon nanotubes.20©4 American Institute of
Physics. [DOI: 10.1063/1.1755662

I. INTRODUCTION atomic potentials®~%! giving characteristic energies and ac-
tivation energy barriers which determine kinetic pathways of
The growth of carbon nanotubes is a complicated procarbon nanostructure assembly. On the other hand, the
cess involving many different phenomena and effects thagrowth kinetics also depends on macroscopic parameters
determine the nanotube’'s structural and physicakych as carbon vapor pressure, inert gas pressure and tem-
properties.”** For example, changes in temperature signifi-nerature, etc., which may be modeled by classical continuum
cantly affects carbon nanotul@T) nucleatior’* > post-  formalisms of gas flow dynamics coupled with heat and mass
nucleation assembly of mtermed;gte carbon SU“C?&‘%S transport. Nevertheless, a combined description of carbon
growth rate and carbon NT length; transition from single N growth kinetics requires an additional model which com-
wall N3T435(SWNU growth to multiwall NT (MWNT) = u,06 1ot microscopic, nanoscale processes with macro-
growth,” metal  catalyst nanoparticle  behavior, scopic processes related to the different growth techniques.

16,33,36-38 ; -
etc: wre | HIO Wever_,blpr(_ausr(]a cqntrlol of th: groy;/_th temth In this paper we develop a thermokinetic model for the
peralure Is only possibie In chemical vapor depostion Methe, ., \yh ot an individual carbon NT in the vapor. The model

ods where the temperature of the growing tube is the same (’?Scludes microscopic parameters provided by atomistic mod-
that of the substrate and, in addition, this temperature contro]! pic p P y

exists only when the carbon NT forest remains shorter thaﬁls’ as we(ljl ?S rpacrosco;ilc paramﬂetersd derlvgd f:]omt cor:j—
the characteristic carbon NT heat conductance lefigth. iNuUM mMocels ot evaporation, gas tiow dynamics, heat an

other growth processes, such as arc discharge and laser a82°° transfer. In part'iculr_:\r, we consider a mode.l for a grow-
lation synthesis, the growth of carbon NTs and the growtdnd carbon NT experiencing C vapor condensation and heat
temperature is defined by a complicated process involvin xghange W]th chempally inert gasése, Ne, Ar, 'and )'(g
many effects characterized by different time and length his model integratesi) carbon NT growth kinetics W'th'h
scales related to surface phenoméadsorption/desorption, the framework of the continuum surface diffusion
surface diffusion, catalysig®~*2 gas-NT heat exchange approximatior>* (i) microenergetics obtained from
processe&** evaporation kinetics of the metal-graphite atomic-level calculation}~* (iii) phenomenological ap-
target*>171822¢carbon vapor and buffer gas flow dynamics proximations for thermal processes of carbon condensation
coupled with carbon condensation, heat and masBeat release and heat dissipation rét&%and (iv) molecular
transfert’-2%22454%|asma and related electric field effetts. dynamics simulations of the heat exchange between carbon
Thus, on the one hand the carbon NT growth proces®NTs and ambient inert gas&$** Numerical calculations and
includes microkinetics process$és*#7’~5" described by analytic approximations based on this combined multiscale
guantum mechanical approximations and empirical interimodel reveal significant properties of SWNT growth.
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(a) (b) growth rate is controlled by SD over the SWNT surface. In
addition to the restrictions described above, the model con-
L << )‘D L > }‘D siders carbon atoms, for which the adsorption and surface
carbon flux carbon flux diffusion activation energies are known from quantum me-
from vapor from vapor chanical calculation®*14?In fact, under experimental con-
L x l l x l dltloqs there may also be contributions from other carbon
species in the supersaturated valddle assume that) car-
OD fluxof € 4.59_912‘_05 S‘. bon atoms dominate in SWNT formation @) other carbon

) species impinging onto SWNT surface also have high sur-
face mobility. If this assumption were not correct then
SWNT formation would not be possible since low mobility
carbon clusters on the SWNT surface would be effective
aggregation centers leading to the formation of outer graph-
ite layers and hence to MWNT formation.

Although an exact solution for carbon atom migration
> over carbon NTs has been derived in a recent sttidie use
SD length a phenomenological continuum approximation which can
i — easily be coupled with the related thermal phenomena of the

FIG. 1. lllustration of the model presented in this work for short SWNTs SWNT growth. The model described above yields the fol-

[L<\p, panel(a)] and long SWNT§L >\, panel(b)]. . e . .

lowing distribution of carbon atom concentrations over the

SWNT surface:

Il. SWNT GROWTH MODEL nlot+VI=Q,—nl 7y, 1)

A. Growth kinetics and the thermal model where Q. is the impinging carbon flux onto SWNT surface
e . oY
In this paper we consider the catalyzed growth of a™©m tglg vapor,r,~v ~ expE,/kgT) is the adsorption time
SWNT mediated by surface diffusion of carbon atoms alond ¥~10"Hz is the thermal vibration frequency ari,
the outer SWNT wall as illustrated in Fig. 1. The catalytic ~--8—3:6€V is the adsorption energy depending on the
metal particle, which is attached to the SWNT end, is showrPWNT radius and chirality?"***and Jg is the SD flux of

as a gray sphere in the figure. It is assumed that the main ro&"Pon expressed via the chemical potential of the C adsor-
of metal nanoparticle is to prevent closure of the SWNTPa(€ as

carbon surface
concentration

carbon surface
concentration

¥
e

end3~33This model is not restricted to a specific mechanism nD,
of SWNT nucleation, but assumes that nucleation may occuds=— j —gradu=—Dsgradn+nDs In(n/no) T~ *gradT,
by any of several possible pathways such as carbon precipi- B @)

tation from metal-carbon nanoparticles, from semifullerene

carbon clusters, or by graphitic nanofragment interactiotvhereDs=agw exp(~ Eq/kgT) is the SD coefficient includ-
with metal nanoparticle¥~°Irrespective of the nucleation ing the activation energy of surface diffusionsEy
mechanism, our model considers the postnucleation stage0.-2—1.5eV**"*?andnj is the surface density of adsorp-
and relevant kinetics processes when the SWNT lerigth, tion sites(this expression is correct only forny<1).

which is initially much smaller than the characteristic surface ~ The problem is solved using the following boundary
diffusion length,\p [Fig. 1(a)], increases with timgFig. ~ condition at the SWNT growth edgex0):

1(b)]. In considering this problem we assume that the growth kn=—J 3)

of SWNTSs is fed by carbon atoms that initially adsorb onto S

the SWNT surface and then diffuse to the tube end where th&here k=k, exp(—AE/kgT) is the Arrhenius-type kinetic
metal nanoparticle is attached. At this stage the adsorbeepnstant for incorporation of C atoms into SWNT wall with
atom is incorporated into the growth ed@@a the metal specific activation energy barri&E (defined for NT growth
catalys} and finally forms part of the hexagonal SWNT net- in Refs. 31 and 3R At the opposite end of the SWNT we
work. This assumption is based on several atomistic microeassumeJg=0.

negetic studie¥*1*2giving adsorption energy and activation =~ The SWNT growth rate is

energy for surface diffusion, and which all suggest that the _ _

adsorbed carbon atoms are able to migrate over micron dis- V=dU/dt=0Jdx-o, @
tances along carbon NT surfaces to reach the open endghere() is the specific area per one carbon atom in SWNT
where they are incorporated into the growing SWNT struc-wall.

ture. Although carbon atoms may impinge onto both the  Experimental studié$2?have shown that the growth of
metal nanoparticle and the lateral SWNT surface, when forSWNTs by arc discharge and laser ablation techniques takes
mulating the postnuleation growth problem for SWNT place only in the presence of inert gases under pressures
lengths much larger than the metal nanopartialed SWNT  higher than 16Pa. In previous papei$® it has been sug-
diameter, we assume that the contribution of the SD flux ovegested that the inert gas facilitates effective dissipation of the
the lateral surface dominates over the diffusion through thdeat that is released during carbon NT nucleation and
surface of metal particle. Therefore, we assume that thgrowth. Effective heat dissipation is necessary since the in-
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crease in tube temperature caused by this heat relégse (B. SWNT—ambient gas heat exchange
~7.3eV per atomm would lead to disintegration of the The heat dissipation terngy, in Eq. (5) includes heat

SWNTs. ) _ loss by radiation and by collisions with chemically inert car-
The heat release due to carbon condensation inter gases. Several experimental studies show that SWNTSs
SWNTs,E,~7.3 eV (Ref. 63 can be divided into two steps: grm at high inert gas pressures*2.® Pa®2223where the
(i) adsorption heat release when the C atom chemisorbs Qtyntribution of radiative heat loss may be neglected. Thus, in
the SWNT surfaceK,) per atom times the carbon impinge- this work we assume that the condensation heat dissipates
ment rate Q.), and(ii) the heat release at the SWNT growth solely by collisions with the ambient inert gas.
edge in contact with metal particle where carbon atoms are  Hegt dissipation from the SWNT that is due to collisions
incorporated into the SWNT structur&t.=E,—E,) imes  yith gas atoms is equal to the energy transferred from the
the carbon flux at SWNT edgel). The adsorption heat gwNT per collisionAE, , multiplied by the flux of colliding
release over the SWNT surfad@.E,, is partially compen-  5ioms per surface area ur@,. That isqy=AE,Q, where
sated for by heat dissipation due to carbon desorption, i.eQ =Py /(27MgksTy) 12 and P, is the gas pressurey, is

E.n/71,. The remaining mechanisms of heat dissipation fromthe mass of the gas atoms ahglis the gas temperature. One
the SWNT surface are radiation and collisions with chemi-y the simplest approximations for the collisional energy
cally inert gases. o transfer,AEy, is the strong collision assumptigisCA).%

For short SWNTs the nonuniformity of the heat releaserpis assumes that the temperature of the gas atom after the
over the length of the SWNTwhich is larger at the end (qjjision is the same as the tube temperatlirédence, since

where C atoms are incorporated into the tube strugtise he gas atom has three translational degrees of freedom, ac-
smoothed out by heat conduction along the SWNT. How-ording to the equipartition principle its energy after the

ever, when the length of the SWNT approaches the heat coRy|jision is 3/X5T. The energy transferred over the collision
duction length®® the temperature distribution along the is merely the difference between this energy and the gas
SWNT becomes nonuniform. This necessitates the applicasiom energy before the collision, &ZT,. Hence, AE,

tion of models which allow one to define a temperature field— 3/2Kg(T—Ty).

(T field) along the SWNT. In this work we evaluate tempera-  powever, the SCA usually overestimates collisional en-
ture regimes of the growing SWNT and its effect on growthergy transfef® and hence an accommodation factor,
kinetics based on the continuum differential equation for0<a<1' is included in the expression for the collisional en-

thermally thin shells including surface adsorption heat reergy transfer, i.e.AE, = 3/2akg(T—T,) and accordingly
lease and dissipation rates in the form of the equivalent g

sources and sinks of heat, Q= %ankB(T—Tg)= hg(T—Tg), @
1 whereh,=3aQ,kg/2 is the heat exchange coefficient. Much
4V == — - 9 g¥s 9 :
peTI+V Iy 5{Ea(Q° N/7a) = da}, © progress has been made towards determinirsplely from

theoretical consideration®.g., ergodic collision theory and

where §=0.2 nm is the wall thicknessy is the heat dissi- its successoy$® but obtaining the correct input for these
pation function defined below antk=—Kkg(T)gradT is the  theories makes priori prediction very difficult. For ex-
conduction heat flux along the SWNT wall. The heat conducample, many of these theories require an effective number of
tance is taken from data obtained for graphite along the basatactant and gas molecule degrees of freedom that couple
plané* and is approximated a&(T)= 118 exp(15007) strongly during the collision and hence lead to a local statis-
W/m K for T=1000—2000 K. tical sharing of energ§f

The carbon condensation heat release that is due to C Similarly to these models, we assume that collisional
atom inclusion in the tube structuree(.=E,—E,) and energy transfer is linearly dependent on the initial and final
which occurs at the growth edge, is taken into account by thenergies of the gas moleculée., AE,x3kg(T—T,)/2].

boundary condition at this edge0): However, we use results obtained from molecular dynamics
simulations of inert gas atoms with SWNY¢o estimate the
ksgradT=(E,—E,)Js/ 4. (6)  functional form and magnitude of the accommodation coef-

ficient, . Two features that are clearly evident from the

At the opposite end of SWNTxEL) we assume that simulations are thati) the amount of collisional energy
gradT=0. As mentioned above, we consider only thosetransfer depends on the mass of the colliding gas @nd
stages when the SWNT is much longer than the metal pathere is substantial energy transfer in the tube radial direction
ticle diameter, and thus heat provided by carbon impingingand negligible energy transfer in the tube circumferential and
onto this nanoparticle as well as heat dissipation from itsaxial directions.
surface are assumed to be negligibly small compared with  Figure 2 is a In—In plot of AE,) and (AE,,y versus
the thermal effect of carbon impinging onto the SWNT wall. my, where (AE,,) is the total collisional energy transfer

The thermokinetic model given above describes aetween the colliding inert gas and the NT averaged over all
coupled behavior of the system where the parameters dafollisions, (AE,,y is the associated energy transfer in the
growth kinetics problemDg, 7,, Js, andk;,;) are defined radial direction only, andn, is the mass of the colliding gas
by the T-field distribution, and the concentration distribution (He, Ne, and Xg The tube temperature was 1300 K, the
and resultingl at the growth edge defines tfefield. initial relative translational energy between the gas atom and
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o T rrrTTTg T 1 T oo g Baule formula since this yields the efficient energy transfer
= B <E > seen in the simulations. The limit for efficient energy transfer
o 0 <Erad> Xe is wher] my=Mgs and AE,=E;, so that energy transfer is
= 0.1} R proportional to the gas mass. Hence, we also test a linear
ﬁ - Ne 3 dependence aing/m. in the accommodation coefficient.
= R ] Figure 2 also shows that the total and radial energy
8 ] He - transfers are very similar. Simulations showed that the total
@ 4 B - energy transfer is dominated by transfer in the radial direc-
o 3k - tion under all conditions studied, and that transfer in the
© circumferential and axial tube direction is insignificant.

2h g gl L a3l ' Hence, only one gas translational degree of freedom is in-

2 3456 10 2 3456 100 2 volved in the collisional energy transfer, so thigE, is pro-

portional tokg(T—Tg)/2 and not Xg(T—Ty)/2 as in the
gas mass (a.u.) strong collision assumption. The accommodation coefficient

FIG. 2. Molecular dynamics results of energy transfer in SWNT—inert gasShOUId accordlngly have a factor 1/3.

collisions. Based on these results, two approximations doare
considered, i.e.,
a=1/38(my/m;e)", (8

the tube was 0.06 eV, and the in-plane incident angle was

oo . . heren=1/3 orn=1. As discussed above) IS xenon’'s
45°. It is evident that the total energy transfer is dependenmass and @8<1 is a factor that may be included if energy

ggct:rirgiza?c?ﬁséc\:ver#iccrileﬂtwﬂighetfgoﬁobg Igf'?ggd";n_r:ﬁansfer in the radial direction is much less than the strong
curve is~1/3. so thate shoula incILjde afactgrm I, ¥ collision assumption. In fact, the molecular dynamics simu-
’ g’ et - lations of Xe collisions with SWNTs show that the radial

The reference massys, is included to obtain a dimension- . ; .
) - . . component of the Xe energy is essentially thermalized to the
less accommodation coefficient, and since this warid the L
tube temperature after collisiofi.e., 3=1). However, as

simulation$ considered inert gas atoms only, we choose the

reference mass to be that of the heaviest inert gas studied, )l("réennoned al_aove, the S|mu|ateq collisions are hea(dtlmae_n
(131.3 a.u. out-of-plane impact parameter is zgrand glancing colli-

The features of the energy transfer seen in Fig. 2 are alsgons may have lower collisional energy transfer. In this

. ~work we test the significance of thi@ parameter on the
observed at other carbon NT temperatures, collision EeNergied, v\ T arowth mechanisms
and incident angles. However, only collisions witH1®,0 g '
SWNT were studied, and since thenf/m.)*® dependence
may not be general for all tubgfor example, the restoring |||. RESULTS AND DISCUSSION
force in the NT’s radial direction—which plays a key role in
energy transfer—varies with NT diametewe also investi-
gate the sensitivity of this functional dependence on the The problem defined by Eql)—(8) was solved numeri-
growth kinetics. In particular, the simulations revealed thatcally by an adaptive finite-difference scheme using iterations
the vast majority of inert gas—nanotube collisions have onlyto take into account all nonlinearities between the growth
one encounter and that, during this single encounter, there lsnetics[Egs.(1)—(4)] and the thermal physics contributions
very efficient energy transfer. As discussed in the previou$Egs. (5)—(7)]. We consider regimes where all macroscopic
paper’® the collision mechanism may best be described aparameters such as the carbon vapor pressure, gas pressure,
impulsive and leading to large energy transfer. According tcand gas temperature are assumed to be constant over time.
the simple Baule formufd for impulsive collisional energy However, even for these simplified conditions the model ex-
transfer AE,=[4u/(1+ x)?]E;, whereE; is the initial en-  hibits complex behavior revealing a number of significant
ergy of the colliding gas atom angd=my /M is a reduced issues for understanding carbon NT formation. Although re-
mass that is the ratio of the gas masg,, to the effective cent dat&"*2 shows larger values for the adsorption energy
SWNT massM¢. It is important to note that this effective E, and the activation energy for surface diffusiég,, we
mass includes many hidden physical properties, such as these microenergetic data of Ref. 39 for the simulations re-
rate of energy flow from the collision center and the effi- ported here. Notwithstanding the differences between the
ciency with which energy is exchanged between the gassed here valuésand more recent valuds?* for all illus-
atom and the SWNT. In fact, the simulations showed that thérative cases discussed below, where SD lengths obtained
gas—SWNT collisions caused radial indentation of the tubdrom both sets of values are similar, the results from the
at the collision centefsince the radial forces are weaKhis  thermo-kinetical model using either the two data sets give
resulted in the larger energy transfer—particularly in the raquantitative agreement.
dial direction—seen in Fig. 2. Hence, the effective mass of  Figure 3 shows typical results obtained from the simula-
the SWNT is not sensitive to the tube lendgiince indenta- tion of SWNT growth, giving the dependencies(ef SWNT
tion is localized to the collision centeand it is small(i.e., it ~ length, (b) growth rate, and(c) SWNT temperature over
is the mass of the collision center which has weak radiatime. T, is the temperature of the tubesat O (the growth
restoring forces We thus use a small effective mass in theedge and T, is the temperature at=L (the end of the

A. Temperature variations during SWNT growth
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12 T T =1000K. Moreover, the SWNT temperature has a compli-
cated behavior over time, going through various stages after
—~ 101- the temperature drops from the initial valu@) first, the
§_ sl SWNT temperature remains constant and is uniformly dis-
= tributed over the SWNT lengtftii) then the SWNT tempera-
ﬁ) 6 ture decreases but still remains uniformly distributed along
5 a4k i the SWNT,(iii) SWNT temperature nonuniformity appears,
- / C and(iv) finally the growth rate and the temperature gradient
2= along the SWNT stabilizes.
These stages are due to the two characteristic length
0 l l L scales of the SWNT growth. The first is the surface diffusion
0 20 40 60 100x10°  length\ defined by
1m
time (5 Ao~ D ©
0.30 I I I ! (b) which characterizes the length which carbon adatoms can
025 - travel over the surface prior to their desorption.
0.20 The second is the heat conductance length given by
é 015 - ] Ne=Vksolhg. (10)
N’
> 0.10 - This length characterizes the length which heat can effec-
tively distribute along the SWNT shell by heat conductance
0.05 |- - (ks) when there is heat exchange with the ambient ¢ig. (
0.00 l I | | Both of these lengths are shown in FigaBas a function
6 of time. They are estimated from the average SWNT tem-
0 20 40. 60 100x10 perature corresponding to the actual simulation time, and are
time (s) shown together with the value of SWNT length. Comparison
of these lengths with the SWNT length suggests that the
1300 T T T T transition from the first to the second temperature sfage
= (i) | | | (C) (i_) gnd (i) in Fig. 3(c)] occurs when the SWNT length is
8 1200 = CGi) v i) Gv) T similar to the SD lengthl{~\p) and the transition from the
° | | second to the third stage occurs when SWNT length is simi-
5 , , lar to the heat conductance length~\.).
‘é 1100 [~ Thus, the first stage, which is characterized by a constant
8. T SWNT temperature, is whelh<<\, i.e., when all adatoms
g 1000 - - - - L. TS = diffuse to the SWNT edge and are incorporated into the wall.
= That is, all atoms impinging onto the SWNT wall contribute
to the heat release by an amount that equals the binding
900 ] ] 1 | - . . .
o 20 0 0 100x10™ energy E,=7.3eV per atom which, as discussed above, is

. released in two stepsThus, during this stage, the heat re-
time (s) lease of carbon condensation27RLQ.E,, and the heat

FIG. 3. Typical simulation results obtained from the model defined by Eqs.dls‘qp"’lt_Ion to the ambient ga§,2ﬂ'R th(T._ Tg)’ ar? both
(1)—(8) showing(a) SWNT length together with SD length, E@), and heat ~ Proportional to the SWNT length,. Considering this bal-
conductance length Eq10), (b) SWNT growth rate, andc) the maximum  ance and taking into account the expressionh‘é)[Eq_ (7]

and minimum temperatures along the SWNT. one finds an explicit analytical estimate for the SWNT tem-
perature during this stage,

Ep 2 E,P. mi?
Ty~ b 2 BPe Ty (11)

tube where there is no growthThe results are for a carbon _
9 hy 3 akgPy mé’z

vapor pressuré?.~200Pa and for He an=1O5 Pa and
Ty=1000K. The thermal accommodation coefficient in this
simulation ise=1/3, which corresponds to the maximal pos- Irrespective of the initial cluster temperaturel;(
sible heat dissipation ratglue to radial energy transfer, see =1500K), the SWNT temperature stabilizes during this
Sec. Il B). First, these figures show even for maximal valuestage with a characteristic time of ordef~m.C/(S;h),

of « that the SWNT temperature may differ significantly wherem, is the atomic mass of carbon aBglis the specific
from that of the ambient gas, and that the temperature of tharea per atom in the SWNT wall. F& =2 kJ/kgK, hg
SWNT does not equilibrate with the gas due to continued=2.85x 10 W/m? K and S,=2.62<10 2°m? one obtains
heat release from condensation of the carbon vapor. In par* ~5x 10 ’s. The end of this temperature stage occurs
ticular, for the conditions considered in Fig. 3, the temperawhen L~\ [see Fig. 8)], which can be calculated by
ture is shown to be more than 200 K in excessTof inserting the value of defined in Eq(11) into Eq.(9).
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When the SWNT becomes longer than the SD length,
only those C atoms that impinge onto the SWNT surface
within the SD length from the growth edge can reach the
edge before desorptiosee Fig. 2b)]. C atoms impinging
outside this length desorb back into gas and do not contribute
to the heat releaséor these atoms the adsorption heat is
exactly compensated for by the desorption heBherefore,
during this stage heat release of condensation is proportional
to the SD length, 2R\ Q.E,,, whereas the heat dissipation
is still proportional to the total SWNT length72RLhy(T
—Tg). The balance gives the following analytical estimate
for SWNT temperature during this stage: 0

NOW s B o
|

length (um)

._.
|

T-Ty= s L 3akgPymi? L (12) 1100 E I | (b)l
Eq. (12) explicitly shows the decrease Thwith increasing-
[as seen in stag@) in Fig. 3(c)].

Figure 3c) shows that during the first and second stages
the temperature remains uniform along the SWKNE.,
Tmax=Tmin)- This is because the heat flux released near the
edge (<E,), and directly at the edgexE,—E,), is able to
redistribute along the entire SWNT. A temperature gradient g =
appears during the third stage, which begins wihen\ . In 1200 - - ===~ 17777 T ™~ n
fact, our simulations show that for many conditions the third 0 50 100 150x10°
stage does not appear even when the SWNT becomes longet .
than\ . Under these conditions the third stage occurs when- time (s)
the-SWNT temperat_ure IS very C|OS€TQ befo_reL beco_mes FIG. 4. Simulation of the model defined by E¢s)—(8) showing(a) SWNT
longer thankc. Typical results showing this behavior are jength together with SD length, E¢g), and heat conductance length, Eq.
presented in Fig. 4, and are obtained fy~200 Pa, Pg (11), (b) the maximal and minimal temperature of SWNT. In contrast to Fig.
=10° Pa(He anda=1/3) andTg= 1200 K. In particular, this 3 the c!ifference in the maximum and minimum tube temperatufgs,(
figure shows that when SWNT lengthlis=\¢ [Fig. 4@)]its ~ ~ 'mn) is very small and occurs wher>Ac .
temperature is very close @y, and the final temperature
difference along the SWNTT o Tmin=5K, is insignifi-
cant. One can estimate whether the third and fourth stag
shown in Fig. 8c) will occur for a given set of parameters by

substitutingL =A¢ in Eq. (12) and determining the value of By determining the integration constan@, and C,

T—T, when the temperature nonuniformity appears. .
g -
When the temperature distribution along the SWNT re-ggrr]?r;:inbf(i);gdgg dcuos?ggllgnrrfol\rl ?ne d E;?Ti;)[kleg ,S (aﬁgecon
. . K . . _ ) =l 94
mains uniform, as in Fig. 4, the model defined by EQs- S, is specific surface per atom ahbnumber of atoms in the

(8) may be reduced to a significantly simpler approximation. : ) N
First f?)lr a uniform tempergture dist);ibutign E(ﬂ[;[))—(4) al- wall) one obtains the following approximation for the SWNT

1350 - -

1300 [~ -

temperature (K)
%
<
|
\
i

evghere M is the SWNT mass andn(x)=Q.7,+C;
Xexp(x\p)+Crexpi/\p) is the surface concentration
distribution of the adsorbed carbon on the SWNT.

low a quasisteady state solution for the SWNT growth rate,temperature:

. daT S
L QkQc7a SINM(L/\p) 9t~ mc {EpQekmaU L —hg(T=Ty)}, (15)
dt Sdt  sinh(L/Ap)+ (kAp/Dg)cosiL/\p)’ ¢

(13 whereU* is a dimensionless parameter dependent on the

. SWNT length as
which depends on the temperature.

Second, when the temperature along the SWNT is uni- — exp(L/Ap) —1+exp(2L/N\p)[1—exp(—L/\p)]
form Egs.(5)(7) reduce to a simpler approximation. Inte- Y~ = [1+exp2L/\p)]KNp /Ds—[1—exp2L/Np)]
gration of Eq.(5) over the entire SWNT surface, and appli-
cation of Gauss theorem, allows one to substitfifeéT dS
by the value ofVT at the boundariesi.e., atx=0 andx
=L). This yields the following equation for the SWNT tem-

Hence, when the temperature is uniformly distributed
along the SWNT(restricted by the conditiol.<A.) the
simplification given by the set of two ordinary differential

perature: equationg13) and(15) is valid, provided that the character-
daT L istic times of the adjustment of the concentration and tem-
MCHZZWRJO Ep[Qc—n(x)/ma]dx perature fields, given bi?/Dg and L?pC/ks, respectively,
are much smaller than the characteristic time of SWNT
—27RLhy(T—Ty), (14 growth, i.e.,L(dL/dt) 2.
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1120 T T T T The first term in Eq(17) describes the heat release at the
o — =60 ps L=3.4 pm growth edge and the second term is for the adsorption heat
1100 " === =80 ps L=6.7 pm T release over the SD length. As an example, we use these
1080 k =100 ps L=102 um | equations for the following set of paréggeth%:z 1000K,
Q Dy E,=7.3eV,E;=1.78eV,(0=2.62x10 “"'m-, §=0.2 nm,
= 1060 = N - P.=200Pa and Q.,=5.07x10?*/Im?s, h,=2.85
U NN | X10*WMPK, \=1.9x10"°m, \p=1.74x10°m, k
M TNl =9.4x10° m/s, kg=5.3x 1P W/mK, D,=1.3x10 " m?/s.
1020 - e L - For these parameters one obtaiwsy/Dg>1 and dL/dt
""""""""" ~0.23m/s whereas the computational value is approxi-
1000 I . ' L mately 0.17 m/s. The first term of Ed17) yields AT,
00 02 04 06 08 1.0 ~148K and the second terhT,~24 K, which givesT pay
x/L —Tyg=172K whereas the simulation givesT T

FIG. 5. Temperature distributions along the SWNT for stagesand (iv) ~117K. This difference in estimated and simulated tem-
shown in Fig. ). peratures is due to the second term in E), (<gradT)
which significantly inhibits C diffusion towards the SWNT
edge. That is, the diffusion associated with the temperature
gradient counteracts, in this case, that associated with the
concentration gradient along the SWNT, and thereby de-
L~\c) the temperature is not similar @®,. During stage creases the resul_ting C flux to the growth edge. For condi-
(iii) this gradient increases whereas during staggit sta-  tons when analytical estimates afga,—Ty<100K, the ap-
bilizes as shown in Fig.(8). Figure 5 shows the temperature Proximations given in Eqs17) and(18) have an acceptable
distributions along the SWNT as a function of a nondimen-accuracywithin 15-209%.
sional coordinatex/L for time t=60us [stage(iii) whenL
~3.4um and is close tad c~1.83um], t=80 us[stageiii )
whenL~6.7um>\c~1.87um] andt=100us [stage(iv) The temperature behavior during SWNT growth that is
whenL~10.2um>\c~1.89um]. Figures 8c) and 5 show  discussed above has important implications for physical
that the maximum temperaturd,,,,=T(x=0), increases evaporation techniques revealifig a high temperature re-
with increasingL. This is due to the increase k, occuring  striction occurring under low inert gas pressure éinda low
with decreasing SWNT temperatuignce atoms remain ad- temperature restriction occurring at high inert gas pressure.
sorbed on the SWNT surface for longer times at lower tem-  First, the results presented in the preceding sections
peraturep which leads to more carbon being incorporatedshow that the SWNT temperature may be significantly higher
into the SWNT structure at the tube edge, and hence athan that of the ambient inert gas. Moreover, these results
increase in the growth rate and heat releasex=aD. For  were obtained for a thermal accommodation coefficient of
example, starting at the end of the second stage (a=1/3, which is the maximum value af given that colli-
~50us) T~1100K and\p~0.94um, the temperature far sional energy transfer is restricted to the SWNT'’s radial di-
from the growth edg¢ T, in Fig. 3(c)] decreases towards rection. Accordingly, the value af gives the lower limit for
T=1000K and leads to increase in the SD length\tp  the temperature difference between the SWNT and the am-
~1.6um. bient gas. MD simulations of the ambient gas—SWNT heat
Stabilization of the temperature gradient along theexchange suggest that an additional atomic mass weight fac-

SWNT—during stage(iv) in Fig. 3(c}—occurs when the tor (my/m,)'? is present in heat exchange between the
SWNT length isL>\¢. During this stagel , tends toT SWNT and gas molecules. Since this factor is less than one it
whereasT . tends to a value for which an analytical ap- leads to smaller values dfy and, consequently, to larger
proximation can be obtainedTi,,, is not far fromTg and all  values of temperature difference between the SWNT and the
nonlinearities in Eqs(1)—(7) are neglected. In this case, as- inert gas. To illustrate the effect of this factor, Fig. 6 shows
suming that (i) T(x) is close to T, and Js  simulation results calculated for the same set of parameters
=—Dg(Tg)dn/dx, and(ii) the fields of T(x) andn(x) are  used for Fig. 3, but also includes this mass factor, which is
steady state, one finds fdi,,=T(0), (Mg /Mye)) ¥3~0.3 for He.

(Ep—E)\c dL This factor significantly increases the difference between

As discussed above, a significant temperature gradie
along the SWNT appears with increasibhgonly when (for

B. Thermal restrictions of carbon NT growth

Tmax_Tg_Qa‘k—(T)a SWNT temperature and that of the gas and also the time
s\ g required for SWNT cooling. Additionally, because of the ini-
E.Q. khp/Ds tial increase in T~1700K the initial value for A,
i (1+hc/hg) 1-khg Dy’ (17 ~0.04um and, therefore, the first stag@hen the tempera-
9 c'tb piTs ture is constantis very short. There is very little time delay
where the growth rate is before the SWNT temperature decreases towdigls The
dL QkQ, 7, influence of this mass factor may be explicitly estimated us-

FTREET R (18  ing analytical expressions obtained in the preceding section.
pi=s For example, Fig. 7 shows the minimum possible difference
which yieldsdL/dt~QQ:\p for khp/D¢>1. between the SWNT and gas temperaturés; Ty, corre-
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FIG. 8. Solidification temperature for eutectic C—Me composition as a func-
tion of metal particle radius.

release, which eventually dissipates into the ambient gas via
SWNT-gas collisions, may increase the gas temperature. An
increase in gas temperatufg will increase the temperature

of the growing NTs that will, in turn, affect the growth rates.
For a vapor carbon atom densityl., the volumetric heat
release of carbon condensation into CNTs will Keg(E,
+Ey), whereE,~0.3-0.5¢eV is the kinetic energy of the C
atoms in the vapor at temperaturés-3000—5000 K. This
heat will be dissipated—via collisions—to the inert gas lead-

FIG. 6. Simulation results under the same conditions used for Fig. 3, but foing to increase in its temperature oNgkgAT4/2 for mono-

(M /my)™~0.3: (&) SWNT length together with SD and heat conductance gtomic gases with volumetric densily,. Using an expres-
lengths andb) maximum and minimum temperatures.

sponding to the initial quasisteady state stage defined by Eg.
(11) as a function oP./aP for the inert gases He, Ne, Ar,

and Xe. The real temperature difference is obtained by in-
serting realistic values af [Eq. (8)] into Egs.(11) and(12).
The graphs presented in Fig. 7 show that, even for very hig
ambient gas pressur@e., P./aPy=10"

sion for the gas density via the partial pressure one obtains
2 P, Ep+Ey

T3P, kg

This estimate yieldsAT,~60K for Py/P.~10° In

contrast, forPy /P~ 10 one ha’d T,~6000 K. These values
how that a high inert gas pressure 10°*—~1® Pa) is re-

AT

(19

3), the maximum quired for CNT formation. At lower pressures the inert gas

SWNT temperature may be more than 100 K higher than tha@"d C clusters become extremely hot stopping SWNT

of the gas.

The model developed here assumes that the temperature

growth.
Second, the decrease in the SWNT temperature shown in

of the ambient gas is constant. However, condensation he5t9S- 3. 4, and 6 suggest that this thermal mechanism is able

2000

1500

10x10™

2 4 6 8
PJaP,

to terminate SWNT growth, since the metal nanoparticle at
the SWNT edge can solidify. That is, for the post-nucleation
stages when the length of the carbon NT is much larger than
the metal particle radius, the temperature of the metal nano-
particle is determined by the heat transfer over the SWNT
surface, and the nanoparticle temperature is equal to that of
the nanotubdbecause the contribution of metal particle sur-
face in the total balance is negligibly small

The simulations suggest that the growth termination may
be due to this temperature decrease. This growth termination
mechanism is consistent with the dependence of the solidifi-
cation temperaturel s, versus the nanoparticle radius that is
shown for the C—Fe, C—Co, and C—Ni eutectics in Fig. 8. In
particular, the data presented in Fig. 8 together with the tem-
perature decrease shown in Figbgshows that metal nano-
particles at SWNT ends are initially liquid and should so-

FIG. 7. Maximum temperature difference between the SWNT and the amlidify with time. For example, Fig. @) shows thatT
bient gas as a function d?./aPy.

=1200K att~60us corresponds to the solidification tem-
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perature of Ni nanoparticles witR,~5nm, Co withR, It may be noted that, similarly to stage) of SWNT
~6nm and FeR,~9 nm. Metal nanopartlcles with Iarger growth, C atoms that impinge on the outer layers of MWNTSs
radii will also SO|IdIfy and solidification of the nanoparticle Will diffuse to the growth edge if the outer layer length is
is able terminate the growth of SWNT due to a sharp desmaller than the SD length. Hence, all C atoms impinging
crease of the bulk diffusion coefficient of C through the par-onto the outer CNT surface diffuse to the layer edge and are
ticle. A typical value of bulk diffusion for liquid metals is incorporated into the wall. During this stage the heat release
Dp,~10 %cn?/s whereas for solids it i©,~10 8cn?/s.  and also heat dissipation into the ambient inert gas are pro-
Hence, the characteristic time of C diffusion through the Niportional to CNT length. Therefore, similarly to sta@g of
nanopartlcle ofR,~5nm to the NT root |37-d R2 /Dy SWNT growth, the temperature of the MWNT wall is de-
~25x107 %8s when it is liquid, and 7g~R?2 /Db~2 5 fined by the quasi-steady-state approximation of &d).
x 10 %s after its solidification. For Co nanopamcle Bf, The proposed model allows us to comment on the ex-
~6nm one hasry~R2 o/ Dp~3.7X 10 8s for liquid andry  perimental results of carbon nanostructure formation per-
~R2/D,~3.7X10 °s for solid. Finally, for Fe nanoparticle formed by laser ablation of graphite targ&tg°First, experi-
of R ~6 nm one hasd RZ/Db~8 3x10 8sforliquidand mental study? shows that for Ar pressure in the range 0.1—
R o/ Dp~8.3X 10 %s for solid state. In addition, the 2100 Torr a carbon nanofoam consisting of a fractal-like web
characterlstlc time of C impingement onto the nanopartlcle)f randomly interconnected few nm radius carbon clusters
surface from vapor atP.=200Pa is 7jp,~ 1/(a3Q.)~2  forms at the substrate. Theoretical anaffsishowed that
X107 °s. Thus for the liquid nanopart|cles one hag these carbon clusters are formed by carbon atom collisions in
~2.5-8.3x10 8s< Timp™ 2 X 10 5s so that carbon atoms vapor. Our model additionally suggests that under these Ar
impinging onto the particle surface will diffuse to the SWNT pressures the temperature of carbon nanostrutings) as-
root much faster than new carbon atom will impinge into thesembled by the impinging carbon atoms should increase to a
same surface sites. In contrast, when SWNT temperature déemperature above the temperature of graphite sublimation
creases and the metal nanoparticles solidify:==2.5—-8.3 (=~4000 K). This means that during the assembly in vapor,
x 10 °s becomes higher than characteristic impingementarbon nanostuctures should disintegrate back into smaller
time 7jpmp~2X 10 °s. This means, that when the metal fragments and, in fact, can assemble into larger structures
nanoparticle at SWNT tip freezes the impinging carbon at-only when they reach a solid substrate where the condensa-
oms are no longer able to diffuse rapidly away from thetion heat may be easily dissipated by heat conduction into
particle surface, i.e., before new carbon atoms impinge at thihe solid. Thus, we suggest that in addition to the collision
same surface sites. This leads to C atom supersaturation mdte of C atoms the dimensions of carbon nanoclusters form-
the metal nanoparticle surface causing precipitation directlyng this foam is also controlled by thermal effects including
on its surface, hence disabling SWNT growth. Also, Fig. 6condensation heat release and heat dissipation to the inert
shows that small radii metal nanoparticles may remain liquidgas. Second, our model exhibits good qualitative agreement
at temperatures lower than 1200 K, hence allowing carbomvith temperature measurements of carbon particles in pulsed
diffusion through the particles. However, low temperaturedaser synthesis, which shows a plateau sfdde.fact, tem-
result in higher surface concentrations of adsorbed carbon gperature measurements performed in this work show that the
SWNT surfaces leading to nucleation of additional C layerscooling of carbon clusters from the initial temperature to that
and MWNT formation. of the inert gas requires several milliseconds. Our simula-
Once the metal nanoparticle surface is covered by pretions given in Figs. 3, 4, and 6 show that cooling requires
cipitated carbon, additional carbon atoms impinging onto th@.1-0.15 ms. Notwithstanding the fact that the power depen-
particle and the SWNT surface cannot penetrate to thelence of heat exchange on atomic mass given in Fig. 2 sug-
SWNT root. The surface concentration of adsorbed carbogests that heat exchange per one Ar atom collision is about 2
rapidly increases to the adsorption—desorption equilibriumimes more effective than that of a He atom a more detailed

level defined by analysis shows that cooling time for the parameters of the

experiment cag8 should be larger. This is because, first, our

P, exp(E,/ksT) temperature simulation given in Fig. 6 is done for He at

Neg= cha=—l/2. (20 10° Pa whereas experiments are done for Ar at 500 Torr
v(2mmkgT) (6.6 10 Pa). Secondn,, /mye~10 and Eq(7) suggests that

for the same pressure He provides 3.3 times more collisions
This occurs during the perioft~ 7,. The SWNT tempera- per surface area unit. Thus, the resulting nunithésx3.3/2
ture is the same as that of the gas duridgs7*~5 suggests that for the simulation shown in Fig. 6 the heat
X107 s. If the resulting C surface concentrationTat Tyis  exchange coefficient is about 2.5 times larger and the cooling
too low to start the nucleation of a new CNT layer on sur-time consequently 2.5 times shorter than that for Ar at 500
face, then the SWNT will be preserved and removed outsid&orr. The remaining discrepancy may be attributed to a wide
of the synthesis zone by gas flow. For the conditions showmange of surface microenergetic parameters depending on
in Fig. 3, the SWNT length will be abolit~1.7um. Onthe  SWNT radius and chiralif?***?and also to a number of
other hand, ifng, is sufficiently high to trigger new layer physical effects of pulsed laser synthesis neglected in our
nucleation, then layer-by-layer MWNT formation will occur study, such as heating of the inert gas near the evaporated
and will eventually result in the entrapment of the metaltarget due to very high initial kinetic energies that the carbon
particle inside the MWNT structure. atoms may have after pulsed laser evaporation.
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IV. SUMMARY AND CONCLUSIONS work, which includes many microcsopic surface kinetic pa-
rameters, may be readily coupled with macroscopic con-

The growth of carbon nanotubes is a complicated prot. flow d . del bined with heat and
cess involving many effects and characterized by many reZnUUM gas Tiow dynamics modeis combined with heat an

strictions. One of the main parameters defining growth kinet!"'ass transfer, allowing one to mvesﬂgete the effect of gas
ics is the growth temperature. The temperature of théIOW on carbon NT growth and to investigate more compli-

growing nanotube is defined by a set of interacting paramg:ated growth modes occurring when parameters such as car-

eters for condensation heat release and heat dissipation frol?ﬁn vapor pressure, inert gas pressure, and tempera_ture
the nanotube surface. change with time. This model may be also extended to in-

Our study provides a set of coupled growth kinetics—cmde(i) specific features of carbon NT growth that are found
thermal physics phenomenological equations that are nyt! arc discharge plasma_an(_j other g_rowth t_echnlql(ne)s,.
merically solvable, as well as explicit analytical estimates"€W features of surface kinetics associated with electric field

giving values of SWNT temperatures during growth. We aISOeffects, andiii ) the involvement of carbon dimers and larger
gregates in the growth process.

provide the main results of a molecular dynamics study char9
acterizing heat exchange between the SWNT and inert am-
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