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A time-dependent multiphysics, multiphase model is proposed and fully developed
here to describe carbon nanotubes (CNTs) fabrication using chemical vapor deposition
(CVD). The fully integrated model accounts for chemical reaction as well as fluid,
heat, and mass transport phenomena. The feed components for the CVD process are
methane (CHy), as the primary carbon source, and hydrogen (H,). Numerous simula-
tions are performed for a wide range of fabrication temperatures (973.15-1273.15 K)
as well as different CH; (500-1000 sccm) and H, (250-750 sccm) flow rates. The
effect of temperature, total flow rate, and feed mixture ratio on CNTs growth rate as
well as the effect of amorphous carbon formation on the final product are calculated
and compared with experimental results. The outcomes from this study provide a
Sfundamental understanding and basis for the design of an efficient CNT fabrication
process that is capable of producing a high yield of CNTs, with a minimum amount of
amorphous carbon. © 2009 American Institute of Chemical Engineers AIChE J, 55: 3152-
3167, 2009
Keywords: carbon nanotube, chemical vapor deposition, amorphous carbon, reaction
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Introduction

Carbon nanotubes (CNTs) are one of the most promising
class of nanosize materials as evidenced by the attention
they have received since their discovery in 1991." CNTs are
composed of graphite cylinders, which are often closed at
either ends with caps, consisting of pentagonal rings. Geo-
metrically, they can be defined as a honeycomb lattice rolled
into a cylinder with hemispherical ends. A wide range of
potential applications are considered for CNTs, such as
transistors,” probes for scanning probe microscopy,’ high
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sensitivity microbalances,* gas detectors,™® hydrogen storage
devices,” field emission type displays,®® electrodes in
organic light emitting diodes,'® and nanotweezers for nano-
scale manipulation.'" Each of these applications requires
unique CNTs with specific length, diameter, and chirality;
however, control of these parameters is considered the main
challenge for large scale production methods for CNTs.
Furthermore, these processes are not well designed so as to
limit the number of CNT defect sites or the production of
unwanted byproducts, such as amorphous carbon. Therefore,
it is crucial to develop a controlled CNTs fabrication
process that is capable of producing pure CNTs with
uniform properties.

The goal of synthesizing CNTs in high purity with speci-
fied properties requires the development of a detailed and
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comprehensive CNTs synthesis model that can predict the
effect of major processing parameters, such as gas flow rate,
the ratio of the feed gas species and synthesis temperature,
on the final properties of the CNT products. Constructing a
model that can precisely predict the production rate and
properties of fabricated CNTs is an impossible task at this
time due to the complexity of the required quantum simula-
tions and the large time scale over which reactions occur.
However, a detailed, real-time model can provide the insight
necessary for the effective production of pure CNTs with
uniform properties if it benefits from some in-situ diagnostic
systems that provide feedback as to the progression of
different reactions within the system.

To study the relations between process temperature, feed
gas flow rate, and feed gas molar ratios with CNTs forma-
tion, a multiphysics, multiphase model of the CVD system is
developed and verified here via comparison to experimental
results. The model couples the kinetics of multiple reactions
with relevant transport phenomena in such a way that all
parameters are solved simultaneously in the time domain.

Overview of CNT Fabrication and Modeling
Procedure

Several techniques are available for fabricating CNTs,
such as DC torch arc discharge, laser ablation, pulse laser
deposition (PLD), sol gel, and chemical vapor deposition
(CVD)."*"'5 Among these numerous fabrication techniques,
the CVD synthesis process has been proven to be a promis-
ing method for fabricating CNTs in large quantities because
of its simplicity. Therefore, the current CNTs synthesis mod-
eling procedure is based on the CVD fabrication method.
Figure 1 depicts the available CVD system in our Smart
Structures and Nanoelectromechanical Systems (SSNEMS)
Laboratory at Clemson University.m’17 This system operates
at atmospheric pressure and has an upper temperature limit
of 1473 K.

In a typical CVD system, methane (CH,) is used as the
gas phase carbon source because of its low cost and stability
at high temperatures. Hydrogen (H,) can also be used to
facilitate hydrocarbon reactions that yield CNTs and prevent
the decomposition of the methane feedstock into unwanted
byproducts. The gaseous species resulting from the decom-
position of methane undergo reactions with the catalyst
layer, which has been deposited on the silicon wafer to pro-
duce carbon molecules and hydrogen as a byproduct. The
bulk of the resulting carbon species remain adsorbed on the
deposited catalyst nanoparticles atop the silicon substrate. As
these nanoparticles become saturated with carbon species,
hexagonal carbon rings are formed around the nanoparticles
and nanotubes begin to grow on the substrate. Before and af-
ter the completion of the CNTs fabrication process, as well
as during the heating cycle of the process, argon gas is
inserted into the quartz tube in order to reduce the amount
of impurities created.

Although the exact formation mechanism of CNTs is not
yet known, it has been shown that the CNTs properties are
strongly affected by the CVD temperature and inlet gas flow
rates used during the fabrication process.9’18’]9 For example,
as the synthesis temperature increases, thicker CNTs can be
fabricated.?’ To date, there have been several efforts to
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Figure 1. Easytube 1000 CVD (first nano) system at the
Clemson University Smart Structures and
Nanoelectromechanical Systems (SSNEMS)
Laboratory.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

experimentally estimate the carbon growth rate experimen-
tally. However, varied growth rates have been reported,
ranging from less than 0.1 to 9 micron/s.>' =%’ Geohegan
et al. reported that increases in the synthesis temperature
lead to an increase in CNT growth rate up to 973 K, where
the growth rate starts decreasing.”> In contrast, other experi-
ments showed similar increases in CNT growth rate
with increases in synthesis temperature over the entire range
studied.”® Further, Gunjishima et al. showed that increasing
or decreasing the hydrocarbon/hydrogen (C,H,/H,) ratio
in the process feed will lead to an increase or decrease,
respectively, in the growth rate of CNTs.*®

In addition to an array of experimental research articles
on this topic, there have been a number of published works
describing theoretical models of CNT formation and growth.
For example, Klinke et al. studied the effect of CVD
temperature on CNT diameter and growth rate using a ther-
modynamic model.*® Their study showed that as the CVD
temperature increases, the deviation between theoretical and
experimental growth rate number increases. Grujicic et al.
developed a model for a CVD fabrication system30 by fol-
lowing the work of Coltrin et al.,31 which described the
growth rate of CNTs as a function of temperature for a CHy
+ H, gas mixture, where the CH4/H, molar ratio was 0.18.
Such prior work provides the foundations for the more
complete modeling and experimental effort described here.

A finite element method is implemented to model the
physical phenomena taking place inside the CVD quartz
tube during the CNT fabrication process. In the considered
CVD model, a range of CH,; and H, gas flow rates were
examined in order to investigate the effects of vapor phase
composition on the quality and growth rate of CNTs. The
CH, flow rate was varied from 500 to 1000 sccm, while the
flow rate of H, ranged from 250 to 750 sccm as a part of
inlet boundary condition. A schematic of the modeled CVD
system and the considered grid distribution along CVD
quartz tube is shown in Figure 2.

The quartz tube is considered to be 30 cm in length and
have an inside diameter of 5.5 cm. This is based on the
dimensions of the available CVD system in SSNEMS Labo-
ratory. The modeled silicon substrate is 6 cm long and is
centrally located within the simulated quartz tube. It is
assumed that a catalyst layer containing well dispersed
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Figure 2. Schematic of modeled CVD system and finite
element grid distribution used in modeling
the quartz tube reactor assembly.

nanoparticles is deposited on the silicon. Cobalt (Co) nano-
particles are used as catalyst because they have been shown
to be highly active and selective at forming CNTs under the
processing conditions of interest.**** The triangle meshing
system was utilized, and the size of the elements were
refined at the inlet and quartz tube wall boundaries, as well
as around the substrate, where reactions and sudden changes
in flow properties take place and the complexity of calcula-
tions increases dramatically.

The simulated pressure is considered to be equal to atmos-
pheric pressure condition in order to meet with our CVD
system specifications. Because the reaction rate as well as
the physical and flow properties of the reactant gases are
temperature dependent, we have extended our studies to
investigate temperature effects on growing CNTs during the
fabrication process. Therefore, the temperature is varied
from 973.15 to 1273.15 K and are imposed as the wall
boundary condition during each simulation. During the simu-
lations, instead of considering an average value, the physical
and transport properties of each species are calculated at the
conditions present at each node of the finite element mesh in
order to further improve the accuracy of the present model-
ing investigations. The carbon species participating in CNTs
construction are created by collision induced reactions occur-

ring in the gas phase as well as surface catalyzed reactions
on the substrate. Specific details about the modeling proce-
dures used to simulate the gas phase and surface reactions
are discussed in the following sections.

Mathematical and Modeling Procedure

The developed multiphysics, multiphase CVD model
accounts for gas and surface phase reactions as well as fluid,
heat, and mass transport phenomena. A schematic diagram
of the mathematical modeling procedure illustrating the
interactions between these modules is depicted in Figure 3.
As seen, the initial and boundary conditions are inserted into
a multiphysics solver to estimate CNT growth rate as well as
changes in the physical properties of the reacting species at
a range of positions inside the quartz tube.

During the heating phase of the process model, it is
assumed that argon gas is inserted into the system and that
no reaction takes place in the gas phase or on the substrate
surface. As the CH, + H, feed gases enter the modeled
quartz tube, the boundary conditions and appropriate species
property information are inserted into the mass transport,
heat transfer, and fluid mechanics modules to calculate
updated physical properties for each species present. Later,
the concentration and thermodynamic state properties of all
species at a given node are transferred to the gas phase reac-
tion calculator, where reaction rates and the concentration of
all species created or consumed by gas phase reactions
are calculated. The updated gas phase concentration data are
then sent to the transport module in order to recalculate the
physical properties of all species.

In the next step, the concentration and physical property
information of gas phase species are transferred to the sur-
face phase reaction module, where surface catalyzed reaction
rates and the concentrations of adsorbed species are calcu-
lated. These values are then sent to the transport solvers as
well as the synthesized carbon molecule analyzer so as to
quantize the local amount and growth rate of CNTs and
amorphous carbon species. The coupled equations are solved
numerically considering a fixed time and by applying the
aforementioned algorithm until convergence is achieved. In
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Figure 3. Schematic diagram of mathematical modeling procedure.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

3154 DOI 10.1002/aic

Published on behalf of the AIChE

December 2009 Vol. 55, No. 12 AIChE Journal



the next step, the simulation is progressed in time and by
considering a 10~* second time step size. This simulation
procedure is performed until steady-state reaches and the
transitional physical properties transform into either a
constant value or constant rate of change. Finally, all of the
calculated data are combined to predict overall CNT growth
rates and the range of physical and species properties with
respect to time, observed within the modeled quartz tube,
shown in Figure 3. Each of the simulation modules described
above is discussed in greater detail below.

Gas phase reaction modeling (Block A in Figure 3)

Gas phase reactions are introduced as a part of major
Block A, which models the thermal decomposition of gases
inside the CVD quartz tube. Most available models sug-
gested for the decomposition of methane were primarily
developed for combustion processes that exhibit high levels
of hydroxide g:gases.m’%_36 Moreover, the model developed
by Coltrin et al. is based on a plasma-gun reactor system,
where hydrogen dissociates inside the plasma-gun, thereby,
making it unsuitable for our reaction system, which is not a
plasma-gun CVD reactor system.’' Along this line of rea-
soning, we propose a new set of gas phase reactions for
CH, + H, decomposition. The developed model consists of
60 reversible reactions as listed in Table Al in Appendix A.
It is considered that CH, and H, are the feed gases to the
CVD quartz tube. These species are then allowed to undergo
thermal decomposition reactions, which creates 11 different
new species (CH;, CH,, CH, C, C,H, C,H,, C,H;, CoHy,
C,Hs, C,Hg, and H). These species then participate in a
restricted set of catalyzed surface phase reactions on the
substrate.

In the proposed model, the hydrocarbons of radical frag-
ments larger than C, are neglected as Coltrin et al. suggests
as they can lead to errors in the prediction of the gas phase
composition.>’ The reaction rates can be described by the
mass action law.

v P
= ki e’ + ky ;! 1)

where kfj and kr, represent forward and reverse rate constants,
c¢; denotes the concentration of the ith species (mol/m3), vlfj and
vfi are stoichiometric coefficients of reactants and products,
respectively. The material balance for species i can be

expressed as:

86‘,‘

— + VN, =1, 2

T P =i (@)
where N; is the molar flux, ¢; is the concentration and r; is the
reaction rate of the ith species. It is also assumed that the
temperature dependence for all reaction rates can be described
by the modified Arrhenius law model:

E;
kr;j = A;T" exp (— ﬁ) 3)

where A; represents the frequency factor, T is the reaction
temperature, n; is the temperature factor, E; denotes the
activation energy, and R is the universal gas constant. All
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reverse reaction rates are calculated using equilibrium
thermodynamic models:

kg,
ki = K?’q 4
where K?q denotes an equilibrium constant, which is defined as
follow:
AG;
K= S — 5
, exp( o7 5)

where AG; is the Gibbs free energy for reaction, which is
defined as:

AG; = AH; — TAS: ()

In the above expression, AH; and AS; denote the enthalpic
and entropic changes in system energy, respectively. These
changes occur as a result of chemical reactions and can be
calculated using temperature-dependent NASA polynomial
relations, which are discussed later in the text. These quanti-
ties are calculated for each species. The position specific
species concentration data obtained from the gas phase reac-
tion model are inputs to the surface phase reaction model
described below.

Surface phase reaction modeling (Block B in Figure 3)

The thermal decomposition of feed gases, the reactive free
radical intermediates CHsz, C,H,, and H initiate a series of
surface reactions with the catalyst layer that has been depos-
ited on the silicon substrate. These surface reactions lead to
the production of macromolecular carbon species in the form
of CNTs or amorphous carbon. Following the work of
Grujicic et al.,30 the surface reaction model uses two sets of
surface reactions that result in the deposition of CNTs or
amorphous carbon.

For the production of CNTs, 19 reversible surface reac-
tions are considered that lead to the creation of 11 new sur-
face species (TH(S), TCHs(S), TCH»(S, R), TCH(S, R,),
TC(S, Rj), TCHx(S), TCH(S, R), TCyxS, Ry),
TCH,CH;3(S), TCHCH;(S, R), and TCCH;3(S, Ry)). The sur-
face reactions leading to the deposition of CNTs are depicted
in Table A2 in Appendix A. In this table, T(S) denotes the
deposited cobalt nanoparticles on the substrate surface,
and symbols G, S, and B represent gas phase, surface phase,
and carbon nanotube bulk species, respectively. Also, R, R,
and Rj; denote species that are single, double, or triple
radicals, respectively.

In the surface phase reaction model, reactions with H lead
to the passivation of the substrate nanoparticles. However,
reactions with CH3 and C,H, give rise to chemisorption of
hydrocarbon molecules on the substrate surface. Surface spe-
cies TC(S, R3) and TC,(S, R,), which participate the CNTs
synthesis, are formed by hydrogen abstraction from hydro-
carbons and hydrocarbon radicals. Similar to the gas phase
reactions, surface phase reactions obey the mass action law,
with the forward reaction constants calculated using a modi-
fied Arrhenius relation (see Eq. 3). The list of Arrhenius pa-
rameters for each forward reaction is shown in Table A2.
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Also, reverse reaction rate constants were calculated by
Eq. 4 using the appropriate equilibrium reaction constant.

The surface reactions that lead to the formation of amor-
phous carbon involve eleven surface species (C(S,R),
C(S,R3), CH(S), CH(S,R), CH(S, R;), CHx(S, R), CHx(S),
CH,(S, R), CH;(S), C,HL(S, R), C,H5(S)) and a bulk species
C(A), which are listed in Table A3. Similar to the surface
reactions leading to CNTs formation, these reactions occur
on catalytic sites that contain the H, CH;3, and C,H, active
intermediates, which are all products of previously described
gas phase reactions.

Many of the surface reactions listed in Table A3 obey the
reaction probability law. For example, when gas phase
species react with surface species via an Eley-Rideal type
mechanism (A(G)+B(S) — product), the reaction probability
upon the collision of A(G) and B(S) is defined by 7:

—b;
Vi = a; exp (ﬁ) @)

where ¢; is a unit less parameter and b; has units of energy that
are compatible with the universal gas constant R. Because
the value of y; defines the probability, its value lies between
0 and 1. By applying probability y;, it is possible to express the
mass-action kinetic rate constant as:

B 7 1 (RT\'?
b= (r=t7m) = (5w ®

where W is the molecular weight of the gas phase species, I is
the total surface-site density, and m is the sum of all of the
stoichiometric coefficient for the surface reactants. The term I’
raised to the power m accounts for converting unit less reaction
probabilities to units suitable for the reaction rate constant, and
the square root arises from the gas phase collision frequency.

The conversion between the surface reaction rate of pro-
duction of a bulk species § (mol/cm?/s) and a growth rate
Ryt (cm/s) can be defined as

skWi

Px

€))

Ryt =

In the above equation, py is the density of the bulk species
redefined as:

my

=_x 1
A (10)

Px
where my is the mass, Ay is the surface area and /y is the height
of the deposited species.

For both CNTs and amorphous carbon species, the rate
at which carbon 1is transferred from the gas phase is
expressed as the number of carbon atoms per unit time.
Therefore, the product of the carbon deposition rate and
the number of carbon deposition sites on the particle sur-
face (number of C atoms per minute per deposit) should
equal to the CNTs growth rate and the number of nanotube
edge sites (number of C atoms per minute per edge site).
Thus, it is possible to define a ratio between CNTs growth
rate and the carbon deposition rate for the given particle
size and shape. For these calculations, it is assumed that
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the particles are semi-spherical with a radius equal to that
of the respective CNTs.

Fluid dynamics modeling (Block C in Figure 3)

The governing equation for fluid dynamics is based on the
Navier-Stokes equation, which can be defined in the follow-
ing general form.

p<%+v.vV>:—VP+w2v+f (11)

where p and u, respectively, stand for density and viscosity, v
is the velocity profile of the inserted gas, P is the system
pressure, ¢ is time, and f denotes any possible external force. If
the gases are considered to be Newtonian and the system
density is constant with time, this equation can be expanded
for flow in x and y directions to yield:

b o0y o o B
Plac ™" ax " ay) T T ax TH e T 9y .

@—Fu@—i-v@ ——8—P+ @—F@ + £ (13)
P\ac ™ "ax ™ ay) T Ty T M\ e Ty y

At each node of the model, the Navier Stokes equations
are coupled with continuity equation as:

ap B
5 T (Vo) =0 (14)

To calculate mass flow rate from volumetric flow rate in-
formation as the inlet boundary condition, the ideal gas law
is combined with a simple density-mass relation:

. mP
m=-or (vA) (15)
where m represents mass flow rate, m is the mass of one mole
of inserted gas species, v is the gas velocity, A is the quartz
tube cross-sectional area, P is the system pressure, and 7 and V'
are the temperature and volume of the system, respectively.
Given the low system pressure, the ideal gas law can also
be used to calculate the fluid density in the following form:

P
p —R—TZxI-M,- (16)

where x; and M; denote the mole fraction and molar weight of
the ith species, respectively.

For this model, nonslip boundary conditions are assumed
near the quartz tube wall as well as on the substrate surface.
This assumption is valid based on the system pressure and
the fact that the surfaces are known to contain a thin layer
of stationary adsorbed molecules.

Mass transport modeling (Block C in Figure 3)
To effectively model mass transport and surface diffusion
phenomena, the following mass balance equation is used:
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% + V . (fDchf + Cl'V) =T (17)

As defined earlier, ¢; and r; are concentration and reaction
rate of the ith species, respectively, and D; is the diffusion
coefficient for component i in the mixture. Considering the
diffusion between each of the two species (species A and
B), it is possible to estimate an approximate value for the
diffusivity using the binary diffusion coefficients D g, which
are calculated using the following expression derived from
kinetic gas theory:

3 VT3 (M +Mg) /(2 x 103MaAMp)

Dag =2.695 x 10~
poacsQp

(18)

In the above equation, o, and op represents the distance
in the Lennard-Jones potential at which the interparticle
potential is zero, M, and My are the mass of each species,

and Qp, denotes the collision integral, which is given by’’%:

Qp = A(T*)® + Clexp(—DT*)] + E[exp(—FT")]

2
+ Glexp(—HT)] + % (19)
where
T = ki (20)
EAB

EAB = (EA?'B)I/2 21)
oag = (0a0)" (22)

iy
5= S5 (23)

In the above relations, ¢ is the activation energy and p
denotes the molecular dipole moment (Debye). Also, the fol-
lowing relation is used to calculate dynamic viscosity”’=%:

T(M; x 10°)

S =2.669 x 107°
:ul X (T%Qv

(24)

where Q, is the collision integral and is calculated using the
expression:
2
0.200745
T*
(25)

Q, = A(T*) " + Clexp(—DT™)] + Elexp(—FT*)] +

Thermal and heat transfer modeling (Block C in
Figure 3)

Heat transfer by conduction, convection, and radiation are
all considered in the current modeling. The following
general form of the energy balance is used:

T
;OCa

v TV (=kVT + pCpTv) = Q (26)
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where C, and k are heat capacity and thermal conductivity of
each species, respectively, O is an ever-present heat source
that maybe introduced into the system, and v and T are the
respective velocity and temperature related to each node.
Through the CVD process, radiation from the heating coils is
capable of transferring considerable amounts of energy into
the substrate. Therefore, it is necessary to consider this
radiative heat transfer process in the model in the following
form:

0 = &g (T} — T) 27

where & is the surface emissvity, og denotes the Stefan-
Boltzmann constant, and 7, is the quartz tube temperature.

The enthalpy or heat of reaction (H;) can be calculated
from species properties and the stoichiometric coefficients
(v;) in the following form:

Hj=— Z viihi (28)

Similarly, the entropy of reaction is calculated based on
the following expression,

S =— Z ViiS; (29)

In the above equations, A; and s; are the species molar
enthalpy (J/mol) and entropy (J/(mol K)) at the specified
node temperature, respectively. Applying the above equation,
the thermal heat source due to the reaction (J/m® s) can be
calculated as:

Q=VY Hy (30)
J

where V is the system volume.

Thermal properties, such as species heat capacity C,,
molar enthalpy /;, and molar entropy s; of each species, are
calculated based on NASA polynomials as:

Cpi = R(ar + axT + asT* + ayT® + asT*) 31)

hi = R(ay +a—22T2+a3—3T3+%T4+a5T5+a6) 32)
Sl»:R(allnT+a2T+%T2+%T3+%T“+a7) (33)
where a; — a; are NASA polynomial constants. Finally, the

thermal conductivity of each gas species can be expressed by
the Sticl-Thodos equation®”:

ki = %(1.150,, +0.88R) (34

The developed physical solvers were fully coupled and
applied to the constructed finite element domain to investi-
gate the CNT and amorphous carbon growth rate. The
obtained results are discussed in the following section.
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Numerical Results and Discussions

Applying the constructed multiphysics-multiphase model,
numerous simulations are conducted to investigate gas flow
rate and temperature effects on CNTs growth rate. During
each simulation, both inserted gas ratio (CH4/H, in the inlet
gas feed) and temperature are considered to be constant and
the amount of production of each gas or surface species is
calculated. The species production rates resulting from
gas or surface phase reactions are shown in Figures 4-8.

By examining the resulting concentrations of gas (CHsj,
C,H,, H) and surface phase species (C(B) and 2C(B)) for
the specified inlet gas mixtures, depicted in Figures 4-8, it
can be observed that increases in the fabrication temperature
lead to higher amounts of each of these species being
produced. Therefore, higher reaction temperatures increase
the number of carbon intermediates that participate in CNTs
formation. The results also suggest that these increases in in-
termediate species concentrations lead to increases in the
length, diameter of CNTs and may also lead to an increase
in CNTs growth rate or the number of CNT’s wall layers.

Analysis of gas phase reaction products indicates that
increases in the amount of inserted H, gas significantly
increases the production rate of the H intermediate. Also,
increasing the flow rate of CH, into the reaction chamber
yields only moderate increases in the gas phase H concentra-
tion. For the other two species (CH3 and C,H,), any increase
in the flow rate of hydrocarbon gas raises CH; and C,H,
concentrations considerably. However, unlike the behavior

observed for H species, increasing the inlet flow of hydrogen
decreases the rate of production of CH; and C,H, species.
One possible cause for this phenomenon is simply the fact
that increasing the inlet flow of hydrogen causes a decrease
in the mass fraction of hydrocarbon gas in the inlet gas
mixture combination.

Investigation of the surface reaction species reveals that C
and 2C species respond differently to changes in H, and
CH,4 gas flow rates. The C concentration data shown in Fig-
ure 7 demonstrate that increasing the amount of H, gives
rise to an increased C production rate. In contrast, any
increase in the amount of hydrocarbon gas will decrease the
C production rate. On the other hand, inserting more CHy
gas into the system promotes increased 2C production. This
phenomenon is especially evident at lower flow rates of
hydrogen (250 sccm). Also, from these diagrams it can be
concluded that unlike C, increasing the amount of hydrogen
in the inlet gas mixture will reduce the amount of 2C. An
explanation for such a phenomenon can possibly be
explained by considering the C—C (331.3 kJ/mol) and C—H
(415.8 kJ/mol) bond energy values. Because the C—C bond
energy is lower, it suggests that the activation energy
required to form that bond is lower, which means that the
rate of formation of C—C bond types should be higher. This
can also be considered as one of the reasons for considerably
higher TC, production rates as compared to TC species for
any particular temperature and inlet gas mixture flow rate
that produces bulk carbons.
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Increasing the amount of the hydrogen gas will increase
the number of moles of hydrogen and promote the probabil-
ity of C—H bond formation. Consequently, any rise in
hydrogen gas will result in higher TC and lower TC, pro-
duction.

The produced carbon molecules can form either CNTs on
the substrate or amorphous carbon, which would be
considered as an unwanted byproduct. The created amor-
phous carbon can be deposited on top of the catalyst layer
and interrupts CNTs growth or even preventing any CNTs
ring formation around the catalyst nanoparticles. Moreover,
producing a high yield of CNTs with the minimum amount
of unwanted byproducts is another important matter in the
industrial scale production of CNTs. Therefore, it is essential
to include amorphous carbon formation reactions into the
developed CVD-based CNTs fabrication model to investigate
the effects of inserted gas flow rate ratios and synthesis
temperature on the formation of amorphous carbon.

Including Table A-3 (see Appendix A) in our surface
phase reaction sets, we were able to estimate the amount of
reduction in the production grate of carbon molecules that
participate in CNTs formation due to the introduction of
amorphous carbon under different CNTs fabrication condi-
tions. The obtained results are depicted in Figures 9 and 10.

Figures 9 and 10 show that the percentage of carbon
decay (similarly the rate of amorphous carbon production) is
less at lower synthesis temperature ranges. However, as the
temperature increases, this percentage will increase dramati-
cally especially in the 1173-1273 K range, where it reaches
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values higher than 70%. Also, it can be seen that at every
temperature studied, raising the amount of inserted hydrocar-
bon gas will lead to an increase in the production percentage
of amorphous carbon. Observing the trends in Figures 9 and
10, it is also possible to investigate the role of H, in the pro-
cess of carbon reduction and amorphous carbon formation. It
is observed that introducing H, in the fabrication process
will increase the overall fraction of carbon molecules that
participate in the formation of CNTs structure by reducing
the amorphous carbon production rate. This percentage of
overall increase is more pronounced at higher temperatures.

Also, from the diagrams in Figure 10 it is observed that at
low process temperatures, variation in H, flow rate have
only moderate impact on the amount of amorphous carbon
produced, which is in contrast to the trend observed at high
temperatures. This suggests that applying H,, especially at
high fabrication temperatures, will lead to a cleaner final
product with less amorphous carbon. At lower temperatures,
hydrogen is less effective because the overall amount of
CNTs which have been produced via gas phase reactions is
considerably lower when compared with the amount
observed at high fabrication temperatures. It should be men-
tioned that the rate of production of amorphous carbon is
proportional to the reduction in the rate of formation of car-
bon species that are involved in the production of CNTs.
Therefore, as the percentage of carbon decay that partici-
pates in CNTs construction increases, it can be expected that
less amorphous carbon will form on both the substrate
surface and quartz tube wall.

DOI 10.1002/aic 3161
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Although applying H, helps minimize the formation of
amorphous carbon, as shown earlier in Figures 9 and 10, it
also reduces the overall number of available carbon species
which are needed to construct CNTs. As a result, the growth
rate of CNTs formed near the front edge of the substrate is
also studied by considering the total number of available car-
bon molecules per unit time that are available to participate
in CNTs formation. The final results are shown in Figures
11 and 12.

In Figures 11 and 12, it is observed that in most cases
increasing the amount of CH, flow leads to a higher CNTs
growth rate, especially at lower temperatures (973 K), where
the amount of the carbon species participating in CNTs or
amorphous formation is low. On the other hand, increasing
the H, flow rate causes the amount of both types of carbon
molecules to reduce. However, as the temperature
approaches higher values (1073 K), the rate of increase in
CNTs growth rate will slow down and more carbon mole-
cules change into amorphous carbon. Because H, gas
becomes more effective at reducing the percentage of carbon
species participating in the production of amorphous carbon
as the fabrication temperature increases, a reduction in
growth rate of CNTs caused by introducing more H, gas
into the system will be less tangible when considering the
overall CNT growth rate. At 1173 K, the dominant effect of
amorphous carbon production on CNTs growth rate results
from increasing the flow rate of CH,; (from 750 sccm to
1000 sccm) at constant (250 sccm) hydrogen flow rate,
where these changes lead to a reduction in the CNTs growth
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rate. However, as more hydrogen gas is inserted into the sys-
tem, the growth rate of CNTs resembles that seen at lower
temperatures (Figure 11). A similar tendency in CNTs
growth rate behavior can be observed as the temperature
increases to 1273 K, where the growth rate decreases as
more CHy is inserted into the system.

Therefore, it can be concluded that in order to produce a
high yield of clean CNTs at higher fabrication temperatures
and for a specific flow rate of CHy, higher flow rate of H,
gas is required when compared with that needed for the low
temperature CNTs fabrication process. The results of this
modeling effort on the amount of amorphous carbon produc-
tion and the amorphous carbon/CNTs formation ratio for dif-
ferent fabrication temperature and under several hydrocar-
bon/hydrogen flow rate ratios were compared with the
obtained experimental results and showed good agreement
(Hosseini et al., submitted). During these experiments, CNTs
were fabricated in different temperature and flow rate condi-
tions, and the ratio between amorphous carbon production
and CNTs formation on the substrate was investigated by
SEM imaging.

The CNTs growth rate is found to vary from less than 0.1
to near 7 micron/s based on the inserted CH4/H, gas ratio
and synthesis temperature. Different growth rate numbers
have been previously reported by other experimental and
theoretical works.?' >’ A comparison of the obtained results
with these works shows that the range of CNTs growth rates
suggested in this research matches the CNTs growth rate
number range found in similar publications. However, a

December 2009 Vol. 55, No. 12 AIChE Journal



| —o—T=873.5, H2=250 —»

T=473.15 H2=500 —.n.—T=9?3.t'a,l—Q=?ﬂJ| |—-—T=I}T-3.‘5,I-E=250 .

T=073.5, =500 —a—T=1073.5, H2=720

4

25 4

CNT growth rate (micron's)
o

|+T=1173.5. H2=250

CH4 (sccm)

CNT growth rate (micron/s)

800
CH4 [scem)

oo

= T=1173.56 H2=500 —a—T=1ﬁ'3.ﬁ.m=m] |—-—T-tz?3 15, H2=280 =

TeRT73. 16, H2e500 —p—T=1273 .15, H2=T50

]
=
E
g ] -
g . f
o o~ - —=di
5 a i i
400 GO0 800 000
CH4 |scem)

CNT growth rate (micron/s)

600 800 1000

CH4 (scem)

Figure 11. CNT growth rate (micron/s) for different CH, + H, flow rates (sccm) and temperatures (K).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

direct comparison between the reported experimental data
with each other as well as the obtained results from current
simulation series is not possible because there is a significant

difference between the experimental procedures considered
in each study. These experiment-dependent conditions could
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deposition methods, geometrical specifications and the reac-
tor type of the fabrication systems, as well as the concentra-
tion and the type of gases in the system. Therefore, this the-
oretical study can provide the vital information that is neces-
sary for a better understanding of how different CNTs
fabrication parameters influence final CNTs properties. How-
ever, obtaining similar information by experiments is not an
easy undertaking due to the need of very expensive setups
and many unpredictable and uncontrollable environmental
conditions during the procedure which make the final results
less reliable. Also, based on our findings, it is possible to
explain the reason for discrepancies reported for CNTs
growth rate-temperature slope by previous works.”>?’ As
mentioned earlier, for most cases, increasing the synthesis
temperature causes the CNTs growth rate to increase. How-
ever, at high temperatures and for the case where there the
H, flow rate is low, it can be expected that there would be a
decrease in the CNTs growth rate. Therefore, the slope of
the CNTs growth rate-temperature curve highly depends on
the CH4/H, flow rate ratio.

Conclusions

A time-dependent multiphysics, multiphase-based CVD
system model was introduced for a CVD-based CNT fabrica-
tion process. CNTs growth rate and the quality of the final
product under different synthesis conditions were studied
through extensive simulations and experiments. It was
observed that increasing CH,4 concentrations will increase
the amount of available carbon molecules resulting from gas
phase reactions. However, introducing more H, into the sys-
tem will cause a decrease in carbon species, but it increases
the concentration of available H molecules. It was concluded
that the main role of H, gas species during the CNTs fabri-
cation process is to reduce the formation of other undesirable
forms of carbon structures, such as amorphous carbon.
Because the amount of deposited amorphous carbon
increases with temperature, increased H, flow is needed to
lessen this effect. It was also observed that increases in tem-
perature and CH,4 flow rate increase the CNTs growth rate,
except at high fabrication temperatures under insufficient H,
flow rate, where a reduction in CNTs growth rate occurs.
This work can be utilized to optimize CVD-based CNTs fab-
rication processes, when accompanied by some in-situ mea-
surement or diagnotic systems. Further, these methods allow
future optimization efforts to be selectively tuned toward
processing cost reductions or CNTs final product criteria.
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Appendix A: Gas Phase and Surface Phase Reactions

Table Al. Gas Phase Reactions
No. Reaction A* n* E* References/comments
CH, reactions
Gl CH, + H < CH; + H, 6.60 x 10° 1.62 45,357 40
G2 CH; + CH < C,Hy + H 6.0 x 10" 0.0 0.0 31
G3 CH, + C « CH + CH; 5 x 10" 0.0 100,480 41
G4 CH4 + C,H < C,H, + CHj 1.81 x 10" 0.0 2092 42
G5 CH, + CH, <> CH3 + CHj; 246 x 10° 2.0 34,603 43
G6 CH, +M < CH; + M+ H 2.4 x 10" 0.0 437,249 44
CHj3; reactions
G7 CH; + CH; + M < C,Hg + M 9.03 x 10'° —1.18 2736.336 31/H, enhancement = 2.0
G8 CH; +H+ M« CHy + M 6.0 x 10'° -1.0 0.0 31/H, enhancement = 2.0
G9 CH; + H <~ CH, + H, 9.0 x 10" 0.0 63,178.4 31
G10 CH; + CH « CoH; + H 3.0 x 10" 0.0 0.0 31
Gl1 CH; + C - GH, + H 5.0 x 10" 0.0 0.0 31
G12 CH; + C,Hg «» CoHs + CHy 55x 107" 4.0 34,727.2 31
Gl13 CH; + CH; «» CoHs + H 4.99 x 10" 0.1 44,352 45
Gl14 CH; + H, < CHy + H 4.13 x 10* 2.50 39.4 35
G15 CH; + M«< CH, + H+ M 2.90 x 10'° 0.0 379 35/M = H,
Gl6 CH; + CH, <> CH, + H 3 x 10" 0.0 0.0 31
G17 CH; + C,H, «» CoH; + CH, 4.20 x 10" 46.5 35 35
Gl18 CH; + CoH, < C,H + CH, 1.81 x 10" 0.0 72,341 46
G19 CH; + C,H; < C,H, + CH, 3.92 x 10" 0.0 0.0 42
G20 CH; + C,Hs <> C,H, + CH, 1.95 x 10" —0.50 0.0 47
CH, reactions
G21 CH, + H « CH + H, 1.0 x 10" -1.56 0.0 31
G22 CH, + CH < C,H, + H 4.0 x 10" 0.0 0.0 31
G23 CH, + C < CH + H 50 x 10" 0.0 0.0 31
G24 CH, + C,H; « C,H, + CH; 3.0 x 10" 0.0 0.0 31
G25 CH, + CH, < GH, + Ha 4.0 x 107 0.0 0.0 31
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Table Al. (Continued)

No. Reaction A* n* E* References/comments
G26 CH, 4+ H, < CH; + H 7.23 x 10" 0.0 0.0 35
G27 CH, + C,H < C,H, + CH 1.8 x 10" 0.0 0.0 44
G28 CH, + C,Hs < C,H, + CH; 1.80 x 10" 0.0 0.0 44
G29 CH, + C,H, «» C,Hs + CH; 220 x 108 0.0 36,277 48
CH reactions
G30 CH+H« C+ H, 1.5 x 10" 0.0 0.0 31
G31 CH+ H, = CH, + H 1.08 x 10" 0.0 13,013 40
G32 CH+ M+ H, < CH; + M 1.97 x 102 0.43 —1548 40
G33 CH+C,Hg < C,Hs+CH, 1.10 x 10" 0.0 —1088 49
G34 CH + C,H, < C,H + CH, 211 x 10™ 0.0 —510 41
C reactions
G35 C+H,—~CH+H 4 x 10" 0.0 97,492 44
C,H reactions
G36 CH 4 H, < C,H, + H 4.09 x 10° 2.39 3616.2312 31
G37 C,H + C,H; < CoH, + CoHy 3.0 x 10" 0.0 0.0 31
G38 C,H + C,Hs «» CoH, + C,H, 1.8 x 10" 0.0 0.0 44
G39 C,H + C,Hg < CoH, + C,Hs 3.6 x 10" 0.0 0.0 44
C,H, reactions
G40 C,H, + CoHy <> CoHy + CoH; 241 x 10" 0.0 286,032 40
G41 CGH, + M« CGH+H+ M 42 x 10' 0.0 447688 31
G42 CGH, + H+ M« GH; + M 5.6 x 10" 0.0 10,042 31
C,H; relations
G43 CH; + H < GH, + Hy 4.0 x 10" 0.0 0.0 31
G44 C,H; + CH < CH, + C,H, 5.0 x 10" 0.0 0.0 31
G45 C,H; + CoHy — CH, + CoHy 9.6 x 10" 0.0 0.0 42
G46 C,H; + C,Hs — C,H, + C,H, 3.0 x 10" 0.0 0.0 50
G47 C,H; + CoHg <+ CoHu+C,Hs 6.0 x 10? 3.30 43,934 44
C,H, reactions
G48 CH, + H — C,H; + H, 1.1 x 10™ 0.0 35,564 31
G49 CHs +M < CH, + H, + M 1.5 x 10" 0.0 233,467.2 31
G50 CH, + M < CGH; + H+ M 1.4 x 10" 0.0 344,594.24 31
G51 C,H, + H, «» CH; + CH; 3.77 x 10"? 0.83 354,443 51
G52 C,H, + CoHy < CoHy + CoHs 482 x 10" 0.0 299,333 40
G53 C,H, + C,Hg — C,Hs + C,Hs 5.0 x 10" 0.0 251,052 52
G54 CHs+H+ M« CHs + M 221 x 107 0.0 8644.144 31/H, enhancement = 2.0
C,H; reactions
G55 C,Hs + H < CH; + CH, 1.0 x 10™ 0.0 0.0 31
G56 C,Hs + C,Hs — C,H4+CoH, 1.4 x 10" 0.0 0.0 44
C,Hg reaction
G57 C,Hg + H < C,Hs + H, 5.4 x 10 3.5 21,798.64 31
H and H, reactions
G58 H+H+MoH,+ M 1.0 x 10" —-1.0 0.0 31/H, enhancement = 0
G59 H+H+H, - H, +H, 9.2 x 10" —0.6 0.0 31
G60 H,+MoM+H+H 4.57 x 10" —1.40 436,830 42

*The unit for A is given in terms of mol, cm® and s and for E as joule/mol; n is unitless.

Table A2. Surface Phase Reactions Accompanying CNT Formation®

No. Reaction A* n* E*
SNT1 T(S) + H < TH(S) 1.0 x 10" 0.0 0.0
SNT2 T(S) + CH; < TCHx(S) 5.0 x 10" 0.0 0.0
SNT3 T(S) + C,H, < TC,H,(S) 8.0 x 10" 0.0 32.2168
SNT4 TH(S) + H < T(S) + H, 13 x 10 0.0 30.5432
SNT5 TCH;(S) + H <> TCH,(S.R) + H, 2.8 x 107 2.0 32,216.8
SNT6 TCH(S,R) + H « TCH;(S) 1.0 x 10" 0.0 0.0
SNT7 TCH,(S,.R) + H <> TCH(S,R,) + H, 2.8 x 10’ 2.0 32,216.8
SNTS TCH(S,R,) + H < TCH,(S,R) 1.0 x 10" 0.0 0.0
SNT9 TCH,(S,R) + H < T(S) + CH, 3.0 x 10" 0.0 0.0
SNT10 TCH(S,R,) + H < TC(S,R3) + H, 2.8 x 107 2.0 32,216.8
SNT11 TC(S.R3) + H < TCH(S,R,) 1.0 x 10" 0.0 0.0
SNT12 TCH(S,R,) + CH; <> TCHCH;(S,R) 5.0 x 10" 0.0 0.0
SNTI13 TCH,(S,R) + CH; «» TCH,CH;(S) 5.0 x 10" 0.0 0.0
SNT14 TCH,CHs(S) + H < TCHCH;(S,R) + H, 9.0 x 10° 2.0 20,920
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Table A2. (Continued)

No. Reaction A* n* E*
SNT15 TCHCH;(S,R) + H <+ TCH,CH;(S) 2.0 x 10" 0.0 0.0
SNTI16 TCHCH3(S,R) + H <« TCCH3(S,R,) + H, 9.0 x 10° 2.0 20,920
SNT17 TCCH3(S,R,) + H «+» TCHCH3(S,R) 2.0 x 10" 0.0 0.0
SNTI8 TCH,(S,R, _ ) + H < TCH, _ (SR; _,) + H' 9.0 x 10° 2.0 20,920
SNT19 TC,(S.R, _ ) = T(S) + yC(B)

’;The unit for A is given in terms of mol, cm® and s and for E as joule/mol; n is unitless.
y=1.2.
Table A3. Surface Phase Reactions Accompanying Amorphous Carbon Formation

No. Reaction A* E* Comments
SACI1 C(S,R) + H « CH(S) 0.03 0.0 b
SAC2 C(S,R) + CH3 « CH3(S) + C(A) 0.033 0.0 b
SAC3 C(S,R) + C,H, « C,HL(S,R) + Hy 0.033 0.0 b
SAC4 CH(S) + H < C(S,R) + H, 0.0214 30,543.2 b
SACS CH,(S,R) + H < CHs(S) 0.3 0.0 b
SAC6 CH;(S) + H «» CH»(S,R) + H, 4.28 30,543.2 b
SAC7 CH(S,R,) + H «» CH,(S,R) 0.3 0.0 b
SAC8 CH(S,R,) + H, «» CH;3(S) 0.3 0.0 b
SAC9 C(S.R;3) + H < CH(S,R,) 0.3 0.0 b
SAC10 C(S,R3) + Hy <= CH,(S,R») 0.3 0.0 b
SACI11 CHy(S) + H <+ CH(S,R) + H, 2.14 30,543.2 b
SACI12 CH(S,R) + H <= CHy(S) 0.3 0.0 b
SAC13 CH,(S,R) + CH(S,R) <> CHs(S) + CH(S) 6.0 x 10" 0.0 a
SAC14 CH(S) + C,Hy(S,R) <= C(S,R) + C,H;5(S) 6.0 x 10" 0.0 a
SACI5 C(S,R3) + CH,(S) <> CH(S,R) + CH(S) 6.0 x 10" 0.0 a

#The unit for A is given in terms of mol, cm® and s and for E as joule/mol, with n = 0 in Eq. (3 ).
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