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In this study, the effect of the Reynolds number (R,) and Richardson number (R;) on the growth of well-
aligned ultralong single-walled carbon nanotubes (SWNTs) has been systematically investigated. Smaller R,
and larger R; are favored for the growth of ultralong SWNTSs by analyzing the fluid dynamical properties of
chemical vapor deposition and the floating growth mode of ultralong SWNTs. Comparative experiments at
different R, and R; were carried out by altering the inner diameter of the quartz tube and gas flux in different
growth processes. Growth results indicated that either reducing the gas flux or increasing the inner diameter
of the tube, which corresponds to smaller R, or larger R;, is beneficial for the growth of well-aligned ultralong
SWNTs. On the other hand, too large a R;, namely, a large buoyancy, is not suitable to grow parallel SWNT
arrays for its disturbance to the laminar flow. The laminar flow and appropriate buoyancy are two vital factors
for the growth of parallel and high-quality SWNT arrays.

Introduction

Single-walled carbon nanotubes (SWNTs) have been regarded
as one of the best candidates for nanoelectronic devices due to
their unique electronic structure and superior electrical properties.'?
Numerous nanoelectronic devices based on individual SWNT
have been fabricated, such as field effect transistors,*> logic
gates,6 inverters,” etc. However, a lot of challenges still remain
in the structure-controlled growth of SWNTs,%? as well as their
device fabrication and integration.'®!! To realize the fabrication
of SWNT-based devices in a controlled manner, the crucial step
is the direct synthesis of SWNTSs on a surface with a controlled
position and orientation.'>"?

Generally, there are two widely utilized growth modes for
horizontally aligned SWNTs: lattice-orientated growth mode!'*!?
and gas flow-directed growth mode (kite-mechanism).!¢ For
the former one, high-density SWNT arrays can be obtained,
although a special crystal substrate, such as quartz or
sapphire, is required in this approach and the as-grown
SWNTs have to be transferred onto other substrates for
further device fabrication.!®!'""! In contrast with lattice-
orientated growth, centimeter-scale ultralong SWNTs can be
achieved either on a silicon substrate or on others based on
the latter growth mode. The as-grown well-aligned ultralong
SWNTs on SiO,/Si are preferred for fabrication of various
nanodevices. Furthermore, electronic structure modulation can
be realized in various areas along the same SWNT during
the gas flow-directed growth mode,?*?! which would be a
significant advancement toward device integration.’>?* By
combining the two growth modes, a SWNT cross-bar, a
promising structure for nonvolatile random access memory
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for molecular computing,’ could be obtained in a one batch
reaction.?* Recently, some studies have been made to study
the impact of gas flow direction on the SWNTs’ growth,?>2
especially for ultralong SWNTs.?”?® However, many problems
still exist in the accurate control of the orientation of ultralong
SWNTs during the gas flow-directed growth process.

The gas flow-directed growth mode is regarded as a simple
and fast approach to obtain well-aligned ultralong SWNTs
arrays. Normally, two factors should be taken into consid-
eration: gas flow in the quartz tube should be laminar, and
growing SWNTs should enter the laminar flow. For the latter
one, a ‘“fast-heating” methane chemical vapor deposition
(CVD)'¢ approach was reported to create and enhance the
temperature difference between the substrate and surrounding
atmosphere. The buoyancy produced by the temperature
difference can lift the catalysts or SWNTSs up into the laminar
flow and lead to the growth of millimeter-scale SWNTs. Four
centimeter ultralong SWNTs were also achieved by ethanol-
CVD? without the “fast-heating” step, indicating that the
buoyancy is also large enough to lift catalysts or SWNTSs up
into the laminar flow in a “normal heating” CVD system.

In the present study, based on analysis of the fluid dynamical
properties of the CVD system and the floating growth model
of ultralong SWNTs, we found that the two factors, laminar
gas flow and the lifting movement of SWNTs caused by
buoyancy, should be taken into consideration simultaneously
during the SWNTSs’ growth. Moreover, too large of a buoyancy
is not suitable for orderly SWNT arrays for its disturbance to
the laminar flow. Laminar gas flow and appropriate buoyancy
are vital factors in the growth of ordered SWNTs with high
quality. Experiments of the ultralong SWNTSs’ growth have been
carried out at different Reynolds numbers (R,) and Richardson
numbers (R;) by changing the inner diameter of the quartz tubes
or the gas flux in the growth process. Growth results indicated
that a smaller R, (more stable gas flow) or a larger R; (larger
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Figure 1. Schematic illustration of the CVD system for SWNT growth. The buoyancy, introduced by the temperature gradient, makes the SWNT

float up from the substrate.

buoyancy), introduced by either reducing the gas flow flux or
increasing the tube’s inner diameter, is beneficial for the growth
of SWNTs with high quality.

Experimental Details

A. Growth of Ultralong SWNTs. Ultralong SWNTs were
grown in the ambient pressure CVD system (Lindberg Blue
M tube furnace). FeCl; (0.01 M) (sometimes 0.01 M CuCl,
or 0.01 M MnCl,) in ethanol was used as a catalyst precursor,
which was stamped by PDMS (polydimethyl siloxane) in
strips on an 800 nm SiO,/Si substrate. The substrates were
put into the CVD system by arranging the substrate catalyst-
side upward and catalyst lines facing the gas flow. The
furnace was heated to 970 °C in 30 min under a flow of 30
scem (scem = standard cubic centimeters per minute) Ar and
80 sccm H,. The catalyst precursor was then pretreated at
970 °C for 15 min, after which SWNTs were grown under
different CH, and H, flows for another 30 min. Finally, the
carbon feed was shut down and the sample was cooled to
room temperature under the same flux of Ar as the total flux
of CHy and H; in the growth process. Experiments were
carried out in five different inner diameter quartz tubes, which
were 12, 14, 18, 22, and 37 mm.

B. Characterization. Scanning electron microscopy (SEM)
observations were carried out using a Hitachi S-4800 field
emission scanning electron microscope. Micro-Raman spec-
troscopy (Renishaw 1000, assembled with a confocal imaging
microscope with an excitation energy of 1.96 eV (632.8 nm))
was used to characterize the SWNTSs, and the diameters of the
SWNTs were estimated through atomic force microscopy
(AFM) (NanoScope 111, Veeco Co., U.S.A., operated at tapping-
mode).

Results and Discussion

A. Analysis of the Growth Process of Well-Aligned
Ultralong SWNTs. Figure 1 shows the schematic illustration
of the sectional view of the CVD system for SWNT growth,
where two issues should be considered for growing well-aligned
ultralong SWNTs: how to get the stable laminar flow in the
quartz tube and how to lift the catalysts or SWNTSs up into the
laminar flow. For the first one, the accepted well-judged
parameter for laminar flow is the Reynolds number R,*

R, =22 ()

u
where p represents the gas density, v represents the gas velocity,
d represents the tube diameter, and u represents the dynamic
viscosity. To get a stable laminar gas flow, R, must be less than
2000, according to fluid mechanics.’® Furthermore, the smaller

the R, is, the more stable the gas flow will be. In the tube furnace
system, the gas velocity v can be calculated by

y=13¢ @

Here, ¢ represents the gas flux and s is the Pi number.
Displacing eq 2 into eq 1, R, can be expressed by
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Apparently, the R, value is related to the gas flux ¢ and the
tube diameter d. Deduced from eq 3, increasing the tube
diameter or reducing the gas flux theoretically yields a smaller
R, value, which means that a more stable gas flow can be
obtained.

However, in the actual process (see Figure 1), when the heated
gas flow comes into the substrate, a velocity boundary layer
and a heat boundary layer will be introduced, according to
boundary theory in fluid mechanics.3*3! It is also accepted that
a large velocity and temperature variation existed within this
boundary layer.*® The temperature of the gas near the substrate
surface (7,) is lower than that of the substrate surface (7) due
to a slow gas velocity, as well as a fast heat transfer of the gas
near the substrate, which will bring about a temperature gradient.
The temperature gradient will cause an extra motion between
atmospheres with different gas densities. Usually, it is considered
that buoyancy will be induced by the gas density variation,
whereas a vertical convection action near the substrate arises
along with buoyancy, which will disturb the stability of the
laminar flow.’!

In the CVD growth of SWNTs, buoyancy caused by a
temperature gradient can overcome the binding effect of the
substrate and spontaneously lift up the catalyst nanoparticles
or the grown SWNTs into the laminar flow, thus leading to the
synthesis of ultralong SWNTs.** Therefore, it is vital to keep a
large buoyancy for SWNT growth. The buoyancy transportation
can be scaled by the Richardson number R;*' described by

i 2
pv

Here, Ap represents the density difference in vertical length &
with the gas velocity v and g represents the gravitational
acceleration constant. R; represents the buoyancy-to-inertia ratio
in the heating fluid system. The larger the R; is, the larger the
buoyancy will be. Displacing v with the gas flux ¢ and the tube
diameter d, R; can be expressed by
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From the above expression, it can be observed that a large
buoyancy can be obtained by increasing the tube diameter or
decreasing the gas flux. To obtain well-aligned ultralong
SWNTs, the buoyancy must be larger enough to assist the
SWNTs floating up at first, and then the SWNTs will be aligned
by the stable laminar gas flow.

On the basis of the aforementioned analysis, it is found that
R, could be decreased while R; increased by decreasing the gas
flux ¢ or increasing tube diameter d (in essence, the velocity v
is depressed), which will be beneficial for ultralong SWNTSs’
growth due to a larger buoyancy and a stable gas flow. The
larger the R;, the greater the impact on the stability of the gas
flow because it will cause a strong gas convection between
different temperature locations. It is clear that the two functions
are contradictory for growing well-aligned ultralong SWNTs.
It means that we have to optimize the growth condition to obtain
a suitable buoyancy that can lift the catalysts or grown SWNTs
up into the laminar flow without introducing a strong effect on
its stability. Therefore, it is critical to choose a suitable gas
velocity (which means an appropriate R; and R,) for the growth
of well aligned ultralong SWNTs.

B. Effects of the Quartz Tube Diameter d and Gas Flux
¢ on the Growth of Well-Aligned Ultralong SWNTs. To
validate the analysis mentioned above, the quartz tube diameter
d and gas flux ¢ were chosen as varied parameters for growing
ultralong SWNTs. Figure 2 shows the SEM images of SWNTs
grown in the quartz tube with d = 12 mm at different gas flux.
Figure 2a shows an SEM image of SWNTs grown at the
following condition: FeCl; as a catalyst precursor and a 40 sccm
CH, and 80 sccm H, feed gas flow. In this situation, no ultralong
SWNTs came out from the catalyst, whereas only thin SWNTSs
film appeared in the catalyst region. Even though Cu, which
has been reported to have a higher SWNT growth activity than
Fe does,* is applied as catalyst, still no ultralong SWNTs were
observed (Figure 2b). Figure 2c,d shows SEM images of
SWNTs grown at a 5 sccm CHy and 10 scem H, feedstock using
FeCl; and CuCl, as catalysts, respectively. Only short SWNTs
of about 10 um protruded from the catalyst region, and no
orientated ultralong SWNTSs were found. Further increasing or
decreasing the gas flow does not show any improvement. The
typical Raman spectrum in Figure 2e confirmed that the as-
grown carbon nanotubes were SWNTs** and the D-band did
not exist, which illustrated that the SWNTs were impurity-free
and were provided with a perfect structure. The diameter
distribution of about 40 SWNTs was measured by AFM and is
shown in Figure 2f, which shows that the SWNTSs’ diameters
are in the range of 1.2—2.2 nm.

Normally, the dynamic viscosity u is 8.96 x 107 N-S/m?
for hydrogen and 1.34 x 107> N+S/m? for methane at room
temperature (298 K). According to the power law3*3! in fluid
mechanics, u/uy = (T/Ty)", where n is the power-law exponent
and y is the dynamic viscosity at temperature 7y. Usually, 7 is
0.68 for hydrogen and 0.87 for methane; we can deduce u for
methane and hydrogen at the growth temperature of 7= 1243
K. The calculated gas mixture density p is 0.0654 kg/m~3, and
the dynamic viscosity of gas mixtures gy, is 4.5 x 107> N-S/
m? at 1243 K.* Using eq 3, when the gas flux is 40 sccm CHy
and 80 sccm H; in a 12 mm diameter quartz tube, R, is 0.31,
which is far smaller than 2000, but ultralong SWNTSs are not
obtained. When the gas flux is decreased to 5 sccm CH4 and
10 sccm Hy, R, is decreased to 0.039, but the R; is 64 times
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larger than that of a 40 sccm CH,4 and 80 sccm H, gas flux,
supposing that the gas density difference Ap is the same as in
the same vertical distance 4. In this situation, although ultralong
SWNTSs cannot be grown, some short gas flow-directed SWNTs
have come out from the catalyst and are stuck onto the substrate
due to a large binding effect. We believe that, in a 12 mm
diameter quartz tube, the buoyancy is not large enough to lift
up the SWNTSs because of a small temperature gradient between
T, and T5; thus, most carbon nanotubes attached onto the
substrate surface and finally stopped growing. Apparently, the
van der Waals interaction between the substrate and SWNTs is
the primary reason to attach the SWNTSs on the substrate and
block the growth of gas flow-directed ultralong SWNTs.32 To
get rid of the binding effect of the substrate, we have changed
the catalyst to regulate the reciprocal effect operated by the
substrate, but still no ultralong SWNTs were obtained. There-
fore, other factors besides the van der Waals effect must be
taken into consideration for hampering the SWNTs’ growth, to
which we attributed the small buoyancy incapable of sustaining
SWNTs in the gas flow.

Figure 3a shows an SEM image of SWNTs grown at 5 sccm
CHy4 and 10 sccm H,, applying FeCl; solution as a catalyst
precursor in a 14 mm diameter quartz tube. We can observe
that SWNTs of about 300 um came out of the catalysts and
short SWNTSs curved and flourished in the catalyst region, which
indicates that buoyancy begins to take effect when the quartz
tube diameter is increased to 14 mm. Compared with experi-
mental results in a 12 mm quartz tube, the R; in a 14 mm quartz
tube is greater when the gas flux is kept the same (supposing
other parameters are not changed); namely, the buoyancy in
this system is large enough to lift up the SWNTs or the catalysts.
By increasing the gas flow to 8 sccm CH, and 16 sccm H,, we
can observe that much longer SWNTs (about 500 um) came
out of the catalysts than resulted with the smaller gas flux
(shown in Figure 3b). It is probable that the carbon feedstock
is not enough to grow longer SWNTs for the experiment with
a lower CHy flow.

The interaction between catalyst and substrate plays an
important role in the ultralong SWNTs’ growth. Weaker
interaction is favored for the growth of ultralong SWNTs
because it is easier for the catalysts to float up higher above the
substrate and move downstream along the gas flow. Much more
SWNTs came out from catalysts possessing a weaker interaction
against the substrate, such as Cu and Mn.>*” As shown in Figure
3c, longer SWNTs came out from catalysts and SWNTs
agglomerated like wool, which indicates a weaker interaction
between Mn and the silicon substrate compared with the
situation of Fe catalysts.

Experiments were also carried out in 18, 22, and 37 mm
diameter quartz tubes using the same ultralow gas flow as shown
in Figure 2. Paying attention to the SEM results (Figure 4a,b),
we saw that about millimeters ultralong and parallel SWNT
arrays have been synthesized, demonstrating that the buoyancy
was strong enough to sustain the long SWNTs in the laminar
gas flow. When the diameter of the quartz tube is increased to
37 mm, only disordered ultralong SWNTSs appear (shown in
Figure 4c) compared with Figure 4a,b. In a 37 mm diameter
quartz tube, the buoyancy is large enough to lift up the SWNTs;
however, the orientation by the gas flow is damaged or
destroyed. Supposing that the gas flow ¢ and the gas density
difference Ap in the same vertical distance / is the same for
different diameter quartz tubes, the R; ratio is about 90 between
experiments carried out in a 37 mm diameter quartz tube and
in a 12 mm diameter quartz tube, behaving in an ascending



Effect of the Reynolds and Richardson Numbers

Intensity ( a. u. )

12963

J. Phys. Chem. C, Vol. 114, No. 30, 2010

SWNTs numbers

i -
100 200 1400

Raman shift ( cm )

;
0

1600 10 12 14 16 18 20 22 24

Diameter of SWNTs by AFM (nm)

Figure 2. (a—d) Typical SEM images of SWNTSs grown in a 12 mm inner diameter quartz tube. The growth conditions are (a) 0.01 M FeCl;
catalyst, 40 sccm CHy, and 80 sccm H,; (b) 0.01 M CuCl, catalyst, 40 sccm CHy, and 80 sccm Hy; (c) 0.01 M FeClj catalyst, 5 sccm CHy, and 10
sccm Hy; and (d) 0.01 M CuCl, catalyst, 5 sccm CHy, and 10 sccm H,. (e) Representative Raman spectrum of SWNTs on a SiO,/Si substrate. Peaks
at 147 and 1596 cm ™! are the RBM and G-band Raman shift of SWNTs. (f) Diameter distribution of SWNTs by AFM. The inset is a typical AFM

image of an individual SWNT.

Figure 3. SEM images of SWNTs grown in a 14 mm diameter quartz tube. The growth conditions are (a) 0.01 M FeCl; catalyst, 5 sccm CHy4, and
10 sccm Hy; (b) 0.01 M FeCl; catalyst, 8 sccm CHy, and 16 sccm Hy; and (c) 0.01 M MnCl, catalyst, 5 sccm CHy, and 10 sccm H,.

Figure 4. SEM images of ultralong SWNTs grown with 0.01 M FeCl; catalyst, 5 sccm CHy4, and 10 sccm H, in different tube diameters: (a) 18
mm tube, (b) 22 mm tube, and (c) 37 mm tube. Inset: SWNT SEM image with a tubule in a 37 mm tube.

trend when the diameter of the quartz tube increases. These
results make it clear that a too large buoyancy is not preferred
for growth of parallel ultralong SWNTSs because it will affect
the gas stability when gas convection takes place in the quartz
tube, coherent with that we have analyzed through fluid
mechanics.

As Philip et al*® did, a small quartz tube (about 12 mm
diameter) was put inside a larger diameter quartz tube to get
better SWNT arrays on the substrate. Compared with Figure 2

in the same reaction condition, we got ultralong SWNT arrays
(inset in Figure 4c), which illustrates a more stable gas flow
and larger R; in this tubule. In a tubule system, we presume
that the gas velocity is uniform compared with the larger
diameter outer tube and the R; is the same as that without the
inner quartz tube, but the R, became smaller for the decreased
quartz tube diameter. The above discussion validates that effect
of buoyancy because the gas convection movement is reduced
when a small diameter tube is introduced, and the growth
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Figure 5. Average length of SWNTs grown in different inner diameter tubes with the same growth condition (the red square is the statistical average
length of 100 random SWNTs for a specific sample, and the vertical line represents its standard deviation). The 22 mm diameter tube experiments got the
best parallel and longest SWNT results. The inset shows the length distribution of 100 SWNTs in a 22 mm diameter quartz tube.

condition is greatly improved. In this situation, we can make
use of the inner tube to get a more stable gas flow and better
SWNT arrays. Under appropriate buoyancy, all SWNTs are
well-aligned along the gas flow.

The experiments shown above can also be interpreted by
boundary layer theory. For a larger diameter quartz tube with
the same gas flux, the slower gas velocity will lead to a
thicker boundary layer, resulting in a broader vertical range
of temperature gradient where the buoyancy existed. That is
why a larger buoyancy is attributed to a larger diameter quartz
tube.

Figure 5 plots the average length of SWNTSs against the
inner diameter of quartz tubes at the same growth condition
(0.01 M FeCl; catalyst, 5 sccm CHy, and 10 sccm H,) through
experimental results. The inset in Figure 5 presents the length
distribution of about 100 SWNTSs grown in a 22 mm diameter
quartz tube, displaying that half of the SWNTs reached 10
mm (due to substrate limitation, lengths exceeding 13 mm
have not been counted). It showed that, in a 22 mm quartz
tube, the longest SWNTSs are obtained with a large standard
deviation. Moreover, the 22 mm quartz tube brings the best
SWNT alignment outcome among the five quartz tubes. The
R, and R; ratio, compared with that of the 12 mm diameter
quartz tube, clarified that the buoyancy is not so strong as to
destroy the laminar gas flow, which means that the laminar
gas flow condition and the buoyancy is optimal for the
ultralong SWNTSs growth among the experiments carried out
in five different diameter quartz tubes.

In conclusion, we have systematically analyzed the effect
of R, and R; on the growth of well-aligned ultralong SWNTs
according to fluid dynamical properties of the CVD system
and the SWNTs’ floating growth model. By changing the
quartz tube diameter and the gas flux for R, and R; variation,
comparative CVD experimental results confirmed that a small
R, and a large R; play an important role in growing well-
aligned ultralong SWNTSs. Our analysis indicated that an R;-
related buoyancy should be appropriate for the growth of
ultralong SWNTs and the growth outcome can be controlled

by tuning the gas flow velocity. We believe that this work
will be a progress in the orientational growth of SWNTs on
a substrate.
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