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the precursor can be compensated by a higher injection rate,
but one has to be concerned with the total carbon concentra-
tion in the reactor. If the decomposition rate of carbon feed-
stock is higher than the carbon precipitation rate, excessive
carbon deposition on the nanoparticles can be detrimental to
their catalytic activity and lead to early growth termination.
CNT density increasing with ferrocene concentration was
also observed by Castro er al.*' However, they reported a
significant decrease of the average outer diameter with
increasing ferrocene concentration, which is opposite to a
significant increase of the outer diameter observed by Singh
et al.* Our SEM top-view images which represent the mor-
phology of the initial CNT growth do not show any signifi-
cant CNT size difference from a ferrocene concentration of
1.5% to 7.2% by an injection rate of 2ml/h on quartz at
700 °C. However, given the difficulty of sampling different
tubes in a crust to make valid statistical analysis of their
diameters, we do not have any quantitative conclusion at
this point.

C. Forest height is limited by density

It has been generally accepted that catalyst particles
created from a thin layer (<1 nm) of metal on oxide surfaces
do not form a CNT forest dense enough to be terminated by
cutting off the supply of a carbon feedstock like CHy, C,H,,
or C,H,. Rather, the forest growth is terminated by the dis-
appearing of the nanoparticles or losing the catalytic func-
tion of the nanoparticles. Therefore, to achieve super-long
CNTs, one has to choose an underlayer that can prevent cata-
lyst diffusion and an oxidant to extend catalyst lifetime and
CNT growth rate. However, as described in Sec. III B, using
injection CVD the ferrocene concentration in a precursor can
be so high that precursor diffusion indeed limits the forest
growth. By using a precursor injection rate of 2ml/h, a pre-
cursor volume of 0.5ml and temperature at 700 °C, we find
that the range of CNT forest height on quartz is 12-18, 10,
and 5-7 um for 1.5, 3, and 6 mol. % of ferrocene precursor,
respectively. The SEM images clearly show that there are
more particles and entanglement near the top for the 3 and
6mol. % samples than the 1.5% samples. When the ferro-
cene concentration was raised to 7.2 mol. %, we obtained a
mere 1-2 um high forest with very dense and thick tubes
decorated with particles near the top region as shown in
Fig. 6. Even a higher growth temperature (760 °C) did not
dilute the density. Note that higher ferrocene concentration
does not change much of the carbon supply rate, because xy-
lene is the main carbon source. By keeping a constant pre-
cursor injection rate, gas mixture, and temperature, we
believe that the lifetime of the catalyst particles and CNT
growth rate should remain constant. These results indicate
that the culprit of early growth termination in our case is
diffusion.

As discussed in Sec. IIT A, the CNT forests are much
denser on sapphire substrates than on quartz or silicon oxide
substrates grown under the same conditions. As a result of
the diffusion limit, the forest heights on sapphire are substan-
tially lower than those on quartz (and silicon oxide) for all
growth conditions as shown unequivocally in Fig. 2.
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FIG. 6. CNT forest grown by 7.2 mol. % ferrocene/xylene injected at 4 ml/h
for a total of 0.5 ml at 760 °C. The carrier gas mixture was Hy:Ar=52.5:47.5
scem. (a) Side view of a piece of the forest. (b) Close-up image of the CNTs
(top view).

The CNT forest may present a significant diffusion bar-
rier for larger molecules. The particles on the top part of the
CNTs shown in Fig. 6(b) were also observed in Ref. 1 where
they are attributed to the carbon coating from thermally
decomposed hydrocarbon molecules. The fact that their con-
centration decreased toward the base is another indication of
the diffusion limit. Furthermore, the pyrolysis of xylene
and ferrocene can generate benzene and other high melting
point polycyclic aromatic hydrocarbons (PAHs).>® Without a
proper concentration of H, to reduce the PAH yield, the
PAHs could be trapped by the forest and form an reflective
film on the top part of the forest after cooling down as well
as an oily coating on the reactor wall observed early on.>’

D. The effect of growth temperature and hydrogen
concentration

Higher temperature promotes all chemical and physical
processes such as hydrocarbon decomposition, CNT nuclea-
tion and growth, and catalyst evolution. As a result, forest
height increased significantly from 700°C to 760°C as
shown in Figs. 7(a) and 7(b). In particular, we observed that
the CNT forest growth rate is very sensitive to hydrogen con-
centration in the carrier gas at 760 °C but not at 700 °C. The
same behavior was observed on both quartz and sapphire
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FIG. 7. (a) CNT forest height grown at 760 °C (open) and 700 °C (filled) on quartz for different H,:Ar ratios in the carrier gas. The total flow rate was kept at
100 sccm. The precursor was 1.5 mol. % ferrocene/xylene injected at 2 ml/h at 700 °C and at 4 ml/h at 760 °C for a total of 0.5 ml. (b) Same conditions as (a)
but on sapphire. (c) The ratio of percentage coverage at base to tip for the same conditions as (a) on quartz.

substrates. We do not observe a significant tip density differ-
ence at these two temperatures, but the base density is signif-
icantly lower at 760 °C [Fig. 1(c)] than at 700 °C [Fig. 4(c)].
A comparison of the base to tip density ratio at these two
temperatures with different H, concentration is depicted in
Fig. 7(c). The drastic reduction of the CNT density near the
base at higher temperatures can be explained by the lift-up
scenario discussed earlier enhanced by a shorter catalyst life-
time except at an optimal hydrogen mixture. Although the
notion that higher temperature enhances CNT growth rate
but reduces catalyst lifetime by a higher carbon deposition
rate has been pointed out recently,***® we would like to
point out that the higher growth rate may be offset by the
adhesion loss from lift-up effect for many applications. More
on this is discussed in Sec. I'V.

Hydrogen can play several competing roles in CNT
synthesis by CVD. In the case of CH4-CVD, Franklin et al.
reported that insufficient H, causes vigorous pyrolysis result-
ing in amorphous carbon poisoning catalyst particles and
higher hydrocarbon generation, while too much H, reduces
the rate of CH, decomposition and CNT yields.”” This
description matches our observation of the ferrocene/xylene-
CVD. To verify the role of hydrogen, we injected pure
xylene into the CVD reactor at 700 °C while maintaining the
total flow rate of the carrier gas at 100 sccm. We find that
reddish droplets precipitated at the exhaust end of the reactor
when the xylene injection rate was 4 ml/h with a gas mixture
of H,:Ar=25:75. The reddish droplets reduced to yellow
mist either by increasing the H, concentration to 50 sccm or
reducing the xylene flow rate to 2 ml/h. We cannot eliminate
the possibility that our ultrapure hydrogen has trace amounts
of water and oxygen which enhances catalyst lifetime
and growth rate as demonstrated by In er al.** but the clear
enhancement of the hydrogen effect at higher temperature,
the observation of PAH/higher hydrocarbon formation at
lower hydrogen concentration, and reduced growth at higher
hydrogen concentration emphasize the role of H, in precur-
sor pyrolysis. It is worthwhile to note that there have been
reports of growing CNT forests by liquid precursors such as
xylene, toluene, or benzene without introducing H2.40’42’43 It

is hard to compare these results given the very different car-
rier flow rate, precursor injection rate, and the possibility of
oxidant impurities in the gas mixture. However, the much
thicker CNT diameters and particles on the tube wall pre-
sented in these references seems to suggest a much stronger
pyrolysis in the low H; limit.

Note that hydrogen is also important for pre-deposited
catalyst CVD but for different reasons. In that case, the
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FIG. 8. CNT forest grown by 1.5 mol. % ferrocene/xylene injected at 4 ml/h
at (a) 700 °C (b) 760 °C. The carrier gas mixture was Hp:Ar=50:50 sccm.
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catalyst film is usually exposed to air before moving to the
CVD chamber. Therefore, it is critical to use H, or NH; to
activate the nanoparticles by reducing their oxide.'®>° Addi-
tionally, Nessim et al. found that reduced Fe particles can
agglomerate which leads to slower CNT growth but without
introducing H, leads to poor growth in C,H,-CVD.%

Zhang et al. proposed the crust scenario to explain why
all the CNTs appear to have the same length in a forest.” As
soon as the entanglement of the crust creates a strong lateral
hindrance, the CNT growth proceeds with vertical align-
ment. In injection CVD this scenario also holds at 700 °C as
as shown in Fig. 8(a) where the surfaces of the forests are
quite smooth. The newly nucleated CNTs grow roughly at
the same rate as the existing CNTs. However, at high tem-
peratures the CNT growth is faster which increases the inho-
mogeniety of the catalyst nucleation leading to the formation
of local crusts and uneven height across the whole forest
surface as shown in Fig. 8(b).

IV. CONCLUSIONS

We present an integrated scenario on controlling the
density of the forest by injection CVD. The primary factor is
the diffusion rate of catalyst adatoms on and into the sub-
strate at the growth temperature. Based on the catalyst diffu-
sion rate, the concentration of the ferrocene in the solvent
and the precursor injection rate can be optimized. A high
density of catalyst particles can create a significant diffusion
barrier for the precursor molecule to reach the catalyst par-
ticles while a low density of catalyst particles will not form
vertically aligned CNTs. To promote thermal decomposition
of the precursor molecules and suppress the pyrolysis of
PAH and higher hydrocarbons, a proper amount of H, in the
reactor is necessary. Too much hydrogen will reduce the
CNT growth by suppressing the dehydrogenation reactions.
Higher temperatures promote all chemical reactions includ-
ing hydrocarbon decomposition and CNT precipitation.
However, excessive carbon could reduce catalyst lifetime.
Due to the lift-up effect, continuous nucleation of new cata-
lyst particles in injection CVD could in principle lead to
unlimited growth, if the catalyst nucleation rate balances the
catalyst inactivation rate. However, the diffusion barrier cre-
ated by the forest eventually will stop the carbon supply and
terminate the growth. Therefore, increasing the growth rate
by introducing a proper amount of oxidant is necessary.'

From the CNT yield point of view, C,H, as a carbon
source is clearly superior to xylene based on the study of
Eres ef al.°" and many growth rates reported in the literature.
However, for many applications adhesion to the substrate is
also important. Since the lift-up effect leads to reduced den-
sity toward the base, the adhesion of the forest to the sub-
strate is greatly reduced. We noticed that after switching the
carbon feedstock from ferrocene/xylene precursor to C,Hy
gas, CNT density near the base is drastically reduced and
the forest can be easily blown off by a stream of N, gas. In
contrast, forests grown by a properly concentrated ferrocene/
xylene solution can maintain the density from tip to base and
the forest is robust enough to be cleaned by N, gas. Alterna-
tively, by using an abrupt termination technique, Liu et al.
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reported that the adhesion of CoH,-CVD grown CNT forests
with the substrate can be improved by a factor of 3 higher
than the adhesion by the naturally terminated forests.*” How-
ever, this method only works if the growth is terminated
before a significant lift-off starts, so the majority of the
CNTs are still in contact with the substrate. In contrast,
injection CVD can maintain the CNT film adhesion until the
growth is terminated by diffusion.
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