








Figure 3. SEM and HRTEM images of CNT carpets after processing when H; is introduced 5 minutes before ethylene (H,@—5), at the
same time as ethylene (H,@0), and 10 minutes after ethylene (H,@-+10). Delaying hydrogen introduction leads to taller CNT carpets, with

better aligned CNTs, and with thinner CNTs with fewer walls.

Figure 4. SEM image of CNTs grown for 15 min in C,H4/Ar only,
without added hydrogen.

diagram? and the dynamics of oxidation of bulk iron,?® we
expect the starting oxide to be Fe,03.%° Because the argon
used in these experiments contains a few parts per million
of oxygen impurities, we can consider it an oxidizing
atmosphere that, by keeping the catalyst layer oxidized,
prevents dewetting of the catalyst.'®?” Hence, a thermal
process without hydrogen does not allow reduction of the
iron oxide to iron, or the subsequent formation of catalyst
clusters or particles. Once hydrogen is introduced, the iron
oxide will be reduced and iron clusters will form. As
observed by some teams using in situ XRD,?® or in situ
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Figure 5. CNT apparent growth rate calculated as carpet height
divided by hydrogen exposure time.

TEM,” or shown in molecular dynamics studies, it is
possible that, in between the oxide and the metal transforma-
tion, intermediate metastable carbide phases may be present
after C,Hy is introduced.

The results shown in Figure 7 indicate that this process
takes about 5—10 min at 770 °C. Using in situ XPS,
Hofmann et al. observed that for Fe on SiO,*! and for Fe on
AlLO;? the catalyst is active in its metallic state. Further, in
an extensive study of the morphology and oxidation state of
thin film Fe on alumina, Sushumna et al.’? also observed
that an Fe layer 12.5 A thick is reduced to metallic iron when
exposed to hydrogen at temperatures above 500 °C.
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Figure 6. Thermal schedule for catalyst layers exposed only to H,
and subsequently analyzed using an AFM. The only variable is
the duration of hydrogen exposure.
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Figure 7. AFM images and catalyst height measurements as a
function of time of exposure to H, at 770 °C. The catalyst layer
dewets to form clusters and the cluster size (height) increases for
longer exposure to hydrogen.

The clusters that form by film agglomeration after reduc-
tion of the iron oxide will initially be small, and consequently
closely spaced. Continued annealing in the presence of Hj
allows the clusters to coarsen. This process, driven by surface
energy minimization, occurs through transport of Fe among
clusters, either through the vapor phase, or more likely by
diffusion of Fe as adatoms on the Al,Os surface. In
coarsening processes, small clusters tend to shrink and
disappear with their mass being redistributed to larger
clusters. This process therefore results in an increase in the
average cluster size as well as an increase in the average
cluster spacing.’®3* These trends are consistent with the
observed trends in the average CNT diameter and areal
density.

The curve shown in Figure 7 can therefore be interpreted
as reflecting three regimes of behavior (as schematically
illustrated in Figure 8):

(i) The initial rate of change is slow as hydrogen first
reduces the catalyst layer.

(i) Once the iron oxide is reduced, mobile iron adatoms
form clusters.

(ii1) The iron clusters coarsen at a rate that decreases with
time.
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Figure 8. Schematic illustration of the evolution of the catalyst
film with increased exposure to hydrogen. (a) The film is initially
in the form of oxidized iron, (b) exposure to H; leads to reduction
of the iron oxide, and (c) formation of Fe clusters or islands that
(d) coarsen over time.
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Figure 9. Average catalyst particle radius of curvature as a function
of hydrogen exposure time, calculated from AFM line scans as
described in the text.

Coarsening of the type observed in the last regime (Figure
7) is generally described by a function of the form

0= Kt"

where [#(1s the average cluster size, K is a time-independent
constant with a Boltzmann temperature dependence, 7 is time,
and n is a constant (<1), the magnitude of which depends
on the atomic mechanism that limits the rate of coarsening
(e.g., adatom attachment to clusters or adatom diffusion on
the substrate surface).?*3* Evidence for catalyst coarsening
after hydrogen annealing for iron deposited on SiO; has also
been presented in an earlier study,® though no analysis of
the process or its consequences were discussed.

We estimated the average radius of curvature of the
catalyst dots from AFM images of samples subjected to
various times of hydrogen exposure with the results shown
in Figure 9. To determine the radius of the catalyst particles
using AFM scans, we measured the particle height & as a
function of position x for multiple horizontal scans of each
AFM image and determined the radius of curvature about
the particle apex, k, using:

_ h" (x)
A+ H @™
where the second and first derivatives of h(x), A'(x), and
h"(x), respectively, were determined numerically. This
measure of L] 1/l&L] overestimates the true value of [Z[but
provides relative values of [#[khat scale in the same way as
their true values. As seen in Figure 9, we again find, as
expected, that the initial coarsening rate is fast, but that the
coarsening rate diminishes with time. Given that we expect
the contact angle of the catalyst dots to remain the same,
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independently of the time of exposure to hydrogen, the
catalyst dot height and the radius of curvature should scale
together.

As suggested earlier, the catalyst coarsening behavior
observed without exposure of the catalysts to C,Hy4 correlates
with the CNT characteristics as a function of the duration
of pretreatment of the catalysts in H,, indicating a mecha-
nistic correlation. The similarity in trends can be illustrated
by comparison of the average CNT diameter measured for
the three process points in Figure 1 (13.6 nm for H,@—5,
9.8 nm for H,@0, and 7.4 nm for H@+10) and the three
corresponding catalyst dot heights measured with AFM.
These are 2.5 nm for H,@—5 (corresponding to 5 min of
H, exposure prior to the growth cycle and 15 min during
the growth cycle), 0.6 nm for H,@0 (corresponding to 15
min of H, exposure during the growth cycle), and 0.2 nm
for H,@+10 (corresponding to 5 min of H, exposure).

Owing to the accepted correlation between catalyst size
and nanotube diameter,*® we argue that the CNT diameter
increases with increasing H, annealing time prior to intro-
duction of C,Hy4 due to the increase in the average catalyst
particle size that results from particle coarsening after
exposure to H.

When H, and C;H, are introduced simultaneously, the stages
of reduction/coarsening and nucleation occur under the same
reactant atmosphere. Here, the catalyst particles nucleate CNT's
after sufficient reduction and clustering have occurred and before
significant coarsening has occurred. Consequently, the CNTs
have smaller diameters and are more closely spaced compared
to when H; is introduced prior to C,Ha.

When C,Hy is introduced before H,, the catalyst experi-
ences an extended period in which reduction and coarsening
happen more slowly than when H, is added to the flow.
Thermal decomposition of C,H,4, which occurs as the gas is
heated in the tube furnace and flows toward the sample,
forms H, and a variety of additional hydrocarbons (e.g., CHa,
C,Hs).*” Therefore, a reducing environment is present when
we introduce C,H4 without H,. The presence of even smaller
CNT diameters (relative to H,@0) suggests that the coarsen-
ing kinetics in the atmosphere of C,H, without added H,
are slower than with C,H4/H, or H,. Figures 2 and 5 also
indicate that while H, reduction of iron oxide is required
for growth, the shorter period of reduction results in the faster
apparent rate of growth of CNTs. This implies that the rate
of growth of CNTs from small iron clusters is much higher
than rates implied for growth processes with longer H,
exposure times. This may be the result of CNT etching during
prolonged periods of exposure to H,. The duration of
exposure to H, therefore not only affects the CNT diameter
and spacing through effects on the catalyst size, but also
affects the apparent rate of CNT growth.

In summary, we have demonstrated that by controlling the
time at which hydrogen is introduced during catalyzed
thermal CVD of CNTs we can control the diameter, areal
density, and apparent growth rate of CNTs (all three variables
are coupled together). We have also shown that once the
catalyst layer, initially oxidized iron, is reduced by exposure
to H,, clusters form and then coarsen over time. Introduction
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of hydrogen therefore leads not only to catalyst formation
but also to catalyst coarsening. If CNT growth occurs
immediately after reduction of the oxide, the catalysts are
small and closely spaced, so that the catalyzed CNTs are
also small and closely spaced. Furthermore, CNTs grown
after only a brief exposure to H, have a very high apparent
growth rate. This suggests that the extended presence of H,
either leads to a slower growth rate or to etching of the CNTs
after an initial rapid growth.
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