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T
here has been growing interest in
densely packed, vertically aligned
single-walled carbon nanotube

(SWNT) carpets because of their suitability

in several important applications such as,

supercapacitors,1 self-cleaning “gecko” ad-

hesives,2 nanofiltration membranes,3

polymer�nanotube composites,4 and elec-

trodes for lithium-ion batteries.5 Among the

existing methods for the growth of carbon

nanotubes (CNTs), catalyst-assisted chemi-

cal vapor deposition (CVD) appears to be

the most suitable for SWNT carpet

growth.6�9 The catalyst commonly used for

SWNT carpet growth is a thin Fe film (�1

nm thick) supported on an alumina film

with thickness in the range of 10�200

nm.6�9 Using this catalyst and a hydrocar-

bon feedstock, highly dense SWNT carpets

of millimeter-scale heights can be achieved

via the water-assisted CVD growth (or “su-

pergrowth”) process advanced by Hata et

al.6 Although the lifetime and activity of the

alumina�Fe catalyst is enhanced by the su-

pergrowth process, growth termination of

the SWNT carpets still limits yield. Therefore,

to fully achieve the promise of SWNT car-

pets, a rational approach for the design of

catalysts with longer lifetime and higher ac-

tivity is required.

Like other catalytic reactions, the growth

of CNTs by CVD is extremely sensitive to

the nature of the catalyst support.10,11 For

instance, while alumina is a good support

for SWNT carpet growth from Fe catalyst as

shown by the increased CNT nucleation

density, other oxides used for CNT growth

such as SiO2, TiO2, TiN, and ZrO2 do not ap-

pear to support aligned growth.12�14 A char-
acteristic feature of alumina is that it is able
to restrict the surface mobility of Fe be-
cause of a stronger substrate�catalyst
interaction.12,15,16 Similar stabilization effect
induced by the substrate�catalyst interac-
tion has been observed in other catalysts
used for the controlled growth of SWNTs
such as Co-MCM-41; the stabilization mech-
anism in this case is hypothesized to con-
sist of the incorporation of Co2� ions in the
silica rings that form the MCM-41
structure.17,18

Recently, we showed that mass loss due
to Ostwald ripening19 and atomistic subsur-
face diffusion20 of the catalyst during car-
pet growth are intrinsically linked to
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ABSTRACT We have studied the lifetime, activity, and evolution of Fe catalysts supported on different types

of alumina: (a) sputter deposited alumina films (sputtered/Fe), (b) electron-beam deposited alumina films (e-

beam/Fe), (c) annealed e-beam deposited alumina films (annealed e-beam/Fe), (d) alumina films deposited by

atomic layer deposition (ALD/Fe), and (e) c-cut sapphire (sapphire/Fe). We show that the catalytic behavior,

Ostwald ripening, and subsurface diffusion rates of Fe catalyst supported on alumina during water-assisted growth

or “supergrowth” of single-walled carbon nanotube (SWNT) carpets are strongly influenced by the porosity of the

alumina support. The catalytic activity increases in the following order: sapphire/Fe < annealed e-beam/Fe <

ALD/Fe < e-beam/Fe < sputtered/Fe. With a combination of microscopic and spectroscopic characterization, we

further show that the Ostwald ripening rates of the catalysts and the porosity of the alumina support correlate

with the lifetime and activity of the catalysts. Specifically, our results reveal that SWNT carpet growth is maximized

by very low Ostwald ripening rates, mild subsurface diffusion rates, and high porosity, which is best achieved in

the sputtered/Fe catalyst. These results not only emphasize the connection between catalytic activity and particle

stability during growth, but guide current efforts aimed at rational design of catalysts for enhanced and controlled

SWNT carpet growth.

KEYWORDS: Fe catalyst · alumina support · carbon nanotube carpets · catalyst
lifetime · catalyst activity · porosity · ellipsometry
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the growth termination process. Since these phenom-
ena depend in part on the nature of the catalyst sup-
port, the results of these studies further reinforce the
critical role played by the support layer. The
Fe�alumina catalytic system has been used success-
fully in hydrocarbon reforming, Fischer�Tropsch, and
ammonia synthesis reactions, and the important role
alumina plays as a structural modifier has been well
documented.21 However, there still remain many impor-
tant areas of Fe�alumina catalytic system not ad-
dressed, especially in the context of SWNT carpet
growth. This includes how the type of alumina (based
on deposition method) and the porosity affect the evo-
lution, activity, and lifetime of the catalyst. This study
is a critical step toward establishing a rational basis for
the design of catalysts with high or infinite lifetime for
SWNT carpet growth. It is important to note that each
type of alumina used as a support has its distinct ma-
terial properties (density, porosity, roughness, and sur-
face energy), and these properties can influence the
catalyst evolution, and ultimately SWNT carpet
properties.

In the present work, we demonstrate that under
SWNT carpet growth conditions there is a strong con-
nection between catalytic activity and particle stability.
Our results reveal remarkable differences in the activity
and lifetime of Fe catalyst supported on different types
of alumina (c-cut sapphire and thin alumina films de-
posited by different methods). These observed differ-
ences in their catalytic behavior have been investigated
further in the context of Ostwald ripening, atomistic
subsurface diffusion, and porosity of the alumina sup-
ports using a combination of microscopic and spectro-
scopic characterization.

RESULTS AND DISCUSSION
The effect of the alumina type on the activity and

lifetime of the catalyst was studied by performing SWNT
carpet growth on the different alumina-supported cata-
lyst samples using water-assisted growth conditions.22

The following catalysts were studied: (a) Fe supported
on sapphire (sapphire/Fe), (b) Fe supported on sputter-
deposited alumina (sputtered/Fe), (c) Fe supported on
electron-beam deposited alumina (e-beam/Fe), (d) Fe
supported on thermally annealed alumina deposited by
e-beam (annealed e-beam/Fe), and (e) Fe supported
on alumina deposited by atomic layer deposition (ALD/
Fe). The estimation of the activity and lifetime of the
catalysts is based on the measured carpet height. The
results of carpet height are based on average of 5�7
height measurements taken via field emission scanning
electron microscopy (FESEM) on the side of the carpet
(Supporting Information, SI 1). The presence of radial
breathing modes (RBMs) in the Raman spectra of the
carpets (Supporting Information, SI 2) verifies that these
carpets are composed of SWNTs. The “catalytic activ-
ity” as used herein refers to the increase in the SWNT

carpet height with time while the “catalyst lifetime”,

also deduced from the carpet height, refers to the time

after which the catalyst has basically lost its catalytic

function to grow SWNT carpets. As presented in Figure

1, there is a strong dependence of the SWNT carpet

height or the catalyst lifetime on the type of alumina

used as catalyst support. Sputtered/Fe appears to sup-

port a faster early growth rate and shows the longest

catalyst lifetime, followed by e-beam/Fe, while an-

nealed e-beam/Fe initially had the same rate as e-

beam/Fe, but exhibits early growth termination. ALD/Fe

grows SWNT carpets reasonably well, but at a slower

rate and growth seems to terminate shortly after 15

min. FESEM characterization of carpets grown on

ALD/Fe (Supporting Information, SI 3) confirms that

growth termination is associated with the distinct loss

of alignment among the SWNTs as shown by Hart et

al.23,24 Surprisingly, sapphire/Fe does not support car-

pet or aligned vertical growth at all. Although long cata-

lyst lifetime in the growth of ultralong nanotubes up

to 4.7 mm has been attributed to the dense Al2O3 buffer

layer,25 we did not observe the same phenomenon in

the annealed e-beam/Fe, a system that is known to be

denser than the other deposited layers studied. It is

worth pointing out that pristine alumina films (without

Fe) were exposed to SWNT carpet growth conditions

and we observed no formation of CNTs or pyrolized car-

bon, suggesting that the alumina support in itself is

catalytically inactive.

To gain insights into the observed differences in

the catalyst activity and lifetime, we carried out a time-

dependent study whereby the different alumina-

supported Fe catalysts were exposed to carpet growth

environment in the presence and absence of C2H2.

Studies performed in the absence of the carbon feed-

stock allowed for better catalyst size analysis and thus

proper isolation of the ripening phenomenon. The reli-

ability of this approach was confirmed previously, as the

ripening trend of the catalyst is the same regardless of

Figure 1. Plots showing average SWNT carpet height as a
function of growth time for sputtered/Fe, e-beam/Fe, an-
nealed e-beam/Fe, ALD/Fe, and sapphire/Fe. The results of
carpet height are based on 5�7 height measurements taken
via FESEM on the side of the carpet. There is a strong depen-
dence of the average carpet height on the type of alumina
used as catalyst support.
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the presence or absence of C2H2.19

It is well-known that when catalyst
films are subjected to thermal treat-
ment, the mobility of metal atoms
increases, resulting in Ostwald
ripening26Oa phenomenon that is
driven by the lowering of the sur-
face free energy of the catalyst
nanoparticles relative to the bulk.
Representative tapping-mode AFM
data of the as-deposited 0.5 nm-
thick Fe films supported on the dif-
ferent types of alumina, and Fe2O3

nanoparticles formed on the alu-
mina supports after exposure to
SWNT carpet growth conditions in
the absence of C2H2 for 1.5 and 5
min are presented in Figure 2. A
summary of the catalyst properties
after thermal treatment are also pre-
sented in Table 1. Severe ripening
is observed for sapphire/Fe fol-
lowed by annealed e-beam/Fe and
ALD/Fe after 5 min while e-beam/Fe
and sputtered/Fe remain relatively
stable.

The AFM images of the as-
deposited alumina/Fe samples in
Figure 2a,d,g,j,m reveal striking dif-
ferences in the wetting behavior of
Fe on the various alumina. The as-
deposited sputtered/Fe, e-beam/Fe,
and ALD/Fe samples had preformed
catalyst nanoparticles (�3 nm in
mean height) on the surface while
the as-deposited annealed
e-beam/Fe and sapphire/Fe samples
had a somewhat continuous and
smoother film in which discrete par-
ticles were not discernible. This ob-
servation is also supported by cross-
sectional TEM data (not shown) and
the variation in the average surface
roughness. The average surface
roughness increases in the order:
sapphire/Fe (0.15) � annealed e-
beam/Fe (0.19) � e-beam/Fe (0.21)
� ALD/Fe (0.23) � sputtered/Fe

(0.26). Because of the higher surface energy of Fe than

alumina, it is expected that Fe will form islands on the

support. The different wetting behavior observed may

be due to differences in their surface energies (i.e., their

surface defect densities, surface roughness, and film

density). The high density of the �-alumina film en-

hances the uniformity of the Fe film upon deposition.27

Thus, the improved wettability of Fe on sapphire and

annealed e-beam/Fe may be due to their higher den-

sity and surface energy. Note that for annealed e-beam/

Fe, the annealing of the original e-beam deposited alu-

mina film increases the density and transforms the

amorphous film to polycrystalline alumina. On the other

hand, it is probable that sputtered/Fe, e-beam/Fe, and

ALD/Fe have amorphous alumina films with surface en-

ergies that may impede the wetting of Fe and favor

the formation of hemispherical Fe particles, if Fe is de-

posited from the gas phase.28

Figure 2. Catalyst evolution: AFM topography images of as-deposited catalyst and catalyst nano-
particles formed on different alumina supports after exposure to growth conditions in the absence
of C2H2 for 1.5 and 5 min: sapphire/Fe (a�c), sputtered/Fe (d�f), e-beam/Fe (g�i), annealed e-
beam/Fe (j�l), and ALD/Fe (m�o). Z-scale is 10 nm (a�c), 3 nm (d�j), 5 nm (k and l) and 3 nm
(m�o). All scale bars are 100 nm.
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The histograms of the catalyst particle
height distributions adapted from the AFM
data in Figure 2 are presented in Figure 3a�e;
the z-heights and number density of the par-
ticles in a 200 � 200 nm area were obtained by
manual cross-sectional analysis. As shown in
Table 1, the number density decreases with
time, which is one of the attributes of Ostwald
ripening. Another attribute of Ostwald ripening
is the growth of larger particles at the expense
of smaller ones to relieve the excess surface en-
ergy. A summary of the mean heights and stan-
dard deviations obtained by manual cross-
sectional analysis of 50 particles randomly
picked in a 200 � 200 nm2 area are presented
in Table 1. This analysis was limited to the cata-
lyst evolution between 1.5 and 5 min due to
the absence of easily resolved particles in the
as-deposited samples, which made manual
analysis of their AFM images difficult. Figure 3
confirms that there is severe coarsening of the
catalyst nanoparticles especially in the case of
sapphire/Fe, ALD/Fe, and annealed e-beam/Fe,
evidenced by both (1) an increase in the mean
height, and (2) the simultaneous disappearance
of small particles (�1 nm) and the appearance
of large particles (�3.5 nm for annealed/Fe and
�6 nm for sapphire/Fe). On the basis of the in-
crease in the heights of the particles presented
in Figure 3, the Ostwald ripening rate seems to
be highest in sapphire/Fe, intermediate in an-
nealed/Fe and ALD/Fe, and lowest in sput-
tered/Fe and e-beam/Fe.

It is well-known that surface modification
of a material has a significant effect on the sur-
face topography.29,30 Studies involving nano-
spheres of polypropylene and structural car-
bon fibers modified with titanium carbide
revealed that their surface profiles are depend-
ent on feature height.30 The surface rough-
ness increases with feature height.29,30 This ap-
proach was also used to analyze the particle
height distributions. Analysis was performed
using the WXsM software.31 The roughness
analysis basically calculates the relative height
of each pixel in the image and presents the
data as a histogram. The resulting histograms
are presented in the Supporting Information
(SI 3) and the surface profiles are consistent
with the observed trend in Figure 3. Since the
particles on the as-deposited samples were
not easily discernible, it was difficult to per-
form manual cross-sectional analysis. Using
this method, we were able to compare the sur-
face roughness of the as-deposited samples
with those thermally annealed for 1.5 and 5
min (Table 1) to get a more complete picture

TABLE 1. Summary of the Physical Properties of the Different Alumina-Supported Fe
Catalysts after Exposure to Growth Conditions for 1.5 and 5 min in the Absence of
C2H2 obtained from AFM

catalyst
annealing
time (min)

catalyst mean
height (nm)

std. dev.
catalyst number

density (200 � 200 nm2)
average surface
roughness (nm)

sapphire/Fe 0 0.15
1.5 3.60 1.12 85 0.86
5 5.17 2.36 28 1.69

sputtered/Fe 0 0.26
1.5 1.17 0.42 178 0.33
5 1.45 0.41 164 0.36

e-beam/Fe 0 0.21
1.5 1.10 0.27 209 0.21
5 1.18 0.33 164 0.36

annealed e-beam/Fe 0 0.19
1.5 2.07 0.68 110 0.50
5 2.31 0.58 87 0.57

ALD/Fe 0 0.23
1.5 0.95 0.26 138 0.24
5 1.45 0.41 112 0.37

Figure 3. Histograms of feature height distributions measured from
the AFM data in Figure 2 by manual cross-sectional analysis: (a) sap-
phire/Fe, (b) sputtered/Fe, (c) e-beam/Fe, (d) annealed e-beam/Fe,
and (e) ALD/Fe in a 200 � 200 nm2 area. Ostwald ripening rate is
highest in sapphire/Fe, intermediate in annealed e-beam/Fe and
ALD/Fe, and least in sputtered/Fe and e-beam/Fe.
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of their ripening behavior. The surface
roughness for the different samples re-
veals a trend that is consistent with that
obtained from cross-sectional analysis (Fig-
ure 3).

The exposed catalyst layers of the
samples after SWNT carpet growth for 1.5
and 5 min were also studied by AFM to fur-
ther confirm the Ostwald ripening behav-
ior observed in the absence of C2H2. While
the same Ostwald ripening trend dis-
cussed so far is apparent in the AFM im-
ages (Figure 4), the ripening behavior of
annealed e-beam/Fe and ALD/Fe samples
appear distinguishable. The ripening rate
appears to decrease in the following order:
sapphire/Fe � annealed e-beam/Fe �

ALD/Fe � sputtered/Fe � e-beam/Fe. In-
terestingly, the ripening behavior corre-
lates with the growth data in Figure 1,
where sapphire/Fe does not support
growth at all, annealed e-beam/Fe results
in early growth termination, and ALD/Fe
exhibits a slow growth rate. On the other
hand, sputtered/Fe and e-beam/Fe both
exhibit high catalytic activity and lifetime.
We have shown that Ostwald ripening and
subsurface diffusion of the catalysts re-
sults in the termination of SWNT
growth.19,20 We hypothesize that the re-
duced ripening observed for e-beam/Fe
and sputtered/Fe is one of the reasons for
their high catalytic activity and longer
lifetime.

Raman spectroscopy is widely used for
evaluating the quality of SWNTs based on
the ratio of the tangential G-band occur-
ring �1591 cm�1 for SWNTs and the
defect-induced D-band occurring �1312
cm�1 (G/D). A summary of the G/D ratios
for the growth products obtained after 1.5,
5, and 15 min from the different alumina-
supported catalysts is presented in Table 2.
Interestingly, the quality of CNTs obtained
follows the general trend of Ostwald ripen-
ing observed and decreases in the follow-
ing order: sputtered/Fe � e-beam/Fe �

ALD/Fe � annealed e-beam/Fe � sap-

phire/Fe. Therefore, the increased D-band observed for

samples that do not grow carpets well is due to the for-

mation of amorphous carbon or defects, which is most

likely induced by the increased rate of Ostwald

ripening.

We have previously observed that surface-mediated

Ostwald ripening is dominant in the first 5 min of SWNT

carpet growth while atomistic subsurface diffusion of

Fe into the alumina support strongly influences in the

later stage of growth.20 Having discussed what hap-

pens in the first 5 min of growth, the focus of our dis-

cussion shifts to how the catalysts evolve on the differ-

ent types of alumina after 15 min as observed by AFM,

TEM, and XPS sputter depth profile analysis. Plan-view

TEM images of the particles formed on the substrates

after thermal annealing in the absence of C2H2 for 15

min (Figure 5) reveal the presence of small particles and

a higher number density of particles for e-beam/Fe

Figure 4. AFM topography images of the exposed catalyst layer after carpet growth for 1.5
and 5 min: (a) sapphire/Fe, (b) sputtered/Fe, (c) e-beam/Fe, (d) annealed e-beam/Fe, and (e)
ALD/Fe. Z-scale is 35 nm (a), 8 nm (b), 5 nm (c), 14 nm (d), and 9 nm (e). Panel size: �500 � 500
nm2. The SWNT carpets were removed by O2 etch at 600 °C in air for 3 min and lift-off using
a clear tape. The evolution of the catalysts under SWNT carpet growth conditions is consis-
tent with that observed in the absence of C2H2.
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and sputtered/Fe. On the other hand, the annealed e-
beam/Fe sample is characterized by severe Ostwald rip-
ening while the ALD/Fe sample is characterized by the
lowest particle number density. The inset histograms of
particle size distributions obtained using ImageJ32 (Fig-
ure 5) show size range and number density. The particle
number densities (N) in a 100 � 100 nm2 area de-
creases in the order: e-beam/Fe (296) � sputtered/Fe
(235) � ALD/Fe (175) � annealed e-beam/Fe (149). This
result further supports our hypothesis that catalytic ac-
tivity and lifetime are enhanced when Ostwald ripening
is inhibited.

XPS depth profile analysis was carried out on the ex-
posed catalysts after carpet growth for 15 min. The car-

pet removal procedure was carried out as described
previously.7,33 Figure 6 shows the integrated peak area
ratios of Fe 2p3/2 and Al 2p as a function of sputtering
time for the different catalyst samples. This analysis en-
abled us to probe the degree of inward diffusion of Fe

in the alumina supports. Generally, as
penetration depth increases, there is an
initial increase of the Fe 2p3/2:Al 2p peak
ratio for all the samples except sapphire/
Fe, accompanied by a steady decrease in
the ratio. The former increase in the ratio
observed may be due to the selective
coverage of the Fe particles by carbon
materials. Since graphitic layers that en-
capsulate catalyst particles are robust,34 it
is possible that our carpet lift-off process
did not remove all the carbon coating on
the catalysts especially for sputtered/Fe
and e-beam/Fe that are characterized by
tall and highly dense SWNT carpets. It can
be deduced from the profiles that the in-
ward diffusion of Fe in alumina increases
in the following order: sapphire/Fe � an-
nealed e-beam/Fe � ALD/Fe � sput-
tered/Fe � e-beam/Fe. The evolution of
Fe:Al for e-beam/Fe and sputtered/Fe is
similar beyond a depth of 3 nm. However,
below a depth of 3 nm, the atomistic sub-
surface diffusion rate of Fe for sput-
tered/Fe is intermediate between
e-beam/Fe and ALD/Fe. Since sput-
tered/Fe is the best catalyst in this work,
this result suggests that mild inward dif-
fusion of Fe may be beneficial for high
catalyst lifetime and activity.

TABLE 2. Summary of the Ratio of the Intensity of the G-
band to the D-band (G/D) for the Carbon Products
Obtained from the Different Alumina-Supported Fe
Catalysts after Exposure to Growth Conditions for 1.5, 5,
and 15 mina

catalyst G/D (1.5 min) G/D (5 min) G/D (15 min)

ALD/Fe 9.89 13.32 12.02
sputtered/Fe 22.0 28.88 29.17
e-beam/Fe 13.63 18.29 20.0
annealed/Fe 13.5 13.23 13.78
sapphire/Fe 3.04 1.97 N/A

aThe Raman spectra were acquired from the base of the SWNT carpets after liftoff.
N/A 	 not available.

Figure 5. Plan-view TEM images of catalyst nanoparticles formed on (a) sputtered/Fe, (b) e-
beam/Fe, (c) annealed e-beam/Fe, and (d) ALD/Fe after exposure to growth conditions in the
absence of C2H2 for 15 min. All the scale bars are 10 nm, and all the panels have inset histo-
grams showing particle size distributions, and the total number of particles (N) in a 100 � 100
nm2 area. Sputtered/Fe and e-beam/Fe have higher number density than annealed e-beam/Fe
and ALD/Fe; annealed e-beam/Fe is characterized by severe Ostwald ripening.

Figure 6. XPS depth profiles showing the degree of inward
diffusion of Fe into the alumina support for e-beam/Fe, sput-
tered/Fe, ALD/Fe, annealed e-beam/Fe, and sapphire/Fe af-
ter exposure to SWNT carpet growth conditions for 15 min.
The catalyst evolution is analyzed on the basis of the ratio of
the integrated peak areas of Fe 2p3/2 and Al 2p as a func-
tion of sputtering time. The inward diffusion of Fe in alu-
mina increases in the following order: sapphire/Fe � an-
nealed/Fe � ALD/Fe � sputtered/Fe � e-beam/Fe.
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It should be noted that XPS depth profile analysis

of the exposed catalyst samples after 5 min of carpet

growth, within the time frame that the Ostwald ripen-

ing phenomenon dominates, reveal that the inward dif-

fusion of Fe also occurs during this period (not shown).

As a general feature, samples with high inward diffu-

sion rate tend to have low Ostwald ripening rate. The

cross-sectional TEM images of these samples presented

in Figure 7 provide further proof of the high inward dif-

fusion rate of Fe in e-beam/Fe as catalyst particles can

be observed to have formed below the surface of the

alumina layer. Although catalyst particles are only ob-

served on the surface for the other alumina-supported

catalysts, this result further substantiates that the in-

ward diffusion rate is highest for e-beam/Fe.

To understand the role porosity plays in the inward

diffusion of Fe and the catalytic activity and lifetime,

we used variable angle spectroscopic ellipsometry

(VASE) to characterize the optical properties of the pris-

tine alumina films (without the Fe layer). The plots of re-

fractive index as a function of wavelength for the as-

received alumina supports (solid lines) and the

thermally annealed supports (dashed lines) are pre-

sented in Figure 8. The dispersion in the refractive in-

dex for various porosities has been calculated using

the Bruggeman effective medium approximation and

indicated as arrows in Figure 8. Porosity and refractive

index have an inverse relation-
ship.35 Thus porosity decreases
in the following order: sapphire
� ALD alumina � e-beamed
alumina � sputtered alumina,
and have the corresponding
approximate porosities of 0%,
15%, 25%, and 36%. We ob-
served that thermal treatment
increases the density of the
amorphous films (i.e., de-
creases the porosity of the
films) as observed in Figure 7c,
especially for those with higher
void fractions (sputter and
e-beam deposited films). In
general we observed �5%
change in the porosity before
and after annealing except for
the ALD film which had almost
no change in the properties.
The annealed e-beam depos-
ited films showed lower void
fractions, closer to dense sap-
phire than annealed alumina
films deposited by ALD and
sputtering. We should note
that the sputtering process
modified the Si substrate and

damaged the alumina films, which made fitting of the
data difficult. It is possible that the high catalytic activ-
ity of sputtered/Fe may also be due to the presence of
this defective alumina that provides active sites for Fe
catalyst. As a general feature, the Ostwald ripening rate
appears to increase with decreasing porosity.

Figure 9 summarizes the effects of Ostwald ripen-
ing, subsurface diffusion, and the porosity of alumina
supports on the catalytic activity for the different

Figure 7. Cross-sectional TEM images of exposed (a) sputtered/Fe, (b) e-beam/Fe, (c)
annealed e-beam/Fe, and (d) ALD/Fe catalysts after SWNT carpet growth for 15 min.
The arrows indicate the Si and the alumina (AlxOy) layers, and the location of Fe. All the
scale bars are 5 nm. There is high inward diffusion rate of Fe in e-beam/Fe as catalyst
particles can be observed to have formed below the surface of the alumina layer. Cata-
lyst particles are only observed on the surface for the other alumina-supported
catalysts.

Figure 8. Index of refraction as a function of wavelength for
the pristine alumina supports (solid lines) and after thermal
annealing at 750 °C in air for 15 min (dashed lines). The
curves were simulated to fit the curves using the Cauchy
model. The arrows represent the dispersion in the refrac-
tive index for various porosities calculated using the Brugge-
man effective medium approximation. The pristine alumina
supports have different porosity and it increases with ther-
mal annealing except for sapphire that was unaffected.
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samples. The ratio of the average surface roughness of
samples annealed for 5 and 0 min obtained from the
AFM data (Figure 2) has been used to estimate the
change in mean catalyst height and as a proxy for the
rate of Ostwald ripening. Catalytic activity is high for
samples with low Ostwald ripening rate and vice versa.
We find that Ostwald ripening rate appear to increase
with decreasing porosity of the alumina support. Sput-
tered/Fe and e-beam/Fe with high subsurface diffusion

rate tend to have low Ostwald ripening rate while high

Ostwald ripening rate is observed in annealed alu-

mina/Fe with low subsurface diffusion rate. The long-

est carpets were grown from sputtered/Fe, which had

a low Ostwald ripening rate, and subsurface diffusion

rate that is intermediate between e-beam/Fe and ALD/

Fe. Interestingly, the substrate for which complete

growth termination occurred within the time range

studied (15 min), that is, annealed e-beam/Fe has a Fe

concentration profile that suggests that it may have

been saturated with Fe through the thickness.

In summary, we have demonstrated that the activ-

ity and lifetime of Fe catalyst during water-assisted

growth of SWNT carpets depends strongly on the po-

rosity of alumina support. The catalytic activity in-

creases in the following order: sapphire/Fe � annealed

e-beam/Fe � ALD/Fe � e-beam/Fe � sputtered/Fe. A

strong dependence of the dynamic evolution of Fe

catalysts on the porosity of alumina support has been

demonstrated. Catalyst samples with high inward diffu-

sion rate such as sputtered/Fe and e-beam/Fe tend to

have low Ostwald ripening rate. On the other hand,

when the rate of inward diffusion is low, as observed

in annealed e-beam/Fe and ALD/Fe, or nonexistent as

in sapphire/Fe, the Ostwald ripening rate is higher. Also,

catalytic activity increases with increasing porosity

while Ostwald ripening rate appears to increase with

decreasing porosity; the quality of CNTs increases with

decreasing Ostwald ripening rate. Our work reveals that

SWNT carpet growth is maximized by very low Ost-

wald ripening rates, mild subsurface diffusion rates, as

well as high porosity of the alumina support, as ob-

served in the sputtered/Fe catalyst. The complex inter-

play between Ostwald ripening, subsurface diffusion,

and porosity of the alumina supports may account for

the observed difference in catalyst lifetime and activity.

Our data does not eliminate the possibility of varia-

tions in the stoichiometry of AlxOy contributing to the

catalytic behavior. These results benefit ongoing efforts

aimed at rational design of immortal catalysts for con-

trolled and enhanced SWNT carpet growth.

EXPERIMENTAL SECTION
The catalyst consisted of a 0.5 nm thick Fe film deposited

by e-beam evaporation on different types of alumina films sup-
ported on p-type Si (100) wafers. The nominally 10 nm thick alu-
mina films were deposited by different techniques: atomic layer
deposition (ALD), e-beam evaporation, and magnetron sputter-
ing. Also used as catalyst supports were c-cut single crystal sap-
phire substrates [0001], and an alumina film deposited by
e-beam evaporation followed by thermal anneal at 800 °C for
30 min, prior to Fe deposition. E-beam deposition of Fe and alu-
mina films were conducted at room temperature; the chamber
pressures were 7.5 � 10�7 and 1.5 � 10�6 Torr, respectively,
while the deposition rate of Fe and alumina were 0.5 and 2 Å
/sec, respectively. The deposition of alumina films by magne-
tron sputtering was conducted under 14 mTorr of Ar pressure

with RF 160 W at room temperature; the deposition rate was
�3 Å/min. In the case of ALD, alumina films were deposited in
N2 ambient at 300 °C with a background pressure of �1 � 10�3

Torr at a rate of 0.9 Å/cycle; the precursor used was Al(CH3)3.
In total, there were five catalyst configurations: (a) Fe sup-

ported on sapphire (sapphire/Fe), (b) Fe supported on sputter-
deposited alumina (sputtered/Fe), (c) Fe supported on e-beam
deposited alumina (e-beam/Fe), (d) Fe supported on thermally
annealed alumina deposited by e-beam (annealed e-beam/Fe),
and (e) Fe supported on alumina deposited by ALD (ALD/Fe).
Since the stoichiometry of the amorphous alumina films is not
known, “alumina” or “AlxOy” is used.

A detailed description of the CVD chamber and the growth
conditions for SWNT carpet is given elsewhere.36,37 The furnace
was preheated to 750 °C, and the samples were rapidly inserted

Figure 9. (a) Relationship between the index of refraction of
the pristine alumina supports at 700 nm, roughness ratio of
the alumina-supported catalysts at 5 and 0 min of thermal
annealing, and SWNT carpet height after 15 min of growth
for the alumina-supported catalysts. (b) Relationship be-
tween the index of refraction of the pristine alumina sup-
ports at 700 nm, carpet height after 15 min of growth for the
alumina-supported catalysts, and the highest Fe 2p3/2/Al 2p
ratio obtained from XPS depth profile analysis. The “an-
nealed” represents thermally annealed alumina deposited
by e-beam.
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into the furnace while the hot filament was energized. The pres-
sure of the chamber was kept at 1.4 Torr. The respective flow rates
were 400 sccm (standard cubic centimeters per minute) H2, 2 sccm
C2H2, and 2 sccm H2O. The catalyst samples were exposed to
atomic hydrogen generated by a hot filament for 30 s in order to
rapidly reduce the metal-oxide catalyst particles. In addition, the
samples were subjected to carpet growth environment in the pres-
ence of C2H2 for 1.5, 5, and 15 min. Following growth, the SWNT
carpets were removed by a procedure described in ref 7. In brief,
it involved an O2 etch at 600 °C in air for 3 min to remove amor-
phous carbons at the SWNT/catalyst interface, and liftoff of the car-
pets with clear tape. Thermal annealing experiments were also per-
formed for the same duration in the absence of C2H2,

AFM characterization of the catalyst substrates was carried
out with a Digital Instrument Nanoscope IIIa system operating
in the tapping mode with a scan rate of 2 Hz using Si3N4 tip can-
tilevers with a tip curvature radius of less than 10 nm. The canti-
lever oscillation frequency was set �312 kHz. The height, ampli-
tude, and phase data were acquired simultaneously for a scan
size of 1 � 1 
m2. The images acquired were flattened to remove
any tilt in the image, and the statistical roughness was per-
formed at the same scale of 1 
m using the WSxM 5.0 soft-
ware.31 In all measurements, nanoparticle heights as opposed
to widths were measured because heights are unaffected by the
variations in the tip radius, and the minimum cutoff particle
height used for analysis was 0.6 nm.

The microstructure of the various types of alumina-
supported Fe catalysts was studied using a field-emission trans-
mission electron microscope/scanning transmission electron mi-
croscope (S/TEM) (80�300 Titan) from FEI Corporation. TEM
sample preparation followed the procedure described else-
where.20 The growth products on the different alumina-
supported catalysts after 1.5, 5, and 15 min were further charac-
terized by Raman spectroscopy using a laser excitation wave-
length of 633 nm. Raman spectra were obtained by removing
the as-grown SWNT carpets from the substrate and focusing the
laser spot on the bottom part of the carpets, which is at the in-
terface with the Fe catalyst. Following subtraction of noise the ra-
tios of the maximum G-band intensity (�1591 cm�1) to that of
the D-band (�1312 cm�1) were determined.

X-ray photoelectron spectroscopy (XPS) sputter depth pro-
file analysis was carried out on the alumina/Fe samples ex-
posed to carpet growth for 15 min to probe the inward diffu-
sion of Fe in the different types of alumina. The Surface Science
Instruments (SSI) M-probe XPS is equipped with an Al K� X-ray
source operated at a base pressure of approximately 4.0 � 10�7

Pa. Spectra were analyzed using CASA XPS software, which has
built-in corrections for spectrometer sensitivity factors for the SSI
M-probe XPS. Fe 2p, C 1s, and Al 2p peak areas were measured
using a Shirley background subtraction routine in order to com-
pute the evolution of the Fe:Al ratio. The samples were sputtered
for cycles of 5 s using Ar� with kinetic energy of 1 keV. The etch-
ing rate was calibrated using a SiO2 film, and each sputtering
cycle is estimated to produce a removal depth of �0.5 nm ex-
cept in the case of sapphire. A total of 20 cycles were performed.

Variable angle spectroscopic ellipsometry (VASE) was per-
formed on the various alumina films before and after annealing
to observe changes in refractive index which will allow us to in-
fer changes in the density of the films. The data was collected
and analyzed using a JA Woollam ellipsometer in the spectral
range from 1.24 to 4.13 eV. A generic model was used with the
following layer scheme: surface roughness/ema (Al2O3 and %
void)/SiO2/Si. Both the anneal and unannealed samples were fit
simultaneously with the void fraction in the thermally annealed
sample set to 0% and the unannealed sample’s void fraction was
allowed to vary to obtain the best fit. The overall alumina film re-
fractive index was fit using a Cauchy layer with an Urbach tail,
which has the assumed spectral dependence in eq 1, where A,
B, and C are material dependent constants obtained through
curve fitting, � is the wavelength, and n is the index of refrac-
tion. In eq 2, � is the extinction coefficient, 
 is a fitting param-
eter that represents the band edge for the absorption process, �
is a factor describing the rate at which the absorption decrease
away from the edge, and � is a factor related to the strength of
the absorption.

A Bruggeman effective medium approximation was used to
simulate the properties and the porosity changes in the alu-
mina films. A SiO2 layer thick was put in which corresponds to
the thickness we typically observe on bare Si substrates. We did
not let this vary because strong coupling existed between the
SiO2 thickness and the various other layers in the model.
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