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C
arbon nanotubes (CNTs) have a
unique set of properties, such as
high current carrying capacity, high

thermal conductivity, mechanical strength,

and extremely large surface area,1�8 which

allow numerous applications. It is now pos-

sible to grow single-walled nanotubes

(SWNTs) efficiently, in high purity, in bulk

and on surfaces,9�13 so that the production

limitations for many applications appear to

be overcome. However, on closer inspec-

tion, for many key applications of nanotube

forests, existing growth methods produce

forests whose area density and perfor-

mance are still 1�2 orders of magnitude

too low.

Consider the example of replacing cop-

per interconnects in integrated circuits by

CNTs, a key milestone of the Semiconduc-

tor Roadmap.14�16 CNT interconnects will

not be used unless their resistance is lower

than that of copper, which requires a CNT

area density of at least 2 � 1013 cm�2 to

lower their series resistance arising from the

quantum resistance. However, the highest

density of SWNTs achieved so far is only �7

� 1011 cm�2,7,17�21 a factor 30 times too

low (Figure 1).

A similar problem occurs for heat

spreaders. While the thermal conductivity

of a single nanotube may be comparable to

that of a solid rod of diamond,3 if the nano-

tube forest only fills 3% of the available

cross section, the actual thermal conduc-

tance is 30 times lower and much less

useful.22,23 To overcome these limits, we

need essentially fully dense forests. We

present here a catalyst design to grow ultra-

high density nanotube forests, close to the

required 2 � 1013 cm�2 density, with even

higher densities possible.

SWNT forests are grown by catalytic
chemical vapor deposition (CVD), such as
in the “super growth” method. The nano-
tube density is similar to that of catalyst
nanoparticles from which they nucleate and
grow. The usual catalyst preparation
method is to deposit a thin film of catalyst
(such as Fe) on an underlying support layer
(eg Al oxide) and anneal it, converting the
Fe film into many catalytically active nano-
particles. This restructuring is driven by sur-
face energy minimization from Young’s
equation24,25 because the oxide surface en-
ergy is less than that of the metal. The nano-
particle diameter (d) scales with average
thickness of the initial Fe film (h) as d �

6h25,26 (Figure 1), so the nanoparticle den-
sity N varies as

with the prefactor depending on the con-
tact angle of the Fe and support. However,
there is a limit to how thin an initial Fe film
can be (�0.2 nm) without losing it by diffu-
sion into the substrate. This limits the maxi-
mum density to 7 � 1011�1012 cm�2. This
is the nanotube density found by Futaba7,17,27
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ABSTRACT We present a general catalyst design to synthesize ultrahigh density, aligned forests of carbon

nanotubes by cyclic deposition and annealing of catalyst thin films. This leads to nanotube forests with an area

density of at least 1013 cm�2, over 1 order of magnitude higher than existing values, and close to the limit of a fully

dense forest. The technique consists of cycles of ultrathin metal film deposition, annealing, and immobilization.

These ultradense forests are needed to use carbon nanotubes as vias and interconnects in integrated circuits and

thermal interface materials. Further density increase to 1014 cm�2 by reducing nanotube diameter is possible, and

it is also applicable to nanowires.

KEYWORDS: carbon nanotubes · growth mechanism · chemical vapor deposition ·
catalyst design · high density forests · interconnects

N ∼ 1

30d2
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and Zhong,18 much below the theoretical maximum of a

fully dense forest (Figure 1).

RESULTS
We now describe how to increase this density to

over 1013 cm�2 by repeated deposition of catalyst lay-

ers. Normally, depositing a metal layer twice just makes

a thicker layer, which, by eq 1, anneals into a lower par-

ticle density. If we deposit a layer, anneal it, and then

deposit and anneal a second layer on top of this, it just

sinters into the first layer, also giving a lower density.

However, if we can restructure each layer independently,

we can increase density cumulatively. We must deposit

the first layer, restructure it, temporarily immobilize it,

deposit the next layer, restructure, immobilize, and so

on (Figure 2). If each restructuring cycle is independent,

the density increases cumulatively. We can continue

the cycles to build up a much higher nanoparticle

density.

The key to temporarily immobilizing each nano-

particle layer is to convert it into a less mobile phase,

such as an oxide (or nitride). The initial metal film is so

thin that it is discontinuous. Annealing converts it to

nanoparticles. Intentional or adventitious oxidation

then occurs. We then deposit the next discontinuous

metal layer and restructure it. This leads to three practi-

cal methods to achieve a high nanoparticle density:

(1) Deposit an Fe layer, anneal the metal into

droplets, allow it to oxidize, cool. Deposit the next

Fe layer, anneal it, oxidize it, and so on. Oxidation

can happen by exposure to either air or water

vapor in a low vacuum.

(2) Deposit Fe, deposit a 0.2 nm discontinuous Al

layer on the Fe, anneal, allow Al to oxidize into

discontinuous Al2O3 layer, cool, deposit more Fe

and Al, anneal, and so on.

(3) Deposit Fe, anneal, plasma oxidize or nitride,28,29

cool, deposit more Fe, etc.

We have tried the first two methods here. Method

3 is relevant to lower temperature and will be tried in

the future. In each case, after cyclic deposition, the cata-

lyst complex is reduced back to the active metallic

state by a brief exposure to hydrogen, ammonia, or

similar agent, depending on the oxygen affinity of the

metal (Fe, Co, or Ni).30 Nanotube growth is then carried

out in a hydrogen-diluted acetylene.

Figure 2 shows the effectiveness of the process, us-

ing process conditions deliberately chosen to provide

larger than usual nanoparticles that are more easily vis-

ible by atomic force microscopy (AFM). Figure 2a shows

an AFM image of the catalyst nanoparticles before

CNT growth after a single cycle of Fe deposition and an-

neal. The measured particle density is about 1.1 � 1010

cm�2. Figure 2b shows the AFM image after two Fe

deposition and anneal cycles. The measured particle

density is now 1.8 � 1011 cm�2. The average particle

height increased only slightly from 9.6 to 10.2 nm. This

suggests that the second nanoparticle layer fall into the

dips between the first layer particles to minimize interfa-

cial energy (insets of Figure 2). Figure 3 shows an AFM

image of catalyst nanoparticles after two cycles of

deposition and anneal of 0.3 nm of Fe films, with a fi-

nal nanoparticle density estimated as 2.0 � 1013 cm�2.

The area density of nanotubes can be measured in

three ways. The first method is counting CNTs in a scan-

Figure 1. Comparison of maximum and typical nanotube
densities vs nanotube diameter, including previous and
present nanotube densities.7,16�18,21,27

Figure 2. Catalyst design. The left-hand column shows sche-
matically the standard (cycle 1) catalyst preparation method,
and below, the additional cycle 2 steps of immobilization,
deposition, and annealing. Cycle 2 can be repeated. The
right-hand column shows AFM images of the catalyst nano-
particles after the standard and cyclic process, together with
inset cartoons showing the particles deposited in cycles 1
and 2. A 0.5 nm Fe deposited onto Al2O3 after the first and
second cycle of catalyst formation. Annealing is carried out
in a furnace tube in ambient Ar/H2 (1000:500 sccm) at 1 bar,
from room temperature up to 750 °C at a heating rate of
75 °C min�1 for the first cycle and 25 °C min�1 for the sec-
ond one.
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ning electron microscopy (SEM) image or
transmission electron microscopy (TEM)
image. This method is less quantitative
but gives an indication of higher density
as the nanotubes become straighter at
higher density as their confinement in-
creases. The second method is weight
gain. Supergrowth nanotubes are long
enough that the area density can be de-
rived from the sample weight gain during
growth,18 divided by the forest height, and
divided by the nanotube mass per unit
length, as calculated from its diameter and
number of nanotube walls as measured
by high-resolution (HR)TEM. The third
method is liquid-induced compaction,7,31

in which the forest is dipped into a liquid
such as isopropyl alcohol and the wetting/
drying process compacts the forest to aFigure 3. AFM scan of the catalyst nanoparticles after the cyclic deposition

process, before nanotube growth.

Figure 4. CNT growth and density measurement. (a,e) SEM and (inset) HRTEM images of CNTs grown for the 1 and 2 cycle
processes. (b,f) Optical top view of the forests after liquid-induced compaction. (c,g) Illustration of extent of compacted re-
gions. (d,h) Cross-sectional SEM images of the nanotubes in the compacted forests, showing straighter nanotubes in denser
sample on left. The nanotubes were grown in a furnace tube using ambient Ar/H2/C2H2 (1000:500:10 sccm) for 15 min at
750 °C and 1 bar. The catalyst is prepared using one or two cycles of 0.3 nm Fe onto Al2O3.
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maximum density. The area density is derived from the

reduction in top surface area of patterned regions. We

find that the latter two methods give quantitative and

consistent values for the area density. It should be

noted, however, that the compacted density does de-

pend on the starting density. This is because the com-

pacted density is higher for straighter CNT forests, as

each crossover limits the compaction. We estimate a

maximum compacted density of �1.58 g cm�3,

whereas Futaba7 only achieved 0.95 g cm�3, which is

close to our starting density for our best case.

Figure 4 compares images of nanotube forests

grown by the cyclic method (left) and the standard

single cycle method (right). Figure 4a shows a cross-

section FEG (field emission gun) SEM side-view image
of our ultrahigh density nanotube forest. The tubes are
denser and much straighter than in forests of previously
typical density, seen in Figure 4e. The HRTEM image
(Figure 4a, inset) shows double-walled nanotubes
(DWNTs). Figure 5a shows the diameter distribution
with a mean diameter of 2.4 � 0.2 nm. Raman gives a
G/D peak ratio of 6 (Figure 5b). The measured mass den-
sity is 0.975 g cm�3, giving an area density of 1.04 �

1013 cm�2.
Figure 4b shows a top-view optical image of the for-

est after compaction. The central black area is nano-
tubes, the surrounding grayer area is the Si substrate
where the forest was stripped off by lateral forces. Fig-
ure 4c shows schematically the top area of Figure 4b,
while Figure 4d is the cross-section FEGSEM image of
compacted forests, showing how very dense tubes
bundle together. The liquid compaction method gives
a filling factor of 62% for the two-cycle process and a
density of 1 � 1013 cm�2, similar to that by weight gain.
Overall, a number of two-cycle samples were grown
with heights of 180�300 �m, CNT diameters of 2.2�2.6
nm, mass density of 0.911 to 1.03 g cm�3, pitch be-
tween nanotube centers of 3.1 to 3.4 nm, and result-
ing area densities of 0.92�1.10 � 1013 cm�2.

The mass density of 0.975 g cm�3 of our uncom-
pacted forest is a factor of 15 higher than the previous
highest value of �0.06 g cm�3.7,18 This corresponds to a
filling factor of 62% of the density 1.57 g cm�3, the
mass density of a fully dense DWNT forest of 2.4 nm di-
ameter separated by the graphite interlayer spacing of
0.34 nm. For comparison, a fully dense forest of 1 nm di-
ameter SWNTs has a mass density of 1.58 g cm�3. The
reference density is that of a fully dense mat, not that of
graphite, as the atomic packing in nanotubes is lower
than in graphite (density 2.515 g cm�3).

For comparison, we deposited and annealed a single
0.6 nm Fe film (Figure 4, right). Figure 4e shows a cross-
section FEGSEM image of the typical (lower) density
nanotube forests. The CNTs are more bent in the low-
density case due to less volume constraints. Figure 4f,g
shows the typical forest after compaction, where the
degree of compaction is much greater because its start-
ing density is much lower. The density from the single-
layer 0.6 nm case gives 1.34 � 1012 cm�2 with a mass
density � 0.193 g cm�3. Liquid compaction gives a fill-
ing factor of under 10%.

DISCUSSION
The key to immobilizing catalyst nanoparticles after

each restructuring step is to convert them into a less de-
formable oxide or nitride before the next cycle. Con-
sider Fe and Fe3O4. Restructuring Fe into nanoparticles
is driven by surface energy minimization and occurs by
plastic deformation/diffusion. The shear moduli, �, of
Fe and Fe3O4 or Fe2O3 are each �70 GPa, their melting
temperatures are �1800 K and each enters a plastic

Figure 5. (a,b) Histogram showing diameter distribution with Gauss-
ian fitting (red solid lines) and Raman spectra of nanotubes grown on
two cycles of 0.3 nm Fe onto Al2O3.

Figure 6. Deformation map for Fe and Fe3O4 for a strain rate of
10�3 s�1, showing that a higher temperature is needed to deform
the oxide.
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flow regime at normalized shear stress of �0.003�.32

The surface energy of Fe is 1.7 J m�2,33 giving a 1.7 GPa
shear stress for a 1 nm diameter droplet. This is well
into the plastic flow regime. An anneal time of 10 min
is equivalent to a strain rate of �10�3 s�1 for restructur-
ing. The key difference between a metal and its oxide
is that Fe has a strain rate of 10�3 s�1 at homologous
temperature � � 0.39 or T � 420 °C, whereas Fe3O4 or
Fe2O3 requires � � 0.47 or T � 690 °C (Figure 6) because
of the slower diffusion rates of oxides. (For NiO or CoO,
the range extends to 820 °C.) This gives a 270 °C win-
dow to restructure an upper Fe layer without affecting
an underlying FeOx layer.

Growth is presently carried out at 750 °C, a temper-
ature higher than ideal in order to avoid deposition of
amorphous carbon on CNT side walls, which would
affect the weight gain values.34 The Raman spectra (Fig-
ure 5b) showing a small D peak at 1350 cm�1 confirm
the high purity of the tubes, with little amorphous car-
bon present. Generally, such deposition occurs after
long exposure times,35 whereas we used only a short

growth period of 15 min. The D/G peak ratio is the
same along the height of the forest. The forests have a
similar area density at all heights, as we do not grow un-
til growth termination, in which case the area density
can fall due to, for example, catalyst sintering.36 Our
high density forests contain a random distribution of
chiralities, as can be seen from the radial breathing
modes in the Raman spectra of Figure 5b, as do the nor-
mal “supergrowth” forests.37

In summary, we demonstrate a catalyst design us-
ing cyclic deposition, annealing, and immobilization,
which achieves an area density of 1.1 � 1013 cm�2, 30
times greater than previously achieved. This allows car-
bon nanotubes to be used in microelectronics as vias
and interconnects. Further optimization to the nano-
tube diameter to 1 nm and using more cycles will raise
density to 1014 cm�2, close to that of a fully dense forest.
Our process requires no special equipment and is scal-
able to large areas, without scanning, unlike cluster
beam methods.38 It is also useful for heat spreaders,
gecko films, supercapacitors, and NEMS.8

METHODS
We use as substrate polished Si(100), cut into pieces of �2

cm � �2 cm, covered with a layer of 200 nm of thermal SiO2

and a topmost layer of 10 nm Al2O3. The catalyst films are depos-
ited by thermal evaporation (without heating the substrate) of
0.1 to 0.5 nm nominal thickness high-purity Fe, Co, or Ni. The
evaporation rate is �1 Å s�1 at �10�6 mbar base pressure, and
the film thickness is monitored in situ by a quartz crystal
microbalance and calibrated ex situ by atomic force microscopy
(AFM) (Veeco Dimension) and spectroscopic ellipsometry. All
samples are transferred in air and pretreated using a hot wall sys-
tem (quartz furnace tube) at 500 to 750 °C in 1 bar Ar/H2 (1000:
500 sccm) at heating rates between 12.5 and 75 °C min�1. For an-
nealing between cycles of catalyst deposition, the sample is
removed from the furnace after reaching the final annealing
temperature. Immediately after last annealing, the growth is car-
ried out at the same temperature and pressure using Ar, H2,
and C2H2 (1000:500:10 sccm). After a growth period of 15 min,
the samples are cooled in Ar.

The samples are characterized by field emission gun scan-
ning electron microscopy (LEO 1530VP), AFM in tapping mode,
high-resolution transmission electron microscopy (HRTEM) (FEI
Tecnai F20, 200 kV), and Raman spectroscopy (476, 488, 496, and
514.5 nm excitation). Optical images are taken with a modular
stereomicroscope (LEICA MZ 12.5) dotted with 12.5:1 zoom mag-
nification changer and a digital camera. For HRTEM analysis,
CNTs are removed from the substrates and dispersed onto car-
bon TEM grids. The nanoparticle density is derived from AFM im-
ages using ImageJ and Gwyydion software. The area density of
nanotubes is calculated by the weight gain method. We measure
the weight gain (AE ADAM analytical balance, resolution 10�4

g) per unit area of the sample and the height of the nanotube
mat; we then correlate these values to the diameter and num-
ber of walls of the nanotubes, as determined by HRTEM. The TEM
data give us the weight per nanotube unit length, so the nano-
tube density is given by the ratio of the sample weight gain to
nanotube weight per unit length, which allows the mass per unit
length to be calculated.

For compaction, we drip isopropyl alcohol, acetone, or ethyl
alcohol onto the samples and allow them to dry out in clean
room environment at 25 °C for 24 h. All experiments are system-
atically repeated to verify repeatability.
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