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ABSTRACT: We evaluate the growth kinetics and growth mechanism of ultrahigh
mass density carbon nanotube forests. They are synthesized by chemical vapor
deposition at 450 °C using a conductive Ti/Cu support and Co−Mo catalyst system.
We find that Mo stabilizes Co particles preventing lift off during the initial growth
stage, thus promoting the growth of ultrahigh mass density nanotube forests by the
base growth mechanism. The morphology of the forest gradually changes with growth
time, mostly because of a structural change of the catalyst particles. After 100 min
growth, toward the bottom of the forest, the area density decreases from ∼3−6 ×
1011 cm−2 to ∼5 × 1010 cm−2 and the mass density decreases from 1.6 to 0.38 g cm−3.
We also observe part of catalyst particles detached and embedded within nanotubes.
The progressive detachment of catalyst particles results in the depletion of the
catalyst metals on the substrate surfaces. This is one of the crucial reasons for growth
termination and may apply to other catalyst systems where the same features are
observed. Using the packed forest morphology, we demonstrate patterned forest
growth with a pitch of ∼300 nm and a line width of ∼150 nm. This is one of the smallest patterning of the carbon nanotube
forests to date.
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1. INTRODUCTION

Because of their outstanding structural, electrical, and thermal
properties,1−4 carbon nanotubes (CNTs) are of interest in a
wide range of technologies. Vertically aligned CNT forests, in
particular, are potentially the nanotube morphology to first find
high-tech industrial applications such as interconnects or heat
dissipation devices.5,6 However, before realizing these applica-
tions, we need to be able to fully control the area density of the
forest as well as the quality of individual tubes including
diameter, number of walls, and crystallinity.
To date, chemical vapor deposition (CVD) is the only

method that promises scalability at microelectronic-compatible
conditions, where we have the restriction of maximum process
temperature below 450 °C. Few groups have reported the low
temperature growth of CNT forests in the range of 350−500
°C, whether on insulating7 or conducting supports.8−11

Moreover, for interconnects, we must grow the forests with
high area density, with ideally 1 × 1013 cm−2 in order to exceed
the properties of currently used materials such as Cu. So far, the
growth of ultrahigh area density forests has been achieved only
on Al2O3 supports,

12−14 but the area density of CNT forests on
conductors tends to be lower.15−19 Recently, Kawabata et al.20

have reported dense vertical graphene layers, and we have
shown the synthesis of ultrahigh mass density CNT forests
using Co−Mo cocatalyst on Ti-coated Cu support at 450 °C.21

Ti is used as a contact layer favoring forest growth, while
keeping the conductivity between the tubes and Cu layer.22 Mo

stabilizes small Co nanoparticles on conductive supports, as
shown on forest growth on insulators with Co−Mo23,24 or Fe−
Mo.25 The diameter of the Co particles on the surface is
homogeneous after annealing under NH3 because of the strong
Co−Mo−Ti chemical interaction.21 In this paper, we report the
growth kinetics of such dense forests and discuss the growth
termination mechanism by systematic investigation of catalyst/
support and CVD conditions. Our results show that forests
change morphology during the growth, mostly because of the
structural change of the catalyst nanoparticles. Throughout this
process, some part of catalyst particles end up embedded within
nanotubes, thus losing contact with the carbon source and
causing growth termination. Finally, to show the ability of the
packed forest morphology (i.e., tubes having no measurable
space in between) to be patterned, we grow patterned forests
with a pitch of ∼300 nm and a line width of ∼150 nm. This is
one of the smallest patterning of the CNT forests to date.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. We use as substrate Si(100) coated

with thermal oxide (200 nm) on which we deposit Cu (40 nm) and
subsequently Ti (0, 3.0, or 5.0 nm). We then deposit Mo (0 or 0.8
nm) followed by Co (1.5, 2.5, or 4.0 nm), thus producing 18 catalyst
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combinations. In a different set of samples, we apply the combinatorial
masked deposition method26,27 to get a thickness gradient of Mo
(∼0.01−7.5 nm) or Co (∼0.22−8.1 nm) on Ti/Cu (5.0/40 nm). All
metal depositions are carried out by DC magnetron sputtering in 3.5 ×
10−3 mbar of Ar. After each metal deposition, the samples are exposed
to air.
2.2. CNT Growth. CNTs were grown by cold-wall thermal CVD.

We first pump the CVD chamber below 6.0 × 10−2 mbar and then
supply a reducing gas (H2 or NH3). The samples are then heated up at
a rate of 3 °C s−1 until reaching 450 °C. At this temperature, we supply
C2H2 to grow CNTs. We investigate four different gas conditions
summarized in Table 1. The pressure is kept constant at nominal 3
mbar. After growth the heater is turned off and samples are kept under
Ar until room temperature.

2.3. Catalyst System and Forest Characterization. We analyze
metal supports, metal catalysts, and nanotubes forests by scanning
electron microscopy (SEM, Zeiss SigmaVP, Hitachi S-5500) and
transmission electron microscopy (TEM, FEI Tecnai F20). For TEM
analysis, we transfer forests onto copper microgrids. We analyze the
depth profiling of the metals by time-of-flight (TOF) secondary ion
mass spectrometry (SIMS). We use a TOF-SIMS from ION-TOF
equipped with a Bi liquid metal gun and a Cs ion gun. Bi ions are
filtered for Bi1

+ ions and Cs ions are filtered for Cs+ ions. The
sputtering raster is 250 × 250 μm2 using Cs+ at 500 eV (current 41
nA) and surface spectra are taken from an area of 50 × 50 μm2 using
Bi1

+ at 25 keV (target current 0.87 pA). The guns are operated in high
current bunched mode, the extractor in positive mode, and the
analyzer optimized for high mass resolution, acquiring over a range
from 0.5 to 740 Da. An electron flood gun is used between pulses to
compensate charging effect due to insulation. During the analysis,
metal-Cs clusters are followed and labeled as M+ for the respective
metal ions. The depth of the SIMS crater is measured using an optical
profiling system (Wyko NT1100); it is assumed a constant sputtering
rate throughout.
2.4. Density Measurement. We measure the weight of the Si

substrates before (with catalyst/underlayer metals) and after the
growth process using a Satorius microbalance (ME235S, readability:
0.01 mg). After the growth process, the weight gain of the Si substrates
(sizes of 0.5−3.9 cm2) with the CNT forests (0.32−2.0 μm in height)
are 0.04−0.24 mg. Note that no measurable weight gain is obtained
after the growth process without Co (with Mo, Ti, and Cu). From the
weight gain and the volume of the forests, we obtain the mass
density.13,14 The area densities of CNTs (cm−2) are obtained by two
different methods. One is obtained by dividing the mass density by
unit mass of CNTs,13,14 and the other one is obtained by counting
40−400 CNTs in SEM images.
2.5. Catalyst Patterning. We sputter Mo(0.8 nm, top)/Ti(5.0

nm)/Cu(40 nm) on a Si wafer. Subsequently, poly(methyl
methacrylate) is spin-coated at 5000 rpm for 40 s, giving a layer
thickness of ∼170 nm which is used as a resist in the lithography step.
After baking at 180 °C for 2 min, the resist is patterned by exposition
to an electron beam and then developed. Then, 2.5 nm of Co
(catalyst) is sputtered on the developed resist and the samples are
submersed in acetone and sonicated for 30 s, which dissolves the resist

and lifts off the Co on the unpatterned regions. Finally, the samples are
rinsed with isopropanol and dried with nitrogen before loading into
the growth chamber.

3. RESULTS AND DISCUSSION
The surface growth of nanotube forests is a complex process in
which each pretreatment and growth parameter influences the
growth results. Employing a multimetal support/catalyst
system, as we report herein, not only adds more variables to
the matrix of experiments, but also enlarges the number of
possible interactions. Thus, for a thorough understanding of the
system, we evaluate all CVD parameters individually. In a first
stage, we evaluate the 18 catalyst combinations and four CVD
conditions. We present the results in the two following
subsections.

3.1. Evaluation of Ti, Mo, and Co Thicknesses. Figure 1
shows the influence of each metal catalyst/support using the

standard CVD condition for 3 min (450 °C, 200 sccm NH3 for
pretreatment, and 200 sccm C2H2 for growth). Side-view SEM
images show that without Mo deposition, CNTs grow only
when Ti is deposited in between Cu and Co. The height of the
forests is enhanced by increasing the thickness of Ti. For the
2.5 nm Co case, the height of the forests increases from 0.45
μm (3.0 nm Ti) to 0.78 μm (5.0 nm Ti). Unlike 1.5 or 4.0 nm
Co, the 2.5 nm thickness gives the tallest forests. The area
density is ∼3 × 1011 cm−2, and the mass density is 0.34 g cm−3

with 2.5 nm Co and 5.0 nm Ti. We have previously estimated
that the nucleation efficiency of the Co particles is ∼35%, and
found that some Co particles are embedded within the tubes.21

The fact that Co does not catalyze the growth directly on Cu is
likely to be related to both metals alloying and interdiffusing.
Because of a high surface energy of Cu (1.56 J m−2),28 the
catalyst metals diffuse into Cu and do not form nanoparticles.
This has already been observed on Fe on Cu.29 Diffusion is thus
prevented by adding Ti and proves to be necessary also when
Mo is used as cocatalyst. Using Co−Mo/Ti/Cu, the forests are

Table 1. Gas Flow Conditions during CVD Process

heating up (pretreatment) CNT growth

NH3
(sccm)

H2
(sccm)

Ar
(sccm)

NH3
(sccm)

H2
(sccm)

C2H2
(sccm)

NH3, 100%-
C2H2

a
200 200

H2, 100%-
C2H2

200 200

NH3, 10%-
C2H2

180 20 180 20

H2, 10%-C2H2 180 20 180 20
aStandard CVD condition.

Figure 1. Side-view SEM images and schematics of the samples with
different thicknesses of Ti and Co, with and without 0.8 nm Mo on Cu
(40 nm) layer, grown at the standard CVD condition for 3 min. The
scale bar is in common for all SEM images.
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much denser and more packed compared to using only Co. For
the 2.5 nm Co case, the height of the forests is 0.21 μm (3.0 nm
Ti) and 0.40 μm (5.0 nm Ti). The area density is ∼3−6 × 1011

cm−2 and the mass density is as high as 1.6 g cm−3 with 2.5 nm
Co and 5.0 nm Ti. The nucleation efficiency of the Co particles
is ∼80%, and Co particles stay at the base of the forests.21 The
tubes are so compact that it becomes difficult to distinguish
individual tubes or bundles, especially with Co/Mo (2.5/0.8
nm) on 5.0 nm Ti. Altogether, these results allow us to confirm
the usefulness of Ti as interlayer on Cu, and Mo as cocatalyst
for growing ultrahigh mass density CNT forests. We have
confirmed ohmic behavior between the CNT forests and the
Cu supports. The average measured resistance is 95 kΩ, and
the lowest value is 22 kΩ.21
3.2. Selection of the CVD Conditions. Figure 2 shows the

growth results for the four CVD conditions using only a single

catalyst/support combination: Ti/Cu (5.0/40 nm) as support
and Co/Mo (2.5/0.8 nm) or Co (2.5 nm) as catalyst. We
observe that the forests grow taller when employing NH3 as
reducing gas during catalyst pretreatment. This might be
related to the fact that the nanoparticles need to be in purely
metallic state to nucleate CNTs.30−32 At low temperatures,
NH3 proves to be more efficient than H2 to reduce catalyst
particles to its metallic state.32 Likewise, the forests grow ∼1.4−
2.1 times taller with 100% C2H2 than with 10% C2H2. The
forest growth appears to be limited by the diffusion of the
carbon source. We note, however, that such a high
concentration (100% C2H2) does not deactivate the catalyst
particles. Although C2H2 is a highly reactive gas,

33−35 at 450 °C
and 3 mbar total pressure, it may not produce enough
amorphous carbon or other carbon impurities to poison catalyst
particles.36,37 In the following sections, all growth results are
obtained using a pure NH3 for pretreatment and 100% C2H2
(undiluted) for precursor (standard CVD condition in Table
1).
3.3. Combinatorial Investigation of Co and Mo

Thicknesses in Optimized CVD Conditions. To investigate
in detail the effect of Co/Mo thicknesses on forest growth, we
prepare Co−Mo combinatorial samples on Ti/Cu (5.0/40
nm).26,27 After preparing the Ti/Cu supports on substrates (14
× 14 mm2), we sputter a Mo gradient (∼0.01−7.5 nm) using a
physical shadow mask. The samples are then rotated 90° and,
following the same procedure, we deposit a Co gradient

(∼0.22−8.1 nm). Figure 3 shows optical images of the samples
after metal sputtering (Figure 3a) and after growth (Figure 3b)

using the standard CVD condition for 3 min. Both Mo and Co
change the thickness across the substrate position. It can be
observed a region of an optimum Co/Mo thickness ratio, where
CNTs nucleate and grow. When Mo is too thick (>0.98 nm),
no nucleation is verified (left area of substrate), partly because
of the difficulty of restructuring Co films into nanoparticles
onto high-surface-energy Mo layers (2.51 J m−2).28 At the same
time, the bottom area of substrate, where Mo with wide range
of thickness is coated with very thin Co (<0.1 nm), no color
change is observed. This indicates Mo itself does not nucleate
CNTs under our CVD conditions. The thickness window in
which both metals are catalytically active covers ∼0.3−5 nm for
Co and up to 0.98 nm of Mo. This is highlighted with a red
rectangle in Figure 3b and investigated in detail in Figure 4.
Figure 4 shows an optical image of the combinatorial catalyst

samples marked with rectangle in Figure 3b and corresponding
side-view SEM images of the substrates after CVD. With SEM
images, we show three Co thicknesses (4.0, 2.5, and 1.5 nm) for
the Mo gradient (∼0.01−1.9 nm). We observe two features.
The forests with 2.5 nm Co grow higher in length than those at
4.0 or 1.5 nm Co under any Mo thickness. This is in agreement
with growth results in Figure 1 and suggests 2.5 nm is the
optimum Co thickness for the evaluated supports and CVD
conditions. On the other hand, in increasing the Mo thickness
(regardless of that of Co) we observe the forest height to
decrease. Simultaneously, the forests become much more
compact with straighter tubes. These results show the feasibility
of controlling forest properties such as height and area/mass
density by varying the amount of Mo as cocatalyst. The area
shown with dashed rectangle in the optical image corresponds
to the dense forest highlighted in SEM images in Figure 4. We
find that the top-view optical image of the dense forest appear
to be gray rather than black which we assume is related to the
highly packed forest structure diminishing the absorbance.

Figure 2. Side-view SEM images and a schematic of samples with and
without 0.8 nm Mo. CVD is carried out at 450 °C for 3 min with
different reducing gases (NH3 or H2) and at different C2H2
concentrations (100% or 10%). The catalyst/support condition is
Co(2.5 nm, top)/Mo(0.8 nm or w/o)/Ti(5.0 nm)/Cu(40 nm). The
scale bar is in common for all SEM images.

Figure 3. Optical images of combinatorial samples (a) before and (b)
after CVD under the standard CVD condition for 3 min. The dotted
lines in (b) are contour lines which are used to derive the thickness of
Mo or Co. The scale bar in (a) is in common for (b). The area marked
with a rectangle in (b) is investigated in detail in Figure 4
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3.4. TOF-SIMS. In order to investigate the state on the
catalyst/support in detail, we investigate the depth profiles of
the samples by TOF-SIMS. Figure 5 shows the depth profile
data of 0.8 nm Mo sample before (dotted line) and after (solid

line) annealing at 450 °C (Figure 5a), and with (solid line) and
without (dotted line) Mo after annealing at 450 °C (Figure
5b). We can see that the oxide peaks disappeared as shown with
arrows (Figure 5a) and that Mo, Ti, and Cu diffuse toward the
top direction after annealing. This shows the reduction of
catalyst/support and the restructuring of Co nanoparticles. The
amount of Co diffusion into Ti layer appears to be nearly the
same for samples with and without Mo (Figure 5b). This
indicates Mo does not act as a diffusion barrier. As previously
reported,21 Mo interacts strongly both with Co and Ti, favoring
the formation of uniform Co nanoparticles and also keeping the
particles on the surface of the substrate during the CNT
growth, hence resulting in the base growth mode of CNTs.

3.5. Growth Kinetics. In order to investigate the growth
kinetics of CNT forests on Co−Mo/Ti/Cu catalyst system, we
carry out CNT growth using our standard CVD condition with
different growth time (3, 10, 30, and 100 min). Figures 6a - d

show the side-view SEM images of the CNT forests with 0.8
nm Mo. Figure 6i shows the time evolution of both the height
and the mass density of the forest with 0.8 nm Mo as well as
the height evolution of the forest without Mo. The forests
without Mo show a fast growth rate at the beginning of the
synthesis (0.31 μm min−1), and within the first 30 min they
reach the plateau. In 3 min of growth the forest height is 0.92
μm, at 10 min it is 1.3 μm, and then, at 30 min growth, it is 1.5

Figure 4. Optical image of the combinatorial catalyst sample marked
with rectangle in Figure 3b, and corresponding side-view SEM images
with Co thickness of 4.0, 2.5, and 1.5 nm on gradient Mo. The scale
bar is in common for all SEM images.

Figure 5. SIMS profiles for 0.8 nm Mo sample (a) before (dotted line)
and after (solid line) annealing at 450 °C, and (b) with (solid line) and
without (dotted line) Mo after annealing at 450 °C.

Figure 6. SEM images with (a−d) side-view and (e−h) backside-view
of the forests with 0.8 nm Mo, grown at the standard CVD condition.
(i) Time evolution of the forest height and mass density. (j) Side-view
SEM image of the forest with 0.8 nm Mo after annealing for 30 min
under NH3 followed by 3 min growth under the standard CVD
condition.
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μm. It remains practically unchanged after this. In contrast,
when Mo cocatalyzes the synthesis, the initial growth rate is
lower than that on pure Co (0.13 μm min−1). The plateau is
reached at a later time (∼100 min), thus implying a longer
lifetime of the catalyst. The forest height is 0.40 μm in 3 min, at
10 min it is 0.50 μm, at 30 min it is 0.89 μm, and then, at 100
min growth, it is 1.8 μm. We note that, in 3 min growth, the
forest with Mo shows the mass gain per unit area of 0.20 g m−2

min−1 which is double of that without Mo because of the higher
mass density.21

We note that the dense forests keep their morphology after
being transferred from the substrate to a copper grid. This
allows us to examine the backside of the forests by SEM and
determine the catalyst structure evolution (Figures 6e - h). We
can clearly observe the structural change of catalyst layers
corresponding to the side-view SEM images (Figures 6a - d).
The bottom of the forests shows a progressive decrease of area
density from ∼3−6 × 1011 cm−2 (top part, derived from mass
density and TEM images, or top-view SEM images) to ∼5 ×
1010 cm−2 (bottom part, derived from backside-view SEM
images) with the growth time. Correspondingly, the mass
density of the forest continuously decreases: 1.6 g cm−3 for 3
min, 1.3 g cm−3 for 10 min, 0.86 g cm−3 for 30 min, and 0.65 g
cm−3 for 100 min, Figure 6i. These values are the averaged mass
densities of the forest from top to bottom. When we focus on
each time interval, the mass density is 0.61 g cm−3 from 3 to 10
min, 0.40 g cm−3 from 10 to 30 min, and 0.38 g cm−3 from 30
to 100 min. Unlike the morphological change of the forests
reported so far,38−41 our dense forests show more evident
changes, because of their extremely packed initial morphology.
We suggest this is related to the change of catalyst structure
with the growth time.
A series of experiments and further characterization allows us

to confirm this hypothesis. We first evaluate the effect of long
annealing time (before growth), carrying out forest growth for
3 min after 30 min NH3 annealing at growth temperature (450
°C), Figure 6j. We find that the forest morphology is very
dense and similar to that obtained for short annealing times
(i.e., NH3 pretreatment only during heating up, Figure 6a).
Although catalyst sintering cannot be completely ruled out
during this annealing under reducing atmosphere,42 our results
clearly show the sintering is much more pronounced during the
growth period.
Having excluded catalyst sintering during the pretreatment

stage, we perform further SEM and TEM analysis to investigate
the morphological and structural changes of the forests and
individual nanotubes, respectively. Figure 7a - d show SEM and
TEM images of the dense forest grown for 100 min which
correspond to Figure 6d. Figure 7b and 7d are close-up images
of the areas marked with dashed lines in Figure 7a and 7c,
respectively. We clearly observe a significant difference between
the top and bottom regions. The top region is very compact
showing practically no measurable spacing between the tubes.
Moving downward, the forest becomes less dense such that at
the bottom the forest is composed of individual nanotubes,
separated by up to tens of nanometers. We observe large
diameter tubes (>20 nm) as well as small diameter ones (∼7
nm) at the bottom region (arrow indications in Figure 7b). We
count the tube diameter of 50 CNTs at both top and bottom
regions of the forest, histograms in Figure 7. At the top region,
the tube diameter presents a normal distribution (mean ±
standard deviation) of 11 ± 1.7 nm (derived from top-view
SEM images, upper inset in Figure 7a). At the bottom region

on the other hand, the distribution is bimodal (derived from
side-view SEM images, Figure 7b); about 88% of tubes have
diameters of 9.6 ± 1.9 nm while nearly 12% of tubes have
diameter of 23 ± 2.5 nm. In the middle of the forests, we find
tubes that initially start growing more than hundreds of
nanometers apart, but, due to the catalyst nanoparticles
sintering, end up growing from the enlarged particle, lower
inset in Figure 7a. This feature points out that seeding particles
have sintered into a common catalyst particle. In Figure 7d, a
large number of catalyst particles embedded within the tubes
are observed (arrow indications). As observed in Figure 7b, we
find some tubes with extremely large diameters due to the large
particles (>20 nm) from which they grow (inset in Figure 7d).
We can observe well-graphitized structures with a lattice
spacing of ∼0.34 nm at the tips of the tubes (Figure 7e, from 3
min growth samples), as shown in our previous paper.21 From
the whole set of observations we conclude that the changes in
catalyst structures cause variations in forest morphology and
nanotube structure as well as growth termination. This is fully
analyzed in the following subsection.

Growth Model. We now account for the whole process of
growth and termination mechanism of nanotube forests using
Co−Mo/Ti/Cu catalyst system as shown in the schematics in
Figure 8. CNT growth by CVD involves pretreatment of the
metal catalyst for nanoparticle formation and carbon source
exposure for the actual nanotube growth. During pretreatment
in NH3, both Ti/Cu and Co−Mo undergo a reduction to the
metallic state (SIMS in Figure 5a). Alongside, Co films
restructure into a series of nanoparticles. Under this reduction
atmosphere, Co particles keep their size and density for long
annealing times (e.g., 30 min, Figure 6j). The reason for this is
a strong Co−Mo−Ti chemical interaction as we have

Figure 7. (a, b) Side-view SEM images with tube diameter
distributions at both top and bottom part, and (c, d) TEM images
of the CNT forest with 0.8 nm Mo after 100 min growth. The scale
bar in (d) is the same for the inset. (e) High-resolution TEM images
showing the tip of a tube.
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previously reported.21 We note that Mo does not act as a
diffusion barrier (SIMS, Figure 5b). Co diffusion into the Ti
layer underneath is practically the same, regardless of the
presence of Mo. When the carbon source (C2H2 herein) is
introduced, CNTs nucleate followed by the forest growth. At
the initial stages, homogeneously sized Co nanoparticles
nucleate extremely compact nanotube forests with high mass
density of 1.6 g cm−3 and the area density of ∼3−6 × 1011

cm−2. Although the area density of our forests is 1 order of
magnitude less than that of ultrahigh density forests achieved
on Fe/Al2O3 (∼1013 cm−2, ∼0.3−1 g cm−3),13,14 the mass
density herein is ∼2−5 times higher. This high mass density
comes from the packed tubes with both larger diameters (e.g.,
∼12−13 nm) and larger wall number (e.g., ∼14 walls) which
are grown from relatively large catalyst particles (e.g., ∼5
nm).21 The larger diameter of the catalyst particles is due to the
higher surface energy of conductive supports than that of
insulating ones. Owing to the strong Co−Mo−Ti chemical
interaction,21 the Co nanoparticles remain surface bound, thus
nucleating nanotubes by the root growth mechanism. However,
the presence of the carbon source appears to enhance the
mobility of Co catalyst. This could be related to the formation
of Mo carbide weakening the Co−Mo interaction, thus leading
to Co particles more mobile.43,44 Higher metal mobility gives
rise to gradual changes of the catalyst particle structure followed
by the morphological change of the forest. The tube junctions
indicate the migration of catalyst nanoparticles by several tens
of nanometers (lower inset, Figure 7a). The migration of
catalyst particles has been reported elsewhere.45 The CNTs can
either continue growing (probably at lower rates) from sintered
nanoparticles with increased diameters (Figure 8a) or stop
growing, after which they are lifted off by the surrounding
growing CNTs (lower inset in Figure 7a, and Figure 8b). The
increase of tube diameter toward the bottom of the forest is in
agreement with previous reports on single-walled CNT
forests.46 On the other hand, some tubes decrease their
diameters toward the bottom of the forests which leads to the
bimodal diameter distribution at the bottom region (histograms
in Figure 7). This tube diameter decrease can be explained as
follows. As observed in TEM images (Figure 7d), some part of
the particles are detached and embedded within the tubes. As a

consequence, the size of remaining nanoparticles decreases
followed by the tube diameter decrease, Figure 8c. When the
tube diameters exceed the catalyst nanoparticle diameters, the
nanoparticles are covered by the tubes and lose their catalytic
activity. Once the tubes stop growing, they can be lifted off by
surrounding tubes which still continue growing, Figure 8d.
Note that, since the particles lose their contact with the carbon
source, the detached particles do not continue catalyzing the
growth.
Through the possible phenomena which include sintering,

detachment, and Ostwald ripening,27,42,47,48 (which can occur
simultaneously), the catalyst nanoparticles progressively change
their structure, either decreasing (Figure 8e) or increasing the
diameters (Figure 8f). The diameters and densities of the forest
also change, reflecting the structural change of the catalyst
particles. The progressive detachment of the nanoparticles
results in the depletion of the catalyst metals on the substrate
surface, which is one of the critical reasons for growth
termination. This growth mechanism may be the same for the
growth of forests on more conventional catalysts (e.g., on Fe/
Al2O3). The Fe/Al2O3 catalyst system shows the same features
of nanotube density variation as well as changes in tube
diameter between top and bottom of the forests.33,38−40,46

3.6. Growth of Patterned CNT Dense Forests. Finally,
to demonstrate the ability of our packed forests to be patterned,
we grow the forests with a pitch of 300−400 nm with a line
width of 150−280 nm. Based on our results and growth
models, in order to keep the dense forest morphology for
applications, we need to intentionally stop the growth before
spontaneous termination occurs. This is shown in Figure 9.
Side-view SEM images illustrate the patterned forests with
different dimensions. The forests show a homogeneous shape
repetition across large areas of the samples (Figure 9a). We
argue this is possible only because of the morphology of highly
packed tubes. The smallest patterned forests have a pitch of
∼300 nm with a line width of ∼150 nm (Figure 9b). The
morphology appears to be similar to the dense one in 3 min
growth in Figure 6a. We highlight that these are one of the
smallest patterned CNT forest reported thus far.

Figure 8. Schematics of CNT forest growth with Co−Mo catalyst on Ti/Cu supports. (a−f) Possible phenomena related to the growth termination.
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4. CONCLUSION
We have investigated the growth kinetics and growth
mechanism of ultrahigh mass density CNT forests at 450 °C.
Since the forests herein are highly packed, we clearly observe
the morphological changes of the forests with growth time.
After 100 min growth, toward the bottom of the forest, the area
density decreases from ∼3−6 × 1011 cm−2 to ∼5 × 1010 cm−2

and the mass density decreases from 1.6 g cm−3 to 0.38 g cm−3.
This change stems from the structural change of the catalyst
nanoparticles. We observe the sintering of catalyst particles
followed by the increase of the tube diameters. In addition to
this, we observe a detachment of part of the catalyst
nanoparticles which are embedded within the nanotubes.
While these detached catalyst metals cannot catalyze the
growth further as they have lost contact with the carbon source,
the remaining particles grow tubes with smaller diameters. The
progressive detachment of catalyst particles results in the
depletion of the catalyst metals on the substrate surfaces. This
is one of the crucial reasons for growth termination and may
apply to other catalyst systems where the same features are
observed. Using the packed forest morphology, we demonstrate
patterned forest growth with a pitch of ∼300 nm and a line
width of ∼150 nm. This is one of the smallest patterning of the
CNT forests to date.
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