Growth and characterization of aligned carbon nanotubes
from patterned nickel nanodots and uniform thin films
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Microstructures of well-aligned multiwall carbon nanotubes grown on patterned nickel
nanodots and uniform thin films by plasma-enhanced chemical vapor deposition have
been studied by electron microscopy. It was found that growth of carbon nanotubes on
patterned nickel nanodots and uniform thin films is different. During growth of carbon
nanotubes, a nickel particle sits at the tip of each nanotube, and its [220] is
preferentially oriented along the plasma direction, which can be explained by a
channeling effect of ions coming into nickel particles in plasma. The alignment of
nanotubes is induced by the electrical field direction relative to substrate surface.

. INTRODUCTION

Individual single-wall carbon nanotubes (SWNTs) and
multiwall carbon nanotubes (MWNTSs) have been dem-
onstrated to be excellent electron emitters due to their
large aspect ratio, high chemical stability, and small end
radius.' However, there has been no successful align-
ment of single-wall individual or bundle nanotubes. For-
tunately, the growth of large arrays of well-aligned
MWNTs in an area up to inches in dimension has been
achieved on glass,® nickel,” and silicon® by plasma-
enhanced chemical vapor deposition (PECVD), and on
silica,” porous silicon,'” and porous alumina'''? by
chemical vapor deposition. However, the emission prop-
erty of these arrays is not satisfactory, which is probably
due to the high site density (>10°/cm?) leading to small
electrical enhancement at the tips. A site density of about
107/cm? has been calculated to be the right number for
optimal electron emission properties in the sense of both
emission site and current density.'? The growth of arrays
of well-aligned freestanding MWNTSs with sharp tips and
controlled diameter, length, and site spacing has been
achieved through PECVD. This method provides a new
approach for obtaining optimal emitter density of carbon
nanotubes.

For the aligned MWNTSs grown on a uniform Ni layer,
a catalyst particle at the tip of each nanotube was ob-
served.®® Furthermore, the particle had a preferential
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orientation relative to the catalytically active surface,'*
which was explained by a model that Ni surfaces except
(220) will be quickly covered up and the only exposed
surface is the catalytically active (220) surface. The au-
thors also attributed the alignment of the subsequent car-
bon nanotubes to the catalytically active surface
mechanism. If the catalytically active surface mechanism
is correct, then orientation of aligned nanotubes should
not be affected by plasma direction. However, recent
observation of a titled growth of aligned MWNTSs arrays
by changing direction of direct current (dc) plasma,® fur-
ther confirmed by microwave plasma,'> suggested that
the catalytically active surface mechanism is not com-
pletely correct. In this paper, we report the studies on the
growth and microstructural characterization of aligned
MWNTs from patterned nickel nanodots and uniform
thin films grown by PECVD. The preferential orientation
of Ni particles was found because of the channeling ef-
fect, and the alignment of MWNTSs was found due to the
electrical field direction relative to the substrate surface.

Il. EXPERIMENTAL

Synthesis of such aligned MWNTs from patterned
nickel nanodots and uniform thin films begins first with
patterning of thin film nickel (Ni) on a p-type boron-
doped 9.5 Q-cm (100) silicon substrate.®'® Then a bi-
layer e-beam resist was patterned by electron beam
lithography to open a small window for nickel nanodot
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deposition. A thin Ni layer of 15 nm was deposited by
electron beam evaporation. The final Ni pattern remained
after resist/film liftoff in acetone. Finally, the patterned
substrate was loaded into a PECVD system with a base
pressure below 107° torr. Growth was performed at a pres-
sure of 1-10 torr with a mixture gas of acetylene: am-
monia of 40:160. The growth time was about 5 min, and
the sample temperature was estimated below 600 °C be-
cause no obvious deformation occurred when commer-
cial glasses with strain points of 500 to 590 °C were used
as substrates.

Cross-sectional transmission electron microscopy
(TEM) sample preparation was as follows: The as-grown
film with aligned single freestanding nanotubes was pen-
etrated with a mixture of M-Bond 610 epoxy resin (South
Bay Technology, CA) and acetone to provide mechanical
stiffness. The sample was first mechanically ground
close to an array of the carbon nanotubes by a tripod (a
precise grinding tool), then thinned from another side to
about 10 wm thick. During the ion milling process, the
ion beam emitted from only the substrate side such that
the tip structure was prevented from direct ion milling.
To investigate cross-sectional microstructures of an
array of single freestanding MWNTSs with a diameter of
about 200 nm and spacing of about 2 wm, one has to
finish ion milling exactly on the array of MWNTs. A
cross-sectional TEM sample preparation method, which
enabled us to be able to obtain large area and precise
control of the final ion polishing by color fringes, was
employed.'” Before the sample was ion milled to elec-
tron transparency, frequent checking under TEM was
conducted to finally reach the array of single freestanding
carbon nanotubes. TEM and scanning electron micro-
scopic (SEM) studies were carried out on a JEOL 4000
EX (Tokyo, Japan) transmission electron microscope op-
erating at 400 keV and a JEOL 6340 FEG scanning elec-
tron microscope, respectively.

lll. RESULTS AND DISCUSSION

Our early report shows that synthesis of large arrays of
well-aligned MWNTs was achieved by PECVD on a
large-area uniform catalytic Ni layer.®~® To investigate
the hollow nature of the aligned MWNTs, a film of
aligned MWNTs grown on a large area Ni layer was
filled by M-Bond epoxy resin and then ion milled at a
graze angle with respect to the film surface till MWNTSs
were exposed. Figure 1 shows a SEM top-view image of
such an ion-milled sample. Three types of image contrast
were observed in Fig. 1: (i) full bright circle marked by
A, indicating that the nanotube was not exposed yet; (ii)
bright circle with a dark spot at the center marked by B,
indicating that the Ni particle at the tip was completely
milled away; and (iii) gray circle with a bright spot at the
center marked by C, indicating that the upper part of

FIG. 1. Top-view SEM image of well-aligned MWNTs grown on a
large area Ni layer. The film was filled by epoxy resin and then ion
milled at a graze angle with respect to the film surface. The average
site density is around 5 x 10%/cm? Three types of image contrast
marked by A, B, and C are explained in the text.

the Ni particle was milled away with the lower part still
remaining at the tip. The distances between MWNTs are
200 nm on average. They correspond to a site density of
5 x 10%/cm?, which is too high compared to the optimal
site density for field emission.

It is known that carbon nanotubes grow only with Ni,
Fe, or Co catalysts. This implies that growth of an array
of single freestanding MWNTSs becomes possible if a
large-area Ni layer is patterned into nanodots.'® Figure 2
shows SEM side-view images of the aligned MWNTSs
from patterned nickel nanodots and uniform thin film.
Figure 2(a) is a low-magnification SEM image showing
an arrangement of different patterning dimensions of
polycrystalline Ni on a Si substrate. Ni film is imaged as
white contrast in this image. Figures 2(b), 2(c), and 2(d)
show high-magnification images of aligned MWNTs
grown on areas corresponding to the right large white
area, one of the patterns in the top two line patterns, one
of the patterns in the bottom line patterns, respectively, in
Fig. 2(a). The structure of single freestanding MWNT as
seen in Fig. 2(d) accurately reflects the spacing of the
lithographically patterned Ni dots. This enables us to be
able to control the site density of single freestanding
MWNTs. A variation in the height is observed while the
base diameters are approximately uniform. The variation
in height is probably due to a nonuniformity of the ac-
tivity of nickel nanodots, which can be improved by thor-
ough cleaning after the resist liftoff. The base diameter
can be tuned by changing the dimension of patterned Ni
dots as discussed later.

The Ni dots’ diameter is around 200 nm as shown in
Fig. 2(d) while the dimension of other patterns of Ni
layer is over 10 pm. All carbon nanotubes are well
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(a)

(b)
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FIG. 2. (a) Low-magnification SEM image showing an arrangement of different patterning dimensions of polycrystalline Ni on a Si substrate.
(b,c,d) High-magnification images of aligned standing carbon nanotubes grown on areas corresponding to the right, the left up, and the left bottom
parts in (a). Ni particles can be observed on nanotubes grown on a large area Ni layer shown in (b) and (c). Tips of single freestanding nanotube
on nickel nanodots are sharp and tapered, and Ni particles were not observed by SEM as shown in (d).

aligned and perpendicular to substrate surfaces in this
case. From this figure, we found that growth of carbon
nanotubes on nickel nanodots was different from that on
a large area Ni, depending on the pattern dimension of a
Ni layer. Nanotubes grown on a large-area Ni layer
shown in Fig. 2(b) are longer with uniform diameter
from the bottom to the tip. Ni particles can be found at
tips of these nanotubes. However, nanotubes grown on
nickel nanodots shown in Fig. 2(d) are shorter and their
tips are sharp. No Ni particles can be observed on
these tips in the SEM image.

An array of single freestanding MWNTs are charac-
terized by cross-sectional TEM to understand micro-
structures of the tip, the middle part, and the interface
between substrate and nanotube. Figure 3 shows a cross-
sectional TEM image of an array of single freestanding
MWNTs in a low magnification. The length of MWNTs
are in the range of 8 to 10 wm. All single freestanding
MWNTs taper at the tip as shown in Fig. 4(a). This is
distinct from the early observation of a flat tip grown on
large-area uniform Ni layer.°™® Fig. 4(b) shows a high-
resolution transmission electron microscopic (HRTEM)
image of a single freestanding MWNT tip. The number
of walls is less than 10 at the tip. The radius of the
curvature at the tip is about 2 nm. All tips of freestanding
MWNTs imaged are capped by a graphitic dome. At each
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FIG. 3. Cross-sectional TEM image of an array of single freestanding
MWNTSs in low-magnification.

tip of single freestanding MWNT, one can always find an
encapsulated single-crystalline Ni cylinder with a diam-
eter of about 10 nm. Composition analysis by energy-
dispersive x-ray spectroscopy with a small probe shows
that the particle is Ni. Nanodiffraction on the Ni particle
shows that its orientation along the nanotube axis is
[220]. One of {222} lattice fringes can be seen in the
HRTEM image shown in Fig. 4(b).
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FIG. 4. (a) Large-magnification image of the single freestanding nanotube shown in Fig. 2(d). A sharp tip can be observed. (b) Cross-sectional
HRTEM image of a single freestanding nanotube tip. A single-crystalline Ni cylinder with its [220] axis oriented along the nanotube axis (diameter
of about 10 nm) is encapsulated. Diameters of graphitic dome and Ni tip are about 3 and 8 nm, respectively. Lattice fringes in the center of (b)
correspond to (222) planes of the Ni particle.

(a) (b)

FIG. 5. (a) Typical low-magnification dark-field (002 reflection of the nanotube) image of a MWNT tip grown on large area Ni layer. The Ni
particle shows a drill shape with a relatively flat top of a (220) plane. (b) Several facets of the Ni particle are indexed.
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Microstructures of Ni particles and MWNTSs grown on
a large-area Ni layer were also investigated by cross-
sectional TEM. Figure 5(a) shows a dark-field TEM im-
age of the tip structure of a MWNT grown on a large area
Ni layer using diffraction (002) of the MWNT. Most of
the Ni particles situated on the top of MWNTs on a large
area Ni layer show a drill shape with a relatively flat top.

(a)

-

/(b)

This is consistent with SEM images shown in Figs. 2(b)
and 2(c) and the results observed by Kuang et al.'* Na-
nodiffraction of these Ni particles shows that the flat top
surface is (220). Several facets of the Ni particle on the
right MWNT are indexed as shown in Fig. 5(b). There-
fore, Ni particles are preferentially [220] orientated along
the tube axis. No graphitic layer was observed on (220)

/g
'

(c)

FIG. 6. (a) Schematic diagram of a focus effect of the coming bombardment ions at nickel nanodots. The local temperature at nickel nanodots
is slightly higher than that on a large-area Ni layer. (b,c) Schematic diagrams of different growth modes of MWNTs with large faceted Ni particles

and small Ni particles, respectively.
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faceted surface, indicating the (220) surface is catalyti-
cally active and the diffusion rate of carbon atoms on it
is high, as pointed by Kuang et al.'*

Different growth of MWNTSs on a large-area Ni layer
and nickel nanodots may result from the plasma heating
effect. The voltage applied on dc plasma is concentrated
in a thin layer near the surface of sample since the plasma
is electrically conductive. The distribution of voltage
drop on a large-area Ni layer and nickel nanodots is
different. It can focus the coming bombardment ions at
nickel nanodots and then enhance the local temperature
at nickel nanodots.'® This is schematically shown in
Fig. 6(a). It is often observed that two walls imaged on
both side of MWNTSs grown on a large-area Ni layer are
not parallel with each other, with a tilt angle of less than
a few degrees. Therefore, “bamboo” structures are often
observed. But single freestanding MWNTs are free from
such defects. The difference may be due to the different
catalyst size and local temperature. Faceted Ni particles
may easily result in a cone-type graphitic structure as
schematically shown in Fig. 6(b). When the growth tem-
perature is high, a nanotube grows as a prefect structure
as shown in Fig. 6(c). There are no graphitic layers on the
Ni particles at tips of MWNTs grown on a large-area Ni
layer while single freestanding nanotubes are capped.
This could be explained by the fact that the Ni particles
at tips of MWNTSs grown on a large-area Ni layer are
(220) faceted as discussed above. One more possible rea-
son is that Ni particles at nanotube tips on a large-area Ni
layer are so large that Ni particles can not be capped.

The reason why most of Ni particles are [220] oriented
along the applied dc plasma direction could be explained
by a channeling effect in the plasma. In the Ni crystal
with a face-centered cubic structure, Ni atoms are close-
packed along the [220] axis, so [220] is the channeling
direction of the Ni crystal. During the growth, Ni par-
ticles preferentially orient their channeling direction
[220] along the direction of coming ions in the dc plasma
to minimize the interaction energy between bombard-
ment ions and Ni particles.'® This is the same principle as
that used in ion-beam-assisted deposition to biaxially
align buffer layers for YBa,Cu;O; films on nonepitaxial
substrates.*’

From the results described above, one can see that
MWNTs are perpendicular to the substrate surface plane
and Ni articles are preferentially [220] orientated along
the tube axis. To understand the alignment mechanism
for both MWNTs and orientation of Ni particles, the
substrate was tilted away from the applied dc plasma. It
was found that MWNTs grow along the applied dc
plasma direction as reported previously.® Ni particles
at the tips of these MWNTs also orient the [220] axis
along the applied dc plasma direction. This further con-
firms the orientation mechanism of Ni particles by
plasma. Figure 7 shows a SEM image of MWNTSs grown

on a tungsten filament coated by a thin Ni layer. Most
MWNTs are aligned along the dc plasma direction even
at two sides of the wire. It is different from the reported
result that MWNTs synthesized under microwave plasma
grow perpendicular to the local surface.'” The difference
may result from different bias voltage of dc plasma and
self-bias voltage of microwave plasma. Local electrical
field is always perpendicular to local surface at substrate,
especially in the case of low bias voltage (around 10 V)
such as in microwave PECVD. High bias voltage (around
300 V) in the dc plasma case results in electrical field
roughly parallel to the macroscopic electrical field, the
applied dc plasma direction, as soon as it is slightly away
from substrate surfaces. During the growth, carbon nano-
tubes are forced to align along local electrical field
direction by the electrostatic force caused by bias volt-
age.'>?! Moreover, Ni particles at the tips of nanotubes
behave as an “umbrella” to protect MWNTSs from the
bombardment of coming ions, in the case of large bias
voltage and a tip growth mode.

Microstructures at the interface between the bottom of
freestanding MWNT and silicon substrate were also in-
vestigated by cross-sectional TEM. Figure 8(a) shows a
low-magnification cross-section TEM image of a free-
standing nanotube at the bottom. A stage on the substrate
surface can be always found underneath each single free-
standing MWNT. Its diameter is approximately the same
as that of nanotube at the bottom. The outside diameter of
a single freestanding MWNT at the bottom is approxi-
mately the same size of patterned nickel nanodots, which
makes possible of growth of arrays of well-aligned
MWNTs with smaller diameter when the patterning Ni
dots are smaller. Nano-size probe energy dispersive x-ray
analysis indicates that the stage is just one part of silicon

FIG. 7. SEM image of MWNTSs grown on a tungsten filament coated
by a thin Ni layer. Most MWNTs grow along the dc plasma direction
instead of the substrate surface, even at two sides of the filament.
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(b)

Substrate

FIG. 8. (a) Cross-sectional TEM image of the bottom of a single freestanding nanotube. The size of the stage on the Si substrate is the same as
the diameters of nanotubes. No Ni particles are observed at the bottom of nanotube. The change in curvature of up-opened dome structures can

be seen in (a) and is schematically shown in (b).

substrate instead of a Ni particle. Since the substrate
surface was smooth before the growth of nanotube, the
stage was presumably formed due to plasma etching.
Nickel has never been found directly on the silicon sur-
face. The smooth substrate surface at the stage indicates
no reaction between Ni and substrate Si due to low
growth temperature, which is different from the result of
Bower et al. due to high growth temperature.>* Graphitic
layers are formed underneath Ni film and lift Ni film
from substrate surface. In Fig. 8(a), one can see curved
white lines and bands which correspond to stacking
space between graphitic up-opened domes. As schemati-
cally shown in Fig. 8(b), graphitic layers above the stage
surface are flat and parallel to the substrate surface. As
the spacing between dome and silicon surface in-
creases, the flat graphitic layers gradually change into
up-opened dome. The curvature of these up-opened
dome structures become smaller, finally they change into
hollow nanotubes above about 300 nm over the silicon
substrate surface. The process that graphitic layers
change from flat graphitic disks into up-opened dome
structure and finally nanotube structure just reflects the
Ni cylinder formation process from Ni thin film.

IV. SUMMARY

In summary, microstructures of aligned nanotubes and
aligned single freestanding nanotubes were studied by
electron microscopy. Microstructural studies showed that

the growth of arrays of freestanding MWNTs with ex-
tremely sharp tips (2-nm radius), controlled diameter,
length, and site spacing (1 and 2 wm) was achieved. It
was found that the growth of MWNTSs grown on a large-
area Ni layer and on nickel nanodots is different, which
might result from a local temperature difference at nickel
nanodots and a large area Ni layer. A focusing effect of
the coming bombardment ions at nickel nanodots is a
possible reason for the enhancement of the local tem-
perature. Most of the Ni particles at tips of MWNTs
grown on a large area nickel layer and nickel nanodots
were found to be [220] preferentially oriented. This may
result from a channeling effect of ions coming into Ni
particles in the dc plasma. The alignment mechanism of
carbon nanotubes is suggested mainly due to electrical
field at the local substrate surface, which is parallel to
applied dc plasma direction in the case of large bias
voltage.
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