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ABSTRACT

| Highly-oriented, mﬁlti-walled carbon nanotubes were groWn on polished polycrystalline
and single crystal nickel substrates by plasma enhanced hot filament chemical vapor deposiﬁon
at temperatures below 666°C. The carbon nanotubes range from 10 to 500 nm in diameter and
0.1 to 50 pum in length depending on growth conditions. Acetylene is used as the carbon source
for the growth of the carbon nanotubes and ammonia is used for dilution gas and catalysis. The
plasma intensity, acetylene to ammonia gas ratio and their flow rates, etc. affect the diameters

and uniformity of the carbon nanotubes.
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Following the first reported observation of carbon nanotubes [1], numerous papers have
reported studies on the yield of carbon nanotubes, their diameter and wall thickness [2-6], growth
mechanisms [2,7,8], alignment [6,9], electron emission properties [10-14], nanodevices [15],
theoretical predictions [2], and potential applications [2]. Nanotube alignment is particularly
important to enable both fundamental sfudies and applications, such as flat panel displays,
vacuum microelectronics, chargeable batteries, etc. However, only one report exists on the
growth of aligned carbon nanotubes by thermal decomposition of acetylene in nitrogen gas at
temperature above 700°C on mesoporous silica containing iron nanoparticles [6] before our
report on growth of large arrays of well-aligned carbon nanotubes on glass [16]. Here we report
the growth of highly-oriented, multi-walled carbon nanotubes on nickel substrates at low
temperatures by the same method (plasma enhanced hot tungsten-filament chemical vapor
deposition) described in our previous paper [16]. The motivation to grow carbon nanotubes on Ni
substrates is for the applications of using carbon nanotubes as battery electrodes and energy
storage. We use acetylene (C,H;) to provide carbon for the growth of the carbon nanotubes and

ammonia (NH3) gas for both dilution gas and catalysis. The catalytic role of ammonia is

discussed in our previous paper [16].

The base pressure of the deposition chamber is < 6 x 10° Torr. We grew carbon
nanotube films in a pressure of 1 — 20 Torr maintained by flowing acetylene and ammonia gases
with a total flow rate of 120 — 200 sccm. We varied the acetylene-to-ammonia volume ratio from
1: 2 to 1:10 for different experimental runs. Both polished polycrystalline and single-crystal Ni
substrates were used. After stabilizing the working pressure, the tungsten filament coil powered
by a DC source and the plasma-generator were turned on to generate heat and plasma. Under the
present experimental set-up, the temperature of samples is estimated to be below 666 C (which is
the strain point of the display glass provided by Corning Inc.) since the display glass sit side by
side with the Ni did not show any noticeable deformation after the experiments [16] and also Ni
is not red-hot by visual observation. Growth durations were from 10 min to 5 h depending on the
desired carbon nanotube lengths. Samples were examined by scanning electron microscopy
(SEM, Hitachi S-4000) to measure tube lengths, diameters, site distributions, alignment, density

and uniformity. High-resolution transmission electron microscopy (TEM) was used to determine




the microstructure of individual tubes. Samples were also examined by x-ray diffraction, Raman

spectroscopy, and x-ray photoemission spectroscopy to study the structure, crystallinity,

* composition, and central core and tube wall structures.

Figure 1(a) is an SEM micrograph showing the alignment of carbon nanotubes grown on
polycrystalline Ni. Growth conditions are described in Table 1(a). Clearly, the carbon nanotubes
are oriented perpendicular to the substrate surface and are quite uniform in height. Note that the
carbon nanotubes do not grow well along the Ni grain boundaries, shown by the two empty
tracks running from upper left and from upper right down to bottom, which is due to the fact that
grain boundaries do not have enough Ni as catalysis. Fig. 1(b) is a higher magnification image of
an area within a single Ni grain and clearly shows that the distribution uniformity within these
grains is reasonably good. However, there exists a wide distribution of carbon nanotube
diameters ranging from 60 - 500 nm. Fortunately, the uniformity in both diameter and site

distributions can be controlled via the growth conditions.

Figure 2 is an SEM micrograph showing carbon nanotubes grown on polycrystalline Ni '
under a different condition as described in Table 1(b). The tube diameter is smaller and its
distribution is narrower, ranging from 200 to 300 nm. This difference results mainly from
increasing the plasma intensity. The increase of plasma intensity apparently reduced the catalytic
Ni particle size. Smaller Ni particles result thinner carbon nanotubes. Based on this observation,
we further increased the plasma intensity in an ensuing experiment. The growth conditions are
listed in Table 1(c). In order to keep the substrates at low temperature, the filament current was
reduced from the usual 9 to 6 amperes. Figure 3 is an SEM micrograph showing the carbon
nanotubes grown under these conditions. This further increase in plasma intensity results in two
structural changes. First, there is a substantial decrease in the average tube diameters from ~ 250
nm as shown in Fig. 2 to ~ 100 nm as shown in Fig. 3. Second, the tube lengths increase
dramatically. This high growth rate is very attractive for the potential large-scale production of

carbon nanotubes with long lengths. Finally, we note that when the diameters are < 20 nm, the

tubes are less straight than for those with diameters > 50 nm [16]. The good alignment of carbon




nanotubes on glass [16] and silicon [17] will be very important to the development of cold-

cathode electron emitters for applications such as flat panel displays, microelectronics, etc.

Finally, we performed TEM analysis on the carbon nanotubes to determine whether or not
these film structures are truly carbon nanotubes, as opposed to carbon fiber-like structures.
Samples with carbon nanotubes grown to several microns in length were easily scraped off a
nickel substrate directly onto a copper TEM grid for analysis. Fig. 4 shows a typical image
obtained for these carbon nanotubes. The disorder is due entirely to the random process of
nanotube collection on the TEM grid. The dark spot at the end of each structure is a small ball of
Ni that appears to cap each tube. This image is typical to those reported elsewhere demonstrating
carbon nanotube structure [2,3]. Nevertheless, the insert to fig. 4, a high-resolution image of a
portion of a typical carbon nanotube structure, is more convincing. The width of this tube is ~ 30
nm and represents a highly defected multi-walled structure with a hollow center. The fringes on
each side of the tube identify individual cylindrical graphitic layers. This particular carbon
nanotube is a structure with approximately 15 walls of graphitized carbon. Both the angular bend
in the structure and the appearance of carbon walls running across the diameter of the nanotube
demonstrate structural defects suggestive of twisting of the nanotube structure. The lack of
fringes inside the nanotube, as well as the lighter contrast compared to the nanotube walls,

indicates that the core of the structure is hollow.

In summary, we synthesized large-area highly-oriented carbon nanotubes at temperatures
below 666°C by plasma-enhanced hot filament chemical vapor deposition. Acetylene gas is used
to provide carbon for nanotube growth and ammonia gas is used for dilution and catalysis [16].
Plasma intensity is critical in determining the nanotube aspect ratios (diameter and length), and

range of both site and height distributions within a given film.
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Table 1. Growth conditions for the nanotube films shown in Figs. 1(a) and 1(b), Fig. 2, and Fig.
3

C,H,/NH; Filament Current Plasma Intensity Growth Time

(sccm / sccm) (amperage, A) (amperage / voltage / watts) (minutes)

(a): For Figs. 1(a) and 1(b)

20/100 9 0.09 /460 /50 90
(b): For Fig. 2

80/160 9 0.2/640/140 25

(c): For Fig. 3

40/ 80 0.3/700/220




Fig.1.

Fig. 2.

Fig. 3.

Fig. 4.

Figure Captions

(a) SEM micrograph shows alignment of carbon nanotubes grown on a large-area of
polycrystalline Ni substrates. Note that the carbon nanotubes grow well inside each grain,
but not along the grain boundaries. (b) A magnified view of 1(a) to show the diameter
size and distribution, height uniformity, density, etc. The tube diameters range from ~ 60

to 500 nm. The density is about 10® nanotubes / mm>.

SEM micrograph of carbon nanotubes grown at a higher plasma intensity under the
conditions listed in Table 1(b). The diameter uniformity is substantially narrowed and the
average diameter size is reduced. Most of the tube diameters are ~ 250 nm. The density

increased to 4 x 10° nanotube / mm?, about 4 times higher than that shown in Fig. 1.

SEM micrograph shows.that carbon nanotubes with higher aspect ratios are synthesized
using a higher plasmav.intensity than that used for the sambles in Fig. 2. The length of the

carbon nanotubes is at least 10 pm and the diameters are < 100 nm.

TEM micrograph shows a cluster of carbon nanotubes scraped off a Ni substrate directly
onto a Cu TEM grid. The insert is a high-resolution TEM cross-section image from a

portion of a single multi-walled carbon nanotube structure.
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Fig. 4
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