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Plasma-induced alignment of carbon nanotubes
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Uniform films of well-aligned carbon nanotubes have been grown using microwave
plasma-enhanced chemical vapor deposition. It is shown that nanotubes can be grown on contoured
surfaces and aligned in a direction always perpendicular to the local substrate surface. The
alignment is primarily induced by the electrical self-bias field imposed on the substrate surface from
the plasma environment. It is found that switching the plasma source off effectively turns the
alignment mechanism off, leading to a smooth transition between the plasma-grown straight
nanotubes and the thermally grown “curly” nanotubes. The nanotubes grow at a surprisingly high
rate of ~100 nm/s in our plasma process, which may be important for large-scale commercial
production of nanotubes. @000 American Institute of Physid$S0003-695(00)02532-§

Carbon nanotubes are graphitic tubules with nanometereffectively turns off the alignment mechanism and demon-
size diameters and very large aspect ratidiey exhibit  strates the capability of intentionally introducing a smooth
highly anisotropic physical and chemical properties that argunction between the plasma-grown straight nanotube and
attractive for applications in nanoscale devices andhe thermally grown curly nanotube.
technologie€~*To realize their potentials, controlled growth The microwave plasma enhanced CVD system that was
of well-aligned nanotubes is essential. Aligned carbon nanoused to grow the multiwall carbon nanotubes consists of a
tubes have been previously obtained using thermal chemic&l.45 GHz, 5 kW microwave power supply with a rectangular
vapor depositiofCVD) by growing nanotubes on flat sub- waveguide that is coupled to a 6-in.-inner-diameter stainless-
strates of porous silicdrf and within membranes containing steel cylindrical growth chamber and a molybdenum sub-
highly ordered pore§.The alignment mechanism was ex- strate stage with a radio-frequen@y) graphite heater that
plained to be due to the constraint placed on the nanotuballows control of the substrate temperature independent of
growth direction by the pores in the substrate as well as théhe plasma power. A thin film of catalyst metabbaly was
Van der Waals interaction between neighboring nanotubesputter deposited on the substrate surface prior to the CVD
Renet al® found that large>100 nm diametdrnanotubes growth. The sample was then transferred in air to the growth
could be grown in a highly aligned manner using hot fila-chamber and heated to 825 °C in flowing hydrogen at a pres-
ment direct-currentdc) plasma enhanced chemical vapor sure of 20 Torr A 1 kW microwave plasma was then turned
deposition. The nanotubes grown in Ren’s study had catalysin, and the hydrogen environment was completely replaced
particles at the nanotube tips, and the growth and alignmemith a mixture of ammonia and acetylene to start the nano-
mechanisms are not clear. tube growth. Typically, a growing nanotube film can be vis-

Here we report the growth of aligned carbon nanotubegbly seen through a chamber window on the substrate about
using high-frequency, microwave plasma enhanced chemicdlO s after the introduction of acetylene. Total gas flow rates
vapor deposition(MPECVD). The nanotube growth was of acetylene (gH,) and ammonia (Nk) were controlled at
found to always occur perpendicular to the local substrat@00 sccm, and the mass flow ratio ofHG over NH; was
surface regardless of the substrate tilt or shape, with amaried in the range of 10%-30%. Electron microscopy and
extreme-case example of conformal radial growth of nanox-ray diffraction were employed to characterize these nano-
tubes on the surface of a hair-thin optical fiber glass. Thdube films.
ability to quickly and easily grow films of aligned nanotubes ~ The alignment of carbon nanotubes was first demon-
on contoured surfaces will facilitate the use of nanotubes fostrated on flat Si substrates placed in either a vertical or tilted
many technological applications. We show that the alignosition in addition to the normal horizontal position on the
ment is not a result of Van der Waals interactions betweesubstrate stagksee Fig. 1a)]. We found that the nanotubes
neighboring nanotubes, but is primarily induced by the elecalways grow perpendicular to the substrate surfaces regard-
trical self-bias imposed on the substrate surface from théess of the substrate position. Figurégllshows a represen-

microwave plasma. We also show that turning off the plasmdaative scanning electron microscog$EM) micrograph of
such aligned nanotubes grown on a cobalt-codted nm

hick) silicon . i
3Work done as a summer intern at Bell Laboratories. thick) silicon substrate. They are multiwalled nanotubes

bAuthor to whom correspondence should be addressed; electronic maif?0ut 30 nm in diameffer and J;Hn long. The ins_et in Fig.
wzhu@bell-labs.com 1(b) shows the cobalt islands which formed during the tem-
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FIG. 1. (a) Schematics showing the perpendicular alignment of nanotube

growth regardless of the substrate positits. An SEM image that shows FIG. 2. (8 An SEM micrograph showing the radially grown nanotubes on
the growth of well aligned nanotubes. The inset shows the cobalt islands thdke surface of a 12mm-diam optical fiber.(b) A close-up micrograph
formed prior to the nanotube growtfc) SEM images showing patterned showing the conformally perpendicular nature of the nanotube growth on
nanotube growth as a result of patterning the cobalt catalyst prior to théhe fiber.(c)—(f) are examples of nonplanar, complex surfaces where nano-
growth. tubes can be conformally grown perpendicular to the local surface.

perature ramp-up before the introduction of acetylene, andlign with the field direction, an energetically most favorable
which served as the nanotube nucleation sites and dictateafientation. This is similar to the electrostatic deflections of
the density of nanotubes. The nanotube-to-nanotube distang@notubes demonstrated by Ponchaiahl!* We estimate
corresponds to the spacing between the cobalt islands, whidhat, for a cold microwave plasma of ammonia and acetylene
was measured to be about 150 nm on average. This corrélixture at 1 kW input power and 20 Torr pressure, the self-
sponds to a density of 4410° nanotubes/cfa We note that  bias potential is on the order of 10 V. This potential is esti-
the spacing of our catalyst islands is larger then that reportethated to drop across a plasma sheath of about 490
for other growth method%® The growth rate was surpris- generating an electric field perpendicular to the substrate
ingly high (~100 nm/$, with the entire growth of the 1am  with a magnitude of 0.1 \iim in the vicinity of the surface.
length taking only 2 min. Such a high growth speed forFurthermore, since the self-bias potential is proportional to
nanotubes may be important for successful commercializthe mass of the iongV = (kT¢/2e)In(m/2.3m,) ],*® wherek
tion of nanotube applications. No cobalt particles were obis Boltzmann’s constant, is the electron temperature,is
served at the nanotube tips with SEM. X-ray diffraction stud-the charge of the electron, amd and m, are the mass of
ies with an area detector, similar to those performed by Jifons and electrons, respectively, the use of relatively heavier
et al.® showed that the nanotubes were aligned to within 8&mmonia plasma is helpful in establishing a stronger local
deg of the surface normal. The cobalt catalyst could be pafield at the surface, compared with other types of much
terned by photolithography or shadow mask, allowing thdighter-mass plasmas such as a hydrogen plasma. This could
growth of nanotubes in selected areas. As shown in F@, 1 explain why others have grown randomly oriented nanotubes
the aligned nanotubes only grow in the areas where cobalh a similar MPECVD system using hydrogen based
was present, with no nanotubes seen on the bare Si surfaggasma->*3 A recent letter by Murakamet al** did show
This remarkable tube alignment was obtainable onlyaligned nanotube growth using a hydrogen-based plasma, but
from the plasma environment, because a thermal procedbe degree of alignment was not reported.
alone under otherwise identical conditions yielded randomly  Exploiting the perpendicular nature of the self-induced
oriented curly nanotubes of similar diameter. This suggestfeld near the surface, we then successfully grew aligned
that the nanotube orientation is influenced by the self-biasanotubes on a variety of contoured surfaces. A striking ex-
potential established on the immersed substrate surface in tlaenple, as shown in Figs(& and 2b), is that aligned nano-
high frequency plasma, the field line of which is invariably tubes can be grown on the circumferential surface of a hair-
terminated perpendicular to the surfdfeThe electrostatic thin, telecom-grade SiQoptical fiber with about 125:m in

force would force these one-dimensional tubular structures tdiameter. Each nanotube is seen pointing radially outward
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(a) (b) ciated with the plasma environment. If the alignment was
: due to Van der Waals forces or steric hindrance between
closely packed nanotubes, the growth would have continued

in an aligned manner after the plasma was turned off.

Plasma CVD The ability to control the nanotube alignment mecha-
nism could be of profound importance for building useful
device structures with nanotubes. Here, we have shown that

Thermal CVD by turning on or off the plasma source, which essentially

switches on or off the alignmeiite., linear growth mecha-

nism, we can controllably grow either straight or curly nano-
tubes in a repeated manner. One can envision that finer and
optimized control of the growth environment could lead to
the ability to controllably introduce a desired junction-type

- : i defect at the physical junction of a straight and curled nano-
Thermal CVD MPECVD tube at any selected location along the length of the nanotube

FIG. 3. (3 An SEM mi h andb) a schematic showing th oy by pulsing the plasma on or off. The introduction of these
.3.(@ An micrograph andb) a schematic showing the straig ; P ; ; ;
curled nanotube structure produced by an alternating plasma and thermlallInCtlon type defects often accompanies changes in electrical

process(a 2 min plasma process followed by a 70 min thermal pracess Properties such as in e!eCtricaﬂ resistivity an'd bandbapa
indicating both the field induced alignment effect and the base growthresult, they could function as important device nodes such as

mechanism(c)_is a TEM micrograph showing a bundle of nanotubes with metal—semiconductor intramolecular juncti&ﬁé?he ability
the upper portion straight and the lower portion curled. to deliberately introduce junction-type defects along the
length of otherwise defect-free nanotubes provides a practi-

and perpendicular to the surface. This is another demonstraa| means to grow such carefully designed structures for po-
tion of the role of the local electric field played in the nano-tential active molecular-level devices.

potentially useful structures, in which aligned nanotubes argligned carbon nanotubes using microwave plasma enhanced
grown on geometrically different types of surfaces, as scheghemical vapor depositiofMPECVD). The nanotubes are
matically illustrated in Figs. @)—2(f). These configurations grown always perpendicular to the local substrate surface
include surfaces of a concaved electrode, sptresembling  regardiess of the surface tilt or shape. The electrical self-bias
a sea urchiy concentric hollow cylinder(both inner and  jmposed on the substrate surface appears to be the primary
outer surfaces and parallel plates, each having importantwechanism responsible for the conformal alignment. We
advantages in a number of devices. For example, aligneghow that by turning off the plasma source, which effectively
nanotubes grown on a concave-shaped cathode surface Wil|rns off the alignment mechanism, a smooth transition can
have electron beam self-focusing effects during field emisye introduced at the physical junction between a plasma-

sion. Nanotubes grown on the outer surface of a sphergyown straight nanotube and a thermally grown curly nano-
round rod, or cylinder can be used more effectively as g,pe.

radially emitting electron source for possibly generating ra- _
diative x rays for tumor treatments. Nanotubes grown on 1he authors thank the technical help from G. Kammlott
parallel plates, concentric cylinders, or a rod-cylinder com<SEM), H. Krautter (XPS), and K. Evans-Lutterodtx-ray

bination may be utilized as high-surface-area electrochemicdliffraction). The authors also wish to acknowledge D. J.
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