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Patterned growth of freestanding carbon nanag)lm submicron nickel dé$) on silicon has been
achieved by plasma-enhanced-hot-filament-chemical-vapor depo@ioiiF-CVD). A thin film

nickel grid was fabricated on a silicon wafer by standard microlithographic techniques, and the
PE-HF-CVD was done using acetylene,(5) gas as the carbon source and ammonia {N&$ a
catalyst and dilution gas. Well separated, single carbon nanotubes were observed to grow on the
grid. The structures had rounded base diameters of approximately 150 nm, heights ranging from 0.1
to 5 um, and sharp pointed tips. Transmission electron microscopy cross-sectional image clearly
showed that the structures are indeed hollow nanotubes. The diameter and height depend on the
nickel dot size and growth time, respectively. This nanotube growth process is compatible with
silicon integrated circuit processing. Using this method, devices requiring freestanding vertical
carbon nanotulie) such as scanning probe microscopy, field emission flat panel displays, etc. can
be fabricated without difficulty. ©1999 American Institute of Physid$§0003-695(99)03634-1

Selective positioning and growth of carbon nanotgpbe applications involving electron field emission since the struc-
is necessary for future integration with conventional micro-tures are aligned atop the patterned film and terminate in
electronics as well as the development of novel devicessharp points. This process could also be extremely useful in
Limited progress has been reported in the controlled placethe fabrication of scanning probe microscopy tips terminat-
ment of nanotubés® since the first observation of carbon ing in carbon nanotubes, since growth of the nanotubes di-
nanotubed. Specifically, vertical alignment has been an im- rectly on the tip would be preferable to manual placenteht.
portant goal due to its technological importance for applica-  Thin film nickel (Ni) patterns were fabricated on a
tions such as scanning probe microscopy and field emissiofrtyPe boron doped 9.8 cm (100 silicon substrate by elec-
flat panel displaySFEDS. Attempts to manipulate nano- tr_on beam Iithograp_hy and metal evaporation. We_ used a
tubes for these applications have been made by postgrowfjlayer e-beam resist5% 100 MW (molecular weight
methods such as cutting a polymer resin—nanotub&VMA (polymethylmethacralajecapped by 2% 950 MW
composité, or drawing a nanotube-ethanol suspension”MMA) that was patterned with a JEOL J6400 scanning
through a ceramic filtet Because these techniques are diffi- eleptron mmroscopéSI_EM) conv_erted for I|thqgraphy. The
cult and labor intensiven situ aligning of nanotubes during reS|s_t was developed |r.1 a solution of methy| |sobutyl_ketone
growth using means such as laser etched tfacksl the and isopropyl alcoho(3:1). Subsequently, 150 A of Ni was

nanopores of porous alumina membrdnbave been at- deposited by electron beam evaporation. The final Ni pattern

tempted. Alianed arowths of carbon nanotubes have beeF}emained after resist/metal liftoff in acetone. The patterned
pted. AAlIg 9 . Substrate was loaded into a plasma-enhanced-hot-filament-
produced by chemical vapor depositig@VD) on mesopo-

CVD) system described previousfy*?with a base pressure
rous silica with imbedded iron particlésThe growth of ( ) sy P y P

i below 10 ® Torr. Growth was performed at a pressure of
large arrays of well aligned carbon nanotubes has been dem-_15 Torr with an acetylene ammonia mixture of 40:160

onstrated on glass,on nickel;* and on S'“Cor?l'z'l_g_ (standard cubic centimeter per minute, both acetylene and
Here we report the growth of an array of individual mul- 51, monia were highly purified with a minimum purity of
tiwall carbon nanotubes onto a grid of patterned metal. Pregg 9994, The growth time was about 5 min, and the sample
viously, researchers have investigated arrays of carbon nangsmperature during growth was below 660%C.
tubes for applications such as cold-cathode flat panel Figure 1a) is a SEM micrograph of tubes grown on a
FEDs*'® and vacuum microelectronic sourc&s!’® The |arge (~0.25 mn?) Ni pad near the grid, and have a mor-
growth process described here is selective and relevant fgshology similar to those previously obsen®dThe region
shown in the picture is the edge of the Ni pad; the absence of
“Author to whom correspondence should be addressed. Electronic mai"OWth in the foreground of the picture indicates selective
renzh@bc.edu growth on the Ni and not on the Si substrate. These tubular-
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series of SEM micrographs showing the growth of single
multiwall carbon nanotubes on each dot of an array-@D0
nm nickel dots. Figures(a), 2(c), 2(e), and Zf) were taken
at an inclined angle, and Figs(t2 and 2d) are top views
taken normal to the substrate. Figurda)2and 2b) demon-
strate selective growth of the carbon structures on the multi-
ply repeated array patterns. The grown structures accurately
reflect the spacing and periodicity of the lithographically pat-
terned Ni dots. Figures(2) and Zd) were taken at a higher
magnification and show the repeated array pattern where the
nanotubes are spaced eithepth apart(left) or 1 um apart
(right). The sharp, tapered tips observed in the higher mag-
nification SEM micrograph of Fig.(2) have not been previ-
ously observed using this growth methtdd!? Significant
variation in the height0.1-5 um) of the grown bundles is
observed(recent experiments showed that the variation in
height is smaller than 20%with no apparent relationship
between height and spatial position. We note that even
though the heights are different by more than a factor of 10,
FIG. 1. () A SEM micrograph showing grown carbon nanotubes at theth_e base diameters are apprOX|mate_Iy unlquSO nm.
edge of a~0.25 mn? Ni pad. (b) A SEM micrograph showing a region Figure Zf) shows the growth on a grid of Ni dots spaced 5
similar to (a) in which the nanotubes were mechanically broken. pm apart, indicating little dependence of growth on spacing
(for spacings>1 um). The factors that control growth, uni-
like structures were mechanically broken using a tweezerformity, and electrical characteristics are under investigation.
[Fig. 1(b)]. It is observed that the tubes break somewherdn order to prove that the structures are indeed hollow nano-
along the tube and not at the interface between the nickel antdibes, not solid nanofibers, cross-sectional images were
silicon. This is different from previous observations of Ni- taken by transmission electron microscopy. Figure 3 shows
on-glass tube growth, where the tubes broke cleanly at thpart of the cross section of one of the structures. It clearly
Ni—glass surfacé’ shows that the structure is indeed hollow at the center and
We observed that growth on submicron Ni structureslayered on both sides with typical inside diameters of 16 nm
was distinct from that on large area structures. Figure 2 is & agreement with the value in the literature and outside di-

FIG. 2. A series of SEM micrographs from different
viewing angles showing growth of carbon nanotube
obelisks on an array of submicron nickel dots). An
inclined view of a repeated array patteri) A top
(norma) view of a repeated array patter(c) An in-
clined view of one array patterrid) A top (norma)
view of one array pattern. The initial Ni dotand sub-
sequently the grown carbon structurese spaced ei-
ther 2 um apart(left) or 1 um apart(right). (e) A mag-
nified view along the edge of one pattern. A sharp,
tapered tip is evidentf) An inclined view of carbon
obelisks grown on nickel dots separated bys.
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for electronic applications such as flat panel FEDs, vacuum
microelectronics, and three-dimensional electrode arrays.
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