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ABSTRACT

Coaxial crystalline nanowires have been synthesized by chemical vapor deposition. Recrystallization of a copper substrate provided a natural

template for the self-assembled growth of nanowires. The core of the wires is made up of numerous faceted SiC nanowires typically 20 =50
nm in diameter, encapsulated by larger hollow wires typically 0.2 -1.0 gm in diameter. The nanowires are crystalline and catalyst free. A
vapor —solid growth mechanism is proposed based on detailed morphology and structural characterization.

Accompanying the dimensional miniaturization of silicon- then ramped to 1180C with argon gas admitted as the
based semiconductor devices, it is desirable to create a newbackground gas, the pressure being maintaineel@tTorr.
class of nanowire material that is compatible with existing When the deposition temperature (1180) was attained,
integrated circuit fabrication processe8.The bottom-up 300 sccm methane gas was admitted for 30 min@ Torr.
self-assembly approach to fabricate silicon-based nanoma-inally, the chamber was cooled to room temperature in an
terials rather than the traditional top-down approach, inherent agrgon ambient. The morphology, structure, and chemical
in traditional lithography techniques, is becoming of increas- properties of the synthesized nanowires were characterized
ing interes® Here we report, for the first time, the gjng a field-emission LEO 1530 VP scanning electron
fabrication of self-assembled coaxial crystalline nanowires. microscope (SEM), FEI CM300 field emission transmission

Thermal treatment of a_p_olycrystalline copper subst_rate prior electron microscope (FEGTEM), and a ESCALAB220I-XL
to vapor phase deposition caused thermal grooving alongx_ray photoelectron spectroscopy system (XPS).
grain boundaries. These exposed grain boundaries then

provided a natural template for the self-assembled growth Figure 1a shows the SEM image of a Cu foil after initial
of the nanowires during the vapor phase growth process.therma| annealing at 1000 in an argon atmosphere. The
Numerous faceted nanowires were observed to be encapsufoil clearly shows the presence of graind.2—2 um in
lated within a |arger diameter hollow wire, and other diameter with some evidence of thermal grooving indicating
composite nanocrystals were also found to nucleate randomlythermally activated mass transport of the copper. Immediately
on the sheath of the wires. The combination of one- after the methane gas is introduced, numerous isolated
dimensional self-assembled nanowires and zero-dimensionahanocrystals~20—50 nm are observed to nucleate on the
nanocrystals may lead to novel and exciting nanomaterials Cu foil (Figure 1b). These nanocrystals coalesce along the
with important applications in nanotechnology. grain boundaries (Figure 1c) and exhibit a strong texturing
Si was placed at the center of a horizontal tube furnace with a hexagonal symmetry. Sintering of the nanocrystals is
while Cu foil was placed downstream to collect the vaporized observed to occur along the grain boundaries. Neighboring
material. The deposition system was then pumped down tonanocrystals fuse “side-on” forming elongated walls or,
~3 x 107° Torr. The temperature of the tube furnace was gajternatively, can also meet “corner-to-corner” creating a

sharp edge configuration. Thus, the existence of exposed
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Figure 1. SEM image of (a) numerous well-defined grain boundaries on the Cu foil film after Ar annealing at’CQ@b) facetted
nanocrystals deposited on Cu foil after methane gas exposure; (c) nanocrystals sintering/coalescing along the grain boundaries, forming an
enclosed nanocrystal edge; (d) as-synthesized array of vertically aligned nanowires; (e) a bunch of nanowires growing radially with a
bush-like structure; (f) flat nanowire tips without any evidence of attached metal cataly$t} (dpse view of tips with various diameters

showing numerous nanowires encapsulated within wires; (i) the bunch of nanowires in Figure 1e after cutting the nanowires cross-sectionally
with a scalpel. Inset: cross-sectional view of an array of nanowires revealing the multi-coaxial profile.

vacancies are known to play important roles in grain- nanowires within each hollow wire maintain their integrity

boundary mass transport via a Frenkel pair generationalong the whole length of the nanowire.

process?! The TEM image in Figure 2a reveals numerous columnar
After the initial nanocrystal nucleation, the incident crystalline nanowire cores (with darker contrast) within the

precursor gas molecules preferentially deposit on top of these€ncapsulating nanowire. The crystalline nanowire core is
nanocrystals since the incoming flux can no longer reach 9rown such that its-axis is oriented along the longitudinal

the valleys between the nanocrystals due to the shadowingax's of the encap_sulatmg nanowire. The TEM image indicates
effect!2 Consequently, the isolated nanocrystals grow normal that the nucleation and growth of the nanowire cores are

to the substrate surface to form complex nanowire structures.nOt rar_ldom but confined W'thm_ the encap_sulatlng nanowire.
e ) . The diameters of the crystalline nanowire cores and the
Such unidirectional growth will continue as long as a

favorable gas ambient is maintained. Figures-@éghow an encapsulating nanowire are approximately 20 and 220

: . . nm respectively, in agreement with the SEM observations.
array of as-synthesized vertically aligned densely packed Fi b tak tth fh ire (indicated b
nanowires and a bunch of nanowires sprouting radially. These gure axen at the core ot the nanowire (m_ \cated Dy
. . . : a circle) reveals a high density of planar defects inclined to
nanowires grow up to tens of microns in length without . . L . .
. . . the axis of the nanowires; characteristic of SiC stacking
branching or entanglement. The tips of the nanowires are

b d to be flat with id f | - faults!® The high-resolution TEM image in Figure 2c
observe to be flat W't out any evidence o cqta y_st particles . ,nfirms a crystalline SiC nanowire core with an interplanar
(Figure 1f). Close inspection of the nanowire tips shows

; e ) "= spacing of 0.25 nm, and the selected area electron diffraction
numerous nanowires enclosed within a larger diameter wire, (SAED) pattern recorded along thig100zone axis reveals
and the number of enclosed nanowires varies from 3 t0 200,the {111} 8-SiC crystal plane&15 CuO nanocrystals and
depending on the diameter (typically 6:2 um) of the  disordered graphite are also randomly observed on the
encapsulating wire (Figures ). Figure 1i shows a cross  contours of the amorphous sheath in figures 2d and e,
section of the nanowire structures obtained after cleaving respectively. The CuO nanocrystals have an interplanar
the substrate with a scalpel. The inset image in Figure 1i spacing of 0.23 nm corresponding to the calculdgt&iil}
shows the cross-sectional view of a broken nanowire planes of monoclinic Cu@ The vapor solid mechanism is
revealing its multi-coaxial profile, indicating that the faceted responsible for producing CuO vapor from native oxide

2024 Nano Lett., Vol. 4, No. 10, 2004



Intensity (a.u)

(i)
01 06 11 16 241
Energy (KeV)

Figure 2. (a) TEM image of a multi-coaxial wire exhibiting columnar nanowires (indicated by arrows) with their axes lying along the
1110direction. (b) Higher magnification TEM reveals planar defects, stacking faults aligned perpendicular to the axis, generally thought

to originate from thermal stress during the growth process. (c) High-resolution TEM confirms the interplanar distance to be consistent with
the{111} planes of3-SiC, and the inset shows the SAED pattern recorded alongltt@lzone axis with the extra streaks attributed to
twinning. (d) CuO nanocrystals are seen to nucleate on the surface (indicated by arrow) and beneath the surface (indicated by asterisks) of
the amorphous sheath. (e) Disordered graphitic sheets (interplanar spacing 0.34 nm) are also observed on the sheath of the nanowire. (f)
EDX spectra measured at the (i) core and (ii) sheath of the nanowire. XPS was used to provide surface chemical information of the
multi-coaxial nanowires.

coated Cu foil, which deposited as nanocrystals on nanowirepositions at 283.5, 284.3, and 285.4 eV which are assigned
sheaths® The existence of disordered graphite along the to C—Si, graphite, and graphitic carbon, respectiv€i.In
sheath may be explained by the nucleation and crystallizationcomparison, the graphite film shows an absence of th&iC

of unreacted residual carbonaceous ‘ga&urthermore, peak at 283.3 eV. Figure 3b shows the Si 2p peak at 100.3
hydrogen from decomposed methane gas may help toeV which corresponds to Si 2p binding energy of SiC, which
maintain hybridization of carbon, seeding graphite nano- s distinct from elemental Si 2p at a peak position of 99.3
crystal growth!® Elementary analysis from selected area g\ 20

energy-dispersive X-ray (EDX) in Figure 2f confirms the

constitution of the nanowires. EDX spectrum (i) taken at coaxial nanowires within wires has been demonstrated. High
the core of the nanowires shows Si and C peaks, while -Hlg

spectrum (ii) taken at the sheath of the nanowires in Figure mobility reactant gas species nucleate SiC nanocrystals at

2d shows Si, C, Cu, and O peaks.On the basis of SEM andthe grain boundaries, and subsequent sintering of the

TEM observations, the vapetiquid—solid (VLS) mecha- nanocrystals results in the formation of well-defined grain
nism may not be aL:JIe to fully explain the growth mechanism boundary nanocrystallites. Growth rates and diffusion kinetics

of the nanowires since the solid-phase reactant silicon wasdepend on a number of parameters including temperature,
used and no catalyst particles were found on the grown crystallite size, surface wetting, and supporting substrate. The
nanowires. Thus a vapesolid nucleation mechanism is unique structures that evolve underline the importance of
proposed! First, vapor-phase SiC radicals are produced establishing a greater control and understanding of nucleation
when the decomposed methane gas{€HC + 2H, ) reacts and growth processes of a range of nanowires. Here, the use
with Si (C + 2H, + Si— SiC + 2H,). Silyl radicals from of grain boundaries as nucleation sites has effected a singular
Si may be produced via a hydrogen mediated etching morphology on the resulting SiC nanocrystals. This morphol-
proces$? Condensation of the SiC occurs on the surface of ogy, in turn, may have significant consequences in the range
Cu foil at thermally exposed grain boundaries whereby of applications that such materials may be useful for. The
spontaneous nucleation leads to the growth of the nanowires strongly geometric shape, high aspect ratio, and nanometer-
Figure 3a shows a high-resolution XPS C 1s spectrum scale cross section can, in combination, be expected to affect
from the as-synthesized nanowires and a reference graphiteptical and electronic properties through confinement effects.
film. The C 1s spectrum of the nanowires shows three peak When such materials are used in combination with conduct-

In summary, the synthesis of the self-assembled multi-
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growth orientation can be designed, there may be further
(a) applications as interconnects in functional devices.
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