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Nanosprings
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The transition from linear to helical growth of amorphous boron carbide nanowires has been
examined with high-resolution transmission electron microscopy. Based on the observed changes of
the iron catalyst at the transition point from linear to helical growth, a model of helical growth of
solid nanowires has been developed based on the work of adhesion of the metallic catalyst to the tip
of the nanowire. This model demonstrates that contact angle anisotropy at the catalyst/wire interface
drives helical growth. The anisotropy is introduced when the radius of the droplet (R) exceeds the
radius of the nanowire~r!, and the center of mass of the metal droplet is displaced laterally from the
central axis of the nanowire. ©2001 American Institute of Physics.@DOI: 10.1063/1.1400079#
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Research and development on the growth and prope
of solid and molecular~nanotubes! nanowires has increase
steadily over the last decade, largely due to their poten
applications in nanoelectronics, nanomechanics, and
panel displays.1 It has been shown that nano- and micro
scale wires grow in a variety of configurations ranging fro
straight2–5 to helical.6–13 While the growth of straight
nanowires and nanotubes2–5 is well understood and a mode
for the helical growth of carbon nanotubes has be
proposed,12 a model to describe the helical growth of nan
wires, which are solid as opposed to hollow~nanotubes!, is
lacking. Here, we report the growth of helical boron carb
nanowires, as well as present a model for their growth.

Briefly, the synthesis of nanotubes14 and nanowires2–5 on
surfaces can be promoted through the introduction of a
tallic catalyst. This growth mechanism is known as t
vapor–liquid–solid~VLS! growth mode, first described b
Wagner and Ellis.15 In VLS growth, a liquid droplet of a
metal or a metal eutectic resides on a substrate. The dro
absorbs the building block material for the growth of t
nanowire from the surrounding vapor. Once the concen
tion reaches supersaturation within the droplet, the exc
material is secreted out the base of the droplet to the liq
solid interface, thereby forming the wire beneath the drop

Displayed in Fig. 1 is a transmission electron micr
scope ~TEM! image of a boron carbide~BC! nanospring
grown on a silicon substrate by the technique of plasm
enhanced chemical vapor deposition~PECVD!, where Fe
was the catalyst.2,3 The nanospring is 60 nm in diameter an
approximately 1mm in length, with a pitch of 27 nm and
wire diameter, proper, of 20 nm. The diameters of the
nanosprings in this sample ranged from 20 to 30 nm, w
pitches from 31 to 43 nm and nanowire diameters from 20
30 nm. The sample consisted of linear~90%! and helical
~10%! nanowires. Using high-resolution TEM, the structu
of the BC nanosprings and the straight nanowires have b
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determined to be amorphous. This is consistent with the c
cases of helical growth of solid wires.7–9

In Fig. 2 we present TEM images of the transition regi
from straight to helical growth of two BC nanowires, whe
at the transition a fraction of the Fe catalyst has beco
embedded at the end of the straight section of the nanow
A total of eight transitions of the type displayed in Fig.

FIG. 1. ~Color! Bright-field transmission electron microscope image of
amorphous boron carbide nanospring that has been highlighted for con
The inset is a blown-up view of the nanospring.
0 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Fi
-

d
t

le
t

.
m
ig
ire
ta
s
d
ica
h
t

h

lc
th
m
r
e

ve
d
ica
ro

e

s,
d

st
he
du

del
or-
ob-
lyst

o-
of
p-
es.
that

e-
so-
a-
he
C

f
ire.

hin

the

C

ou

th

n

1541Appl. Phys. Lett., Vol. 79, No. 10, 3 September 2001 McIlroy et al.
were observed. The diameter of the straight nanowire in
2~a! @Fig. 2~b!# is 41 nm~39 nm!, the diameter of the nano
wire forming the nanospring is 28 nm~22 nm!, the pitch of
the nanospring is 38 nm~35 nm!, and the diameter of the
embedded Fe catalyst is 24 nm~26 nm!. Note, for carbon
nanotube growth the diameter of the nanotube can excee
diameter of the catalyst and the catalyst can reside at
base, the tip, or within the nanotube,12 while for VLS growth
of solid nanowires the diameter of the catalyst cannot be
than the diameter of the nanowire and must reside at the
of the nanowire. Consequently, the order of growth in Fig
is from straight to helical. The smaller diameters of the e
bedded Fe catalysts relative to the diameters of the stra
nanowires, in conjunction with the continuation of nanow
growth in the helical mode, indicate that portions of the ca
lysts were ejected from the parent Fe droplets at the point
encapsulation. Note that for both nanosprings the encase
droplet is offset to the edge of the nanowire and that hel
growth originates at the edges of the straight nanowires. T
indicates that the secondary droplets were ejected at
edges of the nanowires, which may account for the notc
the Fe droplet~inset! in Fig. 2~a! and the slight asymmetry in
the droplet in Fig. 2~b!.

The diameters of the ejected Fe droplets can be ca
lated from the dimensions of the straight nanowires and
helical nanowires in Fig. 2. First, we assume that the dia
eter of the parent droplet was equivalent to the diamete
the straight wire. Second, we assume a spherical geom
for the ejected droplet, which is supported by the obser
spherical shape of the encased Fe droplets in Fig. 2 an
TEM images of straight BC nanowires capped with spher
Fe particles. Therefore, the diameters of the ejected Fe d
lets that formed the nanosprings were 19 nm@Fig. 2~a!# and
17 nm@Fig. 2~b!#, respectively. The ratios of the radii of th
ejected droplets (R) to the radii of the nanowires~r! forming
the nanosprings are 1.36@Fig. 2~a!# and 1.54@Fig. 2~b!#,
respectively.

In order to model the VLS growth of BC nanospring
the dynamics of the catalyst must be determined. The mo
lated stress–strain model proposed by Amelinckxet al.12 to
describe the helical growth of carbon nanotubes sugge
that asymmetry arises from variations in the velocity of t
growth front about the perimeter of the carbon nanotube

FIG. 2. Bright-field transmission electron microscope images of amorph
boron carbide nanosprings. The inset in~a! is a close-up view of the Fe
catalyst embedded in the nanowire. The arrows labeled A identify
straight nanowires, while the arrows labeled B identify the Fe droplets~cata-
lyst!.
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to competition between opposing growth planes. This mo
is inadequate for describing the helical growth of solid am
phous nanowires because it cannot explain the behavior
served in Fig. 2 and ignores interactions between the cata
and the nanowire, i.e.,R cannot be less thanr, etc., as well
as fails to identify the physical mechanism inducing anis
tropy. However, the proposed anisotropy in the velocity
the growth front in this model is obviously correct and a
plicable to the helical growth of solid amorphous nanowir
Consequently, it is the mechanism behind the anisotropy
we will address.

We propose that the asymmetry of the growth front v
locity for the BC nanosprings is due to contact angle ani
tropy ~CAA! at the Fe droplet–nanowire interface. The tr
jectory of the droplet can be quantified by examining t
work needed to shear the droplet from the tip of the B
nanowire, which is related to the surface tensions~g! be-
tween the liquid–vapor (gLV), solid–vapor (gSV), and
solid–liquid (gSL) interfaces. Figure 3~a! depicts a cross-
sectional view of an Fe droplet~catalyst! atop a BC nano-
wire, whereR is the radius of the Fe droplet,r is the radius
of the nanowire, andD is the displacement of the center o
mass of the droplet from the central axis of the nanow
CAA is introduced by the displacementD of the Fe droplet.
At the interface labeled A in Fig. 3~a!, the interfacial surface
tensionsgLV andgSL are antiparallel, whilegSV is rotated by
an angleu out of the plane containinggLV and gSL . How-
ever, at interface B the interfacial surface tensions lie wit
the same plane, wheregSV is parallel togSL . Consequently,
there is a nonzero torque on the Fe droplet that will cause
droplet to shear from the BC nanowire.

The work required to shear the Fe droplet from the B
nanowire, referred to as the work of adhesion (WA), can be
quantified in terms of the interfacial surface tensions16 and is
defined by the following relationship:

WA5gSV1gSL2gLV

5gSV1gSL2~gSL1gSV cosu)

5gSV~12cosu!.

s

e

FIG. 3. ~a! Diagram depicting an iron droplet~catalyst! of radiusR atop a
boron carbide nanowire of radiusr, ~b! the work of adhesion@WA(R:r:D)#
of a metal droplet~catalyst! to a nanowire for (R:r:D)5~1.5:1:0!, ~c!
5~1.5:1:0.25!, and ~d!5~1.5:1:0.5!, where all of the variables have bee
normalized to the radius of the nanowire.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Consequently, the work of adhesion depends on the a
between the surface tensionsgSV and gSL . At interface A
@Fig. 3~a!# the interaction between the droplet and t
nanowire is a nonwetting interaction, while at interface B t
droplet is in a condition of spontaneous wetting, i.e.,u50.
The work of adhesion at the perimeter of the droplet–w
interface for a number of geometries are displayed in Fig
For all of the calculations we have chosen the ratio of
radius (R) of the droplet to the radius~r! of the nanowire to
be 1.5, i.e., the ratio observed for the nanospring in Fig. 2~b!.
If the center of mass of the droplet coincides with the cen
axis of the nanowire, the work of adhesion@Fig. 3~b!# is
uniform about the perimeter of the droplet/nanowire int
face and, therefore, precludes asymmetric growth, i.e., h
cal growth. However, by offsetting the droplet from the ax
of the nanowire, CAA is introduced and the work of adh
sion @Fig. 3~c!# is no longer symmetric, where the minimu
@Fig. 3~c!# corresponds to the closest approach of the in
face to the edge of the droplet. In Fig. 3~d! the work of
adhesion has been plotted for the conditions depicted in
3~a!, where the offset has been increased to half of the ra
of the nanowire, thereby maximizing CAA. In addition to th
expected asymmetry, a well-defined cusp inWA is introduced
at interface B@Fig. 3~a!#, where the minimum ofWA is a
factor of 2 less than that of the centered droplet@Fig. 3~b!#.
Note that by systematically increasing the radius of the dr
let the work of adhesion will be returned to the symmet
configuration displayed in Fig. 3~b!.

The significance of the asymmetry in the work of adh
sion in Fig. 3~c! is as follows. The probability of a boron o
carbon atom diffusing through the Fe droplet and attach
itself to a point at the droplet–nanowire interface will be
function of the energy needed to break a droplet–nanow
bond, less the energy gained by making a new B or C b
to the nanowire. The amount of energy needed to accomp
this will depend thermodynamically on the work of adhesio
where the probability of attachment of a B or C atom at the
droplet–nanowire interface is higher at the points of low
work of adhesion. So, the growth rate velocity at interface
(vB) will be greater than the growth rate velocity at interfa
A (vA), thereby creating the asymmetry necessary to curl
trajectory of the droplet back upon the nanowire. Beca
the cusp in Fig. 3~d! is a point of instability, a small latera
perturbation will produce the precession necessary to d
the droplet into a spiral trajectory that can be described us
the trajectory mechanics described by Amelinckxet al.12 for
Downloaded 03 Sep 2001 to 129.101.65.110. Redistribution subject to A
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helical carbon nanotubes. Based on the analysis of the w
of adhesion (WA) of the metal droplet~catalyst! to the
nanowire, we have concluded that the optimal geometry
promoting spiral growth is achieved when the ratioR/r
.1.5 and the extreme edge of the droplet coincides with
edge of the nanowire, as depicted in Fig. 3~a!, which is con-
sistent with Fig. 2 and the corresponding ratios ofR/r.

The observed growth of amorphous boron carbide na
springs, in conjunction with the CAA model, illustrates th
importance of the catalyst for promoting nanowire growth
well as the affect of its trajectory on the geometry of the B
nanowire. Furthermore, since the CAA model for nanospr
growth is material independent, provided the wires are am
phous, it can be universally used to describe the growth o
types of nano- and micron-sized springs, regardless of t
composition.
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