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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 drdletxceeds the

radius of the nanowirép), and the center of mass of the metal droplet is displaced laterally from the
central axis of the nanowire. @001 American Institute of Physic§DOI: 10.1063/1.1400079

Research and development on the growth and propertiedetermined to be amorphous. This is consistent with the cited
of solid and moleculafnanotubesnanowires has increased cases of helical growth of solid wirés®
steadily over the last decade, largely due to their potential In Fig. 2 we present TEM images of the transition region
applications in nanoelectronics, nanomechanics, and flaffom straight to helical growth of two BC nanowires, where
panel display§_|t has been shown that nano- and micron-at the transition a fraction of the Fe catalyst has become
scale wires grow in a variety of configurations ranging fromembedded at the end of the straight section of the nanowire.
straight® to helical®** While the growth of straight A total of eight transitions of the type displayed in Fig. 2
nanowires and nanotulfes is well understood and a model
for the helical growth of carbon nanotubes has been
proposed? a model to describe the helical growth of nano-
wires, which are solid as opposed to hollgmanotubek is
lacking. Here, we report the growth of helical boron carbide
nanowires, as well as present a model for their growth.

Briefly, the synthesis of nanotquésmd nanowwezs ®on

tallic catalyst. This growth mechanism is known as the Pl
vapor—liquid—solid(VLS) growth mode, first described by
Wagner and Ellig® In VLS growth, a liquid droplet of a
metal or a metal eutectic resides on a substrate. The dropleg"‘,
absorbs the building block material for the growth of the 5
nanowire from the surrounding vapor. Once the concentra- &
tion reaches supersaturation within the droplet, the exces
material is secreted out the base of the droplet to the Iqu|d;
solid interface, thereby forming the wire beneath the droplet.
Displayed in Fig. 1 is a transmission electron micro-
scope (TEM) image of a boron carbidéBC) nanospring
grown on a silicon substrate by the technique of plasma-
enhanced chemical vapor depositiGRECVD), where Fe
was the catalyst® The nanospring is 60 nm in diameter and
approximately Lum in length, with a pitch of 27 nm and a
wire diameter, proper, of 20 nm. The diameters of the BC ¥
nanosprings in this sample ranged from 20 to 30 nm, with |
pitches from 31 to 43 nm and nanowire diameters from 20 to |
30 nm. The sample consisted of line@0%) and helical
(10%) nanowires. Using high-resolution TEM, the structure

of the BC nanosprings and the straight nanowires have been
FIG. 1. (Colon Bright-field transmission electron microscope image of an
amorphous boron carbide nanospring that has been highlighted for contrast.
¥Electronic mail: dmcilroy@uidaho.edu The inset is a blown-up view of the nanospring.
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FIG. 2. Bright-field transmission electron microscope images of amorphous & 14 14 &
boron carbide nanosprings. The inset(@ is a close-up view of the Fe é‘a i3 *g
catalyst embedded in the nanowire. The arrows labeled A identify thex 1.2 -
straight nanowires, while the arrows labeled B identify the Fe droftets.- —_—
0 0 0 0

lyst).

FIG. 3. (a) Diagram depicting an iron droplétatalysj of radiusR atop a

. . . . _boron carbide nanowire of radiys (b) the work of adhesiofW,(R:p:A)]
were observed. The diameter of the straight nanowire in Figy: . \etal droplet(catalysi to a nanowire for R:p:A)=(1.5:1-0, (0)

2(a) [Fig. 2(b)] is 41 nm(39 nm), the diameter of the nano- =(1.5:1:0.25, and (d)=(1.5:1:0.9, where all of the variables have been
wire forming the nanospring is 28 nf@2 nm), the pitch of  normalized to the radius of the nanowire.

the nanospring is 38 nB5 nn), and the diameter of the " . :
embedded Fe catalyst is 24 nf26 nm). Note, for carbon _to _competltlon between opposing g_rowth planes. Th_|s moadel
nanotube growth the diameter of the nanotube can exceed t madequate_for descrlblng_ the helical groyvth of solid amor-
diameter of the catalyst and the catalyst can reside at thg0US Nanowires bepause It cannot explain the behavior ob-
base, the tip, or within the nanotulawhile for VLS growth served in Fig. 2 and ignores interactions between the catalyst

of solid nanowires the diameter of the catalyst cannot be Ies@ndf t.rlle tna_r:jowge, It.heR cr?nr]otlbe Ieis thapx e tg" as weII_
than the diameter of the nanowire and must reside at the tig> ' 0 1den ify the physical mechanism inducing aniso-

of the nanowire. Consequently, the order of growth in Fig. ZtLopy.r 'ﬁvr;’i\r/er:’t Ezethri)rogozec: ianlsbci/tiropyl in t?re \{[eloncc;ty of
is from straight to helical. The smaller diameters of the em- "e gblo : thoh lical Sr V\(I)the fs Olid O;Sry ﬁo ei i wi?p
bedded Fe catalysts relative to the diameters of the straig cable to the helical gro O! SOlld amorphous Nanowires.
. : ; ; : ) : . ~ Consequently, it is the mechanism behind the anisotropy that
nanowires, in conjunction with the continuation of nanowire )
growth in the helical mode, indicate that portions of the cata® will address.
' We propose that the asymmetry of the growth front ve-

lysts were ejected from the parent Fe droplets at the points fCity for the BC nanosprings is due to contact angle aniso-

encapsulation. Note that for both nanosprings the encased Ee - o i
droplet is offset to the edge of the nanowire and that helica}rOpy (CAA) at the Fe droplet—nanowire interface. The tra

I ) . J|ectory of the droplet can be quantified by examining the
growth originates at the edges of the straight nanowires. Thr\%\lOrk needed to shear the droplet from the tip of the BC

indicates that the secondary droplets were ejected at the . - .
i . .nanowire, which is related to the surface tensidms be-
edges of the nanowires, which may account for the notch in

. L : . “tween the liquid—vapor ), solid—vapor {sy), and
the Fe dropletinsed in Fig. 2(a) and the slight asymmetry in TR . . . )
the droplet in Fig. ). solid—liquid (yg) interfaces. Figure (8) depicts a cross

. . sectional view of an Fe dropldtatalysi atop a BC nano-
The d|ametgrs of fche ejected Fe _droplets can be calc vire, whereR is the radius of the Fe droplet,is the radius
lated from the dimensions of the straight nanowires and th%]c the nanowire, ana is the displacement of the center of
helical nanowires in Fig. 2. First, we assume that 'the diam; ass of the drc;plet from the central axis of the nanowire.
eter of t.he pa_rent droplet was equivalent to the_ diameter g AA is introduced by the displacementof the Fe droplet.
the straight wire. Second, we assume a spherical 9eOMeUY} the interface labeled A in Fig.(@), the interfacial surface

for the ejected droplet, which is supported by the observegensions and are antiparallel. whil is rotated b
spherical shape of the encased Fe droplets in Fig. 2 and bﬁ/ Yiv SAT TS P , Whleysy y

, ¢ iaht BC ) d with spheri n angleé out of the plane containing,, and ys . How-
TEM images of straight BC nanowires capped with spherica ver, at interface B the interfacial surface tensions lie within

Fe particles. Therefore, the diameters of the ejected Fe droQﬁe same plane, whergy, is parallel toys, . Consequently
lets that formed the nanosprings were 19 [iffg. 2@)] and 010 is & nonzero torque on the Fe droplet that will cause the
17 nm[Fig. 2(b)], respectively. The ratios of the radii of the droplet to shear from the BC nanowire.

ejected dropletsR) to the radii of the nanowire) forming The work required to shear the Fe droplet from the BC
the nanosprings are 1.36ig. 2@)] and 1.54[Fig. 2b)l,  hanowire, referred to as the work of adhesidi,), can be
respectively. quantified in terms of the interfacial surface tensiSmsd is

In order to model the VLS growth of BC nanosprings, defined by the following relationship:
the dynamics of the catalyst must be determined. The modu-
lated stress—strain model proposed by Amelinekal 1 to WA= ysvt ¥sL.— Ny
describe the helical growth of carbon nanotubes suggested
that asymmetry arises from variations in the velocity of the

growth front about the perimeter of the carbon nanotube due = ysy(1—cC0s0).
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Consequently, the work of adhesion depends on the angleelical carbon nanotubes. Based on the analysis of the work
between the surface tensiongy, and yg . At interface A of adhesion Y,) of the metal droplet(catalysj to the
[Fig. 3(@] the interaction between the droplet and thenanowire, we have concluded that the optimal geometry for
nanowire is a nonwetting interaction, while at interface B thepromoting spiral growth is achieved when the raidp
droplet is in a condition of spontaneous wetting, i£=0. =1.5 and the extreme edge of the droplet coincides with the
The work of adhesion at the perimeter of the droplet—wireedge of the nanowire, as depicted in Figa)3which is con-
interface for a number of geometries are displayed in Fig. 3sistent with Fig. 2 and the corresponding ratiosRop.

For all of the calculations we have chosen the ratio of the  The observed growth of amorphous boron carbide nano-
radius R) of the droplet to the radiug) of the nanowire to  springs, in conjunction with the CAA model, illustrates the
be 1.5, i.e., the ratio observed for the nanospring in Fig..2 importance of the catalyst for promoting nanowire growth as
If the center of mass of the droplet coincides with the centralvell as the affect of its trajectory on the geometry of the BC
axis of the nanowire, the work of adhesipRig. 3(b)] is  nanowire. Furthermore, since the CAA model for nanospring
uniform about the perimeter of the droplet/nanowire inter-growth is material independent, provided the wires are amor-
face and, therefore, precludes asymmetric growth, i.e., heliphous, it can be universally used to describe the growth of all
cal growth. However, by offsetting the droplet from the axistypes of nano- and micron-sized springs, regardless of their
of the nanowire, CAA is introduced and the work of adhe-composition.

sion[Fig. 3(c)] is no longer symmetric, where the minimum ,
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