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ABSTRACT

Amorphous silicon carbide nanosprings, as well as biphase (crystalline core/amorphous sheath) helical nanowires, have been synthesized by
plasma enhanced chemical vapor deposition. Both variants grow via the vapor-liquid—solid mechanism. The formation of the amorphous
silicon carbide nanosprings is explained in terms of the contact angle anisotropy model initially proposed to explain the formation of amorphous
boron carbide nanosprings. A modified contact angle anisotropy model, where the presence of temperature gradients within the catalyst are
imposed, has been proposed to explain the formation of the biphase helical nanowires. The basis for this model is that the crystalline core
acts to pin the catalyst, thereby prohibiting nanospring formation. The model is supported by the experimental observation of a transition to
nanospring growth at the point of extinction of the crystalline core of a linear biphase nanowire at a position where the catalyst is off-center
with respect to the axis of the growth direction.

One-dimensional nanowires are attracting increased attentionunity as compared to 0.20 for the sheathed helical SiC
from the scientific and technological communities because nanowires. In this paper, we report the first observation of
of their versatile electrical, optical, and mechanical proper- single-phase amorphous SiC nanosprings. In addition, we
ties 8 Potential applications for these novel structures range conclusively demonstrate the constraints imposed by crystal-
from tips in scanning probe microscopes to interconnects in linity on the formation of nanosprings. Specifically, a
nanoelectrical devices as well as the utilization of their field- crystalline structure prohibits the formation of near unity
emission properties in flat-panel displafy8.Silicon carbide radius/pitch ratio nanosprings.

(SIC) is a particularly attractive material for these applications  The synthesis of nanowires is promoted through the
because of its high thermal and electric conductivities and jntroduction of a metallic catalyst. This growth mechanism,
outstanding mechanical propertfesSeveral groups have  known as the vaperliquid—solid (VLS) growth mode, was
successfully synthesized SiC nanowires (or nanorods) by afirst described by Wagner and Ellis in 1984In VLS

variety of technique&’™** For example, Dai et al. prepared  growth, a liquid droplet of a metal or a metal eutectic resides
SiC nanorods through a reaction between carbon nanotubesg), 5 substrate. The droplet absorbs the building block

and SiO or Sij,'° and Meng and co-workers fabricated SiC
nanorodes by the carbothermal reduction of-gy#l-derived
silica xerogels containing carbon nanopartiéfes. all cases,
the SIiC is crystalline with thg-SiC structure (i.e., the 3C
polytype®13). Recently, Zhang et al. synthesized helical SiC/
SiO;, crystalline core-shell nanowire’$ and invoked a screw-
dislocation-driven model to explain the growth of the helical
[-SiC core.

There are significant differences between the helical SiC

material for the growth of the nanowire from the surrounding
vapor. Once the concentration of absorbed material within
the droplet reaches supersaturation, the excess material
precipitates at the liquid/solid interface, thereby nucleating
the nanowire beneath the droplet. VLS can be used to explain
not only cylindrical nanowire growth but also complex
nanowire structures such as nanosprifgs.

In our previous study of BC nanosprintfsye developed
, Zh £ 14] helical a modified VLS model to explain the formation of such
nanowires reported by zhang et’aland helical boron structures. In our model, the asymmetry of the growth front

carbide (BC) nanosprings reported by our grétpirst, the : .
BC nanosprings are amorphous as compared to the crystallinearlses _fror_n contact angle gmsot_ropy (CAA) at _the catalyst/
nanowire interface, which is derived from the displacement

core of the sheathed helical SiC nanowires. Second, the ratio fh ter of t th herical catalvst droplet relati
of spring radius to pitch of the BC helices is approximately orthe center of mass ot the spherica’ catalyst droplet relative
to the axis of the as-forming nanowire. This displacement,

* Corresponding author. E-mail: dzhang@uidaho.edu. in turn, results in an imbalance in the surface tension about
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the perimeter of the catalyst/nanowire interface. The net
nonzero torque acting on the catalyst produces a tumbling-
like trajectory about the center axis of the resultant nano-
spring. The one underlying criterion that must be met in order
to realize nanospring growth is that the structure of the
nanowire from which the nanospring is formed must be
amorphous. Consequently, if a nanowire is crystalline, then
the crystalline structure will prohibit such helical growth.
The CAA model therefore predicts that nanosprings can be
synthesized from any type of material provided they grow
by the VLS mode and that they are amorphous.

The SiC nanosprings were grown in a custom-designed
parallel plate plasma enhanced chemical vapor deposition
(PECVD) chamber operated at 13.56 MHz. Nickel boride (@ (®)

(NiB) particles, 1OQ nm-or [ess in d""_‘mEter’ were used .as Figure 1. Bright-field TEM images of two amorphous silicon
the catalyst. The NiB was dispersed in ethanol and applied carbide nanosprings.

to a cleaned Si substrate. The ethanol solution was allowed
to evaporate in air. Because the evaporation rate was mod-
erately slow as well as fairly uniform across the substrate,
the catalyst particles were distributed fairly homogeneously
across the surface. The precursor for growing SiC nano-
springs wagloscl,2-dicarbadodecaborane £ 0H12), which

is easily sublimated and will be referred to as orthocarborane.
The lack of Siin the precursor indicates that the Si substrate
acts as the Si source. The orthocarborane provides the carbor
Argon was used as both the carrier gas and the backgrounc
gas. During the growth process, the Si substrate temperature
was maintained at 1050C. The source bottle containing
orthocarborane was maintained at €D. The Ar gas flow
was 5 sccm directly into the PECVD chamber, and an
additional 1.5 sccm of Ar passed through the source bottle Figure 2. (a) Bright-field TEM image of a biphase helical SiC
into the chamber. The chamber pressure was maintained athanowire and (b) a TEM image of the NiSi catalyst atop a biphase
122 mTorr: 98 mTorr of Ar and 24 mTorr of orthocarborane/ helical SiC nanowire.

Ar. The plasma power was set to 50 W. The deposition time amorphous. The amorphous structure of the SiC nanosprings

was 120 m|n.. _ ) ~ is consistent with the requirement for helical growth accord-
The nanowire samples were examined using a Philips jng to the CAA models

CM200 transmission electron microscope (TEM) operated  Figyre 2 shows two TEM images of biphase helical SiC
at 200 kV. Sample preparation involved mechanically nanowires that consist of a crystalline core and an outer
transferring some of the nanowires from the Si substrate to amorphous shell. SAD and dark-field imaging were used to
a carbon-coated copper grid. Alternatively, the nanowires getermine crystallinity. Located at the end of the helical SiC
could be dispersed in methanol and then collected, by nanowire in Figure 2b is the metal catalyst that facilitated
dipping, on a carbon-coated copper grid. No subsequentpanowire formation. This type of nanostructure, a helical
thinning was required nor was not necessary to coat thecrystalline core/amorphous shell, is identical to that found
Samples with a conductive film for observation in the by Zhang et al4 In contrast to the results of Zhang et a_|.,
microscope. Energy dispersive spectroscopy (EDS) wasgps analysis of the helix in Figure 2 indicates that both the
performed using an EDAX system equipped with a detector crystalline core and the outer amorphous shell have an
having an ultrathin polymer window allowing the detection identical chemical compositienl:1 Si/C. The ratio of the
of light elements. radius of the helical core to the pitch of the helix in Figure
Figure 1 shows two TEM images of segments of two 2b is 0.26. The presence of the catalyst at the end of the
different SiC nanosprings. The diameters of the nanospringshelix in Figure 2b verifies VLS growth. We believe that the
in Figure 1a and b are 75 and 110 nm with nanowire coating of the catalyst in Figure 2b with amorphous SiC is
diameters of 37 and 52 nm and pitches of 50 and 70 nm, indicative of the coformation of the crystalline core and the
respectively. This corresponds to radius/pitch ratios of 0.75 amorphous shell during VLS growth.
and 0.79, respectively. The overall lengths of the nanosprings The formation of the biphase nanowires as opposed to the
observed in this study are greater tharuth. Chemical single-phase structures is poorly understood; consequently,
analysis of the nanosprings using EDS indicates that thea convincing explanation for this type of growth is lacking.
silicon/carbon ratio is close to 1:1. Selected area diffraction In ref 18, biaxial SiC/Si@ nanowires were observed, and
(SAD) patterns of the nanosprings indicate that they are their structure was attributed to the minimization of the
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Figure 4. (a) Bright-field and (b) dark-field TEM image of a
biphase SiC nanowire.

100 nm

Figure 3. Bright-field TEM image of a silicon carbide amorphous aop
shell spiraling around a SiC crystalline core. J=—"2_ 1)

v 2aemkT

surface free energy associated with defects in the crystalline
portion of the nanowire. This explanation is inconsistent with whereo. is the accommodation coefficient, is the super-
our observation of complex nanowires consisting of amor- saturation of the vapop, is the equilibrium vapor pressure
phous SiC shells that spiral around crystalline SiC cores. of the solid at temperaturg m is the molecular mass, and
An example of one such nanowire is shown in Figure 3. kis the Boltzmann constaht.The growth rate is limited by
Although the crystalline core does exhibit a high density of the critical supersaturation specific to the type of growth (i.e.,
defects, the extreme kinking reported for the biaxial SiC/ imperfect crystal surface, perfect crystal surface, or clean
SiO; nanowire® is not observed. Consequently, we propose liquid surfacé®, where a clean liquid surface is defined as
an alternative explanation for the formation of complex an ideally rough surface consisting of ledges and steps
biphase nanowires. separated only by interatomic distances. The interface
The temperature of the catalyst is typically assumed to be between the catalyst and the amorphous shell effectively
uniform. However, there is no evidence to suggest that the satisfies this requirement. Note that the critical supersatu-
temperature of the catalyst must be uniform. As the nanowire ration of an imperfect or perfect crystal surface exceeds that
grows, the catalyst is lifted off of the surface, at which point of a clean liquid surface. Therefore, under appropriate
it is no longer in direct contact with the heat source. conditions, the growth rate of the amorphous shéie()
Furthermore, the catalyst cannot be considered to be anwould exceed the growth ratdcg.) of the crystalline core
adiabatic or isothermal system because of radiative losses(imperfect crystal surface). We believe that it is the existence
conductive heat transfer with the surrounding vapor, and of these competing growth rates in the biphase SiC nanowire
conduction along the as-forming nanowire. Because the that introduces the necessary fluctuations to induce the helical
thermal losses take place at the surface of the catalyst, it isgrowth observed in Figure 2.
reasonable to assume that the temperature at the surface of We propose a model for the helical formation of crystalline
the catalyst Tsurtacd IS l€ss than the temperature of the core nanowires that is based on the CAA model for amorphous
(Teord. Whether growth produces crystalline or amorphous nanospring formation. Consider the biphase SiC nanowire
structures will depend on the temperature at the ligisialid in Figure 4. The formation of this biphase nanowire is
interface. We postulate that the lower temperature of the extremely erratic. In particular, the crystalline core exhibits
surface of the catalyst reduces the temperature of the fiquid a large number of defects and changes in diameter, but the
solid interface in the vicinity of the walls of the nanowire. diameter of the amorphous shell remains essentially constant.
If the temperature at the initiation of nanowire growth is at, In the absence of an amorphous shell, crystalline nanowires
or slightly above, a critical temperature for crystalline are more often than not straight and do not change diameter
nanowire formation, then we can envision that the temper- or exhibit high degrees of disorder, with the exception of
ature reduction of the liquidsolid interface near the walls  stacking faults (particularly common in SiC). The crystalline
of the nanowire will favor amorphous growth and the hotter nanowire in the bottom left corner of Figure 1b is an excellent
core will continue to favor crystalline growth. With the example of crystalline nanowire formation in the absence
condition thatTsurace < Teore the diffusion rates near or at  of an amorphous shell. On the basis of these observations,
the edges of the catalyst will be less than those in the coreit is our opinion that it is the amorphous shell that is driving
of the catalyst. The temperature gradient will produce a the distortions in an attempt to steer the nanowire into
gradient in the growth rate)) of the nanowire as a function  nanospring growth. We therefore conclude that the highly
of the distance from the axis of the nanowire. The growth erratic growth in Figure 4 is due to competition between the
rate of the nanowire can be approximated by eq 1 amorphous shell and the crystalline core and that the
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Using diameters normalized to that of the amorphous shell
(do—shel), We havedeataysfdo—shelOc—core = 1.3:1:0.2 and an
offset between the catalyst aneshell nanowire Acatalysis—shel)
of 0.30. (With this offset, the edge of the amorphous shell
of the nanowire is aligned with the edge of the catalyst.)
For this geometry, the extrema of the works of adhesions
(given in arbitrary relative units) at the catalyshell
nanowire interface ar@Vimax = 1.8427 x 102 and Wiin =
1.0074x 1072 with AW = 8.353 x 1078,

Upon inserting these values into eq 2, the anisotropy in
the works of adhesions for the amorphous sb@ll,—shei is

AW
Oy g—shell = W.
max

=0.45

Figure 5. Bright-field TEM image of the transition of a biphase To evaluateayy at the catalyst/crystalline core interface,
SIC nanowire to a SiC nanospring. an offset between the catalyst and the crystalline core
(Acatayyste-cord Of 1.5, which is based on the offset used above

deformation of the crystalline core is a consequence of this for the amorphous shell, has been used. Note that the offset

competition. for the crystalline core can range from zero to a maximum
In support of our hypothesis, we present in Figure 5 a of 5.5 in normalized dimensions. For an offset of 1.5, the

TEM image showing the transition region from straight to extrema of the works of adhesions for the catalyst/crys-

helical growth of a SiC nanowire. SAD patterns and dark- talline core interface arénax = 1.997 x 102 and Wi, =

field imaging of the nanowire indicate that the straight 1.923x 1072 with AW = 7.4 x 10*

segment consists of a crystalline core and an amorphous shell The corresponding anisotropy in the work of adhesion for

and that the helical segment is completely amorphous. Notethe crystalline cor@uwy c—core iS

that at the transition a fraction of the catalyst is embedded

at the end of the straight section of the nanowire. On the AW

basis of the CAA model, a portion of the catalyst has been Owe—core™ - 0-037

ejected at the point of encapsulation. Similar types of max

transitions have been observed for BC nanosprihdhe

significance of the transition in Figure 5 is that nanosprings  1he anisotropy in the work of adhesion is clearly

of the type observed in Figure 1 cannot be achieved in the dominated by that of the amorphous shel(.-shei = 0.45)

presence of a crystalline core, which effectively pins the relative to that of the crystalline cor@u c-core ~ 0.04).

catalyst. We also see from Figure 5 that with the extinction Furthermore, the anisotropy for the amorphous SiC shell is

of the crystalline core the pinning of the catalyst is removed comparable to that calculated for amorphous BC nanosprings

and the system can launch into nanospring growth similar (0.44)° From the standpoint of the anisotropy in the works
to that shown in Figure 1. of adhesion of the catalyst to the nanowire, the contribution

of the crystalline cores is small; however, we believe that
the magnitude of the work of adhesion between the crystal-

clarified through the application of the CAA model. Specif- line core and the nanovyire is not insignificgnt. In fact, we
ically, by analyzing the degrees of anisotropy at the interfaces propose that t_h_e_crystalllne core effectlv_ely pins the catalyst,
between the catalyst and the amorphous shell and the catalystth_ereby profhlbmngf rr:alrjoslptr)l_n% forr?atlon . of 'the .type |2n
and the crystalline core, we can evaluate the magnitudes of'gure 1 in favor of helical biphase formation in Figure 2.

their contributions to the net interfacial anisotropy. In Figure The transm_on_fr_om Ilngar t_o nanosprng growth in Figure 5
2b, the diameter of the catalystlays) is 68.4 nm, the and the coinciding extinction of the crystalline core at the

diameter of the amorphous shetl,(se) is 52.6 nm, and transition supports our proposition that the crystalline core
shel . ’ . . .

the diameter of the crystalline corée(cord is 10.5 nm. By effectlve_ly pins the_ catalyst and o_nly upon its removal can

offsetting the catalyst from the axis of the nanowire, "@nospring formation of the type in Figure 1 occur.

anisotropy at the point of contact between the catalyst and 1€ Pinning of the catalyst by the crystalline core is likely

the nanowire is introduced. and the work of adhediof a consequence of the fact that nanowire formation is

the catalyst to the nanowire is no longer symmetric. The preferential (i.e., the growth direction is along a well-defined

anisotropy of work of adhesiom) can be expressed using crystallographic direction). This direction is often perpen-
eq 2 dicular to the surface with the minimum free energy. Note

that the free energy of the wall of the nanowire should also
be taken into account. The net result is that it is energetically
Oy = min _ AW ) unfavorable for the crystalline core to grow in a direction

max Winax other than that minimizing the free energy. Consequently,

The significance of the amorphous shell to the formation
of the helical crystalline core of the nanowire in Figure 2 is
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the anisotropy introduced by the amorphous shell acts onlythe development of heat- and mass-transfer models to
as a perturbation during the growth process, with the end describe nanospring formation in detail.
result being helical nanowires of the type in Figure 2. The
pitch of the amorphous shell/crystalline core helixes is likely | . : : . :
dictated by the maximum allowable rotation and/or transla- hls_valuab_le input during the course of writing this manu-
tion vector between adjacent crystal planes. Once again,onlyscr'pt' Th's work was s_upporteql of the W. M Keck
with the extinction of the crystalline core can nanosprings Foundation and the National Science Foundation (EPS-
of the type in Figure 1 be achieved. 0132626).
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