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ABSTRACT

The vapor-liquid-solid (VLS) mechanism is most widely employed to grow nanowires (NWs). The mechanism uses foreign element catalytic
agent (FECA) to mediate the growth. Because of this, it is believed to be very stable with the FECA-mediated droplets not consumed even
when reaction conditions change. Recent experiments however differ, which suggest that even under cleanest growth conditions, VLS mechanism
may not produce long, thin, uniform, single-crystal nanowires of high purity. The present investigation has addressed various issues involving
fundamentals of VLS growth. While addressing these issues, it has taken into consideration the influence of the electrical, hydrodynamic,
thermodynamic, and surface tension effects on NW growth. It has found that parameters such as mesoscopic effects on nanoparticle seeds,
charge distribution in FECA-induced droplets, electronegativity of the droplet with respect to those of reactive nanowire vapor species, growth
temperature, and chamber pressure play important role in the VLS growth. On the basis of an in-depth analysis of various issues, a simple,
novel, malleable (SNM) model has been presented for the VLS mechanism. The model appears to explain the formation and observed
characteristics of a wide variety of nanowires, including elemental and compound semiconductor nanowires. Also it provides an understanding
of the influence of the dynamic behavior of the droplets on the NW growth. This study finds that increase in diameter with time of the droplet
of tapered nanowires results primarily from gradual incorporation of oversupplied nanowire species into the FECA-mediated droplet, which is
supported by experiments. It finds also that optimum compositions of the droplet constituents are crucial for VLS nanowire growth. An
approximate model presented to exemplify the parametric dependency of VLS growth provides good description of NW growth rate as a

function of temperature.

Introduction. Nanowires (NWs)'=> from semiconductors,
particularly those®® from III—V nitride semiconductors,’ are
very promising for nanoscale devices. A vast majority of
these nanowires is synthesized by the vapor-liquid—solid
(VLS) mechanism,'~> which makes use of a foreign element
catalytic agent (FECA) for NW nucleation. FECA is actually
a nanoparticle or a nanocluster made of metal atoms. In the
conventional VLS picture, the whole process is assumed to
be very stable with the FECA-mediated droplets not con-
sumed even when reaction conditions change. The NW
diameter dyw dictated by the droplet size is, therefore, very
stable. Recent experiments,'®!3 however, demonstrate that
these assumptions are false. For example, even under cleanest
growth conditions, VLS mechanism may not produce long
and uniform nanowires'® of high purity at a temperature 7.
Rather it produces nanowires exhibiting droplets at the tips
and having a variety of shapes and sizes (see Figure 1)
including the shape of a cone (the droplet edge is much
thicker than the substrate edge; see Figure 1, structure S1)
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or a needle (the NW is gradually thinned as it grows, and is
pointed at the droplet edge, while thick at the substrate edge;
see Figure 1, structure S3). Nanowires may have diameters
different from those of the droplets, even when these
diameters are uniform (see Figure 1, structure S2). Also, the
NW length Lyw may be different. Further, to find FECA that
fits the VLS growth of a certain nanowire is still challeng-
ing.'"* Au is widely used as a FECA for the VLS growth of
a variety of nanowires. Although it has strong chemical
inertness and thermal stability, it presents formidable con-
tamination problems." This is all the more remarkable given
the fact that VLS growth has been studied for over 40 years.
Our objective in this investigation is to address various issues
involving VLS growth, to understand the influence of the
dynamic behavior of the droplets on NW growth, and to try
to present a simple, novel, malleable (SNM) model for the
VLS mechanism.

Analysis. For analysis of the mechanism and precise
description of the model, we assume that the nanowire to
be grown is X,Y,Z, (X, Y, and Z are NW elements, and p,
q, and r are mole fractions, p, g, and r may be an integer,
and one or two of them may be zero) nanowire. The growth



Figure 1. Schematic examples of possible nanowire structures
formed under a variety of growth conditions. The structures S1,
S2, and S3 are respectively cone shaped structure, uniform structure,
and needle-shaped structure. Structures S4 to S9 are combinations
of S1, S2, and S3 structures. In all the structures, the dark spherical
droplets are made of FECA/X alloy. But in structures S1, S8, and
S9, the outer peripheral segment (e.g., the one between the solid
sphere and open sphere) of the droplet is due to integration of X
into the droplet, which coexists with the FECA/X alloy as wetted
nonalloyed component of the droplet. The nanowire segment of
structures S1, S8, and S9 occurring between the solid line and dotted
line is due to supersaturation and nucleation of X,Y,Z, species
through the nonalloyed component of the droplet. The nanowire
segment of structures S6 occurring between the solid line and dotted
line is due to diffusion of the FECA atoms or the Rg species from
the substrate to the droplet via the NW sidewalls. The core (e.g.,
the one between two dashed line in the tapered region, and between
two solid lines in the untapered region) of this nanowire is due to
Rs species landing directly on the droplet surface.

can be done by techniques such as CVD, MBE, laser
ablation, and microwave-assisted physical vapor transport
where there are two zones: the high-temperature reaction
zone and the low-temperature deposition zone. The substrate
is placed in the deposition zone. The temperature Ty of the
reaction zone is such that it produces X, Y, and Z vapor
atoms either from the precursors or from solid sources of
X, Y, and Z, respectively. The X, Y, and Z vapor atoms are
then transported to the deposition zone by a suitable carrier
gas, where they flow over a functionalized FECA-coated
substrate placed inside a high vacuum furnace at temperature
Tr and pressure Pp, and produce, if not affected by oxygen
or some other species, a FECA-induced droplet.

Central to the VLS mechanism are the formation, com-
position, overgrowth, and decay of droplets. Also, keys to
the one-dimensional nucleation are surface tension and
electronegativity of these droplets. These are described
below. For VLS growth, T and P, must be such that they
cause FECA particles to form tiny alloyed seeds with that
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NW element (suppose X) for which the eutectic phase occurs
at the lowest possible temperature 7g and with the lowest
possible atomic percentage of X in the FECA/X composition
Ci. The choice of T and Py is indeed very critical. It must
take into consideration the mesoscopic effect of the seeds.
Because of this effect, there occurs melting point depression,
and the melting point 7 at the tip of the seed can be far
lower than that of the corresponding bulk. If the degree of
temperature depression is Ty at pressure Py, then 71 can be
considerably lower'® than the eutectic temperature Tg of the
FECA/X binary phase diagram: 7y, = (T — Twm). Thus the
tip of the seed can be a molten or semimolten alloy of
composition Cy at T, although 71, can be lower than T and
Tr. Even when T, & T%, owing to the mesoscopic effect, the
tiny tip of the seed may be molten/semimolten, with the rest
of the substrate remaining as solid. The semimolten structure
includes the one in which the seed may appear to be solid,
and yet it has a lattice soft enough and interatomic/
intermolecular configurations loose enough to allow the
adsorption of the NW vapor species (e.g., X, Y, Z, etc.) on
the droplet surface, and easy diffusion of these species from
the droplet surface to the liquid/solid interface. While in the
deposition zone, X, Y, and Z vapor atoms react to form
X,Y ,Z, vapor molecules. More, and very likely, a majority
of the X,Y,Z, molecules are formed, however, when X, Y,
and Z land on the droplet surface. These X, Y, and Z,
together with the X,Y,Z, vapor molecules, which land also
on the droplet surface, participate in NW formation. X,Y,Z,,
together with X, Y, and X are henceforth referred to as Rg
species.

For the droplet to mediate NW growth, it must be such
that the charge distribution Qs and electrogenativity s of
the Rg species (X, Y, Z, X,Y,Z,) are much different from
the charge distribution Qp and electronegativity &, of the
Ry species (e.g., droplet species including FECA/X alloy)
of the droplet. An ideal FECA would be the one for which
the difference ({. — Cs) creates a large electric field E. The
FECA/X droplet should also have large surface tension yy.
The electric field E and the surface tension v, must thus be
sufficiently high for the Rg species to be attracted by the R,
species and to land on the droplet surface.

The molten FECA/X alloy, which is actually a liquid
droplet of Ry, species, should have low X composition Cy, at
temperature 71.. If the FECA/X droplet has very large fraction
of X, then the difference (. — {s) may be too small for the
Rs = X, and even for the Rs = X, Y,Z, species, to land on
the droplet surface. Low composition Cp of X in the Ry
species is needed, as well, for smooth diffusion of Ry =
X, Y Z, through the droplet to the liquid—solid (L/S) interface.
Note that this solid is the seed at the initiation of the growth,
but is the NW tip (just underneath the droplet) in the
subsequent stage of the growth.

Droplet overgrowth with time during NW growth is
detrimental for VLS mechanism. It can occur due to
continuous oversupply of the Rg species or the lack of control
of relative flow rates of X, Y, Z vapor species in the
deposition zone. If, for example, Rs = X vapor species, as
compared to other vapor species, is flown excessively into
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the deposition chamber, some of these Rg = X may be
integrated into the droplet, partly changing the composition
of the FECA/X alloy, or just coexisting with this alloy as
wetted nonalloyed component of the droplet. The droplet size
is consequently increased. Cone-shaped nanowires are pro-
duced when X, Y,Z, molecules diffuse through the alloyed
and nonalloyed segments of the droplet to the L/S interface.
As shown in structures S1, S8, and S9 (see Figure 1), the
peripheral region of the nanowire formed primarily by the
nonalloyed component of the droplet, may actually be
responsible for the gradual increase in NW diameter in the
entire or certain section of the NW length.

Droplet decay and even disintegration with time during
growth are also detrimental for the VLS mechanism. These
can take place due to a number of reasons: First, there occurs
a lateral temperature gradient and/or sudden change in
temperature, which leads to accidental and random breakup
of FECA droplets.!” Second, oversupply of one or more Rg
species, and interplay of surface energies of the nanowire
and/or liquid droplet, result in droplet oscillation and multiple
nucleation'’” during growth. Third, gas particles (carrier gases,
Rs species, etc.) incident on the droplet surface can cause
hydrodynamic stress y. (viscous and/or inertial) in the
droplet. Obviously, y. is opposed by yL. While y. tends to
deform the droplet from spherical to the ellipsoidal shape,
reducing its surface energy, y. tends to preserve the spherical
shape of the droplet. Thus, gas flow during NW growth can
cause droplet breakup, and even droplet disintegration, if y..
> yL. Even when y1, > y1, some atoms from FECA particles
located at the surface of the droplet, if hit hard by gas
particles, may be knocked out and vaporized. It is particularly
true at 7 > Ty, and P << Py, at which the droplet is in a
highly molten condition. That such breakup at high temper-
atures is possible is evident from the breakup of the water
droplet by high-velocity gas flow.'® Fourth, the droplets may
be charged, for example, by tribo-electrification, ion collec-
tion, thermionic emission, frictional charging, etc. during
growth. Example: Au nanoparticles, placed in tube furnace
flowing high-purity nitrogen, became electrically charged"
at T > 600 °C. Also, the decomposition of SiH,Cl, during
CVD growth produced charged silicon clusters.?’ So droplets
become unstable and break apart if repulsive electrostatic
forces on their surfaces exceed the surface tension forces.?!

To reiterate, temperature 7" and pressure P play a crucial
role in the droplet stability. Usually the higher the 7 above
T1. and the lower the P below Py, the higher is the degree of
melting of the FECA/X alloy and the higher is the instability
of the droplet. Atoms are more loosely bound in this alloy
at higher T and lower P, and they (particularly those present
near the surface) have a higher tendency to dissociate from
the alloy under hydrodynamic stress or due to an impulse
from incident charge particles. So, at an appropriate pressure
P (generally 1—10 Torr), temperature 7 must be close to
T, and that at this T (called Tg), the droplets should be stable,
have high y., exert high electric field on Rg species (X, Y,
Z, X,Y,Z,), and allow smooth diffusion of Rg = X,Y,/Z,
species through it. At this pressure P, Tp should never be
high enough, at which the droplets are highly unstable, or
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Figure 2. Examples of as-grown nanowires that resemble (a) cone-
shaped structure S1, (b) uniform-structure S2, (c) needle-shaped
structure S3, (d) hybrid structure S4 (e.g., combination of S1 and
S2 structures), and (e) hybrid structure S7 (e.g., combination of S1
and S3 structures) and provide evidence of variations in NW
structures under a variety of growth conditions. While the as-grown
nanowires presented in (a,b,c) are SiC nanowires from Sundarasen
et al.,,?? the as-grown ZnO nanowire in (d) is from Gao and Wang.?
The as-grown InN nanowires in (¢) and (f) are from our laboratory.?’

there occurs chemical reaction of FECA with the Rg species.
If it happens, the droplet size would reduce with time during
the entire or certain period of growth (see Figure 1, structures
S3, S5, S7) and it may even disappear. Even if it exists, its
chemical makeup, electronic charge distribution, surface
tension, and the electronegativity can all alter leading to
bending, twinning, splitting, etc. of nanowires. That the
structures of Figure 1 resulting from various effects are
indeed realistic is apparent from some as-grown nano-
wires?>?3 presented in Figure 2.

The NW growth rate depends on the diffusion length Asp
of the Rs species. It is given by?* 13, = Dsots exp(—fspEsp/
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kgT), where ts is the carrier lifetime, fSsp is a parameter,
Dy is the temperature-independent diffusion coefficient, kg
is the Boltzmann constant, and Esp is the diffusion activation
energy. On the basis of this equation, the diffusion length
Asp is larger at higher temperature. This means the NW
growth rate Gnw is higher if the NW growth can be
conducted at higher temperature at least until Gnw reaches
the peak. As this temperature, 7Ty should not be much higher
than 71. FECA, for a particular NW growth, should be so
chosen? that the FECA/X alloy exhibits the highest possible
Tv.. Also, Ty corresponding to this 7. must be such that at T
~ Tg, Gnw is the highest, and the NW tapering due to
sidewall migration of FECA or Rg species from the substrate
is the lowest.

The eutectic temperature Tg is 363 °C for Au—Si (97%
Au and 3% Si) alloy, is 450 °C for Au—In (68% Au and
32% In) alloy, and 1200 °C for Fe—Si (70% Fe and 30%
Si) alloy. Hannon et al.'® grew Au-catalyzed Si nanowires
at 7= 600 °C and P = 5 x 1073 Torr. Cao et al.'> grew
Au-catalyzed Si nanowires at 7 = 500-700 °C and P < 5
Torr. Mattila et al.'' grew Au-catalyzed InP (X =1In, Y =
P, p = g = 1, and r = 0) nanowires at T = 420—450 °C.
Sundaresan et al.?? grew Fe-catalyzed SiC (X = Si, Y = C,
p = ¢q =1, and r = 0) nanowires by a microwave-assisted
physical vapor transport process at atmospheric pressure. For
this SiC NW growth, the difference in temperature, AT,
between the reaction zone and the deposition zone was ~150
°C, the distance between these two was ~200 um, and the
duration of substrate heating was ~15 s. However, the
temperature 7 of the deposition zone was varied. Thus, cone-
shaped nanowires, about 2—5 um in length, were grown at
T ~ 1600 °C, needle-shaped nanowires, up to ~100 um in
length, were grown at 7 ~ 1700 °C, and nanowires of
uniform diameters, about 10—30 4m in length and 15—300
nm in diameter, were grown at 7 = 1650 °C. Only
micrometer-sized SiC deposits could be obtained at 7 > 1750
°C. The diameter of the cone shaped nanowires was 10—50
nm at the substrate end, but 100—200 nm at the tip. The
diameter of the needle shaped nanowires was 10—50 nm at
the substrate end and almost zero at the tip. All these are
shown in Figure 2, and can be explained well by the present
model, as detailed below.

There are three possible reasons for the growth of cone-
shaped nanowires. First, there are some FECA particles in
the vapor phase. Also, X, as compared to Y, Z, and XY ,/Z,
is oversupplied. {s values for all Rg species (X, Y, Z, X,Y,Z,)
and FECA are different from i, so all of them land (at
constant rate with time) on the droplet surface under the
influence of the electric field E and the surface tension yy.
Some of these Rs = X form FECA/X alloy with FECA
particles, others combine with Y and Z to create additional
X,Y,Z, molecules. The diameter of the droplet and the
nanowire thus increase with time. Second, FECA atoms
migrate from small-catalyst NW droplets to large-catalyst
NW droplets to reduce the total droplet surface area, and
this migration via diffusion takes place along NW sidewalls.
Various Rg species (X, Y, Z, X,Y,Z,) land at the same time
on the droplet surface. Some of the Rs = X atoms form
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FECA/X alloy with the surface migrated FECA, while others
combine with Y and Z to create X,Y,Z, molecules. Droplet
and NW diameters are consequently increased with time.
Third, there are no FECA atoms landing on or migrating to
the droplet. Only Rs species (X, Y, Z, X,Y,Z,) land on the
droplet surface. Some of these Rg = X, if not very highly
energetic, are integrated into the droplet, partly changing the
composition of the FECA/X alloy or just coexisting with
this alloy as a wetted nonalloyed peripheral component of
the droplet. The droplet size is consequently increased with
time. The remaining X atoms form X,Y,Z, molecules with
Y and Z atoms and the X,Y,Z, molecules diffuse through
the droplet to produce nanowires. That a nonalloyed droplet
can indeed promote NW growth well is evident from the
VLS-type self-catalytic NW growth carried out in our
laboratory.%8

Of the three possibilities, the third one appears to be most
plausible for SiC nanowires grown at 7~ 1600 °C under
Si-rich conditions. It is supported by Novotny and Yu.?® With
Rs = Si continuing to be integrated into the droplet, the {,.
of the FECA/X alloy approached the {s of Rs = X, and the
difference ({. — Cs) gradually decreased. At one point, it
was too small for Rg = Si to land on the droplet surface
where it could produce, together with C atoms, SiC
molecules. With X = Si composition Cp being relatively
large under Si-rich conditions at which T is possibly larger
(Te depends on the atomic percentage of Si; see for example,
Wang et al., ref 16), Rg = SiC molecules primarily from
the vapor phase could diffuse slowly through the droplet onto
the L/S interface to produce nanowires. That these are correct
is evident by very slow NW growth;?? nanowires only 2—5
um in length could be produced. Had the first or second
option been true, nanowires would grow longer and have
S1, S4, or S7 structures of Figure 1. Diffusion of Fe through
NW sidewall from the substrate to the droplet, or vice versa,
may be reasonable more for NW lengths smaller than 1 um
than for NW lengths larger than 1 um. It may particularly
be very unlikely'? for the FECA particles to diffuse upstream
to a length as large as 5 um.

Nanowires of uniform diameters can be realized under the
two following conditions: First, Rs species (X, Y, Z, and
X,Y,Z,) land on the droplet surface (at constant rate with
time), and there is no oversupply of any of the Rg species.
Also, the droplet is sufficiently stable at the growth temper-
ature and pressure to resist decay or disintegration by
hydrodynamic stress or the impulse of charge particles, if
any. Second, there is an oversupply of one of the Rg species
(suppose X), but the temperature is high, and X species are
energetic enough not to be wetted or integrated, at least in
large number, into the droplet to increase the droplet size.
Those that tend to be wetted and integrated into the droplets
are counteracted by the hydrodynamic effect and/or the
impulse of charged particles. A variety of nanowires (GaN,
InAs, InGaAs, InGaN, InGaAsN, etc,) grown in our labora-
tory®’ followed the first condition. However, the uniform
SiC nanowire grown at 7 ~ 1650 °C by Sundaresan et al.??
under Si-rich conditions appears to follow the second
condition. Rg = SiC formed in the vapor phase, or formed
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from Si and C on the droplet surface, diffused through the
droplet to form nanowires shown in Figure 2b. The NW
length was also considerably larger (10—30 «m)?? but not
significantly large due to somewhat larger value of C;..

Needle-shaped nanowires are produced under one of the
four following conditions: First, Rg species (X, Y, Z, and
X,Y,Z,) land on the droplet surface (at constant rate with
time), and there is no oversupply of any Rg species. However,
the droplet is not sufficiently stable at the growth temperature
and pressure to resist decay or disintegration by hydrody-
namic stress or the impulse of charge particles. So, the droplet
becomes gradually smaller as the nanowire grows. Second,
there is gradual decrease in the supply of Rs = X,Y,Z,
species with time to the droplet. Third, the growth temper-
ature is high and the chamber pressure is quite low. The
droplet is highly molten at this growth temperature 7 > T,
and pressure P << Pp,So the droplet can no longer hold the
Ry, species, and particles from this Ry species diffuse from
the droplet to the substrate via the NW sidewalls. Conse-
quently, the droplet size is gradually reduced as the nanowire
grows. Fourth, the growth temperature is high, and one or
more of the Rg species react with FECA gradually, altering
the very composition of the droplet alloy.

The first and second conditions (e.g., undersupply of In
vapor) dominated needle-shaped InN nanowire growth in our
laboratory.5?” Scattered metal particles® lying on the substrate
surface (see Figure 2f) corroborate the suggestion that the
loss of metal mass following the first condition does indeed
take place. The third condition appears to dominate the Si
nanowire growth by Hannon et al.'° These nanowires grown
at 7> Ti and P << Py, had length smaller than 1 um. The
first and second conditions might have dominated the needle-
shaped Si nanowire growth at 7> T but P &~ Py, by Cao et
al.'? So, the droplets of Cao et al. were molten and unstable,
but not near-liquefied as those of Hannon et al. Needle-
shaped nanowires grown by Sundaresan et al.,?> Cao et al.,'?
Kim et al.,'* Zou et al.,”® and in our laboratory?” have lengths
exceeding 10 um, and these lengths are too long for
downward NW surface diffusion to lead to gradual NW
needling.

Needle-shaped SiC nanowires grown at 7~ 1700 °C (see
Figure 2¢) by Sundaresan et al.?? were influenced by some
or all of the above four conditions. At T = 1700 °C, the
droplets were quite molten and unstable. So, highly energetic
oversupplied Si vapor atoms were less likely to be integrated
into the alloy. There was a possibility of two or more of
Fe/Si alloy, Si, and C to react with each other as well.
Interestingly, long nanowires (~100 gm) could still be grown
because some Si atoms, rather than Fe atoms, were lost from
Fe/Si alloy due to hydrodynamic effect and/or the effect of
charge particles lowering Cp and easing the diffusion of Rg
= SiC through the droplet in higher numbers. It was possible
because the melting temperature of Si (1410 °C) is lower
than that of Fe (1535 °C), and the boiling temperature of Si
(2355 °C) is also lower than that of Fe (2750 °C).

Very high growth temperature can nullify NW growth.
At this temperature, the droplet instability is too high and
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there can be chemical reactions between FECA and Rg
species. During SiC nanowire growth at 7' > 1700 °C,
chemical reactions® between the SiC and Fe such as Fe +
SiC — Fe3;C + Fe(Si) and Fe + SiC — Fe;Si + Fe,Si + C
might have played a dominant role. The droplets thus
disintegrated, and only SiC deposits could be obtained.

Tapered, but not needled, nanowires (structure S6, Figure
1) grow under two different conditions: First, FECA atoms
migrate from small-catalyst NW droplets to large-catalyst
NW droplets via NW sidewalls to reduce the total droplet
surface area, but the larger the NW length, the smaller is
the number of FECA atoms reaching the droplet via the NW
sidewalls. Suppose Lg is the largest NW length up to which
the FECA atoms can migrate upward. Then the largest
number of migrated FECA atoms integrates into the FECA/X
alloy of the droplet when the nanowire length Lyw =~ 0 at
the initiation of NW growth, but almost no FECA atoms
can integrate into the FECA/X alloy of the droplet at Lyw &
Lg. These nanowires are tapered up to Lyw = Lg but thinner
and uniform for Lyw > Lg. Second, FECA atoms migrating
from small-catalyst NW droplets to large-catalyst NW
droplets are insignificant. But, while some of the Rg species
land on the droplet surface, others of them land on the
substrate surface. The Rg species landing on the substrate
then migrate to the droplet via NW sidewall. Among them,
some X atoms integrate into the droplet, partly changing the
composition of the FECA/X alloy or just coexisting with
this alloy as a wetted nonalloyed peripheral component of
the droplet. Other Rg species (remaining X, and also Y, Z,
and X,Y,Z,) migrating from the substrate participate in the
NW growth via both the alloyed and nonalloyed segments
of the droplet. If Lg is the largest NW length up to which
the Rg species can migrate upward, then these nanowires
are tapered up to Lyw = Lg but thinner and uniform for Lyw
> Lg. The thinner and uniform segment of the nanowires is
produced by Rg species landing directly on the droplet
surface from the vapor phase. As both Ly and Lg decrease
with increasing temperature® due to decreasing mobility at
the NW sidewalls and increasing adatom crystallization on
the substrate surface, tapered nanowires grown at higher
temperatures should have smaller tapered lengths. That
tapering indeed ends at 7'~ T}y is demonstrated by nanowires
produced by Dayeh et al.3' and Dick et al.*?

The Au-catalyzed InP NW characteristics'' are remarkably
similar to the Fe-catalyzed SiC NW characteristics.”> While
grown at 420, 430, 440, and 450 °C, InP nanowires are
respectively cone-shaped, uniform, needle-shaped, and almost
disintegrated. A comparison of the Au-catalyzed cone-shaped
InP nanowires of Mattila et al."' with the self-catalyzed cone-
shaped InP nanowires of Novotny and Yu?® strongly supports
our argument that the cone shape of nanowires results
primarily from gradual incorporation of oversupplied X
element into the FECA/X droplet.

To exemplify the parametric dependence of NW growth,
we briefly discuss the Au-catalyzed Si NW growth rate as a
function of temperature. As Kikkawa et al.’* suggested, this
growth rate depends on many parameters, including decom-
position of SiHy and supersaturation and crystallization of

Nano Lett.,, Vol. 8, No. 5, 2008



e
o
T

-
T

b
o
T

Nanowire Growth Rate (nm/sec)

001 1 1 1 1 1 1 1 1
300 350 400 450 500 550 600 650 700

Growth temperature (°C)

Figure 3. Comparison of the calculated results from our model
with the experimental results from Lew and Redwing.®> The solid
line and the solid circles represent the calculated results. The dashed
line and the solid triangles represent the experimental results.

the Rg species at the solid/liquid interface. According to
Givargizov,* the supersaturation is given by & = a(u; —
w2)lksT, where u, is the chemical potential in the vapor phase,
U2 1s the chemical potential in the solid phase, kg is the
Boltzmann constant, and a is a parameter that may depend
on growth temperature, partial pressure of source gases, and
the NW diameter dyw. One may rewrite & as® & = 2wo(dnw
— denw)/(dvwdenwksT), with @ as the atomic weight of the
nanowire material, o as the surface energy density of the
nanowires, and dcnw as the critical diameter of the nanowires.
If expressed further in terms of the diffusion length, as done
by Kikkawa et al., the growth rate may approximately be
given by GNW - G() exp(—ﬁSDESD/ZkBT), where G() ==
aj&3(Dsots)'?, ap is a parameter, & is the supersaturation of
the NW species for nanowires of average diameter, and fsp
= 4cosh(7T/Tg). We calculated Gnw for Si nanowires over
the temperature range of 300-650 °C. For this calculation,
we used (Dsots)"> = 100 nm as given by Lim et al.,’¢ T ~
400 °C, as stated earlier, is the temperature at which the
droplet is thermally stable, and the supersaturation for the
Au-catalyzed Si reaches almost the peak, if not the peak,
and denw = 1.8 nm as given by Wilcoxon et al.¥’ A
comparison of the calculated results with available experi-
ment of Lew and Redwing’ is shown in Figure 3. This
comparison is almost quantitative for ap&y = 1.3 x 10'7/s!2
and Esp = 150 kJ/mol. Gnw increases with 7 until it reaches
a peak and then decreases with increasing 7. Thus, the model,
although approximate, appears to be suitable enough to
provide good description of the NW growth rate as a function
of temperature.

Conclusion. In conclusion, analysis of the VLS mecha-
nism has been presented. The analysis takes into consider-
ation the influence of the electrical, hydrodynamic, thermo-
dynamic, and surface tension effects on NW growth and
provides better understanding of the VLS mechanism. A
unified model based on this analysis appears to explain the
formation of all sorts of nanowires. The analysis indicates
that the difficulties encountered, for example, by Hannon et
al. and Cao et al., in producing uniform nanowires arose from
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the lack of judicious choice of growth parameters. The
arguments put forth by them seem to apply only to specific
cases. This is evidenced by Hu et al.,® who used only 370
°C to produce Au-catalyzed uniform Si nanowires. The data
of Hannon et al. and Cao et al., together with those by
Sundaresan et al. and Mattila et al., are quite interesting and
they provide strong justification to various features presented
in our model. This model suggests that the VLS growth
should preferably be performed at 7" not much higher than
Ti.. Otherwise, even the eutectic temperature 7 may prove
to be too high for the stability of some droplets, particularly
for those for which the depression temperature 7y is high.
Any VLS growth must ensure that the composition of X in
the FECA/X alloy is significantly low, the FECA does not
contaminate the NW lattice structure, and the electric field
E and the surface tension Yy are high. This VLS growth must
also ensure that the supply of various Rg species (X, Y, Z)
is proportionately adequate, and the growth temperature and
the chamber pressure are optimized enough to promote
reaction among these Rs to produce Rs = X, Y,Z,. Both the
oversupply and undersupply of Rg = Y and/or Ry = Z may
impede this reaction. The VLS growth may consequently
be very slow. The VLS grown nanowires may also be
affected if the cooling rate after NW growth is exceedingly
high.

The presence of FECA at the tip of VLS grown nanowires
leads to lattice disorder and defects. More importantly, it
compromises the engineering applications of these nanowires.
In general, the smaller the size of this FECA, the lower is
the probability of such disorder and defect. Following the
observation earlier, an important means to accomplish this
goal, at least as much as possible, would be to introduce a
growth technique in which the FECA/X alloy should be very
small, and judiciously controlled oversupply of the Rg = X
species would lead some of these X species to form wetted
nonalloyed component of the droplet. This nonalloyed
component of the droplet would actually be formed around
the periphery of the FECA/X alloy of this droplet. And both
of them would participate in NW growth. Recent experi-
ments’’ indicate that indeed the formation of very tiny
FECA/X nanoparticles with radii rexw as small as 0.85 nm
is feasible. The nanowires of uniform diameter can thus be
grown with the participation of both alloyed and nonalloyed
components of the droplet in supersaturation and nucleation.
These nanowires will have inner core, for example, of radius
renw ~ 0.85 nm and an outer shell of width wenw. The total
NW radius would be rynw = renw + Wenw, With wenw
resulting from the participation of nonalloyed component of
the droplet, and having a value quite variable depending upon
need. Such nanowires would have homogeneous composi-
tion, desirable radii, and significantly lower defect level.
Judicious control of growth temperature, chamber pressure,
and relative supply of various Rg species with time would
be very crucial for obtaining such uniform NW diameter.
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