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ne-dimensional structures such

as nanotubes and nanowires are

being investigated for various ap-
plications in nanotechnology, including na-
noelectronics. In particular, silicon- or
germanium-based nanowire devices are de-
sirable for electronic and other applications
because of their compatibility with Si inte-
grated circuits. The potential of Ge nano-
wires (NWs) as building blocks for three-
dimensional (3D) integrated circuits has
been demonstrated by successful fabrica-
tion of field-effect transistors using p-type
Ge NWs and a deposited high dielectric con-
stant (high-k) film as gate insulator." The
relatively low growth temperature (<400
°C) needed for metal-catalyzed chemical va-
por deposition (CVD) of Ge NWs*™* makes
them compatible with 3D integrated circuit
fabrication.

The widely accepted theory of nano-
wire growth via the vapor-liquid-solid (VLS)
mechanism was first suggested by Wag-
ner® for micrometer-sized silicon whiskers
grown in the presence of gold impurities at
950 °C, which is well above the eutectic
temperature of the Au—Si binary system.
This mechanism has subsequently been
used to explain the growth of nanowires
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Figure 1. Schematic illustration of the vapor-liquid-
solid (VLS) mechanism showing both nanowire nucle-

ation and growth geometries.
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ABSTRACT The vapor-liquid—solid mechanism of nanowire (NW) growth requires the presence of a liquid at

one end of the wire; however, Au-catalyzed Ge nanowire growth by chemical vapor deposition can occur at ~100

°C below the bulk Au—Ge eutectic. In this paper, we investigate deep sub-eutectic stability of liquid Au—Ge

catalysts on Ge NWs quantitatively, both theoretically and experimentally. We construct a binary Au—Ge phase

diagram that is valid at the nanoscale and show that equilibrium arguments, based on capillarity, are inconsistent

with stabilization of Au—Ge liquid at deep sub-eutectic temperatures, similar to those used in Ge NW growth. Hot-

stage electron microscopy and X-ray diffraction are used to test the predictions of nanoscale phase equilibria. In

addition to Ge supersaturation of the Au—Ge liquid droplet, which has recently been invoked as an explanation

for deep sub-eutectic Ge NW growth, we find evidence of a substantial kinetic barrier to Au solidification during

cooling below the nanoscale Au—Ge eutectic temperature.

KEYWORDS: sub-eutectic growth - phase diagram -

nanocatalyst - TEM - Au—Ge

with diameters as small as 10 nm.>®7 In
the VLS mechanism (Figure 1) the reactants
are introduced via the vapor phase and de-
compose and/or dissolve into the catalyst
to form a molten alloy of the catalyst and re-
actant species. Supersaturation of the mol-
ten droplet by Ge leads to nucleation and
axial growth of a nanowire.

The requirement of a liquid for the VLS
mechanism suggests that nanowire growth
should be carried out at temperatures
above the binary eutectic melting point. In
our previous work,> we found that nano-
wires grown at temperatures near
the bulk eutectic are tapered because
of uncatalyzed germanium deposi-
tion on the sidewalls of the growing
nanowires at these high tempera-
tures. Tapering of the nanowires is
not desirable for many applications
because nanowire device characteris-
tics may be strongly dependent on
nanowire diameter. We found that

nanowires - germanium -
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temperatures close to the bulk eutectic of the Au—Ge
binary system (360 °C) were required for efficient nucle-
ation of epitaxial nanowires on Ge single-crystal sub-
strates. However, after cooling from this nucleation
step, the subsequent growth of single-crystal nano-
wires could be carried out at temperatures as low as
90 °C below the eutectic.? Transmission electron mi-
croscopy (TEM) studies of these nanowires indicate that
there is no substantial difference in their crystalline
quality or orientation for wires grown at temperatures
near the bulk eutectic compared to those grown at very
large undercoolings. Moreover, we observe relatively
high Ge NW growth velocities which are weakly de-
pendent on temperature below the bulk eutectic, which
is further evidence of a single growth mechanism in
our experiments. Therefore, we find no evidence for a
transition to a different growth mechanism [e.g., a tran-
sition from VLS to vapor-solid-solid (VSS) growth] on
cooling after Ge NW nucleation. Recent in situ TEM stud-
ies of Ge nanowire CVD have, in fact, shown that VSS
growth of Ge nanowires can occur, but at velocities
1—2 orders of magnitude slower than VLS at the same
temperature.®

There are several other reports of nanowire growth
well below the relevant eutectic temperatures.>®%'° |t
has sometimes been suggested® that capillary effects,
which result in melting point depression for elemental
nanoparticles,’’ can account for the depression of the
binary eutectic temperature in these systems. Capillary
effects, often represented by the Gibbs-Thomson pres-
sure, increase the free energy of single-component
nanoparticles relative to the bulk values and thus cause
a reduction in their melting temperatures. A better un-
derstanding of binary Au—Ge phase equilibria at
nanometer-scale dimensions is required to determine
the extent to which capillary effects (1) alter the stabil-
ity of the binary liquid, (2) contribute to the driving
force for Ge transfer from a Au—Ge liquid to the Ge
NW tip, and (3) influence the driving force for final
nucleation of the Au(s) catalyst at the termination of
growth. These calculations are thus invaluable for un-
derstanding deep sub-eutectic solidification
quantitatively.

In principle, the Gibbs-Thomson effect may either
increase or decrease the equilibrium melting point in a
binary eutectic system, depending upon the surface en-
ergies and molar volumes of the two solid compo-
nents and the liquid phase. A better understanding of
Au—Ge phase equilibria at nanometer-scale dimensions
is required to determine the extent to which capillary
effects contribute to the stability of a liquid catalyst par-
ticle during low-temperature nanowire growth. We
have calculated equilibrium phase diagrams for the
Au—Ge binary in the nanometer-scale regime. The bulk
equilibrium phase diagram for Au—Ge was reported
by Okamoto and Massalski in 1984'2 and can be calcu-
lated using the Gibbs free energy of the face-centered-
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cubic (fcc; Au-rich) solid solution, the liquid solution,
and the diamond-cubic structure Ge published therein.
Effective Gibbs-Thomson pressures acting on the cata-
lyst particle (both in solid and liquid form) and the Ge
NW are proportional to the product of their surface cur-
vature and surface energy.'® These pressure terms in-
crease the free energy of the nanoscale catalyst and the
nanowire relative to the bulk values. To calculate the
capillary increase in the Gibbs free energy of the vari-
ous phases, one needs to estimate the surface energy
of the non-ideal multicomponent liquid and solid solu-
tions of Au and Ge.

We have assumed a monolayer model in which the
discontinuity in surface properties of a condensed
phase is confined to a single monolayer at its surface.
The surface energy, o, is modeled with the following
equation:

P
oA=G"=% n™y, (1

1
=

where A is the surface area, G™ is the Gibbs free en-
ergy of the surface monolayer, n{™ is the number of
moles of component i in the monolayer, and ; is the
chemical potential of this component in the adjacent
phases, which depends on the temperature, pressure
(including capillary pressure), and composition. Equa-
tion 1 is reasonable from an intuitive perspective, and
it can also be derived through a variational analysis of
the kind described by Butler.'* The approach for deter-
mining the surface energy of multicomponent alloys is
described in detail in the Supporting Information (sec-
tion S1). The surface energy o of the Au—Ge binary al-
loy can be expressed as
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where R is the gas constant, T is the temperature, o; is
the surface energy, and «; is the partial molar area of
pure component i (i = Au or Ge). The terms X™ and X;
are the mole fractions of a component i in the surface
monolayer and bulk phase, respectively; G:*™ and
G*® are the partial excess Gibbs energy of component
i in the surface monolayer and bulk phase, respectively.
Equation 2 can be solved using the bulk thermody-
namic data for Au—Ge liquid binary reported by Oka-
moto,'? the reported molar volume data for the pure
components,'* their reported surface energies,’®"” and
the coordination number ratio, § = 0.83, of atoms on
the surface relative to those in the interior,'® to obtain
the equilibrium concentration of component i in the
surface monolayer and the surface energy of the multi-
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" is the surface energy, V" is the molar vol-
ume of phase Y, r, is the radius of the liquid
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particle, and r,,, is the radius of gold solid so-
lution. The radii of the liquid droplet (r,) and
the solid gold particle (r,,,) increase as they are
saturated by Ge. The radius of the Ge NW is as-
7 sumed to be same as the liquid catalyst drop-
& let radius.

] With the Gibbs free energies of the differ-
ent phases (eq 3) calculated, one can evaluate
the effective Au—Ge binary phase diagram at
nanoscale dimensions. Such a phase diagram
is shown in Figure 3. The eutectic temperature
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in the growth case for nanowires grown from
10, 20, and 40 nm diameter gold colloids is
predicted to be 318, 338, and 349 °C, respec-
tively (Table 1). These estimated eutectic tem-
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peratures are significantly larger than the ob-
served Ge NW growth temperatures, which
were as low as 270 °C under our experimental
conditions. One notes that, under the assump-
tions made in the model, the liquidus curve
for nanowires follows the bulk liquidus very
closely in the Ge-rich side of the phase dia-
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1 gram. This can be understood because, with
the number of Au atoms fixed by the size of
solid Au nanoparticle, the diameter of the lig-
uid alloy increases with the increase in Ge con-
tent, and the Gibbs-Thomson pressure terms

Figure 2. Surface monolayer composition and surface energy in Au—Ge
liquid alloys. (a) Variation of surface monolayer composition vs the varia-
tion of the adjoining Au—Ge alloy phase. Because Ge has a much lower

surface energy than Au, it segregates to the surface. (b) Variation of sur-
face energy vs composition of the Au—Ge alloy phase. The surface en-

ergy of the liquid changes nonlinearly with bulk composition.

component alloy. These results for the liquid Au—Ge al-
loy phase are shown in Figure 2 for three different tem-
peratures. It should be noted that the low surface
energy of Ge relative to that of Au drives a very pro-
nounced segregation of this component to the surface
monolayer. This results in a departure from a linear “rule
of mixtures” behavior of the composition-dependent
surface energy in this binary system.

The Gibbs free energy of the various phases
(diamond-cubic Ge, liquid or fcc Au solid solution) at
the nanoscale case can be written as'?
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where G and G®" are the Gibbs free energy of phase
Y in the nanoscale case and the bulk case, respectively,
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in eq 3 become insignificant.

Nanowire nucleation when the catalyst par-
ticle is in contact with a flat Ge surface is differ-
ent from nanowire growth when it is in con-
tact with a Ge NW that has an effective radius
of curvature Y,. In the geometry of nanowire
nucleation, a highly curved nanoparticle in contact
with a flat substrate, the solid gold nanoparticle and
the liquid alloy nanoparticle each experience (respec-
tively) a Gibbs-Thomson pressure identical to that in
the growth geometry, but the Ge substrate experiences
no Gibbs-Thomson pressure. At the atomic level, Ge at-
oms at the periphery of the top terrace of a Ge nano-
wire are more active than those at kink sites on a nomi-
nally flat surface of solid Ge, so the temperature at
which they equilibrate with the liquid is lower. The
nucleation-geometry eutectic temperatures for nano-
wires grown from 10 and 40 nm diameter gold col-
loids are shown in Figure 3b along with the growth-
geometry eutectics. We find that the nucleation-

TABLE 1. Predicted Eutectic Melting Points and
Compositions in the Nanoparticle/Nanowire (NP/NW)
Geometry for Surface Energy-Modified Au(fcc)/Liquid/Ge
Phase Equilibrium versus the Nanowire Diameter

NP/NW diameter 10 nm 20 nm 40 nm
eutectic temperature 317.7°C 338°C 349 °C
Ge atom % of eutectic 0.271 0.275 0.277
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Figure 3. Equilibrium phase diagram for Au—Ge binary alloy system.
(a) Comparison of eutectic formed during nanowire growth for nanow-
ires synthesized from 10 and 40 nm diameter gold colloids to the
bulk Au—Ge binary alloy eutectic. (b) Detail of the region represented
by the squares in Figure 2a. Also shown with the growth geometry eu-
tectics (liquid nanoparticle in contact with the nanowire, NP/NW) are
the nucleation eutectics (liquid nanoparticle in contact with flat Ge,
NP/flat) for 10 and 40 nm diameter nanowires.

geometry eutectic is close to the bulk eutectic temper-
ature for both 10 and 40 nm nanowires, but the growth-
geometry eutectic temperature is lowered by 42 and
11 °C, respectively. This result is consistent with our ex-
perimental observation that, in Au-catalyzed CVD syn-
thesis of epitaxial Ge NWs, temperatures close to the
bulk eutectic of Au—Ge (360 °C) are required for effi-
cient nucleation of nanowires. However, it also means
that capillary effects alone are unlikely to stabilize a
Au—Ge liquid at the deep sub-eutectic temperatures of-
ten employed in Ge NW growth.>®

Kodambaka et al.® recently proposed that Ge super-
saturation of the Au—Ge liquid catalyst is responsible
for the observation of VLS growth at temperatures far
below the bulk eutectic. In their in situ TEM experi-
ments, supersaturation was provided by Ge incorpo-
rated during decomposition of a digermane precursor
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which flowed through the electron microscope. Be-
cause germanium deposition occurred during imaging
(the system may have been quite far from equilibrium),
their results are not ideal for comparison with the equi-
librium model developed above.

To test the predictions of the nanoscale phase equi-
librium calculations, in situ heating and cooling studies
of Ge NWs were performed inside a transmission elec-
tron microscope. A small cleaved piece of substrate was
glued sideways to a TEM grid and mounted onto a heat-
ing stage. The temperature variations in the TEM an-
nealing experiments parallel our two-temperature Ge
NW deposition process used to synthesize epitaxial Ge
NWs on Ge or Si single-crystal substrates. Therefore,
they provide valuable details which may be related to
the growth mechanism.

Temperatures close to the bulk eutectic were re-
quired for the Au catalyst particle on as-deposited 40
nm nanowires to melt via reaction with the Ge NW and
form a eutectic liquid alloy during a heating cycle in
the TEM. Melting was evidenced by (1) a loss of elec-
tron diffraction in both microdiffraction experiments
and dark-field imaging of the particle (Figure 4a), (2) a
loss of faceting (rounding) of the particle surface, and
(3) a movement of the NW/catalyst interface toward the
nanowire as Ge was incorporated and the catalyst par-
ticle volume increased. These observations are reason-
ably consistent with our prediction of a modest capillary
lowering of the eutectic temperature (~10 °C for 40
nm diameter NWs) in this system. However, heat trans-
fer by thermal conduction from the TEM hot-stage
sample holder to the nanowire tips may produce an
overestimation of the melting point in these experi-
ments. Therefore, in addition to hot-stage TEM observa-
tions (Figure 4a), we have also studied the Au—Ge eu-
tectic melting reaction by variable-temperature X-ray
diffraction (XRD) in a high-purity inert (N, and argon) at-
mosphere (Figure 4b,c). Convective heat transfer
through the gas ambient will supplement thermal con-
duction in the XRD experiments and thus may provide
a more accurate measure of the eutectic melting point.
Moreover, the XRD heating measurements sample a
large number of catalyst particles simultaneously and
thus yield better statistics than do hot-stage TEM stud-
ies. The heating rate was slow as the bulk eutectic melt-
ing point was approached. Heating across the range of
temperatures depicted in Figure 4b,c while collecting
XRD data took place over a period of several hours. Fur-
ther experimental details for these catalyst melting ex-
periments are described in the Supporting Information
(section S2).

A marked decay of the Au (111) reflections is ob-
served on heating 40 nm NWs to the temperature range
345—357 °C. The lowest temperature at which the de-
cay is observed is consistent with the predicted surface-
energy-modified eutectic melting point for this nomi-
nal wire diameter (see Figure 3 and Table 1). However,
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NP/NW samples in order to melt the
catalysts.

In order to test the predictions of nano-
scale phase equilibrium incorporating the rel-
evant surface energies, we also studied Au
catalyst melting on nominal 20 nm diameter
Ge NWs. In this case, the attenuation of the
(111) Au reflection on heating started at a tem-
perature between 337 and 342 °C (Figure 4c),
with further decay observed at higher temper-
atures. The behavior is qualitatively similar to
that seen for NWs of 40 nm nominal diameter,

Intensity [a.u.]

but the peak width for the (111) reflection is
larger for the 20 nm case (consistent with the
broadening effect due to the smaller crystallite
size), and the initial decay temperature is

~10 °C lower than that observed for the larger
nanowires. The onset temperatures for Au
(111) peak decay during heating are remark-
ably close to the theoretical values of the eu-
tectic melting point in the NP/NW geometry
(Table 1). The very close quantitative agree-
ment must be considered fortuitous, given the

37.2 377 38.2

assumptions made in the model and the un-

387 . . .
certainty in the Au nanoparticle temperature

Intensity [a.u.]

on the XRD hot-stage. More significantly, the
trend observed with decreasing NW diameter
is consistent with the prediction of a modest
decrease in eutectic melting point as a result
of capillary effects. We also attempted hot-
stage XRD measurements on NP/NW geom-
etry samples with a nominal Au catalyst diam-
eter of 10 nm; however, the (111) Au reflection
obtained was too weak to accurately estimate
the eutectic melting point, presumably due to
the much smaller volume of each catalyst par-
ticle for this diameter and associated finite-

37 38
20[°]

Figure 4. (a) Loss of diffraction contrast in the dark-field TEM image
during heating of a Au catalyst particle on a 40 nm diameter Ge (111)
NW to ~364 °C. (b) Diffracted intensity as a function of Ar annealing
temperature for {111} Au reflection on 40 nm diameter Ge NWs. (c) Dif-
fracted intensity as a function of Ar annealing temperature for {111}
Au reflections detected from catalyst particles on 20 nm diameter Ge

NWs.

coarsening of the Au nanoparticles, which appears to
happen prior to wire nucleation on Ge and Si (111) sur-
faces, broadens the distribution of NW diameters rela-
tive to the initial Au colloid size distribution. Because
the volume of the Au catalysts scales with the cube of
their diameter, a substantial Au (111) diffracted inten-
sity is expected for the relatively small fraction of Ge
NWs that have diameters larger than the nominal value
(in the case of Figure 4b, 40 nm). We believe that this
is the reason that the decay in (111) Au peak intensity
is not more abrupt during heating of the

Www.acsnano.org

39 size broadening of the Au reflections.

Crystallization of individual liquid
Au—Ge catalysts was studied during cool-
ing from above the melting point in the
TEM. We found that the liquid alloy re-
mained stable for undercoolings on the or-
der of 100 °C. Crystallization of the Au—Ge
liquid alloy was abrupt in an individual
nanowire, as evidenced by a sudden retrac-
tion of the interface as Ge precipitated out of the lig-
uid alloy onto the end of the Ge NW, which was fre-
quently accompanied by the appearance of “ghost”
diffraction contrast displaced from the tip image
(Figure 5). The crystallization temperature of an indi-
vidual nanowire varies in a very narrow range (*=2
°C) during repeated heating/cooling cycles. We
found that the liquid particles on the tips of differ-
ent nanowires in a TEM specimen crystallize in the
temperature range of 260—275 °C during slow cool-
ing from temperatures above the melting point
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melt drives (and is at least partially consumed by) the
nucleation of Ge (111) steps on the NW growth facet.
These results, therefore, appear to confirm the hypoth-
esis advanced by Kodambaka et al.® that a substantial
Ge supersaturation, which tends to stabilize the melt at
low temperatures, is necessary to drive Ge transfer
from the liquid catalyst to the Ge NW tip. However, the
abrupt and larger-scale, final interface motion simulta-
neously requires additional Ge transfer to the NW and
the nucleation of solid Au from the liquid.

The solidification and melting behavior of the
Au—Ge nanocatalysts differ from that reported re-
cently by Kodambaka et al.® in that those authors re-
ported a modest size dependence of catalyst crystalliza-
tion at a given temperature and digermane precursor
flow, which is at odds with the predictions of a capil-
lary lowering of the effective nanowire/nanoparticle eu-
tectic. In their experiments, smaller-diameter catalysts
were found to crystallize more rapidly at a given sub-
eutectic growth condition than larger catalysts. This ob-
servation may be a consequence of the Ge supersatura-
tion of the Au—Ge liquid catalyst under nanowire
growth conditions. Perhaps more significantly, we also
did not observe the large (~50 K) superheating above
the bulk eutectic, which Kodambaka et al.® reported

Figure 5. Cooling of nanowires inside the TEM after nanocatalyst
melting. A substantial undercooling of the liquid below both the bulk o o
and NW/NP eutectic temperature is observed. (a) Molten Au—Ge drop-  lidification in the TEM. Both our hot-stage TEM and

let at the tip of two nanowires. (b) Undercooled Au—Ge melt at the XRD experiments indicate that melting occurs close to

was necessary to re-melt Au—Ge catalysts after their so-

tip of nanowires just prior to crystallization. (c) Crystallization of
Au—Ge tip in the larger-diameter nanowire. (d) Crystallization of
Au—Ge tip in the smaller-diameter nanowire.

the calculated capillary-modified eutectic temperatures
and somewhat below the bulk eutectic for Au—Ge. In-

420

(see Supporting Information, section S2, for details).
Interestingly, this temperature range is similar to the
minimum temperature at which we have been able
to grow Ge NWs by the two-temperature-step CVD
process.

The variation of the crystallization temperatures of
different nanowires within a specimen did not appear
to be directly related to the diameter of nanowires in
several specimens studied and may be an artifact of the
differences in local heat transfer to and from the heat-
ing stage. Energy-dispersive X-ray spectroscopy per-
formed in the TEM indicates that the solidified particles
are nearly pure Au. The Au crystallites appear to lack
any strong preferred crystallographic orientation with
respect to the single-crystal Ge NWs both before and af-
ter a heating/cooling cycle. Prior to Au crystallization
during cooling, the liquid/Ge NW interface was ob-
served to retract in small increments, no more than a
few Ge atomic layers in thickness at a time. This gradual,
smaller-scale interface motion preceded the final,
abrupt retraction of the interface associated with crys-
tallization of the Au. The fact that this process of Ge
transfer from the catalyst to the NW tip occurs prior to
final Au solidification indicates that the supersaturation
present during sub-eutectic cooling of the Au—Ge

W) VOL. 1 = NO.5 = ADHIKARI ET AL.

deed, given the very large and positive heat of mixing
exhibited by Ge and Au in the solid phases (implying a
substantial solid Au/solid Ge interface energy) and the
larger average surface energy of the solids compared to
that of the liquid phase, a substantial superheating for
eutectic melting in this system would be unexpected.

Our TEM cooling results are consistent with both a
kinetic barrier to Ge (111) step nucleation on the
growth facet (as evidenced by gradual interface retrac-
tion prior to solidification and as proposed by Kodam-
baka et al.®) and a kinetic barrier for final nucleation of
solid Au from the liquid. We have used classical nucle-
ation theory to further examine the latter possibility. For
container-less solidification of Au in the liquid catalyst
droplet at the tip of a Ge NW, heterogeneous nucleation
of Au is unlikely. In fact, nanoscale catalyst particles at
the tips of nanowires mimic small liquid droplets which
are often studied in research on homogeneous nucle-
ation.'® Furthermore, as noted above, Ge segregates
strongly to the surface of the liquid, thus rendering the
liquid/vapor interface unsuitable as a nucleation site
for Au. Finally, the necessity of maintaining a local Ge
supersaturation in the liquid near the interface with Ge
to drive nucleation of steps on the Ge NW (111) growth
facet may inhibit heterogeneous nucleation of solid Au
on the Ge NW (111) facet.

www.acsnano.org



We have calculated the homogeneous nucleation
rate of solid Au in a Au—Ge liquid alloy using classical
nucleation theory. The nucleation rate was calculated
from the number of critically sized nuclei present at a
particular undercooling, as described in the Supporting
Information (section S3). Figure 6 depicts the range of
homogeneous nucleation rates predicted as a function
of temperature, for reasonable values of the important
kinetic parameters in the nucleation rate equation. The
most uncertain parameters needed to predict the
nucleation rate are the effective supersaturation of Ge
in the liquid, compared to the metastable liquidus com-
position at a given experimental undercooling, and
the effective activation enthalpy for Au atom migra-
tion from the liquid to the embryonic Au nucleus. Fig-
ure 6 depicts the probable range of nucleation rates
that would be expected in this system between two
limiting conditions of (1) no supersaturation (X, is the
liquidus composition at a given undercooling) and a
small atom migration enthalpy of 0.5 eV, and (2) maxi-
mum supersaturation (Xg. = 0.277, the NP/NW geom-
etry eutectic composition) and a large atom migration
enthalpy of 1.5 eV. A single data point representing the
approximate rate and range of temperatures for Au
nucleation estimated from our experiments is also
shown on the figure, and it falls within the bounding
curves associated with these two limiting cases. Figure
6 indicates the extent to which Ge supersaturation of
the liquid, resulting from slow kinetics of transfer of Ge
atoms from the liquid to the (111) NW face, can sup-
press the homogeneous nucleation rate of the Au. In
keeping with our experimental data, the results in Fig-
ure 6 indicate that this can occur even without inten-
tional addition of Ge to the system as in NW growth.
Moreover, even without Ge supersaturation (the upper
curve in Figure 6), the barrier to forming a Au nucleus
within the liquid is such that homogeneous nucleation
of the Au catalyst within the ~40 nm diameter Au—Ge
liquid nanoparticle is unlikely to occur at temperatures
much above 310-320 °C on experimentally accessible

METHODS

The Ge NWs used in this study were grown using colloidal
gold particles (Sigma Aldrich Chemical Co., nominal particle di-
ameter = 10, 20, and 40 nm) as the catalysts. Nanowire growth
was carried out in a cold-wall, lamp-heated, CVD chamber by a
two-temperature process, details of which are given elsewhere.?
The procedures for XRD and TEM hot-stage experiments are de-
scribed in detail in the Supporting Information.

Supporting Information Available: Estimation of the surface
energy of multi-component solution in nanostructured systems,
special procedures for XRD and TEM hot-stage experiments, and
calculation of homogeneous nucleation of solid Au in Au—Ge
liquid. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 6. Log, [nucleation rate] for gold crystallization in a 40 nm di-
ameter hemispherical Au—Ge binary liquid alloy as a function of tem-
perature. The top curve (A) shows predicted the nucleation rate for
an effective activation enthalpy of atom migration of 0.5 eV if the lig-
uid composition follows the metastable extension of the high-
temperature L—Ge liquidus (see Figure 3). The lower curve (H) shows
the rate for an atom migration enthalpy of 1.5 eV, assuming a fixed lig-
uid composition of 27.7 atom % Ge, consistent with the NP/NW eutec-
tic for this wire diameter. A data point (®) representing results ob-
served in multiple cooling experiments performed in the TEM on 40
nm diameter Ge NWs is also shown.

time scales. Our results indicate, therefore, that both
Ge supersaturation of the liquid droplet and the Au
nucleation barrier likely contribute to the observed hys-
teresis of the melting and solidification temperatures.

To summarize, we have shown that thermodynamic
arguments based on depression of the binary eutectic
temperature through capillary effects should not stabi-

lize

Au—Ge liquid catalysts of >10 nm diameter at the

deep sub-eutectic temperatures often employed in the
growth of Ge NWs using Au catalysts. Germanium su-
persaturation of the Au—Ge droplet, required to drive

the

transfer of Ge atoms from the liquid to the NW tip,

and the energetic barrier associated with homoge-
neous nucleation of solid Au appear, however, to be
sufficient for the existence of liquid catalyst nanoparti-
cles at very large undercoolings relative to the bulk eu-
tectic. Formation of similar metastable, low-
temperature liquids may effectively catalyze sub-
eutectic VLS growth in other nanowire systems, be-
yond Au—Ge.
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