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ABSTRACT

We use transmission electron microscopy observations to establish the parts of the phase diagram of nanometer sized Au −Ge alloy drops at
the tips of Ge nanowires (NWs) that determine their temperature-dependent equilibrium composition and, hence, their exchange of semiconductor
material with the NWs. We find that the phase diagram of the nanoscale drop deviates significantly from that of the bulk alloy, which explains
discrepancies between actual growth results and predictions on the basis of the bulk-phase equilibria. Our findings provide the basis for
tailoring vapor −liquid −solid growth to achieve complex one-dimensional materials geometries.

Semiconductor nanowires (NWs)spromising materials for
quantum devices utilizing carrier confinement,1 as well as
photovoltaic cells2 and sensors3 taking advantage of a large
surface-to-volume ratioshave been realized successfully by
vapor-liquid-solid (VLS) growth. The VLS process was
described for the first time in the 1960s for the formation of
Si “whiskers”4 and is now being used to synthesize NWs
from a large variety of materials.5 Yet, despite its widespread
use, key aspects of the VLS growth process remain poorly
understood, primarily due to the fact that, in contrast to
studies on conventional thin film deposition, measurements
with nanometer spatial resolution are needed to analyze the
mechanisms of NW growth. Central to the VLS process is
a liquid metal-semiconductor binary alloy drop whose
interface to the semiconductor wire represents the NW
growth front. Under steady-state growth conditions, adsorp-
tion on the drop maintains a concentration gradient of the
semiconductor component of the liquid alloy, which is
counteracted by a diffusion current through the drop. This
liquid-phase transport, in turn, causes a small supersaturation
driving the incorporation of new semiconductor material at
the drop-NW interface to extend the wire.6

The properties of the alloy drop at or close to thermody-
namic equilibrium with the adjacent NW, represented by the
phase diagram of the binary alloy, govern important aspects
of VLS NW growth. A key parameter is the equilibrium
composition of the alloy, given by the liquidus line in the
phase diagram. If the temperature of the alloy drop is
changed, it spontaneously adjusts to a new equilibrium

composition by exchange of semiconductor material with the
adjacent solid NW, which leads to a well-defined adjustment
of the drop size. The drop size, in turn, defines the diameter
of the growing NW,7 a key characteristic that governs, via
quantum confinement, the electronic structure of the wire.8

Although the one-to-one relationship between drop size and
wire diameter has been recognized and used to tune the
oVerall NW geometry, control over thelocal, position-
dependent diameter, e.g., to induce constricted or dilated
sections with a locally increased or decreased band gap along
a NW, has not been demonstrated to date. A major step
toward such new wire geometries, and toward increased
control over VLS growth in general, lies in the determination
of the phase diagram of the binary alloy drop for the relevant
temperature range. Given the small drop size, typically few
tens of nanometers, the phase diagram of the corresponding
bulk alloy cannot be expected to accurately reflect the
behavior of the VLS seed drop. Indeed, there are often
discrepancies between actual growth results and predictions
on the basis of the bulk phase diagram.9

Here we present real-time observations by high-resolution
transmission electron microscopy (TEM) of Au-Ge alloy
drops at the tips of Ge NWs, in the temperature range
relevant for VLS growth of Ge wires (300-500°C). In situ
observations at the growth temperature are a powerful
approach to quantifying equilibrium properties of the NW
growth front, as well as the NW growth kinetics,10 and can
be used for exploring conditions suitable for the synthesis
of complex NW geometries and heterostructures.11,12 Our
experiments show a pronounced, temperature-dependent
exchange of Ge between the NW and the Au-Ge drop, in
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which the wire acts as an efficient source or sink of Ge as
the drop adjusts its composition to achieve its equilibrium
Ge content. Thein situexperiments, albeit not incorporating
a growth flux and the small (∼2%)13 supersaturation that
drives actual NW growth, allow us to quantitatively deter-
mine important parts of the phase diagram of nanometer-
sized Au-Ge VLS seed drops.

Variable temperaturein situ experiments are carried out
in a JEOL JEM 3000F field emission TEM equipped with a
Gatan 652 high-temperature sample holder. They cover the
temperature range between room temperature and 500°C at
pressures below 2× 10-5 Pa. Electron irradiation intensity
was kept below 2 A/cm2 to prevent any uncontrolled electron
beam induced structural changes. The Ge NWs were
synthesized prior to thein situ studies by chemical vapor
deposition from GeH4 over a Au catalyst on a Si substrate
at ∼320 °C in a UHV reactor with a base pressure of 2×
10-10 Torr. They were then transferred through air and
dispersed on amorphous carbon films supported by standard
Cu grids for variable temperature TEM imaging.

Figure 1a shows a bright field TEM image of a typical
Ge NW segment close to the tip, obtained at room-
temperature prior to ourin situ experiments. The electron
beam was aligned with the [2h11] direction of the nanowire,
so that fringes due to (111) lattice planes, perpendicular to
the wire axis, were clearly resolved (see Supporting Informa-
tion, Figure S-1). The slightly tapered NWs14 have monoc-
rystalline cores, are aligned with the [111] direction, and are
initially terminated by a thin oxide layer formed during

transfer in air. The Au-rich alloy nanoparticle at the tip is
clearly distinguished by its darker contrast. Figure 1a-e
follow the evolution of the nanoparticle and its interface with
the wire during heating from room temperature to 475°C.
Initial heating to 300°C, where the particle is still solid,
causes the desorption of the native oxide from the Ge surface
(Figure 1b).14 Above 345 °C surface melting develops
gradually, preceding the melting of the entire drop (see
Supporting Information for observations of the melting
process). The final melting of this nanoparticlesas the alloy
achieves the (eutectic) composition with the lowest melting
point by dissolving Ge from the NWsis observed at a
eutectic temperatureTE ) 368°C. Our images show a large
volume change upon melting as well as a simultaneous
recession of the alloy-NW interface, as the alloy absorbs
the Ge required to reach the eutectic composition. A further
increase of the temperature to 475°C . TE is accompanied
by a continuous increase of the volume of the now liquid
alloy drop (Figure 1e). Again, the interface between the alloy
and the adjacent solid Ge NW draws back toward the base
of the NW. Between room temperature and 475°C the drop/
NW interface draws back by∼25-30 nm and transforms
from a planar Ge (111) facet to a multifaceted interface
composed of{113} and (111) segments. As a result, a
substantial amount of Ge from the NW is incorporated in
the alloy drop, increasing its volume and shifting its
composition toward higher Ge concentration.

Figure 1. Sequence of TEM images showing a Ge NW adjacent
to the Au-Ge alloy nanoparticle at the NW tip duringin situ
annealing at different temperatures between room temperature and
475 °C. (a) As-grown Ge NW at room-temperature prior to the
annealing experiments; (b) Crystalline Au-Ge alloy nanoparticle
before surface melting starts; (c-e) Exchange of material across
the Ge NW/liquid drop interface after melting of the alloy Au-Ge
nanoparticle at 368°C. The marker delineate the surface of the Ge
NW and provide a reference for theT-dependent location of the
Au-Ge/Ge interface.

Figure 2. Au-Ge binary alloy phase diagram.16 The solid red and
green curves represent the Au and Ge liquidus and solidus lines,
respectively. Dots represent measurements of the temperature-
dependent Ge content of two Au-Ge alloy nanoparticles with radii
of 10 and 30 nm at the tip of Ge NWs. The dashed red line is the
bulk Ge liquidus line, scaled for best fit with the experimental
data; the blue square represents the calculated melting temperature
of a Ge nanoparticle with 26 nm diameter.18 “L”: liquid Au -Ge.

Figure 3. Dependence of the melting and crystallization temper-
ature of Au-Ge nanoparticles at the tip of Ge NWs as a function
of the NW diameter. The arrow indicates the supercooling for a
NW with diameter of 32 nm.
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We have used measurements of the drop volume to
quantify the alloy composition as a function of temperature.
The Ge content,NGe, was calculated from the volume of the
eutectic drop,V(T), usingNGe ) (V(T) - NAuVAu)/VGe, where
NAu is the (constant) number of Au atoms in the drop and
VAu, VGe denote the atomic volumes of the alloy components,
determined from the densities of liquid Au (FAu ) 17.4 ×
103 kg/m3) and Ge (FGe ) 5.49× 103 kg/m3), respectively.
We assume that the initial, solid particle at room temperature
consists of pure Au (i.e., that all Ge is expelled by phase
separation upon solidification). In situ energy dispersive
X-ray spectrometry shows minimal amounts of Ge in the
particle, evaluated to be less than 4 at. % (see Supporting
Information, Figure S-2) in agreement with earlier observa-
tions of Ge content even below the detection limit in the Au
seed particles.15 With this assumption, we find a composition
of the liquid drop at the melting temperature very close
(within (2 at. %) to the bulk eutectic composition (28 at.
% Ge).16

In equilibrium, the Ge concentration of the alloy,x(T) )
NGe/(NAu + NGe), traces the liquidus of thenanoscaleAu-
Ge drop in VLS growth. Figure 2 compares the measured
liquidus for NWs with diameters of 60 nm (shown in Figure
1) and 20 nm with the bulk phase diagram of the Au-Ge
binary alloy. While the eutectic temperatures (TE) are very
close toTE,∞ of the bulk alloy, the nanometer-sized drops
have substantially higher Ge content than a bulk Au-Ge
alloy at temperaturesT > TE, i.e., the liquidus temperature
is depressed and the Ge content and volume of the VLS seed
drop much lower than predicted by the bulk phase diagram.
The lowered liquidus tends toward a significantly reduced
melting temperature for a pure Ge nanoparticle. Large
melting point depressions are often observed for nanopar-
ticles.17 The size dependence of the melting temperature can
be estimated using the well-established dependenceTm )
Tm,∞[1 - R/d], for spherical particles with diameterd, where
Tm,∞ denotes the bulk melting temperature andR depends
on the surface to volume ratio and on the surface tensions
of the liquid and solid.18 For Ge, the predicted melting
temperatures fall between 530 and 800°C for particles with
diameters between 20 and 60 nm. Extrapolating our experi-
mental points for the Ge NW liquidus, using the functional
form of the bulk liquidus,16 to the melting temperature of a

pure Ge nanoparticle givesTm ≈ 600 °C, equivalent to the
predictedTm of a nanoparticle with a 26 nm diameter, and
in excellent agreement with the observed melting temperature
of a NW with a 20 nm diameter.19

An immediate consequence of the liquidus suppression in
the nanoscale Au-Ge phase diagramsimportant for VLS
synthesis of Ge NWssfollows from the fact that the size of
the alloy drop determines the wire diameter. While the bulk
phase diagram predicts a negligible increase in drop size
betweenTE and 500°C, the actual phase diagram implies a
substantial size range in which the drop (and hence wire)
diameter should be adjustable by judicious changes in
temperature.

We have used furtherin situ observations at high tem-
perature to demonstrate the controlled expansion of the NW
diameter by tuning the size of the Au-Ge drop and to
establish the microscopic mechanism by which this expansion
occurs. In these experiments we use a large hysteresis
between melting and crystallization temperatures (i.e., su-
percooling) of the alloy drops terminating our Au-Ge NWs,
shown in Figure 3. The temperatures of melting and
crystallization depend on the size of the Au-Ge particle.
For very small diameters, the melting point is depressed by
about 20°C, while the observed crystallization temperature
increases slightly, possibly indicating a surface induced
crystallization process similar to that observed on free-
standing Au-Ge drops.20 The difference between melting
and crystallization provides a temperature window belowTE

in which a cooling drop remains liquid, i.e., traces the
extension of the liquidus line for temperaturesT < TE. The
supercooled drop maintains its equilibrium composition by
expelling Ge, which becomes incorporated in the interfacial
facets of the Ge NW. This behavior allows us to effectively
probe the growth of a short NW section without driving the
system out of equilibrium by an actual Ge flux onto the alloy
drop. Annealing atTmax . TE (Figure 4) enlarges the Au-
Ge drop by Ge absorption from the NW to a diameter of 75
nm, 20% larger that the original wire diameter (∼60 nm).
As the temperature is lowered the NW regrows, but with a
new diameter (dNW ≈ 75 nm) defined by the now larger drop.

Two modifications of the Ge-rich alloy drop at high
temperature are key to enabling the expansion of the Ge
wire: a substantial growth of the drop volume, as seen from

Figure 4. (a-c) Sequence of TEM images showing a liquid Au-Ge alloy drop at the tip of a Ge NW at different temperatures during
cooling from 475°C to solidification, which for this sample occurred at 283°C. Note that the drop is still liquid at 285°C. Curved red lines
delineate the shape of the Au-Ge alloy drop at 475°C. Dashed lines in indicate the projected shape of the interface between the Ge NW
and the Au-Ge drop. (d) High-resolution TEM image of the expanded section of a Ge NW, after annealing to 475°C and cooling to
280 °C.
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the phase diagram, and an adjustment of the Au-Ge/Ge
interface. The solid-liquid interface reshapes from a planar
Ge (111) facet to a multifaceted interface, consisting of a
central (111) plane surrounded by{113} facet segments at
the periphery. The net result is a significantly larger footprint
of the Au-Ge drop perpendicular to the wire axis, a
prerequisite for the growth of a thicker NW, which is initiated
by lowering the temperature (Figure 4a). As the cooling alloy
drop reduces its Ge content by incorporation into the NW,
the shape of the newly grown NW section closely follows
the shape of the liquid alloy drop (Figure 4b,c). Experiments
on etching and growth have shown that{113} is a fast
growing facet for Ge,21 while incorporation into the (111)
plane is much slower. Hence, the initial wire growth from
the cooling drop is accommodated almost entirely on the
{113} facets, which supports the dilation of the NW
diameter. Only when the{113} segments are completely
outgrown is Ge incorporated into the (111) interface plane
(Figure 4c). The material mediating the expansion of the NW
diameter is perfectly crystalline Ge, without any observable
defects (Figure 4d).

The expansion of the NW diameter critically depends on
the annealing-induced swelling of the VLS alloy drop and
on the reshaping of the solid-liquid interface. Control
experiments, in which these effects were suppressed by
limiting the maximum temperature to a few degrees above
the melting point, i.e.,Tmax ≈ TE, resulted again in NW
regrowth due to the melting-crystallization hysteresis, but
with the original, smaller wire diameter.

Our in situ observations demonstrate that consideration
of the actual phase diagram of a nanoscale VLS seed drop
can be used to judiciously tailor the geometry of a growing
NW. A junction where the NW diameter increases over a
section of a few nanometers is achieved by a controlled
expansion of the Au-Ge drop, following the liquidus of the
nanodrop phase diagram. In practice, it will entail an
interruption of the growth, annealing at a higher temperature
to absorb additional semiconductor from the NW into the
alloy drop, and finally a lowering of the temperature to
expand to a new, larger wire diameter. Further VLS NW
growth will maintain the larger diameter of the wire. Our
observations show that even moderate annealing temperatures
above the eutectic point provide a substantial potential for
tailoring the NW geometry, while a negligible effect would
be predicted by the bulk phase diagram. These findings
clearly emphasize the need for quantitative, spatially resolved
measurements to unleash the technological potential of
semiconductor nanowires and related functional nanomate-
rials.
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