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The properties of binary eutectic alloy nanostructures embedded within a
matrix are discussed. It is demonstrated that GeAu and GeSn nanostructures
embedded in SiOy form in a bilobed structure as predicted by a simple theory.
Upon heating, the nanostructures melt and assume a nominally composi-
tionally homogeneous structure. Slow cooling of the liquid returns the nano-
structure to its equilibrium bilobed morphology. Rapid quenching yields a
kinetically limited, nearly compositionally homogeneous solid. Rapid thermal
annealing can convert this metastable structure again into the bilobed
structure. It is, therefore, possible to switch between the bilobed structure and
the homogenous structure. The kinetics of the homogeneous composition to
bilobe structure transformation depend on composition. Tuning the composi-
tion enables one to tune the transformation temperature. Possible techno-

logical applications of these nanostructures are discussed.

INTRODUCTION: EMBEDDED
NANOSTRUCTURES

The promise of controlling matter at the nano-
scale is manifest. One expects that nanoscaled
materials will display both interesting electronic
and optical behaviors, as well as interesting struc-
tural properties. Consequently, there has been great
effort devoted to fabricating and characterizing
nanostructures of various morphologies.

A common morphology is a simple nanocrystal.
Nanocrystals are often synthesized using solution
chemistry wherein one takes advantage of the con-
trol offered by such methods to produce nanocrys-
tals within an organic solvent. This approach is
remarkably powerful. It can produce a wide variety
of nanostructures with nearly monodisperse size
distributions.! However, the nanostructures as
produced are best viewed as free standing, and
incorporation within a device requires that the
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structures be manipulated into the configuration
desired for a given application. Furthermore, the
list of materials that can be fabricated is limited by
the chemical properties of the constituents.

An alternative approach is to fabricate the nano-
structures within a matrix. One common approach is
ion beam synthesis (IBS). During IBS of nanocrystals,
ions are accelerated and implanted within a matrix.
Typically, the implanted ions are chosen so that their
solubility within the matrix is minimal. During the
implantation process, the solubility limit of the ions is
reached, and nanostructures begin to form within the
matrix through what is essentially a precipitation
process. Typically, ion implantation is followed by
thermal annealing, and the net result is an array of
nanostructures embedded within the starting matrix.”

IBS is complementary to chemical synthesis meth-
ods. For example, the implantation process is not
limited by the same chemistry governing chemi-
cal synthesis. As a result, synthesis of Si and Ge
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nanocrystals, materials that present a challenge for
chemical synthesis approaches, is straightforward.
Furthermore, IBS nanostructures can be positioned in
desired locations during fabrication. This avoids the
need to arrange nanoscale objects into desired config-
urations after the objects have been synthesized.
Moreover, the nanostructures are embedded within a
matrix. Typically, the properties of a nanostructure
are governed by nanostructure-matrix interaction:
Different choices for the matrix material necessarily
lead to different physical properties. Thus, the matrix
provides an additional degree of freedom that can be
exploited to produce materials with remarkable
properties. Finally, IBS, based on mass spectrometry,
is an inherently clean process.

However, IBS has a few serious limitations. For
example, the size distributions of nanocrystals typ-
ically obtained through IBS are much broader than
those that can be achieved using direct chemical
synthesis. In one sense, the point of nanostructures
is that their physical properties are size dependent.
Samples with a broad range of sizes tend to produce
a response to stimulation that somehow represents
the size distribution of nanocrystals rather than the
response of an individual nanocrystal. In the case
where a collective response from the distribution of
nanocrystals is sought, a broad range of nanocrystal
sizes might prevent collective electronic and opti-
cal responses that could be observed otherwise.
Another drawback to IBS is that one can only syn-
thesize limited volumes of material. This can frus-
trate characterization efforts, as well as efforts to
exploit the properties of the nanostructures.

Despite these shortcomings, however, the result-
ing nanostructures are still of substantial interest.
As an example, this article considers the fabrication
and characterization of the properties of binary
eutectic alloy nanocrystals (BEANs) embedded in
silica. More specifically, we consider experimentally
the phase transformation kinetics of these struc-
tures and show that they may solidify into (at least)
two states, and we argue that these two states have
different physical properties. We demonstrate that
the structures can be cycled between the two states
repeatedly, and we suggest that this cycling may
serve technological ends.

BILOBED, BICRYSTALLINE
NANOSTRUCTURES

Solidification of eutectic alloys is a known and
established route to tailoring the structure of alloys
at the nanoscale. In common circumstances, the
volume of the alloy is macroscopic, and processing is
aimed at introducing a desired structure at the
nanoscale, largely through control of the precipita-
tion process. Of course, the phase diagram serves as
a guide to the development of these desired pro-
cessing routes. Naturally, great effort has been di-
rected toward computing phase diagrams of alloys,
and the advances enabled are substantial.
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What remains as a challenge, however, is the
control of the structure within nanoscale volumes of
eutectic alloys. The starting point for developing
this control is an understanding of the equilibrium
nanostructures that one might observe. The stable
nanostructures are determined by both volumetric
and surface/interfacial contributions to the free
energy. Because the surface/interfacial contribution
can vary substantially with orientation, the phase
space of allowed structures becomes quite compli-
cated.

The problem is simplified substantially if one as-
sumes that the interfacial free energies influencing
structural stability are isotropic. This assumption is
reasonable for a liquid droplet embedded within an
amorphous material, or for one amorphous material
embedded within another. In other circumstances,
the model can serve as an approximate guide to the
structures that might be observed in more compli-
cated situations.

In Yuan et al.,? a model for the structural stability
of BEANs was introduced. The relative stability of
competing structures is governed by isotropic inter-
facial free energies. Furthermore, the model assumes
that the matrix material is fully relaxed. With these
assumptions, the equilibrium stable nanostructure is
a function of two dimensionless interfacial free
energies only: y; = "/a/M?Va g and 79 =7,y / Vasps
where 7;,; is the interfdcial free energy between
phasesiandj, and M represents the matrix. As shown
in Fig. 1, for an o/f phase alloy, three equilibrium
nanostructure morphologies are possible: (I) com-
pletely separated « and ff nanocrystals, (IT) core/shell
nanocrystals (both o-shell/f-core and f-shell/a-core,
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Fig. 1. Equilibrium structures expected for BEANs based on the
assumption of isotropic interfacial free energies (following Ref. 3).
The dimensionless interfacial free energies are defined as
V1 = y“/MZy“/,f and y, = h/MZyI//,, where y;; is the interfacial free
energy between phases / and j, and M represents the matrix. The
shaded regions depict differing regions of structural stability, and a
typical structure within each region is shown. For example, the white
region in the central portion of the stability map represents the
combination of interfacial free energies for which one expects a bi-
lobed nanostructure to be stable. GeSn and GeAu embedded in SiO,
both form bilobed structures (Color figure online).
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and (III) bilobed nanocrystals (one lobe o and the
other f§). Moreover, this model predicts that if the
dimensionless values of the interfacial free energies
do not depend on composition, then the morphology
(e.g., bilobed versus core/shell) of the resulting
nanostructures is independent of the volume fraction
of the o and f§ phases.

IBS offers a convenient way to explore the sta-
bility of embedded nanostructures experimentally.
For example, GeSn nanocrystals have been fabri-
cated by first implanting Sn, subsequently
implanting Ge, and then annealing.* Bilobed nano-
crystals are formed, as shown in Fig. 2a. The
nanocrystals nucleate and grow during implanta-
tion. However, at this stage, the nanostructures are
most likely amorphous due to the damage induced
by the ion beam. The post implantation annealing
both crystallizes and coarsens the nanocrystals.

We have also fabricated GeAu bilobed nanocrys-
tals using a combination of sputtering and IBS
(Fig. 2d).” More specifically, Ge ions are implanted
within a cosputtered layer composed of Au and SiOs.
Postimplantation annealing results in an array of
GeAu nanocrystals also embedded within SiO,. In
both of these cases, the morphologies are very sim-
ilar, suggesting that the free energies of the Ge/SiO,
interface and the Metal/SiO, interface are not too
different (both fall within the white region shown in
Fig. 1).

PROPERTIES: CONTROL OF PHASE
TRANSFORMATIONS

Once formed, the embedded BEANs provide a
system in which to study the thermodynamics of
phase transformations for these embedded nano-
structures. If one neglects the effects of coarsening
(a reasonable approximation for many of the
experiments considered here), then one can think of
each BEAN as being enclosed within its own test
tube. This enables temperature cycling of the sys-
tem, enabling the observation of both melting and
solidification within the same set of particles.
(Typically, it is not possible to do this with free-
standing nanocrystals where one is often limited to
exploration of the melting behavior only.) Further-
more, the melting and solidification rates can be
varied, and the effects of these variations were
studied.

The starting point for understanding what might
happen during these experiments is the bulk phase
diagram. Figure 3 presents the bulk phase diagram
for the GeSn system. GeSn forms a eutectic, with
the eutectic composition very near to pure Sn. After
implantation, the sample is heated to 900°C. For
sufficiently Sn-rich BEANS, the bulk phase diagram
predicts that the BEANs will melt completely,
resulting in nominally compositionally homoge-
neous liquid BEANSs.

Fig. 2. (a—c) Energy-filtered transmission-electron microscopy images of (a) as grown, (b) post-PLM, and (c) post-RTA at 400°C for 10 s (from
Ref. 4). Here, red represents Ge, green Sn, and blue SiO.. Yellow regions represent a mixture of Ge and Sn atoms. (d—f) HAADF-STEM images
of GeAu nanostructures (d) as grown, (e) post-PLM, and (f) post-RTA at 300°C for 10 s (from Ref. 5). The bright regions correspond to Au-rich
compositions. Note the change in scale between the GeSn and GeAu nanostructures. In both cases, PLM leads to homogenization of the
composition. For GeSn, nanostructures appear to fragment during the process. RTA restores the bilobed structures (Color figure online).
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Consider two limiting cooling rates: infinitely
slow cooling, and rapid quenching. For the infinitely
slow cooling case, one expects the cooling sequence
to proceed as shown in Fig. 3. The entire sample will
remain liquid until the temperature of the liquid
reaches the liquidus line. Here, a solid phase con-
sisting primarily of Ge will begin to precipitate. The
preferential precipitation of Ge atoms will cause the
liquid composition to shift in the pure Sn direction,
and its melting point will be reduced. A further
reduction in temperature will lead to more Ge pre-
cipitation into the solid phase, and further Sn
enrichment of the liquid. As the temperature is
lowered, the liquid composition will continue to
track the liquidus, and the solid will continue to
precipitate coming to equilibrium at all tempera-
tures, thus changing composition slightly according
to the phase diagram. When the eutectic tempera-
ture is reached, the solidification will be complete.
Since at each temperature the structure reaches
equilibrium, there will be only one solid nucleus, as
this minimizes the interfacial free energy. The final
result will be a bilobed nanostructure, one lobe
consisting of nearly pure Ge, the other of nearly
pure Sn. This is the structure predicted from the
simple analysis and also observed experimentally.

At the other extreme, consider rapidly quenching
from the liquid state. In the extreme case, this
quench proceeds so rapidly that the segregation of
atoms to their equilibrium structure is not possible.
Instead, one arrives at a metastable state in which
the liquid alloy merely passes through the glass
transition, yielding amorphous and nearly compo-
sitionally homogeneous BEANSs, as shown by the
purple arrow in Fig. 3.
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Fig. 3. The phase diagram of the bulk GeSn system (following Ref.
13). Assuming that the nanoscale phase diagram does not differ from
the bulk, one can identify two limiting cooling rates. In the limit of a
very slow cool, the composition of the liquid will track the liquidus line
as shown in blue, continuing until the eutectic temperature is
reached. For a rapid quench, the system will not have time to seg-
regate and will assume a kinetically limited, compositionally homo-
geneous structure, as shown in purple (Color figure online).
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It is useful to estimate the quench rate required to
prevent the equilibrium structure from forming.
This rate can be estimated by considering the dif-
fusion length within the liquid alloy during solidi-
fication. As an example, consider the diffusion
coefficient for Ge in Au liquid given by Wernick.®
From this reference, one estimates that the diffu-
sion coefficient depends on temperature according
to D =D,exp[-AE/kgT] with D, = 1.76 cm?s,
AE = 0.722 eV, kg Boltzmann’s constant, and T is
the temperature in K. Noting that the diffusion
length ! under variable temperature conditions is
given by

where T'(¢) is the temperature at time ¢, and #,(¢¢) is
the initial (final) time spanning the times associated
with solidification. As a rough estimate, we choose ¢,
to correspond to that time at which the liquid alloy
reaches the solidification temperature of bulk Ge
and ¢; to correspond to the time at which the liquid
reaches the eutectic temperature of bulk AuGe, and
assuming that the temperature is reduced linearly
in time with a rate 0, one finds that a cooling rate of
approximately 0 ~ 4 x 10! K/s leads to a diffusion
length of approximately 20 nm (Fig. 4). Note that
quench rates this fast imply that the solidification
process occurs in less than a nanosecond. Cooling
rates faster than this will inhibit separation of the
Ge and Au during solidification of the nanocrystal.
Cooling rates slower than this might allow separa-
tion during cooling. The quench rates necessary to
prevent segregation seem to be extreme. However,
quench rates this rapid are accessible under the
conditions of pulsed laser melting,” and it is inter-
esting to explore experimentally if pulsed laser
melting (PLM) can be used to stabilize a composi-
tionally homogeneous structure.

50
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Fig. 4. The diffusion length during quenching estimated for the
GeAu eutectic liquid solidification process as a function of cooling
rate, 0 computed using the model described in the text.
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Accordingly, we have used PLM to process both
GeAu and GeSn nanostructures. In their initial
state, the nanostructures are bilobed, bicrystalline
in structure, and embedded within a silica matrix
grown on a silicon substrate. The samples are ex-
posed to a single 248 nm 2pulse of an eximer laser
with a fluence of 0.3 J/cm?®. This raises the sample
temperature substantially and melts the embedded
nanostructures.® Immediately after the pulse, the
sample begins to cool, and presumably, the nano-
structures resolidify. The nanostructures are then
examined using transmission electron microscopy
(TEM), extended x-ray absorption fine structure,
x-ray scattering, and Raman spectroscopy.

Figure 2 shows TEM images of both the GeSn and
GeAu nanostructures in their initial state and after
PLM. In both circumstances, PLM leads to nano-
structures that appear nearly compositionally
homogeneous based on microscopy experiments (for
GeAu HAADF-STEM, and for GeSn energy filtered
TEM). Further analysis of the GeAu case using
x-ray diffraction shows that the GeAu nanostruc-
tures contain metastable crystalline phases—the
hexagonal close-packed f-phase, and crystalline Au
and Ge as well. A similar analysis was not carried
out for the GeSn nanostructures.

These initial PLM experiments confirm that
cooling during PLM is rapid enough to prevent
equilibration of the BEANSs. Further evidence that
this is the case can be gleaned from subsequent
rapid thermal annealing (RTA) experiments. Fig-
ure 2¢c shows the GeSn structures after RTA at
400°C for 10 s. Figure 2f shows the GeAu nano-
structures after RTA at 300°C for 10 s. Note that in
both cases, bilobed structures are restored by RTA.
However, there are also slight differences from the
initial structures. In the case of GeAu, there seem to
be a number of second phase nuclei associated with
the Ge portion of some of the bilobed structures.

In the case of GeSn, RTA leads to bilobed struc-
tures, but a substantial debris field (from PLM)
remains. Theory suggests that this is the behavior
expected and is due to the extreme temperatures
reached during PLM (3,000 K).® Theory predicts
that for a pure Ge nanocrystal, the solubility of Ge
in the matrix increases substantially during PLM,
and Ge atoms desorb from the nanostructures.
During the rapid cooling portion of a typical PLM
experiment, the desorbed atoms are “frozen” within
the matrix, or they nucleate into very small clus-
ters. The subsequent RTA leads to growth of the
clusters, which then become visible within TEM
experiments. If annealing continues, then theory
predicts that the larger nanocrystals will consume
these smaller clusters. Interestingly, theory also
predicts that under these circumstances, PLM will
lead to a narrower distribution of nanocrystal sizes.®

For the case of GeAu, the PLM-RTA cycle has been
repeated 10 times within a single sample.” In the final
state, the nanocrystals are essentially bilobed. This
implies that the process can be cycled repeatedly.

The ability to cycle between a stable and a
metastable structure suggests intriguing possibili-
ties. First and foremost, the electrical properties of
the two structures are expected to be markedly
different. The compositionally homogeneous struc-
tures are, most likely, poorly conducting metals
displaying ohmic behavior. In contrast, the bilobed
structures may include a Schottky barrier and,
hence, may display rectifying diode behavior. If so,
the transport properties of the two structures are
expected to be markedly different and this differ-
ence may be technologically useful as a phase-
change material.®

The proposed transformation cycle is sketched
schematically in Fig. 5.%!° At high temperatures,
above T.,, the nanostructures are liquid. Rapid
cooling (such as that during PLM experiments) first
supercools the liquid and then leads to the forma-
tion of a single metastable phase homogeneous in
composition at a temperature T,. In the case of pure
Ge and, most likely, GeSn, this structure is amor-
phous. In the case of GeAu, there is evidence for the
formation of hexagonal close-packed f-phase.
Reheating this structure to above Ty (but below T},)
during RTA leads to subsequent solidification into a
crystalline phase at temperature 7'.,ys. At this point,
it is not clear if the metastable phase formed during
PLM first melts and then recrystallizes or if this
phase transforms directly into the crystalline phase.

The parameters Ty, Terys, and T, are likely to
depend on a number of experimentally controllable
factors, and it is worth exploring this dependence.

To date, we have considered the composition
dependence T, s within GeSn alloys. More specifi-
cally, we grew a number of nanostructures using IBS
with differing ratios of Sn:Ge ranging from 0 to 1. The
samples were processed using PLM (again a 30-ns
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Fig. 5. A schematic of the phase transformations studied within
BEANS. Starting from the liquid state, rapid cooling below Tq leads
to nearly compositionally homogeneous structures. Subsequent
reheating to above T leads to remelting and subsequent formation
of the bilobed state at temperature T.s (White arrow). Further
heating then leads to melting; alternatively, cooling retains the
bilobed structure (from Ref. 4) (Color figure online).
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pulse of 248-nm light with an energy density of 0.3 J/
cm?), and then subjected to RTA for 10 s at varying
temperatures. Since the PLM leads to amorphization
of pure Ge nanocrystals, we gauge the crystallinity of
the samples subjected to RTA using Raman scatter-
ing. The Raman response for amorphous Ge is well
known, as is the Raman signal for Ge nanocrystals.
Amorphous Ge gives a broad Raman response, with
intensity beginning at roughly 300 cm™!, and
spreading to lower wave numbers.? In contrast, the
peak arising from Ge nanocrystals is relatively sharp
and slightly asymmetric due to the finite size of the
nanocrystals. One can, therefore, use the width of the
Raman peak as a gauge of the crystallinity of the
sample. Using this approach, we note that recrys-
tallization temperatures for GeSn nanostructures
can be varied between approximately 150°C and
550°C simply by altering the composition.* The
recrystallization kinetics are thus tunable over a
broad range. A similar study performed for the GeAu
system shows that reequilibration in that system can
take place at temperatures as low as 80°C.

CONCLUSIONS

As mentioned, nanostructures are known to dis-
play a host of remarkable properties. Embedding
these same nanostructures within a matrix in-
creases the range of behaviors accessible to exper-
iment (and technology). For example, in the past
we have shown that Ge nanocrystals embedded
within SiO, display a very large melting/solidifi-
cation hysteresis nearly centered on the bulk
melting point.'! This behavior is simply not
expected within a bulk material, and it emerges
because of the properties of the Ge/SiO5 interfaces
and the fact that at the nanoscale, interfaces con-
tribute substantially to the free energies governing
thermodynamic stability and the kinetics of phase
transformations.

In the case of BEANs embedded within silica, a
still broader range of behavior is experimentally
accessible. Not only are the melting/solidification
kinetics altered from those expected in bulk alloys,
but also the range of accessible states is expanded:
The extreme cooling rates accessible within PLM
experiments of nanostructures stabilizes composi-
tionally homogeneous states that would otherwise
be inaccessible experimentally. Thus, there is the
possibility that one can stabilize and characterize
new structures.

In the current work, we have discussed two types of
BEANs in which this principle has been demon-
strated explicitly: GeSn and GeAu nanostructures.
Using PLM, both can be stabilized in structures that
are nearly compositionally homogeneous. Further-
more, both can be transformed toward their equilib-
rium, bilobed/bicrystalline states using RTA. We
have proven that the transformation temperature
can be controlled using composition and have argued
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that the electronic properties of the two phases are
substantially different.

These differences in properties might be exploited
to create a memory device, for example. Discerning
the difference between ohmic and rectifying behav-
ior should be straightforward, provided that elec-
trical contact can be made to the BEANs. Such
contact would be facilitated by fabricating BEANs
within a wire geometry, for example.!

The two different structures are likely to display
differing thermodynamic response as well. For
example, one expects the temperature dependence
of the heat capacity for the two structures to differ.
Such differences might be exploited to tune the
thermal properties of a matrix’BEAN composite to
obtain an optimal thermal response. Such materials
might find applications within the broad area of
thermal storage and transport.

Moreover, one expects that with further knowl-
edge of transformation kinetics, other states might
also become accessible to BEANs. For example, we
have only considered the limits of equilibrium and
very rapid solidification. For the equilibrium case,
we imagine that only one Ge nuclei forms at the
SiOy/liquid alloy boundary, and that this nuclei
gives rise to a single Ge lobe during the remainder
of the crystallization. This does not have to be the
case. In the extreme case, one might form a large
enough number of nuclei on the surface of BEAN to
form a kinetically stabilized core/shell structure.
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