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ABSTRACT

We introduce a novel wire growth technique that involves simply heating a multilayer film specifically
designed to take advantage of the different surface energies of the substrate and film components. In all
cases the high surface energy component is extruded as a single crystal nanowire. Moreover we
demonstrate that patterning the bilayer film generates localized surface agglomeration waves during the
anneal that can be exploited to position the grown wires. Examples of Au and Cu nanowire growth are

presented and the generalization of this method to other systems is discussed.
KEYWORDS.

Growth method, Single crystal, Au wire, Cu wire, Surface energy, Agglomeration

MANUSCRIPT TEXT

Metal alloys with eutectic compositions are key enabling materials in nanotechnology. The pioneering
studies of Wagner and Ellis' showed that SiCl, decomposition on Au results in the formation of eutectic
Au-Si droplets, which become supersaturated and ultimately lead to the growth of Si whiskers whose
diameters are controlled by the droplet size. Lieber et al 2 subsequently demonstrated pulsed laser
ablation of a SipgFe; target and following which nanowire materials became more widely available.
Since then numerous methods have been developed to control the melting of metal films and/or the
creation and positioning of nanoparticles as nuclei for materials growth.” There are now facile routes
for materials synthesis enabled by the formation and manipulation of the properties of eutectics,”"” Prior
studies have focused almost exclusively on the formation of a high purity non-metal component that is
driven by the continuous decomposition of growth precursors delivered via gas or liquid phase reaction.

Here, we report on a previously unobserved phenomenon in which a eutectic droplet created by simply
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heating a multilayer film can be driven to form single crystalline whiskers or nanowires of the metallic
phase. Using cross section analysis of individual eutectic droplets we demonstrate that this is due to a
surface energy driven phenomenon that forces the high surface energy material of a multilayer film to
be extruded from the eutectic droplet in the form of a single crystalline wire. Moreover, we demonstrate
that it is possible to control the surface diffusion and agglomeration by patterning the bilayer film to
generate localized surface agglomeration waves, which can be exploited to control the position the

grown wires.

Multilayer samples were fabricated using Si(100) substrates (2 inch diameter, 275+25 um thick, N-type
As-doped wafer, purchased from Semiconductor Wafer, Inc.) containing a 30-40 nm thermal oxide
layer. Different thicknesses of polycrystalline Au and amorphous Ge films'® were deposited by varying
the sputter-deposition time using a magnetron sputter-coater (208 HR) and monitored by quartz crystal
microbalance. Multilayer samples were annealed for typically 12 hours at 400 °C (see below) in the
10:90 atmosphere of hydrogen and argon at a flow rate of 60 sccm and reaction pressure of 350 mTorr,
with heating and cooling rates of 100 °C / hour. These conditions were chosen because the Au-Ge
eutectic comprised of 27.0 at. % Ge melts at 356 °C." All characterisations were performed after the
sample had cooled to room temperature. The surface morphology, crystal structure, and composition
were characterized by scanning electron microscopy (SEM, Carl Zeiss, Ultra), energy dispersive

analysis (EDX, Carl Zeiss, Ultra) and transmission electron microscopy (TEM, FEI Titan).

The phase diagram of Au-Ge has deep eutectic at 361 °C and 28.0 at. % Ge, respectively. '° At this
composition, the material can be melted and recrystallized even though this temperature is much lower
than the melting points of the pure components, 1064 °C for Au and 938 °C for Ge. The low

temperature recrystallization of amorphous semiconductors in the presence of a metal is well known and

20,21

termed metal-enhanced crystallization. Here, we focus on the crystallization and growth of metals
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when in contact with a semiconductor.

Au-Ge bilayers were prepared on the Si(100) substrate by sputter or thermal deposition. The Si(100)
surface has a 40 nm oxide layer and the Au/Ge bilayer consist of amorphorous Ge and polycrystalline
Au prior to annealing the deposited films."® When only a 10 nm Ge layer is deposited on Si(100) the

sample is unchanged after 12 hours annealing at 400 °C (Fig. 1(a)). Following the incorporation of just

1 nm of Au between the Ge layer and Si(100) substrate, the system melts and recrystallizes. The sample
was heated to above the eutectic temperature, resulting in formation of eutectic liquid that opens up
diffusion pathways for Au and Ge atoms. The SEM image in Fig. 1(b) shows Ge flakes between Au
clusters (see Supplementary Information). The surface energy of Au (1.33 J/m?) is higher than the
surface energy of liquid Ge (1.00 J/m?), so that the Au tends to de-wet with higher curvature than Ge on
the SiO, surface resulting in Au cluster formation.”” After further increasing the amount of Au to form a

Au 5 nm / Ge 10 nm bilayer, Fig. 1(c) shows that after the 400 °C anneal the surface becomes

disordered and comprised of connected clusters of Au particles. This fractal structure is similar to the
well known diffusion-limited aggregation (DLA) structure first identified by Witten and Sander.”>**
Within the DLA model Au atoms progressively diffuse through the Au/Ge eutectic liquid layers until
they become attached to larger Au particles, ultimately leading to the formation of the diffusive
dendrite-shaped Au networks seen Fig. 1((:).25 26 However, in our system, in addition to the DLA model,
we demonstrate the Au atom undergo crystal formation instead of the more usual “aggregation”. In
particular, when we increased the bilayer composition to Au 10 nm/Ge 10 nm, the fractal-like structures
disappeared and previously unreported ball-like droplets and Au crystallites are observed (see below). A
first clue comes from the contrast changes observed on the Si substrate in Fig. 1((c) and (d)). The bright
dendrite-shaped Au areas in Fig. 1(c) are replaced by similarly-shaped but darker Si areas in Fig. 1d that
terminate at the ball-like droplets. Clearly, the effect of increasing the Au layer thickness from O nm in
Fig. 1(a) to 10 nm in Fig. 1(d), enhances Au diffusion facilitating the growth of ball-shaped droplets and

ultimately Au crystallites (see below). In addition, the surface is heterogeneous such that droplets in

4
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different regions have access to different supplies of Au which in turn controls the extent of the

structural transformation.

We have analyzed over one hundred different droplets, and identified a structural transformation that
correlates with the growth of single crystal Au whiskers and nanowires. Enlarged images of
representative clusters are shown in Fig. 1(e)-(m). In Fig. 1(e) the ball shape cluster exhibits a eutectic
microstructure on its surface (see the supplementary information). The pattern reflects the separation of
the Ge and Au components that occurs after solidification and cooling, and is commonly observed after
quenching eutectic mixtures.”” Fig. 1(f) however shows a ball shaped droplet where there is a distinct
patch on the surface from which the expected eutectic microstructure is absent (yellow arrow). This area
becomes larger in Fig. 1(g) and in Fig. 1(h) a hexagonal shaped feature begins to emerge from the
middle of the ball. Figure 1(i)-(j) show the further progression of this growth that ultimately results in
the formation of a truncated octahedron structure bounded by {111} facets, the densely packed and
hence the energetically most favorable surface for face centered cubic (fcc) materials. This shape
evolution is consistent with similar observations during the growth Au nano-particles.'**** EDX
mapping of these ball shaped structures (see Supplementary Information), confirmed that the eutectic
microstructure regions (in Fig. 1(e)) are comprised of Au and Ge, while those areas that do not contain
eutectic microstructure are comprised exclusively of Au. Fig 1(k)-(m) show the final growth phase that

results in the formation of perfect single crystal Au wire (see below).

Fig. 2(a) shows a droplet that exhibits large regions of non-eutectic microstructure on its surface. To
explore the growth phenomenon a section from this Au-Ge eutectic ball was cut (white box in Fig. 2(a))
out using focused ion beam (FIB). After FIB polishing a cross-sectional lamellar was generated (Fig.
2(b)) to allow structural studies using transmission electron microscopy (TEM). The FIB-cut cross

section in Fig. 2(b) reveals the droplet contains a hexagonal structure that has phase separated from the
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remainder of eutectic alloy. The high resolution transmission electron microscopy (HRTEM) image in
Fig. 2(c) and the electron diffraction image of this area in Fig. 2(d) confirm the hexagonal structure is a
single crystal of Au with the bulk lattice spacing along the [110] zone axis. The top surface of the Au
crystal in the droplet is identified as a {111} surface by HRTEM and the diffraction pattern deduced
from the [110] zone axis. We note that orientation of the Au crystal is not influenced by the Si substrate
since the thermal oxide layer on the Si surface is stable at 400 °C,* but instead is driven by the lowest
energy facets for bulk Au. EDX shows no detectable level of Ge within the Au single crystal but
identifies the presence of a thin layer of pure amorphous Ge surrounding the entire crystal (see arrows in

Fig. 2(b)).

Increasing levels of Au diffusion and supersaturation ultimately lead to the growth of Au whiskers and
nanowires from the Au seeds contained within the droplets (Fig. 2). The longest wire grown from the
Au 10 nm/Ge 10 nm bilayer film was ~ 75 um long (Fig. 3(a)). To analyze the structure we choose a
large Au wire for TEM analysis since it was easy to pluck from the Si(100) substrate and transfer it to a
TEM grid using a micromanipulator. FIB thinning was required, since the 4 pm diameter wire was too
thick for TEM analysis (inset Fig. 3(a)). Within the better than 1 at.% detection sensitivity of EDX for
Ge, the wire is comprised entirely of Au, while the root ball region shows measurable levels of Ge (Fig.
3(b)). The HRTEM image of a selected region in Fig. 3(c) shows clearly resolved lattice planes of single
crystal Au structure. The corresponding fast Fourier transform (FFT) of the HRTEM image (inset of
Fig. 3(c)) shows the diffraction pattern from the Au structure with a [1 1 0] zone axis, indicating the
wire grows along the (1-11) direction. We randomly checked several sites along the wire and confirmed

that it is a single crystal through its entire length with same crystal orientation.

The droplet structure and wire growth phenomenon can be understood in terms of the Au-Ge phase
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diagram' in Fig. 4 and the enhanced diffusion of Au over that of Ge.” ™ On heating to 400 °C the
Au/Ge bilayer melts to form a eutectic alloy containing 24.5 to 29.5 at. % Ge (I in Fig. 4). Sa et al.
calculated the compositional dependence of the surface energy (y) of Ge-Au allloys.22 For binary alloys
containing Ge (y = 0.77 J/m%) and Au (y =133 J/m?) at 400 °C, the surface energy decreases with
increasing Ge content, and the surface energy of a eutectic alloy that contains 24.5 - 29.5 at. % of Ge is
expected to be 1.05 - 1.15 J/m?. Consequentially, the Au-Ge bilayer on top of SiO, layer (y = 0.75 J/m?)

is morphologically unstable and the alloy tends to de-wet and form a droplet at 400 °C.** During the 12

hours anneal, the eutectic droplet increases in size due to the dissolution of additional Au and Ge by
surface diffusion. Under these conditions the droplet cannot maintain the equilibrium composition since
the diffusion rate of Au is much faster than Ge.’™ As the size of eutectic ball increases, the
composition shifts to the Au supersaturated region following the tie line drawn at 400 °C (II in Fig. 4).
Due to the lower surface energy of liquid Ge (y = 0.77 J/m?) compared to liquid Au (y = 1.33 J/m?) at
400 °C,” the surface of the liquid eutectic ball becomes Ge enriched. Hgher levels of Au
supersaturation result in the formation of a solid Au crystal in the center region of the droplet
surrounded by a Ge-rich composition, resulting in the formation of a cored droplet structure (Fig. 2).
Additional incorporation of Au leads to further growth of the of Au crystallite and ultimately the
formation of an Au wire (Fig. 3). We suggest that this behavior is a consequence of the capillary or
Gibbs-Thomson pressure associated with growth from a high curvature surface.” Holmberg et al.
directly visualized just such a capillary effect in which an Au particle was pushed up from spherical tip

of a carbon shell nano-cylinder into the stem of a growing Ge nanowire.’

As cooling begins, the composition of the liquid surrounding the Au crystal will change until the
eutectic temperature is reached. As the temperature continues to fall to just below the eutectic

temperature, the liquid phase, which has the eutectic composition, transforms into the characteristic
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eutectic solid structure, i.e., alternating Au and Ge lamellar structure. After rapidly quenching the
sample following a 12 hour anneal, Au wires were still observed, indicating the growth occurs at
elevated temperature and is not an artifact of the cooling process. = Moreover, by increasing the
annealing time from 1 hour to 12 hours, the number density and the length of the wires are significantly

increased indicating that material diffusion and agglomeration is the rate limiting step for wire growth.

It is important to point out that despite the larger thermal expansion coefficient of Au relative to Ge
337 the present wire growth mechanism is not related to the widely reported stress induced whisker
growth on the surface of metals, such as Zn, Cd, Bi and Sn.*®*? In the case of the latter when a highly
compressive stress is present in a thin film comprised of a low melting point and a high melting point
material, the low melting point material is extruded from the surface in the form of wire, provided the
temperature is sufficiently high for the low melting point material to diffuse.*> This contrasts with the
present growth mechanism in which the high melting point material is grown (Au in this case), and
which is surrounded by a liquid eutectic under growth conditions and hence unable to exert a
compressive stress on the Au crystal. Moreover, the present growth is different from standard VLS

growth since the eutectic ball is at the wire bottom, in contrast to the latter where the ball is found at the

top of the wire (see Supplementary Information).

Given the model proposed here, wire growth should be possible in a wide range of material systems.
The requirements are a substrate with low surface energy, a catalyst material of intermediate surface
energy (Ge in the present example) and a higher surface energy growth material (Au). The success of
the method depends on the latter materials being able to readily intermix and agglomerate under the
growth conditions. The Ge-Cu binary system has a eutectic temperature of 644 °C.* Once again we find
the high surface energy Cu component (y = 1.8 J/mH® segregates out as single crystalline nanowires
that under the present conditions have diameters that range in size from 30 to 100 nm (see

Supplementary Information). The present focus on the Au-Ge system is that the droplets are large, easy
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to handle and analyze and hence easier to investigate the growth mechanism. The growth method,
however, is not limited to binary systems or to the growth of the metal component. In many situations it
may be advantageous to consider ternary or more complex multilayer systems, where the addition of a
new component selected based on surface energy and miscibility, facilitates intermixing and enables

processing under more favorable conditions, lower growth temperature or shorter growth times.

Finally, we now show that it is possible to control the atomic diffusion and aggregation dynamics so as
to control the placement of single crystalline wires. Fig. 5(a) shows the growth of Au wires on a 10 nm
Au/10 nm thick Ge film that is patterned so as to leave exposed region of the low surface energy Si
(100) substrate. The dramatic increase in the number density of wires is due to enhanced agglomeration
caused by the well known edge effect at the film boundary where the substrate is exposed .*° The
diameter and length distributions of the wires in Fig. 5(a) are shown in the supporting information. The
Au/Ge layer is unstable and tends to contract and form a rounded shape that minimize the surface
energy, and which through the mechanism detailed above ultimately leads to Au wire growth inside the
original Au-Ge patterned area. Placing holes (200 nm diameter and 50 nm deep) within this patterned
layer creates an array of local sites for enhanced agglomeration. Effectively, the hole acts as a
preexisting critical void that initiate the diffusion mechanism.*® This results in the circular wavefronts of
materials that spreads outwards from each site during the annealing process (Fig. 5(b)). This behavior is
consistent with a de-wetting agglomeration model in which voids, defects in the film and the films
edges, are nucleation sites due to the presence of exposed regions of the lower energy substrate.***’ By
appropriately positioning holes it is possible to cause these diffusion wavefronts to interfere, creating a
spatially organized pattern of material (Fig. 5(c) and (d)). To demonstrate this phenomenon, we

designed a regular hole array having two different pitches (a and 3 in Fig. 5(f)). The wavefronts

propagates away from these holes and material accumulates at the interference positions, resulting in the
array of the single crystal Au wire shown in Fig. 5(f). Whilst the wire array is far from perfect it does

indicate an ability to position materials and wires by exploiting surface agglomeration waves. We also
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note that the wires in Fig. 3 and 5 are qualitatively different. This is visually demonstrated in Fig. 5(e),
which shows Au nanowire ( ~ 300 nm in diameter) with well developed facets that clearly follow the
bulk crystallography even as the wire changes growth directions. The former was grown via random
diffusion into a free standing droplet whereas the latter was grown under controlled diffusion conditions
from a pre-patterned Ge/Au film. Moreover, the SEM image in Fig. 5(f) demonstrates that while the
nanowire placement is partially controlled by the pattern, the nanowire lengths vary from 2 pum to 50
um. Length control remains a challenge and future studies will focus on ability to use micro and nano

scale fluidic flows and agglomeration waves to control nanowire growth.

In conclusion, we have demonstrated a completely new form of nanowire growth based on surface
energy driven diffusion, which has significant advantages over earlier methods. It eliminates the need
for gas and solvent phase processing since the growth precursors are contained within the film.
Incorporation of additional material components into the film offers the possibility of tuning the growth
temperature and nanowire growth rates. Patterning of the film generates surface agglomeration waves
that may provide a route to controlled nanowire placement with controlled diameters and perhaps
controlled lengths. This flexibility in combination with the extraordinary simple growth process
suggests that agglomeration growth may find wide ranging applications in the areas of sensors, devices

and interconnects.
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12 sl S 5 600 x 600 um
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43 Figure 1. Au/Ge bilayer on Si(100) substrate comprlsed of: (a) Au 0 nm/Ge 10 nm layer, (b) Au 1

45 nm/Ge 10 nm bilayer (c) Au 5 nm/Ge 10 nm bilayer and (d) Au 10 nm/Ge 10 nm bilayer. These SEM
images were taken at room temperature follows annealing at 400 °C for 12 hours. The SEM images in

50 (e)-(m) are the enlarged features of eutectic balls in (d).
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Figure 2. Detailed characterization of the eutectic droplet with Au supersaturation. (a) SEM image of
droplet structure. White box indicates the outline of FIB cross section. (b) SEM image of cross section
showing the presence of large Au crystal at center of the droplet. Yellow arrows indicate amorphous Ge
layer surrounding Au crystal. (c) HRTEM image of Au crystal. (d) The electron diffraction pattern of

corresponding area shows a [110] zone axis.
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34 Figure 3. Au wire grown from the AuGe bilayer on the Si(100) surface. (a) SEM image of Au wire.
36 Inset of a show the thinned wire for TEM analysis. (b) The EDX analysis of the Au wire indicate the
presence of Ge in the root ball area which is not found in the spectrum associated with the top sections
41 of the wire. (¢c) HRTEM image of Au crystal showing well resolved lattice planes. The amorphous
43 surface layer is due to the FIB processing. (d) The FFT pattern of (c) indicating that the wire grows

along the (1-11) direction (blue arrow in (c)).
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Figure 4. A section of binary phase diagram for an equilibrium Au-Ge alloy. The red line traces the Au

enrichment and cooling paths associated with our growth mechanism. "
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31 Figure 5. SEM images showing Au wires grown by controlling the atomic diffusion and aggregation
33 dynamics. (a) Selectively grown Au wires on a 10 nm Au/10 nm Ge patterned region of a Si (100)
36 substrate. (b) Circular wavefronts of materials spreads outwards from hole during the annealing process.
38 (c) and (d) SEM images showing the interference of wavefronts. The yellow circles indicate the
interference of the diffusion wavefronts. (f) Array of the single crystal Au wires positioned at the

43 interference positions of a and {3 hole array. (e) Enlarged SEM image of one Au wire in (f)
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