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Abstract: The band offsets occurring at the abrupt heterointerfaces of suitable material
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combinations offer a powerful design tool for high performance or even new kinds of devices.
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Due to a large variety of applications for metal-semiconductor heterostructures and the
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promise of low-dimensional systems to present exceptional device characteristics, nanowire
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heterostructures gained particular interest over the last decade. However, compared to those
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achieved by mature 2D processing techniques, quasi 1D heterostructures often suffer from low
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interface and crystalline quality. For GaAs-Au system, we demonstrate exemplarily a new
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approach to generate epitaxial and single crystalline metal-semiconductor nanowire

v
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heterostructures with atomically sharp interfaces using standard semiconductor processing
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techniques. Spatially resolved Raman measurements exclude any significant strain at the
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lattice mismatched metal-semiconductor heterojunction. Based on experimental results and
simulation work, a novel self-assembled mechanism is demonstrated which yields one-step
reconfiguration of a semiconductor-metal core-shell nanowire to a quasi 1D axially stacked
heterostructure via flash lamp annealing. Transmission electron microscopy imaging and
electrical characterization confirm the high interface quality resulting in the lowest Schottky
barrier for the GaAs-Au system reported to date. Without limiting the generality, this novel
approach will open up new opportunities in the syntheses of other metal-semiconductor
nanowire heterostructures and thus facilitate the research of high-quality interfaces in metal-

semiconductor nanocontacts.
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Since the first proposal of Schottky and Mott on metal-semiconductor interfaces [1]-[4] as well
as band gap engineering by stacking layers of different semiconductors - which is the insight
that won Kroemer and Alferov the Nobel Prize in Physics in 2000 - heterostructures have
become a cornerstone in applied and fundamental semiconductor research. The great success
of semiconductor superlattices is exemplified by high electron mobility transistors [5] or
quantum cascade lasers [6] based on multi-quantum well structures. Improved growth of
quantum dots and wires based on immense developments in synthesis and processing
techniques brought further new aspects to heterostructure and quantum well physics. These
low-dimensional nanostructures enable exploitation of quantum confinement effects for
engineering electronic states with custom-designed properties. However, manufacturing of
axial heterostructures in quasi 1D nanowires (NWs) still faces technological challenges that
prevent full realization of these advantages. Conventional methods like molecular beam
epitaxy (MBE) [7]-[10], vapor-liquid-solid [11],[12], metal-organic chemical vapor deposition
(CVD) [13],[14], and related methods suffer from limitations with respect to lattice matching,
epitaxial integration, interface grading and in retaining the NW morphology [15]. Just recently
IBM demonstrated the controlled growth of NW heterostructures with abrupt interfaces for IlI-
V semiconductors on silicon, achieved via template-assisted selective area epitaxy [16]-[18].
However, the fabrication of quasi 1D heterostructures, consisting of crystalline semiconductor
material and metal, posed a major obstacle in the past. Refinement of quasi 1D superlattices
or periodic structures of semiconducting and metallic layers would push forward hybrid devices
for e.g. spintronics, plasmonics and high performance metal base transistors.

Consequently, in this work, we present a general approach for the formation of quasi 1D axial
metal-semiconductor NW heterostructures with epitaxial relationship and sharp interfaces. We
discuss in detail the formation process for an important material system of GaAs-Au.
Furthermore, the feasibility of the method for other material combinations such as Si-Au, Si-
NiSi and Si-Sn is demonstrated in the Supporting Information (Figure S1).

Figure 1 schematically displays the key manufacturing steps applied for the formation of GaAs-
Au NW heterostructures employing standard semiconductor processing techniques and flash
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lamp annealing (FLA). Using these mature techniques, we are able to process wafer-scale
samples and at the same time maintain the excellent control over the NW morphology. The
starting point is an array of (111)-oriented GaAs NWs, epitaxially grown on a Si substrate via
MBE using the self-catalysed vapor-liquid-solid method [19] (Figure 1a). The as grown NWs
are about 6 um long, 65 nm in diameter and moderately Si doped (~1x10'® cm3). After
removing the native oxide, the metallic constituent is introduced by sputter deposition of a
nominally 2 nm thick Au layer onto the NWs, resulting in the GaAs-Au core-shell NWs shown
in Figure 1b. Subsequently, the radial GaAs-Au NWs are enclosed in a 20 nm thick silicon
oxide shell using plasma enhanced CVD (Figure 1c¢). The final axially stacked semiconductor-
metal NW heterostructure (Figure 1d) is formed by melting and instantaneous reconfiguration
of the NW core during a 20 ms flash with an energy impact of 40 J/cm? The FLA energy as
well as the preheating of the sample before FLA were carefully adjusted to ensure complete
melting of the encapsulated GaAs-Au NW core (full details of the process are given in the
Methods Section and the Supporting Information).

This processing technique is similar to the rapid melt growth [20]-[23], first used by Liu et al.
[20] for obtaining high quality Ge-on-insulator structures on Si substrates and then extended
to other material systems including ternary InGaAs [22]. The rapid melt growth method also
uses SiO, microcrucibles to contain the liquid Ge or InGaAs during the crystallization anneal.
The novelty of our approach is in (i) adding the noble metal Au to GaAs semiconductor and (ii)
designing an optimized procedure for making axial semiconductor-metal heterostructures in
quasi 1D NW geometry.

The SEM image in Figure 2a shows an individual GaAs-Au NW heterostructure and the sketch
above emphasises the position of the Au segments, since the oxide shell enables only a
modest SEM image quality. Several Au segments of different lengths are incorporated along
the morphologically intact GaAs NW, with apparently abrupt interfaces.

For structural and compositional analysis of the axial GaAs-Au NW heterostructures, TEM
investigations were carried out on the Au segment shown in Figure 2b. An EDX line scan over

the segment was performed to determine the two diverse phases. Evaluation of EDX counts
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for Ga, As and Au are displayed in the top inset and clearly identifies GaAs as the NW material
and Au in the segment. The GaAs-Au interface, for which the compositional profile is shown in
the main panel of Figure 2b, appears almost atomically sharp and the determined lattice
spacings of the (111) planes of GaAs (0.33 nm) and Au (0.23 nm) in good agreement with
tabulated values [24],[25]. The lattice planes of both GaAs segments adjacent to the Au
segment appeared to run parallel and the crystalline Au segments form hetero-epitaxially on
the (111) GaAs lattice planes. This was determined via high-resolution TEM analysis and is
discussed further in the Supporting Information.

With respect to the formation mechanism, the complete rearrangement of the initial metal-
semiconductor core-shell to an axially stacked heterostructure leads us to assume a complete
meltdown of the GaAs-Au NW during FLA. Subsequent recrystallization facilitates the self-
assembly of the axial metal-semiconductor heterostructure to minimize the surface area of the
GaAs-Au interface. Therefore, it is essential to provide a solid shell with a higher melting point,
which serves as a stable template for recrystallizing the core NW. With a melting point of
approximately 1980 K [26], SiO, represents an excellent shell material for GaAs and Au, whose
melting temperatures are lower. Experiments performed with the same FLA power and
preheating but without the SiO, shell led to the loss of the 1D NW shape due to complete
melting. Furthermore, the high transparency of SiO, guarantees that most of the light is
absorbed in the NW core, enabling effective heating.

The melting of the core can also be observed along the fully featured axial GaAs-Au NW
heterostructures with the SiO, shell for successive FLA cycles. In particular, Figure 3 displays
exemplarily a distinct NW after the 1st, 5t and 7t flash. It is evident that Au segments rearrange
under repeated flashes by dissolving from the middle of the NW and forming a larger segment
at the left end. By considering the diffusion coefficients of Au in liquid and solid GaAs of <10~
cm?/s and >10-2° cm?/s, respectively [27], rearrangement of the segments requires a core in
the liquid state to facilitate Au diffusion over a micron length within less than 20 ms of FLA (see
Figure 5b).

For FLA without preheating of the substrate, the overall energy entry is lower. A heat flow from
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the NWs to the substrate, which acts as a heat sink, may establish a temperature gradient
along the NWs. The SEM image in Figure 4a shows that the total number of Au segments is
larger in the absence of preheating. Furthermore, several superficial Au clusters remain at the
NW surface rather than intercept the NW. We speculate that this occurs due to a lower thermal
budget, which is not sufficient to melt the entire core material.

Increasing the energy impact of the flash from 40 J/cm? to 60 J/cm? yields well-contoured NWs
with > 10 segments of axially stacked Au layers, distributed over the entire length (see Figure
4b). Obviously, the overall higher energy impact in this case enables complete meltdown of
the core NW, resulting in the fast diffusion of all Au atoms into and along the encapsulated
NW.

By establishing a suitable model, we try to understand and quantify the peculiar mechanism of
the phase separation in the GaAs-Au alloy, leading to rearrangement of the initial radial GaAs-
Au heterostructure and its self-assembly into a sequence of axial heterostructures, with
perfectly sharp interfaces, as a function of the temperature response of the NW. Figure 5b
shows the time dependence of the NW core temperature under 20 ms FLA with 40 J/cm? and
60 J/cm? power density. Details of the simulation of the temperature response of the NW during
FLA are given in the Supporting Information. As the GaAs-Au core is fully encapsulated in
SiO,, the composition of the GaAs-Au alloy is fixed throughout the entire FLA process. Thus,
the GaAs remains stoichiometric even in the liquid phase, because the desorption of As is
blocked by the solid SiO, shell. This property considerably simplifies the compositional analysis
compared to the case of vapor-liquid-solid 11I-V NWs [28],[29], where highly volatile group V
species easily desorb and hence their concentration in the catalyst droplet changes drastically
depending on the growth conditions. Here, we can use the pseudo-binary phase diagram of
the GaAs-Au alloy [30] with stoichiometric GaAs in both liquid and solid states, as shown in
Figure 5a. At least in the GaAs-rich region of the diagram, the solid state is immiscible, that is,
consists of a mixture of pure GaAs and Au crystallites. Above the eutectic temperature of 903
K, the alloy consists of GaAs-Au liquid and pure GaAs crystallites, with temperature-dependent
fractions of liquid and the remaining solid GaAs. Above the melting temperature of GaAs of
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1509 K, the GaAs-Au alloy becomes a single liquid melt, encapsulated in a SiO, shell (which
remains solid below 1980 K).

It is easy to estimate the fraction of GaAs in our GaAs-Au NWs from their initial geometry.
Introducing the total numbers of Au atoms N, and GaAs pairs Ngaas in a core-shell NW, we
have Nau/Ngars=2hauQcans/(RQau), With ha,=2 nm as the thickness of the Au shell layer, R=36
nm as the radius of the average GaAs core, Qgaas =0.0452 nm?3 and Qa, =0.0170 nm? as the
elementary volumes of solid GaAs and Au, respectively [31]. With these numbers, we obtain
X= Ngaas/( Ngaas + Nay) = 0.78. This determines the position of the vertical line in Figure 5a,
corresponding to heating of the GaAs-Au alloy at this fixed composition. Figure 5b shows the
time dependence of the NW core temperature under 20 ms FLA with 40 J/cm? and 60 J/cm?
power density (see the Supporting Information for the details). Moving, say, from point 1
(corresponding to the initial core-shell GaAs-Au structure) to point 2 under FLA with 40 J/cm?
(corresponding to a temperature of 1350 K according to Figure 5b renders the system into the
regime of incomplete melting. According to the lever rule [32], the fraction of liquid equals (1-
x)/(1-x.), while the fraction of solid GaAs equals (x-x_)/(1-x.), with x_ as the GaAs content in
liquid. The remaining solid GaAs suppresses the diffusion of Au through the volume of the
core, which explains the presence of Au clusters attached to the GaAs NW as shown in Figure
4a. By increasing the FLA power density from 40 J/cm? to 60 J/cm?, we are able to cross the
liquidus, which is why the alloy at 1500 K (point 3 in Figure 5 a) is completely molten. This
yields free diffusion of Au through the entire volume of encapsulated liquid, resulting in a more
regular sequence of axial GaAs-Au heterostructures, as observed in Figure 4b.

As regards the final stage of heterostructure formation, it occurs after stopping the FLA
irradiation, where the liquid (or partially liquid) NW core rapidly cools down and becomes solid
again. The width and the number of GaAs-Au heterostructures is determined by complex
kinetic processes at this stage, which require a separate study. We note, however, that
immiscibility of the GaAs-Au solid alloy should help to achieve atomically sharp
heterointerfaces, as predicted in Ref. [33] for a different system (axial NW heterostructures in

immiscible InAs-GaAs system). We strongly suspect that the observed segregation of In/Ga
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during the rapid melt growth of InGaAs [22] may be treated using a similar approach. Overall,
our model establishes the basic mechanism for the rearrangement of encapsulated
semiconductor-metal NWs (actually, of whatever initial form) into axial heterostructures under
heating. It shows why the FLA power should be carefully optimized to yield the complete
melting of the alloy, and confirms the importance of encapsulation of the alloy within the solid
SiO, shell. Melting of the core may be achieved by applying other heating techniques, and the
whole procedure is expected to work equally well for a wide range of semiconductor-metal
material systems.

Raman spectroscopy provides information about local strain in materials, as built-in strain
leads to a characteristic shift of the phonon frequency [34]. By realizing spatially resolved
Raman spectroscopy, variations of the strain along the NW can be measured [35],[36]. We
performed spatially resolved measurements on single GaAs-Au NWs transferred onto a Si
substrate (see the Supporting Information for more details). The frequency of the transversal
optical (TO) mode along the NW length is plotted in Figure 6 as half-filled diamonds. As a
reference, we also measured a single pristine GaAs NW, whose TO frequency along the NW
length is plotted as empty diamonds. The SEM images of the measured NWs are shown in the
inserts of Figure 6. In both cases, the frequency of the TO mode along the NW varies within
0.4 cm™, with the exception of the NW ends where boundary effects and low signal-to-noise
ratio affect the analysis. The full width at half maximum (FWHM) of the TO modes varies
between 3.5 and 5.0 cm' in the case of the GaAs-Au NW and between 3.0 and 4.8 cm™! in the
case of the reference GaAs NW. From these results, we can exclude any significant strain in
the heterostructured NWs.

Such multiply-segmented GaAs-Au NW heterostructures with abrupt interfaces should have
great potential to yield a range of precisely defined electronic devices in individual NWs.
Electrical contacts between metals and semiconductors are fundamentally important for
devices [37]-[39], with Au-GaAs NW interfaces being of particularly interest [40]. Shrinking the
dimensions of the contacts to the nanoscale poses significant challenges, since the properties
of interfaces and even their arrangement may be very different from the conventional 2D

8
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Schottky barriers [41]-[46]. In contrast to the previous studies, our multi-segmented GaAs-Au
NW heterostructures resemble multiple electrical nanocontacts in series with the barrier,
occurring directly and solely at the sharp heterointerface.

Performing temperature dependent I/V measurements on 6 dedicated devices, exemplarily
shown in the Supporting Information, we determined a remarkable low Schottky barrier height
in the range of 31520 meV for these quasi 1D Au-GaAs contacts. To our knowledge, this is
the lowest value of the Schottky barrier obtained for this material system. For similar NW
heterostructures, namely the GaAs-Au contacts formed between the vapor-liquid-solid GaAs
NW and the Au catalyst particle promoting the growth, the nanoscale contact has previously
been found to alleviate the well-known Fermi-level pinning [47]. Thus, we explain the lowest
Schottky barrier obtained here by the Fermi-level de-pinning, combined with the formation of
an electric dipole layer at the epitaxial interface. According to Ref. [48], this dipole layer is
formed because of the termination of GaAs NW by As atoms at the contact interface with the
Au.

In conclusion, we have developed a new processing technique enabling quasi 1D GaAs-Au
axial NW heterostructures. The key steps of the process include the vapor-liquid-solid growth
of GaAs NWs, magnetron sputtering deposition of the Au shell, encapsulation of these core-
shell NWs in SiO; by plasma-enhanced CVD, and FLA which leads to the NW meltdown and
its re-arrangement into axial GaAs-Au multi-junctions. This technique extends the previously
reported rapid melt growth method by including Au to the semiconductor melt to obtain axial
GaAs-Au heterostructures. Structural and compositional characterisation has shown the
excellent crystal quality and sharp GaAs-Au heterointerfaces. Revealing the physical
mechanisms behind the heterostructure formation may guide future efforts to engineer
nanoscale semiconductor-metal contacts with tailored electrical properties and should be
applicable to a wide range of materials. In particular, the Supporting Information shows the

general feasibility of the method for Si-Au, Si-NiSi, and Si-Sn material systems.
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a)| b) | c) d)

Figure 1. Schematics of NW heterostructure formation: a) (111)-oriented GaAs NW without

native oxide, epitaxially grown on a Si substrate, b) Deposition of a 2 nm thick Au layer
via plasma enhanced sputtering, c) Formation of 20 nm thick SiO, shell via PE-CVD,

d) The resulting axial metal-semiconductor NW heterostructure after FLA.
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Figure 3. Experiment with multiple flashes on the same NW, with a FLA energy of 40 J/cm? in
each flash. SEM images after a) 1¢t flash, b) 5% flash, and c) 7t flash. Due to inverse
colouring, Au appears as the darker phase. Segments in the middle of the NW dissolve
progressively and a larger Au segment forms at the left end of the NW. The moderate
quality of the SEM images and diffuse Au-GaAs interfaces are due to the stabilizing

SiO, shell, which induces charging of the samples during imaging.
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Figure 4. a) SEM image of a GaAs-Au NW after FLA without preheating, with an energy of 40
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Figure 5. a) Pseudo-binary liquid-solid phase diagram of GaAs-Au alloy, with horizontal

solidus at 903 K, and the liquidus separating a mixture of GaAs-Au liquid with solid
GaAs at lower temperatures from a single melt at higher temperatures. b) Time
dependence of the NW core temperature under 20 ms FLA with 40 J/cm? and 60 J/cm?
power density (see the Supporting Information for the parameters). The white, yellow,
and pink regions in b) mark the solid, liquid plus solid GaAs, and pure liquid states at a
fixed GaAs fraction of 0.78. It is seen that 40 J/cm? FLA leads to a maximum core
temperature of 1350 K, corresponding to the incomplete melting, while increasing the
FLA power to 60 J/cm? yields a temperature of 1500 K, where the alloy is completely
molten. Vertical line in a) shows heating of the core with x = 0.78 from point 1,
corresponding to the initial core-shell GaAs-Au NW structure, to point 2 at 1350 K under

40 J/cm? FLA and to point 3 under 60 J/cm? FLA. Horizontal green line crossing point
2 is the tie line. At 1350 K, the GaAs content in liquid GaAs-Au alloy is X; and the
fraction of liquid is(I-x)/(1-x,), while the fraction of remaining GaAs is

(x—x,)/(1—x,). These diagrams quantitatively explain the experimental data

presented in Fig. 4, that is, the presence of Au clusters blocked by solid GaAs at 40
J/icm? FLA, and the regular sequence of GaAs-Au axial heterostructures at 60 J/cm?

FLA.
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respectively, taken after the Raman measurements. The SEM images are shown in the

w w w
N — O

same scale as the position axis.
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Methods:

Sample preparation and flash lamp annealing:

The GaAs NWs were grown via self-catalysed vapor-liquid-solid growth on Si substrates by
MBE. The native oxide was etched with a HCI:H,O (1:1) solution. Subsequently, 2 nm of Au
were sputtered onto the substrate and a SiO, shell of approximately 20 nm was deposited via
plasma enhanced CVD. Finally, flash lamp annealing was carried out with different
parameters. The FLA chamber was pumped to a pressure of 10> mbar, and the sample was
preheated for 10 min at 573K and then exposed to a flash of 20 ms from halogen lamps with
an energy impact of 40 J/cm?2. This procedure was installed for Figure 1 and the multiple flash
experiments. For a higher density of segments FLA without preheating was carried out with an

energy impact of 40 J/cm? (Figure 4a) and 60 J/cm? (Figure 4b).
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Supporting Information:

Further examples of metal-semiconductor heterostructures for Si-Au, Si-NiSi and Si-Sn are

coNOULTL A~ WN =

shown, demonstrating the general feasibility of the approach. A detailed description of the

O

temperature response of the NW during FLA and a comprehensive description of the electrical

—_
—_ O

measurements are given. Detailed Raman Spectroscopy and TEM investigations,

JEEPREN
w N

demonstrating the formation of epitaxial Au-GaAs NWs without any significant strain in the

RN
[Sa RN

heterostructures.
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