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Abstract. Semiconductor-metal nanowire heterostructures have attracted a particular interest
over the last decade. However, they often suffer from low interface and crystalline quality.
Here, we present a model for the formation of GaAs-Au axial nanowire heterostructures from
GaAs/Au core-shell nanowires encapsulated into SiO2 under flash lamp annealing, as
described in the previous work. The model reveals the basic mechanism and establishes the
main control parameters of the process which enable high quality GaAs-Au heterostructures.
It can also be used for the optimization of similar processes in a wide range of material
combinations.
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1. Introduction
High quality quasi 1D periodic structures of semiconducting and metallic layers are
interesting from the fundamental viewpoint as well as for applications in spintronics,
plasmonics and metal base transistors. In this respect, semiconductor nanowires (NWs) offer
an ideal template [1,2]. These NWs show a number of advantages over planar layers and even
quantum dots, in particular, regarding their dislocation-free growth in highly mismatched
material systems [3,4] and organization in regular arrays [1,2]. NWs of III-V compound
semiconductors can be grown via the vapor-liquid-solid [5,6] with either Au [7] or Ga [8]
catalysts, by selective area epitaxy [9,10], or in the self-induced approach [11]. There has
been a tremendous progress in the synthesis and studies of high quality III-V NW
heterostructures [2]. However, fabrication of quasi 1D heterostructures, consisting of
crystalline semiconductor material and metal, was very challenging in the past.
In Ref. [12], a general approach was presented for the formation of quasi 1D axial
semiconductor-metal NW heterostructures with epitaxial relationship and sharp interfaces.
The process was discussed for an important material system of GaAs-Au. Furthermore, the
feasibility of the method for other material combinations was demonstrated. The method
relied upon mature semiconductor processing techniques as described below, and enabled the
reformation of GaAs/Au core-shell NWs encapsulated into SiO2 into a sequence of axial
GaAs-Au heterostructures under flash lamp annealing (FLA). In this work, we develop a
model for this peculiar process, which reveals the basic mechanism and establishes the main
control parameters leading to high quality axial GaAs-Au heterostructures.
2. Experimental procedure
Figure 1 illustrates the key technological steps applied in Ref. [12] for the formation of
GaAs-Au NW heterostructures using standard semiconductor processing techniques and FLA.
With these techniques, we were able to process wafer-scale samples and at the same time
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ensure the excellent control over the NW morphology. The starting point is an array of
<111>-oriented GaAs NWs, grown on a Si substrate using the self-catalyzed vapor-liquidsolid molecular beam epitaxy [8], as shown in Fig. 1 (a). After removing the native oxide, the
Au is introduced by sputtering deposition, resulting in the GaAs-Au core-shell NWs shown in
Fig. 1 (b). Subsequently, the radial GaAs-Au NWs are encapsulated in a 20 nm thick silicon
oxide shell using plasma enhanced chemical vapor deposition, as shown in Fig. 1 (c). The
final axial semiconductor-metal NW heterostructures [Fig. 1 (d)] are formed by melting and
reconfiguration of the NW core during a 20 ms FLA pulse with an energy density of 40 to
60 J/cm². The FLA energy as well as the preheating of the sample before FLA was carefully
adjusted to ensure complete melting of the encapsulated GaAs-Au NW core. More details of
the process and the corresponding experimental data are given in Ref. [12].
This processing technique reminds of the rapid melt growth (RMG) [13-15], first used
by Liu et al. [15] for obtaining high quality Ge-on-insulator structures on Si substrates and
then extended to other material systems including ternary InGaAs [15]. RMG method also
uses SiO2 microcrucibles to contain the Ge or InGaAs liquid during the crystallization anneal.
The novelty of the approach described in Ref. [12] is in adding the noble Au metal to GaAs
compound semiconductor and designing an optimized FLA procedure for fabrication of axial
GaAs-Au heterostructures in quasi 1D NW geometry.

Fig. 1. Illustration of the key steps for fabrication of axial GaAs-Au heterostructures under
FLA: (a) Epitaxial GaAs NWs on Si; (b) core-shell GaAs/Au NWs obtained after deposition
of a thin Au layer onto the NWs; (c) encapsulation of the GaAs/Au core in the protective SiO2
matrix; and (d) axial GaAs-Au heterostructures obtained after pre-heating and FLA by spatial
rearrangement of Au in GaAs
3. Model
In modeling, we try to understand and quantify the peculiar mechanism of phase separation in
GaAs-Au alloy, leading to rearrangement of the initial radial GaAs-Au heterostructure into a
sequence of axial heterostructures, with rather sharp interfaces. As mentioned earlier, melting
of the encapsulated GaAs-Au core under FLA with an optimized optical power should be the
necessary for such a rearrangement. First, we notice that the melting temperature of GaAs is
higher than that of Au [see the phase diagram in Figure 2 (a)] and hence melting of GaAs is
expected to be the critical step. Using the parameters of GaAs [16] listed in Table 1, its
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thermal diffusivity k /(cρ ) can be estimated at ~ 2.8 ×1013 nm2/s (with k as the thermal
conductivity, c as the specific heat capacity and ρ as the density). Therefore, temperature will
equilibrate over the NW width in ~ 10-11 s for the typical NW radius R of 36 nm. This time is
very short and hence we can consider a homogeneous temperature of the core T . The
temperature changes in time due to FLA according to
dT 2 I 0 (1 − r )α
2σT 4
.
(1)
=
Θ(t − t ) −
dt
cr
crR
Here, Θ(τ − τ ) = 1 at τ ≤ τ (under FLA) and 0 at τ > τ (after FLA is turned off),
τ = 20 ms is the duration of the FLA pulse, I 0 is the power density of FLA ( I 0τ = 40 to
60 J/cm2), r is the reflectivity of the core, including that of the Au layer, α is the effective
light adsorption coefficient, and σ is the Stefan-Boltzmann constant The first term in Eq. (1)
describes the temperature increase under FLA, while the second is the loss due to thermal
(black body) radiation, as in Refs. [17,18]. Note that the first term in Eq. (1) is independent of
R (at αR << 1 , which always holds for NWs of several tens of nanometers in width), while the
second term scales inversely proportional to R [17,18].
Table 1. Parameters of GaAs used in calculations
ρ
c
σ
k
3
J/(kg ⋅ K)
kg/m
W/(m2 ⋅ K4)
W/(m ⋅ K)
52

350

5.32 × 103

5.67 × 10-8

α

R
nm

cm

32

104

-1

r

0.7

The time-dependent temperature of the core is obtained from Eq. (1) in the universal
form
 1 + y0 
t 1  1+ y 
 + 2(arctan y − arctan y0 ) at τ ≤ τ ,
 − ln
= ln
t* 4   1 − y 
 1 − y0 
1
at τ > τ ,
(2)
y=
[1 + 3(t − t ) / t* ]1/ 3
with y = T / Tmax . This dependence is controlled by the two parameters, the maximum

temperature Tmax and the characteristic time t* , which determines the rate of the temperature
increase (or decrease) under FLA and without FLA. These parameters are given by
cρR
 I (1 − r )aR 
Tmax =  0
, t* =
,
(3)
3

σ
2σTmax


and quantify the time dependence of the core temperature for a given material combination.
1/ 4

4. Results and discussion
With the parameters of GaAs listed in Table 1, we obtain Tmax = 1350 K, t* = 0.217 ms at
I 0τ = 40 J/cm2 and Tmax = 1500 K, t* = 0.159 ms at I 0τ = 60 J/cm2. Time evolution of
temperatures for these parameters is shown in Fig. 2 (b), in the case without pre-heating. Very
importantly, the characteristic times required to reach the maximum temperature under FLA
and to decrease it without FLA appear very short, mush shorter than the duration of PLA
pulse. The return to room temperature is however noticeably longer than the temperature
increase under FLA.
Let us now see how this temperature behavior affects the state of the core. As the
GaAs-Au core is fully encapsulated in SiO2, the composition of a GaAs-Au alloy is fixed
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throughout the entire FLA process. Our GaAs remains stoichiometric even in the liquid phase,
because the desorption of As is blocked by solid SiO2 shell. This property considerably
simplifies the compositional analysis compared to the case of vapor-liquid-solid III-V NWs
[19-21], where highly volatile group V species easily desorb and hence their concentration in
a catalyst droplet changes drastically depending on the growth conditions. Here, we can use
the pseudo-binary phase diagram of the GaAs-Au alloy [1] with stoichiometric GaAs in both
liquid and solid states, as shown in Fig. 2 (a). 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 liquidus, the GaAs-Au alloy becomes a single liquid melt, encapsulated in SiO2
shell (which remains solid below 1980 K).

Fig. 2. (a) Pseudo-binary phase diagram of GaAs-Au alloy [1], with an almost 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 pulse with 40 J/cm2
(solid line) and 60 J/cm2 (dashed line) energy input. The shaded regions in (a) and (b) indicate
the states of incomplete (from 903 K to ~ 1410 K) and complete (above ~ 1410 K) melting of
GaAs-Au alloy at a fixed GaAs fraction of 0.78, estimated from the NW geometry [12]. It is
seen that 40 J/cm2 FLA leads to a maximum core temperature of 1350 K, corresponding to the
incomplete melting, while increasing the FLA power to 60 J/cm2 yields a temperature of
1500 K, where the alloy is completely molten. Vertical line in (a) shows heating of the core
with a fixed x = 0.78 to point A at 1350 K under 40 J/cm2 FLA and to point B under 60 J/cm2
FLA. Horizontal line crossing point A shows the tie line. At 1350 K, the GaAs content in
liquid GaAs-Au alloy is xL and the fraction of liquid is (1 − x) /(1 − x L ) , while the fraction of
remaining solid GaAs is ( x − x L ) /(1 − x L ) . These diagrams quantitatively explain the
experimental data presented given in Ref. [12], namely, the presence of Au clusters blocked by
solid GaAs under 40 J/cm2 FLA, and the regular sequence of GaAs-Au axial heterostructures
under 60 J/cm2 FLA.
It is easy to estimate the fraction of GaAs x in GaAs-Au NWs of Ref. [12] from their
initial core-shell geometry. Using N Au / N GaAs = 2hAu Ω GaAs /( RΩ Au ) , with hAu = 2 nm as the
thickness of the Au layer, R = 36 nm, Ω GaAs = 0.0452 nm3 as the elementary volume of solid
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GaAs and Ω Au = 0.0170 nm3 of solid Au [2], we obtain x = N GaAs /( N GaAs + N Au ) ≅ 0.78. This
determines the position of vertical line in Fig. 2 (a), corresponding to heating of GaAs-Au
alloy at this fixed composition. Heating the system up to point A under 40 J/cm2
[corresponding to a temperature of 1350 K according to Fig. 2 (b)] renders the system into the
regime of incomplete melting. According to the lever rule [22], the fraction of liquid equals
(1 − x) /(1 − x L ) , while the fraction of solid GaAs equals ( x − x L ) /(1 − x L ) , with xL 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 as discussed in Ref. [12]. By
increasing the FLA power density from 40 J/cm2 to 60 J/cm2, we are able to cross the
liquidus, which is why the alloy at 1500 K [point B in Fig. 2 (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 Ref. [12].
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. These processes 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. [20] for a different system (axial NW
heterostructures in immiscible InAs-GaAs alloy). 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 SiO2 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. It will also be
interesting to consider horizontal NW geometries such as described in Ref. [23].
In conclusion, the developed model explains the governing mechanism of the formation
of axial GaAs-Au heterostructures by the complete melting of the GaAs-Au alloy enclosed in
the solid SiO2 matrix under FLA. The parameters of the process, such as the FLA pulse
duration and energy credit, should be optimized to yield the molten GaAs-Au alloy in solid
SiO2 for a given composition. The model can be used to quantify and optimize similar
processes in a wide range of material systems. Overall, this method looks very promising for
fabrication of high quality semiconductor-metal NW heterostructures.
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