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ABSTRACT We report an in situ surface X-ray diffraction study of liquid AuIn metal alloys in contact with zinc-blende InP (111)B

substrates at elevated temperatures. We observe strong layering of the liquid metal alloy in the first three atomic layers in contact
with the substrate. The first atomic layer of the alloy has a higher indium concentration than in bulk. In addition, in this first layer we
find evidence for in-plane ordering at hollow sites, which could sterically hinder nucleation of zinc-blende InP. This can explain the
typical formation of the wurtzite crystal structure in InP nanowires grown from AuIn metal particles.
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Nanowires can be grown from nanosized metal drop-
lets by the vapor-liquid-solid (VLS) growth mech-
anism, which was first reported by Wagner and Ellis

already in 1964.1 As the name “vapor-liquid-solid” sug-
gests, three phases are involved in this type of nanowire
growth.2 Precursor molecules from the gas phase are de-
composed and form an alloy with the metal particle. At the
solid-liquid interface, nucleation occurs and the crystalline
nanowire grows layer by layer. The crystal structure of
nanowires grown by the VLS mechanism is often different
from corresponding bulk crystals.3,4 For instance, intrinsic
InP nanowires crystallize in the wurtzite structure, while bulk
grown InP crystals have the zinc-blende structure. The
different InP crystal structures also result in different pho-
toluminescent properties.31 The metal alloy positioned on
top of the nanowires is typical for the VLS growth and has
many functions. It has been argued that the shape of the
metal particle, and more specifically the contact angle of the
droplet with the nanowire side facets, determines the nano-
wire crystal structure.3,5 In previous work,4 we have sug-
gested that not the metal particle shape but the chemical
compositionandthepreciseatomicpositionsatthesolid-liquid
interface determine the nanowire crystal structure. In this
paper, we use surface X-ray diffraction (SXRD) in order to
solve in situ the atomic structure at the liquid-solid interface
of an AuIn alloy in contact with a (111)B InP bulk crystal

surface at elevated temperatures, simulating the solid-liquid
interface during InP nanowire growth from an initial Au
particle.6

A closely related issue that we will address in this paper
is on the physical state of the alloy particle during nanowire
growth. Nanowires are often grown below the eutectic
temperature of the specific alloy. Several studies have shown
that the particle is in the solid state during growth,7 whereas
others have shown that the growth rate is much lower for
solid than for liquid particles.8 We show by using SXRD that
while the bulk of the alloy layer is in the liquid phase, the
first three layers closest to the InP substrate are layered in
the substrate normal direction, suggesting a “quasi-liquid”
interface layer. The first layer, in direct contact with the
substrate, is enriched with In atoms and shows in-plane
ordering. The In atoms preferably occupy hollow sites, which
leads to the formation of the wurtzite InP crystal structure.

Studying the solid-liquid interface of genuine nanowires
in situ encounters two major problems. First, the actual area
covered by nanowires is quite small and second, it requires
growth conditions with highly toxic precursor gases. We
therefore use a thin alloy film in contact with an InP (111)B

substrate as a model system. The samples consist of trian-
gular pieces with 5-8 mm sides of a [111]B oriented zinc-
blende InP wafer. Here the terminology “B” stands for a
phosphor-terminated surface. The substrate is covered by a
100 nm metal layer, which is obtained by simultaneous
evaporation of Au and In, resulting in a binary composition
with a ratio of 60:40, which was verified with EDX (energy
dispersive X-ray) in an SEM (scanning electron microscope).
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This ratio corresponds to the eutectic composition of the
AuIn alloy (φ phase) at a temperature of 727 K.9

The sample layout is shown in Figure 1a. The SXRD
experiments are performed in a vacuum chamber (10-5

mbar) thus without a PH3 background pressure. To minimize
the decomposition of the InP substrate by phosphor desorp-
tion during heating, a 100 nm SiO2 layer was deposited on
top as a diffusion barrier. The samples are resistively heated
to 773 K to liquefy the AuIn alloy, similar to the annealing
steps prior to nanowire growth. Next, the samples were
cooled down to 693 K, a typical growth temperature for InP
nanowire growth.4,10,11 Although this is below the eutectic
temperature of the φ phase, nanowires are grown at these
temperatures with a typical rate of several nm/sec, indicating
that the particles are in the liquid state.4,11-16

The X-rays probe the periodicity of the bulk InP crystal
(3D) and give rise to Bragg peaks in reciprocal space, Figure
1b, at integer diffraction indices (hkl). A perfect 2D layer,
on the other hand, has no periodicity in the normal direction
and therefore diffraction occurs along rods in reciprocal
space for all l values. The combined diffraction from the two-
dimensional (2D) layer and 3D bulk crystal is called a crystal
truncation rod (CTR).17 By measuring the scattered intensi-
ties along the CTRs, the amplitude of the structure factors
(Fourier transform of the electron density of the unit cell)
can be found, see Figure 1c. From these structure factors,
the atomic positions and electron density of the interfacial
atoms can be derived. The surface sensitive information thus
can be found in the CTRs in between the bulk Bragg peaks,
as indicated in Figure 1c.

The SXRD experiments were performed at the ID03
beamline18,19 of the European Synchrotron Radiation Facil-
ity (ESRF), Grenoble, using an X-ray energy of 27.5 keV. At
the solid-liquid interface, it is expected that the atomic
ordering decreases from being completely ordered in the
substrate to completely disordered in the liquid. The tech-

nique of SXRD is only sensitive to the ordered part of the
interface and gives information about the gradual decrease
of atomic ordering in the z-direction,20 which is perpendicu-
lar to the surface. To describe our results, we use a surface
unit cell, which is defined in terms of the InP bulk cubic unit
cell as a1 ) 1/2[11̄0], a2 ) 1/2[1̄10], and a3 ) [111].
According to convention, h and k lie in the surface plane and
l is along the surface normal. The integrated intensity of
different (hkl) reflections is determined from rocking scans.
After applying the appropriate correction factors,21 structure
factor amplitudes are derived. We used the ANA-ROD pack-
age22 to analyze the data.

At 693 K the specular (0,0,l) and the in-plane (1,0,l) rods
were measured as shown in Figure 2. At room temperature,
the (0,0,l) rod shows powder diffraction peaks from the solid
metal alloy film. The absence of these peaks at 693 K proves
that the alloy is liquid at this temperature. The specular (0,0,l)
rod contains information about the atomic ordering in the
z-direction. At l ) 4.3, the data reveals a broad peak (red
triangles), which is absent in bulk terminated InP (solid black
line). To describe the solid-liquid interface, a model was
used consisting of a liquid of n atomic layers with a constant
spacing and an offset with respect to the substrate surface
(Figure 3a). Each layer, having the composition of the φ

phase, has an occupancy and an anisotropic Debye-Waller
factor to define the degree of ordering. The test model uses
a phosphor-terminated zinc-blende structure to model the
crystalline InP at the interface. More refined modeling with
varying spacings and atom types did not give an improved
fit, hence this simple model is sufficient to describe the
current experimental data.

Fitting of the model to the (0,0,l) rod confirms the layering
in the z-direction; three layers show a strong perpendicular
order, and only a little order in the fourth layer. Subsequent
layers are invisible and thus have a bulk liquid structure. The
fit is shown in Figure 2a, the corresponding structure in

FIGURE 1. Surface X-ray diffraction. (a) A schematic representation of the sample layout. A [111]B oriented zinc-blende InP wafer is used,
followed by a 100 nm thick layer of simultaneously evaporated Au/In alloy (60:40). The metal layer is covered by a SiO2 layer of 100 nm to
minimize decomposition of the InP by evaporation of phosphor. The scattering geometry during SXRD measurements was typically in grazing
incidence mode, indicated by the angle r. (b) Diffraction pattern in reciprocal space for a 2D layer resulting in “diffraction rods” (top) and for
a 3D bulk crystal resulting in “Bragg peaks” (bottom, red dots). The twin peaks are shown as blue crosses, which are the mirror positions of
the Bragg peaks around l. If the solid-liquid interface is probed by X-rays, the combination results in CTRs. (c) A CTR gives surface sensitive
information in between the bulk Bragg peaks.
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Figure 3a. The first layer is positioned at 3.44 ( 0.04 Å from
the InP surface, close to the position where the next In-layer
of the bulk InP is expected. We find that the spacing between
subsequent layers is 2.32 ( 0.04 Å.

The first atomic layer in the liquid is expected to be
ordered the most due to the interaction with the substrate.
Each next layer is expected to be less ordered, which would
result in a decrease of the occupancies of the ordered
positions with each next layer and thus in a decrease in the

measured electron density. However, from the fit results it
can be seen that the electron densities (see Figure 3b) are
almost equal for the first three layers. Because of the large
correlation between the Debye-Waller and occupancy pa-
rameter, the occupancy of the fourth layer seems somewhat
high, but within the error bars is equal to the third layer.

This observed layering is rather uncommon compared to
other solid-liquid interfaces reported in the literature, where
normally the ordering decreases exponentially after the first
layer.20,23-26 The fact that here the first three layers show
an equal electron density suggests an unusual step function
after three layers. Simulations of exponential segregation
and ordering profiles (not shown here) lead to a specular rod
profile without any signs of the finite thickness oscillations,
that are visible in the data at the fringes for l values around
0.8 and 2.2 in Figure 2a. Such oscillations are characteristic
for density profiles that contain abrupt steps. Therefore, the
density and/or segregation profile at the present interface
must contain an abrupt decrease after three atomic layers.
It should be realized that the system is thermodynamically
very close to an ordered solid phase (φ phase),9 which could
induce the observed strong layering. The three layers are

FIGURE 2. Experimental structure factors. Experimental structure factors (red triangles) derived from measured scattered intensities along
the (a) (0,0,l) rod and (b) (1,0,l) rod of the {111}B InP-AuIn solid-liquid interface at a temperature of 693 K. The solid black lines represent
the calculated CTRs of a bulk-terminated InP crystal. The blue and green curves represent a normal (continuing the bulk structure) and a
hollow-site stacking for the first liquid layer, respectively.

FIGURE 3. Layering (a) schematic atomic structure of the solid-liquid interface accompanied by the corresponding z-projected electron density
distribution (b). The different atoms are represented in green (In), orange (P), and yellow (Au). The elliptic shapes symbolize the anisotropic
in- and out-of-plane liquid ordering whereas the bulk liquid is characterized by larger spheres. (c) Top-view image of the stacking of the first
liquid layer on top of a zinc-blende ABC bulk InP structure, indicating that the atoms are positioned in the center of the hexagonal InP rings.
The larger spheres represent the in-plane ordering of the atoms in the first liquid layer. The accompanying Debye-Waller parameters are
given in Figure 4.

FIGURE 4. Fit parameters. The optimum in- and out-of plane fit
parameters are given for each ordered layer, starting with the layer
closest to the substrate. The occupancies of ordered atoms in the O
phase (60:40 AuIn) are given and the degree of ordering is shown
by the Debye-Waller parameters. The spacing is defined as the
distance between two successive layers in the liquid alloy. For layer
1, also the composition corresponding to an occupancy of 1 is
shown.
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quasi-liquid and not solid, because that would result in much
lower Debye-Waller parameters.27

Concerning the composition of these layers are the
following. With X-rays, only the electron densities are
probed, which makes it difficult to distinguish between
different types of atoms. Indeed, using models with layers
of pure Au, In or combinations of these atoms always
resulted in the same electron density profiles. Nevertheless,
the positions of these atomic layers are very accurately
determined and can be compared with possible composi-
tions. The spacing of 2.32 Å in the quasi-liquid layer matches
d110 of bulk In, d111 of Au and d102 of the φ phase, suggesting
that all the corresponding layer compositions are plausible.
Bulk InP does not have interlayer spacings of 2.32 A and can
therefore be ruled out. From a chemical point of view, it is
hard to imagine how phosphorus would fit in this quasi-liquid
structure, since its presence apparently enlarges the inter-
atomic distances. Furthermore, based on the phase dia-
grams, which indicate a very low solubility for phosphorus,
one would expect phosphorus to either disappear completely
from the liquid, or recrystallize into InP. These arguments,
together with the in-plane ordering, as discussed further on,
leads to the assumption that only Au and In are present in
these quasi-liquid layers. Figure 4 lists the parameters as-
suming the layers have a 60:40 Au-In composition. With
this composition, the occupancy of the first layer is found
to be lower than the second one, which is highly unlikely. If
the first layer is enriched with In, a lighter element than Au,
the fitted occupancy increases. The best fit, with a reason-
able occupancy of 1, was found with a Au-In ratio of 30:
70. This would mean that the interface is enriched with In.
It is known that the surface tension of liquid In is a factor 2
lower28 than that of Au.29 It is plausible that also at the
present solid-liquid interface the interface free energy of
In will be lower than that of Au, the more so since the
substrate itself contains In and the first alloy layer is posi-
tioned at the next InP bulk position. These arguments signify
an In-rich solid-liquid interface, containing at least 70% In
in the first layer.

The (1,0,l) rod, shown in Figure 2b, contains information
about in-plane ordering. Besides the bulk Bragg peaks at l
equals -5,-2, 1, and 4, smaller but significant peaks are
found at l values of exactly -4,-1, 2, and 5. These peaks
correspond to twinned InP islands on the surface with a
surface coverage of about 5%. Important to note is that these
twinned features are absent before heating and appeared
during the measurements after roughly one hour at elevated
temperature. The twin peaks become more pronounced in
time, but during the total data collection never covered more
than 10% of the surface.30

By comparing the CTR from bulk-terminated InP (black
line) with the measured data (red triangles), we find that at
l values around +3 and -3 that there are clear systematic
deviations. Around l) 3, the scattered intensity is somewhat
lower than what would be expected, and around l )-3 it is

somewhat higher. The deviations indicate that some degree
of in-plane ordering is present in the first layer of the liquid.
From fitting, we find that only the first layer shows such
ordering. If all the atoms in the quasi-liquid layer would show
strong in-plane ordering, the (1,0,l) rod should, just as the
specular one, also show a broad diffraction feature, which
is absent. The other layers can therefore be described using
an “infinitely” large in-plane Debye-Waller parameter.

If we now consider in-plane ordering of the first layer in
the metal alloy, the atoms can be located at three positions
on top of the zinc-blende substrate. They can be on top of
the P atoms (continued zinc-blende bulk structure), on top
of the In atoms, or at the hollow site at the center of the
hexagonal InP rings, indicated in Figure 3a. Two model
calculations are shown in Figure 2 with the first layer at the
hollow site (green) and zinc-blende position (blue). By
comparing the calculated rod profiles for these stacking
possibilities, we find that the asymmetry is reproduced only
by placing the atom in the first layer of the quasi-liquid at
the hollow site. The atoms are thus preferentially located in
the center of the hexagonal rings, as shown in Figure 3c.
When nucleating the next crystalline bilayer, In will always
be positioned on top of the P atoms of the previous bilayer.
Only the P atoms in the new layer will determine the
stacking. There are two possibilities, either continuing the
zinc-blende structure or forming a stacking fault, corre-
sponding to the start of the wurzite structure. Because we
find that the hollow sites are preferentially occupied by Au/
In alloy atoms, the P atoms will be sterically hindered to
enter the zinc-blende positions and are therefore stimulated
to crystallize in the wurzite structure.

The data presented here indicate that close to the inter-
face a strong ordering occurs in the z-direction, manifested
by layering, as well as preferential in-plane ordering. The
formation of a quasi-liquid on top of the substrate surface
will have a major impact on the growth behavior. At the free
surface of SiAu alloys close to their eutectic composition,
even a layering of seven layers is found,16,32 which is
accompanied by the formation of a solid 2D surface alloy.
It could be that the driving force, which is responsible for
the crystallization of the alloy layer at temperatures close
to the eutectic point, induces the strong layering. Because
of the strong layering, we argue that the growth mechanism
is more complex than simply VLS, and in principle should
be described by a “vapor-quasiliquid-solid (VQLS)” growth.
Interfacial ordering is expected to have a large influence on
the crystal growth, most notably on the growth rate. For
other materials systems, the alloy compositions could have
a different preordering at the growth interface and possibly
lead to other preferential crystal structures. This could be the
case for GaP, which exhibits the zinc-blende crystal structure
for nanowires grown by a AuGa alloy12,15 which is the same
as for bulk-grown crystals.

In summary, we have shown that the first three atomic
layers of the liquid AuIn metal alloy are strongly layered and
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that the first of these atomic layers shows in-plane ordering
with the periodicity of the underlying substrate. This quasi-
liquid structure will have clear consequences for the mass
transport during nanowire growth at this interface. The first
layer, closest to the P-terminated InP substrate interface, is
likely an In rich layer and contains approximately 70% In,
compared to 40% in the bulk of the liquid. From the in-plane
ordering, we find evidence for a preferential positioning of
the first atomic layer at hollow sites, which sterically hinders
the formation of a zinc-blende structure and thus leads to
wurtzite InP nanowires.

Acknowledgment. We thank L.F. Feiner for valuable
discussions. This research was carried out under Project
Number MC3.05243 in the framework of the strategic
research program of the Materials innovation institute (M2i)
(www.M2i.nl), the FP6 NODE (015783) project, the ministry
of economic affairs in The Netherlands (NanoNed), and the
European Marie Curie program. The authors would like to
thank E. van Thiel for the deposition of metal alloys, H.
Wondergem for ex-situ XRD measurements, and H. de Barse
for SEM imaging.

REFERENCES AND NOTES
(1) Wagner, R.; Ellis, W. Vapor-Liquid-Solid mechanism of single

crystal growth. Appl. Phys. Lett. 1964, 4, 89–90.
(2) Verheijen, M. A.; Immink, G.; de Smet, T.; Borgstrom, M. T.;

Bakkers, E. P. A. M. Growth Kinetics of Heterostructured GaP-
GaAs Nanowires. J. Am. Chem. Soc. 2006, 128, 1353–1359.

(3) Joyce, H.; Wong-Leung, J.; Gao, Q.; Tan, H.; Jagadish, C. Phase
Perfection in Zinc Blende and Wurtzite III-V Nanowires Using
Basic Growth Parameters. Nano Lett. 2010, 10, 908–915.

(4) Algra, R.; Verheijen, M.; Borgström, M.; Feiner, L.; Immink, G.;
van Enckevort, W.; Vlieg, E.; Bakkers, E. Twinning superlattices
in indium phosphide nanowires. Nature 2008, 456, 369–372.

(5) Glas, F.; Harmand, J.; Patriarche, G. Why does Wurtzite form in
nanowires of III-V Zinc Blende semiconductors? Phys. Rev. Lett.
2007, 99, 146101.

(6) Tabuchi, M.; Ohtake, A. M. Y.; Takeda, Y. X-ray CTR scattering
measurement to investigate the formation process of InP/GaInAs
interface. J. Phys.: Conf. Ser. 2007, 83, No. 012031.

(7) Sorensen, B. S.; Aagesen, M.; Sorensen, C. B.; Lindelof, P. E.;
Martinez, K. L.; Nygård, J. Ambipolar transistor behavior in
p-doped InAs nanowires grown by molecular beam epitaxy. Appl.
Phys. Lett. 2008, 92, No. 012119.

(8) Kodambaka, S.; Tersoff, J.; Reuter, M. C.; Ross, F. M. Germanium
Nanowire Growth Below the Eutectic Temperature. Science 2007,
316, 720–732.

(9) Phase Equilibria, Crystallographic and Thermodynamic Data of
Binary Alloys, vol. IV/5a of Landolt-Bornstein New Series. Springer,
1991.

(10) Dick, K.; Kodambaka, S.; Reuter, M.; Deppert, K.; Samuelson, L.;
Seifert, W.; Wallenberg, L.; Ross, F. The Morphology of Axial and
Branched Nanowire Heterostructures. Nano Lett. 2007, 7, 1817–
1822.

(11) Bakkers, E.; Verheijen, M. A. Synthesis of InP nanotubes. J. Am.
Chem. Soc. 2003, 3440.

(12) Verheijen, M.; Algra, R.; Borgström, M.; Immink, G.; Sourty, E.;
van Enckevort, W.; Vlieg, E.; Bakkers, E. Three dimensional
morphology of GaP-GaAs nanowires revealed by transmission
electron microscopy tomography. Nano Lett. 2007, 7, 3051–
3055.

(13) Dick, K.; Kodambaka, S.; Reuter, M.; Deppert, K.; Samuelson, L.;
Seifert, W.; Wallenberg, L.; Ross, F. The morphology of axial and
branched nanowires hetereostructures. Nano Lett. 2007, 7, 1817.

(14) Borgström, M.; Immink, G.; Ketelaars, B.; Algra, R.; Bakkers, E.
Synergetic nanowire growth. Nat. Nanotechnol. 2007, 2, 541–544.

(15) Johansson, J.; Karlsson, L. S.; Patrik, C.; Svensson, T.; Mårtensson,
T.; Wacaser, B. A.; Deppert, K.; Samuelson, L.; Seifert, W.
Structural properties of (111)B-oriented III-V nanowires. Nat.
Mater. 2006, 5, 574–580.
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