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We examined the surface segregation behavior of Si in amorphous AuSi alloys using ab initio molecular
dynamics simulations within density functional theory. For a thin Au70Si30 film, our simulations predict Si
surface enrichment that leads to a stoichiometry close to Au60Si40 in the surface layer. The surface structure
exhibits a rather ordered Au3Si2 phase, which somewhat differs from the bulk Au60Si40 structure that exhibits
a tendency of random hard-sphere packing. We also discuss the origin of the Si surface segregation based on
analysis of segregation-induced changes in the atomic and electronic structure of the AuSi alloy surface.

Introduction

Surface segregation in a binary alloy refers to the phenomenon
by which one component of the alloy is enriched near the
surface, relative to its bulk composition. The surface composition
change can alter the surface characteristics of alloy materials
and, thus, plays an important role in many relevant surface-
related applications such as catalysis, tribology, oxidation, and
growth. Therefore, the nature and causes of surface segregation
have long been an important subject of study. The segregation
behavior arises because of the disparity in the local atomic
environment between surface and bulk regions. From a ther-
modynamic point of view, it can be explained by Gibbs free
energy minimization through exchange of surface and bulk
atoms. Earlier phenomenological studies1-3 highlighted the
importance of heat of solution, surface energies, and atomic
size differences in establishing surface segregation tendencies.
However, atomistic details of the segregation, structure and
mechanism remain ambiguous for many alloy systems.

Gold (Au) has been found to be very reactive toward silicon
(Si), although it is well-known to be a very stable and
nonreactive noble metal. It has been observed that Au deposition
on a Si substrate leads to silicide formation even at room
temperature;4 in particular, Si substrate atoms tend to diffuse
out through an Au overlayer and form an AuSi alloy at the top
Au layer.5 There have been substantial efforts4-10 to elucidate
the surface phase and electronic structure of AuSi alloys, yet
uncertainty remains. Recently, Hoshino and co-workers6 re-
ported Au3Si2 phase formation at the top layer of Au deposited
on Si(111) at room temperature when the Au coverage is above
5.2 monolayers (MLs), based on high resolution medium energy
ion scattering (MEIS) combined with photoelectron spectroscopy
(PES). Using X-ray measurements, Shpyrko and co-workers8

presented evidence for surface crystallization and enhanced
surface layering in the liquid Au82Si18 alloy. While direct
experimental evidence is lacking, to our knowledge no detailed
theoretical study has been reported on the nature and origin of
the surface segregation of amorphous AuSi alloys.

In this paper, we use density functional theory based ab initio
molecular dynamics (AIMD) to determine the surface structure
of an AuSi amorphous alloy. We also discuss the origin of Si
surface segregation based on theoretical analysis of segregation-

induced changes in the surface atomic and electronic structures.
For a model system, we choose a thin amorphous Au70Si30 film.
Besides its scientific significance as a prototype for understand-
ing the nature of metallic alloy surfaces, the AuSi system has
recently received great attention because of its technological
importance, such as Au catalyzed growth of Si nanowires.11,12

In particular, the fundamental findings from this theoretical work
can provide some insight into how Si atoms will be dissolved
in an Au nanoparticle and how they will be supplied to the
interface between the Au particle and the growing Si nanowire.
Moreover, the results of the present study can complement
existing experimental observations and also clarify microscopic
mechanisms underlying Au-Si alloying in the fabrication and
operation of various relevant devices.

Computational Details

AIMD and static structural optimization were performed using
the well-established planewave program VASP (Vienna Ab
initio simulation package).13 We used the generalized gradient
approximation (GGA) derived by Perdew and Wang (PW91)14

to density functional theory (DFT). Vanderbilt-type ultrasoft
pseudopotentials15 were employed to describe the ion-electron
interaction with valence configurations of 5d10 6s1 for Au and
3s2 3p2 for Si. Outer electron wave functions were expanded
using a plane-wave basis set with a kinetic energy cutoff of
270 eV. The Brillouin zone integration was performed using
one k-point (at Gamma). All atoms were fully relaxed using
the conjugate gradient method until residual forces on constituent
atoms became smaller than 5 × 10-2 eV/Å.

For a model system, we prepared a roughly 16 Å-thick slab
of amorphous Au70Si30 with 134 Au and 58 Si atoms. The initial
slab structure was created by inserting a vacuum layer into the
Au70Si30 bulk that was generated using combined modified
embedded atom method (MEAM) and AIMD simulations,16

followed by AIMD annealing for surface structure relaxation.
Therefore, Au and Si atoms initially were distributed almost
uniformly throughout the slab. Note that the constituent Au and
Si atoms in an amorphous Au-Si bulk alloy are predicted to
be well mixed with no segregation.16

To examine how the presence of flat surfaces affects the
atomic distribution within the slab, we performed a series of
AIMD simulations in the canonical ensemble with varying
temperatures [see Figure 1]. All atoms were allowed to move
at 800 K and subsequently 600 K for about 2 ps each, followed
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by relaxation at 300 K for about 2 ps (except the seventh cycle
where the relaxation at 300 K was performed for 4 ps). The
annealing steps were repeated until the AuSi system reached
steady state. As illustrated in Figure 1, seven cycles of the
annealing procedure are likely sufficient to obtain the steady
state distribution of Au and Si atoms in the direction perpen-
dicular to the slab.

Results and Discussions

Si Surface Segregation. Figure 2 shows the variation in the
Si content along the direction perpendicular to the slab, which
was obtained during 4 ps AIMD at 300 K in the seventh cycle.
Here the composition ratio plot was obtained by averaging the

upper and lower layers of the slab (as illustrated in the right
middle panel of Figure 2). Although thermal fluctuations in the
atomic distribution are noticeable, the results explicitly dem-
onstrate that Si atoms are enriched in the surface layer while
significantly depleted in the center layer. Beginning from a
uniformly mixed slab with an overall Si composition of 30 at.
%, the steady state distribution exhibits Si enrichment in the
surface layer to 40 at. % and Si depletion in the center layer to
less than 10 at. %. The top- and side-view snapshots before
and after the atomic rearrangements also clearly demonstrate
the surface enrichment of Si atoms. In the first and second
subsurface layers, the Au-Si alloy has a stoichiometry (on
average) close to Au70Si30.

Another interesting feature from our calculation results is that
the surface layer has a higher atomic density than the subsurface
layers; the surface/subsurface atomic ratio is predicted to be
≈1.3. The increased density of surface atoms as a result of the
Si surface enrichment tends to result in enhancement of surface
bonds and consequent stabilization of the alloy surface (as
demonstrated by the surface electronic structure analysis later).
This is consistent with earlier X-ray reflectivity measurements
that demonstrated the presence of high-density surface layers
in liquid metals.17

Here it is worth emphasizing that the Si content drastically
reduces below 10 at. % in the center layer while the top three
layers contain 30-40 at. % Si, leading to a rather box-like Si
concentration profile near the surface. The result may suggest
the formation and gradual growth of an AuSi alloy layer (with
30-40 at. % of Si) from the surface when Si atoms are
introduced to an Au film or particle. This finding could be
supported by recent XPS measurements that showed a large
enrichment of Si at the top few atomic layers of the Au82Si18

alloy.9 This is also consistent with recent theoretical predictions16

that (i) the bulk AuSi amorphous alloy may form the most stable
structure when the Si content is around 40-50 at. % and (ii)
the mixing enthalpy becomes slightly positive when the Si
content is small (<10 at. %), implying the possible existence of
a barrier for incorporation of Si atoms into an Au layer with
such low Si content [see Figure 1a in ref 16]. These findings
may also suggest (in association with Au-catalyzed Si nanowire
growth) that: i) Si atoms would be incorporated into an Au
catalyst particle mostly by forming an AuSi alloy near the
surface if the Au particle is sufficiently large, and ii) the
dissolved Si atoms would undergo diffusion along the near-
surface alloy region and precipitate at the interface between the
Au catalyst and the growing Si nanowire. More details on the
vapor-liquid-solid growth mechanism of Si nanowires will
be presented elsewhere.

Surface Atomic Structure. To analyze the surface atomic
structure of the Au70Si30 alloy slab, we calculated the planar
radial distribution function [PRDF, g(r)] which is the ratio of
the local atomic density to the overall atomic density. It is
averaged over all the atoms in the surface and plotted as a
function of distance from atomic center. Here, the planar variant
of the RDF is determined by

where A and n are the area of and number of atoms contained
in the surface layer, respectively, and ∆r is the histogram bin
width. The histogram h(r, r + ∆r) is constructed by iterating
over the surface atoms and binning the neighbors of each
according to the component of their separation which is parallel

Figure 1. (Color online) Variation in the Si content at the surface and
center layers of the AuSi slab (sketched in Figure 2) as a function of
annealing cycle. The inset shows a variation in the relative total energy
(Er,tot) of the AuSi slab during the AIMD simulation; the corresponding
annealing time is also indicated.

Figure 2. Top (top panels) and side (middle panels) views of the thin
Au70Si30 slab (a) before and (b) after Si surface segregation. The bottom
panel shows Si contents in the surface, subsurface, and center layers
(as indicated), obtained during 4 ps AIMD at 300 K in the seventh
cycle. Initially, 134 Au and 58 Si atoms were almost uniformly
distributed in the 16 Å thick AuSi slab, as shown in (a). The dark
green (black) and yellow (gray) balls represent Si and Au atoms,
respectively.

g(r) ) 〈Ah(r, r + ∆r)

n22πr∆r 〉
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to the surface plane. The angle brackets denote an ensemble
average. The surface of our amorphous slab was not well-
defined, so we chose to include in our PRDF calculation only
those atoms whose surface-projected coordinates had no overlap
with those of other atoms nearer the surface, as illustrated in
the inset of Figure 3. The overlap radius ()1.9 Å) was based
on the projection of a bond of typical length (the approximate
average of the Au-Au and Si-Si equilibrium separations)
making a 45° angle with the surface plane. The component plots
(Au-Au, Au-Si, and Si-Si) were generated by recording
separate histograms for each pair of elements, then normalizing
using the total areal density.

The PRDF [g(r)] in Figure 3 was obtained by averaging over
the top and bottom surfaces of five independent frames which
were taken from the seventh annealing cycle (300K) of the
AIMD simulation and relaxed by static geometry optimization.
The total PRDF has a distinct peak at around 2.4 Å due almost
entirely to the Au-Si component and a shoulder at around 2.8
Å caused by a peak in the Au-Au component. The first peak
in the Si-Si component at about 2.3 Å makes a relatively small
contribution to the total PRDF. The first minimum in the PRDF
occurs at 3.3 Å, after which there are fewer well-defined
features. These features clearly show that the first neighbor shells
of surface Si atoms are occupied mostly by Au atoms, while
Au atoms are surrounded by a more balanced mixture of Au
and Si neighbors.

By taking the first minimum in the PRDF as the nearest
neighbor cutoff radius, we attempted to determine the coordina-
tion numbers of all the surface atoms in the aforementioned
five independent frames. For the cutoff radius of 3.3 Å we found
that each Si atom is surrounded by an average of 3.5 Au and
1.2 Si atoms while each Au atom has 2.7 Au and 2.5 Si
neighbors, which corresponds to an Au/Si ratio of ≈1.5. The
calculation result is well supported by previous experiments that
demonstrated Au-rich silicide formation with an Au/Si ratio of
1.5 based on low energy scattering analysis7 and electron-
induced Auger electron spectroscopy.4 The Au60Si40 structure
is also consistent with a recent experimental study that reported
Au60Si40 phase formation at the surface of a sufficiently thick
(≈5.2-12.8 MLs) Au layer grown on Si(111) at room temper-
ature.6

Compared to the surface alloy, the atomic structure of bulk
Au60Si40 looks somewhat different. In contrast to the rather
ordered Au3Si2 phase (in which Si and Au atoms tend to prefer

to be surrounded by dissimilar atoms with a higher coordination
number [see Figure 4a]), the bulk structure in Figure 4b exhibits
a tendency of random hard-sphere packing (as often seen in
amorphous metal alloys) with no segregation on the whole.16

The difference between the surface and bulk alloys in nature
could also explain the possible occurrence of surface-induced
atomic layering in AuSi alloys as suggested by recent X-ray
measurements,8 although the exact near-surface structure may
vary with stoichiometry and/or other factors.

Surface Electronic Structure. Next we examined how the
Si surface segregation affects the surface electronic structure
of the AuSi alloy. A recent theoretical study16 showed occur-
rence of strong hybridization of Au 5d states with Si 3p states,
which appears to be mainly responsible for AuSi alloy stabiliza-
tion. In addition, earlier experiments18 evidenced a significant
change in the Au 5d feature upon Au-Si alloy formation when
Au was deposited on Si or vice versa. To understand the possible
correlation of the electronic structure change and the Si surface
segregation, we calculated changes in the partial density of states
(PDOS) of Au and Si atoms with varying Si/Au distributions
across the slab thickness.

Figure 5 shows the 5d PDOS of Au in the near-surface and
center regions of the AuSi alloy slab, together with correspond-
ing features in pure crystalline Au for comparison. Here, the
Fermi level is used as the reference energy state (which is set
to be zero). The most important feature from the results is that
the surface states 1.5-3 eV below the Fermi level, which are
strongly pronounced at the pure Au surface due to d-d
antibonding, gradually vanish as Si atoms are enriched at the
surface. This is consistent with previous photoemission experi-
ments which demonstrated attenuation in the antibonding d-d
state features when the AuSi alloy layer was formed on pure
Au.18 Another important feature is that in the near-surface region
the Au 5d states (particularly 2-3 eV below the Fermi level)
are noticeably reduced as the Si content is increased from 30
to 40 at. %, but the corresponding states in the center region
remain practically unchanged with the reduction of Si content.
The shift of the surface 5d state to a higher binding energy
indicates that the surface structure is better stabilized, thereby
lowering the total energy. On the other hand, the depletion of
Si atoms in the center region may reduce the hybridization
strength between the Au 5d and Si 3p states, but this effect is
likely to be insignificant according to our calculations. In fact,
our recent DFT study16 predicted that in the bulk Au-Si alloy
the enthalpy of mixing varies insignificantly as Si content is
lowered from 30 to 10 at. %.

Figure 6 presents the Au 5d and Si 3d PDOS for surface and
bulk Au60Si40 alloys, both exhibiting a significant shift in the
Si 3p and Au 5d states to higher binding energies compared to
their pure counterparts16 with a high degree of p-d hybridization
in the energy range between -4 and -7 eV. This unambigu-

Figure 3. Planar radial distribution function [PRDF, g(r)] for the
surface of the Au70Si30 alloy slab. The PDRF was obtained by averaging
over the top and bottom surfaces (as indicated in the inset) of five
independent frames taken from the 7th annealing cycle (300 K) of the
AIMD simulation and relaxed by static geometry optimization. The
dark green (black) and yellow (gray) balls in the inset represent Si and
Au atoms, respectively.

Figure 4. Atomic structures of the Au60Si40 alloy: (a) near surface
and (b) in bulk, taken from AIMD snapshots with structure optimization.
The dark green (black) and yellow (gray) balls represent Si and Au
atoms, respectively.
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ously illustrates the importance of p-d hybridization in stabiliz-
ing both surface and bulk alloys. In addition, no gap at the Fermi
level is seen in the computed DOS profiles, indicating the Au-Si
alloys are metallic.

Finally we calculated the work function of the AuSi alloy
surface. The work function (WF) is by definition the minimum
energy required to remove an electron to a position far from
the surface. Using the DFT method, the WF in slab geometry
can be evaluated reasonably well by WF ) V(∞) - EF, where
V(∞) and EF represent the electronic potential in a vacuum
region far from the surface and the Fermi energy of the neutral
surface system, respectively. For a well relaxed surface of the
AuSi alloy slab, our DFT-GGA calculations predicted the WF

to be about 4.9 eV. This value is close to 4.86 ( 0.0519 and
4.97 ( 0.02 eV20 as previously measured for PtSi, while PtSi
and AuSi alloy surfaces are expected to have a comparable work
function. For comparison purpose, we also computed the work
function of pure Au(111); the predicted value of 5.27 eV is in
good agreement with experimental values of 5.2021 and 5.35
eV.22

Conclusions

We have performed ab initio molecular dynamics (AIMD)
and static structural optimization within the framework of the
gradient corrected density functional theory to identify the
surface segregation, structure, and electron density of states of
an AuSi amorphous alloy. For a thin Au70Si30 layer which
initially has a uniform Si distribution at 30 at. %, our AIMD
results clearly show the occurrence of Si surface segregation
that results in a stoichiometry close to Au60Si40 near the surface,
while the Si content is maintained at about 30 at. % in the first
and second subsurface layers and below 10 at. % in the third
subsurface (center) layer. Our calculations also demonstrate that
the surface layer has a higher atomic density than the subsurface
layers, as also often seen in liquid metals. The alloying-induced
increase in the surface atomic density leads to enhancement of
surface bonds and consequent stabilization of the AuSi alloy
surface. We also find that the Si content drastically reduces
below 10 at. % in the center layer while the top three layers
contain 30-40 at. % Si, rather than a gradual change in the Si
concentration profile. The box-like profile may suggest the
formation and gradual growth of an AuSi alloy layer from the
surface, if Si atoms are continuously supplied to an Au film or
particle. The surface atomic structure of the AuSi alloy slab
was analyzed using the planar radial distribution function. The
surface layer structure exhibits a rather ordered Au3Si2 phase
in which Si and Au atoms tend to prefer to be surrounded by
dissimilar atoms with a higher coordination number, which is
somewhat different from the AuSi bulk structure that shows a
tendency of random hard-sphere packing as often seen in
amorphous metal alloys. We also calculated the Si segregation-
induced changes of surface electronic structure. The results show
that the surface states 1.5-3 eV below the Fermi level gradually
vanish as Si atoms are segregated near the surface, while they
are strongly pronounced at the pure Au surface due to d-d
antibonding. The electronic structure analysis also highlights
the importance of hybridization of Au 5d states with Si 3p states
in determining the structure of both surface and bulk alloys.
Finally, our calculations predicted the AuSi work function to
be 4.9 eV, which is close to previously measured values for
the PtSi alloy surface.
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