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Real-Time Observation of Reactive Spreading of Gold on Silicon
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The spreading of a bilayer gold film propagating outward from gold clusters, which are pinned to clean
Si(111), is imaged in real time by low-energy electron microscopy. By monitoring the evolution of the
boundary of the gold film at fixed temperature, a linear dependence of the spreading radius on time is
found. The measured spreading velocities in the temperature range of 800 <7 <930 K varied from
below 100 pm/s to 50 nm/s. We show that the spreading rate is limited by the reaction to form Au
silicide, and the spreading velocity is likely regulated by the reconstruction of the gold silicide that occurs

at the interface.
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Metal spreading dynamics play a defining role in the
growth of semiconductor nanostructures, e.g., by determin-
ing pattern fidelity of structures grown by catalyzed vapor-
liquid-solid or vapor-solid-solid mechanisms [1]. On a
fundamental level, the problem is complicated by its multi-
scale nature. The equilibrium of a partially wetting micro-
scopic drop on a solid surface often entails the existence of
a thin adsorbed film, sometimes of monolayer or even
submonolayer thickness. Similarly, a spreading drop or
thick liquid film is preceded by a thin advancing precursor
film [2], whose kinetics have been widely debated. Patch-
spreading experiments have been carried out at different
length and time scales, ranging from essentially static and
macroscopic measurements [3] to microscopic observa-
tions [4-9] under dynamic conditions [10], up to the tem-
perature range where evaporation is a factor [11].

In this Letter, we employ low-energy electron micros-
copy (LEEM) to image in real time the evolution of a
spreading precursor film in equilibrium with a cluster
reservoir. As in Refs. [3,10] the model system we use is
Au/Si(111). In contrast to the previous studies, by focus-
ing on a smaller length scale we address a different limiting
regime, as our experimental approach permits us to operate
essentially under conditions of constant chemical poten-
tial. This condition is realized by supplying Au atoms from
Au microparticles dispersed on the surface. These particles
exist, at elevated temperature, as pinned liquid droplets of
Au/Si eutectic melt in bulk (3D) equilibrium with the Si
substrate, as shown in Fig. 1 [12]. With this experimental
method, we are able to determine the nondiffusive spread-
ing velocities of the atomically thin precursor film. We
show that the linear time dependence in the formation of
the interface between the gold silicide and the clean
Si surface is a direct consequence of the limited reaction
kinetics at the boundary of the spreading precursor film. In
atomistic terms, the dynamics of the spreading is regulated
by the structural reconstruction of gold silicide that takes
place at the interface.
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PACS numbers: 68.08.De, 68.35.Fx, 68.37.Nq, 68.43.Jk

The experiments were carried out using the spin-
polarized LEEM at Lawrence Berkeley National
Laboratory [13], which operates under ultrahigh vacuum
conditions (base pressure of 5 X 107! Torr) and on a
separate  UHV chamber (base pressure of 2 X
1071° Torr), equipped with conventional rear-view low-
energy electron diffraction and a cylindrical mirror ana-
lyzer for Auger electron spectroscopy [14]. Gold micro-
spheres (Aldrich, radii between 0.7-1.5 um) were
dispersed using a N, carrier gas on hydrogen terminated
Si(111) substrates, as described elsewhere [12]. The areal
density of Au clusters was in the range of 107> um?. The
Si chips were immediately introduced into ultrahigh vac-
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FIG. 1 (color online). 3D gold-silicon phase diagram. At tem-
peratures above the eutectic T = 636 K, the composition of the
eutectic melt in the cluster is readjusted to follow the eutectic
liquidus (bold line). Inset: Schematic diagram of an Au-Si
cluster in thermodynamic equilibrium on the Si surface. Under
equilibrium condition, the surface is covered by an intermetallic
crystalline monolayer of covalently bonded gold silicide with
/3 X /3 reconstruction and by additional mobile gold atoms,
fed by the Au-Si cluster, with thickness of up to a second
monolayer.
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uum. The absence of native oxide was verified by the lack
of either SiO, or O, peaks in the Auger electron spectra.
The heating was performed by electron bombardment of
the Si substrate from the back. The temperature during the
annealing experiments was measured with a W-Re thermo-
couple spot-welded to a tantalum plate touching the sam-
ple. The thermocouple was calibrated using the Si(111)
(1 X1) to (7 X7) surface phase transition at 1120 K
[10,15], resulting in a precision in the temperature mea-
surement of =10 K. Data were recorded with a high reso-
lution charge-coupled device camera, with acquisition
rates varying from 1 to 2 frames per second. Data analysis
was performed using the image manipulation program
IMAGEJ [16].

The 3D gold-silicon phase diagram is characterized by a
deep, Au-rich eutectic (composition Aug;Sijg at Tp =
636 K, Fig. 1). This is a well-understood consequence of
the frustration in the covalent bonding of silicon brought
about by the electron-rich gold. Thus, the solubility of Au
in Si is negligible, and the AuSi eutectic melt does not wet
the Si surface (the measured contact angle is ~40°) [12].
In the dewetting equilibrium, an isolated liquid AuSi drop
coexists with a thin adsorbed Au film, uniformly spread
over the substrate. This film consists of a crystalline mono-
layer of gold silicide (i.e., a reconstruction of the Si surface
in which Au atoms form three chemical bonds with \/§ X
V3 structure), upon which a second layer of mobile gold
atoms can assemble at high temperature with varying
degrees of order [17,18].

Upon heating a gold cluster on the H-Si(111), two
phenomena occur. First, at T ~ T, the cluster melts, ac-
quiring a composition of Aug;Sijg. Previous studies show
that the Si is “dug up” from under the cluster, and the
eutectic drop remains pinned in the resulting cavity [12].
The eutectic drop is in local thermodynamic equilibrium,
so that at constant pressure the local chemical potential is
specified by the temperature only, along the coexistence
curve depicted in bold in Fig. 1. Upon raising the tempera-
ture above ~783 K, hydrogen desorbs and the surface
consists entirely of the clean 7 X 7 phase with localized
eutectic melt drops. Therefore, at any fixed temperature,
LEEM allows us to monitor in real time the spreading of
the 2D AuSi precursor film, revealed by the contrast be-
tween the electron reflectivity of the 7 X7 and \/§
reconstructions.

In a typical experiment, the Si substrate temperature is
raised to the desired value (heating rate 5 K/s) and kept
fixed while LEEM micrographs are acquired. In each
LEEM image (Fig. 2), Au-Si droplets appear as dark
circles, surrounded by a disc which consists of mobile
gold over the gold-silicide layer. For each image, radial
boxes are plotted (Fig. 2) and radial line profiles within the
box are then averaged to improve the signal to noise ratio.
The profiles from several radial boxes around the droplet
are then averaged. The increment in the radius R(z) of the
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FIG. 2. The increment in the radius of the gold-silicide layer is
measured directly from the LEEM images. In each LEEM
image, the position of the Au-Si eutectic microparticle is within
the dark circle [19], while the surrounding bright disc corre-
sponds to the /3 reconstructions of the gold-silicide layer that
forms as a consequence of the reactive spreading of Au over the
Si(111) surface. The average radius of this circular spreading
annulus is measured from the LEEM images from the average of
parallel line profiles (lower plot) acquired from radial rectangu-
lar selections, as described in the text. Scale bar: 1 pum.

gold-silicide layer is extracted from the resulting profile, as
shown in Fig. 2, and plots of radius vs time at constant
temperature are generated [19]. Several examples are
shown in Fig. 3. The slopes of the curves show the spread-
ing velocity of the /3 surface reconstruction layer spread-
ing outwardly from drops of AuSi eutectic melt at the
indicated temperatures.

In the range of (fixed) temperatures used in these experi-
ments (800 < 7 <930 K), the plots display always a lin-
ear behavior, showing that the surface reconstruction
spreads at constant velocity (at a given 7). We have mea-
sured spreading velocities ranging over nearly 3 orders of
magnitude, from below 100 pm/s to 50 nm/s, some ex-
amples are plotted in Fig. 3. Linear growth may seem
surprising at first glance, as it implies an increasing flux
of atoms from the molten drop. However, in our experi-
ments gold droplets can be regarded as practically inex-
haustible reservoirs. Although power laws R(r) o 1
(a = 0.5) are often encountered in the spreading of pre-
cursor films [9,20], constant spreading velocities have also
been predicted in some models [21]. Below, we show that
the observed time dependence of the spreading is due to the

256102-2



PRL 103, 256102 (2009)

PHYSICAL REVIEW LETTERS

week ending
18 DECEMBER 2009

2 —

2 T T T T T
1.8 —

1.6 890K N
I 916K 1

873K

081 .
0.6 851K .
[ 824K

Spreading AuSi layer distance [um]
T
1

04

" L 1 L 1 1 "
0 50 100 150 200 250
Time [s]
FIG. 3. Gold-silicide spreading velocities are measured at dif-
ferent temperatures. The persistence of linear time evolution of
the spreading of the silicide layer, incompatible with diffusive

spreading, indicates that reaction-limited kinetics endure over a
wide temperature range.

reaction-limited nature of the structural reconstruction of
gold silicide that takes place at the interface.

For the general problem of reactive spreading at inter-
faces, one can imagine two limiting cases. In a diffusion-
limited case the area of a homogeneous precursor should
expand linearly with time, because of the constant flux of
atoms supplied by the source. With circular spreading, this
corresponds to square-root dependence of the spreading
radius on time (as observed, for example, in Ref. [9].) In a
reaction-limited case, the spreading velocity is limited by
the rate at which the structural transition from the pristine
substrate surface to the precursor layer reconstruction oc-
curs. This corresponds to a linear dependence of the
spreading radius on time. Other limiting cases are conceiv-
able, including the presence of a length scale over which
the reaction-limited regime becomes diffusion limited, as
the distance between the source and the boundary of the
precursor layer increases. As discussed below, all our
measurements, spanning a wide range of temperatures
and spreading velocities, are within the reaction-limited
case, although earlier experiments probing Au/Si spread-
ing on a much larger length scale appear to indicate
diffusion-limited conditions [3], suggesting that the cross-
over length scale is between the regime probed here and
that discussed in Ref. [3].

In order to understand which mechanisms can be re-
sponsible for the nondiffusive behavior, let us consider the
diffusion equation for steady state conditions that governs
the concentration C,, of Au atoms at the surface (Fig. 4),

V2Cp, = 0. D

Assuming the Au chemical potential on the terrace in
proximity to the Au-Si eutectic microparticle is in equilib-
rium with bulk Au, the equilibrium concentration of Au
atoms close to the microparticle, 2‘(’1, can be considered
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FIG. 4. Schematics of the evolution of the concentration C of
the Au atoms spreading.

constant in time, i.e., C(ry) = Ce, where C(ry) is the
concentration of Au atoms at position r. In the tempera-
ture range used in these experiments, the concentration and
mobility of Au adatoms over the Si-(7 X 7) region is very
low or zero [3]; this is also reflected by the lack of notable
structural changes in this region prior the formation of the
silicide. By solving Eq. (1) in cylindrical coordinates, the
steady state flux is given by Fick’s first law,
dCyy Cg(f]] B C(rl) l

Ty = =D =D ,
diff dr In(ry/ry) r

2

where D is the diffusivity of Au atoms over the silicide and
C(r;) the concentration at r; (see Fig. 4). To preserve the
steady state condition, Au arriving at the interface must be
consumed in the two main mechanisms responsible for the
advance of the interface: (i) the formation of the AuSi
silicide over the Si surface, and (ii) the rearrangement of
Si atoms to reconstruct the surface underneath from
Si-(7 X 7) to Si-(+v/3 X /3). We define the reactive flux at
the interface as

Jreac = m[c(rl) - Céé]]’ (3)

where C(r;) — Ce} corresponds to the deviation from the
Au concentration at which both sides of the interface
would be in equilibrium [22]. m is a constant determined
by how fast Au adatoms are incorporated into the interface.
Under steady state conditions, both fluxes should be equal,
Jaitt = Jreac» @ condition that leads to a value of C(r;).
Using this value in Eq. (2) we can define an interfacial
spreading flux,

m(Cly — Cl
1+ mrin(r,/ry)/D’

Ji interface —

“

The factor mrin(r;/ry)/D determines a length scale
which specifies when the interface motion crosses over
from interface reaction limited [D >> mrIn(r,/ry)] to dif-
fusion limited [D << mrln(r,/ry)]. Note that in the
reaction-limited case, the concentration gradient across
the spreading region is small, C(r) ~ C¢} (see Fig. 4). If
the interface velocity were diffusion limited, i.e., domi-
nated by the diffusion of Au over the silicide, the measured
velocity would be nonlinear over the measured distance.
Furthermore, the variation in the distance the interface
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moves 7 (up to 3 wm in our experiments, see Fig. 3) would
result in a nonconstant velocity measurement independent
of the value of D(Cey — Cel)).

Our observation is that the interface advances at constant
velocity for a given temperature, over the mentioned dis-
tance. This indicates that the interface velocity is reaction
limited: the diffusivity of Au over the silicide is so fast that
it does not affect the final velocity. The interface flux
Jinterface cOITEsponds to the reaction flux at the interface
Jreac» Which is ultimately controlled by the reaction rate at
the interface [Eq. (3)]. This rate is determined by the
slowest atomistic processes necessary to move the inter-
face. Since the attachment or detachment of Si from Si
steps to reconstruct the surface is the process with higher
barrier it is possibly the limiting process.

The length scale at which the crossover to diffusion-
limited kinetics is expected depends on the value of the
diffusivity D of Au on the silicide [3] and on the Au atom
concentration C, which cannot be determined from these
experiments. The Au atom concentration might be just
barely more than the interface reaction can consume
(close to crossover), or the availability of gold adatoms
could exceed the reaction rate by a huge factor (far from
crossover), either case would look identical in these
experiments.

Understanding the mechanism controlling the spreading
of Au on Si surfaces is of practical importance in applica-
tions where Au clusters are used as catalysts for growth of
complex nanostructures, such as epitaxial growth of
branched nanotrees by catalyst reflow [23,24]. On a fun-
damental level, we have shown that the relevance of atomic
kinetics in the adlayer structure is dictated by a nondiffu-
sive process. These reaction processes fix the velocity of an
otherwise fast diffusing Au for the precursor film mobility
of a partially wetting metal-on-semiconductor system.
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