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Abstract

Nucleation, growth and coalescence of 3D Au-Ge droplets on Ge(111) surface have been studied in real time by Low
Energy Electron Microscopy. Based on the dependence of the droplets surface density with temperature and Au depo-
sition rate, the surface diffusion energy barrier of Au on Ge(111) is estimated as 1.5 £ 0.2 eV. At long time scale it is
also shown that the droplets have a brownian motion that results in dynamic coalescence events. From the decrease of
the droplet number, the size dependence of the diffusion coefficient of the droplets is shown to decay as R™1%0-% where
R is the droplet radius. This result indicates that the spontaneous motion of the droplets is controlled by an interfacial

mass transport phenomenon.

1. Introduction

Semiconducting nanowires are very attractive [1] for fu-
ture applications in nanoelectronics [2-4] or optoelectron-
ics [5, 6]. Their fabrication is mainly based on a bottom-up
approach [7] using the Vapor-Liquid-Solid (VLS) mecha-
nism [8-10] in which a metal-semiconductor liquid alloy is
acting as intermediate in the growth process. Surface and
interface phenomena occurring between these alloys and
the substrate are crucial in the perspective of controlling
the growth. For instance under specific conditions either
vertical [11, 12] or lateral [13, 14] Si nanowires catalyzed
by Au-Si nanodroplets can be grown wvia the VLS mech-
anism. In these processes surface diffusion phenomenon
and the ability of the droplets to incorporate metal atoms
or etch the semiconductor surface are crucial. These pro-
cesses are exacerbated by the large surface to volume ratio
of the nanometer size droplets and are intimately related
to the energetics of the nanoalloys and the kinetics of mass
transfers at the interface with the substrate. For instance
in the case of Si nanowires catalyzed by Au-Si droplets, the
surface diffusion of Au on Si has been studied as well as
the Au-Si alloys droplets formation and kinetics [15-19].
In particular it has been shown that Au-Si droplets on
Si(111) during Au deposition spontaneously move in the
direction of upward steps to dissolve Si and reach the lig-
uidus composition [20]. This behaviour differs from Au-Si
droplets on Si(100) that are not mobile and etch locally the
Si substrate. It also differs from Au-Si droplets on Si(110)

*Corresponding author
Email addresses: elbarraj@cinam.univ-mrs.fr (Ali
El-Barraj), curiotto@cinam.univ-mrs.fr (Stefano Curiotto),
cheynis@cinam.univ-mrs.fr (Fabien Cheynis),
muller@cinam.univ-mrs.fr (Pierre Miiller),
leroy@cinam.univ-mrs.fr (Frédéric Leroy)

Preprint submitted to Elsevier

that move and etch the substrate along the (110) crystal-
lographic axis [14]. These striking differences highlight the
role of the surface orientation on mass transfer kinetics and
show that interfacial processes can be dominant in partic-
ular on densely packed surfaces such as Si(111). In the
case of Ge nanowires catalyzed by Au-Ge alloy droplets,
despite numerous studies of the vertical nanowires growth
on Ge(111) [21-28] and structural /morphological studies
[29-31], nucleation, growth and migration dynamics of Au-
Ge droplets on Ge(111) surface have still to be addressed.
In this article we aim at describing the nucleation, growth
and coalescence of Au-Ge droplets close to the eutectic
temperature. Based on the measurement of the Au-Ge
droplets density on Ge(111) surface as function of Au de-
position flux and temperature we show that the critical
nucleus is made of 2 atoms and the surface diffusion en-
ergy barrier of Au on Ge(111) is 1.5+ 0.2 €V. The growth
process of the droplets on terraces is dominated by a dy-
namic coalescence mechanism induced by the spontaneous
motion of the droplets at the surface.

2. Experimental details

The experiments were performed in an Ultra High Vac-
uum (UHV) setup equipped with a Low Energy Electron
Microscope (LEEM) [32]. Ge(111) substrates were cut into
samples of 9x9 mm?, cleaned under ultrasonic bath with
acetone, ethanol and distilled water, and mounted onto the
LEEM sample holder before introduction in the UHV. The
LEEM sample holder has an integrated tungsten filament
to heat the sample by radiation and electron bombard-
ment. The Ge(111) surface was cleaned by repeated Ar™
ion bombardment at 1 keV (current: 10 pA) and anneal-
ing close to the melting point of Ge in a dedicated UHV
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preparation chamber. Au was dosed from a Knudsen evap-
orator (MBE Komponenten) at a typical deposition rate
of 0.1 ML per minute. Au was deposited during LEEM
imaging, so that growth and motion phenomena could be
directly observed with a typical lateral resolution of 10
nm. The LEEM image sequences were taken with a typ-
ical frequency of 1 Hz. The Au deposition rate was cali-
brated for different temperatures of the Au source (1423
K to 1498 K) by assuming the saturation coverage of the
Ge(lll)—\/g % v/3-Au reconstructed surface in this temper-
ature range to be 1 ML [33]. The surface evolution and
growth were studied in bright field mode, with an electron
beam energy of 3 eV. The sample temperature was mea-
sured with a thermocouple positioned under an edge of the
sample and using an optical pyrometer with the emissivity
of Ge [34] (0.55). The thermocouple calibration was cor-
rected assuming that the phase transition temperature of
the 1 x 1 to v/3 x v/3 R30° occurs at 913 K for a complete
ML of Au at the surface [33].

3. Results and discussion

The growth of Au on Ge(111) was studied from 580
K up to 700 K. After completion of the first atomic layer
of Au, the substrate exhibits a Ge(111)-v/3 x v/3-Au re-
constructed surface. Going on with Au deposition, fuzzy
and highly mobile bright structures appear in LEEM (see
fig. 1a) and then form dark particles that nucleate prefer-
entially at step edges but also in the middle of extended
terraces (> lum). As shown by Hajjar [29] the initial oc-
currence of bright structures could be assigned to the for-
mation of 2D metastable islands of Au. These islands are
highly mobile at the Ge(111) surface and after a lag time
they spontaneously form 3D Au-Ge liquid droplets (black
contrast) as expected from the deep Au-Ge eutectic in the
bulk phase diagram (Aur2Geas (633 K) [35]). For tem-
peratures lower than the bulk eutectic temperature, small
liquid droplets still form at the surface due to the decrease
of the eutectic temperature for nanometer size alloys as
shown for Au-Ge [24, 36] or Au-Si alloys [37, 38].

To study mass transport mechanisms at the surface we
have first observed the evolution of the droplets surface
density (number of droplets per unit surface) as a func-
tion of temperature. The inset of figure 1b shows two
LEEM images obtained at 661 and 693 K. In this mea-
surements Au was deposited at 1.05 x 1016 m=2 g1 (~
0.1 ML.min~!). The density of Au droplets has been esti-
mated only on atomically extended flat terraces (area ~20
pm?) and at the maximum density before coalescence oc-
curs. This droplet density is strongly temperature depen-
dent. Figure 1b shows an Arrhenius plot of the droplet
density. The droplet density decrease with temperature
is related to the Au adatom diffusion coefficient. At high
temperature Au adatoms can diffuse over much longer dis-
tances than at low temperature before forming a stable
nucleus. As a consequence, droplets formed at high tem-

2

peratures are less numerous but larger than those formed
at low temperatures.
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Figure 1: (a) Bright field images (E=3 €V) during growth of Au on
Ge(111)-v/3 x v/3-Au: Au bright and fuzzy structures nucleate first
and then droplets occurs (appearing as black circles). Scale bar: 1
pum. (b) Plot and fit of the droplets density as function of (kpT)~!.
The dispersion of data points illustrates the error bars. Inset LEEM
images at two temperatures before coalescence.

The nucleation and growth at surfaces have been exten-
sively described in the framework of the theory proposed
by Venables et al. [39]. This approach is based on a ki-
netic description of diffusion and condensation processes
of adatoms. It has been shown that the droplets density
[39] N can be written in the following way:

In(N) =1In(n(Z)-No) +pln (ﬁ) +pIn(R)+ kBiT (1)

where Z is the surface coverage, n(Z) is a coverage
dependent parameter, v is an effective surface vibrational
frequency (physical range 10! to 10'® Hz). R is the de-
position rate and Ny is the density of atomic sites at the
surface (7.22 10'® m~2). The effective energy E is given by
E= Q;_’QE*’- in the regime of 2D nucleation and complete
condensation. 1 is the critical number of atoms in a cluster
to be stable and p = H—L2 FE; is the binding energy of a
cluster of ¢ atoms and Ej is the energy barrier for atoms
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Figure 2: Plot and fit of the droplets density as function of Au
deposition rate at T'= 603 K and T' = 633 K.

diffusion at the surface. From eq. 1, the linear fit of In(NV)
as a function of (kpT)~! where kp is the Boltzmann’s con-
stant and T the temperature (see figure 1b) provides the
effective energy E. The slope of the linear fit of the data
gives E = 1.07+0.06 €V [40]. In order to obtain a precise
estimate of the critical nucleus size i, we have also studied
in a second set of experiments the droplets density (before
coalescence) as a function of the Au deposition rate (R)
and at different temperatures (see figure 2). From eq. 1,
as In(N) ~ pIn(R), we obtain p = 0.51 &+ 0.06 and thus
the critical nucleus size is ¢ = —p—2f—1 =2.04£0.15 ~ 2
atoms. If a third atom joins the critical nucleus, the clus-
ter becomes stable as expected for a threefold symmetry
surface. This small value for the critical nucleus size vali-
dates a posteriori the hypothesis of 2D nucleation.

From the effective energy F and the critical nucleus
size i we can estimate the diffusion energy F; of Au atoms
on Ge(lll)—\/g x v/3-Au reconstructed surface. We assume
that the cluster cohesion energy is just the strength of Au-
Au bonds in a cluster of ¢ Au atoms. From the heat of
sublimation of Au (3.83 €V /atom), the binding energy per
atom is estimated equal to 3.83/6 = 0.64 eV. Thus we
find that By = Z02=F: — 15+ 0.2 V. This value is
comparable but higher than that found for the diffusion of
Auon Si (1.3+0.2 €V [16]), a system analogous to Au-Ge.

After the droplets formation stage it appears that the
droplets are mobile on terraces and are pinned at step
edges (see Fig. 3-(a)-(c)) or domain boundaries of the
V3 x /3 surface reconstruction [40]. This behaviour is
different from that of Au-Si droplets that are immobile on
terraces without Au deposition [20]. Figures 3(b) shows
the projection of 150 images (At=315 s) of Au-Ge droplets
diffusing by brownian motion on the surface. The LEEM
movies clearly show that the number of droplets decays
by coalescence events taking place during their brownian
motion (dotted circles in Figures 3(a) show areas where
two droplets have coalesced). Thus contrary to the con-
ventional hypothesis of Ostwald ripening [29] to explain

0 Height (nm)

Figure 3: (a) Bright field LEEM image of Au droplets during coa-
lescence at 604 K (Scale bar: 1 pm.). See Supplemental Material at
[URL will be inserted by publisher| for the complete movie. Doted
circles: coalescence of 2 droplets (within 100 s). Dotted line: a
Voronoi cell is schematically drawn around one droplet. (b) Projec-
tion of 150 images (over 315 s) showing the spontaneous motion of
the droplets on the terrace. (¢) AFM image topography of the surface
after quenching (field of view 5x 5 um?). 3D droplets are pinned
at step edges but are also visible on extended terraces (> pum?).
(d) Schematic description of the dynamic coalescence process and
Voronof cell.

the decay of droplets density upon annealing, LEEM real
time measurements enable to show without any ambigu-
ity that the decay originates from a dynamic coalescence
process. Additionally we observe no significant change of
the droplet size during their migration. Based on simu-
lations and analytical approaches, Meakin [41] has devel-
oped a general theory to describe the time evolution of the
number of droplets at a surface when the leading mecha-
nism for growth is the dynamic coalescence between mobile
droplets. Very importantly it is shown that the decay rate
of the droplets number is related to the size dependence
of the droplet diffusion coefficient. The decay of droplets
number N on a surface area S by coalescence during time
dt can be written as: dN x —N% where 7 is the time for
a collision to occur between two neighboring droplets. T
can be estimated as the time for a droplet to explore by a
random motion its Voronoi cell area (Fig. 3(d)). As the
mean Voronoi cell area is S/N, thus 7 = %(R) and then
dN o« —N2D(R)/Sdt. The N? dependence of the decay
rate of droplets number is related to a mechanism of dy-
namic coalescence of two droplets which is the dominant
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4 CONCLUSIONS

mechanism with respect to higher order processes involv-
ing simultaneous coalescence of 3 and more droplets. As-
suming now global mass conservation and a scaling law[42]
for D(R) « R~“, where R is the droplet radius and « is
an exponent, we can calculate explicitly the time evolu-
tion of the droplets number at the surface. The value of
the o exponent contains key information on the atomic
mechanisms controlling the mass transport responsible for
the diffusion of the droplets [42]. For 3D structures it
has been established that a—=2 corresponds to a limiting
mechanism of attachment and detachment of atoms; =3
to a mechanism of volume diffusion of atoms and =4 to
a mechanism of diffusion of atoms at the interface. Con-
sidering an additional logarithmic correction due to the
two-dimensional random walk [41], the time evolution of
the number of droplets in the asymptotic regime reads:
t 3

N~ () @

The experimental natural logarithm of the normalized num-
ber of droplets as function of ln(ﬁ) is reported in figure
4 for different temperatures. The slope of the asymptotic
fit of the droplets number gives the exponent 34_% =0.61%+
0.10 and we deduce an estimate of &« = 1.940.5. The high
value of o suggests that, among the three motion mecha-
nisms considered above, a brownian motion limited by in-
terfacial attachment-detachment (called also evaporation-
condensation) of atoms at the droplet/substrate interface
is the most adequate. However from the uncertainty on
the a value we cannot exclude that even slower processes
of mass transport occur. For instance, considering that the
dissolution of the Ge substrate in the Au-Ge droplets may
induce the formation of a hole under the droplet [14, 29]
and the development of a faceted interface, mass transport
may be hindered by nucleation mechanisms of atomic lay-
ers at the interface [43, 44]. These nucleation mechanisms
may be required to dissolve (resp. crystallize) the sub-
strate at the front (resp. back) side of the moving droplet.
This type of behaviour may lead to a fast decay of the
diffusion coefficient with respect to the droplet size. Let
us note that droplet migration of metal-semiconductor al-
loys have also been studied in the presence of a driving
force such as an electric current or an applied thermal
gradient as observed in Au/Ge(110)[45], Pt/Si(001)[46],
Au/Si(100)[47] or Pt/Ge(110)[48] systems. The directed
motion of the liquid eutectic droplets is due to the concen-
tration gradient induced by the external applied force. In
these studies it has been proposed that the limiting kinetic
mechanism for atomic transport is volume diffusion across
the droplet whereas we find that attachment-detachment
kinetics of atoms at the droplet-substrate interface could
be the limiting mechanism for Au-Ge droplets on Ge(111).
To understand these differences in the proposed mecha-
nism we can note that the studies are performed in differ-
ent regimes: the Au-Ge droplets studied here have a size
in the range 50-100 nm and randomly move on flat ter-
races at a temperature close to the eutectic temperature.

4

In the previously mentioned studies, droplets are micro-
metric, the temperature range is well above the eutectic
temperature (900 K) and the droplets pass across steps
suggesting that the surface properties play a minor role
in the mechanism. Therefore we infer that the droplets
behave differently in both cases and that size dependent
measurements of the velocity could help to distinguish the
underlying atomic processes.
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Figure 4: Ln of the normalized evolution of the number of droplets as
function of In[(t—to)/In(t—to)] for different temperatures. For clarity
the data are offset vertically. The dashed lines show the asymptotic
fit of the data.

4. Conclusions

We have studied in situ the nucleation, growth and
coalescence of Au droplets on Ge(111) by LEEM. From
temperature and flux dependencies of the droplet number
per surface unit we have found that the surface diffusion
energy of Au on Ge(111) is 1.5 £ 0.2 €V and the critical
nucleus size is made of 2 atoms. Continuing the investiga-
tions after deposition, we have observed that the droplets
spontaneously move on the substrate and grow by dynamic
coalescence, while Ostwald ripening plays only a minor
role. From a study of the coalescence dynamics, we show
that the droplet motion is mainly limited by attachment-
detachment of atoms at the droplet/substrate interface.
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