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Atomic transport in Au-Ge droplets: Brownian and electromigration dynamics

F. Leroy,!>* A. El Barraj,' F. Cheynis,! P. Miiller,' and S. Curiotto!

L Aiz Marseille Univ, CNRS, CINAM, Marseille, France
(Dated: October 18, 2019)

The deposition of Au on Ge(111)-\/§ x v/3-Au above the eutectic temperature results in the
formation of AuGe liquid droplets that reach the liquidus composition by digging a hole in the
Ge substrate. Combination of low energy electron microscopy and atomic force microscopy mea-
surements show that AuGe droplets randomly migrate or electromigrate under an applied electric
current dragging their underneath hole. The droplet motion is due to a mass transport phenomenon
based on Ge dissolution at the droplet front and Ge crystallisation at its rear. At high tempera-
ture the mass transport is limited by attachment/detachment at the solid/liquid interface and the
activation energy is 1.05+0.3 €V. At low temperature the effective activation energy increases as
function of the droplet radius. This behaviour is attributed to the nucleation of 2D layers at the

faceted liquid-solid interface.

Diffusion, dissolution and crystallization phenomena
occurring in alloys at the liquid-solid interface are crucial
in the context of nanowires growth by the Vapor-Liquid-
Solid mechanism or for the exploitation of low melting
temperature solder materials [1-8]. To study these pro-
cesses one approach consists in analyzing the fluctuation
dynamics of the alloy or its response to a perturbation
[9]. In that respect mass transport induced by an electric
current [10-12] provides a unique opportunity to study
atomic processes using the electric current as a control
parameter [13-16]. For instance the motion of a liquid
alloy droplet induced by a flowing electric current is in-
timately related to the atomic processes of diffusion and
dissolution-crystallization at the liquid-substrate inter-
face [17-19]. The dependence of the drift velocity with
the current density, temperature, and droplet size pro-
vides key information on the kinetics and energetics of
the system. If there is a key benefit to studying a di-
rected motion rather than a random motion from a sta-
tistical analysis point of view, the counterpart is to know
quantitatively the applied force. Experimental studies of
the drift velocity of sub-micronic liquid metal entities,
e.g. inclusions [20] in bulk or droplets [21 and 22| at
surfaces subject to an electric current are still scarce de-
spite numerous fundamental and practical implications
[23 and 24]. Historically electromigration has been stud-
ied in solids and thin films [11, 12, 25-27]. It has been
proposed that the driving force for atom migration arises
from two sources: (i) the external electric field acts di-
rectly on the partially charged surface atoms and it is
called direct force, (ii) the electric current carriers trans-
fer a momentum to the atoms, this effect is called the
wind force [28-30]. The experimental determination of
the dominant process as well as the atomic mechanisms
in liquid alloys appeals for dedicated studies [11 and 12].

This letter aims at addressing the atomic mecha-
nisms of mass transport in Au-Ge alloy droplets on
Ge(111). The bulk phase diagram shows a deep eutec-
tic at AuroGeas (634 K). Therefore the deposition of Au
on Ge(111) above the eutectic temperature results in the
formation of liquid droplets. We show that these droplets
incorporate Ge to reach the liquidus composition by dig-

ging a hole into the substrate. When an electric cur-
rent is applied to the Ge(111) substrate, the droplets and
their underlying holes move together in the direction of
the electron flow. Therefore electromigration yields a Ge
flux inside the droplet via dissolution at the front of the
droplet and crystallization at the rear. We show that the
droplet velocity depends linearly on the applied electric
current and follows an Arrhenius law with two regimes:
(i) a low temperature regime where the activation en-
ergy is droplet size-dependent pointing to a migration
velocity limited by the nucleation of 2D layers at the
solid-liquid interface. The step stiffness responsible for
the nucleation barrier is about 4 meV.nm~! at 700 K.
(if) A high temperature regime where the activation en-
ergy is size independent (1.05+0.3 €V) and the migration
mechanism is consistent with attachment-detachment ki-
netics at the liquid-solid interface. To disentangle the
role of the electromigration force and the mass transport
mechanisms in the droplet velocity, the droplets motion
has also been studied in absence of electric current, i.e.
in the brownian diffusion regime. It is shown that the
electromigration force increases linearly with the droplet
size indicating that the contact line between the substrate
and the droplet plays a key role.

Ge(111) single crystals were cleaned by repeated cy-
cles of ion bombardment (Ar™, E=1 keV, I=8 pA) and
annealing (1000 K). At last, the crystals were annealed
close to the Ge melting point (1211 K) during a few sec-
onds to obtain extended terraces at the surface [19] (>10
pum?). The electric current was applied in the <110>
directions. The sample temperature was adjusted inde-
pendently from the electric current by using a comple-
mentary radiative W filament and an electron bombard-
ment heating stage [31]. The temperature was measured
with an Impac pyrometer (emmissivity=0.56) that had
been calibrated using the Ge(lll)—x/g xv3-Auto 1 x 1-
Au surface phase transition occurring at 913 K [32] and
the eutectic melting point of Au-Ge droplets (634 K).
Au was deposited by evaporation-condensation using a
MBE-Komponenten effusion cell containing 5N Au shots.
The nucleation and migration of Au-Ge droplets were



studied by low-energy electron microscopy (LEEM III,
Elmitec GmbH) in bright field mode, with an electron-
beam energy of 6.0 eV.

LEEM images in Fig. 1(a)-(b) show the motion of Au-
Ge droplets on a Ge(111) single crystal under an applied
electric current at 710 K. Au-Ge droplets nucleate prefer-
entially at step edges but also on large terraces. Droplets
that nucleate on terraces experience an oriented motion
along the electron flow direction. Upon Au deposition,
Au-Ge droplets grow in size and their velocity decreases.
Finally when they reach a step edge, a step bunch or a
phase boundary between two Ge(lll)—\/g x v/3-Au do-
mains they remain pinned. To rule out a potential arti-
fact induced by thermomigration which may result from
a residual thermal gradient on the sample, we have re-
versed the direction of the electric current. The migration
direction is also reversed which confirms the dominant
role of electromigration. Additionally LEEM images do
not show any trail behind the migrating droplets. To
fully characterize the nature of the surface left behind
the motion of the droplets we have measured p-LEED
patterns in the trail of the droplets. The surface remains
a Ge(111)-v/3 x v/3-Au surface (spot size 150 um radius,
see inset Fig. 1(b) and Supplementary Materials S2).
This confirms that the surface perfectly recovers its mor-
phology (flat terrace) and crystalline structure after the
passage of the droplet. Atomic Force Microscopy (AFM)
images taken ex situ before and after selective etching
of Au reveal that a shallow hole (<2 nm depth, see Fig.
1(c)) is formed below each droplet inside the Ge(111) sub-
strate [33 and 34| and is deeper as the droplet is larger.
From these results we infer that the droplets and their un-
derlying holes electromigrate both at once. The droplets
migration is thus associated with Ge dissolution at the
advancing front of the droplet and Ge crystallization at
the rear.

In order to analyze in details the droplet electromigra-
tion mechanisms, we have studied the droplet velocity
on atomically flat terraces as a function of droplet size,
temperature and electric current density. The measure-
ment of the droplet velocity vp as a function of the elec-
tric current density at constant temperature points to a
linear dependence without any current density thresh-
old (see Supplemental Material S4). To estimate the
electromigration velocity of a droplet vp, a phenomeno-
logical approach is proposed based on Einstein relation,
vp = kBLTF, assuming an effective electromigration force

F acting on the droplet and a droplet diffusion coeffi-
cient D. The diffusion coefficient is related to the atomic
mechanism responsible for the mass transfers. We have
evaluated the activation energy involved in the motion
measuring the droplet velocity at constant electric cur-
rent density (5.6x10° Am~2) in the temperature range
650 K to 750 K. From an Arrhenius plot of vp X kT,
we have found two regimes: (i) a high velocity regime
(> 700 K) where the extracted activation energy E, is
size independent (1.05+0.3 eV, Fig. 2-(b)). This experi-
mental value is large if we consider that diffusion occurs
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FIG. 1. (a) LEEM image of Au-Ge droplets on Ge(111)-
V3 x v/3-Au (electric current density: 5.10° A.m_27 T=710
K, field of view: 15 pum). See Supplemental Material S1 at
[URL will be inserted by publisher| for the complete movie.
(b) Projection of 80 LEEM images (over 174 s) showing the
trajectories of the Au-Ge droplets at the surface. Pinning of
the droplets at step edges, step bunches and at phase bound-
ary between two Ge(111)-v/3 x v/3-Au domains are evidenced.
The black arrow indicates a defect on the detector. Inset: u-
LEED pattern (E=18 ¢eV) of the surface in the droplet trail
(spot size 150 pm radius). See Supplementary Materials S2.
(c) AFM image (1.4x0.9 um?) of the surface after KI etching
(see Supplemental Material S3 at [URL will be inserted by
publisher| for the surface before etching). In inset is shown a
height profile across a droplet (see dashed lines) before (red)
and after etching (black). A hole is clearly visible and a rim
of Ge is also put in evidence due to phase separation of Au
and Ge when the sample is cooled at room temperature. Let
us note that the substrate surface is also slightly roughened
by KI.

in a liquid where typical energy barrier of 0.1 eV are
reported [35]. It is also too large to be assigned to an
enthalpy of fusion (~ 0.1 €V) arising from dissolution-
crystallisation processes [36]. However such large acti-
vation energies have been measured for instance in the



case of the electromigration of Au inclusions into Si bulk
[20] (0.92 €V) and may be associated with an interface
attachment-detachment phenomena. We have also found
(ii) a low velocity regime (< 700 K) where the activation
energy increases with the droplet size to reach about 3 eV
for 120 nm droplets radius (see Fig. 2-(b)). This result
can not be assigned to usual mass transport phenomena
based on diffusion mechanisms.
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FIG. 2. (a) Arrhenius plot of the droplet velocity (averaged
over 20 droplets per data point) vp times kpT for different
droplet radius and at constant electric current density. A
high and low velocity regime can be distinguished (see doted
line of separation). (b) Plot of the activation energy versus
the droplet radius in the low (black square) and high (red
disk) velocity regimes. 8o=2.1 1072 eV.nm ! is the slope of
the activation energy versus droplet radius in the low veloc-
ity regime. Green triangle: activation energy for the droplet
diffusion coefficient in the high temperature regime.

To lift the ambiguities on the mass transport mecha-
nisms mediating the droplets migration, the respective
role of the electromigration force and the droplet diffu-
sion coefficient must be disentangled. To study the size
dependence of the diffusion coeflicient alone we have re-
duced the electric current to zero: the droplets are still
mobile and move randomly at the surface. Therefore we
have now access to the fluctuation part of the fluctuation-
dissipation theorem. In Fig. 3-(b)-(c) are shown the tra-
jectories of about 20 droplets on an atomically flat terrace
(~ 10 x 5 pm?) over ~500 seconds at T' = 677 K. From

the mean square displacement of thousands of droplets
as function of time ¢ we can evaluate the diffusion coef-
ficient D = (r?)/4t. The diffusion coefficient decays as
D ~ R™21%03 (R is the droplet radius) for temperatures
higher than 693 K (Fig. 3-(d)). It drops much faster
at lower temperature (e.g. 677 K). At high temperature
the size dependence of the droplet diffusion coefficient D
can be analyzed using the random-walk theory or other
formulations for uncorrelated atomic motion assuming
different mass transport mechanisms (see Refs. [37-40]
and Fig. 3-(a)). Following the line of thought of Refs.
[37 and 41] we can describe the change in position of a
droplet from individual atomic events independent from
each other [42]. Let us consider for instance the kinetics
of atom attachment-detachment (called also evaporation-
condensation) at the liquid-solid interface. In this case
the average time 7 for an atomic jump scales inversely
proportionally to the interface area 7 ~ R~2 and the av-
erage droplet jump distance § scales as § ~ R~2. There-
fore the diffusion coefficient of the droplet limited by

attachment-detachment kinetics reads Dap ~ § ~ R72.

A similar analysis gives Dy ~ R~ when limited by
volume diffusion and D; ~ R™* when limited by in-
terface diffusion [43]. Therefore the high temperature
behaviour of the diffusion coefficient D ~ R™21%0-3 can
be assigned to a mass transport phenomenon limited by
attachment-detachment kinetics at the solid-liquid inter-
face. Moreover the Arrhenius plot of the diffusion co-
efficient provides the activation energy involved in this
regime: E, = 1.15 + 0.3 (green triangle in Fig. 2-(b)).
This result is within the error bar the same as the acti-
vation energy for droplet electromigration at high tem-
perature (>700 K).

The low temperature regime is not compatible with
attachment-detachment kinetics as the decay of the dif-
fusion coefficient is too fast. This behaviour is observed
much more precisely in the droplets velocity under elec-
tromigration (see Fig. 4) as a much better statistics can
be achieved on a drift motion compared to a random
motion. Indeed in the plot of the velocity versus droplet
radius, two regimes can be analysed: (i) a high veloc-
ity regime where the velocity is a decreasing function of
the droplet radius R and evolves as vp ~ R™13%03 and
(ii) a low velocity regime at lower temperature (< 700 K)
where it decreases exponentially (e.g. by a factor 30 from
100 to 150 nm radius at 687 K). We propose that the ex-
ponential decay of the low velocity regime can be assigned
to the presence of facets at the liquid-solid interface re-
sponsible for interface-controlled processes such as nucle-
ation of 2D layers. Such a mechanism has been theoret-
ically investigated [37, 43-46] and observed for instance
in 2D nanocrystal reshaping [47] or in the Brownian mo-
tion of 3D inclusions in bulk [48]. In presence of 2D layer
nucleation it has been shown that a size dependent nucle-
ation barrier £, = Ey+ f.R for crystallisation or dissolu-
tion may occur [43, 45, and 48| where (3 is the step edge
energy, R is the radius of the droplet and Ej is a constant
(volume diffusion energy barrier). The fit of the activa-
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FIG. 3. (a) Scheme of possible mechanisms mediating
the droplets migration: Interface Diffusion at the liquid
solid interface (ID), Volume Diffusion (VD) and attachment-
detachment or 2D layer nucleation at the interface (See Sup-
plemental Material S5). (b) Bright field LEEM image of Au
droplets during brownian migration (T=677 K). See Supple-
mental Material S6 at [URL will be inserted by publisher]
for the complete movie (scale bar 1 pm). (c) Close view of
the trajectories (lines) of selected droplets during 562 s. (d)
Log-Log plot of the droplet diffusion coefficient as function of
the droplet radius. For T=693 K and 710 K, D ~ R™2-1%0:3,
For T=677 K, D decreases much faster indicating a change of
diffusive regime.

tion energy at different temperatures shows that the step
edge energy decreases from 4.4 meV.nm™! at 669 K to
3.2 meV.nm ! at 732 K (inset of fig. 4). Assuming a lin-

ear decrease of the step edge energy 8 = (o (1 — TLR) we

estimate that 8o = 19+4 meV.nm ™! and Tr=880+50 K
corresponding to the roughening transition temperature.
This result is consistent with the estimate of Sy = 21 +4
meV.nm ! from the slope of the activation energy versus
droplet radius (Fig. 2-(b)). It also matches the results
of Radetic et al. [48] for Pb inclusion motion into a Al
matrix providing By = 16 meV.nm~! and Tr=820 K.
Finally, it should be noted that the study of Brownian
dynamics and that of the electromigration of droplets
made it possible to independently measure the droplet
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FIG. 4. Log-Log plot of the droplet velocity versus the droplet
radius at different temperatures and at constant electric cur-
rent density (5.6x10° Am~?2). In the high velocity regime
vp ~ R™' (dashed lines for each temperature), whereas the
velocity decreases exponentially in the low velocity regime
(low temperature and/or for large droplet sizes). Inset: Tem-
perature evolution of the step edge stiffness 8 in the low tem-
perature regime.

velocity and the droplet diffusion coefficient for different
droplet sizes (in the high velocity regime). Therefore we
have now access to the size dependence of the effective
electromigration force F' = kT2 ~ RO-8F04 jcting on
the droplets. It scales approximately linearly with the
droplet radius. This behaviour is consistent with a force
acting at the droplet contact line resulting from devia-
tions to the periodic crystal structure e.g. induced by
the abrupt modification of the structure and electronic
conductivity between the Ge single crystal and the AuGe
liquid alloy.

In conclusion we have studied the brownian motion
and the response to an electric current of Au-Ge droplets
on extended terraces on Ge(111) above the eutectic tem-
perature. The migration associates a hole that is formed
into the substrate in order to reach the liquidus compo-
sition. We have explored two regimes: a high velocity
regime (> 700 K) where according to size dependence of
the droplet velocity and diffusion coefficient we show that
the mass-transport mechanism is limited by attachment-
detachment kinetics of atoms at the liquid solid inter-
face and the driving force is acting at the contact line.
This process is associated with an activation energy of
1.054+0.3 eV. The low temperature regime is character-
ized by an activation energy of the droplet migration that
is size dependent. This result is assigned to a mechanism
of 2D nucleation of layers at the liquid solid interface.
The estimated step edge energy decreases from 4.4 to 3.2
meV.nm~! from 669 to 732 K and is expected to reach
0 at the roughening transition temperature Tr=880 K.
We believe that all these experimental measurements can
be used as a tool to control the position of nanodroplets



on surfaces by means of an electric current and will be a
new benchmark for further theoretical investigations on
the dynamics of the droplets and associated mass trans-
port phenomena.
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