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Abstract

Au deposition on Si(110) at temperature higher than 633 K leads to the formation of elongated liquid nano-droplets.
In this work we show that under an electric field, the droplets move along the [1-10] axis towards the positive electrode
by electromigration. During the motion, they dissolve the substrate forming a hole underneath and a nanowire behind
them. We develop a model highlighting that the driving force of these processes is bound to the respect (i) of the Au-Si
bulk chemical equilibrium and (ii) of the correct balance of surface/interfacial energies. The motion takes place by means
of sudden jumps with length of the order of a few um and by small readjustments of the order of some nm of the droplet
front and back edges. With respect to experiments without electric field, electromigration changes the droplet motion
by widening the droplet dissolution front and by facilitating droplet jumps.

1. Introduction

Electric fields applied to materials are known to lead to
mass displacement by means of the electromigration (EM)
phenomenon. Historically, this has been considered as a
detrimental effect because it can lead to the failure of elec-
tronic devices [I]. More recently it has been found that
EM can be exploited to change surface morphologies [2].
We have recently suggested that EM can be used to move
and control the positioning and the shape of single nano-
objects [3H5]. Multiple nanostructures could also be con-
comitantly displaced to manipulate surface morphologies.
In the present work we show that EM affects the forma-
tion of surface nanostructures like horizontal Si nanowires
(NW). Semiconductor nanowires are often vertically grown
from a substrate, with or without a metal catalyst [6-
9]. These nanowires have to be cut and displaced on a
substrate to integrate them in planar devices. To reduce
the number of device-fabrication steps, different authors
have suggested to directly grow nanowires horizontally on
Si(001) surfaces [10, II]. Horizontal nanowires can also be
grown on Si(110). We have shown that during Au depo-
sition on Si(110) at temperatures higher than the eutectic
temperature (633 K) elongated liquid droplets form, move
on the substrate along a unique axis but in both directions
([1-10] and [-110]) and leave in-plane Si nanowires at their
back [12, I3]. The randomness of the motion direction of
the droplet limits the degrees of control and thus the per-
spectives of possible applications. Here, we show that it
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is possible to direct the droplet motion in only one direc-
tion and thus to control the formation of the nanowires by
applying an electric field.

Furthermore, in [I12] we proposed a mechanism in which
nanowires are formed by Si dissolution from the substrate
at the advancing front of the droplet, and then Si transport
backwards to crystallize a NW behind the moving droplet.
Such a scenario was based on in-situ LEEM observations
of the NW formation combined to ex-situ AFM analysis of
the substrate morphology after selective dissolution of Au.
Applying an external field may significantly modify the
droplet behavior and reveal new clues that help to char-
acterize the mechanisms underlying the NW formation.
The electric field induces a significant droplet elongation
which can lead to droplet breaking. The quick reshaping
of the two droplets formed reveals the dissolution trench
formed under the droplet, without the need of ex-situ Au
chemical etching. This observation helps understanding
the formation of nanowires in more details. Our study
thus evidences that EM may be used (i) to modify sur-
face morphologies, control the positioning and the shape
of single nano-objects on surfaces and (ii) as a tool to re-
veal physical mechanisms.

2. Experimental details

B-doped Si(110) wafers 550 pm thick were cut in rect-
angles of 10x2mm?2. These samples were cleaned with
acetone and ethanol in ultrasonic bath, and then intro-
duced into the Ultra High Vacuum (UHV) chamber for
the low energy electron microscopy (LEEM-Elmitec IIT)
observations. The sample surfaces were cleaned by flash-
ing above 1400 K followed by annealing at 1000 K to ob-

tain surfaces with regular terraces. The electric field was
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applied along the long side of the samples, i.e. along the
[1-10] axis using a special sample holder with Mo elec-
trodes. Au (99.999% pure) was deposited using a MBE-
Komponeneten effusion cell. The deposition rate was 1.8
(£ 0.1) - 10*2atoms - em~2s~ 1, calibrated with the for-
mation of the v/3 x v/3 Au-Si surface phase on Si(111).
This occurs at a coverage of 1 monolayer (1ML=7.8-10'*
atoms-cm~2). The sample temperature was measured us-
ing a disappearing filament pyrometer calibrated with the
7x7 — 1x1 surface phase transition of Si(111). The sam-
ple was heated by a direct current flowing in the sample
(Joule effect) and by radiative heating using a W filament
positioned under the sample. All the experiments are car-
ried out at temperatures higher than the eutectic temper-
ature (633 K). The LEEM images are taken in sliding-
average mode, meaning that each image is the result of
the sum of 50 % of the signal at time ¢ plus 50 % of the
previous image taken at time ¢ — dt. After the LEEM ex-
periments, the samples were taken out of the UHV and
studied by Atomic Force Microscopy (AFM) using a Park
XE-100 in tapping mode. Scanning Electron Microscopy
was performed with a JEOL JSM 7900F equipped of an
electron dispersive X-rays spectroscopy (EDX) detector.

3. Results

3.1. 2D phases observed by Low Energy Electron Diffrac-
tion (LEED)

Figure 1: LEED patterns of the Si(110) surface during Au deposition
at 730 K using an electron energy of 20 eV. a: 16x2 surface phase,
mainly one domain; b: 1x1 phase appearing at 0.08 ML Au coverage;
c: 1x2 phase appearing at 0.12 ML Au; d: 2x5 phase at 0.25 ML Au;
e: 2x3 phase from a Au coverage of 0.5 ML; f: lines with different
intensities from 0.71 ML, corresponding to the (4,0)x(1,-3) or to the
streak structure observed by Yamamoto [14].

In order to evaluate if the direct current has an ef-
fect on the growth of surface phases, we have used the
LEEM in LEED mode, during Au deposition. The LEED
patterns obtained are shown in figure [ Starting from
the 16x2 surface phase (figure ), Au deposition leads
to a 1x1 phase at 0.08 ML (figure [1p). The 1x2 phase
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appears at 0.12 ML, followed by the 2x5 at 0.25 ML (fig-
ures and respectively). A 2x3 phase is observed
from a Au coverage of 0.5 ML (figure [Ik) and we observe
lines with different intensities in the LEED pattern at 0.71
ML (figure [If). These streaks may correspond to chains
of Au atoms in the [-110] direction irregularly spaced in
the [001] direction. These results mainly agree with the
2D surface phase diagram of the Au/Si(110) system found
by Yamamoto [14] using Reflection High Energy Electron
Diffraction (RHEED). More precisely, Yamamoto found
that a coverage between 0.08 and 0.28 monolayer (ML,
IML=9.6-10'* atoms cm~2 for Si(110)), leads to a 1x2
phase, whereas a 2x5 phase is formed between 0.28 and
0.46 ML. For larger coverages, up to 1.23 ML, a (4,0) x(1,-
3) phase is observed and beyond 1.23 ML RHEED shows
streaks. The atomic positions of the 1x2 and 2x5 struc-
tures have been calculated by Density Functional Theory
by AlZahrani and Srivastava [I5]. The small differences
between our results and those of Yamamoto can be ex-
plained by different experimental procedures: while we
continuously follow the phase transitions at high tempera-
ture during Au deposition, Yamamoto deposited different
amounts of Au at low temperature and then heated to
equilibrate the surfaces.

Applying a direct current along the [-110], we did not
observe any significant change of the Si(110) surface nei-
ther on the 16x2 nor on the 1x1 structure. These findings
correspond to those of Yamada et al. [I6HI8| and Lewis et
al. [19].

We have investigated if there is an EM impact on the
growth of Au-Si surface phases. In presence of Au, the
first growing Au-Si phases have too small domains to be
studied carefully, while the last observed phase (LEED
pattern of figure ) shows large enough domains for di-
rect LEEM observations. However we did not observe any
particular effect of EM on the development of this phase
during Au deposition (the growth direction of the phases
does not depend on the electric field direction). We have
also stopped Au deposition when the sample surface was
half covered by the last phase, well before the formation of
Au droplets, and we have verified if there is any displace-
ment or evolution of the surface phase domains under an
electric field. While the shape and size of the domains
slightly changes during the observations as a consequence
of surface diffusion, we have not noticed any behavior that
could be directly related to EM.

3.2. Droplet motion observed by LEEM

Continuing Au deposition after the formation of the
last surface phase, elongated Au droplets form and spon-
taneously move. The formation of liquid droplets is due
to the alloying between Au and Si above the eutectic tem-
perature (633 K[20]). At temperatures lower than 633 K,
solid islands form. While solid-island shapes are influ-
enced by surface reconstructions, anisotropies of surface
energies, surface stress and elastic properties [21], 22], at
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Figure 2: Sequence of LEEM images showing the jump of an elon-
gated Au-rich droplet in the direction of the positive electrode under
electromigration. The dark regions correspond to Au-rich droplets.
The images are taken in sliding average mode, that allows high acqui-
sition frequency. Electron energy: 1 eV. a: droplet initial position;
the white-bar length is 1 pum; b: 5s after a, a shadow on the left
part of the droplet shows that it has started jumping; c: 3.4s after
b, the droplet elongates to the left; d: image given by the difference
between b and d to highlight the droplet jump to the left; e: 1.7
s after ¢, the droplet has ended the jump, and has separated into
a small circular droplet on the left and an elongated droplet on the
right. A bright trace separates the two droplets (revealed to be a
trench from the AFM results); f: image taken 6.7s after e, showing
more clearly the sample surface. The blue dashed line shows the
length of the droplet after the jump.

temperatures larger than 633 K, the shapes of the 3D lig-
uid droplets are only defined by the specific morphology of
the liquid /solid interface. For instance, for Si(110), the Au
droplets have elongated shape because they initially follow
the Au-induced nanofacetting of the Si surface, and then
are stabilized by the shape of the etched pit, as explained
in more details in [I3].

Without EM, under Au deposition, the droplets move
along the [1-10] axis in either direction as described in [12].
If an electric field is applied along the [1-10] axis in a spe-
cific direction, then the droplets only move towards the
positive electrode (opposite to the electric current) and
leave different kind of traces on the substrate. The mo-
tion direction is consistent with that found under EM for
Au droplets on Si (100) [23H25]. When Au deposition is
stopped, the droplets stop moving (even if they are still un-
der an electric field) after some small readjustments due
to surface diffusion and Ostwald ripening. The motion
of the droplets can occur by long jumps (of the order of
the micrometer) or small readjustments of the front and
of the back edges (of the order of some nanometers). If

3

the current direction during Au deposition is inverted, the
droplets move back, along the trace they have previously
made.

We start describing the long jumps, that accounts for
most of the droplets displacement. Figure [2| shows some
snapshots taken from a LEEM movie (available in the
supplementary material) during Au deposition on Si(110).
The images are taken in sliding average mode, therefore
each image maintains some details of the previous droplet
position. Comparing figure 2b with figure [2h, we observe
that the moving droplet is developing a dark trace on the
left, that is the advancing front. This dark trace further
elongates in figure [2¢, where we also see that the con-
trast at the droplet back edge is lighter. The difference
between figures 2p and 2k, i.e. figure 2{, highlights the
trace at the front of the droplet that has stretched out
(up to the vertical dashed yellow line in Figure . Fig-
ure Bk shows a small dark circle on the left and an elon-
gated dark trace in the middle. The configuration at the
end of the jump is shown in figure 2f. As confirmed by
the SEM and AFM measurements (see the following sec-
tions), this configuration consists, from left to right, in a
small droplet, a trench (bright trace), an elongated droplet
and finally a Si nanowire (thick and thin dark traces). As
shown in [12], the trench and the nanowire both originate
from a complex dissolution/crystallization process inside
the elongated droplet, driven by the formation of a Au-Si
alloy in the liquid droplet (see section .

droplet ialack edge

droplet front edge

+——— motion direction

Figure 3: LEEM sequence showing small re-adjustments of the
droplet front and back edges. The white-bar length is 1 um. Elec-
tron energy: 1 eV. b is taken 8.4 s after a, showing that the droplet
back edge has displaced to the left; c, taken 3.4 s after b, shows that
both the front and the back edges have slightly moved to the left.

Let us now consider the small readjustments of the
front and of the back edges (figure [3). In figure [Bp, the
back edge of the droplet (right edge) has advanced to the
left with respect to figure[Bp. Notice that the total droplet
projected area decreases with this small motion. Presum-
ably the droplet volume does not decrease during Au de-
position and thus a decrease of the droplet projected area
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means that the droplet has changed its wetting proper-
ties. Both the front and the back edges advance in figure
BE. This kind of motion makes the droplet advance slowly,
with small changes of the droplet projected area.

3.8. Trench and nanowire formation evidenced by Atomic
Force Microscopy

After the LEEM experiments, the samples were taken
out of the UHV chamber and studied by AFM. Figure
[dh shows a typical elongated structure showing a droplet
and a trace after motion due to EM. This structure is
similar to that shown in figure Five regions can be
distinguished and have been analyzed with height profiles,
shown in figure [@p. The color of the profiles corresponds
to the color of the numbered dashed lines in figure [h.
The regions 1 and 3, corresponding to black structures in
figure (3] are identified as Au-rich (see SEM section), and
have height of more than 40 nm. Region 2, corresponding
to the bright trace in figure [3] is a trench in the substrate
with depth of about 50 nm. Regions 4 and 5 have height
of about 20/30 nm. After a chemical etching by KI to
selectively remove Au, we have re-observed the samples
by AFM. Figures @ and [4 correspond respectively to the
left and to the right of figure [fh. The AFM tip used was
large and thus the edges of the different structures are
rounded and can appear larger than their real width (see
the SEM images for the real dimensions, figure ) While
regions 2, 4 and 5 have not changed, we see that regions
1 and 3 have been etched, meaning that they correspond
to Au-rich regions. The depth profiles 1 and 3 are not
very accurate because of the convolution with the rounded
AFM tip, however they show that a hole in the substrate
was dug by the droplets. The Si dissolved in the droplets
during the LEEM experiments is accumulated in ridges at
the droplet perimeter (regions 1 and 3 in figures 4 and

4(d).

3.4. SEM and local chemical analysis by EDX

Figure [5] shows three SEM images of the structures
left by the Au-rich droplets on the Si(110) surface. These
results complete the AFM studies. Figure [Bh, obtained
on a sample before Au etching, corresponds to a structure
similar to those of figure @h. EDX analysis evidences that
the droplets (regions marked with a yellow spot in figure
5p) are Au rich but contain also a small amount of Si,
as shown in the yellow EDX spectrum of figure [5p. The
bright contrast in the SEM images is due to the larger
atomic weight of Au with respect to Si. Within the EDX
precision, we did not detect any difference between the
Au-Si compositions of the droplet edges at the front and
at the back. The nanowire and the substrate, marked with
a blue spot, contain only Si and no Au (see the blue EDX
spectrum in figure ) A EDX profile analysis along the
blue dashed line, corresponding to a trench like that of
figure [dh or the white trace in figure [2f, does not show the
presence of Au. The SEM contrast in this region is brighter

4

than on the flat surface because of the tilted edges of the
trench. On the right droplet of figure B there are some
small dark areas: at the end of the LEEM experiments
the temperature is decreased, the Au-Si droplets solidify,
and a phase separation leads to the segregation of a Si-rich
phase, that gives a dark contrast in SEM because of the
lower Si atomic mass with respect to Au, as also observed
in [26]. Figures pp and |5 show the same trace observed
by AFM after Au removal. By EDX, only Si is detected
in the trace on the right side of the droplet (blue circles).
With an EDX profile passing through the hole left by the
etched Au droplet (see the green dashes in figure and
the EDX-measured Au and Si contents along the profile
in figure ), we detect mainly Si, also at the edges of the
droplet, where however we also find a small amount of Au
(up to 4%), showing that Au was not completely removed
by the chemical etching.

4. Discussion

4.1. Mechanism of motion without EM

In absence of EM, we proposed a mechanism of droplet
motion based on Si dissolution at the leading front of the
growing droplet, where Au tends to dissolve Si, above the
eutectic temperature of 633 K [12, 13]. The mechanism
is summarized here: (i) the droplets attain the elongated
shape due to the shape of the hole dug in the Si(110) sub-
strate by the Au droplet [I3] and the hill-valley surface
morphology of the Au-Si(110) surface [27, 28] also influ-
ences the shape; (ii) the droplet remains pinned at the hole
edge but during Au deposition the droplet absorbs addi-
tional Au - the volume increases - and the droplet de-pins
from one side and elongates; (iii) under the hypothesis,
supported by Itami et al. [29], that the mixing between Si
and Au is limited and that there are large concentration
fluctuations, the top part of the droplet has higher con-
centration of Au compared to the bottom part; (iv) the
part of liquid that makes the droplet advance is the part
with relatively higher concentration of Au compared to the
rest of the droplet, implying a flux from the top part of the
droplet towards the leading edge which leads to dissolution
of Si; (v) opposite to this top layer flux, a convection cur-
rent flows at the bottom of the droplet; (vi) this current
accumulates Si at the trailing edge, where it crystallizes
forming a wire. The height of the wire is higher than the
substrate because it crystallizes at the droplet trailing edge
and the droplet level is higher than that of the substrate.
The main weakness of the model was the lack of a driving
force to explain point (v).

With the help of figure [, we now describe the pro-
posed mechanism of droplet motion and nanowire forma-
tion which are driven by the combined effects of two ther-
modynamic forces: (i) dissolution of the Si substrate by
the Au droplets to reach a chemical equilibrium governed
by the bulk Au-Si phase diagram inside the droplets, and
(ii) the minimization of the surface and interfacial ener-
gies. During Au deposition, an elongated droplet with
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Figure 4: AFM images of a droplet and the traces it has left on the substrate after motion due to EM. a: image that corresponds to a droplet
after a jump similar to that described in figure[2] b: line profiles corresponding to the colored dashed lines in a; ¢ and d: AFM images of the
same region shown in a, after a chemical etching that has selectively removed Au; they correspond to the left and right side of a respectively.
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Figure 5: a-c: SEM images taken at 1 KV, with a secondary electron
detector, after the LEEM experiments. The images correspond to
three different regions. The white-bar length is 1 ym. b and c are
taken after the chemical etching that has removed Au. As found
by EDX, the yellow spots are Au-rich regions, the blue spots are Si
regions (without Au), and the dashed lines are regions studied with
EDX profiles. d: Si and Au content measured by EDX along the
green dashed line in b. e: typical EDX spectra for Si rich (blu line)
and Au rich (yellow line) regions.

height z forms on the surface and dissolves the substrate
to reach the equilibrium composition defined by the bulk
Au-Si phase diagram [20] (see figure [6p that represents in
2D the Au-Si droplet on Si(110)). The substrate should be

dissolved up to a depth x-z to respect the bulk equilibrium
(where the equilibrium Si volume fraction is zg; = mL_H)
We assume that in this configuration the balance of surface
and interfacial energies is not respected and that the total
surface/interfacial energies would be lowered in a configu-
ration like that of figure [6p that represents a droplet with
the same liquid volume of figure [6p but with less liquid
surface and more liquid/solid interface. This configura-
tion would require a deeper immersion of the droplet in
the substrate. However, for a deeper immersion of the
droplet but without further dissolution of Si in the liquid
(because the bulk chemical equilibrium is already reached
in figure |§|a), a certain portion of Si substrate (the dark-
orange part in figure @3) should disappear or be displaced
elsewhere. Therefore, the configuration of figure 6b is not
obtained. The droplet expels or displaces by dissolution
and re-crystallization the portion of the Si substrate cor-
responding to the area (b — x - z) - £ (see figure @)), to
respect both the bulk and the interfacial equilibria. Si is
deposited either on the left or on the right side of the elon-
gated droplet without EM, forming a nanowire of length
£,,. This deposition is accompanied by a global motion of
the droplet of the same length ¢,,, and the droplet jumps
from the configuration of figure [6p to that of figure [6k.
Because of mass conservation, both (i) the Au-Si liquid
and (ii) the Si solid volume must be conserved when the
droplet jumps. (i) For the conservation of the Au-Si liquid
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Figure 6: Schematics of the droplet motion and nanowire formation.
(a): a Au droplet has nucleated and dissolved the Si(110) substrate
to respect the bulk chemical equilibrium but with a bad balance of
surface/interfacial energies. (b): configuration that would be pre-
ferred to reduce the total surface/interfacial energies but that does
not respect the bulk chemical equilibrium and thus does not occur.
(c): with this configuration the droplet respects both the bulk chem-
ical equilibrium and the surface/interfacial energies balance. The
excess Si (dark orange part in (b)) that has to be displaced for the
best balance of surface/interfacial energies because it cannot be dis-
solved in the droplet is displaced towards one edge of the droplet
and forms a nanowire. (d): further volume increase leads to droplet
elongation. In the figure, the proportions between the emerged and
the immersed parts in the elongation respect the bulk chemical equi-
librium but not the interfacial energy equilibrium. (e): motion and
elongation of the nanowire in a configuration that respects both the
bulk and the surface/interfacial equilibria.
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volume, - (b +h") =0-(z+ - z) that gives
h/ + h//

L 1)

x+1

(i) For the conservation of the Si solid volume, £,, - h' =

E/-l (W' —x-2) and thus £, = % . h”m—+h1/'f_ Taking h'

h , ie. the result suggested by the AFM measurements,
by =1 . Notice that, without EM, we have observed
that the Au droplets that form on the substrate at first

%

6

grow in place (configuration corresponding to figure @1),
and then jump forming a nanowire of length equal to that
of the droplet, ¢,, = ¢ [12]. This observation, within our
model, suggests that in the first steps £ = 0 and thus that
the droplets do not dissolve the substrate before jumping
(i.e. the bulk chemical and the interfacial equilibria are
both reached at the same time).

Dissolution of the substrate leads the droplet di-
rectly to the configuration of figure [6k if the total
surface/interfacial energy decreases, i.e. if (2z + £)y, +
(22 2+ 0)%i +lw-vs > (W + 03+ (20" + 0+ (B +Lw)7s
(see figures @1 and @:) i, and s represent the inter-
facial energy, the liquid surface energy and the substrate
surface energy respectively. Using the /approxima—

tion h = h”, equation |[1| leads to z = % and thus
Nz =+ %355 —2) —vs > 0. Writing ;= k-,
where & is un unknown constant, then ~; > %

If, as discussed above, z = 0, then the first droplet jump
(from the configuration of figure [6p to that of figure [6f)
takes place if

s

3 -2k @)

Once the droplet has formed a nanowire, a further in-
crease of volume upon Au deposition makes the droplet
extend by d¢ (see figure [6d). In this case, because of the
Si nanowire attached at one side of the droplet, under the
hypothesis of R and b’ remaining constant, the balance of
surface and interfacial energies leads to the configuration
of figure @s with an elongation dn of the nan0w1re [30 if
the following inequality is verified: (¢ +dl+ W)y + (h' +
A4+ 040" + 1)y + (B +Cw)ys > (W + 0+ dl — dn)y, +
(W' +e+dl—dn+h" +h')y+ (h + Ly +dn)ys, ie. the
condition to shift from figure 6l to [Bf is:

Vs
> G+ D) (3)

M >

We now discuss the possible values of surface and in-
terfacial energies for Au-Si droplets on Si(110). Ressel et

[26] have measured a contact angle of about 45° for
Au-Si droplets on Si(111). Under the hypothesis that the
surface and interfacial energies depend weakly on the sub-
strate orientations, using the Young equation we can write
~vs = v cos 45 + ; and thus vs = v (k + g) Notice that,
with this expression, equation [3|is valid for all values of k.
This expression is therefore consistent with the model of
NW formation developed above. Using the Young equa-
tion we find that equation [2|is respected when k <0.764.
Naidich et al. [3I] have found that the surface energy of
liquid Au-22.3 at.% Si is 920 -10~7Jem 2. Jaccodine [32]
has found that the surface energy of pure Si(110) is 1510
107"Jem™2. Neglecting the effect of Au deposition on
the surface energy of solid Si and using again equation
(notice that the condition of equation |2 is more strin-
gent than the condition [ because it requires a lower value
of 75), we obtain an upper value for k£ of 0.68 and thus
~i < 626-10""Jem ™2
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4.2. Mechanism of motion in presence of EM

Under EM, Au droplets move towards the positive elec-
trode. This can be explained in different ways. The "elec-
tron wind" force, classically evoked in metals [33] 34], due
to the momentum transfer between moving electrons and
the Au atoms could push the Au atoms towards the anode
(positive electrode). The droplets could then move be-
cause of the displacement of the Au atoms of the droplet
towards the anode, either with a global motion or by dif-
fusion of atoms at the droplet periphery (at the triple line,
at the surface or at the interface). An interpretation alter-
native to the "electron wind" force is given by Ichinokawa
et al. [25]. They observed the motion of different metal
droplets on Si(100) under EM and found that according
to the metal specie, the droplets can move towards the
anode or the cathode. They concluded that the difference
of electronegativity between the metal and silicon leads to
a charge transfer either from the substrate to the droplet
or the opposite. Au has a larger electronegativity than Si
[35], and thus Au atoms partially charge negatively. The
direct force of the electric field can thus attract the Au
atoms towards the anode. In the case of Au on Si(110),
where the droplets significantly dissolve Si from the sub-
strate, the direct force of the electric field probably also
acts on the solute and attract the dissolved Si towards the
cathode. This effect could also help (i) the Si dissolution
with the formation of holes in the substrate and (ii) the
formation of the horizontal nanowires at the droplet back

®
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®

Figure 7: a: an elongated droplet dissolves the Si substrate. b:
growing because of Au deposition, the droplet elongates towards the
positive electrode (under EM). c: the droplet grows more and dis-
solves the substrate. d: the droplet advancing front is too thin and
breaks into two parts because of beading.

We interpret the image sequence described in figure
in the following way (see schematics of figure [7): (i) an
elongated Au droplet has dissolved Si and formed a hole
in the substrate in figure Ph. (ii) because of the droplet
volume increase due to Au deposition and because of the
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EM force, the droplet starts spreading on the left edge (the
advancing edge) on the substrate (figures 2b and [2k) out
of the previously dug hole, probably with a very thin layer
and it elongates. (iii) the elongated droplet tends to split
into a small droplet at the most advanced part, where
the liquid was thinner, and a larger droplet at the back
(figure ) Notice that in some cases we have observed the
droplet to split into three parts. In other cases the droplet
just retracts towards the back part, that is thicker, without
splitting. A trench forms under the droplet during the
jump and is visible between the split parts of the droplet
after the jump. The region of the substrate corresponding
to the trench was covered by the Au droplet for less than
2 s, meaning that the dissolution of the Si(110) substrate
in Au is fast, contrary to the slow dissolution observed for
Si(111) substrates [36].

We now analyze the motion of the droplets in more
details. Figure [§| shows the droplet projected area (green
triangles) and the positions of its edges (black squares and
red circles) during a typical experiment. The droplet ad-
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Figure 8: Analysis of the motion of a Au-rich droplet on Si(110) as a
function of time. The black squares show the position of the droplet
front edge, the red circles show the position of the droplet back edge,
and the droplet length is shown by the green triangles.

vances significantly during the two jumps highlighted in
the black dashed rectangles. For the rest of the time, the
front and the back edges generally advance, but only little,
in the moving direction. The displacements of the droplet
front and back are not always in the advancing direction.
This is visible for the droplet back edge (see the central
portion of the red circles in figure [§] compared to the hor-
izontal small red dots). We interpret this apparent dis-
placement of the back opposite to the motion direction as
due to the droplet volume increase. The droplet projected
area can temporarily decrease but, generally, it increases
with time. As the Au deposition flux is constant, we expect
also, on average, a linear droplet-volume increase. While
the droplet projected area increases with time, the droplet
length can increase or decrease after a jump, without a
clear trend, therefore we consider that the linear increase
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of the droplet area is dominated by the increase of the
droplet width.

450 2ol
400 ° 7200 ¥
350_' E s ® Y
] g 100 S, e
@ 300+ $ 50 R
€ 250] -
4 04 - - - —=
5 250 ] . ® 100 200 300 400 500
\J time since Au droplet appearance [s]
2 200 S
(5] ] L
© 150+
q) 4
> 1004
50 ¥
) =8
04 | ]

100 200 300 400 500 600
time since Au droplet appearance [s]

Figure 9: Velocity of droplets appearing and moving in three LEEM
movies, as a function of the time of their appearance in the movie.
Black squares, red circles and green triangles are three sets of data
corresponding to experiments performed at approximately the same
temperature (905 K) but using different electric current (0.8 A, 0.63
A and 0.45 A for the black squares, red circles and green triangles
respectively). The full lines are fit with an equation v = b-¢71,
where b is a fitting parameter. The inset shows that, correcting the
average and weak EM data sets as explained in the text, all the data
sets are superposed.

Applying a direct current through a sample results in
two effects: a temperature increase due to the Joule effect
and EM. In order to evaluate separately the effect of the
temperature from that of the EM force, we have performed
some experiments with different conditions of electric cur-
rent (0.8 A/6.4V,0.63 A/ 5.1V and 0.45 A/3.6 V) and
compensating the Joule effect with a heating filament posi-
tioned under the sample so that the measured temperature
was always the same (about 905 K). In the three cases, the
droplets displace towards the positive electrode, but for
low current values the EM force is weak and the droplet
back edge grows in the direction opposite to the motion
more than for high currents. The droplets can keep a same
position for long time and then jump long distances, often
out of the LEEM field of view. The discontinuous motion
of the droplets and their different local environments (the
Au capture area depends on surface features and on the
presence of other neighbor droplets) makes the kinetics
analysis and measuring a velocity delicate. The velocity
measurements are done by dividing the length run by a
droplet (regardless of the number of necessary jumps) in
a certain time by that time. We find that the droplet
velocity decreases with increasing time for the three ex-
perimental data sets, as shown in figure |§| (for some data
of the droplet velocity as a function of the projected area
see the supplementary material). We do not evidence an
increase of the velocity with the EM force. The three data
sets are not superposed, probably because the number of
droplets per unit area was not the same (20-1073, 8-1073,
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12-1073um =2 for the strong, average and weak EM force
respectively), and thus the average amount of Au incor-
porated in the droplets per unit time was different in the
three experiments. The difference of droplet density could
be due to locally different surface features or differences
of temperature. We have calculated how the velocity of
the average and weak EM data sets should change if the
droplet density were the same for all the data sets (the
measured velocity is divided by the droplet density of the
strong EM data set and multiplied by the droplet density
of the considered data set). With this correction, as shown
in the inset of figure [0} the three curves are superposed.
The motion of the droplets seems to depend on the rate
of Au incorporation more than on the EM force. This is
further confirmed by the observation that under EM but
without Au flux the droplets do not move.

The velocity v of a nanostructure under EM is of-
ten discussed using the Nernst-Einstein equation (v =
%, where F is the electric field force, D the droplet
diffusion coefficient, k the Boltzmann constant and T the
temperature)[5, B4]. As theoretically expected [37, B8] and
experimentally shown [39], the diffusivity of a nanostruc-
ture decreases when its volume increases. Therefore, con-
sidering the results of figure[J] it would be tempting to use
the Nernst-Einstein equation to describe the droplet mo-
tion. However, as discussed above, under EM but without
Au flux, the droplets do not move and with a Au flux their
velocity depends on the incorporated Au more than on the
EM. Furthermore, the droplets dig a hole in the substrate,
that would further slow down biased diffusion of droplets.
We thus conclude that biased diffusion as described by the
Nernst-Einstein equation would lead to effects too small to
be observed, particularly at large times, when the droplets
are large.

We now develop an expression to discuss how the
droplet velocity can depend on time. We consider that
EM helps the droplets to spread in width towards the
anode but that the velocity of the droplets depends on
the droplet volume (V) growth divided by the section
perpendicular to the motion direction, i.e.

av
dt
Vo - 4
hw )
where ¢ is the time, h is the height (with h = b + &, see
section[4.1) and w is the width of the droplet. V = L-h-w,
with L the droplet length approximating the droplet to
a parallelepiped. If the growth of the droplet volume is
constant, i.e. the Au deposition flux is constant and the
amount of Au incorporated in a droplet increases linearly
with time (the droplet capture area is constant), then

hwl =K -t (5)

where K depends on the deposition flux and on the num-
ber of droplets per unit area. We now discuss some special
cases, as L, h and w may not change all in the same way.
Without EM, we have found that the droplets at first grow
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in place and then move keeping w constant and L increas-
ing linearly with time (L o t) during Au deposition [12].
With these conditions, equation [5]leads to constant h, and
from expression ] we obtain that the velocity without EM
should then be constant, that is actually what we found. In
EM conditions, the droplets move immediately when they
form, with jumps that allow the droplets to spread towards
the anode and to elongate. In this case we find that the
change of L with time is not monotonic, L can increase or
decrease without a clear tendence. We thus consider that,
on average, L does not depend on ¢t. However we have
observed a general increase of droplet area with time, as
shown in figure [§] and we attribute it to a change of w.
This widening is not regular, but we do observe it in both
LEEM (movie in the supplementary material) and some
AFM images (see figure . Considering hw o t, from

Figure 10: AFM image of the wire made by a droplet. The colors
represent different heights. The droplet moved from the right to
the left, giving a widening wire, meaning that also the droplet was
widening while moving.

equation {4 we find that v oc t~1. Despite we neglect many
details of the motion mechanism, the continuous lines in
figure Pp and in the inset show that a scaling law of the
kind v o t~! reproduces well the experimental data. In
other words, regardless of the expression discussed above,
if the interfacial section between the droplet and the sub-
strate in the advancing direction (hw) is constant, as in
the case without EM, then the velocity is constant; if
it increases with time, then the velocity should decrease
with time (EM case). In the experiments, the EM force is
never exactly parallel to the [1-10] direction but is proba-
bly slightly misaligned, and it thus facilitates an increase
of w. The droplet enlargement slows down the velocity
when the time increases.

4.3. Comparison with results without EM

In our previous work [I2] we have shown that, in the
absence of EM, Au deposition on Si(110) results in droplets
moving along the [1-10] axis in either direction and in the
formation of Si nanowires. The interpretation of the ob-
servations is given in section .1} Using EM, we highlight
some features of the mechanism underlying the observa-
tions. The local effects of pinning and depinning giving
origin to a stick-slip droplet motion are still present under
EM. We had previously postulated the presence of two
fluxes inside the droplet: a Au flux directed towards the
droplet advancing edge and a Si flux towards the back edge
where the nanowire is formed. Using an electric field is a
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way to add or bias atomic fluxes on the whole surface in
specific directions. The electric field helps the dissolution
and makes the droplets move soon after their formation
on the substrate, when h and w are small and thus the
droplet velocity is very high. Without EM, the dissolu-
tion of the substrate is initially difficult and the droplets
form and grow in place, increasing w, before moving. When
the substrate is dissolved, hw is large and the droplets
move slowly. Furthermore, EM makes the droplets elon-
gate more, with a layer thinner (smaller h) than without
EM. This elongation is followed by beading. Therefore the
height and the length of the droplets change and are less
predictable than without EM.

Without EM the droplets jump without coming back.
Under EM they can jump several ym and then slightly
go back (see figures [2c-e). When they go back, meaning
that the droplet had elongated too much with respect to a
compact shape that optimizes the surface and interfacial
energy, we observe that the time of the jump (of the order
of few seconds) was enough to dissolve the substrate (see
figures [2f and [dh-c and [5h). This observation sustain that
the front of the droplet is very rich in Au, because only a
composition far from the equilibrium one leads to dissolu-
tion of the substrate. Furthermore, this kind of holes are
visible in LEEM and AFM without chemical etching while
without EM etching Au was always necessary to observe
the holes formed in the substrate.

Also under EM when the Au flux is stopped the
droplets stop moving. It could have been envisaged that
the EM force is sufficient to make droplets move, as
observed in other systems [25, B9]. However, as only
during Au deposition the droplets move, we confirm the
importance of the substrate dissolution in the observed
mechanisms.

5. Conclusions

Our experimental results show that, under Au deposi-
tion, elongated Au droplets form on the Si(110) substrate.
Under an electric field, they move towards the positive
electrode with small re-adjustments of the edges but also
with sudden (duration of few seconds) jumps. During
these jumps, the droplets can split in two parts, a small
droplet at the most advanced part and a larger droplet
behind. Between the two parts a trench is formed in the
substrate, showing that Si is dissolved. Behind the droplet
a Si nanowire is formed. The driving force for the nanowire
formation is the respect of the proper balance of surface
and interfacial energies. We underline the main effect of
EM: (i) the applied electric field removes the degeneracy
of motion (the droplets only move in the field direction),
(ii) modifies the Au and Si gradients inside the droplet, en-
hances dissolution, and thus induces a significant droplet
lengthening which (iii) leads to a possible droplet breaking
as schematized in Figure[7] The LEEM experiments under
EM enable to reveal the trench formation due to Si disso-
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lution in situ and in real time, without the need of ex-situ
Au dissolution and AFM observations as done in[I2].
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Supplementary material

The movie in the supplementary material shows the
motion of a Au-Si droplet and the formation of the Si
nanowire during Au deposition. The width of the image is
24 pm. The movie is accelerated, the real duration is 114
s. The LEEM images are taken in bright field mode, at an
electron energy of 1 eV.
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