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ABSTRACT: Thermal decomposition of GaAs (111)A and (111)B
surfaces in ultrahigh vacuum results in self-running Ga droplets.
Although Ga droplets on the (111)B surface run in one main
direction, those on the (111)A surface run in multiple directions,
frequently taking sharp turns and swerving around pyramidal etch
pits, leaving behind mixed smooth-triangular trails as a result of
simultaneous in-plane driving and out-of-plane crystallographic
etching. The droplet motion is partially guided by dislocation strain
fields. The results hint at the possibilities of using subsurface
dislocation network and prepatterned, etched surfaces to control
metallic droplet motion on single-crystal semiconductor surfaces.
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Metallic droplets on semiconductor surfaces are of great
technological importance since they are critical to many

growth/fabrication processes that employ them, for examples,
as a starting material such as droplet epitaxy,1,2 as an
intermediate template such as self-catalyzed nanowires growth,3

as a fabrication tool such as droplet drilling/etching,4,5 or as an
active layer such as plasmon-enhanced solar cells.6 Important to
most of these processes are droplets mean size, density,
distribution, and control. Although positional control of
droplets can, in general, be readily achieved with lithography,
motion control is a relatively new design route stimulated by
recent reports of self-running, or self-propelled, Ga droplets on
GaAs (100)7−9 and GaP (111)B.10 The mechanisms driving the
droplets are still controversial. On the GaAs (100) surfaces, the
driving force has been attributed to chemical potentials.7,9 But
on the GaP (111)B surfaces, it has been attributed to nanoscale
step elimination.10 Few running group-III droplets has been
reported to date, making it difficult to ascertain whether the
two mechanisms are cation dependent, orientation specific, or
even complete, thus limiting the usefulness of the self-running
droplet phenomenon.
In this study, we report in situ observation of Ga droplets

motion on GaAs (111)A and (111)B surfaces using mirror
electron microscopy (MEM), and ex situ analyses of droplets
trails using scanning electron microscopy (SEM) and Nomarski
reflected light differential interference contrast (DIC) micros-
copy to reveal a weak, but so far neglected, droplet driving force
related to dislocations. We also observed in real time the
formation of a unique triangular trail morphology which we
attribute to competitive effects between a stick−slip motion and
crystallographic etching of Ga droplets. The results provide
important insights into droplet driving mechanism, which may
add another degree of freedom to the design and

implementation of the various droplets-based growth and
fabrication processes.
To induce and observe the running droplets, we annealed

epi-ready GaAs (111)A, (111)B and (100) substrates in
Elmitec’s low-energy electron microscopy (LEEM) III system
at 660, 620, and 630 °C, respectively. During annealing the
surface is imaged in the MEM mode and video recorded. After
recording their dynamics, the droplets are confirmed in situ to
be metallic and ex situ to be almost pure Ga (see the
Supporting Information).
Images a and b in Figure 1 show the Nomarski images of

postannealed GaAs (111)A and (111)B surfaces, respectively.
The GaAs (111)B, hereafter the B, surface is populated by
evenly distributed droplets, in contrast to the GaAs (111)A,
hereafter the A, surface which is dominated by pyramidal
features with point (flat) bottoms exemplified by the structure
marked with arrow a1 (a2), and sparsely populated by a few
dropletsone of which is marked with arrow a3. Close-up
views of the A and B surfaces in images c and d in Figure 1,
respectively, show droplets with triangular trail on the A and
smooth trail on the B surface. Many Ga droplets on the A
surface leave behind trails with mixed triangular and smooth
segments. In contrast, all Ga droplets on the B surface leave
behind smooth trails nearly parallel to the [01−1] direction,
while those on the controlled GaAs (100) surface in Figure 1e
leave behind even smoother trails along the [011] direction.
Even with 10 °C lower in substrate temperature T, Ga droplets
on GaAs (111)B run faster than those on GaAs (100). This is
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due to the GaAs (111)B surface has a lower congruent
temperature TC than the GaAs (100) surface.11 The velocity of
Ga droplets on GaAs (100) has been shown7 to vary with (T −
TC)

2 which qualitatively explain our results, indicating that the
driving forces for Ga droplets on the GaAs (100) and (111)B
surfaces are similar in nature, i.e., derive from chemical
potentials.7 Group III running droplets have only been reported
in one other systemIn on InAs (111)Bwith little details.12

The rest of the letter is focused on running Ga droplets on
GaAs (111)A which are unprecedented and yield rich and
unique information. The following features will be discussed in
sequence: the background pyramidal features, preferential
direction of sliding droplets, the triangular trail and the
stick−slip motion.
The inverted pyramids with rounded triangular bases and

point/flat bottoms dominate the background of the A but not
the B surface. Similar pyramidal features on (111) surfaces have
been reported in many zincblende semiconductors subject to
chemical etching13 or, as is the case here, thermal etching.14

Their origin is attributed to edge dislocations, and their shape is
bounded by the slow etching (111) plane along the ⟨110⟩ slip
direction.15,16 Their dominance on the A and absence on the B
surface is not unexpected since A and B surfaces are chemically
inequivalence and differ widely in many aspects, including
etching behaviors.17 Several chemical etchants reveal etch pits
on the A but not the B surfaces due to selective etching of α
dislocation.17 Chemical etchings have long been used to reveal
edge and to delineate line dislocations, and thermal etchings
can be employed to similar effects.18

The background pyramidal features in Figure 1a reveal the
random distribution of edge dislocations terminating at the
surface. But some areas show pyramidal chainslinearly
aligned pyramidswhich indicate that thermal etching can
also delineate dislocation lines. Images a and b in Figure 2 are
Nomarski images captured from different areas of the A surface
without substrate rotation. Figure 2a shows a pyramid chain
along the [01−1] direction, whereas Figure 2b shows two
chains along the [−101] direction. Both directions belong to
one of the three dislocation axes in zincblende materials: ⟨110⟩;
the other two are ⟨112⟩ and ⟨100⟩.13 The upper chain in Figure
2b is intermittent whereas the lower chain is continuous. This
possibly results from the line dislocation associated with the
upper chain is further away from the surface than those
associated with the lower chain. In epitaxy, subsurface
dislocations can influence adatoms through surface strain fields

whose magnitudes vary approximately with 1/h2, where h is the
depth of the buried dislocation from the surface.19 Because
dislocation lines closer to the surface exert stronger forces on
surface atoms, more Ga linger over them and they are thus
preferentially etched, resulting in continuous pyramid chains.
These chains act as Ga sinks, limiting the availability of etching
material. Nearby line dislocations with comparable or weaker
surface strain fields may thus be partially etched, or even
unetched, leaving the fields to influence droplets motion.
An example droplet whose motion is guided by unetched

dislocations is marked X in Figure 2b. Its path can be traced
from its current location by the etching trail which shows 5
distinct segments with inverse chronological labels: (1) Smooth
segment going in the [0−11] direction just before the droplet
makes a sharp 120° turn toward its current location along the
[−101] direction. (2) Smooth segment nearly parallel to the
[−101] direction, indicating that the droplet has swerved
around the bases of pyramids P1 and P2. (3) A mixed segment
with triangular etched pits at the center surrounded by smooth
trails. (4) Smooth segment along the [0−11] direction, i.e.,
parallel with segment 1. (5) A mixed segment similar to and
approximately parallel with segment 3. Existing explanations of
droplet driving forces due to chemical effects7,9 or nanoscale
step ordering10 are surface/interfacial in nature, predicting
straight or near straight path with deviation in the same order
as substrate miscut (a few degrees) and thus cannot explain the
sharp turns observed. Wu et al recently reported “daughter” Ga
droplets that move orthogonally to the “mother” droplet on
GaAs (100) surface and explained the observation in terms of
surface roughness and chemical potential difference,20 which
cannot explain the multiple 120° turns on the GaAs (111)A
surface we observed. On the contrary, our explanations below
can readily explain the origin of the orthogonal droplet motions
on the GaAs (100) surface observed by Wu et al.
The paths of the droplet X and nearby droplets are confined

to only a few directions, all of which are parallel with the
pyramids chains, strongly indicating that both structures share
the same origin. Because pyramid chains delineate line
dislocations, the observed droplet motion must be, at least
partially, guided by the buried dislocations by virtue of surface

Figure 1. Nomarski DIC images showing Ga droplets and trails on
GaAs (a, c) (111)A, (b, d) (111)B, and (e) (100) surfaces. The arrows
in a point to (a1) a point-bottom pyramid, (a2) a flat-bottom pyramid,
and (a3) a Ga droplet. White (black) scale bars are 50 μm (10 μm).

Figure 2. Nomarski DIC images showing (a) a pyramidal chain along
the [01−1] direction, and (b) two pyramidal chains along the [−101]
direction, droplets (white arrows), and droplet etching trails. The
droplet X moves in straight lines or curves around the bases of
pyramids P1 and P2; its etching trail is labeled 1−5 in reverse
chronological order. The dotted triangle shows the (111)-bounded
planes which intersect the (111) surface along the ⟨110⟩ direction.
The scale bars are 50 μm.
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strain fields. The effects that subsurface dislocations have on
surface adatoms are known to exist in epitaxy: dislocation
networks have been used to guide the nucleation of quantum
dots.21−23 Our results demonstrate the equivalent effects on
evaporating surfaces.
The effects of dislocations guiding droplet motion above is

observed only at the early stages of thermal decomposition.
Prolonged or overannealing will result in planarization of the
trails and the population of droplets of other origins whose
paths are dictated by other factors. Figure 3 shows SEM images

of one type of such droplets formed from flat-bottom pyramids,
a dominant feature on overannealed GaAs (111)A surfaces.
Postannealed morphological analyses using Nomarski imaging
and SEM show that flat-bottom pyramids are either emptied,

partially- or completely filled with Ga. From the many flat-
bottom pyramids at various stages, we can conclude that each
pyramid is originally filled with a relatively flat, triangular Ga
droplet which we refer to as the primary droplet. As heating
continues, more Ga is added to the droplet, the surface area
increases and the primary droplet becomes unstable. To reduce
the surface area, the primary droplet is broken up into three
secondary droplets, with approximately the same volume for
the particular case of Figure 3a. The evolution is schematically
drawn in Figure 3c. One or more of the secondary droplets are
then driven out: from the smooth center of the triangular etch
pit toward the roughened surroundings. The SEM image in
Figure 3b (different position from Figure 3a) shows that the
smallest (left) droplet has moved only “one triangle” or 1Δ
away from the primary site, whereas the top droplet has moved
2Δs and the biggest (right) droplet 4Δs. The difference in
droplet mobility is due mainly to size. Droplet driving force has
been shown to vary linearly with droplet diameter.7,9 Under
similar surroundings, the bigger the droplet, the greater the
distance, from the primary site, which qualitatively explains our
results. From the trails, it can be seen that the three droplets are
pushed up the flat-bottom pyramids, with faceted steps and
boundaries, indicating simultaneous in-plane (forward) motion
and out-of-plane (downward) etching.
Once droplets vacate the primary etch pit, they move in a

stick−slip manner with directions dictated by the pits and the
immediate surroundings. These droplets preferentially move
along the corners (e.g., droplet 1 in Figure 3c), the sides
(droplet 2), or the side normals (droplet 3) of the just vacated
pits. The stick−slip motion of many running droplets is
followed live in MEM mode where Ga droplets can be
identified by dark regions surrounded by bright caustic rings.24

Snapshots of the MEM video (see the Supporting Information)
covering two complete stick−slip cycles are shown in Figures
4a−e. The droplet in this case moves along a side normal of the
etched pits. The shape of the droplet in Figure 4a, c, and e can
be described as rounded triangular, whereas those of images b
and d in Figure 4 can be described as circular, reflecting a
spherical cap shape. The rounded triangular shape forms slowly

Figure 3. Nucleation and initial motion of Ga droplets formed from
flat-bottom pyramids. SEM images of the pyramid and droplets (a)
just after the primary droplet breaks up and form three secondary
droplets at the corners, (b) after secondary droplets have vacated the
primary pit. (c) Schematic drawing showing the time evolution of Ga
droplet nucleation, from the primary droplet to the release of the
secondary droplets from the primary etch pit. The scale bars in a and b
are 5 μm.

Figure 4. (a−e) Snapshots from the MEM video (see the Supporting Information) showing a Ga droplet making two stick−slip cycles. The droplet
appears as a dark region surrounded by bright caustic features (black arrows in b and c). (f) SEM image of a droplet with faceted trail (lower half
digitally enhanced to hi-light the edges). White dash superimposed on the trail in f is the perimeter of the droplet in a. The scale bars are 2 μm.
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and is the final shape just before the droplet slips. On the
contrary, the circular shape forms quickly and is the starting
shape right after the droplet stops slipping, or starts sticking. At
660 °C, slipping takes a few seconds and sticking takes
approximately 30−40 s. While sticking, the droplet volume
slowly increases and the circular shape is distorted, finally
transformed into a rounded triangle just before slipping. The
perimeter of the rounded triangular droplet, observed in situ by
MEM, in Figure 4a is superimposed onto the running trail of a
different but similar droplet, observed ex situ by SEM, in Figure
4f. The droplet in Figure 4f is more than double the size of
those in Figure 4a, yet the perimeter of the latter matches the
trail of the former almost exactly. The droplet perimeter is
bounded by the slow etching (111) planes. Upon etching and
incorporation of Ga from the liquid/solid (droplet/substrate)
interface, the droplet volume must expand by increasing height
and surface curvature, triggering the droplet to spring back into
the spherical cap shape. The shape of the Ga droplets on the
GaAs (111)A surface thus cycles between circular and
triangular. This is similar to the nonrunning Ga droplets on
GaAs (100) and In droplets on InP (100), which cycle between
circular and rectangular.25,26 After attaining the spherical cap
shape, the droplets always move toward the pristine surface.
The initial force driving the droplets out of the etch pits

simply originate from the force imbalances right after the
droplets transform from a triangular to a circular shape. The
schematic cross-sections in images a and b in Figure 5 show the

interfacial energies at the triphase junction at the advancing
front of a hypothetical droplet just before and after the shape
transformation, respectively. γsl, γsv, and γlv are the solid−liquid,
solid−vapor, and liquid−vapor energies, respectively. As a
result of the shape transformation, the contact angle (relative to
the flat planar front) increases from θ1 to θ2. Though no
quantitative measurements are made, the contact angle change
can be implied from the change of the caustic features:24 the
caustic span, the width confined by the arrows, reduces from
image b to c in Figure 4 as the droplet expands in volume.
Because the droplet is immobile just before the shape
transformation, the horizontal energies must be balanced; i.e.,
γsv = γslcos θ0 + γlvcos θ1. The balance is however disturbed
right after the transformation because θ2 > θ1, resulting in a net
forward force proportional to the energetic difference γlv(cos θ1
− cos θ2). This force is responsible for pushing the droplet up
the etch pit. If the force is sufficiently strong, the whole droplet
will be pushed up and released from the pit, sliding forward and
leaving a smooth trail; otherwise the droplet will cling on to the
triphase junction and immediately begins etching, gaining more
mass and begins the next period of the shape cycle, resulting in
crystallographic steps/boundaries.

In summary, mobile Ga droplets on thermally annealed GaAs
(111)A and (111)B surfaces are reported for the first time. Ga
droplets on GaAs (111)B run in a manner consistent with
surface forces due to chemical gradient similar to those on
GaAs (100). However, Ga droplets on GaAs (111)A run in
specific directions dictated by i) subsurface dislocation network
for sliding droplets or ii) crystallographic etching for sticking
droplets. Droplet shape transformation is found to provide a
sufficient force to release/nudge sticking droplets from thermal
etch pits. These insights may ultimately lead to metallic droplet
motion control via dislocation networks and prepatterned,
etched single-crystal surfaces.
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