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Abstract

Project Code : RSA5880049

Project Title : Heteroepitaxy and dislocations: fundamental studies using self-running
droplets trails

Investigator : Songphol Kanjanachuchai et al., Chulalongkorn University

E-mail Address : songphol.k@chula.ac.th

Project Period : 1 July 2015 — 30 Jun 2018

The project aims to study the interfacial dislocations (formation and characteristics) in
heteroepitaxy when the epilayers are strained, using self-running droplets and trails as a guide to
the history and character of the dislocations. Several key issues regarding the structural evolution
and morphology of micro and nanostructures on various IlI-V semiconductor surfaces are identified
and explained. These include i) the relaxation of ultrathin heteroepitaxial InAs layer on cross-hatch
stress fields, ii) the controlled growth of nanoscale wires and grooves from self-running droplets on
(110)-oriented surface using nanoparticles, and iii) the interaction between interfacial dislocations
and self-running droplets that result in droplets running and turning in cross-hatched pattern basic
to all integrated circuits. These fundamental understandings will add to the development of existing

and novel compound semiconductors prevalent in photonics and optoelectronics industries.

Keywords : Heteroepitaxy, dislocations, droplets, semiconductors
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Heteroepitaxy of semiconductor films on lattice-mismatched substrates often results in
dislocations which are undesirable, particularly when they occur near device active areas.
However, their presence away from active device areas prove to be useful in certain aspects of
fundamental studies. For examples, they are able to influence the formation of complex
ultrathin layers (Appendix 1), the nucleation, guiding, and blocking of self-propelled droplets on
ll-V surfaces during incongruent evaporation (Appendix 3). When nanoparticles are present on
the surface, they accelerate material decomposition and play a sacrificial role in the nucleation
of nanowires and nanogrooves (Appendix 2). Though no functioning devices are demonstrated,
this project reveals many novel nanostructures, morphologies and dynamics which may serve

as a fabrication route toward future self-integrated circuits.
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Ultrathin epitaxial InAs layer relaxation on cross-
hatch stress fields

Win Eiwwongcharoen, Nitas Nakareseisoon, Supachok Thainoi,
Somsak Panyakeow and Songphol Kanjanachuchai*

Thin, highly-strained InAs layers epitaxially grown on GaAs/InGaAs cross-hatch surfaces undergo
postgrowth transformations that yield several morphologies ranging from aligned quantum wires to quan-
tum dots and micron-scale pyramids. The shape varieties result from the multiple pathways created from
the combined/competitive effects of asymmetric adatom diffusions, subsurface stress fields and misfit en-
ergy minimization. These morphologies reveal the multiple outcomes of metastable states between the
two- and the three-dimensional transition that if properly captured and engineered may open up new win-

www.rsc.org/crystengcomm

Introduction

Strain relaxation in epilayers during lattice-mismatched
heteroepitaxy plays a central role in the growth and engineer-
ing of III-V single crystals—an important class of optoelec-
tronic material. III-V nanostructures such as InGaAs quantum
dots (QDs) and quantum wells are almost always embedded
in a wider bandgap material, enabling the fabrication of near-
infrared devices such as lasers and diodes.”* The reliability of
these devices is due largely to the fact that the nanostructures
are capped. Uncapped nanostructures such as surface QDs,
on the other hand, suffer from sudden crystal termination
and the unavoidable presence of dangling bonds which act as
non-radiative recombination centres, making surface QDs
much less optically active than buried QDs.* These crystalline
imperfections need not be detrimental nor prevent applica-
tions, however. Using stacked structures, Liang et al. found
that it is possible for carriers to transfer from buried QDs to
surface QDs, increasing the luminescence efficiency of the lat-
ter.* Ajlani et al. in contrast capped surface QDs with
graphene and evidenced an electron transfer mechanism
from graphene to QDs which similarly increases the optical
efficiency of the latter.> Even water molecules in air can pas-
sivate some of the dangling bonds, allowing uncapped InGaAs
nanostructures to be used as a humidity sensor.® When sur-
face functionalized, InAs QDs can exhibit optical properties
that respond to the biochemical characteristics of the func-
tional groups.”® These examples indicate that surface III-V
nanostructures can sense and detect ions and molecules in a

Semiconductor Device Research Laboratory, Department of Electrical Engineering,
Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand.
E-mail: songphol.k@chula.ac.th; Fax: +66 22186523; Tel: +66 22186524
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dows of opportunities both in devices such as sensors and in fundamental quantum studies.

similar fashion to silicon-based, ion-sensitive field-effect tran-
sistors,” and possibly with greater responsivity and optical
output due to the higher electron mobility and the direct
bandgap nature, respectively. The sensing characteristics of
these surface III-V nanostructures would depend on the struc-
tural parameters that most affect the quantized states of the
confined carriers: size, shape and strain.

The existing literature on surface III-V nanostructures is
dominated by InAs/GaAs QDs—InAs QDs on GaAs (001) sub-
strates—formed via Stranski-Krastanow growth mode when
the two-dimensional (2D) equivalent thickness of the InAs
epilayer ¢ exceeds a critical thickness 6. of approximately 1.7
monolayer (ML). For optical applications, InAs/GaAs QDs are
grown up to € = 1.7-2.5 ML, resulting in InAs QD ensembles
with a typical QD size of 30 nm in diameter and 8 nm in
height.'® If § > 2.5 ML, strain relaxation is incoherent, dislo-
cations emerge, and the QDs would be optically inactive.'* If
0 < 1 ML, no relaxation occurs as the submonolayer can ac-
commodate all the misfit. This leaves the InAs epilayers with
two thickness regions which are optically active and with the
possibilities of morphological control: the thin (0. < 6 < 2.5
ML) and the ultrathin (1 ML < 6 < 6,) regions. While it is
generally accepted that growth in the thin region always re-
sults in QDs, growth in the ultrathin region is much less in-
vestigated and somewhat controversial as it yields several
possible morphologies. Platelets, wires and even QDs">™"°
have been reported—an indication that the ultrathin region
is highly sensitive to growth conditions, making morphologi-
cal control difficult, limiting potential applications that take
advantage of surface-sensitive properties.

Here, we report the first attempt to control the morphol-
ogy of ultrathin InAs layers via strain engineering. Using
InGaAs/GaAs cross-hatch pattern (CHP) templates which

This journal is © The Royal Society of Chemistry 2016
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form as a result of interfacial misfit dislocations, we grow
ultrathin InAs layers on InGaAs/GaAs CHPs, let the 2D epi-
layers relax, and find a multitude of quasi-one- and three-
dimensional morphologies ranging from near-parallel wires
to platelets to pyramids with heights in discrete atomic steps.
The origins of these rich morphologies are explained in
terms of competitive effects between asymmetric adatom dif-
fusions, subsurface stress fields and misfit energy
minimization.

Experimental

Ultrathin InAs films are grown on epi-ready GaAs (001) + 0.5°
substrates by solid-source molecular beam epitaxy (MBE)
with real-time surface monitoring by reflection high-energy
electron diffraction (RHEED). Starting from in situ oxide de-
sorption of the GaAs substrate at 610 °C, the substrate tem-
perature Ty, is reduced to 580 °C for the growth of the 300
nm GaAs planarizing layer. Ty, is then further reduced to
500 °C in order to grow the 25 nm In,,Ga,sAs CHP layer,
followed by the 6 nm GaAs spacer layer, and the ultrathin
InAs layer at 470 °C. The thin GaAs spacer not only serves as
a strain adjusting layer but also prevents In from the CHP to
reach the growing surface. These ensure that the critical
thickness 6. is not affected by the CHP.'® Two sets of samples
are grown. Each set comprises three samples having different
InAs layer thicknesses (6 = 1.4, 1.5, 1.6 ML). The two sets are
grown identically up to the ultrathin InAs layer. After the re-
quired thickness is reached, the samples in one set (referred
to hereafter as set A) are quenched, while those in the other
set (B) are annealed at the same Ty}, of 470 °C for 4 min 30 s
under an As beam equivalent pressure (BEP) of 8 x 10~ torr.
Throughout growth and during postgrowth annealing, the
RHEED pattern is streaky, a characteristic typically taken to
indicate that the three-dimensional (3D) structure, particu-
larly QDs, is absent or negligible, and that the surface is
“flat”. RHEED is thus insensitive to surface changes in the
ultrathin regions investigated here. After cooling to below
100 °C, the sample is removed; its surface is characterized by
tapping-mode atomic force microscopy (AFM) in air using a
probe whose tip radius is smaller than 10 nm. Optical charac-
terization by photoluminescence (PL) is carried out using the
excitation from the 5145 A line of Ar* laser. The optical signal
is dispersed by a grating spectrometer (Horiba iHR320) and
detected using a cooled (77 K) InGaAs photodiode using stan-
dard lock-in detection.

Results and discussion

The relaxation of ultrathin InAs layers is strongly affected by
the underlying CHP layers and the annealing conditions. The
orthogonal dislocations making up the CHPs influence mate-
rial distribution around them while the longer annealing
times allow surface flattening and the formation of quasi-
periodic quantum wires whose periodicity is dictated by the
epilayer thickness. Detailed surface morphologies of sets A

This journal is © The Royal Society of Chemistry 2016
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(quenched) and B (annealed) samples are discussed in se-
quence as follows.

A. Morphologies of quenched, ultrathin InAs layers

Set A samples are quenched the instant the ultrathin InAs
layers reach the desired thicknesses. The morphologies of as-
grown 1.4-, 1.5- and 1.6-ML InAs are shown in the 5 x 5 pm>
AFM images in Fig. 1a-c, respectively, and the 2 x 2 um? im-
ages in Fig. 1d-f, respectively. The morphologies of the three
samples are similar and can be described as elongated, semi-
ordered platelets with sporadic discontinuities along the
[110] and [110] directions. The elongation of all InAs platelets
in the [110] direction is a general result of greater mobility of
III atoms (In) on III-V surfaces grown under V-rich condi-
tions, and thus is a prominent feature of all surface struc-
tures in this work.

A typical platelet is bounded by a 1 ML (a/2, where a =
0.606 nm is the lattice constant of InAs) or a 2 ML step. A
platelet may be free-standing, having distinct boundaries as
exemplified by platelet 7 in Fig. 1a, or it can have fuzzy/wavy
boundaries as exemplified by platelet ii. Cusps can be seen at
the boundaries of many platelets (see Fig. 1d and e). Since
cusps are less energetically favourable than curved terraces
(see Fig. 1f), the existence of cusps is thus an indication of
coalescent events just before or during quenching.

Platelet coalescence predominantly occurs in the [110] and
[110] directions and can be qualitatively explained by the
schematic drawings in Fig. 2 which classify coalescent events
into three types. One, lengthwise coalescence (in the [110] di-
rection) as shown in Fig. 2a leads to elongation and thus a fi-
nal platelet with increased aspect ratio. Examples of platelets
that form as a result of lengthwise coalescence are platelets i
and ii in Fig. 1a, and P1 and P2 in Fig. 1d. Two, widthwise co-
alescence (in the [110] direction) as shown in Fig. 2b leads to
widening and thus a final platelet with reduced aspect ratio.
An example of widthwise coalescence is platelet iii in Fig. 1a;
its width is approximately twice those of platelets ¢ and ii.
Three, oblique coalescence as shown in Fig. 2¢ leads to cusps
or, given sufficient time and energy, curved edges. Curved
ML steps are prevalent in samples which have been subject
to long annealing times."” Some of the cusps and curved
edges are pointed out in Fig. 1d-f. The three types of coales-
cence can describe the morphologies of all platelets, though
those that reside in the vicinity of dislocation lines will inevi-
tably be modified by dislocation-related stress fields to be de-
scribed later.

The average platelet size increases as the epilayer thick-
ness 0 increases from 1.4 ML in Fig. 1a and d to 1.5 ML in
Fig. 1b and e but decreases slightly as 6 reaches 1.6 ML in
Fig. 1c and f. The platelets in Fig. 1a and d are elongated: the
size in the [110] direction is ~0.5-1 um but in the [110] direc-
tion is much smaller at ~0.1-0.2 pm, giving platelets an as-
pect ratio of 3-10. The average platelet width when 6 = 1.4
ML is ~150 nm (see the marker in Fig. 1d), indicating that
the platelets grow in the step flow mode as the average

CrystEngComm, 2016, 18, 5852-5859 | 5853
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Fig. 1 AFM images of quenched, ultrathin InAs layers on cross-hatch pattern templates as InAs thickness increases from (a, d) 1.4 ML to (b, €) 1.5
ML and (c, f) 1.6 ML. The white arrows, unless otherwise stated, point in the [110] direction. The surface is populated by platelets that accumulate
(denoted +) on one side and deplete (-) from the other side of [110] dislocation lines Ln and [110] dislocation lines Mn where n is 1 in (a) or 2 in (b).
The inset in (a) plots a typical surface stress profile due to a buried dislocation.

platelet width is close to pre-existing surface steps which for
a substrate miscut of 0.1° are spaced approximately 150 nm
apart. As ¢ increases from 1.4 to 1.5 ML, the average platelet
widens to ~260 nm (see the marker in Fig. 1e). Platelets tend
to expand in plane instead of out of plane which would in-
crease the heights. In-plane expansion mostly occurs
widthwise, ie. in the [110] direction as schematized in
Fig. 2b. As 6 further increases to 1.6 ML, however, the average
platelet slightly shrinks as seen in Fig. 1c and f. This is a di-
rect result of material redistribution at the onset of QD nucle-
ation. (Had the In shutter been kept open for 10 s longer—an
additional time to reach 6. ~1.7 ML for an InAs growth rate
of 0.01 ML s'—QDs would fully develop.) At the onset, ener-
getic adatoms, particularly those along the edges/kinks, coa-
lesce to form small islands, eroding boundaries and shrink-
ing platelets. As adatoms redistribute, small quasi-3D islands
~1 nm high (see, for example, v in Fig. 1f) begin to flourish

time
'

(a)

=

coalesced platelets

ae W&
Initial platelets :

(b)

— [110] space
Fig. 2 Space-time map describing morphological evolution as

platelets coalesce (a) lengthwise, (b) widthwise and (c) obliquely. The
bottom (top) row shows the initial (final) morphology.
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across the surface while ~5 nm high QDs (v in Fig. 1f)
emerge from some cross-hatch intersections—the most pre-
ferred QD nucleation sites on CHPs.'®

Platelets on the cross hatches, unlike those between the
hatches, are not randomly distributed, but are guided in the
orthogonal [110] and [110] directions by the underlying misfit
dislocations. They are also affected by preferential adatom
diffusions in the [110] direction. These crystallographic ef-
fects combine to yield platelets with different characteristics
along the two dislocation directions.

The [110] dislocation lines such as L1 in Fig. 1la and
L2 in Fig. 1b (leftward slant) cause platelets to accumulate
(labelled +) on one side and to deplete (-) on the other
side of the dislocation lines. Asymmetric material deposi-
tion around a dislocation results from the fact that atoms
on one side of the dislocation are under compression,
and on the other side tension. The asymmetric strain
originates from the dislocation network at the InGaAs/
GaAs interface, ~30 nm from the surface. The dislocation
network comprises misfit dislocations along the orthogo-
nal [110] and [110] directions, and threading dislocations
which glide on the a/2<110>{111} slip system.'® Surface
stress above a dislocation in III-V heteroepitaxy is well un-
derstood,"®"? and a typical stress profile in the [110] and
[110] directions is schematically shown in the inset in
Fig. 1a. The sign of the stress profile reverses at the dislo-
cation-surface intersection; it is this stress reversal that
results in adatoms being drawn to one side but rejected
from the opposite side of dislocations—the physical ori-
gins of platelet accumulation and depletion, respectively.

The [110] dislocation lines such as M1 in Fig. 1a and M2
in Fig. 1b (rightward slant) cause platelet accumulation/
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depletion similar to the [110] dislocation lines as explained
above. But platelets on the [110] dislocation lines have a
greater tendency to merge as the sharp ends of their bound-
aries touch, resulting in the formation of wire-like platelets.
With greater deposition thickness, the wire-like structures
such as those pointed out in Fig. 1c emerge. Such surface
structure can perhaps be described as planar quantum wires,
a kind of nanowire whose height is only a few atomic steps.
This is possibly the precursor to the nanowire on dislocation
which was predicted®® but never observed in the InAs/GaAs
system.

The influence of buried dislocations over the relaxation of
the ultrathin InAs layers above is not unique. Dislocations
have been known to affect surface mass transport in various
ways and at various scales: from guiding the running direc-
tion of um-scale, self-propelled liquid droplets®' to serving as
preferential nucleation sites of nanoscale QDs.**> The results
above further demonstrate that the effects of dislocations are
felt right down to atomically thin layers. Next, the effects will
be shown to be persistent. Unless frozen in time, the mor-
phologies above would further evolve.

B. Morphologies of annealed, ultrathin InAs layers

Set B samples are annealed for 4 min 30 s at T, of 470 °C, a
condition which provides sufficient energy and time for the
ultrathin platelets described above to further relax prior to
quenching. During postgrowth annealing, the surface is un-
der an As-rich condition as the In shutter is closed while the
As shutter remains open. Despite continuous bombardment
of As,, surface adatoms are mobile under several driving
forces. The resulting morphologies of the post-annealed 1.4-,

Paper

1.5- and 1.6-ML InAs are shown in the 5 x 5 um> AFM images
in Fig. 3a-c, respectively, and the 2 x 2 um?® images in
Fig. 3d-f, respectively. The morphologies of all samples are
similar. There are almost no distinct platelets as they have
mostly coalesced with their neighbours to form wavy wires in
the 1.4- and 1.5-ML samples, or near-straight wires in the 1.6-
ML sample. As ¢ increases, the wires are increasingly parallel
and periodic. Three key changes thus occur as a result of
annealing.

Firstly, the platelets transform into wires in the [110] di-
rection and are spaced quite regularly in the [110] direction.
Fig. 4a compares the line profiles 1-1', 2-2' and 3-3' of the
three samples around the areas not directly on the cross
hatches as correspondingly labelled in Fig. 3a-c, respectively.
The profiles in Fig. 4a show that the wires have triangular
cross sections and the mean spacing between adjacent wires
(x) decreases from 180 to 150 and 120 nm as 6 increases from
1.4 to 1.5 and 1.6 ML, respectively. The mechanisms respon-
sible for the transformation are the coalescence in Fig. 2 as
explained earlier. The 4 min 30 s annealing merely allows the
platelets to further elongate in the [110] direction, and thus
to merge and interconnect. Once merged, the cusps and
curved edges just formed would be, following the terrace-
ledge-kink model's minimum energy consideration,*
smoothened and ultimately straightened. The wires only
slowly merge in the [110] direction as a result of repulsive
step-step interaction.>* This keeps the wires on the flat areas
well separated (at least for 4 min 30 s), with spacing inversely
proportional to the availability of surface adatoms, in good
agreement with the observed trend.

Secondly, the small and large dots present in the
quenched 1.6-ML sample (Fig. 1c and f) disappear upon

Fig. 3 AFM images of annealed, ultrathin InAs layers on cross-hatch pattern templates as InAs thickness increases from (a, d) 1.4 ML to (b, e) 1.5
ML and (c, f) 1.6 ML. Height profiles along the lines 1-1' to 8-8’ are shown in Fig. 4 and discussed in the main text. The white arrows point in the

[110] direction.
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Fig. 4 Height profiles along the lines 1-1' to 8-8 in Fig. 3
corresponding to regions (a) between cross hatches, (b) on cross
hatches and (c) between adjacent dislocation lines. (a) Shows average
wire spacing (x) decreases as 6 increases. (b) Shows step height (y)
across dislocation lines decreases as 6 increases. (c) Shows raised
(lowered) steps between dislocations L4 and L5 (L6 and L7). Profiles
are offset for clarity.

annealing (Fig. 3c and f). There are two possible explana-
tions. The In adatoms could desorb from the surface during
annealing. Heyn et al. showed that QDs can be dissolved if
the temperature rises above 460 °C when the As beam is
interrupted.”® But we found that under an As, BEP of 8 x
107° torr and a typical growth temperature of 470 °C In de-
sorption can be significantly reduced. It is highly probable
that In desorption is negligible; otherwise, the overall thick-
ness of the epilayer would decrease with a concomitant in-
crease in the spacing—contrary to our observation. A more
possible explanation is morphological instability which mani-
fests itself in the form of In agglomeration and redistribu-
tion, giving rise to a metastable surface that exhibits a re-
entrant behaviour where small quasi-QDs appear and disap-
pear as 6 approaches 6..”°

Thirdly, the platelets spill over and thus planarize the
cross hatches. The platelets may be bounded by the disloca-
tions in the early stages of formation but during annealing
can diffuse and coalesce with those on the opposite side of
the dislocation line, flattening and obscuring the cross
hatches. The greater the deposited material, the more flat-
tened the CHPs. This is illustrated by the line profiles 4-4',
5-5" and 6-6' in Fig. 4b taken across representative [110] dis-
location lines of the three annealed samples shown in
Fig. 3a-c, respectively. As 6 increases, the platelet height (y)
decreases—challenging conventional expectation (thicker ma-
terials yield taller structures). This somewhat peculiar trend
is a result of competition between the misfit strain in the epi-
layer and the stress fields originating from underneath. At
the low end of ¢ (1.4 ML), the misfit energy is small. The
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adatoms are thus bounded by the stress fields, resulting in
tall platelets. At the high end of § (1.6 ML), the misfit energy
is high. The adatoms are more energetic and can cross the
stress fields, spilling over the compression-tension reversal
line, joining up nearby platelets. Material spilling has an av-
eraging effect, enabling the formation of longer and more
uniform wires—albeit with a reduced average height.

While the main morphologies of the samples are satisfac-
torily explained by the three key changes described above,
there are several areas that deserve greater scrutiny as they
further illustrate the nature of the underlying CHP and pro-
vide additional insights into the combined effects of disloca-
tion interaction and strain relaxation.

First, the areas between the [110] dislocations L4 and L5
in Fig. 3a are taller, or have more materials, than the vicinity
as seen in the upper line profile (7-7") in Fig. 4c. Material ac-
cumulation between two parallel dislocations indicate that
the stress fields of the dislocations L4 and L5 interfere con-
structively (material accumulation sides overlap). Second, the
areas between the [110] dislocations L6 and L7 in Fig. 3¢ are
shallower, or have less materials, than the vicinity as seen in
the lower line profile (8-8') in Fig. 4c. Material depletion be-
tween two parallel dislocations indicate that the stress fields
of the dislocations L6 and L7 interfere destructively (material
depletion sides overlap). Third, the [110] dislocations M3 and
M4 in Fig. 3a are separated by ~2 pm. They may thus be
interpreted as two unrelated dislocations. But M3 and M4
look suspiciously collinear; for two unrelated dislocation
lines to exist on the same atomic plane is statistically im-
probable. They are more likely two halves of the same half-
loop dislocation which, judging from the ~2 um gap, most
likely originated from the substrate. Fourth, the dislocation
L4 in Fig. 3a can no longer accumulate material towards the
bottom end of the figure. This and the fact that L4 intersects
the orthogonal dislocation M4 strongly indicate dislocation
blocking.

These observations attempt to explain the nature and be-
haviour of buried dislocations from the surface morphology
of ultrathin epilayers. But without same-area corroboration
with other techniques such as transmission electron micros-
copy (TEM), the explanations remain speculative. Obtaining
correlation with TEM would however be impractical as TEM
has limited fields of view and its destructive nature means
that same-area plan-view and cross-sectional micrographs are
not possible. Despite the speculative nature, the potential ap-
plications of such simple means to studying dislocation dy-
namics non-destructively must not be overlooked as such
fundamental information is key to many facets of crystal
engineering.

The stark differences between the morphologies of sets A
and B samples clearly indicate that annealing affects the final
morphology by providing more time for adatoms to move.
However, it is not clear whether the parallel steps observed
as a result of 4 min 30 s annealing are the final, stable shape,
or whether the steps are metastable and will evolve into yet
another shape given even longer annealing time.

This journal is © The Royal Society of Chemistry 2016
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C. Extended annealing of ultrathin InAs layers

Additional 1.6-ML InAs samples are grown identically to
those in sets A and B and annealed at the same Ty, of 470
°C but with much longer annealing times of 1 or 2 hours. It
was found that the surfaces of all samples subjected to the
prolonged annealing are almost completely planarized: no
wires and almost no steps are observed in the areas between
the cross hatches while the cross hatches appear as ~1 nm
steps. This level of flatness is the same as that of as-grown
InGaAs CHP on GaAs before the growth of InAs layer.>” This
means that at Ty, of 470 °C the platelets/wires continue to
coalesce lengthwise and widthwise, resulting in a planarized
surface within the first hour.

Unexpectedly, towards the end of a 2 hour annealing of
one of the 1.6-ML samples, the As, partial pressure fluctuates
a short while before stabilising. Such a fluctuation in our sys-
tem is at times caused by temporary disruption in the liquid
nitrogen supplies cooling the cryoshroud and at other times
by As ingot displacement in the crucible which for solid-
source MBE rarely but does occur. The accidental pressure
disruption results in a drastic change in morphology. Re-
peated experiments were carried out to confirm that the fol-
lowing morphology is caused by the reduction of As, BEP.
Platelets now return, but not as the familiar hemi ellipsoids
in Fig. 1 nor triangular wires in Fig. 3. Instead, the platelets
are stacked in the growth direction which make them look
like a pyramid having a rhombus base with micron-scale
sides and nanoscale heights. Fig. 5a shows the AFM image of
a typical area, depicting stacked platelets not directly on
(lower half of the figure) and directly on (upper half) a dislo-
cation (white dashed line). The stacked platelets on the dislo-
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cation have crisp, straight edges. Geometry indicates that the
platelets are bounded by planes in the {611} family which
when projected onto the (001) surface make an angle of o =
35° with the [110] direction as shown in Fig. 5b. The angles
at the base of the rhombus are thus 2« and 180° - 2« as
shown in the schematic drawing in Fig. 5a. When viewed
using white-light interferometry, the platelets are seen to con-
centrate along the [110] dislocation lines. Fig. 5¢ shows the
AFM image of one of the tallest structures on a dislocation
line. Line profiles across the stacked platelets p—p’ in Fig. 5a
and q-q' in Fig. 5b are shown in Fig. 5d. The discontinuities
in the line profiles indicate that the rhombus platelets are
mono-atomic (step height a) or bi-atomic (2a) steps. This
morphology is unexpected and the ~6 nm height is
surprising.

The expected morphology when group V partial pressure
drops during III-V epitaxy is the formation of group III liquid
droplets. During annealing, a drop in V partial pressure at a
high Ty, usually causes the surface to lose group V atoms
significantly if Ty, exceeds the congruent temperature T,
resulting in the formation of III droplets.>® For bulk InAs
(001), the literature value of T, is 440 °C.>’ Thus, it is
expected that at Ty, of 470 °C, the surface should be popu-
lated by In droplets or—if the In droplets are re-crystallized
when the As, BEP recovers—by InAs QDs. The AFM images in
Fig. 5 show that neither of these scenarios occurred. This is
most likely because the background As, pressure prevents
the InAs surface from sublimation. Zhou et al. reported a sys-
tematic study of GaAs sublimation as a function of As flux F
and concluded that T, increases linearly with F.>* Though no
equivalent information for InAs exists in the literature, the re-
lationship should be applicable to other III-V arsenides.

Height (nm)
e e = I |

2

04 06 08 1.0 1
Distance (um)

L=

Fig. 5 (a, c) AFM images of stacked platelets on dislocation lines (white dashed lines). (b) A crystal model showing that the lines created by the
intersections of the (161) and (611) planes with the (001) surface make *35°¢ angles with the [110] direction. (d) Height profiles along the lines p-p’

and g-q' in (a) and (c), respectively.
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Removal of the InAs layer under As, partial pressure should
thus occur well above the literature value of T. (440 °C)
obtained under ultra-high vacuum (UHV) evaporation. In
fact, a standard practice for growth rate calibrations of InAs
on GaAs substrates is to form sacrificial InAs QDs which are
later re-evaporated at 520 °C or higher. The absence of In
droplets and InAs QDs is thus due to the background As,
pressure (F) being so high that Tg,, < T.(F).

The observed pyramidal morphology is surprisingly tall.
The line profiles in Fig. 5d show that the apex of a pyramid
can reach up to 6 nm above the base—far thicker than the
deposited thickness of 0.48 nm (2D equivalent thickness of
1.6-ML InAs), raising questions regarding the source of mate-
rials and the responsible mechanisms.

The materials arise (literally) from the epilayer immediately
below InAs: the 6 nm GaAs spacer. Despite the low probability
of InAs re-evaporation at the conditions used, the temporary
dip in As, pressure does give surface III atoms added mobility
—both in the growth plane and normal to it. The As-deficit
surface allows In atoms to move further or to be dislodged
more often before being re-incorporated into the lattice,
resulting in increased in-plane diffusion. The out-of-plane mo-
tion of atoms results from Ga trying to climb the steps as
shown in the schematic drawing in Fig. 6. Ga climbing results
in removal of Ga atoms from the base and removal of In
atoms from the top of the pyramid. The latter is equivalent to
etching. It is widely reported that under IIl-rich surface condi-
tions, III droplets form and etch the underlying surface®' and
under UHV conditions the droplets are so free that they etch
and run.*"** The preference of Ga atoms to reach the apex
and for In atoms to move in the opposite direction has been
explained in the case of GaAs-capped InAs QDs due to chemi-
cal potential.>* As the 6 nm GaAs spacer is depleted and the
InGaAs pyramid is formed, the chemical potential between the

top view

= lime

M3 A |BUOIOSS-55040

Fig. 6 Schematic diagram describing how stacked platelets (top view
and top panel of the cross-sectional view) are formed as a result of
out-of-plane In and Ga atoms motion around the initial InAs mono-
atomic step (bottom panel). Arsenic atoms are not shown for clarity.
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Fig. 7 Photoluminescence spectra of the annealed, 1.5-ML InAs
sample whose morphology appeared earlier in Fig. 3b and e.
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pyramid and the layer beneath (InGaAs CHP) decreases and
no further In-Ga exchange takes place. The height of the pyra-
mid is thus limited to the spacer thickness.

These ultrathin InAs structures are optically active even
though they are uncapped. As an example, PL spectra of the
annealed 1.5-ML sample whose morphologies appeared ear-
lier in Fig. 3b and e are shown in Fig. 7. The PL signals
shown are measured at 20 K with 120 and 250 mW laser
power. Both signals are noisy and weak—up to two orders of
magnitude weaker than those obtained from capped InAs
QDs using the same setup.®® The signals contain three dis-
tinct peaks: 1, the 1.49 eV peak due to the GaAs substrate; 2,
the 1.30 eV peak due to the underlying CHP (InGaAs) layer**
and 3, the 1.45 eV peak due to the ultrathin InAs layer. The
ultrathin layer is nominally InAs. Its actual chemical makeup
may be more accurately described as InGaAs since In atoms
in the ultrathin layer can exchange positions with Ga atoms
in the substrate. The CHP peak indicates that the presence of
the underlying dislocations does not severely impact the opti-
cal quality of the overlying layers, in good agreement with
previous studies.>>*® In addition, though the surface layer is
not optimized in terms of luminescence efficiency, it is evi-
dent from the spectra that the ultrathin InAs layer is the
most optically efficient. Its peak position at 1.45 eV agrees
well with that of a previous report.® PL measurements are
taken down to 0.8 eV in order to show the absence of
emission between 0.8 and 1.2 eV, a typical emission range
of buried and surface QDs. The strong and single emis-
sion band is useful as optical feedback in sensor
applications.

Conclusions

The relaxation of ultrathin InAs layers on InGaAs cross-hatch
patterns results in many morphologies that depend princi-
pally on misfit (InAs thickness) and annealing conditions
(temperature, time, As, pressure). Understanding the

This journal is © The Royal Society of Chemistry 2016
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pathways of these strain-modulated, ultrathin layers is of fun-
damental and technological importance as the layers can
serve as a material platform for quantum interaction studies
and for applications that take advantage of their surface sen-
sitivity and shape asymmetry. In electronics, the critical di-
mension of transistors shrink from the pum scale in the 1950s
to nanoscale starting in 1999, driving current research on
low-dimensional materials such as QDs, nanowires and
graphenes.®” It is thus not unreasonable to project that plate-
lets and wires with heights measured in atomic steps de-
scribed here would be of interest, or even inevitable, in future
generations of electronic devices. In the near term, the ap-
proaches taken to interpret the morphology of ultrathin layers
around dislocations may aid studies in heterogeneous deposi-
tion on chemically stripe-patterned substrates*® and may have a
wide applicability in heteroepitaxy. Dislocation decoration, for
example, by nanoparticles generally yields just the location in-
formation.>® Decoration by ultrathin layers, in contrast, results
in platelet morphology that not only points to where the dislo-
cations are but also hints at their nature and dynamics.
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ABSTRACT: Metallic Ga and In submicron and nanowires (NWs)
tens of microns long naturally form via a self-propelled mechanism
on the (110) surfaces of GaAs and InAs, respectively, during
noncongruent sublimation in ultrahigh vacuum. Under stringent
conditions, low-energy electron microscopy uncovers GaAs and
InAs(110) surfaces on the brink of decomposition rapidly assemble
planar wires of their cations in the (110) direction. For InP(110),
wire formation is unfavorable due to a smooth decomposing front
but can be assisted by Au nanoparticles (NPs), which sacrifice
themselves to form rough pits via solid—liquid—vapor etching. The
resulting self-assembled and AuNP-assisted NWs grow crystallo-
graphically in a self-sustainable manner, unless they are obstructed

and consumed by stationary microdroplets, leaving emptied grooves. The findings reveal a hitherto hidden natural process on the
surfaces of binary crystals capable of producing elementary submicron and nanoscale wires without extrinsic materials, paving the
way for the controlled fabrication of planar NWs, grooves, and NW/groove arrays with lengths approaching circuits or even chips
scale and with potential applications in self-integrated circuits, plasmonics, and fluidics.

B INTRODUCTION

When single crystals of III—-V semiconductors such as GaAs
and InP are sublimated in vacuum the greater loss of group-V
atoms often results in the agglomeration of the low meltin:
point group-III atoms on the surface in the form of droplets,
which recently gained considerable attention as metallic
droplets on their own serve useful optical functions in
plasmonics and photovoltaics™ and, when used as templates
for growth, serve to nucleate many important optoelectronic
devices, particularly quantum dots (QDs) and nanoholes
through droplet epitaxy (DE)*~’ and nanowires (NWs)
through vapor—liquid—solid (VLS)-based growth.””'" When
a droplet serves to catalyze crystal growth, changes of process
parameters that affect the droplet will directly impact the final
morphologies and hence the properties of the ensuing devices.
In the case of VLS-based growth of vertical NWs, for example,
changes in droplet statics during growth affect the wall profile
or the tapering characteristics, while kinetics and thermody-
namic changes affect crystallization process, which may alter
droplet direction and thus the branching and kinking
geometries.”' "’ In the case of VLS-based growth of planar
NWs, it is implicit that droplets change their positions by
crawling on,"”™'7 or even reacting with,'®'? the surface to
enable growth. Understanding the varieties of shapes and
movements of catalytic liquids on semiconductor surfaces is
thus a matter of great technological importance. Low melting
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point group-III liquids, in particular, play a central role in the
DE-based growth of QDs and molecules”® and in the VLS-
based growth of self-assisted or self-catalyzed 11—V NWs.*
The formation of group-III liquids on III-V surfaces can be
accomplished using an external (for example, by dissociating
metal organic precursors) or an internal source (by non-
congruent sublimation). Regardless of the sources, the resulting
group-1II liquids are essentially hemispherical and dispersed
randomly, limiting the templated self-assembled structures to
mostly isolated QDs and NWs, placing practical limits to
functioning circuits.

In this work, several unprecedented group-III liquid and void
morphologies in the submicron and nanoscale are reported.
Using in situ microscopy, we reveal a planar self-assembly
mechanism capable of producing droplet chains and extremely
long metallic wires and grooves on III—V(110) surfaces without
external material source or lithography. The mechanism
manifests itself in a narrow temperature window during
sublimation, is spontaneous, and results from competition
among the various interfacial energies, the liquid surface energy,
and crystallographic etching. When Au nanoparticles (NPs) are
employed, accelerated decomposition at the NP sites results in
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planar nanowires and grooves with widths dictated by the NP
diameter. The resulting micro- and nanostructures provide a
useful morphology that could be adopted or optimized for
various functions such as transport channels in micro/
nanofluidics,”’ high-density interconnection in microelec-
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tronics,” semiconducting NW arrays in optoelectronics,
and metallic/hole arrays in plasmonics.

B EXPERIMENTAL SECTION

The experiments involve heating GaAs, InAs, and InP(110) epi-ready
substrates above their congruent temperatures (T) under ultrahigh
vacuum (UHV) in Elmitec’s spectroscopic photoemission and low-
energy electron microscope (SPELEEM) following our previous
procedure.”* Each as-received substrate is scribed to shape, mounted
on a Mo holder, loaded into the system, outgassed overnight, and
annealed at increasing temperatures until the surface undergoes
significant morphological transformation as a result of noncongruent
sublimation. The Mo holder has at its backside a W filament for
radiative heating, and at its front side a thermocouple welded to the
sample base plate, which measures the sample temperature with +20
°C uncertainty after calibration. The sample is outgassed and
sublimated under UHV by controlling the W filament current Ip.
During sublimation, the pressure is maintained in the 1—5 X 10~ Torr
range and never exceeds 107 Torr. After oxide desorption, I is
stepped such that the temperature increases by ~2—S5 °C every ~5—10
min. While ramping up the temperature, the surface is imaged in real
time via LEEM using low electron energy E typically lower than S eV.
The presence of surface metals can be confirmed in situ using
photoemission electron microscopy (PEEM) by shining 4.88 eV
ultraviolet (UV) photons from a Hg arc lamp and forming the image
using photoelectrons.

Ex situ morphology is studied using field-emission scanning electron
microscopy (SEM, JEOL 7610F), differential interference contrast
(DIC) optical microscopy (Nikon MEG600P), and white-light
interferometry (WLI, Polytec’s MSA-400).

To study the catalytic effects of NPs on sublimation, solution
containing AuNPs (mean diameter 20 nm, Prime Nanotechnology
Co.) is sprayed onto the surface of interest at room temperature. The
sample is then oven-dried at a maximum temperature of 150 °C for 2 h
to remove the solvent. The diameter of the spray nozzle is 3 mm.
Dried atomized droplets vary in diameter from a few 10s to a few 100s
of micrometers. The spraying action is manual; no attempts are made
to control the droplet size.

B RESULTS AND DISCUSSION

The (110) surfaces of GaAs, InAs, and InP subject to Langmuir
evaporation undergo complex morphological evolution. Be-
tween the early stages of noncongruent sublimation where
small group-III droplets nucleate and the late stages where large
droplets form by coalescence, there exists an intermediate stage
where planar, submicron and nanoscale wires and grooves form
by self-assembly, and reported here for the first time. The
difficulties in observing these transitional structures lie in the
stringent temperature, imaging, and timing conditions required,
which explain why they have evaded detection despite decades
of sublimation experiments involving III—V compounds."**~*’
Using LEEM, a highly surface sensitive in situ electron
microscopy, we reveal the existence of these technologically
important structures, explain how they evolve, and demonstrate
how their sizes can be partly controlled using NPs. The results
are divided into three parts. First, the evolution of sublimating
GaAs(110) surface and the rich morphologies will be
independently described. These will then be compared with
other III-V(110) surfaces in the second part. One of the key
findings is the presence of nanowires and grooves with densities
proportional to the roughness of the decomposing front. With
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this insight, the third part proceeds to demonstrate how NPs
can be used to locally increase the surface roughness, thus
enticing nanowires and grooves to form at or close to the
intended positions.

1. GaAs(110). The morphological evolution of sublimating
GaAs(110) surface to be described in this section occurs at a
substrate temperature Tg around 680 °C, higher than the
congruent temperature T of ~625 °C for GaAs(001)*’ and
~655 °C for GaAs(111)A.*® As the temperature approaches
680 °C, the in situ mass spectrometer registers an appreciable
signal for As (75 amu), and the GaAs(110) surface starts to
roughen. Before describing the results for GaAs(110), it is best
to summarize how other orientations of GaAs roughen as they
are sublimated.

Thermal roughening of GaAs surfaces is generally crystallo-
graphic, with etch pits bounded by the slow-etching {111}
planes. The etch pits on GaAs(001) and (111)A thus take the
square and triangular shapes, respectively.”””® The pits are
continually filled with Ga as they act as sinks for surface Ga
atoms, forming liquid Ga droplets. As sublimation continues,
the Ga droplets etch deeper into the substrate, grow, and
propel themselves from the pits once they reach a critical
diameter of 1.9 um.”” These mobile Ga droplets have been
observed on sublimating GaAs(001), (111)A, and (111)B and
are typically referred to as self-running or self-propelled
droplets.”” ™" It is thus reasonable to expect that the
sublimation of GaAs(110) results in crystallographic pits
followed by self-propelled, micron scale droplets.

The sublimation of GaAs(110) indeed results in crystallo-
graphic pits. However, the etch pits are somewhat asymmetric,
becoming more evident as large pits grow at the expense of
small pits. This is illustrated in the in situ LEEM images in
Figure la—c (see also Supporting Video V1). The contrast in
the images reflects the topography of thermal etch pits. At the
center of each pit lies a V-shaped dimple a few to a few tens of
nanometers deep, depending on the sublimation time. The V
shape indicates symmetric etching along the equivalent [110]
and [110] directions (hereafter referred to as the (110)
direction®®), and asymmetric etching in the orthogonal
direction due to the different etch rates between the (111)A-
and (111)B-type facets bounding the V-shaped pits in the
[001] and [001] directions, respectively. This asymmetry is due
to the greater chemical activity of the high valence, As face with
respect to the low valence, Ga face,’’ which results in
GaAs(111)B having a lower T¢ and thus a greater etch rate
than GaAs(111)A at the same Ts.”® The perimeters of the pits
are poorly defined as the pits randomly merge and surface Ga
atoms redistribute. The pits deepen with time. Past experi-
ments”***** on many of the (001) and (111) surfaces of GaAs,
InP, InAs, and InSb indicate that, with prolonged sublimation,
individual etch pits and the group-III liquid accumulated inside
the pits would expand; droplets of Ga or In would then form
and move away from the nucleating pits. What we observed is
different, even surprising as the group-III liquid forms not only
droplets but also thin filaments that run.

During the relatively slow pits expansion, a fast-running
filamentary structure appears, seemingly out of nowhere. This is
seen as the out-of-focus trail in Figure lc (dashed arrow). The
trail was almost unnoticed because the running front was small,
emerged unexpected, zipped across the entire field of view, and
appeared at a different focus from the pits in the background.
Realizing an unusual dynamic unfolding, we quickly follow the
trail and readjust the sample manipulator in order to image
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Figure 1. Thermal etch pits and self-assembled wires and grooves on
GaAs(110) surface. (a—c) LEEM images (E = 0.3 V) showing the V-
shaped etch pits expanding and coalescing during the S min 42 s
Langmuir evaporation at 680 °C. In (c), an out-of-focus feature
running across the surface (dotted arrow) can barely be seen. (d—f)
LEEM images (E = 0 eV) capturing the motion of a liquefying front
(arrows) flowing across the surface at a speed of 1 ym/s. The times in
(a—f) are relative to (a). (g) DIC image of a lightly sublimated area
showing a few large pits from which narrow wires and grooves emerge.
(h) WLI image (phase mode) showing the depth profile of a well
isolated etch pit. (i) SEM image (tilted ~20° off normal) of an etch pit
showing the almost depleted core region and the immediate vicinity.
Double-headed arrows point in the (110) direction.®® Scale bars: 5

pm.

other areas. A typical observable event starts off with a
liquefying front coming into view, continuing on a straight path,
and going out of view as shown in another image series in
Figures 1d—f. The liquefying front (arrows) runs across the
surface at an approximate speed of 1 ym/s (see also Supporting
Video V2), much faster than the expansion rate of the
background etch pits. Two questions immediately arise: How is
the liquefying front formed, and what is the nature of this
running structure?

The first question aims at identifying the origin of liquefying
fronts. Despite many repeated experiments the nucleation of
liquefying fronts could not be observed in situ by LEEM due to
limited field of view, shallow depth of focus, and narrow time
window. The latter is due to the fact that prolonged imaging
while sublimating risks sample damage because As, and/or As,
leave the surface in drove, pushing the system’s pressure up to
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the practical limit of about 107 Torr where arcing due to high
voltage (20 kV electron optics) could occur at any moment of
slightest system’s instability. Indeed, many samples were
damaged by arcing. Only when a sample is minimally
sublimated (I; set to zero when the etch pits seem large,
even before the appearance of any liquefying front in LEEM)
and only after taking the sample out and viewing the surface ex
situ could the nucleation sites of these running fronts be
identified as the peripheries of the thermal etch pits whose
diameters have expanded beyond approximately 40 ym. Figure
1g shows a DIC image of an area with two of such pits. P1, the
more prominent pit, is partly filled with Ga, which converges in
the center in a V shape, reflecting the LEEM morphology. P1
has straight trails jutting out on both sides in the (110)
direction. The trails comprise dark (empty groove) and bright,
shiny (Ga-filled) segments in roughly equal proportion. Pit P2
is qualitatively similar to but slightly smaller than P1, indicating
that both pits evolve in the same manner, but P2 is at a less
mature stage than P1. To the right of P1 is P3, which is similar
in size but is devoid of Ga, possibly because it competes for Ga
with P1, but lost. For a pit to be able to accumulate sufficient
liquid Ga for the latter to reach a critical escape size, its depth
must be at least 40—50 nm. Figure 1h shows the depth profile
(taken using WLI) of a well isolated and well sublimated pit
where Ga atoms have vacated the pit. The trough of the pit has
a V-shaped profile, consistent with the DIC and LEEM images
above. This particular pit is ~120 nm deep, and the trails that
jut out horizontally emerged at a depth of ~40 nm. These ex
situ analyses lead to the conclusion that the liquefying fronts
observed in situ (Figures 1c—f) originated from large thermal
etch pits whose troughs are located below the surface at a
certain critical depth estimated at 40—50 nm.

The large V-shaped pits act as liquid Ga reservoirs, and like
all reservoirs, their capacities are limited. When overfilled, the
liquid inside the pits become unstable and reduce its energy
and volume by forming liquefying fronts. This at first seems
counterintuitive as one normally expects liquids to ball up,
taking a hemispherical shape as observed on GaAs(001),
(111)A, and (111)B.”® This is not the case on GaAs(110). The
main reason lies in the pit’s profile. Flat-bottomed pits on
GaAs(001) and (111) make it energetically favorable for the
liquid inside to ball up, forming hemispherical droplets.
Pointed-bottomed pits on GaAs(110) in contrast have multiple
inclined facets that help stabilize the liquid because the liquid—
substrate contact area is greater than the liquid—vapor area
(free surface). With increased Ga incorporation from the
surrounding and the slow etch rate, balling up is inevitable, but
it occurs first around the outer reaches of the V-shaped centers
as seen in Figure lg. As these peripheral droplets (high surface
energy y) grow and touch the core liquid volume (low y), the
latter is momentarily destabilized, and because it is brimming, it
quickly transfers some liquid to the former, initiating rapid
etching in one of the (110) directions. The core liquid volume
thus decreases, and while it is not yet empty, the same process
can occur at other peripheral sites if more droplets touch the
core volume. A single pit thus yields several liquefying fronts.
Figure 1i shows the SEM image of a near emptied pit, with
some Ga globules remaining in the center and small fractions
clinging near the perimeter of the pit, just escaped or about to
escape.

The mechanisms affecting the liquid dynamics are various
and complex, as are all reactive wetting systems.”” The driving
force acting on the droplets has been explained in terms of
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chemical potential gradient, atomic steps elimination,***

and surface reconstruction. It is likely that all these
mechanisms, in combination or competition with recrystalliza-
tion, crystallographic etching,””***’ wetting, and dewetting
dominate different stages of the liquefaction.

The second question concerns the nature of the running
structures, and the answer to which is best studied from the
trails. The trail in Figure 1d—f looks continuous, judging from
the straight white line, but the adjacent dark blobs give the
impression that the trail could also be discontinuous. Though
LEEM imaging is highly surface sensitive, it cannot tell the
exact location of Ga as the white/black contrast can be switched
by small changes in the electron energy E around the mirroring
condition, E = 0 eV. Thus, the images in Figures 1d—f are
inconclusive whether the trail is one long wire (should the
white line be believed), or one long chain of droplets (dark
blobs), or something else.

To elucidate the nature of the trails in situ, we illuminate the
surface with UV light and study the contrast resulting from
photoelectrons. In UV PEEM, areas with low work function
(metal) appear bright against dark, high work function
(semiconductor) background. Figure 2a shows the LEEM

5 LU s

= O

Figure 2. Wires/grooves formed on GaAs(110). (a) LEEM image (E
= 0.3 eV) of a selected region showing three parallel trails. (b) UV
PEEM image of the same region showing that the top (middle) trail is
completely (partially) filled with contiguous droplets each ~1 ym in
diameter, while the bottom trail is only sparingly occupied by droplets.
(c) SEM and (d) DIC images of post-sublimated surfaces showing that
wires (white arrows) leave behind empty grooves (black arrows) in its
immediate vicinity and, a short distance away, grooves that are
sparingly occupied by droplets (dotted brackets). Circles mark the tips
of wires. In (d), the wires/grooves enclosed in [ ] are well isolated, but
those in { } are not and interacted during their formation. The insets
in (d) zoom in to show that the width of the groove closest to the wire
(left inset) is narrower than those further away (right). The (110)
direction appears in all images as the horizontal axis.

image of an area containing three parallel trails of slightly
differing widths but all are at least S5 ym long. When exposed
to UV light, the same-area PEEM image in Figure 2b shows
that the three trails have different contents: the top (middle)
trail is entirely (partially) filled with Ga droplets, but the
bottom trail which is the narrowest is only sparingly occupied
by a few droplets. These show that some liquefying fronts
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repeatedly breakup, while some others do not, but instead run
as a wire, dragging along liquid Ga, leaving emptied grooves in
their trails and intermittently spitting out droplets. The grooves
are thus formed without external materials. These self-formed
grooves thus differ from and, in terms of cleanliness, are a
significant improvement on existing fabrication processes that
rely on simultaneous motion of deposited materials (for
example, Au droplets formed by annealing thin, evaporated Au
films) and substrate etching,'® particularly by gaseous environ-
ment. """

The behavior of the liquefying fronts depends very much on
the width of the bounding structure. For a liquid thread
confined in a channel, the narrower the channel, the greater the
contact (liquid—substrate) area relative to the surface (liquid—
vapor) area. Large surface area has a destabilizing effect, causing
liquid threads to break up into similar-sized droplets by
Rayleigh instability.43 Large contact area, in contrast, has a
stabilizing effect as it promotes adhesion.”® This explains not
only the contents of the three trails having three different
widths in Figures 2a,b but also the contents of trails having
slowly varying widths formed when sublimation is terminated
as described next.

All liquefying fronts must end, either naturally when they
reach the sample edge or prior to that by intentionally cutting
off the heating current Ig. In the latter case, long thermal time
constants ensure that a liquefying front can still travel a
significant distant before Tg drops below T¢, sublimation
ceases, and all motions stop. A liquefying front so produced
leaves a trail typified by the upper trail in the SEM image in
Figure 2¢, which exhibits three distinct segments: 1. a groove
filled with intermittent droplets (the section highlighted by the
dotted bracket), 2. an empty groove (black arrow), and 3. a
nanowire (white arrow). Note that the liquefying direction for
this particular region of the sample is from right to left. The
third segment, the nanowire, is thus the last to form. The circle
in Figure 2c marks the end point of the nanowire whose width
and length are 200 nm and 80 pm, respectively. The second
segment, the empty groove, lies on the same track as the
nanowire and has the same width. The first segment contains
intermittent droplets, which are not clear in the SEM image in
Figure 2c but are obvious in DIC images such as the one shown
in Figure 2d. The arrows, the dotted brackets, and the circles in
Figure 2c,d highlight the same qualitative structures. The
intermittent droplets inside the dotted bracket in Figure 2d are
now clearly visible as the contrast is enhanced by interference
optics. A few more trails in the middle of Figure 2d (those
enclosed in [ ]) also exhibit the same three distinct segments.
Closer inspection of the intermittent droplets in these three
trails, as well as those in the upper trail, suggests that the
droplets in general are smaller and spaced further apart the
closer they are to the wires. (Small deviations from this trend
are, however, inevitable as the trails traverse a pitted surface.)
Since increasing droplet separation indicates a more difficult
breakup, or greater liquid—substrate contact area, this means
that as liquefying fronts slow down (toward the left of Figure
2d) they are more confined as the constricting channels
become narrower, and the break-away droplets get smaller. The
two SEM images in the insets taken on the same trail show that
the width of the channel next to the wire (left inset) is indeed
narrower than those located further away (right). The width of
the liquefying front thus affects the content of the trail.

Liquefying fronts especially from the same pit/reservoir are
close to one another and may interact if they are not sufficiently
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Figure 3. LEEM (upper part, E = 0.2—0.3 eV) and DIC (lower part) images of the (110) surfaces of (a) GaAs, (b) InAs, and (c) InP. The rectangles
in (a—c) enclose representative areas of etch pits on each surface, the white arrows in (a,)b) point to the nanoscale wires/grooves, the black arrow in
(b) points to the nipple discussed in the main text, and the circles in (b,c) highlight the nonpitted areas. Scale bars: white, 2 um; black, 10 ym. The

(T10) direction appears in all images as the horizontal axis.

separated. When they interact, the resulting morphology can
become very complicated, depending on the number of
interacting trails and the types of interacting segments. During
high temperature sublimation, Ga atoms are very mobile, and
despite the recently proposed model of the top few monolayers
of liquid Ga being “solid”,** diffusive transfers of surface atoms
between nearby trails must have taken place. In the specific
ensemble of trails enclosed by { } in Figure 2d, merging
between Ga droplets and between wires on adjacent grooves
can be seen, yet the three distinct segments can still be
distinguished. In heavily sublimated surfaces, the number of
interactions would be so great that no traces of wires and
grooves could be identified. Supporting Video V2 contains
several instances of trail interaction, showing the complex liquid
dynamics as they occur.

The results in this section reveal in detail the transitional
structures on sublimating GaAs(110), which include V-
bottomed reservoirs, planar wires, and grooves formed without
external materials and are naturally aligned in the (110)
direction. The origin and nature of these self-assembled
structures differ significantly from those on GaAs(001) and
(111), raising the next logical question: Are these structures
specific to GaAs(110), or are they more general?

2. GaAs, InAs, and InP(110). Among the various III—
V(110) surfaces investigated, the planar self-assembly of wires
and grooves on GaAs are neither the exception nor the rule: It
is also found on InAs, but not on InP. To aid visual
comparisons, the morphologies of similarly sublimated (110)
surfaces of GaAs (T = 680 °C), InAs (470 °C), and InP (460
°C) are shown in Figures 3a—c, respectively. These temper-
atures are slightly higher than the T of each surface. In LEEM
images in the upper part of the figures, black represents regions
occupied by metals (Ga in Figure 3a; In in Figures 3b,c). In
DIC images in the lower part, metals appear yellow or golden.
The surfaces differ in two main aspects: the thermal etch pits
and the running filamentary structures.

First, the etch pits on the three surfaces (representative areas
enclosed by rectangles) differ in shapes, sizes, contents, and
densities. On GaAs (Figure 3a), the pits take a V shape and
appear all over the surface with small amount of Ga spreading
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inside each pit. The liquid Ga tends to spread due to the low
viscosity of molten Ga (0.62 mPa-s)* at Tg (680 °C) very
much higher than Ga melting temperature (T, = 30 °C). The
pits thus grow principally in-plane, by coalescence, and will
ultimately accumulate sufficient materials to reach a critical size,
whereby Ga forms droplets and escapes via the liquefying fronts
around the peripheries as described in the previous section.

On InAs (Figure 3b), the pits are similarly scattered all over
the surface, but the size is smaller than those on GaAs. In each
pit, the liquid In tends to form droplets due to the high
viscosity of molten In (1.01 mPa-s)* at Tg (470 °C) much
higher than In melting temperature (T,, = 157 °C). The In
droplets are able to etch InAs surface much faster than the Ga
droplets are able to etch GaAs surface due to differences in
temperature and anisotropic surface diffusion and dissolution.
The thermal pits on InAs thus grow in the in-plane and out-of-
plane (into the substrate) directions. The pits are circular when
small (<1 ym) and rounded rectangular when large. Large pits
usually have nipples (black arrow) in the [001] direction as a
result of finite etching and subsequent incorporation of In from
the slow-etching {111} planes. The nipples do not breakup into
separate droplets as the core volume of the droplets elongate in
the (T10) direction. With prolonged sublimation the
proportion of the flat, nonpitted areas (circle) decreases as
the pits elongate and new droplets/pits are formed.

On InP (Figure 3c), the pits are similar to those on InAs, i.e.,
they are randomly scattered with flat areas in between, they are
filled with In, and they are circular when small (<1 pgm) and
rectangular when large. The pits grow almost exclusively by
elongation along the (110) direction. The pits have no nipples,
suggesting that the etch rates in the (001) direction are
symmetrical and are much slower than the (110) direction.
With prolonged sublimation the flat, nonpitted areas (circle)
similarly decrease but remains dominant.

The densities of etch pits on the three surfaces differ due
partly to the different T required for sublimation and partly to
the different nature of oxides and thus oxide desorption. When
an oxide desorbs uniformly, the starting surface (before
noncongruent sublimation) is smooth; subsequent sublimation
would then result in a surface having low-density etch pits and
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droplets. However, nonuniform oxide desorption would result
in high-density etch pits and droplets. The uniformity of oxide
desorption depends both on the specific nature of oxides and
on the desorption rate. Typically, the greater the desorption
rate, the higher the nonuniformity and hence the higher the
pit/droplet density. Since the three surfaces are subject to
similar temperature ramps, the different densities are attributed
mainly to the different nature of the oxides. On InAs(001), it is
found that even oxides on “epiready” substrates result in a
highly pitted surface that does not provide In droplets sufficient
space to run,”” but when these oxides are etched and replaced
by a freshly formed chemical oxide, the latter can be easily
sublimated, resulting in a smooth starting surface that provides
In droplets ample space to roam."’

Second, the running filamentary structures (white arrows in
Figure 3) are found on GaAs with greatest density and on InAs
at a lower density, but none are found on InP, a trend set by
surface roughness. Smooth surfaces have low densities of
terraces, ledges, and kinks to which atoms can attach.*®
Energetic atoms on smooth surfaces can thus diffuse with a
long mean free time. The smoother the surface, the longer the
mean free time, and the greater the diffusion length. On
sublimating (110) surfaces that have already nucleated droplets,
flat areas would facilitate the growth (elongation) of existing
droplets and impede the nucleation of new droplets and
liquefying fronts. The availability of flat surfaces scales roughly
with the size of the circles depicted in the nonpitted areas in
Figure 3: the lowest (none) on GaAs, intermediate on InAs,
and the highest on InP.

With maximum flat areas and the lowest pit density, the
sublimating InP surface (Figure 3c) allows surface atoms great
freedom of movement until they run into droplets. The InP
surface thus has the largest, most elongated droplets. The
absence of liquefying fronts indicates that the oxides on InP are
uniformly and cleanly removed by thermal desorption.

With some flat areas and intermediate droplet density, the
sublimating InAs surface (Figure 3b) allows surface atoms some
freedom of movement, but the freedom is not great since
surface atoms frequently run into droplets. The InAs surface
thus has relatively short elongated droplets, with some
liquefying fronts formed at local surface inhomogeneities such
as pinholes. The liquefying fronts on InAs are elusive as their
origin cannot be detected in situ, and they occur at low
densities: In the LEEM image in Figure 3b only one liquefying
front (white arrow) can be clearly identified, whereas in the 96
X 48 pum® DIC image, only a few liquefying fronts can be
identified, one of which is highlighted by the white arrow
pointing to the blurred line.

With no flat areas and the highest pit density, the sublimating
GaAs surface (Figure 3a) does not allow surface atoms much
freedom of movement. The short adatom diffusion length
ensures that Ga atoms are thinly spread across the entire
surface, and liquefying fronts can only form when a large
number of pits have coalesced, forming V-shaped reservoirs and
peripheral droplets as described earlier.

The liquefying fronts on GaAs are much longer than those
on InAs due to differences in the background landscapes and
how they interact with the invading liquefying fronts. The pits
on GaAs are shallow (peak-to-valley height ~5 nm); liquefying
Ga fronts (~30—50 nm tall) can thus run through them with
ease, forming wires and grooves of great lengths in the process.
On InAs, in contrast, the pits are filled with In, which bulges up
from the surface by ~50 nm, a relatively large size that easily
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soaks up approaching liquefying fronts as evidenced by the
LEEM image series in Figure 4a—h (see also Supporting Video

Figure 4. Evolution and interaction of micron-sized In droplets and
self-assembled In nanowires during Langmuir evaporation of
InAs(110) at 470 °C. (a—h) LEEM images (E = 0.2 eV) of the
same area captured during 14 min 10 s. (i) UV PEEM image of the
same area after cooldown. Some liquefying fronts, which leave
nanoscale trails, are indicated by white arrows in (a—cfg). (j) SEM
image of a different area showing a typical (1) micron-sized In droplet,
(2) submicron groove, (3) In nanowire, and (4) nanogroove. All scale
bars are 2 ym. The curved areas to the right of (a—h) are the edges of
the imaging plate.

V3). In Figures 4a—c, a liquefying front (arrows) emerges, runs
toward, and merges with droplet x; in Figures 4f,g, another
front emerges, runs toward, and merges with droplet y; and in
Figure 4h, droplets x and y merge, forming droplet z. In
contrast to these fast-running nanoscale liquefying fronts, the
micron scale droplets only slowly elongate or coalesce. Figure
4i is the UV PEEM image of the same area taken after
cooldown, confirming the presence of metallic In droplets and
wires. An ex situ SEM image of a different area shown in Figure
4j captures four typical structures on sublimated InAs surface:
1. a micron scale In droplet, 2. a submicron groove, 3. a
nanowire, and 4. a nanogroove. Nipples (black arrows) can also
be seen in all micron scale In droplets.

The results in this and the previous sections thus prove that
the planar self-assembly of wires and grooves on sublimating
II-V(110) surfaces are neither surface specific (present on
GaAs and InAs) nor general (not on InP). These wires and
grooves are technologically important as they serve as building
blocks for various micro- and nanoarchitectures. Their great
lengths make them a viable candidate in applications such as
diffractive optics, plasmonics, and fluidics, but the self-assembly
nature of their fabrication process has a low probability of being
applied in mass production for two reasons. First, self-assembly
is stochastic. The resulting structures are characterized by
random position and a broad size distribution. The latter results
in wires and channels having indeterminate diameters in the
nanometer to submicron range as seen above. For many
applications, wires or channels must be uniform in size and are
located at predetermined sites. Second, sublimation is
destructive. Though sublimation occurs at the surface, subsur-
face dopants and interfaces, abundantly found in semiconductor
devices, are likely displaced or altered by the high temperature
involved. For manufacturing, the process temperature must be
low. These two problems, fortunately, can be tackled using the
approach described next.
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3. InP(110) with Surface AuNPs. Taking advantage of
Wagner'’s solid—liquid—vapor (SLV) etching mechanism,” the
negative counterpart of Wagner and Ellis’'s VLS growth
mechanism,” we propose and demonstrate the use of AuNPs
as catalysts that are sacrificed to initiate wire self-assembly. The
resulting NWs take root from the NPs. NW width is thus
dictated by NP diameter. This solves the first problem as NP
with well-controlled sizes are commercially available and the
technology to place nanoscale structures onto a surface
deterministically, for example, by nanoimprint or electron-
beam lithography (EBL), exists.”® Furthermore, NWs form at a
lowered temperature, which reduces the second problem.

The proposed sacrificial AuNPs technique to form self-
assembled NWs is demonstrated on InP(110), the smoothest
and thus the most difficult of the three surfaces to form NWs.
Though the following proof-of-principle procedure does not
entail the use of deterministic positioning technique such as
EBL, its simplicity helps us minimize surface contamination,
and the results can be assessed quickly via optical microscopy.

Atomized droplets containing AuNPs (mean diameter 20
nm) are sprayed onto the InP surface and oven-dried before
loading into the SPELEEM chamber. The AuNPs cover about
10% of the surface, leaving a large, pristine InP(110) area,
which serves as a reference. As the temperature is raised beyond
T toward 460 °C, the sprayed areas exhibit vibrant activities in
stark contrast to the quiet pristine areas. The presence of
AuNPs on the surface of the sprayed areas alters the surface
chemistry in such a way that decomposition is accelerated,
occurring at 5—10 °C lower than the nonsprayed areas. At the
NP-populated sites where accelerated decomposition takes
place, planar NWs emerge, grow, and even are observed in situ
(see later).

The NWs so produced are so long and spaced so close
together that they can readily be identified by optical
microscopy as shown in Figure Sab. Figure Sa shows the
sublimated InP surface of a sprayed area (labels 1 and 2) and a
nonsprayed area (label 3). The perimeter of the sprayed areas 1
and 2 is circular as a result of a spherical, NP-loaded droplet
landing on the surface. The division between regions 1 and 2
reflects the different NP densities in a single atomized droplet
subject to a stepwise temperature change during oven drying as
a means to vary NP density on the same sample. Region 1 has
the highest density of NWs and microscopic droplets; Region 2
has lower and 3 much lower NW density. The interface
between regions 2 and 3 is demarcated by rectangular droplets.
The dashed region in Figure Sa is shown at a higher
magnification in Figure Sb, illustrating ensembles of NWs
(white arrow) and nanogrooves (black) just outside the sprayed
area. The assignment of the light (dark) contrast in the DIC
images to NWs (nanogrooves) is confirmed by SEM as shown
in a sample image in Figure Sc where a 14 ym-long, 170 nm-
wide In NW (white arrow) coexists with a nanogroove (black),
which terminates at a rectangular droplet.

The growth of planar In NWs is observed in situ and best
seen at the interface between the sprayed and the nonsprayed
areas (regions 2 and 3, respectively) as shown in the LEEM
image series in Figure Sd—g (see Supporting Video V4).
Starting from Figure 5d it can be seen that the flat region 3 is
separated from the rough region 2 by a row of droplets. Then 4
min SS s later in Figure Se two very thin white lines (NWs)
emerge, seemingly from the demarcating droplets. The growth
fronts of these lines (marked with white arrows) crawl at about
the same speed of 1 ym/min as heating continues to 7 min 45 s
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Figure S. In nanowires and nanogrooves on InP(110) catalyzed by
sacrificial AuNPs. (a) DIC image of the post-annealed surface showing
regions inside (marked 1, 2) and outside (3) an atomized droplet. (b)
Close-up view of the dashed area in (a) where NWs (white arrow) and
nanogrooves (black) are prevalent. (c) SEM image of an area in region
3 showing a NW (white arrow) and a nanogroove (black) touching a
rectangular, micron-sized droplet. (d—g) LEEM images (E = —0.22
V) showing the early stages of NW formation at an area bordering
regions 2 and 3. The times indicated are in min:s relative to (d). The
arrows in (e—g) trace the leading edge of two NWs growing almost
identically. (h) UV PEEM image of the same area as those in (g). (i)
SEM image of an area in region 2 dominated by long strips each
comprising a nanoscale etch pit (A, dark gray triangle) sandwiched
between NWs (light gray triangle). Scale bars: (a,b) 10 pum, (c—i) 1
pum.

as seen in Figure Sf,g. The lines and the demarcating droplets
are metallic in nature and are separated as can be seen in the
same-area UV PEEM image in Figure Sh. The lines (NWs) thus
did not originate from the droplet and are more prevalent in
region 2, the sprayed area, than in 3, the nonsprayed area. Far
away from the sprayed areas, no NWs exist. Thus, NWs only
form where there are AuNPs. Yet unambiguous identification of
NW origin cannot be obtained in situ due to the limited
resolutions imposed by aberrations in low-energy electron
optics and by the close proximity of the NPs, which would
aggregate to form a cluster as the solution they were in
evaporated away during drying. This influences the final yielded
structure: the average and the minimum NW widths would
increase with aggregation.

The origin of the NWs can be implied, however, using ex situ
SEM. Focusing on anywhere inside the sprayed area, we found
all NWs originate from (110)-elongated etch strips as shown in
Figure Si. A typical nucleating strip comprises a central etch pit
(black triangle) sandwiched between NWs (gray). This is
qualitatively similar to the V-shaped pits and the protruding Ga
wires shown earlier in Figure 1i. The In NWs in Figure 5i and
the Ga wires in Figure 1i share one important similarity: They
emerge from etch pits. Yet in the similarity lies a fundamental
difference: The GaAs etch pits are formed solely by heat,
necessitating a high surface temperature of at least T, but the
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InP etch pits are formed by thermal and catalytic effects,
allowing a lower surface temperature. In VLS growth of typical
II-V NWs using AuNPs, AuNPs usually remain at the tips of
NWs. However, in this case they are absent and instead are
replaced by etch pits, indicating a different formation
mechanism and that the NPs are sacrificed. (See Supporting
Information Figure S1 for morphologies of areas where AuNPs
are not sacrificed, and Figure S2 for topographic details
correlating the etch depth with the mean diameter of the
disappeared NPs.)

The sacrificial role of AuNPs in the etching process and the
evolution of wires and grooves can be explained by the
schematics in Figure 6. Though an isolated AuNP is shown to

g Au nanoparticle|
(a) InP (110)
aar— AUANP .
o
Au,lnyﬂ r
I(C) A
droplet,
4 p:GIOp
In;_ ' In
(d) = 2
nanowire nanogrooves
S i
|(e)

Figure 6. Cross-sectional schematic describing the evolution of AuNP-
catalyzed In nanowire and nanogroove as observed in Figure S. (a)
AuNP in contact with InP. (b) AuNP reacts with InP by interdiffusion
after which (c) Au,In, alloy is formed before breaking up, leaving an
etch pit (A, dark gray triangle) in between. (d) P continues to diffuse
through the alloy, forming volatile Au,P;, which after vaporization
turns the alloy into pure, liquid In that preferentially etches and
advances along the two opposite (110) directions (black arrows),
creating liquid In NWs (light gray triangle). The left half of (e)
illustrates the scenario where the NW advances unobstructed. The
right half illustrates the scenario where the NW collides with, and
hence is drawn into, a microscopic In droplet, leaving an emptied
groove.

be in contact with the InP surface in Figure 6a, in actuality
there may be two or more grouped together as is typical in NP-
loaded liquid drying. As the substrate temperature increases, the
AuNP reacts with and sinks into the InP substrate, forming a
Au—InP alloy as shown in Figure 6b. Au is a standard electrical
contact to III—V devices and annealed Au—InP ohmic contacts
are known to have a rough morphology as a result of etch pits
due to material lost,”" in particular the loss of Au,P;, a volatile
product of the reaction 2Au + 3InP — 3In + Au,P;.>> The loss
of Au,P; and the resulting pit break up the liquid alloy as shown
in Figure 6¢c. As the remaining Au,In, alloy™ continues to
dissolve the substrate, P atoms are incorporated into the alloy
resulting in further reaction with Au atoms and the evaporation
of Au,P; decreasing the molar fraction of Au and likely
transforming the Au,In, alloy into pure liquid In as the latter
catapults toward the (110) direction as shown in Figure 6d. As
In moves away from the nucleating pit, it etches the substrate,
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which releases P,.>* The growth of these In wires is surprisingly
sustainable given the daily experience of objects moving
through a nonflat surface are likely to be slowed down by
friction. In situ videos show that this is not the case. Wires are
able to grow across the sample if their movements are
unimpeded as schematized by the left half of Figure 6e. Many
wires, however, would merge with micron scale droplets as
schematized by the right half of Figure 6e. At the moment of
contact, the liquefying front and the whole body of the wire are
quickly drawn into the droplet whose perimeter expands almost
instantly (see several collision events in Supporting Video V3),
leaving an emptied groove.

The proof-of-principle experiments in this section thus
demonstrate the formation of NWs and grooves at random
locations using a single type of nanoparticle material having a
single average size and a spherical shape. We speculate the
following improvements may be made. First, the processing
temperature can be reduced further using more reactive
catalysts, either by using smaller AuNPs or other NPs that
form volatile V—Eroducts when in contact with III-V surfaces.
AgP, is volatile,”” and Ag could serve as an alternative NP in
this regard. Second, it should be possible to create deterministic
wires (grooves) using carefully placed AuNPs to initiate (and
large microdroplets to terminate) NWs. Third, subsurface
dislocation network maybe used to steer the NWs to different
directions as dislocation-related stress fields have been shown
to be effective at steering even much bigger, micron scale
running droplets.”” The second and third improvements could
lead to directed self-assembly and self-integrated nanoscale
circuits.”*™>® Finally, the shape of NPs maybe used as an
alternative route to control the nucleation and direction of
nanowires and grooves. As is often the case with nature, a slight
change of shape of the starting nuclei coupled with templated
self-assembly can yield final results that are starkly different and
complex.>”

B CONCLUSION

A planar self-assembly mechanism driving the growth of
submicron and nanoscale wires and grooves on sublimating
II-V(110) surfaces is observed in situ and reported. As a
proof-of-principle, AuNPs are shown to be able to accelerate
the process, resulting in a decrease in processing temperature
and a better geometrical control. The various Ga and In wire
and groove morphologies reported here could pave the ways for
engineered nano- and microstructures, both in the in-plane and
out-of-plane directions, literally pushing the liquid wires and
droplets as building blocks toward new directions in fields such
as fluidics, plasmonics, optoelectronics, and self-integrated
nanocircuits.
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Video V1. Low-energy electron microscopy (LEEM, electron energy E = 0.3eV) video
highlighting the surface morphology of sublimating GaAs (110) at the initial stage of wire self-
assembly. Snapshots of the video appeared in the main text as Figures 1a-c. The video is created
by stitching 12 consecutive images taken at ~30 s interval. The slightly positive electron energy
(Start Voltage, V) provided the best contrast for the V-shaped etch pits in the background, but
not the foreground self-assembling wire which emerged in the last frame, unexpected and

blurred.

Video V2. LEEM video highlighting the rich dynamics of sublimating GaAs (110) in the midst
of wire/groove self-assembling. Snapshots of the video appeared in the main text as Figures 1d-f.
The video is accelerated by ~3x (runtime: 1 min 45 s, real time: 5 min) and is created from
consecutive images taken at ~1-2 s interval. Note the following when viewing: 1. the field of
view changes from 75 um (scale bar 7.5 um) to 50 um (scale bar 5 um) approximately one-third
through the video (i.e. at 10:03:45), 2. image shifts and blurs intermittently as a result of manual
sample (manipulator) movements and the inevitable change of optimum focusing condition, and
3. the electron energy E (Vi eV) is continually adjusted so as to vary the focus from the
background (positive V) to the foreground (negative V). Though E varies between —2.5 and 0.7
eV, good quality images are obtained mostly in the 0-0.7 eV range. The video shows 1) many
newly formed wires emerging from the right and running toward the left side, as discussed in
detail and in support of Figure 1 in the main text, and ii) that wires in close proximity interact,
resulting in the transfer of liquid metal as discussed in detail and in support of the origin of the

wire ensemble shown enclosed in the brackets {...} in Figure 2d in the main text.
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Video V3. LEEM video (E = 0.2 eV) of sublimating InAs (110) surface. The rectangle encloses
the region of interest which appears in the main text as Figures 4a-h. The video is accelerated by
~40% (runtime: 20 s, real time: 14 min 10 s) and is created from consecutive images taken at
~10-30 s interval. Toward the latter half of the video, droplets are numerous and many have
elongated so much that they touch. When two elongated droplets meet, and this can occur head-
on (see droplets A and B in Figure SO) or sideway (A and C), part or all of the smaller droplet is
usually drawn into the bigger one, resulting in sudden contrast changes. The droplets that gain
mass either elongate or bulge up, appearing as rounded rectangles (almost ellipses), with a deep
black contrast and thin white strips along the major axis, see label 3 in Figure SO. The droplets

that lose mass leave grooves which appear as jagged white lines, see label 2 in Figure SO.

Figure S0. Snapshots taken from Video

V3 highligting the different contrasts as

droplets A, B, C and D interact:

(1) initial condition, all droplets are quite
flat and appear dark grey (label 1).

(i1) A meets B. The left half of B is taken

Al o 5
ii) 11:48:56 up by A, leaving a groove which

— appears white (label 2). A elongates.

(_‘--D---——"

s (ii1) A meets C. C is entirely taken up by

11 49:

g —————————— (iv) B meets D. The right half of B is

taken up by D. D elongates.

Video V4. LEEM video (E = —0.22 eV) of sublimating InP (110) surface, the upper (lower) part
labelled sprayed (non-sprayed) represents a typical area inside (outside) an atomized droplet
loaded with Au nanoparticles (AuNPs) which landed on the surface and dried prior to the
sublimation experiment. The rectangle encloses the region of interest which appears in the main
text as Figures 5d-g. The AuNPs, with 20-nm mean diameter, cannot be resolved in our non-

aberration corrected LEEM system.
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The catalytic effects of AuNPs cause accelerated decomposition of the InP (110) surface.
AuNPs are sacrified in the etching process and nanowires (NWs) are seen to emerge from the
resulting etch strips as shown in Figure 5i in the main text. Though the NP disappearance and the
NW nucleation are not observed in situ due to LEEM’s limited lateral resolution, the sacrificial
nature of the AuNPs can be deduced from the following observation:

1)  AuNPs are completely absent around NWs. Had the AuNPs were present, they would appear
much brighter in Figure 5i in the main text. Supporting Figure SI zooms in on a region
where rectangular In droplets coexist with AuNPs. Figure Slc clearly shows that AuNPs are
much brighter than In droplets (Au atoms have a greater scattering factor than In atoms),
supporting the conclusion drawn in the main text that AuNPs are not present in Figure 5i.

ii)) The average etch depth in regions populated by AuNPs is almost the same as the mean
diameter of the NPs (20 nm). Supporting Figure S2 shows the WLI height map and a line
scan through a section of a sublimated area previously covered by NPs-loaded atomized
droplet. The corrugation in and around the center of the atomized droplet is ~20 nm.

The facts that i) AuNPs are absent and ii) replaced by etch pits with an average depth almost

identical to the mean diameter of the NPs strongly indicate that AuNPs are sacrified (forming the

volatile Au,Ps3) in the etching process.
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Figure S1. Sublimated InP (110) whose surface was partially covered by atomized droplets
containing AuNPs before heating. (a) Differential interference contrast (DIC) image, (b,c)
scanning electron microscopy (SEM) images of a different area. For each atomized droplet, high
concentration of AuNPs can be found around the spot where the solvent last dried. The AuNPs
gravitate toward the bottom half during drying as the sample is not leveled. The AuNP-
concentrated spots (label 2) appear dark in DIC images as the spots are highly porous due to NP
etching. The SEM images in (b,c) show bright AuNPs in the same vicinity as dark, porous holes
resulting from solid-liquid-vapor (SLV) etching as discussed in the main text. Though AuNPs
result in In NWs, only a small percentage is seen (label 3) leaving the atomized areas; the
majority of NWs either merge among themselves, forming submicron wires, or merge with

rectangular In droplets (label 1), leaving grooves.

sS4

31



260 E 0
-40
-E0
380
-E0
—_ : . —
E - N ). ./ 0
£ [ Y
N N $20-nm NPs -0

320 340 y(um) 380 400

Figure S2. White-light interferometry (WLI) height map of a typical area on InP (110) covered
by a AuNP-loaded atomized droplet. The diameter of the atomized droplet is ~70 um. The mean
diameter of the AuNPs is 20 nm. The height profile cuts through the deepest region whose depth
is ~80 nm from the surface; this region appears red in the WLI image and corresponds to the
dark areas surrounding label 2 in Figure S1. The central segment of the height profile shows that
the surface is rough, and the peak-to-valley depth is ~20 nm, the mean diameter of the AuNPs.
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Preferential nucleation, guiding, and blocking of self-propelled droplets
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Lattice-mismatched layers of GaAs/InGaAs are grown on GaAs(001) using molecular beam
epitaxy and subsequently heated in vacuum while the surface is imaged in sifu using low-energy
electron microscopy, in order to study (i) the nucleation of group-III droplets formed as a result of
noncongruent sublimation and (ii) the dynamics of these self-propelled droplets as they navigate
the surface. It is found that the interfacial misfit dislocation network not only influences the nucle-
ation sites of droplets, but also exerts unusual steering power over their subsequent motion.
Atypical droplet flow patterns including 90° and 180° turns are found. The directions of these
dislocations-guided droplets are qualitatively explained in terms of in-plane and out-of-plane stress
fields associated with the buried dislocations and the driving forces due to chemical potential and
stress gradients typical of Marangoni flow. The findings would benefit processes and devices that
employ droplets as catalysts or active structures such as droplet epitaxy of quantum nanostructures,
vapor-liquid-solid growth of nanowires, or the fabrication of self-integrated circuits. Published by

AIP Publishing. https://doi.org/10.1063/1.5008784

I. INTRODUCTION

Elemental metal droplets—particularly the low melting
point group-III elements such as Ga and In—have recently
gained considerable attention since they are applicable as
soft electrical contacts in stretchable/wearable electronics,’
and they are widely employed in the growth and fabrication
of various III-V semiconductor nanostructures such as quan-
tum dots (QD) and rings via droplet epitaxy,” nanoholes
via droplet etching,”® and nanowires (NW) via vapor-
liquid-solid growth.”® Once a droplet forms on the surface, it
is further processed into an active structure such as QD and
NW based on the premise that the position of the final device
is the same as those of the starting droplet. If droplets are
mobile and their motion can be controlled it may be possible
to form self-integrated circuits.” Though currently there are
no practical means to control the position of liquid droplets
after deposition, the droplets under certain circumstances
can re-position themselves by the so-called self-propelled or
self-running mechanism'® and this can be harnessed to steer
droplets, hence final devices, to desired positions. It must be
stated here that self-propelled mechanisms have long been
the realm of chemistry with main interest in liquid-liquid
systems'' whereas our interest here lies in liquid-solid
interfaces where liquid is limited to the low melting point
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group-IIT elements Ga and In, solid to single-crystal III-V
semiconductors such as GaAs, and the specific circumstance
that leads to the self-propelled motion is Langmuir evapora-
tion, or noncongruent sublimation of III-V surfaces in vacuum.
Since the pioneering work of self-running Ga droplets on
sublimating GaAs(001) surfaces by Tersoff er al.,' similar
self-propelled droplets have been reported on various III-V
surfaces such as GaP, InAs, InSb, and InP and on various
orientations.' >’

For III-V(001) substrates, the principal direction of self-
propelled IIL,'° or even non group-IIL,'* droplets is [110].
For non-(001) III-V surfaces, the principal running directions
vary, dictated mainly by crystallographic orientation.'*'°
For II-VI® and IV'® substrates where self-propelled droplets
have been demonstrated, the principal running direction is
the same as those found on III-V. Droplets generally prefer
to run along the principal direction but as they come across
the trails of other droplets they deviate temporarily and only
slightly by curving around the obstructing trails.'* Recently,
however, we reported'® that In droplets running on the
(111)B surfaces of InSb and InAs can take sharp, sudden
turns from the principal direction—a maneuver which is
energetically unfavorable but made possible by the presence
of line defects unintentionally formed as a result of plastic
relaxation due to mechanical stress. This hints at the possi-
bility of using defects to steer mobile liquid droplets.
Relying on a thermomechanical process to create line
defects, however, risks irreparable damage as the substrate
must be heated while bent, resulting in experiments with low

Published by AIP Publishing.
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yields, and an unresolved question whether the “self”
propelled droplets lend themselves to control, especially by
defects.

Using molecular beam epitaxy (MBE) to grow III-V
heteroepitaxial films with sufficient misfit to induce interfa-
cial defects, and using low-energy electron microscopy
(LEEM) to observe in situ the nucleation and dynamics of III
droplets on these films, we found that the subsurface line
defects not only influence the preferred nucleation sites but
also exert control over the dynamics of droplets. In effect,
the “self” part of the self-propelled mechanism has dimin-
ished importance as the motion is assisted and in some cases
dominated by subsurface dislocations. The results to be pre-
sented signify the first experimental verification of droplet
motion control by subsurface defects in III-V semiconduc-
tors. Such maneuver maybe optimized to drive liquids to
form grid patterns commonly found in integrated circuits, or
even to bounce incoming liquid off—a dynamic with reper-
cussions in fields such as hydrodynamics and earth sciences.
After all, exercising control over fluid is a nontrivial task,
affecting the survival of many animals and plants,” and
challenging humankind and civilizations from the earliest
historical records.”'

Il. EXPERIMENTAL

The experiments involve the Langmuir evaporation and
in situ observation of three types of surfaces: (1) epiready
GaAs(001) as a controlled surface, (2) a thin InGaAs film
grown on epiready GaAs(001), or InGaAs/GaAs for short
(referred to hereafter as structure A), and (3) a thick GaAs
film grown on InGaAs/GaAs, or GaAs/InGaAs/GaAs for
short (structure B).

Epitaxial growth of structures A and B by MBE (Riber’s
32P) on epiready GaAs(001) substrates follows the same
preparation routine: the substrate is degassed in a preparation
chamber, then surface oxides are thermally desorbed at
610°C in the growth chamber, after which 300-nm GaAs
buffer layer is grown at 580 °C. Subsequent layers for struc-
tures A and B differ as they serve different purposes. For
structure A, a 40-nm Ing 5GaggsAs layer is grown on the
GaAs buffer, and growth terminates. For structure B, a
25-nm Iny »,Gag gAs layer is grown on the GaAs buffer, then a
400-nm GaAs layer is grown on the Inj,Gag gAs layer, then
growth terminates. Key growth parameters are temperature of
500°C, As, beam equivalent pressure of 8 x 10~°Torr, and a
nominal V/III flux ratio of 20. Other parameters are typical of
II-V arsenides epitaxy and are detailed elsewhere.”” The
InGaAs layers in structures A and B are mismatched to
the underlying GaAs substrate and they are thicker than
the Matthews-Blakeslee critical thickness 0. which for
Ing.15Gag gsAs/GaAs is 12.4 nm and for Iny,Gag gAs/GaAs is
8.7nm.”* As strain relaxation in (001) heteroepitaxy occurs
almost exclusively in the [110] and the orthogonal [110] direc-
tions, the InGaAs surfaces appear to have a cross-hatched pat-
tern (CHP) when probed by atomic force microscopy (AFM)
or when viewed through a differential interference contrast
(DIC) optical microscope. For structure A, the nucleation of
droplets on the CHP surface is of interest. For structure B, the
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dynamics of droplets on the thick GaAs film on the CHP sur-
face is of interest.

To study the nucleation and dynamics of droplets, the
three structures are loaded into an Elmitec’s LEEM system
which allows real-time imaging of surfaces whose backsides
are radiatively heated by a tungsten filament. Each sample,
mounted on a Mo holder, is pre-heated and left at an over-
night standby temperature of ~200 °C and a base pressure of
2 x 107" Torr. To nucleate III droplets, the substrate tem-
perature is ramped up slowly by increasing the filament
current /. As the temperature reaches a noncongruent subli-
mation temperature T, the III-V surface becomes non-
stoichiometric: it loses more of the group V atoms, resulting
in an excess of III atoms whose low vapor pressure and melt-
ing point allow them to form III droplets. T is substrate and
orientation dependent: for GaAs(001) it is ~625 °C,'" and
for In,Ga;_,As(001) it depends on the In molar fraction x
and can be estimated by linear interpolation between the
GaAs (625°C) and InAs (440°C)** limits. As each of the
sample is heated beyond T, the system’s pressure increases
toward the arcing limit of 10 ®Torr. Images are formed
either from the low-energy (<5eV) electrons interacting
with the surface (LEEM mode), or from the photoelectrons
emitted from the surface by ultraviolet excitation (PEEM
mode), or from both types of electrons (PEEM/LEEM
mode). While LEEM provides better topographic contrast,
PEEM enables workfunction contrast, hence the ability to
differentiate III metallic droplets from III-V semiconducting
background. In addition to in situ LEEM and PEEM, the
samples are also studied ex sifu using scanning electron
microscopy (SEM) with energy-dispersive X-ray spectros-
copy (EDS). The degrees of misfit of the InGaAs layers are
assessed before and after Langmuir evaporation using high-
resolution X-ray diffraction (HR-XRD).

lll. RESULTS AND DISCUSSION

The results are divided into four subsections. Section
IIT A aims to establish that surface droplets prefer to nucleate
on misfit dislocations over flat surfaces. Section III B shows
how and explains why dislocations may guide or even block
approaching droplets. Thus, Sec. III A concerns the statics,
whereas Sec. III B concerns the dynamics aspects of the
droplets. Section IIIC reports unusual motion behaviors.
Finally, Sec. IIID describes the states of the misfit layers
before and after droplet nucleation.

A. Preferential nucleation of droplets on dislocations

Dislocations in single crystals are regions where lattice
periodicity is locally disrupted, creating lattice distortions or
strain fields emanating in all directions.”> When close to the
free surface, the fields can cause enhanced surface reactivity
for both additive (growth) and subtractive (etching) pro-
cesses. Since the formation of III droplets on III-V surfaces
by Langmuir evaporation occurs in conjunction with etching,
it is hypothesized that droplet nucleation can be enhanced by
dislocation-related strain fields, and thus, it should be possi-
ble to influence or even control the positions of droplets. So
far, there exists only one report of III droplet control on
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FIG. 1. Formation of Ga droplets upon noncongruent evaporation of GaAs(001) surfaces in vacuum. /n situ LEEM images (electron energy E = 0.5eV) show-
ing the surface (a) before and (b) after droplet formation. The droplets appear black in LEEM. The + symbol in (a) and (b) marks the same reference position
which slightly shifts as the sample drifts during heating. (c) Ex situ DIC image of the post-annealed surface of another sample subject to a slower temperature

ramp rate. The droplets appear yellow/golden in DIC.

III-V surfaces, using oxide pinholes,26 but the nature of con-
trol is temporal, not spatial. The results in this subsection, in
contrast, demonstrate the first successful spatial control of
droplets formed by a subtractive process—using a misfit dis-
location network intrinsic to structure A.

The results will be explained in the following order.
First, random droplet distribution on the controlled surface
will be shown, followed by non-random droplet nucleation
on the surface of structure A. Finally, a potential application
of droplets as a means to decorate dislocations is proposed.

The controlled surface, i.e., epiready GaAs(001), is flat.
Sublimating it in vacuum always results in random distribu-
tion of Ga droplets. Figure 1(a) shows the LEEM image of
the surface at 610°C, below T and before droplet nucle-
ation. The + sign marks the reference/focusing position; the
two black features nearby are pre-existing oxide pinholes.
As the temperature increases, the oxide is desorbed and Ga
droplets emerge. Figure 1(b) shows the LEEM image of the
same area (slightly shifted due to thermal drifts) at 630°C,
above T¢ and thus a significant number of micron-sized Ga
droplets can be seen. The Ga droplets appear in LEEM as
black circular features, similar to pinholes. The Ga droplets in
Fig. 1(b) are dense and randomly distributed. For GaAs(001)
surfaces which are sublimated at the same temperature for a
shorter duration, or at a lower temperature (but above T) for
the same duration, the density of droplets will drop. This is
illustrated in the DIC image of a lightly sublimated surface in
Fig. 1(c) where reflective metal droplets appear yellow/golden.
Thus from Figs. 1(b) and 1(c) it is evident that, regardless of
the stages of nucleation, Ga droplets on the controlled surfaces
are distributed randomly. It is not possible to predict the drop-
let nucleation sites on flat GaAs(001).

For structure A, or InGaAs/GaAs, predicting the early
positions of droplets on the sublimating InGaAs surface is
possible. To understand how this is possible yet is limited to
the early stages, it is necessary to understand the nature of
the InGaAs layer. Grown by epitaxy, the InGaAs layer is
partially relaxed and its surface is not perfectly flat: a cross-
hatched pattern in the form of orthogonal lines in the [110]
and [110] directions appear as seen in the LEEM image in
Fig. 2(a). These lines protrude from the otherwise flat sur-
roundings with heights, measured by AFM, in the order of
1nm.?” The x sign in the figure marks the reference/focusing

36

position. Dislocation lines which are well separated are indi-
cated with single-lined arrows (—), while those that appear
close to one another are collectively represented by double-
lined arrows (=).

As the temperature increases beyond T~ 600°C for
Ing 15Gag gsAs, the InGaAs surface becomes nonstoichiomet-
ric and is populated by In,Ga,_, droplets. The In molar frac-
tion (x) of the final droplets is below the detection limit of
SEM-EDS which means that the droplets are predominantly
Ga, consistent with theoretical prediction based on thermo-
dynamics.?® The droplets first emerge along the dislocations,
and shortly after on the flat surroundings. This is observed

FIG. 2. Dislocation-enhanced nucleation of (a)—(c) droplets upon sublimation
of InGaAs/GaAs (structure A), and (d) QDs upon overgrowth on structure A.
LEEM images (E =0.5eV) show (a) the orthogonal dislocations m; and »; in
the [110] and [110] directions, respectively, and (b) preferential nucleation of
droplets on dislocations. The x symbol in (a) and (b) marks the reference
position. The letter y in (b) marks a droplet not nucleated on dislocations. (c)
DIC image of the surface of structure A after sublimation. (d) AFM image of
the surface of A after the growth of InAs QDs. Dislocations are the preferred
nucleation sites for droplets and QDs alike. The white arrows in (b)—(d) point
in the [110] direction.
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in situ and at 620 °C many of the dislocation lines in Fig.
2(a) are decorated with droplets as shown in Fig. 2(b). This
behavior is qualitatively the same as those observed in solid-
state dewetting using templates.”

Droplet nucleation on the [110] and [110] dislocations is
anisotropic. The [110] dislocations such as m1-m3 in Fig.
2(b) are decorated with many droplets. In contrast, the [110]
dislocations such as nl-n3 are decorated with only a few
droplets. Droplets thus prefer to nucleate along the [110]
over the [110] dislocations. Closer inspection of Fig. 2(b)
indicates that even dislocations in the same direction do not
have the same nucleation probabilities. Closely spaced dislo-
cations are better able to nucleate droplets than well-
separated dislocations: In the [110] direction, it is seen that
dislocation m1 has more droplets per length than m2 or m3,
and in the [110] direction, nl has more droplets per length
than n2 or n3. In fact, the [110] dislocations seem to be able
to nucleate droplets better when they intersect [110] disloca-
tions, suggesting that droplets that are located at intersec-
tions are due more to the [110] than the [110] dislocations.
While the majority of [110] dislocations are still void of
droplets, some droplets already emerge on flat surfaces; for
example, see droplet y in Fig. 2(b). Thus it can be concluded
that, in general, droplets prefer to nucleate on—with decreas-
ing probability—[110] dislocations, the flat regions not
traversed by dislocations, and [110] dislocations. This is
more evident in the DIC image in Fig. 2(c) which shows a
much greater number of densely populated dislocation lines
in the [110] than the [110] directions.

The preferential nucleation of droplets along one dislo-
cation direction is surprising. Why should [110] dislocations
be preferred over the flat surface, while [110] dislocations
are discriminated against? Dislocations are known to cause
strain fields which, for epitaxy, drive surface atoms toward
them indiscriminately. Figure 2(d) shows the AFM topogra-
phy of a surface obtained by growing InAs QDs on the
surface of structure A. The QDs populate areas along the
orthogonal dislocations without discrimination regardless of
the thickness and In fraction in the InGaAs layer.”’ Even
thin two-dimensional platelets have been shown to similarly
populate the orthogonal dislocations.”’

To understand the physical origin of the preferential
nucleation of droplets along the [110] over the [110] disloca-
tion, it is necessary to consider the combined effects of
dislocation-related strain fields and anisotropic diffusion of
surface atoms. The surface stress fields arise from the subsur-
face dislocation core 40 nm below, at the InGaAs/GaAs inter-
face. As one side of the dislocation is under compression and
the other is under tension (with respect to the dislocations-
free areas), the V atoms along the compressive side of the
dislocation will be sublimated at a greater rate than those on
the dislocation-free area, leaving III atoms to line up on the
surface immediately above the dislocations. This is due to
the increase (decrease) in the binding energy of adatoms to
the underlying layer when the latter is under tension (com-
pression).”” If these atoms linger, they will aggregate and
form droplets to reduce surface energy. But if they diffuse
away quickly, few or no droplets will be observed. The strong
presence of III droplets on [110] dislocations and the near
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absence on [110] dislocations [see Figs. 2(b) and 2(c)] thus
indicate that once III atoms are freed along [110] dislocations
they do not migrate far from their original sites, but if they
are freed along [110] dislocations they would diffuse away
quickly. This lopsided behavior is due to anisotropic diffu-
sions of surface Ga atoms: the diffusion coefficient along
[110] is greater than [110], and the disparity increases with
temperature.’>”* The Ga atoms freed from the surface above
the [110] dislocation will thus diffuse toward those lingering
on the orthogonal [110] dislocation or the flat region, until
a sufficient number of atoms arrive to nucleate droplets.
This explains why at a relatively low growth temperature of
500°C, QDs equally populate the [110] and [110] disloca-
tions as seen in Fig. 2(d), but at a high sublimation tempera-
ture of 620°C, droplets prefer to populate the [110]
dislocation.

When micron-sized droplets decorate dislocations, they
allow standard optical microscopes to identify buried dislo-
cations with ease, even without interference contrast
enhancement. This serves as a great utility for heteroepitaxy
of novel materials where quick assessments of crystalline
quality are needed more often than detailed defect analyses
which necessitate the use of transmission electron micros-
copy (TEM) and thus destructive and time-consuming
sample preparation. This utility is particularly suited to
low-mismatched heteroepitaxy as dislocation density is low,
making analyses by TEM impractical due to the limited field
of view. To illustrate the power of this approach in the iden-
tification of defects in low-mismatched areas, a few sample
cases are given below.

Figure 3(a) shows the DIC image of a wide area having
nine [110] dislocation lines L1-L9. Most lines traverse the
entire horizontal length, except L4 and L8 which are termi-
nated near the vertical center of the figure. Zooming in on
the boxed region of L4, upper inset, one finds an oval defect
caused by Ga spit during the growth of the InGaAs epi-
layer.” This defect could help the strain to relax at the
InGaAs/GaAs interface, injecting dislocation lines on both
sides, possibly serving as the source of L4. The boxed region
of L8, middle inset, is either an edge dislocation or a thread-
ing dislocation that terminates at the surface. The dislocation
could originate from a pre-existing dislocation in the sub-
strate or from the growing film such as when a half-loop
dislocation is formed. Regardless of the source, it is clear
that dislocation terminations can be easily identified and can
be used to study various aspects of dislocation nucleation
and interaction.

Linear and non-linear dislocations are equally suscepti-
ble to such decoration. Figure 3(b) shows another wide area
DIC image having three dislocation lines L10-L12, and one
curved dislocation L13 which terminates at an oval defect
pair shown expanded in the inset. The droplets associated
with the two oval defects have merged, creating a single,
elliptical droplet which possibly serves as a Frank-Read mul-
tiplication source given the curved character of L13.

These examples merely illustrate the ease of droplet
decoration, the clarity of the results, and the potential bene-
fits to dislocation studies. By no means can these surface
morphologies alone describe the true nature of buried
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FIG. 3. Decoration of dislocations by droplets as seen on the sublimated sur-
face of structure A. DIC images illustrate increased droplet density along (a)
[110] dislocations L1-L9 and (b) [110] dislocations L10-L12 and curved
dislocation L13. The insets are expanded views around (a, upper inset) an
oval defect, (a, lower inset) a dislocation termination, and (b) a pair of oval
defects.

dislocations, however. Without corroborating with indepen-
dent data, particularly with Burgers vector analyses by TEM
which are beyond the scope of this work, the above explana-
tion regarding the nature of the dislocations in Figs. 3(a) and
3(b) remains speculative. Nevertheless, the power of the
technique to simultaneously decorate misfit, threading, and
edge dislocations—the most common dislocation types in
heteroepitaxy—makes it highly appealing as a complemen-
tary technique for dislocation studies.

Dislocation decoration by droplets has one important
limitation: it is applicable only during the early stages of
noncongruent sublimation. If overly sublimated, the droplets
on the surface would enter late-stage coalescence.” The
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surface would be filled with randomly distributed droplets of
all sizes. Statistical analyses of droplet densities and the
identification of individual dislocations from droplets would
then be very difficult or impossible. The narrow temperature
and time windows severely restrict quantitative studies such
as the temperature dependence of the droplet nucleation
imbalance between the [110] and [110] directions.

B. Guiding and blocking of running droplets
by dislocations

Given time and energy (sustained heating), the droplets
described above will grow as they incorporate more III
atoms from in-plane diffusion and from the dissolution of
the underlying liquid-solid (droplet-substrate) interface.
Finally, they will attain a critical size and move in the princi-
pal direction which for (001) surfaces is [110]. Diversion
from this principal direction has been reported for daughter
or secondary droplets formed along the trails left by primary
droplets which have moved in the principal direction, leav-
ing secondary droplets to move orthogonally, but briefly,
before returning to the principal direction.’® Such diversion
is, however, not by design as primary droplets still run in the
principal direction. Here, the first experimental results of pri-
mary droplets that, by design, deviate from this trend are
demonstrated using structure B.

The results will be explained in the following order.
First, the motion of droplets along a single principal direc-
tion on the controlled surface will be shown, followed by the
motion of droplets along two principal directions on the sur-
face of structure B. Some surprising motion patterns are
found and will be explained in Sec. III C. It is implicit that
the following results are observed, while surfaces are held at
temperatures T > T throughout.

On the controlled surface, GaAs(001), as Ga droplets
grow and reach a diameter of ~2 um, they will all run along
one principal direction, [110], as seen in the LEEM image in
Fig. 4(a). Droplets appear black in the figure. The driving
force F,, responsible for the self-propelled motion of droplets
is due mainly to chemical potential gradient Au,'® assisted
by surface reconstruction,37’38 atomic steps elimination,lz’39
and crystallographic etching.'*'®'” The majority of droplets
in Fig. 4(a) run to the right, i.e., [110], while the minority
run to the left, i.e., [110]. The degree of imbalance varies

FIG. 4. In situ electron images of self-propelled Ga droplets on (a) GaAs (controlled surface) taken in LEEM mode (E=0.3eV), (b) and (c) GaAs/InGaAs/
GaAs (structure B) taken in PEEM/LEEM mode (E = 0.04 eV). The movements of droplets D1-D7 and 11-12 i£1 (b) and (c) are described in the main text. Due
to sample tilt and non-optimized imaging conditions, the images in (b) and (c) are slightly distorted in the [110] direction. Field of view: (a) 25 um, [(b) and

()] 50 pum.
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from wafer to wafer and is due to a slight miscut (*=0.5°
according to the wafer’s supplier). For perfect on-axis surfa-
ces (miscut =0.1°), droplets would run equally in both direc-
tions.'” Regardless of the degrees of miscut and motion
imbalance, all primary droplets on GaAs(001) run along the
[110] principal direction.

On structure B, or GaAs/InGaAs/GaAs, primary drop-
lets on the top GaAs surface run in two principal directions,
[110] and [110], as seen in the PEEM/LEEM image in Fig.
4(b). Droplets appear bright, reflecting the large number of
photoelectrons from Ga contributing in the PEEM mode.
From the start, the majority of droplets run to the left, i.e.,
[110], but two droplets (D1 and D2) run to the top, i.e.,
[110]. The high-contrast background in Fig. 4(b), obtained in
the LEEM mode, serves to affirm that the movement of D1
and D2 along [110] is not due to scratches, surface rough-
ness, or topographical defects of any kind. The importance
of this simple-looking result lies in the fact that [110] is
energetically unfavorable on flat GaAs(001) yet is, from the
start, the preferred direction of droplets D1 and D2 on struc-
ture B. This means that both droplets must be guided by
out-of-plane forces stronger than the in-plane force F,, which
would have otherwise driven them in the [110] direction.
The out-of-plane forces, however, have temporary effects as
Fig. 4(b) shows that after D1 and D2 have been guided up
for ~7 um, they turn left, joining other droplets in running
toward the [110] direction. Two questions immediately come
to mind: What pushes the droplets up in the first place, and
why the droplets switch direction shortly after?

Since the only difference between the controlled surface
(GaAs) and structure B (GaAs/InGaAs/GaAs) is the partially
relaxed InGaAs layer, specifically the misfit dislocation net-
work at the InGaAs/GaAs interface, the latter thus must play
the central role in pushing the surface Ga droplets up the
[110] direction. To understand how this is possible and why
only temporarily, the stress fields around orthogonal disloca-
tions and their effects on approaching droplets will be
discussed next.

Orthogonal dislocations are merely a network of dislo-
cation intersections each comprising a [110] dislocation
intersecting a [110] dislocation at a point. Since in zinc-
blende crystals each of the [110] and [110] dislocations can
have four possible Burgers vectors, the stress around an
intersection can take 16 different forms, though some are
redundant by symmetry.*’ To illustrate, the stress map of the
surface above a hypothetical intersection between a [110]
dislocation with Burgers vector b =1/ [101] and a [110] dis-
location with b =1/, [011] is shown in Fig. 5(a); the intersec-
tion is at the center. The surface stress oy, (x=0) is given in
units of 107G where G is the shear modulus of the film. The
simulation geometry is shown in Fig. 5(b) and the material is
assumed to be isotropic for simplicity. The orthogonal dislo-
cation lines (L) are buried at the InGaAs/GaAs interface,
400nm below the surface. Typically, for each dislocation
line located at a depth / below the surface, the surface stress
can be determined analytically from®'

4G Yh(bih—byy)
n(1—v) (24 h2)?

Oyy =
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FIG. 5. Stress fields and their effects on self-propelled droplets. (a) Map of
surface stress above a hypothetical dislocation intersection in the center of
the figure between a [110] dislocation with Burgers vector b= 1/ [101] and
a [110] dislocation with b = 1/ [011]. (b) Schematic cross-sectional drawing
of the simulated geometry showing dislocations running in the [110] direc-
tion (black L symbols) and [110] directions (white L symbols). The
self-propelled droplet and the forces acting on it are detailed in the inset.
The in-plane stress on the surface plane o, (z-y coordinates) is shown in (a),
while the out-of-plane stress o, for the [110] dislocation (x-y coordinates) is
shown in (c). The grey scales of the stresses o,y and o, in (a) and (c) are in
units of 103G where G is the shear modulus of the film. (d) Schematic
drawing showing the running paths N, E, W, and S taken by droplets on the
surface in (a) running toward the intersection X from the north, east, west,
and south, respectively. Path U means a U-turn. The + and — signs in (d)
indicate roughly the positions in quadrants Q3 and Q1 with maximum com-
pressive and tensile stresses, respectively. (e) Schematic drawing showing
the current positions and trails of droplets D5-D7 in Fig. 4(c), highlighting
the strong guiding effects of the underlying dislocations (dashed lines).

where v is the Poisson ratio, y is the distance from the dislo-
cation, and b, and b, are the Burgers vector components
parallel and perpendicular to the interface, respectively.
The stress map in Fig. 5(a), obtained by the superposition of
the orthogonal stress fields, shows that the region around the
intersection comprises four quarters (Q1-Q4) with three
qualitatively different profiles looking into the intersection:
1. Q1 is bounded by orthogonal lines having negative stress
(blue, under tension), 2. Q3 is bounded by orthogonal lines
having positive stress (red, compression), and 3. Q2 and Q4
are bounded by orthogonal lines having opposite stress signs.

The effects that stress fields from multiple dislocations
have on a droplet can be estimated from the superposition of
the effects from individual dislocations where each disloca-
tion exerts on an approaching droplet a stress-dependent
force tensor F, with in-plane (oyy) and out-of-plane (o,,)
components.lf”41 gyy is shown in Fig. 5(a). o, for [110] dis-
location is shown in Fig. 5(c); g, for [110] is similar in form
(not shown). The colors in Figs. 5(a) and 5(c) reflect the
stress state and are thus indicative of motion: Red (blue) rep-
resents regions under compression (tension) toward which
droplets accelerate (decelerate) as a result of Marangoni flow
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driven by stress gradients.”” Under the sole influence of in-
plane components ayy, if a droplet approaches the [110] dis-
location in Fig. 5(a) from the compressive (left hand) side it
will be further driven toward the dislocation by the combined
effects of oy, (Marangoni effects) and F,, (chemical potential
effects). But if the droplet approaches the dislocation from
the tensile side, it could be halted, deflected, or even
reflected (see later). The influence of the out-of-plane stress
g,, on a droplet is more complicated. The cross-sectional
profile of o,, in the x-y plane in Fig. 5(c) shows that as a
droplet approaches the point immediately above the disloca-
tion core (L) the base of the droplet will experience stress
reversal along the zero-stress contours on both sides of the
dislocation. This means that for a droplet approaching the
[110] dislocation from the left hand side ¢,, will first attract
it, only to later stop and possibly push it away by repulsion
from below [the lower zero-stress contour in Fig. 5(c)] and
the right hand side (upper). In the case that droplets are
nucleated immediately above the dislocation core, they will
be bounded by these zero-stress contours and once they
reach a critical size they will thread along the dislocation,
i.e., run in the [110] direction. This describes the behaviors
of D1 and D2 in Fig. 4(b) during their early stages, before
they run into an intersection.

When a droplet approaches a [110]-[110] dislocation
intersection, it will have to navigate through a complex stress
terrain. Considering that surface atoms are likely to collect
along the compressive side of dislocation lines, droplets thus
generally approach an intersection from four directions.
Using the stress map in Fig. 5(a) as an example, the following
four scenarios and the accompanying diagram in Fig. 5(d)
describe how a droplet nucleated on the compressive area
(red) is affected by the underlying stress as it approaches the
intersection from the:

1. South, or [110]. By virtues of gyy, the droplet will feel a
strong attractive force toward the darkest red spot (hereaf-
ter red peak, marked +) in Q3, but only slightly ahead it
will feel an equally strong repulsive force centered at the
darkest blue spot (blue peak, —) in QI. In addition, the
droplet is attracted to the left by the orthogonal disloca-
tion line. Keep in mind that while in motion, the direction
of F, acting on the droplet is the same direction as the
trail. The least resistant path for this droplet to take is thus
the right-angled, red segments in Q3, schematically
shown by the path S in Fig. 5(d). This is the motion pat-
tern of droplets D1 and D2 in Fig. 4(b).

. North, or [110]. As the droplet moves toward the intersec-
tion, the driving force that keeps the droplet on the [110]
dislocation decreases but the force pushing it sideway
(from Q1) increases. It thus moves sideway into Q2,
unable to cross over to Q3 as it is blocked by the repulsive
stress wall at the Q2-Q3 dividing line. In this case there is
no sharp, continuous stress boundary as in the previous
case and the droplet only turns slowly and continuously as
shown schematically by the path N in Fig. 5(d). This is
the motion pattern of droplets D3 and D4 in Fig. 4(c).

. East, or [110]. The stress field in Q4 is the mirror image
of those in Q2 (NE-SW line as the mirror plane), thus by
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symmetry a droplet in Q4 running to the intersection
should behave in the mirrored manner as a droplet in Q2
running to the same intersection: it should slowly bend
toward the South as shown by the path E in Fig. 5(d).
Most large droplets running from East to West in Fig.
4(c), however, are not deflected but run through intersec-
tions. This indicates that droplets which move in the [110]
direction toward the intersection are driven by a force
F,m sufficiently large to push them over the repulsive
stress wall. Such a large force is likely due to substrate
miscut which introduces extra surface steps that create
motion imbalance in the [110] direction in the first place.
The subscripts x4 and m in F,, represent and thus
acknowledge the importance of chemical potential x and
the miscut, respectively. Although absent in Figs. 4(b)
and 4(c), the motion pattern following the path E is
present in Fig. 6 to be described later.

. West, or [110]. Again by symmetry, a droplet moving
from the West to the intersection should take a right-
angled, right turn to the South, mirroring a droplet moving
from the South which takes a right-angled, left turn to the
West. The mirrored paths W and S are shown schemati-
cally in Fig. 5(d). This motion pattern will be evident in
Fig. 6 to be described later.

FIG. 6. Dislocations and their effects on small (d1), medium (d2), and large
(d3) running droplets. (a) SEM micrograph of a selected area on the surface
of structure B after sublimation. Prominent features include bright Ga nano-
droplets in the foreground, droplets d1-d3 and trails t0-t3. Trail t3 comprises
etched areas due to droplet d3 and another droplet which has moved out of
view. The white steps slightly offset below the upper boundary of trail t3
exemplify the jumpy movements of large droplets discussed in the text. (b)
Schematic drawing of the path taken by droplet d1, traced from its current
position to its origin O following the trail t1. Along the path, R and L mark
right and left turning points, respectively. Each turn results from a disloca-
tion intersection in accordance with Fig. 5(d); thus, it is postulated that d1 is
bounded by at least two horizontal (h1-h2 in [110]) and five vertical (v1-v5
in [110]) dislocations. Other dislocations may exist but are not resolved.
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For all of the paths, although the droplets are said to
thread along the dislocations the centers of the droplets when
projected into the substrate do not coincide with the disloca-
tion cores, but shifted sideway by a distance commensurate
with the epilayer thickness. For example, the strain profile in
Fig. 5(c) indicates that the surface droplets would populate
the y position where ¢, is at its maximum, i.e., shifted from
the dislocation core (L) by y &~ 0.25 um. This horizontal off-
sets have previously been observed in heteroepitaxial growth
of QDs on dislocation networks where STM.,** AFM, and
TEM* results confirm that QDs are formed on one side of
misfit dislocations. The sharp boundary of InAs QDs on only
one side of the dislocation lines in Fig. 2(d) is a case in point,
but the contrast is not as clear as the atomically resolved
results obtained by STM.*

C. Unusual droplet motions

The coexistence of the in-plane and out-of-plane forces
simultaneously acting on droplets on the surface of structure
B gives rise to three motion behaviors or characteristics
starkly different from those on flat surfaces.

First, the violation of the trail-avoiding rule. Ga droplets
on flat GaAs(001) surfaces always avoid the trails of other
droplets. This is due mainly to the chemical potential gradi-
ent Au between the flat trails and the rough surroundings
which always drive droplets toward new grounds. The trail-
avoiding rule is observed on many low-index surfaces of
GaAs and other III-V compounds.'*'® On the surface of
structure B in Fig. 4(c), however, three droplets (D5-D7) are
present on the same [110] dislocation line and two of them
(D6, D7) violate the trail-avoiding rule. The current positions
of droplets D5-D7 and the trails suggest the chronology
schematized in Fig. 5(e): D5 on a [110] dislocation first goes
up the intersection X1 and turns left, then D6 on another
[110] dislocation goes up the intersection X2 and turns left,
and finally D7 which nucleated at O moves left toward X2
and passes it. It is clear, in Fig. 4(c), that D6 (D7) does not
avoid but run over the trail of D5 (D6). This is partly due to
the miscut discussed earlier and partly because D6 and D7
are guided by the [110] dislocation which exert on them a
stress-related force F, greater than F,. Such strong stress
may be due to the proximity between the surface and the dis-
location, such as when the dislocation lies at the upper inter-
face (GaAs/InGaAs).

Second, the rectangular maze pattern exhibited by a
limited number of small droplets. Small droplets do not nor-
mally run, but under certain circumstances they do and when
they do they reveal a wealth of information unavailable from
large running droplets. The reason that small droplets do not
normally run is because the driving force varies linearly with
diameter'”'? and on flat GaAs(001) a droplet has to reach a
semi-empirically determined critical diameter D.~ 1.9 um
before rurming.45 Some droplets on structure B, in contrast,
run even when their diameters are smaller than D.. Figure
6(a) shows an area having three droplets of various sizes and
behaviors on a background of bright Ga nanodroplets and
dark trails. The droplet of interest is d1. Its 1-um diameter is
about half of d2 which in turn is about half of d3. But d1 has
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moved a combined distance of 48 um (measured from its
trail t1, starting from O to its current position), while d2 has
moved by only 0.5 um (from its trail t2). The behavior of d2
is expected since its diameter of ~2 um just exceeds D;
thus, it only begins to move. The behavior of d3 is also
expected since its size is much larger than D. and it moves
relatively freely. If the driving force depends solely and line-
arly on D, then d1, being smaller than d2 and particularly D,
should not have moved. The fact that d1 moves before d2
does indicate that a certain force is acting on d1 but not d2.
So, what local force is aiding d1, abetting it to break the min-
imum D, threshold?

The answer again lies in the subsurface stress field
which gives rise to a force F, that not only frees d1 from its
nucleation point O, but also guides it throughout. The field is
qualitatively similar to Fig. 5(a), but quantitatively different
in terms of size, and the number and location of [110] and
[110] dislocations.*® Specifically, there must be a [110] dis-
location beneath d1 at its origin O, exerting a force F, from
below, nudging it off its etch pit. This [110] dislocation is
the line vl in Fig. 6(b). Judging from the trail tl, it is clear
that, on moving from O to its present position, d1 takes seven
right and two left turns, noted in Fig. 6(b) by R and L,
respectively. Each turn marks a dislocation intersection, in
accordance with the behavior of a droplet on approaching an
intersection as described above and schematized in Fig. 5(d).
Thus, it is estimated that at least five vertical (v1-v5) and
two horizontal (h1-h2) dislocations exist, bounding d1 as
shown in Fig. 6(b). Each segment along the trail is not
perfectly straight, indicating that d1’s motion is influenced
by the background nanodroplets incorporated into d1. The
motion of small droplets in general is necessarily jagged as a
result of capillarity and merging. Far from dislocations,
capillarity dominates and the path is jagged. Close to dislo-
cations, subsurface strain fields dominate and the path is
straight. The dominance of the driving subsurface strain field
scales with the droplet size. For large droplets, the incorpora-
tion of background material constitutes a small percentage
increase in mass and hence the trail of a large droplet on a
guiding dislocation (t0, for example) is straight. For very
large droplets, the percentage increase in mass is negligible
but the diameter of the droplet maybe so large that it over-
laps many dislocations simultaneously. In other words, large
droplets may be guided by many dislocations and intersec-
tions and their movements become jumpy when the average
line density of dislocations is in the same order of magnitude
as the average diameter of droplets. Typically, the trail of a
very large droplet such as t3 in Fig. 6(a) consists of multiple
straight segments with many jumps (see white steps at the
upper boundary of trail t3) dictated by the underlying dislo-
cation network. Thus, large droplets are affected by a large
number of dislocations, whereas small droplets are guided
by individual dislocations, revealing the details of subsurface
stress fields with greater resolution.

Third, the 180° I- and U-turns. The 180° I-turn is so
named because a droplet running on a dislocation, especially
a [110] direction, heading toward a highly repulsive orthogo-
nal stress wall (hereafter block wall) can bounce back, on its
own trail, on the same dislocation. This contradicts with the
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path E in Fig. 5(d) and is possible if the plane of the guiding
dislocation is so close to the surface that the stress-related
attractive force does not let the droplet slip away. Examples
of droplets that have made one I-turn are I1 and I2 in Figs.
4(b) and 4(c), respectively. Tersoff et al.’’ reported similar
180° I-turn but only after prolonged sublimation that the sur-
face and the trails are both rough, and thus, the reversing
droplets are chemical potential driven, not dislocation driven
as observed here.

The 180° U-turn is so named because some droplets,
upon hitting block walls, bounce back, but this time not on
their own trails. In other words, they perform a self-avoiding
walk 180° turn. U-turns are most likely observed on large
droplets that have moved a significant distance from the
nucleating sites. Figure 7(a) shows the SEM image of an
area where many droplets move along the [110] principal
direction in irregular patterns. Specifically, they wiggle and
make U-turns. To better illustrate the dynamics and chronol-
ogy of the droplets, the SEM image is processed using an
edge detection algorithm in ImageJ and the results are shown
with pseudocolors and different shades of grey in Fig. 7(b).
The resting positions of the droplets are shaded darker than
the trails. All droplets wiggle as they run over dislocations
and dislocation intersections and as such their paths are
affected by the underlying stress fields. The wiggling trails
comprise multiple short steps up and down, similar to the
trail t3 in Fig. 6(a) and consistent with a dense cross-hatch
pattern profile expected of the embedded InGaAs layer.’” In
addition to wiggling, some droplets make U-turns. Of partic-
ular interest in Fig. 7(b) are droplets U1, U2, and U3 which
make one, two, and three U-turns, respectively.

U-turns are possible under two main circumstances:
(i) when a droplet approaches an intersection from a quarter
that repels it from all sides, such as from Q1 as shown by
path U in Fig. 5(d), and (ii) when a droplet is deflected by a
barrier, particularly the trail of other droplets. For Ul, no
surface irregularity such as a trail is found at the turning
point; thus, the cause of the U-turn must be subsurface in ori-
gin. This is attributed to the subsurface dislocations v6 and
h3, seen superimposed onto the processed SEM image in
Fig. 7(b). The presence of h3 is corroborated by the presence
of droplet DS, whereas the presence of v6 is corroborated by
the effects it has on droplet U3 and the presence of droplet
D9 which stuck at the v6-h4 intersection (but has slipped out
of view). For U2, the first U-turn is due both to the presence
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of the block wall v7 and the trail t4. The second U-turn is
due to repulsion by the block wall v8. For U3, the first
U-turn is due to the block wall v6 and the trail t5; the second
and third U-turns are due to the attempt of U3 to avoid the
trails t6 and t7 rather than the repulsion by block walls.

All in all, Secs. III B and III C show the various non-
linear motions of surface droplets driven, principally or at
least in part, by interfacial misfit dislocation whose presence
is clearly visible in various micrographs but whose strain
states have so far been ignored.

D. The misfit layers

As high temperatures are necessary to induce surface
droplets, the misfit InGaAs layers must somehow be
affected. But to what degree? It is important to answer this
question as the misfit layers are responsible for the droplets’
motion, yet it is unclear whether the forces acting on the
droplets are due to the starting misfit dislocation network, or
to additional dislocations formed by further strain relaxation
during the high-temperature processing.

Three scenarios are plausible. The misfit layers either
remain intact, relax further completely, or relax further par-
tially. To evaluate the prevailing scenario, the symmetric
(004) HR-XRD is used as a quick check for the integrity of
the interfaces, whereas the asymmetric (115) reciprocal
space map (RSM) is used to gauge the misfit degree of each
structure before and after sublimation. The following
discusses XRD spectra of structure A, followed by B.

For structure A (InGaAs/GaAs), the sublimated surface is
the misfit InGaAs layer itself. The misfit layer is thus elimi-
nated in the process and should not be detected by XRD.
Figure 8(a) shows the (004) rocking curves of the structure
before and after sublimation and it is clear that while the
substrate peak (GaAs at 260 ~ 66°) remains, the layer peak
(InGaAs at 20 =~ 64.8°) disappears after sublimation. The qual-
ity of the Pendellosung fringes of the structure before sublima-
tion is not high since only the bottom interface (InGaAs/GaAs)
is atomically sharp but the top interface (air/InGaAs) is not.
The GaAs peak is not as sharp as those that might be expected
of single-crystal GaAs substrates because the peak results from
the starting substrate and a 300-nm GaAs smoothening layer
grown immediately before the InGaAs layer.

For structure B (GaAs/InGaAs/GaAs), the sublimated
surface is the GaAs layer. The sublimated thickness is esti-
mated from the etch depth of the trail as measured by AFM

FIG. 7. Droplets wiggle and U-turn, as
observed on the post-sublimated sur-
face of structure B. (a) The original
SEM image. (b) The processed image
highlighting the droplets Ul-U3 and
trails t4-t7. In running from the starting
to the current positions, Ul, U2, and

U3 take one, two, and three U-turns,

respectively, in addition to the wig-
gling motion. Each U-turn results from
droplet interaction with either a block
wall (v6-v8), or a trail (t4-t7), or both.
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FIG. 8. XRD spectra of the misfit layers. (004) rocking curves of structure
(a) A or 40-nm Ing;5GaggsAs/GaAs and (b) B’ or 350-nm GaAs/25-nm
Ing,Gag gAs/GaAs before (blue, upper curves) and after (red, lower curves)
the sublimation of the top layer. Curves are offset for clarity. (c) (115) recip-
rocal space maps of structure B’ before (upper) and after (lower) sublima-
tion. The scale bars are 0.004 A~

to be 50 nm, much thinner than the 400-nm GaAs layer. The
thickness of the underlying InGaAs layer is thus unaffected.
Figure 8(b) shows the (004) rocking curve of a slightly dif-
ferent structure B’, similar to B, before and after sublimation.
The only difference between B’ and B is that the thickness of
the top GaAs surface in B’ is 350 nm, as opposed to 400 nm
in B. Both structures are subject to the same sublimation and
the droplet dynamics are qualitatively the same. Since the
thickness of GaAs in B’ is thinner, the embedded InGaAs
layer in B/, particularly the upper interface (GaAs/InGaAs),
would deteriorate faster than those in B. Figure 8(b) however
shows that after the sublimation and despite the slight
decrease in thickness, the substrate and the layer peaks
remain practically unchanged. Apart from a slight reduction
in overall intensity (due to the presence of surface Ga drop-
lets), both the peak positions and the quality of the
Pendellosung fringes remain intact, indicating that the upper
and lower interfaces of the buried misfit layer are not
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affected by the sublimation. The (115) reciprocal space maps
of structure B’ before and after sublimation as shown in Fig.
8(c) provide further proof that the integrity of the misfit
layers remains intact.

As the buried misfit layer does not undergo further
relaxation during the sublimation of the surface, it is thus
conclusive that the preferential nucleation of droplets in Sec.
IITA and the guiding and blocking of running droplets in
Sec. III B arise from the starting misfit dislocation network.

IV. CONCLUSION

GaAs/InGaAs/GaAs structures grown by molecular
beam epitaxy are sublimated in vacuum and the resulting
morphological changes are observed in situ via low-energy
electron microscopy. Initially, the disproportionate loss of
group-V atoms results in the formation of group-III droplets
which preferentially nucleate on the surface immediately
above dislocations, aided by the dislocation-related stress
fields. Later, the droplets grow and run in two principal direc-
tions, [110] and [110], as they are guided by the same stress
fields. Small droplets are guided by individual dislocations.
Large droplets are affected by several dislocations and inter-
sections. This gives small droplets the ability to probe the
presence of subsurface dislocations at greater resolution than
large droplets. In the end, all running droplets will approach
intersections with insurmountable repulsive stress walls and
respond by abruptly changing paths, for example, by taking
90° turns, or by bouncing off the stress barriers, returning to
their own trails (I-turn) or veering off slightly (U-turn).
Abrupt 90° and 180° turns for liquid flowing on flat surfaces
are unusual and demonstrate new avenues of applications that
employ defects to do mechanical work. X-ray diffractions
reveal that the misfit InGaAs layers are unaffected during
sublimation, suggesting that the predesigned misfit disloca-
tion network (and their associated stress fields) can be used to
steer surface droplets, which would be of great utility in
droplet-based growth and fabrication of optoelectronic devi-
ces. As a possible extension of this work in other fields, we
speculate that the defect-liquid flow relationships established
here maybe applicable in a wider range of systems and in a
broader context of shear-flow aero- or hydrodynamics. For
example, a properly designed dislocation network on a land-
scape (seafloor) should be able to redirect or reverse the over-
flowing air (waves).
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