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We report on Ga nano-droplets on GaAs(100) that are not
stable under arsenic flux. Spontaneous evolution in shape
leads to many interesting GaAs nanostructures. GaAs nano-
crystals shaped like lighted candles and square-holed round
coins are observed under different growth conditions. The
underlying physics of the formation of these interesting nano-

1 Introduction Semiconductors show dramatic quan-
tization effects when carriers are confined by potential bar-
riers to nano-scale regions of space in one, two, or three
dimensions. For example, the optoelectronic properties of
semiconductor nanostructures can be modified by structur-
ally engineering the size and shape of nanostructures. Fab-
rication of active semiconductor nanostructures, however,
is extremely challenging due to technology limitations at
these dimensions. Self-assembly of semiconductor nanos-

tructures, however, provides a rich spectrum of opportunity.

The most common approach to the self-assembly of nanos-
tructures has been the Stranski—Krastanow (SK) method.
In the SK approach to the formation of nanostructures, a
thin semiconductor film is deposited onto a different semi-
conductor substrate that presents a high mismatch in lattice
constant between the substrate and the thin film material
being deposited [1, 2]. The lattice mismatch then self-
assembles quantum dots or quantum wires having rela-
tively simple geometries [1-6]. Even more complicated
configurations are possible, however, such as quantum
rings and quantum dot chains [7—-10] which are currently
drawing much attention. Compared to colloidal nanocrys-
tals, which have been observed to be rod-, arrow-, tear-
drop- and tetrapod-shaped [11], the shapes of the semicon-
ductor nanostructures fabricated by epitaxy at first seem
less attractive. Yet, epitaxial nanostructures with more in-
teresting shapes will likely have novel optical and electri-
cal properties based on the effects of shape.

structures can be understood in terms of GaAs growth under a
uniform arsenic flux and a non-uniform Ga supply from the
Ga nano-droplets. These novel shaped GaAs nanostructures,
in an AlGaAs matrix, offer promising applications in opto-
electronics.
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While the SK growth approach has had dramatic suc-
cess with lattice-mismatched systems a different approach
is needed for lattice matched systems, such as GaAs/
AlGaAs. Lattice matched material systems can have as
much, if not more, technological importance. Although not
studied with as much fever, droplet epitaxy offers the pos-
sibility of formation of quantum dots without the need for
a lattice mismatch. In droplet epitaxy of GaAs/AlGaAs, Ga
is first deposited to create liquid Ga droplets on an AlGaAs
surface and subsequently exposured to a high arsenic flux
that transforms the droplets into GaAs nano-crystals [12,
13]. In this letter, we extend the capability of droplet epi-
taxy to the growth of more interesting GaAs nanostructure
geometrical shapes never explored before. GaAs lighted
nano-candles and square-holed round nano-coins are ob-
served under different growth conditions.

2 Experimental All the samples investigated here
were grown on epi-ready GaAs(100) substrates by molecu-
lar beam epitaxy (MBE) which is equipped with a reflec-
tion high-energy electron diffraction (RHEED) system and
a highly accurate (£2 °C) optical transmission thermometry
system for substrate temperature determination. A valve-
controlled As source was used, which enables instantane-
ous changes in the As flux depending on the valve position.
Following the growth of about 300 nm of a GaAs buffer
layer at 600 °C, an Al ,Ga,,As layer of 200 monolayers
(MLs) was deposited to be a barrier for the further growth
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of GaAs nanostructures. Subsequently, the substrate was
cooled to 380 °C. The As-valve was fully closed before
reaching the desired substrate temperature. Once the
growth temperature was reached, Ga atoms were supplied
to form Ga droplets on the Al ,Ga,,As surface, correspond-
ing to the amount necessary for the growth of 10.5 ML of
GaAs. The sample was then annealed for 45 s under As-
flux with As-valve fully or 10% opened. The achieved
morphology was quenched and ambient measurements of
atomic force microscopy (AFM) were carried out on the
samples taken out from the MBE chamber.

3 Results and discussion Figures 1(a) and (b) are
AFM images of the sample with the subsequent annealing
carried out with the As-valve fully opened. The observed
density of GaAs nanostructures is about 14 pm™. The
nanostructures obtained look like a lighted candle in shape.
In this analogy, the flame, the highest part of the GaAs
nanostructures, points in the [011] direction, rising up
about 10 nm from the ring-like base (top of the candle).
Meanwhile, this base is about 15 nm in height above the
background and about 90 nm in diameter.

On the other hand, when the sample with Ga droplets
formed at 380 °C was annealed under 10% opened As
source, nice ring-like GaAs nanostructures were observed
as shown in the AFM image of Fig. 2(a). A zoom-in AFM
image in Fig. 2(b) shows that the outer perimeter is actu-
ally more round than the inner perimeter. The formed
nanostructure looks like an ancient Chinese coin — round
with a square hole. The deepest trench in the square hole
can be over 2.8 nm under the base plane. The ring-like fea-
ture rises up from the base about 2 nm.

Figure 1 (online colour at: www.pss-rapid.com) AFM images at
different magnification showing the shape of GaAs nanostruc-
tures formed through arsenization of Ga droplets with a fully
opened As-valve.
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Figure 2 (online colour at: www.pss-rapid.com) AFM images at
different magnification showing the shape of GaAs nanostruc-
tures formed through arsenization of Ga droplets with a 10%
opened As-valve.

The observed general features of the GaAs nanostruc-
tures can be understood qualitatively, in terms of GaAs
growth with a uniform As-flux but a non-uniform Ga sup-
ply (from Ga droplets). In principle, the growth of GaAs
on an Al ,Ga ,As surface will proceed in a layer-by-layer
fashion. The Ga droplets are unstable under an As flux and
the Ga is transported down the droplet. When the uniform
As-flux is low (10% opened), the Ga supply from the drop-
lets provides a Ga-rich condition. In fact, an As-limited
layer-by-layer growth was evidenced by the observation of
RHEED oscillations. We actually used the oscillations to
determine the As-flux. The As source with the valve at
10% opened provide enough arsenic flux for a GaAs
growth rate of 0.33 ML/s. The 45 second annealing period
is more than enough to fully crystallize the 10.5 ML Ga
droplets into GaAs nanostructures. Similar methods for the
determination of As-flux have been used two decades ago
[14, 15] but for the first time we use this method to fabri-
cate interestingly shaped GaAs nanostructures. The lower
As-flux enhances two-dimensional growth, or in other
words, enhances the down-hill material transportation from
the Ga droplets. Therefore, the GaAs nanostructures ob-
served with fully opened As-valve are taller than those
with 10% opened As-valve.

All of the interesting nanostructures observed in this
investigation have a concave center. In the phase diagram
of the Ga—As system, Ga, As and GaAs are the only stable
phases [16]. For this reason, the As cannot penetrate the
Ga droplet. As a result it can at best form GaAs at the
droplet surface. However, this interface energy is high (as
evidenced by the formation of the Ga droplet on a GaAs
surface) and the GaAs growth at the surface is transported
to the lower energy region around the droplet. In other
words, the GaAs growth can only proceed around the drop-
let by a self-limited Ga down-hill transportation and a uni-
form As-flux, as illustrated in Fig. 3 from (a) to (b). In
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Figure 3 (online colour at: www.pss-rapid.com) Schematic illus-
tration of progressive stages for the formation of holed nanostruc-
tures during droplet epitaxy.

principle, the center of the Ga droplet should have no
GaAs growth until all the Ga material in droplets run out,
as shown in Fig. 3(c). This means the concave center can
be as deep as 10.5 ML, or 3.0 nm. The trench deeper than
2.8 nm observed in Fig. 2 is consistent with the above dis-
cussion. The deep center will be gradually refilled by
GaAs diffusion after all Ga has been converted into GaAs
as shown in Fig. 3(d). While the base of initial Ga droplets
is round, the observed holes are square-like due to the de-
pendence of Ga migration on surface orientation. The con-
cave center of GaAs nanostructures formed by droplet epi-
taxy has been reported before [12, 13], but not deep into
the base plane as we observed here. Our observation may
provide a useful route to grow nano holes for further quan-
tum structure engineering [17].

InGaAs quantum rings, one type of holed nanostruc-
tures, has been observed, where liquid InAs is believed to
be present as the result of biaxial stress [8]. While the in-
stability of InAs islands is induced by the deposition of
GaAs for the formation of InGaAs quantum rings [7, 8],
the origin of GaAs holed nanostructures here is the insta-
bility of Ga droplets under arsenic flux.

It is interesting to note that the ML-high islands on
about 10.5 ML GaAs quantum wells have been extensively
studied as natural quantum dots [18]. By using droplet epi-
taxy, the natural corrugation can be controlled very effi-
ciently. We have studied the stability of the strange nanos-
tructures annealed at higher temperature and found the
structures are stable at least up to 500 °C. Therefore, the

holed nanostructures may find applications after they are
buried with an AlGaAs layer, creating quantum confine-
ment. The high quality of buried nanostructures in optical
properties has been indicated by photoluminescence from
quantum dots formed by droplet epitaxy [12, 13]. Direct
optical investigations on the nanostructures observed here
will be addressed in future publications.

4 Conclusion GaAs nano-crystals shaped like lighted
candles and square-holed round coins have been observed
on an Al ,Ga ,As surface during droplet epitaxy. The ob-
servation of interesting GaAs nano-crystals may excite
more research efforts on utilizing the droplet epitaxy tech-
nique to fabricate specific nanostructures for other lattice-
matched and lattice-mismatched systems. For the evo-
lution of GaAs nanostructures on the Al ,Ga,,As surface,
the nature of droplet epitaxy was revealed as GaAs growth
generated from a non-uniform Ga supply from nanodrop-
lets and a uniform As-flux.
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