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We report the structural analysis at the atomic scale of GaAs/AlGaAs quantum wires and quantum
dots grown by droplet epitaxy on a �311�A-oriented substrate. The shape, interfaces, and
composition of these nanostructures and their surrounding matrix are investigated. We show that
quantum wires can be created by annealing uncapped quantum dots. Substantial interface
fluctuations, attributed to interface instability induced by the liquid Ga droplet, are observed.
Despite the interface fluctuations, no intermixing of Al was found in either the quantum wires or
quantum dots. A wetting layer connecting the quantum dots could not be observed.
© 2011 American Institute of Physics. �doi:10.1063/1.3589965�

Lattice-matched quantum dots �QDs� can be grown us-
ing molecular beam epitaxy working in the droplet epitaxy
�DE� mode. In this technique, liquid droplets of a group III-
element are crystallized at low temperature into QDs by the
incorporation of group V-elements.1 Traditionally, QDs are
grown in Stranski–Krastanow mode, which is strain driven
and results in self-assembled strained QDs. Such QDs can
show heavy intermixing with the surrounding matrix2 and
are usually accompanied by a pronounced wetting layer
�WL� that softens the boundary of the QDs.3 Such structural
imperfections can obscure the intrinsic properties of QD la-
sers. Furthermore, it hinders the linking of experiment with a
realistic QD model that predicts the emission properties.4 In
this respect, QDs grown by DE can provide a much simpler
system. Ideally, QDs grown in DE mode are strain free, do
not suffer from intermixing, and can be grown with an arbi-
trary WL thickness.5 Besides the QD, the quantum wire
�QWR� has also attracted great interest for use in optoelec-
tronic device applications. As in the case with the QDs, the
GaAs/AlGaAs material system potentially offers strain free
QWRs with little material intermixing. Traditionally, the
techniques used to fabricate QWRs are selective growth on
patterned substrates6 and growth on vicinal7 or high-index
surfaces.8 Here we report a new technique, the formation of
QWRs on �311�A-oriented substrates by thermally induced
redistribution and diffusion of constituent atoms of QDs
grown by DE. Structural peculiarities of both the QDs and
the QWRs are revealed by cross-sectional scanning tunneling
microscopy �X-STM�.

The sample used in the X-STM measurements consists
of a GaAs/AlGaAs QWR layer and a GaAs/AlGaAs QD
layer that were grown on an n-doped �311�A-oriented GaAs
substrate by means of DE. First, a 50 nm GaAs layer is
grown at 610 °C, the nominal growth temperature. Next, a
20 nm AlGaAs buffer layer is grown after which the tem-
perature is lowered to 200 °C and the As is evacuated from
the growth chamber. Subsequently, 5 monolayers of Ga are
deposited resulting in the formation of liquid Ga droplets on

the surface. These droplets are crystallized into GaAs QDs
by the application of an As4 flux �2�10−6 Torr beam
equivalent pressure�. The resulting uncapped QDs are an-
nealed at 550 °C to form QWRs. Next, the QWRs are
capped with a 20 nm AlGaAs layer grown at the annealing
temperature. After the completion of this capping layer, an
GaAs/AlGaAs multiple quantum well �4�� is grown at the
nominal growth temperature. The whole growth sequence is
then repeated with an annealing and overgrowth temperature
of 400 °C, resulting in QDs instead of QWRs.

All X-STM measurements were performed at room tem-
perature under UHV conditions �p�6�10−11 mbar� with an
Omicron STM-1, TS2 Scanner. The STM was operated in
constant current mode on in situ cleaved �01-1�-surfaces. The
X-STM measurements were all done at high negative bias
voltages �V�−2.5 V�. At these tunnel conditions, GaAs
�AlAs� rich regions appear bright �dark� in the topographic
X-STM images.

Before we start an atomic scale analysis of the nano-
structures, we will first investigate the process of QWR
formation with atomic force microscopy �AFM�. For this
purpose two samples with uncapped QDs were grown. In
Fig. 1, two AFM images of the uncapped nanostructures
after 10 min annealing at �a� 450 and �b� 550 °C are shown.
The density and height of the QDs is determined to be
�1�1011 cm−2 and 2.5 nm, respectively. Upon annealing

a�Electronic mail: j.g.keizer@tue.nl.
FIG. 1. �Color online� 2�2 �m2 AFM images of the uncapped QDs after
10 min annealing at a� 450 and b� 550 °C.
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the QDs elongate along the �2̄33�-direction. The driving
force for this elongation is the strong ansitropic nature of the
�311�A-surface.8 In the current case the QD density is so
high that the QDs start to coalesce to form QWRs that are

oriented along the �2̄33�-direction. In a previous study of
QWR formation on an �001�-oriented substrate the achiev-
able QD density was found to be too low to achieve QWRs
and as a result quantum dashes were formed instead.9 The
fact that higher density QDs can be formed on the �311�A-
surface as compared to the �001�-surface is attributed to the
shorter migration distance of Ga adatoms on the �311�A-
surface.10,11 The average height, width, and length of the
QWRs is found to be 1.9 nm, 30 nm, �200 nm, respec-
tively. Low temperature �6 K� photoluminesence �PL� mea-
surements of the QWRs after capping show that they emit
around 700 nm with a linewidth of 48 meV. Furthermore, a

polarization anisotropy of 0.18 along the �2̄33�-direction and

perpendicular to the �01̄1�-direction was found.12 This last
feature is desirable in the fabrication of lasers that use
cleaved �011�-surfaces as Fabry–Pérot mirrors. As an appli-
cation of the current QWRs to optoelectronic devices, we
recently demonstrated electrically pumped lasing in a GaAs/
AlGaAs QWR laser diode.12

We now start with the atomic scale analysis of the QWR
layer. In Fig. 2�a�, a topographic X-STM image of a typical
part of the QWR layer is shown. One complete QWR �be-
tween the dashed lines� is visible in the image. The length
and the height variation along this QWR is found to be 220
nm and 1.3 nm–1.9 nm, respectively. Although not imaged in
their totality, other QWRs were found to span even longer
��250 nm�, which is in agreement with the AFM measure-
ment shown in Fig. 1�a�. The inter-QWR distance in the

�2̄33�-direction was found to be in the order of tens of na-
nometers. In Figs. 2�b� and 2�c�, two close-up images are
shown to illustrate the surface fluctuations of the GaAs/
AlGaAs interface at the bottom of the QWRs. These fluctua-
tions show up as AlGaAs protrusions in the GaAs QWRs and
vica versa as GaAs intrusions in the AlGaAs buffer layer.
Both are absent at the top interface of the QWRs and the
marker layers, indicating that they are formed prior to and/or
during the crystallization of the Ga droplets but not during
growth of the capping layer. The formation of these features
is attributed to the destabilization of the buffer layer interface
by the liquid Ga droplet at low temperature and a subsequent

reconfiguration of the surface. A more detailed explanation
of this process will be given in the next section, where the
QD layer is analyzed. Despite the substantial interface fluc-
tuations at the bottom of the QWRs, the homogeneity of the
contrast, e.g., Figs 2�b� and 2�c�, indicates that no intermix-
ing of Al with the GaAs QWRs has occurred.

We now turn our attention to the QD layer. A total of 29
QDs were imaged by X-STM. The average height of the
QDs was found to be 2.3 nm with �=0.6 nm, which is in
agreement with the AFM measurements and suggest that
there was little structural change during capping. Recently,
photopumped lasing of QDs grown under the same growth
conditions was demonstrated.13 Low temperature �5 K� PL
measurements on a dedicate sample shows that the current
QDs emit around 703 nm, with a linewidth of 48 meV.10 This
small linewidth indicates high uniformity, which is reflected
by the low � found in the X-STM measurements.

In Fig. 3�a�, a typical part of the QD layer is shown.
Three QDs can be distinguished. A WL connecting the QDs
is not observed. In a previous study we suggested that a WL
will not form under the current growth conditions because
low temperature �6 K� PL measurements on that sample
showed no clear peak that could be attributed to WL
emission.14 This is confirmed in the current letter. Due to the
high density approximately half of the observed QDs were
found to overlap with other QDs. This illustrated in Fig. 3�c�,
where the right side of the QD overlaps with another. The
QDs are found to be bounded by �211�- and �411�-side fac-
ets, resulting in a slight elongation of the QDs in the

�2̄33�-direction. Emanating from the top of the QDs are AlAs
rich regions �darker�. As a guide to the eye the boundary of
one of these regions is marked in Fig. 3�a� by two lines,
which are found to roughly follow the �011�-direction. The
formation of these features can be explained by the differ-
ence in mobility of the Ga and Al adatoms. During the
growth of the capping layer, Ga adatoms, which have a
higher mobility move over the surface. Since they favor the
�311�A-surface over the �211�- and �411�-side facets of the
QD,15 and given the limited migration length of Al adatoms,
this results in AlAs rich regions on top of the QDs. The
observation that the AlAs rich regions extend all the way to

FIG. 2. �Color online� �a� 250�75 nm2 topographic X-STM image of
one complete QWR �marked by the two dashed lines�. ��b� and �c�� 30
�16 nm2 close ups of the interface fluctuation.

FIG. 3. �Color online� �a� 35�170 nm2 topographic X-STM image of the
QD layer. An AlAs rich region emanating from the top of one of the QDs is
marked by two lines. �b� 16�65 nm2 topographic image of a typical QD
with a smooth and �c� rough bottom AlGaAs/GaAs interface.
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the GaAs capping layer, and that slight interface irregulari-
ties are found at this position, indicates that to some extend
the original QD shape is retained at the growth front during
capping. The lateral position of the asymmetric QD shape at
the growth front is continuously shifted in the

�2̄33�-direction during overgrowth resulting in a tilt of the
AlAs rich regions toward the �011�-direction.

In approximately one third of the observed QDs, a GaAs
intrusion in the AlGaAs buffer layer that is paired with
an AlGaAs protrusion in the GaAs QD is found at the
bottom interface, see e.g., Fig. 3�c�. These paired
protrusions/intrusions are better resolved in another sample
were the QDs are overgrown with a GaAs capping layer,
see Fig. 4, resulting in a clearer view of the interface. In
both samples the protrusions were always found to form in

the �2̄33�-direction relative to the intrusions and are bounded
by an �100�- and �211�-surface. The paired protrusions/
intrusions are most likely the result of an interface instability
induced by the liquid Ga droplet. It is well known that
�311�A-surfaces show temperature instabilities that break up
the flat surface into facets that have a lower surface
energy.8,16 We suggest that a similar process happens in the
current case, where inside the droplets the �311�A-surface is
destabilized by the presence of the liquid Ga and subse-
quently reconfigures into a more energetically favorable con-
figuration consisting of �100�- and �211�-facets. In previously
studied GaAs/AlGaAs QDs grown on an �001�-oriented
substrate17 we observed GaAs intrusions that are attributed to
local etching.18,19 In that case As atoms present in the buffer
layer, and to a lesser extend also the Al atoms, dissolve into
the liquid Ga and recrystallize inside the QD upon the appli-
cation of an As4 flux. As a result these QDs posses an intru-
sion at their bottom interface and show some amount of Al
intermixing. We would like to stress that this is not the case
with the current QDs, where the homogeneity of the contrast

within the QDs, e.g., Figs 3�b� and 3�c�, indicates that they
consist of pure GaAs and that no Al intermixing has oc-
curred.

To summarize, we have shown that QWRs can be cre-
ated by annealing uncapped QDs at elevated temperatures.
Our X-STM study reveals that substantial interface fluctua-
tions are present between the nanostructures and the buffer
layer. These fluctuations are attributed to the destabilization
of the interface by the liquid Ga droplet and subsequent re-
configuration of the surface in energetically more favorable
facets. Despite the interface fluctuations, no evidence of Al
intermixing was found. A WL connecting the QDs was not
found. AlAs rich regions, which are brought on by the dif-
ference in mobility of Al and Ga, were found emanating
from the top of the QDs.
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