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Several distinctive self-assembled InGaAs quantum dot molecules �QDMs� are studied. The QDMs
self-assemble around nanoscale-sized GaAs moundlike templates fabricated by droplet
homoepitaxy. Depending on the specific InAs monolayer coverage, the number of QDs per GaAs
mound ranges from two to six �bi-QDMs to hexa-QDMs�. The Ga contribution from the mounds is
analyzed in determining the morphologies of the QDMs, with respect to the InAs coverages ranging
between 0.8 and 2.4 ML. Optical characterization shows that the resulting nanostructures are
high-quality nanocrystals. © 2006 American Institute of Physics. �DOI: 10.1063/1.2388049�

To fabricate nanostructures under an insufficient lattice
mismatch, a growth technique, called “droplet epitaxy,” was
introduced for homoepitaxial and heteroepitaxial material
systems, such as GaAs/GaAs and GaAs/Al�Ga�As.1–6 In
droplet epitaxy, under the absence of an As4 flux, a molecu-
lar beam of Ga applied to a surface forms liquid Ga droplets
based on Volmer-Weber growth mode.7 These droplets are
then subsequently exposed to an As4 flux and crystallized to
form GaAs. However, this process can be substantially more
complicated and interesting. For example, a GaAs/Al�Ga�As
droplet epitaxy results in various shapes depending on the
growth conditions during the As4 annealing process of the
liquid Ga droplets. Some of these droplets form elongated
islands along �01-1�, both with and without nanoscale holes,
while other droplets form single and double ringlike
nanostructures.4–6

These various shape droplets can subsequently serve as
templates for further growth, without the need for further
ex situ surface preparation. This approach overcomes several
limitations of typical quantum dot �QD� growth on planar
GaAs surfaces.1–6 This can be significant since semiconduc-
tor QDs have received considerable attention due to their
unique electronic and optoelectronic properties.8–12 In fact,
several important devices have already been demonstrated
using QDs, such as lasers, transistors, sensors, and
photodetectors.13–15 Furthermore, the use of the spin of an
electron as a basic unit for quantum computations is in-
tensely being explored using both electrical and optical tech-
niques to localize and manipulate a single spin in QDs.16–21

For this application, traditional self-assembly of QDs
based on the Stranski-Krastanov �SK� growth mode can be a
good candidate for quantum computations.18–21 Characteris-
tically, however, SK-based growth generally has random lat-
eral spacing, which hinders the QD functionality for such
applications as a q bit.

In this letter, we adopt a hybrid growth approach utiliz-
ing both droplet homoepitaxy and SK growth to overcome
some of the limitations of the SK-based QD growth mode
alone on a planar GaAs surface. Using molecular beam epi-
taxy �MBE� self-assembled InGaAs quantum dot molecules
�QDMs� are realized around GaAs mounds formed by drop-
let epitaxy on GaAs �100�. The number of QDs per GaAs

mound can be effectively controlled by varying the InAs
monolayer coverage. For example, we demonstrate QDMs
composed of two to six QDs per mound. Physically, we find
that intermixing of Ga from the GaAs mounds contributes to
the morphology of the InGaAs QDMs. This behavior is sys-
tematically analyzed from the initial mixing stage to the near
elimination of the GaAs mounds. The corresponding photo-
luminescence �PL� measurements indicate that the InGaAs
QDMs are high-quality crystalline nanostructures.

All samples were grown on epitaxy-ready semi-insulated
GaAs �100� substrates by solid-source MBE. After 330 nm
of GaAs buffer, 3 ML of Ga �based on an equivalent amount
of GaAs with As4 flux� was applied to the GaAs surface at
the surface temperature of 500 °C without As4 flux to form
liquid Ga droplets on the GaAs surface. Subsequently, 80 s
of annealing followed, and the substrate temperature was
lowered to 150 °C. The Ga droplets were then exposed to a
beam equivalent pressure �BEP� of 1.3�10−5 Torr of As4
for 100 s in order to fully crystallize the Ga droplets and to
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FIG. 1. �Color online� Surface morphology �two dimensional and three
dimensional �3d�� by AFM and corresponding line profiles indicated as
black lines in Figs. �a-1�, �b-1�, and �c-1�. The InAs monolayer coverage is
varied: �a� 0.0 ML, �b� 0.8 ML, and �c� 1.4 ML deposition at 500 °C after 3
ML of Ga deposition at 500 °C �equivalent amount of GaAs when As4 was
supplied� and crystallization at 150 °C. Figures �a-1�, �b-1�, and �c-1� are
2�x��1.5�y� �m2, and Figs. �a-2�, �b-2�, and �c-2� are �enlarged 3D�
300�x��250�y� nm2. Black lines in the 2�1.5 �m2 figures correspond to
the line profiles shown in Figs. �a-3�, �b-3�, and �c-3�.
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form the GaAs nanoscale mound templates. The substrate
temperature was raised to 500 °C and InAs deposition fol-
lowed. Under a BEP of 3.4 �Torr of As4, the monolayer
coverage of InAs was deposited ranging from 0.8 to 2.4 ML.
The substrate temperature was then quenched under the same
BEP of As4 flux as was used during the InAs growth. For PL
measurements, a 200 ML of GaAs capping layer was grown,
and the measurements were carried out at 10 K using a
532 nm �2.33 eV� laser excitation. Meanwhile, an atomic
force microscope �AFM� was also used on uncapped samples
to reveal the surface morphology.

In all our experiments, the GaAs mounds formed with
3.0 ML Ga deposition, shown in Figs. 1�a-1�–1�a-3�, were
used as the templates for the subsequent InAs depositions. In
other reported cases,3–6 noncircular shapes of crystallized
GaAs islands were explained by anisotropic surface diffusion
of Ga atoms along the �01-1� and �011� directions during the
crystallization. To minimize the effects of anisotropic surface
diffusion of Ga atoms during crystallization, Ga droplets
were crystallized at the substrate temperature of 150 °C.
This is much lower than the substrate temperature of
450 to 550 °C used in previous reports.3–6 The density of the
GaAs island templates was �1.6�107/cm2, and the average
dimensions of the templates were �120 nm in diameter and
�50 nm in height. The formation of the GaAs nanomounds
was then followed with various monolayer depositions the
InAs coverage. Figures 1�b-1�–1�b-3� show the resulting sur-
face morphology and line profiling after 0.8 ML of InAs
deposition. The height of the GaAs mound decreased by
�10 nm from the original mounds to �40 nm, and the di-
ameter decreased to �90 nm. From the enlarged Fig. 1�b-2�
and the line profile in Fig. 1�b-3�, it appears that the InAs
growth started mixing with the Ga atoms from the GaAs

mounds, resulting in InGaAs shoulders on initial templates
along the �01-1� and �0-11� directions. As shown in Figs.
1�c-1�–1�c-3�, by increasing the InAs coverage to 1.4 ML,
two QDs �QDM� clearly appeared for each GaAs mound
along the �01-1� and �0-11� directions. This is likely due to
the anisotropic surface diffusion of the adatoms and to the
asymmetric �2�4� reconstruction of the GaAs �100� surface.
The percentage of GaAs mounds that supported two QDs
was �95%, while the other �5% formed three QDs. The
average QD height and diameter of the two-dot QMDs were
�18 and �60 nm, respectively. The observed decrease in
height and volume of the GaAs mounds seen in Fig. 1�c-3�
indicates that the Ga atoms mixed with the InAs QDs.

Figures 2�a�–2�c� show the results of further increase in
the InAs monolayer coverage, with 1.6, 2.0, and 2.4 ML
deposition grown at a substrate temperature of 500 °C. In
Fig. 2�a�, 1.6 ML InAs deposition resulted in an increase in
the number of major QDs per mound to four �quad-QDMs�.
While �75% were quad-QDMs, �25% of these nanostruc-
tures formed tri-QDMs. Thus with this amount of monolayer
coverage, the QDMs were less uniform than in the 1.4 ML
deposition. The average QD heights and diameters of the
quad-QDMs were �15 and �55 nm, respectively. Mean-
while, with 2.0 ML of coverage, shown in Fig. 2�b�, hexa-
QDMs �six QDs� were formed, with very good uniformity in
the number of QDs per mound ��90% �. In this sample, the
average QD heights and diameters were �20 and �60 nm,
respectively. 2.4 ML InAs deposition, however, shown in
Fig. 2�c�, caused a merging of the QDs in each GaAs mound,
resulting in elongated nanostructures. The average height of
these nanostructures was �33 nm. In comparing the GaAs
mound heights in these samples, the 1.6 ML sample was
�30 nm, the 2.0 ML sample was �22 nm, and the 2.4 ML
sample was �18 nm. Thus, with an increasing deposition of
InAs, the GaAs mound size kept decreasing, which further

FIG. 2. �Color online� AFM images of �a� 1.6 ML, �b� 2.0 ML, and �c� 2.4
ML of InAs deposition at 500 °C. InAs QDs were deposited after 3 ML of
Ga deposition at 500 °C �equivalent amount of GaAs when As4 was sup-
plied� and crystallization at 150 °C. Inserted enlarged 3D AFM images are
the major structures �most dominant structures� for the given sample. Fig-
ures are 3�x��1.5�y� �m2, and insertions are 300�300 nm2.

FIG. 3. �Color online� Evolution of the QDMs from the GaAs mounds to the
structures: �a� GaAs mound, �b� InAs shoulder, �c� bi-, �d� tri-, �e� quad-, �f�
penta-, �g� hexa-molecules, and �h� a large hexa-QDM, and �i� a molecule
with elongated nanostructures. All figures are 250�250 nm2, and the crys-
tallographic direction in �a� and the scale bar in �c� are applied to the other
images. InAs monolayer coverages associated with the acquisition of sample
figures were as follows: �a� 0 ML, �b� 0.8 ML, �c� 1.4 ML, ��d� and �e�� 1.6
ML, ��f� and �g�� 2.0 ML, and ��h� and �i�� 2.4 ML.
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supports the claim of Ga atom intermixing with the InAs
QDs.

Figures 3�a�–3�i� show the evolution of the QDMs from
GaAs mounds into bi-QDMs, to hexa-QDMs, and finally
into the elongated nanostructures. The original GaAs mound,
as shown in Fig. 3�a�, is more or less rounded in shape. Due
to surface anisotropy of the GaAs �100� surface, the depos-
ited InAs tended to mix with GaAs along the �01-1� and
�0-11� directions. This process leads to the emergence of the
shoulders in Fig. 3�b� and the formation of a bi-QDM along
�01-1� and �0-11�, as seen in Fig. 3�c�. With additional InAs
deposition, the InGaAs QDs in the bi-QDMs increased in
size and in surface strain. Finally, one QD in the bi-QDM
split into two, forming tri-QDM, as seen in Fig. 3�d� and
when both QDs in the bi-QDM split, a quad-QDM was ob-
served, as in Fig. 3�e�. Some additional InAs deposition
builds up as shoulders along �011� and �0-1-1� in the quad-
QDMs shown in Fig. 3�e�. When one shoulder developed
into a QD, the quad-QDM became a penta-QDM, as in Fig.
3�f� and if both shoulders developed into QDs, the hexa-
QDM formed, as in Fig. 3�g�. Continued InAs deposition
encouraged the QDs in the hexa-QDMs to further increase in
size, as shown in Fig. 3�h�, until finally they formed the
elongated nanostructures, as in Fig. 3�i�.

Figure 4 shows the QDM PL data from the sample of 1.6
ML InAs deposition capped with 300 nm GaAs. This mono-
layer deposition resulted in InGaAs quad-molecules as
shown in Fig. 2�a�. With the low excitation intensity of
2 W/cm2, the PL emission represents a single line from the
ground state transition centered at 1.15 eV. The very high
signal to noise ratio at such low excitation intensity shows
that QDMs are rather good quality nanocrystals. The PL line
spectral position also supports the contribution of Ga atoms

from GaAs mounds to InAs QDs as described previously. In
general, for pure InAs QD with such dimensions ��15 nm in
height and �55 nm in diameter�, a redshift is expected.22

The full width at half maximum of the PL spectra was about
60 meV. With increasing excitation intensity up to 3.5 or-
ders, first �E1� and second �E2� excited states showed up. We
believe that this QDM sample as well as others discussed
above would be perfect candidates for single QDM spectros-
copy investigation.

In summary, to create InGaAs QDMs on GaAs
nanoscale-sized mound templates, a hybrid growth approach
was adopted by combining droplet homoepitaxy �GaAs na-
nomounds on planar GaAs� and SK-based QD growth mode
�InAs on the GaAs nanomounds�. Using this approach, we
demonstrated a progression from an initially rounded GaAs
mound to a bi-QDM �with 1.8 ML� and then to a hexa-QDM
�with 2.5 ML�. Further increase in InAs monolayer deposi-
tion led to an elongated QD molecule. The PL results showed
that the nanostructures grown were high-quality nanocrys-
tals. Further studies are now underway to capture the PL
spectra of single molecules.
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FIG. 4. PL spectra of InGaAs QDMs formed around nanoscale GaAs
mound templates with 1.6 ML of InAs deposition at 500 °C. The surface
morphology is shown in Fig. 2�a�. Six spectra peaks cover the range of laser
power densities from P0 to �5�103�� P0, where P0 is 2 W/cm2. The ver-
tical arrows indicate the evolution of the PL peak from the ground state �E0�
to the first �E1� and the second excited states �E2�.
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