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Self-assembled nanodrill technology based on droplet epitaxy growth was developed to obtain
nanoholes on a GaAs�100� surface. In this technology, the gallium droplets act like “electrochemical
drills” etching away the GaAs substrate beneath to give rise to nanoholes more than 10 nm deep.
The driving force of the nanodrill is attributed to the arsenic desorption underneath the gallium
droplet at high growth temperatures and Ga-rich condition. This nanodrill technology provides an
easy and flexible method to fabricate nanohole templates on GaAs�100� surface and has great
potential for developing quantum dots and quantum dot molecules for quantum computation
applications. © 2007 American Institute of Physics. �DOI: 10.1063/1.2713745�

There have been enormous worldwide research efforts in
semiconductor nanostructures in the last decade. The basic
motivation behind the study of semiconductor nanostructures
is that the quantum-confinement effect in such low-
dimensional systems allows devices with promising proper-
ties to be engineered.1–6 As an example, an intriguing chal-
lenge that is now being explored is the possibility of using
the quantum dot �QD� or closely spaced QDs �namely, “QD
molecule”� as building blocks for future quantum computa-
tion and quantum cryptography.7–9 In this case, site-
controlled low density QD structures are required to allow
individual QD or QD molecule to be optically/electrically
addressed. However, the achievement of site-controlled QDs
or QD molecules has always presented a challenge due to the
stochastic nature of self-assembled growth. Commonly, the
fabrication of nanohole templates is an important technique
for obtaining site-controlled quantum nanostructures based
on the control of QD nucleation sites by the patterned nano-
holes. Several approaches using artificial substrate process
techniques, such as atomic force microscopy �AFM� tip ox-
ide, scanning tunneling probe-assisted nanolithography, and
electron beam lithography,10–13 have been developed to ob-
tain nanohole templates for growing ordered QDs or QD
molecules. The great advantage of these methods is flexible
control of the nanohole ordering. But these methods require
complicated and expensive substrate processing instruments
and also easily induce defects and chemical contamination.
Recently, our group has begun to develop nanohole fabrica-
tion technique based on self-assembly in droplet epitaxy
growth. By controlling the selective growth of GaAs during
the crystallization of the Ga droplet, we obtained GaAs
nanoholes of different shapes.14–17 This method is simple,
flexible, with no requirement for artificial substrate process-
ing. In this letter, based on droplet epitaxy growth, we ex-
ploited a nanodrill technique to fabricate nanoholes on
GaAs�100�.

Droplet epitaxy was first proposed by Koguchi and
Ishige18 and Watanabe and Koguchi19 with lattice-matched
materials systems as an alternative approach to grow nano-
structures. This growth technique has the flexibility to form
versatile nanoholelike quantum structures and has shown

promise as a method to achieve site-controlled QDs or QD
molecules with low density and excellent optical
properties.15,16 In this research, all the samples were grown
on a semi-insulating GaAs�100� surface by droplet epitaxy
growth in a molecular beam epitaxy �MBE� chamber. In or-
der to obtain nanoholes, we first grew sample A, using
growth procedures similar to those described in Ref. 15. Fol-
lowing oxide desorption and growth of a 0.5 �m GaAs
buffer layer at 600 °C, the substrate was cooled down to
500 °C. The arsenic �As� valve was fully closed before
reaching the desired substrate temperature. Once the growth
temperature was reached, gallium �Ga� flux equivalent to
form 20 ML GaAs was supplied to the substrate surface to
form Ga droplets. The sample was then annealed at 500 °C
for 100 s under As flux with the valve 5% opened �corre-
sponding to a beam equivalent pressure of �1.1
�10−6 Torr�. Finally, sample A was quenched and taken out
from the MBE chamber for analysis using AFM.

The resulting AFM image of sample A in Fig. 1�a� shows
that the Ga droplets have fully crystallized after 100 s of
annealing at 500 °C and nanohole structures are observed on
the sample surface. A typical nanohole structure is shown in
the inset of Fig. 1�a� and its cross-section profiles are given
in Fig. 1�b� �the definitions of the width, the depth, and the
lobe of the nanohole are shown in Fig. 1�b��. The AFM im-
age and the profile line both indicate that the holes have an
average width of s�160 nm, a depth of d�5.7 nm, and a
number density of �3.3 �m−2. Meanwhile, the nanoholes
have an anisotropic lobe structure around the hole, which has
an average height of h�9.1 nm along the �01-1� direction
and an average height of h�5.6 nm along the �011� direc-
tion. Similar shaped nanohole structures have been observed
previously for droplet epitaxy growth and the formation of
the nanoholes was attributed to the selective growth of GaAs
around the Ga droplet boundary during the crystallization of
Ga droplets.14,15 However, when we carefully analyze the
depth distribution of the nanoholes, as shown by the histo-
gram in Fig. 1�c�, we found that there are some holes with a
depth much larger than the total GaAs deposition of 20 ML
��5.7 nm� and some holes are even as deep at 12 nm. This
indicates that, to a certain degree, the nanoholes are formed
by etching into GaAs substrate. Clearly, these deep holes
cannot be explained by the growth model referenced,14,15 in
which the nanoholes did not extend beyond the 20 ML of
total GaAs deposition. Therefore there must be some differ-
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ent physical principles controlling the formation of nano-
holes in our growth.

In order to obtain a more detailed picture, we grew three
further samples �B, C, and D� to check the surface morphol-
ogy evolution. Sample B was taken out of the chamber im-
mediately after 20 ML Ga deposition. As shown by Fig. 1�d�,
the AFM image of sample B reveals that the deposited liquid
Ga forms nanodroplets on the substrate surface, thereby
minimizing the system’s energy.15 The Ga droplets randomly
distribute on the substrate surface with an average lateral size
of �150 nm, an average height of �45 nm, and a number
density of �3.4 �m−2. In Fig. 1�e�, the AFM image of
sample C shows the surface nanostructures that are trans-
formed from the Ga droplets after 2 min of growth interrup-
tion �GI� with the As valve kept closed. The Ga droplets now
show a reduced number density of �3.0 �m−2, but the di-
mensions of the droplets increase to an average lateral size of
�220 nm and an average height of �50 nm. The change in
density and size is due to ripening of the droplets. The Ga
droplets on the surface always have the tendency to merge
together to reduce the system’s energy. It is very interesting
that we observed nanoholes appearing on the substrate sur-
face. These holes had a lateral width of s�100 nm, an av-
erage depth of d�9.9 nm, and a number density of
�0.18 �m−2. The lobe of the nanoholes is anisotropic, which
has an average height of h�3.0 nm along the �01-1� direc-

tion and an average height of h�2.6 nm along the �011�
direction. We further increased the GI time to 10 min to pro-
duce sample D. As shown by Fig. 1�f�, the droplets dramati-
cally reduce in number density to �0.27 �m−2 and increase
in size to an average width of �450 nm and an average
height of �107 nm. Remarkably, there were more nanoholes
appearing on the surface. These holes had a number density
of �3.3 �m−2 and their dimensions increased to a lateral
width of s�119 nm and an average depth of d�12.5 nm.
The anisotropic lobe of the nanohole has an average height
of h�4.1 nm along the �01-1� direction and an average
height of h�2.9 nm along the �011� direction. The formation
of GaAs droplet islands has been reported, but this is the first
experimental observation of nanohole formation before the
As was supplied to crystallize the Ga droplets. It is clear that
these holes are not formed due to the crystallization of the
Ga droplet. Meanwhile, the variation of the dimensions
�depth, lateral size, and lobe height� of the nanoholes indi-
cates that the GI process takes an important role in the for-
mation of nanoholes.

Based on the above observations, we propose a simple
model to describe the nanohole formation in our growth.
First, in the experimental conditions without As ambience,
the deposited Ga formed liquid nanodroplets in order to
minimize the system’s energy.15,20 As the growth continued
without As ambience, the Ga droplets on the substrate sur-
face continued to ripen. They had the tendency to merge into
bigger droplets to further minimize their energy. For this
reason the Ga droplets kept reducing their number density
and increasing their dimensions, as shown from Fig. 1�d� to
Fig. 1�f� with lengthening GI time. Meanwhile, following the
formation of Ga droplets, the interface between the droplet
and the GaAs substrate became a Ga-rich area. It is well
documented that, at a high temperature of 500 °C, GaAs is
unstable under Ga-rich conditions and As desorption could
occur.21 So in the interface region the GaAs substrate will
dissolve into Ga and As. As illustrated by Fig. 2�a�, the As
atoms may go through the Ga droplet, escaping into the
vacuum chamber or they may diffuse to the boundary area of
the Ga droplet and form GaAs again with Ga atoms from the
droplet. This is probably the reason that GaAs lobes form
around the nanoholes in Figs. 1�e� and 1�f� even before the
As valve is opened. The remaining Ga atoms at the interface
region after As desorption merge into the Ga droplet. As this
process continues, there are more GaAs underneath the drop-
let dissolving, more Ga atoms from the GaAs substrate join-
ing the Ga droplet, and more As atoms diffusing to the
boundary region to form GaAs again. As shown by Figs. 2�b�
and 2�c�, the Ga droplet acted as a “nanodrill” etching into
the GaAs substrate to give rise to nanoholes. The underlying
physical principles for the nanodrill are totally different from
previous reports of nanohole formation based on droplet
epitaxy.14,15

Obviously, this nanodrill is strongly affected by the GI
process. Before an As flux is supplied, the Ga droplet con-
tinues to act like a nanodrill etching into the GaAs substrate,
forming nanoholes on the substrate. Evidently, nanoholes
with larger number density and bigger dimensions were ob-
tained as the GI time increased from 2 to10 min, as illus-
trated in Figs. 1�e� and 1�f�. However, as soon as the As flux
is supplied, the Ga droplet crystallization becomes the domi-
nant growth mechanism since it is much faster than the nano-
drill process. In fact, the formation of the nanoholes shown

FIG. 1. �Color online� �a� 5�5 �m2 AFM image of GaAs nanoholes
formed on sample A surface. The inset, as is always the case in this letter, is
the magnified AFM image showing the three-dimensional structure of a
typical area given by the dashed line rectangle. �b� Line profiles of the
exampled nanohole. �c� The histogram of nanohole depth distribution. �d�
5�5 �m2 AFM image of sample B—taken out of the chamber immediately
after 20 ML Ga deposition. �e� 5�5 �m2 AFM image of sample C—taken
out of the chamber after 2 min GI. �f� 5�5 �m2 AFM image of sample
D—taken out of the chamber after 10 min GI.
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in Fig. 1�a� is a simultaneous combination of the Ga droplet
nanodrill process, the Ga droplet ripening process, and the
Ga droplet crystallization process. It can be expected that this
combination can be tuned by the growth temperature, GI
time, and annealing As pressure to obtain nanoholes with
different shapes and depths. As an example, we finally grew
sample E using the same growth conditions as sample A,
except that after the droplets formed we kept the arsenic
valve closed and inserted a step of 80 s GI at 500 °C to
enhance the nanodrill effect. The resulting AFM for sample
E is shown in Fig. 3�a� and the histogram of hole’s depth is
shown in Fig. 3�b�. In this case, most of the nanoholes had a
depth of more than 20 ML of GaAs deposition. The nano-
holes have an average width of s�162 nm, a depth of h
�13.2 nm, and a number density of �3.3 �m−2.

In conclusion, a self-assembled nanodrill technology
based on droplet epitaxy growth has been developed to ob-
tain nanoholes on GaAs�100� surface. Within this nanodrill
technology, the gallium droplets act like “electrochemical
drills” etching away the GaAs substrate to give rise to nano-
holes that can penetrate the substrate to a depth greater than
10 nm. The driving force of the nanodrill is attributed to the
As desorption underneath the Ga droplet at high growth tem-
peratures and Ga-rich conditions. This nanodrill technology
provides an easy and flexible method to fabricate nanohole

template on GaAs �100� surface and has huge potential for
developing quantum dots and quantum dot molecules for the
quantum computation applications.
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FIG. 2. �Color online� Schematic illustration of the proposed model for Ga
nanodrill.

FIG. 3. �Color online� �a� 5�5 �m2 AFM image of nanoholes formed on
sample E with the inset showing the three-dimensional structure of a 1
�1 �m2 area given by the dashed line rectangle. �b� The histogram of
nanohole depth distribution.
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