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abstract
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In this study, we investigated the effect of in situ annealing on InAs quantum dots site-selectively grown
on pre-structured GaAs substrates. A morphological transition is observed with original double dots
merging into one single dot during annealing. This is accompanied by a reduction of quantum dots
originally nucleating between defined sites. The photoluminescence intensity of annealed site-selective
quantum dots is compared to annealed self-assembled dots with linewidths of single dot emission of
about 170 and 81 meV, respectively. UV-ozone cleaning is used to optimize the sample cleaning prior to
quantum dot growth.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
Semiconductor quantum dots (QDs) have attracted a lot of
attention due to their unique properties during the past two
decades. Not only do they exhibit a delta-function-like density
of states, which makes them interesting for laser applications, but
moreover they can generate entangled photon pairs and act as
single photon sources and are thus promising candidates for
quantum information schemes [1,2]. Early on, QDs were grown
by self-assembly [3]. Properties, such as dot sizes or dot densities,
can be altered by choosing the proper growth parameters [4].
However, this alone does not provide any control over quantum dot
positions, since self-assembly is inherently a random process. With
regard to quantum information applications it is essential to have
an ability to define arbitrary device architectures, i.e. to control the
location of each individual QD with the prospect of scalability. But
not solely applications generate a desire to control QD nucleation
sites. Experiments with single QDs to study their physical properties, especially coupling to cavities, require physical access to single
dots, which is generally accompanied by a tedious search for the
right dot.
Techniques to precisely position QDs have therefore been
elaborated in the past. Top-down techniques such as electron
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beam lithography (EBL), local oxidation or mechanical nanoindentation have proven to be viable in order to define QD
nucleation sites [5–7]. Common to those approaches is the creation
of small holes on the substrate surface, which leads to selective QD
nucleation at the desired locations. Pre-structuring is commonly
performed ex situ and usually involves several process steps.
Besides intended surface manipulation, contamination can occur.
Therefore, great care has to be taken with regard to surface
cleanliness prior to regrowth in order to inhibit unintended QD
nucleation caused by defects. In addition, the optical properties are
very sensitive to defects as well, so that site-selective QDs exhibit
inferior optical quality compared to self-assembled ones. The main
reason is attributed to a change of morphology at the hole site.
The defects originate from the regrowth interface [8]. This obstacle
is often circumvented by growing QD stacks consisting of a QD seed
layer and a spacer layer as large as possible [9]. Reducing the dot
density and controlling the occupation number of QDs per site was,
however, not improved that way.
A different approach to access the aforementioned quantities
makes use of the fact that QDs undergo morphological changes
during annealing. At lower temperatures they tend to ripen
whereas they dissolve at higher temperatures [10,11]. By choosing
the right annealing conditions it should therefore be possible to
control, to some extent, the final QD size as well as the QD
distribution and the occupation number per site. Annealing studies
on unstructured substrates have already confirmed an increase in
QD size uniformity [12,13].
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Fig. 1. Concept for improved site-selective quantum dot growth. In the first step a GaAs substrate is pre-structured by lithographic techniques to define nano-holes (a). The
native oxide is removed and a thin GaAs buffer layer is grown on top of the pre-structured surface (b). This is followed by InAs QD growth (c). In situ annealing is then used to
control the QD distribution and the occupation number of QDs per site (d).

We introduce a new concept for optimized site-selective QD
growth, which is schematically shown in Fig. 1. Site-selectivity is
achieved by lithographically defining nano-holes. In situ annealing
is then used to improve the QD distribution and the occupation
number of QDs per site. Therefore, in this study, we investigated the
effect of in situ annealing on InAs QDs site-selectively grown on prestructured GaAs substrates. In addition, the sample preparation
process was optimized in order to account for unintended QD
nucleation.

2. Experimental
The samples were grown by molecular beam epitaxy (MBE) in a
Riber Compact 21T with the samples being continuously rotated.
Epi-ready (1 0 0) GaAs wafers were used as substrates and surfacepatterning was performed on top of a 90 nm GaAs epitaxial
layer. Conventional electron-beam lithography was used to define
50–70 nm wide holes in a PMMA/MA (polymethyl methacrylate/
methacrylate) co-polymer resist on the surface. The holes were
arranged on square grids with varying lattice constants. They were
etched 30 nm deep into the substrate by wet chemical etching
(WCE) using H2SO4:H2O2:H2O. The resist was removed and the
samples were cleaned in a series of solvent baths before being
heated up to 130 3 C for 1 h in the load lock chamber of the MBE
system in order to get rid of volatile surface contamination.
The surface oxide was removed in situ by Ga-assisted deoxidation [14]. Therefore, the samples were heated up to 480 3 C and
exposed to a low Ga-flux of  1 ML=min. Every 30 s of Ga-exposure
was followed by a pause of 30 s such that the converted Ga2O more
easily desorbs from the surface. A total amount of 8 ML of Ga was
provided before the substrate temperature was increased to 550 3 C
and the samples were annealed for 2 min under As4-atmosphere.
A 16 nm GaAs buffer layer (BL) was then grown at 500 3 C followed
by deposition of InAs at the same temperature. The growth rates for
GaAs and InAs were determined as 0.3 and 0.07 ML/s with III/V
beam equivalent pressure (BEP) ratios of 1:10 and 1:100, respectively. In situ annealing was performed right after QD growth.
The samples were kept at growth temperature for different time
periods and either rapidly cooled down to room temperature by
switching off the substrate heater or capped with 80 nm GaAs.
The uncapped samples were characterized by atomic force microscopy (AFM) whereas the capped samples allowed for transmission
electron microscopy analysis and micro-photoluminescence (mÿPL)
measurements, which were performed at 20 K with a He:Ne laser
using a Si charge coupled device detector. The laser spot size was
about 1 mm.

3. Results and discussion
3.1. In situ annealing of site-selective QDs
Site-selective QDs were annealed and compared to as grown
site-selective ones. Fig. 2 shows a set of QD samples with
both containing 1.7 ML of InAs. The as grown sample shows

Fig. 2. Atomic force microscopy images of site-selective InAs QDs (1.7 ML) as grown
(left) and annealed for 2:30 min (right). The gray scale is 18 nm in both cases.

predominant double dot nucleation per site. This fact is probably
related to a change in hole morphology during GaAs BL growth [15].
QDs nucleating on interstitial sites (sites between holes) are found
since the supplied amount of InAs is above the critical thickness for
QD formation on pre-structured substrates.
After annealing the sample for 2:30 min, the number of interstitial QDs is reduced and, moreover, a morphological change of the
site-selective QDs is observed. Original double dots merge into
single dots. By facilitating In-adatom migration the annealing step
causes the material to redistribute. The volume of the newly
formed single dots is larger than the combined volume of the
original double dots. This is related to the reduction of interstitial
dots. The site-selective QDs appear to be more stable than the
interstitial dots and ripen by collecting material from surrounding
interstitial dots. This observation is best described by a kinetic
model with the ripening process being limited by attachment and
detachment of atoms on the dot surface [16].
The optical quality of annealed QDs was analyzed by mÿPL
spectroscopy. The spectra shown in Fig. 3 were obtained from selfassembled (blue) and site-selective (green) QDs. Both samples
contain 1.9 ML InAs and were annealed for 2:30 min. The intensity
of the QD emission in the pre-structured sample is reduced
compared to the self-assembled QDs and not all emission lines
seem to fully emerge. As seen from two individual peaks (both
show maximum intensity of each spectrum), the maximum
intensities differ by a factor of 2. The linewidth of these QD
emission peaks is 170 and 81 meV (each full width at half maximum, FWHM) for the site-selective and self-assembled QDs
sample, respectively.
mÿPL data on conventional self-assembled QDs show linewidths down to a few meV [17]. However, these values stem from
resonant excitation experiments at 2 K. Only limited mÿPL data
of annealed self-assembled QDs is presently available [18] so that
it is difficult to compare the possibly large linewidth of 81 meV.
Similarly, mÿPL data of as grown site-selective QDs has been
published, with linewidths down to 460 meV [9] or even 106 meV
[19], but these works deal with QD stacks and the measurements
are related to the topmost QD layer. The best value of emission for a
single as grown QD layer is reported to be about 500 meV [8].
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With regard to the fact that site-selective QDs in all cases exhibit
inferior luminescence compared to self-assembled ones, our data is
in agreement with other works. It has to be pointed out, though,
that it is not possible to discriminate between emission coming
from site-selective QDs and the one emerging from interstitial QDs.
This obstacle will be addressed in follow-up experiments. Nevertheless, in comparison with previous data (not shown here) we see
evidence that at least half of the site-selective QDs are optically
active. A rough analysis of the above spectra yields 100 peaks with
an average FWHM of 5707 270 meV for the pre-structured sample
and 170 peaks with an average FWHM of 280 7110 meV for the
self-assembled sample.

3.2. Sample preparation procedure: problems and optimization

Fig. 3. Micro photoluminescence spectra of self-assembled (bottom) and siteselective (top) QDs. A total amount of 1.9 ML InAs was grown followed by 2:30 min
annealing. The upper spectrum is offset by 3000 counts/s. Single emission peaks
were extracted from the spectra showing linewidths of site-selective (left) and selfassembeld (right) QDs. The single peaks are background corrected data fitted with a
Gaussian.

Fig. 4. Transmission electron microscopy image of an overgrown defect hole. The
regrowth interface is indicated by the dashed line.

Besides pre-defined holes additional defect holes are observed
in the pre-structured area, as can be seen in Fig. 2. An overgrown
defect hole is found in the TEM image of Fig. 4. Local contamination
of the pre-structured surface hindered proper regrowth of the GaAs
BL. However, InAs nucleates at this particular location allowing for
a smooth overgrowth of the defect hole. Such unintended holes can
act as nucleation sites and therefore interfere with the attempt to
deterministically position QDs.
Two factors can account for the occurrence of such defect holes.
First, incomplete removal of the native oxide could leave residual
oxide compounds on the surface, which affect the proper GaAs
regrowth. Second, insufficient surface cleaning after the lithography process could cause local organic contamination of the sample,
which also impacts the GaAs growth. Incomplete deoxidation is
rather unlikely since the defect holes are not randomly distributed.
Some local areas are found with a high defect density whereas
other areas seem very clean. In addition, by controlling the surface
evolution during deoxidation by means of reflection high energy
electron diffraction (RHEED), it is made sure that enough Ga is
provided to completely remove the native oxide. Focus was
therefore laid on analyzing and optimizing the cleaning procedure
prior to regrowth.
Cleaning samples after EBL comprises several steps. After
removing the resist the samples were cleaned with different
solvents (trichlorethylene, acetone, isopropyl alcohol, methanol)
in a heated ultrasonic bath. Finally, the samples were rinsed in bidistilled water. Critical steps of the cleaning procedure are depicted
in Fig. 5. The sample in Fig. 5(a) was cleaned in a series of solvent
baths without ultrasonic aid. A lot of contamination is observed
from the AFM image (large particles appearing white). The cleaning
is improved by performing the whole procedure in an ultrasonic

Fig. 5. Atomic force microscopy images of samples at different stages of the cleaning procedure: after cleaning with solvents (a), using a heated ultrasonic bath (b) and after
UV-ozone cleaning (c). The pre-structured area is visible in (c). All samples were prepared in the same way. The insets are 3mm  3mm. The gray scale is for the full size 20, 27,
58 nm and for the inset 13, 6, 4 nm in (a), (b), (c), respectively.
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Fig. 6. Atomic force microscopy image of site-selective QDs. A total amount of
2.6 ML of InAs was provided followed by a 7:30 min annealing. The gray scale is
30 nm.

bath. However, small amounts of organic contamination remain on
the surface, see Fig. 5(b). In order to also remove these, a UV-ozone
cleaning is introduced [20]. The UV light creating and destroying
ozone at the same time constantly provides atomic oxygen that
reacts with organic molecules on the sample surface. Simpler,
volatile compounds are formed that readily desorb. The effect is
displayed in Fig. 5(c) where essentially all contamination has
disappeared.
The success of the optimized sample preparation is confirmed
by Fig. 6, which depicts a sample with site-selective QDs that were
annealed for 7:30 min. A total amount of 2.6 ML InAs were grown
prior to annealing. No defect holes are observed in the prestructured area. In addition, no interstitial dots are found, which
is ascribed to the elongated annealing time. The same morphological transition as described in the previous section is observed
once more.

4. Conclusion
In conclusion, we have introduced a new concept for optimized
growth of site-selective quantum dots. In situ annealing was used to
control the QD distribution and the occupation number of QDs per
site. A morphological transition was observed with originally two
dots merging into a single dot. In photoluminescence measurements we found linewidths of annealed site-selective QDs and selfassembled QDs of 170 and 81 meV. The cleaning process prior to
regrowth was optimized by making use of a UV-ozone process. As a
result, the samples are essentially free of organic contamination.
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