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a b s t r a c t

The compositional distribution of InAs quantum dots grown by molecular beam epitaxy on GaAs capped
InAs quantum dots has been studied in this work. Upper quantum dots are nucleated preferentially on top
of the quantum dots underneath, which have been nucleated by droplet epitaxy. The growth process of
these nanostructures, which are usually called as quantum dots molecules, has been explained. In order
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to understand this growth process, the analysis of the strain has been carried out from a 3D model of the
nanostructure built from transmission electron microscopy images sensitive to the composition.

© 2010 Elsevier B.V. All rights reserved.
ransmission electron microscopy
emiconductors

. Introduction

Many studies have been carried out to produce site-controlled
uantum dots (QD), due to the interest to introduce them into pho-
onics crystals and memories [1,2]. These applications require the
ontrol of size (emission wavelength) and nucleation sites of the
uantum dots. In this sense, the use of droplet epitaxy growth tech-
ique [3] has the advantage of providing QD preferential nucleation
ites and permits the size control of the QD [4]. The droplet epi-
axy (DE) technique is a specific Molecular Beam Epitaxy (MBE)

ethod that originally was proposed to fabricate III–V semicon-
uctors microcrystals on II–IV substrates [3]. The method consists

n the deposition of metallic III-group droplets on the surface
nder the absence of V-group elements. When the V-group ele-
ent is introduced into the chamber, droplets crystallize into a

II–V semiconductor QD. The temperature of the substrate during
he crystallization permits differentiate between low temperatures

200–300 ◦C) growth process, making it possible to nucleate differ-
nt nanostructures [5–7], and high temperatures (∼500 ◦C) growth
rocess, that permits to form nanoholes on GaAs surfaces [8].

∗ Corresponding author.
E-mail address: david.hernandez@uca.es (D. Hernández-Maldonado).
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Coupling between QD in close proximity is being of great tech-
nological interest [9]. When two QD are close enough, carrier
tunneling is possible between both nanostructures. A “molecule”
formed by two coupled QD could be used to implement quantum
gates [10]. Vertical arrangement, low density and localization of QD
are needed in order to integrate these nanostructures in photonic
crystals [11]. Great efforts have been done for the formation of ver-
tically coupled QD [12]. In the sense of a good understanding of
the growth mechanism responsible for their formation, a study of
the strain and stress field is required. Different methods have been
used to make strains and stress maps, being the most extended the
finite element method (FEM) [13,14].

This work is focused in the study by transmission electron
microscopy techniques of low density site-located Quantum Dots
Molecules (QDM) nanostructures, which consist in two verti-
cally coupled QD grown by an optimized method, which will be
explained in the next section [15]. Based on our observations and
with the help of strain analysis, we propose a model of how these
nanostructures have been formed.
2. Experimental details

The optimized experimental procedure started creating a tem-
plate of nanoholes that has been fabricated by droplet epitaxy on
a (0 0 1) GaAs substrate at a growth temperature of Ts = 500 ◦C. 1.4

http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:david.hernandez@uca.es
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ig. 1. Schematic diagram of InAs/GaAs QDM structures. Thickness and growth
emperature used for each layer are shown.

onolayer (ML) of InAs was deposited on the template to form the
rst layer of QD (that we call QD1) at Ts = 510 ◦C. We have to men-
ion that 1.7 ML is the critical thickness to obtain a QD on a flat
urface. After this, a thin intermediate layer consisting of 4 nm of
aAs was deposited by Atomic Layer MBE (ALMBE) growth tech-

ique at Ts = 450 ◦C. In the next step 0.9 ML of InAs was deposited
t the same conditions used for the underlying nanostructure to
ucleate a second layer of QD (QD2) above the QD1, obtaining a
molecule” structure. Finally QDM are capped by 155 nm of GaAs
15]. A scheme of the nanostructure is presented in Fig. 1.

ig. 3. (a) A quantum dots molecule and wetting layers in detail (0 0 2) DF image. (b) Inten
ayers close to the QDM nanostructure. Profiles have been taken from the negative image
Fig. 2. Cross-sectional 0 0 2 DF TEM image.

Cross-sectional specimens for transmission electron
microscopy (TEM) were produced by standard procedures
(mechanical and ion milling thinning). Electron transparency
was obtained with a precision ion polishing system (PIPS) up to
3 kV and 4◦ of beam tilt. Images have been acquired at 120 kV
with a JEOL 1200EX transmission electron microscopy, using 0 0 2
reflection under dark field (DF) two-beam condition.
3. Results and discussion

Fig. 2 shows a conventional transmission electron microscopy
cross-section g0 0 2 (the letter g denotes the Bragg reflection, each

sity profile across a quantum dots molecule. (c) Intensity profile across the wetting
in (a) to improve the observation of the peaks.
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is associated with an (h k l) crystal plane) DF TEM image of the
tudied sample. In this image it is possible to appreciate the layers
hat form this sample, where InAs-rich zones show darker intensity.
rom the analysis of similar images, we have found a low spa-
ial density (∼108 cm−2) of quantum dots molecules (QDM) and no
tructural defects were found (this means that if they are present
heir density has to be below 107 cm−2).

Fig. 3(a) shows a 0 0 2 DF image of a QDM and wetting layers.
wo well defined wetting layers separated by a GaAs layer with a
ominal thickness of 4 nm are observed with straight horizontal
ark contrasts to both sides of the QDM nanostructure. Concerning
he nanostructure imaged in Fig. 3(a), several main features are
bserved: (i) the cleft-like shape contrast observed just below QD1
s attributed to GaAs with vacancies generated during the nanohole
ormation process, that are partially occupied by In and As atoms
uring the deposition of the first 1.4 ML of InAs. This contrast will
ave a combined influence of the InGaAs composition and strain.
ii) Nanohole is completely filled with an InAs rich InGaAs alloy
fter the deposition of 1.4 ML of InAs, that present a dark contrast,
orming the first layer of QD, marked as QD1 in the image. (iii)

hen QD as QD1 are capped with 4 nm thick GaAs layer, the result
s a bright mound of GaAs rich InGaAs alloy over it [4]. (iv) On top
f the mound we find another nanostructure, with a dark contrast
nd a halo around it. This corresponds with a QD of the second layer
QD2) that has been nucleated after the deposition of 0.9 ML of InAs.
ndium segregation and strain effects mainly associated to QD2 are
he more likely reasons explaining this halo. Location of contrasts
ssociated to QD1 and QD2 are marked on the intensity profile of
ig. 3(b), traced across the nanostructure along the [0 0 1] direction.
n the other hand, two well defined peaks appear in the intensity
rofile of Fig. 3(c), that are associated to the two wetting layers
eparated by a thin layer nominally made up of GaAs. A deeper
tudy, with the contribution of high-resolution Z-contrast images,
s under way, and it will be published elsewhere.

No QDs of the first layer (QD1) were found outside nanoholes,
nd all the analyzed QD of the second layer (QD2) were found on
op of the first family of QDs’.

To understand the growth process we have used a 3D model
f the QDM nanostructure, and the anisotropic elastic theory has
een applied to determine by the finite element method the strain
istribution during the different steps of InAs and GaAs MBE depo-
ition. The model has been built up from TEM and Atomic Force
icroscopy (AFM) [4] results. The obtained strain values reveal that
hen a nanohole is capped homogenously with 1.4 ML of InAs, the
anohole and the lobes located on both sides of it (not visible in the
onventional TEM images but shown in [4]) show more strain than

he surrounding area, so the InAs tend to grow preferentially in
hose zones. After the deposition of the first layer of InAs, our TEM
mages show that the amount of Indium in the nanohole is larger
han on the lobes, confirmed by the intensity profiles in Fig. 3(b)
nd (c) (in these images, the amount of In is related to the height

[

[

[
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of the intensity profile). Therefore, we propose that when the first
1.4 ML of InAs are deposited the influence of the surface energy
governs the process, that is, InAs tend to leave convex zones (the
lobes), nucleating preferentially in the nanohole. When growing
the intermediate layer of GaAs on top of QD1, a mound is formed.
In previous studies [4] these mounds have been related with the
buried strained nanostructure; the propagation of strain from QD1
to the cap layer will provide a preferential nucleation site for the
growth of QD2 on top of the mounds, being the reason for quantum
dots to nucleate on top of buried nanostructures.

4. Conclusions

TEM analysis confirm that nucleation of InAs QD, grown by MBE
on buried QD formed by droplet epitaxy on (0 0 1) GaAs substrates,
preferentially occurs on top of the buried nanostructures. From
strain calculations, it has been deduced that the driven force for
the formation of the buried QD is the surface energy, while as the
strain energy controls the formation of the site-controlled upper
QD grown by MBE.
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