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We have used a direct x-ray phasing method, coherent Bragg rod analysis, to obtain sub-angstrom
resolution electron density maps of the InAs/GaAs dot system. The dots were grown by the droplet
heteroepitaxy �DHE� technique and their structural and compositional properties are compared with
those of dots grown by the strain-driven Stranski–Krastanov method. Our results show that the Ga
diffusion into the DHE-grown dots is somewhat larger; however, other characteristics such as the
composition of the dots’ uppermost layers, the interlayer spacing, and the bowing of the atomic
layers are similar. © 2011 American Institute of Physics. �doi:10.1063/1.3599063�

Self-assembled semiconductor quantum dots �QDs� are
of current interest because their optoelectronic properties can
be controlled by tailoring their size, shape and composition.
Located in size between isolated atoms and bulk material,
QDs act as “artificial atoms” with electrons and holes con-
fined in all three spatial dimensions. These unique quantum
properties have attracted a great deal of scientific and tech-
nological interest in recent years, in the fields of optoelec-
tronic devices,1,2 quantum information processing,3 and en-
ergy harvesting.4–6

Strain-driven growth methods, based on the Stranski–
Krastanov �SK� mechanism, are commonly used to fabricate
self-assembled QDs.7–9 This mechanism requires a large lat-
tice mismatch between the substrate and the dot material,
and surface energy dominates the dots’ shape.

This constrains the combinations of materials that can be
used to form QDs by the SK approach.10,11 A more recent
technique for QD fabrication, the droplet heteroepitaxy
�DHE� method,12,13 has no such limitations. It has been
demonstrated14 that the DHE method is more relaxed in the
combination of materials that can be used, allowing great
flexibility in realizing high density QDs grown on almost any
substrate. This method consists of two basic steps: first, for
III-V QDs, nanodroplets of the group III element are formed
on the substrate. Subsequently, these droplets are exposed to
a gas phase flow of the group V element. Although the
growth process starts with liquid droplets, in the end, under
proper conditions, the formed dots are single crystals, atomi-
cally registered with the underlying substrate.

Previous work has demonstrated that the DHE dot
growth is very sensitive to the process parameters.12,15 The
mechanisms taking part in the QD formation are quite
complex14 and are not yet fully understood. Strong material
intermixing,16 strain, and dislocations17 have all been ob-
served. Consequently, detailed knowledge of the structural
and compositional properties of the system is essential for
understanding the growth process.

In this letter, we show the results of x-ray diffraction
measurements performed on the well known system of InAs/

GaAs QDs. This system was chosen for two main reasons:
first, simplicity; the system contains only 3 elements: In, Ga,
and As. Second, the equivalent QD system grown by the SK
method has been widely studied.18–21

The QDs for this study were grown in a metallorganic
vapor phase reactor. The growth procedure is described in
detail elsewhere.13 This process is similar to the one used
previously to grow such dots,16 but with temperatures lower
by 20 °C during the process. The lower temperature allowed
us to obtain smaller, denser dots.14

Figure 1�a� �inset� shows an atomic force microscopy
�AFM� image of the InAs QDs sample under investigation.
The height of the dots is about 5nm, with lateral widths
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FIG. 1. �Color online� EDY profiles along �001� lines going through the
center positions of �a� group III �Ga� and �b� group V �As� atoms in the
substrate. The lines corresponding to smaller peaks in �a� and larger peaks in
�b� were measured at the Ga K-edge x-ray energy, while the larger peaks in
�a� and smaller peaks in �b� correspond to the As K-edge x-ray energy. The
lighter and darker profiles correspond to two different �001� lines that go
through two different atoms of the same species in the substrate. The arrow
in �a�, around z=23 Å, marks the approximate onset location of pure InAs.
This is based on the calculation of the In concentration using Eq. �1� and the
3D integrated EDYs. Inset �a� shows a topographic AFM image of the InAs
QDs formed on the GaAs substrate. Inset �b� shows the EDY on two planes:
one in the substrate the other in the dots, the positions of both marked by the
dotted lines in �b�.
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ranging between 10 and 40 nm. The areal density of the
QDs, as inferred from AFM data and from high resolution
scanning electron microscopy �SEM� images, is higher than
1011 /cm2. All dots have an oval-like cross-section with a
contact angle of approximately 120°, as revealed by high
resolution SEM measurements performed in a tilted-sample
geometry.

We have used a direct nondestructive x-ray phasing
method known as coherent Bragg rod analysis �COBRA�
�Refs. 22 and 23� to study the structure and composition of
the dots in a way similar to other recently studied QD
systems.16 COBRA uses the measured diffraction intensities
along the substrate-defined Bragg rods to provide the folded
structure of the QD system. By the folded structure we mean
the structure obtained when each atom in the system is
translated to one substrate-defined 2D unit cell using the
substrate-defined 2D unit cell vectors.22 Diffraction intensi-
ties are received from dots in a 1 mm�1 mm spot size,
averaged from coherent areas of around 10 �m2 in size. By
collecting the diffraction data for each rod at two beam
energies—just below the Ga K-edge �E1=10.362 keV� and
just below the As K-edge �E2=11.864 keV�—the difference
between the scattering factors of the two elements is maxi-
mized. Comparing the effective electron density �EDY� ob-
tained at the two energies enables us to determine the con-
centrations of Ga and In atoms in the folded structure.

Figure 1 displays the EDY profiles along �001� lines
passing through the centers of group III and group V atoms
in the zinc-blende structure, obtained using the two x-ray
beam energies. In inset b we show the EDY of the folded
structure on two planes parallel to the surface at positions
marked by the dotted lines in Fig. 1�b�. One plane is in the
substrate, the other in the dots. The EDYs in both cases are
atomic like. The EDY between the peaks along the �110�
direction are tails of the atoms in the layer above. These
results show that the growth is epitaxial.

From Fig. 1, we find that the interlayer spacing in the
substrate and in the dots are equal to within 3%. This result
is surprising because the unit cell of InAs is larger than that
of GaAs by about 6%. Moreover, the substrate applies lateral
compressive stress on the dot which would tend to further
increase the vertical spacing. This behavior has also been
observed in the SK grown dot system24 and was ascribed to
bowing of the atomic layers in the QD.

The relative concentration of In �In / ��In+�Ga� in the dot
structure can be calculated by using the effective three di-
mensionally integrated EDYs at the Ga/In sites determined at
the two x-ray energies, QGa and QAs

�In

�Ga + �In
=

�As
GaQGa/QAs − �Ga

Ga

��As
Ga − �In�QGa/QAs + �In − �Ga

Ga , �1�

where �Ga
Ga and �As

Ga are the scattering cross sections of Ga at
the x-ray photon energies just below the Ga and As K-edges,
respectively and �In is the scattering cross-section of In at
both edges �practically constant at these energies�.

The occupancy results are presented in Fig. 2�a�. They
show that some Ga diffuses from the substrate into the dots.
We believe that the Ga diffusion takes place already when
the In droplets are deposited. This mixing forms a layer of
InGaAs with a gradual decrease in Ga concentration as we
move higher into the dot. Above a height of approximately
2.3 nm �corresponding to about 4 unit cells�, measured from

the nominal substrate/dot interface, we see only InAs. For
comparison, Ga penetrates only about 2 unit cells into the SK
grown dot system. It is also evident from the present results
that the “nanodrilling” of the dots into the substrate, ob-
served previously in the GaAs–InSb system,16 is absent here
and neither was it observed in the SK grown sample. The
reason for this different behavior is not clear; it may relate to
the role of Sb acting as a surfactant.25,26

Since COBRA provides us with the fill factor of each
layer, by knowing the dots’ average shape �using AFM/SEM
measurements� one can calculate the density of the dots. Fig-
ure 2�a� inset shows profile of the dots, calculated from the
obtained fill factor and the dots known density. Note the
large contact angle which we ascribe to the In nonwetting
conditions at the first stage of the growth.

It is interesting to notice that in all substrate-like EDY
peaks the effective EDY measured with As edge x-rays is
larger than that measured with Ga edge x-rays by about the
ratio of �As

Ga /�Ga
Ga, meaning that the InAs does not form a

continuous layer. This is expected in the DHE growth
method. A wetting layer was also absent in the SK grown
sample. The absence was ascribed to the wetting layer being
consumed by the dots when the areal density is very high.24

Photoluminescence �PL� measurements at 10 K, pre-
sented in Fig. 2�b�, show a peak centered at about 1 eV. The
PL signal is wide due to the large spread in dot sizes. PL is
known to be sensitive to many factors such as chemical in-
termixing, quantum confinement, strain and piezoeffects.
Therefore, using the COBRA information in order to obtain a
correct PL spectrum is hard to achieve. However, we can
make a rough estimate of the PL peak energy by calculating
the electron-excitation energy in a quantum well �diameter
�height� with the average dot composition profile shown in
Fig. 2�a�. The calculation was done using the NEXTNANO

�Ref. 27� program and the result obtained is 1 eV, �shown in
Fig. 2�b� inset� consistent with the experimental result.

In our dot system, the EDY peaks in the dots region
reveal a number of additional interesting features: �1� the
shape of each EDY peak is broadened and appears to have a
quasi-rectangular shape. This is ascribed to the bowing of the
atomic layers in the dot.24 �2� The EDY peaks of both group
III and group V elements appear to be split and shifted rela-
tive to the layer positions extrapolated from the substrate

FIG. 2. �Color online� �a� Fractional In occupancy on lateral atomic layers
as a function of the layer’s distance from the nominal interface. Inset shows
a diagram of the dot profile calculated from the EDY maps. Note the large
contact angle of the dots to the substrate, which is ascribed to the nonwet-
ting process of the In droplets. �b� PL spectrum, measured at 10 K. Inset—
one-dimensional diagram of the hole and electron density distributions in
the dot �dashed�. The solid curves show the nominal valence �lower curve�
and conduction �upper curve� band edges of InxGa1−xAs as a function of the
distance from the interface. The spacing between the dotted lines represents
the hole electron energy difference.
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�see Figs. 1�a� and 1�b�, respectively�. This splitting is small
and is close to the uncertainty limit, yet it is also observed in
the SK grown sample where the behavior was described as
interstitial stacking fault shift.24 Moreover, error analysis us-
ing simulated noise28 shows that the peak splitting is quite
robust.

The shift from the nominal atomic positions and the
peak splitting occur already at the first monolayer of the
QDs. This indicates that this phenomenon originates at the
interface between the substrate and the dot. Previous high
resolution transmission electron microscopy scans taken on
buried III-V DHE QDs have revealed edge dislocations at
the interface between the substrate and the dot.29 The shape
of our dots matches the shape of such buried dots obtained
by TEM and cross-sectional STM scans. Spencer and
Tersoff8 mapped the strain in the dots taking into account
these dislocations and the unit cell mismatch between the
substrate and the dots. We can consider each layer to be
approximately composed of two bowed regions with radii of
curvature r1 and r2. This is shown in Fig. 3�a�. Folding the
resulting structure into one substrate-defined 2D unit cell and
taking the EDY along the �001� direction yields the EDY
profiles shown in Figs. 3�b� and 3�d� for r1=r2, r1� r2, r1
� r2, respectively. Notice that the shapes are qualitatively
similar to the experimentally observed EDY peak shapes
shown in Figs. 1�a� and 1�b�.

Diffusion of In to interstitial sites in the zinc-blende
structure30,31 is another process which might be considered
as a possible mechanism to explain the EDY splitting. Yet
such a phenomenon should only have a minor effect, consid-
ering the low concentration of interstitial defects in the
crystal.

To summarize, we have revealed the atomic structure
and composition of InAs/GaAs QDs grown by the DHE
method. Comparison between these dots and those grown by
the SK method using MBE shows that the Ga diffusion into
the dots is somewhat larger in the DHE grown dots. We note
that interdiffusion depends strongly on temperature and
therefore this difference will depend on specific growth pa-
rameters. Finally, the atomic layers in both systems are

bowed and the center positions are shifted relative to an ex-
trapolation of the substrate layer sequence.
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dislocations. Folding a single atomic layer of the dot �solid line� into a 2D
substrate-defined unit cell and taking the EDY along a line going through
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