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Structural characterization of self-organized nanostructures
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Self-organized nano-objects fabricated in different semiconductor systems are currently in focus of scientific
interest because of their unique electronic properties. Transmission electron microscopy and high resolution electron
microscopy have been used to study the InAs quantum dots grown by molecular beam epitaxy (MBE) on GaAs
and InP substrates. Optimal imaging conditions for visualization of quantum dots were extablished. Size, shape
and stability of the equilibrium island arrays were analysed with respect to the growth conditions. Both decrease
and increase of the As-pressure compared to the optimal value were shown to destroy the regular arrangement of
the islands. Energy benefit due to the strain relaxation in the InAs islands is likely to be the driving force for their

formation.

Further progress in opto- and microelectronics currently
involves quantum effects in semiconductor heterostructures
of reduced dimensionality: quantum wires and quantum dots
(QDs). Quantum objects uniform in size and in shape can
be fabricated in a way compatible with advanced semicon-
ductor technology by utilizing self-organization phenomena
during crystal growth [1-12], alloy decomposition [13—15]
and surface facetting [16,17]. The Stranski-Krastanow
epitaxial growth of highly mismatched, semiconductor
systems (Si/Ge [2], InAs/GaAs [4,6,7], GaSb/GaAs [11],
ZnSe/ZnS [12], etc) has been shown to result in the
formation of coherent strained nm-scale islands that allow
attainment of a high level of quantum confinement [4-7].
Vertical coupling of quantum dots in superlattices has been
found to decrease the radiative lifetime and to result in injec-
tion lasing at low current densities [18]. The understanding
of these phenomena is dependent on the employment of
atomic level electron microscopic techniques such as high
resolution transmission electron microscopy (HREM) [6,7]
and scanning tunneling microscopy (STM) [4]. These
techniques are complementary: STM is efficient for surface
characterication and morphology evaluation during growth
while HREM is used to characterize atomic structure of
quantum objects. Due to the small sizes of quantum objects
and the strain effects, their HREM visualization requires
special imaging conditions. Here we review relsults on struc-
tural evaluation of self-organized nano-objects fabricated in
different semiconductor systems.

Scattering in size and shape for the quantum dots re-
ported by different groups makes it of interest to study
the equilibrium geometry of small islands grown in the
Stranski—Krastanow mode. A typical HREM image of an
InAs quantum dot is shown in Fig. 1. Pyramid-like InAs
islands with 14nm base length and 7nm height are embed-
ded in the GaAs active layer which is located between two
cladding superlattices of (2nm Aly3Gag 7As/2nm GaAs) .
Strain-induced contrast significantly influences the image,
but the pyramidal shape of the island is still visible. A plan-
view image of this heterostructure (not shown) demonstrates
ordering of the islands in both shape and size [7].
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Figure 1. InAs quantum dots in GaAs: HREM cross-section (a)
and plan-view (b) TEM micrographs.

Figure 2. Simulated cross-sectional HREM (a,b) and correspond-
ing bright-field (c,d) images of unrelaxed (a,c) and relaxed (b,d)
InAs island.
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Figure 3. Plan-view (a,b) and cross-sectional (¢d) bright-field TEM images of InAs dots for InAs/InGaAs (a,c) and InAs/InAlAs (bd)

systems grown on (001) InP substrates.

Because the strain-induced contrast strongly affects the
dot image on TEM micrographs, optimization of imaging
conditions is required to visualize the true shape and size
of the quantum dot. Molecular dynamics calculations have
been applied to model the atomic displacement field of the
InAs island and the GaAs matrix. The calculations were
carried out using the CERIUS program package (Molec-
ular Dynamics Ins., Cambridge) detailed elsewhere [19].
A pyramid-like InAs island has a base length a= 6nm
because the total number of atoms in the model was limited
to 2 - 10*. The atomic displacement field has then been used
for simulations of HREM images at different foil thicknesses
and defoci [19]. Fig. 2 shows the calculated HREM
image and corresponding calculated bright-field images of
unrelaxed (a, ¢) and relaxed (b, d) InAs islands. An increase
of foil thickness significantly affects the image due to strain-
induced contrast so that the true size and shape of the island
is poorly resolved at foil thickness larger then 2a The island
contrast is most clearly seen at certain defoci (60—70 nm for
JEOL 4000EX microscope), where the chemical contrast
difference is most pronounced [19]. Detuning from these
optimal imaging conditions results in the over-or underes-
timation of the QD size. Strain affects conventional TEM
image of QDs even more strongly. Contrast on calculated
bright-field images taken at symmetrical Laue orientation
[e.g. in Fig. 2 (d)] depends on the foil thickness, but is
independent of defocus. Even for a thin foil, the shape of the
dot is difficult to resolve. However, the size of the dot can be

determined if the thickness of the foil is not larger then 2a.
Similar results were found for plan view imaging [19].

Formation of InAs dots on InP substrates differs from that
on GaAs and significantly depends on the material of the
matrix. Fig. 3 shows typical TEM images for InAs/InGaAs
and InAs/InAlAs systems grown on (001) InP substrates.
The InGaAs and InAlAs ternary alloys had the same
lattice parameters as the InP substrate. The characteristic
lateral sizes of InAs quantum dots were 50—70nm for
InAs/InGaAs and InAs/InAlAs systems, respectively. The
dot heights were in the range of 2.5—3nm in both cases.
Besides the InAs dots, strain modulation contrast due to
spinodal decomposition of ternary alloys was observed along
(110) directions. Similar compositon modulations have been
reported for other systems [13,14]. The InAs dots in Fig. 3
are more rounded and more shallow for the InAs/InGaAs
system compared with that of the InAs/InAlAs.

In contrast, each island in the InAs/GaAs system has
a square base and they are locally arranged in a two
dimensional square lattice with main axes along (100)
crystallographic directions [6,7]. The square base of the
islands can be understood by taking into account the elastic
anisotropy of cubic GaAs with the minimum stiffness along
(100) and (010) crystallographic directions. The repulsive
interaction of islands of high density due to the strained
substrate results in their ordering into the two dimensional
square lattice. The uniform quantum dot array can result in
minimal possible free energy of the system [20]. Thus, the
characteristic size of the island is energetically favorable.
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According to our calculations [20], the total energy
of the system has a minimum for a particular dot size
which depends on material parameters. This agrees well
with observations of the effect of growth interruption and
variation in As pressure on dot sizes and their distribution
(not shown). Growth interruption for 40s after 2.5 ML InAs
is deposited is enough to let the dot reach the equilibrium
size that was typical for 4 ML InAs deposition without
growth interruption. Both decrease and increase of the
As-pressure compared to the optimal value were shown to
destroy the regular arrangement of the islands. An increase
of the substrate temperature from 480 to 520°C at optimal
arsenic pressure results in an increase of the lateral size of
the dot to ~ 180 A and in a strong decrease of dot density
(down to ~ 1.5—2 - 10'° cm~2). The dot lateral shape (well-
defined square) is not affected. Large clusters appear locally.
The PL peak position shifts slightly (~30—50 meV) towards
higher energy with respect to the PL line for 480°C growth,
indicating that the increase of the lateral size is compensated
by the reduction of the dot height and the facet angle. Since
the stability of the equilibrium dot array strongly depends
on the facet surface energy this result is expected because
changes in growth parameters influence the surface energy
of the InAs layer. MBE growth at optimal conditions is a
near-equilibrium process [21]. However, kinetics plays an
important role when the process is not equilibrium, and
results in macroscopic surface structures (~ 1000 /0\) under
both low and high arsenic pressures.

In conclusion, self-organisation phenomena are promis-
ing for the fabrication of nanostructures in semiconductor
epitaxial systems for optoelectronics applications. TEM
and HREM appear to be key techniques for structural
characterization of nano-objects.
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