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Abstract

The properties of InSb/InAs quantum dots (QDs) have been investigated by transmission electron microscopy (TEM). Specific
features of diffraction contrast were discovered in plan-view TEM images of big (9-10 nm in height and 38-50 nm in diameter)
InSb QDs. To understand the origin of such distortions, a model of an InSb QD on InAs substrate containing a partial Frank
dislocation (FD) was developed and used for calculations of the displacement field and the subsequent diffraction image simulation
of an InSb QD for the first time. The shape of the QD was established to have an insignificant influence on the magnitude of radial
displacements. The insertion of a misfit defect (a partial Frank dislocation) into the QD reduces the strain at the edges of the QD
almost by 30%. The comparison of experimental and simulated data allowed us to explain the observed features of the moiré pattern
in the image of a big InSb QD by the presence of a misfit defect at the QD-substrate interface.
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1. Introduction

Heterostructures based on indium antimonide (InSb)
quantum dots (QDs) on gallium antimonide (GaSb) and
indium arsenide (InAs) substrates show promise as mate-
rials for fabricating optoelectronic mid-IR range devices
(3-5 pm). For example, mid-IR range lasers are used in
a wide variety of areas, such as chemical process control,
environmental monitoring, leakage control, non-invasive
medical diagnostics, and laser surgery.
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The structural properties of the InSb/InAs system are
similar to those of the well-studied InAs/GaAs system.
Its crystalline structure also forms a face-centered cubic
(fce) lattice. The lattice mismatch of the InSb/InAs sys-
tem is 6.9% and is close to that of the InAs/GaAs system
(7.2%). However, as the optimal conditions for obtaining
InSb quantum dots on InAs substrates have not yet been
worked out, large islands containing structural defects
are formed in the substrate along with small QDs during
QD growth.

The main purpose of this study is to gain insight into
the nature of misfit defects in large incoherent InSb/InAs
quantum dots. To this end we examined the structure
of an InSb/InAs QD using the method of transmission
electron microscopy (TEM). Based on the experimental
data, we modeled the structure of such QDs to calculate
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the displacement field and the diffraction contrast by the
finite element method.

2. The experiment

Experimental samples were obtained through liquid
phase epitaxy (LPE) and metalorganic vapor phase epi-
taxy (MOVPE). A QD on an InAs (001) substrate was
grown epitaxially in a horizontal LPE system with a stan-
dard graphite boat under oxygen flow at temperatures
ranging from 420 to 445 °C; the QD growth time was
2 s, and the system cooling rate was 0.3-0.6 °C/min. An
InSb/InAs QD was also grown epitaxially in a standard
MOVPE reactor under atmospheric pressure, at 420—
440 °C and with an atomic indium supply rate of 5.6—
8.0 umol/min. The growth of the QD with these methods
is described in detail in [1-5].

To investigate the QD properties by TEM the sam-
ples were prepared according to standard procedure of
preliminary mechanical thinning followed by ion beam
milling (argon ion beam energy was 4 keV). The TEM
study was carried out in a JEOL JEM 2100F microscope
at an accelerating voltage of 200 kV in the diffraction
and high-resolution modes. Both cross-section and plan-
view TEM specimen configurations were used.

3. Experimental results

When studying the quantum dots with TEM, we found
bimodality in object size distribution. There were small
QDs of 5 nm and 18-22 nm in diameter, and also large
QDs of 9-10 nm high and 38-50 in diameter. The exam-
ination of the QD’s cross-section showed that the major-
ity of the QDs were spherical, but there were also some
trapeze-shaped QDs.

When we examined the objects in plan-view TEM im-
ages under two-beam diffraction conditions, we found a
classical moiré pattern for small quantum dots. As dis-
cussed in [6,7], such a moiré pattern appears as a result
of a significant lattice spacing mismatch and a plastically
relaxed non-buried island. Fig. 1 (a) represents an exam-
ple of this pattern. As within the classical case, the moiré

Fig. 1. TEM images of a small (a) and a large (b) InSb/InAs QD in
planar geometry with a moiré pattern.

Fig. 2. TEM images of large InSb/InAs QDs under two-beam diffrac-
tion conditions.

Fig. 3. A high-resolution electron microscopy image of an InSb/InAs
QD (marked with a dashed line) with the misfit dislocation (shown on
a larger scale).

fringes are perpendicular to the diffraction vector and ro-
tate as the vector turns. It is evident that larger QDs, in
contrast to smaller ones, exhibit a complex moiré pattern
(Fig. 1 (b)). When the diffraction vector g changed direc-
tion, the contrast of alarge QD did not turn with it, but the
pattern itself changed (Fig. 2). The ‘ticks’ appearing in
the image cannot be explained from the simple consider-
ations of moire formation. The observed pattern allows
us to conclude that there is no axial symmetry axis (001)
in the QD and the planar plane has a preferred direction.

High-resolution electron microscopy images showed
a dislocation near the quantum dot/substrate interface. In
the images of the cross-section of the QD, this dislocation
is visible inside the crystal lattice (Fig. 3). This structural
defect can appear as a result of a mismatch between the
parameters of the QD lattice and substrate.

4. The diffraction contrast modeling

To find out why a complex moiré pattern appears, we
modeled a QD diffraction contrast with a misfit dislo-
cation. To simulate the contrast images from a single
InSb on the substrate surface, we constructed a mechan-
ical model of the system and calculated the dislocation
fields.
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It is known from published data that two types
of dislocations are most commonly observed on the
<111> planes of an fcc lattice along the QD/substrate
interface: a 60-degree dislocation and a partial Frank
dislocation (FD). A partial Frank dislocation (FD)
often occurring in incoherent QDs in the well-studied
InAs/GaAs system [8] was selected to represent a
misfit defect in our model. The dislocation lies on the
QD/substrate interface along the [110] direction and
is characterized by the Burgers vector b = 1/ 3 [111].
The dislocation field inside and outside the QD was
calculated for the relaxed state of the substrate.

We studied cylindrical, trapeze-shaped and spher-
ical quantum dots. The Ilatter two were observed
experimentally.

The results of simulating the dislocation field inside
the QD proved that the shape of the QD has little in-
fluence on the value and the distribution of the field.
Regardless of the QD shape, the presence of an FD in
the QD significantly changes the dislocation field distri-
bution in the surrounding area and lowers the dislocation
density around the QD edges (by almost 30%).

Fig. 4 shows the results of simulating the dislocation
field for a cylindrical QD, which allows to compare the
positions of the equal dislocation lines for the two cases:
with and without the partial Frank dislocation.

The simulated dislocation fields were used for model-
ing the diffraction contrast of the TEM images. The im-
ages of the FD-containing QDs in planar geometry were
calculated from the Howie—Whelan dynamic approxi-
mation. This approach is employed for solving problems
of electron diffraction in defective crystals, and involves
two differential equations for the amplitudes of the trans-
mitted (Po) and the diffracted (®,) electron waves.

dd j

d%.(2) = EQDg(z)exp(2ni§ﬁ')
dz ¢

d®,(z)

i
— @, (2)exp(—2migi) + 2wisP,(2),
dz &

where g is the diffraction vector, &, is the extinction
length, s is the deviation parameter (s = O for our calcu-
lations) [9,10].
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Fig. 4. shows the results of simulating the dislocation field for a cylin-
drical QD, which allows to compare the positions of the equal dis-
location lines for the two cases: with and without the partial Frank
dislocation.

g=220 2=400 g=2-20 g=0-40

Fig. 5. The results of modeling the diffraction contrast from the quan-
tum dots without (a—d) and with (e—j) the partial Frank dislocation;
the lattice mismatch between the substrate and the QD is 3%. White
arrows show the direction of the diffraction vector.

5. Discussion of the results

The results of the contrast calculations showed that
the island shape has obviously no influence on the re-
sulting diffraction contrast. The image of the diffrac-
tion contrast, however, depends on the value of the mis-
match between the QD and substrate lattice parameters
(Fig. 5). The moiré pattern also changes considerably
with diffraction vector rotation.

The addition of an FD into a QD leads to various
changes in the moiré pattern. As can be seen in Fig. 5,
additional moiré bands fringes appear on the contrast
with the operating diffraction vector g = 220. The dis-
location inside the QD also, apparently, has no effect on
the diffraction contrast with the vector g = 2-20.

An increase in the lattice mismatch between the pa-
rameters of the QD and substrate lattices leads to a de-
crease in the moire period and, consequently, to an in-
crease in the number of fringes.

The comparison of the modeled and the experimental
images (Fig. 6) showed that the experimental images
for small QDs for g = 220 (see Fig. 6 (d)) match the
simulations in moiré period and the number of moiré

Fig. 6. The comparison of the modeled (a—c) and experimental (d—f)
contrast images in an InSb QD without (a) and with (b—c) the partial
Frank dislocation; the lattice mismatch between the QD and the sub-
strate is 3% (c, f) and 6% (a, b, d, e); the diffraction vector g is: 220
and 2-20 (a, d), 400 and 040 (b, ¢, e, f).
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fringes with a 6% lattice mismatch (Fig. 6 (a)). This
means that small QDs consist of pure indium antimonide
and have no arsenic inclusions (or a small amount of it).

For a 3 and a 6% mismatch distinctive ‘ticks’ (Fig. 6
(b) and (c)) can be observed in simulated contrast images
with the diffraction vector g = 400 and 0—40; the same
‘ticks’ appear in experimental TEM images of large QDs
(Fig. 6 (e) and (f)). This proves that misfit defects are
present on the quantum dot/substrate interface for larger
QDs.

6. Conclusions

We have studied the structure of an unburied in-
dium antimonide quantum dot on an indium arsenide
substrate by transmission electron microscopy and
computer modeling of the EM images. Moiré pattern
features were discovered for the diffraction contrast of
larger QDs (9—10 nm in height and 38-50 nm in diam-
eter). To understand the reasons of the complex moiré
pattern appearing in TEM images, a model of an indium
antimonide QD on an indium arsenide substrate was con-
structed for the first time and subsequently used to cal-
culate the dislocation fields and simulate the diffraction
contrast.

We found that the shape of a QD has an insignificant
influence on the size of radial dislocations in the system.
The inclusion of a misfit defect (partial Frank disloca-
tion) into a QD during structure modeling lessens the
strains on the QD borders almost by 30%.

The simulated images of the QD with Frank disloca-
tions on the QD/substrate interface are in good agree-
ment with the experimental EM images. This serves as
definitive prove that the Frank dislocation is present in
the quantum dot, which helps explain the experimentally
observed features of the moiré pattern from the quantum
dot.
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