
Citation: Tuktamyshev, A.; Vichi, S.;

Cesura, F.G.; Fedorov, A.; Carminati,

G.; Lambardi, D.; Pedrini, J.; Vitiello,

E.; Pezzoli, F.; Bietti, S.; et al. Strain

Relaxation of InAs Quantum Dots on

Misoriented InAlAs(111)

Metamorphic Substrates.

Nanomaterials 2022, 12, 3571. https://

doi.org/10.3390/nano12203571

Academic Editor: Wolfgang Heiss

Received: 14 September 2022

Accepted: 7 October 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Strain Relaxation of InAs Quantum Dots on Misoriented
InAlAs(111) Metamorphic Substrates
Artur Tuktamyshev 1,† , Stefano Vichi 1,† , Federico Guido Cesura 2,*,† , Alexey Fedorov 3, Giuseppe Carminati 2,
Davide Lambardi 2, Jacopo Pedrini 2 , Elisa Vitiello 2 , Fabio Pezzoli 2 , Sergio Bietti 2

and Stefano Sanguinetti 1,2,3

1 Isituto Nazionale di Fisica Nucleare, Sezione di Milano-Bicocca, 20100 Milano, Italy
2 Department of Materials Science, University of Milano-Bicocca, 20100 Milano, Italy
3 Centro Nazionale delle Ricerche, Istituto di Fotonica e Nanotecnologie, 20100 Milano, Italy
* Correspondence: federico.cesura1@unimib.it
† These authors contributed equally to this work.

Abstract: We investigate in detail the role of strain relaxation and capping overgrowth in the
self-assembly of InAs quantum dots by droplet epitaxy. InAs quantum dots were realized on
an In0.6Al0.4As metamorphic buffer layer grown on a GaAs(111)A misoriented substrate. The com-
parison between the quantum electronic calculations of the optical transitions and the emission
properties of the quantum dots highlights the presence of a strong quenching of the emission from
larger quantum dots. Detailed analysis of the surface morphology during the capping procedure
show the presence of a critical size over which the quantum dots are plastically relaxed.

Keywords: droplet epitaxy; quantum dot; metamorphic buffer layer; strain relaxation; III–V semiconductors

1. Introduction

The self-assembled quantum dots (QDs) of compound semiconductors are promising
candidates for the realization of on-demand entangled photon emitters that are funda-
mental components of future quantum communication networks [1–5]. The generation of
entangled photon pairs requires highly symmetrical QDs to contrast the anisotropy-induced
fine structure splitting (FSS) of excitonic states [6,7]. The C3v symmetry of {111} surfaces
renders them an ideal substrate for the formation of laterally symmetric QDs with naturally
low FSS [3,8]. Single and entangled photon emitters operating at the telecom-wavelength
bands (C-Band at ≈1.55 µm, and O-Band at ≈1.3 µm) for quantum key distribution over
long distances emerged as major devices for quantum information technologies. Such
long-emission wavelengths require the use of InA-based QDs grown on InP substrates
or via the use of an InGa(Al)As metamorphic buffer layer (MMBL) [9–17]. In this regard,
(111)-oriented substrates have a further advantage, as high-quality lattice-relaxed MMBLs
can be formed by strained epilayers, permitted by the formation of misfit dislocations at
the interface starting directly from the initial stages of the growth [18]. The fast relaxation
of the strain drives the system to grow two-dimensional [18], with a limited density of
threading dislocations (TDs) and a flat surface [19].

Self-assembled QDs cannot be formed on {111} surfaces by means of the conventional
Stranski–Krastanov (SK) mode due to the compressive strain-induced insertion of misfit
dislocations at the substrate–epilayer interface [18,20]. However, the tensile strain-driven
self-assembly of coherently strained III–V QDs on (111) surfaces was reported [21,22].
The droplet epitaxy (DE) technique [23–25] recently demonstrated the possibility to grow
high-quality quantum nanostructures in lattice-matched and -mismatched systems with
a high degree of control over the density, size, and shape of the nanostructures [26–36],
rendering it suitable for the fabrication of single photon emitters and entangled photon
sources [3,8,36,37]. The flexibility of DE is because the growth of III–V QDs is performed in

Nanomaterials 2022, 12, 3571. https://doi.org/10.3390/nano12203571 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano12203571
https://doi.org/10.3390/nano12203571
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-4353-6476
https://orcid.org/0000-0003-4272-4261
https://orcid.org/0000-0002-7706-5377
https://orcid.org/0000-0001-7312-3667
https://orcid.org/0000-0002-6952-2531
https://orcid.org/0000-0001-8570-7299
https://orcid.org/0000-0001-5775-0687
https://orcid.org/0000-0002-4025-2080
https://doi.org/10.3390/nano12203571
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12203571?type=check_update&version=1


Nanomaterials 2022, 12, 3571 2 of 15

two distinct steps. In the first, the Group III element is deposited on the substrate to form
liquid droplets; in the second step, a flux of the Group V element is irradiated in order to
crystallize the droplets in quantum nanostructures. As DE is not strain-driven, it can be
exploited with a variety of material combinations and substrate orientations. Ha et al., and
Tuktamyshev et al. recently reported the possibility to grow InAs QDs with DE on InAlAs
MMBL deposited on singular [38] and vicinal [19] GaAs(111)A with a suitable single photon
emission for conventional fiber communication in the C- and O-Band windows. InAs QDs
emitting in the 1.3 µm band showed the expected high symmetry in the excitonic states,
featuring an FFS of less than 20 µeV [19].

In this study, we investigate in more detail the growth of InAs QDs by DE on
MMBL/GaAs(111)A vicinal misoriented substrates in order to identify the optimal QD fab-
rication process to obtain the QD emission at telecom bands. In particular, we concentrate
our attention on strain relaxation in QDs and how it is affected by the capping procedure.

2. Materials and Methods

The samples studied in this work were grown on undoped semi-insulating GaAs(111)A
substrates with a miscut of 2◦ towards [1 1 2] in a solid-source MBE. The use of vicinal
wafers allows for a high growth rate of thick epitaxial layers (e.g., distributed Bragg reflector
(DBR)) without incurring the formation of triangular hillocks that is typical on singular
(111) surfaces [39]. The use of the [1 1 2] direction of a miscut and its angle value are caused
by the good growth performance shown in our previous works [37,39]; After a 85 nm GaAs
buffer layer had grown at 520 ◦C with a growth rate of 0.5 ML/s, a 100 nm In0.6Al0.4As
metamorphic barrier layer was deposited at 470 ◦C with the growth rate of 0.5 ML/s.
Then, metallic indium was supplied with the growth rate of 0.01 ML/s at 370 ◦C to reach
1 equivalent ML (S1, S3, S3 and S4) and 0.15 equivalent ML (S5 and S6). During indium
deposition, the background pressure was kept below 3× 10−9 Torr. Then, an As4 flux was
supplied for 8 min at the same temperature to crystallize the indium droplets into InAs QDs
after the crystallization process In0.6Al0.4As capping layers (CLs) of different thickness had
been deposited at 370 ◦C with the growth rate of 0.5 ML/s. The growth method relative
to the samples for PL measurements is described elsewhere [19]. Metallic indium and CL
thickness relative to all the samples presented in this study are summarized in Table 1.

Table 1. Amounts of In and CL thickness relative to all the samples presented in this study (S1–S6).

Sample In [ML] CL [nm]

S1 1.0 0
S2 1.0 5
S3 1.0 10
S4 1.0 140
S5 0.15 0
S6 0.15 140

The morphological characterization of the samples was performed ex situ with atomic
force microscopy (AFM) in tapping mode using supersharp tips capable of a lateral resolu-
tion of about 2 nm. The numerical calculations of the emission energy of the quantum dots
were performed using the envelope function approximation and an eight-band k·p model.
The QDs were modeled as truncated pyramids with a triangular base with a fixed aspect
ratio (AR) of 0.05, following the analysis of the AFM images. Further details of quantum
calculations can be found elsewhere [19]. PL measurements were performed by exciting
the sample with a 405 nm laser with a power density of ∼4.5 kW·cm−2. The sample was
mounted in a closed-cycle cryostat and kept at a constant temperature of 15 K. The signal
was filtered with a GaAs long-pass filter to remove light coming from the laser. The PL was
acquired with a f/3.6 monochromator equipped with a 590 lines/mm grating with blaze
at 1.3 µm. The detector was a cooled InGaAs photodetector (−15 ◦C). The signal-to-noise
ratio was improved by using a lock-in amplifier.
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3. Results

Figure 1a shows the morphology of Sample S1 with uncapped self-assembled DE
InAs QDs fabricated on a In0.6Al0.4As MMBL with the deposition of 1 ml of indium at
370 ◦C, followed by annealing in an As atmosphere at the same temperature. The average
morphological characteristics of Sample S1 were measured on areas of 100 µm2 and are
listed in Table 2. Details on the In0.6Al0.4As MMBL prior to QD growth can be found in our
previous publication [19]. In0.6Al0.4As MMBL features a root mean square (RMS) rough-
ness below 1 nm and a threading dislocation density (TDD) of the order of 1 × 107 cm−2.
Uncapped QDs on Sample S1 exhibited a truncated triangular pyramidal shape with an
average height of 9.9 ± 3.4 nm and an average lateral size of 192 ± 60 nm. In this work, the
lateral size was measured as the height of the triangular base of the QD. The density of the
QDs was 2.1 × 108 cm−2. The density of the QDs on this sample was comparable to the
2.5 × 108 cm−2 density value reported in our previous publication [19]. The sample surface
was populated by two distinct groups of QDs. The first and more numerous group (Group
A) consisted of smaller QDs with heights ranging from 2 to 15 nm and a triangular flat top
(an example is shown in the inset of Figure 1b). The second group (Group B) comprised
larger QDs with a density of 2 × 107 cm−2. These QDs exhibited heights of ≥15 nm and
and irregular morphologies (an example is shown in the inset of Figure 1c).

All the QDs were surrounded by a two-dimensional structure. The formation of such
a 2D layer could be attributed to the kinetically controlled diffusion of metal atoms out
of the nanostructures during the crystallization step [36]. The material diffusion was not
isotropic, but occurred preferentially along three equivalent <110> directions on the (111)
surface.

The optical properties of capped QDs can be predicted with quantum mechanical mod-
els on the basis of the morphology and composition of the uncapped nanostructures [32,40].
We calculated the expected emission wavelength from Group A QDs by means of a k · p
approach, modeling the QD shape as a truncated pyramid with a fixed and very small
aspect ratio ρ = 0.05. Such a shape was derived from the actual QD shape measured on
uncapped Sample S1 and it was in agreement with previous studies on InAs DE-QDs on
InAlAs(111)A MMBL [38,41]. The simulation suggested a QD height of 2.4 and 3.6 nm
for emissions at 1.3 and 1.55 µm, respectively (see Table 2). On the basis of numerical
calculations, Group A of small InAs/In0.6Al0.4As QDs were expected to emit in telecom
bands C and O with an extremely broad photoluminescence band.

Table 2. Simulated optimal size of a InAs/InAlAs QD with a fixed AR of 0.05.

Wavelength [nm] Height [nm]

1300 2.4
1550 3.6

The photoluminescence (PL) spectrum measured after capping with 140 nm In0.6Al0.4As
(Sample S4) is shown in Figure 2. The spectrum consisted of a broadband emission cover-
ing wavelengths from 1.10 to 1.50 µm. No emission was observed for wavelength in the
C-Band window. This result differs from the results obtained from the numerical simu-
lations. The observed behavior could have been the outcome of two possibly synergistic
phenomena: (1) since QDs must be buried with a capping layer to act as an active optical
layer, the capping procedure may have affected optically active QDs; (2) the low-threshold
channel for plastic strain relaxation on {111}-oriented substrates may have introduced misfit
dislocation at the QD–MMBL interface in the larger QDs, thus quenching their emission.
The direct self-assembly of InAs QDs by on GaAs(111)A substrates by DE resulted in
plastically relaxed islands [42].
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Figure 1. (a) A 5 × 5 µm2 AFM topography image of Sample S1 without any capping layer; (b)
5 × 5 µm2 AFM topography image of Sample S2 taken after the deposition of 5 nm of capping layer.
(inset) A 1 × 1 µm2 AFM topography image relative to the red square in (b) Group A QDs with
a truncated pyramidal shape; (c) 5 × 5 µm2 AFM topography image of Sample S3 taken after the
deposition of 10 nm of capping layer. (inset) A 1 × 1 µm2 AFM topography image relative to the
green square in (c) a Group B QD that was clearly dislocated.
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Figure 2. Normalized broadband PL spectrum measured at T = 15 K on Samples S4 (bright red,
obtained by capping an identical sample to S1 (shown in Figure 1a) and S5 (dark red, obtained by
capping an identical sample to S6 (shown in Appendix A, Figure A1), and excited with a 405 nm laser
with power density of ∼4.5 kW·cm−2.

As a matter of fact, it is widely reported that even a thin CL can modify the size,
morphology, and surface density of InAs QDs [43–49]. The role played by Al-containing
CL on the changes in the structure of the QDs and the recombination mechanisms is
complicated. On one hand, the use of InAlAs as a strain-reducing layer (SRL) is widely
reported to improve the emission intensity and the redshift of InAs QDs in the telecom
band compared to other overlayers such as GaAs [47,50–54]. However, QDs embedded
in an InAlAs matrix suffer from carrier hopping via defects, an Al-related nonradiative
recombination center, and dislocation-related nonradiative channels. This deteriorates
both PL intensity and exciton lifetime in the quantum dots compared to other embedding
matrices (e.g., InGaAs) [55]. Liu et al. suggested that the formation of such defects is
influenced by the low InAlAs growth temperature [56]. In order to shed some light on
the observed difference between the simulation and the experimental measurements, we
investigated the influence of the InAlAs CL on the morphology and hence the optical
properties of InAs QDs grown by DE on a fully relaxed InAlAs MMBL. We used AFM
surface characterization to analyze QDs buried under CLs of different thickness and
compared them with surface QDs.

QDs on Sample S2 were covered with 5 nm of In0.6Al0.4As, whereas QDs on Sample
S3 were covered with 10 nm of In0.6Al0.4As. Examples of AFM scans obtained on Samples
S2 and S3 are shown in Figure 1b,c, respectively. The average morphological characteristics
of Samples S2 and S3 were measured on areas of 100 µm2 and are listed in Table 3. Sample
S2 was populated by the same two groups of QDs observed on Sample S1 with similar
proportions. The total density of the QDs was comparable to the one measured on Sample
S1. The total density on Sample S3 dropped by 38% compared to that of Sample S1. The
QD density of Group B increased to 3.3 × 107 cm−2.

AFM characterization also revealed that QDs maintained their triangular symmetry
among all three samples (Figure 1). Sample S6 was obtained by depositing 0.15 ML of
indium at 370 ◦C on a In0.6Al0.4As MMBL, followed by annealing in an As atmosphere
at the same temperature. The average morphological characteristics of the surface dots
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on Sample S6 (see Appendix A, Figure A2) were measured on areas of 100 µm2 and are
listed in Table 3. The photoluminescence spectrum measured after capping with 140 nm
In0.6Al0.4As (Sample S5) is shown in Figure 2. The spectrum consisted of a broadband
emission covering wavelengths from 1.10 to 1.50 µm, similar to what was observed on
Sample S4.

Table 3. Average morphological features of QDs grown with different In MLs measured with AFM
on the samples covered by CLs of different thickness.

Sample In (ML) CL (nm) QD Density (cm−2) QD Height (nm) QD Lateral Size (nm) QDs AR

S1 1.0 0 2.10 ± 0.20 × 108 9.9 ± 3.4 191.8 ± 60.1 0.052 ± 0.019
S2 1.0 5 1.96 ± 0.20 × 108 10.1 ± 4.5 228.2 ± 48.5 0.043 ± 0.009
S3 1.0 10 1.30 ± 0.20 × 108 12.8 ± 9.1 260.0 ± 101.8 0.044 ± 0.028
S6 0.15 0 9.20 ± 0.20 × 108 2.0 ± 0.7 106.4 ± 23.6 0.018 ± 0.004

4. Discussion

In order to investigate the effects of the InAlAs CL on the surface InAs QDs, we
analyzed the changes in the morphology of the QDs among Samples S1, S2, and S3.
The evolution of the QDs’ main features is shown in the histograms in Figure 3. The lateral
size distribution exhibited a main peak that shifted toward higher values with increasing
CL thickness (Figure 3b,e,h). From energetic considerations, it is expected that the InAlAs
capping layer would preferentially grow on the fully relaxed InAlAs MMBL between the
dots to reduce the surface curvature and minimize the surface energy. Hence, the top of
the pseudomorphic InAs dots should not be covered by the InAlAs overlayer until the
equivalent thickness of the total InAlAs deposition is at least equal to or larger than the dot
height [57]. As a consequence of this, the height distribution should shift towards smaller
values with increasing CL thickness.

However, the main height peak observed around 9–10 nm on Sample S1 (Figure 3a)
did not exhibit any noticeable shift in Sample S2 (Figure 3d) or Sample S3 (Figure 3g).
Furthermore, Sample S3 exhibited a noticeable increment of the dispersion of the height
and the lateral size of the QDs (Figure 3g,h). Ferdos et al. observed that InAs dots
covered by 1 ml of an Al-containing CL suffer from an initial height reduction, but further
encapsulation does not influence the average height of dots and leads to wider height
distributions instead [47]. We could assume that the drop in density can be attributed to the
disappearance of smaller QDs that become completely buried by the overlayer. Partially
buried QDs were accounted for the observed heights of ≤2 nm.

In order to shed some light on why the height of the majority of the dots remains
virtually unchanged, we measured the average area and volume occupied by one dot
measured in Samples S1, S2 and S3. We then compared the measured values with the ones
calculated (i) as if all the dots were ideally pseudomorphic and (ii) as if the entire surface
was covered by a CL of uniform thickness, also known as conforming capping. Graphic
representations of both scenarios are shown in Figure 4. In the pseudomorphic QD (PQD)
model, the facets of the dots are buried by the CL, so that the QD height decreases by an
amount equal to the CL thickness (Figure 4A). Area APQD and volume VPQD occupied by a
QD can be expressed as follows:

APQD = ((h× AR− 2t/ tan(α))2/
√

3) (1)

VPQD = (h− t)/3× (APQD × (1 + δ +
√

δ) (2)

In the conforming capping (CC) model, the QD is covered by a uniform layer such as
a blanket; hence, its area ACC and volume VCC are increased (Figure 4C) according to:

ACC = ((h× AR) + 2t tan(α/2))2/
√

3) (3)
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VCC = (h)/3× (ACC × (1 + δ +
√

δ) (4)

where h is the average height of the QDs, t is the CL thickness, α is the angle formed
between one of the QD facets and the surface, and δ is the ratio between the two bases of
the QDs.

Figure 5 shows the average values of area (Figure 5a) and volume (Figure 5b) occupied
by one QD as a function of the CL thickness measured by AFM, and calculated according
to the PQD (Equations (1) and (2)) and CC (Equations (3) and (4)) models shown in
Figure 4A,C, respectively. The measured area and volume increased with the CL thickness
up to ≈2 and ≈4 times the original values, respectively (black lines). On the one hand,
in the pseudomorphic QD (PQD) model, both area and volume decreased to 0 as the QD
became completely buried. On the other hand, the CC model clearly underestimated the
real increment in area and volume measured with AFM. These results suggest that the
simultaneous increment of both area and volume of the dot occurs as a consequence of the
mass transfer towards the QD.

Figure 3. (a) Height, (b) lateral size, and (c) aspect ratio distributions relative to Sample S1 (no
capping); (d) height, (e) lateral size, and (f) aspect ratio distributions relative to Sample S2 (5 nm
capping); (g) height, (h) lateral size, and (i) aspect ratio distributions relative to Sample S3 (10 nm
capping).
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Figure 4. Graphical models of a QD covered by 5 and 10 nm CL (A) as if all the dots were pseudomor-
phic (PQD model); (B) as if material accumulations occurs on the dot due to a mass transfer mecha-
nism; (C) as if the entire surface is covered by a CL of uniform thickness (CC model). The dashed red
line marks the volume of the QDs that would be detected by AFM. (A) QD height decreases by an
amount equal to the CL thickness. (B,C) QD height as seen by the AFM is constant.

Figure 5. (a) Normalized average QD base area measured with AFM (black full squares), calculated
with the PQD model (red full circles), and calculated with the CC model (green full triangles) as a
function of the CL thickness; (b) normalized average QD volume measured with AFM (black hollow
squares), calculated with the PQD model (red hollow circles), and calculated with the CC model
(green hollow triangles) as a function of CL thickness.

Al atoms accumulated on top of the QDs due to the species’ low mobility at the
growth temperature. The accumulation of Al on the dots is widely reported to prevent
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In migration towards the surface [47,50–53] and hence the consequent dissolution of QDs
usually occurring at temperatures of 370 ◦C or higher. Our results suggest that In atoms
tend to diffuse towards the dots instead, and accumulate both on the top and especially
at the perimeter of QDs. This causes a slight decrease in aspect ratio (AR) distribution, as
shown in Figure 3c,f,i. The observed mass transfer can be explained by the presence of
plastic relaxation of the strain due to the presence of dislocations within the QDs that were
thicker than ≈2.6–2.7 nm. These plastically relaxed InAs QDs act like a sink for the more
mobile species, which diffuse towards them to lower the elastic energy accumulated in
the CL [58,59]. When an InxAl1−xAs overlayer is deposited on a flat surface composed by
adjacent areas of InxAl1−xAs and InAs, the more mobile species (In) migrate towards the
areas where the lattice mismatch between the InxAl1−xAs overlayer and InAs is larger to
minimize the total elastic energy accumulated in the overlayer. This results in a gradient in
the composition and hence in the strain across the overlayer (e.g., In migrates to reduce the
strong tensile strain above InAs and causes tensile strain above InAlAs). The mass transport
increases with the increase in lattice mismatch between the overlayer and the substrate.

Several authors reported that InAs QDs can exhibit major morphological changes due to
material redistribution occurring during the deposition of CLs of a few nanometers [43,49,57].
However, it is also possible that the plastic relaxation occurs during crystallization in all
those dots that exceed the critical thickness above which insertion of misfit dislocation
occurs. This critical thickness is a function of the system composition and the type of
growth, 2- or 3-dimensional, and usually lies between 1.5 and 4 nm [60–63]. Ohtake et al.
reported that, in the heteroepitaxy of InAs on singular GaAs(111)A, the InAs layer becomes
plastically relaxed inplane due to the insertion of misfit dislocation above 0.39 nm InAs
layer thickness [64]. A study by Chaldyshev et al. demonstrated that the critical relaxation
size for QDs buried by a thick overgrowth is larger than the critical thickness for surface
QDs [65].

A possible alternative explanation of the observed blue shift (Figure 2) with respect
to the expected emission (Table 2), calls for In/Al intermixing at the QD/barrier interface
occurring during the deposition of the CL. In/Al intermixing can lead to an interdiffusion-
driven blue shift of the QD emission with respect to the expected emission based on
uncapped QDs. Such a blue shift must affect all QDs irrespective of their size. A size effect
is expected anyway, with the blue shift increasing with the In interdiffusion length/QD
size ratio. Sample S6 was grown by lowering the amount of deposited In to 0.15 ml in
order to reduce the size of the QDs. QDs on Sample S6 exhibited an average height of
2.0 ± 0.7 nm (Table 3), with a large majority of QDs that were smaller than the critical
thickness for plastic deformation. A detailed AFM characterization of Sample S6 can be
found in Appendix A, Figures A1 and A2. As shown in Figure 2 the PL spectrum measured
after capping with In0.6Al0.4As (Sample S5) was in good agreement with our quantum
calculations (Table 2) and covered the same emission range observed on S4. On the one
hand, these results prove that the emission measured on Sample S4 came exclusively from
dots smaller than ≈2.6–2.7 nm in height that were not plastically relaxed. On the other
hand, these results exclude the occurrence of material intermixing among Ω QDs during
the capping stage on Sample S5, as no blue shift of the emission was observed and hence on
any other samples presented in this work. The absolute PL intensity measured on Sample
S5, where ≈60% of the QDs were smaller than the critical thickness, was four times larger
than the absolute intensity measured on Sample S4, where only ≈40% of the dots were
optically active. This difference was in agreement with the ratio between the densities of
pseudomorphic QDs populating Samples S5 and S4, which was ∼6. The spectra showing
the absolute intensities measured on Samples S4 and S5 can be found in Figure A3 in
Appendix A.

We identified Group B as an island that formed with the droplet decoration of the
TD arms intercepting the surface. Due to the preferential droplet nucleation at defects
and the strain field induced by the TDs, these droplets were larger than the rest. Their
irregular morphology (Figure 1c, inset) was due to the presence of a relevant plastic



Nanomaterials 2022, 12, 3571 10 of 15

relaxation of the island strain. Their density was in agreement with the density of TDs in
InAlAs MMBL on GaAs(111)A substrates [19]. The height of Group B dots increased with
increasing CL thickness. In Sample S3, the total QD population was split into bimodal-type
distribution (Figure 3g). Similar behavior was reported for InAs QDs capped with 10 nm
AlAs layers [66]. AR distribution also exhibits a bimodal character, as shown in Figure 3i.
When the AR of the QDs was plotted as a function of the height, it clearly showed two
opposite behaviors (Figure 6): as the InAlAs CL thickness increased, the majority of the
QDs were grouped around an average height value with a slight decrease in AR due to
preferential material accumulation on their perimeter; Group B QDs (circled in orange)
showed a tendency to grow vertically due to preferential material accumulation on their
top. This behavior confirms the presence of misfit dislocations within Group B QDs as
well. On the atomic surface, diffusion towards InAs QDs increased the average QD size
above the critical threshold for the inset of misfit dislocations, which in turn resulted in
the formation of large clusters [58,59]. However, our analysis did not allow for identifying
the origin of the increment in Group B QDs, whether they developed from existing QDs or
they formed on the surface during the CL deposition due to the inset of defects and new
dislocations in the embedding InAlAs matrix.

Figure 6. Aspect ratio as a function of the height measured on the single QDs for Sample S1 (a),
Sample S2 (b), and Sample S3 (c). The data outlined in orange were measured on plastically relaxed
Group B QDs. These QDs grew in density and height with increasing CL thickness.

5. Conclusions

In conclusion, DE InAs/InAlAs QDs on vicinal Ga(111)A that were expected to emit
in the telecom C and O bands exhibited a broadband PL with spectral weight limited at
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1.50 µm. Our AFM characterization revealed material accumulation on more than 60% of the
QDs during the CL deposition up to 10 nm. We attribute this mass transfer to the insertion
of strain-induced misfit dislocation within the QDs that exceeded a critical thickness of
2.5 nm. QDs that were plastically relaxed acted as nonradiative recombination centers and
did not contribute to the measured PL spectrum. Only the smallest QDs retained their
coherence and were accounted for in the observed emission in the telecom O-band.
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MBE Molecular Beam Epitaxy
QD Quantum Dot
MMBL MetaMorphic Buffer Layer
CL Capping Layer
PL PhotoLuminescence
TD Threading Dislocations
SK Stransky–Krastanov
DE Droplet Epitaxy
PQD Pseudomorphic Quantum Dots
CC Conforming Capping

Appendix A

Figure A1. (a) 10 × 10 µm2 AFM topography image of Sample S6 without any capping layer;
(b) 4 × 4 µm2 AFM topography image of sample S6.
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Figure A2. (a) Lateral size, (b) height and (c) aspect ratio distributions relative to Sample S6 (no
capping).

Figure A3. Absolute broadband PL spectrum measured at T = 15 K on Sample S4 (bright red,
obtained by capping a sample identical to S1 (shown in Figure 1a) and Sample S5 (dark red, obtained
by capping a sample identical to S6 (shown in Appendix A, Figure A1) and exciting with a 405 nm
laser with power density of ∼4.5 kW·cm−2.

References
1. Huber, D.; Reindl, M.; Aberl, J.; Rastelli, A.; Trotta, R. Semiconductor quantum dots as an ideal source of polarization-entangled

photon pairs on-demand: A review. J. Opt. 2018, 20, 073002. [CrossRef]
2. Orieux, A.; Versteegh, M.A.M.; Jöns, K.D.; Ducci, S. Semiconductor devices for entangled photon pair generation: A review. Rep.

Prog. Phys. 2017, 80, 076001. [CrossRef]
3. Basso Basset, F.; Bietti, S.; Reindl, M.; Esposito, L.; Fedorov, A.; Huber, D.; Rastelli, A.; Bonera, E.; Trotta, R.; Sanguinetti, S.

High-Yield Fabrication of Entangled Photon Emitters for Hybrid Quantum Networking Using High-Temperature Droplet Epitaxy.
Nano Lett. 2018, 18, 505–512. [CrossRef]

4. Skiba-Szymanska, J.; Stevenson, R.M.; Varnava, C.; Felle, M.; Huwer, J.; Müller, T.; Bennett, A.J.; Lee, J.P.; Farrer, I.; Krysa, A.B.;
et al. Universal Growth Scheme for Quantum Dots with Low Fine-Structure Splitting at Various Emission Wavelengths. Phys.
Rev. Appl. 2017, 8, 014013. [CrossRef]

5. Anderson, M.; Müller, T.; Skiba-Szymanska, J.; Krysa, A.B.; Huwer, J.; Stevenson, R.M.; Heffernan, J.; Ritchie, D.A.; Shields, A.J.
Coherence in single photon emission from droplet epitaxy and Stranski–Krastanov quantum dots in the telecom C-band. Appl.
Phys. Lett. 2021, 118, 014003. [CrossRef]

6. Bayer, M.; Ortner, G.; Stern, O.; Kuther, A.; Gorbunov, A.A.; Forchel, A.; Hawrylak, P.; Fafard, S.; Hinzer, K.; Reinecke, T.L.; et al.
Fine structure of neutral and charged excitons in self-assembled In(Ga)As/(Al)GaAs quantum dots. Phys. Rev. B 2002, 65, 195315.
[CrossRef]

7. Gammon, D.; Snow, E.S.; Shanabrook, B.V.; Katzer, D.S.; Park, D. Fine Structure Splitting in the Optical Spectra of Single GaAs
Quantum Dots. Phys. Rev. Lett. 1996, 76, 3005–3008. [CrossRef]

http://doi.org/10.1088/2040-8986/aac4c4
http://dx.doi.org/10.1088/1361-6633/aa6955
http://dx.doi.org/10.1021/acs.nanolett.7b04472
http://dx.doi.org/10.1103/PhysRevApplied.8.014013
http://dx.doi.org/10.1063/5.0032128
http://dx.doi.org/10.1103/PhysRevB.65.195315
http://dx.doi.org/10.1103/PhysRevLett.76.3005


Nanomaterials 2022, 12, 3571 13 of 15

8. Mano, T.; Abbarchi, M.; Kuroda, T.; McSkimming, B.; Ohtake, A.; Mitsuishi, K.; Sakoda, K. Self-Assembly of Symmetric GaAs
Quantum Dots on (111)A Substrates: Suppression of Fine-Structure Splitting. Appl. Phys. Express 2010, 3, 065203. [CrossRef]

9. Holewa, P.; Gawełczyk, M.; Ciostek, C.; Wyborski, P.; Kadkhodazadeh, S.; Semenova, E.; Syperek, M. Optical and electronic
properties of low-density InAs/InP quantum-dot-like structures designed for single-photon emitters at telecom wavelengths.
Phys. Rev. B 2020, 101, 195304. [CrossRef]

10. Portalupi, S.L.; Jetter, M.; Michler, P. InAs quantum dots grown on metamorphic buffers as non-classical light sources at telecom
C-band: A review. Semicond. Sci. Technol. 2019, 34, 053001. [CrossRef]

11. Kors, A.; Reithmaier, J.P.; Benyoucef, M. Telecom wavelength single quantum dots with very small excitonic fine-structure
splitting. Appl. Phys. Lett. 2018, 112, 172102. [CrossRef]

12. Carmesin, C.; Olbrich, F.; Mehrtens, T.; Florian, M.; Michael, S.; Schreier, S.; Nawrath, C.; Paul, M.; Höschele, J.; Gerken, B.; et al.
Structural and optical properties of InAs/(In)GaAs/GaAs quantum dots with single-photon emission in the telecom C-band up
to 77 K. Phys. Rev. B 2018, 98, 125407. [CrossRef]

13. Paul, M.; Olbrich, F.; Höschele, J.; Schreier, S.; Kettler, J.; Portalupi, S.L.; Jetter, M.; Michler, P. Single-photon emission at 1.55 µm
from MOVPE-grown InAs quantum dots on InGaAs/GaAs metamorphic buffers. Appl. Phys. Lett. 2017, 111, 033102. [CrossRef]

14. Sittig, R.; Nawrath, C.; Kolatschek, S.; Bauer, S.; Schaber, R.; Huang, J.; Vijayan, P.; Pruy, P.; Portalupi, S.L.; Jetter, M.; et al. Thin-
film InGaAs metamorphic buffer for telecom C-band InAs quantum dots and optical resonators on GaAs platform. Nanophotonics
2022, 11, 1109–1116. [CrossRef]

15. Zeuner, K.D.; Jöns, K.D.; Schweickert, L.; Reuterskiöld Hedlund, C.; Nuñez Lobato, C.; Lettner, T.; Wang, K.; Gyger, S.; Schöll, E.;
Steinhauer, S.; et al. On-Demand Generation of Entangled Photon Pairs in the Telecom C-Band with InAs Quantum Dots. ACS
Photonics 2021, 8, 2337–2344. [CrossRef]

16. Holewa, P.; Kadkhodazadeh, S.; Gawełczyk, M.; Baluta, P.; Musiał, A.; Dubrovskii, V.G.; Syperek, M.; Semenova, E. Droplet
epitaxy symmetric InAs/InP quantum dots for quantum emission in the third telecom window: Morphology, optical and
electronic properties. Nanophotonics 2022, 11, 1515–1526. [CrossRef]

17. Ha, N.; Mano, T.; Dubos, S.; Kuroda, T.; Sakuma, Y.; Sakoda, K. Single photon emission from droplet epitaxial quantum dots in
the standard telecom window around a wavelength of 1.55 µm. Appl. Phys. Express 2020, 13, 025002. [CrossRef]

18. Yamaguchi, H.; Belk, J.G.; Zhang, X.M.; Sudijono, J.L.; Fahy, M.R.; Jones, T.S.; Pashley, D.W.; Joyce, B.A. Atomic-scale imaging of
strain relaxation via misfit dislocations in highly mismatched semiconductor heteroepitaxy: InAs/GaAs(111)A. Phys. Rev. B 1997,
55, 1337–1340. [CrossRef]

19. Tuktamyshev, A.; Fedorov, A.; Bietti, S.; Vichi, S.; Zeuner, K.D.; Jöns, K.D.; Chrastina, D.; Tsukamoto, S.; Zwiller, V.; Gurioli, M.;
et al. Telecom-wavelength InAs QDs with low fine structure splitting grown by droplet epitaxy on GaAs(111)A vicinal substrates.
Appl. Phys. Lett. 2021, 118, 133102. [CrossRef]

20. Chen, J.; Markus, A.; Fiore, A.; Oesterle, U.; Stanley, R.; Carlin, J.F.; Houdre, R.; Ilegems, M.; Lazzarini, L.; Nasi, L.; et al. Tuning
InAs/GaAs quantum dot properties under Stranski-Krastanov growth mode for 1.3 µm applications. J. Appl. Phys. 2002, 91, 6710.
[CrossRef]

21. Schuck, C.F.; McCown, R.A.; Hush, A.; Mello, A.; Roy, S.; Spinuzzi, J.W.; Liang, B.; Huffaker, D.L.; Simmonds, P.J. Self-assembly
of (111)-oriented tensile-strained quantum dots by molecular beam epitaxy. J. Vac. Sci. Technol. B 2018, 36, 031803. [CrossRef]

22. Schuck, C.F.; Boutelle, R.; Silverman, K.; Moody, G.; Simmonds, P.J. Single-photon generation from self-assembled
GaAs/InAlAs(111)A quantum dots with ultrasmall fine-structure splitting. J. Phys. Photonics 2021, 3, 024012. [CrossRef]

23. Koguchi, N.; Ishige, K. Growth of GaAs epitaxial microcrystals on an S-terminated GaAs substrate by successive irradiation of
Ga and As molecular beams. Jpn. J. Appl. Phys. 1993, 32, 2052. [CrossRef]

24. Watanabe, K.; Koguchi, N.; Gotoh, Y. Fabrication of GaAs Quantum Dots by Modified Droplet Epitaxy. Jpn. J. Appl. Phys. 2000,
39, L79. [CrossRef]

25. Sanguinetti, S.; Bietti, S.; Koguchi, N. Droplet epitaxy of nanostructures. In Molecular Beam Epitaxy; Elsevier: Amsterdam,
The Netherlands, 2018; pp. 293–314.

26. Sanguinetti, S.; Watanabe, K.; Tateno, T.; Gurioli, M.; Werner, P.; Wakaki, M.; Koguchi, N. Modified droplet epitaxy GaAs/AlGaAs
quantum dots grown on a variable thickness wetting layer. J. Cryst. Growth 2003, 253, 71–76. [CrossRef]

27. Mano, T.; Kuroda, T.; Sanguinetti, S.; Ochiai, T.; Tateno, T.; Noda, T.; Kawabe, M.; Sakoda, K.; Kido, G.; Koguchi, N.; et al.
Self-Assembly of Concentric Quantum Double Rings. Nano Lett. 2005, 5, 425. [CrossRef]

28. Somaschini, C.; Bietti, S.; Koguchi, N.; Sanguinetti, S. Fabrication of multiple concentric nanoring structures. Nano Lett. 2009,
9, 3419–3424. [CrossRef] [PubMed]

29. Somaschini, C.; Bietti, S.; Sanguinetti, S.; Koguchi, N.; Fedorov, A. Self-assembled GaAs/AlGaAs coupled quantum ring-disk
structures by droplet epitaxy. Nanotechnology 2010, 21, 125601. [CrossRef]

30. Somaschini, C.; Bietti, S.; Koguchi, N.; Sanguinetti, S. Coupled quantum dot–ring structures by droplet epitaxy. Nanotechnology
2011, 22, 185602. [CrossRef]

31. Somaschini, C.; Bietti, S.; Koguchi, N.; Montalenti, F.; Frigeri, C.; Sanguinetti, S. Self-assembled GaAs islands on Si by droplet
epitaxy. Appl. Phys. Lett. 2010, 97, 053101. [CrossRef]

32. Bietti, S.; Bocquel, J.; Adorno, S.; Mano, T.; Keizer, J.G.; Koenraad, P.M.; Sanguinetti, S. Precise shape engineering of epitaxial
quantum dots by growth kinetics. Phys. Rev. B 2015, 92, 075425. [CrossRef]

http://dx.doi.org/10.1143/APEX.3.065203
http://dx.doi.org/10.1103/PhysRevB.101.195304
http://dx.doi.org/10.1088/1361-6641/ab08b4
http://dx.doi.org/10.1063/1.5023184
http://dx.doi.org/10.1103/PhysRevB.98.125407
http://dx.doi.org/10.1063/1.4993935
http://dx.doi.org/10.1515/nanoph-2021-0552
http://dx.doi.org/10.1021/acsphotonics.1c00504
http://dx.doi.org/10.1515/nanoph-2021-0482
http://dx.doi.org/10.35848/1882-0786/ab6e0f
http://dx.doi.org/10.1103/PhysRevB.55.1337
http://dx.doi.org/10.1063/5.0045776
http://dx.doi.org/10.1063/1.1476069
http://dx.doi.org/10.1116/1.5018002
http://dx.doi.org/10.1088/2515-7647/abf24e
http://dx.doi.org/10.1143/JJAP.32.2052
http://dx.doi.org/10.1143/JJAP.39.L79
http://dx.doi.org/10.1016/S0022-0248(03)01016-9
http://dx.doi.org/10.1021/nl048192+
http://dx.doi.org/10.1021/nl901493f
http://www.ncbi.nlm.nih.gov/pubmed/19764709
http://dx.doi.org/10.1088/0957-4484/21/12/125601
http://dx.doi.org/10.1088/0957-4484/22/18/185602
http://dx.doi.org/10.1063/1.3475923
http://dx.doi.org/10.1103/PhysRevB.92.075425


Nanomaterials 2022, 12, 3571 14 of 15

33. Bietti, S.; Somaschini, C.; Sanguinetti, S. Crystallization kinetics of Ga metallic nano-droplets under As flux. Nanotechnology 2013,
24, 205603. [CrossRef] [PubMed]

34. Reyes, K.; Smereka, P.; Nothern, D.; Millunchick, J.M.; Bietti, S.; Somaschini, C.; Sanguinetti, S.; Frigeri, C. Unified model of
droplet epitaxy for compound semiconductor nanostructures: Experiments and theory. Phys. Rev. B 2013, 87, 165406. [CrossRef]

35. Somaschini, C.; Bietti, S.; Koguchi, N.; Sanguinetti, S. Shape control via surface reconstruction kinetics of droplet epitaxy
nanostructures. Appl. Phys. Lett. 2010, 97, 203109. [CrossRef]

36. Bietti, S.; Basset, F.B.; Tuktamyshev, A.; Bonera, E.; Fedorov, A.; Sanguinetti, S. High-temperature droplet epitaxy of symmetric
GaAs/AlGaAs quantum dots. Sci. Rep. 2020, 10, 6532. [CrossRef]

37. Tuktamyshev, A.; Fedorov, A.; Bietti, S.; Tsukamoto, S.; Sanguinetti, S. Temperature Activated Dimensionality Crossover in the
Nucleation of Quantum Dots by Droplet Epitaxy on GaAs(111)A Vicinal Substrates. Sci. Rep. 2019, 9, 14520. [CrossRef]

38. Ha, N.; Mano, T.; Kuroda, T.; Mitsuishi, K.; Ohtake, A.; Castellano, A.; Sanguinetti, S.; Noda, T.; Sakuma, Y.; Sakoda, K. Droplet
epitaxy growth of telecom InAs quantum dots on metamorphic InAlAs/GaAs(111)A. Jpn. J. Appl. Phys. 2015, 54, 04DH07.
[CrossRef]

39. Tuktamyshev, A.; Fedorov, A.; Bietti, S.; Tsukamoto, S.; Bergamaschini, R.; Montalenti, F.; Sanguinetti, S. Reentrant behavior of
the density vs. Temperature of indium islands on gaas(111)a. Nanomaterials 2020, 10, 1512. [CrossRef]

40. Vichi, S.; Bietti, S.; Khalili, A.; Costanzo, M.; Cappelluti, F.; Esposito, L.; Somaschini, C.; Fedorov, A.; Tsukamoto, S.; Rauter, P.;
et al. Droplet epitaxy quantum dot based infrared photodetectors. Nanotechnology 2020, 31, 245203. [CrossRef]

41. Ha, N.; Liu, X.; Mano, T.; Kuroda, T.; Mitsuishi, K.; Castellano, A.; Sanguinetti, S.; Noda, T.; Sakuma, Y.; Sakoda, K. Droplet
epitaxial growth of highly symmetric quantum dots emitting at telecommunication wavelengths on InP(111)A. Appl. Phys. Lett.
2014, 104, 143106. [CrossRef]

42. Bietti, S.; Esposito, L.; Fedorov, A.; Ballabio, A.; Martinelli, A.; Sanguinetti, S. Characterization and Effect of Thermal Annealing
on InAs Quantum Dots Grown by Droplet Epitaxy on GaAs(111)A Substrates. Nanoscale Res. Lett. 2015, 10, 247. [CrossRef]

43. García, J.M.; Medeiros-Ribeiro, G.; Schmidt, K.; Ngo, T.; Feng, J.L.; Lorke, A.; Kotthaus, J.; Petroff, P.M. Intermixing and shape
changes during the formation of InAs self-assembled quantum dots. Appl. Phys. Lett. 1997, 71, 2014–2016. [CrossRef]

44. Chen, S.D.; Chen, Y.Y.; Lee, S.C. Cap layer induced stress in InAs/(Al)GaAs quantum dots. J. Vac. Sci. Technol. B Microelectron.
Nanometer Struct. Process. Meas. Phenom. 2005, 23, 2132–2136. [CrossRef]

45. Lian, G.D.; Yuan, J.; Brown, L.M.; Kim, G.H.; Ritchie, D.A. Modification of InAs quantum dot structure by the growth of the
capping layer. Appl. Phys. Lett. 1998, 73, 49–51. [CrossRef]

46. Joyce, P.B.; Krzyzewski, T.J.; Bell, G.R.; Jones, T.S. Surface morphology evolution during the overgrowth of large InAs–GaAs
quantum dots. Appl. Phys. Lett. 2001, 79, 3615–3617. [CrossRef]

47. Ferdos, F.; Wang, S.; Wei, Y.; Sadeghi, M.; Zhao, Q.; Larsson, A. Influence of initial GaAs and AlAs cap layers on InAs quantum
dots grown by molecular beam epitaxy. J. Cryst. Growth 2003, 251, 145–149. [CrossRef]

48. Takehana, K.; Pulizzi, F.; Patanè, A.; Henini, M.; Main, P.C.; Eaves, L.; Granados, D.; Garcia, J.M. Controlling the shape of InAs
self-assembled quantum dots by thin GaAs capping layers. J. Cryst. Growth 2003, 251, 155–160. [CrossRef]

49. Ustinov, V.M.; Maleev, N.A.; Zhukov, A.E.; Kovsh, A.R.; Egorov, A.Y.; Lunev, A.V.; Volovik, B.V.; Krestnikov, I.L.; Musikhin,
Y.G.; Bert, N.A.; et al. InAs/InGaAs quantum dot structures on GaAs substrates emitting at 1.3 µm. Appl. Phys. Lett. 1999,
74, 2815–2817. [CrossRef]

50. Fang, Z.D.; Gong, Z.; Miao, Z.H.; Kong, L.M.; Xu, X.H.; Ni, H.Q.; Niu, Z.C. Effect of the InAlAs and InGaAs combination
strain-reducing layer on 1.3 µm emission self-assembled InAs/GaAs quantum dots. J. Phys. D Appl. Phys. 2004, 37, 1012–1016.
[CrossRef]

51. Gong, Z.; Fang, Z.D.; Xu, X.H.; Miao, Z.H.; Niu, Z.C.; Feng, S.L. Role of different cap layers tuning the wavelength of
self-assembled InAs/GaAs quantum dots. J. Phys. Condens. Matter 2003, 15, 5383–5388. [CrossRef]

52. Liu, H.Y.; Hopkinson, M. Tuning the structural and optical properties of 1.3-µm InAs/GaAs quantum dots by a combined InAlAs
and GaAs strained buffer layer. Appl. Phys. Lett. 2003, 82, 3644–3646. [CrossRef]

53. Tey, C.M.; Liu, H.Y.; Cullis, A.G.; Ross, I.M.; Hopkinson, M. Structural studies of a combined InAlAs–InGaAs capping layer on
1.3-µm Inas/GaAs quantum dots. J. Cryst. Growth 2005, 285, 17–23. [CrossRef]

54. Wei, Y.Q.; Wang, S.M.; Ferdos, F.; Vukusic, J.; Larsson, A.; Zhao, Q.X.; Sadeghi, M. Large ground-to-first-excited-state transition
energy separation for InAs quantum dots emitting at 1.3 µm. Appl. Phys. Lett. 2002, 81, 1621–1623. [CrossRef]

55. Nee, T.E.; Yeh, N.T.; Chyi, J.I.; Lee, C.T. Matrix-dependent structural and photoluminescence properties of In0.5Ga0.5As quantum
dots grown by molecular beam epitaxy. Solid-State Electron. 1998, 42, 1331–1334. [CrossRef]

56. Liu, H.Y.; Xu, B.; Qian, J.J.; Ye, X.L.; Han, Q.; Ding, D.; Liang, J.B.; Zhong, X.R.; Wang, Z.G. Effect of growth temperature on
luminescence and structure of self-assembled InAlAs/AlGaAs quantum dots. J. Appl. Phys. 2001, 90, 2048–2050. [CrossRef]

57. Lorke, A.; Blossey, R.; García, J.; Bichler, M.; Abstreiter, G. Morphological transformation of InyGa1–yAs islands, fabricated by
Stranski–Krastanov growth. Mater. Sci. Eng. B 2002, 88, 225–229. [CrossRef]

58. Cherkashin, N.A.; Maksimov, M.V.; Makarov, A.G.; Shchukin, V.A.; Ustinov, V.M.; Lukovskaya, N.V.; Musikhin, Y.G.; Cirlin, G.E.;
Bert, N.A.; Alferov, Z.I.; et al. Control over the parameters of InAs-GaAs quantum dot arrays in the Stranski-Krastanow growth
mode. Semiconductors 2003, 37, 861–865. [CrossRef]

http://dx.doi.org/10.1088/0957-4484/24/20/205603
http://www.ncbi.nlm.nih.gov/pubmed/23609489
http://dx.doi.org/10.1103/PhysRevB.87.165406
http://dx.doi.org/10.1063/1.3511283
http://dx.doi.org/10.1038/s41598-020-62248-9
http://dx.doi.org/10.1038/s41598-019-51161-5
http://dx.doi.org/10.7567/JJAP.54.04DH07
http://dx.doi.org/10.3390/nano10081512
http://dx.doi.org/10.1088/1361-6528/ab7aa6
http://dx.doi.org/10.1063/1.4870839
http://dx.doi.org/10.1186/s11671-015-0930-3
http://dx.doi.org/10.1063/1.119772
http://dx.doi.org/10.1116/1.2052710
http://dx.doi.org/10.1063/1.121719
http://dx.doi.org/10.1063/1.1420579
http://dx.doi.org/10.1016/S0022-0248(02)02471-5
http://dx.doi.org/10.1016/S0022-0248(02)02407-7
http://dx.doi.org/10.1063/1.124023
http://dx.doi.org/10.1088/0022-3727/37/7/010
http://dx.doi.org/10.1088/0953-8984/15/31/305
http://dx.doi.org/10.1063/1.1577827
http://dx.doi.org/10.1016/j.jcrysgro.2005.06.059
http://dx.doi.org/10.1063/1.1503156
http://dx.doi.org/10.1016/S0038-1101(98)00026-4
http://dx.doi.org/10.1063/1.1388021
http://dx.doi.org/10.1016/S0921-5107(01)00870-4
http://dx.doi.org/10.1134/1.1592865


Nanomaterials 2022, 12, 3571 15 of 15

59. Shamirzaev, T.S.; Gilinsky, A.M.; Kalagin, A.K.; Toropov, A.I.; Gutakovskii, A.K.; Zhuravlev, K.S. Strong sensitivity of photolumi-
nescence of InAs/AlAs quantum dots to defects: Evidence for lateral inter-dot transport. Semicond. Sci. Technol. 2006, 21, 527–531.
[CrossRef]

60. Ye, H.; Lu, P.; Yu, Z.; Jia, B.; Feng, H.; Liu, Y. Equilibrium critical size of coherent InSb/GaSb quantum dot. Phys. E Low-Dimens.
Syst. Nanostruct. 2010, 42, 2402–2405. [CrossRef]

61. Tillmann, K.; Förster, A. Critical dimensions for the formation of interfacial misfit dislocations of In0.6Ga0.4As islands on
GaAs(001). Thin Solid Films 2000, 368, 93–104. [CrossRef]

62. Chen, J.F.; Lin, Y.C.; Chiang, C.H.; Chen, R.C.C.; Chen, Y.F.; Wu, Y.H.; Chang, L. How do InAs quantum dots relax when the InAs
growth thickness exceeds the dislocation-induced critical thickness? J. Appl. Phys. 2012, 111, 013709. [CrossRef]

63. Leonard, D.; Pond, K.; Petroff, P.M. Critical layer thickness for self-assembled InAs islands on GaAs. Phys. Rev. B 1994,
50, 11687–11692. [CrossRef]

64. Ohtake, A.; Ozeki, M.; Nakamura, J. Strain relaxation in InAs/GaAs(111)A heteroepitaxy. Phys. Rev. Lett. 2000, 84, 4665–8.
[CrossRef]

65. Chaldyshev, V.V.; Bert, N.A.; Kolesnikova, A.L.; Romanov, A.E. Stress relaxation scenario for buried quantum dots. Phys. Rev. B
2009, 79, 233304. [CrossRef]
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