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ARTICLE INFO ABSTRACT

Keywords: InAs/GaAs submonolayer quantum dots rely on the vertical alignment of two-dimensional InAs
InAs/GaAs islands separated by thin GaAs layers. These stacks arise from the local strain field generated
S'egrEga_tion by the lattice mismatch between the constituent materials. However, experimental observations
:imglatlons show that such quantum dots appear irregular and shorter than expected. Indium segregation
erli;ntum dots is particularly strong in the InAs/GaAs system and is suspected to weaken the internal strain
Submonolayer field. To confirm this assumption, we simulated the strain in the GaAs matrix surrounding InAs

inclusions with the shape of either a full sphere or a thin truncated hemisphere. The results
demonstrate that, when the original two-dimensional InAs islands are realistically represented
by a thin truncated hemisphere subjected to strong In segregation, the internal strain is indeed
much lower than that required to form full stacks, even for distances as short as a few
monolayers between inclusions.

1. Introduction

In recent years, submonolayer quantum dots (SMLQDs) have gained increasing attention, as they are expected to overcome most
of the drawbacks of conventional Stranski—Krastanov quantum dots (SKQDs), e.g., the lack of control of their height, their relatively
low areal density, and the presence of a wetting layer that introduces extra strain and contributes to weakening carrier confinement.
Unlike SKQDs, which result from the growth of a few monolayers of strained material that relax and form three-dimensional (3D)
islands at the surface, SMLQDs are obtained by alternating the deposition of a fraction of a single atomic layer of strained material
and a few atomic layers of another material [1]. For the InAs/GaAs system, SKQDs are formed when more than 1.7 monolayers
(MLs) of InAs are deposited on a GaAs(001) surface [2] — one can go up to 3 MLs without generating an excessive number of
defective islands — whereas SMLQDs are commonly obtained by depositing 0.3-0.5 ML of InAs followed by 1-5 MLs of GaAs [3].
When a submonolayer of InAs is deposited on the GaAs(001) surface in the right conditions [4,5], tiny two-dimensional (2D) InAs
islands are nucleated and can reach a density [1,3] as high as 10'> cm~2. After being covered, these islands generate a tensile
strain laterally at the surface of the GaAs layer, resulting from the larger lattice parameter of InAs when compared to GaAs. As a
consequence, when the next fraction of InAs monolayer is deposited, its 2D InAs islands will preferentially nucleate on top of those
of the previous InAs submonolayer, where the in-plane GaAs lattice parameter is slightly larger. By repeating this growth sequence
several times, one can possibly obtain stacks of 2D InAs islands that behave as individual quantum dots. Ultimately, the density of
SMLQDs is expected to be similar to that of 2D InAs islands nucleated on the GaAs surface, their height can be tuned by carefully
choosing the number of repetitions [6,7], and no wetting layer will ever form, as the amount of InAs material deposited in each
cycle is always lower than a monolayer.

* Corresponding author.
E-mail address: aquivy@if.usp.br (A.A. Quivy).

https://doi.org/10.1016/j.micrna.2026.208567
Received 6 November 2025; Received in revised form 19 December 2025; Accepted 6 January 2026

Available online 7 January 2026
2773-0123/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://www.journals.elsevier.com/micro-and-nanostructures
https://www.journals.elsevier.com/micro-and-nanostructures
https://orcid.org/0000-0002-4793-2767
https://orcid.org/0000-0001-8937-7573
https://orcid.org/0000-0002-6654-6239
mailto:aquivy@if.usp.br
https://doi.org/10.1016/j.micrna.2026.208567
https://doi.org/10.1016/j.micrna.2026.208567
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micrna.2026.208567&domain=pdf

T.F. Cantalice et al. Micro and Nanostructures 212 (2026) 208567

SMLQDs grown in this way have already been shown to provide carrier confinement, allowing for the improvement of devices
previously based on SKQDs [8-15]. However, recent results suggest that current InAs/GaAs SMLQDs are far from the ideal picture,
where they are always sketched as regular stacks of 2D InAs islands separated by thin GaAs layers [16-18]. The expected vertical
alignment of the 2D islands in consecutive InAs submonolayers results from the well-known experimental fact that InAs SKQDs do
stack vertically when they are grown in successive InAs layers separated by less than 10 nm of GaAs material [19,20]. Since the
2D InAs islands of a SMLQD are separated by a few monolayers of GaAs only, one could indeed infer that such vertical stacking
should also occur in SMLQDs. However, high-resolution cross-sectional scanning tunneling microscopy (XSTM) images revealed
that, instead of vertical stacks of 2D InAs islands, these InAs/GaAs SMLQDs actually look like irregular In-rich In,Ga,_,As clusters
scattered in a thick In,Ga,_,As layer containing a lesser amount of In (x>y) [16]. Additionally, these clusters exhibit no evidence
of 2D InAs islands — or of any remaining internal periodicity — and they are always shorter than expected from the number of
repetitions. This is most probably due to In segregation [16-18] which is known to be very strong in the InAs/GaAs system and
can remove approximately 80% of the In atoms from their original incorporation site and spread them into the next layers to be
grown [17,21-23]. Since the original 2D InAs islands lose many In atoms and are replaced by 2D In,Ga,_,As islands, one could
wonder whether the strain field around them is still strong enough to effectively influence the nucleation of the 2D islands of the
next InAs submonolayer. Moreover, considering that segregation transfers most In atoms to the GaAs matrix around the 2D islands,
the local strain is further reduced.

In this paper, we used a formalism developed by Kolesnikova et al. [24] to estimate the strain in the GaAs matrix surrounding
InAs inclusions, in the presence and absence of In segregation. Inclusions having the shape of a sphere were initially considered
to validate our results and compare them to those of Xie et al. [19] Then, more emphasis was given to truncated hemispheres —
looking like thin circular slices — to describe the 2D InAs islands more realistically.

2. Numerical method

In their pioneering study of the vertical alignment of SKQDs in consecutive InAs layers separated by GaAs material, Xie et al. [19]
simulated the elastic properties of SKQDs and approximated their lens-shaped geometry by a small sphere having the same volume
of InAs material. With this simple geometry, the radial strain ez, generated by the InAs inclusions in the surrounding GaAs matrix
could be calculated analytically as [19,25]
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= 2
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where B, ¢, E, and v are, respectively, the Bulk modulus, lattice mismatch, Young’s modulus, and Poisson’s ratio of the referred
materials, while R, and R are the radius of the equivalent sphere and distance between the center of the sphere and the position in
the GaAs matrix where the strain is evaluated (R > R). Then, they calculated the probability of getting vertically aligned SKQDs in
consecutive InAs layers, and deduced an analytical expression providing the maximum distance z, between two consecutive InAs
layers for which this probability was at least 95%. For typical InAs SKQDs, represented by spheres with radius R, = 3.7 nm, they
obtained z, = 35.6 MLs (~ 10 nm). This implies that, for separations shorter than 10 nm, nearly all SKQDs in consecutive InAs layers
should vertically align, whereas for distances larger than 200 MLs (~ 57 nm), their calculations indicated that the nanostructures in
adjacent InAs layers should be uncorrelated.

Although it may be acceptable to simulate three-dimensional lens-shaped SKQDs using spheres with the same volume, this
approximation becomes more questionable when SMLQDs are considered. Indeed, XSTM images have shown that the In-rich clusters
detected in SMLQDs samples have an approximate lateral size of 5 nm, which suggests that the original 2D InAs islands might be
thin structures having an approximate diameter and height of 5 nm and 0.28 nm, respectively [3,16]. According to the model of Xie
et al. [19], the volume of such a 2D island would then be equivalent to that of a sphere with a radius R, = 1.1 nm, which does not
provide an accurate representation of the original 2D island. A disk or thin cylinder would be a more appropriate approximation.
However, in order to keep the same spherical symmetry as Xie et al. [19] and allow further comparison with their model and data,
we chose a slice of a sphere (truncated hemisphere). Obviously, for the very thin 2D islands investigated here (5 nm wide and only
0.28 nm high), this is very close to a disk.

To perform the simulations, we used the formalism developed by Kolesnikova et al. [24] who calculated the elastic field of
dilatational inclusions (DIs) built from circular dilatational disks distributed continuously along an axis of symmetry. The advantage
of such a model is that it is possible to calculate strain inside and outside inclusions having different shapes through analytical
solutions obtained by computing Lipschitz-Hankel integrals or Lur’e series. The geometry used here to calculate the strain in the
GaAs matrix around a 2D InAs island is illustrated in Fig. 1. It shows the generic problem of a DI with the shape of a slice of a
sphere (truncated sphere) having a radius R,, where z; = Rycos ¢, and z, = R, cos 6, are the z values of the bottom and top parts
of the truncated sphere. Given that the problem is symmetric around axis z, it can be solved in a plane (the sphere of Fig. 1 is
projected in the xz plane) — with no need of the azimuthal angle ¢ of usual spherical coordinates — and readily extended to three
dimensions due to the axial symmetry. The specific geometry adopted in the present work is actually a thin truncated hemisphere,
where 6, = z/2, z; =0, 6, = n/2 — arcsin(z,/R), and z, = hg,yu,, With hg,,, being the lattice parameter of GaAs (0.28 nm). In the
case of 2D InAs/GaAs islands, the inclusion (gray truncated sphere) is made of InAs, while regions I and II are made of GaAs. The
objective of the calculations is thus to estimate the strain in regions I (i.e., inside the sphere of radius R, but outside the inclusion)
and II (outside the sphere) to check if it is strong enough to align the 2D islands from the next fraction of InAs layer that will be
deposited just a few monolayers above.
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Fig. 1. Projection in the xz plane of a sphere of radius R, and a generic inclusion inserted in it — consisting of a thin horizontal slice of the
sphere — together with their relevant parameters. The inclusion (gray) is made of InAs, while region I (inside the sphere) and region II (outside
the sphere) are made of GaAs.

With this configuration, the strain in regions I and II can be estimated as [24]

2
(1 + Ve | 25, Buntn - 1)(R£> P,(cos0). Region I
ERR = —2(1 — V) - 0 R n+3 . (2)
25 Dytn+ 1 +2) ()" P(cos6) Region I
B 1 1 2(2)’1 _ l) cos 0y
B = G | o (to) = @t han—3) (to) + a3 b3 (to)] s, 3
1 1 2(2n +3) 1 cosb
b= [(2n+ 5 Fres (o) - Gn+s@nt) (o) + D (IO)] costy @

In Egs. (2)—(4) above, P,(t,) are Legendre polynomials, and ¢, = cos 6, or cos 6,, where cos 6, and cos 6, are the inferior and superior
limits of B, and D,. It means that B, must be calculated as B, (cos 6,) — B,(cos 6,), and the same applies to D,,.

Although 2D InAs islands formed during submonolayer growth on GaAs(001) are known to exhibit anisotropic shapes and
elongation due to surface reconstruction and diffusion anisotropy [4], their defining morphological feature is their extremely small
aspect ratio, with a lateral size of a few nanometers and a thickness of one monolayer. In this limit, a disk-like geometry provides an
appropriate continuum representation of the islands. We therefore model these 2D islands as thin truncated hemispheres, which are
geometrically equivalent to disks for the dimensions considered here, while preserving axial symmetry. This choice enables a direct
comparison with earlier spherical models [19] and allows the use of the analytical formalism of Kolesnikova et al. [24], without
affecting the qualitative or quantitative conclusions regarding the strain field.

3. Results and discussion

Before starting the simulations of interest, we verified whether the formalism introduced by Kolesnikova et al. [24] was
equivalent to that used by Xie et al. [19] when the inclusion is a full sphere. In that case, all the solutions of the problem belong
to region I, 8, = x, 6, =0, Dy = —2/3, and D, =0 for n > 0. Substituting these values in Egs. (2) and (4), one obtains

_(1+v)g

R
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The elastic properties of isotropic and homogeneous materials in the linear deformation regime can be described in several ways,
depending on the elastic constants employed. For instance, the coefficient of Eq. (5) can be rewritten as [26]
d+v) B B 3B

31-v) M  B+4G/3 3B+2E/(1+v) ©

where M and G are respectively the longitudinal and shear moduli. Replacing the coefficient of Eq. (5) with the right member of
Eq. (6) leads to an expression that is identical to Eq. (1), confirming that, for a sphere, both formalisms are similar, and that the
model of Kolesnikova et al. [24] was successfully implemented.
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Fig. 2. Distribution of the radial strain e, in the GaAs matrix surrounding a spherical InAs inclusion (gray) of radius R, = 3.7 nm, as done in
the work of Xie et al. to simulate an InAs SKQD [19]. The horizontal red dashed line represents the GaAs surface, located 10 nm above the top
of the InAs sphere, where a SKQD of the next InAs layer is expected to nucleate. These authors showed that this is the thickest GaAs spacer for
which the probability to vertically align SKQDs in consecutive InAs layers is at least 95%. The increment between adjacent solid isostrain lines
is 0.01.

The next step would consist in using Egs. (2)-(4) to compute the strain in the GaAs material surrounding the 2D InAs islands,
with and without segregation. However, since the objective is to compare the strain field around a large 3D InAs SKQD and a
small 2D InAs island, it is first necessary to evaluate the strain in the GaAs matrix, 10 nm above an InAs SKQD, as this is the
distance below which such nanostructures are almost always vertically aligned in consecutive InAs layers. This value will then be
compared to the strain computed a few monolayers above a 2D InAs island to determine if the latter is large enough to promote
their effective stacking. Therefore, initially, we used the model of Kolesnikova et al. [24] to calculate the radial strain in the GaAs
matrix surrounding a spherical InAs inclusion, as done by Xie et al. [19]. The results of the calculations are shown in Fig. 2. As
the inclusion is spherical and the elastic properties of both InAs and GaAs are isotropic, one expects the strain distribution to show
spherical symmetry. One can see in the top part of the figure that egp = —0.00159 in the GaAs matrix at a distance z, = 35.6
MLs (=~ 10 nm) above the surface of the sphere. This value is negative because the GaAs material surrounding the InAs inclusion is
stretched (positive tensile strain) in the plane perpendicular to the radial direction, owing to the larger lattice parameter of InAs.
As a consequence, because of the tetragonal deformation of the GaAs unit cell, the GaAs matrix is compressively strained along the
radial direction, leading to negative values of egg. This numerical value will be used later as a reference to assess whether vertical
alignment of the different types of nanostructures investigated here can be expected. The most relevant strain data for this study
are reported in Table 1.

As already mentioned previously, representing a 5 nm-wide 2D InAs island by a small sphere of radius of 1.1 nm might not be
realistic. Fig. 3 shows that the strain in the GaAs matrix at a distance of 2 MLs above the surface of an InAs spherical inclusion is
—0.0245, i.e., more than fifteen times larger than that needed to fully align SKQDs separated by 10 nm. It is consistent with the
value of z, = 14.6 MLs for that specific configuration, as calculated with the formalism of Xie et al. [19]. As z, is much larger
than the distance of 2 MLs separating two consecutive InAs submonolayers, it means that the strain calculated in Fig. 3 should be
more than sufficient to fully align 2D InAs islands and form tall SMLQDs. However, this is not observed experimentally, as revealed
by XSTM images [16]. One could therefore infer that the spherical model is indeed a poor representation, although neglecting In
segregation may also partly account for this discrepancy. The strain value mentioned above was calculated at a distance of 2 MLs
instead of 2.5 MLs because, even if the SMLQDs investigated here are formed by the cyclic deposition of 0.5 ML of InAs followed
by 2.5 MLs of GaAs, half a layer of GaAs is used to fill in the space between the 2D InAs islands (completing the first monolayer).
Therefore, only 2 MLs of GaAs will actually cover and separate them from the 2D islands of the next InAs submonolayer.

When the same geometry is analyzed in the presence of In segregation, the situation improves. Indium segregation during
InAs deposition on a GaAs(001) surface has been widely reported, with segregation coefficients typically ranging between 0.7
and 0.9 [16,17,21-23,27,28]. At the growth temperature used here as a reference (500 °C), several independent measurements
consistently yield R,,, ~ 0.8. It means that, when the 2D InAs islands are covered by GaAs, only 20% of the In atoms remain in the
original 2D islands, while the rest of them move with the growth front (adsorbed on the surface as mobile species) and are slowly
incorporated into the subsequent GaAs layers. For the SMLQD structure investigated here — consisting of 6 repetitions of 0.5 ML
of InAs followed by 2.5 MLs of GaAs — the phenomenological segregation model of Muraki [21] shows that the In content in the
next two GaAs layers just above the 2D islands will be 16% and 13% (supposing segregation happens only vertically). The other In
atoms that have not been incorporated into the 2D islands, nor into the thin GaAs layers, will accumulate at the surface (51% of the
original In atoms) and add to the fraction of the In monolayer in the next cycle, leading to a second layer of 2D islands containing
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Table 1

Radial strain value ez; above the center of the inclusion as
a function of the model that was used and distance from the
inclusion’s surface. z, can only be calculated when the inclusion
is a full sphere, as proposed by Xie et al. [19]. R, and h are
the sphere radius and the height (thickness) of the truncated
hemisphere used to simulate a 2D island. When segregation is
neglected, the segregation coefficient R,,, is zero. A negative
value of ez, means that the material is under compressive strain
along the radial direction.

Model €RR Distance (MLs) z, (MLs)
Fig. 22 —0.00159 35.6 35.6
Fig. 3P —0.02450 2 14.6
Fig. 5¢ —0.00220 2 2.8

Fig. 64 —0.00590 2

Fig. 7¢ —0.00054 2

? 3D InAs SKQD, sphere R, =3.7 nm, R,,, = 0.

b 2D InAs island, sphere R, = 1.1 nm, R, =0.

¢ 2D InGaAs island, sphere, R, = 1.1 nm, R,,, =0.38.

4 2D InAs island, truncated hemisphere R, = 2.5 nm, A = 0.28 nm,
R, =0.

seg
¢ 2D InGaAs island, truncated hemisphere R, = 2.5 nm, A = 0.28 nm,
R,,, =0.8.

seg

20

x (A)

Fig. 3. Distribution of the radial strain e, in the GaAs matrix surrounding a spherical InAs inclusion (gray) of radius R, = 1.1 nm to simulate a
2D InAs island having a lateral size and height of 5.0 nm and 0.28 nm, respectively. The horizontal red dashed line represents the GaAs surface,
located 2 MLs (0.56 nm) above the top of the InAs sphere, where a 2D island of the next InAs submonolayer is supposed to nucleate to form a
SMLQD. The increment between adjacent solid isostrain lines is 0.01.

30% of In. Fig. 4 shows that the In content keeps increasing slowly, while growth proceeds, reaching 40% in the 2D islands and
32% in the thin GaAs monolayers of the sixth cycle (blue curve). Therefore, the situation is very different from the nominal case,
where the 2D islands are assumed to be made of InAs and are separated by GaAs material (black dashed curve). When segregation
is taken into account, the average In content of such SMLQDs is close to 28% (instead of 33% when segregation is neglected), and
the local In composition varies between 13% and 40% only, instead of 0% and 100% in the nominal case. The In atoms that are
still adsorbed on the surface at the end of the sixth repetition will be progressively incorporated into the GaAs cap layer, giving rise
to the tail observed in Fig. 4 for x values larger than 18.

We have already reported elsewhere [16] that XSTM data of SMLQDs consisting of 6 repetitions of 0.5 ML of InAs followed
by 2.5 MLs of GaAs, similar to those investigated here, revealed In-rich clusters scattered in a thick layer having a composition of
approximately In,,Ga, gAs and In, ; Ga, ¢As, respectively. It means that part of the In atoms that segregate from the original 2D InAs
islands also diffuse laterally on the surface and incorporate out of the SMLQDs to form the thick In, ; Ga,¢As layer around them. To
take this into account in our calculations, 20% of the In atoms were allowed to diffuse horizontally during the segregation process
in each layer of the deposition cycle. By doing so, the overall In concentration in the SMLQDs was reduced from 28% to 20%, and
the In concentration in the matrix around them increased from 0% to 11%, in excellent agreement with the XSTM data. This value
of 20% was therefore not arbitrarily chosen, but is instead experimentally constrained to reconcile Muraki’s empirical model [21]
— which accounts only for segregation along the growth direction — with high-resolution XSTM observations indicating that a
significant fraction of In atoms diffuse laterally to form the Inj,Ga,¢As matrix surrounding the SMLQDs [16]. According to Fig. 4
(red curve), in these conditions the In content of the 2D islands increases monotonically from 20% to 27% during the six repetitions
(providing an average of 25% when all of them are taken into account), while the In content in the thin interlayers varied from 10%
to 22%, with an average of 18%. Therefore, for the sake of simplicity, to simulate the strain above a 2D InAs island represented by
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Fig. 4. In distribution inside a SMLQD consisting of 6 repetitions of 0.5 ML of InAs followed by 2.5 MLs of GaAs. The black dashed line
represents the nominal situation where segregation is neglected (R,,, = 0). The thin blue curve shows the case where all In atoms segregate
vertically (supposing R, = 0.8), i.e., remain inside the SMLQD. The thick red curve illustrates a more realistic situation, where some of the In
atoms (20%) diffuse horizontally, i.e., leave the SMLQD to form the thick InGaAs layer around it. Layers 1-18 are inside the SMLQD, while layers
19-28 are part of the GaAs cap layer in which the In atoms, that are still adsorbed on the surface after the sixth repetition, will be progressively
incorporated.

0
x (A)

Fig. 5. Distribution of the radial strain ey in the matrix surrounding a spherical inclusion (gray) of radius R, = 1.1 nm to simulate a 2D InAs
island having a lateral size and height of 5 nm and 0.28 nm, respectively. Since here segregation was taken into account (R,,, = 0.8), the
average compositions of the inclusion and matrix were estimated to be In,,;Ga,,sAs and In,,3Ga,g,As, respectively. The horizontal red dashed
line represents the surface of the matrix located 2 MLs (0.56nm) above the top of the sphere, where a 2D island of the next InAs submonolayer
is supposed to nucleate to form a SMLQD.

a sphere in the presence of segregation, that sphere should have a diameter of 1.1 nm, be made of In,,,5Ga, ;5As, and be separated
from the next one on top (as in the SMLQD structure) by In,3Ga,g,As material. As expected, the strain distribution of such a
configuration, shown in Fig. 5, is similar to that observed in Figs. 2 and 3, but the absolute strain values above the sphere are now
lower, due to the smaller difference in In concentration between the sphere and its surroundings. Table 1 shows that, at a distance
of 2 MLs above the inclusion’s surface, the radial strain is —0.00220 and is associated with a value of z, = 2.8 MLs. Both values are
larger than —0.00159 and 2.0 MLs (considering their absolute values), respectively, suggesting that such inclusions should still be
able to form stacks. Although these numbers point in the right direction and are now close to the limit where the strain field might
no longer be strong enough to provide full vertical alignment, such simulations, performed in the presence of segregation, are still
not able to explain the experimental XSTM data of SMLQDs, which is probably, as suggested previously, an indication of the poor
representation of a 2D island by a sphere.

We now turn to more realistic calculations to simulate the 2D islands, using thin slices of a sphere and employing the full potential
of the model proposed by Kolesnikova et al. [24] To this end, we considered a truncated hemisphere of radius R, = 2.5 nm and
height 4 = 0.28 nm to represent a 2D island. We started with inclusions containing only InAs and surrounded by GaAs, i.e., neglecting
In segregation. As the inclusion is inscribed in a sphere, it was necessary to compute the strain in both regions I and II of Fig. 1.
The results are shown in Fig. 6 where one can see that, for such a geometry, the strain distribution is now very different from that
observed in the previous figures. There is no apparent discontinuity in the strain field near the border of the sphere — i.e., at the
interface between regions I and II — confirming that Eqgs. (2)-(4) are consistent and were well implemented. Far from the inclusion,
the isostrain lines are approximately circular, suggesting that the 2D islands can eventually be simulated satisfactorily by small
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x (A)

Fig. 6. Distribution of the radial strain ey, in the GaAs matrix surrounding a 2D InAs island represented by a thin truncated hemisphere (gray)
of radius Ry, = 2.5 nm and height h = 0.28 nm. In segregation was neglected in the calculations (R,,, = 0). The red horizontal dashed line
represents the surface of the GaAs matrix located 2 MLs (0.56 nm) above the top of the InAs inclusion, where a 2D island of the next InAs
submonolayer is expected to nucleate to form a SMLQD. Red regions indicate tensile strain, i.e., gz > 0. The increment between adjacent solid
isostrain lines is 0.001, and the arrows point toward more positive strain values.

spheres when strain is calculated far from them, as was done in the model of Xie et al. [19]. At very short distances, though —
e.g., a few monolayers as in the case of vertical alignment of 2D islands to form SMLQDs — one can see that strain behaves in
a very different way. When the 2D InAs islands are initially nucleated on the GaAs(001) surface, they experience biaxial strain
from the GaAs substrate underneath, i.e., their material is compressed in the x — y plane and is free to expand along the growth
direction (z axis). Later, when they are covered, the GaAs material at their periphery is therefore under huge tensile strain along
the z direction, resulting in a compressive strain along the radial direction, as shown by the high concentration of negative isostrain
lines for |x| > 25A. However, the relevant region for the present study is the one above the flat surface of the inclusion, as this is
where a 2D island of the next InAs submonolayer is expected to nucleate to form a SMLQD. One can see that, close to the border
of the 2D island, there is a GaAs region where the radial strain ez is positive (red color in Fig. 6), meaning that the material is
under compressive strain in the xy plane of the GaAs surface. Therefore, unlike the rest of the GaAs matrix, that region has a lateral
lattice parameter that is smaller than that of unstrained GaAs, suggesting that it would be less energetically favorable to receive
In adatoms [19]. But that region is close to the inclusion’s surface, and what truly matters is the strain at the GaAs surface, 2 MLs
above the inclusion (horizontal dashed line in Fig. 6), where the next InAs submonolayer will be deposited. At that distance, one
can see that ey reaches its most negative value (i.e., the lateral GaAs lattice parameter is under tensile strain and closer to that
of InAs) exactly above the center of the island, which may thus act as an attraction center for In adatoms. There, ezzr = —0.0061,
i.e., it is almost four times larger (in absolute value) than the strain needed to align 95% of conventional SKQDs. Consequently,
according to these results, when the 2D islands are considered as truncated hemispheres and In segregation is neglected, one should
also expect them to stack nicely and form regular SMLQDs, contradicting our experimental XSTM data. It is no longer possible to
calculate z in this case, as it was defined by Xie et al. [19] for a spherical inclusion only.

However, In segregation is very strong in the InAs/GaAs system, and any realistic calculation should also take it into account.
As already done earlier for a sphere, we will now consider the 2D islands as thin truncated hemispheres made of In;,sGa,;5As
surrounded by In, ;3Ga,g,As material. Fig. 7 shows that, when segregation is taken into account, the strain distribution does not
change qualitatively, but the strain values are quantitatively different. As the InAs and GaAs materials of the nominal inclusion and
matrix of Fig. 6 are replaced by In,,5Ga,;5As and Inj3Ga g,As, respectively, the local strain, which is related to the relative In
content of both materials, should decrease. This can be seen in the strain distribution of Fig. 7, which has values about ten times
smaller than in Fig. 6. More specifically, the region located 2 MLs above the center of the inclusion continues to have the highest
compressive strain, but now its value is only ezr = —0.00054. It is thus well below the value that was required to vertically align
InAs/GaAs SKQDs with at least a 95% probability (—0.00159) and suggests that, when the islands are more realistically simulated
by thin slices (instead of spheres) and In segregation is correctly taken into account, even a distance as short as 2 MLs is no longer
enough to provide the minimum strain necessary for their effective vertical alignment.

One could of course wonder whether such a small strain value in Fig. 7 — which represents 34% of the value observed in Fig. 2
at 10 nm from the top of the InAs sphere representing a SKQD — would be enough to explain the shorter size and absence of internal
periodicity observed in the XSTM images of SMLQDs. It is therefore worth commenting on some relevant differences between SKQDs
and SMLQDs. When comparing Figs. 3 and 6, it is clear from Table 1 that, even when the inclusions have the same equivalent volume
of InAs material, the strain in the surrounding material is higher for a sphere than for a truncated hemisphere, when calculated at
the same distance from the inclusion’s surface (2 MLs). This is mainly because, for a sphere, the InAs material is concentrated in a
smaller region of space, leading to a higher local strain acting isotropically over longer distances in the surrounding matrix. When
the spherical inclusion is covered by GaAs, the maximum tensile strain that can be felt at the top of the flat GaAs surface is located
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Fig. 7. Distribution of the radial strain ez in the matrix surrounding a 2D island represented by a thin truncated hemisphere of radius
Ry = 2.5 nm and height h = 0.28 nm. Unlike in Fig. 6, now segregation was taken into account (R,,, = 0.8), leading to an average compositions
of In,;Ga,;5sAs and In, 3Ga s, As for the inclusion and matrix, respectively. The horizontal dashed line represents the matrix’s surface, located
2 MLs (0.56nm) above the top of the inclusion, where a 2D island of the next InAs submonolayer is supposed to nucleate to form a SMLQD. Red
regions indicate tensile strain, i.e., ez > 0. The increment between adjacent solid isostrain lines is 8x107>, and the arrows point toward more
positive strain values.

exactly above the center of the sphere, making it more energetically favorable to nucleate the next inclusion. This happens with
SKQDs, which can be successfully simulated by spheres, as already shown by Xie et al. [19].

The situation changes considerably when the inclusion has the same volume but is represented by a thin truncated hemisphere
— which is more realistic to simulate the 2D islands forming SMLQDs — where the inclusion’s material is spread over a longer
distance (5 nm in Fig. 6 instead of 2.2 nm in Fig. 3). Fig. 6 shows that the strain distribution is no longer isotropic, and most of it
is concentrated close to the periphery of the disk (both in compressive and tensile forms). After covering the inclusion with a few
MLs of GaAs, the highest strain at the flat GaAs surface continues to be precisely above the center of the inclusion, forming thus
an absolute minimum in the surface potential for the incorporation of the next In atoms. [19] However, this time, there is another
local minimum in the surface potential above the periphery of the disk, resulting from the extra tensile strain concentrated there,
as shown in Fig. 6. Since the density of 2D islands can be very high (up to 10'2> cm~2), many of these minima coexist close to each
other (the separation between 2D islands can be as small as a few nanometers), and the In atoms of the next InAs layer can be easily
driven out of the central minimum [29], leading to irregular In-rich structures embedded in an InGaAs layer, as observed by XSTM.

Finally, In segregation acts in two very different ways during the growth of SKQDs and SMLQDs. InAs SKQDs are large structures
containing, nominally, only InAs material and resulting from a self-assembling process when more than 1.7 MLs of InAs are deposited
on the GaAs(001) surface. In the course of their formation, some Ga atoms from the substrate are incorporated into the SKQDs to help
reduce the total elastic energy of the system [30]. In segregation occurs when such SKQDs are later covered by GaAs, removing In
atoms from their outer layers, but keeping a very high In concentration in their core [31,32]. As the manifestations of In segregation
are mostly visible in the first 10 MLs of GaAs [27], when the next layer of SKQDs is deposited at a distance z, = 10 nm (~ 36 MLs),
the surface is back to pure GaAs and the growth conditions are similar to those of the previous layer of SKQDs. It means that
the strain generated by the InAs SKQDs in the surrounding matrix is always at its maximum (nominal) value. On the other hand,
SMLQDs are built from the alternated deposition of smaller 2D InAs islands and a few GaAs monolayers. In segregation acts from
the very beginning of the cyclic deposition, removing 80% of the In atoms from the 2D islands and scattering them into the next
GaAs layers, inside as well as outside the SMLQDs. Since the distance between two consecutive InAs submonolayer is only 2 MLs,
the effects of segregation are still very strong when the next deposition of InAs material takes place. As a consequence, the strong
In segregation inherent to this kind of heterostructure effectively transforms the nominally highly strained InAs/GaAs system into
a weakly strained In, ,5Ga 75As/Ing 13Ga g, As system, as the effective lattice mismatch is reduced by approximately a factor of 14.
The resulting strain field, further weakened by the extremely flat geometry of the islands and by the presence of multiple local strain
maxima (Fig. 7), is insufficient to impose a unique and energetically favorable nucleation site for subsequent islands. This provides
a natural explanation for the absence of robust vertical ordering of the 2D islands observed in high-resolution XSTM measurements,
as well as for the formation of the thick In, ;,Ga, oAs matrix that accommodates the fraction of In atoms (~ 20%) diffusing laterally
and escaping from the SMLQDs.

The strain calculations presented here are based on isotropic, linear elasticity. While InAs and GaAs are elastically anisotropic
cubic crystals, the strong In segregation in SMLQDs leads to smooth compositional gradients and significantly reduces the strain
contrast between 2D islands and matrix. As a result, the overall strain amplitudes are small compared to those in nominal InAs/GaAs
heterostructures, and the influence of elastic anisotropy and nonlinear effects is correspondingly diminished. Under these conditions,
isotropic linear elasticity provides a reliable description of the strain field, and more elaborate models [33] are not expected to alter
the central conclusions of this work. While strain plays a central role in driving vertical alignment, the distribution of In during
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growth is governed by a complex interplay between strain, surface diffusion, growth rate, and adatom kinetics. In the present work,
strain is emphasized because it constitutes the primary energetic driving force for vertical correlation. However, the substantial
reduction in strain amplitude caused by strong In segregation, together with this kinetic-thermodynamic interplay, promotes In
incorporation at multiple competing sites rather than exclusively above underlying islands, thereby naturally leading to the irregular
morphology and limited vertical correlation observed experimentally in XSTM images of SMLQDs.

If one aims to improve the optical and electrical properties of SMLQDs, In segregation must be effectively controlled in order to
increase the In content of the 2D islands, thereby enhancing the strain fields and promoting more effective vertical alignment.
From a growth perspective, In segregation is a thermally activated process and can therefore be mitigated by lowering the
growth temperature. According to Muraki’s model [21], reducing the growth temperature from typical values around 500 °C to
approximately 375 °C would significantly decrease the segregation coefficient (from 0.80 to 0.57), thereby enhancing the strain
field above the islands (from —0.00054 to —0.00171) and promoting effective vertical alignment. Additional strategies, such as
increased As overpressure or higher group-III growth rates, may also reduce segregation. However, in all cases, this will happen at
the expense of reduced adatom mobility and potentially lower crystal quality, and post-growth annealing may then be required to
recover structural quality.

4. Conclusion

Large InAs/GaAs Stranski-Krastanov quantum dots can align vertically in consecutive InAs layers when separated by a GaAs
spacer thinner than 10 nm. Since InAs/GaAs submonolayer quantum dots are formed by the alternate deposition of a fraction of
an InAs monolayer — leading to the nucleation of a high density of narrow two-dimensional InAs islands — and a few monolayers
of GaAs only, one would also expect such islands to form stacks due to the internal strain field. However, high-resolution XSTM
data show no evidence of these InAs islands or any internal periodicity, suggesting that In segregation might remove enough In
atoms from the nanostructures and considerably weaken the local strain field. In the present work, in an attempt to confirm this
assumption, the radial strain ez was calculated in the matrix around the two-dimensional islands and compared with the minimum
strain value necessary to stack Stranski-Krastanov quantum dots (egz = —0.00159). When the original two-dimensional InAs islands
were simulated by small InAs spheres having the same volume and were surrounded by GaAs, the strain estimated 2 MLs above the
spherical inclusions was fifteen times higher (ezz = —0.0245). This suggests that they should perfectly stack, contrary to what was
observed in XSTM images. When In segregation was added to this simplistic representation of a two-dimensional island, leading to a
sphere of In\,5Ga, ;5As surrounded by an In, ;3Ga, g, As matrix, the strain value was reduced (egpz = —0.00220) but remained larger
than that found for SKQDs. However, the situation changed drastically when the two-dimensional islands were more realistically
represented by a thin truncated hemisphere — mimicking a disk — in the presence of segregation. In that case, the strain was found
to be egg = —0.00054, which is only 34% of that necessary to fully align InAs/GaAs SKQDs. Such a low strain could be obtained
even after covering the two-dimensional islands with only 2MLs of GaAs material, because segregation removes most In atoms
from the islands and scatters them into the surrounding matrix, leading to two materials with more similar lattice parameters and,
consequently, to much lower local strain. The calculations also revealed that, when this more realistic disk-like shape is adopted,
different regions of the surrounding matrix can be under compressive or tensile strain, generating several local minima in the surface
potential above the island, which further help spread the In atoms out of the quantum dots. We believe that this work provides
important insights into the role of strain and In segregation during the formation of such nanostructures, and clearly shows that
segregation must be controlled if one wishes to obtain more robust submonolayer quantum dots.
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