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Atomic-scale characterization of single and double layers of InAs
and InAlAs Stranski-Krastanov quantum dots
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We report a detailed structural characterization of single and double layers of InAs and InAlAs quantum dots
(QDs) and their wetting layers (WLs) by atomic force microscopy (AFM) and cross-sectional scanning tunneling
microscopy (X-STM). The X-STM analysis with atomic resolution showed that the InAlAs WL consists of two
distinct layers: a bottom part where all the Al atoms of the InAlAs alloy settled, and a top part containing
exclusively In and Ga atoms. The QDs formed from the InAlAs layer contains no Al atoms at all and lie on top
of the Al-rich WL. In the double layers of QDs, the InAlAs QDs were used as a seed to influence the nucleation
of the InAs QDs grown on top. A gradual decrease in the density of the top InAs QDs was observed in the AFM
images with increasing thickness of the GaAs spacer. The X-STM images showed that both QDs layers were
completely intermixed for a 2-nm-thick spacer, while effective strain-induced stacking of both types of QDs was
observed for a GaAs spacer thickness of 4 nm. However, both QD layers were completely decoupled for a GaAs
spacer thickness of 8 nm and could thus be treated as individual layers.
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I. INTRODUCTION

Quantum dots (QDs) are of great interest as they represent
an ideal system to investigate the confinement of carriers
in all three spatial dimensions and provide novel properties
for many optoelectronic applications such as semiconductor
lasers [1], infrared photodetectors [2], intermediate-band solar
cells [3], ultrahigh-density optical memories [4], flash mem-
ories [5,6], quantum computing and information [7–11], etc.
When dealing with solid-state devices, the InAs/GaAs system
is often used because homogeneous three-dimensional (3D)
InAs islands can be easily nucleated on the GaAs(001) sur-
face using the Stranski-Krastanov (SK) growth mode which
involves the strain-induced formation of 3D islands due to
the lattice mismatch between the two materials [12]. How-
ever, well before this self-assembling process, Ga atoms from
the substrate are incorporated into the growing InAs film
in an attempt to reduce the strain [13], leading thus to the
growth of InGaAs layers instead [14]. During the capping
process, the increasing strain—which changes from biaxial
to hydrostatic—drives the indium atoms from the apex of the
QDs to the sides, leading to a stronger In-Ga intermixing and
resulting in smaller QDs containing even less indium [15].

Self-assembled SKQDs are simple to grow and easily
monitored in situ using the reflection high-energy electron
diffraction (RHEED) technique. Since their formation is strain
driven, they can be obtained using several epitaxial techniques
and different materials [16,17]. Although SK growth rapidly
became a major growth technique to produce high-quality
QDs for solid-state devices, it has some drawbacks such as
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a limited degree of freedom to control the QDs size and
density, as well as the presence of a two-dimensional (2D)
wetting layer (WL) in direct contact with the QDs which
contributes to the strain and reduces the 3D confinement of
the carriers. However, the major problem is probably their rel-
atively low surface density, usually around 1–5 × 1010 cm−2.
Several ways to increase the density of QDs were suggested,
like the deposition of multiple SKQDs layers [18] or the use
of the submonolayer technique to form a different type of
QDs [19,20]. The former does not increase their areal (2D)
density but rather increases their bulk (3D) density, raising
thus the elastic energy stored in the system. The latter can
achieve a much higher surface density, supposedly in the low
1012 cm−2 range, and provide an easy way to control their
height, but the deposition is more complex, time consuming,
and the growth conditions still need optimization [21–23].

Another method to increase the QDs density consists of
depositing AlGaAs layers just below the InAs QDs. The de-
position of InAs QDs on an AlAs surface allows an increase in
density up to 1011 cm−2 due to the reduced surface diffusion
of the In atoms on an Al-rich surface [24]. However, the
QDs are smaller and their optical emission is shifted towards
shorter wavelengths. A different way to use Al atoms was
proposed by Kovsh et al. [25] who suggested the growth
of InAlAs SKQDs instead of InAs. The addition of Al to
the alloy to be deposited can increase the density of QDs
by roughly an order of magnitude due to the low mobility
of the Al atoms on the GaAs(001) surface, thus increasing
the number of nucleation centers. Here again the density of
InAlAs QDs is higher than for common InAs QDs, they have
a smaller size, and their emission is blueshifted as well. One
drawback is that their optical activity is limited, as they have a
shallow ground state when embedded in a GaAs matrix [26],
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and barrier materials with a larger band gap are required to
improve their optical properties. InAlAs layers have already
been extensively investigated when lattice matched to InP
substrates (In0.52Al0.48As), as it can serve as a barrier to
lattice-matched In0.53Ga0.47As [27], but it can also be used
as a metamorphic buffer on GaAs substrates [28] for device
applications. However, there are only sporadic studies about
InAlAs QDs grown on GaAs [29–33], and just a few more
about InAlAs layers used as a barrier or confinement layer for
InAs QDs deposited on GaAs [34,35].

Due to the above-mentioned properties, InAlAs QDs can
be used as a seed layer to induce a larger density of conven-
tional InAs QDs grown just on top of them. Since the seed
layer and the top QDs layer can have their growth conditions
adjusted independently, a high density of InAs QDs with a
wide range of sizes can be achieved [36]. Recently, Claro
et al. [26] used InAlAs QDs as a seed layer to increase the
density of InAs QDs in quantum-dot infrared photodetectors
(QDIPs). They observed an intense photovoltaic effect that
was attributed to the strong asymmetry of the conduction
band resulting most probably from the accumulation of Al
atoms in the WL which turned into a potential barrier for
electrons. Although their transmission electron microscopy
(TEM) measurements could barely resolve the very small
InAlAs QDs, they inferred from band-structure calculations
and photoluminescence (PL) spectra that the InAlAs QDs
consisted approximately of In0.5Ga0.5As. This is of course
counterintuitive as it is a common belief that InAlAs QDs can
reach a higher density because they are supposed to contain
Al atoms [25]. It is very important to know precisely the
morphology and composition of those nanostructures at the
atomic level if one wishes to correctly simulate their opto-
electronic properties.

In this work, InAlAs QDs deposited on GaAs were inves-
tigated by atomic force microscopy (AFM), cross-sectional
scanning tunneling microscopy (X-STM), and photolumines-
cence (PL). We gave special attention to the position of the Al
atoms in the WL and QDs, and we provided an estimation of
their concentration in both regions via finite element (FE) sim-
ulations. We finally evaluated the influence of InAlAs-QDs
seed layers on the nucleation of InAs QDs grown just on top
of them by changing the thickness of the GaAs spacers.

II. EXPERIMENTAL TECHNIQUES

All the samples analyzed in this work were grown
by molecular beam epitaxy (MBE) on a GaAs(001) sub-
strate. The first sample was grown specifically on a Si-
doped GaAs(001) substrate (doping concentration n = 1 ×
1018 cm−3) for X-STM measurements. After oxide removal
and degassing of the substrate at 610 ◦C for 5 min, a 200-
nm-thick Si-doped GaAs buffer (n = 1 × 1018 cm−3) was
deposited at 570 ◦C. Then the temperature was lowered to
515 ◦C and the following layers were grown to form the
structure shown in Fig. 1. Layer 1: 1.40 MLs of InAs were
deposited to simulate an InAs WL. Layer 2: 2.30 MLs of
In0.7Al0.3As were deposited to simulate an InAlAs WL. Lay-
ers 3 and 4: InAs and In0.7Al0.3As SKQDs were grown by
depositing 2.0 MLs of InAs and 3.5 MLs of InAlAs, respec-
tively, to obtain isolated nanostructures that will be used as a

FIG. 1. Schematic structure of the sample grown by molecular
beam epitaxy for the X-STM experiments.

reference and compared with the double layers of QDs that
follow. Layers 5 to 7: Double layers of In0.7Al0.3As and InAs
QDs were grown by changing the thickness (X ) of the GaAs
spacer, i.e., X = 2 nm for layer 5, X = 4 nm for layer 6, and
X = 8 nm for layer 7. Each layer (and double layers) was
separated from the others by 200 nm of GaAs, in which the
central part (120 nm) was Si doped to provide good conductiv-
ity for the X-STM measurements. The InAs and In0.7Al0.3As
QDs layers were deposited at 0.088 and 0.128 ML s−1, re-
spectively, while the growth rate of the GaAs material was
1.0 ML s−1 throughout the sample. The QDs formation was
monitored in situ using the RHEED technique which con-
firmed that all In0.7Al0.3As QDs were always formed after
deposition of 2.5 MLs of material. The critical thickness of
the InAs QDs was 1.7 MLs for the single layer of QDs (layer
3) but was systematically reduced in the double layers having
smaller GaAs spacers (down to 0.7 ML for the 2 nm spacer).
Each InAs or In0.7Al0.3As layer was covered by 15 nm of
GaAs deposited at 515 ◦C to avoid In desorption, followed by
185 nm of GaAs grown at 570 ◦C. The growth of the first two
layers of interest (layers 1 and 2) was stopped before QDs
formation to allow a detailed study of the original WL. The
following two single layers of QDs (layers 3 and 4) were used
to investigate uncoupled QDs, whereas the last three layers
(layers 5 to 7) provided information about the influence of
the seed layer in double layers of QDs with different spacer
thickness.

The second set of seven samples containing each of the
different combinations of In0.7Al0.3As and/or InAs layers
mentioned above was also grown to assess their optical prop-
erties individually. The same combinations of layers were
replicated at the surface of each sample to measure the QDs
density in the top layer by AFM. All these samples had
a similar structure and were grown in the same conditions
explained before, with two slight differences: no Si doping
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FIG. 2. 1 × 1 μm2 AFM images showing the density of uncapped QDs in each layer: (a) InAlAs QDs, layer 4. (b) Double QDs layers with
a 2 nm GaAs spacer, layer 5. (c) 4 nm GaAs spacer, layer 6. (d) 8 nm GaAs spacer, layer 7. (e) InAs QDs, layer 3. The decrease in density of
QDs from (a) to (e) is shown in (f). The density of QDs in layer 7 (with 8 nm spacer) is almost the same as in a single layer of InAs QDs (layer
3), indicating the absence of mechanical coupling between the top InAs QDs and the InAlAs seed layer underneath.

was used anywhere, and the GaAs layer separating the buried
structures from the top ones was only 100 nm thick. The PL
measurements were carried out at liquid-nitrogen temperature
using a 100 mW solid-state laser emitting at 660 nm and a
silicon detector. The AFM measurements were performed in
ambient conditions with an Icon scanning probe microscope
from Bruker operating in intermittent-contact mode with a
Si3N4 probe.

All the X-STM measurements were performed in a con-
ventional Omicron low-temperature STM at liquid-nitrogen
temperature (77 K) under ultrahigh vacuum (UHV, 4–6 ×
10−11 mbar) on the first sample containing all the seven layers
of interest. The measurements were carried out on a clean
{110} surface freshly obtained by cleaving the sample in
UHV. The STM tips were made of polycrystalline tungsten
wires by electrochemical etching followed by baking and Ar
sputtering inside the STM preparation chamber under UHV.
All the X-STM images of the QDs were acquired in constant
current mode. Due to the atomic arrangement of the {110}
surfaces of zincblende crystals, only every second monolayer
along the growth direction is visible in the X-STM images.
Therefore, in the present case, either the group-III or group-V
atoms can be observed at a time, meaning that an atomic
row actually represents a bilayer (BL) [37]. For filled-state
imaging at high negative bias voltages, the group-V sublattice

(As) was imaged, while in empty-state imaging at positive
bias voltages, the group-III sublattice (Al, Ga, In) was imaged.
FE simulations were performed using the structural mechan-
ics module on COMSOL: Multiphysics and the constructed
QD model was based on the structural analysis performed by
X-STM.

III. RESULTS AND DISCUSSION

The structural characterization of the QDs started with
AFM measurements being performed on the surface QDs
layers of the second set of samples. In Fig. 2(a) one can notice
the very high density (1.3 × 1011 cm−2) of a single layer of
In0.7Al0.3As QDs, layer 4 with relatively smaller QDs (3 nm
high and 10 nm wide), whereas a single layer of standard
InAs QDs, layer 3 [Fig. 2(e)] has a much lower density
(2.0 × 1010 cm−2) of QDs with a comparatively larger size
(7 nm high and 20 nm wide). This increase in density by a fac-
tor of 6 for the InAlAs QDs is generally attributed to the lower
surface mobility of the Al atoms [25,26,38]. Figures 2(b)–2(d)
show that, when these In0.7Al0.3As QDs are used as a seed
layer, they are able to increase the density of InAs QDs in
the top layer up to 9.0 × 1010 cm−2 when their separation
is only 2 nm [layer 5, Fig. 2(b)], and to 4.7 × 1010 cm−2

when the spacer is 4 nm thick [layer 6, Fig. 2(c)]. For an
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FIG. 3. X-STM filled-state topographic images comparing the formation of the WLs in layer 1, InAs WL (a) and layer 2, InAlAs WL
(b) taken at a bias voltage (Vb) = −3.0 V and tunnel current (It ) = 50 pA. The bottom-most atomic layer in (b), indicated with a red arrow,
reveals the dark areas corresponding to the presence of Al, indicating that the deposited Al settled at the bottom of the WL. The color contrast
from dark to bright represents a height difference of 0 to 100 pm. The length of the scale bar is 5 nm and the white arrow indicates the growth
direction [001]. The two white circles in (b) indicate some contaminants or tip-related artifacts. Two lines indicate the position where the height
profiles in (c) were taken: the black line was drawn through an Al-poor region, while the red line was drawn through an Al-rich region. The
presence of Al is clearly visible in the height profile (red) as a drop in the outward relaxation of the WL.

8-nm-thick spacer [layer 7, Fig. 2(d)], it is reduced down to
2.5 × 1010 cm−2, suggesting that the strain field inside the
thin GaAs spacer is barely able to influence the nucleation
of the InAs QDs in the top layer, and the two QDs layers
are almost decoupled. AFM and X-STM measurements are
complementary, as AFM allows the investigation of the sam-
ple surfaces, providing statistical information about the size,
shape, and density of the QDs before capping, as well as an
indication of the alignment efficiency in double layers of QDs.
On the other hand, X-STM can resolve the internal structure
of individual QDs with atomic resolution and provides an es-
timation of the size, shape, and composition of the embedded
nanostructures.

Figure 3 shows X-STM filled-state topographic images of
layer 1 (InAs WL) and layer 2 (InAlAs WL) with a dark-to-
bright contrast representing a height difference of 0 to 100
pm. The color contrast in the images represents the relative
height of the STM tip from the cleaved surface. The compres-
sively strained InAs and InAlAs layers relaxed outwards up
on cleaving, giving a bright topographic contrast as shown
in Fig. 3. The filled-state imaging was performed at high
negative bias voltages (−3.0 V) to suppress any electronic
contribution to the images which led to a nearly pure structural
contrast [39,40]. As mentioned in the sample description, 1.40
MLs of InAs were deposited in layer 1 and 2.30 MLs of
In0.7Al0.3As in layer 2; therefore, the absolute quantity of
In is higher in layer 2 than in layer 1. In Fig. 3(a) layer 1
(InAs WL) appears as a dilute layer of InGaAs material with
a thickness of 3–4 BLs along the growth direction. On the
other hand, layer 2 (InAlAs WL) shown in Fig. 3(b) appears

brighter compared to layer 1 due to the higher In content
concentrated within a thickness of ∼2–3 BLs. The most in-
teresting observation is the presence of dark patches at the
bottom of the WL [indicated by the red arrow in Fig. 3(b)],
which is associated with the presence of Al atoms. The two
white circles in Fig. 3(b) show some contaminants or tip-
related artifacts created during the measurement. It is well
established that In atoms have high surface mobility, while
on the contrary, Al atoms have low surface mobility and are
readily incorporated into the GaAs lattice due to the absence
of lattice mismatch [38,41]. Usually, Al atoms provide a dark
contrast in the X-STM images mainly due to their smaller size,
as already shown in previous experiments on GaAs/AlGaAs
droplet epitaxy QDs [42,43]. Since the STM height profiles
show the outward relaxation of the compressively strained
layers, two height profiles were taken at different locations
of the InAlAs WL. Figure 3(c) shows the two profiles taken
through an Al-poor (black line) and an Al-rich (red line)
region. At around 11–12 nm (x axis), one can observe a clear
drop in the relaxation of the WL due to the presence of Al (red
line). Therefore, it is safe to conclude that the Al atoms in the
InAlAs WL are sitting at the bottom of the WL, while the rest
of it is made of In(Ga)As. Claro et al. [26] suggested that the
Al could be restricted to the bottom of the WL, but we are now
able to provide a direct visual proof from the X-STM images,
further strengthening the argument. Additionally, our X-STM
data point out that the presence of Al atoms actually pins many
In atoms at the sample surface, unlike what happens for the
InAs WL, where the In atoms are free to segregate. Figure 4
shows topographic filled-state images of layer 3 [InAs QDs,
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FIG. 4. X-STM filled-state topographic images comparing the
InAs and InAlAs QDs in layer 3 (a) and 4 (b) taken at Vb = −3.0 V
and It = 50 pA. The color contrast from dark to bright represents a
height difference of 0 to 250 pm. The lower brightness in InAlAs
QD in (b) compared to the InAs QD in (a) suggests a lower indium
concentration within the QD. The length of the scale bar is 10 nm
and the white arrow indicates the growth direction [001].

Fig. 4(a)] and layer 4 [InAlAs, Fig. 4(b)] with a dark-to-
bright color contrast of 0 to 250 pm. The InAs QD shown
in Fig. 4(a) has a base length of 18 ± 0.8 nm and a height of
4.0 ± 0.5 nm while the InAlAs QD shown in Fig. 4(b) has a
base length of 21.6 ± 0.8 nm and a height of 4.2 ± 0.5 nm.
The reported dimensions are for the remnant of the QDs after
cleaving. The cleaving process is completely random and does
not necessarily run through the center of every single QD.
Depending on the cleaving position with respect to the QD, we
observe different heights and base lengths. The AFM analysis
of InAlAs QDs [Fig. 2(a)] suggested a smaller height and
base length compared to InAs QDs contradicting the X-STM
observations. In Fig. 2(a) one can see some QD ripening,
where smaller QDs coalesce into larger QDs. It is possible
that the large InAlAs QD measured in Fig. 4(b) is one of the
ripened InAlAs QDs with larger height and base length. Since
both QDs in Fig. 4 are among the largest nanostructures that
were observed, they most probably reflect their full size. From
Fig. 4 both InAs and InAlAs QDs have a near trapezoidal
shape, suggesting that the geometry of the QDs is a truncated
pyramid in three dimensions. The major difference between
the InAs and InAlAs QDs shown in Fig. 4 is the difference
in image contrast which relates to the average composition of
the nanostructures. A QD with high indium content is more
compressively strained and provides a very bright contrast in
the X-STM images. The InAlAs QD shown in Fig. 4(b) has
a weak contrast, indicating that its average indium content is
quite low compared to the InAs QD. In Fig. 3(b) we observed
that the Al atoms were lying at the bottom of the InAlAs WL
due to their low surface mobility. Once again, one can see in

FIG. 5. X-STM filled-state topographic images showing the ef-
fect of the GaAs spacer on the formation of InAs QDs in layers 5 (a),
6 (b), and 7 (c) taken at Vb = −3.0 V and It = 50 pA. The InAs QDs
are deposited on top of the InAlAs seed layer QDs. The color contrast
from dark to bright represents a height difference of 0 to 250 pm. The
intermixing and strain-induced stacking are evident in (a) and (b),
respectively. The two QDs layers in (c) are already decoupled for a
GaAs spacer thickness of 8 nm. The length of the scale bar is 10 nm
and the white arrow indicates the growth direction [001].

Fig. 4(b) that the Al atoms are restricted to the bottom part
of the WL and QDs of the InAlAs layer, leading thus to QDs
made of InGaAs only. It is difficult to identify the dark patches
at the bottom of the QDs, as the outward relaxation of the QD
dominates the contrast. However, by adjusting the contrast and
examining multiple images, we can confidently confirm that
the Al atoms are sitting at the bottom of the WL, and none of
them can be found in the QD.

Figure 5 shows topographic X-STM images of QDs in
layers 5–7 [Figs. 5(a)–5(c)] with a GaAs spacer thickness (X )
of 2, 4, and 8 nm, respectively. In layer 5, for a GaAs spacer
of 2 nm, both InAlAs and InAs QDs intermixed completely,
forming a single large QD as shown in Fig. 5(a). The very
bright contrast in the QDs region suggests a higher indium
content compared to the other layers. It is difficult to assess
the exact shape and size of these large QDs as both types of
QDs merged and are indistinguishable. Figure 5(b) shows the
topography of both InAlAs (bottom layer) and InAs QDs (top
layer) in layer 6 where the GaAs spacer is 4 nm thick. In this
case, the GaAs spacer is thick enough to distinguish the seed
layer from the InAs QDs, and the strain-induced stacking of
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FIG. 6. (a) Experimental outward relaxation profile of the InAlAs WL from layer 2 [topographic image shown in Fig. 3(b)] measured by
X-STM is shown in black and the calculated profiles for two different compositions are shown in red (In = 0.65) and blue (In = 0.70). Both
measured and calculated outward relaxation profiles match very well for a 1 BL thick WL with an indium fraction of 0.65–0.70. (b) X-STM
outward relaxation profile of InAlAs QD from layer 4 [topographic image shown in Fig. 4(b)] is shown in black with calculated profiles from
FE simulations, red: In = 0.25, blue: In = 0.30, and green: In = 0.35. Both measured and calculated outward relaxation profiles match very
well for a QD with a composition of In0.30Ga0.70As [shown in (b)], both sitting on top of a 1 BL thick Al-rich layer (In0.05–0.10Al0.3Ga0.60–0.65As).

both types of QDs can be clearly seen. Upon increasing the
GaAs spacer thickness to 8 nm (layer 7), both the InAlAs
QDs and InAs QDs seem to be completely decoupled with
some occasional stacking of the QDs in both layers as shown
in Fig. 5(c). Therefore, when the two QDs layers are sepa-
rated by 8 nm (or more), both can be treated as individual
layers containing InAs and InAlAs QDs as in layers 3 and
4, respectively. In Fig. 4 we observed a clear difference in
contrast, suggesting that the InAlAs QDs have lower indium
concentration than InAs QDs. The same argument applies
to the QDs in layers 6 [Fig. 5(b)] and 7 [Fig. 5(c)], as the
InAlAs QDs, have weaker contrast compared to InAs QDs.
After careful examination of multiple X-STM images, we
can confirm once again that the QDs of the seed layer lies
on top of an Al-rich portion of the WL, as in layer 4, and
there is no trace of aluminum anywhere inside the QDs in
layers 5–7.

Based on Raman scattering measurements, Ibanez
et al. [44] suggested that there could be Al/In intermixing in
InAs QDs surrounded by AlGaAs, but they did not provide
any direct evidence. Using the same optical technique, Sahli
et al. [45] came to the same conclusion and inferred an
even stronger Al/In intermixing when InAlAs QDs were
buried in an AlGaAs matrix. However, once again, no direct
evidence was provided. In our case, the InAlAs layers were
surrounded by GaAs, but we have direct visual evidence at
the atomic scale showing that the Al atoms remain at the
bottom of the WL. The QDs themselves are formed on top
of this Al-rich WL, but do not contain any Al atoms at all,
are actually made of InGaAs material, as proposed by Claro
et al. [26]. In general, cleaving the compressively strained
InAs and InAlAs layers generates an outward relaxation of
the surface, which strongly depends on the local composition,
and can be measured by X-STM height profiles, as shown
in Fig. 6. Therefore, we performed FE simulations to fit

the experimental outward relaxation of the InAlAs WL
(layer 2) and InAlAs QD (layer 4) with the calculated
relaxation obtained via continuum elasticity theory. See the
Supplemental Material [46] for a detailed explanation of the
FE simulations.

From the topographic X-STM image and height profiles
shown in Figs. 3(b) and 3(c), it is clear that the InAlAs WL
(layer 2) mainly consists of two parts: one Al-rich layer,
with a thickness of 1 BL, followed by another BL thick
In-rich layer. Therefore, we performed FE simulations by
constructing a model based on the X-STM characterization,
where the WL composition was the only free parameter.
Based on the X-STM images, two layers were created with
a thickness of 1 BL each: the first layer had a composition
of In0.05–0.10Al0.3Ga0.65–0.70As, assuming that all the deposited
Al was incorporated into the layer; the second layer had a
thickness of 1 BL, and its In content was varied until the
calculated relaxation matched the experimental relaxation. In
Fig. 6(a) the average relaxation of the InAlAs WL measured
from X-STM is shown in black together with the calculated
profiles from FE simulations, where the red and blue profiles
have In concentrations of 0.65 and 0.70, respectively. The
small bump in the experimental relaxation profile [around
15 nm in Fig. 6(a)] is mainly due to In segregation and was
neglected for the sake of simplicity. It is clear that the calcu-
lated relaxation of the WL fits very well (both the height and
width of the peak) the experimental profile for a WL composi-
tion of In0.05–0.10Al0.3Ga0.60–0.65As for the 1 BL thick Al-rich
layer and In0.65–0.70Ga0.30–0.35As for the 1 BL thick In-rich
layer. Therefore, the FE simulations further strengthen our
arguments on the composition of the InAlAs WL, confirming
that the Al atoms settled at the bottom of the WL and the top
layer is mostly made of In(Ga)As.

We performed similar FE simulations on InAlAs QDs
(layer 4) to provide an estimation of their composition. In
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X-STM it is assumed that the largest QD is observed when-
ever the cleaving plane runs through the QD center. Therefore,
a QD model was constructed with the dimensions of the
largest InAlAs QD found during the X-STM measurement
(base length = 24 nm, height = 4 nm, see the Supplemental
Material [46]). From the X-STM analysis, it is clear that there
is no trace of Al inside the QD, and from Fig. 4 we can
infer that there is less indium in an InAlAs QD than in an
InAs QD. Also, from the WL analysis, we established that the
deposited Al atoms settled at the bottom of the WL. There-
fore, the FE simulations were performed for a square-based
truncated pyramidal QD sitting on top of a BL thick Al-rich
WL (In0.05–0.10Al0.3Ga0.60–0.65As), assuming that the QD was
cleaved through its center. Figure 6(b) shows an experimental
relaxation profile of an InAlAs QD in black together with cal-
culated profiles for different indium concentrations (red: In =
0.25, blue: In = 0.30, and green: In = 0.35). The experimental
and calculated relaxation profiles fit nicely for a QD compo-
sition of In0.30Ga0.70As. Claro et al. [26] already suggested
that the WL of such InAlAs QDs might be Al rich, and the
QDs could actually be made of In0.50Ga0.50As. However, these
results were based on TEM results, where the size, geometry,
and composition of the QDs were barely resolved, and on
indirect band-structure calculations used to fit PL data. Ob-
viously their lack of reliable structural information about the
QDs themselves could dramatically affect the calculations and
the final composition. Therefore, our analysis further supports
the suggestion made by Claro et al. [26] that the Al atoms
remain in the WL and are absent from the QDs. However,
our topographic X-STM images provide much more accurate
data about the morphology, size, and even composition of the
nanostructures by combining X-STM with FE simulations.
Consequently, we can conclude that the In content of such
QDs should be even lower, and their composition is rather
around ∼In0.30Ga0.70As.

The optical properties of all the layers were measured by
PL at 77 K and their spectra are shown in Fig. 7. A single layer
of conventional InAs QDs (layer 3) emits close to 1000 nm,
whereas the spectrum of a single layer of InAlAs-QDs (layer
4) used as a seed is peaked around 875 nm due to their smaller
size and lower In content. The PL intensity of the InAlAs
QDs is much lower than that of InAs QDs as their ground
state (the only confined state of the system) is closer to the
top of the GaAs barriers. As a consequence, the confined
carriers can easily escape due to the temperature used in the
PL measurements (77 K). The narrow peak around 860 nm
is related to their WL. Regarding the double layers of QDs,
their PL spectra do not show any sign of the seed layer
and seem to consist only of the emission from the top InAs
QDs. This is due to the deeper ground state of the top InAs
QDs where most carriers recombine, confirming that the seed
layer is optically inactive in this kind of structure, as already
seen before [25,26]. The PL spectra are slightly different for
each type of double layers of QDs, as they result from the
influence of the seed layer over the top InAs QDs, which
should lead to an increase in their density and, consequently,
to a reduction of their sizes with decreasing values of spacer
thickness. However, due to the presence of strong indium
segregation in the InAs/GaAs system, some of the indium
atoms from the seed layer are also transferred to the top InAs

FIG. 7. PL spectra of all the layers measured at 77 K. The single
layer of InAlAs QDs shows a weak emission close to 875 nm, and
the single layer of InAs QDs emits around 1000 nm. All the double
layers have a single emission between 950 and 1000 nm related to
the top layer of InAs QDs, without any signal coming from the seed
layer.

QDs, especially for thin GaAs spacers. This could be observed
in the critical thickness (2D–3D transition observed on the
RHEED screen) of the top InAs QDs, which was 1.7 MLs
for the 8-nm-thick spacers, as in the single layer of InAs
QDs of layer 3, but was reduced to 0.7 ML for the thinnest
GaAs spacer (2 nm). However, when the spacer was reduced
to 4 or 2 nm, the critical thickness was only 1.2 and 0.7
MLs, respectively, indicating that the top InAs QDs actually
received more In atoms that were used to increase their size or
In content. Therefore, when the spacer is reduced, the strain
field acts to blueshift the emission, whereas, simultaneously,
indium segregation acts in the opposite direction, yielding a
redshift. The spectra resulting from this complex competition
will depend on which of both effects prevails. The samples
with the thinnest GaAs spacers (2 and 4 nm) have the highest
PL intensity due to their larger QDs density, while the one
with the thick spacer (8 nm) shows an intensity similar to
the one of the single layer of InAs QDs, which is consistent
with their similar QDs densities. The large band gap of the
InAlAs WL (layer 2) was confirmed in our PL measurements,
as the sample containing only 2.2 MLs of In0.7Al0.3As (layer
2) showed no signal at all when excited with a laser having
a wavelength of 660 nm, which corresponds to an energy of
1.878 eV. This value is much larger than the GaAs band gap
at 77 K (1.503 eV) and suggests that the Al content of the WL
is at least 30%, which is in good agreement with the X-STM
and FE simulations. On the other hand, the 1.4-ML-thick InAs
WL could be detected normally and appeared as a narrow peak
around 855 nm.

It is clear from the X-STM images of the 2.2-ML-thick
InAlAs layer [Fig. 3(b)] that the Al atoms remain at the
bottom of the WL and only indium atoms segregate during
deposition and capping. However, after the QDs formation,
Fig. 4(b) revealed that all Al atoms still remain at the bottom
of the WLs and the QDs are exclusively made of InGaAs
without any trace of Al atoms. Therefore, unlike for InAs
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QDs where the InGaAs WL lies around the QDs, in this
particular case, the QDs in the InAlAs layer lies on top of
an Al-rich WL. The FE simulations suggested that the Al-
rich WL contains 30% of Al, and only 5%–10% of In, the
rest being Ga atoms coming from the substrate or GaAs cap
layer. Since only 2.2 MLs of InAlAs were deposited in layer
2 and the resolution of an X-STM image along the [001]
direction is limited to a bilayer on a cleaved {110} surface,
we cannot confirm if In segregation is stronger in InGaAs
than in InAlAs [47]. However, from the topographic images
shown in Fig. 3, the InAlAs WL (layer 2) appears to be thinner
and In richer suggesting that the presence of Al atoms some-
how pins more In atoms into the growth surface compared
to InAs WL (layer 1). Surprisingly, there is no trace of Al
atoms inside the InAlAs QDs, as already proposed by Claro
et al. [26]. However, here we prove it directly with X-STM
data, confirming that such InAlAs QDs are actually composed
of InGaAs only, and their In content is even lower (around
30%–35%) than the value suggested by Claro et al. [26]
(50%). It is thus now clear that the high density of QDs
achieved during the deposition of InAlAs is not because they
contain low mobility Al atoms which could generate a high
density of nucleation centers but, instead, because the QDs
are self-assembled on top of an Al-rich WL that provides low
mobility to the In and Ga atoms and, consequently, generates a
high density of small InGaAs islands. It is confirmed by other
reports which showed that such a high density of In(Ga)As
QDs could only be achieved when the In(Ga)As material
was deposited on top of an AlAs surface [24,48]. Therefore,
when simulating the optoelectronic properties of QDs formed
from an In0.7Al0.3As layer, the correct composition should
be used (In0.30Ga0.70As in our case) instead of the nominal
one (In0.7Al0.3As). Another point that needs to be taken into
account to provide accurate results is the much higher band
gap of the WL that can strongly influence transport properties.
Although it was estimated to contain around 30% of Al atoms
in layer 2 of the X-STM sample investigated here, that value
might eventually be higher after the formation of the QDs,
as a larger amount of InAlAs is needed to effectively form
the QDs, and these extra Al atoms will also be settled at
the bottom of the WL. It is difficult to observe them in the
X-STM images containing QDs, as the contrast from the QDs
dominates and makes it harder to quantify the Al concentra-
tion in layer 4 and compare it with the Al concentration in
layer 2.

Regarding the InAlAs/InAs QDs double layers, it is clear
from the AFM and X-STM data that a 4-nm-thick GaAs
spacer is highly effective in vertically aligning the InAs QDs
in the top layer. The two QDs layers are completely inter-
mixed, forming one large QD when the spacer is only 2 nm
thick, but the density of InAs QDs in the top layer is even
higher, and they continue dominating the optical properties
of the system. GaAs spacers thicker than 8 nm are unable to
provide any stacking, suggesting that the internal strain field
is too weak to influence the nucleation of InAs QDs in the
top layer. Although some X-STM images showed occasional
stacking of two QDs, it is minor and is also typically observed
in mechanically uncoupled double layers of QDs [49]. This
distance (8 nm) is much smaller than the one usually found
for double layers of InAs QDs (∼40–50 nm) [50]. It mainly

results from the smaller size of the InAlAs QDs and their
much lower In content which considerably weakens the local
strain field [23]. The ideal seed layer is the one that can
increase the density of InAs QDs in the top layer without
interfering too much with their properties for a specific appli-
cation [25,26]. In our case, the emission from the seed layer
is absent in the PL spectra of the double layers of QDs, and
the optical signal that is detected comes exclusively from the
top InAs QDs. Since the growth conditions of the seed layer
and top InAs QDs layers can be optimized separately, once
the spacer thickness has been chosen to achieve the desired
density of QDs in the top layer, it might even be possible to
vary the amount of InAs material to be deposited in order to
fine tune the emission of the QDs—here it was kept constant
to 2.0 MLs.

IV. CONCLUSIONS

In summary, we performed a detailed structural charac-
terization of a single layer of InAlAs QDs and their WL.
Double layers of QDs were also investigated, where InAlAs
QDs, which can be easily obtained with a high density,
were used as a seed in an attempt to increase the density
of InAs QDs deposited just a few nm above them. X-STM
images of the InAlAs WL revealed that the Al atoms were
confined within the bottom part, while the top part con-
tained only In and Ga atoms. FE simulations based on the
X-STM structural characterization suggested a composition
of In0.05–0.1Al0.3Ga0.60–0.65As for the bottom part of the WL
and In0.65–0.70Ga0.30–0.35As for the top part. The In content
in the top part of the WL was higher than expected, sug-
gesting that In atoms may be pinned by the presence of the
Al atoms on the surface. Regarding the QDs formed during
deposition of the InAlAs alloy, X-STM also evidenced that
they do not contain any Al atoms; they rather lie on top of
the Al-rich part of the WL. FE calculations inferred that these
QDs were actually made of In0.30Ga0.70As. Concerning the
double layers of InAlAs and InAs QDs, the AFM analysis
showed that the strain field generated by the high density of
InAlAs QDs could effectively increase the density of InAs
QDs in the top layer for very thin GaAs spacers (2–4 nm).
For spacers thicker than 8 nm, the top InAs layer could
no longer feel the influence of the seed layer, and its QDs
density was the same as for a single InAs layer. X-STM
data showed that the two QDs layers were completely inter-
mixed for very thin spacers (2 nm). For intermediate spacers
(4 nm), their QDs could be distinguished and were vertically
aligned with some probability depending on their vertical
separation. Both QDs layers were completely decoupled for
a GaAs spacer of 8 nm and could thus be treated as individual
layers. The optical properties of the double layers of QDs
showed no emission from the seed, as expected for a good
seed layer. An increase in the PL intensity of the InAs QDs
and a small blueshift of their emission was detected for the
smaller spacers, confirming the mechanical influence of the
seed layer (higher InAs QDs density). Therefore, this detailed
structural investigation provides new insights into the growth
of single InAlAs QDs and double layers of InAlAs/InAs
QDs. It sheds light on the position of the Al atoms in the
InAlAs WLs and QDs, providing detailed feedback for fur-
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ther growth optimization to improve the performance of the
devices.
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