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Twofold stacked InGaAs=GaAs quantum dot (QD) layers are grown on GaAs(001) substrates
patterned with square arrays of shallow holes. We study the surface morphology of the second
InGaAs QD layer as a function of pattern periodicity. Comparing our experimental results with a
realistic simulation of the strain energy density Estr distribution, we find that the second InGaAs QD
layer sensitively responds to the lateral strain-field interferences generated by the buried periodic QD
array. This response includes the well-known formation of vertically aligned QDs but also the
occurrence of QDs on satellite strain energy density minima. Our calculations show that base size
and shape as well as lateral orientation of both QD types are predefined by the Estr distribution on the
underlying surface.
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were defined on the large mesas by standard electron-
beam lithography and reactive ion etching using SiCl4.

terned site increases with increasing periodicity from
4:2� 10�4 to 0:68. At the same time, the average number
A vertical alignment of closely stacked self-assembled
quantum dots (QDs) has been observed in many different
material systems and relies on a strain-field interaction
between a buried and a stacked quantum dot [1–6]. The
buried QD generates a strain field, which reproduces the
QD position in subsequent layers. For laterally periodic
quantum dot arrays the strain fields of individual quan-
tum dots have recently been predicted to interfere and
produce satellite strain energy density minima on the
surface [7]. However, a direct experimental observation
of such interference has not been reported so far, since the
fabrication of laterally strictly aligned QD arrays on
planar surfaces with well-controllable periodicities is
difficult to achieve [8–10]. In this Letter we fabricate
highly ordered arrays of InGaAs=GaAs QDs on patterned
substrates with different periodicities. We observe that a
closely stacked InGaAs layer directly probes the strain-
field interferences of the buried layer, forming vertically
aligned QDs and QDs on satellite strain energy density
minima. We show that the lateral position of the satellite
QDs are caused by the elastic anisotropy of the GaAs host
lattice.

We have grown 11.3 monolayers (ML) of In0:3Ga0:7As
followed by 8 nm GaAs, 3 nm Al0:5Ga0:5As, 2 nm GaAs,
and 12 ML In0:3Ga0:7As. For a single InGaAs layer di-
rectly grown onto a square hole pattern, we recently
reported the formation of a regular array of two closely
spaced InGaAs QDs, which we termed lateral QD mole-
cules (QDMs) [11]. For our sample, a GaAs buffer grown
by molecular beam epitaxy (MBE) on a GaAs(001) sub-
strate was patterned with 200 nm high and 500�
500 �m2 wide mesas using standard optical lithography
and wet chemical etching. These large mesas served as
markers in order to find the patterned areas for subsequent
characterization. Square arrays of nanometer sized holes
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Exactly one square hole array (100� 100 �m2 area) was
positioned in the center of each mesa. Several hole arrays
with hole depths of 29 nm and different periodicities and
diameters were fabricated and overgrown on one sample
at the same time. After patterning, the sample was wet
chemically cleaned and inserted into the MBE chamber.
Prior to growth, the sample was irradiated with atomic
hydrogen to remove residual remains of resist and native
oxides [12]. The sample was directly overgrown at a
substrate temperature of 500 �C. The final structures
were investigated by atomic force microscopy (AFM) in
tapping mode.

Figure 1 shows the surface morphology of a twofold
stack of such InGaAs QD layers grown on square hole
patterns with different periodicities. The QD array in
Fig. 1(a) has a periodicity of 103 nm, identical with
the initial periodicity of the hole array, and shows that a
perfect site control of vertically aligned QDs can be
achieved. As the periodicity increases to 157 nm
[Fig. 1(b)], we still observe perfectly site-controlled QDs,
but, additionally, several elongated structures occur be-
tween two nearest neighbor QDs in the �100� and �010�
directions, which we denote in the following as satellite
QDs. If we increase the periodicity to 179 nm [Fig. 1(c)]
and 200 nm [Fig. 1(d)], increasingly more satellite QDs
form on the surface, because the density of prepatterned
sites reduces while the deposited amount of material
remains the same.

The AFM images of Fig. 1 imply that the positions of
the satellite QDs are not random but instead obey a lateral
ordering mechanism. Figure 1(e) shows a position analy-
sis of the formed QDs. The average number of vertically
aligned QDs per prepatterned site is 1 and does not
change, because we achieved perfect site control for all
periodicities. The number of satellite QDs per prepat-
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FIG. 2 (color). Strain energy density distribution generated
by a buried QDM. (a) Cross-sectional view and (b) top view for
a QDM capped with 13 nm GaAs. The main minimum directly
above the molecule and the saddle points in the �100� and �010�
directions are visible. The inset shows an AFM image of a
typical QDM.

FIG. 1. InGaAs QDs grown on square hole patterns with
(a) 103 nm, (b) 157 nm, (c) 179 nm and (d) 200 nm periodicity,
overgrown with a twofold stack of InGaAs QDs. With increas-
ing periodicity, the number of elongated structures between
two neighboring QDs increases. The square areas, indicated in
(a) and (d), are magnified in Figs. 4(b) and 4(d). (e) The
average number per prepatterned site of aligned QDs, satellite
QDs, and QDs on other sites as a function of periodicity.
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of QDs forming on other positions increases only from 0
to 0:21. This analysis shows, that the satellite position is
more likely to be occupied than others.

It is well known that the crystal anisotropy plays an
important role in the vertical and lateral alignment of
stacked QD layers [13]. Therefore, to understand the
morphology of the second InGaAs layer, we calculate
the strain energy density (Estr) distribution on the GaAs
surface on top of the buried initial InGaAs QDM array. In
our calculation we follow Ref. [14] taking the elastic
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anisotropy of the cubic GaAs crystal into account. The
geometry of the buried QDM structure is derived from
AFM images of a single InGaAs layer as shown in the
inset of Fig. 2(a). The average height of each lens shaped
QD is 4.5 nm and the diameter is 66 nm. Two of these
QDs on top of the hole form the upper part of a QDM with
a mean center to center distance of 66 nm. The diameter
of a hole prior to growth is 54 nm and the depth is 29 nm.
The material in the hole as well as in the QDs is assumed
to be In0:3Ga0:7As.

To calculate the Estr distribution for an array of QDMs,
the strain components �ij from all individual QDMs
within the ordered array are superimposed. The �ij are
then renormalized from the GaAs to the InAs lattice and
the strain energy density is calculated by [15]

Estr �
c11
2

��211 � �222	 � c12�11�22 � 2c44�212

with c11 � 83:4 GPa, c22 � 45:4 GPa, and c44 �
39:5 GPa as elastic constants [16]. The z components
are neglected, because we treat the growth plane as a
free surface, which is relaxed in the z direction. Fig-
ure 2(a) shows a cross-sectional view of the Estr distribu-
tion through the middle of a single QDM (gray area).
Areas with main Estr minima directly above and below
the QDM can be identified, whereas areas with high Estr

can be found around the molecule. The horizontal line
13 nm above the QDM indicates the GaAs surface, onto
which the second InGaAs QD layer is grown. The lateral
Estr distribution on this surface is given in Fig. 2(b). The
Estr minima of the individual QDs and the hole have
merged into one minimum, which is elongated in the
�1�110� direction. Elongated Estr maxima are found next
to the main minimum, pointing into the �110� and �1�110�
directions. An important observation is the occurrence of
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FIG. 3 (color). Simulation of the strain energy density distri-
bution for arrays with (a) 103 nm, (b) 157 nm, (c) 179 nm, and
(d) 200 nm periodicity. In (a) only the main minima are visible.
If the periodicity is increased, elongated satellite minima
develop between main minima.

FIG. 4 (color). Comparison of theory and experiment. (a) and
(b) compare the strain energy density simulation with the AFM
results for the unit cell of a pattern with 103 nm periodicity and
in (c) and (d) for 200 nm periodicity. All images are magni-
fications from Figs. 1 and 3. Three different areas are identified:
(i) low strain energy density in the main minimum, (ii) an area
with higher strain energy density, and (iii) satellite minima.
The corresponding areas in (b),(d) are the vertically aligned
QD, a depression area around the vertically aligned QD and the
satellite QD in (d).
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four saddle points, which appear 120 nm away from the
center of the QDM.

In Fig. 3(a) the Estr distribution for an array of
QDMs with a periodicity of 103 nm is shown. For this
periodicity the main Estr minima coincide with the saddle
point of the neighboring QDM. Satellite minima there-
fore do not occur as separate features in the Estr distribu-
tion. If the periodicity increases [Figs. 3(b)–3(d)], the
saddle points of the two neighboring QDMs start to
interfere constructively and the satellite minima become
increasingly more pronounced on the GaAs surface.
Similar to Fig. 2, elongated Estr maxima which point to
the �110� and �1�110� directions occur next to the main Estr

minima.
Epitaxial growth is driven by the chemical potential

distribution on a substrate surface, which (for a flat sur-
face) is proportional to the Estr distribution [3]. We there-
fore expect InGaAs material to accumulate in areas of
minimum Estr, and to avoid areas of maximum Estr.

Figure 4 shows a magnification of both the simulation
of the Estr distribution as well as the AFM images of the
stacked InGaAs layer for a pattern periodicity of 103 and
200 nm. For the small periodicity in Fig. 4(a), the simu-
lation shows (i) pronounced main Estr minima and (ii) an
area with high Estr. Comparing with the AFM experiment
in Fig. 4(b) it is evident that the InGaAs QD forms on the
area of minimum Estr. Also the shape of the QD base
corresponds to the shape of the Estr minimum. Both
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features are elongated into the �1�110� direction, which is
a result of the strain-field superposition of the two QDs
forming the buried QDM. The correlation between the
shape of a strain field and the shape of a QD grown on this
strain field has already been pointed out in [6]. From
Figs. 4(a) and 4(b) we conclude that the InGaAs layer
probes the Estr distribution created by the buried QDM
layer. More detailed features are found for the 200 nm
periodicity sample in Figs. 4(c) and 4(d). In this case
InGaAs material accumulates not only on the main mini-
mum [labeled (i)] but also on the satellite Estr minima
[labeled (iii)].

The simulation is capable to predict the position, base
size, and shape as well as the lateral orientation of the
satellite QDs with reasonable precision. Other features
are the four Estr maxima [labeled (ii)] next to the main
minimum in the �110� and �1�110� directions. In the AFM
image this characteristic is accentuated in the �110� di-
rection as shallow triangular depressions, which implies
that the InGaAs material avoids areas on the surface,
which experience a high Estr. Shallow depressions at
positions of Estr maxima pointing into the �1�110� direction
can be found at various QDs in Fig. 2.

To investigate the origin of the satellite Estr minima
in the array simulation, we performed a second set of
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FIG. 5 (color). Simulation without anisotropy. (a) The strain
energy density simulation of the same QDM as in Fig. 2(b).
Here the anisotropic contribution is neglected resulting in an
elliptical strain energy density distribution. In (b) we calculate
the same array as in Fig. 3(d). We observe (i) the main strain
energy density and (ii) areas with higher strain. (iii) Minima
develop between the second nearest neighbors in the �1�110�
directions.
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simulations, in which we switched off the anisotropy of
the GaAs crystal. A similar theoretical investigation has
been presented in Ref. [17]. Figure 5(a) shows the Estr

distribution for the same buried QDM as in Fig. 2(b).
Without anisotropy, the elliptic Estr distribution lacks the
pronounced maxima in the �110� and �1�110� directions and
no saddle points are observed. Figure 5(b) displays the
Estr distribution of an array of QDM analog to Fig. 3(d)
with a periodicity of 200 nm. We observe (i) the main
minimum, responsible for the vertical alignment, and
(ii) the areas of higher Estr around the QDM. In contrast
to Fig. 3 we observe (iii) Estr minima between the second
nearest neighbors along the �1�110� direction, which clearly
contradicts the formation of satellite QDs between two
nearest next neighbors as observed in the experiment. The
comparison between Figs. 3 and 5 demonstrates that the
Estr minima between the nearest next neighbors can be
explained only if the crystal anisotropy is taken into
account.

In conclusion, the ability to fabricate highly ordered
arrays of self-assembled quantum dots with different
periodicities opens the door to study novel growth phe-
nomena that are caused by strain-field interferences. Such
growth phenomena include the formation of QDs on
satellite Estr minima and the formation of shallow depres-
sions in areas of highest strain. The good agreement
between measured morphology and calculated Estr distri-
bution implies that, in the future, a relatively simple
calculation of the Estr distribution can help to predict
the position, size, and shape of QDs in two- and three-
196103-4
dimensional periodic QD crystals. Furthermore, we
showed that taking the anisotropy of GaAs into account
is essential for simulations of strain fields in this material
system.
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