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Peculiar three-dimensional ordering in „In, Ga…As/ GaAs„311…B quantum
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The impact of the GaAs spacer layer thickness on the three-dimensional ordering in
共In, Ga兲As/ GaAs共311兲B quantum dot superlattices was investigated by high-resolution x-ray
diffraction, cross-sectional transmission electron microscopy, and atomic force microscopy.
Dramatic changes in both planar and vertical ordering could be observed. A distinct correlation was
found in that the azimuthal angle of inclined vertical inheritance of the dot positions is perpendicular
to the planar direction between the dot chains within individual quantum dot layers. These directions
are close to 关130兴 or 关1̄03兴. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3141404兴
Lateral and vertical ordering of quantum dots 共QDs兲 are
issues of particular interest in semiconductor technology
with the ultimate goal of controlling the QD positions. Beyond efforts using lithographic techniques, strain-induced
self-formation on the nanometer scale has attracted overwhelming interest during the past decade, e.g., Refs. 1 and 2.
The formation of a single nanoscale island can be described
in the framework of the Stranski–Krastanow growth mode,
where the island formation is mediated by the balance between the surface free energy and the elastic strain energy
involved in the growth process. On the other hand, ordering
of an ensemble of nanoscale islands is a more complex issue.
For growth close to thermodynamic equilibrium, it has been
demonstrated that strain-induced kinetic processes play a significant role in the initial pattern formation.3,4 It has also
been shown that anisotropic properties of surfaces may induce alignment of QDs.5,6 In particular, anisotropic diffusion
processes caused by surface reconstruction7 may result in the
formation of extended QD chains.
In the 共In,Ga兲As/GaAs共100兲 system, extended and well
ordered QD chains oriented along the 关011̄兴 direction have
been found.8–10 However, although weak ordering is present
for a single layer of 共In,Ga兲As,11 the QD chain formation is
most pronounced when multiple layers of QDs are stacked to
form a three-dimensional 共3D兲 QD lattice. It is, however,
interesting to note that lateral and vertical ordering are
caused by different mechanisms: the chain formation is mediated by strong anisotropic surface diffusion induced by the
2 ⫻ 4 surface reconstruction, while the exact vertical ordering is a result of the elastic properties of the GaAs spacer
layer. This behavior was confirmed for 共In,Ga兲As QD superlattices 共SLs兲 that are grown on high-index GaAs substrates
with surface orientations of type 共n11兲B共n = 3 , 4 , 5 , 7 , 9兲.12
Here, inclined vertical inheritance was observed and the derived angles of inheritance strongly depend on the surface
orientation. This behavior could be modeled by numerical
simulations using linear elasticity theory. On the other hand,
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growth on substrates of the type 共n11兲B induces an increased
surface step density in 关011̄兴 direction which strongly influences the atomic diffusion on the surface. This finally leads
to QDs arranged in a two-dimensional 共2D兲 rhombic lattice
with varying in-plane angle.6 Vertical and lateral ordering
can thus be explained independently and the processes involved surface kinetics for lateral ordering, elastic strain relaxation for vertical arrangement are different.
In this letter we report on the influence of GaAs spacer
layer thickness on the 3D ordering in 共In,Ga兲As/GaAs QD
SLs grown on GaAs 共311兲B substrates. Surprisingly, we
found dramatic changes in both vertical and horizontal ordering and, even more importantly, we got strong indications for
a remarkable coupling between both. All samples were
grown by molecular beam epitaxy. They comprise of 16.5
periods of 10 ML In0.4Ga0.6As, forming QDs, and subsequent
GaAs spacer layers with corresponding thicknesses between
30 and 240 ML. Prior to the SL, a 0.5 m thick GaAs buffer
layer was deposited at 580 ° C. This temperature was then
decreased to 540 ° C for the growth of 共In,Ga兲As/GaAs SLs.
Finally the last In0.4Ga0.6As QD layer was kept uncovered
to enable the investigation of the surface morphology by
atomic force microscopy. Corresponding growth rates of
In0.4Ga0.6As and GaAs have been measured using in situ
reflection high energy electron diffraction, both were kept
constant during the experiment at 0.15 and 0.22 ML/s, respectively.
Big changes in the surface morphology can be observed
by varying the spacer layer thickness from 30 ML 共8 nm兲 to
240 ML 共64 nm兲 共Fig. 1兲. The samples with comparatively
small spacer layer thicknesses ranging from 30 to 127.5 ML
exhibit a 2D dense array of QDs 关Figs. 1共a兲–1共d兲兴 with improving planar ordering. The highest degree of ordering is
achieved at 127.5 ML where a nearly perfect 2D rhombic
pattern is observed with the two main directions pointing
approximately along 关130兴 and 关1̄03兴 directions. The 2D pattern abruptly changes when the spacer layer thickness is further increased. Highly ordered QD chains are formed, which
are aligned along the 关130兴 direction 关Figs. 1共e兲–1共g兲兴. The
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FIG. 1. 共Color online兲 Atomic force micrographs of the topmost surface for
various 共In,Ga兲As/GaAs QD SLs grown on GaAs共311兲B. The thickness of
the GaAs spacer layers between succeeding QD layers varies between 30
and 240 ML. The green arrows mark the planar 关130兴 and 关1̄03兴 directions.

highest uniformity is reached when the spacing layer thickness approaches 180 ML. Finally, at very large spacer layer
thicknesses, the horizontal ordering is strongly weakened
关Figs. 1共h兲 and 1共i兲兴, which is the case when the vertical
correlation between the successive QD layers becomes
weaker. The observed large changes in the planar alignment
are accompanied by changes in the QD size and density.
In order to determine the 3D arrangement of the QDs,
high-resolution x-ray diffraction 共HRXRD兲 has been performed using synchrotron radiation 共 = 1.55 Å兲 at beamline
BW2, HASYLAB 共Hamburg, Germany兲. By using a 2D
charged-coupled device detector13 the intensity distribution
of diffuse scattering can be recorded in all three dimensions
in the vicinity of the GaAs共31̄1兲 reciprocal lattice point. Two
exemplary 2D sections of the diffuse scattering for 135 ML
spacer thickness containing the 关233̄兴 and the 关011兴 direction
are displayed in Figs. 2共c兲 and 2共f兲, respectively. The diffuse
scattering from the QD lattice is concentrated in resonant
diffuse scattering 共RDS兲 sheets. The inclination angles of the
RDS sheets with respect to the horizontal directions 关011兴
and 关233̄兴 are identical with the corresponding angles of inheritances ␣011 and ␣233¯ , respectively, which are defined in
Fig. 3.
In parallel, all samples were probed by cross-sectional
transmission electron microscopy 共XTEM兲 within the same
crystallographic zones as for HRXRD. The inclination angles
can be directly obtained from the XTEM micrographs 关see
Figs. 2共a兲 and 2共d兲 for 135 ML spacer thickness兴 or, alternatively, from corresponding power spectra 关Figs. 2共b兲 and
2共e兲兴. The angles derived with XTEM and HRXRD coincide
within reasonable agreement 共see Table I兲.
Surprisingly, we observe dramatic changes in both inclination angles ␣233¯ and ␣011 with increasing spacer layer
thickness 关Table I兴. Based on the model discussed in Ref. 12,
the finite horizontal size w of the QDs may reduce the incli-
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FIG. 2. 共Color online兲 Vertical stack with 135 ML spacer thickness. Bright
field XTEM images containing the 关011兴 共a兲 and 关233̄兴 共d兲 directions. Corresponding XTEM power spectra 共b, e兲 and HRXRD reciprocal space maps
共c, f兲 were used to deduce the angles of inclined inheritance, ␣011 and ␣233¯ ,
of the QD stacking in the corresponding projections.

nation angles when the horizontal QD size becomes larger
than the spacer layer thickness t. Otherwise, the inclination
angle only depends on the elastic properties of the spacer
layer and values of ␣233¯ = 10° and ␣011 = 0° are expected.
Since for all samples w ⬍ 30 nm a remarkable reduction in
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FIG. 3. 共Color online兲 共a兲 Stereographic projection of the 共311兲B surface.
With respect to the indicated orthogonal directions one can specify the direction of inheritance, which is given by an azimuth ␥ and a polar angle ␦,
between the direction of inheritance and the growth direction, 关31̄1兴, respectively. However, XTEM as well as HRXRD just probe projections of inheritance in particular planes. The two experimental angles 共b兲 ␣233¯ and 共c兲 ␣011
can be used to calculate the azimuthal angle ␥ and the polar angle ␦ of
inclined vertical inheritance.

Downloaded 22 Jul 2009 to 62.141.165.15. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

Appl. Phys. Lett. 94, 203105 共2009兲

Hanke et al.
30

TABLE I. Projected directions of vertical inheritance as derived from
XTEM
XTEM 共␣XTEM
compared with x-ray diffraction data
¯ 兲
011 , ␣233
HRXRD
HRXRD
共␣011 , ␣233¯ 兲 as a function of spacer layer thickness t given in monolayers. The individual differences between the two independent techniques
are typically smaller than 5°. From the projected directions the azimuthal
⬜
共␥兲 and polar angle 共␦兲 of inheritance are derived. ␥chain
is the planar direction perpendicular to QD chains.
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the inclination angles can be expected for spacer layer thicknesses below 120 ML only. Therefore, a finite QD size
should not be responsible for the observed behavior.
We have already discussed the dramatic changes in QD
planar ordering with increasing GaAs spacer layer thickness.
A closer inspection of our data reveals a systematic behavior,
which suggests a remarkable coupling between planar and
vertical ordering. This becomes evident when introducing
polar and azimuthal angles of inheritance ␦ and ␥, respectively, as defined in Fig. 3. These can be derived from the
projected angles ␣011 and ␣233¯ by using the expressions
tan ␥ = tan ␣233¯ / tan ␣011 and tan ␦ = 冑tan2 ␣233¯ + tan2 ␣011. In
Fig. 4共a兲, the polar angle ␦ of inclined inheritance is plotted
as a function of the spacer layer thickness t. It abruptly
changes from values around ␦ = 35° at t smaller than about
130 ML 共2D rhombic planar ordering兲 to values around ␦
= 15° at t larger than 130 ML 共one-chain formation兲. Even
more striking is the behavior of the azimuthal angle ␥, which
is always close to ⫾45°. The azimuthal direction of inclined
inheritance is thus parallel to either 关130兴 or 关1̄03兴. On the
other hand these directions characterize the planar ordering.
This is quantitatively illustrated in Fig. 4共b兲, where the azimuthal angle ␥ of inclined vertical inheritance and the azi⬜
are plotted as a function of the space
muthal angle ␥chain
layer thickness. The 3D ordering thus undergoes a “phase
transition” at about 130 ML GaAs spacer layer thickness.
In conclusion, we reported on a systematic study on the
influence of the GaAs spacer layer thickness on the 3D arrangement in 共In,Ga兲As/GaAs QD SLs. We found dramatic
changes in both planar and vertical ordering. However, these
changes seem to follow a common rule in that the azimuthal
angle of inheritance and the direction perpendicular to the
QD chains point into the same direction, which is very close
either to 关130兴 or to 关1̄03兴. A detailed understanding of the
observed peculiar 3D ordering is still missing. Kinetic Monte
Carlo simulations of 3D QD lattices, however, predict a
sharp transition between correlated and anticorrelated growth
as a function of the spacer layer thickness quite similar to the
behavior displayed in Fig. 4.
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FIG. 4. 共a兲 Polar 共␦兲 and 共b兲 azimuthal angle 共␥兲 of inclined vertical inheritance as a function of GaAs spacer layer thickness. Also plotted is the
⬜
, which is
direction perpendicular to the observed QD chain direction ␥chain
in good agreement with ␥. The dashed lines mark the planar 关130兴 and 关1̄03兴
directions.
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