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Complex quantum dot arrays formed by combination of self-organized
anisotropic strain engineering and step engineering on shallow
patterned substrates

T. Mano,a) R. Nötzel, D. Zhou, G. J. Hamhuis, T. J. Eijkemans, and J. H. Wolter
eiTT/COBRA, Inter-University Research Institute, Eindhoven University of Technology, 5600MB Eindhoven,
The Netherlands

(Received 26 May 2004; accepted 28 September 2004; published online 9 December 2004)

One-dimensional(In,Ga)As quantum dot(QD) arrays are created on planar singular, vicinal, and
shallow mesa-patterned GaAs(100) substrates by self-organized anisotropic strain engineering of an
sIn,GadAs/GaAs quantum wire(QWR) superlattice template in molecular beam epitaxy. On planar
singular substrates, highly uniform single QD arrays alongf0−11g are formed. On shallow
f0−11g and[011] stripe-patterned substrates, the generated type-A and -B steps distinctly affect the
surface migration processes which are crucial for QWR template development, i.e.,
strain-gradient-driven In adatom migration along[011] and surface-reconstruction-induced Ga/ In
adatom migration alongf0−11g. In the presence of both type-A and -B steps on vicinal substrates
misoriented towards[101], the direction of adatom migration is altered to rotate the QD arrays. This
establishes the relationship between self-organized anisotropic strain and step engineering, which is
exploited on shallow zigzag-patterned substrates for the realization of complex QD arrays and
networks with well-positioned bends and branches, exhibiting high structural and optical quality.
© 2005 American Institute of Physics. [DOI: 10.1063/1.1823578]

I. INTRODUCTION

The fabrication of self-assembled quantum dots(QDs)
has been intensively investigated in the last decade for basic
physics and device applications.1,2 Among the hurdles which
have to be overcome, lateral ordering of self-assembled QDs
is one of the most challenging issues. Commonly, artificial
patterning techniques are applied for the position control of
QDs.3–6 These techniques, however, often degrade the struc-
tural and optical properties of the QDs. To solve this prob-
lem, we have introduced a concept for the lateral ordering of
QDs based on self-organized anisotropic strain engineering
of an sIn,GadAs/GaAs quantum wire(QWR) superlattice
(SL) template in molecular beam epitaxy(MBE).7–11 Mul-
tiple and single one-dimensional InAs and(In,Ga)As QD
arrays alongf0−11g, which exhibit excellent optical proper-
ties up to room temperature, have been realized on planar
singular GaAs(100) substrates due to the laterally modulated
strain field generated by the underlying QWR SL templates.
For clarity, we briefly recall the essential steps for template
formation and QD ordering.8,9

(1) Randomly distributed(In,Ga)As QDs form in the
Stranski-Krastanov(SK) growth mode on a GaAs buffer
layer.

(2) A thin GaAs cap layer is grown.
(3) The next step is annealing at higher temperature.

The QDs elongate and connect due to preferential aniso-
tropic Ga/ In adatom surface migration alongf0−11g on the

s234d reconstructed GaAs(100) surface, accompanied by In
desorption. QWRs alongf0−11g form.

(4) Growth of a GaAs separation layer takes place.
(5) This is followed by growth of the subsequent

(In,Ga)As QD layer. The QDs preferentially nucleate in the
lateral strain field minima above the QWRs due to the strain-
gradient-driven In adatom migration preferentially along
[011]. This is orthogonal to the surface-reconstruction-
induced adatom migration alongf0−11g. One-dimensional
well-separated QD arrays alongf0−11g form.

(6) Then there is repetition of steps(1)–(5) in SL growth.
The length of the QWRs increases and the lateral ordering
improves due to the vertical-strain-correlated stacking.

In this study, we establish the relationship of self-
organized anisotropic strain engineering with step engineer-
ing on vicinal and shallow mesa-patterned GaAs(100) sub-
strates for the realization of advanced, complex QD arrays
and networks. Type-A and -B steps, which are generated on
the shallowf0−11g and[011] stripe-patterned substrates, dif-
ferently affect the adatom surface migration processes during
QWR SL template development. While type-A steps along
f0−11g have no significant effect on the strain-gradient-
driven In adatom migration along[011], type-B steps along
[011] strongly hinder the surface-reconstruction-induced
Ga/ In adatom migration alongf0−11g to prevent QWR for-
mation and QD ordering.12 When both type-A and -B steps
are present on vicinal substrates which are misoriented to-
wards[101], the surface-reconstruction-induced adatom mi-
gration is altered to rotate the QD arrays. On shallow zigzag-
patterned substrates, this leads to complex QD arrays and
networks with well-positioned bends and branches, which
exhibit excellent structural and optical quality.
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II. EXPERIMENTAL DETAILS

The samples were grown by conventional solid-source
MBE on planar singular, vicinal(2° off towards[101]), and
shallow-patterned GaAs(100) substrates. The patterned sub-
strates were prepared by optical lithography and wet chemi-
cal etching in the H2SO4:H2O2:H2O (1:8:1000) solution.13

On the stripe-patterned substrates, the periodic mesas with
5 mm width, 5 mm separation, and 30 nm height were ori-
ented alongf0−11g and [011], as schematically depicted in
Fig. 1(a). For the periodic zigzag patterns, 10mm wide me-
sas with 30 nm height were separated by 10mm. The 10mm
long sidewalls were alternately rotated by +30° and −30° off
f0−11g [Fig. 1(b)]. After substrate cleaning in concentrated
H2SO4 and rinsing in ultrapure water, the growth com-
menced with a 200 nm thick GaAs buffer layer at 580 °C.
For the QWR SL template formation, each SL period com-
prized the following sequence.(1) growth of 1.8–2.2 nm
In0.41Ga0.59As QDs in the SK mode at 540 °C;(2) growth of
a thin 0.7–0.8 nm GaAs cap at 540 °C;(3) annealing at
580 °C for 2 min under As4 flux; and (4) growth of a
10.8–12.3 nm GaAs separation layer at 580 °C. The number
of SL periods was 15. On top of the last GaAs layer of the
SL, the (In,Ga)As layer was repeated without annealing for
QD array formation. For photoluminescence(PL) studies,
the (In,Ga)As QD arrays were capped with 50 nm GaAs at
540 °C followed by 100 nm GaAs at 580 °C. The growth
rates of GaAs and(In,Ga)As were 0.054–0.062 and
0.092–0.110 nm/s. The As4 beam equivalent pressure was
1.0310−5 Torr. The structural properties of the samples
were characterized by atomic force microscopy(AFM) and
high-resolution x-ray diffraction(XRD) in air. For the
micro-PL measurements with a spatial resolution of,5 mm,
a He-Ne laser with a power of 30mW was used for excita-
tion through an optical microscope objective. The PL emis-
sion was collected through the same optical microscope ob-
jective, dispersed by a single monochromator, and detected
by a cooled(In,Ga)As charge-coupled device.

III. RESULTS AND DISCUSSION

A. Planar singular GaAs (100) for reference

Figure 2(a) shows the AFM image of the 1.8 nm
In0.41Ga0.59As QD arrays on the 15-period
s1.8 nm In0.41Ga0.59Asd / fs0.7+12.3d nm GaAsg QWR SL
template on planar singular GaAs(100). Growth rates of
(In,Ga)As and GaAs are 0.054 nm/s and 0.092 nm/s. The
QD arrays are oriented alongf0−11g with an average lateral
periodicity of 160 nm in the perpendicular[011] direction,
which is deduced from the fast Fourier transform(FFT)
analysis shown in Fig. 2(b). This is consistent with the
180 nm lateral periodicity of the QWRs in the SL template
determined by XRD recorded in the vicinity of the glancing
exit (311) reflection. In thef0−11g direction along the ar-
rays, the QDs are closely spaced with an average center-to-
center distance of 60 nm.

B. Shallow †0−11‡ and [011] stripe-patterned
GaAs (100)

Figures 3 and 4 show the 1.8 nm In0.41Ga0.59As QD ar-
rays grown on the 15-period(1.8 nm In0.41Ga0.59As)/

FIG. 1. Scheme of the shallow(a) stripe- and(b) zigzag- patterned GaAs
(100) substrates.

FIG. 2. (a) AFM image of the(In,Ga)As QD arrays on planar singular GaAs
(100). The black-to-white height contrast is 15 nm.(b) FFT analysis of a
535 mm2 AFM image.
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fs0.7+12.3d nm GaAsg QWR SL template on thef0−11g
and f011g stripe-patterned substrates. After the GaAs
buffer layer growth, the angles between the mesa-slopes
and thes100d surface are already below 5° and change
only slightly during SL growthfFigs. 3sad and 4sadg. This
indicates that the slopes consist ofs100d terraces and
monolayer-height type-A sparallel to f0−11gd or type-B
sparallel to f011gd steps rather than of facets.14 On the
mesa stripes alongf0−11g, well-ordered QD arrays are
found all over the top, bottom, and slope areasfFigs.
3sbd–3sddg. The size of the QDs is similar to that on the
planar singular surface shown in Fig. 2sad and also the PL
spectra are unchanged.12 The average lateral periodicities

of the QD arrays are 170 nmstopd, 180 nmsbottomd, and
190 nmssloped, which are all similar to the average lateral
periodicity of the QD arrays in planar areas. In the case of
the mesa-stripes alongf011g, well-ordered QD arrays
along f0−11g are found only in the top areasfFig. 4sbdg.
The lateral periodicity of 150 nm is almost the same as
that on the planar substrate. Towards the bottom areas of
the mesas, the QD distribution becomes rather random, as
seen in Fig. 4scd and the left-hand side of Fig. 4sdd, which
is accompanied by distinct changes of the PL spectra.12

These results provide the basic information on the im-
pact of steps on the development of the QWR SL template,
i.e., on the strain-gradient-driven In adatom migration along
[011] during QD formation, and on the surface-
reconstruction-induced Ga/ In adatom migration along
f0−11g during annealing.10,15,16 The former causes the
QWRs to be well-separated and the latter causes the QWRs
to be uniform along their length. Hence, since the lateral
periodicities of the QD arrays in the top, bottom, and slope
areas are similar on thef0−11g mesas, it is evident that the
generated type-A steps(parallel tof0−11g) do not affect the
strain-gradient-driven In migration along[011]. Although the
ordering of QDs by type-A steps has been reported,14,17 the
probability of adatom trapping at type-A step edges is
low.18,19 This explains that the strain field fully governs the
QD nucleation sites in the presence of type-A steps, which
may not affect much the surface-reconstruction-induced
Ga/ In migration alongf0−11g. On the contrary, the QDs are
arranged rather randomly in the slope areas of the mesas
along [011], indicating that QWRs are not developed in the
presence of type-B steps. Ons234d reconstructed GaAs
(100) surfaces, type-B steps provide effective sites for ada-
tom adsorption, unlike to type-A steps.18,19 Moreover, the
density of type-B steps becomes larger towards the bottom
areas of the mesas, where the angle between the slopes and
the (100) surface is steeper. As the result, the surface-
reconstruction-induced Ga/ In migration alongf0−11g is hin-
dered during the annealing process and uniform QWRs can-
not be formed, although the strain-gradient-driven In
migration along[011] may not be affected.15

C. Vicinal GaAs (100)

The 2.2 nm In0.41Ga0.59As QD arrays formed on the
15-period s2.2 nm In0.41Ga0.59Asd / fs0.8+10.8d nm GaAsg
QWR SL template on the vicinal(2° off towards[101]) sub-
strate are shown in Fig. 5(a). The growth rates of(In,Ga)As
and GaAs are 0.062 nm/s and 0.110 nm/s. The QD arrays
are rotated by 20° off thef0−11g direction with an average
lateral periodicity of 170 nm, determined by the FFT analy-
sis shown in Fig. 5(b). For the present misorientation, the
average step direction is along[001], i.e., 45° off f0−11g.
Indeed, (In,Ga)As QDs, which are directly grown on the
GaAs buffer, show some alignment along[001] due to the
step-edge-induced QD nucleation. Hence, the smaller rota-
tion angle of the QD arrays on the QWR SL template cannot
be simply attributed to the average step-edge direction and
related QD nucleation.16 Microscopically, the [001] step
edges are composed of alternating active type-B steps sepa-

FIG. 3. (a) AFM image of the(In,Ga)As QD arrays onf0−11g stripe-
patterned GaAs(100). (b)–(d) Magnified images of the top, bottom, and
slope areas. The black-to-white height contrast is 15 nm.

FIG. 4. (a) AFM image of the (In,Ga)As QD arrays on[011] stripe-
patterned GaAs(100). (b)–(d) Magnified images of the top, bottom, and
slope areas. The black-to-white height contrast is 15 nm.
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rated by nonactive type-A steps of equal fractions.18,19 Dur-
ing the annealing process, the preferential capture of surface
adatoms at the portions of type-B steps, will therefore add a
component of migration along[001] [or [011]] to the
surface-reconstruction-induced migration alongf0−11g. This
results in a net rotation of the direction of the surface adatom
migration and, hence, of the QWRs and QD arrays in be-
tween thef0−11g and [001] directions. On the other hand,
the QD nucleation sites and the strain-gradient-driven migra-
tion are again solely governed by the strain field and unaf-
fected by the presence of the type-A and -B steps, as evi-
denced by the lateral periodicity of the QD arrays, which is
comparable to that on planar singular substrates.

D. Shallow zigzag-patterned GaAs (100)

The rotation of the QD arrays in the presence of both
type-A and -B steps as a function of the misorientation is
utilized for the formation of complex QD arrays and net-
works. On the shallow zigzag-patterned substrates, stepped
slopes inclined by few degrees and oriented by +30° and
−30° off f0−11g are developed during GaAs buffer layer

growth, in addition to planar(100) surface areas, as depicted
in Fig. 6(a). After QWR SL template formation and QD
growth, it is clearly observed that the one-dimensional QD
arrays on the slopes are rotated by +16° and −16° off
f0−11g [Fig. 6(b)], in analogy to the behavior on the vicinal
substrate. The smaller rotation angles of the QD arrays, com-
pared to those of the slopes, and the unchanged lateral peri-
odicity, confirm that the direction of the QD arrays is deter-
mined by the rotation of the surface migration during
annealing in QWR SL template formation due to the pres-
ence of both type-A and -B steps, while the QD nucleation
sites are controlled by the strain field. The rotation of the QD
arrays on the slopes naturally produces the basic building
blocks of complex QD networks in a well-defined way.
Bends of the QD arrays by,32° are formed at the slope
intersections, and periodic arrangements of branches are gen-
erated at the intersections of the slopes and the planar areas,
which contain QD arrays oriented alongf0−11g, as demon-
strated in Fig. 6(b).

The optical properties of the capped QD arrays on the
zigzag-patterned substrate are assessed by micro-PL mea-
surements. Figure 7 shows the PL spectra which are taken
from the planar and slope areas. The PL lines at longer and
shorter wavelengths in each spectrum stem from the QD ar-
rays and the QWR SL template, respectively. The peak en-
ergy and width of the PL emission from the QD arrays in the
planar (slope) area are 1.279 eVs1.265 eVd and 52 meV
s77 meVd. The origin of the small PL redshift and line broad-
ening for the QD arrays in the slope area is attributed to the
mixture of the rotated arrays, the bends and branches, gen-

FIG. 5. (a) AFM image of the(In,Ga)As QD arrays on vicinal(2° off
towards[101]) GaAs(100). The black-to-white height contrast is 15 nm.(b)
FFT analysis of a 535 mm2 AFM image.

FIG. 6. (a) AFM image of the(In,Ga)As QD arrays on zigzag-patterned
GaAs (100). (b) Magnified image of the slope intersections. The black-to-
white height contrasts are(a) 40 nm and(b) 20 nm.
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erating larger entities. The integrated PL intensity of the QD
arrays on the slope is the same as that of the QD arrays in the
planar area. Thus, the optical quality of the complex QD
arrays, which are realized on shallow patterned substrates, is
not degraded compared to that of QD arrays on planar ones.
This is attributed to the fact that the QD nucleation and or-
dering are exclusively governed by the strain field, which is
inherently smooth on the dot-diameter and dot-to-dot dis-
tance length scales.8 The role of steps induced by the shallow
pattern is to modify(rotate) the adatom surface migration
during annealing in QWR SL template formation, allowing
to design the strain field. The demonstrated high complexity
and optical quality of the QD arrays on shallow-patterned
substrates highlight the key advantage of self-organized an-
isotropic strain engineering for QD ordering.

IV. CONCLUSIONS

The formation of ordered(In,Ga)As QD arrays by self-
organized anisotropic engineering of ansIn,GadAs/GaAs
QWR SL template in MBE has been investigated on planar
singular, vicinal, and shallow mesa-patterned GaAs(100)
substrates. On planar singular substrates, highly uniform
single QD arrays alongf0−11g are formed. On shallow
f0−11g and [011] stripe-patterned substrates, well-ordered
QD arrays are developed with the same lateral periodicity,
except on the slopes of the mesas along[011]. This indicates
that, for QWR SL template formation, type-A steps along
f0−11g do not affect the strain-gradient-driven In adatom
migration along[011] during QD growth. On the contrary,

type-B steps along[011] drastically hinder the surface-
reconstruction-induced Ga/ In adatom migration along
f0−11g during annealing to prevent QWR formation and QD
ordering. On vicinal substrates 2° off towards[101] with
alternating type-A and -B steps along[001], the direction of
adatom migration during annealing in QWR SL growth is
altered to rotate the QD arrays. This has been exploited for
the creation of complex QD arrays on shallow zigzag-
patterned substrates, where well-positioned bends and
branches are naturally introduced at the intersections of the
slopes. The optical properties of the QD arrays on the
shallow-patterned substrates are not degraded compared to
those of QD arrays formed on planar substrates. Hence, the
potential of self-organized anisotropic strain engineering,
which is guided by step engineering on shallow patterned
substrates, has been proven for the creation of advanced QD
arrays and networks of high complexity.
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