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We present a “bottom-up” approach for the lateral alignment of semiconductor quantum dots

(QDs) based on strain-driven self-organization. A buried stressor formed by partial oxidation of

(Al,Ga)As layers is employed in order to create a locally varying strain field at a GaAs(001)

growth surface. During subsequent strained layer growth, local self-organization of (In,Ga)As QDs

is controlled by the contour shape of the stressor. Large vertical separation of the QD growth plane

from the buried stressor interface of 150 nm is achieved enabling high optical quality of QDs.

Optical characterization confirms narrow QD emission lines without spectral diffusion. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3691251]

The deterministic alignment of quantum dots (QDs) dur-

ing an epitaxial growth process is mandatory for electronic

and optoelectronic devices1 based on single QDs, for exam-

ple, single photon detectors2 and non-classical light emit-

ters.3 The self-organized formation of coherently strained

islands, e.g., QDs, by the growth of strained layers in the

“Stranski-Krastanow” growth regime is a consequence of the

total energy minimization of the strained layer system.4–6

QDs are formed if the strain energy relieved by island forma-

tion surpasses the energy cost associated with newly formed

surfaces and edges.7 Therefore, a selective formation of QDs

on a surface will occur if the surface exhibits sites of

increased strain energy, higher strain energy relief, or lower

facet formation energy during growth of a strained layer.

Current techniques for QD positioning generally deploy

nanometer-scale lithography techniques like electron beam

lithography,8 focused ion beam lithography,9 local oxida-

tion,10 or nano-imprinting11 in order to define nanometer-

sized areas as exclusive nucleation sites prior to the growth

of quantum dots. All these “top-down” approaches share a

number of difficulties, which impact the structural and opti-

cal properties of the quantum dots. First, deterministic quan-

tum dot nucleation is possible only within very close vertical

proximity to the structural patterning. An often reported

problem is the missing of QDs at shallow holes patterned on

a growth surface.8,9 Since the patterning involves etching of

the surface or other invasive means, the quantum dots will

be surrounded by defect sites which degrade their structural

and optical quality.12 Even though sophisticated cleaning

procedures are applied prior to growth, the QDs show infe-

rior optical qualities in terms of spectral linewidth and radia-

tive efficiency as compared to QDs grown on planar

substrate surfaces.8,9 Second, these technologies are not eas-

ily scalable to large wafer sizes because of the involved deli-

cate nanometer-scale processing steps. Third, there is no

self-alignment of an electrical current path with respect to

the QDs in order to efficiently inject charge carriers into sin-

gle quantum dots.

We report on a “bottom-up” approach employing a local

modification of the free energy of a GaAs(001) surface using

spatially modulated strain fields. These strain fields emanate

from the interfaces of a buried AlxGa1�xAs/AlOx stressor

obtained by partial oxidation of AlGaAs.13,14 The strain field

is created by altering the volume of the initial AlGaAs upon

oxidation. During subsequent InGaAs strained layer growth

the InAs growth is preferred at the local tensile strain max-

ima of the GaAs surface. Consequently, local QD formation

is observed. For properly reduced size of the stressor, con-

trolled growth of single QDs at the center of the mesa is

obtained. We first analyze the stressor-induced strain distri-

bution at a GaAs(001) surface and report afterwards on the

positioning of InGaAs QD using buried stressors.

The strain distribution as obtained by a continuum-

mechanical model at the surface of a circular mesa structure

for a rectangular AlxGa1�xAs/AlOx stressor buried 100 nm

beneath a GaAs(001) surface is shown in Fig. 1. The upper

panel shows a schematic of the structure used for modeling.

An isotropic contraction of the unit cell volume by 7% upon

oxidation is assumed for all calculations. As a result of the

volume contraction, the region above the oxidized buried

layer is compressively strained. However, the volume con-

traction exerts a tensile force onto the region at the bounda-

ries between the oxide and the AlAs. The result as shown in

the lower panel of Fig. 1 is an inhomogeneous strain distri-

bution e(x,y) at the GaAs(001) surface. On the vertical axis

the strain distribution e¼ exxþ eyy at the surface is displayed.

Two cross-sectional line scans of the strain distribution of

rectangular apertures with 2 and 1 lm side length reveal the

impact of the aperture size on the strain distribution.

Whereas two separate maxima of the tensile in-plane strain

are located above the aperture region with 2 lm side length

only a single tensile strain maximum is found for the aper-

ture 1 lm side length. For the given structure with a 100 nm

GaAs layer thickness on top of the oxide, the magnitude ofa)Electronic mail: strittma@sol.physik.tu-berlin.de.
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the interfacial strain (exx or eyy) is of the order of 1%–1.5%.

As the QD formation in the InxGa1�xAs/GaAs system is

driven by interfacial lattice mismatch (e� 3%–7% for

x> 0.30) this magnitude of the surface strain is significant

for the QD growth. Since InAs has a larger lattice constant

than GaAs the points of maximum tensile strain at the GaAs

surface correspond to points of lowest strain for the InAs

layer. The inhomogeneous strain distribution will therefore

affect growth of both GaAs and InAs layers since atoms will

move to the minima of their respective surface strain energy

during growth. As the total amount of InAs triggers the onset

of quantum dot formation,15 selective growth of QDs at the

aperture boundaries is expected. From the simulation data,

the width of the tensile strain maximum is about 300 nm

which sets the spatial resolution for QD alignment to a circle

of about 300 nm diameter. Since the oxide layer defines a

current path through the aperture in vertical pn-junction

devices, the QDs are inherently self-aligned to this current

path.

The process for the stressor fabrication starts with the

growth of the epitaxial stressor structure consisting of 40 nm

Al0.90Ga0.10As/40 nm AlAs/40 nm Al0.90Ga0.10As which is

covered by 50 nm GaAs. After growth, circular mesas are

formed by dry etching and finally, the AlAs layer is oxidized

in a water vapor/nitrogen ambient from the mesa edges

towards the center (see Fig. 1). The fabricated circular mesas

are 10–25 lm in diameter. Upon an oxidation time of

approximately 10 min, the oxidation depth is about 7 lm

leading to apertures in the oxide layer for dmesa> 14 lm,

which are centered with respect to the mesa boundaries. The

aperture sizes scale with the mesa diameter from< 1 lm for

dmesa< 16 lm to �2 lm for dmesa¼ 20 lm. Prior to QD for-

mation sample surfaces are annealed at 720 �C and a 50 nm

GaAs buffer layer is grown at 690 �C which is standard for

GaAs growth on un-patterned substrates. For QD formation,

approximately 2 monolayers of In0.5Ga0.5As are deposited

onto the GaAs surface by metalorganic vapor phase epitaxy.

Thereby, the vertical separation of the QD growth plane

from the stressor is about 150 nm which is much larger than

for QDs grown on patterned nano-holes, for example.

Figures 2(a)–2(c) are atomic force microscopy (AFM)

surface images taken at the center of mesas with diameters

of 20, 14, and 13 lm exhibiting apertures of 2 lm, <1 lm,

and <500 nm side length, respectively. For this experiment,

the InGaAs QDs are buried beneath the surface by only 4 nm

GaAs to distinguish the QDs by hillocks on the surface. For

the 2� 2 lm2 aperture (Fig. 2(a)), a square-like alignment of

the QDs is observed while a QD cluster appears for the

14 lm mesa (Fig. 2(b)). With an aperture size of less than

500 nm (13 lm mesa diameter) only two QDs are left at the

aperture center (Fig. 2(c)) in agreement with our theoretical

modeling. Optical properties of the QDs are investigated by

cathodoluminescence and micro-photoluminescence spec-

troscopy. The QD luminescence distribution is very well cor-

related to the alignment found in the AFM images. For

example, 20 lm large mesas show QD luminescence distri-

bution along the boundaries of a 2� 2 lm2 square (not

shown). Figure 3 shows the spatial distribution of QD emis-

sion (1.28–1.32 eV) on a 15 lm mesa and a local spectrum

taken at the center to demonstrate the high optical quality of

the QDs. From the AFM analysis (Fig. 2(b)), a cluster of

QDs is expected to be formed at the center of the mesa.

Amongst other QD emission lines, a spectrally separated sin-

gle emission line is selected for demonstration purposes.

This line exhibits a full-width at half-maximum of 160 leV

FIG. 1. (Color online) (Upper panel) Schematic of the buried stressor struc-

ture as used for strain calculation. (Lower panel) Calculated sum of the

in-plane strain components (e¼ exxþ eyy) at the surface of a GaAs(001) sub-

strate for a buried AlAs/AlOx stressor structure covered by 100 nm GaAs.

For square-like aperture of 2 lm side length (black line) the maximum in-

plane strain is surrounding the inner part of the aperture. For an aperture

side length of 1 lm (red line) maximum tensile strain is found at the center

of the aperture.

FIG. 2. (Color online) Atomic-force microscopy images of the center

regions of mesa structures with (a) 20 lm, (b) 14 lm, and (c) 13 lm diameter

overgrown with quantum dots. QDs appear as hillocks and show clear lateral

ordering in a square-like pattern (a) according to the shape of the 2� 2 lm2

rectangular stressor. For aperture sizes less than 1 lm, a cluster of QDs is

found (b). The number of aligned QDs at the mesa center is reduced to 2

quantum dots for aperture sizes of less than 500 nm (c). Scale bars in the fig-

ures indicate the height scale.

FIG. 3. (Color online) Individual QD emission line in the center of a 15 lm

mesa with 160 leV FWHM as indicated in the inset. Inset: spatial distribu-

tion of QD luminescence between 1.28 and 1.32 eV. The local value of max-

imum intensity is encoded in false colors. Additional QDs have formed in

the region of reduced strain at the mesa’s edge.
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which is limited by the spectral resolution of the setup. The

value compares well with some of the best reported values to

date.8,16 In Ref. 8, an average QD emission linewidth of

132 leV is reported, and in Ref. 14, the linewidth is about

100 leV. The intensity of the spectrum is comparable to that

of QD samples grown on planar substrates, demonstrating

high optical quality of the aligned QDs. Very little spectral

diffusion of QD emission lines is observed on individual

emission lines which indicates high quality of the surround-

ing GaAs material.

A “bottom-up” technique for QD positioning based on

lateral self-organization above a buried stressor is developed.

Deterministic alignment of InGaAs QDs at large vertical dis-

tance from a buried AlxGa1�xAs/AlOx stressor is achieved.

QDs are located above the inner regions of the buried oxide

aperture which inherently defines an electrical current path

through the QDs in pn-junction devices. Optical characteri-

zation yields narrow QD emission lines with high lumines-

cence intensity and little spectral diffusion.
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