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Vertical composition gradient in InGaAs/GaAs alloy quantum dots
as revealed by high-resolution x-ray diffraction
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Shape and composition profiles of self-organized In0.6Ga0.4As/GaAs quantum dots(QDs) were
investigated using diffuse x-ray scattering of a fivefold QD stack. To reveal the QD morphology,
numerical scattering simulations of QDs with different morphologies were performed based on
three-dimensional strain fields calculated by the finite element methods. Comparing our simulations
to the data, we proved that the In concentration increases from the wetting layer to the top of the
quantum dots. Moreover, we conclude that the In concentration of the wetting layers is significantly
lower than the average value in the QDs. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1803938]
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Self-organized InGaAs/GaAs quantum dots(QDs) as
formed in the Stranski-Krastanow growth mode are z
dimensional electronic systems,1,2 which are highly interes
ing for both the study of new physical phenomena and
vice applications, such as lasers and semiconductor o
amplifiers(SOAs).3 Recent studies on the electronic and
tical properties of QDs have outlined the impact of
shape, chemical composition and strain profile on the a
ment of confined electron and hole wave functions,4 as well
as the dependence of the polarization of emitted photon
the QD aspect ratio.5 While the morphological properties
QDs were thus shown to be decisive for the design of
devices, such as polarization-insensitive SOAs, the deba
the In distribution within InGaAs alloy QDs, as well as
exact shape of such QDs, is still ongoing.

Various techniques have been applied to reveal both
strain and composition profiles. High-resolution transmis
electron microscopy(HRTEM) is mostly applied to monito
chemical and strain contrast. The technique allows
atomic resolution, but a clear separation of strain and ch
cal composition contrast is difficult. Moreover, only colum
of atoms are imaged, which average compositional varia
along the direction of projection. Cross-sectional tunne
microscopy (XSTM) enables to image strain contrast a
compositional profiles with atomic resolution on cleaved
faces across buried QDs. Using XSTM, different morph
gies of InGaAs/GaAs QDs have been identified, includ
reverse-trapezoidal6 and reverse-pyramidal7,8 In-rich cores.

Direct imaging techniques, such as HRTEM or XST
require sample preparation which alters the shape and
profile of the investigated QDs. Furthermore, these t
niques provide data on only a few selected objects whic
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not necessarily represent the QD ensemble. In this lette
show that diffuse x-ray scattering, accompanied by num
cal scattering simulations,9,10 can likewise be used to reve
inhomogeneous composition profiles in InGaAs/GaAs Q
The technique is nondestructive and leaves QDs in
original strain environment. Moreover, data are collecte
entire QD ensembles, thereby avoiding characterizatio
potentially unrepresentative QDs.

The sample investigated here was grown on
GaAs(001) substrate by metalorganic chemical-vapor de
sition using trimethylgallium, trimethylindium, and arsine
precursors. Each QD layer was grown at 500 °C, whe
the temperature was increased during GaAs overgrow
600 °C. In order to stack subsequent layers closely w
vertical period around 20 nm, we applied a surface-flatte
technique during growth of the respective GaAs sp
layers.11

Transmission electron micrographs(not shown here) de-
pict that the QDs reside on a very thin and continuous
ting layer (WL). Enforced by the long-range strain field
the QDs and the comparatively thin GaAs spacers bet
the dot planes, the QDs are vertically arranged into colu
whereas they do not exhibit a significant lateral orderin12

Highly brilliant x-ray radiation is mandatory to yield suf
cient scattered intensity from the QDs, owing to their sm
volume. We therefore used monochromatic synchrotro
diation from the beamline BW2 at HASYLAB with an e
ergy of 8 keV and an energy resolution ofDE/E=10−4. A
position-sensitive detector which simultaneously record
intensity along a curved line in reciprocal space was use
recording two-dimensional intensity distributions. Our p
cedure for the numerical simulations is based on an iter
two-step approach. First, the three-dimensional strain
is calculated applying the finite element method(FEM),
which basically employs linear elasticity theory. Thus,
full elastic anisotropy of the zincblende structure is con

-

,

ered. Eventually, the derived deformation fields serve as data
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input for numerical scattering simulations on the basis o
distorted-wave Born approximation.9

Figure 1 shows a reciprocal space map around the G
224 reflection(d) and simulated intensity distributions(a–c)
for different QD shapes and compositions as described
The diffuse x-ray scattering in Fig. 1(d) exhibits a compli
cated pattern which results from the simultaneous actio
geometry, strain, and chemical composition profile within
QDs. Moreover, the signal contains contributions from
InGaAs WLs and the GaAs matrix. The GaAs substrate
flection sSd appears as a very strong signal atq001

=4.445 Å−1. It is vertically intersected atq110=3.143 Å−1 by
the crystal truncation rod(CTR), which appears as a brig
line. The equally spaced numbered satellites on the
originate from the vertical periodicity of the sample str
ture. Their vertical spacing of 0.0327 Å−1 reveals a QD
layer-to-layer period of 19.2 nm, in good agreement with
nominal value of 20 nm. The weaker ancillary maxima
tween these satellites reflect the overall thickness of the
fold QD stack.

The laterally extended and homogeneous sample re
of the GaAs matrix and the WLs between the QD colu
solely contribute to the intensity on and close to the C
because the lateral lattice parameter here is very close t
of the GaAs substrate, and thus only vertical strain exis
that area. This is evidenced by a simulation of the la
strain tensor componentexx across one QD column as sho
in Fig. 2(a) and the vertical strain tensor componentezz as
shown in Fig. 2(b). Since the volume of the QDs is small
compared to that of the remaining sample structure, th
tensity distribution on and close to the CTR is strongly do
nated by scattering from the extended regions betwee
QD columns. Consequently, the vertical position of the z
order satellite on the CTR atq001=4.427 Å−1 enables a mea
sure of the mean In content of the WLs: it is assessed to
GaAs lattice constantsa=5.6532-Å thick and to contain 37
In. It must be noted that variations of the WL thickness in
simulations essentially alter the intensities of higher-o
satellites only, provided that the product of WL thickness
In concentration is kept constant. The assumed thicknes
responds to values previously reported for sim

12

FIG. 1. Measured x-ray intensity distribution in the vicinity of the as
metrical 224 reciprocal lattice point(d) compared to simulations of th
scattered intensity calculated using different QD shapes and compo
profiles (a–c) as described in Fig. 3. Feature(A) is caused by a detect
artefact.
InGaAs/GaAs QD stacksas revealed by transmission elec-
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tron microscopy. The In concentration of 37% is consi
ably smaller than the nominal value of 60%. This differe
can be explained by In migration from the WL towards
QDs during island formation13,14 as substantiated later.

Figure 2(a) shows that only the dot stack comprises
gions of nonzero lateral strain. Therefore, only these reg
give rise to the diffuse scattering on both sides of the C
This makes the diffuse signal an appropriate means to p
the In distribution within the QDs and the transition regi
to the adjacent GaAs matrix. The diffuse scattering sho
rather complicated intensity pattern; note, e.g., shape
orientation of the featuresP1 and P2 in Fig. 1(d), which
show the effect of locally compressed and dilatated reg
respectively. The complexity of the intensity distribution p
vents straightforward conclusions on the QD morphology
extract quantitative information, we performed dynam
scattering simulations probing different QD shapes, na
cuboids,12 pyramids, flat lenses, and inverted cones. In t
different In concentration profiles were assumed for the
spective shapes. Figure 3 shows cross-sectional schem
three selected model QDs we simulated in this work. A l
like QD with 60% In content on top of a WL is shown in F
3(a). The second model QD shown in Fig. 3(b) has the sam
shape, size, and In concentration as the previous one

n

FIG. 2. Maps of the total strain tensor componentsexx (a) andezz (b) for a
QD as shown in Fig. 3(b), calculated using the finite element method. R
tive strain values as denoted in the scale refer to the GaAs l
parameters.

FIG. 3. Model QD shapes and compositions used for scattering simula
The wetting layer contains 37% In in all three structures.(a) Lens-shape
QD with homogeneous QD apex, containing 60% In.(b) Lens-like QD with
a 23a GaAs thick transition layer containing 45% In.(c) Inverted-cone
shaped QD with a 23a GaAs transition layer containing 45% In. Dot

mensions are given in units of the GaAs lattice parametera.
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comprises a 23a thick In0.45Ga0.55As transition layer be
tween WL and the QD apex. The third model QD depicte
Fig. 3(c) exhibits the same vertical chemical composi
profile as that of Fig. 3(b), but has an inverted-cone sha
Previous investigations have shown that the in-plane sym
try of the QDs must be at least fourfold,12 so elongated ob
jects were not considered. Our assumption of the In co
increasing from 45% to 60% in the QD apex approximat
steadily increasing In proportion as previously proposed
nonburied InGaAs QDs, based on the evaluation of graz
incidence x-ray diffraction measurements.14

The calculated intensity distributions of the three Q
[Figs. 3(a)–3(c)] are shown in Figs. 1(a)–1(c), respectively
All simulations reproduce the periodicity of the fivefold Q
stack. However, Fig. 1(a) referring to a lens-like QD withou
transition layer, does not describe any detail of the dif
scattering from the dots. This is particularly obvious if
measured featuresP1 and P2 are compared to the simu
tion. In contrast to Fig. 1(a), Figs. 1(b) and 1(c) referring to
the lens-like and inverted-cone QD shape with trans
layer, respectively, reflect the particular shapes ofP1 andP2
and also other dot-related scattering intensity distribut
very well. The rough approximation of a gradually incre
ing concentration profile by just a single step may be ju
fied by the fact that the exact characteristics of the ver
profile essentially affects the intensities of high-order s
lites only. Such high-order satellites are not shown here
cause variations of their intensities cannot be resolved
perimentally due to their low signal strengths. T
remarkable similarity of Figs. 1(b) and 1(c) shows that th
diffusely scattered x-ray signal of the measured low-o
satellites is largely insensitive to variations of the QD sh
Therefore, the QD shape could not be determined fu
using the available data. In spite of such experimental
tations, our findings clearly indicate a nonhomogeneous
tical In concentration which increases towards the QD a
During formation, the upper parts of uncovered QDs
elastically relax well, since no lateral constraints preven
lattice to expand. Therefore, the QD strain decreases
the bottom to the top of the QD. As long as the QDs
uncovered, lateral In migration from the WL to the QDs
well as vertical In segregation from the QD bottom to
apex,15 are both favorable in terms of strain energy.
-
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In summary, high-resolution diffuse x-ray scatter
from five closely stacked InGaAs/GaAs quantum dot la
shows a complex intensity pattern which can be well
scribed by dynamical scattering simulations if a vertica
concentration is assumed, which increases from the we
layer towards the dot apex. A low In concentration in the
as determined from the data indicates a migration of In
the WL to the QD apex during QD formation.
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