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We have determined the size, shape, and composition of InAs/GaAs quantum dots �QDs� and InAs QDs
embedded in an AlAs barrier by cross-sectional scanning tunneling microscopy. The outward relaxation and
lattice constant of the cleaved surface of the QDs and their wetting layers were calculated using continuum
elasticity theory and compared with experimental data in order to determine the indium concentration of the
dots. Based on the structural results we have calculated the electronic ground states of the dots using a single
band, effective mass approach. We find that the calculated ground state photoluminescence energy of the
InAs/GaAs dots is in excellent agreement with the measured energy. The observed large width of the PL
spectrum of InAs/AlAs dots can be attributed to �-� electron-hole recombination within an ensemble of dots
with sizes varying between 2.4–4.2 nm in height and 10–20 nm along the base diagonal. We find that the
electron-hole wave function overlap of small InAs/AlAs QDs is 7.6 times larger than that of InAs/GaAs QDs
grown under the same conditions. This supports the explanation of the long decay times in InAs/AlAs dots by
an enhanced exciton exchange splitting.
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I. INTRODUCTION

Self-assembled InAs quantum dots �QDs� embedded in
AlAs barriers are of interest because of their large confine-
ment potential1,2 compared to InAs/GaAs QDs and their
consequent suitability for resonant tunneling devices.3,4 De-
spite the almost identical lattice mismatch, the formation of
InAs QDs in AlAs differs considerably from that in GaAs.
This is due to the larger Al-In bond strength, which reduces
In migration on the AlAs surface, leading to a larger density
and smaller size of InAs/AlAs QDs.5 It is these differences
in size distribution, together with the larger confinement po-
tential, that are thought to cause the large differences in the
observed photoluminescence �PL� spectra between the two
types of QD.3,5,6 However, the relationship between the dif-
ferences in the spectra, and the properties of the two dot
types is not quantitatively understood because of a lack of
detailed structural information on buried InAs/AlAs QDs.7

Experimental and theoretical investigation of this topic is the
subject of the present work.

We determine the shape, size, and composition of the QDs
by cross-sectional scanning tunneling microscopy �X-STM�.
We show the composition variation in an InAs/AlAs dot and
confirm the inverted trumpetlike indium distribution that has
been assumed in InAs/GaAs QDs.8–11 Based on the X-STM
results we then use a single band effective mass approach to
calculate the electron and hole states and estimate the ground
state PL energy. Our results compare favorably with the mea-
sured PL spectra and indicate that the large difference in the
PL spectra of InAs/GaAs and InAs/AlAs QDs can be ex-
plained by the structural properties of the dots. Finally, in the
light of these results, we discuss the mechanisms that have

been suggested for the recently observed extremely long �mi-
crosecond� PL decay times of the InAs/AlAs dots.12–14

II. EXPERIMENT

The QDs were grown by molecular-beam epitaxy on
doped GaAs �100� wafers. During growth of the QDs the
substrate temperature was maintained at 500 °C. Each
1.9±0.1 monolayer �ML� of InAs was grown in a cycled
way, i.e., with a 3 s pause after each deposition of 0.25 ML,
at a low growth rate of 0.043 ML/s. After a 500 nm n-doped
�1�1018 cm−2� GaAs buffer layer the following sequence
was grown: 20 nm GaAs/1.9 ML InAs/40 nm GaAs/1.9 ML
InAs/40 nm GaAs/50 nm n-doped GaAs/20 nm GaAs/4
� �20 nm AlAs/1.9 ML InAs/20 nm AlAs/40 nm GaAs�.
To reduce interface roughness, the bottom AlAs barriers
were grown at 600 °C followed by a growth interruption
prior to InAs deposition.

The X-STM measurements have been performed in an
ultrahigh-vacuum �UHV� chamber with base pressure less
than 2�10−11 Torr on the UHV-cleaved �110� cross-
sectional surface. The photoluminescence measurements
were performed in an He cryostat at 7 K under cw-excitation
��=514 nm� from an Ar+ laser.

III. RESULTS AND DISCUSSION

A. Structure

In Fig. 1 we show a large scale filled-states topography
X-STM image of the cleaved structure. Three layers of QDs
embedded in AlAs barriers and two layers of QDs grown on
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GaAs are visible in the image. Compared to the dots grown
on GaAs, the QDs embedded in AlAs barriers show a smaller
size and have a significantly larger density of about 3
�1011 cm−2. This has been attributed to reduced diffusion of
In adatoms on the AlAs surface due to a higher surface
roughness and the larger Al-In bond strength.5

When the structure is cleaved, the cleavage surface de-
forms to reduce the built-in strain energy of the buried quan-
tum dot. This surface relaxation is characterized by an out-
ward displacement of the surface �outward relaxation� and a
change in the lattice spacing in the plane of the surface.
Regions under compressive strain bulge outward, while ten-
sile strain depresses the surface. The outward displacement
and change in the lattice spacing can be used to determine
the indium composition of the strained quantum dots by
comparing the experimental data with the calculated strain
relaxation using elasticity theory.

By imaging at a high voltage �Vsample=−3 V�, electronic
contributions to the contrast in the image are minimized and
only the true outward relaxation due to the lattice mismatch
�7%� between the InAs and surrounding GaAs or AlAs is
imaged.15 This is the reason why the AlAs barriers do not
appear as dark layers.

In X-STM the QDs are cleaved at a random position with
respect to the center of the QD. However, the position of the
cleavage plane determines which part of the QD remains
after cleavage and, therefore, the contribution to the outward
relaxation of the surface. We have imaged more than 20 QDs
and selected the largest ones for analysis. It can then be
assumed that these QDs are cleaved near their middle, which
enables a consistent modeling of their size, shape, and com-
position.

In Figs. 2�a� and 2�b� we compare high-voltage filled-
states topography images of individual InAs/GaAs and
InAs/AlAs QDs, respectively. The images show the outward
relaxation of the cleaved QDs, which varies with the local
indium distribution in the QDs. The outward relaxation of

the InAs/GaAs dot indicates a lower indium concentration in
the corners of the trapezium-shaped cross section compared
to the center, while the indium distribution in the InAs/AlAs
dot is more homogeneous.

We calculated the outward relaxation and the strain distri-
bution of the cleaved QDs with the finite element package
ABAQUS, which is based on continuum elasticity theory.
The QD shape was taken to be a cleaved truncated pyramid
which is consistent with the observed cross section and ear-
lier work.16,17 The QD sizes were determined from the
X-STM measurements while the indium distribution was
varied in order to get the optimal fit to the measured outward
relaxation. The best results were obtained by allowing the
modeled QDs to be cleaved at a plane 1 nm above their
diagonal. The diagonal base length and the height of the
InAs/GaAs QD is 28.4 nm and 6 nm, respectively. For the
InAs/AlAs QD the diagonal base length is 19 nm and the
height is 4.2 nm. The calculated relaxation of the cleaved
surface of the QDs is shown in Figs. 2�c� and 2�d� using the
same height scale as in the corresponding X-STM images,
Figs. 2�a� and 2�b�.

Figure 3 shows the measured and calculated outward re-
laxation profiles �3�a� and 3�b�� and lattice constant profiles
�3�c� and 3�d�� taken in the growth direction through the
center of the QDs. The lattice constant profiles are derived
from Figs. 2�a� and 2�b� by ensemble averaging of the spac-
ing between the atomic rows of the cleaved �110� surface
measured as a function of distance in the growth direction.
The ensemble averaging was performed on lattice constant
profiles taken within a 2 nm region around the central axis of
the QDs. From the change in lattice constant, which is deter-
mined by the strain distribution in and around the QDs, it can
be seen that there is compressive strain above and below the

FIG. 1. �Color online� Filled states topography X-STM image of
three QD layers embedded in 40-nm-thick AlAs barriers and two
QD layers grown in GaAs, Vsample=−3 V. The arrow indicates the
growth direction.

FIG. 2. �Color online� Filled states topography X-STM images
of �a� InAs/GaAs QD, �b� InAs/AlAs QD. �c� and �d� show the
calculated outward relaxation corresponding to �a� and �b�. The
height scale for �a� and �c� is 0 �dark� to 600 pm �bright�. The height
scale for �b� and �d� is 0 �dark� to 450 pm �bright�. Vsample=−3 V.
The arrows indicate the growth direction.
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QDs. For the InAs/GaAs QD, there is a clear increase in
lattice constant towards the top of the QD, which indicates
an increasing indium concentration. This can also be seen by
the slight asymmetry in the relaxation profile of the
InAs/GaAs QD. From X-STM and photocurrent experi-
ments, it has been shown that low growth-rate InAs/GaAs
QDs have an increasing indium concentration in the growth
direction.17,18 However, other groups have reported InGaAs
QDs with laterally nonuniform indium compositions show-
ing an inverted-triangle, trumpet, or truncated reversed-cone
shape.8–11 We find that the indium distribution of our low-
growth rate InAs/GaAs QDs mostly resembles the trumpet
shape proposed in Ref. 9 which we describe with a linear
gradient in both the growth direction and lateral direction, as
shown by the inset in Fig. 3�a�. Along the center of the QD,
the indium concentration x of the InxGa1−xAs alloy changes
from x=0.8 at the base to x=1.0 at the top of the QD. The
gradient in the lateral direction depends on the position along
the growth direction. At the base of the QD, x varies linearly
from 0.8 to 0.4 from the core to the perimeter, while at the
top of the QD it remains constant. For the InAs/AlAs QD
best fit results were obtained with an indium composition
decreasing from x=0.85 at the base to x=0.70 at the top of
the QD, as shown by the inset in Fig. 3�b�. In this case there

is no evidence for a lateral gradient in the indium composi-
tion.

We attribute the observed differences in indium composi-
tion and size of the QDs in GaAs and AlAs to the combined
effects of �a� the reduced diffusion of In on AlAs compared
to GaAs, �b� the reduced intermixing for the InAs WL on
AlAs, and �c� the capping process. It is known that the in-
dium accumulation in QDs is determined by strain minimi-
zation during growth.19,20 However, the preferential indium
aggregation at the In-rich region of the dot is limited by the
lateral diffusion of indium in the case of growth on the AlAs
substrate, which results in a reduced QD size and increased
QD density.5

Furthermore, it has been shown21 that there is less inter-
mixing for an InAs WL on AlAs compared to an InAs WL on
GaAs. Together with the reduced mobility of In on AlAs, this
explains the homogeneous indium distribution in the base of
the InAs/AlAs QDs. It has been proposed that the growth of
dots on AlAs is initiated by 2D islands which develop into
small 3D islands when more InAs is deposited.21 This is in
contrast to the growth of dots on GaAs where dot formation
is initiated by small indium-rich nucleation centers which
develop into trumpet-shaped indium distributions by the
preferential diffusion of In to the apex of the dot.9 These
growth mechanisms are supported by our observation of the
indium distribution inside the dots.

The observed decrease of the indium concentration to-
ward the top of the InAs/AlAs QD might be caused by the
residual incorporation of AlAs in the top of the dot during
the capping process. In order to reduce the total strain field in
the QD some capping material is incorporated in the top of
the dot. In the case of GaAs capping, the diluted part of the
dot is very mobile and therefore disappears very quickly dur-
ing capping, causing leveling of the QDs.22 The InAs diluted
by Al, however, is much less mobile due to the stronger
Al-In bond strength and therefore more diluted material at
the top remains in place.

Finally, the difference in the formation of QDs in AlAs
and GaAs cannot be attributed to a different vertical indium
segregation process in AlAs and GaAs. An image of the ver-
tical segregation of the wetting layer of the InAs/AlAs dots
structure is shown in Fig. 4. Figure 3 shows the measured
and calculated relaxation profiles for the segregated wetting
layer in AlAs �e� and GaAs �f�. The calculated relaxation
profiles have been derived using the phenomenological
model of Muraki et al.23 to describe the indium segregation
profile. We find a segregation coefficient of R=0.79±0.03
and R=0.78±0.03 for GaAs and AlAs, respectively, in agree-
ment with Ref. 24. This indicates that strain rather than the
chemical bond strength determines the vertical indium seg-
regation.

B. Photoluminescence

In the following we will show that we can calculate the
ground state photoluminescence energy from the measured
size, shape, and composition of the QDs. Based on our struc-
tural analysis we have calculated the single particle bound
electron and hole states in both the InAs/GaAs and

FIG. 3. �Color online� Calculated and measured outward relax-
ation profiles through the center of the QD in the growth direction
for an InAs/GaAs QD �a� and an InAs/AlAs QD �b�. �c� and �d� are
the corresponding calculated and measured lattice constant profiles.
�e� and �f� are measured and calculated outward relaxation profiles
of the segregated wetting layers in GaAs �e� and AlAs �f�. The
growth direction is from left to right.
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InAs/AlAs QDs shown in Fig. 2. We use the electron and
hole ground state energies to estimate the energy of the
ground state exciton and compare this to the photolumines-
cence results shown in Fig. 5. The InAs/GaAs dots show a
second PL peak around 1.13 eV, which we attribute to a
bimodal size distribution, since it does not disappear at low
excitation density, nor increase considerably at high excita-
tion density compared to the first peak. The bimodal size
distribution was confirmed by atomic force microscopy mea-
surements on the top �uncapped� layer. The broad PL spec-
trum of InAs/AlAs dots has been attributed to a unimodal
dot size distribution.14

The calculation of the bound electron and hole states is
performed with the method of Roy and Maksym25 in which
the single band, effective mass Hamiltonian is diagonalized
in a basis of harmonic oscillator functions. Within this ap-
proximation the strain dependence of the band gap is in-
cluded exactly in the Hamiltonian, while the strain depen-
dence of the electron and hole mass is included with
perturbation theory.26,27 In our calculation the dot structures
and composition variations are taken directly from our
X-STM measurements. We linearly interpolate the band pa-
rameters and effective masses to obtain the values relevant to
the InGaAs and InAlAs alloy material in the QDs.

It is well known that a single band calculation adequately
describes the electron states and the hole ground state27 in
InAs/GaAs QDs. For the calculation of the electron and hole
ground state of the InAs/GaAs QD shown in Fig. 2�a�, we
used the band parameters given in Ref. 27, and converged
the calculated electron and hole energies to within 0.1 meV.
We estimate the ground state photoluminescence energy
from the electron Ee and hole Ehh ground state energies as
����Ee�− �Ehh�−10 meV, where the 10 meV is a rough ap-
proximation to the electron-hole interaction energy. With
Ee=1275.9 meV and Ehh=222.3 meV, we find a PL energy
of ���1044 meV, which corresponds to the observed PL
peak position to within 15 meV �shown by the arrow in Fig.
5�a��. Since we typically look for the largest dots in the
X-STM measurements, it is expected that the calculated PL
energy is at the low energy side of the observed PL peak.

In contrast to InAs/GaAs QDs, the electron states in
InAs/AlAs QDs may be bound at the �, X, or L point. We
have calculated the electron and heavy hole single band en-
velope functions using the band parameters shown in Table I.
The calculated electron and hole energies are converged to
within 0.5 meV. The slower convergence in this type of QD,
compared to the InAs/GaAs QDs, is due to the much larger
confinement potential.

From the � bound electron �Ee=2175 meV� and hole
states �Eh=611 meV� in the InAs/AlAs QD shown in Fig.
2�b�, we estimate a ground state PL energy of ��
�1554 meV, which corresponds to the low energy side of
the broad PL peak spectrum as shown by the “L” arrow in
Fig. 5�b�. As stated previously, this is to be expected since
the analyzed InAs/AlAs dot is one of the largest in the
sample, as observed by X-STM.

FIG. 4. �Color online� Filled states topography X-STM image of
the InAs/AlAs segregated wetting layer �a�. By using an inverse
fourier filter, the background contrast is removed �b�. The arrow
indicates the growth direction.

FIG. 5. �Color online� Photoluminescence �PL� of InAs/GaAs
�a� and InAs/AlAs �b� dots measured at 7 K. The double peak from
the InAs/GaAs dots �a� indicates a bimodal size distribution which
was confirmed by atomic force microscopy measurements of the
uncapped dot layer at the sample surface. The calculated ground
state PL energy is indicated by the arrow. The broad PL peak of the
AlAs dots �b� can be attributed to an ensemble of dots with varying
sizes. The large increase in PL intensity at the low energy end of the
spectrum is due to bandgap recombination of the GaAs substrate.
The arrows labeled L and S indicate the calculated ground state PL
energy for large and small dots as discussed in the text.

OFFERMANS et al. PHYSICAL REVIEW B 72, 165332 �2005�

165332-4



The broad PL spectrum of InAs/AlAs dots has been at-
tributed to a spread in dot size.14 To investigate this, we
repeated the calculation for smaller InAs/AlAs QDs with the
same shape as the large dot and the same vertical variation in
indium fraction from 85% to 70%. For a dot with a height of
2.4 nm and diameter of 10.8 nm, we find that the lowest �
bound state shifts up in energy by 246 meV while the heavy
hole ground state moves down by 120 meV. This results in a
PL energy of ���1920 meV, which corresponds to the high
energy side of the PL spectrum in Fig. 5�b�, as indicated by
the “S” arrow. It is difficult to determine the smallest dot size
from cross-sectional images since the position of the cleav-
age plane is unkown. The existence of InAs/AlAs QDs as
small as 8 nm in diameter has been reported in the
literature,14 however, if we decrease the QD diameter below
10.8 nm we find that the lowest energy state at � moves
above the AlAs X band edge, and is no longer confined to the
dot. In such small QDs, the recombination becomes both
spatially indirect and indirect in k space, and is therefore
expected to give only a weak contribution to the PL.

For the large QD, we find that the L bound ground state is
well above �114 meV� the � bound ground state. There is a
large spread in the reported values for the position of the
AlAs conduction band edge at X.29,32 We find that the AlAs X
band edge may be either above or below the unstrained InAs
X band edge. In either case, the band edge deformation po-
tential is positive at the X point,33 and the large compressive
strain in the QD lowers the dot X band edge below that of the
AlAs barrier, leading to a weakly bound state in the X valley.
Using the parameters shown in Table I, we find that the X
bound electron state in the large InAs/AlAs QD, shown in
Fig. 2�b�, is 74 meV above the � bound electron state. In the
small InAs/AlAs QD discussed earlier, the lowest � bound
electron state coincides with the AlAs X band edge and is
123 meV above the X bound state. If we assume that the

normally forbidden �-X transitions do contribute to the PL,
these transitions would only contribute in the narrow energy
window between 1628 and 1796 meV. We therefore con-
clude that the large width of the PL peak shown in Fig. 5�b�
is due to �-� electron-hole recombination, with the low en-
ergy side of the PL peak determined by the largest dots, such
as the one analyzed by X-STM, and the high energy side
determined by the smallest dots that contribute to the PL.
These could be either the smallest dots in the distribution or
the smallest dots that have a direct �-� transition.

It has been suggested that QDs without a bound electron
state do not contribute to the PL because electrons can rap-
idly scatter via the X states in the AlAs barrier to the sur-
rounding GaAs matrix or to larger QDs,13 where �-� transi-
tions are allowed, as shown in Fig. 6. Repeated scattering
would cause the extremely long decay times �microseconds�

TABLE I. Electron and hole parameters for AlAs and InAs. The deformation potentials ac, at X and L are
obtained from data given in Ref. 33. Electron parallel �me

� � and perpendicular �me
z� masses at X and L are

taken from Ref. 28.

Band
parameter

AlAs InAs

� X L � X L

Ec �eV�a 3.13 2.42e 2.46 1.27 2.29 1.99

me
� 0.124b 0.22 0.26 0.023f 0.16 0.09

me
z 0.124b 0.97 0.21 0.023f 1.13 0.07

ac �eV� −5.64c 4.30 −1.31 −5.08f 1.50 −2.31

mh
� 0.21d 0.036f

mh
z 0.403d 0.34f

av �eV� 2.47c 1.00f

b �eV� −1.5c −1.8f

aBand gaps taken from Ref. 28 and aligned according to Ref. 29. The values are relative to the AlAs valence
band edge.
bFrom Ref. 30.
cFrom Ref. 29.
dFrom Ref. 31.
eFrom Ref. 32.
fFrom Ref. 27.

FIG. 6. Band scheme for differently sized InAs QDs embedded
in an AlAs barrier, showing the shift of the lowest � bound electron
state above the AlAs X conduction band edge with decreasing dot
size. For the smallest dot the � electron is no longer confined to the
dot and may scatter to the surrounding GaAs matrix or to larger
QDs �Ref. 13�.
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observed in InAs/AlAs QDs.13 However, such long decay
times have also been observed for excitation ���=1.82 eV�
below the AlAs X conduction band edge.14 This has been
explained by enhanced exchange splitting of strongly con-
fined exciton levels in small InAs/AlAs QDs,14 which would
lead to a dark ground state34 in the smallest InAs/AlAs QDs.
Due to the high QD density, carriers could transfer from the
small dots to larger ones6 with a smaller splitting, and even-
tually recombine. We have estimated the exchange splitting
of the small InAs/AlAs QD discussed previously by calcu-
lation of the electron-hole wave function overlap P
�	�e�r��h�r�dr.35 We find that this is 7.6 times larger than
that of the InAs/GaAs QD, which will clearly lead to an
enhancement in the exciton exchange splitting in InAs/AlAs
QDs.

IV. CONCLUSION

To summarize, we have determined the size, shape, and
composition of InAs/GaAs QDs and InAs QDs embedded in

an AlAs barrier, by X-STM. The outward relaxation and lat-
tice constant of the cleaved surface of the QDs and their
wetting layers were calculated using continuum elasticity
theory and compared with experimental data in order to de-
termine the indium concentration of the dots. Based on the
structural results we have calculated the electronic ground
states of the dots using a single band, effective mass ap-
proach. We find that the calculated ground state photolumi-
nescence energy of the InAs/GaAs dots is in excellent agree-
ment with the measured energy. The observed large width of
the PL spectrum of InAs/AlAs dots can be attributed to
�-� electron-hole recombination within an ensemble of dots
with sizes varying between 2.4–4.2 nm in height and
10–20 nm along the base diagonal. We find that the electron-
hole wave function overlap of small InAs/AlAs QDs is 7.6
times larger than that of InAs/GaAs QDs grown under the
same conditions. This supports the explanation of the long
decay times in InAs/AlAs dots by an enhanced exciton ex-
change splitting.
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