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The atomic structure and energy spectrum of InAs quantum dots �QDs� in an AlAs matrix have been
experimentally studied by transmission electron microscopy �TEM� and steady-state photoluminescence �PL�
combined with computational work. The degree of intermixing of InAs and AlAs has been investigated by
means of TEM and PL compared with theoretical predictions and found to increase with increasing growth
temperature and growth interruption. The band alignment in the QDs is shown to be of type I with the lowest
conduction-band states at the direct � or at the indirect XXY minima of the QD conduction band, depending on
the QD’s size and composition.
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I. INTRODUCTION

Self-assembled InAs quantum dots �QDs� have been in-
tensively studied in recent years due to their potential signifi-
cance for fabrication of novel devices.1 The majority of the
studies reported so far have concentrated on the direct-gap
In�Ga�As/GaAs material system, while the technologically
similar InAs/AlAs system has received much less attention.
The system of InAs quantum dots embedded in an AlAs
matrix is very close to the InAs/GaAs QDs system what
concerns the Stranski-Krastanov growth mode, since AlAs
has practically the same lattice constant as GaAs. Neverthe-
less, the increase in the QD barrier height leads to a stronger
electronic confinement in the InAs/AlAs QDs, and to signifi-
cant changes in their electronic and optical properties as
compared to the InAs/GaAs QDs system.2–4 Recently,
microsecond2 and even millisecond-scale3 nonexponential
photoluminescence �PL� decay have been observed in InAs/
AlAs QDs at low temperatures. To explain this long decay
several models have been proposed.2–4 Dawson et al.2 attrib-
uted the long decay times to the recombination involving
electrons and holes localized in spatially separated QDs.
Later the long PL decay in these QDs was explained in terms
of type II indirect transitions of electrons localized in the
AlAs matrix with holes localized in the QDs.4 These models
predict a long PL decay at any temperature, since the recom-
bination probability of spatially separated electrons and holes
does not depend on temperature. However, we found that an
increase in temperature from 50 to 300 K causes a decrease
of the PL decay time in such QDs by 6 orders of magnitude.
We demonstrated that this decrease is due to acceleration of
the radiative recombination rate and does not relate to ther-
mal activation of fast nonradiative channels.3 An alternative
model to “spatially separate carriers” is proposed to explain
the thermal dependence of the radiative recombination rate.3

Excitonic levels in small QDs in a high-barrier AlAs matrix
splits into an optically active state with a short lifetime ��s�
and an optically inactive state with a long lifetime ��l�.5,6 The
radiative lifetime at low temperatures when kT is less than
this splitting ��E� is determined by �l and at high tempera-
tures �kT��E� by �s. However, recently we observed a pro-

longed PL decay at low temperatures even in large InAs/
AlAs QDs with a small �E.7 Thus, a more adequate model
explaining the prolonged PL kinetics of the InAs/AlAs QDs
at low temperatures and its temperature dependence is re-
quired.

In order to construct such a model, we need to establish
the electronic structure of the InAs/AlAs QDs, which has
been scarcely studied up to now. Hitherto, investigations de-
voted to studies of the electronic structure of the InAs/AlAs
QDs �Refs. 4, 8, and 9� take only the � minimum states of
conduction band in InAs into consideration. Therefore, two
possible configurations of the QDs electronic structure were
proposed �i� band alignment of type I with lowest electron
states at the � minimum of the InAs conduction band and �ii�
band alignment of type II, which can be realized if the quan-
tum confinement pushes states at the � minimum of the QD
conduction band above states at the X minimum conduction
band of the matrix.4,8,10 In this study of the electronic struc-
ture of InAs/AlAs QDs not only the direct � minimum but
also the indirect L and X minima of the InAs conduction
band are taken into account. The effect of confinement on the
InAs QDs structures with an indirect band for the electrons
has not been studied up to now. Due to the small electron
effective mass of InAs, the electron states in the � minimum
of the QD conduction band are considerably more shifted by
confinement than those of the L and X minima. Therefore,
the lowest electron states in the QDs can be at the indirect
minimum of the conduction band. Actually, we have recently
demonstrated that even ultrathin InAs/AlAs quantum wells
�QWs� have type I band alignment with lowest electron
states at the X minimum of the conduction band.11 Thus, it is
reasonable to expect that confinement in InAs/AlAs QDs
also results in a transformation from direct to indirect lowest
state of the conduction band within the type I band align-
ment.

In this paper, we present the results of a study of the
atomic structure and the energy spectrum of InAs QDs in an
AlAs matrix by transmission electron microscopy �TEM�,
photoluminescence, and computational work. We demon-
strate that �i� these QDs consist of an InAlAs alloy with a
fraction of InAs, which is dependent on the growth condi-
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tions; �ii� the quantum confinement leads to transformation
of the lowest electron state from the direct � to the indirect X
minimum of the InAlAs conduction band, but does not result
in a type I to type II transition and �iii� the spectral and
temperature dependencies of PL decay time can be explained
in terms of a “two levels model.” This model predicts that
the lowest energy level of the QDs with long PL lifetime is
located at the indirect X minimum and the excited level with
short PL lifetime belonging to the direct � minimum of the
QD’s conduction band.

The paper is organized as follows. In Sec. II, the tech-
niques used for the experimental assessment of the atomic
and band structure are described. In Sec. III, the experimen-
tal data obtained by transmission electron microscopy and
PL to demonstrate intermixing in the InAs/AlAs QDs are
presented. Section IV is devoted to revealing electronic and
atomic structure of the QDs. We calculate the energy struc-
ture of the QDs. A comparison of the calculated energy lev-
els of the optical transitions in the QD with PL data is used
for a quantitative estimate of the intermixing degree of
InAlAs/AlAs QDs as a function of the growth conditions. In
Sec. V, we discuss experimental data on the recombination in
InAs/AlAs QDs within the framework of the energy structure
of the QDs obtained in this study. Conclusions are given in
Sec. VI.

II. EXPERIMENT

The InAs QDs samples studied in this work were grown
by molecular-beam epitaxy on semi-insulating �001�-
oriented GaAs substrates in a Riber-32P system. The samples
consisted of one layer of QDs sandwiched between two 50
nm thick layers of AlAs grown on top of a 200 nm buffer
GaAs layer. The first AlAs layer in all the samples was
grown at a substrate temperature 600 °C. The QD layers
were deposited at a rate VG=0.04 ML s−1 �as calibrated in
the center of the wafer using reference samples� to a nominal
thickness of 2.5 monolayers �MLs�. The QDs were formed at
temperatures �Tg� varied in the range of 440–540 °C with a
growth interruption time �tGI� in the range of 10 to 120 s. The
maximum growth interruption time was reduced for samples
grown at 530 and 540 °C due to evaporation of In adatoms
from the growth surface at high temperatures.12 The As4
beam pressure was taken to be about 8.5�10−6 Torr except
for the sample grown at Tg / tGI=480 °C /120 s, where the
beam pressure was 4.5�10−6 Torr. To prevent InAs evapo-
ration, the growth temperature was not increased during the
deposition of the first initial monolayers of the second AlAs
layer covering the QDs. The rest of the cover layer was
grown at 600 °C. A 20 nm GaAs cap layer was grown on top
of the sandwiched QD layer in order to prevent oxidation of
AlAs. The size and density of the QDs were studied by
means of transmission electron microscopy �employing a
JEM-4000EX operated at 200 keV�.

The PL excitation was accomplished above the direct
band and under the indirect gaps of the AlAs matrix. The PL
was excited by a He-Cd laser ���=3.81 eV�, or a He-Ne
laser ���=1.96 eV� and a red semiconductor laser ���
=1.87 eV� with a power density of 30 W cm−2. The detec-

tion of the macro PL was performed by a double diffraction
grating spectrometer equipped with a cooled photomultiplier
operated in the photon counting mode. In order to select the
PL from a single QD, we employed a sample with a small
density of QDs ��107 cm−2� in such a way that only one
QD was excited within the laser spot. The excitation in our
micro-photoluminescence ��-PL� system was carried out by
a Verdi/MBD266 laser system with a wavelength of 266 nm
���=4.66 eV�. The laser spot was about 1.5 �m in diam-
eter. The excitation power was varied from 5�10−4 to 6
mW. The emission was collected by a microscope, dispersed
by a monochromator and detected by a charge coupled de-
vice �CCD�.

III. INTERMIXING IN InAs/AlAs QUANTUM DOTS

It is well known that strong intermixing of the InAs and
the barrier materials will take place for In�Ga�As/Ga�Al�As
heterostructures due to the strain-driven InAs
segregation.13–26 This intermixing is extensively studied for
In�Ga�As/GaAs �Refs. 8 and 14–17� and InAs/AlAs �Refs.
11, 17, and 18� QWs. A quantitative phenomenological
model of Muraki et al.19 was established for describing the
indium composition profile across the QWs. There are also
many studies demonstrating intermixing in In�Ga�As/GaAs
QDs.8,14–17,20–26 While intermixing in InAs/AlAs QDs has
been scarcely studied up to now, Ibáñez et al. have shown
that intermixing takes place in InAs/AlGaAs QDs by the
Raman-scattering technique27 and Offerman et al. have re-
cently demonstrated a nonuniform InAs/AlAs distribution in-
side the InAs QDs by cross-sectional scanning tunneling
microscopy.8 However, there is no systematic study of inter-
mixing phenomena in InAs/AlAs QDs as a function of
growth conditions up to date. In this work, we demonstrate
that the InAs/AlAs intermixing degree in InAs QDs changes
with growth temperature and growth interruption times.

Figure 1 demonstrates TEM plane view images of QD
samples grown under different temperatures and interruption
times. All samples except one contain only dislocation free
QDs. The sample grown at Tg / tGI=480 °C /120 s contains
both dislocation free QDs and dislocated clusters of InAs,
which appear as a result of an increasing In adatoms mobility
due to the low As4 pressure.7,28 In order to determine the
average diameter �DAV�, size dispersion �SD�, and density

FIG. 1. TEM plane view images of QD samples grown under
different temperatures �temperature/interruption time in each
figure�.
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�DD� of dislocation free QDs, the diameters and number of
QDs are estimated within an area in the range of
0.3–0.5 �m2. The results are shown in Fig. 2 as histograms,
which are used for determination of SD and DAV of the QDs
and are summarized in Table I. One can see that DAV in-
creases and DD decreases with increasing growth tempera-
ture and growth interruption time. These changes in DAV and
DD become especially apparent at higher growth tempera-
tures. It should be noted that the observed values of DD are
larger and the corresponding values of DAV are smaller than
for InAs/GaAs QDs formed at similar conditions. These facts
have earlier been observed for InAs/AlAs QDs by many
groups.29–32 However, a specific feature noted here is a
higher value of the dot size dispersion for InAs/AlAs QDs.33

As seen in Table I, the width of Gaussian distribution of the
dot size reaches up to almost 40% of the mean QD’s diam-
eter, that is considerably larger than typical SD values �5–
20%� for InAs/GaAs QDs.34–36

The formation of the QDs as well as the InAs segregation
in both InAs/GaAs and InAs/AlAs systems are determined
by kinetic effects on the growth surface.16,30,37 Therefore, a

strong variation in DAV, DD, and SD between the InAs/GaAs
and InAs/AlAs QDs systems denotes a different intermixing
rate in these QDs systems. The discussion about mechanisms
of intermixing and their difference in InAs/GaAs and InAs/
AlAs QDs is out of the framework of our study. In this paper
we rather estimate the effect of temperature and growth in-
terruption time on the intermixing degree in InAs/AlAs QDs.

For this purpose, we first make a rough estimation by
defining an effective volume occupied by all QDs located
within an area of 1 cm2 as a function of the growth condi-
tions. This effective volume is calculated as the product of
DD and the volume of the QD �with the diameter DAV�. To
calculate the QD volume, lens shaped QDs with the aspect
ratio of 4:1 were selected. In the resulting data �presented in
Table I�, one can see that in spite of the equal amount of
deposited InAs, the effective volume increases by about a
factor of 4.5 times with increasing temperature from 440 to
510 °C and a raised growth interruption time, from 10 to
120 s, respectively. We assume that this increase in the ef-
fective volume is a result of an increasing intermixing with
increasing growth temperature and interruption time. How-
ever, a further increase of Tg results in a decreasing effective
volume due to evaporation of In adatoms from the surface of
the sample.12

Low temperature PL spectra of the InAs/AlAs QDs grown
at different conditions �Fig. 3� confirm this assumption.
Three bands marked WL, QD, and GaAs, presented in the
spectra refer to recombination in the wetting layer,11 the
QDs, and the GaAs buffer layer, respectively. The energy
positions at the maximum ���QD� of the QD PL band as a
function of growth condition are collected in Table I. For
QDs grown with a fixed growth interruption time, an increas-
ing Tg �from 440 to 530 °C� results in redshift of ��QD. For
a fixed Tg, ��QD �i� is redshifted for lower growth tempera-
tures �	Tg=440 °C�, �ii� remains almost unshifted for Tg in
the range of 480–510 °C and �iii� is blueshifted at higher Tg
with increasing growth interruption time. The energy of the
PL emission from QDs is primarily determined by the con-
finement of charge carriers. An invariance or even a blueshift
of the PL band with increasing QD size implies that InAs/
AlAs intermixing results in an increasing AlAs fraction in
the alloy composition of QDs.
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FIG. 2. �Color online� Histograms of the QD size distribution
for InAs/AlAs QDs samples grown under different temperatures
�temperature/interruption time in each figure�. The distribution of
the size dispersion is fitted by Gaussian curves. The average dot’s
diameters and the widths of the dot’s diameters distribution �SD�
obtained from these curves are given in Table I.

TABLE I. Average diameter, size dispersion, density, composition, and spectral parameters of the PL
emission for InAs/AlAs QDs.

Tg / tGI DAV SD SD % DD� Volume of QDs Maximum of PL Fraction of

°C /s �nm� �nm� of DAV 1010 cm2 on cm2��1011 nm3� band �eV� InAs �x�

440/10 5.2
0.03 1.7
0.08 33 11.1 20 1.805 0.99

440/120 8.0
0.15 3.0
0.15 37 6.3 40 1.755 0.78

480/10 6.3
0.15 1.8
0.2 30 10 31 1.750 0.93

480/120 8.7
0.05 3.3
0.14 38 6.1 52 1.751 0.73

510/30 10.4
0.04 3.9
0.13 36 3.7 58 1.680 0.75

510/120 12.7
0.01 2.5
0.06 21 3.5 90 1.685 0.68

530/10 9.8
0.06 2.7
0.25 28 2.8 33 1.695 0.73

530/60 14.3
0.03 2.7
0.15 19 0.9 33 1.875 0.42

540/30 18.3 1.856 0.41
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Below, we estimate the alloy composition of the studied
QDs by comparing the energy of the PL transition in the QDs
with the calculated energy for the optical transition in the QD
using the AlAs fraction of the QD as the variable parameter
of the calculations.

IV. ELECTRONIC AND ATOMIC STRUCTURE OF
InAs/AlAs QUANTUM DOTS

A. Calculations

The electronic structure of the studied QDs has been cal-
culated by using the nanodevice simulation tool NEXT-
NANO3 �Ref. 38�. The energy levels of the holes and the
electrons in the �, X, and L minima of the conduction bands
have been calculated by means of a simple band effective-
mass approach. The strain, deformation potentials as well as
the nonparabolic form of the electron dispersion39 have been
taken into account in the calculations. For simplicity, the
exciton correction for the energy levels was neglected.

The electronic structure of an InAs/AlAs QD is deter-
mined by the size, shape, and chemical composition of the
QD, but also by the InAs and AlAs parameters. The diam-
eters of the QDs grown were determined from plane view
TEM micrographs, whereas the shape of the QDs was earlier
determined from cross-section TEM micrographs.40 The QDs
were found to be lens like with an aspect ratio varying from
3:1 to 5:1. For our calculations, the aspect ratio of 4:1 was
selected.

The chemical composition of the QDs is not known. A
nonhomogenous distribution of the InGaAs alloy across the

QDs has been demonstrated in numerous investigations of
the composition of In�Ga�As/GaAs QDs.8,14,16,21,24,41 Up to
date, there are several experimental descriptions of the In-
GaAs alloy composition across the QDs. Litvinov et al. dem-
onstrated that QDs look like nuclei with a high fraction of
InAs in the center surrounded by a shell in which the InAs
fraction decreases from the center to the edge of the QDs.16

On the other hand, Offermans et al. demonstrated a mono-
tonic increase in the InAs fraction from the base to the top of
the InGaAs/GaAs QD, to reach an InAs fraction of 100% at
the dot top.8 The difficulty in describing the In diffusion and
segregation during the formation of the capped QDs hampers
the development of a theoretical model of the alloy compo-
sition distribution in the QDs even in the well studied
InGaAs/GaAs QDs system. Consequently, the alloy compo-
sition distribution is less known in the scarcely studied
InAlAs/AlAs QDs. Here we accept that the InxAl1−xAs alloy
composition changes inside QD according to a two-
dimensional Gaussian function. An InAs concentration maxi-
mum is located at the center of the QD, two MLs above its
bottom. The InAs fraction �x� decreases along the growth
axis through the center of the QD, down to a value 15%
below the maximum x, while in the plane two MLs above the
QD’s bottom perpendicularly to the growth axis, the x value
decreases down to a value 10% below the maximum x. An
example of such an alloy composition distribution is demon-
strated in Fig. 4 for a QD with a maximum InAs fraction of
0.8 and a diameter of 26 nm.

Unfortunately, together with accurately experimentally
determined or calculated parameters for InAs and AlAs such
as lattice constants, elastic and piezoelectric constants, spin-
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FIG. 3. �Color online� Low temperature �5 K� PL spectra of InAs/AlAs QDs samples grown under different temperatures �temperature/
interruption time in each figure�.
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orbit splitting, and deformation potentials42–47 there are pa-
rameters, which are poorly known. These parameters are
e.g., the low-temperature energy gaps of the conduction-band
minima at X �EX� and at L �EL� in InAs, and the valence-
band offset �VBO� for an InAs/AlAs heterojunction. For in-
stance, Vurgaftman et al. proposed EX=1.433 eV and EL
=1.133 eV,47 while Ridley et al. suggested EX=1.39 eV
and EL=0.98 eV �Ref. 48� and Boykin49 and Landolt-
Bornstein tables50 give EX=2.27 eV and EL=1.152 eV, re-
spectively. Also the VBO value for an InAs/AlAs heterojunc-
tion is also not well determined. There are many calculations
for strained InAs layers on unstrained AlAs substrates, which
give various values for the VBO in the range from 0.29 to
0.83 eV.11

In order to choose relevant parameters, we calculated the
energy spectrum for a 1.4 ML thick InAs/AlAs QW with a
chemical composition profile described by the Muraki
model19 and select available parameters on the EX, EL, and
VBO �from the literature�, which ensure type I band align-
ment for the QW. Other parameters used in the calculations
were taken from Ref. 11. However, the energy of the optical
transition in the QW calculated using the selected parameters
differs from the experimentally determined energy.11 We
found that the energy for the optical transition in the QW is
more sensitive to EX than to the VBO value. The best agree-
ment between the calculated and the experimental results on
the energy for the optical transition in the QW was reached
for EX=1.580 eV, which is used in the following calcula-
tions. The parameters used in calculations are given in Table
II.

B. Calculations of electronic structure of the QD

Calculated energy spectra of the studied QDs with differ-
ent diameters as a function of composition are presented in
Fig. 5. All QDs have a type I band alignment. One can see
that related positions of the electronic levels belonging to
different minima of the QD conduction band depend on size
and composition of the QD. In small QDs �diameter
�7.5 nm�, the lowest electronic level is at the XXY minimum
of the conduction band independently on the composition. In
large QDs with a low AlAs fraction, the electronic level is at
the � minimum of the conduction band. With increasing
AlAs fraction, the electronic states at the � minimum shift
considerably more than of the states at the X minimum. Ac-
cordingly, the states at the � and X minima intersect for some
composition and the XXY minimum becomes the lowest elec-
tronic state in the QDs. The composition corresponding to
this intersection depends on the diameter of the QD. Thus,
InAs/AlAs QDs can have direct or indirect band structures
within the type I band alignment.

C. Atomic structure of the QD

A comparison of the QD PL emission energy with pre-
dicted transition energies from the calculations allows us to
estimate the composition of the QD. Assuming that photons
with the peak energy in the PL spectra �Fig. 3� are emitted
from QDs with diameters corresponding to the maximum of
the size distribution, we can estimate the InAs fraction in the
QDs as a function of the growth conditions �see Table I�. We
interpolate these data and build a nomogram, as shown in
Fig. 6.51 One can see that QDs grown at low temperature
�440 °C� and small interruption time �10 s� consist essen-
tially of pure InAs. An increase in Tg with a maintained
growth interruption time causes a decrease in the InAs frac-
tion in the QD down to 0.73 at Tg=530 °C. Besides, an
increase in the growth interruption time for a fixed Tg leads
to a decreasing InAs fraction too. Accordingly, QDs grown at
higher temperatures always contain a higher concentration of
AlAs.

V. RELATIONSHIP BETWEEN CALCULATED SPECTRA
AND EXPERIMENTAL DATA ON THE CARRIERS

RECOMBINATION IN InAs/AlAs QDs

In this section we demonstrate that the available experi-
mental data on the carriers recombination for InAs/AlAs
QDs are consistent with a type I band alignment based on the
calculations in Sec. IV.

A. Micro-PL of InAs/AlAs QD

Recently �-PL of a single InAs/AlAs QD has been re-
ported by Sarkar et al.10,52 They observed sharp peaks below
1.8 eV as well as a continuous spectrum above this energy
and concluded that this continuous spectrum is due to type II
band alignment in small QDs. However, this conclusion is in
contradiction to our calculations resulting in a type I band
alignment in any InAs/AlAs QDs. In this section, we experi-
mentally demonstrate that InAs/AlAs QDs have type I band

FIG. 4. �Color online� An example of the distribution of the
alloy composition across a QD used in the calculations. The scale
bar shows the fraction of InAs in the InxAl1−xAs alloy.

TABLE II. Selected band-structure parameters for InAs and
AlAs used in the calculations.

Parameters InAs AlAs

E��eV� 0.417a 3.099a

EX�eV� 1.580 2.24a

EL�eV� 1.33a 2.46a

Valence band

edge energy �eV� 0.44b −0.093 b

aReference 47.
bReference 45.
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alignment even for energies above 1.8 eV. We will also dis-
cuss the possible origin of the continuous spectrum.

A method for determination of the band lineup of hetero-
structures based on the PL technique has been proposed by
Ledentsov et al.53 They theoretically calculated and experi-
mentally demonstrated that the energy position of the PL
band should blueshift proportionally with the cube root of
the excitation power density �P� for any structures with type
II alignment. The blueshift is characteristic to all type II
heterostructures �both QWs and QDs� and reflects the dipole
layer formation caused by a spatial separation of nonequilib-
rium holes confined in the QW or QD and electrons confined
in the nearby matrix region.53,54 This PL technique was suc-
cessfully used for many type II systems such as GaSb/GaAs
QWs and QDs,53,54 GaAs/AlAs QWs,11 InAs/GaAs QDs at
high hydrostatic pressure55 and ZnMnTe/ZnSe QDs.56

�-PL spectra of the InAs/AlAs QDs specimen grown at
Tg / tGI=540 °C /30 s as a function of excitation power den-
sity are depicted in Fig. 7. A PL band �labeled as QD0� with
a maximum at 1.815 eV and with a full width at half maxi-
mum �FWHM� of 14 meV, related to the recombination of
electrons and holes in the QD, is observed in the �-PL spec-
trum at an excitation power of P=1 kW /cm2. We believe
that the QD0 band is due to the emission of a single QD since
�i� TEM data exhibit a dots density of about 107 cm−2 �inset
in Fig. 7� and �ii� a small shift ��1 �m� of the excited laser

spot results in a jump in the energy position of the QD0 band
by 70 meV due to the fact that another QD is monitored. A
large PL linewidth from a single QD was previously ob-
served in different QD systems such as InP/InGaP,57

CdSe/ZnS,58 and Si.59 It has been demonstrated that the PL
linewidth associated with the indirect band gap QD is larger
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than for the corresponding PL associated with a QD with a
direct band gap.59

Upon an increasing excitation power, additional bands �la-
beled WL, XX, and QD in Fig. 7� will appear in the �-PL
spectra. The intensities of these bands will increase more
with increasing excitation power than the QD0 band. The WL
energy position is consistent with the recombination of the
wetting layer.11 The XX band exhibits a square dependence
on the excitation power and becomes dominating the PL
spectra for P�40 kW /cm2. This fact together with the 9
meV redshift of the XX band with respect to the QD0
strongly indicates that the XX band is due to the recombina-
tion of the biexciton.10 The QD1 emission is proposed to be
due to the recombination of excitons originating from the
excited levels of the studied QD.

The dependencies of the PL band shift on the excitation
power for the InAs/AlAs QD and type II GaAs/AlAs QW
taken from our recent study11 are shown in Fig. 8. The en-

ergy position of the QD0 band is independent on the excita-
tion power for P�9 kW /cm2. A small redshift of the PL
band for further increased excitation power is due to an in-
crease in the relative intensity of multiparticles excitons PL
bands.60 On the other hand, the PL of the type II GaAs/AlAs
QW exhibits a blueshift proportional to the cubic root of the
excitation power, in good agreement with predictions.53,54

Accordingly, the observed dependence of the PL band
shift on the excitation density unambiguously implies a type
I alignment for the band structure of the studied InAs/AlAs
QD, which is in agreement with our calculations, but in con-
trast with the conclusion by Sarkar et al.10 We believe that
the reason for this discrepancy is due to the fact that the
indirect minima of the QD conduction band were not taken
into account by Sarkar et al.10 The continuous spectrum ob-
served in Ref. 10 is not due to the type II alignment of the
QD, but rather associates with overlapping broad bands of a
few QDs with indirect band gap.

It is interesting that the PL spectrum of the InAs/AlAs QD
with an indirect band gap exhibits only one �zero-phonon�
band, while the corresponding PL spectrum of a InAs/AlAs
QW with a similar electronic structure contains several pho-
non replicas. A single emission band without phonon replicas
was recently observed in PL spectra for an indirect band-gap
single Si QD.59 That is typical for indirect band-gap QDs due
to a strong three-dimensional �3D� confinement, which
breaks down the k-conservation rule and results in an in-
creased intensity of the zero-phonon PL band59,61 and could
explain the predominance of the zero-phonon band in the PL
spectra of small InAs QDs.

B. Steady state PL as a function of excitation energy

The PL of InAs/AlAs QDs as a function of excitation
energy �EEX� has been investigated. For excitation with en-
ergies above the band gap of the AlAs matrix, the PL band
involving the QDs will appear in the spectra of all studied
samples. However, decreasing the excitation energy to EEX
�1.96 eV divides the samples into two groups: �i� The
samples showing high-energy PL bands �1.805, 1.856, and
1.875 eV� for above band-gap excitation, but do not show
any PL for below band-gap excitation. �ii� The other samples
demonstrate PL spectra similar to those depicted in Fig. 9
�for the sample grown at Tg / tGI=480 °C /10 s�. For decreas-
ing excitation energy, EEX from 3.81 to 1.96 eV and below
for constant excitation power, the PL intensity will decrease
several orders of magnitude. The shape of the PL spectra also
changes with the excitation energy. A broad unstructured PL
band observed upon excitation above the AlAs band gap
changes to a series of relatively sharp lines superimposed on
a background band upon excitation below the band gap. The
lines demonstrate a Stokes shift, which decreases with de-
creasing excitation energy EEX. These facts were earlier ob-
served for InAs/AlAs QDs by Dawson et al.4 They demon-
strated that these sharp lines appearing in the spectra are due
to the resonant absorption in excited levels of the QDs.

In order to explain these experimental results, we con-
struct an energy diagram of the InAlAs/AlAs QD as a func-
tion of the dot’s diameter. An energy diagram for QDs with
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different sizes with an InAs fraction x=0.9 i.e., close to the
composition of the sample grown at Tg / tGI=480 °C /10 s is
shown in Fig. 10. We will next consider the generation and
recombination of charge carriers in the framework of this
diagram. When the excitation energy EEX exceeds the band
gap of AlAs, electrons and holes are generated in the matrix.
Subsequently, the carriers will become captured and recom-
bine in QDs of all sizes, which result in a broad unstructured
band in the PL spectra. On the other hand, for EEX below the
band gap of AlAs, carriers can only be excited from QD’s
levels. Light absorption in thin QD’s layer is much smaller
than for a thick AlAs matrix, which subsequently results in a
strong decrease of the PL intensity for the low energy exci-
tation. According to selection rules, a significant contribution
of the absorption of photons with an energy below the barrier
band gap, gives rise to transitions between the heavy-hole
level �Ehh

QD� and the electronic level at the � minimum of the

QD’s conduction band �E�
QD�. The energy difference between

these levels is ��hh=E�
QD−Ehh

QD. Meanwhile for small size
QDs, the recombination occurs between the lowest electronic
level at the XXY minimum of the QD’s conduction band
�EXY

QD� and the heavy-hole level. The energy difference be-
tween these levels is �Xhh=EXY

QD−Ehh
QD. Therefore, QDs with

��hh�EEX do not emit even if EEX exceeds �Xhh. For QDs
with ��hh=EEX, a resonant excitation can occur, that results
in the appearance of a sharp PL line. The Stokes shift of the
line equals the difference between E�

QD and EXY
QD ���X�. For

large size QDs, the resonant excitation in the excited states at
the � minimum of the QD’s conduction band gives rise to
several sharp lines in the PL spectrum of the QD’s array.4

Figure 11 shows ��X versus ��hh for QDs with different
diameters and composition, based on our calculations. In a
QDs array, ��X decreases with an increasing QD’s diameter
due to decreasing ��hh down to zero at the intersection
points of the � and XXY minima of the QD’s conduction
band. For comparison, the curve obtained by Dawson et al.4

with fitting of their experimental data as well as our experi-
mental data are presented in the same figure. As can be seen,
a nice agreement between the experimental results and the
predictions based on our calculations is achieved. A best fit
to our experimental data is achieved by the curve related to
the QDs with an InAs fraction of x=0.9, while the experi-
mental data of Dawson et al.4 represents an InAs fraction of
x=0.70, which reflects the difference in growth conditions
for the arrays of QDs.

C. Spectral and temperature dependencies of PL kinetics

The indirect-direct transition in the band energy structure
with increasing QDs size, appearing also in the PL kinetics
of an InAs/AlAs QDs array as an abrupt acceleration of PL
decay at low energy region of QD PL band.4,62 It is interest-
ing that for a fixed temperature, the PL decay demonstrated a
monotonic acceleration with an associated redshift of the
spectrum �i.e., an increasing QDs size� before slump into the
direct-band-gap QDs.4 A similar monotonic acceleration of
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the PL decay observed at the high-energy region of the QD
PL band for increasing temperatures.3 Calculated energy
spectra of InAs/AlAs QDs allow us to qualitatively explain
the observed monotonic acceleration of the PL kinetics. In
accordance with the data on QD’s sizes and composition pre-
sented in Table I, most QDs in the studied structures have the
lowest electronic level at the XXY minimum and the excited
electronic level at the � minimum of the conduction band.
For small QDs, the radiative lifetime at low temperatures
�kT���X� is determined by a long lifetime of an electron
located in the indirect QD conduction band. For an increas-
ing kT relatively ��X with increasing QDs diameter or in-
creasing temperature, a redistribution of electrons between
the lower and excited states in the QD will occur. Due to an
increasing fraction of carriers that will recombine from an
electronic level at the � minimum of the conduction band,
the PL decay will be shortened to the nanosecond region.

VI. CONCLUSION

The atomic and electronic structure of InAs QDs in an
AlAs matrix has been investigated. We have shown that only

QDs grown at low temperatures and with short growth inter-
ruption times consist of essentially pure InAs, while an in-
crease of any or both of these parameters results in a strong
InAs-AlAs intermixing. It has been concluded that the QDs
have a type I band alignment, while the lowest electron state
of the QDs can be at either the direct � or at the indirect X
minima of the QD conduction band, depending on the size
and composition of the QD. The spectral and temperature
dependencies of the PL kinetics of the InAs/AlAs QDs are
explained in terms of an electron redistribution between
long-lived indirect and short-lived direct states of the QDs
conduction band.
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