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The authors present a modulated reflectivity study of the wetting layer �WL� states in molecular
beam epitaxy grown InAs/GaAs quantum dot �QD� structures designed to emit light in the
1.3–1.5 �m range. A high sensitivity of the technique has allowed the observation of all optical
transitions in the QD system, including low oscillator strength transitions related to QD ground and
excited states, and the ones connected with the WL quantum well �QW�. The support of WL content
profiles, determined by transmission electron microscopy, has made it possible to analyze in detail
the real WL QW confinement potential which was then used for calculating the optical transition
energies. We could conclude that in spite of a very effective WL QW intermixing, mainly due to the
Ga–In exchange process �causing the reduction of the maximum indium content in the WL layer to
about 35% from nominally deposited InAs�, the transition energies remain almost unaffected. The
latter effect could be explained in effective mass envelope function calculations taking into account
the intermixing of the QW interfaces described within the diffusion model. We have followed the
WL-related transitions of two closely spaced QD layers grown at different temperatures, as a
function of the In content in the capping layer. We have shown that changing the capping layer from
pure GaAs to In0.236Ga0.764As has no significant influence on the composition profile of the WL itself
and the WL QW transitions can be usually interpreted properly when based on the cap-induced
modification of the confinement potential within a squarelike QW shape approximation. However,
some of the observed features could be explained only after taking into consideration the effects of
intermixing and InGaAs cap layer decomposition. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2711146�

I. INTRODUCTION

In the last years nanometer-sized semiconductor quan-
tum dots �QDs� have become a subject of a rapidly develop-
ing area in the semiconductor research. They are used in an
ever growing number of applications for building various
devices, improving their operation and leading to the de-
crease of their dimensions. It includes devices for optoelec-
tronics, quantum computing, and quantum cryptography.1–3

In particular, one of the very important issues and challenges
is the tuning of the emission wavelength of InAs/GaAs
quantum dots to 1.3 and 1.55 �m for developing GaAs based
QD laser diodes for telecommunication applications.4,5 Most
of the applications concern quantum dots fabricated in the
so-called Stranski-Krastanov process.6 This method uses the
relief of the elastic energy when two materials with a large
lattice mismatch form an epitaxial structure. The deposited
material initially forms a thin layer known as a wetting layer

�WL�, on top of which three dimensional defect-free
nanometer-sized islands appear when the critical layer thick-
ness is exceeded.

Most of the studies focus on the properties of the dots,
whereas relatively few of them regard the properties of the
wetting layer. On the one hand, the WL is assumed to be just
a thin layer �about one to two monolayers thick� which, from
the electronic structure point of view, is usually imagined as
an ultranarrow rectangularlike quantum well �QW�. How-
ever, on the other hand, it is well known that all the growth-
assisted or postgrowth processing-induced intermixing ef-
fects �such as In–Ga atom exchange or interdiffusion� affect
not only the dots, but the WL as well.7,8 It would mean that
the WL confinement potential well shape might become
strongly nonrectangular and should change significantly as a
function of the growth conditions or after the postgrowth
processing. This, however, seems to remain in contradiction
to some experimental observations regarding energies of the
optical transitions reported by different authors, concerning,
for instance, the InAs/GaAs WL QWs.9–16 They are very
similar in many reports and are usually in satisfactory agree-
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ment with the calculations assuming a rectangular well shape
and its fractional thickness of about 1.5 monolayer.17–19

In this paper we aim at presenting a more detailed dis-
cussion of the optical transitions related to the existence of
the wetting layer in the InAs/GaAs QD structures, for which
we use as main experimental tools the transmission electron
microscopy �TEM� to deduce the composition profiles and
photoreflectance spectroscopy to study the absorptionlike
spectra. In particular, we would like to address the following
issues: �i� Why do the WL optical transition energies seem to
be constant independent of the structure history? �ii� Why do
the WL experimental transition energies agree very well with
the calculated ones for the rectangular QW shape, nominal
WL thickness, and WL content, in spite of the fact that the
intermixing processes should change the WL drastically? �iii�
How does the capping layer content affect the energy struc-
ture in the WL? In order to answer these questions, we ex-
ploit a single band model in effective mass approximation
for calculating the WL QW energy states, extended onto the
intermixed well case and including the content profiles taken
from the TEM images.

II. EXPERIMENT

A series of samples comprising a QD bilayer, optimized
for photoluminescence in the 1300–1500 nm wavelength
range, was grown by the solid source molecular beam epi-
taxy on semi-insulating �001�-oriented GaAs substrates with
300 nm GaAs buffer layers. The samples contained two
closely spaced layers of self-assembled dots �of a planar den-
sity determined by atomic force microscopy to be about
1010 cm−2� formed after the deposition of the nominal
amount of InAs material corresponding to 2.4 monolayer.
The use of bottom layer of the dots �called further “the lower
layer”�, which plays a role of a seeding layer for the next QD
layer, allows an independent optimization of the planar dots
density and emission wavelength and thus the extension of
PL emission up to 1500 nm, as suggested in Ref. 20. In the
following experiments, the lower layer can be treated as a
reference QD layer, while the optical properties of the upper
one are investigated under the influence of the capping layer
content. We have studied four structures which were differ-
ing in the In content of a 5 nm thick InGaAs layer capping
the second �“upper”� layer of InAs/GaAs dots, starting from
the pure GaAs cap up to nominally 23.6% of indium. The
two layers of dots were separated by 11 nm of GaAs �an-
nealed at 580 °C under As overpressure after the layer
growth and before the deposition of the second layer of InAs
QDs�. The entire structure was capped with 100 nm of un-
doped GaAs. The two InAs layers varied in the growth con-
ditions: the lower �reference� layer was deposited at 530 °C
with a growth rate of 0.165 �m/h, whereas the upper one
was deposited at 480 °C and with about ten times smaller
growth rate �0.016 �m/h�. These growth conditions are
similar to those described in Ref. 20. The intentional differ-
ence in the growth conditions plus the very well-known ef-
fect of a slightly increased size of the upper layer in the
stacked structure are the reasons for different properties of
both layers, even in the structure where they are capped with

GaAs. It has allowed us to follow independently the optical
transitions related to both QD layers and to distinguish be-
tween those which remain unaffected after the InxGa1−xAs
cap introduction �lower dots layer� and those whose proper-
ties are definitely altered �upper dots layer�. The layer struc-
ture of the investigated samples is schematically shown in
Fig. 1.

In order to determine the composition profiles, the cross-
sectional transmission electron microscopy has been per-
formed using 002 dark field image conditions for structures
with no InGaAs cap and with the cap of the highest In con-
tent. Further details of the TEM experiment and derivation of
the layer composition have been described elsewhere.7,8

The spectroscopic measurements were performed in the
setup based on a 0.55 m focal length monochromator with an
InGaAs p-i-n thermoelectrically cooled photodiode as a de-
tector. The 532 nm line of a frequency doubled Nd:YAG
�yttrium aluminum garnet� laser was used as an excitation
source in photoluminescence �PL� and a pump beam in pho-
toreflectance �PR� measurements. A 150 W tungsten halogen
lamp served as a probe beam source for PR. All the spectra
were recorded using a lock-in technique with a low fre-
quency reference modulation of about 280 Hz.

III. RESULTS AND DISCUSSION

Figure 2 shows room temperature photoreflectance and
high excitation photoluminescence spectra for the series of
structures with different contents of the InxGa1−xAs layer
capping the top layer of dots. In general, all the PR spectra
can be divided into three main parts: a strong intensity fea-
ture at about 1.42 eV related to the bulklike GaAs band gap
transition, a set of relatively sharp and intensive lines on the
low energy side, which are attributed to the existence of the
wetting layer, i.e., quantum wells formed of this and InGaAs
cap, and finally a group of transitions on the lowest energy
side of the spectra with a quite high inhomogeneous broad-
ening and low intensity, typical of self-assembled quantum
dots �the dots cover only a small fraction of the whole illu-
minated surface and have low intrinsic absorption coefficient
per dot: hence the optical response intensity in the absorp-
tionlike experiment is expected to be weak�. We do not ana-

FIG. 1. Layer structure of the studied QD samples.
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lyze the GaAs feature which is a superposition of signals
from different parts of the structure because it is of no inter-
est to the present work.

Under the excitation conditions which we have used in
PL measurements �excitation power density of about
15 W/cm2�, we could observe up to four QD-related lines
for each sample and we were not able to reach the emission
via the WL states at room temperature. However, besides the
QD transitions corresponding to the ones seen in PL we
could observe some higher order excited state QD transitions
and several WL QW transitions in the PR �absorptionlike�
spectra. The QD-related features can be easily divided into
two groups: the two low energy ones shift significantly to the
red with the increasing indium content of the upper QD layer
cap, whereas the two higher energy ones remain constant.
Therefore, we attribute the former to the dots in the upper
layer �ground and first excited state transitions in one popu-
lation of dots in that layer observed due to the state filling
effect� and the latter to the lower layer of dots, i.e., ground
and first excited state transitions again. Such an InGaAs cap-
induced redshift has been already observed previously in
similar structures,21,22 and the details of its origin will not be

discussed here. However, we would like to focus on the
properties of the WL QW related part of the spectra. The
energies of the WL QW transitions as a function of the nomi-
nal InGaAs cap content are plotted in Fig. 3. First of all, as
can also be seen directly from the spectra, we have observed
two lines at approximately constant energies of 1.337 and
1.388 eV. Some additional ones appear on the low energy
side after the introduction of the InGaAs cap and they shift to
the red with the increase in the In content �one transition
could also be resolved for the highest cap content structure
between those two at 1.337 and 1.388 eV, and its origin will
be explained further in the text�. The energies of about 1.34
and 1.385 eV correspond well to the typically reported val-
ues for the heavy hole ground state and light hole ground
state wetting layer transitions in the InAs/GaAs self-
assembled dot system,9–16 therefore, we attribute them to the
WL of the lower layer of dots �capped by GaAs�. We have
calculated the energies of the transitions for a thin
InAs/GaAs QW imitating the wetting layer, assuming an
ideal rectangular shape of the potential and treating its thick-
ness and the InAs/GaAs unstrained band offset as semifree
parameters. We have employed the single band effective
mass approximation to calculate the WL QW energy levels
and wave functions by solving numerically the one-
dimensional Schrödinger equation with the use of the trans-
fer matrix method and by including strains.23,24 The material
parameters have been taken from Ref. 25. The results of the
calculation are shown in Fig. 4. The best agreement between
the experiment and calculation has been obtained for the WL
thickness of about 1.6 monolayer and the band offset in the
conduction band �QC� of about 87% �QC taken for the un-
strained materials, i.e., the so-called chemical band offset
which corresponds to about 65% of the band offset in the
real strained structure�, which are reasonable values when
compared to those cited in the literature.17–19,26–28

In the real case, one would expect some intermixing of
the WL QW due to the possible In–Ga atom exchange during
growth or some interdiffusion. In general, these processes
should modify the confinement potential significantly and
also shift the optical transition energies. In order to simulate
such process, we have calculated the energy levels for an
intermixed InAs/GaAs quantum well applying a well-known
diffusion model, where the distribution of the In and Ga
atoms has been described by the error function.29,30 This

FIG. 2. �Color online� Room temperature PR and high excitation PL spectra
of four InAs/GaAs QD structures with varying composition of the cap of
the top QD layer. The nominal cap contents are given in the spectra.

FIG. 3. WL QW transition energies of both QD layers vs the nominal In
content in the InGaAs layer capping the upper dots: full squares—energies
from PR spectra; lines—guides to the eye.
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changes the profile of the well from the square one with
abrupt interfaces to the graded one. It can be seen in the
insets of Fig. 5, which show the change in the In content
profile and conduction band potential well for two diffusion
lengths of 0.35 and 0.5 nm. It corresponds to the relatively
strong intermixing and causes a decrease in the maximum In
content in the well from 100% for the ideal squarelike case
down to about 40% and 30%, respectively, and simulta-
neously increases the average QW width more than twice.
Surprisingly, the calculated heavy and light hole related tran-
sition energies change very weakly as a function of the dif-
fusion length �see Fig. 5� even for its large value of 0.5 nm.
The strongest transition energy change for that diffusion
length range does not exceed 10 meV. It explains both the
independence of the WL QW transition energies of the
growth conditions in the two InAs layers of our structure �the
one without the InGaAs cap� and their almost constant val-
ues over a very broad range of different InAs/GaAs QD
structures reported in the literature.9–16 In Fig. 6, we have
summarized how the room temperature data are scattered in
the published papers.9–16 It shows indeed that in spite of

different growth conditions used in different laboratories,
which influence the dot properties �e.g., the data concerning
the QD ground state transition energy differ significantly in
these reports�, the WL transition energy remains almost con-
stant within a very narrow range. It might be fully explained,
thanks to the calculations we made assuming the QW inter-
face intermixing �see Fig. 5�.

The magnitude of the intermixing in the WL QWs of the
structures investigated here can be seen in Fig. 7, where a
cross-sectional TEM image for the sample with no InGaAs
cap is shown. An evident gradually disappearing dark con-
trast may be observed above the bright line contrast of each
WL. Further, we have derived the In content profile �shown
in Fig. 8�a�� across the two InAs WLs using a method de-
scribed in Refs. 7 and 8. It looks similar for both WLs, with
maximum In content of about 35% depending slightly on the
position on the sample �which will surely contribute to the
inhomogeneous broadening of the spectral lines� and with
some tendency to be higher in the upper layer by about 3%–
4%, most probably due to its lower growth temperature and
hence slightly weaker intermixing. Some WL composition
fluctuation over the sample can be partly related to the fact
that near a quantum dot �at a distance below 30–40 nm�, the
In content of the WL decreases substantially. The profiles of
the composition have been established as far as possible
from the QDs. However, the local density of the QDs is not
perfectly uniform, which implies that in a small scale the WL
content might differ depending on the distance to the nearest
dot.

The content profile from Fig. 8�a� has been used as the
input data for calculating the energy levels in such QWs,

FIG. 4. InAs/GaAs WL QW transition energies calculated vs the value of
the unstrained conduction band offset ratio for three different InAs QW
layer thicknesses �solid lines�. Dotted lines mark the experimental energy.

FIG. 5. InAs/GaAs WL QW transition energies calculated as a function of
the In atoms diffusion length. Full squares mark the experimental energy.
The insets show an In content profile for three diffusion length values of 0,
0.3, and 0.35 nm and the respective shapes of the conduction band well.

FIG. 6. Room temperature energies of optical transitions �full squares—
heavy hole transition; open circles—light hole transition� related to
InAs/GaAs WL QW taken after literature from emissionlike spectra �1—
Ref. 9; 2—Ref. 10� and absorptionlike spectra �3—Ref. 11; 4—Ref. 12;
5—Ref. 13; 6—Ref. 14; 7 and 8—Ref. 15; and 9 and 10—Ref. 16�. The
dotted lines represent the mean values and are just guides to the eye.

FIG. 7. �Color online� Cross-sectional 002 dark field TEM image for the
structure with two InAs/GaAs QD layers grown at different temperatures
and different growth rates.
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which gave first of all transition energies in agreement with
the experimental ones determined for the lower wetting
layer. Further, we have found that the content dispersion of
about ±3% to 5% would give approximately 10–15 meV
broadening �in agreement with that which is seen in the ex-
periment�. It also means that the little difference in the peak
In content of both WL layers will not be manifested in the
spectra and will be covered by the layer inhomogeneity over
the sample.

Now, we would like to draw attention to the structures
with the InGaAs cap above the upper InAs layer. The cap-
ping procedure causes a number of changes in the structure,
to both QDs and the WL QWs. The former will not be ana-
lyzed in this paper, and the main effects related to them have
been discussed recently in the literature.21 As far as the WL
QW is concerned, there are at least two major changes ex-
pected: modification of the confinement potential �into the
steplike QW� and some influence on the intermixing degree
of the WL. Figure 8�b� shows the In content profile across
the WLs for the sample with the highest nominal In content
�of about 23.6%�. The main difference in comparison to Fig.
8�a� is a small broadening of the In content peak for the
upper WL and the existence of the high In content shoulder
due to the InGaAs cap. However, as it is seen in Fig. 8�b�,
the content is not exactly constant over the cap layer and its
maximum value is significantly lower than the nominal one
�less than 15% in Fig. 8�b� in contrast to 23.6% determined
from the growth conditions�, whereas the effective width is
larger than the nominal 5 nm. The first reason can be the
intermixing processes, similarly as for the WLs. However, a
process known as “cap layer decomposition” cannot be
excluded.21 We have performed the energy level calculations
for such a QW consisting of a WL and InGaAs cap including
the In content profile from Fig. 8�b�. Figure 9 shows the
calculation results �i.e., transition energies and corresponding
overlap integrals� for the cases neglecting the tunneling be-
tween the two WL QWs and including it, and for rectangular
QW shape approximation �the upper WL QW is a steplike
one consisting of 1.6 InAs WL and 5 nm thick
In0.236Ga0.764As� and real QW shape taken from the content
profiles in Fig. 8�b�. The calculated overlap integrals are
shown in red and marked with letter “U” for the transitions
occurring between the hole and electron states confined
mostly in the upper WL QW, and in green and letter “L” for
states confined mostly in the lower WL QW. Gray color has

FIG. 8. In content profiles across two InAs WLs �obtained TEM images� �a�
for the structure where both QD layers are capped with GaAs and �b� for the
structure where the upper layer is capped with InGaAs with a nominal In
content of 23.6%.

FIG. 9. �Color online� Energies and overlap integrals �intensities� of the
optical transitions in the WL QWs for the structure with the highest nominal
In content in the cap layer �23.6%�: �a� two single independent rectangular-
like QWs, �b� two rectangularlike QWs with inclusion of tunneling between
them, �c� two single independent QWs with the confinement potential drawn
after �Fig. 8�b��, �d� two QWs with the potential after Fig. 8�b� and with
inclusion of tunneling, and �e� PR moduli derived from the spectra. The
calculated overlap integrals are marked with red and letter “U” for the
transitions occurring between the hole and electron states confined mostly in
the upper WL QW, green and letter “L” confined mostly in the lower WL
QW, and gray color for transitions between the states almost equally ex-
tended over both QWs.

063539-5 Sek et al. J. Appl. Phys. 101, 063539 �2007�

Downloaded 27 Feb 2008 to 131.155.108.71. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



been used to show transitions appearing only if the tunneling
between the wells is taken into account, i.e., between the
states almost equally extended over both QWs or between
the states localized in two different layers �indirect in real
space�. For comparison, the experimentally obtained energies
and transition intensities are shown in a form of moduli of
the PR resonances seen in the spectra. Basing on this, the
following conclusions can be drawn. First of all, there is no
significant difference between the cases where a rectangular
QW potential shape is assumed with and without tunneling,
except for a change of the overlap integrals �oscillator
strengths� of the transitions due to some leakage of the wave
functions to the neighboring well. However, the energies of
the high overlap integral �parity allowed� transitions corre-
spond well to the four out of five experimentally observed
lines, and explain their origin as respective heavy- and light-
hole-related transitions occurring predominantly in the lower
�L� or in the upper �U� WL QW �marked as h1-e1U and
l1-e1U and h1-e1L and 11-e1L, respectively, in the language
of single QW states, which correspond to h1-e1 and l1-e1
and h2-e2 and l2-e2 in the numeration of the double QW�.
The inclusion of the tunneling does not cause any significant
changes besides the appearance of some additional transi-
tions with low oscillator strength �occurring between the
electrons localized mostly in one QW and holes in the other�,
which are not manifested in the spectra or are just superim-
posed with one of the strong transitions and could not be
resolved within the inhomogeneous line broadening �which
is of the order of 10–15 meV�.

The energy of the ground state heavy hole transition of
the upper layer calculated for the nominal parameters �23.6%
of the In content in cap� is redshifted in comparison with the
experimental value �by approximately 15 meV�, which could
be a signature of the cap layer decomposition �and the over-
estimation of the effective In content in the cap layer�; i.e.,
some of the In atoms of the cap layer join the dots during the
cap deposition21,30,31 �a process which is typically reflected
in the increase in the dots height or In content and will be a
subject of an independent paper�. In other words, one would
need to decrease the In content of the cap to get an agree-
ment with the experimental value of the ground state transi-
tions. In our case, the content profile regarding the cap layer
�Fig. 8�b�� shows some intermixing. Both these effects cause
a decrease of a peak In content and are rather impossible to
distinguish. However, using this profile, a better understand-
ing of the experimental spectra �revealing several higher or-
der transitions as well� can be obtained. For the more realis-
tic confinement potential derived after Fig. 8�b� the four
main transitions appear to have also high intensity �overlap
integral�. There are, however, qualitatively two main differ-
ences observed for this case, in comparison to Figs. 9�a� and
9�b�. First, the transition energies shift slightly �the ground
state heavy hole shifts to blue and falls well into the experi-
mental one�. Second, several new transitions appear �absent
for the rectangular QWs�, and one of them at the energy of
about 1.37 eV �h2-e2 in Fig. 9�c� and h2-e3 in Fig. 9�d�� has
a very significant overlap integral �allowed from the point of
view of the selection rules� and corresponds to the fifth tran-
sition observed in the PR spectrum and is shown also in

Fig. 3. Again, as in the case of the rectangular shape wells,
the effects related to the tunneling seem to be still of second-
ary importance �in spite of the shallower effective confining
potential and deeper carrier wave function penetration into
the barriers�. It appears that the line splittings or shifts due to
the coupling are still below 10 meV �independent of the as-
sumptions on the equal or not exactly equal QW content
profiles�; i.e., they will be hidden within the inhomogeneous
broadening as well, and they cause only some quantitative
changes in the optical transitions �e.g., modifications of the
overlap integrals�, which are rather difficult to observe in the
PR spectra.

IV. CONCLUSIONS

In summary, we have first of all shown that the transition
energies observed in the optical spectra and related to the
thin wetting layer of the InAs/GaAs QD system are almost
independent of the structure history, and based on the diffu-
sion QW interfaces model, we have proven that they should
always have energies close to 1.34 and 1.385 eV for the
heavy hole and light hole transitions, respectively, with
variations of about ±10 meV. Using transmission electron
microscopy and composition profiles, we have also shown
that the wetting layer is significantly intermixed, but the ef-
fect on the optical transitions is unobservable in the spectral
response in the case of such thin layers. The observed QW
transitions connected with the existence of the two wetting
layers in the investigated bilayer InAs/GaAs QD system can
indeed be theoretically explained on the basis of a simple
thin rectangular well model. For the WL QW, including the
InGaAs cap layer, the simplified approach will work only in
a rough approximation. The experimental spectra are in fact
a superposition of several transitions, and the appearance of
some of these can only be explained by taking into account
the real compositional profile, including the effect of an in-
termixing and a layer content decomposition.

ACKNOWLEDGMENTS

We would like to thank Blandine Alloing for perfoming
the atomic force microscopy �AFM� measurements. The
work was conducted in the framework of the European “ZO-
DIAC,” Project No. FP6/017140. It was also supported by
the Polish Ministry of Education and Scientific Research
within Grant No. P03 B04829 and SPUB Project No. 120/
6.PR UE/2005/7, and by the Foundation for Polish Science
through a Subsidy No. 8/2005. Work in EPFL was also sup-
ported by the Swiss NSF and the SER-COST program.

1P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M. Petroff, L. Zhang,
E. Hu, and A. Imamoglu, Science 290, 2282 �2000�, N. H. Bonadeo, J.
Erland, D. Gammon, D. Park, D. S. Katzer, and D. G. Steel, ibid. 282,
1473 �1998�.

2X. Q. Li et al., Science 301, 809 �2003�.
3M. Bayer, P. Hawrylak, K. Hinzer, S. Fafard, M. Korkusinski, Z. R.
Wasilewski, O. Stern, and A. Forchel, Science 291, 451 �2001�.

4A. E. Zhukov et al., Appl. Phys. Lett. 75, 1926 �1999�.
5A. Fiore, A. Markus, M. Rossetti, and L. H. Li, Laser Focus World, Janu-
ary, p. 124 �2006�.

6D. Bimberg, M. Grundmann, and N. N. Ledentsov, Quantum Dot Hetero-
structures �John Wiley & Sons Ltd., Chichester, 1999�, and references
therein.

063539-6 Sek et al. J. Appl. Phys. 101, 063539 �2007�

Downloaded 27 Feb 2008 to 131.155.108.71. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



7G. Patriarche, L. Largeau, J. C. Harmand, and D. Gollub, Appl. Phys. Lett.
84, 203 �2004�.

8A. Lemaitre, G. Patriarche, and F. Glas, Appl. Phys. Lett. 85, 3717 �2004�.
9M. D. Kim, S. K. Noh, S. C. Hong, and T. W. Kim, Appl. Phys. Lett. 82,
553 �2003�.

10A. O. Kosogov et al., Appl. Phys. Lett. 69, 3072 �1996�.
11P. Sitarek et al., Proceedings of the fifth IEEE Conference on Nanotech-

nology, Nagoya, Japan, July 2005, Vol. 1, p. 324 �2005�.
12L. Aigouy, T. Holden, F. H. Pollak, N. N. Ledentsov, W. M. Ustinov, P. S.

Kop’ev, and D. Bimberg, Appl. Phys. Lett. 70, 3329 �1997�.
13Y. H. Chen, J. Sun, P. Jin, Z. G. Wang, and Z. Yang, Appl. Phys. Lett. 88,

071903 �2006�.
14H. Lee, S. M. Kim, Y. J. Park, and E. K. Kim, J. Appl. Phys. 90, 2290

�2001�.
15G. L. Rowland, T. J. C. Hosea, S. Malik, D. Childs, and R. Murray, Appl.

Phys. Lett. 73, 3268 �1998�.
16M. Geddo, M. Capizzi, A. Patane, and F. Martelli, J. Appl. Phys. 84, 3374

�1998�.
17Y. Chen and J. Washburn, Phys. Rev. Lett. 77, 4046 �1996�.
18D. Leonard, K. Pond, and P. M. Petroff, Phys. Rev. B 50, 11687 �1994�.
19A. S. Bhatti, M. Grassi Alessi, M. Capizzi, P. Frigeri, and S. Franchi, Phys.

Rev. B 60, 2592 �1999�.
20E. C. Le Ru, P. Howe, T. S. Jones, and R. Murray, Phys. Rev. B 67,

165303 �2003�.
21F. Guffarth, R. Heitz, A. Schliwa, O. Stier, N. N. Ledentsov, A. R. Kovsh,

V. M. Ustinov, and D. Bimberg, Phys. Rev. B 64, 085305 �2001�.
22W. H. Chang, H. Y. Chen, H. S. Chang, W. Y. Chen, T. M. Hsu, T. P.

Hsieh, J. I. Chyi, and N. T. Yeh, Appl. Phys. Lett. 86, 131917 �2005�.
23G. L. Bir and G. Pikus, Symmetry and Strain-Induced Effects in Semicon-

ductors �Wiley, New York, 1974�.
24B. Jonsson and S. T. Eng, IEEE J. Quantum Electron. 26, 2025 �1990�.
25I. Vurgaftman and J. R. Meyer, J. Appl. Phys. 94, 3675 �2003�.
26P. Disseix, J. Leymarie, A. Vasson, A. M. Vasson, C. Monier, N. Grand-

jean, M. Leroux, and J. Massis, Phys. Rev. B 55, 2406 �1997�.
27O. Stier, M. Grundmann, and D. Bimberg, Phys. Rev. B 59, 5688 �1999�.
28S. H. Wei and A. Zunger, Appl. Phys. Lett. 72, 2011 �1998�.
29K. Ryczko, G. SJk, and J. Misiewicz, Superlattices Microstruct. 37, 273

�2005�.
30Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi, Phys. Rev. Lett. 75,

2542 �1995�.
31A. E. Zhukov, et al., Appl. Phys. Lett. 75, 1926 �1999�.

063539-7 Sek et al. J. Appl. Phys. 101, 063539 �2007�

Downloaded 27 Feb 2008 to 131.155.108.71. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


