
PHYSICAL REVIEW B, VOLUME 64, 085305
Strain engineering of self-organized InAs quantum dots
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The effects of a thin gallium-rich InxGa12xAs cap layer on the electronic properties of self-organized InAs
quantum dots~QD’s! are investigated both experimentally and theoretically. Increasing the indium concentra-
tion of the cap layer allows tuning the ground state transition to lower energies maintaining strong quantization
of the electronic states. Strain-driven partial decomposition of the InxGa12xAs cap layer increases the effective
QD size during growth and the altered barrier composition leads to a partial strain relaxation within the capped
InAs QD’s. Strain engineering the structural properties of the QD’s as well as the actual confining potential
offers a pathway to control the electronic properties, e.g., to shift the emission wavelength of lasers based on
self-organized InAs QD’s to the infrared.

DOI: 10.1103/PhysRevB.64.085305 PACS number~s!: 78.67.Hc, 78.55.Cr, 73.21.La, 73.61.Ey
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I. INTRODUCTION

In recent years self-organized quantum dots~QD’s! have
evolved as a model system for the study of the fundame
physics of zero-dimensional systems.1 Devices like QD la-
sers and detectors are based on such self-organized QD2–5

Controlled tuning of the electronic properties of such QD
is, however, still a challenge due to the intricate depend
cies of the QD density, size, and shape in the self-organ
growth. One way to modify the electronic properties of se
organized QD’s is annealing-induced interdiffusion.6,7 The
resulting QD potential becomes shallower and softer, shift
the ground state transition tohigherenergy and reducing th
lateral confinement, i.e., the quantization, respectively. C
trol of island formation and evolution during growth is o
tained, e.g., by exploiting strain-modified surface kinetics
multilayered samples,8,9 i.e., vertical self-organization of is
land stacks. For example, small QD’s in a ‘‘seed’’ layer c
be used as stressors to control independently the island
and density in subsequent layers.10 The formation of increas-
ingly large islands with increasing deposition amount lea
to a pronouncedlow-energyshift of the ground state trans
tion energy, allowing one to achieve, e.g., 1.3mm emission
at room temperature with InAs/GaAs QD’s.11 However, the
increasing QD size correlates to a decreas
quantization12–14 and the increasing strain hampers hig
quality stacking.

The overgrowth of self-organized InAs QD’s with a
InxGa12xAs layer has recently been demonstrated as ef
tive means to tune the ground state transition to the 1.3mm
spectral region.15 The structural and electronic properties
the resulting QD structures are, however, poorly understo
Overgrowth by a gallium-rich InxGa12xAs layer alters the
electronic properties of the InAs/GaAs quantum structure
three interrelated ways.

~1! First, strain-driven surface kinetics leads to a par
decomposition of the InxGa12xAs layer during growth16 due
to preferential incorporation of indium at already existi
InAs islands, thus increasing the effective QD size.

~2! Second, the InxGa12xAs cap layer allows for more
0163-1829/2001/64~8!/085305~7!/$20.00 64 0853
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efficient strain relaxation,17–19 altering the electronic poten
tial of the capped QD’s.

~3! Finally, the low-energy quantum well~QW! formed by
the original InAs wetting layer~WL! and the partly decom-
posed InxGa12xAs layer lowers the lateral confinement, r
ducing the number of localized states and enhancing lat
coupling between the QD’s at finite temperatures.

As shown recently,20 the degree of decomposition of th
InxGa12xAs cap layer depends on the indium compositionx,
the size of the initial InAs islands, and the growth condition
The strain distribution in the overgrown structure depends
the actual indium content and the thickness of t
InxGa12xAs cap layer. Thus, this type of growth approa
provides the potential to strain engineer the structural
electronic properties of self-organized QD’s. Additional
the InxGa12xAs layer reduces the inhomogeneous surfa
stress and therefore the strain interaction with subseq
QD layers, enhancing the ability to grow a multitude of ide
tical uncorrelated QD layers.20 A high volume density of
QD’s is needed, e.g., for large quantum efficiency la
devices.15 The utilization of the full potential of this innova
tive growth approach requires a quantitative understand
of the interrelated effects on the electronic properties.

Here, we report on a photoluminescence~PL! and PL ex-
citation ~PLE! study of InAs QD’s capped by an InxGa12xAs
layer of varying nominal indium concentration. In order
obtain a detailed understanding of the resulting comp
quantum structure the results are compared to transmis
electron microscopy~TEM! data,20 eight-bandk•p calcula-
tions of the zero-dimensional QD states, and effective m
calculations for the two-dimensional QW states. Quantitat
insight into the contributions of partial decomposition a
strain relaxation to the observed low-energy shift with
creasing indium concentration of the InxGa12xAs layer is
obtained.

II. EXPERIMENT

The investigated samples were grown by solid-source m
lecular beam epitaxy on GaAs~001! substrate as describe
©2001 The American Physical Society05-1
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in detail in Ref. 20. First, an AlAs/GaAs superlattice fo
lowed by 100 nm GaAs were grown at 600 °C. Sub
quently, the temperature was lowered to 485 °C for the de
sition of ;2.1 monolayers~ML ! of InAs forming the initial
InAs islands. The islands were capped by a 4 nm thick
InxGa12xAs layer with an indium compositionx of up to
25% followed by 10 nm GaAs.~For x50, 2.3 ML InAs were
deposited for the initial InAs islands which affects main
the QD density.! Finally, the temperature was raised
600 °C for the growth of 10 nm GaAs, an AlAs/GaAs sup
lattice, and a 5 nm GaAs protection layer. The lateral den
of the QD’s determined from plan-view TEM images was
the range of 400mm22 to 900 mm22 for the various
samples. A sketch of the QD’s in the InAs/InxGa12xAs struc-
tures is shown in Fig. 1. The InAs QD’s are embedded i
QW formed by the original InAs WL and the InxGa12xAs
cap layer. For the investigated samples TEM results20 sug-
gest a flat truncated shape of the overgrown InAs QD’s w
a base length between;12 nm and;14 nm and an esti-
mated height around 3 nm. The average size of the In
QD’s increases monotonically on increasing the indium c
centration of the cap layer from 0 to 20%~see the inset of
Fig. 6 in Ref. 20!. For the investigated samples the grow
parameters were chosen so as to minimize the decompos
of the InxGa12xAs layer, in order to quantify the concomitan
effect of strain relaxation in such structures.

The PL and PLE experiments were performed in
continuous-flow He cryostat at 7 K. A tungsten lamp d
persed by an 0.27 m double-grating monochromator ser
as a low-density, tunable light source. The emission w
spectrally dispersed by an 0.3 m double-grating monoch
mator and detected with a cooled Ge diode using lock
techniques.

III. EXPERIMENTAL RESULTS

Figure 2 compares low-temperature PL spectra~dashed
lines! of the series of samples taken at low excitation den
(;5 mW/cm2). The most prominent effect is a pronounc
redshift of the ground state transition on increasing the
dium concentration fromx50 to x520% despite the only
small increase of the average size of the QD’s.20 The low-
energy shift is attributed to the combined effects of an
creasing QD size and a decreasing strain inside the Q
with increasing indium concentration in the QW. These t
effects will be discussed in detail in the following section
The trend is seemingly reversed on going fromx520% to
x525%. As discussed below the partial decomposition
the InxGa12xAs layer is most effective for thex520%
sample, leading to the largest QD’s. The reason might b
larger size of the initial InAs islands as suggested by

FIG. 1. Schematic of the QD sample structure.
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island density, which is;50% lower than in the othe
samples. An increased stressor size enhan
decomposition.20 Additionally, dislocated clusters appear
the highest indium concentration (x525%), which are effi-
cient sinks for indium, reducing the average size of the
herent QD’s.20

Information on the excited states is obtained from P
studies. The full lines in Fig. 2 show PLE spectra recorded
the maximum of the corresponding PL peak. The spec
reveal efficient excitation via the QW~marked by arrows!,
which exhibits with increasing indium content of th
InxGa12xAs layer a low-energy shift of the same order
that of the QD ground state transition. The energy differen
between the QW and the QD ground state is largest for
x520% sample supporting an enhanced decomposition
the QW for this sample. The transition energy of the QW c
be exploited to estimate the actual indium concentration
the partly decomposed InxGa12xAs layer as will be dis-
cussed in Sec. IV.

The excitation resonances appearing in an;200 meV
energy window above the ground state transition are att
uted to the resonant excitation of QD transitions.11,12 The

FIG. 2. PL ~dashed! and PLE ~solid! spectra for InAs QD’s
overgrown by an InxGa12xAs cap layer (x50, 10%, 15%, 20%,
and 25%). The PLE spectra were detected at the correspondin
maxima.
5-2



d
O
c
he
o-
ax
th
on
tly
e

n

ce

s
e
g

te
at
.e
m

e-
e

le

still
tate
n-
ion
tate
, a
gies

o
ten-
W
ces
tive
ses
ef-

s of
lo-
the
te
ted
tle
On

f
.
d a
ith
n
D’s

nce
res.
th
ce,

gi-
D’s

of
w-
c-
In

ec-
the

al-
e to

reby

c-
p
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lowest-energy resonance at;34 meV above the ground
state transition is observed for all In~Ga!As QD’s and attrib-
uted to phonon-assisted absorption.21 The energies of the two
resonances;70 meV and;100 meV above the groun
state transition are close to two and three times the L
phonon energy. The observation of similar PLE resonan
in single-layer InAs/GaAs QD’s being independent on t
QD size22 has been attributed to multi-LO-phonon res
nances, which result from the competition between rel
ation and defect-related nonradiative recombination, i.e.,
phonon-bottleneck effect. For samples for which such n
radiative recombination is negligible, PLE reveals direc
the excited state absorption spectrum and the resonanc
ergies show a quantum-size effect.12

Figure 3 shows contour plots of the logarithmic PL inte
sity for the x520% @panel ~a!# and x525% @panel ~b!#
samples as a function of the detection energy and the ex
excitation energyDE5Eexcitation2Edetection. Tuning the de-
tection energy across the QD PL peak reveals variation
;6 and ;12 meV for the transition energies of th
;70 meV and;100 meV resonances, respectively, su
gesting recombination-limited dynamics for the investiga
samples. Obviously relaxation is sufficiently fast to popul
the ground state for all excitation processes in all QD’s, i
the relaxation yield is close to one and nonradidative reco
bination is negligible.23 Thus, the PLE resonances corr
spond to excited state absorptions of QD’s with a giv
ground state transition energy (Edetection), whereby the line-
width is a measure of the uniformity of the QD ensemb

FIG. 3. Contour plots of the logarithmic PL intensity, as a fun
tion of the detection and excess excitation energies for the sam
with x520% ~a! andx525% ~b! indium in the QW.
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For a given ground state transition energy~i.e., Edetection) the
combination of size, shape, and composition fluctuations
provides for inhomogeneous broadening of the excited s
transitions.24 A comparison of the excited state transition e
ergies in the different samples shows similar quantizat
despite the pronounced low-energy shift of the ground s
transition, supporting a similar lateral confinement, i.e.
similar average QD size. The excited state transition ener
in the x520% sample are on average;7 meV smaller,
indicating a slightly increased average QD size.

Based on the PLE contour plots shown in Fig. 3 tw
immediate consequences of the lowering of the lateral po
tial barriers with increasing indium concentration of the Q
can be identified. On the one hand, excitation resonan
becoming nearly degenerate with the QW show a nega
quantum size effect, i.e., the excited state splitting decrea
with decreasing QD size. Such an inverse quantum-size
fect has recently been observed for higher excited state
larger InAs/GaAs QD’s and attributed to the enhanced de
calization of carriers in states nearly degenerate with
two-dimensional WL.12 The absolute energy of excited sta
transitions involving such delocalized states is correla
with the QW transition energy and thus depends only lit
on the QD size, causing a negative quantum-size effect.
the other hand, the low-energy InxGa12xAs QW limits the
number of localized states in the QD’s~compare, e.g., Fig.
3!. In the x525% sample only the components of then
51 excited electron states~at ;70 meV and;100 meV)
are localized, whereas in thex520% sample at least some o
the n52 electron states~at ;170 meV) are also localized
The enhanced decomposition leads to larger QD’s an
higher-energy QW in this sample. The QD’s overgrown w
an InxGa12xAs cap layer provide only 6 to 12 bound excito
states, whereas large conventional self-organized InAs Q
might accommodate up to 30 excitons.25,26 Furthermore, the
low lateral barrier between the QD’s is expected to enha
lateral coupling by carrier exchange at elevated temperatu
At the same time, the vertical potential barrier in the grow
direction, being crucial for room-temperature luminescen
remains high.

The PL and PLE results support the notion of strain en
neering the electronic properties of self-organized InAs Q
by overgrowth with a suitable gallium-rich InxGa12xAs cap
layer. A detailed understanding of the interrelated effects
strain-driven decomposition and strain relaxation is, ho
ever, a precondition for the controlled growth of QD stru
tures optimized, e.g., for particular device applications.
the following the experimental results are compared to eff
tive mass calculations for the QW system consisting of
InAs WL and the InxGa12xAs layer@Fig. 4~a!#, and to eight-
band k•p calculations13 for the localized QD states@Fig.
4~b!#. The spatial separation of the QW and QD regions
lows us to use independent theoretical models appropriat
the respective lateral extension of the wave function.

IV. DECOMPOSITION OF THE InGaAs LAYER

In the present growth approach, the InxGa12xAs layer is
deposited on an inhomogeneously strained surface whe

les
5-3
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F. GUFFARTHet al. PHYSICAL REVIEW B 64 085305
the predeposited InAs islands act as stressors. Strain-dr
surface migration8 leads to a preferential incorporation o
indium at the already existing InAs islands, increasing
effective size of the QD’s.15,16As shown recently, the degre
of decomposition depends on the initial island size, the
dium concentration, and the growth conditions.20 In the
present case of overgrowth with a gallium-rich InxGa12xAs
cap layer partial decomposition lowers the indium conten
the ternary layer. In the ultimate situation of overgrowth w
pure InAs the additional InAs aggregates completely at
already existing islands.27

The actual composition of the InxGa12xAs layer and
therefore the degree of decomposition can be estimate
comparing the ground state transition energy of the QW
served, e.g., in the PLE spectra~Fig. 2!, to one-dimensiona
effective mass model calculations. The dashed and the
lines in Fig. 4~a! represent calculations for the two limitin
structural assumptions: The QW formed by the InAs WL a
the InxGa12xAs layer is assumed to be either complete
intermixed or to be simply sandwiched, as indicated sc
matically by the insets. Note that in the calculationsx is the
actual indium concentration of the InxGa12xAs ternary alloy,
which in the case of decomposition will be lower than t
nominally deposited one. The thickness of the InAs WL
assumed to be 0.36 nm to match the QW energy in the
erence sample (x50). Obviously, both intermixing of the
InAs WL with the InxGa12xAs layer and decomposition o

FIG. 4. ~a! Experimental~points! and calculated~line! exciton
energy of the QW formed by the original wetting layer and t
partly decomposed InxGa12xAs layer for two structural assump
tions: a completely intermixed~dashed line! or a simply sand-
wiched ~full line! structure. The insets depict the two structu
assumptions.~b! Symbols represent the experimental ground st
transition energies and the line represents the exciton energy c
lated in the eight-bandk•p model assuming a constant QD size.
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the latter are negligible forx<10%. For indium concentra
tions above 10% the QW transition is observed at hig
energies than predicted for the nominal indium concen
tion, indicating partial decomposition of the ternary alloy.

Figure 4~a! allows estimation of the actual composition
the grown InxGa12xAs layer as indicated by horizontal a
rows. Actual indium concentrations of 13.5%, 15.1%, a
21.5% are obtained for thex515%, x520%, andx525%
samples, respectively. The strain-driven decomposition
most efficient in thex520% sample. The actual indium con
centration provides an estimate for the QD base length ba
on the lateral QD density and height obtained from TE
images.20 Figure 5 compares the estimated average b
length of the QD’s to corresponding TEM results, reveali
rather good agreement. Obviously, the missing indium is
cumulated at the InAs QD’s, supporting the concept
strain-driven decomposition due to indium migration to t
InAs stressors during the growth of the InxGa12xAs cap
layer.

For the highest indium concentration (x525%) the esti-
mated QD base length is larger than the TEM one. A poss
explanation is the observed formation of dislocated, partia
strain-relaxed clusters,20 which accumulate excessively in
dium at the expense of the growth of the less favorable
herent islands. With increasing indium concentration of
InxGa12xAs layer the increasing strain energy results fina
in the formation of dislocations in the 4 nm thic
InxGa12xAs layer. Additionally, the sensitivity of the decom
position to the initial island size might account at least par
for the increased island size in thex520% sample. An
;50% lower island density in this sample suggests that
initial InAs islands were already larger than in the oth
samples, which favors decomposition. The enhanced dec
position accounts for the lower QD ground state transit
energy and the higher-energy QW~Fig. 4!. Optimized
growth conditions favoring decomposition allow one to a
cess the 1.3mm spectral region for room-temperatu
devices.20

V. STRAIN RELAXATION WITHIN THE QUANTUM
DOTS

As pointed out above, the electronic structure of the In
QD’s is altered by both the changing effective size of t

l
e
cu-

FIG. 5. The QD base lengths estimated from TEM images~Ref.
20! and based on the QW energy as described in the text.
5-4
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InAs QD’s ~Fig. 5! and the InxGa12xAs layer affecting the
strain distribution in the final QD structure. For strain
Stranski-Krastanow QD’s both the chemical potential step
the interfaces and the strain-induced local changes of
band edges are similarly important for the actual confin
potential.13 The strain distribution, depending on the Q
shape and composition, potentially introduces a large va
tion in the electronic properties of such strained QD’s.
particular, the additional InxGa12xAs layer introduced in the
present growth approach leads to a pronounced modifica
of the strain distribution and, therewith, of the electron
properties.

To estimate the effects of the altered strain distribution
the electronic properties of the QD’s we calculated the str
distribution in the framework of continuum mechanics, usi
a finite difference method, and the localized QD states, us
an eight-bandk•p model. Exciton formation is treated sel
consistently in the Hartree approximation. The fundamen
of the calculations are described in detail for pyramid
InAs/GaAs QD’s in Ref. 13 and have recently been dem
strated to successfully explain corresponding experime
results.12,21

For the calculations the QD’s were assumed to be tr
cated InAs pyramids capped by a 4 nm thick InxGa12xAs
layer of varying composition. The actual indium concent
tion x in the investigated samples is in general smaller th
the nominal one@Fig. 4~a!# as a result of the strain-drive
partial decomposition. Note that the decomposition is lik
to result in a gradually changing indium profile. However,
the present stage no corresponding structural informatio
available and thus we consider discrete interfaces betw
homogeneous materials. Guided by the TEM results, we
sumed truncated pyramids with$101%-type side facets and
base length~height! of 11.3 nm~2.6 nm!, which are located
on top of a 0.36 nm thick InAs WL and covered by a 4 nm
thick InxGa12xAs cap layer of varying composition, a
shown schematically in Fig. 1. The decomposition-induc
variation of the island size~Fig. 5! is neglected in the calcu
lations to isolate the effects of the strain redistribution.

Figure 6~a! shows the evolution of the hydrostatic stra
following a ~001! line through the center of the QD in th
growth direction~see inset!. With increasing indium concen
tration the hydrostatic strain increases in the QW but
creases in the QD’s and in the GaAs barrier. The InxGa12xAs
layer reduces the strain within the QD’s and at the surfac
the cap layer, allowing the growth of multiple layers of u
coupled QD’s.20 The decreasing hydrostatic strain within th
QD’s leads to a lowering of the confining potential, as sho
in Fig. 6~b! for the conduction band. The potential becom
deeper with increasing indium concentration following t
strain dependence of the InAs band gap. The average
duction ~valence! band potential in the QD decreases~in-
creases! by ;63 meV (;44 meV) on increasingx to 30%,
which transfers directly into a corresponding decrease~in-
crease! of the electron~hole! ground state energy. In th
InxGa12xAs layer the increasing indium content leads to
lowering of the band gap, which is only partly compensa
by the increasing hydrostatic strain. The InxGa12xAs layer
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lowers the lateral barrier between QD’s, maintaining the h
barrier in the growth direction. However, the reduced late
barrier has only negligible direct effect on the strongly loc
ized electron and hole states.

The wave functions of the four lowest electron and ho
states are shown in Fig. 7 forx50, being representative fo

FIG. 6. Profile of the hydrostatic strain~a! and the electron
potential~b! along a line through the center of the dot in the grow
direction for different indium concentrations.

FIG. 7. Electron and hole wave functions predicted by eig
bandk•p calculations for a truncated InAs pyramid (x50).
5-5
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the studied composition range of the InxGa12xAs layer. The
wave functions for the truncated pyramidal InAs QD a
similar to those of a pyramidal one.13 However, the smaller
side facets and shorter edges provide for a weaker piezo
tric potential. In consequence, thep-type contribution to the
hole ground state is less pronounced and the splitting of
first two excited electron states is negligible (,3 meV).
The truncated shape enhances the oscillator strength o
ground state transition in good agreement with recent exp
mental results.28

The line in Fig. 4~b! represents the predicted evolution
the exciton ground state transition energy as a function of
indium concentration. The redistribution of the strain cau
a low-energy shift of the ground state transition energy
;65 meV on increasingx to 20%, which is in qualitative
agreement with the experimental results~solid squares!.
However, taking into account the actual indium concent
tion ~open squares! it is obvious that, in particular for thex
520% sample, the increased island size also contribute
the redshift. Nevertheless, for the investigated samples
strain redistribution provides the major contribution to t
observed redshift. The partial decomposition of t
InxGa12xAs layer reduces the strain relaxation in the QD
whereas the simultaneously increasing QD size decrease
quantum confinement. The two effects are counteracting
partly compensate each other with respect to the ground
transition energy. Only in the case of pronounced decom
sition as for thex520% sample will the lowering of the
quantization dominate and enhance the redshift. Optimi
growth conditions, enhancing decomposition, allow t
achievement of low-energy shifts of up to 200 meV of t
QD ground state transition,20 providing access to the
1.3 mm spectral region.

The size, i.e., the base length, of the QD’s is invers
related to the excited state splitting via the quantum s
effect.12,13However, the excited state splitting as observed
PLE experiments~Fig. 2 and Fig. 3! remains almost un-
changed on increasing the indium concentration despite
large low-energy shift of the ground state transition ener
supporting a similar average QD size in the different samp
~compare Fig. 5!. Figures 8~a! and 8~c! show the predicted
absorption spectra forx50 andx530%. The exciton tran-
sitions are represented by bars whose length correspon
the oscillator strength. Additionally, absorption spectra p
dicted for 10 meV inhomogeneous broadening are shown
a better comparison with the PLE experiments.

In addition to the ground state (e1-h1) transition the
eight-bandk•p calculations predict three major transitio
groups, which could not be resolved in the PLE experime
The first one;70 meV above the ground state transition
composed of the dominante2-h2 and thee3-h2 transitions.
The second one at;85 meV consists of the four possib
transitions betweene2, e3, h3, andh4. Finally, the one at
;135 meV consists of thee4-h4 and the dominante3-h4
transition. The first and the second line groups are clos
the observed excited state transitions at;60 and;85 meV.
The discrepancy in the absorption strength~compare Fig. 2!
is attributed to the idealized QD shape assumed in the ca
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lations. Figure 8~b! compares the predicted and observed
cited state transition energies as a function of the indi
concentration. The predicted energies change smoothly
few meV mainly due to the altered strain distribution, whi
lowers the effect of the piezoelectric potential on the h
states. The experimentally observed energies depend as
only weakly on the indium concentration, showing no sy
tematic trend. The slightly smaller energies in thex520%
sample are consistent with the increased average QD
and demonstrate the sensitivity of the quantization to
lateral confinement, i.e., the size of the QD’s.

VI. CONCLUSION

In conclusion, we have investigated the optical propert
and analyzed the electronic properties of InAs QD’s ov
grown by an InxGa12xAs layer. The properties are strong
influenced by the strain-driven partial decomposition of t
InxGa12xAs layer, which increases the effective QD size, a
by the altered strain distribution in the final structure. Bo
effects contribute to the observed low-energy shift of the Q
ground state transition and can be controlled via the grow
condition-dependent decomposition. For the assumed
size and shape, the lowering of the potential within the QD
due to the strain redistribution contributes;65 meV to the
observed low-energy shift of the ground state transit
for x520%.

The overgrowth of InAs QD’s with a gallium-rich
InxGa12xAs cap layer is a potentially advantageous mean
use strain to engineer the electronic properties of s
organized InAs/GaAs QD’s. The ground state transition
ergy can be decreased maintaining a large substate split
and, additionally, the low-energy QW limits the number
localized states and enhances the lateral coupling of QD’s
thermal emission and recapture. All three effects are ben
cial for laser devices and might contribute to the succes
corresponding device structures.15

FIG. 8. Oscillator strengths~bars! and absorption spectra artifi
cially broadened by 10 meV~solid line! predicted by eight-band
k•p calculations forx50 ~a! and x530% ~c!. ~b! Excited state
energies from the eight-bandk•p calculation~lines with open sym-
bols! and PLE spectra~solid symbols!.
5-6



o
O

nic
m-

STRAIN ENGINEERING OF SELF-ORGANIZED InAs . . . PHYSICAL REVIEW B 64 085305
ACKNOWLEDGMENTS

Parts of this work were supported by Deutsche F
schungsgemeinschaft in the framework of SFB 296, Nan
08530
r-
p

Competence Center, and INTAS. Parts of the electro
structure calculations were performed on the Cray T3E co
puter of the Konrad-Zuse-Zentrum fu¨r Informationstechnik
Berlin within Project No. Bvpt13.
,

l.

.

n,

D.

,

tifi-

nces
one
as a
ive

f-

A.

l.
*On leave from A. F. Ioffe Physicotechnical Institute, St. Peters
burg, Russia.

1D. Bimberg, M. Grundmann, and N. N. Ledentsov,Quantum Dot
Heterostructures~J. Wiley & Sons, Chichester, 1999!.

2M. Grundmann, Physica E~Amsterdam! 5, 167 ~2000!.
3D. Bimberg, N. Kirstaedter, N.N. Ledentsov, Z.I. Alferov, P.S.

Kop’ev, and V.M. Ustinov, IEEE J. Sel. Top. Quantum Electron
3, 197 ~1997!.

4J.J. Finley, M. Skalitz, M. Arzberger, A. Zrenner, G. Bo¨hm, and
G. Abstreiter, Appl. Phys. Lett.73, 2618~1998!.

5J.C. Campbell, D.L. Huffaker, H. Deng, and D.G. Deppe, Elec
tron. Lett.33, 1337~1997!.

6F. Heinrichsdorff, M. Grundmann, O. Stier, A. Krost, and D. Bim-
berg, J. Cryst. Growth195, 540 ~1998!.

7S. Fafard and C.N. Allen, Appl. Phys. Lett.75, 2374~1999!.
8Q. Xie, A. Madhukar, P. Chen, and N.P. Kobayashi, Phys. Re

Lett. 75, 2542~1995!.
9N.N. Ledentsov, V.A. Shchukin, M. Grundmann, N. Kirstaedter
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