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Strain engineering of self-organized InAs quantum dots

F. Guffarth! R. Heitz! A. Schliwal O. Stier! N. N. Ledentso}* A. R. Kovsh? V. M. Ustinov? and D. Bimberg
Nnstitut fir Festkaperphysik, Technische UniversitBerlin, HardenbergstraRe 36, D-10623 Berlin, Germany
2A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, Russia
(Received 15 February 2001; published 1 August 2001

The effects of a thin gallium-rich &g _,As cap layer on the electronic properties of self-organized InAs
guantum dotg$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 tfddn ,As 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.
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. INTRODUCTION efficient strain relaxatioh’ 1% altering the electronic poten-
tial of the capped QD’s.
In recent years self-organized quantum d@®’s) have (3) Finally, the low-energy quantum welQW) formed by

evolved as a model system for the study of the fundamentdhe original InAs wetting layefWL) and the partly decom-
physics of zero-dimensional systemBevices like QD la- posed InGa _,As layer lowers the lateral confinement, re-
sers and detectors are based on such self-organized®JD’s. ducing the number of localized states and enhancing lateral
Controlled tuning of the electronic properties of such QD’scoupling between the QD’s at finite temperatures.
is, however, still a challenge due to the intricate dependen- As shown recently? the degree of decomposition of the
cies of the QD density, size, and shape in the self-organizeth,Ga, _,As cap layer depends on the indium composition
growth. One way to modify the electronic properties of self-the size of the initial InAs islands, and the growth conditions.
organized QD’s is annealing-induced interdiffusfohThe  The strain distribution in the overgrown structure depends on
resulting QD potential becomes shallower and softer, shiftinghe actual indium content and the thickness of the
the ground state transition togher energy and reducing the In,Ga,_,As cap layer. Thus, this type of growth approach
lateral confinement, i.e., the quantization, respectively. Conprovides the potential to strain engineer the structural and
trol of island formation and evolution during growth is ob- electronic properties of self-organized QD’s. Additionally,
tained, e.g., by exploiting strain-modified surface kinetics inthe InGa,_,As layer reduces the inhomogeneous surface
multilayered sample¥? i.e., vertical self-organization of is- stress and therefore the strain interaction with subsequent
land stacks. For example, small QD’s in a “seed” layer canQD layers, enhancing the ability to grow a multitude of iden-
be used as stressors to control independently the island sitieal uncorrelated QD layer. A high volume density of
and density in subsequent layéPsThe formation of increas- QD's is needed, e.g., for large quantum efficiency laser
ingly large islands with increasing deposition amount leadslevices'® The utilization of the full potential of this innova-
to a pronouncedow-energyshift of the ground state transi- tive growth approach requires a quantitative understanding
tion energy, allowing one to achieve, e.g., 1t3n emission of the interrelated effects on the electronic properties.
at room temperature with InAs/GaAs QD%However, the Here, we report on a photoluminescerib¢) and PL ex-
increasing QD size correlates to a decreasingitation (PLE) study of InAs QD's capped by an /6a, _,As
quantizatio’ ** and the increasing strain hampers high-layer of varying nominal indium concentration. In order to
quality stacking. obtain a detailed understanding of the resulting complex
The overgrowth of self-organized InAs QD’s with an quantum structure the results are compared to transmission
In,Ga,_,As layer has recently been demonstrated as effecelectron microscopyTEM) data?° eight-bandk - p calcula-
tive means to tune the ground state transition to the A8  tions of the zero-dimensional QD states, and effective mass
spectral regiort® The structural and electronic properties of calculations for the two-dimensional QW states. Quantitative
the resulting QD structures are, however, poorly understoodnsight into the contributions of partial decomposition and
Overgrowth by a gallium-rich §Ga _,As layer alters the strain relaxation to the observed low-energy shift with in-
electronic properties of the InAs/GaAs quantum structure ircreasing indium concentration of the,®e, _,As layer is

three interrelated ways. obtained.
(1) First, strain-driven surface kinetics leads to a partial
decomposition of the iGa, _,As layer during growttf due Il EXPERIMENT
to preferential incorporation of indium at already existing '
InAs islands, thus increasing the effective QD size. The investigated samples were grown by solid-source mo-

(2) Second, the lfGa _,As cap layer allows for more lecular beam epitaxy on Gaf3)1) substrate as described
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FIG. 1. Schematic of the QD sample structure.

in detail in Ref. 20. First, an AlAs/GaAs superlattice fol-
lowed by 100 nm GaAs were grown at 600°C. Subse-
guently, the temperature was lowered to 485 °C for the depo-
sition of ~2.1 monolayergML) of InAs forming the initial
InAs islands. The islands were cappey & 4 nm thick
In,Ga, _,As layer with an indium compositiox of up to
25% followed by 10 nm GaAgForx=0, 2.3 ML InAs were
deposited for the initial InAs islands which affects mainly
the QD density. Finally, the temperature was raised to
600 °C for the growth of 10 nm GaAs, an AlAs/GaAs super-
lattice, and a 5 nm GaAs protection layer. The lateral density
of the QD’s determined from plan-view TEM images was in
the range of 400um 2 to 900 um~? for the various
samples. A sketch of the QD’s in the InAs/G&, _,As struc-
tures is shown in Fig. 1. The InAs QD’s are embedded in a
QW formed by the original InAs WL and the J6a _,As
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cap layer. For the investigated samples TEM re&Usig- [~ PL
gest a flat truncated shape of the overgrown InAs QD’s with T E'—E

a base length between12 nm and~14 nm and an esti-
mated height around 3 nm. The average size of the InAs
QD'’s increases monotonically on increasing the indium con-
centration of the cap layer from 0 to 20ee the inset of
Fig. 6 in Ref. 20. For the investigated samples the growth
parameters were chosen so as to minimize the decomposition

of the InGa,_,As layer, in order to quantify the concomitant = > p (dashedl and PLE (solid) spectra for InAs QD’s

effect of strain relaxation in such structures. overgrown by an IGa,_As cap layer k=0, 10%, 15%, 20%,

The PL and PLE experiments were performed in a4 2504). The PLE spectra were detected at the corresponding PL
continuous-flow He cryostat at 7 K. A tungsten lamp dis- maxima.

persed by an 0.27 m double-grating monochromator served
as a low-density, tunable light source. The emission wassland density, which is~50% lower than in the other
spectrally dispersed by an 0.3 m double-grating monochrosamples.  An  increased stressor size enhances
mator and detected with a cooled Ge diode using lock-irdecompositiorf® Additionally, dislocated clusters appear at
techniques. the highest indium concentratiox € 25%), which are effi-
cient sinks for indium, reducing the average size of the co-
IIl. EXPERIMENTAL RESULTS herent QD's¥ , , ,
Information on the excited states is obtained from PLE
Figure 2 compares low-temperature PL specttashed studies. The full lines in Fig. 2 show PLE spectra recorded at
lines) of the series of samples taken at low excitation densitithe maximum of the corresponding PL peak. The spectra
(~5 mWi/cn?). The most prominent effect is a pronounced reveal efficient excitation via the QWmarked by arrows
redshift of the ground state transition on increasing the inwhich exhibits with increasing indium content of the
dium concentration fronx=0 to x=20% despite the only In,Ga _,As layer a low-energy shift of the same order as
small increase of the average size of the Q93he low-  that of the QD ground state transition. The energy difference
energy shift is attributed to the combined effects of an in-between the QW and the QD ground state is largest for the
creasing QD size and a decreasing strain inside the QD’s=20% sample supporting an enhanced decomposition of
with increasing indium concentration in the QW. These twothe QW for this sample. The transition energy of the QW can
effects will be discussed in detail in the following sections.be exploited to estimate the actual indium concentration of
The trend is seemingly reversed on going fram20% to  the partly decomposed |6a, _,As layer as will be dis-
x=25%. As discussed below the partial decomposition ofcussed in Sec. IV.
the InGa _,As layer is most effective for thex=20% The excitation resonances appearing in a200 meV
sample, leading to the largest QD’s. The reason might be anergy window above the ground state transition are attrib-
larger size of the initial InAs islands as suggested by theuted to the resonant excitation of QD transitidh& The
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200 For a given ground state transition enefgg., E etectiod the

combination of size, shape, and composition fluctuations still
provides for inhomogeneous broadening of the excited state
transitions>* A comparison of the excited state transition en-
ergies in the different samples shows similar quantization
despite the pronounced low-energy shift of the ground state
transition, supporting a similar lateral confinement, i.e., a
similar average QD size. The excited state transition energies
in the x=20% sample are on average7 meV smaller,
indicating a slightly increased average QD size.

Based on the PLE contour plots shown in Fig. 3 two
immediate consequences of the lowering of the lateral poten-
tial barriers with increasing indium concentration of the QW
can be identified. On the one hand, excitation resonances
becoming nearly degenerate with the QW show a negative

1504 2

100

AE (meV)

50+

200

1504 7 quantum size effect, i.e., the excited state splitting decreases
% with decreasing QD size. Such an inverse quantum-size ef-
E 1004 fect has recently been observed for higher excited states of
W larger InAs/GaAs QD’s and attributed to the enhanced delo-
< calization of carriers in states nearly degenerate with the

50 two-dimensional WL2 The absolute energy of excited state

transitions involving such delocalized states is correlated
with the QW transition energy and thus depends only little
on the QD size, causing a negative quantum-size effect. On
the other hand, the low-energy,®Ba _,As QW limits the
Detection Energy (eV) number of localized states in the QDXsompare, e.g., Fig.
FIG. 3 C _— . . 3). In the x=25% sample only the components of the
. 3. Contour plots of the logarithmic PL intensity, as a func- .
tion of the detection and excess excitation energies for the samples 1 eXCIt_ed electron St?‘t“at ~70 meV and~100 meV)
with x=20% (a) andx=25% (b) indium in the QW. are localized, whereas in the=20% sample at least some of
the n=2 electron stategat ~170 meV) are also localized.
lowest-energy resonance at34 meV above the ground The enhanced decomposition leads to larger QD’s and a
state transition is observed for all(Ba)As QD’s and attrib-  higher-energy QW in this sample. The QD’s overgrown with
uted to phonon-assisted absorptfdfthe energies of the two an InGa, _,As cap layer provide only 6 to 12 bound exciton
resonances~70 meV and~100 meV above the ground states, whereas large conventional self-organized InAs QD’s
state transition are close to two and three times the LOmight accommodate up to 30 excitof$® Furthermore, the
phonon energy. The observation of similar PLE resonancelow lateral barrier between the QD's is expected to enhance
in single-layer InAs/GaAs QD’s being independent on thelateral coupling by carrier exchange at elevated temperatures.
QD sizé? has been attributed to multi-LO-phonon reso- At the same time, the vertical potential barrier in the growth
nances, which result from the competition between relaxdirection, being crucial for room-temperature luminescence,
ation and defect-related nonradiative recombination, i.e., theemains high.
phonon-bottleneck effect. For samples for which such non- The PL and PLE results support the notion of strain engi-
radiative recombination is negligible, PLE reveals directlyneering the electronic properties of self-organized InAs QD’s
the excited state absorption spectrum and the resonance dmy overgrowth with a suitable gallium-rich J&&, _,As cap
ergies show a quantum-size effétt. layer. A detailed understanding of the interrelated effects of
Figure 3 shows contour plots of the logarithmic PL inten-strain-driven decomposition and strain relaxation is, how-
sity for the x=20% [panel ()] and x=25% [panel (b)]  ever, a precondition for the controlled growth of QD struc-
samples as a function of the detection energy and the exceiges optimized, e.g., for particular device applications. In
excitation energyA E = Eqycitation— Egetectionr TUNING the de-  the following the experimental results are compared to effec-
tection energy across the QD PL peak reveals variations dfve mass calculations for the QW system consisting of the
~6 and ~12 meV for the transition energies of the InAs WL and the InGa, _,As layer[Fig. 4@)], and to eight-
~70 meV and~100 meV resonances, respectively, sug-bandk-p calculation$® for the localized QD state§Fig.
gesting recombination-limited dynamics for the investigatedd(b)]. The spatial separation of the QW and QD regions al-
samples. Obviously relaxation is sufficiently fast to populatdows us to use independent theoretical models appropriate to
the ground state for all excitation processes in all QD's, i.e.the respective lateral extension of the wave function.
the relaxation yield is close to one and nonradidative recom-

1.04 1.08 1.12 1.16 1.20

bination is nggllglble?. Thus, thg PLE resonances corre- IV. DECOMPOSITION OF THE InGaAs LAYER
spond to excited state absorptions of QD’s with a given
ground state transition energ¥ {eieciiod . Whereby the line- In the present growth approach, the®a, _,As layer is

width is a measure of the uniformity of the QD ensemble.deposited on an inhomogeneously strained surface whereby
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% L18 FIG. 5. The QD base lengths estimated from TEM imagRes.
o 116} 20) and based on the QW energy as described in the text.
s I
§ L4 the latter are negligible fox<10%. For indium concentra-
3 112 | —eight-band kp calculation tions above 10% the QW transition is observed at higher
= ol B Ploem B energies than predicted for the nominal indium concentra-
g || B Plesa(acualincone) 5 " ] tion, indicating partial decomposition of the ternary alloy.

I T T e Figure 4a) allows estimation of the actual composition of
the grown InGa, _,As layer as indicated by horizontal ar-
rows. Actual indium concentrations of 13.5%, 15.1%, and
FIG. 4. (a) Experimental(points and calculatedline) exciton ~ 21.5% are obtained for the=15%, x=20%, andx=25%
energy of the QW formed by the original wetting layer and the S&mples, respectively. The strain-driven decomposition is
partly decomposed i, _,As layer for two structural assump- Mmost efficient in thex<=20% sample. The actual indium con-
tions: a completely intermixeddashed ling or a simply sand- ~centration provides an estimate for the QD base length based
wiched (full line) structure. The insets depict the two structural ON the lateral QD density and height obtained from TEM
assumptions(b) Symbols represent the experimental ground statdMages:’ Figure 5 compares the estimated average base
transition energies and the line represents the exciton energy calclgngth of the QD’s to corresponding TEM results, revealing

lated in the eight-banil-p model assuming a constant QD size.  rather good agreement. Obviously, the missing indium is ac-
cumulated at the InAs QD’s, supporting the concept of

the predeposited InAs islands act as stressors. Strain-drivestrain-driven decomposition due to indium migration to the
surface migratioh leads to a preferential incorporation of InAs stressors during the growth of the,Bg _,As cap
indium at the already existing InAs islands, increasing thdayer.
effective size of the QD'$>*6As shown recently, the degree  For the highest indium concentratiorn= 25%) the esti-
of decomposition depends on the initial island size, the in/mated QD base length is larger than the TEM one. A possible
dium concentration, and the growth conditidBsin the exp[anatlon is the observe(_j formation ofdlslocateql, par'glally
present case of overgrowth with a gallium-rich®a, _,As s;raln-relaxed clusterd, which accumulate excessively in-
cap layer partial decomposition lowers the indium content oﬁ'um at the expense of the growth of the less favorable co-
the ternary layer. In the ultimate situation of overgrowth with erent islands. With Incréasing mdugm concentration (.)f the
pure InAs the additional InAs aggregates completely at thénxeaﬂ‘XAS Iayt_er the Increasing stram energy results flr!ally
already existing island?. in the formation of_ _d|slocat|ons in _the 4 nm thick
In,Ga ,As layer. Additionally, the sensitivity of the decom-

The actual composition of the |6 ,As layer and i N : .
therefore the degreg of decomposit)gor?cgn be Zstimated sition to the initial island size might account at least partly

comparing the ground state transition energy of the QW ob- r t(r:e increa_lsed island. si;e ir_1 the=20% sample. An
served, e.g., in the PLE specif@ig. 2), to one-dimensional ~50% lower island density in this sample suggests that the

effective mass model calculations. The dashed and the fu"1|t|a| InAs |§Iands were already' .Iarger than in the other
lines in Fig. 4a) represent calculations for the two limiting Sa”?P'eS’ which favors decomposition. The enhanced deppm—
structural assumptions: The QW formed by the InAs WL angPosition accounts f(_)r the lower QD g_round state transition
the InGa,_,As layer is assumed to be either completelyenergy and_ _the hlghe_r-energy QW:.'Q' 4. Optimized
intermixed or to be simply sandwiched, as indicated schegrowth conditions favoring decqmposmon allow one 1o ac-
matically by the insets. Note that in the calculationis the cess ISES 1.3um spectral region for room-temperature
actual indium concentration of the,@a _,As ternary alloy, devices.

which in the case of decomposition will be lower than the
nominally deposited one. The thickness of the InAs WL is
assumed to be 0.36 nm to match the QW energy in the ref-
erence samplexE0). Obviously, both intermixing of the As pointed out above, the electronic structure of the InAs
InAs WL with the InGa _,As layer and decomposition of QD’s is altered by both the changing effective size of the

nominal indium concentration (%)

V. STRAIN RELAXATION WITHIN THE QUANTUM
DOTS
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InAs QD's (Fig. 5 and the InGa, _,As layer affecting the g 4.6 - r 1 - r T 1T
strain distribution in the final QD structure. For strained T [ |
Stranski-Krastanow QD’s both the chemical potential step at % .02 _\“‘] /‘———_
the interfaces and the strain-induced local changes of the § : :—:f 1
band edges are similarly important for the actual confining S 004} 2 A
potential™® The strain distribution, depending on the QD £ o8 | 1
shape and composition, potentially introduces a large varia- ‘g haat | ]
tion in the electronic properties of such strained QD’s. In T 008} _
particular, the additional |G _,As layer introduced in the 3 : 5 1
present growth approach leads to a pronounced modification % -0.10 |- . . . . . . . ('f‘) .
of the strain distribution and, therewith, of the electronic 1100
properties. et

To estimate the effects of the altered strain distribution on 1000
the electronic properties of the QD’s we calculated the strain 3
distribution in the framework of continuum mechanics, using % 900
a finite difference method, and the localized QD states, using g 800
an eight-band- p model. Exciton formation is treated self- 2
consistently in the Hartree approximation. The fundamentals 2 700
of the calculations are described in detail for pyramidal 8
InAs/GaAs QD’s in Ref. 13 and have recently been demon- % 600
strated to successfully explain corresponding experimental — R R R PN B
resultst??! 16 18 20 22 24 26 28 30

For the calculations the QD’s were assumed to be trun- [001] direction (nm)

cated InAs pyramids capped/ta 4 nmthick In,Ga _,As

layer of varying composition. The actual indium concentra- FIG. 6. Profile of the hydrostatic strai@ and the electron
tion x in the investigated samples is in general smaller thampotential(b) along a line through the center of the dot in the growth
the nominal ondFig. 4@)] as a result of the strain-driven direction for different indium concentrations.

partial decomposition. Note that the decomposition is likely

to result in a gradually changing indium profile. However, atlowers the lateral barrier between QD’s, maintaining the high
the present stage no corresponding structural information igarrier in the growth direction. However, the reduced lateral
available and thus we consider discrete interfaces betwedsnrrier has only negligible direct effect on the strongly local-
homogeneous materials. Guided by the TEM results, we aszed electron and hole states.

sumed truncated pyramids wifti01}-type side facets and a ~ The wave functions of the four lowest electron and hole

base lengtlheighy of 11.3 nm(2.6 nm), which are located states are shown in Fig. 7 far=0, being representative for
on top of a 0.36 nm thick InAs WL and covereg B 4 nm

thick In,Ga,_,As cap layer of varying composition, as
shown schematically in Fig. 1. The decomposition-induced
variation of the island sizé-ig. 5) is neglected in the calcu-
lations to isolate the effects of the strain redistribution.
Figure Ga) shows the evolution of the hydrostatic strain
following a (001) line through the center of the QD in the
growth direction(see inset With increasing indium concen-

electron hole

tration the hydrostatic strain increases in the QW but de- — —
creases in the QD’s and in the GaAs barrier. Thé&lkg _ ,As ©\© ,%,%‘X
layer reduces the strain within the QD’s and at the surface of 2 ’ ~ /

the cap layer, allowing the growth of multiple layers of un-
coupled QD's° The decreasing hydrostatic strain within the
QD’s leads to a lowering of the confining potential, as shown

in Fig. 6(b) for the conduction band. The potential becomes P >
deeper with increasing indium concentration following the 3 ©=

strain dependence of the InAs band gap. The average con- [001]
duction (valence band potential in the QD decreasés- [010]

creasephby ~63 meV (~44 meV) on increasing to 30%,
which transfers directly into a corresponding decre@se
creasg of the electron(hole) ground state energy. In the
In,Ga, _,As layer the increasing indium content leads to a
lowering of the band gap, which is only partly compensated FIG. 7. Electron and hole wave functions predicted by eight-
by the increasing hydrostatic strain. The®a _,As layer  bandk-p calculations for a truncated InAs pyramig=£0).
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the studied composition range of the By, _,As layer. The 150 @wF LT T T e ©

wave functions for the truncated pyramidal InAs QD are 135 Fo—" D\D-_F’

similar to those of a pyramidal orfd However, the smaller 120 C ]

side facets and shorter edges provide for a weaker piezoelec- < 105 C ., s ]

tric potential. In consequence, tpetype contribution to the g 90 Cm o = D'_E

hole ground state is less pronounced and the splitting of the 77 75 g——i—§ 0= 0]

first two excited electron states is negligible:3 meV). < 80 . . ]

The truncated shape enhances the oscillator strength of the 45 C ]

ground state transition in good agreement with recent experi- 30 «0 F 0o numerical caleulations ] ..

mental result$® 151 77 [ = optical results 1
The line in Fig. 4b) represents the predicted evolution of 0 T T

L I L
the exciton ground state transition energy as a function of the %S;i”aztof 0 5n0;$in;|5in§?um25 80 Oo;cillzato?
indium concentrgnon. The redistribution of th_e_ strain causes strength composition (%) strength
a low-energy shift of the ground state transition energy by
~65 meV on increasing to 20%, which is in qualitative FIG. 8. Oscillator strengthéar9 and absorption spectra artifi-
agreement with the experimental resulisolid squares  cially broadened by 10 meVsolid line) predicted by eight-band
However, taking into account the actual indium concentrak-p calculations forx=0 (a) and x=30% (c). (b) Excited state
tion (open squarést is obvious that, in particular for the ~ energies from the eight-barkd p calculation(lines with open sym-
=20% sample, the increased island size also contributes 'S and PLE spectrésolid symbols.
the redshift. Nevertheless, for the investigated samples the
strain redistribution provides the major contribution to thelations. Figure &) compares the predicted and observed ex-
observed redshift. The partial decomposition of thecited state transition energies as a function of the indium
In,Ga, _,As layer reduces the strain relaxation in the QD’sconcentration. The predicted energies change smoothly by a
whereas the simultaneously increasing QD size decreases tfe&v meV mainly due to the altered strain distribution, which
quantum confinement. The two effects are counteracting angwers the effect of the piezoelectric potential on the hole
partly compensate each other with respect to the ground staates. The experimentally observed energies depend as well
transition energy. Only in the case of pronounced decompaopnly weakly on the indium concentration, showing no sys-
sition as for thex=20% sample will the lowering of the tematic trend. The slightly smaller energies in the 20%
guantization dominate and enhance the redshift. Optimizeganwe are consistent with the increased average QD size

growth conditions, enhancing decomposition, allow the,nq gemonstrate the sensitivity of the quantization to the
achievement of low-energy shifts of up to 200 meV of the|5teral confinement. i.e.. the size of the QD’s.

QD ground state transitiof!, providing access to the
1.3 um spectral region.

The size, i.e., the base length, of the QD’s is inversely
related to the excited state splitting via the quantum size
effect’?*3However, the excited state splitting as observed in  In conclusion, we have investigated the optical properties
PLE experimentsFig. 2 and Fig. 3 remains almost un- and analyzed the electronic properties of InAs QD’s over-
changed on increasing the indium concentration despite thgrown by an InGa, _,As layer. The properties are strongly
large low-energy shift of the ground state transition energyinfluenced by the strain-driven partial decomposition of the
supporting a similar average QD size in the different samplesn, Ga, _,As layer, which increases the effective QD size, and
(compare Fig. b Figures 8a) and §c) show the predicted by the altered strain distribution in the final structure. Both
absorption spectra for=0 andx=30%. The exciton tran- effects contribute to the observed low-energy shift of the QD
sitions are represented by bars whose length corresponds ¢geound state transition and can be controlled via the growth-
the oscillator strength. Additionally, absorption spectra pre-condition-dependent decomposition. For the assumed QD
dicted for 10 meV inhomogeneous broadening are shown fosize and shape, the lowering of the potential within the QD’s
a better comparison with the PLE experiments. due to the strain redistribution contributes65 meV to the

In addition to the ground statee{-hl) transition the observed low-energy shift of the ground state transition
eight-bandk-p calculations predict three major transition for x=20%.
groups, which could not be resolved in the PLE experiments. The overgrowth of InAs QD’s with a gallium-rich
The first one~70 meV above the ground state transition isin,Ga, _,As cap layer is a potentially advantageous means to
composed of the dominaeR-h2 and thee3-h2 transitions. use strain to engineer the electronic properties of self-
The second one at85 meV consists of the four possible organized InAs/GaAs QD's. The ground state transition en-
transitions betweer2, €3, h3, andh4. Finally, the one at ergy can be decreased maintaining a large substate splitting,
~135 meV consists of the4-h4 and the dominan¢3-h4 and, additionally, the low-energy QW limits the number of
transition. The first and the second line groups are close ttocalized states and enhances the lateral coupling of QD’s by
the observed excited state transitions-&0 and~85 meV. thermal emission and recapture. All three effects are benefi-
The discrepancy in the absorption strengtbmpare Fig. 2 cial for laser devices and might contribute to the success of
is attributed to the idealized QD shape assumed in the calcicorresponding device structures.

VI. CONCLUSION
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