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Abstract

The strain fields in and around self-organized In(Ga)As/&ghantum dots (QD) sen-
sitively depend on QD geometry, average InGaAs compostdiuth the In/Ga distribution
profile. Piezoelectric fields of varying size are one restithese strain fields. We study sys-
tematically a large variety of realistic QD geometries aathposition profiles, and calculate
the linear and quadratic parts of the piezoelectric fielce Balance of the two orders depends
strongly on the QD shape and composition. For pyramidal IQ8s with sharp interfaces
a strong dominance of the second order fields is found. Upoealimg the first order terms
become dominant, resulting in a reordering of the elegiraandd-states and a reorientation
of the hole wavefunctions.

1 Introduction

Semiconductor quantum dots (QDs) are fascinating physidajects exhibiting electronic prop-
erties close to hydrogen in a dielectric cage, thus mergamiconductor physics with atomic
physics. Their electronic properties,[1-3] are stronggmetry dependent. In particular, the influ-
ence of the QD morphology on few-patrticle properties likein (X) and biexciton (XX) binding
energies, and the exciton fine-structure splitting areerily the subject of active research.[4—6]
Varying QD size, shape, composition are attractive andtigedaneans to vary the electronic and
optical properties. Many applications are based on thisogiry.[7-9]

The symmetry of the confinement potential is not determimgdhle QD geometry alone, but
also by the anisotropic strain, piezoelectricity, and ttoerdstic symmetry anisotropy (ASA).[10]
These effects arise from the lack of inversion symmetry ef ahderlying zinc-blende lattice.
Grundmanret al[2] and Stieret al[3] discovered the linear (first order) piezoelectric effex
cause symmetry lowering frofiy, to Cs, for pyramidal QDs. Later, Bestet al[10] reported a
similar behavior for lens-shaped QDs, where the rotatisgaimetry,C.., is lowered toCs, as
well, with similar consequences as for the pyramidal QD<eR#y Besteet al[11] investigated
quadratic (second order) piezoelectric effects and agaestigated flat lens-shaped QDs.[12] The
authors reported that the linear and quadratic effects smpod cancel each other leading to an
almost field-free QD-interior, thus practically reestabing theC,, confinement symmetry. We
will show in this paper that mutual cancellation of first amd@nd order piezoelectric effects can
not be generalized to lower symmetry and more realistic QI Bires.

The electromp-state splitting presents a measure for the actual confineamesotropy between the
[110] and the[110] directions. Brat al. [13, 14] performed intraband absorption measurements
and suggested an electrpistate splitting in the order of 8 meV for capped InAs QDs. Aswill
show later in this work, their polarization anisotropy @sponds to a lowgr-state aligned along
[110] and a higher energy state, aligned aloht)]. This finding is in accord with the results of
Maltezoupolost al[15] They usedscanning tunneling spectroscofiyprobeuncappedlDs and
found striking evidence for largp-state splitting, with identicap-state order to Brast al. In
some casegd-states below the secompdstate were observed by Maltezoupo&isal.



The purpose of this paper is twofold. First, we will calceldihe electronic and optical proper-
ties of a large number of QDs of varying size, shape (squacelar/rhomboid base, different
vertical/lateral aspect ratios) and composition (homeges/peaked and isotropic interdiffusion),
highlighting the impact of the varying first and second omuiezoelectric effects on the electronic
properties.

Despite tremendous advances in structural charactenizdlie real shape and composition of
capped quantum dots, which are decisive for all applicat[@h are usually not or only poorly
known. Therefore, the second purpose of our work is to pteggiectroscopic quantities which
serve as fingerprints for specific QD structures, thus toesddihe inverse problem of deriving in-
formation on size, shape and composition from spectrosatgtia. The difficulty of this approach
is that the relation between the QD morphology and the calledl spectroscopic properties de-
pends on the employed model and the parameters enteringoithel .fi6]

We obtain the electronic structure using a strain-depaneight-bandk-p Hamiltonian, includ-
ing first and second order piezoelectricity. This model mles, at reasonable computational
cost, a fast and transparent way to connect the electronictgte of QDs with their geome-
try/composition and to the bulk properties of the constitueaterials.

The paper is organized as follows: In section 3 the methodalwiutation is outlined and some

general properties, like the impact of strain on the confer@npotential or the symmetry proper-
ties of the single particle orbitals are discussed. In endfifirst and second order piezoelectric
fields are compared as function of shape and compositionhaidimpact on the electronic and

optical properties is addressed. In the ensuing sectiomsl B durther consequences of different
shapes and composition profiles for the electron and holeyeseand their excitonic spectra are
investigated. The paper is concluded in section 7.

2 The Investigated structures: Variation of size, shape an@dompos-
tion

Our selection of model QDs is guided by the broad variatiostiafctures observed in experiments

(see, e.g., Ref.[17, 18] and references therein).

Fig.1 gives an overview on the investigated series of mddettires.

Series APyramidal InAs/GaAs QDs, similar to Ref. [3], with base l#rgyl0.2nm (A1), 13.6 nm
(A2), 17.0nm(A3), and20.4 nm (A4).

Series B:Starting with thel7 — nm-base-length pyramid of seriés the vertical aspect ratio is
varied between 0.5 (full pyramid) and 0.04 (very flat).

Series CThe QDs with a circular base and a vertical aspect ratio mgrigetween 0.5 (half-sphere)
and 0.17.

Series D:Starting, again, with the 17 nm base length pyramid of sekiaa elongation iff110]
and[110] direction is investigated. The lateral aspect ratio (lbrigt[110] direction divided by
length in[110] direction) varies between 2 and 0.5 (a value of 1 corresptmtie square base).

It is important to note, that the QD volume has been kept emishroughout serid3, C andD.

Series E:A homogeneous variation of the In-content for pyramitlalGa; _,As/GaAs QDs is
considered. The starting point is again thfenm base length pyramid of serids The In content
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Figure 1: Structure series investigated in this paper.



decreases in steps of 10% from 100% to 70%.

Series F:The QDs of this series have a circular base together withnapgetrshaped like InGaAs
composition profile. The integral In amount of the QDs is eégo®D A3.

Series GBy applying a smoothing algorithm on structuk8 with a variable number of smoothing
steps (N) the process of Fickian diffusion as a result of arealing procedure is simulated.

Wetting layer: As indicated by figure 1 an InAs wetting layer (WL) of one mana@r thickness
for seriesA-D is taken into account. In serids the WL average composition equals the QD
composition. For the remaining serigs,andG a thicker WL with a graded InAs composition
profile is assumed. is taken into account too.

3 Method of calculation

3.1 Calculation of strain

Since the impact of strain on the confinement is comparabtdabof the band offsets at the
heterojunctions, the wavefunctions and energies are \esitve to the underlying strain distri-
bution. The impact of the model used for calculating theistdéstribution has been analyzed in
a number of publications.[3, 19] Stiet al. [3] argue that the continuum elasticity model (CM)
gives better results for QDs than the valence force field (MRBdel (Keating) in its linearized
version (Kane). The major part of the differences in theistdistribution are attributed to the
incorrect value of’y4 in the VFF model and not to its atomistic character. Lated)isison et
al. [20] introduced a generalized version of the VFF modelhe-&-VFF model — wheré'y,

is reproduced correctly. Although the potential of the Kegmodel in its original version is not
harmonic, it has been remarked by Kane,[21] that anharnedfects due to higher order terms are
not satisfactorily treated. Therefore Lazarenkova andockers extended this model to include
anharmonic effects correctly.[22] The same issue is addteby Hammerschmidtt al[23] and
Migliorato et al,[24] who employed the Tersoff-potential method [25].

The choice of the most appropriate strain model dependseoaohtbice of the model for the elec-
tronic structure calculations. Since we use — with the elridk - p model — a continuum
approach, an atomistic strain model cannot unfold its foteptial for two reasons:

First, the mapping of the atomic positions onto a straindeffigld is associated with a loss of
information. To describe the positions of four tetrahdgirabordinated In atoms around an As
atom five times the three spacial dimensions = 15 paramaterequired. The strain tensor field
on the other hand is described by only six independent coamgsrat each local position.

Second, thé-p model provides only a limited number of parameters to acctmurstrain, hence
the model is not sensitive to the complete information amabc model provides. For example,
the strain tensor, derived from the CM model, for a QD with arfold rotationalCj,, symme-
try hasCy, symmetry too, in contrast to atomistic models: The tetreddecbnfiguration of the
atoms[19] leads t@’,, symmetry, i.e. the strain components are different aloagitt] and[110]
directions. The resulting-splitting, obtained by using the atomistic-model-dedivarain tensor
field in ourk-p model, is underestimated. The structufal,, or C4, Ssymmetry is noticeably
broken only in the second step by the inclusion of the piexigt field.



3.2 Piezoelectricity and the reduction of lateral symmetry

Piezoelectricity is defined as the generation of electrianaation by application of stress to a

crystal lacking a center of symmetry.[26] The zinc-blentlecture is one of the simplest examples
of such a lattice and the strength of the resulting polddras described by one parameter alone,
e14, for the linear case, resulting in a polarizatiBn, and three parameterB; 14, B124, andBisg

for the quadratic case,[11] resulting in a polarizat®n Their relation to the strain tensor field is

given by:

Py = 2en| e ;
Exy
Exx Eyz
P2 = 2 3114 €yy €xz +
€2z Exy
€yz (€yy T €a2)
+ 2B1os | € lem +ex) |+ (1)
Exy (Exx + €yy)

€xz Exy
+ 4Bise | €ysexy

€yz €xz
Piezoelectric chargegpic,o, arise from the polarizations:

ppiezo(r) = -V-P 5
P = P,+P;

The resulting piezoelectric potential is obtained by swJPoisson’s equation taking into account
the material dependence of the static dielectric consta(t)

pp(r) = eV [es(r)V Vp(r)] (2)
=

AVpr) = 62’25(2) _ ?i)v Vo(r) - Veo(r) . @3)

The first term on the right hand side of Eqg. 3 refers to the thwee-dimensional charge density
while the second is the contribution of polarization inked charge densities due to a discontinu-
ouseg(r) across heterointerfaces.

The importance of the second order teis, for In(Ga)As/GaAs(111) quantum wells (QWSs) and
QDs has been pointed out recently by Bester and coworkérslPl They found that in In(Ga)As
QWs the linear and quadratic contributions have opposfee®sfon the field, and for large strain
the quadratic term even dominates. For InAs/GaAs QDs, hekyvéwe situation is more complex.
In addition to the large strain the QDs’ three-dimensioriedcture comes into play: The linear
term generates a quadrupole-like potential, which redactsicturalCy,,- or C.,-symmetry of a
QD to (Cy,.[2, 10] The effect of the quadratic term has been evaluateently by Besteet al[12]

for lens-shaped QDs. It was found to cancel the first ordezmiat inside the QD, leading to a
field free QD. Here we extend this investigation to a varidtynore realistic QD structures (see
section 2). For a pyramidal QD with a base length of 17 nm frid } side facets the strength
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Figure 2: (Color online) (a) The piezoelectric potentiassrfaces at-50 meV of a pyramidal
InAs QD with 17 nm base length shown for the linear, the quadpart and for sum of both using
theoretical values for the piezoelectric constants. Resldtained from experimental values are
shown in the last column. (b) Contour plots of the piezoelegiotential 2 nm above the wetting
layer.

and distribution of the piezoelectric potential resultingm the two orders of the piezoelectric
tensor is shown in Fig. 2. Apart from the different orierdatand sign of the two contributions, an
important peculiarity of the second order potential iséstriction to the interior of the QD, which
is in appearant contrast to the widespread first-order fi€lds difference is linked to the origin
of the polarizationP: P, is a function of the shear-strain components alone, whdPgagsults
mainly from the product of the diagonal and the shear-strbiowever, in contrast to the shear-
strain components, the diagonal elementare large only inside the QD and its close vicinity.
Therefore P,-charges can only be created in this region.

3.3 Single Particle States

The energy levels and wavefunctions of bound electron atel $tates are calculated using the
eight-bandk-p model. It was originally developed for the description @attonic states in bulk
material.[36—39] For the use in heterostructures, thelepeefunction version of the model has
been applied to QWs,[35] quantum wires, [29] and QDs.[348)DPetails of the principles of our
implementation are outlined in Ref. [29] and [43].

This model enables us to treat QDs of arbitrary shape andrimatemposition, including the
effects of strain, piezoelectricity, VB mixing, and CB-VBteraction. The strain enters our model
via deformation potentials as outlined by Bahder.[44]dtpact on the local bandedges as a func-
tion of the QD geometry will be discussed in the next section.

Thek-p model, when applied to small quantum structures, has ircipten a few well-known

drawbacks which have been examined in detail in Ref.[45, 4Bjey are basically related to
the fixed number of Bloch functions used for the wavefuncgapansion, the restriction to the
close vicinity of the Brillouin zone center, limited abjlito account for the symmetry of the un-
derlying lattice, and the possible appearance of spurioligisns. These problems do not arise
in microscopic theories like the empirical pseudopotémtiathod [45] (EPM) or the empirical

tight-binding (ETB) method.[47, 48] Their potential, howeg, can only be exploited if the corre-
sponding input parameters — the form factors in the EPM otitfit-binding parameter and their



Quantity Unit GaAs InAs Interpolation Reference

Lattice constant a A 5.6503 6.0553 linear [27]
Fundamental gap E, meV 1518.0 413.0 1518 — 1580 ¢ 4 475 ¢? [27]
Averaged VB edge[28] Ev meV -6920 -6747 —6920 + 231 ¢ — 58¢? [27, 29]

Spin-orbit coupling energy  A\g meV 340 380 340 — 93¢ + 133 ¢2 [30]
Optical matrix parameter  E, meV 28000 22204 (1.238 — 0.2095c) ! ;m 31;:%512 AAOO) [31, 32]
CB effective mass Me mo 0.067 0.022 0.0667 — 0.0419 ce— 0.00254 ¢? [33]
Luttinger parameter " 7.1 19.7 1/[(1 —¢)/7.1 4 ¢/19.7] [30, 34]
Luttinger parameter Y2 2.02 8.4 1/[(1 —¢)/2.02 + ¢/8.4] [30, 34]
Luttinger parameter V3 291 9.3 1/[(1 —¢)/2.91 4 ¢/9.3] [30, 34]
Kane parameter B meV nm? 0 0 linear [29, 35]
CB-VB coupling by strain b meV 0 0 linear [29, 35]
CB hydrostatic def. pot. Qe meV -8013  -5080 linear [33]
Gap hydrostatic def. pot. ag meV -8233  -6080 linear [33]
VB shear def. pot. [100] by meV -1824  -1800 linear [30]
VB shear def. pot. [111] dy meV -5062  -3600 linear [30]
Elastic compliance C11 GPa 118.8 83.3 linear [30, 34]
Elastic compliance Cio GPa 53.8 45.3 linear [30, 34]
Elastic compliance Cua GPa 594 39.6 linear [30, 34]
Static dielectric constant €s 13.18 14.6 linear [33]
Piezoelectric constants
Linear (exp.) e C/m? -0.16  -0.045 linear [33]
Linear (calc.) e C/m?>  -0.230 -0.115 linear [11]
Quadratic (calc.) Bis C/m®>  -0.439 -0.531 linear [11]
Quadratic (calc.) Bio C/m®>  -3.765 -4.076 linear [11]
Quadratic (calc.) Bise C/m?>  -0.492 -0.120 linear [11]

Table 1: Material parameters for 6.5 K used in this work. Theptetical values for the linear and quadratic piezoetectefficients C/m2) are
taken from Besteet al[11] Symmetry considerations for the zinc-blende crystraicdure imply that there are only 24 non-zero elements @fi;,
tensor, which can be reduced to three independent elenignts, B124, and Bisg.



strain dependence in the ETB — are known with sufficient aammurReliable generation of these
parameters, however, is highly nontrivial. One of the magtealing features of thie-p model,

in contrast, is the direct availability of all parametersegimg the calculations. Additionally, the
required computational expense of the method is compahatamall. The material parameters
used in this work are taken from Ref. [3] and are listed in Talogether with the appropriate in-
terpolation rules. As mentioned earlier in Ref. [3] the tne@nt of the thin wetting layer is difficult
because its thickness usually is represented by a too somalber of voxels. Two-dimensional
2D states confined in the WL but not in the QD appear at highergies and indicate the end of
the zero-dimensional 0D spectrum. The effort expended aletimg the WL only aims to obtain
the transition from OD to 2D states at plau- sible energielse Bound states obtained from our
method are accurate apart from the discretization erraudiged in Ref. [3], but the numerical
2D-like states are not realistic and therefore not includetiis paper.

3.3.1 Strain versus Confinement Profile

In this section we address the shape dependence of the fettdiand the resulting confinement
potential. For this purpose we consider a full and a trurtptgamid (aspect ratio = 0.21) from
seriesB. The local band edges (Fig. 3 (b) and (d)) are obtained by watdiagonalization of the
HamiltonianH atk = 0. For the sake of clarity we resort to a simpler approximatibthe local
band edges employing the following formulas for the CB, thaJy hole (HH) and the light hole
(LH) bands (thus ignore shear strain induced HH-LH couplimgl split-off band contributions
[32]):

Veg(r) = Ecp+acen(r)
b

Vau(r) = Evp+ayven(r)+ B eg(r) 4)
b

Viu(r) = Evyp+ayen(r) — 3 eg(r)

where the hydrostatic strai and the biaxial straiag are defined as

€a(r) = ex(r) + eyy(r) +eu(r)
ep(r) Exx(T) + €5y (r) — 2 €4 (r)

Vun and Vi g are the heavy-hole and light-hole bands, a., b are the deformation potentials,
and Egg,vp is the unstrained band edge energies. In this simplifiedigiche hydrostatic strain
shifts the CB- and VB-edge and the biaxial strain introdugzesplitting between the heavy and
light-hole band edge. That means — provided the hydross&a®in remains constant ay, is very
small — that an increasing biaxial strain reduces the engagy Figure 3 provides more insight
in how the corresponding strain quantities affect the cemfient potential. The larger hydrostatic
strain inside the full pyramid increases the CB potentiatartban for the truncated pyramid. The
smaller biaxial strain and its sign change at the QD-cewnteithe other hand, lead to a smaller
splitting and a crossing of HH and LH band edges for the fulapyid. Both effects lead to a
deeper confinement of both, electrons and holes, with deiagaspect ratio.

Lets now have a look at the deformation of a lattice unit cellitierent positions of the QD for
different geometries:
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strain: 6 Eyp/ry = b/2ey(r). The solid line marks the contribution of the hydrostaticist
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LH band edge occurs in the full pyramid (d).



(a) A unit cell in the center of aubic InAs/GaAs-QD is a cube. Since the strain components
exx; €yy,aNde,, have the same value, no biaxial strain is present. The htadiostrain is com-
pressive, i.e., negative. (b) If the cubic QD gets flattetieel lateral pressure exceeds the vertical
one and the unit cell extends in z-direction. Hence,stheomponent is larger thag, andeyy,

the biaxial strain is negative and the HH edge resides altw/eH edge. (c) The pyramidal case
is more complex: A unit cell at the center of the QD-base imgdded in z-direction, leading to
negative biaxial strain. Near the tip, however, the latéoates become smaller than the vertical
(directed towards the cell) forces. Consequently, the ecalitbecomes flat with positive biaxial
strain and the light-hole band edge moves on top. Thus, thaspBct ratio determines the lateral
and the vertical pressure proportion acting on a unit cell.

3.3.2 Symmetry properties of the single particle states

Let us first recapitulate some basic properties which applgitnost all QDs considered here.
The confined electron states can be classified accordingetmumber of nodal planes of the
envelope function: 0 planes correspondstiike, 1 plane top-like, 2 planes tal-like statesetc

An alternative description links their transformation beilor under the QDs symmetry operations
to the irreducible representations of the symmetry groupis i exemplified in Fig. 4 for ths,

p, andd-shell for three typical QDs: a flat len§’{.,,) and a full pyramid in absenc&’(,,) and
presence of piezoelectricity’,). Since only the last case — witth,, confinement symmetry —

is of practical interest, Stiest al. [3] introduced a labeling schemebc) where a, b, and c are
the number of nodes ifil10], [110], and[001] directions respectively. The correspondence of this
scheme to the irreducible representationg’'gf is shown in Fig. 4.

For the confined hole states such a classification is more leazrdpe to the mixing of HH an LH
parts, which can have different symmetry properties.[49]

3.3.3 Heavy hole - Light hole coupling

For the understanding of the polarization properties o&ttwtonic absorption spectra the HH-LH
coupling and the resulting state mixing is of largest imaoce. There are three main mechanisms
that finally determine the HH/LH ratio of the hole wavefuocis: First, the relative position of
the local HH and LH bandedge, second their masses relatiwado other, and third the coupling
strength among the VBs, which is mainly a function of the sisé@in (see Bahder [44]). Heavy-
hole and light-hole states are decoupleé.if= ¢, and the shear strain componen{s, ey, €y,

are zero.

These mechanisms are tightly linked to the QD shape: In thedase the inhomogeneity of the
strain (especially the biaxial strain, see Eq. 4) leads faliting of the HH-LH band edges [Fig.
3(b)] and to a crossover of the two bands if the biaxial stchianges its sign as in the case a full
pyramid [Fig. 3(d)]. In the second case the shear straitf itstarge if the QD has a large aspect
ratio. For flat QDs in contrast the shear strain becomes sasatioes the HH-LH coupling. As an
example, the LH fraction of the hole ground state — an indic&ir the strength of the coupling
— varies in square-based QDs (sef®srom 9.2 % (for the full pyramid) to 2.8 % (for the most
truncated pyramid). For circular based QDs (sefi@sve observe a variation between 14.4%
(half sphere) and 2.8 % (flat lens). The dependence on thetaspie is similar to that of the (first
order) piezoelectric field, since both, the HH-LH couplingldhe (first order) piezoelectric field,
originate from the presence of shear strain.
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(s, can arise from a change of geometry, from a piezoelectrid, feelfrom the ASA effect.

The magnitude of the light hole projection also dependsiheam the QD size, as can be seen in
Fig. 5. In average, the LH percentage increases for higtateekhole states and — except for the
hole ground state — it increases for decreasing QD size, titedmole energies approach the GaAs
VB edge.

3.4 Optical Properties
3.4.1 Interband spectra

The interband absorption spectra are calculated by Feguliden rule applied to excitonic states
calculated by the configuration interaction method.[49]

There exist no strict selection rules for the decay of exsitoAs a rule of thumb one can say
that those transitions have a large oscillator strengthrevBkectron and hole state share the same
symmetry propertieand have a sizable spatial overlap. However, since the holesstainsist of
HH and LH parts, each with its own symmetry, they have finitmngbination probabilities with

a number of different electron states.

3.4.2 Intraband spectra

In contrast to the excitonic decay, the CB intraband tramsstfollow strict transition rules: for
two electron statesq) = |ijk) and|b) = |¢/j'k’), itis a necessary condition that at least one of the
expressions—i’, j—j’ or k—k’ is an odd number. For example the transition between theafec
states|100) — |000) has a sizeable oscillator strength in contrasf2t)) — |000), which is
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a forbidden transition. In general the oscillator strengthntraband transitions is smaller than
for excitonic transitions and the anisotropies betweemgdti®n in [110] and [110] direction are
much larger. The latter is an ideal fingerprint of the elatit®pectrum of QDs and the associated
symmetry properties of the wavefunctions.

3.5 Numerical Aspects

For the calculation of strain and piezoelectricity the asten of the simulation box is seven times
larger than the QD in vertical and four times larger in latelieection. The QD is placed in the
center. The grid resolution is half the lattice constant ah&. For the eight-bankl- pcalculations,

a smaller region of this box is cut out, thereby doubling Y&xze to 0.5656 nm. The box is large
enough to not affect the investigated energy levels and sgeimetry. For example, a pyramid of
17 nm base-length is calculated on a 60 x 60 x 60 grid, usingtdat boundary conditions.

4 The Impact of the piezoelectric field

4.1 First and second order piezoelectricity as function ofige, shape and composi-
tion of the QD

In this section we explore the balance between linear andrgtia piezoelectric terms as a func-
tion of shape and composition of the QDs. In Fig. 6 the pieztidat potentials of five different

QDs are shown as a lateral 2D slice taken at the z-componém 6D barycenter. For all shown
QDs, the first and second order term are quadrupole-likepftemted in opposite directions. The
appearance of the total potential at a larger distance fr@QD is dominated by the first or-
der term, a possibly important issue for stacked QDs. Whidheterms prevail inside the QD
strongly depends on the actual geometry and the compogit@fite as will be detailed now.

(a) Flat, lens-shaped QD4 he interior of flat lens-shaped QDs is almost field-free Bige6(a)],
due to the cancellation of the first and second order pieet@lecontributions. These findings
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Figure 6: (Color online) Lateral scans through the piezd&le potential: linear part (left),
quadratic part (middle), and the sum of both (right) showndifferent variations of the QD
morphology. (a) A lens-shaped QD (from serf@wertical aspect ratioary = 0.21), (b) a full
InAs pyramid (from seried\) with a base length of 17.2 nm: In the first case the base edges a
oriented along100] in the second the pyramid is rotated b%°, hence the edges are oriented
along[110]. (c) The In fraction of the pyramid from (b) is decreased ddwi70 % (from series
E). (d) An isotropic diffusion procedure is applied to QD (fpMm series G) . (e) Here we show
results for a nonisotropic internal InAs composition pefiken from series F.



confirm the results of Bestet al[12]

(b) Pyramidal QDs.In contrast to the lens-shaped QDs, for pyramidal InAs QD Wi01} -
facets the quadratic term strongly dominates inside the £g Fig. 6(b1) and Fig. 2]. A rotation
by 45° [see Fig. 6(b2)], however, leads to a balance of both cartidbs and results in a field-free
QD as in case (a).

(c) Homogeneous alloyindNow we consider afin;oGaggAs pyramidal QD with{101} — facets.
The linear piezoelectric potential remains unaffecteds #imost as large as for the pure InAs QD
in (b1). This seems surprising at first sight, since the shgain components become smaller for
rising Ga content. This decrease is compensated by the fngj@rder piezoelectric constasty,
which is linearly interpolated between the values of InAg &aAs (see table 1). The second order
field, however, drops drastically for two reasons: Firsg tiiagonal and the nondiagonal strain
components, entering the calculation as products in Egth, diminish. Second, the parameter
B4, Which leads the largest contribution B, is smaller. As a result the interior piezoelectric
field of the QD is dominated by the first order term.

(d) Annealed pyramidThe first order potential of an annealed structure showsmimpr changes

in the field distribution compared to the unannealed InAgapyd (b1). The second order potential
is drastically reduced similar to case (c). This strong el@ee occurs already for the first annealing
step. Thus, the second order term is very sensitive to theedegf interface abruptness. In the
resulting overall potential only a very small portion of tQ® interior is still dominated by the
second-order field.

(e) Trumpet-shaped composition profildere we consider a different In distribution compared to
case (d) but the field distribution is very similar to the cakthe annealed pyramid.

Influence of Wetting layefhe presence of the thin wetting layer has no sizable impadhe
magnitude and the symmetry of the piezoelectric field. A jafdantumwell in the zinc-blende
system on its own can not produce any piezoelectric field, tdute absence of shear strain.
Therefore, for the very flat QDs of seri@ where the QD height approaches the WL thickness,
both orders of the piezoelectric field become extremely kreahd their impact on the electronic
states is negligible.

To conclude this section, we find that the results of Besttat[12] — the cancellation of first and
second order piezoelectric effects inside the QD — is cowaly for the specific QD structure
considered in their work (lens-shaped QDs with a verticpkasratio smaller than 0.35). Their
findings can not be generalized to all QD geometries and ceitipo profiles. In particular, the
second-order field is very sensitive to the exact QD shapehendomposition profile.

4.2 Impact on the single-particle states

Electron and hole states respond in different ways to theoplectric potential. For the electron
states it is just a minor perturbation lifting possible degracies op- andd-states. The shapes of
the wavefunctions themselves are hardly affected. Thedtates, in contrast, follow very closely
almost any potential variation to minimize their potentilergy. This behavior is connected to
the very different effective masses of both carrier typdscivplays the role of a weighting factor
in the trade-off between kinetic and potential energy.

For the electrons, their small effective mass translatiesarsteeply rising dispersiafi(k). Since
the kinetic energy irk-space is given by, ~ ka E(k)¥(k)dk, a steepF(k) makes it very
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Figure 7: (Color online) Single-particle electron and hefeergies for pyramidal QDs with dif-
ferent size (seried). In the left panel (a) only the first order piezoelectriceeffis accounted for,
using the experimental value ef;. In the right hand panel also the second order is taken into
account, using the piezoelectric constants from [11].

sensitive to &-space wavefunction spreadout. As a result, the wavefamati real-space is very
stiff and reluctant to adapt to small potential fluctuatiohecause otherwise it would produce
¥ (k) components far from thE-point.

For the hole states, especially for those with a large Hidtiiba, the situation is reversed. The
E(k) function is very flat and a largeb (k) spreadout does result only in a small gain of ki-
netic energy. Therefore, the hole states adapt to tinyldeththe potential landscape in order to
minimize their potential energy.

Some principal features of the first and second order pieztréd potential have already been de-
scribed in section 3.2. Here we proceed by studying theiairthpn the single-particle states. For
this purpose we have calculated the single-particle eeemnd wavefunctions for our structures
using two piezoelectric models: (1) we used the classiga¢emental value, and omitted any
quadratic effect and (2) we used the valuesQfand B, ;;, from Ref.[11], thus accounting for
linear and quadratic piezoelectric terms.

The electron stategjk) with i # j respond very sensitively to the piezoelectric field, wherea
those withi = j are almost unaffected. Therefore, to probe the impact ofiifierent orders
of piezoelectricity, we monitor thp-states100) and|010) and thed-states|200) and|020) as a
function of the order of the piezoelectric tensor [case (1(RY.

Pyramidal and truncated pyramidal QDs (Series A/B)e strength of the first order piezoelectric
field and the resulting p and d-state splitting is a functibthe QD-height [3] [see also Fig. 7(a)].
As can be seen from Fig. 7(b), this applies even more if thergkorder is also taken into account;
the p-state order, however, is reversed compared to case (1)sarhe applies to thR00) and
|020) d-states.

15



DN D

—  First order — First and second ——
piezo order piezo

14001 ™

1350

Electron energy [meV]

1300 ~0-1000) o [020)

--[010) -o-]200)
~@-100) ——|110)

Q

@ L)
a0l ., .
20t 1, M N
200 g tu, e AN s
180} ¢ ey R A S s
160 : )
140
0

1250

Hole energy [meV]
-

0.1 0.2 0.3 0.4 05 0 0.1 0.2 0.3 0.4 0.5
Vertical aspect ratio Vertical aspect ratio

Figure 8: (Color online) Single-particle electron and hetergies for truncated pyramids (series
B) as function of the vertical aspect ratioy . In the left panel (a) only the first order piezoelectric
effects are accounted for, using the experimental valég,0fn the right panel (b) also the second
order is taken into account, using the piezoelectric constaom Ref. [11].

Lens-shaped InAs QDs (Series Cphmpared to the serigsandB the second order piezoelectric
potential exceeds the first order terms inside the QD onlyéndase of a halfsphere, as can be
seen from the reversq@state splitting in Fig. 9 air, =0.5. For smaller aspect ratiosy, < 0.5,

the p-states and the00) and|020) d-states are degenerate, indicating that first and secored ord
effects compensate each other with respect to their impatiteelectronic states. If we consider
the first order piezoelectric field alone [case (2)], evertlierstructural’,.,, QDs ap- andd-state
splitting is found. For the hole orbitals we do not observg degeneracy neither for case (1) or

).

Comparison of wavefunction orientation between squareairndilar based InAs QDs (series B
and C).

Figure 10 shows the order and orientation of the wavefunstior a truncated pyramid from series
B and a lens-shaped QD from serf@sboth sharing the same vertical aspect ratio of 0.21. As long
as only the first order terms of the piezoelectric fields amsiered, all electron wavefunctions
have the same orientation, except for the state If the second order is also taken into account,
the p- andd-orbitals of the truncated pyramid change their orientatiBor the lens-shaped QD

the p-orbitals keep their orientation, although they are alnmiEsienerate in energy, as are the
d-orbitals.

Elongated QDs (Series Din this series two of the main lateral anisotropy sourcesantrasted:
The elongation if110] and[110] direction and the piezoelectric effect. To separate tnéinénce

on the single-particles we first calculate the electroratestin absence [Fig. 11(a)] and in presence
of the piezoelectric field [Fig. 11(b,c)].
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Figure 9: (Color online) Single-particle electron and hetergies for lens-shaped QDs (sef®s
versus the vertical aspect ratioy. In the left panel (a) only the first order piezoelectric effe
is accounted for, using the experimental valueqf In the right hand panel (b) also the second
order is taken into account, using the piezoelectric constaom Ref. [11].
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Figure 10: (Color online) Comparison of the electron wanefion shapes and state ordering
for first and second order piezoelectric effects. On theHafid side a truncated pyramid from
series B and on the right hand side a flat lens-shaped QD fraes<g are considered. Results
for the electron states in absence of a piezoelectric fieddshown in Fig.4. The use of first
order experimental constants lead to the same symmetregi®ep and state ordering as for the
calculated values. Energy valuesriteV are given with respect to the unstrained VB-edge.
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Figure 11: (Color online) Single-particle electron andenehergies for elongated QDs (sefi@s
versus the lateral aspect ratio;,. No piezoelectricity is included for the results in panél (&
panel (b) only the first order piezoelectric effect is acdedrfor, using the experimental value of
€14. In the right hand panel (c) also the second order is taken@iotount, using the piezoelectric
constants from Ref. [11].

In absence of the piezoelectric field the electronic statesrsensitive to the orientation of the
QD. The spectrum shown in Fig. 11(a) is symmetric and thetreleg@-states are degenerate at
a lateral aspect ratiar;, = 1.0. The electroniad-states and all hole states, in contrast, show no
degeneracies at all. Moreover, thstates show an anticrossing behavior upon changing éralat
aspect ratio from values smaller than one to values larger dime.

Taking the piezoelectric field into account complicatespioture a lot [Fig. 11(b,c)]. Again, the
second order piezoelectric field dominates over the firstrofigéld. This can be seen from the
p-level crossing point, which is dt2 for case (1) (first order only) and1.4 for case (2) (first
and second order). The second remarkable observation lsrtieeenergy shift of all electron and
hole states for case (2) [Fig. 11(c)], which is much more pumted than for case (1). However,
since the shift applies to both particle types in the same iweynot expected to be visible in the
transition energies, but rather in the activation energies

Variation of InGaAs composition and its distribution (SrE/F/G).In these series different man-

ifestations of composition changes are investigated. t,Rine average composition determines
the accumulated hydrostatic strain inside the structures, In general, larger for larger In inte-

gral content. Since the second order piezoelectric termgrles diagonal strain components with
shear strain components, the quadratic part of the piezioel@otential is expected to be very

sensitive to composition changes.

In seriesk the average In content in a pyramid is varied homogeneoulhe p-state splitting
resulting from the first order parts alone are not affectethbycomposition variation [Fig. 12(a)],
since the decreasing shear strain is compensated by arasimyepiezoelectric constamt 4,
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resulting from the linear interpolation between the valoéGaAs ¢4 = —0.16) and InAs
(e14 = —0.045). The second order contributions, in contrast, decregsdlyafor increasing Ga
content, as can be seen in Fig. 12(b), whereptstates cross at a Ga fraction of 20 %. This is due
to the decreasing magnitude of the diagonal componentsdaitthin tensor, which enter only the
second order terms, but not the first order ones.

In seriesk, a trumpet-shaped composition profile is investigated fiferint vertical aspect ratios.
Since the In atoms are spread over a wider range in a larger ipDonly a small region of high

In concentration, the local strain (especially the diag@eanponents) is smaller. This translates
into a smaller first order and intorauchsmaller second order piezoelectric potential. The order
of the electron states remains unchanged upon changes abfleet ratio and introduction of
second-order piezoelectricity (Fig. 13).

The most interesting series in this context, however, ies&. Here we applied a couple of an-
nealing steps to the QD interfaces simulated by Fickiamsiifn. We found that the strength of the
second order piezoelectric potential is extremely semstt this procedure, as can be seen from
the crossing of the@ andd-states [200) and|020)) after two annealing steps [see Fig. 14(lower
panel)]. The first order potential in contrast is not affdcé all. This behavior can be related to
the strong abrupt decrease of the exciton fine-structuittisg] which has been observed experi-
mentally for a first very modest annealing step.[6] The fitraesure splitting in QDs is related to
the same sort of anisotropy which causespistate splitting.[5]

4.3 Impact of the piezoelectric field on the inter- and intraland spectra

The optical spectra are determined by energy, shape andaira of the electronic states. Espe-
cially the electromp-shell is sensitive to the various sources of lateral aroggt QD elongation
and the ASA effect both stretch the first electron and pedéates into the same direction. A linear
piezoelectric field, in contrast, results in an alignmerpposite directions (see Fig.15).

Interband absorption spectra. In Fig. 16(al) and (b1) we compare the excitonic absorption
spectra of a pyramidal QD (17.2 nm base length) for the twaidened cases of the piezoelectric
effect. The labels indicate the symmetry of the electrotegta:jk) and the hole staté/, which
take part in the absorption process. At first sight the spdotk very similar apart from small
differences in the polarization. But some of the peaks haemged their origin, e.g., thE010 —

H1 and theE100 — H1 absorption peak have reversed order in both plots.

Intraband spectra. The situation is different for CB intraband transitionsgHi6(a2) and (b2)].
Here the spectroscopic signature is completely diffeneeims of the peak energies and in par-
ticular with respect to the polarization. The transitidig810 — £000 and £100 — E000, being
the acid test for the sequence of the p-states order haveseglverder. In contrast to the interband
peaks thep-state transitions are clearly distinguishable by theilappations: £010— £000 is
polarized along110] and £010— E000 along[110].
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Figure 12: (Color online) Single-particle electron andehehergies for series E versus the Ga
fraction inside the InGaAs QD. In the left panel (a) the finstar piezoelectric effect is accounted
for using the experimental value efy only, whereas for the right hand panel also the second order
is taken into account, using the piezoelectric constaots RRef. [11].
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accounted for using the experimental valueeof only, whereas for the right hand panel also
the second order is taken into account, using the piezoeletinstants Ref. [11]. (lower panel)

Probability density (isosurface at 65 % ) shown for the finse€ bound electron and hole orbitals
as a function of annealing steps. An electron p-states egogl occurs between annealing step
two. Only a small degree of annealing is necessary to signifig change the hole wavefunction

shape. Energy values are given with respect to the unsir&Beedge.
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Figure 15: (Color online) A possible QD elongation or theeeffof the atomistic symmetry
anisotropy (ASA) has a qualitatively different impact or tlevel ordering than a piezoelectric
field (here schematically shown for first order terms onlptHe latter case the first electron and
hole p-states are oriented in orthogonal direction. Pdnet¢hematically shows the resulting in-
terband absorption spectra. In (b1) the p-channel sglitithe sum of the respective electron and
hole p-state splittingdp. + dpp), whereas in case (b2) the splitting is determined by tHerdifice
(dpe — dpp). Since the polarization (not shown here) of these pealatiieer weak, a distinction
between the two p-channel peaks might be difficult in expenim An additional hindsight can
provide intraband transition spectra (c). These peakseadyn100% polarized and allow a clear

assignment of the transition type.
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5 The vertical and lateral aspect ratio

5.1 \Vertical aspect ratio (series B and C)

Since the relation between the vertical aspect ratio arzbplectric field has already been dis-
cussed in Sec. 4.2, we continue with the discussion of theeinfle of the vertical aspect ratio on
the single-particle states, using seri@ésquare base) and (circular base) and highlighting the
following results:

(i) As long as the aspect ratio is between 0.15 and 0.5, tladitation of electron and hole states
is either constant (electrons in seri@sor increases (energy of electron states decrease and of
hole states increase) with decreasing aspect ratio. Thisuah finding is in contrast to what a
simple particle-in-a-box model suggests and is relatedaaedistribution of strain inside the QD.
In general two competing processes determine the localizahergies. The first one is the rising
guantization in z-direction, resulting in a decreasingal@ation. This effect, however, becomes
dominant only very flat QDsafr,, < 0.15 (0.1) for electrons (holes), see Fig. 8]. The second one is
a redistribution of strain from being dominant hydrostaétienore biaxial [Fig.3 (a) and (c)]. This
process reduces the local band gap [Fig.3(b) and (d)], thaseasing the localization energy, as
discussed in section 3.3.1. As aresult, the excitonic altisor spectrum of a flat QD, as shown in
Fig.16(cl), is red-shifted by ca. 30 meV compared to themiatdan panel (b1).

(i) The increase of the localization energy with decregsispect ratio is much more pronounced
for circular-based QDs than for square-based ones. Thidgai a larger degree of strain redistri-
bution in lens-shaped QDs.

(i) For very flat QDs, the the z-quantization becomes daninthe critical aspect ratio, however,
is different for electron and hole in series B:

Electron shift For ary < 0.15 the decreasing height causes an energy shift of 120 meV éor th
electron ground-state and 80 meV for the first excited edacstate. At first, foi0.1 < ary <
0.15, the wavefunctions are compressed, thus accumulatingikiaeergy. Later, foary < 0.1,
when the z-confinement becomes too strong, they evade bgdpgeinto the surrounding matrix,
increasing the potential energy of the state. Both effexgslt in an increased electron energy.

Hole shift Due to their larger mass, hole states in general preferdptatieir wavefunction shape

close to the details of the VB-confinement profile. Thus thgomaart of the hole wavefunctions

remain inside the QD until the aspect ratio becomes smaiter ©.1. Below that value, the energy
decreases by 50 meV for the ground state and 43 meV for theficged state. These shifts are
attributed to the gain of kinetic energy, rather than to aibapenetration. Even for the flattest
QD, 65 % of the hole ground state wavefunction remains ingidedot, in contrast to 47% for the

electron ground state.

5.1.1 Excitonic absorption spectra
A comparison of the excitonic absorption spectra of the fytamidal and the truncated QD
reveals significant differences, reflecting the differdrdia distributions and piezoelectric fields.

The magnitude of the shear strain components decreasesl@dtieasing vertical aspect ratio,
resulting in a smaller piezoelectric field and reduced HH-tddipling. The former reduces the
electronp-splitting leading to a degeneracy of tha00—H1/E010—H 1 transitions, the latter re-
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duces the LH-percentage of the hole states. Thus, the nushbabsorption channels is decreased
from 10 in the case of the full pyramid to 7 in the case of thetflaicated pyramid. Th&000—H 2
peak of the pyramid in Fig. 16(b1), for instance, is only bfisibecause the sizeable LH-part of
H2 has the same-like symmetry as thgZ000 state. The HH-part of{2, in contrast, carries
|110)-symmetry and can therefore not interact optically with B8 state, as its overlap integral
vanishes for symmetry reasons. For the flat truncated QDgnlBicl) the LH-percentage &f2

is small. Consequently, th8000— H2 peak vanishes.

The overall appearance of the absorption spectra are dfidecdt for different aspect rations and
should allow a discrimination in PLE experiments.

5.2 Lateral aspect ratio (series D)

A QD elongation is often discussed as a possible source oéxtbion fine-structure splitting,
since it introduces a symmetry reduction frarp, to Cs, already on the level of the QD struc-
ture. However, as long as no piezoelectricity (and/or thé&ASthe case of atomistic models) is
included, there is no distinction possible between eldogatalong[110] and[110] on the basis
of the single particle energies or the peak energies of thiogxc spectra. In this case only the
peak polarization delivers the information on the QD oré¢ion.

In Fig. 17 interband and the CB intraband spectra are showtwim QDs with the same shape
but aligned along different directions. Their lateral agpatios are4r;, =5/7) and &ry, = 7/5)
respectively. Linear and quadratic terms of the piezogtefield are included in the calculation.
The excitonic absorption spectra differ in their peak posg, their intensity, and, in particular,
in their polarization degree. The polarization is even ngymounced in the intraband transition
spectra: For a QD elongated alofig0] (ary, =5/7) only those lines are visible in the considered
energy range, which are polarized[iri0] direction. The piezoelectric effect and the elongation
sum up with respect to their impact on thestate splitting. For the other case, a QD elongated
along[110], the piezoelectric effects and the elongation are compiegsaach other to a large
degree and, as a result, the transitidi®l0 — £000 and £100 — E000 are very close in en-
ergy. Hence, the two orientations are clearly distingu#hdoy energy and polarization of their
intraband spectra.

6 Varying composition profiles

6.1 Inverted cone like composition profile

The experiments of Fret al. [50], employing Stark effect spectroscopy, have shown, tfoat
certain QDs, the hole groundstate is localized towardsdheof the dot, slightly above the elec-
tron. Barkeret al. [51] have conjectured that this observation can be atgibtd an InAs gradient
towards the upper part of the QD. Later on, Sabaghial. [52] studied the impact of different
composition profiles on the behavior of the electron-hofeol#i in presence of a lateral electric
field.

These investigations were accompanied by structural tigag®ns using X-TEM[53] and X-
STMI[17, 54], guiding us to the choice of the composition peofif seriesF, which will be dis-
cussed in this paragraph.
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In order to identify the consequences of the inhomogeneougosition profile like in serieB,

we compare the flattest QD of this series(= 0.2) (further referred to a§)D%2, ,...) to the
pure InAs, lens-shaped QD from seri€swith the same vertical aspect ratio (further referred
to asQDY%?, ). Both QDs contain the same integral amount of In. Compavetie archetype
pyramidal QD, the electron-hole alignment@b%? . . isindeed reversed and their barycenters
are separated by 0.2nm. We would like to point out that thigssion is very sensitive to the
choice of the VB-deformation potential parametgr Literature values of, scatter remarkably

betweeru, =1¢eV anda, =—1¢eV (see Vurgaftmaret al. [55] ).

Comparing single particle energies (Figs. 9 and 13) andrpbisn spectra (Fig. 19) dQD%z_,wm
andQDY%?2 yields the following results:

F—inhom
() The electron and hole ground state energies are shiftetbtand 80 meV to higher energies
for QDY;2 resulting in a 150 meV larger groundstate exciton absamgnergy.

F—inhom?
(i) The peak order in the excitonic absorption spectra iesanchanged (Fig. 19 left panel).

(i) The electrons-p sublevel spacing remains the same, other thapitisublevel spacing. As
a result, theE010 — F000 intraband transition appears at almost the same energyhbut-p
transitions ofQDY;? are shifted to lower energies (Fig. 19 right panel).

F—inhom

6.2 Annealed QDs

In series G we simulate the effect of annealing on the eleittqoroperties using a pyramidal QD,
with a base length of 17.2 nm as model structure. We find thewalg peculiarities as result of
the annealing procedure:

(i) The electron and hole groundstate energies shift by 807&rmeV to higher energies, resulting
in a blue-shift of the exciton groundstate absorption enefgca. 120 meV [see Figs. 14 and
18 (b1)].

(i) The s-plevel spacing and the hole sublevel spacing increasedfingsin a larger separation

of the s-channel from the p-channel transitions. This figdénsurprising at first sight, since high
excitation PL results for annealed QD ensembles revealucests-p channel spacing.[56] These
experiments, however, were performed in an energy rangercto the GaAs bandgap. In this
energy range the excited states start to delocalize, maguft a decreasing electrap splitting.

(i) Due to the increasings-p level spacing, the intraband transition shift to higher rgiss
[Fig. 18 (b2)].

6.3 InGaAs QDs with uniform composition

The choice of the averade,Ga;_,As composition of QDs is often employed to taylor the emis-
sion wavelength. The impact of the Ga contéhtx) on the electronic properties is investigated
using series E. From Figs. 12 and 18 we can derive the follpwmoperties:

() An increase of the Ga content by 30% shifts the electrahtanie groundstate by 55 meV each
to higher energies, resulting in a blue-shift of the excijooundstate absorption energy of ca. 110
meV [Fig. 18 (al)].

(ii) In contrast to our findings for the annealing seri@sthe separation of the- and p-shell
electrons decreases. Hence, by comparing Figs. 18(alpahdye find thep-channel transitions
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Figure 16: (Color online) Excitonic absorption spectrdt(nel) and CB intraband transition
spectra (right panel) shown for a full InAs pyramid and a ftahtated pyramid both taken from
seriesB. In (a) and (b) the results are contrasted for the two appesator calculating the piezo-

electric field.

much closer to tha-channel transitions than in seri€s The resulting intraband transitions are
shifted to lower energies [Fig. 18 (a2)].

7 Conclusions

We investigated systematically the correlation betweaictiral QD properties like size, shape,
and composition and their electronic and optical propgrtie

(i) We compared the electronic properties of round and sgbased InAs/GaAs QDs with con-
stant volume but varying aspect ratios. We found a largestelolition of strain from dominantly
hydrostatic, if the aspect ratio is 0.5 (full pyramid andftsdhere, respectively), to pronounced
biaxial for flat dots. The reduced average energy gap in chfiatdDs results in an increas-

ing electron and hole localization, a finding that is morengirent for QDs with a circular base.

When the QD height becomes smaller, the HH-LH coupling gesgs, since the shear strain com-
ponents tend to disappear. As a result, the LH-percentatfgedfole ground-states drops from
around 10 % down to 2.8 %.

(i) The transition energies of pure InAs QDs (serf@sare smaller than those with Ga incor-
poration (see seriel), even if the integral amount of In is the same in both caseBs @ith
nonuniform composition profiles (like seri€3 have larger transition energies.

(i) We simulated the effect of annealing on a pyramidal @De electron and hole groundstate
energies are shifted by 50 and 70 meV to higher energiedtirgsin a blue-shift of the exciton
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Figure 17: (Color online) Excitonic absorption spectrdt(f@mnel) and CB intraband transition
spectra (right panel) shown for parallelepipedal elordj@®s from seried having different
lateral orientations withagr, = 5/7) and éry, = 7/5) respectively. First and second order piezo-
electric effects are included.
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Figure 18: (Color online) Excitonic absorption spectrdt(anel) and CB intraband transition
spectra (right panel) shown for the unannealed and thegastrannealed QD of seri€& First
and second order piezoelectric effects are included.
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Figure 19: (Color online) Excitonic absorption spectrdt(anel) and CB intraband transition
spectra (right panel) shown for two QDs having a circularebdshe first one is taken from series
C and the other from serids both having the same total amount of InAs inside the QD &iraec
and a similar vertical aspect ratio efyy = 0.21 (a) andary = 0.2 (b) respectively. First and
second order piezoelectric effects are taken into account.

groundstate transition energy of ca. 120 meV. $k@evel spacing and the hole sublevel spacing
increase, resulting in a larger separation of srghannel from the p-channel transitions. The
corresponding electron and hole wavefunctions are strdngalized.

(iv) We compared the classical approach of calculating teegelectric field in QDs [2] to the
one recently developed by Besgtial,[11, 12] which takes into account the second order piezo-
electric field, for a wide range of different QD structurese Ygund the potential arising from
the quadratic terms to be very sensitive to the base shapeettical aspect ratio, and the com-
position. Its orientation inside the QD is reverse compdmethe first order potential and can
surpass it, resulting in a reversal of the electpeiandd-state ordering and a reorientation of the
hole wavefunctions, as observed for InAs pyramidal QDshisdase the quadratic terms exceeds
the linear contributions inside the QD. Upon gradual aringabf this QD, thus introducing an
more isotropic composition gradient, the second order fieldreases dramatically, leaving the
first order contribution as the dominant part. As a resul, ékectronp- and d-state order and
the hole wavefunction orientations change. The same isedxddor a pyramid with increasing,
homogeneously inserted, Ga content.

(v) We calculated the excitonic absorption spectra and fen@raband transitions. The former
are very sensitive to almost all applied structural charagebto the piezoelectric field, leading
to strong modification of thg- and d-channel transitions. Upon changing the model for the
piezoelectric field calculations, a peak reordering withiase absorption channels can occur and
the polarization anisotropy betweer| [110] ande || [110] can change. CB-intraband-transition
spectra are strongly polarized either aldng0] or [110] and very sensitive to changes of the
piezoelectric field or any other anisotropy.
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