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A. Computing the equilibrium atomic positions

We place the InGaAs/GaAs alloy dot and wetting lay
inside a supercell containing GaAs with dimensions 3
33393339 Å ~that is, 60a360a360a, wherea55.65 Å
for bulk GaAs! and apply periodic boundary conditions
the supercell. The cell has been chosen to be large eno
that interactions between periodic images do not significa
affect the strain fields and electronic wave functions.

Instead of treating strain with harmonic continuum ela
ticity theory, as is commonly used for dislocation fre
heterostructures,28,32we treat strain with an atomistic valenc
force field ~VFF! model.4,21,49,50VFF offers a couple of ad-
vantages over harmonic continuum elasticity theory:~i! VFF
can capture anharmonic effects, which are important in In
GaAs systems with 7% lattice mismatch~see Ref. 51 for a
comparison of formation energies as calculated by VFF
first principles!, and ~ii ! unlike contiuum elasticity models
that depict conical or lens-shaped dots as having cylindr
symmetry, VFF has the correct point-group symmetry (C2v),
arising from the underlying zinc-blende lattice.4 Our imple-
mentation of the VFF includes bond stretching, bond-an
bending, and bond-length/bond-angle interaction terms
that we have three force constants for each material, wh
are fit to reproduce theC11, C12, andC44 elastic constants
of the material.21 The equilibrium atomic positions are dete
mined by minimizing VFF total energy using a conjuga
gradients algorithm. The length of the supercell in the@001#
direction must also be relaxed due to expansion of the
taxially strained InGaAs wetting layer, while the in-plan
dimensions are fixed to the lattice constant of the GaAs s
strate.

B. Determination of single-particle eigenstates

Having determined the atomic positions, we use a pseu
potential Hamiltonian to model the electronic structure of
dots,
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where a runs over atom species~In, Ga, and As!, and n
indexes the atoms. The local part of the pseudopotential,ya ,
includes dependence on the local hydrostatic strain19 Tr(e)
and has been fit to bulk properties, including band structu
experimental deformation potentials, experimental effect
masses, first-principles calculations of the valence-band
sets of GaAs and InAs, and the alloy bowing parameter
the InGaAs band gap.21 Spin orbit interactions are included21

via a nonlocal potentialya
(SO).21

We solve the Hamiltonian Eq.~1! for the band-edge
eigenstates using the strained linear combination of b
bands~SLCBB! method.2 The SLCBB methods has two fea
tures:~i! Wave functions are expanded in a basis set cho
from the bulk Bloch orbitals of materials~and strains! char-
acteristic of the inhomogeneous system being solved,
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wheren indexes a set of bulk bands from different materia
in various strain states, and vectorsk are chosen from physi
cally important regions of the Brillouin zone, bothG and off
G. ~In k•p only G states are used.! This allows a physically
motivated basis to be chosen that is much smaller tha
plane-wave expansion, and is independent of system s
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this work. Note that these Coulomb energies are are ev
ated from atomistic pseudopotential wave functions, not
velope functions.7

IV. INTERPLAY OF EXPERIMENT AND THEORY

A. First measurement of size and shape: Model 1

A first rough assessment of the dot shape and size
performed by a combination of atomic force microsco
~AFM! and TEM plan-view images. The former measu
ment was performed on uncapped quantum dots, showing
uniform dot base size distribution peaked around 150 Å
height 35 Å. The capped samples were analyzed by T
plan-view~see top of Fig. 3!, showing a truncated pyramida
shape. The profile could not be determined very accura
by the plan view due to the complex image contrast, whic
affected by strain, composition, and sample thickness. H
ever, by combining the information obtained by the tw
methods we determined the structure to be a truncated c
cal shape, with a base diameter 150 Å, height 35 Å, a
top diameter 70 Å.

Position resolved EDX and EELS experiments were p
formed by scanning a probe with a FWHM smaller than
nm both across several dots and across several regions o
wetting layer. The top portion of Fig. 4 is a STEM image
two dots. ‘‘A’’ and ‘‘B’’ mark respectively the lines where the
scans were performed, corresponding to~A! a dot and~B! the
wetting layer far from the dots. The strain contrast arou
the dot in the STEM image is evident. To check the conc
tration of In in the well and the dot we carried out positio
resolved EDX and EELS analysis.

The In/As concentration ratio derived from EELS is plo
ted as a function of position for the dot~graph ‘‘A’’ in Fig. 4!
and the wetting layer~graph ‘‘B’’ in Fig. 4!. The composition
profiles derived from EDX~not shown
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depletion of In from the wetting layer. We model the dot
a 6-ML wetting layer with a 30% In content@see Fig. 1~a!#.
For simplicity we neglect the possibility of diffusion of I
into the above capping layer. To study the effect of the
distribution, we have varied the In composition, using bot
uniform profile and a nonuniform, peaked profile@shown on
the left and right sides of Fig. 1~a!#. Based on the available
data, we assume that the In concentration changes
height, using a piecewise linear function with a peaked ma
mum at one-third the dot height.
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acters in Table I!. These values are shown as bold arro
above the PL spectra in Fig. 2. This time the agreement w
the PL data is much better: we find three exciton shells,
energies agree to within 30–40 meV. The calculated e
gies are consistently higher than the centers of the Gauss
fit to the PL. Part of this discrepancy is due to exchange
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composition~shown on the left and right sides of the figur
respectively!. The jagged features in the graphs arise fro
atomic scale material fluctuations in the random alloy.~Such
alloy fluctuations are related to exciton localization in bu
films.17,18! For the figure we have averaged over 72 adjac
atoms in each monolayer to reduce the fluctuations. The
ure shows the strain perpendicular (exx) and parallel (ezz) to
the growth direction as well as the volume distortion (Tre).
Due to the periodic boundary conditions in our calculatio
there is a small coupling between vertically stacked perio
images, causing an artificial, small (,0.005), constant strain

FIG. 6. Strain profiles~top! and confinement~bottom! for a dot
with the geometry shown in Fig. 1~b!. Left side of the figure shows
results for a uniform In composition within the dot, and the rig
side is for nonuniform In composition, peaked in the center of
dot ~
t
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,
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in exx andezz. Otherwise, the strain fields decay away fro
the dot, as expected for a zero-dimensional structure. We
that both the wetting layer and the dot are epitaxia
strained: there is compression in the growth plane («xx,0)
and expansion in the growth direction («zz.0). The expan-
sion in the growth direction is compensated for by compr
sion in the GaAs above and below the dot. Strain is cons
erably stronger within the dot than in the wetting layer. Th
is consistent with the different average In compositions,
and 60%, for the wetting layer and dot, respectively. For
nonuniform, peaked distribution we see a peak in the str
corresponding to the peak in the In concentration.

To illustrate the effect of strain and composition on co
finement properties, we have calculated the strain-modi
confinement potentials using a simplek•p model describing
the coupling of harmonic strain to the valence-band ma
mum and conduction-band minimum of cubic materials53

This approximation is not a necessary step to our calc
tions, since these modeled confinements never enter
pseudopotential calculations. Rather, the confinement po
tials are a useful tool for giving a qualitative picture of th
confinement mechanism. The confinement potentials
electrons, heavy holes, and light holes are shown in the
tom part of Fig. 6. The left side of the figure shows t
confinement potential for uniform composition, and the rig
side of the figure shows the effects of a nonuniform, pea
In distribution on the confinement potential. Short lines
the dot layer indicate the pseudopotential calculated elec
and hole energies and arrows denote the thresholds of
wetting layer continua for electrons and holes. From
graphs, we see that the confinement potentials resemble
strain fields for electrons and heavy holes, while the lig
hole potential is relatively flat. Due to the weak light ho
confinement, we expect bound hole states to be predo
nately heavy hole in nature. The confinement of the electr
and heavy holes is much stronger in the dot than the wet
layer, and the dot with nonuniform, peaked composition h
a peaked confinement potential, too. Thus we see a trend
stronger confinement with increasing In content~as a result
of the smaller band gap of InAs, even in the presence
larger strain!, and might expect our pseudopotential calcu
tions to show stronger electron and heavy hole binding w
either increasing In content or nonuniform, peaked compo
tions.

C. Pseudopotential results for uniform composition

Using the pseudopotential method, we have calcula
single-particle energies, Coulomb matrix elements, and e
ton energies for Model 2 dots with a uniform compositio
profile andx̄In550, 55, and 60%. Figure 7 shows the chan
in single-particle energies as the In content is increased
kept uniform. For the range of In concentration consider
the binding energy of electrons and holes increases ne
linearly with increasing In content. In going fromx̄In

550% to x̄In560%, the electron energies change by ab
35 meV, and the hole energies change by about 20 m
Thus our expectation based on the strain-modified confi
ment potentials are born out.

e



re

s

Two mechanisms cause the exciton energy to be
shifted when the In content increases:~i! the electron and
hole become more tightly bound to the dot, which decrea
the difference in single-particle energiesD«, and ~ii ! the
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