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Provided that the shape, size, and composition profile of semiconductor-embedded quantum dots are given,
theory is able to accurately calculate the excitonic transitions, including the effects of inhomogeneous strain,
alloy fluctuations, electron-hole binding, and multiband and intervalley coupling. While experiment can accu-
rately provide the spectroscopic signature of the excitonic transitions, accurate determination of the size, shape,
and composition profile of such dots is still difficult. We show how one can arrive at a consistent picture of
both the material and the electronic structure by interactive iteration between theory and experiment. Using
high-resolution transmission electron microscopy, electron-energy-loss spectroscopy, and photoluminescence
(PL) spectroscopy in conjunction with atomistic empirical pseudopotential calculations, we establish a model
consistent with both the observed material structure and measured electronic/optical properties of a quantum
dot sample. The structural model with best agreement between measured and predicted PL is a truncated cone
with height 35 A, base diameter 200 A, and top diameter 160 A, having a nonuniform, peaked composition
profile with average 60% In content. Next, we use our best structure to study the effect of via)ying
amount of In in the dots, an@i) the spatial distribution of In within the dots. We find that by either increasing
the amount of In within the dot or by concentrating a given amount of In near the center of the dot, both
electrons and holes become more strongly bound to the dot. A small change of In content from 50 to 60%
causes an exciton redshift of about 70 meV. Changing the composition profile from a uniform In distribution
to a centrally peaked distribution can redshift the exciton by an additional 20—40 meV.
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I. INTRODUCTION

A. Interdependence of theory and experiment in determining
the material and electronic structure of dots

Correct prediction of the excitonic gap of a
semiconductor-embedded “self-assembled” quantum dot
(QD) is highly nontrivial, yet it is a crucial prerequisite for
understanding the basic optical properties of such systems.
Even if the size, shape, and composition profile were know
exactly, an appropriate theory must take into accdunthe
existence of strong multiband couplirig.g., electron-hole,
hole-holg without which the orbital symmetry, polarization
ratio, and level splitting pattern can be qualitatively









1.40-eV excitonic gap, in excellent agreement with the ob-
served PL peak at 1.4 eV, as well as the actual WL thickness
from TEM. We therefore scale the In/As profiles determined
by EDX and EELS so that the maximum of the In/As counts
measured in the WL region correspondsxip=



A. Computing the equilibrium atomic positions wheren indexes a set of bulk bands from different materials

We place the InGaAs/GaAs alloy dot and wetting Iayeri” varjous strain stgtes, and vect.dacra(e chosen from physi-
inside a supercell containing GaAs with dimensions 33¢°@lly important regions of the Brillouin zone, bothand off
x339x 339 A (that is, 6@ X 60ax 60a, wherea=5.65 A r. (!n k-p only I' states are use)dTh|§ allows a physically
for bulk GaAs and apply periodic boundary conditions to motivated basis to _be chose.n 'ghat is much smaller thar_1 a
the supercell. The cell has been chosen to be large enoudt?ne-wave expansion, and is independent of system size.
that interactions between periodic images do not significantly
affect the strain fields and electronic wave functions.

Instead of treating strain with harmonic continuum elas-
ticity theory, as is commonly used for dislocation free
heterostructure®32we treat strain with an atomistic valence
force field (VFF) model#224950VFF offers a couple of ad-
vantages over harmonic continuum elasticity thedinyVFF
can capture anharmonic effects, which are important in InAs/

GaAs systems with 7% lattice mismat¢bee Ref. 51 for a
comparison of formation energies as calculated by VFF and
first principleg, and (ii) unlike contiuum elasticity models
that depict conical or lens-shaped dots as having cylindrical
symmetry, VFF has the correct point-group symmety, ),
arising from the underlying zinc-blende lattit®ur imple-
mentation of the VFF includes bond stretching, bond-angle
bending, and bond-length/bond-angle interaction terms, so
that we have three force constants for each material, which
are fit to reproduce th€,,, C,,, andC,, elastic constants

of the materiaf! The equilibrium atomic positions are deter-
mined by minimizing VFF total energy using a conjugate
gradients algorithm. The length of the supercell in 6e1]
direction must also be relaxed due to expansion of the epi-
taxially strained InGaAs wetting layer, while the in-plane
dimensions are fixed to the lattice constant of the GaAs sub-
strate.

B. Determination of single-particle eigenstates

Having determined the atomic positions, we use a pseudo-
potential Hamiltonian to model the electronic structure of the
dots,

1
H= =SV 2 0,[1=Ren THen)]+057, (1)
a,n

where a runs over atom speciedn, Ga, and Ay andn
indexes the atoms. The local part of the pseudopotentjal,
includes dependence on the local hydrostatic stfain(e)

and has been fit to bulk properties, including band structures,
experimental deformation potentials, experimental effective
masses, first-principles calculations of the valence-band off-
sets of GaAs and InAs, and the alloy bowing parameter of
the InGaAs band gaf}. Spin orbit interactions are includ&d

via a nonlocal potential{>® 2!

We solve the Hamiltonian Eq(l) for the band-edge
eigenstates using the strained linear combination of bulk
bands(SLCBB) method? The SLCBB methods has two fea-
tures: (i) Wave functions are expanded in a basis set chosen
from the bulk Bloch orbitals of material&nd strains char-
acteristic of the inhomogeneous system being solved,

Ng N

¢<x)=; Ek Chkdi(X), (2)



this work. Note that these Coulomb energies are are evalu-
ated from atomistic pseudopotential wave functions, not en-
velope functions.

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 was
performed by a combination of atomic force microscopy
(AFM) and TEM plan-view images. The former measure-
ment was performed on uncapped quantum dots, showing the
uniform dot base size distribution peaked around 150 A, of
height 35 A. The capped samples were analyzed by TEM
plan-view(see top of Fig. B showing a truncated pyramidal
shape. The profile could not be determined very accurately
by the plan view due to the complex image contrast, which is
affected by strain, composition, and sample thickness. How-
ever, by combining the information obtained by the two
methods we determined the structure to be a truncated coni-
cal shape, with a base diameter 150 A, height 35 A, and
top diameter 70 A.

Position resolved EDX and EELS experiments were per-
formed by scanning a probe with a FWHM smaller than 1
nm both across several dots and across several regions on the
wetting layer. The top portion of Fig. 4 is a STEM image of
two dots. “A” and “B” mark respectively the lines where the
scans were performed, correspondingApa dot andB) the
wetting layer far from the dots. The strain contrast around
the dot in the STEM image is evident. To check the concen-
tration of In in the well and the dot we carried out position
resolved EDX and EELS analysis.

The In/As concentration ratio derived from EELS is plot-
ted as a function of position for the d@raph “A’in Fig. 4)
and the wetting layefgraph “B” in Fig. 4). The composition
profiles derived from EDXnot shown



depletion of In from the wetting layer. We model the dot on
a 6-ML wetting layer with a 30% In contefsee Fig. 1a)].

For simplicity we neglect the possibility of diffusion of In
into the above capping layer. To study the effect of the In
distribution, we have varied the In composition, using both a
uniform profile and a nonuniform, peaked profihown on

the left and right sides of Fig.(d)]. Based on the available
data, we assume that the In concentration changes with
height, using a piecewise linear function with a peaked maxi-
mum at one-third the dot height.



acters in Table)l These values are shown as bold arrows
above the PL spectra in Fig. 2. This time the agreement with
the PL data is much better: we find three exciton shells, and
energies agree to within 30—40 meV. The calculated ener-
gies are consistently higher than the centers of the Gaussians
fit to the PL. Part of this discrepancy is due to exchange and
correlation effects between excitons in these highly excited
dots(neglected in our calculationsPseudopotential calcula-
tions with configuration interaction for multiexcitons in simi-
lar SK doté® predict redshifts between 5 and 30 meV due to
multiexciton interactions.



in €, ande,,. Otherwise, the strain fields decay away from
the dot, as expected for a zero-dimensional structure. We see
that both the wetting layer and the dot are epitaxially
strained: there is compression in the growth plang€0)

and expansion in the growth direction,(>0). The expan-
sion in the growth direction is compensated for by compres-
sion in the GaAs above and below the dot. Strain is consid-
erably stronger within the dot than in the wetting layer. This
is consistent with the different average In compositions, 30
and 60%, for the wetting layer and dot, respectively. For the
nonuniform, peaked distribution we see a peak in the strain
corresponding to the peak in the In concentration.

To illustrate the effect of strain and composition on con-
finement properties, we have calculated the strain-modified
confinement potentials using a simgdep model describing
the coupling of harmonic strain to the valence-band maxi-
mum and conduction-band minimum of cubic matertdls.
This approximation is not a necessary step to our calcula-
tions, since these modeled confinements never enter the
pseudopotential calculations. Rather, the confinement poten-
! tials are a useful tool for giving a qualitative picture of the
] confinement mechanism. The confinement potentials for
electrons, heavy holes, and light holes are shown in the bot-
tom part of Fig. 6. The left side of the figure shows the

- confinement potential for uniform composition, and the right

i side of the figure shows the effects of a nonuniform, peaked
&= In distribution on the confinement potential. Short lines in
e ; the dot layer indicate the pseudopotential calculated electron

_ and hole energies and arrows denote the thresholds of the

wetting layer continua for electrons and holes. From the

) | graphs, we see that the confinement potentials resemble the
[ S(rain fields for electrons and heavy holes, while the light
! hole potential is relatively flat. Due to the weak light hole
confinement, we expect bound hole states to be predomi-
FIG. 6. Strain profilegtop) and confinementbottom) for a dot ~ nately heavy hole in nature. The confinement of the electrons
with the geometry shown in Fig(h). Left side of the figure shows and heavy holes is much stronger in the dot than the wetting
results for a uniform In composition within the dot, and the right layer, and the dot with nonuniform, peaked composition has
side is for nonuniform In composition, peaked in the center of thea peaked confinement potential, too. Thus we see a trend for
dot( stronger confinement with increasing In contéss a result
of the smaller band gap of InAs, even in the presence of
larger strain, and might expect our pseudopotential calcula-
tions to show stronger electron and heavy hole binding with
either increasing In content or nonuniform, peaked composi-
tions.

C. Pseudopotential results for uniform composition

Using the pseudopotential method, we have calculated

. . . . single-particle energies, Coulomb matrix elements, and exci-
composition(shown on the left and right sides of the figure, ton energies for Model 2 dots with a uniform composition

respectively. The jagged features in the graphs arise from = _ — .
atomic scale material fluctuations in the random all®uch _prof_|le andx,n_—50, 55, a_md 60%. Figure 7 Sth$ the change
K in single-particle energies as the In content is increased but

alloy fluctuations are related to exciton localization in bul - . ;
films 118 For the figure we have averaged over 72 adjacen'fept uniform. For the range of In concentration considered,
the binding energy of electrons and holes increases nearly

atoms in each monolayer to reduce the fluctuations. The fig-
ure shows the strain perpendicula) and parallel ¢,,) to  linearly with increasing In content. In going from,

the growth direction as well as the volume distortion éfr  =50% tox,,=60%, the electron energies change by about
Due to the periodic boundary conditions in our calculation,35 meV, and the hole energies change by about 20 meV.
there is a small coupling between vertically stacked periodiclThus our expectation based on the strain-modified confine-
images, causing an artificial, smat(0.005), constant strain ment potentials are born out.



Two mechanisms cause the exciton energy to be red-
shifted when the In content increasés: the electron and
hole become more tightly bound to the dot, which decreases
the difference in single-particle energiéss, and (ii) the



located near 1.315 eV associated with a third exciton shell
es—hs, €4y
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