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Electronic structure of self-organized InAs/GaAs quantum dots bounded bŷ 136‰ facets

Weidong Yang, Hao Lee, Thomas J. Johnson, and Peter C. Sercel
Department of Physics, University of Oregon, Eugene, Oregon 97403
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National Renewable Energy Laboratory, Golden, Colorado 80401

~Received 29 July 1999!

Recent experiments indicate that the shape of self-organized InAs quantum dots grown on GaAs@001# is an
elongated pyramid with bounding facets corresponding to a family of four$136% planes. This structure, which
possessesC2v symmetry, is quite different from square-base pyramidal or lens geometries, which have been
assumed in previous electronic structure calculations for this system. In this paper, we consider theoretically
the influence of the$136% shape on the electronic structure and optical properties of the quantum dots. We
present a valence force-field calculation of the inhomogeneous strain and incorporate the results into an eight

bandkW•pW electronic structure calculation. The size dependence of the electronic structure is calculated and
compared to experimental photoluminescence spectra. The effects of perturbations on the$136% shape are also
considered. Calculations based on the$136% shape give good agreement with the observed level structure and
optical polarization properties of self-organized InAs/GaAs quantum dots.
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I. INTRODUCTION

The demonstration that defect-free quantum dot~QD!
structures may be fabricated directly by utilizing the coh
ent island Stranski Krastonov growth mode1,2 has spurred
tremendous experimental and theoretical research effo
recent years directed at understanding the electronic and
tical properties of these structures. Many features of the e
tronic and optical properties of InAs/GaAs QD’s grown b
this technique have been revealed in recent experiments.
quasi-atomic character of the joint density of states for o
cal transitions has been demonstrated.3,5 Furthermore, photo-
luminescence spectra at high excitation intensity exhib
well-resolved excited state structure,6,7 which is consistent
with the results of resonant photoluminescence and phot
minescence excitation measurements.8–10 Complementary
experiments using capacitance methods reveal a similar
eral picture of the carrier density of states in the
structures.11,12 The high quality of the available sample
coupled with the richness of the spectroscopic data thus
reported has motivated a number of calculations of the e
tronic structure of InAs/GaAs QD’s. While calculations ha
been performed to varying levels of approximation, all su
studies necessarily contain assumptions regarding the
shape.

A number of experimental studies have been repor
which attempt to address the question of the shape of In
GaAs self-organized QD’s. Atomic force microscope~AFM!
images of self-organized dots appear to show a lens
morphology13,14 which motivated electronic structure calc
lations assuming cone16 or len shapes17 for the dots. How-
ever, AFM is not capable of resolving the detailed shape
InAs/GaAs QD’s due to the tip-convolution effect. Likewis
transmission electron microscopy~TEM! performed under
the usual dynamical two-beam imaging conditions ima
the strain field within the structure and in the surround
material and is consequently incapable of resolving the
PRB 610163-1829/2000/61~4!/2784~10!/$15.00
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shape.1,4,15 In an attempt to circumvent this problem, Ruv
mov et al. reported@001# on-zone bright-field images of self
organized InAs/GaAs QD’s in plan view. The images of t
dots appear square shaped with edges aligned close to
^100& directions.18 In conjunction with cross-sectional imag
ing it was concluded that the QD’s possessed a square-b
pyramidal geometry with bounding planes near$101%. Natu-
rally, this morphology has served as the basis of several e
tronic structure calculations.19–22 However, multiple-beam
dynamical image simulations recently performed by Li
et al. demonstrate that even a spherical InAs QD can p
duce square-shaped images under the imaging condit
employed by Ruvimovet al. – the symmetry of these image
is determined primarily by the underlyinglattice rather than
the overall shape of the QD.23 This result undermines the
basis for the hypothesis that the self-organized QD’s gro
by molecular-beam epitaxy~MBE! possess a square-bas
pyramidal shape.

Recently, experimental results have been reported, wh
suggest that the shape of self-organized InAs QD’s grown
MBE on ~001! GaAs is not a square-based pyramid b
rather an elongated facetted structure bounded by$136%
planes.24–27 The $136% structure possesses a parallelogra
base andC2v symmetry, quite different from lens or squar
base pyramidal geometries that have been assumed in
tronic structure calculations. These experimental resu
based on reflection high-energy electron diffracti
~RHEED!,24,25 TEM,26 and AFM,27 are breifly summarized
in Sec. II, below.

The purpose of the present paper is to address the q
tion: If the shape of self-organized InAs/GaAs QD’s aft
capping with GaAs is correctly described by the$136% facet
model, what influence does this shape have on the electr
structure and optical properties of the QD’s? To answer
question we describe in Sec. III an atomistic valence for
field calculation of the inhomogeneous strain tensor of InA
GaAs QD’s possessing the$136% structure. These results ar
2784 ©2000 The American Physical Society
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input into an eight bandkW•pW electronic structure calculation
The dependence of the electronic structure on size is in
tigated and the results are compared with experimental p
toluminescence results in Sec. IV. To further test the mo
in Sec. V, we present polarization-resolved photolumin
cence~PL! spectra that exhibit multiple excited state tran
tions, each of which shows strong in-plane polarization
isotropy. We show that, while this experimental observat
is inconsistent with previous electronic structure models
InAs/GaAs QD’s, the in-plane optical polarization aniso
ropy can be understood quantitatively by consideration of
asymmetric shape of the QD structures. Also in this sect
the effect of perturbations to the$136% shape on the elec
tronic structure and optical spectra is considered comp
tionally. The main conclusion of this discussion is that p
larization measurements provide a more stringent tes
electronic structure models than simple comparison to
peak positions; polarization anisotropy provides a signa
that is uniquely sensitive to the QD symmetry.

II. THE ˆ136‰ FACET MODEL FOR THE
QUANTUM DOT SHAPE

As stated in the introduction, interpretation of TEM an
AFM images of self-organized InAs/GaAs QD’s has be
problematic owing to the small size and high degree of str
in these structures. The consequent uncertainty regarding
shape has been a key obstacle in establishing struc
property relationships for this system. For this reason,
determination of the precise shape of self-organized In
GaAs QD’s has been a problem of the utmost importanc

Recent experiments have provided data that significa
constrain models for the shape of self-organized InAs/Ga
QD’s.24,26 The first of these, by Leeet al. consisted of a
measurement of the RHEED patterns as a function of
azimuthal angle. Figure 1 shows the RHEED patterns
served along the@31̄0#, @310#, and @11̄0#, azimuths. The
upward-directed chevrons observed along the@11̄0# azimuth
~panel~c!!, with an included angle of 50° were previous
interpreted as originating from$113% bounding facets Refs
28 and 29. However, RHEED patterns measured along

@31̄0# and@13̄0# azimuths show facet-relatedstreaks, which
had not been previously observed and which are not con
tent with this interpretation. The pattern along@31̄0# is
shown in Fig. 1~a!; the pattern along@13̄0# was found to be
identical. The facet-related streaks seen along these azim
are directed at an angle of 28° from the@001# direction. No

FIG. 1. RHEED patterns of self-organized InAs QD’s along~a!,

@31̄0#, ~b!, @310#, and~c!, @11̄0# azimuths after deposition of 1.6
monolayers of InAs. The included angle of the chevrons in~c! is
50° while the streaks in panel~a!, which are believed to be facet
related, have a separation angle of 56°.
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streaks were observed at any other azimuth, including
@130# and @310# directions as shown in panel~b!. These ob-
servations, as well as the upwards-pointing chevrons
served along the@11̄0# azimuth, are consistent with bound
ing facets of the$136% family.24,26 The $136% pyramidal
structure inferred from these experiments is depicted in F
2. The structure possesses a parallelogram base with a
in-plane elongation along@1-10#; the length:width:height ra-
tio of the inferred structure is2:1:A2/6. This shape anisot
ropy was also directly supported by cross-sectional h
resolution transmission electron micrographs~HRTEM! of
uncapped InAs island samples grown on GaAs and sectio
along the@11̄0# and@110# axes, as shown in panels~b! and
~c! of Fig. 2. The width-to-height ratios in Figs. 2~b! and
2~c!, which are representative of several micrograp
closely match the$136% facet structure as the overlaid mod
cross-sectional profiles show: The height to width is close
1:4 in the (11̄0) section and to 1:8 in the~110! plane. The
dashed lines inside these images represent the superimp
side-view shapes from Fig. 2~a!. They show that the shape o
the InAs QD’s matches well with the$136% model along the
@110# and@11̄0# directions. These results were confirmed
Saitoet al.who reproduced the RHEED patterns correspo
ing to $136% facets in InAs/GaAs self-organized dots, and
Yoon et al. who were able to directly image by AFM, th
$136%-bounding facets of InAs QD’s grown on InGaAs la
tice matched to InP.27 Direct AFM imaging of the QD shape
in Yoon’s experiment was made possible by the fact that
InAs/InxGa12xAs coherent islands are four to five time
larger than in the InAs/GaAs system by virtue of the sma
lattice mismatch, significantly ameliorating the tip
convolution problem.

FIG. 2. InAs QD bounded by$136% facet planes.~a!: 3D model
showing sections contained in the~110! and ~1-10! planes.~b,c!:
Cross-sectional HRTEM images of uncapped InAs QD’s sectio
in the ~1-10! and~110! planes, respectively. The dashed lines ins
these images are superimposed profiles corresponding to the
$136% structure.
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It should be emphasized that the$136% model proposed
by Leeet al. is based upon measurements performed on In
islands prior to their being capped with GaAs. The capp
step is necessary for photoluminescence studies, and u
tunately its effect on the structure of the dots is difficult
characterize. In the next section we take up the problem
determining the electronic structure of InAs self-organiz
QD’s under theassumptionthat the structures retain a sha
upper interface between the InAs dot and the GaAs bar
which is defined by$136% planes even after capping. In Se
V, we return to the question of possible structure chan
during capping by considering the effect of variations to
$136% facet structure such as truncation or rounding of
dot/barrier interface.

III. CALCULATION OF THE STRAIN AND
ELECTRONIC STRUCTURE

A. Valence force-field calculation of the strain

Due to the large lattice mismatch ('7%), the starting
point of any calculation of the electronic structure of se
organized InAs/GaAs is necessarily a determination of
strain distribution within the structure since this will mod
late the band edge energies through the action of the de
mation potentials.30 We use the atomistic valence force-fie
~VFF! model developed by Keating31,32 to calculate the
strain distribution, an approach that has recently been
ployed by several others to determine the strain distribu
in InAs/GaAs QD’s of square-based pyramidal shape.20,21

This model has been shown to be successful in fitting
predicting the elastic constants of elastic continuum theo
It has been successfully applied to the calculation of str
distribution in quantum wells and the atomic structure
semiconductor alloys.33–35Due to the small size and shallo
geometry of the QD’s in this study~less than 4 nm height!,
the VFF model has the advantage over elastic continu
theory of avoiding potential failure in the atomically th
limit. In the VFF model, the total energy of a lattice is e
pressed as

V5
1

4 (
i j

3

4
a j~di j

2 2d0,i j
2 !2/d0,i j

2

1
1

2 (
i

(
j 5” k

3

4
b i jk~dW i j •dW ik1d0,i j d0,ik/3!2/d0,i j d0,ik .

~1!

Here, thea andb terms respectively describe the cont
butions of bond stretching and bond bending to the to
energy. We take the bond-stretching and bending parame
developed for InAs and GaAs by Martin.32 The geometric
average of the bond-bending parameters of InAs and GaA
used for the atomic configuration In-As-Ga. Using period
boundary conditions, a supercell of 106 atoms containing an
InAs QD of a particular structure is constructed with initi
atom placements corresponding to that of bulk GaAs. St
ing from this initial lattice configuration, the lattice is relaxe
to the global energy minimum using the conjugate gradi
method. Local strain tensors (ẽ) are then calculated at eac
cation site by studing the deformation of a tetrahed
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formed by four nearest-neighboring anions.36 The strain ten-
sor for each unit cell is taken as the average of the tensors
the four cation sites within the cell.

The resulting strain distribution for a 29 nm long QD wi
$136% bounding facets structure is depicted in Fig. 3. T
hydrostatic and biaxial components of strain, respectiv
denotedeh andeb , are plotted along special symmetry line
which are shown in the model in Fig. 3~a!. Here eh5Tr ẽ
andeb52ezz2exx2eyy .20 As noted in Ref. 20, the strain i
primarily compressive in the QD and tensile in the Ga
barrier, with a significant compressive biaxial component
the QD. Figure 3~b! shows the band edges modified by t
local value of the strain, calculated using the deformat
potentials of Van der Walle.37 A key parameter used in cal
culation of the band structure is the unstrained valence-b
offset Evbo between InAs and GaAs. We use 85 meV fo
lowing Pryor,22 which was determined by analysis o
transition-metal impurity spectra in the respective bulk se
conductor materials. A summary of all numerical paramet
used in the calculations appears in Table I.

B. Eight-band k¢ –p¢ calculation of electronic structure

To calculate the electronic structure of the$136%-bounded
InAs/GaAs QD, we employ an eight-band envelope funct
formalism. The technique consists of solving the eigenva
equation,

(
j

$Hi , j~2 i\¹,rW !1HStr@ ẽ~rW !#%F j~rW !5EFi~rW !. ~2!

Here the operatorHi , j (2 i\¹,rW) is derived from the
eight-bandkW•pW Hamiltonian describing coupling among th

FIG. 3. Strain and band edge profiles in an InAs QD bounded
$136% planes embedded in GaAs. Top: Calculated hydrostatic
biaxial components of strain for a dot of 29 nm length plotted alo
the @001# direction through the center of the dot~top left! and along

@11̄0# at the half height position~top right!. Bottom: Band edges
modified by the local value of the strain plotted along the same li
as in the top panels.
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PRB 61 2787ELECTRONIC STRUCTURE OF SELF-ORGANIZED . . .
two conduction and six valence bands, by the replacem
kW→2 i\¹, and by taking the band-edge energies and m
parameters to be functions of position. The eight-bandkW•pW
Hamiltonian is an extension of the Luttinger-Kohn~LK !
formalism,38,39 which describes coupling among theG8 and
G7 valence band states to second order inkW but is modified to
include explicitly the linearkW•pW coupling between the con
duction and valence band states.40,41The importance of using
an eight band model to describe the electronic structure
InAs/GaAs self-organized QD’s, and the errors incurred
using a single band discription of the electron states
either a single-band, four-band or six-band description of
hole states, have been described in detail in a careful s
by Pryor.22 In Eq. ~2! the operatorHStr( ẽ(rW)) describes the
effect of the inhomogeneous strainẽ(rW) on the electronic
structure. The valence band deformation potential terms
found in Refs. 30 and 41. In our calculations we neglect
lack of inversion symmetry in the zincblende structure a
consequently neglect the shear deformation potential for
conduction band. We also neglect the strain interacti
originating from spin-orbit coupling since they are small41

In this paper we also neglect the piezoelectric potential.
found that piezoelectric potential is generally less than
meV for the dot sizes studied and the resulting effect on
level positions is on the order of 1 meV.

The eigenvalue problem represented by Eq.~2! was
solved numerically using finite-difference methods. The g
spacing is chosen to be the GaAs lattice constant in all th
directions. In order to get correct boundary counditions a
maintain the Hermiticity of the Hamiltonian, first and seco
order derivatives on the boundary are chosen accordin
the symmetrization scheme43

TABLE I. Parameters

VFF Parameters InAs GaAs

a(Å ) 6.0583 5.65325b

a(N/m) 35.18 41.19a

b(N/m) 5.50 8.95a

k•p Parameters InAs GaAs

g1 19.7 6.85b

g2 8.4 2.10b

g3 9.29 2.90b

Eg(eV) 0.418 1.5192b

d(eV) 0.38 0.341b

Ep(eV) 20.2 22.71b

Evbo(meV) 85d 2

Deformation Potentials InAs GaAs

ac(eV) -5.08 27.17c

av(eV) 1.00 1.16c

b(eV) -1.8 21.6c

d(eV) -3.1 24.23c

aR. M. Martin ~Ref. 32!.
bLandolt-Börnstein~Ref. 42! and Jiang~Ref. 21!.
cVan der Walle~Refs. 37!.
dCraig Pryor~Ref. 22!.
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Pk̂i→~Pk̂i1 k̂i P!/2,

whereg in the first expression denotes a Luttinger parame
andP in the second denotes the Kane matrix element. In
finite-difference scheme, the Hamiltonian is transformed i
large sparse matrices of size up to 106. Eigenvalues of inter-
est are then solved using PARPACK, an implementation
the implicitly restarted Arnoldi-Lanczos methods.44 Compu-
tation was done on a Silicon Graphics Power Onyx w
eight R10000 CPUs at Computational Science Institute
University of Oregon. In our calculations, we have used
electronic structure parameters for InAs and GaAs which
tabulated in Landolt-Bo¨rnstein,42 indentical with those em-
ployed by Jiang and Singh in their eight-band calculations
InAs/GaAs QD’s of square-base pyramidal geometries.21

IV. CALCULATED ELECTRONIC STRUCTURE AND
COMPARISON TO EXPERIMENT

Using the techniques described in the last section we h
calculated the electronic structure of InAs/GaAs QD’s w
the $136% QD structure as a function of the dot size. Th
results are depicted in Fig. 4, which shows the energies o
bound electron and hole states as a function of QD len
The zero of energy is taken to be the bulk GaAs valen
band edge. Figure 5 shows isosurface plots of the domin
envelope function components,F @see Eq.~2!#, of the first
several electron and hole wave functions. As apparent in
figure, the envelope functions of both the ground elect
and hole states have predominantlys-like character and the
first two excited states of the electrons and the holes h
predominatelyp-like character. It should be emphasized th
while the total probability density for each state does n
posses nodal planes as pointed out by Wanget al.,45 the
different components of the wavefunction associated w
different Bloch functions do possess nodal planes as a c
sequence of the the mirror plane symmetries of the dot st
ture. Due to theC2v symmetry of the Hamiltonian, eac
energy eigenstate has only the two-fold degeneracy ass
ated with time-reversal symmetry.

FIG. 4. Calculated electronic structure of InAs/GaAs QD’s ve
sus QD length. Top: electron states. Bottom: hole states.
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2788 PRB 61YANG, LEE, JOHNSON, SERCEL, AND NORMAN
In the $136% structure the first two electronp states are
separated by about 45 meV over a wide range of sizes, w
the first two holep states are separated by about 15 me
These large separations are due to the 2:1 length:width
of the$136% structure. For comparison, the separations of
corresponding states in square pyramidal dots bounded
$101% planes are below 10 meV according to our calcu
tions. The smallp-state splitting we find in square-based do
is due to strain asymmetry. Although a pyramidalshapehas
a four-fold rotation symmetry, the underlying tetrahedral l
tice does not. Consequently, the Hamiltonian of a squ
pyramidal dot hasC2v symmetry due to the atomic leve
asymmetry, which enters into our atomistic calculation of
strain.

A somewhat counter-intuitive feature of the results sho
in Fig. 4 is that the electron and hole eigenenergies decr
approximately linearly with increasing QD size so that t
subband separations for electron or hole states are relat
insensitive to QD size. This effect is clearly at variance w
the 1/r 2 scaling expected in simple particle-in-a-box qua
tum confinement models and is due to competition betw
the size dependence of the dot strain and quantum con
ment effects. As a result, intraband transitions in se
organized dots should be far less sensitive to inhomogen
broadening than interband transitions, a feature which is
tentially useful in the design of devices such as QD infra
photodetectors.

To test the level structure calculated for the$136% QD
structure, we present in Fig. 6 a comparison of experimenta
PL spectra and calculated polarization-averaged trans
dipoles for$136% QD’s. Figure 6~a! shows experimental low
temperature PL spectra taken of an ensemble of QD’s
function of pump power. The sample used in these meas
ments was grown at 530 °C and capped with 50 nm of Ga
at the same temperature. The relatively high growth temp
ture was chosen because we have found that under t

FIG. 5. Isosurface plots of the dominant envelope function co
ponents of the five lowest energy electron and hole states of a$136%
InAs QD embedded in GaAs. The length of the dot is 27 nm. T
lowest energy states are labeledG while the excited states are num
bered in the order of increasing energy.
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conditions the dots exhibit multiple excited-state transitio
and relatively narrow linewidths. PL spectra were obtain
under excitation with the 488-nm line of an Ar-ion lase
taken at a sample temperature of 10 K in a closed cycle
cryostat and detected with a liquid nitrogen cooled Ge
detector using standard lock-in detection methods. Due to
state-filling effect, a number of resolvable excited state tr
sitions emerge in the sample with increasing excitation lev
The average length of QD’s in samples identically grown b
not capped with GaAs was determined by AFM to be a
proximately 30 nm. In Fig. 6~b!, we present the calculate
polarization-averaged squared optical transition-matrix e
ments and transition energies of the lowest several interb
transitions in a QD structure bounded by$136% facets and
with length 27 nm. This length was chosen to reproduce
experimental ground-state transition energy.

A key prediction of the model shown in Fig. 6~b! is that
the third major transition observed should consist of a d
blet involving thee2→h2 and e3→h3 transitions. In prac-
tice, these two transitions lie too close together in energy
be resolved in an ensemble PL spectrum due to size-rel
inhomogenous line broadening. However, the existence
doublet transition should be manifested by an enhanced
parent linewidth. Indeed, inspection of the experimental
spectra@Fig. 6~a!# shows that the third peak in the measur
spectra has a significantly larger full width at half maximu
~FWHM! than the first two peaks. The enhanced linewidth
the third peak has previously been noted by other invest
tors but was attributed to energy dependence of the inho
geneous linewidth.7 Specifically, the excess linewidth wa
explained in terms of the increased sensitivity to size bro
ening of higher energy states which is expected in sim
particle-in-a-box models.7 However, as discussed above,
self-organized dots the electron and hole energies decr
approximately linearly with increasing QD size, so that t
inhomogeneous linewidth should be roughly independen
transition energy. The fact that the third peak has a lar
FWHM relative to the two lower energy transitions therefo
supports the assignment of this peak to the doublete2→h2
and e3→h3 transitions. In the next section, we prese

-

e

FIG. 6. Comparison of calculated and experimental optical sp
tra. Panel~a!: Experimental PL spectra for various pump powe
Panel ~b!: Calculated oscillator strength of$136%-shaped QD of
length 27 nm.
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FIG. 7. Polarization-resolved PL spectra.~a!:
InAs/GaAs QD’s measured with polarizer s
along @110# and @1-10# axes; ~b!: InAs/GaAs
QD’s measured with polarizer set along@100#
and @010# axes;~c! and ~d!: PL of InxGa12xAs
quantum well andN1 GaAs substrate, respec
tively, with polarizer set along the@110# and
@1-10# axes. In all spectra the ratio of the PL in
tensity along the two orthogonal polarization d
rections is plotted against the right hand axis
the graph.
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polarization-resolved PL data which confirm this assignme
Referring to Fig. 4, we also note that the model predi

that self-organized InAs/GaAs QD’s with ground-state tra
sition energy greater than 1.3 eV possess only a single-bo
electron state. Since the optical transition-matrix eleme
are negligible for transitions labelede0→hi , for numberi
.0, such small QD’s are predicted to exhibit only a sing
major PL transition in ensemble measurements, as obse
experimentally by many groups including our own. This r
sult has important implications to the interpretation of no
linear PL spectra of single QD’s, which will be explored in
future paper.

It should be noted that other electronic structure calcu
tions that have assumed highly symmetrical shapes, inc
ing cones, lenses, and square-based pyramids, have
used previously to interpret the PL spectra of self-organi
InAs/GaAs QD’s. Further approximations made in previo
studies have included the neglect of valence-band-coup
effects,19 neglect of conduction/valence-band coupling,20 and
the neglect of spin-orbit coupling.46 Due to uncertainty in the
detailed level structure owing to inhomogeneous broaden
effects and the small number of resolvable excited state t
sitions~typically 1-4! it is difficult to distinguish with confi-
dence among the various models on the basis of simple fi
spectral peak positions such as in Fig. 6. However, the g
metrical asymmetry of the$136% structure clearly distin-
guishes it from previous models and should cause a pola
tion anisotropy in the plane of the dots, permitting a cle
experimental test. We turn in the next section to a discuss
of polarization-resolved PL measurements and a compar
of these results with the theory.

V. OPTICAL POLARIZATION ANISOTROPY

Polarization-resolved PL measurements were carried
using the same experimental apparatus as before but with
addition of a polarization analyzer between the sample
spectrometer. Pairs of polarization-resolved PL spectra w
measured along orthogonal polarization axes by orientin
polarizing beam splitter cube at 45° and 135° from t
groove direction of the grating. This way, grating-induc
polarization artefacts are eliminated and the two orthogo
PL polarizations can be directly compared. Samples w
also rotated to confirm that the polarization anisotropy
served was correlated with sample orientation and not du
other effects such as optical anisotropy or birefringence
t.
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the light collection system or polarization memory from t
pump-laser beam. Samples were mounted on a copper
finger using rubber cement to minimize mounting strain.

In Fig. 7, we present polarization-resolved PL spectra
InAs/GaAs QD’s as well as experimental control samp
including an InxGa1-xAs quantum well and a degenerate
doped n-type GaAs substrate. The QD spectra were obta
under high excitation conditions where several excited-s
transitions are resolved due to the state-filling effect. T
polarization axes in the spectra of the InAs QD’s depicted
Fig. 7~a! coincide with the the@110# and @1-10# axes of the
sample~the short and long axes of the$136% structure, re-
spectively!. The spectra obtained from QD sample a
clearly polarized along the long axis of the QD structur
@Fig. 7~a!#, while the polarization anisotropy of the contro
samples are less than 2% as shown in Figs. 7~c! and 7~d!.
The polarization ratio~long axis: short axis! of the ground
transition in this InAs QD sample is 1.2, and the excited st
transitions are predominantly polarized along the long a
as well. No in-plane polarization anisotropy was observ
between the@100# and @010# directions in any sample we
examined, as shown for example in Fig. 7~b!. It was also
confirmed that the observed optical polarization anisotro
was independent of the polarization of the pump laser, wh
was varied using a half-wave Fresnel rhomb.

Figure 8 shows a comparison of the experimen
polarization-resolved PL spectra with the polarizatio
dependent optical transition-matrix elements~OME’s! calcu-
lated for the$136% structure. To facilitate discussion, majo
transitions in the experimental spectra, panel~a!, are labeled
T0 ,T1 , . . . for the ground- and excited state transition
while the calculated transitions in panel~b! are labeled ac-
cording to the participating states (en or hn for electron and
hole states, respectively!. The ground transition,e0→h0,
has a calculated polarization ratioI [11̄0] /I [110]51.74 ~com-
pared to the experimental value of 1.2 for transitionT0); the
next three strongly allowed transitions are each predo
nantly polarized along the long axis of the structure in agr
ment with the experiment. The calculated anisotropy is d
to the shape of the$136% structure rather than strain asym
metry. To illustrate this, the squared OME for the grou
transition in square-based InAs QD’s, calculated by us us
the eight-bandkW•pW model with strain determined by the VF
method, is larger along@110# than @11̄0# by 3% for QD’s
bounded by$101% planes and by 2% for structures bound
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by $105% planes. This is shown in Fig. 9. The breaking of t
in-plane symmetry in these cases is due to the strain as
metry between the@110# and @11̄0# directions.36 The effect
of the strain-induced piezo-electric potential was also con
ered but was found to be small in comparison with the
formation potential effect.

A significant feature in the experimental spectra, F

FIG. 8. Polarization-resolved PL spectra and comparison
theory.~a! Experimental PL with polarization axes along@110# and

@11̄0# directions~T 5 15 K!. ~b!: Squared OME’s calculated fo

light polarized along@110# and @11̄0# for the $136% structure
~length 27 nm!. ~c!: Same as panel~b! but for $136% structure termi-
nated by a~001! plane cut at 50% height. The QD length has be
increased to 33.5 nm to preserve ground transition energy.

FIG. 9. Polarization-dependent optical matrix elements ca
lated for square-base pyramids bounded by$101% facets~a!, and
$105% facets~b!. The base length of the pyramids was 11.3 and
nm in ~a! and ~b!, respectively.
m-

-
-

.

8~a!, is the shift in the position of the second excited pe
~labeled T2, T28) with polarization and the reduction in
linewidth with respect to the unpolarized spectra in Fig. 6~a!.
The linewidth narrowing and polarization shift can only b
explained if this peak corresponds to an unresolved doub
In the $136% model, the peaksT2, T28 correspond to the
doublete2→h2, e3→h3 as discussed in the last sectio

While both transitions are strongest along@11̄0#, their rela-
tive strengths reverse with polarization, causing the shif

the PL spectra measured for@110# and @11̄0# polarizations.
Note, however, that the calculated shift has a direction
posite to that observed, indicating that the calculated orde
the transitions is incorrect. The corresponding error of ab
20 meV could be due to inaccuracy of the various mate
parameters used in the calculation, or to deviation of the t
shape of the QD from the ideal$136% structure. For example
a narrowing of the QD along the short axis due to interm
ing during capping can reverse the order of the second
third excited electron states and thus the direction of
polarization shift. Referring again to Fig. 8~a!, the shoulder
labeledT3, which is obscured in the unpolarized spect
most likely corresponds to the weak unpolarized transit
e3→h6. Finally, the calculated transitionse4→h4 ande5
→h5, together with a large number of overlapping min
transitions, correspond roughly to peakT4.

An important discrepancy between the experiment and
calculation for the$136% structure is that the peak spacing
and polarization anisotropies calculated are systematic
larger than observed@compare panels~a! and ~b! in Fig. 8#.
A likely explanation is that the QD shape changes during
capping step.47 For instance, it has been reported that capp
self-organized InAs/GaAs QD’s possess flat t
boundaries.48 To model such an effect, we computational
investigated the effect of truncating the$136% structure by a
~001! top plane. The magnitude of the polarization anis
ropy and the splittings between the ground- and excited-s
PL transitions were found to decrease with increasing deg
of truncation. For example, truncation of the$136% structure
at a position 50% from the top~15% volume reduction! re-
duces the calculated ground state polarization anisotrop
I [11̄0] /I [110]51.42 and brings the excited-state peak po
tions for the lowest three transitions into better agreem
with the experiment@Fig. 8~c!#.

As a preliminary experimental check that shape chan
or intermixing during capping might explain why the pola
ization anistropy is smaller than calculated, we studied
InAs QD sample grown at a lower temperature of 500 °C a
capped initially at 450 °C, so that intermixing effects shou
be relatively supressed. Although the excited-state transit
are not resolvable in this sample, the ground PL transit
has a polarization ratioI [11̄0] /I [110]51.4, significantly larger
than the sample grown and capped at higher tempera
where intermixing should be more important. Th
polarization-resolved PL spectra of this sample are show
Fig. 10. The larger anisotropy seen in the 500 °C sam
could also be due to the smaller average dot size resu
from the lower growth temperature.50 Our calculations show
that the polarization anisotropy should increase with decre
ing dot size as shown in Fig. 11. Indeed, the ground
transition in Fig. 10 occurs at 1170 meV indicating that t
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QD’s are smaller than in the samples whose spectra are
picted in Fig. 8. While further study is clearly needed
disentangle the effect of growth and capping procedures
dot size, shape, and degree of intermixing~these parameter
are experimentally confounded!, it seems likely that differ-
ences in growth conditions may explain the different pol
ization ratiosI [11̄0] /I [110] for the ground PL transition previ
ously reported by different investigators, which range from
~Ref. 28! to 1.37,49 to 1.2 ~this work!.

Another analysis of the optical polarization anisotro
was made by Wanget al., who used the empirical pseudo
potential method to model the electronic structure of s
organized InAs/GaAs QD’s, assuming a square-based p
midal shape with$101% facets.45 This paper showed an
atomic-level asymmetry of the carrier wave functions, wh
gives rise to an in-plane optical polarization anisotropy. T
asymmetry originates from the atomistic structure of the Q
barrier interface, and is distinct in origin from both the stra
asymmetry described in Sec. III of this paper and shape
fects. By neglecting this atomistic effect in our calculatio
which utilizes a continuum description of the interface, so

FIG. 10. Polarization-resolved PL spectra for InAs QD’s grow
at 500 °C and capped at 450 °C. The polarization ratio between
@1-10# and@110# directions for the ground transition at 1175 meV
1.45.

FIG. 11. Size dependence of polarization anisotropy. The ca
lated ratio I [11̄0] /I [110] for the $136% structure is plotted versu
ground transition energy in panel~a! and versus QD length in pane
~b!.
e-

n

-

2

-
a-

e
/

f-
,
e

error is incurred. However, the atomistic asymmetry sho
be significantly more sensitive to interface disorder than
shape effect. As discussed in Ref. 50, the QD/barrier in
face becomes disordered in the process of capping, an e
not included in the pseudopotential calculation of Wa
et al. However, the shape contribution to the anisotropy
relatively insensitive to the precise interface structure. F
example, rounding of the QD facets has little effect on t
polarization anisotropy. To illustrate this point, in Fig. 12 w
compare the calculated polarization-dependent OME’s fo
dot bounded by$136% facets to a dot with an elongated len
shape having a similar aspect ratio. The electronic struc
and optical polarization anisotropy are quite similar for the
two model structures as expected.

VI. CONCLUSIONS

Evidence from RHEED, AFM, and high resolution cros
sectional TEM studies indicates that prior to capping, se
organized InAs QD’s grown by MBE on GaAs@001# sub-
strate are nanopyramids elongated along the@11̄0# direction,
with bounding facets corresponding to four$136% facets.
This shape is quite different from the high symmetry sha
assumed in previous electronic structure calculations for
system. We have studied the effect of the geometrical as
metry of the$136% structure on the electronic structure an
optical polarization properties. Using an eight-bandkW•pW
electronic structure method including atomistically det
mined strain, our calculations on the$136% structure show
good agreement with polarization-resolved PL experime
particularly when the top of the$136% structure is truncated
with ~001! plane. Specifically, the model predicts an over
polarization anisotropy oriented towards@11̄0# and a spec-
tral shift of the second major excited state transition w
polarization which are both observed experimentally. T
model also predicts that the polarization anisotropy sho

he

u-

FIG. 12. Polarization-dependent optical matrix elements ca
lated for elongated lens-shaped dot compared to faceted dot~a!
Elongated len-shaped dot. The upper boundary of the dot obey
equation (x/r a)21(y/r b)21(z/r c)

251 where r a568 nm, r b

534 nm, and r c534 nm, and is cut so that the length
width:height ratio of the dot is 18:9:1 versus 16:8:1 for the tru
cated$136% dot shown in panel~b!.
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decrease with increasing dot size. Other findings are
strain and quantum confinement effects compensate to a
gree in self-organized dots to produce an approximate lin
scaling of QD eigenenergies with size rather than the q
dratic scaling expected in simple effective mass models.

Some discrepancies exist between the electronic struc
model and the experimental PL spectra, for example,
polarization anisotropy calculated for the unmodified$136%
structure is larger than the observed anisotropy. It is lik
that these quantitative discrepancies are a consequenc
shape changes or intermixing effects during GaAs ov
growth not accounted for in the model. To fully understa
the electronic structure of QD’s, a more thorough study
the effect of capping on the QD shape, composition, a
interface structure is clearly needed. Further detailed c
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parison between the experiment and theory will also requ
improvements in spectral resolution such as application
single-dot spectroscopy methods to overcome inhomo
neous broadening effects. These issues will be the focu
future experimental and theoretical investigations.
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