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Stress distributions and energetics in the laterally ordered systems of buried pyramidal G8i(001)
islands: An atomistic simulation study
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Stress distributions in laterally ordered arrays of coherent Ge islands of shallow pyramidal shape buried in
a Si001) matrix are studied via large-scale atomistic simulations, using Stillinger-Weber Ge/Si systems as a
vehicle. The existence of tensile hydrostatic stress regions is observed on the spacer surface, above the buried
islands. Our previously reported findifiyl. A. Makeev and A. Madhukar, Phys. Rev. L6, 5542(200])]
that the hydrostatic stress at the spacer layer surface above the island apex is nearly inversely proportional to
the spacer layer thickness is validated by a comparison with experimental datkntdiaé variations of the
hydrostatic stress on the spacer layer surface show “bell-shape” profiles, with the effective size of the tensile
regions above the island apex varying as a power law with the spacer layer thickness, with the power exponent
being greater than 1. Studies of the energetics of twofold stacks of island systems show that the elastic
interaction energy between the islands is minimized for the vertically aligned geometry. The spacer layer
thickness dependence of the hydrostatic and biaxial stress field distributions inteHer of the S{001)
matrix are presented as these define the behavior of the electron and hole three-dimensional confinement
potentials that determine the electronic properties of the pyramidal island quantum dots.
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[. INTRODUCTION direction and increased size and shape uniformity, but also
improved lateral correlations in the upper layers of such mul-
Self-assembled three-dimensio8D) coherent islands, tilayered QD structures.

formed in lattice-mismatched semiconductor heteroepitaxy, In recent years, extensive experimental and theoretical
continue to be in the focus of active research due to theiptudies of vertically ordered multilayer systems of semicon-
potential for technological applications in the fields of nano-ductor QDs, for a number of materials, have been under-
electronics and photonid€ The island formation is caused faken. By now, it is generally recognized that the stress and
by the lattice-mismatch-associated stress-driven morphologPSSociated strain field evolution during the growth process
cal instability that occurs during the growth of a heteroepi-and their steady-state distributions in such systems play im-

taxical film deposited on a substrate made of a material witpportant roles in defining structural and electronic character-
a smaller lattice constant. The morphological evolution ofiStics of QD structures. Vertically self-organiz€dSO) QD

the deposited film is generally observed to occur in the fom]srt]*;g::g—lgaveee /g?ﬁr_]ze e)gﬁgs'venge%zg:ln?rix n
] ’ X

of a Stranski-KrastanowSK) growth mode, i.e., it proceeds systems’°Experimental studies of multiple stacks of InAs

by the formation of an essentially flat layer of thickness de-islands in GaAs, grown via molecular beam epitaxy, have

pendent upon the lattice mismatch, called the wetting layef o renorted in Refs. 4 and 5. Using transmission electron
(WL), followed by the formation of truly 3D coherent nanos- nicroscopy, the authors have shown that, although the spacer
cgle islands of dlfferen(co.ntrollable) shapes such as PYra- |ayer surface morphology undergoes a planarization with
mids or domes. When buried by the overgrowth_ of a suitablgyrowih, the buried islands induce inhomogeneous stress pro-
material, most often the same as the underlying substrat@jes on the spacer layer surface. The latter, in their turn,
such islands act as quantum dé@Ds). Because of their cause a stress-gradient driven bias for adatom diffusion dur-
coherent nature, every individual QD possesses nearly pefng subsequent deposition, thus leading to the vertically cor-
fect “atomlike” electronic and optical properties arising related island growtR.A nearly perfect vertical correlation
from the effective 3D confinement of carriers and excitons inwas observed for relatively small spacer layer thicknesses,
such structureS.However, many potential device applica- while an uncorrelated regime was found to take place for
tions require a better island size and shape uniformity in theufficiently large spacer thicknessean increased size uni-
ensemble of QDs with a high spatial density. While improve-formity accompanies the vertical stacking Similar stud-
ments in the size and shape distribution of a single layeies of the vertically correlated systems of Ge/Si islands have
ensemble of islands has been realized via an innovative méeen reported in Refs. 11-25. In Refs. 18 and 19, it was
nipulation of the deposition proce¥snany device designs shown that the Ge wetting layer thickness of 3—4 ML for the
require multiple layers of island quantum dofsOne of the first set of islands decreases with the number of deposited
remarkable features of such multilayered systems is the tetayers in the multilayer structure. Furthermore, a rather regu-
dency of the islands to self-organize in vertically alignedlar hexagonal ordering of QDs in the upper layers of the
structures:® These systems have been proven to show noGe/Si QD superlattice, accompanied by a narrowing of the
only a high degree of ordering in the vertidgake., growth island size distribution, has also been observed in
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experiments? Extensive experimental studies of vertically . 7\
self-organized growth in PbSe/PbEuTe systems were re- Si(001) Spacer Layer
ported in Refs. 27—-30. It was shown that in PbSe/PbEuTe WL Ge Island h,p+3

systems a fcc stacking takes place. This behavior has been
attributed to the existence of elastic energy local minima on
the spacer layer surface possessing threefold symmetry.
These minima arise due to a high degree of elastic anisotropy
in such materiald’~°Vertical anticorrelationin the systems

of two-dimensional CdSe islands in ZnSe has been reported 0
in Ref. 31. This striking result prompted further theoretical
investigations of the multilayered VSO QD structures with
the goal of building a unified theory of the phenomenon of

A 2 z[001]
vertical self-organization. h,
The importance of understanding the stress and associated 100
strain field effects in systems of multilayered heteroepitaxi- X[; ]

cal islands has led to the development of the necessary the- , -36
oretical tools. Conventional small-strain continuum elasticity Si(001) Substrate

theory haS been emp|oyed to investigate the stresses and S S
strains in the equilibrium structures of the uncovefdcee- e E— L —_—>
standing” SK islandst A number of theoretical descriptions
of the VSO QD systems have been also based on continuum g 1. Schematic illustrating the modeled system. Germanium
elasticity models. Within the framework of these models, &gjand of height (with WL of 3 ML underneathis positioned on a
single isolated island is generally treated as an embeddes0o1) substrate of thicknedss, and covered by a 8101) spacer
force dipole sourcépointlike or of a spherical Sha]ﬂész’%A layer of thicknessh,,. The lateral size of the simulation bok,
finite element implementation of the continuum elasticity =60ag;, and the lateral island size is Here ag; is the lattice
theory has also been used to study the stress fields in suebnstant of crystalline Sag;=5.43095 A. Numbers correspond to
systems*~3" These two approaches have been very helpfuthe z coordinate of the atomic planes, measured in ML,

in gaining a qualitative understanding of various aspects of

stress behavior in the multilayered QD structures. It has beefayer morphology. A short overview of the analytical models,
shown that a buried island induces a region of tensile stresgescribing the stress fields induced by buried pointlike and
on the spacer surface above its apex, which favors a vertgxtended objects in an elastic media is given in Sec. IV.
cally correlated growth in the successive layers of QF®  Next, in Sec. V, we present our simulation results on the
An increased size uniformity through the columns of thepenavior of the stress at the spacer surface in the two-
multilayered QD structures is a natural outcot@ Further,  gimensional surface planGec. V A and above the island
a theoretical approach that describes different regimes in thgpex as a function of the spacer layer thicknésc. V B.
QD multiple layer structure formation was developed infFyrther, in Sec. VI, we present the results of our studies of
Refs. 38 and 39. It was shown that the elastic anisotropy ofhe energetics of the two-layer Ge/Si island systems. Then, in
the matrix material gives rise to an oscillatory behavior ofgec. viI, we discuss the stress field distributions in the
the strain field with the spacer layer thickness, thus Ieading;i(o()l) matrix surrounding the embedded Ge islands. The
to the possibiligg of both correlation and anticorrelation in emphasis is on the hydrostatic and biaxial stress field depen-
such systems: _ dencies on the spacer layer thickness, as these control the
Atomistic simulations have been proven to successfullythree-dimensional quantum dot confinement potentials aris-
complement the continuum elasticity based approaches, prehg from the conduction and valence band edge discontinui-

viding a microscopic description of the stress and strain fieldies between the island and surrounding matrix material. Fi-
behavior. Several studies of the atomic-level stresses in bothy|ly, we summarize our principal results in Sec. VIIL.

uncovered (“free-standing”) (Refs. 40 and 41 and
covered®#?~4%Ge/Si islands have been performed. Some re-
sults of our study were previously reported in Ref. 45. Here, Il. SIMULATION METHODOLOGY
we expand the scope of discussion to various aspects of
stress relaxation in the buried QD systems and compare our
results with the predictions of the linear elasticity theory A schematic illustrating the cross-sectional geometry of
based models and experimental data. We concentrate primgre simulation system is shown in Fig. 1. The simulation
rily on the effects of the spacer layer thickness on the stressystem consists of am,=37 ML thick Si001) substrate; a
relaxation, and discuss the implications of this behavior fof100 oriented square base afd05 side facets bourfd
the multilayer structure formation. The effect of strain on thepyramidal Ge island of height and base length=40ag;
electronic properties of such materials is also discussed. (as; being the Si001) surface lattice constanis positioned
The remainder of the paper is organized as follows. Inon a 3-ML Ge WL. The island is covered by g®1) spacer
Sec. II, we describe the methodology of the simulations. Sedayer of varied thicknes$g,. At the bottom, 3 ML of the
tion Ill is dedicated to the results of our studies of the spacefBi(001) substrate are fixed to the bulk(@02) lattice constant

A. Simulation system
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and the rest of the atoms are allowed to relax. THO®)  the first principles electronic structure calculations show,
spacer layer surface is dimerized, with dimers oriented alonghese potentials are also quite adequate in a description of the

the[110] direction. The initial configuration is built as fol- surface energy, and the surface stress anisotropy, computed
lows. All the atoms are placed in the(801) bulk crystalline ~ With these potentials, agrees well with the existing experi-
positions. The spacer surface atoms are shifted by 0.081€ntal results. Moreover, a recent study by Kikuehial.

X ag; towards each other in pairs to provide an onset forhas shown that the SW potential is better suited for the pur-
dimerization. Periodic boundary conditions are applied in thg?0Ses of atomistic strain calculations in the Ge/Si QD sys-
x andy directions to the simulation cell of siZe=60ag;, €MS as compared to the valence _fleld fo_rce model with the
thus mimicking an infinite layer of Ge QDs in(8D1), sepa-  Keating potential, also often used in the literatfite.

rated by a distancke. The system is relaxed to the minimum

of the potential energy configuration using a conjugate gra- B. Atomically resolved stress calculation

dient minimization algorithm. The relaxation proceeds until  The recent progress in computer performance and the ex-
the_4net fozge, acting on each atom, does not exceegsjve development of advanced computing techniques for
10"* eV/A"® All the relevant quantities, such as Stressesyarge scale simulations has made it possible to obtain atom-
atomic displacements, and the elastic energy of the systemyically resolved information on systems comprised of mil-
are calculated for such an equilibrium configuration. lions of atoms. Thus, modern molecular dynamié4D)

A number of interatomic potentials for various forms of ya5ed atomistic simulation techniques now allow for calcu-
silicon has been developed in the past. A comprehensive rsiing atomically resolved stresses and strains in the model
view, discussing nearly all of such potentials, is avaﬂaple iNsystems with sizes approaching the dimensions of the real
Ref. 48. In the present work, we employ the SW functionalynes: This is particularly true for the nanostructured materi-
form of the potential to model interatomic interactions be-5s A number of methodologies for atomically resolved
tween both silicon and germanium atoffisThe potential gyress calculations have been previously proposed in the

energy of an atom, interacting with the others via the SWiierature535 Following Ref. 53, we calculate the quantity
potential, ®(r;), consists of a sum of the two- and three- given by the following expression:
body contributions and is represented by the following func-
tional form: i 1 [ prpf

Tap™ Q m;

1
+Z; (rife+rifl) |, 2

(D(r‘)_gj €f2(r”)+i<jz<k NEUURE @ Here,m; andp; are the mass and the momentum of an atom
_ _ _ _ i, rj; is a vector connecting atomisandj, f;; is the force
Here, f, is the two-body interaction term, whiliy accounts  acting on atomi due to an atorj, a and 8 denote the
for the three-body interactions, which stabilize the tetraheCartesian components of the coordinate system (arislan
dral (zinc-blendg structure of the crystalline Si and Gejs  average atomic voluméFor discussion purposes, we refer
the depth of the local potential profile. The functional formsyg the quantityaiaﬂ as the atomistically-resolved stress ten-
of f, and f; as well as the parameters of the interactionser, although it is unlikely to be the quantity measured in
potential for Si atoms are taken from the original paper byexperiments, where a coarse graining over some larger vol-
stilinger and Webet”? We note that Stillinger and Weber yme thar() is inherent Following this convention, a tensile
qbtained thg values via.a fitting to the exper|mental_|;)roperstress corresponds to the positive sign and a compressive
ties of the diamond-cubitdc) and molten phases of silicon. stress to the negative sign. This choice provides a clear cor-
Several choices of parameters for the interatomic potential dfespondence between the positive tensile stress and strain of
Ge have been previously suggested in the literatif€.In 5 jocally expandedas compared to the lattice constant of the
our calculations, we adopt the model parameters derived by, ik materia) lattice, while the negative compressive stress
Ding and Anderser’ The interatomic interactions between corresponds to a locally shrurfes compared to the lattice
S_i and Ge are calculated using th.e potential with the funceonstant of the bulk materialattice. We note that, in our
tional form the same as E(f), but with rescaled parameters: gjmylations we assume that the spatial variations of the av-
— 1/2 — 1/2 . i
€si-Ge= (€si€ce) *  Asi-ce=(Asihge) ™ and osige  erage atomic volume can be neglected, andghis constant
=(ositoge)/2.> In all cases, the potential functidiEq.  throughout the system. Indeed, the average atomic volume
(1)] was modified to ensure that the potential and its firstyariation in the system of Ge islands in Si, similar to those
derivative go to zero at the predetermined cutoff distanceyydied in the present work, has been recently investigated
R;=1.80Xogige - Despite the fact that potential of the ysing MD simulationd? It was found that such variations,

form Eq(l) contains intrinSica”y three'bOdy terms, it can be indeed, can be considered to be neg“gMgest deviations
shown that this contribution is decomposable into a sum ofeing ~19)

two-body terms so that the actual calculations of the three-

body terms can be av0|de(_j. The pqtenuals for bot.h _Sl and Gem_ MORPHOLOGY OF THE SPACER LAYER SURFACE

have been proven to provide a satisfactory description of the

structural and mechanical properties of the bulk materials In the process of the overgrowth of a lattice-mismatched
(such as the phonon density of states and elastic modagus material on the islandé.e., during spacer layer deposition
well as to give a correct (1) surface reconstruction for the morphology of the spacer layer surface undergoes signifi-
both Si and Ge surfaces. Remarkably, as a comparison wittant changes. Detailed investigations of the spacer surface
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0.20

between the islands these displacements become nearly neg-
ligible. At the point above the island apex, the largest dis-
placement magnitudéyz=0.9 A, is observed for the small-
est spacer layer thicknessee thehs,=29 ML case. As the
spacer layer thickness grows, however, the maximum dis-
placements decrease in magnitude rapidly. Even for rela-
tively thin spacer layer thicknessefor instance, hg,
=49 ML, ~3 times the QD height the maximum undula-
tions become small as compared with the interplanar dis-
tance of bulk Si001) (=1.36 A). Moreover, the magnitude
of undulations drops to a negligible values1.1% already
for spacer layer thickness &f;,~81 ML (=10 nm). This
2 value is much smaller than the typical spacer thickness

-30.0 : : (=25 nm) used in experiments. The observed variations of
the surface undulations are very slow. All of the above sug-
gest that the curvature driven diffusivity can, indeed, be con-

FIG. 2. Relative surface morphology undulatiodsz/as;, in- sidered ju_st as a minor correcti\{e term in the stress driven
duced by island of bade=40ag, and heighh=17 ML, are plotted ~ S€lf-organization. Consequently, in the following we concen-
along the laterak direction on the spacer surface for four different rate mainly on the stress and associated strain field distribu-
spacer layer thicknesse¢a) hy,=29 ML (solid ling), (b) hy,  tionsas the major fact_ors defmlng the mechanls.m of vertlpal
=49 ML (dotted lin, (c) hy,=65 ML (dashed ling and (d) hg,, self-organization and impacting on the electronic properties
=81 ML (long-dashed ling Relative atomic displacements are Of Ge/Si QD systems.
measured with respect to the crystalline bulk081) lattice posi-
tions.

0.15

0.10 r

Az/ag

0.05 r

IV. ANALYTICAL THEORIES OF THE STRESS FIELDS

. . . ISLANDS
morphology evolution, during the overgrowth in InAs/GaAs FROM

systems, have been reported in Ref. 4. Using cross-sectional From the continuum elasticity perspective, a buried island
transmission electron microscopy, the authors have fountlas been considered as a dilatational cefgeintlike or ex-
that, in the initial stages of the overgrowthe., for small  tended in an isotropic elastic media. The precise geometry
spacer layer thicknessesa substantial modulation of the of the inclusion, adopted in different models, varies from
spacer surface takes place. As the growth continues, hovpointlike to pyramidal. While inclusions of realistic shape
ever, the amplitude of these modulations decreases rapidlgre usually treated using finite eleme®E) calculations,
the morphology of the spacer surface planarizes with growthanalytical models, based upon pointlike and/or spherical in-
The implications of this behavior for the mass transport orclusion approximations, have been also suggested in the lit-
the spacer surface has been discussed within the framewogkature to model the systems of the buried lattice-
of a mechanochemical potential based model of adatormismatched islands?323337:3%5he common approach to
migration? It was pointed out that, in general, two factors a solution of the problem of the elastic field from a point
influence the adatom diffusivity on the spacer surface: one iand/or extended imperfection in crystals is based upon the
the surface curvature driven diffusion, with the particle cur-assumption that such features can be modeled in terms of
rent proportional to the local surface curvattteand the double forcegwith or without momentsin the semi-infinite
other is the stress-gradient driven diffusivity leading to masslastic media’~>° The displacement fields in the surround-
transport from regions of the higher stress gradients to théing media(as well as the stress and strain figlttsen decay
lower ones. The latter has been found to be the dominards 1f® with the distance from the center of an
factor in the spacer layer surface profile evolutidrurther- imperfection®’~%3The finite size inclusions were considered
more, in Ref. 5, the surface mechanochemical potentialainly in the context of thermoelastic effects in composite
model has been used to explain the process of spatially prefnaterials. It was shown, however, that the temperature gra-
erential initiation of islands on a morphologically planar dient in the composite elastic material can be modeled in
spacer surface profile. Although no dominant surface curvaterms of a distribution of dilatation centers of a particular
ture effects are present in these spacer layers, it is instructivsrength®® Finite size spherical thermal inclusion in the elas-
to examine the nature of the spacer layer surface atomic disic media was considered in Ref. 62. It was shown that the
placements that accompany the surface stress. displacement(the stress and strairfields demonstrate a

In Fig. 2, we show the Si spacer layer surface atomicfunctional dependence similar to that in the case of pointlike
displacementa\z (calculated with respect to the bulk crys- sources. In the case of finite-size spherical inclusion, the
talline Si001) positions in the z direction for an array of strength of the dilatation center is directly proportional to the
buried Ge QDs oh=17 ML andl=40ag;. The islands are inclusion volume and to the difference between the differen-
covered with spacer layers of different thicknessgsg, The  tial thermal expansion coefficients of two materials. A gen-
largest upward displacements of the surface atoms are oleralization of this approach to the lattice-mismatched inclu-
served in the region above the island apex. They decay, hovsion of elliptical shape was made by Eshelbpmong other
ever, rapidly away from the system center. In the regionshings, he suggested a simple way to calculate the strength of
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the dilatation center, easily adaptable for lattice-mismatchec 0.6

T
systems: the so-called “sphere-in-hole” model. Subse- h,, =29 (stars) %00 e
quently, finite size parallelepipedic thermal inclusions were 05 h,, = 49 (squares) ' 200! o o
considered by HE>%” who obtained stress and strain field <= | b 1 (ircles) 'z
dependences on the coordinates different from the functiona E ' dl 100 R
dependences derived for the case of inclusions with spherice < 03 | M 20 60 100
symmetry. In all the above mentioned models, the differ- m; o he(ML)
ences between the elastic coefficients of the host materia — 0.2t *** e
and inclusion, as well as elastic anisotropy of crystal lattices, = n _.--E--.._***
have been neglected. In the following, we refer to all models_5 1 | a=" e
— [

adopting the spherical symmetry of an inclusion as “force- Q:.’ 0.0 beese M’““"“"?“"“““:m,m |
dipole” approximation. The analytical form for the hydro- ' :::&3**** Rt
static stress due to a spherical inclusion was reported in Refs 0.1 : i s
61 and 66 to be 30.0 15.0 0.0 15.0 30.0

X/ag;

Tr(a)zw( 3 {(41}_4)(X2+y2)

r3 2r2 | (4—8vp) FIG. 3. Normalized hydrostatic stresp!(pg) variations along
the lateral x direction on the spacer layer surface are shown

for three different spacer layer thicknesses as indicated. Hhgre,
), () is the stress associated with surface dimerizatipyF0.747

x10° JIQ,m®, whereQ,=0/ad;. The inset shows the width of
wherer = /(X2+y2+22), I is the strength of a dilatation the ten_sile _stress region on the spacer su!'qu:e,as a function_ of
center, given byl = e,V[(1+ »)/(1—v)], v is the Poisson hsp (solid circles. An anfilytlcal power law fit ofv, (see the tejtis

ratio G is the shear modulus/ is the volume of the inclusion SnoWn by the dashed line.

and ¢, is the coefficient characterizing the lattice-mismatch

between the matrix material and the inclusion. The abovelastic relaxation. It is knowtt>3that this relaxation in the
expression for the dilatation strength has been suggested layrays of buried islands is responsible for the inhomogeneous
Eshelby using the simplified model of a spherical inclusionstress profiles on the spacer layer surfaces. The regions of the
with radius (1+ €,)r, embedded in a spherical cavity in the Si matrix above the island apex and at th€08L) spacer
matrix with radiusr, (the “sphere-in-hole” modal®® We layer surface exhibit tensile stress. On the other hand, the
have showff that the analytical forn{Eq. (3)] well de- stress in the region between the islands is
scribes the elastic stress fields frorfirite-sizespherical Ge  compressivé:*>*233|n the successive layers of the multilay-
inclusion in S{001). This indicates that the elastic anisotropy ered system, the islands tend to form in the region of tensile
of the crystal lattice, naturally incorporated in the simula-stress, thus leading to vertically correlated structure forma-
tions, does not much impact the basic qualitative conclusion8on. The degree of vertical correlation is a function of the
on the inclusion-induced stress field behavior in the elastispacer layer thicknessThe size of the newly formed island
media. Moreover, the assumption of a linear response workis dependent on the width of the tensile region. We thus
well for the Si/Ge system@attice mismatch=49%). On the investigate these two factors. In the ideal case, a simple al-
other hand, no exact closed-form analytical solution of thebeit realistic analytical model should be developed which
elasticity problem for a system of pyramidal shape misfittedallows estimations of both the stress magnitude and spatial
buried islands, with the WL underneath and with a free surfprofile for systems with different spacer thicknesses. Up to
face nearbyas relevant to the experimental systgnmas yet  now, several approaches adopting continuum elasticity based
been reported. Thus, the question of the adequacy of theodels have been suggested in the literatdfe®>33Using
simplified analytical models for accurately representing thethe “force-dipole” approximation, in Refs. 5, 32, and 33 the
systems of singlelayered and multilayered pyramidal islandiuthors have shown that a buried island induces a region of
QD structures remains open. In the following, we shed furtensile stress on the spacer layer surface above the island
ther light on this aspect through simulation results that augapex. Subsequently, Monte Carlo simulations of the multi-
ment previously reported findings. We also provide evidencdayered QD growth have been performi8dThese have
from reported experimental results that confirm our previ-shown that the presence of the buried islatasproximated
ously reported nearly inverse linear dependence of the spaces subsurface force dipole stresgamsluce a vertical corre-
layer surface stress above the pyramidal island apex as lation between the on-surface islands and the centers of sym-

8v

L 27 2
(4—8n)°

function of the spacer layer thickness. metry of the buried stressors. The degree of correlations was
found to be strongly dependent on the stressor depth, the

V. BURIED ISLAND INDUCED SPACER SURFACE incoming ion flux, and the growth temperature as in the
STRESS mechanochemical potential based analytical model of Ref. 5.

Below, we discuss the lateral stress variations on the spacer

surface and compare the obtained results with the predictions
The strain associated with a misfitted Ge QD embedded inf the continuum elasticity theory based models.

a Si matrix =4% lattice mismatchis subject to a partial In Fig. 3, we show the spacer surface hydrostatic stress,

A. Lateral variations
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50' drostatic stress on the surface and the lateral width of the
. ) tensile region. The stress magnitude decreases rapidly with
<°E 0.4 o 40 ] the spacer thickness and the shape of the curve becomes
c}o g 30} flatter with increasindy,. A detailed account of the hydro-
S 03¢ 5 20f 17 static stress dependenceluyy is given in Sec. V B. Here, in
> 5 ‘ot ] Fig. 3 (inse), we show the widthw, of the lateral stress
- 0.2t = region on the spacer layer surface as a function of the spacer
- “ 00 ' ' layer thickness. We find that it approximately follows a
[ i 00 200 400 600 | 14 ' .
-1, o1 h /a. ~hg,, dependence. Thus, the/2hs, behavior of the lateral
o w stress region width, predicted by EE@) within the frame-
0.0 B work of the analytical models, does not find a rigorous con-
firmation in the regime simulated by our computer experi-
0.1

ments. In fact, this dependence turns ir’rt(hgp for small
spacer layer thicknesses. Note that the system we consider is
h.. (ML) not an individual isolated buried island, but rather a laterally
P ordered array of elastically interacting islands. For values of
FIG. 4. Normalized hydrostatic strespio(-pd) on the spacer hsp.shown n the Fig. Jinsey, however, these el"?‘St.'C inter-
surface(open circles at the point above the island apex, is plotted actions are likely to be small, and thus the deviations from
as a function of the spacer layer thickness,, measured in ML. the linear behavior of the analytical model of isolated inclu-
The solid line shows thpi,,(hsp)-pd= —0.07+10.21h,, fit. The fit ~ Sion are unlikely be due merely to the effect of elastic field
using an oscillatory functior(see the discussion in the texs  coupling. Furthermore, our attempt to fit the simulation
shown by open triangles. The inset shows experimental data on tHgress data with Eq3) does not give a satisfactory result if
strain dependence of the in-plane strain on the spacer layer thickall the fitting parameters are to retain their intrinsic physical
nesshs,, taken from Ref. 2Qsolid circles. The solid line is the meaning. For instance, the fitting value of the dipole strength
inverse linear fit, while the dashed line shows thie2it. I' in Eq. (3) required considerable changes in the three
. spacer layer thicknesses. We are, however, able to reproduce
P,=Tr(o) =[oy(i)+oy(i)+o,4i)], variations in the lat-  very well the “bell-shape” topology of the stress profiles on
eral x direction for systems with three spacer layer thick-the spacer layer surface, if the parameters in &j.are
nesses of 29, 49, and 81 ML for the=40ag; and h  considered not to be constrained by any physical consider-
=17 ML islands. The calculated quantity, however, requiresations.
a normalization at the surface, due to the existence of the
surface reconstruction effects. We note that, for the12 _
reconstructed surface, the atomic hydrostatic stress on theB- Spacer surface stress dependence on the spacer thickness

surface caused by the surface dimerizatipg, is uniform The degree of the vertical correlation in multilayers of
and equal t0=0.747x10° J/Q,m%, where QO=Q/a§i. strain-driven island QDs has been shown to depend strongly
Thus, merely to study the effect of the buried island, weon the spacer layer thicknes?*In general, depending on
normalize the hydrostatic stress by deducting the contributhe thickness of the spacer layer, three different regimes can
tion coming from the surface dimerization, i.e., in Fig. 3 we be distinguished. The first regime corresponds to small val-
plot (p,, - pg) as the relevant quantity. In all considered ues ofhg, and is characterized by a nearly perfect degree of
cases, the stress distributions have a “bell-shape” topologythe vertical correlations. In the second regime, a transition
with two distinct regions. The first region corresponds to abetween the perfect vertical correlation and a random posi-
tensile stress domain centered at the buried island apex. Thi@ning on the spacer layer surface takes place. This regime
second region corresponds to a mildly compressive streswrresponds to intermediate spacer layer thicknesses. For
domain observed between the island and its images. Tharge values ohg,, the probability to find vertically corre-
transition between the two regions is rather smooth. Withidated islands is nearly zero. As a mechanism of vertical self-
the compressive domain, the magnitude of the stress d@rganization during the growth of multilayer structures, a
creases with the distance from the center of the system. hodel, based on the stress driven diffusion of individual ada-
does not, however, go to zero at the system borders due toms, has been suggested in Ref. 5. Such a view focuses on
the island-island elastic interactions. For an isolated buriethe real-time phenomena of growth and the significance of
island, the elastic stress field decays to zero for large laterdhe kinetics of surface migration of adatoms that contribute
distances from the island. Thus, as a function of the islandto a system moving towards, at least locally, a thermody-
island separation, the stress profiles should exhibit a mininamic ground state, but does not rely upon the system always
mum in the region between the islands as opposed to theeaching the perfectly ordered state implied by a description
nonzero compressive stress at the system boundary observeaised on purely minimum energy consideratig¢sse Sec.

in Fig. 3. This behavior of the hydrostatic stress has beeVl). The model of Ref. 5 deals with the probability of verti-
observed in our previous simulatidisfor systems with cal pairing, and thus accounts for the influence of the spacer
smaller island sizes or larger separation distarises Ref. surface stress magnitude and lateral range through the con-
45, Fig. 4 (inseY, L=100ag; casq. The variations in the trol of real growth parameters such as the adatom flux from
spacer layer thickness affect both the magnitude of the hyvapor and substrate temperature. In Ref. 12, the authors con-

20 40 60 80 100 120 140 160
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clude that this coupling cannot be sufficiently strong to ac- Recently, an experimental investigation of the strain field
count for the observed interisland vertical correlations. Theibehavior in the multiple layers of self-assembled Ge/Si is-
estimates, however, are based upon the assumption that tleads has been carried out by Schmidt and E¥efhe au-
stress and the associated strain fields of an individual islanthors reported on the WL related photoluminesce(Rk)

can be described in terms of thg;? dependence derived for transition energy shifts of different WLs in systems mof

a force dipole source in the elastic media. In a previous publ2yers of Ge QDsi{=1-7), separated by Si spacer layers of
lication (see Ref. 45 we have shown, however, that the Y&rYing th|pknesses. The behavior of the qbserved separation
hydrostatic stress on the spacer surface, from an ordered dt¢tween different WL PL peaks as a functiomaind spacer

ray of {105 sidewall (shallow) Ge islands in Si, follows a ayer thickness was analyzed based upon the assumption that

nearly 1hs, dependence with the spacer layer thickness. InSUCh an energy separation is proportional to the in-plane

the following, we further our discussion of the hydrostatic strain at the spacer surface. The results are presented in Fig.

' N . f Ref. 20, that giv val for thr r thickn
stress behavior. Thus, in Fig. 4, we show the atomically re-50 ef. 20, that gives; values for three spacer thicknesses

_ X of 15, 30, and 50 nm, all extracted from the relatiav,,
solved surface hydrostatic stregs at the point above the = (Eyi1— Ewi2) =Ce(2), in which E,; and E,, are the

buried island apexcircles as a function of spacer layer measured PL peak energies of the first and second wetting
thickness,hg;,. It decreases monotonically as a function of jayers andC is a fitting constant. We have plotted the values
h, following approximately g;,= —0.07+10.21hg, func-  of the extracted strains from the data of Fig. 5 of Ref. 20 as
tional dependence. This behavior is rather robust for botla function of the spacer thickness in Fig. 4 inggitcles.
small and intermediate values of the spacer layer thicknesghe solid line in the inset shows a fit of theh]/ dependence
hsp. Additionally, the biaxial stress at the spacer layer sur-obtained from our simulatiorfS. On the other hand, an at-
face also exhibits an inverse linear dependencégnsee  tempt to fit the experimental data with thehig dependence
Sec. VI). On the other hand, in the limit of large,, the  (dashed line in the inset of Fig) 4eems to be inadequdte.
spacer surface hydrostatic stress above the island apex turiée note, however, that there are still open issues concerning
mildly compressive(see, for examplehg,=160 ML). In the fitting parameters and their connection to the physical
Ref. 39, a theoretical model was developed that allows foproperties of the system. An attempt must be made to de-
stress sign oscillations with,,. Recently, in Ref. 46, the Velop an analytic theory of the stress field from a single
author reported on simulations of pyramidal islands with facPuried pyramidal island with a WL underneath to understand
ets oriented at 45° with respect to tizeaxis (i.e., much &l the aspects of the problem. ,
seeper tan the113" siope of cuf103 sideface s, N UL [ o7 1 space e cependerce o
landg and also found an approximatelyhlj behavior. This The cyentral titv d ibina the sl dp_. land P lati '
extends the applicability of our earlier findifigoeyond the . quantity gescribing e island-isiand correfation
{105-faceted islands. Moreover, Ref. 46 found an oscilla—'s the corr_elatlon probability wh|ch_has ?gen analytically

) ' ’ computed in Refs. 5 and 12, employing llmaq) dependence

tory behavior of the stress field. As was suggested in Ref. 39 , . -
the period of oscillations of the stress function in Ref. 46 isOf the hydrostatic stress on the basis of the assumed spheri

) o i . cally symmetric point-like dipole force model. The authors
defined by the interisland separation distance. The steep@f Rof. 12, in analyzing their experimental data, were led to

iglands and stronger island-island int.eractions in the Sim_maéonclude that the interaction energy is not sufficient to ac-
tions of Ref. 46, we suggest, underlies the clearer manifessoynt for stress-driven adatom diffusivity. As our results here
tation of oscillations as compared to our results from shalshow, however, the buried island induced elastic stress field
lower islands. We have fitted our simulation data to thepehayes a$_! and is significantly stronger. This implies
function p,=(a;+a,/hsp)coses+2mhg,/as), wherea; (i thatin Ref. 12 the buried island induced stress coupling lead-
=1-4) are the fitting constantgiangles. We find that this  ing to adatom diffusion bias on the spacer surface is signifi-
fitting is in excellent agreement with our simulation data.cantly underestimated due to the much shorter rar‘rg;g%i
The parameters;, anda, are found to match closely the decay behavior employed.

ones obtained for the inverse linear(fblid line). Moreover,

the value of parametex, confirms the assertions contained
in Ref. 39. Note, however, that we have observed only tran-
sitions to the region of negative stresses, with the absolute In Sec. V, we have shown that a buried Ge island in the
values of the stresses being very small. Thus, it does ndi(001) matrix induces a tensile stress domain on the spacer
seem to be reasonable to extend the simulations for largdayer surface, with the maximum of the stress distribution
values ofhg,, to test the assumptions of Ref. 39. On thefunction above the buried island apex. Such tensile stress
other hand, in Ref. 46 the author has succeeded in obtaininggions are favorable for the successive layer island
two periods of oscillations. We also note that the above menformation®3223 To investigate the energetics of the island
tioned oscillations arise due to the elastic anisotropy of thesystems, in Fig. 5 we show the total energy differefjer
crystal lattice and, normally, should not lead to a new mor-atom), plotted as a function of the lateral displacemant
phological regime in Ge/Si systenge., anticorrelation  from the position of perfect vertical correlation. We have
This is due to small anisotropy in Si/Ge, as compared, fosimulated two systems of buried Ge islands, each of lateral
instance, with CdSe/ZnSe systems. In the latter case, an asize | =40ag; and heighth=17 ML. The islands are posi-
ticorrelated growth has been observed experimentally. tioned on the §D01) substrate of thickneshg,=37 ML,

VI. ENERGETICS OF THE ISLAND SYSTEMS
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40.0 : : to the buried islands. In this section we present some results
Solld Clreles - Simulation (h,,=60 ML) on the behavior of stress distribution inside the spacer ma-
Sold Squares - Smatation (n_<32 M) trix, in both lateral and verticaldirections. The spatial dis-
30.0 | Solid Line - Fit (n,=32 ML) 1 tribution of the strain field in the close vicinity of QDs has a
strong effect on the electronic properties of these systems, as
these control the valence and conduction band alignments
that define the confining potentials which give rise to the
guantum dot nature of inclusiond:or a compound semicon-
ductor they also give rise to the strain-induced piezoelectric
effect) The conduction band alignment is affected primarily
by the hydrostatic strain, while the valence band edges are
modified by both hydrostatic and biaxial strains. On the other
00 5:0 10‘_0 15.0 hand, the piezoelectric effect in the systems is controlled by
the off-diagonalelements of the strain tensor.
Ax/ag The effect of the strain is usually incorporated into the

electronic structure calculations within the framework of a
model originally developed by Bir and Pikus for homoge-
neously stressed semiconductftand further generalized in
and dimensionsar=4cag, andh=17 ML Values are shown for € - (e BT O K SRR O o
two spacer layer thicknesse@) hs,=32 ML (solid squaresand . ' . . . .
(b) hy,=60 ML (solid circles. The solid line shows the analytical vide complete qurmatlon regardmg. the electronic state_s in
= (Ax)? fit for system(a), while the dashed line represents a similar the system of buried QDs. Electronic structure calculations
fit for (b). have been performed for InAs/GaARefs. 3 and 75—-80

, . ) and Ge/Si(Refs. 81 and 8R2systems of QDs of pyramidal
and covered with spacer layers of two different th'Ck”esses('truncated pyramid shape. The band alignments and the

(1) hgp=32 ML and(2) hy,=60 ML. In both cases, the sec- : ; :
ond e ofGe s same it oo and S, (. b i et B3 v St o
has been positioned on the undimerize(d81) spacer layer L

surface, with a 3-ML-thick Ge WL underneath. The standargseciated strain field distributions in the QD systems are, in
minimization procedure is performed in each case to find thg€neral, a function of a set of parameters which include the
atomic configuration corresponding to the minimum of thesPacer layer thickness, lateral and vertical dimensions of the
total potential energgnote that we consider zero temperatureislands, facet orientations, the average lateral separation dis-
case. Initially, the simulations were performed for a systemtance between the islands in a row, the average distance be-
with perfectly vertically aligned islands\(x=0). We denote tween the QDs in the vertical direction, and a number of
the total potential energy of this configurationgg. Next,  vertically self-organized rows of the islands. Thus, an ad-
the simulations were done for systems where the lateral paequate model for electronic structure calculations has to in-
sitions of islands in the second layer are shifted by a factotorporate all these parameters self-consistently and, conse-
Ax from the position of perfect vertical correlations. The quently, represent a rather complex problem. Moreoabr,
new total potential energieg(Ax), corresponding to such injtio calculations cannot, normally, be performed for sys-
configurations were calculated. The energy difference betems of realistic sizes, due to the exceedingly large compu-
tween the two configurationd E=E(AX) —E,, is exactly  tational resources required. A complete knowledge of the
the lateral displacement dependent energy excess due t0 thess and associated strain field variations with all of the

lateral misalignment. In Fig. 5, we show the total energy,arameters characterizing the system thus seems to be abso-
difference AE computed for four different values of lateral ey crucial for understanding the electronic structure of

misalignment,Ax, (Ax/ag;=0,4,8,12) and for two spacer multila: ; :
. ) S : yer QD structures. In the following, we discuss the
layer thicknesses(l) hs,=32 ML (filled squares and (2) behavior of the hydrostatic and biaxial stresses in both the

hs,=60 ML (filled circles. As one can see, for both Sys- 1o interior and the surrounding (801 matrix, with a
tems, the total energy minimum corresponds to the configu-

ration of perfect vertical alignment. As deviations from the particular emphasis on the stress field dependence on the

position of perfect vertical correlations occWE increases spacer layer thicknesfigp.
rapidly with Ax, following approximately a~Ax? depen- Hydrostatic stress
dence. The\x? fits for both simulated systems are shown in To reduce the complexity of the problem, we consider

Fig. 5 by solid f5,=32 ML) and dashedH;p=60 ML) iy one row of buried Ge islands of the same size, weakly
lines. As expected, the energy rise is larger for the systemhieracting with each other through their elastic fields, and
with a thinner spacer layeih(,=32 ML). concentrate mainly on the effects of the spacer layer thick-
ness variations. We investigate the behavior of the hydro-
static,p!,, and biaxial,o,=[20,,~ (oyy+ ayy)], stresses in

In the previous sections we have presented results on tiee systems of Ge islands embedded in @&l matrix.
nature of the spacer layer surface morphology and stress diguried islands of sizé=40ag; andh=17 ML, separated by

20.0 1

AE(meV)

10.0

FIG. 5. The variation of the excess energy per at&f, as a
function of the island’s displacementx from the position of per-
fect vertical correlation. The system sizelis-60ag;, and the is-

VII. STRESS DISTRIBUTION IN THE SI (001) MATRIX
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\

FIG. 6. Contour plots of the hydrostatic strégsthe units of 18 J/Q,m?®) in the plane cutting througte) the island apex antb) the
center of the island are shown for three different spacer layer thicknd4$dg,=81 ML, (2) hg,=49 ML, and(3) hg,=21 ML. Island
height is 17 ML.

distance. = 60ag;, are considered, and different spacer layerisland. With increasindys,, the tensile stress on the spacer
thicknesses are employed. Limited information on the behaviayer surface above the island apex decreases in magnitude.
ior of the hydrostatic stress in the vertical direction along aFurthermore, for large values bf,, the Ge island’s interior
line passing through the island apex has been previously rexhibits a compressive hydrostatic stress, which is nearly
ported by us in Ref. 45. Below, we provide a more detailedconstant within the island size range examined Harel, as
discussion of the effects of the hydrostatic stress distributiomeported in Ref. 45, is equal to 1.75x 10° J/QQ,m?). Given
given its significance for defining the three-dimensional conthat the conduction band edge shift is proportional to the
finement potential for the conduction band states in quanturhydrostatic stress, this would mean a nearly flat island con-
dots. But first we briefly recall from Ref. 45 that, dependingduction band-gap edge, for systems with large spacer thick-
on the spacer layer thickness, two different regimes of stressesses. For small spacer layer thicknesses, however, the hy-
relaxation in the vertical direction can be discriminated in thedrostatic stress relaxes towards the island apex by a factor of
system. For a spacer layer thickness close to the island’s —0.5x 10° J/Q,m3,*° leading to corresponding variations
height, the hydrostatic stress along a line passing through tha the band-edge behavior. The observed increase in the hy-
island base center and the apex is tensile in the substratkostatic stress with the increased spacer layer thickness
layer, changing rapidly in the Ge island interior to highly leads to an effective lifting up of the bottom of the potential
compressive and then turning tensile again in the vicinity ofwell of the quantum dot conduction band. This, in turn,
the spacer layer surface. As the spacer thickness grows, howauses a reduction of the quantum confinement effects. In-
ever, this tendency changes; the Si substrate becomes mildlyeasing hydrostatic stress will contribute similarly to the
compressive, while the island’s interior becomes even moreonfinement potentials for the light- and heavy-hole bands.
compressive. We note that the compressive stress domain Mext we provide results for the two-dimensioni@ke., in-

the island’s interior does not relax witN, as rapidly for  plane spatial distribution of the hydrostatic stress in a set of
largehs,, as for small ones. In fact, for large valueshaf,, chosen planes parallel to the spacer surface for different
there is a compressive region ef10 ML just above the spacer layer thicknesses.
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2.0 L T T Biaxial stress
H
151 s ""\ SKo01) l While the hydrostatic stress essentially sets the overall
Substrate N Spacer energy scale for the valence band energies with respect to the
10| 8 % 1 conduction band, the significant part of the valence band

confinement potential in QD systems arises from the influ-

[v]
(S
Q}O 05 . I?ed& ence of the biaxial stresgtrain. In Fig. 7, we show the
o i biaxial stressg,, variations along the vertical directiofN¢
= being the atomic plane number witth,=0 for the topmost
\g: . L Si layer of the substratepassing through the island apex,
- computed for the same QD systems as above, with three
“10 7 - ] different spacer layer thicknessés,,. Similar to the hydro-
15 . . . static stres§’ the relaxation of the biaxial stress in the
-30 0 30 60 20 Si(001) substrate, the Ge island, and the spacer layer is
N spacer thickness dependent. The biaxial stress in {30Bi

substrate is tensile for small spacer layer thicknegses

FIG. 7. The biaxial stressyy,, variations with the atomic plane hy,=21 ML case, while it becomes compressive for the
number,N,, are shown along the line passing through the iS|and|arge oneiseehsp: 81 ML case. In the Ge island interior,
base center and the apex. Different curves are for different spacghe biaxial stress is tensile and large in magnitueg€l (6
layer thicknesses(@) hs,=81 ML (circles, (b) hsp=49 ML (dia-  x10° J/0,m3). In the spacer layer it suddenly turns com-
monds, (¢) hsp=41 ML (triangles, and (d) hs,=21 ML (star3.  yregsive for all the investigated spacer layer thicknesses.
Dashed vertical lines mark the island base and top. HE&¢, Nte that, unlike in the case of hydrostatic stress, the biaxial
={)/ag;, where() is the average atomic volume as defined in Ref. o ¢ hrofiles are not flat inside the Ge island interior for any
53. of the spacer thickness. Furthermore, in all the investigated

cases, a=0.5x10° J/Q,m* decrease in the magnitude is

In Fig. 6(a), we show 2D contour plots of the hydrostatic observed towards the island apex. This would lead to corre-
stressp!,, in the plane cutting through the island’s apex for sponding changes in vertical coordinate dependency of the
three systems with different spacer layer thicknesggs: band-edge alignments of the conduction band, with the de-
hsp=81 ML, (2) hg,=49 ML, and (3) hg,=21 ML. For creased degree of splitting ir_1 the vertical direction observed
small hg,, (see thehg,=21 ML case, the hydrostatic stress, towards the apex of the Ge island.
being compressive outside the area projected by the island The 2D contour plots of the biaxial stress,, are shown
base, changes rapidly to tensile, as the apex of the island i8 Fig. 8@ in the planes cutting through the Ge island’s apex
approached. Al increases, this tendency changsse the for the same three systems with different spacer layer thick-
hsp=81 ML case, with the hydrostatic stress being now ten- nesses:(1) hs,=81 ML, (2) hg;=49 ML, and (3) hgp
sile in the region outer than projected by the island base ang 21 ML. In all the investigated cases, the biaxial stress is
compressive in the inner region. We note that, in all thenegative in the region around the Ge island apex, suggesting
investigated cases, a narrow region near the apex of the ighat, for any spacer layer thickness, the relaxationthe
land remains under a large compressive stress. The hydrérm of expansiopoccurs in the lateral( andy) directions.
static stress patterns for differeing, demonstrate noticeable We note that the behavior of the biaxial stress magnitude is
differences in the medium surrounding the QD, even for thehot monotonic with the spacer layer thickness. Thus, in the
two cases where the qualitative behaviors alongxtaxis  region surrounding the island’s apex, increases withg,
are, to a very large extent, similar. for small values of the spacer layer thickness, while a sudden

Figure @b) shows 2D contour plots of the hydrostatic decrease fohs,=81 ML is observed. In general, the biaxial
stress behavior in the planes cutting through the center of theiress behavior is characterized by three different regions. In
Ge island(at= half of its heighj for the same three different the first region, the biaxial stress is negative and increases
spacer layer thicknesses as in Figa)6In all cases, the hy- rapidly in absolute value towards the island edges. This re-
drostatic stress is highly compressive in the island’s interiorgion corresponds to the island interior, close to the island’s
Its behavior in the region between the islands varies consicepex. The next region is characterized by a decreasing mag-
erably withhg,; being mildly tensile for large values bf,, _nitude _of the biaxial stress in the dirgction toward_s the pro-
the hydrostatic stress turns compressivegalecreaseésee  jected island base edges. In the region between islands, the
the hg,=21 ML case. With decreasing values dfy,, the biaxial stress turns mildly tensile, with a maximum in its
interior of the island experiences considerable stress relaxpagnitude observed approximately near the borders of the
ation with the compressive hydrostatic stress in the island’rojected island base edges. As FigaBshows, the biaxial
center going from =—1.80x10° J/JQ,m® to =-1.35 siress patterns demonstrate an asymmetry alond 1@
X 10° JIQ,m? as hs, decreases from 81 to 21 ML. More- and[110] directions, associated with the orientation of is-
over, for a large value di;,=81 ML the hydrostatic stress is land edges.
nearly flat inside the island, whereas it relaxes considerably The 2D contour plots of the biaxial stress, in the planes
towards the center of the island by a factor ef0.2  cutting through the Ge island’s center for the same three
X 10° J/Q ,m? for hsp=21 ML. systems as above, are shown in Figh)8In all the investi-
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gated cases, the interior of the Ge island exhibits a largéhe three-dimensional hydrostatic stress distribution, induced
positive biaxial stress, which homogeneously relaxes toby the buried islands, on the spacer thickness. The hydro-
wards the center of the system witly,. Unlike in the case static stress on the spacer layer surface above such an island
of the hydrostatic stress, the strongest relaxation here is olxpex is tensile, and varies aslhg, with the spacer layer
served in the case of larges{, (see thehg,=81 ML case.  thickness. The magnitude of the tensile stress field on the
In the close vicinity of the Ge island®§105 facets, the bi-  spacer layer surface scales approximately with the area of the
axial stress turns mildly negative; then it grows with the empedded islands. A comparison of our findings with the
distance from the island center up to the point approximatelyaxperimental data has shown that the inverse linear depen-
corresponding to the projection of the island’s base edgegjence found in our simulations compares well with the ex-
After crossing this point the biaxial stress magnitude monoperimentally observed stress behavior. An examination of the
tonically decreases with the distance from the center of thgtomic displacement fields of the spacer surface atoms has
system, approaching zero from above. In general, thghown that the morphology is nearly planar for intermediate
variations in the biaxial stress in the lateral direction with thegpg large spacer layer thicknesses. The variation of the hy-
spacer layer thickness are smaller in magnitude as compareflostatic stress in the spacer surface plane reveals a spacer
to the hydrostatic stress. layer thickness dependent tensile region around the island
apex that crosses over to compressive stress. The cross-
sectional profile of the surface stress thus has the same quali-
VIIl. SUMMARY AND CONCLUSIONS ta_ltive “bell” shape as produced by the pointlike source force
dipole models. We find that the width of the tensile stress
In summary, we have performed atomistic simulations ofregion on the spacer layer surface follows a power-law de-
the systems of buried pyramidal Gef®1) islands with  pendence on the spacer layer thickness, with the exponent
shallow{105 sidewalls and a square base, using a Stillingerbeing=1.4. We provide a calculation of the island vertical
Weber system as a vehicle. We find a strong dependence afignment energy in a two-layer system of islands which

FIG. 8. Contour plots of the biaxial streéis the units of 18 J/Q,m®) in the plane cutting througte) the island apex antb) the
center of the island are shown for three different spacer layer thickngdség,=81 ML, (2) hsp=49 ML, and(3) hg,=21 ML. Island
size is 17 ML.
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shows, as expected, that the state of perfect vertical correldace at various heights is found to depend strongly on the
tion correspond to the elastic energy minimum. The buriedspacer layer thickness.
island induced hydrostatic and biaxial stress distributions in
the interior of S{001) matrix are examined, given the sig-
nificance of the forme(latter) for defining the conduction
(valence band edge profiles, and hence the three- This work was supported by the AFOSR under the MURI
dimensional confinement potential that turns the islandprogram. Simulations were performed using the high perfor-
matrix system into a quantum dot system. The degree of botthance computing facilities at the University of Southern
hydrostatic and biaxial stress relaxation near the island sualifornia.
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