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Abstract

Thegrowth of sub-monolayeislandsin heteroepitaxiabemiconductosystemss sim-
ulatedby meansof the Monte Carlo method. As the relevantprocessesieposition dif-
fusion andnearestandnext-nearest-neighbdsondingis included. Diffusion processes
occurwith Arrhenius-like probability. To accountfor the elasticstraininherentto lattice
mismatchedyrowth, a self-consistentlgalculatecelasticstrainfield is incorporated.

Theinfluenceof macroscopigrowth parametersik e temperatureflux to the surface
during deposition,surface coverageand growth interruptiontime on size orderingand
regularspatialarrangementf islandsis analyzed An optimal parameterangeis identi-
fied to obtainbotharegularspatialarrangemendf dotsanda narrav sizedistribution.

Thetransitionfrom kinetically controlledgrowth conditionso thermodynamicallgon-
trolled growth reachedafterlong equilibrationtimesis analyzedanda crosseerin island
sizedistributionsbetweerbothregimesis foundfor differenttemperatures.

Simulationswith anisotropicelasticstrainparameterselatedto the SiGe systemare
performedo verify theexperimentallyobseredformationof islandchainsorientedalong
Si(100) direction.Simulationsarein goodagreementvith experimentablata.

The growth of stacled quantumdot layersis considereddy fully takinginto account
the self-consistentlyalculatecelasticstrainfield. A transitionfrom vertically correlated
growth to anti-correlatedgrownth with increasingbuffer layer thicknessis obsered as
well as an improved orderingwith respectto island sizeswith increasingnumberof
depositedayers.
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Zusammenfassung

Dasheteroepitaktisch#&/achstumvon Inselnim sub-monolagemBereichwird mittels
derMonte Carlo Techniksimuliert. Die fur denWachstumsprozeselevantenParameter
sind Deposition, Diffusion und nachstesowie tberrachsteNachbarbindungenDiffu-
sionsprozessgeschehemit einer Wahrscheinlichkit, die Uber einenArheniusFaktor
bestimmiwird. Die fur gitterfehlangepasst&8achstuntypische glastisché&/erspannung
wird Uberein selbstlonsistenggenerierted/erspannungsfeloh dasProgrammeingelun-
den,wobeiaucheinekubischeAnisotropieberticksichtigtwerdenkann.

Der EinfluR der makroslopischenWachstumsparametarie TemperaturMaterialfluf3
zur Oberfaichewahrendder Deposition,Oberfachenbedeckungnd Dauerder Wachs-
tumsunterbrechunguf die GroRenordnungind raumlicheAnordnungder Inseln wird
betrachtet. Dazu wird ein optimaler Arbeitsbereichim Parameterraunbestimmtzu
dem sowohl eine regulare raumliche Anordnung der Inseln als auch eine schmale
GroRRewerteilungerzieltwerdenkann.

Es wird der Ubeigangvon kinetischkontrollierten Wachstumsbedingungemjje sie
wahrendder Depositionvorherrschenzu thermodynamisclkontrolliertemWachstum,
wie es nach langen Relaxationszeiteibeobachtewird, analysiertund ein Ubegang
zwischendenWachstumsmodbeobachtethei demsich die GroRRewerteilungerzu ver-
schiedeneiemperaturefiiberschneiden.

EswurdenSimulationermit einemanisotroperelatischerVerspannungsfeldyelches
demvon SiGe ahnlichist, angestelltum experimentellbeobachteté&trukturenin der
FormvonInselketten,die entlangder Si(100) Richtungorientiertsind,nachzuwllziehen.
Die Simulationseagebnissaleclensichaufbefriedigend@Veisemit denexperimentellen
Befunden.

Das Wachstumvon gestapelterQuantenpunkSchichtenwird betrachtetwobei das
selbstlonsistentberechnete/erspannungsfelgolistandig mitbericksichtigwird. Man
findeteinenUbegangvon vertikal korreliertemWachstunrzu antikorreliertemWachstum
mit zunehmenddPufferschichtdiclke sowvie zunehmentbesseré&roRenordnungnterden
Inselnmit zunehmendeAnzahlderdeponierterschichten.
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.
Introduction

atureprovides a seeminglyendlessvari-
N ety of forms, patternsand shapesand it
might take a similarly endlessamountof time
beforescientistshave urveiledthe preciseand
detailedmechanismsvhich are ultimately re-
sponsibl€or theiremegence.

As comple as these driving processes
might be and indeed quite often they are
chaoticin characterit turnsoutfor mostcases
of 'natural’ patternformationthattheresulting
macroscopicstructuresare of suprisingsim-
plicity —somesaybeauty

Thesesimple patternsare a result of self-
organisation. This term generallydescribes
the spontaneoudormation of stationary or
time-dependenstructuresn opendissipatve
systems. The key featureof suchsystemss
the existanceof a hierarchyof dynamics. At
the lowestlevel, for example,is the dynam-
ics of singleatomsor cells. Their behaiour
usuallyis quite unpredictable Stochastigro-
cessesdominate and the dynamics can be
calledcomple at best. The Brownian motion
of a single water moleculemight sene asa
handyexample.

By moving towards larger spatial scales,
self-averaging effects reducethe number of
degreesof freedomandspatialcorrelationde-
come apparent,like for instance,a directed
flow of water molecules. Also, as an effect
of self-averagingmacroscopiparametersan
be assignedo the flow like directionandve-

locity. By furtherincreasinghe lengthscales
one might end up with the macroscopigic-

ture of a deterministic,laminar flow of wa-

ter in the shapeof a vortex over the drain of

a bathtub, which is a rathersimple structure
comparedto the underlying, randommotion
of water molecules. The formation of a vor-

tex afterpulling theplugis actuallyaresultof

self-oganisation.

The term 'self-oganization’ can, to some
extent, be consideredthe guiding thread
throughoutthis thesis. Ultimately, it canbe
held responsiblefor all the importantresults
derived in the following chapters. Though
a very specialfield of physics, namely the
growth of quantumdots on a semiconductor
surface under the influence of elastic strain
[Sch98d Bos99a Bos99h Bos0Q Mei00a
MeiOlc MeiOlg MeiO1ll, is consideredn
thiswork, the obseredself-oganizingeffects
areby no meanauniqueto this particularsys-
temandit mightbeinstructive to have acloser
look atpatternformationin self-oganizedsys-
temsfrom amoregeneralpoint of view.

In thefollowing a coupleof examplesfrom
variousfieldsof scientificende&our aregiven
to elucidatethe universality of self-oganized
patternforming processem nature.

Chemistry A very prominentexample of a
patternforming processs the so called
Belousa-Zhabotinskiireaction[Zha64.
Thisreactioninvolvesonly afew organic
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moleculesandproducedwo morpholog-
ically differentpatterns— concentriccir-
ular waves and expanding spiral waves
— by a chemicalreaction. The reaction
is made visible by indicator molecules
which turn blue or orangein color de-
pendingon the concentratiorof a certain
reactionproduct.

It is very interestingto note that very
similar patternscan be obsered on cer
tain forms of sea-shellsand even the
stripeson a zebramight be relatedto
the Belousw-Zhabotinskii reaction, in-
dicating a certain universality of self-
organized patternforming processes.

Biology Self-oiganization also governs the
evolution of a biologicalecosystemgon-
sisting of a certainnumberod species,
someof them predators,someof them
prey. Asis shavn in [Pim91] the evolu-
tion of asimplesystenconsistingonly of
foxes,rabbitsandgrasswhichis thefeed
for therabbits,might resultin alimit cy-
cle motion of populationnumbers. The
systemis driven by periodic population
explosionsof rabbitsdueto few foxesand
plenty of grassanda consecutie explo-
sionin the populationof foxesdriven by
asurplusof well fed rabbits.

Again, the basic processef a rabbit
gatheringgrassandtrying to escapéiun-
gry foxesis a by all meanscomple pro-
cessBut seerfrom aproperdistancethe
numberof life rabbitsperformsa simple
up anddown motionin timet.

Society It is claimedin [Kau9g that even
in our societyself-oganisatiorprocesses
playavital rolein thecoeistanceof peo-
ple andin the adaptionto changingex-
ternalconditionsin the form of economy
andpolitics.

In physicsself-oganizationhasbeenreal-
izedin almostevery discipline,from mechan-
ics over opticsto electronictransporiSch87,
Sch0l Mei973 Mei97b, Mei97¢c Mei983
Mei98h, Mei99, Mei00¢ Mei00H. A com-
mon problema scientistfacesin dealingwith
self-oganizationprocessess the choiceof a
proper hierarchyto describethe problem at
hand.

A microscopioview, includingmary minute
details can give a precise description of
the dynamic processesvhich lead to self-
organization. Thus, using a large numberof
microscopicparametersusually is the most
generalansatzif it comesto predictingthe
influenceof small parameterchangesn the
vicinity of acritical pointwherethedynamical
behaiour of thesystemmaychangeapidly if
certainparameteraretuned.But it is alsothe
leastgeneraimethod sinceoneis restrictedo
thesystenthemicroscopianodelhasbeende-
signedfor andthe applicability to other sys-
temsis ratherlimited.

The oppositeapproachwould be to neglect
the microscopicfundamentfrom the begin-
ning and to model the dynamicsof a given
systenby alimited setof macroscopiparam-
eterslike pressureor temperaturgo capture
the essentiafeaturesof the system. This ap-
proachusually includesa fair amountof ed-
ucatedguesswrk but one might endup with
differential- or rate equationswhich describe
not only the consideredsystembut a whole
class of systemswith similar dynamic be-
haviour, asocalleduniversalityclass.

Theapplicabilityof this macroscopi@ansatz
sensitvely dependson the amountof rele-
vant parameterslt might work fine for large
length- and time scales,whereonly few pa-
rametersaresufiicient to describethe system.
It might, however, be worthlesson intermedi-
ate scales,wheredynamicsis determinedby

1. Thesamepf coursegoesfor thefoxesaswell
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a large numberof independenbr interacting
parameters.Omitting one importantparame-
ter might resultin analtogethedifferent(and
usuallywrong)descriptionof the system.

One more important differenceexists be-
tween the two approachesconcerningtime
scales. Sincein macroscopianodelsno mi-
croscopicprocessesre consideredand only
parametergnter which vary on muchslowver
time scalesdueto self-averaging, statements
aboutthe systemdong term evolution canbe
readily obtained. If oneis pressedto ex-
tractthe samenformationfrom amicroscopic
model,since for example nomacroscopicle-
scription of the problemor only crude ones
areaccessiblepne might be facingan unsur
mountableobstacle. Thougha microscopic
model,in principle, would yield the samere-
sultsasa goodmacroscopione,it mighttake
an unacceptablyarge numberof microscopic
stepgo getthere.

Now, this thesisconsidersa problemjust of
suchcharacter The growth of quantumdots
on a semiconductosurfaceperseis a micro-
scopicprocesscharacterizedby atomicinter
actions. The interactionpotentialsare rather
complex anddependstrongly on external pa-
rametersand the local atomic environment.
Thougha completemicroscopictreatmentis
possible,for example by ab-initio methods,
the long term evolution of sucha systemfar
from equilibriumis still a coupleof ordersof
magnitudebeyond the capability of even the
mostadwancedcomputersvailabletoday

On the other side, purely macroscopiae-
scriptionsexist in the form of rate equations,
which, for example,canexplain the temporal
evolution of the averageslandsizedepending
on temperatureor coverage. However, these
modelsareonly valid for a limited parameter
rangeandonly explain a fractionof thewhole
growth process.

Still, the completedynamicsof quantum
dot growth can be modeledand simulated

even for reasonablyong times by a method
which combinesthe use of detailed, micro-
scopicsingle particleeventswith the general-
ity andspeedf amacroscopi@approachThis
methodis calledMonte Carlo schemeandre-
lies hearily on computationaéffort.

The basisof a Monte Carlo simulationare
single particle events which do not attempt
to cover all atomisticprocesse$ut arerather
chosenfrom an intermediatelevel ascharac-
teristic, self-averagedparameterasfor exam-
ple the averagebinding enegiesto neighbor
ing particles.To furtherreducethecompleity
of the systemsdynamics,all possiblemicro-
scopiceventsaresampledoy the Monte Carlo
algorithmin dependencen few macroscopic
parametersstemperaturer the bulk elastic
moduli.

In this sensethe Monte Carlo simulation
is placedbetweenthe purely microscopicap-
proachof basic,singleparticleeventsandthe
generalbut not so preciseansatzof macro-
scopicmodels.

Of course,the successf a Monte Carlo
simulationclearlydepend®n a properchoice
of atomisticeventsaswell asontheirrelation
to themacroscopiparameterslo give aclear
understandingf the Monte Carlomodelused
throughouthis work chapterll dealswith the
atomisticprocessem surfacegrowth, explain-
ing all the relevant microscopiceffectswhich
enterthe Monte Carloscheme Sincetheterm
'Monte Carlo’ itself is quite a generalone,
anoverview over differentMonte Carlometh-
odsis given aswell andvariousMonte Carlo
approachesisedin surface scienceare com-
pared.

Chapterlll dealswith the effect of self-
organizedgrowth that leadsto the formation
of quantumdot structures. The influenceof
external growth parameterdike temperature,
depositionrate or caverageon the resulting
growth patterndgs analyzedandanoptimalpa-
rameterangedentifiedwith respecto sizeor-
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deringandthe spatialarrangemendf dots.

Macroscopiadateequationgor the sizedis-
tribution of quantumdotson a semiconductor
surfacecanbederivedfor the dynamiccaseof
during or shortly afterthe depositionof quan-
tum dot material. The predictedsizedistribu-
tions are, however, completelydifferentfrom
the predictionsof thermodynamiequilibrium
theory Here,the IVth chaptermakesfull use
of the Monte Carlomethodbeinganinterme-
diate technique. By performinga long time
Monte Carlo simulationit canbe shavn that
grownth during depositionindeedagreeswith
themacroscopicateequationgerivedfor the
dynamiccasebut then,in the courseof equi-
libration, the size distribution swingstowards
the equilibrium distribution. It is shavn that
this procesdasa pronouncedemperaturele-
pendence.

By incorporatingthe elasticanisotroy of
the binary semiconductorcompound SiGe
into the Monte Carlo simulation it will be
shawvn in chapterV, thatthe regulararrange-
ment of islandsalong chainsorientedalong
the (100) crystaldirection,which canbe ob-
sened in liquid phaseepitaxy (LPE) experi-
mentsby [Sch98l canbe explainedby a self-
organization effect mediatedby anisotropic
strain. This strainis generatedy the lattice
mismatchedyronth of islandson the surface
of aSi crystal.Indeedavery goodagreement
betweenthe Monte Carlo simulationsandthe
experimentaresultsis found.

ThelastchapteVI considerstacledlayers
of quantumdots,socalledquantundot super
lattices. In experimentdt hasbeenfoundthat
quantumdot growth is clearly influencedby
thedistribution of dotsin buriedlayersbeneath
thesurface.Dependingonthethicknessof the
separatindayer, dotstendto grow on top of
eachother which s calledcorrelatedgrowth,
or they grow anti-correlated Again the strain
field seemgesponsibldor the correlationef-
fects.

The transition from correlated to anti-
correlatedgronth in dependencen the sep-
aratinglayer thicknesscan be reproducecy
the simulationsaandimportantinsightsinto the
gronvth dynamicsof staclked quantumdot lay-
erscanbe gainedfrom the Monte Carlotech-
nique.

The whole of the following chapterswill
identify the Monte Carloschemeasaversatile
andpotenttool for the modellingandsimula-
tion of quantumdot growth processeat semi-
conductorsurfaces.

Berlin, March5, 2002
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Theory of Self-Organized Growth

n this work the growth of nanoscalesuriace
I structuress considered.From a very sim-
plified point of view the procesof growth is
very muchlike spreadingsandgrainsonto a
table top. This analogyis, of course,only
a very crude one and it doesnot take a lot
of physicalinsightto spotthe evident differ-
ences. Sandgrainsdo not behae like atoms
anda nanoscalesurfaceis never aslevel asa
table,but mostimportantly it is very difficult
to obtainlittle sandpiles— preferrablyof sim-
ilar sizeandin a regular arrangement— by
depositingsanduniformly on a table. How-
ever, this is just the effect that this work in-
tendsto explain sincethe emegenceof quan-
tum dotsis obsered in experimentsdealing
with atomicor moleculardeposition.

Thekey wordsfor understandinganoscale
structuringare diffusion and particle interac-
tion, noneof which is presentin sandgrains.
Thereare, in fact, variousways of diffusive
motion possiblefor atomson a surface. For
example, the depositedatoms will perform
a more or lesspronounceddrownian motion
in dependenc®n temperature. This can be
adaptedn the sandexample,andit is possible
to make thegrainsdiffuseby moving thetable.
Then, undercertainconditions, the diffusion
of the sandgrainsis indeedsuficient to ob-
sene patternformation,like ripplesor dunes.
Unfortunatelythedriving forcesin theseopen
systemsneedto be of a specialform and no

patternforming processs known to exist for a

purely stochastianotion of particled. There
exists, however, anotherstructuring process
for atomsthat is not presentin sand. The

electro-chemicalnteractionof atomsof the

sameor differentelementss responsibleor

effectsonshortlengthscaledik e atomicbond-
ing, upto long rangeinteractionamediatedy

elasticstrain. Thesdfeaturesareultimatelyre-

sponsiblefor the emepgenceof self-oganized
guantumdots of a well definedaveragesize
andlateralarrangement.

This chapteris split into two parts. To
elucidatethe basicphysicalconceptsand, of
course,to emphasizehe complity of self-
organizedgrowth mechanismsof nanoscale
particlesin contrasto thetrivial macroscopic
sand-on-tableaxperiment, the first part ex-
plainsa coupleof relevant termsand effects
in surfacesciencehatwill beusedthroughout
this text. In the secondpart an introduction
to Monte Carlotechniquess meantto clarify
the numericaland computationalframenork
of the simulationroutine that hasbeenused
to obtainmostof the numericalresults. Fur

1. Randomdiffusion processesan be analyzedby
meansf the‘Langevin equation’or the ‘Fokker-Planck
equation’.Bothequationglo notexhibit instabilitiesthat
couldleadto self-oiganizedpatternsunlesssomeinter-
actionsor nonlinearpotentialsare introduced. This is
ratherfortunatesincethesephysikallaws,interalia, gov-
ernthedistribution of oxygenin our offices.
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theronit will bediscussedvhich of the afore
mentionedeffects have beenincludedin the
presentvork.

1.1 Physicsof growth on surfaces

II.L1.1 Depositionand diffusion

hefirst steptowardstheformationof quan-

tumdotsis the depositionof a certainma-
terial on a given surface. To this enda cou-
ple of technologicallydifferentproceduresx-
ist thatareneverthelesyery muchalike, asfar
asthe basicprocessetike depositionof ma-
terial on the samplesurfaceand diffuson are
concerned.

Molecularbeamepitaxy (MBE) belongsto
the physicalvapourdepositionmethods.The
substancéo bedepositeds vaporizedandthe
moleculesformedinto a beam. This beamis
under ultra high vacuumconditionsdirected
towardsa surface,wheretheparticlesconden-
sate. To allow for diffusive motion of the de-
positedatoms,the sampleis heated.Sinceno
otherchemicallyactive substanceareusedin
this form of epitaxy depositionanddiffusion
is characterizedy only the most basic pro-
cesseskor thisreasorthegrowth techniqueof
MBE is very corvenientfor theoreticalmod-
elling of growth.

Ontheotherhandin chemicalvapourdepo-
sition (CVD) the growth materialis brought
to the samplein form of a chemicalcarrier
gassolution. A prominentexampleis metal
organic CVD (MOCVD). Depositionoccurs
via chemicalreactionsat the samplesurface.
Theseaeactioncanbevery complex andsince
the depositionrate dependsensitiely on the
concentration®f the variouschemically ac-
tive specieghe local grownth kinetics canbe-
comequite involved. Furthermorereactions
usuallyoccurbothwaysandconsequentlges-
orptionis muchmoreimportantin CVD than
in MBE.

An other widely usedepitaxial methodis
theliquid phaseepitaxy(LPE) wherethe sub-
strateis submeged into an oversaturatedig-
uid solution. Material precipitatesfrom the
solutionandis depositedn the sample Here,
again therelevantdepositiorprocesseareba-
sic but diffusion is widely aidedby the pres-
enceof aliquid phase.

While in MBE andlow pressureCVD the
interaction of the growing surface with the
ambientatmospheras of minor importance,
the theory of growth from densephasedike
LPE or gronth from the melt can become
mostcomplex. Here,for instance a simulta-
neoussolution of the Navier-Stokes equation
and mass-and enegy-transportequationsis
required.

Obviously, the technicaldetailsin various
epitaxialsetupscandiffer strongly Neverthe-
lessall methodausedfor epitaxyfollow asim-
ple schemethat consistsof transportingma-
terial to the samplesurface,depositingit and
allowing for diffusion.

The depositionmight be as simple asscat-
teringatomson the surface(asin MBE or re-
lated sputteringtechniques)or complex and
dominatedby chemicalreactiongasin CVD)
but ultimately ary of the abose mentioned
techniqguegnsures certainflux of particlesto
thesurface.Theflux is therelevantquantityin
termsof growth kineticsandits physicaleffect
is basicallyindependenof theappliedmethod
of deposition.

Oncean atomis depositedon the surface
it cantravel from A to B on various paths
(Fig.11.1).

Plain surfacediffusion (Fig.ll.1b) is anim-
portantmechanismin all grownth techniques
andconsistof consecutie hopsfrom onelat-
tice site to a neighboringone. Sinceit is the
enegetically mostfavorableway of diffusion,
at leastfor shortdistancesit generallydomi-
natesall otherwaysof transportation.

The movementof atomsthroughthe bulk
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II.1. Physicsof growth on surfaces 17
’(—@ ~~~~ Merwe[Fra49 gronth mode(Fig.11.2b).
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Fig. I.1: Possiblevaysof diffusionfrom A to B:
a - desorption,condensatiorprocessb - surface
diffusion,c - volumediffusion.
o _ . 9% o o o oo
solid (Fig.ll.1c) is usuallynggligible. Volume
diffusion might, however, play arole oninter
mediatedistancesif all othermeansof trans-
p(?rtationareblocled,for examplein samples Fig. I11.2: Important gronth modesin epitaxy:
with a cappedsuriace. a) VolmerWeber growth mode, b) Frank-\an
Without the help of a chemicalagent,des-  ger Merwe growth mode, ¢) Stranski-Krastano
orption processe$iave to overcomea larger growth mode.
enegy barrierthanthoseresponsibldor sur-
facediffusion. Neverthelessdesorption-con- Corversely in growth experimentswith
densationprocesseqFig.ll.1a) are relevant, leadon graphitetheleaddoesnot form mono-
especiallyin CVD where adatomsare des-  layers.It ratherformslittle dropletsvery simi-
orbedfrom the surface by a chemicalback- larto waterdropletsonafreshlysealedtartop.
reaction,and provide an enegetically favor- Thisgronth modeis referredio asthe Volmer
ableway of travelling long distances.n spe-  Weber[\6126] grownth mode(Fig.Il.2a).
cial caseslike in MBE growth of GaAs, des- Indeed,this analogybetweernlead andwa-
orptioncanbecomehe dominanteffectwhen  terdropletsis worth pursuing.By definingthe
athightemperaturearsenicevaporates. surfacetensiondor aliquid dropletonaplane
surfaceasoy,, oy anday, for the interfaces
1.2 Growth classification solidhapor solid/liquid and liquid/vapor re-
spectvely, onecanshawv thatthedropletforms
f material A is depositecbn materialB it is anangled with thesolid givenas:
notatall clearin which way the growth will
occur Additionally, for a given materialsys- cos = T s (1.2)
tem the modeof grownth dependson external Tl
parametertike temperatur@ndpressure. For o < o4 + o0y, €q.(11.1) is well de-
The simplest grovth mode of hetere- finedandtheliquid is saidto be non-wetting.
ogronth, where one complete monolayer  Suprisingly the sameis true for solid lead
grows after the otheris ratherthe exception  on graphite, whereasfor example xenon s
thanthe rule. Under certainconditionsrare  wetting the graphitesubstrateandis growing
gasesgrow layerby-layer on graphite. An- layerby-layer
otherexampleis the Al,Ga,_, N film growth But thenagainsolid dropletsare not quite
onsapphir€d0.1) asreportedn [Wic94]. This like aliquid. Solidscomeup with additional
grovth mode is also called Frank-\an der  featuredike awell definedatticeconstantind
Dissertation final version Berlin, March5, 2002
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certainelasticpropertiesThisis themainrea-
sonfor the existenceof a third gronth mode,
the Stranski-Krastanogrovth mode.

A monolayerof atomsadsorbedon a for-
eignsubstratas subjectedo two differentef-
fects. The adatom-adatonnteractionwithin
the layerfavors a certaininteratomicdistance
a. In generalthe lattice constantof the sub-

strateb is differentand the adatom-substrate

interactionforcesthe monolayertowardslat-
tice constantb. The lattice misfit (a — b) /b
then determinesif the growth will occurin
a commensurater incommensuratevay. |If
theadatom-adatonmteractionis thedominant
one,theadlayemwill notadoptthelattice con-
stantof the substrateand grow incommensu-
rately

For commensurateconditions the lattice
misfit is zeroor the adatom-substratiaterac-
tionis strongethantheinteractiorof adatoms.
The depositedmaterialgrowvs with the same
lattice constantas the substratej. e. epitaxi-
ally.

In contrast to liquids another problem
arises,f morethanjust onemonolayeris de-
posited. The enegy gain for the first mono-
layer wetting the substratemight be large
enoughto enforcecommensuratgronth. The
correspondingenegy gain is proportionalto
the interface area. Now, every consecutiely
grovn layer has to adopt a commensurate
structureand the enegy loss is proportional
to the depositedvolume of adsorbate. It is
obvious that at somepoint the lossesof en-
ey outweighthegainandatransitionwill oc-
cur from commensuratgrowth to the relaxed
crystalline structureof the adsorbate. This
transitionis characterizely theappearancef
misfitdislocationgFig.ll.3a)whereadditional
atoms(green)areincorporatednto the grow-
ing layerto relaxelasticstrain. This proces®f
strainrelief resultsin a Frank-\ander Merwe
like gronth mode.

Thereis, however, anothemway of reducing

Fig. I.3: Strainrelief by a) generationof mis-
fit dislocations(green atoms) and b) Stranski-
Krastan@ growth mode.Thegreenline marksthe
endof thewettinglayer Atomsof thesubstrateare
blue,depositednaterialis red.

thestraingeneratedy commensuratgrowth.

Here,again,the growth continuesupto acrit-

ical thicknessbasically without dislocations.
Then,insteadof theemegenceof misfit dislo-

cationsthe growth proceedsy the formation
of small clustersof adsorbatemuchlike the

dropletsin VolmerWebergrowth (Fig.Il.3b).

Here,the strainrelief is more efficient by the
formation of islands;this growth modeis re-

ferredto as Stranski-Krastanogrowth mode
[Str39 RP98,Dou9q.

Stranski-Krastano grovth  can be
found in InAs/GaAs growth [Kon98H,
PbSe/PbTe(111) [Pin9g, in SiGe/Si
[Tei9g and Ag/Si(100) [Par9g to namebut
afew.
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I1.1. Physicsof growth on surfaces

11.L1.3 Nucleation and growth of quantum
dots

Singleatomsthatha/e beenadsorbedo the
surfacearecalledadatoms Dependingon
temperaturéheseadatomswill diffuseonthe
surfacewith aprobabilityfor singlehopsgiven
by eq.I1.2[Sch97h). They will continueto dif-
fuseuntil they find anotheradatomwherethey
canstick.

The additionalbinding enegy betweernthe
two adatomgeduceghe diffusion probability
dramatically If temperaturés low enoughiit
is not likely that the adatomswill dissociate
againandanislandhasnucleated For higher
temperatureshe bond betweentwo adatoms
might not be stablefor long; thenthe critical
nucleusfor a nucleationprocessneedsto be
larger thanjust oneadatom. It is thenlikely
thatacritical nucleusof two adatomsnightbe
suitedto allow nucleatiorof anislandif athird
adatomattaches.

Thesoformedislandsor terracesangrow
by the further collection of other adatoms.
During this growth processnucleationwill
becomeless important since the existing is-
lands will efficiently competefor incoming
atoms. Experimentalevidenceof nucleation
and guantumdot growth is givenin [Zha99
Kam94].

At somepointtheislandswill coalesceand
yield acompletdayer This processs charac-
teristicof Frank-\anderMerwegrowth. Up to
the completionof the first monolayerthe sys-
temis saidto have a sub-monolayecoverage.
Sub-monolayercoveragesare definedas the
relationof the numberof atomsdepositedoer
unit areato the numberof atomsthat would
cover this areacompletely It is usuallygiven
in unitsof percent.

If, however, strain is a relevant factor
the lateral gronth of islandsmight be ener
getically incorvenientbeforecoalescencée-
comesimportant. Then a transition occurs

from 2D-growth to threedimensionabr verti-
calgrowth andislandsbecomedropletsor dots
[Ter94 Shk9§. The critical layer thickness
for thistransitionis investigatedn [Leo94] for
InAs dotsonGaAs andin [Spr94 for EuTe
on PbTe(111).

Theactualshapeof thesedotsdependsery
sensitvely on the elasticpropertiesof the ad-
sorbateand may changeduring the growth
proces$Gar97, Dar99h. Discussion®f equi-
librium shapef quantumdotscanbe found
in [Mol96, Rob98 Mol98, Lee98h Wan99
and for InAs on GaAs(001) in [Peh9§.
Physicalpropertiesof dotson vicinal surfaces
in the InAs/GaAs systemare examinedin
[Evt99] and pyramid-like quantumdots are
discussedh [Gru9g.

If quantumdots are grovn in Stranski-
Krastane gronth modethe dots have to re-
lax strain, which is only partly possibleby
a properchoiceof shape. In large dotsit is
very likely thatdislocationswill appearaddi-
tionally. The emegenceof dislaoctionsasa
way of relaxingstrainis consideredn [Gha89
Mad9q. Dislocationsare,however, anunde-
sired effect, sincethey influencethe physical
propertiesof the dots considerably Instead
technologicahpplicationglemandlislocation
freeor coheentdots.

At low temperatureaneffect similar to the
2D — 3D transition can be obsered in sys-
temsthatwould grow layerby-layerat higher
temperatures. This effect is called kinetic
rougheningandis intimately connectedo the
Schwobel effect thatwill be discussedn sec-
tion I1.1.4.b. The Schwobeleffectis basically
an extra enegy barrierthat preventsadatoms
from falling off island edges. If adatomsar-
rive atopanisland,they arelikely to stayon
top becauseof the Schwobel barrier which
is even moreefficientin low temperaturesys-
tems. Therebythe nucleationratein the sec-
ondgrowth layeris increasedndconsecutie
layersbegin to grow long beforethelowerlay-

Dissertation

final version

Berlin, March5, 2002



20

[l. Theory of Self-OrganizedGrowth

ersarecompletdOrr92, Hey97, Ros93§.

This, of coursejs akinetic effectandacon-
siderablysmoothegronth morphologycanbe
achiered by introducinga growthinterruption
that gives the adatomsenoughtime to find
their equilibrium positions[Kam96 Shc99a
Liu0Q].

In thiscontet it hasto bementionedhatthe
in somesensappositeeffectto kinetic rough-
ening— the inducedlayerby-layer growth in
systemghatwould otherwiseshav 3D island-
ing—canbeobtainedby theuseof surfactants
Thesesurfactantsareadsorbedmpuritiesthat
float on the surfaceduring the whole growth
processTheireffectis to changdocal kinetic
processedike attachmentand detachmento
islandsandthey mighteven have aninfluence
on nucleatiornprocessefHwa98 Kan9g.

The smoothingaction of surfactantscan
be quite impressie asin the growth of Ge
on Si. Without surfactantsGe grows in the
Stranski-Krastanogrownth modewith a wet-
ting layer thicknessof three monolayersat
700K. If asurfactantike Antimony or Arsenic
is used,the layerby-layergrowth is extended
upto thirty monolayerdefore3D dotsemepge
[Cop9q.

Theimpactof surfactantoonthegrowth pro-
cesshave also beenverified in Monte Carlo
simulationswith andwithout strainin [Liu01]
and[Liu99a], respectiely.

11.1.4 Edgeeffects

ow, the main featuresof growing adsor

batehave beendiscussedTo constructa
goodsimulationcodeof heterograith, onehas
to considera coupleof other effects that are
causedy theatomicinteractionandinfluence
the diffusive motion of adatomsn a specific
way.

Thediffusionof sandgrainsonaroughsur

faceis only hinderedby the heightof the en-
ey barrierthey have to surmountwith every

hop. Thisis notsofor adatomsDueto inter

actionphenomenahe diffusion barrierheight
variesin dependencef the local surounding
and even dependson the locusto wherethe
adatomis moving, sincethe consideredarti-

clesareof aquantunphysicalnature.

The atomic structure of the surface gen-
eratesa corrugatedpotential landscapefor
adatoms. At least for low temperatures
adatomawill belocatedatthe enegy minima,
the so called easysites To male a transi-
tion from one easysite to anothey they have
to crossa free enegy barrier E;. According
to the Gibbs-Boltzmanriormulathe probabil-
ity p for anadatomhaving enoughenegy for
suchatransitionis

p = wvoexp(—E;/kgT) (1.2)

wheretheattemptfrequenyg vy is of theorder
of atypical atomicfrequenyg (~ 10'3s1).
Enegy barriersfor adatomhomodifusion
on(111)and(100)surfacesof Au, Ag andIr
have beenobtainedrom first-principlescalcu-
lationsusingthefull potentiallinearmuffin tin
orbital technique[Boi95]. Valuesrangefrom
0.14 + 0.02eV for Ag(111)to 1.39 + 0.04eV
for Ir(100). Resultsfor adatomself-diffusion
on Pt(111) arepresentedn [Boi98]. If strain
is presentthe diffusion barrierschangeasis
shavn in [Rat974 for P¢(111) andAg(111).
Ab initio results for microscopicgronth
processesn GaAs homoepitaxyare derived
in [Kra98, Kra99. A densityfunctionaltheory
derivationof hoppingratesis givenin [Rat9§.

I.1.4.a Edgediffusion

If otheradatomsare presentin the immedi-
atevicinity of thehoppingatom,theprocesses
becomemore complex and, for this matter
differentfrom sanddiffusion. Here, the dif-
fusional barrier is increasedoy a numberof
nearestand, possibly next nearestneighbor
bondsFE,,. For the motion of an atom away
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I1.1. Physicsof growth on surfaces

from its neighborsvherea bondhasto bebro-
ken(Fig.11.4), thediffusionbarrierwill change
fromE,t0 E,g = E, + E,,.

ECOI’I’]EI’

Fig. I.4: Possiblemovesfor adatomggreen)at
an island edge(top view). Characteristienegy
barriersfor detachmentgdge-andcornerdiffusion
arelabeledEqg, Fegge aNd Ecorner, respectiely.

Ontheotherhand,f theatomdiffusesalong
a step, someof the bondsto (next-)nearest
neighborswill stayintact. Consequent|ythe
enegy barrier for diffusion along an edge
Eeqge Will in generalbe smallerthanthe bar
rier associatedvith detachmentThe sameis
true for diffusionaroundcorneratomseven if
the lowering of the barrieris lesspronounced
here(Eoff > Ecorner > Eedge)-

A moredetaileddiscussiorof waysto deal
with the enegeticsof jumpsof adatomsn the
presencef neighboringatomswill begivenin
thenext sectionon Monte Carlomethods.

1.1.4.b Schwobelbarrier

A similar effect can be found for atomsatop
a stepedge. An adatomwilling to stepdown
hasto breakbondsin the upperlayerandgo
throughanuncomfortablgosition(Fig.ll.5c),
whereit hasonly few neighbors. The same
holds,by theway, aswell for anadatoncross-
ing thesteponits way up.

Thiseffectwasfirst obseredby Ehrlichand
discussedy Schwobelin termsof its conse-
guencedfor crystal grownth. In Fig.ll.5a the
potentialasexperiencedy anatomatthestep
is shawn. The additionalenegy anatomhas

Fig. I1.5: a) Adatom(green)at a stepedgeexperi-
enceghe Schwobel-barrier Theredline sketches
the potentialfelt by the adatom. b) andc) shav
waysto overcomethe edgebarriet

to gainto overcomea stepis called(Ehrlich-)
Schwbbelbarrier

Dependingon the materialthere might be
an enegetically more favorableway to cross
the step(Fig.Il.5b). Here,the atomatopthe
step edge pushesthe outermostatom of the
upper step layer aside and slips down into
the formed vacang. This behaiour cange
found, for example,in Au-layerswith (100)
orientation. The jump-processpn the other
hand,is favoredin mostsemiconductomate-
rials andcanalsobeobseredin Cu, Ag and
Ni [Sto94.

The Schwobelbarrierseemdo beresponsi-
ble for the stability of atomicallysharptips as
they areused for instancein scanningunnel-
ing microscop. A stabilizingeffecton certain
facetsof threedimensionahanostructurebas
beenfound by meansof Monte Carlo simula-
tionsin [K6h0Q Tur94q.

In [Ter94 it is shavn that the Schwbbel
barrierhasa major impacton the critical is-
land size, beyond which the growth kinetics
changedrom two dimensionalisland growth
to theformationof threedimensionatjuantum
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dots.

1.1.4.c Kick-out effect

A similar processasthe exchangemechanism
in crossingthe Schwobel barrier(Fig.l1.5b) is
alsoobserableduringthedepositiorof atoms
with MBE techniquesHere,the atomsarriv-
ing at the surface carry a comparatiely high
kinetic enegy. If they happento hit a step
edge thetransferof enegy mightbesuficient
to breakthe bondsof the edgeatom. As are-
sultthearriving atomwill beincorporatednto
theupperlayerasshavn in Fig.I1.6.

Q@Q@Qd@

0000630

COOOOOO0

Fig. 1.6: ‘Kick-out’-effect at stepedgesduring
MBE deposition.

This effectis called‘kick-out’ effectandis,
in contrastto the Schwbbel exchangemecha-
nism,independenof thematerialbut only rel-
evantin MBE.

11.L1.5 Anisotropy and surfacereconstruc-
tion

o far we have assumedthe surface to

be homogeneouandisotropic. Unfortu-
nately almostall atomicsurfacesexhibit fea-
turesthatresultin ananisotropicdiffusion of
adatoms.In this context we have to differen-
tiate betweenforms of anisotrop that affect
diffusion. As far asthis work is concerned,
the most importantforms of anisotrog are

the diffusionalanisotroy that ariseswith re-
constructedurfacesandtheelasticanisotroy
that leadsto an anisotropicextensionof sur
facestress.Both forms of anisotroy will be
discussedh thefollowing.

Apart from theseforms of anisotrog one
might obsereanisotrop of sticking. Here,the
nearestneighborbonds are different in dif-
ferent directions. This effect is, for exam-
ple, presentin Si on Si(001). Under cer
tain conditionsone obseresthe formation of
elongatedsub-monolayeislandsduring MBE
growth [M091, M092]. It is aguedthat this
effectis dueto thestickinganisotrog?. Stick-
ing is much easierat the end of the dimers
thatmale up the2 x 1 reconstructedurface
of Si(001) thanalongadimerside(Fig.ll.7a).

If asolidis cutto obtaina surfaceof a cer
tain orientation the surfaceatomslosepartof
their neighborbonds. The now unsaturated
bonds are called dangling bonds. In most
casesit is enegetically favorableto connect
two danglingbonds. This is only possible,
if the atomsat the surface changefrom their
bulk positionsto distinctplacesthatallow for
saturationof openbonds. Usually the now
reconstructedsurface hasa lower symmetry
than a planarsectionof the bulk. In terms
of diffusion it hasto be remarled that a re-
constructedsuriacehascertaindesignatedi-
rectionsin which diffusionprocessearemore
likely to happerthanin others.

S4(001), for example,hasa 2 x 1 recon-
structedsurface(Fig.ll.7a)wheredimersform
atthe surface. Fig.Il.7b shavs a sketchof the
potentiallandscapeof the reconstructedsur
face. It is olvious, that diffusion alongthe
dimerrows is enegetically easierthan diffu-
sionacrosgherows, sincethe enegy barriers
in the trencharelow. This anisotroy dueto

2. Diffusional anisotroy is, however, presentin
S4(001) aswell. In factdiffusionalongthe dimerrows
of the2 x 1 reconstructiornis stronglyenhanced
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Fig. 11.7: a) (2x1) surface reconstructionof

Si(001). Reconstructedurfacedimersin green.
b) Sketchof the correspondingotentiallandscape
(blue- low, red- high potential).

thesurfacereconstructioris referredto asdif-
fusionalanisotrop.

Surface reconstructionscan, however, be
quite comple giving rise to equalycomple,
anisotropicsurfacediffusion.

There is evidence, for example, that for
phosphorous-termired InP(001) growvn by
MOVPE a coeistanceof differentsurfacere-
constructionganbefound[Vog99h Vog994.

For the growth of Pb on Cu(001), for ex-
ample, islandswith a structuresimilar to a
surfacereconstructioremege. The enegetic
minimumfavours(v/61 x v/61)Rtan™"(5/6)
islandsbefore a transitonto a squarephase
is inducedwith increasinggrowth temperature
[Li93].

11.L1.6 Elastic anisotropy

ntil now thediffusionof adatom$asbeen

discussedo someextent. This seemgus-
tified, sincediffusionis one of the key ingre-
dientstowardspatternformation. The second
ingredientrelevantto self-oganizedgrowth is
the elastic strain that is generatedf materi-

alswith a differentlattice parameteare con-
nectedepitaxially The strainmalesitself felt
by an isotropicor anisotropiccontritution to
the binding enegies. This contritution in-
fluencesmaximumislandsizesandthe shape
of islandson a shortlength scaleandisland-
island interactionthat is important for spa-
tial orderingof islandson a long-rangescale
[Rat94a Rat9§ Dar97 Orr92. An experi-
mentaltechniguedo quantify elasticstrainin
guantumdot structuredy meansof transmis-
sion electronmicroscop (TEM) is presented
in [Car9g.

To estimatethe effect of strainon the bind-
ing enepy, it is helpful to considerthe inter
action of a pair of atoms. For large separa-
tions the interactionis attractve but becomes
repulsve for very short distances. A corre-
spondingatomicinteractiornpotentialis shavn
in Fig.11.8I. For acertaindistancehepotential
hasa minimum,which defineghe equilibrium
distanceof the pair of atoms.This distanceis
equialentto the lattice constantin a relaxed
crystallinesolid.

If the pair of atomsis forcedto leave its
equilibrium positionsby, for example,epitax-
ial growvth on a substratewith a differentlat-
tice constanttheinteractionbetweerthe pair
of atomswill decreasandwith it the binding
enegy. Thus,in astrainedadsorbat¢heatoms
aremorelooselyboundthanin anequilibrium
crystal. Strainalsoreducediffusion barriers
andallows adatomso diffusefaster

If growth onastrainedsurfaceis considered
asis the casefor growth on a wetting layer
in the Stranski-Krastano grovth mode, the
interatomic distancebetweensurface atoms
is alreadydifferentfrom the equilibrium dis-
tance. Now a changein the relative distance
causedoy strain shifts the atomscloserto or
farther from their equilibrium positions. In
this caseit is importantto differentiatebe-
tween compressie and tensile strain, since
now the contrilbution of strainto the binding
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Fig. 11.8: Interactionpotential of a pair of atoms. A - effect of strainin a relaxed pair of atoms. a)
equilibriumdistancep) compressedndc) extendedpair. B - sameasA for a pair of atomsunderexternal

tension.

enegy hasa differentsignin eachof the two
cases.For certainsurfacereconstructionshis
effect canalsobe obseredin unstrainedsur
facesasfor In onGaAs(001)-c(4x4), where
the enegetic changeof adsorptionand tran-
sition sitesincreaseghe diffusion barrierfor
moderatetensilestrains.

In the next stepthe problemarisesof how
to calculatethe elastic strain fields that are
presenin heteroepitaxyTheeasiesapproach
is to make up a heuristicmodelthat captures
the main featuresof strain. Bose [Sch98d
Bos99a Bos99h Bos0(Q hasexplainedself-
organizedgrowth of regularly arrangedsland
arrayswith a sharpsizedistribution by means
of a purely heuristicmodel. Here, the strain
enegy correctiondecayedlinearly with the
distancer from theislandboundary Its abso-
lute value was proportionalto the island size
with a squaresymmetryof the strainfield that
was centeredaboutthe centerof massof the
island,to relateto the geometryof a sqardat-
tice surface.Despitethe factthat, particularly
the simple geometryof the strainfield is not
ableto copewith unusuallyshapedslandsthe

obtainedesultsconformto alot of experimen-
tal findings[No6t96, Abs96 Wan97. Further

more,the heuristicmodelhasthe greatadvan-
tageof computationasimplicity.

To find a more physicalmotivationto con-
structthe strainfield, onecould startfrom an
atomisticpoint of view and modelthe actual
atom-atominteractionpotentials.This would,
unfortunately necessitatea detailed knowl-
edgeof, for example,surfacereconstructions,
potential landscapesnd temperaturedepen-
denciesof enegy barriers. Though,it would
give rather preciseresultsof elastic effects,
this methodwould make ary calculationvery
complicatedand, thus, renderit uselessfor
long-time simulations,where several million
stepsof singleadatommovementshave to be
considered.

Thereis, however, atradeoff betweerpre-
ciseatomisticcalculationsandpurelyheuristic
models. By usingelasticitytheory of macro-
scopicsolidsoneof courseneglectsthe com-
plexity of atomicinteractiongutis still ableto
catchthe importantfeaturesof elasticitylike
scalingwith size,sensitvity to shapeandpar
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ticular materialparameterandanisotropicef-

fects[Dow97, Pry9g. Though,for very small
islandselasticitytheorymight give resultsdif-

ferentfrom atomistic calculations,for larger
islandsboththeoriesshouldconverge [Ter93.

The fact that the elasticequationsare rather
simple to evaluate numerically and the su-
perpositionprinciple for contritutions to the
strainfield makesthis methodof straincalcu-
lationagoodcandidatdor aMonteCarlosim-
ulation.

11.1.6.a Isotropicelasticstrain

To calculatea strain field for the isotropic
surfaceit is helpful to revisit the problemof
the origin of strain. As hasbeenmentioned
above, strainis causedby the interactionof
the surface atoms and the adsorbateatoms,
which grov commensuratelythat is with a
non-equilibriumlattice constant. The result-
ing strainfield is generatey forcesthatact
all alongtheinterfacebetweersurfaceandad-
sorbate.

By applyingelasticitytheoryof continuum
mechanicghe problemcanbe definedsome-
what easier To obtaina homogeneousom-
pressioror dialation,it is sufiicientto assume
forcesactingonly alongthe borderof anis-
land that hasformed commensuratelpn the
surface or the wetting layer The problem
then simplifies to calculatingthe strain field
for aline forceactingon a givenlengthof the
boundarysaythe linear extensionof a lattice
site, to obtainthe whole strainfield of theis-
land by linear superpositiorof the line forces
for thewholeboundary(seeFig.11.9).

Now theproblemathandis to find thestrain
field of a force F actingon point P in par
allel with the surfac€ (seeFig.A.1 on page
99). This problemis well known in elastome-
chanics[Saa74 andis called Cerruti's prob-
lem. This problemcanbe solved by a proper
choiceof a scalarLamés strain potentialand

a Galerkinvector potentialto obtain the dis-

placementsi(r). Differentiationwith respect
to the coordinategieliversthe tensorcompo-
nentsof the strainfield (r). For amorecom-

plete derivation seeAppendix A. As a result
onefinds:
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. Fl(l+v)z | 32°  v(1 -2
W 2mprs 72 (r+ z)?
9 2
(—r2+x2+ ra:)
T+
_ 3|F|(1+v)za?
foz = 27 prd
3IF|1+v)zyz
Eyz = S . (1.3)

Here, the Lamé coeficients A and p are
used. Also commonin literatureis the use

3. Strictly speakingwe would needto consideraline
force actingon a short, straightline element. Sincewe
assumehatthe line elementis very shortcomparedo
theislandextension,we canaswell assumen equiva-
lent point force. Undertheseconditionsthe strainfield
of apointandline forceareonly differentin theimmedi-
atevicinity of theorigin. Onelattice constantway, the
differences alreadynegligible.
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[l. Theory of Self-OrganizedGrowth

Fig. 11.9: Strainfieldsgeneratedy anisland(grey andgreencircles)by superpositionin a) a singleatom
(green)generates strainenepy field shovn in the plot below the sketch of theisland. In b) the same
situationis presentedf all theatomscontributeto the strainfield.

of Poissors ratio v whichis connectedo the
Lamé coeficientsvia
A

2(A 4+ p)
in additionto thesheamodulusG = y. Alter-
natively, onemay usethe compressiomnmodu-

(I1.4)

Vv =

The z-dependence eqns.ll.3is only rele-
vant, if the sourceof the strainis buried be-
neaththe surface,as,for example,in quantum
dot stacks. If z is chosenequalto zero, one

findswith r = /(z? + y?):

IUS ) o = |:F|:L'5 I:_-TQ(l +4l/ . 61/2)—
TUT
K = A+-p (1.5) 9 9
3 —y*(1—v—3v )]
andy, or theelasticmodulus F|va
2 2
13 = z*(1+v)—y“ (b —4v
9K 1 (11.6) vy T prd [ ( ) ( )]
3k +p F|lvz )
andv [Lan70. T [22%(1—v)-
Thereverserelationsare 9 9
e —y?(1— 11w + 6%)]
ro= oy
2(1 |F| z
) A 1)
"z 3(1—2v)° (-7 €z = € = Eyz = &4y = 0. (1.8)
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Now, of course,the strain field hasto be
translatednto anenegy correctiontermto be
usedin the Monte Carlo simulation. The en-
emgy termin questioris theHelmholtzfreeen-
ey F, thatis givenin termsof thestraincom-
ponentsaas[Lan7(

2
A
Fo+5 (Z sm) +pd ey (1L9)
i 15

A

11(2eTy + 2655 + 2675 + €1, + €39 + £33)

F

(611 + €29 + 633)2 +

This equationis valid for the isotropic
caseonly. Unfortunately most crystalline
structureshave a more or less pronounced
anisotropicharacteandtheelasticproperties
evenfor the simplestanisotropiccase the cu-
bic crystal,aregivenby threematerialparam-
eterscy1, c12 andcyy insteadof thetwo Lamé
coeficients.

As ameasuref anisotroy the quantity

2044

A (11.10)

€11 — C12
canbe used;for almostisotropic, cubic crys-
tals like tungstenits valueis closeto one. In
this casethe useof isotropicequationsseems
to be justified and averageLameé coeficients
canbedefinedvia [Hir82, Pim99g

1
A = g (2611 + 3c19 — 4644) (I.11)
k=10 (8caa + c11 — c12) (1.12)

In theisotropiccasewith A = 1 ore¢y; =
c12 + 2ca4 thisreducego

c11 = A+ 2,u
Ci2 = A (”13)
Cag = M-

It might be instructve to have a look at
the decaycharacteristic®f the strain enegy
with increasinglistanceo thesourceof strain.

Lookingatasmallisland,onecanassumehat,
for a large distanceaway, the island should
appearas a point defect. Continuumtheory
of elasticmedianow claims[Pim9§ thatthe
elasticinteractionenegy of apointdefectwith

anothemdatomvanishediker—3 with increas-
ing r. For aninfinitely long row of point de-
fectsthe elasticinteractionenepy is obtained
by integrationover all point defectsalongthe
row and gives a dependencéike r—2 on the
distancer.

ImeVI)

“strain

ni

0 1 2
Inl r llattice varameterl)

Fig. 11.10: Decayof strainenepgy with increas-
ing distancefrom the sourceof strainin a double-
logarithmicplot for a) aninfinite stepedgeandb)

apointsource.Resultsfrom the numericalroutine
areplottedasopencircles.A linarfit (y = yo+ax)

is shavn asaredline. Parametergor thefit area)

Yo = 5.7 anda = —2.08 andb) yo = 4.4 and
a= —2.96. (Estrain ~ 7 %)

To checkthe consisteng of the implemen-
tation of egns.ll.3into the Monte Carlo pro-
gram, the interactionenepgies of a point de-
fect and a row of sourcesof strain with an
adatomhave beencomputed. The resultis
shawvn in Fig.ll.10. The expectedexponents
of —3 and—2 for the singlestrainsourceand
arow of defectsrespectiely, arewell recor-
eredby the numericalroutine. The linear fit
to the datapoints gives a slopeof —2.08 for
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the row and—2.96 for the point defect. The
deviationsfor large distancesare a numerical
artefict and causedby the finite extensionof
thestrainfield.

11.1.6.b Anisotropicelasticstrain

If the elasticanisotroy of the adsorbedna-
terial is considerablas, for example,in lead
(A = 3.9) orif minoranisotropiceffectsseem
important,onehasto useanapproactthatal-

lows for anisotropiccontritutions, explicitly.

This canbe doneby a Greens functionsap-
proachfor the cubic crystal[Por77, Shc95h.

A detailedderivationis givenin AppendixB

and as a result one finds expressionsB.24,
B.19for

. _ Oug
Ouy
€ = —<
vy ay
_ Ou,
Ezz = 92
1 [0ug Buy>
fay = 2 ( oy + ozx
Exz = & = 0. (11.14)

with u; the spatially dependentdisplace-
ment field from the unstrainedcase. For
detailedinformation of how to calculatethe
anisotropicdisplacementield in the context
of a Greens formalism,thereaderis againre-
ferredto AppendixB.

The equivalenceof the isotropic equations
andthe anisotropicextensionis easyto shav
andgivenin AppendixC.

The Helmholtz free enegy for anisotropic
strainis givenby

1
F = Fy+gen zi:efi + (1.15)

+ei2 ) €iiejj + 2caa Y €3
i#j i#]

which reducesto 11.9 in the isotropic case
c11 = €12 + 2c44 (A = c12, b = caa).

[1.2 Monte Carlo simulations

nthis sectionashortintroductionto thetopic
I of MonteCarloalgorithmsis given[New99].
The whole conceptof the simulationof self-
organizedgrowth on surfaces,as it is pre-
sentedn this work, crucially dependson the
numericalMonte Carlo algorithm. Therefore,
it seems goodassistanctowardsunderstand-
ing thestructureof thesimulatorto have awell
definedideaof what Monte Carlo techniques
canachieze (andwhatnot).

11.2.1 Equilibrium Monte Carlo

tatistical sampling methods have been

usedfor alongtime datingbackto thebe-
ginningof the18thcentury Thedetermination
of theconstantr andlateronthe evaluationof
integrals was a commonapplicationin those
times.

The term 'Monte Carlo’ was coined by
NicolasMetropolisin 1949[Met49 andwith
the invention of the computerMonte Carlo
methodshave found a wide field of applica-
tionsmainly within statisticalphysics.

1.2.1.a GeneraMethods

Considera systemwith a discretesetof states
thatexhibitssomesortof dynamicsFor sucha

systembeingin statey onecandefineR(y —

v) dt to betheprobabilityto find the systemn

statev afterthetime d¢t. Here R(p — v) is

thetransitionratefrom y to v andassumedo

betimeindependent.

To characterizghe systemcompletelyone
hasto definea setof weightsw,,(t) whichrep-
resentghe probability thatthe systemwill be
in statey atthe time ¢. Thenonecanwrite
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amasterequationto describehe dynamicsof
thesystem:

dw
—£ = ;[wu(t)R(u —u)—  (1.16)
—wy, (t)R(u — v)]

Following statisticalmechanicsthe expec-
tation value of a quantity @), which takesthe
value@,, in statey, is atthetimet:

Q) = > Quuu(t) (11.17)

For equilibrium systemsthe valuesof the
weightsw, (t) are known as the equilibrium
occupationprobabilities p, which follow a
Boltzmanndistribution:

Pu = tli}gowu(t)

_ %exp(—ﬂE“) (11.18)

with Z the patrtition function, 8 the inverse

product of temperatureand Boltzmanncon-

stantk, and E,, theenegy of statep.
Theexpectatiorvalueof () is then

@ = Y Quew(-pE,)  (119)
"

Theidealway of calculatingthe value (@)
would now be to averageover all possible
statesy weightedwith their own Boltzmann
probability This of courseis only possible
for the very smallestof systemsMonte Carlo
techniquesvork by choosingasubsebf states
at randomfrom someprobability distribution
p, to be specified. If onechoosesM states
ui,-- -, s the bestestimateof the quantity
Qis:

M -1
Oy = Zi:ﬂl/[Quip/ii eXp(_IBE i)(||.20)
Ej:l Ppu; 1eXp(_ﬁEuj)

Qs is called the estimatorof ). Choos-

ing the M statesusedfor the calculationof

the estimator@,, at randomwould in gen-
eralbearatherbadchoice. Most of the states
would have tiny Boltzmannfactorsand the
sumsabove wouldbedominatedy only afew
stategnaking@ s averyinaccurateestimate.

If onehassomeinformationaboutthestates
which male relevant contritutionsto the sum
onecould pick the M samplestategust from
thosestatesandhave a very goodestimateof
Q@ from arelatively smallnumberof terms.

This is indeeda key idea behind Monte
Carlosimulationsandthetechniqueof choos-
ing the appropriatestateds calledimportance
sampling.

The stratgy with importancesamplingis
this: Insteadof pickingthe M samplestatesn
sucha way that every systemstateis equally
probableto bechoserthestateswill bepicked
accordingto their Boltzmannprobability p,,.
ThentheestimatorQ ,, is

1 M
Qu = M;QM (11.21)

Theonly remainingquestionis how exactly
to pick the statesin orderto ensurethat each
stateappearsvith its correctBoltzmannprob-
ability. The standardsolutionin Monte Carlo
simulationsmalkes use of a Markov process
(which is closely connectedo the choice of
therandomnumbergenerator).

1.2.1.b Markov-Process

Insteadof choosingstatesat random(which
would be rejectedalmostall the time, since
their probability is exponentiallysmall) most
Monte Carlo routinesrely on a Markov pro-
cess.

From a given stateu the Markov process
generates new stater atrandom. The prob-
ability it generates certainstater out of y is
calledthetransitionprobability P(1 — v) and
is time independentNote thatthe probability
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for notchanginghesystem(P(u — u)) need
notbezero.

However, acertainconstrainonthe Markov
processhasto be madeconsideringthat the
processmust generatesome state v when
handedan initial statey. So the transition
probabilitieshave to satisfy

Y Pp—v) = 1 (1.22)

In the Monte Carlo routine the Markov
processis now repeatedlycalledto createa
(Markov-)chain of states. With the proper
choice of the Markov processthe statesin
the chain appearwith a probability given by
the Boltzmanndistrikbution, asis expectedin
equilibrium. To achieve this equilibration,
two more constraintshave to be madeon the
Markov process.

Ergodicity It is requiredthat ary possible
system state can be reachedby the
Markov process.

Detailed balance Thisconditionensureshat
we end up with the Boltzmanndistribu-
tion of stategatherthanary otherdistri-
bution. Herethecrucial conditionis, that
the rate of all transitionsinto and out of
ary statey, mustbeequal

Y puPp—v) = Y pPv—p

Pp = ZPU‘P(V—)M)'

(11.23)

However, this balanceof transitionrates
doesnot guaranteghermodynamiequi-
librium, since a dynamic equilibrium,
characterizedy the emegenceof limit
cycles,mightbefound. To avoid this, the
conditionof detailedbalancds imposed

puP(p—v) = p,Pv—p) (11.24)

Now it is ensuredhatwe endup with a
distribution of statesu characterizedy
theprobabilitieg,,. For aBoltzmanndis-
tribution a properchoicewould be one

thatsatisfies

P(:u — V) Pv

— - = —= 11.25
P(v —p) Py (1125)

= exp(=B(E, — Ey))

Therearemary waysin which to satisfy
theabove condition.Onepossiblechoice
is

Plu—v) ~ exp(zB(Fy— B)26)

anothemneis discussedh thenext chap-
teronthe Metropolisalgorithm.

11.2.1.c Acceptanceatio

The constructionof a Monte Carlo algorithm
now looksvery straightforvard. Givenasetof

transitionprobabilitiesP(x — v) a Markov

processs startedhatproducestateswith just
their right Boltzmanndistribution. Unfortu-

nately in most casesit is far from obvious,
how theidealMarkov processasto look like.

Thereare, of course,mary ways of generat-
ing new statesy from anold onebut mostof

themwill not satifiy eq.ll.220r have theright

transitionprobabilities.

Luckily it turnsout thatit is not necessary
to have the Markov processgeneratesxactly
the'right’ states.In factit mayproducestates
with arbitraryprobabilityif oneintroducesan
acceptanceatio.

As was mentionedabore, it is allowed to
choosethe transitionprobability P(u — p)
non zero. As far asthe sumrule eq.ll.22is
concernedthis allows for changesn P(u —
v) simply by compensatingvith an opposite
adjustmenof P(y — u). Detailedbalance
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is presered if P(v — p) is simultaneously
changed.

Thisleadgto thefollowing, moremathemat-
ical considerationWe breakdown the transi-
tion probabilityinto two parts

Plp—v) = glp—v)-Alp — v)(.27)

The quantity g(u — v) is called the se-
lection probability for the transition from p
to v andis definedby the Markov process.
A(p — v) is the acceptanceatio which tells
usthatafractionof time A(x — v) weshould
indeedchangethe systemfrom . to v. The
restof the time we shouldjust staywherewe
areandnot changahesystematall.

Since the critical constrainteq.ll.24 only
fixestheratio

P(p—v) 9w —=v) Al - v) 28)
P(v— p) glv—p)- Al = p)

andtherate A(n — v)/A(v — p) cantake
ary positive value,we are completelyfree to
choosey(p — v) andg(v — u); i.e.wecan
chooseary Markov procesave like.

For a decentMonte Carlo routine it is of
coursedesirableto have the acceptanceatios
as closeto unity as possible. This meansa
clever programmemvould like to putasmuch
informationaboutthe equilibriumdistribution
of statesaspossiblanto thedesignof thestate
selectingMarkov processto keepthe accep-
tanceratioslarge.

For aperfectMarkov processvhich creates
stateswith their Boltzmannprobabilitytheac-
ceptanceatiosarealwaysone.

ContinuousTime Monte Carlo This algo-
rithmis alsocalled’eventbasedvionte Carlo’
or the 'BKL algorithm’ after Bortz, Kalos
andLebowitz (1975)who inventedit [Bor75).
This algorithmis extremly helpful in simulat-
ing low-temperaturesystems.

Sucha low-temperaturesystemin equilib-
rium will spenda lot of time in the ground

state.For eachtime stepacommonalgorithm,
asdiscusse@bove, chooses new statewhich
is then rejectedsince the acceptanceatio is
very low. This consumesa lot of computer
time doingnothing.

The basic idea behind continuous time
MonteCarlois now thefollowing: By looking
atthe acceptanceatiosthe systemis likely to
spenda certain(andlong) time in the ground
state. Continuoustime Monte Carlo now as-
sumesthat this is indeedthe case,skips the
time interval wherenothingis happeningand
moveson directly to the time stepwherethe
systemmalesatransition.

To quantifythisideaonehasto evaluatethe
time At in whichthesystendoesnotleave the
groundstate. The probability thatthe system
is still in the samestatey, aftert time stepsis
just:

[P(p— )] = exp(tlog(P(u — pih29)

Thetime scaleAt is then

1
Al log P(pn — p)
1
log[l — 32,2, P(p — v)]
1
Zu.—,éu P(/j, — V)

The actualalgorithmnow consistsof three

parts:

1

(11.30)

1. Calculatethe probabilites P(z — v)
for transitionsto all statesv thatcanbe
reachedrom thecurrentstatey. Change
thesystento astater wherethenew state
is chosenwith a probability proportional
to P(u — v).

2. By usingthe valuesfor P(y — v) cal-
culatethetime At. Notethatin general
thetime At changed$rom onestepto the
next.

3. Incrementhetime ¢ by At to mimic the
effect of waiting At time steps.
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1.2.1.d MetropolisAlgorithm

The Metropolis algorithm was introducedby
Nicolas Metropolis and co-workers in 1953
[Met53)].

Let us considera systemin stateu. From
this stateour Markov procesasaccesso N
new states.The Metropolisalgorithmnow as-
signsthe sameselectionprobability to all of
the N states.

1

glp —v) = —

~ (11.31)

Theconditionof detailedbalancghenreads

P(p —v) glp—=v) Alp—v)
P(v—p) gv = p) Al — p)
_ Ap—v)

Al — p)

= exp(—B(F, — E,)) (1.32)

One possiblechoicefor the acceptancea-
tioswould be
1
Alp—v) = Ao exp(—iﬁ(E,, —E,))

(11.33)

Theconstant4d, maytake ary valueexcept
thosewhich make A(yx — v) greaterthan1.
Onthe otherhandwe wish the acceptancea-
tios to be aslarge as possible,so we choose
Ay = exp(—BEmaz) With E,,., beingthe
largestenepy differencepossiblefor thatpar
ticular system Wethenhave

Ay > v) (11.34)
= Ap- exp(—%ﬁ(E,, — B, + Enag))

This acceptanceatio givestheright Boltz-
manndistribution of statesbut the acceptance
ratios are pretty small for most values of
AE =E, — E, (Fig.11.11).

Sinceeq.ll.24only fixestheratioof A(u —
v) andA(v — p) we areallowedto male the

o
o

acceptance ratio
o
N

o
N

0.0
- AE

energy difference AE

Fig. Il.11: Plot of acceptanceatiosfor a simple
Monte Carlo algorithm (solid) andthe Metropolis
algorithm(dashedys. enegy differenceA E.

larger one equalto unity and have the other
onesatisfyeq.ll.24. Thenwe get

Alp — v) (11.35)
_ { exp(—B(Ey — Ey)) (E, > Ey)
1 : otherwise

This is the Metropolis algorithm and it
meanghatwe acceptevery systemchangego-
wardslower enegies. Changeso higherener
giesarerejecteddependingon the enegy dif-
ference(Fig.I1.11).

11.2.1.e WoIff Algorithm

Simple and hence most widely used algo-
rithms do not make complex changedo the
systemfrom oneMonte Carlostepto the next.

Insteadthey alter the systemin the smallest
possiblesteps— for examplein thecaseof the
Ising modef by changingthe spinorientation
atonly onelatticesite.

4. Thelsingmodelis asimplemodelof amagnetand
dealswith interactingmagnetiaipolesthatarearranged
alongaregularlattice. At eachlatticesitethespinorien-
tationmaybe+1 or —1.
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Close to a critical temperature however,
this so called’single spin flip’ dynamicsbe-
comesvery cumbersomesince typical fluc-
tuationsof the magnetizationare no longer
causedy turnsof singlespinsbut ratherarge
domainschangingheir spinorientation.

The Wolff algorithm is similar to a
Metropolis algorithm and is tailored to deal
with systemsvhereasinglespinflip dynamics
is not suitable[Wol89].

The basicideaof the Wolff algorithmis to
connectequallyalignedspinsto clusterswith
a certain connectionprobability (to presere
detailedbalance)andtheninsteadof flipping
singlespinsto changehesystemnby flipping a
wholecluster

This type of algorithmis referredto asa
"clusterflipping’ or 'cluster’ algorithm.

11.2.1.f Swendsen-\dhg and Niedermayes
algorithm

Two moreclusterflipping algorithmsarecom-
monly used. The Swendsen-\&hg algorithm
[Swe87]works very much like the Wolff al-
gorithm by dividing the lattice into clusters.
But insteadof flipping only one cluster all
the clustersare flipped with probability 1/2.
Theproofthatdetailedbalances preseredis,
however, difficult. This algorithmworks best
very closeto thecritical temperature.

The Niedermayes algorithm [Nie8§] is
a Wolff algorithm where not only equally
alignedspinscanform a clusterbut alsoan-
tiparallelspinsmaybeconnectedo formado-
main. The connectionprobability for parallel
andantiparallelspinsis assumedo be differ-
ent. This approacthis a very generaloneand
makesthisalgorithmapplicablgo avastrange
of models.

11.2.2 Monte Carlo in SurfaceScience

he Ising modelhasanotherapplicationin
Tquiteadifferentfield of physics;jin surface
science.Herethe Monte Carlo schemesimu-
latesthe diffusion of adatomsn a crystalline
surface.

I1.2.2.a Dynamicsof asingleadatom

Thehoppingrater;; from lattice sites to j is
relatedto the separatingenegy barrier B;; by
the Arrheniuslaw

rij = vexp(—pBB;j) (11.36)

v istheattemptfrequeng andsetsthe over-
all time scalefor adatommovement. Sincev
doesotentertheexponentiait isareasonable
assumptiorto take » asa constantj. e. inde-
pendentof temperature.Successie hopsare
assumedo beuncorrelated.

A simple Monte Carlo routineto maove the
atomaroundwould beto chooseonedirection
to move in andthen malke the move with an
acceptanceatio

A = exp(—p(Bij — Bmin)) (1.37)

Bpin isthelowestenegy barrierin thesys-
temandensureghatthelargestacceptancea-
tio becomesqualto one. Every Monte Carlo
stepthencorrespond$o arealtime intenal of

exp(ﬂBmin)

A
t 4y

(11.38)
The4 comesfrom thefour possibledirections
in which the atomcanmaove on a squarelat-
tice.

For a continuougime Monte Carloscheme
we have to sumthe hoppingratesover all ac-
cessiblesites; andfind

At = (11.39)

Zj T'ij
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1.2.2.b  Many adatoms

If therearemary adatomson the surfaceone
hasto excludehopsto lattice sitesalreadyoc-
cupiedby otheratoms. Anotherdifferenceto
single adatommotion is the influenceof the
other adatomson the enegy barriersby the
formationof bondsandstrainfields.

Most Monte Carlo simulationsfor adatom
diffusion fall into one of the following three
classes

Kawasaki-type enegy barriers The en-
ey barriers are called Kawasaki-type be-
causewith their particularform they leadto
a codethatis structurallythe sameasfor the
Kawasakialgorithm[Kaw66]. This algorithm
is usedto simulate’consened order param-
eter’ systems. If, for example, in the Ising
modelmagnetizatiorhasto be kept constant,
neithersingle spin flip dynamicsnor simple
clusteralgorithmscanbe usedsincethey alter
magnetization.

The Kawasakialgorithm solves this prob-
lem by choosingtwo spinsof oppositedirec-
tion and exchangegheir value. It doesthis
with Metropolis-like acceptanceatios.

Structurallythe conseration of magnetiza-
tion in thelsing modelis the sameasthe con-
senationof adatom®nthesurface.lf anatom
leavesalatticesiteto diffuse,it hasto shav up
againsomavhere.

The Kawasaki-typebarrier B;; for hopping
fromi to j is givenas(Fig.l1.12):

4 Boin :  otherwise
(11.40)

whereB,,,;,, is thelowestenegy barrierin the
system.For this type of Monte Carloroutines
onestepcorrespondso anintenal of realtime

of
exp(_IB Enin )

Fig. I1.12: Binding enegiesB;
tion sitesi andj resp. Thelowestbindingenegy
is Ein.

j/4i attheadsorp-

with n being the numberof adatomson the
surface.

Bondcountingmethod Hereweaddtothe
constanenegy B, thebindingenegy Ej to
then neighborgpresentat lattice sites. Then
we getfor ahopfrom sites to 5:

Bij = Bnin +n;-Ep (”42)

For this type of routinesonemightinclude
nearestand next nearesneighborsor nearest
neighborsonly.

Lookup Tables The enegy barriers for
movesin differentdirectionsn generatlepend
very sensitvely onthe spatialconfiguratiorof
thesurface(neighboringatoms surfacerecon-
struction,etc.). If we cancalculatethe enegy
barriersfor hopsin differentdirectionsfor all
the relevant configurations by certainatomic

5. Forafull lookuptabletreatmentherearetennear
estandnext nearesheighborsiteson a squardattice to
be considered. This amountsto 2'° = 1024 different
configurations!
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structuremethodswe canstoretheseenegies

in atableto beusedin a Monte Carlosimula-
tion. For every MonteCarlostepthesurround-
ing of theinitial andfinal site is determined
andanacceptanceatiois assignedo themove

in accordancéo theenegy valuestoredin the

lookuptable.

1.3 The Monte Carlo routine

y now, all theimportantphysicalconcepts
Band numericaltechniqueshave beenin-
troducedand the programcode usedfor the
simulationspresentedn this work canbe dis-
cussedFirst, the physicsincludedin the pro-
gramwill be reviewed, the numericaldetails
make up the secondpart.

[1.3.1 Physicalconcepts

he codeis capableof simulatingthe depo-
Tsition and diffusion of adatomson a sur
faceusingsingleadatomdiffusion processés

The desorptionof adatomss not included
neitheris bulk diffusion. Consequentlyasfar
asthekineticsis concernedits routineis best
suitedto simulateMBE growth, wheredesorp-
tion is of little importanceandthe stickingco-
efficient @ is closeto unity, asin Si andsome
metals[Zan88§.

As is obvious from eq.ll.2 the hopping
probabilityp dependgxponentiallyontheen-
emgyetic diffusion barriers E,,. For this rea-
sonthe modellingof suriacekineticsreduces
to modellingsuitableenegy termsassociated
with thevarioussurfaceprocesses.

The mostimportantenegy contritution in
termsof the absolutevalueis the binding en-
emgytothesurfaceF;. It ischosertobel.3eV,
which is closeto valuesusedin otherMonte
Carlo simulationg[Cla91]. The surfacebind-
ing hasto beconsideredh everydiffusionpro-
cessandis relatedto the overall time scale.
The coveredtime interval At by a processof

probabilityp is relatedto theenegy barrierE;
as

1 E,
At ~ — ~ exp(—) (1.43)

p kT
Since the surface binding enegy E; is a
commonfactorto all diffusion processespne
candefinea new time scaleAt' by changing
E; by AE;. Onefinds:

E, + AE5>
kT

~ At-exp (A,j) (11.44)

At~ exp(

The next importantenegy contrikution is
the binding enegy to the nearestand next
nearestneighbors. The strengthof a single
nearesnheighborbondis setto 0.3eV, andre-
ducedby a factorof nn = V/2 for next near
estneighbors. To evaluatethe diffusion bar
rier due to the nearestneighborinteractions,
the binding enegy at the site S0, wherethe
diffusing atomis located,is calculatedto be
Esg = n E, + nnm E, in dependencef the
numberof the n nearestandm next nearest
neighbors.The sameis donefor thelocusS1
wherethe adatomis goingto diffuseto. It is
Egs1 = ¢(n' E,+nnm' E,), wherecisacon-
stantthatdescribeshecouplingbetweeradja-
centlatticesites.It ischoserto beequalto 0.2,
which correspond¢o a weak coupling. The
overall binding enegy En causedoy neigh-
bor interactionsfor a given diffusion process
from site S0 to S1 is given by the difference
of thebindingenegy atthecorrespondinggat-
tice sites

Ey = (n—cn)Ey+ (m—cm!)nnE,
(11.45)

6. This corresponddo a single spin flip dynamics,
but strictly speakingwe use somesort of continuous
Kawasakialgorithm since every diffusing atom disap-
pearsatonesiteandatthesametimeappearsomevhere
else,usuallycloseby
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For diffusion processesway from island
boundarieshe diffusion barrieris just Egqg.
However, for diffusion along step edgesor
around corners the hopping probability is
slightly enhancedln the simulationthis effect
resultsin smootherisland boundaries,since
vacanciesand gaps are efficiently filled by
atomsdiffusing alongthe perimeterof theis-
lands.

For diffusion processescrossstepedgesa
Schwdbel enegy barrier hasbeendefinedto
be Egw = 0.1eV. For atomsbeingdeposited,
theSchwobelbarriercanbesurmountedby the
kick-out effect with a probability proportional
to the numberof free nearesheighborsites.

To accounfor diffusionalanisotroy effects
causedy a certainsurfacereconstructionan
extra enegy term E4p can be assignedto
a particulardirection. Since the underlying
lattice is of a squaresymmetry diffusional
anisotroy canonly beincludedfor enegy dif-
ferencesn thetwo maindirectionsof the sur
face.

The last importantenegy contritution is
madeup by the elasticstrainenegy. This en-
ey Esrr is calculatedrziatheanisotropicap-
proach(egns.ll.14)or simulationson a plain
surface.In simulationsof the grownth of quan-
tum dot stackswhereburieddot structuresn-
fluencethe strainat the surfaceand,addition-
ally, the third dimensionhasto be considered
in calculatingstrainfields,theisotropicformu-
las(egns.ll.3)areused.

It hasto be mentionedthat a certain diffi-
culty in the strain calculationmadeit neces-
saryto introducetwo differentmethod<of cal-
culatingtheline forces thatcompres®r dilate
theislands.Both methodshave their prosand
consandtheir applicability dependsstrongly
onthesimulationparameters.

To changethe lattice constantof a pair of
atoms, the necessaryorce Fj is assumedo
be suchthat the binding enegy betweenthe
two atomsis reducedby 10meV’. In a chain

of n atomstheforce F' necessaryo compress
or extend the chain by the sameamountfor
eachpairof atomss givenby Hooke’s law and
consequentlhgqualto

F = nF, (11.46)

By applyingthis wisdomto the calculation
of strainfor anisland,oneis leadto solution
A in Fig.11.13. Here,dependingon the orien-
tation of the boundary the numberof atoms
in a horizontalor vertical directionis counted
to yield the numberrn. This methodhasthe
mainadwantageof beingcompletelyindepen-
dentof theislandmorphologyandworkswell
for compactislands(Fig.ll.13a)aswell asfor
fractal-like structures. This local approach
has,however, animportantdravbackthatbe-
comeseven more apparenfor high tempera-
turesor long equilibrationtimes. The equi-
librium crystalshapenducedby methodA is
indeednot compact,as onewould expectfor
isotropicstrain. It ratherfavorstheemepgence
of diagonalrows (Figll.13c), since herethe
thicknessin the maindirectionsis small and,
consequentfthestrainalongthe boundaryas
well. As a result, the strain doesnot inhibit
the further growth of diagonalrows andthus
loosesits size limiting property Of course,
this effect is unphysicalandcanbe overcome
by methodB.

This secondmethoddoesnot evaluatethe
extensionof an island by countingatomsin
a certaindirection but ratherby determining
the distanceof the boundaryfrom the center
of massof the island (Fig.l.13b). This dis-
tanceis multiplied by two to give the factor
n in eq.l1.46. For highly symmetric,compact
islandsmethodA andB give justthe samere-
sults. But, asone canseein Fig.11.13d, the
generatiorof diagonalstructuress now sup-
pressedsincepartsof theislandboundaryfar

7. It is very difficult to obtainabsolutevaluesfor act-
ing forcesor strainfields from experiments. Though,
somesparseesultscanbefound[Pen0]1
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Fig. 11.13: Two methodsto calculatethe line forcesalongislandboundariegor strainfield calculations.
MethodA determinegheislandthicknesgperpendiculato the boundarymethodB measureshe distance
boundaryto centerof mass(CoM). a) andb) comparehe two methodsor compactslandsandc) andd)

for elongatedslands.

away from the centerof massexperiencea
strongerforcethanthosecloseto it. Now, the
equilibrium shapeusing methodB is a com-
pactisland.

This would rendermethodB the methodof
choice,if therewerenot anunphysicaleffect,
thatappearsf two islandscoalescelf two is-
landsareconnectedy only asingle‘bridge’-
atom,thestrainfield of thenow joinedislands
would not be very differentfrom the two sep-
arateislands. This is no longertrue for cal-
culatingthe strainvia methodB. Indeed,the
centerof masschangegositionconsiderably
if theislandameigeandsodoeghestrainfield.
Soonanew, compacislandhasformedaround
thenew centerof mass.Thisis aneffect simi-
lar to thememging of two waterdropletsto one
large dropletdueto surfacetension.

Sincetheeffectof coalescencbecomesm-
portantfor high islanddensitiesmethodB is
unsuitedfor the simulationof cold systemsor
high coveragesHowever, for the sale of con-

sisteny, all simulationgpresentedh thiswork
have beenobtainedusingmethodB, unlesse-
marked otherwise.

Now, the physicsof surfacediffusion pro-
cesse®f adatomscan be summedup by the
probabilityp for a hopfrom onelattice siteto
anearesbr next nearesheighborsiteas

—(Es+ En + Eap — ESTR))
kT

p = uoexp<
(11.47)

The attemptfrequeng v is assumedo be
temperaturéndependentind equalto vy =
10'3Hz. Similar to the surface binding en-
ey Eg, vy influenceshe overall time scale.
Eq.1l.47 now gives the basisfor the Monte
Carlosimulationroutinedescribedn the next
section.

11.3.2 Numerical concepts

hesimulationroutineis basednacontin-
uoustime Monte Carlo scheme.A BKL
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algorithmis very efficient for the problemat
hand, sincethe independencef a particular
time scaleis of greatadwantagein simulat-
ing surfacediffusion[Pre93. A surfaceatom
without ary neighboramight diffuseby afac-
tor of 103 morerapidly thanatomsboundto a
stepedge.

Adatom diffusion processesre simulated
oneby one. The principal courseof a simu-
lateddiffusionprocesss alwaysthe sameand
sketchedin the following. An atomis cho-
senby arandomprocesandmaovedacrosghe
surfaceby hopsto nearesbr next nearestat-
tice sites. The correspondingime intenal At
is calculatecandaddedto the elapsedsimula-
tion time. If atomsarestill depositedaccord-
ing to At andtheflux conditionsnew adatoms
areplacedat randompositionson the surface.
The main difficulty lies in the assignmenbf
aproperweightto eachpossiblediffusionpro-
cesssothateveryadatomhopis executedwith
alikelihoodaccordingo its overall probability
with respecto all otherprocesses.

This is done(seeFig.ll.14a) by evaluating
theprobabilityp from eq.11.47for every possi-
ble diffusionalstepof a givenadatom.These
eight possibletransitionprobabilitiesto near
est and next nearestneighbor positions are
storedandthenaddedup to give a total prob-
ability patom for the adatomto move in ary
directionat all. This probabilityis translated
into an effective enegy barrier Eatom for dif-
fusiorf. Sincethe enegy barrierscan take
on continuousvaluesdueto the strainenegy
correction,it is necessaryo introduceenegy
intenals, so that all adatomswith an effec-
tive diffusion barrier Eaiom betweenE, and
Ey+ AFE canbegroupedogethelin aclassof
adatomawith thesamelikelinessto move.

The groupingandbuilding of classess, of
coursenotreally necessarysinceevery diffu-
sionalprocessouldbehandledonits own ac-
count, it just helpsenormouslyin bookkeep-
ing. In agiven classall the probabilitiesare

againsummedup to yield the total probabil-
ity pcrass, that an atom from this particular
classmalesa move. Thetotal probabilitythat
arnything might happenat all is thengiven by
addingup then termspciags t0 9iVe protal-

Now the choiceof a certaindiffusion pro-
cessworks like the assignmenbof a diffusion
processto a certainclass,just in the oppo-
site direction (Fig.ll.14b). A classis chosen
at random, consideringthat different classes
contribute differently to the overall probabil-
ity protal. Eachclasscontainsa numberof
atomsof whichoneis choserwith equalprob-
ability. Thenfrom the eightpossiblediffusion
processespneis selectedn accordanceo its
likelinessand executed. Thenthe simulation
time is propagatedy an amountof time At
givenby

N (11.48)

DPTotal

Usually the movementof an atomalsoal-
tersthe diffusion barriersfor the neighboring
atomsin the old neighborhoodas well asin
the newv one. So the moving atom and all
atomsin its surroundinghave to be assigned
new classes.Strictly speakingalsothe strain
enegy field would have to berecalculatedhf-
ter every step. But, sincethe evaluation of
thestrainis alengthyprocedureandthe strain
only changedittle with the motionof asingle
adatomjt hasturnedoutthatit is sufficientto
recalculateéhestrainevery coupleof 1000 dif-
fusionalsteps. Then, of course,all atomson
the surface have to be assignechew classes.
To speedipthecomputationgvenfurther, the

8. Itisnotnecessario introducealinearenegy scale
andit would be possibleto usejust the transitionprob-
abilities patom- It is, however, easierto have a quan-
tity thatcanbe broken down into intenals equidistantly
like theenepgy. To achieve the samewith thetransition
probabilitiesonewould have to usea logarithmicinter-
val scaling. This would amountto just the sameasthe
linear enegy scalebut look muchlessneatin the pro-
gramcode
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Fig. I1.14: Sketchof algorithmsto assigradatoms
to Monte Carlo classesn dependencef their en-
ergeticalsituationa) andthe selectionprocesdor
certaindiffusion processedy the simulationrou-
tineb).

strainfield doesnotextendoverthewholesys-
tembut only overacircularareaof agivenra-
dius r aroundthe sourceof the strainwhich
is in mostcaseschosento be of thirty lattice
constants.
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Optimization of Growth Parameters

For most applicationsthat include active
guantumdot layersit is of key impor
tanceto have asmary andasequallyshaped
dots as possibleto obtain a well definedre-
sponsdo opticalor electronicakignals,while
lossesaresmall. To achieve high densitiesof
dots, spatialorderingin the averagedistance
betweentwo neighboringdots aswell asor-
dering along distinct directionsis necessary
[Muk98, Muk99.

To obtain spatial and size ordering, self-
organizedquantumdot gronth can be used
as will be shavn in this chapter[Shc99a
Dar97 Ipa9g. Unfortunately the problemof
generatingself-oganizedpatternscan not be
solved in a straight forward manner Even
though Stranski-Krastano grownth is known
to be suitablefor self-oganizedquantumdot
growth, there are mary external parameters
thatinfluencethe growth resultconsiderably
This is easyto see,if one considersthe im-
mensenumberand the comples interplay of
parameterghat control grovth conditionsin
anactualgrowth reactor

Growth control is still difficult to gain, if
one restricts the set of relevant parameters
to temperaturerl’, flux f and coveragec by
choosingasimplenumericaimodel,asis done
in this work. If, for example, the growth
temperaturas chosentoo low, the deposited
atomswill just stick to the surface without
having enoughthermalenegy to diffuse. In

this case,of courseho self-oganizationis to
be expected. If, on the otherhand,tempera-
tureis too high, interatomicbondsaretoo eas-
ily overcomeand one obseres an ensemble
of monomersand small polymersof adatoms
performingrandomwalksover thesurface.In
this scenaridarger islandsareinherentlyun-
stable. Only for a distinctintenal of temper
aturesself-oganizationis effective andacces-
sible to productionprocessesSimilar effects
canalsobe seenwith parameterdike flux to
thesurfaceor thesurfacecoverage.

Another important factor to influencethe
growth resultis the time betweenthe end of
depositionand the capping of the quantum
dot layer with anothermaterial,the so called
growth interruption. During this growth in-
terruptionthe adatomscan relax to eneget-
ically favorable positionsand approachther
modynamicequilibrium. Sincethereis a strik-
ing differencebetweenkinetically controlled
growth and a thermodynamicallydominated
sizedistribution, aswill beshavnin Chap.1V,
the effect of a growth interruptioncanbe dra-
matic. Furthermoretheinital stageof growth
of quantumdotsaremostimportantfor order
ing effects, sinceherethe monolayerislands
canrespondnoreeasilyto enegeticalchanges
in their vicinity. The morphologyand spa-
tial arrangemenof these'platelets’ will then
determinethe arrangemenof the fully grown
dots[Kun9Q Pri9y. For thisreasonagrowth
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X

b)

X

Fig.lll.1: a)Spatialdistribution of adatomsBlueis thewettinglayersurfaceandredthefirst growth layer.
b) Plot of the strainenegy generatedy a). Redis high strainandblue the unstrainedcase. Simulation
parameterareT = 650K, f = 1.0Ml/s andc = 20%. Simulatedime: 100.2sona 200 x 200 grid.

interruption during the transition from two-
dimensionalo three-dimensionajjronth can
improve the quality of the quantumdot layer
considerably

Now, the aim of this chaptemwill beto de-
fine optimal growth conditionswith respect
to size distributions and the spatial ordering
of islands. Each of the abose mentioned
external parametersvill be consideredsepa-
rately Apartfrom assigninganoptimalwork-
ing rangeto eachparameterthe effects of a
poorchoiceof parametersvill be adresseas
well.

Firstly, however, a setof numericaltools
will beintroducedthat are usefulto quantify
the quality of a given size distrikution or the
spatialordering. With the help of thesetools
it will be possibleto spottiny changesn the
resultinggrowth patternscausedy parameter
variationsthatwould otherwisebe lost to the
unarmedeye.

It shouldbe notedthat for the experimen-
talist it is even moredifficult to obtaininfor-

mation aboutisland distributions. With the
invention of the electronmicroscopeand re-
lated techniques,however, the direct obser
vation of nanoscalestructuresbecamepossi-
ble andis intensvely usedfor characterizing
guantumdotsex situ.

The initial stagesof Ag/Ag(001) growth,
for example, are investigatedin [Zha97
by meansof scanningtunneling microscopy
(STM).

A powerful tool is, for example,the trans-
missionelectronmicroscopgTEM). It is re-
portedin [Car9g that not only the shapeof
the quantumdots can be extractedbut also
the strain distributions of InP/GalInP(001)
guantumdots are accessibldoy TEM. Using
the shapeof the dots measuredy TEM and
appropriateslasticconstantsgoodagreement
is foundwith finite elementcalculations.

Experimentatomographic-ray diffraction
is donein [Keg0Q to investigatenanometer
scale self-assemblednAs/GaAs quantum
dots. Shape lattice constantdistribution and
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compositioncanberesohed by this advanced
technique.

To monitorthegrowth processn situacou-
ple of techniquesareavailablewhich allow to
estimatethe amountof depositednaterialby
basicallymeasuringhe surfaceroughness.

A correlationbetweerisland-formatiorki-
netics, surface roughening,and RHEED (re-
flection high enegy electrondiffraction) os-
cillation dampingduring GaAs homoepitaxy
givesdirectaccesso thedepositedayerthick-
nesgHey97].

A similar techniquecanbe usedfor in situ
monitoringof 2D islandgrowth by ion beam
scattering[DeL99] or by grazingicidencex-
ray scatteringSch98g.

The Stranski-Krastanoformation of InAs
guantumdotscanbe monitoredduringgronth
by reflectanceanisotroy spectroscop and
spectroscopiellipsometrygiving information
aboutlayerthicknessandcomposition[Ste97

[11.1 Numerical tools

he basisfor all evaluationsis the spa-

tial distribution of adatomson the sur
face(Fig.lll.1a). During the simulationof the
gronth processthesedistributions are saved
andanalyzedafterafixednumberof timesteps
have passed.Togethemwith the adatomdistri-
bution the straineneqgy field generatedy the
islandsat the surface (Fig.lll.1b) is kept, but
ratherfor thesale of completenesincenofur-
therprocessingf the strainfield is done.

The strain in all simulationsis updated
every 2500 Monte Carlo steps. Through-
out the simulationsthe isotropic, elasticcon-
stantsare y = 0.54 - 10'2erg/cm?® and \ =
0.32 - 10™2emy/cm?, which canbe obtainedin
isotropicapproximatiorfrom the materialpa-
rameterof GaAs via ll.11 andll.12. Other
parameterare £, = 1.3eV, E, = 0.3eV
for surface and nearestneighborbonds, re-

spectvely. Thebindingenegy to next nearest
neighborss reducecby afactornn = /2 and
edgediffusionis modelledby a couplingfac-
tor of ¢ = 0.2. The Schwibelbarrieris chosen
tobe Esyr = 0.1eV.

All simulationsin this chapterhave been
performedon a 200 x 200 grid with periodic
boundaryconditions. This systemsizehason
one handthe adwantageof beingbig enough
not to prefer certain symmetriesinducedby
self-interactionof islandsor to produceun-
desiredeffectslike noisecausedoy the small
numberof depositedadatom$. On the other
hand,computationakffort is kepthandy The
time for the pure Monte Carlo simulationin-
creasesabout quadraticallywith the system
extensiondueto theincreasinghumberof pos-
siblemoves. Thetime consumedy the statis-
tical evaluationslike the determinatiorof is-
land sizesand positionsincreasesven faster
thanwith a squarelaw in the systemsize so
thata run of the samesimulationin a system
with the doublelateralextensiontakeslonger
by afactorof aboutsix.

I11.1.1 Island sizedistrib ution

he first routine for dataanalysisand sta-
tistical evaluationof the growth resultsis
the determinatiorof the numberof islandson
the surface. Any clusterof a minimum num-
berof four atomsis countedasanisland. The
temporalevolution of the numberof islandsin
thesimulationgivesa first importantinforma-
tion aboutthe systemitself (seeFig.ll1.2a). If,
for example, the numberof islandsis growing
or decreasingfterthe endof depositionit is
sureto assumethatthe systenis still evolving
towardsequilibrium.
More precise statementscan be obtained
from thesecondstepof analysis Herethesize

1. If growth conditionsinducean optimalislandsize
of 500 atomsin a systemwith 800 depositedatoms,
equilibriumcannotbefound
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Fig. lll.2: Analysisof thesimulationpresentedn Fig.lll.1. a) temporalkvolution of thenumberof islands
equalto or larger thanfour adatoms. b) The resulting size distribution after 100s and c) the temporal
evolution of theaverageislandsizeduringthe growth interruptionof 100s.d) shavs the spatialdistribution
of nearesineighbordistances.Measureds the distanceof the centersof mass. e) is the distribution of
absolutdanterislanddistance®btainedrom d). In f) thetemporalevolution of the averagedistanceof the

centerof masss given. ParameterT = 650K, f = 1.0Ml/s andc = 20%.

of eachindividual island is determinedand
storedin a histogram. The sizeis plottedas
the squareroot of the numberof islandatoms,
i.e. the meandiameterin atomiclattice units.
In this histogramthe total numberof islands
with the samediameterd is storedin depen-
denceof d, asin Fig.lll.2b. Islandshave the
sameinteger diameterd, if they containmore
thand? atomsbut lessthan (d + 1)? atoms.
This histogramis alsoreferredto asthe size
distribution of island$ Fromthe sizedistribu-

tion anaverageislandsizecanbecomputechs
well asthe standarddeviation of the average
size. One speaks of a harrawv or sharpsize
distributionif the standardleviation of theav-

erageisland size is small or, equialently if

thewidth of the sizedistribution is small. The
temporalevolution of the averageislandsize
is shavnin Fig.lll.2c.

l1.L1.2 Spatial arrangement

0 determinethe quality of the spatialor-

deringof islands first the centersof mass
of all islandsare computed. Then, for ev-
eryislandthe nearesheighborislandis found
by computingthedistancebetweerthecorre-
spondingcentersof mass.The nearesheigh-
borpositionsarestoredo give anearesheigh-

2. Islandsof size 1, wich are monomersto trimers,
alsoenterthe size distribution but are neglectedin fur-
therstatisticalconsiderations.
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bordistribution (Fig.111.2d). For anislanddis-
tribution of perfectly equidistantislands all
entries in the nearestneighbor distribution
shouldfall ontoacircle centeredaboutthe ori-
gin. If certaindirectionsare preferredin the
spatialordering,this, aswell, shouldshaw in
the neighbordistribution by accumulationof
pointsin the equivalentdirections. If the dis-
tancebetweemearesheighbords in acertain
directiongenerallydifferentfrom distancesn
otherdirections,i.e. the ring aroundthe ori-
gin is distorted,this is a sign of diffusional
anisotrop.

The way of evaluating the spatial order
ing by meansof a nearesineighbordistribu-
tion works very muchlike a two-dimensional
Fourier transformatiorof the surfacebut has
theadwantageof beingdirectly ratherthanin-
verselycorrelatedo the surfacemorphology

Very muchlike in the caseof the size dis-
tributions,a histogramof islanddistancesan
be computed(Fig.lll.2e). Here, all islands
with anearesheighbordistancébetweernr and
r + 1 fall into the sameclassof the histogram.
Again, anaveragedistanceanda standardie-
viation can be assignedto the histogramof
nearesheighbordistancesThetemporalevo-
lution of theaveragenearesheighbordistance
is shawvn in Fig.l1.2f.

1.2  Temperature

o determinenoptimaltemperaturéor the
Tgrcwth of guantumdots, the parameters
flux rateandcoveragewill bekeptfixedatval-
uesf = 0.1Ml/s andc = 30%, respectiely.
Then, depositionstopsafter 3s of simulated
time. For this particulartime onecanevaluate
the averageislandsizein the systemfor var
ious temperaturesThe resultof this analysis
canbefoundin Fig.lll.3a.

As is obviousfrom Fig.lll.3a, thereexistsa
distinct critical temperaturél,, beyond which

the island size decreasesapidly. This effect
is causedby the high thermalenegy of the
atoms. The processof island nucleationand
growth is only possiblejf theadditionaldiffu-

sionbarrierscausedy nearesheighborbonds
are high enoughto keepthe atomsat the is-

landboundariesrom dissociatingIf thetem-
peratureis increasedeyondthe critical point
of T, ~ 730K, the atomsat the boundaryof

anislandcaneasily detachandthe whole is-

land loosesits stability Lateron, in Chap.lV
athermodynamicajustificationfor this effect
will begivenbut it canalsobeinducedby an
alloying effect betweemuantumdot andsub-
strate[Ter9§.

Below the critical temperaturdl,. the aver
ageisland size increasesnonotonicallywith
T. For very low temperaturesdiffusion pro-
cesseshave a low probability p (given by
eg.ll.47)andhenceadatomshave a small dif-
fusionconstantD

a2

D = 5P (1n.1)
with a the lattice constant. Furthermore the
additionalenegy barriergeneratedby nearest
neighborbondsis very unlikely to be crossed.
Consequentjyadatonmpolymersarestableand
will not dissociateagainfor a long time. As
a result eachisland will on averagecollect
adatomdgrom a circularareaof aradiusof the
meanfree path of a single adatom. This sit-
uationleadsto a rathernarrav size distribu-
tion andaregulararangementf islands.The
sameeffect hasbeenobsered for the growth
of Al on Al(111) atlow temperaturesf T =
50...250K [Rat974. Thisis a purelykinetic
effect andthe dominantself-oganizationpro-
cessfor temperaturebelov a thresholdtem-
peraturelyy,.

At somepoint the meanfree pathbecomes
long enoughto createislands that are no
longerlimited in theirgrowth by thenumberof
adatomsdepositedn their vicinity but rather
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Fig. lll.3: a) Temperaturelependencef the averageslandsizecalculatedrom the sizedistributions. b)
shaws the standarddeviation of the size distribution obtainedfrom a Gaussiarfit to the size distribution
function. Thresholdtemperaturel},, for beginning cooperatie growth and the critical temperatureor

islandingT, areshawvn by verticallines. Parametersf = 0.1Ml/s andc = 30%, simulationtime: 3s.

by theincreasingstrainthatdestabilizesheis-
land perimeter

With increasing temperatureabore Tiy,
more and more atomswill detachfrom ex-
isting, larger islands, therebyincreasingthe
monomerdensityin the system,and thereby
supportisland nucleationand the growth of
smallerislands. Now islandsgrow in a coop-
eratve gronth modewheresmallislandsgron
at the expenseof larger oneswith lessstable
boundaries.

The cooperatie grownth is solely caused
by strain. Without the strain enegy correc-
tion EsTr onewould expectOstwald ripening
[Zzhd99 ashasbeenshavnin [Bos0(.

To furtherclassifythequality of thesizedis-
tributions,onehasto considetthewidth of the
distribution that canbe derived from the stan-
darddeviation of the averageislandsize. The
resultis shavn in Fig.lll.3b.

In the purely kinetically controlledregime
the deviation from the averageisland sizeis

aboutconstantlf thetemperaturés increased
aboutTi;, the deviation changego consider

ably largervaluesandassumes maximumat

T = 650K. Here thecooperatie growth isthe

reasorfor theinhomogeneouslandsizedis-

tribution. A few large islands,makingup the

upperpartof thesizedistribution, looseatoms
thatarecollectedby islandsthatarestill small

or have justnucleatedThesesmallislandsare

growing rapidly but right afterthe endof de-

positionthey broaderthe sizedistribution no-

ticeably

If the temperaturds increasedurther the
size dispersionis againdecreasingsincethe
cooperatie growth proceedgastandthe ex-
changeof materialbetweerislandsis moreef-
ficient. Smallerislandsare growing so fast,
thatat the end of depositiononly few islands
have not yet reachedh sizewhereattachment
balancesletachment.

Fortemperaturesloseto T, thedeviation of
averagesizess evensmallerthanin thekinetic
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Fig. lll.4: Effectof growth interruptionon sizeordering. Shavn is in redthe sizedistriutionin a system
with ' = 650K, f = 0.1Ml/s andc = 30% after the end of depositionandin greenafter a growth
interruptionof 100s. Correspondingsaussiarfits asusedfor the determinatiorof the standarddeviation
arealsoshowvn. To theleft andto theright the correspondingslanddistributionsare plotted (first layer:

red,secondayer: purple).

regime sincethe islandscomeever closerto
theirwell definedequilibriumsizes definedin
Chap.IV.

It shouldbe notedthat for certainmaterial
systemsenegetically favourableisland sizes,
socalledmagicislandsizesexist, which have
aclearimpacton growth kineticsandsizedis-
tribution [Sch9g. Size quantizationeffects
canalsobe obseredin InAs self-assembled
guantumdotson GaAs [Sch97&

1.3  Growth interruption

or the casediscussedso far, where the
morphologicalevolution of the quantum
dot layer is stoppedafter the deposition,the
main influence of temperatures to suggest
a preferredisland size by kinetic effects for
low temperatures.If the temperaturas high
enoughto allow closeto equilibriumdistribu-
tions of sizes,it seemspportungo choosea
temperaturecloseto the critical point T, to
take full adwantageof equilibratingprocesses
andtherebyreduceeffectsthatresultin alarge
sizedispersion.
The whole problemlooks, however, differ-

ent,if the systemis allowed to equilibrateby
the introductionof a growth interruptionand
it is known that a growth interruptionhasa
smoothingeffect on crystalsuriacegKam9g.

As anexampleof how remarkablythe surface
morphologycan changeduring equilibration,
in Fig.lll.4 the islanddistributions beforeand
aftera growth interruptionof 100s areplotted
togethewith the correspondindpistogramsof
thesizedistribution.

It hasbeenamguedabove, thatfor thepartic-
ularchoiceof parameterfor this systemyight
afterthe endof depositionthe sizedispersion
assumes peakvalue. Suprisingly after the
growth interruptionthe systemexhibits an al-
most perfectsize ordering. In the following
the effect of growth interruptionswill be dis-
cussedm moredetail.

After a growth interruptionof 100s the av-
eragesizeof islandsis plottedvs. temperature
in Fig.lll.5a. In the low temperaturaegime
the averagesize of the islandshasshiftedto-
wards larger islands. The shift in compari-
sonto the plot in Fig.l1.3 is the more pro-
nouncedthe higher the temperatures. At
thethresholdtemperaturdy, theincreaseo-

Dissertation

final version

Berlin, March5, 2002



48

[ll. Optimization of Growth Parameters

20 [ T [ ;
| a) i ././o—o\.:
| J 1
o 15 | / |-
N I 1
) 4 |
© : ‘
S 10 - ;./ -
® o 1
3 4 ?
5t | -
o/ i |
TIK]
Tth Tc

4 T |
b .
5l ® o\.i |
N
o | i
Al ; a
7 \o\ ° _an

1 | : | .\ | :
500 Tets:o TIK] 7oo_|_C

Fig. l1l.5: Sameasin Fig.ll1.3 but afteragrowth interruptionof ¢;, = 100s. a) Temperaturelependencef
averageslandsizeandb) standardleviation of sizedistribution. Parametersy = 0.1Ml/s andc = 30%.

wardsequilibriumsizesis very fast. Oncethe
optimal size is assumedjt doesnot change
with temperatureuntil the critical point 7, is

reached.Consequentlyif a growth interrup-
tion is introduced,it is not necessaryo use
gronth temperaturesloseto the critical point

T, to obtain islandsof equilibrium size. It

is, on the contrary a betterchoiceto choose
a lower temperatureasa look on the depen-
denceof the sizedispersioron temperaturén

Fig.lll.5b reveales.

For the temperatureT,,; = 650K the
size dispersionassumesa minimum while
for higher temperatureghe size distribution
broadensagain. This effect is expectedfor
equilibrium size distributions that experience
an entropic broadeningwith increasingtem-
perature.

To concludeheeffect of temperaturenthe
sizedistribution, thewholetemporalevolution
of theaveragesizefor four exemplaricsystems
is shawvnin Fig.lll.6.

During thefirst threesecond®f deposition
the averagesize of the islandsincreasegast.

The islands grown during this time are the
largerthelargerthetemperaturés. Duringthe
following 100s of growth interruptionthe is-
landsapproachheir equilibriumsizes.While
the changein averagesizefor the coldersys-
temswith 7' = 550K and600K is nggligible,
generallythe procesof equilibrationis again
fasterin hottersystems.

An interestingeffect canbe seenin the sys-
temof T' = 700K (redcurwein Fig.lll.6). Af-
ter depositionthe averageislandsizeis larger
thantheequilibriumsizeandduringequilibra-
tion theislandsshrink. Presumablythis effect
is dueto oversaturationwheretheexisting is-
landsdueto thestrainfield looseatoms which
cannot find an appropriate less strainedis-
landto attachto. Consequent|ythe numberof
islandswill remainconstantand the average
island size canonly decreaséf a new island
nucleates.This situationwill be encountered

3. In factthe equilibrium sizeis shrinkingwith tem-
peraturebut in thesesimulationsthis effectis concealed
by noise. However, it canbe madevisible by noisere-
duction,asit is donein Chap.IV.
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Fig. 111.6:  Temporal evolution of the aver

ageisland sizesfor temperaturebetweenT =
550...700K. Parameters;f = 0.1Ml/s andc =
30% asin Fig.l11.5 andFig.l11.3.

againlater on in the caseof high coverages,
when the whole surface is covered densely
with islandsand no suitablenucleationsites
exist. Additionally, in high temperaturesys-
temsthenucleationof new islandsis hindered
by therelative instability of dimers,sincethen
only dimersor trimerscanactasislandnuclei.

This situationwill be revisited in Chap.lV
whenthe transitionfrom kineticsto the ther
modynamicallycontrolled grownth regime is
considered.

1.4 Flux rate

he flux is a measureof howv fast mate-

rial is depositedon the surface. It does
not enterary equationconcerningprocesses
connectedo self-oganization,like the defi-
nition of diffusion barriersor the strainfield.
Thus, the flux rate influencesthe kinetics of
growth only indirectly by determiningheden-
sity of monomerson the surfaceandthereby
the meanfree pathof adatomsthe nucleation
rate of islandsand by determiningthe time
scaleof freediffusionbetweertwo deposition
events.
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Fig. l11.8: Analysisof Fig.lll.7. Averagesizeis
shavn in redin dependencef flux rate. The stan-
darddeviation is shavn in blue andaserror bars.
ParametersT = 650K andc = 30%. Notethe
logarithmicscalefor theflux.

Sinceflux is only presentduringthetime of
deposition,one might assumethat it is even
lessimportantdominantduring growth inter
ruptions. At leastthis assumptioris, to some
extent, true sincethe sameislanddistribution
will evolve during equilibrationin the same
way, giventhe samesetof parametersin this
sensethe systemhasno memoryof the flux,
thatled to a particularislanddistribution dur
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Fig. l11.7: Influenceof flux rateon the size ordering. The sizedistributionsfor the samesystemof T' =
650K andc = 30% areshawn for differentfluxes.a) f = 1.0Ml/s, b) f = 0.1Ml/s, ¢) f = 0.01Ml/s andd)
f = 0.001Ml/s. Datareferto theendof depositiomaftera) 0.3s, b) 3s, c) 30s andd) 300s simulationtime.

ing deposition. However, differentvaluesof
flux canleadto significantdifferencesn the
surface morphologyafter the end of deposi-
tion. In the following a systemat tempera-
tureT = 650K anda coverageof ¢ = 30%
is consideredor differentfluxes. In Fig.lIl.7
the sizedistributionsright afterthe deposition

of a30% coverageareshovn®.
In Fig.lll.7a mary small islands have
formed. Despitethe comparatiely high tem-

4. Notethatthetime for reachingthe end of deposi-
tion is differentin the four systems.We have 0.3s, 3s,
30s and300s for the flux ratesof 0.001Ml/s, 0.01Ml/s,
0.1Ml/s and1Ml/s, respectirely.
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Fig. I11.9: Similar sizedistributionsfor differentgrowth parametersThe spatialdistribution of islandsand
the correspondingizedistribution areshavn for the setsof parametersa)l’ = 550K, f = 0.01Ml/s and
¢ =30%, b) T = 600K, f = 0.1Ml/s andc = 30% andc) T = 650K, f = 1.0Ml/s andc = 30%

peratureof 650K the islands do not have
enoughtime to assumeheir equilibrium size
and consequentithe size distribution looks
like a low temperaturedistribution encoun-
teredin theprevioussectionwherethegrowth
waspurely determineddy kinetics. If the flux
is decreasedby a factorof ten Fig.lll.7b, the
sizedistribution hasclearlychangedNow, the
systemis ohviously approachingequilibrium
by cooperatie growth of islandscharacter
ized by a broadsizedistribution. By decreas
ing the flux rate even further the systemhas
enoughtime during the depositionprocesgo
comecloseto an equilibriumsizedistribution
Fig.lll.7c. Theislandsshav a smallsizedis-
persionaroundthe equilibrium size of about
twenty atomsin diameter The sameresultis
obtainedfor a flux of 0.001Ml/s in Fig.lll.7d,

wherethe sizedispersionis againslightly re-
duced.

To sum up the resultsobtainedfor differ-
entflux rates,the averageislandsizeandthe
dispersiorof the sizedistributionsis shawvn in
Fig.l11.8.

As canbe seenfrom the resultspresented
above the decreasen flux is in somesense
comparableto an increasein temperature.
Fig.l11.9 shaws, thatquite similar surfacecon-
figurationscan be obtainedif the effect of a
higher flux is compensatedby an equialent
increasein temperature. This can be under
stood, at leastqualitatively, by the following
reasoning.

If atomswith nearestneighborbondsare
assumedto be immobile, which is reason-
able at least for low temperaturesthe sur
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face morphologyis basically determinedvia

theinterplaybetweemucleatioreventsandat-

tachmentof adatomdo existing islands. The
higherthe monomerdensityon the surfaceis,

the more important becomenucleationpro-

cesseslf only few singleadatomsareon the
surface nucleatiorof islandsby theaccidental
meetingof two monomerss muchlesslikely.

In this casemostadatomswill attachto exist-

ingislands.

Considernow a situation, where a cer
tain temperaturely anda flux fy generatea
monometrdensityd, atagiventime duringthe
growth process.If theflux is increasedo fi,
the monomerdensitywill aswell increaseo,
say di. If now thetemperaturés increasedo
adistinctvalueT; the adatomsefficiently dif-
fusefaster Now, in the sameamountof time
moreadatomswill make contactwith anisland
on the surface,to which they canstick. Sub-
sequently the monomerdensityis againde-
creasedo d;.

In this simple picture, both pairs of pa-
rameters(Ty, fo) and (11, f1) resultin the
samegrowth kineticsandconsequentlyn the
same surface morphology This is quanti-
fied by the scalinglaw which statesthat the
configurationscaleswith D/f whereD =
Dy exp(—E/kT) with E ~ 1eV.

1.5 Surfacecoverage

he coveragedescribeshonv much mate-

rial is depositedon the surface. It cer
tainly hasaneffect on sizedistributions,since
onecannot expectislandsof equilibriumsize
if not enoughmaterialis deposited. On the
otherhand,if more materialis transportedo
the surfacethan necessaryor optimal island
sizes,smallamountsmay be compensatetly
areduceddistanceof islands. At somepoint,
however, islandswill have to meige or malke
a transitionfrom in-planegrowth to threedi-

mensionafgrowth. In thefollowing, this point
will bereferredto asthe critical coveragede-
notedasc,.

At least for coveragesbelon the critical
point ¢, andfor low temperatureswherethe
growth is mainly kinetically controlled the ef-
fecton the sizedistributionscausedy a vari-
ation of coverageshould not be influenced
by sucheffects and one shouldexpectan in-
creaseof the averageisland size with the
coverage. Sincein this regime every island
collectsadatomsfrom its immediatevicinity
without ary considerableexchangeof mate-
rial betweenislands,its sizeis directly deter
minedby theamountof thedepositednaterial
aroundtheisland.

av. island size
\
\
" -Ih "
Q
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Fig. 111.10: Dependencef averageisland size
(red) on coverageafter the end of depositionin
a kinetically controlledsystem. The width of the
size distribution ¢ is shovn as error barsand as
bluedots(right scale).ParametersT” = 550K and
f=0.1Ml/s.

In Fig.ll1.10 the averagesize of islandsin
asystematT = 550K grown with a flux of
f = 0.1Ml/s is shawn for differentcoverages
right after the stop of deposition. It is inter
estingto notethat the increaseof averageis-
landsizeis linear, which canonly be expected
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Fig. lll.11: Correspondingizedistributionsto Fig.lll.12. Sizedistributionsfoundaftertheendof deposi-
tion areshavn in red. Distributionsfor therelaxed systemsaftera growth interruptionof 100s arein green
color. ParametersT = 700K and f = 1Ml/s for all plotsanda) ¢ = 10%, b) ¢ = 20%, ¢) ¢ = 30% andd)

c = 40%.

for low coveragesNeverthelessthelinearin-
creasen theaveragesizecontinuesup to cov-
erageseyondthecritical pointc., wherecoa-
lescenceof islandsshouldinfluencethe size
distribution. Only for a coverageof 50% a
clearincreaseof the averagesizeaswell asin

thesizedispersiorcanbeseen.

If thetemperaturés increasedndthemean
free path becomeslonger than the average
island separation,the qualitatve behaiour
changesiln Fig.lll.11 thesizedistributionsfor
asystemof temperaturd” = 700K anda flux
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Fig. 111.12: a) Dependencef averageislandsizeon coveragefor cooperatie growth conditionsafterend
of deposition.The averagesizeis shovn asredcircles. The correspondingvidth o of the sizedistribution
is shawvn in blue and aserror bars. b) The sameasin a) but after a growth interruptionof 100s. The
critical coveragec, for beginningof threedimensionabrowth is denotedoy a verticalline. Parameterare

T = 700K andf = 1Ml/s.

rateof f = 1MI/s for differentcoveragesare
shavn. Redandgreencolumsreferto sizedis-
tributions beforeand after a growth interrup-
tion of 100s, respectiely. In Fig.lll.12aand
b the correspondingveragesizesanddisper
sionin dependencen coveragearepresented
for theunrelaxed andtherelaxed casefespec-
tively. First, the unrelaxed casewill be dis-
cussed.

In Fig.lll.11aandb broadsizedistributions
canbe found after the stop of deposition. Is-
landsthathave nuleatedvery early during de-
positionhave moretime to collectatomsand
will consequenthhave reacheda larger size
atthe endof depositionthanislandsthathave
nucleatediater Hence,the size distribution
comparedo coldersystemgroadendgor sub-
critical coverages.

A considerablenarrawing of the size dis-
persionis obsered, if the coverageallows
for nearequilibriumsizeislands(Fig.lll.11c).
Here,theinducedstraindestabilizesheisland
boundariesand thus limiting the island size.

Smallerislandsgrow cooperatiely on the ex-
penseof largerislands.

For high coverageswith ¢ > ¢, coalescence
of islandsgis obsered(Fig.lll.11d)andthesize
distribution broadensgain.In Fig.lll.11dthe
coalescencef islandscreatesa secongeakin
thesizedistribution atlargeislandsizes.How-
ever, a clusterof two islandsthathave meged
will in generalnot be stableandlooseits sur
plusmaterialto other smallerislands.

If all theislandsin the systemhave reached
their optimal size and the lateral growth is
hinderedby strain, the additionally deposited
material will increasethe monomerdensity
aroundthe islands. This effect is compa-
rable to an increasein the vapour pressure
arounda liquid droplet. Similar to this anal-
ogytheradiusof anislandincrease$o balance
the higher rate of attachmenif adatomsby
an increasedate of ‘evaporation’ processes.
Monomerscan only be deductedby the nu-
cleationof new islandsor by surmountinga
Schwobel barrier and initiating three dimen-
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sionalgrowth in the next growth layet

For the casewhenthe growth temperature
is abore the thresholdfor cooperatie growth
Tin, the significanceof a growth interruption
is considerable. For the greensize distritu-
tions in Fig.lll.11 the samesystemsas dis-
cussedabove have beenallowedto equilibrate
for 100s. Now, the plots for all the cover
agesshav remarkablynarrav size distribu-
tions. For low coverageshe averagesizein-
creasegFig.l1.12) with theamountof the de-
positedmaterialup to the critical coveragec,.
From here on the averagesize remainscon-
stant.

In the systemsof low coveragethe islands
have not yet reachedtheir equilibrium size,
however, the cooperatie gronth hasinduced
anarrav sizedistribution. This effect cannot
befoundfor temperaturebelow Tiy,.

It might be suprisingthat even the systems
with anovercritical coverageshawv asizedis-
tribution thatis centeredaboutthe equilibrium
size.Onewould ratherexpectto seelargeris-
landssincemore materialhasbeendeposited.
Though, in comparisonto a 30% coverage,
whichis belaw ¢, thesystemwith a40% cov-
eragehasa slightly reducedaveragedistance
betweenislands. This fact can, however, not
accountfor the whole additionally deposited
material. The differencein the averagedis-
tanceis only of the orderof oneor two lattice
constantsgiving roomfor maybetwo moreis-
lands. But anincreasean coveragefrom 30%
to 40% resultsin somesix additionalislands
of diameter20.

The solutionto the problemof the missing
adatomsanbefoundby looking attheisland
distributionsin Fig.l11.13

For a 40% coveragemary atomshave sur
mountedthe Schwobelbarrierandenteredhe
secondyrowth layerontop of existingislands.
In somecasegheislandshave analmostcom-
pletesecondayeror even partly filled higher
growth layers. Oncean island hasnucleated

X X

Fig. I11.13: Islanddistributionsdemonstratinghe
transitionfrom 2D growth to 3D growth. a) System
with a coverageof 30% andb) with 40%. First
growth layeris red, secondpurple, third magenta
andthefourth layergreen.Parameters? = 700K

andf = 1Ml/s.

ontopof anothelislandit is growving fastsince
it is unlikely to looseatomswhichwould have
to crossthe Schwbbelbarrieragainto escape.

l1.5.1 Spatial ordering

So far, the spatial ordering has not been
consideredat all, and asit turnsout, an
appropriatecoverageis crucialto obsere spa-
tial orderingeffects. However, spatialcorrela-
tion canalsobeobtainedoy growing quantum
dots on patternedsurfaces[Lee98a Kon98a
Xie95h CC95],which, of coursejmpliesdif-

ficult preprocessingf thegrowth substrate.

While themechanisnof sizeorderingasfar
as the thermodynamicallycontrolled growth
regime betweenTi, and T, is concerned,
is causedby the destabilizingof the island
boundariedy strainand a reducedprobabil-
ity of attachmentspatialorderingcanonly be
achieved,if whole sectionf existing islands
arerearranged.

Not only that more material has to be
moved, the relevant island-islandinteraction
is muchwealer thantheislandself-interaction
responsibldor sizeordering.In bothcaseghe
elasticstrainenegy mediateghe interaction.
The absolutevalue of strainis largestat the
boundaryareaof an island and the size lim-
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Fig. lll.14: Effectof growth interruptionon orderingof distancesThefirst row of picturescorresponds
to the end of deposition,the secondrow to the relaxed system. a) and d) shav the island distributions,
b) ande) the spatialdistribution of the nearesheighbordistancesandc) andf) the distancedistributions.
ParametersGrowth interruption100s aftertheendof deposition;” = 700K, f = 0.001Ml/s andc = 30%.

iting effect is very efficient. With increasing
distancefrom the islandthe strainenegy de-
cayslike 1/r3 (seeFig.11.10). Thus,theinter
actionbetweertwo islandsthatinducesspatial
ordering,is at leastby an orderof magnitude
wealer thanfor the sizelimiting processes.

Therefore, self-oganizationeffects in the
spatial orderingcan only be expected,if the
consideredsystemis able to respondto lit-
tle differencesin enegy barriersin a com-
paratively shortamountof time. Thisis only
possiblefor adatomswith a high mobility or,
eguialently in systemswith hightemperature
growth conditions. Additionally, the islands
haveto beasclosetogethemaspossibleo max-
imize the island-islandnteraction. This calls
for a systemwith a critical or even slightly

above critical coverage. The third ingredient
towardsachiering spatialorderingis theintro-

ductionof a growth interruptionsinceevenin

systemswith a temperaturecloseto 7, self-
organizedspatialorderingis a slow effect.

By assessinghe spatialordering,one has
to differentiatespatialorderingin the distance
betweernislandsfrom aregulararrangemenf
islandsin a periodicarray In the latter case
in addition to similar distancesbetweenthe
islandsa preferreddirection,in which the is-
landsalign, is required.

Generally the orderingwith respecto dis-
tanceds moreeasilyachiezedandwill bedis-
cussedirst. To demonstratéheimportanceof
agrowth interruption,in Fig.lll.14 the nearest
neighbordistributions after end of deposition
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andafter100s of relaxationrareshavn together
with the histogramf the distances.

Despitethe fact that depositiontook place
with an extremely low flux rate of f =
0.001Ml/s, at the end of depositionthe or-
dering in the distanceis poor After the
gronth interruption, however, the spatialor-
deringhasimproved dramaticallyandthe dis-
tribution aroundan averagedistanceof some
31 lattice constantsbetweenthe centersof
massof two neighboringislandsis quite nar
row.

Fig.lll.15 shavs anoverview of theaverage
distancebetweemeighboringislandsandthe
relateddispersiorin dependencef coverage.
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Fig. 11.15: Influenceof coverageon spatialor-
deringwith respecto distances.The averagedis-
tanceof centersof massis plottedvs. the cover-
ageasredcirclesfor systemswith T = 700K and
f = 0.001Ml/s. The standarddeviation ¢ of the
averagedistances plottedin blueandaserrorbars.

As canbeseenthe orderingin distancess
bestfor a coverageof 34%. For lower cov-
erages,the effect of spatialorderingis sup-
pressedby thelargeraveragedistancebetween
islands. This resultsin a wealer island-island
interaction. Additionally, for coveragesbe-
low 30% the averageisland size decreases,

sincethe optimal, equilibrium sizeis not yet
reachedSincesmallerislandsresultin wealer
elasticstrainfields,again theisland-islandn-
teractionis reduced.

For coverageslarger than 34% the order
ing in distancess aswell lesspronouncedie-
spitethe further reductionof the averagedis-
tancebetweenthe islands,which would sug-
gesta strongerinteractionand a better spa-
tial ordering. Probablythe reasonfor the in-
creasinglybad spatialorderingfor coverages
above ¢, is thebaginning of threedimensional
growth. Islandsthat have startedto develop
a secondgrownth layer cannot rearrangeas
easily asa monolayerisland, sincetwice the
amountof materialhasto be moved. This ef-
fectwouldaccounfor lessflexibility in there-
sponsdo island-islandnteractionsandconse-
guentlyleadto a poorerdistanceordering.

1.6  Optimized setof parameters

ith this informationin mind, it should
Wncw bepossibleto defineanoptimalset
of parameter$or thegrowth of self-oganized
islandsthat shav a good orderingin size as
well asin the spatialaspectof distanceand
arrangement. Since the spatial ordering is
the most difficult featureto obtain, parame-
terswill basicallyhaveto provide optimalcon-
ditions for spatial ordering. However, pro-
nouncedspatialorderingis always accompa-
niedby a narraw sizedistribution. Thisis eas-
ily understoodfor the spatialequilibrationin-
ducedby island-islandinteractionconsumes
considerablymore time than equilibrationof
sizes. Thus, spatialorderingamongislands
alwaysimplies size orderingas an additional
feature.

At this point it shouldalso be mentioned
that regular arrangementf islandscan also
be seenin systemsthat are purely kineti-
cally driven. The exampleof Al on Al(111)
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Fig. l11.16: Simulationresultfor a setof parametersptimizedtowardsspatialordering. In a) the spatial
island distribution andin b) the correspondingsize distribution is shavn. Plot ¢) shavs the distribution
of distance®f the centersof massandd) the resultingdistancedistribution. ParametersreT = 700K,

f = 0.001Ml/s, ¢ = 34% andagrowth interruptionof ¢;, = 500s aftertheendof deposition.

[Rat974 hasalreadybeenmentionedto pro-
ducea kinetically controlledandrathersharp
size distribution. The samegeometricalrea-
soning of circular areasfrom which the is-
landscollectmaterial,canbeusedto explaina
certainspatialorderingobsered in suchsys-
tems, where the islands are arrangedalong

hexagons,sincethis is the most effective ar-
rangemento cover an areawith circleswith
theleastoverlap.

In Fig.lll.16 a simulation with optimal
growth parametersfor spatial ordering is
shavn. Already from the spatialdistribution
of islands(Fig.lll.16a)it is obvious that here
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not only orderingwith respecto distancess

presentbut also regular arrangemenof the
islands has been achieed. To this end it

was necessaryo equilibratethe systemby a
growth interruptionof 500s. As is expected,
the sizeorderingis very good(Fig.11.16b) as
well. This should,however, notbe muchof a
suprise sincethelong growth interruptional-

lowed the systemto approachits equilibrium
statewith a well definedaveragesize of is-

landsanda preferredspatialarrangementhat
minimizestheisland-islandandisland-selfin-

teractionenegies[Shc0Q.

It shouldbenotedthatsuchathermodynam-
ical optimumis not approachedh the caseof
orderingeffectsin kinetically controlledsys-
tems, hencethesesystemsare far from their
equilibriumstate.Here,sizeorderingandspa-
tial arrangemenére pure kinetic effects that
arenot persistenandwill decayif the system
is allowedto evolve.

Thoughit is true thatfor a given setof pa-
rametersa well definedequilibrium stateex-
ists, this enegetically favouredstatewill, es-
peciallyfor lowertemperaturediardlyeverbe
reached. The processof equilibrationmight
take a coupleof hoursto several daysandit
is very questionabléf growth parametersnd
the absenceof contaminatingsubstancesn-
sidethegrowth reactorcanbekeptupfor such
alongtime.

From this point of view it appearsmore
promisingto usekinetically controlledgrowth
conditions which aredominantduringthe de-
positionaryway, to createa properislanddis-
tribution. Subsequentlthis distribution can
approachthe desiredequilibrium stateduring
agrowth interruptionwith differentgrowth pa-
rametersnuchmoreefficiently.

[11.7 Other Monte Carlo simulations

Iready in 1983 a very ambitious pa-

per [Mad83 addressedhe Monte Carlo
methodasthe propertool to handlethe simu-
lation of surfacegrowth kineticsduring MBE
heteroepitaxyincluding deposition, desorp-
tion, diffusion and strain in the presenceof
crystaldefectsandimpurities. The authoralso
indicateda possiblestructureof Monte Carlo
programcodebut did not presentary simula-
tion results.

However, the basicideaof simulatingsur
face gronth by meansof the Monte Carlo
methodwasfastly adoptedby the surfacesci-
encecommunityandanimpressie numberof
Monte Carlo simulatorshave evolved during
theyears. A considerableamountof insights
into grownth processelhasbeencontritutedby
the useof Monte Carlotechniquesanda cou-
ple of interestingnumericalinvestigationge-
latedto surfacegrowth will bepresentedh the
following.

It shouldbe notedthatin mostMonte Carlo
simulationsthe elasticstrainfield is not taken
into account. Someexceptionsare presented
inll.7.3.

I11.7.1 Effectsin surfacegrowth

Iready simple Monte Carlo simulations,

which include only a repulsive, non-
extendedinteraction betweendimers diffus-
ing along a crystal surface generateordered
patterns,asis reportedin [RP98]. By using
Coulombinteractionsbetweensurface parti-
cles,variousperiodicstructureandsuriacere-
constructionganbefoundin thehomoepitax-
ial systemSi on Si(111) if the particlesare
allowedto diffuse[Wat97.

Furthermorehightemperatur&lonteCarlo

simulationsof Ga desorptiorduringMBE de-
positionof AlGaAs on GaAs have beenper
formedin [Mah97.
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Thesurfacereconstructioris foundto have
aclearimpacton growth kineticsby influenc-
ing the diffusion coeficient. Surface diffu-
sion,for example,becomeshighly anisotropic
for hydogenonthe (2 x 1) reconstructegur
faceof tungsten(H /W (001) [Nie98]. In this
papervarioussurfacereconstructionsf tung-
stenandtheir influenceon the diffusion of H
have beenanalyzedby Monte Carlo simua-
tions. In [Gha88& computersimulationsare
reported, which connectsurface reconstruc-
tion, stoichiometryand strain in molecular
beamepitaxial gronth to defectformationin
thegrowing adsorbate.

Ehrlich-Schvidbel barriers have an influ-
enceon growth kinetics as well. Schwbbel
barriers,for instance are investigatedn one
and two dimensionsanalytically in [Mus9§
to yield effective diffusioncoeficients. These
arevalidatedwith Monte Carlosimulationsof
diffusion in the presenceof Schwibel barri-
ers. In a threedimensionalsystem[K 6h0(
timeresohedin-situ STM measurementsave
beenappliedto Fe/Fe(110) andW/W (110)
homoepitaxiaislands. The resultswerethen
comparedto Monte Carlo simulations. It
turned out that Schwibel barriers stabilize
certainfacetsin both homoepitaxialsystems.
Similar resultsarereportedin [TUr9q. Here,
threedimensionaMonte Carlo simulationsof
pyramidalquantumdot grownth areperformed
including only diffusion. The presenceof a
Schwobelbarrierstabilizes{012} facets.

l11.7.2 Homoepitaxial systems

f noanisotroy in diffusioninducedby acer

tainsurfacereconstructioris presenanddif-
fusion processesretaking placeon a lattice
with high symmetry patternformationasthe
nucleationstageof quantumdot gronth can
neverthelesdefoundasin homoepitaxiabys-
tems[Sch984.

By assuminganisotropicnearesmeighbor

bondsanddiffusion, island nucleationon ter-
racess consideredn [Iri96].

A Monte Carlo simulationof growth of S
on S¢(001) includingdepositioranddiffusion
only is reportedin [Lev98]. The simulations
in threedimensiongyield columnarstructures
and flakes. In a Monte Carlo simulation of
the growth of S crystalsfrom the melt stable
facetsareidentifiedin [BeaOQ.

By accountingfor both, diffusing kations
andanionsjn [Ish9§ atwo componenMonte
Carlo simulation of GaAs/GaAs(001) ho-
moepitaxial growth is used to reproduce
RHEED intensityvariationsduringgrowth on
vicinal surfaces. As determineghe transition
from 2D growth to step flow growth. Ad-
ditional analysison island shapeds givenin
[Ish9g. A very similar Monte Carlo studyof
GaAs/GaAs(001) homoepitaxyfindstransi-
tion betweer2D growth andstep-flav growth
by, again, taking into accountGa and As
as different species|[Kaw99]. Here, island
gronth is determinedby As islanding. Fur
thermoreAs senesasaself-surfctantin step-
flow growth.

Anothertwo-componeniMonte Carlo sim-
ulation of heterogravth without the inclusion
of strainefectscanbefoundin [Gro0Q.

A transitionfrom dendriticto compactis-
landsis obsered in Monte Carlo simulations
of strain free island growth in two dimen-
sions[Xia88]. Firstandseconchearesheigh-
borinteractionsaswell asanisotropicsurface-
attachmenkinetics and surface diffusion are
takeninto accountVariedparameteraretem-
perature,bond enegies and supersaturation
determiningdeposition.

In [Bal94] kinetic Monte Carlo simulations
of nucleationandgrowth of two dimensional,
unstrainedslandson a squardatticearecom-
paredto mean-fieldrate equations. Again, a
transitionfrom ramifiedshapeatlow tempera-
tureto compacislandsat hightemperatures
found. Surfacebinding and nearesheighbor
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bindingis included. Attachmentto islandsis
irreversiblebut diffusionalongislandedgess
possible.

Anotherexampleof irreversiblegronth and
nucleatiorof islandsduringsubmonolayede-
positionon a perfectsubstratewith diffusive
processenly is given in [Bar92 Bar9j.
This Monte Carlosimulationassumesandom
walk diffusionandimmobileislandsafter nu-
cleationwith no spatial expansion(point is-
lands). An additionalrate equationanalysis
with respectto size and separatiorof islands
is done.Thedependencen flux anddiffusion
constantD is examined.

In [Wan0Q a kinetic Monte Carlo simula-
tion of facetgrowth is presentedincludedef-
fectsaremonomeranddimerdiffusionaswell
asdiffusionalongledges.The growth ratesof
facetswith certainorientationis extracted.

2D island growth is studiedin a Monte
Carlosimulationasafunctionof coverageand
ratio of diffusion constantto depositionrate
[Rat944. Detachmenfrom islandsis possi-
ble ataratedeterminedy apairbondeneqgy.
Diffusionis Arrheniuslike with a bindingen-
emgy to thesurfacel.3eV andnearesheighbor
bonds0.1 to 0.3eV taking placeon a square
lattice.

Monte Carlo simulationscan also be per
formed on surfaceswith otherthana square
symmetry In [Mao99 theepitaxialgronth on
the hexagonalsurface of GaNN is considered
with diffusion processesnly.

The gronth on a surface with highly
anisotropic surface reconstruction, the
Si(111)(7 x 7) or so called DAS structure,
is consideredn [Kat99. The Monte Carlo
routine consideresdiffusion processesonly
but is able to reproduce gronth patterns
obseredexperimentally

11.7.3 Heteroepitaxial systems

f heteroepitaxiabystemsareconsideredan

important additional ingredient has to be
addedto the simulationroutines.In [Gha88hH
theinfluenceof compressie andtensilestrain
onthegrownth modeduringepitaxialgrowth is
addresseth acomputersimulationstudy

In [Tan97 Monte Carlo simulationsof epi-
taxial gronth on triangular (111) layersare
presentedvhere the effect of a lattice mis-
matchis includedby influencingatom-atom
andatom-substratbonds.

Deposition,diffusionandstrainis included
in a kinetic Monte Carlo simulationwhich is
donein 1+1 dimensions(growth occursor-
thogonalto particlediffusion) to simulatethe
transitionfrom 2D to 3D growth [KhoOQ]. The
strainis calculatedsia aspringmodelaccount-
ing for nearesandnext nearesheighbors.

In [Liu0l] a surfactant-mediatedMonte
Carlo simulationis presentedwhich reports
a straininducedtransitionfrom fractal island
grovth to compactgrowth with increasing
strainfield.

Strainis notonly inducedby heteroepitaxy
A Monte Carlostudyof orderdisordertransi-
tionsinducedby defectson a perfectSi(001)
surface mediatedby strain is consideredin
[Oka9q.

A completely three dimensional Monte
Carlo simulationincluding elastic strain but
without diffusion dynamicsis presentedin
[Rou9g. Elastic strain enegy is included
within themodelof Valencd-orceField (VFF)
approximation. Strain and chemicalbinding
enegies betweennearestneighborslead to
(111) facetson quantumdots on zincblende
substrates.
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V.

Kinetic vs. Equilibrium Size

Distributions

n this chapterthe growth dynamicsof quan-

tum dot systemswith respectto their is-
land size distributionswill be scrutinized. In
fact, growth kineticsduring depositionof ma-
terial is utterly differentfrom equilibriumdy-
namicsthat can be obsered in systemsthat
have found their optimal, equilibrium state.
The most obvious feature of thesetwo dif-
ferent growth regimes is the emegence of
two largely different size distribution func-
tions that shav an oppositedependencen
temperature.

Undercommongrowth conditionsit is usu-
ally not clear which processdominatesand
thusthe relevanceof kinetic size orderingor
equilibriumdynamicds amatterof intensede-
bate. In the following this very problemwill
be addressedy meansof the Monte Carlo
method. In particular a focus will be put
onthecrosswoerfrom kineticislandformation
to thermodynamicallgontrolledsizedistribu-
tions, sinceit turnsoutthatherebothregimes
of gronth dynamicsare relevant. Conse-
qguently both forms of growth, kinetics and
thermodynamics,have to be consideredin
gquantumdot grownth at different stagesof
growth [MeiO1d.

IV.1 Theory

uantumdots have attractedconsiderable
Qinterestin recentyearssincethey repre-
sentartificial atomswith unique,controllable
optoelectronicproperties. They provide the
basisfor constructinga novel generationof
semiconductodevices [Bim99, Lor0(]. To
obtainhighly efficient quantumdot layersfor
opticalor electronicapurpose# is notonly of
importanceto grow dislocation-freequantum
dotswith a high spatialdensity but it is also
desirableto obtaina narrav size distribution
that guarantees large numberof active dots
for a specificvoltageor opticalwavelength.

A promisingway of fabricatingsuchstruc-
turesis the self-oganizedformationof coher
ent quantumdots in the Stranski-Krastano
or VollmerWeber gronth mode [Dar9§
Shc984% In suchheteroepitaxiabystemshe
strainpreventsOstwald ripening,whichis the
dominanteffect in homoepitaxy and narrav
sizedistributions of quantumdotsareformed
[Ng95, Bar97a Wan99 Ram98 Scho8h.

IV.1.1 Thermodynamical regime

If the quantum dot array is allowed to
equilibrate, the average size of the dots
follows from thermodynamicconsiderations
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[Shc95).  Since the entropic contrikution

plays a vital role, the averagedot size de-

creasewith increasingtemperaturedown to

singleadatomsatvery hightemperaturesThe

quantunrdotsizedistributionis thermodynam-
ically controlled.

It shouldbe notedthat the statementsnet
by thermodynamicalequilibrium considera-
tions presentedn the following, as well as
the Monte Carlo simulationsapply only to
two dimensionahkrraysof islandsthatemege
in heteroepitaxyat sub-monolayercoverage
[Strog Ale8§]. It is assumedhat these2D-
islandsdo not changemuchin size, shapeor
position during the 2D/3D transitionand act
asthe basisfor quantumdots[Pri95]. Conse-
guently morphologicakontritutions[Mol98]
to the consideredenegies can be negglected.
Furthermorearraysof highly dilute arraysare
consideredo excludeelasticisland-islandn-
teractions. This assumptioncorrespondgo
low coveragesvell below tenpercent.

For suchsystemgheequilibriumconcentra-
tion per unit atomicsite of islandsconsisting
of N atomsP(N) is given by the Boltzmann
distribution
P(N)

~ exp(—e(N)N/KT) (IV.1)

wheree(N) is theislandenegy peratom

_E, + o colnv/N
vN VN

Herethefirst term E; denotedhe bindingen-
emgy to the surface, which is chosento be
0.9eV in the following simulations. The sec-
ond term is the binding enegy of the island
boundaryandthethird termdescribesheelas-
tic relaxationenegy causedby the surface
stressdiscontinuity at the island boundaries.
Theconstantg; andcy canbecalculatedrom

theelasticconstant®f theconsiderednaterial
system. ¢; is proportionalto the enegy of a

pairbondE;. Theconstant, canbeobtained

e(N) =

(IV.2)

experimentallyby calculatingthe strainfield
attheislandboundarie®r from elasticitythe-
ory following [Lan7(*. Thefunctione(N) is
plottedin Fig.IV.1.

For zero temperaturehe size distribution
is infinitely sharpwith a preferredislandsize
Ny = exp(2(e1/e2 + 1)) suchthatthe elas-
tic strainenegy is minimized. Thisislandsize
correspondso theminimumof e(N) givenby
eq.IV.2 (seeFig.IV.1).

For finite temperaturesgnehasto consider
the Helmholtz free enegy with an entropic
contritution and,following [Shc0qQ, findsthat
the optimumsizeof anislandis givenby

2N, TN/?
LT 1n <87Tk70)

Nopt(T) = N() —

C2 62112
(IV.3)

wheregq is the total coverage.With increasing
temperaturéghe maximumof the sizedistribu-
tion givenby eq.(I\V.3) movestowardssmaller
islands.As anadditionaleffect of the entropic
contritution we find that the size distribution
is broadene@nda secondnaximumemeges
at smallisland sizesdueto the generatiorof
individual atoms.

IV.1.2 Kinetically controlled regime

ntheotherhand,oftenacontradictoryef-

fectto thethermodynamicallyontrolled
temporal evolution of island size distribu-
tions can be found experimentally particu-
larly if the systemis cooleddown or capped
immediately after the formation of the dot
layer Here the averagedot size increases
with increasingtemperatureas hasbeenob-
sened, for example, for Si/5i(100)[M091]

1. Onefinds: ¢z = 0.1eV for bothnumericalandthe-
oreticalcalculations Notethatfor very largeislandsthe
numericalvalue of ¢2 deviatesfrom the theoreticalone
sincethe strainat anisland boundaryis limited by our
codeto onepairbond(0.3eV)
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a)

e(N)

Fig. IV.1: a) Dependencef enegy peratomin anisland consistingof N atomsgiven by eq.IV.2. b)
Optimalislandsizein dependencef temperaturgivenby eq.IV.3for thermodynamicallgontrolledisland

growth.

or Au/Ru(0001)[Wan9]. Dueto the higher
mobility of adatomsat higher temperatures
the attachmentto existing islands is more
favourablethanthe nucleationof new islands.
Thusfor low temperaturemary smallislands
areformed,whereador hightemperaturetew
large islandsare obsered. The sizedistribu-
tion is dominatedby kinetic effects. For the
samereasonin homoepitaxyOstwald ripen-
ing may be suppressedand quantumdot ar
rayswith arathersharpsizedistribution may
begronn [Zha98 Mo92).

Forthecaseof kinetically controlledgronth
theinterplayof diffusionanddepositioris cru-
cial. Diffusionis characterizedy the diffu-
sionconstantD givenby

D = Dye E/FT (IV.4)

with Dy = %a% v aconstantdependingn the
lattice constantay of the crystal surfaceand
v the attemptfrequeng. The justification of
eq.IV.4 and, especially the independencef
the factor Dy of temperaturds actually ex-

tremly difficult. Attemptsto give a basisto
eg.I\V.4 have beendonein form of the transi-
tion statetheory[Gla41l, Vin57].

For the caseof irreversible island nucle-
ation it is clearthat the island densityn de-
creasewith anincreaseof the ratio of diffu-
sion to depositionrate. If D increasesde-
positedatomscan — on average-— travel far
ther betweendepositionevents and aggrega-
tion to existing islandsbecomesmore likely
thannucleatiorprocessesincenucleatiome-
cessitateshe accidentaktlusteringof two sin-
gle adatom$ to build a stablenucleusfor is-
land grownth. Hence,oneexpectsa scalingre-
lation of theform

n ~ D7, (IV.5)

A mean-fieldapproacho describequantum
dotformationis presentedn [Dob97].

2. DependingnparameterBk etemperaturestrength
of nearesneighborbondsanddepositionratethe num-
ber of atomsto form a critical nucleusmight be two or
larger
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C) o S A

_‘I_

Fig. IV.2: Schematidslandsizedistributionsin the kinetically controlledregime for a) low andc) high
temperaturedslandsaredrawn in blueandpoolsof attractionin pink. b) shovsthecorrespondingemper
aturedependencef the averageislandsize N for thekinetic regime (eq.IV.6)

In [Bar92 an equationfor the dependence
of theislanddensityon temperaturés derived

e\ /4
"~ (5)

€ E/kT 1/ (IV.6)

~ (Doe ) '

with ¢ therelatve surfacecoverage Thesame
exponenty = 1/4 hasbeenrecovered by
[Jen94 in a deposition-diiusion-aggregaion
model. Growth exponentsfor a one dimen-
sionalsystemhave beenobtainedoy meansof
rateequationsn [Lai91].

Furthermore,in the kinetically controlled
regime during depositiona characteristiaif-
fusion length [ can be definedas the aver
age distancebetweennucleationsites. It is
[Ven84 Schoj

I~ (?)7 (IV.7)

with f the flux rateto the surface. The same
result hasbeenobtainedby meansof Monte
Carlosimulationsn [Gha93.

This leadsto the following situation de-
pictedin Fig.IV.2. Fig.IV.2a)andc) shawv the
schematidslanddistributionsat low andhigh

temperaturesrespectiely. The characteris-
tic diffusion length! for low temperaturess
short.Sois theaveragalistanceanadatoncan
travel beforemeetinganotheradatom.Conse-
guently the radiusof the area,an existing is-
land candrav adatomsfrom (pink circlesin
Fig.lV.2a) and c)) is small and more islands
will nucleate. This resultsin a high island
densityn of comparatrely smallislands. For
highertemperaturedew large islandsemege
dueto the large diffusion length{ and a low
islanddensityn.

The averageisland size N(T') is now in-
verselyproportionalto the squareroot of the
islanddensityn, andonefinds:

N(T) ~ n7'/?

~1/8
- [ C _E/kT
(Doe > (IvV.8)

A schematicplot of N(T) is shawn in
Fig.IV.2b).

As aremarkableesultonefindsthatthede-
pendenceof averageisland size on tempera-
turefor thethermodynamicegime(Fig.IV.1b)
andthekineticregime(Fig.IV.2b)areof rather
opposecharacter
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V.2 Evolution of averagesize

or the Monte Carlo simulationspresented

Fin this chapterthe isotropic strain field
as describedin Appendix A hasbeenused,
sincethe anisotropiccontritutionsto the sur
face strain seemof little importancein the
contxt of size ordering. Indeed, on the
highly anisotropic surface of Si(001) very
similar resultsfor the size orderinghave been
obtained as comparedto isotropic surfaces
[Mo91, Bar93.

Thestrainenegy is consequentlgalculated
from the straintensorcomponentdy 1.9

A
Ey, = 5(511 + 99 +€33)% +

sult over ten simulationsat a temperaturenf
T = 725K is shawn.

16 T T

A TA A

island diameter [lattice sites]
N

12 . .
25000 27500 30000

t

(1(2(e7y + €53 + €13) + €1, + €39 + £33)

with elasticconstantg, = 0.54 - 10*2erg/cn?
and\ = 0.32 - 10"2emgy/cn?.

Since dilute arrays of islands are con-
sidered,island-islandinteraction can be ne-
glected. Hence,it is assumedhat the strain
field extendsonly five lattice constantsaway
from the island boundariego speedup com-
putations.Thisimpliesavaryinglowerenegy
cut-of for islandsof differentsize. However,
duetothesteefalloff of thestrainenegy with
increasingdistancefrom theislandboundary
still about85 percentof the total enegy are
capturedevenfor thelargestislands.

All simulationshave beenperformedon a
250x250atomicsiteslattice. As aninitial step
a coverageof 4% wasdepositedandomlyon
the surfaceat a flux of 1Ml/s. Every 0.01s a
histogramof the island size distribution was
recorded. Especiallyfor highertemperatures
the fluctuationsin the size distributions are
considerable.To reducethe noise,ten simu-
lationswith differentinitial conditionsbut the
sameset of parametersvere usedto calcu-
late an average. The effect of averagingis
displayedin Fig.IV.3, wherethe typical his-
togramsof a single run andthe averagedre-

Fig. IV.3: Comparisorbetweerthetemporalevo-
lution of the averageislandsizein a singlesystem
attemperaturd” = 725K (green)andanaveraged
resultovertenrealisation®f thesamesystemwith
sameparameteri red.

To displaythetemporalevolution of the av-
erageislandsize,the averagediameter(\/ﬁ)
of the islandswas calculatedfrom the his-
tograms.Islandswith a sizebelav four atoms
were not consideredin the averaging. In
Fig.IV.4 the simulation resultsfor tempera-
turesof T'= 675K ... 750K aredisplayed.

IV.2.1 Kinetic results

rom Fig.IV.4 it is evidentthatin the ini-

tial stagesof island growth the size dis-
tribution is clearly kinetically controlled. At
lower temperaturesnary small islandshave
formedwhereasat highertemperaturegewer
andlargerislandsemepe.

At lower temperatureghe nucleationof is-
landsis the dominantprocess.Sincethe mo-
bility of adatomsis low the density of sin-
gle adatomsncreasedastduring the deposi-
tion and pairsof atomsareformedrandomly
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island diameter llattice sitesl
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0 10 20 30

Fig. IV.4: a) Temporalevolution of the averageislandsizefor T = 675K (blue),T = 700K (green)and
T = 725K (red). Simulationshave beenperformedon a 250x250grid and averagedover ten runswith
thesamesetof parametersa) Firstfive second®f b) enlaged.Additionally, thetemporalevolution of the
averageslandsizefor T' = 750K (orange)s shovnin a).

Thoseactasnucleifor islands.Consequently
oneobseresmary smallislandsfor low tem-
peratures.

With increasingtemperaturethe adatoms
becomemore and more mobile. A single
adatomin a hot systemcantravel a long dis-
tanceuntil it findsanexistingislandto whichit
will attach. The adatomdensitythereforede-
creasesnd nucleationof new islandsis sup-
pressed.Thefinal spatialconfigurationin the
kinetically controlledregime exhibits few and
largeislands.

IV.2.2 Crosswer

ouldtherebeno elasticstrainin thesys-
tem the growth of islandswould con-
tinue even beyond depositionthoughat a re-
ducedspeed. The largestislandswould cap-
ture most of the diffusing adatomsand grow
on the expenseof smallerislandsuntil, even-

tually, only onesingleislandis left in the sys-
tem. Onewould, in otherwords,obsene Ost-
wald ripening.

In thepresencef strainthesystembehaes
different from Ostwald ripening. On short
time scalesof a few secondsight afterdepo-
sition (Fig.IV.4b) the islandsdo not grov by
a considerablemountor evenappearto have
stoppedgrowing. The scaling of the island
sizewith temperatureseemdo be kinetically
controlled,still.

An impatientexperimentalistdealingwith
shorttime scalesonly might be led to the as-
sumptionthat the averageisland sizesdo not
changeperceptablyn time andcall thekinet-
ically controlled statea stable configuration.
This conclusionsuggeststself especiallyfor
low temperaturesinceherethetemporalevo-
lution towards equilibrium becomesexpone-
tially slow.

Right after the end of deposition however,
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the islands begin to equilibrate. The sys-
temis now in an intermediatestate between
kinetic island gronvth andthermodynamically
controlledgrownth conditions. Characteristic
for this regime is the slow increaseof island
sizesandacrosseer of theaveragdslandsize
for systemf differenttemperatures.

During this intermediatestate elasticstrain
is of the essencesinceit drives the system
towardsequilibrium, thoughit is a compara-
tively slow process.

Thestraindestabilizesheislandboundaries
proportionalto their size. Dependingon the
externalparametergemperaturandcoverage,
the strainsetsanexplicit upperlimit to thein-
creasen islandsizethroughOstwaldripening.

Onceanisland hasreachedts critical size
givenby eq.I\V.3 it stopsgrowing. At this par
ticular point the attachmentate of adatoms
to the island driven by its size just equalizes
the detachmentate generatedy the bound-
ary destabilizatiordueto elasticstrain. Since
the equilibrationprocesshasto be corveyed
by thekineticeffect of diffusive materialtrans-
port, its effectivenessdependssensitiely on
temperature.

For low temperaturethe grovth processs
the slowvestandthe higherthetemperaturde-
comesghefastertheislandsapproacttheir av-
erageequilibriumsize.

Once the equilibrium size distribution is
reachedthe averageisland diameterremains
indeedconstantas can be seenin Fig.IV.4h
In the courseof equilibrationthe islandsin
thelow temperaturesystemsontinueto grov
until they reachtheir equilibrium size at an
averagediameterabove that of the islandsof
the hotter systemsasis expectedfor islands
grown underequilibrium conditions. Thusit
comesto a crosseer of sizedistributionsthat
canbecalleda key featureof the equilibration
process.

In [Sar93 theideaof crosswer effectsdue
to processewvith differenttime scaleds gen-

eralized. Here MBE-growth is describedasa
systemof self-oganizedcriticality. Growth
processesire dominatedby crosseer effects
accociatedvith differenttime scalesor kinetic
rateslike Arrheniushopping, depositionetc.
Theauthorsemphasizehatthe proposedon-
ceptof genericscaleinvarianceis valid only
asymptotically Experimentson shortertime
scalesarevery likely dominatedby crosseer
effectsasvariouskinetic ratesaretunedasex-
ternalparametershange.

IV.2.3 Thermodynamicregime

ig.IV.5 shaws the histogramsof the size

distributionstakenatatime¢ = 35swhich
is well beyond kinetics and inside the ther
modynamicallycontrolledregime. The solid
curves are Gaussiarfits to the data,omitting
thetail of smallislands.

Here, all the importantfeaturesof thermo-
dynamically controlledisland growth canbe
recovered. For low temperatureghe sizedis-
tribution has a well pronouncedmaximum.
Mostly largeislandsarepresentandonly very
few individualadatomsr smallgroupscanbe
found. With increasingtemperaturdhe size
distribution broadensindthe numberof single
adatomsncreasesiueto the entropiccontri-
butionto thefreeenegy. Themaximumof the
distribution shiftstowardssmallerislands.For
the highesttemperaturd” = 750K a distinct
maximumof thesizedistributionis hardlyvis-
ible andthe tail of single adatomsand poly-
mersbecomesiominant.For evenhighertem-
peratureshe maximumof largeislandsdisap-
pearsand only single atomsor small groups
canbefound.

For the highesttemperaturel’ = 750K,
equilibrationis very fastandthe equilibrium
sizedistribution is reachedalmostdirectly af-
tertheendof depositionLookingonashorter
time scale(Fig.IV.4b),onenoticesthatfor this
particularly high temperaturaghe averageis-
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Fig. IV.5: Equilibrium size distributionsfor temperature§” = 675K (diamonds)T" = 700K (circles),
T = 725K (squarespndT = 750K (triangles)takenatt = 35s. Thesolid linesarenumericalfits to the
data. Thetail of singleatomsandsmallislandshasnot beenincludedinto thefit. The simulationshave
beenaveragedvertendifferentrealisationgo reducenoise.

land size is indeedlarger in the kinetically
controlledregime and islandshave to shrink
to reach their equilibrium size distribution.
This effect might be causedy oversaturation
wherethe attachmenof adatomsto existing
islandsis strongly favored as opposedo nu-
cleationof new islands.Only if enoughisland
nucleihave beengeneratetheexcessatomsof
largeislandscanbedravn off. Here,it seems
importantto notethatthesizelimiting effectof
elasticstrainthat shouldpreventislandsfrom
becomingtoo large, is a comparatiely slow
processand canto someextent be overcome
by fastaggr@ationof adatomsat highertem-

peratures.

As animportantconclusiorfrom this obser
vation one can expectthat thereexists a dis-
tinct temperatur@atwhichtheequilibriumdis-
tributionis approacheimmediately

IV.2.4 Various simulation models in the
kinetic regime

o elucidatethe influenceof varioussim-
Tulation models on the evolution of the
averageisland sizesin the kinetically con-
trolled regime,Monte Carlosimulationsn the
time during depositionand shortly after have
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Fig. IV.6: The evolution of averageislandsizesand correspondingpatialislanddistributions (a) to d))
duringdepositiorfor varioussimulationmodelsis shavnin €). In a) (blueline) only depositionis consid-
ered.Diffusionandstraineffectsareneglected.b) shavs simulationresultsfor amodelincludingdiffusion
(greenline). Atoms areassumedo be immobile after attachmento anisland. c) (cyanline) depictsa
modelwith completediffusion,but atomscannotdisconnecfromislands.In d) (redline) full diffusonwith
attachmenainddetachmenprocessess used. The orangeline shavs the equivalentislandsize evolution
with anadditionalstrainfield aroundslands.(Coveragec = 4%, Flux f = 1Ml/s, Temperaturd” = 750K,

Simulationtimein a)to d): 0.17s).

beerperformedusingdifferentlevelsof model
compleity.
Thesimplestmodelpossibleconsistof ran-
domdepositionof adatom=only. Diffusionis
excludedaswell aselasticstrain. The spatial
distribution of adatomsdepictedin Fig.IV.6a)
shaws a noise-like pattern. Islandscan only
form by accidentaldepositionof adatomsat
adjacentplaces. Sinceonly islandsconsist-
ing of at leastfour atomsare countedas is-
lands,for about0.02s no islandsare detected
at all. Thenthe averageisland diameterin-
creasevery slowvly until theendof deposition
(blueline in Fig.lV.6e). Dueto the absencef
diffusionthe endof depositionalsomarksthe
endof thetemporalevolution of islandsizes.
As a next steponemight now include sur
facediffusion. The islandsin Fig.IV.6b) are

obtainedby allowing for diffusive stepsfor
single adatomswhich becomeimmobile as
soonasthey attachto anotheradatom. This
simulation schemegeneratedractal islands
which grow very fast due to their compar
atively large perimeter(greenline). Since
atomscannotmove after attachmenthe end
of depositionalsostopsislandgrowth.

In the simulationmodelusedfor Fig.IV.6¢)
diffusion along island edges is allowed.
Adatomscan, however, not detachfrom is-
lands. The islandsformed nowv are of com-
pactshapeandcomparedo thefractalislands
have a smallerperimeter Consequentlynore
islandsnucleateandtheaveragediameteiis re-
duced(cyanline).

If onenow additionallyallows atomsto de-
tach from islandsno prominentdifferencein
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IV. Kinetic vs. Equilibrium SizeDistrib utions

spatialislanddistribution or averageislanddi-

ametercanbe obsered duringthetime of de-
position(Fig.IV.6d)andredline). But now the
endof depositionno longersetsan endto is-

land growth and the averageisland diameter
increasestill attimesbeyond depositionend.
Thisefectcanbeunderstoo@dsOstwaldripen-

ing.

Theorangdinein Fig.IV.6e)shavsthetem-
poral evolution of the averageisland diame-
ter for the completegrowth modelincluding
strain,asit hasbeenusedin the previous sec-
tions. Again, during depositionthe evolution
of island sizesdoesnot differ from the ones
generatecby modelsc) and d).Sincethe pa-
rametersfor the simulationare chosenasin
the Monte Carlo simulationsin the previous
sectionswith theendof depositiortheislands
have reachedin averagesizeabore their ther
modynamicallyfavouredone.

Thoughthe spatialdistribution of islandsis
indistinguishablefrom the simulation results
in d), the straindrivesthe systemaway from
pureOstwald ripening. Insteadthe islandsare
reducedn sizeby thenucleationof new ones.
Thesdreshlynucleatedsalndsgrow coopera-
tively with thelargerislandsuntil equilibrium
is reached.Inthe abore example this equili-
bration processis by an order of magnitude
slowver comparedo thekinetic effect of depo-
sition and takes aboutone secondof time to
reachequilibrium.

Notethatthis effectwould notbevisible for
asignificantlyslower depositiorratesincethe
destabilizingeffect of strainonislandbound-
ariesis always presentand canonly be over
comeby the introductionby a much shorter
time scaleof kinetically driven islandgrowth
by usinga highflux of materialto the surface.

IV.2.5 Comparison of simulation and
thermodynamic equilibrium the-
ory

y meangf eq.(IV.3) onecancalculatehe

temperaturelependencef theaveragds-
landsizein equilibriumandcompardo there-
sultsof the kinetic MC simulation(Fig.IV.5).
With ¢; = 0.3eV andcy = 0.107eV onefinds
an optimumislandsizefor T = 0K: Ny =
2000. With increasingtemperaturethe opti-
mum island size shrinks almostlinearly and
suggests critical temperaturet T, = 775K,
where an optimum island size ceasedo ex-
ist. The averageisland sizesextractedfrom
the Gaussiarfit to the kinetic MC resultsin
Fig.IV.5 are in good quantitatve agreement
with this predictedthermodynamidehaior.
Beyond 750K the definition of a preferredis-
landsizeby meanf numericalanalysiss in-
deedalmosimpossible.

Furthermorewe can extract the dispersion
of the averageisland size asthe width of the
size distribution (Fig.IV.7). The thermody-
namictheorypredictsan almostconstanis-
persionthatincreasesignificantlyonly close
to the critical temperaturel,.. In fact,in our
kinetic MC simulationswhicharecloseto T,
adistinctincreasef thesizedispersiorcanbe
obsered, albeitwithin alarge errorbar

To investigatethe temperaturedependence
of the size dispersionin a larger temperature
range, where the MC kinetics becomesex-
tremely slow, substantiallyhigher computa-
tional efforts would be needed.

V.3 Conclusion

n conclusion,it hasbeenshavn by means
I of a Monte Carlo simulationthat right after
thedepositiortheislandsizedistribution is ki-
neticallycontrolled.For low temperaturesne
obseresmary smallislandswhile islandsbe-
come larger for higher temperaturesystems.
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Fig. IV.7: a) shavs the dependencef averageislandsizeon temperatureThe theoreticalprediction(red
line) andthe numericalresults(circles)are plotted. Error barsaretaken from the gaussiarfits to the size

distributionsin Fig.IV.5 asFWHM/2, whichis plottedin b).

During equilibrationa crosseer takes place
where the islandsin hot systemsapproach
theirequilibriumdistribution fastethantheis-
landsin cold systems.Herethe islandscon-
tinueto grow until they reachtheirequilibrium
sizethatexceedghe sizeof the hot systemis-
lands. The sizedistribution now is in agree-
mentwith thermodynamiequilibrium.

For the equilibrium regime it has been
shavn that the presentednumerical Monte
Carloresultsare in good agreementvith the
thermodynamicdindingsasfarastheoptimal
sizedistribution atequilibriumis concerned.

Similar work has been done on the de-
pendenceof the size distribution on strain
[Rat941, limited, however, to nearequilib-
rium systemsand a spatially non extended
strainfield.
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V.

Elastic Anisotropy

s has been shawvn in Chap.lll and

Chap.lV, strain givesrise to self-limited
growth of islandsizesandspatialorderingpro-
cessesThoughstrainis quite effective in lim-
iting the spatialextensionof islandsand gen-
eratesnarrav size distributionsin reasonable
amountof time, thespatialarrangementf is-
landsinducedby isotropicstrainis notaseas-
ily obtained.

It will be shavn in this chapter how
anisotropiccontritutions to the elastic strain
fields generatedy epitaxially grovn islands
canenhancehe formation of spatially corre-
latedislanddistribution.

The resultsobtainednumericallyby Monte
Carlo simulationwill be comparedo experi-
mantalfindingsgainedby liquid phaseepitaxy
(LPE) experimentsof Si;_,Ge, on Si(001)
done by M. Schmidbaueret.al. [Sch98h.
Good agreemenbetweenexperimentaldata
andsimulationss found[MeiO1b].

V.1 Intr oduction

t hasbeenamguedin the previous chapter

that, comparedo kinetic effects,the transi-
tion from agivenspatialdistribution of islands
towardsthe equilibrium stateis slow. Thisis
even moretrueif the focusis not on sizeor-
deringbut ratheron spatialarrangementf the
islands. Dependingon initial conditionsgen-
eratedby 'unordered’kinetic effects as ran-

domdepositiorandsurfacediffusion,it might
necessitatea considerableamount of mate-
rial transportto reachthe enegetically most
favourablesystemsstate.

In ary caseself-oganisationprocessethat
leadto eithersizeorderingor spatialcorrela-
tion of islandsdorely onaninterplaybetween
kinetic effectswhich areintertwinedwith ma-
terial transport,and the strain field that 'de-
fines’ equilibrium by introducinglong range
interactions.

Thoughmostof the early theoreticalwork
onspatiallycorrelatedyronth of guantundots
is basedon enegy considerations,the in-
fluenceof kinetic effects during growth has
turnedout to be crucial. Recentstudieshave
shawn, for example thatakinetic enegy bar
rier for growth onislandfacetscanleadto self-
limiting growth [Jes98 Kas99 where quan-
tum dotswith a suriacefacettedn certaindi-
rectionsare particualrly stableand hencedo
not grow fastassuminga suriacewith a dif-
ferent orientation. Thosekinetic limitations
play a centralrole for a detailedunderstand-
ing of islandgrowth andthey stronglydepend
ongrowth conditions.

The aim of this chapteris to improve the
understandingf self-oganizedquantumdot
growth by compairingexperimentatesultsob-
tainedin LPE grown Sig.75Geg.25/S% islands
with kinetic Monte Carlo simulations.In par
ticular it will be shavn that the interaction
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of an anisotropicstrainfield with kinetic dif-
fusion processesnight promotethe effect of
spatialorderingby definingnot only preferred
distances,as isotropic strain does, but ad-
ditionally introducing preferreddirectionsso
thatspatialcorrelationof islandsis moreread-
ily obtained.

V.2 Theory

V.2.1 Closeto equilibrium Monte Carlo

0 obtain Monte Carlo simulation results

thatare comparableo experimentalfind-
ings two points are of particularimportance.
First, the anisotroy of the SiGe-compound
hasto beconsideredn thecalculationof strain
fieldsandsecondlysimulationshave to beper
formedascloseto equilibriumaspossible.

Generallythe secondpartcanbetackledby
choosinga low depositionrateof 0.01 mono-
layerspersecondat reasonabhhigh tempera-
tures. Thusit is ensuredhatsingleadatoms
have a long meanfree path in comparison
to typical island sizes,and island nucleation
takes place at enepetically favorable posi-
tionsratherthanby accidentatlimerformation
causedy alarge numerof diffusingadatoms.

A sufiiciently long meanfree pathof diffus-
ing atomsis mostimportantasfarasthecom-
patibility of experimentandsimulationis con-
cernedsincetheMonte Carlosimulationis not
designedo handledissolutionof atomsfrom
the substrateasan additionalway of material
transportin LPE,ontheotherhand thetrans-
portthroughthemeltis avery efficientway of
moving atomsaroundascomparedo puresur
facediffusion.

Fortunatelytheemeging structuresn equi-
librium systemado not dependon the particu-
lar transportmechanisnwhich led the system
to equilibrium.

Ihe inclusionof anisotropicstraincan eas-
ily be doneby usingthe Greens function ap-
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Fig. V.1. Contourplot of the anisotropicstrain
enepy of a circularislandin the {001}-planefor
the system Sig 75Geg.25/Si with elastic moduli
c11 = 1.58-10"2%emg/cn?, ¢12 = 0.60-10'%emg/cn?
andcss = 0.77 - 10'2erg/cm?. b) shaws the strain
profile for acutalongtheredline in a).

proachto straincalculationdiscusseatlength
in Appendix B. Here, the elastic displace-
mentsu; arecalculatecdby meanof theelastic
Greens tensorof elasticitytheoryG;;(r, r')

u(r) = —f ErGynrPE) (VD)

The integrationis carriedout alongall is-
land boundariesvherethe line forces P; act
asthesourcef thestrain. Thestrainfield ¢;;

1. Of course the effect of temperaturas closelyre-
latedto the surfacebindingenegy. For the simulations
presentedn the following, surface and nearestneigh-
bor bondsare E; = 1.3eV and E, = 0.3eV, respec-
tively. With thoseparameterseasonablyhigh tempera-
turesshouldnotbelower than650K.
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itself is thengiven by the partialderivatives of
thedisplacements

1 (0u;  Ouy
fij = 5 8:17]' + 8:1,'2'
Sincethe Greens tensorcontainsthe elastic
constant®f theconsiderednaterialtheelastic
anisotrop is fully takeninto account.

Finally, to calculatethe modificationof the
diffusion barrierscausedy the strain,the lo-
cal elasticstrainenegiesareevaluatedoy
Ey, = % ( %1 +6%2) +

+e12€11€92 + 2C14675

(V.2)

(V.3)

wherecy1, c12 andeyy aretheelasticconstants
of a cubiccrystalin Voigt notation. In thein-
setof Fig.V.1 a strainenegy profile of a step
is shawn. The quadraticdecayof the elastic
enegy with increasingdistancefrom the step
is in agreementvith theoreticalpredictions.

For the systemSiy.75Gep.25/ 57 the elastic
constantof the binary compoundhave been
calculatedin linear approximationfrom the
bulk valuesof S7 andGe. The numericalval-
uesareshavnin TableV.1.

The nearestneighborsfor group IV semi-
conductorsare in the [111]-direction. Con-
sequentlythis is the elasticallyhard direction
whereaghe [001]-directionis elasticallysoft,
ascanbeseenn Fig.V.1.

V.2.2 Liquid phaseepitaxy

I n contrastto isotropic strain, wherespatial
orderinghasonly beobtainedfor avery nar
row parametemwindow after long equilibra-
tion times (seeChap.IV), in the systempre-
sentecbelow anisotropicstrainallows for spa-
tial orderingfor a comparatiely hugeparam-
eter window making this method of grow-
ing orderedarraysof islandslessfeebleto-
wardschangesf external parametersluring
thegrowth process.

It shouldbe noted, however, that the spa-
tially orderedstateis still a statecloseto equi-
librium whichis thusonly reachedundersuit-
able conditionsand after an appropriate(and
usuallylong) periodof time.

Hence,the experimentalresultshave been
obtainedby meansof LPE of SiGe/Si(001),
where for sufficiently high coveragea high
degreeof positionalcorrelationhasbeenob-
sened.

As comparedo well knovn growth tech-
niques such as molecular beam epitaxy or
metalorganicchemicalvapordeposition.PE
is carriedout rathercloseto thermodynamic
equilibrium[Bau8%. A metal melt (e.g. Bi
or In) containinge.g. Si and/or Ge is put
onto a Si substrateand cooled down such
that epitaxial gronvth occursvia oversatura-
tion of the melt. A more detailed descrip-
tion of the growth procedurecatbe foundin
[Sch98). As a consequence®f conditions
closeto equilibrium, highly regular, facetted,
coherentSi; ,Ge, truncatedoyramidswith a
narrav sizedistribution aregrown on Si(001).

For this materialsystemit hasbeenshavn
that the island size is independentof the
gronvth rate and growth temperaturebut is
given by a simple scaling behaior between
the island basewidth andthe Ge concentra-
tion, which corresponddo the lattice mis-
match.By varyinglayercompositiorandthus
the elasticstrainisland sizescan be adjusted
from nm- to ym-range[Dor98h

By adaptingthe Monte Carlo methodde-
scribedn thepreviouschapterso theclose-to-
equilibrium growth conditionsof LPE an ex-
planationof the emegenceof orderedisland
chainscanbegivenin termsof aninterplayof
kinetic effectsandthe anisotropicstrainfields
generatedy the islandson the Si(001) sur
face.

At this point it hasto be notedthat a di-
rectkinetic Monte Carlo growth simulationis
not yet feasiblein caseof liquid phaseepi-
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V. Elastic Anisotropy

\ | c11 [10M e/en?] [ ci0 [10M erg/en?] | cuq [10M em/en?] |

St 16.57 6.39 7.96
Ge 12.89 4.83 6.71
Si0_75G60_25 15.79 6.00 7.65

TableV.1: Elasticconstantgor Si andGe in Voigt notation[Hel82]. Theelasticconstantgor the
compoundSiy.75Geg.o5 areobtainedn linearapproximatiorfrom the bulk valuesof Si andGe.

taxy. Evenfor the comparatiely simplecase
of molecualr beam epitaxy a Monte Carlo
simulationcannottreatthe threedimensional
growth of arraysof fully developedislands.

However, with appropriately}chosergrowth
parametersand a self-consistentlyincluded
strainfield, a kinetic Monte Carloroutinecan
simulatethe initial stagesof epitaxialgrowth
processesloseto equilibrium conditionsun-
til plateletsof islandsarise[Sch98dBos99a
Pri9q.

In Chap.IVit hasbeenshavn thatfor suffi-
ciently long simulationtimesfrom an initial,
kinetically controlled regime thermodynami-
cally limited close-to-equilibrim conditions
can be reached. Thereforeit is appropriate
to comparel PE experimentso Monte Carlo
simulations performed with an anisotropic
strain field using the elastic constantsof Si
andGe.

V.3 Experimental and numerical re-
sults

n LPE experimentgSch98h the formation
Iof island polymersthatis groupsof two or
more islands equidistantlyarrangedalong a
line in the (100) direction, can be obsered
for low coverages(Fig.V.2b), evolving into
extendedisland chainsfor increasingcover
ages(Fig.V.3b). This obviously implies an
anisotropidinhomogeneougrobabilityof is-
land formationaroundan alreadyexisting is-
land.

PerformingMonte Carlo simulationscon-

sideringanisotropicstrainandconsideringe-
strictionswith respecto thermodynamiequi-
librium, linearly orderedchainsof islandscan
be found in a temperatureregime of 620K
to 700K. For low and high coveragesof 5%
(Fig.V.2a) and 20% (Fig.V.3a), respectiely,
island distributions are found that agreewell
with LPE experiments. The presentedsimu-
lations have beenperformedon a 400 x 400
grid.

For atemperaturevindow of 620K to 700K
we find island chains oriented along [100]
thatcomparewell to theexperimentafindings
(Fig.V.2).

Forlow coveragemostchainsconsistof two
islandsbut islandpolymerscontainingthreeor
four islandscanbefoundaswell. Theorienta-
tion in the[100]- or [010]-directionis choosen
atrandom.

Over the whole temperatureegime, where
polymersare found, the islandstendto have
apreferreddistancefrom eachotherwhile the
distancebetweerdifferentchainsis larger, ex-
actlyasobseredin theLPE experimentsThe
centerof massof two islandsin achainareon
averagefourteenlattice constantsapart. The
averageislandsizefor atemperaturef 650K
is eightlatticeconstantén diameterHowever,
the averageislandsizeincreasesvith temper
aturesothatfor temperaturebeyond 700K is-
landsin thechainsbegin to cluster

For very low temperatureghe nucleation
processesare dominatedby random dimer
formation and the self-oganisationof island
chainsis largely suppressed-urthermorefor
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Fig. V.2: Resultsof the kinetic Monte Carlosimulation(T" = 650K, growth rate0.01Ml/s, coveragec =
0.05, after200s growth interruption. A high percentagef islandsis arrangedn dimersandtrimersalong
(100) (e.g.markedby circles).b) Atomic force micrographgictureof LPE grown Sig 75Geq.25/5i(001)
islandsatlow coverage(c = 0.02) [MeiO1b].
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Fig. V.3: SameasFig.V.2 for a coverageof 20%. a) Resultsof the kinetic Monte Carlo simulationfor
T = 650K, flux F' = 0.01Ml/s after 200s growth interruption. b) Linearisland chainsalong (100) ata
coverageof ¢ = 0.16 (Scanningelectronmicrograph) Islandsarearrangedn extendedchainsin apreferred
direction,asis markedwith lines[MeiOZ1b].
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low temperatureghe averageisland size is
small resultingin comparatrely weak strain
fields. Sincethespatialorderingisto thelarger
part corveyed by the strain,only little effects
canbeexpected.

V.4 Discussion

he emegenceof orderedchainsof islands

in LPE at sufficiently high island densi-
ties have beenattributedto anunderlyingrip-
ple patterndue to a kinetic surface instabil-
ity of the planelayer which is alignedalong
(100)[Dor984d. This effect wasfirst obsered
by [Ale88], who found that for surface re-
constructionswith broken symmetryand an
anisotropicstrain field, the surfaceis unsta-
ble towardsthe formationof elasticstressdo-
mains. In the caseof Si(001) stipesare
formedfrom stepsof monoatomidieight. This
ripple pattern,at later stagesof growth, trans-
forms into three dimensionalislands. The
correspondinglistancesetweenislandsare,
thereforedeterminedy thewavelengthof the
underlyingripple pattern. Sucha patternis
only obseredfor low Ge content(z < 0.15).
Positional correlationis obsered, however,
alsoin the caseof anabsentipple patternfor
z > 0.15.

Furthermoretheequidistanarrangementf
islandsas polymersor chainscannotbe at-
tributed to a ripple patternalone. Instead,
the positionalcorrelationis significantlyinflu-
encedby anisotropicstraineffects.

Diffusion processeson strained surfaces
leadin generako anenhancednobility of the
adatomgausedy thelowerbindingenegy in
thestrainedareasand,asaresult,anetcurrent
of atomsfrom the strainedregionsto the un-
strainedonescanbe obsered. Applying these
considerationso the materialsystemat hand
onewould expect a higherisland nucleation
ratein the elasticallyhard directions({110))

as seenfrom the island sincein thosedirec-
tions the strain decaysmore rapidly thanin

the soft directions((100)), wherethe strained
region extendsfurther away from the island
boundary On the other handin the experi-
mentaswell asin thecomputeisimulationthe
islandchainsareorientedalongthe soft direc-
tion which seemsto disprove the above rea-
soning.

As can be seenin Fig.V.1 the elastic
anisotroy of the SiGe/Si-systemgenerates
a monotonicallydecayingstrain field in the
soft (100)-direction. In the elasticallyharder
(110)-direction the strain doesat first indeed
decayfaster Thereis, howvever, alocal max-
imum of the strain somedistanceaway from
the island boundarythat leadsto an average
flux of adatomgo the areasin the soft direc-
tion, whereisland nucleationis consequently
enhanced.

For islandsof a size of eight atomsin di-
ameterthe local strain maximumin the hard
directionis tenlattice constantsway from the
islandboundary This value agreeswell with
anaverageislandseparatiorof fourteenattice
constantsascanbeseenn Fig.V.4.

Onefurther point calls for clarification. In
the LPE experimentghe nominalcoverageof
the surfaceis considerablylower thanin the
correspondindvionte Carlo simulations.Still,
the experimentand the simulationsseemto
have yieldedislandsof the samesize. Though
the simulationdoesnot treatdiffusing kations
and anions separatelyand is rather dealing
with thediffusion of effective atoms this sim-
plificationin the simulationroutinecannotac-
countfor the surplusof materialatthesurface
asit is obseredin theexperimentakamples.

The additionalmaterialis ratheraddedby
exchangeprocessesf the growing islands
with the wetting layer Suchan active wet-
ting layerhasbeenobseredexperimentallyin
a transmissiorelectronmicroscopy study by
[Lia99]. Here,Ge dotson S7(001) relaxstrain
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10 3 signedfor the simulationof MBE growth it

‘ shouldbe notedthat undergrowth conditions
closeto thermodynamiequilibriumthelarge
numberof individualhoppingeventssimulates
well the exchangeprocessesvith the liquid

phase.

4

14 ‘ >

Fig. V.4: An islanddimerin an equilibriumdis-
tancedefinedby anisotropicstrain. All measures
aretakenin unitsof thelattice constant Distances
aremeasuredrom thecenterof masgCoM) or the
boundaryof theisland.

by an alloying process.Trenchesareformed
aroundthe islandsandtheisland/substraten-
terface moves towardsthe substrate.By this
processthe island morphologychangescon-
siderablyandin the LPE grown samplesthe
islandsappeararger thanin the simulations,
whereanactive wettinglayeris notincluded.

V.5 Conclusion

t has beenshavn that under the assump-

tion of ananisotropicstrainfield calculated
for the SiGe/Si-systemthe experimentally
obsered formationof island polymersalong
the elasticallysoft (100)-direction canbe ex-
plained. A local maximumof the strainfield
in theelasticallyharddirectionprovidesaflux
of adatomgo enhanceéslandnucleatiorin the
elasticallysoftdirections.

Good agreemenbetweenexperimentand
numerical simulation has beenfound and a
satishctoryunderstandingf the processesf
the self-oganizedislandchainformationdur
ing liquid phaseepitaxyhasbeenobtainedby
thekinetic Monte Carlosimulationspresented
above.

Eventhoughthis schemeavasoriginally de-

Dissertation final version Berlin, March5, 2002






83

VI.

Stacks of Quantum Dots

VI.1 Intr oduction

For most electro-optical applicationsfor
quantumdot layers as actve mediait is
generallymostfavorableto have accesdo as
mary dots as possibleper unit area. All of
thesedotsshouldbe of aboutthe samesizeto
ensuresimilar electro-opticaproperties.

As hasbeenshavn in the previous chap-
ters, the self-oganized gronvth of quantum
dotswith a narraw sizedistribution is readily
obtainedoy choosingappropriategronth con-
ditions. All dotswith the samesize exhibit
the sameelectronicalstructureand can thus
be excited simultaneouslywith the samesig-
nal. To furtherimprove responsepne hasto
increasehefilling factorwhich is definedas
theareaoccupiedby dotsperunit areadivided
by the unit area. For purely two-dimensional
islandgrowth thefilling factoris equivalentto
the surfacecoverage By increasinghefilling
factorthedensityof dotsaddressewith asig-
nal is increasedandthus device performance
is enhancedBim96, Hei97, Max9§.

To increasdghedensityof quantundotsdis-
tributedrandomlyover the surface,they have
to be growvn in orderedpatterns. Unfortu-
nately the orderingin spatial dimensionsis
not aseasilyobtainedasa narrav sizedistri-
bution. In Chap.lllit hasbeenshavn thatspa-
tial orderingcanonly be obsered for a com-
paratively tiny parametewindow after long

equilibrationtimes. In contrastto size or-
dering, which can be readily obtained un-
der kinetically controlled grownth conditions
(seeChap.lV), spatialorderingis inducedby
island-islandnteractionswhich areactingon
an altogetherdifferent time scale. Hence,
the approachof a spatially ordered,equilib-
rium stateis time consumingat best. In sys-

tems, which allow low growth temperatures

only, equilibrium might practically never be
reachedsince reasonablesquilibrationtimes
would have to be measuredn weeksor even
months.

In Chap.Vadiversionhasbeernpresentetby
theintroductionof anisotropicstrainto obtain
laterally correlatedarrangementsf islandsif
not muchfasterbut at leastfor a considerably
larger parameterwindow than for isotropic
strain.

Anisotrofy in the surfacestrainfield canbe
obsered,moreor lesspronouncedin all crys-
tals. For appropriatesystemst createsa di-
rectionalvariationin strain strongenoughto
enhanceucleationof islandsin certaindirec-
tions andto reducenucleationin others. By
this effect the pathtowardsequilibriumis cut
short. Neverthelessequilibriumhasstill to be
approachedia long equilibrationtimes.

Now thereis evidence[Spr0( thatordered
guantumdot layerscanbe growvn without ne-
cessitatingime consumingequilibrationpro-
cessesA clever methodobtainsspatialorder
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VI. Stacksof Quantum Dots

ing by depositinga larger numberof quantum
dotlayersontop of eachotherwith thin buffer
layersof substratenaterialin between.

For thosequantumdot stacksspatialorder
ing is increasingin parallelwith the number
of depositedayers. Here, the spatial corre-
lation emepgesin a systemwith no or only
shortperiodsof equilibration,the kinetic pro-
cessef depositionand diffusion being the
only relevanttransportmechanismsNot only
the spatial arrangements enhanced. It has
beenshavn in [Ter9g Sprog Liu99b, Pin99
thatapartfromthespatialarrangemerdalsothe
uniformity of size, shapeand spacingof the
dotscanbeimprovedby growing quantundot
superlattices.

The strain field at the surface generated
by the buried layersof quantumdotsis held
responsiblefor the spatial ordering effect
[Xie94]. In the following, Monte Carlo sim-
ulationswill be presentedwvhich aim at the
gronth of self-oganizedquantumdot stacks.
Theimportantdifferenceto thepreviouschap-
ters is basically the extension of the self-
consistently calculatedstrain field into the
third dimension— which is the direction of
gronvth — so that the strain generatedoy the
buried layers can induce spatial correlations
betweenslandsatthesurface.

VI.2 Theory

VI.2.1 Experimental footing

he emepgenceof orderingeffectsin quan-

tum dot stackshasbeenobsered experi-
mentallyby cross-sectionadcanningelectron
microscop studies[Xie95¢ Eis99 or pho-
toluminescencespectroscogHei97, Hei9o§.
Novel electronicdevices canbe producedby
using very thin spacedayers[Mil99]. Verti-
cally correlatedquantumdot layer grovn by
this methodexhibit a strong electronic cou-
pling with unique properties[Fle99 Hei9§

and the resulting structureis referredto as
a quantumdot superlattice[Xie95c, Sol96
Bar97h Sch98aHei97].

Verticalalignmeniof quantundotshasbeen
obsered experimentallyin various material
systems. In [Xie95¢c, Sol9q evidence for
vertically aligned columns of quantumdots
in InAs/GaAs superlatticess given andin
[Sch984 the growth of SiGe/Si superlat-
tices is reported. Vertical quantumdot su-
perlatticesof PbSe have alsobeengronn on
Pby_,Eu,Te [Spr0Q. Here,lateralandver
tical correlationscanbe tunedby variation of
spacetayer thickness.Furthermorea differ-
ent evolution of dot sizesand shapess ob-
sened for different spacerlayer thicknesses
[Xie95d.

Vl.2.1.a Correlation

Experimentalesultson theinfluenceof strain
on vertical correlations can be found in
[Xie95q. For thin buffer layers correlated
growth canbeobsered. In Fig.Vl.1athequal-
itative behaior of the pairing probability in
dependencef the spacerlayer thicknessas
presentedn [Xie95c is given. The pairing
probabilityis definedasthefractionof dotsin
thesurfacelayerwhichhave nucleatedlirectly
above anotherdotin the buried layerbeneath.
For thin spacerayersthe pairing probability
is high andthe dots are correlated. With in-
creasingouffer layerthicknesshe correlation
effect decaysandbeyond 100 monolayersin-
correlatedyronth with apairingprobability of
0.5 is obsered.

VI.2.1.b Anti-correlation

Theproblemof how straininfluencegheequi-
librium propertief stacledquantundotshas
beentreatedtheoreticallyby [Shc98h.

This work also tries to explain the exper
imentally obsered effect of anticorrelation.
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Fig. VI.1: a) Schematiclependencef the pairing probability P, on spacetthicknessn monolayersfter
[Xie95d andb) transitionfrom correlationto anticorrelatiorof P, after[Shc98h.

Here quantumdotsin differentlayersdo not
gronv on top of each other (correlated)but
ratheron positionsmostdistantfrom the dot
positionsin theburiedlayer (anticorrelated).

It should be noted that anti-correlated
growth can occurin more complex stacking
sequenceaswell. In [Spr9g atriagonaldot
latticeswith fcc-stackingcanbe obtainedby
simulationsfor IV -V I superlattices.

The qualitative pairing probability function
after [Shc98l) in dependencef buffer layer
thicknesss shavnin Fig.VI.1b Forthin spac-
ersthe dotsgrow in a correlatedway with a
pairingprobabilityof abore 50%. Forincreas-
ing buffer layerthicknesghepairingprobabil-
ity dropsbelon 50% indicatinganticorrelated
growth.

VI.2.2 Numerical modelling
VI.2.2.a Simulatedquantundot stacks

The simulationroutineis basedon the Monte
Carlocodepresentedh the previous chapters.
To extendthecalculatiornof thestrainfield into
threedimensiongheisotropicstrainansatzn

AppendixA is used.

The simulation schemegoeswell beyond
the simulationsof [Ter9q, wherethe growth
of quantumdot superlatticeswas simulated
andvertical alignmentwasobsenred thatlead
to progressiely increasingisland sizes and
spatialordering.In contrasto the routineap-
plied here theresultswereobtainedrom sim-
ple strain calculationstreating the buried is-
landsaspoint like strainsourcesanda nucle-
ation model that placesislandsat strain en-
ergy minimabut did notincludediffusionpro-
cesses.

Neverthelessthe limitation to buried point
source®f straingivesresults,which compare
well with experimentalfindings. In [Hol99]
variousalignmentpatterngor superlattice®f
guantumdots can be explainedby assuming
anisotropicstrainto modelthe elasticislans-
islandinteractions Differentmaterialsystems
have beenelucidatedn this paper

The schematicprocedurefor a numerical
growth simulationof aquantundot stackused
in this work is depictedin Fig.VIL.2. The
growvth of the first layer starts with a per
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Relaxation

»
'

Over-

Fig. V1.2: Algorithm for simulatingthe growth of quantumdot stacks. Grawth begins with deposition
(Growth) of materialon a plain surface(a). After deposition(b) the systemrelaxes(Relaxation(c)andis
subsequentlpvergrowvn with substratenaterial(Overgrowth) andthe cycle is closed.

fectsurfacewith alocally homogeneoustrain
field (a). Then materialis depositedand in
the courseof growth islandsform in a self-
organizedway and induce strain in the sub-
strate(b). After the endof depositionthe en-
sembleis allowedto equilibrate(c) beforethe
islandsare buried beneatha buffer layer of
variablethickness.

Theproces®f cappingheislandswith sub-
stratematerialfreezesthe strainfield and all
diffusionprocessearestopped After thepro-
cessof cappingthe surfaceis againassumed
to beflat but now theburiedislandsgenerata
non-homogeneoustrain field along the sub-
stratesurface. The actual strengthof strain
is calculatedself-consistentlyfrom elasticity
theorywith the buried islandsas the sources
of strain. It dependsn amplitudeand shape
on thethicknessof the spacelayer(d). Then
anotherdepositiomprocesss startecandanev

layer of islandsgrows, now subjectedo two
sourcef strain,theburiedislandsandtheis-
landsonthesurfacelayet

Of coursethestrainatthesurfaceof astack
of guantumdotsis not only determinedy the
topmosthburied layer but all the buried lay-
erscontritute to the surfacestrain,albeitwith
decreasingelevancewith increasingdistance
fromthesurface.For all presentedimulations
in thefollowing, the straininducedby thetop
five layershasbeenconsideredor the surface
straincalculation.

However, for verythin spacefayersof, say
five monolayerghelowestconsideredayeris
separatethy only 25 lattice constant$rom the
surface. The following few layersdown to a
distanceof about50 lattice constantsare still
in a distancewhereinteractionwith the grow-
ing surfacelayer could be expected,sincein
[SprOg it hasbeenshavn that variationsin
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strainenegy by the orderof 1meV might be
sufficientto induceorderingeffects.

It is, however, assumedthattheupperburied
layershave a muchstrongerimpacton island
growth by exertingmuchhigherstrainsothat
minor contritutions from lower layersto the
total straincanbe ngylected.

This assumptioris supportedoy [Dar994,
where molecular dynamics simulations are
usedto derterminghe stresdistribution in an
orderedguantumdot superlattice.lt is found
thatembeddedslandsgenerata stresdield at
the surface,which is in goodagreementvith
analyticalexpresson®asedn pointlikeforce
dipoles. Consequentlythe stresdfield decays
rapidly andonly thetopmostburiedlayersare
of importance.

VI1.2.2.b Simplifications of the growth
model

Some important differences between the
modelusedfor simulatingthegrowth of quan-
tumdotstacksandtheactualgrowth processes
have to bementioned.

In thesimulationthebuffer layersurfacede-
finesthe surfacefor grownth of new islands.In
reality beforethe emegenceof quantumdots
a wetting layer would form coherentlyupon
the substrate. Thusthe buffer layer thickness
usedin the simulationis a relative value de-
scribing the addedthicknesse®f spacerand
wettinglayet

Themissingwetting layeralsogivesriseto
anotherimportantdifferencebetweenmodel
and experiment. For very thin buffer layers
thequantundotsarenotfully coveredby sub-
stratematerialandin the further growth pro-
cesanaterialfromthehalf-burieddotsis trans-
ferred to the substratesurface to contritute
to the wetting layer This form of interac-
tion betweenburied layer and surfaceis not
possiblein the simulationsincethreedimen-
sional growth of dots is not consideredand

only two dimensionalmonolayerislandsare
usedto mimic the buried qguantumdots be-
neaththe buffer layer

Additionally, in the growth simulationan
increasein nucleationrate at certain places
is corveyed by a locally modulateddiffusion
constantdue to surface strain alone. How-
ever, the interplay betweenburied dots and
the substrate-to-wettintpyer interface leads
in generalto dislocationsand surfacedefects
above buried dotsfor suficiently thin spacer
layers. Thesestraininducedsurfacedisconti-
nuitiesincreasethe probability for island nu-
cleation at these places, and hencean en-
hancecorrelationin verticalalignmentcanbe
expectedn experiments.

Even for thick spacerlayers the model
clearly deviatesfrom the naturalgrownth pro-
cess, since no simulation of three dimen-
sionalisland growth is performedand struc-
turalchangesn theshapeandsizeof quantum
dotsduring the processof overgrowth arenot
consideredShapdransitionshetweersurface
dotsanddotsembeddedh thebulk areacom-
monphenomenoandcausedy differencesn
the way of strainrelaxationwhich imply dif-
ferentgeometriedor the lowest enegy state
for freeandembeddediots.

A changein the inducedsurface strain is
connectedpf coursewith achangen thedot
shape. This effect cannotbe taken into ac-
countby the simulationmodel. It is, however,
assumedhatthe main contrilution to the sur
facestrainfield doesnot originatefrom mor-
phological details but is rathergiven by the
positionandlateralsizeof theislands. These
guantitiescanbe handledwell by the numer
ical algorithm and a suficient generality of
the simulationresultswith respectto experi-
mentallyobseredgrowth processesanbeex-
pected.
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Fig. V1.3: Nearesheighbordistributionfrom surfacelayerto thetopmostouriedlayerfor a) anticorrelated,
b) uncorrelate@ndc) correlatedyrowth. Thecorrespondingaluesof thepairingprobability P, is indicated
with arrows. Redcirclesin distancalistributionsdenoteheaveragedistanceof islandsn thegrowing layer

(T = 700K, f = 0.02Ml/s, c = 35%, spacethicknessa) 40MI, b) 25MI andc) 5MI)

VI.2.2.c Pairing propability

A good measurefor correlatedor anticorre-
latedgrowth in stacled quantumdot layersis

the pairing probability which indicateghera-
tio of islandsthat have grown directly above
anothelisland.A pairingprobabilityof 1’ de-
notesperfectcorrelationandthe value’0’ is

associatedvith fully anticorrelategyrownth. If

the stackof quantumdotsis growing uncorre-
lated,the pairing probabilityis equalto 0.5.

To characterizehe growth mode,the sim-
ulation routine calculatesa quantity equva-
lentto thepairingprobabilityeachtime before
ovemgrowving a completedayer of islands. To
this endthe centersof massof the surfaceis-
landsandof theislandsof thetopmostburied
layer are determined.Then, for eachsurface
islandthedistanceo thelateralpositionof the
nearestslandin the buried layer d,,,, is cal-
culated. Vertical distancesare ngylected. For
correlatedgrowth all islandsare supposedo

growv on top of eachotherresultingin com-
paratiely small distancesd;,,,. Fromall the
distancest!,,, an averagedistanced,,,, is cal-

culatedandnormalizedoy the maximumaver

agedistancepossiblefor islandson a square
lattice: d,,,/v/2, where d,,, is the average
distancebetweernislandsin the surfacelayer.

Thusa pairingprobabilityis definedvia:

dl
P, = 1-42 (VI.1)
nn

Examplesof the pairing probability P, for
thevariouscasef correlatedyrowth, uncor
relatedand anticorrelatedgronth are shavn
in Fig.V1.3a, b and c, respectiely, together
with the correspondinglistancedistributions.
The averagedistanceof surfaceislandsd,,,, is
givenasthefull circle aroundtheoriginin the
distancedistribution plots. A varianceo of
thepairingprobabilitycanbeintroducedasthe
variancein the distancego the nearesneigh-

borsa(By) = o(d},) = \(Ad'2,).
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VI.3 Simulation results

he key ingredientfor vertical correlation

of quantumdot layersis the strain field
at the surface of the stack producedby the
buried islands. The nhon-homogeneoustrain
increaseghe probability of island nucleation
at certainpositions. To allow for nucleation
to take place at thesedistinguishedplaces,
the flux rate to the surface during deposi-
tion should not be chosentoo high so that
nucleationis driven ratherby aggregation of
adatomsat enegetically favouredplacesthan
by accidentalnucleationprocesseglue to a
high overall monomerdensity For all thefol-
lowing simulationstheflux to the surfacehas

beenchoserio be0.02 monolayerpersecond.

Generally a surfacecoverageof 35% is used.
After depositionthe island configurationwas
given20 second®f time to equilibratebefore
ovemgrowing the island layer and thus freez-
ing the strain field which is calculatedself-
consistenthfrom thethreedimensionakxten-
sionof isotropic,elasticstraineqns.A.11.

All simulationsare performedon a 250 x
250 grid. Binding enegies are chosenasin
Chap.Vto be E; = 1.3eV for surfacebonds
and E, = 0.3 for the bondingbetweemear
est neighbors. The elastic constantsfor the
isotropic strain calculationare A = 0.32 -
102emgy/cm? andy = 0.54- 102 emy/cm?, sim-
ilar to the choicesin Chap.lV. With 700K as
thetemperaturaisedin all simulationsanen-
hancedadatonmobility is ensured.

VI.3.1 Correlated growth vs. deposited
layers

0 shawv the increasein spatial ordering
with the increaseof depositedlayers, a
stackof islandsconsistingof 150 single lay-
erswassimulated.After eachdepositedayer
of islandshaving a coverageof 35% each the
pairing probability P, was calculated. The

i e

050 2

025+ .

! 10 100

Layers deposited

Fig. VI1.4: Evolution of the pairing probability P,
in dependencef the numberof depositedayers
consistingof island layer and cappinglayer The

error barsdenotethe variances = /(Ad'2,) of
thepairingprobability. (7" = 700K, f = 0.02Ml/s,
¢ = 35%, buffer layerthicknessl 5MI, simulation
time 37.5s/layer)
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Fig. VI.5: Sizedistributionsfor buffer layer thicknesse®f a) thirty, b) fifteen and c) five monolayers.
The differentcolorsdenotethe sizedistribution after5 (red), 10 (orange),15 (green)and20 (blue) grovn
island layers. The vertical line marksthe optimal island size for equilibrium conditions(after eq.IV.3).
(T = 700K, f = 0.02Ml/s, ¢ = 35%, simulationtime 37.5s/layer)

spacerthicknesswas chosento be 15 mono-
layers. The resulting dependenc®f P, on
the numberof depositediayersis shavn in
Fig.V1.4.

For the first few layersthe pairing proba-
bility is closeto 0.5 indicating uncorrelated
growth. From the fifth layer on the pairing
probability clearlytendstowardslargervalues
witch is asignof correlatedslandgrowth. Af-
terthedepositiorof 20 layersthepairingprob-
ability reachesa value of 0.8 and increases
only very slowly beyondthis point.

For all further simulationsa stackheightof
twenty layers hasbeenassumedo be suffi-
cientto characteriz¢he gronth mode.

VI.3.2 Sizeordering vs.depositedlayers

or theabove simulationwith abuffer layer
thicknessof fifteenmonolayersaswell as
for two equialent simulationswith five and
thirty monolayersspacerthickness, respec-
tively, thesizedistribution functionshave been
calculatedhftereveryfive depositedslandlay-
ers.Theresultsareshavn in Fig.VI.5.ato c.
It canbe seenthatwith increasinghumber
of depositedayersthe sizedistribution shifts
towardslargerislandsizes.This effectis most

pronouncedor thin buffer layers(Fig.VI.5.c).

The shift in the averageisland size canbe
understoodsthe approactof the equilibrium
state,asit hasbeendiscussedn Chap.V.The
additional strain from the buried layers en-
hanceshe mobility of the diffusing adatoms
which is comparabléo anincreasen temper
ature. A higher growth temperaturepn the
other hand, meansa fasterevolution towards
equilibrium. Additionally, theinhomogeneous
strain field createspreferrednucleationsites
for islandingat placesof reducedstrain. This
effectinducesaspatialcorrelatiorbetweerthe
growing layerandthe buriedlayersagainpro-
motingequilibrationof theislands.

In Fig.VI.5a to ¢ the averageisland size
for equilibriumislandscalculatedaftereq.IV.3
hasbeenmarked asagreenyverticalline. The
effect of strainis reducedor thick buffer lay-
ers,hencethe acceleratiornn the equilibration
processis less pronouncedor spacerthick-
nesse®f fifteen andthirty in Fig.VI.5.aand
b, respeciiely.

VI.3.3 Correlatedgrowth vs.coverage

he dependencef the pairing probability
onthetotal coverageof theislandlayerhas
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Fig. VI1.6: Dependencef the pairing probability
onthesurfacecoverage Errorbarsdenotethevari-
ation ¢ in the pairing probability (I" = 700K,
f = 0.02Ml/s, spacetthicknesslOMI, relaxation
time 20s/layer)

beenstudiedby computingthe pairing proba-
bility afterthegrowth of twentystacledisland

layerswith varying coverageand a constant
buffer layerthicknessof tenmonolayers.The

resultcanbeseenin Fig.VI.6.

For very low coveragesbelov 10% the
pairing probability indicates anticorrelated
gronth. As a result of the low coverage,
the distancebetweenislandsis comparatiely
large andhencethe areasof straininducedby
the buriedislandsdo not overlap(Fig.VI.7.a).
Thus,adatomsaredrivenaway from areasatop
buried islandsand nucleationtakes placefa-
vorably in betweenburied islands,wherethe
strainfield is lowest. This consequentlyeads
to anticorrelatedjrowth.

For a coverageof about10% the growth
proceedsuncorrelated. For coverageswell
above 10% the gronth mode changedo cor-
relatedgrowth. Here, the strain betweenthe
islandsis strongdueto adeceasingslandsep-
arationwith increasingcoverage Now thenu-

cleationontop of buriedislandsbecomesnore
favorablesinceherethesurfaceis only weakly
strained.This canbeunderstoody looking at
the strain generatedat the island boundaries.
The strain discontinuity along the boundary
of large islandsinducesa constantstrain at
theislandcenterwhichis usuallywealer than
thestrainin betweerislandsif the coverages
highenough(Fig.VI.7.b).

Thepairingprobabilityfunctionin Fig.VI.6
hasa maximumat a coverageof ¢ = 35%.
Furtherincreaseof the coverageeadsto clus-
tering of islandsand the correlationeffect is
reducedagain.

For thefollowing simulationsthe peakcov-
erageof 35% hasbeenchosenn orderto ob-
tain the maximumcorrelationeffect.

It hasto be mentionedthatin experiments
the effect of anticorrelatiorfor low coverages
hasnotbeenobsered. In thiscontet it seems
importantto recall thatthe simulationis lim-
ited to straineffectsthatarepurelyenegetical
in nature. Dislocations Jattice defectsor sur
facereactionscausedby strain, which could
well sene asislandnuclei,arenotincludedin
the numericalroutine. Thesephenomenalo,
however, influencethe island nucleationcon-
siderablyin growth experimentgKun0d.

VI1.3.4 Correlation and Anticorr ealtion

n thelastpartof this chaptethedependence
I of the pairing probability on the buffer layer
thicknesds scrutinized.Simulationswith pa-
rameteroptimizedfor correlatedgronth have
beendone with varying spacerthicknesses.
For a coverageof 35% the pairing probabil-
ity after the twentiethdepositedisland layer
hasbeencalulatedo give adependencef the
pairing probability on spacethicknessshavn
in Fig.V1.8.

For aspacethicknesof lessthan15 mono-
layersthe growth is correlated. For increas-
ing buffer layerthicknessethecorrelationde-
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VI. Stacksof Quantum Dots

a)

b)

Fig. VI.7: Spatialdistribution of strainfieldsfor the caseof a) low coveragewith ¢ = 5% andfor b) high
coveragewith ¢ = 35%. Areasof low strainappearblue. Highly strainedregionsarecoloredred. Island
layersarecappedvith a spaceiof two monolayershickness(T' = 700K, f = 0.02Ml/s, spacetthickness

2MI, relaxationtime 20s/layer)

NEDET
-
d

Spacer thickness

Fig. VI.8: Simulationresultsfor the dependece
of the pairing probability on the spacetthickness.
Error barsrepresenthe variationo of the pairing
probability. (T' = 700K, f = 0.02Ml/s, ¢ = 35%,
simulationtime 37.5s/layer stackheight20 island
layers)

caysandgivesuncorrelatedjrowth for abuffer
thicknessof about25 monolayers. For even
thicker spacetayersthegrowth becomeanti-
correlatecandassumeaminimumfor abuffer
thicknesof forty monolayersFromherewith

increasindouffer thicknessary correlationef-

fect betweensheetsof islandsdecaysagain
anduncorrelatedyronth is obsered for spac-
ersthicker thansome50 monolayers.

VI.3.4.a Correlatedegime

The correlatedgrownth regime can be found
for thin spacerthicknesses. Here, as has
beenamguedabove, the leaststrainedregions
areareasabove centersof buriedislands(see
Fig.VIL.7.b). The effect of lower strainabore
island centersis solely inducedby the island
morphology especiallyits size,and vanishes
fastwith increasingspacethicknesssincefor
theisotropicstrainmodel,the strainprofile of
aburiedislandbecomesnoreandmorespher
ical with increasingdistancefrom the island.
In the limit of large distancesthe buried is-
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Fig. VI.9: Evolutionof pairingprobabilitydependingn depositedayersfor thecaseof correlatedyrowth.
Thethreetopmostislanddistributionsareshavn in b), ¢) andd). Coveragec = 35%, spacethicknesss 5
monolayers? = 700K, Flux f = 0.01Ml/s, simulationtime 37.5s/layer stackheightis 20 layers.

land canbetreatedasa point sourceof strain
with asphericaktrainfield.

It is thusimportantto note that the extent
of correlatedgronth doesnot only dependon
the spacerthicknessbut rather on the com-
binedeffect of the averageislandsizeandthe
buffer layer thickness. This obseration is in
clearcontrasto anticorrelatedyrowth, aswill
beshavn below.

As aconsequenceprrelatedgronth canbe
obsered for thin buffer layersand large is-
lands. In Fig.VI1.9.athe evolution of the pair
ing probability in dependencef the number
of grown layersis shawvn. The huffer layer
thicknessfor this simulation was chosenas
five monolayers.

For the first few layersthe growth occurs
uncorrelatedand then becomesincreasingly
correlatedup to the 16th layer where the
pairing probability reachessaturationand re-
mainsalmostconstantt a valueof P, = 0.8.
In Fig.VI1.9.b to d the island distributions of
the topmostthreeisland layersare shavn to
demonstratéhe spatialcorrelationin the ver-
tical direction.

The interplay of spacerthicknessand is-
land size might also explain why correlated
growth is not instantlyobsered. For the first
few island layersthe growth occursuncorre-

lated but the size distribution shifts consider
ably towardslarger islands(seeFig.VI.5) fi-

nally giving rise to correlatedgrowth asseen
in Fig.V1.9.a.

VI1.3.4.b Anticorrelatedregime

As hasbeenseenin the previous section,for
large buffer layer thicknesseghe buried is-
landsappealaspoint sourcef strainandthe
strainfield atthesuriacehasacircularsymme-
try aroundthe island with a maximumvalue
vertically above the islandcenter Nucleation
of islandsat the surfaceis consequenthen-
hancedbetweertheislandsandanticorrelated
growth is obsenred.

Sincethis growth modedoesnot dependn
the lateral extensionof the buried islandsas
sensitvely asthe correlatedgronth does,the
onsetof anticorrelatedgronth is alreadyvis-
ible for the first few grown island layersin
Fig.VI1.10. After ten depositedisland layers
the pairing probability reachesaturationat a
valueof 0.26. Fig.VI1.10.bto d shav the last
threeislandlayersof thestackconsistingof 20
layersin total. Theislanddistributionsclearly
shaw vertically anticorrelatedyrowth.

If the buffer layer becomeshicker thana
critical thicknessof some50 monolayerghe
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VI. Stacksof Quantum Dots
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Fig. VI.10: Evolution of pairing probability dependingon depositedayersfor the caseof anticorrelated
growth. The threetopmostisland distributionsare shovn in b), ¢) andd). Coveragec = 35%, spacer
thicknesss 40 monolayers] = 700K, Flux f = 0.01Ml/s, simulationtime 37.5s/layer stackheightis 20

layers.

increasinglistancdo thestrainsourcesesults
in strainfields too weakto influencethe sur
facekineticsof diffusingadatomsignificantly
andthegrowth occursuncorrelated.

V1.4 Conclusion

t hasbeenshawvn in this chaptetthatsucces-

sive overgrowth of island layerswith sub-
strate material under the assumptionof an
extended three-dimensionatrainfield leads
to an improvementof the self-oganizedsize
ordering and spatial arrangemenbf the is-
lands. Thermodynamicaéquilibrium canbe
approachedvy kinetic depositionand diffu-
sion processesalonewithout equilibratingthe
systemfor long periodsof time.

For thin buffer layers, correlatedgronth
can be found. Apart from the spacerthick-
ness,correlatedgronth dependson the aver
agesize of the buried islandswhich alsoin-
creasesluringthe stackingprocessThus,the
self-oganizedincreasan averageislandsize
inducesanadditionalaidin growing correlated
islandstacks.

For large spacer layers anticorrelated
gronth can be obsered and for buffer
layer thicknessesbeyond growth proceeds

uncorrelated.

Theseobsenrationsarein qualitative agree-

mentwith variousexperimentafindings.
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VII.
Conclusion

n all the previous chapterghe effect of self-
I organizationdid have a majorimpacton the
dynamicsof island growth. For the particu-
lar systemof heteroepitaxiallygrowving quan-
tum dots on a semiconductorsurface it has
beenshavn thattheelasticstraingeneratedby
thelatticemismatchof substratendadsorbate
is intimately connectedo the self-oganizing
processeby providing a meansof long range
interactionbetweerthe growing dots.

All simulationspresentedn thiswork were
limited to theinitial, two dimensionaphaseof
growth, wherethe first monolayeris formed.
Theseislands determineduring the further
stepsof threedimensionabrowth the sizeand
locationof thefully grown quantundots. The
Monte Carlo simulationroutine describedin
chapterll, which was usedfor all presented
simulationrunsincludedatominteractionsel-
ementaryfor surfacekineticsanduseda self-
consistentlycalculated,extendedstrain field
generatedy the growing islands. Detailson
interactionterms and the simulation routine
have beengivenin chaptetl.

[

Though short rangedinteractionslike the
nearesheighborbindingenegy mightbe suf-
ficient to induceorderingeffectswith respect
to shapédoy preferringcompacislands neither
sizenorspatialorderingcanbeobseredin the
absencef elasticstrain. It hasbeenshavn in
chaptedll thatfor islandswith increasingsize

alsothe contritution of strainalongtheisland
boundaryincreasesConsequentlyhe growth
of islandsis hinderedby a destabilizingeffect
of strainandsizeorderingis induced.The av-
erageisland size assumedn an ensembleof
islandsincreaseswith increasingtemperature
upto acritical point,wheretheislandsbegin to
dissociatels thesystemallowedto equilibrate
for a certaintime, a temperatureegime can
be found,wherethe sizedistribution becomes
narraw, i.e. mostislandsareof the samesize.
By increasingthe surface coveragethe aver
ageislandsizeincreaseaswell upto thepoint
of about35% wherecoalescencef islandsor
the transitionfrom two-dimensionato three-
dimensionalisland gronth becomegelevant.
Note, however, that this result hasbeenob-
tainedfor systemswith no or only shortequi-
libration times. Hencethe temperaturede-
pendenceof the averageisland size given in
chapterlll is valid only for kinetically con-
trolled systems. In thosesystemshe flux of
atomsto the surface during depositionhasa
pronouncectffect on theislanddensityonthe
surface,whichincreasesvith increasinglux.

The strain field doesnot only inducesize
orderingeffectsbut is relatedto spatialorder
ing aswell. Sincethe elastic strain extends
along the substrateover distancesof the or-
der of typical island separationsit generates
an island-islandinteraction. This interaction
definesanoptimalseparatiorof islandsor cre-
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VII. Conclusion

atespreferrednucleatiorsites. As aresult,is-
landsgrow in orderedpatterns. This interac-
tion, however, hasbeenfoundto be weakand
spatialorderinghasbeenobsered for a nar
row parametemwindow of high temperatures
and long equilibrationtimes only. Addition-
ally, apropercoverageof about35% hasto be
choserto minimizeislandseparation.

An optimizedsetof parameterso achieve
good spatialorderingand a narrawv size dis-
tribution hasbeenidentified as high temper
atureT = 700K, low depositionflux f =
0.001Ml/s, a high coverageof 34% andalong
equilibrationtime of T' = 500s.

[}

As hasbeenseenin chapterlll the relax-
ation time clearly affects the averageisland
sizesaswell asthe spreadn thesizedistribu-
tion. Actually, thereis a fundamentadiffer-
encebetweenkinetically controlled systems,
which have hadno or only little time for equi-
libration, and systemswhich arecloseto the
thermodynamiequilibrium, aswasshavn in
chaptenV.

In the kinetically controlledregime the av-
erageisland size increaseswith the systems
temperatur@andsmallislandsareexpectedor
low temperaturedarge islandsfor high tem-
peraturesThisbehaiour hasbeernverifiedex-
perimentallyaswell asin theory Thermody-
namicequilibriumtheory however, predictsa
differenttemperaturelependencef theisland
sizes,wherethe averagesize decreasesvith
increasingemperature.

Longtime Monte Carlosimulationsfor dif-
ferent temperaturegpresentedn chapterlV
have shavn, that the averageisland size dur
ing or shortlyafterdepositionindeedfollows a
distribution asis expectedfor kinetically con-
trolled systems.In the courseof equilibration
the averageislandsizesslowly approachtheir
equilibrium valuesand a crossover from ki-
netically controlledsize distributions towards
equilibriumsizedistributionscanbe obsered

in the Monte Carlosimulations.

In the kinetically controlledregime the av-
erageislandsizeis determinedby the island
density which varieswith depositiorrate,and
the strain, which limits the island size. For
the thermodynamicallycontrolled casestrain
alone setsthe limit to the island sizesand
the final self-oganizedsystemsstateis com-
pletely independenof the depositionproce-
dure.

[ ]

By introducing anisotropicstrain into the
simulationroutineit hasbeershavnin chapter
V thatcertainorderingeffectsin heteroepitax-
ial materialsystemscan be explainedby the
elasticanisotroy of thegrowing compound.

It hasbeenshavn by [Sch98l) thatin the
materialsystemsSio 75Gep.25/ St spatialself-
organisationof islandsalong Si(100) direc-
tion canbe obsered in LPE grovn samples.
By includingtheanisotropidoulk elasticmod-
uli for Sig75Geg.25 into the strain calcula-
tion, alocal minimum of the elasticstrainen-
ey hasbeenidentified. This minimum en-
hanceghe nucleationprobabilityin the (100)
direction and thus generatespatial ordering
in a preferreddirection. Qualitatively a good
agreemenbetweerthe simulationresultsand
theexperimenthasbeenfound.

For low coveragesof about4% mainly is-
land polymersconsistingof two or threeis-
landsform. For increasingcaveragesof 10%
long islandchainscanbefound,resultingin a
ratherregularpatternatthe surface.

However, it hasto be mentionedthat the
simulationroutineis notableto captureall rel-
evantprocessefor LPE growth by designand
agreemenbetweersimulationandexperiment
canonly be expectedasymptoticallyi.e. close
to thermodynamiequilibrium.

Thoughit would be a major taskto adapt
the programcodeto simulatingLPE growth
it would certainlybeinterestingto includean
active wetting layer asit is obsered in ex-
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periment.An active wetting layerwould con-

tribute materialto the growing islandsin de-

pendencen the local strainandsignificantly

differentgrowth dynamicscould be expected.
[}

In chapter VI the self-oganisation pro-
cessesn quantumdot superlatticebiave been
investigated. It hasbeenshavn that the re-
peatedgrowth of quantumdot layersin aver
tical direction,separatednly by athin buffer
layer, is a potentway to introducespatialor-
dering. Again, the elastic strainis held re-
sponsiblefor the emegenceof self-oganized
spatialcorrelation,sinceafter overgronth the
strain of the buried islandscreatespreferred
nucleatiorsitesonthecrystalsurface.

After a certainnumberof depositedayers,
dependingnthethicknesof the buffer layer,
spatialcorrelationcanbefoundfor sufficiently
large islands. Additionally, the averageisland
size increaseswith the numberof deposited
layers. Again, this effectis morepronounced
for thin buffer layers.

If theaverageslandsizebecomesoo small
or the separatingouffer layer too thick, anti-
correlatedgronth canbe obsered. Here,the
islandsin the topmostlayer grow in between
buried islands. In the Monte Carlo simula-
tions the transitionfrom correlatedgronth to
anti-correlatedgrownth with increasingspacer
thicknessor decreasingurface coveragehas
beenfoundandis in goodagreemenivith ex-
perimentabbsenations.

Optimal parametersets have beenidenti-
fied for correlatedand anti-correlatedyronth
asT = 700K, f = 0.01Ml/s, ¢ = 35%
and a spacerthicknessof 5 and 30 mono-
layers, respectiely. Theseparameterdead
to well pronounceccorrelated/anti-aoelated
growth conditions after the deposition of
twentymonolayers.

As afuturetaskonemight addthe possibil-
ity to computeathreedimensionaktrainfield,
which includescubic anisotrop. It is likely

thatcorrelationandanti-correlatioreffectsare
relatedto elasticanisotroy. For certainpa-
rametewindows theself organizatiorwith re-
spectto sizeorderingandspatialarrangement
of islandsmight be further improved by the
introductionof spacetayerswith high elastic
anisotrop.
[}

The calculationof anisotropicstrain as it
waspresentedn this work is limited to cubic
crystals. Furtherinterestingresultson growth
dynamicsmight, however, be obtainedby in-
troducinga programcodewhichis ableto deal
with fully anisotropiccrystalsandis not re-
strictedto a certainsymmetry This exten-
sion would allow for a generalapproachto
materialspecificsimulationswhich have been
performedfor the cubic SiGe/Si systemin
chapterVwith greatsuccess.Also additional
orderingeffects might be obtainedfor differ-
entsymmetriesn the elasticanisotrop.

Another valuableextensionof the simual-
tion routine would be the option to include
thetransitionfrom two dimensionabrowth of
islandsto threedimensionalgrowth of quan-
tumdotsin a self consistentvay. This, again,
would necessitatéo expandthe strain calcu-
lation into the third dimensionto calculatea
strainfield in dependencef the exact shape
of the dots. By this improvementstatements
aboutthe critical layer thicknessfor the tran-
sition from 2D to 3D growth could be gained
or even estimatesaboutkinetically controlled
guantundot shape®xtracted.

Also, the full three-dimensionashapeof
the quantumdots may influencethe correla-
tion and anti-correlationeffects in quantum
dotstacks.

Dissertation

final version

Berlin, March5, 2002






99

A.

Appendix — Isotropic strain

I:or isotropicmediathe displacementield u(r) generatedby theforcesF satisfiegsheinhomo-
geneousdifferentialequationLan7q

E
F = — (A
2(1+u)( ur

5.V u)) (A1)
This equationlooks like Poissors equationin electrostaticeand can be solved similarly. The
homogeneoufrm of eq.A.lis alsocalledNavier's equation.

A solutionto this equationis to be foundfor the specialcaseknonvn asCerruti’s problem(see
Fig.A.1) of atangentiaforceactingon the boundaryof a semi-infinitesolid. For the solutiontwo
potentialshave to be defined:the Lamésstrainpotentialandthe Galerkinvectorpotential. Each
of thebothpotentialds asolutionto eq.A.1.

Accordingto Helmholtzs theorem,ary vectorfunction u canbe written asa sum of terms

z

v

Fig. A.1: Cerruti's problemof atangentiaforce F' actingonthe boundaryof ansemi-infiniteplanealong
thez direction.
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A. Appendix — Isotropic strain

resultingfrom a scalaranda vectorpotential® and ¥, respectiely.
u = Vo4+VxW, with V- = 0. (A.2)

If onechoosesA® = const. and¥= (), the scalarfunction ® is called Lamé strainpotential
andit is easyto shav thatary harmonicfunction® canbeusedto satisfyNavierseq.A.1with

1
= — = ). A.
u o Vo, (u = const.) (A.3)
Furthermoreonecandefinea vectorpotentialV, thatis connectedo the displacementfield by
2uu = 2(1-v)AV-V(V-V). (A.4)

This, again,is agenerakolutionto thehomogeneoubllavier's eq.A.1,if the GalerkinvectorV
is abiharmonicfunction, sincethe substitutiorof eq.A.4in eq.A.1givesA(AV) = 0.
To solve Cerruti’s problem,a specialchoicefor ® andV is made

Ar
o — Czx ’ vV = 0 ’ (A.5)
Ttz Bz In(r + 2)
andeq.A.3andeq.A.4superponeads
2pu = VO +2(1-v)AV-V(V-V). (A.6)

to give the solutionof thehomogeneousq.A.1.

By usingthe generalizedHooke’s law, which relatesthe displacementield u definedby the
straintensorcomponentg;; to the stesstensorcomponentsr;; the constants4, B andC can
be determineddy the conditionsof vanishingstressat the surfacefor o, andoy,, while on ary
horizontalplaneatdepthz from the suriacethe sumof all forcesalongthe z-axismustbalanceF,
i.e.

/ / pr dyds = 0. (A7)

—00 =0

Onefindsfor theconstantsd, B andC:
|F[(1 —2v)

|F| B [F[(1 —2v) c = - (A.8)

A Ar(1—v)’ T am(l-—v) 2

Now, thedisplacementsanbecalculated:

F| [, 22 T 7’
= Sl i+ ra-2 -
te Admpr +r2+( v) r+z (r+2)2

F| [oy zy(l—zw]
_ _ A9
Uy Adrpr | r? (r + 2)2 (A.9)
|F| [zz z(1-— 21/)]
- __l_i .

drpr | r? r+ 2z
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Thecomponent®f the straincanbe calculatedusingthe strain-displacememtlations

1 (0u; Ouj
i = = A.10
£ij 2 ((%j + Bmi> ( )
toyield
F|z 3. 2 2, 2 1 -2 o 3rt+z 9 2
I P _—ﬁ(ﬂﬁ —v(y +Z))+m (1=3v)r" — T+Z(y +vz”)
Eyy = eI __T_Q(y —v(z +Z))+m B —v)r - T+z($ + vy*)
_ 32 v z2v) (e A1l
€22 2 ir? | (2" —v(@” +y7) o7 1T merpel Ca ) (A11)
[Fl(1+v)z | 322 v(l-2v) o o 2rz?
T 8T Toaur [T T rreE \ T T re
3|F|(1 +v)z2?
Exz — Eax = 2 5
THT
3IFI1+v)zyz
fyz T fay T 2w prd )

Theseexpressionsimplify considerablyf the z-dependences ngglectedby settingz = 0:

Egz = :2‘:5 [—562(1—{—41/—61/2)—yz(l—u—3u2)]

= EE [P -6 - )

Err = % [222(1 = v) = ?(1 = 110 + 67)] (A.12)
Ery = Eyo = %[V(l—w]

Erz = Eyz = Ezp = Euy = 0.
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B.

Appendix — Anisotropic strain

or acompletemodellingof the elasticstrainon crystalsurfacesit is indispensabléo include
Fanisotrop effects. This canbedoneby theuseof the Greenstensorformalismfrom elasticity
theory The completesetof equationdor the strainfield for the generalcaseare quite involved,
insteadthe strainwill bederivedbelawv for the specialcaseof a cubiccrystal. However, the cubic
symmetryis assumedby mary relevantsemiconductomaterialdike Ga As andSiGe.

B.1 Greenstensorformalism

nanisotropicrystalthatis subjectedo externalforcesP; (r) actingonits surfacewill respond

with a deformationthatis representedby the elasticdisplacementield u(r). The displace-
mentsaredeterminedy theequilibriumequationf elastictheoryin thebulk [Lan7(, usingthe
summatiorcornventionover equalindices,

Vi [Nijim(£)Viun(r)] = 0 (B.1)

wherevanishingbody forcesare assumed. The forcesacting along the boundaryS enterthe
boundaryconditions

15 (r) [Aijim (£)Vium(r)] [s = Pj(r) (B.2)

wheren,(r) is theexternalnormalto the crystalsurace.
Formally, eq.B.1with theboundaryconditionsB.2 canbesolvedby thesolutionof anequivalent
setof equations

V; P\ijlm(r)vl Gmp(ra rl)] = 5ip5(r - rl) (B.3)

whereG(r,r’) is the static Greens tensorof elasticity theory Its componentss,,,(r,r') are
the elasticdeformationsu,(r’) causedby a unit force actingat point r in directionm. These
componentsatisfythe stressree boundaryconditionsof a crystalsurface

n;(r) Nijim (r) Vi Gup(r,t)] s = 0 (B.4)
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Theelasticdisplacements;(r) canbeobtainedrom eq.B.3by multiplying bothsidesby u;(r)
andintegratingover all space

/dsrui(r)vj Nijim (£) Vi Grp(r,1)] = /d?’rui(r)éipé(r—r') (B.5)
% v

Integrationby partsgives

édQTUi(r))\ijlm(r)lemp(rar,) —/Vd?’r [Nijim (£)Vjui(r)] Vi Grp(r,1") = up(r’) (B.6)

The surfaceintegral vanisheduy insertingthe boundaryconditionsB.4. Then,by applyingthe
symmetryrelation\;; ;,, = A, i @andanotheiintegrationby partsof thesecondntegralin eq.B.6
oneobtains

—fgd% Grap (5 £) A () V jug (r) +/Vd37“ Grmp(r, T) Vi [Mimij (1) Vjui(r)] = up(r'YB.7)

Thesecondsummands equalto zeroascanbe seerby substitutingheequilibriumeq.B.1.In-
sertingtheboundaryconditionsB.2, exchangingr with r' andapplyingthetheorenof reciprocity
for the Greens tensorcomponentss;;(r,r') = G;(r, r') onefinds

wi(r) = —72 d&2r' Gy (r, ') Pi(r") (B.8)

B.2 Greenstensorcomponents

ow, the Greens tensorcomponents;;(r, r’) have to befoundfor the specialcaseof a semi-

infinite crystalwith a planar stressfree surfaceat z = 0. Furthermorethe crystalwill be
assumedo be homogeneouthroughoutthe lower half plane(z < 0). Thenthe component®of
the Greens tensordependonly on thedistancesAz = z' — z andAy = ' — y. If onerestricts
all considerationso the surfaceof thecrystal,the z-componentsf r andr’ areequalto zeroand
onefinds

G(r,r') = G(Az,Ay) (B.9)

For thefollowing derivationof the Greenstensorcomponentg will bemostconvenientto carry
outatransformationnto Fourierspace.To thisendforwardandbackward Fouriertransformations
of aquantity A(r) aredefinedas

Ak) = / &re ™ A(r) (B.10)
Afr) = % / &r ™ A(K) (B.11)

Eq.B.8in Fourierspacehenreads

ai(k) = —Gij(k) Pj(k) (B.12)

Now, the static Greens tensorfor a cubic crystalin k-spacehasbeenderived by Portzand
Maradudin[Por77. Unfortunatelythevectorialbasisfor theabove considerationsvill in general
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not be the sameasfor the tensorcomponentgy;,,, (k) usedin [Por77. To find the components
G‘ij(k) it is necessaryo introducearotationof coordinatespaceby anangle® sothatéij canbe
expressedn termsof g;,,, .

Thisrotationmay be expressedy thetransformatiors; andits backtransformations;; Llike

ng —ny 0 Ng Ny 0
Sy = | ny ng 0|, S;'=1]-ny ng 0. (B.13)
0 0 1 0 0 1

wheren, = cos ® andn, = sin ® arethe component®f thetwo dimensionalnit vectorn in
directionof k. Thenthecomponentsf the Greenstensorin Fourierspace’;; aregivenas

Z i 9im(K) Simj (B.14)
or explicitly
émm (k) = ni gmm(k) NaxNy Gy (k) NgNy Gyx (k) + n? y Jyy (k)
éwy k) = NgNy Gux (k) + ”?c Gy (k) — Ty gyac( ) — NNy Gyy (k) (B.15)
Gyiﬂ (k) = TNgNyJzz (k) - n:l2/ Gzy (k) + n2 gyw( ) nzny Gyy (k)
éyy (k) = Ny gww( ) + NgNy Gy (k) + Ngny gycc(k) + n’ x Jyy (k)

From[Por77 theform of the Greens tensorcomponentsf acubiccrystalatthecrystalsuriace
is known to be

glm(k) Hlm( ) (B.16)

C44 k

With c44 = Ay,y. the sheamodulusof a cubic crystaland#,,,, dimensionlespolynomials that
reflectthe angulardependencef anisotropicstrain. The polynomialsH,,,, dependonly on ratios
of elasticmoduliandthedirectionof k. By retainingonly thetwo lowestorderpolynomialsH;,,
canbeapproximatedo be

Hyz(n) = [AH + 8 Bi1 (n nz - 1)]

8
1
Hoy(n) = 4Bian, ny(nj —n2) [1 +8C12 (ni ; - §>] (B.17)
1
Hye(n) = 4321nzny(n§—n ) [1-|—8021 ( §_§>]
1
Hyy(n) = [A22 + 8 By (ni n; — §)]

while the necessesargymmetrypropertiesare still obeyed. Theseinterpolatedformulasshav
goodagreementvith the exactsolutionsobtainednumericallyin [Por77 (seealsoFig.B.1). The
constantsdyy, Asg, Bi1, B2, Ba1, B, C12 andCy; containthe materialparameterghatdeter
minethe anisotropigparametersf the crystal. The cubicanisotroy canbe eliminatedby setting
Bi1 = Bi1g = By; = Byy = 0. Thisis donein AppendixC to shawv the equvalenceof strain
fieldsfor theisotropicandthe anisotropicexpressions.
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To find the Green$ tensorcomponentsn real space,eqns.B.17have to be insertedinto
egns.B.15andthe Fourier backtransformto be applied. As it turnsout afterlengthyand cum-
bersomeevaluationsof Fourierintegralsof up to sixth orderpolynomials[Shc998, the Fourier
backtransformis rathersimple.It canbe obtainedsimply by thefollowing substitutions

E — —27'(' - Ng — My,
wherem is the unit vectorin realspacewith m, = z/r andm, = y/r; Thebacktransformthen

yieldsfor the Greens tensorcomponents

Ng Ny — —My My, nz — mi (B.18)

Guaalt) = 5 [ e (m) 11 oy (0m) 4 10 oy (0m) 4 2 Py o)

Gaylt) = g [y () + 0 gy () = 22 iy () + 7 10 By 1) (.29
Gualt) = 5o [ iy () = 9 ey 10 + 10 oy () + 5 1 Py o)
Gp(t) = o [ Paalim) = 1 Ty (1) = 1 11, By () + 10 By ()

with theangulardependentunctions

1
hm(m) = [All + 8B11 (mi m; — §>:|
2 2 2 2 1
hxy(m) = 4Biamy, my(my — mw) [1 +8C1q (mw my — g>:| (BZO)
1
hyz(m) = 4By m, my(mz — mg) [1 +8Cy; (m:2c mi _ g)]
1
hyy(m) = [AQQ +8 BQQ (mi mz — g):|

B.3 Material Parameters

ow, thelasttaskis to determinghematerialparametersl;;, B;; andC;;. Thevaluesfor Ay,
Ass, B11 and By, canbe expressednalyticallyin termsof the elasticconstants; 1, ¢12 and
c44 N Voigt notation[Shc99h Shc953%

1 _Acll\/_QA(Cllc-;Cm) + 4 C11 044\/—A (2% + 1) + QMA%

A =
1 2 2(c11 + c12) c11 caaA + cia(e1n — c12)
1
Ap = =3 1+ V4] (B.21)
- 1 _ACH\/_2A(011;-1012) +4 N C11 C44\/—A (2g—f + 1) + 2, /A%
T 2(c11 + c12) c11 caaA + cra(e11 — ci2)
By — -2 [1 - \/Z]
2
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Fig. B.1: Relatve deviation of the interpolatedformulas# ™t given by eqns.B.17rom the numerically
exactsolutionsH in dependencef the azimuthalangle® where® = 0 correspondso the (110)direction
and® = 45° correspondso the (100)direction. Plottedare " /H,, in blue, #int /#,, in red and
Hint [,y in green.

wherethe the cubic anisotrog A as definedin eq.l.10 hasbeenusedas well asthe derived
guantity A

A = (%1). (B.22)

It is possibleto give explicit expressiongor theseparameterssincethe dependencef g1 (k)
and g2 (k) on the elasticconstants 1, ¢12 andcyy is known from [Shc954 By a numerical
evaluationof the exact equationdor 1, and#s; from [Por77, the parameterds, By, Cio
andCs; canbeobtainedrom afit to the numericallyexactsolutions.

Exemplarily the parametersd;q,...,Cs; are given for the material systemsGaAs and
Sig.75Geg.o5 IN tableB.1. Theelasticconstantg:1, ¢;o andeyy for varioussemiconductorsiith
zinc-blendor diamondstructureareshavn in tableB.2.

To shaw thegoodagreementf theinterpolatedormulaseqns.B.1%vith theexactsolutionsob-
tainedby numericalevaluationsof the completeequationsn [Por77, Fig.B.1shavs theangular
dependencef therelative deviations#H™ /H for GaAs parameter§Shc99). Theparameteror
Hint and?{é’;ﬁ have beencalculateddirectly from the elasticconstant®f GaAs while the param-
etersin H;‘gf have beenobtainedby a fit to numericallyobtainedexact solutions. All deviations
arewell belov two percent.
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| Parameter | GaAs | Sig.75Geq.as |

A1l -0.9661| 0.4193
Ao -1.1765| -1.1251
B -0.0677| 0.0697
Bjy; = By | 0.0926| -0.0534
B 0.1765| 0.1251
Cio = Cy | -0.0780| 0.0962

TableB.1: Elasticparameterfor thecubicsemiconductor§iGe andGaAs. Theelasticconstants
for the compoundSi 75 Geg 25 areobtainedin linear approximationfrom the bulk valuesof S+
andGe.

C11 C12 C44

[10Terg/cn?] | [10 erg/en?] | [10M erg/en?]

C 10.76 1.25 577
S 16.58 6.39 7.96
Ge 12.85 4.83 6.68
Sio.75Geo.o5 15.79 6.00 7.65
AlP 13.20 6.30 6.15
AlAs 12.50 5.34 5.42
AlSb 8.77 4.34 4.08
GaP 14.12 6.25 7.05
GaAs 11.81 5.32 5.94
GaShb 8.84 4.03 4.32
InP 10.22 5.76 4.60
InAs 8.33 453 3.96
InSb 6.58 3.57 2.98
ZnS 10.32 6.46 4.62
ZnSe 8.10 4.88 441
ZnTe 7.13 4.07 3.12
CdTe 5.35 3.68 1.99
HgSe 6.90 5.19 2.33
HgTe 5.08 3.58 2.05

Table B.2: Elastic constantsor semiconductorsvith zinc-blendor diamondstructure[Hel82).
The elasticconstantdor the compoundSig.75Geg.o5 are obtainedin linear approximationfrom
thebulk valuesof Si andGe.
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B.4 Anisotropic strain field

ncethe staticGreens functionsareknown, it is possibleto derive the strainfield ¢(r) from
the derivativesof thedisplacementield u(r) givenby eq.B.8.0Onehas

- 1t , ot

— 1 i 2, L. ! . f 2 1 '
= 5 [&Ek ﬁd r' Gij(r,r') Pj(r') sz d°r' Gyj(r,r') Pj(r") (B.23)

By approximatingthe boundaryof anislandby straightline segmentsof length L wherethe
line forcesP;(r') act,thesurfaceintegral canbe brokendown into asum. Thesummatiorwill be
carriedoutatall discreteplaces” wherer” = {r' | P;(r’) # 0}. Onefinds

0G;;(r,r'
€zk = LZ Zé.’],‘k )

gk (r)

Pi(r") (B.24)

Thepartialderivativesof G;;(r, r’) canbe easilyobtainedout the calculationsarelengthyand
will notbepresentedhere.
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C.

Appendix — Equivalence of strain
models

n the isotropiclimit the anisotropicformulasfor the elasticstrain as definedin AppendixB
I reduceto theisotropicformulasfrom AppendixA, asis shavn belaw. In both caseghe equi-
librium equationf elasticitytheoryhave beensolved and,consequent|ythe Greens formalism
from AppendixB canbe understoodo be a mathematicaéxtensionof the potentialansatanade
in AppendixA.

C.1 Anisotropic formulas

Following the definitionsfrom the previous sectionAppendixB, the displacementield in an
anisotropiacrystalis givenby

w(r) = — j{ d2r'Gij(r, ') Py (r') (C.1)
S

werethebodyforcesareassumedo be zeroandthecrystalto behomogeneous.

C.1.1 Fully anisotropic case

y examiningsurfaceforcesonly, thedependencenthe z-directioncanbe neglectedandonly
thesurfacecomponent®f the Greens tensor

1 1

Grz(r) = Smem s [y2h11 + zyhio + zyhor + $2h22]
1 1

Gay(r) = Smeas 3 [—l’yhn + y?h1y — 2°hoy + xyh22]
1 1

ny (r) = Srns 3 [—:I,‘yhll — $2h12 + y2h21 + wyh22]
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1 1
Gyy(r) = Sme 3 [$2h11 — zyhia — zyhot + Y hos (C.2)

with h(m) givenby eqns.B.2Mheedto be considered.

C.1.2 Isotropic reduction

o0 comparehe analyticalformulasfor the anisotropiccaseto the isotropiconewe setBy; =
By = By = By = 0. TheGreens functionsthensimplify to

1 1
wa(r) = 2meus T_3 [A11y2 + AQQ.’I}Z]
) = s [Ana® + Ay (C.3)
vy T Qmem 3 11 22Y .
1 1
Goy(r) = Gy(r) 9 3 [—A1zy + Ay

For a é-like force actingalongthe x-direction (tangentialto the surface) P(r) = Pd(z), one
gets:

P 1
us(r) = = PGP =~ [y + Aea?]
Agp P 1 9 Aqq 2:|
= _=z=_ S A4
Caq 213 [ A22y (C.4)
2,1 ! ! P 1
uy(r) = — _72 d“r'Ggy(r,r)Pé(z') = “omen 3 [—A11zy + Agezy]
_ Axp P 1 Ago — An
N C44 2m 13 [xy ( A22 ):| (C5)

C.2 Isotropic displacementsassolution of Cerruti’ s problem

O n the otherhand,for aforce P tangentiako the crystalsurfaceactingat one point alongthe
z-directionthe solutionin termsof displacementss givenby [Saa73

P 1 z2 T z?
= — h+Zra-2 _
a(r) A7G r + 72 + V) lr+z (7“+z)2H
2=0 lﬂl 2 _ 2
= o [ -] (C.6)
P 1[zy (1—21/):16] =0 1P 1
_ 12y _ = 1P1 c.7
iy (r) ArGr |:’I“2 (r+2)? G2rr3 [vzy] (€.7)

With the choiceof constantgor Poissors ratio v andthe sheamodulusG = pu, which canbe
gainedfrom eqns.B.2ly assumingdsotropicconditionswith A = 0 andA = 1,
Agg — Any
Az

C44
-G = — = C.8
% A (C.8)

it is easyto shav thatthe eqationqC.4,C.5)and(C.6,C.7)areindeedequialent.
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