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Chapter 1

Intr oduction and Outline

Modernsemiconductotechnologyhasleadto a variety of beneficialandusefuldevicesplay-
ing animportantrole in every-daylife. For mostapplicationssilicon is still the predominant
material.However, sincethedemandsegardingfunctionalityareever growing, differentmate-
rials areintroducedn areaswvheresiliconis ill-suited. Theseare,e.g., opticalcommunication
aswell ashigh-frequenyg, high-pawver, high-wltage,andhigh-temperaturelectronics.Here,
substancebk e gallium arsenidgGaAs)or silicon carbide(SiC) areused[Mor94].

A specificgoal of thelastdecadevasto obtaina high-brightnes$lue light—emittingdiode
(LED) andits further developmenttowardsa laserdiode (LD). For thesedevices, thereare
mary possibleapplicationsin solid-statelighting andasversatiletools, e.g., in medicine,for
ordinary and effect lighting, traffic lights etc. Most important, since standardcompactdisc
andDVD playersarebasedon long-wavelengthinfrared LDs, optical discswith muchhigher
storagecapacitywould be possibleif blue-lightemitting LDs would be usedto readthe data
tracks(which, in fact,will appeanonthemarketin thenearfuture[CSN04). Dueto theshorter
wavelength,the blue light canbe focusedon a smallerarea,allowing a higherstoragedensity
SiC-basedlue emitters, existing alreadyfor mary years,have an output power far too low
even to be usedin a large-areafull-colour display consistingof LEDs. This is becauseSiC
is anindirect-gap materialandthereforeill-suited for highly effective light emission;its blue
luminescenceomesfrom donoracceptorpair recombinationsas well asfree and impurity-
boundexcitons.

First attemptgo achieve blue luminescencérom p—njunctionsof direct-gap semiconduc-
torswerebasedn thewide-gap -Vl compoundzinc sulfide(ZnS)andzinc selenidgZnSe)
[Rob75 Yam77. However, thelifetime of high-brightnes&ZnSe-basett EDs andLDs [Haa9]]
wasseverelylimited by degradationgvenif grovn onhomoepitaxiasubstratefBon9q. There-
fore,asanalternatve materialsystemamongthelll-V semiconductorghe nitride compounds
weretakeninto consideratiorfNak97. Dueto its room-temperaturband-@penegy of about
3.4 eV [Mon74, gallium nitride (GaN) is well-suitedfor light emissionin the blue spectral
region. Moreover, by alloying with aluminiumand/orindium, anenegeticalrangeevenwider
thanthewholevisible spectruncanbe covered,sincelnN hasa (low-temperaturepandgap of
about0.7 eV [Dav03, andAIN of about6.1eV [Li03], respectrely. In contrastto otherlll-V
compound<rystallizingin cubiczinc-blendg3C) structure underambientconditions,group-
[l nitridescrystallizein the hexagonalwurtzite (2H) structure.In epitaxialgrownth, however,
alsothin films of the metastableubicphasecanbeobtained.CubicAIN (c-AIN) is anindirect-
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2 Chapterl. IntroductionandOutline

gap materialwith aminimumgapof about5.3eV [ThoO]. Theroom-temperaturbandgap of
c-GaN(alsoknown asB-GaN;«-GaNrefersto thewurtzite polytype)is about3.2eV [Ram94,
I. e., it is slightly lower thanthat of the hexagonalpolytype. It canbe expectedthatthe same
holdsfor thebandgapof c-InN [Bec024.

Due to the wurtzite structureandthe high electrongativity of nitrogen,the 2H polytypes
of the group-I1ll nitridesare pyroelectric. Their spontaneoupolarizationis significantlylarger
thanthatof SiC andof pyroelectricll-VI semiconductoraVioreover, sincepyroelectriccrystals
arealwayspiezoelectricthe strain presentin layerednitride structuresmodifiesthe polariza-
tion and,accordingly the internalelectricfield. In turn, this affectsthe electronicandoptical
propertiesgspeciallyfor thin layersas,e.g., quantumwells[Cho94. Thereforestrainis avery
importantissuefor thegroup-Ill nitrides. Ontheotherhand thepolarizationdifferencebetween
layersof differentcompositioncanbe employedto createlarge sheetcarrierconcentrationst
the interfaces. These“natural” two-dimensionaklectrongases(2DEGS)in the nitrides can
be utilized aschannelof a field-effect transistoy which canbe usedashigh-paver microvave
amplifier[Amb98. Sincethese2DEGsresultfrom aredistritution of chagefrom the bulk ma-
terial dueto the polarization-inducedhterfacechage, otherinducedchagesinsidethe device
or, mostimportant,atthe surfacemustbe eliminatedby passvationin orderto guaranteastable
device operation. On the otherhand,this surfacesensitvity canbe utilized to createvarious
typesof chemicaldetectors Furtherpossibleapplicationsof group-Ill nitridesincludesurface
acoustiowvave devices,photodetectorsperatingin the UV range,andsolarcellsabsorbinghe
full solarspectrum.

However, usinggroup-Ill nitridesfor electronicdevicesleadsto several problems.In gen-
eral, they arevery hard materialsrequiring specialetchingand polishingtechniques.Ohmic
contactsare not easilyachieved [PGN94 chapterl0]. Most important,for a long time only
n-type materialhadbeenavailableand,thus, successfup-type dopingof GaN (usingmagne-
sium)wasa mainbreakthroughAma89. Furthermoresincetheir lattice constantgiffer from
thoseof all well-establishedsubstratematerials,group-Ill nitrides are difficult to epitaxially
grow without a high densityof dislocationsand considerableesidualstrains. The mostcom-
mon substrategor growing hexagonalGaN are[0001]-orientedsapphire(Al,03) and6H-SiC.
Theformeris usuallycoveredfirst with anucleationayer. For growing cubicpolytypesmainly
[001]-orientedGaAs,3C-SiC, SiC-coatedsi, or Si areused[Miz86, Pai89, Liu93, Lei9]].

Althoughtheseepitaxiesarefar from the pseudomorphigrowth mode,structureobtained
are not completelyrelaxed and, hence,not free from strain. Considerableaeductionof the
dislocationdensitycanbe achiezed by growth on patternedsubstrates,esultingin lateralover-
growth, and/orby first growing a relatively thick buffer layer structure.Becauseof the rather
high growth temperaturegin the rangeof about500...1000°C; see,e.qg., [Jai00]), thermal
strainsoccurduringcoolingdueto thermalmisfit, i. e.,deviating thermalexpansioncoeficients
of epilayerandsubstrate For instancethe resultingstresss compressie for hexagonalGaN
grown on sapphireandtensilefor GaN on 6H-SiC [Vol96], respectiely. The situationis even
morecomple for GaN/Al,Ga;_xN (andother similar) heterostructuresr superlatticesywhere
a mutual influenceof the different materiallayersoccurs. Provided the layer heightis less
thanthe critical thicknesshomogeneouslgtrainedstructuresareobtained[Byk97. Although
highly strained suchstructuresarefree from cracksandhave thereforebeenusedascladding
layersfor laserdiodegNak9§. In generalptherapplicationof nitride superlatticencludethe



creationof highly conductve p-typelayers[Koz99 aswell asBraggreflectord Som98§. Also,

consideringhe electronicintersubbandransitionsin the quantumwells formedby the super

lattice, they are suitedfor optoelectronicapplicationsin the infrared spectralregion. For the

operationof suchdevicesa knowledgeof their phononpropertiess important[Jov03. Nitride

superlatticehave beengrown with a periodof only a few monolayerdKis02. Furthermore,
spontaneousrderinginto thin layershasbeenobsenredfor nitride alloys [Kor97, Beh99.

While mostof the technicalproblemscanbe solved, the influenceof strainon the perfor
manceof nitride-basedlevicesremainsanintrinsic physicaleffect. Sincestraincannoticeably
changethe desiredcharacteristicst hasto betakeninto accountalreadyin the designof a de-
vice. Thisrequiresbotha profoundunderstandingndareliabletheoreticaimodellingof strain
effectsin the nitrides. Furthermorejt is importantto verify that after growth the strainis in
the specifiedrange. An easyway to experimentallyevaluatethe strainis provided by Raman
spectroscoy i. e., throughmeasuringhe frequencieof lattice vibrations. Thesedependon
the interatomic forces,which changeupon deformationsof the materialdueto their nonlin-
eardependencen thedistancebetweeratoms[She8(). Comparingthe measuredrequencies
with thoseof unstrainednaterialthereforeprovidesinformationaboutthe strain. Then,using
the so-calledmicro-Ramartechnique the straindistribution can be determinedwith a spatial
resolutionin theorderof 1 um.

However, thisis only possiblaf sample®f sufficientquality areavailableallowing to isolate
the straininfluencefrom the experimentaldata, which then can be usedas a reference. For
a long time, suchhigh-quality sampleswere not available; therewere always problemswith
large backgroundelectronconcentrationsand high dislocationdensities(in the order of up
to 10° cm~2 [Hof96]). The elasticconstantsof GaN were determinedonly from powdered
sampledSav78. Thebulk moduluswasnot preciselyknown; experimentaldatarangedfrom
188 GPa[Xia93 to 245 GPa[Per92. This,in turn, influencedthe determinatiorof the mode
Grluneisenparametersthe phonondeformationpotentialsand the biaxial stresscoeficients
of the phononmodes[Kis96], which are key parametergor the characterizatiorof strained
materialsusing Ramanspectroscop Moreover, the few available strain-relatedohonondata
evendeviatedsignificantlyfrom eachother

To overcometheseproblemsof experimentaluncertaintyand lack of knowledge, first-
principlescalculationscanbe used sincethey provide therequestediatafrom afull quantum-
mechanicatreatmenbf the materialinvestigated.Sinceno otherexperimentaparameterghan
the atomicnumbersand massesswell asthe crystal structureare neededthesecalculations
are,in principle, ableto reasonablypredictexperimentalresults,reachingsufficient accurag
to provide reliabledata.For group-Ill nitrides,theoreticalktudieshave startedn the beginning
of the’90s with calculationsof structural,electronicandoptical propertieqsee.e.g.,[Chr94],
chapter4 of [PGN94, andreferencesherein). Thesecalculationsrequiredspecialcaresince
the group-IIl nitridesare, similar to the [I-VI compoundshighly ionic materials. Numerical
difficultiesarisedueto thelocalizedd orbitalsof gallium andindiumthatareclosein enegy to
the 2s stateof nitrogen,which hasbeencarefullyinvestigatedin severalstudies.

On the other hand, only few first-principlesstudieswere devoted to the elastic and vi-
brational propertiesof the nitrides[Miw93, Chr94, Kim94, Kim96], determiningelasticcon-
stantsas well as phononfrequenciesof unstrainedcrystals. The employed frozen-phonon
method,however, limits thesecalculationsto non-polarmodes,thus no resultscould be ob-
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tainedfor longitudinal-optical(LO) phononfrequencies.The influenceof strainon the zone-
centerphononfrequenciesvastheoreticallyinvesticgatedonly for the caseof hydrostaticpres-
sure[Gor9Y. Sincethe Frohlich couplingof LO phonongo electrongs governedboth by the
high-frequeng andthe staticdielectricconstantalsoa knowledgeof the dielectricproperties
of strainedsampless necessary Accordingto the Lyddane—Sachs-€ller relation, the latter
dielectricconstants relatedto the former one by the zone-centet. O-phononandtrans\erse-
optical-(TO-)phononfrequeng. However, no suchdataareavailablein the literature. There-
fore, a consistentdescriptionof the elasticpropertiesand of the strainand stressdependence
of phononfrequenciesaswell asof dielectricpropertiesof wurtziteandcubicGaNandAIN is
highly desirable.Moreover, areliableresultcanonly be obtainedif structuralchangesinder
theinfluenceof differentdeformationsarefully takeninto account. Especiallythe changeof
the cell-internalstructuralparameteu cannotbe obtainedfrom macroscopielasticitytheory
whoseapplicationwould, in addition,have thedravbackthatits validity rangeis notknown.

In this work, we investigate the strain dependencef the structuraland dielectric proper
ties aswell asof the phononfrequenciesof the nitride semiconductor$&aN and AIN using
quantum-mechanicéirst-principlescalculations For boththe 3C andthe 2H polytypeaswell
asfor short-periodsuperlatticeghe strainedcrystal geometryand the correspondingphonon
spectrumwill be determinedvithout usingexperimentalparametersThreetypesof strainwill
be consideredor the bulk materials,correspondindo the applicationof hydrostaticpressure,
of anisotropicbiaxial stresan thebasalplane,andof a uniaxialpressuralongthecrystalaxis.
For the 2H polytypes,the chosendeformationswill presere the wurtzite symmetry whereas
for the 3C polytypesthedeformationswill bedirectedalongthecrystallographi@xes,resulting
in atetragonaktructure.

Onthe onehand,thesecalculationsarecomplementaryo respectre experimentalinvesti-
gations,both by helpingto correctlyinterpreteresultsandby providing informationnot easily
accessiblérom experiments Ontheotherhand thetheoreticainvestigationyieldsvaluablein-
formationsfor the physicalunderstandin@f the materialpropertiesof the nitride compounds.

This thesisis structuredasfollows. After anoverview of the theoreticafundamental®ur
calculationsarebasedn (Chapter2), we presentheresultsin threeparts:First, the properties
of unstrainedGaN and AIN are determined(Chapter3), which are usedasreferencevalues
for thosein a strainedstate. Second,the strain dependencef the structural,dielectric and
vibrationalpropertieds investicgated(Chapter4). This requiresto preciselycalculateboththe
equilibrium andthe strainedcrystalgeometry Theresultswill be comparedwith a variety of
experimentadatain orderto clarify existing discrepanciesrThird, short-periodsuperlatticegare
studiedasa modelsystentor layerednitride structuregChapters). Ourfindingsareconcluded
by a summaryandanoutlook,givenin thelastchapter



Chapter 2

Fundamentalsand Objectives

2.1 Preliminaries and Basic Approximations

Fromaquantum-mechanicglointof view, acrystal—like any molecule—is asystenof nuclei
andelectronsand,in equilibrium, is electricallyneutralasa whole. It consistsof a very large
numberof nuclei(andanevenlargernumberof electrons)whereagin mostcasesjhe number
of differentkinds of nuclei (i. e., atomic species)s rathersmall. In thermalequilibrium, the
nucleiof aperfectcrystalarefound (onthetemporalaverage)at positionsR (,'() that, exceptfor
thesurface form athree-dimensiongleriodicarray thepositionsbeinglabeledn thefollowing
way. Onecanidentify a setconsistingof the minimum numberof nucleirequiredto make up
the bulk crystalarrayby periodicrepetitionin spacewhich is calleda basis. A partof space
containinga basisandleadingto a completefilling of the bulk crystalvolumewhentranslated
alongwith thebasis neitheroverlappingtself norleaving voids,is calledaprimitive cell. Then,

the positionof the x™ nucleus(i. e., basiselement)n thel™ cell is, in general givenby

X() =R +7w)+u(l) =R() +u(), (2.1)

I
K

momentar}displacemenu( ) of this nucleus,its massbeing M,. In the presencef constant

with the BravaislatticevectorR(l), thebasisvectorz («), theequilibrium positionR( ) andthe
|
externalstressR('K) is still to be understoodasthe correspondingquilibrium position,which
differs from the one of the unstrainedcrystal. As an abbreiation, let X denotethe setof all
displacedatomicpositions,{X (1)}, andlet analogoushR = |{R(})} andu = {u(})}.
Sinceall physicalpropertiesof a givensystemcanbe derivedfrom its mary-particlewave-
function, the fundamentaproblemof anab-initio determinatiorof thesepropertiess to solve

the stationarySchrodingeequationfor the system #'°'w = E®'W . Here,the Hamiltonian
](tot — Tnuc+ wh-n + Tel + We-e+ wen (2.2)

consistof thekineticenegy andthe (pairwise)Coulombinteractionof thenuclei(7 "4 w"™)
andof theelectrong 7 '+ 'W®-) aswell asof the (pairwise)Coulombinteractionbetweerelec-
tronsandnuclei (We™"). For W€ in diamagneticsystemgsuchasundopedsemiconductors)
thetrans\erseinteractionof theelectronsdoesnotplay animportantrole: Sinceit is basedbna
vectorpotentialwhosesourcesarethemagnetianomentaof thenuclei,thespinmomentaof the

5



6 Chapter2. FundamentalandObjectives

electronsandthe currentdensititesandthe expectationvalueof the lattervanishesit suffices
to assumespindegenerayg aswell asto take into accountonly the bareCoulombrepulsion.
Viewed as a collection of atomsin a commonbonding state,obviously atomic bonding
and dynamicsof a crystal refer mainly to the motionsof electronsand nuclei, respectrely.
For studyingthe lattice dynamicsin detail, it is thereforedesirableto separatehe electronic
and nuclearsubsystemsvithin the quantum-mechanicalescriptionof the crystal. Born and
OppenheimefBor27, seealsoBor54, AppendixVIIl] shavedthatthisis indeedpossiblepro-
videdthatthe conditionsof theadiabaticapproximationarefulfilled (seebelav). Theadiabatic
approximations motivatedby the factthat, dueto the large massdifference,in thermalequi-
librium the movementof the nucleiis ratherslow (by oredersof magnitude)comparedo that
of the electrons. This leadsto the assumptiorthat, at leastaslong as no significantchanges
occurin the electronicsubsystemthe movementof the nuclei doesnot dependon the actual
positionsof theelectronsx = {x;}, sincetheformerexperiencanerelyanaverageeffect of the
electroncloud. Statedanothermway, oneassumeshat, asthe nucleimove, the electrongollow
adiabaticallyi. e., their distribution adjustsitself nearlyinstantaneousland,therefore canbe
determinedrom a Schrédingeequationfor fixed nucleiat momentarypositionsX,

fi fi
e}f rozen‘pi — Eirozenwi . (23)
Thecorrespondingdamiltonianis thatof a solid with a“frozen” lattice:
J{;frozen — .Tel + We-e_l_ wen + wnn (2_4)

Since #'2e" dependsgparametricallyon the coordinatesof the nuclei, so do E™?®"and v, .

Then, the adiabaticapproximationis formally obtainedby two basicstepst First, the wave-

function of the total systemof nucleiandelectrons ¥, is expandedn termsof the complete
systemof solutionsof Eq. (2.3), keepingthe dependencen all electroniccoordinatesonly for

theelectronicwavefunction,

WX X) =) X (X)X, %), (2.5)

|

K
ger equationof thetotal systemreads(where( | ) denoteghe scalar productwith respecto
theelectonic coordinatex only)

. . h .
sothat(using7 "¢ = 3", ﬁ,?(lz) with themomentums: of the ( )t nucleus)he Schrodin-

tot st f
EJ_O XJ — (J nUC+ EJ rozen(X))Xj

1
+ Z((lﬁj | 7 ™) + Z M—K<Wj | ?("()Wi) c?("()))(i :

|«

(2.6)

Secondthe nondiagonaklementof the lasttermof Eq. (2.6) aredropped sincethey involve
a non-adiabaticcoupling amongelectronicstates(i. e., transitions)due to the movementof
the nuclei, whereasa part of the diagonalonescan be shavn to vanishandthe otherpartto

11t wasfound thatthe adiabaticapproximationcanbe usedbeyond the limits imposedby the older ansatzof
Born andOppenheime(to expandthe Hamiltonianin termsof the 4" root of the massratio betweenan electron
andary of thenucleamasses)Here,we follow anapproactproposedaterby Born[Bor54 AppendixVIII].
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be neggligibly small[Zim93 (but seealso[Hau64). Obviously, the validity of the adiabatic
approximationis limited by the secondstep;this will be further discussedelov. Then,the
Schrédingeequationof thecrystalchangesnto anequatiorfor thewavefunctionof thenuclei,
determinedy the propertiesof the j 1 electronicstateonly:

(.Tnuc+ Ejfrozen(x))xjv _ Ejtthjv- (2.7)

Here,v representa vibrationalquantumnumber The enegy of the “frozen” lattice, Ejf”’ze”,
obviously actsasa potentialtermfor the movementof the nuclei. It containsboththe Coulomb
interactionof the nucleiaswell astheadiabatiacontritution of the electrongo thetotal enegy,
thusit completelydetermineshe propertiesof thevibratinglattice.

In generalthe equilibrium positionsR of the nucleifollow from the minimum of the free
enthaly. In this work, thermaleffectsare not investicgatedandthe temperatures assumedo
be O K. For zeroexternalpressurethen,thefree enthally reduceso theinternalenegy, which
comprisedboththestaticenegy E™?¢"aswell asthatof the zero-pointmotions. Thelatterone
is neglected? Then,the equilibrium positionsR of the nucleiare (approximatvely) given by
the condition (Vx Ejfrozermx:R = 0. Thismeanghat,in generalthey dependon the eigenstate
theelectronicsubsystenis in.

In astatewith totalenegy Ejtgt, thewavefunctionof thetotal systemis givenby ¥ (X, x) =
Xj»X) ¥ (X, X), i. e. effectively, the adiabaticapproximatioramountgo keepingonly a single
termfrom the expansiongivenby Eq. (2.5) [B6t83. Sincethetermsnegglectedin EqQ.(2.6) con-
taintheelectron-phonoroupling,theadiabaticapproximatiorrequireshatno transitionsshall
occurin the electronicsubsystemTo ensurethis, the nucleishouldmove very slowly in com-
parisonto the electrons;j. e. the frequencie®f the nuclearmotionsmustbe muchsmallerthan
thecharacteristielectronidransitionfrequenciesThis holdsfor insulatorsandsemiconductors
(in their groundstate)exhibiting anenegy gap betweerthe occupiedandnon-occupiedands
thatimplies electronictransitionenegieslargerthanthe characteristivibrationalfrequencies.
Therefore,the adiabaticapproximationis in principle expectedto be sensiblefor wide-gap
materialssuchasgroup-Ill nitridesGaN andAIN and,on the otherhand,seeminglypoor for
metallic systems.However, it works well even for suchsystemsbecausehe Pauli principle
guaranteethatonly few electronmearthe Fermilevel canundego transitiongVen75 Bo6t83.

As further approximationsjn the following the crystalis assumedo be infinite andthe
electrondo bein theirgroundstate.Thelatter conditionis usedsinceneitherelectronictransi-
tions nor excited statesareof interestin this work. The infinite crystalis modeledby periodic
(or, cyclic) boundaryconditions(asintroducedby Born andvon Karman[Bor12]), whichwere
shawn to yield the correctasymptoticexpressiorfor the distribution of vibrationalfrequencies
of afinite crystal[Led43 seealsoMar63]. All enegiesreferto this macroscopigeriodicity
volume.

In this work, we determinethe equilibrium positionsof the nuclei for strainedcrystal
structureq(cf. Sect.2.6) from a numericalcalculationof the ground-stateenegy E{°?*" using
density-functionatheoryin local-densityapproximationand basedon a planewave—pseudo-
potentialmethod(cf. the following Section). The vibrationalpropertiesaredeterminedn the

2 Cf. Sect.2.3.1. This approximationleadsto a minor systematicerrorin the volume dependencef the total
enepgy. As a consequencehe equilibrium lattice constant(the equilibrium bulk modulus)will be determined
somavhattoo small(too large) [Alc01].



8 Chapter2. FundamentalandObjectives

harmonicapproximationcf. Sect.2.3) by density-functionaperturbatiortheory(cf. Sect.2.4),
with somesupplementarynvestigationsbasedn frozen-phonortcalculationgcf. Sect.2.5).

2.2 Density-Functional Theory

After separatiorof theionic andthe electronicproblemaccordingto the adiabaticapproxima-
tion, thetotalenegy of a“frozen” lattice hasto becalculatedn orderto obtainthefull potential
enegy that determineghe propertiesof the lattice. However, becausef the large numberof
variablesinvolved, an exacttreatmentof the eigervalue problemof the correspondingdamil-
tonian,Eq.(2.3),is impossible Fortunatelyit is possibleto determinehedesiredground-state
propertiesof the electronicsubsystenon the basisof an exacttheory— the densityfunctional
theory (DFT). Its basicconceptsas well as further approximationselatedto the numerical
realizationusedin thiswork aredescribedn thefollowing subsections.

The (pairwise)Coulombinteractionof the nuclei, W"™", doesnotinfluencethe behaior of
the electrons. This allows to split the the frozen-latticeHamiltonian,Eq. (2.4), accordingto
gefrozen — wnn 1 geel andthe ground-stat@negy is obtainedas

Efrozen Wn n+ E (2.8)

whereW"™" = (w""), formally is the ground-statexpectatiorvalueof ‘W"™"; it canbe calcu-
latedanalytically (cf. Sect.2.2.6). Eg' is the ground-statesigervalueand v, the ground-state
wavefunctionof #°:

Ho = E§¥o. (2.9)

Usually, one considerghe electronicsubsystenas being subjectto an external potential. To
achieve this representationye rewrite theinteractionbetweerelectronsandnucleias

. ext
4718022')('_ 0 ./Q(r)v (r)dr, (2.10)

i=1 |

whereN is the numberof electronsg is the elementarychage, Z(,'() Is the atomicnumberof
h : . . e
the(,'c)t nucleusgy is thedielectricpermittivity constant,

N
o(r) =Y 8(r —x) (2.11)
i=1

is the electrondensityoperatorand

ext _
V() = — 47[802“_ X0 (2.12)

is the externalpotential,which is a local single-particlepotential. The electronicHamiltonian
thenreads

H® = 7 4 weey /Q(r)vext(r)dr . (2.13)
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Here,the externalpotentialdepend®n the actualpositionsX of the nucleiandthusrepresents
their influenceon the electronicsubsystem.Sincethe equilibrium positionsof the nuclei are
obtainedfrom a respectre minimizationof E[°?" it is necessaryo calculateEg' for various
positionsX, i. e.,in dependencen V. In the generatheory however, the specificnatureof
V& is unimportant. Instead,one focuseson the principlesof how the propertiesof a mary-
electronsystemdependon the governing external potential. In the following, we presenthe
theoryin away thatemphasizethesegeneralspectandtheir consequences.

2.2.1 Hohenberg—Kohn Theorem and Variational Principle

Theideaof usingthe electrondensityasa fundamentatjuantitywasfirst proposedy Thomas
[Tho27 andFermi[Fer27, Fer2§ in orderto approximately describeatomicsystemsDFT in
its presenform, however, is anexacttheoryfor amary-bodysystem.lt is basednthework of
Hohenbeg andKohnontheinhomogeneouslectrongas|Hoh64. AssumingaHamiltonianas
givenby Eq. (2.13)thatcontainsalocal V&(r), they have shavn thatexternalpotentialswhich
differ by morethana constanteadto differentground-statelensitie(r) of thecorresponding
inhomogeneouslectrongas. This meanghat, vice versa,V®' is — up to anarbitraryconstant
— uniquely determinedby n;2 this is the fundamentaHohenbeg—Kohn theorem. Sincethe
external potentialfixes the Hamiltonian, all physical propertiesof the systemare implicitly
determinedy theground-stat@lensity which thereforecanbe usedasfundamentaguantityto
describemary-electronsystems.

This uniquedependenc®n n can be usedto constructauxiliary functionalsallowing to
derive a variationalprinciple to determineof the ground-statelensityand enegy of a given
systemasfollows. We startby rewriting the eigervalue equationfor the ground-stateenepy,
Eq.(2.9),asES' = (¥, #°'y,).* For agivenelectron-electrommteraction the eigervalue E¢'
of all Hamiltonians#®' of type (2.13) depend®nly on the external potential. To emphasize
this dependencen V!, the desiredelectronicground-statenegy is written asa functional

ESTVEY = (Y| (T + Wee+ /Q(F)VeXt(r)dr)lﬂc)), (2.14)

where v, is the normalizedground statecorrespondingo the given V&', Next we notice
thatin generalthe functionaldependencen V& canformally be transferednto a functional
dependencen n. For a givenground-stat@lensityn, this is achieved by replacingthe external
potentialwith the one determinedby virtue of the Hohenbeg—Kohn theorem. This density-
dependent external potentialis denotedas V[‘;?j‘ [Esth96, p.77]. However, this implies that
ES'[V[%t] = (Y| (T + Wee+ So()V&(r)dr)yn) is fixedonly upto anarbitraryconstant
[Dre9Q p.9], sothatit is meaninglessHere, y,; denoteshe groundstatecorrespondingo

V[ﬁ’jt. Neverthelessby subtractinghe ambiguouscontrikution of the externalpotential[which

3 This holdsboth for degenerateand non-degjenerategroundstategLie83. The external potential,however,
uniquelydetermineghe ground-statelensityonly for a non-dgjenerategroundstate.— In the following, a non-
degeneratgroundstateis assumedHowever, theformulaearealsovalid for degeneratggroundstated Dre9d.

4As above, ( | ) denoteghescalarproductwith respecto all electroniccoordinates.

5 Theindex notation® fig” indicatesthata quantity f is uniquelydeterminedy afunction g but additionally
is a function of someothervariable(s),n contrastto a functionalwhich is written as” f [g].” Both theindex and
thefunctionalnotationareusedregardlessvhetherthedependencef f on g is givenexplicitly orimplicitly.
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equalsfn(r)v[%t(r)dr since (Yo (r)¥m) = n(r)] oneobtainsa well-definedfunctional of
thedensity[Dre9Q Esth96, loc. cit.],

Fn] == E§TVEH — / n(HVEL(rydr, (2.15)

which obviously canalsobewritten as[Dre9Q p. 10]

FINl = (Yl (T + W) . (2.16)

For any given ground-statalensity this yields the kinetic and Coulombenegy of the corre-
spondinginteractingmary-particle system. Thus, for a given interaction W¢<, F is a well-
defineduniversalfunctionalsinceit is not relatedto a specificsystem.

The desiredvariationalprinciple is basedon the following generalenegy functionalthat,
by virtue of F notdependingn V&, allows to choosen andV ®! independentlyEsth96],

E[n,V®Y := F[n] + /n(r)VeXt(r)dr, (2.17)

sothatn canbe variedfor fixed V®': Hohenbeg andKohnhave shavn that, upona variation
of n (amongall possibleground-statelensities) E[n,V®!] reachests minimal value— which
equalsthe desiredground-stateenegy — for the specificn correspondingo the given V&,
Therefore pnehasfor the (electronic)ground-statenegy functional ,Eq. (2.14),that

ESIVeY = min E[n,V®Y. (2.18)

Thusinsteadof solving the eigervalue problemof the Hamiltonian(2.13), the exact ground-
stateenegy (anddensity)of aninteractingmary-electronsystemcanbe obtainedoy minimiz-
ing thefunctional(2.17)with respecto the densityn, afunctionof only threevariables®

2.2.2 Kohn-ShamEquation

Althoughit is well defined no explicit expressioris known for thefunctional F. Thereforethe
variationalprincipleof Hohenbeg andKohnis of no practicalusefor animmediateapplication.
Moreover, evenif oneknows an explicit expressiononestill lacksa systematiovay how to
vary n in orderto find the groundstate. To overcomethe latter problem, Kohn and Sham
have derved a setof self-consistenequationgo be solvediteratively [Koh65. Applying the
variationalprinciple, Eq. (2.18), to a formally non-interactingelectrongas (i. e., W¢€ = 0),
they obtainedanexpressiorfor aneffective externalpotentialsothatthis auxiliary systemhas
the sameground-stat@lensity(andenepy) asthe giveninteractingsystem’

The mostimportantaspecbof the Kohn—Shamapproachs that, sincethe Hamiltonianof a
non-interactingystems asumof single-particleoperatorsthemary-particlewavefunctioncan

6 Thevariationalprinciple, aspresentedere,only holdsfor thosedensitiesn thatcorrespondo the (possibly
degenerateljroundstateof ary Hamiltonianof type (2.13);suchdensitiesarecalledV ®-representable-However,
notall “reasonablywell-behaed” functionsareV ®!-representablésee e.g., chapter2.3 of [Dre9Q).

" This, of coursejmpliesthe assumptiorthatground-stat@lensitiesof interactingsystemsarealsoobtainable
asground-statalensitiesof non-interactingsystems.The validity of this assumptioris addressedéh chapter4.2
of [Dre9Q; however, seealsochapter6.4 of [Es96€] for a differentjustification.
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be composedf single-particleones,g;, which obey individual Schrédingerequations.How-
ever, sincethe interaction-freeelectrongasis only an auxiliary system,thesesingle-particle
wavefunctionshave no physical meaning,andthe ground-statevavefunctionof this auxiliary
systemis not the exactground-statevavefunctionof the interactingsystem.Merely the corre-
spondingN-particledensity(written herefor the caseof spindegenerag; N is assumeaven)

N/2

N =2)"lg 0P, (2.19)

i=1

obtainedfrom the N/2 lowest-in-enegy single-particleorbitalsof the Kohn—Sham(KS) equa-
tion (wherem is thefree-electrormass)

h
Jf[n\,m]w, (r) = (—2—v2 + vn\,m]> @ (r) = Ef.(r) (2.20)

equalsthe exact ground-statalensityof the interactingsystem;for the correspondingenegy
seebelow.
An iteratve solutionof Eqg. (2.20)is possiblesincethelocal Kohn—Shanpotential

Visve == V& 4+ Vi + ViF (2.21)

allowsto varyn for fixed V®, It consistof theexternalpotentialV ®* of theinteractingsystem
underconsiderationthe (classicaklectrostaticHartreepotential

n(r’)
r 2.22
™ = 47180/|r—r/| ’ (2.22)
andthe Kohn-Shanexchangeandcorrelation(XC) potential
(SEXC
XC ._
Vi = T (2.23)

whichis givenby thefunctionalderiative of the Kohn—Shanexchangeandcorrelationenegy
EXC. Thelatteris definedas

EX°[n] := F[n] = E"[n] — TJn], (2.24)

with the Hohenbeg—Kohnfunctional F of theinteractingsystemEq. (2.16),the functionalof
theHartreeenegy

E[n]:= %fn(r)v[;'](r)dr, (2.25)

andtheuniversalkineticenegy functionalTs of non-interactingarticles(i. e.,wheretheHamil-
tonianis a sumof single-particleoperatorsf Thefunctional Ts[n] is definedin the following

8 Sincein Eq. (2.24)thekinetic enegy of theinteractingsystemascontainedn F, is not completelycompen-
satedby Ts, EX© differsfrom thetrueexchangeandcorrelationenegy WXC[n] := (ynj] W& eyn) — EM[n]; see,
e.g.,chapter®.6and4.2 of [Esth96] andEqgs.(4.16),(7.32),and(7.33)of [Dre9q.
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way: Considerthe givenground-statelensityn asbeinga ground-statalensityof a fictitious
Hamiltonianwithout electron-electrointeraction® J€[en'f =7 4 f Q(r)V[ﬁj‘(r)dr, the corre-
spondingground-statevavefunctionbeing W[Sn]- For this interaction-freesystemthe Hohen-
beig—Kohn functional F, Eq. (2.16), obviously reducego (w[sn]w‘e'wﬁ”) = Tg[n]. Therefore,
sinceF is awell-definedfunctionalof n, sois Ts [ESt96; p.79].

In the Kohn—Shanscheme]ls canbe calculatedrom

2

h
T =23 (— %) [ o¥zama. (2.26)

The Kohn-Shaneigervaluescanbe usedto expressthe electronicground-stateenepgy of the
interacting systemasfollows. From Eq. (2.20) andby usingEgs.(2.19), (2.21), (2.25),and
(2.26)aswell astheorthonormalityof the Kohn—Shanorbitalsoneobtains
N/2
Tsn] = 22 EFS — 2EM[n] — /n(r) [VE(r) + V()] dr. (2.27)
i=1
By expressingF throughEgs.(2.24) and (2.27), the enegy functional the Hohenbeg—Kohn
variationalprincipleis basedn, Eq. (2.17),becomes
N/2
E[n,V& = 22 EFS — E"[n] + EXC[n] — fn(r)v[)rf]c(r)dr , (2.28)
i=1
the eiger\/aluesEiKS dependingmplicitly onn andV®, cf. Eq. (2.20). Onceself-consisteng
isreachedEg. (2.28)yieldsthedesiredelectronicground-statenepy of theinteractingmary-
particle systemunderconsideration.This meansthat the gound-stateropertiesof the latter
areobtainedfrom an effective single-particleformalism. Moreover, up to this point, the self-
consistenKohn-Shanschemeasestablishedy Egs.(2.19)—(2.21)js mathematicallyexact.
However, no explicit expressionis known for EX¢[n]. Thus, for practical applications,an
approximatiorhasto beusedfor EXC, themost“popular” onebeingthelocal-densityapproxi-
mation(LDA), whichis describedn thefollowing subsectiort?

2.2.3 Local-Density Approximation

The Kohn-ShanXC enegy functionalcan,in generalpewrittenin theform
EX°[n] = / n(r)eps (rdr, (2.29)

therebydefiningthe Kohn—ShanXC enegy densityeﬁ,‘]:. For ahomogeneouslectrongas,the
XC enegy densityis a spatiallyconstanguantityand,hencejust a functionof the (r-indepen-
dent) electrondensity eﬁgm(n). Now, within the the local-densityapproximation(LDA; here

andin thefollowing, indicatedby atilde), (' is simply replacedby e} :

EXC[n] := /n(r)eﬁgm(n(r)) dr, (2.30)

9 Seefootnote?.
1011 principle, EXC canbe calculatedexactly using a self-consistenperturbationapproac Gér94, Gor95.
However, the numericaleffort is immensehencethis methodis basicallyimpracticable.
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i. e. for the inhomogeneouslectrongas at positionr oneusesthe XC enegy densityof the
homogeneougashaving anelectrondensitygivenby thelocal valuen(r). Althoughonemay
assumehe LDA to hold merelyfor spatially weakly varying densities,it hasbeenfound to
work ratherwell alsofor solidswith covalentbondsexhibiting large gradientsof the chage
density This hasbeenattributedto the factthat (VX© + VH) fulfills the samesumrule which
canbederivedfor the exactexpressiorandthatonly the sphericalaverageof the so-calledex-
changeandcorrelationhole entersghe XC enegy within the exacttheory Therefore particular
detailsof the XC hole, not beingreproducedy the LDA, areoftenunimportantanda partial
cancellatiorof errorscanusuallybe expected Dre9Q chapter7.2].

However, therearesomedravbacksrelatedto the LDA, for systematierrorsarebeingin-
troducedn somecalculationsUsually the bondingis overestimate@nd,correspondinglythe
lattice constantsreunderestimated-or certainsemiconductorghe metal-insulatotransition
is obtainedat too large volumina[God89. Oneflaw of the LDA is that the Coulombself-
interactionis not properlycancelledoy thelocal form of theexchangeenegy [Dre9d. Another
oneis thatfor freeatomstheelectrontransferenegiesfrom ansto a p or ad state(of thesame
mainquantumnumber)areunderestimatefiGun8].

Whereagheexchangepartof eﬁgm canbecalculatecanalytically valuesfor the correlation
parthaveto betakenfrom numericalcalculations.They have beenparameterizedsingexplicit
functions. Here,we usethe Perdev and ZungerparameterizatiopPer81] of the Monte Carlo
calculationresultsobtainedoy Ceperlg andAlder [Cep84Q.

2.2.4 Frozen-Cor Approximation and Nonlinear Core Corr ection

In general,not all electronscontritute to the bondingof a crystalor a molecule: Whenthe
chemicalenvironmentof anatomchangestheinnershellsremainclosed.Therefore the effort
neededor areasonableumericalmodelingof theatomicbindingin acrystalcanbereducedf
oneassumeshesestatesasbeing“frozen” in anionic coreandusesan effective ionic potential
thatactson the remainingvalenceelectrons.However, this independentreatmenif coreand
valenceelectronsis possibleonly if, on the one hand,coreregionsof differentatomsdo not
overlapand, on the otherhand,the overlapof coreandvalenceelectrondensitiesof an atom
is rathersmall!! Thelatter conditioncanbetroublesomdor atomsexhibiting semicorestates
which overlapsignificantlybothwith the valenceandtherestof the coreelectrons.This holds,
e.g., for the 3d statesof Gallium [Gar934, which furthermoreare closein enegy to the 2s
stateof Nitrogen,sothatfor GaNthey canbe expectedo contributeto thebonding.

In the Kohn—Shamschemethe frozen-coreapproximationamountsto splitting the total
electrondensity Eq. (2.19),into coreandvalenceparts,n = n. + n,, andassuminghe core
electrondensityto be constantsothatit is sufficientto solve the Kohn—Shanequationfor the
valenceelectronsonly. This requiresan expressionfor the effective KS potential,Eq. (2.21),
with ny asits only variable.It is obtainedasfollows. The Hartreepotential Eq. (2.22),is linear
in thedensityandprovidesnodifficultiesin definingv[;'c] andV[;'v]. TheXC potential however,

11 strictly speakingthisis necessarpnly in thoseregionswherethevalenceelectrondensityvariessignificantly
whenthe chemicalervironmentchangesa large overlapof coreandvalencedensitiesmay still occurin regions
wherethelatter remainsapproximatelyconstant.
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follows from the XC enegy, which is nonlinearin the density As furtherapproximationpne
splitsthe XC enegy [assumedo betreatedn LDA, Eq.(2.30)]asfollows:

EXC[ne + ny] ~ E*C[ne] + EXC[ny] + EXC[ne, ny]., (2.31)

om
amountgo shifting theenegy zero),whereaghe mixedpart,

wherethe corepart, EXC[n] = [nc(r)eXS (ne(r)) dr, is constantand canbe omitted (which

EXCnc. ny] = f [Ne(r) efiarm(nv(n) + Nu(r)elsn(ne(rn) ] dr. (2.32)

is neglected.Dueto thelocality of effocm, thisapproximations justifiedfor vanishingoverlapof
nc andny. Then,oneis left with EXC[n, ], from which VXS follows.

In the frozen-coreapproximation,core-level shifts and core polarization[Shi97 are ne-
glected. Neverthelessthe frozen-coreapproximationhasbeenfound to be very successful.
Thisis dueto thefactthatthe errortherebyintroducedn the electronicground-statenenpy is
merelyof secondorderin thedensity[Bar8(.

However, if the overlapbetweem, andn, becomeson-ngligible, the above splitting of
EXC andthe subsequenteglectof themixed part, Eq. (2.32),introducessignificanterrors.For
thiscaseLouie, Frayen,andCohensuggested rigorousfrozen-cordreatmenby not splitting
the XC enepy. For given V!, the KS potentialis written as

(7 KS __yzion H (7 XC jon __ ysext H
Vinernd = Ving + Ving + Vingeng- - Where Vi = VE5 + V.

(2.33)

Then,in the so-callednonlinearcorecorrection(NLCC), oneusesthe sumof the atomiccore-
statesdensitiedor n., whichrequirego calculate— oncefor all —thefull corechagedistribu-
tion (of thefree atom). However, sincethe valencechage densityis very smallin the vicinity
of the core, one canreplacethe true core chage densityinside some(appropriatelychosen)
radiuswith somenumerically easily manageabldéunction; this helpsto minimize numerical
errors[Lou83.

2.2.5 Pseudopotentialsand Plane-Wave Expansion

A pseudopotentialvas first usedby Fermi [Fer34] in a study of high-lying atomic states,
whereador solids,theorthogonalized-plane-ave (OPW)methodfor electronichand-structure
calculation[Her4( canbe consideredasa precursorto pseudopotentiainethods.The aim of
a pseudopotentiahpproachis to reducethe numericaleffort neededfor treatingthe valence
electrons. The wavefunctionsof the latter oscillatein the coreregion, sincethey mustbe or-
thogonatto thoseof the corestatesvhich arelocalizeddueto the (singular)Coulombpotential
containedn V'°", Eq.(2.33). Theseoscillationsareunfavorablefor anexpansiorof thevalence
wavefunctionsin mostbasissets,sincethey causea significantchangen the characterof the
wavefunctionswhengoing from theinter-atomicto the coreregion.

However, asin the frozen-coreapproximation,one may assumehat only the part of the
valencewavefunctionoutsidethe coreregion contritutesto the bonding. Therefore boththe
valencewavefunctionand the ionic potentialneedto be treatedexactly in this region only,
whereasnsidethe coreregion they may be alteredsothatthe oscillationsvanish. This degree
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of freedomcanbeusedin mary differentwaysaccordingto the objective of the specificcalcu-
lation. In generalthepseudopotentiakpresenta “pseudoion,” sinceit replaces$oththeionic

potentialandthe core electronsaswell astheir effectsamongthemselesandon the valence
electrons.

Thereare variouscateyoriesof pseudopotentialdiffering with respectto the kind of in-
putdatarequiredfor their constructioras,e.g., empiricalpseudopotential@isingexperimental
lattice constantsandreflectiondata)or modelpotentials(mimicking atomicscatteringproper
ties)[Coh89. Basedon anextensionof the OPWmethod.anonempiricabpproactho findinga
pseudopotentialasintroducedby Phillips andKleinman[Phi59. They shavedthatby using
smoothedloch functionsaspseudavavefunctionsthe orthogonalizatiortorrectionin the KS
equatiorleadsto arepulsve partof the pseudopotentidhatdepend®ntheangularmomentum
componenbf the pseudonvavefunctionandthereforemustbedescribedy anonlocaloperator

All thesemethodsaim at describinga certaincrystalof a given structureandatomiccom-
position;transferabilityof the above-mentionegseudopotentialis not guaranteedbut hasfirst
beenachieved by so-callednorm-conservingpseudopotentialfHam79. They arebasedon a
DFT-LDA solutionof the atomic Schrédingerequationor, to include relatvistic effects, the
Dirac equation[Kle8(Q (or the Pauli equation);therefore,they are also called ab-initio (or
first-principles)pseudopotentialsDifferentschemedor their generationcan be found in the
literature. First-principlespseudopotentialallow to accuratelycalculatetotal enegiesof dif-
ferentcrystalphasesandtheir lattice constantsstructuralpropertiesof surfacesandinterfaces,
cohesve enepgies,bulk modulus elasticconstantslattice vibrations,etc.

Thechoiceof aspecificpseudopotentialependdothon the basisfunctionsoneis goingto
useaswell ason the atomiccompositionof the materialunderconsiderationIn this work, in
orderto correctlytreatdifferentlystrainedstructuresaswell aslatticevibrations first-principles
pseudopotentialanda plane-vave basisset(i. e.,aFourierexpansionjareemployed. Thelatter
is notbiasedo aspecificatomicarrangemerdndallowsto systematicallyncreaséandthereby
check)the accurag of the calculationsby increasingthe numberof planewaves(i. e., taking
into accounthigherFourier coeficients). In a plane-vave basis,however, thoseatomsarenot
easyto managethat exhibit markedly localizedstates,or nodesin their wavefunctions,since
thesdeadto contritutionsof high Fouriercoeficientssothatalarge numberof planewavesis
requiredto modelthem. For group-I1ll nitrides, this localizationoccursfor the the 2p statesof
nitrogen,sinceit hasno p statedn its core. Therefore so-calledsoft (or smooth)pseudopoten-
tials arerequiredfor the presentalculationssincedespitetheseproblematicatomicstateshey
leadto anexpeditiouscorvergenceof thetotal enegy with respecto anincreasen thenumber
of planewaves.

The softest(smoothesthorm-conservingpseudopotentialare obtainedby the generation
schemef TroullierandMartins(TM) [Tro91]. Thespecialpropertieof thesepseudopotentials
resultfrom (i) thepseudavavefunctionbeingparameterizeth thecoreregion by a polynomial
of 12" degree,(ii) the conditionthatthe pseudowavefunctionandits first four derivativesare
continuousat the coreradius(i. e., the so-calledcutoff radius),and(iii) the conditionthatthe
cunatureof the total (i. e., not only the pseudo-ionigart) TM pseudopotentiak zeroat the
nucleus.Thisallows to choosearatherlarge cutoff radius,whichincreaseshe smoothnesgbut
might reducethe transferability)of the pseudopotential.
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The conditionsof the frozen-coreapproximationare well fulfilled for nitrogenand alu-
minium, whereador gallium andindium the NLCC is requiredbecauseof the semicoreGa
3d or In 4d electrons. For comparisona Ga pseudopotentialvas createdthat treatsthe 3d
electronsas completelyfrozenin the core. However, from this pseudopotentialinusablere-
sultswereobtainedfor GaN[Kar974d. The coreradius(andthe NLCC parameterspf the TM
pseudopotentialasedin this work were chosenaccordingto the conceptof chemicalhard-
nesqTet93 Fil95]. This methodwasimplementedandthe pseudopotentialweregeneratedy
Pletl[P1e9§, whoalsofittedthe pseudopotential® the parameterizatioproposedy Bachelet,
HamannandSchliter which allows a calculationof plane-vwave matrix elementdy ananalyt-
ical expressioriBac83.

2.2.6 Total-Energy Calculation and Brillouin-Zone Summation

In the adiabaticapproximationand using the Kohn—ShamDFT-LDA approachthe ground-
stateenegy (perunit cell) of afrozenlattice follows, for given positionsX of the nuclei (and
thereforefor givenV®?Y), as[cf. Egs.(2.8),(2.17),(2.18),and(2.24)]

E§°%*" = W™+ min (To[n] + E"[n] + EX°[n] + E*"n, V*]) , (2.34)

whereE®"[n, V'] := [n(r)V®!(r)dr. For acrystal,the plane-vave basisfunctionsaredis-
tinguishedby thevectork thatlies within thefirst Brillouin zone the expansionextendingover
all vectorsG of the reciprocallattice. In the numericalcalculation,however, the numberof
planewavesis limited by a so-calledkinetic cutoff enegy accordingio

h2
EEW+GF§EM. (2.35)

Thetotal-enegy contributionsarecalculatedrom the Fourier coeficients(i. e.,in recipro-
cal space)gexceptfor the XC enegy whichis calculatedn realspacgusingfastFouriertrans-
forms). Due to the long-rangecharacteiof the Coulombpotentialinvolvedin W™, EH, and
E®™", their Fouriercoeficientsdivergefor G = 0. However, dueto theoverall chageneutrality
thesedivergenciescancelexactly. This allows to rewrite the sumof thesethreecontrikbutionsas

W EH 4 gen = EBwW éH + ée-n’ (2.36)

wherethedivergenttermshave beenomittedfrom theringedquantitiesout includedinto thein-
teractionenegy of thenuclei,whichthencanbecalculatedanalyticallyby anEwald summation
techiqgugMar63] — andtherefore(in thatform) is calledEwald enegy EFY.

In a crystaldescribedby periodic boundaryconditions,thereexists a densemeshof “al-
lowed” k pointsin the Brillouin zone.Accordingly the sumover the Kohn—Shaneigervalues
becomesa sumoverall occupiedbandgindex v) in thefirst Brillouin zone(BZ); it is therefore
calledband-structurenepgy

N/2 occ.

E*:=2) E¢=2)" > ESK). (2.37)
j=1

v keBZ
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For the numericalcalculation,only a finite numberof k canbe taken into account. There-
fore, oneusually choosesa setof so-calledspecialk-points (SP)adaptedo the crystalsym-
metry Any sumof theform ), o, f (k) thenbecomesa weightedsum , _cpwi f (K) with
Y kespwk = 1. TheKS equatioris now solvedfor thesespeciak-pointsonly, thusthenumeri-
cal effort scaledinearly with thenumberof specialpoints.In theliteratureavarietyof schemes
for choosingspecialk-pointscanbe found (see,e.g., [Eva83). In this work, setsof Chadi-
Cohenspecialpoints[Cha73 areused,which have beenfoundto ensurea goodcorvergence
for phononcalculationspothof zinc-blendeandwurtzite nitrides[Kar97a Kar97h].

Usingthe Ewald andthe band-structurenegy aswell asgq. (2.27)for T, theground-state
total enepgy of thefrozenlattice canbe written as[cf. Eq. (2.28)]

Effozen— EEW 4 min (Ebs— EY[n] + EXC[n] — / n(r)\7[>,§]C(r)> . (2.38)
In thiswork, thetwo XC contributionsareabbreiatedas
EAXCIn] := EXCn] — /n(r)v[ﬁlc(r)dr. (2.39)

This nomenclaturevill be usedin the context of frozen-phonortalculationgSect.2.5).

2.3 Lattice Dynamicsin the Harmonic Approximation

2.3.1 Potential Energy Expansionand Equation of Motion

The harmonicapproximationis motivated by the fact that for sufficiently low temperatures
(i. e.,well belon themelting point) theamplitudesof theatomicvibrationsareusuallysmall(as
comparedo theinteratomicdistancespndanharmonieffects(as,e.g., thermalexpansionof
thelattice,temperaturelependencef elasticconstantsor interactionf latticevibrations)can
be ngglected. This is assumedhroughoutthis work. Then,the potentialenegy of the lattice,
which is givenby E°?®"(X), canbe approximatedy a Taylor seriesup to quadratictermsin
theatomicdisplacementas

D(U) 1= Egozen(x) . Egozen(R)

=Y e (u() ;X Y el u)u)row, 4O

alk alk Bl'k’
with
frozen
CI>a¢(,'() = 7Eq | and
auo‘ (I() u=0
2 =frozen
@up(ll) = 20— 2.4
aua(K) auﬁ (K’) u=0

beingthe so-calledatomicforce constant®f first andsecondorder respectrely. They arein-
terrelateddueto thecrystalsymmetryanddueto theirinvarianceagainstrigid-bodytranslations
androtations[Bor54, Mar63, Ven75 Bot83.
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In the equilibriumconfigurationall forcesvanish:
o, ()=0 (Va,l,x), (2.42)

sothatin harmonicapproximationthe potentialenegy canbewritten as

phamyy — Z Z Do | |' /3( ) (2.43)

Otll( Bl'k’

The harmonicapproximationis of generaluse,regardlessof a (semi-)classicabr quantum-
mechanicalreatmentof the lattice vibrations. Sincein this work quantumaspectf lattice
vibrationsare unimportant,in the following the movementof the nucleiis describedasthat
of a classicalchagedpoint mass(i. e., zero-pointvibrationsarengylected;cf. Sect.2.1). The
harmonicapproximations usedsincethermaleffectsaregenerallyneglectedandonly the sta-
tionaryvibrationalpropertieshallbeinvesticated.
If thex'" basisatomin thel™ cell is displacedrom its equilibriumposition, it is exposecdo

aforcegivenby

) = 22 S e (). 249
Wa()  fr
which yieldstheclassicalequationof motion
Melia () = = > Dapl} (2.45)

I//

2.3.2 Dynamical Matrix and Phonons

For solvingEqg. (2.45),thetranslationabymmetryof thecrystalis employedin choosinga basis
systemof complex functions (whosesuperpositionis supposedo yield real displacements)
[Ven75 Sect.2.2.6]:

1 :
| R()—
Uy — U, glaRM w(Q)t]’ 246
() = i Yateley (2.46)
wherethe notationU, («|q) indicatesthatthe amplitudefactorfor the displacemenof the «™"
atomis consideredor the caseof a vibrationwith wave vectorg. Thegrid of “allowed” wave
vectorsq is determinedy the periodicboundaryconditions.If the crystalbasisconsistof Ny
atoms,oninserting(2.46)into (2.45)oneobtainsa systemof 3N, equations

@?(Q) Uy (k]Q) = Zo@aﬂ(,ﬂ,) Usg'l9) (@=x,y.Z k=1,..., Np), (2.47)
K'B
where
D, q Dop | |' e'q [RH—R(M]
:3(/(/( W Z
Y D (O1)EIRY 17 =1 - ). (2.48)

Q/M M, 4
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Thelaststepfollows from thelattice periodicityof thepotential. Smced)a,g( ) issymmetridn
theindex sets(a, |, k) and(B. ", k') [cf. Eq.(2.41)],the Dus( %) form aHermltlanmatrlx it is
calleddynamicalmatrix. Exceptfortheadd|t|onalmass‘actorsthedynam|camatr|x represents
theFouriertransformof the second-ordeforce constantnatrix with respecto thelatticevector
R().

Accordingto Eq.(2.47),theequatiorof motion(2.45)is solvedif andonly if theeigervalues
andeigervectorsof thedynamicalmatrix arefound,whichfollow from thetheso-calledsecular
equation(wheret1 is theidentity matrix of the specifieddimension):

det[ D(q) — @*(q) 15y, | =0. (2.49)

Since®(q) is Hermitian,for eachq onegetsrealeigervalueSa)jZ(q) (j =1,...,3Np). They

establisithedispersiorrelationsof thelatticevibrations. The stability of the latticerequiresall

wj () beingreal. Accordingto the symmetryof the crystal,at somepointsq in the Brillouin

zonetheeigenfrequencies; (q) maybedegenerateln thelong-wavelengthlimit (i. e.,q - 0),

threemodeshave zerofrequeng, correspondindo arigid translationof the crystalasa whole
(along three mutually perpendiculardirections). Thesebranchesare referredto as acoustic
modestheremaining3Ny — 3 onesasopticalmodes.

Substitutingthe amplitudefactoras

Ua (] §) = A(]) & (<[ }) (2.50)

allowsto choosej|menS|onIese|gervectorse( ) of the (3Np x 3Np)-dimensionamatrix D(q)
thatfulfill thenormallzatlomondltlon(WhereT indicategranspositiorcombinedwith comple
conjugation,i. e., Hermitianconjugation)

Ze & (k| ) =8jjr. (2.51)
Their completenessanbe expressedn mixed matrixandcomponennotationas

Z [e(q) eT :| (KK ) = Z eOt ) = Spex! 80{/3 - (252)

J

From Egs. (2.46) and (2.50) it follows that for a vibrationalmode j with wave vectorq the
amplitudeﬂ(/c|?) of thedisplacemenu( | | ?) of the«™ basisatomin thel™ cell is givenby

0 (c|%) = AC) (e |%) /v M. 259

Upon transformatiornto so-callednormal coordinatesand generalizednomentathesemodes
becomevibrationsof independenharmonicoscillators. The quantum-mechanicdehaior of

the latterleadsto the pictureof vibrationalquantacalled phononsa nomenclaturehatis also
usedin the presentlassicaldescription.

In this work, the vibrationalpropertiesaredeterminedrom a directnumericalcalculation
of thedynamicalmatrix anda subsequerndiagonalizatiorthatyieldsthe modefrequenciesand
eigervectors.This calculationis basedn density-functionaperturbatiortheory(cf. Sect.2.4).
Additionally, in somecaseslsothe so-calledfrozen-phonommethodis used(cf. Sect.2.5).
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2.3.3 Long-WavelengthLimit in Polar Crystals

Lattice vibrationsof ary finite wavelengthin polar semiconductorsanbetreatedin the same
way asthoseof nonpolarones.Thelong-wavelengthlimit (i. e.,q — 0), however, needsspecial
attention sincethelong-rangecharactenf the Coulombinteractioncauses macroscopi&lec-
tric field E for optical modes,whereoppositelychagedsublatticesvibrate againsteachother
andcreatea dynamicaldipole moment.Vice versa the vibratingions arecoupledto this field.

However, sincethe correspondingpotentialenegy Ve(r) = eE - r doesnot have the periodic-
ity of thelattice, this couplinghasnot beentakeninto accountin the harmonicapproximation
basedon a periodicpotential.

2.3.3.1 Determination of the Dynamical Matrix

Following BornandHuang[Bor54; Chap.33], thiscouplingcanbetreatedpohenomenologically
by takinginto accountn the potentialenegy of the vibrating lattice the appropriatecontritu-
tionsdueto theelectricfield. In thelong-wavelengthlimit, thedisplacementsf thex™ atomare
identicalin eachcell andit sufiicesto considera singleprimitive cell (sothatonecansuppress
thecellindex 1). In contrasto Eq. (2.43),herethe potential-enagy densitye is considerednd
aslightly differentnotationfor its “purely mechanicalcontritution (i. e.,the onebeingsolely
determinedy theatomicforceconstantsjs used emphasizingts relationto thecorresponding
partof the dynamicalmatrix (seebelow). In generalt?

1
dq- o) = 5 ) ulk) - C(kr') - uk”)
(2.54)

& e
_ EOE-EOO-E— VXK:E-ZB(K)'U(K),

depend®nthedirectiong := q/|qg| alongwhichthelimit g - 0 is reachedseebelow). Here,
besideghematrix C(kx«’), whichwill bediscussedbelav, thefollowing quantitiesappearE is

the macroscopi@lectricfield accompaying the lattice vibrations. It is consideredn theelec-
trostaticapproximatiorf\Ven75 Sect.4.3.4],sothatpolaritoneffectsarenottakeninto account.
Thereforethe q — O limit is restrictedto |q| > wmax/C (With wmax beingthe maximumfre-

gueng of thevibratinglattice). This corresponds$o the caseof Ramanscatteringusingvisible
light. Consideringa Fouriercomponenfwith spatialvariationexp(ig-r)] of E, in the electro-
staticapproximationit is giventhroughE = —(jsgla - P, with P beingthe total polarization
presentin the crystal. e, is the tensorof the electronicdielectric constantof the crystal, V

is the volumeof the primitive cell, and Zg («) is the tensorof the Born effective chage of the
" atom,introducedto describethe couplingbetweerthe atomicdisplacemenandthe electric
field. Bothe,, andZg(x) areconsideredn theirq — 0 limit. The (dynamical)dipole moment
of the primitive cell, causedy the displacemenof theions,is givenby

p=e) Zsk) - Ulx). (2.55)

12 Any quantity printedin bold uprightis a vector whereasboldfaceitalic indicatesa matrix. If a vectoris
multiplied from theleft, this is to be understoodisa matrix productwith thetransposef thevector
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The Born effective chage takesinto accountboth the valencechage Z,4(«x) of theionsand

the changen the electronicchage distribution causedy the displacementf theions. Dueto

chage neutralityof the primitive cell, it holdsthat) ", Zg(x) = 0 [Coc63.
Theforceenteringthe equationof motionis obtainedrom Eq. (2.54). 1t canbewritten as-3

d¢ (U)

Fol(i) = _VBUO,(K)

==V Y Cuplkx) Up(c') + [ Zg(k) - E], . (2.56)
Bx'

Obviously, in the long-wavelengthlimit, the dynamicalmatrix consistsof two differentcon-
tributions: A (mathematicallyyegularonefrom the forcesdueto thelattice-periodigpotential
(at zero macroscopidield), which is identical to the expressiongiven by Eq. (2.48),anda
(mathematicallynon-analyticonefrom the forcesdueto the macroscopi@lectricfield:

‘D(qkko) ‘Drg (q/(—;(’o) + ‘Dn a(qic/c 0) * (257)
Thelattercontrikutionis non-analyticsinceit hasno uniquelimit for g — 0 but depend®nthe
directiond in whichthelimit is taken. Thisis dueto thelasttermin Eq.(2.54)dependingnthe
anglebetweenthe macroscopi@lectricfield andthe dipole momentp of the vibrating lattice.
Thereforejn Eq. (2.54)the “purely mechanical’contritution follows from the regular part of
the dynamicalmatrix:*4

M M / r 1 "
Ckr'y:= XL 990 = — Y "¢ (°"). 2.58
(KK ) V ( KK ) V ; (KK ) ( )
Thenon-analytigoartof the dynamicalmatrix is determinedasfollows. Thetotal macroscopic
polarizationcontainscontritutions arising from the electricfield (independenbf the atomic

displacementand,vice versa,from the atomicdisplacemenfindependenof thefield):

P=80(€oo—]l)'E+§2K:ZB(K)‘U(K)’ (2.59)

This allowsto relatethe electricfield directly to the atomicdisplacements:

oG- P
__i[]1_|_** _]1)
= oV aq-(

E=

.Ql

1_>_.

Z Zg(Kk) - U(k), (2.60)

which canbe shown to resultin [Ven75 Eq. (4.108)]

E—_ g1 G- Y Ze(k) - uK). (2.61)

80Vq6'€w'q

13 Note that herethe transposef Zg appearssincecomparedo Eq. (2.54)the orderingin the multiplication
with E hasbeeninterchanged.

14 As normalizatiorvolume, herethe volumeof the primitive cell appearssincethel” summatiorin Eq. (2.43)
is taken up by the dynamicalmatrix, Eq. (2.48), whereaghe | summationleadsto a factorof Nyc, the number
of primitive cellsin the periodicity volume consideredy the periodicboundaryconditions.However, this factor
cancelswith the oneappearingn the normalizationof theenegy density¢ = ®/(NpcV).
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Insertingtheelectricfield, Eq. (2.61),into theequatiorfor theforce,Eq. (2.56),finally leadsto
thefollowing expressiorfor the non-analytigpartof the dynamicalmatrix:1®

i)n.a(q S 0) _ e (ZE(K) : Q)a(q : ZB(K/))ﬂ
af \ k'] — 80V /MKMK, (_:ieoo(_:i .

Equation(2.62) shawvs thatall the informationnecessaryo dealwith the non-analyticpart of
thedynamicalmatrix is containedn the macroscopidielectricconstant, of the systemand
in the Born effective chages Zg. Accordingto Eq. (2.59), the Born effective chage tensor
of the " atom equalsthe partial derivative of the macroscopigolarizationwith respecto a
(long-wavelength)displacemenof the « " atomat zeromacroscopidield,

(2.62)

VARE]-
e dug(x)

(2.63)

(ZB(K))aﬂ = s
E=0

whereaghetensorof theelectroniadielectricconstanequalshepartialderivative of themacro-

scopicpolarizationwith respecto the macroscopi@lectricfield at zeroatomicdisplacement:

(oc)ap = bap + — 00
& = —
oo)uaf of 803E,3

(2.64)

u=0

Thelasttwo equationsareusedto calculateZg (k) ande, from first principles(seeSect.2.4).
In thesecalculationsno needarisesto dealexplicitly with themacroscopi@lectricfield, there-
fore the periodicboundaryconditionsare not violated. Oncethesequantitiesare determined,
the full dynamicalmatrix in the long-wavelengthlimit is setup accordingto Egs.(2.57)and
(2.62).Dueto thenon-analytigoart,its diagonalizations possibleonly afterchoosingaspecific
directiond. As result,oneobtainshecompletephononspectruniatthel” point) corresponding
to thechosenj.

2.3.3.2 LO-TO Splitting and Static Dielectric Constant

The influenceof the non-analyticpart of the dynamicalmatrix is to modify the frequencieof

thosephononmodesexhibiting a nonzerodynamicaldipole momentp [cf. Eq. (2.55)]. Such
modesaretermedinfra-red(IR) active sinceaccordingo Eq.(2.61)they cancoupleto theelec-
tric field. Thelatterequationalsoshaows thatthefield is alwaysdirectedalongthe propagtion
directionq, andthat modeswith a dipole momentperpendiculato the propagtion direction
arenotinfluencedby thefield. The lattervibrationsarecalledtrans\erseoptical (TO) modes.
Correspondinglyvibrationswith p alongq arecalledlongitudinaloptical (LO) modes.Equa-
tion (2.61)shavsthatin orderfor theelectricfield to have aninfluenceonthelatticevibrations,
alongitudinalcomponenin the modepolarizationsuffices. Therefore the field doesnot only

influencethosemodeshatareLO modesn the strict sensexplainedabove (which occuronly

for specialdirectionsthatdependon the crystalsymmetry)but alsothosehaving a polarization
neitherperpendiculanor parallelto g. In generalthe polarizationdirectionof a modeis given

15 Note the differenttreatmenbf the atomicmassesn [Ven75 Eq. (4.141)]. Note furtherthatin the literature,
sometimeghe transposef Zg is usedas“apparentchage” [Coc64. This makesa differencesince Zg is not
symmetric.
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by the direction of its atomic displacementstegardlesswhetheror not its dipole momentis
nonzero.For anIR-actve mode,the polarizationcorrespondso its dynamicaldipole moment.

The effect of the macroscopielectricfield (or, equialently, the non-analyticpart of the
dynamicalmatrix) canbeseenfrom thegeneralized. O—TO splitting, givenby thedifferenceof
thesumof all eigervaluesof thefull dynamicalmatrixandof its regularpart. Thisis obtainedoy
taking the traceof the respectie matrices:tracd D (* > %) — D"(% > %)] = tracd D" (% ~9)].

K K

Sinceonly the IR-actve modescontrituteto the difference pnehasthat

r

1 Iq Zg (k)2
;[w 20) — 03(0)] = ZM e G (2.65)

Herer is the numberof IR-active modesw; (§) is the frequeny of a vibrationalmodedeter
minedfrom thefull dynamicalmatrix, Eq.(2.57),andw; (0) is afrequeng determinedrom the
regular part of the dynamicalmatrix only, wherethe electricfield is explicitly excluded. The
latterfrequenciesreknown asthedielectricdispersiorfrequenciesthey markthe polesof the
dielectricfunctionin the infrared spectralregion. Sincethe macroscopielectricfield is not
involved,in this work we denotethe correspondingibrationalmodesas“purely mechanical.
As canbeseerfrom Eq.(2.65),in generalthe LO-TO splitting maydependnthe propagtion
directionq. Usually, for uniaxial crystalsthis directionis expresssedy the angleéd (g, c) be-
tweeng andthecrystals c axis. In thiswork, theangulardependencef thephononfrequencies
will be studiedin detailfor the superlatticessinceit helpsto identify differentmodes.In Sect.
3.2.3,anexplicit expressiorfor the LO-TO splitting in awurtzite crystalis given.

Finally, the tensorcomponent®f the staticdielectricconstantgs, aredervedfrom a gen-
eralizedCoc69 Lyddane—Sachs-<ller (LST) relation,valid for ary crystalsymmetry{\Ven75
Sect.4.3.5]:

r

lef(a) e

=  G-es

T E e g (2.66)
1_[ a)j(O)

For crystalsof orthorhombicsymmetryor highet a systemof mutually perpendicularaxes
exist which allows to identify modespolarizedalong eachof theseaxes. Thesemodescan
be further distinguishedaccordingto their propagtion direction: Modespolarizedin the «

directionandpropagtingin the« directionarecalledlongitudinal(L) modeswhereasnodes
polarizedin the « direction but propagting in a direction 8 # « are calledtrans\erse(T)

modes TheformeronesaredenotedaSa)(“)- thelatteraSa)("‘) It follows from simplesymmetry
considerationghattherearein eachcaser -1 modesfulfllllng this condition.Moreover, for

orthorhombicsymmetryor higher the staticandhigh-frequeng dielectrictensorarediagonal
[Ven75 Table4.2]. BasedontheseconsiderationsCochranandCowley gave anexpressiorfor

the LST relationthat connectghesediagonalelementswith all optic modespolarizedin the
correspondinglirection[Coc63:

Np—1 / (o) \ 2
w .
Il ( Zﬁ) - o (2.67)

=1 wT,j (Soo)oza
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Note again thatherethe L modespropa@tealongthe« direction,whereaghe T modesprop-
agatein a perpendiculadirection. In Sect.3.2.3,an explicit expressionis givenfor the LST
relationfor the caseof wurtzite symmetry

2.4 Density-Functional Perturbation Theory

Sincephononfrequenciesare obtainedas eigervaluesof the dynamicalmatrix, the latter has
to be calculatedrom first principlesin orderto obtaina full ab-initio descriptionof a crystal.
In the harmonicapproximation,the dynamicalmatrix is directly relatedto the atomic force
constant®f secondrder Egs.(2.41)and(2.48). Consideringhe Hellmann-Fgnmantheorem
for the frozen-latticeHamiltonian,Eq. (2.4), it follows thatthe desiredforce constantcanbe
obtainedfrom the linear responsef the electrondensity Therefore,in principle, one hasto
apply first-orderperturbationtheoryto the DFT. The generaltheoryis elaboratedn [Bar01].
As perturbationsatomicdisplacementaswell asa macroscopi@lectricfield have to betaken
into accountin orderto determineboththeregularandthe singular(i. e., theanalyticandnon-
analytic)partof the dynamicalmatrix.

The self-consistenKohn—Shanschemecan be extendedto explicitly calculatethe linear
responsef the electrons. The basicstepsproceedasfollows. Let Ove be the unperturbed
external potentialand PV & the first-order perturbationto which the systemrespondsby a
changeof the electrondensityfrom its unperturbedlistribution ©n (supposedo be known) to
(On+ ®n). FromEq.(2.21)onecanseethatthe KS potentialwill changeaccordinglyandwill
actbackon the density andso forth until self-consisteng Explicitly, the perturbationterms
have to be calculatedrom thefollowing setof equationgKar93, Ple9§:

WESS = (O, | VIS O ), (2.68a)
h2

(—ﬁvrz + OV — “’)EFS) Py (r) = — (WS = UES) O ). (2.68b)
OVES(r) = V{65, ayer () (2.68¢)
(In /KS (I yext H 1) ‘SV[)r?]C (r)

VE () = Ve () + Vi + P —— : (2.68d)

N | —on

Dnery =" (Ve () Vi (1) + P (r) O (1) . (2.68e)

|

Additional termsariseif a pseudopotentiails usedthat includesthe NLCC, sincethen also
in the calculationof the XC enegy the actual position of the correspondingatom hasto be
takeninto accounfDal93]. In principle,the numericaleffort to solve this systemof equations
is comparableto that neededfor solving the unperturbedKS equation. However, to obtain
all necessarylata,several different perturbationshave to be treated their numberscaling(to
leadingorder)as N2. Therefore the practicalapplicationof the DFPT methodis limited to a
rathersmallnumberof basisatoms— unlesaultrasoftnon-normconservingseudopotentialgre
usedwhich enormouslyreducethe numericaleffort; the correspondingnodificationof DFPT
is outlinedin [Bar01].
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Thedynamicalmatrix is calculatedn thefollowing way [Pav91, Bar01]. Accordingto Eq.
(2.8), its regular (analytic) part hasan ionic and an electroniccontritution, D' = D" +
D°. Theionic contritution stemsfrom the secondderivative of the Ewald enegy andcanbe
calculatedanalytically Theelectroniccontrikbutionis calculatedrom thefollowing expression
(thefactor2 accountdor spindegenerag):

2 Sy
el (q) _ K K § : 0 -
ap \kx’) Pvk %

v Ne M, < (Pouc| auz (Naug (9) 2.69)

2 1 Pk A ©)
NN (?auacz) 50, ¢“k>+c'°'>
whereN, is thenumberof primitive cellsin theconsideregberiodicityvolumeandd g, /du, (7)

is the first-order perturbedKS orbital Yg; for the caseof a “monochromatic”perturbation
givenby u(l) = u(%)€9RO, cf. Eq. (2.46). For the singular (non-analytic)part of the dy-

namicalmatrix, Eq. (2.62), the tensorsof the electronicdielectric constantand of the Born

effective chage areneeded.They areobtainedasfollows [Pav9], Gia91]. The total macro-
scopicpolarization,EqQ.(2.59),is —in amicroscopicsense— composeaf a purelyionic term,
Po" = &3 Z%u(k), with the numberof valenceelectronszZ® contritutedby the «™ atom,
and an electronicterm, which encompasselsoth the (static) dielectric screeningpresentfor

clampedons)andthedynamicaleffectsthatcauseZg («) to differ from Z'2'. For spindegener

agy, the electronicpolarizationcanbe written asP® = Nciv Zuk((o)(pvk | r D), cf. [Kar93)].

The perturbationn this casecanbe eithera lattice vibration (asabove) or anelectricfield; the
latteris discussedelon. Accordingto Eq. (2.63) onehasfor the tensorof the Born effective

chage:

el
(Z8(0) 5 = Z'50p + V oR Z80p + % > (g | ta Ok ). (2.70)
€ vk

edugk) ¢ dug (k)

Accordingto Eq. (2.64),thedielectrictensoris givenby

19P¢

ooa:(Sa -
(8)/3 'B—I—Sanﬂ

a(,OVK
(O 1, 22%)

= 8op + 4 I (2.71)
= Oqup Pvk aaEﬂ .

u=0 80 ch ok

Here, 0¢.k/Eg is the linear responsecausedoy an electricfield. It is determinedirom the
following setof equationgKar93]:

h? 3y VS
(—%VE + OVKS <°>EiKS> 2ok O, (1), (2.72a)

dEg  0Eg

JVKs an(r’)/9E an(r) AV (r
(r) _— / n(r’)/oEg ar’ + n(r) dViy (N ’ (2.72b)
8E,3 [r —r’| 8E/3 dn n=0On
9 gy
nn _ 23" Oz (1) 22 ). (2.72¢)

9Es

Somecarehasto betakenwhendealingwith the matrix elementof the positionoperatorin a
systemwith periodicboundaryconditions;this problemis discussedandsolved)in [Gia91].
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2.5 Frozen-PhononCalculations

In a frozen-phonorcalculation,the frequeng of a specificvibration is determinedrom the
changen total enegy thatoccurswhenthe atomsaredisplacedaccordingo the phononmode
underconsiderationThis requireshe knowledgeof therespectre eigervector whichfor some
modescanbe obtainedrom symmetryconsiderationandgroup-theoretienethods.Thistech-
nique, using DFT-LDA calculations,wasfirst appliedto silicon [Wen78 Yin80]. It hasthe
advantagehatit is notrestrictedto harmoniceffects. However, for arbitraryq onehasto usea
supercelbf dimensior2z/|q| in orderto accommodatafull periodof thelatticewave. More-
over, dueto the macroscopielectricfield associateavith LO(I") modes,the latter cannotbe
calculatedin this direct manner Instead,onehasto calculatethe dynamicaleffective chage
andapplyEq. (2.65)to determinghe LO frequeng from the TO one. Theeffective chage can
be obtainedirom a supercellcalculation,aswasdemonstratetbr GaAs[Kun81]. In thiswork,
usingthefrozen-phonomethodwe will studyonly TO modesandnon-polarvibrations.

In generatermg]i. e.,ignoringthetechnicakubtletiepreviouslyindicatedby atilde (LDA)
and a ring (Coulomb singularity removed) as well as suppressinghe arguments],the total
enegy of the interactingsystemof (valence)electronsand (classical)ion coresis given by
thefollowing contributions|cf. Sect.2.2.6,Egs.(2.38)and(2.39)]:

EtOt — EEW+ EbS_ EH + EAXC. (273)

Lety bethe (formal) vectorwhosecomponentsarethe (one-dimensionaljlisplacementy,. of
the basisatomsfrom their equilibrium positionwhenthey oscillateaccordingto a (I'-point)
phononmode(i. e., the numberof component®f y equalsthe numberof basisatoms.). The
frozen-phonorenepy E  thatcorrespondso eachof theabore total-enegy contritutions(i. e.,
“...” standseitherfor “tot,” “Ew,” “bs,” “H,” or “ AXC”) is obtainedasthe differenceof the
respectre enegy relatve to its equilibriumvalue,

Epn(Y) := E7ly — E7ly=o. (2.74)
Fromthetotal enegy, the phononfrequeny is obtainedusingthe following harmonicfit func-
tion [Sri9C, Eq. (3.48)]:

1
Ere(y) = 50° Z M. yZ, (2.75)

wherethesumrunsover all basisatoms.Theactualdisplacementg, of theatomswith masses
M, arechoseraccordingto thetotal displacementy = |y| andthe correspondingomponents
of thenormalizedmodeeigervectore (which we take from the DFPT calculation)asy, = e.n,
sothat

1
Est(n) = sz( > Mkei)nz, (2.76)

which allows to determinghe frequeng « from plotting the total enegy vs thetotal displace-
mentn. Provided that the harmonicapproximationis appropriate this frequeng shouldbe
(nearly)identicalto the oneresultingfrom the DFPT calculation.
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The purposeof the frozen-phonorcalculationis the following: Equation(2.76)shows that
by referringto n theresultsobtainedfor differentmaterialsanddifferentlattice constantgi. e.,
varying underthe influenceof pressureor stress)canbe comparedwith eachother This not
only holdsfor thefrozen-phonortotal enegy itself but alsofor its contrikutions|cf. Eqgs.(2.73)
and(2.74)], which canbe plottedin exactly the sameway. Thereby an interpretationof the
obsenred frequeng shifts is possible,sinceone can studyin detail the influenceof the dif-
ferent contritutionsto the total enegy. In this way, the frozen-phonorcalculationprovides
informationnotaccessibléy a DFPT calculation.On the otherhand,only a DFPT calculation
canprovide an exact eigervector: Evenif the crystalsymmetrydoesnot changef the lattice
constanis varied, the eigervector may change pbut this cannotbe obtainedfrom a symmetry
consideratioralone.

2.6 Modeling of Strains and Stresses

Undertheinfluenceof externalforces,electricfields or dueto a changan temperaturea solid
undegoesa deformation. Theseeffectsareknown, respectiely, aspurely mechanicabeha-
ior (which canbe classifiedas[visco]elasticor [visco]plasticlHau0(Q), corversepiezoelectric
effect andthermalexpansion. The mechanicahndpiezoelectrigpropertiesare treatedexplic-
itly by ab-initio calculations.For an externally imposeddeformation the structuralresponse
of thelattice is obtainedby minimizing the total enegy with respecto the remainingdegrees
of freedomof theionic positions. This will be describedn detailin Sects.3.1and4.1. The
resultstherebyobtainedareinterpretedoy assuminganideallinearelasticbehaior, takinginto
accounthe(corverse)piezoelectriceffectaswill bediscussedbelon. As discussedbefore the
ab-initio calculationsemployed beingvalid only for T = 0 K imply thatthermaleffectsare
completelyneglected.

Experimentally a given externalstressesultsin a macroscopigtrain. In the calculations,
however, the atomic positionsare choserfirst, andthe accompaying forcesare obtainednu-
merically Thereforeunlessastrainis givenin the experimentalsituation,eachstresscasehas
to be modeledby appropriatestrains. This will be describedn the following. However, asa
generalclassificationthe differentsituationsareidentifiedaccordingto the (symmetryof the)
stresgpresenin eachcase.

2.6.1 Strained Bulk Crystal Structures

In thiswork, homogeneouslytrainedNurtzite(spacegroup:Cgv) andzinc-blendgspacegroup
sz) crystalsareinvestigatedthat exhibit no sheardeformation.Threedifferentphysical situa-
tionsareervisagedgiving riseto suchahomogeneoustrain: (i) hydrostaticpressure(ii) lattice
misfit in pseudomorphigrowth on a substrateor of a superlatticeand (iii) uniaxially applied
stress.Additionally, in case(ii) a biaxial stressmay arisedueto thermalmisfit if the growth
takesplaceat hightemperatures.

As long as no phasetransitionsoccut hydrostaticpressurepreseres the symmetryof a
crystalstructure.For wurtzite, the stresse®f (ii) and(iii) leadto symmetry-conservingtrains
if thebasalplaneis stressedsotropicallyor if uniaxialstresss presentalongthesymmetryaxis,
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Figure 2.1 Schematiaepresen-
tation of the tetragonalunit cell
(thick solid lines) and its lattice
constantsn thezinc-blendecrys-
tal structure.

[0001]. For zinc-blendematerialsjsotropicbiaxial stressn a planeperpendiculato or unixial
stressalongoneof thecubicaxes([001], say)leadsto atetragonalnit cell andthe point-group
symmetryis reducedrom Ty (class43m) to Dyg (class42m).

From a macroscopigoint of view, for thesespecificsituationsboth the resultingstrained
cubic (i. e., tetragonal)and wurtzite structuresare trans\erselyisotropic and, therefore,with
respecto their elasticpropertiescanbe treatedon equalfooting. In fact,aslong asno shear
strainsareinvolved,theelasticpropertieof hexagonalandtetragonatrystalsarecharacterized
by elasticcompliancgandstiffness)matriceshaving the sameform with respecto norvanish-
ing aswell asequal-aluedelementdNye83. For bothkinds of structuresthe symmetryaxis
is takenasthe z axisandonealwayshasto distinguishbetweerthe c lattice constantlongthis
axisandtheonein the xy plane,a. The equilibriumtetragonalattice constantsarerelatedto
thecubiconeasag = acup/+/2 andcg = acup (seeFig. 2.1).

In this work, a uniaxial stresswill be consideredhat preseresthe trans\erselyisotropic
elasticity It is describedby a diagonalstresstensore = diag(0, 0, 0,) and modeledby a
certainstrainof the c lattice constantwhich is givenby €, = (¢ — ¢p)/Co and,only for this
specialcaseof uniaxial stressjabeledasuniaxial straine,. Correspondinglyisotropicbiaxial
stresdn thebasalplaneis givenby o = diag(o, o, 0) andmodeledby astrainof thea lattice
constanteyx = (a — ap)/ag, which for this specialcaseof isotropicbiaxial stresgs labeledas
biaxial straine; .

2.6.2 Pyroelectricity, Piezoelectricityand MacroscopicElasticity

Sincea polar lattice thatlacksinversionsymmetryis piezoelectricpoththe wurtzite andzinc-
blendephaseof the nitrides exhibit piezoelectricity Due to its symmetry thereis no spon-
taneouspolarizationin the zinc-blendestructureand for the tetragonaldistortion discussed
above, no piezoelectricpolarizationis created. On the other hand, the wurtzite structureex-
hibits a spontaneoupolarization(pyroelectricity) andthe strengthof the polarizationchanges
with strain. Therefore onehasto take pyroelectricandpiezoelectriceffectsinto accountwhen
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relating stressand strain of the wurtzite structure. To linear order this relationis given by
Hooke’s law, which hereis written asto containthe corversepiezoelectriceffect:

oxx = (C11 + C12)exx + C13ez — €31E7, (2.778.)
Ozz = 2C13€xx + C33€zz — e33E;. (2-77b)

Hereandin thefollowing, isothermalelasticconstantsC;; areassumeandthe Voigt notation
(for abbreviatedtensorindices)is alsousedfor the isothermalpiezoelectricconstantses; and
es3. Theelectricfield insidethe crystalis supposedo have only a z component,E; (corre-
spondingo the nonvanishingcomponentf the spontaneouand/orpiezoelectrigolarization),
sinceary field componentn the xy planewould give riseto shearstress.

However, for anunstrainedulk crystalthe pyroelectriceffectscanbecompletelyngglected
in Eq. (2.77)if theelectricfield is suppressetiecaus®f a screeninglueto surfacechages.In
theab-initio calculationof a bulk crystal,theelectricfield is suppressedueto periodicbound-
ary conditions. Then,one may useEq. (2.77) without the termscontainingthe piezoelectric
constantsyhich is donein the following. Moreover, this alsoholdsfor strainedbulk crystals
andcrystallinelayers. The correctionsof the elasticpropertiesare negligible studyingatomic
positions[Gle01, Bec02k.

As discussedn the previous section,both the tetragonallystrainedcubic andthe wurtzite
structureare trans\erselyisotropic and can be treatedon equalfooting. Sincein this work,
elasticity theoryis merely usedto interpretthe ab-initio resultsin the linear regime around
equilibrium, from the tetragonallystrainedcubic structuresonly the cubic elastic constants
can be obtained. Due to the higher symmetryof the cubic structure,thereare more equal-
valuedelementsn the correspondingstiffnessmatrix thanin a stiffnessmatrix of a wurtzite
or a tetragonalcrystal. Therefore,asthe resultsfor the cubic structurecan be obtainedasa
specialcase(i. e., exhibiting somedegeneraciespf uniaxial symmetry(suchaswurtzite), in
thefollowing subsectionghe equationsarefirst givenfor wurtzite symmetrywith a subsequent
specializatiorof thefinal resultsfor (tetragonallystrained)cubic symmetry

2.6.2.1 Wurtzite Symmetry

Without takinginto accountpyroelectricandpiezoelectriceffects,Hooke’s law reads

oxx = (C11 + Cr2)exx + Crzezz, (2.78a)
07z = 2C13€xx + Cazezz. (2.78Db)

For auniaxialstressr,; = o, # Oalongthez axis(i. e.,in thedirectionof thec latticeconstant),
oxx = oyy = 0 holdsandEg. (2.78a)leadsto therelation

Exx = —Vc€zz (= —VCGH) (2-79)

betweerthe straincomponentswith the coeficient

Cis

_ _ (2.80)
Cii+Cop2

Ve
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beingthe Poissorratio for this case.By definition, the uniaxial stresss linearly relatedto the
strainalong the direction of the stressby the Young modulus(elasticity modulus) E, which
obviously is direction-dependentiere,thisreads

o) = Ecey (2.81)
andthe Youngmodulusin the c-axisdirectionis givenby

2C2,

E.=Cq3 — —=2
¢ 3 Ci11+Ci2

= C33 — 2vC013. (282)
Thelastexpressiompermitsanintuitive physicalinterpretationThestressn thec-axisdirection
is proportionalo the axial stiffnessbut is wealenedby therelaxationthattakesplacein thetwo
perpendiculadirections.

An isotropic biaxial stresso; in the xy planeimplies vanishingforcesalongthe ¢ axis,
02z = 0. Then,Eq. (2.78b)givestherelation

€z = _Rgfxx (=— RBGL), (2-83)
with thebiaxial relaxationcoeficient of thec lattice constant,
C
R0 =228 (2.84)
Css

For trans\erselyisotropiccrystals theisotropicbiaxial stresss linearly relatedto the homoge-
neousbiaxial (i. e.,in-plane)strainby the biaxial modulusY. Herethisreads

o) = YCEJ_ (285)

andthe biaxial modulusfor the planeperpendiculato the c axisfollows as

2C2
Ye =Ci11+ Cio— 3133 = C11+ Cio — R°Cy3. (2.86)

Also here,anintuitive physicalinterpretations possible:Thein-planestresss proportionalto
thesumCy; + Cqo expressingthe in-planestiffnessandis wealenedby the relaxationtaking
placein c-axisdirection.

TheYoungmodulusE; is relatedto the biaxial modulusY; accordingto

CasYe 2v¢

Ec=———F—=—7Y..
T Cu+Cp RC

(2.87)

This allows to expressthe biaxial stressEq. (2.85),in termsof the c-axisstrain,Eq. (2.83),as

Y Ec

—ﬁzezz == _2—\)0622. (288)

o) =
Thelastequationis generallyknown to hold for cubicandelasticallyisotropicmedia[Nye85.
Neverthelessijt is not restrictedto that case,since hereit also holds for wurtzite symmetry
dueto the specialstraincasesunderconsideration It hasto be emphasizedhat, althoughthe
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coeficient E¢/(2v¢) ontheright-handsideof Eq. (2.88)is madeup of quantitieghatreferto the
caseof uniaxial stressthis equationdescribegandis only valid for) the caseof biaxial stress.

For given hydrostaticpressurep the diagonalcomponentf the stresstensorare equal,
oxx = Oyy = 07 = — P, andfrom Hooke’s law, Eqgs.(2.78),it follows that

EZZ == Rr:]exx, (289)

with the hydrostaticrelaxationcoeficient of thec lattice constant,

_ Ciu+Cpp—2Cy3

h
(2.90)

R C33—C13
To linearordet the bulk modulusBy relatesthe changan volume AV =V — V, (whereVg is

theequilibriumvolume)to the pressurevariation Ap (aroundp = 0 GPa) accordingo

AV A
AV _ AP (2.91)
Vo Bo

Thefractionalvolumevariationis givenby AV /Vp = 2¢4x + €2z, Whichfor hydrostaticpressure
leadsto therelation
A
2+ RDexx = _2F (2.92)
Bo
From Egs. (2.89), (2.90) and either (2.78a)or (2.78b) (with o,, = —Ap) anotherrelation
betweenre,, and Ap canbe obtainedandbe usedto substitutes,y in Eg. (2.92),leadingto an
expressiorfor the bulk modulusin termsof the elasticstiffnessconstants:

(C11+ C12)Cs3 — 2C%,

= _ 2.93

Bo C11+ C2+ 2C33 — 4Cy3 (2.93)
Sinceit follows from Egs.(2.93)and(2.86)that,respectrely,

Ye=[24+ (vg' —HRY/2] By and (2.94)

Ciz =Y/ (g = RY), (2.95)

thevaluesof theelasticstiffnessconstant®® canbe determinedisa by-productof therelaxation
calculationif theab-initioresultsareinterpretedn termsof linearelasticitytheoryasdescribed
above.

2.6.2.2 Cubic Symmetry

To distinguishbetweenwurtzite andzinc-blendeelasticstiffnessconstantslower-casecharac-
tersare usedfor the latter The relationsobtainedabove for wurtzite symmetrycan be spe-
cializedto (tetragonallystrained)cubic symmetryif the following substitutionsaremade:Cq;

and Cs3 arereplacedby c;;, whereasC;, and Cy3 arereplacedby c;,. It hasto be noticed,
however, thatthesesubstitutionsare not relatedto a transformatiorof the stiffnessconstants

16 Dueto the (unchangedyvurtzite symmetry only thevalueof thesumCy; + C1» canbeobtained.



32 Chapter2. FundamentalandObjectives

of a zinc-blendematerialinto wurtzite symmetry which is alsoknown asMartin’s transfoma-
tion [Mar72). Insteadhereonly theanalogybetweerboth(strained)rystalsymmetriess used
whichis givenby thetrans\ersallyisotropicelasticity

For cubiccrystalsthataresubjectedo a (small) tetragonadeformationasdescribedabove
(Whereexx = €yy andoyx = oyy), NO piezoelectricpolarizationoccurs,andthe relationsbe-
tweenstressandstrain(i. e.,Hooke’s law) read

oxx = (C11 + C12)€xx + C12€7z, (2-963)

07z = C11€7z + 2C12€xx - (2.96Db)
ThePoissorratioandthe Youngmodulusfor auniaxialstressalongthedirectionof thec lattice
constantregivenby

C
ve=——= and (2.97)
C11+ C12
2¢?
E. =¢C11— 12 C11 — 2vcC12. (298)
C11+ C12

The biaxial relaxationcoeficient of the ¢ lattice constantindthe (correspondingbpiaxial mod-
ulusread

2C
RO==2 and (2.99)
C11
2c3, b
Yo =C11+Ci2— o = C11 + C12 — R.Cpo. (2.100)

As for thewurtzite structure the latter arerelatedto the Youngmodulusandthe Poissorratio
accordingto Ec = c11Y;/(C11 + C12) = ZUCYC/RQ, which implies that, asalreadymentioned,
alsofor the (tetragonallystrained)cubic structurethe biaxial stresscanbe expressedn terms
of thec-axisstrainby Eq. (2.88).

Additionally, sincecy1/(C11 + C12) = 1 — v, Onehasthat

Ec=0A—-v)Y. and (2.101)
2v
b c
= ) 2.102
R=1-1 (2.102)
Thelastequationis equivalentto
b
Ve = Re . (2.103)
2+ R?

Equationg2.102)and(2.103)only hold for cubiccrystalsandelasticallyisotropicmedia;due
to their symmetry the Poissorratio andthe biaxial relaxationcoeficient arenotindependent.

As it mustbe, for the hydrostaticrelaxationcoeficient onehasR? = 1. Thebulk modulus
is relatedto the elasticstiffnessconstantaccordingto

1
Bo = 5(011 + 2C12). (2.104)
It holdsthat E; = 3(1 — 2v.) Bg. Thevaluesof the elasticconstant€anbedeterminedrom

c11=3Bo(v; 1 —2)/(v, 1 = RY) and (2.105)
Cio = C11R2/2. (2106)
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2.6.3 Elastic Energy of a Strained HexagonalSuperlattice

A superlatticeof alternatinglayersof two materialshaving slightly differentin-planelattice
constantss consideredEachlayerheigthh; is assumedo besmallerthanthecritical thickness
of materiali = 1, 2 sothatthe superlatticdayersareformedcoherentlyon top of eachother
If nosubstrates presentthe commonin-planelattice constanig, is determinedy the elastic
propertieof thelayers.An expressiorfor thislatticeconstantn termsof theelasticconstantss
known for cubic materialsandarbitrarystackingdirection[Ana9]. In thefollowing, basedon
linear elasticitytheory it shallbe determinedor a superlatticacomposedf hexagonallayers
stacledin [0001] direction.

In the absenceof shearstrains,the densityof the elasticenegy of materiali is given by
(usingVoigt notationfor theindices)

3
. 1 S
u® = > > olel). (2.107)
a=1

Sincehereonehasthato,y) = 0,0} = o)), e{y = €, ando) = Y,Vef), this reducego

u® = y0eh?, (2.108)

To lowestorderin the strain, the elasticenegy of a columnwith baseareaof a hexagonal
cell is givenby multiplying Eg. (2.108)with the volumeof the unstraineccolumn. Neglecting
the changein heigth of eachlayer due to elastic relaxation,this is taken approximatelyas
Vi = ¥330%h;, therebycancellingthe normalizingfactora” in the strain. The elasticenegy
of a columnextendingover two adjacentayershaving the samein-planelattice constantas,.
therefores

VB&, o |
U= ; hi Y (asL — al)>. (2.109)

For elasticrelaxation ag, is determinedy theminimumof U, whichfollows from

2
0=> hY"(asL— &) (2.110)
i=1
as
2 iHq@)
< hY®D
as, — Z.Zzzl uth:ii‘)o (2.111)
i=1'lTc

I. e.,anexpressiorvery similarto the onelong sinceknown for the caseof cubiclayersstacled
in [001] direction[Mat77]. Here,however, in placeof thesheamoduli G, the biaxial moduli
Y appear
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2.7 Strain- and Stress-RelatedPhononFrequencyShifts

In generalthe phononfrequencie®f a strainedwurtziteisotropiccrystalareshiftedor splitted
with respectto the strain-freevalues. In the linear strainlimit theseshifts and splittings are
relatedto the straintensor €, by

Aw (A1) = a(Ag)(exx + €yy) + b(A1)ez, (2.112a)
ACU(El/Z) = a(El/Z)(fxx + ny) + b(El,Z)Ezz
+ C(E1jo)y/ (6xx — €4y)2 + 4, (2.112b)

in dependencenthemodesymmetryj = A; or Ey/». Thenon-Raman-aote B; modesollow
a similar relation asthe A; modes. The samerelationshold for tetragonally-strainedubic
crystals.Dueto thelowering of the symmetry onehasto distinguishbetweermodespolarized
alongthe tetragonalaxis andthosepolarizedin the perpendiculadirection. The formerones
possesdB, symmetryandthey follow Eq. (2.112a),whereaghe latter oneshave E symmtry
andthey follow Eq. (2.112b).

The coeficientsa(j), b(j), andc(j) arethe correspondingphonondeformationpoten-
tials per unit strain. Sinceherewe are consideringsymmetry-conservingtrains,the tensore
is diagonaland only the deformationpotentialsa(j) andb(j) areinvolved. The latter ones
are determineddirectly from the ab-initio calculationsby the following “artificial” deforma-
tion. While keepingonelattice constanfixedat its equilibriumvalue,the otheroneis slightly
strainedandthe internalparameteu is determinedrom enegy minimization. For this artifi-
cial strainstate,the phononfrequenciesare calculated andthe differencedo the ground-state
valuesimmediatelygive therespectre deformationpotentialsaslinear coeficients.

For the considerectasesf biaxial anduniaxial strain,wherethe diagonalelementf the
straintensor exx ande,,, arerelatedto eachotherby theratios RE (biaxial strain)or v¢ (uniaxial
strain),onecanintroducenew deformatiorpotentialsk ; /() whichrelatethelinearfrequeny
shift directly to the givenbiaxial strain,e ;. , or uniaxialstrain,e;;. Theshiftis writtenas

Aw(]) =Ky ()ery- (2.113)

Thestraincoeficients,K | (] ), arerelatedto thedeformatiorpotentialsby K| (j) = 2a(j) —
Rg’b(j) andK(j) = —2vca(j) + b(j). However, the valuesof the straincoeficientsaredi-
rectly determinedrom the calculatedphononfrequeng shiftsunderbiaxialanduniaxialstrain,
respectrely. Furthermoreusingtherespecitre stress-strainelationthefrequeng shifts(2.113)
canbe relatedto the correspondinginiaxial, o, or biaxial, o |, stressparameter Thereby in
thelinearNStresslimit oneobtainstilecoeficients IZMH () giving thefrequeng changeperunit
stresaasK | (j) = K (})/Yc andK (j) = K (])/Ec.



Chapter 3

Ground-StateDetermination and
Propertiesof Unstrained Polytypes

In this work, to determinethe equilibrium structuralparametergor GaNandAIN bothin the
hexagonalwurtzite (2H) aswell asin the cubic zinc-blendg3C) structure total-enegy calcu-
lationsfor fixedatomicpositionsareperformed.For the 2H structurethisrequiresa deliberate
relaxationprocedure.Also, carefulconsideration®f numericalinfluenceson the resultsand
of the accurag requirementsregiven beforeconvergeny testsandstructural,dielectric,and
vibrationalpropertiesarepresente@dnddiscussed.

3.1 RelaxationProcedure for the 3C and 2H Structures

The structuralground-statgropertiesareobtainedfrom the universalequation-of-stat¢EOS)
by Vinet and coworkers[Vin86]. The explicit expressionfor the volume dependencef the
total enegy, E''(V), is fitted to calculatedvaluesat differentvolumesV; of the primitive cell,
E = EtOt(\/j ). For 3C thereis only onestructuralparameterthe lattice constanteu, = V4V,
andthe EOS canalso be determinedas E*°(acp). On the contrary for 2H therearethree
parametersa, c (lattice constantspndu (internal parameter)hencefor a given volume'V;
firstly onehasto determinetheratio c/a andthe valueof u beforethe corresponding=' can
be obtained.In orderto handlethesecalculationscorrectly the following hasto be considered:

The internal parameteru always adjustsitself for given “external parameters’a, ¢ (or
V, c/a) accordingto a minimization of the total enegy (internal relaxation),leadingto ei-
theru(a, c) or u(V, c/a). Therefore thetotal enegy macroscopicallyaccessiblas a function
of only two parametersg™©(a, c) or E"(V, c/a), resp.,in contrastto the numericallyavail-
ableresult Ec5 (@, ¢, u) which rendersthe total enegy alsofor atomic positionsthat are not
physically realized.It holdsthat E*°!(a, ¢) = min, Ecac(@, ¢, U) = Ecac(a, C, u(a, c)).

If only thevolumeis fixedby externalconditionsalsotheratio c/a adjuststself by enegy
minimization. This resultsin a considerablexpensefor the relaxationof the 2H structureby
meansof total-enegy calculationsfor fixed atomic positions: In orderto minimize E*! at a
givenvolumeV,; with respecto thelattice constantsit hasto be calculatedor a setof suitable
valuesof c/a. For eachof these the correspondingnternalparameteu hasto be determined

35
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first. This resultsin an“optimized” (c/a); and,finally, thevalueof u; = u(V;, (c/a);) hasto
be calculated.

In thiswork, thetotal-enegy minimizationsarehandledusingpolynomialfits. With asetof
five differentu andsevenvaluesfor c/a this amountgo 40 total-enegy calculationsandnine
fits' for each volumeVj, in contrastto just one calculationfor the 3C structure. The EOSis
fitted to resultscalculatecat 5 (8) differentvolumesfor the 2H (3C) structure For 3C, theEOS
alreadyyieldsthefinal result. For 2H, onthe otherhand,it only givestheground-stateolume,
thusonestill hasto determineghe appropriatec/a andu values.

For 2H, the numberof seven c/a valuesis found to be necessaryn orderto obtainthe
desiredaccuray for the structuralparametersA simplificationof the 2H relaxationwould be
tofirstly determingustoneug (atonec/a), whichis keptfixedfor all c/a, andthendeterminea
new onefor thefinal c/a. However, neitheris it clearatwhichc/a thisug shouldbedetermined,
noris thereajustificationfor this procedureywhichwould have to bebasednargumentghatthe
lattice parametersary slowly — insteadtheir behaior is a priori unknovn. Sucha simplified
procedurecannotbe expectedo yield morethanaroughestimate.

The main task of this work is to determinethe influenceof varioustypesof stress(as,
e.g., hydrostaticpressurepn the lattice parametersall otherpropertiesare calculatedfor the
resultingstrainedstructures.Due to the nitrides’ hardnesst canbe expectedthat changesn
the lattice constantsarerathersmall. Thereforethe wurtzite structureneedsto be calculated
mostprecisely andit is not reasonabléo usethe simplified relaxationprocedure.Moreover,
the accurag of the final resultsis given by the corvergeny of the differencesof the lattice
parametersnd of the physical propertieswith respecto the deformation. To resol\e typical
structuralchange®f the orderof onehundredttof thelattice parameterso a precisionof afew
percentthe lattice parametershemseleshave to be determinedo a precisionof 10~4 (which
indeedcanbeachiezedusingthe polynomialfits; seebelow). As aconsequenceheseaccurayg
requirementdiave to betakeninto accountalreadyfor the ground-statealculations.

However, atechnicalproblemarisesfor thefitting: In orderto numericallysolve the Kohn-
Sham(KS) equationusingplanewavesonehasto introducea kinetic cutoff enegy E¢,. At a
givenvolumeV of the primitive cell, E. determineshe numberN,,, of planewavesforming
the basisfor the expansionof the KS wavefunction. It holdsthat Ny~ V ( Ecuw¥?. Thisleads
to a possiblenumericalinfluenceon the calculatedresultswhenthe volumeis varied,sincethe
calculationscanbe performedwith eitherconstantEc,: or constantN,,,. For thedetermination
of the equilibrium volumeit was shavn that using a constantE,; leadsto a resultwhich is
closerto the fully corvemgedonethanwhenusinga constantN,, [Gom8§. The aguments
givenin thelatterwork indicatethatthis notonly holdsfor thedeterminatiorof theequilibrium
volumebut for non-tydrostaticdeformationsaswell. Therefore,in generalit is be difficult to
accuratelyfind the total-enegy minimum, sincefor calculationgperformedwith constantEc,,
the total enegy shavs systematialiscontinuitiesvhenthe lattice parametersarevarieddueto
changeof N, [Gom8@. Thesesystematidluctuationsaremostpronouncedn the region of
theminimumof E'.

In orderto overcomethe problemof the discontinuitieswhile maintainingthe benefitof
betterconvergencewhenusing E¢; = const,onecanfit theresultingvariationof total enegy

15x 7 + 5 calculationsfor the final u determinationseven fits to obtainthe u’s for the chosenc/a, onefor
optimizingc/a, andonefor optimizingthefinal u.
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usingappropriatdunctions. Then,the desiredresultis obtainedasthe minimum of the fitting

function. For the determinationof the equationof state,this function is an analytical EOS,
andthe atomsareshiftedasto simulatehydrostaticpressure Now, generalcasef structural
relaxationshall be consideredvhere,by changingthe atomic arrangementgiscontinuitiesin

thevariationof totalenegy occurdueto varyingnumberf planewaves. Then,otherfunctions
(e.g., polynomials)areusedfor fitting, which for nottoo complicatedstructuresalsoallow for

systematicallytreatinginternaldegreesof freedom[Zia03].

In general this deserestwo comments.First, the fitting itself canbe questionablesince
oneis not dealingwith datathatexhibit stochasticahoisebut systematio/ariationsdueto the
describecffectof varying Nyw. Thereforeasystematiceviationfrom thetrueresultcanoccur
in thefitting. However, if theamplitudeof thesesystematiaariationsis sufficiently small,also
thesystemati@rrorof thefitting is small. By increasinghe cutoff enegy and/orthe numberof
speciak points,thenecessargccurag can,in principle,bereachedThis meanghat,asusual,
carefulcorvergeny testshave to bemade.

Secondmostlyit is not clearwhatto chooseasan “appropriatefitting function; sincethe
total-enegy variationdependgat least)on the atomicspeciesnvolvedandon thedeformation
studied. Obviously, the correctnes®f the result—i. e., to endup neiherwith anartificial nor
(in caseit existst) a satellitetotal-enegy minimum but with the true one — dependson the
choiceof boththe samplingof the atomicpositionsandthe functionusedfor fitting. However,
in casethat the equilibrium positionscan be roughly determined;t sufficesto performonly
small shifts of the atomsaboutthesepositions,so thatthe total enegy might exhibit a nearly
symmetricbehaior, which canbefitted ratherprecisely

The accurayg of the result,then,dependson the quality of the fit: The smallerthe devia-
tions of the fitted curve from the calculateddata,the lessthe uncertaintyin the positionof the
minimum. Therefore,a smootherttotal-enegy curve allows a betterfit. Thisleadsto thesame
requiremenasdoesthe needto avoid systematierrorsinvolvedin thefitting, sincea smoother
total-enegy curwve is obtainedfor higher E.; and/orlargerk-point set. On the otherhand,this
meanghatthe quality of thefit might sere assignfor the degreeof convergeny reached— at
leastin the (negative) senseasto indicatethatit canstill beimproved.

It hasto benoticedthattherequiremenof a sufficiently smoothtotal-enegy curve alsoap-
pliesto the calculationof thec/a ratio of the 2H structure Eventhoughin this casethevolume
doesnotchangethetotal enegy shavs somefluctuationssincethe shapeof the Brillouin zone
changessc/a variesand,thereforedifferentsetsof planewavescontritutein thetotal-enegy
expansion.Theconsequencdsr thenitrideswill bediscussedn section3.2.1.2.

3.2 ConvergencyTestsand Discussionof Results

3.2.1 Structural Properties
3.2.1.1 Zinc-Blende Phase

For cubic AIN andGaN, the Vinet EOSis usedto determineE™!, acy,, Bg, and B} from cal-
culationsusing setsof 5 and8 samplingpoints (lattice constants)meshe<f 10, 19, 28, and
44 Chadi-Coherk-points, andvarying cutoff enegy. The variation of the resultswith these
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Table 3.1 Ground-statatructuralpropertief AIN andGaNin zinc-blendephase:
lattice constantag,y (A), bulk modulusB, (GPa) andits pressurederiative B} at
zeropressureaswell asthe total-enegy differenceper cation-N pair betweenthe
3C andthe 2H structureAE™ = E©Y(3C) — E"(2H) (meV). Whereavailable,
experimentalaluesaregivenfor comparisorfPGN94 exceptnoticedotherwise].

acub B, B, AE™

3C-AIN calc. 4.334 210.2 3.5 +48.2
exper. 438  (202pP —

3C-GaN calc. 4.443 206.5 4.0 +20.2
exper  4.49-455 (1857 —

aestimatedrom transformedvurtzite elasticconstants
b[She9]

numericalparametershaows that,independenof the numberof specialk-points,atleasta cut-

off enegy of 70 Ry is requiredfor corvergedresults. The structuralparametersre already
corverged while the total enegy is not; corverging the latter requiresEq,: = 85 Ry. Then,
independentf the numberof speciak-points,the samevalueof E'' is obtained Furthermore,
for Ecit = 70 Ry the resultsare practically independenbdf the numerof samplingpoints (5

or 8). For lower cutoff enegies, this holdsonly for larger k-point sets,however, thesecon-
forming resultsdo not equalthe onesobtainedfor highercutoff enegy. Therefore,obtaining
identicalfits of the EOSto differentnumbersof samplingpointsis only a necessargriterion

for convergeny (with respecto E.), notasuficientone.

Theresultsgivenin Table 3.1 are obtainedfor E¢,: = 75 Ry and 19 Chadi-Coherpoints
for 3C-AIN (28 pointsfor 3C-GaN).In comparisorwith the experimentaldata,the calculated
lattice constantsare approximatelyl % (2 %) smaller which is dueto the enhancedonding
causedy the LDA.

Comparingthe lattice constantf differentcubic nitridesoneseeshat AIN hasa slightly
smallerone. On the otherhand,it hasa slightly higherbulk modulus. This correspondgo
atrendwhich is to be expecteddueto the ionic radii of the constituentatoms. Nevertheless,
the nitrogenatomdominateghe bondingpropertiesn both cases.This manifestgtself in the
nearlyequalandratherhigh valueof the chage-asymmetrgoeficient g asdefinedby Garcia
andCohen[Gar93d, whichis g = 0.794for 3C-AIN andg = 0.780for 3C-GaN.

3.2.1.2 Wourtzite Phase

For hexagonalnitrides one hasto determinenot only the ground-statevolume but also the
inner geometryas given by c/a andu. This requiresa separatecorvergeny testfor these
parametersit a fixed volume, Vy. Here,anequilibriumvolumewasusedthatwasdetermined
in a preparatorywork basedon a cutoff enegy of E¢,: = 50 Ry. With respecto the accurag
requirement®f the presenwork, it is foundthatthe internalparameteu is nearlycorverged
usingthis cutoff, but c/a is not. For a corvergedresultof the latter, at leastE.; = 75 Ry
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Table 3.2 Corvergenceof theratio of thelattice constantsg/a, of 2H-AIN
and-GaNwith respecto the numericalcutoff enegy, Ey (in Ry).

Ecut 2H-AIN 2H-GaN

50 1.597,5+ 0.001,5 (noresult)

60 1.597,4+0.000,4 1.624,5+ 0.000,8
70 1.598,43t 0.000,19 1.625,02+ 0.000,08
75 1.598,27+ 0.000,04 1.625,16+ 0.000,05
80 1.598,28+ 0.000,09 1.625,16+ 0.000,04

is required;cf. Table3.2. In the caseof E¢; = 50 Ry the discontinuitiesof E*°! causedby

varying Npy inhibitedthefitting for GaN. Only if the cutoff enepy is choserlarge enoughthe

fit becomesmoothandallows to determinec/a with sufficient accurag. The computational
differencen determiningc/a andu is thatavariationof u alonedoesnotchangeheplane-vave

basissincec/a is keptfixed. Thereforealower cutoff enegy is sufficientfor thedetermination
of u.

Morein detail,thec/a datagivenin Table3.2 areobtainedasfollows: For theleast-squares
fits basedon Chebyshe-seriesrepresentationsf the polynomial approximationsof various
degrees’? seven c/a samplingpoints are used. In orderto take into accountthe influenceof
the particularchoice of thesesamplingpoints, several fits are performed,eitherusingall of
thesepointsor usingonly six of them,leaving eitherthefirst or the lastoneaside.Altogether
this provides 10 differentresults. Sincethe fluctuationsof the total enegy curve beingdue
to varying Npw, they represent systematicerror and are not dueto a stochastinoise, thus
a statisticaltreatmentof theseresults(meanaverageand standarddeviation) doesnot yield a
“final result” but merelyanindicationaboutthe spreadingf thedifferentfits. Comparingooth
the meanaveragesandthe standarddeviationsfor differentcutoff enegieshelpsto follow the
corvergence. It is with theserestrictionsin mind that we show the statisticallytreateddata
in Table 3.2. As the final result of the fitting, we take the c/a value of the fit that comes
closestto the original data,i. e., whosefit curve shows the leastdeviation from the calculated
enegies. It wasobsened thatin nearly all casesthis resultwas found inside the tolerance
intenal determinedy the statisticaltreatment.

Always,12 Chadi-Coherpointshave beenusedasspecialk-point set. Theinfluenceof the
choiceof the numberof thesepointshasbeentestedfor 2H-GaN. It wasfoundthatu doesnot
changeavhenusing24k-pointsinstead andc/a varieslessthan3x 10>, whichis notarelevant
amount. Sincethe calculationaleffort for the wurtzite structureis much higherthanfor the
zinc-blendeone, extensve corvergeng testsareabstainedrom. Instead basedon the results
of thefits for c/a calculatedat five differentvolumes(with E¢,; = 75 Ry), the EOSis fitted
to total enegiesdirectly calculatedfor thesestructuresusing Ec,; = 70, 75, and80 Ry.2 The

2 Explicitly, the NAG routinesE02ADF andE02AKF areused.

3 Here, the calculationusing Ecyt = 75 Ry is necessargincethe total enegy of the resultingstructureis
needed.Fromthefits for c/a onereliably obtainsonly the positionof the minimum of E' with respecto c/a,
but notthe correspondingalueof E™ itself.
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Table 3.3 Ground-statestructuralpropertiesof AIN and GaN in wurtzite phase:
lattice constanta (A), ratio c/a, internalparameteu, andbulk modulusB, (GPa)
aswell asits pressurelerivative B, atzeropressureExperimentalaluesaregiven
for comparisorfPGN94 exceptnoticedotherwise].

a c/a u Bo By
2H-AIN  calc. 3.084 1.5983 0.3825 210.0 3.6
exper 3.110-3.113 1.600-1.602 0.382F 209 6.%
2H-GaN calc. 3.145 1.6252 0.3775 205.7 4.3
exper. 3.1892 1.6258 245 4
3.168-3.187 1.625-1.628 0.377 188-249~" 3.2-4.3°
3.188 1.6264 202.4 4.5
a[Sh77] ¢ [Lag79 € [Sav7$ 9 [Les9q
b [Uen9] d [Xia93 ' [Per9Z] h [Tsu032

resultingground-stateolumeis practicallyidenticalin all casesit shavs arelative uncertainty
of AV/V = 3 x 107°, whichis betterthantheaccuray desired.In thiswork, E¢,; = 75Ry is
usedfor determiningc/a and E.; = 60 Ry for calculatingu.

Theresultsarepresentedn Table3.3. As for the cubic nitrides, the calculatedattice con-
stantsareaboutl % smallerthanthe experimentalones. However, for 2H-GaN c/a is only
0.04 % smallerthanfound experimentally(0.17 % for 2H-AIN), which is a very goodresult.
Unfortunatelytheexperimentalalueof theinternalparameteu of GaNist notknown with suf-
ficientaccurag, sothatthedeviationis 0.13% (0.10% for AIN). Thelatticeparameters/a and
u of GaN arerathercloseto the onesof theideal wurtzite structure,(c/a)iq = +/8/3 ~ 1.633
andujy = 3/8 = 0.375,whereasAIN shaws significantdeviationsfrom these.

Thesecomparisonshaov that the resultsobtainedfor GaN usingthe NLCC (in orderto
partially accountfor the influenceof the Ga 3d electrons)are of the samequality asthose
obtainedfor AIN, wherethereare no d electrons. This shavs — at leastfor the properties
studiedhere— thatthe NLCC is a successfuapproach.

3.2.1.3 Relative PhaseStability

As canbeseernfrom Fig. 3.1,for bothnitridesthetotalenegy (percation—Npair) of thewurtzite
phasas lower thanthatof the cubicphase Thisis consistentvith theexperimentafinding that
thewurtzite structureis the equilibriumonefor AIN andGaN atambientconditions.However,
the growth of the metastablezinc-blendepolytype hasalso beenachiered. For enepetical
comparisonall calculationsareperformedusing E¢: = 75Ry anddifferentnumbersof special
k-points.Here,convergeng is reachedf theenepy differencea E*°{(3C—2H) doesnotchange
anymorewhenincreasinghe setof specialk-points.

Accordingto Lawaetz,a generattrendcanbe obsened[Law72: Dueto differencesn the
ionicity, the stability of the wurtzite lattice in comparisorto zinc blendeis closelyrelatedto
deviationsof thec/a ratio from theidealvalue. For a stablewurtzite structurec/a < 1.633is
found, andthe enegeticaldifferenceto the zinc-blendestructureis larger for a materialwith a
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Figure 3.1 Comparisorof total enegiesbetweernthe 3C (dottedline) andthe 2H (solid line)
phaseof AIN andGaN (percation—Npair).

larger deviation. Here,this trendis foundto be fulfilled for the nitrides;cf. Table3.3for their
valuesof c/a.

3.2.2 Electronic Dielectric Constantand Born Effective Charge

To determinequantitiesderived from perturbationtheory one only needsto know the lattice

parametersTo obtaina corvergedresultof a DFPT calculation,it is not necessaryo choose
the samecutoff enegy and k-point setas for the determinationof the structuralproperties,
since E¢; andk pointsareonly numericaltools for the calculationof the physical properties
of interest. Therefore oncethe lattice geometryhasbeendeterminedfor calculatingthe elec-
tronic dielectricconstantthe Born effective chage,andthe phononfrequencies— all of which

areobtainedfrom the sameDFPT calculation—, a separateornvergeny testhasto be made.
The physical propertywhich is mostsensitve to the numericalparametersvill determinethe

computationatequirements.

For the cubic nitrides, e, and Zg arefound to be corvergedusing E¢,; = 50 Ry and 10
Chadi-Cohempointsfor AIN (28 for GaN). For the hexagonalnitrides, one hasto distinguish
betweerthexx andthezz componenobf therespectie tensors Dueto thescrav-axissymmetry
andthechageneutralitycondition,for thefour atomsforming thebasisof thewurtzitestructure
thereis only oneindependentensorZg. Here,the differencebetweenaswell asthe ordering
of the xx andzz tensorcomponentsreimportant. To reachcorvergeny E,; = 60 Ry and12
Chadi-Coherpointshave to be usedfor both AIN andGaN. In Table 3.4 the resultsobtained
aregivenandcomparedvith experimentadata.ln generalthereis goodagreemenamongthe
data. Most important,the orderingof the magnitudeof the tensorcomponentss determined
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Table 3.4 Dielectric propertiesof unstrainedAIN and GaN: electronicdielec-
tric constants,,, Born effective chage Zg of the cation (in units of the elemen-
tary chage €), andscreened3orn chage Z§ = Zg/.,/e for the zinc-blendeas
well asrespectre tensorcomponentSex)xx, (Eso)zzs (ZB)xxs (ZB)zz, (Zg)xx =

(ZB)xx/+/ (Ex)xx, ANA(ZE) 2z = (ZB) zz/+/ (€x0) 2z fOr thewurtzite structure Experi-
mentalvaluesaregivenfor comparison.

) Zp ZE (&00)xx (6x)zz (ZB)xx (ZB)z (Zg)xx (Zg)zz
AIN calc. 446 256 1.21 4.30 4.52 2.54 2.70 1.23 1.27

expet (4.4F — @ — (4.68y (2.57¥
4.4 4.8
GaN calc. 5.40 2.65 1.14 5.20 539 260 274 114 1.18
expet — @o— @ — (5.29¥ 265 287

526,514 531
a [Tho0], estimatedrom refractive-index measuremertan 3C-AIN
b [Aka67, from IR reflectionon polycrystallinesample
¢ [San83, no symmetry-relatedifferencementioned

d [Pik81]
€ [Azu99, assuminges)xx = (£00)zz 9 [Ejd71]]
 [Bar73 h [Yu97]

correctly Also, thequality of theresults(comparedo the experimentaldata)is similar for GaN
andAIN. Therefore herethe NLCC provesto be a successfuapproximatioraswell.

3.2.3 Phononsand Static Dielectric Constant
3.2.3.1 Zinc-Blende Phase

For the cubic nitrides, the phononfrequenciesat the centerof the Brillouin zone(I" point)
aregivenin Table 3.5, in comparisornto experimentaldata. The static dielectric constantis
dervedfrom the electronicdielectricconstantandthe phononfrequenciesusingthe Lyddane
Sachs-Eller (LST) relationes/soo = w?5/w3,. The agreementf the calculatedresultswith
the experimentaldatais rathergood,the phononfrequenciesare overestimatedy aboutl %.
Comparedo otherlll-V semiconductorghephononfrequenciesreratherlarge. Thisis dueto
boththe smallnitrogenmassand,asa consequencef the shorterbondlength,thelargerforce
constantsAlso, the staticdielectricconstantsreratherlarge, especiallywhencomparedo the
electronicones.Theratio es/e+, shavsvaluesof 1.88(1.79)for 3C-AIN (3C-GaN).Thisis, of
course relatedto the samephysical origin asis the large LO-TO splitting, which is the high
ionicity establishedby a high densityof polarizableatomicbonds.This canbe seenasfollows:
For cubicmaterialsthe LO-TO splitting is givenby

e?z2
2 2 B
W o — Wro =

—, 3.1
0800 VL (3.1)
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Table 3.5 Phononsndstaticdielectricconstantf unstrainedAIN andGaNin zinc-
blendephase: Zone-centeiTO and LO frequenciegcm™1), the LO-TO splitting
(cm™1), andthe (resulting) static dielectric constantss. Experimentalvaluesare
givenfor comparison.

TO LO LO-TO &g
3C-AIN calc. 662 907 245 8.37
exper? 655 902 247
3C-GaN calc. 560 750 190 9.69
exper® 553 743 190

acf. [Har99] b¢f. [Gofi0]

wherey is thereducednassof acation-nitrogerpairandV is thevolumeof theprimitive cell
Obviously, the LST relationthenbecomes

2 2 2
§:1+L20)TO:1+€27252_ (3.2)
€0 ) £0E00 VLT
As for thezone-boundarynodesjn Table3.6the valuesof the L- and X-pointfrequencies
aregiven. Theformeronesarerelatedto the additionalmodesfoundin the wurtzite structure
(seethefollowing subsection)Thelatteronesareof interestin conjuctionwith thecubic[001]
superlatticegcf. Sect.5.2).

Table 3.6 Phononsf unstrainedAIN andGaNin zinc-blendephase:Frequencies
of zone-boundarynodesatthe L and X points(cm™1).

TA(L) LA(L) TO(L) LO(L) TA(X) LA(X) TO(X) LO(X)
3C-AIN calc. 139 345 584 720 195 353 627 708
3C-GaN calc. 230 583 656 750 340 590 674 734

3.2.3.2 Wourtzite Phase

In comparisorto zinc-blendematerials for phononsn wurtzite-structurecompoundgwo im-
portantdifferencesoccur: (i) Dueto the approximatelydoubledelementarycell, the Brillouin
zoneis nearlyhalf in size,with the branchesat the (former) L point beingfolded backto the
I" point, becausé¢hecubic[111] directioncorrespondso thehexagonal[0001] one. Therefore,
four additionalphononmodesoccur The former longitudinal onesbecome(nondeyenerate)
B; modesandthe formertrans\ersalonesbecometwofold degenerate)E, modes.(ii) Dueto
theaxial symmetry-relate@nisotroy of thewurtzitelattice,the“original” I'-point TO andLO
eigenmodesaresplit accordingo the symmetryof their vibrationalpattern which canbe of A;

4 This alsoexplainswhy the LO-TO splitting is largerfor AIN thanfor GaN: the screeningthe cell volume,
andthereducednassareall smallerin AIN.
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A E, B/hih glow

Figure 3.2 Vibrational pattern of
wurtzite I'-point phonon modes as
well astheir symmetryclassification.
Small filled circles: lighter atomic

high low
E, E,

T species(here: nitrogen), large open
circles: hearier atomicspecieqhere:
¢ axis group-lll element).

Table 3.7 Phononsof unstrainedAIN and GaN in wurtzite phase: Zone-center
modefrequenciegcm™). Experimentatlataaregivenfor comparison.

ES B A(TO) Ey(TO) EF*" B A(LO) E4(LO)
2H-AIN calc. 241 552 618 677 667 738 898 924

exper? 248 609 669 656 891 910
2H-GaN calc. 142 337 540 568 576 712 748 757

exper? 144 532 558 567 734 742

exper® 144 533 561 569 735 743
2 [Gof0] b [Azu9j

or E; type(cf. Fig. 3.2). Theresultsaregivenin Table3.7. Thefrequencie®f the B modegle-
pendsensitvely onthenumericalparameterand,thereforejndicatethedegreeof corvergeng.
Within the accurag reachedere the phononfrequenciesirecorvergedto + 1 cm.

Only the A; and E; modesareboth IR and Ramanactive, sincethe dipole momentsas-
sociatedwith the displacementsf anion-cationpairsdo not canceleachother However, this
cancellatioroccursfor the B; and E, modesdueto thesymmetryof theirvibrationalpattern(cf.
Fig. 3.2). Therefore the latter modesdo not interactwith macroscopielectricfields. More-
over, dueto the fractionarytranslationof the nonsymmorphicspacegroup C¢ , for eachof
the B; modeshedisplacementsf thetwo atomsmoving areequialentin thefollowing sense:
The“upward” movementof anatomalongthec axisis undistinguishablé&om the“downward”
movementof the sameatomthatoccurshalf anoscillationperiodlater Thereforethesemodes
do not contrikuteto first-orderRamanscattering.
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Figure 3.3 Angulardependencef calculatedoptical modesof 2H-GaN (left panel)and2H-
AIN (right panel). ® is the anglebetweerthe phononpropagtion directiong andthe c axis.
Theangulardependeninodesareplottedasdashedines. Also shavn areexperimentalvalues
(squares¥or comparisor[Fil96, Sie98. The approximationaccordingto [Lou6]d is applied
bothto the calculatecandmeasurediata,andit is shavn asthin andasdottedline, respectiely.

Thelimiting casesof the angulardependencef the phononfrequencieshavn in Fig. 3.3
canbe understoodasfollows. For propagtion parallelto the c axis, the A; modeobviously
is an LO phononandthe E; modeis a (twofold degenerate)TO phonon. For propagtion
perpendiculato the c axis,the A; modeandoneof the E; modesareTO phononswhereashe
secondE; modeis anLO phonon.In anintermediatedirection,the macroscopi@lectricfield
producesamixing of thelR-actve modesyresultingin so-calledquasi-LOandquasi-TO modes
having neithera distinct symmetrynor a properpolarization. Their frequengy dependsn the
anglebetweerthephononpropagtiondirectionandthec axis. ThenonpolarB; andE, modes
aswell asthe E;(TO) phonondo notdependon the propagtiondirection.

Sincetherespectre longitudinalandtrans\ersalA; and E; modefrequenciesrerelatively
closeto eachother accordingto Loudonit canbe expectedthat the angularvariation of the
(quasi-)LO and TO modescanbe describedoy simpletrigonometricfunctions[Lou63. As
canbe seenfrom Fig. 3.3, this approximatiorworks very well, bothfor the calculatedandthe
measurediata.

Similarto thecubiccrystalstheionicity of thewurtzitestructurerevealsitselfin thesplitting
of the LO and TO modes. Becauseof the uniaxial crystal symmetry one hasto take into
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Table 3.8 LO-TO splittingsof zone-centephononsof the samesymmetry A Ay
and AE; (cm™1), tensorcomponentof the static dielectric constant,(es)xx and
(es)zz, aswell asangle-aeragedvaluesfor the TO and LO frequencieswsg and
wrg (cm™1), for AIN andGaN in wurtzite phase.Experimentadataare given for
comparison.

AA1r AE1 (89)xx (69)zz w5 orp

2H-AIN calc. 280 247 8.16 9.73 658 915

exper® 282 241 8.14 1027 650 904
exper°® 7.98 9.18

2H-GaN calc. 208 189 9.24 10.36 559 754

exper? 202 184 9.09 10.1¢¥ 549 739

exper® 202 182 9.0 10.10' 552 740

exper! 95 104
2 [Gof0] dusinge,, from [Yu97]
businge,, from [Pik81] © [Azu9j
¢ [Mal97] f [Bar73

accountthe differentmodesymmetries.From Eqg. (2.65) it follows thatfor the corresponding
displacemendirectionsholds(«x = x, 2)

2€7(Zp)2,
£0(Ec0)aa VI
with © andV asabove [Eq. (3.1)]. Thevaluesof the LO-TO splittingsarerathersensitve to
thenumericalparametersisedin the calculationsthey aregivenin Table3.8.

For the wurtzite nitrides, the tensorcomponent®f the staticdielectricconstantaarederived
from a generalized ST relation (cf. Sect.2.3.3.2). From Eq. (2.67) it follows that for the
relationbeveeenthe xx (zz) component®f the dielectrictensorsonehasto usethe frequeng
valuesof the E; (A1) modes(indicatedhereaccordingto the respectre elongationdirectiona
of thevibration,cf. Fig. 3.2):

a)EO(a) — a)-zro(a) = (3.3)

(e)aa _ a)Eo(a)
(800)010( 60%0(05) .

(3.4)

FromTable3.8it canbe seenthatthe anisotroy of & is largerthanthatof e,,. Thisis dueto
the differentLO-TO splitting of the A; comparedo the E; modes.

Accordingto Table3.7,the E;—A; splitting, beingdueto the anisotroy of the short-range
forcesin thewurtzitelattice (andbeinglargerfor AIN thanfor GaN),is smallerthantheLO-TO
splitting, beingcausedoy the long-rangeelectricfields. This suggestshatthe angle-aeraged
valuesof the LO and TO frequenciesdeterminedas (w1g)? = (w4, 10, + 20¢,10))/3 (and
similarly for o, cf. [Luc71]), shouldapproachthoseof the respectte modesin the zinc-
blendestructure. As can be seenfrom Tables3.5 and 3.8, this is indeedthe case. It holds
especiallywell for the TO modeswhichis not surprisingdueto the additionalinfluenceof the
electricfield in the caseof theLO modes.



Chapter 4

Influence of Strain on Bulk GaN and AIN

In this chapterwe investicatetheinfluenceof macroscopistrainson structural dielectric,and
vibrational propertiesof the bulk GaN and AIN polytypesunderthe influenceof hydrostatic
pressureanduniaxial aswell asbiaxial stress.Thereby fundamentamaterialparametersre
obtained. As a consequencehis allows for the converseprocessof deducingthe strainstate
from measuregbroperties.

Fromthe caseof hydrostaticpressurewe determinghe modeGriineiserparametersf the
phonons. The scalingof the interatomicforcesand other propertieswith the varying atomic
distancesllows to comparethe nitrideswith othermaterialshaving alreadyrevealedinterest-
ing behaior dueto comprerssion By investigating uniaxial and biaxial stresswe obtainthe
phonondeformationpotentialsaswell assomeof the elasticconstants.

Thesestudiesare alsousefulregardingthe investigation of superlatticegcf. the following
chapter)with atleastonekind of layersbeingstraineddueto the differentlattice constantof
GaNandAIN.

4.1 RelaxationProcedurefor the Strained Structur es

The strainresultingfrom a uniaxial or biaxial stresss correspondinglydenotedasuniaxial or
biaxial. Here,for the cubicnitridesuniaxial stresss assumedo actalongoneof thecubicaxes
(as,e.g.,[001]), which is takenasthe z axis, andfor the wurtzite nitridesalongthe symmetry
axis,[0001]. Biaxial stresgs assumedo actwithin therespectre perpendiculaplane whereit
is takento beisotropic. Underthesestresonditions theresultingstrainsconsere thewurtzite
symmetrybut changehecubiclatticeinto atetragonabne,sothatonealwayshasto distinguish
betweerthein-planelattice constanta, andthe onealongtheresultingsymmetryaxis, c. For
the cubic nitrides, the equilibriumtetragonalattice constantsireag = acuy/~/2 andcy = acup
(cf. Fig. 2.1).

In general,uniaxial [biaxial] stresss given by a diagonaltensore = diag(0, 0, 0,) [0 =
diago., o1, 0)]. It is modeledby a certainstrainof the c [a] lattice constantwhich is given
by e;; = (C — Cp)/Co [exx = (@ — ap)/ap] andlabeledasuniaxial [biaxial] straine, [¢,]. The
otherlattice constaniadjustsitself accordingto the conditionof vanishingstressalongits di-
rection.For thetetragonalattice, thisis the only remainingdegreeof freedomwhereador the
wurtzite structure alsoan internalstrain (u — Ug)/uUp occurs. In uor calculationspoth relax-

47
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Figure 4.1 Normalizedvolumeversushydrostaticpressureaccordingto the Vinet equationof

statefor GaNandAIN in thewurtzite (2H) andzinc-blendg3C) structuresTherespectie cell

volume V, at zeropressuras usedfor normalization. For comparisonyesultsfor zinc-blende

GaAsarealsogiven. Solid line: 3C-GaN, short-dottedine: 2H-GaN, dashedine: 3C-AIN,

dottedline: 2H-AIN, thin solid line: GaAs. Experimentatesultsareplottedfor 2H-AIN (open
triangles[Uen93) andfor 2H-GaN (filled diamondgXia93, filled circles[Uen94).

ationsareobtainedoy minimizing thetotal enegy of the strainedattice,aswill bedescribedn
thefollowing chapter

4.2 Structural Properties

4.2.1 Hydrostatic Pressue

Resultsof thetotal-enegy minimizationsfor GaNandAIN underhydrostaticpressurerepre-
sentedn Figs.4.1and4.3. Usingthe Vinet EOS,therelationbetweerthe normalizedvolume
andhydrostaticpressurdat zerotemperaturejs plottedin Fig. 4.1, togethemwith someexper
imentalresults[Uen92 Xia93 Uen94. It is well known thatfor GaN and AIN thesephases
changento the cubicrocksaltstructure{Op = Fm3m spacegroup)at remarkablydifferenttran-
sition volumesand, hence,pressures.Here, only the low-pressure2H and 3C structuresare
consideredand, for comparisonthe theoreticalEOS is plotted for the whole pressureaange
considered.The calculatedEOS for the two phasesf AIN andzinc-blendeGaN are nearly
identical. To obtainthe samevolume contraction,a slightly lower hydrostaticpressureéhasto
beappliedfor wurtzite GaNsinceit possessesslightly lower bulk modulus(206GPa)in com-
parisonto AIN (210GPa). Thereis an excellentagreementvith the experimentaldata,which
show ratherlarge deviationsamongthemseles. The low-pressurestructuresof the considered
nitridesbehave very similarly with respecto their EOS.Moreover, the differencein the EOS
of the nitridesis muchsmallerthanthe discrepang in the volumesfor a given pressuravhen
the group-I1ll nitrides are comparedwith a more commonlll-V compound,e.g. GaAs. The
strongervariationof the latter one’s volumewith hydrostaticpressuras in agreementvith its
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Figure 4.2 Geometryelements(bond
lengthsand bond angles)of the wurtzite
structure. d,: bond length along the ¢
axis; d, : bondlength nearly perpendic-
ular to the ¢ axis; «: anglebetweenthe
¢ axisandthe bondnearly perpendicular
toit; B: anglebetweenwo bondsnearly
perpendiculato the c axis.
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Figure 4.3 Structuralparameter®f wurtzite GaN and AIN underhydrostaticpressure.Solid
lines: GaN, dashedines: AIN. (a) Ratio of the lattice constants/a versuspressure.Exper
imental resultsare plotted for 2H-AIN (opentriangles[Uen93) andfor 2H-GaN (filled cir-
cles[Uen99). (b) Internalparameten versuspressure.(c) Lengthsof the two inequialent
bondsversuspressure(d) Bondanglesversuspressurefor thelabeling,seethe corresponding
symbolsof Fig. 4.2.

wealer chemicalbonding,sincethe cohesve enegy perbond, 1.63eV, is muchsmallerthan
the correspondingaluesof GaN (2.24eV) andAIN (2.88eV) [Har89].

In contrasto thesimilarity in the EOS,thecrystallatticesof wurtzite GaNandAIN behae
quitedifferently Thecalculatedatio of thetwo latticeconstant€/a andtheinternalparameter
u are plotted versushydrostaticpressuran Figs. 4.3(a)and (b). For GaN the two quantities
arequitecloseto theidealvalues.Their pressureependence nggligible, with linearpressure
coeficientsof [0(£)/dplp—o = —4.7 x 107> GPa* and(du/dp)p—o = 5 x 10~ GPa~*. For
AIN, the situationis completelydifferent. The valuesc/a (u) areremarkablysmaller(larger)
thantheidealvaluesanddecreasé€increasewith rising hydrostaticpressurewith coeficients
of [0(£)/0p]p=o = —5.6 x 107*GPa~* and(du/dp) p—o = 1.08 x 104 GPa ™.

The resultsarein reasonablagreementvith experimentalstudiesof the lattice constants
underpressurgUen92 Uen94. For GaN,the nearlyconstantatio c/a wasinferedalsofrom
optical measurementsf the crystal-fieldsplitting for compressedampleqLiu98]. The pres-
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surebehaior of u is consistentwith that of c/a: Assumingnearly equalbond lengthspar
allel and perpendiculato the c axis [which is justified, cf. Fig. 4.3(c)], the resultingrelation
u~ % + % (%)2 leadsto aninternalparameteu > g, whichincreasessc/a decreases.

As aconsequencef thedifferentvariationsof c/a andu in GaNandAIN, onefindsdiffer-
entlattice deformationsunderpressure.n Figs.4.3(c)and(d) the lengthsof the inequivalent
bondsandthe anglesbetweerthemareplottedversushydrostaticpressureAs canbe expected
from Figs. 4.3(a)and (b), for GaN thesequantitiesare closeto thosein anideal tetrahedron
(equalbondlengths denticalbondanglesof 109.47). With rising hydrostaticpressureindeed
the bond anglesremainalmostconstant,i. e., besidesshrinking bond lengthsno remarkable
changeoccursin the shapeof thetetrahedrattructure.Now, for AIN the significantdeviations
from theideal wurtzite structurearefurtherenlagedunderpressure Especiallythe difference
betweenthe bond anglesincreasesn sucha way thatthe zig-zagchainsperpendiculato the
c axisareflattened,. e., the bondingtetrahedraare compresse@longthe c axis by shrinking
the vertical distance(3 — u) c of the AI-N layers. Thisimplies a tendenyg for detybridization
from ideal sp® bondstowardssp? and p, orbitals.

The trend of crystallizingwithin wurtzite structureand, in particular to exhibit bond an-
glesdifferentfrom theidealtetrahedroroneshasoften beenrelatedto thelargeionicity of the
chemicalbonds.Thebondionicity canbe characterizethy the chage asymmetrycoeficientg
accordingto GarciaandCohen[Gar93d. It is plottedin Fig. 4.4 versuspressurdor the zinc-
blendephaseof GaNandAIN. A weakdecreas®f g with rising pressuras obsered (slopes:
—3x 104 GPa ! for GaN,—4 x 10~4 GPa* for AIN). This meanghatthelogarithmicderiva-
tive of g with respectto the volumeis positive. At leastfor AIN, this behaior is seemingly
in contrastto theincreaseof the deviationsof c/a andu from the valuesof the ideal wurtzite
structure sincethis is usuallyrelatedto anincreasingoondionicity. However, this algument
stemsfrom the comparisorof differentmaterialsexhibiting differentionicities at their equilib-
rium. On the otherhand,with rising pressureanddecreasindondlengthsthe overlap of the
valenceelectronwave functionsincreasesConsequentlythe increasingprobability of finding
anelectroncloserto the cation,too, resultsin smallervaluesof the bondionicity.

4.2.2 Uniaxial and Biaxial Strain

Structurakesultsof thetotal-enegy optimizationsor thenominallycubicnitridesarepresented
in Figs.4.5and4.6for biaxialanduniaxialstrain,respectrely. Thereis nosignificantdifference
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Figure 4.5 Parameter®f the tetragonallydistortedatomic geometryof cubic nitridesversus
biaxial strain: (a) normalizedlattice constantc/cy, (b) ratio of lattice constants/a, (¢) nor

malizedvolumeV /V,, (d) bondlength,and(e) bondangles;solid line: 3C-GaN, dashedine:

3C-AIN. Thelabel« (8) denoteghe anglebetweenbondspointing along oppositedirections
with respectto their z component(pointing along the samedirection with respectto their z

component)similar to thewurtzite case.

between3C-GaN and 3C-AIN with respectto their strain behaior. The decreasef the ¢

lattice constantvith increasingensilebiaxial strainis aboutthreetimesof thea lattice constant
for tensileuniaxial strain. For large strains,slight nonlinearitiesarefound. The linear strain
coeficientsaregivenin Table4.1.

Bothfor increasingensilebiaxial andtensileuniaxialstrainthecell volumeincreasessince
therelaxationof the stress-fredattice constantdoesnot completelycompensatéor the change
of thestrainedone. Thisis dueto the stiffnessof thelattice, hereresultingfrom aninterplayof
thechange®f bondlengthandbondanglesijt is describedn the following.

Picturethelatticedeformatiorasatwo-stepprocessFirst,imaginetheatomsbeingclamped
in thestress-freglirectionsothatthey canbeshiftedonly alongthedirectionof themacroscopic

—— 194

[ ] o AR z ]
g 102 @ A g5 s (b) T o1 @
8 o 3 E IS r 1
£ I gy = 2 190} ]
S 101 J © g 140 4 ° I ]
j ! 290 T 188
5 T 5 1 c 18y ~
o r ¥ o C% E
® 100l 17 S I S I [c}) S E E——
-,E -1 1.02 L L L —~ A I L
[ H 1 e 111} R
s : X [© ] < , CR
& 099 1 N> I i © 10| a
= 3 ‘g, 1001 E 5 | ]
£ I E g ] T 109 4
S ol ] S 2 I ] 5
z [ g r 1 o
P T R R 0.98 P R U R 108 P R B |
-2 -1 0 1 2 -2 -1 0 1 2 2 1 0 1 2
Uniaxial strain (C—C,)/C, (%) Uniaxial strain (C—C,)/C, (%) Uniaxial strain (C—C,)/C, (%)

Figure 4.6 Parameter®f the tetragonallydistortedatomic geometryof cubic nitridesversus
uniaxialstrain. SameasFig. 4.5, but insteadof c thelattice constant is shavn in (a).
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Table 4.1 Strain-freevaluesXo andlinearstraincoeficients - (52

5 (7¢-), of param-
etersof atomicgeometry(X = c, a, ¢/a, andd) of the tetragonallystrainedcubic

nitrides(absolutdengthsin A).

param. 3C-GaN 3C-AIN
X Xo (€1) (€)) Xo (€1) (€))
c 4443 -1.109 1.000 4334 —-1.097 1.000
a 3141 1000 -0.355 3.064 1000 -—-0.353
c/a 2 —298 1.91 V2 297 1.91
d 1924 0572 0.186 1877 0565 0.183

stressandsecondtheatomsbeing“released’andshiftedalongtheperpendiculadirectiondue
to thelatticerelaxation.The differencein the behaior of bondlengthandbondanglesst that
the latterundego similar changesn both stepswhereaghe bond-lengthvariationsareof op-
positesign. Thismeansf in thefirst stepanangleincreasest alsoincrease thesecondstep,
but if a bondgetsstretchedn thefirst step,it will shortenagain in the secondstep(andvice
versa).Thereforejn thesecond(. e., therelaxation)stepa balances establishedetweerthe
angularforcesthat governthe further distortionof the bondanglesandthe centralforcesthat
tendto recover thebondlength.

As onecanseefrom Figs.4.5and4.6,the bondlengthvariesonly weakly comparedo the
bondangles. This shaws thetendenyg of the nitrides’ lattice to be moreresistanto changes
of its bondlengthsthanto change%f its bondangles.The bondlengthvarieslessfor uniaxial
strain, which is ultimately dueto the lattice relaxationtaking placein two dimensions. The
bondanglesbehae very similar for biaxial anduniaxial strain,because8 depend®on theratio
c/Co only, andthec lattice constanexhibits similar variationsfor uniaxialandbiaxial strain,as
canbeseerfrom Table4.1.

Table 4.2 Strain-freevaluesXg andIinearstraincoeficientsxio(afj(/ ” ) o of param-

etersof atomic geometry(X = c, a, c/a, u,d,;, andd,) of the wurtzite nitrides

(absolutdengthsin A).
param. 2H-GaN 2H-AIN
X Xo (€1) (€ Xo (€1) (€))
(o 5111 -0.502 1.000 4929 -0.611 1.000
a 3.145 1.000 -0.202 3.084 1.000 -0.210
c/a 1.6252 —1.507 1.199 1.5982 -1.621 1.209
u 0.3775 0.694 —-0.551 0.3825 0.805 —-0.633
d, 1.929 0.193 0.448 1.885 0.188 0.368
d; 1.921 0.611 0.107 1.872 0.594 0.103
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Figure 4.7 Parameter®f the wurtzite atomicgeometryversusbiaxial strain: (a) normalized
lattice constant/cy, (b) ratio of latticeconstantg/a, (c) normalizedvolumeV / Vg, (d) internal
parameteu, (e) bondlengths,and(f) bondangles.Solid line: 2H-GaN,dashedine: 2H-AIN.
For thelabeling,seethe correspondingymbolsof Fig. 4.2.

Structuralresultsof the total-enegy optimizationsfor the wurtzite nitridesarepresentedn
Figs. 4.7 and 4.8 for biaxial and uniaxial strain, respectrely. As expected,dueto the lattice
relaxation(Poissoreffect) oneobsenesa decreas®f thec (a) lattice constantwith increasing
tensilebiaxial (uniaxial) strain. The correspondindinear straincoeficientsaresummarizedn
Table4.2. As for the cubic structure,the volumeincreasesn both casedor increasingten-
sile strainasa neteffect. Theinternalparameteu and,hence the internalstrain (u — up)/ug
obviously shawv a differentstrainbehaior thanthe lattice constantsyhichis neverthelessys-
tematic: They alwayschangen the oppositeway to theratio of the lattice constants As c/a
shrinks,u increasegandvice versa),regardlessof the straintype (uniaxial or biaxial). The
samebehaior wasalsofoundfor hydrostaticpressurécf. Fig. 4.3).

Theratherstronginternalstraineffectsdominatethevariationsof thebondlengthsandbond
anglegFigs. 4.7(ef) and4.8(ef)]. Interestinglythelengthsd, = uc of the bondsparallelto
the c axisincreasdor bothstrains.The effectis strongerfor uniaxial strain,following directly
the increaseof c. Moreover, even for biaxial strainthe decreasef the c-lattice constantis
accompaniedby anincreasan bondlengthsparallelto the ¢ axis. The lengthsof the bonds
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Figure 4.8 Parameterof the wurtzite atomic geometryversusuniaxial strain. SameasFig.
4.7,but insteadof ¢ thelattice constant is shavn in (a).
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nonparalleko thec axis,d, = [%a2 + (3 - u)zcz]l/z, alsoincreasewith tensilebiaxial strain,
while in the uniaxial case thereis moreor lessa compensatiomf the variationsof c, a, andu,

resultingin almostconstanbondlengthsd, . For certainstrainvalues,all bondlengthsof one
materialbecomesqual. However, this doesnot resultin idealtetrahedrasincethe bondangles
remaindifferent.

Theoppositebehaior of thebondanglesy andg versushiaxial or uniaxialstrainis particu-
larly interestingsinceit impliesatendeng to reducethedeformatiornof thebondingtetrahedra
for compressie biaxial strainor tensileuniaxial strain. Theanglesapproaclthevalue109.47
of theidealtetrahedronHowever, becaus®f unequabondlengths againthetetrahedraemain
deformed. For the oppositecaseof tensilebiaxial strainand compressie uniaxial strain, the
bondingtetrahedraarecompressedlongthe c axisandtheanglex tendstowards9(°, whereas
theanglep tendstowards120°. As for 2H-AIN underhydrostaticpressurethisimpliesaten-

deng for detybridizationfrom ideal sp® hybridstowardssp? and p, orbitalsalsoin this case.

4.3 Elastic Properties

4.3.1 Zinc-BlendePhase

The elasticconstantsgeterminedasa by-productof the relaxation(cf. Sect.2.6.2),aregiven
in Table4.3,togetherwith othertheoreticalresults.Nearly all datashow a pretty goodoverall
agreementUnfortunately no experimentaldataareavailable.

It is a generalpropertyof cubic crystals(aswell asof elasticallyisotropic materials)that
the Poissorratio andthe biaxial relaxationcoeficient are not independentsinceit holdsthat
RY = 2ue/(1 — ve) [or ve = R2/(2 + RY), respectiely]. Here, however, R? and v, have
beenobtainedindependently Their consisteny is testedusingthe above formulae, Table 4.3
shaws a satishctoryagreementinterestingly from Table4.3it canbe seenthatevena perfect
consisteng betweerthe valuesof R? und v, doeshowever not guaranteeeliableresults.

The fractionalvolumechangeAV /Vy = 2exx + €,; amountso (2 — RE’)Q in the biaxial
caseandto (1—2v.)¢, in theuniaxialone. Thevaluesof the prefactorsarefoundastheslopeof
the curvesin Figs.4.5(c)and4.6(c). In orderfor the volumeto remainconstantthe prefactors
neededo vanish,whichimplies RE = 2andy, = % Thesevalueswould only bereachedf, in
therelaxationstep,the bondangleswould changeby a muchlargeramountthanthey actually
do. Sincetheobsened v, getsmuchcloserto its respectie “critical value”thanR®, therelative
changean volumeis significantlysmallerfor uniaxialthanfor biaxial strain.

4.3.2 Wurtzite Phase

From the datashowvn in Figs. 4.7(a) and 4.8(a) the coeficients RE and v, areimmediately
obtained.They areshovn andcomparedwith othertheoreticalandexperimentaldata(derved
from elasticstiffnessconstants)n Table4.4. In generalthe behaior of 2H-GaNand2H-AIN
is rathersimilar. It canbenoticed however, thattheeffect of biaxial strain(asexpressedy RP)
is larger thanthat of uniaxial strain(asexpressedy v¢) by a factorof about2.6 for 2H-GaN
and2.9for 2H-AIN. As for thecubicnitrides,theresultingchangan volumeis muchlargerfor
biaxial thanfor uniaxialstrain.
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Table 4.3 Elasticstiffnessconstantgin GPa) aswell asrelatedmoduli and coeficients (see
text) of zinc-blendeGaNandAIN comparedvith resultsof otherab initio calculationd=¢.,

RY oo 2+R°bRg Bo ¢ c2 E X
3C-GaN present 1.109 0.355 1.101 0.357 2065 296 164 179 278
calc? 1085 0.352 1.086 0352 204 293 159 181 279
calc® 1.130 0361 1.130 0361 203 285 161 169 264
calc® 0.848 0.298 0.848 0.298 183 297 126 222 316
calcd 1.041 0.342 1041 0342 201 296 154 191 290
3C-AIN  present 1.097 0.353 1.091 0.354 2102 303 166 186 287
calc? 1053 0.345 1.053 0.345 208 304 160 194 296
calc® 1.073 0.349 1072 0349 216 313 168 196 301
calc® 1000 0.333 1.000 0333 209 314 157 209 314
calcd 1.000 0.333 1.000 0333 203 304 152 203 304
& [Wri97] b [Shiog ¢ [Bec0Q d [Kim9g]|
Table 4.4 Elasticstiffnessconstantgin GPa) aswell asrelatedmoduli and coeficients (see
text) of wurtzite GaN and AIN, comparedwith resultsof other ab initio calculation&® and
measurements?. For all datasets,the hydrostaticrelaxationcoeficient is derived from the
elasticconstantwia Eq. (2.90). Exceptfor the presenbnes the valuesof the bulk modulusare
derivedfrom theelasticconstantsisingEq. (2.93).
RP Ve 12,—'}50 Rl Y% E. By Cuu+Ciz Ciz Cas
2H-GaN present 0.502 0.202 0.506 0.99 463 373 206 515 104 414
calc? 0509 0.205 0516 098 450 363 202 502 103 405
calc® 0553 0.212 0538 1.04 432 332 197 490 104 376
exper® 0533 0.198 0.494 111 479 356 210 535 106 398
exper® 0564 0.212 0538 1.07 458 343 208 520 110 390
exper! 0598 0.228 0591 1.02 432 329 204 500 114 381
exper 118 0371 118 101 239 150 195 426 158 267
2H-AIN  present 0.611 0.210 0.532 1.21 469 322 210 538 113 370
calc? 0579 0.203 0509 120 470 329 207 533 108 373
calc® 0585 0.207 0522 1.17 474 337 212 540 112 383
exper® 0509 0.177 0.430 1.25 510 354 210 560 99 389
exper® 0513 0.182 0445 121 499 354 209 550 100 390
a[Wri97] ¢ [Pol9g] € [Deg9g 9[Sav78
b [Shiog d[McN93 f[Yam97 Yam9g

For cubic crystalsandfor elasticallyisotropic materials,RLJ = 127—"30 holds. Due to their
uniaxial crystal structure the wurtzite nitrides may exhibit an anisotropicbehaior. Compar
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ing theratio f_”f)c with the actualvalueof RP providesinformationaboutthe deviation of their
elasticpropertiesfrom isotropicbehaior. It is obvious from Table4.4 thatfor 2H-GaN 12_"36
getsrathercloseto RE while for 2H-AIN therearesignificantdifferencesThedeviating elastic
propertiesof thetwo nitridesunderconsideratiorarealsovisible in the presencef hydrostatic
pressureywherea characteristibehaior of the axial ratio c/a is obsered. The latter canalso
be expressedy the hydrostaticrelaxationcoeficient which, in the hydrostatic-pressurealcu-
lation, is foundto be 1.02for 2H-GaNand1.23for 2H-AIN. Thesevalueshave to becompared
to thosegivenin Table4.4 which werederived from the elasticconstant@asobtainedfrom the
uniaxial and biaxial relaxation. Again this shavs a very satishctory agreemenbetweenthe
independentalculations.

Fromthe RQ valuesof Table4.4 it follows that only 2H-GaN exhibits a compressiorap-
proximatelyhomogeneous. e., a proportionalcontraction),since RQ(GaI\D ~ 1.0, while for
2H-AIN the compressioris anisotropic] R1(AIN) ~ 1.2]. This hasbeenobsenred directly in
high-pressureX-ray-diffraction experiments{Uen92 Uen94 andwasalsofoundin otherab
initio calculationsfor hydrostaticpressurgChr93, Ser0Q. Therefore the quality of calcula-
tions and measurementsf elasticstiffnessconstantf wurtzite GaN and AIN canbe easily
characterizedby thedimensionless;uantitiesRE, Ve, 12_"50, and RQ Thisis important,for there
aremary datapublishedfor the elasticconstantsxhibiting a broadrangeof values,andit is
thereforedesirableto have criteria at handthathelp to choosereliable ones. For instance for
2H-GaN it appearghat reliablevaluesarecloseto R® = 0.50... 0.56, v; = 0.20... 0.21,
ﬁ—vv =0.49... 0.54,andR" ~ 1.0. Thesituationis somavhatlessclearfor 2H-AIN, sincethe
deviationsbetweertheresultsarelarger Neverthelessteliablevaluescanbeexpectedo fall in
therangeR? = 0.5 ... 0.6,v; = 0.18 ... 0.21, 2= = 0.45... 0.53,andR Z 1.2.

' 1—ve

Thereasorfor thedifferentelasticbehaior of wurtzite GaNandAIN canbetracedbackto
theelasticstiffnessconstant¢cf. Table4.4). Thepresentesultsarein excellentagreemenivith
otherab initio calculationgWri97]. This holdsin particularfor AIN. For GaN, the stiffness
constantscalculatedwithin our methodare slightly larger, mainly dueto the relatvely small
valueof R?. Theagreementith measuredaluegPol96, Deg98 Yam97 McN93 is reasonable
for both nitrides. Therefore,sincein our caseall quantitiesstemfrom the sametype of DFT
calculationsthe derved elasticconstantgepresent reliable basisfor extractingphononand
electronicdeformationpotentials.For 2H-GaNthereis onesetof experimentaresults|Sav7§
which shouldnot be usedary longer Unfortunately this particularset of valueshasbeen
publishedn the Landolt-Bérnsteirseries.

Accordingto Table4.4,therelationCy; + Cy2 ~ C;3 + C33 holdswith goodaccurayg for
2H-GaN but not for 2H-AIN. Thisis in completeagreemenwith the relationsRQ ~ 1.0 and
12_—"56 ~ RP, thatarefulfilled for 2H-GaN andindicatinga quasicubicbehaior. The different
elasticbehaior of wurtzite GaNandAIN is mainly determinedby thelarger C;; + Ci2 value

of AIN, which also causests larger biaxial modulusY. The value of the ratio RP 127—“56 =

(C11 + C12 — C13)/Cg3 cansene asan estimatefor a lower (upper)limit of RY if it is larger
(smaller)than1.0. Dueto the quasicubidehaior, therelationsbetweerthe elasticmoduli for
2H-GaN canbe approximatedy simplified expressions.The biaxial modulusandthe Young
modulusarerelatedto the bulk modulusviaY ~ 3Bg(1 — %RE’) = 3Bop(1 — 2v.)/(1 — ve) and
E ~ 3Bo(1— 3R?)/(1+ 3R?) = 3By(1 — 2vc). Thesetwo moduliarerelatedto eachotherby
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E~Y/1+ %RE) = Y (1 — vc). Obviously, in eachof theseequationghe corversionfactors
betweenthe elasticmoduli canbe expressedusing eitherthe biaxial relaxationcoeficient or
the Poissorratio, which themselesarerelatedto eachotherthroughRLJ = f_“gc (asmentioned

above). Table4.4 shavsthattheserelationsareby no meansvalid for 2H-AIN.

In contrasto theexperimentallyandtheoreticallywell-establishedesultsfor thehydrostatic
coeficient R, therearecontradictoryreportsondirectexperimentatesultsfor thebiaxial strain
ratio R? of GaN. For AIN no valuesat all arereported. The measuredialues R2(GaN), of
0.48[Dav97], 0.43[YamO01, and0.38[Det9] (sometimeghe lattervaluehasbeencitedto be
the Poissorratio) shaw significantdeviationsamongthemseles. Additionally, from theresults
obtainedoy Romanaandcoworkers[RomO0(), avalueof 0.386canbeextracted(whichfits their
databetterthanthe one from the literaturewhich they used),andfrom Fig. 1 of [Ama8§, a
valueof 0.45canbeobtainedjf thedatafrom Leszczynsketal. [Les9§ areusedasstrain-free
referencdor the lattice constants Furthermoreyaluesof 0.457[Maj96] aswell as0.400and
0.384[Zor0]] have beencalculatedby first-principlesmethods. Exceptfor the largestones,
thesedatasignificantlyunderestimatéhe resultslisted in Table4.4. The elasticconstantghat
canbederived from thesedata(assumingjuasicubidbehaior andusingan averagevaluefor
the bulk modulus)shawv thegenerakrendthatC, 3 turnsouttoo smallandall the otheronestoo
large. Unfortunately thereareno reportson directly measuredaluesof v in theliterature.

Thereasondor thesedeviationsarenot entirely clear but someideascanbe suggestedTo
determinghestrain,areferencevalueneedgo beknown correspondingo afully relaxedcrys-
tal andthereforerepresentinghe strain-freecase.In generalthe lattice constantof 2H-GaN
show unusuallylarge fluctuationgLag79, andit is difficult to determinehe “true” unstrained
values[Les94. Now, strictly speakingfor the purposeof investigating elasticrelaxationthis
referencevaluehasto be understoodasdescribinga crystalfreefrom external stress. Internal
straineffectsdueto defects,substituentattoms,andfree carriersmay still be presentandthe
equilibriumlattice constantsnay vary betweerdifferentsamples.Therefore,'the” pair of ref-
erencevaluesay, ¢y of anideal 2H-GaN crystalcannotbe universallyapplicable.On the other
hand,consideringhe samecrystalin boththe stresse@ndthe stress-freestate the biaxial re-
laxationbehaior manifestdtself asthe slopeof the c versughea lattice constantjindependent
of theirequilibriumvalues.By definition,it holds

C— AC
Ro=_fz_ "% & _ ACA (4.1)
€xx Ch a—ao AaCy

In the lastexpression,Ac and Aa don't needto referto the equilibrium values. Rather their
quotientrepresentshe abose-mentionedslope. Obviously, in extracting R? from a measured
slope,the equilibriumvalueof c/a is of minor numericalinfluence.

However, the abore-mentionedxperimentalvalues RE’(GaN) were obtainedfrom a com-
parisonof differentsamplesnot from one single crystal subjectedo varying stressor strain
stateg(asfor hydrostaticpressure).In contrastthe elasticstiffnessconstanthave beenmea-
suredfor only onesampleandcanthereforebe expectedto be morereliablein representinghe
elasticbehaior of thewurtzitenitrides. To resole this problem,combinedX-ray anduniaxial-
pressurexperimentsare necessaryn orderto directly obsere the Poissoreffect of wurtzite
GaNandAIN singlecrystals.
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Figure 4.9 (a) Born effective chageand(b) high-frequenyg dielectricconstantersushydro-
staticpressurdor zinc-blendeGaN (solid line) andAIN (dashedine). Thethin lines[in (b)]
represenexpression(4.2). (c) Resultingscreeneceffective ion chage. (d) Staticdielectric
constanisderivedfrom theLST relation.

4.4 Dielectric Properties

4.4.1 Hydrostatic Pressue

In Figs.4.9(a)and(b), the calculatedoressurelependencef the Born effective chage Zg and
the high-frequeng dielectricconstants,, for the cubic phasess presented.For the wurtzite
nitridesthe pressuréehaior of the respectre tensorcomponentss plottedin Figs.4.10and
4.11.Independentf the polytypeandof thenitride, thequantitiesunderconsideratiormecrease
monotonouslywith rising pressuregxceptfor the (Zg),, componentof 2H-AIN. The latter
exhibits a saturatiorbetweenl0 and20 GPa, followed by a significantincrease.This s likely
dueto the mentioneddetybridizationaccompanping the tetrahedrordeformation.In general,
the pressurgand, hence,volume) dependencés more pronouncedor GaN becauseof the
strongercovalentbondingin AIN.

The numericalresultsfor the initial slopesof the logarithmic volume aswell asthe pres-
surebehaior of the Born effective chage are givenin Table4.5. The pressure-inducece-

Table 4.5 Logarithmic dervative (dIn Zg/dInV)y_y, and pressurecoeficients
(0Zp/3P) p=o (1072 GPa™?) of the (tensorcomponentsf the) Born effective chage
of zinc-blendgwurtzite) AIN andGaN.Availableliteraturedataaregivenfor com-
parison.

AIN GaN

ZB (ZB)XX (ZB)zz ZB (ZB)XX (ZB)ZZ
(@InZg/dInV)y-y, present 0.074 0.086 0.022 0.149 0.137 0.151

calc? 0.139
(0Zg/03P) p=o present -09 -10 -0.3 -18 17 —-2.0
exper? —24405

2[Sen9% b [Per9g
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Figure 4.10 Pressurelependencef (a) thetwo independentensorcomponent®f theBorn
effective chage, (b) the high-frequenyg dielectricconstantc) the screenecffective chage
and(d) the staticdielectricconstanbf 2H-GaN. For comparisorthe 3C resultsareplottedas
dashedines. Thethin linesin (b) represenexpression4.2).
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Figure4.11 SameasFig. 4.10,but for 2H-AIN.

duction of thesedynamicalion chagesindicatesa chage redistribution from the nitrogen
atomsto the gallium or aluminiumatomscomparedo the pressure-freasituation. Although
this holdsfor atomsbeingdisplacedirom their equilibrium positions,we find the sametrend
as alreadydescribedfor the staticionic chage definedby the chage asymmetrycoeficient
(cf. Fig. 4.4). Thedynamicandthe staticchage of the cubic polytypesare comparedn Fig.
4.12(a).Thechageasymmetrycoeficient takessimilar valueswhile the Born effective chage
differsfor GaNandAIN and,in particular coversdifferentrangesof values. For AIN, which

g
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S zzz: 1 W 0sl | Figure 4.12 (a) Comparisorof the Born ef-
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E 256 - % 0'2_' i try coeficient (for the whole pressurgange).
e 25| ] % 01} . (b) Differenceof the model effective chage
8 el 1 %510 ] (seetext) andtheab initio resultfor the Born
2sol i1 2 P effective chage versushydrostaticpressure.
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hasa higher staticionicity, this rangeis smallerthanfor GaN. Interpretingthe static chage
asymmetrycoeficient g asa bond polarizability it canbe relatedto the dynamicchage by
zpodel = —1AZ + 49 + $9(1 — ¢?), with AZ = 2 asthedifferencebetweerthe numberof
valenceelectronsof grouplll andV elementgHar89]. For thenitridesconsideredere,theg
valuesareratherlarge, andthereforethe useof the modelformulaleadsto an overestimation
of thedynamicchage, asis shovn in Fig. 4.12(b). For AN, this differenceis nearlyconstant,
whereador GaNit increasesvith pressureTherefore the pressurelependencebtainedfrom
themodel,d ZJ°%/9p = (20/3—8g?)dg/dp, givescorrectlytheonefoundfor AIN, whereast
slightly overestimateshe onefor GaN. This justifiesthe useof the modelpressurelependence
having beenusedthroughoutheliterature.

The variationof the high-frequeng dielectricconstantversuspressureasshownn in Figs.
4.9(b),4.10(b)and4.11(b),exhibits a significantnonlinearbehaior alreadyfor not too large
pressures Accordingto the bond-orbitalmodel[Har89], the underlyingvolume dependence
may be describedy

(Vo/ V)"
{1+ C [(VO/V)4/3 _ 1]}3/2

goo(v) =1+ [Soo (VO) - 1] (42)

with acertainconstanC. It is relatedby

C:}[ Bo (_agw) +§}

2| (M) — 1 P Jpo 3

to the bulk modulusBy andthe linear pressurecoeficient (de,/9p) p—o. This constanttakes
the valuesC = 1.39 (3C-GaN) and 1.07 (3C-AIN); whenappliedto the tensorcomponents
of the wurtzite phasematerials,onehasC = 1.29 and1.30(2H-GaN, xx andzz component,
respectrely) aswell as1.08 and 1.05 (2H-AIN, analogously). With relation (4.2) the low-
pressureangefor AIN (i.e., belov 10 GPa) is excellently reproducedwhereasor GaN the
approximations applicablesvento slightly higherpressuregaboutl5 GPa).

Very interestingis the behaior of the screeneadhagesZg = Zg/.,/e Underpressureas
presentedor the zinc-blendenitridesin Fig. 4.9(c). The pressuraependencesf the dynamic
ionic chageandof thedielectricconstannearlycanceleachother As aneteffect,thescreened
chageincreaseslightly with increasingoressure For AIN the screenedhage variesonly in
therangeZg ~ 1.21 ... 1.22. Dueto the wealer covalentbondsin GaNthe netpressuresffect
on Z§ is morepronounced.Thereis atendenyg for a saturationat ratherlarge pressuresFor
the hexagonalpolytypesone obtainsan analogoushehaior becauseof the similar pressure
dependencescanbeseenfrom Figs.4.10(c)and4.11(c).

4.4.2 Uni- and Biaxial Strain

The Born and screeneceffective chagesas well asthe high-frequeng and static dielectric
constant®f 3C-GaNand3C-AIN arepresentedh Figs.4.13and4.14,respectrely. They shov
amarkedly nonlinearbehaior. Neverthelessgespitethe easilynoticeabledifferencedetween
3C-GaNand3C-AIN, thebasictrendis thesamefor thetensorcomponentsf theBorneffective
chage. However, oppositetrendsfor the tensorcomponent®f the dielectricconstantsoccut
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Figure4.14 SameasFig. 4.13,but for 3C-AIN.

Ontheotherhand,the variationwith strainis smallerfor AIN (notethedifferentscalesyndit
turnsoutthatthetrendfor thescreenee@ffective chageis nearlythesamean 3C-GaNand-AlIN.
Thedifferenceremainshowever, in the straindependencef the staticdielectricconstant.

The Born andscreenecffective chagesaswell asthe high-frequeng andstaticdielectric
constantdehae rathersimilarly for 2H-GaN (asshown in Fig. 4.15)and2H-AIN (asshavn
in Fig. 4.16),atleastconsideringhe signof thelinear straincoeficientsfor biaxial or uniaxial
strain(cf. Table4.6). The mostsignificantexceptionsconcernthe zz componentoth of the
Bornchageandof thestaticdielectricconstantersusuniaxialstrain. Both shov amonotonous
increasewith strainfor GaN,whereasa decreasés obseredfor AIN. For uniaxial strain,also
thexx componenbf the Born chage behaescontraryin GaNandAIN.

Mostly, the quantitiesin Figs.4.15and4.16 behae moreor lessdifferentwith respecto
biaxial or uniaxial strain. The main reasonis the oppositeeffect of the strainsparalleland
perpendiculato the ¢ axis. For GaN, the componentof the high-frequeng (HF) dielectric
constannearlyfollow thebehaior of thecorrespondindpondlengths(parallelaswell asnearly
perpendiculato the c axis). The sametrendholdsfor AIN but is muchlesspronounced.The
in-planetensorcomponent®f the screenectffective chagesfor both GaNandAIN arerather
insensitve to both biaxial and uniaxial strain. On the other hand,the zz componentshowv
oppositetrendswith biaxial or uniaxial strain. For GaN this is dueto the oppositetrendsof
(¢s0) 2z, Whereador AIN this originatesfrom the behaior of (Zg),.
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Table 4.6 Calculatedstrain-freevalues Xy aswell aslinear and quadraticstrain coeficients
1 (_8X 1 (.9%x i ; i _ s
x_o(aq/u)o’ X_o(ri/u)o of tensorcomponent®f dielectricpropertieS X = Zg, Z, €00, €5, A€)

of thewurtzite nitrides. First value: linear coeficient, secondvalue: quadraticcoeficient.

property 2H-GaN 2H-AIN
X Xo (1) (€)) Xo (1) (€))

(ZB)xx 260 0474 0.011 -0.133 0.006 254 0.175 0.010 0.011 —0.005
(ZB)z 274 0189 0.076 0.125 0.096 270 0521 0.106 —0.319 0.098
(Z8)xx 1.14 —-0.287 —0.065 —0.198 —0.027 1.23 —-0.119 —0.028 —0.073 —0.017
(£8)z 1.18 0.157 —-0.031 —-0.536 0.016 127 0441 0.036 —0519 0.034
(E00)xx 520 1525 0176 0129 0.068 430 0588 0.081 0.170 0.025
(c0)zz 539 0.062 0214 1309 0184 452 0160 0.140 0.399 0.134
(&) xx 924 2371 0308 0.161 0.031 800 1493 0.194 0.363 0.007
(¢s)zz 1035 1158 0.093 1287 0432 956 2159 0.308 —0.339 0.489
(Ag)xx 4.04 3460 0.240 0.201 —0.008 3.70 2544 0.162 0.588 —0.007
(A&)z 496 2347 —0.019 1262 0.351 504 3956 0.229 —1.002 0.404
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Apart from the in-plane componentf the dielectric constantsas functions of uniaxial
strain, the other dielectriccomponentsn Figs.4.15and4.16 (right panels)aswell asin Ta-
ble 4.6 (lower part) indicateremarkablechangesnducedby strain. Outstandingexamplesare
the staticdielectricconstantand (¢2N), versusbiaxial strain. They possesshe largeststrain
coeficientsof all quantitiesconsidered Apart from (g5)z; of AIN in the caseof uniaxial dis-
tortionsthe straincoeficientsin Table4.6 are positve. However, somecomponentgxhibit a
rathernonlinearbehaior. This holdsin particularfor (e4,)z versusbiaxial strainand (gs)z,
versusuniaxialstrain.

Thelattice contributionsto the staticpolarizabilitiesof the group-Ill nitridesaregiven by

2€°(Zp)Z,

) 4.3
goVi a)%o(oz) (4.3)

(Ag)aa = (gs)ota - (8oo)aa =
This expressionfollows from a combinationof relations(3.4) and (3.3). For the nitridesthe
relatve contribution of the lattice to e is unusuallylarge (approximately50%), being about
1.5timesstrongerthanfor SiC. Furthermorethedifferencebetweerthe xx andthe zz compo-
nentsis strongly enhancedor the staticone comparedo the HF dielectricconstant;. e., the
anisotropy is muchlargerfor 5 thanfor ¢.,. Thisis dueto the differentLO-TO splittingsfor
the A; andthe E; phononmodes(seenext section). The variationof the lattice polarizability
for bothdirectionse = x andz is relatively weakfor uniaxial strain(cf. Table4.6). However,
thelinearcoeficientsfor biaxial strainapproachrelatively large valuesasdo alreadythe coef-
ficientsof thedielectricconstantshemseles. Thatimpliesaremarkableéncreaseof thelattice
polarizabilitywith rising valuesof tensilebiaxial strain.

4.5 Zone-CenterPhononFrequencies

4.5.1 Hydrostatic Pressue

The pressuredependencef the zone-centet O and TO phononfrequenciess shavn in Fig.

4.17for the cubic polytypes3C-GaN (a) and 3C-AIN (b). In the lower parttheir differences
areplotted. Thereis a monotonousncreaserom the zero-pressurgaluesw o = 750 (907)

cm™L, wro = 560 (662) cm™t, and w o — wro = 190 (245) cm™* for GaN (AIN) with

rising hydrostaticpressure.In the low-pressureegion the calculationsessentiallyreproduce
the Ramanmeasurement®r 3C-GaN [Sie97 Kar98]. The physicsof this behaior canbe

explainedusing a descriptionwith elasticbond-stretchingand bond-bendingorceswithin a

Keating model [Kea6q and, respectrely, of the Coulomb forcesby an Ewald summation
technique[Sri9(. The two characteristizone-centefrequenciedollow within this model
as[Gri0Q]

1 1 R
wlomo(l) = (Vc + M_N) (406 +4p + CLO/TOf) (4.4)

with thecationmassMc, the nitrogenmassMy, theradial (o) andangular(g) forceconstanbf
theKeatingmodel,c.o = 2/3, cto = —1/3, andthe Coulombforce constant

£ e?Z2
£06cV

(4.5)
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Theincreasef w o andwro mainly follows theincreaseof theradialforceconstanty ~ 1/d"
with decreasingpondlengthd but is modifiedby theincreaseof the Coulombforce constant.

Theincreaseof the LO-TO splittingsof 3C-GaNand3C-AIN in Fig. 4.17is in contrastto
the behaior of mostof the otherlll-V semiconductorgncluding BN [San83. Thereasonis
the netpressureeffect discussedbove for the screenedon chage. The effect of theincrease
of Z§ (cf. Fig. 4.9)is enhancedy theeffectof thefactorl/V in the Coulombforceconstantn
Eq. (4.5). Therefore althoughthe LO-TO splitting of GaNandAIN increasesthesematerials
becomdessionic with pressurein contrasto SiC [Kar96].

The pressuralependencef all zone-centemodesin thewurtzite crystalsis plottedin Fig.
4.18. Generally with the exceptionof the lower E, modes,the phononfrequenciesncrease
with rising pressurdor reasonghat have alreadybeendiscussedn the zinc-blendecase.The
agreementvith the pressuralependencef®und experimentallyis reasonablelt is remarkably
improved consideringhe LO-TO splittingsin thelower panelsof Fig. 4.18.

Overthewholepressurgangeplottedin Fig. 4.18,thereis aremarkablalifferencebetween
2H-GaN and2H-AIN concerningthe A; andthe B; modes. They showv a significantdropin
their pressuresensitvity for AIN, or even a saturation-lilke behaior. The excitation of these
modesis accompaniedhy atomicdisplacementalongthe c axis. Consequentlythe high-pres-
surebehaior is relatedto the structuralchangessdiscussedor theinternalparameteu.

The increasingLO-TO splitting, which is obsenred theoreticallyand experimentallyfor
both nitrides (cf. the lower partsof Fig. 4.18), is dueto the pressurebehaior of the corre-
spondingcomponentf the dynamiceffective chage tensorand of the dielectric constant,
respectrely, wherethe zz componentg&pplyto the modeswith A; symmetryandthe xx com-
ponentdo thosewith E; symmetry By comparisorwith theresultsfor the zinc-blendecasen
Figs.4.10and4.11,onedervesthe sameinterpretatioralsofor the wurtzite case.The screen-
ing of the decreasinglynamicchage is reduced,andthe increasingLO-TO splitting is not
dueto anincreasen ionicity. The presentresultsarein contrastto the experimentsof Per
lin etal. [Per99. They found a decreasingsplitting of the A; modesin 2H-GaN. However,
their LO andTO modesweremeasuredndependentlyrom two differentsampleswhereaghe
experimentakesultscited herewereobtainedrom the samesample Sie97.
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Figure 4.18 Pressur@lependencef the zone-centeopticalfrequenciedor wurtzite GaN (left
panelsiandAIN (right panels).In addition,thedifferenceof LO andTO phononfrequencie®f
the samesymmetryare shovn (lower parts). Experimentakesults[Sie97 Sie98 areincluded
for comparison(filled diamonds— A; modes,opencircles— E, modes,filled squares- E;
modes).

The anomalousvariationof the lower E; frequenciess a consequencef the interplay of
the Ewald andthe Hartreeenegy. Figure4.19shaows thatfor the Eg'gh mode,uponadisplace-
mentof the atoms,the Ewald enegy causeghe total enepgy to increasewhereaghe Hartree
contritution causest to decreasethe oppositeholdsfor the E'2°W mode,Fig. 4.20. Thismeans
thatthe high-frequeng E; modeis stabilizedby the Ewald enegy andthatthe Hartreecontri-
bution destabilizeshis mode.As a neteffect, underhydrostaticpressurdor the EQ'Q“ modethe
stabilizinginfluenceincreasesnorethanthe destabilizingone,sothatthefrequeny increases.

For the E'zOW mode,Fig. 4.20shavs thatthe influenceof Eygrree@and Egpag IS reversed so
thatnow the Ewald contritution hasa destabilizinginfluence. We notethatthe modepatterns
showvnin Fig. 3.2exhibit acharacteristidifference:For thehigh-frequeng E, mode theatoms
of acation-aniorpair arrangedarallelto the c axisaredisplacedo the sameside,whereador
the low-frequengy E, modethey aredisplacedn oppositedirections. Sincealsofor the E'zOW
modethe pressuredependencef the Ewald enegy is the mostpronouncedne, the phonon
frequeny of the E'2°W modeis reducedunderpressureas much asthis destabilizationis not
compensatetbr by theotherenegy contritutions.In GaNonehasonly a partialcompensation
dueto the band-structureenegy and the Hartreecontrikution, and the frequeny decreases
underpressure.In AIN, first, the destabilizinginfluenceof the Ewald enepy is lessmarked
thanin GaN, andsecondthereis a netcancellationof all contrikutions, so that a very weak
pressurelependencef thismoderesults.



Chapter. Influenceof Strainon Bulk GaNandAIN

80 T3 50 ——————— T
] | /
\ y X y
| —— Ewald g 40 | \\ —— Ewald /A
60 - \\ total s \ total /
\ axc / o\ AXC y
) \ = ! b o~ - N . / -
< \ band-str. y S 30 " band-str. y
Q4 \ Hartree , %) \ Hartree P
e\ /T € \ /
\ \ /)
w \\\ /// 1w 2F \\ // T
> 4 > N \
2 20p \ / I~ s N \ b4 L
\ / . 10 BN\ \ -
c N > c N \ / -,
[ N y ~ ) S =
c X _F c X 2
2 ol 2 ] g ok 4
o o -
< <
[ / \ 2
§ / \ é 20k / \ i
g 2or / N\ E S / \
L= 4 N “— 4 A
// A 1 // \\
7 A\ 20F . A
4 \ a4 3
-40 - /7 A\ v R
0 \ ) N\
[ T R | LN i T T R N R PR B
T T T T T T T T T T T
S S o2p g
[ - Q
E E
1w — — w O P— —
< ~ g P3| /// —
I 1 I 1 I 1 I 1 I -2 I 1 I 1 I 1 I 1 I 1 I 1 I 1
-0.03 -0.02 -0.01 0.00 001 0.02 0.03 -0.03 -0.02 -0.01 0.00 0.01 0.2 0.03
total displacement d (A) total displacement d (A)
high

Figure 4.19 Frozen-phonorenegy contrikutions vs total displacemenfor the E,~" mode
(upperparts). Left panel: GaN, right panel: AIN. The solid anddashedines arefits [using
Eq. (2.76)]to the five datapoints(circlesandsquareskloseto d = 0A. Solid linesandopen
circles: p = 0GPa, dashedines and opensquares:p = 14GPa. In the lower parts,the
pressure-inducedifferenceAE (of thefitting curves)is shavn. Note the differentscalingof
theordinatedor GaNandAIN.
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for GaN (left) andAIN (right).
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4.5.2 Uni- and Biaxial Strain

The biaxial straindependencef the zone-centephononfrequencief 3C-GaN and3C-AIN

is plottedin Fig. 4.21,andthe dependencen uniaxial strainis givenin Fig. 4.22. Dueto the
tetragonakymmetry the TO modessplit into B, and E modesaccordingto their polarization,
with atomicdisplacementalongthe c axisfor the B, modesandwith thosein the xy planefor
the E modes.

The straindependencef the zone-centephononfrequencieof 2H-GaN and 2H-AIN is
plottedin Fig. 4.23. Thereis a generaltendeng in the straindependencéor all modesunder
consideratiorexceptfrom the lower E; modes. With rising compessivestrainthe modefre-
guenciesncreaseaswasalreadyobsenedfor hydrostaticpressure Here, it occursfor biaxial
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Figure 4.23 Zone-centephononfrequencie®f 2H-GaN (left panels)and2H-AIN (right pan-
els)versusbiaxial straine . (solid line) anduniaxialstraine, (dot-dashedine). In addition,the
LO-TO andanisotrogy-relatedsplittingsaregiven.

anduniaxial distortions,but with differentstrength.In generalthe strainvariationsarelarger
in the biaxial casecomparedo the uniaxialone.However, the A;(TO) and B'1°W modesin AIN
remainnearly unafectedby uniaxial strain. Closerinspectionrevealsthatthey even shov a
weaklynonlinearbehaior.

In thehydrostatidimit the effect canbeexplainedby agenerakhorteningof thebondsand,
asa consequencthereof,an enlagementof the force constants.In the caseof biaxial strain,
i. e., a reductionof the a-lattice constantaccompaniedy a smallerincreaseof the c-lattice
constant this bond contractionhappenamainly for the threebondsnonparallelto the ¢ axis
(cf. Fig. 4.7). Similarly, undercompressie uniaxial strainthe bondsarealsoshortenedbut in
particularthe oneparallelto the c axis(cf. Fig. 4.8). However, the changean unit cell volume
thatoccursalongwith thesebond-lengthvariationsis muchlargerin the caseof biaxial strain
thanfor the uniaxial one,which partly accountdor the differentmagnitudeof the frequeny
shifts.

The lower E; modesin Fig. 4.23 behae oppositelyunderbiaxial and uniaxial strain. As
under hydrostaticpressurethesemodesare softenedwith rising compessivebiaxial strain.
For GaN, the experimentallydeterminedohonondeformationpotentials[Dav97 confirmthe
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positive signof the biaxial modecoeficient, i. e.,the modesoftening.Recently the shift of this
modeto higherenegy undertensilebiaxial strainhasbeenobsenred experimentallyalsofor
AIN [Pro01]. However, in thepresencef uniaxialstrainthe behaior of thelower E; modess
“normal’

4.6 PhononMode Coefficientsand Deformation Potentials

4.6.1 Hydrostatic Pressue

Thelow-pressurdehaior of aphononfrequeng is describedy the modeGriineiserparame-
ter

alna)j B 8|na)j
_ = By
alnV |y _y, P |p=o

for a mode j with the frequeny ;. Calculatedand measured/aluesare collectedin Table
4.7 for the cubic crystals. The presentcalculationaswell asthe available linearmuffin-tin-
orbital (LMT O) studiesof the TO phonon[Kim96, Gor95 give larger Griineiserparameters
for GaNin comparisorwith AIN asa consequencef the strongercovalentbondingin AIN
and, therefore larger force constantsx + g [cf. Eq. (4.4)]. Thereby the presentplane-vave
resultsunderestimatehe experimentalGaN values,whereasthe LMT O treatmentggive too
large a mode Griineisenparametern/o. A possiblesourcefor the discrepang is the use of
differentbulk moduli By in thedeterminatiorof the Grineiserparameters.

With theexceptionof thoseof thelow-frequeng E,; modesthemodeGrineiserparameters
in Table4.8 arepositive. They arerathercloseto the valuediscussedn the zinc-blendecase.
This alsoholdsfor the larger GaN values,exceptfor the high-frequeng E, mode,wherethe
Griuneisenparametels slightly larger for AIN. One setof experimentalvaluesfor 2H-AIN
[Per93g seemdo fall off thecommontrendandshouldbe usedwith care,especiallysincethe
authorsdo not confirmtheseresultsin a subsequenwork [Per934.

For the lower E; modesof 2H-GaN and 2H-AIN we find Griineisenparametershat are
negative or nearly zeroin reliable agreementvith the RamanmeasurementgSie97 Sie98

Yi = (4.6)

Table 4.7 Mode Grineiserparametety; for zinc-blendeGaNandAIN. Othercalculatedand
experimentalaluesarealsogiven. Besidesvaluesfor zone-centemodesalsothoseof phonons
atthezone-boundaryL point) arelistedfor comparisorwith zone-centewurtzite modes.

Reference LO(I') TO(') LO(I)-TO(I) LO(L) TO(L) LA(L) TA(L)

3C-GaN present 1.02 1.19 0.5 1.05 123 092 -049
calc.[Kim96g| 18
calc.[Gor95 1.52
exper. [Sie9] 1.20 14 0.5

3C-AIN present 0.89 1.14 0.2 09 131 085 -0.29
calc.[Kim9g] 15

calc.[Gor95 142
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Table 4.8 ModeGrlneiserparametey; for thezone-centephononsn wurtzite GaNandAIN.
Othercalculatedandexperimentalvaluesaregivenfor comparison.

Reference  E;(LO) A(LO)  EJ¥"  E(TO) A(TO)  Elow

2H-GaN present 0.99 0.98 1.28 1.19 1.21 —-0.35
calc.[Gor95 1.60 1.48 1.52 —0.20
expet [Sie97 1.20 1.50 1.41 151 —-04
exper. [Per934 1.80 1.61 1.18 —-0.43
2H-AIN present 0.91 0.82 1.34 1.18 1.02 —0.02
calc.[Gor95 1.66 1.48 1.50 -0.28
exper. [Sie98 1.06 1.58 141 1.51 0.1
exper. [San83 1.0 1.0 1.6 1.6
exper. [Per934 1.65 2.38 1.48 ~0
exper. [Per93g 0.38;0.4 1.26;1.34 158;1.68 =0

Per93a Per934. Accordingto the folding relationshipbetweenpointsin the zinc-blendeand
wurtzite Brillouin zones,the E'ZOW modesat I' in wurtzite correspondo TA(L) modesof the
zinc-blendestructure. This is reflectedby the fact that the Griineiserparametenf the TA(L)
modesyray = —0.5and—0.3 for 3C-GaNand3C-AIN, respectrely, have thesamesignand
orderingasthoseof the correspondind=, modesof thewurtzite structures.

4.6.2 Uni- and Biaxial Strain

The linear strain coeficients[cf. Eq. (2.113)] K/ (j) (in cm?) of the wurtzite nitridesare
listed in Table4.9. In addition, in this table the linear stresscoeficients IZL/H(j) per unit

stress(i. e., in units of cm~Y/GPa) are given. They are obtainedfrom the strain coeficients
K ,(]) usingthe calculatecelasticstiffnessconstantpresentedn Table4.4. For GaN,these
coeficients are comparedwith experimentalresultsfor j = E!®%, Ay(TO), Ey(TO), E5 9",

and A;(LO) [Dav97, Dem96 Kis96, Klo98, Age9§ We0(. For GaN, several experimental
deformationpotentialsand stresscoeficients exist for the Eg'gh mode. In general,very good
agreemenis obtainedwith thecoeficientsmeasuredby Davydov etal. [Dav97). Thisholdsnot
only for the EQ'Q“ but alsofor othermodes,in particularfor E;(TO). For the stresscoeficient
of thismode ,anotherexperimentakresult{\Me0( shavsvery goodagreemenivhenalargerset
of sampless usedfor fitting, which thencoversawider strainrange.

It is importantto noticethatthe originally publishedexperimentabiaxial modecoeficients
only seldomarethe directly measuredlata. Either the publishedvaluesarealreadycornverted
to stresscoeficientsvia elasticstiffnessconstantgKis96, Age98 Pro01, Wie0(, or the mode
coeficientswerereconstructedrom phonondeformatiorpotentiald Sar02 Gle03 which have
beenobtainedby meansof additionalmode pressurecoeficients (or Griineisenparameters),
or both corversionshave beenmade[Dem96 Dav97. Dueto thesevarying proceduresaddi-
tional errorsareintroducedto the results. On the otherhand,in [KI098] no suchcorversions

have beenemployed, andthe straincoeficientis givenonly with respecto ¢, sincethe vari-
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Table 4.9 Linear coeficients per unit strain, K, ,,(j) (in cm™), or per unit stress,IZL/H(j) (in
cm 1/GPa), of the zone-centewibrational modesj of 2H-GaN and 2H-AIN. The last two columns
give valuesfor the LO-TO splittings. The obtainedbiaxial coeficientsarecomparedvith experimental
results.2~ In someworksthe biaxial straincoeficient wasobtainedrelative to the c-axis strain,e,,, and
not to thein-planestrain,e . For clarity, herethe originally measuredlataarelisted andthe necessary
corversionis indicatedby the additionalfactor RC. Whereappropriatethe experimentakoeficientsare
recalculatedo correctfor a wrong corversionformula or deviating valuesof the elasticstiffnesscon-
stants.Theresultingnumbersaregivenin parenthesisThe valuesin bracesareobtainedfrom afit that
coversawider strainrange®

Elow Blow  A(TO) Ey(TO) S BM'" A, (LO) Ey(LO) LO-TO
A E;
2H-GaN
K.(j) 154 —527 —931 —1139 ~1115 —836 —885 —1198 46 —59
240 —671% —134F —12932 —191(—842°
—693(—1214°
—2632R? (—1395 ¢
—2537RP (—1345¢
Ky(j) —24 —149 —443  —300 —418 —696 —618  —389 —175 —89
Ki(j) 0.33-114 -201 -246 —2.41 181 -191 —259 0.10 —0.13
0.5 —-142 2.8 —2.73, —0.8(—1.8)°
—3.0{-2.1}° —3.9{-3.3}°
—29(-25))°
—4.2(—2.9) ¢
—48(—2.8)°
—2.4
Ky(j) —0.06 —40 —119 —0.80 ~1.12 ~187 -167 —1.04 —-047-0.24
2H-AIN
K,(j) 439 -1047 -1330 —1208 ~1198 —738 —1038 —1233 292 -25
—4398R? (22399
—~1396 —1502 —1689 —692
K (j) —288 40 -70  —391 —532 516 —434  —442 —355 51
K. (j) 0.94-223 -—284 —258 —2.55 —157 -—221 —2.63 0.62 —0.05
—6.3(—4.4)9
—3h
-28 30 —34 —1.4
K,(j) —0.89012 —022 -1.21 —1.65 ~160 -1.35 —1.37 —-1.10-0.16
acf. [Dav97. d cf. [Kis96]. 9 cf. [Pro01].
b cf. [Dem9§. € cf. [Klo98]. h cf. [Sar03.

¢ cf. [We97] and[We0Q. fcf. [Age9q. ' cf. [Gle0d.
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ation of the lattice constantc is measured.For this result, a correctionis necesssargueto
anothersourceof errorthatoccasionallyoccursin the publishedvaluesfor K | , which consists
of the useof awrongrelation[Rie9q betweens, ande,,. Furthermorejn [Kis96] isotropic
elasticmoduli have unnecessarilypeenextractedfrom the stiffnessconstantsaccordingto the
Voigt average[Voil10Q], which appliesonly to polycrystallinesampleghatconsistof crystallites
having arbitraryorientation.Therefore jt hasto be noticedthatthe publishedvaluesin several
casedlependon the procedureandthe parametesetsusedfor their extractionfrom the “raw”
experimentaldata. For instance the resultsfor 2H-AIN [Pro01] were obtainedusingelastic
constantgDav9q thatyield wrongvaluesfor the elasticrelaxationcoeficients.Insteadf one
employs the resultsof McNeil etal. [McN93 for the elasticconstantsthe value of the mode
coeficient for the high-frequeng E, modeof AIN is considerablyiowered[Pro01]. But still,
theagreemenbetweerthe experimentalndthetheoreticakesultis not complete.

In severalpaperghe measuredrequeng shift versusthe c-axisstrain,Aw/¢4, is givenex-
plicitly. Thereforeto minimizetheinfluenceof additionalerrorswe preferto list theseoriginal
datain Table 4.9 wherepossible. They areidentified by the necessargorversionfactor R?,
which hasbeenaddedfor consisteng. In orderto avoid theinfluenceof differentformulasand
elasticconstantsthe stresscoeficientswere partly recalculatedrom the originally measured
data,usingmeasurecklasticstiffnessconstantgor both GaN [Pol96] andAIN [McN93. The
reevaluationbringsthe experimentalresultsrathercloseto the calculatedones. This holdses-
peciallyfor the biaxial straincoeficientsandtheaccompaying stresscoeficientsfor the EQ'Q“
and A;(LO) modesof GaN. For thesemodesthe agreementanbe consideredo be excellent.
In general,comparingthe calculatedand measuredoeficientsfor GaN and consideringthe
uncertaintie®f the experimentalresultsandthe variationsamongthe differentmeasurements,
the agreemenbetweentheoryandexperimentin Table4.9is very satishctory The datacon-
firm the weakdependencen the modesymmetry The considerabldowering of the value of
the stresscoeficient of the Eg'gh modeof GaN dueto the recalculationmplies that by using
the Ramanshift of this modeasa measurdor the biaxial strain,up to now the accompawping
stresshasbeenunderestimated.

Sometimesin the caseof a biaxially strainedcrystala relationof the frequeng shift to the
relatve volumechange Aw(j) = —wo(j)y (J)AV/Vp, is usedasan approximationwith the
phononfrequeng in the strain-freesituation,wp( ] ), andthe modeGrineiserparametery ().
This relationis strictly valid only in the presenceof hydrostaticpressureand, therefore,its
applicationto the caseof biaxial strainhasto bejustified. It simply meangheuseof K’ (j) =
—wo(j)y(j)(2 — RP) insteadof K (j) = 2a(j) — RPb(j). Sincein termsof the phonon
deformationpotentialsonehasK’, (j) = [2a(j) + RM(j)]1(2 — R?) /(2 + RY), for thenitrides
underconsiderationthis “hydrostaticapproximation”is only valid for thosemodeswherethe
deformationpotentialsa(j) andb(j) arenearlyequal. The calculatedohononfrequeng in the
strain-freecaseandthe deformationpotentialsarelistedin Table4.10. It canbe seenthat for
GaNthecriterionof nearlyequalvaluesfor a(j) andb(j) is fulfilled only for the Eg'gh, holds
approximatelyfor the A;(TO) and E4(LO), but fails for the EX", E;(TO), and A;(LO) mode.
From the experimentallydeterminedmode Griineisenparametef{Goii0], y(EQ'gh) = 1.50,
the measuredzero-pressurérequeny [Gof01], a)o(EQ'gh) = 567.0cm 1, andthe relaxation
coeficient resultingfrom the elastic constantof Polianet al. [Pol96], the numericalvalue
of Ki(Eg'gh) = —1248cm! is obtained.Using again the elasticconstantsrom [Pol96], this
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Table 4.10 Phonondeformationpotentialsa(j) andb(j) (in cm™) for wurtzite GaNandAIN.
Additionally, the resultingisotropicandsheardeformationpotentials,K '°(j) = 2a(j) + b(j)
andK3"(j) = 2[a(j) — b(j)], aregiven. The modefrequenciesy(j) (in cm™?) calculatedn
thestrain-freecasearealsolisted.

Elow  Bow A(TO) Ey(TO) EJ  BM" A(LO) Ei(LO)
2H-GaN  w(j) 142 337 540 568 576 713 748 757

a(j) 78 -335 645 —715 -736 -666 —667 —774
b(j) 2 275 679 -598 -720 -926 -870 —708
Kiso(j) 158 —945 —1969 -—2028 —2192 -2258 —2204 —2256
Ksh(j) 151 —120 68 —234 —32 520 406 —132
2H-AIN  w(j) 241 552 618 677 667 738 898 924
a(j) 148 -573 -765 841 -886 -596 —731 —870
b(j) -221 -196 —393 -745 -906 -764 —737 —808
Kiso(j)y 75 —1342 —1923 -—2427 —2678 —1956 —2199 —2548
Ksh(j) 738 —754 —744 —192 40 336 12 —124

correspondso avalueof thestresoeficientof —2.6 cm~1/GPa, whichindeedapproachethe
calculatedvaluegivenin Table4.9. Thereforeit is surprisingthatby usingthis approximation,
a value of —3024cm™R? hasbeenobtainedfor the biaxial strain coeficient of this mode
[Gie89. Thisis probablydueto a modeGriineiserparametemwhich is too large, sinceit was
dervedusinga bulk modulusof 245GPa[Per92.



74

Chapter. Influenceof Strainon Bulk GaNandAIN



Chapter 5

Short-Period GaN/AIN Superlattices

In this chapterwe investigatethe influenceof compositionandlayeredorderingon the struc-
tural andvibrational propertiesof short-periodGaN/AIN superlatticegSLs), formedeitherin
the cubic[001] or the hexagonal[0001] direction. The motivationfor thesestudiesis twofold:
Basicinformationaboutthe propertiesof thesestructuress neededo supportthe useof Ra-
manandIR spectroscopfor materialcharacterizatiorandshort-periodsuperlatticearechosen
sincetheir growth resultsin a homogeneouslgtrainedstructure makingit suitablefor various
applications.

The focusof this chapteris on the generalpropertiesandthe physical peculiaritiesof the
phononsn the nitride SLs, sincethe numericallyratherdemandingcalculationsfor the larger
cellsallow to drav mainly qualitatve conclusions.

5.1 Structural Properties

5.1.1 Symmetry and Relaxation

In generalanm x n SL composeaf two binarymaterialsA andB consistof alternatingayers
containingm atomicbilayersof materialA andn atomicbilayersof materialB. Independent
of the symmetryof the SL, this is denotedas A,B,. A pseudomorphienxn SL basedon
zinc-blendebulk materialsstacled alongthe [001] direction hastetragonalsymmetry More
preciselyif m+n is anevennumber the symmetryis simpletetragonalvith spacegroup D3,
(P4m2), but if it is anodd number the symmetryis body-centeredetragonalvith spacegroup
ng (14m2) [Sap83. In bothcasestheatomicbasisof the SL, viewedasabulk crystal,consists
of Np = 2(m-+n) atoms.For a pseudomorphigvurtzite-basean x n SL staclked along[0001],
the situationis significantlydifferent: If m+n is aneven numbey the SL hashexagonalsym-
metry with the symmorphicspacegroupC2} (P3mJ), whereasf it is anodd number the SL
hashexagonalsymmetrywith thenonsymmorphitspacegroupcgv (P6sm@ [Kit98]. In thefirst
case the atomicbasisof the SL consistof N, = 2(m+n) atoms,whereasn the secondcase,
in orderto have translationalnvariancealong[0001], afractionaltranslations neededmaking
theatomicbasistwice aslarge,i. e., N, = 4(m-+n). This alreadyholdsfor the 2H structureof
a binary compoundike GaN or AIN with four atomsin the unit cell, sinceit correspondso
m=1 andn=0. As aconsequenceheunit cell of, e.g., anh-(1x 1)-[0001] SL containsfour
atoms,asdoesthe correspondingneof a c-(1x 1)-[001] SL (where,for clarity, “h” indicates

75
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Figure5.1 Atomic structureof (AIN) 1(GaN), superlattice¢schematic)Mediumandlight gray
symbols:group-Ill atoms,dark gray symbols:nitrogenatoms.Left: cubic[001] stacking;the
dashedinesindicatea corventionalunit cube(cf. Fig. 2.1). Right: hexagonal[0001] stacking;
the dashedinesindicatea cornventional2H cell, whereaghe dasheddoubleline connectghe
basisatomsbelongingto the indicatedcell (cf. Fig. 4.2). (By corvention[Amb98§, the [0001]

directionis given by a vectorpointing from a group-Ill atomto the nearest-neighboud atom
alongthec axis.)

a hexagonaland“c” a cubic-derved SL). Yet for an h-(AIN)2(GaN)-[0001] SL the unit cell
containssix anion-catiorlayers,i. e.,it is givenby 2[(AIN) .(GaN)], whereasn theunit cell of
thecorresponding-(2x 1)-[001] SL thereareonly threesuchlayers.

Due to the loweredsymmetry thereare more internal degreesof freedomin the atomic
arrangementor the SLsthanfor the bulk crystals. Thesehave to be takeninto accountin the
relaxationof the lattice whenminimizing the total enegy for a given structureanda givenin-
planelattice constantby varying the atomic positionsalongthe stackingdirection. For both
cubicandhexagonalSLsstudiedhere themaininternaldegreeof freedomis therelative height
of the AIN andGaN partsof the SL cell. The atomicarrangemenivithin eachmateriallayer,
however, is much more strictly governedby symmetryfor the cubic than for the hexagonal
SLs. In thecubic1x 1 SL, thereis no additionaldegreeof freedom sincethereis a symmetry
alongthe stackingdirection: Thelayersaresymmetricby meansof a C, operatiorwith axesof
rotationperpendiculato the sidefacesof the cubeshowvn in theleft partof Fig. 5.1, positioned
atthecenteratomof therespectre materiallayer(which herearethecations).Thissymmetryis
presenin all c-(mxn)-[001] SLs,sothat— asin thebulk — thereis no differencebetweerthe
“up” and“down” directions.In higherordercubic SLs, dueto this C, symmetry the internal
relaxationis symmetricto the centerof the respectie materiallayer On the contrary for the
hexagonalSLs, thereis no additionalsymmetryconstraintexceptfor the fractionaltranslation
thatappliesto thoseSLswherem+n is odd. This meanghatalreadyfor the h-(1x 1)-[0001]
SL, theatomicpositionsof all four basisatomsare“free;’ i. e.,thereis no symmetryconstraint
for them. This makesafull relaxationof the hexagonalSLsratherdemanding.Therefore this
full relaxationis only takeninto accountfor the smallestSLs (m = n = 1), whereador the
largeronesonly therelative layerheighthasbeenrelaxed.

To studytheinfluenceof strainon the superlatticeswe considerthreedifferentlattice con-
stantsin the layer planesperpendiculato the stackingdirection. Theseare thoseof (zinc-
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blende/wurtzite)AIN and GaN bulk materialsaswell asan intermediaryone determinedby
macroscopielasticity theoryasdescribedn Sect.2.6.3. The former onescorrespondo the
casethatthe (pseudomorphicallgtrained)short-periodSL is growvn on a substratesothatthe
in-planelattice constantis determinedoby that of the substratewhereaghe latter casecorre-
sponddo afree-standingL. For eachin-planelattice constantanatomicarrangemenaccord-
ing to the macroscopi@lasticconstantgcf. Sect.4.3) waschosernasstartingconfigurationfor
therelaxation.After relaxation boththetotal heightof the SL cell (cs.) aswell astherelative
thicknessof the two materiallayerswere found to have changedn the following way: The
relaxed total cell heightis identicalto the macroscopicallycalculatedvalue. However, thereis
atrendfor anincreaseof the GaN layer thicknessat the expenseof a reducedAIN one. This
becomesnostpronouncedor theultrathinc-(1x 1)-[001] SLs. For thehexagona[0001] struc-
turessimilar deviationsfrom the macroscopi@redictionswerefound, but to a someavhatlesser
extentthanfor the cubic SLs. In addition,theinternalstructuraldegreesof freedomhave been
relaxed for the h-(1x 1) SLs. It turnsout thatthe respectre internalparametersica andup,
behae in the oppositeway to the known dependencen biaxial strain(asshovn in Chapter3),
i. e.,for increasindengthof thec lattice parametealsou increasegandvice versa).The effect
is nearlytwice aslarge for AIN asfor GaN.

In hexagonalSLs, a macroscopi@lectricfield is createdf the constituentayersdiffer in
their spontaneoupolarization.Thisis thecasefor GaNandAIN. Thereforethisfield hasto be
takeninto account.Frommacroscopi@lasticitytheorythatincludesthe cornversepiezoelectric
effectit is known thattheinternalfield changeghe elasticbehaiour of the layers. Especially
the layer heightsdiffer from their relaxed valuesobtainedfor zerofield: The field causeghe
AIN layersto increaseandthe GaN layersto shrinkin height[Gle0]. However, herewe find
exactly the oppositebehaiour of thelayerheights.

Altogether this meansthat, in general the macroscopiclasticity theory cannotdescribe
well theatomicpositionsin ashort-periodsaN/AIN SL. Oneratherhasto considerthesestruc-
turesasa sortof bulk materialof its own kind: They represenbrderedAl ,Ga,Nmn alloys.
For larger layers,it hasof courseto be expectedthatthe bulk characteof eachmateriallayer
will dominateandwill leadto the predictedmacroscopidehaiour. Sincein our study we
arelimited to short-periodSLs, we however cannotgive an estimatefor the critical numberof
atomicbilayersthatmarksthetransitionbetweera “conventionalSL’ andan“orderedalloy.”

5.1.2 Stability

To determineof the stability of the superlatticegin the limit T — 0 K), we comparethe total

enepiesof the layeredstructureswith the onesof the correspondinglystrained(andalsothe
fully relaxed) bulk materials.Thereby we obtainthe enthaly of formation[Mar86] in depen-
denceon ag, asthe enepgy gain eitherwith respecto pseudomorphicallgtrainedbulk layers
(relevantfor epitaxialgrowth with layerthicknesseselaw the critical value)or with respecto

relaxed bulk material(with thicknessesargerthanthecritical one):

AHM(asy) = Esi(@sL) — Ecan(ast) — Ean(@sy), (5.1)
AHfunStr(aSL) = Esi(asL) — Ecan(@can) — Ean(8an) , (5.2)
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Table 5.1 Enthalpy of formationfor variousshort-periodsuperlatticegin meV per
anion-catiorpair). Thefirst valueis the enthally for the strainedcase(A H"), the
valuein parenthesiss theenthalfy with respecto thefully relaxedbulk-lik e layers

(A Hfunstr).
Superlattice  onAIN elast.strained onGaN
1x1
cubic —111(-100) —110(—104) —-110(—100)
hexagonal 265 (273) -3(3) 260 (273)
2x2
cubic -1(12) —-1(6) —1(10)
hexagonal 5(17) 5(11) 6 (17)

The total enegy of the SL, Egy, is taken per cation-anionpair, whereaghe total enegies of
bulk-like layers,Exn (X = Ga, Al), aretaken peratom. The lattice constantsg,, agan, and
aan indicatethe strain state. Positve formation enthalpiesndicate an instability of the SL
agpinstdecompositionnto a systemwith thicker GaNandAIN layers.

Therehasbeenquite somecontroversyaboutthe stability of short-periodsuperlatticesvith
respecto the caseof GaAs/AlAs structuregByl86, Woo87, She83 For the GaN/AIN SLswe
find thattheenengy differencesarewell resohedanddependsensitvely onthegivenstrainand
the numberof bilayersin the SL period. Theresultsarelistedin Table5.1. Formally, the data
indicatelargedifferencesn the stability betweerrinc-blende-andwurtzite-derved SLs. Cubic
GaN/AIN [001] 1x 1 SLs are stableindependentlyof the strain situation. However, already
for 2x 2 SLsa changeoccurs.Decompositionin thick unstrainedayersof the constituentss
possible. In the hexagonalcasesthe situationis different. Only the 1x 1 SLs canbe stabi-
lized againstdecompositionnto thick strainedlayersfor anin-planelattice constantcloseto
theaverageone.In all othercasesa 1x 1 SL is notanequilibriumstructure For larger SLs,the
instability dominatesHowever, independendf polytypeandstrainstatethe absolutevaluesof
theenthalfy of formationaresmallerthanthethermalenegy ks T ~ 25meV atroomtempera-
ture. Consequentlyequilibriumconditions(asdonesofar) cannotgive acompleteanswer The
possibilityto grow suchshort-periodSLswill dependon kinetic effects.

5.2 PhononModesof Short-Period SLs

Comparedo thewell-studiedcaseof a GaAs/AlAsSL, the physicalsituationis remarkablydif-
ferentfor aGaN/AIN SL: first, thelayersaremutually straineddueto differentlattice constants,
secondthereis a partial overlapof the optical-phonordispersionf the bulk materials,and,
third, thecommonanionis thelightestatom.In this sectionwe investicatethe consequencesf
theseconditionsfor the phononmodesof short-periodGaN/AIN SLs, stacled alongthe cubic
[001] andthe hexagonal[0001] direction.
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5.2.1 General Aspects

The phononmodesof a short-periodnx n SL canbe viewed from two differentperspecties:
First, asfor bulk materialsthe numberof phononmodesdepend®n the numberof atomsthat
belongto the primitive cell, which dependon the symmetryof the SL asdescribedn Sect.
5.1. Second,asfor SLswith thicker layers,the phononsmay be characterizedis confined,
propagting,andinterfacemodegasknown for GaAs/AIAsSLs[Ric87]). Bothviewswill help
to classifyandunderstandhe phononmodesfoundin the nitride SLs studieshere. They are
investicatedparticularlywith regardto their dependencenthein-planestrainandthe propag-
tion direction(asalreadydiscussedor the angulardispersiorof the bulk phononmodes Sect.
3.2.3).

The secondperspectie describedabove is basedon a comparisorof the bulk materials’
phonondispersioralongthe stackingdirectionof the SL. Sincethe enlagementof the atomic
basisdueto the SL stackingcorrespondso a reductionof the Brillouin zone,effectively the
phonondispersionsarefolded alongthatdirection. For cubic [001] stacking,this affectsthe
(corresponding)"—X direction,whereador hexagoal[0001] stacking this affectsthe I'-A di-
rection. Thesepartsof the dispersionsareshavn for unstrainedulk GaNandAIN in Fig. 5.2.
Becausef the differentlattice constantof GaNandAIN the biaxial strainin the superlattice
layersis compressie for GaN andtensilefor AIN. As shown in Sect.4.5.2,the phononfre-
quenciesncreaseawith increasingcompressie strain. The only exceptionis the low-frequeng
E> modeof the wurtzite structurewhosefrequeng decreasesThe sameholdsfor the zone-
boundaryTA phononsof the cubic nitrides. Therefore,dueto the strain-inducedshift of the
bulk phonondispersionsfor ary given in-planelattice constanthe partial overlap of the LO
branche®f GaNandAIN is enhancedor the SLs. At thesametime, theenegeticalseparation
betweenall of the LO andthe TO modesincreasesandonecanexpectthe TO modesregion
to be split into confinedAIN and GaN phonons. Becauseof the oppositestrain behaior of
thetrans\ersalacoustigphononstheir branchoverlapis reducedandTA modesconfinedto the
AIN layersmayoccur(seeSect.5.2.3).
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Figure 5.3 Angular dispersionof zone-centephononmodesof an h-(1x 1)-[0001] SL for
threedifferent strain situations. Left: ag. = aan; center: ag. of a free-standingSL; right:
as. = agan. Themodetype andthe dominantmaterialcharacteis indicated.f(q, ¢) refersto
the anglebetweerthe c axisof the SL andthe phononpropagtiondirectiond.

For propa@tionalongthe stackingdirectionof the superlatticetrans\ersemodesvibratein
the layer planeandarethereforetwofold degenerate.This makesthemeasilydistinguishable
from longitudinalmodesvibrating perpendiculato thelayerplane.For this propagtiondirec-
tion, thelongitudinalor trans\ersecharactenf the modess the sameasfor the corresponding
bulk modes.This allows to identify the “origin” of the mode. Therefore to identify a specific
mode thelabeling“L 8" or “TR” (with “R” standingfor either*A” or “O”) is keptalsofor other
propagtiondirectionsalbeitthe polarizationof the modemight change.

5.2.2 Phononsof 1x1 Superlattices

The 1x 1 superlatticeplay a specialrole in thatof all short-periodSLs, in their casethe bulk
dispersions foldedonly onceandthatthey areclosesto anorderedalloy. All layersareinter-
facelayersandthereis no partthatcouldbe consideredsbulk-like. Thereforefor ahexagonal
1x 1 SLin principlethe phononspectrunshouldberathersimilarto thatof a2H crystal.Since
alsofor the cubic 1x1 SLs one hasa singlefolding along a high-symmetrydirection, their
spectrumshouldbe similar to that of the hexagonall x 1 SLs. For ary higherorderSL, how-
ever, more foldings are involved and therebythe differencesn the bulk dispersiondbecome
noticeable.We first discussthe findingsfor the h-(1x 1)-[0001] SLs, the c-(1x 1)-[001] SLs
will beconsideredfterwards.

Forthehexagonall x 1 SLs,thephononspectrumattheI” pointresultsfrom a“mixture” of
therespectire branche®f the bulk dispersionsshiftedaccordingto the biaxial in-planestrain.
Comparedo the angulardispersionof the wurtzite nitrides discussedn Sect.3.2.3,Fig. 5.3
shavs someremarkablaifferencedor the short-periodwvurtzite-base®&Ls. In additionto the
angulardispersionpresentfor the LO andthe TO mode, herealsothe modesresultingfrom
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the acousticbrancheshav angulardispersion. Moreover, in the rangeof the TO modes,an
additionalangulardependenbranchis obsered. In the following, we discussthesefindings
for themodesn orderof increasingrequeng.

For propagtionalongthe c axis(i. e.,for 6 = 0°), the back-foldedTA modesaretwofold
degenerateHowever, for 6 > 0°, a smallsplitting occurs:With increasingn-planecomponent
of g, the macroscopielectricfield cancoupleto the x-polarizedmode. Due to the lowered
symmetrycomparedo the 2H case the latter's dynamicaldipole momentp doesnot vanish.
The limiting frequeng for in-planepropagtion (i. e., for 6 = 90°) of the dispersve branch
dependdothonthestrengthof its dynamicaldipolemomentandonthescreeningf theelectric
field. The sameinterpretatiorholdsfor the LA-derived modewhoseangulardispersiornis also
dueto alongitudinal-transgrsesplitting. However, sincefor in-planepropagtionthis modeis
polarizedalongthe z direction, the correspondingimiting frequeng is a dielectricdispersion
frequeny, whereaghe onefor 6 = 0° is determinedby the dipole momentandthe electric
field.

According to the wurtzite bulk dispersionsfor the TO phononsone can expectto find
both GaN-confinedaswell as AIN-confinedmodes. They areindeedpresentn the h-(1x 1)-
[0001]SLs,the GaN-confinednehaving thelowerandthe AIN-confinedonehaving the higher
frequeng. Similar to the TA-derived modesfor 6 = 0° they aretwofold degenerate.For the
wurtzite bulk phononsiwo differentTO modesareobsenedfor & = 90° dueto the anisotropy
of the 2H structure which makesa differencewith respecto the polarizationdirection. This
frequeng differencds a“purely mechanicaloneanddoesnotinvolvethemacroscopielectric
field. Sincethe sametype of structuralanisotroy exists in the SLs, also herea frequeng
differencebetweenTO modespolarizedalong the SL stackingdirection, z, andin the layer
planecanbe expectedfor in-planepropagtion. Thisis indeedthe case:For increasing’, one
of the GaN-confinedTO modeschangests polarizationdirectionfrom in-planeto z-oriented.
It shavs an upward angulardispersionand also changests characterto a mixed mode. In
thelimit of in-planepropagtion,this modeis completelyz-polarizedandexhibits mainly AIN
vibrations. Moreover, it possessea large p (as comparedto other modes)andis therefore
stronglylR-actie, its frequeng thereforebeingoneof the dielectricdispersiorfrequencies.

The otherangulardependenbranchin the region of the TO modes,shaving a downward
dispersioninto the gap betweerthe AIN- andGaN-confinedfO modesfor increasing, needs
specialattentionsincethis modeis acommonfeatureof all short-periodGaN/AIN-SLsstudied
here. It is a mixed modethat occursbothin the hexagonalandthe cubic SLs. For in-plane
propagtion,this modeis polarizedin the x directionandthereforecouplesto the electricfield,
henceits limiting frequeng for 6 = 90° is not a dielectricdispersiorfrequeny andthe mode
is not a “purely mechanical’one. Interestingly the dynamicaldipole momentp of this mgde
variessignificantlywith theangle:For 6 = 0° it is oneof the strongestywhereador increasing
0 it decreaseandfor 6 = 90° reachesapproximately20 % of the original value. The origin of
this modewill be analyzedbelov. Besideshe angulardependenTO modesdiscussedofar,
therearetwo otherTO modesthatarenondispersie. For all anglesthey remainconfinedTO
modes.BotharestronglylR-active, their p beingslightly lessthanthatof theupward-dispersie
TO branch.

In theregion of the LO phononstwo modesarefound. The onewith the lower frequeng
exhibits vibrationsof the N atomsonly. It is mainly z polarizedand hasa weakp. Corre-



82 Chapter5. Short-PeriodsaN/AIN Superlattices

spondingly its dispersionis practically negligible. On the contrary the LO branchwith the
highestfrequeng hasa very strongp. Similar to the upward-dispersie TO modeit changes
its polarizationdirection: For 6 = 0° it is z-polarized,whereador 6 = 9(° it is x-polarized.
Hence,this modealwayscouplesto the electricfield andneitherof its limiting frequenciess
adielectricdispersiornfrequeng. This makesit similar to the IR-actve LO modeobsenedfor
wurtzite bulk crystals.In thefollowing, we furtherinvestigatethis similarity.

Oneknows thatin binary bulk polar crystalsthe LO-TO splitting correspondso a lifting
of the degenerag betweenongitudinalandtransersalmodeshaving the samedisplacement
pattern.Thedegeneray is lifted dueto the couplingof the LO modesto the electricfield.! For
wurtzite, this allows to establisha correspondencbetweerthe limiting valuesof the angular
dispersionof the IR-actve LO modeandthat of the IR-actve TO modes(i. e., the dielectric
dispersionfrequencies). This correspondences explicitly expressedoy the formula for the
LO-TO splitting in the wurtzite case,Eq. (3.3). However, if several IR-actve LO modesare
presentn acrystal,thereis no suchdirectcorrespondencginceseseralmodescontributeto the
LO-TO splitting, which thenis given by Eqg. (2.65),repeatecherefor corvenience:

r

1 |q zB<K)|
[?(@) — 0?(0)] = : (5.3)

From this equationit is not possibleto identify the correspondingnodessince the pairing
underthe sumon the left-handsideis arbitrary Moreover, althoughin principle the physical
argumentconcerningthe degenerag of the displacemenpatternholds, one cannotexpectto
alwaysfind the correspondind.O and TO modesby inspectingtheir displacementsDue to
the non-analyticapartof the dynamicalmatrix, notonly the frequeng of alongitudinalmode
differsfrom thatof thecorrespondingrans\ersalmodebut alsoits eigervectormightbealtered.

In this situation,the numericalcalculationscanbe usedto closelyinspectthe influenceof
theelectricfield. By repeatinghediagonalizatiorof thefull dynamicalmatrix but emplgying a
differentvaluefor thecomponentsf thehigh-frequeng dielectricconstante ., it is possibleo
simulatea gradualswitch-on(or -off) of the component®f the electricfield. Therebyonecan
immediatelyseewhich trans\ersemodecouplesto the electricfield andwhich LO frequeng
it givesriseto. If thefield would be completelyscreenedor, equivalently, the couplingto the
field would be suppressethy settingthe effective chagesto zero),only “purely mechanical”
modeswould be presentand they would shav no angulardispersion. For the short-period
SLsdiscusseabove, this meanghat both the uppermost. O modeaswell asthe downward-
dispersve TO modewould vanish,andinsteadof the upward-dispersie TO modetherewould
be a constantmodeat the limiting frequeng for in-plane propagtion. Both of the in-plane
polarized confinedTO modeswould be twofold degeneratehroughou

Switchingon only the z componenbf thefield affectsboth the z-polarizedTO modeand
the “pure N” LO mode. For small anglesd, they exhibit an upward dispersionandwith in-
creasindfield strength the limiting frequeng of the former modeapproacheshe original fre-
queng of the “pure N’ LO mode,whereasthe latter modes frequeng approacheshe one

L1t is exactly this degenerag with respectto the displacementshat also contritutesto the static dielectric
constan{cf. thegeneralized_ST relation,Eq. (2.67)].

2 Also the acousticmodeswould take on their “purely mechanical’frequeng values. Sincefor themthe
situationis cleat in thefollowing only the opticalmodesareconsidered.
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of the uppermostLO mode. Hence,an anticrossingat the frequeng of the “pure N” LO
modeoccurs. If the in-planecomponent®f the electricfield are heaiily screenedchoosing
(x0)xx = (8x0)yy = 500,000 worksratherwell), the couplingto the otherIR-actve modesis
suppressedut if thelatterscreenings reducedanticrossingvith the AIN-confinedTO mode
occurs,which couldleadto a wronginterpretation.Vice versa,switchingon only the in-plane
component®f thefield while keepingthe z componenscreenedboth twofold-degeneraten-
plane-polarizedrO modesstartto split into differentlimiting frequenciedor 6 — 90°: One
branchremainsunafectedwhile the otherincrease frequeng. Thebranchsplit off the AIN-
confinedTO modeapproachethe correspondindgimit of theuppermost. O mode ,whereaghe
branchoriginatingfrom the GaN-confinedTO modeapproacheshe limiting frequeng of the
downward-dispersie TO mode.

The latter resultis remarkable: It demonstrateshe differentways the electric field acts
amongthe IR-actve modes: First, it is responsiblefor the limiting frequenyg valuesof the
dispersve brancheghatare purelylongitudinal,andsecondjt mixesthesepureLO modesto
producethe obsened angulardispersion.This is clearly what happendor the uppermost.O
branch:lts limiting frequenciesrerelatedto differentTO modes(both of themaredominated
by AIN vibrations),andthe angulardispersionarisesfrom a mixing of thesepureLO modes.
It hasto be emphasizedhatthe mixing is independenbf the creationof the LO modes:Even
if one of the limiting frequenciesof an angulardependenbranchis a “purely mechanical”
one, this doesnot meanthat the other limiting frequeng is the correspondindongitudinal
one. This holdsonly for thosebranchesvherethe longitudinal frequeng is higherthanthe
“purely mechanical’one,asis thecasefor theacoustianodes.Onthe contrary thedowvnward-
dispersve TO branchdoesnot connectalongitudinalmodeto its trans\ersalcounterpartsince
thelatter musthave alower frequeng thanthelongitudinalmode.

Figure 5.3 shavs the angulardispersionof the h-(1x 1)-[0001] SL for threedifferentin-
planelattice constanttherebyillustrating the influenceof a biaxial strainin the basalplane
on the superlatticephonons. Correspondingo their bulk behaiour, it can be seenthat for
increasingas, all modesshift to lower frequenciesxceptfor the TA-derived ones. The same
behaiour with respecto in-planestrainis alsofoundfor the c-(1x 1)-[001] SLs. Theangular
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dispersionof the latter is thereforeshavn in Fig. 5.4 only for onein-planelattice constant.
Also theinterpretationof the phononmodesof the cubic-derved SL is completelyanalogous
to thatof the hexagonalone. However, threedeviationshave to be mentioned:First, thelower
TO modeis of mixed characterand not a GaN-confinedone. Secondthe LO-derved mode
that exhibits only N vibrationshasa symmetricpatternwith no associatedlipole moment,
in accordancevith the internal structuralsymmetry(C,) of the cubic-derved SLs described
above. Thelatterkind of ap = 0 modeis atypcial featureof the cubic-derved SLs. Third,
thereis anoticeabldongitudinal-transersesplitting for the TA-derivedmode.This meanghat
the couplingto the electricfield is strongerand that this modealso contrikutesto the static
dielectricconstant.

5.2.3 Folded Acoustic Phonons

Viewed asa bulk crystal,all 3N — 3 nonzerolI'-point phononmodesof a short-periodsuper
lattice are optical modes. However, asin the caseof the low-frequeng B; and E; modeof
2H, the lowest (3N /2) — 3 nonzeromodescan be interpretedas resultingfrom back-folded
acousticbranchesf the bulk dispersion. This simple distinctionbetweenmodesof different
origin, just by countingthe numberof modes(orderedby increasingrequeng), is fairly easy
for thenitride SLssincethereis alarge enegeticalgap betweerthe opticalandacoustionodes
in bulk GaNwhich alsoaffectsthe acoustionodesof the SL.

Fromits displacemenpattern(i. e.,theeigervector)onecanidentify the dominantmaterial
characterof a mode(whetherit is morerelatedto AIN or GaN vibrations). For the acoustic
modesthegenerafindingis thatif new I'-pointmodesappeadueto back-foldingof aninterior
sectionof thebulk dispersion(i. e.,notfrom ahigh-symmetrypoint), this degeneratérequeng
splitsinto a pair of modes,wherein mary caseghe high-frequeng oneis dominatedby Al
vibrationsandthe low-frequeng oneby Gavibrations,with a non-ngligible contrikution also
from the other cationtype. However, this is not a generalrule and a correlationwith other
quantitieg(strengthof the frequeng splitting, numberof layers)is hardto establish For cubic-
dervedSLslargerthanlx 1, modeswith p = 0 occuralsoamongthe foldedacoustiomodes.

The strainpresentin the GaN andAIN layersaffectsthe LA-derived andthe TA-derived
modedifferently: As describedor thelx 1 SLs,with increasingensilestrain,the LA-derived
modesdecreasén frequeng, whereadhereis anincreasdor thefrequeny of the TA-derived
modes. For someadjacentLA and TA modesthe possibility of a reversedorderis implied
underdifferentstrainsituations. This happense.g., for the c-(2x 2)-SL. Moreover, sincethe
overlapof the TA branchesf correspondingly-straineldulk materialsdecreasesinderthese
strainconditions,TA-derived modesconfinedto the AIN layersoccur As anexample,in Fig.
5.5vibrationalpatternof someof thefoldedacoustiomodesof a free-standindn-(3x 3)-[0001]
SL areshown.

ThelLA-derivedmodesexhibit asimilar distribution of their displacementsThesameholds
for the TA- andLA-derived modesof the cubic SLs. In generalthe confinemenbf the upper
mostLA-derived modeis notasmarked asfor the uppermosiTA-derived one. Practically this
holdsfor ary in-planelattice constantsincewhatmatterss therelative positionof thebranches
of theGaNandAIN bulk dispersion.This hardly changesincethe biaxial shift coeficientsof
GaNandAIN phononsarerathersimilar (cf. Chapterd).
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Figure5.5 Displacemenpatternof foldedTA modesof anh-(3x 3)-[0001]SL (schematicgark
grey columns: Gadisplacementdjght grey columns: Al displacementshatchedcolumns: N

displacements)T'herelativeatomicdisplacements y directionareshovn for threemodeswith

6 = O° (i. e.,q|/c) versustheatomiclayerposition. Left: Modewith « = 92 cm™, foldedfrom

/3¢, correspondindo a full periodof 6¢; propagting. Center:Mode with » = 180cm,

folded from 27 /3¢, correspondingo a full periodof 3¢; AIN-dominated. Right: Mode with

w = 229cm L, foldedfrom 7 /¢, correspondingo afull periodof 2¢; confined.Here,¢ denotes
aneffective bilayerthickness.

5.2.4 TO Phonons

Due to the clear separatiorof the bulk TO phononbranchesjn GaN/AIN SLs confinedTO
phononsareto be expected.Theangulardispersiorof the TO-phonon-relatedchodesfoundfor
acubic-derved 2x 4 anda wurtzite-derved 3x 3 SL areshown in Fig. 5.6. (Here,acompres-
sive in-planestrainis chosenfor the cubic SL for demonstrationgburposessincethis strain
increasesheangulardispersiorof the upward-dispersie mode.)For propagtionalongthe SL
stackingdirection(i. e.,6 = 0°) threedoublydegeneraté&aN-confinecndthreedoublydegen-
erateAIN-confinedmodesarefound. In generalanm x n SL hasm andn suchmodes(except
for the hexagonaloneswith m + n odd, wherea doubling of the numberof modesoccurs).
Whereaghe AIN-confinedmodesarefoundin anarrav frequeng rangebothfor thecubicund
the hexagonalSL, the GaN-confinednodesspreadover a larger interval for the cubic SL but
arecloselyspacedn thehexagonalSL. Thisis dueto thedifferencesn thebulk dispersiongf.
Fig. 5.2. As for the folded acousticmodes,the straindependencef the confinedTO modes
follows thatof the correspondindpulk phonons.

As alreadynoticedfor the 1x 1 SLs, for increasingd a downward-dispersie branchis
found, reachingfrom the AIN-confinedmodesinto the gap, towardsthe GaN-confinednodes.
For reasongo be explainedbelow, this modeis labeled“interface”in Fig. 5.6. However, con-
cerningthe dispersve branchfound in the GaN-confined-modes'egion, thereis a significant
differencebetweenthe cubic andthe hexagonalSLs: The cubic SLs showv a stronglyupward-
dispersve branch,whereaghe hexagonalSLs possesa ratherflat dovnward-dispersie one.
As known from the 1x 1 SLs, the GaN-TO-relateddispersve branchis dueto a mixing of
astronglyIR-actie in-plane-polarized O modewith the stronglyIR-active z-polarizedmode
(whosefrequeny is adielectricdispersiorfrequeng) foundin theTO region. Correspondingly
the polarizationandthe characteof this modechangestronglywith 6. For the hexagonalSL,
thisis shaovn in Fig. 5.7. The patternof the z displacementss similar to a bulk TO(I') mode,
sinceall cationsvibratein phase.
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Figure 5.6 Angular dispersionof zone-centeO phononmodes. Left: cubic-derved 2x 4
SL, as. = aan. Right: wurtzite-derved3x 3 SL, ag of afree-standingL. Besidegshe mode
charactefconfined/propagting) alsotherelative strengthof the dynamicaldipole momentp is
indicated.

In principle,the sameholdsfor the cubic SL. However, sinceherethe z-polarizedmodehas
aslightly lower frequeng thanthe second-highestaN-confinedfO modeandsincethe latter
modehasa non-ngligible dipole moment,anadditionalmodemixing occurswhich resultsin
an anticrossingor anglescloseto 6 = 90°. Hence,the upward-dispersie branchendsin a
field-relatedlongitudinal mode, similar to the downward-dispersie mode. The strongly IR-
active z-polarizedmode (marked “z-pol.” in Fig. 5.6) is connectedwith the second-highest
GaN-confinedrO mode,giving a dispersiorthatbecomesoticeableonly for 6 > 75°.

As alreadydescribedor the 1x 1 SLs,thed = 90° valuefor the modefoundin the TO
gapis determinedoy thefield in thelayer plane. For &6 < 90° this branchis a mixture of this
purelylongitudinalmodewith the AIN-confinedTO modethatpossessethe strongestlynami-
caldipolemoment.However, accordingto the positionof thelattermoderelative to otherAIN-
confinedmodeswith non-ngligible dipole momentsan additionalmixing with thosemodes
may occut which effectively resultsin a mode-crossingr anticrossingbehaiour, ascanbe
seerfor thehexagonalSL in theright partof Fig. 5.6.

The attribution of an interface characterto this modeis problematicsincethis modeis
determinedor vanishingwavevector g, but in orderto exhibit the typical decayaway from
the interface the in-plane componentof g mustbe nonzero. Neverthelessit is justified for
the following reasons:(i) Whereaghe numberof all othertypesof modeschangeswith the
numberof layers(m, n), this modeis alwaysfound asa singlemodein the gap betweenthe
GaN-cofinedandthe AIN-confinedmodes.(ii) Froma calculationfor aGaN(5nm)/AIN(5 nm)
SL usingthedielectriccontinuummodel,aninterfacemodewasfoundin exactly thisfrequeng
range[Gle99. (i) Fromthis modes displacemenpattern,asshowvn for the h-(3x 3)-[0001]
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Figure 5.7 Displacemenpatternof the lowest-frequeng confinedTO modeof an h-(3x 3)-
[0001] SL (schematicef. Fig. 5.5). Therelative atomicdisplacements z direction(top row),
in x direction(middlerow) andin y direction(bottomrow) areshawn for thelowest-frequeng
TO modeat differentanglesd versusthe atomiclayer position. Left column: 6 = 0°, doubly-
degeneratenode(w = 580cm™1). Middle column: 9 =45°, split mode(y-polarized:w = 580
cm™1, xz-polarized:w = 579cm1). Rightcolumn:# = 90°, splitmode(y-polarized:w = 580
cm1, xz-polarized:w = 576cm™1).

SLin Fig. 5.8,it canbeseenthatin contrasto the propagting z-polarizedTO mode,the GaN
and AIN partsof this modeare vibrating out-of-phaserelative to eachother This not only
justifiesto characterizeghis modeasan interfacemode[Ger9]], it alsoexplainsits relatively
weakdynamicaldipole moment;a factwhich wasmentionedor the 1 x 1 SLsbut alsoholds
for thehigherorderones.

Finally we mentionedhat, althoughnot visible in Fig. 5.6, all doubly degenerateconfined
TO modesshow a very weaksplitting accordingto the strengthof their dynamicaldipole mo-
mentwith the correspondindpngitudinalfrequeng slightly above thatof thetranswersalmode.
Thereforethe so-called‘alternationrule” thateachdielectricdispersiorfrequeng is followed
by a correspondindg.O modeis fulfilled. Therehasbeensomecontrorersyaboutthis rule con-
cerninglnP/GaPc-(1x 1)-[111] SLs[AIs01, Ozo01, which aresimilar to the GaN/AIN SLsin
the sensehatthey representhe samerelative atomicconstellationof a lll-V materialsystem
but shiftedby a periodin the periodictableof the elements.The angulardispersiorcalculated
for this SLsis in accordanceavith experimentalresults[Ozo0]. Despitethe differentstacking
direction, it qualitatvely agreescompletelywith the onefound herefor the nitride 1x 1 SLs.
This confirmsour interpretatiorthatthe phononmodesof thelatter SLsarethoseof anordered
alloy.
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Figure 5.8 Displacemenpatternof the TO-gapinterfacemodeof anh-(3x 3)-SL (schematic;
cf. Fig. 5.5). This modes’relative atomic displacement$n x direction are shovn for three
differentpropagtiondirectionsversusthe atomiclayer position. Left: § = 0°, v = 663cm™2;

center:f = 45, w = 633cmL; right: # = 90°, w = 616cm L. The modepatternshovn

for 8 = O° is thatof the highest-frequencAIN-confined TO mode,beingthe end of the IF-

modebranchfor smallanglesdespitethe mode-mixing-induce@nticrossinggef. Fig. 5.6, since
it carriesthefull angulardependence.

5.2.5 LO Phonons

Accordingto thebulk dispersionall LO modesabove 750...800cm™! (dependingnthestrain
state)shouldberelatedto AIN or to pureN vibrations.However, for in-planepropagtion,the
uppermost.O branchshown in Fig. 5.9 for a cubic-derved 2 x 4 anda wurtzite-derved 3x 3
SL exhibits propagting characterwith a non-ngligible contritution of the Ga atoms. This
canbe seenfrom this modes vibrationalpattern,shovn in Fig. 5.10for the hexagonalSL. A
similar patternis found for the cubic SL. This propagting modeis strongly IR-actwve; it cor
responddgo thedispersve LO modediscussea@lreadyfor the 1x 1 SLs: Sincewith increasing
6 it changedrom z to x polarization,it alwayscouplesto the electricfield, hencenoneof its
limiting frequenciess adielectricdispersiorfrequeng.

In orderto understandhe angulardispersiorof theLO modesasshovnin Fig.5.9,we are
interestedn discerningthe “purely mechanical’modespolarizedalongthe SL ¢ axis. From
generalsymmetryconsiderationst follows that for a crystal of orthorhombicsymmetryor
higherand having N, basisatomsthereare N, — 1 suchmodespolarizedalongeachof the
crystallographicaxes[as mentionedn the discussiorof Eq. (2.67)]. For the SLsinvesticated
here, Np/2 of thesemodesstemfrom the optical branchef the bulk constitutents.One of
themis alwaysfoundin theregion of the TO modes.Therefore Np/2 — 1 “purely mechanical”
modesremainto beindentifiedin the LO modes’region. Sincetherearealways N,/2 modes
presenin this region andthe uppermosbneis not relatedto a “purely mechanical’vibration,
all otherbranchesnustberelatedto suchvibrations.It turnsoutthatthefrequenciesn thelimit
of in-planepropag@tionarethoseof the “purely mechanical’vibrations,sincethenthey do not
coupleto theelectricfield.

Thereforejf themacroscopielectricfield would becompletelyscreenedor if thecoupling
to thefield would be suppressedpll LO modeswould remainconstantt thefrequeny found
for & = 90° exceptfor the uppermosbne,which would vanishfrom the LO modes’region but
shav up again asanadditionalTO mode. Whenswitchingon the z componenbf thefield, all
z-polarizedmodeswith a norvanishingp experiencean upward dispersionfor small6. With
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increasindield strength eachof thesemodesapproachethed = 0° limiting frequeng of the
next-highermode.

In otherwords: The limiting frequeng for 6 = 0° of the LO branchess, in the senseof
anLO-TO splitting, relatedto the next “purely mechanical™O vibrationwith a norvanishing
dipolemomentfoundbelowthepresenbne,notabore — althoughtheupwarddispersiorfound
for the SLs might leadto this wrong impression.The upward dispersionis merelydueto the
mixing of the differentlimiting frequencies.In particulay it doesnotimply thata decreasén
frequeng occursdueto theadmixtureof the macroscopi@lectricfield. At leastfor crystalsof
orthorhombicsymmetryof highet the nonanalytigpartof the dynamicalmatrix alwaysleadsto
anincreaseof the vibrationalfrequeng if a modepolarizedalongoneof the crystallographic
axescouplego theelectricfield.



Chapter 6

Summary and Outlook

In this dissertationab-initio investigationsof the straininfluenceon vibrational propertiesof
GaNandAIN aswell asof short-periodsaN/AIN superlatticearepresentedBasedn density-
functionaltheoryanddensity-functionaperturbationtheory for differently strainedstructures
completephononspectraandrelatedpropertiesarecalculatedunsingthe local-densityapprox-
imationandnorm-conservingseudopotentialsThe resultseitheragreewith available exper
imental data, or the occurringdiscrepanciesan be widely clarified, leadingto a consistent
picture. Whereexperimentalresultsare not available, the resultsthereforepresenta reliable
predictionof the missingdata. In addition,the presentesultsprovide physicalinterpretations
for thelattice-dynamicapropertiesof GaNandAIN.

The ab-initio DFT-LDA calculationsrenderthe total enegy of a given crystalstructurein
dependencen the atomiccoordinates For the minimizationof the total enegy, which yields
the equilibrium structure,in this work a systematicvariation of the atomic positionsand a
subsequenpolynomialfit are performed. For a high enoughcutoff enegy of the plane-vave
expansionthis methodleadsto fairly preciselattice constants.Changesn the third position
afterthedecimalpointcanberesoled. Thisaccurag is necessargincethefinal resultsmustbe
givenasachangeof theinvestigatedquantity(latticeparametergphononfrequenciesgielectric
constanetc.)relatve to the changeof the lattice constants.Therebyonefacesthe problemof
dividing by a small quantity thusan accurag of the final resultof the orderof 1 % requires
anaccurag for the determinatiorof the lattice constantdelov 0.1 %. In this work, the latter
accuray is reached.

Thebulk materialsareconsideredbeingsubjecto threedifferentdeformationsgorrespond-
ing to hydrostatigpressureabiaxial stressn thebasalplane,andauniaxialpressurgerpendic-
ular to the basalplane. The latter case althoughnot realizedexperimentally is includedsince
it providesadditionalmaterialparameters.Sinceit is complementaryo hydrostaticpressure
andbiaxial stress,a comparisorof the threeindependentalculationsprovidesa consisteng
checkof the resultsobtained.However, this requiresthe relaxed structuredo beidenticalfor
eachtype of deformation.Sincethe relaxed structuressene asreferenceor the strain-related
changesa comparisorof differently obtainedresultsis possibleonly if they referto the same
referenceln thiswork, theconformityof therelaxedstructuress obtainedoy choosingarather
large numericalcutoff enegy. For therelaxedgroundstateof 3C and2H polytypesof GaNand
AIN, the lattice parametersthe bulk modulusandits pressuralerivative aredetermined.The
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corespondingequationof state,i. e., the pressure-@lumerelation, is in very goodagreement
with experimentaldata.

Further we determinethe variationof the lattice geometry(bondlengthandbondangles,
lattice constantratio c/a, internal paramteru) underthe influenceof hydrostaticpressureas
well asof biaxial anduniaxial stress.The cubic polytypesof GaN andAIN behae practically
the same ,whereador the wurtzite polytypesa significantdifferenceis found: Under hydro-
staticpressureGaN undegoesa proportionalcontractionwhereasAIN shows ananisotropic
behaiour. This is confirmedby experimentaldata. It is not easyto determinethe internal
parameteu experimentally andit is not accessiblaising macroscopielasticconstants.On
the otherhand, it is an importantmaterial parametersince the polarizationof the 2H poly-
typeschangesonsiderablywith u. Therefore the structuralresultspresentedhereprovide an
iomportantcontribution to the descriptionof the materialpropertiesof GaNandAIN.

Fromtherelaxationcalculationgerformedat differentstepsor the givendeformatiorntype
it follows that over a rangeof approximately+2 % strain both polytypesof GaN and AIN
behae almostelasticallylinear From the proportionalityfactorsand the bulk moduluswe
determinethe elasticconstants.Comparingtheseconsistentlydetermineddatawith literature
valuesbecomeglearwhich of thelatterarereliableandwhich arenot.

For the calculatedstrainedstructureghe dynamicalmatrix, the tensorcomponentf the
dielectricconstantandof the Born effective chagesarecalculatedusingDFPT. For thesecal-
culationsit suficesto considerthe primitive cell only; dueto the perturbationabhpproachno
supercellcalculationsarenecessaryo obtainresultsfor the LO modes.The modeeigervector
determineghe symmetryof the modeandthe calculatedrequenciesanbe classifiedaccord-
ingly. Usingthe generalized_yddane—Sachs-€ller relation, the staticdielectricconstantcan
be calculatedrom the high-frequeng oneandthe LO- andTO-modefrequenciesA calcula-
tion of the phononfrequenciesn dependencen theinternalparameteu (possibleonly in the
theory)shavs how sensitve thelattice vibrationsreactto changesn the atomicarrangements.
Varying u by 1 % leadsto a changein the phononfregeunciesof approximately5 %. This
emphasizebow necessarit is to calculatethelattice parameteraspreciselyaspossible.

In conjunctionwith the structuralpropertiesdeterminedhis renderghe pressureandstrain
dependencef thedielectricpropertiesandthe phononfrquencieswhichyield themodeGriun-
eisenparameterthe biaxial anduniaxial modecoeficientsaswell asthe phonondeformation
potentials. In this work, phonondeformationpotentialsof 2H-AIN were presentedor the
first time; experimentalvalueswere not presentat thattime. The dielectric propertiesshow
markednonlinearitiesn dependencenstrain. Thelow-frequeng E,; modeof the2H polytypes
exhibitsaparticularpressurandstraindependencdnsteadof shiftingto higherenegiesunder
compressie deformationgasis obsered for all othermodes),its frequeny decreasesThis
mode softeningis, however, ratherweakandit is not relatedto the pressure-induceghase
transitionof the nitrides. For the correspondingone-boundaryfA modeof the cubicwe also
find a softening. This behaiour is known from other materials. For silicon it wasexplained
asbeingdueto aninterplayof centraland angularforces. However, dueto the high ionicity
of the nitrides andthe differentmasse®f anionand cationthis model cannotbe transferred
to the group-III nitrides. Employing the frozen-phonommethodwe shav thatthe decreasen
frequeng of the E'2OW modemainly resultsfrom achangen theinterplayof Ewald andHartree
enepy. DifferencedbetweenGaNandAIN wereobseredaswell asbetweerthe E'2°W andthe
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Eg'gh mode: Theincreaseof the latter modes frequeng is dueto aninterchangedole of the
influenceof Ewald andHartreeenegy comparedo the E'2OW mode.

Our resultsdecisvely contrikbute to the clarificationof the pressure-inducethcreaseof the
LO-TO splitting, which is consistentlyobsered in experiments. This increases not dueto
anincreasen ionicity (asfor SiC) but to the decreasef the dielectric screening:Both the
Born effective chage andthe high-frequenyg dielectricconstantdecreasavith increasingores-
sure.Yetthedecreasef thedielectricconstanis morepronouncedthusthe screeneeffective
chage,whichis therelevantlattice-dynamicafuantitydetermininghe strengthof the LO-TO
splitting, is increasingwith pressure.

All findingsfor straindependencesf latticedynamicalpropertiesarecomparedvith exper
imentalresults.For hydrostaticpressurea systematiainderestimationf the modeGrineisen
parameters found,amountingto approximately20 %. The reasorfor this discrepang is not
clear: Sinceit occursboth for GaN and AIN, it cannotbe relatedto the nonlinearcore cor-
rectionthatis employedfor the Gaatomonly. We supposehatit is relatedto an unsuficient
descriptiorof theelectronicstategespeciallythebandgap)andtheir pressur@andstraindepen-
dence.This problemappearedatherunexpectedly sinceusingthe samemethoda rathergood
agreemenbf experimentalandtheoreticakesultsfor SiC andfor otherlll-V seminconductors
(mainly arsenidesyvasachieved. This systematiaiscrepang only insignificantlybelittlesthe
valueof the resultsobtainedin this work, sincestill the relationshipsaregivencorrectly This
refersbothto the differentmodecoeficientsof a singlematerialaswell asto a comparisorof
differentmaterialsand/orpolytypes.

Comparingthe calculatedcoeficients for biaxial stresswith experimentaldatarevealed
much larger discrepancieshan what should have beenexpectedfrom the abore-mentioned
findings. A detailedinvestigation leadsto the conclusionthat most of the discrepanciesire
relatedto mistakesmadein the corversionof the“raw” experimentaldatato thefinal resultor
to the usageof unreliablecorversionfactors. After correctingthesecorversionsa reasonable
agreementvith the calculatedresultsis found. Moreover, alsodiscrepancieamongthe exper
imentaldataarereduced.As a consegeuncef this revision the biaxial stressasinferredfrom
Ramammeasurementsiustbelargerthandeterminedsofar.

From the investigation of the short-periodnitride superlatticegbeing treatedas a model
systemfor nitride heterostructuresgeveral peculiaritiesarenoticed. The internalrelaxationof
the superlatticdeadsto a geometrydeviating from the one determinedusingelstic constants.
This becomeoticeableespeciallyfor the hexagonalsuperlatticesywherethe heightsof the
GaNandAIN layersaremodifiedin the oppositeway ascomparedo the macroscopit¢heory
(including the polarizationand field effects). For the phonons,a distribution of the modes
completelydifferentfrom GaAs/AlAs superlatticess found. The enegetical orderingof the
modesandthe partialoverlapof thebulk phonondispersionswhich have to beconsideredvith
in theappropriatestrainapplied,leadsto separatérequeng regionsfor all of the LO andall of
theTO modesaswell astheacoustionodes.

ThepseudomorphicallgtrainedGaNandAIN layersexhibit anincreasedrequeny differ-
encebetweertheGaNandAIN TA modes.HenceAlN-confinedfolded TA modesappearThe
highest-frequencLA modesarenot completelyconfinedto the AIN layers.Exceptfor oneof
them,all TO modesarealsoconfinedmodesthey arepolarizedn thelayerplane. Thedeviating
TO modeshawing propa@tingbehaiour is foundin thefrequeng region of the GaN-confined
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modesits frequeng beingoneof thedielectricdispersiorfrequenciesindits polarizationbeing
directedalongthe stackingdirection. In the bandgap betweernthe AIN-confinedandthe GaN-
confinedmodesaninterfacemodeis foundfor all superlatticesindependenof the numberof
layersandthe polytype.It is a planarmodeexhibiting a strongangulardependenceExceptfor
theonesdominatedy nitrogenvibrationsalsotheLO modesshov angulardispersionall being
polarizedmainly in the stackingdirection. The only exceptionis the uppermost.O mode. It
changedts polarizationdirectionandit is stronglyIR active, thusfor all propagtiondirections
it couplesto theelectricfield, in completeanalogyto the polarLO modeof bulk material. The
straindependencef all superlatticenodesis determinedoy thatof the bulk materials.All in
all, theshort-periodsuperlatticegxhibit phononpropertiedypical bothfor thicker superlattices
(confinedandinterfacemodes)aswell asfor abulk material.

Fromtheresultspresentedherefurther possibleor usefulinvestigationscanbe pointedout.
Most urgentare analoguougalculationsfor InN, which were not tractablefor sometime be-
causeof technicalproblems.On the onehand,the bandgap of InN asdeterminedn the DFT-
LDA calculationpractically vanishesor even becomeseggative, which leadsto difficulties in
the calculationof the phonons.On the otherhand,it becameobvious that the nonlinearcore
correctiondoesnot suffice to correctly describethe influenceof the core elctrons. Although
the lattice constantandthe dielectric constantare obtainedin reasonableagreementvith ex-
perimentaldata (which are also critical for InN), the calculationof the phononfrequencies
fails [Ple9g. Only whenusinga pseudopotentighattakesthe 4d electrondully into account
asvalenceelectronsyalid resultsareobtainedrom a DFPT calculation[Bun0Q.

The methodsusedherecanbe appliedto detailsof the structuralandphononpropertiesas
well asof their straindependencénalogouslyto the comparisorof the E'2OW and E';'gh mode).
At mary occasion®nemay noticehintsthatthehighionicity of thenitridesplaysanimportant
role alreadyfor their structuralproperties. Thereforeit is reasonabléo monitor the change
in the staticionicity in dependencen strainalsofor the 2H polytypes. Due to the lowered
symmetry the methodof Garciaand Cohencannotbe used.Instead calculationshasedon the
Berry-Phas@approachwould helphere.

The mostimportantextensionwould be, of course to calculateab-ititio the phononsof a
mixed group-IIl nitride alloy. From modelcalculationthe one-or two-modebehaiour to be
expectedis alreadyknown, thereforethe simplevirtual-crystalapproximationcannotbe used.
In principle, a possibility would be to employ a clusterexpansionmethod;anotherpossibility
would be the to employ a supercellandfill the atomicin arandomway. However, the real-
ization of the supercellcalculationusing normconservingpseudopotentials anillusion due
to the high cutoff enegy required.A possiblechancethen,is the useof non-normconserving
pseudopotentialsf the Vanderbilttype.
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Zusammenfassung

In dieserDissertationverdenUntersuchungeder Phononervon Gallium- und Aluminiumni-
trid unterdem EinfluR von Verspannungennd von GaN/AIN-Ubegittern vorgestellt,die auf
parameterfreiemumerischerRechnungeteruhen Ausgehendron der Dichtefunktionaltheo-
rie (DFT) und der DichtefunktionalstorungstheridFPT) werdenim Rahmender Naherung
derlokalenDichte (LDA) undunterVerwendungvon normerhaltende®seudopotentialedie
Gesamtengyie und dasvollstandigePhononenspektrumownie mit der Gitterdynamikzusam-
menh&ngend&roRRerfur unterschiedlicldeformierteKristallstrukturenbestimmtWo entspre-
chendeexperimentelleDatenvorhandersind, zeigt sich eine gute Ubereinstimmundpzw. las-
sensich Inkonsistenzeraufzeigenund ihre Ursachenweitestgehendlaren; wo dieseDaten
fehlen(etwa aufgrundunzureichendeProbenqualitat)stellendie berechnetekrgebnisseeine
verlaRlicheVorhersagelar Dartberhinausermdglicherdie ErgebnissalieserArbeit einephy-
sikalischelnterpretationder gitterdynamischertigenschaftervon GaN und AIN sowie ihrer
Abhé&ngigleit von der DeformationdesKristalls.

Das besonderdnteressean den Gruppe-lli-NitridhalbleiternGaN und AIN resultiertaus
ihrenbesodereMaterialeigenschafteusammemit Indiumnitrid undin Form ternarerund
quarternaretegierungensind sie fir vielfaltige Anwendungenn der Mikro- und Optoelek-
tronik geeignet,so etwa fur die HerstellungblauerLeuchtdiodenund blauerHalbleiterlaser
vonHochleistungstransistoremir Verstarkung/on Mikrowellen,von UV-Photodetektorervon
akustischerOberflachenwellenbauelementand von im gesamtersichtbarerSpektralbereich
absorbierendeBolarzelleninsbesonderdie EntwicklungdesblauenHalbleiterlasergumEin-
satzin deroptischerDatenspeicherungar langeZeit einetreibendeKraft der Forschungund
derindustriellenEntwicklungauf diesemGebiet.

AufgrundderhexagonalerKristallstrukturundderWachstumsbedingungstelltdie Defor-
mationder NitridhalbleiterstrukturereinenMaterialparametevon besondereBedeutungdar.
Die starke spontaneund piezoelektrischd?olarisationbeeinflul3tiberinnere elektrischeFel-
derdie elektronischemund optischerEigenschafterner Bauelementekin einfachesverfahren
zur Ermittlung desDeformationsgradeist dahersehrwichtig. Prinzipiell ist dies mittels Ra-
manspektrospipie moglich, diessetztaberReferenzwerteron ProbenhoherQualitatvoraus.
DerartigeProbenwarenlangeZeit nicht vorhandenund die wenigenexperimentellbestimm-
ten elastischerEigenschaftersonvie Phononendatefuir deformierte(bzw. verspannte)Nitrid-
schichterwichendeutlichvoneinandeah DieseSchwierigleitenkdnnendurchparameterfreie
numerischeRechnungeruberwunderwerden,die in der Lage sind, die benétigtenDatenin
verlallicherQualitatzu ermitteln.Die vorliegendeArbeit widmetsich dieserAufgabe.

Die DFT-LDA-Rechnungetriefern die Gesamtengie einergegebenerKristallstrukturaus
vollstandigquantenmechanischétechnungend. h. ohneRuckgriff auf experimentellePara-
meter DieseRechnungemverdendeshalbauchals Ab-initio-RechnungerezeichnetBei dem
hier verwendeterProgrammsind lediglich die atomarerKoordinatenvorzugebenDie Mini-
mierungder Gesamtengie zur Bestimmungder Gleichgevichtsstrukturwird durcheine sy-
stematisché&/ariationder Atompositionenund einenanschliel3endeRolynomfiterreicht.Bei
hinreichendhohernumerischerAbschneideengie fur die Entwicklung nachebenenwellen
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fuhrt diesesverfahrenzu sehrgenauerBestimmungerder GitterkonstantenAnderungender

dritten Nachlommastellekdnnenaufgelostwerden.Das ist erforderlich,weil die Ergebnisse
als Anderungerder untersuchteiGroRen(GitterparameteiPhononenfrequenzedielektrische
Konstanteetc.)relatv zu denGitterkonstantenanderungangegebenverden Man hatesdabei

mit demProblemzutun, dalRdurcheinekleine Grol3egeteiltwerdenmul3,daherist eineGenau-
igkeit desEndegebnissesm Prozentbereicinur gewéhrleistetwenndie einzelnenGitterkon-

stantenmit einer Genauigleit im Sub-Promille-Bereiclbestimmtwerden.Diese Genauigleit

beiderBestimmungler Gitterkonstanterwird in dervorliegenderArbeit erreicht.

Bei der Untersuchungler Volumenmaterialierwerdendrei verschiedendeformationen
bertcksichtigtEine Kompressiorunter hydrostatischenbruck, einebiaxiale Verspannungn
derGrundebenendeinuniaxialerDruck senkrechzur GrundebeneExperimentellverdendie
beidenerstgenannteBeformationeruntersuchtDer uniaxialeFall liefert jedochweitereMa-
terialparameteundwird deshallin die Untersuchungemit einbezogenkr verhaltsichzudem
komplementazum hydrostatischerruck und zur biaxialenVerspannungso daRdurchden
Vemleich der Ergebnissalerdrei unabhangigeRechnungemrine Konsistenzprufungndglich
ist. Diessetztjedochvorausdal3die vollstandigrelaxiertenStrukturenn allendreiFallentuber
einstimmenyweil derurverspannt&Zustandder Bezugszustandst. Nur bei einemidentischen
Bezugszustantt esmadglich, die Ergebnissader unterschiedlicheiRechnungemiteinander
in Beziehungzu setzenln dervorliegendenArbeit wird dieseUbereinstimmungrzielt,indem
einesehrgrof3eAbschneideengie gevahltwird.

FurdenrelaxiertenGrundzustander3C- und 2H-Polytypenvon GaNundAIN werdendie
Gitterkonstantengder Kompressionsmoduind seineAbleitungnachdemDruck bestimmt Die
zugehorigeZustandsgleichung@l. h. die Druck-\Vblumen-Beziehunggtimmthernworragendnit
experimentellerResultateriilberein Desweiterenwird die KristallgeometrieunterdemEinfluf3
von hydrostatischenbruck sowie biaxialerunduniaxialerVerspannun@perechnetinddie Ver
anderungewerBindungslangemnind-winkel, desVerhaltnissesler Gitterkonstanterc/a sowie
(fur die Wurtzitstruktur)desinnerenParametersi anggeben Wahrendsichdie kubischerPo-
lytypennahezudentischverhaltengemibt sicheineunterschiedlich®eformationvon 2H-GaN
und -AIN: GaN zeigt unter hydrostatischenbruck eine proportionaleKontraktion,wohinge-
genAIN anisotropdeformiertwird. Dieswird durchexperimentelleVergleichsdaterbestatigt.
Im Experimentstellt sich der innere Parameteru als schwerzuganglicheGré3eheraus Als
innereGrol3eist er zudemnicht Giberdie makroslopischerelastischerK onstanterbestimmbar
Andererseitsst er einwichtigerMaterialparametedenndie spontandolarisatiorderwurtziti-
schenNitride verandersichwesentlichmit u. Damitliefern die hier erzieltenErgebnissesinen
wichtigenBeitragzur Beschreilnngder Materialeigenschaftevon GaNund AIN.

Anhandder fur verschieden&/erzerrungsstufeanabhangigrzoneinandeibestimmtenEr-
gebnissezeigt sich, dal3sich die beidenPolytypenvon GaN und AIN lbereinenweiten Be-
reich (=2 % Deformation)elastischnahezulinear verhalten.Aus den Proportionalitats&effi-
zientenund demKompressionsmodudestimmerwir die elastischeriKonstantenDurcheinen
Vemleich der untereinandekonsistentbestimmtenErgebnissadieserDissertationmit Litera-
turdatenwird aufgezeigtwelchedavon als zuverlassiggeltenkénnenund welchenicht.

Fur die fur verschieden&erspannungerelaxiertenStrukturenwird mittels auf der DFPT
beruhenderRechnungerdie dynamischerMatrix, die Tensorender hochfrequenterielek-
trizitatskonstantesowie der effektiven Ladungender einzelnenlonen bestimmt.Diese Rech-
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nungersindin ihnremnumerischerufwanddenender Gesamtengjieberechnungergleichbar
und ermoéglichendie BestimmungdeskomplettenPhononenspektrumem I'-Punkt (oderan
einemandererPunktder Brillouinzone) allein mit Hilfe der primitiven Zelle. Durch die sto-
rungstheoretischelerangehensweigst keine Superzellenrechnungrforderlich,um auchdie
LO-Modenzu erhalten AnhanddesPhononeneigamktorslaitsich die Symmetrieder Mode
erkennenunddie berechneté&requenzntsprechentlassifizierenMittels derverallgemeiner
ten Lyddane-Sachseller-Relationl&a3t sich zudemanhandder LO- und TO-Frequenzemlie
statischeDielektrizitatslonstanteausderhochfrequenteberechnen.

Zusammemmit den Strukturbestimmungehefert dies die Druck- und Verspannungsab-
hangigleit der dielektrischenGré3enund der Phononenfrequenzedarauswerdenentspre-
chenddie Moden-Griineisenparametelie biaxialenbzw. uniaxialenModenloefizientenund
die Phononen-Deformationspotentidderechnetinsbesondereverdenin dieserArbeit erst-
malig Phononen-Deformationspotentidieg AIN bestimmt;experimentelleWerte lagendafir
langeZeit nicht vor. Die dielektrischerEigenschafterfTensorder statischerund der hochfre-
guenterDielektrizitatslonstantesovie der Bornschereffektive Ladungenykeigenausgepragte
Nichtlinearitatenn Abhangigleit von der Deformation.

Die untere(niederfrequentele,-Phononenmodder 2H-PolytypenzeigteineBesonderheit
in ihrer Druck- und Verspannungsabhéngigk EntgeggendemTrendaller andererModen,bei
kompressier Deformatiornzu hdherenNertenzuverschiebemimmtdie FrequenzieseMode
ah Diesessogenannt&ofteningist abernur schwachausgepragtso dal3dasVerhaltendieser
Mode nicht mit demvom aul3ererDruck henorgerufenenstrukturellenPhasentbegang der
Nitride zusammenh&ngim SinneeinerFaltungder Brillouinzone,die manfiir denVerleich
der Eigenschaftemer 3C- und 2H-Polytypenannehmerkann,entsprichtdie untereE;-Mode
einemtrans\ersal-akustischefonenrandphonoder 3C-Polytypen Auch fir dieseModenfin-
denwir eine FrequenzabnahmenterDruck. DiesesVerhaltenist von andererMaterialienher
bekannt.Fir Silizium wurdeesmit einerVeranderunglesZusammenspielgon Zentral-und
Winkelkréaftenerklart. WegenderhohenlonizitatderNitridhalbleiterundderunterschiedlichen
Anion- und Kation-Massenal3t sich dieseseinfacheModell jedochnicht auf GaN und AIN
UbertragenUnter Verwendungder sogenannteirrozen-Phonon-Methodeeigenwir, dal3die
FrequenzabnahnderunterenE,-Mode unterDruck auseinemunterschiedliche@usammen-
spiel von Ewald- und Hartree-Enagie resultiert. Dabei zeigensich zum einenUnterschiede
zwischen2H-GaN und -AIN, zum anderenstellt sich heraus,dal3die Frequenzzunahmeer
oberen(h6herfrequentenit,-Mode auf einenRollentausctdesEinflussesder Ewald- und der
Hartree-Enagie zurtickgeht.

UnsereErgebnissezur Druckabhangig&it der Phononenfrequenzemagen tiberdiesent-
scheidenddazubei, in einer Kooperationmit Experimentatorerdas Verhaltender LO-TO-
Aufspaltungunter Druck zu erklaren.Die auchexperimentellgefundeneZunahmeder LO-
TO-Aufspaltunggehtnichtauf eineZunahmeder lonizitat zurtck (wie esbei SiC derFall ist),
sonderraufeineAbnahmederdielektrischemAbschirmung Sowohl die Bornscheeffektive La-
dungals auchdie hochfrequent®ielektrizitatslonstantenehmenunterDruck ah Die Abnah-
me der Dielektrizitatslonstantast dabeistarler ausgepragtso dal3die abgeschirmteffektive
Ladungzunimmt; letztereist die fur die LO-TO-Aufspaltungmaf3geblichagitterdynamische
Grole.



108 Zusammerdssung

Die berechnetergebnisseur Abhéngigleit dergitterdynamischeiigenschaftenonder
Verspannungverdendetailliertmit experimentellerBefundernverglichen.Dabeizeigtsichbe-
zuglich deshydrostatischemruckes eine systematischébweichungder Rechnungemegen-
UberdemExperimentDie Moden-Grineisenparametsmwohl desAIN alsauchdesGaNwer-
denum ca. 20 % unterschatztDer Grundfiur dieseAbweichungerist unklar: Weil sie sovohl
bei AIN als auchbei GaN auftreten kdnnensie nicht durchdie nur beim Ga-Atom verwen-
detenichtlineareRumpflorrekturverursachsein.Vielmehrist zu vermuten daf3sie mit einer
unzureichendeBeschreiling der elektronischerZustandginsbesonderder Bandlicle) und
ihrer Druck- bzw. VerspannungsabhanggkzusammenhangebBiesesProblemist unervartet
aufgetretenmit der gleichenMethodeist zuvor eine sehrgute Ubereinstimmungler Ergeb-
nissefir SiC sawie fur anderelll-V -Halbleiter (insbesonder@rsenide)erzielt worden.Diese
systematischébweichungschmalertden Wert der in dieserDissertationenthaltenerkErgeb-
nissejedochnur unerheblichweil die GrolRenerhaltnisseichtig wiedegegebenwerden.Dies
betrifit sonvohl die Gro3eder KoefiizientenverschiedeneModeneinesMaterialsalsauchden
Vergleichverschiedeneiaterialienbzw. Polytypen.

Bei einemVerleich der berechnetefKoefizientenfir biaxiale Verspannungnit entspre-
chenderexperimentellerDatenergebensich weitausgrol3ereAbweichungenals sie nachden
zuwor beschriebeneBefunderzu erwartensind.Bei einereingehendeRrifungstellt sichher
aus,dal3viele der Abweichungerauf Fehlerin der Auswertungoderauf die Verwendungun-
zuwerlassigeDatenzurtickgehendie fir die Umrechnunglerunmittelbargemessene@rofien
benutztwerden Nacheinerentsprechendeorrekturergibt sicheinewesentlichbesseré&ber
einstimmungsowvohl derexperimentellerDatenmit denin dieserArbeit berechnete&rgebnis-
senalsauchderexperimentellerDatenuntereinandeiEine KonsequendieserRevision haufig
verwendeteexperimentelleMaterialparameteist, da3die anhandvon Ramanmessungesr
mittelte Verspannungrol3erist alsbislangangenommen.

Bei der Untersuchungler Struktur und der PhononenmodekurzperiodischetJbemitter,
die als Modellsystemfur Heterostrukturemienen lassensich einige Besonderheitefeststel-
len. Die innere Relaxationdes Ubemitters resultiertin einer Geometrie die von der mittels
der elastischerKonstanterbestimmtenabweicht.Dies zeigt sich besondersleutlich bei den
hexagonalenUbemittern, bei denensich die Hohender GaN- und der AIN-Schichtin entge-
gengesetzteWeiseandern,als esvon der makroskopischenTheorieher zu erwartenist. Bei
denPhononeremibt sich ein deutlichanderesild, als esvon GaAs/AlAs-Ubegittern her be-
kanntist. Durch die enegetischeOrdnungder Moden und den partiellen Uberlappder Pho-
nonendispersioneder Volumenmaterialiendie in dementsprechendeXerspannungszustand
zu kombinierensind, ergibt sich eine Aufteilung desresultierenderspektrumsn die Bereiche
samtlicherLO- undsamtlicherTO-Modensaowie derakustischeModen.

Die gegenseitiggpseudomorph&erspannungler GaN- und AIN-Schichtenfihrt zu einer
VegroRerunglesFrequenzunterschieddsr TA-Modenvon GaNundAIN. Infolgedesseitre-
ten auf die AIN-SchichtenbegrenzteTA-Moden auf, die oberstenLA-Moden sind daggen
nicht vollstandigauf die AIN-Schichtenbegrenzt.Bis auf eine sind die TO-Modenebenélls
schichtbgrenzteModen; sie sind in der Schichtebengolarisiert.Die ein davon abweichen-
desVerhaltenzeigendeausgebreitetd O-Mode findet sichim Frequenzbereicder GaN-TO-
Moden.lhre FrequenztellteinederdielektrischerDispersionsfrequenzetar, undsieist langs
derStapelungsrichtungolarisiert.im BereichderBandlicle zwischerdenAIN- unddenGaN-
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artigenTO-Modentritt fiir alle Ubemitter, unabhangigyon der AnzahlderSchichtenginepola-
re Grenzschichtmodauf, die einestarkausgepragt@/inkelabhéngigkit aufweist.Mit Ausnah-
me der von Stickstofauslenkungerlominiertensind auchdie LO-Modenstarkwinkelabhan-
gig. Bis auf die oberstesind die LO-Modenflr alle Ausbreitungsrichtungemm wesentlichen
in der StapelungsrichtundesUbemitterspolarisiert. Dageyenandertdie obersted_O-Modeih-
re Polarisationsrichtungnit der AusbreitungsrichtungSie ist zudemstarkIR-aktiv, sodal3sie
fur alle Ausbreitungsrichtungean dasmakroskopischeelektrische~eld koppelt,analogzu der
polarenLO-Mode einesVolumenmaterialsDie Verspannungsabhangigkaller Ubemittermo-
denwird durchdie der reinenVolumenmaterialieestimmt.Insgesamizeigendie kurzperi-
odischerlJbemitter sovohl einigederfiir dickereUbemitter typischenPhononeneigenschaften
(schichtbgrenzteModenundGrenzflachenmodem)saucheinesehrgroReAhnlichkeit zuden
EigenschafteeinesVolumenmaterials.

AnhandderhiervorgestellterErgebnissdalitsichbereitserkennenwelcheweiteigehenden
Untersuchungemaoglichbzw. sinnvoll waren.Am dringlichstensindanalogeUntersuchungen
zumInN, welchessich der BerechnundangeZeit entzogerhat. Zum einenist die Bandliicle
desInN in der DFT-LDA-Rechnungverschwindendgjeringbzw. kannsie negativ werden was
zu Problemenbei der Berechnungler Phononerfiihrt. Zum andererzeigt sich, daRdie Ver
wendungder nichtlinearenRumpfkorrektur nicht ausreichtum den Einflu der Rumpfelek-
tronenrichtig zu beschreibenObwohl die Gitterkonstanteund die Dielektrizitatslonstentebei
VerwendunglerNLCC in guterUbereinstimmungnit experimentellerDatenerhalterwerden
(die aberflr INN ebenélls kritisch sind), schlagtdie Berechnungler Phononerfehl. Erst mit
einemPseudopotentiatiasdie 4d-Elekronervoll als Valenzelektroneberiicksichtigtgelangt
manmittelsDFPT-Rechnungerzu brauchbareikrgebnissen.

Die hierbenutzterVerfahrenassersichvertieftauf DetailsderstrukturellerundderPhono-
neneigenschaftesowie inrer Deformationsabhangight anwendenetwa um unterschiedliches
Verhaltenn Abhangigleit von derModensymmetrigu untersucheiganalogzu demVemleich
der E"- undder E5'®"-Mode).An vielen Stellenergebersich Hinweise dafdie hohelonizitat
derNitride einewichtige Rolle bereitsbei denstrukturellenEigenschaftespielt. Sehrsinrnvoll
ist esdaher die Veranderungler statischeronizitat unter Deformationseinflufauchfur die
2H-Polytypenzu untersuchenWegender geringerenSymmetrieist dasVerfahenvon Garcia
und Cohenjedochnicht anwendbarHier wirdenauf der Berry-Phasen-Methodeeruhende
Rechnungenveiterhelfen.

Die wichtigste Erweiterungstellt jedochzweifelsohnedie Ab-initio-Berechnungder Pho-
nonenvon Mischkristallendar Aus Modellrechnungemst daszu erwartendeEin- bzw. Zwei-
Moden-\érhalterbestimmteMischkristallebereitsbekanntdaherkanndie einfacheNaherung
desvirtuellenKristalls nichtverwendetverden EinegenerelleMdglichkeit derBerechnundpe-
stehtin einerClusterentwicklungeineanderdan derVerwendungeinerSuperzellemit zufallig
durchmischteatomareNerteilung.Letzteresst jedochaufgrundderhohenerforderlichenAb-
schneideengie beiderVerwendungiormerhaltendePseudopotentiakeinillusorischedJnter
fangen.Hier warensinnvollerweisenichtnormerhaltend®anderbilt-Pseudopotentiai®i ver
wenden.
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