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Intr oduction

ThisthesispresentxX-ray methoddor theanalysiof latticedistortionson micrometetandsub-micrometer
lengthscalesn avariety of semiconductostructures Beforeintroducingthesemethodsjet usbriefly re-
view the historic developmentof semiconductofabricationtechniquesndtheir relevancefor thefield of
modernmicroelectroniandoptoelectroniaevices.

The successtory of semiconductophysicsand device technologybeganin the 1950swith germanium
andsilicon, both from group |V of elementsn the periodictable[Jac9§. Later, similar crystalgrowth

techniquessfor thesetwo weredevelopedalsofor othersemiconductomaterials,especiallyfor combi-
nationsof elementfrom groupslil andV (theso-calledlll-V compoundsemiconductordjke GaAsand
InP [Nel63, WHW99]. Theseareparticularlyinterestingfor applicationsn optoelectroniaevicessuchas
semiconductolasersdueto their directbandgap.

Anotherimportantstepwas the possibility to grow semiconductocrystalsconsistingof a mixture of
two or more binary IlI-V materials. Ternarycompounddike Ga,In;_,As allow to vary the value of
the band gap continuouslybetweenthe extremesof the two binary materialsinvolved, and thusto do
“band-gapengineering”via the materialcompositionz. The introductionof quaternarymaterialslike
GaxIn;_xAs,P,_, [Pea82 openedanadditionaldegreeof freedomwhich is usefulfor instancen order
to selectindependentipoththe bandgapandthelattice parameteof the material.

In the 1960sand1970stechniquedor the growth of thin crystallinelayerswereinventedandoptimized.
Thevariantsincludeliquid phaseepitaxy(LPE), vapourphaseepitaxy(VPE) chemicalvapourdeposition
(CVD) and molecularbeamepitaxy (MBE). Nowadays,they allow to fabricatelayerswith thicknesses
down to somel0 nm andevenmonolayergKel95. This controlof materialsalongonedimensiorhasled
to microelectronicand optoelectroniadevicesthat exhibit novel properties. Examplesare quantumwell
lasergLHH90] andhigh electronmobility structure§PWS89].

In parallel,techniquedor the lateral structurizationof semiconductostructuredn the sub-micrometer
rangewere developed. They are mostly basedon holographicor electron-beantithographyandetching,
andallow to structurizesemiconductorsotonly in the growth direction,but alsoin oneor two directions
alongthe surface. Differentmethodsfor obtaininglaterally patternedthin layersare usedin practice.
The mostwidespreadneis to first grow a thin planarlayer which is subsequentlytched[Kel95. An
alternatve is to first etcha substratematerial,andthento grow a thin layer on the pre-patternedurface
[LTV90, Gal9]. A third wayis to make useof the self-omganizedpatterningwhich occursin the growth
of strainmultilayerson misorientedsubstratesurfaces. Remarkablyperiodic lateral patternshave been
obsened in structuresproducedin this way [BGL99]. To simplify the terminology all thesetypes of
lateralstructureswill bereferredto as“gratings”.

Suchlateralsurfacenanostructurearetechnologicallyery promisingfor usein optoelectroniaevices,
dueto two specialeffects: optical confinemenandelectionical confinementOptical confinemen{Cor9g
is usedin distributedfeedbackaserg DFB-lasers)wheregratingsareemployedasresonatorsvhich selec-
tively amplify specialwavelengthsthusreplacingthe opticalreflectors(Fabry-Perotavity) usedin more
corventionallasers.

Electronicalconfinemen{HC89] appearavhenchage carriersareenclosedn a region with an exten-
sion of lessthanapproximately50 nm alongone,two or threedimensions in so-calledquantumwells,
guantumwires and quantumdots, respectrely. In this case,quantizationeffects occur which alter the
electronicenegy levelsandthedensityof stateJAS82]. Thisis technologicallyrelevantin semiconductor
laserswherethe patternedegion is simultaneouslythe active region of the device, i.e. the onein which
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the recombinatiorof chage carriersandthe light emissiontake place. It allows to obtainimprovedlaser
characteristicby achieving alower thresholdcurrentdensity[Yar88 aswell asa higherdifferentialgain
[AMS86] andbettertemperaturetability [AS82], andthusanincreasedverall device performanceSim-
ilar improvementscanalsobe obtainedby intentionallyincorporatingstrain into the active region of the
laser[Ada86, ALK86, HKS91, BBF98].

Simultaneouslyith thetechnologicaprogressn fabricationmethodsgrew the demandor techniques
to characterizesuchnanoscopicallystructuredsamples Especiallyin theinitial stagesf thedevelopment
of a new growth or patterningtechnology it is indispensablgo inspectthe resulting structuresby an
independenmethod. The final device performancesre influencedby the crystalline propertiesof the
materialaswell asby the geometryin the caseof lateralpatterning. Thereforethe parametersf interest
for astructuralinvestigationinclude:

The samplegeometry: thelayerthicknesse planarlayeredstructuresa possiblemiscutof the sample
surfacewith respecto the intendedorientation,the grating periodicity, grating shapeand grating
orientationin the caseof laterally patternedstructures.

Propertiesof surfacesand interfaces: the roughnes®f the samplesurfaceandinterfacesits statistical
correlationpropertiesandthe questionwhetherthe interfaceshetweerayerswith differentcompo-
sitionsareatomicallysharpor graduated.

The crystalline properties: the perfectionof the crystallinelattice, the occurrenceof defects the lattice
parametersf the differentmaterialsandtheir misfit, the resultingstraindistribution, andthe strain
relaxationin gratings.

The crystallinepropertiesare especiallyinterestingsincethey are particularlydifficult to controlin the
technologicafabricationprocessandsincethey play animportantrole for thedevice propertiesanddevice
performance.

Severalcatgyoriesof methodsareavailableto meetthedemandor characterizatiotechniquesSpectro-
scopicmethodslik e photoluminescencallow to investigateheelectronidbandstructuran nanostructures
[ALK86, TMY92, Dar99. Microscopicmethodssuchastransmissiorelectronmicroscoly (TEM), scan-
ning electronmicroscopy (SEM),andatomicforcemicroscoly (AFM) areattractve dueto theirimpressve
spatialresolution,andbecausehey yield visual resultswhich canoften be readily interpretedandgive a
directimpressionof the samplestructure. They canbe usedin particularto investigatethe roughnes®f
a samplesurfaceor the geometryof surfacegratings,i.e. the first two of the threegroupsof parameters
guotedabove. Recently high-resolutionTEM hasalsobeenemployedto studythe straindistributionsin
epitaxialstructureswith theexamplesof GalnAs quantumwires[CRS94 andof CdSe islandsin aZnSe
matrix [SKP99.

Neverthelesstheissueof structuralcharacterizatioiis not closedwith thesetechniques Drawbacksof
microscopicmethodsncludethatthey areeitherpurely surface-sensitie (SEM, AFM) or connectedvith
the destructionof the sample(TEM), andrequirea specialsamplepreparation. Anotherlimitation is that
they arelocal methodsandcannoteasilyprovide representativenformationaboutthe variationof certain
parametergsuchasa grating period) along the whole samplesurface. This is true in particularfor the
investigationof lattice parameterswhich in the abose-mentionedtudiesweredeterminedvith moderate
precisionandonly in arestrictedfield of view.

Whatis requiredis thereforea method(1) which penetrategurtherinto the sampleandallows to over-
cometherestrictionto thesamplesurface,(2) which— in view of straininvestigations— is moresensitve
to the crystallinepropertiesandthelattice parametgrand(3) which providesmorerepresentatie, statisti-
cally significantinformation.

X-raysarenearlyidealin all threerespectsTheir high penetratingpower becameapparentmmediately
aftertheir discovery by Rontgenin 1895;Lauerecognizedn 1912thattheir wavelengthis of the orderof
the lattice spacingin crystals,andthatthey could thusbe diffractedby crystals[FKL12]; anddiffraction
methodsoperatein reciprocalspace sothatthey “automatically”yield statisticallyaveragednformation.
Sincetheadwentof dedicatedsynchrotrorsourcesn the 1970sand1980s very powerful sourceof X-rays
areavailableandallow to investigatesvenvery thin layerswith sufficientintensity
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Thereforan thisthesisX-ray diffractionmethodsareusedto investigatehecrystallinepropertiesandin
particularthe lattice distortionsandstrainfields, of semiconductostructuresTwo kinds of structureswill
sene asexamplesto demonstrat¢he potentialof X-ray diffractiontechniquegor strainstudies:.waferson
the onehand,andsurfacegratingson the otherhand. In a certainsensethesetwo systemsepresenthe
two extremesof a broadrangeof semiconductostructures.

Wafersarethe “raw material”, the startingsubstancdor mary technologicalprocessesThey sene as
substratesnwhich layeredstructuresandcompletentegratedcircuitsarefabricatedLatticedistortionsin
wafersareparticularlyimportantsincethey caninfluencethe propertiesof the entire structureswhich are
grown on top of them,andthusleadto the degradationof device properties Thesedistortionsarisedueto
theincompletecontrol of the bulk growth methodgfor certaincrystallinematerials:Silicon cannowadays
beproducedasanalmostperfectsinglecrystal,but thetechnologiegor certaincompoundsemiconductors
aremuchlessoptimized[Jac98. Efficient methodso monitorlatticedistortionsin semiconductowafers
cancontrituteto the furtherimprovementof thesegrowth technologies.

At the otherendof the spectrumsurfacegratingsrepresenthe whole cateyory of low-dimensionabkys-
temslik e quantumwiresandquantumdots. Sincetheseareusuallyproducedusingsophisticate@pitaxial
methods lattice defectsdo not play an asimportantrole asin wafers. Instead,the focuswill be on the
coheent strainfields which arisedue to the lattice mismatchbetweenadjacentmaterialswith different
lattice parametersandin the mechanisnof strainrelaxationas a resultof the lateral patterning. Such
strainfieldsin planarstructuredimit the maximumthicknesg(critical thicknesfMiB74]) up to which thin
mismatchedayerscanbe grown pseudomorphicallywithout formationof misfit dislocations) Strainand
strainrelaxationin gratingsinfluencestheir electronicbandstructure asdiscussedbove. It is therefore
importantto understandhe mechanism®f strainrelaxation,especiallyin view of applicationsto strain
engineering

In bothcaseof wafersandgratingsoneneedgo achiere a high real-spaceesolutionin X-ray methods,
while notlosingthe very high reciprocal space(or equivalently angular)resolutionfor which X-ray tech-
niguesaretraditionally optimized. In the caseof wafersit will becomeclearthatdetectingandanalyzing
the relevantvariationsof crystallinequality acrossthe samplerequiresa resolutionof the orderof 1-10
pm. Partll of thiswork will show thatsucharesolutioncanbeachieved“directly” with thehelpof thespe-
cial X-ray beampropertiesandequipmenif a synchrotrorbeamline.In the caseof gratings,therelevant
changesn the strainfield occuron alengthscalesignificantlybelov the micrometer A spatialresolution
of this ordercanpresentlynot be achievedwith “direct” experimentalmethods.Part Il will shav how it
canneverthelesberealizeddueto interferenceeffectsandanappropriatedataanalysigprocedure.

Structur e of this thesis

Thefirst Chapterof this manuscripigivesa brief generalintroductioninto the experimentaimethodsand
the instrumentausedin X-ray diffraction. Sinceall the experimentalresultscontainedn this manuscript
wereobtainedwith synchrotrornX-rays,themostimportantcharacteristicsf third generatiorsynchrotrons
sourceswill be presentedriefly. A synopsisof the differentdiffractometertypesusedfor this work is
given, the relationsbetweenangularandreciprocalspacefor the differentdiffractometergeometriesare
discussedandthe questionof instrumentakesolutionis briefly touchedupon. Chapter2 containsa digest
of generalX-ray diffractiontheory The main scopeis to documentthoseformulaewhich are essential
ingredientsof the analysisproceduredor our experimentalresults. In Chapter3 begins the description
of the experimentalstudies. This Chapterpresentsa methodwhich was developedand an equipment
whichwasinstalledat the ID19 beamlineof the ESRFthatallow to performmicrometefresolvedquality
investigationof crystallinestructuresThis methodcombineghe advantage®f X-ray diffractometryand
X-ray diffraction topography andis referredto as X-ray diffraction rocking curve imaging. Chapter4
shawvs how this methodcanbe appliedto monitor lattice distortionsin wafersof differentsemiconductor
materials(with theexamplesof GaAs andSiC).

The next Part doesthe steptowardsthe measuremenmnf lattice distortionson a sub-micometerlength
scale,namelystrainrelaxationin surfacenanostructuresChapter5 lays the theoreticalfoundationsfor
the analysisof strainfields in surfacegratings. Sincea knowledgeof the grating shapeis a necessary
preconditionfor ary strainanalysistheinfluenceof the shapeon the diffraction patternwill bereviewed
first. Section5.2 thendescribesiow continuumelasticitytheorycanbe adaptedo describestrainfieldsin
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nanoscopigratings,andgivesexplicit resultsfor specialcases Section5.3introducegheFinite Element
Methodanddiscussefiow it canbe employedto solve numericallythe differentialequationof elasticity
in gratingssamplesin the generalcase. In Section5.4 theseresultsare coupledwith X-ray diffraction

theory A generalformulais obtainedwhich allows to calculatenumericallythe diffraction patternsfrom

avery generalclassof distortedcrystallinestructures.Section5.5 establisheshe link betweemumerical
techniguesandexperimentalstratgies,and presents generalrecipefor the quantitative investigationof

strainfieldsin gratings.

Thisrecipeis thenexplicitly appliedto four differentsampletypes.Chaptei6 startswith the studyof the
generatiorandevolution of inhomogeneoustrainfieldsin thedifferenttechnologicaktepsinvolvedin the
fabricationof gratings.In particular it will bedemonstratetiow X-ray diffractionuniquelyallowsto ana-
lyze buried gratingsin anon-destructieway. Chapter7 illuminatesanotheaspectnamelythedependence
of strainrelaxationandthe corresponding<-ray diffraction patternson the gratingshape Furthermore,
in this Chapterthe analysismethodis turnedinto an evenmore quantitatve one by introducinga fit loop,
involving simultaneouglasticcalculationsandsimulationsof diffraction patternsn orderto achieve best
agreemenvith theexperimentaldata.Chapte8 extendsthis methodto the caseof superlatticegratings.It
demonstratethe new effectswhich occurwhenthe samplestructureis periodicnot only alongthelateral,
but alsoalongtheverticaldirection.

The samplesstudiedin Chapterss—8 areto be consideredastestcases.Although their parametersio
not correspondxactly to thoseof the quantumwire structuresusedfor real devices,they reproducehose
featuresof quantumwires which are most characteristian the contet of straininvestigations.In fact,
“real” quantumwires have alreadybeensuccessfullycharacterizety the samemethod[LJB99).

At the endof the thesis,Chapter9 broadenghe perspectie, away from artificially etchedsamplego-
wardsotherkinds of laterally periodicstructuresit shavs how the samedataevaluationtechniquecanbe
appliedto analyzethe periodicdistortionfields occurringin crystalsurfacesundertheinfluenceof surface
acoustiowaves. This Chaptersenesasan exampleto demonstratéheflexibility andgeneralapplicability
of theapproactpresentedn the previouschapters.

To concludethe introduction,let us also give an overview from a crystallographigoint of view: The
semiconductosamplesstudiedin this work arealmostexclusively IlI-V -compoundswith the exception
of onelV-1V material(SiC). All the sampleshave a[001]-orientedsurface.For the non-crystallographer
let us mentionthat thesematerialshave a Zinc-Blendestructure,i.e. anfcc-latticewith a two-atombase.
In the context of X-ray diffraction, this meansthatall the Braggpeakswith mixed evenandoddindices
HKL areforbidden,andthatthosewith (H + K + L) = 4n + 2 (with n integer),suchas002and222,
arein generalparticularlyweak.We will thereforeusemostlyreflectiondike 004,224and220.

Concerningnotation,we will usethe Einsteinsummatiorcornventionthroughoutthis work: Whenever
the sameindex appeargwice on the sameside of an equation,a summationover the applicablerangeof
this index is tacitly implied. As anexample,Hooke’s law (5.24)is written o;; = Cj;x €k, Whichis to be

3 3
readaso;; =Y 1 2 1 Cijki €xi-
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Chapter 1

X-ray diffraction in practice

In this chapterwe give a very brief geneal introductionto the basicsof X-ray scattering aswell asto the
techniquesand instrumentsusedin X-ray scatteringexperiments.Theaim s to put the reader who may
not be an expertof X-ray diffraction,in a positionto undesstandthe experimentalproceduesandresults
which areto be presentedn subsequenparts of this work.

1.1 Fundamentals

X-raysareelectromagnetigvaves,similarly to visible light, but with far higherfrequenciesy andphoton
enepgies hw, or correspondinglywith far shorterwavelengths\. The electricfield of a monochromatic
planewave canbewritten as

E(r,t) = By elKm—wt), (1.1)

The lengthof the wave vector K in vacuumis givenby |K| = w/c = 27 /A, wherec is the velocity of
light. Insideamaterialthislengthchangeso |k| = n|K |, wheretherefractionindex n is generallyslightly
lessthanl at X-ray frequencies.

X-raysinteractwith matterin avarietyof ways. Themostimportantin our context is elasticscattering,
in which the single photonsare deviated from their incident direction, but do not lose enegy. It can
be quantitatvely explainedby the fact that the incidentelectricfield leadsto a forced oscillation of the
electronwhichthenactsasanaccelerateghage andre-emitsradiationof the samewavelength[War9Q.
Theatomicnucleicannotfollow thefastoscillationof theelectricfield dueto theirmuchhighermassand
thereforedo not contribute essentiallyto the elasticscatteringcrosssection.

Two decadesafter the discovery of X-rays by Rontgenin 1895it wasrecognizecby Max von Laue
thatthe wavelength\ of X-raysis of the sameorderof magnitudeasthe interatomicdistancesn crystals
[FKL12]. Thereforethe X-raysscatteredy theelectronsarounddifferentatomsin a crystalcaninterfere,
giving riseto sharppeaksof diffractedintensityin precisedirections.Theangularpositionsof theseBragg
peaksaredescribedy the Bragglaw:

QdHKL sinﬁB = )\, (1.2)

whergdgKL (= ﬁ for.a cubiccrystal)is thg spgcinggf two ngighbouringattice planesyvith
LaueindicesH, K andL, anddp is the Braggangle.This diffractionconditioncanbe statedalternatvely
in the reciprocal spaceformulation. One definesa reciprocal lattice whosebasisvectorsQ!, @2, Q3
dependonthebasisvectorsof thecrystallatticea®, a?, a® via

2 2 2 ;
le%a2xa3 622:77rtl3><a1 Q3:77ra1><a2. (1.3)

V = a' - [a® x a3] representshe volume of the unit cell of the crystallattice. In this way, the Laue
conditionsQ™ - a™ = 27é,,, (With é,,, beingthe Kronecler-Delta) are satisfied. Then,the Bragglaw
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(1.2)is equivalentto the conditionthatthe scatteringvectorQ, i.e. thedifferencebetweertheincidentand
exit wave vectorsK; and Ky, mustbeequalto avectorh = H - Q' + K - Q% + L - Q? of thecrystals
reciprocallattice:

Q=K;—-K;=h (1.4)

This thesisdealswith the structuralcharacterizatiorof crystalsby elasticscatteringof X-rays in the
vicinity of Braggpeaks.Our main methodfor this investigations X-ray diffractometryi.e. the measure-
mentof scatteredntensity asafunctionof therelative positionsof theincidentbeam the sampleandthe
detector

Traditionally, the resultsof suchmeasurementare often representeds a function of diffractometer
angles:I(w, 26, ...). A greatdealof commercialcontrolandsimulationsoftwareis basecdn this angular
scale. However, for our purposedt is more corvenientto usea reciprocalspacerepresentationsince
this makesit easierto concentrateon the structuralfeaturesof the sample,independentlyof the effects
of differentmeasuremengeometries. Therefore,throughoutthis work we will represenbur resultsas
diffractedintensity/(Q) versusscatteringvector@.

1.2 A sourceof X-rays: Third generationsynchrotrons. The ESRF
Grenoble

In thefirst half of thiscenturytheonly X-ray sourceathandwerelaboratoryX-ray tubeswhich, apartfrom
Bremsstahlung emit mainly at the characteristiemissionlines of the respectie anodematerial(suchas
Cu atA = 1.540597A). An alternatie with mary very interestingcharacteristichasbecomeavailable
sincetheinventionof synchrotronsn the 1940s[McM45, Vek45, andin particularsincethe construction
of secondgeneition syndirotronsin the 1970s. While the formerweremainly usedfor particle physics,
thelatterwereoptimizedfor the emissionof synchrotrorradiation.

" Ring

Figure 1.1: Top view of the ESRF including a
sketch of its acceleratoistructures. On the left,

onecanseeoneof thetwo beamlinesatthe ESRF Figure 1.2: Sketch of the storagering,
whicharenotlocatedin the experimentahall, but shaving theprincipalgeometryof bending
outside: The oneshawn hereis in factthe beam- magnetsjnsertiondevicesandbeamlines.
line ID19, on which partsof the resultspresented (ESRFinformationoffice)

in this thesiswere obtained. (ESRFinformation

office)

X-ray beamsgeneratedn this way have extraordinarypropertiesvhich make themvery attractve for a
multitudeof experimentsThey areveryintensehighly collimatedin forwarddirection,stronglypolarized,
cover a broadspectrumof wavelengthsandhave a pulsedtime structure. The mostinterestingfeatures
in our presentcontext are the very high intensity as comparedo classicalX-ray tubes,andthe tunable
continuousspectrum For thesetwo reasonsnostof thework presentedn this manuscripivasperformed
atthe EuropearSynchrotrorRadiationFacility (ESRF Grenoble- seeFig. 1.1) andothersynchrotrons.



1.2. A source of X-rays: Third generation synchrotrons. The ESRF, Grenoble

The ESRF openedo userdn 1994,consistanainly of astoragaing with 800m circumferencein which
anelectronbeamwith anominalenegy of 6 GeV andanmaximumcurrentof 7 = 200maA circulatesfor
6-12 hours. It is a third genermtion syndrotron, which meansthat X-rays are generatechot only in the
bendingmagnetswvhich keepthe electronbeamoniits circular path,but alsoin so-calledinsertiondevices
(seeFig. 1.2).

Bending magnets,wigglers and undulators

Insertiondevicesconsistof a periodicsequencef dipole magnetswith alternatingorientation,andforce
the electronbeamon a slalomtrajectory(seeFig. 1.3). X-raysareemittedin eachof the periods,andthe
total resultingX-ray intensity (and brightnesgWil96]) is considerablyhigherthanin a bendingmagnet.
Insertiondevicesare classifiedinto two cateyories: wigglers andundulatos. The relevantparametefor

this distinctionis thedimensionlessgjuantity K [Wil96]:

K = 2ueB (1.5)

2rmec’

where),, is the magneticperiodand B is the maximummagneticfield on the beamaxis. This parameter
K determineshe maximumangulardeviation ©,, of the electrontrajectoryfrom a straightline via

Ou = K, (1.6)
v

wheretherelativistic parametery = 1/4/1 — v2/¢? depend®n the electronbeamenegy only.

Figure1.3: Distinctionbetweerwigglers andundulatos. [Rao93

When K < 1 theinsertiondevice is calledan undulator. In this case the electronsare only weakly
deviatedfrom a straightline, so thatthe X-rays emittedin the single periodsof the electrons’trajectory
caninterferecoherently This leadsto a spectrumwith strongpeaksat one specialX-ray enegy andits
higherharmonics.The fundamentalvavelengthA; depend®n the electronbeamenegy andthe magnet
parametersia [Wil96, Rao93

Au K? o
)\1 = g <1 + 7 +’72®§bs> y (17)
andis smalleston the beamaxis (angleof obsenation©,,;,s = 0).

In theoppositecaseof K > 1 theinsertiondeviceis calledawiggler. Here,thedeviation of theelectrons
is muchstrongerandnomoreinterference&canoccur The X-ray spectrumis amorecontinuoudistribution
which, apartfrom beingstrongeiin intensity is comparableo the spectrunof abendingmagnet.
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Experimental stations. The exampleof the beamlineID19 at the ESRF

The X-raysgeneratedn this way thentravel alonga beamlinewherethey aremonochromatizedr condi-
tionedin otherwaysin anopticshutch beforethey arrive in the experimentahutch andat the experiment.
The beamlinelD19 at the ESRF wherepartsof the resultspresentedn this thesishave beenobtained,
wasdescribedandcharacterizedn greatdetailin a previous study[Zon95. Thereforewe will omit the
technicaldetailsandfocuson somecharacteristideatures.

ID19 is oneof the two beamlinesat the ESRFwhich are locatednot inside the experimentalhall, but
in a separatéuilding. The distancefrom the wiggler sourceto the experimentalhutchamountsto 145
m. This providesideal conditionsfor applicationssuchas X-ray diffraction topography tomography
radiographyand X-ray imagingin general. The large distanceallows to obtaina spatially extendedand
yethomogeneoubeamwith alow angulardivergenceandgoodcoherenceroperties Thespotsizeonthe
samplecanbeaslargeas4 x 1.5cm.

Since the constructionof a second,vertical diffractometerat the beginning of this thesis[MMH97,
Mil99], high-resolutionX-ray diffractometrycanalso be performedat ID19 [LIB99]. A systemof ac-
curateslits permitsto restrictthe size of the incidentbeam[ZBG99]. This beamlineis equippedwith a
FReLoNcameraa fastCCD-cameravhich allows to recordtwo-dimensionalmagesof diffractedX-ray
intensity[LSPvB94. This camerawill beof particularinterestin the context of this thesis.We will make
useof the specialcharacteristicef ID19 andits equipmentin the Chapters3 and4 of this thesis.

1.3 Diffraction geometries.Terminology

X-ray diffraction can be performedwith differentinstrumentalsetups,and in a variety of experimental
geometriesln this sectionweintroducesomedistinctionsin order to clearly definethe terminolayy used
in the experimentalpart of this work.

Coplanar versusnon-coplanar diffraction

An X-ray diffractiongeometryis referredto ascoplanarwhentheincidentwave vector K;, the exit wave
vector Ky andthe samplesurfacenormalmn lie in the sameplane. In this case the scatteringvector Q
canvary only in oneplanein reciprocalspace.In the context of this thesis,we definethe @), axisto be
directedalongthe outward surfacenormal of the sample. The planeof coplanarscatterings thencalled
the Q,-Q.-plane. Two diffractometeranglesare sufiicient to performa coplanardiffraction experiment.
Mostcommerciallyavailableinstrumentsaarebasedon (andrestrictedo) this coplanargeometry

Theoppositecaseof anon-coplanadiffractiongeometryprovidesaccesso thewhole,three-dimensional
reciprocalspaceof thesample.To realizeit with a diffractometerfurtherangulardegreesof freedom(usu-
ally atleastfour) arerequired.Many diffractometer®n synchrotrorbeamlinesallow to do measurements
in non-coplanageometry Thegreatefflexibility whichthis offersis a prerequisiten particularfor grazing
incidencediffractionexperiments.

Symmetrical, asymmetrical and grazing incidencediffraction

A coplanadiffractiongeometry(in the Braggcase)s saidto be symmetricalvhenthe X-raysarereflected
from lattice planeswhich are parallelto the samplesurface,and asymmetricalbtherwise. For a cubic
crystalwith a001-cutsurface measurementstthe 00 L-reflectionscorrespondo asymmetricalliffraction
geometrywhile measurements.g. atthe 224-or the 113-reflectiongepresenasymmetricatliffraction.

Grazingincidencediffraction (GID) measuresheintensitydistribution aroundBraggpeaksH K L with
L = 0. In this case,the X-rays arereflectedfrom lattice planeswhich are perpendiculato the sample
surface. Themomentuntransfer@ is essentiallyparallelto the samplesurface.By tuningthevalueof the
smallangleof incidencex; onecanadditionallycontrolthe penetratiordepthof the probing X-ray beam
belown the samplesurface(seeSection2.3).

All threediffraction geometriesare shovn schematicallyin Fig. 1.4. This distinction betweensym-
metrical, asymmetricaland grazingincidencegeometryis particularly relevantin the context of strain
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Figurel.4: Differentcommonlyusedgeometriegor X-ray diffraction,shownfor thecaseof a 001-cutcrystalsurface
In symmetricabiffraction (left) the X-ray beamis diffractedfromlattice planesparallel to the surface(her, the 00L-
planes). Themomentuntransfer@ is perpendicularto the surface In asymmetricatliffraction (center)it is inclined
by a certainangletowardsthe surfacenormal. In grazingincidencediffraction (right) the X-ray beamis diffractedby
lattice planeswhich are perpendiculato thesurface ThemomentuntransferQ hasa predominantateral component
(in the planeof the surface),andonly a smallvertical Q,-component.

investigationssincethey areselectvely sensitve to differentcomponent®f the strainfield in thesample.
Thistopicwill befurtherdiscussedh Section5.5.

Double axis and triple axis diffractometry

A diffraction experimentrequiresat leastone crystal, the sample.In caseswhich necessitata goodin-
strumentalresolution, further crystalsare introducedinto the beampath. On the incidentbeamside, a
monochromatocan be usedto selectone single wavelengthand/orimprove the angularresolution. On
the exit side,an analyzercrystal cansimilarly be usedto reducethe angularacceptancef the detector
The configurationwith a monochromatoanda sampleis cornventionallyreferredto asa double-crystal
diffractometey whenanadditionalanalyzeris usedwe speakof atriple-crystal diffractometry Notethat
this definitionis independenof the actualnumberof crystals:An instrumentmay containmorethantwo
crystalsandstill be a double-crystatiffractometerin casethe monochromatoconsistsof a combination
of two or four separaterystals for instance.

1.4 Diffractometers

In this Sectionwe give a short survey of somediffractometertypeswhich are in commonusefor non-
coplanarmeasuementsand which were in fact usedin the courseof this thesison different syndirotron
beamlinesThediscussiorin this Sectionis inspired by [GIN9§.

Well-known instrumentasetupgor non-coplanadiffractionincludethefour-circlediffractometefBL67,
Moc89, the ‘z-axis’ diffractometer[Blo85], the six-circle [LV93] and the modified six-circle (‘2+2’-
)diffractometer [VIi98], and a variant of the six-circle diffractometerthe so-calledw21v diffractome-
ter [ELT95 RVG95. We will briefly comparetheseinstrumentsn view of their principal geometrical
featuresandof their respectie advantagegor our purposes.

The geometryof the four-circle diffractometeris shovn in Fig. 1.5. It offers a total of four angular
degreesof freedom,threeof which (x, ¢ andw) correspondo the Euler anglesof the sampleand are
usedto putit into diffraction position. The fourth angle(calledd in the image)is usedfor the detector
anddeterminesiniquelythetotal scatteringangle2. Therefore the scatteringplaneis fixedto eitherthe
horizontalor the verticalplane.

The six-circle diffractometer(left imageof Fig. 1.6) offers two more angulardegreesof freedom,and
therebyallows a greatefflexibility. Threeangles(x, ¢ andw) areusedto align andscanthe sample.The
detectorcanrotatearoundtwo perpendiculaiaxes, calledd and~. The sixth angle,nameda, allows to
rotatethe whole apparatusvith respecto theincidentbeam,andtherebyto changethe angleof incidence
on the samplesurface,«;. Undera movementof «, the detectorpositionremainsconstantwith respect
to the samplesurface,but changeswith respecto the incidentbeam. For this reason,and becausehe
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Figurel1.5: Geometryof thefour-circle diffractometer[VVdVM87

scatteringplaneis not purely horizontalany more,thetotal scatteringangle2d is arelatively complicated
functionof the diffractometeiangles(for the calculation,seeSectionl.5):

cos29 =

cos § cos 7y cos a — sinysin a

(1.8)
This formulareducesto 299 = § whenboth~ and « are zero (purely vertical scatteringplane). A d-

iffractometerof this type wasusedfor the experimentsperformedon the BW2-beamlineof HASYLAB,
Hamlurg in the courseof thisthesis.

J01019P

Figurel.6: Geometrie®f thesix-circle andthe modifiedsix-circle (‘2+2’-) diffractometer[V1i98]

A variantof the six-circle diffractometeiis the ‘2+2’-dif fractometer(or modifiedsix-circle diffractome-
ter) shavn in the rightimageof Fig. 1.6. Here,sampleanddetectorcanbe rotatedindividually arounda
verticalaxisby two independenénglescalleda andy. In thisway, themovementf sampleanddetector
aredecoupledand controlledby one pair of angleseach(y andé for the detector anda andw for the
sampleplusthetwo anglesp andy for thesamplealignment).For this reasonthe expressiorfor thetotal

10
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scatteringanglereducego:
€08 219 = cosy - cos § (1.9)

The angleof incidenceis still uniquely determinedoy the motor o, but the anglea; betweenexit beam
andsamplesurfacenow depend®n bothdetectormotors[RVG9Y:

sinay = cosdsin(y — a) (1.10)

In fact,therolesof the detectoranglesy andé areinterchangeavith respecto the previouscase.Now,
is theindependenanglewhich movesaroundanaxiswhich is fixedin spacewhereaghe positionof the
d-axisis variableanddepend®n thevalueof +.

A third of diffractometeifor non-coplanascatterings shown in the left imageof Fig. 1.7: thew21v-
diffractometer Here, the geometryof the four sampleand detectorrotationsis identicalto the ‘2+2'-
diffractometerpnly thetwo alignmentanglesor thesamplearedifferent.Insteadf onehorizontalrotation
axis ¢ andone Euleriancradley (seeFig. 1.6), the instrumenthasa setof two mutually perpendicular
Euleriancradlesy; andyz. A diffractometerof this type wasusedfor experimentsn the context of this
thesison the ID32-beamlineof the ESRF Thereexists a horizontalversionof this geometry:thew21h

P

Detector,
Vertical .
translation
Horizontal trensiation o
perp:nd_icular to the beam

Figurel.7: Geometrieofthew21v andthew?2 1h-diffractometer[RVG95]

R
e

diffractometer(seerightimageof Fig. 1.7). Here,the samplés in horizontalposition,whichis favourable
for scatteringfrom liquid surfaces.A further advantages the simplerresolutionfunction: In thew21h-
geometry a setof horizontaland vertical detectorslits always remainparallel and perpendiculato the
samplesurface respectiely, independentlyf theactualdiffractometeranglesy andu. Thisis notthecase
for thew2 1v-geometrybut canalsobeachievedin yetanothetypeof instrumentthe‘2+3'-dif fractometer
[VIi98].

For measurementat synchrotronsthe beampolarizationmustbe taken into accountwhenchoosinga
diffractometergeometry: The beamsfrom bendingmagnetsandfrom the usualtype of insertiondevices
are polarizedin the horizontalplane,so that in orderto obtaina maximumof diffractedintensity it is
adwantageou$o choosea verticalscatteringplane(s-polarization) This meanghatfor coplanardiffraction
the sampleshouldbe fixed on the diffractometerin horizontal position, whereasfor grazingincidence
diffractionit souldbein verticalposition.

1.5 Angular versusreciprocal space.Transformation formulae

As mentionedn Sectionl.1,weusuallydonotcontroltheexperimentin termsof diffractometeranglesbut
of scatteringvectorsin reciprocalspace.To facilitatethe corversionbetweerthetwo systemsf reference,
we first quotethe transformatiorformulaefor the caseof coplanarscatteringandthenshaw arecipeto do
the calculationin thegeneralnon-coplanacase.

11
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1.5.1 Coplanar diffraction

In thecaseof acoplanadiffractiongeometrytwo angulardegreef freedomaresufiicientto vary Q within
the accessible),—@Q . —plane. The relevant anglesas well asthe directionsof the real- andreciprocal-

spaceaxesaredefinedin Fig. 1.8.

L 2:1-

scan
Detector- Q1
scan M z

9 » rocking-
scan

ot L\

|:| KT -

Figure 1.8: Sletd of the coplanarscatteringgeometryin real space(above) and reciprocal space(below) is the
samplesurfacenormal, ng the normalto the diffracting lattice planes.¢ is the anglebetweerthe two normals,and
w is theanglebetweerthe incidentbeamand the diffractinglattice planes,correspondingo w = a; + ¢. Theright
figure also showsthe trajectoriesin reciprocal spaceof somesimpleangular scans(for a more detaileddiscussion,

seee.g. [Tol93, Mik97)).
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1.5. Angular versus reciprocal space. Transformation formulae

Therelationshipdetweerthe diffractometeranglesandthe component®f Q canbewrittenin termsof
theangleof incidence(a;) andof exit (o ¢) with respecto thesamplesurface,

2

Q, = ;(cosaf—cosai) (1.11)
2

Q, = ;(sinaf%—sinai), (1.12)

or alternatiely * in termsof the total scatteringangle 29 and of ¢, which is connectedo the anglew
betweertheincidentbeamandthediffractinglattice planesby w = ¢ + «; (seeFig. 1.8),

—Q. = |Q|sing = 2%-2sin<?>-sin¢ (1.13)
Q. = |Q|cosgp = 2%-2sin(?)-cos¢ (1.14)

For both formulations,it is a relatively easytaskto performthe inverseoperation,i.e. to calculatethe
diffractometeranglesrequiredin orderto reacha givenscatteringvector@.

1.5.2 Non-coplanar diffraction

The caseof non-coplanascatterings moreinvolved. In orderto avoid an excessve amountof trigono-
metricfunctions,we adopta morecompactmatrix notation.Let R ;(¢) betherotationmatrix for anactve
rotationby anangle¢ aroundthe e;-axis, sothate.g.

cos¢ —sing 0
R.(¢) = |sing cos¢ O (1.15)
0 0 1

The first stepis now to transformthe incidentand exit wave vectorsfrom the laboratorysystem(K;”

and K ;1) to the samplesystem(K;° and K ;°), andtherebyto expressthemin the reciprocalspaceof
the sample. Let us take the exampleof the w2 1v-diffractometerat the ID32 beamlineof the ESRF(see
Fig. 1.7). Theincidentwave vectoris directedalongthey-axis, K;* = K - e,,. To transformit to K;5, it

mustfirst berotatedby the angley aroundthe z-axis,andthenby the anglew aroundthe z-axis’:

K% = Ri(-w) Ro(—¢) - K" = Ro(—w) - Ro(—9) - ey

Thepositionof theexit beamin thelaboratorysystemdepend®ntheanglesu and~y, andcansimilarly be
written as

Ki" = R.(p) R.(7)- ey

The subsequertransformatiorof this exit wave vectorto the samplesystemis similar, K% = R, (—w) -
Rz (—v) - KzL. The total scatteringvectorin the samplesystem,Q° = K;° — K;°, canthenbe
calculatedvia (1 beingtheunit matrix)

Q° = R~ Ra(—9) - [Re(WRa(7) —1 ] ey

This calculationcan be implementedn a computerprogram,and adaptedwith little effort to the other
geometriesliscussedn Sectionl.4. Suchaprogramhasbeendevelopedin theinitial stage®f thisthesis,
andsimilar programsareavailableat mostsynchrotrorbeamlines.

1The anglesw and ¢ introducedherecould be called w§op and ¢§0p to stressthe fact thatthey are measuredn the coplanar
reciprocalspaceof the sample They arenotto be mixedup with themotoranglesw and¢ appearingn someof the diffractometers
of the previous sectionwhich areusedin the non-coplanarcaseandmeasuredh the laboratory systemof reference.

2We assuméherethatthe samplehasalreadybeenalignedwith the help of themotorsx; andyz. In amoregenerakalculation
this canbetakeninto accountvia the orientationmatrix 4.

13
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Theinverseproblem(calculatingthe diffractometeranglesrequiredto reacha certainscatteringvector
Q) canalsobe solved. The mostconvenientmethodtakesa detourandfirst calculateghe incidenceand
exit anglesa; anday aswell asé;/0,, theanglesbetweertheprojectionof K;/K ¢ into thesamplesurface
planeandthediffractinglattice plane. Thesearerelatedto the scatteringvectorby

cos ay cos @y + cos a; cos 0
Q = | cosaysinfy —cosa;sinb; (1.16)
sinay + sin

Although mary moderndiffractometercontrol programs[BES99 Cer99 allow to “drive” directly in
reciprocalspaceijt is very usefulto know theexplicit transformatiorformulaeof this Section.They do not
only shav whichtrajectoriesn reciprocalspacecanberealizedby singlemotorscansput alsoplay arole
in theunderstandingf theresolutionfunctionof aninstrument.

1.6 Resolutionconsiderations

The measurablentensity distribution in reciprocalspaceis commonlywritten as a corvolution of the
reciprocalspacestructureof the sample,[°(Q) , with theresolutionfunction R(Q) of theinstrument:

10 (Q) = / Q) -RQ-Q) dQ’ (1.17)

More precisely the resolutionfunction (at leastthe one in reciprocalspace,as opposedto the onein
angularspace)oesnot dependon the differenceAQ = Q — Q’ only, but on both@ andQ’ separately:
The measuredntensity distribution aroundthe 004-peakof, say a perfectInP-crystal differs from the
distribution aroundthe 224-peakdueto the differentexperimentalgeometry However, in alimited region
aroundsingle Bragg peaksit is safeto approximateR locally asa function of AQ only. To be exact,
the local R(AQ) shouldthennot be calledthe resolutionfunction, but ratherthe resolutionfunction at
a certainreflection With this in mind, we will now conformto commonusageandreferto (the local)
R(AQ) as“the resolutionfunction”.

Theresolutionfunctionsof triple-crystaldiffractometerfiave beenstudiedin detailin a seriesof articles
[DuM37, Cown87, LGC89 GC9Q BBP92](seealso[Tol93], and[HM96] for a comprehensie theoretical
review). We will summarizeherethe mostimportantqualitatve features.

0.0020 §

0.0010F

—0.0010F

—~0.0020 &

~0.001 0.000 0.001 ~0.001 0.000 0.001
Q. (A7) Q. (A7)

Figurel.9: lllustration of theresolutionfunctionof a triple crystaldiffractometemith a Si-111-monobromatorand-

analyzeffor theInP-004-reflectionanda wavelength\ = 1.54 A, calculatedwith theprogramxt r ace [Mik98]. Left:

Pure contribution fromthe mono@iromatorandanalyzercrystals(the so-calledmono@iromatorandanalyzerstreaks),
givenin relativecoorinates.Right: Convolution of the resolutionfunctionon the left with the crystaltruncationrod
at the 004-rflectionof a (perfect)InP samplecrystal. Thecontourlines are equidistributed on a logarithmic scale

with anintensityratio of 10%25 betweeradjacentlines.
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1.6. Resolution considerations

Figure 1.9 shaws the theoreticalresolutionfunction of a triple-crystaldiffractometerequippedwith a
Si-111-monochromatandasimilar analyzercrystal,for theInP-004-reflectiorandawavelengthof A =
1.54 A. The maximumat the centeris surroundecby two lines along which the intensity decaysonly
slowly. Thesearethe so-calledmonodromatorstreakandanalyzerstreak They arecausedby the fact
that neitherthe monochromatonor the analyzercrystaldiffract only into one precisedirection. Rather
their reflectionprofile canbe describedy a Darwin-cune (seealsop. 32). Thereforetheanalyzerstreak
followsaline (or, overlargerdistancesacircle) perpendiculato thedirectionof theexit wave vectorK ¢,
andsimilarly for themonochromatostreak.

In the caseof a double-crystaldiffractometerthe situationis slightly different: Thereis no analyzer
crystal,andthereforeno analyzerstreakappearsinsteadthe angularacceptancef the detectotis usually
limited by slits. Thisresultsin broadeningf theintensityalongthe samedirection,with thedifferencethat
the intensity doesnot decaycontinuously but remainsconstantwithin a certainrangeandthensuddenly
drops.Thewidth of this broadenings determinedy the angularslit aperture For 1 mm slits ata distance
of 1 m from the sample,we obtainan apertureof 1 mrad,which would correspondo nearlythe whole
extensionof thediagonallinesin therightimageof Fig. 1.9.

The situation can be improved by double-crystalor channel-cutimonochromator&nd analyzers,or
evenafour-crystalDuMond-Hart-Bartelsnonochromatosetup which reducethe extensionof the streaks
[BT98, Section2.5]. However, it remainstrue that the instrumentaresolutionfunction needso be taken
into accountwhencomparingexperimentalandcalculateddata. This canprincipally be donein two ways:
Thefirst is to correctthe experimentalvaluesby performinga decowolutionwith the resolutionfunction
— anapproachwhichis well-known from imagetreatmen{Jan97. In principle,this allowsto reconstruct
the “real” structureandto eliminatethe contritution from the instrumentalsetup. However, the method
presupposea gooda priori knowledgeof the instrumentalresolutionfunction, andis furthermorerela-
tively sensitve to numericalartefictscausedy the decowolution algorithm. Therefore jn therestof this
work we will adoptthe oppositestrateyy, which consistan corvoluting the resultsof a simulationwith an
approximatanstrumentakesolutionfunction accordingto (1.17). Agreementwith the experimentaldata
is thenachievedby adjustingthe parametersf the resolutionfunction of areferencesample.

15



Chapter 2

X-ray diffraction theory: ashort
primer

This chapterreviews someaspectsof the theoryof X-ray diffraction, in order to provide a generl badk-
groundfor the calculationof scatteedintensities. Thewholetheoryhasbeendocumentedh greatdetail
in a seriesof excellenttextbooks[vL60, Aza68 AKK74, Pin78 War90, Gui94, Zac94 BT98 HPB9g.
Theefore, only thoseformulaewill be mentionedhere which are essentiafor the practical simulations
performedto evaluateour experimentaldatain later chaptess of thisthesis.

2.1 Basics

X-rays interactmainly with the electronsin a material, sincethe atomic nuclei are too heavry to follow

their high-frequeng oscillation. Therefore the interactionof X-rays with a materialcanbe describedn

termsof the materials electrondensityp(r). For a periodicarrangemendf atomsin acrystal,theelectron
densitycanbe expressediia a Fouriersum:

plr) = % Z Fethr, (2.1)
h

whereV is the volumeof the unit cell of the crystal,andthe summustbetaken over all reciprocallattice
vectorsh. Fy, is thestructuse factor of reflectionh.

Equivalentwaysto describethe X-ray responseof a materialare the electric susceptibilityx(r), the
dielectricfunctione(r), andtherefractveindex n(r). Therefractve index canbe approximatedy

n(r) = /el = VIt xi) ~ 14 X7, 22)
sinceat X-ray frequencieshedielectricfunctiondiffersfrom 1 by avery smallamountonly:
e2\? 7
=1-——2 . =1-—-8)2. . 2.
e(r) o pp— p(r) —A" - p(r) (2.3)

Theclassicaklectronradiusr, hasavalueof 2.818 x 10~ 15 m.
With thedefinitionT’ = % we canexpress (r) asafunctionof thestructurefactorsvia

e(r)=1-T-Y Fpe" (2.4)
h

The structurefactor F3 , which is givenby the inverseFourier integral over oneunit cell of the crystal,
canbewritten asa coherensumof theatomicform factors f,, overall atomsn = 1... N in theunit cell:

N
Fy, = /p(r)e_ih'Td3r = ;fj(h)e_ih'Tj, (2.5)

v
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wherer; is therelative positionof the n-th atomwithin the unit cell. The atomicform factorsrepresent
the Fouriertransformof the electronconfiguratioraroundonesingleatom:

fi(h) = / pj(r)e= T @By 2.6)

Vi

In this form (which we will call f°) the atomicform factoris realand depend®n the lengthof the scat-
tering vector|Q| = |h| = 27 - 2sind/ X only, at leastfor atomswith a sphericallysymmetricelectron
configuration[Gui94]. This formulationis thereforevalid for very high X-ray frequencieonly, beyond
the highestabsorptionedgeof the respectie atom. Resonanceffectscanbe accountedor by addinga
realcorrectionf’ which depend®nthe X-ray wavelength; furthermore absorptiorcanbeincludedvia an
imaginarycorrectiori " ( E). Thefinal formulafor thetotal atomicscatteringactoris

£@Q,%) = £(@Q) + £\ +iff' (V) (2.7)

Dueto thermalvibrations,acrystallattice cannotbe perfectlyperiodic. Theirinfluencecanbeaccounted
for by multiplying f; with a Debye-Véller factor (m; beingtheatomicmass)Zac94:

. 2
fi=fi-e™  with M~ fn—f (SII;ﬂ) (2.8)
For practicaluse,the valuesfor f;(E) and f;'(E) over awide rangeof X-ray enegiesareavailablein
tatulatedform in [Wil95]. Thefunctionalform of theremainingfactor f°(Q) = f°(sin9/\) isin general
relatively complicated.For our purposesit is sufficientto approximatethemby a well-known empirical
modelwith nine coeficients(nameda; — a4, b1 — by, andc), which arespecificfor eachsortof atomand
canalsobefoundin the InternationalTablesfor Crystallography[Wil95, p. 487]:

4
= e (3%)" 4o (2.9)
i=1

Table 2.1 shaws the valuesof the nine coeficientsfor thoseatomic specieswhich are mostimportant
in the context of this thesis. The resultingcurvesfor f0(sin/\) arevisualizedin Fig. 2.1. Fromthese
values,the structurefactorof a purecrystallinematerialcannow be calculated.For quaternarymaterials
suchas GaxIn; _xAs,P1_y, which will play animportantrole in Partll, it canbe calculatedvia linear
interpolation(Vegard'slaw [Vin21]) from thecorrespondindpinary materials:

Xn =2y Xp P+l —y) xq™ + (L =2y xn™ + 1 -2)1—y) x5" (2.10)

With absorptiorincluded,therefractive index cannow bewritten as

n:1+%=1—5+i5. (2.11)

At X-ray frequenciesy is of theorderof 10~¢ — 10~° for mostmaterialsand3 is typically oneto two
ordersof magnitudesmaller For easyreferencethe valuesfor someimportantsemiconductorandfor A
= 1.54A aregivenin table2.2.

gon e @] w] a] h] Bl B[ k]
5p 6.4345 | 4.1791 1.78 | 1.4908 || 1.9067 | 27.157 0.526 | 68.1645 || 1.1149
31Ga || 15.2354 | 6.7006 | 4.3591 | 2.9623 || 3.0669 | 0.2412 | 10.7805 | 61.4135 || 1.7189
33As || 16.6723 | 6.0701 | 3.4313 | 4.2779 || 2.6345 | 0.2647 | 12.9479 | 47.7972 2.531
Bn 19.1624 | 18.5596 | 4.2948 | 2.0396 || 0.5476 | 6.3776 | 25.8499 | 92.8029 || 4.9391

Table2.1: Coeficientsof approximation(2.9) for the atomicform factors, as usedfor mostof the practical calcula-
tionsto beshownin later chaptes. [Wil95]
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Figure 2.1: Analytica approximation for the atomic form factor f,(sin /), calculated for four different
atoms with the help of the coefficients given in Table 2.1.

To conclude this section, let us mention that with these values of the refractive index the effect of refrac-
tion upon transmission of an X-ray beam through the interface between two materials can be calculated via
Snell’s law

(2.12)

N1 COS¥; = N2 COS Qy.

Just likein the case of visiblelight optics, total reflection occurs when the beam hits the interface between
a denser and a less dense material at a small angle a1, more exactly when cosa; < Z—f (< 1). The
difference is that, since n is generaly below 1 at X-ray frequencies, the vacuum has a higher optical
density for X-raysthan any material, and total externalreflection occurs when X-rayshit the surface of any
material at asmall angle.

Another topic which is common to the different scattering theories to be presented shortly is the polar-
ization factor:

1 for s-polarization

¢= { | cos(2)| for p-polarization (2.13)

When the X-ray beam has its electric amplitude vector F in the scattering plane (is p-polarized) the mea-
surable intensity is reduced by a factor | cos(2¢9)|? with respect to the case of s-polarization (E-vector
perpendicular to the scattering plane). This is the reason why all the experiments to be presented in this
work were donein s-polarization geometry. Therefore, the factor C' didn’t have to be taken into account in
the corresponding cal culations.

Material 4] B
Si 7575 x 1075 | L.779x 107
SiC 1049 x 10=° | 1.785x 10~
GaP 1184 x 107° | 3.349x 10~ 7
InP 1.356 x 10=° | 1.166 x 10~°
GaAs | 1456 x 107 ° | 4477 x 10~ 7
InAs 1554 x 10=° | 1.180 x 10~°

Table 2.2: Values of§ and 3, calculated at\=1.54A for some important semiconductors materials.
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2.2. From the dynamical to the kinematical theory of X-ray diffraction

2.2 From the dynamical to the kinematical theory of X-ray diffrac-
tion

The Maxwell equationsn the SlI-systenof unitsread

B
V-D = p¢(r) VXE:_a@_t (2.14)
V-B=0 VXH:%—? (2.15)

whereg; is the densityof free chages(netbalanceof positive minusnegative chages),which mustnot
be mixed up with the densityof electronsp. Theseequationsare completedby the materialequations
B = pupuoH and D = ego E, with electricpermittivity e andmagneticpermeability. We will assume
thatthematerialis non-magneti¢u(r) = 1), anddoesnotcontainary freechages(o; = 0). Thisleadsto
thefollowing differentialequationfor the propagatiorof a planeelectromagnetigvave (wave vector K):

(A + K?) E(r) = grad div E(r) — K*x(r)E(r) (2.16)

Definingthe potentialV asV E(r) = grad div E(r) — K2x(r) E(r) allows to write the wave equation
(2.16)in theform of a Helmholtzequation

(A+K?) E(r) =V(r)E(r), 2.17)

In mary caseshetermdiv E(r) = 0in (2.16)is zeroor negligibly small[HPB98]. The equationthen
decouplesnto independenscalarequationdor thethreecomponentsf E(r), andthepotentialbecomes

V(r) = —K%x(r) (2.18)

Equation(2.17)canbe solvedformally with the Greenfunctionmethodby writing
E(r) = Eo(r) + /G(r — "V (r")E(r")d*r', (2.19)

or moreshortlyin Dirac notation
|E) = |Ep) + GV|E), (2.20)

whereEj is asolutionof thehomaeneousquation(A + K?2)Ey(r) = 0, andG(r — r’) representshe
Greenfunctionfor theoperator A + K?), i.e. afunctionwhich satisfies

(A+K)HGlr —r')=680r—1"). (2.21)

It is well known that the outgoingGreenfunction for the operator(A + K?2) is givenby G(r — r’) =
—eKIr=""| J4z|r — |, and can be simplified even further in the Fraunhoferapproximation|HPB98].
Neverthelesssolving (2.19) remainsa difficult problem. The difficulty lies in the factthat the unknowvn
function E(r) appearon both sidesof the equation. The total wave field E consistsof the sumof the
incidentwave E, andthe scatteredvave. The scatteredvave, in turn, dependsiot just on Eq, but on the
completewave field E, sinceawave canbe scattereanorethanonce.

It is in principle possibleto remedythis problemby writing the solutionof (2.19)in theform of aBorn
series(givenherein Dirac notation):

|B) = |Eo)+ > (GV)"|Ey). (2.22)

n=1

However, thisroadis rarely exploredin practice sincetheseriesin (2.22)generallycorvergesvery slowly
[HPB98. Therefore severalotherstrat@ieshave beendevelopedto solve (2.17).
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CHAPTER 2: X-ray diffraction theory: a short primer

Dynamical theory: The dynamicaltheoryof X-ray diffraction hasbeenderived at the beginning of the
20th centuryin two differentways by Darwin [Dar14 and Ewald [Ewal3 Ewal6a Ewal6h
Ewal?, andhaslater beenreformulatedby Laue[Lau31. More recentpresentationsf the the-
ory canbefoundin [BC64,Pin7§. It is atheoryfor thepropagatiorof electromagnetisvavesinside
amedium,andis basedon the factthatthe susceptibilityof a crystallinematerialwith translational
symmetrycanbe expressedsa discreteFouriersum:

X(r) = xg €9". (2.23)

To solve the combinationof (2.17),(2.18)and(2.23)onemakesuseof a Bloch waveansatz which
stateghattheamplitudeof awave propagatindn a periodicmediummusthave the sameperiodicity
asthe mediumitself:

E(r) = E°(r)e*o = 0" N " E e (2.24)
g

With the helpof (2.24)thedifferentialequation(2.16)canbetransformednto a systemof algebraic
equationdor theamplitudesf thewaves:

Zeikg-r (K? — ky?) B, + K* ng_pEp =0, (2.25)
g p

wheretheindividual wave vectorsk, aredefinedby kg = ko + g. In orderthis Fourier seriesto be
zero,thetermsin bracketsmustvanishindividually. This leadsto aninfinite systemof equationsn

whichtheamplitudesE, of all component®f thewavefield arecoupled.Thesystemis particularly
easyto solvein casesvhereonly very few of theamplitudecoeficientsaredifferentfrom zero. The
mostimportantis the two-beancase in which only theincidentwave Ey andonediffractedwave
E,;, have significantamplitudes. In this case,(2.25) canbe reducedto a systemof two algebraic
equationsvhichrelatetheamplitudesEy, E}, to the susceptibilitycomponents, x» andx;:

{K*(1 + x0) — koko} Eo + K’Cx3En =
K?CxnEo + {K*(1+ x0) —knkn} En = 0 (2.26)

In orderthe system(2.26)to have non-trivial solutionsfor Eg,E}, thedeterminantf the coeficient
matrix mustbe zero. We definethe deviation parametes &, &, aséo = 5% [koko — K*(1 + x0)]

andé, = 5 [knkn — K2(1 + x0)], which representhe (normalizedyifferencein squaredength
betweenthe actualwave vectorsin the medium, kg and k;,, andthe vacuumwave vector length
correctedby the averageindex of refraction,nK. Onethenarrivesat the conditionthat the wave
vectorskg, kn, mustlie onthedispesionsurfacein reciprocalspacgBC64:

1
&én = ZK2CZXHXH. (2.27)

For wavesfulfilling this condition,therelative diffractedintensityfollows from (2.26)via

E 2 K
Ea _ 2 _ CxaK _ [éoxn (2.28)
Ey, CxpK 2¢n ErXh

The Distorted Wave Born Approximation: A solutionof (2.19)in termsof a seriesapproachsimilar to

(2.22) becomedeasiblein casesvherethe potential V' (r) canbe split into a main part V4 anda
smalldisturbancd/p:
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2.2. From the dynamical to the kinematical theory of X-ray diffraction

Insteadof (2.17),we thenusethe wave equationin theform (A + K2 — V4)E(r) = Vg E(r) and
replace(2.20)by

|E) = |Eo) + GaVB|E), (2.30)

whereG 4 is now the Greenfunction for the new operator(A + K2 — V), and|E,) is an exact
solutionof the correspondindhomogeneousquation(A + K2 — V4) E, = 0. Equation(2.30)can
now be solvediteratively with a DistortedwaveBorn series[Vin82]:

|E) = |Eo) + |E1) + |E2) + ... (2.31)
with therecurrenceelation
|Eny1) = GaVg|Ey)

An approximatesolutionfor thewavefield E(r) canbeobtainedy truncatingtheserieq2.31)after
a smallnumberof terms. A Distorted Wave Born approximation(DWBA) of first orderis defined
via |E) = |Ey) + | E1), andsimilarly for higherorders.

A DWBA of first orderhasbeensuccessfullyappliedin particularto the interpretationof diffuse
scatteringrom roughnessesf singlelayers,bothin X-ray reflectvity (XRR) [SSG8§ andin grazing
incidencediffraction (GID) [Vin82). The methodhassubsequentlpeentransferredo the studyof
multilayersby XRR [HB94] andGID [BTP95. A second-ordeDWBA hasalsobeenintroducedn
theliteraturefor XRR [dB94] anddiffraction[BG95].

The usefulnes®f the DWBA approactdependsn the clever splitting V' = V4 + V. In amulti-
layer structure for instance,V4 canbe chosento representhe variationof the (laterally averaged)
refractive index with depth,andVp to additionallyintroduceroughnesst the interfacesand/orthe
crystallinestructureinsidethe singlelayers[BG95]. Then,onecanfind thedistortedwaveEy, the
wave field underthe pureinfluenceof reflectionfrom andtransmissiorthroughthe multilayer in-
terfaces by Abeks’ matrix formalism[Abe5(. Thediffractionby the crystallatticeis additionally
takeninto accounty includingthe secondermof the Born serie(2.31),namelyG 4 Vg | Eq).

Kinematical theory: The kinematicaltheory of X-ray scattering[Darl4g AKK74, Kri96] consistsin
truncatingthe seriesin (2.22)afterthefirst term:

|EY = |Eo) + GV|Ey) (2.32)
With this simplification(andin Fraunhoferapproximatior), thediffractedintensitycanbecalculated

via asimpleFouriertransformof the scatteringootentialV (2.18):

2

Q) ~ K*|S@Q) = K* (2.33)

/ x(r)e*"Q"‘d3r
v

The kinematicaltheory containsthree main simplifications. First, the refractionof X-rays upon
transmissiorthroughthe samplesurface(andinnerinterfaces)is neglected.Secondthe wealening
of theincidentwave by the scatteringprocesgextinction) is ignored,andevery partof the sampleis
takento beilluminatedwith the sameincidentintensity Third, everyincidentwaveis assumedo be
scatterecit mostonce,andmultiple scatterings not considered.

Thefactof disregardingextinction obviously violatesthe law of enegy conseration. Nevertheless,
thetheorycanbe appliedvery successfullyin mary cases in fact,thewholefield of crystalstruc-
ture analysisis essentiallybasedon the kinematicalapproximation.It is often applicablewhenthe
scatteringoy the objectis weak,andin particularfor high-anglediffractionfrom smallcrystals thin
crystallinelayersandsampleswvith a high mosaicityor anotherwiselow crystallineperfection.

We will seein Part lll that our experimentaldatacanin generalbe explainedvery satishctorily by
an approachwhich is essentiallybasedon a semi-kinematicatheory Especiallyin the caseof grazing
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CHAPTER 2: X-ray diffraction theory: a short primer

incidencediffractionthe effectsof refractionandof reflectionfrom the samplesurfaceadditionallyneedto
betakeninto account.Therefore our methodof choicewill be afirst orderDWBA with the potentialV

beingdefinedsimplyasV, = n, theaveragerefractveindex insidethestructure In this casethedistorted
wavesin the samplediffer from the incidentwavesvia a refractioncorrectionfor the componenbf their
wave vectork whichis perpendiculato thesamplesurface:

k. = —y/(nK)?—|K? (2.34)
The expressiorfor thediffractedintensitybecomegDos87]

1(Q) ~ K| t(as) Sy — ki) tlay) 7 (2.35)
wherea;, oy aretheincidenceandexit anglewith respecto thesurface,and¢(«) is the Fresneltransmis-
sionfunction[BW80] (seeFig. 2.2):

_ 2sina _ 2K,
sina+vn?—costa K.+k:

In Chaptes wewill deriveexpressiongor thestructureamplitudeS(Q) of strainedsurfacegratings.The
simulationof diffractedintensitiesin laterchapterswill thenalwaysbebasedon (2.35). Thus,theformula
for thestructureamplitudemustnotbeevaluatedor theargumentl) = Ky — K;, themomentuntransfer
in vacuum,but for the differencek s — k; of wave vectorsinsidethe medium(we do not usethe symbol
q heresinceit is resenedfor otherpurposesn Chapter5). Thedifferenceis particularlynoticeabldan the
caseof grazingincidencediffraction,which we discussow.

t(a)

(2.36)

2.3 Peculiarities of grazing incidencediffraction

Grazingincidencediffraction is the extreme caseof non-coplanarscatteringMEC79]. The scattering
vector @ lies mainly in the planeof the samplesurface,with only a very little vertical component. .
The wave vectorsK; and K ; form very small anglesa;, ay with the surface. The diffracting lattice
planesarethusperpendiculato the samplesurface.For a [001]-orientedsamplesurface this corresponds
to scatteringin the vicinity of reflections(H, K, L) with L = 0. The smallanglesc;, ay leadto some
specialexperimentakeffectsandallow particulartheoreticalapproximationsvhich we now discuss?

Thefactthatat X-ray frequenciesherefractve index of any materialis slightly lessthanl (6 = Re(1 —
n) ~ 10~°) leadsto the phenomenomf total externalreflectionof an X-ray beamwhich impingeson a
surfaceat an anglebelow the critical anglea.. This angleis of the orderof sometenthsof degreesfor
typical materialsand wavelengths. It is relatedto é, the averageelectrondensity pg and/orthe average
susceptibilityyo of the materialby theequations

a.=V26 = A/re/T - po = vV—Xo- (2.37)

Theverticalcomponentbf thetransmittedvave vector, givenby (2.34)in thegenerakase canbe approx-
imatedfor smallo; as

k. = \/(nK)? — |K |2 & Ky/a2? + xo = Ky/a? — 25 + 2i (2.38)

For a; closeto or below a. thecomponenk, becomesomplex: Thewaveis exponentiallydampedelow
thesamplesurface,it formsanevanescentvave[Dos87. Thedepthat which theintensityof theincident
wave is reducedby a factor1/e is called the penetation depthA;. It is determinedby the imaginary
componenbdf k&, andcanbe expressedsa functionof the materialparameters, 3:

1 A 1
2Im(k:)  2V2m \/(sin2 a; — 20)2 + 432 — (sin® oy — 20)
1Theformulaediscussedn this Sectionarevalid wheneer the anglesa; and/ora ¢ aresmall. Therefore the discussiorapplies

not only to the caseof grazingincidencediffraction, but alsoto coplanardiffractionin extremelyasymmetricatasesandto X-ray
reflectvity.
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2.3. Peculiarities of grazing incidence diffraction
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Figure2.2: Left: Penetation depthA;(a;) of X-rays(\ = 1.54 A) for threeimportantsemiconductomaterials.
Right: Fresnelamplitudetransmissiorfunction|ts ()| (see(2.36))for the samematerials,calculatedfor A = 1.54A
ands-polarization.Thefunctionhasits maximumat o;; = a., thecritical angleof therespectivenaterial.

Typical shape®f thiscurveat A = 1.54 A aredemonstrateih Fig. 2.2with theexampleof threeimportant
semiconductomaterials. For a; = 0 the value of A; becomesndependentf the wavelength,andis
determinecby the materials averageelectrondensityalone: A;(0) = A/(4wa.) = 1/(4/7Tepo), Which
is of theorderof 50 A for mary materials.

Above thecritical angle,alimiting expressiorfor A; canbe obtainedor («; — 25) > 2:

A (sin? oy — 20) A (sinay)
2v/2r 242 Tdr B

We thusrecoverthefamiliar expressiorfor the absorptiorcoeficient, u(= 1/A;) = 43/ X, correctedor
the projectionof the beampropagatiordirectionontotheinward surfacenormal(sin «;).

In a scatteringexperiment,not only the attenuationof the incidentwave, expressedn termsof the
penetratiordepth,is of interest.A similar effect takesplacewhenthe scatteredvave k ; leavesthesample
throughthe surface.Therelevantquantityis thereforenot A; alone,but theinformationdepthA [PMR93
(alsocalledscatteringdepth[Dos87):

Ai(a;) =

(2.40)

U S
Mai,ap)  Ai(ai)  Ag(ay)

Thefactthata; anday entersymmetricallyinto this expressiorcanbeviewedasaconsequencef thereci-
procity theoremin optics[Dos92. Theeffectis visiblein Fig. 2.3,whichshovs A;, Ay andtheresultingA
asafunctionof o, for two differentfixedQ .. Theexit anglea; is uniquelydeterminedy thecombination
of a; andQ ., andis plottedon aseconchorizontalaxis. It becomeslearfrom thisfigurethattheinforma-
tion depthdoesnotgrow monotonouslywith «;, but canincreaseonly upto a certainmaximumvalue,and
thendecreaseagainunderthe oppositeinfluenceof a;. For very smallQ., this decayevenoccursbefore
theincreasalueto «; cantake place,sothatthe middle of thecurve is aminimuminsteadof a maximum.
For surface-sensitie X-ray investigationst is veryimportantto know the exactform of thesefunctionsin
orderto systematicallyprobea structureat differentdepthsbelow the surface. To concludethe discussion
of theinformationdepth,let usmentionthatit canequialentlybe expressediia theimaginarypartof the

scatteringvectorQ: 1/A(a;,a5) = 2 Im(Qz) = 47/ Im ( sin® a; + xo + 1/sin® ay + Xo) . For

the practicalinvestigationof thin films and surfacenanostructureggrazingincidencediffraction presents
threesignificantadvantages.First, by choosingsmall anglesof incidenceone canrestrictthe sensitvity
of the probing X-ray to a very thin layer below the surface,of the orderof somel0 nm. It is evenpossi-
ble to studythe evolution of samplepropertiesasa function of depthbelow the surfaceby systematically
performinga measuremenfor a seriesof differenta; [LBP99]. Secondthe Fresneltransmissiorfunc-
tions¢(a) have a maximumat the critical anglea, (seeFig. 2.2,right graph). Therefore the measurable

(2.41)
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CHAPTER 2: X-ray diffraction theory: a short primer

intensityis enhancedy up to afactorof 4 in the caseof a singlelayer(see(2.35)),which is a significant
adwantagesincethe diffractedsignalfrom thin layersis generallyweak. Third, grazingincidenceis sensi-
tive to the lattice spacingalonga lateraldirection. This factis particularlyhelpful to isolatetheinfluence
of the lateralstraincomponenin the courseof a completestraininvestigation[BL99], aswe will seein

Sectionb.5. For thesethreereasonsa grazingincidencediffractionstudywill beanessentiaingredientof

all our experimentaktraininvestigation®of surfacegratingsin Partlll of thiswork.
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Figure2.3: Penetationdepths\;(a;) (diamondsymbolspndA ¢(ay) (crosses)andtheresultinginformationdepth
A(ai, ay) (full line) calculatedfor InP accoding to (2.39)and(2.41)for fixedverticalmomentuntransfer@. andan
X-raywavelengtiof A=1.54 A (for which thecritical angleis a. = 0.298° ). Left: Q. = 0.03 A, right: Q. = 0.10 A,
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Chapter 3

X-ray rocking curve imaging: Principle

In this Chapterwe describea new methodto investigatethe crystalline quality, its spatial variation, the
defectdistribution, lattice tilts, and the samplecurvature in semiconductowafers and otherkindsof crys-
talline samplesThemethodcombineslassicalX-ray diffractometrywith additional spatial resolutionin
the range of micrometes. Furthermoee, we presentan equipmentind a data analysissoftwae padkage
which havebeeninstalledat the ID19 beamlineof the ESRFto implementhis method.

Chapterd will showfirstresultsoftheapplicationof our methoddemonstatedwith theexampleof GaAs
and SiC wafers. Themethodis, however, perfectlygenerl and can be appliedto all typesof crystalline
structues,like microelectonic devicesor high-powersemiconductolasers underoperation.

3.1 Intr oduction and motivation

The crystallinequality of semiconductowafersis crucial for the fabricationof all kinds of microelec-
tronic and optoelectroniadevices. Lattice distortionswhich are presentin a substratédnducedefectsin

the epitaxiallayersthataregrown on top of them. Therefore badwafer quality canleadto poor perfor

manceof the entiredevice. Distortionscanbe generatedn a whole seriesof differentstepsin the wafer
fabricationprocesscrystalpulling, crystalslicing andetching,wafer polishing,thermalprocessingpack-
agingandtransport.They leadto differenteffectsin the wafer: macroscopicurvature(alsocalledwarp),

microscopiccurvature(latticetilts) anddefectdik e dislocationswhich all lowerthelocal crystallinequal-
ity. For improvementsof wafer fabricationtechnologyit is essentiato have non-destructie methodsfor

waferquality inspectionanddefectanalysis.In orderto resole the microscopiccause®f adegradationn

crystallinequality, the methodshouldhave a spatialresolutionof the orderof the orderof someum.

Variousexperimentalmethodsare available to investigatewafer quality in general. Firstly, X-ray to-
pographycan be usedto visualizelocal defectsin the crystal lattice [JK88]. Secondly high resolution
X-ray diffractometryis an integral, non-localtechniqueandis corventionally usedto assesshe mean
crystallinequality via the rocking curve half width. It achiezeshigh angular - or equivalentlyreciprocal
space- resolution,but integratesspatially over the illuminated areaon the samplesurface. Finally, with
total reflectionX-ray fluorescenc¢TXRF)it is possibleto measureémpurity concentrationsn the surface
of semiconductowaferswith avery high accuray [CNM99].

The mostappropriatanethodfor our purpose namelyto measurehe overall crystallineperfectionof a
semiconductowaferin a quantitativeway, is certainly X-ray diffraction. However, in orderto judgethe
local rockingcurve FWHM (takenasalocal crystallinequality parameter)pneneedsaway to additionally
realizespatial resolutionin the diffraction measurementyhile not losing the advantageof high angular
resolution.VariousX-ray methodshave beenexploredin the past. They canbe roughly groupedinto two
categories: methodswhich achiese spatialresolutionin the incidentbeam,and methodswhich achieve
resolutionon the detectorside. We will briefly describethe methodswhich have beenknown sofar. Then
we presenbur own alternatve approactwhichin a certainsenseecombineglifferentelementof several
precursotechniques.
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CHAPTER 3: X-ray rocking curve imaging: Principle

3.2 Methodsto achieve spatial resolutionwith X-rays

3.2.1 Spatial resolutionon the incident side: slits or focusing

A simple possibility to obtain a spatially resohed incident X-ray beamis to restrictit in size by me-
chanicalslits. This approachis certainlyinefficientin termsof X-ray intensity but is instrumentallyvery
uncomplicated . The samplesurfacecanthenbe scannedy translationof the sampleholderwith respect
to the fixed incidentbeam— a procedurevhich hasbeenusedby differentgroupsto mapwhole wafers
[FKK97, GMM97].

Commercialequipmentis available which implementsthis procedure.lt is basedon corventionalX-
ray tubesand allows to obtain a spatialresolutionof aboutl mm?. In this way a macroscopidattice
cunvaturecanbe detectecby measuringhe angularpositionof a Bragg peakasa function of the lateral
position. Thefull width at half maximumof therockingcuneis takenasa quality parametefor thelocal
crystallineperfectionof thewafercrystal. The moderatespatialresolutionwhich canbe achieveddoesnot
allow, however, to correlatethe measurednacroscopicrystallinequality with the underlyingmicroscopic
effects.

Furthermore theseinstrumentscan be operatedn Bragg geometry(reflectionmode)only, dueto the
limited X-ray flux which is not sufficient for transmissiorthroughthick samples Thereforethe diffracted
signaloriginatespredominantlyfrom the region nearthe samplesurface whoseextensionis characterized
by the extinction lengthof the X-ray beam,which is of the orderof a few pm. This limited penetration
depthsetsaninstrumentalower limit to the measurableocking curve half width, andthusan upperlimit
to thecrystallinequality which canbefoundby suchameasurementn summarythesituationatthiskind
of instrumentds suchthatthe measuredignaldoesnot necessarilygive a preciseimageof the samples
crystallinepropertiesput is oftenstronglydistortedby instrumentakffects.

A secondpossibility is beamfocusing. This allows to avoid the high loss of intensity causedby the
slits. X-raysaremuchmoredifficult to focusthanvisible light, dueto the smallervariationsin refractve
indicesat X-ray frequenciesHowever, focusingis feasible:Bragg-Fresnetoneplates(seeFig. 3.1) arein
widespreadisenovadaysandevenrefractive lensedhave beendemonstratedh practicerecently[SKS94.
The main dravbackof thesemethodss thatthey aretechnologicallyvery demanding.Furthermorethe
focusedbeamhasa higherangulardivergencethanthe primarybeam.

Figure 3.1: Methodsof focusingan X-ray beam: Bragg-Fresnelzoneplates(left) or refractivelensegright). (ESRF
informationoffice)

A third alternatve, beamcompession hasbeenexploredonly recently It consistdn capturinganinci-
dentlargebeaminsidean X-ray waveguidestructure After thebeamhastravelledthroughthe conducting
layerit emegesagainfrom the lateralendof thestructure Its intensityis thenconcentrateih a crosssec-
tion correspondingo thelayerthicknessof thewaveguidestructurewhichis of theorderof somel00nm.
A one-dimensionalocusingof an X-ray beamhasbeenachievedin this way [Ced99 Clo99, Pfe99; a
two-dimensionalersionof the samemethodis understudy[LCC98].
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3.3. A new method: um-resolved X-ray diffraction by a combination of diffractometry and
topography

Insteadof couplingtheincidentbeaminto thewaveguideby reflection asdonein thesestudiesit is also
possibleto achieve couplingby diffractionin a crystallinewaveguidestructure.The advantageis thatthe
projectionof theincidentbeamcrosssectionontothe waveguideis muchsmaller for geometricateasons.
Preliminaryinvestigationsperformedin the courseof the presentwork have shavn, hawever, that this
methodis not appropriatefor our purposes.From the testsit becameclearthat the waveguide acceptsa
largespatialwidth but selectsavery narrav angulardivergenceof theincidentbeam.Thegainin intensity
via spatialcompressiomnf thebeamis offsetby alossdueto anenhance@ngularselectvity; themajorpart
of incidentphotonsis simply not coupledefficiently into the waveguide structure. Therefore this option
wasmomentarilyabandonedh favour of analternatve technique.

3.2.2 Spatial resolutionon the exit side: areadetectors

Thethreemethodsdescribedabove allow to measurean X-ray diffraction signalfrom a restrictedareaon
the samplesurface,someum in size. In the context of our objective, namelyto monitor the crystalline
quality acrosshe whole samplearea,they suffer from onecommondrawback: They areinherentlyslow,

sincethey arescanningnethodsandneedto measureéherockingcurvesfor onespotonthesamplesurface
aftertheother For large samplesizes this leadsto long measuringimes.

Thereis analternatve, which yieldsinformationfor a whole spatialregion in onesingle“shot”: X-ray
diffractiontopagraphyor simplytopagraphy. It consistsn placingasampleinto aspatiallyextendedX-ray
beamwith aslow a divergenceaspossible(suchasthe beamof ID19 at the ESRF, 1.5 x 4 cm? in size),
andto recordthe spatialvariationof diffractedintensitywith the help of a film or, morerecently a digital
cameraln this way topographymakesuseof thefull sizeof theincidentbeamijlluminating large partsof
the samplesimultaneously

Differentexperimentatechniquedor topographyin a “white” and/ormonochromatic-ray beamhave
beendevelopedn thepast(segBar45 Lan58 Lan59 Aut77, Lan78 BT98]). They revealdirectlydifferent
kinds of defectsin a (relatively perfect)crystallinestructure:dislocationsdomainwalls, grain boundaries
andholesin crystalsand,morerecently quasi-crystal$Man9§|.

Topographywith synchrotrorradiationis fascinatingn thatit is a very fasttechnique(theillumination
timesaregenerallyof the orderof second®r below) which allows not only to detectbut alsoto visualize
defectsand the surroundingstrain fields in crystal lattices. However, it is not entirely adaptedto our
purposessinceit doesnot allow to easily drav quantitative conclusionsconcerningcrystal quality in
termsof therocking curve half width andof the samplecurvature.

3.2.3 Application to wafers

To summarizehetwo precedingsection,onecansaythattwo classicatechniquesrein commonusefor
X-ray characterizatiorof crystalqualities. Thefirst is X-ray diffractometry which measuregjuality via
therocking curve FWHM, andcanbe madespatiallyselectve, but therebyusuallybecomesnefficientin
termsof X-ray intensity delicateto handleand/orvery slow. Theseconds X-ray topographywhichallows
to visualizeindividual defectsin crystalsvery rapidly, but canmonitorlattice curvatureandperfectionin a
guantitativeway only with somespecialcare[YMW?79]. Furthermoreits usebecomegproblematidn the
caseof curvedcrystals,for whichit is not easyto fulfil the Braggconditionsimultaneouslyor largeareas
onthesamplesurface.

In orderto reachouraimof monitoringthelocal crystallinequality of semiconductowafers wetherefore
needto combinetheadvantage®f bothmethodsWhatis requiredis atechniquehatis (a) quantiatve and
(b) fast,which (c) hasa microscopicspatialresolutionand(d) canbe appliedalsoto curvedsamples.

3.3 A newmethod: um-resohed X-ray diffraction by a combination
of diffractometry and topography

To this end, we have developeda new methodwhich we will call um-resolvedrocking curveimaging.
It is basedon a combinationof the characteristicef diffractometry(angularresolution;measuremenf
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CHAPTER 3: X-ray rocking curve imaging: Principle

crystallinequality via FWHM) andthoseof X-ray topography(visualization),andbecomegastthanksto
theuseof synchrotronX-rays.

3.3.1 Experimental procedure and data reconstruction

The principle is shavn in Fig. 3.2, and canbe describedasfollows: The sampleis placedinto a wide
monochromati-ray beamontop of adiffractometerThis allowsto rotateit aroundanaxisperpendicular
to thebeam(thew axis),aswell asto translatat horizontallyandvertically. A crystallographiaeflection
is selectedfor instancethe 220reflection,andthe w anglescannedver a small angularrange typically
somehundredthsof a degree. At eachstepin the scan,animageis recordedwith the help of a digital
camerashawing the spatialvariationintensityin the diffractedbeam.Eachsingleimagecorrespondso a
digital versionof a classicalX-ray topograptfor onespecialsamplerotationangle.

X term inal

SDV card

FRelLOoN
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-20°C

[] Fast

shutter
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/ Large X-ray beam
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Figure3.2: Principle of the measuement [LBHOO0]

An equipmenthatimplementshis proceduréhasbeeninstalledat the ID19 beamlineof the ESRF Due
to its lengthof 145 m from the wiggler sourceto the experimentalhutchthis beamlinedeliversa large
andyet highly parallelbeam.The maximumspotsizeon the samplecanbeaslargeas1.5 x 4 cm?. The
imagesarerecordedy aFReLoNcamer, a CCD-cameravith specialnoisecharacteristicandshortread-
out timesthat hasbeendevelopedat the ESRF[LSPvB94. It is basedon a CCD-camerawith a field of
view of (presently}1024 x 1024pixels. TheincidentX-raysarecorvertedto visible photonsby acorverter
screenAfter this, they areimagedontothe CCD chip by opticssystemawith variablemagnificationwhich
allowsto selectthe pixel sizebetweenl and10 pm.

This combinationof a large homogeneoubeamwith a two-dimensionabetectorallows to recordthe
signalfrom a larger numberof spotson the samplesurface simultaneously This makesit possibleto
acceleratehe measurementonsiderably(by a factor 106 in the ideal case)comparedto the methods
describedn the previous section. Furthermorethe resolutionwhich canbe achiezed with the camerais
far betterthanwhatcanbe obtainedwith mechanicasklits in the incidentbeam.The degreeof parallelism
in the dataacquisitionis limited only by the maximumfield of view of the camerawhich is presentlyl
cm? in the caseof 10 um pixel size.Whenwafersareto beinvestigatedvhich exceedthis size,the sample
canbe automaticallytranslatedn lateralandhorizontaldirection,andthe measuremernis repeatedintil
thewhole samplesurfacehasbeencovered.
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Figure3.3: Principle of thedataevaluationprocedue. Figure 3.4: Rodking-curve of a spot on a
Data are originally recodedasimages,i.e. asI(z, z), GaAs-wafer reconstructecby the medanis-
for a seriesof samplerotationanglesw. In theanalysis m describedabove from a seriesof digital to-
they are re-odered to extract the rocking curvesI (w) pographs.

for eadh spot(z, z) onthesamplesurface

Theraw resultof thismeasuringprocedurés athree-dimensionalatafield, which containghediffracted
intensityasa function of the horizontalandvertical positionsz, y andof the samplerotationanglew (see
Fig. 3.3). Thefactthattheintensitieshave beenrecordedn digital form now displaysits full usefulness,
sinceit makesthemaccessibléo quantitatve evaluation. The three-dimensionadatafield is re-ordered
accordingo acertainschemein orderto reconstructherockingcurve profile I (w) for each(fixed)position
(z, 2). A typical exampleof sucharocking curve, reconstructedrom the measurementn a GaAs-LEC-
wafer, is shavn in Fig. 3.4. Thethird stepof dataevaluationconsistan extractingthe relevantdatafrom
eachsuchrockingcurve. Parametersf particularinterestare(a) theabsolutepeakintensity (b) theangular
peakposition,and(c) its full-width-at-half-maximum(FWHM).

A specialprogrampackagewas written to implementthis evaluationschemeandto extract the three
relevant parametersonsecutiely for eachpixel in a seriesof images. Someeffort hasbeeninvested
to make the programinsensitve to problemsarisingin specialcases:(1) the peakmay be too weakto
distinguishit from the noisy background;(2) the angularstepof the w-scanmay have beenchosentoo
largeto clearlyidentify a FWHM; or (3) the (apparentpeakmay appearat thefar left or right endof the
angularscanrange.All thesespecialcasesarerecognizedandhandledasnecessary

Theresultof the programs operationare threedifferenttwo-dimensionabatafields, namelythe peak
intensities peakpositionsand peakwidths, eachasa function of pixel positionsz andy. They aresub-
sequentlystoredin binary dataformat and representeéis maps,just like the original images. The peak
widths aretaken as a crystallinequality parameterwhile the peakpositionsare interpretedin termsof
samplecurvature.

Let usmentionthatthis methodfor dataevaluationis basedon a factwhich hasbeenestablished@xper
imentally by Ferrarietal. [FKK97] in atriple-crystalX-ray diffractometrystudyon GaAs wafers: The
crystallatticein thewafersis mainly distortedby local latticetilts, andnotadditionallyby variationsin the
lattice parameterThis is importantsinceit guaranteesa clearone-to-onecorrelationof spotsin thedetec-
tor with spotson the sample.In a materialwith moreor lesshomogeneoutattice parameterall regions
of the samplediffract at the sametotal scatteringangle2dg. In otherwords, althoughdifferentpartsof
the samplemay be tilted with respecto eachother the diffractedintensityfrom their main Bragg peaks
alwaysreacheshedetectoiin thesameangulardirection. Thisis whatmalkesit possiblethatdifferencesn
therotationanglenecessaryo puttheindividual regionsinto diffractionpositioncanbeidentifiedaslocal
latticetilts.

On the otherhand,our dataanalysiswould not be perturbedby strainsof an orderof magnitudepracti-
cally relevantto semiconductowafers(e ~ somel0—*). Sincethecameras mountedcloseto thesample
(~ 10cm), the deviation of the diffractedbeamdueto strainamountsto few camerapixels,at maximum.
The one-to-onecorrelationbetweerpositionson the wafer surfaceandcamerapixelsis thuspreseredin
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our case If higherstrainsoccurin asamplejt maybecomenecessaryo additionallyanalyzethedirection
of thediffractedbeamwith the help of ananalyzercrystal(seesection4.3).

The main remainingpracticaldifficulty in this evaluationschemeconsistsin the large massef data
which are producedat a rapid pace. A singleimagecontains2 MB of binary data. If a sampleis to be
investigatedvith an angularstepwidth of 0.0002 anda total angularscanrangeof 0.01° , for instance,
then eachsquarecentimeterof the samplesurface correspondgo 100 MB of data. The total storage
spacerequiredgrows proportionallywith thetotal samplecurvature(total scanrange) thelocal crystalline
perfection(angularstepwidth) andthe samplesurface. Theoreticallyanimagecanbe recordedevery 1—
2 seconds.This leadsto a dataflow of 43 GB per day, which canbe handledonly with state-of-the-art
computerequipment. If the analysisis to last not considerablylongerthanthe measuremenitself, one
furthermoreneedgo pay particularattentionto the numericalefficiency of the evaluationalgorithm.

3.3.2 Further analysisand theoretical background

For a more thoroughanalysis,the experimentaldatamust first be correctedfor the cameranoiseand
inhomogeneity Then,the instrumentaldispersionrmustbe accountedor. Finally, the measuredocking
curnve half widthsmustbe comparedwith the theoreticalonesfor non-distortectrystals,in orderto obtain
information on the actualdistortionsin the sample. In what follows we go into the detailsof all three
aspects.

In orderto correcttheraw experimentabatal*®" (z, z) for possibleéinhomogeneitiem thecameranoise,
the camerasensitvity (efficiengy), andthe incidentbeamprofile, two kinds of corrective datamustbe
recordedn regularintervals during the experiment.On the onehand, the so-calleddark field 7927 (z, 2)
representghe intensity “seen” by the camerawhen the beamshutteris closedand the camerashould
theoreticallyrecordzerointensity This darkfield is dueto electronicnoiseand mustbe subtractedrom
the raw data. On the other hand, the so-calledflat field It (z, z) representsghe intensity seenby the
detectomwhenthe sampleis notin thebeampath?

In theideal casetheflat field would show a spatiallyhomogeneousjon-zerantensity Deviationsfrom
homogeneityarecausedy two factors:variationsin thesensitvity of differentpixelsin thecameraand/or
theincidentbeamprofile (seesectionl.2). Thefinal formulafor thecorrectedntensities °°** asafunction
of theraw experimentaldatal™" is:

Icorr(w7 Z) _ Jraw (iL‘, Z) _ Idark(m, Z) (31)
Tfat (g ) — [dark (g 7)

If the peakpositionmapsareto representherealsamplecurvature thentheinstrumentatispersiormust
be calculatedandaccountedor in the next analysisstep.Thereasorfor this becomeslearfrom Fig. 3.5.
It shaws the raw results,singleimagesrecordedat threedifferentsamplew, of a study performedon a
GaAs-LEC-wafer. The picturesdo not seemto be homogeneouslifluminated;in eachsingleimage,only
a small zoneof the samplediffractswith noticeableintensity Two differentreasonscan be responsible
for this effect. The mostobviousreasoris a macroscopicamplecurvature(progressie lattice tilt); after
rotationof the sample new areason the wafer surfacecomeinto diffraction condition. The otherpossible
reasonis the instrumentaldispession i.e. the fact that differentareasin the imageare illuminated with
slightly different X-ray wavelengths. In addition, geometryplays a role: The beamfrom the wiggler
sourcereachedghe differentendsof the samplesurfaceat slightly differentangles. Both effectsleadto
variationsin the experimentallyobsened Bragganglesevenfor homogeneousjon-cunedsamples.

In orderto accountfor the dispersionwe needto calculatethe effect quantitatvely andsubtractt from
the experimentalcurvaturevalues.In the caseof a vertically diffracting double-crystahnalyzerandhori-
zontally diffracting sample(seeFig. 3.6), an elementaryderivationleadsto the following formulafor the

1This terminologyoriginally stemsfrom the field of X-ray micro-tomographywherethe transmittedintensityis recordedfor a
seriesof samplerotationangles.lt is thena simple operationto remove the samplefrom the beampathandto recordthe flat field.
In our presentontet, anadditionaldifficulty occurssincewe recorddiffractedintensity: Whenthe sampleis removed, the detector
hasto be movedbackby 29 g into the incidentbeamdirectionin orderto recordthe flat field. This operationcannotbe performed
with sufiicient angularprecisionto correlatea singlepixel’s positionin the two images.Therefore,n our casethe procedurecannot
be usedto identify sharplylocalizeddeviationsfrom homogeneityin the image,e.g. singledefectve pixels, but only to correctfor
moreslowly varying effects,andespeciallyfor the non-homogeneouseamprofile.
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Figure3.5: Three“snap-shots”,singleimagestakenduring anw-scanona GaAs-LEC-waferrecodedwith a digital
camen (axesare in unitsof camerapixels i.e. multiplesof 10 um - thus, the total width and heightof ead image is
1 cm). SymmetricaR20-reflectionin Lauegeometry;diffractionvectorin the horizontalplane; angular stepbetween
images: 0.0015 . Dueto the samplecurvatue, only smallzoneson the samplesurfaceare simultaneouslyn Bragg
position.

variationA+ of theapparenBraggangleasafunctionof z andz, thelateralandverticaldistancdrom the
centerof theimage:

z tandp z sindpg + L cosdp
AY(z,2) = W + [arccos ( Ny ) — 193] . (3.2)

L is the distancefrom the X-ray sourceto the sample; ¥ g is the averageBraggangleof the sample,and
¥gene theBraggangleof themonochromatarThefirsttermin (3.2) hasits origin in the(slight) variationof
wavelengthawvith height,while the secondermdescribeshe geometricakffect. Theresultof anumerical
evaluationof (3.2) for our setupat ID19 andan X-ray enegy of 30 keV is shavn in the right image of
Fig. 3.6. We seethat the apparentBragganglevariesby +0.005° acrossanimagesizeof 1 cm?, due
to purelyinstrumentakffects. The combinedinfluenceof the two contributionsleadsto diagonallines of
equalangularshift. If only variationsin wavelengthweretakeninto accounttheselineswould be purely
horizontal while the meregeometricakffectswould leadto a strictly verticalline orientation.

Thetotal correctionhasto be subtractedrom all the experimentallymeasuregeakpositionmaps.Con-
cerningthe seriesof singleimagesin Fig. 3.5, a qualitative conclusioncanbe drawvn alreadynow: The
instrumentaleffects alone cannotaccountfor the obsened shifts in Bragg angle, sincethe obsenation
doesnot follow the clearevolution from the lower left to the upperright endof theimagein Fig. 3.6. A
remainingmacroscopicamplecurvaturecanthusbeidentified.

Thecalculationof dispersioreffectsis importantfor theinterpretatiorof the peakpositionmapsin terms
of samplecurvature.In orderto alsointerpretthe peakwidthscorrectlyin termsof local crystallinequality;,
the measuredlatamustnow be comparedwith the theoreticalvaluesfor the rocking curveswidths of
non-distortedsamples.
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Figure 3.6: Left: Scatteringgeometryfor the caseof a vertically scatteringmonotiromator and a horizontally
scatteringsample Theimage showsthe effectof a slight vertical divergenceof the incidentbeamwhich, dueto the
mono&iromator geometry leadsto slightly differentwavelengths\; > A» Right: Necessaryorrectionfor the peak
positionmapfor this geometryandthe parametes of theID19 beamline

Dynamicalscatteringtheory predictsa Darwin-Prins-cure for the rocking curve profile in the limit of
Bragg-difractionfrom thick, non-absorbingrystals[BC64, Pin78 Aut93]:

2
/I = ‘n + /2 1‘ . (3.3)
Thevariablen in (3.3)is thedeviation parametefBC64:
_ —bAYsin(29) + x0/2 (1 — b)

- T 3.4
ICI[bl2 [xnXR]
whereb is theasymmetryfactorof reflectionh:
b= m s (3'5)

Yh sin oy
7o and-y, are the direction cosinesof the wave vectors Kg, K} with respectto the sample$ surface
normal. They canbe equialentlyexpressediayo = sin(6s — ¢), v, = sin(6s + ¢) (seeFig. 1.8).
Themostcharacteristideatureof (3.3)is thatthereis aregion of total reflection(reflectedntensityratio
= 1) in theregionn € [—1,1] aroundeachBraggpeak. The width of this region in an angularscaleis
calledthe Darwin width w:

2C\/Xn X5,
w = 2CVXXE ] (3.6)
sin 29p Yo

A similar formula canalsobe derived for the rocking curve half width in Laue (transmissiongeometry
[Pin78.
Therocking curve profile (3.3) canalternatvely be expressedn reciprocalspacevia

2
q.T (QZT)Z
+ -1
2 2

I/l = (3.7)

wherethe parametet is proportionalto theextinctiondepthA [Aut93]:

7 = Ao = Y0l (3.8)
|Clv/XhXR

Formula(3.7) canbe usedto derive therocking curve width alongthe g, -directionin reciprocalspacehat

correspondgo the angularDarwin width (3.6). When presentinghe experimentalresultsfor the peak

widthsin the next Chapterwe will alsogive the numericalvaluesof the Darwin width calculatedfor our

specialexperimentalconditionsfor comparison.

32
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3.4 Conclusion

In summarywe have presentedh new methodto quantitatvely investigatethe crystallinequality of semi-
conductorswith a spatialresolutionof the orderof 1 um. The methodis basedn a combinationof X-ray
diffractometryand topography and yields fast and preciseinformation on the local intensity of Bragg
peaksJocal latticetilts andthelocal rocking curve half width. In this way the macroscopicrystalquality
parametersanbe correlatedvith the microscopidattice defects. The methodhasbeenimplementedvith
adedicatecequipmentatthe D19 beamlineof the ESRFE We developeda dataanalysissoftwarepackage
which reconstructshe raw dataandcorrectsthemfor differentexperimentalkeffects. It canbeusedto plot
theresultsin termsof lattice curvatureandrocking curve FWHM astwo-dimensionalmages.

Theadwantage®f the methodin its presentonfigurationinclude:

e The methodis very fast(with animagerate of up to 1 image/sec)andgivespreciseandabundant
informationaboutsamplecurvatureaswell asthe crystallinequality.

¢ |t combinegheadwantage®f diffractometry(highangular—i.e.reciprocakpace— resolution)and
X-ray topography(high spatialresolutionfor the detectionof lattice defects).It allows to correlate
themacroscopi@ffectsof sampleinhomogeneitiegwafer curvature)with their microscopiccauses
(latticedefects).

e The experimentalprocedurds very flexible, and allows to adaptthe experimentalconditionsto a
variety of differentsamplematerialsandthicknessesOnecanchoosethe X-ray wavelengthfrom a
broadavailablespectrumjncluding very hard X-rays. Sincethesehave a lower absorptionwe are
ableto work in transmissiorgeometryevenfor thick samples Furthermorethe useof hardX-rays
leadsto low intrinsic peakwidths (Darwin widths). In this way, the measuredocking curvesgive a
preciseimageof the realsamplepropertiesandarenot broadenedaignificantlydueto the natureof
the scatteringprocess.

e Thechoicebetweerreflectionandtransmissiomgeometrymalesit possibleto beselectvely sensitve
only to asmalllayernearthesamplesurface,or alternatvely to thewholecrystal. In thisway, lattice
distortionscanfor thefirst time be monitoredfor the entirevolumeof a crystallinestructure which
was not possiblewith the pre-eisting commericalinstruments. Furthermore the choicebetween
two configurationgor themonochromatoandfor thediffractometegeometry(verticalor horizontal
scatteringplanes)canbe usedto optimizethe dispersiorconditions.

Firstresultsof the applicationof this methodwill begivenin thenext Chapter.
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Chapter 4

Application to industrial quality
Inspectionof semiconductorwafers

Wenowapplythemethoddescribedn the previousChapterto thestudyof lattice distortionsin two different
sampletypes:galliumarsenideandsilicon carbidewafers. They serveasexampledor two differentgroups
of semiconductomaterialswhich we might call the “classical” andthe “new” ones. Thefirst groupis
constitutecby semiconductalike Si, GaAs andInP. Thetechnologyfor their growthhasbeenstudiedand
optimizedwith consideableeffort during the past50 years. Importantprogresshasbeenachieved,sothat
they are nowadaysoutinelyusedin deviceapplications.Thesecondyroup,in which wefind materialslike
SiC andGaN, is technologically far lesswell controlled. Their specialproperties like a higherelectonic
bandgap medanical hardnessand chemicalresistivity make themattractivefor innovativeapplications
andwill certainly causefurther effort to beinvestednto this field of materialreseach.

In this Chapterwe showexperimentakesultsfrombothgroupsof materials,obtainedwith the procedue
discussedn Chapter3. At the endof the Chapter,wewill furthermoee discusspossiblefuture extensions
of our method.

4.1 Experimental example: GaAs wafers

Fig. 4.1 shaws the resultsof threeangularscansrecordedon three different spotson the surfaceof a
GaAs wafergrown by theliquid encapsulate@€zodralsky (LEC) method[Jac98. Therockingcurve half
widths (imagesin the left column)mustbe comparedwith the theoreticalvalue of the Darwin width for
the symmetric220-reflectiorof GaAs atanX-ray enegy of 30keV (seeeq. (3.6)):

waaas = 0.00091° = 3.2

The experimentalmapsof the spatialdistribution of the rocking curve FWHM exhibit a systemof small
“islands”, regionswith a very low FWHM (closeto the theoreticalvalue) and accordinglya high local
crystallinequality. They are separatedy a network of lines with considerablyarger local half width.
Theseislandsrepresentrystalliteswith a highly perfectinternal crystalline structure,while the system
of lines betweenthem constitutesa network of dislocations. The possibility to map the rocking curve
half width with a spatialresolutionin therangeof micrometerghusallowsto visualizethe mosaicityof the
sampleto identify theindividual crystallitesaswell asthetransitionregionsbetweerthem,andto measure
theirindividual crystallinequality separately

The structureof the networks of dislocationschangesrom one spoton the sampleto the next: While
in thefirst row of Fig. 4.1 (centerof the wafer) they seemto be moreor lessisotropic,they show a clear
preferentiabrientationalongthe verticaldirectionin the secondow, andalongthe horizontaldirectionin
thethird row of Fig. 4.1.

The mapsof the angularpositionof the Braggpeak(right columnof Fig. 4.1) indicatemainly how the
samplecurvature(lattice tilt) changesver macroscopialimensions.However, at mary placesthe local
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4.2. Another example: SiC wafers

detailsare sufiiciently clearto allow a similar identificationof crystallitesasin the FWHM maps. From
this obsenation,it becomeglearthatnot only the crystalliteshave a goodinternalcrystallinequality, but
alsothattheir homogeneousrientationchangesrom onecrystalliteto the next, dueto the defectsin the
zonebetweerthem.

COO0O00O000000

FEEEEEN
FEEEEEN
CLOOOO0O00000

[elejolololjolololeolole]
- -o

~NOUOUTPAPWN—=—=0O©
P OOOONUINO =L

071

fEEEEEnN
fEEEEEnN
00000000000
[clololololololololole]
2029029523
O~ ULNNOOWo
ONONIAENOO P

x (mm) x (mm)

Figure4.1: Roking curveimaging of GaAs-LEC-wafes: resultsof the data evaluationprocedue. Mapsof rocking
curvehalf width (left column)and of angular peakposition(right column)for threedifferentlocationson the surface
of the samesample Firstrow: centerof the wafer secondand third row: two different regions along the wafer
circumfeence All gray scalesare in unitsof degrees.In thecurvatue mapstheaverge peakshift of 0.01° acrossthe
image diagonal correspondgo a bendingradiusof about80 m. [LBHOO]

4.2 Another example: SiC wafers

Silicon carbideis an exampleof a “new” semiconductomaterial. Its fabricationtechnologyis not yet
optimizedto the samedegreeasfor silicon or gallium arsenideput it is a very interestingmaterialdueto
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its higherelectronidbandgapwhich makesit attractve for optoelectroni@evicesin theshortewavelength
range(“blue lasers”). Furthermoreijts mechanicahardness¢chemicalresistivity andthermalstability are
of highinterestfor a varietyof applications.

Silicon carbideexistsin differentcrystallographigphaseor polytypes the mostwell-known of which
arecalled“3C” (cubic),“4H” and“6H" (bothhexagonal)and“15R” (rhombohedral)Silicon carbidecan
begrown by two differentmethods:The Lely methodLel55], ontheonehand,yieldsvery pure,relatively
perfectsingle crystals,but the maximumsize of sampleswhich canbe obtainedis limited to somecm
in diameterat best. The methodis basedon the evaporationof a polycrystallineSiC powder inside a
furnacewhosesidavalls areheatedup to 2500° C. The materialthencondensatesn the walls of a small
porouscylinder introducedfor this purposeinto the furnace. The modifiedLely method[TT78], on the
otherhand,leadsto largercrystals.Here,the growth from vapourstartsin a controlledway on anoriented
SiC seedratherthanspontaneouslyn the walls of the porouscylinder. However, the crystallinequality
of the resultingcrystalsis generallyworsethanin the seed,andnew defectslike micropipescanappear
[HDV99, DHH99]. For arecentX-ray topographicstudyof SiC andits typical defects,jncludinga more
detailedreview of growth methodsandpolytypes see[Mil99].

In orderto monitor the overall crystallinequality and simultaneoushcorrelateit with the microscopic
defects,we applied our experimentalmethodto two different SiC samples,grown by the two growth
methods.The resultsof the dataevaluationprocedureare shown in Fig. 4.2. Theleft columnshows the
rocking curve half width maps,while the right column containsthe mapsof the angularpeakposition.
Onceagain,the FWHM valuesmustbe comparedwith the theoreticalDarwin width for perfectcrystals
(eq. (3.6)),whichfor the symmetric220-reflectiorof SiC atan X-ray enegy of 30keV yields

wsic = 0.00033° =1.2"

Fromthe imagesof the samplegrown by the Lely method(upperrow in Fig. 4.2) it become<learthat
thiscrystalis indeedrelatively perfect. Thehalf widthsaregenerallyvery low (althoughthey remainhigher
thanthetheoreticalvalue,of theorderof 5 x 10~* to 1 x 10~2 degreesandhave arelatively homogeneous
distribution. Only a narrov areaon the right exhibits a larger half width, andalso shavs somedefects.
Thisis in facttheregion wherethe crystalgrowth beganandthe growth proces$adnot stabilizedentirely
yet. However, the rocking curve width doesnot exceedl.5 x 10~2 degreesanywhere which indicatesan
overall highly regular crystallattice. This pictureis alsoconfirmedby the curvaturemap (right column):
Thecrystalorientationvariesby no morethan0.02degreesacrosshe wholeilluminatedsurface,andin a
large area(excludingthe region ontheright) it is stablewithin 1 x 10~2 degrees.In summarythecrystal
is almostideal.

Two stripesin the images(aboutthe lastmm onthe left andright borders)seemto be more perturbed.
They do not indicatedeviationsfrom crystallineperfection,though. As discussedbove, samplesggrown
by the Lely methoddo not reacha big size. Our samplewasthereforesmallerthanthe illuminating X-
ray beamandthe field of view of the camera.This is why only scatteringoy the surroundingair canbe
obseredin thesdateralregions.

The secondsample(lower row in Fig. 4.2) shows very differentcharacteristicsThe FWHM is strongly
non-homogeneouwjith somehighly perturbedegionswherethewidth is aslarge asabout0.006 - under
similar experimentalkconditionsasbefore. The curvaturemapon theright shavs the sametendeng: The
lattice orientationsvary stronglyacrosgthe illuminatedarea,with tilts of up to 0.15° within a distanceof
somemillimeters.

An interestingfeaturein bothof theseimagess the diagonal‘bay” in theupperleft corner which seems
similar to the two emptystripesin the imagesof thefirst SiC sample.However, this doesnot meanthat
we have detecteda holein the samplethis region simply did not diffractin our experiment.Thereasoris
thatthesamplecondensateih severaldifferentcrystallographigphasesTheregionswith acubicstructure
arein Braggpositionunderour experimentalconditions,while the hexagonalpartsof the samplehave a
differentlattice parameteandaccordinglydiffract at differentBraggangles.Thereforethey appeartblack
in ourimage.Our experimentthusshows thatthe sampleconsistsof a mixture of crystallographighases,
whichis awell-known problemin SiC growth in general.

Anotherdetaildeseresattention:thesmalltube-shapedegionwhichis visiblein bothimagesatmedium
height, in the left third of the field of view. The FWHM map shows an inner region of relatively good
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4.3. Perspective: Determination of complete strain fields via um-resolved triple crystal
diffractometry

i m 0.000
4l m 0.002
i m0.004
;] m0.006
c : m0.008
< Bl m0.010
= m0.012
> 4 0.014
B 0.016
: 0.018
i 0.020
m 0.0000 m 0.000
m 0.0006 m 0016
m0.0012 m 0.032
m0.0018 m 0.048
m0.0024 m 0.064
m0.0030 m 0.080
m0.0036 m 0.096
0.0042 m 0.112
0.0048 0.128
0.0054 0.144
0.0060 0.160
x (mm) x (mm)

Figure4.2: X-ray rocking curveimaging on silicon carbidewafers: resultsof the data evaluationprocedue. Maps
of therodking curve half widths(left column)and of the angular peakposition(right column)for a samplegrown by
the Lely method(upperrow) and onegrown by the modifiedLely method(lower row). All gray scalesare in units of
deggrees.In bothkindsof mapsiit is clearly visible thatthe crystallinequality of the first sampleis superiorto the one
of thesecondsample [LBHOO]

crystallinequality, which is separatedrom its surroundingdy two narrow, highly perturbedzones.The
correspondingreain the curvaturemapshaows thattheinterior of this “tube” is homogeneouslgriented.
At its bordersthereoccursa sharptransitionto regionswith a differentorientation,at theright andat the
left. The combinationof the two imagesthusallows to identify this tube-like region asa highly perfect
crystallite,which is tilted with respecto its local crystallographienvironment.

4.3 Perspectve: Determination of completestrain fieldsvia um-resohed
triple crystal diffractometry

Our procedureasdescribedsofar, is applicablewhenthe crystallattice is essentiallyperturbedby lattice
tilts, andnotsimultaneouslyoy strongvariationsdd/d of thelattice parameterin this casetheBraggangle
is nearlyconstantacrosghe image,so thata one-to-one-correlatiobetweenspotson the samplesurface
andpixelsof the camerais presered.

When strongervariationséd/d occurit becomesecessaryo analyzethe direction of the diffracted
beam. Then,one canextractinformationon the local lattice parametefrom the knowledgeof the local
total scatteringangle2d g (z, z). This canbeachiezednotonly in diffractometry{FKK97] andtopography
[BH81, YMW?79], but alsowith atriple crystal versionof our procedureby insertingananalyzercrystal
betweerthe sampleandthe camera.

Onethenhasto vary systematicallynot only the sampleanglew, but alsothe analyzerangle2s. This
procedureobviously tendsto increasehe amountof datato be storedandtreatedby a large factor This
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CHAPTER 4: Application to industrial quality inspection of semiconductor wafers

disadwantages morethanbalancedy the wealth of informationwhich canbe obtainedin this way: By
combiningthe measurementat several complementaryeflections,oneis principally ableto extractall
ninecomponent®f the completdattice distortiontensordu; /0z; with a spatialresolutionof somepm.
Crystalgrowersworking on SiC have shovn a stronginterestin this application.Local strainvariations
influencethe mechanismsf vapourdepositiorof atomson aseed.Oncethestrainfield canbemeasuredit
canbeusedn numericakimulationswith theaimto optimizethegrowth processDueto thistechnological
relevance thetriple-crystalversionof the methodwill be experimentallyrealizedin the nearfuture.

4.4 Conclusion

In summarywe have givenexperimentalexamplesof the ym-resohedinvestigationof crystallinequality
in semiconductowafers. Resultsfor oneclassicalandone“new” semiconductomaterial,namelyGaAs
andSiC, werereported.In the GaAs-LEC-wafers,networks of dislocationscould be identifiedanddis-
tinguishedfrom the neighbouring highly perfectcrystallites. In the caseof SiC wafers,we could prove
experimentallythatthe sampleggrown with the Lely methodwerefar morehomogeneouanddefect-free
thanthosegrown by the modified Lely method. The latter were demonstratedo consistof a mixture of
differentcrystallographiphases.

Thesewerejusttwo examplesof whatcanbeachievedwith themethodin its presenstate.Their choice
wasmotivatedby thefactthatsemiconductowafersarethebasisfor thefabricationof microelectroniand
optoelectroniaevices. The extensionandapplicationof our methodto microelectroniccircuits or semi-
conductorasersss straightforward. Furthermorean extensionof the methodto a triple crystalmeasuring
modeis plannedfor the nearfuture.

However, in the context of the presentwork we will not pursuethis techniqueary further, but continue
a slightly differentroute. We will beinterestedn strainvariationson evensmallerlengthscalespamely
in the 1-100nm range. Strainvariationson this scaleoccurin artificially patternedstructuredike surface
gratings,quantumwires andquantumdots. A spatialresolutionof the orderof nanometergannot(yet?)
bereachedn X-ray diffractionwith the techniqueslescribedabore in Chapter3. Thereforewe will need
to employ a differentexperimentalstratey, makinguseof the factthatthe strainfield in suchstructures
is periodic alongthe lateral direction. This allows us to study it with the help of interferenceeffects.
Investigatiorof this kind arethe subjectof therestof this manuscript.
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A short history of grating investigations

To definemore clearly the relevanceof the presentwork in the context of strain investigationsn surface
gratings,let ushavea shortlook on previousstudiesandreview the history of X-ray methodsievelopedo
characterizethis typeof structures.

Theauthorsf earlystudiesof laterallypatternedsaAssubstratefT G90] andof bareandovergrovnInP
substrategMS90Q] recognizedhe methodicalpotentialof X-ray diffractionin this field. It wasfoundthat
thelateralgratingperiodicityinduceda seriesof satellitepeaksn reciprocalkpacearoundthecentralBragg
peaks.Theoreticamodelsbasedn kinematicaldiffractiontheorywereproposedMS90, DCST94 which
coulddescribeheinfluenceof thegeometricaparameterandthegratingshapentothediffractionpattern.
Thesestudiesweredonewith double-crystadiffractometry(DCD), a methodwhoselimited resolutionin
reciprocalspacedoesnotallow to examinethe detailsof the gratingshape Lattice strainwasimmediately
recognizedo influencethe diffraction patterngMS90], but could notbe explicitly analyzedatthis stage.

Later, triple-crystaldiffractometry(TCD) wasusedto resolve moreinformationin orderto investigate
the shapeof simple surfacegratings[GBM93, SUW93 and of superlatticegratings[TLRL92, HTK93,
TSDC99. Thoroughexperimentabndtheoreticaktudiesby Tolan[Tol93] etal. shavedthatthe obsened
intensitydistribution in reciprocalspacewasaccessiblgo a quantitatve theoreticaldescriptionby either
kinematicaldiffractiontheory(in the caseof X-ray diffraction) [TKB92, TPB94 or dynamicaltheory (in
the caseof X-ray reflectivity [TPB95.

After the influenceof the gratinggeometryonto the diffraction patternwasunderstoodit becameclear
thatthiswasnotsufficientto interpretsomeof the experimentallyobseneddiffractionpatterndGai9g. In
certaincasesdrasticdeviationsof measuredeciprocalspacemapsfrom theoreticakexpectationappeared,
which could not even be explainedby model calculationswhich additionally took dynamicalscattering
effects(multiple scatteringlmweganregung) into accoun{BG95, BHP94]. Severalresearclyroupsfound
thatthediscrepanciesouldbe dueto strainrelaxationin quantumwires[SKT96], quantumdots|[DKB95]
and surfacegratings[LBT97]. Reciprocalspacemapsof Ga,In; . As gratingsclearly indicatedthat a
non-homogeneoustraindistribution waspresenin the samplesandsignificantlydistortedthe diffraction
patternwith respecto the oneof non-strainedsamplegGai9s. Corversely this strongdistortionmadeit
clearthatX-ray diffractionis a very sensitie tool to studysuchstrainfields.

However, an exact explanationand interpretationof the measureddatawas not easy Initial models
were basedon simplifying assumptionsThey neglectedthe influenceof the interfacewith the substrate
[DKB95], orthey includeda descriptionof strainrelaxationonly in termsof a phenomenologicgbower
law ansatZSUW96, SKT96, SK97]. More well-foundedtheoreticaktudiesveremadeby De Caroetal.,
whofirst employedcontinuumelasticitytheoryto predictstrainfieldsin quantumwell andquanturmwire
structures.They shaved how the combinationof Hooke’s law for a cubic materialwith the appropriate
boundaryconditionscould be usedto calculatethe strainin planarstrainedayers[DCT93, DCT954 and
in quantumwires[DCT94, DCT95H via the minimizationof strainenegy. The modelwassubsequently
extendedto superlatticegratingswith a vertically periodiclayer setup[DCTG96, for which ananalytical
solution of the strain problemin termsof a Fourier serieswas found. The limitation of thesestudies
consistdn negglectingthe elasticinteractionbetweerthegratingandthe substrat@ndassuminga complete
freedomof the gratingregionto relaxlaterally. Theresultfor the strainis thereforenot a strainfield in the
strict sensesinceit cannotaccountfor spatialinhomogeneitie®f therelaxationin strained-layesurface
gratings.
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Yet, the abore-mentionedxperimentsindicatedthat the strain distribution was non-homogeneou
reality. Thereforewhenthis work wasbegunit wastime to developa completequantitatve modelfor the
strainfield in partially relaxed gratingstructuresThefirst stratgyy to begin with wasto basethe approach
oncontinuumelasticity althoughit hadnotbeentestedyetwhetherthis macroscopitheoryremainedralid
in thelimit of structureswith dimensiongn the rangeof nanometerslt hadbeenfoundto be “very well
verified” for monoatomidilms of ZnTe in CdTe in a studywhich comparedhe predictionsof elasticity
theorywith ab-initio pseudopotentiatalculationssBEM97], but had beenshovn experimentallyto be
inapplicablein thelimit of monoatomidilms of InAs in InP in a high resolutionTEM study [BPB92].
Thereforetheuseof elasticitytheoryin this field couldonly be consideredstentatve.

Attemptsto solvetheequationgor thestrainfieldsin gratingsanalyticallyremainednconclusve, mainly
dueto the complicatedboundaryconditions. Therefore numericaltechniqguesieededo be employedto
obtainanapproximatedsolution. Among othertechniquesthe Finite ElementMethod(FEM) is available
in the form of commercialcomputercodes.Someproblemsremainedo be solvedin orderto adaptthese
programsto the calculationof lattice strainsin crystals,for which they were not originally conceved
[PB99 (seeChapters). In the end,numericalsolutionscould be obtained but the theoreticalvalidity of
the approximationsunderlyingthe useof linear elasticitytheoryaswell asthe numericalaccurag of the
solutionsremainedo betested.

Comparison®f FEM calculationsfor lattice strainfields with experimentaldatahad previously been
doneby otherresearclgroups.The experimentatechniquesvhichwereappliedincludedelectrondiffrac-
tion [CAS94], photoluminescencETMY92, NHW95] and micro-RamammeasurementglHA95]. In all
thesecasesnot morethana qualitative similarity betweenexperimentandcalculationcould be achiesed.
A detailedandquantitativeexperimentalverificationof the applicability of elasticitytheoryto nanostruc-
tureswasstill due.

Thereforethefollowing Chaptersiescribeatechniqueto determinexperimentallythe completespatial
variationof strainfieldsin nanoscopistructuresBy comparisorof high-resolutionX-ray diffractiondata
with calculatedstrainfields, the validity of elasticity theory as a theoreticaldescriptioncould be tested
guantitatvely, andthelimits of its applicabilityweredetermined.
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Chapter 5

Theory of diffraction from (strained)
gratings

5.1 Grating geometryand reciprocal spacestructure

Kinematicaltheory predictsthat aninfinitely extended perfectcrystaldiffractsonly at discretepointsin

reciprocalspacethe Braggpeaks.An actualcrystalis notinfinitely extendedtheinterruption(truncation)
of the periodicity of the crystallattice at the samplesurfaceleadsto the appearancef a continuousdis-
tribution of diffractedintensity aroundeachBragg peak. Mathematically this canbe describedwith the
concepbf ashapeunction Thesusceptibilityy (r) of afinite crystalis written asthe productof an“ideal”

susceptibilityx (r) of aninfinite crystalandthe shapefunction () which canhave only two different
values,namelyl insidethe crystalandO outside:

X(T) = Xoo(r) Q) (5.1)

The structureamplitudeof the samplecanthenbe derived via the corvolutiontheolem[Gui94]. It states
thatthe FouriertransformS(Q) of this productof two functionsin realspaces equalto the corvolution
of thetwo individual Fouriertransformsn reciprocalspace:

SQ) = / x(r) e @ e = / Q) 9FN(Q — Q) d@! (5.2)

Let usassumdor a momentthatthe crystallinematerialinsidethe boundarieslescribedy Q(r) is per
fectly periodic, defect-freeand non-strained. Then, the Fourier transformy X (Q') canbe written asa
discreteFouriersum:

@) = [ xlr) 77 = 3 30 6@ - ). 5.3)
h

In writing (5.3) we have momentarilyassumedhat the grating consistsof onesinglematerialonly. This
assumptioris not too restrictive sinceSection5.4 will introducea formulafor the generalcaseof layered
gratings.

The expressiorfor the structureamplitudeis reducedo asimplesum:

S(Q)=> xn O"T(Q - h) (5.4)
h

If the shapedescribedy 2 is extendedover morethana few lattice parametergcontainsa large number
of atoms), thenQ¥T(Q) is relatively sharplydefinedin reciprocalspaceandtheintensityat Q@ = h is

notinfluencedby contributionsfrom otherreciprocallattice pointsg with g # h. In this case gxpression
(5.4)in thevicinity h reducego onesingleterm:

Sn(g) =xn Q" (q), (5.5)

41



CHAPTER 5: Theory of diffraction from (strained) gratings

wherethereducedscatteringvectorgq is definedasq=Q — h. In otherwords,theintensitydistributionin
reciprocalspacss givenby the FouriertransformQ¥™ of theshapeunction,replicatedaroundeachBragg
peakof the crystallinematerial. For instancejn the caseof a crystalplatewith upperandlower (smooth)
surfacesatz = 0 andz = h eachBraggpeakis surroundedby anintensitydistribution alongaverticalline
with a profile I(g.) ~ (sin(q.h/2)/q.)?, the so-calledcrystaltruncationrod (CTR) [Rob86. A similar
CTRwith aprofile I(g,) ~ 1/(¢? + u?) canbederivedfor scatteringfrom the surfaceof a semi-infinite
crystalif absorptioris takeninto accounty anabsorptiorcoeficient p.

In this thesis,we dealwith gratingsamplesvhosegeneralgeometryis shavn in Fig. 5.1. Their shape
function Q(r) is characterizedy a lateral periodicity (grating period D): The basicelement.the single
gratingwire, is replicatedalongthe z-directionat positionsz = n.D for every integer numbern. Math-
ematically sucha periodic shapecan be describedas a corvolution of a “microscopic” shapefunction
Qina (), describingthe shapeof onesingleindividual gratingwire, with aninfinite seriesof delta-peaks
alongthez-direction:

Qr) = (Qna(r)) ® (Z 5(:1:—nD)>. (5.6)

neN

In orderto calculatethe diffractedintensityfrom sucha structurevia (5.5) we needto obtainanexpression
for the Fourier transformof the shapefunction (5.6). This canbe achiezed by applyingthe convolution
theoremonceagain,now in oppositedirection,which yields (apartfrom a normalizatiorfactor):

" (q) = Qli(q) - (% > 8. - Hn)> with  Hy,=n2, 5.7)

neN

wherewe madeuseof the factthatthe Fouriertransformof aninfinite seriesof §-functionsin real space
is given by a correspondingequencef §-peaksin reciprocalspace(seee.g. AppendixA of [Gui94)).
Equation(5.7) shavs thatthe diffractedintensitydoesnot represent continuoudistribution in reciprocal
spaceput is concentrateat specificlateral positionsalongthe so-calledgrating truncationrods (GTRS)
[GBM93] which areparallelto the CTR. In the caseof gratingsandquantumwires(asopposedo quantum
dots)thein-planepositionsof the GTRscanbewrittenin vectorialnotationas

Q| = h)| + Hye,. (5.8)

Let us mentionherethat the organizationof the diffraction patternin GTRsis determinedoy the lateral
superperiodicityof the structureonly, andis independenof whetherthe materialinsidethe gratingperiod
is strainedor not. The sharpnessf the GTR crosssectionalongg, canbe alteredonly by fluctuationsof

thegratingperiod D alongthe samplesurface— apartfrom thefactthatin experimentakeciprocalspace
mapsthey are,of course pbroadenediueto theinstrumentatesolutionof theinstrument.

In orderto obtaininformationaboutthe structureinside onesingle grating period,onethereforeneeds
to study the intensity profile I(g,) alongthe single GTRs. In the caseof a grating of homogeneous,
non-strainednaterialthe profile I, (¢, ) of then-th lateralrod canbe calculatedvia the Fouriertransform
OFT(q) of theshapeunctionof onesingleperiodt, evaluatedselectiely atthe positiong, = n - 27/ D.

In orderto obtainthefull reciprocakpacestructureof agrating,theremainingtaskis thusto calculatethe
Fouriertransformof the shapefunction of a singlegratingwire. Dueto thetranslationasymmetryalong
the y-direction, the dependeng of QFT on ¢, is given by a simplefactord(g,), so that the calculation
effectively becomesa two-dimensionaproblem,Q¥T = QFT(q,,q.). In whatfollows we performthis
calculationexplicitly with the exampleof a trapezoidalgratingshape asshawn in Fig. 5.1. We usethe
following symbolsto describethe geometry:t is the gratingheight,b the width of the planartop surface,
g thewidth of the valley betweemeighbouringgratingwires,andp;;, = dx/0z arethe sidavall slopes.
For thegratinggeometryshawn in Fig. 5.1thevalueof p; is positive, wherea®, is negative.

10our approachieviatesslightly from the methodwhich wasusedin [Tol93] to deducethe sameresultfor thefirst time. There,a
“grating function” z = f(x,y) wasusedto describethe shapeof the gratingsurface. The diffractedintensityis thengiven by the
two-dimensionaFouriertransformof the exponentiale®/ (2:%). In our notation,wherethe shapefunction(2 is a functionof all three
coordinatesno exponentialis required andthe intensityis directly given by the three-dimensionafouriertransformof (=) itself.
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Figure5.2: Recipocal spacestructue (simulateddiffraction pattern
aroundthe 224-reflection)of the grating shownon the left. Themain
featue is a characteristic crosspatternaroundthe Bragg peakof the
layer material (GaxIni_<As) at Q. = 3.013 A~! (left). This fig-
ure highlightsthe pure influenceof the grating shapefunctionon the
diffraction pattern. For bettercomparisonwith the correspondingex-
perimentalmapsfromstrainedsamplegheeffectof anInP substateis
included.It givesrise to the strongBragg peakat @, = 3.028 (onthe
right), surroundedby its CTR.Grating and substate are assumeahot
to bein contact,sothatno strain occuss in eithermaterial.

Figure 5.1: Geometryof a
surface grating [BL99], in-
cluding the definitionsof some
variables which will be used
throughoutthis work: grating
period D, groove path (grating
valley width) g, top path(grat-
ing top width) b, and grating
sidewall slopesp;, p,=0z /0z.

In termsof thesevariablesthe Fouriertransformof Qinq (2, 2) is

ar(z)
de Qzaqz / / 2) —i.z szd.'li'dz (59)
ai(z

Theintegrationlimits a;(z) anda,(z) representhe left andright borderof the trapezeat heightz. They
arerelatedto thesidewall slopesp; /.. (z) atheightz by

a(z) = _g +/ pi(2') dz' ar(z) = g +/ pr(2') dz' (5.10)
t t
Theseformulaecanbe usedto describearbitrarily curved sidewvall slopes,e.qg. in the caseof selectvely
etchedmultilayer gratings[BLGOQ]. For our presentcaseof a simpletrapezoidalgratingwith straight
sidewalls they simplify to

b b
a(z) = -5+ (z=t)m ar(z) = 5t (z —t)p. (5.11)
For ¢, # 0 thefirstintegrationyields

. t
de(qz; qz) - i / {e*iqm(%7prt)efz'(qz+prqm)z + e’iqz(%-i—pzt)efi(qz—f-pzqz)z} dz (512)

dz Jo

We simplify the notationby definingthe new scatteringvectors

@t = ¢+@pr (5.13)
T = Gt G (5.14)
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CHAPTER 5: Theory of diffraction from (strained) gratings

Using(5.13)and(5.14),theformulafor scatteringamplitudeat ¢, # 0 becomes:

) : —prt Si +¢/2 i btpit ) gj “t/2 I
Ot (e 0:) = qi{ewmm)ismq(gm/ ) _ g 21>7smq(?t/2( )} (5.15)
€T

The two essentiatermsin this formula, thesin(q...)/q. . .-functions,reachtheir maximumvalue of
1 whenthe respectie argumentis zero. The effect on the intensity distribution in reciprocalspaceis
illustratedin Fig. 5.2. Around the Bragg peakof the grating materialwe seetwo diagonalstreaksof
strongintensityalongstraightlineswith ¢, = —p; /¢, i.e. onestreakperpendiculato eachof thegrating
sidewalls. Qualitatively, this canbe understoodby analogywith the appearancef a CTR in the caseof
a flat surface. The grating sidewalls give rise in a similar way to “sidewall truncationrods” which run
diagonallyin reciprocalspace.

Thetop surfaceof the gratinggivesriseto athird streakalongthe ¢, direction,asbecomesapparenby
deriving thelimiting expressiorof (5.15)for ¢, = O:

t
OFT(0,q,) = / 1 (b4 (p, — ) (2 — 1)}z (5.16)
_ {b_i(pr -p) } (SI0(8:t/2) igorpp  (Pr =P, (5.17)
q- g-t/2 q-

For directusein acomputemprogram let usalsostateexplicitly thelimit of (5.17)for ¢, = 0:

QFT(0,0) = (b + @t) t. (5.18)
This expressiorcorrespondn factto theareaof atrapezewith heightt andtop width b.

The combinationof equationg5.15),(5.17)and(5.18) describesompletelythe kinematicaldiffraction
amplitudefrom a trapezoidalgrating of homogeneousnaterial. The resultingintensity distribution in
reciprocalspacehasa characteristicrossform, asvisible aroundthe layer Bragg peakin Fig. 5.2. We
have chosena trapezoidalshapefor the explicit calculationdueto its relative generality: The formulae
for mary othergratingshapesanbe deducedrom this resultas specialcasesfor instancea triangular
(b = 0), rectangulalp, = p, = 0) or parallelogranshape(p; = p,).

In deriving (5.17)and(5.18)we have neglectedthe contribution of the planarsubstratdoelow thegrating.
Whennecessaryt canbetakeninto accountadditionallywithoutmajorcomplicationgTol93]. Thereason
for neglectingit hereis thatwe arenotmainly interestedn homogeneougratings putin gratingswhichare
internally straineddueto the contactbetweertwo or moremismatchednaterials.X-ray diffractionfrom
suchstructurecannotbetreatedoy simpleFouriertransformatiorof the externalshapdunctionany more.
However, in the approachwhich we will developin Section5.4 for the calculationof diffractedintensity
from strainedstructuresequationg5.15),(5.17)and(5.18)will reappeaasoneingredientof fundamental
importance Beforeturningto this subjectwe first have to introducea theoreticaldescriptionof the strain
fieldsoccurringin epitaxialstructures.

5.2 Strained gratings and elasticity theory

In Section5.1we havereviewedtherelationsbetweerstructuralpropertiesandthe X-ray diffractionsignal
for the caseof “monolithic” gratings. This field hasbeenunderintensive investigationin the lastdecade
[MS90, TG90, Tol93, BG9Y andis well understoodoy now. However, for device applicationsin elec-
tronicsandoptoelectronicslayeredheteroepitaxiastructuresconsistingof several differentmaterialsare
morerelevant. They allow to achieve quantumeffects by confinemeniof chaige carriersto nanoscopic
dimensionsalongone,two or threedirections,dueto the differentelectronichandgapsof the materials
involved.

The differenttypesof semiconductorivolvedin suchlayeredstructureggenerallydo not only differ
in bandgap, but alsoin lattice parameters.Under epitaxial conditionsthin mismatchedayerstendto
grow pseudomorphicallyi.e. the layer materialadaptsits laterallattice parameteto the lattice spacing
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5.2. Strained gratings and elasticity theory

of the substrate. This is true aslong asthe layer thicknessdoesnot exceeda certaincritical thickness
[MB74]. Thus,thecontactattheinterfaceleadsto a deformationof the crystallattice of thelayermaterial.
To describethis deformationquantitatiely we introducethe displacemenfield w(r). For a piece of

materialinitially locatedatr, thevectoru(r) indicateshechangen positionbetweerthebulk stateof the

respectre materialandthe configurationin theactualstructure:

’

r’ =r +u(r) (5.19)

Thequestionof interestin this sectionis how the variationof the displacementield w(r) acrosshewhole
structuredepend®n the materialcompositionandthe geometricaparametersf the structure.

A preliminaryanswerto this questioncanbe found in the framework of linear elasticitytheory[LL86,
TG87, CP93, atleastin the limit of smallrelative displacements; ; = g:j < 1. In this Section,we
introducetherelevantquantitiesdealtwith in this theory derive a partial differentialequation(PDE) from
which u(r) canbe determinedand presentsolutionsfor two specialcases.In the next Section(5.3) we
will discussa methodby which a generakolutionof the PDE canbefound numerically.

Before proceedingo the technicaldetails,it mustbe emphasizedhat elasticity theoryis a continuum
theory developedfor macroscopimbjects,and doesnot take the atomic natureof matterinto account.
Therefore the descriptionof lattice distortionsin nanoscopigratingsby meansof elasticitytheorystays
onasomavhathypotheticabgroundfor themoment.lt is notcleara priori whethertheinteractionbetween
atomic monolayersat the interfacesof an epitaxial structurecan be describedn termsof a continuous
distribution of forces,on which the ideaof a straintensore;; is based.This is why the entireapproach
presentedn this andthe following sectionsshouldbe consideredas a tentatve description,the general
validity of which remainsto beverified.

We definethe strain tensore;; (r) andthe rotation tensorw;;(r) asthe symmetricandantisymmetric
partsof thederivative tensoru; ;, respectiely:

o 1 611,, Buj

“ o= 5 {—am,. n 6%} (5.20)
1 [0u; Ouy

Wi = 5 {81'] - 6.%', } (521)

with 4, j € [1,2,3]. By definitione;;=¢;;, sothatthe straintensorhassix independentomponentsThe
threediagonalcomponent$i = j) representompressionsr dilatationsalongthe axise;.

Therotationtensorw;; containsthreeindependentomponentgwss, wis andws:), which canbe rear
rangedo form avectorw. Thisvectorcanequialentlybe expressedvith the curl operator:

w1 W32 1
w=|wy| = |wiz ] = 3 V x u(r) (5.22)
w3 w21

The quantitiesu(r) ande;;(r) characterizehe geometricaleffectsdueto distortioninside a material.
On the otherside, the forcesgeneratedy the distortionare describedy the stresstensoro;; (r), which
canbe definedso asto be symmetrical(o;;=0;;) in analogyto the straintensor[LL86]. The divergence
of the stressensor do;;/0x; (r), givesthe netforce componentlonge; actingon a unit volumeatthe
locationr. The element®f thetensoro;; representhe force componenalongthei-axisactingon a unit
surfacethatis perpendiculato the j-axis.

A distortedbodyin staticequilibriumis describedy the equation

99 | g, — o, (5.23)
6.’L’j
where f representshe body forcesper unit volumeactingon the material(duefor instanceto a gravita-
tional field).
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CHAPTER 5: Theory of diffraction from (strained) gratings

X-ray structureinvestigatiorallows to proof directly the geometricadisplacements(r). We arethere-
fore interestedn a differentialequationequivalentto (5.23), but expressedn termsof u(r). In orderto
derive suchanequationwe relatestresgo strainby Hoole's law:

0ij = Cijkl €kt (5.24)

wherethe stiffnessC;; is afourth-ordertensorwith 3* = 81 elementgNye95, for transformatiorprop-
ertiesseealsoAppendixA]. After somecalculus,the following PDE for the displacementesults[LL86]
(with theLamé constantsA, ) :

—p Au(r) — (A + p) grad div u(r) = f(r). (5.25)

The main difficulty in solving (5.25) for u(r) lies in the often very complicatedboundaryconditions,
which reflectthe shapeof the samplesurface. Two kinds of boundaryconditionscanbe used: Either the
displacement:(r), andtherebyalsothe straine;; (r), alongthe sampleboundaryis given,or the valueof
theforcedensityT" actingonthesamplesurfaceis specified.Thelattermethodis equivalentto prescribing
the valuesof the stresstensoro;;, sinceT resultsfrom o;; via T; = o4;n;, wheren is thelocal surface
normal.

In the caseof surfacegratingsa combinationof both methodss mostappropriate At theinterfacewith
thevacuunthegratingis freeto relaxsothatalongtheuppersurface thegratingsidevalls andthegrooves
thefollowing boundaryconditionsholds:

04T = 0 (526)
Anotherboundaryconditionresultsfrom the lateralgratingperiodicity:
u(r) = u(r + De,). (5.27)

This conditioncanbe combinedwith theequationu(r) = —u(—r), whichis valid in the caseof symmet-
rically shapedyratingg andyieldsa conditionfor theleft andright sampleboundary:

D
Uz =0 for x = i? (5.28)
Finally, the substratehicknesst,,; is assumedo be large enough(of the orderof somepm at least)so

thatits lower boundaryis completelyunafectedby the grating-inducedtrainfield:
u=20 for z = —tsub (5.29)

The combinationof (5.26), (5.28)and(5.29) specifiescompletelythe outer, geometricalrestrictionson
the solutionu (7). Up to this point, the lattice mismatchbetweerthe differentmaterialshasnot yet been
takeninto account.Theconditionsfor thecontactbetweerthedifferentmaterialsattheinterfacednsidethe
structurearecrucial,sincewithout theseno strainfield would be generatedtall. Thereforethefollowing
equationfor the contactbetweermaterialsA and B (lattice constants:4, a®) at all horizontalinterfaces
canbe consideredisthe mostimportantamongall the boundary/intericeconditions[PB99:

B B A
uB(Z—A;UO) —ut(z) = % Zo €. (5.30)
Equation(5.30) statesthat the differencein displacemenbetweentwo adjacentmaterialsgrows linearly
asa function of lateral distance with a proportionality constantcorrespondingo the lattice mismatch.
This expresseghe condition of pseudomorphigrownth: The one-to-onerelation betweencorresponding
atomsin thetwo adjacentayerstranslatesnto a very specificdiscontinuityof lateralstraine,, acrosshe
interface,sincethe displacemenfields are calculatedwith respecto eachlayer’s bulk state. The vertical

2All the samplesnvestigatedn this thesisfulfil thesymmetryrequirementFor asymmetricaratingshapeg5.28)cannolonger
beused,andto calculateu(r) it becomesiecessaryo specifythe boundaryconditionsin a differentway [LBG99].
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5.2. Strained gratings and elasticity theory

displacementomponentu, on the other hand,aswell asthe vertical stressare continuousacrossall
horizontalinterfaces.

Equation(5.30)is of fundamentalmportanceor all our straincalculationsn the sensehatit allows to
establishthe link betweenmacroscopicontinuumelasticitytheoryandthe microscopicboundarycondi-
tions,which resultfrom the discrete atomicnatureof matter

Thisequatiorcanberestatedy introducingthedistinctionbetweertheinitial displacement® occurring
in theplanarayerbeforeetching(andcorrespondingo aspatiallyuniforminitial straine®), andthegrating-
inducedstrainrelaxationAw whichis causecy the etchingprocess:

u(r) = u°(r) + Au(r). (5.31)

In pseudomorphicallgrown structureshe discontinuityof w(r) is fully containedin u°(r). Condition
(5.30)is thenequivalentto thefactthattherelaxationAw(r) is continuousacrosgheinterface.

An analyticalsolutionto the combinationof (5.25)and (5.26)-(5.30),expressedn termsof a Fourier
serieshasbeenfoundby De Caroetal. [DCTG9€ for thespecialcaseof rectangulasuperlatticggratings.
In their derivationthe authorsmadethe simplifying assumptiorthatthe influenceof the substrate-grating
interfaceon thestrainfield in thegratingcanbeneglected.Wheneerthis approximatioris notappropriate
it remainsa difficult taskto find a solutionu(r) which satisfiessimultaneously5.25) andthe boundary
conditions.We will thereforemake useof numericalmethodgo calculatean approximatesolutionfor the
strainfield. The detailsof thesemethodsarethe subjectof the next section.

Beforeproceedingo the generalsolution,we presentanalyticalsolutionsfor the two limiting casesof
full distortionandfull strain relaxation Thefirst casethefully strainedstatedescribedoy u° in (5.31),
is characterizedy tetragonaldeformationin the layer: The layer lattice (bulk lattice parameteia!) is
matchedo thesubstratdlatticeparameten ®) alongboththez- andthey-direction. Thestrainin thelayer
is determinedy therelative lattice mismatch:

0 0o _ Gs—q
ay

(5.32)

Along thethird directionthe materialis freeto relax (o, = 0), andthe resultingvertical straine,, can
bededucedrom Hooke'slaw (5.24):

- _(703“032).63. (5.33)
033

C;; arethe elementsof the stiffnesstensorin 6 x 6-matrix notation[CP97 (seeAppendixA). Relation
(5.33)canbesimplifiedto

€, = =2 (g—ﬁ)-eﬁ (5.34)

on two conditions: The crystalline materialmust have cubic symmetry andthe axes of the coordinate
systemusedmust coincidewith the cubic crystallographicaxes. In this caseC;; hasthreeindependent
component®nly (conventionallynamedC', C12 andCy4) whosevaluescanbefoundin theliteraturefor
mary semiconductomaterials{Ada82 Ada84. In ary othercasefor instancef onechooseghe z- and
y-axesperpendiculaandparallel,respectiely, to the wires of a[110]-orientedgrating, C;; mustfirst be
transformedrom the crystallographido therotatedreferencesystem(seeAppendixA), andthenthemore
generafelation(5.33)needdo be used.

The secondliimiting case(full strainrelaxation)is characterizedy orthorhombicdeformationof the
strainedlayer. It representshe fully relaxed stateof a gratingwhich is lattice matchedto the substrate
alongonedirectiononly, the directionof thewires (with €, still beinggivenby (5.32)),but freeto relax

3For non-horizontalnterfaces suchasthe sidewalls of the buriedgratingstudiedin Chapter6, with aninclinednormaln || e.,
(5.30)needgo bereplacedy asimilar equatiorfor thecomponenbf u alongtheinterface,u) = n x (n x w).
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CHAPTER 5: Theory of diffraction from (strained) gratings

in the both z- andthe z-direction. The resultinglateralandvertical straine,, ande,, canbefoundfrom
oz = 05, = 0, togethewith Hooke'slaw (5.24):

C33C19 — C13C
ortho 33V12 13V32 0
. 5.35
Coa (033011 — 013031) il ( )
C11C39 — C31C
ortho 1132 31V12 0
. 5.36
€22 (033011 — 013031> GH ( )

For cubicsymmetryall threedirectionsareequivalent,sothat(5.35)and(5.36)becomeddentical:

2
cortho _ cortho _ (Clclfclu—_c ?12> @ (5.37)
However, for differentwire orientationsthe anisotroyy of the crystallinematerialcausesa relevant dif-
ferencebetweenedhe ande2tthe. Forinstancein thecaseof anInP-gratingwith [110]-orientedwiresthe
valueof the coeficientin parenthesi@ (5.35)is 0.015,while in (5.36)it is 0.554.
An orthorhombicstrainstateis realizedin the limit of single-layergratingswith large height(seeFig.
5.3)wheretheinfluenceof the substraten e, canbeassumedo decayto zeroinsideanarrav transition

region nearthe substrate-gratingterface[DKB95, DCT94, DCT954.
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Figure5.3: Modelfor strainrelaxationin a gratingwith large height. The layer materialis lattice matched
to the substratealongthe wire direction,and completelyrelaxed alongthe two perpendiculadirections,
exceptin anarrav transitionregion nearthe grating-substrataterface.[DKB95]

Theactualstrainstatee;; () in apartially relaxedgratingwill beintermediatébetweerthefully strained
statee® andthefully relaxed statee°™"°, andstill remainsto be determined Neverthelessthe knowledge
of the valuesof both e? ande°rth is highly useful. They representipperand lower limits to the actual
strainin partially relaxedgratingsandcanbe usedfor anindependentheckof a calculatedstrain.

5.3 Numerical calculation of strain fields. The Finite ElementMethod

A varietyof approximatenethodgo solve boundaryalueproblemssuchas(5.25)have beendevelopedn
thepas{PTV95]. Onegroupof numericakechniquess inspiredby variationalcalculus andis basednthe
factthat (5.25) canbereformulatedasa minimizationproblem. Amongall possiblestrainconfigurations
which satisfythe boundaryconditions,the strainfield actuallyoccurringin the sampleis the onewhich
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5.3. Numerical calculation of strain fields. The Finite Element Method

minimizesa strain enegy functional The expressiorfor the potentialenegy II(u(r)) of a configuration
u(r) is [CP92

TM(u) = %/Vaij(u)eij(u) dV—{/Vf-udV+/ST-udS}, (5.38)

wherewe wrotee;; (u) ando;; (u) to indicatethatstrainandstressdependainiquelyon displacementia
(5.20)and(5.24). Thefirstintegral in (5.38)is proportionalto theinternal strainenegy of the body; while
thetermsin parenthesesorrespondo thework doneby externalbodyforces f andsurfaceforcesT'. In
our case the only possiblebody force is the (weak) gravitational field; we will thereforeneglect f from
now on. A conditionfor minimizationof (5.38)is providedby the principle of virtual work. It stateshat
for adisplacementfield . (r) whichminimizes(5.38)thework doneby ary additionalvirtual displacement
du(r) mustbezero[CP92]:

v s
or, with thehelp of Hooke’s law:
/ Ciji eri(u) deij(du) dV = / T-6udS. (5.40)
v s

Thus, the problemof solving (5.25) hasbeentransformednto the taskof finding the actualdisplacement
field w(r) whichfulfils (5.40)for every possibleju(r). Theonly restrictionto thevirtual variationdw (r)
isthatw(r) + du(r) muststill fulfil thegivenboundaryconditions.

Minimization problemsof this kind canbe solved by the Finite ElementMethod(FEM) [ZT87, GRT93,
Bra97. Very briefly statedjt findsaminimumof (5.38)by expandingu(r) into aseriesof basisfunctions,
andminimizing II(w) asafunctionof the coeficientsof this series.

Mathematicallyspeaking the FEM represents generalmethodto find a functionu(r) € W which
satisfies

a(u(r),v(r)) = blv(r)) forallv(r) € W, (5.41)

whereW is agivensetof functions.Thebilinear form a(u, v) with a : W? — R associatea realnumber
(R beingthe setof real numbersjto every pair of functionsu(r),v(r) from W, and canrepresentry
combinatiorof differentialor integral operatorsSimilarly, b(v) isalinearformb : W — R. Theelasticity
problem (5.40) becomesa specialcaseof the more general(5.41) by identifying v(r) with the virtual
displacemendu(r).

For the solution of (5.41) onechoosesn practicea setof N linearly independenfunctionsfrom W,
calledw; (r),... ,wn(r). The setof linear combinationsof the w; constitutesa subspacé¥V ; of W.
Insteadof solving the generalproblem(5.41) one now restrictsoneselfto finding a solutionu, € W
which satisfies

a(us,vs) = b(vs) forall v, € W. (5.42)

In otherwords,theansatzior anapproximatesolutionis u(r) ~ u,(r) = Zf;l u;w; (), with coeficients
u; to bedeterminedSimilarly, thefunctionwv(r) is replaceddy vs(r) = Zilil viw; ().

The greatadvantageof this techniques thatit allows to transformthe variationalproblem((5.41))into
a systemof linear algebraicequations.Dueto the linearity of a(.,.) andb(.) we obtaina relationfor the
coeficientsu;, v;:

N N N N
> a(ujwi,viw;) =Y b(viw) = > alwj,w)uju; = Y b(w;)v; (5.43)
ij=1 =1 ij=1 =1

from which the coeficientsv; canbeeliminated.Thisyields,in matrix notation:

N
j=1
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CHAPTER 5: Theory of diffraction from (strained) gratings

The elementf the matrix A;; andthe vectorb; canbe calculatedrom thelinearformsa andb andthe
basisfunctionsw;(r) alone.Thus,the remainingtaskis to solve the system(5.44)for the coeficientsu;,
from whichtheapproximatesolutionu,(r) of theelasticityproblemcanbereconstructedEquation(5.44)
represents matrix inversion problems which canbe solved numericallyby very efficient methods.If N
is nottoo large (say N < 10% — 10%) then A~! canbe calculatedby direct methods— suchasGauss’
algorithm— which yields a solutionthatis exactup to roundingerrors. For larger N iterative methods
suchasthe Gauss-Seidelelaxationmethod the conjugategradientmethodor multigrid methodscanbe
used[L Ub96 PTV9Y. Thesemethodgrovide a seriesof increasinglyaccurateapproximatesolutionsfor
the coeficientvectoru;, andcanbeinterruptedwhensuficient precisionis achiesed.

Mary of theiterative methodsareparticularlyefficientif thematrix A4 is spaise i.e. if alargenumberof
elementsd;; is zero.For our elasticityproblemthis canbeachievedby choosinghebasisfunctionsw; ()
in sucha way thateachw; hasfinite valuesonly on a smallsubdomain; C V, andis zeroeverywhere
elsein thevolumeV of thebody. In this case,A;; vanishedor all combinationf indicesi, j exceptfor
thosewhosedomainsV; andV; overlap.

Thereforejn a practicalFinite-Elementalculationof strainfieldsthe samplevolumeis subdvidedinto
small cells, asshavn in Fig. 5.4 for the caseof a rectangulaisurfacegrating. In generalthe larger the
numberN of cells,thecloserthecalculatecapproximatesolutionv, will beto therealsolutionu(r). If the
cell subdvisionis sufficiently fine onecanrestrictthe choiceof w; () to linearfunctionsof thecoordinates
(z,y, 2) insideV; [GRT93]. Suchlinear finite elementsvere usedfor all the calculationsshavn in this
thesis.
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Figure5.4: Exampleof a subdivisionof a grating into smallcells.

Application to strain fieldsin surfacegratings

Finite Elementcalculationscanbe carriedoutin practicewith the help of commerciallyavailableprogram
packagesThey allow to definethe samplegeometryinteractvely on the computerscreen.The usermust
decideuponthe subdvision of the samplevolumeinto small cells, andspecifythe boundaryconditions.
Thebasisfunctionsw; arethenautomaticallydeterminedy the programaslinearfunctionsof the coordi-
natesinsidethesinglecells. Furthermorethe calculationof the elementsof the matrix 4;; andthe vector
b; aswell asthe solutionof the resultingmatrix equationare automaticallyhandledby the software. On
output,a valueof u is providedfor the nodesof eachof the cells, andthe valuesof ¢;; arecalculatedby
numericaldifferentiation.
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5.4. X-ray diffraction from strained crystals and from strained gratings

Neverthelessit is not obvioushow suchcommerciapackagesanbeusedfor ourtask. Two difficulties,
a conceptuabinda more practicalone,remainwhich mustbe solved beforewe cansuccessfullyapply a
FEM programto calculatestrainfieldsin surfacegratings:

¢ FEM programpackagegjustlik e elasticitytheoryin generalyareconcevedin orderto solve macio-
scopicproblems. They ignore the discontinuousatomic structureof matterand the existenceof
crystallatticesin solids. No easyway is provided to implementthe boundaryconditionfor lattice
matchingat the interfacesof a pseudomorphicallgrown structure. Therefore,one hasto find an
alternatve methodto incorporatg5.30)into the calculation.

The techniquewe usedwas to definethe different materialsin the structureas having different
temperaturesandtherebyto replacethe differencein lattice parameterdy a different (fictitious)
thermalexpansion.

e Someof the programs suchasthe one available for our calculations,do not even allow to enter
thethe elasticconstantsn the shortform C11, C12 andCy4 for cubiccrystals.Instead they expect
the elasticconstantsn their “engineeringversion”,i.e. thefull setof threeYoungmoduli E;, three
Poissorratiosv;; andthreesheamoduli G;;, to begivenoninput.

Theformulaefor thecorversionbetweerthesewo setsof elasticconstantaregivenin AppendixA.
They wereimplementedn a programpackagevhichwe developedo facilitatethe practicalapplica-
tion, andwhichcanbeusedfor ary quaternaryll-V semiconductomateriallike GaxIn; _,As,P;_.
This programfirst calculateshe valuesof C;;i,; by linearinterpolation(Vegard's law) betweerthe
valuesfor the correspondinginary IlI-V materials,which canbe foundin the literature[Ada82
Ada8. Then,it transformsthe stiffnesstensorto Cj;,, in the coordinatesystemchosenfor the

2,

FEM calculation,andfinally calculateghe“engineering’constantgrom the component®f C;jkl.

Thesedifficulties being solved, the FEM can now be appliedto calculategrating strainfields. Two
simplificationscanbe madeat the beginning: Sincethe gratingstructureis symmetricalalongthe grating
wire direction, the solutionu(r) mustbe independenbf the y-coordinate. Furthermore the structure
cannotrelax in the y-direction, so that the strain component,, is constantand given by (5.32). The
combinationof thesetwo aspectss known asthe planestrain condition[TG87] andallows to reducethe
problemto an actuallytwo-dimensionalproblem. It is thereforesufficient to definethe geometryof the
grating crosssection andto subdvide it into two-dimensionakells. We chosea trapezoidalshapefor
thesecells. Preliminarystudiesshoved that cell lengthsof about5-10 nm represented suficiently fine
subdvision to capturemostof the spatialvariationof u(r), exceptnearthe edgesof thegratingstructure.
In whatfollows, we will call thesecells explicitly “Finite Elementcells” in orderto stressthe fact that
they arenotidenticalwith thecrystalunit cells. In fact,every Finite Elementcell containsseveralhundred
atoms. The deformationinside eachof thesecellsis assumedo be uniform, andis representedby one
singlevalueof the straintensor

5.4 X-ray diffraction from strained crystals and from strained grat-
ings

In Section5.3 we have presentedh methodto solve numericallythe equationgor the grating strainfield
which resultfrom elasticity theory However, it is still not clear whetherthe descriptionprovided by
elasticity theory s valid in the caseof nanoscopicsemiconductoistructures. Therefore,a methodfor
independengxperimentalerificationof strainfield calculatedn thisway is required.
Preliminarystudiesxist thathave obsenedanon-uniformstrainrelaxationin GayIn; As/GaAs quan-
tum wires by photoluminescencéL) [TMY92] and,in a more spatiallyresohed way, by transmission
electronmicroscopy (TEM) [CRS94. The resultshave beencomparedwith FEM modelsof the strain
field for both PL on InAsP /InP quantumwires [NHW95] andelectronmicroscopicmethodsappliedto
GeSi/Si quantumdots[CAS94]. However, thesestudiescannotbe consideredisan experimentaproof of
the validity of continuumelasticitytheoryin nanostructuresPL, on the onehand,is anintegral method
which doesnot allow to probethe spatialvariationof straininsidethe structuresTEM, on the otherhand,
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CHAPTER 5: Theory of diffraction from (strained) gratings

doesprovide spatialresolution put only for asmallareaonthesamplesurfaceandneverin arepresentate,
statisticallysignificantway for the distortionin thewhole samplevolume.

Therefore,a morethoroughexperimentaltestof the applicability of elasticitytheoryto semiconductor
nanostructuress still due. X-ray diffractionis particularlywell suitedfor this scopefor two reasonsX-
rayspenetratanoredeeplyinto matterthanelectronsdo, andthe diffractedintensity beinggeneratedy
interferenceis sensitve simultaneouslyo the strainfield in thewholevolumeof thebody. We now derive
the basicformulaeneededo simulateX-ray diffraction patternsrom distortedstructures.This will later
allow to compareaxperimentalandcalculatedX-ray diffractionreciprocalspacemaps,andtherebyto test
thepredictionsof elasticitytheoryin a quantitatve way.

The diffraction of X-raysfrom a distortedcrystalcanbe calculatedn the framework of both the kine-
maticalandthe dynamicalscatteringtheory The exact, dynamicalapproactrelieson the Takagi-Taupin
equationgTak62 Tau64 Tak69. They provideasetof partialdifferentialequationgor thespatialvariation
of theamplitudesof theincidentanddiffractedbeamsinsidethe deformedcrystal. In orderto solve them
for complex samplegeometriesit is possibleto numericallyintegratethe equationsalongthe propagation
directionof thebeamsstartingfrom theentrancdace, asdemonstratebr instancean [Moc99].

For ourtype of samplesasimplerapproactbasedn kinematicaltheoryis sufficient. Shortly statedwe
calculatethe diffractedintensity by coherentsuperpositiorof the contributionsfrom the individual finite
elementsntroducedin Section5.3. The materialinside eachcell is consideredo be uniformly strained,
anddiffractsarounda shiftedBraggpeakwhosepositionis determinedy thelocal strain.

The approximationcontainedn a kinematicalapproachis justified becausehe typical thicknessof the
strainedayersonthesurfaceof ourgratingsampless of theorderof somel00nmonly. Multiple scattering
eventsaswell asextinction effectsinsidethis region canmostprobablybe neglected.The only correction
beyondpurekinematicaltheorythatwe will applyis to includethe effect of refraction,whichis important
especiallyin the caseof GID (seeSection2.3). The validity of this methodcanbe definitely established
only becomparingthe calculationswith experimentaldata(seePart ).

In orderto derive anexpressiorfor the kinematicalintensitysimilarly to (5.2) we considerthe suscepti-
bility x'(r") of adeformedcrystal. The electrondensityis assumedo follow the distortionof the crystal
lattice, sothat x'(r') = x'(r 4+ u(r)) = x(r). If the deformationfield is weakor variesslowly, more
preciselyif (Ou;/0z;)-u; ~ 0, wecanapproximater ~ r' —u(r’). By renaminghevariablegr’ — r)
we obtainfor the susceptibility

X/(r) _ X/(,r _ u(,,,)) _ th gih(r—u(r)) (5.45)
h

In writing (5.45)we madeuseof the Takagi approximation[Tak6d: The Fourier seriesfor the distorted
crystalis writtenwith thesameFouriercoeficientsyy, asin theundistortedcase.In fact,the x, correspond
to the Fouriertransformof oneunit cell of the crystallattice. Thus,the Takagiapproximatioris equivalent
to assumingthat the single unit cells are not significantly distorted,but only displaceden bloc. Any
non-uniformvariationof u(r) takesplaceon largerlengthscales. Therefore the relative strengthof the
Braggpeaksasdescribedy x;, remainsunchangedOnly their positionsin reciprocalspacewhich are
determinedy the exponentialtermin (5.45),areaffectedby the strainfield.*
To obtainthe kinematicalscatteringsignalwe needto calculate

S(Q)=/ X' () Qr) e @ dr = Y xn /e"'h'“(”) Q(r) e @~ @Br_ (5.46)
h
In analogyto (5.5) we canisolatethe signalin thevicinity of Braggpeakh by writing

Sh(@Q) = Xh/Q(r) g thu(r) o=iQ=h)r 3, (5.47)

4Acutally, the diffractedsignalfrom a distortedcrystalcanbe derived in moregeneralterms,without makinguseof the Takagi
approximationKuriyama[K ur67] founda formulation,basedn a quantumtheoryof X-ray diffraction, which needgo assumenly
thatthe electronwave functionsof neighbouringatomsin the distortedcrystaldo not overlap.
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5.4. X-ray diffraction from strained crystals and from strained gratings

Theimportantdifferencewith respecto (5.5)is thatwe now have to Fouriertransforma productof two
functions,the shapefunctionQ2(r) andthe characteristidunction of the strainfield

Un(r) = e thu(m), (5.48)

Two differentapproachesanbeemployedto performthis calculation.Thefirst oneis basenyetanother
applicationof the convolution theorem.It consistsin calculatingsS;, asconvolution of the single Fourier
transformgBG95, HPB98]:

Sh(Q) = Xh/QFT(q')UET(q —q')dq'. (5.49)

The evaluationof (5.49) canbe further simplified by makinguseof the lateralgrating periodicity which
causesheFT to benon-zeroonly atthe (Q., @, )-positionsof thegratingtruncationrods. In thisway, the
integralin (5.49)canbe corvertedinto a discretesum,which canmoreeasilybe calculatedbn a computer
Suchanapproachs corvenientwhenthestrainfield is consideredn termsof ananalyticalapproximation,
sothatUFT canbe calculatedexactly prior to evaluationof (5.49).

In our case,wherethe strainfield is available as numericaldatafrom the FEM simulation,it is more
desirableto usethe FEM datafor u(r) directly, without first having to numericallycalculatethe Fourier
transformof e~#%(*) | Thereforewe developedasecondalternatve methodfor thequantitatve evaluation
of formula(5.49). This approachaimsat usingthe sameformula (5.5) again,which is possibleonly if the
materialinside Q(r) hasa uniform crystallinelattice. Therefore the structureamplitudeof the gratingis
not calculatedn onesteparny more, but split into a sumof contributionsfrom the single Finite Element
cells, eachof which is uniformly strainedinternally. We define{,, (r) asthe shapefunction of the m-th
Finite Elementcell, having valuel only onthesmalldomainV;. Thetotal diffractedintensityresultsfrom
a superpositiorof theindividual elements’contributions

N N
SW@ = 3 SPQ = X [ Qulr) e @ry (5.50)
m=1 m=1 m

Inside eachfinite elementthe displacementarieslinearly with the distancefrom somereferenceoint
rg* (with components:g?):

) = wlr) = Gt oy =) 551

For thepracticalcalculationsyve definedthereferencepointry* asthemiddleof theupperhorizontaledge
in the caseof trapezoidalFinite Elementcells. For suchlocally uniform strainone canintroducea local
distortedreciprocal lattice [Tak69 HPB9g whosevectorsh' aregivenby

h' =h— Vi with Yn(r) = h-u(r), (5.52)

sothatif (5.50)we canreplaceh(r — u(r)) by h’'r — hu(r§*). With the definitionof a new reduced
scatteringvectorq’ = Q — h' = q — 6k’ thefinal formulafor the structureamplitudebecomes

N
Sn(@Q) = D xp QbT(g) e TS e thuld), (5.53)
m=1

wherewe splitted off a phasefactore='7s" from the shapefunction QFT to accountexplicitly for the
absolutepositionof elementm within the structure With (5.53)we have recovereda formulawhich, apart
from beinga sumof N terms,is very similar to (5.5). The main differenceis thatthe argumentof QFT
is now the distancebetweerthe scatteringvector@ andthe positionh’ of the Braggpeakof thedistorted
material.

Let usmentionthatour approacHeadingto (5.53)is basedon anideawhich we call the fixed-window-
approximation The externalshapeQ2™ is assumecot to be essentiallyaffectedby the deformationof
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h' n'
Q Q
Vh ?h
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Figure5.5: Contribution of onedistortedcell to the diffractedintensity(onetermin the sum(5.53)),demonstated
with the exampleof a symmetricakrapezoidalshapeand a pure rotation. Left: the undistortedcase Theelement
contributesaccoding to the Fourier transformof its shapefunctionQ¥ T (symbolizedy the cross),centeed around
the Bragg peakh of the bulk material. Center: the fixed-windav-approximation Theexternal shapeof the cell is
assumedo remainunchanged — it constitutesa “window” throughwhich oneviews the crystal lattice “behind” it.
Theefore, thecrossretainsthesameformin reciprocal spacebutis centeedaroundthe RLPh' of thedistorted(here:
rotated)material. Right: the completecase Theexternal shapeis subjectto the samedistortionasthe crystallattice.
Asaresult,thecrossis notonly displacedromh to h’, but alsorotatedin recipocal space

the materialinside, it is neithercompressedor expandedhor rotated.In otherwords,the shapefunction
constitutesanimmobile “window frame” throughwhich we obsene the changesn the crystallattice in-
side. This approachs valid aslong asthe extensionof eachdomainV/,,, is muchlargerthanthe absolute
displacementsu(r)|, sothatthe effectsat the edgesof Q(r) arecomparatiely insignificant. In cases
wherethis doesnt hold, Q(r) mustbereplacedn (5.46)by a distortedshapefunction)’ whichis defined
by Q'(r + u(r)) = Q(r). Thisis illustratedin Fig. 5.5.

A veryinterestingoropertyof (5.53)is thatit caneasilybegeneralizedo structuresonsistingof several
differentmaterialsjn contrasto (5.5)which wasnecessarilyimited to homogeneougratings.By writing
h'™ insteadof k', and accordinglyg™ = Q — h'™, to allow for different Bragg peak positionsof
the materialswithin the differentcells m, expression(5.53) canalsobe usedwithout any formal change
to obtainthe diffractedintensityfrom a strainedsuperlatticegrating[BLG0Q]. Theinterferenceof signals
originatingfrom thedifferentlayersin amultilayeredstructures automaticallyhandledcorrectlyby (5.53),
providedthelattice matchingconditionsat the interfaceswithin the structurehave beentakeninto account
correctlyin thepreceding-EM calculationof the strainfield.

To evaluateformula(5.53)quantitatiely we still needanexpressiorfor theBragg-pealshiftéh = h'—h
in (5.52)asafunctionof u(r), €;; (r) and/orw;; (r). From(5.20)and(5.21)we have du; /0x; = €;; +w;j,
sothat(5.51)in conjunctionwith (5.52)yields

6hi = — (Vipn); = —h; (i + wji) = (—€i5 + wig) by (5.54)

In thelaststepwe madeuseof theantisymmetryof therotationtensorw;;. In words,formula(5.54)states
thatthe shift of eachreciprocalattice point consistsof two contritutions:§h = §hst™ai" 4 §hrt, Thefirst
one,dueto straine;;, is oppositein sign (or simply reciprocal) to the effectsin real space.Compressions
of thecrystallatticeresultin elongation®of thereciprocallattice vectorsandvice versaandsimilarly for a
changein anglesdueto shearstrains. The secondcontribution, dueto rotationsw;;, is identicalin signto
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thereal-spaceotationof the crystallattice,andcanbewritten as

Wazh, — weyhy
(6h) =w x h = | wyh, —wy h, (5.55)
Wayhy —woahy

Qualitatively speakingthereciprocalatticeis fixedwith respecto thereal-spacerystallatticeandrotates
togethemith it.

For gratingstructureghe strainis mostcorvenientlyexpressedn the systemof referenceparallelto the
gratingwires,wherethe straintensorassumeshe simpleform

€zz 0 €z
€ij = 0 6(‘)‘ 0 . (556)

€2z 0 €
Theaccordingstrain-inducedhift in reciprocallattice vectorresultsto be

] €zcha + €cxh
SR = — efhy (5.57)
€zzhe +€:2h;

This relationis perfectly generaland valid for gratingswith ary azimuthalorientationof the wires on
the samplesurface,andfor ary crystallinestructureof the gratingmaterial. To give a specificexample,
let us considerthe (H K L)-reflectionof a cubic materialwith a bulk lattice constantag, sothath =
i—: (H, K, L) in thecrystallographiaeferencesystem.Furthermorelet the gratingwires be parallelto the
[110]-direction. In this case §h canbe expressedn termsof theintegersH, K andL via

' o 6w:c(}I_FKv)/\/i_}_euWL
Shstrain — _ 27 eﬂ (K _ H)/\/i (558)
o ewz(H+K)/\/§+EZZL

Thereexistsanalternatve wayto derivethechangen peakpositiondh. It is basedn(1.3)andcalculates
thechangen thethreereciprocabasisvectorssQ" by first finding the shiftedreal-spaceectorsa ™. This
methodappearso beslightly lesselegantbecausé¢hepracticalcalculationsnvolveddependmorestrongly
on the choiceof coordinatesystem. However, for the specialcaseof a [110]-orientedsurfacegrating of
cubicmaterialaformulasimilarto (5.58)wasfound [DBW98].

In the caseof puretriaxial compressiomr dilatation,in theabsencehearstrains equation(5.57)canbe
interpretedvery directly. In fact, (1+e,,) representshe relative dilatationalongthe z-direction,andthe
correspondinghangen @, is givenby theinversefactor:

Q=1

r = 1+eyp Qe ~ (1 —€12) Qq- (5.59)

This explainsexpression5.57),apartfrom thetermsin ¢,,. However, sucha simpleapproachcannotbe
usedin the generakasesincethe contributionsdueto shearstrainareoftenimportant,ashasbeenshavn
for certaincasesn arecentstudy[DBW98].

To summarizehis section,the diffractedintensityfrom a general non-uniformlystructureis described
guantitatvely by acombinationof equationg5.15),(5.53),(5.55)and(5.57). It is calculatedasa sumover
contribtutionsfrom locally uniformly strainedregions,which diffract aroundBragg peakpositionswhich
areshifteddueto theeffect of strainandrotationof thecrystallattice. Therefore their shapeunction QF T
takesasargumentthe distortedreducedscatteringvectorq’. For our practicalsimulations theseregions
areidenticalto the Finite Elementcells introducedin the previous section. For trapezoidalshapeof the
cells,ananalyticalexpressiorfor QF T hasalreadybeenderivedin Sections.1. Theformulaefor triangulag
rectangulaor parallelogranshaperesultfrom (5.15)asspecialcaseswith b = 0, p;/, = 0 andp; = p;..
With this repertoie of shapesalmostarbitrarily complicatedsamplestructurescan be constructedand
subsequentlgnalyzed.
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CHAPTER 5: Theory of diffraction from (strained) gratings

0,

v QZ

Figure5.6: Sletch of the different reflectionsthat will be usedin our strain investigationprocedue: symmetrical
reflections(for sampleswith a [001]-oriented surface theseare the reciprocal lattice points 00L), asymmetrical
reflectiondRLPsH K L), andtwo typesof in-planereflectionfRLPsH K 0). [BL99]

5.5 Conclusion—A generalprocedure for strain investigation

In thischapterwehavedevelopedhetheoryto calculatediffractionpatternsfromlaterally periodicsurface
nanostructues. Section5.1 introducedthe generl theoketical schemeand derivedthe expressionfor the
diffractedintensityfrom a strain-free homaeneousgrating. In Section5.4 we genealizedthe resultto
strainedgratings. Equation(5.53) constitutesa geneal recipefor simulatingdiffractedintensitieson the
basisof strain fieldscalculatedwith the methodgresentedn Sections5.2 and5.3. In this way onecan
predictthediffraction patternfor a givenBragg reflectionkh andgivensampleparametes.

It is nowtimeto reversethe directionof arguing Thequestionis: Which kinds of measuementanust
be donearound which crystallagraphic reflections,and subsequentlgompaed with the corresponding
calculations,in orderto obtainasreliableand completanformationaspossibleaboutthe strain fieldin a
realsample?

Theansweris essentiallydeterminedy thefactthethefunctionU,, in (5.47)containghe scalamproduct
of h andu(r). Thediffraction patternat reflectionh is thereforeinfluencedby the componenof the dis-
placemenfield u(r) parallelto the scatteringvectorQ, or equivalently by the spacing shearandrotation
of thoselattice planeswhich areperpendiculato Q.

In orderto measurgéhecompletestrainfield, onethereforehasto recordthediffractionpatternsof several
reflections.Threecategoriesof reflectionscanbedistinguishedseeFig. 5.6):

Symmetrical reflections: The diffraction patternaroundthesereflectionsis influencedby the grating
shapeandthevertical displacementomponents...

Asymmetrical reflections Their diffraction patternis influencedby the gratingshapeaswell asby both
theverticalandthelateralcomponenbf thedisplacemertield w (moreexactly, alinearcombination
of both).

Grazing incidencediffraction (reflectionswith L=0): In this casethe diffraction patternis exclusively
determinedy thegratingshapeandthelateral displacementomponent.,,.

Grazingincidencediffraction allows to limit the X-ray penetratiordepthby choosingvery small angles
of incidenceq; (seeSection2.3). In this way, onecanstudythe lateralstraincomponengsa function of
depthbelow the samplesurface[LBP99].

Anotheradvantageof GID in the context of straininvestigationsn surfacegratingsis thatit allows to
selectvely “switch on andoff” the strainsensitvity: Dueto thetranslationakymmetryof a gratingalong
thewire directione,,, the materialcanrelaxlaterally only alongthe directionof patterninge,.. Therefore,
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Figure5.7: Geometnof grazingincidencediffractionmeasuementdromgratings. Transvesal scansare exclusively
sensitiveto the grating shape wheeaslongitudinal scansshowan additional influenceof the grating-inducedstrain
relaxation.[BL99]

atreflectionswith h || e, the producth - u(r) in (5.48)is zeroand Uy, is identically equalto 1, sothat
expression(5.49)for the structureamplitudereducedo the onefor a non-strainedstructure,(5.5). Such
reflectionsh arethereforesensitve to thegratingshapeonly, andnotaffectedby thegrating-inducedtrain;
measurementis their vicinity will becalledGID in morpholaical mode[BL99].

For reflectionavhichareperpendiculato thegratingwires(h || e,), ontheotherhand thescalaproduct
h - u is differentfrom zero,andthe diffraction patternis additionallyinfluencedby strain. Measurements
aroundthesereflectionswill becalledGID in strain-sensitivanode

To give an example,let us assumeahe sampleis patternedalongthe crystallographid110]-direction,
i.e.thequantumwiresextendalong[110]. In thiscasethereciprocalatticepoint220is a“strain-sensitre”
one,while thereciprocallattice point 220 is a“morphological”one.

An alternatve terminologymakesuseof the notionstransvesal scansandlongitudinal scans In fact, at
the morphologicalGID reflections the seriesof intersectiorpointsof the GTRswith the Q,-@ .-planeis
alignedperpendicularto h, whereasat the strain-sensitie reflectionsthey areparallelto h (seeFig. 5.7).
Therefore,in orderto recordtheintensityvariationalonga line throughthe seriesof GTRs(atgiven().)
in a strain-insensitie mode,onehasto performatransvesal scan(AQ 1 h); the sametaskin a strain-
sensitve modecanbe completedoy alongitudinalscan(AQ || k).

With thesefactsin mind, we cannow presentour generalsystematicaprocedurefor investigationof
strainrelaxationin surfacegratings:

1. First,performgrazingincidencediffractionin morphologicaimodeto investigatehe gratingshape.

2. Then,measurésID-curvesin strain-sensitie modeto studythelateralstraincomponentn the sam-
ple, including its variationwith depth(measurabldoy tuning the penetratiordepthof the probing
X-ray via theangleof incidence).

3. Recordreciprocalspacemapsaroundsymmetricakreflectionsn orderto additionallyprobethever
tical straincomponent.

4. Studyone or more asymmetricakeflectionsto testthe combinedinfluenceof lateraland vertical
strain.

5. Simultaneouslythe geometricainformationobtainedin the previousstepscanbe usedto calculate
atheoreticabtrainfield, andtherefromto simulatea diffraction patternzsim.
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CHAPTER 5: Theory of diffraction from (strained) gratings

6. By comparingthe simulationwith the experimentaRSM andsuccessiely refining the geometrical
parametersynecanreacha maximumcorrespondenceetweerexperimentabndsimulateddata,as
determinedy thefamiliar residualerrorsum

€Xp _ gsim 2
x2=2(71" L ) (5.60)

- ag;

K3
andthusfind a bestapproximationto the actualstrainfield. For the experimentaluncertaintiess;
we usethesquargoot/I; " of themeasuredhtensity Themostefficientalgorithmsfor automatic
minimization of (5.60), suchas the Levenbeg-Marquardt-method require the derivative of 75™
with respectto the parameters.In our case,thesederiatives are not available analytically Our
guantitatve fits will thereforebe donewith simplerminimizationmethoddik e the simplex method
andPowell’'s methodPTV95].
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Chapter 6

Monitoring the strain evolution in the
fabrication processf gratings

Asmentionedn thelntroductionto this thesis the mostpopularmethodo producesurfacenanostructues
is to first grow a planar strained layer epitaxially on a substate, and thento structue it laterally via
etdhing. Thestrain statein theinitial planar layer is characterizedby tetragonal distortion of the layer
lattice which adaptsits lateral lattice parameterto the substate The vertical lattice parameterreacts
in the oppositesense;the exact amountof this reactiondependson the Poissonratio of the respective
material.

The etching of a grating into the strained layer thenincreaseshe freg non-constained surfaceand
therefore allowsthe material to partially relaxthetetragonalstrain by expandingor contractinglaterally.
For device applications,the gratings producedin this way are often overgrown by an embeddindayer
in order to protectthemfrom corrosion, oxidationand/or medanicaldamage. Sud an embeddindayer
modifiesthe strain statein the sample As a side effect this will influencethe device propertiesvia the
electonic bandstructure. We will seethat the burying hasa re-stmining influence: It partially reverses
thegrating-inducedstrain relaxation. Thedetailsof this effectare not obviousat first sight. It is therefore
necessaryo investigatexperimentallythe strain effectsof the burying growth step.

The aim of this Chapteris to describea systematicexperimentalstudy of the strain evolution in the
different technolagical stepsof the fabrication process. In particular, we will analyzethe effect of the
burying growth stepon the strain statein the grating with the help of X-ray diffraction and elasticity
theory

6.1 Intr oduction. The samples

We investigatethe strainevolution with the exampleof GayIn; _xAsyP1_, samplesThis materialsystem
playsanimportantrole in optoelectroniaevicesfor optical fiber communicatiofASD87, Gal91. Our
samplesvere producedby CNET FranceTélecom(Bagneux). They sene asan exampleto demonstrate
how X-ray methodscanbe successfullyusedto studythe effect of etchingandembeddingon the strain
statein a semiconductostructure.

Theseriesof threesamplesvasproducedasfollows: A strainedGaxIn; —As,P;_ layerwith anominal
thicknesf 200nmwasgrown ontoanInP substrateia metal- oganlcvapourphaseepltaxy(MOVPE) Its
compositionof z = 0.22,y = 0.44 leadsto anominallattice parametenf a'2¥e" = 5.861 A anda nomlnal
lattice mismatchof e,, ~ +1.2 - 103 with respecto the substratelattice parameter!™ = 5.869 A).
Thepositive signof ¢,,, indicateshatthelayeris undertensilestrain.

A gratingwasfabricatedn the layer by holographicexposureandsubsequenthemicaletching,with a
nominalgrating periodicity of D=227 nm and an approximatelytrapezoidalgrating profile. The grating
lineswereorientedalongthe [110]-direction. A secondgratingwasproducedsimilarly andsubsequently
overgrown with anembeddindnP layerwith anominalthicknessof 250nm. A third sample a“reference
sample”without ary strain,wasproducedby etchingthe sametype of gratinginto the surfaceof a pure
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CHAPTER 6: Monitoring the strain evolution in the fabrication process of gratings

INnP
INGaAsP INGaAsP
InP INP InP

Figure6.1: Sletch of the geometriesof the three samplesnvestigatedn this Chapter: a simple strain-freegrating
at the surfaceof an InP substate (left), a strained-layersurfacegrating (center),and a similar grating, additionally
buried underanInP layer (right).

InP substrateThe geometryof the whole seriesof sampleds shovn schematicallyin Fig. 6.1. Table6.1
shavs thevaluesof tetragonabndorthorhombicstrainwhich resultfrom thenominalsampleparameters.

0 ortho ortho
z Y a € €22 €zz €2z

0.78 044 | 5.8616 A || +1.235-10"3 | —1.296-103 || —2.04-10° | —6.37-10*

Table6.1: Valuesof strain in the samples2 and 3, as predictedfrom the nominalcompositionfor the two limiting
case®f completdattice matding (tetragonalstrain) andfull relaxation(orthorhombicstrain) (seeegs.(5.33)—(5.36)).
From eft to right: compositionf the layer material GaxIn: —AsyP1_y; lattice parameter;lattice mismaté with
InP substatee|; andresultingtetragonalvertical strain €2, ; lateral andvertical orthorhombicstrain €277, e97the.

Threediffractometersvereusedto analyzethesesamples:
¢ aPhilipsMRD diffractometefCu-K ,; emissioriine), for thesymmetricabiffractionmapgLBT97]

¢ theD23beamlineof LURE, Orsay[ELK92], in thetriple crystalmode with a Si-111double-crystal
monochromatqga Ge-111analyzercrystalandawavelengthof 1.54A, for theasymmetricadliffrac-
tion maps[BLG994

e the BW2 beamlineof HASYLAB, Hamhurg [DSSS9%, alsoin the triple crystal mode (Si-111
monochromatorand analyzer),and with a wavelengthof A =1.362A, for the grazingincidence
diffractionmeasuremen{sé.BP99.

To characterizé¢hethreesampledirstin view of thegratingshapeandthenin view of theirinternalstrain
field, we now applythe stratg)y exposedn Section5.5to eachof themin sequence.

6.2 Simplesurfacegrating: areferencecase

Sincethe first sampleconsistsof one materialonly, thereis no reasorfor ary strainor strainrelaxation
to appeatrin the volume of the material. The reciprocalspacestructureof this sampleshouldconsistof

a characteristicrosspattern,identically replicatedaroundeachreciprocallattice point, as discussedn

Chapter5. In particular the diffraction patternshouldbe perfectly symmetricalaroundthe reciprocal
lattice point, without ary shift of theintensityervelopeaway from the substrateeak.

6.2.1 Grazing incidencediffraction

Fig. 6.2 shaws a trans\ersalscanacrossthe 220-reflection, performedat ¢, = 0.032 A—!. The high
numberof lateralsatellitesgivesevidenceof aremarkablyperfectlateralperiodicity. The detailedform of
the scanis determineddy the gratingshape.In the presentontext the striking featureis thatthe intensity
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6.2. Simple surface grating: a reference case
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Figure 6.2: Grazingincidencediffraction from a Figure 6.3: Grazingincidencediffraction from a
simple InP-grating: transvesal @Q.-scan across simpleInP-grating: reciprocal spacemap of the
the 220-reflection. 220-reflection.

distribution is symmetricalwith respectto the CTR at ), = 0. However, this is true for the trans\ersal
scanfrom ary symmetricallyshapedyrating,evenin the presencef strain.

The complementaryongitudinal scanat the 220-reflection,on the otherhand,now is in principle sen-
sitive to an additionalstrain influence. Therefore,the fact that the reciprocalspacemap measuredat
the 220-reflection(Fig. 6.3) is also symmetricalaroundthe position of the crystal truncationrod at
Q. = 3.028 A1 is aclearindicationfor the absencef ary strainin the sample. Eventhoughin GID
geometryonly the upperhalf of the diffraction patterncanbe detectedwe obsere a seriesof thickness
fringeswhich arearrangedn branchedhatprogressiely shiftin ¢, from oneGTR to the next. Theincli-
nationof thesebranchess relatedto the sidevall slopesof the grating[BL99]. Thesecanbe determined
asp, =p = ‘;—”” = 0.82 £ 0.02, correspondingo a sidewall inclinationangleof (39 + 1)° .

. =

6.2.2 Coplanar diffraction

In the correspondingymmetricaldiffraction mapmeasuredroundthe 004 peak(Fig. 6.4), we now ob-
sene the full cross-pattern.The gratingtruncationrodsin this map arelessintensewith respectto the
backgroundThisis mainly dueto thefactthatthe mapwasmeasuredvith alaboratoryX-ray source.Fur-
thermore a stronganalyzerstreakis visible. Neverthelesst is possibleto recognizethatall four branches
of thecrosspatternarepresentandthattheir intensitiesareequilibrated.

We canthus concludethat no evidenceof eitherlateralor vertical strainor strainrelaxationis present
in this sample.The diffraction patternsareexclusively determinecdy the gratingshape.The geometrical
parametersvhich canbe obtainedby a quantitatve evaluationof the experimentaldataaregivenin Table
6.2.

Dsg t b g Y4l Dr
2371 nm | 70+£2mnm | 67+1nm| 551 nm| 0.83+0.02 | 0.83 £0.02

Table6.2: Geometricalparametes of the simpleInP grating, as obtainedfromthe evaluationof the GID- and 004-
data. Dsc is thelateral grating period, ¢ thegrating depth,b thegrating top width, g the groove width, andp; andp,
are theleft andright grating sidewall slopes.

In summarytheinvestigatiorof this samplecanbeconsideredsatestcasefor our experimentamethod.
The study hasshown the influenceof a one-dimensionalateral patterningonto the diffraction pattern.
We could isolate the influenceof the grating shape,separatelyfrom ary straininhomogeneities.The
diffraction patternsat differentcrystallographiaeflectionswerehighly similar to eachother, andallowed
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Figure6.4: Experimentalleft) andfitted (right) symmetricatliffractionfroma simpleInP-grating: reciprocal space
map of the 004-reflection. The sampleshowsno evidenceof strain relaxation,sincethe upperand lower as well as
theleft and right brand of the crosspattern (indicatedby bladk lines) aroundthe InP-004 Bragg peakare perfectly
symmetrical Thestrongline which crosseghe experimentaimage fromthe upperleft to thelower right corneris the
analyzerstreak.[SL97]

to characterize¢he gratingshapen auniqueway. If on othersamplesve now obsere relevantdifferences
betweencomplementaryeflectionswe will be ableto identify themasdueto the additionalinfluenceof
strainrelaxation.

6.3 Growth of a strained layer. Grating-induced strain relaxation

Thestrained-layegratingcannow beinvestigatedy the sameprocedure:

6.3.1 Grazing incidencediffraction

Fig. 6.5 shawvs experimentalcansmeasuredn grazingincidencediffractionfrom the secondsample the
strainedayergrating. Thelowestcurve (a) is atrans\ersalscanat the220-reflectionfor anincidenceangle
of a; = 0.21°. Sincethisangleis below thecritical angleof bulk InP (a. = 0.26° atA = 1.362 ,&), it leads
to a penetratiordepthof 4-5 nm (seethe discussiorin Section2.3,in particulareq.(2.39)). Thecurveis
symmetricalaroundthe positionof the crystaltruncationrod, asexpectedfor asymmetricalgratingshape.
This changesvhenthe sampleis turnedby 90° aroundits surfacenormalin orderto recorda longitudinal
scanatthe220-reflectior{curves(b)-(d)in Fig. 6.5). Now the maximumof theintensityervelopeis clearly
shiftedaway from the positionof the reciprocallattice point towardsthe right handside, asindicatedby
the arrowvs in Fig. 6.5. This shift is a first indication for strain relaxationin the sample,sincefrom a
crystallographigoint of view the two reflectionsare equivalent,andthe preliminaryinvestigationof the
simplegratingshovedthat the gratingshapenfluencesboth reflectionsin the sameway. A hypothetical
surfacemiscutcanalsoberuledout asareasorfor thisasymmetry:t might modify theratiosof absolute
intensitiesbetweenboth reflections,but it could not give rise to an asymmetryin just onetype of scan.
Moreover, themiscutcanbefound from the 004-mapgseeFig. 6.4 aswell asFigs. 6.6 and6.8 below) to
bevery small (belov 0.05° ). Therefore theasymmetryin thelongitudinalscanscanonly bedueto a net
strainrelaxationin the surfacegrating.

In curve (b) (measuredvith anincidenceangleof a; = 0.1° , which correspond$o a penetratiordepth
of 2-3nm)theshiftamountto AQ/|Q| = 1.1-10~2 towardslarger|Q| (smallerlatticeparameters)yhich
meanghattheinitial tensilestrain(latticemismatch)n thelayerof 1.2- 102 is almostcompletelyrelaxed
atthegratingtop.

The shift varieswith the penetratiordepth: In curve (c) (measuredt «; = 0.2°) it is lesspronounced,
andcurve (d) (a; = 0.4°) is alreadyalmostsymmetrical.Herethe penetratiordepthis aslarge assome
100 nm. Thereforethe X-rays averageover the contributionsfrom the gratingandfrom large partsof the
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Figure6.5: GID from a strainedlayer surfacegrating. Onetransvesal (lowestcurve (a)) and three longitudinal
(uppercurves(b)-(d)) GID-scansfor differenta;. Thetransvesal scanis symmetricaroundthe substate reciprocal
lattice point, sinceit is insensitiveto strain. Thelongitudinal scansshowa clear shift of the maximumof the intensity
envelopeawayfromthe substate RLP Thisshift deceaseswith increasinga;, i.e. with increasingpenetation depth:
Thestrain relaxationis strongestin the top layer of the grating, and deceasesas one approadesthe interfacewith
thesubstate [LBP99|
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Figure6.6: Coplanardiffractionfroma strained-layersurfacegrating. Left: 004-mapyight: 224-map[SL97]

planarlayerbelov. Sincethe strainrelaxationis importantonly nearthe gratingtop andthe planarlayer
remainsalmostfully strainedthe curve atsuchhigh «; shovs no strongshift towardslarger|Q)|.

We have thusseenthat GID allowsto investigatehe lateralstrainrelaxationin a grating.By performing
Q,-scansfor variousanglesof incidenceone candeterminethe meanrelaxationat differentpenetration
depths,andtherebymeasurehe variationof the strainfield asa function of the depthbelow the sample
surface.

6.3.2 Coplanar diffraction

In the 004-reciprocabpacemapsof the samesample(left imagein Fig. 6.6), we obsene two mainpeaks,
thesubstrateeakat QI"F = 4.282 A-1 andthelayerpeakaboveit. Thesubstrateeakis notsurrounded
by lateralsatellites. The reasonis that the substratamaterialis laterally unstructuredsincethe gratingis
etchedonly into the strainedayeranddoesnotreachthe substrate.

Thelayerpeakontheotherhand,is indeedsurroundedby gratingtruncationrods. However, theintensity
patterndoesnot exhibit the crosspatternthatwasto be expectedfrom the trapezoidalgratingshape.The
arrangementf visible satellitescanbe interpretedasthe lower branchof a crosspatterncenteredat the
layer peak; the upperbranchef the crossare considerablywealened. This is an indicationfor non-
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CHAPTER 6: Monitoring the strain evolution in the fabrication process of gratings

homa@eneoustrainrelaxationin thegrating:If asimplehomogeneousetstrainrelaxationoccurredn the
grating,the crosspatternwould be shiftedin reciprocalspace put its generalform would not be affected,
ascanbeseerfrom eq. (5.4). By inversionof theargumentthedisappearancef theupperhalfis therefore
aclearsignof anon-uniformvariationof the lattice parametemsidethe grating.

Thecorrespondin@24-mapontheright sideof Fig. 6.6is lesswell resohed,dueto thelesssophisticated
triple-crystalarrangementisedin the measuremeniOn the otherhand,the muchhigherflux of X-raysat
the synchrotronsourceallowed to recorda larger numberof gratingtruncationrods. Our picture shavs
GTRsupto thefourth orderon eachside.

Apart from this, the asymmetricamap exhibits the samegeneralcharacteristicasbefore: no (or only
very weak)lateralsatellitesaroundthe substrateeak,andstrongetateralsatellitesaroundthe layerpeak.
The satellite patternshowns a strongasymmetrynot only betweenthe upperand lower branch,but also
betweertheleft andright handside. Thelower right branchis muchstrongerithanthe otherthree.ln other
wordsthereis a slight shift of the intensity ervelopefrom the layer peakto the right, towardslarger |Q|,
onceagainindicatinga partialrelaxationof the tensilelateralstrainin thegratingregion.

6.4 Overgrowth of an embeddinglayer. Counteraction on strain

In the caseof the third sample,the buried grating, the main openquestionsto be investigatedare the
following:

e Quality controlof theembeddingyrowth step:ls the gratingcompletelyburied?ls the surfaceof the
caplayerperfectlyplanar?

¢ Influenceof theembeddingyrowth steponthestrainstate:ls therea counteractiorof theembedding
layeronthestrainrelaxationin thegratingregion?

To answelthesequestionsye startonceagainby grazingincidencediffraction.

6.4.1 Grazing incidencediffraction

Fig. 6.7 shawvs two trans\ersal(lower curves)andtwo longitudinal (uppercurves)@ ,-scangor different
anglexf incidence Thefirstrelevantdifferencewith respecto theprevioussamplds thatin thetrans\ersal
scanswe obsere only one main peak,but no lateral satellites. This is dueto the fact that the structure
factorcontrast(xf — x!) betweerthe layer materialandthe embeddingnP is very low at the 220-type
of reflections.Thereforethe X-raysin this diffractiongeometry'see” ahomogeneousrystal,andarenot
sensitie to theinnercompositionamodulationof the sample Also, the220-reflectionis insensitie to the
strainmodulation.For thesetwo reasonsthe diffraction patternis laterally completelyunstructured.

Althoughthe X-rays cannotdetectthe lateralmorphologicalpatterningin the buried gratingregion they
would still be sensitve to the structurefactordifferencebetweernthe sampleandthe air aboveit. If there
were a remainingperiodic modulationof the surfacemorphology we would be ableto detectit via the
appearancef gratingtruncationrods. They might generallybe weak,but their relative intensityshouldbe
stronglyenhancedor very smallanglesof incidencedueto thedecreasingenetratiordepth. Thefactthat
eventhecurvefor a; = 0.15° (penetratiordepth: 3-4 nm) shows no gratingrodsthusindicatesthatthe
samplesurfaceis perfectlyflat. The overgrowth processhasterminatedvith a completelyplanarsurface.

Thelongitudinalscangcurves(c) and(d) in Fig. 6.7), on the otherhand,do show lateralsatellites. A
remainingcompositionalariationat the samplesurfacecannotbe the reasonsinceit hasbeenexcluded
by the findingsin the trans\ersalscans. As all other experimentalconditionsremainedthe same,the
appearancef satellitescanonly beexplainedthroughtheadditionalstrainsensitvity of the220-reflection.
TheX-raysin thisscatteringgeometry‘'see”alaterallyperiodicmodulationof thestrainfield, moreexactly
of its lateralcomponent,.

Only onepair of satellitescanbe obsened,andno higherorderGTRsarevisible. This canbe explained
by thefactthatthe strainfield varieslessabruptlythandoesthe morphologywhich gave riseto the GTRs
of the non-turied sample. The continuity conditionsfor the displacemenfield acrossthe interfacesdo
only allow a smooth,continuousvariationof the strain. The lateralmodulationis nearlysinusoidal.In a
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Figure 6.7: Grazing incidencediffraction from a buried grating. Transvesal scansat the 220-reflection(lower
curves: (a) and (b)), and longitudinal scansat the 220-eflection(uppercurves: (c) and (d)), eat for two different
anglesof incidence [LBP99]
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Figure6.8: Coplanardiffractionfroma buried grating (sampleAT6). Left: 004-mapyight: 224-map[SL97]

first-orderapproximation(valid for smallabsolutedisplacementau, which is certainlyapplicablefor the
weakly strainedmaterialin our samples}his thenexplainsthatonly thefirst orderGTRshave measurable
intensity

6.4.2 Coplanar diffraction

The coplanarreciprocalspacemapsfrom the buried sample(004- and 224-mapin Fig. 6.8) alsoshav
relevant differenceswith respectto the non-turied case: The upperhalf of the satellite patternaround
the layer peakreappearsThis is anindicationfor a re-strainingeffect of the embeddingnaterialon the
gratingregion. Sincethetwo materialsarein contactnot only atthe substrate-gratingnterface but alsoat
theinterfacebetweengratingandembeddindayer (at the gratingtop aswell asat the gratingsidewalls),
the gratingregion cannotrelaxasfreely asit could before. Thereforethe strainfield in the gratingis less
non-uniform,andwe obsenre a lessnoticeabledeviation from ideal crosspatternin reciprocalspace.

Furthermorethe GTRsnow have measurabléntensityalsoat the ) ,-heightof the substratgeak. This
reflectsthe factthat the substratematerialis now laterally structuredaswell. It fills the “valleys” of the
gratingandformswhatcouldbecalledanegativegrating, which givesriseto satellitesaroundthe substrate
peak.

Neverthelesspnecannotsaythattherearetwo distinctcrosspatternsaroundthe layerandthe substrate
peak.Thelattice parametersf thetwo materialsaresosimilar andtheir 004-peakso closeto oneanother
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CHAPTER 6: Monitoring the strain evolution in the fabrication process of gratings

thattheir respectie diffraction patternsinterfere,causingonesinglecross-like patternto appeayrwhichis
centeredn the middle betweerthe two main peaks.

Anotherdifferencewith respecto Fig. 6.6 is thatthereis muchlessdiffusescatteringaroundthe lay-
er peak. In the caseof the non-kuried samplethe diffuse intensity was presumablycausecby random
strainfluctuationsin the grating,which arenow partially dampedoy theinfluenceof the embeddindayer.
A slightly more speculatie interpretationis that a randomvariation of the gratingmorpholayy (surface
roughnessalsocontributedto the diffusescatteringandthatthis roughnessvassmoothenedby the bury-
ing growth step.

The 224-map(right part of Fig. 6.8) reflectsthe sameoverall changesn the strain state. GTRs are
as clearly visible aroundthe substratepeakas aroundthe layer peak. The left-right-asymmetryof the
intensity ervelopearoundthe layer peakis lesspronouncedhanin the caseof the non-turied grating,
which indicatesonceagaina wealer net strainrelaxation. However, the reversalof the relaxationis not
complete:The satelliteon theright of the layer peakis still slightly strongerthanthe oneontheleft. This
intensityshift towardslarger|Q| givesevidenceof a smallremainingrelaxationof thetensilestrainin the
grating. The contractionof the layer gratinghasto be compensatedly a correspondingxpansionof the
materialin the “negative” gratingin orderto presere the overall periodicity. This is indeedthe case,as
canbe seenfrom the factthatthereis a strongergroup of satelliteson the left side of the substratgpeak
thanontheright.

6.5 Calculation of strain fields and reciprocal spacemaps

In orderto interpretandmodeltheseexperimentakesultswe calculatetheoreticallythe strainfieldsin both
samplesThecalculationis basedntheprinciplespresentedn Chapter5. Inputdatacombinethegeomet-
rical parametergliven asnominalvaluesby the crystalgrower and thoseextractedfrom the preliminary
GID investigation. With the help of the strainfields calculatedin this way, we thensimulatereciprocal
spacemaps.Theaim s to reproducehe experimentaimapsof Figs. 6.6 and6.8 andtherebyto verify the
calculatedstrainfieldsnot only in view of their main qualitative featuresbut alsomorequantitatvely. The
simulationis basedon the semi-kinematicalpproactpresentedn section5.4. Fig. 6.9 shows theresults
for the004-map(left) andthe224-map(right) of the surfacegrating(above)andtheburiedgrating(below).

Let us briefly discussthe imagesin Fig. 6.9 and comparethemwith their experimentalcounterparts.
All four mapsshowv two main peaksalongthe crystaltruncationrod, oneat the InP-004 reciprocallattice
point, and one at the layer materials 004-peak(above). In the symmetricaldiffraction map of the non-
buried structure(upperleft image),the substratgeakis laterally unstructuredwhile the layer peakabove
it is surroundedy thefour branche®of a cross-patternThetwo lower branchesreconsiderablystronger
thantheupperonesjustlike in the experimentaimap. Theasymmetricamap (upperright) of this sample
alsoshows no lateralsatellitesat the substratgpeak. The crosspatternwith all four branchesaroundthe
layerpeakis easierto recognizethanin the experimentaimap— in fact, two branchesverehiddenin the
backgroundf Fig. 6.6. The striking featureis thatthe simulationreproducegjuite well the shift of the
intensityervelopeto theright, andthe generaintensityratiosbetweerthe satellites.

For the buried gratingthe symmetricalmap (lower left image)shows a crosspatternwhoseupperand
lower partsareof similarintensity It is centerecata pointin the middle betweersubstrateindlayerpeak
- justlike in the experimentalmap (seeleft imagein Fig. 6.8). In the correspondingasymmetricamap
(lowerrightin Fig. 6.9)acrosscenteredhtthe sameplaceappearsagain,but now with first ordersatellites
thatarestrongerin the lower left andupperright brancheghanin the othertwo brancheslt wasexactly
this aspectin the experimentalmap (right imagein Fig. 6.8) which we could interpretasa remaining
relaxationin the gratingandasa relatedexpansionof theembeddindayer.

In summarythe simulatedcoplanardiffraction mapsagreewell with the findingsin the experimentally
measurednaps.No attempthasbeenmadehereto fit the samplegeometrier the materialparameters,
sincethe aim wasnot to obtaina perfectagreementbut only to establishthe validity of our methodical
approachNeverthelessall essentiafeaturesof the experimentaimapsareperfectlyreproduced.

The sameapproachcanalso be usedto simulatethe grazingincidencediffraction measurements. In
this case,the effects of reflectionfrom and transmissiorthroughthe samplesurfaceand the refraction
correctionplay amoreimportantrole thanin high-anglecoplanardiffraction. Sinceour simulationmethod
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Figure 6.9: Bestfit for the 004- (left) and 224- (right) mapsof the strained-layersurfacegrating (above) and the
buried grating (below). Althoughthefit is not perfect,the essentiafeatuesdiscussedn the previoussectionsare all
reproduced.
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Figure6.10: Fit of GID scansfor thestrainedlay-
er grating (sampleAT5): one transvesal (curve
(a)) and three longitudinal (curves(b)-(d)) GID-
scansfor different o;. Dotted curve: measue-
ments; full line: calculation basedon the strain
fieldsgivenin section6.5. Thestrain relaxationis
strongestin the top layer of the grating, and de-
creasesas one appiadesthe interface with the
substate [LBP99]

Figure 6.11: Grazing incidencediffraction from
a buried grating: transvesal (curves(a)-(b)) and
longitudinal(curves(c)-(d)) Q-scansgead for two
differentanglesof incidence [LBP99]
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Figure6.12: Final resultfor the strain fieldsof the gratings: lateral (left) andvertical (right) strain componenbf the
strained-layersurfacegrating (above) andthe buried grating (below).

is basedon a DWBA, theseinfluencesare correctlytakeninto accountin the calculation. The resultsin

Figs.6.10and6.11demonstratéhatavery satisactoryagreementanbeachievedin this caseaswell. The
cunvesfor thenon-turiedsample(Fig. 6.10)reproducehe shift of theintensityenvelopeto therightin the
longitudinalscansat smalla; (curves(b) and(c)). The symmetryis correctlyrestoredor the longitudinal
scanat highera; (curve (d)). In Fig. 6.11,the trans\ersalscangcurves(a) and (b)) of the buried sample
shav no lateral satellites,and they do reappeatin the longitudinal scans(curves (c) and (d)), just like

in the experiment. The fact that the first order grating truncationrods have non-zerointensity even for

a; = 0.07° provesthattheremainingperiodicalstrainmodulationatthe surfaceof theembeddindayeris

indeedsufiicientto give riseto suchlateralsatellites.

Theresultingstrainfieldsonwhichthesecalculationsarebasedarerepresenteth Fig. 6.12. It shavsthe
lateral(left) andvertical(right) componentge,, ande,,) of thestrainfield in the surfacegrating(above),
andin theburiedgrating(below).

We seefrom Fig. 6.12thattheplanarlayeris underrelatively homogeneoutensilestrain(positive values
closeto the lattice mismatch.e,, ~ +1.2 - 10~?). The gratingitself canrelax laterally. The relaxation
increasesvith distancefrom the planarlayer, upto almostcompleterelaxation(e,, ~ 5 = —2-10-%,
seeTable6.1) nearthe gratingtop. The relaxation(contraction)in the gratinginducesan oppositestrain
(expansion)n theplanarlayer, whichis mainly localizednearthe cornersof thegrating. Thisis necessary
to preseretheoverall periodicity of the structurealongthelateraldirection(absolutedisplacement,, = 0
attheboundariex = 0 andxz = Dgg).

The vertical straincomponenteactsto the changedn the lateralone. In the planarlayer the material
is compresseth z-direction(tensilestraine,, < 0). In thegratingthis strainis increasinglyrelaxedand
approacheshe fully relaxed state(e"th® = —6.3 - 10—, seeTable6.1) at the top of the grating. Once

again,thestrongeseffectsarelocalizednearthe cornersof thegrating.
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6.6. Conclusion

In the buried samplethe absolutevariationof lateralstrainis lessstrong. Even nearthe gratingtop the
valueof ¢, remaingpositive. Theembeddingnaterialdirectly aboveis slightly compressethegativee, ;)
asareactionto theremainingcontractionof the gratingmaterial.In the gratingvalleys, on the otherhand,
it hasto expandslightly (positive e,,,) tofill the“gap” openedby the contractionof thegrating.

The displacemenhasto be continuous(condition of pseudomorphigrowth) acrossall the interfaces
betweenthe two materials(the grating top andvalley bottomaswell asthe gratingsidewalls). This is
indeedthe case,as canbe concludedfrom the continuity of the contourlinesin the plot. The absolute
valueof lateralstrain,on the otherhand,jumpsat the interface,but this is merelydueto the factthatthe
strainsarecalculatedwith respecto two differentsystemsf referencenamelythe bulk lattice of the two
respectre materials.

From bothimagesof the buried gratingwe seethatthe strainfield is not confinedto the gratingregion,
but extendsfar into both the planarGa,In; _xAs,P;_, layer andthe embeddingnP layer In the left
imageof Fig. 6.12we canalsoobsenethata periodiclateralstrainmodulationreacheshe samplesurface
— thisagreesrery well with our experimentalfindingsin thelastsection.

Due to the agreemenbetweenthe measuredliffraction patternsand the calculatedreciprocalspace
mapsthesestrainfields canbe consideredo be experimentallyverified,andour methodto calculatethem
promisedo beavalid one.

6.6 Conclusion

In summary we have presentedan experimentalmethodto investigatestrain in lateral surface nano-
structuresdemonstrateavith the exampleof weakly strainedsurfaceand buried gratings. The method
is basedon a combinationof differentX-ray diffractiongeometriesGrazingincidencediffractionin two
differentmeasuringnodesds usedto initially determinghegratingshapeijndependentlf ary straincon-
siderationandthento probethe lateralstraincomponentn a depth-resoledway. Symmetricatoplanar
diffractionis sensitve to the complementaryertical straincomponentwhile asymmetricaliffractionis
employed to investigateboth componentsimultaneously The dataevaluationrelies on the calculation
of the distortionfield in the structuresbasedon elasticity theory andon a subsequensimulationof the
diffractioncurvesandmaps.

Theresultsobtainedin this Chaptershow thatthe strainfieldsin the gratingsare stronglynon-uniform.
Therelaxationincreasegrom the substrate-layeinterfaceto the top of the grating. This is the caseeven
for aninitial latticemismatchaslow as1.2 - 10~3. Theburiedgratingwasfoundto have completelyplanar
surface. The growth of an embeddingayer partially reversesthe strainrelaxationin the grating, but a
periodically modulatedstrainfield remainsin the gratingregion and extendsinto the planarpart of the
embeddindayerupto the samplesurface.

The good agreemenachiezed betweenexperimentaland simulatedmapscan be consideredas a first
proof that elasticitytheory— which is a priori a macroscopicheory— is indeedan appropriatetool to
calculatethelattice distortionin semiconductostructuresvenof nanoscopiaimensions.
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Chapter 7

Strained layer gratings with variable
shape

In Chapter6 we havestudiedthe effectsof strain relaxationin surfacegratingsusingthe exampleof two
sampleswith weaktensilestrain. ThepresentChaptercontinueghis investigatiorwith anothersetof two
sampleswhich differ from the previousonesin two respects:Thestrain in the layer is now compessive
ratherthantensile andthe absolutevalueof the lattice mismatt betweerayer and substate materialis
far higherthanbefore. Theeffectsof strain relaxationare therefore more drastic.

Wewill seehowthe methodof dataevaluationvia simulationof reciprocal spacemapsbasedon calcula-
tionsofthestrain field canbeturnedinto anevenmore quantitativemethodbyincludinga fitting procedue
thatautomaticallyperformsloopsover the differentparametes. Wth the help of this optimizedprocedue
we will studyto what extentour methodis sensitiveto parametes suct as the material compositionand
the detailsof thegrating geometry

7.1 Intr oduction. The samples.

We studythe effectsof variationsin the gratinggeometrywith the exampleof two sampleggrown at the
Ecole PolytedniqueFéderale de Lausanng EPFL). A planarlayer of GayIn; xAs wasdepositedbn an
InP substratédy chemicalbeamepitaxy Theintendedcompositionof z = 0.40 correspondso a lattice
parameteof ¢’ = 5.896 A andthusalateralstrainof e,, = —4.67-10~3 in thepseudomorphicallgrown
planarlayer (with a negative valueindicatingcompeessivestrainin the layer). Two surfacegratingswere
producedby holographicexposureand subsequenthemical etchingwith a solutionof H3PO4-H2O5-
H»O. Thedirectionof patterningwasalongthe crystallographid110]-directionin one case,and along
the[110]-directionin the othercase.The etchingmechanismis known to be sensitve to suchdifferences
in orientation, in thatit leadsto differently shapedyratings.In the presentase onetrapezoidabndone
rectangulagratingwere obtained. Furthermorethe etchingsolutionis very material-selectie, anddoes

Ga,In, As Ga,In, ,As

1T

Figure7.1: Geometryof the samplestrapezoidagrating (left) and nearly rectangulargrating (right).

InP
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7.2. Trapezoidal grating
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Table 7.1: Valuesof strain in the gratings, as predictedfrom the nominalcompositiorfor the two limiting casesof
completdattice matding (tetragonal strain) and full relaxation(orthorhombicstrain) (seeegs. (5.33)-(5.36)).From
left to right: composition®f the layer material GaxIn;_xAs; lattice parameter;lattice mismatt with InP substate
€| andresultingtetragonalvertical strain €2,; lateral andvertical orthorhombicstrain €252, 95tho,

1622

almostnotattacktheInP substrateThereforethe etchingprocesstopsat theinterfacewith thesubstrate,
andthe bottom of the gratingvalleys is nearlyflat. A sketchof the samplegeometrieds presentedn
Fig. 7.1. SEMimagesof both samplesareshownn in Fig. 7.2. The valuesof tetragonakndorthorhombic
strainresultingfrom the nominalparameterarecalculatedn Table7.1.
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Figure7.2: Scanningelection microscopy(SEM)imagesof the samplego be discussedn this Chapter Left: trape-
zoidalgrating, right: (nearly)rectangulargrating. [Gai98]

7.2 Trapezoidal grating

7.2.1 Shapeinvestigation

The microscopicimagein Fig. 7.2 shows thatthe gratingshapes an approximatelysymmetricaltrapeze
— at leastat the specialspoton the samplesurfacewherethe imagewas recorded. In orderto obtain
morerepresentatieinformationon the gratingshapeandits variationoverthewhole surfaceof the sample
we performedan initial study of this sampleby grazing incidencediffraction at the BW2 beamlineof

HASYLAB, Hamhurg. The methodwasidenticalto the oneusedin Chapter6, andincluded@, scansn

a morpholgical modeandin alongitudinal mode aswell as(@ .-scansto determinethe intensity profile

alongthe gratingtruncationrods. Detailedresultsof this investigation,concerningthe grating shapeas
well asthe depthprofile of lateralstrainrelaxation,canbe foundin a recentarticle ((BLG99b], seealso
[BL99]). Theimportantpointin our presentcontect are the meangeometricalparametersvhich could

be extractedfrom the mentionedstudy andon which our further investigationwill be based. They are
summarizedn Table7.2.

7.2.2 Coplanar diffraction: influence of strain

In orderto obtaindetailedinformationalsoaboutthe vertical straincomponentndits spatialdistribution
we mappedthe whole two-dimensionaldiffraction patternin symmetricaland asymmetricakcoplanard-
iffractiongeometry The experimentsaroundthe 004-andthe 224-reciprocalattice point wereperformed
atthe D23 beamlineof the synchrotrorat LURE, Orsay with a Si-111monochromatoanda Ge-111an-
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CHAPTER 7: Strained layer gratings with variable shape

tlay Dsg tsa b g Pr/Dl
994+ 1nm | 390 £ 2nm | 99+ Inm | 65+ 3nm | 120+ 3nm. | ~ 1

Table 7.2: Geometricalparametes of the trapezoidalgrating sample extractedfrom the preliminary grazingin-
cidencediffraction analysis. From left to right: layer thickness Jateral grating periodicity, grating height (etching
depth),grating top width, groove width and grating sidewvall slopes.[BLG99b,BL99]

alyzer Narrow slits wereemployedto limit the extensionof the monochromatostreakandthe analyzer
streakin the diffractionpattern.A wavelengthof A = 1.54 A wasused.

The experimentalreciprocalspacemap recordedaroundthe reciprocallattice point 004 (top row of
Fig. 7.4, on page75) shavs two main peaksthe substratepeakat Q. = 4.282 A-1, andthelayerpeak
which now lies belaw, sincethe layermaterialhasa larger bulk lattice parametethanthe substrate Both
aresurroundedy aseriesf lateralsatellites For thelayerpeakthiswasto beexpectedsincethesequence
of gratingtruncationrodsis thereciprocalspaceequialentof the lateralgratingperiodicityin realspace.
For the substratgpeak,on the otherhand, the presencef lateral satellitesis more surprising. The SEM
imagesaswell asthe GID investigatiorhave shavn thatthe gratingheightis equalto the layerthickness,
i.e.theetchingprocessasstoppecdat thelayersubstraténterfaceandhasnot affectedthe substrateSince
a lateral modulationof the morphologycanruled out, theseside peaksindicate a periodic modulation
of vertical strain in the substratewhich is inducedby the strain relaxationin the grating and hasthe
samelateralperiodicity. We thusfind onceagaina pure“strain grating”, justlike in the buried sampleof
Chapter, but now inducedin the planarsubstratébelowthe etchedstructure.Fromtheintensityandthe
verticalwidths of the gratingrodswe concludethatthe measurableertical extensionof the lateralstrain
modulationin the substrates of the samemagnitudeasthe surfacegratingheightabove it.

The diffraction patternaroundthe layer peakalso shows interestingeffects: The crosspatternwhich
wasto be expectedtheoreticallyis not complete;rather the two lower brancheshave almostcompletely
disappeared.n this respect.the picture showns the sametendeng as obsered in the previous Chapter
already However, the deformationis even more pronouncechere: For the peakswithin the two upper
branchesfurtherdeviationsfrom theidealcrosscanbenoticed. Themainmaximaof thegratingtruncation
rodsdonotlie ontwo straightlinesthatgo throughthelayerRLP, but theinnerthreegratingordermaxima
remainon the same() . -height. Only from aboutthe fourth orderonwardsthey startto bendupwards.The
overallform is somavhatreminiscenf a saucer Sinceboththe SEM imagesandthe GID investigation
gave evidencefor a relatively perfecttrapezoidalshape,this deformationcannotbe dueto the grating
shape. In fact, the obsened deformationof the diffraction patternis a proof of a strongly non-uniform
strainrelaxationin this grating.

The 224-mapin the top row of Fig. 7.5, thoughlesswell resohed alongthe @ ,-directiondueto the
instrumentalresolutionfunction, shaws the sameoverall effects. The substratepeakis surroundedoy
a large cloud of lateral satellites,giving evidencefor a laterally periodiclateral and vertical strainfield
inducedin the substrateThe GTR maximaaroundthe layer peak,on the otherhand,arenow arrangecn
astraightline, which maybeinterpretedasthe upperleft andlower right branche®f a crosspattern.Once
again,this disappearancef singlebranchesnustbe dueto a non-homogeneouglaxationin the grating.
The samequalitative effectsarefoundin both the symmetricalandthe asymmetricatoplanareciprocal
spacemaps.

7.2.3 Numerical simulation and fit

In orderto interpretthesefindings, we apply a simulationproceduresimilar to the one presentedn the
previousChapter Apart from reproducinghe experimentallyobsenedeffectsin the correspondingalcu-
lateddiffractionmaps,it is desirableo geta moreintuitive “feeling” for themechanisnof distortionof the
diffractionpattern,andto seehow it graduallyariseswith increasingmismatchbetweerthetwo materials.
In otherwords, our aim is now to determinethe actuallattice deformationin our sampleby comparing
measurementsndcalculatediffractionmapsasa function of theactualgratingset-up.
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7.2. Trapezoidal grating

To this end, we incorporatean additionalfeatureinto our simulationprocedure:an automaticfit loop
over parametersuchasthe layer materialcompositionz, or over geometricaparametersik e the grating
height. This projectdemandsadditionalprogrammingeffort. In orderto calculatea seriesof reciprocal
spacemapsfor instancefor differentsamplecompositions:, thefollowing tasksmustbe automatized:

1. The lattice parameter@ndthe cubic elasticconstanta’y,, C12 and C44 mustbe interpolatedvia
Vegardslaw, andthe“engineeringversion”of theelasticconstantgalculatedor the [110]-frameof
referencegseeAppendixA).

2. The Finite Elementprogrammust be launched,instructedto createthe grating geometryand to
attributetherespectre materialpropertiego the substrateindthe gratinglayer.

3. Thesolutionmustbe calculatedandtheresultsin termsof displacemenandstrainmustbe sazedto
files.

4. Then,thesimulationprogramfor thedifferentreciprocalspacanapsmustbe startedandneedgo be
providedwith thefilenamescontainingthe lateststrainresults.

5. Finally, in orderto visualizethe resultssystematicallythe simulatedreciprocalspacemapsaswell
asthe calculatedstrainfields mustbe automaticallyplottedandthe plots savedto files.

We realizedthe differentstepsof this procedureby a combinationof the C++ programminglanguage,
the ANSYS Finite Elementprogramandthe IDL visualizationpackagethe contactbetweerthe different
ingredientsbeing establishedy a script written in the PERL programminglanguage. The calculations
wereperformedonthe UNIX workstationsatthe ESRFE

It mustbe stressecherethatthe proceduredescribedabove is not a fitting procedue in the strict sense
of the term, like for examplethe methodsfor non-linearleastsquareditting describedn [PTV95. No
mechanisnis includedwhich, aftercompletingthe simulationfor onesetof parametergjecidesautomati-
cally which parameteto vary next, andin which direction. Dueto the large numberof freeparameterand
the compleity of theirinfluenceon the diffraction pattern,suchanapproachseemedoundto fail, either
simply by beingfartooslon or by gettingblockedin local minimain parametespacqdPTV95|.

It is more promisingto vary different parametersystematicallyto understandheir influenceon the
diffractionpattern,andthento achieve a“bestfit” by hand.This approactdoesnotguarante¢hatthefinal
resultis the bestof all possibleresults,but undercertainconditionsit canleadto a very goodagreement
betweermeasuredndcalculatednaps.Therefore we adoptedhe strategy to have the programcalculate
systematicallya seriesof reciprocalspacemapswith a constanstepwidth of oneparameter

Fig. 7.3shavs theresultsfor a seriesof materialcompositiongGa,In; . As, with 2 rangingfrom 32 %
(toprow, strongcompressiestrainin thegrating)to 52 % (bottomrow, moderatdensilestrain). Theimage
in thefifth row (z = 48 %) is very closeto theideal cross-shapegatternof a strain-freehomoepitaxial
grating: In fact,its compositionis nearthe lattice-matchedaseof z ~ 47 %.

In this seriesof 004-mapstwo generaleffects canbe obsened. First, the layer peak movesfurther
andfurther away from the substratgpeakasthe lattice mismatchbetweerthe two materialsincreasesin
the symmetricalmaps(left column), this happensalong a vertical line, while in the asymmetricamaps
(centralcolumn),the samemovementtakesplacein boththeverticalandthe lateraldirection. Secondthe
diffraction patternsurroundingthe layer becomeghe morethe further the two lattice parametersleviate
from one another When studyingthe mapsfrom the fourth row up to the first row of Fig. 7.3 (in the
directionof increasingcompressiestrainin thelayer)we obsenethefollowing: In thefourthrow, thecross
patternis still well obsenable,while in thethird row the lower branchesarealreadystronglysuppressed.
In thesecondow, theremainingupperbranchesrevery noticeablydeformed andin theimagein thefirst
row, they reacha perfectlyhorizontalslope.

Thecorrespondingnapsfor tensilestrainin thegrating(z > 0.47) shav the sameeffectsin the opposite
direction: In fact, thesemapsare nearly mirror imagesof the onescalculatedfor compressie strain.
Therefore they arenot showvn systematicallyin Fig. 7.3; only the onefor z = 0.52 is reproducedn the
bottomrow to indicatethegenerakendengy.

A remarkof more generalnatureis due here: The horizontalslopeof the branchesn the first row of
Fig. 7.3 shows thedangerthatlies in immediate hon-quantitatie interpretation®f suchreciprocalspace
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Figure7.3: Numericalfit of the 004-and 224-recipiocal spacemapsfroma trapezoidalgrating: calculatedmapfor
variousmaterialcompositionsa.Ini_.As, with z rangingfrom32 % (top) to 52 % (bottom)in stepsof Az = 4 %.
Thevertical componenbf the respectivestrain fieldsis also shownin theright column. A completdattice matding
with theInP substate would bereadedfor z ~ 47% (closeto thefifth rowin our figure). Notethat the gray scales
for thestrainimagesare optimizedor eact caseindividually, andare notcompaable betweerdifferentimages. Thus,
an appaently similar form of the contourlinesin two imagesdoesnot indicatethat the absolutevaluesof strain are
compaable In thisfigure, thefocusis onthe generl evolution of the diffraction patterns;detailslike axislabelsare
to benglected.

maps.If asimilarmapwasmeasure@xperimentally onemight betemptedto misinterpretit asa “typical
diffraction patternof a rectangulargrating” — aninterpretationwhich would represennot only a small
guantitatve error, but areal qualitativemistake. We concludethatit is indispensabl¢o performextensie
simulationsbeforedrawing quantitatve or evenqualitative conclusiongrom the experimentafindings.

Thefinal resultof our evaluationproceduréds showvn in Fig. 7.4 for thesymmetricaimap,andin Fig. 7.5
for the asymmetricaimap. For direct comparisonthe top row shaws the experimentalmaps,while the
middle row shaws the simulatedones. In the third row the vertical (left) and lateral (right) components
of the bestfit for the strainfield areshavn. The bestagreementvas obtainedfor a compositionof z =
0.395 £ 0.005, whichis very closeto the nominalvalueof z = 0.40.

The vertical strainin the layer hasits positive maximumnearthe grating substratenterface;this cor
responddo the maximumnegative (compressie) lateralstrainin the sameregion. Both componentare
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7.2. Trapezoidal grating
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Figure7.4: Symmetricatiiffractionfromstrained- Figure 7.5: Asymmetrical diffraction from a
layersurfacegrating: Experimentamap(top), best strained-layersurfacegrating: Experimentaimap
numericalfit (center),andthe correspondingverti- (top), best numericalfit (center), and the corre-
cal component . of the strain field on which the spondinglateral component,,, of the strain field
calculationis based(bottom). onwhich thecalculationis based(bottom).

increasinglyrelaxed towardsthe gratingtop andsidewvalls, andreachtheir valuesexpectedfor the caseof
completeorthorhombicrelaxation(i.e. a vertical misfit of 6.65 - 10~2 anda lateralmisfit of 4.46 - 10—3)
closeto the grating surface. Due to the non-uniformstrain relaxationin the substratea strainfield of
similar amplitudeandverticalextensionis inducedin the substrate.

The comparisorof the reciprocalspacemapscalculatedfrom thesestrainfields with the experimental
resultsshaws that the strainrelaxationcanindeedaccountfor the experimentallyobsened distortion of
the diffraction pattern. The agreemenbf both mapsis very satishctory sinceall essentiafeaturesof the
experimentaimapswerereproducedn the simulation.A sequencef lateralsatellitesis generatedround
the substrategpeak,both in the symmetricalandin the asymmetricakimulatedmap, andthe ideal layer
cross-patteris stronglydeformedwith only the uppertwo branchegFig. 7.4) or theupperleft andlower
right branch(Fig. 7.5) remaining. Not only maximaaroundthe layer and substrategpeakcoincidewith
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CHAPTER 7: Strained layer gratings with variable shape

themeasurementut alsothe seriesof intermediatehicknesdringesshov remarkablesimilarity with the
experimentadata.

7.3 Rectangulargrating

7.3.1 Experimental results

The experimentalreciprocalspacemapsof the secondsample the gratingwith nearlyrectangulashape,
areshawn in thetop row of Figs.7.7and7.8 (on page78). As in Fig. 7.4,bothmapsshov onceagaintwo
maingroupsof peaks,onearoundthe InP-004 Braggpeakat ), = 4.282 A-1, andonearoundthelayer
peakbelow it.

The substrateBraggpeakis onceagainsurroundecy a seriesof equidistaniateralsatellites.We con-
cludethat, just like in the caseof the trapezoidalsample,a laterally periodic“strain grating” is induced
in the substratealsofor the rectangulamgrating. On the otherhand,the group of lateral gratingmaxima
at the heightof the layer peakdoeslessobviously deviate from the ideal pattern. For a rectangulagrat-
ing shapethe upperandlower brancheof the crosscoincide,anda purely horizontaldiffraction pattern
is to be expected. In the experimentalmap of the symmetricalreflection,both the main maximaon the
gratingtruncationrods andthe thicknessfringes above and belon themdo follow this horizontalslope.
In the asymmetricakeciprocalspacemap, however, a distortion canbe obsened. Although the single
gratingtruncationrodsare not well separatediueto the differentinstrumentaresolutionfunction at this
reflection,it is obviousthatthe ernvelopeof theintensitydistribution aroundboth peaksfollows aninclined
direction,from the upperleft to the lower right. This inclinationis anindicationfor a non-homogeneous
strainrelaxationalsoin therectangulagrating.

7.3.2 Numerical simulation and fit

In orderto gain a deeperunderstandingf the detailsof the strainfield in the samplewe appliedour
systematicsimulationprocedurebasedon the principlespresentedn Section7.2. Onceagain,aloop over
the material compositionwas performed. The detailsare not shavn here, sincethe resultsare similar
to thoseobtainedfor the trapezoidalgrating, in termsof overall shift of the layer peakwith respectto
the substratgpeak. However, the deformationeffectis lessdrastic,andthe patternaroundthe layer peak
remainsessentiallyhorizontalfor alargerangeof compositions.

Anotherkind of parametetoop is moreinterestingin the presentontext: Fig. 7.6 showvs the resultsof
a systematiovariationof the gratingshapemorespecificallyof the width of the lower partof the grating.
Fromtop to bottomin Fig. 7.6, the slopeof the gratingsidevall with its kink in the middle changegrom
concaeto corvex. Theeffectonthereciprocalspacanapsis shavn in theleft columnsof thesamefigure.
While the appearancef the patternaroundthe substratepeakis relatively constantthe patternaround
the layer peakchanges.Thereis one strongbranchof peaksalonga nearly horizontalline. This group
of maximaobviously stemsfrom the uppertwo thirds of the grating, whosesidewvall slopechangedess
drasticallythanthe onein the lower third. Thelower part,in turn, givesriseto a wealer secondoranchin
thediffractionpattern whoseinclinationchange$rom upwards(top row) to dowvnwards(bottomrow) and
therebyreproduceshe correspondinghangeof inclination of the gratingsidewalls.

Thefinal resultsof thefitting procedureareshawn in Fig. 7.7 for the 004-map,andin Fig. 7.8 for the
224-map. We seethat the strainfield inducedin the substratecanindeedaccountfor the generationof
lateralsatellitesaroundthe substratepeakin boththe symmetricalandthe asymmetricateciprocalspace
map. In the asymmetriccase the inclination of the group of maximaaroundthe layer peakis very well
reproduced.This provesthatour descriptionof the strainfield alsoin the gratingregion is quantitatiely
correct.

Remainingdifferencesare partly dueto the instrumentakesolutionfunction, which hasbeentakenin-
to accountonly very approximatelyfor the calculation(seein particularthe analyzerstreakaroundthe
substratgeakin the experimentaimaps). Furthermoreno attempthasbeenmadeto includethe diffuse
scatteringvhichis visible in the experimentalmapsinto the calculation.lt maybedueto roughnessf the
gratingsurfaceandsidewalls, to non-homogeneitiesf the grating shapeover the samplesurface,andto
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Figure7.6: Numericalfit of the 004-andthe 224-reciprocal spacemapfroma strainedgrating: calculatedmapfor
variousshapeof the grating. Thewidth in the middleof the grating variesfrom 40 nm (top row) to 120 nm (bottom
row) in stepsof 20 nm. Thevertical componenbf therespectivestrain fieldsis also shownon theright. Onceagain,
thefocuslies onthegenerl evolutionof thediffractionpattern.

resultingstrainfluctuations Neverthelessthe overallagreemenis very satishctory In bothmapsnotonly
the diffraction patternsaroundthe substrateand layer peaks,but alsothe intermediatethicknessfringes
resemblecloselythe experimentaldata.
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Figure 7.7: Symmetricaldiffraction from a rect- Figure 7.8: Asymmetricatiffraction froma rect-
angular strained-layergrating: Experimentaimap angularstrained-layersurfacegrating: Experimen-
(top), best numerical fit (center), and the corre- tal map (top), bestnumericalfit (center),and the
spondingvertical component, . of the strain field correspondingateral component,, of the strain
onwhich thecalculationis based(bottom). field on which the calculationis basedbottom).

7.4 Conclusion

This Chapterhasdemonstratedur methodfor grating strain investigationon two more strongly now
compressiely strainedgratings. As beforewe were able to analyzethe grating shapeand the lateral
strainrelaxation(independentlypy GID measurementsandto additionally enlightenthe vertical strain
componentwia coplanarXRD. Dueto the strongedattice distortions the changen thediffractionpattern
wasevenmoredrastic.

For thetrapezoidabratingwe founda stronglynon-uniformstrainfield in the gratingregion. A laterally
periodicstrainfield of similar strengthand extensionwasinducedin the substratéoelow the grating. For
the rectangulaigratingwe could similarly obsene deviationsfrom the diffraction patternto be expected
for non-strainedsamplesgventhoughthey werenot ascharacteristi@sfor the trapezoidagrating. Nev-
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7.4. Conclusion

erthelessthe dataevaluationallows to draw similar conclusionsasfor thetrapezoidasample:Thegrating
is non-uniformlydistorted ,andthe substrates affectedin the oppositesense.

The procedurefor simulationof reciprocalspacemapswasturnedinto a real quantitatve one by addi-
tionally introducinga simulationloop over materialcompositionaswell asoverthesamplegeometry The
calculatedstrainfield canaccountfor the effectsobsenedin the experimentaldiffraction patterns.Very
goodagreemenis achieed. We obsenedthatthediffractionpatternsarehighly sensitve to changesn the
materialcompositionsdueto the resultingchangesn lattice mismatchbetweernthe differentlayersand
therelatedchangesn strainfields. The sensitvity to detailsof the gratingshapewasfoundto be slightly
lesspronounced.
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Chapter 8

Superlattice gratings

In Chapters6 and 7 we havestudiedthe effectsof strain relaxationin two differentexamplesof gratings
etchedinto a singlestrainedlayer. ThepresentChapterextendsour methodof strain investigatiorto amore
complicatedsampletype: a superlatticei.e. a samplewhosevertical compositionaketupis characterized
by a periodically alternating sequencef two or more different materials. Thelateral structuee is of the
samekind asbefore.

Superlatticesare particularly interestingfor technological purposesmainly for two reasonsFir st, they
can be usedas high-eficiencyreflectingstructures (so-calleddistributed Bragg reflectors or DBR) in
a vertically emitting semiconductotaser [Cor98]. They replacethe traditional mirrors and selectively
reflectonly thosewavelengthsvhich are compatiblewith the superlatticeperiod. Secondthey shownew
“physics”, i.e. new effectsin the electionic bandstructue (mini-bands)which malkesthemattractivefor
deviceapplications[Kel95].

A superlatticeis also an especiallyinterestingobjectin the context of strain investigations.Asin the
caseof a simplegrating, theplanar strainedlayers are tetragonallydistortedduring thegrowthphaseand
becomepartially freeto relax after the etching. But unlike befolg, there is not only one singleinterface
betweerthe two materials,but a whole seriesof interfaceswith the correspondingooundaryconditions.
Eadh individual layer is thus constrmined not only from below but — to a certain extent— from both
sides.

8.1 Intr oduction. The sample

We studythe strainrelaxationin superlatticegSLs) with the exampleof a Ga,In; _,As/InP multilayer
grown onanInP (001)substratdy chemicalbbeamepitaxy Thenominalcompositiorof theternarylayers
wasz = 0.44, which leadsto a lattice parametenf a = 5.880 A andthusatetragonaktrainin the planar
Ga,In;_,As layersof €,, = —1.93 - 10~ (wherethe negative sign onceagainindicatescompessive
strainin thelayer). The superlatticeconsistf four anda half periods,i.e. ninelayers,startingandending
with Ga,In; As. Thenominalthicknesse®f the single Ga,In; ,As andInP layersin the SL period
were30 nm and50 nm, respectiely. This leadsto a netmisfit of the averagedmultilayerwith respecto

thesubstratef ¢, = —0.72- 1073,

0 ortho ortho
x a € €22 € €2z

0.44 || 5.8802 A || —1.931-1073 [ +1.914- 1072 || +2.70-107° | +9.44-10~*

Table8.1: Valuesof strain in the gratings, as predictedfrom the nominal compositionfor the two limiting casesof
completdattice matding (tetragonalstrain) andfull relaxation(orthorhombicstrain). Fromleftto right: compositions
of thelayer material Ga,In; . As; lattice parameter;lattice mismatt with InP substatee); andresultingtetragonal
vertical strain €2, ; lateral andvertical orthorhombicstrain €20, €95the (seeegs.(5.33)- (5.35)).
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8.1. Introduction. The sample

The compositionalprofile of the planarstructurewas verified experimentallyby double-crystalX-ray
diffraction with a corventionalsealedtube. The rocking curves could be fitted with a model basedon
thicknessef 27.5 nm for the Ga,In; As layer and a total superlatticeperiod of Dg;, = 76.2 nm
[BLGOQ], slightly lessthantheintendedvalueof 80 nm.

A laterally periodicpatternwasproducedon the samplesurfaceby holographidithographyandsubse-
guentetchingwith a solutionof Bry in CH3OH. Justlike in the caseof simple gratings(seeChapter7),
differentgratingshapes<anbe obtainedfor differentcrystallographimrientationsof the etchingmask.In
thepresenChaptera samplepatternedalongthe[110]-directionwith aresultingtrapezoidabgratingshape
shallbestudied.

In Fig. 8.1we shav two microscopidmagesof the sample recordedat differentpositionson the sample
surface. On top of the gratingstructurepartsof the photo-resisusedfor the lithographyprocessare still
visible. Apart from this, a relatively perfecttrapezoidalgrating shapecan be recognized.However, the
shapevariesslightly betweenthe two images: the grating top width, for instance,is largerin the right
picture. It mustbe left to the X-ray characterizatiorio determinerepresentative statisticallyaveraged
valuesfor the geometricaparameters.

Fig. 8.2 shavs schematicallythe geometryof the sample.The correspondingeciprocalspacestructure
is visible in Fig. 8.3. It shavs a 004-mapsimulatedfor the hypotheticalcaseof a superlatticegrating
without ary strain. “Without strain” meansthat animaginary infinitely thin vacuumlayeris insertedat
eachinterfaceto preventthe contactbetweenthe two adjacentmaterials. No adaptatiorof laterallattice
parameter®ccurs,and eachindividual layer canrelax completely With this model calculationwe can
isolatetheinfluenceof the puregratingshapeon the diffractionpattern.

In the imagewe seea seriesof vertical satellitesalongthe gratingtruncationrod, which is dueto the
compositionalperiodicity of the superlattice. Their spacingin reciprocalspaceis relatedvia 27/ Dgy, to
the superlatticgperiod. Eachsuperlatticesatelliteis surroundedy a crosspatternwhich is characteristic
for the trapezoidalratingshape.This is completelyanalogougo the caseof the simplegratingsstudied
before,exceptthatthe crossoccursnot only once,but is now replicatedaroundeachof the superlattice
satellites. This imagerepresentshe ideal diffraction patternof a non-distortedsample.Deviationsof the
experimentaldatafrom this ideal patternwill represengvidenceof strainrelaxationin therealsample.

X-ray diffractionexperimentson this samplewereperformedat two facilities:

¢ theundulatorbeamlineBW2 atHASYLAB, Hamhurg, with aSi-111doublecrystalmonochromator
selectinga wavelengthof A=1.181A, a Si-111 analyzercrystal to obtain high resolutionin the
Q:Q,-plane,andnarraw slits to achieve amoderateesolutionalsoalong@, (AQ, ~ 0.005 A~1);

¢ thebeamlineD23 of LURE, Orsay with a Si-111 doublecrystalmonochromatoselectinga wave-
lengthof A=1.54A, a Ge-111 channel-cutinalyzerandnarrav detectorslits to limit the extension
of theanalyzerstreakin thecoplanareciprocalspacemaps.

Thewavelengths:hosenNerel.181,& for grazingincidencediffractionatBW2, and1.54A for coplanar
diffractionat D23.

Figure8.1: SEMimagesofthesamplestudiedin this Chapter,recodedat two differentspotson the samplesurface
[BLGOO]

81



CHAPTER 8: Superlattice gratings

4.32F B
Z L
D ﬁb bD T 4.30F iy
SL U
D,/ —\ .  m— ) — T Y = 4. B3 = 2
=T /—\ — . | A— < s 3 | 3 84 Y
[ W\ A— N4~28f 023 SLee
_Y’ < oo @ ? !2 : : KK J
o ®@® ®e e
InP-substrate 426 d
InP m GalnAs ~0.004 —-0.002 0.000 0.002 0.004
Q. (A7)
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Figure8.2: Geometryof a superlatticegrating pace: Simulationof a diffractionmapfor the hypothet-
in real space D is the lateral (grating) peri- ical casewithoutstrain. Theimage showsthe pure in-
od, Dsr, thevertical (superlattice)period,b the fluenceof the grating shapeon the diffraction pattern:
grating top width and p; /. the sidewall slopes. Theperiodicallayer setupin real spacdeadsto a series
[BLGOOQ] of satellitesalongthe vertical directionin reciprocal s-

pace

8.2 Symmetrical and asymmetrical diffraction

In order to investigateexperimentallythe grating shapeof our sample,independentlyfrom ary strain
considerationwe performedan initial study by grazingincidencediffraction. Detailedresultscan be
foundin [BLGOQ]; the valuesof the geometricaparametersieducedrom this studyare summarizedn
Table8.2.

tinp tGalnAs D tsa b g 2 Dr
4724+51285+2 (| 1380+5|70+1 [485+15|5+101(6.3+03|63+0.3

Table8.2: Geometricalparametes of the superlatticegrating, as obtainedfromthe evaluationof grazingincidence
diffraction. tinp andtca,1n,_,As are thelayerthicknessesp is thelateral grating period, tsa the etching depth,b

the grating top width, g the groove width, andp; andp, sidewall slopes(asbefor). All lengthsare givenin units of

nm.

To detecttheadditionalinfluenceof lateralstrainin the gratingwe recordeccoplanardiffractionmapsat
the 002-andthe 224-reflection.The 002-peakwaspreferrecto the stronger004-peakalthoughthe latter
hasahigherstrain-sensitiity. ThereasorwereresolutionconsiderationsSincethegratinghasarelatively
largereal-space@eriod,thegratingtruncationrodsarevery closeto eachotherin reciprocalspaceIn order
to resohe themwith agivenangularesolutionandangularstepwidth of theinstrumentjt is advantageous
to chooseareciprocallattice pointwith shortlength|h|.

In the experimentalmap (Fig. 8.6) we obsene the substrate002-peakat @, = 2.141 A~1, andalarge
numberof strongsuperlatticesatellitesequidistantlydistributedalongthe verticaldirection. The substrate
peakdoesnot coincidewith thezero-ordesuperlatticesatellite but lies betweerthe 0" andthe+15¢ order
peak. Thisis dueto thefactthatthe averagelattice parametenf the superlattices largerthanthe one of
InP.

Theverticalsatellitesappeamot only onthe CTR, but similarly on eachof thelateralgratingtruncation
rods. Their position shifts upwards,towardshigher(@ ., for increasinggratingrod order: The satellites
form bentbranches. For someof thesebranchegespeciallythe zeroth-orderone, belown the substrate
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8.3. Theoretical calculation and fit of the results

peak)one canobsene a far wealer, but still noticeable*mirror” branchwhich is bentin the opposite
direction. In otherwords,we find a featurewhich is very similar to the obsenationsmadein the previous
Chapters:a crosspatternwith a pronouncedasymmetrybetweenthe upperandthe lower branch. The
relevant differenceto the caseof simple gratingsis that the crosspatternis now replicatedaroundeach
of the vertical superlatticesatellites,andeachcrossis deformedindividually. For highervertical satellite
ordersthedeformationis enhancedandthelower branchdisappearsompletely

In orderto investigatealsothe lateralcomponenof the strainfield we measuredhe diffraction pattern
aroundthe 224 Braggpeak,in the geometryof large incidentanglesandlow exit angles(upperimagein
Fig.8.7). Dueto thedifferentresolutionfunctionatthisreflection thesinglegratingtruncationrodsarenot
well separatedh the experimentalmap; only the intensity ervelopecould be measured.The ervelopeis
sufficient, however, to recognizewo importantthings: Thereis onceagaina seriesof vertical superlattice
satellites,and the crosspatternaroundeachof themis strongly deformed. The combinedinfluenceof
verticalandlateralstrainontheasymmetricatliffractionpatternresultsin diagonalinesof strongintensity
aroundeachsuperlatticesatellite. Thesdinescanbeinterpretedastheremainingupperleft andlower right
brancheof the theoreticalcrosspattern. Upon closerexamination,onecanalsonoticethatthe centerof
massof the vertical satellitesis shiftedto theleft with respecto the substratgeak.

8.3 Theoretical calculation and fit of the results

In orderto analyzethe experimentafindingswe applyour evaluationprocedurébasecbn X-ray diffraction
theory and elasticity theory An elasticdescriptionof the strainfield in a superlatticegratingrelies on
the samebasicequationsasfor simple gratings,but hasto take into accountadditionalconstraints.The
one-to-onecorrelationbetweenatomsin adjacentlayers (condition of pseudomorphigrowth) mustbe
preseredacrosseachof the interfacesin the superlatticejn the sameway asacrosshe grating-substrate
interface. Moreover, the stresse$iave to be continuousacrossall interfaces.This leadsto a whole series
of additionalboundaryconditionsfor the elastic calculation. To solve the completeset of differential
equationsandaccompagiing boundaryconditions,we useonceagaina numericalsolution by the Finite
ElementMethod. Apart from the additionalinterfaceconditions the principle is unalteredwith respecto
Chapter7, but thetaskbecomesnoredemandingrom a computationapoint of view.

The resultingstrain and displacementfields are thenfed into our simulationprogramto calculatethe
correspondingeciprocalspacemaps. No explicit adaptationof the programto the new sampletype is
required:In our semi-kinematicalormalismthesinglecellsof thestructurecontributeindependentlyo the
total diffractedsignal,sothatfor thecalculationalgorithmit makesno differencewhetherthelayersconsist
of a homogeneoumaterial,asin the previous Chapterspr whetherthey are compositionallymodulated
alongtheverticaldirection.

To obtainthe bestagreemenbetweenexperimentaland simulateddatawe usethe fitting possibility
introducedin Chapter?7. The resultsfor a fit loop over the Ga-contentz in the GayIn;_xAs layer are
shawvn in Fig. 8.4. From top to bottom, z assumeghe values0.40, 0.44,0.47,0.50 and 0.54, so that
the strainin the ternarylayersvariesfrom compressie (¢, = —4.7 - 107%) to tensile(e;, = 4.9 - 1072).
Themiddlerow is closeto thelattice-matchedase Indeed,t shavs arelatively perfectsymmetricakross
patternaroundeachsuperlatticesatellite.For increasingcompressiestrain(decreasing;) thelowerbranch
of eachsinglecrossbecomesvealer (imagein the secondow) andis finally completelysuppresse(first
row). For highermismatchthe upperbranchof the crossis alsoaffected: It doesnot remainstraight,but
becomesleformedn away thatremindsof the sauceilik e shapeobsenedin Chapter7. For tensilestrain
in thelayers(z > 0.47, fourth andfifth row in Fig. 8.4), very similar effectscanbe obsered. The only
differences thatit is now the upperbranchof the crosswhich disappears.

The vertical componenbf the strainfields on which the calculationsare basedare shavn in the right
columnof Fig. 8.4. Whencomparinghesimulatednapsandthecorrespondingtrainfields, it is interesting
to obsene a correlationbetweentwo kinds of bending.In thefirstimage,wherethe brancheof the cross
patternarebentupwards,the interfacesvisible in the strainimageare curved downwards. In fact, all the
diffractinglattice planesin the structureareconcaely bentin a similarway. In thelastimagerow, onthe
otherhand,for which the crosspatternis stronglydistorteddowvnwards,the diffracting lattice planesare
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Figure8.4: Fitting procedue: simulated004-mapsfor various material compositionge of the GaxIni_,As layer

Fromtopto bottom:x = 0.40, z = 0.44, x = 0.47, x = 0.50 andx = 0.54. Thediffractionpatternat this reflection
is influencedby the vertical strain componenbnly, which is shownfor comparisonin theright column. Thestrain in

theternarylayersvariesfromcompessiveo tensile Themiddlerow correspondsppoximatelyto thelattice-matted
case:thestrain field shownon theright hasmud lower absolutevaluesthanin all othercases.

corvexly bent. In this way the deformationof the planesof atomsin the crystalcanyield anillustrative
explanationfor the obserneddeformationof the diffractionpattern.

In the correspondingseriesof simulated224-mapgqFig. 8.5) we obsene similar effectsasin the sym-
metrical case: a seriesof vertical satellites. The patternsurroundingthemis reducedto a simple cross
shapéor thelattice-matchedase(middle row), but becomestronglydeformedfor bothcompressie and
tensilestrainin the grating (secondandfourth row). For evenstrongerabsolutevaluesof strainonly one
diagonalline of satellitemaximaremains,which representshe upperleft andlower right branchof the
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—-500 [o] 500
x (nm)

Figure 8.5: Fitting procedue: simulated224-mapfor the sameseriesof material compositionssin Fig. 8.4. The
lateral strain componentto which this reflectionis additionally sensitiveis givenin theright column.

formercrosspattern.Notethatthisis similar for bothcompressie strain(first row) andtensilestrain(fifth
row). Thereis a difference however, betweenthe two cases:In theimagein the first row, the intensity
ervelopeexhibits a netshift towardssmaller@, , whereasn thefifth imageit is shiftedtowardslarger@ ..
This shift is anindicationfor a netrelaxationof lateralstrainin the whole grating,aswe hadconcluded
alreadywheninterpretingthe experimentaldata.

The bestfits of the coplanarreciprocalspacemapsare shavn in Fig. 8.6 (for the 002-reflection)and
Fig. 8.7 (for the 224-reflection). In both casesvery good agreements achieved. The relative intensity
of mostof the superlatticepeaksis reproducedasis the deformationof the crosspatterns.Let us stress
the fact that the sameset of parameterand the samestrainfields allow to fit both experimentalmaps
simultaneously Remainingdifferenceanay be dueto variationsin the gratingshapeandresultingstrain
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Figure 8.6: Symmetricaldiffraction Figure 8.7: Asymmetricaldiffraction
froma superlatticegrating. Experimen- froma superlatticegrating. Experimen-
tal (above)andfitted (below)reciprocal tal (above)andfitted (below)reciprocal
spacemapof the 002-reflection. spacemapof the 224-reflection.

fluctuationsalongthe samplesurface,and/orto roughnes®f the gratingsidewvalls inducedby the etching
process.

Thestrainfield onwhichthecalculationof thebest-fitmapsis baseds shavn in Fig. 8.8. Oppositestrain
behaiour canbe obsenedin thetwo typesof layers:a progressie relaxationof compressie strainin the
GaxIn; _xAs layerwith increasingdistancefrom the substrateanda relatedexpansion(tensilestrain)in
therespectie InP layers. The strongestelaxationtakesplacenearthe gratingsidevalls, closeto thefree
surface.

In orderto generatea moreimmediateimpressiorof the whole deformatiorfield in the superlatticeand
its continuity acrossthe interfaces,we plot not only the strainfield, but alsothe two componentf the
displacementield w (lower row in Fig. 8.8), more exactly its “relaxation” componentAwu(r) (seeeq.
(5.31)). Thelateraldisplacements,, is obviously continuousacrossall theinterfaces.Thisis preciselythe
boundaryconditionwhich we appliedin the elasticcalculation(one-to-onecorrelationof atomsadjacent
in adjacentlayers),andwhich is correctlypreseredin our solution. Furthermoreu, exhibits an oscil-
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8.4. Conclusion
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Figure8.8: Final resultof thefitting procedue: lateral componentleft) andvertical componengright) of the strain
fielde (top row) and of thedisplacementield  (bottomrow; in unitsof nm) in the superlatticegrating.

lating behariour which follows the compositionalperiodicity, especiallynearthe sidewalls. The vertical
displacement:, (lowerrightimagein Fig. 8.8)is continuousacrosgheinterfacesaswell, but canbeseen
to have a muchstrongergradientin the strainedternarylayersthanin the InP layers. The derivative of
the lateral displacementthe lateral straine,,, is not continuous becauset is calculatedwith respectto
differentsystemsf referencepamelythebulk lattice of thetwo respectie layers.

8.4 Conclusion

We have extendedour methodof straininvestigatiorto amorecomplicatedype of sampleshamelysuper
lattice gratingswhich arecharacterizedby a periodiclayer sequencévertical compositionaperiodicity).
In reciprocalspacethis givesrise to a setof superlatticesatellitesalongthe @ . -direction. Eachof these
satelliteson the crystaltruncationrod is — in theory— surroundedaterally by the samekind of cross
patternasexpectedfor a simpletrapezoidabrating.

In the experimentalcoplanarreciprocalspacemapswe found strongdeviationsfrom this model. The
deformationof the experimentallyobsened crosspatternscould be interpretedasanindicationfor strain
relaxation. The effectswere successfullyexplainedwithin the sameevaluationformalismaspresentedn
the previous Chapters.Our analysismethodwas transferredand appliedwithout substantiachangego
thesemorecomplicatedsamplesThis demonstrategs flexibility .

The mapsshovedtheinfluenceontothe strainfield in the superlattice®f (a) the netmismatchbetween
the differentlayersin the superlatticeperiod, and of (b) the grating-substratinterface. The latter has
animportantinfluenceon the relaxationof the net misfit in the multilayer towardsthe free surface. The
compositionaprofile, onthe otherhand,manifestdtself in the strainrelaxationof the Ga,In; _, As layers
andin anoppositestresgnducedin the InP layers.
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Chapter 9

Dynamic patterning by surfaceacoustic
waves

Theaim of this chapteris to showthe applicability of our methodof strain analysisto a differenttypeof

laterally periodic structures. We will studysurfacestructueswhich showa highly regular lateral order-

ing, althoughthey are not artificially structued via etching: dynamicallyformed*“gr atings” which are

genertedat the surfaceof crystalline substatesunderthe influenceof piezoelectricallyinducedsurface
acousticwaves(SAN). X-ray diffractionfrom theseacousticgratingscan be studiedwith an experimental
appmac similar to the one usedin the previouschaptess. The application of our simulationprocedue
to this new subjectconstitutesa testof the flexibility and robustnessof the whole evaluationformalism,
and simultaneouslyan contribute to a deeperundesstandingof surfaceacousticwavesaswell as of the
medanismof X-ray diffractionfromthem.

9.1 Intr oduction

Surfaceacoustiovavesin crystalshave beenstudiedin a seriesof articlesby avarietyof methodsneutron
scatteringlKPW67, HY99], X-ray diffractometry[Har67, ERS89,RBdB92,RB93, RTM98] and X-ray

topographyin a stroboscopienode[WGT82, ZSS98 SSM99, andphotoluminescencgZPB97, SRJ98].
Their propagatiorhasbeeninvestigatedn superlattice§AT98], quantumwells [RZW97] and quantum
dots[NBB99]. A first quantitatve analysisof X-ray diffraction curvesfrom acousticallyexcited GaAs

crystalshasappearedn theliteraturevery recently[SSM99 Sau99.

One possibleapplicationof surfaceacousticwavesis to usethemin orderto “store” light (delay its
propagationjn novel optoelectroniadevices[RZW97]. Theinterestin thesewavesis partly alsodueto
thetheir potentialapplicationasX-ray opticalelementsA surfaceacoustiovave correspondso alaterally
periodicdeformatiorfield in acrystal,which givesriseto lateral“grating” satellitegshatappeaontheright
andleft sideof the centralX-ray diffraction peakat eachsinglereciprocallattice point. This is perfectly
analogougo the gratingtruncationrodsgeneratedy the morphologicalperiodicity in the caseof etched
gratings.

Surfaceacousticwaves canoccurin two differentforms: travelling wavesor standingwaves In the
former casethe shapeof thewave field remainsconstanin time andpropagateslongthe crystalsurface.
In the latter casea spatiallyimmobile wave field oscillatesin time, with an amplitudethat variesperiod-
ically between0 and somemaximumamplitude. Thereforethe X-ray diffraction patternfrom standing
SAW variesperiodically with the samefrequeng asthe acousticwave. This effect hasbeenobsened
experimentallyRB93, RTM98]. Ourexperimentaketupis expectedto generatestandingacoustiovaves.

The applicationin X-ray opticsrelieson the useof acousticallyexcited crystalsasmonochromatorsr
beamdeviators. If oneusesnarraw slits to let passfor instancethe first orderlateral satellitebeamonly,
andto blocktheintensityfrom themainBraggpeakiit is possibleto switchthis filteredbeamon andoff by
alteringthevoltageappliedto the piezoelectridransducewhich generateshe acoustiovaves.In thecase
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9.2. Experimental rocking curves

of standingwavesthediffractedintensityhasafurtherpropertyof interest:It is modulatedn time with the
samefrequengy astheacoustiovave field (in the MHz range)[RTM98].

By additionallyvaryingthe acoustidrequeng andthusthe wavelengthof the deformatiorfield onecan
graduallychangethe angularpositionof the satellitebeam. Applicationsof this variantlie in thefield of
scanningX-ray imaging. The possiblemovementof thebeam[TBR98] hasbeenproposedasanattractve
alternatve to the classicalmethodof mechanicallydisplacingthe samplewith respecto the (fixed) beam
[CDL95].

9.2 Experimental rocking curves

The experimentalsetup[Tuc99 is shovn schematicallyin Fig. 9.1. An acoustictransducerfabricated
lithographicallyon the surfaceof a LiNbO3 crystal, is fed by a radio-frequeng signal (fo ~ 10® Hz).
Sincethe SAW velocity is of the orderof 3 km/s, wavelengthsof somel0 pm areobtained.The acoustic
wave field excited by the transduceiis mainly concentratedt the samplesurface. Its amplitudein the
volumeof thecrystalis progressiely dampedor increasingdepthbelow the surface, with acharacteristic
penetratiordepthof the sameorderof magnitudeasthe SAW wavelength(somel0 pm).

monochromator
- ~
- ~
.
- 3%
-
;I/‘T o 7 N
n e

X-ray source

piezoelectric crystal

frequency
generator

Figure9.1: Shematicsetupof theexperiment:An acoustiovavefield is geneatedat thesurfaceof a LiNbQj3 crystal
by a piezoelectridransducemarked“IDT” in theimage). Thelateral periodicity of the surfaceacousticwavefield
givesrise to a seriesof lateral satellitesthat appeararoundthe centrl reflectedor Bragg-diffracted X-ray beam.
[TBR98]

The X-ray diffraction experimentswereperformedin the double-crystamodeat the beamlineBM5 of
the ESRF[Tuc9g. A wavelengthof 1.54A wasused. Rockingcurve profileswererecordedby rotating
the sampleacrossthe Bragg peakof the 003-reflection. In the reciprocalspaceimagethis corresponds
approximatelyto a () .-scanacrosghewhole seriesof lateralsatellitepeaks.In fact,all theinformationis
containedn thislateraldirection.Unlike the caseof etchedgratings,no layerthicknessor verticalgrating
shapeis to be determined.Thereforewe do not needto recordthe variationof diffractedintensityalong
the @ .-direction.

This measurementvasrepeatedor a seriesof voltagesappliedto the transducerrangingfrom 0 mVv
to 150 mV. The amplitudeof the wave excitedin the crystalis expectedto be roughly proportionalto the
voltage with a proportionalityconstanbf about0.1 A/mV [Tuc99. However, this correlationis subjectto
considerablexperimentaluncertainty the detailsof the exactrelationshipremainto be verified.

The experimentakesults,convertedto areciprocalspacescale areplottedin Fig. 9.2 for selectedrolt-
ages. The lowestcurve (0 mV) correspondgo the rocking curve of a simplebulk crystal; it shavs one
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CHAPTER 9: Dynamic patterning by surface acoustic waves
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Figure9.2: Seriesof experimentarocking curvesmeasued on an acousticallyexcited LiNbO3 crystal. Thevoltage
appliedto the piezoelectridransduceis indicatedon theright of ead curve [Tuc99

mainpeakwith a certainhalf width, andno furtherlateralstructure.As soonasa small voltageis applied
to thetransducerthe picturechangesSmalllateralsatellitessmege from thetails of the mainpeak.With

increasingvoltagetheir intensityrises. The satelliteposition,on the otherhand,is constantin reciprocal
spaceln fact,the distancefrom the centralBraggpeakis givenby Dz: , WhereDgaw is thewavelength
of the acousticwaveswhich is kept constant.For even higherapplie&”voltagessecondand higherorder
satellitesappearTheirintensityincreasesintil they eventuallyreachand(partially) exceedtheintensityof

thecentralpeak.

9.3 Adaptation of the simulation procedure. Fit of experimentalre-
sults

In orderto interprettheseexperimentalfindings andto reproducethemin a theoreticalcalculation,we
introducea modificationto the simulationprocedureusedin the previous chapters.Thereis no needary
moreto employ elasticity theoryfor the calculationof the strainfield. Instead,we simply assumethat
the surfaceacousticwave givesrise to a displacementield which variessinusoidallyalongthe lateral z-
direction,andwhoseamplitudedecay®xponentiallyasafunctionof depthz belov thesamplesurface. The
wave is supposedo be purelytransiersal,i.e. all displacementaredirectedalongthe vertical direction,
andno lateraldeformationof ary kind occurs.The completedisplacementield is thusgivenby

Ug 0
u(r)=|uy | (r)= ) 0 , . 9.1)
Uy A - e#/7SAW cog (DSAW . m)
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9.3. Adaptation of the simulation procedure. Fit of experimental results

< (um)

Figure9.3: Plot of a typical lattice distortion as usedfor the calculationsin this chapter genertedby applyingthe
displacementfield «(7)in (9.1) to an initially rectangulargrid of points. The surfaceacousticwavehasa lateral
period of 12 pm. Theamplitudeof the vertical displacemenin the image is exaggerated by a factor 10* for better
visibility. In reality, the absolutedisplacementare of the order of someA only.

Theresultingnon-zerocomponent®f the straintensore;; = % <% + g;;j,) are:
j i

1 27

— A el #saw g . 9.2

cez 2 Dgaw ¢ s (DSAW m) ®:2)
1 2

€.,= A -ZSAW-eZ/ZSAW Cos <DS:W m) (9.3)

All othercomponent®f the straintensorvanish;in particular no lateralstraine,, occurs.An imageof a
(formerly planar)structuredistortedaccordingto theseformulaeis shovn in Fig. 9.3.

We would lik e to stressthe factthatthis is a meresimplifiedmode| which doesnot fulfil the equations
of elasticitytheory In a realistic descriptionary vertical compressioror expansionwould have to be
accompanietby a correspondingeactionin thelateraldirection. However, themodelcanpotentiallyyield
correctsimulatedrocking curvessincethe measurementweredonein symmetricaldiffractiongeometry
which is exclusively sensitve to the vertical displacementomponent.Taking into accountan additional
lateraldisplacementomponentvould not alter the simulatedversionof this kind of curves. Finally, the
comparisorof measure@ndcalculatedocking curve profileswill shawv thatthe modelis indeedjustified.

In orderto simulatethediffractionpatternfrom a crystalundertheinfluenceof suchadistortionfield, we
first createarectangulagrid of pointsequidistritutedin onelateralperiodbetween: = 0 andz = Dgaw,
andbetweernthe samplesurfaceat 2 = 0 andadepthz = —N - zgaw. NN is anintegernumberwhich is
sufficiently large to ensurethatthe wave field is more or lesstotally dampedat the correspondinglepth
below the surface(V ~ 5 — 10). For eachof thesenodesa verticalshift is calculatedasa functionof its x
andz-position,accordingo themodelgivenabove. Thevaluesof displacemenandstrainareinterpolated
from the nodesto the cells of the grid, andthenfed into our well-knawn simulationprogramfor X-ray
diffractionfrom strainedstructures.
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CHAPTER 9: Dynamic patterning by surface acoustic waves

In thisway thediffractedintensityis calculatedor eachof thelateralsatellitepeakmaxima.Thesevalues
arefinally convolutedwith a resolutionfunction, which is taken asa weightedaverageof a Gaussiarand
a Lorentziancurve profile. This procedureyields a completesimulatedrocking curve for one specialset
of parameterglateral period, penetrationdepthof the acousticwave, acousticamplitude,and width of
the resolutionfunction). In orderto reproducethe experimentalcurves as exactly as possible,the free
parametersnustthen be varied until a bestfit is found. In afirst stepthe parameter®f the resolution
function (width ¢ andratio of Gaussiario Lorentziancontributions)aredeterminedrom afit to the curve
without acousticexcitation (lowestcurve in Fig. 9.2). For the remainingparameters fitting procedure
is introduced,basedon a non-linearleast-squaresminimization algorithm [PTV95]. In contrastto the
previouschaptersit is now a“real” fit in thesensehatit includesanautomaticdecisionon the parameter
valuesto be usedfor the next stepasa function of the deviations betweernthe latestsimulationand the
experimentakurve. Thefit loopis interruptedwhensufiicientagreements achieved.

Intensity (a.u.)

~0.0005 0.0000 0.0005
Q. (A7)

Figure 9.4: Comparisonof measued (dotted)and fitted (full lines) rocking curvesfor selectedamplitudesof the
acousticexcitation. For reasonsof clarity, only every secondcurve from the seriesin Fig. 9.2 is shown,together
with the correspondingtalculation. Thenumbes at the right endof ead curvegive the best-fitvaluesof the acoustic
amplitude

Theresultsareshovn in Fig. 9.4, togethemwith the experimentakurves(for bettercomparison)All the
simulatedcurvesweregeneratedvith the samesetof structuralparametersnamelya lateralperiodof 12
pum anda penetratiordepthof the acoustiovave of 15 um.! Only theamplitudewasadaptedndividually
for eachcase.In orderto reducethe compleity of theimage,only every secondcurve from the seriesof
amplitudesn Fig. 9.2is depictedn thisimage.Thecomparisorshovs thatour modelof thedisplacement
field canindeedaccountfor the experimentallyobsened effects. Satellite peaksat the differentgrating
ordersemegefor smallamplitudesof the acoustiowave field, andgrow with increasingexcitation. Their
slopeis in goodagreementvith the experimentalalues especiallyfor the highergratingorders.

Lin ary casetheacousticpenetratioris not crucial: Fromthe simulationit turnsoutthatavariationof zg aw in therangeof 5-50
wpm doesnot affect the rocking curvesnoticeably This becomesinderstandablé onetakesinto accounthatthe penetratiordepth
of the probing X-raysis evenlower. They interactessentiallyonly with the completelydeformedlayer very closeto the surface,
independenthpf how theacousticdeformationdecaysn theregion below.
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9.4. Conclusion

In the centralregions(main peakandlow-ordergratingsatellites)somediscrepanciesemain: The sim-
ulatedcurvesaresystematicallyhigherthantheir experimentalcounterpartsThisis anindicationthatwe
have now reachedhelimits of validity of the semi-kinematicadliffractionmodelon which our simulation
formalismis basedIn fact,it is well known thatfor relatively large,perfectcrystalsthe kinematicaliffrac-
tion theoryyields anintensitywhich is proportionalto the squae of a structurefactor|FZ . ; |, whereas
dynamicaldiffractiontheoryleadsto a simpleproportionality] ~ |Fgxky|. In otherwords,akinematical
approachoverestimateshe diffractedintensity from arything but very thin or highly disturbedsamples.
Now, the thicknessof the SAW layeris ordersof magnituddargerthanthe etchedayerthicknesseslealt
with in the precedingchapters The penetratiordepthof the acoustiovave is of the orderof somel0 um,
while typical heightsof our etchedgratingswereapproximatelyl00 nm. Thereforethe deviationsaround
thecentralBraggpeakcanbeeasilyunderstoodThehighergratingorderswith theircorrespondingmaller
structurefactorsarenot affectedby this argumentation.

The amplitudesusedfor the bestfit of eachsinglecurve areindicatedon therightin Fig. 9.4. They are
approximatelyof the orderexpectedfrom the voltagesapplied(andthe proportionalityfactor0.1 ,&/mV),
especiallyfor thelower curves.In orderto obtaingoodagreemenélsofor the uppercurves,slightly larger
amplitudeshadto be used;the value found for the top curve deviatesby a factor 1.4 from the nominal
value. Sucha deviationis acceptableinceit remainswithin thelimits of experimentaluncertaintyfor the
transducer

One more point deseresto be mentionedhere: In orderto obtainthe bestagreementwe neededo
assumehatthe acoustiovaveswerestandingwaves. For standingvavesthe displacemenoscillatesperi-
odically in time, with anamplitudeof the sinusoidakspatialwave which variesbetweerD anda maximum
value. Thereforethe diffraction patternfrom a standingwave with a given maximumamplitude(asde-
terminedby the voltageappliedto the transducermustbe calculatedas an average. Eachintermediate
deformationstatebetweernzero and maximumamplitudemustbe taken into account,weightedwith the
time spentin the respectie configuration.For the samemaximumamplitudethis leadsto satellitepeaks
which arewealer thanthe satellitesin the caseof travelling waves,sincethe maximumdeviation from e-
quilibrium is adoptednly for a shortportionof totaltime. Thereforejn orderto fit the sameexperimental
curveswith amodelof travellingwaves,we would needto useamplitudevaluesvery muchlower thanthe
expectedones far beyondthelimits of experimentaluncertainty

Somepossibilitiesto furtherimprove the agreemenhave not beenexploited yet. The mostobviousis
to additionallyintroducehigher harmoniccomponentof the acousticwave field. A componentwith a
wavelengthof A¢/2, for instancewould selectvely affect the intensityof every secondateralsatellitein
therockingcurve. In thisway, by takinginto accountalargesetof higherharmonicfrequenciesthewhole
seriesof lateralsatellitescanbefitted quasiindividually to almostarbitraryperfection.

9.4 Conclusion

In summarywe have extendedour methodto a completelydifferenttype of laterally periodicstructures.
The samplesstudiedin this chaptemwerenot permanentlyaterally structuredvia etching,but temporarily
patternedindertheinfluenceof surfaceacoustiovaves.n acertainsensethiskind of patterningepresents
thepurestpossibleform of a“strain grating”, a notionwhich we have encounteretbeforein chapters$ and
7.

The experimentallymeasuredocking curveswere analyzedwith the help of a modifiedversionof our
evaluationprocedurelnsteadof calculatinga grating-inducedtrainfield by elasticitytheory we madethe
simplifying assumptiorthatthe vertical displacemenvariessinusoidallyasa function of lateraldistance.
Fromthis displacementield we calculatedhe rocking curve profile with the samesimulationmechanism
asexposedbefore.

Goodagreementvasachieredfor the whole setof acousticamplitudesandover thewhole rangeof the
respectie curves,with best-fitparameterghatarecloseto thenominalvaluesthatwereto be expecteddue
to the experimentalconditions. The only systematiaeviationsbetweersimulationandexperimentoccur
in theimmediatevicinity of theBraggpeak.This deviationindicateshatthelimits of validity of our semi-
kinematicaldiffraction modelstartto be reachedsincethe deformedregion is now ordersof magnitude
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CHAPTER 9: Dynamic patterning by surface acoustic waves

thicker thanthe patternedayersin previouschapters Apart from this detail, the successfubpplicationof
our simulationprocedurdo this new kind of lateralpatterningcanberegardedasa prooffor therobustness
of themethod.
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Summary and perspectves

This work hasshovn how semiconductosstructurescan be universally characterizedn view of lattice
distortionsby X-ray diffractiontechniquesisingsynchrotrorradiation.A broadspectrunof sampletypes
can be investigatedin this way, reachingfrom semiconductomwafers[LBHOOQ] via planar multilayers,
surfacegratingsandquantumwires [LIB99] to completemountedsemiconductodevicesunderoperation
[ZBG99]. Two kinds of exampleswereselectedo demonstrat¢he experimentatechniquesandanalysis
procedureswafersandgratings.

Part Il presentedn experimentaimethodthatwasdevelopedfor the direct measurementf lattice dis-
tortionsin crystallinestructureswith spatialvariationson a lengthscaleof someum. By combiningthe
respectie advantage®of X-ray diffractometrywith thoseof X-ray diffractiontopographyit becamepos-
sible to measurequantitatvely the detailedspatialdistribution of rocking curve half widths (which are
taken asa local crystallinequality parameterpandof microscopiclattice tilts, aswell asthe macroscopic
samplecurvature.The speedflexibility andhigh spatialresolutionof thetechniquegnsuredy thespecial
propertief synchrotrornX-ray beamsandby theavailability of afastdigital X-ray cameramalkeit avery
attractve tool for the quantitatie investigationof problemsarisingin crystalgrowth andengineering.

An instrumentakquipmenganda dataanalysissoftwareweredevelopedandinstalledat the ID19 beam-
line of the ESRFto implementthe method. This allowedto demonstratéhe feasibility andto carry out
a first seriesof experiments.Chapter4 shoved resultsobtainedon semiconductowafersof two differ-
entmaterialshamelyGaAs andSiC. Therocking curve half widths of locally perfectcrystallitesand of
regionscontainingdefectscould be measuredgeparately In this way, the methodallows to correlatethe
variationsin macroscopiguality parametersvith the underlyingmicroscopicmechanismgdefectsof the
crystallattice).

Two kinds of further developmentsandmethodicaimprovementsareervisagedor thefuture: First, the
techniquefor pm-resoledrocking curve imaging canbe appliedto the studynot only of wafers,but of
completesemiconductodevices underoperationconditions. In the exampleof the semiconductotaser
diodes[ZBG99], thiswill allow to monitorin situ andin real-timethe thermalstrainandthe formationof
defectsin the active layer of thelaser andthusto clarify furtherthe mechanismsvhich ultimately leadto
the degradationof device performanceSecondpy addingananalyzercrystalto the experimentaketup,it
will bepossibleto extendthe scopeof the investigationandto measurelsovariationsin the local lattice
parametersn highly perturbedsamples. Thesetwo perspecties shov how the methodcan be usedto
answeiffurtherrelevantquestionsarisingin appliedaswell asin fundamentasemiconductophysics.

Part 11l of the thesiswas dedicatedo the study of lattice distortionson an even smallerlength scale,
namelyof the coherentstrain and strainrelaxationoccurringin lattice-mismatchedurfacegratingsand
guantumwires with a lateral period of some10 — 100 nanometersStrainfieldsin structuresof this size
cannotbe obsened“directly”, dueto thelack of sufficientreal-spaceesolutionin preseniX-ray methods.
Insteadthey canbeinvestigateddueto interferenceeffectsby high-resolutionX-ray diffractometry thus
separatinghe contritutionsfrom differentmaterialsin reciptocal space The gratingtruncationrod pat-
ternsin reciprocakpacemapscontaininformationaboutboththegratinggeometryandthegrating-induced
strainrelaxation. By simultaneousiseof elasticitytheoryandsemi-kinematicaK-ray diffractiontheory
it becamepossiblefor thefirst time to evaluatequantitatiely the completeinhomogeneoustrainfieldsin
nanoscopisemiconductostructures.

The methodhasbeensuccessfullyappliedto a detailedexperimentalinvestigationof variousaspectof
strainfieldsin surfacegratings. Chapter6 revealedthe depth-dependemharacteiof the strainrelaxation
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in GaxIn,_xAs,P,_,/InP gratingsinducedby the etchingprocessandits evolution in the subsequent
burying growth step.Therelaxationcouldbeshowvn to bepartially reversedby theactionof theembedding
layerwhich,in turn, getsstrainedn this processA periodicdistortionfield in thishomogeneousaplayer,
a“strain grating”, could be revealedfor thefirst time by a combinationof two complementaryneasuring
modesin grazingincidencediffraction. Chapter7 addressedhe issueof variationsin the gratingshape
andtheir effect on thediffractionpatternvia the comparatie studyof trapezoidahndrectangulagratings,
bothetchednto Ga,In; _,As/InP. Detailedsimulationsclarifying theinfluenceof all relevantparameters
by automaticfit loops, securecthe validity of the analysis. Chapter8 extendedthe methodto a more
complicatedsampletype, to superlatticesTheir strainrelaxationpropertiescould be shavn to reflectthe
vertically periodiclayer setup:In the caseof a compressiely strainedGayIn; ,As/InP superlatticethe
ternarylayerswerefound to relax by expanding,while the binary layersexperienceadditionaltensilein
thesameprocess.

Fromthevery goodagreemenéchiezedbetweerexperimentalndsimulatedreciprocalspacemapstwo
moregenerakonclusionanfurthermorebe drawn: First, continuumelasticitytheorycanprovide avalid
descriptionof the lattice distortionsin epitaxial structureswith dimensionsin the rangeof 10—-100nm.
Seconda semi-kinematicahpproximationof X-ray scatteringtheoryis sufficient to explain the relevant
featuresobsenedin typical diffraction patternsobtainedrom our type of samples.

Thefinal Chapter9 demonstratethow the analysisprocedurecanbe extendedto a completelydifferent
typeof lateralpatterningnhamelythe caseof surfaceacoustiovaves. Thesuccessfulransferof theformal-
ism from artificially etchedgratingsto acousticallyexcited surfacescontributedto proving the flexibility
and generalapplicability of the investigationmethod. In fact, surfaceacousticwavesrepresenfust one
exampleout of a larger classof semiconductostructureswvhich exhibit lateral periodicity without being
artificially etched. Remarkablyperfectlateral periodicitiescanalsobe realizedin a self-olganizedway:
eithervia stepbunchingin the growth of strainedmultilayerson vicinal surfaceBGL99, GBLOQ], or by
the formationof periodicarraysof dislocationsin twist-bondedSi wafers|[BER99. Both typesof self-
organizedpatterninghave recentlybeeninvestigatedy X-ray methods.The strainfieldsin thesesamples
promiseto beamenabléo quantitatve analysiswith the samemethodsasexposedn this work.
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Appendix A

Transformation of elasticconstantsinto
differ ent coordinate systems

In order to performcorrectly the Finite Elementcalculationsaccoding to the methodexposedn Section
5.3, it is importantto first corvert the elastic constantsof the material to the systenof refelenceusedin
the calculation. Theiefore, we documentere the main stepsinvolvedin this corversion.

Hooke’s law stateghatthe strainsareproportionalto stressesln the generalcaseof anisotropichodies
(suchascrystals)it canbewritten as

€ij = Sijki " Okls (A1)
whereS is calledthe compliancetensor Its inverseis the stiffnesstensorC':
O35 = Cijkl * €kl- (A.Z)

In this appendixwe will study the symmetriesand transformationpropertiesof S;;; and Cjj;, the
knowledgeof whichis a preconditiorfor performingnumericalcalculationsof strainfields.

Coordinate transformations

Thenumericalvaluesof the S;;x; andC;; dependon the systemof referenceA transformatiorbetween
two coordinatesystemscan be describedwith the help of a rotationmatrix R. The components’; of a
vectorin the new systentollow from thosein theold system(r ;) by

’I‘; = ’R,z'j Ty (A3)
Strainandstressaretensos, in thesensdhatthey transformaccordingto [CP92]
€; = Rk Rjt - € (A.4)
Sijr andCyjy arealsotensorgof fourthorder)[CP92 AL88], i.e. they transformaccordingo

zl'jkl =RimRjnRipRiq - Smnpq (A.5)

Symmetry of strain and stresstensors. Shorthand notation

The straintensore;; is symmetricalby definition (5.20),€;; = €;;, ando;; canalsobe definedso asto
besymmetrica[LL86]. Thereforethey donothave 9, but only 6 independentomponentswhich canbe
written in a shorthandhotationascolumnvectors.For stressesghe commondefinitionis [Nye95:

01 =011, 02 =022, 03 =033, 04 =023, 05 =013, 0O =012 (A.6)



APPENDIX A: Transformation of elastic constants into different coordinate systems

For the strains,additionalfactorsof 2 arerequired:
€1 = €11, €2 = €22, €3 =€33, €4=2-€23, €5=2-€13, € =2-¢€12, (A7)

Complianceandstiffnesscansimilarly bewrittenasmatriceswith 2 insteadf 4 indices.For thestiffness,
the two pairs of indicesare contractedndependentlyaccordingto the samerule asin (A.6). For the
compliancefactorsof 2 and4 needto beintroduced:

Sijkl if m,n € [1,3]
Smn =1 2+ Siju if m € [1,3] andn € [4,6] (or vice-versa) (A.8)
4. Sijkl if m,n € [4,6]

Thesefactorsarein factnecessarin orderHooke’s law to bevalid in the new form
€; = Sz']' c0j and o; = Cij " €j. (Ag)

In the literature,numericalvaluesfor the elasticconstantsare often givenin the form of the elements
of the stiffnessmatrix C;;. This matrix is symmetrical,and can have a maximumof 21 independent
components.For cubic crystals,symmetryconditionsshow that this numberis reducedto 3, and C;;
assumesheform

. . Crzaz 0 0 0
Cij = ‘ ‘ ‘ Cunoa 0 0 (A.10)
CZ.WZCE 0
CZ.WZCE

Thevaluesof C11 = Cyzazr Cr2 = Cagyy andCyy = C.,,,, arewell documentedn the literaturefor
materialsystemdike GaxIn; xAsyP; y or GayAl;_,)As [Ada82 Ada8Y. The compliancematrix
S;; canbefoundfrom C;; via simple6 x 6 matrix inversion.

The main drawback of the shorthandformulationis that S;; and C;;, unlike S;jr; and Cjj; arenot
tensorsary more. Their componentsn a rotatedframe of referencecannot be calculatedaccordingto
the transformatiorlaw for second-ordetensors(eq. (A.4)). This factis importantwhenthe coordinate
systemfor the straincalculationis not choserparallelto the crystallographi@xesof cubic symmetry but
differently, suchaswe did in thecaseof [110]-orientedgratingsn Chapter$-8. Many FEM programshen
requireasinput thevaluesof C;; in therotatedsystemof referencepr even(asin the caseof the program
availablefor this thesis)the valuesof the “engineering”elasticconstantspnamelythe Young moduli E;,
the shearmoduliG;; andthe Poissonratio v;; [TG87]. Thesearerelatedto the compliancein the same
referencesystenvia

1 St 1
B yo— P 1 (A.11)
b Sl " S! vo4.5]

i ijij

Beforeproceedingo a practicalFEM calculation,onethereforehasto performa transformatiorof the
elasticconstantsn severalconsecutie steps.The generalschemecanbe summarizeds:

Ch E;
Cia = Cz']' = S,'j = Sz'jkl = Sz{jkl = Vz{j
Cua G

ij
More explicitly, the calculationinvolvesthefollowing steps:
e Findacompletesetof elasticconstantse.g. (for acubicmaterial)Cy;, C12 andCly.

e Constructhe6 x 6 stiffnessmatrix C;; via (A.10).



o CalculatethecomplianceS;; by 6 x 6 matrixinversion.
e From.S;;, constructS;;x; by inversionof (A.8).

¢ RotateS;;; accordingo (A.5) to getSzfjkl.

e Findthevaluesof E}, v; andG7; from (A.11).

For the calculationsshavn in the experimentalpart of the presentthesis,thesestepswere automatized
in a C++-program. Suchan automaticprocedurds particularlyusefulfor fit loopsover differentmaterial
compositionssuchastheoneshavnin Fig. 7.3.

Let us mentionthatthe formulaefor the transformatiorof S;;; andCj;i, to arotatedsystemof refer
encehave beenre-expressedy ANASTASSAKIS andLIAROKAPIS [AL88] in aform which simplifiesthe
explicit calculation“by hand”. However, we believe the concatenatiorof the differentstepsexposedin
this Appendixto be moretransparenandto be moreeasilyimplementedor the numericalcalculationin a
computerprogram.

For easyreferencewefinally documenterethevaluesof C 1, C12 andCyy (expressedn 101 dyn/cm?)
for the binary compoundsf the materialsystemGayIn; _xAs,P;_, [Ada82:

Ci Ch2 Cuy
GaAs | 11.88 | 5.38 | 5.94
GaP | 14.120 | 6.253 | 7.047
InAs | 8.329 | 4.526 | 3.959
InP | 10.22 | 5.76 | 4.60

Thevaluesfor ternaryandquaternarysemiconductorsanbe calculatedvia linearinterpolationbetween
thevaluesof the correspondindpinary compoundg\Vegard’s law).
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Thesen

zur Dissertatiomrmit demThema
Strain and Lattice Distortion in SemiconductoBtructues: a Syntirotron RadiationStudy

vorgelegt von DANIEL LUBBERT

1. Rdntgenbeugungainter Einsatzvon Synchrotronstrahlungrmbglicht eine umfassendeCharakte-
risierungvon Halbleiterstrukturen.

2. Die Anwendungauf HalbleiterOberfachengitteund Quantendihteergibt reprasentatie Informa-
tioneniiberdie geometrisché-orm der Probeebensawie iberihre kristallinen EigenschaftenFir
einevollstandigeUntersuchunggti.a. die Aufnahmederzweidimensionalemtensitits\erteilungim
reziprolen Raum(sog. reciprocal spacemapg in der Umgehung mehrererreziproler Gitterpunkte
erforderlich.

3. Der Einflussder Proben-Brm auf dasBeugungsbildst an allen reziproken Gitterpunkten(Bragg-
Reflexen)derselbelm Fall von Gitternmit Trapezformist jederBragg-Refl& von einemcharakter
istischerkreuzfrmigenBeugungsmustarmgeben.

4. Der Einflussder Verzerrungdes Kristallgitters (strain) auf das Beugungsbildunterscheidesich
hingeggenvoneinemreziprolenGitterpunkizumnachstenDie einzelnerBragg-Refleesindempfind-
lich fur verschieden&omponentemesstrain-Feldes.Im Fall der Oberflachengittebewirkt der E-
influss desstrain-Feldeseine deutlicheAbweichungder experimentellmessbareBeugungsbilder
vomtheoretischeikreuz-Muster

5. Die experimentellerBeugungsbildekdnnenerkart werdendurchein theoretischeSimulationser
fahrendasaufderKombinatioreinersemi-kinematischehheoriederRontgenbeugunmit Kontinuums-
Elastizititstheorieberuht. Durch die sehrgute Ubereinstimmung/on Experimentund Simulation
kannnachgaviesernwerdendassmakroslopischeElastiziéitstheorismochanwendbaist zur Berech-
nung desstrain-Feldesin HalbleiterNanostrukturenvon nur einigen10 — 100 nm linearer Aus-
dehnung.

6. Durchquantitatve Auswertungderintensitts-Profileentlangdergratingtruncationrodsanmehreren
reziprokenGitterpunkterlassersich samtlicheKomponenten;; desstrain-Feldescharakterisieren.

7. Dasvollstandigestrain-Feld in Oberfliichengitterndie durch (1) epitaktischesVachstumund (2)
chemisched\tzen hemgestelltwerden,beruhtauf drei Anteilen: erstengler gleichformigenVerzer
rung, die beimepitaktischerAufwachsereinerplanarenSchichtauf ein Substraentstehtzweitens
der RelaxationdieserVerzerrungaufgrunddes Atzprozessesdrittens der teilweisenUmkehrung
dieserRelaxatiorbeim UbernachserdesOberfachengittersnit einerDeckschicht.

8. Die Einflussevon Gitterformund strain auf dasBeugungsbilkonnenvoneinandegetrenntwerden
durcheine Messungmit RontgenbeugungnterstreifendenEinfall (grazingincidencediffraction,
GID). Auf dieseArt kanndie Gitterformim Experimenisoliertundunablangigvom strain-Einfluss
untersuchtverden.



10.

11.

12.

13.

14.

. Desweiterenkannmit GID zusatzlich Tiefenselekivitat erzielt werden. Auf dieseWeisekdnnen

auchvergrabeneStrukturenzerstrungsfreiuntersuchtsowie der Verlauf des Verspannungsfeldes
vondervergrabenerstrukturierterRegion bis hinaufzur Probenoberichenachg&iesenwerden.

GID erzielt (Tiefen-)Auflosungim Ortsraum wahrendkonventionelleRontgenbeugungsmethade
die Beitragevon verschiedeneBchichterder Probeim rezipoken Raumtrennen.

Rontgenbeugungnit zusatzlicherlateralerOrtsaufbsungim Bereichvon Mikrometernkann ver-

wirklicht werdendurcheineKombinationvon Rontgen-Difraktometrieund-TopographieDer Ein-

satzvon Synchrotronstrahlungrmdglicht diesdurchdie hohelntensitt, die hoheParallelitat und
dengrosserQuerschnitdeseinfallendenRontgenstrahlssowie durchdie pm-aufgebste parallele
Detektiondergebeugtenntensititenmit Hilfe einerdigitalenKamera.

DasbreiteWellenlangenspektrurder Synchrotronstrahlungrlaubtes,dieseMessungemicht nurin
Bragg-(Reflektions-Geometriesonderrauchin Laue-(Transmissions-seometriedurchzufihren.
Dadurchgelingtes,dasgesamté&/olumenderuntersuchtetrukturzuerfassenyunddie Beschénkung
derUntersuchunguf oberfachennah®&egionenzu tiberwinden.

Die neuentwickelte Methodezur pm-aufgebstenDiffraktion erlaubteineschnelleund umfassende
Untersuchungron Halbleitermaterialierund andererkristallinen Strukturen. Ein Beispielist die
industrielleCharakterisierungon HalbleiterWafernim Hinblick auf Kristallqualitat.

Am BeispielderWaferzeigtsichderZusammenhangwischermakroslopischerQualitattsmerkmalen
desKristalls (rocking-Kurven-HalbwertsbreitéFWHM), Probenkéimmung)undihren mikroskopi-
schenUrsachen(Gitterverkippungen Defektstruktur). Diese Parameteikdnnenortsaufgebst uber
diegesamtd’robenoberfichegemapptverden.Die rocking-Kurven-HalbwertsbreiteinzelneiKristal-
lite kannsogemessemwerden;ebenskodnnenKorngrenzerzwischendenKristalliten nachgaviesen
werden.
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