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Intr oduction

ThisthesispresentsX-ray methodsfor theanalysisof latticedistortionsonmicrometerandsub-micrometer
lengthscalesin a varietyof semiconductorstructures.Beforeintroducingthesemethods,let usbriefly re-
view thehistoricdevelopmentof semiconductorfabricationtechniquesandtheir relevancefor thefield of
modernmicroelectronicandoptoelectronicdevices.

The successstory of semiconductorphysicsanddevice technologybeganin the 1950swith germanium
andsilicon, both from groupIV of elementsin the periodic table[Jac98]. Later, similar crystalgrowth
techniquesasfor thesetwo weredevelopedalsofor othersemiconductormaterials,especiallyfor combi-
nationsof elementsfrom groupsIII andV (theso-calledIII-V compoundsemiconductors)like GaAsand
InP [Nel63, WHW99]. Theseareparticularlyinterestingfor applicationsin optoelectronicdevicessuchas
semiconductorlasers,dueto their directbandgap.

Another importantstepwas the possibility to grow semiconductorcrystalsconsistingof a mixture of
two or more binary III-V materials. Ternarycompoundslike ������������������� allow to vary the value of
the bandgap continuouslybetweenthe extremesof the two binary materialsinvolved, and thus to do
“band-gapengineering”via the materialcomposition � . The introductionof quaternarymaterialslike��� � ��� ����� ��� �"! ��� � [Pea82] openedanadditionaldegreeof freedom,which is usefulfor instancein order
to selectindependentlyboththebandgapandthelatticeparameterof thematerial.

In the1960sand1970stechniquesfor thegrowth of thin crystallinelayerswereinventedandoptimized.
Thevariantsincludeliquid phaseepitaxy(LPE),vapourphaseepitaxy(VPE) chemicalvapourdeposition
(CVD) andmolecularbeamepitaxy(MBE). Nowadays,they allow to fabricatelayerswith thicknesses
down to some10 nm andevenmonolayers[Kel95]. This controlof materialsalongonedimensionhasled
to microelectronicandoptoelectronicdevicesthat exhibit novel properties.Examplesarequantumwell
lasers[LHH90] andhighelectronmobility structures[PWS89].

In parallel,techniquesfor the lateral structurizationof semiconductorstructuresin thesub-micrometer
rangeweredeveloped.They aremostlybasedon holographicor electron-beamlithographyandetching,
andallow to structurizesemiconductorsnot only in thegrowth direction,but alsoin oneor two directions
along the surface. Different methodsfor obtaininglaterally patternedthin layersare usedin practice.
The mostwidespreadoneis to first grow a thin planarlayer which is subsequentlyetched[Kel95]. An
alternative is to first etcha substratematerial,andthento grow a thin layer on the pre-patternedsurface
[LTV90, Gal91]. A third way is to make useof theself-organizedpatterningwhich occursin thegrowth
of strainmultilayerson misorientedsubstratesurfaces. Remarkablyperiodic lateralpatternshave been
observed in structuresproducedin this way [BGL99]. To simplify the terminology, all thesetypesof
lateralstructureswill bereferredto as“gratings”.

Suchlateralsurfacenanostructuresaretechnologicallyverypromisingfor usein optoelectronicdevices,
dueto two specialeffects:optical confinementandelectronical confinement. Opticalconfinement[Cor98]
is usedin distributedfeedbacklasers(DFB-lasers),wheregratingsareemployedasresonatorswhichselec-
tively amplify specialwavelengths,thusreplacingtheopticalreflectors(Fabry-Perotcavity) usedin more
conventionallasers.

Electronicalconfinement[HC89] appearswhenchargecarriersareenclosedin a region with an exten-
sion of lessthanapproximately50 nm alongone,two or threedimensions- in so-calledquantumwells,
quantumwires andquantumdots, respectively. In this case,quantizationeffects occur which alter the
electronicenergy levelsandthedensityof states[AS82]. This is technologicallyrelevantin semiconductor
laserswherethe patternedregion is simultaneouslythe active region of the device, i.e. the onein which
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therecombinationof chargecarriersandthe light emissiontake place. It allows to obtainimprovedlaser
characteristicsby achieving a lower thresholdcurrentdensity[Yar88] aswell asa higherdifferentialgain
[AMS86] andbettertemperaturestability [AS82], andthusanincreasedoveralldeviceperformance.Sim-
ilar improvementscanalsobe obtainedby intentionallyincorporatingstrain into the active region of the
laser[Ada86, ALK86, HKS91, BBF98].

Simultaneouslywith thetechnologicalprogressin fabricationmethodsgrew thedemandfor techniques
to characterizesuchnanoscopicallystructuredsamples.Especiallyin theinitial stagesof thedevelopment
of a new growth or patterningtechnology, it is indispensableto inspectthe resultingstructuresby an
independentmethod. The final device performancesare influencedby the crystallinepropertiesof the
materialaswell asby thegeometryin thecaseof lateralpatterning.Thereforetheparametersof interest
for astructuralinvestigationinclude:

The samplegeometry: thelayerthicknessesin planarlayeredstructures,a possiblemiscutof thesample
surfacewith respectto the intendedorientation,the gratingperiodicity, gratingshapeandgrating
orientationin thecaseof laterallypatternedstructures.

Propertiesof surfacesand interfaces: the roughnessof the samplesurfaceandinterfaces,its statistical
correlationproperties,andthequestionwhethertheinterfacesbetweenlayerswith differentcompo-
sitionsareatomicallysharpor graduated.

The crystalline properties: theperfectionof thecrystallinelattice, theoccurrenceof defects,the lattice
parametersof thedifferentmaterialsandtheir misfit, theresultingstraindistribution,andthestrain
relaxationin gratings.

Thecrystallinepropertiesareespeciallyinterestingsincethey areparticularlydifficult to control in the
technologicalfabricationprocess,andsincethey playanimportantrolefor thedevicepropertiesanddevice
performance.

Severalcategoriesof methodsareavailableto meetthedemandfor characterizationtechniques.Spectro-
scopicmethods,likephotoluminescence,allow to investigatetheelectronicbandstructurein nanostructures
[ALK86, TMY92, Dar99]. Microscopicmethodssuchastransmissionelectronmicroscopy (TEM), scan-
ningelectronmicroscopy (SEM),andatomicforcemicroscopy (AFM) areattractivedueto their impressive
spatialresolution,andbecausethey yield visual resultswhich canoftenbereadily interpretedandgive a
direct impressionof the samplestructure.They canbe usedin particularto investigatethe roughnessof
a samplesurfaceor the geometryof surfacegratings,i.e. the first two of the threegroupsof parameters
quotedabove. Recently, high-resolutionTEM hasalsobeenemployedto studythestraindistributionsin
epitaxialstructures,with theexamplesof ����������� quantumwires[CRS94] andof �$#��
% islandsin a &'���
%
matrix [SKP98].

Nevertheless,the issueof structuralcharacterizationis not closedwith thesetechniques.Drawbacksof
microscopicmethodsincludethat they areeitherpurelysurface-sensitive (SEM,AFM) or connectedwith
thedestructionof thesample(TEM), andrequirea specialsamplepreparation.Anotherlimitation is that
they arelocal methodsandcannoteasilyprovide representativeinformationaboutthevariationof certain
parameters(suchasa gratingperiod)alongthe whole samplesurface. This is true in particularfor the
investigationof latticeparameters,which in theabove-mentionedstudiesweredeterminedwith moderate
precisionandonly in a restrictedfield of view.

What is requiredis thereforea method(1) which penetratesfurther into thesampleandallows to over-
cometherestrictionto thesamplesurface,(2) which— in view of straininvestigations— is moresensitive
to thecrystallinepropertiesandthelatticeparameter, and(3) which providesmorerepresentative,statisti-
cally significantinformation.

X-raysarenearlyidealin all threerespects:Their highpenetratingpowerbecameapparentimmediately
aftertheir discoveryby Röntgenin 1895;Lauerecognizedin 1912that their wavelengthis of theorderof
the latticespacingin crystals,andthat they could thusbediffractedby crystals[FKL12]; anddiffraction
methodsoperatein reciprocalspace,sothat they “automatically”yield statisticallyaveragedinformation.
Sincetheadventof dedicatedsynchrotronsourcesin the1970sand1980s,verypowerful sourcesof X-rays
areavailableandallow to investigateevenvery thin layerswith sufficient intensity.
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Thereforein this thesisX-ray diffractionmethodsareusedto investigatethecrystallineproperties,andin
particularthelatticedistortionsandstrainfields,of semiconductorstructures.Two kindsof structureswill
serveasexamplesto demonstratethepotentialof X-ray diffractiontechniquesfor strainstudies:waferson
theonehand,andsurfacegratingson theotherhand. In a certainsense,thesetwo systemsrepresentthe
two extremesof abroadrangeof semiconductorstructures.

Wafersarethe “raw material”, the startingsubstancefor many technologicalprocesses.They serve as
substratesonwhich layeredstructuresandcompleteintegratedcircuitsarefabricated.Latticedistortionsin
wafersareparticularlyimportantsincethey caninfluencethepropertiesof theentirestructureswhich are
grown on top of them,andthusleadto thedegradationof deviceproperties.Thesedistortionsarisedueto
theincompletecontrolof thebulk growth methodsfor certaincrystallinematerials:Silicon cannowadays
beproducedasanalmostperfectsinglecrystal,but thetechnologiesfor certaincompoundsemiconductors
aremuchlessoptimized[Jac98]. Efficient methodsto monitor latticedistortionsin semiconductorwafers
cancontributeto thefurtherimprovementof thesegrowth technologies.

At theotherendof thespectrum,surfacegratingsrepresentthewholecategoryof low-dimensionalsys-
temslike quantumwiresandquantumdots.Sincetheseareusuallyproducedusingsophisticatedepitaxial
methods,lattice defectsdo not play an as importantrole as in wafers. Instead,the focuswill be on the
coherent strainfields which arisedue to the lattice mismatchbetweenadjacentmaterialswith different
lattice parameters,and in the mechanismof strain relaxationasa resultof the lateralpatterning. Such
strainfields in planarstructureslimit themaximumthickness(critical thickness[MB74]) up to which thin
mismatchedlayerscanbegrown pseudomorphically(without formationof misfit dislocations).Strainand
strainrelaxationin gratingsinfluencestheir electronicbandstructure,asdiscussedabove. It is therefore
importantto understandthe mechanismsof strainrelaxation,especiallyin view of applicationsto strain
engineering.

In bothcasesof wafersandgratingsoneneedsto achieveahigh real-spaceresolutionin X-ray methods,
while not losingthevery high reciprocal space(or equivalentlyangular)resolutionfor which X-ray tech-
niquesaretraditionallyoptimized.In thecaseof wafersit will becomeclearthatdetectingandanalyzing
the relevant variationsof crystallinequality acrossthe samplerequiresa resolutionof the orderof 1–10� m. Part II of thiswork will show thatsucharesolutioncanbeachieved“directly” with thehelpof thespe-
cial X-ray beampropertiesandequipmentof a synchrotronbeamline.In thecaseof gratings,therelevant
changesin thestrainfield occuron a lengthscalesignificantlybelow themicrometer. A spatialresolution
of this ordercanpresentlynot beachievedwith “direct” experimentalmethods.Part III will show how it
canneverthelessberealizeddueto interferenceeffectsandanappropriatedataanalysisprocedure.

Structure of this thesis

Thefirst Chapterof this manuscriptgivesa brief generalintroductioninto theexperimentalmethodsand
the instrumentsusedin X-ray diffraction. Sinceall theexperimentalresultscontainedin this manuscript
wereobtainedwith synchrotronX-rays,themostimportantcharacteristicsof third generationsynchrotrons
sourceswill be presentedbriefly. A synopsisof the differentdiffractometertypesusedfor this work is
given, the relationsbetweenangularandreciprocalspacefor the differentdiffractometergeometriesare
discussed,andthequestionof instrumentalresolutionis briefly touchedupon.Chapter2 containsa digest
of generalX-ray diffraction theory. The main scopeis to documentthoseformulaewhich areessential
ingredientsof the analysisproceduresfor our experimentalresults. In Chapter3 begins the description
of the experimentalstudies. This Chapterpresentsa methodwhich was developedand an equipment
which wasinstalledat theID19 beamlineof theESRFthatallow to performmicrometer-resolvedquality
investigationsof crystallinestructures.This methodcombinestheadvantagesof X-ray diffractometryand
X-ray diffraction topography, and is referredto as X-ray diffraction rocking curve imaging. Chapter4
shows how this methodcanbeappliedto monitor latticedistortionsin wafersof differentsemiconductor
materials(with theexamplesof ������� and �(	)� ).

The next Part doesthe steptowardsthe measurementof lattice distortionson a sub-micrometerlength
scale,namelystrainrelaxationin surfacenanostructures.Chapter5 lays the theoreticalfoundationsfor
the analysisof strainfields in surfacegratings. Sincea knowledgeof the gratingshapeis a necessary
preconditionfor any strainanalysis,the influenceof theshapeon thediffractionpatternwill bereviewed
first. Section5.2 thendescribeshow continuumelasticitytheorycanbeadaptedto describestrainfieldsin
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nanoscopicgratings,andgivesexplicit resultsfor specialcases.Section5.3 introducestheFinite Element
Methodanddiscusseshow it canbeemployedto solve numericallythedifferentialequationsof elasticity
in gratingssamplesin the generalcase. In Section5.4 theseresultsarecoupledwith X-ray diffraction
theory. A generalformula is obtainedwhich allows to calculatenumericallythediffractionpatternsfrom
a very generalclassof distortedcrystallinestructures.Section5.5 establishesthe link betweennumerical
techniquesandexperimentalstrategies,andpresentsa generalrecipefor the quantitative investigationof
strainfieldsin gratings.

This recipeis thenexplicitly appliedto four differentsampletypes.Chapter6 startswith thestudyof the
generationandevolutionof inhomogeneousstrainfieldsin thedifferenttechnologicalstepsinvolvedin the
fabricationof gratings.In particular, it will bedemonstratedhow X-ray diffractionuniquelyallowsto ana-
lyzeburiedgratingsin anon-destructiveway. Chapter7 illuminatesanotheraspect,namelythedependence
of strainrelaxationandthe correspondingX-ray diffraction patternson the gratingshape. Furthermore,
in this Chaptertheanalysismethodis turnedinto anevenmorequantitative oneby introducinga fit loop,
involving simultaneouselasticcalculationsandsimulationsof diffractionpatternsin orderto achieve best
agreementwith theexperimentaldata.Chapter8 extendsthismethodto thecaseof superlatticegratings.It
demonstratesthenew effectswhich occurwhenthesamplestructureis periodicnot only alongthelateral,
but alsoalongtheverticaldirection.

The samplesstudiedin Chapters6–8 areto be consideredastestcases.Although their parametersdo
not correspondexactly to thoseof thequantumwire structuresusedfor realdevices,they reproducethose
featuresof quantumwires which aremostcharacteristicin the context of strain investigations.In fact,
“real” quantumwireshavealreadybeensuccessfullycharacterizedby thesamemethod[LJB99].

At the endof the thesis,Chapter9 broadensthe perspective, away from artificially etchedsamplesto-
wardsotherkindsof laterallyperiodicstructures.It showshow thesamedataevaluationtechniquecanbe
appliedto analyzetheperiodicdistortionfieldsoccurringin crystalsurfacesundertheinfluenceof surface
acousticwaves.This Chapterservesasanexampleto demonstratetheflexibility andgeneralapplicability
of theapproachpresentedin thepreviouschapters.

To concludethe introduction,let us alsogive an overview from a crystallographicpoint of view: The
semiconductorsamplesstudiedin this work arealmostexclusively III-V -compounds,with the exception
of oneIV-IV material( �(	)� ). All thesampleshave a [001]-orientedsurface.For thenon-crystallographer,
let usmentionthat thesematerialshave a Zinc-Blendestructure,i.e. an fcc-latticewith a two-atombase.
In the context of X-ray diffraction, this meansthatall the Braggpeakswith mixedevenandodd indices*,+.-

areforbidden,andthat thosewith / *102+302-547698�:;02<
(with

:
integer),suchas002and222,

arein generalparticularlyweak.We will thereforeusemostlyreflectionslike 004,224and220.
Concerningnotation,we will usethe Einsteinsummationconventionthroughoutthis work: Whenever

thesameindex appearstwice on thesamesideof anequation,a summationover theapplicablerangeof
this index is tacitly implied. As anexample,Hooke’s law (5.24)is written =�>@? 69A >@?CB�DFE�B�D , which is to be
readas = >@? 6HGHIB�JK� GLIDMJK� A >@?CB�D E B�D .
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Part I

X-ray diffraction: Theory & methods





Chapter 1

X-ray diffraction in practice

In this chapterwegivea verybrief general introductionto thebasicsof X-rayscattering, aswell asto the
techniquesand instrumentsusedin X-ray scatteringexperiments.Theaim is to put the reader, who may
not bean expertof X-ray diffraction,in a positionto understandtheexperimentalproceduresandresults
which are to bepresentedin subsequentpartsof this work.

1.1 Fundamentals

X-raysareelectromagneticwaves,similarly to visible light, but with far higherfrequenciesN andphoton
energies O�N , or correspondinglywith far shorterwavelengthsP . The electricfield of a monochromatic
planewavecanbewrittenas Q /SRUTWV 4X6HQZYU[ >S\^]`_ba��'ced)f�g

(1.1)

The lengthof the wave vector h in vacuumis givenby i hji 6 N$k�l 6m<�n k�PUT where l is thevelocity of
light. Insideamaterialthis lengthchangesto i opi 6L: i hji , wheretherefractionindex

:
is generallyslightly

lessthan1 at X-ray frequencies.
X-raysinteractwith matterin a varietyof ways. Themostimportantin ourcontext is elasticscattering,

in which the single photonsare deviated from their incident direction, but do not lose energy. It can
be quantitatively explainedby the fact that the incidentelectricfield leadsto a forcedoscillationof the
electron,which thenactsasanacceleratedchargeandre-emitsradiationof thesamewavelength[War90].
Theatomicnucleicannotfollow thefastoscillationof theelectricfield dueto theirmuchhighermass,and
thereforedo not contributeessentiallyto theelasticscatteringcrosssection.

Two decadesafter the discovery of X-rays by Röntgenin 1895 it was recognizedby Max von Laue
that thewavelengthP of X-rays is of thesameorderof magnitudeastheinteratomicdistancesin crystals
[FKL12]. Therefore,theX-raysscatteredby theelectronsarounddifferentatomsin acrystalcaninterfere,
giving riseto sharppeaksof diffractedintensityin precisedirections.Theangularpositionsof theseBragg
peaksaredescribedby theBragglaw: <�qer5s7t �u	^�7v�w 6 PxT (1.2)

where
q�r$s7t

(
6 yz r5{C|xs7{W|Ut}{ for a cubiccrystal) is the spacingof two neighbouringlatticeplaneswith

Laueindices
* T + and

-
, and v�w is theBraggangle.Thisdiffractionconditioncanbestatedalternatively

in the reciprocal spaceformulation. Onedefinesa reciprocal lattice whosebasisvectors ~ � , ~�� , ~ I
dependon thebasisvectorsof thecrystallattice � � , �5� , � I via

~ � 6 <�n� � ��� � I ~ � 6 <�n� � I � � � ~ I 6 <�n� � � � � � g (1.3)��6 � ����� �p� � � I�� representsthe volumeof the unit cell of the crystal lattice. In this way, the Laue
conditions ~�� � �p� 6m<�nx� ��� (with

� ��� beingtheKronecker-Delta)aresatisfied.Then,the Bragglaw

5



CHAPTER 1: X-ray diffraction in practice

(1.2)is equivalentto theconditionthatthescatteringvector ~ , i.e. thedifferencebetweentheincidentand
exit wave vectorsh�� and h�� , mustbeequalto a vector � 6�* � ~ � 0�+ � ~�� 0�- � ~ I of thecrystal’s
reciprocallattice: ~ 6 h��;��h�� 6 � (1.4)

This thesisdealswith the structuralcharacterizationof crystalsby elasticscatteringof X-rays in the
vicinity of Braggpeaks.Our mainmethodfor this investigationis X-ray diffractometry, i.e. themeasure-
mentof scatteredintensity � asa functionof therelativepositionsof theincidentbeam,thesampleandthe
detector.

Traditionally, the resultsof suchmeasurementsare often representedas a function of diffractometer
angles:�'/�N�T <�� T g�g�g 4 . A greatdealof commercialcontrolandsimulationsoftwareis basedon this angular
scale. However, for our purposesit is more convenientto usea reciprocalspacerepresentation,since
this makesit easierto concentrateon the structuralfeaturesof the sample,independentlyof the effects
of differentmeasurementgeometries.Therefore,throughoutthis work we will representour resultsas
diffractedintensity ��/�~ 4

versusscatteringvector ~ .

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

In thefirst half of thiscenturytheonly X-ray sourceathandwerelaboratoryX-ray tubes,which,apartfrom
Bremsstrahlung, emit mainly at thecharacteristicemissionlinesof therespective anodematerial(suchas�5� at P 6 � g ¡ 8�¢ ¡"£e¤

Å). An alternative with many very interestingcharacteristicshasbecomeavailable
sincetheinventionof synchrotronsin the1940s[McM45, Vek45], andin particularsincetheconstruction
of secondgeneration synchrotronsin the1970s.While theformerweremainly usedfor particlephysics,
thelatterwereoptimizedfor theemissionof synchrotronradiation.

Figure 1.1: Top view of the ESRF, including a
sketch of its acceleratorstructures. On the left,
onecanseeoneof thetwo beamlinesat theESRF
whicharenot locatedin theexperimentalhall, but
outside:Theoneshown hereis in fact the beam-
line ID19, on which partsof theresultspresented
in this thesiswereobtained. (ESRFinformation
office)

Figure 1.2: Sketch of the storagering,
showing theprincipalgeometryof bending
magnets,insertiondevicesandbeamlines.
(ESRFinformationoffice)

X-ray beamsgeneratedin this way have extraordinarypropertieswhich make themvery attractive for a
multitudeof experiments:They areveryintense,highly collimatedin forwarddirection,stronglypolarized,
cover a broadspectrumof wavelengths,andhave a pulsedtime structure.The most interestingfeatures
in our presentcontext are the very high intensityascomparedto classicalX-ray tubes,and the tunable
continuousspectrum.For thesetwo reasonsmostof thework presentedin this manuscriptwasperformed
at theEuropeanSynchrotronRadiationFacility (ESRF, Grenoble- seeFig. 1.1)andothersynchrotrons.
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1.2. A source of X-rays: Third generation synchrotrons. The ESRF, Grenoble

TheESRF, openedto usersin 1994,consistsmainlyof astoragering with 800m circumference,in which
anelectronbeamwith a nominalenergy of 6 GeV andanmaximumcurrentof � 6

200mA circulatesfor
6-12 hours. It is a third generation synchrotron, which meansthat X-rays aregeneratednot only in the
bendingmagnetswhich keeptheelectronbeamon its circularpath,but alsoin so-calledinsertiondevices
(seeFig. 1.2).

Bendingmagnets,wigglersand undulators

Insertiondevicesconsistof a periodicsequenceof dipolemagnetswith alternatingorientation,andforce
theelectronbeamon a slalomtrajectory(seeFig. 1.3). X-raysareemittedin eachof theperiods,andthe
total resultingX-ray intensity(andbrightness[Wil96]) is considerablyhigherthanin a bendingmagnet.
Insertiondevicesareclassifiedinto two categories:wigglers andundulators. The relevantparameterfor
this distinctionis thedimensionlessquantity

+
[Wil96]:+¥6 P�¦ [�§¨<�n 
ª© l T (1.5)

where P ¦ is themagneticperiodand
§¨

is themaximummagneticfield on thebeamaxis. This parameter+
determinesthemaximumangulardeviation «�¬ of theelectrontrajectoryfrom astraightline via

«�¬ 6 �­ + T (1.6)

wheretherelativistic parameter­ 6®� k
¯ �7°²± � k�l � dependson theelectronbeamenergy only.

Figure1.3: Distinctionbetweenwigglers andundulators. [Rao93]

When ³µ´·¶ the insertiondevice is calledan undulator. In this case,the electronsareonly weakly
deviatedfrom a straightline, so that the X-rays emittedin the singleperiodsof the electrons’trajectory
caninterferecoherently. This leadsto a spectrumwith strongpeaksat onespecialX-ray energy andits
higherharmonics.Thefundamentalwavelengtḩ�¹ dependson theelectronbeamenergy andthemagnet
parametersvia [Wil96, Rao93]

¸�¹�º ¸�»¼�½9¾ ¶$¿ ³.À¼ ¿ ½ À�Á�ÀÂCÃ�Ä�ÅÇÆ (1.7)

andis smalleston thebeamaxis(angleof observation Á ÂCÃ�Ä ºÉÈ ).
In theoppositecaseof ³ËÊ�¶ theinsertiondeviceis calledawiggler. Here,thedeviationof theelectrons

is muchstronger, andnomoreinterferencecanoccur. TheX-ray spectrumis amorecontinuousdistribution
which,apartfrom beingstrongerin intensity, is comparableto thespectrumof abendingmagnet.
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CHAPTER 1: X-ray diffraction in practice

Experimental stations.The exampleof the beamlineID19 at the ESRF

TheX-raysgeneratedin this way thentravel alonga beamlinewherethey aremonochromatizedor condi-
tionedin otherwaysin anopticshutch beforethey arrive in theexperimentalhutch andat theexperiment.
The beamlineID19 at the ESRF, wherepartsof the resultspresentedin this thesishave beenobtained,
wasdescribedandcharacterizedin greatdetail in a previousstudy[Zon95]. Therefore,we will omit the
technicaldetailsandfocuson somecharacteristicfeatures.

ID19 is oneof the two beamlinesat the ESRFwhich are locatednot insidethe experimentalhall, but
in a separatebuilding. The distancefrom the wiggler sourceto the experimentalhutchamountsto 145
m. This provides ideal conditionsfor applicationssuchas X-ray diffraction topography, tomography,
radiography, andX-ray imagingin general.The largedistanceallows to obtaina spatiallyextendedand
yethomogeneousbeamwith a low angulardivergenceandgoodcoherenceproperties.Thespotsizeon the
samplecanbeaslargeas4 � 1.5cm.

Since the constructionof a second,vertical diffractometerat the beginning of this thesis[MMH97,
Mil99], high-resolutionX-ray diffractometrycanalsobe performedat ID19 [LJB99]. A systemof ac-
curateslits permitsto restrict the sizeof the incidentbeam[ZBG99]. This beamlineis equippedwith a
FReLoNcamera,a fastCCD-camerawhich allows to recordtwo-dimensionalimagesof diffractedX-ray
intensity[LSPvB96]. This camerawill beof particularinterestin thecontext of this thesis.We will make
useof thespecialcharacteristicsof ID19 andits equipmentin theChapters3 and4 of this thesis.

1.3 Diffraction geometries.Terminology

X-ray diffraction can be performedwith different instrumentalsetups,and in a variety of experimental
geometries.In this section,weintroducesomedistinctionsin order to clearly definetheterminology used
in theexperimentalpart of thiswork.

Coplanar versusnon-coplanardiffraction

An X-ray diffractiongeometryis referredto ascoplanarwhentheincidentwavevector h�� , theexit wave
vector h�� andthe samplesurfacenormal Ì lie in the sameplane. In this case,the scatteringvector ~
canvary only in oneplanein reciprocalspace.In the context of this thesis,we definethe Í�Î axis to be
directedalongthe outwardsurfacenormalof the sample.Theplaneof coplanarscatteringis thencalled
the Í�Ï - Í Î -plane. Two diffractometeranglesaresufficient to performa coplanardiffractionexperiment.
Mostcommerciallyavailableinstrumentsarebasedon(andrestrictedto) this coplanargeometry.

Theoppositecaseof anon-coplanardiffractiongeometryprovidesaccessto thewhole,three-dimensional
reciprocalspaceof thesample.To realizeit with adiffractometer, furtherangulardegreesof freedom(usu-
ally at leastfour) arerequired.Many diffractometerson synchrotronbeamlinesallow to do measurements
in non-coplanargeometry. Thegreaterflexibility whichthisoffersis aprerequisitein particularfor grazing
incidencediffractionexperiments.

Symmetrical, asymmetricaland grazing incidencediffraction

A coplanardiffractiongeometry(in theBraggcase)is saidto besymmetricalwhentheX-raysarereflected
from lattice planeswhich are parallel to the samplesurface,and asymmetricalotherwise. For a cubic
crystalwith a001-cutsurface,measurementsat the

¢�¢"-
-reflectionscorrespondto asymmetricaldiffraction

geometry, while measurementse.g.at the224-or the113-reflectionsrepresentasymmetricaldiffraction.
Grazingincidencediffraction(GID) measurestheintensitydistribution aroundBraggpeaks

*Ð+Ð-
with-Ñ6 ¢

. In this case,the X-rays arereflectedfrom lattice planeswhich areperpendicularto the sample
surface.Themomentumtransfer~ is essentiallyparallelto thesamplesurface.By tuningthevalueof the
smallangleof incidenceÒ > onecanadditionallycontrol thepenetrationdepthof theprobingX-ray beam
below thesamplesurface(seeSection2.3).

All threediffraction geometriesareshown schematicallyin Fig. 1.4. This distinction betweensym-
metrical, asymmetricaland grazingincidencegeometryis particularly relevant in the context of strain
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1.4. Diffractometers

Figure1.4: Differentcommonlyusedgeometriesfor X-raydiffraction,shownfor thecaseof a 001-cutcrystalsurface.
In symmetricaldiffraction(left) theX-raybeamis diffractedfromlatticeplanesparallel to thesurface(here, the ÓÔÓ�Õ -
planes).Themomentumtransfer Ö is perpendicularto thesurface. In asymmetricaldiffraction(center)it is inclined
bya certainangletowardsthesurfacenormal. In grazingincidencediffraction(right) theX-raybeamis diffractedby
latticeplaneswhich areperpendicularto thesurface. ThemomentumtransferÖ hasa predominantlateral component
(in theplaneof thesurface),andonly a smallvertical ×�Ø -component.

investigations,sincethey areselectively sensitive to differentcomponentsof thestrainfield in thesample.
This topic will befurtherdiscussedin Section5.5.

Doubleaxisand triple axisdiffractometry

A diffractionexperimentrequiresat leastonecrystal,the sample. In caseswhich necessitatea goodin-
strumentalresolution,further crystalsare introducedinto the beampath. On the incidentbeamside,a
monochromatorcanbe usedto selectonesinglewavelengthand/orimprove the angularresolution. On
the exit side,an analyzercrystalcansimilarly be usedto reducethe angularacceptanceof the detector.
The configurationwith a monochromatoranda sampleis conventionallyreferredto asa double-crystal
diffractometer; whenanadditionalanalyzeris used,we speakof a triple-crystaldiffractometry. Notethat
this definitionis independentof theactualnumberof crystals:An instrumentmaycontainmorethantwo
crystalsandstill bea double-crystaldiffractometer, in casethemonochromatorconsistsof a combination
of two or four separatecrystals,for instance.

1.4 Diffractometers

In this Sectionwe give a short survey of somediffractometertypeswhich are in commonusefor non-
coplanarmeasurements,andwhich were in fact usedin thecourseof this thesison differentsynchrotron
beamlines.Thediscussionin this Sectionis inspiredby [Gün96].

Well-knowninstrumentalsetupsfor non-coplanardiffractionincludethefour-circlediffractometer[BL67,
Moc88], the ‘z-axis’ diffractometer[Blo85], the six-circle [LV93] and the modified six-circle (‘2+2’-
)diffractometer [Vli98], anda variantof the six-circle diffractometer, the so-calledw21v diffractome-
ter [ELT95, RVG95]. We will briefly comparetheseinstrumentsin view of their principal geometrical
featuresandof their respectiveadvantagesfor our purposes.

The geometryof the four-circle diffractometeris shown in Fig. 1.5. It offers a total of four angular
degreesof freedom,threeof which ( Ù , Ú and N ) correspondto the Euler anglesof the sampleandare
usedto put it into diffraction position. The fourth angle(called

�
in the image)is usedfor the detector

anddeterminesuniquelythetotal scatteringangle
< v . Therefore,thescatteringplaneis fixedto eitherthe

horizontalor theverticalplane.
The six-circle diffractometer(left imageof Fig. 1.6) offers two moreangulardegreesof freedom,and

therebyallows a greaterflexibility . Threeangles( Ù , Ú and N ) areusedto align andscanthesample.The
detectorcanrotatearoundtwo perpendicularaxes,called

�
and ­ . The sixth angle,namedÒ , allows to

rotatethewholeapparatuswith respectto theincidentbeam,andtherebyto changetheangleof incidence
on the samplesurface, ÒK> . Undera movementof Ò , the detectorpositionremainsconstantwith respect
to the samplesurface,but changeswith respectto the incidentbeam. For this reason,andbecausethe
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CHAPTER 1: X-ray diffraction in practice

Figure1.5: Geometryof thefour-circle diffractometer. [VVdVM87]

scatteringplaneis not purelyhorizontalany more,thetotal scatteringangle
< v is a relatively complicated

functionof thediffractometerangles(for thecalculation,seeSection1.5):ÛÝÜ � < v 6 ÛÝÜ � � ÛÝÜ � ­ ÛÝÜ �}Ò ° �u	^� ­ �u	Þ��Ò (1.8)

This formula reducesto
< v 6ß�

when both ­ and Ò are zero (purely vertical scatteringplane). A d-
if fractometerof this type wasusedfor the experimentsperformedon the BW2-beamlineof HASYLAB,
Hamburg in thecourseof this thesis.

Figure1.6: Geometriesof thesix-circle andthemodifiedsix-circle (‘2+2’-) diffractometer. [Vli98]

A variantof thesix-circlediffractometeris the ‘2+2’-dif fractometer(or modifiedsix-circle diffractome-
ter) shown in the right imageof Fig. 1.6. Here,sampleanddetectorcanberotatedindividually arounda
verticalaxisby two independentangles,called à and

½
. In thisway, themovementsof sampleanddetector

aredecoupled,andcontrolledby onepair of angleseach(
½

and á for the detector, and à and â for the
sample,plusthetwo anglesã and ä for thesamplealignment).For this reason,theexpressionfor thetotal
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1.5. Angular versus reciprocal space. Transformation formulae

scatteringanglereducesto: ÛÝÜ � < v 6 ÛÝÜ � ­ � Û�Ü � � (1.9)

The angleof incidenceis still uniquelydeterminedby the motor Ò , but the angle Òæå betweenexit beam
andsamplesurfacenow dependsonbothdetectormotors[RVG95]:�W	Þ��Òæå 6 Û�Ü � � �u	^�K/ ­ ° Ò 4

(1.10)

In fact,therolesof thedetectorangles­ and
�

areinterchangedwith respectto thepreviouscase.Now, ­
is theindependentanglewhich movesaroundanaxiswhich is fixedin space,whereasthepositionof the�
-axisis variableanddependson thevalueof ­ .
A third of diffractometerfor non-coplanarscatteringis shown in the left imageof Fig. 1.7: thew21v-

diffractometer. Here, the geometryof the four sampleand detectorrotationsis identical to the ‘2+2’-
diffractometer;only thetwo alignmentanglesfor thesamplearedifferent.Insteadof onehorizontalrotation
axis Ú andoneEuleriancradle Ù (seeFig. 1.6), the instrumenthasa setof two mutually perpendicular
EuleriancradlesÙæ� and Ù � . A diffractometerof this typewasusedfor experimentsin thecontext of this
thesison the ID32-beamlineof the ESRF. Thereexists a horizontalversionof this geometry:thew21h

Figure1.7: Geometriesof thew21v andthew21h-diffractometer. [RVG95]

diffractometer(seeright imageof Fig. 1.7). Here,thesampleis in horizontalposition,which is favourable
for scatteringfrom liquid surfaces.A furtheradvantageis the simplerresolutionfunction: In thew21h-
geometry, a setof horizontalandvertical detectorslits always remainparallel andperpendicularto the
samplesurface,respectively, independentlyof theactualdiffractometerangles

½
and ç . This is not thecase

for thew21v-geometry, but canalsobeachievedin yetanothertypeof instrument,the‘2+3’-dif fractometer
[Vli98].

For measurementsat synchrotrons,the beampolarizationmustbe taken into accountwhenchoosinga
diffractometergeometry:Thebeamsfrom bendingmagnetsandfrom the usualtypeof insertiondevices
are polarizedin the horizontalplane,so that in order to obtain a maximumof diffractedintensity it is
advantageousto chooseaverticalscatteringplane(s-polarization).Thismeansthatfor coplanardiffraction
the sampleshouldbe fixed on the diffractometerin horizontalposition, whereasfor grazingincidence
diffractionit souldbein verticalposition.

1.5 Angular versusreciprocal space.Transformation formulae

As mentionedin Section1.1,weusuallydonotcontroltheexperimentin termsof diffractometerangles,but
of scatteringvectorsin reciprocalspace.To facilitatetheconversionbetweenthetwo systemsof reference,
we first quotethetransformationformulaefor thecaseof coplanarscatteringandthenshow a recipeto do
thecalculationin thegeneral,non-coplanarcase.
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CHAPTER 1: X-ray diffraction in practice

1.5.1 Coplanar diffraction

In thecaseof acoplanardiffractiongeometrytwoangulardegreesof freedomaresufficientto vary ~ within
the accessibleÍèÏ ° Í Î ° plane. The relevant anglesaswell as the directionsof the real- andreciprocal-
spaceaxesaredefinedin Fig. 1.8.
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Figure1.8: Sketch of thecoplanarscatteringgeometryin real space(above) andreciprocal space(below) � is the
samplesurfacenormal, �! thenormal to thediffractinglattice planes. " is theanglebetweenthetwo normals,and# is theanglebetweentheincidentbeamandthediffractinglattice planes,correspondingto #%$'&)(+* " . 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

Therelationshipsbetweenthediffractometeranglesandthecomponentsof ~ canbewritten in termsof
theangleof incidence( Ò > ) andof exit ( Òæå ) with respectto thesamplesurface,

ÍèÏ 6 <�nP / Û�Ü �}Ò å ° ÛÝÜ �
ÒK> 4 (1.11)

Í Î 6 <�nP /S�u	Þ��Ò å 0 �u	^��Ò > 4 T (1.12)

or alternatively 1 in termsof the total scatteringangle
< v andof Ú , which is connectedto the angle N

betweentheincidentbeamandthediffractinglatticeplanesby N 6 Ú 0 Ò > (seeFig. 1.8),° Í Ï 6 i ~Ði �u	Þ� Ú 6 <�nP � < �u	^� , < v<.- � �W	Þ� Ú (1.13)

Í Î 6 i ~Ði Û�Ü � Ú 6 <�nP � < �u	^� , < v<.- � ÛÝÜ � Ú (1.14)

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

1.5.2 Non-coplanardiffraction

The caseof non-coplanarscatteringis moreinvolved. In orderto avoid an excessive amountof trigono-
metricfunctions,we adoptamorecompactmatrix notation.Let / > / Ú 4

betherotationmatrix for anactive
rotationby anangle Ú aroundthe 0 > -axis,sothate.g.

/ Î / Ú 456213 ÛÝÜ � Ú ° �u	^� Ú ¢�W	Þ� Ú ÛÝÜ � Ú ¢¢ ¢ �546 (1.15)

The first stepis now to transformthe incidentandexit wave vectorsfrom the laboratorysystem( h�� t
and h�� t ) to thesamplesystem( h��87 and h��+7 ), andtherebyto expressthemin the reciprocalspaceof
the sample.Let us take the exampleof thew21v-diffractometerat the ID32 beamlineof the ESRF(see
Fig. 1.7). Theincidentwavevectoris directedalongthe 9 -axis, h � t 6H+ � 0;: . To transformit to h � 7 , it
mustfirst berotatedby theangle< aroundthe � -axis,andthenby theangleN aroundthe = -axis2:h � 7 6 / Î / ° N 4 � /�Ï�/ ° < 4 � h � t 6 / Î / ° N 4 � /�Ï�/ ° < 4 � 0+: g
Thepositionof theexit beamin thelaboratorysystemdependson theangles� and ­ , andcansimilarly be
writtenas h � t 6 / Î / � 4 � /�Ï�/ ­ 4 � 0;: g
Thesubsequenttransformationof this exit wavevectorto thesamplesystemis similar, h � 7 6 / Î / ° N 4 �/�Ï�/ ° < 4 � h � t

. The total scatteringvector in the samplesystem, ~>7 6 h � 7 ° h � 7 , can then be
calculatedvia ( ? beingtheunit matrix)~ 7 6 / Î / ° N 4 /�Ï�/ ° < 4 �e� / Î / � 4 /�Ï�/ ­ 4F° ? � � 0;:
This calculationcanbe implementedin a computerprogram,andadaptedwith little effort to the other
geometriesdiscussedin Section1.4.Suchaprogramhasbeendevelopedin theinitial stagesof this thesis,
andsimilarprogramsareavailableat mostsynchrotronbeamlines.

1The angles@ and A introducedherecould be called @CBD	EGF and AHBDIEGF to stressthe fact that they aremeasuredin the coplanar
reciprocalspaceof thesample. They arenot to bemixedup with themotorangles@ and A appearingin someof thediffractometers
of theprevioussection,whichareusedin thenon-coplanarcaseandmeasuredin the laboratory systemof reference.

2We assumeherethat thesamplehasalreadybeenalignedwith thehelpof themotors JCK and J+L . In a moregeneralcalculation
this canbetakeninto accountvia theorientationmatrix M .
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CHAPTER 1: X-ray diffraction in practice

The inverseproblem(calculatingthediffractometeranglesrequiredto reacha certainscatteringvector~ ) canalsobesolved. Themostconvenientmethodtakesa detourandfirst calculatesthe incidenceand
exit anglesÒ > and Òæå aswell as

� > / � å , theanglesbetweentheprojectionof h�� / h�� into thesamplesurface
planeandthediffractinglatticeplane.Thesearerelatedto thescatteringvectorby

~ 6 13 ÛÝÜ �}Ò å ÛÝÜ � � å 0 Û�Ü �}Ò > Û�Ü � � >ÛÝÜ ��Ò å �W	Þ� � å ° Û�Ü �}Ò >"�u	Þ� � >�u	^��Ò å 0 �W	Þ��Ò > 46 (1.16)

Although many moderndiffractometercontrol programs[BES99, Cer99] allow to “drive” directly in
reciprocalspace,it is veryusefulto know theexplicit transformationformulaeof thisSection.They donot
only show which trajectoriesin reciprocalspacecanberealizedby singlemotorscans,but alsoplay a role
in theunderstandingof theresolutionfunctionof aninstrument.

1.6 Resolutionconsiderations

The measurableintensity distribution in reciprocalspaceis commonlywritten as a convolution of the
reciprocalspacestructureof thesample,� Y / ~ 4

, with theresolutionfunction N / ~ 4
of theinstrument:

�HO ��P / ~ 4�6RQ � Y / ~TS 4 � N /�~ ° ~US 4 q ~TS (1.17)

More precisely, the resolutionfunction (at least the one in reciprocalspace,as opposedto the one in
angularspace)doesnot dependon thedifferenceV ~ 6 ~ ° ~ S only, but on both ~ and ~ S separately:
The measuredintensitydistribution aroundthe 004-peakof, say, a perfect ����! -crystal differs from the
distributionaroundthe224-peak,dueto thedifferentexperimentalgeometry. However, in a limited region
aroundsingleBraggpeaksit is safeto approximateN locally asa function of V ~ only. To be exact,
the local N`/WV ~ 4

shouldthennot be called the resolutionfunction, but ratherthe resolutionfunction at
a certain reflection. With this in mind, we will now conformto commonusageandrefer to (the local)N /IV ~ 4

as“the resolutionfunction”.
Theresolutionfunctionsof triple-crystaldiffractometershavebeenstudiedin detailin aseriesof articles

[DuM37, Cow87, LGC89, GC90, BBP92](seealso[Tol93], and[HM96] for a comprehensive theoretical
review). We will summarizeherethemostimportantqualitative features.

Figure1.9: Illustrationof theresolutionfunctionof a triple crystaldiffractometerwith a XZY -111-monochromatorand-
analyzerfor the [I\^] -004-reflectionanda wavelength_ $a`cb dfe Å, calculatedwith theprogramxtrace [Mik98]. Left:
Purecontribution fromthemonochromatorandanalyzercrystals(theso-calledmonochromatorandanalyzerstreaks),
givenin relativecoordinates.Right: Convolutionof theresolutionfunctionon theleft with thecrystal truncationrod
at the004-reflectionof a (perfect)InP samplecrystal. Thecontourlinesare equidistributedon a logarithmic scale,
with an intensityratio of ` Ócgih LGj betweenadjacentlines.
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1.6. Resolution considerations

Figure1.9 shows the theoreticalresolutionfunction of a triple-crystaldiffractometerequippedwith a�(	 -111-monochromatorandasimilar analyzercrystal,for the ����! -004-reflectionandawavelengthof P 6� gb¡ 8
Å. The maximumat the centeris surroundedby two lines alongwhich the intensitydecaysonly

slowly. Thesearethe so-calledmonochromatorstreakandanalyzerstreak. They arecausedby the fact
that neitherthe monochromatornor the analyzercrystaldiffract only into oneprecisedirection. Rather,
their reflectionprofilecanbedescribedby a Darwin-curve (seealsop. 32). Therefore,theanalyzerstreak
followsa line (or, over largerdistances,acircle)perpendicularto thedirectionof theexit wavevector h�� ,
andsimilarly for themonochromatorstreak.

In the caseof a double-crystaldiffractometerthe situationis slightly different: Thereis no analyzer
crystal,andthereforeno analyzerstreakappears.Instead,theangularacceptanceof thedetectoris usually
limited by slits. Thisresultsin broadeningof theintensityalongthesamedirection,with thedifferencethat
the intensitydoesnot decaycontinuously, but remainsconstantwithin a certainrangeandthensuddenly
drops.Thewidth of thisbroadeningis determinedby theangularslit aperture.For 1 mm slitsatadistance
of 1 m from the sample,we obtainan apertureof 1 mrad,which would correspondto nearlythe whole
extensionof thediagonallinesin theright imageof Fig. 1.9.

The situationcan be improved by double-crystal(or channel-cut)monochromatorsand analyzers,or
evenafour-crystalDuMond-Hart-Bartelsmonochromatorsetup,which reducetheextensionof thestreaks
[BT98, Section2.5]. However, it remainstrue that the instrumentalresolutionfunctionneedsto betaken
into accountwhencomparingexperimentalandcalculateddata.Thiscanprincipallybedonein two ways:
Thefirst is to correcttheexperimentalvaluesby performinga deconvolutionwith theresolutionfunction
— anapproachwhich is well-known from imagetreatment[Jan97]. In principle,thisallows to reconstruct
the “real” structureandto eliminatethe contribution from the instrumentalsetup. However, the method
presupposesa gooda priori knowledgeof the instrumentalresolutionfunction, andis furthermorerela-
tively sensitive to numericalartefactscausedby thedeconvolutionalgorithm.Therefore,in therestof this
work we will adopttheoppositestrategy, which consistsin convoluting theresultsof a simulationwith an
approximateinstrumentalresolutionfunctionaccordingto (1.17). Agreementwith theexperimentaldata
is thenachievedby adjustingtheparametersof theresolutionfunctionof a referencesample.
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Chapter 2

X-ray diffraction theory: a short
primer

Thischapterreviewssomeaspectsof the theoryof X-ray diffraction, in order to provide a general back-
groundfor thecalculationof scattered intensities.Thewholetheoryhasbeendocumentedin greatdetail
in a seriesof excellenttextbooks[vL60, Aza68, AKK74, Pin78, War90, Gui94, Zac94, BT98, HPB98].
Therefore, only thoseformulaewill be mentionedhere which are essentialfor the practical simulations
performedto evaluateour experimentaldatain later chaptersof this thesis.

2.1 Basics

X-rays interactmainly with the electronsin a material,sincethe atomicnuclei are too heavy to follow
their high-frequency oscillation. Therefore,the interactionof X-rayswith a materialcanbedescribedin
termsof thematerial’selectrondensitykCl	mon . For aperiodicarrangementof atomsin acrystal,theelectron
densitycanbeexpressedvia aFouriersum:kCl	mon!prqsut�vxw vCy{z v a�| (2.1)

where
s

is thevolumeof theunit cell of thecrystal,andthesummustbetakenover all reciprocallattice
vectors} . w v is thestructure factor of reflection } .

Equivalentways to describethe X-ray responseof a materialare the electricsusceptibility ~�l�m�n , the
dielectricfunction �+l	mCn , andtherefractive index ��l	mon . Therefractive index canbeapproximatedby��l	mCn�pu� �+l	mCn�pu� q�� ~�l	mon!� q�� ~�l	mCn� |

(2.2)

sinceat X-ray frequenciesthedielectricfunctiondiffersfrom 1 by averysmallamountonly:�+l�m�n�p q�� y{�5�o���� �5���5�.���f�T� k�l�mCn�p q���� �� � � � k�l�mCn g (2.3)

Theclassicalelectronradius� � hasa valueof
� g � q ��� qc�;�)�8� m.

With thedefinition ��px 8¡8¢c£¤H¥ we canexpress�+l�m�n asa functionof thestructurefactorsvia�+l	mCn�p q�� � � tfv¦w¨§ ycz v+© a (2.4)

Thestructurefactor w v , which is givenby the inverseFourier integral over oneunit cell of thecrystal,
canbewrittenasa coherentsumof theatomicform factors ª¬« overall atoms�­p q g�g�g�®

in theunit cell:

w v p�¯¥ k�l�mCn y � z v;© aH°²± m³pµ´t¶�· � ª ¶ lI}�n
y � z v+© a ¶ | (2.5)
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2.1. Basics

where m ¶ is therelative positionof the � -th atomwithin theunit cell. Theatomicform factorsrepresent
theFouriertransformof theelectronconfigurationaroundonesingleatom:ª ¶ lI}!n�p ¯¥f¸ k ¶ l�m�n y � z

v+© a ° ± m (2.6)

In this form (which we will call ª � ) theatomicform factoris realanddependson the lengthof thescat-
tering vector ¹ º»¹�p¼¹ }½¹¨p � � � ��¾�¿ÁÀ�ÂÄÃ � only, at leastfor atomswith a sphericallysymmetricelectron
configuration[Gui94]. This formulationis thereforevalid for very high X-ray frequenciesonly, beyond
the highestabsorptionedgeof the respective atom. Resonanceeffectscanbe accountedfor by addinga
realcorrectionª�Å whichdependsontheX-ray wavelength; furthermore,absorptioncanbeincludedvia an
imaginarycorrectionÆÇª�Å ÅWl	ÈÉn . Thefinal formulafor thetotalatomicscatteringfactorisª ¶ lIº | � n!pÊª �¶ lIËÌn � ª Å¶ l � n � ÆÇª Å Å¶ l � n (2.7)

Dueto thermalvibrations,acrystallatticecannotbeperfectlyperiodic.Their influencecanbeaccounted
for by multiplying ª ¶ with a Debye-Waller factor (

� ¶ beingtheatomicmass)[Zac94]:Íª ¶ pÊª ¶ � y ��Î ¸ with Ï ¶ÑÐÓÒ;Ô� ¶­Õ ¾8¿ÖÀ�Â�Ø× � (2.8)

For practicaluse,thevaluesfor ª�Å¶ l	ÈÉn and ª�Å Å¶ lIÈÙn over a wide rangeof X-ray energiesareavailablein
tabulatedform in [Wil95]. Thefunctionalform of theremainingfactor ª � lWËÌn!pRª � l ¾�¿ÖÀ�ÂÚÃ � n is in general
relatively complicated.For our purposes,it is sufficient to approximatethemby a well-known empirical
modelwith ninecoefficients(namedÛ � � Û²Ü |�Ý � � Ý Ü , and

�
), which arespecificfor eachsortof atomand

canalsobefoundin the InternationalTablesfor Crystallography[Wil95, p. 487]:

ª � p Üt z · � Û
z y �)ÞIß lfàÖá âZãä n £ � � (2.9)

Table2.1 shows the valuesof the nine coefficientsfor thoseatomicspecieswhich aremost important
in the context of this thesis.The resultingcurvesfor ª � l ¾�¿ÖÀ½ÂÄÃ � n arevisualizedin Fig. 2.1. Fromthese
values,thestructurefactorof a purecrystallinematerialcannow becalculated.For quaternarymaterials
suchas åçæ¬è{é À �ê� è�ë ¾8ìZí �ê� ì , which will play an importantrole in Part III, it canbe calculatedvia linear
interpolation(Vegard’s law [Vin21]) from thecorrespondingbinarymaterials:~ v pïîoðÙ~�ñ)ò�ó�ôv � î�l q�� ð+n�~�ñÚò�õv � l q�� î�nGð�~Äöø÷fó�ôv � l q�� î�n�l q½� ð+n¨~�öø÷fõv (2.10)

With absorptionincluded,therefractive index cannow bewrittenas�­p q�� ~ �� p q��%ù½� Æûú g
(2.11)

At X-ray frequencies,ù is of theorderof qc� ��ü �aqc� ��� for mostmaterials,and ú is typically oneto two
ordersof magnitudesmaller. For easyreference,thevaluesfor someimportantsemiconductorsandfor

�
= 1.54Å aregivenin table2.2.

atom Û � Û � Û ± Û²Ü Ý � Ý � Ý ± Ý Ü �
�8� í ý g �HþZ�^ÿ � g q�� � q q g � � q g � � � � q g � � ý � � � g q ÿ � � g ÿ �Zý ý �}g q ý �²ÿ q g q�q � �± � åçæ q ÿ g � þHÿZ� ý g �¬��� ý � g þ²ÿ � q � g ��ý²� þ þ g � ýHý�� � g � � q � q5� g � � � ÿ ý q g � q þHÿ q g �^q � �±i± ë ¾ q ý g ý � � þ ý g ���¬��q þ g �²þ q þ � g � ��� � � g ý þ��²ÿ � g �Zý � � q � g � � � � � � g � � � � � g ÿ�þ qÜ�� é À q � g q ýH� � q �}g ÿ�ÿ �Hý � g ��� � � � g � þ ��ý � g ÿ¬� � ý ý g þ ��� ý � ÿ g � � ��� �H� g � � ��� � g � þ � q

Table2.1: Coefficientsof approximation(2.9) for theatomicform factors, asusedfor mostof thepractical calcula-
tionsto beshownin later chapters. [Wil95]
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CHAPTER 2: X-ray diffraction theory: a short primer

Figure 2.1: Analytical approximation for the atomic form factor f 0(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:

n1 cos�1 = n2 cos�2: (2.12)

Just like in the case of visible light optics, total reflection occurs when the beam hits the interface between
a denser and a less dense material at a small angle �1, more exactly when cos�1 < n2

n1

(< 1). The
difference is that, since n is generally below 1 at X-ray frequencies, the vacuum has a higher optical
density for X-rays than any material, and total externalreflection occurs when X-rays hit the surface of any
material at a small angle.

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

C =

�
1 for s-polarization

j cos(2#)j for p-polarization
(2.13)

When the X-ray beam has its electric amplitude vector E in the scattering plane (is p-polarized) the mea-
surable intensity is reduced by a factor j cos(2#)j2 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 done in s-polarization geometry. Therefore, the factor C didn’t have to be taken into account in
the corresponding calculations.

Material Æ �

Si 7.575 � 10�6 1.779 � 10�7

SiC 1.049 � 10�5 1.785 � 10�7

GaP 1.184 � 10�5 3.349 � 10�7

InP 1.356 � 10�5 1.166 � 10�6

GaAs 1.456 � 10�5 4.477 � 10�7

InAs 1.554 � 10�5 1.180 � 10�6

Table 2.2: Values ofÆ and�, calculated at�=1.54Å 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

TheMaxwell equationsin theSI-systemof unitsread

� ��� p����ol�mon � � � p � �"!��# (2.14)� � ! p � � �%$ p � ���# (2.15)

where � � is the densityof freecharges(net balanceof positive minusnegative charges),which mustnot
be mixed up with the densityof electronsk . Theseequationsarecompletedby the materialequations! p'&"& � $ and � p �{� � � , with electricpermittivity � andmagneticpermeability& . We will assume
thatthematerialis non-magnetic( &�l	mon)( q ), anddoesnotcontainany freecharges( �*�Ùp � ). This leadsto
thefollowing differentialequationfor thepropagationof aplaneelectromagneticwave(wavevector + ):,.- �0/ ��1 � l�mon�p32�4�æ�565 ¿87 � l�m�n �9/ � ~�l	mCn � l�m�n (2.16)

Definingthepotential
s

as
Í: � l�m�n�p�2�4�æ�5;5 ¿87 � l	mCn �</ � ~�l�mCn � l	mCn allows to write thewave equation

(2.16)in theform of a Helmholtzequation,.- �0/ � 1 � l�mCn!p s l�mCn � l	mCn | (2.17)

In many casestheterm 5 ¿87 � l	mCn�p � in (2.16)is zeroor negligibly small [HPB98]. Theequationthen
decouplesinto independentscalarequationsfor thethreecomponentsof � l�m�n , andthepotentialbecomess l	mCn!p �=/ � ~�l�mCn (2.18)

Equation(2.17)canbesolvedformally with theGreenfunctionmethodby writingÈ>l�mCn�pïÈ � l�m�n � ¯?>Tl�m%@ mBAIn s l	mBAWn8ÈUl�mCAWn ° ± m Å | (2.19)

or moreshortlyin Diracnotation ¹ ÈED!p ¹ È � D � > s ¹ ÈED | (2.20)

where È � is a solutionof thehomogeneousequationl - �F/ � n8È � l	mCn p � , and >Tl	mG@ m A n representsthe
Greenfunctionfor theoperatorl - �H/ � n , i.e. a functionwhich satisfiesl - �0/ � nI>Tl�mG@ mCAIn�p ù l	mJ@ mCAWn g (2.21)

It is well known that the outgoingGreenfunction for the operator l - �K/ � n is given by >Tl�m%@ m A nÉp� y zMLON a�PFa�Q N Ã ��� ¹ mR@ m A ¹ | andcan be simplified even further in the Fraunhoferapproximation[HPB98].
Nevertheless,solving (2.19) remainsa difficult problem. The difficulty lies in the fact that the unknown
function � l�m�n appearson both sidesof the equation.The total wave field � consistsof the sumof the
incidentwave È � andthescatteredwave. Thescatteredwave, in turn, dependsnot just on È � , but on the
completewavefield È , sinceawavecanbescatteredmorethanonce.

It is in principlepossibleto remedythis problemby writing thesolutionof (2.19)in theform of a Born
series(givenherein Diracnotation):

¹ ÈED p ¹ È � D �TSt« · � lU>
s n « ¹ È � D g (2.22)

However, this roadis rarelyexploredin practice,sincetheseriesin (2.22)generallyconvergesveryslowly
[HPB98]. Therefore,severalotherstrategieshavebeendevelopedto solve (2.17).
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CHAPTER 2: X-ray diffraction theory: a short primer

Dynamical theory: The dynamicaltheoryof X-ray diffraction hasbeenderivedat the beginning of the
20th century in two different ways by Darwin [Dar14b] and Ewald [Ewa13, Ewa16a, Ewa16b,
Ewa17], andhaslater beenreformulatedby Laue[Lau31]. More recentpresentationsof the the-
ory canbefoundin [BC64,Pin78]. It is atheoryfor thepropagationof electromagneticwavesinside
a medium,andis basedon thefact that thesusceptibilityof a crystallinematerialwith translational
symmetrycanbeexpressedasa discreteFouriersum:~�l�m�n!p t�V ~ V ycz V*W g (2.23)

To solve thecombinationof (2.17),(2.18)and(2.23)onemakesuseof a Bloch waveansatz, which
statesthattheamplitudeof awavepropagatingin aperiodicmediummusthavethesameperiodicity
asthemediumitself: � l�m�n!p � � l	mCn y{z8X*Y © W p y{zMX*Y © W t�V?� V y{z V © W g (2.24)

With thehelpof (2.24)thedifferentialequation(2.16)canbetransformedinto asystemof algebraic
equationsfor theamplitudesof thewaves:

t V y{z8X*Z © W%[ , / � �]\ V � 1 � V �H/ � t�^ ~ V P ^ � ^`_ p � | (2.25)

wheretheindividualwavevectors\ V aredefinedby \ V p \ba �9c g In orderthis Fourierseriesto be
zero,thetermsin bracketsmustvanishindividually. This leadsto aninfinite systemof equationsin
which theamplitudes� V of all componentsof thewavefield arecoupled.Thesystemis particularly
easyto solve in caseswhereonly very few of theamplitudecoefficientsaredifferentfrom zero.The
mostimportantis the two-beamcase, in which only the incidentwave � a andonediffractedwave� v have significantamplitudes. In this case,(2.25) canbe reducedto a systemof two algebraic
equationswhich relatetheamplitudes� a , � v to thesusceptibilitycomponents~ � | ~ v and ~)dv :e / � l q�� ~ � n �]\ a \ a�f È � �0/ � � ~Ig§ È § p �/ � � ~�§HÈ � � e / � l q�� ~ � n �<\ v \ v f È § p � (2.26)

In orderthesystem(2.26)to havenon-trivial solutionsfor � a , � v thedeterminantof thecoefficient
matrix mustbezero.We definethedeviation parameters h � | h v as h � p �� Lji \ a \ a �</ � l q�� ~ � nlk
and hc§Ép �� Lji \ v \ v �9/ � l q�� ~ � n k , which representthe(normalized)differencein squaredlength
betweenthe actualwave vectorsin the medium, \ba and \ v , and the vacuumwave vector length
correctedby the averageindex of refraction, � / . Onethenarrivesat the conditionthat the wave
vectors\ a , \ v mustlie on thedispersionsurfacein reciprocalspace[BC64]:h � h�mÊp q� / � � � ~nm ~ gm g

(2.27)

For wavesfulfilling this condition,therelativediffractedintensityfollows from (2.26)viaÈ mÈ � p � h �� ~Ig§ / p � ~�§ /� h § ppo h � ~¨§h § ~qg§ g
(2.28)

The Distorted WaveBorn Approximation: A solutionof (2.19)in termsof a seriesapproachsimilar to
(2.22)becomesfeasiblein caseswherethe potential

s l�m�n canbe split into a main part
sCr

anda
smalldisturbance

sCs
: s p sCr � s s (2.29)
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2.2. From the dynamical to the kinematical theory of X-ray diffraction

Insteadof (2.17),we thenusethewave equationin theform l - �t/ � � sCr n � l�mCn p s s � l	mCn and
replace(2.20)by ¹ ÈED�pu¹ È � D � > r�s s ¹ ÈED | (2.30)

where > r is now the Greenfunction for the new operator l - �K/ � � s r n , and ¹ È � D is an exact
solutionof thecorrespondinghomogeneousequationl - �0/ � � s r n�È � p � . Equation(2.30)can
now besolvediteratively with a DistortedwaveBorn series[Vin82]:¹ ÈED�p ¹ È � D � ¹ È � D � ¹ È � D � g�g�g

(2.31)

with therecurrencerelation ¹ È «�u � Dµp > r sCs ¹ È « D
An approximatesolutionfor thewavefield ÈUl�m�n canbeobtainedby truncatingtheseries(2.31)after
a small numberof terms. A DistortedWaveBorn approximation(DWBA) of first orderis defined
via ¹ ÈED�pu¹ È � D � ¹ È � D , andsimilarly for higherorders.

A DWBA of first orderhasbeensuccessfullyappliedin particularto the interpretationof diffuse
scatteringfromroughnessesof singlelayers,bothin X-ray reflectivity (XRR) [SSG88] andin grazing
incidencediffraction(GID) [Vin82]. Themethodhassubsequentlybeentransferredto thestudyof
multilayersby XRR [HB94] andGID [BTP95]. A second-orderDWBA hasalsobeenintroducedin
theliteraturefor XRR [dB94] anddiffraction[BG95].

Theusefulnessof theDWBA approachdependson theclever splitting
s p sBr � s s . In a multi-

layerstructure,for instance,
sBr

canbechosento representthevariationof the (laterallyaveraged)
refractive index with depth,and

s s
to additionallyintroduceroughnessat the interfacesand/orthe

crystallinestructureinsidethesinglelayers[BG95]. Then,onecanfind thedistortedwave � � , the
wave field underthe pureinfluenceof reflectionfrom andtransmissionthroughthe multilayer in-
terfaces,by Abel̀es’ matrix formalism[Abe50]. Thediffractionby thecrystallattice is additionally
takeninto accountby includingthesecondtermof theBorn series(2.31),namely> r�s s ¹ È � D .

Kinematical theory: The kinematicaltheory of X-ray scattering[Dar14a, AKK74, Kri96] consistsin
truncatingtheseriesin (2.22)afterthefirst term:¹ ÈED�p ¹ È � D � > s ¹ È � D (2.32)

With thissimplification(andin Fraunhoferapproximation), thediffractedintensitycanbecalculated
via asimpleFouriertransformof thescatteringpotential

s
(2.18):v lIº³n Ð / � ¹ w�lIº³nf¹ � p / �yxxxx ¯ ¥ ~�l	mCn y � zMz © W ° ± m xxxx � g

(2.33)

The kinematicaltheory containsthreemain simplifications. First, the refractionof X-rays upon
transmissionthroughthesamplesurface(andinner interfaces)is neglected.Second,theweakening
of theincidentwaveby thescatteringprocess(extinction) is ignored,andeverypartof thesampleis
takento beilluminatedwith thesameincidentintensity. Third, every incidentwave is assumedto be
scatteredat mostonce,andmultiple scatteringis not considered.

Thefactof disregardingextinctionobviouslyviolatesthelaw of energy conservation.Nevertheless,
thetheorycanbeappliedvery successfullyin many cases- in fact,thewholefield of crystalstruc-
tureanalysisis essentiallybasedon thekinematicalapproximation.It is oftenapplicablewhenthe
scatteringby theobjectis weak,andin particularfor high-anglediffractionfrom smallcrystals,thin
crystallinelayersandsampleswith a highmosaicityor anotherwiselow crystallineperfection.

We will seein Part III that our experimentaldatacan in generalbe explainedvery satisfactorily by
an approachwhich is essentiallybasedon a semi-kinematicaltheory. Especiallyin the caseof grazing
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incidencediffractiontheeffectsof refractionandof reflectionfrom thesamplesurfaceadditionallyneedto
betakeninto account.Therefore,our methodof choicewill bea first orderDWBA with thepotential

sCr
beingdefinedsimplyas

sBr pï� , theaveragerefractiveindex insidethestructure.In thiscase,thedistorted
wavesin thesamplediffer from the incidentwavesvia a refractioncorrectionfor the componentof their
wavevector \ which is perpendicularto thesamplesurface:Ò�{ p �}| l	� / n � � ¹ + N~N ¹ � (2.34)

Theexpressionfor thediffractedintensitybecomes[Dos87]v lWº³n Ð / � ¹ # l � z n)w�l \�� @ \�� n # l � �²n½¹ � | (2.35)

where
� z | � � aretheincidenceandexit anglewith respectto thesurface,and # l � n is theFresneltransmis-

sionfunction[BW80] (seeFig. 2.2):

# l � n!p ��¾8¿ÖÀy�¾�¿ÖÀ=� �F� � � � 	�
 ¾ � � p � + {+ { �t\ { g (2.36)

In Chapter5 wewill deriveexpressionsfor thestructureamplitudew�lWº>n of strainedsurfacegratings.The
simulationof diffractedintensitiesin laterchapterswill thenalwaysbebasedon (2.35).Thus,theformula
for thestructureamplitudemustnotbeevaluatedfor theargumentº¦p�+ � @�+ � , themomentumtransfer
in vacuum,but for thedifference\�� @ \�� of wave vectorsinsidethemedium(we do not usethesymbol� heresinceit is reservedfor otherpurposesin Chapter5). Thedifferenceis particularlynoticeablein the
caseof grazingincidencediffraction,which wediscussnow.

2.3 Peculiarities of grazing incidencediffraction

Grazingincidencediffraction is the extremecaseof non-coplanarscattering[MEC79]. The scattering
vector º lies mainly in the planeof the samplesurface,with only a very little vertical componentº { .
The wave vectors + z and +�� form very small angles

� z , � � with the surface. The diffracting lattice
planesarethusperpendicularto thesamplesurface.For a [001]-orientedsamplesurface,this corresponds
to scatteringin the vicinity of reflections l�� | / |�� n with

� p � . The small angles
� z , � � leadto some

specialexperimentaleffectsandallow particulartheoreticalapproximationswhich we now discuss.1

ThefactthatatX-ray frequenciestherefractiveindex of any materialis slightly lessthan1 ( ù p�� y l q���Än � q5� �C� ) leadsto the phenomenonof total externalreflectionof an X-ray beamwhich impingeson a
surfaceat an anglebelow the critical angle

�I�
. This angleis of the orderof sometenthsof degreesfor

typical materialsandwavelengths.It is relatedto ù , the averageelectrondensity k � and/orthe average
susceptibility~ � of thematerialby theequations�n� p � � ù p � � � � Ã � � k � p � � ~ � g (2.37)

Theverticalcomponentof thetransmittedwavevector, givenby (2.34)in thegeneralcase,canbeapprox-
imatedfor small

� z asÒ�{ p | l	� / n � � ¹ + N~N ¹ � � / | � �z � ~ � p / | � �z � � ù�� � ÆWú (2.38)

For
� z closeto or below

� �
thecomponentÒ { becomescomplex: Thewaveis exponentiallydampedbelow

thesamplesurface,it formsanevanescentwave[Dos87]. Thedepthat which theintensityof theincident
wave is reducedby a factor q Ã y is called the penetration depth � z . It is determinedby the imaginary
componentof Ò { andcanbeexpressedasa functionof thematerialparametersù | ú :� z l � z n�p q� v � l Ò�{ n p �� � � ������ q| l ¾8¿ÖÀ � � z � � ù n � � � ú � � l ¾�¿ÁÀ � � z � � ù n g (2.39)

1Theformulaediscussedin this Sectionarevalid whenever theangles��� and/or �
� aresmall. Therefore,thediscussionapplies
not only to thecaseof grazingincidencediffraction, but alsoto coplanardiffraction in extremelyasymmetricalcasesandto X-ray
reflectivity.
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2.3. Peculiarities of grazing incidence diffraction

Figure2.2: Left: Penetration depth � �����"�U� of X-rays( �%����� ��  Å) for threeimportantsemiconductormaterials.
Right: Fresnelamplitudetransmissionfunction ¡ ¢¤£ ���b�.� ¡ (see(2.36))for thesamematerials,calculatedfor �}�3��� ��  Å
ands-polarization.Thefunctionhasits maximumat �"� � �b¥ , thecritical angleof therespectivematerial.

Typicalshapesof thiscurveat
� p q g ÿZ� Å aredemonstratedin Fig. 2.2with theexampleof threeimportant

semiconductormaterials. For
� z p � the valueof � z becomesindependentof the wavelength,and is

determinedby thematerial’s averageelectrondensityalone: � z l � n p � Ã l �H� �n� n p q Ã l � � � � � k � n | which
is of theorderof 50 Å for many materials.

Abovethecritical angle,a limiting expressionfor � z canbeobtainedfor l � z � � ù n)¦ � ú :

� z l � z n�� �� � � � o l ¾�¿ÁÀ � � z � � ù n� ú � � ��H� l ¾�¿ÁÀ=� z nú g
(2.40)

We thusrecover thefamiliarexpressionfor theabsorptioncoefficient, &�lWp q Ã � z n!p ��� ú Ã � , correctedfor
theprojectionof thebeampropagationdirectionontotheinwardsurfacenormal(

¾�¿ÁÀy� z ).
In a scatteringexperiment,not only the attenuationof the incident wave, expressedin termsof the

penetrationdepth,is of interest.A similareffect takesplacewhenthescatteredwave \ � leavesthesample
throughthesurface.Therelevantquantityis thereforenot � z alone,but the informationdepth � [PMR93]
(alsocalledscatteringdepth[Dos87]): q�Ñl � z | � � n p q� z l � z n � q� � l � � n (2.41)

Thefactthat
� z and

� � entersymmetricallyinto thisexpressioncanbeviewedasaconsequenceof thereci-
procity theoremin optics[Dos92]. Theeffect is visible in Fig. 2.3,whichshows � z , � � andtheresulting�
asafunctionof

� z , for two differentfixed º { . Theexit angle
� � is uniquelydeterminedby thecombination

of
� z and º { , andis plottedonasecondhorizontalaxis. It becomesclearfrom thisfigurethattheinforma-

tion depthdoesnotgrow monotonouslywith
� z , but canincreaseonly up to acertainmaximumvalue,and

thendecreasesagainundertheoppositeinfluenceof
� � . For verysmall º { , thisdecayevenoccursbefore

theincreasedueto
� z cantake place,sothatthemiddleof thecurve is a minimuminsteadof a maximum.

For surface-sensitiveX-ray investigationsit is very importantto know theexactform of thesefunctionsin
orderto systematicallyprobea structureat differentdepthsbelow thesurface.To concludethediscussion
of theinformationdepth,let usmentionthatit canequivalentlybeexpressedvia theimaginarypartof the

scatteringvector º : q Ã �Ñl � z | � � n p � v � lIº §^n p �H� Ã � v � Õ � ¾8¿ÖÀ � � z � ~ � � | ¾8¿ÖÀ � � � � ~ � × g
For

thepracticalinvestigationof thin films andsurfacenanostructures,grazingincidencediffractionpresents
threesignificantadvantages.First, by choosingsmall anglesof incidenceonecanrestrict the sensitivity
of theprobingX-ray to a very thin layerbelow thesurface,of theorderof some10 nm. It is evenpossi-
ble to studytheevolution of samplepropertiesasa functionof depthbelow thesurfaceby systematically
performinga measurementfor a seriesof different

� z [LBP99]. Second,the Fresneltransmissionfunc-
tions # l � n have a maximumat thecritical angle

�n�
(seeFig. 2.2, right graph).Therefore,themeasurable
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intensityis enhancedby up to a factorof 4 in thecaseof a singlelayer(see(2.35)),which is a significant
advantagesincethediffractedsignalfrom thin layersis generallyweak.Third, grazingincidenceis sensi-
tive to the latticespacingalonga lateraldirection. This fact is particularlyhelpful to isolatethe influence
of the lateralstraincomponentin the courseof a completestraininvestigation[BL99], aswe will seein
Section5.5.For thesethreereasons,agrazingincidencediffractionstudywill beanessentialingredientof
all ourexperimentalstraininvestigationsof surfacegratingsin Part III of this work.

Figure2.3: Penetrationdepths� �¨���b�U� (diamondsymbols)and � � ��� � � (crosses),andtheresultinginformationdepth� ��� ��© � � � (full line) calculatedfor ªU«`¬ according to (2.39)and(2.41)for fixedverticalmomentumtransfer­=® andan
X-raywavelengthof � =1.54Å (for which thecritical angleis � ¥ �]¯�� °�±�²�³ ). Left: ­=® �]¯�� ¯�´ Å, right: ­=® �]¯��µ�¶¯ Å.
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Chapter 3

X-ray rocking curve imaging: Principle

In this Chapterwe describea new methodto investigatethe crystallinequality, its spatial variation, the
defectdistribution, lattice tilts, andthesamplecurvature in semiconductorwafersandotherkindsof crys-
talline samples.ThemethodcombinesclassicalX-ray diffractometrywith additionalspatial resolutionin
the range of micrometers. Furthermore, we presentan equipmentand a data analysissoftware package
which havebeeninstalledat theID19 beamlineof theESRFto implementthismethod.

Chapter4 will showfirstresultsof theapplicationofour method,demonstratedwith theexampleof åçæ�ë ¾
and · ¿¹¸ wafers. Themethodis, however, perfectlygeneral andcanbe appliedto all typesof crystalline
structures,likemicroelectronic devicesor high-powersemiconductorlasersunderoperation.

3.1 Intr oduction and motivation

The crystallinequality of semiconductorwafersis crucial for the fabricationof all kinds of microelec-
tronic andoptoelectronicdevices. Lattice distortionswhich arepresentin a substrateinducedefectsin
the epitaxiallayersthataregrown on top of them. Therefore,badwaferquality canleadto poorperfor-
manceof theentiredevice. Distortionscanbegeneratedin a wholeseriesof differentstepsin thewafer
fabricationprocess:crystalpulling, crystalslicingandetching,waferpolishing,thermalprocessing,pack-
agingandtransport.They leadto differenteffectsin thewafer: macroscopiccurvature(alsocalledwarp),
microscopiccurvature(latticetilts) anddefectslikedislocations,whichall lower thelocalcrystallinequal-
ity. For improvementsof wafer fabricationtechnologyit is essentialto have non-destructivemethodsfor
waferquality inspectionanddefectanalysis.In orderto resolvethemicroscopiccausesof adegradationin
crystallinequality, themethodshouldhavea spatialresolutionof theorderof theorderof some& m.

Variousexperimentalmethodsareavailable to investigatewafer quality in general. Firstly, X-ray to-
pographycanbe usedto visualizelocal defectsin the crystal lattice [JK88]. Secondly, high resolution
X-ray diffractometryis an integral, non-local techniqueand is conventionallyusedto assessthe mean
crystallinequality via therockingcurve half width. It achieveshigh angular - or equivalentlyreciprocal
space- resolution,but integratesspatially over the illuminatedareaon the samplesurface. Finally, with
total reflectionX-rayfluorescence(TXRF)it is possibleto measureimpurity concentrationson thesurface
of semiconductorwaferswith a veryhighaccuracy [CNM99].

Themostappropriatemethodfor our purpose,namelyto measuretheoverall crystallineperfectionof a
semiconductorwafer in a quantitativeway, is certainlyX-ray diffraction. However, in orderto judgethe
local rockingcurveFWHM (takenasalocalcrystallinequalityparameter),oneneedsawayto additionally
realizespatial resolutionin the diffraction measurement,while not losing the advantageof high angular
resolution.VariousX-ray methodshave beenexploredin thepast.They canberoughlygroupedinto two
categories: methodswhich achieve spatialresolutionin the incidentbeam,andmethodswhich achieve
resolutionon thedetectorside.We will briefly describethemethodswhich have beenknown sofar. Then
we presentour own alternativeapproachwhich in a certainsenserecombinesdifferentelementsof several
precursortechniques.
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3.2 Methods to achieve spatial resolutionwith X-rays

3.2.1 Spatial resolutionon the incident side: slits or focusing

A simple possibility to obtain a spatially resolved incident X-ray beamis to restrict it in size by me-
chanicalslits. This approachis certainlyinefficient in termsof X-ray intensity, but is instrumentallyvery
uncomplicated.Thesamplesurfacecanthenbescannedby translationof thesampleholderwith respect
to thefixed incidentbeam— a procedurewhich hasbeenusedby differentgroupsto mapwholewafers
[FKK97, GMM97].

Commercialequipmentis availablewhich implementsthis procedure.It is basedon conventionalX-
ray tubesand allows to obtain a spatialresolutionof about1 mm

�
. In this way a macroscopiclattice

curvaturecanbe detectedby measuringthe angularpositionof a Braggpeakasa function of the lateral
position.Thefull width at half maximumof therockingcurve is takenasa quality parameterfor thelocal
crystallineperfectionof thewafercrystal.Themoderatespatialresolutionwhich canbeachieveddoesnot
allow, however, to correlatethemeasuredmacroscopiccrystallinequalitywith theunderlyingmicroscopic
effects.

Furthermore,theseinstrumentscanbe operatedin Bragggeometry(reflectionmode)only, due to the
limited X-ray flux which is not sufficient for transmissionthroughthick samples.Thereforethediffracted
signaloriginatespredominantlyfrom theregionnearthesamplesurface,whoseextensionis characterized
by the extinction lengthof the X-ray beam,which is of the orderof a few & m. This limited penetration
depthsetsaninstrumentallower limit to themeasurablerockingcurvehalf width, andthusanupperlimit
to thecrystallinequalitywhichcanbefoundby suchameasurement.In summary, thesituationat thiskind
of instrumentsis suchthat themeasuredsignaldoesnot necessarilygive a preciseimageof thesample’s
crystallineproperties,but is oftenstronglydistortedby instrumentaleffects.

A secondpossibility is beamfocusing. This allows to avoid the high lossof intensity causedby the
slits. X-raysaremuchmoredifficult to focusthanvisible light, dueto thesmallervariationsin refractive
indicesatX-ray frequencies.However, focusingis feasible:Bragg-Fresnelzoneplates(seeFig. 3.1)arein
widespreadusenowadays,andevenrefractivelenseshavebeendemonstratedin practicerecently[SKS96].
The main drawbackof thesemethodsis that they aretechnologicallyvery demanding.Furthermore,the
focusedbeamhasa higherangulardivergencethantheprimarybeam.

Figure3.1: Methodsof focusingan X-ray beam:Bragg-Fresnelzoneplates(left) or refractivelenses(right). (ESRF
informationoffice)

A third alternative,beamcompression, hasbeenexploredonly recently. It consistsin capturinganinci-
dentlargebeaminsideanX-ray waveguidestructure.After thebeamhastravelledthroughtheconducting
layerit emergesagainfrom thelateralendof thestructure.Its intensityis thenconcentratedin a crosssec-
tion correspondingto thelayerthicknessof thewaveguidestructure,which is of theorderof some100nm.
A one-dimensionalfocusingof an X-ray beamhasbeenachieved in this way [Ced99, Clo99, Pfe99]; a
two-dimensionalversionof thesamemethodis understudy[LCC98].
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topography

Insteadof couplingtheincidentbeaminto thewaveguideby reflection, asdonein thesestudies,it is also
possibleto achieve couplingby diffraction in a crystallinewaveguidestructure.Theadvantageis that the
projectionof theincidentbeamcrosssectionontothewaveguideis muchsmaller, for geometricalreasons.
Preliminaryinvestigationsperformedin the courseof the presentwork have shown, however, that this
methodis not appropriatefor our purposes.From the testsit becameclearthat the waveguideacceptsa
largespatialwidth but selectsaverynarrow angulardivergenceof theincidentbeam.Thegainin intensity
via spatialcompressionof thebeamis offsetby alossdueto anenhancedangularselectivity; themajorpart
of incidentphotonsis simply not coupledefficiently into the waveguidestructure.Therefore,this option
wasmomentarilyabandonedin favourof analternative technique.

3.2.2 Spatial resolutionon the exit side: areadetectors

Thethreemethodsdescribedaboveallow to measureanX-ray diffractionsignalfrom a restrictedareaon
the samplesurface,some & m in size. In the context of our objective, namelyto monitor the crystalline
quality acrossthewholesamplearea,they suffer from onecommondrawback: They areinherentlyslow,
sincethey arescanningmethodsandneedto measuretherockingcurvesfor onespotonthesamplesurface
aftertheother. For largesamplesizes,this leadsto longmeasuringtimes.

Thereis analternative, which yields informationfor a wholespatialregion in onesingle“shot”: X-ray
diffractiontopographyor simply topography. It consistsin placingasampleinto aspatiallyextendedX-ray
beamwith aslow a divergenceaspossible(suchasthebeamof ID19 at theESRF, 1.5

�
4 cm

�
in size),

andto recordthespatialvariationof diffractedintensitywith thehelpof a film or, morerecently, a digital
camera.In this way topographymakesuseof thefull sizeof theincidentbeam,illuminating largepartsof
thesamplesimultaneously.

Differentexperimentaltechniquesfor topographyin a “white” and/ormonochromaticX-ray beamhave
beendevelopedin thepast(see[Bar45, Lan58, Lan59, Aut77, Lan78, BT98]). They revealdirectlydifferent
kindsof defectsin a (relatively perfect)crystallinestructure:dislocations,domainwalls,grainboundaries
andholesin crystalsand,morerecently, quasi-crystals[Man98].

Topographywith synchrotronradiationis fascinatingin that it is a very fasttechnique(theillumination
timesaregenerallyof theorderof secondsor below) which allows not only to detectbut alsoto visualize
defectsand the surroundingstrain fields in crystal lattices. However, it is not entirely adaptedto our
purposes,since it doesnot allow to easily draw quantitativeconclusionsconcerningcrystal quality in
termsof therockingcurvehalf width andof thesamplecurvature.

3.2.3 Application to wafers

To summarizethetwo precedingsection,onecansaythat two classicaltechniquesarein commonusefor
X-ray characterizationof crystalqualities. The first is X-ray diffractometry, which measuresquality via
therockingcurve FWHM, andcanbemadespatiallyselective,but therebyusuallybecomesinefficient in
termsof X-ray intensity, delicateto handleand/orveryslow. Thesecondis X-ray topography,whichallows
to visualizeindividualdefectsin crystalsveryrapidly, but canmonitorlatticecurvatureandperfectionin a
quantitativeway only with somespecialcare[YMW79]. Furthermore,its usebecomesproblematicin the
caseof curvedcrystals,for which it is not easyto fulfil theBraggconditionsimultaneouslyfor largeareas
on thesamplesurface.

In orderto reachouraimof monitoringthelocalcrystallinequalityof semiconductorwafers,wetherefore
needto combinetheadvantagesof bothmethods.Whatis requiredis a techniquethatis (a)quantiativeand
(b) fast,which (c) hasa microscopicspatialresolutionand(d) canbeappliedalsoto curvedsamples.

3.3 A newmethod: º m-resolvedX-ray diffraction by a combination
of diffractometry and topography

To this end,we have developeda new methodwhich we will call & m-resolvedrocking curve imaging.
It is basedon a combinationof the characteristicsof diffractometry(angularresolution;measurementof
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crystallinequality via FWHM) andthoseof X-ray topography(visualization),andbecomesfastthanksto
theuseof synchrotronX-rays.

3.3.1 Experimental procedure and data reconstruction

The principle is shown in Fig. 3.2, andcanbe describedas follows: The sampleis placedinto a wide
monochromaticX-ray beamontopof adiffractometer. Thisallowsto rotateit aroundanaxisperpendicular
to thebeam(the » axis),aswell asto translateit horizontallyandvertically. A crystallographicreflection
is selected,for instancethe220reflection,andthe » anglescannedover a small angularrange,typically
somehundredthsof a degree. At eachstepin the scan,an imageis recordedwith the help of a digital
camera,showing thespatialvariationintensityin thediffractedbeam.Eachsingleimagecorrespondsto a
digital versionof aclassicalX-ray topographfor onespecialsamplerotationangle.

D if fractometer
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SD V card
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X

Figure3.2: Principle of themeasurement.[LBH00]

An equipmentthatimplementsthis procedurehasbeeninstalledat theID19 beamlineof theESRF. Due
to its lengthof 145 m from the wiggler sourceto the experimentalhutch this beamlinedeliversa large
andyet highly parallelbeam.Themaximumspotsizeon thesamplecanbeaslargeas1.5

�
4 cm

�
. The

imagesarerecordedby aFReLoNcamera, aCCD-camerawith specialnoisecharacteristicsandshortread-
out timesthathasbeendevelopedat the ESRF[LSPvB96]. It is basedon a CCD-camerawith a field of
view of (presently)1024

�
1024pixels.TheincidentX-raysareconvertedto visiblephotonsby aconverter

screen.After this,they areimagedontotheCCDchipby opticssystemswith variablemagnification,which
allows to selectthepixel sizebetween1 and10 & m.

This combinationof a large homogeneousbeamwith a two-dimensionaldetectorallows to recordthe
signal from a larger numberof spotson the samplesurfacesimultaneously. This makes it possibleto
acceleratethe measurementconsiderably(by a factor q5� ü in the ideal case)comparedto the methods
describedin the previoussection.Furthermore,the resolutionwhich canbe achievedwith the camerais
far betterthanwhatcanbeobtainedwith mechanicalslits in theincidentbeam.Thedegreeof parallelism
in the dataacquisitionis limited only by the maximumfield of view of the camera,which is presently1
cm
�

in thecaseof 10 & m pixel size.Whenwafersareto beinvestigatedwhichexceedthissize,thesample
canbe automaticallytranslatedin lateralandhorizontaldirection,andthe measurementis repeateduntil
thewholesamplesurfacehasbeencovered.
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Figure3.3: Principleof thedataevaluationprocedure.
Data are originally recordedasimages,i.e. as ½�¾�¿CÀ¤Á*Â ,
for a seriesof samplerotationanglesÃ . In theanalysis
they are re-ordered to extract the rocking curves ½�¾8ÃIÂ
for each spot ¾�¿�À�Á*Â on thesamplesurface.

Figure 3.4: Rocking-curve of a spot on aÄÆÅ�ÇÉÈ
-wafer, reconstructedby the mechanis-

m describedabove from a seriesof digital to-
pographs.

Theraw resultof thismeasuringprocedureis athree-dimensionaldatafield, whichcontainsthediffracted
intensityasa functionof thehorizontalandverticalpositionsÊÌË¨Í andof thesamplerotationangleÎ (see
Fig. 3.3). Thefact that the intensitieshave beenrecordedin digital form now displaysits full usefulness,
sinceit makesthemaccessibleto quantitative evaluation. The three-dimensionaldatafield is re-ordered
accordingto acertainscheme,in orderto reconstructtherockingcurveprofile Ï�Ð�ÎÒÑ for each(fixed)position
( ÊÓË�Ô ). A typical exampleof sucha rockingcurve, reconstructedfrom themeasurementon a Õ×Ö�ØÚÙ -LEC-
wafer, is shown in Fig. 3.4. Thethird stepof dataevaluationconsistsin extractingtherelevantdatafrom
eachsuchrockingcurve. Parametersof particularinterestare(a)theabsolutepeakintensity, (b) theangular
peakposition,and(c) its full-width-at-half-maximum(FWHM).

A specialprogrampackagewaswritten to implementthis evaluationschemeandto extract the three
relevant parametersconsecutively for eachpixel in a seriesof images. Someeffort hasbeeninvested
to make the programinsensitive to problemsarising in specialcases:(1) the peakmay be too weak to
distinguishit from the noisy background;(2) the angularstepof the Î -scanmay have beenchosentoo
largeto clearly identify a FWHM; or (3) the(apparent)peakmayappearat thefar left or right endof the
angularscanrange.All thesespecialcasesarerecognizedandhandledasnecessary.

The resultof the program’s operationarethreedifferenttwo-dimensionaldatafields, namelythe peak
intensities,peakpositionsandpeakwidths,eachasa functionof pixel positionsÊ and Í . They aresub-
sequentlystoredin binary dataformat andrepresentedasmaps,just like the original images.The peak
widths are taken asa crystallinequality parameter, while the peakpositionsare interpretedin termsof
samplecurvature.

Let usmentionthatthis methodfor dataevaluationis basedon a factwhich hasbeenestablishedexper-
imentally by Ferrariet al. [FKK97] in a triple-crystalX-ray diffractometrystudyon Õ×Ö�ØÚÙ wafers: The
crystallatticein thewafersis mainlydistortedby local latticetilts, andnotadditionallyby variationsin the
latticeparameter. This is importantsinceit guaranteesa clearone-to-onecorrelationof spotsin thedetec-
tor with spotson thesample.In a materialwith moreor lesshomogeneouslatticeparameter, all regions
of the samplediffract at the sametotal scatteringangle Û*Ü"Ý . In otherwords,althoughdifferentpartsof
the samplemaybe tilted with respectto eachother, the diffractedintensityfrom their mainBraggpeaks
alwaysreachesthedetectorin thesameangulardirection.This is whatmakesit possiblethatdifferencesin
therotationanglenecessaryto put theindividual regionsinto diffractionpositioncanbeidentifiedaslocal
latticetilts.

On theotherhand,our dataanalysiswould not beperturbedby strainsof anorderof magnitudepracti-
cally relevantto semiconductorwafers( Þ×ß someàâá�ãCä ). Sincethecamerais mountedcloseto thesample
( ß 10 cm), thedeviation of thediffractedbeamdueto strainamountsto few camerapixels,at maximum.
Theone-to-onecorrelationbetweenpositionson thewafersurfaceandcamerapixels is thuspreservedin
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ourcase.If higherstrainsoccurin asample,it maybecomenecessaryto additionallyanalyzethedirection
of thediffractedbeamwith thehelpof ananalyzercrystal(seesection4.3).

The main remainingpracticaldifficulty in this evaluationschemeconsistsin the large massesof data
which areproducedat a rapid pace. A singleimagecontains2 MB of binary data. If a sampleis to be
investigatedwith an angularstepwidth of 0.0002å anda total angularscanrangeof 0.01å , for instance,
then eachsquarecentimeterof the samplesurfacecorrespondsto 100 MB of data. The total storage
spacerequiredgrowsproportionallywith thetotal samplecurvature(total scanrange),thelocalcrystalline
perfection(angularstepwidth) andthesamplesurface.Theoreticallyan imagecanberecordedevery 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 considerablylonger thanthe measurementitself, one
furthermoreneedsto payparticularattentionto thenumericalefficiency of theevaluationalgorithm.

3.3.2 Further analysisand theoretical background

For a more thoroughanalysis,the experimentaldatamust first be correctedfor the cameranoiseand
inhomogeneity. Then,the instrumentaldispersionmustbe accountedfor. Finally, the measuredrocking
curvehalf widthsmustbecomparedwith thetheoreticalonesfor non-distortedcrystals,in orderto obtain
informationon the actualdistortionsin the sample. In what follows we go into the detailsof all three
aspects.

In orderto correcttheraw experimentaldata
v�æ ò¤ç l�î |éè n for possibleinhomogeneitiesin thecameranoise,

the camerasensitivity (efficiency), and the incident beamprofile, two kinds of corrective datamust be
recordedin regular intervalsduringtheexperiment.On theonehand,theso-calleddark field

v�ê ò æ¹ë l�î |�è n
representsthe intensity “seen” by the camerawhen the beamshutteris closedand the camerashould
theoreticallyrecordzerointensity. This darkfield is dueto electronicnoiseandmustbesubtractedfrom
the raw data. On the other hand,the so-calledflat field

v�ì ò¨í l	î |�è n representsthe intensity seenby the
detectorwhenthesampleis not in thebeampath.1

In theidealcase,theflat field wouldshow a spatiallyhomogeneous,non-zerointensity. Deviationsfrom
homogeneityarecausedby two factors:variationsin thesensitivity of differentpixelsin thecamera,and/or
theincidentbeamprofile(seesection1.2).Thefinal formulafor thecorrectedintensities

v�î¤ïéæ¹æ
asafunction

of theraw experimentaldata
v�æ ò�ç is:v î¤ïéæ¹æ l�î |�è n!p v�æ ò¤ç l�î |�è n � v�ê ò æ¹ë l�î |�è nv ì ò�í l�î |�è n � v ê ò æ¹ë l	î |�è n (3.1)

If thepeakpositionmapsareto representtherealsamplecurvature,thentheinstrumentaldispersionmust
becalculatedandaccountedfor in thenext analysisstep.Thereasonfor this becomesclearfrom Fig. 3.5.
It shows the raw results,single imagesrecordedat threedifferentsample» , of a studyperformedon aåçæ�ë ¾ -LEC-wafer. Thepicturesdo not seemto behomogeneouslyilluminated;in eachsingleimage,only
a small zoneof the samplediffractswith noticeableintensity. Two differentreasonscanbe responsible
for this effect. Themostobviousreasonis a macroscopicsamplecurvature(progressive lattice tilt); after
rotationof thesample,new areason thewafersurfacecomeinto diffractioncondition.Theotherpossible
reasonis the instrumentaldispersion, i.e. the fact that differentareasin the imageare illuminatedwith
slightly different X-ray wavelengths. In addition, geometryplays a role: The beamfrom the wiggler
sourcereachesthe differentendsof the samplesurfaceat slightly differentangles. Both effects leadto
variationsin theexperimentallyobservedBragganglesevenfor homogeneous,non-curvedsamples.

In orderto accountfor thedispersion,we needto calculatetheeffect quantitatively andsubtractit from
theexperimentalcurvaturevalues.In thecaseof a vertically diffractingdouble-crystalanalyzerandhori-
zontallydiffractingsample(seeFig. 3.6),anelementaryderivationleadsto the following formula for the

1This terminologyoriginally stemsfrom the field of X-ray micro-tomography, wherethe transmittedintensityis recordedfor a
seriesof samplerotationangles.It is thena simpleoperationto remove thesamplefrom thebeampathandto recordtheflat field.
In ourpresentcontext, anadditionaldifficulty occurssincewerecorddiffractedintensity:Whenthesampleis removed,thedetector
hasto bemovedbackby ð�ñ`ò into the incidentbeamdirectionin orderto recordtheflat field. This operationcannotbeperformed
with sufficient angularprecisionto correlatea singlepixel’s positionin thetwo images.Therefore,in our casetheprocedurecannot
beusedto identify sharplylocalizeddeviationsfrom homogeneityin the image,e.g. singledefective pixels,but only to correctfor
moreslowly varyingeffects,andespeciallyfor thenon-homogeneousbeamprofile.
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Figure3.5: Three“snap-shots”,singleimagestakenduringan ó -scanona ôÉõ�öÒ÷ -LEC-wafer, recordedwith a digital
camera (axesare in unitsof camerapixels, i.e. multiplesof 10 ø m - thus,thetotal width andheightof each image is
1 cm). Symmetrical220-reflectionin Lauegeometry;diffractionvectorin thehorizontalplane;angularstepbetween
images: 0.0015³ . Dueto thesamplecurvature, only smallzoneson thesamplesurfaceare simultaneouslyin Bragg
position.

variation
- Â

of theapparentBraggangleasafunctionof î and è , thelateralandverticaldistancefrom the
centerof theimage:- Â l	î |�è n!p èúù æ À�Â s��ù æ À�Âbûqï ÷ ïs �ýü æ�4 	�	�
 ¾ Õ î ¾8¿ÖÀ�Â s � � 	�
 ¾;Â s� î � � è � � � � × � Â sqþ g

(3.2)� is the distancefrom theX-ray sourceto thesample,
Â s

is theaverageBraggangleof thesample,andÂ ûqï ÷ ïs
theBraggangleof themonochromator. Thefirst termin (3.2)hasits origin in the(slight)variationof

wavelengthswith height,while thesecondtermdescribesthegeometricaleffect. Theresultof anumerical
evaluationof (3.2) for our setupat ID19 andan X-ray energy of 30 keV is shown in the right imageof
Fig. 3.6. We seethat the apparentBragganglevariesby ÿ � g ��� ÿ å acrossan imagesizeof 1 cm

�
, due

to purely instrumentaleffects.Thecombinedinfluenceof thetwo contributionsleadsto diagonallinesof
equalangularshift. If only variationsin wavelengthweretakeninto account,theselineswould bepurely
horizontal,while themeregeometricaleffectswould leadto astrictly verticalline orientation.

Thetotal correctionhasto besubtractedfrom all theexperimentallymeasuredpeakpositionmaps.Con-
cerningthe seriesof single imagesin Fig. 3.5, a qualitative conclusioncanbe drawn alreadynow: The
instrumentaleffectsalonecannotaccountfor the observed shifts in Braggangle,sincethe observation
doesnot follow theclearevolution from the lower left to theupperright endof the imagein Fig. 3.6. A
remainingmacroscopicsamplecurvaturecanthusbeidentified.

Thecalculationof dispersioneffectsis importantfor theinterpretationof thepeakpositionmapsin terms
of samplecurvature.In orderto alsointerpretthepeakwidthscorrectlyin termsof localcrystallinequality,
the measureddatamust now be comparedwith the theoreticalvaluesfor the rocking curveswidths of
non-distortedsamples.
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Figure 3.6: Left: Scatteringgeometryfor the caseof a vertically scatteringmonochromator and a horizontally
scatteringsample. Theimage showstheeffectof a slight vertical divergenceof the incidentbeamwhich, dueto the
monochromatorgeometry, leadsto slightly differentwavelengths�7698K�;: Right: Necessarycorrectionfor thepeak
positionmapfor thisgeometryandtheparameters of theID19 beamline.

Dynamicalscatteringtheorypredictsa Darwin-Prins-curve for the rockingcurve profile in the limit of
Bragg-diffractionfrom thick, non-absorbingcrystals[BC64,Pin78, Aut93]:v Ã v � p xxx < ÿ � < � � q xxx � g

(3.3)

Thevariable< in (3.3) is thedeviationparameter[BC64]:< p � Ý - Âç¾8¿ÖÀ l �ZÂ n � ~ � Ã�� l q�� Ý n¹ � ¹Á¹ Ý ¹ �£ ¹ ~ v ~Òdv ¹ �£ |
(3.4)

where
Ý

is theasymmetryfactorof reflection } :Ý p = �= v p ¾8¿ÖÀ=� z¾�¿ÁÀ=� � g
(3.5)= � and = § are the direction cosinesof the wave vectors + a , + v with respectto the sample’s surface

normal.They canbeequivalentlyexpressedvia = � p ¾8¿ÖÀ l?> s � @ n , = § p ¾�¿ÁÀ lA> s � @ n (seeFig. 1.8).
Themostcharacteristicfeatureof (3.3) is thatthereis a regionof total reflection(reflectedintensityratio

= 1) in the region <CBED � q | q F aroundeachBraggpeak. The width of this region in an angularscaleis
calledtheDarwin width G :

GÊp � � � ~ § ~qg§¾�¿ÁÀ �ZÂ s o ¹ = §o¹= � | (3.6)

A similar formula canalsobe derived for the rocking curve half width in Laue(transmission)geometry
[Pin78].

Therockingcurveprofile (3.3)canalternatively beexpressedin reciprocalspaceviav Ã v � p xxxxx H {JI� ÿ K L H {JI�EM � � q xxxxx
�

(3.7)

wheretheparameterI is proportionalto theextinctiondepth � � [Aut93]:� I pK� � p � � = � ¹ = § ¹¹ � ¹ � ~ § ~Ig§ g
(3.8)

Formula(3.7)canbeusedto derive therockingcurvewidth alongthe H { -directionin reciprocalspacethat
correspondsto the angularDarwin width (3.6). When presentingthe experimentalresultsfor the peak
widths in thenext Chapter,we will alsogive thenumericalvaluesof theDarwin width calculatedfor our
specialexperimentalconditionsfor comparison.
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3.4 Conclusion

In summary, we have presenteda new methodto quantitatively investigatethecrystallinequality of semi-
conductorswith a spatialresolutionof theorderof 1 & m. Themethodis basedon a combinationof X-ray
diffractometryand topography, and yields fast and preciseinformation on the local intensity of Bragg
peaks,local latticetilts andthelocal rockingcurvehalf width. In this way themacroscopiccrystalquality
parameterscanbecorrelatedwith themicroscopiclatticedefects.Themethodhasbeenimplementedwith
a dedicatedequipmentat theID19 beamlineof theESRF. We developeda dataanalysissoftwarepackage
which reconstructstheraw dataandcorrectsthemfor differentexperimentaleffects.It canbeusedto plot
theresultsin termsof latticecurvatureandrockingcurveFWHM astwo-dimensionalimages.

Theadvantagesof themethodin its presentconfigurationinclude:N Themethodis very fast(with an imagerateof up to 1 image/sec),andgivespreciseandabundant
informationaboutsamplecurvatureaswell asthecrystallinequality.N It combinestheadvantagesof diffractometry(highangular— i.e.reciprocalspace— resolution)and
X-ray topography(high spatialresolutionfor thedetectionof latticedefects).It allows to correlate
themacroscopiceffectsof sampleinhomogeneities(wafercurvature)with their microscopiccauses
(latticedefects).N The experimentalprocedureis very flexible, andallows to adaptthe experimentalconditionsto a
varietyof differentsamplematerialsandthicknesses.OnecanchoosetheX-ray wavelengthfrom a
broadavailablespectrum,includingvery hardX-rays. Sincethesehave a lower absorption,we are
ableto work in transmissiongeometryevenfor thick samples.Furthermore,theuseof hardX-rays
leadsto low intrinsic peakwidths(Darwin widths). In this way, themeasuredrockingcurvesgivea
preciseimageof therealsampleproperties,andarenot broadenedsignificantlydueto thenatureof
thescatteringprocess.N Thechoicebetweenreflectionandtransmissiongeometrymakesit possibleto beselectively sensitive
only to asmalllayernearthesamplesurface,or alternatively to thewholecrystal.In thisway, lattice
distortionscanfor thefirst time bemonitoredfor theentirevolumeof a crystallinestructure,which
wasnot possiblewith the pre-existing commericalinstruments.Furthermore,the choicebetween
two configurationsfor themonochromatorandfor thediffractometergeometry(verticalor horizontal
scatteringplanes)canbeusedto optimizethedispersionconditions.

First resultsof theapplicationof thismethodwill begivenin thenext Chapter.
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Chapter 4

Application to industrial quality
inspectionof semiconductorwafers

Wenowapplythemethoddescribedin thepreviousChapterto thestudyof latticedistortionsin twodifferent
sampletypes:galliumarsenideandsiliconcarbidewafers. Theyserveasexamplesfor twodifferentgroups
of semiconductormaterialswhich we might call the “classical” and the “new” ones. Thefirst group is
constitutedbysemiconductorslike · ¿ | åçæHë ¾ and é À�í . Thetechnologyfor their growthhasbeenstudiedand
optimizedwith considerableeffort during thepast50years. Importantprogresshasbeenachieved,sothat
they arenowadaysroutinelyusedin deviceapplications.Thesecondgroup,in which wefindmaterialslike· ¿¹¸ and åçæPO , is technologically far lesswell controlled. Their specialproperties,like a higherelectronic
bandgap,mechanicalhardnessandchemicalresistivity, make themattractivefor innovativeapplications
andwill certainlycausefurther effort to beinvestedinto this fieldof materialresearch.

In thisChapterweshowexperimentalresultsfrombothgroupsof materials,obtainedwith theprocedure
discussedin Chapter3. At theendof theChapter,wewill furthermore discusspossiblefuture extensions
of our method.

4.1 Experimental example: QSRUTWV wafers

Fig. 4.1 shows the resultsof threeangularscansrecordedon threedifferent spotson the surfaceof aåçæ�ë ¾ wafergrown by the liquid encapsulatedCzochralsky (LEC) method[Jac98]. Therockingcurvehalf
widths (imagesin the left column)mustbe comparedwith the theoreticalvalueof the Darwin width for
thesymmetric220-reflectionof åçæ�ë ¾ at anX-ray energy of 30keV (seeeq. (3.6)):G ñ)òió�ô p � g �H��� � q å p þ g � Å Å
The experimentalmapsof the spatialdistribution of the rocking curve FWHM exhibit a systemof small
“islands”, regionswith a very low FWHM (closeto the theoreticalvalue)andaccordinglya high local
crystallinequality. They areseparatedby a network of lines with considerablylarger local half width.
Theseislandsrepresentcrystalliteswith a highly perfectinternalcrystallinestructure,while the system
of lines betweenthem constitutesa network of dislocations. The possibility to map the rocking curve
half width with aspatialresolutionin therangeof micrometersthusallowsto visualizethemosaicityof the
sample,to identify theindividualcrystallitesaswell asthetransitionregionsbetweenthem,andto measure
their individualcrystallinequalityseparately.

The structureof the networks of dislocationschangesfrom onespoton the sampleto the next: While
in thefirst row of Fig. 4.1 (centerof thewafer) they seemto bemoreor lessisotropic,they show a clear
preferentialorientationalongtheverticaldirectionin thesecondrow, andalongthehorizontaldirectionin
thethird row of Fig. 4.1.

Themapsof theangularpositionof theBraggpeak(right columnof Fig. 4.1) indicatemainly how the
samplecurvature(lattice tilt) changesover macroscopicdimensions.However, at many placesthe local
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4.2. Another example: · ¿�¸ wafers

detailsaresufficiently clearto allow a similar identificationof crystallitesasin the FWHM maps.From
this observation,it becomesclearthatnot only thecrystalliteshave a goodinternalcrystallinequality, but
alsothat their homogeneousorientationchangesfrom onecrystalliteto thenext, dueto thedefectsin the
zonebetweenthem.

Figure4.1: Rocking curveimaging of ôÉõâöÒ÷ -LEC-wafers: resultsof thedataevaluationprocedure. Mapsof rocking
curvehalf width (left column)andof angularpeakposition(right column)for threedifferent locationson thesurface
of the samesample. First row: centerof the wafer, secondand third row: two different regions along the wafer
circumference. All grayscalesare in unitsof degrees.In thecurvature maps,theaverage peakshiftof 0.01³ acrossthe
image diagonalcorrespondsto a bendingradiusof about80 m. [LBH00]

4.2 Another example: X9Y�Z wafers

Silicon carbideis an exampleof a “new” semiconductormaterial. Its fabricationtechnologyis not yet
optimizedto thesamedegreeasfor silicon or gallium arsenide,but it is a very interestingmaterialdueto
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CHAPTER 4: Application to industrial quality inspection of semiconductor wafers

its higherelectronicbandgap,whichmakesit attractivefor optoelectronicdevicesin theshorterwavelength
range(“blue lasers”).Furthermore,its mechanicalhardness,chemicalresistivity andthermalstability are
of high interestfor a varietyof applications.

Silicon carbideexists in differentcrystallographicphasesor polytypes, the mostwell-known of which
arecalled“3C” (cubic),“4H” and“6H” (bothhexagonal)and“15R” (rhombohedral).Silicon carbidecan
begrown by two differentmethods:TheLelymethod[Lel55], on theonehand,yieldsverypure,relatively
perfectsinglecrystals,but the maximumsizeof sampleswhich canbe obtainedis limited to some [�\
in diameterat best. The methodis basedon the evaporationof a polycrystalline ]_^A` powder inside a
furnacewhosesidewalls areheatedup to 2500 a C. Thematerialthencondensateson thewalls of a small
porouscylinder introducedfor this purposeinto the furnace. The modifiedLely method[TT78], on the
otherhand,leadsto largercrystals.Here,thegrowth from vapourstartsin a controlledwayon anoriented]_^A` seed,ratherthanspontaneouslyon thewalls of theporouscylinder. However, thecrystallinequality
of the resultingcrystalsis generallyworsethanin the seed,andnew defectslike micropipescanappear
[HDV99, DHH99]. For a recentX-ray topographicstudyof ]_^A` andits typical defects,includinga more
detailedreview of growth methodsandpolytypes,see[Mil99].

In orderto monitor the overall crystallinequality andsimultaneouslycorrelateit with the microscopic
defects,we appliedour experimentalmethodto two different ]_^b` samples,grown by the two growth
methods.The resultsof the dataevaluationprocedureareshown in Fig. 4.2. The left columnshows the
rocking curve half width maps,while the right columncontainsthe mapsof the angularpeakposition.
Onceagain,the FWHM valuesmustbe comparedwith the theoreticalDarwin width for perfectcrystals
(eq. (3.6)),which for thesymmetric220-reflectionof ];^b` atanX-ray energy of 30 keV yieldsced�fhgjilk g kPkmkPnmn a iSo g pmq q

Fromthe imagesof thesamplegrown by theLely method(upperrow in Fig. 4.2) it becomesclearthat
thiscrystalis indeedrelatively perfect.Thehalf widthsaregenerallyverylow (althoughthey remainhigher
thanthetheoreticalvalue,of theorderof rts ouk;vxw to o s oJk;vzy degrees)andhavearelatively homogeneous
distribution. Only a narrow areaon the right exhibits a larger half width, andalsoshows somedefects.
This is in facttheregionwherethecrystalgrowth beganandthegrowth processhadnotstabilizedentirely
yet. However, therockingcurve width doesnot exceedo g r{s oJk;vxy degreesanywhere,which indicatesan
overall highly regularcrystallattice. This pictureis alsoconfirmedby thecurvaturemap(right column):
Thecrystalorientationvariesby no morethan0.02degreesacrossthewholeilluminatedsurface,andin a
largearea(excludingtheregion on theright) it is stablewithin o s ouk|vxy degrees.In summary, thecrystal
is almostideal.

Two stripesin the images(aboutthe last \}\ on the left andright borders)seemto bemoreperturbed.
They do not indicatedeviationsfrom crystallineperfection,though. As discussedabove, samplesgrown
by the Lely methoddo not reacha big size. Our samplewasthereforesmallerthanthe illuminating X-
ray beamandthe field of view of the camera.This is why only scatteringby the surroundingair canbe
observedin theselateralregions.

Thesecondsample(lower row in Fig. 4.2)shows very differentcharacteristics:TheFWHM is strongly
non-homogeneous,with somehighly perturbedregionswherethewidth is aslargeasabout0.006a - under
similar experimentalconditionsasbefore.Thecurvaturemapon theright shows thesametendency: The
latticeorientationsvary stronglyacrossthe illuminatedarea,with tilts of up to 0.15a within a distanceof
somemillimeters.

An interestingfeaturein bothof theseimagesis thediagonal“bay” in theupperleft corner, whichseems
similar to the two emptystripesin the imagesof the first ]_^A` sample.However, this doesnot meanthat
we havedetecteda holein thesample;this regionsimply did not diffract in our experiment.Thereasonis
thatthesamplecondensatedin severaldifferentcrystallographicphases.Theregionswith acubicstructure
arein Braggpositionunderour experimentalconditions,while the hexagonalpartsof thesamplehave a
differentlatticeparameterandaccordinglydiffract at differentBraggangles.Thereforethey appearblack
in our image.Our experimentthusshows thatthesampleconsistsof a mixtureof crystallographicphases,
which is awell-known problemin ]_^A` growth in general.

Anotherdetaildeservesattention:thesmalltube-shapedregionwhichis visiblein bothimagesatmedium
height, in the left third of the field of view. The FWHM mapshows an inner region of relatively good
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4.3. Perspective: Determination of complete strain fields via ~�\ -resolved triple crystal
diffractometry

Figure4.2: X-ray rocking curveimaging on silicon carbidewafers: resultsof thedataevaluationprocedure. Maps
of therocking curvehalf widths(left column)andof theangularpeakposition(right column)for a samplegrownby
theLely method(upperrow) andonegrownby themodifiedLely method(lower row). All gray scalesare in unitsof
degrees.In bothkindsof maps,it is clearly visiblethat thecrystallinequalityof thefirst sampleis superiorto theone
of thesecondsample. [LBH00]

crystallinequality, which is separatedfrom its surroundingsby two narrow, highly perturbedzones.The
correspondingareain thecurvaturemapshows that theinterior of this “tube” is homogeneouslyoriented.
At its borders,thereoccursa 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 respectto its local crystallographicenvironment.

4.3 Perspective: Determination of completestrain fieldsvia �{� -resolved
triple crystal diffractometry

Our procedure,asdescribedsofar, is applicablewhenthecrystallatticeis essentiallyperturbedby lattice
tilts, andnotsimultaneouslyby strongvariations���_��� of thelatticeparameter. In thiscasetheBraggangle
is nearlyconstantacrossthe image,so thata one-to-one-correlationbetweenspotson thesamplesurface
andpixelsof thecamerais preserved.

When strongervariations ���;��� occur it becomesnecessaryto analyzethe direction of the diffracted
beam. Then,onecanextract informationon the local lattice parameterfrom the knowledgeof the local
total scatteringangle

p����9�A���%���
. Thiscanbeachievednotonly in diffractometry[FKK97] andtopography

[BH81, YMW79], but alsowith a triple crystalversionof our procedure,by insertingananalyzercrystal
betweenthesampleandthecamera.

Onethenhasto vary systematicallynot only the sampleangle � , but alsothe analyzerangle
p��

. This
procedureobviously tendsto increasethe amountof datato bestoredandtreatedby a large factor. This
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CHAPTER 4: Application to industrial quality inspection of semiconductor wafers

disadvantageis morethanbalancedby thewealthof informationwhich canbe obtainedin this way: By
combiningthe measurementsat several complementaryreflections,oneis principally ableto extract all
ninecomponentsof thecompletelatticedistortiontensor�x�x����� �;� with a spatialresolutionof some~�\ .

Crystalgrowersworking on ]_^b` have shown a stronginterestin this application.Local strainvariations
influencethemechanismsof vapourdepositionof atomsonaseed.Oncethestrainfield canbemeasured,it
canbeusedin numericalsimulationswith theaimto optimizethegrowth process.Dueto thistechnological
relevance,thetriple-crystalversionof themethodwill beexperimentallyrealizedin thenearfuture.

4.4 Conclusion

In summary, we have givenexperimentalexamplesof the ~�\ -resolvedinvestigationof crystallinequality
in semiconductorwafers.Resultsfor oneclassicalandone“new” semiconductormaterial,namely ���m���
and ]_^A` , werereported.In the ���P��� -LEC-wafers,networks of dislocationscould be identifiedanddis-
tinguishedfrom the neighbouring,highly perfectcrystallites. In the caseof ]_^A` wafers,we couldprove
experimentallythat thesamplesgrown with theLely methodwerefar morehomogeneousanddefect-free
thanthosegrown by the modifiedLely method. The latterweredemonstratedto consistof a mixture of
differentcrystallographicphases.

Thesewerejust two examplesof whatcanbeachievedwith themethodin its presentstate.Their choice
wasmotivatedby thefactthatsemiconductorwafersarethebasisfor thefabricationof microelectronicand
optoelectronicdevices. Theextensionandapplicationof our methodto microelectroniccircuits or semi-
conductorlasersis straightforward.Furthermore,anextensionof themethodto a triple crystalmeasuring
modeis plannedfor thenearfuture.

However, in thecontext of thepresentwork we will not pursuethis techniqueany further, but continue
a slightly differentroute. We will be interestedin strainvariationson evensmallerlengthscales,namely
in the1-100nm range.Strainvariationson this scaleoccurin artificially patternedstructureslike surface
gratings,quantumwiresandquantumdots. A spatialresolutionof theorderof nanometerscannot(yet?)
bereachedin X-ray diffractionwith thetechniquesdescribedabove in Chapter3. Therefore,we will need
to employ a differentexperimentalstrategy, makinguseof the fact that thestrainfield in suchstructures
is periodic along the lateral direction. This allows us to study it with the help of interferenceeffects.
Investigationof this kind arethesubjectof therestof this manuscript.
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Part III

Lattice distortions on a scalebelow the
micrometer:

Strain investigationsin semiconductor
surfacenanostructures





A short history of grating investigations

To definemore clearly the relevanceof thepresentwork in thecontext of strain investigationsin surface
gratings,let ushavea shortlookon previousstudiesandreview thehistoryof X-raymethodsdevelopedto
characterizethis typeof structures.

Theauthorsof earlystudiesof laterallypatternedGaAssubstrates[TG90] andof bareandovergrown é��7�
substrates[MS90] recognizedthemethodicalpotentialof X-ray diffractionin this field. It wasfoundthat
thelateralgratingperiodicityinducedaseriesof satellitepeaksin reciprocalspacearoundthecentralBragg
peaks.Theoreticalmodelsbasedonkinematicaldiffractiontheorywereproposed[MS90, DCST94] which
coulddescribetheinfluenceof thegeometricalparametersandthegratingshapeontothediffractionpattern.
Thesestudiesweredonewith double-crystaldiffractometry(DCD), a methodwhoselimited resolutionin
reciprocalspacedoesnotallow to examinethedetailsof thegratingshape.Latticestrainwasimmediately
recognizedto influencethediffractionpatterns[MS90], but couldnotbeexplicitly analyzedat this stage.

Later, triple-crystaldiffractometry(TCD) wasusedto resolve moreinformationin orderto investigate
the shapeof simplesurfacegratings[GBM93, SUW93] andof superlatticegratings[TLRL92, HTK93,
TSDC95]. Thoroughexperimentalandtheoreticalstudiesby Tolan[Tol93] etal. showedthattheobserved
intensitydistribution in reciprocalspacewasaccessibleto a quantitative theoreticaldescriptionby either
kinematicaldiffractiontheory(in thecaseof X-ray diffraction) [TKB92, TPB94] or dynamicaltheory(in
thecaseof X-ray reflectivity) [TPB95].

After the influenceof thegratinggeometryontothediffractionpatternwasunderstood,it becameclear
thatthiswasnotsufficient to interpretsomeof theexperimentallyobserveddiffractionpatterns[Gai95]. In
certaincases,drasticdeviationsof measuredreciprocalspacemapsfrom theoreticalexpectationsappeared,
which could not even be explainedby modelcalculationswhich additionally took dynamicalscattering
effects(multiplescattering,Umweganregung) into account[BG95, BHP94].Severalresearchgroupsfound
thatthediscrepanciescouldbedueto strainrelaxationin quantumwires[SKT96], quantumdots[DKB95]
andsurfacegratings[LBT97]. Reciprocalspacemapsof �����{é��z� v ���9� gratingsclearly indicatedthat a
non-homogeneousstraindistribution waspresentin thesamplesandsignificantlydistortedthediffraction
patternwith respectto theoneof non-strainedsamples[Gai95]. Conversely, this strongdistortionmadeit
clearthatX-ray diffractionis a verysensitive tool to studysuchstrainfields.

However, an exact explanationand interpretationof the measureddatawas not easy. Initial models
werebasedon simplifying assumptions:They neglectedthe influenceof the interfacewith the substrate
[DKB95], or they includeda descriptionof strainrelaxationonly in termsof a phenomenologicalpower
law ansatz[SUW96, SKT96, SK97]. More well-foundedtheoreticalstudiesweremadeby De Caroet al.,
who first employedcontinuumelasticitytheoryto predictstrainfieldsin quantumwell andquantumwire
structures.They showed how the combinationof Hooke’s law for a cubic materialwith the appropriate
boundaryconditionscouldbeusedto calculatethestrainin planarstrainedlayers[DCT93, DCT95a] and
in quantumwires[DCT94, DCT95b] via theminimizationof strainenergy. Themodelwassubsequently
extendedto superlatticegratingswith a vertically periodiclayersetup[DCTG96], for which ananalytical
solution of the strain problemin termsof a Fourier serieswas found. The limitation of thesestudies
consistsin neglectingtheelasticinteractionbetweenthegratingandthesubstrateandassumingacomplete
freedomof thegratingregion to relaxlaterally. Theresultfor thestrainis thereforenot a strainfield in the
strict sense,sinceit cannotaccountfor spatialinhomogeneitiesof therelaxationin strained-layersurface
gratings.
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Yet, the above-mentionedexperimentsindicatedthat the strain distribution was non-homogeneousin
reality. Therefore,whenthis work wasbegunit wastime to developa completequantitativemodelfor the
strainfield in partially relaxedgratingstructures.Thefirst strategy to begin with wasto basetheapproach
oncontinuumelasticity, althoughit hadnotbeentestedyetwhetherthismacroscopictheoryremainedvalid
in the limit of structureswith dimensionsin therangeof nanometers.It hadbeenfoundto be“very well
verified” for monoatomicfilms of �x�¡ £¢ in `U¤| £¢ in a studywhich comparedthepredictionsof elasticity
theorywith ab-initio pseudopotentialcalculations[BEM97], but hadbeenshown experimentallyto be
inapplicablein the limit of monoatomicfilms of é��¡��� in é��7� in a high resolutionTEM study[BPB92].
Therefore,theuseof elasticitytheoryin this field couldonly beconsideredastentative.

Attemptsto solvetheequationsfor thestrainfieldsin gratingsanalyticallyremainedinconclusive,mainly
dueto the complicatedboundaryconditions.Therefore,numericaltechniquesneededto be employedto
obtainanapproximatedsolution.Amongothertechniques,theFinite ElementMethod(FEM) is available
in theform of commercialcomputercodes.Someproblemsremainedto besolvedin orderto adaptthese
programsto the calculationof lattice strainsin crystals,for which they were not originally conceived
[PB99] (seeChapter5). In theend,numericalsolutionscouldbeobtained,but the theoreticalvalidity of
theapproximationsunderlyingtheuseof linearelasticitytheoryaswell asthenumericalaccuracy of the
solutionsremainedto betested.

Comparisonsof FEM calculationsfor lattice strainfields with experimentaldatahadpreviously been
doneby otherresearchgroups.Theexperimentaltechniqueswhichwereappliedincludedelectrondiffrac-
tion [CAS94], photoluminescence[TMY92, NHW95] andmicro-Ramanmeasurements[JHA95]. In all
thesecases,not morethana qualitative similarity betweenexperimentandcalculationcouldbeachieved.
A detailedandquantitativeexperimentalverificationof theapplicabilityof elasticitytheoryto nanostruc-
tureswasstill due.

Therefore,thefollowing Chaptersdescribea techniqueto determineexperimentallythecompletespatial
variationof strainfieldsin nanoscopicstructures.By comparisonof high-resolutionX-ray diffractiondata
with calculatedstrainfields, the validity of elasticity theoryasa theoreticaldescriptioncould be tested
quantitatively, andthelimits of its applicabilityweredetermined.
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Chapter 5

Theory of diffraction fr om (strained)
gratings

5.1 Grating geometryand reciprocal spacestructur e

Kinematicaltheorypredictsthat an infinitely extended,perfectcrystaldiffractsonly at discretepointsin
reciprocalspace,theBraggpeaks.An actualcrystalis not infinitely extended;theinterruption(truncation)
of the periodicityof the crystallattice at the samplesurfaceleadsto the appearanceof a continuousdis-
tribution of diffractedintensityaroundeachBraggpeak. Mathematically, this canbe describedwith the
conceptof ashapefunction: Thesusceptibility¥ �?¦x� of afinite crystalis writtenastheproductof an“ideal”
susceptibility¥¨§ �A¦7� of aninfinite crystalandtheshapefunction © �?¦x� which canhave only two different
values,namely1 insidethecrystaland0 outside:¥ �?¦x� i ¥ § �A¦z� © �A¦z� (5.1)

Thestructureamplitudeof thesamplecanthenbederivedvia theconvolutiontheorem[Gui94]. It states
that theFourier transformª �¬«­� of this productof two functionsin realspaceis equalto theconvolution
of thetwo individualFouriertransformsin reciprocalspace:ª �¬«­� iW® ¥ �A¦x�°¯ v �
±³² � y ¦ i ® ¥�´�µ§ �¬« q � ©U´Pµ �/«·¶E« q � � « q (5.2)

Let usassumefor a momentthat the crystallinematerialinsidethe boundariesdescribedby © �?¦x� is per-
fectly periodic,defect-freeandnon-strained.Then, the Fourier transform ¥ ´�µ§ �/« q � canbe written asa
discreteFouriersum: ¥ ´�µ§ �¬«¸qb� iW® ¥ § �A¦z�¹¯ v �
±»º
² � y ¦ iW¼�½ ¥ ½ � �¬«­q;¾À¿³��g (5.3)

In writing (5.3) we have momentarilyassumedthat thegratingconsistsof onesinglematerialonly. This
assumptionis not too restrictive sinceSection5.4will introducea formulafor thegeneralcaseof layered
gratings.

Theexpressionfor thestructureamplitudeis reducedto asimplesum:ª �/«­� i ¼ ½ ¥ ½ © ´�µ �¬«Á¾Â¿°�
(5.4)

If theshapedescribedby © is extendedover morethana few latticeparameters(containsa largenumber
of atoms), then © ´�µ �¬«}� is relatively sharplydefinedin reciprocalspace,andthe intensityat

«ÄÃÅ¿
is

not influencedby contributionsfrom otherreciprocallatticepoints Æ with ÆCÇi ¿
. In this case,expression

(5.4) in thevicinity
¿

reducesto onesingleterm:ª ½ �¬Èx� i ¥ ½ © ´�µ �¬Èx��� (5.5)
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CHAPTER 5: Theory of diffraction from (strained) gratings

wherethereducedscatteringvector
È

is definedas
È
=
«·¶E¿

. In otherwords,theintensitydistribution in
reciprocalspaceis givenby theFouriertransform© ´�µ of theshapefunction,replicatedaroundeachBragg
peakof thecrystallinematerial.For instance,in thecaseof a crystalplatewith upperandlower (smooth)
surfacesat

� iCk and
� iWÉ eachBraggpeakis surroundedby anintensitydistributionalongaverticalline

with a profile Ê �?ËuÌJ��Í·� �Î^Ï� �?Ë�Ì É � pP� � ËuÌu��Ð , theso-calledcrystal truncationrod (CTR) [Rob86]. A similar
CTR with a profile Ê �?ËuÌ��tÍ o � �?Ë�ÐÌ�Ñ ~ Ðu� canbederivedfor scatteringfrom thesurfaceof a semi-infinite
crystalif absorptionis takeninto accountby anabsorptioncoefficient ~ .

In this thesis,we dealwith gratingsampleswhosegeneralgeometryis shown in Fig. 5.1. Their shape
function © �A¦x� is characterizedby a lateralperiodicity (gratingperiod Ò ): The basicelement,the single
gratingwire, is replicatedalongthe

�
-directionat positions

� iÔÓ Ò for every integernumberÓ . Math-
ematically, sucha periodicshapecanbe describedasa convolution of a “microscopic” shapefunction© f Õ�Ö �?¦x� , describingthe shapeof onesingleindividual gratingwire, with an infinite seriesof delta-peaks
alongthe

�
-direction:

© �A¦x� i � © f ÕuÖ �A¦x�Î��×·Ø ¼Ù_Ú�Û � �A�Ü¾ Ó Ò ��Ý g
(5.6)

In orderto calculatethediffractedintensityfrom suchastructurevia (5.5)weneedto obtainanexpression
for the Fourier transformof the shapefunction (5.6). This canbe achievedby applyingthe convolution
theoremonceagain,now in oppositedirection,which yields(apartfrom a normalizationfactor):

© ´�µ �?È�� i © ´�µf Õ�Ö �?Èz�ßÞ¨Ø oÒ ¼Ù_Ú�Û � �?Ëuà�¾âá Ù ��Ý with
á Ù iCÓ p�ãÒ �

(5.7)

wherewe madeuseof thefact that theFourier transformof an infinite seriesof � -functionsin realspace
is given by a correspondingsequenceof � -peaksin reciprocalspace(seee.g. AppendixA of [Gui94]).
Equation(5.7)shows thatthediffractedintensitydoesnot representacontinuousdistribution in reciprocal
space,but is concentratedat specificlateralpositionsalongtheso-calledgrating truncationrods(GTRs)
[GBM93] whichareparallelto theCTR.In thecaseof gratingsandquantumwires(asopposedto quantum
dots)thein-planepositionsof theGTRscanbewritten in vectorialnotationas«jähä i ¿åähä Ñ á Ù|æ à g (5.8)

Let us mentionherethat the organizationof the diffraction patternin GTRsis determinedby the lateral
superperiodicityof thestructureonly, andis independentof whetherthematerialinsidethegratingperiod
is strainedor not. Thesharpnessof theGTR crosssectionalong

Ë à
canbealteredonly by fluctuationsof

thegratingperiod Ò alongthesamplesurface— apartfrom thefact thatin experimentalreciprocalspace
mapsthey are,of course,broadeneddueto theinstrumentalresolutionof theinstrument.

In orderto obtaininformationaboutthe structureinsideonesinglegratingperiod,onethereforeneeds
to study the intensity profile Ê �?ËuÌ�� along the single GTRs. In the caseof a grating of homogeneous,
non-strainedmaterialtheprofile Ê Ù �?ËuÌç� of the Ó -th lateralrod canbecalculatedvia theFourier transform© ´�µ �?È�� of theshapefunctionof onesingleperiod1, evaluatedselectively at theposition

Ëuà ièÓ Þup�ã ��Ò .
In orderto obtainthefull reciprocalspacestructureof agrating,theremainingtaskis thusto calculatethe

Fourier transformof theshapefunctionof a singlegratingwire. Dueto thetranslationalsymmetryalong
the é -direction, the dependency of © ´�µ on

Ë�ê
is given by a simple factor � �¬Ë�ê�� , so that the calculation

effectively becomesa two-dimensionalproblem, © ´�µ i © ´�µ �?Ëuà|�ÎËuÌJ� . In what follows we performthis
calculationexplicitly with the exampleof a trapezoidalgratingshape,asshown in Fig. 5.1. We usethe
following symbolsto describethegeometry:ë is thegratingheight, ì thewidth of theplanartop surface,í thewidth of thevalley betweenneighbouringgratingwires,and î7ïÏð%ñ i � � ��� � arethesidewall slopes.
For thegratinggeometryshown in Fig. 5.1 thevalueof î ï is positive,whereasî ñ is negative.

1Our approachdeviatesslightly from themethodwhich wasusedin [Tol93] to deducethesameresultfor thefirst time. There,a
“grating function” ò9óõô�ö
÷_ø¬ùçú wasusedto describetheshapeof thegratingsurface. Thediffractedintensityis thengiven by the
two-dimensionalFouriertransformof theexponentialû%üÏýJþ0ÿ�� ��� . In ournotation,wheretheshapefunction � is a functionof all three
coordinates,noexponentialis required,andtheintensityis directlygivenby thethree-dimensionalFouriertransformof �¹ö��mú itself.
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5.1. Grating geometry and reciprocal space structure

�	
���
��� �������� �
� � �

Figure 5.1: Geometryof a
surface grating [BL99], in-
cluding the definitionsof some
variables which will be used
throughout this work: grating
period � , groove path(grating
valley width) � , top path (grat-
ing top width) � , and grating
sidewall slopes�! #"$�!% = &!')(�&)* .

Figure5.2: Reciprocal spacestructure (simulateddiffraction pattern
aroundthe 224-reflection)of the grating shownon the left. Themain
feature is a characteristiccrosspatternaroundthe Bragg peakof the
layer material ( +-,/.103254768.�9;: ) at < ÿ>=@?BA CBDE? Å 6F4 (left). This fig-
ure highlights the pure influenceof the grating shapefunctionon the
diffraction pattern. For bettercomparisonwith the correspondingex-
perimentalmapsfromstrainedsamplestheeffectof an 032HG substrateis
included.It givesrise to thestrongBragg peakat < ÿ =I?BA CKJ�L (on the
right), surroundedby its CTR.Grating andsubstrateare assumednot
to bein contact,sothatnostrain occurs in eithermaterial.

In termsof thesevariables,theFouriertransformof © f ÕuÖ �A���%��� is

© ´�µf ÕuÖ �?Ë à �ÎË Ì � i ®NMO ®QP�R/S Ì fP1TUS Ì f ¯ v ��V7W Ì ¯ v �$V7X à � � � � (5.9)

The integrationlimits Y ï �?�_� and Y ñ �?�_� representthe left andright borderof the trapezeat height
�
. They

arerelatedto thesidewall slopesî¡ïÏð%ñ �?�_� atheight
�

by

Y ï �?�_� i ¾ ìp Ñ ® ÌM î ï �?� q � � � q Y ñ �?�_� i ìp Ñ ® Ì
M î ñ �?� q � � � q (5.10)

Theseformulaecanbe usedto describearbitrarily curvedsidewall slopes,e.g. in the caseof selectively
etchedmultilayer gratings[BLG00]. For our presentcaseof a simple trapezoidalgratingwith straight
sidewalls they simplify toY ï �?�_� i ¾ ìp Ñ �?� ¾ ë � î ï Y ñ �?�_� i ìp Ñ �?� ¾ ë � î ñ g (5.11)

For
Ëuà Çilk thefirst integrationyields

© ´Pµf Õ�Ö �?Ëuà|�%Ë�Ìç� i[ZË à ®NMO]\ ¯ v �$V7X S�^_ v5` R M f ¯ v � S V7Wba ` R V7X f Ì Ñ ¯ �$V7X SE^_ a ` TcM f ¯ v � S V7WEa ` T V7X f Ì8d � � (5.12)

We simplify thenotationby definingthenew scatteringvectorsË a i Ë Ì Ñ Ë à î ñ (5.13)Ë v i ËuÌ Ñ Ë�à î ï (5.14)
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CHAPTER 5: Theory of diffraction from (strained) gratings

Using(5.13)and(5.14),theformulafor scatteringamplitudeat
Ë�à Çilk becomes:

©U´Pµf Õ�Ö �¬Ë�à|�%Ë�Ìç� i ZËuàfe ¯ v ��V7X � ^3gih REj_ � �Î^Ï� �?Ë a ëÎ� pP�Ë a ëÎ� p ¾â¯ �$V7X!k ^#lih T j_nm ��^
� �?Ë v ëÎ� pm�Ë v ëÎ� p o ¯ v �$V W j_ (5.15)

The two essentialtermsin this formula, the ��^
� �?Ë$g�g�g%� � Ë5g�g�g
-functions,reachtheir maximumvalueof

1 when the respective argumentis zero. The effect on the intensity distribution in reciprocalspaceis
illustratedin Fig. 5.2. Around the Braggpeakof the grating materialwe seetwo diagonalstreaksof
strongintensityalongstraightlineswith

ËuÌ i ¾ î7ïÏð%ñ Ë�à , i.e. onestreakperpendicularto eachof thegrating
sidewalls. Qualitatively, this canbe understoodby analogywith the appearanceof a CTR in the caseof
a flat surface. The gratingsidewalls give rise in a similar way to “sidewall truncationrods” which run
diagonallyin reciprocalspace.

Thetop surfaceof thegratinggivesriseto a third streakalongthe
Ë�Ì

direction,asbecomesapparentby
deriving thelimiting expressionof (5.15)for

Ë�à ilk :
© ´�µf Õ�Ö � k �ÎË Ì � i ® MO ¯ v �$V W ÌBp ì Ñ � î ñ ¾ î ï ���?� ¾ ë �Eq � � (5.16)i e ì ¾ Z � î ñ ¾ î ï �ËuÌ o ë �Î^Ï� �?Ë Ì ëÎ� pP�Ë�Ì ëÎ� p ¯ v ��V7W M ð Ð Ñ Z � î ñ ¾ î ï �ËuÌ ë (5.17)

For directusein a computerprogram,let usalsostateexplicitly thelimit of (5.17)for
Ë�Ì i k :

© ´Pµf ÕuÖ � k � k � i r ì Ñ � î ï ¾ î ñ �p ë7s ë g (5.18)

Thisexpressioncorrespondsin factto theareaof a trapezewith height ë andtop width ì .
Thecombinationof equations(5.15),(5.17)and(5.18)describescompletelythekinematicaldiffraction

amplitudefrom a trapezoidalgrating of homogeneousmaterial. The resulting intensity distribution in
reciprocalspacehasa characteristiccrossform, asvisible aroundthe layer Braggpeakin Fig. 5.2. We
have chosena trapezoidalshapefor the explicit calculationdueto its relative generality: The formulae
for many othergratingshapescanbe deducedfrom this resultasspecialcases,for instancea triangular
( ì i k ), rectangular(î ï i î ñ i k ) or parallelogramshape(î ï i î ñ ).

In deriving (5.17)and(5.18)wehaveneglectedthecontributionof theplanarsubstratebelow thegrating.
Whennecessary, it canbetakeninto accountadditionallywithoutmajorcomplications[Tol93]. Thereason
for neglectingit hereis thatwearenotmainly interestedin homogeneousgratings,but in gratingswhichare
internallystraineddueto thecontactbetweentwo or moremismatchedmaterials.X-ray diffractionfrom
suchstructurescannotbetreatedby simpleFouriertransformationof theexternalshapefunctionany more.
However, in theapproachwhich we will developin Section5.4 for thecalculationof diffractedintensity
from strainedstructuresequations(5.15),(5.17)and(5.18)will reappearasoneingredientof fundamental
importance.Beforeturningto this subject,we first have to introducea theoreticaldescriptionof thestrain
fieldsoccurringin epitaxialstructures.

5.2 Strained gratings and elasticity theory

In Section5.1wehavereviewedtherelationsbetweenstructuralpropertiesandtheX-ray diffractionsignal
for thecaseof “monolithic” gratings.This field hasbeenunderintensive investigationin the last decade
[MS90, TG90, Tol93, BG95] andis well understoodby now. However, for device applicationsin elec-
tronicsandoptoelectronics,layeredheteroepitaxialstructuresconsistingof severaldifferentmaterialsare
morerelevant. They allow to achieve quantumeffectsby confinementof charge carriersto nanoscopic
dimensionsalongone,two or threedirections,dueto the differentelectronicbandgapsof the materials
involved.

The differenttypesof semiconductorsinvolved in suchlayeredstructuresgenerallydo not only differ
in bandgap, but also in lattice parameters.Under epitaxial conditionsthin mismatchedlayerstend to
grow pseudomorphically, i.e. the layer materialadaptsits lateral lattice parameterto the lattice spacing
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5.2. Strained gratings and elasticity theory

of the substrate.This is true as long as the layer thicknessdoesnot exceeda certaincritical thickness
[MB74]. Thus,thecontactat theinterfaceleadsto adeformationof thecrystallatticeof thelayermaterial.
To describethis deformationquantitatively we introducethe displacementfield tvu ¦xw . For a pieceof
materialinitially locatedat

¦
, thevector t �A¦z� indicatesthechangein positionbetweenthebulk stateof the

respectivematerialandtheconfigurationin theactualstructure:¦zy i ¦ Ñ t �?¦x� (5.19)

Thequestionof interestin thissectionis how thevariationof thedisplacementfield t �A¦x� acrossthewhole
structuredependson thematerialcompositionsandthegeometricalparametersof thestructure.

A preliminaryanswerto this questioncanbefound in the framework of linear elasticitytheory[LL86,
TG87, CP92], at leastin the limit of small relative displacementst �#{ � i}|/~5�| à/��� o . In this Section,we
introducetherelevantquantitiesdealtwith in this theory, derivea partialdifferentialequation(PDE)from
which t �A¦x� canbe determined,andpresentsolutionsfor two specialcases.In the next Section(5.3) we
will discussamethodby whicha generalsolutionof thePDEcanbefoundnumerically.

Beforeproceedingto the technicaldetails,it mustbe emphasizedthat elasticity theoryis a continuum
theory developedfor macroscopicobjects,and doesnot take the atomicnatureof matter into account.
Therefore,thedescriptionof lattice distortionsin nanoscopicgratingsby meansof elasticitytheorystays
onasomewhathypotheticalgroundfor themoment.It is notcleara priori whethertheinteractionbetween
atomicmonolayersat the interfacesof an epitaxial structurecanbe describedin termsof a continuous
distribution of forces,on which the ideaof a straintensor �7� � is based.This is why the entireapproach
presentedin this andthe following sectionsshouldbe consideredasa tentative description,the general
validity of which remainsto beverified.

We definethe strain tensor � � � �A¦x� andthe rotation tensor � � � �?¦x� asthe symmetricandantisymmetric
partsof thederivative tensort �#{ � , respectively:

��� � i op e �Ft �� � � Ñ �Ft �� � � o (5.20)

�¨� � i op e �Ft �� � � ¾ �Ft �� � � o (5.21)

with Z �����]� o �%p;� ni� . By definition ��� � = � � � , so that thestraintensorhassix independentcomponents.The
threediagonalcomponents( Z i � ) representcompressionsor dilatationsalongtheaxis æ � .

The rotationtensor� � � containsthreeindependentcomponents( � y Ð � � � y and � Ð � ), which canbe rear-
rangedto form a vector � . Thisvectorcanequivalentlybeexpressedwith the [��z�i� operator:

� i��� �³�� Ð� y
�� i��� � y Ð�³� y� Ð �

�� i op�� s�t �A¦x� (5.22)

The quantitiest �A¦x� and � � � �A¦z� characterizethe geometricaleffectsdueto distortioninsidea material.
On the otherside,the forcesgeneratedby thedistortionaredescribedby the stresstensor � � � �A¦z� , which
canbedefinedso asto be symmetrical( � � � = � � � ) in analogyto the straintensor[LL86]. The divergence
of thestresstensor, �x� � � ��� � � �?¦x� , givesthenet forcecomponentalong æ � actingon a unit volumeat the
location

¦
. Theelementsof thetensor�¡� � representtheforcecomponentalongthe Z -axisactingon a unit

surfacethatis perpendicularto the
�
-axis.

A distortedbodyin staticequilibriumis describedby theequation�x� � �� �;� ÑQ�!� i k � (5.23)

where � representsthe bodyforcesperunit volumeactingon thematerial(duefor instanceto a gravita-
tional field).
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CHAPTER 5: Theory of diffraction from (strained) gratings

X-ray structureinvestigationallows to proof directly thegeometricaldisplacementst �A¦z� . We arethere-
fore interestedin a differentialequationequivalentto (5.23),but expressedin termsof t �A¦z� . In orderto
derivesuchanequation,we relatestressto strainby Hooke’s law:� � � i�� � �b� ï � � ï (5.24)

wherethestiffness� � �b� ï is a fourth-ordertensorwith n�w i��¡o elements[Nye95, for transformationprop-
ertiesseealsoAppendixA]. After somecalculus,thefollowing PDEfor thedisplacementresults[LL86]
(with theLaméconstants � � ~ ) :¾ ~���t �?¦x�¨¾è� � Ñ ~ � �¢¡ �P¤ ¤;^�£¤t �A¦z� i � �?¦x�Ýg (5.25)

The main difficulty in solving (5.25) for t �A¦z� lies in the often very complicatedboundaryconditions,
which reflecttheshapeof thesamplesurface.Two kindsof boundaryconditionscanbeused:Either the
displacementt �?¦x� , andtherebyalsothestrain ��� �P�?¦x� , alongthesampleboundaryis given,or thevalueof
theforcedensity¥ actingonthesamplesurfaceis specified.Thelattermethodis equivalentto prescribing
thevaluesof thestresstensor�¡� � , since ¥ resultsfrom �¡� � via ¦�� i �¡� � Ó � , where § is the local surface
normal.

In thecaseof surfacegratingsa combinationof bothmethodsis mostappropriate.At theinterfacewith
thevacuumthegratingis freeto relaxsothatalongtheuppersurface,thegratingsidewallsandthegrooves
thefollowing boundaryconditionsholds: �¡� � § � i k (5.26)

Anotherboundaryconditionresultsfrom thelateralgratingperiodicity:t �?¦x� i t �A¦ Ñ Ò æ à���g (5.27)

Thisconditioncanbecombinedwith theequationt �A¦z� i ¾ t ��¾e¦x� , which is valid in thecaseof symmet-
rically shapedgratings2 andyieldsa conditionfor theleft andright sampleboundary:t à iCk for

� i©¨ Ò p (5.28)

Finally, the substratethicknessë«ª­¬K® is assumedto be largeenough(of the orderof some ~ m at least)so
thatits lowerboundaryis completelyunaffectedby thegrating-inducedstrainfield:t ilk for

� i ¾ ë7¯±°/² (5.29)

Thecombinationof (5.26),(5.28)and(5.29)specifiescompletelytheouter, geometricalrestrictionson
thesolution t �A¦z� . Up to this point, the latticemismatchbetweenthedifferentmaterialshasnot yet been
takeninto account.Theconditionsfor thecontactbetweenthedifferentmaterialsattheinterfacesinsidethe
structurearecrucial,sincewithout theseno strainfield wouldbegeneratedatall. Therefore,thefollowing
equationfor thecontactbetweenmaterials³ and ´ (latticeconstantsY8µ � Y � ) at all horizontalinterfaces
canbeconsideredasthemostimportantamongall theboundary/interfaceconditions[PB99]:

t � � Y �Y µ � O �°¾ t µ �?� O � i Y � ¾ Y8µY µ � O æ à g (5.30)

Equation(5.30)statesthat the differencein displacementbetweentwo adjacentmaterialsgrows linearly
asa function of lateral distance,with a proportionalityconstantcorrespondingto the lattice mismatch.
This expressesthe conditionof pseudomorphicgrowth: The one-to-onerelationbetweencorresponding
atomsin thetwo adjacentlayerstranslatesinto a very specificdiscontinuityof lateralstrain � àuà acrossthe
interface,sincethedisplacementfieldsarecalculatedwith respectto eachlayer’s bulk state.Thevertical

2All thesamplesinvestigatedin this thesisfulfil thesymmetryrequirement.For asymmetricalgratingshapes(5.28)canno longer
beused,andto calculate¶�ö��Pú it becomesnecessaryto specifytheboundaryconditionsin adifferentway [LBG99].
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5.2. Strained gratings and elasticity theory

displacementcomponentt Ì , on the other hand,aswell as the vertical stressare continuousacrossall
horizontalinterfaces3.

Equation(5.30)is of fundamentalimportancefor all our straincalculationsin thesensethat it allows to
establishthe link betweenmacroscopiccontinuumelasticitytheoryandthemicroscopicboundarycondi-
tions,which resultfrom thediscrete,atomicnatureof matter.

Thisequationcanberestatedby introducingthedistinctionbetweentheinitial displacementt O occurring
in theplanarlayerbeforeetching(andcorrespondingto aspatiallyuniforminitial strain� O ), andthegrating-
inducedstrainrelaxation��t which is causedby theetchingprocess:t �?¦x� i t;· �?¦7� Ñ ��t �A¦z��g (5.31)

In pseudomorphicallygrown structuresthe discontinuityof t �?¦x� is fully containedin t · �A¦x� . Condition
(5.30)is thenequivalentto thefactthattherelaxation��t �?¦7� is continuousacrosstheinterface.

An analyticalsolutionto the combinationof (5.25)and(5.26)-(5.30),expressedin termsof a Fourier
series,hasbeenfoundby DeCaroetal. [DCTG96] for thespecialcaseof rectangularsuperlatticegratings.
In their derivationtheauthorsmadethesimplifying assumptionthat the influenceof thesubstrate-grating
interfaceonthestrainfield in thegratingcanbeneglected.Wheneverthisapproximationis notappropriate
it remainsa difficult taskto find a solution t �A¦x� which satisfiessimultaneously(5.25)andthe boundary
conditions.We will thereforemakeuseof numericalmethodsto calculateanapproximatesolutionfor the
strainfield. Thedetailsof thesemethodsarethesubjectof thenext section.

Beforeproceedingto thegeneralsolution,we presentanalyticalsolutionsfor the two limiting casesof
full distortionandfull strain relaxation. Thefirst case,the fully strainedstatedescribedby t O in (5.31),
is characterizedby tetragonaldeformationin the layer: The layer lattice (bulk lattice parameteŗ ï ) is
matchedto thesubstrate(latticeparameteŗ ª ) alongboththe

�
- andthe é -direction.Thestrainin thelayer

is determinedby therelative latticemismatch:� O ähä i � O àuà i � O ê�ê i Y8ª ¾ Y ïY ï (5.32)

Along thethird directionthematerialis freeto relax( � Ì�Ì iSk ), andtheresultingverticalstrain � Ì�Ì can
bededucedfrom Hooke’s law (5.24):

� O Ì�Ì i ¾ r � y � Ñ � y Ð� yÎy s Þ � O ähä g (5.33)� � � arethe elementsof the stiffnesstensorin ¹}sº¹ -matrix notation[CP92] (seeAppendixA). Relation
(5.33)canbesimplifiedto � O Ì�Ì i ¾�p r � � Ð� �Î� s Þ � O ähä (5.34)

on two conditions: The crystallinematerialmust have cubic symmetry, and the axesof the coordinate
systemusedmustcoincidewith the cubic crystallographicaxes. In this case� � � hasthreeindependent
componentsonly (conventionallynamed� �Î� , � � Ð and � w%w ) whosevaluescanbefoundin theliteraturefor
many semiconductormaterials[Ada82, Ada85]. In any othercase,for instanceif onechoosesthe

�
- andé -axesperpendicularandparallel,respectively, to thewiresof a [110]-orientedgrating, � � � mustfirst be

transformedfrom thecrystallographicto therotatedreferencesystem(seeAppendixA), andthenthemore
generalrelation(5.33)needsto beused.

The secondlimiting case(full strain relaxation)is characterizedby orthorhombicdeformationof the
strainedlayer. It representsthe fully relaxed stateof a gratingwhich is lattice matchedto the substrate
alongonedirectiononly, thedirectionof thewires(with � ê�ê still beinggivenby (5.32)),but freeto relax

3For non-horizontalinterfaces,suchasthesidewalls of theburiedgratingstudiedin Chapter6, with aninclinednormal »�¼½¿¾KÀ
,

(5.30)needsto bereplacedby asimilarequationfor thecomponentof ¶ alongtheinterface,¶ Á Á�óÂ»�Ã öc»�Ãv¶ ú .
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CHAPTER 5: Theory of diffraction from (strained) gratings

in theboth
�
- andthe

�
-direction. Theresultinglateralandverticalstrain � àuà and � Ì�Ì canbefoundfrom� àJà i � Ì�Ì i k , togetherwith Hooke’s law (5.24):

�bÄbÅÇÆ#È/ÄàJà i ¾ r � yÎy � � Ð ¾ � � y � y Ð� yÎy � �Î� ¾ � � y � y � s Þ � O ähä (5.35)�bÄbÅÇÆ#È/ÄÌ�Ì i ¾ r � �Î� � y Ð ¾ � y � � � Ð� yÎy � �Î� ¾ � � y � y � s Þ � O ähä (5.36)

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

� ÄÉÅ±Æ#È�Äàuà i � ÄbÅÇÆ#È/ÄÌ�Ì i ¾ r � �%� � � Ð ¾ � Ð� Ð� Ð�%� ¾ � Ð� Ð s Þ � O ähä (5.37)

However, for differentwire orientationstheanisotropy of thecrystallinematerialcausesa relevantdif-
ferencebetween� ÄÉÅÇÆUÈ�Äàuà and � ÄÉÅ±Æ#È�ÄÌ�Ì . For instance,in thecaseof an é��¡� -gratingwith [110]-orientedwiresthe
valueof thecoefficient in parenthesisin (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 thesubstrateon � àJà canbeassumedto decayto zeroinsideanarrow transition
regionnearthesubstrate-gratinginterface[DKB95, DCT94, DCT95b].

Figure5.3: Model for strainrelaxationin a gratingwith largeheight.Thelayermaterialis latticematched
to the substratealongthe wire direction,andcompletelyrelaxedalongthe two perpendiculardirections,
exceptin anarrow transitionregionnearthegrating-substrateinterface.[DKB95]

Theactualstrainstate� � � �?¦x� in apartially relaxedgratingwill beintermediatebetweenthefully strained
state� O andthefully relaxedstate� ÄbÅÇÆ#È�Ä , andstill remainsto bedetermined.Nevertheless,theknowledge
of the valuesof both � O and � ÄbÅÇÆ#È/Ä is highly useful. They representupperandlower limits to the actual
strainin partially relaxedgratingsandcanbeusedfor anindependentcheckof a calculatedstrain.

5.3 Numerical calculationof strain fields. TheFinite ElementMethod

A varietyof approximatemethodsto solveboundaryvalueproblemssuchas(5.25)havebeendevelopedin
thepast[PTV95]. Onegroupof numericaltechniquesis inspiredbyvariationalcalculus,andis basedonthe
fact that (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 energy functional. Theexpressionfor thepotentialenergy Ê � t �A¦z��� of a configurationt �?¦7� is [CP92] Ê � t � i op ®)Ë �7� ��� t � �%� �P� t � �HÌ ¾ e ®)Ë � Þ tõ�8Ì Ñ ®!Í ¥ Þ tõ�_ª o � (5.38)

wherewe wrote ��� �P� t � and �7� ��� t � to indicatethatstrainandstressdependsuniquelyon displacementvia
(5.20)and(5.24).Thefirst integral in (5.38)is proportionalto the internalstrainenergy of thebody, while
thetermsin parenthesescorrespondto thework doneby externalbodyforces � andsurfaceforces ¥ . In
our case,the only possiblebody force is the (weak)gravitational field; we will thereforeneglect � from
now on. A conditionfor minimizationof (5.38)is providedby theprinciple of virtual work. It statesthat
for adisplacementfield t �?¦x� whichminimizes(5.38)thework doneby any additionalvirtual displacement�Kt �?¦7� mustbezero[CP92]:�iÊ i ® Ë � � � � t � �i� � � � �Kt � �8Ì ¾ ® Í ¥ Þ �KtÀ�_ª i k (5.39)

or, with thehelpof Hooke’s law:® Ë � � �b� ï � � ï � t � �i��� �P� �Kt � �HÌ iW® Í ¥ Þ �KtÂ�_ª g
(5.40)

Thus,theproblemof solving(5.25)hasbeentransformedinto thetaskof finding theactualdisplacement
field t �A¦z� which fulfils (5.40)for everypossible�Kt �A¦z� . Theonly restrictionto thevirtual variation �Kt �A¦z�
is that t �A¦x� Ñ �Kt �?¦x� muststill fulfil thegivenboundaryconditions.

Minimization problemsof this kind canbesolvedby theFinite ElementMethod(FEM) [ZT87, GRT93,
Bra97]. Verybriefly stated,it findsaminimumof (5.38)by expandingt �A¦z� into aseriesof basisfunctions,
andminimizing Ê � t � asa functionof thecoefficientsof this series.

Mathematicallyspeaking,the FEM representsa generalmethodto find a function t �A¦z�Î�ÐÏ which
satisfies Y � � �A¦x���«Ñz�A¦z��� i ì �±Ñz�A¦z��� for all

Ñz�A¦z�Ò��ÏÔ�
(5.41)

where
Ï

is a givensetof functions.Thebilinear form Y � � �ÉÑ_� with YÔÓ Ï ÐÖÕØ×
associatesa realnumber

(
×

being the setof real numbers)to every pair of functions � �?¦7���ÉÑx�?¦z� from
Ï

, andcanrepresentany
combinationof differentialor integraloperators.Similarly, ì �#Ñ_� is a linear form ìÙÓ Ï ÕÚ×

. Theelasticity
problem(5.40) becomesa specialcaseof the more general(5.41) by identifying

Ñz�A¦z�
with the virtual

displacement�Kt �A¦z� .
For the solutionof (5.41) onechoosesin practicea setof Û linearly independentfunctionsfrom

Ï
,

called c � �?¦7����g�g�g�� cÝÜ �?¦x� . The setof linear combinationsof the c � constitutesa subspace
Ï ª of

Ï
.

Insteadof solving the generalproblem(5.41) onenow restrictsoneselfto finding a solution �xª �ÞÏ ª
which satisfies Y � �xª �ÉÑ ª � i ì �±Ñ ª � for all

Ñ ª ��Ï ª g (5.42)

In otherwords,theansatzfor anapproximatesolutionis � �A¦z�àß � ª �A¦z� i]á Ü�câ¨� � � c � �?¦x� , with coefficients� � to bedetermined.Similarly, thefunction
Ñz�A¦x�

is replacedby
Ñ ª �A¦x� iãá Ü��â£� Ñ � c � �A¦x� .

Thegreatadvantageof this techniqueis that it allows to transformthevariationalproblem((5.41))into
a systemof linearalgebraicequations.Due to the linearity of Y � g
��gh� and ì � gh� we obtaina relationfor the
coefficients �z� �ÉÑ � :Ü¼�±{ � â£� Y � � � c � �«Ñ � c � � i

Ü¼ �câ¨� ì �±Ñ � c � � ä Ü¼�#{ � â£� Y � c � � c � � � � Ñ � i
Ü¼ �câ£� ì � c � �­Ñ � (5.43)

from which thecoefficients
Ñ � canbeeliminated.This yields,in matrixnotation:Ü¼� â£� ³9� � � � i ì�� g (5.44)
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CHAPTER 5: Theory of diffraction from (strained) gratings

Theelementsof thematrix ³9� � andthevector ì�� canbecalculatedfrom the linear forms Y and ì andthe
basisfunctions c � �?¦x� alone.Thus,theremainingtaskis to solve thesystem(5.44)for thecoefficients �x� ,
from whichtheapproximatesolution �xª �?¦x� of theelasticityproblemcanbereconstructed.Equation(5.44)
representsa matrix inversionproblems, which canbesolvednumericallyby very efficient methods.If Û
is not too large (say, Ûæå oukPy ¾ oukmw ) then ³ v � canbe calculatedby direct methods— suchasGauss’
algorithm— which yields a solutionthat is exact up to roundingerrors. For larger Û iterative methods
suchastheGauss-Seidelrelaxationmethod, the conjugategradientmethodor multigrid methodscanbe
used[L üb96, PTV95]. Thesemethodsprovide a seriesof increasinglyaccurateapproximatesolutionsfor
thecoefficientvector � � , andcanbeinterruptedwhensufficientprecisionis achieved.

Many of theiterativemethodsareparticularlyefficient if thematrix ³ is sparse, i.e. if a largenumberof
elements³�� � is zero.For ourelasticityproblemthiscanbeachievedby choosingthebasisfunctionsc � �A¦z�
in sucha way thateachc � hasfinite valuesonly on a small subdomainÌ7�vçÞÌ , andis zeroeverywhere
elsein thevolume Ì of thebody. In this case,³�� � vanishesfor all combinationsof indices Z ��� exceptfor
thosewhosedomainsÌ7� and Ì � overlap.

Therefore,in a practicalFinite-Elementcalculationof strainfieldsthesamplevolumeis subdividedinto
small cells, asshown in Fig. 5.4 for the caseof a rectangularsurfacegrating. In general,the larger the
numberÛ of cells,thecloserthecalculatedapproximatesolution

Ñ ª will beto therealsolution � �A¦7� . If the
cell subdivisionis sufficiently fineonecanrestrictthechoiceof c � �A¦z� to linearfunctionsof thecoordinates�A�£� é �Î�_� inside Ì � [GRT93]. Suchlinear finite elementswereusedfor all the calculationsshown in this
thesis.

Figure5.4: Exampleof a subdivisionof a grating into smallcells.

Application to strain fields in surfacegratings

FiniteElementcalculationscanbecarriedout in practicewith thehelpof commerciallyavailableprogram
packages.They allow to definethesamplegeometryinteractively on thecomputerscreen.Theusermust
decideuponthe subdivision of thesamplevolumeinto small cells,andspecifythe boundaryconditions.
Thebasisfunctionsc � arethenautomaticallydeterminedby theprogramaslinearfunctionsof thecoordi-
natesinsidethesinglecells. Furthermore,thecalculationof theelementsof thematrix ³ � � andthevectorì � aswell asthesolutionof the resultingmatrix equationareautomaticallyhandledby thesoftware. On
output,a valueof t is providedfor thenodesof eachof thecells,andthevaluesof � � � arecalculatedby
numericaldifferentiation.
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5.4. X-ray diffraction from strained crystals and from strained gratings

Nevertheless,it is notobvioushow suchcommercialpackagescanbeusedfor our task.Two difficulties,
a conceptualanda morepracticalone,remainwhich mustbe solvedbeforewe cansuccessfullyapplya
FEM programto calculatestrainfieldsin surfacegratings:è FEM programpackages(just likeelasticitytheoryin general)areconceivedin orderto solvemacro-

scopicproblems. They ignore the discontinuousatomic structureof matterand the existenceof
crystallatticesin solids. No easyway is provided to implementthe boundaryconditionfor lattice
matchingat the interfacesof a pseudomorphicallygrown structure. Therefore,onehasto find an
alternativemethodto incorporate(5.30)into thecalculation.

The techniquewe usedwas to definethe different materialsin the structureas having different
temperatures,and therebyto replacethe differencein lattice parametersby a different (fictitious)
thermalexpansion.è Someof the programs,suchas the oneavailable for our calculations,do not even allow to enter
thetheelasticconstantsin theshortform � �Î� , � � Ð and � wÎw for cubiccrystals.Instead,they expect
theelasticconstantsin their “engineeringversion”,i.e. thefull setof threeYoungmoduli ét� , three
Poissonratios ê � � andthreeshearmoduli ë � � , to begivenon input.

Theformulaefor theconversionbetweenthesetwo setsof elasticconstantsaregivenin AppendixA.
They wereimplementedin aprogrampackagewhichwedevelopedto facilitatethepracticalapplica-
tion,andwhichcanbeusedfor any quaternaryIII-V semiconductormateriallike ��� � é�� � v � ���«ìm� � v ì .
This programfirst calculatesthevaluesof � � �b� ï by linear interpolation(Vegard’s law) betweenthe
valuesfor the correspondingbinary III-V materials,which canbe found in the literature[Ada82,
Ada85]. Then, it transformsthe stiffnesstensorto � q� �b� ï in the coordinatesystemchosenfor the
FEM calculation,andfinally calculatesthe“engineering”constantsfrom thecomponentsof � q� �b� ï .

Thesedifficulties being solved, the FEM can now be appliedto calculategrating strain fields. Two
simplificationscanbemadeat thebeginning: Sincethegratingstructureis symmetricalalongthegrating
wire direction, the solution t �?¦x� must be independentof the é -coordinate. Furthermore,the structure
cannotrelax in the é -direction, so that the strain component� ê�ê is constantand given by (5.32). The
combinationof thesetwo aspectsis known astheplanestrain condition[TG87] andallows to reducethe
problemto an actuallytwo-dimensionalproblem. It is thereforesufficient to definethe geometryof the
gratingcrosssection, and to subdivide it into two-dimensionalcells. We chosea trapezoidalshapefor
thesecells. Preliminarystudiesshowed that cell lengthsof about5-10 nm representeda sufficiently fine
subdivision to capturemostof thespatialvariationof t �A¦x� , exceptneartheedgesof thegratingstructure.
In what follows, we will call thesecells explicitly “Finite Elementcells” in order to stressthe fact that
they arenot identicalwith thecrystalunit cells. In fact,everyFiniteElementcell containsseveralhundred
atoms. The deformationinsideeachof thesecells is assumedto be uniform, andis representedby one
singlevalueof thestraintensor.

5.4 X-ray diffraction fr om strained crystals and fr om strained grat-
ings

In Section5.3 we have presenteda methodto solve numericallytheequationsfor thegratingstrainfield
which result from elasticity theory. However, it is still not clear whetherthe descriptionprovided by
elasticity theory is valid in the caseof nanoscopicsemiconductorstructures. Therefore,a methodfor
independentexperimentalverificationof strainfield calculatedin this way is required.

Preliminarystudiesexist thathaveobservedanon-uniformstrainrelaxationin �����{é��x� v �m��� / ���P��� quan-
tum wires by photoluminescence(PL) [TMY92] and,in a morespatiallyresolved way, by transmission
electronmicroscopy (TEM) [CRS94]. The resultshave beencomparedwith FEM modelsof the strain
field for bothPL on é��¡�9�Î�å�{é��¡� quantumwires [NHW95] andelectronmicroscopicmethodsappliedto� ¢J];^b�m]_^ quantumdots[CAS94]. However, thesestudiescannotbeconsideredasanexperimentalproofof
the validity of continuumelasticitytheoryin nanostructures:PL, on the onehand,is an integral method
which doesnot allow to probethespatialvariationof straininsidethestructures.TEM, on theotherhand,
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CHAPTER 5: Theory of diffraction from (strained) gratings

doesprovidespatialresolution,but only for asmallareaonthesamplesurfaceandneverin arepresentative,
statisticallysignificantway for thedistortionin thewholesamplevolume.

Therefore,a morethoroughexperimentaltestof the applicability of elasticitytheoryto semiconductor
nanostructuresis still due. X-ray diffraction is particularlywell suitedfor this scopefor two reasons:X-
rayspenetratemoredeeplyinto matterthanelectronsdo, andthediffractedintensity, beinggeneratedby
interference,is sensitivesimultaneouslyto thestrainfield in thewholevolumeof thebody. Wenow derive
thebasicformulaeneededto simulateX-ray diffractionpatternsfrom distortedstructures.This will later
allow to compareexperimentalandcalculatedX-ray diffractionreciprocalspacemaps,andtherebyto test
thepredictionsof elasticitytheoryin aquantitativeway.

The diffractionof X-rays from a distortedcrystalcanbecalculatedin the framework of both thekine-
maticalandthe dynamicalscatteringtheory. The exact,dynamicalapproachrelieson the Takagi-Taupin
equations[Tak62, Tau64, Tak69]. They provideasetof partialdifferentialequationsfor thespatialvariation
of theamplitudesof theincidentanddiffractedbeamsinsidethedeformedcrystal.In orderto solve them
for complex samplegeometries,it is possibleto numericallyintegratetheequationsalongthepropagation
directionof thebeams,startingfrom theentranceface, asdemonstratedfor instancein [Moc99].

For our typeof samples,asimplerapproachbasedon kinematicaltheoryis sufficient. Shortlystated,we
calculatethe diffractedintensityby coherentsuperpositionof the contributionsfrom the individual finite
elementsintroducedin Section5.3. The materialinsideeachcell is consideredto be uniformly strained,
anddiffractsarounda shiftedBraggpeakwhosepositionis determinedby thelocal strain.

Theapproximationcontainedin a kinematicalapproachis justifiedbecausethetypical thicknessof the
strainedlayersonthesurfaceof ourgratingsamplesisof theorderof some100nmonly. Multiple scattering
eventsaswell asextinction effectsinsidethis region canmostprobablybeneglected.Theonly correction
beyondpurekinematicaltheorythatwewill applyis to includetheeffectof refraction,which is important
especiallyin the caseof GID (seeSection2.3). Thevalidity of this methodcanbedefinitelyestablished
only becomparingthecalculationswith experimentaldata(seePart III).

In orderto deriveanexpressionfor thekinematicalintensitysimilarly to (5.2)we considerthesuscepti-
bility ¥ q �A¦ q � of a deformedcrystal. Theelectrondensityis assumedto follow thedistortionof thecrystal
lattice, so that ¥ q �?¦ q � i ¥ q �?¦îí tïu ¦ðw�� i ¥ �A¦z� . If the deformationfield is weakor variesslowly, more
preciselyif

� �Ft ����� �;�J�¡Þ t �Ùß k , wecanapproximate
¦�ßl¦ q ¾ tïu ¦ y w . By renamingthevariables(

¦ y Õ ¦
)

we obtainfor thesusceptibility¥ q/�A¦z� i ¥ q¬�?¦}¶ tïu ¦ðw�� iW¼�½ ¥ ½ ¯ � ½zñ S ² v ~ðò ²�ó f g (5.45)

In writing (5.45)we madeuseof the Takagi approximation[Tak62]: TheFourier seriesfor thedistorted
crystalis writtenwith thesameFouriercoefficients¥ ½ asin theundistortedcase.In fact,the ¥ ½ correspond
to theFouriertransformof oneunit cell of thecrystallattice.Thus,theTakagiapproximationis equivalent
to assumingthat the single unit cells are not significantly distorted,but only displaceden bloc. Any
non-uniformvariationof t �A¦z� takesplaceon larger lengthscales.Therefore,the relative strengthof the
Braggpeaks,asdescribedby ¥ ½ , remainsunchanged.Only their positionsin reciprocalspace,which are
determinedby theexponentialtermin (5.45),areaffectedby thestrainfield.4

To obtainthekinematicalscatteringsignalwe needto calculate

ª �¬«¸� i ® ¥ q/�A¦z� © �A¦z�¹¯ v �Ï±»² � y ¦ i ¼�½ ¥ ½ ® ¯ v � ½)ô ~õò ²Kó © �?¦7�°¯ v � ò ±Ýö ½ ó ô ² � y ¦Ug
(5.46)

In analogyto (5.5)wecanisolatethesignalin thevicinity of Braggpeak
¿

by writing

ª ½ �/«­� i ¥ ½ ® © �A¦x�¹¯ v � ½ ~ S ² f¨¯ v � ò ±÷ö ½ ó ô ² � y ¦ (5.47)

4Acutally, thediffractedsignalfrom a distortedcrystalcanbederived in moregeneralterms,without makinguseof theTakagi
approximation.Kuriyama[Kur67] founda formulation,basedonaquantumtheoryof X-ray diffraction,whichneedsto assumeonly
thattheelectronwave functionsof neighbouringatomsin thedistortedcrystaldonotoverlap.
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5.4. X-ray diffraction from strained crystals and from strained gratings

Theimportantdifferencewith respectto (5.5) is thatwenow have to Fourier-transforma productof two
functions,theshapefunction © �A¦z� andthecharacteristicfunctionof thestrainfieldø ½ �?¦x� i ¯ v � ½!ô ~ðò ²�ó g (5.48)

Two differentapproachescanbeemployedto performthiscalculation.Thefirst oneis basedonyetanother
applicationof theconvolution theorem.It consistsin calculating ª ½ asconvolution of the singleFourier
transforms[BG95, HPB98]:ª ½ �¬«­� i ¥ ½ ® © ´�µ �¬È y � ø ´�µ½ �¬È}¶ È y � � y È y g (5.49)

The evaluationof (5.49)canbe further simplified by makinguseof the lateralgratingperiodicity which
causesthe © ´�µ to benon-zeroonly atthe

�3ù à �Eù ê �
-positionsof thegratingtruncationrods.In thisway, the

integral in (5.49)canbeconvertedinto adiscretesum,whichcanmoreeasilybecalculatedonacomputer.
Suchanapproachis convenientwhenthestrainfield is consideredin termsof ananalyticalapproximation,
sothat

ø ´�µ canbecalculatedexactlyprior to evaluationof (5.49).
In our case,wherethe strainfield is availableasnumericaldatafrom the FEM simulation,it is more

desirableto usetheFEM datafor tïu ¦Fw directly, without first having to numericallycalculatetheFourier
transformof

¯ v � ½ ~ S ² f . Therefore,wedevelopedasecond,alternativemethodfor thequantitativeevaluation
of formula(5.49).This approachaimsat usingthesameformula(5.5)again,which is possibleonly if the
materialinside © �A¦7� hasa uniform crystallinelattice. Therefore,thestructureamplitudeof thegratingis
not calculatedin onestepany more,but split into a sumof contributionsfrom the singleFinite Element
cells,eachof which is uniformly strainedinternally. We define ©-ú �?¦7� astheshapefunctionof the \ -th
FiniteElementcell, having value1 only on thesmalldomain Ì¡� . Thetotaldiffractedintensityresultsfrom
a superpositionof theindividualelements’contributions

ª ½ �/«­� i Ü¼úÒâ¨� ª ú½ �¬«}� i Ü¼ú-â£� ¥ ú½ ® Ë/û ©-ú �A¦x�°¯ � ½ S ²Bö ~õò ²Kó f�¯ v �
±³² � y ¦ (5.50)

Insideeachfinite elementthedisplacementvarieslinearly with thedistancefrom somereferencepoint¦ úO (with components
¦ úO � ):

t � �A¦x�°¾ t � �A¦ úO � i �Ft»�� �;� Þ��A¦ � ¾â¦ úO � � (5.51)

For thepracticalcalculations,wedefinedthereferencepoint
¦ úO asthemiddleof theupperhorizontaledge

in the caseof trapezoidalFinite Elementcells. For suchlocally uniform strainonecanintroducea local
distortedreciprocal lattice [Tak69, HPB98] whosevectors

¿ q aregivenby¿¹q i ¿ ¾ ��ü ½ with ü ½ �?¦x� i ¿ Þ t �A¦z��� (5.52)

so that if (5.50)we canreplace
¿ u ¦ ¶ tvu ¦ðw�w by

¿ y ¦}¾ ¿ t �?¦ úO � . With thedefinitionof a new reduced
scatteringvector

È y i « ¶ ¿ y i È ¾ � ¿ q thefinal formulafor thestructureamplitudebecomes

ª ½ �¬«­� i Ü¼ú-â£� ¥ ú½ © ´Pµú �¬È y �¹¯ v ��ýuº ² ûþ ¯ v � ½ ~ S ² ûþ f � (5.53)

wherewe splittedoff a phasefactor
¯ v ��ýuº
² ûþ from the shapefunction © ´�µ to accountexplicitly for the

absolutepositionof element\ within thestructure.With (5.53)wehaverecovereda formulawhich,apart
from beinga sumof Û terms,is very similar to (5.5). The maindifferenceis that the argumentof © ´�µ
is now thedistancebetweenthescatteringvector

«
andtheposition

¿ y of theBraggpeakof thedistorted
material.

Let usmentionthatour approachleadingto (5.53)is basedon anideawhich we call thefixed-window-
approximation: The externalshape© ú is assumednot to be essentiallyaffectedby the deformationof
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Figure5.5: Contribution of onedistortedcell to thediffractedintensity(oneterm in thesum(5.53)),demonstrated
with the exampleof a symmetricaltrapezoidalshapeand a pure rotation. Left: the undistortedcase. Theelement
contributesaccording to theFourier transformof its shapefunction ����� (symbolizedby thecross),centeredaround
the Bragg peak � of the bulk material. Center: the fixed-window-approximation. Theexternal shapeof the cell is
assumedto remainunchanged – it constitutesa “window” throughwhich oneviews the crystal lattice “behind” it.
Therefore, thecrossretainsthesameformin reciprocalspace, but is centeredaroundtheRLP ��� of thedistorted(here:
rotated)material. Right: thecompletecase. Theexternalshapeis subjectto thesamedistortionasthecrystal lattice.
Asa result,thecrossis notonlydisplacedfrom � to ��� , but alsorotatedin reciprocal space.

thematerialinside,it is neithercompressednor expandednor rotated.In otherwords,theshapefunction
constitutesan immobile “window frame” throughwhich we observe thechangesin the crystallattice in-
side. This approachis valid aslong astheextensionof eachdomain �! is muchlarger thantheabsolute
displacements" #%$'&�()" , so that the effectsat the edgesof *+$'&�( arecomparatively insignificant. In cases
wherethis doesn’t hold, *+$'&�( mustbereplacedin (5.46)by adistortedshapefunction *-, which is defined
by * , $'&
./#�01&324(657*+$8&9( . This is illustratedin Fig. 5.5.

A very interestingpropertyof (5.53)is thatit caneasilybegeneralizedto structuresconsistingof several
differentmaterials,in contrastto (5.5)whichwasnecessarilylimited to homogeneousgratings.By writing:<;  insteadof

: , , and accordingly = ;  5?>A@ :<;  , to allow for different Bragg peakpositionsof
the materialswithin the differentcells B , expression(5.53)canalsobe usedwithout any formal change
to obtainthediffractedintensityfrom a strainedsuperlatticegrating[BLG00]. Theinterferenceof signals
originatingfrom thedifferentlayersin amultilayeredstructureis automaticallyhandledcorrectlyby (5.53),
providedthelatticematchingconditionsat theinterfaceswithin thestructurehavebeentakeninto account
correctlyin theprecedingFEM calculationof thestrainfield.

To evaluateformula(5.53)quantitativelywestill needanexpressionfor theBragg-peakshift C : 5 :ED @ :
in (5.52)asafunctionof #F$8&G( , H4IKJL$8&�( and/orM<IKJN$'&�( . From(5.20)and(5.21)wehave O9#PI1QRO9STJ�5UHVIWJ!XYMEIWJ ,
sothat(5.51)in conjunctionwith (5.52)yields

C : I 5Z@[$]\_^a`G( I 5b@ : J $'H JcI XdM JcI (65b$e@fH IKJ XgM IKJ ( : Jih (5.54)

In thelaststepwemadeuseof theantisymmetryof therotationtensorM IWJ . In words,formula(5.54)states
thattheshift of eachreciprocallatticepointconsistsof two contributions: C : 5UC :Ejlk'm'nco p XqC :Em'rek . Thefirst
one,dueto strain H IWJ , is oppositein sign(or simply reciprocal) to theeffectsin realspace.Compressions
of thecrystallatticeresultin elongationsof thereciprocallatticevectorsandviceversa,andsimilarly for a
changein anglesdueto shearstrains.Thesecondcontribution,dueto rotationsMEIWJ , is identical in signto
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thereal-spacerotationof thecrystallattice,andcanbewrittenas

� � ¿³� Å±Ä«Æ i �Es ¿ i��� � àuÌ ¿ Ì ¾ � àJê ¿ ê� ê�àm¿°à�¾ � ê�Ìç¿¹Ì� Ì%ê�¿¹ê9¾ � Ì�àP¿¹à
��

(5.55)

Qualitatively speaking,thereciprocallatticeis fixedwith respectto thereal-spacecrystallatticeandrotates
togetherwith it.

For gratingstructuresthestrainis mostconvenientlyexpressedin thesystemof referenceparallelto the
gratingwires,wherethestraintensorassumesthesimpleform

��� � i��� � àuà k � àJÌk � O ähä k� àJÌ k � Ì�Ì
�� g

(5.56)

Theaccordingstrain-inducedshift in reciprocallatticevectorresultsto be

� ¿ ¯ Æ#Å8s f Õ i ¾ �� � àJàm¿°à Ñ �4t àP¿¹Ì� O ähä ¿°ê� àJÌç¿¹à Ñ � Ì�Ì�¿¹Ì
��

(5.57)

This relation is perfectly generaland valid for gratingswith any azimuthalorientationof the wires on
the samplesurface,andfor any crystallinestructureof the gratingmaterial. To give a specificexample,
let us considerthe

�¬ávuxwU�
-reflectionof a cubic materialwith a bulk lattice constantY O , so that

¿ iÐVyP þ �?á �Vuj�Vw � in thecrystallographicreferencesystem.Furthermore,let thegratingwiresbeparallelto the� o{z o�k � -direction.In this case,� ¿ canbeexpressedin termsof theintegers
á �cu

and
w

via

� ¿ ¯ Æ#Å8s f Õ i ¾ p�ãY O �� � àJà �?á Ñ u � �i| p Ñ � àJÌ w� O ähä �]uÅ¾âá � � | p� àuÌP�?á Ñ u � � | p Ñ � Ì�Ìfw
��

(5.58)

Thereexistsanalternativewayto derivethechangein peakposition � ¿ . It is basedon(1.3)andcalculates
thechangein thethreereciprocalbasisvectors� « Ù by first findingtheshiftedreal-spacevectorşP} Ù . This
methodappearsto beslightly lesselegantbecausethepracticalcalculationsinvolveddependmorestrongly
on the choiceof coordinatesystem.However, for the specialcaseof a

� o z o�k � -orientedsurfacegratingof
cubicmateriala formulasimilar to (5.58)wasfound[DBW98].

In thecaseof puretriaxial compressionor dilatation,in theabsenceshearstrains,equation(5.57)canbe
interpretedvery directly. In fact, (1+� àJà ) representsthe relative dilatationalongthe

�
-direction,andthe

correspondingchangein
ù à

is givenby theinversefactor:ù qà i oo Ñ � àJà ù à ß � o ¾ � àuà �àù à g (5.59)

This explainsexpression(5.57),apartfrom thetermsin � àJÌ . However, sucha simpleapproachcannotbe
usedin thegeneralcasesincethecontributionsdueto shearstrainareoftenimportant,ashasbeenshown
for certaincasesin a recentstudy[DBW98].

To summarizethis section,thediffractedintensityfrom a general,non-uniformlystructureis described
quantitatively by acombinationof equations(5.15),(5.53),(5.55)and(5.57).It is calculatedasasumover
contributionsfrom locally uniformly strainedregions,which diffract aroundBraggpeakpositionswhich
areshifteddueto theeffectof strainandrotationof thecrystallattice.Therefore,theirshapefunction © ´�µ
takesasargumentthedistortedreducedscatteringvector

È y . For our practicalsimulations,theseregions
areidentical to the Finite Elementcells introducedin the previous section. For trapezoidalshapeof the
cells,ananalyticalexpressionfor © ´�µ hasalreadybeenderivedin Section5.1.Theformulaefor triangular,
rectangularor parallelogramshaperesultfrom (5.15)asspecialcaseswith ì i k , î¡ï
ðÎñ i k and î ï i î ñ .
With this repertoire of shapes,almostarbitrarily complicatedsamplestructurescanbe constructedand
subsequentlyanalyzed.
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Figure5.6: Sketch of the different reflectionsthat will be usedin our strain investigationprocedure: symmetrical
reflections(for sampleswith a [001]-oriented surface, theseare the reciprocal lattice points ~�~�� ), asymmetrical
reflections(RLPs ����� ), andtwo typesof in-planereflections(RLPs ����~ ). [BL99]

5.5 Conclusion– A generalprocedure for strain investigation

In thischapterwehavedevelopedthetheorytocalculatediffractionpatternsfromlaterally periodicsurface
nanostructures. Section5.1 introducedthegeneral theoretical schemeandderivedtheexpressionfor the
diffractedintensityfrom a strain-freehomogeneousgrating. In Section5.4 we generalizedthe result to
strainedgratings.Equation(5.53)constitutesa general recipefor simulatingdiffractedintensitieson the
basisof strain fieldscalculatedwith the methodspresentedin Sections5.2 and5.3. In this wayonecan
predictthediffractionpatternfor a givenBragg reflection� andgivensampleparameters.

It is now time to reversethe directionof arguing. Thequestionis: Which kindsof measurementsmust
be donearoundwhich crystallographic reflections,and subsequentlycompared with the corresponding
calculations,in order to obtainasreliableandcompleteinformationaspossibleaboutthestrain field in a
real sample?

Theansweris essentiallydeterminedby thefactthethefunction �a� in (5.47)containsthescalarproduct
of � and �F�'�9� . Thediffractionpatternat reflection � is thereforeinfluencedby thecomponentof thedis-
placementfield �%�8�9� parallelto thescatteringvector � , or equivalentlyby thespacing,shearandrotation
of thoselatticeplaneswhich areperpendicularto � .

In orderto measurethecompletestrainfield, onethereforehasto recordthediffractionpatternsof several
reflections.Threecategoriesof reflectionscanbedistinguished(seeFig. 5.6):

Symmetrical reflections: The diffraction patternaroundthesereflectionsis influencedby the grating
shapeandthevertical displacementcomponent�P� .

Asymmetrical reflections Their diffractionpatternis influencedby the gratingshapeaswell asby both
theverticalandthelateralcomponentof thedisplacementfield � (moreexactly, alinearcombination
of both).

Grazing incidencediffraction (reflectionswith � =0): In this casethe diffraction patternis exclusively
determinedby thegratingshapeandthe lateral displacementcomponent�6� .

Grazingincidencediffraction allows to limit the X-ray penetrationdepthby choosingvery small angles
of incidence��� (seeSection2.3). In this way, onecanstudythelateralstraincomponentasa functionof
depthbelow thesamplesurface[LBP99].

Anotheradvantageof GID in the context of straininvestigationsin surfacegratingsis that it allows to
selectively “switch on andoff ” thestrainsensitivity: Dueto thetranslationalsymmetryof a gratingalong
thewire direction �T� , thematerialcanrelaxlaterallyonly alongthedirectionof patterning�T� . Therefore,
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Figure5.7: Geometryof grazingincidencediffractionmeasurementsfromgratings.Transversalscansareexclusively
sensitiveto thegrating shape, whereaslongitudinalscansshowan additional influenceof thegrating-inducedstrain
relaxation.[BL99]

at reflectionswith éëê_ìTí the product é[îRï�ð8ñ9ò in (5.48) is zeroand óaô is identicallyequalto 1, so that
expression(5.49) for the structureamplitudereducesto the onefor a non-strainedstructure,(5.5). Such
reflectionsé arethereforesensitiveto thegratingshapeonly, andnotaffectedby thegrating-inducedstrain;
measurementsin their vicinity will becalledGID in morphological mode[BL99].

For reflectionswhichareperpendicularto thegratingwires( éõê¹ìTö ), ontheotherhand,thescalarproductégî)ï is differentfrom zero,andthediffractionpatternis additionallyinfluencedby strain.Measurements
aroundthesereflectionswill becalledGID in strain-sensitivemode.

To give an example,let us assumethe sampleis patternedalongthe crystallographic[110]-direction,
i.e. thequantumwiresextendalong ÷ùøiúø)ûÚü . In thiscase,thereciprocallatticepoint220is a“strain-sensitive”
one,while thereciprocallatticepoint ýTúýÚû is a “morphological”one.

An alternativeterminologymakesuseof thenotionstransversal scansandlongitudinalscans. In fact,at
themorphologicalGID reflections,theseriesof intersectionpointsof theGTRswith the þ ÿ - þ � -planeis
alignedperpendicularto é , whereasat thestrain-sensitive reflectionsthey areparallelto é (seeFig. 5.7).
Therefore,in orderto recordtheintensityvariationalonga line throughtheseriesof GTRs(at given þ � )
in a strain-insensitive mode,onehasto performa transversal scan(

����� é ); thesametaskin a strain-
sensitivemodecanbecompletedby a longitudinalscan(

��� ê é ).
With thesefactsin mind, we cannow presentour generalsystematicalprocedurefor investigationof

strainrelaxationin surfacegratings:

1. First,performgrazingincidencediffractionin morphologicalmodeto investigatethegratingshape.

2. Then,measureGID-curvesin strain-sensitivemodeto studythelateralstraincomponentin thesam-
ple, including its variationwith depth(measurableby tuning the penetrationdepthof the probing
X-ray via theangleof incidence).

3. Recordreciprocalspacemapsaroundsymmetricalreflectionsin orderto additionallyprobethever-
tical straincomponent.

4. Studyoneor moreasymmetricalreflectionsto test the combinedinfluenceof lateraland vertical
strain.

5. Simultaneously, thegeometricalinformationobtainedin thepreviousstepscanbeusedto calculate
a theoreticalstrainfield, andtherefromto simulatea diffractionpattern�
	�� 
 .
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CHAPTER 5: Theory of diffraction from (strained) gratings

6. By comparingthesimulationwith theexperimentalRSM andsuccessively refiningthegeometrical
parameters,onecanreacha maximumcorrespondencebetweenexperimentalandsimulateddata,as
determinedby thefamiliar residualerrorsum

����������� �
������ � ��	 � 
�
! � " �$#

(5.60)

andthusfind a bestapproximationto the actualstrainfield. For the experimentaluncertainties! �
weusethesquareroot % �
������

of themeasuredintensity. Themostefficientalgorithmsfor automatic
minimization of (5.60), suchas the Levenberg-Marquardt-method, requirethe derivative of � 	�� 

with respectto the parameters.In our case,thesederivativesarenot availableanalytically. Our
quantitative fits will thereforebedonewith simplerminimizationmethodslike thesimplex method
andPowell’smethod[PTV95].
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Chapter 6

Monitoring the strain evolution in the
fabrication processof gratings

Asmentionedin theIntroductionto this thesis,themostpopularmethodto producesurfacenanostructures
is to first grow a planar strained layer epitaxially on a substrate, and then to structure it laterally via
etching. Thestrain statein the initial planar layer is characterizedby tetragonal distortion of the layer
lattice which adaptsits lateral lattice parameterto the substrate. Thevertical 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 then increasesthe free, non-constrainedsurfaceand
thereforeallowsthematerial to partially relaxthetetragonalstrain byexpandingor contractinglaterally.
For device applications,the gratingsproducedin this way are oftenovergrown by an embeddinglayer
in order to protectthemfromcorrosion,oxidationand/ormechanicaldamage. Such an embeddinglayer
modifiesthe strain statein the sample. As a sideeffect this will influencethe device propertiesvia the
electronic bandstructure. We will seethat the burying hasa re-straining influence:It partially reverses
thegrating-inducedstrain relaxation.Thedetailsof this effectare not obviousat first sight. It is therefore
necessaryto investigateexperimentallythestrain effectsof theburyinggrowthstep.

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

6.1 Intr oduction. The samples

We investigatethestrainevolutionwith theexampleof &(' �*),+.-0/��21�354�67-0/�4 samples.Thismaterialsystem
playsan importantrole in optoelectronicdevicesfor optical fiber communication[ASD87, Gal91]. Our
sampleswereproducedby CNETFranceTélécom(Bagneux).They serve asan exampleto demonstrate
how X-ray methodscanbe successfullyusedto studythe effect of etchingandembeddingon the strain
statein a semiconductorstructure.

Theseriesof threesampleswasproducedasfollows: A strained&(' �*),+.-0/��21�354�67-0/�4 layerwith anominal
thicknessof 200nmwasgrownontoan ),+�6 substrateviametal-organicvapourphaseepitaxy(MOVPE). Its
compositionof 8 � û g ýÄý #:9 � û g ;
;

leadsto anominallatticeparameterof <>= ? 4@�,A �CB g D�E ø Å andanominal
latticemismatchof F ÿ�ÿHGJI_ø g ýèîTø�û /.K with respectto thesubstrate(latticeparameter<>LNMPO �QB g D�E�R

Å).
Thepositivesignof F ÿ�ÿ indicatesthatthelayeris undertensilestrain.

A gratingwasfabricatedin the layerby holographicexposureandsubsequentchemicaletching,with a
nominalgratingperiodicity of S =227nm andan approximatelytrapezoidalgratingprofile. The grating
lineswereorientedalongthe[ ø ú ø)û ]-direction. A secondgratingwasproducedsimilarly andsubsequently
overgrownwith anembedding),+�6 layerwith anominalthicknessof 250nm. A third sample,a“reference
sample”without any 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

TNUWV
Figure6.1: Sketch of thegeometriesof the threesamplesinvestigatedin this Chapter: a simple, strain-freegrating
at thesurfaceof an XZY>[ substrate(left), a strained-layersurfacegrating (center),anda similar grating, additionally
buriedunderan X\Y][ layer (right).

),+�6 substrate.Thegeometryof thewholeseriesof samplesis shown schematicallyin Fig. 6.1. Table6.1
shows thevaluesof tetragonalandorthorhombicstrainwhich resultfrom thenominalsampleparameters.

8 9 < ^`_a_ ^:b�c� ^0d5e:f ghdÿ�ÿ ^cd:e:f g`d�c�
û gji*D û g ;
; B g D�E ø E Å I_ø g ý2k B îÄø�û /lK �

ø g ý R�E î{ø�û /.K �
ý g û ; î{ø�û /.m � E�g k i îÄø�û /.n

Table6.1: Valuesof strain in the samples2 and3, as predictedfrom the nominalcompositionfor the two limiting
casesof completelatticematching(tetragonalstrain)andfull relaxation(orthorhombicstrain) (seeeqs.(5.33)–(5.36)).
Fromleft to right: compositionsof the layer material oqpPrsXZYut,v>rswyx,zP[$t,v>z ; lattice parameter;lattice mismatch with
InP substrate {0| | andresultingtetragonalvertical strain {~}�5� ; lateral andvertical orthorhombicstrain {,�5�~���c��0� , {~�5�~���c��5� .

Threediffractometerswereusedto analyzethesesamples:� aPhilipsMRD diffractometer(Cu-��� - emissionline), for thesymmetricaldiffractionmaps[LBT97]� theD23beamlineof LURE, Orsay[ELK92], in thetriple crystalmode,with aSi-111double-crystal
monochromator,aGe-111analyzercrystalandawavelengthof 1.54Å, for theasymmetricaldiffrac-
tion maps[BLG99a]� the BW2 beamlineof HASYLAB, Hamburg [DSSS95], also in the triple crystal mode (Si-111
monochromatorandanalyzer),andwith a wavelengthof � � 1.362Å, for the grazingincidence
diffractionmeasurements[LBP99].

To characterizethethreesamplesfirst in view of thegratingshapeandthenin view of their internalstrain
field, we now applythestrategy exposedin Section5.5to eachof themin sequence.

6.2 Simplesurfacegrating: a referencecase

Sincethe first sampleconsistsof onematerialonly, thereis no reasonfor any strainor strainrelaxation
to appearin the volumeof the material. The reciprocalspacestructureof this sampleshouldconsistof
a characteristiccrosspattern,identically replicatedaroundeachreciprocallattice point, asdiscussedin
Chapter5. In particular, the diffraction patternshouldbe perfectly symmetricalaroundthe reciprocal
latticepoint,withoutany shift of theintensityenvelopeaway from thesubstratepeak.

6.2.1 Grazing incidencediffraction

Fig. 6.2 shows a transversalscanacrossthe ý úýÚû -reflection,performedat � � � û g û
kÄý Å /�- . The high
numberof lateralsatellitesgivesevidenceof a remarkablyperfectlateralperiodicity. Thedetailedform of
thescanis determinedby thegratingshape.In thepresentcontext thestriking featureis that theintensity
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6.2. Simple surface grating: a reference case

Figure6.2: Grazing incidencediffraction from a
simple X\Y][ -grating: transversal � � -scan across
the �`��P� -reflection.

Figure6.3: Grazing incidencediffraction from a
simple XZY>[ -grating: reciprocal spacemap of the�`�s� -reflection.

distribution is symmetricalwith respectto the CTR at þ ÿ � û . However, this is true for the transversal
scanfrom any symmetricallyshapedgrating,evenin thepresenceof strain.

The complementarylongitudinalscanat 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 atþ ÿ � k g ûÄý D Å /�- is a clear indicationfor the absenceof any strainin the sample.Even thoughin GID
geometryonly the upperhalf of the diffraction patterncanbe detected,we observe a seriesof thickness
fringeswhich arearrangedin branchesthatprogressively shift in � � from oneGTR to thenext. Theincli-
nationof thesebranchesis relatedto thesidewall slopesof thegrating[BL99]. Thesecanbedetermined
as� e � ��� ��� ÿ� � � û g D ý�� û g ûÄý , correspondingto a sidewall inclinationangleof ð k R �7ø�ò:� .

6.2.2 Coplanar diffraction

In thecorrespondingsymmetricaldiffractionmapmeasuredaroundthe004peak(Fig. 6.4), we now ob-
serve the full cross-pattern.The gratingtruncationrods in this maparelessintensewith respectto the
background.This is mainlydueto thefactthatthemapwasmeasuredwith a laboratoryX-ray source.Fur-
thermore,a stronganalyzerstreakis visible. Neverthelessit is possibleto recognizethatall four branches
of thecrosspatternarepresent,andthattheir intensitiesareequilibrated.

We canthusconcludethat no evidenceof eitherlateralor vertical strainor strainrelaxationis present
in this sample.Thediffractionpatternsareexclusively determinedby thegratingshape.Thegeometrical
parameterswhich canbeobtainedby a quantitativeevaluationof theexperimentaldataaregivenin Table
6.2.

S��s� � � � � � � eý2k i �7ø nm
i û�� ý nm

E]i � ø nm B�B � ø nm û g D k�� û g ûÄý û g D k�� û g ûÄý
Table6.2: Geometricalparameters of thesimple XZY][ grating, asobtainedfromtheevaluationof theGID- and004-
data. �( @¡ is thelateral gratingperiod, ¢ thegratingdepth,£ thegrating topwidth, ¤ thegroovewidth,and ¥§¦ and ¥ �
are theleft andright grating sidewall slopes.

In summary, theinvestigationof thissamplecanbeconsideredasatestcasefor ourexperimentalmethod.
The study hasshown the influenceof a one-dimensionallateral patterningonto the diffraction pattern.
We could isolate the influenceof the grating shape,separatelyfrom any strain inhomogeneities.The
diffractionpatternsat differentcrystallographicreflectionswerehighly similar to eachother, andallowed
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CHAPTER 6: Monitoring the strain evolution in the fabrication process of gratings

Figure6.4: Experimental(left) andfitted(right) symmetricaldiffractionfroma simpleX\Y][ -grating: reciprocal space
mapof the 004-reflection. Thesampleshowsno evidenceof strain relaxation,sincethe upperand lower as well as
the left andright branch of thecrosspattern(indicatedby black lines)aroundthe XZY][ -004Bragg peakare perfectly
symmetrical.Thestrongline which crossestheexperimentalimage fromtheupperleft to thelower right corneris the
analyzerstreak.[SL97]

to characterizethegratingshapein a uniqueway. If on othersampleswenow observerelevantdifferences
betweencomplementaryreflections,we will beableto identify themasdueto theadditionalinfluenceof
strainrelaxation.

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

Thestrained-layergratingcannow beinvestigatedby thesameprocedure:

6.3.1 Grazing incidencediffraction

Fig. 6.5 shows experimentalscansmeasuredin grazingincidencediffractionfrom thesecondsample,the
strainedlayergrating.Thelowestcurve(a) is a transversalscanat the ý úýÚû -reflectionfor anincidenceangle
of ¨ � � û g ý ø`� . Sincethisangleis below thecritical angleof bulk ),+�6 ( ¨ª© � û g ý E � at � � ø g k E ý Å), it leads
to a penetrationdepthof 4-5 nm (seethediscussionin Section2.3, in particulareq.(2.39)). Thecurve is
symmetricalaroundthepositionof thecrystaltruncationrod,asexpectedfor asymmetricalgratingshape.
This changeswhenthesampleis turnedby 90� aroundits surfacenormalin orderto recorda longitudinal
scanatthe220-reflection(curves(b)-(d)in Fig. 6.5).Now themaximumof theintensityenvelopeis clearly
shiftedaway from the positionof the reciprocallatticepoint towardsthe right handside,asindicatedby
the arrows in Fig. 6.5. This shift is a first indication for strain relaxationin the sample,sincefrom a
crystallographicpoint of view the two reflectionsareequivalent,andthe preliminaryinvestigationof the
simplegratingshowedthat thegratingshapeinfluencesboth reflectionsin thesameway. A hypothetical
surfacemiscutcanalsoberuledout asa reasonfor this asymmetry:It might modify theratiosof absolute
intensitiesbetweenboth reflections,but it could not give rise to an asymmetryin just onetype of scan.
Moreover, themiscutcanbefoundfrom the004-maps(seeFig. 6.4aswell asFigs. 6.6and6.8below) to
bevery small (below 0.05� ). Therefore,theasymmetryin thelongitudinalscanscanonly bedueto a net
strainrelaxationin thesurfacegrating.

In curve (b) (measuredwith anincidenceangleof ¨ � � û g øh� , which correspondsto a penetrationdepth
of 2-3nm)theshift amountsto

� þ¬«�­ þ�­ � ø g øGî1ø�û /.K towardslarger ­ þ®­ (smallerlatticeparameters),which
meansthattheinitial tensilestrain(latticemismatch)in thelayerof ø g ý�î4ø�û /.K is almostcompletelyrelaxed
at thegratingtop.

Theshift varieswith thepenetrationdepth:In curve (c) (measuredat ¨ � � û g ý
� ) it is lesspronounced,
andcurve (d) ( ¨ � � û g ; � ) is alreadyalmostsymmetrical.Herethepenetrationdepthis aslargeassome
100nm. ThereforetheX-raysaverageover thecontributionsfrom thegratingandfrom largepartsof the
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6.3. Growth of a strained layer. Grating-induced strain relaxation

¯ ¯ ¯
¯

Figure6.5: GID from a strainedlayer surfacegrating. Onetransversal (lowestcurve(a)) and three longitudinal
(uppercurves(b)-(d)) GID-scansfor different °�± . Thetransversal scanis symmetricaroundthesubstrate reciprocal
lattice point,sinceit is insensitiveto strain. Thelongitudinalscansshowa clear shift of themaximumof theintensity
envelopeawayfromthesubstrateRLP. Thisshift decreaseswith increasing°�± , i.e. with increasingpenetration depth:
Thestrain relaxationis strongestin the top layer of thegrating, anddecreasesasoneapproachesthe interfacewith
thesubstrate. [LBP99]

Figure6.6: Coplanardiffractionfroma strained-layersurfacegrating. Left: 004-map,right: 224-map.[SL97]

planarlayerbelow. Sincethestrainrelaxationis importantonly nearthegratingtop andtheplanarlayer
remainsalmostfully strained,thecurveat suchhigh ²´³ showsnostrongshift towardslarger µ ¶®µ .

We have thusseenthatGID allows to investigatethelateralstrainrelaxationin agrating.By performing¶W· -scansfor variousanglesof incidenceonecandeterminethe meanrelaxationat differentpenetration
depths,andtherebymeasurethe variationof the strainfield asa functionof the depthbelow the sample
surface.

6.3.2 Coplanar diffraction

In the004-reciprocalspacemapsof thesamesample(left imagein Fig. 6.6),we observe two mainpeaks,
thesubstratepeakat ¶(¸º¹s»¼ ½¿¾�ÀaÁ2Â>Á Å Ã�Ä , andthelayerpeakaboveit. Thesubstratepeakis notsurrounded
by lateralsatellites.The reasonis that thesubstratematerialis laterallyunstructured,sincethegratingis
etchedonly into thestrainedlayeranddoesnot reachthesubstrate.

Thelayerpeak,ontheotherhand,is indeedsurroundedby gratingtruncationrods.However, theintensity
patterndoesnot exhibit thecrosspatternthatwasto beexpectedfrom thetrapezoidalgratingshape.The
arrangementof visible satellitescanbe interpretedasthe lower branchof a crosspatterncenteredat the
layer peak; the upperbranchesof the crossare considerablyweakened. This is an indication for non-
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CHAPTER 6: Monitoring the strain evolution in the fabrication process of gratings

homogeneousstrainrelaxationin thegrating:If asimplehomogeneousnetstrainrelaxationoccurredin the
grating,thecrosspatternwould beshiftedin reciprocalspace,but its generalform would not beaffected,
ascanbeseenfrom eq.(5.4).By inversionof theargument,thedisappearanceof theupperhalf is therefore
a clearsignof anon-uniformvariationof thelatticeparameterinsidethegrating.

Thecorresponding224-mapontheright sideof Fig.6.6is lesswell resolved,dueto thelesssophisticated
triple-crystalarrangementusedin themeasurement.On theotherhand,themuchhigherflux of X-raysat
the synchrotronsourceallowed to recorda larger numberof gratingtruncationrods. Our pictureshows
GTRsup to thefourth orderon eachside.

Apart from this, the asymmetricalmapexhibits thesamegeneralcharacteristicsasbefore:no (or only
veryweak)lateralsatellitesaroundthesubstratepeak,andstrongerlateralsatellitesaroundthelayerpeak.
The satellitepatternshows a strongasymmetrynot only betweenthe upperand lower branch,but also
betweentheleft andright handside.Thelower right branchis muchstrongerthantheotherthree.In other
wordsthereis a slight shift of the intensityenvelopefrom the layerpeakto the right, towardslarger ­ þ®­ ,
onceagainindicatingapartialrelaxationof thetensilelateralstrainin 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:� Qualitycontrolof theembeddinggrowth step:Is thegratingcompletelyburied?Is thesurfaceof the

caplayerperfectlyplanar?� Influenceof theembeddinggrowth steponthestrainstate:Is thereacounteractionof theembedding
layeron thestrainrelaxationin thegratingregion?

To answerthesequestions,westartonceagainby grazingincidencediffraction.

6.4.1 Grazing incidencediffraction

Fig. 6.7 shows two transversal(lower curves)andtwo longitudinal(uppercurves) þ ÿ -scansfor different
anglesof incidence.Thefirst relevantdifferencewith respectto theprevioussampleis thatin thetransversal
scanswe observe only onemain peak,but no lateralsatellites. This is dueto the fact that the structure
factorcontrast( �ªÅô � �´Æô ) betweenthe layermaterialandtheembedding),+�6 is very low at the220-type
of reflections.Therefore,theX-raysin this diffractiongeometry“see” ahomogeneouscrystal,andarenot
sensitive to theinnercompositionalmodulationof thesample.Also, the ý úý{û -reflectionis insensitive to the
strainmodulation.For thesetwo reasons,thediffractionpatternis laterallycompletelyunstructured.

AlthoughtheX-rayscannotdetectthelateralmorphologicalpatterningin theburiedgratingregion they
would still besensitive to thestructurefactordifferencebetweenthesampleandtheair above it. If there
werea remainingperiodicmodulationof the surfacemorphology, we would be ableto detectit via the
appearanceof gratingtruncationrods.They mightgenerallybeweak,but their relative intensityshouldbe
stronglyenhancedfor verysmallanglesof incidence,dueto thedecreasingpenetrationdepth.Thefactthat
eventhecurve for ¨ � � û g ø B � (penetrationdepth:3-4 nm) shows no gratingrodsthusindicatesthat the
samplesurfaceis perfectlyflat. Theovergrowth processhasterminatedwith acompletelyplanarsurface.

The longitudinalscans(curves(c) and(d) in Fig. 6.7), on theotherhand,do show lateralsatellites.A
remainingcompositionalvariationat thesamplesurfacecannotbe the reason,sinceit hasbeenexcluded
by the findings in the transversalscans. As all other experimentalconditionsremainedthe same,the
appearanceof satellitescanonly beexplainedthroughtheadditionalstrainsensitivity of the220-reflection.
TheX-raysin thisscatteringgeometry“see”alaterallyperiodicmodulationof thestrainfield, moreexactly
of its lateralcomponentF ÿ�ÿ .

Only onepairof satellitescanbeobserved,andno higherorderGTRsarevisible. This canbeexplained
by thefactthat thestrainfield varieslessabruptlythandoesthemorphologywhich gave riseto theGTRs
of the non-buried sample. The continuity conditionsfor the displacementfield acrossthe interfacesdo
only allow a smooth,continuousvariationof thestrain. The lateralmodulationis nearlysinusoidal.In a
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6.4. Overgrowth of an embedding layer. Counteraction on strain

Figure 6.7: Grazing incidencediffraction from a buried grating. Transversal scansat the �h��P� -reflection(lower
curves: (a) and (b)), and longitudinal scansat the220-reflection(uppercurves: (c) and (d)), each for two different
anglesof incidence. [LBP99]

Figure6.8: Coplanardiffractionfroma buried grating (sampleAT6). Left: 004-map,right: 224-map.[SL97]

first-orderapproximation(valid for smallabsolutedisplacements
� ï , which is certainlyapplicablefor the

weaklystrainedmaterialin oursamples)this thenexplainsthatonly thefirst orderGTRshavemeasurable
intensity.

6.4.2 Coplanar diffraction

The coplanarreciprocalspacemapsfrom the buried sample(004- and224-mapin Fig. 6.8) alsoshow
relevant differenceswith respectto the non-buried case: The upperhalf of the satellitepatternaround
the layer peakreappears.This is an indicationfor a re-strainingeffect of the embeddingmaterialon the
gratingregion. Sincethetwo materialsarein contactnot only at thesubstrate-gratinginterface,but alsoat
the interfacebetweengratingandembeddinglayer(at thegratingtop aswell asat thegratingsidewalls),
thegratingregion cannotrelaxasfreely asit couldbefore.Thereforethestrainfield in thegratingis less
non-uniform,andweobservea lessnoticeabledeviation from idealcrosspatternin reciprocalspace.

Furthermore,theGTRsnow havemeasurableintensityalsoat the þ � -heightof thesubstratepeak.This
reflectsthe fact that the substratematerialis now laterally structuredaswell. It fills the “valleys” of the
gratingandformswhatcouldbecalledanegativegrating, whichgivesriseto satellitesaroundthesubstrate
peak.

Nevertheless,onecannotsaythattherearetwo distinctcrosspatternsaroundthelayerandthesubstrate
peak.Thelatticeparametersof thetwo materialsaresosimilarandtheir004-peakssocloseto oneanother
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CHAPTER 6: Monitoring the strain evolution in the fabrication process of gratings

that their respectivediffractionpatternsinterfere,causingonesinglecross-like patternto appear, which is
centeredin themiddlebetweenthetwo mainpeaks.

Anotherdifferencewith respectto Fig. 6.6 is that thereis muchlessdiffusescatteringaroundthe lay-
er peak. In the caseof the non-buried samplethe diffuse intensitywaspresumablycausedby random
strainfluctuationsin thegrating,which arenow partially dampedby theinfluenceof theembeddinglayer.
A slightly morespeculative interpretationis that a randomvariationof the gratingmorphology (surface
roughness)alsocontributedto thediffusescattering,andthatthis roughnesswassmoothenedby thebury-
ing growth step.

The 224-map(right part of Fig. 6.8) reflectsthe sameoverall changesin the strain state. GTRs are
as clearly visible aroundthe substratepeakas aroundthe layer peak. The left-right-asymmetryof the
intensityenvelopearoundthe layer peakis lesspronouncedthan in the caseof the non-buried grating,
which indicatesonceagaina weaker net strainrelaxation.However, the reversalof the relaxationis not
complete:Thesatelliteon theright of thelayerpeakis still slightly strongerthantheoneon theleft. This
intensityshift towardslarger ­ þ®­ givesevidenceof a small remainingrelaxationof thetensilestrainin the
grating. Thecontractionof the layergratinghasto becompensatedby a correspondingexpansionof the
materialin the “negative” gratingin orderto preserve the overall periodicity. This is indeedthe case,as
canbe seenfrom the fact that thereis a strongergroupof satelliteson the left sideof the substratepeak
thanon theright.

6.5 Calculation of strain fields and reciprocal spacemaps

In orderto interpretandmodeltheseexperimentalresultswecalculatetheoreticallythestrainfieldsin both
samples.Thecalculationis basedontheprinciplespresentedin Chapter5. Inputdatacombinethegeomet-
rical parametersgiven asnominalvaluesby the crystalgrower andthoseextractedfrom the preliminary
GID investigation.With the help of the strainfields calculatedin this way, we thensimulatereciprocal
spacemaps.Theaim is to reproducetheexperimentalmapsof Figs. 6.6and6.8andtherebyto verify the
calculatedstrainfieldsnot only in view of theirmainqualitative featuresbut alsomorequantitatively. The
simulationis basedon thesemi-kinematicalapproachpresentedin section5.4. Fig. 6.9 shows theresults
for the004-map(left) andthe224-map(right) of thesurfacegrating(above)andtheburiedgrating(below).

Let us briefly discussthe imagesin Fig. 6.9 andcomparethemwith their experimentalcounterparts.
All four mapsshow two mainpeaksalongthecrystaltruncationrod,oneat the ),+�6 -004reciprocallattice
point, andoneat the layer material’s 004-peak(above). In the symmetricaldiffraction mapof the non-
buriedstructure(upperleft image),thesubstratepeakis laterallyunstructured,while thelayerpeakabove
it is surroundedby thefour branchesof a cross-pattern.Thetwo lowerbranchesareconsiderablystronger
thantheupperones,just like in theexperimentalmap.Theasymmetricalmap(upperright) of this sample
alsoshows no lateralsatellitesat the substratepeak. The crosspatternwith all four branchesaroundthe
layerpeakis easierto recognizethanin theexperimentalmap— in fact,two brancheswerehiddenin the
backgroundof Fig. 6.6. The striking featureis that the simulationreproducesquite well the shift of the
intensityenvelopeto theright, andthegeneralintensityratiosbetweenthesatellites.

For the buried gratingthe symmetricalmap(lower left image)shows a crosspatternwhoseupperand
lowerpartsareof similar intensity. It is centeredat a point in themiddlebetweensubstrateandlayerpeak
- just like in the experimentalmap(seeleft imagein Fig. 6.8). In the correspondingasymmetricalmap
(lower right in Fig. 6.9)acrosscenteredat thesameplaceappearsagain,but now with first ordersatellites
thatarestrongerin the lower left andupperright branchesthanin theothertwo branches.It wasexactly
this aspectin the experimentalmap (right imagein Fig. 6.8) which we could interpretasa remaining
relaxationin thegratingandasarelatedexpansionof theembeddinglayer.

In summary, thesimulatedcoplanardiffractionmapsagreewell with thefindingsin theexperimentally
measuredmaps.No attempthasbeenmadehereto fit thesamplegeometriesor thematerialparameters,
sincethe aim wasnot to obtaina perfectagreement,but only to establishthe validity of our methodical
approach.Nevertheless,all essentialfeaturesof theexperimentalmapsareperfectlyreproduced.

The sameapproachcanalsobe usedto simulatethe grazingincidencediffraction measurements. In
this case,the effectsof reflectionfrom and transmissionthroughthe samplesurfaceand the refraction
correctionplayamoreimportantrole thanin high-anglecoplanardiffraction.Sinceoursimulationmethod
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6.5. Calculation of strain fields and reciprocal space maps

Figure6.9: Bestfit for the 004- (left) and 224- (right) mapsof the strained-layersurfacegrating (above) and the
buried grating (below).Althoughthefit is not perfect,theessentialfeaturesdiscussedin theprevioussectionsare all
reproduced.

Figure6.10:Fit of GID scansfor thestrainedlay-
er grating (sampleAT5): one transversal (curve
(a)) and three longitudinal (curves(b)-(d)) GID-
scansfor different ° ± . Dotted curve: measure-
ments; full line: calculation basedon the strain
fieldsgivenin section6.5. Thestrain relaxationis
strongest in the top layer of the grating, and de-
creasesas one approaches the interface with the
substrate. [LBP99]

Figure 6.11: Grazing incidencediffraction from
a buried grating: transversal (curves(a)-(b)) and
longitudinal(curves(c)-(d)) Ç�È -scans,each for two
differentanglesof incidence. [LBP99]
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CHAPTER 6: Monitoring the strain evolution in the fabrication process of gratings

Figure6.12:Final resultfor thestrain fieldsof thegratings: lateral (left) andvertical (right) strain componentof the
strained-layersurfacegrating (above)andtheburiedgrating (below).

is basedon a DWBA, theseinfluencesarecorrectlytaken into accountin the calculation. The resultsin
Figs.6.10and6.11demonstratethataverysatisfactoryagreementcanbeachievedin thiscaseaswell. The
curvesfor thenon-buriedsample(Fig. 6.10)reproducetheshift of theintensityenvelopeto theright in the
longitudinalscansat small ¨ �

(curves(b) and(c)). Thesymmetryis correctlyrestoredfor thelongitudinal
scanat higher ¨ �

(curve (d)). In Fig. 6.11,thetransversalscans(curves(a) and(b)) of theburiedsample
show no lateral satellites,and they do reappearin the longitudinal scans(curves(c) and (d)), just like
in the experiment. The fact that the first ordergrating truncationrodshave non-zerointensityeven for¨ � � û g û i � provesthattheremainingperiodicalstrainmodulationat thesurfaceof theembeddinglayeris
indeedsufficient to give riseto suchlateralsatellites.

Theresultingstrainfieldsonwhichthesecalculationsarebasedarerepresentedin Fig. 6.12.It showsthe
lateral(left) andvertical(right) components( ^ ÿ�ÿ and ^ �c� ) of thestrainfield in thesurfacegrating(above),
andin theburiedgrating(below).

Weseefrom Fig. 6.12thattheplanarlayeris underrelatively homogeneoustensilestrain(positivevalues
closeto the lattice mismatch,̂ ÿ�ÿ GÉI_ø g ý_îTø�û /.K ). The gratingitself canrelax laterally. The relaxation
increaseswith distancefrom theplanarlayer, upto almostcompleterelaxation( ^ ÿ�ÿ G ^@Ê A�Ë Ì Êÿ�ÿ � �

ý-î)ø�û /lm ,
seeTable6.1) nearthegratingtop. The relaxation(contraction)in thegratinginducesanoppositestrain
(expansion)in theplanarlayer, which is mainly localizednearthecornersof thegrating.This is necessary
to preservetheoverallperiodicityof thestructurealongthelateraldirection(absolutedisplacementÍ ÿ � û
at theboundaries8 � û and 8 � S �P� ).

The vertical straincomponentreactsto the changesin the lateralone. In the planarlayer the material
is compressedin Î -direction(tensilestrain ^ �c��Ï û ). In thegratingthis strainis increasinglyrelaxedand
approachesthe fully relaxed state( ^@Ê A�Ë Ì Ê�c� � � E}g kYî ø�û /un , seeTable6.1) at the top of the grating. Once
again,thestrongesteffectsarelocalizednearthecornersof thegrating.
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6.6. Conclusion

In theburiedsampletheabsolutevariationof lateralstrainis lessstrong.Evennearthegratingtop the
valueof ^ ÿ�ÿ remainspositive. Theembeddingmaterialdirectlyaboveis slightly compressed(negative ^ ÿ�ÿ )
asa reactionto theremainingcontractionof thegratingmaterial.In thegratingvalleys,on theotherhand,
it hasto expandslightly (positive ^ ÿ�ÿ ) to fill the“gap” openedby thecontractionof thegrating.

The displacementhasto be continuous(conditionof pseudomorphicgrowth) acrossall the interfaces
betweenthe two materials(the grating top andvalley bottomaswell as the gratingsidewalls). This is
indeedthe case,ascanbe concludedfrom the continuity of the contourlines in the plot. The absolute
valueof lateralstrain,on theotherhand,jumpsat the interface,but this is merelydueto thefact that the
strainsarecalculatedwith respectto two differentsystemsof reference,namelythebulk latticeof thetwo
respectivematerials.

Fromboth imagesof theburiedgratingwe seethat thestrainfield is not confinedto thegratingregion,
but extendsfar into both the planar &(' � ),+ -0/�� 1�3 4 6 -0/�4 layer andthe embedding),+�6 layer. In the left
imageof Fig. 6.12wecanalsoobservethataperiodiclateralstrainmodulationreachesthesamplesurface
— thisagreesverywell with our experimentalfindingsin thelastsection.

Due to the agreementbetweenthe measureddiffraction patternsand the calculatedreciprocalspace
maps,thesestrainfieldscanbeconsideredto beexperimentallyverified,andourmethodto calculatethem
promisesto bea valid one.

6.6 Conclusion

In summary, we have presentedan experimentalmethodto investigatestrain in lateral surfacenano-
structures,demonstratedwith the exampleof weakly strainedsurfaceandburied gratings. The method
is basedon a combinationof differentX-ray diffractiongeometries:Grazingincidencediffraction in two
differentmeasuringmodesis usedto initially determinethegratingshape,independentlyof any straincon-
sideration,andthento probethelateralstraincomponentin a depth-resolvedway. Symmetricalcoplanar
diffraction is sensitive to thecomplementaryverticalstraincomponent,while asymmetricaldiffraction is
employed to investigateboth componentssimultaneously. The dataevaluationrelies on the calculation
of the distortionfield in the structuresbasedon elasticity theory, andon a subsequentsimulationof the
diffractioncurvesandmaps.

Theresultsobtainedin this Chaptershow that thestrainfields in thegratingsarestronglynon-uniform.
Therelaxationincreasesfrom thesubstrate-layerinterfaceto thetop of thegrating. This is thecaseeven
for aninitial latticemismatchaslow as ø g ý6î ø�û /lK . Theburiedgratingwasfoundto havecompletelyplanar
surface. The growth of an embeddinglayer partially reversesthe strain relaxationin the grating,but a
periodicallymodulatedstrainfield remainsin the gratingregion andextendsinto the planarpart of the
embeddinglayerup to thesamplesurface.

The goodagreementachieved betweenexperimentalandsimulatedmapscanbe consideredasa first
proof thatelasticitytheory— which is a priori a macroscopictheory— is indeedan appropriatetool to
calculatethelatticedistortionin semiconductorstructuresevenof nanoscopicdimensions.
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Chapter 7

Strained layer gratings with variable
shape

In Chapter6 wehavestudiedtheeffectsof strain relaxationin surfacegratingsusingtheexampleof two
sampleswith weaktensilestrain. ThepresentChaptercontinuesthis investigationwith anothersetof two
sampleswhich differ from the previousonesin two respects:Thestrain in the layer is now compressive
ratherthantensile, andtheabsolutevalueof thelattice mismatch betweenlayer andsubstratematerial is
far higherthanbefore. Theeffectsof strain relaxationare thereforemore drastic.

Wewill seehowthemethodof dataevaluationvia simulationof reciprocalspacemapsbasedoncalcula-
tionsof thestrain fieldcanbeturnedintoanevenmorequantitativemethod,byincludinga fitting procedure
thatautomaticallyperformsloopsover thedifferentparameters. With thehelpof this optimizedprocedure
we will studyto what extentour methodis sensitiveto parameters such as the material compositionand
thedetailsof thegratinggeometry.

7.1 Intr oduction. The samples.

We studytheeffectsof variationsin thegratinggeometrywith the exampleof two samplesgrown at the
EcolePolytechniqueFéd́erale deLausanne(EPFL).A planarlayerof &(' � ),+ -c/u� 1�3 wasdepositedon an),+�6 substrateby chemicalbeamepitaxy. The intendedcompositionof 8 � û g ; û correspondsto a lattice
parameterof <>= ? 4 �CB g D�R�E

Å andthusalateralstrainof ^ ÿ�ÿ � � ;�g E]i îlø�û /lK in thepseudomorphicallygrown
planarlayer (with a negative valueindicatingcompressivestrainin the layer). Two surfacegratingswere
producedby holographicexposureandsubsequentchemical etchingwith a solutionof Ð Ks67ÑÒn - Ð � Ñ � -Ð � Ñ . The directionof patterningwasalongthe crystallographic[110]-directionin onecase,andalong
the ÷ ø{úø)û{ü -directionin theothercase.Theetchingmechanismis known to besensitive to suchdifferences
in orientation, in that it leadsto differentlyshapedgratings.In thepresentcase,onetrapezoidalandone
rectangulargratingwereobtained.Furthermore,the etchingsolutionis very material-selective, anddoes

ÓÕÔ×Ö�Ø ÙÉÚÛ Ü@ÝÞÛ
ß�àâá
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Figure7.1: Geometryof thesamples:trapezoidalgrating (left) andnearlyrectangulargrating (right).
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7.2. Trapezoidal grating

8 < ^h_a_ ^@b�c� ^:Ê A�Ë Ì Êÿ�ÿ ^@Ê A�Ë Ì Ê�c�û g ; û B g D
R�E�;
Å

� ;�g E>ih; î{ø�û /.K I ;�g E
E>i îiø�û /.K I E�g ø B îÄø�û /.m I+ý g kiû
kFîÄø�û /.n
Table7.1: Valuesof strain in thegratings,aspredictedfromthenominalcompositionfor the two limiting casesof
completelattice matching (tetragonalstrain) andfull relaxation(orthorhombicstrain) (seeeqs.(5.33)-(5.36)).From
left to right: compositionsof the layer material oqp r X\Y t,v]r wñx ; lattice parameter;lattice mismatch with InP substrate{ | | andresultingtetragonalvertical strain { }�:� ; lateral andvertical orthorhombicstrain {~ò,óNô�õ@ò�0� , {~ò,óNô�õcò�:� .

almostnotattackthe ),+�6 substrate.Therefore,theetchingprocessstopsat theinterfacewith thesubstrate,
and the bottomof the gratingvalleys is nearlyflat. A sketchof the samplegeometriesis presentedin
Fig. 7.1. SEM imagesof bothsamplesareshown in Fig. 7.2. Thevaluesof tetragonalandorthorhombic
strainresultingfrom thenominalparametersarecalculatedin Table7.1.

Figure7.2: Scanningelectron microscopy(SEM)imagesof thesamplesto bediscussedin this Chapter. Left: trape-
zoidalgrating, right: (nearly)rectangulargrating. [Gai98]

7.2 Trapezoidalgrating

7.2.1 Shapeinvestigation

Themicroscopicimagein Fig. 7.2 shows that thegratingshapeis anapproximatelysymmetricaltrapeze
— at leastat the specialspoton the samplesurfacewherethe imagewasrecorded. In order to obtain
morerepresentativeinformationonthegratingshapeandits variationoverthewholesurfaceof thesample
we performedan initial study of this sampleby grazing incidencediffraction at the BW2 beamlineof
HASYLAB, Hamburg. Themethodwasidenticalto theoneusedin Chapter6, andincluded þ ÿ scansin
a morphological modeandin a longitudinalmode, aswell as þ � -scansto determinethe intensityprofile
alongthe gratingtruncationrods. Detailedresultsof this investigation,concerningthe gratingshapeas
well asthe depthprofile of lateralstrainrelaxation,canbe found in a recentarticle ([BLG99b], seealso
[BL99]). The importantpoint in our presentcontext are the meangeometricalparameterswhich could
be extractedfrom the mentionedstudy, andon which our further investigationwill be based.They are
summarizedin Table7.2.

7.2.2 Coplanar diffraction: influenceof strain

In orderto obtaindetailedinformationalsoabouttheverticalstraincomponentandits spatialdistribution
we mappedthe whole two-dimensionaldiffraction patternin symmetricalandasymmetricalcoplanard-
if fractiongeometry. Theexperimentsaroundthe004-andthe224-reciprocallatticepoint wereperformed
at theD23 beamlineof thesynchrotronat LURE, Orsay, with a Si-111monochromatoranda Ge-111an-
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CHAPTER 7: Strained layer gratings with variable shape
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Table7.2: Geometricalparameters of the trapezoidalgrating sample, extractedfrom the preliminary grazing in-
cidencediffraction analysis. From left to right: layer thickness,lateral grating periodicity, grating height (etching
depth),grating topwidth,groovewidthandgrating sidewall slopes.[BLG99b,BL99]

alyzer. Narrow slits wereemployedto limit theextensionof themonochromatorstreakandthe analyzer
streakin thediffractionpattern.A wavelengthof � � ø g B ;

Å wasused.
The experimentalreciprocalspacemap recordedaroundthe reciprocallattice point 004 (top row of

Fig. 7.4,on page75) shows two mainpeaks,thesubstratepeakat þ � � ;�g ý D ý Å /�- , andthe layerpeak
which now lies below, sincethelayermaterialhasa larger bulk latticeparameterthanthesubstrate.Both
aresurroundedby aseriesof lateralsatellites.For thelayerpeakthiswasto beexpected,sincethesequence
of gratingtruncationrodsis thereciprocalspaceequivalentof thelateralgratingperiodicity in realspace.
For the substratepeak,on the otherhand,the presenceof lateralsatellitesis moresurprising.The SEM
imagesaswell astheGID investigationhave shown thatthegratingheightis equalto thelayerthickness,
i.e. theetchingprocesshasstoppedat thelayer-substrateinterfaceandhasnotaffectedthesubstrate.Since
a lateral modulationof the morphologycan ruled out, theseside peaksindicatea periodic modulation
of vertical strain in the substrate,which is inducedby the strain relaxationin the grating and hasthe
samelateralperiodicity. We thusfind onceagaina pure“strain grating”, just like in theburiedsampleof
Chapter6, but now inducedin theplanarsubstratebelowtheetchedstructure.Fromthe intensityandthe
verticalwidthsof thegratingrodswe concludethat themeasurableverticalextensionof the lateralstrain
modulationin thesubstrateis of thesamemagnitudeasthesurfacegratingheightabove it.

The diffraction patternaroundthe layer peakalso shows interestingeffects: The crosspatternwhich
wasto be expectedtheoreticallyis not complete;rather, the two lower brancheshave almostcompletely
disappeared.In this respect,the pictureshows the sametendency asobserved in the previous Chapter
already. However, the deformationis even morepronouncedhere: For the peakswithin the two upper
branches,furtherdeviationsfrom theidealcrosscanbenoticed.Themainmaximaof thegratingtruncation
rodsdonot lie ontwo straightlinesthatgothroughthelayerRLP, but theinnerthreegratingordermaxima
remainon thesameþ � -height.Only from aboutthefourthorderonwardsthey startto bendupwards.The
overall form is somewhat reminiscentof a saucer. SinceboththeSEM imagesandtheGID investigation
gave evidencefor a relatively perfect trapezoidalshape,this deformationcannotbe due to the grating
shape. In fact, the observed deformationof the diffraction patternis a proof of a stronglynon-uniform
strainrelaxationin this grating.

The 224-mapin the top row of Fig. 7.5, thoughlesswell resolved along the þ ÿ -directiondue to the
instrumentalresolutionfunction, shows the sameoverall effects. The substratepeakis surroundedby
a large cloud of lateralsatellites,giving evidencefor a laterally periodic lateraland vertical strainfield
inducedin thesubstrate.TheGTR maximaaroundthelayerpeak,on theotherhand,arenow arrangedon
astraightline, whichmaybeinterpretedastheupperleft andlower right branchesof acrosspattern.Once
again,this disappearanceof singlebranchesmustbedueto a non-homogeneousrelaxationin thegrating.
Thesamequalitative effectsarefound in both the symmetricalandtheasymmetricalcoplanarreciprocal
spacemaps.

7.2.3 Numerical simulation and fit

In order to interpretthesefindings,we apply a simulationproceduresimilar to the onepresentedin the
previousChapter. Apart from reproducingtheexperimentallyobservedeffectsin thecorrespondingcalcu-
lateddiffractionmaps,it is desirableto getamoreintuitive“feeling” for themechanismof distortionof the
diffractionpattern,andto seehow it graduallyariseswith increasingmismatchbetweenthetwo materials.
In otherwords,our aim is now to determinethe actuallattice deformationin our sampleby comparing
measurementsandcalculateddiffractionmapsasa functionof theactualgratingset-up.
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7.2. Trapezoidal grating

To this end,we incorporatean additionalfeatureinto our simulationprocedure:an automaticfit loop
over parameterssuchasthelayermaterialcomposition8 , or over geometricalparameterslike thegrating
height. This projectdemandsadditionalprogrammingeffort. In orderto calculatea seriesof reciprocal
spacemaps,for instancefor differentsamplecompositions8 , thefollowing tasksmustbeautomatized:

1. The lattice parametersandthe cubic elasticconstantsù -:- , ù - � and ù n@n mustbe interpolatedvia
Vegard’slaw, andthe“engineeringversion”of theelasticconstantscalculatedfor the ÷ùøÄø�û{ü -frameof
reference(seeAppendixA).

2. The Finite Elementprogrammust be launched,instructedto createthe grating geometryand to
attributetherespectivematerialpropertiesto thesubstrateandthegratinglayer.

3. Thesolutionmustbecalculated,andtheresultsin termsof displacementandstrainmustbesavedto
files.

4. Then,thesimulationprogramfor thedifferentreciprocalspacemapsmustbestartedandneedsto be
providedwith thefilenamescontainingthelateststrainresults.

5. Finally, in orderto visualizetheresultssystematically, thesimulatedreciprocalspacemapsaswell
asthecalculatedstrainfieldsmustbeautomaticallyplottedandtheplotssavedto files.

We realizedthe differentstepsof this procedureby a combinationof the C++ programminglanguage,
theANSYS Finite ElementprogramandtheIDL visualizationpackage,thecontactbetweenthedifferent
ingredientsbeingestablishedby a script written in the PERL programminglanguage.The calculations
wereperformedon theUNIX workstationsat theESRF.

It mustbestressedherethat theproceduredescribedabove is not a fitting procedure in the strict sense
of the term, like for examplethe methodsfor non-linearleastsquaresfitting describedin [PTV95]. No
mechanismis includedwhich,aftercompletingthesimulationfor onesetof parameters,decidesautomati-
cally whichparameterto varynext, andin whichdirection.Dueto thelargenumberof freeparametersand
thecomplexity of their influenceon thediffractionpattern,suchanapproachseemedboundto fail, either
simply by beingfar too slow or by gettingblockedin local minimain parameterspace[PTV95].

It is more promisingto vary differentparameterssystematically, to understandtheir influenceon the
diffractionpattern,andthento achievea“bestfit” by hand.Thisapproachdoesnotguaranteethatthefinal
resultis thebestof all possibleresults,but undercertainconditionsit canleadto a very goodagreement
betweenmeasuredandcalculatedmaps.Therefore,we adoptedthestrategy to have theprogramcalculate
systematicallyaseriesof reciprocalspacemapswith a constantstepwidth of oneparameter.

Fig. 7.3shows theresultsfor a seriesof materialcompositions&(' �`),+.-0/���1Ò3 , with 8 rangingfrom 32 %
(toprow, strongcompressivestrainin thegrating)to 52% (bottomrow, moderatetensilestrain).Theimage
in the fifth row ( 8 � ;
D�ú

) is very closeto the ideal cross-shapedpatternof a strain-freehomoepitaxial
grating:In fact,its compositionis nearthelattice-matchedcaseof 8 G ;§i�ú

.
In this seriesof 004-maps,two generaleffects can be observed. First, the layer peakmoves further

andfurtheraway from thesubstratepeakasthe latticemismatchbetweenthe two materialsincreases.In
the symmetricalmaps(left column), this happensalonga vertical line, while in the asymmetricalmaps
(centralcolumn),thesamemovementtakesplacein boththeverticalandthelateraldirection.Second,the
diffractionpatternsurroundingthe layerbecomesthe morethe further the two lattice parametersdeviate
from oneanother. When studyingthe mapsfrom the fourth row up to the first row of Fig. 7.3 (in the
directionof increasingcompressivestrainin thelayer)weobservethefollowing: In thefourthrow, thecross
patternis still well observable,while in thethird row the lower branchesarealreadystronglysuppressed.
In thesecondrow, theremainingupperbranchesareverynoticeablydeformed,andin theimagein thefirst
row, they reacha perfectlyhorizontalslope.

Thecorrespondingmapsfor tensilestrainin thegrating( 8üû û g ;]i
) show thesameeffectsin theopposite

direction: In fact, thesemapsare nearly mirror imagesof the onescalculatedfor compressive strain.
Therefore,they arenot shown systematicallyin Fig. 7.3; only the onefor 8 � û g B ý is reproducedin the
bottomrow to indicatethegeneraltendency.

A remarkof moregeneralnatureis duehere: The horizontalslopeof the branchesin the first row of
Fig. 7.3shows thedangerthat lies in immediate,non-quantitative interpretationsof suchreciprocalspace
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CHAPTER 7: Strained layer gratings with variable shape

Figure7.3: Numericalfit of the004-and224-reciprocal spacemapsfroma trapezoidalgrating: calculatedmapfor
variousmaterialcompositionsýqþPÿ��������>ÿ��
	 , with � rangingfrom32% (top) to 52% (bottom)in stepsof �
�����
� .
Thevertical componentof therespectivestrain fieldsis alsoshownin theright column.A completelattice matching
with the ����� substratewouldbereachedfor ��������� (closeto thefifth row in our figure). Notethat thegray scales
for thestrain imagesareoptimizedfor each caseindividually, andarenotcomparablebetweendifferentimages.Thus,
an apparently similar form of thecontourlines in two imagesdoesnot indicatethat theabsolutevaluesof strain are
comparable. In this figure, thefocusis on thegeneral evolutionof thediffractionpatterns;detailslike axis labelsare
to beneglected.

maps.If a similar mapwasmeasuredexperimentally, onemight betemptedto misinterpretit asa “typical
diffractionpatternof a rectangulargrating” — an interpretationwhich would representnot only a small
quantitativeerror, but a realqualitativemistake. We concludethatit is indispensableto performextensive
simulationsbeforedrawing quantitativeor evenqualitativeconclusionsfrom theexperimentalfindings.

Thefinal resultof ourevaluationprocedureis shown in Fig. 7.4for thesymmetricalmap,andin Fig. 7.5
for the asymmetricalmap. For direct comparison,the top row shows the experimentalmaps,while the
middle row shows the simulatedones. In the third row the vertical (left) and lateral(right) components
of the bestfit for the strainfield areshown. The bestagreementwasobtainedfor a compositionof ������  "!�#%$��&� �'�'#

, which is verycloseto thenominalvalueof �(� �&� )��
.

The vertical strain in the layer hasits positive maximumnearthe gratingsubstrateinterface;this cor-
respondsto themaximumnegative (compressive) lateralstrainin the sameregion. Both componentsare
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7.2. Trapezoidal grating

Figure7.4: Symmetricaldiffractionfromstrained-
layersurfacegrating: Experimentalmap(top),best
numericalfit (center),andthecorrespondingverti-
cal component*,+,+ of the strain field on which the
calculationis based(bottom).

Figure 7.5: Asymmetrical diffraction from a
strained-layersurfacegrating: Experimentalmap
(top), best numerical fit (center), and the corre-
spondinglateral component*.-/- of the strain field
onwhich thecalculationis based(bottom).

increasinglyrelaxedtowardsthegratingtop andsidewalls, andreachtheir valuesexpectedfor thecaseof
completeorthorhombicrelaxation(i.e. a verticalmisfit of 0 g 0�1325476�8:9 anda lateralmisfit of ; g ;�0�25476�8:9 )
closeto the gratingsurface. Due to the non-uniformstrain relaxationin the substrate,a strainfield of
similaramplitudeandverticalextensionis inducedin thesubstrate.

The comparisonof the reciprocalspacemapscalculatedfrom thesestrainfields with the experimental
resultsshows that the strainrelaxationcanindeedaccountfor the experimentallyobserved distortionof
thediffractionpattern.Theagreementof bothmapsis very satisfactory, sinceall essentialfeaturesof the
experimentalmapswerereproducedin thesimulation.A sequenceof lateralsatellitesis generatedaround
the substratepeak,both in the symmetricaland in the asymmetricalsimulatedmap,andthe ideal layer
cross-patternis stronglydeformed,with only theuppertwo branches(Fig. 7.4)or theupperleft andlower
right branch(Fig. 7.5) remaining. Not only maximaaroundthe layer andsubstratepeakcoincidewith
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CHAPTER 7: Strained layer gratings with variable shape

themeasurement,but alsotheseriesof intermediatethicknessfringesshow remarkablesimilarity with the
experimentaldata.

7.3 Rectangulargrating

7.3.1 Experimental results

Theexperimentalreciprocalspacemapsof thesecondsample,thegratingwith nearlyrectangularshape,
areshown in thetop row of Figs.7.7and7.8(onpage78). As in Fig. 7.4,bothmapsshow onceagaintwo
maingroupsof peaks,onearoundthe <�=&> -004Braggpeakat ?3@�AB; gDCFE�C Å 8HG , andonearoundthelayer
peakbelow it.

ThesubstrateBraggpeakis onceagainsurroundedby a seriesof equidistantlateralsatellites.We con-
cludethat, just like in the caseof the trapezoidalsample,a laterally periodic“strain grating” is induced
in the substratealsofor the rectangulargrating. On the otherhand,the groupof lateralgratingmaxima
at the heightof the layerpeakdoeslessobviously deviate from the ideal pattern.For a rectangulargrat-
ing shapethe upperandlower branchesof the crosscoincide,anda purelyhorizontaldiffractionpattern
is to be expected. In the experimentalmapof the symmetricalreflection,both the main maximaon the
gratingtruncationrodsandthe thicknessfringesabove andbelow themdo follow this horizontalslope.
In the asymmetricalreciprocalspacemap,however, a distortioncan be observed. Although the single
gratingtruncationrodsarenot well separateddueto thedifferentinstrumentalresolutionfunctionat this
reflection,it is obviousthattheenvelopeof theintensitydistributionaroundbothpeaksfollowsaninclined
direction,from theupperleft to the lower right. This inclination is an indicationfor a non-homogeneous
strainrelaxationalsoin therectangulargrating.

7.3.2 Numerical simulation and fit

In order to gain a deeperunderstandingof the detailsof the strain field in the samplewe appliedour
systematicsimulationprocedurebasedon theprinciplespresentedin Section7.2. Onceagain,a loop over
the materialcompositionwas performed. The detailsare not shown here,sincethe resultsare similar
to thoseobtainedfor the trapezoidalgrating, in termsof overall shift of the layer peakwith respectto
thesubstratepeak. However, thedeformationeffect is lessdrastic,andthe patternaroundthe layerpeak
remainsessentiallyhorizontalfor a largerangeof compositions.

Anotherkind of parameterloop is moreinterestingin thepresentcontext: Fig. 7.6 shows theresultsof
a systematicvariationof thegratingshape,morespecificallyof thewidth of thelower partof thegrating.
Fromtop to bottomin Fig. 7.6, theslopeof thegratingsidewall with its kink in themiddlechangesfrom
concaveto convex. Theeffectonthereciprocalspacemapsis shown in theleft columnsof thesamefigure.
While the appearanceof the patternaroundthe substratepeakis relatively constant,the patternaround
the layer peakchanges.Thereis onestrongbranchof peaksalonga nearlyhorizontalline. This group
of maximaobviously stemsfrom the uppertwo thirds of the grating,whosesidewall slopechangesless
drasticallythantheonein thelower third. Thelower part,in turn,givesriseto a weaker secondbranchin
thediffractionpattern,whoseinclinationchangesfrom upwards(top row) to downwards(bottomrow) and
therebyreproducesthecorrespondingchangeof inclinationof thegratingsidewalls.

The final resultsof the fitting procedureareshown 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
lateralsatellitesaroundthesubstratepeakin boththesymmetricalandtheasymmetricalreciprocalspace
map. In the asymmetriccase,the inclination of the groupof maximaaroundthe layer peakis very well
reproduced.This provesthatour descriptionof thestrainfield alsoin thegratingregion is quantitatively
correct.

Remainingdifferencesarepartly dueto the instrumentalresolutionfunction,which hasbeentaken in-
to accountonly very approximatelyfor the calculation(seein particularthe analyzerstreakaroundthe
substratepeakin the experimentalmaps).Furthermore,no attempthasbeenmadeto includethe diffuse
scatteringwhich is visible in theexperimentalmapsinto thecalculation.It maybedueto roughnessof the
gratingsurfaceandsidewalls, to non-homogeneitiesof thegratingshapeover the samplesurface,andto
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7.3. Rectangular grating

Figure7.6: Numericalfit of the004-andthe224-reciprocal spacemapfroma strainedgrating: calculatedmapfor
variousshapesof thegrating. Thewidth in themiddleof thegrating variesfrom40 nm(top row) to 120nm(bottom
row) in stepsof 20 nm. Thevertical componentof therespectivestrain fieldsis alsoshownon theright. Onceagain,
thefocuslies on thegeneral evolutionof thediffractionpattern.

resultingstrainfluctuations.Nevertheless,theoverallagreementis verysatisfactory. In bothmapsnotonly
the diffraction patternsaroundthe substrateandlayer peaks,but also the intermediatethicknessfringes
resemblecloselytheexperimentaldata.

77



CHAPTER 7: Strained layer gratings with variable shape

Figure 7.7: Symmetricaldiffraction from a rect-
angularstrained-layergrating: Experimentalmap
(top), best numerical fit (center), and the corre-
spondingvertical component*.+I+ of thestrain field
onwhich thecalculationis based(bottom).

Figure7.8: Asymmetricaldiffraction froma rect-
angularstrained-layersurfacegrating: Experimen-
tal map (top), bestnumericalfit (center),and the
correspondinglateral component*.-/- of the strain
fieldon which thecalculationis based(bottom).

7.4 Conclusion

This Chapterhasdemonstratedour methodfor grating strain investigationon two more strongly, now
compressively strainedgratings. As beforewe were able to analyzethe grating shapeand the lateral
strainrelaxation(independently)by GID measurements,andto additionallyenlightenthe vertical strain
componentsvia coplanarXRD. Dueto thestrongerlatticedistortions,thechangein thediffractionpattern
wasevenmoredrastic.

For thetrapezoidalgratingwe foundastronglynon-uniformstrainfield in thegratingregion. A laterally
periodicstrainfield of similar strengthandextensionwasinducedin thesubstratebelow thegrating. For
the rectangulargratingwe couldsimilarly observe deviationsfrom the diffraction patternto be expected
for non-strainedsamples,eventhoughthey werenot ascharacteristicasfor thetrapezoidalgrating. Nev-
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7.4. Conclusion

ertheless,thedataevaluationallows to draw similar conclusionsasfor thetrapezoidalsample:Thegrating
is non-uniformlydistorted,andthesubstrateis affectedin theoppositesense.

Theprocedurefor simulationof reciprocalspacemapswasturnedinto a realquantitative oneby addi-
tionally introducingasimulationloopovermaterialcompositionaswell asover thesamplegeometry. The
calculatedstrainfield canaccountfor the effectsobserved in the experimentaldiffractionpatterns.Very
goodagreementis achieved.Weobservedthatthediffractionpatternsarehighly sensitiveto changesin the
materialcompositions,dueto the resultingchangesin lattice mismatchbetweenthe differentlayersand
therelatedchangesin strainfields. Thesensitivity to detailsof thegratingshapewasfoundto beslightly
lesspronounced.
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Chapter 8

Superlatticegratings

In Chapters6 and7 wehavestudiedtheeffectsof strain relaxationin two differentexamplesof gratings
etchedintoa singlestrainedlayer. ThepresentChapterextendsour methodof strain investigationto amore
complicatedsampletype: a superlattice, i.e. a samplewhosevertical compositionalsetupis characterized
by a periodically alternatingsequenceof two or more different materials. Thelateral structure is of the
samekind asbefore.

Superlatticesare particularly interestingfor technological purposes,mainlyfor two reasons.First, they
can be usedas high-efficiencyreflectingstructures (so-calleddistributed Bragg reflectors, or DBR) in
a vertically emittingsemiconductorlaser [Cor98]. They replacethe traditional mirrors and selectively
reflectonly thosewavelengthswhich are compatiblewith thesuperlatticeperiod. Second,they shownew
“physics”, i.e. new effectsin theelectronic bandstructure (mini-bands),which makesthemattractivefor
deviceapplications[Kel95].

A superlatticeis also an especiallyinterestingobject in the context of strain investigations.As in the
caseof a simplegrating, theplanarstrainedlayersaretetragonallydistortedduringthegrowthphase, and
becomepartially freeto relax after the etching. But unlike before, there is not only onesingleinterface
betweenthe two materials,but a wholeseriesof interfaceswith the correspondingboundaryconditions.
Each individual layer is thus constrainednot only from below, but — to a certain extent — from both
sides.

8.1 Intr oduction. The sample

We studythe strainrelaxationin superlattices(SLs) with the exampleof a JLKNMN<�= G/8 MFO
P / <�=&> multilayer
grown onan <�=&> (001)substrateby chemicalbeamepitaxy. Thenominalcompositionof theternarylayers
was QRAS6 g ;'; , which leadsto a latticeparameterof T�AU1 g E"E 6 Å andthusa tetragonalstrainin theplanar
JLKNMN<�= G/8 MFO
P layersof VXW�W�AZY34 g ["\ 2:476�8:9 (wherethe negative sign onceagainindicatescompressive
strainin thelayer).Thesuperlatticeconsistsof four andahalf periods,i.e.ninelayers,startingandending
with JLK M <�= G/8 M O]P . Thenominalthicknessesof the single JLK M <�= G/8 M O]P and <�=&> layersin the SL period
were30 nm and50 nm, respectively. This leadsto a netmisfit of theaveragedmultilayerwith respectto
thesubstrateof ^V W�W A_Y%6 gD`"C 2'476�8:9 .

Q T V�aDa Vcb@X@ VcdIegfih�dW7W Vcdcegfjh�d@X@6 g ;'; 1 g E"E 6 C Å Y34 g ["\ 4
2F4�6k8l9 mn4 g [ 4�;L2F4�6k8:9 m C
go` 6p2F476�8:q m [}g ;";L2F4�6k8:r
Table8.1: Valuesof strain in thegratings,aspredictedfromthenominalcompositionfor the two limiting casesof
completelatticematching(tetragonalstrain)andfull relaxation(orthorhombicstrain). Fromleft to right: compositions
of thelayermaterial sut7vxwiy�z�{5v�|~} ; latticeparameter;latticemismatch with InP substrate *x� � andresultingtetragonal
vertical strain *.�+,+ ; lateral andvertical orthorhombicstrain *,�����g�X�-/- , *,�����g�X�+,+ (seeeqs.(5.33)- (5.35)).
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8.1. Introduction. The sample

The compositionalprofile of the planarstructurewasverified experimentallyby double-crystalX-ray
diffraction with a conventionalsealedtube. The rocking curvescould be fitted with a modelbasedon
thicknessesof 27.5 nm for the JLKNMN<�= G/8 MFO]P layer and a total superlatticeperiod of ������A ` 0�� C nm
[BLG00], slightly lessthantheintendedvalueof 80 nm.

A laterallyperiodicpatternwasproducedon thesamplesurfaceby holographiclithographyandsubse-
quentetchingwith a solutionof ���c� in ��� 9

� � . Justlike in thecaseof simplegratings(seeChapter7),
differentgratingshapescanbeobtainedfor differentcrystallographicorientationsof theetchingmask.In
thepresentChapterasamplepatternedalongthe[110]-directionwith a resultingtrapezoidalgratingshape
shallbestudied.

In Fig. 8.1weshow two microscopicimagesof thesample,recordedatdifferentpositionson thesample
surface.On top of thegratingstructurepartsof thephoto-resistusedfor the lithographyprocessarestill
visible. Apart from this, a relatively perfecttrapezoidalgratingshapecanbe recognized.However, the
shapevariesslightly betweenthe two images: the grating top width, for instance,is larger in the right
picture. It must be left to the X-ray characterizationto determinerepresentative, statisticallyaveraged
valuesfor thegeometricalparameters.

Fig. 8.2 shows schematicallythegeometryof thesample.Thecorrespondingreciprocalspacestructure
is visible in Fig. 8.3. It shows a 004-mapsimulatedfor the hypotheticalcaseof a superlatticegrating
without any strain. “Without strain” meansthat an imaginary, infinitely thin vacuumlayer is insertedat
eachinterfaceto prevent the contactbetweenthe two adjacentmaterials.No adaptationof laterallattice
parametersoccurs,andeachindividual layer canrelax completely. With this modelcalculationwe can
isolatetheinfluenceof thepuregratingshapeon thediffractionpattern.

In the imagewe seea seriesof vertical satellitesalongthe gratingtruncationrod, which is dueto the
compositionalperiodicity of the superlattice.Their spacingin reciprocalspaceis relatedvia

CF��� � �x� to
thesuperlatticeperiod.Eachsuperlatticesatelliteis surroundedby a crosspattern,which is characteristic
for thetrapezoidalgratingshape.This is completelyanalogousto thecaseof thesimplegratingsstudied
before,except that the crossoccursnot only once,but is now replicatedaroundeachof the superlattice
satellites.This imagerepresentsthe idealdiffractionpatternof a non-distortedsample.Deviationsof the
experimentaldatafrom this idealpatternwill representevidenceof strainrelaxationin therealsample.

X-ray diffractionexperimentson this samplewereperformedat two facilities:

� theundulatorbeamlineBW2 atHASYLAB, Hamburg,with a �5� -111doublecrystalmonochromator
selectinga wavelengthof � =1.181Å, a �5� -111 analyzercrystal to obtain high resolutionin the
?3W"?3� -plane,andnarrow slits to achieveamoderateresolutionalsoalong ? @ ( ��? @p� 6&� 6'6'1 Å 8�G );

� thebeamlineD23 of LURE, Orsay, with a �k� -111doublecrystalmonochromatorselectinga wave-
lengthof � =1.54Å, a Jp� -111channel-cutanalyzerandnarrow detectorslits to limit theextension
of theanalyzerstreakin thecoplanarreciprocalspacemaps.

Thewavelengthschosenwere1.181Å for grazingincidencediffractionatBW2, and1.54Å for coplanar
diffractionat D23.

Figure8.1: SEMimagesof thesamplestudiedin thisChapter,recordedat twodifferentspotson thesamplesurface.
[BLG00]
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CHAPTER 8: Superlattice gratings
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Figure8.2: Geometryof a superlatticegrating
in real space. Î is the lateral (grating) peri-
od, ÎLÏcÐ thevertical (superlattice)period, Ñ the
grating top width and ÒkÓoÔ.Õ thesidewall slopes.
[BLG00]

Figure 8.3: Structure of the samplein reciprocal s-
pace:Simulationof a diffractionmapfor thehypothet-
ical casewithoutstrain. Theimage showsthepure in-
fluenceof thegrating shapeon the diffractionpattern:
Theperiodicallayersetupin realspaceleadsto a series
of satellitesalongthevertical directionin reciprocal s-
pace.

8.2 Symmetrical and asymmetrical diffraction

In order to investigateexperimentallythe grating shapeof our sample,independentlyfrom any strain
consideration,we performedan initial study by grazingincidencediffraction. Detailedresultscan be
found in [BLG00]; the valuesof the geometricalparametersdeducedfrom this studyaresummarizedin
Table8.2.

Ö�×ÙØ7Ú Ö.ÛHÜI×ÙØ7Ý:Þ ß Ö.à�Û á â ã�ä ã�åæ�ç�èDéëêíì éFî&è ì%êíé ï7ð'î"ñ%êòì çNñ]êóï æ�î'ì%êóï�ì ì]êóï�ñ ô�è ð]ê�ñ&è ð ô�è ð
êòñ�è ð

Table8.2: Geometricalparameters of thesuperlatticegrating, asobtainedfromtheevaluationof grazingincidence
diffraction. õ�öø÷/ù and õ�ú&û»ü/öø÷�ý�þ ü/ÿ�� are the layer thicknesses,Î is the lateral grating period, õ Ï ú theetching depth, Ñ
thegrating top width, � thegroovewidth, and Ò Ó and Ò Õ sidewall slopes(asbefore). All lengthsare givenin unitsof��� .

To detecttheadditionalinfluenceof lateralstrainin thegratingwerecordedcoplanardiffractionmapsat
the002-andthe224-reflection.The002-peakwaspreferredto thestronger004-peak,althoughthelatter
hasahigherstrain-sensitivity. Thereasonwereresolutionconsiderations:Sincethegratinghasarelatively
largereal-spaceperiod,thegratingtruncationrodsareverycloseto eachotherin reciprocalspace.In order
to resolvethemwith agivenangularresolutionandangularstepwidth of theinstrument,it is advantageous
to chooseareciprocallatticepointwith shortlength � ��� .

In theexperimentalmap(Fig. 8.6) we observe thesubstrate002-peakat 	�

� é�è�ï7æ&ï
Å ��� , anda large

numberof strongsuperlatticesatellitesequidistantlydistributedalongtheverticaldirection.Thesubstrate
peakdoesnotcoincidewith thezero-ordersuperlatticesatellite,but liesbetweenthe0��� andthe+1��� order
peak.This is dueto thefact that theaveragelatticeparameterof thesuperlatticeis largerthantheoneof�����

.
Theverticalsatellitesappearnot only on theCTR,but similarly on eachof thelateralgratingtruncation

rods. Their positionshifts upwards,towardshigher 	 
 , for increasinggratingrod order: The satellites
form bent branches.For someof thesebranches(especiallythe zeroth-orderone, below the substrate
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8.3. Theoretical calculation and fit of the results

peak)one can observe a far weaker, but still noticeable“mirror” branchwhich is bent in the opposite
direction.In otherwords,we find a featurewhich is very similar to theobservationsmadein theprevious
Chapters:a crosspatternwith a pronouncedasymmetrybetweenthe upperand the lower branch. The
relevant differenceto the caseof simplegratingsis that the crosspatternis now replicatedaroundeach
of theverticalsuperlatticesatellites,andeachcrossis deformedindividually. For higherverticalsatellite
ordersthedeformationis enhanced,andthelowerbranchdisappearscompletely.

In orderto investigatealsothe lateralcomponentof thestrainfield we measuredthediffractionpattern
aroundthe224Braggpeak,in thegeometryof largeincidentanglesandlow exit angles(upperimagein
Fig.8.7).Dueto thedifferentresolutionfunctionat thisreflection,thesinglegratingtruncationrodsarenot
well separatedin the experimentalmap;only the intensityenvelopecouldbemeasured.Theenvelopeis
sufficient,however, to recognizetwo importantthings:Thereis onceagaina seriesof verticalsuperlattice
satellites,and the crosspatternaroundeachof them is stronglydeformed. The combinedinfluenceof
verticalandlateralstrainontheasymmetricaldiffractionpatternresultsin diagonallinesof strongintensity
aroundeachsuperlatticesatellite.Theselinescanbeinterpretedastheremainingupperleft andlowerright
branchesof the theoreticalcrosspattern.Uponcloserexamination,onecanalsonoticethat thecenterof
massof theverticalsatellitesis shiftedto theleft with respectto thesubstratepeak.

8.3 Theoretical calculation and fit of the results

In orderto analyzetheexperimentalfindingsweapplyourevaluationprocedurebasedonX-ray diffraction
theoryandelasticity theory. An elasticdescriptionof the strainfield in a superlatticegratingrelies on
the samebasicequationsasfor simplegratings,but hasto take into accountadditionalconstraints.The
one-to-onecorrelationbetweenatomsin adjacentlayers(condition of pseudomorphicgrowth) must be
preservedacrosseachof the interfacesin thesuperlattice,in thesameway asacrossthegrating-substrate
interface.Moreover, thestresseshave to becontinuousacrossall interfaces.This leadsto a wholeseries
of additionalboundaryconditionsfor the elasticcalculation. To solve the completeset of differential
equationsandaccompanying boundaryconditions,we useonceagaina numericalsolutionby the Finite
ElementMethod.Apart from theadditionalinterfaceconditions,theprincipleis unalteredwith respectto
Chapter7, but thetaskbecomesmoredemandingfrom a computationalpoint of view.

The resultingstrainanddisplacementfields are then fed into our simulationprogramto calculatethe
correspondingreciprocalspacemaps. No explicit adaptationof the programto the new sampletype is
required:In oursemi-kinematicalformalismthesinglecellsof thestructurecontributeindependentlyto the
totaldiffractedsignal,sothatfor thecalculationalgorithmit makesnodifferencewhetherthelayersconsist
of a homogeneousmaterial,asin the previousChapters,or whetherthey arecompositionallymodulated
alongtheverticaldirection.

To obtain the bestagreementbetweenexperimentaland simulateddatawe usethe fitting possibility
introducedin Chapter7. The resultsfor a fit loop over the JLK -content Q in the JLKNMN<�= G/8 MFO]P layer are
shown in Fig. 8.4. From top to bottom, Q assumesthe values0.40, 0.44, 0.47, 0.50 and 0.54, so that
thestrainin the ternarylayersvariesfrom compressive ( V�aDa�A Yë;&� ` 2k4�6k8:9 ) to tensile( V�aDalA�;�� [ 25476�8:9 ).
Themiddlerow is closeto thelattice-matchedcase.Indeed,it showsarelatively perfectsymmetricalcross
patternaroundeachsuperlatticesatellite.For increasingcompressivestrain(decreasingQ ) thelowerbranch
of eachsinglecrossbecomesweaker (imagein thesecondrow) andis finally completelysuppressed(first
row). For highermismatchtheupperbranchof thecrossis alsoaffected: It doesnot remainstraight,but
becomesdeformedin a way thatremindsof thesaucer-likeshapeobservedin Chapter7. For tensilestrain
in the layers( Q�� 6&� ; ` , fourth andfifth row in Fig. 8.4), very similar effectscanbeobserved. Theonly
differenceis thatit is now theupperbranchof thecrosswhich disappears.

The vertical componentof the strainfields on which the calculationsarebasedareshown in the right
columnof Fig.8.4.Whencomparingthesimulatedmapsandthecorrespondingstrainfields,it is interesting
to observea correlationbetweentwo kindsof bending.In thefirst image,wherethebranchesof thecross
patternarebentupwards,the interfacesvisible in thestrainimagearecurveddownwards. In fact,all the
diffractinglatticeplanesin thestructureareconcavely bentin a similar way. In thelast imagerow, on the
otherhand,for which the crosspatternis stronglydistorteddownwards,the diffracting latticeplanesare
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CHAPTER 8: Superlattice gratings

Figure8.4: Fitting procedure: simulated004-mapsfor variousmaterial compositions� of the sut7v�w�y&z�{5v�|
} layer.
Fromtop to bottom: ���! #" $% '&(���) '" $%$'&*�+�) '" $-,#&.���! #" /0 and ���! #" /0$ . Thediffractionpatternat this reflection
is influencedby thevertical strain componentonly, which is shownfor comparisonin theright column.Thestrain in
theternarylayersvariesfromcompressiveto tensile. Themiddlerowcorrespondsapproximatelyto thelattice-matched
case:thestrain fieldshownon theright hasmuch lower absolutevaluesthanin all othercases.

convexly bent. In this way the deformationof the planesof atomsin the crystalcanyield an illustrative
explanationfor theobserveddeformationof thediffractionpattern.

In the correspondingseriesof simulated224-maps(Fig. 8.5) we observe similar effectsasin the sym-
metricalcase:a seriesof vertical satellites. The patternsurroundingthemis reducedto a simplecross
shapefor thelattice-matchedcase(middlerow), but becomesstronglydeformedfor bothcompressiveand
tensilestrainin thegrating(secondandfourth row). For evenstrongerabsolutevaluesof strainonly one
diagonalline of satellitemaximaremains,which representsthe upperleft andlower right branchof the
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8.3. Theoretical calculation and fit of the results

Figure8.5: Fitting procedure: simulated224-mapfor thesameseriesof material compositionsas in Fig. 8.4. The
lateral strain component,to which this reflectionis additionallysensitive, is givenin theright column.

formercrosspattern.Notethatthis is similar for bothcompressivestrain(first row) andtensilestrain(fifth
row). Thereis a difference,however, betweenthe two cases:In the imagein the first row, the intensity
envelopeexhibitsanetshift towardssmaller ?3W , whereasin thefifth imageit is shiftedtowardslarger ?�W .
This shift is an indicationfor a net relaxationof lateralstrainin the wholegrating,aswe hadconcluded
alreadywheninterpretingtheexperimentaldata.

The bestfits of the coplanarreciprocalspacemapsareshown in Fig. 8.6 (for the 002-reflection)and
Fig. 8.7 (for the 224-reflection). In both casesvery goodagreementis achieved. The relative intensity
of mostof the superlatticepeaksis reproduced,asis the deformationof the crosspatterns.Let us stress
the fact that the sameset of parametersand the samestrain fields allow to fit both experimentalmaps
simultaneously. Remainingdifferencesmaybedueto variationsin thegratingshapeandresultingstrain
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CHAPTER 8: Superlattice gratings

Figure 8.6: Symmetricaldiffraction
froma superlatticegrating. Experimen-
tal (above)andfitted(below)reciprocal
spacemapof the002-reflection.

Figure 8.7: Asymmetricaldiffraction
froma superlatticegrating. Experimen-
tal (above)andfitted(below)reciprocal
spacemapof the224-reflection.

fluctuationsalongthesamplesurface,and/orto roughnessof thegratingsidewalls inducedby theetching
process.

Thestrainfield onwhichthecalculationof thebest-fitmapsis basedis shown in Fig.8.8.Oppositestrain
behaviour canbeobservedin thetwo typesof layers:a progressiverelaxationof compressivestrainin the1325456�798;:�4#<>=

layerwith increasingdistancefrom thesubstrate,anda relatedexpansion(tensilestrain)in
therespective

6�7�?
layers.Thestrongestrelaxationtakesplacenearthegratingsidewalls,closeto thefree

surface.

In orderto generatea moreimmediateimpressionof thewholedeformationfield in thesuperlatticeand
its continuity acrossthe interfaces,we plot not only the strainfield, but alsothe two componentsof the
displacementfield @ (lower row in Fig. 8.8), more exactly its “relaxation” componentA�@>BDCFE (seeeq.
(5.31)).Thelateraldisplacement@HG is obviouslycontinuousacrossall theinterfaces.This is preciselythe
boundaryconditionwhich we appliedin theelasticcalculation(one-to-onecorrelationof atomsadjacent
in adjacentlayers),andwhich is correctlypreserved in our solution. Furthermore,@ G exhibits an oscil-
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8.4. Conclusion

Figure8.8: Final resultof thefitting procedure: lateral component(left) andvertical component(right) of thestrain
field * (top row) andof thedisplacementfield I (bottomrow, in unitsof J�K ) in thesuperlatticegrating.

lating behaviour which follows the compositionalperiodicity, especiallynearthe sidewalls. The vertical
displacementL
@ (lower right imagein Fig. 8.8) is continuousacrosstheinterfacesaswell, but canbeseen
to have a muchstrongergradientin the strainedternarylayersthanin the <�=&> layers. The derivative of
the lateraldisplacement,the lateralstrain VXW7W , is not continuous,becauseit is calculatedwith respectto
differentsystemsof reference,namelythebulk latticeof thetwo respective layers.

8.4 Conclusion

Wehaveextendedourmethodof straininvestigationto amorecomplicatedtypeof samples,namelysuper-
latticegratingswhich arecharacterizedby a periodiclayersequence(verticalcompositionalperiodicity).
In reciprocalspacethis givesrise to a setof superlatticesatellitesalongthe ? @ -direction. Eachof these
satelliteson the crystal truncationrod is — in theory— surroundedlaterally by the samekind of cross
patternasexpectedfor a simpletrapezoidalgrating.

In the experimentalcoplanarreciprocalspacemapswe found strongdeviationsfrom this model. The
deformationof theexperimentallyobservedcrosspatternscouldbe interpretedasan indicationfor strain
relaxation.Theeffectsweresuccessfullyexplainedwithin thesameevaluationformalismaspresentedin
the previous Chapters.Our analysismethodwas transferredandappliedwithout substantialchangesto
thesemorecomplicatedsamples.This demonstratesits flexibility .

Themapsshowedtheinfluenceontothestrainfield in thesuperlatticesof (a) thenetmismatchbetween
the different layers in the superlatticeperiod, and of (b) the grating-substrateinterface. The latter has
an importantinfluenceon the relaxationof the net misfit in the multilayer towardsthe free surface. The
compositionalprofile,on theotherhand,manifestsitself in thestrainrelaxationof the JLKFM�<�= G/8 M"O
P layers
andin anoppositestressinducedin the <�=&> layers.
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Chapter 9

Dynamic patterning by surfaceacoustic
waves

Theaim of this chapteris to showtheapplicability of our methodof strain analysisto a different typeof
laterally periodicstructures. We will studysurfacestructureswhich showa highly regular lateral order-
ing, althoughthey are not artificially structured via etching: dynamicallyformed“gr atings” which are
generatedat thesurfaceof crystallinesubstratesunderthe influenceof piezoelectricallyinducedsurface
acousticwaves(SAW).X-ray diffractionfromtheseacousticgratingscanbestudiedwith an experimental
approach similar to the oneusedin the previouschapters. Theapplicationof our simulationprocedure
to this new subjectconstitutesa testof the flexibility and robustnessof the wholeevaluationformalism,
andsimultaneouslycancontribute to a deeperunderstandingof surfaceacousticwavesaswell asof the
mechanismof X-raydiffractionfromthem.

9.1 Intr oduction

Surfaceacousticwavesin crystalshavebeenstudiedin aseriesof articlesby avarietyof methods:neutron
scattering[KPW67, HY99], X-ray diffractometry[Har67, ERS89,RBdB92,RB93, RTM98] andX-ray
topographyin a stroboscopicmode[WGT82, ZSS98, SSM99], andphotoluminescence[ZPB97, SRJ98].
Their propagationhasbeeninvestigatedin superlattices[AT98], quantumwells [RZW97] andquantum
dots [NBB99]. A first quantitative analysisof X-ray diffraction curvesfrom acousticallyexcited JLK"O]P
crystalshasappearedin theliteraturevery recently[SSM99, Sau99].

One possibleapplicationof surfaceacousticwaves is to usethem in order to “store” light (delay its
propagation)in novel optoelectronicdevices[RZW97]. The interestin thesewavesis partly alsodueto
thetheirpotentialapplicationasX-ray opticalelements.A surfaceacousticwavecorrespondsto a laterally
periodicdeformationfield in acrystal,whichgivesriseto lateral“grating” satellitesthatappearontheright
andleft sideof thecentralX-ray diffractionpeakat eachsinglereciprocallatticepoint. This is perfectly
analogousto thegratingtruncationrodsgeneratedby themorphologicalperiodicity in thecaseof etched
gratings.

Surfaceacousticwavescanoccur in two different forms: travelling wavesor standingwaves. In the
formercasetheshapeof thewave field remainsconstantin time andpropagatesalongthecrystalsurface.
In the latter casea spatiallyimmobilewave field oscillatesin time, with an amplitudethatvariesperiod-
ically between0 andsomemaximumamplitude. Thereforethe X-ray diffraction patternfrom standing
SAW variesperiodicallywith the samefrequency as the acousticwave. This effect hasbeenobserved
experimentally[RB93, RTM98]. Ourexperimentalsetupis expectedto generatestandingacousticwaves.

Theapplicationin X-ray opticsrelieson theuseof acousticallyexcitedcrystalsasmonochromatorsor
beamdeviators. If oneusesnarrow slits to let passfor instancethefirst orderlateralsatellitebeamonly,
andto blocktheintensityfrom themainBraggpeak,it is possibleto switchthisfilteredbeamonandoff by
alteringthevoltageappliedto thepiezoelectrictransducerwhich generatestheacousticwaves.In thecase
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9.2. Experimental rocking curves

of standingwavesthediffractedintensityhasafurtherpropertyof interest:It is modulatedin timewith the
samefrequency astheacousticwavefield (in theMHz range)[RTM98].

By additionallyvaryingtheacousticfrequency andthusthewavelengthof thedeformationfield onecan
graduallychangetheangularpositionof thesatellitebeam.Applicationsof this variantlie in thefield of
scanningX-ray imaging.Thepossiblemovementof thebeam[TBR98] hasbeenproposedasanattractive
alternative to theclassicalmethodof mechanicallydisplacingthesamplewith respectto the(fixed)beam
[CDL95].

9.2 Experimental rocking curves

The experimentalsetup[Tuc99] is shown schematicallyin Fig. 9.1. An acoustictransducer, fabricated
lithographicallyon the surfaceof a M��ONQP � 9 crystal, is fed by a radio-frequency signal ( R bTS 4�6'U Hz).
SincetheSAW velocity is of theorderof 3 km/s,wavelengthsof some10 V m areobtained.Theacoustic
wave field excited by the transduceris mainly concentratedat the samplesurface. Its amplitudein the
volumeof thecrystalis progressively dampedfor increasingdepthbelow thesurface,with acharacteristic
penetrationdepthof thesameorderof magnitudeastheSAW wavelength(some476WV m).

Figure9.1: Schematicsetupof theexperiment:Anacousticwavefield is generatedat thesurfaceof a XZY\[^]`_ba crystal
by a piezoelectrictransducer(marked“IDT” in theimage). Thelateral periodicityof thesurfaceacousticwavefield
givesrise to a seriesof lateral satellitesthat appeararound the central reflectedor Bragg-diffractedX-ray beam.
[TBR98]

TheX-ray diffractionexperimentswereperformedin thedouble-crystalmodeat the beamlineBM5 of
theESRF[Tuc99]. A wavelengthof 1.54Å wasused.Rockingcurve profileswererecordedby rotating
the sampleacrossthe Braggpeakof the 003-reflection. In the reciprocalspaceimagethis corresponds
approximatelyto a ?3W -scanacrossthewholeseriesof lateralsatellitepeaks.In fact,all theinformationis
containedin this lateraldirection.Unlike thecaseof etchedgratings,no layerthicknessor verticalgrating
shapeis to bedetermined.Thereforewe do not needto recordthe variationof diffractedintensityalong
the ? @ -direction.

This measurementwasrepeatedfor a seriesof voltagesappliedto the transducer, rangingfrom 0 mV
to 150mV. Theamplitudeof thewave excited in thecrystalis expectedto beroughlyproportionalto the
voltage,with aproportionalityconstantof about6��Ã4 Å/mV [Tuc99]. However, thiscorrelationis subjectto
considerableexperimentaluncertainty;thedetailsof theexactrelationshipremainto beverified.

Theexperimentalresults,convertedto a reciprocalspacescale,areplottedin Fig. 9.2 for selectedvolt-
ages.The lowestcurve (0 mV) correspondsto the rocking curve of a simplebulk crystal; it shows one
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Figure9.2: Seriesof experimentalrocking curvesmeasuredon an acousticallyexcited X�Yc[d]�_ a crystal. Thevoltage
appliedto thepiezoelectrictransduceris indicatedon theright of each curve. [Tuc99]

mainpeakwith a certainhalf width, andno further lateralstructure.As soonasa smallvoltageis applied
to thetransducer, thepicturechanges:Small lateralsatellitesemergefrom thetailsof themainpeak.With
increasingvoltagetheir intensityrises. Thesatelliteposition,on theotherhand,is constantin reciprocal
space.In fact,thedistancefrom thecentralBraggpeakis givenby �*efhg�ikj , where ���0l#m is thewavelength
of the acousticwaveswhich is kept constant.For even higherappliedvoltagessecondandhigherorder
satellitesappear. Their intensityincreasesuntil they eventuallyreachand(partially)exceedtheintensityof
thecentralpeak.

9.3 Adaptation of the simulation procedure. Fit of experimental re-
sults

In order to interprettheseexperimentalfindings and to reproducethem in a theoreticalcalculation,we
introducea modificationto thesimulationprocedureusedin thepreviouschapters.Thereis no needany
more to employ elasticity theory for the calculationof the strainfield. Instead,we simply assumethat
thesurfaceacousticwave givesrise to a displacementfield which variessinusoidallyalongthe lateral Q -
direction,andwhoseamplitudedecaysexponentiallyasafunctionof depthn below thesamplesurface.The
wave is supposedto bepurely transversal,i.e. all displacementsaredirectedalongtheverticaldirection,
andno lateraldeformationof any kind occurs.Thecompletedisplacementfield is thusgivenby

Lpo�q9r A st�u Wu �u @
vw oDqZr A sxt 6

6y 20z @k{c@ g�ikj}|0~ Pd� ��efhg�ikj 2�Q9�
v0�w
� (9.1)
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9.3. Adaptation of the simulation procedure. Fit of experimental results

Figure9.3: Plot of a typical lattice distortionasusedfor thecalculationsin this chapter, generatedby applyingthe
displacementfield I^���`� in (9.1) to an initially rectangulargrid of points. Thesurfaceacousticwavehasa lateral
period of 12 � m. Theamplitudeof the vertical displacementin the image is exaggeratedby a factor �k %� for better
visibility. In reality, theabsolutedisplacementsare of theorder of someÅ only.

Theresultingnon-zerocomponentsof thestraintensorVk�\�
A G� �3������-� W�� m ��� ��-� W � � are:

V W @]AnY 4C y 2 CN�
����l'm 2 z @;{c@ g�ikj PI��=T� CN�

���0l#m 2�QZ� (9.2)

V @X@ A y 2 4n���l'm 2 z @;{c@ g�ikj |�~ P � CN�
����l'm 2xQ � (9.3)

All othercomponentsof thestraintensorvanish;in particular, no lateralstrain V W�W occurs.An imageof a
(formerlyplanar)structuredistortedaccordingto theseformulaeis shown in Fig. 9.3.

We would like to stressthefact that this is a meresimplifiedmodel, which doesnot fulfil theequations
of elasticity theory. In a realistic descriptionany vertical compressionor expansionwould have to be
accompaniedby acorrespondingreactionin thelateraldirection.However, themodelcanpotentiallyyield
correctsimulatedrockingcurvessincethemeasurementsweredonein symmetricaldiffractiongeometry,
which is exclusively sensitive to theverticaldisplacementcomponent.Taking into accountanadditional
lateraldisplacementcomponentwould not alter the simulatedversionof this kind of curves. Finally, the
comparisonof measuredandcalculatedrockingcurveprofileswill show thatthemodelis indeedjustified.

In orderto simulatethediffractionpatternfrom acrystalundertheinfluenceof suchadistortionfield, we
first createarectangulargrid of pointsequidistributedin onelateralperiodbetweenQ A¹6 and Q AS����l'm ,
andbetweenthesamplesurfaceat n A 6 anda depth n A YQ� 2-n �0l#m . � is an integernumberwhich is
sufficiently large to ensurethat the wave field is moreor lesstotally dampedat the correspondingdepth
below thesurface( � � 1
Y�476 ). For eachof thesenodesaverticalshift is calculatedasa functionof its Q
and n -position,accordingto themodelgivenabove. Thevaluesof displacementandstrainareinterpolated
from the nodesto the cells of the grid, andthenfed into our well-known simulationprogramfor X-ray
diffractionfrom strainedstructures.
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In thiswaythediffractedintensityis calculatedfor eachof thelateralsatellitepeakmaxima.Thesevalues
arefinally convolutedwith a resolutionfunction,which is takenasa weightedaverageof a Gaussianand
a Lorentziancurve profile. This procedureyieldsa completesimulatedrockingcurve for onespecialset
of parameters(lateral period,penetrationdepthof the acousticwave, acousticamplitude,andwidth of
the resolutionfunction). In order to reproducethe experimentalcurvesas exactly aspossible,the free
parametersmust thenbe varieduntil a bestfit is found. In a first stepthe parametersof the resolution
function(width � andratio of Gaussianto Lorentziancontributions)aredeterminedfrom a fit to thecurve
without acousticexcitation (lowestcurve in Fig. 9.2). For the remainingparametersa fitting procedure
is introduced,basedon a non-linearleast-squaresminimization algorithm [PTV95]. In contrastto the
previouschapters,it is now a “real” fit in thesensethatit includesanautomaticdecisionon theparameter
valuesto be usedfor the next stepasa function of the deviationsbetweenthe latestsimulationandthe
experimentalcurve. Thefit loop is interruptedwhensufficientagreementis achieved.

Figure 9.4: Comparisonof measured (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 thecorrespondingcalculation.Thenumbers at theright endof each curvegivethebest-fitvaluesof theacoustic
amplitude.

Theresultsareshown in Fig. 9.4,togetherwith theexperimentalcurves(for bettercomparison).All the
simulatedcurvesweregeneratedwith thesamesetof structuralparameters,namelya lateralperiodof 12V m anda penetrationdepthof theacousticwave of 4�1WV m.1 Only theamplitudewasadaptedindividually
for eachcase.In orderto reducethecomplexity of the image,only every secondcurve from theseriesof
amplitudesin Fig. 9.2is depictedin this image.Thecomparisonshowsthatourmodelof thedisplacement
field canindeedaccountfor the experimentallyobserved effects. Satellitepeaksat the differentgrating
ordersemergefor smallamplitudesof theacousticwave field, andgrow with increasingexcitation. Their
slopeis in goodagreementwith theexperimentalvalues,especiallyfor thehighergratingorders.

1In any case,theacousticpenetrationis notcrucial:Fromthesimulationit turnsout thatavariationof �����%� in therangeof 5–50� m doesnot affect therockingcurvesnoticeably. This becomesunderstandableif onetakesinto accountthat thepenetrationdepth
of the probingX-rays is even lower. They interactessentiallyonly with the completelydeformedlayer very closeto the surface,
independentlyof how theacousticdeformationdecaysin theregion below.
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9.4. Conclusion

In thecentralregions(mainpeakandlow-ordergratingsatellites)somediscrepanciesremain:Thesim-
ulatedcurvesaresystematicallyhigherthantheir experimentalcounterparts.This is anindicationthatwe
havenow reachedthelimits of validity of thesemi-kinematicaldiffractionmodelon which oursimulation
formalismis based.In fact,it is well known thatfor relatively large,perfectcrystalsthekinematicaldiffrac-
tion theoryyields an intensitywhich is proportionalto the square of a structurefactor � � ��d��  � , whereas
dynamicaldiffractiontheoryleadsto a simpleproportionality ¡ S � � �d��  � . In otherwords,a kinematical
approachoverestimatesthe diffractedintensityfrom anything but very thin or highly disturbedsamples.
Now, thethicknessof theSAW layer is ordersof magnitudelargerthantheetchedlayer thicknessesdealt
with in theprecedingchapters.Thepenetrationdepthof theacousticwave is of theorderof some10 V m,
while typical heightsof our etchedgratingswereapproximately100nm. Thereforethedeviationsaround
thecentralBraggpeakcanbeeasilyunderstood.Thehighergratingorderswith theircorrespondingsmaller
structurefactorsarenot affectedby this argumentation.

Theamplitudesusedfor thebestfit of eachsinglecurve areindicatedon theright in Fig. 9.4. They are
approximatelyof theorderexpectedfrom thevoltagesapplied(andtheproportionalityfactor0.1 Å/mV),
especiallyfor thelowercurves.In orderto obtaingoodagreementalsofor theuppercurves,slightly larger
amplitudeshadto be used;the valuefound for the top curve deviatesby a factor1.4 from the nominal
value.Sucha deviation is acceptablesinceit remainswithin thelimits of experimentaluncertaintyfor the
transducer.

Onemore point deservesto be mentionedhere: In order to obtain the bestagreement,we neededto
assumethattheacousticwaveswerestandingwaves.For standingwavesthedisplacementoscillatesperi-
odically in time,with anamplitudeof thesinusoidalspatialwavewhich variesbetween0 anda maximum
value. Thereforethe diffraction patternfrom a standingwave with a given maximumamplitude(asde-
terminedby the voltageappliedto the transducer)mustbe calculatedasan average. Eachintermediate
deformationstatebetweenzeroandmaximumamplitudemustbe taken into account,weightedwith the
time spentin the respective configuration.For thesamemaximumamplitudethis leadsto satellitepeaks
which areweaker thanthesatellitesin thecaseof travelling waves,sincethemaximumdeviation from e-
quilibrium is adoptedonly for ashortportionof total time. Therefore,in orderto fit thesameexperimental
curveswith amodelof travellingwaves,wewouldneedto useamplitudevaluesverymuchlower thanthe
expectedones,farbeyondthelimits of experimentaluncertainty.

Somepossibilitiesto further improve the agreementhave not beenexploitedyet. The mostobvious is
to additionally introducehigher harmoniccomponentsof the acousticwave field. A componentwith a
wavelengthof � b5¢ C , for instance,would selectively affect the intensityof every secondlateralsatellitein
therockingcurve. In thisway, by takinginto accounta largesetof higherharmonicfrequencies,thewhole
seriesof lateralsatellitescanbefitted quasiindividually to almostarbitraryperfection.

9.4 Conclusion

In summary, we have extendedour methodto a completelydifferenttypeof laterallyperiodicstructures.
Thesamplesstudiedin this chapterwerenot permanentlylaterallystructuredvia etching,but temporarily
patternedundertheinfluenceof surfaceacousticwaves.In acertainsense,thiskind of patterningrepresents
thepurestpossibleform of a“straingrating”,anotionwhichwehaveencounteredbeforein chapters6 and
7.

Theexperimentallymeasuredrockingcurveswereanalyzedwith the helpof a modifiedversionof our
evaluationprocedure.Insteadof calculatingagrating-inducedstrainfield by elasticitytheory, wemadethe
simplifying assumptionthat theverticaldisplacementvariessinusoidallyasa functionof lateraldistance.
Fromthis displacementfield we calculatedtherockingcurveprofile with thesamesimulationmechanism
asexposedbefore.

Goodagreementwasachievedfor thewholesetof acousticamplitudesandover thewholerangeof the
respectivecurves,with best-fitparametersthatarecloseto thenominalvaluesthatwereto beexpecteddue
to theexperimentalconditions.Theonly systematicdeviationsbetweensimulationandexperimentoccur
in theimmediatevicinity of theBraggpeak.Thisdeviation indicatesthatthelimits of validity of oursemi-
kinematicaldiffraction modelstartto be reached,sincethe deformedregion is now ordersof magnitude
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thicker thanthepatternedlayersin previouschapters.Apart from this detail,thesuccessfulapplicationof
oursimulationprocedureto thisnew kind of lateralpatterningcanberegardedasaproof for therobustness
of themethod.
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Summary and perspectives

This work hasshown how semiconductorstructurescan be universallycharacterizedin view of lattice
distortionsby X-ray diffractiontechniquesusingsynchrotronradiation.A broadspectrumof sampletypes
can be investigatedin this way, reachingfrom semiconductorwafers [LBH00] via planarmultilayers,
surfacegratingsandquantumwires[LJB99] to completemountedsemiconductordevicesunderoperation
[ZBG99]. Two kindsof exampleswereselectedto demonstratetheexperimentaltechniquesandanalysis
procedures:wafersandgratings.

Part II presentedanexperimentalmethodthatwasdevelopedfor the directmeasurementof latticedis-
tortionsin crystallinestructureswith spatialvariationson a lengthscaleof someV m. By combiningthe
respective advantagesof X-ray diffractometrywith thoseof X-ray diffraction topography, it becamepos-
sible to measurequantitatively the detailedspatialdistribution of rocking curve half widths (which are
takenasa local crystallinequality parameter)andof microscopiclattice tilts, aswell asthemacroscopic
samplecurvature.Thespeed,flexibility andhighspatialresolutionof thetechnique,ensuredby thespecial
propertiesof synchrotronX-ray beamsandby theavailability of a fastdigital X-ray camera,makeit avery
attractive tool for thequantitative investigationof problemsarisingin crystalgrowth andengineering.

An instrumentalequipmentanda dataanalysissoftwareweredevelopedandinstalledat theID19 beam-
line of the ESRFto implementthe method. This allowed to demonstratethe feasibility andto carry out
a first seriesof experiments.Chapter4 showed resultsobtainedon semiconductorwafersof two differ-
entmaterials,namely JLK"O]P and �k�g� . Therockingcurve half widthsof locally perfectcrystallitesandof
regionscontainingdefectscouldbe measuredseparately. In this way, the methodallows to correlatethe
variationsin macroscopicquality parameterswith theunderlyingmicroscopicmechanisms(defectsof the
crystallattice).

Two kindsof furtherdevelopmentsandmethodicalimprovementsareenvisagedfor thefuture: First, the
techniquefor V m-resolvedrocking curve imagingcanbe appliedto the studynot only of wafers,but of
completesemiconductordevicesunderoperationconditions. In the exampleof the semiconductorlaser
diodes[ZBG99], this will allow to monitor in situ andin real-timethethermalstrainandtheformationof
defectsin theactive layerof thelaser, andthusto clarify furtherthemechanismswhich ultimately leadto
thedegradationof deviceperformance.Second,by addingananalyzercrystalto theexperimentalsetup,it
will bepossibleto extendthescopeof the investigationandto measurealsovariationsin the local lattice
parametersin highly perturbedsamples.Thesetwo perspectivesshow how the methodcanbe usedto
answerfurtherrelevantquestionsarisingin appliedaswell asin fundamentalsemiconductorphysics.

Part III of the thesiswasdedicatedto the studyof lattice distortionson an even smallerlengthscale,
namelyof the coherentstrainandstrainrelaxationoccurringin lattice-mismatchedsurfacegratingsand
quantumwireswith a lateralperiodof some10 – 100nanometers.Strainfields in structuresof this size
cannotbeobserved“directly”, dueto thelackof sufficient real-spaceresolutionin presentX-ray methods.
Instead,they canbe investigateddueto interferenceeffectsby high-resolutionX-ray diffractometry, thus
separatingthe contributionsfrom differentmaterialsin reciprocal space. The gratingtruncationrod pat-
ternsin reciprocalspacemapscontaininformationaboutboththegratinggeometryandthegrating-induced
strainrelaxation.By simultaneoususeof elasticitytheoryandsemi-kinematicalX-ray diffraction theory
it becamepossiblefor thefirst time to evaluatequantitatively thecompleteinhomogeneousstrainfieldsin
nanoscopicsemiconductorstructures.

Themethodhasbeensuccessfullyappliedto a detailedexperimentalinvestigationof variousaspectsof
strainfields in surfacegratings.Chapter6 revealedthedepth-dependentcharacterof thestrainrelaxation
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in JLKNMN<�= G/8 MFO]P.£"> G/8 £ / <�=&> gratingsinducedby the etchingprocess,and its evolution in the subsequent
buryinggrowth step.Therelaxationcouldbeshown to bepartiallyreversedby theactionof theembedding
layerwhich,in turn,getsstrainedin thisprocess.A periodicdistortionfield in thishomogeneouscaplayer,
a “strain grating”, couldberevealedfor thefirst time by a combinationof two complementarymeasuring
modesin grazingincidencediffraction. Chapter7 addressedthe issueof variationsin the gratingshape
andtheireffectonthediffractionpatternvia thecomparativestudyof trapezoidalandrectangulargratings,
bothetchedinto JLKFMN<�= GX8 MFO]P / <�=&> . Detailedsimulations,clarifying theinfluenceof all relevantparameters
by automaticfit loops, securedthe validity of the analysis. Chapter8 extendedthe methodto a more
complicatedsampletype,to superlattices.Their strainrelaxationpropertiescouldbeshown to reflectthe
vertically periodiclayersetup:In thecaseof a compressively strainedJLK M <�= G/8 M O
P / <�=&> superlattice,the
ternarylayerswerefound to relax by expanding,while the binary layersexperienceadditionaltensilein
thesameprocess.

Fromtheverygoodagreementachievedbetweenexperimentalandsimulatedreciprocalspacemapstwo
moregeneralconclusionscanfurthermorebedrawn: First,continuumelasticitytheorycanprovideavalid
descriptionof the lattice distortionsin epitaxialstructureswith dimensionsin the rangeof 10–100nm.
Second,a semi-kinematicalapproximationof X-ray scatteringtheoryis sufficient to explain the relevant
featuresobservedin typical diffractionpatternsobtainedfrom our typeof samples.

Thefinal Chapter9 demonstratedhow theanalysisprocedurecanbeextendedto a completelydifferent
typeof lateralpatterning,namelythecaseof surfaceacousticwaves.Thesuccessfultransferof theformal-
ism from artificially etchedgratingsto acousticallyexcitedsurfacescontributedto proving theflexibility
andgeneralapplicability of the investigationmethod. In fact, surfaceacousticwavesrepresentjust one
exampleout of a largerclassof semiconductorstructureswhich exhibit lateralperiodicitywithout being
artificially etched.Remarkablyperfectlateralperiodicitiescanalsobe realizedin a self-organizedway:
eithervia stepbunchingin thegrowth of strainedmultilayerson vicinal surfaces[BGL99, GBL00], or by
the formationof periodicarraysof dislocationsin twist-bonded�5� wafers[BER99]. Both typesof self-
organizedpatterninghave recentlybeeninvestigatedby X-ray methods.Thestrainfieldsin thesesamples
promiseto beamenableto quantitativeanalysiswith thesamemethodsasexposedin thiswork.
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Appendix A

Transformation of elasticconstantsinto
differ ent coordinatesystems

In order to performcorrectly theFinite Elementcalculationsaccording to themethodexposedin Section
5.3, it is importantto first convert theelasticconstantsof thematerial to the systemof referenceusedin
thecalculation.Therefore, wedocumenthere themainstepsinvolvedin this conversion.

Hooke’s law statesthat thestrainsareproportionalto stresses.In thegeneralcaseof anisotropicbodies
(suchascrystals)it canbewrittenas

V �¤� A¦¥ �¤��§k¨ 20� §k¨*© (A.1)

where ¥ is calledthecompliancetensor. Its inverseis thestiffnesstensorª :�Z�¤�pA¦ªd�\��§k¨�2�V;§k¨.� (A.2)

In this appendixwe will study the symmetriesand transformationpropertiesof ¥ �¤��§k¨ and ª �\��§k¨ , the
knowledgeof which is apreconditionfor performingnumericalcalculationsof strainfields.

Coordinate transformations

Thenumericalvaluesof the ¥ �¤��§k¨ and ª �\��§k¨ dependon thesystemof reference.A transformationbetween
two coordinatesystemscanbedescribedwith the help of a rotationmatrix « . ThecomponentsqZ¬ � of a
vectorin thenew systemfollow from thosein theold system( q � ) byq�­� A®«¯�\�ë2 q � (A.3)

Strainandstressaretensors, in thesensethatthey transformaccordingto [CP92]

Vk­�\� A°« �O§ « �.¨ 27V §k¨ (A.4)¥±�\��§k¨ and ª^�¤��§k¨ arealsotensors(of fourthorder)[CP92, AL88], i.e. they transformaccordingto¥h­�\��§k¨ A°«¯�³²>«´�*µ`«¶§*·#«¸¨º¹ë2�¥±²bµ%·�¹ (A.5)

Symmetry of strain and stresstensors.Shorthand notation

The straintensor » �\� is symmetricalby definition (5.20), »k¼¤½¿¾À».½*¼ , and �Z¼¤½ canalsobe definedso asto
besymmetrical[LL86]. Therefore,they do not have 9, but only 6 independentcomponents,which canbe
written in a shorthandnotationascolumnvectors.For stresses,thecommondefinitionis [Nye95]:Á9Â ¾ Á9Â�Â5ÃÄÁZÅ ¾ ÁZÅ*ÅÆÃÄÁ�Ç ¾ Á�Ç�ÇÆÃÄÁ�È ¾ Á�Å�Ç'ÃÄÁZÉ ¾ ÁFÂ(ÇÆÃÄÁ�Ê ¾ Á9Â.Å'Ë (A.6)
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APPENDIX A: Transformation of elastic constants into different coordinate systems

For thestrains,additionalfactorsof 2 arerequired:» Â ¾Ì» Â�Â-Ã » Å ¾®» Å�Å#Ã » Ç ¾Ì» Ç�Ç#Ã » È ¾ÌÍWÎ%» Å*Ç'Ã » É ¾¦ÍWÎ�» Â.Ç#Ã » Ê ¾ÌÍWÎ%» Â.Å#Ã (A.7)

Complianceandstiffnesscansimilarly bewrittenasmatriceswith 2 insteadof 4 indices.For thestiffness,
the two pairs of indicesare contractedindependently, accordingto the samerule as in (A.6). For the
compliance,factorsof 2 and4 needto beintroduced:Ï±ÐbÑ ¾ÓÒÔÕ ÔÖ

Ï ¼¤½�×;Ø if Ù Ã*ÚTÛ [1,3]ÍWÎ Ï ¼\½�×kØ if Ù Û [1,3] and ÚÜÛ [4,6] (or vice-versa)Ý Î Ï ¼\½�×kØ if Ù Ã*ÚTÛ [4,6]

(A.8)

Thesefactorsarein factnecessaryin orderHooke’s law to bevalid in thenew form»k¼Þ¾ Ï ¼\½�Î Á ½ and Á ¼ß¾áà^¼¤½QÎ0».½ Ë (A.9)

In the literature,numericalvaluesfor the elasticconstantsareoften given in the form of the elements
of the stiffnessmatrix à^¼\½ . This matrix is symmetrical,and can have a maximumof 21 independent
components.For cubic crystals,symmetryconditionsshow that this numberis reducedto 3, and à^¼\½
assumestheform

àd¼\½W¾
âããããããä à^å%å�å%å à^å�å%æ�æ à^å%å�æ0æ ç ç çË àdå%å%å�å à^å%å�æ0æ ç ç çË Ë à^å�å%å%å ç ç çË Ë Ë à^è å è å ç çË Ë Ë Ë à^è å è å çË Ë Ë Ë Ë à^è å è å

é0êêêêêêë (A.10)

Thevaluesof à Â�Â ¾ìà å%å%å�å , à Â.Å ¾ìà å�å%æ�æ and à È�È ¾íà^è å è å arewell documentedin the literaturefor
materialsystemslike î3ï5ð-ñ�ò Â;ó ð'ôpõ.ö'÷ Â;ó ö or î3ï5ð5ôQøúù Â;ó ð0û ô>õ [Ada82, Ada85]. The compliancematrixÏ ¼\½ canbefoundfrom à ¼\½ via simple ü´ý¿ü matrix inversion.

The main drawback of the shorthandformulation is that
Ï ¼\½ and à^¼\½ , unlike

Ï ¼\½�×kØ and à^¼¤½�×;Ø are not
tensorsany more. Their componentsin a rotatedframeof referencecannot be calculatedaccordingto
the transformationlaw for second-ordertensors(eq. (A.4)). This fact is importantwhenthe coordinate
systemfor thestraincalculationis not chosenparallelto thecrystallographicaxesof cubicsymmetry, but
differently, suchaswedid in thecaseof [110]-orientedgratingsin Chapters6-8. Many FEM programsthen
requireasinput thevaluesof à3þ¼\½ in therotatedsystemof reference,or even(asin thecaseof theprogram
availablefor this thesis)the valuesof the “engineering”elasticconstants,namelythe Youngmoduli ÿ ¼ ,
theshearmoduli � ¼\½ andthePoissonratio � ¼\½ [TG87]. Thesearerelatedto thecompliancein thesame
referencesystemvia ÿ þ¼ ¾ �Ï þ¼º¼³¼³¼ � þ¼¤½ ¾��

Ï þ¼º¼\½�½Ï þ¼³¼º¼³¼ � þ¼\½ ¾ �Ý Î Ï þ¼¤½*¼\½ (A.11)

Beforeproceedingto a practicalFEM calculation,onethereforehasto performa transformationof the
elasticconstantsin severalconsecutivesteps.Thegeneralschemecanbesummarizedas:à Â�Âà Â.Åà È�È

� �
�	� à^¼\½ � Ï ¼¤½ � Ï ¼\½�×kØ � Ï þ¼¤½�×;Ø � ÒÕ Ö ÿ+þ¼��þ¼¤½� þ¼\½

More explicitly, thecalculationinvolvesthefollowing steps:


 Findacompletesetof elasticconstants,e.g.(for a cubicmaterial) à Â*Â , à Â(Å and à È�È .

 Constructthe ü´ý ü stiffnessmatrix à ¼\½ via (A.10).
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 Calculatethecompliance
Ï ¼¤½ by ü´ý¿ü matrix inversion.


 From
Ï ¼¤½ , construct

Ï ¼\½�×kØ by inversionof (A.8).


 Rotate
Ï ¼\½�×kØ accordingto (A.5) to get

Ï þ¼¤½�×;Ø .

 Find thevaluesof ÿ�þ¼ , ��þ¼\½ and � þ¼\½ from (A.11).

For the calculationsshown in the experimentalpart of the presentthesis,thesestepswereautomatized
in a C++-program.Suchanautomaticprocedureis particularlyusefulfor fit loopsover differentmaterial
compositions,suchastheoneshown in Fig. 7.3.

Let usmentionthat the formulaefor the transformationof
Ï ¼\½�×kØ and à ¼\½�×kØ to a rotatedsystemof refer-

encehave beenre-expressedby ANASTASSAKIS andL IAROKAPIS [AL88] in a form which simplifiesthe
explicit calculation“by hand”. However, we believe the concatenationof the differentstepsexposedin
thisAppendixto bemoretransparentandto bemoreeasilyimplementedfor thenumericalcalculationin a
computerprogram.

Foreasyreference,wefinally documentherethevaluesof à Â�Â , à Â.Å and à È*È (expressedin
� ç Â*Â���
 Ú���� Ù Å )

for thebinarycompoundsof thematerialsystemî3ï5ð-ñ�ò Âkó ð#ôpõ.ö'÷ Â;ó ö [Ada82]:

à Â�Â à Â.Å à È�Èî3ï'ôpõ ��� Ë ��� ��Ë ��� ��Ë � Ýî3ïÆ÷ � Ý Ë � Í'ç ü Ë Í ��� �`Ë ç Ý �ñ�ò�ôpõ ��Ë � Í � Ý Ë � Í#ü ��Ë �����ñ�òZ÷ � ç Ë Í'Í ��Ë�� ü Ý Ë ü'ç
Thevaluesfor ternaryandquaternarysemiconductorscanbecalculatedvia linearinterpolationbetween

thevaluesof thecorrespondingbinarycompounds(Vegard’s law).
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[LJB99] D. L ÜBBERT, B. JENICHEN, T. BAUMBACH, H. GRAHN, G. PARIS, A. MAZUELAS,
T. KOJIMA, and S. ARAI. Elastic stressrelaxationin î3ï#ñ�òZôpõ�÷ quantumwires in ñ�òZ÷ .
J.Phys.D:Appl.Phys.32, p. A21–A25(1999).

[LL86] L. LANDAU andE. L IFSHITZ. Theoryof elasticity. PergamonPress(1986).

[LSPvB96] J.-C. LABICHE, J. SEGURA-PUCHADES, D. VAN BRUSSEL, andJ. MOY. FRELONCam-
era: FastREadoutLOwNoise. ESRFNewsletter25, p. 41–43(1996).

[LTV90] J. A. LEBENS, C. S. TSAI, andK. J. VAHALA. Applicationof selectiveepitaxyto fabri-
cation of nanometerscalewire and dot structures. Appl.Phys.Lett.56(26), p. 2642–2644
(1990).
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[Man98] L. MANCINI. Etudedesdéfautsdansles quasicristauxen utilisant les aspectsnouveaux
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Thesen

zur Dissertationmit demThema

Strain andLatticeDistortion in SemiconductorStructures:a SynchrotronRadiationStudy

vorgelegt von DANIEL L ÜBBERT

1. Röntgenbeugungunter Einsatzvon Synchrotronstrahlungermöglicht eine umfassendeCharakte-
risierungvon Halbleiterstrukturen.

2. Die Anwendungauf Halbleiter-Oberfl̈achengitterundQuantendr̈ahteergibt repr̈asentative Informa-
tionenüberdie geometrischeForm derProbeebensowie überihre kristallinenEigenschaften.Für
einevollständigeUntersuchungist i.a.dieAufnahmederzweidimensionalenIntensiẗatsverteilungim
reziprokenRaum(sog. reciprocal spacemaps) in derUmgebungmehrererreziproker Gitterpunkte
erforderlich.

3. Der Einflussder Proben-Form auf dasBeugungsbildist an allen reziprokenGitterpunkten(Bragg-
Reflexen)derselbe.Im Fall von Gitternmit Trapezformist jederBragg-Reflex voneinemcharakter-
istischenkreuzf̈ormigenBeugungsmusterumgeben.

4. Der Einflussder VerzerrungdesKristallgitters (strain) auf dasBeugungsbildunterscheidetsich
hingegenvoneinemreziprokenGitterpunktzumnächsten.DieeinzelnenBragg-Reflexesindempfind-
lich für verschiedeneKomponentendesstrain-Feldes.Im Fall derOberfl̈achengitterbewirkt derE-
influssdesstrain-FeldeseinedeutlicheAbweichungder experimentellmessbarenBeugungsbilder
vomtheoretischenKreuz-Muster.

5. Die experimentellenBeugungsbilderkönnenerkärt werdendurchein theoretischesSimulationsver-
fahren,dasaufderKombinationeinersemi-kinematischenTheoriederRöntgenbeugungmit Kontinuums-
Elastiziẗatstheorieberuht. Durch die sehrguteÜbereinstimmungvon Experimentund Simulation
kannnachgewiesenwerden,dassmakroskopischeElastiziẗatstheorienochanwendbarist zurBerech-
nung desstrain-Feldesin Halbleiter-Nanostrukturenvon nur einigen10 – 100 nm linearerAus-
dehnung.

6. DurchquantitativeAuswertungderIntensiẗats-Profileentlangdergratingtruncationrodsanmehreren
reziprokenGitterpunktenlassensichsämtlicheKomponenten» ¼¤½ desstrain-Feldescharakterisieren.

7. Dasvollständigestrain-Feld in Oberfl̈achengittern,die durch(1) epitaktischesWachstumund (2)
chemisches̈Atzenhergestelltwerden,beruhtauf drei Anteilen: erstensdergleichförmigenVerzer-
rung,die beimepitaktischenAufwachseneinerplanarenSchichtauf ein Substratentsteht;zweitens
der RelaxationdieserVerzerrungaufgrunddesÄtzprozesses;drittensder teilweisenUmkehrung
dieserRelaxationbeimÜberwachsendesOberfl̈achengittersmit einerDeckschicht.

8. Die EinflüssevonGitterformundstrain auf dasBeugungsbildkönnenvoneinandergetrenntwerden
durcheineMessungmit RöntgenbeugungunterstreifendemEinfall (grazingincidencediffraction,
GID). Auf dieseArt kanndieGitterformim Experimentisoliertundunabḧangigvomstrain-Einfluss
untersuchtwerden.



9. Desweiterenkannmit GID zus̈atzlich Tiefenselektivität erzielt werden. Auf dieseWeisekönnen
auchvergrabeneStrukturenzersẗorungsfreiuntersuchtsowie der Verlauf desVerspannungsfeldes
vondervergrabenenstrukturiertenRegion bishinaufzur Probenoberfl̈achenachgewiesenwerden.

10. GID erzielt (Tiefen-)Auflösungim Ortsraum, währendkonventionelleRöntgenbeugungsmethoden
dieBeiträgevonverschiedenenSchichtenderProbeim reziprokenRaumtrennen.

11. Röntgenbeugungmit zus̈atzlicherlateralerOrtsaufl̈osungim Bereichvon Mikrometernkann ver-
wirklicht werdendurcheineKombinationvonRöntgen-Diffraktometrieund-Topographie.DerEin-
satzvon Synchrotronstrahlungermöglicht diesdurchdie hoheIntensiẗat, die hoheParalleliẗat und
dengrossenQuerschnittdeseinfallendenRöntgenstrahls,sowie durchdie 6 m-aufgel̈oste,parallele
DetektiondergebeugtenIntensiẗatenmit Hilfe einerdigitalenKamera.

12. DasbreiteWellenl̈angenspektrumderSynchrotronstrahlungerlaubtes,dieseMessungennichtnurin
Bragg-(Reflektions-)Geometrie,sondernauchin Laue-(Transmissions-)Geometriedurchzuf̈uhren.
Dadurchgelingtes,dasgesamteVolumenderuntersuchtenStrukturzuerfassen,unddieBeschr̈ankung
derUntersuchungauf oberfl̈achennaheRegionenzu überwinden.

13. Die neuentwickelteMethodezur 6 m-aufgel̈ostenDiffraktion erlaubteineschnelleundumfassende
Untersuchungvon Halbleitermaterialienund anderenkristallinen Strukturen. Ein Beispiel ist die
industrielleCharakterisierungvonHalbleiter-Wafernim Hinblick auf Kristallqualiẗat.

14. Am BeispielderWaferzeigtsichderZusammenhangzwischenmakroskopischenQualiẗatsmerkmalen
desKristalls (rocking-Kurven-Halbwertsbreite(FWHM), Probenkr̈ummung)undihrenmikroskopi-
schenUrsachen(Gitterverkippungen,Defektstruktur).DieseParameterkönnenortsaufgel̈ost über
diegesamteProbenoberfl̈achegemapptwerden.Die rocking-Kurven-HalbwertsbreiteeinzelnerKristal-
lite kannsogemessenwerden;ebensokönnenKorngrenzenzwischendenKristallitennachgewiesen
werden.
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