Ligne InterFaces

l. INTRODUCTION

La ligne CRG-Interfaces (IF) a fonctionné normalement tout au long de I'année 2009, et ce dés
le redémarrage, du fait d’'une réalisation plus rapide que prévu de I'agrandissement de la cabane
SUV. En terme d'utilisation de temps de faisceau, I'impact de ces travaux sur I'utilisation de la ligne est
nul puisque 22 expériences ont été faite. La répartition du temps de faisceau par contre a été de 60%
sur le Goniométre Multitechnique, réparti pour moitié sur l'installation de microdiffraction, et 40% sur
l'instrument SUV. En plus de ces expériences nous avons pu distribuer du temps de faisceau aux
équipes locales pour soutenir les programmes de recherche impliquant des thésards.

Les publications listées en fin de ce rapport pour les trois derniéres années montrent la qualité
des recherches conduites sur la ligne. Une quinzaine d'articles ont été publiés dans des revues de
rang A en 2009, dont un Surface Science Report (facteur d'impact 12,8) , 1 Phys. Rev. Lett. (7,2), 3
Appl. Phys. Lett. (3,7), 3 Phys. Rev B (3,32). En 2008, une quinzaine d'articles avaient été publiés,
dont une Science (28,1), 2 Phys. Rev. Lett. (7,2), 2 Apl. Phys. Lett. (3.73) et 4 Phys. Rev. B. En 2007,
une vingtaine d'articles avaient été publiés dans des revues de rang A, dont un Nano Letters (facteur
d’'impact 10), 1 Langmuir (4), 1 Appl. Phys. Lett. (3,6), 8 Phys. Rev. B (3,17), 1 J. Appl. Phys. (2,3), 4
Surf. Sci. (1,9) . Plusieurs théses ont été soutenues, et 2 chapitres de livre publiés.****

Pour l'année a venir, le projet majeur reste I'implémentation de la croissance en phase
chimique (UHV-CVD ou CBE) sur linstrument SUV, couplée a l'agrandissement de la cabane
expérimentale réalisé cette année. Le systéeme d'injection de gaz a été commandé, et devrait étre
installé début 2010.

Tobias Schilli, embauché il y a trois ans au CEA pour développer ce projet, va partir a 'lESRF
au 1° décembre 2009 pour prendre la responsabilité de la ligne IDO1. Afin de conduire ce programme
tout en continuant d'assurer le réle de «local contact» sur linstrument, il est indispensable de
remplacer Tobias Schiilli, par exemple par un post-doc récurrent.

En outre, si un technicien a pu étre embauché en CDD au CEA pour un an sur l'instrument
SUV, il serait trés souhaitable de transformer son contrat en CDI, assurant ainsi la permanence du
support technique.

Nous présentons d’abord les développements instrumentaux, puis I'activité sur les instruments
Goniometre Multitechnique, GMT, suivi de l'instrument de surfaces/croissance de nanostructures en
ultra-vide, SUV, ainsi gu’'une compilation des publications.




II. Développements instrumentaux

[.1. Optimisation du ler cristal monochromateur et mono chromateur
Germanium collé

Les travaux sur les cristaux monochromateur sont toujours en cours. La société ACCEL est
toujours en attente d'une premiére commande d'un monochromataur a double cristaux incluant notre
premier cristal. |l est convenu avec eux qu'un accord de licence sera fait s'il y a une commande ferme.

Les cristaux en Germanium collés sur Silicium ne sont pas encore testés dans un
monochromateur. Le collage du bloc de Ge au poli optique sur un bloc de Si est validé ainsi qu'une
procédure de découpe par électro-érosion du Si dopé. Cette techniqgue nous offre un procédé
alternatif a l'usinage mécanique des cristaux de Si. Pour le systéme de test nous utiliserons encore
l'usinage standard pour usiner le premier et second cristaux du monochromateur.

[1.2. Détecteurs

La caméra CCD utilisées pour toutes les expériences de GISAXS tant sur SUV que sur GMT a
maintenant 8 ans et présente des signes de faiblesse. Le phosphore faisant la conversion X visible
s'est décollé du réseau de fibres optique démagnificateur et a di étre réparé a plusieurs reprises.
D'autre part I'électronique est obsoléte et une panne sur un des modules ne pourrait étre réparée.
C'est pour cela que nous avons établi le cahier des charges d'un systeme pouvant remplacer
avantageusement cette caméra, et permettrait de gagner un facteur 5 dans les durées d'acquisitions
pour un rapport signal sur bruit amélioré.

De méme pour remplacer les électrométres utilisés pour lire les diodes servant de moniteur de
faisceau a différents endroit de la ligne, nous avons acquis pour des tests un nouveau systeme
développé au synchrotron italien, et permettant la lecture simultanée de 4 voies. L'intégration de cet
appareil dans notre systéme de contréle commande est faite et il sera utilisé trés prochainement pour
remplacer les anciens électromeétres.

[1.3. Agrandissement cabane diffractométre SUV

L'évolution majeure sur la ligne IF en 2009 est I'agrandissement de la cabane SUV en vue de
I'installation début 2010 du systéme de CBE. Cette transformation a a eu lieu fin 2008 / début 2009 en
neutralisant 8 semaines de faisceau pour permettre les opérations de construction de la cabane en
plomb, travaux d'infrastructure lourds, incluant les fluides, I'électricité, et nécessitant un démontage
complet du diffractométre SUV et de sa chambre ultravide afin de libérer I'espace durant les travaux.

Le planning de l'intervention a été parfaitement maitrisé, avec méme une anticipation de la
date de fin et une reprise effective du faisceau mi-Janvier sur les deux autres instruments de la ligne;
GMT et la microdiffraction. Parallélement, nous avons poursuivi l'opération de remontage de
l'instrument SUV, pour une reprise du faisceau sur cet appareil a partir de fin mars 2009. Ce
remontage a été l'occasion d'une remise a plat de I'ensemble de contréle commande de cet
instrument.

L'installation de la caméra CCD utilisée pour les expériences en GISAXS a pu étre faite en
éloignant le détecteur pour gagner en résolution.

Finalement conformément aux prévisions le faisceau a pu étre remis sur l'instrument SUV a
partir de fin mars 2009.

Au cours de l'année, lors d'arréts courts, et sans rogner sur le temps de faisceau les derniers
aménagements pour accueillir l'installation CBE ont été faits. Il s'agit principalement de l'installation
d'un systéme d'extraction spécifigue pour cette installation, rejetant les effluents directement a
I'extérieur du hall expérimental par une canalisation spécifique, avec systéme d'extraction dédié, et
contréle des débuts volumiques, et sécurité.



Les deux autres projets en cours sur cet instrument et présentés dans le rapport 2008 n'ont
pas avancé de maniére significative faute de moyens en personnel. Il reste a faire quelques cablages
électrigues sur la téte porte échantillon et a tester les précisions et les reproductibilités des
mouvements. Les micro-fentes de précision sont aussi en cours de cablage et la aussi nous devons
faire la métrologie pour valider les ensembles mécanique et I'électronique de pilotage. Nous espérons
que la présence depuis mi-septembre d'un technicien pour un CDD d'un an nous permettra de mener
ces projets a terme en 2010.

[1.4. Développements microdiffraction

Les développements techniques pour cet instrument ont porté sur la spécification des
nouveaux miroirs focalisant a courbure fixe permettant une taille de faisceau plus petite de
400x200nm pour une densité de flux augmentée d'un facteur 10. Ces miroirs sont commandés ils
seront livrés en septembre 2010. Nous attendons les plans de l'interface pour lancer I'étude des
supports optimisés pour réduire la sensibilité aux vibrations extérieures.

Parallélement nous avons défini les nouveaux détecteurs, rédigé les cahiers des charges, faits
les appels d'offre et passé les commandes sur le budget ANR MiDiFaBI. La livraison est prévue pour
la fin de I'année. Des premiéres campagnes de mesures, il est apparu clairement que nous avions
deux problématiques bien différentes demandant des réponses spécifiques en termes de détecteurs.
Soit il s'agit de mesurer de trés faibles signaux demandant des temps de pause relativement longs de
I'ordre de la dizaine de secondes, soit de mesurer des signaux de diffraction tres forts saturant le
détecteur en 1 a 2 secondes. Actuellement le détecteur que nous utilisons présente un temps de
lecture de 2.5 s auquel il faut rajouter un temps de post-traitement (background, flat-field, correction
géométrique) ramenant un temps mort d'environ 5 s. Pour des pauses courtes ceci devient le facteur
limitant rallongeant inutilement les durées d'acquisition. C'est pour cela que nous avons choisi
d'acquérir 2 détecteurs complémentaires, qui permettront de faire le meilleur compromis entre
sensibilité et temps d'acquisition. De plus le détecteur rapide posséde un systéme évitant que la
saturation du signal dans un pixel ne se propage sur les pixels voisins. Actuellement des
cartographies de I'échantillon de 25x25um au pas de 0.5um en pausant 2s par point prennent 5h.
Avec le nouveau détecteur rapide nous passerons a 40min, et avec celui ayant une meilleure
sensibilité nous passerons a 3h. Ces 2 détecteurs seront livrés en fin d'année. Leur mise en place
avec le développement logiciel requis sera faite début 2010.



[l Goniometre Multi-Techniques (GMT)

[11.1. Introduction

La station GMT abrite, outre les expériences « traditionnelles » de diffraction réalisées a I'aide
du goniométre multitechnique, les expériences de microdiffraction. Le personnel intervenant sur ces
expériences comprend un ingénieur de recherche CNRS (J.S. Micha) ainsi que des ingénieurs-
chercheurs CEA (F. Rieutord (responsable), O. Robach, O. Ulrich, X. Biquard). lls accueillent les
utilisateurs et assurent le fonctionnement, la maintenance et le développement des instruments.
L'instrument recoit fréquemment les étudiants de Master 2 et d’Hercules pour des travaux pratiques
de réflectivité, diffraction de surface et micro-diffraction Laue.

Les expériences de « commissioning » (micro-diffraction, optique de ligne, performances
monochromateur) utilisent pour des raisons pratiques les moyens instrumentaux de GMT. En outre, la
cabane GMT et son équipement accueillent les expériences de micro-diffraction demandant un
déplacement et une immobilisation du goniométre pour laisser place au chéassis supportant I'ensemble
miroirs focalisants, échantillon et caméra CCD.

Les disciplines scientifigues concernées par les expériences conduites dans la cabane
instrumentale sont comme les années précédentes: la matiére condensée molle et la matiére
condensée dure (en majorité). Les trois expériences de matiére molle avaient pour objet de 1)
comprendre le comportement mécanique générale d'une membrane (T. Charitat et al.), 2) étudier la
morphologie et la super-structure de films de silicium mésoporeux (S. Dourdain et al.) et 3)
reconnaitre les phases mis en jeu au cours de cycle électrochimique in situ (S. Peulon et al.). Les
expériences en matiére dure ont employé le goniométre multitechnique: F. Rieutord et al. ont étudié
les mécanismes d'adhésion et de fragilisation de wafers de silicium collés. M.C. Saint-Lager et al. ont
réalisé des expériences de diffusion centrale en incidence rasante (GISAXS) sur dépdts de
catalyseurs modéles effectuées in situ dans leur réacteur monté sur le goniométre. D'autres
expériences ont employé la technique de microdiffraction, a I'aide de microfaisceaux blancs et/ou
monochromatiques. D'une part, des chercheurs spécialistes de la mécanique des matériaux
polycristallins et/ou de la métallurgie pratiquent des expériences pour déterminer localement les
grandeurs physiques (déformation, orientation, contraintes) permettant d'expliquer, d'un point de vue
fondamental, le comportement macroscopique des matériaux (O. Castelnau et al. et T. Hoc et al.).
D'autre part, O. Perroud et al. ont étudié les contraintes dans des MEMS dans le but de calibrer les
jauges de contraintes employées par les industriels de la microélectronique. P. Gergaud et al. ont
suivi in situ I'évolution des contraintes lors de I'électromigration des atomes de cuivre dans une ligne
100nm, la plus fine observée a ce jour sur BM32. P. Bleuet, post-doc (ANR MiDiFaBl) sur l'instrument
de microdiffraction, et al. ont établi les premiéres étapes vers l'extension de la présente technique a
des cartographies 3D.

Grace a la rapidité d'achévement des travaux d'extension de la cabane SUV, nous avons pu
bénéficier du faisceau dans la cabane GMT pendant plus d'un mois, durant 'aménagement de SUV.
Ce temps additionnel a été employé en trés grande partie pour l'instrument de microdiffraction pour se
préparer a répondre a la forte demande des utilisateurs. En s'appuyant sur des échantillons adaptés a
I'optimisation des procédures opératoires (UO2, H. Palancher et al., ZrO2 J. Villanova et al.), nous
avons notamment facilité I'emploi du mode monochromatique, permettant de déterminer le tenseur
complet des déformation de la maille cristallographique. Ce mode complémentaire a pris une part
importante dans les propositions d'expériences des utilisateurs. La transition d'un mode a l'autre prend
maintenant moins d'une demi-heure et peut étre réalisée par un utilisateur peu initié.

Le développement de linstrument de microdiffraction bénéficie jusqu'en février 2010 du
soutien financier de I'Agence Nationale de la Recherche par l'intermédiaire du projet PNANO de



métrologie/instrumentation MiDiFaBI, alloué aux trois partenaires CEA-INAC, CNRS- Institut Néel et
CEA-Institut LETI. Grace a ce soutien trés important, nous avons entrepris différentes actions
d'optimisation des performances et d'équipements de cette expérience notamment: achat d'un
détecteur 2D haute performance (pixel ou CCD a anti-blooming), achat et réalisation d’équipements
annexes (four, mécanique etc...). L'ANR finance également un postdoc sur la thématique dans ce
cadre (Pierre Bleuet). Le mode de financement du fonctionnement ultérieur de l'instrument doit étre
anticipé compte tenu de la quantité d'instrumentations colteuses et fragiles mises en ceuvre sur
laquelle repose la microdiffraction.

Nous donnerons a la suite un descriptif d'expériences réalisées avec le goniometre
multitechnique et I'instrument de microdiffraction. Les  expériences décrites par la  suite
correspondent a du temps alloué par le comité francais (FR) et international (ESRF).

Un atelier sur la microdiffraction intitulé "Microdiffraction en faisceau blanc : des mesures vers
une analyse physique" a été organisé sur deux jours en septembre 2009, avec l'appui financier du
GdR MECANO, et I'appui logistique de I'ESRF et du bureau des CRG. Cet atelier s'inscrit dans une
démarche de structuration de la communauté des utilisateurs de la station de microdiffraction, de
formation des utilisateurs a l'analyse des données, et de développement des outils logiciels pour
I'analyse.

L'atelier a rassemblé une quarantaine de participants, dont environ deux tiers avaient déja
utilisé la technique. Il s'articulait autour de deux objectifs :

—préciser les conditions d'application d'une analyse automatisée des données (cartographies),
restreinte a une analyse élastique des déformations locales a I'échelle du micron.

—examiner les processus physiques de déformation plastique, et évaluer les méthodes existantes pour
extraire de l'information sur les déformations plastiques a partir des formes des pics de diffraction,
dans une analyse plus "manuelle" et prospective.

Les présentations sont disponibles sur le site du GAR MECANO.
http://www.im2np.fr/GDR-Mecano/grenoble2009/index.html *

[ll. 2. Faits marquants sur GMT
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Mechanism of Thermal Silicon Oxide Direct Wafer Bonding
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Therma! silicon oxide-to-oxide bonding was investipated ot the manoaneter level osing X-roy reflectivity. ransmission electron
micrascopy, and mfraved absorplion spectroscopy. The measurements reveal the sizges of the closure mechanism, which nre
different from siandard silicon bonding. Upon annealing, interfoce water pockets are formed, the contents of which are further
dissedved into the oxide. demonsirating that the bered themmal oxide—sificon interface acts as & bamier ngainst water reaction with
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Direct wafer bonding consisis in joining two wafers al room
temperature withowt any adhesive or additional matenals; followed
by anncaling. Despite a wide technological mierest, the detaled
mechanism of the sealing of such model solidsis poory known due
o the lack of expenmental tools o myvestignte a nanometer-wide
inderface buned under millimeier-thick matenals. Yet, the bondmg
technology is increasing by wsed 1n microclectromics, e.g., Tor silicon-
on-insullator mass  production, microcleciromechanical  systems
manufactunng, or in three-dimensional level integration. In many
cases, it represents an aliemative o deposition for builldng hetero-
structures with addmonal capabilies. For most spplications, high
gquality btmdmg is required, driving mony studies on bondmg
interfaces. Water removal has been widely described in the litera-
ture through H; oulgassing due to a low temperature oxidohon oc-
cumng Ihn:l-ugh the native oxide. We show here that although mac-
roscopically exidefoxade, sthicon/oxide, and silicon/silicon bondings
show simular bebavior, the imterface evolutions at the nanometer
scale are entirely differemt. We uwsed mterfacial X-ray reflectivity
(KIlR}' high resolution transmussion electron micru-scc!py (HR-
TEM). and Founier Lmniﬁ:»rm infrared spectroscopy in muktple -
ternal reflection (FTIR-MIR)" 1o demonstrate our point. The resulis
of similar techniques applied to stlicon/silicon or silicondoxide bond-
ing can be found for companson n Ref. 7.

The walers osed were 100 mm in dameter (0] )-onented
Crochralski-prooem Si wafers. HF-cich was first performed on the
wafers to remove the native oxide from the surface. Then the oxide
films were thermally grown on the Si—H terminated wafers at 800°C
in dry O Aow. The typical Si0); thickness used in this study was 10
nm. Walers were then cleaned in  sulfoperoxide  mixture
1|-|25I}1.|-|1'D«3] and nnsed m deonized water. An BCA cleaning
wreaiment was then performed, followed by a dewomized water nnse
and spin-drying. Finally, hvdrophilic wafers were bonded at room
temperature 0 o clean oom atmosphere and annealed at vanous
temperatures in the range from room temperatune o $00°C for 2 h

Figure | presents the evolutions of (a} bonding interface density
and (b} width a5 a function of the annmealing temperature, obtained
from XRR analyses, Above IHIPC, together with the bonding en-
ergy, our data show that the mterface density sharply increases cor-
responding to interfoce closure. This mechanism of interface scaling
in wafer bonding has been described using rough surface adhesion
models® The increase in interfuce density from 100 1o 300°C 15
driven by the formation of siloxane bonds throogh the reachon

5+-0H + 5i-0H — 5i-0-% + H;0 [1]

The formation of the covalent bonds between the two wafers

increases the local adhesion cocrgy, and contact poims tend to
spread, closing the interface in analogy to a ziplock mechanism.

* Hectrochemical Society Active Momber,
* §i-mnuil- francuis rieutord @cea fr

Ening & reaction prodect, water concentration 15 of course i.TI'IpDﬂ:.I]II[
m this mechanism. In silicon bonding, water is :llrruna‘lr:d via silicon
oxidation after diffusion throogh the thin notive oxide. ™ In the ther-
mal oxide case, the evolution is completely different.

This s already evident considermg w {width), the second param-
cler extracted from the XRE expenmenl w is the interface width,
L. the width of the interwalfer zone where the two aspenily systems
overlap (Fig. 1b). We can ohserve that, contrary to the silicon bond-
g case where 1t stayed constant, the widith mcreases from | to 4 om
at 3W°C, This mncrease 15 coincident with the density nse ot the
interdace. Considering then the prodoct P = wAp, where Ap is the
difference of the bonding interface density with the silicon density
{Fig. lc). this value is quite constant (P represents the total electron
deficit at the interface per unit areal. Therefore, dunng scaling, a
volume -conservative mechanism is o be considered, whene wider
unbonded (pockets) zones are created to store water on a reduced
surface arca (Fig. 2).

A

Intartace widh (nm)

w AR

Product

T T T
L] 200 400 600 BOO
Annaaling lemperatire ("C)

Figure 1. Parameters of the electron density profile obtained from XRER
resulis: (a) Evololion of the bonding interface density Ag, (b) evolotion of
the bonding inderface width w, and (o) P. prodoct of w nnd Ap, as a function
of the postbonding annealing temperature.
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Figure X (Color online) Sealing mechamism of the oxide—oxide bonding
{top). The electron density profiles are shown on the bottom curve, at room
temperstare (soléd fine) ond after anmealing ol 4060°C for 2 h (dashed line).

The higher temperature behavior of the inerface can be simalarky
studicd, Considening again the P value, an increase is visable at T
= 300°C. The mto between high and low temperature P viloes 15
close to 2, a value consistent with the removal of water {the clectron
density of water 15 half thet of silicon or silicon oxide). One can
consider that water leaves the £ nom high pockets, diffusing nio the
oxide. The drving forces for this diffusion are the water concentra-
tion gradient and the possibility for water 1w hydrelvee siloxane
bonds sccording to the reverse Reaction | taking place in the oxide
bulk. That two opposite reactions take place ® the same lemperature
15 just o matter of the concentratnon of the reacting specics: The lorge
amount of inerfece silanols tends to favor the creation of mterwafer
siloxane bonds, while wster diffusing in a silanol-poor oxide (ther-
mitl oxide) tends o favor siloxme hvdrolyzis o the oxide bulk.

The locatiom of the 51/510), buried imMerfaces for each initil wa-
fer iz clearly visible on the electron density profile presented in Fig.
2 as small humps 1n eleciron density (doe to some denser structure
of the oxide close o the silicon). Hence the total thickness of the
oxide can also be accurately messured from the data These data
show no thickness increase, whatever the imtial thermal oxide thick-
ness. This mdicates that, contrary to sihcon/silicon or silicon/oxide
bondings where the native oxide growth was cleardy visible, the
518105 burked imerface remains watertight up o 200°C. This result
15 also confimned by measuring the hydmaen release when mechani-
cally opening the mterface in a vacoum vessel connected to 8 mass
spectrometer. Contrary 1o the standard silicon bonding, oxde—oxide
bondimgs show no pelessed hvdrogen for mterfaces annealed up to
400°C,

To assert these XER results, structures with vanows oxide thick-
nesses were stacked and observed by HRTEM. Cross section obser-
vations were performed using & 200 ke'V Akashi (KI2B trensmission
clectron  microscope  (TEM). The observation of o 4 nm
Si0; | 7 om Si; bonded structure is shown in Fig. 3. A mean 11
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Figure 3. TEM image of a 4 nm Sitk; || 7 nm 5i0; bonded strocture. Un-
bonded zomes (white ammows) are clearly visible in this cross section obser-
valion.

nm buned oxide total thickness cen be measured. The bonding in-
terfuce 15 only hightly visthle. It can be located thanks to the thinnest,
flat ombonded arcas. Its location aprees with the mibal thickness
valoes of each cxide lover (1e., 4 and 7 nm). The predicied increase
in unbonded rone heighis has besn pot o evidence. These pockets
extend symmetrically relative to the bonding interface. Their height
iz up to 4.3 nm (Fag. 3), which 1z very consistent with the values
obtained by XRER mewsurements (Fig. 1)

To confirm this mechanism, FTIR-MIR spectroscopy expen-
ments were performmed on different samples after posthonding anneal
o imvestigate waler evolution at the bonding mterface. For this, we
focused owur study on the O-H stretching absorption  band
[3200-3700 cm'), which is compaosed of two regions: molecalar
water (32253400 cm')  and  hpdroxyl  zroups  (-OH)
{3500-3700 em~'). Figure 4 shows the O-H absorption spectra of
the samples before and afier annealing at different lemperatures.
First, we observe that from room temperature to 250°%C, the O-H
absorpiion band réemains almost unchanged. However, the contribu-
tiom of O-H wibrations in the molecular water region 15 less intense.
This decrease m molecular waler coniribution comes with the appa-
rition of a shoulder at 3640 cm! mtributed to Si~0OH vibrations in
silica glass. This evelution is not comparable to the behaviors of the
Si-51 and 5i-810; structures, where the O-H absorption band has
dizappeared from room tempensure (o 250°C because of water con-
sumption necessary for silicon oxidation.” Here, most of the water
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Figure 4, Evolution of the O-H shsorption band in FTIR-MIR expernimenis
measured afier postbonding amneal & different lempernheres,
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Figure 5. Interface electron deficit as & function of temperature for different
oxide thicknesses, The lemperunmrs 1, cormesponds o waler depariure friom
the interfoace. Insert: Ambenius plol of concemtmation vs Ty

stays trapped mto the bonding interface while the bonding imerface
closes up. From 250 to 350°C, the 3640 em~! shoulder becomes
mone mtense and 15 finally the main component of the O-H absomp-
tion band after annealing st 400", The molecular water contribu-
von dmstically decreased in the same temperature range. It means
that above a cntical temperature T, molecular water could diffose
into the thermal silicon oxide volume snd be stored under 51-0H
form.

The process of diffusionfreaction of water Mo silicon oxide was
studicd by Rigo et al.™ and Doremus et al.'" The order of magnitude
of both diffusion coeficients and reaction rates given in Ref. 1 isin
accordance with our observations of an interface that is still full of
water after 2 h st 200°C while neardy empty at 400°C.

The hvdrolysis mic of siloxane bonds o silunols decreases
with incressing silanol concentration. We obzerved that higher tem-
perature anneals T, were necessary to empty the interfaces of thinner
oxides (Fig. 5). Assuming from the moom temperaiore X-ray data
that the same amoont of mterfacial water 15 diluted into different
oxide thicknesses I, and plotting the concentration [In{1/,)] as a

H3T5

function of the inverse T, (msen of Fig. 5), we could observe a
linear dependence with an activation encrgy of (.88 eVimol, which
agrees. with the activation enerpy of the =iloxane hydrolvss
reaction.’

To summarnize, bonding mechanisms in the 10,5105 structure
can be separnted m two steps. The first one 15 2 standard scaling
phase (T = 30°*C) where bonding interface closes up through the
enlargement of contact poinis, which explains the interface density
mncrease. Contrary to 5i-51 and 5i-5104 bondings, there 15 no water
evacuation from the bonding nterface i this phase, leading o0 a
wider profile with a higher density. Most of the water stays at the
bonding mierface trapped in higher unbended rones. A more mmpor-
tanl surface arca is bonded, and thus the bonding energy increases.

Then, at higher temperatures, the micrface density decreases,
which i= associated with water diffusion out of the mterface and
reaction into thermal oxide Abms, leading 1o the formaton of Si-0H
proups within the oxide. There is no mcrease m the oxide thickness,
suggesting tho the 5i/5i0); interface {which exhibats a high density
oxide layer] remmns impermeshle to waler diffusion.
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lll. 3. Résultats scientifiques importants sur GMT

Protrusion modes in single supported lipid bilayers

T. Charitat, J. Daillant, G. Fragneto, L. Malaquin

CEA-DSM/IRAMIS/SCM/LIONS Saclay - Inst. Ch. Sadron  Strasbourg — Inst. Laue Langevin,
Grenoble

ESRF - SC2748

The physics of fluid membranes is intrinsically a multiscale phenomenon. At the molecular scale,
single phospholipids display translational, rotational and vibrational motion. In turn, the collective
motion of the membrane at larger length scales reveals the constitutive parameters of the membrane
as its elasticity. A wide variety of physical phenomena, like phase transitions, equilibrium and non-
equilibrium fluctuations, or destabilization and topological changes involve complex mechanisms in a
range of length scales going from nanometer scale to hundreds of microns. In particular, lipid
protrusions which are molecular-scale fluctuations of the molecules protruding out of the membrane
play a key role in short-range potential and are essential for many biological properties. Nevertheless,
this molecular-scale fluctuations are difficult to access experimentally, and have essentially been
studied theoretically [1] and numerically [2].

The aim of the experiment was to investigate the cross-over between collective fluctuation modes and
the individual protrusion modes. In order to achieve this goal, we extended a recent experimental work
[3] to investigate strongly adsorbed or grafted bilayers. Experiments were carried out on single
supported bilayer (DSPC and DMPC in both gel and fluid phase (see figure 1 left)) deposited on
silicon substrates. All samples, including bare silicon wafers and first grafted layers, were
characterized by specular reflectivity measurements.

These experiments clearly show that the single bilayer interaction with the silicon substrate is strong
enough to suppress the collective fluctuation modes, and we observe a q? fluctuation spectrum,
associated to a large surface tension (y ~ 70 mN.m-1). This observation is in good agreement with
theoretical paper [2] and recent numerical simulations [1] (see Fig. 1 right). As far as we know, this is
the first direct experimental observation of this short wavelength spectrum. We could also investigate
the effect of chain length by performing experiments on shorter molecules (DMPC). The interpretation
of this experiment is still in progress. We were also able to record the off-specular scattering from fully
charged phospholipid bilayer (100 %). These preliminary experiments show interesting correlated
fluctuations of the double bilayer, and a possible effect of charges on protrusion modes.

The beamline BM32 was working well (although the 16-bunch lead to a doubling of the acquisition
time, as expected) and the beamtime was used at 100%. Sample preparation was also satisfactory,
according to both quantitative (transfer rates reproducibly > 95%) and qualitative criteria.

[1] Lipowsky, R. and Grotehans, S., Hydration vs. protrusion forces between lipid bilayers,

Europhysic Letters 23, 599-60 (1993).

[2] Lindahl, E. and Edholm, 0., Mesoscopic Undulations and Thickness Fluctuations in Lipid Bilayers
from Molecular Dynamics Simulations, Biophysical Journal, 79, 426-433 (2000).

[3] J. Daillant, E. Bellet-Amalric, A. Braslau, T. Charitat, G. Fragneto, F. Graner, S. Mora, F. Rieutord,
B. Stidder Structure and fluctuations of a single floating lipid bilayer, PNAS 102 11639-11644 (2005).
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Fig.1: (left) Off-specular reflectivity experiments of a single supported DSPC bilayer in gel an fluid phase and
best fit (in insert electronic density profile). (right) Results from numerical simulation showing the cross-over
between collective fluctuation modes (small wave number) and individual protrusion modes.

Silicon and Copper solid/solid interfaces studied b y hard X-rays
F. Rieutord, J.D. Penot, R. Feilleux, C. Ventosa, S. Vincent
CEA-DSM/INAC Grenoble, CEA-DRT/LETI Grenoble, SOITE C Bernin

FR 32-02-707

One of the key assets of the CRG-IF beamline at ESRF is the availability of a large flux of hard X-ray
photons (up to 30keV for focused beams), suitable to study interfaces located under large thickness of
materials. We have developed in the recent years the interface reflection technique, which allows the
direct inversion of the scattering signal to obtain the interface structure, with no fit procedures or phase
loss problems.

Important types of such interfaces are the interfaces obtained by direct bonding, i.e. the spontaneous
adhesion of two flat materials when pressed against each other. This assembling technique is
developing rapidly as it allows the fabrication of heterostructures that can not be manufactured by the
standard epitaxy techniques. In particular, it allows the assembling of bulk crystals or materials that
have been grown separately, under conditions that may be very different for the two materials. Among
the key applications of direct bonding, let us mention the fabrication of Silicon-On-Insulator substrates
(assembling silicon to silicon oxide) or the so-called 3D integration (to increase the density of
microelectronic components) involving metal to metal bonding.

We present below examples of the hard X-ray scattering surface techniques to two problems relating
to these two applications.

1-Effect of thermal silicon oxide films on bonding [2]

We demonstrated in several papers the role of the water layers trapped at the interface on the bonding
mechanisms. In the standard situation, water crosses one of the native oxide films to react with silicon.
This produces additional silicon oxide and hydrogen, which have to be managed in subsequent
technological processes. We have investigated here the case of the bonding of two thermal oxide
covered wafers. Our previous studies had shown that at low temperatures, water can not cross
thermal oxide [3,4]. The interface density profile evolution in the oxide-oxide bonding case is shown
figure 1.
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Fig.1 Interface density evolution between ambient and Fig.2 Evolution of depth (a) , width(b), and surface area
250C annealing temperatures. The broadening of the (c), of the interfacial density profile as a function of
interface is clearly visible annealing temperature.

It can be seen that the interface broaden considerably compared to the standard Si/SiO2 case.
Measuring the product of the depth times the width of the interface (which is the overall electron
interface density deficit) , we can show that it remains constant in a first stage, then increases. This
means that the interface closure occurs without water departure from the interface, along a “ziplock”
mechanism that has been already proposed. Upon closure, water will form pockets that have been
subsequently researched and finally observed using TEM. (fig.3).

BT

Fig.3 TEM view of a SiO2/SiO2 bonding interface showing
the water pockets evidenced previously by X-ray reflection

Only at higher temperature will water finally leave the interface pockets it has formed, diffusing into
the silicon oxide , then in silicon.

These results not only confirm several interface closure mechanisms that were proposed in other
cases but also give quantitative values for the parameters at play in these mechanisms (amount of
material, distances, diffusion coefficients, activation energies...) and have interesting practical
consequences on the strategy to reduce the number of interfacial defects [1].

2-Copper-copper interface evolution upon annealing

3D integration is a key current issue in the microelectronics roadmap to increase component densities
in integrated circuits. The possibility to perform the assembling of materials under little thermal budget
by bonding is thus very attractive. In order to understand the mechanisms of metal/metal bonding
(used to connect different part of a circuit), we have studied the temperature evolution of a
copper/copper bonding interface, in-situ. For that two wafers covered by a copper blanket films were
bonded and annealed in situ. Compared to silicon and silicon compounds bonding, the strong
absorption of copper and the presence of many additional interfaces in this



Si/SIO2/TIN/Cu//Cu/TiN/SiO2/Si stack makes the interface study more difficult. However the different
periods of the interference structures allow the separation of the copper/copper interface contribution.
An example of the density profile evolution upon thermal annealing is shown Fig.4.
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Fig.4. (left) Density profile of a Cu/Cu interface bonding. (right) Central part corresponding to the Cu//Cu interface at different
temperature.

The interpretation of the observations is still under progress but it seems already clear that different
mechanisms have to be considered compared to Si/Si bonding. Note that in addition to interface
profile measurements, in-situ scattering on different Bragg line of the copper could be performed
which allows the determination of the strain and stress level in this system.

[1] S. Vincent, I. Radu, D. Landru, F. Letertre, and F. Rieutord, "A model of interface defect formation in silicon wafer bonding "

Applied Physics Letters, vol. 94, pp. 101914, 2009.
[2] C. Ventosa, C. Morales, L. Libralesso, F. Fournel, A. M. Papon, D. Lafond, H. Moriceau, J. D. Penot, and F. Rieutord,

"Mechanism of thermal silicon oxide direct wafer bonding," Electronic and Solid State Letters, vol. 12, pp. H373, 2009.
[3] C. Ventosa, F. Rieutord, L. Libralesso, F. Fournel, C. Morales, and H. Moriceau, "Effect of Pre-bonding Thermal Treatment
on the Bonding Interface Evolution in Direct Si-Si Hydrophilic Wafer Bonding," ECS Transactions, vol. 16, pp. 361-368, 2008.
C. Ventosa, F. Rieutord, F. Fournel, C. Morales, L. Libralesso, and H. Moriceau, "Hydrophilic low temperature direct wafer

(4]

bonding," Journal of Applied Physics, vol. 104, pp. 123524, 2008.

Stress heterogeneities measurements oni  n situ loaded polycrystalline W
O. Castelnau, C. Le Bourlot, R. Chiron, O. Robach

LPMTM Villetaneuse, CEA-DSM/INAC Grenoble

FR 32-02-693

The goal of this experiment was to quantitatively estimate the accuracy of the Laue microdiffraction
setup recently installed on BM32, in particular the absolute accuracy of the strain tensor. This is in
view of using the setup later for the study of plastically deformed polycrystalline materials. The long
term aim of our research is to understand the way polycrystalline materials deform in the plastic
regime, with emphasis on the link between microstructure (dislocation structure, crystallographic
texture), activated deformation mechanisms at the grain scale (dislocation glide, dislocation climb,
twinning), and overall behaviour. When polycrystals are deformed plastically, since individual grains
exhibit an anisotropic plastic behaviour, they react differently to the prescribed load, and this gives rise
to strong mechanical interactions between grains, with substantial redistribution of stress between
"hard" and "soft" grains. Current theoretical efforts aim at predicting quantitatively the effect that these
interactions have on the effective strength of a material, and on the evolution of the microstructure
during mechanical testing. However there is still lack at present of precise analysis of the
corresponding stress heterogeneities in the deformed grains, at the relevant (i.e. micron) scale. This is



a severe limitation for a deeper understanding of many issues in Materials Sciences, e.g. resistance
under fatigue loading, crack propagations, phase transformations, etc.

A new setup for white-beam microdiffraction, partly similar to the one developed at the ALS [4], was
recently installed at beamline BM32 (ESRF). In principle, it allows 2D mapping of local stress in
polycrystalline specimens with a (sub)micron spatial resolution. The white beam (energy range 5-30
keV) is focused down to a 0.8 x 1.5 ym2 cross-section with Kirkpatrick-Baez (KB) mirrors. The
specimen is mounted on an x-y-z translation stage at 40°from the incident microbeam, thus allowing
scanning microdiffraction with micron spatial resolution. Laue diagrams are recorded on a 2D detector
(MAR CCD) positioned at 90°from the incident beam and a few centimetres away from the specimen.
After having indexed the Laue pattern and found the local orientation, deviatoric strain can in principle
be obtained by a careful analysis of the distortions of the experimental Laue diagram. Local stress is
then derived from lattice strain using the elastic constants of the scanned grain.

However, for this analysis, advanced image processing is needed to reach the desired accuracy of
~10™ on the lattice parameters, which typically translates into ~0.1 pixel accuracy on the positions of
the Laue spots. It is worth noting that the required resolution is far not attained with available
softwares, such as XMAS developed at the ALS (and broadly distributed among the community),
owing to the use of unadapted image processing procedures. Indeed, XMAS requires a fit of Laue
spots by simple analytical functions (such as Gaussian) although those spots exhibit most of the time
a much more complex shape. As a consequence, one classically obtains stress levels of the order of
GPa even in very soft materials (such as pure Cu) for which stresses larger than ~50 MPa are
obviously unrealistic. One also finds very few quantitative data analysis in the literature (and in that
case with only few details concerning the evaluation procedure), although the setup at ALS and APS
are operational since about a decade. Furthermore, we do not know any publication providing a
realistic estimation of uncertainties on the obtained stress levels, as well as the dependence of the
accuracy on the experimental conditions. This matter of fact motivates the development of a new open
source analysis software at BM32 (J.S. Micha), and the present experiment.

The purpose of this particular experiment was to collect a number of scans on a pure W specimen,
elastically deformed in situ under uniaxial tension, in both white beam and monochromatic
microdiffraction setup. For doing this, we have mounted a tensile machine with a load capacity of
10.000 N, developed at LPMTM, on the translation stage of the microdiffraction setup. The choice of
W was justified by its high yield stress (~500MPa) and its well known elastic isotropy at the grain
scale, so that any macroscopic loading gives rise a uniform stress field increment inside grains. The
measured stress field is therefore exactly known in advance. We take advantage of this property to
estimate the accuracy of the method: one should obtain, throughout the scans, uniform stress maps
which value matches the stress increment applied between two successive loading steps of the
specimen.

Furthermore, as for the processing of Laue image, we are testing a completely new method, based on

image correlation. For this, we have developed a procedure in two steps.
First, it is necessary to be able to superimpose, with a resolution of ~1 micron, two successive
scans measured at two load levels. For this, a software has been developed and tested for a
careful analysis of some specific regions of the Laue diagrams. Figure 1 shows two Laue
patterns measured at the same position (within the 1 micron accuracy) for specimen loadings
of 5 MPa and 500 MPa. One clearly recognizes the very strong similarity of both pattern.
(i) Next, we have adapted and made use of an image correlation method to calculate the
relative displacements of Laue spots on the camera, for increasing loading of the specimen
(figure 2). First tests are in very good agreement with the solution (analytical in this case).
There is still some ongoing work on those data, but we are now confident that the developed
procedure will provide an accuracy adapted to that required for micromechanical studies, with
many potential applications.



To develop the method few steps further, and in view of its latter implementation of the new software
developed at BM32, we have applied very recently for funding for a one-year post-doc, and we got
success. The post-doc will start hopefully before the end of the current year.

This work will be presented at a national (french) workshop focussed microdiffraction techniques that
will be held at ESRF in sept. 2009. A publication is planned for 2010.

Figure 1. Laue Patterns measured on the tensile deformed W polycrystalline specimen at 5 MPa (left) and 500 MPa
(right) macroscopic loading. The displacement of Laue spot is small (of the order of 1 pixel) but visible.
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Figure 2. Displacement of Laue spots on the X-ray camera obtained by the proposed image processing procedure. The
displacement has been calculated between the two Laue diagrams shown in figure 1. Except for few spots for which the



image processing apparently does not work well, most of the 500 spots on this image exhibit a cooperative movement toward
the center of the camera, in good agreement with the theory.

Stress tensor determination and crystal orientation evolution during uniaxial
loading of a copper bicrystal

T. Hoc, B. Devincre, G. Daveau, O. Robach

Ec. Centrale Paris&Lyon, ONERA Chatillon, CEA-DSM/I NAC Grenoble

ESRF- MA555

A copper bi-crystal was mounted in the compression-loading  Figure 1: copper berystal in thi
machine shown in Figure 1, with an additional stress-sensor compression machine. The loac
(not shown). The grain boundary (GB) is perpendicular to the  gjactric motor on the left side
axis of loading. The machine was installed using a specially unmounted

made plate into the BM32 microdiffraction setup. The working here

plane was 3 mm downstream of the ideal KB-focussing plane :
along the beam, in order to avoid collisions between the
machine and the KB enclosure.

The bi-crystal deformation was investigated, using both white
beam (for orientation and deviatoric strain mapping) and
monochromatic beam (for lattice expansion mapping). Four
states of strain were studied in a centered area including the
GB: (1) before loading, (2) at yield, (3) in the plastic domain at ~2% strain, and (4) after unloading.

For each deformation step, the compression machine was removed from the microdiffraction setup to
mount the electric motor and monitor the local deformation qualitatively (e.g. appearance of slip lines)
and global deformation quantitatively (macroscopic strain) with a large-field optical microscope. The
latter measurement is performed with the help of accurate photographs of two widely spaced lines of
nano-indentation prints made on the top surface of the sample (see figure 2).

The experimental geometry was calibrated in the white beam mode using a Ge(111) single crystal.
Three sets of measurements were collected at each loading step (with the grain boundary
perpendicular to the x axis): using white beam (1) a large map of 500 x 500 microns in x and y, with a
step of 5 microns in x and 10 microns in y and (2) three x-lines centered on the grain boundary, of 100
microns along x with a 1 micron step. Also, using monochromatic beam (3) one energy scan at 8
points along a x-line around the centre of the large map, at (-250, -125, -10, -5, +5, +10, +125, +250)
microns in x from the grain boundary.

Data analysis shows correlation between the glide system, visible on the microscopic view, and the
microdiffraction results, particularly in term of local lattice rotation. Figure 2 shows the sample surface
before and during compression. The area studied with x-rays is marked with a red square. The
orientation maps (i.e. local rotation of the lattice) are reproduced for the right grain. These maps were
obtained from Laue patterns analysis with the XMAS program. The optical microscope view (fig 2-A)
reveals slip traces after compression, in particular on the bottom of the grains, which are well
correlated with the areas of high otation plotted in fig 2-B. The effect of the GB on the local lattice
rotation and on the slip patterns is clearly shown in this figure. Work is in progress to calculate the
stress maps corresponding to the figure 2.

As a preliminary step to the micro plastic strain calculation, which affects the shape and width of the
Laue spots, maps of the spot-width (as fitted with a Lorentzian shape function) are reproduced in
figure 3. Additional data analysis and theoretical work is needed to calibrate the Laue peak shapes
evolution in terms of orientation / strain distribution and dislocation density.

These results will be used to develop a physically justified crystal plasticity constitutive law accounting



for the influence of grain boundaries during deformations. Results of this study were selected as an
oral presentation in the TMS symposium "Neutron and X-ray studies of advanced materials" (February
2010, Seattle).

Figure 2.A ) Optical microscope view (spacing of indentation points = 100 microns (before loading state 1 and loading at
423N state 3)
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Figure 2.B) Local orientation maps 500 x 500 microns2 (before loading state 1 and loading at 423N state 3)
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Figure 3: Map of the width (along the y axis) of a characteristic Laue peak, before compression and at F=316N



Détermination des contraintes locales dans des obje  ts de cuivre de taille
micrométrique

O. Perroud, O. Thomas, S. Labat, C. Kirchlechner, J. Keckes

IM2NP Marseille, Leoben Univ Autriche

FR 32-02-694

L'équipe a étudié deux types d'échantillons. La majeure partie du temps de faisceau a été consacrée
a déterminer les contraintes locales dans des jauges de contraintes (MEMS). Le reste a été employé
avec succes a lever des ambiguités d'interprétation des données collectées sur un micro pilier.

Dimensions du faisceau

A l'occasion de cette expérience, I'extension des queues du faisceau dans les directions horizontales
et verticales a été mesurée. Avec une forme assez proche d'une gaussienne, la taille du faisceau
incident est caractérisée par la largeur du front de montée du signal de fluorescence lors du passage
sur un bord abrupte de cuivre. Cette largeur a mi-hauteur est inférieure au micrometre lorsque les
miroirs de ligne peuvent étre suffisamment courbés (sinon inférieure a 2 microns). Le signal de
diffraction Laue d'un plot d'Au (fort diffuseur) de 1x1 micron est encore visible alors que le faisceau est
a plus de 10 microns de ce dernier. Cette faible extension latérale de la sonde de diffraction n'est tres
généralement pas une difficulté lors des expériences ou de l'analyse. Ce plot a servi aussi a
caractériser le micro-faisceau X de l'installation de microdiffraction de I'ALS. L'installation de BM32 a
montré de meilleures performances: les pics de diffraction demeurent a des positions fixes durant le
déplacement de I'échantillon.

Jauges de contraintes

La réduction de taille des éléments de la microélectronique ameéne l'industrie a s'intéresser aux
contraintes dans les objets de petite dimension. Les mesures de contrainte moyenne dans les
matériaux montrent une influence de la taille sur leur limite élastique. Au niveau local, des gradients
de contrainte inter ou intra granulaire trés importants sont observés. Le lien entre le comportement

macroscopigue des microstructures et la contrainte locale des matériaux reste difficile a analyser.

Les jauges de contrainte développées a STMicroelectronics Rousset (ci-dessous) peuvent servir a
une meilleure compréhension du lien entre ces deux grandeurs dans les interconnexions de cuivre. La
microdiffraction de Laue en faisceau blanc permet d'avoir une cartographie des orientations et des
contraintes déviatoriques locales dans les polycristaux.

§W=2l~lm§ SiN
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Des cartographies des orientations et des déformations ont été effectuées autour du centre du MEMS
avant et aprés désoxydation. Cette expérience a combiné I'emploi du faisceau blanc et
monochromatique. Aprés désoxydation (a l'acide fluorhydrique), I'oxyde de silicium disparait laissant
des poutres de cuivre déformer la croix afin de la relaxer les contraintes dans le cuivre. Il a été
possible de travailler sur plusieurs MEMS aprés l'attaque chimique effectuée ex situ.

L'analyse des données est rendue difficile non pas par la taille latérale de sonde un peu plus
importante en raison de la courbure des miroirs de ligne défaillants, mais par le recouvrement de pics
de diffraction dans les diagrammes de Laue collectés. En effet, la présence de grains voisins en
relation de macles produit des pics de diffraction qui ne sont pas nettement séparés car les
déformations ne sont pas suffisamment importantes. La détermination des contraintes dans ce cas
tres délicate en raison de la forme dédoublée des pics, chacun étant allongé en raison de défauts liés
aux contraintes, et du traitement trés fastidieux nécessaire pour ne considérer que les pics dont le
grain d'origine et les indices de Miller correspondant sont absolument certains.

Micro piliers

L'équipe de J. Keckes de l'université autrichienne de Leoben (groupe de G. Dehm) a complété ses
mesures pour achever un article a paraitre sur I'étude de la mécanique de déformation d'un pilier de
Cu sous traction (ex-situ). Plusieurs systemes de glissement sont activés pour accommoder la forte
élongation. La rotation du cristal entre les différentes régions sondées ayant tourné les unes par
rapport aux autres est clairement visible par le déplacement de la raie (111) mesurée sur tout le pilier.
L'analyse de la direction d'allongement des pics de diffraction révélent la nature des dislocations et la
guantité de systéme de glissement activée apres traction.

Sample P2 ain
ster scan with 1um stepsize
Cu(111) Laue spot

Evolution de la raie de diffraction Laue Cu (111) en fonction de la position sur I'éprouvette. Le déplacement de la raie et le
changement de sa forme sont principalement donnés par respectivement la désorientation et la densité de défauts
(dislocations)



Cette expérience a permis de valider I'analyse des données en vue d'une expérience acceptée par le
comité de programme international sur I'étude semblable du comportement mécanique d'un micro
pilier en traction uniaxiale in situ avec une machine construite par leur laboratoire. L'intérét d'une telle
démarche est de comprendre la mécanique et la métallurgie de microdispositifs avec une éprouvette
de dimensions comparables a celles des objets qu'elle est censée représenter.
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Localisation des zones d'activation simple ou multiple de systémes de glissement
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Cartographie de fluorescence du pilier (pas de 0.1um) Principe de micro-traction envisagée pour la prochaine
expérience acceptée par le comité de programme
international

Depth-resolved Laue Imaging

P. Bleuet, O. Ulrich, O. Robach, X. Biquard, J.S. Micha, P. Gergaud
CEA-DSM/INAC Grenoble, CEA-DRT/LETI Grenoble

FR 32-02-700

La présente technigue de microdiffraction consiste a réaliser une cartographie 2D du signal de
diffraction Laue, comme n'importe quelle technique de microscopie. Il apparait que l'approximation de
ramener le signal provenant de volume sondé par les rayons X durs de I'ESRF, a un signal de surface
conduit a 1) évidemment une incertitude sur la localisation en profondeur de I'origine du signal de
diffraction mais aussi 2) a réduire la précision sur la détermination des déformations. En effet, la
pénétration des rayons dans la matiére implique que la profondeur moyenne d'émission d'un pic de
diffraction collecté sur le détecteur varie d'un pic a l'autre pour un méme grain. La calibration du



détecteur (distance, tilts, etc. ) étant effectuée sur un cristal parfaitement connu (wafer de Ge non
contraint), les paramétres de calibration sont obtenus de maniére approchée a partir d'une source de
pics de diffractions enfouie & une profondeur moyenne. Pour atteindre des résolutions de 10™ sur les
déformations, il est requis d'utiliser les paramétres de calibration correspondant a une profondeur
donnée. Cette profondeur n'est malheureusement pas accessible expérimentalement a ce jour.

Pour localiser la source d'émission de pics de diffraction provenant de matériaux polycristallins, une
méthode reposant sur un masquage différentiel par un fil des pics sortant de I'échantillon a été
développée a I'APS (Differential Aperture X-ray Microscopy, Larson et al. Nature (2002)). Les
premiers essais d'implémentation de cette méthode sur BM32 devraient étre effectués au cours de
I'année 2010. Elle nécessite un développement instrumental et logiciel approprié.

Une démarche alternative proposée par P. Bleuet, qui a acquis une longue expérience en
tomographie et dans la reconstruction en 3D d'objets éclairés par rayons X, consiste a utiliser une
rotation motorisée de I'échantillon (et non plusieurs pour s'affranchir de la sphére de confusion). Cette
rotation de précision (excentricité limitée) a été développée sur ID22 a I'ESRF pour des expériences
de tomographie par signal de fluorescence. Pour chaque point de I'échantillon on collecte le
diagramme de diffraction Laue de I'échantillon a plusieurs angles (une trentaine). Cette méthode ne
s'applique cependant qu'a des échantillons de taille micrométrique de maniére a ce que l'absorption
permette toujours de collecter le signal provenant d'un grain quelque soit I'angle. Cela restreint le
champ d'application de la méthode (nécessité de préparation de I'échantillon par FIB, collage,...)
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Carte de fluorescence d'un via de cuivre dans
un substrat de silicium. La diminution du
rendement de fluorescence correspond a
labsence de cuivre (void) nuisant au transport
électronique a travers le via.

X-ray focusing optics

Principe de la Tomographie Laue.



Laue Ge hfoc

Sinogrammes

Reconstruction

Pour un plan de coupe donné (a x fixé), le signal de fluorescence ou de diffraction lors d'un balayage combiné de
I'échantillon (z et angle 6) permet a partir des sinogrammes de reconstruire la forme et lintensité du signal (fluo ou
diffraction) dans chaque voxel (x,y,z).

Cette premiere expérience a confirmé les conditions requises pour qu'une reconstruction 3D et la
détermination du tenseur déviatorique des déformations soient réalisables. Il est impératif de réaliser
une calibration du détecteur pour plusieurs profondeurs de pénétration et d'améliorer encore
I'excentricité de la rotation. Des méthodes de corrections dans ce sens lors du traitement de données
sont donc envisagées. L'emploi d'une future caméra au temps de lecture trés court devrait permettre
de plus d'améliorer le développement de cette technique ainsi que son attrait pour les utilisateurs.



Size and structure dependences on the catalytic act ivity for CO oxidation of gold
nanoparticles supported on an unreducible a-Al,03(0001) substrate

Marie-Claire Saint-Lager, Issam Laoufi, Pierre Dolle, Stéphanie Garaudée, Institut Néel-MCMF
CNRS- Grenoble

Rémi Lazzari, Jaques Jupille, Gregory Cabailh, Hervé Bruckel Institut des NanoSciences de Paris
— CNRS-Université Paris 6-7

FR 32-02-696

The goal of this experiment was to approach the role of the substrate on the correlation between
the size and the catalytic activity of supported gold nanopatrticles.

A preliminary study of the real-time growth mode of Au/Al,03(0001) in ultra-high vacuum has been
undertaken as function of substrate temperature and evaporation rate. Calcium contamination of the
surface due to segregation from the bulk was observed. We spared the beamtime to conclude our
study on the gold nanoparticles on TiO..

Indeed, all our reactivity measurements, in
the frame of carbon monoxide (CO) oxidation, 1,6
at the laboratory exhibit a maximum of activity
as a function of the deposited gold amount
(see figure 1). GISAXS measurements allow
the correlation of this maximum to particles
with a diameter of about 3 nm.

So, the aim of these experiments, with our
setup mounted on the BM32 beamline, was to
collect data to understand this maximum. This
corresponds to equivalent gold thicknesses
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For such low coverage the nanoparticles are Equivalent Gold thickness (nm)
not stable, and we showed that their Figure 1 : CO Conversion rate as a function of the
distribution is strongly anisotropic. deposited gold amount deposited on TiO2(110) during

3 series of measurements at 473 K and when 20 mbar
of oxygen + 0.2 mbar CO are introduced in the x-ray
reactor-chamber

This is illustrated by the GISAXS patterns on
figure 2. The upper patterns are in UHV and at
room temperature. Changes were not observed
at room temperature even under gas pressure.
At 473 K, particles become bigger and their density decreases. This is probably due to the thermal
activation. When CO is added to Argon, no change is observed. But when it is added to oxygen a new
sintering occurred. This can be linked to the local heating induced by the CO oxidation reaction itself.

We also observed that the GISAXS patterns and their evolution are direction dependant as also
shown on figure 2. The distance between particles is initially higher along the dense rows of the
TiO,(110) surface than perpendicularly. The effect of gases is also stronger in this direction, indicating
a larger mobility of the gold atoms along the rows.

Quantitative analysis is under progress to determine in each situation the size of the particles, their
density to correlate them to the activity for CO oxidation.
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Figure 2 : Evolution of the GISAXS patterns of a 0.04nm gold equivalent thicknesses, (a) and (b) in the direction
parallel to the dense TiO, rows and (c) perpendicularly. In (a) Oxygen was replaced by the inert Argon.

Together with GISAXS, we also collected diffracted intensity. This is illustrated on Figure 3 which
shows its evolution along an azimuth scan through an in-plane gold peak. We observed three peaks :
the central one, corresponding to the (111) epitaxy of gold with its dense rows parallel to the one of
the TiO,(110) substrate, and two satellites at +4.5°which are attributed to rotational gold epitax y.

For the highest diameter the satellites are small relatively to the central one. The diffracted intensity
does not evolve significantly under oxygen and during reaction conditions. For the smallest particles,
in UHV the peaks are broad and weak; but under reaction the lonely satellites grow up. For
intermediate diameter the three directions have roughly the same importance.

Regarding the lattice parameters, deduced from a preliminary analysis, those for the smallest
particles with the rotational epitaxy, are deformed compared to the gold bulk ones with a dilatation in
one direction and a small contraction in the two others. Such a result must be founded by a systematic
gquantitative analysis to determine if it can be correlated to the high catalytic activity of the supported
gold nanoparticles.
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Figure 3 : Evolution of the diffracted intensity for an azimuth scan around an in-plane gold peak,(i) black curve : in UHV at
Room temperature, (i) blue one: under 20 mbar O, at 473K and (iii) pink : 20 mbar O, + 0.2 mbar CO at 473K .T is the
equivalent gold thickness and d the diameter under the reactive mixture as deduced from GISAXS.

Electromigration dans des lignes de cuivre de 100nm : mesure in-situ par diffraction
Laue

P. Bleuet, P. Gergaud, P. Lamontagne, Lise Doyen

CEA-DRT-LETI Grenoble, ST Microelectronics

MA-794

Le développement de lignes de cuivre de plus en plus fines conduit a des densités de courant de plus
en plus fortes qui favorisent le transport de matiére d'un bout a lautre des lignes. Cette
électromigration peut engendrer des défauts voire des ruptures dans les lignes de cuivre. Nous
présentons ici les premiers résultats in-situ en diffraction Laue obtenus sur des lignes de cuivre
fournies par St Microelectronics et dont la largeur est 100nm. Afin de favoriser I'électromigration et de
la rendre compatible avec des temps de mesure raisonnables, les lignes ont été maintenues a une
température constante (utilisation d'un four in situ) et ont été soumises a une circulation de courant
également constante. Compte-tenu des dimensions, le signal recu par la CCD est trés faible,
néanmoins nous avons pu mettre en évidence un décalage des taches de Laue au fur et a mesure du
temps qui pourrait étre du a une rotation des grains sur eux-mémes. Cette observation, spécifiqgue aux
lignes de cuivre trés fines, est en accord avec de précédents travaux publiés par I'ALS. La faiblesse
du signal rend particulierement difficile le traitement des données en série ainsi que la détermination
guantitative des déformations.

La prochaine campagne d'expériences acceptée par le comité de programme portera sur des
mesures complémentaire en faisceau monochromatique. La mesure du tenseur de déformation
complet permettra de déterminer les gradients de contraintes hydrostatiques a I'origine des ruptures
de lignes.
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" Towards synchrotron-based nanocharacterization "
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Proc. 1173, 181 (2009)

Determination of global and local residual stressesin SOFC by X-ray diffraction
J. Villanova, J.S. Micha, O. Sicardy
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figure 1 : Scanning Electron Micrograph (SEM) of the section of a cell after manufacturing. (a) Anode-support: NiO + YSZ (Yttria-Stabilized
Zirconia), (b) Anode Functional Layer: NiO + YSZ, (c) Electrolyte: YSZ, (d) Cathode Functional Layer: LSM (Sr-doped Lanthanum
Manganite) + YSZ, (e) Cathode: LSM.

Solid Oxide Fuel Cell (SOFC) is a high-performance electrochemical device for energy conversion. A
single cell is composed of 5 layers made of different ceramic materials: anode support, anode
functional layer, electrolyte, cathode functional layer and cathode. The mechanical integrity of the cell
is a major issue during its lifetime, especially for the electrolyte layer. Damage of the cells is mainly
due to the high operating temperature, the “redox” behaviour of the anode and the brittleness of the



involved materials. Since residual stresses are known to play a significant role in the damage
evolution, it is important to determine them.

For this purpose, residual stresses in an anode-supported planar SOFC were measured by X-ray
diffraction. Firstly, macroscopic stresses in each phase of each layer were studied using the Sin“y
method on a laboratory X-ray goniometer at room temperature. The electrolyte has been found under
bi-axial compressive stress of -920 MPa. Secondly, X-ray measurements controlling depth penetration
were made in the electrolyte using grazing incidence method. The results show that the stress is not
homogenous in the layer. The first five micrometers of the electrolyte have been found less stressed (-
750 MPa) than the complete layer, suggesting a gradient of strain in the electrolyte from the interface
with the Anode Functional Layer to the free surface.

Local stress measurements were then made on the electrolyte layer by X-ray synchrotron radiation
that allows high accuracy measurements on the (sub-) micrometer scale. These X-ray techniques at
different scales will contribute to a better understanding of the residual stress in the electrolyte layer
and thus to the involved damage mechanisms.

Figure 5: Laue pattern of a point scanned on electrolyte in white beam mode: open squares (resp. triangles and circles)
represent reflexions indexed for the grain n°1 (res p. 2 and 3).

To analyze Laue patterns obtained with white beam measurements, calibration has been performed
by using the Laue pattern of a reference sample, e.g.a <001> stress free Si single crystal. The
deviatoric strain tensor values found using XMAS after calibration are lower than 10™“. Taking into
account the sensitivity of the method, the deviatoric strain tensor can be considered as equal to zero.
These results are in agreement with the stress-free reference crystal hypothesis and validate the
obtained calibration parameters for the next steps of the analysis.

The electrolyte and the anode are polycrystalline materials. The high energy part of the white beam
crosses the electrolyte and reaches the AFL. The recorded CCD images contain bright spots due to
diffraction by well crystallized electrolyte grains and numerous tiny spots coming from the AFL grains.
A threshold image processing has been applied to eliminate these small peaks. A reliable
methodology was set up to find the orientation of different grains in the CCD images. In each image, at
least three grains have been identified (Fig.5). Since the scanning step was 1um and the electrolyte
grain size was around 5um, each grain appears on several consecutive CCD images. Each grain
probed at different locations was found to have the same orientation corresponding to the absence of



internal micro-misorientation in grain. Analysis over the entire area confirms that the electrolyte is a
non-textured material.

The obtained stress tensors are consistent with global measurements i.e. grains are under strong
compression state. For example, the stress tensor of a <-1 -3 5> oriented grain (along sample z axis)
has been determined by combining of white and monochromatic measurements. The obtained stress
tensor, expressed in the sample frame, is the following (Mpa):

-986 -35 30
-35 878 25
30 25 —209

This preliminary study has been made on two targeted measurement points where four different stress
tensors corresponding to four different grains have been calculated, showing that the stress state is
not the same for each one. Additional measurements have been carried out to get more details on
strain heterogeneities from grain to grain.



IV Surfaces/Interfaces/Croissance de Nanostructures in
situ, en ultra-vide (SUV)

IV.1. Introduction

Personnel

L’équipe SUV (Surfaces Under Vacuum) était composée de deux chercheurs CEA (T.
Schilli et G. Renaud), d'un chercheur CNRS (M.de Santis) et d’'un ingénieur de recherche
CNRS (H. Tolentino). Depuis le départ de Marion Noblet-Ducruet, le support technique sur SUV
a été trés insuffisant. L'aide trés active d'Olivier Geaymond et 'embauche pendant 9 mois d’un
technicien a mi-temps en contrat de professionnalisation puis son embauche récente sous forme
de CDD d'un an ont néanmoins permis de réaliser le plus gros du travail technique. L’instrument
SUV, techniquement trés complexe et demandant un suivi quotidien, nécessite le travail d'un
technicien dédié, a plein temps ; il serait donc hautement souhaitable de stabiliser ce technicien
sur un contrat CDI.

En outre, Tobias Schilli part a la fin de lI'année 2009 a I'ESRF, pour prendre la
responsabilité de la ligne IDOL1. Il est donc indispensable de prévoir un poste de chercheur
(postdoc, CDD, CDI ?) pour le remplacer afin d’assurer d'une part le réle de « local contact »,
d’autre part de poursuivre le projet de CBE in situ qu'il a lancé.

Développements

Les développements techniques déja en cours I'année derniére, celui d’'une nouvelle téte
goniométrique et de nouvelles fentes, développées au SERAS, ont di étre mis en « stand-by »
du fait d’'un support technique insuffisant, et du remontage de SUV qui a mobilisé tout le
personnel existant. Ces deux projets redémarrent seulement cette fin d’année, et devraient
pouvoir étre menés a bien au cours de I'année 2010, comme les travaux prévus d’amélioration
de la chambre de caractérisation et ceux du support de la chambre principale.

IV.2. Scientific activities of the in situ instrume nt SUV 2009

In 2008/2009 the instrument was closed down for 6 months in order to increase the experimental
hutch and prepare the installation of the UHV-CVD gas distribution system.

The reduced number of experiments nevertheless reflects the instruments user community and
topics, confirming its importance as a unique in situ growth facility at the ESRF. On the contrary
to other beamlines equipped with UHV sample preparation chambers, the SUV endstation
comes closest to a full scale, versatile MBE system and thus is mainly claimed by user groups
seeking to realize the growth of nanostructures, thus necessitating the (co-)deposition of several
elements.

Furthermore, the instrument’s success is guaranteed combining Grazing Incidence Small Angle
X-ray Scattering (GISAXS) and Diffraction (GIXD) to access structural parameters on a vast
length scale from subatomic distances to particles of 100 nm. It is especially the optimized
mechanical elements inside the UHV chamber that allow for low noise GISAXS recording and



the extreme versatility of the chamber to connect multiple deposition sources that make the
instrument attractive to our users.

The following experimental reports and the examples of two publication highlights of the recent
months underline clearly the trend of growth of complex nanostructures and the in situ tracking
of their functionality.

V. 2. SUV highlights :

-1- A comprehensive review of the GISAXS technique used to probe the morphology and
organization of surfaces, interface, thin films and nanostructures, has just appeared in Surface
Science Reports. This invited review article presents the principles, the experimental aspects
and a complete theoretical treatment of GISAXS, as well as all published results to date,
including the in situ work in UHV during growth, developed by the authors.
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-2- A combined experimental-theoretical approach has been used to determined the complete
3D map ot strain and composition in 3D Ge sialnds grown on Si(001), nominal and patterned by
lithography. This new approach has led to a publication in the Physical Review Letters.
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amcl (st Saq00N 3 s bearastes. Amoasloas 3-ray di Mrsction yields that nocleaton mothe pas grovices a higher
relaxation. Lsing an domovative, wode blnce fiting peocedun: based am sell-cons et salutions ol e
elaic problan, we provide compasitional amnd elmie-enengy moges. [Blands geown on s subatranes
exhibdl stroneer congosition wradients amd do oot show a wondtonic decresse of elaic energy with
height Bath phenomena are exprlained wsing bogh thernwsd yiamic and Kot argimenis.,
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Oirdering, shape and size unitformeity of epitaxial Ge {or
Rl ) islamds on SifiKil) is very imporiam whene ver mi-
croelectronic applications based on suech mastrociues
ame concemed [1] Bland fomeation is kneown 1o o llow
the Stmmski- Krastanoow (SE) gowih mode [2], allowing
lor panial elastic energy relasation, Signilicant imtemix-
ing between Siand Ge within the islands has been reponed
[3=8], and the mle of alloying for growih hos been theo-
retically investigaied [9—13]. Since on lat sebsiragkes is-
lands tend (o nocleme mmdomly, suhsimie pmtcming can
be weed w0 achieve commolled positioning [ 4], Remark-
ably, patteming was also shown 1o increase size eniformity,
poszibly becasse of o more regular distribution of capiun:
amcas [ 15]. The growih of omdered monomecinic is linds with
a mamow distribution in shape and size is already cxciting
per g, bt recem results [ 15, 16] indicate thot the influence
ol patterming cam be even maone for reaching. SeIf organized
patterning inulirahighvacwmem (LTHY) may alsobe usod in
the Futwre, in order to comtrol size and relaxation in SiCee
islands [17]. W recall that SiGe islands on 5i are coherem
wp w0 o critical volume V., characteristic forthe onsct o the
lommation o mishil dislecations | 18], In Rel, [15], it was
demonsiratod that patternming of SO0 extends the al-
liwed wolume ramge for coherem islands, According 1o
atpmistic and Amite clemem method (FEM) calculntions
reponed in the same paper, this can be explained by an
cxira relaxation, caused by the pit, which lowers the suh-
strute of island misfit, The possibility of controlling also
the relaxation level of the islands by growih one patterned
substrakes appears esmemely inngwing, In this Leter, we
reponan experimental proo ol the aboveme ntionod effect,
and we show that the pits influence both, average relaxa-
tiom and distribation of Ge within the islands.

Pit-paticmed substrakes wene prepared by lithography,
following the procedure wsed in [19]. Seven ML of Ge wene
deposited at 6304 *C on a 5001 ) substmie with o D00 =

O3 10T SO0 10 20 25502 4)

25 502-1

N pm? pant of it being patlernod with pits at o penedic
spacing of 495 nm, The growih of o 51 bullicr prior to Ge
doposition lemes  peoriodic  downward  pornmdd -shaped
{1110} pits [19] The sample was transfemed under M.
atmasphere ingo the UHY chamber of beam line BM3IZ ai
the ESKEF in Grenoble, AFM amalysis shows that Gee islonds
mscloate ot the bottom ol these pits and Forme o me -sha ped
islands with identical faccis as on the fa pant of the
subsrate, The average izland density per suwrface  wmit
amy is 5 pm™? for the patiemed part and 260 = for
the Aot one. The domes on the pattemed (Aat) pan kave an
average height of 28 mm {33 nm) and o dinmeterof 1360 nm
{110 nm L

The islamds were characterized by grazing incidence x-
ray dibfraction {(GIXD) at an s-ray encrgy of 1L kel
The incident beam and the collimation on the doection
side werne tmnslated in onrder 0 select betweon patterned
amd at regions. Reciprocal space maps in the vicinity of
the (4060 Bmgg reflection ware reconded, as shown in
Figs. Ha) md (b together with comesponding AFM
images {inscis). The intensiy disinbution along the radial
direction clearly extends to higher laftice pammetors lor
the patterned region, The islands groown on the Gat have
their main latice parameter amound 5,465 A {im recipmical
latfice wnits of & = 3197 5) whereas for ithe pattersed part,
the lattice purameters ane streichod in reciprocal space,
shoawing a maximem at —3.51 A {H = 1943,

To understand the observed differences, we relatod the
luttice-parameier to the local Ge comtent inside the islamis
by cxploiting apomalous s-ray scattering. By monitoring
the scaiered iMensity when varying the x-roy energy inthe
vicinity of the Ge K edge (E, = 11103 keV) at a fxed
memrentum trnnber OF, the cornzsponding average Ge con-
centmtion can be determinsd, so tha in-plane lattice pa-
rmmeier gy vs G comem (o) dotn are exiracted withow
amy e el asswmption [ 5,20]. Itis fownd that forthe islands

& 2 The Amerncan Physical Society
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FIG. | doolor online).  Logarithmic infensity digtributon in the
vicinity of the (4K Brage relbection or e isbmds o own onthe
st fa) amcd pamserned (b)) sampl pan. Cosresponcing AF M
Images | i osiaeh ane shown as fnsets (o) O conkem
inmside B mlands & oa Tunction af lamioe parameter Tor of owih on
the fla (Tull Hne) snd on dhe pfemed pan {daghed line )
(o) elastic energy oo Tunctim o lattic e porame er ay exlsacted
pom the s-ray cdeta All fpores commesgrond 1o the s Isitce-
parmmEler soale,

gromn on the fot, the maximam Ge concentration for
highest latice pammeters is slightly higher than for the
patterned case [Fig, Wel]. However, as visible from the
imensity distribution in Figs, Wa) and Wb, these relaxed
regions contribwte littlhe to te wtal diffracted indensity. The
combined analysis of the x-ray size oscillations, amnd the
island shape as resolved by AFM, yield that the major pan

of the islnd volume is sifuaded of lattice parameters below
5.4% A for islands on the ot Combining x-may difmotion
and AFM, the mean Ge contend is determined 1o be o5, =
{60 = 51% forboth island types, Hence, the prescneeof the
pits does neither influence the shape wor the mean SiGe
composition of the islamds. Let us see whene, instead,
differcnces exist Figum Hc) shows o ws ay for the i
{Tull lincs) and the patierned region {dashed lines). The
comtinuous broadening of H-constam profles Tor lower H
walwes points o a monokomic atice parameler increase a5 a
function of height in the islands [21], The Qamess of the
dashed curve indicates bower gradicms for g, inside the
islands groown in pits i comparison (o the Aat case, i is
thaes clear that the elastic energy at comparable o, mast be
signifcantly lower for islasd s nue leating in the pit, & the
inensity in reciprocil space stretches out o mach higher
lmtice parnmeters. - The volumetric clastic energy can be
cxtracicd from these dotn, as perfomeed in Refs, [T, 3] s
ploticd as a Function of lattice parameter in Fig, WdL Inthe
marmeww region that forms the imderface between island and
substrate, and henee the region where the in-plane strain ey
changes sign from expansive 0 Compressive noiwre, our
mcthod discs mot allow Foroa precise detomination of the
clastic energy sinoe regions with similar Jattice pammeter
and zlightly differem composition will kave a mean &g that
aneouns 10 zero. However, with the clasticencrgy E, = E%
its mean value docs mot avernge 1o zero, Inthe region of
walidity, o method vields o remarkable decnease of elastic
cnergy throughout the izlands grown on the pit patbersed
pant. One has o state that sech x-my measereme ms camy
information on the in-plane lattics parameter, bt effocts of
lesc al hydirpstatic com pression conmot be token intbo nooo umt
when determining the ¢lastic encrgy dinectly Trom the data,

Mom insights can be gained by exiracting ihe actual 30
(e distribwtion and the clasticenergy profile throughom
the island, Over the [ast ten years, % -roy methaods have been
developed, coupling lattice parameter with literal size [21]
and chemical composition of an object, to econstruct o
concentration profile inside nonostructures 4,5 72]. These
meithods are limited, bowever, by model assumptions con-
cerning the shape of the considened isostrain mgions, A
combination of x-ray methods and FEM calculations is
this necessany in order & overoome the lack of cxperi-
mentally accessible information We have wsed a filting
procodume that explois o FEM-hasod trestment of monami-
form concendraton profles, o determine the local Ge
comremt withouwt any constraint., After the island amd suh-
simate goomeiry is created based on AFM images, nonaemi-
foorm comcemration values ane assigned on o disorete mesh
[13]. The clastic problem is then solved cxploiting lincar
it rp lation, (g, o ) datn ame extmoted, and the statisti-
cal 3* is evalumed by comparizon with the cormesponding
s-my datn Using an iterative pmcedure baszed on kenl
concentrmtion cxchmnges, = is minimized. Technical de-
tails on the way we handle nomoeni oo distributions within
FEM can be found in [13] whene the clastic energy was

(25502-2
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mimmized. In the presemt work, the devimtion foome the
experinecnial data is minimized, It is imporant © cmpha-
size that particular cane i< eguired i assigning the comoct
statistical weight o the dma, During the fit, {cg.. &) pairs
from the FEM grid were compaited From the islond interior
amnd from a swmounding region in the substrate with a
laeral exiension infemed from the experimental island
density, and adepth of F2 nm, i, the estimated penctra-
tion depth of the x-ays in our setup, This allowed s oto
Alter owt the substrate comribution from the experimomtal
data which, as shown in Fig. o) for the Aot case, cauwsesa
swhden drop of the avemge Ge condent ot low latlice
parametors, duc (o the strong scatiering comtribution froom
the Si-suhstrte. From the s-roy dota, it is thes difficult to
amalyxe the region of the subhsimte-island imerface.
Another difficulty stems from the vanishing e xperimental
scattening volumee of the nogions with laitice pammecicrs
close to bulk Ge. T the it shown in Fig. 2, the local salue
of g, was extrapolmed rom exporiments, assigning o
large error bar in order not © bias the mgion where real
data were present, Finally, a satisfactory Gt {noguiring
— fH iterations) is obtained, the full solstion of the elastic
problem being nequired of cach step. The FEM hfled data
(=mall es= in Fig. 1) show that several concentmation
vialwes can be associaied with a single valwe of lanice
pommeter, which & o obyviouws from the cxpormental
curye which avernges them out.

The 3D compositional maps cormesponding (o oor besi
fis are displayed in Figs, Wa)—3cd) together with their
horizomtally averaged values [Fig, Me)], while the elastic
cnergy por atom is reponed in Fig, 31, where a compari-
son with the uniform composition case is alko shown. Inthe
At cose—Figs, Ha) and Whr—analmost pure S5i megion is
found close to the hase cdges, a result fully compatible
with selective-ctching data [23]. From Figs. 34c) amd 34 d),
one sees that 5i ennichment al dhe base 5 less ovident inthe
pit case where the overnll Ge distribastion is meore i f o,
but for more localized imegulantics. This is pamicularly
evident from the horizomtally avemged cg,. values dis-
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FIG. 2 {oakw online),  Experiments] data of the CGe-coment & a
Tunction of Blice parameter iogeber with FEM Red dasts alier
proper s paratien of e 51 subsirste coniribution | e case)

played in Fig. el The differcm Ge distribution of the
islamd apex alomg the [ IO and [110] cross sections is diec
ey thee faet that the islund boundory & composed by o set ol
[acets and odges which is different for the two sections. Tt
has thus a direat influence on the local elastic elaxation
and henos the Ge concemtmation prolile [34]. The above
ohecrvmions can be justiled using both thermodynamic
amd kinctic mrguments, The cdges of the islands gromn on
Aat substrmics ane the most compressed regions in case o
umiform Cie distribution is considerad [25], so that meplac-
ing Ge with Si atoms produces significant relaxation.
Comparing the clastic encrry in Aat vs pit-paternod suh-
strmtes |Fig, 31077 inthe case of g wniform distribution, ome
secs that the driving force for Sisegregation at the island
hase is weaker inopits, since the encrgy difference between
base and top is smaller. Endropy of mixing oowld then
prevail over ¢lastic relaxation, forcing enhanced imenmix-
img. While this thormodyromic argument Suppors owr
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FIG. 3 Cross section gy of the A0-reoomatructed (e coneem
profile for islands grown om (ke day (b)) snd pederned (o),
fd ) samples, Sectiomns are shown along dhe [ 03] {a) (o) and
nhe |10 (b, oy cryamlogr aphic directions, Paned de ) duplays
the @verape Ce conkem &5 a lunctaon of helghn. Panel {7) nepoms
the elastic energy prodile comeponding o the el Ge disid-
Panion on Bar { Al box) and patier ned {empty o) subsirsted.
Plevts mescke for the s of win fosm oone anz analogously
clgrba v for Mt (ke o less ) amad gt (empay triang les ) oo
The quemiity frf i, 15 8 normalwed height o allow e proper
eomrprarisomn betwoeen bath sland types o every height fr
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