Ligne InterFaces

|. INTRODUCTION

Bien que I'année 2008 se termine par un arrét anticipé (octobre) de la ligne IF afin de
réaliser I'agrandissement de la cabane SUV, tout le temps disponible en année pleine a pu étre
alloué via les comités. La nouvelle optique donne entiére satisfaction, non seulement en termes de
performances, mais aussi de fiabilité, de facilité de réglage et de reproductibilité. Aucun incident
n'est venu perturber le déroulement normal des expériences.

Les publications listées en fin de ce rapport pour les deux derniéres années montrent la
gualité des recherches conduites sur la ligne. Une quinzaine d’articles ont été publiés dans des
revues de rang A en 2008, dont un Science (facteur d'impact 26,4) , 2 Phys. Rev. Lett. (7), 2 Appl.
Phys. Lett. (3,6), 3 Phys. Rev B (3,17). En 2007, une vingtaine d’articles ont 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 theses ont été
soutenues, et 2 chapitres de livre publiés.

Pour I'année a venir, le projet majeur sur la ligne est 'implémentation de la croissance par
en phase chimique (UHV-CVD) sur l'instrument SUV, couplé a un agrandissement de la cabane
expérimentale, pour un codt total de 400 k€ (UHV-CVD : 180 ; agrandissement : 220). Les deux
postes ont dO étre ré-estimés a la hausse ; 'UHV-CVD du fait de contraintes de sécurité plus
grandes qu’initialement envisagé, I'agrandissement du fait de l'augmentation substantielle des
colts de matiéres premiéres (plomb ...) lors de la commande. Une partie du financement (250 k€)
a été obtenue via le RTRA « Nanosciences aux limites de la nanoélectronique » de Grenoble.

Les 150 k€ manquants se décomposent en 50 k€ non dépensés sur linvestissement en
2008, et 30 k€ demandés au titre de linvestissement « normal» sur SUV en 2009, plus un
complément venant du CEA-INAC.

L'agrandissement de la cabane expérimentale SUV est en cours. La MBE initialement
rattachée a l'instrument SUV a été déménagée au CEA-INAC en juillet 2008, puis la ligne a été
arrétée le 7 octobre, jusqu’a mi-février, pour réaliser les travaux d'agrandissement. A ce jour (fin
octobre), la nouvelle cabane a déja été montée. Restent tous les autres travaux (peinture, fluides,

électricité ...) a réaliser. Il est prévu de redémarrer la ligne mi-février, sur l'instrument GMT
(Goniométre Multi-Technique), durant la période de remontage de I'instrument SUV.

Nous avons un besoin urgent d’embaucher un technicien sur l'instrument SUV, poste laissé
vacant par le départ Marion Noblet-Ducruet. La complexité de linstallation SUV et les trés
fréquentes reconfigurations de la chambre ultra-vide rendent indispensable la présence d'un
technicien en CDI a plein temps sur cet instrument. Nous ne voyons pas comment continuer au
rythme actuel sans ce support.




ll. Développements instrumentaux
II.1. Optimisation du 1 * cristal du monochromateur

Depuis la confirmation expérimentale (automne 2007) des performances meécanique du
nouveau premier cristal monochomateur, la société ACCEL (fabricant de I'actuel monochromateur
de la ligne IF) est intéressée pour un accord de licence. Toutefois, la société veut se persuader des
performances par ses propres moyens et prépare dans ce sens une collaboration avec une ligne
de Brookhaven (National Synchrotron Light Source (New York)). Au mois d'octobre 2007, le
processus d’accord pourrait s’accélérer dans la réponse d'un appel doffre d’'une ligne du
synchrotron anglais Diamond (Synchrotron Radiation Source, Royaume Uni). Un deuxieme point
positif est le projet de la ligne francaise CRG-D2AM d'utiliser comme la ligne IF un cristal optimisé
a demeure.

II.2. Développements de monochromateur Germanium ¢ ollé

Rappelons qu’il s'agit de la fabrication de monochromateurs hybrides constitués d'une
couche de Germanium monocristallin reportée par collage moléculaire et amincissement sur un
substrat porteur, par exemple en silicium. On bénéficie ainsi des propriétés optiques du
Germanium (bande passante donc flux multipli€ par trois) en conservant les propriétés
mécaniques, thermiques et de colt du Silicium.

Les derniers développements de ce projet sont les suivants :

-Nous avons réalisés la chaine compléte collage/amincissement sur substrat épais et
optimisé le processus de collage recuit. L'amincissement du film de Ge a été réalisé, ainsi que
différents test de polissage de la surface Ge pour enlever les contraintes de surfaces.

-Les difféerentes mesures (diffraction haute résolution en laboratoire et topographie X
(ESRF)) ont montré des erreurs de pentes sur les plans cristallins du Germanium au-dela de nos
spécifications (qui sont extrémement séveres car il s'agit d’'un élément de I'optique de la ligne) .
L'origine des erreurs de pentes a été identifiée et une action corrective a été entreprise. Il a fallu
pour cela approvisionner des plaques de Germanium 111 épaisses que notre fournisseur habituel
n'a pu nous donner a un colt acceptable. Nous avons donc da rechercher des sources
alternatives. Une solution a été trouvée récemment et le processus de polissage des surfaces a
été relancé. Compte-tenu de I'expérience acquise, nous pensons atteindre, avec ce deuxieme jeu
de cristaux, les spécifications nécessaires pour une focalisation de faisceau synchrotron dans nos
conditions.

[1.3. Détecteurs

Depuis l'origine de la ligne IF nous nous efforcons de maintenir a niveau les systemes de
détection, afin de toujours proposer les systemes les plus adaptés aux types d'expériences et
permettant de développer de nouvelles technigues. C'est avec cet objectif que nous avons acheté,
il y a 7 ans une caméra CCD pour développer le GISAXS tant sur SUV que sur GMT, puis en 2007
un détecteur linéaire performant pour les mesures de diffraction sur SUV. Ce systéme est utilisé
couramment sur SUV et il a été amélioré cette année pour pouvoir contrbler le systeme de filtre
automatiques, ce qui permet, d'une part de protéger le détecteur lors du passage sur un pic de
diffraction, et d'autre part d'augmenter considérablement la dynamique du systeme.

II.4. Reéalisation de la nouvelle téte porte échant illon pour SUV

Rappelons que la téte porte-échantillon actuelle manque de précision sur les berceaux
d’alignement, et surtout sur I'alignement en translation (z) de I'échantillon dans le faisceau.
Nous lancé en 2006 avec Pierre Taunier du SERAS le projet de réaliser une nouvelle téte trés
précise sur ces trois mouvements, et comportant en outre deux petites translations X,y
perpendiculaires au faisceau. 50 k€ avaient été alloués pour cette opération en 2006, mais,



compte tenu de la charge de travail au SERAS le projet avait d0 étre décalé sur 2007. L'étude
(Pierre Taunier, SERAS) a été terminée fin 2007, début 2008. La figure ci-dessous présente une
vue tridimensionnelle de la téte.

La mise en plan a été finie en mars 2008, et les piéces fabriquées (Patrick Tabaugat, SERAS)
durant I'année 2008. La téte est a présent en cours de montage/tests au SERAS, et sera montée
sur le diffractometre au redémarrage de I'instrument SUV, en février/mars 2009.

Figure : Vue 3D de la nouvelle téte goniometriqgue de l'instrument SUV, concue au SERAS par
Pierre Taunier.

I1.5. Développement de fentes de précision po  ur SUV

Le travail d'étude et de conception du systeme de fentes fait par un stagiaire en 2007 a
permis de lancer la fabrication d'un premier bloc de fentes au SERAS. Ce projet a pour but de
remplacer I'ensemble des fentes de SUV, soit 2 jeux complets en entrée, et 2 jeux sur le bras
détecteur, avec pour une des fentes une ouverture plus grande pour 'étre positionnée en amont du
détecteur 1D. Ces fentes mettent en oeuvre des ensembles de micro-mécanique de haute
précision pour atteindre des résolutions inférieures & 1um avec une reproductibilité meilleure que
1pm, des courses de 10mm en ouverture et 5mm en offset, un défaut de parallélisme des lévres et
d'équerrage entre les deux jeux d'un bloc inférieur a 0.2° Ce travail de micro-mécanique a été
réalisé en partie au SERAS, et le premier bloc de fentes est en cours de montage. Les tests de
métrologie sont prévus fin novembre. Les électroniques de pilotages seront réalisées par nos soins
pour intégrer des contrbleurs performants avec une interface réseau. Le co(t initialement prévu de
15k€ sera dépassé. En effet vu les tolérances requises, les usinages sont colteux en temps, et, le
SERAS ayant une trop forte charge de travail, il ne pourra pas produire les autres systemes. Nous
devrons donc faire appel a la sous-traitance ce qui explique le budget complémentaire demandé.



fig 1 : jeu de micro-fentes en cours de montage 2figéte porte échantillon en cours de montage

[1.6. Instrument de micro-diffraction

Les principaux développements portent sur la diminution des vibrations, I'amélioration des
programmes d'acquisition, et l'intégration de machines de traction.

Les vibrations ramenées par le systéme de refroidissement de la caméra CCD de détection
ont été coupées en découplant le chassis portant le systéeme de focalisation KB et I'échantillon de
la caméra. Pour cela nous avons construit un nouveau support pour la caméra. Le systeme est
moins compact et plus long a mettre en place, mais ceci nous permet d'atteindre de maniere
routiniére des tailles de faisceau de 1x1pm?. Avec un temps de réglage plus long, des tailles plus
petites sont accessibles. En jouant sur la taille de la source secondaire, on constate que les
limitations pour I'obtention de tailles beaucoup plus petites sont les erreurs de forme et de
polissage des miroirs KB.

Un gros effort a été fait sur les programmes et procédures d'alignement. Nous disposons
maintenant de routines d'optimisation du flux sur I'échantillon, et de procédure simples pour la
production du micro-faisceau.

De nombreuses mesures ont été faites avec des machines de traction, et pour certaines en
dehors du plan focal; ceci au détriment de la taille. On a ainsi montré que malgré la place exigué
il reste tout de méme possible dans la majorité des cas d'insérer un tel équipement. Nous avons
aussi testé avec succes le montage d'un four permettant de chauffer I'échantillon, en théorie
jusqu'a 900C. Nous acheterons cet équipement en 2009 (budget ANR) pour offrir cette
fonctionnalité en standard.

Au vu des premieres séries d'expériences il s'avere qu'un temps non négligeable est
nécessaire pour repérer les zones a mesures sous faisceau. Ce repérage est actuellement fait sur
le banc de micro-diffraction avec l'excellent microscope dont nous disposons et qui permet de
distinguer des objets de 0.5um. En 2009 nous nous équiperons d'un banc identique hors faisceau.
Les utilisateurs pourraient ainsi préparer la série de mesure suivante, sans "gacher" le temps de
faisceau X.



fig 3 : Banc de micro diffraction avec potence sépgour CCD fig 4 : machine de traction et four



[l Goniometre Multi-Techniques (GMT)

[11.1. Introduction

La station GMT abrite outre les expériences « traditionnelles » de diffraction réalisées a
'aide du goniometre multitechnique les expériences de microdiffraction. Le personnel intervenant
sur ces expériences comprend un ingénieur de recherche (J.S. Micha) ainsi que des chercheurs et
ingénieurs CEA (F.Rieutord (resp. GMT), O. Robach, O. Ulrich, X. Biquard). lls accueillent les
utilisateurs et assurent le fonctionnement, la maintenance et le développement des instruments.
L'instrument recoit les étudiants de Master 2 et d’'Hercules (et Hercules spécialisé HSC3) pour des
travaux pratiques de réflectivité, diffraction de surface et micro-diffraction Laue.

Les expériences de « commisionning » (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 goniomeétre pour laisser place au chassis
supportant 'ensemble miroirs focalisants, échantillon et caméra CCD.

L'activité expérimentale a consisté cette année en une trés forte majorité d’études de la
matiére dite dure. Trois expériences ont porté sur la matiére dite molle (Assemblage de brins
d’ADN, cristaux liquides et fluctuations de membranes, et une sur I'étude de surface in situ (voir
M.-C. St Lager et al.). D'autres avaient pour sujet d'étude des matériaux des micro et nano
technologies (Rieutord et al, Eymery et al, Labat et al) ou structure (Pesci et al). Les techniques
générales employées sont la diffusion aux grands angles (diffraction de surface compris), la
réflectivité et la diffusion centrale en incidence rasante (GISAXS). La mesure des contraintes
macroscopiques par la méthode des sin’y est utilisée de plus en plus fréquemment (2 expériences
cette année : Pesci et al et Labat et al). Les comités francais et ESRF ont sélectionné une grande
majorité d’expériences conduites par des utilisateurs confirmés, maitrisant les techniques de
diffraction et diffusion des rayons X.

L'ouverture de I'instrument de micro-diffraction en faisceau blanc aux utilisateurs francais et
internationaux a suscité toujours un grand intérét: cing expériences « extérieures » ont été
acceptées sur les deux comités. Du temps de faisceau a permis de remédier radicalement aux
problemes de vibrations et de trouver les modes opératoires optimaux en terme de flux et de taille
de faisceau (largeurs a mi hauteur : H <1 um V=1 um sans perte de flux). Il a permis d'augmenter
la facilité d'utilisation, le degré d’automatisation des mesures et d’accélérer la transition du mode
monochromatique au mode blanc.

Le développement de lI'expérience de microdiffraction bénéficie du soutien 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 ou entreprendrons 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).

Deux études majeures cette année peuvent retenir I'attention. Celle de F. Rieutord et al, sur
le collage moléculaire bénéficiant des rayons X de hautes énergies (30 voire 45 keV) et apportant
un éclairage important sur les mécanismes et les paramétres gouvernant I'adhésion de wafer de
Silicium. Les expériences menées par J. Eymery et al sont a I'image de I'arsenal de techniques de
diffraction/diffusion des rayons X qu'il est possible de déployer afin de caractériser des systemes
complexes a plusieurs échelles.

Nous donnerons a la suite un descriptif d’expériences réalisées avec le goniométre
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).



lll. 2. Résultats scientifiques importants sur GMT

Etude du réle de I'eau dans le collage moléculaire Silicium/Silicium
F. Rieutord, L. Libralesso FR 32-02-685

Nous avons étudié I'évolution d’interfaces de collage de silicium hydrophile au cours du
recuit en température. Nous rappelons ici que l'effet du recuit est d'augmenter I'énergie
d'adhérence. Malheureusement, le recuit produit également des défauts a l'interface, motivant des
recherches pour comprendre les mécanismes en jeu a linterface au cours de cette étape
technologique importante. Nous avons effectué des expériences de réflectivité a haute énergie

,_| amm
Fig.0 : Géométrie et taille typique d’échantillon dans une expérience de réflexion d'interface solide/solide a
haute énergie

Ceci permet d'extraire le profil de densité électronique a travers l'interface, par inversion directe
(collage symétrique) ou par des procédures d'ajustement (tous les cas). Des données typigues et
les profils de densité électronique extraits sont montrés ci-dessous :
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Fig.1 Courbes de réflectivité d'interface pour différents recuits (représentées en q R(q))

Fig.2. Profils de densité électronique obtenus par inversion directe des données de la figure 1

De tels profils donnent des informations sur la largeur et la profondeur de l'interface de collage,
mais également sur les couches d'oxyde. La largeur et la densité de linterface sont liées a
l'interaction entre les deux distributions d'aspérité des surfaces en vis-a-vis, et a la quantité de
l'eau présente dans lintervalle. La largeur et la densité des couches d'oxyde peuvent également
étre obtenues, permettant un bilan détaillé des especes réagissant pres de l'interface

De telles données ont été obtenues pour les collages Si/Si et Si/SiO2th. (NB: dans Si/Si, Si
signifie silicium couvert d'oxyde natif). Les données ont montré clairement une évolution d'interface
a une température environ de 150-200C ou l'énergie de collage augmente. Nous pouvons
observer une augmentation de la densité d'interface a cette température (fig. 3) ainsi qu'une
croissance de l'épaisseur d'oxyde natif (Fig.4). La largeur de l'interface ne change pas de maniéere
significative dans ces cas (non montrés).

En conclusion, utilisant la réflectivité de rayons X complétée par des données de spectroscopie de
FTIR-MIR, nous avons pu déterminer le mécanisme de fermeture du collage hydrophile de silicium
(ci-dessous) :

- dans une premiére phase, le scellement procéde par extension des points de contact pilotés par
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Fig.3: Evolution de la densité d'interface. Le maximum est di & une compétition entre scellement de
I'interface (qui tend a augmenter la densité) et départ de I'eau.

Fig. 4 Evolution de I'épaisseur d’oxyde natif dans les cas Si/Si et SiO2//Si. L'eau ne peut oxyder le
silicium gu’au travers de I'oxyde natif conduisant a une augmentation deux fois plus importante
lorsqu’un seul silicium est oxydé

I'établissement des liaisons chimiques entre les wafers. La densité de l'interface augmente car plus
de silicium entrent dans la zone d'interface

- dans une seconde étape, l'eau s’échappe de linterface, avec une diminution de la densité
d'électrons.

Pendant les deux étapes, I'eau emprisonnée a l'interface ou produite par la réaction de scellement
est consommeée par oxydation de silicium aprés diffusion au travers de I'oxyde natif seulement,
comme démontré par l'augmentation de I'épaisseur d'oxyde natif. Ceci libére de I'hnydrogéne

gazeux qui est a l'origine des défauts de collage

Fig.5: Schéma du mécanisme de fermeture de l'interface de collage au cours du recuit.

Reference: C.Ventosa, F.Rieutord, L. Libralesso, F. Fournel, C.Morales, H. Moriceau, J. Appl.
Phys. (2008) , accepted.
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Impact de la contrainte sur des nanofils verticaux

J. Eymery, V. Favre-Nicolin
CEA-Grenoble, INAC

Nous reproduisons en premier lieu la premiére page d’'une publication scientifique marquante dans
« Nano-Letters », relative a des résultats obtenus sur GMT en 2007.
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g the N'W neaproc] spece accond ng o the subsirae btice,
and the (k) Miller indexes, comesponding 3o the Indos (1] Ty



Hgure 1. scmeong eleoron merosoogy images of CEE grown
epitxinl mncavms (abh tilled views, (od) op views, showing
g vermical ol imreend and e beangonal croes seaon wigh Oeas
corpsponding b g [113] direction deed o e cobic sobere
e ; { oh mide view, where the suped mtice poricds ame bardy saen
i S pictel dor o S picoore im e mrree bion @eom ey .

surface ami cell, can be uwsd a5 a rekrence. The surfxe
ummifl cel] laghce vectors hane a hexapons] hasisa, 8, 8, with
= ETI0L az = Y071 @ the surfsce plane, and », =
11} popendicuber to the swrface. The comespondine
reciprocal laftice vectors are akmg three A ES aves with &
and & in the mrfsee phne, making an angle ol 07 and 1
nemmal & e surfsce. In these coord maes, InAs (11 ik
Bragg reflections ane fonnd ot Fe 1, 4 7, for (hk) =
(1 0band ot Jee 2 5 K. __ forgh ks (0,1} Xy cxpenments
were gerhommed & the Euwropean Svnchmofon Radiation
Facality (E3RF, (renoble France) under Behiom 1low
prevent =mple degracation and o avond hacksound diflise
scatiermg from the ar. Difireton (nespectivedy, small angleh
dats wae calleded om the BMEZ Fremch CR{: heamlne
wsing- 10 (respectivedy, 15 ke photan energy. The heam
lociprmi an the sample surface, whidh 15 ahow 50 0.5 (0L )
mm?, imeprates the minsaes of a very bree number ol
foLUE

Frmue 2 shows the messwemems al’ the (0 1) crs=dal
mmcation mod (CTR) for soverad gracing incidenoe angles
it Clese w0 the subswate cntical angle lor wotl exterml
rHection (i = 0297, we measure af J = 2 and 5 the shamp
and mienz difffection peaks of the InAs sbsinde (Bheled
Hr Ther imensities decresse with decreasing & and vamish
m the “reEmEsionT geometry (6 = 7L The exém peals
mav come efther from the MWy or lmom olher surfae
avergronviie. Peak imensities st 2= L5, 5, and 4.5 (sheled
MW m Figure 2j do nod degend on the modence angles,
whereas some “ssellfes™ st T5= 1,2, 4, and 5 {labeled TW,
or twimmed - avergrowih) do Thes swongly sugeests that
mminicge praks can be afrbuted o dghe WWsl 11 oas
anlimmed by the peakshope dependence an the incidence
shawn m e m=ed af Figure 2 In the mnsmoesson geometry
and kir d close (o the entical angle, onhy 2 smzle peak s
measurecl In intesmed mde cxes, & seoond peak s measumed
11 brperanzle posfiem depends on i, and ot o= 0017 e
two peaks overbp, These ohlsonvations cam be explamed in
using the dstoreds-wave Bom approe mation (W 1AL In
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Figaure L (01} anysaal temce ion Tod eeasaeoend for sevendl
gEFng o idmces (a = 0, 01, 0L, 029, Jis in eecipeal himice
unis (rhup of ghe cobic nas 111 sobsrore (moded by 5) NW
(W corresponad o the rumcan e | subamie cuergaootdie) peaks.
e spliteing of WW ook @ f= 1.5 in mo conritations s g
fmerion of o, This e fea & explunad mdhe wm by the coewERenoe
of several s lring pocesas i Very gLing anghks

the kemalism, the scatfered wave amplitude 15 oompased
al loar erms, inchiding all combmations of scafiermg lram
ghe WW and reflectiom Irom the subsirge® A very low
mracime meidence (mrsmission geametv], the mokkent heam
i5 scafiered by the MW and collecied by the detector, whenas
af larger ax (bt lower thon o), a second comnbution comes
Irom the rellectan by the swrfsce ovasd the MW, Thi
reflection octs a5 @ second “modent beam™ wih a wave
wvectar poimme sleghih upwand. The surface reflectiom &
shamly decremsed lor @ > §g, whech expliing wiy the two
ferms are ofserved anly at very meming angle. The ghrd and
tonmith term o dared an LW HA, coming respectively lrom
the beam scatered by the MW and retlectal by the surlsee
and fram hoth meident and scafiered beam retlected by the
sudzce, are meglple beconse dovwmeand scotiered beams
hove am amghs much brper than @, wath nespect o the surface.
Tins mulple scoftering eftectal=o apphes o the TW pesks,
amil a small shilt 5 obierwed wath dr, but peak hmadness
canres the two comnibutions fo ovedap, The TW peals
e ties decnase wath e meidence suzgesing a d i Terent
arigem.

Ta have mane imsight ahout the mture ol these peks,
wae meerine lor & = (U39 gseveral CTHS in the (007, (087,
amd (0hf) mecprocal plames (e some examples o Figone
Jhe FPigure S summerias the (W) mexsuremenss nebored
i the InAs cobic subsdre bt ce. Sincedlende Inds subsoie
amd hexargomal WWS praks are casiby medexed by coms dering
the stackmg sequence ol (1 11) plene=" Moe thet two varianes
aving the seme peak imensitics afe mexsured lor ghe
hexagonal NWa They comespond o Saunalend™ 60F
miins cdomaing, which @n be probehhle afinbuted o
diflerent MWy oremtations om the (111) surlace. TEM
ohaenatioms mile o diefects in mchividuad W Ws, moreonver,
this. kind of delea should not zrve identicl domains

pcny
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Figure 3 (a) Schematics o the (il ) naipmocal plane al'ihe sample
ghown m Figure | (B scaks md peak posdiom ane only
mcs e (0 InAs cubic subsrate, (oW ) hexaoonal NW varonts
ahiuned by 6P imeplane rotstons, (A9, i fed ) twmned cube
substrate overgowth (ACH stackmg ol the (11 1) planes mstead ol
ABCL (heh Truncaton md measwements examples ( scams ) loe
= (1.5 (h)aleng {100 and (0] dequvaknt o (200) m (&),
amd (ch alang (=33

mignsities. The TW poaks ane consstent with fwins ofa cuhic
phease having a latios paramater close 1o the swhsirade, They
can e attributed o dee pyramidal hillocs ehserved by SEM
{a0oe Figure |he) imagreement with the o-dependence shown
in Figere 2 and with the in-plane oriemtation digribotion
{mesaicity | discussed  bier. The hilleck morpholegy s
commanly gaerved in zine-blende (1] 1) epilayers for [1—
W1 and [11—% compounds. This stnectune may be nocleated
o a surfbee defeet {for example on a gold comamination
coming with the acresol catalysis), The sahle cubic phase
B obained due 1o the strong coupling with the swrface.
Inchoed, we do mot have the inflecnce of the MW geametrny
(dimension and swurface effects) that could stabilize the
metastable hexagonal structure, The NW and TW hittice
perameiers ane dedwead both fom in-plane {30605, {300}, and
aut-af-plane {14 mesmements acoondimg i the cubic phase
reference (o = 040583 nm and A% = 0.58647 nm ).

As shown in Figere 4, the £ of in-plane menssements
{refllections perpendicudar s the auertace] allmwvs determination
af the different contribastions 4o tee measwred inensity; the
substrate overgrowihs, the relaed lnAs seoments ot the
bt and the top of the manowine, and the avetage Inds
and InP insertions in the superlattioe, bor the sake of
amplic dy, we chose a Gassian function to mosde| te Brazgg
poak shape, This choice & adegiete 1o describe the cenier
poesition and the widthof the peak, but it is surely not cnoech
W deseribe the peak tails, A more complicated description
{with mere parameters 4o Fif) shouwld take mio acopumt these
features. [t should probably decrease the backonound below
e signal {2 the red curve in Figure 41, b gy o mow m
Arong physical aroemend can be given 1o sclect the e tion

e

71 (a) i

fredaned Invfis)

HW
|IrAn in
superiak.)

S

W
o]
& Bupsorial)

/] -.
190 155 200 205 210 215
H (bulk InAs rlu)

—
=

Inensity (arb. units)

.
=
-\.|

mebrminidebii 1

]
E

-
wdl-

(Il i
superlat )
N

=k
=]
Ll

| F {ImPin
e T R Eupariat
| Iy J
]

Intensity (arb. units)

10" ; -
290 288 300 305 310 315
H {bulk InAs rla)

Figure 4 In-plame momwrements along b (zee the delmfgon m
Frewre 33 for the (@) (2000 amd (b)) (300) relkectioms. Pamts
carmespond o messuremends and thick ourves w0 the hest il of
the namawanes (MW, twmmed avergrowth (TW ), and substrate (5)
cominbutions i inrecigrocal lsthoe units (el ol e cob e Indsas
(11 1) subraste.

type (Lorentz, YVoizt, Pearson,, ). Wuontzite Inds NW position
{shown in (2000 Jr scan and in Figure 3) is slightly laroer
than the cubic [nds substraie. 11 comresponds 10 the battom
aned d the top of the MW amd shoukl be relaced dise 160 the
small MW diameter and 1o the small lantice miEmaich: the
in-plane lattice parameter iz only decressed of abowt (,32%
+ 0,03 according to fhe subsinate reference, For the ((03)
meammement (soe Figure 4b), dee relaxed Inds MW signal
i% sagpenposed o the TW condribution and evenneally 1o planss
{and ot twinneed) substrate overgronth, The O of this
oom posite peak gives 01T = 0003, sugoesting that the o
last phases ane viory elose W bulk cubic nAs, For the FNW
superhittice, fthe InAs and Inl' average in-plane lattice
parameters can he estimated by dhe itipns of the poak
miaxima of (02) and ((03) f scans; :E;mﬂ;"fﬂ:ﬁ 09936 +
0,00 and afbsdile = 09787 + (0.00] (sec abo the Table
L 11 weas difhicult e assess accurately .:'m- e o the Jow
experimenial resolution wsed in CTRE messwrements and 1o
the low signal, but fior |nAs, we measmed de == g2,
Mote that no clear signals dwe to the NW swperlaitios
per indicity have been measured inthese ooperiments. 1t may
ez dise 1o several feasons, the effects of which are probably
combined: rain relaxation distribetion along the W'Ws
dispricntations, section variations induwced by the catalva
pertick s diameter distribwtion and growth Checheations (e

Masg L=l Wel 7, Ma § 207



Table . Calculsted Averaged InePlane Delamation .} for
Mooy me Superbdtices wih Rad ms 8 = 22 om Comsetimg al’
20 nm InAsT or 10 nm Inl Lavers?

20 yam [nsd 20 mom, Inaal

Ton [nPRW 10 nm [nP NW
lig) (%) Inda (-0 £ 001K =4 -1
[nPi—213 £ 01k -1 —-214
s L) Infs= 0T 42
InFs L] a2

& The asoanic positices ane el moed with e volenoe Dece Tield doscribed
in S sl ke g?mmm are ¢ o bl e d wigh espect to e cubic s
wlnmce and the exprsenml vilos ome peershsiad The sunded
deviitioes (o of dese de ratices show g Bresic broadenmg of dis
lorgmadimul mowie Sinoceane.

bz itusdinal growdh rate, and therefone the insertion thickmess,
varies with the NW diameter), o 10 a height (i.e., phase)
shilt coming from g necleation delay before the beginning
of the proswth of imdividual MW,

The diffraction peak broademng may have several ori-
ams: i) the NW size along the momentum transier, (i) the
W misaic iy comresponding i the in-planc {twist) and ou-
of-plane {1il1) rtanens of the individeal NWs, (i) a
nomumilorm strain fekl with a lecal laitice parameter
variation, incleding hetcmstrecire grain relaxation and
bending of the growth axis, (i) and (i) depend on the
madulis of the momendium transfer, whereas €i) does modt.

[neplane mesaicity s messuned fom ransverse scans akng
(il reflections {rocking scan ol the sample along is suribee
nmoamial Lo 1 gives a full widith at half=-masimum | fahm of a
Crnszian function) of the TW peaks lower than (0L02°
wherems the MW poaks have an in-plane mesaicity of abo
(.5 £ (1% The fwhm of in-plane radial scans along | WK
{fior example, for the relaxed InAs peak of Figere 4a) iz 00143
+ (ke nm !, which can be atiribsted 10 a MW cross-section
diameier e tacon he xagonal facets of about 44 £ 2 nm, This
valwe, consistent with Figure |, will beconfirmed by SAXS
M e ments below.

The experimental resels can be compared 0 slomstic
simulations, We consider hexagonal (00 Fonented nAsd
Inl nenowines superlattices with the wuarizie strscture, The
adpe lenoth (and madivs) of the regular hesxagon (41010}
fZcets in hexagonal notation) 1z 8 = 22 nm, and the peried
of the superlantios & 4 == 30 nm. The tickness of the InAs
layer 1520 nm, while the thickness ofthe InP layer is varnied
s T w10, Thee relased atom o positions ane computed
wwing keating’ s valenoe foree fGeld (VET model 1. In this
miadel, the clastic ener oy depends on the neane g-meighbor
bond lengths and bomd angles throwsgh bond streiching and
hsomed hencling, constanis, These parameters are Fited 10 the
bulk medolus and Poisson rate o of the zinc-hlende
materials, '~ msuming tha the elastic constants of the
wurtz i phases Tulfill Martin's relations.” The elstic energy
5 then minimized with respoct 1o the atomic positions and
poried  of dhe superlattice wsing a conjugaie  madients
algorithm, and the strain lendor is computed fTom the atomic
positions in the = [2110], ¥ = [#110], and = = [(K01]
axis sel. Within this axis set, the & scans of GIXRD
correspond to the v dimection porpend icular fodhe he xazomal
[acets.
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Figure 5. (&) Inplene delommatom gy (wih relerence 0 bulk
InAs) ke a 20 nm InAsd0 nm 1ol nanawares superkbtfios {cross
et 2 x = () anc - = 0 respectvedy L The stamic positgim
are relaved with the walemce loxe ekl mode] desaribed m the tesa.
Thiz hlack line B oy, = =2%, the dilerence hetween whike dotted
limes hemg ey, = (L2 P (b)) Hexram af the d Btnoes hetveen
{01761y gikanes (papendiculr & fhe ¢ direction; Le., parsilel o e
hexapomel fwcets) e a 20 om InAsO0 o IndsPa memon mes
superlafiices wath v = 0, (L], 0L

The m-plane defommat | on ¢, computed with reference to
bulk InAs)® iz shown in Figure 3a for the 20 nm InAsS 10
nm [nP strwcture. The InP layer, whoese ¢lastic constants ane
Cloge o Inds, & heavily compressed by the latter, The asrface
ol the namowires can, however, bulge 1oonelieve part of the
siresses, which kads w oa very  mhomogeneous sirain
distribution (s for cxample refz 12 and 14 for a discission
of the clectronic and optical properties of InAsfGads
rembowy e supet biitices), The average in-plane deformiations
in lnAs and InP oare reporied in Table | fsr twoe InP
thicknesses {7 and 10 ), The standard deviations of these
valwes are very large even for ideal ohjects, indicating that
the srain inhomegene iy & an mirinsic zouroe of the poak
broadening observed im GIXRED. Thee distributions must
be taken imo account 1o optimize band gap simain engineering
in comiplex hotenosr wctures, The strains are, morooyver, very
close 1o those computed in zimilar zmc-blende manwin
ssper bittices.

The calewlated average in-plane deformatons in Inbs amd
InP {inside the 20 nm A0 nm InP NW superattice) ane
in very good agreemend with the experimental valwes
parenthesized in Table 1. The impact of various streciral
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Figure i Smalleanpgle Xeray scaflermg messunomens hor several
wrimadh £ fHee mat KBirdelmagm ) a6 the funttion af the mamendum
mamslier g = 4 smiAWE (8 15 hall of the scaftered angle, 4 15 the
wanyckngth ) (ireonmg and emergence amgles ame very bow (a0 eow
hundredihs af a degree ), Only Sinee measuremenis (e, aemuths)
are v, representstve af the 8 symmetry ol the scattered
micm sy

parameters (ickness of the InP laver, presence of an Inds
shell, merdiflesion ) kas been nvestigated. The de format ivns
m thinner (7 nm) [nP layers are acteally s small. The
calewated de formations incarefshell 20 nm InAsS 1 nm [nf
MW siper latices remain quite close; fora | nm thick Inds
she |l around a core with radies & = 21 nan, we 281 48, o,
= — (4 and {& e = —204%, whik fora 2 nm thick
shell around a core with radis & = 20 nm, we gt 6 .
= —i} 57% and e jee = — | 34%:. The interdiTsion & very
limited o the low-temperatune grosvih wsed oo this stedy
(39 0L TEM encroy dispersive speciromeiry cxpeniments
catimaie that the P am concentration in [nAs is kower than
2% e, the noise level). For higher prowdh temperaturc,
the influcenoe of the abstitution of P atoms by As inthe [nP
layer {ise., the inscrion material) can be assessed by the
distance between the {01 T0) planes parallel o the nanowires
edge {i.c., perpendicilar o the & direction), Figure 5b gives
the histooram of this distibetion For 200 em lnasS 10 nm
Intvs, Py — sgperlattices with o =G, (01, 020 1t shows that a
small abstituhon of P atoms bigely shilts and broadens the
mitially “peaked™ [P contribast ion, which canalsae contribute
o an increase of the width of the in=plane diffraction peaks.
Experimentally, the separation of interdif fusion and elastic
relaocation: comtribuions should be obtained by X-ray anoma-
ks measwremends around the As b absorphon edoe
{1 LBSH kel

Adfber henvine smalyveed the in-plane de formation with X-ray
diffraction, we can also acoess W the average MW shape and
size of this wsembly by wsing small-angle X-ray scatfering
(54 XS al very grazing incidence amnd emergence fn =
== 0171 Figure & shows selected inonsity measurements fg)
asa Tunction of the in-plane scattering vecwr o for soveral
mmple aricntations {azinmeth) arooend the surface mormal,
Contrary towhal B measured for eyvlindnical cross sections,
we observe the dependence on the azimuwh £ of the
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Figure 7. (=) DWBA cakubdon'™ of the meplane miensigy
scatiered hy inoonnelated regular heragonal NW ol red s & = 22
mm ol graeing incidence sl emergence angles (o= F o (1%,
B s demibution 13 mehucded an dhese caloulstions, sl e
wemmuth & 6 delined by the msal ol Figun: a0 (b)) Smalkangle
miers iy caloubsed a1 £ = 0 or @ Coussan detcbation ol the redio
B ol hevammal WW. o & fhe standard devistion oFghe & distribution
egp=ix = v P8 2eR A 2 Eer ], amd ol inchcaties the broadening,

oscillation fringes dwe o the NW aze in a direction
perpemdicular to the beam both m position and intensity, The
argin 5 = 0 is delined by a ditection perpendicular 1o the
MW facets (& direction in the difftachon exper imenis), o
showm in the inset of Figure &, The sysiematic measurenment
af fMgias a hmeton of £ {over 22, every 2036 has shown
a &t symmetry, The main featwnes of the aeinnth—anglhe
dependence consist of the damping and the shifi of the
second-order fringe from 5= (i 2 and of the disappear-
ance of the third escillation a1t £ = 2%, The center par of
the experimental cwrve comes fom the surface and over-
aroath acatienng, Mote that in this sample, the MW density
is very low {only ahowt 2.5 NWshent from Fizure 1) =0 that
synchrodron radiation is necessany, Forhigher densiics, this
method should be applied with a lhboratory setup. Because
iy il rpartic ke — pesition imteractions have 1o be considerad
{ace Figure |o where the distribution of distancos hetween
mearest-neighbors NWs & very broad ), the X-ray pattern can
b analyzed a5 a convohstion of the MW form factor by the
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sz distribution Function, This form facter, dermed in the
amplest approcamation from the Fournier transform of the
MWW shape 17 can be calculated with the DWEA for a
repular hestagon of height A and Bt width B, As seenin
Figure Ta, all the main featunes of the experimontal measre-
ments can be simulated by a monodisperse siee distribation
with & = 22 nm. The sherp inber fenences [T inges appearning
at robghly gy o~ 23R ane ssaeciated 10 the 2oro of the sine
cardinal or Bessel functon for simple shapes like paral-
klepiped or cylinder, As observed in electron microscopy,
the prowih distnbution invalves both size and shape varia-
fions of the hexagonal ess sections with eventeally a
varniation alomng the wire length, Ina first approximation, onby
thee & variation will be considerad, giving a fmnge smoothen-
g with the increase of the width of fhe size distnbution,
This distribution can be modeled by a Gossian function
{Fwhm ) inthe DEDA cakelitions, The calculaied ivensity
fier & = 015 drawn in Figure Thas a function of o8, Bocoaese
the expenmenta] measwements =l <hoow the third escillation
frinege, the maxinem of e zize dstribetion can be nrashly
catimated 1o be lower than ofR = 8. This vanation is
mainly imposed by the aenesel paricle size disribution and
by Nuchations of the catahvst-assited growth, More accurate
mieasime ments with 20 defectors in the grazing incidence
SANS goometry are presently under way i decrease the ernor
bers aned 1o study Facets disir ibwtion,

[n summany, this leter demonstrates the meres of X-ray
orazing indidence fechnigees 0 wel quantitative strsciural
information on epiaxial MWs assemblies, The chanoe of
grazing incidence angle in surface dilfraction experimends
allews separating the differend conributions of the signal,
Le., the nemewines from parasitic subsitae overgropihs, Moo
gonerally, ihoese methods could be advantgems when
studying samples grown by mobkecular beam epitay, which
B oa less selective arowih methed, kading 1o a larger
overgrowth at the nanowines base, The crvstalline phases
{cuhic or hevagonal) as well as growih defects {stacking
faultsh are deermined Prom the direct analysis of ¢nysial
trumcation rods, Inothe presont study, the IAsnP heloro-
Areciure was entirely hexamonal with equivalent variamis,
and a second twinmed phase s present only as a arhstrate
overgrowth, The same method could alss he appliod o
ithomogeneoaes MWW (e example Gads) having a mixtre
of hexagonal and cwbic phases, The in-plane epitaxial
deorienations of the NW are small {Pwhm 2= (157,
indicating a very good control of dwe initial growih gage
conmsitent with classical mosaicin obsenved mmetal (acrosoel)y
smiconductor substrake epitaxy. The strain distribastion

resulting Tom the relasaton i te NW geometry, messened
[rom the posiion and broadening of the difffaction peaks,
i% in agrozment with atem istic calewlations of ideal streciines,
Complememany exporiments wsing small-angle scattering
heve shewn the possibility 1o check the aze and shape of
the objects, This methad soems 10 be very promising in
homogeneoes assemblics to cstimate such  peometrical
Mt ions, mnoperticelar with ool led-assizied grosih, whene
synchrofron experiments are nol nooossary for doense as-
semblics, Last, grazing incidence X-ray techniques can be
developed 1o stsly and 1o optimze the WNW growth mech-
anizma of the tochmnalogical prooesses, They will be helpiiul
1o indezrate wiel l-oomirolled MW building blocks into func-
tipmal sssemblics, and wlimate . mio aystems,
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(0-1L) CTR = InAs NW Reference . Aprés avoir étudie les
s a =0.05° HIO, (250°C) / InAs NW hétérostructures longitudinales de
c

Cr / HIO_ (250°C) / InAs NW nanofils InAs/InP  nous avons
focalisé nos études sur des
structures de type coeur/coquille
qui sont a la base des
architectures de transistors et
d’émetteurs  optiques.  Cette
expérience a été conduite avec
. des échantillons provenant de

" 'Université de Lund (Suéde),
o % leader dans le domaine des

NwW

2

Bl 1§ L
LS D

Intensity (arb. units)

composeés llI-V (croissance CBE)
et plus particulierement sur des
empilements radiaux de

0-1LYCTR " InAs NW Reference ., . ,
( ) HIO, (250°C) / InAs NW diélectriques et de métaux (HfO2

. o TR R i o et Cr) sur des fils d'InAs (111).
s Nio) s| o} Ces structures sont dés a présent
! ? utilisées dans des transistors

verticaux et donne de bonnes
caractéristiques électriques. Un
des points primordial pour ce type
de structure est de ne pas
rajouter de défauts en reprenant
la croissance latérale et de
maitriser la contrainte introduite
el par les procédés technologiques.
! r T — T T r Ces deux points ont été étudiés
par diffraction de rayons X en

L (InAS r'U) incidence  rasante lors de
Figure 4 : Mesure des tiges de troncatures (0 {C)R) de la reference  (ifférentes étapes technologiques

et des structures corpbur deux incidences rasantes (&)0.05° and de la création dun transistor:

(b) 0.4°. | est I'unité du réseau réciproque (rtl)) substrat(S). INnAs NW nus (i.e. référence),

cubique InAs(111) (noté S). HfO2 / InAs NWs et Cr / HfO2 /
InAs NWs (Voir Fig. 1).

Intensity (arb. units)

Plusieurs techniques de caractérisation ont été effectuées durant 18 shifts : Diffraction de surface
(diffraction dans le plan de la surface et tiges de troncature), réflectivité et diffusion centrale en
incidence rasante (GISAXS).

La diffraction dans le plan a été effectuée en géométrie GIXRD, la qualité de I'épitaxie
permettant de définir une matrice d’orientation par rapport au substrat InAs (111) cubique. Les fils
d’'InAs sont hexagonaux et ont des pics de diffraction dans le plan comme nous I'avons montré
dans une publication précédente. Les expériences ont montrées que pour toutes les variantes
étudiées, le déplacement des pics dans le plan était trés faible (dans la barre d’erreur des
mesures), ce qui indique une déformation faible dans le plan. Un point plus remarquable
correspond a I'élargissement de ces pics de diffraction pour des balayages radiaux des réflexions
h 0 0. Cet élargissement est notable surtout pour les dépéts de Cr, avec une augmentation linéaire
en fonction de h. Comme le montre la figure, cette largeur est d’autant plus importante que
l'incidence est rasante. L'analyse de ces données permettra d’obtenir la taille des domaines (i.e.
les fils, a comparer avec les images MEB) ainsi qu’une « mosaicité » liée essentiellement au dépbt
de Cr qui doit rendre les contraintes plus inhomogénes.

D’aprées les mesures précédentes, la déformation radiale est faible. La déformation longitudinale a
été estimée grace a I'analyse des tiges de troncature (0 -1 |) pour les quatre échantillons. La
Figure 4 présente quelques mesures pour les angles d’'incidence a=0.05° et 0.4° respectivement
en dessous et au dessus de I'angle critique de réflexion totale. Comme on I'a déja montré dans ce
systeme, ces mesures permettent de séparer les contributions des différentes phases de
I'échantillon (voir indexation sur la Figure 4: N nanofils, TW recroissance sur le substrat et S



substrat). Pour a =0.4°et | =4, on voit que la position du pic du substrat est insensible au dépot
des diélectriques et du métal. Cela fournit une référence interne a I'échantillon et permet de vérifier
l'alignement du goniométre et de baisser la barre d’erreur. Ainsi, la barre d’erreur de la position du
pic S est estimée a £0.065% en considérant trois incidences rasantes (0.05° 0.2° 0.49, deux
CTRs((0-11),(0-21)), et quatre valeurs de | (1, 2, 4, 5).

-+ Drain NW + dielectric
Ap \

T Dielectric

Al gate
Gate

Figure 1: géométrie utilisée dans les
nanofils et image MEB de I'épitaxie sur
InAs.

Source

Les nanofils ont des pics distincts (appelés NW) de

ceux du substrat et des recroissances (TW) ce qui 10y i

permet de mesurer la déformation le long de 'axe de 10"

croissance. Pour a =0.4°et | =4.5, les pics NW sont n;r,!- ot @ (C}
faiblement déplacés pour les nanofils avec HfO2 et i i
beaucoup plus lorsqu’on a la coquille supplémentaire “11; ' E ,:J lg

de Cr. La contraction le long de la direction de
croissance est de 0.95 % =+0.07 pour Cr/HfO2
(T=250C)/InAs et de 0.13 % +0.07 pour HfO2 (T=
250C)/InAs. Des mesures similaires ont été
effectuées avec des températures de dépdt de
100C pour le HfO2 et donnent une contraction
d’environ 0.26 %. Ces valeurs de déformation ne
sont pas du tout négligeables et affectent les
propriétés de transport. Pour nous en convaincre, le
Iabora'goire (Y.M. Niqugt o_szlns le cadre du projet pour plusieurs orientations (psi= 0 est

Europee” NODE) a ,?tUd'e de? gtructures quur perpendiculaire aux facettes de la forme

coquille dont les conditions aux limites du probleme  pexagonale de I'échantillon) d'un dépét de

d’élasticite sont mieux définies : i.e. des structures  Cr sur coquille HfO2 autour d’'un nanofil nu

coeur/coquilles radiales en épitaxie cohérente (croissance 250C).

InAs/InP. Ces calculs atomistiques et de structure

électronique avec des liaisons fortes ont montrés que dans ce cas aussi, la déformation dans le
plan était un ordre de grandeur plus faible que celle hors du plan. Cette déformation a pour
conséquence d’augmenter la mobilité des trous par un facteur deux si le rayon de la coquille est
suffisant grand (voir les rapports publics de NODE). Le probléeme élastique mesuré dans cette
expérience est plus complexe avec la couche intermédiaire d’oxyde et la couche de Cr
nanocristallisé, mais il obéit aux mémes tendances.

Intensity (arb. units)

psi (deg.}
Figure 5: Mesures aux petits angles (pour
des incidences etémergences de 0.279

Cette expérience a aussi fait I'objet de mesures aux petits angles (version dégradée du GISAXS
de SUV) comme le montre la Figure 5. Ces mesures nous permettent de confirmer la forme
générale des nandfils, a savoir hexagonale au départ, puis de voir une modification avec les
dépdbts de coquilles successives. L'analyse sera conduite avec le programme ISGISAXS pour
extraire les différentes épaisseurs de dép6t. La structure avec le Cr sera la plus complexe a
analyser.

Enfin, des mesures de réflectivité  ont également été effectuées sur tous ces échantillons. La
densité des fils étant faible, on a encore suffisamment de réflectivité spéculaire pour extraire



I'épaisseur des dépbts bidimensionnels réalisés sur le substrat. La comparaison entre les
épaisseurs radiales sur les fils et les épaisseurs 2D sera trés intéressante pour estimer la
sélectivité de la croissance sur le fil.

Conclusions générales:

» L’expérience s’est trés bien déroulée et a donnée de nombreux résultats qui sont en cours
de rédaction pour publication. Une suite sera demandée.

* Le dépdt de Cr contracte d’'une facon significative le fil le long de son axe de croissance.
Ce niveau de déformation doit étre étudié en détail pour comprendre son impact sur les
propriétés de transport.

* Les déformations dans le plan (radiales) sont beaucoup plus faibles, comme on peut
I'expliquer par des calculs de déformation continue. Nous observons un élargissement des
pics probablement du a I'hétérogénéité de contrainte du Cr.

* La diffusion aux petits angles et la réflectivité spéculaire ont été utilise pour accéder a la
géomeétrie des fils et des dépots planaires.

lll. 3. Résumeés scientifigues GMT

DNA Organization in a neutral lamellar: a supported film experiment.

L. Navailles, F. Nallet, E. Grelet, E. Andreoli de  Oliveira FR-32-02-655
C.R.P.P CNRS/ Université Bordeaux/ Universidad da Sao Paulo (Brazil)

Gene therapy is a very promising technique which consists in introducing a nucleotide sequence
(DNA) into the cell nuclei that will control the expression of a given gene. A strategy must be
envisioned to deliver the genetic material into the nucleus, since the DNA does not do it naturally.
During the last decade, different approaches to the elaboration of synthetic vectors have been
tried, e.g. cationic phospholipids (CL). Some of them have been successful for in vitro applications;
however the transposition to in vivo applications has not yielded the same performance. It has
been shown that such DNA-CL systems have an ordered liquid crystal structure due to
electrostatic interactions between the negatively charged DNA and the cationic membrane. For
such formulations, although the encapsulation ratio is high, the main problem is toxicity due to the
cationic behavior.

DNA hexagonal lattice in lamellar phase Figure 2(a) and (b): parts“B?GISAXS patterns.
showing superstructure Bragg reflections of

DNA (green) and lamellar phase (white).

Recently, we have demonstrated that a large amount of DNA can be incorporated in lamellar
phase of neutral lipids, with the DNA intercalated between the lipid lamellae. In particular, it was
shown that multilamellar vesicles in a close-packed structure can be obtained as a result of a



hydrodynamic instability specific
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1200 | Lam 4

.0 4 obtained by shear, are called
Lam o S 71 onions or spherulites, and
oo o 1] consist of regularly stacked
L Y 14 membranes. In a second step,
h biological molecules can be
attached to the neutral surfaces
of the onions to interact with a
specific protein in the cell
surface. Using the neutral lipid
system seems to be a very
promising strategy in order to
obtain non-cationic and non-
viral DNA vector. A theoretical
model, based on the Flory
400 Lo v v (R model, has been proposed to
1,8 2 2.2 2.4 2.6 2.8 explain  the ternary phase
- diagram observed for the DNA-
q(nm) neutral lipid-water system
considering mainly steric
(excluded volume) interactions.
The aim of the present
experiment was to obtain new information about the structure of the DNA/neutral lipid/water
system. In particular, we planned to monitor the DNA-DNA correlation peak as a function of the
water concentration. Using well oriented samples of freely suspended films, we expected to
obtain—for the first time—the complete structure of our system including layer-to-layer
correlations, 2D or 3D organization, and evidence DNA phase transition.
X-ray scattering experiments were performed on the BM32 beam line at the European
Synchrotron Radiation Facility (ESRF). We worked with the selected energy of 12 keV,

corresponding to a wavelength of A=1.0332A.The final beam size was 50 x 500 um2 (V X H) at
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inten sity (a.u.)

400 |
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Intensity {a.u.)

450 ~

w

Azimuthally-averaged intensity for figure 2a as a function of the
scattering wave vector.

sample position, hence fixing the vertical resolution in reciprocal space to 2.6 x 10 A The
scattered X-rays were recorded either on a low background scintillation detector (Nal) located at
about 600 mm from the sample, or on a 2D CCD array detector (Princeton 1242*1152 pixels). In
order to optimize the accessible domain of wave vectors, the sample-to-detector distance has been
fixed to 1138 mm when using the CCD detector. Only 1/4 of the surface of the detector was
irradiated. In order to check the film orientation, we made reflectivity scans with the Nal detector. A
special humidity control chamber designed at Centre de Recherche Paul-Pascal for free standing

films [relative humidity (rH) +/- 1%] was mounted on the goniometer. Two different geometries
2

were used: freely suspended films and open supported films. The size of the film was 10 x 2 mm
2

and 10 x 30 mm respectively. For both geometries, the chamber was oriented with the bilayer
plane parallel to the x-ray beam, along the y axis.

The various samples were prepared and controlled at CRPP before the run. We drew films
using samples at different compositions. We finally extensively studied 4 suspended films with a
lamellar phase without DNA (45% of water or more) and 3 open supported films with weight % lipid
/ weight % DNA = 2.

In addition to humidity calibration, the experimental procedure was to draw a film with the
neutral lipid / DNA / Water system. Figure 2-a is an example of the images obtained in the
reflectivity geometry, while figure 2-b displays the azimuthally-averaged intensity of the same
image as a function of the scattering wave vector. We clearly distinguish the second and third
order for the lamellar phase. The signal is clearly anisotropic with the Bragg peak reflections on the
vertical axis, proof of a very well oriented sample, as expected from a supported f|Im

The data shows the two harmonics of the lamellar scattering at q,,= =2nm and q, = =2.96

-1
nm , which corresponds to a first order peak (inset of figure 2b) of q,= 1.04 nm , very close to a,



-1
/ 2. The associated spacing is d = 6.28 nm , consistent with the thickness of the lipid bilayer (6 =
-1
3.7 nm ) plus a hydrated DNA diameter (2 nm). After a beam stop translation (inset of figure 2a
-1
and 2b) we were indeed able to visualise the first order peak (qlo = 1.04 nm ) of the lamellar

structure. In a more spectacular way, three additional peaks are observed on these images and
cannot be attributed to the lamellar structure. These additional reflections cannot be explained
either by an in-plane positional correlation of an intercalated DNA rod lattice, a centered
rectangular columnar DNA lattice or an inverted hexagonal phase as described in detail in the
literature for cationic systems.

2 2
The peak positions can be indexed to a 2D, hexagonal DNA lattice with q. .= V' h +k + hk inside

the lamellar neutral lipid phase as shown in figure 3.

The three DNA scattering peaks are indexed (1,1), (2,1) and (3,0) respectively. For the 2D
hexagonal phase of the DNA/water system, the systematic absence of the (2,0) reflection, which is
normally observed for such a lattice, could be due to the form factor.

As expected for an oriented hexagonal lattice with the DNA long axes parallel to y, the (1,1)
and (2,1) reflections are off the z axis. For a perfectly oriented sample (as shown in figure 1) the
(1,1) reflection (6 positions allowed) is expected to be +/-30 deg with respect to the z axis and the
(2,1) reflection (more intense with 12 positions allowed) will appear in the reciprocal space for +/-
11 deg with respect to the z axis modulo 60 deg. In the other case, an oriented sample with the
DNA long axis perfectly oriented along x will only show the (1,0) and (3,0) reflections along z. Our
data seems to indicate a DNA orientation degeneracy in the xy plane since the (1,1) and (2,1)
reflections appear at 18 and 36 deg with respect to the z axis respectively.

With this experiment, we got new information about the structure of the DNA/neutral lipid/water
system. Most importantly, we obtain for the first time a hexagonal DNA organization in a neutral
lamellar phase. This new phase has been found in a very concentrated system—that is to say with
a small amount of water. To our knowledge, this new phase has not yet been described in the
literature for any cationic system. Indeed, the cationic vectors are obtained by mixing together the
constituents in a one pot process. In contrast, we obtain directly a DNA condensation by controlling
the concentration and the mixing protocol in a lamellar phase of phospholipids. With this new kind
of DNA organization, the neutral (i.e. non-toxic) lipid system shows once again all its originality and
seems to be an excellent alternative to the cationic systems for non-viral vectors.

Using a home-made special chamber designed for humidity control, we obtained oriented samples
with supported films. This geometry allows the accurate description of the DNA orientation with
respect to the lipid bilayer. Our data demonstrate degeneracy for the DNA orientation in the (xy)
plane. High resolution is crucial in order to allow an accurate measurement of the scattering wave
vectors: the reflections on the z axis for the DNA and for the lipids signals are very close. The use
of the BM32 beam line was crucial for this experiment in order to obtain sufficiently high
instrumental resolution, maximum intensity and 2D detection. The relatively long experiment time
of 18 shifts was essential to be able to prepare the films, to change slowly and continuously the
relative humidity and to wait for the equilibrium. Following the success of the experiment, a
publication is currently in preparation.

Evolution de I'état de contrainte dans la cémentite de l'acier de cuve

16MND?5 au cours d'essais de traction a basse tempér  ature (-150C)

R. Pesci, M. Wary, D. Bouscaud FR 32-02-686
ENSAM/LPMM Metz

Alors que le remplacement de la plupart des réacteurs nucléaires est prévu aux alentours de 2010-
2015 (durée maximale d’exploitation atteinte), les aciers de cuve représentent un enjeu important,
car se pose aujourd’hui la question de 'augmentation de leur durée de vie ou leur remplacement
par de nouveaux matériaux. De vastes programmes de recherche expérimentaux et numériques
ont donc été lancés (en particulier par EDF et le CEA), afin d’analyser et de prédire le
comportement et les mécanismes de rupture de lacier 16MND5 (notamment & basses
températures, caractéristiques d’un refroidissement brutal du réacteur ou de la perte de réfrigérant



primaire, car sous l'effet de lirradiation, sa courbe de résilience est décalée vers les hautes
températures) : ces derniers dépendent en particulier de la distribution des contraintes par phase,
car la ferrite et la cémentite - respectivement phase molle et phase dure - n’ayant pas les mémes
propriétés mécaniques, elles ne vont pas se comporter de la méme facon. Cela passe par une
approche multi-échelles sur laquelle repose une meilleure identification de la microstructure et des
sites d’amorcage des fissures, la détermination de contraintes critiques, et que ce soit dans la
caractérisation expérimentale ou la modélisation. Grace a des manipulations « in-situ » novatrices,
il a été possible didentifier les mécanismes physiques d’endommagement de cet acier et de
déterminer par DRX les états de contrainte dans la phase ferritique qui y sont associés ; la faible
fraction volumique de cémentite (1 & 2%) rend en revanche impossible toute mesure directe dans
cette phase (aucun pic « exploitable »). Il faut donc un flux de rayons X beaucoup plus important
pour parvenir a exploiter les pics de diffraction associés a la cémentite : c’est pourquoi le seul outil,
la seule technique qui permette d’envisager ce type d’essais est le rayonnement synchrotron. Son
utilisation étant cependant « limitée », de nombreux modeles numériques tres performants ont été
développés, capables de reproduire correctement linfluence de la température constatée
expérimentalement, et de prédire par conséquent le comportement de I'acier 16MND5.
Qu'ils soient de type Mori-Tanaka ou autocohérent, qu’ils prennent en compte la taille de grain ou
utilisent le calcul par éléments finis, tous ces modeles prédisent que I'état de contrainte dans la
cémentite a basse température peut atteindre des valeurs proches de 3500-4000MPa (figure 1),
voire plus : ces valeurs peuvent se justifier assez facilement, puisqu’une simple loi des mélanges
utilisée au cours du chargement permet d’envisager les mémes niveaux de contrainte (fraction
volumique de cémentite estimée entre 1 et 2%).
Or, aujourd’hui beaucoup de personnes se demandent s'il est réaliste de penser que cette phase
peut effectivement supporter de tels chargements. C’est pourquoi nous avons essayé « lever cette
indétermination », pour valider définitivement les différents modeles développés, car la question de
la distribution des contraintes est
8000 fondamentale : elle conditionne

I I I I
L e e TR EE . S I 1 2000 tout le comportement de cet
L__|=Fermite | __L____ ’Z‘Jr ______ ] acier et les « prédictions » qui en
_ I T IS | S L T 6000 découlent (tenue en service des
g | | b | 1 5000 composants, durée de vie en
g T . T‘"‘UT ______ T fatigue, contrainte maximale ou

g T o0 N oo 14, “““ T - 4000 a rupture...).
R H . s R CTTT 3 3000

= T A---- b —H —————— o bl 2000 La géométrie de la machine de
L. S —-is D ) BT £ o T I traction (éprouvette plus basse
Ll L . _ __j_{ ______ 2 _hwl 1000 gue certaines parties de la
! ! : 0 machine) combinée aux
49 50 o e e aR mouvements  du goniometre
Angle 26 () présent sur BM32 ne
Balayage en@ pics de cémentite et ferrite permettaient pas des analyses a

des angles y suffisamment
élevés et variés. En outre, la présence éventuelle d’'une texture dans la cémentite était inconnue.
Les éprouvettes ont donc été chargées ex-situ a froid jusqu’'a la contrainte maximale, puis la
contrainte dans la cémentite a été déterminée aprés décharge, afin de conforter la validité de nos
mesures (angles y compris entre 0°et 70°dans ce cas).
Les mesures ont été réalisées juste en dessous du seuil d’absorption du fer, a une énergie de
7keV. Aprés un balayage en 26, les plans {211} de la cémentite ont été choisis, car ils présentaient
le meilleur compromis « pic de diffraction intense/temps d’acquisition raisonnable et angle 26 le
plus élevé possible » (figure 2b) ; les utilisateurs ont également décidé d'acquérir
systématiquement les
pics {110} de la ferrite (temps de comptage beaucoup plus faible), afin d’avoir une idée de I'état de
contrainte dans cette phase et un point de comparaison avec les analyses in situ réalisées au
préalable par « DRX conventionnelle » dans cette méme phase.
Les analyses de contrainte ont donc été réalisées dans la ferrite et la cémentite aprés décharge, et
les écarts de contrainte constatés entre ces deux phases et la contrainte macroscopique ont
ensuite été



reportés au dernier point de charge (figure 3). Les résultats montrent que la contrainte dans la
ferrite reste proche de la contrainte macroscopique, avec un écart qui ne dépasse pas 120MPa +/-
40MPa, ce qui est tout a fait comparable a ce qui a été déterminé auparavant par DRX. La
cémentite, elle, est beaucoup plus chargée, puisqu’elle atteint des valeurs de contrainte proches
de 2200MPa, avec une erreur estimée toutefois a +/- 300MPa : cette valeur de 2200MPa est bien
plus faible que celle prédite par les différents modeles, qui I'estiment supérieure a 6000MPa si I'on
considére une fraction volumique de cémentite de 1,2% (fraction volumique déterminée par
diffraction en dispersion d’énergie ; une deuxieme estimation par diffraction des neutrons est
également en cours).

Ces expériences nous ont donc permis d’estimer la contrainte maximale que peut atteindre la
cémentite au cours d'un chargement a -196T : 2500MPa. Toutefois, I'objectif initial étant la
détermination in situ de I'évolution de la contrainte dans la cémentite de I'acier de cuve 16MND5 a
-150C (premiers essais de traction in situ de leur genre), des analyses complémentaires vont étre
demandées par lintermédiaire d’'une nouvelle proposition d’expérience. Pour cela, nous
envisageons d'installer un berceau d’Euler supplémentaire sur la ligne BM32 et nous allons
construire une nouvelle petite machine de traction capable de solliciter les éprouvettes a sa
surface (donc permettant des analyses de contrainte in situ « sans obstacle », a tous les angles
W): cette derniére spécificité étant visiblement tres recherchée - notamment au sein de 'ESRF -,
des discussions ont déja eu lieu avec des responsables d’'ID15, afin que sa réalisation se fasse
conjointement.

Size and structure dependence of the catalytic acti  vity of supported

gold nanoparticles for CO oxidation 32-02-688
M.C. St-Lager, R. Lazzari, P. Dolle, S. Garaudee, M . Mantilla, J. Jupille,H. Cruegel,l. Laoufi
CNRS- Institut Néel Grenoble/ Institut des Nanosciences Paris

In the previous experiments, equivalent gold thickness between 0.4 to 3 gold monolayers (ML),
were explored (RE n°Sl1459, n°32 02 648 and ref [ 1]). The quantitative analysis of the GISAXS
pattern was performed using the dedicated ISGISAXS software. The growth was found 3D and the
particles were best modeled by a truncated sphere. The size of the nanopatrticles, in UHV, ranged
from 2 to 5 nm. The reaction rate per Au atom measured at 470 K was seen to increase as the
cluster size decreases. Particles of size lower than 3 nm were stable under oxygen but sintering
occurs when CO is added at 470K. That dimension coincides with the switch which was previously
observed from nucleation-growth, with particles pinned on defects, to coalescence where particles
become independent of defects. However we did not succeed to simultaneously measure the

Figure 1 : Grazing incidence Small X-ray Pattern of 0.8 and 0.2 Au monolayers deposited on rutile (left)
forming nanoparticles as shown on STM image (right).

activity and the size of the clusters by GISAXS. The link between them was obtained by
complementary experiment at the laboratory. During the June campaign at ESRF on BM32, we
succeeded to do simultaneously such measurements; moreover we also performed GIXS (or
Surface X-ray diffraction) and get the structure and the lattice parameter in the gold nanoparticles.



We extend our study to smaller coverage, down to 0.1 ML. Figure 1 shows examples of collected
GISAXS patterns. For coverage, higher than 0.4 gold ML, there is one correlation peak on each
side of the beam shutter footprint (which masks the reflected beam). In that case the interparticles
spacing is centered around one value. In the case of thinner coverage, as illustrated for 0.2ML,
there are two correlation peaks which correspond to two distances (one being close to the
beamshuter). This is consistent with STM images (see right hand of figure 1), recorded for similar
coverage, that shows clusters localized along the step of the substrate terraces, with two mains
distances: along the step and perpendicularly.

As previously, we observed, that under exposure to millibars of the reactive gas, particles were
stable for equivalent coverage thicker than 1 ML, even under the reactive mixture 02+CO at 470K.

This 1 ML corresponds to particles with 3 nm size. Below they are instable and sintering occurred.
Data were collected under CO and O2 alone, and CO+O2 at several temperatures in order to

understand the sintering driving force, especially to determine the role of the increase of the local
temperature due to the exothermic conversion of CO into CO2 The analysis is presently under

progress.

Whatever the gold coverage thickness, we were able to measure at 470K the CO conversion into
CO2 even for 0.1 ML. Figure 2 shows the rate per Au atom as a function of the deposited quantity.

The results, obtained during the preparation at the laboratory follow the same variation as this
found at ESRF during x-ray measurements, with a maximum for around 0.2ML. On figure 3, the
rate (green curve) is plotted with nanoparticles parameters, as deduced by GIXS performed in the
same time as the reactivity: diameter (horizontal axis), cluster height (red curve with the right hand
vertical axis) and gold nanopatrticles lattice parameter (black curve with the left hand vertical axis).

The ESRF experiments being recent, the whole analysis is not complete, but first very important
conclusions can be already drawn:

- The rate of CO conversion into CO2 presents a maximum around 2.5 — 3 nm

- At the maximum, the particles clearly kept a 3D-character with at least 6-7 atoms-heights.
- A significant lattice contraction is evidenced.

The rate variation confirms the maximum in turnover frequency (TOF) observed by Valden et al [4]
but it discards the metal non-metal transition (quantum size effect) as suggested by these authors.

On the other side it seems to be contradictory to models that attribute the activity to the increase of
low coordinated sites concentration when decreasing the size, with no maximum. However,
previous work shows that surface activity diminishes with a lattice contraction.

The open questions are thus: Is the measured lattice contraction enough to explain the observed
drop of the activity for the smaller sizes? Does the substrate reducibility play a role or not in the
behaviour of the activity versus size curve?

Grain Orientation and Full Strain/Stress Tensors Ma  pping

in He Implanted UO2 Nuclear Fuel Using  p-Laue Diffraction

H. Palancher, P. Martin ESRF MA 452
CEA-Cadarache/Dir. Energie Nucléaire

This work is part of the PRECCI project (CEA, EDF) dedicated to the study of nuclear fuel (UO2)
microstructure evolutions in conditions of long term and interim storage. In that framework, one of
the main issue is related to the behaviour of the significant quantity of the helium produced by the
actinides alpha decay in the UO2 pellets. The main aim of this work was to derive mechanical data
from He implanted UO2 polycristalline disks.

After anneling of He implanted UO2 polycristalline disks (9 pym in diameter), it has been recently
shown by nuclear reaction analysis at the micrometer scale (u-NRA) that [1]:

- grain boundaries act as short cuts for He diffusion,

- He diffusion is furthermore significantly enhanced in the vicinity of grain boundaries from a
temperature of 900<C.
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The main aim of this work was to characterize the full strain/stress tensors in the UO2 in the centre

Fig. 2: Grain orientation map compared with an optical micrograph
of the same UO2 polycristalline sample (He implantation followed by
a 1 hour annealing at 1000°C). Numbers written on t he grains help
for combparison.

of the grain and at its periphery.
In that view, 2D mapping using
micro-focused Laue  X-ray
diffraction measurements were
required since this technique
enables the localization of grain
boundaries and also the
determination of the
strain/stress tensor.

The samples of interest were
UO2 sintered polycristalline
disks, the average grain size
being around 9 ym. He (500
keV) implantations and
annealings were performed at
the CEMHTI laboratory. Three
kinds of samples have been
analyzed during this
experiment: (1) non-implanted



(fresh) samples (mono and polycristals), (2) as He implanted samples, (3) He implanted and
subsequently annealed samples. Based on u-NRA results, two kinds of annealing conditions were
selected:

- in the first no He depleted zone had been observed at grain boundaries (typically 1 to 4 hours at
800C),

- in the second thick depleted zone were evidenced: this is the case for temperatures higher than
900 and short durations.

The influence of sample preparation on the stress/strain in these three kinds of samples has also
been evaluated. 12 samples have thus been characterized. They were conditioned under kapton
tape for safety reasons.

The conventional set-up of BM32 set-up for y- focused X-ray diffraction in Laue mode has been
used. The size of the pink X-ray beam has been reduced down to about 1x2 pmz2 (HxV). To be
more sensitive to the He

implanted volume in the sample which is located at 1.0+0.5 ym under the sample surface, the
energy range of the X-ray pink beam has been restricted: at the beginning the natural range was
used (5-28 keV) and successive limitations were performed first at 16 keV and then at 13 keV. This
energy range reduction does not affect significantly the accuracy of the calculated mechanical
data: the number of Bragg peaks measured

on the CCD camera remains large enough for good statistic. On the UO2 single crystal used as
reference, 21 Bragg peaks have been found with the 5-13keV energy range (cf. Fig.1). At 13keV,
X-ray penetration depth into UO2 was about 7 um (IR/I0=10%).

During this expriment, 2D y-XRD mapping has only been performed using a pink X-ray beam; for
this reason only the deviatoric part of the strain tensor could be determined. Preliminary analysis of
these data shows that whatever the sample preparation methodology, only as-implanted samples
present a streaking of Bragg peaks (espacially those measured at high 2q angles). This streaking
is directed towards the center of the camera. For annealed samples this streaking has not been
observed demonstrating that only elastic deformations remain. To illustrate the strong deformations
in UO2 caused by He implantation, it must be added that average von Mises stress in the as
implanted samples is close to 1000 MPa whereas this value reaches only 100-200 MPa in fresh
polycristalline UO2 disks. This stress in the as-implanted samples has been obtained by taking into

Influence of the energy range of the X-ray beanthennumber of peaks measured on the same UO2 single
crystal. From left to right: 5-28keV (129 peaksiid), 5-16keV (43), 5-13keV (21 peaks found).

account only the corresponding Bragg peak part .

Conclusions:

In this first experiment, the interest of Laue diffraction using micro-focused X-ray beams for
strain/stress study in polycristalline He implanted UO2 has been demonstrated. Specificities of the
UO2 matrix have been

overcome. Further calculations are ongoing to characterize quantitatevely the stress gradients
along the grains after the different annealing treatments to establish definetly whether this variation
may be correalated with the He depletion.

On each of the 12 polycristalline samples, a 58x30 umz2 u-XRD mapping (HxV) has been carried
out using this last energy range (5-13keV). XRD Laue images were analyzed with the Xmas
software package. If only the most intense Bragg peaks are considered, the automatic indexation
procedure leads to grain orientation maps in excellent agreement with optical micrographs (cf. Fig.



2). However, it must stressed that despite the band pass reduction of the X-ray beam energy, a
very large amount of Bragg peaks can be found on all images collected on polycristalline samples:
about 200 peaks are identified that correspond to an unexpected high number of grains (10 grains
defined by more than 10 Bragg peaks). It is very difficult to interpret those results by just comparing
the measured size of the X-ray beam (2x1um3), the crystallite size (6 to 9 um diameter) and the X-
ray penetration depth into the matrix (7um). Most probable hypothesis at this step is that the
conventional method for defining the X-ray beam size which is based on the full width at half
maximum, is not relevant when dealing with the characterization of a matrix containing heavy
scatterers like U (Z=92e-). In this case, the X-ray beam appears to be larger.

lll. 4. Autres expériences menées en 2007-2008 sur GMT

X-ray microdiffraction on a single-crystalline copp er micro-tensile specimen

J. Keckes, O. Thomas, C. Kirchlechner, N. Vaxelaire , K. Martinschitz ESRF MA 451
Universitat Leoben/ E. Schmid Insitute of Materials Science (Austria)/ CNRS —Université Marseille
IM2NP

Stress tensor determination and crystal orientation evolution during uniaxial loading of

a copper bicrystal

T Hoc et al. ESRF MA 555
Ecole Centrale Paris

Grain growth during annealing of sub-micron copper lines used for interconnections

S. Labat, B. Kaouache, O. Sicardy, O. Thomas F R 32-02-676

CNRS-IM2NP Marseilles/CEA-Grenoble-LITEN

Commensurate - incommensurate phase transition in ¢ hiral liquid crystals investigated by
resonant scattering of x-rays

P. Barois et al ESRF SC 2457
C.R.P.P. CNRS/Université Bordeaux

Analyse de coupes stratigraphiques de peintures de chevalet par micro-diffraction de Laue.
E. Dooryhee, P. Martinetto, C. Dejoie, E. Wellcomme , J.L. Hodeau FR 32-02-681
Institut Néel, CNRS Grenoble/ LRMF CNRS Paris

Thin film delamination study during in situ compres sive testing by Scanning micro X-ray
Diffraction

P. Goudeau, G. Geandier FR 32-3-687
LMP, UMR 6630 CNRS - Poitiers

lll. 5. Développement de I'analyse de la microdiffr  action

Contexte et objectifs :
Depuis deux ans nous développons un code d'analyse et de traitement des données de
microdiffraction adapté aux images collectées sur la ligne BM32 et dans le but de répondre
rapidement aux demandes des utilisateurs pour des besoins et des outils spécifiques. Il s’agit a
terme de disposer d'un outil comparable a celui développé par N. Tamura (ALS, berkeley). Nos
motivations nous poussent a réaliser un logiciel ouvert, flexible, modifiable, évolutif permettant
ainsi :
- d'accueillir facilement de nouvelles fonctionnalités
- d’améliorer notamment les performances de calculs en terme de rapidité (cf. analyse en vol
a I'image de ce qui se fait en Electron Back Scattering Diffraction (EBSD))
- de donner la possibilité a une communauté de contrdler toutes les étapes de I'analyses et
les modéles théoriques employés.



Nous avons choisi un développement en langage python (OpenSource) qui facilite le
développement d’'un code scientifique et de prototype logiciel. Il bénéficie d'acces simple a des
bibliothéques graphiques et de calculs rapides (C, Fortran). L'avantage de ce choix est gu’il I'offre
la possibilité aux utilisateurs d’analyser les données a l'aide d’'une interface graphique ou par le
biais de commandes (mode intéractif ou sous forme de macros).

M Create and Select Grains

Element g, bt Rot. Matrix Euler Angles Auta, Mame Selected Grains List for Smulation Spectral Band (keV)

|uoz lloefak w]  [masts w|  [deniy | [CEEDOE  v| [Indexed | Grain Hame Element |
Grain_0 Cuoz EnErgy; un: 5 N
Strain_1 Grain_1 FCC
i i Energy max: |
Grain_2 Loz 25 el
B T — m|Strain_4
Grain Mame Element: at bt Rot, Matriz | Euler Angles .
Grain_0 Cuoz Default mat103 Tdentity Strain_3 b ichaneRl: RetBist, vy w0
Grain_1 FCC sigma’3_2 mat103 Identity Unstrained
Grain_2 uoz Default mat3l3 Identity Strain_3

Add Grain

Plot Parameters

% Cameraon top Dt Ciam, {mm}; 165
" Camera on side + xcen (pix): a7
" Camera on side - ween (pix) 1034

File Parameters
Directary

Select | Current |

[ Save File

" Manual W sim
@ puto, Indexed  |mySimul_ sim
I create .cor file |mySimal_ .car

Simualate
Select Selectal I Unselect | Unse\ectAHJ Delete | Deleteall I

Interface graphique de simulation de diagramme de Laue de polycritaux.

Le développement de ce logiciel s'inscrit aussi dans une démarche générale a I'ESRF
(" « upgrade » de 'ESRF comporte un volet de traitement de données) d’analyse des données
toujours plus volumineuse et orientées vers le traitement en ligne. Certaines méthodes
développées ici peuvent étre adaptée pour d’autres techniques de caractérisation a l'aide de
rayons X ou non (diffraction neutron, microscopie électronique, kossel)

Le traitement des données issues des mesures de microdiffraction comporte les étapes
essentielles suivantes: 1) recherche et mesure des angles de diffraction 2) la calibration du
détecteur 3) lindexation et 4) détermination des déformations/contraintes 5) la cartographie
automatique.

Cette année, une interface graphique a été réalisée permettant a I'utilisateur d’'indéxer
manuellement les images. Il peut au préalable déterminer les paramétres (et d’en apprécier les
effets) en vue d’'une indexation automatique. En plus de sa transparence, I'indexation manuelle est
aussi un atout (par rapport au programme XMAS) car elle permet de résoudre des cas complexes
(généralement beaucoup de pics ou pics éclatés au positionnement incertain), donnant la
possibilité a I'utilisateur de fixer les paramétres avant et pendant I'indéxation (resp. choix du jeu de
pics et seuils de décision).

Au bout de deux ans de fonctionnement de l'instrument et d’écriture de méthodes d’analyses, nous
pouvons dégager les besoins en fonctionnalités nécessaires et les axes de travail a suivre.

Recherche et mesure de la position des pics :

L'analyse des données repose au départ sur la mesure de la position de pics de diffraction sur le
plan du détecteur 2D (image 2D intensité diffusée en fonction de x)y). La
pertinence/dispersion/précision des résultats repose sur cette mesure qui correspond a I'extraction
correcte des 2 angles de diffraction correspond a chaque pic. Si cette extraction est aisée pour les
monocristaux, elle peut devenir difficile en raison de limitations instrumentales...:

-résolution du détecteur (pixélisation des taches)

-statistique de comptage déterminant le nombre de pixels (émergeant du bruit) contenu dans un pic



il

Morphologie de la réflexion de Bragg en fonction de la nature des plans réticulaires sondés
pour un méme grain. La détermination correcte des contraintes nécessite dans ce cas une
analyse plus fine de l'origine de I'éclatement (distribution orientations et/ou déformations) afin

...mais aussi surtout celles liées au matériau étudié lui-méme :

-élargissement (dans une direction seulement) due a I'épaisseur de la zone sondée
-forme non circulaire voire pic éclaté d'origines multiples: distributions de déformations et
d'orientation, méme dans un volume de quelques microns cube et élargissement di a la
présence de défauts (dislocation, plans de glissement, ...).
Objectifs 1:
- Simuler en fonction de modeles prédéfinies ou entrés par I'utilisateur la forme des pics ou
groupe de pics
- Adapter alors I'extraction de l'information contenues dans chaque pic ou groupe de pics
(barycentres, largeurs, ) en fonction de modéles prédéfinies ou entrés par I'utilisateur pour
aider I'indexation et améliorer la précision sur la détermination des contraintes

Calibration :

Elle consiste a déterminer la relation entre tout point sur la caméra (coordonnées en pixel) et deux
angles définissant une direction de diffusion (vecteur d'onde final). A partir d'un cristal de référence
connu ou facilement identifiable (en général considéré comme non déformé), on cherche les 5
parametres de la caméra minimisant les positions calculées et celles mesurées (par une méthode
des moindres carrés par exemple).

Cette procédure est en cours d’achevement. La détermination des paramétres est délicate et
converge vers des solutions numériques sans réalité expérimentale si I'on part de valeurs trop
éloignées de la solution. Des efforts sont donc fait actuellement pour rendre cette procédure la
plus automatique possible.

Obijectifs 2 :

- Prise en compte du décalage de position des pics en fonction de I'énergie (profondeur de
pénétration variable)

- Localisation de la profondeur des plans diffractant a I'origine des pics (cartographie 3D),
par triangulation (détecteur a plusieurs distances) par la méthode d’'ombrage par un fil
micromeétrique mobile et absorbant.

- Auto-calibration (avec un nombre suffisant de pics, la calibration peut étre effectuée a partir
des pics d’'un grain aux parametres de maille inconnus).

Indexation :

Elle consiste a attribuer pour chaque pic un grain d'origine et une famille de plan réticulaire
(indices de Miller (hkl)).

aLa méthode de base d’indexation, utilisée pour les monocristaux, consiste a choisir 2 ou 3 pics,
a comparer la ou les distance(s) angulaire(s) les séparant a une table de données ; si aucunes
correspondances n’est trouvée, on choisit d'autre pics, jusqu'a trouver une solution. Dans le cas de
matériaux polycristallins, cette méthode peut s'éterniser et/ou par coincidence aboutir a des
résultats erronés.



Pour remédier a ces blocages, nous avons implémenter des méthodes de présélection d'un jeu
de pics possédant une plus grande probabilité d’appartenir au méme grain (par défaut sélection

par ordre d’intensité des pics) :

- algorithme de recherche de « cliques » de la théorie des graphes
- reconnaissance des principales réflexions en fonction de la position caractéristique des

autres réflexions au voisinage

- reconnaissance d’'un axe de zone fonction de la répartition angulaire caractéristique des

pics qu'il contient)
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Aprés avoir indexer tous les
pics appartenant & un grain,
il est souvent souhaité
d'indexer les pics restant
correspondant aux autres
grains.

La méthode simple consiste
a partir d’'un jeu de pics ne
contenant pas ceux déja
indéxés. Toutefois s'il existe
une relation de symétrie
entre les orientations de
deux grains, des pics de
Laue seront communs aux
deux diagrammes
correspondants. Dans ce
cas, l'indexation du premier

grain aura retiré des pics du
jeu de pics pour I'indexation
du second. Cette derniere
peut alors ne pas aboutir ou
donner une indexation
partielle sujette a caution.
Pour lever toutes
incertitudes et répérer les pics non communs (possédant qu’un seul triplet hkl), nous avons donc
construit des outils de simulation de diagrammes de Laue afin aider et d’achever I'indexation de
grains en relations de macle, configuration assez courante dans les matériaux étudiés sur BM32
(relaxation des contraintes apres traitement thermique).

X
Projection gnomonique des pics révélant immédiatement la contribution
d’au moins 2 grains par lintermédiaire des axes de zones (points
alignés). A lintersection des axes de zones denses se trouvent les
principales réflexions de Bragg (faible indices hkl) : on remarque un pic
de symétrie 3 (111) en haut a droite. L'intensité des pics est traduite par
la couleur et la taille des cercles.

Pour éviter cette démarche séquentielle, qui peut s’avérer longue et mener a des indexations
érronées des derniers grains, nous avons élaborée une méthode alternative permet de reconnaitre
plusieurs grains a la fois.

La réduction des données (positions des pics) dans un espace adéquat (cf. rapport au CA
précédent) et leur comparaison a une base de données préalablement établies en
échantillonnant I'espace des orientations (par pas de 1° pour linstant), pour une structure
cristallographique donnée, permet de classer plus efficacement les pics en fonction de leur grain
d’'origine. L'indexation des pics de plusieurs grains est alors opérée simultanément, en étant moins
sensible aux bruits et coincidences de positions. Une méthode numérique ingénieuse élaborée par
E. Rauch (CNRS SIMaP/GPM2 St-Martin d’Heres) réalise la comparaison de maniere trés rapide
(moins d’'une seconde pour une base de 180 Mo).
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Dlagramme de Laue (cercle pleins : données experlmentales cercles vides rouges : 5|mulat|on ) dun
polycristal de CdTe comportant deux grains en relation de macle possédant des pics communs (deux
indexations possibles, exemple pic central : (111) et (-511)). Pour I'analyse des déformations des 2 grains,
il faut considérer seulement les pics propres a chacun des grains.

Objectifs 3:
- Mise en place de I'indexation automatique de plusieurs grains

- Introduction générale des macles ou d’éléments de symétrie spécifique (regles sur les
indices hkl)

- Introduction générale des données matériaux (lecture d’une base)

- Utilisation d’'une indexation préalable venant de I'utilisateur ou d’'une image adjacente de la
cartographie ou I'indexation est plus aisée.

- Estimation des performances des méthodes en fonction du nombre de grains et du nombre
total de pics (temps et taux de réussite d’indexation)

Détermination des déformations
Des procédures ont déja été écrites. Elles sont analogues a celles utilisées pour la calibration. Les
premiers essais montrent que la convergence, rapide, vers une unique solution physiguement
réaliste nécessite un soin particulier sur la précision des données (position des pics) et le nombre
de pics impliqués lors de la méthode de minimisation.
Objectifs 4 :

- Achever I'ajustement des déformations

- Laisser le choix a I'utilisateurs du jeu de pics impliqués (nombre, principales réflexions, en

fonction de l'intensité ou de I'énergie correspondante,...)
- Estimation des barres d’erreur sur les déformations/contraintes

Automatisation et cartographie :

La mise en place d'un tableau de bord pour I'automatisation de I'indexation pour une série
d’'images ne devrait pas poser de problémes. La gestion du produit du I'indexation automatique,
notamment la navigation a travers la base de données de résultats mérite réflexions afin de
privilégier I'ergonomie et répondre avec souplesse a la diversité des demandes des utilisateurs
présentes et futures.



IV Surfaces/Interfaces/Nanostructures en ultra-vide (SUV)

IV.1. Introduction

Personnel

L'équipe SUV (Surfaces Under Vacuum) est composée de deux chercheurs CEA (T. Schlli
et G. Renaud), d’'un ingénieur de recherche CNRS (H. Tolentino) et d’'un chercheur CNRS (M.de
Santis). Depuis le départ de Marion Noblet-Ducruet, le support technique sur SUV est trés
insuffisant. L'aide d’Olivier Geaymond et I'embauche pendant 9 mois d'un jeune technicien
intérimaire ont permis de réaliser le plus gros du travail technique, mais aucune embauche stable
n'a fait suite & ce contrat. L'instrument SUV, techniquement trés complexe et demandant un suivi
guotidien, nécessite le travail d'un technicien dédié, a plein temps. Il est donc urgent de débloquer
'embauche d’un technicien sur cet instrument.

Développements

Les développements techniques majeurs de cette année, la nouvelle téte goniométrique et
les nouvelles fentes, développées au SERAS, sont présentée dans le premier chapitre de ce
rapport. La nouvelle téte goniométrique a été concue pour apporter une bien meilleure précision
gue la téte actuelle, indispensable pour certaines expériences. Les nouvelles fentes de définition
du faisceau et de détection sont elles aussi tres précises, adaptées au fonctionnement sous
vide et au trés faible encombrement dont nous disposons.

Faute de support technique, les travaux d’amélioration de la chambre de caractérisation et
ceux du support de la chambre ont encore été décalés.

Linstrument est actuellement (fin octobre 2008) completement démonté, et les piéces
stockées en divers lieus de I'ESRF, afin de laisser le champ libre aux travaux, en-cours,
d’extension de la cabane expérimentale.

Activité scientifique

Nous résumons ci-dessous les principaux résultats des expériences réalisées sur la
période novembre 2007-octobre 2008. De plus en plus, les expériences demandent des mesures
combinées de GISAXS et de GIXD durant la croissance. Elles montrent les limites de l'installation
actuelle, et le fort intérét d’agrandir la cabane, de fagon & améliorer et les expériences de GISAXS
(longueur) et celle de GIXD (détection 1D et 2D).

In 2007/2008, the trend already visible in recent years, namely the growth of complex
structures and co-deposition of several materials was confirmed to dominate largely classical
surface physics topics. The combination of Grazing Incidence Small Angle X-ray Scattering
(GISAXS) and Diffraction (GIXD) offers ideal and almost unique possibilities to access structural
parameters on a vast length scale from subatomic distances to particles of 100 nm. It is especially
the opto 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 :

Scientific Highlights in 2008: Publications on func tional nanostructures

The following two publications give an example how in situ x-ray scattering can bridge the link
between structural and functional properties of nanostructures. Catalytic nanoparticles in the first
case, magnetic ones in the second case:

P. Nolte, A. Stierle, N. Y. Jin-Phillipp, N. Kasper, T. U. Schulli, H. Dosch,
“Shape Changes of Supported Rh Nanoparticles During Oxidation and Reduction Cycles”,
Science 321, 1654 (2008).

conducting order parameters include a finite mo-
mentum —q. (O, D) s the gauge invanant
gradient. Inoducing the magnetic field allows

one o couple M, in lincar order o preserve tme- Sha Pe Cha“ges 'ﬂf s |.| P PO“Ed

reversal symmetry, These combinations allow for

a seeond-order phase ransition within the super- Rh Na“opanic‘es Duri“g OXidatia“

conducting phase and a first=order transition to the
nonmagnetic normmal state. For the coupling term d R d = c I
V4. no magnetic structure 15 induced for fickds H || a“ e u{:tlun vc es
[100]. Grven the weak dependence of the Q) phase
on the magnetic ficld orientation in the basal plane, P+ Nolte,® A. Stierle,** N. Y. Jin-Phillipp,* N. Kasper,® T. U. Schulli,® H. Dosch*
our measuraments suggest the presence of a V) or
I3 coupling term, inducing the finite-momentum The microscopic insight into how and why catalytically active nanoparticles change their shape during
even-parity T's state or the odd-parity Ty state. oxidation and reduction reactions is a pivotal challenge in the fundamental understanding of

This Landau theory shows that incommen-  heterogeneous catalysis. We report an oxygen-induced shape transformation of rhodium nanoparticles
surate magnetic order iniduoes 2 siperconducting 0N magnesium oxide (001) substrates that is lifted upon carbon menoxide exposure at 600 kelvin.
gap lunction that carries a finite momentum—he A Wulff analysis of high-resolution in situ x-ray diffraction, combined with transmission electron
first experimental evidence of a superconducting — microscopy, shows that this phenomenon is driven by the formation of a oxygen—rhodium—oxygen
condensate that cames 8 momentum. However,  surface oxide atthe rhodium nanofacets. This experimental access into the behavior of such nanoparticles
wie show that this state may not arise purely from  during & catalytic cycle is useful for the development of improved heterogeneous catalysts.
Pauli paramagnetie efTeets and the formation of'a
new pairing state between exchange-split parts of Mdm industrial chemicals and fuels are  contam metals in the form of nanoparticles

the Farmi surface, a state commonly known as synthesized with the use of heteroge-  (NPs). The direet study of these catalysts s chal-
the FFLO state ({6, 17). In the FFLO sate, the neous, solid-phase catalysts that offen  lenging, and model catalysts such as smgle crys-
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ok ond vicinal surbices have heen cxtensively
mvestigatead and have provided  mpostant e
sights { /=31 The aneming challsnge for b
] wewemrch st previcke a deti bad mioroscapic
uncdersamn ding af the diflesem physial and cheme
cal prcesss tha ke plae at MPs during -
hyiic rmacticoms. Abthough thane 5 a comenas that
W shenild exhitit enhamoed casaly tic activity bes
camrse (i) they posses an momescd muomber of unces
coomlirmted atoms and (i) chitfiment kowsinckes facst
coexkd [which shookl Balitade mass reepod and
therchy Tl kinctic bamiers kienen fam single
crystal sanfaces ()], 0t & il an apen guestion as
o whether the matallic ar the oxidined stde of
thee particls is the aahtically mome adive phase
[l Frehehwood versus Mar-van Kevelen
mectamian (5, 8. During aetahvte cyching expes
s, WP unddemmo evenibile she chanses
ar aeocivied with cyclic shape changes, nuderial

Ameny the mumy oy tically active metals,
the & tms ition metals [Ra, Bh, P, ancd Ag {75
az: Fincling incrassed use in arganic reaction:., the
synthesis albolomally actve componed s under
sutficiemly makl comd o, and the treatment ol
comaminatel water. Bh i a wel Bosnyn catabyst
fiar byl mimrban ame U0 oxklaon, o well as fir
MO, rechction m thresvway o adabyss (VL
Fzoem ex ponmemal and theonstical studies o Fdd
tratrsi i et sin ghesorys ] s e comried out
near dEmospheric presaies suegeid dhat ther
catalyticactivities ax reled to an ulmthin metal
axkle Almon the mrlaa: (5, M=) In the case
al’ Bh, a hesagonal (b0 nbver simochone
lorms basially indepemdently ol the =srface
ericra km whenev erthe axyeen chemical potens
il & newr dhad ol the bulk odde (15, 13, 140 To
ke, it 15 mad clear i such surbice oades do aka
lorm om the clitfenem ook of MNP and, i sa,
whether they are relevant in oxludml catal ysis.

In the posd, tansmission eledmn micrscapy
{ TEN ) b < howen that matal NP undersn shape
changes = a finctom al’ the gas comgesitan
{ S5=F 7 Scanming armeling micmsoopy ogere
s on e top 2ot o Filat NP have flhosrated
axyeen=mduced supersructums at the edges of
chilfewemt laozts {75), and neconily, the shape al’
umsppEmiced Pl and Bh NP was imvest sgwted by
demwity finctiomal theory as a fmction af the
axygen chemical patortial wsing the Wl cone
structim (VL The msmils ol these oupen mems
prove that sorfaor axides sahilia the lowemdes
100y (110 mnd (111) Boots at chemical o=
femtiks mer that o bk axide Bmation, which
mesults i an overal | rounding of the NP

To up e our microso pic undarstancdmg af
the catabaic activity of NP, e niemly e
tween the shage and s e change ol the NP5 and

Pl i K Motallar achu g, Mok nbo gsirame 3
D-7055°5 Shumant, Gonmiany. irecint Man dnces of Cryagdnind
Sarviar de Fhysdgua des Manddai of des MK Snennes,
Commiss it 4 [Energle Momigue, Gronable, 32054 Grenabla
o 105, Framce.

To wham covepadme shoud be addresed. Esmailk
sdagEmlmpg.de
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the exichnonfreduction priass mua be cvabe
lishecl, Hese, we rgpartan o sita highsnesalution
xeray diffection (XRD) study of cpizaal Rh
W5 an Mg} durmg axidiring and reducs
tem ractions, which uncovers a reversihle Boct
raurangementol the MM in dired relation to fhe
femmasti na Fenoppens mchoad] mpers nchres. From
& cpeemtie ive amahysh al’ the extoxlad recgrocal=
s e tha have baon recosdad from e Bh
mnateas 2t deatd fempersurs and under
varyng gas atmosqpheess, weocam acorss the avew
ape W s hape and sime w ith atomicresahition and

atvin rabaet domic imsights o the stmotme af

the mrface oxide rming an the o

The XHD exporments were perlommed at
heamlme OW32 of the Mumpen Synchrotwon
Racdiation Facility and atthe Max Phnck heama
lime af the Angdsm Cuclle Karkrihe, The phos
fem enezgics wene 1 LM aned L5 ke, respectnachy,
The m situ wray ambyse vas complemenied by
highersalution TEM (HRET EM) periammesd m a
JECL 1250 atomicsnesalut ion mocmscope that is
opaaicd @ 1250 kY (20

In fhe brsdt experimeanial setip, we dgosided

the Bh NP5 in sit o a suhstme lempendsre o

70 K in the OMA2 uhmbhigh vacmm (L)
murtace XRD chamber, afier ckaning the Ma()
sibstrates by spusicring and amahing . uncer
axymen w@mosphare (200 Aber the groesth and
an initial exiclatomfraduction cwcle, the amphke
wass -anneaded ad 970 K to achieve tho aqoilibe
rrm shape of the NPs, Widesanz ke o (Taction
rcipmakspac: mapping and gaemng-nckdenos
srnalhanghe soattarmg ({6 BAKS ) wese perkrmed
simulamas by (200 In the second expenmens
tal =etup, Bh was deposited an Mg in a labe
arsicry LY chamber, anneaded at 870 K., ancd
the samp ke was sibhsauently tans famed mio a
parahle LY XED dhamber, which was shipped
o the syochratron mchisieon faciliy while main=
txinimg LW conditions. The epitaxial relution

Fig. L A0 Shematic p
represeniniian al ihe
parficle shape for o
haed HPa, The Laeral
partiche sive i charse-
terized by g dyZ Mg
ts et by e 2 0 +
Mgl el e mitidng edge
atons by M. For & Wil
dhapee] guaificle fotthout
subeirae], ML = Ny and
Mg = My — M (251 4B)
{110) plane recipm:d-
ipace mag ol dean Rh
NP4 an Mgiool) wih
2 arvemge Bieral <is dl
B i ez bulk coordinades
&g usestl T ghoul the
tex, il nol othewise in-
dicated, The white bax
inclicates the ama lor
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hetween the Rh WPs and the Mgl subsirse was
determimed  Fom recipocalspace scams in highe
symumany dmctions. We nd @at the Rh WPs
grony i a cubosomecube auitacy on MO0l
with an mepilane angulard wtrimtian af 1.7, Afier
the ammealng, the averape |@tce consant of e
particks & apml to the ok wahe ke Bh {og. =
L380 nm, whare Ko & faoe-azmtared caific), -
sulting i a misti o PP o the Mel) abstrae, The
masticles echibita typical siaz distrimmem o =34

Figue 1A & a schemmtic view ab the NP
mexke]l together with the fowr shope paranmeters
N N Ny and Ny, which cam be imamogmed by
NRIN2 Py Ny cbesorihes: the particle d ameder given
Ty g’ 22N Ny and Wy discrihe the mumer alf
akmei: biyers oo hved i ghe fop and batom pant
ol fhe panticl, rxpedively. The parameter My gves
the number ot layars remened rom dhe particlke
cames 0 form dhe skle [100] bpe Boete The
exienclad necgrocalb-pac: mags contain dala ked
mbnrmation ghot the shape and st of nnosalke
anjects (27} This & ilhsmted in Fg 10, which
shews an expennemal widesany: eoprocak
space mag af the (110) plane taken & 60K K. The
{117} Bragz reflaction in the aonteralthe magp is
imteroon nected with the netehhorn g Deee netleos
tiom by broad imensity ridges akmg the [(KH]
=111} amd | 1,-1,1] clivectons ot ananate pes
penchicubaty fram the s octed facas. The obsess
wation and quamtitaive anshests ol these so called
“aystal tnmcatiom rackT (233 n o symmeiny
cxpury al ent dimeat ks gives o mect evidence for the
tmmeated pyramichl dope of the mno=0hjeas
uncher mvestigntion.

T abtain detailed inbormation on #he stoe and
shape ol the WP, highsneo ktem reciprockgqoo:
images. e heaon meconded fom (L) = (=L5JL5)
o (LS5 o] fwooms L = (L6 40 €184, a5 el semten]
by the white hax in Fig 10 (here, B K, and L
repeesent fhe Milks mdices of the bulk eciprocal
hitack In Fig. 24 {%0p) a ligh-sesalotion map af

g hrresadution £ ans weed for the quasditaive anabeis. The reclino: 8 -spece ama o ose aboes the Bragy
peaks ¢ annol be wwed, becare |1 con&in, on the {1110 iype rods, signel bam inenal wdnning ol the
partiches at fafn il B, %), and equivatent pesttions (Fig. 41
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the chean prertic o i o fed, as abserved at 600 K
umcker LT comlitioms. Thie chtycan e uncarstond
m a sraightforwand way withm a kinematical dik
{mtiom fheory tha dischkes NS wih mncied
acthalml shape (20, Fguee 24 (middkey shows
the best miomsity 19 assocmtal with the avempe
pasticle shape peesemied i Fig. 24 fosiam)

A smightforwand understanding of the
shape of a NP 15 providad by the Wallt cone
struction, which is hased on theruke § = constant
{here, vy 1% the surface energy of facet plane J
with ditance Jy Iram the center of the une
suppemicd particle) (24) From the fit 1o the
chta, we abiain the Killow mg prameter values:
Ne=312 L, Ng=2011, Np=52 1, and Np=
31 |, comespondmg 0 an averape MP J ometer
al 8.3 nm and an averzge MP heoght aof 4.8 nm.
Far the nl:n:n: at’ the surface energies, we
decuice Ia=fm=  Tdi= LI24000 for
the wop Tacm ‘which agrees well with the

mmnl\'imnlﬁlmf}-“,j' 16Ty, bt
%—u’i“ =M= ] 56+ 0406 fr the sice face
et {the mcliates theomatical vahes). This

markad devimim fmom the oopeatal wahie af

(Yo Ty 0 memms it the sxle lacct are me
ticahly smaller fan praboial by the Wulll ax
gument. Wi sugpes tthat s obsonation is e bied
0 dmn andior NI alge ebiocs (line tasons)
meplacted m the Wulll sppreach. The Bh WP
aclhesion Fat = Tyw it = 106 £ 101
meWhT (25) b des fhan the theoratical vahoe
E% = 130 me VA ? associnted with ane extended
meew kyver af Bh an Mg¥001 ), which & in-lme
with the trend that the adsaption cnemy de=
crcieees as a fimotiom afthe Bh caverage (240

In the next steq, the R NPS were expased to
3 W N e O @ GO0 K [Le shove fhe aoygen
chemical potertial for Ry, bulk oxde {orm.
tion (2 7L el we sinilanems by poonded the

XRD pattemn (Fig. 2, B ancd Ch We observed a
clisting change m the MR s gl (s=e di foence
map in Fig 20} et cscmally comsists of an
miersHy o hancemend along the (00 1) md and an
miersiy kes along the{111) mds, whichcanakao
e ghzerval m the e o d.llh\.-n:u::rnq n
fie. 520 280 The et fitto the sy

(607} rennkca tha progressively deappears upon
further axibtion. The mosity of theie supors
structure reflections cannot be explamed by & sime
ple moypen chemesonpton stochme; @ & &dher in
T with a shibkedsrow struchre dat aades o
fokl acbsorption siles dor ooygen (Fig. 30) The
il o] dharackr al ihis stochme cn be

champe (Fig. 20) resuls m an leqc"hl]"s!qr
a5 characieriod by Ap=31 2 1 Ap=16+ 1, Ny=
54 1, el M= 71 1{Fig. 20, with an unchan ged
avempe NP diznder of 8.3 nm and a ssdheed
avempe height o 4 noe, These recnfiganad fh
WP menw have @ monesteeed oxide skin ampesed
al’ an ultmthin heapom] sudao: ol hyer, as
we exgihkuin ek

An unespecicdd resull of this amalyse & that
the ana af both the (10 ske faoets and the
{001} top faecct morases opem ocklahon {20
This result mmplics fhat anly minparticle mass
trarsport @kes phoe dunng acidation, which
ramaves. [th ames from ghe { W0 side and top
farets with an averape amoam that comeponds
0 the numbar of atony moomomied 1mo the sue
face axide byers on all laces. Howewver, the
smng manease ol the (110) Gboa area, winch 1s
prechcted by theory (%) fr the comdibions
agnlied, was not abserved. Furthermore, no ade
ditemal [acets are formeal in betwesn the p
{001y and {1117 facats {they wouk] madily be
ateervah ke via acklitional ditiraction miers tes).

To et a micesoopic imaeht imao the forces
thal drve this NP shape tass Brmetion, we me
term gaen] the asomistic swochre of the oodd e
{001y and {111} faccs by cuantiadve srkace
KR, Fignee 3A shows a line scan alang the
{1,~1,0) elimction { L = (L3 ) s socideed] with clean
WP el W% e 40 2 W 10~ mmihar ooy gen st
S0 K, winich wiinesses the formaisxm alb an
ax yeeremchiced 3k 1) superdmcie @ the op

b fom the medliles ditfmction patiern (e, 540
A similar structie: appears during the axidation aff
oy Rl (100} single crystal {30) as @ procarsar
fior the sarBce axide formation on R 1005 {13}

When the sample lemperabme was only
slightly incrased w0550 K, a fast tmm Gmmation
ks place e the (001 sop facets trom dhe (3x1)
wehomtkm srctur © the hoagmal srlxe
ke thal Evmes a of 268 comadence stoctune
with the smderdying Rh lattice (Fig. 3, © and E)
(1AL At the me time, am the {111 Jside facdsa
heagomal surbee acide & Bmed with o p9nd)
camadence stroctre. The of 208} ooincidence
smucture an ghe (001} foes and the p{Sedy
struadureom the{111) oot giverse o add tional
peade dud cn be reachly klentificd (Fig. 30,

In the presence of the srlace axide on
bath the (1110 and (100 facets, the fheoretie
cal vale ol the surface Iree energy mtio is
Terwmeed 10 0, gy ) =09 (7 0L This value
nezds w0 be commansd with 0w experimemal
data (yym i) = v"'_"ﬁ"— 189 +009 and
Fr i v = VIS =134+ 0.07 for the
tap and side {1000) I:n.ﬂx, respectivehy. Thars,
the abserved increase ol the total {100) tvpe
facet surboe arca is i good asreemem with
the Walll prechetion and @n be dired by relded
o the slightly higher swhility of the srface
axide on the (100) facas, s compared with
the (11 1) facets. Akhough bulk axile fomma=
tim & thermadymamically fvared under the
conclitions apphed {27), the sufdace oxide at

c Diffraction map
cotdized

Fig. 2. ) ol {1101 A Diffadion map B Difference map

dlil@arian map of dean dean O, dissocistion

R parfides &1 530 K.

i) Tivied diffee-

tian map coregpan ding

e m?m .:um
S Che) Y T A

{Tap) copgen-induced
dgnal dhange in ihe
{110) plane. ividdie)
Shmulaed shgnel dhange
far parficls with s
wreased [ 100) sidelsost
am=n, {0 {Tog) Esped-
menis {110 diffrac-
fian map &l 600 ¥ and
25 LIS mibar O pres-
wum, (Middlel Fited

sute {Bottom) Best-fit

core parfice shaps b
e cmied o,

T=600 K

clean Bh particle
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the Rh mmolacets is metastable and prevents
bulk aode gmwih

A fisther key observation is that the moy gem
inchiced shape change of the Rh MPs & fully re
vemsihle when the srbvor acide & emovel by OO
expozre (m 1 107 mbarh. The ahsery e xeray
ety ne soars (Fig. 3, O and E) obtrined allor
rechiction are identical to the clan mrtide scans,
which & avidace kr decomposition ol the facet
eocicde bayers, Bmulimemsly, the aovgen-mdooed
mmnsity change af the scatiening fmmodhe (111}
andl {0 1) facets (e 2B} i meversile, & can he

Flg. 3. (&) Line scans
e Me dirsgiian
in (100 sudace o

;-]

mbeme tom the linesom in bz 53, demnsing.
g the refirmatiom of the clomn panticle ok
Comgplementary miirmation an the shape ol
the Bh NP5 bos bamn obtained by GIEAXE (31,
which has heen camied ont pamlld to the ahoae
sifizce XED experiment and by cmss-section
HRETEM 2. The obsarval margina changes of
the GIEAXS potamns and ssocited line scans
fior twa dif¥rent @ximanhs conlirm tha the avew
ape pastick six does nol change chring the
mkhtion and rechiction proces (fig 351 The
cxrsesection TEM imapee (Fiy. 4) taden aof a Bh

LY

dinades (131, Blak fine,
lemn panides red line,
i e Gnpgen & padne.
1B} Redigrocat- and real-
space Initiee ol ihe
13 1) shiifeschro supes-
sucluse an (he {001)
parfics dop Lea. The
scare in 8 were per
formed &1 i, = 1; 4=
el fine. The peaks ai
Hy o= Ny and Uy e
characierisiic for ihe
1321 Superginekine,
4T Hy sean i {100] sur
lace coandinates (b =
o) dang the red fine
in the top sciprocsl
laflice in DL Satelie
peaks oMy = 45 and
M = U3 ghve evidence
for the 2Bl ¢aing-
dence Siudiune of 1he

5
g

Ibensily fa.u]

0

Wtensity far ]

surlsce axide
113} {hesagonal real-
e anil
cefls are indicaied). D)
Stractursd modeial aRh
MP on Mg O, covessd an
il lscets by a O-Rh—0

irilaper surlae axide.
{E] X scan abang the
4010 it fian in suriacs
canlinges {111 ol fhe

1111 sicdefaeet piciusesd in (DL The refiection &1 Ky = 9% stems fram fhe surlsos oxide. {0 and £} Biack lines,
e sl soe: red Hnes, under cxpgen exposung; bioe lings, after 00 redudtion.

Fig. 4. {A) HATEM micrograph ol & RA
partiche on MgDH00 1) in {110) view. On the
el e, dlose ja the sulntrate, & small Dwin
s present with {1111 twinning plane, Feam
e XRD d aa, veecan inle that -5% al the
parficles afe twinned. The dashed Hne
repEsenis the panide shape derved fom
e KRD elaa dar the axid leed partidl e, The
wehile bax denates the poamed-in ama af
e surlsce andde an {111 {acets platied in
181 1B Adamically nesalbesd siniclune ol the
O—Ri—0 trileypes surlsce anide an the {111)
imcek, I the beor, & TEM) image sinnistion i

batiee] as abriarined fm the st mods] in the seoand frsel The dek spal corsgpand fo Fh alam sows.
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2. For dighily Lager g clis | dameter & = 9 o, the
Paireion of (U s et ok, 0 oad dkn
CLUNY ke Paced rads, b olnenvend dpon ol st The
lamer K mat airerved for pakles slth O = 3 g for
both s flg. S

A0 M Spom o o, Sl Sl 454, 334 (0L

L G Romd of o, Soince 300 14L& CANE).

32, o thank G Ak hior and A Pud ke br the propar allon of
AN Dinofonince sampks, AL Jadter for il st o sty
coprlironts, aan d e Euripean Linkon for fin andal upaet
K (T YA i PP o T35 05 70 AT,

Sepperting Oofine Matedal

s, ¢ Kot o Vg o ol 8 21 58 96 L5 AT

Materlok ond Mook

WP an MadX00] hakng the {110y direction e
covers a NP shage that comeeponds very wdl
with the xeray resul s {ohashesd Inein Fig. 4A) We
abo obrwed stocures with & difforem perios
dicity an the particle facets that cam be demtified
a5 axide aver biyers. In somee aees (lor instance,
m the nght facet of the pastidle m Fig. dA)L a
emesanemi byyewthick axide lay or can be observad

with atamic resalution. The momelsin view al’

the white hox in Fig, 4A reveals a surace laver
an the {111} Beet with a ditierent periadicny, a
btel TEM image oonfast for fhe O-Rh-0
surface axkle milayver (hox m P 40) The ohe
servation fhat the srface axice i present, evin
albor experur ol the samgle o mnhient concdis
tioms and the mther destniive TEM specimen
prepmatim, gres us dhe s evkdlence for fhe
presenee ol noticsahl e lanetic hamars kwand bulk
ik Krmation oncethe srbor oxide & Emmed,

Chr higheresohmion i st oxkl@ion oqee
e s chamem strase thad the s urd e axide O—Fh—0
fribayer shahiltos Bh WPs with loveinde facas.
Wiz aeennne e this keversihle shap e tams lomation
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Controlling Structure and Morphology of CoP't Manoparticles
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1 Penuels,' P Andreazea, ™ €. Andrearza-Vignolle,” H.C. N, Tolentine,” M. De Santis,” and C. Maotter®
YCentre de Recherche sar fo Metid e Divisde, UME 661% Universitd o Orany & CNEE
I iy e de fo Fémllene, S3071 (hifans Ceder, Frawe
*otid Neel, CNREN & U0 25 avenue des Meartyrs 51 166, 350642 Grenehle Coder ¥, Fromee
Aenire de Rechen e en Matidre Condensée e Neanoseiences-CN A, Cerpraw de Laminy, ceme W13, 132585 Marselle Cedex ¥ Fronce
(Reosved 12 Movember 2007 published 18 March 3008)

The struetune and inonphology of 1 k3 nm sie Cal't nmn oganticl s have been dovestgsed in vt and m
ezt pavee wncler di fharem cond@ions: growth 2 500 "C or 8 room ngessture { K Toliowed by annealing
o SO The small-angle s-ray scMioring nhesrements show e snd temperature dependent erowth
wicle with pantick: motions an the surfsce, while wide-amole soamering nsuks, supported by Monte Carke
simmlations, allow stroctune dentificaion. I cosahedey are sysmematically deteded & the fira growih
ampes o HI, amnealing o S00°C yiekls the decshedl sirucmre from the quasistatic coalscence of
wenahedral morphaloey. Meamwhile, growth & 50000 procesds by a dynanical coaleomes mechidmsm
o the carly stzee, yielding runcated odahedral cubic strocnins.

DeOdz T 10M P ysRew L FO0LT 15502 PACH pambers & LAGIDE 0 LRz, G0N, 6855 A—

Magnatic nanoparticles (NPs) have aumacied a lot of
interest bocause of their applications in ulirahigh density
reconding media. In panicular, BeProand Cobh NFs are
capecially promsing due @0 the combimation of sire reduc-
tion and alloying elffecs, which lead to an enhance ment of
both their magnetic moment and anisedropy [1,2]. Apan
fromn size effedts, their magnetic belavior is govemed by
chemical compostion [2.3] and influenced by the degrecof
chemical order or sepregation and by morphology [4-6].
These lafter parameters are highly dependent on Kinetic
processes during the NPs formation. Indeed, metastable
multitwinnad siruciures, such as large ioosahedra or deca-
hedra [ 7], as well a5 metastable chemical amangementis,
such o5 omionlike clusters [B], may occur. To achicve
suitable magnetic peffommances, thermal annealing, during
or after the NPs growih, is ofien roguined [1]. Such thermal
assistance may induce momhological changes [9] or im-
portant . chemical rearmangements in the NPs |10 1]
Maoreover, in the case ol supponced NPs, it may also modify
their size and dispersionon the substmite by coalescence or
Cetwald ripening. Thus, it is of primary importance o
understand temperature effects on the NPs  formation
mechanisms sinee their propenies are diredly connected
to their structure and spatial organization,

Im this Lenter we focus on the morpholos y and structure
of 1 w3 nm supporied CoPt NP studied i sine and inreal
time by graring incidence small-angle x-ray scagtering
(GISAXS) and gmzing  incidence  x-ray  diffmction
(GEX). The growth temperature effect, and the result of
5001 °C anncaling, is reporied in ferms of the mobility of
awms and particles and in tenns of their struetural evolu-
tion. For such temperatune and cluster size mnges, mor-
phological and structural changes oocwr withouw long mnge
chemical ordering [&, 11, 12). GISAXS and GIXD can make
a statistical analysis of the morphology, structure and
chemical onder of WPs over the whole sample [13]

D03 19007 FORS 100 1117115 502(4)
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Grazing incidence cnswres a minimum probing depth, so
that surface mechanizsms may be studicd with high sensi-
tivity, M sire analysis under ultmhigh vacuum (UHV) s
also of prime imporiance beeause of the high readivity of
CoPt NPs with their environment that affecs their mor-
pholozy and structuse [12] Time seales for cach growth
step nucleation, coasening, or coalescenoc] are large
enough o allow real tdme experiments and o study dy-
namical processes, We demonstrate that irrespective of the
chemical ordening, the mle of coalescence prevails over
size-dependent morphology and structure and yiclds dec-
ahedmal or face cemered cubic {foe) strecures according 1o
the thermal treatmend.

The experiments were performed using the UHY seiup
of the French-CRG (BN32) beam line at the Euwropean
Synchrotron Radiation Facility, which combines molecular
beam cpitaxy (MBE) growth with GISAXS amd GIXD
technigues [ 13]. The 18 ke monochmmatic x-ray beam
wis =0t at a grazing incidence angle a; of 007° with
respect 1o the sample surface. Twe-dimensional GLISAXS
patterns werne recordod with a COCD camera mounied at | m
behind the sample. For the GIXD measuremenis, a sian-
dard scintilbitor detector was sef ot a hxed exit angle
relatad o the sample surface (o, = ;) and the scanering
veaor ¢ was changed by scanning the in-planc angle. Co
and Pt atoms were codepesited by MBE under a pressure
varying from 2 1o 33 107™ mbar depending on the dep-
geition or anncaling emperature. The amorphous 5101,
substrate was covered with a 10 nm-thick  amorphous
carbon {4-C) blm. Such film limits clusterdo-subsirate
incractions and allows comparizons with our previous
irnsmission elecron microscopy {TEM ) resulis [11]. Co
and B deposition mies [026 = 109 gtomsf{em® b for
cach kind of aom ] were adjusted 1o yicld a composition
close 1 CoggPigy with a constam fux of soms during all
the gmowih stages,

D 2008 The Amerncan Physical Society
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Eeal time GISANS measuremends were performad with
am imerval of 20 min betwoen cach recording, Beyomd 1 h
of deposition time on the subsimic held a 500 °C, the 2D
GISAXS pattern exhibiis fwo distinet lobes of seabiered
iniensity [Fig. 1{a1] that ane proportional tothe form facar
Flg) and the interference fundion 5{g) of duster assem-
bly. Flg) ropresents the Fourier transtorm (FT) of the
particle shape and ${g). the FT of the duster-cluster pair
comelation funciion =0 that the size, shape, and cormelation
distance A of the NPs can be extracted by simulations
using ISGEAXS software [14] from the 53 and gy
s sections [Fig. 1], The form Baor is calculated in
the distoriad-wave Born approximation, which includes
substraie reflections of the scaftered intensity and allows
ftting the Yoneda peak [13]. The MPs have a tuncated
spherical shape withan aspect mtio H (0 <2 | at the begin-
ninge of the srowth, where Dand H are the NPs diameter
and height, respedively. The size distribution hs been
fitted using a narmow Gaussian function with a geometrical
stamdard deviation of ol 2/ =03 aecording o our
previous TEM results [L1] The evolution of O ad H
with timee for NPs groown at 500*C wos derived
[Fig. Ma)] from that of the cross sections |[Figs. [{c) and
W{d)]. Drincreases as a power law during the deposition, the
cxponemt {123 1= in good agreement with theordical pre-
dictions in the case of Volmer-Weber growth [ 16]. The WPs
asped mtio incremes from 063 {truncaiked sphere) in the

FIG. 1 {eokor anlinel (&) Muasaned G5 AXS patten of sanmple
erown & S00°C, afer five hows comsponding w0 2.6 X
0¥ oo, The wateing vedor g & sepraed in necip-
ol space coondingtes g amd gy, perpeadicalsr and parallel ©
the sample surfece, respectively (b)) comsponding oross wec-
toms amd fs. The smow shows e Yoneda pesle (o) and
() praphs show the evolution of g and gy, respectively, with
depoaition i

carly stage o almest | ail the end [Fig. b ). The shape
£ocs i amore stable morphology (isotropic ) imdlar o that
obiained without suppon effect. In order to validate the
GISAXS simubtions, we porformed ex sine TEM observa-
tions [Fig. Mo )], Statistical measuremens gave an average
diameter of 3.2 mn and an aspea ratio of 095 These
megzunemens reponed in Figs, Xa) and b)) arc in a
remarkahle agreement with the GISAXS resulis, The NPs
density  is derived mom the mean inferpanticle distance,
by assuming ome paticle per A? surface. For small
amounds of CoPt deposits, we observe a decrease of the
MPs density |Fig. 2] tha we interpret as a dynamical
coakscence, bocause their diffusion length is larger than
their average sepamtion A, Since the cluster mohility
decreases as a power law when their size increases [ 17]
it & understandable tha dynamic coalescence stops: atter
4 hoand the density nemains almost constant undil the cndof
the de position.

GIXD patierns wene obined  simuliansously  with
GISAXS measuremends (Fig. 3). The hack ground contri-
bution {f = 01 k) iz mainly the scattenng of the amomhos
subsirate. Beyond | h deposition ime, which cormesponds
fio 0152 3 0% gomsfem®, the metal contribution o the
scaitered signal can be cleady distinguished from the
hackgmund and increases with ime. For the owest de pos-
itod quantitics, back rround subiraction & a crucial s pect
of the data amalysis. At these very low deposition times
{inscer im Fig. 1), the position of the main peak
{2930 nm— b is shifted, whens beyond 4 h deposition
time, a shoulder develops @ 32 nm~! zimu lancoosly with
the cceumense of another contribution amund 47 nm™". In
ithe carly deposition steps, ic., during the dynamical oo-
alescence stage, we never obsarve the o structure b
mther a noncrystalline atomic armnee ment instead {amor-
phous or multitwinned). Forlonger deposition times, when
the NP5 density is nearly constant, the diffraction patterns
exhibit the charactoristic foc peaks with an interatomic

T |_".|-:| ——dens=ty 14

E TR
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FIG. 2 From the fitof cross sedions we deduce the evolution
ol (@) the mhesm dizmekes 0 and hedghe H (= 5% and (b the
denzity o of Colt MPs on the surface (e valos s 106 howaes
el ed froam TEM msasurenenta) iogdther with the dipe o rao
H A0 e shows ex st croas section TEM ineee of the sample.

L15502-2



PHY S1CAL REWVIEW LETTERS

wedk ending
21 MARCH 208

PEL T 1 15502 {2008)
i | T
A AL ;
—smgh
1 —a—7h M
. E’rl I
= i
oo
3h
—d— b
=—fh
—a—1h

o W
a. subrstiata -{*".;’_“',—""r

20 24 28 3x I 40 44 48 5
Scattaring memenbum qom )
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bk groundd subtraction, srnows show Toe sdditoms] peaks.

distance of 1265 i, clese toihe fec disondered bulk value
|1E] elearly pointing to Co and Pralloying. However, one
may wonder if the structure evolution from a nonerystal-
line armngemend ai the beginning of depesition © a cubic
sireciure afier 4 h deposition is linkod (o the grosth mode.

Further imerpratation of these measuremens raguines
better knowledee of size and structural cffecs on the
diffmction patfern. The wide-angk scaifenng imensity
fopr a mode]l cluster §is cakoulated quantidatively on the
hasis of the Debye equation | 19]:

;A.'-'{‘ﬂ = z Z ,:q,[_r,zq;wfﬂ‘i"xﬂ + & g,
T Wree
where f; is the alomic scatfering faotor of the fil atom, g
is the distance between aom f and atom f, and or? is the
mean-square displacement in the Doy o-Waller prefacior,
which expresses the attenuation of the interference term in
the Debye equation, duc 10 thermal vibrations orfand static
random defeas. 5 q) is the incoherent scattering fume-
tion. Prelimirary, caleulations of the polarization and ab-
sorption evolution cifocts were made but were neglecied
dwe 1o their weak change with 4. We have used throe
siruature types in our cluster madels: truncated ootahedral
{TOh) based on face-centered-cubic structure, decahedral
{Dh) and icosahedral {Th) sccording with Wullt, Marks,
and Ino constructions [20], respectively. To fit the diffrac-
tion pattemns, we used cither single size and zingle ¢luster
iype, or awecighied sum of the iMensitics from several sizes
or struaures [7]. Models composed of clusiers (hatween 56
and 000 atoms) with complate shells kave haen found o
be sutficient for daa analysi, Monte Carlo simu btions of
a representative small number of relaxed CoPt ocluster
structures { TOh, Dh, and [h illustrated in the inset of

Fig. 4) wene performed using a scrmempincal tghs-
binding potential [5], to validate the diffraction prohles
of these poomearical models [T]. 11 is wonh noting that the
possible ardering of the clusters in their low temperatne
phase has becn taken inde account in dhe analysis.
However, as mentioned above, i the i osin experimenis
performed at 500 *C, chemical disorder is mon: probahle
fixr MPs smaller than 2 nm as predictad by the Monte Carlo
simulations [6],

Figures a1 and ) show two stages (5 and [0 h
deposition times) of the orowth at 500 °C with diameicrs
ceniered at D=25 and 1.7 nm, respeatively. For the
largest dimension, ic., cluster with abowt [300 atoms,
the sample 15 dominmaied by foo clusters, with a small
fraction of icosalkadral ones {less than 1 0% L For the small-
eat dimension, the best Gt is obtained with a mix of h and
TOh-loe mosdels famund 5 0% cachinatomic Traction ) with
aboui A and 405 @oms, espedively, Decahedral models
were also considerned, but no improvement in the Bt gualiny
was found, These esults show a structumal evolution with
the NPs size that is pradicted in first approximation by
encroetic sfahility caloulations in mectallic clusters |21]
The icpsahedral shape is the most energetically sihble
structure Tor small dimensions, while foe chisters are fa-
vorad for larger ones. Thus, one possible imerpretation is
that this comtinuous shape ransition, fom how TOW
stmuature, is only due 1o a size effoa and the clusters
reaching their aquilibrium shape during the growth [6].

$ &

A e 700 madet |

TOR

40 ab i Fatl al . =0
qlmm |

Y
g lrm |
FIG. 4 fecdor online).  Smapshas of dcosshedsal (), decahe-
clral (D) amed orumcaresd octabedral (TOL) clustes, and oxpen-
vl {dquere warks ) and caloolsted {eneen or ory salid Hoe)
diffraction patterns of simdbe siee digribion smpls; £ =
2.5 nm{a) erowth o SO0 °C (2.6 % 10 aifem®yand (b crowih
at BT §5.2 10 ayfem® s O = 3.2 am {o) erowth ar S00°C
and {d) annealing the samphe (b 3t S00°C durmg 1 b Profiles
wire affiet vertically, and 3 maenifbcation was appled in one
v (i pamenihees). A vertical dashed line comssponding g the
T { 111) Hoe of SO007C grovwn samiple # givien Lo comparson.
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However, Forsmall sizes, the 56050 [h and TOW-foo mis ture
indicates that the =ample is still under noneguilibricm
conditions. Indecd, the GISAXS results conceming the
evolution of the shape and cluster density sugeest a coalos-
cence process dunne the carly growth stage. Such cvends
can provide sufficient imcernal morpholog ical disruprion
[22] to allow the NPs transtormation & fhe minimum
encrgy marphology, e, the TOh shapes & larger siscs
[231

These resulis have been comparad with those obiained
fivr 2 sample grown at wsom temperature and then anncaled
at 500 *C, whose specim have been chesen 0 correspond
o equivalem cluster sizes:

{11 At room tempersure (BT, assuming a size disiribu-
tion with Gaussian shape {centered between & = 308 and
561 atoms), the icosahedral model alone fits the data guite
well [Fig. #b)]. The growih mechanism @ BT is com-
pletely different from that ot 500 %0 the NPs density is
higher {11 % 10" NPsfem®) and the dynamical coales-
coence is inhibited. Afer the nucleation stage, the orowith at
BT comespands to an atom-by-alom impinge ment and the
initial [h structure is preservad without transition towards
TOh swructures [23]. In addition, a shilt in the diffmetion
profile is observed, correspomding 1o a contraction of the
average iMemicmmic distance {r; = (L2363 nm) with res pect
o the Foe model {r; = L3268 nm) in the 300°C sample.
Indeed, the commcion is &0 large to be explained by a
thermial effect [5], but is coherem with the densor packing
of the [h structune. For similar WPs size and deposition
tem perature { KT L Favre e af. [4, 12] fownd TOR NPs mather
than h ones, which could be explained by a medriz effea.
Indead, their NPs were subsoguently covencd by a thin
amorphous silicon layer or embedded in a mairis, thus
favoring foc strudunes.

{ii) Aficr annealing this sample at 500 *C lor 1 h, an
average MPs size of 3.2 nm is reached, GEXD refine mems
[Fig. #d)] an: consistert with decahedral clusters {cen-
tered o & = 967 with an average iMeratomic distance of
0.265 nm. The diffraction signature of h and TOh models
docs mot show any similarity with the cxperimental data,
GISAXS measuements indicate that the annealing pro-
cess imduces a decrease of the particle density (6 %
10 clusiersfom® simuliancously with the increase of
the pamticle size frome 25 w0 2.2 nm, which are chamaer-
istic of the Ostwald-ripening or siatic coalescence pocess
[11]. The present structure differs from that of the 500 °C
cromwn sample [Fig, e)] because the Kindic and dynamic
history of the samples are different, In the first case (500 °C
eromth), dynamical coaleseence accurs at the carly stageof
the growth, After this stage, the foc resuhing morphology is
locked in and the size inorease is dominaied by an atom-
by-atom growih mechamisne In the secomd case, the oo-
akscence occurs upon anncaling, when the particle size is
larger amd  simultaneously  the imerparticle  distamce

smaller. Thus, the Dhstructune s the result of a guasistaiic
coakscenee | 23,24] of Ih strucuncs,

I summary; we have shown, experimentally and with
the support of Monte Carlp simulations, the effect of
temperature on the siructure and morpholegy of CoPt
namoparticles. Dynamical coalescence in the carly sage
(N = 300 atoms ) of growih ot 500 °C yiclds the lormation
ol o clusters, while atom-by-atom growth at room ten-
perature produces almost exclesively the noneguilibrium
icosahodm] momphology, On the other hand, the coales-
cence from Th particles { & 300 soms) indweed by anneal-
ing, yiclds the fomation of decahedral miher than lec
mesrphe by, These o sine and real time resulis bring new
understanding of the coalescence wersus size cffed on
small {23 nm) himetallic nanoparticle structural ransi-
tions at differemt temperatures.

We acknowledge beam time by the Freneh-CRG of
ESRF as well as the help of the BM2 beam line s1aff.
Special thanks to G, Renaud {BNM32) for GESAXS wraining
and 1o T, Sauwvage (CEREOrleans) for RBS facilitics.
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Self-assembling of magnetic nanoparticles on nanost ructured oxide
templates: a GIXRD and GISAXS study. FR-32-03-67 4

Maurizio De Santis ', Andreas Buchsbaum 2, Helio Tolentino *, Marcio Soares *.
1 MCMF, Institut Néel, CNRS-BP166, 25 av. des Martyrs, 38042 Grenoble Cedex 9, France.
2 Institut fir Allgemeine Physics , Technische Universitat Wien, A-1040 Wien, Austria.

The aim of this experiment was to exploit the nanostructuring observed at the surface of
ultrathin oxide layers for growing self-assembled magnetic nanoparticles.

Self-assembling of metallic clusters on nanostructured templates is a very active surface
science research area. Step edges or dislocation networks on single crystal substrates are used for
preferential positioning of atoms during film deposition. Depending on the deposition conditions,
compact or fractal shape, nanowires or three-dimensional islands can be prepared. This research
is motivated by the new electronic, magnetic and catalytic properties expected for these extremely
small nanostructures. Preferential nucleation sites, generated by a lateral strain modulation, were
found in the Moiré pattern of FeO(111) layers grown on Ru(0001) [1] and Pt(111) [2], which was
exploited for the preferential nucleation of Fe;0, island-like domains, and of Fe and V clusters,
respectively.

In this experiment we wanted to exploit the Moiré pattern observed during the growth of
CoO/Pt(111) (fig.1) to self-organize magnetic clusters of nanometric size.

Fig1: STM |mage of the Moiré pattern of 1ML CoO/Pt(111).

Preliminary results showed that clusters formed by evaporation of transition metal atoms
(Co, Pd) do not self-organize at room temperature. At higher temperature (200C) the Moiré
pattern is irreversible destroyed during evaporation.

For this reason, we moved to a more stable nanostructured oxide film, the
(V67x\67)R12.2° reconstruction obtained by oxidation of NiAl(111) [3], thanks also to a
collaboration of the Institut Néel with the Technische Universitat of Vienna. The experiment was
performed recently and the data analysis is in progress. Deposition of Co on the (V67xV67)R12.2°
resulted in the grown of self-organized nanoparticles in the low coverage regime, as shown by
GISAXS of Fig. 2 and in agreement with previous STM measurements. GISAXS allowed following
the nanoparticles coalescence. The structure of the final deposit (10 ML) was studied by GIXRD.
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Fig 2: GISAXS of 1 ML Co on ultrathin (V67xV67)R12.2°aluminium oxide on Ni ;Al(111)

The aim was mainly to establish whether the nanoparticles are fcc or hcp, the compact hexagonal
atomic layer being parallel to the surface. The magnetic anisotropy is strongly dependent on the
structure. A first analysis shows that the staking is random.
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(2006).

[3] M. Schmid, G. Kresse, A. Buchsbaum, E. Napetschnig, S. Gritschneder, M. Reichling and P.
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X Ray diffraction study of self-organized tert-buty |- calix[4]arenes film

deposited on Au(110)(1x2) FR-32-03-674
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The aim of this experiment is to investigate the growth and the structure of p-tert-butyl-
calix[4]arene molecules on the (1x2) reconstructed Au(110) surface by grazing incidence surface
X-ray diffraction (GIXRD). The main applications of calixarenes reported up to date are their use as
sensors'?. Functionalized calix[4]arene derivatives exhibit, for example, sodium ion selectivity
while calix[6]arene has shown excellent sensitivity to cesium ions. In supramolecular chemistry, the
calixarene molecules are known for their properties as receptors of neutral and ion guests®®.
Although the ability of these molecules to accept guest species and/or to act as sensor highly
depends on their structural properties, only indirect studies have been carried out up to date to
determine their orientation with respect to the substrate and relatively to their neighbouring
molecules. This study is of importance for interfacial supramolecular assemblies, since further
interaction with organic or inorganic species could either be promoted or forbidden by the type of
molecule-substrate interaction.

We have deposited the tert-butyl-calix[4]arenes on Au(110). The molecule is 12 A long and
the initial substrate surface is a (1x2) missing rows reconstruction. The deposition temperature has
been optimized following the disappearance of the 0 ¥ fractional rods of the substrate and the
optimum temperature has been found at in the range of ~ 200-250°C. STM images obtained on a
monolayer allow seeing a regular distribution of the molecules. They form long chains along the [1-



10] direction (fig. 1). Each molecule appears as 4 circular lobes which can be assigned to the
phenol groups, which mean that in this configuration, the tert-butyl groups cannot be imaged by
STM. The detailed analysis of the STM images is quite difficult and a full interpretation can only be
achieved thanks to the X-ray diffraction results. GIXRD data allow us to identify correctly the unit
cell. The STM visible chains are formed by two different molecular conformers. In the unit cell, the
molecules are rectangular and their dimensions are similar to those in gas phase, while in the
centre of the unit cell, they adopt a more elongated geometry. The LEED pattern is also very
complicated and due to the distortions of the low working energy, its analysis requires additional
information provided by the X ray diffraction results. The experiment carried out at BM32 permits to
resolve the structure: the tert-butyl-calix[4]arenes are arranged into a rectangular cell with 4
molecules per cell. Similarly to the « simple » calixarenes case, the substrate suffers a drastic
reconstruction change and its surface became a (1x3) missing rows upon molecular absorption.
The coincidence cell is a (21x14). In the [100] direction, the x14 corresponds in fact to a 4* (1x3)
+1* (1x2), which is confirmed by the STM images (fig. 2) which show large bands assigned to the
1x3 together with some narrower bands corresponding to the (1x2), but without real space
regularity.

1x2

1x3

Fig 1: High resolution STM image showing the Fig. 2: STM Image showing the (30 nm x30 nm)
molecular internal structure (10 nm x12 nm).  bands width alternating.

In fig. 3, two scans acquired respectively in the H and K directions show the periodicity of
the molecular overlayer. Due to the large surface periodicity and surface disordering, only some of
the fractional rods are visible. The strongest reflexions arise from the averaged cells.

In conclusion, the gold substrate suffers a partial reconstruction and adapts itself to the
molecules by adopting a (1x3) missing rows reconstruction probably due to a charge transfer. The
coincidence cell is found to be a (21x14) corresponding in the K direction to the alternating
large/narrow bands seen by STM. In this work, the complementarity of the experimental techniques
(STM, LEED and GIXRD) is of fundamental importance to resolve the structure.
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Fig 3: H and K-directional scans (open and solid circles, respectively)indicating the periodicities of the
(21x14)supercell. Due to the large surface periodiciy, and surface ordering, not all the reflections are
observed, but mainly those coming from averaged supercells.

Propagation and stability of stacking faults in Ir( 111) homoepitaxy
S. Bleikamp, J. Coraux, "and T. Michely, G. Renaud *, and O. Robach *

II. Physikalisches Institut, Universitat zu Kéln, Zulpicher Str. 77, D-50937 Kdln, Germany
'CEA Grenoble, 17 rue des Martyrs, F-38054 Grenoble, France

Homoepitaxial growth is a basic playground for studying the kinetics of stacking
faults (SFs) formation, as no SF should form relying on energetics. It is a first step towards
understanding the practical issue of thin films microstructuration through SFs. It was
recently successfully employed by two of the Authors, who discovered heterogeneous
nucleation of SFs on monoatomic rows decorating the boundary between regular and SF
areas in Ir(111).

We used X-ray surface diffraction to investigate in situ the propagation and stability
of SFs during Ir(111) homoepitaxy, in ultra-high vacuum. Figure (a) shows the qualitative
evolution of the integrated scattered intensity corresponding to the volume of (1) twinned
crystallites, i.e. resulting from SFs along [111], (2) twinned crystallites resulting from SFs
along an alternative <111> direction, and (3) crystallites twinned twice, corresponding to a
SFs along [111] + another one along another <111> direction. The twinned signals are
clearly identified on the crystal truncation rods (CTRs) by the presence of additional Bragg
peaks. This is exemplified for the [01L] CTR [fig. (b)] where the regular fcc stacking peaks
being only present in the case of the clean Ir(111) single crystal surface, are supplemented
by twin peaks after the thin Ir film growth. While the defect type (1) was already observed
by scanning tunneling microscopy (STM) by two of the Authors, defect types (2) and (3)
were not identified up to now, and are now tentatively searched for in new STM
measurements.

The monotonic increase of the various twin volumes directly points out the



propagation of the SFs which was proposed following STM observations. The similar
trends observed, whatever the type of twin, indicate similar processes are involved.
Starting with no SFs, the growth is first layer by layer and then dominated by a roughness
increase after a couple of nm, as a result of the proliferation of SFs, consistent with the
STM observations. While defect type (1) exhibits high thermal stability (above 1500 K),
defects types (2) and (3) are found to disappear at moderate temperatures around 750 K.
Preliminary quantitative analysis of the CTRs yield a 50+£10 % volumic fraction of twins;
thorough analysis will yield the absolute volume fraction of twins during deposit. A
comprehensive growth model is currently developed to interpret the presence of the new
defect types (2) and (3), the distinctive thermal stability of the different defects, as well as
the sharp signals evolving from growth and pointing at well-defined locations in reciprocal
space, such as the one highlighted in fig. (b). This should provide a unified picture of
Ir(111) homoepitaxy through STM and X-ray surface diffraction.
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Understanding the MBE growth of GaN nanowires with in situ grazing

incidence diffraction Proposal number 32 02 722
O. Landré , H. Renevier, B. Daudin, R. Songmuang, G . Renaud
CEA-INAC and INPG/LMGP

IlI-Nitride semiconductor material is of major importance for blue and UV light emission
applications. Unfortunately, the potentialities of the material are still plagued by the high density of
dislocations (10" cm?) and other structural defects which result from the lack of lattice adapted
substrates. GaN nanowires grown by MBE exhibit an exceptional crystalline quality and could be
an option to overcome this difficulty. These defect-free nanostructures motivate a serious hope for
creating high efficiency IlI-V nanowires based devices. The nucleation process of nitride nanowires
(NWs) grown by molecular beam epitaxy (MBE) remains unclear. It was the aim of this in situ
diffraction experiment, in grazing incidence, to elucidate the nucleation process. For instance, what
are the seeds/precursors for NWs growth? How are they forming on the surface (Stransky-
Krastanow process or Volmer-Weber one) ?

The samples were grown in situ in the SUV chamber. First, a thin (3nm) AIN buffer was
grown on a Si(111) substrate. The AIN buffer enhances the orientation and the homogeneity (size,
high) of the wires. Then at a high substrate temperature (760C) (with respect to the temperature
growth of conventional nitride layer or quantum dots) we exposed the surface with Ga and N fluxes



with a Ga/N ratio lower than 1 (N rich condition). Once optimized, these growth conditions gave
rise to GaN nanowires well aligned along the c-axis. The diffraction experiment consisted in
measuring the in-plane (3030) Bragg reflection of the GaN seeds/NWs and AIN buffer continuously
during the growth. Grazing incidence setup, with an incident angle equal to 0.2°for the sample
grown with the medium Ga flux and 0.15°for the sam ples grown with the higher and lower Ga flux,
allowed us to be more sensitive to phenomena occurring on the surface by drastically decreasing
the Si scattering. One advantage to work at synchrotron (ESRF) is the amount of photon available
permitting us to decrease the scan duration at about 15 seconds and still having a good
noise/signal ratio. The shorter is the time scan higher is the sensitivity to the very early stage of the
growth. Furthermore we decided to reduce the amount of Ga impinging on the surface and hence
slow down the nucleation process. We grew three samples with the same substrate temperature
and N flux but with different Ga fluxes. Fig 1 shows h-scans across GaN and AIN (3030) Bragg
peaks taken a different growth time for the sample grown with the medium Ga flux. Figure 2 shows
the integrated intensity of the GaN diffraction as a function of time for the 3 different Ga fluxes.
These experiments brought about two main results:

1. Decreasing the amount of Ga impinging per second on the sample surface results in
delaying the 3D growth.

2. Once the growth has started, the GaN diffracted intensity is a quadratic function of time
at the beginning of growth then it is linear.

These results suggest three different stages during the GaN NWs formation :

1. First of all the growth begins with the formation of a layer of dots on the thin AIN buffer by
a Stransky-Krastanov process. According to this process the formation of a two dimensional (2D)
layer is followed by a three dimensional (3D) growth mode (dots formation). We interpret the delay
to the nucleation as being the time for the formation of this 2D layer.

Note that the substrate temperature is high, then the Ga sticking coefficient is low, this
explain why it takes such a long time to deposit only 2 ML of GaN.

2. Once the dots layer is formed, the sticking coefficient of Ga adatoms increases. Indeed
the dots offer new nucleation centers where Ga and N adatoms can be adsorbed. Therefore the
growth speed increases and enters in a coarsening stage. At the early stage of growth, the
GaN diffracted intensity can be fitted with the equation Ay*t* where A, and x were adjusted.

We have found an exponent close to two for the three samples, this depict a coarsening by
the sides of the dots.

3. And finally the dots end to grow laterally as a consequence they develop only by their top
and give rise to the NWs growth. This explains the linear behavior of the growth after the quadratic
one.

These growth behaviors: high lateral/low vertical growth rate for the dots at the early stage
followed
by a high vertical/low lateral growth rate for the wires has been first suggested Songmuang and al.
(Appl. Phys. Lett. 91, (2007), 251902). Our x rays diffraction results strongly support this model of
growth.
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Figure 1: Bragg peaks of the (3030) GaN precursors/NWs (3,62) and AIN buffer (3,7) recorded as a function
of time for the sample with the medium Ga flux. The incident angle was equal to 0.20° The inset shows the



experimental and fitted h-scans recorded after 31 minutes of growth. This fit is made of two pseudoVoight
functions: one corresponding to the AIN peak and the other to the GaN peak.
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Figure 2: Open symbols represent the integrated area under the GaN peak for the three samples grown with
different Ga flux. Continuous lines are fits with the equation Ac*t* where Ao and x were adjusted. Two effects
are induced by decreasing the Ga flux: the time delay to the growth occurrence increases and the rippening
is longer. Note that only the ripening is influenced by the Ga flux, after reaching the linear growth mode the
growth rate is the same for all samples. This fact points out the fundamental role of the Ga adatom diffusion
occuring during the NWs growth (see also Songmuang and al., Appl. Phys. Lett. 91, (2007), 251902.

Structural investigation of silicon nanowires using GIXD and GISAXS:

Evidence of complex saw -tooth faceting
T. David *, D. Buttard, T. Schulli, F. Dallhuin, P.  Gentile
CEA-Grenoble, INAC

In many fields of physics today, there is a growing need for smaller and smaller structures.
Microelectronics immediately comes to mind, but biology, optics and even mechanics have a
similar need. This need has drawn the attention of many research people to nanostructures.
Among these interesting structures, nanowires, grown by the vapor liquid solid (VLS) method, have
attracted particular attention, one of the reasons being their many potential applications.
Concerning the choice of material, silicon is extremely well-known and thus seems to be a good
candidate. The first obvious use of such nanostructures would be in microelectronics, but
nanowires could also be extremely useful in the field of sensors for instance. In order to use these
basic structures, however, we need to understand their structural properties. A few studies have
already shown interest in the structural and morphological properties of silicon nanowires grown by
VLS, with the very small diameters (5—20 nm) attracting most attention. It seems that nanowires
generally grow in epitaxy on the silicon substrate if the interface between the catalyst and the
silicon is clean at the beginning of growth. In addition, ‘Big’ nanowires (with a diameter greater than
50 nm) appear to have six sides, one out of two presenting saw-tooth faceting, with the preferred
growth direction being the (111) direction of the silicon crystal. In the case of smaller diameters,
however, six faces also appear but the axis and the faces of the nanowire exhibit different
directions. In order to investigate the crystalline nature and faceting of an assembly of small
objects, X-rays are a very suitable tool. With regard to shape in particular, grazing incidence small-
angle X-ray scattering (GISAXS) has already proved its efficiency in the study of silicon
nanocrystals. We performed grazing incidence X-ray diffraction (GIXD) and GISAXS experiments
on ‘big’ silicon nanowires (diameters from 50 to 500 nm) grown by VLS on (111)-oriented silicon
substrate with a gold catalyst. Crystal orientation and structural properties of the nanowires were
deduced from GIXD while GISAXS provided information about the shape of the nanowires, their
faceting and the orientation of their facets.
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Fig. 1: SEM images of nanowires. (a) overall view, (b) single nanowire, (c), (d) and (e) detailed views from
(b). Every face seems to be saw-tooth faceted with different types of facets oriented upwards. (SF) type
faces have small upward-facing facets while (LF) type faces have large upward-facing facets. The edges of
the hexagonal prism are truncated and the cross-section would thus be dodecagonal. These new faces are
themselves finely faceted with tilted facets (TF), and appear wide at the top of the nanowire (c) and almost
non-existent at the bottom (d).

PSD < 111>

Fig. 2. Setup used for GIXD experiments.

Fig. 3a shows a profile of the diffracted intensity around the (220) reflection. We observe two
diffraction peaks, the narrower (S) coming from the substrate and the broader (NW) from the wires,
indicating that nanowires are single crystals and that their in-plane orientation is the same as the
one of the substrate. Using Bragg's law we can estimate the lattice parameter as and an,



respectively, of the substrate and the nanowires. We then deduce the lattice mismatch parameter
Aala =( aps-ag)las=-1.23 *10° corresponding to a compression. Analysis of this strain is in
progress but it can be tentatively explained by surface effects in the nanowires coming from a thin
oxide shell. Fig. 3b shows a reciprocal space map of the diffracted intensity around the (220) peak
of silicon. On this map, we see six diffusion streaks indicated by the dotted lines. These streaks are
produced by vertical “planes”. Consequently, they provide evidence of the hexagonal cross-section
of the wires. The angle between two streaks is 60° and the directions of the six sides of the
nanowires can be deduced from the directions of these streaks on the map. Thus, the directions of
the six sides of the nanowires are <112> facets. Similarly, the directions of the edges between two
faces are <110>. These results are consistent with previous electronic microscopy observations. As
this map shows the scattered intensity coming from the entire population of nanowires illuminated
by the beam, we can be sure that these nanowires are all in epitaxy with the substrate and have
the same in-plane orientation. Otherwise the map would show an arc following a Debye—Scherrer
ring. The same experiment was performed on another sample obtained
after a shorter period of growth, resulting in nanowires at the very beginning of their growth. The
corresponding map (not shown) has a round shape without streaks, showing that the hexagon
faces have not yet been formed.

Fig. 4a shows a GISAXS image obtained with the incident beam along the <110> direction
(i.e., incoming on the nanowires through an edge), while Fig. 4b shows the same image obtained
with the incident beam along the <112> direction. The coordinates on the image correspond to the
in-plane (gyx) and the out-of-plane (q,) scattering vector. As there is no periodic vertical rod, no
lateral periodicity of the wires is observed. However we can observe several tilted rods on the left
and right of the image. As the rods are tilted, the facets do not correspond to the principal faces of
the hexagonal cross-section of the wires shown earlier. These rods are produced by
supplementary facets on the principal faces. This is consistent with the saw-tooth faceting
observed earlier. By measuring the tilt angle we can estimate the orientation of the facets. Finally,
on all GISAXS measurements, and especially in Fig. 4a, a splitting of the scattered streak may be
observed. This phenomenon is due to multiple scattering effects and has already been
investigated.
The diffuse streaks produced by facets are schematically represented in Fig. 5. The incident X-ray
beam is scattered by facets and the scattering vector g normal to these facets is located by angles
Or and ¢. The axis x and z correspond to the plane of the CCD camera (respectively the horizontal
and the wires axes), while y is the X-ray beam direction. In the plane of the camera, the projection
of the vector g has a measured angle a; from the vertical. Depending on the facet orientation in
relation to the CCD plane ¢ can take several values. If the facet is normal to the CCD plane ¢ =0,
SO Qxy
and g are in the CCD plane and no correction is needed (ag=0y). But if ¢ #0, g, and g are out of
the CCD plane and a correction is needed as tanag= tanay/cos ¢. It is important to note that the
visibility of streaks on the GISAXS image decreases quickly when ¢ increases. Facet indexation

with the corrected angle is analysed below.
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Fig. 3. (a) Experimental profile of diffraction (dotted line) close to the (220) peak of silicon with peak (S) from
the substrate and peak (NW) from the nanowires. The solid lines correspond to fits for the center of the




peaks in order to accurately determine the maximum peak position, (b) Reciprocal space map of scattered
intensity (arbitrary units) around the (2 20) peak of silicon. h and k are the reciprocal space coordinates.
There are six diffusion streaks spread regularly every 60° around the peak, providing evidence of the
hexagonal cross-section of the nanowires and thus allowing determination of facets direction.
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Fig. 4. GISAXS image obtained along (a) the <110> direction and (b) the <112> direction. We see scattering
streaks tilted in relation to the vertical q, direction, produced by different facet families. The angles indicated
correspond to the measured angles (90%> ay) and ¢ are defined in Fig. 5. In image (a) asymmetry between
the left and right is noticeable, while image (b) is symmetrical. Intensity is given in a logarithmic scale.
Inserts: schematic top view of a nanowire cross-section.

The asymmetry in Fig. 4a reflects the trigonal character of the nanowires. This is not in
contradiction with the Friedel rule of centrosymmetry nor with the six symmetrical diffuse scattering
streaks around the (220) reflection of silicon obtained in Fig. 3b. Indeed, in GISAXS the full
inversion symmetry rule is eliminated. This apparent trigonal character corroborate the
observations of Ross et al. which show that only one out of two sides are saw-tooth faceted.
However, as shown in Fig. 1b—e, our SEM observations are not very consistent with the simple
faceting model usually proposed. Indeed, we observe saw-tooth faceting on each side of the
nanowire. For large-diameter wires (i.e. diameter larger than 200 nm) the hexagonal cross-section
is replaced by a dodecagonal section. It seems that the six additional faces are wider at the top
(Fig. 1c), while almost non-existent at the bottom (Fig. 1d). All these observations lead us to
reconsider the nanowire facet model and to propose a new one, as shown in Fig. 6. In Fig. 6a we
can observe the dodecagonal section. The twelve faces are all sawtooth faceted and distributed in
three families. The (LF) family corresponds to large upward-oriented facets as indicated in Fig. 6b
and the (SF) family corresponds to small upward-oriented facets. The two opposite faces are
centrosymetric. This is the reason why the GISAXS image in Fig. 4a is asymmetric. This is
perfectly consistent with the trigonal character of the nanowires. For large diameter nanowires
(diameter larger than 200 nm), six additional faces appear as a result of the truncation of the
hexagon edge, producing the (TF) family corresponding to tilted saw-tooth faceting. The GISAXS
image is consistent with this explanation, as shown in Fig. 7. On the GISAXS image in Fig. 7, the
‘large’ facets produce a streak at 10=(90% Owign) = (90-0g) N the right of the image and one at
19:5%(90% awer) On the left tanayen= tan(ag) *cos60° However, the streak at 19.5° should be

much less intense than the one at 10°because of th e in-plane angle correction explained earlier. In
the same way, the ‘small’ facets would produce streaks at 19.5° (intense) and 37° (weak).

Combining the two, we have one superimposed streak at 19.5° on the left of the image and two
distinct streaks at 10°and 37°on the right. As th e streak at 37° corresponds to a diffraction vector
outside the detector plane (¢ #0), its intensity is very weak compared to the two other at 10°and
19.5° This is exactly what we observe in Figs. 4a and 7 with an acceptable error of 1° The SEM
image in Fig. 1 corresponds well with this explanation since we measure an angle of about 9.5°
with respect to the vertical for the large facets and 20°for the small ones. It is interesting to note
that the angles determined locally by Ross et al. in using SEM measure 11.2° and 23.3° values,



which are close to ours. Similar results have also been reported with TEM observations. In terms of
direction, the facets tilted at 19.5°correspond to <111> planes and those tilted at 10° correspond to
<113> planes. Finally, we must explain the existence of the diffuse streaks at approximately 60°in
Fig. 4a and at approximately 34°in Fig. 4b.

For big wires with a diameter larger than 200 nm, tilted facets appear, as we can see in Fig. le, at
an angle with respect to the horizontal w =58° By applying corrections, we can find the
approximate orientation of the diffuse streaks in Fig. 4a and b.
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Fig. 5. Schematic representation of the faceted wire and the CCD camera plane. q is the scattering vector, x;
the horizontal axis in the CCD plane, y; the X-ray beam direction, z; the wire axis, ag and ay, respectively the
real and measured angles between g and the vertical and ¢ the angle between the normal of the facet and
the CCD plane.
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Fig. 6. Model of the nanowires. (a) The nanowire cross-section has the six usual faces, all saw-tooth faceted.
Half of them (LF) present the large upward-facing facets and the other half (SF) present the small upward-
facing facets. The six additional faces truncating the edges are represented in red and marked (TF). They
also exhibit a saw-tooth faceting but with tilted facets. (b) shows a view in the vertical plane along the
direction indicated by the blue arrow in (a). The two opposite faces are of different type, one being (LF) and
the other (SF). This is the reason why the GISAXS image is asymmetric.
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Fig. 7. Correspondence between the streaks visible on the GISAXS image and the different types of facets.
The two streaks marked with black solid lines correspond to the facets whose normal is in the detector plane
(¢ =0). These facets are present on two of the faces of types (LF) and (SF). The two streaks marked with
large blue dashed lines correspond to the same facets but with (¢ #0), present on the other faces of type
(LF) and (SF). Finally, the two streaks marked with small red dashed lines probably correspond to the other
tilted facets present on the faces of type (TF). These faces are only present on nanowires whose diameters
are larger than 200 nm. The intensity is given in a logarithmic scale.

In situ nucleation of Si -wires, MBE growth and liquid Au-catalysts
T. U. Schilli, G. Renaud
CEA-Grenoble, INAC

Following first publications on the x-ray investigation of nanowires, fundamental questions
on their growth as the formation of defects or twinning, maybe addressed by in situ investigation of
early nucleation stages. We have followed the deposition of a thin Au film and the formation of
catalytic droplets during annealing, as well as the nucleation of si nanowires by subsequent MBE
deposition of Si.

After the deposition of a thin Au-film on Si(111), its crystallinity was studied and a
preferential orientation, parallel to the cubic axes of Si was found. Upon annealing, islands are
formed prior to melting. This could be followed in situ by monitoring the width of the Au(113) Bragg
peak, as shown in Fig. 1: for a thin layer, and scanning in g, direction in reciprocal space (here q, is
parallel to the substrate’s surface normal), broad size oscillations are visible. Their spacing can be
attributed to the 1.8 nm thick film as deposited at room-temperature. Upon annealing at 350TC,
Islands were formed, witnessed by the narrowing of the Au (113) peak as visible in Fig. 1 (b). At
360°C, all crystalline signals from Au disappear a nd a eutectic AuSi liquid is formed.
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Figure 1: Growth of eutectic catalysts, here for the system Au-Si. A 1.5 nm thin Au film is deposited in (a), the
black curve in (b) shows its size oscillations corresponding to its thickness. Annealing at 350C leads to
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islands (dashed blue curve in (b)). At 360<C the is land transforms into a AugySiy, liquid droplet.

Figure 2 shows a secondary electron microscopy (SEM) of a Au-island produced by this
method at the SUV endstation. In its liquid state, at 550C it was exposed to a MBE Si-flux, and
the nucleation and growth of nanowires was followed in situ. A reciprocal space map of the Si(220)
after the growth is shown in Fig. 3. The hexagonal cross section of the wire is visible in the form of

six facet streaks.

Figure 2: Au island formed on a Si(111) surface after annealing
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Figure 3: in-plane reciprocal space map of the Si(220) reflection of an in situ MBE grown nanowire.

Surface induced giant supercooling in AuSi catalyst S
T. U. Schulli, R. Daudin, G. Renaud, A. Vaysset, A. Pasturel
CEA-Grenoble, INAC

The rapidly developing field of vertical Semiconductor nanowire growth makes use of metal
catalysts combined with chemical vapour deposition. It is essentially the formation of low
temperature eutectics between semiconductors and metal that drives the nucleation and growth of
these structures. For Silicon nanowires, previously deposited metallic nanoparticles, Au as the
most commonly used, serve as catalysts and offer unique growth conditions and restrictions due to
their capacity of transporting Si even at low temperatures in the eutectic liquid AugpSisg. As

research is focusing on alternative catalysts, an atomistic understanding of the outstanding
transport properties of Si in AuSi even at massive Si overpressure in the growth chamber remains
unresolved.

We have investigated the melting behavior and the liquid state of these AuSi droplets on a
Si(111) surface by Grazing Incidence X-ray Scattering on the BM32 beamline. It is found that in
case of the formation of a complex Si(111)-(6x6) surface reconstruction, supercooling down to 120
K below the melting point (of only 636 K) is observed. A detailed analysis of the surface structure
shows that more then 50 % of the surface atoms form pentagonal structures, incompatible with the
fcc solid state of Au, but corresponding to the theoretical atomic arrangement and distances
present in a calculated icosahedral AuSi “molecule” as it could exist in a liquid. Modification of the
thermal history leaves a 3v3x3vV3R30° surface reconstruction and does not reveal the same
supercooling effect. We state that this is the first observation of stabilization of a liquid in interaction
with a surface. It confirms the theory that supercooling of metals is induced by local five fold
symmetry. Figure 1 (a) shows the atomic positions of the Au atoms in the surface unit-cell
obtained from the analysis of 976 measured reconstruction peak intensities. The red lines are a
guide to the eye for the deformed pentagonal atomic arrangement of Au atoms around a threefold



center. The atomic distance of the Au atoms in these pentagons is 0.29 nm, corresponding to the
atomic distances observed in e.g. an icosahedral Auq,Si molecule. Our findings are of

fundamental interest in the understanding of liquid-solid interaction, as well as on the stabilities of
liquids and the local arrangement of binary liquids. The solid-liquid transition could be observed by
the appearance/disappearance of Bragg peaks of the Au fcc structure as well as by the
observation of the liquid structure factor. Figure 1(b) shows the hysteresis opening due to the
supercooling of the melt. Depending on the interface structure, the solidification temperatures differ
by 40 K.
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Fig. 1(a): Arrangement of the Au atoms on the Si(111) 6x6 reconstructed surface. The hexagonal unit cell
with a=2.3 nm is indicated in black; in red: pentagonal arrangement of Au atoms around a threefold centre.
Fig. 1(b): Hysteresis of the solid-liquid-solid (s-I-s) transitions of the AuSi catalysts on the Si(111)6x6 and
3v3x3v3R30°surfaces . Note that the transition is accomp anied by a chemical mixing (s-I) and de-mixing (I-
S).

Investigations of GeMn on Ge(001)
V. Favre-Nicolin, S. Tardif, A. Barski, M. Jamet, T. Devill ers, C. Porret, T. Schlli
CEA-Grenoble, INAC

Scientific background:

The realization of carrier-induced ferromagnetism, with possible applications in rapidly
developing areas such as "spintronics", has boosted the interest in the study of semiconducting
materials that show ferromagnetism upon transition-metal doping, known as diluted magnetic
semiconductors (DMS). The manipulation of both the electronic spin and the electronic charge
requires the development of new DMS with a large density of carriers, which maintain their
ferromagnetic behavior at high temperature - close to room temperature. Despite several
encouraging results, DMS materials are still struggling to reliably achieve the desired high Curie
temperature T.. Up to now, semiconductor spintronics has been mainly devised based on diluted
magnetic semiconductors, in which magnetic atoms randomly substitute the semiconductor atoms.
DMS's containing secondary phases (metallic inclusions, semiconducting ferromagnetic phase or
simply concentration modulation) were seldom studied and usually not well controlled. The
presence of secondary phases or inhomogeneities could increase the critical temperature, or
enhance the magnetoresistance by multiplying the number of interfaces for spin scattering.

Samples grown and studied:

During this experiment a total of 5 samples were grown in-situ in the adjoined MBE chamber,
varying the substrate (Ge or GaAs), the Mn concentration (from 6% to 15% Mn). A few samples



were studied by X-ray scattering before and after capping with amorphous silicon. Another sample,
previously studied by XMCD, was also studied.

The growth conditions were chosen so as to minimize the formation of Ge3Mn5 clusters, i.e. at
a moderate temperature.
X-ray measurements:

All X-ray measurements were done around E=11 keV, either right below the Ge K-edge, or around
it for anomalous diffraction. For the GaAs samples constant-wavelength measurements were
carried out below the Ga K-edge. The incident angle was (except for some GISAXS images, see
below) set to the experimentally found critical angle, in order to maximize the scattered intensity.
For all samples the following measurements were made :
-GISAXS images taken along the (110) and (100) azimuths, for several incident angles (0.15°
0.25°and 0.359
-One large in-plane X-ray scattering map including the (220) and (400) reflections
-Several detailed scattering map around possible in-plane reflections: (200), (400), (620). These
were collected as “medium” (reciprocal lattice range +0.2) and “fine” maps (range *0.02) around
the main Bragg peaks.
-Fine 1D angular and radial scans around the (200), (400), (620) reflections
Anomalous diffraction measurements were carried out only for the GaAs samples, in order
to avoid the anomalous contribution from the substrate.
Preliminary results:
The maps collected on the different samples all include the same basic features : a
diffusion line between the (220) and (400) reflections (see figure 1), some diffuse scattering around
(0.6 2.6 0), and a distinctive diffuse scattering around all main Bragg peaks.
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Enhanced relaxation and intermixing in Ge islands g rown on pit -patterned

Si(001) substrates
T.U. Schulli, M.l. Richard, A. Malachias, G. Renaud , F. Uhlik, G. Vastola, F. Montalenti, G.
Chen, L. Miglio, F. Schaffler, G. Bauer

Ordering, shape and size uniformity of epitaxial Ge (or SiGe) islands on Si(001) is very
important whenever microelectronic applications based on such nanostructures are concerned .
Island formation is known to follow the Stranski-Krastanow (SK) growth mode, allowing for partial
elastic-energy relaxation. Since on flat substrates islands tend to nucleate randomly, substrate pre-
patterning prior to growth can be used to achieve controlled positioning. A high degree of ordering
was indeed obtained in, exploiting a suitably pit-patterned substrate. Remarkably, patterning was
also shown to increase size uniformity, possibly because of a more regular distribution of capture
areas. The possibility of controlling also the relaxation level of the islands by growth on patterned
substrates appears extremely intriguing. We show that the presence of pits influences not only the
average relaxation, but also the distribution of Ge within the islands. Pit-patterned substrates were
prepared by lithography. 7 ML of Ge were deposited at 620C on a Si(001) substrate with a
900x900 umz2 part of it being patterned with pits at a periodic spacing of 495 nm. The growth of a
thick Si buffer prior to Ge-deposition leaves a periodically facetted surface with flat {1 1 10} pits
with the shape of downward pyramids. AFM analysis showed that Ge islands nucleate at the
bottom of these pits and form dome-shaped islands with identical facets as on the nominal part of
the substrate. The average island density per surface unit area is 5 ym™ for the patterned part and
20 um™2 for the nominal one. The domes on the patterned (nominal) part have an average height of
28 nm (23 nm) and a diameter of 130 nm (110 nm).

The sample was then transferred under N, atmosphere and introduced in the UHV chamber
at BM32. The islands were characterized in grazing incidence x-ray diffraction (GIXD) at an x-ray
energy of 11.04 keV. The incident beam and the collimation on the detection side were translated
on the sample in order to select between the different regions. Reciprocal space maps in the
vicinity of the 400 Bragg reflection were recorded as shown in Fig. 1 (a) and (b) together with
corresponding AFM images as insets. The intensity distribution along the radial direction clearly
extends to higher lattice parametres for the patterned region. In Fig. 2 (a) radial scans
(corresponding to the full or dotted lines in Fig.1 (a) and (b) are plotted as a function of the lattice
parameter, inferred from the radial momentum transfer. It is clearly visible that the hominal sample
has its main lattice relaxation at lattice parameters around 5.46 A whereas for the patterned part,
the lattice-parameters are streched over a longer area in reciprocal space, showing a maximum at
about 5.51 A.

To better understand the reported difference, we related the lattice-parameter results to the
local Ge content inside the islands by exploiting anomalous x-ray scattering. We recall that by
monitoring the variation of the scattered intensity when varying the x-ray energy in the vicinity of
the Ge K-edge (E.=11.103 keV) at a fixed momentum transfer Q, the corresponding average Ge
concentration can be determined, so that lattice parameter versus Ge content (c¢) data are
extracted, basically without any model assumption. A first key result came out: both for the
nominal and for the pit-patterned region, the average Ge content turned out to be ~60% in both
cases: the presence of the pit does not influence neither the shape (dome) nor the relative amount
of Si and Ge atoms within the island. Let us see where, instead, differences exist. Figure 2 (b)
shows Ge-concentration vs. the in-plane lattice parameter a; for the nominal (full lines) and the
patterned region (dashed lines). A qualitative observation can be immediately made. By assuming
the usual base-to-top lattice relaxation within islands, the flathess of the dashed curve indicates
more uniform alloying within the pits in comparison to the nominal case. A possible explanation of
this different behavior will be given after completing the presentation of the results. More insights
can indeed be gained by extracting the actual 3D Ge distribution and the elastic-energy profile.
Over the last ten years, x-ray methods have been developed, coupling lattice parameter with
lateral size and chemical composition of an object, reconstructing a concentration profile inside
nanostructures.
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FIG. 1: (a) Reciprocal space map around the 400 Bragg reflection for the SK-grown sample on the nominal
part. (b) The same region of reciprocal space shown in (a) but for the Ge-islands grown on the patterned
part.

These methods are limited however by model assumptions concerning the shape of the
considered iso-strain regions. Instead, we have used a novel fitting procedure exploiting a FEM-
based treatment of non-uniform concentration profiles, allowing us to determine the local Ge
content without any constraint. After the island and substrate geometry is created based on AFM
images, non-uniform concentration values are assigned on a discrete mesh. The elastic problem is
then solved exploiting linear interpolation, (c,a;) data are extracted, and the statistical x? is
evaluated by comparison with the corresponding x-rays data. Using an iterative procedure based
on local concentration exchanges preserving the assigned experimental average concentration
value, X2 is minimized. It is important to emphasize that particular care is required in assigning the
correct statistical weight to the data. During the fit, indeed, (c, a;) pairs were computed not only
from the island interior, but also from a surrounding region in the substrate with a lateral extension
inferred from the experimental island density, and a depth of 12nm, i.e. the estimated penetration
depth of the x-rays in our set-up. This allowed us to filter out from the experimental data the
substrate contribution which, as shown in Fig. 2(c) for the nominal case, causes a sudden drop of
the average Ge content at low lattice parameters, hiding important data coming from the island
interior. Another difficulty stems in the vanishing experimental scattering volume (see Fig. 2(c)) of



the regions with lattice parameter close to bulk Ge.
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FIG. 2: (a) Radial intensity distribution as a function of lattice parameter for Ge-islands grown on the nominal
part (full line) and on the prepartterned part (dashed line). (b) Germanium concentration inside the islands as
a function of lattice parameter for growth on the nominal (full line) and on the patterned part (dashed line). (c)
Experimental raw data, and fitted data after proper separation of the Si substrate contribution (hominal case).

In the fit their concentration value was extrapolated from experiments, assigning a large
error bar in order not to bias the region where real data were present. Finally, a satisfactory fit
(which required =10* iterations) is obtained, the full solution of the elastic problem being required at
each step.

The 3D compositional maps for the nominal and the patterned substrate corresponding to

our theoretical best fit are displayed in Fig. 3(a)-(d) together with their horizontally-averaged values
(Fig. 3(e)), while the elastic energy per atom is reported in Fig. 3(f), where a comparison with the
uniform composition case is also shown. In the nominal case - Fig. 3(a) and (b), an almost Si-pure
region is found close to the base edges, a result fully compatible with selective-etching data. From
Fig. 3(c) and (d) one sees that Si enrichment at the base is less evident in the pit case where the
overall Ge distribution is more uniform, but for more localized irregularities. This is particularly
evident from the horizontally averaged Ge content values displayed in Fig. 3(e). The above
observations can be justified using both thermodynamic and kinetic arguments. The edges of the
islands grown on flat substrates are the most compressed regions in case a uniform Ge distribution
is considered, so that replacing Ge with smaller Si atoms produces significant relaxation. By
comparing the energy per atom in flat vs. pit-patterned substrates (Fig. 3(f)) in the case of a
uniform distribution, one sees that the driving force for Si segregation at the island base is weaker
in pits, since the elastic-energy difference between base and top is smaller.
If pit pre-patterning is already seen as a powerful tool to control positioning and homogeneity of
heteroepitaxial islands, in this Letter we have shown that it also allows one to control elastic-energy
release. This opens up the possibility of tuning strain in the islands by selecting the shape of the
pits in order to grow islands with the desired degree of relaxation. The kinetics of Si supply,
however, seems to be also influenced by the presence of the pit, calling for further investigations
for achieving full control.
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FIG. 3: Cross-section map of the 3D-reconstructed Ge content profile for islands grown on nominal (a-b) and
patterned (cd) samples. Sections are showed along the [100] (a,c) and the [110] (b,d) crystallographic
directions. Islands lateral size is shown in nm. Panel (e) displays the average Ge content as a function of
height. Panel (f) reports for the elastic energy profile correspoding to the fitted Ge distribution on flat (filled
box) and patterned (empty box) substrates. Plots made for the case of uniform concentration are
analogously displayed for flat (filled triangles) and pit (empty triangles) case.



Instrumental refurbishment project for 2008/9 : New BM32 hutch and integration of a

CBE gas injection system

The refurbishment project presented in last years report, supported by the RTRA « Nanosciences
aux limites de la nanoélectronique »  is currently under realisation. The isntrument is currently
closed down (since October 8™ until the end of February 2009 where the new lead hutch and lab
space will be finished. The integration of the gas injection system to combine solid source and gas
source MBE growth will follow in 2009.

Plan of the new experimental hutch:
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The increase of the possible sample-detector distance will permit higher resolution in GISAXS and
diffraction. The mounting of bulky 1D and 2D detectors on the diffractometer arm will be possible.
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