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Résumeé

L’analyse chimique élémentaire non-destructive @édaesolution latérale demeure un
enjeu important pour les domaines des sciencea g let de la physique. Par exemple les
industries du verre et de I'électroniqgue (RRAM, P&R smart materials, cellules solaires)
ont besoin d’instruments de caractérisation deluésa latérale inférieure a 100nm pour le
traitement des matériaux, I'optimisation des présgdle contrdole de spécifications et
I'analyse de défaillance [1].

Les microscopes en champ proche (Scanning Proberos$diopes (SPM)) ont
largement participé a I'essor des nanosciencesgrafpour la premiere fois, et dans I'espace
direct, la possibilité d'effectuer de la microsagusqu’a la résolution atomique [2]. Ces
équipements permettent différentes spectroscopisiu pour sonder les propriétés locales
de la surface via la pointe du microscope (pro@siéinagnétiques, états électroniques,
adhésion...). Cependant il n'est pas possible daffgcune cartographie chimique de
I’échantillon sans connaitre la compositianpriori de celui-ci. Durant les dix derniéres
années, de nombreux instruments de caractérisatibrainsi été développés pour obtenir
I'imagerie de la surface et la cartographie chireiguec le méme appareil.

Ainsi, la toute premiere idée concernant la comborad’un SPM avec une analyse
chimique locale est proposée au tout début desear®@ avec Gimzewsky [3]. L’expérience
consiste en la collecte locale de photoélectrondgppointe d’'un Microscope a Effet Tunnel
(Scanning Tunneling Microscope (STM)) sous ultravidendant que la région pointe-
échantillon est illuminée par une lampe a halog&imzewzky obtint une cartographie de
contraste de photoémission en utilisant le phot@dugénéré en tant que signal de
régulation, révélant ainsi des structures éme#ritéchelle submicroniques. Cependant une
connaissanca priori de la surface était toujours nécessaire pouefprétation des données.

Les spectroscopies de rayons-X sont des techniggggprécises qui peuvent fournir
de maniére non-destructive, des informations chiesqémanant de la surface ou de la
profondeur d'un échantillon aussi bien que sa ¢érsation structurelle. Avec le
développement des nanosciences, la tendance g&r@yaternant les spectroscopies de
rayons-X sur les lignes de faisceaux synchrotr@isd@ugmenter la résolution latérale en
diminuant la taille du faisceau d’illumination. Cpta tenu du faible rendement des optiques
focalisatrices, des détecteurs a grande ouvernirété développés en parallele. Malgré le fait

gu'une haute résolution latérale de I'ordre de 8® puisse étre obtenue sur les lignes de



lumiére les plus performantes, il demeure impossittlaligner la tache dillumination
primaire a un endroit spécifique sur la surfaceesC’la raison pour laquelle coupler la
spectroscopie de rayons-X avec la microscopie destmtale pour obtenir simultanément la
topographie d’'un échantillon et sa cartographienaiiie a trés haute résolution latérale
devrait jouer un role important dans le domainerde®sciences dans un futur proche. L'idée
est de garder une tache d’illumination de rayortseX brillante et de collecter localement le
signal provenant de la surface avec une hauteutésollatérale via la pointe-sonde d’'un
SPM.

Les premiéres expériences dans ce domaine oneftgétuées en environnement
synchrotron afin de bénéficier d’'une source trétahte. Cela est toujours la voie suivie par
plusieurs équipes a travers le monde. En effetji B$wal. [4] ont mesuré I'émission totale
d’électrons(Total Electron Yield (TEY)) avec la pointe d’'un éfoscope a Effet Tunnel tout
en faisant varier I'énergie du faisceau primairepdet et d’autre du seuil d’absorption des
éléments composants la surface (Ni et Au). llsabtenu des spectres similaires a ceux de
Spectroscopie Etendue de Structure Fine d’Absarptie Rayons-X (Extended X-ray
Absorption Fine Structure, EXAFS) et de spectrogeaje structure au voisinage du seuil
d'absorption de rayons X (X-ray Absorption Near &&pectroscopy, XANES) en tracant le
courant pointe-échantillon en fonction de I'énermdgs photons-X incidents. Eguchi et al. ont
aussi fait des mesures de TEY sur un motif decmssistant en un échiquier de Fe et Ni [5].
En fixant I'énergie de lillumination X au-dessutsaen-dessous des seuils d’absorption du Fe
et du Ni, ils ont été capable d'obtenir des imaggécifiques de chaque élément avec une
résolution latérale de 10nm.

Ching-Yuan Chiu et al. ont simulé la collectiom ghotoélectrons via une nano-pointe
sous illumination synchrotron [6]. lls ont montré'en champ proche, le courant de
photoélectrons seul ne peut pas expliquer le nigkaphotocourant collecté par la pointe du
STM. En effet une part non-négligeable du signtdlteient des électrons secondaires. Les
différentes contributions du courant total sontadiées par V. Rose et al. [7]. Le
développement de pointes recouvertes de 500nm dtanehe de Si@isolant exceptés a
I'apex (longueur inférieure a 0.5um) est aussigmés[8, 9], comme précédemment conseillé
par Gimzewski [3].

Saito et al. ont détecté une modulation du coudanpointe sur des nano-ilots de Ge
sur Si(111) alors qu’il faisaient varier I'énergle faisceau primaire de rayons-X autour du

seuil d'absorption K du Ge [10]. lls ont été camasbb’identifier un nano-ilot de Ge en



mesurant son seuil d’absorption, en 'imageanndiesant la cartographie du courant pointe-
échantillon au-dessus et en-dessous du seuil.

Récemment, une combinaison entre SPM et STXM (8ognTransmission X-ray
Microscopy, Microscopie a Balayage par TransmissienRayons X) fut développée par
Schmid et al. [11]. Dans cette expérience, le &dscde rayons-X est focalisé sur un
échantillon semi-transparent. Le faisceau transess habituellement collecté par une
photodiode. Cependant, les auteurs ont remplacghtdodiode par une pointe d’AFM
spécialement congcue pour collecter les photoélestra.a résolution latérale de cette
technique est limitée par la taille du faiscealudiiination primaire et les auteurs soutiennent
gu’une résolution spatiale de 20nm peut étre a#ein

Ishii et al. ont proposé une méthode utilisant deMicroscopie Capacitive par
Balayage(Scanning Capacitance Microscopy (SCM)) sous ragorent synchrotron [12].
L'irradiation X entraine la photoionisation des aléts de surface qui relachent les porteurs
libre piégés. La valeur de capacité entre la pogettd’échantillon est sensible a cette
modification. En mesurant la variation de cette acit@, les auteurs peuvent faire une
cartographie des défauts piégeurs d’électrons geeka surface d’'un semiconducteur [13].
Finalement, la dépendance sur I'énergie des phalenks valeur de la capacité fournit un
spectre XAFS concernant les sites de défaut. [$8ji et Hamilton ont également congu un
Microscope a sonde de Kelvin (Kelvin Force MicrgeedKFM)) combinée avec une source
de rayons-X (X-KFM) pour étudier les états élecimars des centres piégeurs d’électrons
[14]. lls sont capables d'effectuer simultanémeat ld topographie AFM (Atomic Force
Microscope, Microscope a Force Atomique) convemtédle et de la mesure locale X-KFM
afin de localiser les sites piegeurs. L'apparell @sssi capable d'effectuer des spectres
similaires au XAS (X-ray Absorption Spectroscopyeatroscopie d’absorption de rayons-X)
a une position donnée de la pointe en tracant leefdelvin en fonction de I'énergie
incidente.

L’'observation locale des propriétés élastiques drostructures fut effectuée par
Cheuvrier et al. en combinant un AFM avec de la midiffraction de rayons-X [15]. Les
motifs de diffraction X sont enregistrés par uregds bidimensionnel d'éléments de détecteur
pendant que la pointe d’AFM applique une pressiorus cristal de taille micrométrique. Ce
travail est effectué en utilisant une microsourcaydns-X. Cela permet la mesure du module
d’élasticité du cristal.

Pilet et al. se sont concentrés sur plusieurs swodeventionnels de 'AFM tels que le
non-contact, le contact-intermittent, la Microsa@ Force Magnetique (Magnetic Force



Microscopy (MFM)) ou la Microscopie a sonde de KelYKFM) aussi bien que sur les
mesures STXM [16]. Ainsi ils ont pu caractériseffadents types d’échantillons: des
mélanges de polymeéres, une nanostructure de CdBiigué par lithographie et des
multicouches magnétiques.

Dans ce contexte, le Centre InterdisciplinaireNd#moscience de Marseille a aussi
développé une téte de microscope SNOM-SFM (Scandewy-Field Optical Microscope —
Shear Force Microscope, Microscope Optique en ChBnoghe — Microscope a Force de
Cisaillement) testé dans un premier temps en aitiQuisXAS-XEOL locale (X-ray
Absorption Spectroscopy — X-Ray Excited Optical linescence, Spectroscopie d’absorption
de rayons-X — Luminescence Optique Induite par Ragment-X) au synchrotron ESRF
dans le cadre d'un premier projet européen (‘X-Tiptrep program # NMP4-CT-2003-
505634). L'objectif est ici d’obtenir un apparei daboratoire équipé avec une source de
laboratoire qui offre un rapport signal/bruit sifigatif. Cette étude fut financée par un second
projet européen (‘LUMIX’, Eureka # E4383). Il fanbter que la luminescence collectée n'a
pas de corrélation avec le signal de la boucle &gilation du Microscope a Force de
Cisaillement utilisé pour le contrdle de la diseapointe-échantillon. Cela permet d’éviter la
présence d'artefacts dans I'acquisition des imafyesa une variation de la distance pointe-
échantillon durant l'illumination par rayons-X.

Dans ce travail nous avons démontré que couplelideoscopie a Sonde Locale avec
la Spectroscopie a Rayons-X peut permettre I'oliensimultanée de la topographie d’'un
échantillon et de la cartographie de luminescernck spectroscopie locale d’un échantillon.

Le Chapitre | présente les principes des techniques expérinesnigilisées. La
Microscopie en Champ Proche et particulieremerlieroscopie a Force de Cisaillement
(SFM) sont décrits. Le domaine de la spectroscdpi®ayons-X est également présente, en
particulier la Spectroscopie de Fluorescence-X (XBfFa Spectroscopie XAS-XEOL. Les
optiques de focalisation des rayons-X, lentillesnoeapillaires et polycapillaires, sont
décrites.

La cartographie locale de luminescence visible itedpar rayons-X en utilisant la
pointe d’'un SNOM est reportée dangeapitre Il . Ces expériences ont été effectuées avec
succes avec différentes types de sources : Raya@mesgnchrotron (résultats obtenus par
Larcheri et al. dans une précédente thése [17]laser He-Cd et méme une source a rayons-
X de faible puissante microfocalisée. Le banc diessilisé pour ces expériences est décrit

figure R.1.

Vi
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Fig.R.1 Montage experimental de la cartographie simul&dé luminescence et de la
topographie grace a la pointe-sonde du SNOM.

Afin de maintenir constant I'alignement entre larpe et le faisceau primaire X, nous
avons choisi de garder la pointe a une positioa Yils-a-vis du faisceau primaire tandis que
I’échantillon est déplacé dans un plan perpendi®ilau porte pointe durant le processus
d’'imagerie. Pour cette raison, I'échantillon estgél sur un tube piezoscanner commercial de
déplacement X, y, z de marque NT-MDT. Le déplacdrfianest opéré via ce scanner et la
fenétre maximale de déplacement est de 120um xm2Qj€longation maximale du piezo
dans la direction x (contrélée par la boucle deil@gn du microscope) est environ de 5um.
Le scanner est fixé sur une tour de déplacemertogiéctrique (Attocube, ACN150)
permettant une déplacement plus grossier de I'didloarselon les axes KYs et Z.

La pointe est une fibre optique effilée recouvef@uminium (diamétre d’ouverture :
70nm, bande passante : 400-600nm) collée sur yasta de quartz oscillant a 32kHz. Ce
systéme est disponible sur le marché et est saudéng carte de circuit imprimé équipé de
trois aimants. Les deux contacts du diapason samertés via deux des trois aimants. Ce
dispositif est placé sur le porte-échantillon égude trois aimants et fixé sur une autre tour de
déplacement piézoélectrique, X, Z: (Attocube ACN150). Le diapason est alimenté va le
contacts des aimants. La pointe est perpendicutaile surface de I'échantillon. Tout ce
systéme tient sur une bride métalligue de 20cm idmetre et est solidaire a un systeme
d’amortissement.

Durant le scan topographique, le signal de lumielese émis par I'’échantillon sous

Iillumination X est collecté a travers la fibre togue effilée et est guidée soit vers une

vii



photodiode pour la collecte de toute la lumineseesoit vers un spectrophotometre
(Princeton SP2300) pour l'acquisition de spectres ldminescence. Le signal du
photomultiplicateur est envoyé vers le systéme giigition de donnée du contréleur
SMENA qui permet d'afficher les images jumelles clrtographie topographique et de
luminescence visible.

La résolution latérale de la technique est prifeipent donnée par I'ouverture de
fibre optique (70nm dans notre cas) et le rayoncaarbure de I'apex (100nm) pour la
topographie.

L’enjeu de ces expériences est I'obtention d’urpaapsignal/bruit suffisant avec une
source de rayons-X de laboratoire micro-focaliséeuslisant une lentille polycapillaire.
Voici un résumé de la section 11.2.3 illustrantoocacept.

Un échantillon composé d’un mélange de poudresri@/ZnS incorporé dans de la
résine PMMA sur un substrat de silicium fut utilipéur le test du banc d’essai. Une
distribution de taille de grains comprise entre 2t535um fut observée par microscopie
optique. L’échantillon fut aussi observé par Miamgse Electronique a Balayage (Scanning
Electronic Microscope (SEM)) associé a de I'analg¥X in-situ (Energy Dispersive X-ray
spectroscopy, analyse dispersive en énergie), et tges de grains de morphologie et de
composition différente furent repérés (Fig R.2ps Hont respectivement principalement

composés de ZnO et de ZnS.

B
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Fig R.2:(a) et (c) images SEM de grains de ZnO et de @o@porés dans de la résine
PMMA sur un substrat de silicium. (b) et (d) Anal{=DX des grains présentés
respectivement en (a) et en (c). Energie du faispeenaire : 15keV[18]
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Un spectre de photoluminescence a été acquis anghointain a I'aide d’'une fibre
optique de 400um de diametre de cceur positionngeviaon 10mm de I'échantillon. Le
spectre (Fig. R.3) présente deux gaussiennes esn&rél58 et 524nm ce qui correspond
respectivement aux pics de défaut du ZnS [19] eEZdO [20, 21]. Les pics excitoniques
correspondants au ZnS (a environ 323-353nm) [13JueZnO (380nm) [22] sont hors de la

bande passantie la fibre optique et ne peuvent étre détectés.
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Fig R.3:Spectre de luminescence d’'un groupement de gdais1O/ZnS sur un substrat de
Si. L’acquisition est effectuée en champ lointairuglisant une fibre optique de grand
diamétre de coeur (400 nm) [18].

Ensuite une acquisition simultanée de luminescencke la topographie fut effectuée
avec notre microscope SNOM sous illumination deonayX produits par une source a cible
de Rh. Les images sont présentées figure R.4. amghvisualisé est de 115um x 115um.
Concernant la cartographie de luminescence (acginseltanément a la topographie) (Fig.
R.4b)), le spectrométre est centré sur 524nm, lemgd’'onde du pic de défaut du ZnO.

L’image topographique (Fig. R.4a)) montre un grdienviron 20um de diametre de
hauteur de l'ordre de grandeur de I'élongation mmaé du piezo-Z. Ceci explique le
phénoméne de saturation dans le niveau de coulegiraih.
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Fig R.4:Imagerie d’'un échantillonle ZnS/ZnO en utilisant notre Microscope a Force de
Cisaillement. La fenétre de scan est de 115umx11%animage topographique (b) et
cartographie de luminescence simultanée. Le speet@ est centré a 524nm, longueur

d’onde correspondant aux pics de défaut du Zb8J.

La luminescence vient principalement du centre 'dgrégat. De plus aucun signal
significatif correspondant a la longueur d’'ondepdc de défaut du ZnS n’a pu étre mesuré
dans la méme région (spectre non montré ici). Qedique que les centres émetteurs
responsable de I'’émission de la luminescence samtipalement du ZnO et que l'agrégat
imagé est principalement composé de ZnO sur sesignemicrons de surface [20, 21].

Le grain semble plus petit sur I'image de lumineseeque sur I'image topographique.
Ceci peut étre da a de I'’émission de lumiére herfatceptante de I'apex de la fibre optique
comme expliqué dans la section 11.2.2 de ce maitysoir fig. 11.7)

Cependant I'acquisition de luminescence visiblaténliutilisation de cette technique
principalement a la caractérisation des matériaemiconducteurs. La Spectroscopie de
Fluorescence-X (XRF) pourrait étre utilisée pouractériser une plus grande variété
d’éléments, les limites étant fixées par I'énergiaximum du faisceau primaire et par la
détectabilité des éléments. Ainsi, en remplacafible optique effilée de la téte SNOM par
un capillaire a Rayons-X cylindrique, il serait pifide de faire de I'analyse XRF locale. Le
Chapitre 1l examine la faisabilité de cette technique. Unchdiessai sur ce concept a été
développé (Fig R.5) et est utilisé afin de déteemnita résolution ultime qui puisse étre
obtenue.

Un faisceau de rayons-X fourni par une source itdefpuissance (35 kV x 800 pA) a
cible de Rh est focalisée sur un échantillon aéai’'une lentille polycapillaire de distance

focale 7mm [23, 18]. L’angle d’'incidence du faiseesst de 30° par rapport a la surface.
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Fig. R.5:Montage expérimental du banc d’essai de colleatal®de fluorescence X.
L’échantillon est placé dans le plan focal de latlke polycapillaire (7mm). La distance
entre I'échantillon et I'extrémité du capillaire laydrique est de 1mm.

Les capillaires a rayons-X sont aujourd’hui tresliséls en tant qu’optique de
focalisation. L’originalité de ce travail reposer deur utilisation pour la collection de
photons X. Ces optiques offrent la possibilité ghaqzher artificiellement un détecteur EDX,
évitant 'ombrage du faisceau primaire excitatéwsr.fluorescence issue de I'échantillon est
analysée par un détecteur SDD (Silicon Drift DeiedBriiker GmbH, surface 10mm?) EDX a
travers un capillaire a rayons-X de 50mm de long'eh 1mm de diameétre extérieur. Le
capillaire cylindrique est placé sur une tour delaéement piézoélectrique XY, Zc
autorisant des déplacements par pas 30nm tandie giétecteur reste dans une position fixe.
La distance de travail est fixée a 1mm pour tolge®xpériences. Ce choix est justifié dans la
section 111.2.2.

Les caractéristiques du faisceau excitateur potyohatique (ie la taille du faisceau et
le nombre de photons en fonction de I'énergie dextgms) ont dans un premier temps été
mesurées. Ensuite, nous avons caractérisé la géerdatvolume émetteur de fluorescence
d’'un échantillon de cobalt pur. Pour cela, le dapé cynlindrique est positionné sur une tour
de déplacement piézoélectriqug Xs, Zs. L'influence du rayon du capillaire sur le nivede

signal collecté fut étudiée en utilisant des capiils de rayons allant de 50 a 0.5 pm.
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Le banc de test a ensuite été utilisé en tant miroscope a rayons X pour
caractériser deux motifs de test métalliques ctarsisl’'un en une grille de microscope TEM
de molybdéne collée sur un échantillon de cobaltitde en des plots de titane mince (200
nm) déposés sur I'échantillon de cobak. pas du motif et la largeur de piste de molybdéne
sont notés respectivemet .k €t drack. L'€Xpérience est schématiquement représentée fig.
R.6. Un capillaire de rayon 25um est utilisé poes mesures. Il est placé a la distance de
travail optimale de de 1mm. Pour tracer le profdl kEchantillon nous avons choisi de
déplacer I'échantillon dans le plan perpendiculate capillaire de collection pour ne pas
perdre I'alignement capillaire-faisceau primaireu$ les 10um nous enregistrons un spectre
XRF et calculons I'aire du pic de MooK(17.4 keV). Ensuite nous reportons chaque valeur

sur un graphique en fonction de la position dehi&tillon (Fig. R.7).

X-ray capillary
X-ray primary beam

Grid travel
direction :
|
!
Mo grld dtrack cl)track

Fig R.6 :Schéma de la procédure expérimentale pour lelpgdiXRF. L’échantillon est une
grille de TEM en molybdéne collée sur du cobaltgtilie est positionnée dans le plan focal
de la lentille polycapillaire et est déplacée pargeulairement a I'axe du capillaire utilisé

pour la détection @ap 25 pm).
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Fig.R.7 :Variation du signal de Moden fonction de la position de I'échantillon. Leyoa

du capillaire de détection est de 25um.

La variation du signal du pic de MoKprésente des oscillations qui suivent le motif
de la grille. On peut en déduire une distathgg.x moyenne de 255um en parfait accord avec
des mesures effectuées par microscopie optiquel(291

Une taille de barreau apparentg.dde 88 um est mesurée, tres différente de la valeur
36 um obtenue par microscopie optique. En effdilisation de capillaire pour la détection
XRF entraine des effets de convolution comme menéalans la section I11.2.2. Le diamétre
du spot d'illumination (22um de rayon a 1/e du maxin) et le diamétre du capillaire sont
du méme ordre de grandeur que la taille du bariemgollection de Mo commence (et finit)
alors que la position du capillaire est décaléeawss de bords du barreau de molybdene (Fig
R.8).
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Fig.R.8:Excursion latérale x du capillaire le long de ladjeaun signal de Mo est détecté.

Tenant compte de ces considérations géométrigeesighal de Mo devrait étre détecté le

long de la distance X, telle qu’en premiere appnation:

X=2 rcap +2WD taﬁc:Mo + Ctrack Eq (R-l)

ou Bwo est I'angle critique de réflexion pour la raie MoK1,70 mrad). Considérant une
taille de barreaud.x de 36 um et une distance de travail and WD = 1 oma,valeur de x =
89 umest attendue, en bon accord avec les mesures.

Durant I'excursion du capillaire, le signal de MmKvarie et est maximum quand le
capillaire est aligné avec le centre d'un barreau. ®,,k peut étre déterminé en tant que
la distance entre deux maxima successifs dang R.7.

Dans un deuxieme temps la méme expérience a digeeeaur le motif de titane
mince évapore sur le substrat de cobalt. Différestens de capillaire ont été utilisés : rcap =
50pum, 25um, 10pum et 5um. Ces séries d’expérier@momtrent que la collection locale de
fluorescence-X est possible en laboratoire aveaiueau significatif de signal/bruit, méme

sur des couches minces.
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La résolution latérale de la technique dépend darrau capillaire de collecte et de sa
distance par rapport a I'échantillon. Un enjeu magst I'estimation de la résolution latérale
ultime atteignable en utilisant une telle configima. Pour répondre a cette question, nous
avons développé un programme de simulation afinléterminer le niveau de signal XRF
collecté a travers de plus fins capillaires. Legoamnme, détaillé dans IEhapitre IV est
dérivé de la méthode des éléments finis et est kaséles équations des parametres
fondamentaux. Il est paramétré avec les donnédmuda d'essai (géométrie, caractéristiques
du faisceau primaire, collection de fluorescence-¥avers un capillaire cylindrique). Les
résultats de la simulation dans le cas d’'un échamthomogene sont en bon accord avec les
résultats expérimentaux.

La figure R.9 montre I'influence du rayon du cagie de collecte sur le niveau de
signal. Les triangles verts sont les données exgétiales et les points bleus relié sont les
résultats de simulation. Pour de grands rayonsap#laires le signal varie comm@ﬂw.

10000
o
$ 1000 | e
100 -
(@)]
‘wm
L 10
=
© 1
a
3
% 0.1- —— simulation
O A experiment
0.01 T T T T T

0 10 20 30 40 50 60
X-ray capillary radius (um)

Fig R.9:Niveau de signal XRF collecté en fonction du raglorcapillaire de collecte. La

taille du capillaire est de 50mm et sa distancdrdeail est de 1mm.

Nous observons sur ce graph que dans le cas dpiltaga de rayon 0.5um, le signal
chute rapidement. Le programme de simulation perdeetdéterminer quelles sont les
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paramétres optimaux pour l'utilisation d’un capiade rayon 0.5um a travers I'étude de
I'influence de la longueur du capillaire et de istance de travail sur le niveau de signal.

Ce programme permet d’assurer qu’'une résoluticgirdbt de 1um peut étre obtenue
en laboratoire avec une source a rayons-X de lmgsesance focalisée et avec un détecteur
EDX equipé d’'un capillaire a rayons-X de rayongiigur 0.5um a condition qu'il soit long
de 20mm et positionné a une distance de travaitigiire a 27um.

En utilisant une source plus brillante telle qu’'useurce de rayons-X a anode
tournante ou a jet de métal liquide [24], une hausgnificative du signal peut étre espérée
(jusgu’a un facteur 100). De plus en remplacartddgillaire cylindrique par un elliptique a
I'entrée du détecteur, cela conduirait a un gappmentaire d’un facteur 20 sur le niveau
de signal [25, 26]. Ainsi une résolution latéraldmicronique sur I'analyse de fluorescence-
X peut étre effectivement possible avec une sodieecitation de laboratoire. Bien entendu,
travailler en environnement synchrotron conduigaitin plus haut niveau de signal ce qui
permettrait de diminuer encore le rayon du capdlat une résolution latérale inférieure a

100 nm pourrait probablement étre atteinte.

Customisation

\

EDX Detector Elliptical capillary

SiO, conus
(FIBID)

Polymer tip

b)

Fig R.10:(a) La collection de rayons-X est effectuée a trale capillaire elliptique sur

lequel se trouve un apex en polymere utilisé endaa sonde du Microscope en Champ
Proche ; (b) Exemple d’apex en polymére ajoutéeafibre optique photonique (courtoisie
de LovalLite SA); (c) Cbne de Si@Eposé par CVD assistée par Faisceau d’lon Feéali

(Focus lon Beam (FIB)) (courtoisie de H. Dallapqr@NaM).

Ce travail ouvre la voie du couplage entre 'asalXRF et la Microscopie a Force de
Cisaillement. L'idée est de remplacer la fibre qpé effilée de notre téte Shear force (force
de cisaillement) fabriquée au laboratoire par apilaire a rayons-X. Cependant, dans ce

cas, il devrait étre approché jusqu’en emrieraction champ proche mécaniqawec

XVi



I’échantillon. Une distance de travail de 100nm rpaiti étre atteinte avec I'utilisation d’'un
apex en polymere a I'extrémité du capillaire. Eietele relevé topographique peut étre réalisé
par cet apex tandis que les rayons-X pourraieriiefaent étre collectés car le polymere est
guasi-transparent aux rayons-X (voir Fig.R.10).

Une autre configuration consisterait en [l'utilisati du capillaire pour exciter
I'échantillon tandis que la fluorescence X sexatlectée en configuration classique. Le
capillaire servirait donc a la fois pour illuminavec le faisceau primaire et pour les mesures

SPM (Fig R.11). Le capillaire a besoin d’étre famcalisé comme expliqué au dessus.

' ' ' ‘ Excitation X-ray beam

pinhole

Quartz
tuning fork Xray
monocapillary

EDX dete ctor

X-ray fluorescence

Sample

Fig R.11:Autre configuration possible de I'instrument. Daescas I'échantillon est excité
localement a travers le monocapillaire a rayonsgfsaant a la fois comme source
d’illumination et comme pointe-sonde de SPM. LeaiXRF est collecté en configuration
classique. Pour coincider avec les besoins duddioope a Force de Cisaillement,

I'extrémité du capillaire a besoin d’étre foncticalisée.

La géométrie idéale du banc d’essai définie parutglnumérique doit étre testée pour
définir les conditions expérimentales permettamtttdindre une résolution latérale de 1um
avec une source de faible puissance microfocaliB@s. expériences peuvent aussi étre
réalisées sur une ligne de lumiere synchrotron géterminer la résolution latérale ultime de
cette technique. Ainsi la téte de SNOM fabriquédatoratoire devra étre adaptée pour étre
équipée d’un capillaire elliptique et la résolutatime pourra ainsi étre évaluée. Toutes ces

mesures devront étre compareées a des résultatmaaton numérique.
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Le programme est aussi adapté pour l'analyse diédlon composé de plusieurs
eléments. Des calculs supplémentaires devront iEtnegs afin de définir la sensibilité de la
technique selon les caractéristigues des échadill¢effet de matrice, inclusions,

profondeur,...).
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Introduction

Non destructive elemental and chemical analysisigti lateral resolution remains a
major challenge for life and physical sciences. &xample electronic and glass industries
(RRAM, FeRAM, smart materials, solar cells) neeth-400nm resolution characterization
tools for material processing, reverse engineegogirol and failure analysis [1].

Scanning Probes Microscopes (SPM) are tools of @ginimportance because they
promoted nanoscience, offering for the first tirhe possibility to perform microscopy up to
atomic resolution in the direct space [2]. Theseuiggents allow various in-situ
spectroscopies to probe surface local propertiesgfetic, electronic states, adhesion...)
through the microscope tip. However, it remains pagsible to perform the sample chemical
mapping withouta priori knowledge of the sample composition. During th& ten years,
numbers of characterization tools were thus dewsloj obtain with the same apparatus
sample imaging and chemical mapping.

The very first idea to combine SPM with a local wieal analysis appeared in the
early 90’s by Gimzewski [3]. The experiment coreiisin photoelectron local collection by a
STM tip under UHV conditions while the tip-surfacegion was illuminated by a quartz-
halogen lamp, a very intense illumination source. gt a contrast photoemission map by
using the photocurrent as regulation signal hidttingg sub-micron scale emitting structures.
However, an a priori knowledge of the top surfacenposition was still required for
interpretation.

X-ray spectroscopies are very accurate techniguesgiding non destructive
in-depth or surface chemical information as well stisuctural characterization. With the
development of nanosciences, the general trendXfoaly spectroscopies at synchrotron
beamlines is to increase the lateral resolutiomdgyreasing the beam size probe. Due to the
low efficiency of the X-ray focusing optics, widpexrture detectors are developed in parallel.
Despite high lateral resolution in the range o8 can be achieved in chemical analysis on
some advanced synchrotron beamlines, it remainpassible to align the primary beam spot
on a peculiar place of the surface. That is theaeavhy the coupling of X-ray spectroscopies
with Scanning Probe Microscopy (SPM) to get siamdtously sample topography and
chemical mapping at very high lateral resolutiorowstl play a key role in the field of



nanosciences in the near future. The idea is tp keeigh brightness X-ray microspot and to
locally record the surface signal via the SPM prabeery high lateral resolution.

The earliest experiences in this field were penfd in synchrotron environment
because of the source high brightness. This istlséilway followed by several teams around
the world. Indeed, Tsuji et al. [4] measured theal &lectron Yield (TEY) with a STM tip
while tuning the primary beam energy through thsoaftion edges of the sample elements
(Ni and Au). They obtained, EXAFS- (Extended X-rAysorption Fine Structure) and
XANES- (X-ray Absorption Near Edge Spectroscoplg Ispectra by plotting the tip-sample
current as a function of the incident photon energguchi et al. also performed TEY
measurements on Fe and Ni checkboard like patigrmB tuning the X-ray primary beam
under and above Ni and Fe absorption edges, themulvere able to obtain specific element
images with a lateral resolution of 20nm.

Ching-Yuan Chiu et al. simulated the photoelectcofiection via a nanotip under
synchrotron illumination [6]. They pointed out thiat near-field condition, photoelectron
current alone cannot explain the photocurrent ntagaicollected by the STM tip. Indeed, a
non-negligible part of the whole signal comes freecondary electrons. The different
contributions within the total current signal igalked by V. Rose et al. [7]. The development
of smart tips made of Ptlr coated by a 500nm-thmsilating SiQ layer except at the apex
(length smaller than 0.5um) is also presented][&Pearlier advised by Gimzewski [3].

Saito et al. detected tip current modulation onn@eo-island on Si(111) while tuning
primary X-ray illumination across the Ge absorptibedge [10]. They were able to identify
a Ge nano island by measuring its absorption-ettgenage it and to map the tip-sample
current below and after the edge.

Recently, coaxial alignment combination betweenMSBnd STXM (Scanning
Transmission X-ray Microscopy) was developed byrfidret al. [11]. In this experiment, the
X-ray beam is focused on a semi-transparent sanifie. transmitted beam is usually
collected by a photodiode. However, the authorkaoegl the photodiode by a smart AFM tip,
specially designed to collect photoelectrons. Eteral resolution of this technique is limited
by the size of the primary illumination and authol@med that a 20nm spatial resolution can
be achieved.

Ishii et al. proposed a method using a Scanninga€ltgnce Microscope under
tuneable synchrotron radiation [12]. X-ray irradat leads to the photoionization of the
surface defects that release the trapped freeecarrihe tip-sample capacitance value is
sensitive to this modification. By measuring th@ tapex-sample surface capacitance



variation, the authors could perform a defect miaghe free electron traps at a semiconductor
near surface [13]. Finally the photon energy depend of the capacitance provides site-
selective XAFS spectra on the defects [12]. Ishd &lamilton et al. designed also a Kelvin
Force Microscope combined with an X-ray source (RMQ to investigate the electronic
states of the electron-trapping centres [14]. Tleg able to perform simultaneous
conventional AFM topography mapping and local X-KRMasurements in order to localize
the trapping centres. The apparatus is also abjetiorm XAS-like spectra at a given tip
position by plotting the Kelvin force as a functiohthe incident energy.

Local observation of nanostructures elastic progemas performed by Chevrier et al.
by combination of an Atomic force Microscope (AFMith micro X-ray diffraction [15]. X-
ray diffraction patterns are recorded by a two-disenal array detector while the AFM tip
applies a pressure on a single micrometer sizaatrykghis work was performed using an X-
ray microsource. It allowed to measure the crystaticity modulus.

Pilet et al. focused on several conventional ARMrating modes such as non-contact,
intermittent contact, Magnetic Force Microscopy (MFor Kelvin Force Microscopy (KFM)
as well as STXM measurements. [16]. By this wagytbould characterize different kind of
samples: polymer blends, Cr/Ti model nanostructabeicated by lithography and magnetic
multilayers.

In this context, the ‘Centre Interdisciplinaire tanosciences de Marseille’ also
developed a home-made SNOM-SFM head (Scanning fiar-Optical Microscope —
Shear-Force Microscope) tested first in local XABOL acquisition (X-ray Absorption
Spectroscopy-X-ray Excited Optical Luminescencelf@RF during a first European project
(‘X-Tip’, Strep program # NMP4-CT-2003-505634). Aajar challenge was obtain an on-
table apparatus equipped with a laboratory soundeoéfering a significant signal/noise ratio.
This study was supported by a second EuropeanagprldJMIX’, Eureka # E4383). It is
noticeable that the luminescence collected hasamelation with the SFM feedback loop
signal used for tip to sample distance controlsTavoids artefacts in recorded images due to
tip-sample distance variation during X-ray illumiios.

In this thesisall chapters are deliberately self consist&hiat is the reason why some
parts are repeated.

Chapter | presents the principle of the experimental teaesgused. Near-field
microscopy and in particular Shear-Force Microscof8FM) are described. X-ray
spectroscopy physical background is also preseimeparticular XRF and XAS-XEOL

spectroscopy. X-ray capillary optics, monocapillarypolycapillary lenses, are described.



Mapping of local X-ray induced visible luminescerustng a SNOM probe is reported
in Chapter Il . The main results obtained by Larcheri at al. preceding thesis [17] with the
instrument in ESRF-Grenoble are first summarizeaenlthe equipment was tested in lab
using a He-Cd laser. The key issue was to obtagugin signal to noise ratio with a low
power laboratory source micro-focused using a @pitlary lens. This is reported in the
second part of Chapter II.

However, luminescence is a property limiting stgdi® mainly semiconducting
materials. X-ray fluorescence signal (XRF) can Iseduto characterize a wider range of
elements, limited by the primary beam maximum eyexgd by the element detectability.
Thereby, by replacing the sharp optical fibre o# tBNOM head by a cylindrical X-ray
capillary, it should be possible to perform locdRIX analysisChapter Il investigates the
feasibility demonstration of this technique. A tbstd carrying out this concept was
developed and used to estimate the ultimate resoluhat could be obtained. X-ray
capillaries are usually used as X-ray focusingaspti he originality of this work lies in their
use for photon collection. Indeed, this offers plossibility to artificially approach the EDX
detector, avoiding the steric hindrance of the prrbeam.

Simulations by the finite element method allowedctdculate the variations of the
collected signal as a function of XRF microscopstdeed geometry: capillary inner radius,
capillary length and working distance. The modadus detailed irfChapter IV. The results
are presented and compared to the ideal modepoird-source emitter.

Discussion about signal/noise ratio and laterablug®n of local XRF mapping
through cylindrical capillaries is given. From thweork, it appears that using elliptical
capillaries for detection and approaching towareé tample in mechanical near-field

interaction is a promising way to perform local XRpectroscopy.
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CHAPTER | : Experimental techniques

Near Field Microscopes are powerful tools for sceféaopography analysis up to atomic
lateral resolution. These equipments allow variousitu spectroscopies, to probe surface
local magnetic properties [1], electronic statesd@ even to identify and localize specific
chemical group on very small features [3]. Howevaipriori elemental analysis is not
possible. On the other hand, X-ray spectroscopresfiae analysis techniques providing
chemical and structural properties of a materiakeal on the spectroscopy of photons or of
photoelectrons emitted by the sample under X-rdymihation. They require a high
brightness excitation X-ray source, usually a syotbn beam, to irradiate the sample.
However, it is not possible to image simultaneotlss sample surface neither to position the
X-ray primary beam on a peculiar micro or nano-objer further individual analysis. We
have thus chosen to combine both techniques in @ueninstrument to acquire
simultaneously the sample topography and the ctm@pping at high resolution. In the
first section, | will present the principles of soang probe microscopy, while section I
describes the X-ray spectroscopy techniques useldisnvork. Considerations about X-ray
sources are given in section Il and X-ray capyllaptics are presented in section IV.

|.1: Scanning Probe Microscopy

Scanning Probe Microscopy includes various insami® working on the same
concept of a sharp tip positioned in near fieldeiattion with a surface at nanometric
distances. This small tip-sample gap is maintaioeastant thanks to a feedback loop that
keeps the tip-sample interaction at a setpointevéiked by the user, while the tip scans the
surface in raster scan mode (Fig I.1).

The microscope tip is fixed to piezoscanner mositages allowing its displacement in
X, Y, Z directions above the sample surface by wpgl Vi, Vy and \, bias on each

piezoscanner.
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Fig.l.1: Scanning Probe Microscope principle. A sharp tygél on piezoscanner motions is
approached in near field interaction with the saenplrface. A feedback loop acts on the Z
piezo-motion in order to keep the Near-Field intgi@an constant at a setpoint value as the tip

Is raster scanned over the sample.

For each XY position of the surface, thewltage needed to maintain the tip-sample
interaction constant is stored in a 2D-matrix. Khewledge of the Z-piezo calibration allows

to calculate the sample topography.

The tip shape and sharpness is a key point lignitire lateral resolution of these

techniques. Each Near-field microscope is basea gpecific probe-sample interaction.

Among the various near-field techniques, | williscon the most important ones, i.e.
STM (Scanning Tunneling Microscopy), AFM (Atomic e Microscopy). Because SNOM
(Scanning Near-Field Optical Microscope) is usedthis study, | will also present this

technique.
[.L1.1: STM
In the 1980s Gerd Binnig and Heinrich Rohrer desiy the first Near-Field

Microscope, a Scanning Tunneling Microscope (STMBM Zurich [4]. In this case, the tip-

sample interaction is the tunnelling current flogvibetween a metallic tip and a conducting



surface, when the surface is biased. Indeed, atatigple distance of few Angstroms the
electron wavefunction has a non zero probabilitybéo transmitted through the potential
barrier induced by the tip to sample separatioenat the electron energy is lower than the
barrier height (Fig.l.2a). When the sample is liaged the tip positioned above the sample,
the tunnelling current decreases exponentially wht probe-sample distance. For example
the tunnel current increases by a factor of 1®éf tip-sample distance is only 2 A smaller.
This high sensitivity leads to a very high vertidghamic, that allows to probe the surface at
high vertical and lateral resolution (Figl.2b)).i3powerful technique enables sample local
DOS (Density of States) probing by switching thgnsof the sample bias: the sample empty
states (respectively filled states) are probed whersample is biased positively (respectively
negatively) regarding to the tip (see Fig.l.3aypectively Fig.l.3b)). Because both the tip and
the sample must be conducting, the technique isllysuun under ultra-high vacuum
conditions to prevent tip and sample contaminagiod oxidation [5; 6].

a) macroscopic scale; b} atomic scale:
z

&

tunneling ;
voltage scanning AR
direction
{ ®
——
E{Te X :
| tungsten tip currentedy

sample atoms @

Fig 1.2: Scheme of the Scanning Tunneling Microsq&3eéM) scheme principle. a)

microscope overview at macroscopic scale, b) at@tade[7]



Fig 1.3: DOS probing by STM on a n-type Si [111] surfac¥sample>0 (empty
states) b) Vsample<O (filled statd&om 8]

1.1.2: AFM

The use of STM is dedicated only to the study afiduecting or semi conducting
samples. That is the reason why in 1985, Gerd BinGhristoph Gerber and Calvin Quate

developed the first Atomic Force Microscope (AFN) pased on the control of another tip-
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sample interaction: the repulsive or attractivedsrat short distances.

The regulation of this instrument is based ondtieactive/repulsive forces existing
between the probe-tip and the sample, mainly the der Waals forces. The AFM tip is
situated at the end of a low spring constant (enrimge of 0.1 N/m) cantilever which bends
up or down under the forces action. A laser beamefiected on the top of the cantilever

towards a 4-quadrant photodiode to measure itccakdeflection (see Fig. 1.4).
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Fig 1.4: Scheme of the Atomic Force Microscope (AFM) priledip0].

The vertical spot position is maintained at a tamssetpoint value by the feedback
loop during sample scanning by the AFM tip. A tgygple iso-interaction mapping can be
obtained by recording the (XYZ) values of the pieepamic voltages. The advantage of the
technique is that AFM allows the study of all kinds samples, including insulators. The
atomic resolution with an AFM was reached for tingt time in 1987 [11].

Many AFM modes exist. In contact mode the tip-samippiteraction is based on
sample-tip repulsive forces. The cantilever deftectis kept in the linear regime during
scanning. Otherwise, in the non-contact and sertacbmode the cantilever oscillates at its
natural frequency during scanning. In the firstegdke tip is never in contact with the surface,
while in the second case, the tip is in intermitteantact with the sample surface during

cantilever vibration.

Other tip-sample forces can be detected: magnelgctric etc....depending on the
sample physical property to be studied. The AFMniigst be customized taking into account
the tip-sample interaction to control. If the schrection is perpendicular to the longitudinal
axis of the cantilever (lateral direction) the fion force causes cantilever twisting. This leads
to an horizontal displacement of the laser reftecon the photodiodes. This measure leads to

the friction forces distribution throughout the saensurface.
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[.1.3: SNOM

The SNOM (Scanning Near Field Optical Microscopane out from Synge idea that
the optical diffraction limit could be overcomedfsmall hole of diameter ax<in a metal
screen would be used to image a surface at disasheea. The instrument is based on an
AFM or on an AFM-type microscope variety called ah#orce microscope (SFM) [12].

[.1.3.1: The shear force microscope

In this case, the tip is fixed to a quartz tunfak excited at its natural frequency in
the range of 30 kHz. This excitation induces tipration in a plane perpendicular to the
sample surface (see figure 1.4). The tip extreroggillation magnitude is in the 10 nm range.
Approaching the sample surface to the tip in neddfinteraction leads to a frequency shift
and to a vibration amplitude variation becausehefpresence of the additional shear forces
between the tip and the surface. Either the angaditualue or the vibration frequency is
maintained at a constant value (setpoint) at ea¥hpXint of the surface. The feedback
system acts on the Z motion of the tuning fork koloh order to maintain this value at the

setpoint value.

X-Y Piezos ?

Z-Piezo e~ |

Z-Piezo
_ Movement

Tuning Fork

is driven at

resonant Imaging Probe

frequency /

Tip-Sample
< (( )) Separation
Probe Trace (Interaction Force)
s P ~ ==~ 1220mm

Fig 1.4: Conceptual drawing of the tuning fork Shear-Forcergscope (SFM)[13]
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[.1.3.2: The Scanning Near-Field Optical microscope

The Scanning Near-Field Optical microscope is lua shear-force based
microscope working with a sharp optical fibre starka quartz tuning fork and used as near-
field probe [14-17]. The extremity of the fibreusually coated by a metallic layer, letting a
low aperture diameter at the level of its apexsTmsures better collection of the light by the
fibre. The regulation of the tip-sample distancesrmsured by the shear-force microscope.
Three main configurations exist: transmission, efbn and luminescence modes. The
sample can be illuminated in near UV-Visible or N& region through the sharp optical
fibre.

Local sample emission occurs imdirections. In the transmission mode, light idexted by

a photomultiplier (PMT) through the sample (Figl.9he reflection is dedicated to non
transparent samples. The light scattered by theleaiw reflected toward the PMT (Fig.l.6).
Sample luminescence can also be collected (Fig.llid) this case, both previous
configurations can be used. In this case lightectdld is sent to a spectrophotometer or to a
PMT equipped with a notch filter [18].

The resolution of the instrument is limited by thiere aperture, since the working
distance is well below the diffraction limit. Foxample, the minimum aperture of pulled
metalized optical fibre found on the market is akddnm. The signal level is proportional to
the incident excitation source power. It must Inaitkd due to thermal damage of both probe
and sample.

-4
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Crpreiki {E) NT-AEDT, 2wz wwww, b com

Copyeight () NTMDT, 22 www.nimdt.com

Figure 1.5 :SNOM : Transmission mode
[19]. (Courtesy Nt-Mdt").

Figure 1.6:SNOM Reflection mod&9].
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Figure 1.7 : SNOM Luminescence mode [19].

To go beyond this limit, the apertureless SNOMoaoggt was proposed where the tip
acts as an electromagnetic antenna to enhanceolleeted signal. Light is focused at the
level of the apex of a STM or AFM tip, leading teetpresence of a strong electromagnetic
field within the narrow tip-sample gap. The amipétion is due to the confinement of the
field between the sample and the tip, which carfusther magnified by the excitation of
plasmon or by photon resonance occurring at a wagéh, specific to the tip-sample twin

system. This leads to a nanometre-scale resolafitre technique [20-22].

1.2: Interaction of X-rays with matter

X-ray spectroscopies are very powerful techniqalesving elemental and structural
characterization of samples at atomic scale. Thaue to the small wavelength of the X-ray
photons, between about 0.01 nm to about 10 nmha&bphotons interact closely with the
atoms and their neighbours. They are also sensttveéhe density of material. Those
techniques are thus of primary choice for matet@racterization in nanoscience.

X-rays penetrates deeply and interacts with madkepending on their energy and on
the irradiated material. Their absorption in mattdiows the Beer-Lambert law:

1=l ;exp "~ Eq (1.1)

Where § and | are respectively the primary beam interesitgt the beam intensity after
crossing a material thicknessy is the absorption coefficient (in ¢t
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The main interactions of X-rays with matter are:

- Photoelectric effectthis is the main effect for incident photon enesgn the
range of about 1-100 keV. The incident photon isoated by the atom and

gives its energy to a core electron, called phetdsbn, which is ejected. The

final atomic state is a ionized atom with a coneeléhole (see figure 1.8).

E A

Fig.1.8: lllustration of the photoelectric effect. An X-rplgoton of
energy tv is totally absorbed by a K-shell electron thatjisoted leaving a

core hole.

The photoelectron energy is determined by the folg formula:
E.=hv-B Eq (1.2) [23]

Where E is the photoelectron kinetic energy, h is the Ekaconstanty is the
frequency of the incident photon and B is the etecbinding energy.
- Compton_scatteringit consists in the inelastic scattering of theidgent

photon on an electron of a given atom. The photwasga part of its energy
to an electron that is ejected, and the photomsk$ with a lower energy in a
different direction. In the final state the atomadsised. It occurs for medium
energy incident photons, in the range of 100ke\MHY.

- Thomson effectthe incident photon is elastically scattered im @irections

on an atom without energy loss.
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- Pair_production it occurs when a photon interacts with the nuglef an

atom. An electron-positron pair is created prowydihe incident photon has
an energy exceeding twice the rest energy?j of an electron (1.022 MeV)
It thus occurs at high primary energy.
Fig 1.9 shows the predominance of the three maotgsses (photoelectric effect,
Compton effect, pair production) as a function loé tincident photon energy and of the

atomic number Z absorbing atom.
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Fig 1.9: Representation of the relative predominance oftkinee main processes of photon
interaction with absorbing atom and incident photemergy: photoelectric effect Compton
effect and pair production. The two curves conmeints where photoelectric and Compton
cross sections are equat € oc , left) and where Compton effect and pair productcross

sections are equabt=« , right). [24]
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Fig. 1.10 :Scheme of the main particles emitted by a sammlerux-ray illumination

In this work, X-ray photons of less that 35 keVrevased so that the particles emitted
by the sample are mainly electrons and photonsKggk10). Because core holes are created
in the atom after X-ray absorption in these engagyges, a rearrangement of the electronic
structure of the atom occurs leading to variousssimn processes including Auger electron
emission, X-ray fluorescence, and visible luminesee(XEOL), as will be developed in

sections 1.2.1to 1.2.4.

[.2.1: X-ray absorption spectroscopy (XAS)

If the sample is thin enough, and the photon flighhenough, there is a significant but
attenuated X-ray transmitted beam (see Fig.l.18¢ dnalysis of this beam as a function of

X-ray primary energy allows to study X-ray Absaopt Spectroscopy ( XAS).

The absorption coefficieptis roughly given by
_z* Eq (1.3) [25]
T AE?

where Z and A are the element atomic number and mamber respectively, and E the

H

incident photon energy. The strong dependengewith Z involves the atomic selectivity of
X-ray absorption, so that good contrast can beeaell in materials’ spectroscopy.
The absorption coefficient decreases when the pyilneam photon energy increases

but this variation is punctuated by sharp jumpseg&holds) that correspond to the photon
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energy release toward a core electron, that igeglgsee next section). The absorption edges
occur at photon energies corresponding to the el@eron binding energy (Fig.l.11). These

energies are characteristic of the absorbing elesvamd are indexed in tables.
2000 ~l
— 1800 - [
% 1600+ /
1000

L.._l._.- -// «—E/

g 0.2 0.4 0B 08 __ A/

Ao [nm

Fig.l.11 :Absorption edge of Argon (K thresho[@B]

The absorption coefficient may also be expressesgeveral extensions such as the
mass absorption coefficient{g W/ p wherep is the material density). In the case of several
elements, we can easily express the resulting ptigorcoefficient by adding that of every
element, each being multiplied by its mass ratio.

In the solid state, if recorded as a function loé tincident photon energy, the
absorption coefficient exhibits oscillations oved & 1000eV after the absorption edge.

Fig.l.12 shows a typical spectrum of FEX3; 26; 27].
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Fig 1.12: XAS spectrum of Fe[7].

This oscillation phenomenon comes from the phetdebn spherical wave scattering
by the neighbouring atoms. Interferences betweerstlattered and incident wave act on the
final state amplitude that modulates the absorptioefficient. This modulation depends on
the distance between the emitting and back saagtexiom, on their chemical nature and on
the photoelectron energy.

The oscillations are thus sensitive to both neigining atomic species as well as
interatomic distances. Computational simulationsmfra cluster model representing the
absorbing atom and its nearest neighbours have tpebformed to fit the spectrum and to
identify the structural and chemical propertiestioé detected element and its chemical
environment in the solid. The results are very eateu The X-ray absorption spectrum is
usually interpreted following two separated proessap to ~50 eV from the edge, the
spectroscopy is called XANES (X-ray Absorption N&alge Structure), while the remote
oscillations are used for Extended X-ray Absorptiine Structure Spectroscopy (EXAFS)
[26], see figure 1.12.
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[.2.2: Auger effect

In Fig 1.13 is illustrated the Auger effect. Indlcase, an electron from an outer shell
(L in Fig 1.13) fills the hole left by the photoeleon. The energy in excess is given to a third
electron (from N level in Fig 1.13) that is ejectezhlled the Auger electron. The kinetic
energy Ek of this electron, called Auger electron, is gi\®n
Ec = BEa-Es-Ep Eq (1.4)
where E is the energy of the initial core hole shell cegbaby photoelectric effect,gHs the
energy of the second electron shell before it fitls core hole anddghe energy of the third

electron shell before the emission.
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Fig.1.13 :lllustration of Auger electron emission as a camsence of photoelectric effect

Auger transitions are indexed with the three Igvalvolved in the excitation-
desexcitation process using Siegbahn notationr(ggesection) and with the Auger electron
kinetic energy. For example carbon presents a C Kiansition at 272 eV. This effect

competes with X-ray fluorescence. It is more prddddr light elements (see figure 1.14).
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Fig.l.14:Comparison of Auger yield and fluorescence yield &snction of atomic number
[28].

1.2.3: XRF

[.2.3.1: Primary fluorescence
This effect results from an allowed radiative siéion between an electron of an outer
shell and the core hole left by the photoelectsee(figure 1.15). The energy of the photon
released is given by:
En = Ea-Es
where B is the energy of the core hole level andi€the energy of the outer shell electron.

The energy of this released photon is in the rarfigérays.
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Fig 1.15:Illustration of X-ray fluorescence emission asoasequence of photoelectric effect

The nomenclature of the emitted X-rays comes froegl&hn notation. The transition
is characteristic of the element and is labellemhgishe levels involved in the excitation-
desexcitation process. The label is composed efter lthat defines the shell that is filled with
the outer electron (K, L, M, N, ...) and of a greekér that informs on the electron original
level (see Fig 1.16) [29-31]. For example when X-flaorescence is due to electron fall from
an outer level to the first one (n=1), the traositis labelled K. If the origin shell of the
electron that fills the core is just above the plettctron shell, the transition is labelled
a. The fluorescence ray schematically presented inl By corresponds to the case afi K
transition. A new nomenclature system for X-raycspescopy (IUPAC) has been introduced

for clarity reasons but Siegbahn notation is stilely used in the scientific community [31].
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Fig 1.16: lllustration of Siegbahn notation for various enngslines[29]

These transitions are governed by quantum-mecHassatection rules with various
probabilities that result in various emission linensity. X-ray fluorescence emission is in
competition with Auger effect and is the most phakaeffect for heavy (high atomic number
Z) elements.

X-ray emission lines are characteristic of elemeatsl are tabulated, so that
spectroscopy is highly sensitive to the chemicatposition of the sampld2].

XRF spectroscopy consists in recording the numiieX-tay photons emitted as a
function of their energy. A typical example is givim the figure 1.17 in the case of a Cobalt
sample irradiated by a 35kV RtoKX-ray source. In this figure, we can see two pdhksare
the two main characteristic lines of Cobalt, the ke at 6.9 keV and the[Kline at 7.6 keV
with the expected intensity ratio, coming from thesexcitation probabilities of both lines.

X-Ray Fluorescence is a fast and non destructislenigue for determining elemental
composition of materials and is widely used in ntone domains, such as materials science
[33], cultural patrimony [34], archaeology [35], dieal and biology [36], environment
[37]...because of its non destructive nature. Thishmégue is still extended through
innovative instrumentation developments, quantiificg sample preparation methods and

application fields [33, 38].
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Fig.l.17. X-ray fluorescence spectrum characteristicabalt Co Ka and Co KB are

detected at 6.9 keV and 7.6 keV respectively.

[.2.3.2: Secondary fluorescence

The X-ray fluorescence photon can be reabsorbatk welscaping from the sample,
leading to secondary excitation and secondary dsm@nce emission. This phenomenon
occurs only if the fluorescence photon energy ghhenough to excite the absorbing atom
inner shell. Two kinds of secondary fluorescencenamena exists: inter-element or self-
element. Inter-element fluorescence has the highelst for elements whose atomic numbers
differ of two [39]. Self-element secondary fluoresce is based on the excitation of different
groups of X-ray lines belonging to the same elenféart example K- to L-lines, L- to M-
lines,...). It is highly probable for light elementecondary fluorescence can also originate
from secondary excitation by photo- and Auger-etew®, from primary beam or X-ray
fluorescence scattering [40, 41]. Secondary flumrese can consequently be non negligible
according to the sample composition and the prinegm energy. For example, secondary
fluorescence can contribute up to about 20-25%®fluorescence intensity on a pure sample
[40]. For example, in the case of a Fe-Cr sam@ép Bf the Cr fluorescence intensity comes

from secondary fluorescence [42, 43].
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[.2.3.3: Matrix effect

In XRF element quantitative analysis, the fluoreseeintensity of a given atom is not
directly proportional to its concentration in thangple. Other elements accompanying
have an influence on the signal. This is called tthatrix effect’.

This phenomenon is due to the multi-element eftectthe primary beam intensity
through matter and to the X-ray fluorescence regtiem or XRF signal enhancement
induced by secondary and tertiary fluorescence.rdaopic effects can also be taken
into account such as inhomogeneities in the samppdssed or loose powders... [39].

Corrections are therefore essential to determirectincentration of an element in a
multi-element sample. It is nowadays widely perfednby fundamental parameter

method or through calibration curves [44, 45].

[.2.4: XAS-XEOL

After photoelectron ejection from the atom, allattens of the atom will take part to the
electronic rearrangement. During this process,tes can be transferred to the conduction
band. If these electrons recombine with a hole gesn the valence band, a radiative
recombination of the electron-hole pair can takeeelif the transition is allowed by quantum
mechanics. The luminescence produced is in theblgisdomain if the sample is
semiconducting. Defect centres can also be prasiofduminescence if the defect levels are
positioned within the solid band gap. Impuritieshie material, holes or doping create inter-
band levels and modify the gap inter-level desexioih path [46]. Photoluminescence is
usually studied under laser irradiation becausehiyle photon density delivered by the laser
leads to a high signal/noise ratio.

If tuneable X-rays delivered by a synchrotron seuare used for excitation, the
spectroscopic study of this visible luminescence disnction of the X-ray primary beam is
called XEOL (X-ray Excited Optical Luminescencehelspectra are often highly correlated
with XAS from where it takes its origin (see figd.8 for XAS-XEOL spectra examples) [26,
47]. Indeed, the synchrotron source allows delivarphotons whose energy corresponds to
the absorption edge of a given element containethéensample, leading to preferential
photoelectric effect occurrence from this elementl @ahus finally to specific core-hole
recombination involving this element [48]. It thbyeoffers the same XAS selectivity with
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element. A XEOL spectrum of ZnO is given in Figl8.as example, where the XEOL
intensity increases at the Zn absorption edge (Zs &ectron binding energy of 9659 eV)

and oscillates for incident photons of higher epg4®].
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Fig 1.18 : XEOL spectra of a) commercial stoichiometric Zr@wgder (top) ; a ZnO layer
(bottom) ; b)XEOL spectrum of the same ZnO layéaiabd with our SNOM-SFM apparatus
(described in chapter 1126, 50], (courtesy of S. Larcheri)

1.3: X-ray sources

Several types of X-ray sources exist and were uséus work. We can differentiate
large scale facilities such as synchrotrons andthenother hand, laboratory sources. These
sources operate in different ways. Very bright sesr are necessary to improve the
signal/noise ratio of the techniques describedeittisn 1.2, especially for nanoobject signal
detection. That is the reason why efforts have b#evoted to the development of high
brightness sources. In the figure 1.19 is represkiite evolution of sources brightness with

time.
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Fig 1.19 :Brightness of the X-ray sources as a functionroé{b1l].

[.3.1: Synchrotron X-ray sources

Synchrotrons are large scale facilities producirgh hintensity X-ray beams. These
beams are tuneable in energy.

In order to produce synchrotron radiation, elecrame strongly accelerated in a
storage ring in synchronization with their passeyrare forced to follow the curve path under
magnetic fields and oscillate by antenna effechkBao an undulator. An X-ray radiation is
produced by Bremstrahlung tangentially to the gferang. Doppler effect occurs which has
the effect of emission wavelength shortening, legdo radiation frequencies in the X-ray

range [32, 52, 53].
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The produced radiation is very intense, pulsedy eetlimated (divergence of a few
mrad at SOLEIL [54]), with a good space and timbarency and very stable in position and

intensity.

[.3.2 Laboratory X-ray sources

All of them operate in the same way, and are basethe Coolidge tube. A tungsten
filament (cathode) heated by Joule effect at higgmgerature, emits electrons accelerated
toward a metallic target (anode). Target atomseax@ted under electron beam impact and
their desexcitation process follows ways similatitose presented in part 1.2. X-rays are thus
emitted either by X-ray fluorescence, or by Bremadsgting. It originates from Coulomb
interactions between incident electrons and théeno the sample which curve the electron
trajectory. As in the case of synchrotron radiatiths speed change leads to X-ray photon
emission in a broad continuous spectral range.barktory X-ray source emission spectrum
highlights thus target material characteristic XAy fluorescence peaks superimposed on a
Bremstrahlung continuous spectrum (see Fig. 1.20).
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Fig 1.20: Spectrum of an Rh-target microsource at 35kV / 800pd) and 35kV / 100pA
(green). Courtesy of IFG.

More than 99% of the electrical power is lost &eats the target. The cooling of the

target is thus of primary importance to increaselifetime of the anode. It is performed by
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air, water or by Pelletier effect cooling, depemndon the source. The electron gun target
system is placed inside a high static vacuum seef@ber equipped with a beryllium
window transparent to X-rays.

Rotating anode sources are based on the samepbeingiowever, in this latter case,
the continuous target rotation under electron beaoitation allows to change continuously
the electron impact zone on the target, decreaiagheating effect. Consequently, such
sources allow to significantly increase the tamyetent.

Recently, liquid metal-jet-anode X-ray sources hbgen developed. In this case, the
electrons are tightly focused on a liquid galliuet garget [55; 56] The high thermal
conductivity of liquid gallium allows to increadeet electrical power injected which leads to a
very bright source (1.18Photons/(snm*mrad-line)) [57]

[.3.3 Free Electron Laser (FEL)

Free electron laser sources are another type g cale facilities which can produce
X-rays. Electrons are coherent so that their cbation efficiently add as they are accelerated
(from 6-8GeV up to 17.5GeV at XFEL [58]) and guidsddng very huge undulators (hundred
maters long in the case of XFEL [58]). As a ressittort of flashes of highly coherent X-ray
emission [59-61] are produced. Up to now, freetebeclaser sources provide highly coherent
X-ray beam with average brightness betweeff 46d 16° photons / s / mfY mrad. 10°
photons / s / mAf mrad are expected for European XFEL planed to sta20itb [58].

In this work we have used a low power Rh targetrasource provided by IFG-GmbH
with 28 W maximum input electrical power (800 u/A, BV). The importance of such sources
has grown significantly thanks to the developmaeritpolycapillary lenses that focus X-rays

onto micrometer size spots. This enables to dephetons at high flux density.

|.4 X-ray capillary optics

Focusing X-rays is not trivial, and this field afsearch started in the Xxcentury
when high power X-ray fluxes were needed.

Compton showed in 1923 that X-ray could be redldain a smooth surface at grazing
incidence angle. In 1931 Jentzch and Naring dematest the feasibility of using total
reflection to guide X-rays. In 1948 was develogealfirst optical system by Kirckpatrick and
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Baez [62], consisting in the use of two orthogonaliossed mirrors, each of them focusing
X-ray beams in one direction. Then, Wolter devetbp@aother grazing angle X-ray mirror
system in 1951 [63] He invented three different ways to build an X-talescope by using
hyperbolic and parabolic mirrors. They are widelged in astronomy. Montel Optics
appeared in 1957 and consist in two mirrors moupgrgendiculary side by side [64].
Nowadays many other X-ray diffractive optic dewickave been designed and
marketted. First multilayer X-ray mirrors which kkoon diffraction at wide angles under
Bragg conditions at the interface between two Isf6f. Fresnel zone plates can focus X-
rays on a nanometer range size spot (down to 3[BA&n66]). Curved mirrors have also been

developed [67]. Diffractive optics are spectrdestave.

Refractive optics were also developed in the [860’s by Snigirev although they
were considered as inappropriate for focusing Xsfagcause refractive index of materials in
the X-ray range is near unity and that strong giigmr occurs. It consists in many individual
refractive lenses arranged in a linear array madew atomic weight materials (see for

example ref [68]).

Capillary optics, invented in the early 80’s by Kakhov [69], are now widely used to
guide and focus X-ray beams. We have used sucbsoiptithis study. A short description of
their principle is given in the following sectioms.review about X-rays micro focusing optics

can be found in [70].

1.4.1: X-ray monocapillaries

In ref [71] Kumakhov and Komarov explained thatytiveanted to design X-ray and
gamma optics to address five issues

(1) broad-band optics efficient from 0.1keV to 1@W

(2) high angular aperture

(3) high energy density delivery

(4) transformation of a divergent radiation to anhe parallel beam, and focusing a
parallel beam into a small spot

(5) The X- and gamma-ray optics should be compadtsaitable for a manufacturing

process.
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For X-ray radiation the refractive index value igngrally lower than 1 [72].
According to the Snell-Descartes refraction lawe tnly way to reflect X-rays is by total
external reflection with an incident angle, (measwvith respect to the surface) lower than a

critical anglef,. This critical angle is given by the following foula:
0.02/p(gecm™ Eq (1.4) [73]
6, (rad) = p(gecm™)
E(keV)

wherep is the reflecting matter density in g.€rand E is the primary beam energy in kéy.

value is around 4 mrad in the case of Golke at 6.9 keV reflected on SiOA mirror is not
well suitable for X-ray reflection, even at grazimgidence, because of the low critical angle
value. This problem can be solved using a curvedomji74].

The solution found by Kumakhov [71] is to guide a§s by multiple reflections in
glass hollowed bent channels. If a given photorchrea the channel wall with an incident
angle lower than the total external reflectionicait angle, it will be reflected one or many
times until it reaches the channel exit (see figlt#a)).In the best configuration, the angular
aperture of such a device is twice the criticallarg the material.

Capillaries can be made of glass. Usually lighasglis used (borosilicate), but
sometimes heavy glass (lead glass) may be morentadyeous. Indeed the heavier is the
glass, the larger is the value of the critical ar@{E), although the absorption becomes

larger. The best type of glass must be chosen depgon the optics application [75].

By bending the channel, photons will be guided fatcais point depending on the
channel bending, as schematized in Fig. 1.21b).

(:T: — 1 ®

/

Fig 1.21:(A)Hollowed cylindrical channel guiding X-rays fraarpunctual source. (B) Bent
hollowed channel guiding an X-ray photon beam feopoint source.

There are some limitations on the capillary cumet Indeed a photon can be guided
to the channel exits only if it is reflected on timmer wall with an incident anglé<@..
Photons that penetrates the capillary perpendigulaits entrance are reflected or not on the
capillary walls depending on both capillary dianmnedad radius of curvature. The following

equation must be verified:
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1o’ Eq (1.5) [75]
y_.—éziz 1

where d and r are respectively the capillary irdiameter and radius of curvaturey4l, a
part of photons that enters in the capillary w#l lost because of a too large incident angle.
The channel cross section has a semi-moon forml.Eygillustrates this point in the case
ofy>1 (a) and ofy< 1 (b).

[N B @

@)
6>0,

@ 0,<6,

(b)

(a)
Fig 1.22:1llustration of the channel inner diameter influenan the X-ray guiding ability in
the case wherg>1 (a) andy< 1 (b). In each case, a close view of the crostiae of the
entrance is schematically presented. Photons pgskiough the striped area are guided.

The reflection critical angle is enhanced for betiaderstanding75].

1.4.2: Polycapillary lenses

From the preceeding considerations, by using atbehdent channels, it is possible
to focus X-rays from a punctual source to a smalght spot. This is achieved in
polycapillary lens technology. Some examples amwvshin figure 1.23. Such X-ray lenses

are able either to focus (“full lens”) or to colkte (“semi-lens”) the beam.
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Fig 1.23: Polycapillary lenses (left)76], SEM micrograph of a polycapillary lens

cross sectioifi77]

Each polycapillary lens is designed and built omded for a given source. The user

must specify the target spot size, the focused dijpateter and the working distance (or focal
distance). Fig.l.24 shows a polycapillary lens sobe

D1 D2

= L =)

Fig 1.24:Scheme of a polycapillary lens

@ is the lens angular aperture, Bnd Q; are the input and output lens diametgrf,f
are the source and focus focal distance respegtiliek the polycapillary length. The focus
size varies with X-ray energy because of the @ilitiengle dependence (see Eq 1.3). The
polycapillary lens provides a Gaussian shape beaos&/ FWHM is measured by scanning
the focal plane with a 5um lead pinhole equippimg EDX detector. Finally a lens is
characterized by an intensity gain. This paramisténe ratio between the intensity measured
by a detector through a capillary and the direanbéntensity through a pinhole of the same
diameter. The detector-source distance is the $ant®th measurements.

An example of an X-ray source spectrum with andheut focusing polycapillary lens

is given in figure 1.25. It evidences the intenggin provided by the lens.
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Fig 1.25: Spectra of X-ray emission from a Mo target micraseu In red: with a
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polycapillary lens (40 kV / 3pA), in green: withdems (40kV / 300pA). Courtesy of IFG-

GmbH
Underneath we present the polycapillary lens dtarestics used in our experiments
in Table I.1.
LENS 126mls05
GEOMETRICAL PARAMETERS
f1, mm 49.2+0.1
f2, mm 710.1
L, mm 103.8
Din, mm 5
Dous Mm 15
Dmax, MmMm 7.2
®, rad 0.101
FOCUS PARAMETERS
E, keV 3-5 5-7.5 7.5-10 10-15 15-20 20-25 25-30
Focus size, pm 31 35 35 25 18 17 17
Intensity gain 9459 1883 21349 21746 17827 7391 4157

Table I.1: Polycapillary lens 126mIs05 parameters. It was jpted by IfG - GmbH

(Institute for Scientific Instruments, Berlin)
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The polycapillary lens is optimized for a speciinergy range (between 7.5 and 15
keV in our case) and the best intensity gain da¢sarrespond to the shortest focus size, as
can be seen in Table I.1. This is due to the atittmgle variation with X-ray energy. This
phenomenon is similar to chromatic aberrationdassical geometrical optics.

Our polycapillary lens is designed by IFG GmbH (B¢ to maximize the intensity
gain of our Rh target X-ray source, with a 7 mmnt égal distance. We chose this distance in
order to keep opened the X-ray beam spot area iagoishadowing effects by other

equipments fitted to the source.

1.4.3: Elliptical capillaries

Elliptical monocapillaries can be provided alsodamand. The principle is presented
in figure 1.26. Such capillaries are obtained framelliptical shape bubble existing inside of
the glass tube during pulling under heating. Theyweha better gain than cylindrical
monocapillaries thanks to a wider angular accegtainbey are single reflection optics. With
asymmetric elliptical capillaries, it possible tbtain a focus size smaller than the source size.

[75]
F1 L F2
Fig.l.26:Hollowed elliptical X-ray capillary. F1 and F2 atée capillary focal
distances and L is its length.
1.5 Summary

In this chapter, are presented the experimentahtguaes involved in the coupling of
X-ray spectroscopies with Scanning Probe Microscdjmst | have described the Scanning
Probe Microscopy principles and in particular thedmut the Scanning Near-field Optical
Microscope as it was used for experimental worlemThfocused on the interaction of X-rays
with matter to introduce X-ray Excited Optical Lurascence and X-Ray Fluorescence
principles. Then | presented the main X-ray souerebtheir characteristics and finally X-ray
capillary optics that now equip most of the focusedrces. Moreover these optics were also

used for detection in this work as it will be refgolin Chapters 1l and IV.
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CHAPTER Il : Mapping of X-ray induced

luminescence using a SNOM probe

Simultaneous acquisition of sample topography daitble luminescence mapping of
a sample under X-ray excitation is possible by hascence local collection via a sharp
optical fibre used as a shear force microscopeepridbwever, conventional shear force head
equipments do not offer access for X-ray illumioatiWe have thus developed a shear force
microscope head that can be easily fitted to aleyion beam line or to an X-ray laboratory
source. The microscope is controlled by a Nt-MdBMENA controller. We first describe the
instrument and the calibration samples used focephand equipment validation. Then the
results of preliminary tests in synchrotron fagiliX-tip European contract, STREP # NMP4-
CT-2003-505634) as well as the results of experimesing a laboratory source (LUMIX
European contract, EUREKA-EUROSTARS E4383) areudised.

[I.1: Experimental setup

The instrument is designed first to collect thablesluminescence as well as to record
the topography of the sample. It uses a sharp aldilare tip to collect local X-ray Excited
Optical Luminescence signal. The visible lumineseers sent to a detector via an optical
fibore. The detector can be a simple photodiode tdal luminescence collection or a
spectrophotometer.

In figure 11.1 is shown the scheme of the experimém order to maintain the tip-X-
ray beam alignment, it was chosen to keep thentgpfixed position regarding the beam while
the sample is moved in a plane perpendicular taiph&older for sample imaging process.
For this reason, the sample is positioned on a cential X, y, z piezoscanner tube (NT-
MDT). The fine motion is operated via this scanaed the maximum scan window (y, z axis)
Is 120 x 120 um. The maximum piezo elongation idinection (motion controlled by the
microscope feedback loop) is about 5um. The scaisnixed on a piezo stack (Attocube,

ACN150) allowing sample coarse displacement inYx and Z axis.
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Fig.ll.1: Experimental setup of simultaneous lunsitcence and topography mapping through
a SNOM probe tip

The tip is a sharp aluminium coated optical fibegpgrture diameter of 70nm,
bandwidth: 400-600nm) glued on a quartz tuning faskillating at 32kHz (see figure 11.2a)).
This system is available on the market. It is wdlda an printed circuit board equipped with
3 magnets (figure 11.2b) on the right). This latep is clearly the most critical in the
microscope preparation before operation. Both wiark contacts are connected via two of
the three magnets. The whole device is then plawmedhe microscope tip-holder, also
equipped with three magnets and fixed on anotheYXZ; piezo stack (Attocube ACN150).
The tuning fork power supply occurs via the magmetsontact. The tip is perpendicular to
the sample surface. A picture of the apparatusiasva in figure 1l.2c), and a close view of
the tip-sample area is visible in figure 11.2d).eTWhole system is fixed on a 20 cm diameter

metallic flange fixed on a damping stage system.
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Fig.11.2: Photographies of the Sharp probe-tip glued on thatg tuning fork a), Tip-
holder (right) and Sample-holder (Left) face todd@hotographies taken at the ESRF) b)
and c). The whole system is fixed on a 20 cm denflange.

Before microscope running, the X-ray beam spottnbesaligned regarding the tip
apex. This operation occurs in three steps of eoarsl fine alignments, one step per tip
degree of freedom horizontal in the sample plane); (¥ertical in the sample plane) and Z
(horizontal and perpendicular to the sample plafi@®).ensure a friendly-use alignment
process, a fluorescent screen sheet is stuck osample holder just above the sample. A
CCD camera + zoom optical system allows to obs#edip apex, the fluorescent spot with a
few micrometers accuracy. The sample is approativeard the tip-probe to position it in the
X-ray optics focal plane (action on-2xis). This plane is perfectly defined on synciroot
beam lines as well as using a laboratory sourcgh@odiode detector is positioned laterally
(Fig. 11.1) to collect in far field the sample lun@iscence. The primary X-ray source
(laboratory or synchrotron source), focused onstitreen over a micronscale area, is switched
on. The tip apex position is moved regarding thenbepot by action on the coarsenmotion
while both beam and sample remain in a fixed pasitAlignment is eyed controlled on the
video screen since it is easy to align the apelk thié brightest beam spot part (first axis). The
tip is then displaced along-éxis while measuring the luminescence signal piediby the

lateral photodiode. At the beginning of the schm,dignal is maximum, then it decreases till a
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minimum value reached when the tip is centred i beam centre, due to shadowing
effect. Then the signal increases to reach thelinalue. The minimum position corresponds
to the tip-spot alignment according &xis (second axis). Then the sample is moved doupr
Ys axis (vertical in-plane motion) to position thenpary beam spot on the sample of interest.
Finally the tip is approached toward the surfacemagh as possible avoiding tip-sample
contact (£ motion eyed-controlled on the video screen) amthér engaged on the sample
surface in near field interaction with the sampe rhotion). Fine alignment acting on Xnd

Y: piezo actuators by unit steps by optimizationha signal collected through the optical
fibre.

In a preceeding thesis, the equipment was fitsediiby Larcheri at al to ID0O3
beamline (ESRF-Grenoble, France) [1]. The spot dtamwas around 20 um. Then, during
my thesis, a Rh-target laboratory microsource ves$etl. This source operates at 800 pA
current under 35 kV acceleration voltage. It isippad with a polycapillary lens providing a
high brightness Gaussian excitation spot of 22 pdius measured at 1/e. The photon flux
within the beam spot is about *1photons.3.um? (see section 111.1.2 for the laboratory
source primary beam spot characterization). In @iapn, the photon flux in synchrotron
environment is 3.1 photons.8.um? (at the D03 beamline of ESRF for the 20x15um spot)

During the topographic mapping, the luminescengmadi emitted by the sample
through X-ray illumination is collected through thklearp tip optical fibre and is sent either to
a photodiode for whole luminescence collectionooa spectrophotometer (Princeton SP2300)
for luminescence spectrum acquisition. The spehtrtgmeter is equipped with 3 gratings of
150, 300 and 600 grooves/mm providing respectidly?, 10.5 and 5.12 nm/mm linear
dispersions (measured at 435.83 nm) of PM (Photbopier) aperture, corresponding to the
respective full scale wavelengths of 569, 281 aBd im. This work is performed with the
150 grooves/mm grating, and with a PM slit of 10.dine PM bias is fixed at 8 kV. The PM
current is amplified by an I-V converter of highig&l0’ VV/A). The PM signal is sent to the
data acquisition board of the SMENA controller whiallows to display twin images
topography-visible luminescence mapping. Note thatspectrometer is also equipped with a

CCD camera in order to obtain directly the lumirsse signal spectrum.

We here present the preliminary tests results oéthwith our equipment.
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11.2: Instrument testing

[1.2.1: Results on a synchrotron beamline

The resutlts on a synchrotron beamline were obthiby Larcheri at al. in a
preceeding thesis [1]. The apparatus (fig Il.15iiest brought at ESRF ID03 line [1; 2]. A
ZnWO, — ZnO thin layer (~400nm) was prepared by co-gpingy Zn and W onto a silicon
substrate followed by a 900°C annealing in air ndep to check the feasibility of the
technique and the performance in terms of latesdlution.

Twin mapping images of the simultaneous topographg visible luminescence
collection were recorded at different X-ray incidemergies (fig 11.3). Each image contains
1024 x 1024 pixels. The stability of the instrumenexcellent since neither mechanical nor
thermal drift was observed during the 8 hours expemt needed to record the whole set of
images.

The idea is to highlight the different areas comitgy ZnO and ZnWQ For that
purpose each twin image is recorded at an incideain energy below and above the Zm-K
absorption threshold (Fig. 11.3a),e) at 9600 eV HrR&b),f) at 9664 eV respectively). Another
set is recorded below (Fig. 1.3 c),g)) and abotg.( 11.3d), h)) the W-L3 absorption
threshold at respectively 10190eV and 10207e\Fidgn1l.3, a) to d) are topographic images,
while e) to h) imagesorrespond to the luminescence mapping. Black zenegspond to
grains that are not emitting or that emit with avlemission yield or out of the fibre
acceptance angle (22°). No direct correlation mble between the topographic and the
luminescence images because the emitting centeesoadocalized and light can diffuse into

the sample.
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Fig.11.3: topography (4a to 4d) and visible luminescence (dapo 4h) simultaneous
acquisition of ZnW@2ZnO thin layers deposited by co-sputtering orcasiliwafer. Scan
window: 18 x 18 unf,;2].

Post image processing can be carried out on fglii@e) to 11.3h) to define ZnO and
ZnWOQ; rich areas [2], as shown in figure Il.4. The congmn between fig 11.3e and I1.3f
(resp. 11.3g and 11.3h) highlights Zn-luminescenéas (W-luminescent areas resp.). Then, to
enhance the contrast, these two images are fustimeterted in black and white scale. By this
way we get two intermediate images, which are thsad to obtain a chemical mapping of the
layer: the ZnO rich emitting areas can be obtaimgdifference of these intermediate images
(Fig. ll.4a), since Zn is present in both matenalsle W can be found only in ZnW@rains.
Finally, a logic operation ‘AND’ is applied betwedme intermediate images to highlight the
distribution of emitting ZnW®@ (figure 11.4b) since Zn must be present in bothtarals. In
fact a white pixel in figure 11.4b is obtained onlythe same pixel appears simultaneously
white on both intermediate images. This image msicg leads to a two-level (black and
white) image which increases significantly the cast Since Fig.ll4a shows only few
features, one can conclude the emitting centresabnest pure ZnWg@ as confirmed by
XRD and micro-Raman analysis [1]. Fig. Il 4c shdtws superposition of both Il.4a and I1.4b
images. This image combination clearly highligth8\ZO, (blue areas) and ZnO (red areas)

emitting centres cartography.
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@ B (b) (c)

Fig.1l.4. Post-processing of images presented in Fig 11.8 ¢s&t). (a) ZnO rich emitting
areas highlighting. (b) distribution of emitting \&f0O, centres. (c) Superposition of (a) and
(b) images. ZnO (resp. ZnW)ich areas in red (resp. in blue). Scan windowI1#.1m?2.

By stopping the sample surface scan, it is possibfgerform XAS-XEOL acquisition
on a peculiar area of the sample surface. This rarpat is performed on ZnO layers
(~400nm), prepared by Zn sputtering followed by0O®°@ annealing in air. This sample is
first characterized in conventional XAFS-XEOL spestopy, at the ESRF ID03 line. The
spectrum (fig 1l.5a).bottom) is compared with thaft a commercial stoichiometric ZnO
powder sample used as reference (fig. Il.5a).topg threshold localized at 9.6586 keV, is
characteristic of visible light emitted by Zn atorater X-ray absorption. The very good
agreement both in term of peak positions and k&athagnitudes measured with respect to
the average signal above threshold indicates tteaZnhO sputtered layer is stoichiometric.
The XAFS-XEOL spectrum presented in fig 11.5b) écorded by the apparatus on the same
sample and is in very good agreement with thosevsha fig 1l.5a). It is obvious that the
light emitted within the fibre aperture (~50nm) #its in this case a luminescence spectrum

close to that of a stoichiometric ZnO sample.
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Fig 11.5: XAS-XEOL spectra of (a) commercial stoichiometn©zowder (top); ZnO
layer (bottom); (b) spectrum of the ZnO layer ob&al with the instrumeit; 2]

[1.2.2 Results with a laser excitation source

In this experiment the apparatus is equipped withvde-Cd laserN=325nm, power
15mW, flux of 2.16° photons.8.um? as excitation source [3] and works in a classical
SNOM configuration.

Fig. 1.6 shows a twin image topography-visible lnescence map obtained on ZnO
stoichiometric clusters spread from a solution ommercial ZnO powder in ethanol and
deposited on a silicon nitride grating. The toppéia image (Fig. 11.6a)) clearly exhibits both
the silicon nitride grating and individual ZnO grai In fig I1.6b, only the ZnO grains are
luminescent because silicon nitride is not at ehisitation wavelength. Grain size varies in
the 0.5 to 4 um range. We can notice that someagexe visible on both images while others
are visible only in the topographic image. In fach grain does not necessarily emit light.
Moreover, some grains are partially emitting, osgbly the luminescence is not detected

over the whole grain (see for example top left Fegil.6a) and 11.6b) top left).
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The correlation between both images is high, howegmins seem smaller on the
luminescence mapping image. It can be understoodobtysing on the evanescent wave
collection process (from the aggregate surfac&pntiders the optical fibre apex as diffusive
and the aggregate size discrepancy between lunénes@and topographic mapping could be
attributed to a quenching effect from the aluminiwoating to the ZnO emissive sites.
Another explanation considers that luminescenamliected in a propagating modeimple
geometric considerations [3] can explain this dipancy linked to the convolution
phenomenon between the grain shape and the tip egdgorior topographic image or tip
aperture for luminescence mapping. Fig. II.7 ilasds this effect. Indeed, the light collected
by the fibre-tip comes from ZnO emission sitesdesa cone with an angle corresponding to
the fibre acceptance. The analysis is performedepth, and the thickness of the probed
material is limited by the luminescence wavelerggtenuation length in ZnO. When the tip
is on top of a ZnO grain, this acceptance volumidgalized inside the grain and a strong
luminescence signal is detected. When the tip stamssample, the luminescence signal
drastically decreases before the tip reaches than dyorder because a great part of the
acceptance volume is outside the grain. This effaat be quantified and for a 2 um radius
spheric grain imaged by a 50 nm radius of curvaspieerical tip, the apparent grain radius in
the luminescence map is 1.86 pum. This correspoods 7% variation in grain diameter
between topographic and luminescence images, inl ggpeement with experiment (Fig.
1.6).

(a) (b)
Fig 11.6: 17x17 pm? SNOM-Shear Force image of ZnO clusteesadpver a silicon nitride

grating. a) topography image. b) Luminescence napjd]
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Fig: 1.7: Scheme of a sharp SNOM probe scanning a micronZeedegrain[3]

[1.2.3: Results with a laboratory micro-source

Results presented in sections 11.2.1. and Il.@@re obtained using high brightness
sources. We wanted to know if it was possible t@mioba significant signal/noise ratio using a
laboratory microfocused X-Ray source. For this psg two types of samples were used to
evaluate the apparatus performance. Both are kdomtheir strong luminescence under X-
ray illumination:

e Uranyl compoundsdeposited on paper. It is commonly used as lumamds

screen for X-rays.

* Powder mixtures of ZnO and ZnS embedded in PMMAstgspin-coated on

silicon and finally dried at 100°C.

This work is described in [4].

The simultaneous topography and luminescence mgmgithe luminescent screen is

shown in the figure 11.8.
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Fig I1.8: Luminescent uranyl screen characterization. Imagiogditions: scanned surface 14
umx14um, 1024x1024 pixels, 5 s per scan line. gpoboaphic image. The arrows show
depressions at the sample surface. b) Luminesacaapping (PM voltage 8 kV). The arrow
shows the fixed position where the photoluminesespectrum presented in Fig. 26 (red

line) was recorded4]

In Fig.11.8.a) we show the topography of the luesoent screen. The full vertical scale
of the image is 1 pum. The topography clearly shgvesns of 2 to 8 um diameter. The RMS
(Root Mean Square) roughness is in the range 1B80#iM. By comparison with the
topographic image obtained before opening the Xgayrce shutter (not shown here), we
believe that this image is not distorted duringay-irradiation by the Rh-& source, although
both sample and tip could be heated by illuminatéord thus could thermally expand.
Moreover, electrostatic interactions should occwtwieen tip and sample, due to
photoelectron emission under X-ray radiation, mgdg tip-sample interaction and thus
possibly affecting the topographic image.

Fig. 11.8b) presents the luminescence mapping isfsample, simultaneously acquired
with the topography at the maximum luminescencensity (552 nm, Fig. 11.9). Black
(respectively white) zones correspond to non-engtt{respectively maximum emitting)
areas. In the topographic image (Fig. I1.8a) bottoenter or top-left corner), we observe
hollows, from which emission is observed on theiheacence map (Fig. 11.8b)). However,
on the wide grain on the left hand side of Figd),8a non emitting zone is observed on the
luminescence map. Note that both images are sinedtssly recorded so both topographic
and luminescence images exactly overlap. Shadoeifegts by the tip must be excluded
because the tip remains in a fixed position regaydo the excitation beam, otherwise the
image should appear completely dark. Grain cureatmuld explain luminescence intensity

decrease in case the luminescence is emitted ahedibre apex acceptance. However, the
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topographic image tends to show that this phenomelo@s not occur here. Finally, the tip-

sample distance is controlled by a feedback loggratng on the vertical sample motion to

keep the tip-sample near field interaction constdiis control provides the topographic

image and does not operate on the luminescencalsifhe screen is made of a highly

luminescent material and even in the hollows olestian topographic images, luminescence
coming probably from the material underneath idectéd. No luminescence contrast was
expected but experience probably highlights a dahagea in the screen. This could not be
deduced from the topographic image.

During illumination, the sample scan was stoppea fated position under the SNOM
tip. A photoluminescence spectrum was then recoatted grain, while the feedback loop of
the microscope remained activated to maintainifiteample distance constant (Fig. 1.9 red
line). This spectrum has good signal to noise ratid we observe peaks positioned at 385,
420, 441, 461, 494, 547, 552, 591, 595, 625 nnsp@etively 25974, 23809, 22675, 21692,
20242, 18280, 18115, 16920, 16806, 16000 cnuUranyl groups U@ luminescence
spectrum exhibits characteristic peaks at 491, 585, 561 and 587 nm [5, 6]. Eiuons
provide two main luminescence peak centered ata&5@2613 nm [7]. A peak shift (in the
range of 3 to 12 nm) is clearly observed in ouresigmce regarding literature. It can be
explained by the fact that the spectrum varies withchemical environment of the emitting
complex [5, 6]. Finally our spectrum presents cbinastics of europium uranyl compounds

which are currently used for commercial fluorescameens.
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Fig 11.9: Photoluminescence spectrum of the fluorescent scheeear-field configuration
(red line) at the fixed position shown by the arrioviFig. 11.8b), and in far-field configuration
(blue line) with a wide core fibre, for comparisdrhe slit aperture at the PM input was
adjusted to reach about the same signal magnitndis far- and in the near-field modes.

PM voltage: 8 kV[4]

When the sharp optical fibre is removed and replaog a 400 um core diameter
commercial optical fibre, placed at about 10 mmtiG@ far field acquisition conditions) from
the surface and connected to the spectrometergtiteded spectrum exhibits similar peaks,
as shown by the blue line in Fig.ll.9. Note tha¢ thpectrometer input slit aperture was
adjusted to reach similar signal magnitude in raeat far field acquisition modes. The peaks
obtained in both cases, far and near field modex@disition, are centred at the same values.
However, the peak intensity ratios depend on tlggiation mode. Several hypothesis can
explain this phenomenon. First, acquisition infdrefield mode leads to an average spectrum
of the whole emitting surface. In the near-fielchdions, light collection is local and the
sample chemistry may vary with the tip positiontba surface. Second, the sample natural
roughness may affect the light collection due tdOBNtip axis-sample angle variations. In

future, we must take address these issues forrapamnparison with literature data.

Then a second type of sample was used, a ZnO/Zn@8gvamixture embedded into

PMMA resist and spread over a silicon sample. Aticap observation of the sample is
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presented in the figure 11.10 (field of view: 820p®B0um). In this figure, a grain size
distribution in the range of 2.5 to 35 um is obsekv

Fig 11.10: Optical bright field micrograph of ZnO and ZnS graiembedded in PMMA resist
spread on a silicon wafer and then dried. Field/iefv: 820umx=650uni4]

The sample is also observed by SEM (Scanning Blediticroscopy) and analysed by
in-situ EDX (Energy Dispersive X-ray). Two typesgrfiins were observed (see Fig.ll.11).
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Fig I1.11: (a) and (c) SEM images of the ZnS and ZnO gramiseelded in PMMA spread on
a silicon wafer. (b) and (d) EDX analysis of thaigrshown in (a), (c) respectively. Energy of

the primary beam: 15 keY4]
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The grains may have two morphologies (fig 1l.11adl &.11c)), indicating that they
are aggregates probably made of two different naserThe EDX spectrum of the grain
shown in fig Il.11a) exhibits characteristic peaifsZn-Ka, -KB and —la and S-Kx at
respectively 8.6keV, 9.6keV, 1keV and 2.3keV [8je¥e peaks are consistent with a 48% Zn
and 48% S stoichiometry, in good agreement witicktometric ZnS. Concerning the other
morphology, characteristic peaks of ZirkKpB, L-a and a small O-kK can be noticed on the
EDX spectra Fig 11.11d). (the O« peak is located at 524eV). The Zunrkhas a strong
intensity (at 8.6keV) while the Zn{Kand Lo have a lower one (at respectively 9.6keV and
1keV) [8]. The stoichiometry estimation for thisegfrum is 84%ZzZn and 16%0O. The
disproportion between this ratio and the 1:1 exg@ctoichiometry of ZnO is due to the
strong absorption probability of the QaKline by ZnO before to escape. Indeed, the
attenuation length of O-.Kray in ZnO is ~0.3 prmompared to that of S«in ZnS which is
~2um [9]. We can deduce that the S fluorescenceesdnom volume while O fluorescence
mainly comes from the surface grain. The silicobs$tate appears in both EDX spectra with
the Si-Ko peak at 1.74 keV.

Finally we can conclude that the sample is compoa$&ds5-35um wide isolated grains
made of either mainly ZnS or ZnO with different ploologies, embedded in PMMA and
deposited on silicon.

A photoluminescence spectrum of the sample was theorded in far-field mode
with a 400um core diameter optical fibre at aboOmfn from the sample (The 150
grooves/mm grating is used in the spectrophotonveitbra 10pum PM slit). This spectrum is
shown fig.11.12.
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Fig I1.12: Luminescence spectrum of ZnO/ZnS clusters on Sileaihe acquisition is
carried out in the far field mode using a wide c{¢480 pum) optical fibre[4]

The spectrum can be fitted by two Gaussian curnesgeced at 458 and 524nm,
corresponding to the defect peaks of ZnS [10] an@® 711, 12] respectively. The excitonic
peaks of ZnS (at around 323-353nm) [13] and ZnQO&® [14] are out of the fibre
bandwidth and cannot be detected.

Topographic and simultaneous luminescence collectiere then recorded with our
SNOM microscope under X-ray illumination with théndarget X-ray source. Images are

shown in Fig.11.13.
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Fig 11.13: ZnS/ZnO sample imaging using our Shear Force Maops head. Scan window
115pmx115um. (a) Topographic image (b) and simeltaus luminescence mapping. The
spectrometer was centred at 524 nm, wavelengtrespanding to the defect peak of Zid).
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The image is 115um x 115um. The topographic imégdI(13a)) exhibits an about
20um diameter grain in the middle of the figure ebhhas a height in the range of the
maximum Z-piezo elongation. This explains the satan phenomenon in the colour level
over the grain.

Concerning the luminescence map (fig 11.11b)), spectrophotometer is centred at
524nm (ZnO defect peak wavelength). This mappingeisorded simultaneously to the
topography. We can see that the luminescence conaésly from the aggregate centre.
Moreover, no significant luminescence signal cehtaé 458 nm and characteristic of ZnS
defects could be recorded on the same scanned(rmaeshown here). This indicates that
mainly ZnO emitting centers are responsible foriheacence in this scanned area, and that
the wide grain shown in Fig.1.13a) is mainly corapd of ZnO in the first microns of the
surface [11, 12].

The grain looks smaller in the luminescence map thahe topographic image. It can
be explained by a luminescence emission out of dptcal fibore apex acceptance as
highlightened in section 11.2.2 (see fig. 11.7).

[1.3: Conclusion

A shear-force head was developed to acquire simediasly the sample topography
and the luminescence mapping of a sample at higialaresolution. In a preceeding thesis
this equipment was first fitted to a synchrotronamdne (IDO3@ESRF) within the
framework of a European project. Luminescence nmppf a ZnO-ZnWQ@ sample was
performed. Post-acquisition image processing altbwe get a map of ZnO and ZnWO
grains at the sample surface.

Keeping the Shear Force Microscope in a fixed posiand in near field interaction
with the surface, local XAS-XEOL analysis was pbksion a ZnO sample. The spectra
exhibits EXAFS oscillations over the ZnO absorptietdge with a periodicity in perfect
agreement with spectra recorded in conventiondidéd acquisition mode. Lateral resolution
of 70nm is achieved for topography and luminescemsgnchrotron environment.

During my thesis, we have then fitted a laborat®y-target X-ray microsource
equipped with a polycapilalry lens providing a higimoton flux over a spot of 22 um radius
measured at 1/e. The apparatus was tested on Uhaordscent screen, particularly friendly-
use sample due to its high luminescence under Xihayination. A spectrum was first

recorded as a reference using a conventional alleav#e core optical fibre to collect the
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luminescence. Then keeping the microscope tip fixed position another spectrum was
recorded. Both far-field and near-field spectra iarggood agreement. The slight difference
between their peak height can be explain by thetfat in far field collection the signal is
averaged on a wide surface while concerning the-ineld the tip is positioned above a single
specific grain that is analysed. A simultaneousogppphy and luminescence mapping
acquisition validated the concept.

ZnO / ZnS powder mixture embedded in PMMA resiss$ Ween spin coated on a
silicon sample. These samples present grains of, ZS or aggregates of both materials.
The sample was characterized by SEM-EDX and usimgpparatus. It was possible to select

a micro grain on the surface and to define its dbahecomposition.
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CHAPTER Il _Toward X-Ray Fluorescence
spectroscopy and mapping with a sub-micrometer
resolution using a laboratory source

Chemical analysis by XEOL or by luminescence spscbpy is mainly limited to
semiconducting materials. To extend X-ray charadéon to a wider variety of materials,
XRF analysis is a powerful technique. Indeed ibw# a high sensitivity and non destructive
elemental in-depth analysis. Moreover, the techmidgi not sensitive to sample carbon
contamination due to ambient exposure becausettireuation length xof X-rays in carbon
is very high (x = 15 and 2066 um at respectively 2 and 10 keVé [akeral resolution of the
technique is limited by the primary beam probe diten At synchrotron beamlines, the beam
probe area is currently a few umz2. To increasddatezal resolution of the technique the trend
is to decrease the beam probe diameter down to t&meeof nanometers, as can be delivered
for example by APS [1].

Recent breakthroughs in X-ray focusing opticsvallw to obtain a high brightness
X-spot using a laboratory source. As a consequeneesurrently find on the market XRF
analysers offering lateral resolution down to 5 [2in

Two ways are possible to improve the resolutionstFihe beam size probe can be
decreased using for example Fresnel zone plateKir&rPatrick Baez mirror systems.
However, these technologies are very expensivah&umore, because of the high flux lost
through X-ray focusing optics it is necessary toréase as much as possible the detector
aperture to keep a significant signal to noiseoratihis is the general trend in the XRF
community. However, it remains impossible to althe sample regarding the primary beam
spot to analyze a peculiar zone of the surfaceparcaliar nano-object.

The second solution is to keep a micronscale dimitdeam probe and simultaneously to
shrink down as much as possible the detector apemising for example a pinhole. In this
case, the detector must be approached as muchsailpofrom the sample to maintain a
significant fluorescence signal to noise ratio lbmseathe measured signal varies as the
reciprocal square detector-sample distance. Howd#verdetector steric hindrance impedes to
approach at the vicinity of the surface becausepfary beam shadowing effects.
Cylindrical X-ray capillaries can be used almosXasy guides (see Chapter | section 1.4.1).
Our first idea was thus to equip the detector \aitthin cylindrical monocapillary that could

be approached at sub-millimetre distance from t@apde surface avoiding thus primary
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beam shadowing. In this case, the X-ray fluoreseemitted by the sample can be collected
by the capillary aperture and transmitted by midtipeflections at grazing angle to the
detector. Of course the brighter is the excitatioarce, the more the capillary aperture can be
shrunken, keeping a significant XRF signal to noiaéio. The remaining issue is the
estimation of the lateral resolution that couldrbached using a focused laboratory X-ray
sources for excitation. We have thus developedstlted based on capillary optics on both
primary illumination and XRF detection optical patlas presented in the following. With this
experimental setup we have then studied the infl@est capillary diameter and working
distance on the collected signal magnitude. Finatly have used this test-bed to highlight the

convolution problem inherent to all probing systems
l1l.1. Experimental test-bed

[11.1.1: Experimental Setup

The experimental setup is shown in Fig.lll.1. A&y beam provided by a low power
Rh-target source operating at 35 kV and 800 pAdsised on a sample using a 7 mm focal
distance polycapillary lens [3, 4]. The beam inoickeangle is 30°.

Sample holder on a
X Y5 Zs piezo motion
tower

Imm § L,

! | Polycapillary lens
X Yol piezo |:l—£:|
: =

motion tower

X-ray capillary /

Y

Rh target X-ray
source

X-ray detector

Fig. lll.1: Experimental test-bed. The sample is placed irddbal plane of the polycapillary
lens (7 mm). The distance between the sample andytimdrical capillary extremity is 1 mm.
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The source spectrum (figure 111.2) exhibits a wBiemsstrahlung radiation, narrow RinK
Rh-KB1 and Rh-K3; lines at 20.216, 22.074 and 22.724 keV respegtiant X-rays from the

L shell excitation at 2.697 (L), 2.692 (Lay), 2.834(13;), 3.001(1B3,) and 3.144 keV (l).
Bremsstrahlung, &, KB and sum of X-ray radiation from the L-edge argeesively 56.23,
2.67, 0.62 and 40.48% of the total photon flux &k¥ electron acceleration voltage using a
rhodium target [5]. The source spectra on fig IWere acquired at 35 kV, 100 pA (in green)
and 35 kV, 800 pA (in red) by shrinking the deteatgput using a 5 um diameter lead

pinhole in order to avoid detector saturation.

2.0

Counts x1.10 3 pulses

10 20 30
Energy (keV)

0.0°
0

Fig I11.2: Spectra of a Rh target microsource at 35 kV x 1Aqgreen) and 35kV x 800puA
(red). Courtesy S. Bjeoumikhova (IFG-GmbH). Acgiaisitime: 100s

The sample fluorescence is analysed by a SDDc(ilDrift Detector, Briker GmbH,
surface 10mm?) EDX (Energy Dispersive X-ray) daie¢hrough a 50 mm long and 1 mm
outer diameter cylindrical X-ray capillary. Capiikes with 5, 10, 25 or 50 um inner radii were
tested. The cylindrical capillary is placed og X., Z: piezo-stages allowing displacements
with 30 nm step size while the detector remains fixed position. The capillary extremity to
sample distance (i.e. the working distance WD)ixsd at 1 mm for all experiments. This
parameter is kept constant during capillary reptae procedure. 1 mm is a high enough
WD to avoid primary beam shadowing effects by thpiltary extremity. The choice of this
WD is justified later in section 111.2.2. The WD lua is controlled by placing the capillary in
contact with the surface and by withdrawing usimg Z-motion. A cobalt sample, exhibiting

a significant X-ray fluorescence yield under the $dlurce excitation, is used to measure the
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fluorescence signal magnitude collected through wtaeous cylindrical capillaries. It is

positioned on a XY, Zs piezo-stages.

[11.1.2: Primary beam spot characterization

The primary beam spot has been characterized., Rirptndiode detector is positioned
perpendicularly to the X-ray propagation directiah a distance of 5 cm behind the
polycapillary lens focal plane. Figure 111.3 shoti®® primary beam intensity detected by the
pin diode as a function of the source current. pheton flux is clearly proportional to the

current within the range investigated.
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Fig 111.3: Pin dode signal (proportional to the X-ray photon flwgriation as a function
of the source current. The acceleration voltag85kV.

We have then also characterized the primary begenal profile. For that purpose, the
detector is positioned in direct view of the priméeam. The detector entry is shrunk down
using a 5pum diameter lead pinhole placed on ther¥X Z: piezo stages. The pinhole plane is
positioned in the polycapillary lens focal planedas displaced by steps of 2.6um (=100
piezo motion steps) along the beam spot diameger fig 111.4). For each pinhole position, a
primary beam spectrum is acquired. To perform theeasurements the source current has
been decreased down1qA to avoid detector saturation and damage. We kiauded each
spectrum into sections of 2keV range. The signajnitade within each section has been

reported to a new graph as a function of the pmlkehtre position (Fig I1.5).
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Fig.lll.4 : Experimental setup configuration for X-ray primayot characterization.

Fig.lll.5 shows the X-ray photon flux variationstiithe pinhole centre position at the
various incident energy ranges provided by the@muBecause of the linearity of the photon
flux with current (as shown in Fig III.3), the seak multiplied by a factor 800 to remain

consistent with the usual experimental conditid@iky/, 800uA).
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Fig.lll.5: X-ray primary beam lateral profile within the pobpillary lens focal plane. For the
measurements, the source was tuned at 35 keV, Thefphoton flux axis is rescaled to fit

with nominal working conditions used in the follagi(35 keV, 800 pA).
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As can be seen in figure 111.5, the incident sjadéral profile has a Gaussian shape and
the FWHM as well as the maximum flux depends onpheton energy. The lens providing
the spot consists in a monolithic system made gfreat number of thin monocapillary
micrometric glass tubes bent together [6]. Thel texéernal reflection critical angle of glass
varies with the source energy E in agreement waghfollowing equation:

002/ p(gem) ™ Eq (I11.1) [7]

6.(rad)= EkeV)

wherep is the glass capillary density and E the photargn Because X-rays are guided
by total external reflections on the capillary wailldoes exist a slight beam divergence at
each channel exit depending of.. Because the Rh low power source is not
monochromatized, the radius of the spot delivengdhle polycapillary lens depends on the
photon energy range as can be seen in Fig. lltr@mRhese experimental data, the average
half-width measured at 1/e is 22 pm and the phfitonwithin this spot area is about 1.7°10
photons.g.uni?. This flux is obtained by adding all photon flusepented in fig. 111.5.

lll. 2 : XRF spectroscopy using the experimental tst-bed

[11.2.1: Lateral profile of the fluorescence emitti  ng volume

[11.2.1.1 Alignment procedure

The geometry of the fluorescence emitting voluméhm cobalt sample was defined
using the XRF configuration shown in Fig.lll.1 byasining the cylindrical capillary used for
detection across the X-ray fluorescence emittingezof the cobalt sample. First it was
necessary to align the capillary extremity with ith@ident focused spot centre. For this step, a
luminescent screen is stuck on the sample holdst,ljelow the cobalt sample. The X-ray
spot position on the fluorescent screen and thélagpextremity can be observed on a video
monitor, using a zoom-CCD camera system. It is tpessible to perform the coarse
alignment between the capillary aperture and theayX-beam spot centre with a few
micrometers accuracy. Then, the capillary is poséd at 1 mm WD using the gotion. The

sample is moved vertically using the Motion actuator to position the primary spot oe th
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cobalt sample. Fine alignment between spot cemigecapillary aperture is finally performed
using the EDX detector to search for the maximurK £signal when the capillary is slightly
displaced in a plane parallel to the sample surfébes alignment step must be repeated every
time we change the capillary used for detectiorteiAlignment, the capillary is displaced

across the fluorescence spot zone, parallel tsuflface plane acting on. éxis.

[11.2.1.2: XRF volume profile - Evidence of capilfaaperture-XRF volume convolution

effects

At each cylindrical capillary position across theorescence area diameter, an X-ray
spectrum is acquired that exhibits the two charetie Co-K, and Co-k lines at 6.9 and 7.6
keV respectively (figure 111.6).
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Fig. I11.6: Typical XRF spectrum recorded across the fluoreseemitting zone. The

cylindrical capillary diameter is 20pum.

Energies and ratios betweenr Knd ks peaks are in good agreement with literature
data [8]. We then reported in Fig. 11.7 therpeak area measured for each capillary position
using various capillary radii from 5 to 50 um. Atle curves exhibit identical shape which is

not expected to be Gaussian. Indeed the primangsskau beam is not sent perpendicular to
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the sample but with an incident angle of 30°. Femttore, the lateral profile diameter is from

far different from the primary X-ray spot diametard depends on the capillary radius.
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Fig.l11.7: Cobalt fluorescence zone lateral profile represemy the & peak area as
a function of the detection capillary position. Tdapillary radii are 5, 10, 25um and
50 pm.

The primary beam penetrates inside the sample avithttenuation lengthrXka/co =

43 um [9], inducing X-ray fluorescence, itself reathed and leading to secondary emission.

However, the fluorescence emitted within this deelume cannot be entirely detected since

the

attenuation length of CogKrays in Co (¥o-kaico = 18 pm [9]) is shorter than the

penetration depth of Rhqtays in Co. This means that the collected fluerase comes from

a deep excited volume schematically shown in Hig.ll From simple geometrical

considerations and neglecting the secondary emissie expect to detect a signal over a

capillary traveld, given by:

®a =2 WD tan@c) + 2 fspot/ SiN(30°) + ¥o-kaicoCOt (30°) + 2 £ap Eq (111.2)

70



where gpotiS the primary spot half width measured at 1/gthe capillary radius and WD the
detection capillary working distance. However, as be seen in Fig. I1.8, the fluorescence
magnitude collected from point A, located at thbalbsample surface, is obviously different
from that collected from in-depth point B. Thisdge to the absorption of the primary beam
before reaching B point and to strong cobalt X-flaprescence reabsorption in the path
through the sample. Thus, in order to comparefhiberetical and experimental valuesdaf
we must consider this discrepancy. Taking into antthe actual value of the primary beam
flux Fma/€ at gpor from the spot centre (see Fig. 111.7), the flucessce maximum flux F(B)
escaping from the sample emitted at a depthcgekatico= 18 um (point B), should be given
by:

F(B) = FnaxT / €2 exp(-d / ¥n-karco) Eq (111.3)

Where d is the path length of the primary beam entil@ a depth of ¥%o-kaico @nd T is the
excitation factor of Cobalt. With the value Df 0.33 taken from Ref [9] the value of F(B) is
expected to be about 0.02 Fmax. From this, werarlithoose the significant fluorescence
flux above 0.02 Fax to define the capillary travaba along which fluorescence was detected
from the sample surface. Point A’ must thus be ehasstead of point A, to fit with this
condition:

F(A") = Frmax €xp-(n? Tspof) T = 0.02 Fax Eq (111.4)

Consequently point A’ in Fig.ll1.8 is positioned atdistance 4 = 1.7 gyt from the beam
centre. To compare the expected and measured validges we have thus replaced gq4in
equation (111.2) by distance A'B = 1. %6+ I'spor With these consideration®,values of 258,
208, 178 and 168 um are expected for a capilladysaof 50, 25, 10 and 5 pm respectively.
These values are in good agreement with the expatahvalues ofp, = 240, 205, 172 and
168 pum.

In this model, we set the photon energy at 20\2 (h Ka). Nonetheless, we should
mention that with our micro-source, the main photbax comes from the wide
Bremsstrahlung spectrum (see section I11.1.2).Hake also seen in the same section that the
incident beam diameter provided by the lens inftwal plane is maximum at high energy.
The goal of the present section was to estimatenthg&imum lateral extension of the

fluorescence volume in the cobalt sample. Thdtesreason why we have selected the widest
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incident beam with a significant photon flux forratalculations i.e. the Rh«line at 20.2

keV.
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Fig.111.8: Sample excited volume geometry gndstimation procedure.

[11.2.2 Maximum flux detected with the experimental test-bed

We have then reported in Fig. I11.9 the maximuoxftollected at the centre of
the fluorescent zone as a function of capillaryiuador a constant WD of 1 mm. The data
dealing with 5, 10, 25 and 50 um radius capilladesespond to the maxima measured in

fig.1l1.6. The maximum collected flux increasesrag ®.
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Fig.111.9: Dependence of the maximum fluorescence flux ¢tedeturing capillary

scan as a function of the capillary radius.

This variation has to be compared to the ideal cddtuorescence collection from a point
source using a thin capillary of length L placedatorking distance WD from the emitter.
Fig. 111.10 clearly shows that the collected sigleadel should remain constant if the capillary
radius is reduced, providing the WD is reducedh®ygsame factor by increasing the capillary
length and assuming an ideal transmission coeffiad¢ 100%. Obviously, in our case, the
capillary only collects a part of fluorescence, mhegaroportional to its section. The observed
variations of the signal magnitude with the capjllaadius are due to the fact that the
fluorescent zone has dimensions higher or of theesarder of magnitude than the capillary
radius. Assuming a uniform lateral profile extengeonary beam, the signal should vary as
read at low capillary radius. This variation is in gb@agreement with thecav;}'8 variation
calculated from Fig. I11.9. The slight discreparnsydue to the profile that is not squared but

Gaussian.
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Fig.ll1.10: fluorescence signal collection through a capillafje signal collected is
independent of the capillary diameter providing wnarking distance WD is shorter or equal

to the critical one WB

Would it be possible to increase this signal byrel@sing WD?

It is well known that cylindrical capillaries allote significantly increase the collected signal
by comparison with a pinhole with the same radiasgd at the detector entry and positioned
at the same WD+y, distance. This is illustrated in (Fig.lll.11a) ahid11b)) in the case of a
punctual source [6]. At high WD, the capillary apee is seen under a solid an@le< 6.
from the point source (Fig. lll.11 b)). Thus allr&ys emitted by the point source within this
solid angle will be transmitted through the capyllaassuming a total reflection of X-rays
below the critical angle. The capillary gain G nefiag a pinhole of the same radius is given
by the equation:

G~ [01 (WD + Leap / Teap? Eq (111.5) [6]
If WD decreases, keeping WD +4k constant, the collected signal magnitude firsteases
since the collection solid angle increases untiéche®, = 6. value. At this point (Fig.111.10
c)) WD reaches a Wpralue given by:

WD¢ = feap/ tan@c) = reap/ B¢ Eq (111.6)

In this case, the capillary gain is given by:

74



G = [6: (WDc + Lo) / reap]2 = [1+6c Le/ reap]? Eq (I11.7)
If WD is further decreased, the solid an@eunder which the capillary aperture is seen from
the point source is higher th&a (Fig.lll.10 d)). The collected signal is no momnited by
the capillary aperture: the capillary gain as wasl the collected signal remains constant
becausel. is the reflection limit angle of glass. Because WD, value depends on the
capillary radius and that from Eq (111.6) the smeall value of WRis 1 mm for the capillaries
tested in this work, this optimum value was chosem taken constant in all these

experiments.
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Fig. Ill.11: scheme qualitatively highlighting the influencecapillary length on the collected

signal magnitude in the case of a point source. ddtector-sample distance is kept constant.

The point source model tends to show that theectdtd XRF signal magnitude does
not increase when WD is chosen lower thanMHbwever, we will see in chapter IV that the
optimum geometry of XRF spectrometer using capillaptics for detection requires to

approach below WD
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[11.2.3: Micronscale pattern profiling by XRF

In this study, a micronscale test pattern is indalgge X-ray microscopy using the test-
bed shown in Fig.lll.1. The XRF emitted by the s#mp still collected through a cylindrical
capillary of radius &p = 5, 10, 25 or 100 pm positioned at a workingatise WD of 1 mm.
First the capillary aperture was aligned regardheg primary beam spot. Then the detection
capillary as well as the X-ray source is maintaiimea fixed position to keep this optimum
alignment during pattern imaging process. The stewvement will be operated via the
sample (¢ axis motion) within the source lens focal plane.

A first sample consisting in a molybdenum Transmis€lectron Microscope (TEM)
grid glued on a cobalt sample was studied. The raxpeat is schematically represented in
Fig.lll.L12. The 25 um radius capillary was used tbese measurementsy.gl is the
molybdenum track widthPyack is the pattern pitch. At each 10 um step, we keor XRF
spectrum and calculate the MaK17.4 keV) peak area. We then report each valua on

graph as a function of the sample position (Figl3).

X-ray capillary
X-ray primary beam

Grid travel
direction —
!
!
Mo grid irack Pyrack

Fig 111.12 : Scheme of the experimental procedure for XRFIprgfiThe sample is a
molybdenum Transmission Electron Micrograph (TEKQ glued on a cobalt sample. The
grid is positioned in the polycapillary lens fogdane and moved perpendicularly to the axis

of the capillary used for detectiorn{s 25 pm).
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Fig.ll1.13 : Mo ka signal variation as a function of sample positidhe detection capillary

radius is 25 pm.

As expected, molybdenumoKpeak area variations present some oscillations tha

follow the grid pattern. We can deduce an averaggmce®, between two consecutive

tracks of 255um in perfect agreement with opticadrascope measurements (251 pum). An

apparent track width,g.x of 88 um is measured to be compared to 36 pmradadady optical

microscopy. In fact, the use of capillaries for XR&tection induces convolution effects as

mentioned in 111.2.2. section. The illumination $padius (22um primary beam radius at 1/e)

as well as the capillary diameter are of the sanderoof magnitude than the track width.

Molybdenum collection starts (and ends) even ifdagillary position is shifted regarding the

track limits (see figure 111.14).
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Fig.lll.14: Lateral excursion x of the capillary over which gignal is detecte¢Eq 111.8)

According to these geometric considerations, Maukhbe detected over a distance x

so that, in a first approximation:
X=2 rcap +2 WD taﬁcMo + Clrack Eq (”I-8)

WhereB.\, is the reflection critical angle of the MoKline (1,70 mrad). Considering
a Orack Value of 36 um and WD = 1 mm, a value of x = 8Am is expected, in good
agreement with the measurement

During capillary excursion, Mo signal varies and is maximum when the capillary
axis is aligned with the Mo track centre positidhack can thus be determined as the travel
distance between two successive maxima in Fid.3ll.

In a second experiment, titanium was deposited bgmatron sputtering through the
molybdenum Transmission Electron Microscope (TEMd.gAs the grid is removed, a
titanium pattern remains on the cobalt sample. fitaaium thickness is 600 nmkig I11.15
shows a Scanning Electron Microscope (SEM) micnolgraf the pattern as processed. It
consists in wide 230 x 230 pum? titanium pads sepdray 35 um cobalt stripes, values
consistent with measurements performed on the lgyidptical microscopy and by XRF
profiling. Using our test-bed, we followed the \aion of the Tikx peak area (at 4.5 keV) as

a function of the sample position. Note that thanium layer is very thin and consequently
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cobalt Ka (6,9 keV) is always detected even through a tianpad. Indeed, the attenuation
length of Cokx in Ti is about 7 um to be compared to the titanlayer thickness (600 nm).
Consequently, the variations of the Ca [eak area are not so large than those of thedTi K

peak area. That is the reason why we have chos#eifollowing to work with the Ti i

peak area variations.

CIH=M 3 .6KU

Fig.l11.15: SEM micrograph of the Ti pattern on Co.

The experiment principle scheme is presenteddrlFiL6.

X-ray capillary
X-ray primary beam

sample travel

direction
- =

)

track track

Ti

Fig 111.16: Scheme of XRF profiling of the Ti pattern depaisite Co.
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Capillaries of 25, 10 and 5um radii were used fqregiments on this sample. At each
sample step (15um), a spectrum was recorded. Téwrapacquisition times are 30, 60 and
100s respectively for 25, 10 and 5um radii. Fohegmectrum we reported the Toksignal

as a function of the sample position. The resutissaown Fig 111.17, 18 and 19 (blue dots).

59

Ti ka signal (counts/s)

0 100 200 300 400 500 600 700 800 900 1000
Sample travel (um)

Fig.lll.17: Ti Ka signal as a function of the sample positiBlue dots are the
experimental result extracted from raw data , gréee is a guide line for the eyes taking into

account the convolution phenomenag, ¥ 25 pm
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Fig.I11.18: Ti Ka signal as a function of the sample positBlue dots are the
experimental result extracted from raw data , gréee is a guide line for the eyes taking into

account the convolution phenomenag, # 10 pm
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Fig.111.19: Ti Ka signal as a function of the sample positBlue dots are the experimental
result extracted from raw data, green line is adguline for the eyes taking into account the

convolution phenomenon,g=5 pm
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In Figs. 111.17-19, dots are experimental valued gneen lines are guide lines for the eyes
taking into account the convolution phenomenon betwthe capillary aperture and the
pattern profile. In fact as pointed out in Fig.20 and I11.21 the expected profile depends on
the capillary radius value regarding the track widfitanium signal is maximum over a

titanium pad. It decreases until the capillaryligreed with the cobalt track centre. However,

iIf 2rcap > drack (Fig.111.20), titanium is still detected because tcritical angléd.ri = 6.6 mrad

of TiKa in glass (see Eq (lll.1)) leads to a field of vieasger than the capillary diameter. As

the sample scan goes on, the titanium signal iseseagain. However, if 2p < drack

(Fig.l11.21), Ti signal is no longer expected ag ttapillary is aligned with the cobalt track
centre.

Teap 3 1
Co dtrack
Ti Ka
signal

Capillary position

Fig 111.20: Scheme ofidc expected profile when @p > dirack
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Co dtracké

Ti Ka
signal

Capillary position

Fig 1l1.21: Scheme ofdc.kx expected profile when 2rcap 4k

The experimental average distance between tr@gks obtained by pXRF is 217um
in good agreement with the 230um average valueadedfrom SEM images. According to
geometric convolution considerations explainedio HI.22, in the case of the 5 um radius
capillary, Ti should NOT be detected over a distaxiso that, in a first approximation:

X =-2rcap - 2 WD taBcri + drack Eq (111.9)
Becaused.ti = 6.6 mrad and considering a.& value of 36 um, a value of x = 13 pim
expected. This distance is very close to the stegen for the profiling (15um). An accurate
measurement of the cobalt track profile is thuspustsible from the experimental results and

the experiment needs to be refined.
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Ti

Co

Fig.l11.22 : Capillary excursion over which titanium signal istrdetectedEq 111.9)

We have already mentioned that the Co knhe is detected all over the capillary
excursion because the titanium layer is very tHiowever, the Col signal varies during the
scan due to CoK line absorption by the titanium layer. The XRF ngib collected is
maximum (respectively minimum) when the capillarysas aligned with the Co track centre
(respectively with the Ti pad centre). The averaggo between the maximum and the
minimum values is 0.88. Taking into account thaniiim layer thickness (600 nm) and the
CoKa line attenuation length in titanium (7.22 pm) wieosld expect a maximum to

minimum ratio of 0.92. The values are in good agrest.

[11.3 Conclusion

We have developed a test-bed for u-XRF analysietas capillary optics on both
illumination and detection optical paths. It cotsis a low power Rh-source focused with a
polycapillary lens on the sample and in a 50 mngland 1 mm outer diameter cylindrical
capillary equipping a SDD-EDX detector.
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First, we have characterized the primary beam wfibin the polycapillary lens focal
plane. The X-ray spot lateral profile has a Gausshape with a width and magnitude
depending on the X-ray energy range. The averaljevidth measured at 1/e is 2én and
the total X-ray flux is 1.7 10photons.g.um2. These data are needed for the simulations
presented in chapter IV.

The lateral extension of the fluorescence volumétethby a cobalt test sample was
then measured by scanning the detection capillargugh the irradiated zone diameter.
Significant signal was collected over a distanagda than the irradiated zone. However,
simple geometrical considerations could explain éRperimental results. We have pointed
out here a convolution effect between the capiliapgrture and the scanned area. We also
studied the influence of the capillary radius oae tbtal signal measured and interpreted the
results with a fluorescence point emitter model.

The test-bed was also used to carry out X-ray ragopy using two test pattern. The
first, consisted in a molybdenum TEM grid glued &rcobalt sample. The second was a
titanium pattern on cobalt sample sputtered thrabhghmolybdenum grid. Both Mo- and Ti-
Ka XRF profiles could be measured and interpretedsicening convolution phenomena
between capillary characteristics and pattern gégyme

These results show that it should be possible lieatdhe fluorescence signal using a
thin cylindrical capillary down to 1 pm inner diatee even with a laboratory microsource.
Increasing the acquisition time should then leadigmificant signal level enhancement with
our EDX-SDD device.

The quantification of this trend needs simulaticgvelopments because the X-ray
source delivers an extended irradiation on the gasyrface. This is the subject of the next

chapter.
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CHAPTER 1V : Simulation of XRF signal collection

through a cylindrical capillary

In order to estimate the resolution of chemical piag by XRF using capillary optics
both for detection and illumination, we have depeld a model to simulate the XRF signal
magnitude.

Modelling and numerical calculations have been lyidsed for X-ray optics design
and characterization [1; 2]. Among them, capillasptics are very promising in all
characterization tools requiring high brightnessa}-primary irradiation. This is the reason
why monocapillary [3, 4] as well as polycapillargnkes [5] are the subject of many
simulation works. These simulations are generaliyried out within Ray-Tracindf
environment. SHADOW software was developed in thd 80's on the basis of Ray-
Tracing™. This open source program is devoted to the siiomlaof X-ray optics systems
implemented on synchrotron beam lines [6; 7; 8].

Vincze et al. presented for the first time 3D mlition of solid impurities in diamond
and of buried fluid inclusions in quartz using arfazal micro-XRF with polycapillary lens
for both irradiation and detection [9]. In this eaghe analyzed volume is the intersect
between the irradiated and the detected volume.p@oed to conventional XRF technique,
this method offers thus better resolution, deptlectiwity, and avoids scatter from other
sample regions. They also demonstrated high setsitof the technique used with a
synchrotron source, down to 50 ppm. The data setamalysed combining the method of
Principal component analysis and-means clustering procedure after application of
instrument specific routines, presented in the vafri{ekemans et al [10].

Smit et al. developed a model to interpret XRFadaaming from old artistic paints
analyzed at Hazylab synchrotron facility in a caafiogeometry [11]. They assumed a
spherical interaction volume between the incomihgtpns and the sample. They took into
account for secondary fluorescence induced by Kamalys and for reabsorption. Their model
lead to the profile concentration scan of the [gint

In the same way, Malzer and Kanrfgge developed their own model for 3D-micro XRF in a
confocal configuration [12]. They should adapt thedamental parameter equations to their

peculiar experiment geometry. They also took irwoant self absorption to discuss about in-
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depth sensitivity of the technique. After the wofkSokaras et al. [13], Schoonjans et al. took
into account secondary fluorescence enhancemeéneiinmodel, so that they could propose a
guantification algorithm for confocal nano-XRF aysé. As an application to their program,
they were able to measure inhomogeneous stardugti@aizes of 1.5 pm to 2 pm with an
error of 0.25 pm by XRF mapping and could quantifgir elemental composition by
measuring XRF signal coming from more than 10 el@meinder synchrotron irradiation
[14].

Because the XRF test-bed configuration used invtloik is unusual (see chapter Ill),
Ray-Tracing" environment cannot be friendly-used for such estibons. We have thus
developed our own software, inspired on the fieliement calculations. Within this model,
the collected fluorescence magnitude is numeriaadlgulated as a function of experimental

parameters: X-ray source brightness, capillarytleagd radius and working distance.
IV.1: model

IV.1.1: Simulated system

The simulated system is presented in Fig.IV.1. Xhy beam incidence is fixed at 45°
while the detection capillary is positioned pergenthrly to the sample surface, in agreement
with the experimental conditions. The 45° incideneas chosen to simplify flux transfer
between adjacent cells. Other incidences would alake more complicated the study of

composite materials in further studies.
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Fig.IV.1: Simulated system. The sample is divided into awtiiccells. X-ray fluorescence is
emitted from the cell centre. The collected siga#he isotropic fluorescence part emitted
within the capillary angle of acceptance.

The cobalt sample is divided in cubic unit cellg(V.1) of size L and indexed (i, j, k).
There area cells in thei andj directions and cells in thek direction.a depends on the
sample and cell sizd. is chosen lower thaa in order to decrease the computation time by
limiting the sample depth to 3 times the attenuakemgthx through the sample at the primary
beam energy . According to the primary beam inaideaingle of 45°, this corresponds to an
optical path of 8/cos 45° through the sample. A deeper sample isneetled because less
than 2% of incident photons reach this depth sbthieacorresponding collected fluorescence,
after reabsorption by the sample matrix, is neplegi because the sample is made of pure
Cobalt.

The primary X-ray flux crosses each (i, j, k) abllough its top (Top Input Flux, TIF) and
east (East Input Flux, EIF) faces (Fig.IV.1 Inseije to the 45° incidence, it exits from the
cell centre after absorption via its west (WestpgDuFlux, WOF) and bottom (Bottom Output
Flux, BOF) faces to respectively irradiate the,(j;Kk) and the (i, j, k+1) cells beneath. X-ray
fluorescence is assumed to be emitted by the eelire, considered as a point source. The

fluorescence is emitted intddirections. The part of the fluorescence emittathiw the
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detection capillary acceptance is transferred tdevdhe EDX detector. The software takes
into account the X-ray fluorescence reabsorptionnduits travel through the sample before
to escape.

The reabsorption phenomenon leads to secondaryageni and thus to secondary
emission. An actual finite element calculation ddaaccount for this phenomenon. The total
collected fluorescence should thus be calculateduzgessive iterations taking into account
the different fluorescence orders, till the sigimalrease between two successive iterations
would become non-significant. However, the secondlalorescence magnitude is expected
in the range of a few percent of the primary on¢h case of a pure material. Indeed, the
electron binding energy of a given shell is highwan the corresponding fluorescence line
energy. For example, binding energy of Kls eledram Co is 7.709 keV while the
corresponding K photon transition is 6.930 keV. Thus a Ca-Khoton has not the energy
required to induce photo emission of Kls electrans Co. Consequently, for our
approximation, it was not worth to take into acdotlrese highest fluorescence orders which
would slow down the calculation process. But suehations could be easily added to the

software

IV.1.2:Parameters

The software parameters are:

- Primary X-ray beam characteristics: the primarynbaatensity has a Gaussian
spatial shape with a cylindrical symmetry arouneé thnain axis. The source
spectrum is characterized by the Rh X-ray linesesoposed on a broad
Brehmsstrahlung spectrum (see sections 1.3.2 antl2). For a given energy
range, the experimental parameters loaded intsdfievare are: the total number
of photons available within this energy range dredlieam radius considered at the
maximum photons flux/e.

- The unit cubic cell size L

- The sample properties: the attenuation length of frimary beam, the
fluorescence yield and the attenuation length efXkray fluorescence through the
sample before to exit

- The system geometry: the inner detection capilthayneter and length as well as
the working distance WD between the detection tapikextremity and the sample

surface
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- The capillary wall reflectivity at the fluorescengeray energy.

IV.1.3: Primary beam absorption along the optical p  ath through the sample

Photons are absorbed through the unit cells foligvei Beer-Lambert law:

d Eq (IV.1
1(d) =1 (0).e * a (V1)

where d is the optical path through a unit cedl

), and x the primary beam
cos45°

attenuation length in the cell material. This laftarameter varies with the X-ray energy and
the elemental composition of the sample. It is dithko the mass absorption coefficient p
(cm2.g") and to the sample density(g.cm?®) according to equation 2:
w1 Eq (IV.2)
Hp

Among the different matter - X-ray interactions ggeses, photoabsorption is the most
probable at the primary energy ranges investig&edve consider that the attenuation length
involves only the photoabsorption process.

In the following, the flux designates the numbepbbtons by unit surface and by

time unit.

We must consider three kinds of cells to definedifferent cell input and output
fluxes:

- cells at the outermost sample surface (k = 0)

- cells at sample eastern lateral limit (i=a- 1)

- deeper cells ¢k0)

For the topmost surface cells, the incident fluxtioa top face (TIF (i, j, 0)) is given by the

illumination parameters (first boundary condition).

(X'Sin(muyz Eq (IV.3
TIF(.]0) =0 _exd - a(v-3)

2 r 2

spot (see figure IV.2)

*! spot

where (X,y) is the position of cell (i, j, 0) oretsurface.
The sample size is wider than the primary X-raynbediameter. Because of the

Gaussian spatial shape beam profile, TIF (a-1) jisot null but remains weak. On the

91



contrary, another boundary condition is that thet e@gut flux through the cells located at the

sample eastest border is null (EIF(a-1, j, k) fob)all j and k values.

The other fluxes are given by the Eq (IV.4a), hd &))

WOF(,].0) = TIF (] 0).expt-—-) Eq (IV.4a))
EIF(i - 1j,0) =WOF(, j,0) providing i > 1 Eq (IV.4b))
Eq (IV.4c))

BOF(i-1j,0)=EIF(i—1,j,0).exp( )

i-1].0
where x; is the attenuation length of the (i,j,k) cell mée(see figure IV.2)

Then, the TIF and EIF fluxes (see figure IV.2) tloe deeper cells are given by:

TIF(i -k, j,k)=TIF (] ,0).ex|0(-|:fm:|_+l " d ) Eq (1V-52)

=0 m i-m,j |

120 X4, Xiom,jm1

. _ _ r{ =1 ml ] Eq (IV.5b))
EIF(i -k, k=D =TIF(,j0).exg - > ( )— > ( )
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Fig.IV.2: optical path of a primary X-ray impinging on thetface of the surface cell (i, j, 0).
The different input and output fluxes are represdrin the top of the figure. On the bottom is

shown an illustration concerning the cells inderdi$o establish the Eq (IV.5a) and b)).

The flux that exits via the south (respectively tyéace is of course equal to the flux

that enters via the north (respectively east) faicthe cell immediately below (respectively
beside).
WOF(, j,k) = EIF(i -1, j,k) Eq (IV.6a))
BOF(, j,k) =TIF(, j,k+1) Eq (IV.6b))
Finally, the number of photons absorbed by time bwithe (i, j, k) cell is given by:

APF(, j,k) = L2.(EIF (i, j,k) - SOF(, j,k) +TIF (i, j,k) ~WOF(, j,k)) Eq (IV.7)

where L is the cubic cell size. All these values thien stored in a 3-D matrix.

IV.1.4: Cell fluorescence
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The cell fluorescence is the product of the absbgsemary flux (APF) by the
excitation factor. This factort is the product of the K-shell electron ejectionlgbility j,
of the fluorescence yielax, and of the transition probabilitkgto give a Kx transition
rather than a B. The parameters for materials considered in tloikware gathered in table

IV.1:

Element k (% OKa total Ka yield =
TKa
Ti 0.880 0.213 0.883 0.165
Fe 0.877 0.387 0.882 0.268
Co 0.873 0.381 0.867 0.288
Mo 0.842 0.765 0.838 0.540

Table IV.1:Fundamental parameters and totatriyield for the elements used in this

study. Data were taken frofh5-19]

IV.1.5: Fluorescence collection

Each cell is now considered as a point sourceipasill at its centre and emitting i 4
directions. For a given cell, the collected Kuorescence flux CF is given by:

CF(, j,k) = APF(j, j,k).jK.wK.gKa.%.exp(—z%) Eq (V-8)
where Q is the effective collection solid angle, limiteg the extreme rays reaching the
capillary inner wall under an incidence an@léower than the critical total reflectance angle

8. B¢ is given by Equation 1V.9 [20]:

6,

c

_002/p Eq (IV.9)
E

wherep is the density of the reflecting material (in g-9mand E the primary energy (in keV).
Because the X-ray capillaries used in the experiatemork are made of fused silica, the
value ofp = 2.2 g.cnT is used here.

The exponential factor in equation IV.8 accountsXeray fluorescence reabsorption

along the path from the emitting cell centre to tagillary aperture. We assume a constant

94



optical path ¢y for all the paths within the capillary acceptangeen by the straight line
joining the centres of the cell (i, j, k) and oétbapillary aperture.

Note that Eq (IV.8) does not account for inten&iigses due to multiple reflections on
the detection capillary inner wall which leads t@agtic intensity losses at low capillary
radius. The influence of this latter effect will discussed at the end of this model description
(see Chapter IV section 1V.1.5.2).

IV.1.5.1: Effective collection solid angle

The key of the collected fluorescence signal naglei estimation remains in the
calculation of the effective collection solid an@le for each unit cell. It strongly varies with
the position of the emitting cell centre regardihg capillary axis and with WD, the capillary
extremity to sample distanc@. is limited by the fluorescence X-rays impinging ttapillary
inner wall under an incidence angle equal or lothan the critical anglé.. Note thatQ is
equal or lower than the geometrical solid angleennghich we see the capillary aperture

from the cell centre.

We have considered 3 kinds of cells (Fig.IV.3):
- cells aligned with the cylindrical capillary axi&-(ype)
- cells aligned with the aperture but not with thpitary axis (B-type)

- cells not aligned with the capillary aperture (Qey
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Fig.IV.3: lllustration of the three different kinds of cedlscording to their position regarding

the capillary axis and aperture.

Fig.lV.4a), b) and c) presents the system schen the relevant geometrical
parameters involved in the calculations of effezt®olid anglesor each cell position. For A-
type cells (Fig. IV.4a)), the collection solid aeagk a conus with a revolution axis aligned
with the capillary axis, and limited by the criti@ngle®.. For B-type cells, the conus axis is
not aligned with the capillary axis. The capillagceptance corresponding to these cells is
limited by two extreme distinct points;Aand A situated respectively at distancdasandd,
from its extremity (Fig.IV.4b)). For C-type cellge solid angle is a very tiny portion of the
emitting sphere (Fig.IV.4c))rhe geometrical capillary acceptance is limitedtlwyg extreme
rays impinging the capillary edge. These rays imeithe capillary wall under incidences
andBg. The capillary effective acceptance depends owvalhges of these angles compared to
Be.

The effective solid angle calculations are devetbp the annex. The expressions of
the effective collection solid angles are gathene@ble 1V.2a), b) and c). Notations are given
in Figs.lV.4(a)-(c) and in the annex.
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Fig.IV.4b) : Scheme of the solid angle determination in the chsiee B cells
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WD 6,

Fig.IV.4c): Scheme of the solid angle determination in the caslee C cells

A-type cells (see Fig.lV.4a) for notations)

Solid angle expression Condition
Q = 71tan?(6,) O<d<L
o Tr? 0<0
WD+ 2y
7L 2 L<d
Q=————
(L+WD+ 2)2

Table 1V.2a):Solid angle expression for the A- type cells
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B-type cells (see Fig.IV.4b) for notations)

Solid angle expression Condition

1
5 TT ¥y - \/ (21eqp)? + (0, — 0,)? cos(B)

Q=
A2+ (751 o +WD + 2)2
2 0<d< &:<L

With

V4 r A
B =—-ArctanG—=2_) + Arctan( )
2 %-(51_52) WD+z+51+52

;ﬂrcap J@r)+ 3,2 cos(B)

51
A + (7 +WD + 2)2

Q=

With 0,<0< O1<L

r
,B:E—Arctan( P )+ Arctan(%)
%'51 WD + z+?l

2 =1
T ., 2.cOS(tan” ( ) o< 85,<0

WD+ 2z
A2+ (WD+ 2)?

Q=

=

Tl - \/(Z.rcap)z +(L -3,)?cos(B)

Q:5
L, +9,

2 2
A2+ ( 5 +WD + 2) 5,<L <3,

With

T lea
[ == - Arctan——>—) + Arctan( )
_ L +0.
2 %'(L %) WD+ z+ 2

__ 48
WD+z+L
A2+ (WD+ z+L)>

2 ~1
TTr ,,2.cos(tan’ ( ) L<3,<d;

Table IV.2b):Solid angle expression for the B - type cells
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C-type cells (see Fig.IV.4c) and Annex for notasipn
Solid angle expression condition
A
2
o- TIr o) .cos(ArctanWD+ Z)) B4<B<6,
A2+ (WD + 2)2
o= AWD+ z)
(WD + g+ (e T NI DT D) :
2 Bp<Bc<Bp and S > e
With 2
==L ~~
A, =t + 2 |C.CI(5 (Co'O| -y + 1
o= AWD+ 2)
WD+ e+ (2 lem * (180G).0VD* 2), o :
2 Ba<Bc<Bp and S < e
With 2
l=—=1,1 ==
A = 1% +|C.C,I (Cy 'O ~hym) -]

Table 1V.2c):Solid angle expression for the C - type cells

IV.1.5.2: Capillary wall reflectivity

A cylindrical capillary guides X-ray radiation kptal external reflection. A beam
impinging on the glass surface under the criticalla is reflected one or several times till
reaching the detector at the capillary output. Téflection coefficient gives the signal yield
transmitted at each reflection. It is given by Enesnel formula: [20]

(9-6,) +62 Eq(1V.10a))[20]

RE)= (6+6,) +62
where
g, = % J \/((02 “af + ,82)+6?2 . Eq(IV.10b))[20]
g, = % J \/((82 o+ ﬁz)_ 91 Eq (IV.10c))[20]

In these equations, andf3 are the real and imaginary parts of the refradtiolex as shown

in the following equation:
p Eq (IV.11)
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Note that for X-rays the real part of the refraetimdex is very close but inferior to
one. For example, in the case of Ca kadiation on fused silica=2.056.1CF, =6.230.10.
(from [21]).

The reflection coefficient B is close to one for incident angle equal or lotiran6,

and it rapidly falls to zero wheh> 6. (see Fig IV.5).
1.00

0.90 ~

0.80

0.70 ~

0.60 -

R(6)

0.50 ~
0.40
0.30 ~
0.20

0.10 ~

0.00 T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0/6,

Fig IV.5: Reflection coefficient B as a function ofl &..

If 6 <0., we can see that there is nearly no signal lmsa &ingle reflection but in the case of
N reflections on the capillary wall we have:
wo-{ (=8 »2) £ (V.12
(6+6) +6;
Because multiple X-ray reflections occur along tagillary inner wall, (from O to several
hundreds in the case of a 50 mm long and 1um denoaipillary at the critical angle of
reflection) we take into account this coefficiemtoiur calculation.

To do so, we select 20 rays indexed from i = 0 019, that impinge the capillary
inner wall under the capillary acceptarl® There is a slight variation in the processing for
each solid angle case. An example is given in Kd for a peculiar B-type cell. Then we
calculate the reflection number N on the capillavgll for all these rays, knowing the
incidence and the capillary length. The transmissar each of the 21 rays is calculated.

Finally, we assume that the capillary transmisg®nthe average of these 21 transmission
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values. For example in the case of A-type cellstpoed on the capillary axis, (fig.IV.3) we
find:

(6 -6, +62 N Eq (1V.13a))
(6 +6,) +6;

Where

leap ~ Eq (1V.13b))
:Lcap (tar(Hi) WD-2)

(taZ:ZZT )j

Fig IV.6: lllustration of the method used for reflectioretficient calculation for a peculiar
B-type cells. Among the 20 rays used for calcutat8rays within the capillary acceptance

are represented.
In conclusion, for each emitting cell, the progreahculates:

- the effective capillary collection solid angle (ssetion IV.1.5.1)

- AB calculation
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- Calculation of the incidence andeof 20 intermediate rays withiho
- Calculation of the number of reflections of the Rflermediate rays and the
corresponding capillary transmission.

- Capillary transmission is the average of the 2@guleng values

IV.2: Results and discussion

IV.2.1. Summary of primary beam characteristics

Primary beam characteristics of the Rh-Ka souresdmveloped in sections 111.1.2. In
brief, the source spectrum exhibits narrow Rh-Rh-Kg: and Rh-k; rays at 20.216, 22.074
and 22.724 keV respectively and X-rays from thehkllsexcitation at 2.697, 2.692, 2.834,
3.001 and 3.144 keV superimposed on a wide Breaidstrg. The beam radius value
measured at 1/e and the photon flux in the polyieapilens focal plane depend on the energy
range. A summary is given in table 1V.3. The tgihbton flux within the primary spot is 1.7
10° photons.g.um?

Energy Range (keV) Beam radius at 1/e (um) Phdton(photon.g.pm?)
3-5 26 1.08.10"
5-7 26 3.41.107
7-9 19.8 9.20.10"
0-11 28 4.69.10°
11-13 28.6 7.01.10°
13-15 18.2 1.04.10°
15-17 20.8 7.75.10
17-19 18.2 4.33.10°
19-21 20.8 112.10°
21-23 26 5.79.10’
23-25 26 2.36.10"
25-27 27.3 1.52.10°

Table IV.3: Primary beam radius at 1/e and photon flux in tioéypapillary lens focal

plane as a function of the energy range
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We have studied the influence of the system gegmedipillary radius&pand length kap
as well azapillary tip-sample working distance WD on theei¢¢d signal magnitude. In a
first series of calculations, the capillary lengtid the working distance are fixed at 50 mm
and 1mm respectively, values chosen in our experisn@see preceding chapter). The case of
fluorescence collection from a cobalt sample is parad with experiments for simulation

validation. In all calculations, the cell size lsosen smaller than the capillary radius.

IV.2.2 Influence of Capillary radius and working di ~ stance on signal magnitude

In figure IV.7 the dependence of capillary radiustbe collected signal magnitude for a
fixed WD of 1 mm is shown (blue dots). For wide ilapy radii, the collected signal
magnitude varies agaf,l'g. For lower capillary radii however, the expectéghal decreases
drastically. We have reported on the same figuregiy triangles) the experimental data
(taken from Fig. 111.8), in very good agreementiwihe simulation. From this result, we can
say that the simulation software successfully oefléhe experiments. The slight discrepancy
between experiments and simulation (20 to 60%) hease several origins. First the primary
beam incidence regarding the sample surface inegperiments was 30° while we have
chosen 45° in the modelling to simplify the caltdas (see above). This induces a
systematic error of 30% (= cos 60° / cos 45°). Aeroffactor is the reflection critical angle on
the capillary inner wall which might be lower thére theoretical one given by equation 1V.9.
In fact, this angle strongly depends on the glassposition thus on its density as well as on

the inner wall roughness and average curvature.
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Fig IV.7: Collected XRF signal magnitude as a function efdapillary radius used for
collection. The capillary length is 50 mm and therking distance 1 mm.

A preliminary measurement was performed with an® radius capillary just after
alignment process. For that peculiar point theltzapilength was shortened down to 35 mm
and the acquisition time was fixed at 250s. Sevspelctra were acquired with a very low
signal/background ratio (3 to 4). The collectedbfescence signal magnitude is about 0.17
counts.d.

Although the signal to noise ratio is very lowistlextra measurement seems to be in
good agreement with simulations (see Fig. IV.7)e Bhght discrepancy may come from the
fact that the 0.5um radius capillary is shortemtifaose simulated. In this case, as shown
further (Fig IV.12 section 1V.2.2.2), a 1.7 sigesihancement is expected.

This preliminary result needs more experimentseto

finalized.
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IV.2.2.1: Working Distance influence at constamittary length
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Fig.IV.8 Simulated XRF signal variation with the workingtdisce. The capillary length
is 20 mm. The line is a guide to the eyes.

Figure 1V.8 shows the dependence of the collecigdas magnitude on the working
distance WD for different capillary radii. The clgoy length is fixed at L = 20 mm. Note
that in such conditions, the detector to sampléasardistance L+WD varies for this study.
As it can be seen in the figure 1V.8, at short wiagkdistance, the collected signal remains
constant when WD increases and the signal magndegends only on the capillary radius.
Then, at large working distances, the collectediaiglecreases as Wi. For the smallest
capillary radius (0.5 um), simulation shows tha fignal magnitude should not vary until a
WD of 8 mm. These variations should be comparethe@oideal case of the signal collection
from a point source.

Figure IV.9a) presents a scheme of classical XRIea@mn from a point source through a
pinhole. The collected signab 8epends on the pinhole aperture and is given by:

So = N Tt lpinnote / 41002 = N finnot / 4 02 Eq (1V.14)
where N is the photon flux emitted by the pointrseuand d the pinhole to point source

distance. If the detector is equipped with a cyiical X-ray capillary with the same diameter
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as the pinhole’s, the collected signal increaseslise the effective collection solid angle
increases (Fig.1V.9b)). This is true until the a@l under which the capillary aperture is seen
from the point source remains smaller than thesgtagical angle. In this case, the X-rays
entering the capillary are limited by those traritadi by multiple reflections at grazing

incidence. The signal magnitude is limited by tlapidary aperture dimensions. The signal

collected $is now given by:

S =N 2m(1-cos@y)) / 4m=N [1- cosP,)] / 2 Eq (IV.15)
Becausé; is a small angle:
S1~N6.°/4 Eq (IV.16)
Thus, adding a capillary to the detector input @cka the signal collected by a gain G:
G =S/~ [061d/ Kinhod? Eq (1V.17)
Since the angles are small:
tan®1) = fpinhole/ WD = 6, Eq (IV.18)
Thus:
G(L) = d2/ WD2= [(WD + L)/ WDJ2 = [1 + L/WDJ? Eq (IV.19)
Finally, at short WD or long capillary length L:
G(L) = [L/WDJ] =[L 61/ reag? Eq (1V.20)
EDX EDX EDX EDX

Y

Detector Detector Detector Detector
I

So
(a)
Figure IV.9:Scheme of the XRF detection from point sourcerawsWD from the capillary

extremity. (a) Classical XRF collection from a gaource through a pinhole, (b) A capillary
with identical radius is added, (c) the workingtdince is reduced to its critical value \WD
(d) the WD is reduced below WDAt the bottom, expected variation of the sighak

reported.
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If the capillary length L is increased, the workidigtance WD is shrunken and the collected
signal $ is enhanced. When the capillary length reache<titieal value L , the working
distance reaches the value YWi2fined by:
tan@®c) = rpinhole/ WD¢ = 6 Eq (IV.21)

In this case the angle under which the capillagrtape is seen from the point source is equal
to the critical angle (Fig.1Vv.9c)). If WD is stiBhrunken or if L is increased above the L
value (Fig.lVv.9d)), the signal is no more limitegt the capillary aperture but only by the
critical angle. In fact, among all the X-rays peaghg the capillary, only those impinging on
the capillary inner wall under an incidence lowleart the critical angle will be transmitted.
Then, the collected signak $emains constant £{SS;). The maximum capillary gain { is
thus reached when W ryinnole/ 6. SO that:

Gmax = G(Le) = [1 + Lc B¢/ reag? = [Lc B¢/ reag? Eq (IV.22)

The 50 um radius capillary collecting the cobalR&y fluorescence at WD = 1mm
from the sample most closely reflects the pointrseideal case. For this capillary, the WD
calculated value from Eq IV.21 is 10 mBy (s 4.3 mrad for Co K radiation). The simulation
data presented in figure 1V.8 exhibit the expedtetaviour. For the 5 pum radius capillary,
the expected WR is 1,17 mm. However, the simulation results intéca signal decrease
above a WRvalue of 6.5 mm. This discrepancy is due to tlot flaat the source can not be
considered as a point source for low diameter leajak.

To simulate a point source, we have considereeénhission coming exclusively from
A-type cells, i. e. from cells aligned with the dlpy axis. In Fig.IV.10 are shown the
variations of the collected signal coming only fronose cells as a function of WD. For all
capillaries the signal remains constant until tregirresponding value of WD effectively
proportional to capillary radius. The WBalues of 0.125, 1, 2.5, 5 and 10mm are found for
capillary radii of 0.5, 5, 10, 25 and 50 um respety in Fig. IV.10. These values are in good
agreement with the values of 0.12, 1.17, 2.34, &84 11.68 mm expected from equation
IV.21. Moreover, at working distances lower than the aitione, we can observe that the
order of magnitude of the plateau level is neanlyependent of the capillary radius, except
for the 0.5 um radius capillary.
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Fig.IV.10 Variation of the simulated XRF signal from A- tyygdis (aligned along the
capillary axis) with the working distance. The dipy length is 20mm. The line is a guide to

the eyes

In fact, as shown in Fig.IV.11 in the case of anpa@ource, the collected signal is
independent of the capillary radius providing therking distance remains smaller than WD
WD, can be calculated for each capillary radius fragnl¢.21. Among the WDc values
determined for each capillary, the smallest value.¥, is 1 mm. This is the reason why we
have chosen this WD value in our experiments (begter 1ll). Indeed, in this latter case the
capillary acceptance is limited by the critical k.

The difference between the plateau levels at swallin Fig. 1V.10 has two origins.
For the narrowest capillary radius, the cell siaél ko be decreased in order to remain much
smaller than the capillary aperture. This led tdearease of the absorbing volume of the
central cells and thus of the emission level ogé&hA-type cells. Furthermore, the number of
X-rays reflections inside a capillary increasesitasradius decreases, inducing flux losses
increase.

The plateau level difference observed in Fig.I\68due to the fact that the source
cannot be considered as punctual for low capiltadji. Indeed, for narrow capillary radii and

at low working distances, the X-ray fluorescenceezss partially collected by the detector
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through the capillary. Assuming a square laterafilgr of the primary beam spot, the plateau
magnitude should vary a%a,fz. This dependence is very close from tlaﬁ)'ll‘8 actually
calculated from Fig. 1V.8 variation. The discrepgans probably due to the Gaussian-shape

primary beam lateral profile.

EDX Detector EDX Detector EDX Detector

D

!
!
. c| |
8, 8, ! !
— — !
| WP | |
| | o
! | |WD <WD, | |WDc
| I |
Collected signal S Collected signal S'=S Collected signal S"=S

Fig.IV.11 : fluorescence signal collection through a capillafhe signal collected is
independent of the capillary diameter providing tinerking distance WD is shorter or equal
to the critical one WR

IV.2.2.2: Capillary length influence at constant WD

Figure IV.12 shows the variation of the collectgnal with the capillary length for
different capillary radii: 0.5, 5, 10, 25 and 50 uhme working distance is fixed at 1 mm. We
can see that the signal transmitted by the capilacreases as the capillary length increases.
This decrease is more drastic at capillary lenfgiver than a critical valuens that depends

on capillary radii.
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Fig. IV.13: Scheme of the effective collection solid angléati@an with capillary length in the

case of X-ray collection from a point emitter.
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Still considering the ideal case of a point soueceitter, Fig.IV.13 illustrates the
signal dependence on capillary length at constaldt Wor very short lengths L. case a) in
Fig. 1V.13), the incidence angle of X-rays comimgrmh the emitter on the capillary wall is
higher than the critical angl&. These rays are not reflected and consequentiytbel rays
that do not impinge on the inner wall are detectied:capillary acts as a simple pinhole. If the
capillary length is slightly increased (from lto Lg, case b) Fig.IV.13), providing the angle
under which the capillary rear aperture is seemftioe emitter has a value higher titgnthe
signal decreases because the detector is movedfeavayhe emitter: the signal is expected
to decrease as the reciprocal (L+WD)2.

When the capillary length reaches the value such as

r Eq (IV.23)

the capillary rear aperture is seen from the pemitter exactly under the ande (Fig. 1V.13
case ¢)), and the signal level is expected to tverddhan in Fig. IV.13b). A further capillary
increase (b>Ln1, Fig.IV.13d)) should have no influence on the sigmagnitude collected,
since the effective collection angle remains camstend equal t®.. The signal level is thus
expected to remain constant for longer capillarigse values for |y are 0.2, 1.3, 4.8 and
11.2 mm for 5, 10, 25, 50 pum radii capillary respedy at 1mm WD Those values are in
good agreement with those found in Fig. 1V.14 whArgype cells fluorescence collected
signal variation is presented as a function of lapilength. This is due to the fact that the
whole set of those cells almost acts as point otowever, the {y do not correspond with
those found in Fig. 1V.12 because in this lattesecthe emitter is an extended source and B-
type as well as C-type cells are taken into account

According to equation 1V.20, the longer is theiltagy, the higher is the gain in signal
collection. However, the gain is obviously not thelevant parameter because it is a
comparison with the signal collection through ahpile of same diameter. Indeed, we can
obviously observe on Fig.IV.12 that the collecteghal decreases when the capillary length
increases. This can be explained by the loss afasigue to higher number of reflections
inside the capillary as its length increases. Auasitation of this effect is given in the
following example. When the capillary is longernhavalue k2 given by (see Fig. 1V.13e)):

Ln2 = 3 Lyg + 2WD Eq (1V.24)

the extreme rays are transmitted to the detecter &fo reflections on the capillary wall. Due

to the signal losses at each extra reflectionsitpeal is expected to decrease.
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Fig.IV.14: Variation of the XRF signal collected from A- tyqadls (aligned along the
capillary axis) with the capillary length. The warlg distance is fixed at L mm. Each line

corresponds to a given capillary radius from 0.5tond0um.

IV.2.3: Resolution that can be expected in p-XRF wi  th our test-bed

For a given capillary radius, since the signal doesdepend on the WD providing
WD < WD, it seems more comfortable to position the capilextremity just at W from
the sample surface. However, a part of the signalollected from areas surrounding the
capillary aperture surface projection on the sardpketo the critical angle of X-ray reflection
on the capillary inner wall. The lateral resoluti®rof the analysis technique is thus given by:

R = 2 [ikap+ WD tan@y)] Eq (IV.25)

The lateral resolution of the technique is thusrompd as WD is decreased. On the
other hand, as we approach the capillary extremityard the surface, the signal magnitude
decreases because the number of detectable emittihgells decreases (Fig 1V.15a)). As
seen in Fig.lV.8, the collected signal increasesmwthe capillary is approached towards the
surface until the WBbvalue is reached. At this WD value the resolut®4 i, (see Eq IV.21
and Fig.IV.15b)). Approaching the capillary haslight effect on the collected signal level,
but it improves the lateral resolution, becauss I@sype cells are involved in the detected
signal (Fig.IV.15c)). We show in Fig.IV.16 the poyfion of the fluorescence signal that is
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collected from C-type emitting cells alone. The évws this proportion the better is the lateral
resolution. We can thus define an ideal workingasise WD below which 99% of the

collected signal comes from front cells (A- andyBd cells). Table IV.4 shows the values of
WD; and WL, for the different capillary radii investigated. Vdan see that the ideal working

distance WDis significantly smaller than WD
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Fig IV.15 : Scheme of the lateral resolution variation as action of WD.
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Fig.IV.16: Contribution of the C-type cells on the totalrsagcollected as a function of the
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Capillary radius (um) 0.5 5 10 25 50
WD, (mm) 0.12 1.17 2.34 5.84 11.68
WD; (mm) 0.027 0.16 0.35 1.10 3.75

Table IV.4:WD. and WD values as a function of the capillary radius

Using a 0.5 um radius cylindrical capillary, siaibns show that the best resolution
keeping a significant signal/noise ratio is obtdinavith the following geometrical
characteristics:

- capillary length: 20 mm

- working distance: 27 um
With this configuration we expect a 1 pum laterakalation for XRF analysis. From
preliminary measurements with the 1um radius capillwe have demonstrated that this

experiment is realistic.

V.3 Conclusion

Our p-XRF equipment using capillary optics bothilanmination and detection paths
has been modelled. Simulations were developed fioedthe system geometry on the XRF
signal level dependence: capillary length and diorking distance. The goal of this part is
the estimation of the ultimate lateral resolutibattcan be achieved with such a tool. Since
commercially available softwares are not suitalde dur unusual configuration, we have
developed our own program. It is derived from ting¢d element method and is based on the
fundamental parameters equations for the X-rayréscence emission.

For a given capillary radius, the signal increashen the working distance decreases
down to a critical value WD. Above, the signal remains constant. This phemamecan be
explained assuming the fluorescence zone as a @uwiitter. The collected signal magnitude
decreases when the capillary length is increaséds Trend is more obvious for wide
capillaries. The collected signal magnitude va@ssrcap® in good agreement with the
expected rcapcorrelation in the case of an homogeneous prirbeam profile.

Experimental results are in good agreement wittsiimellation data.

Moreover, we have shown that it is necessary taagmh the capillary toward the
surface to increase the lateral resolution. We ltaleulated the ideal working distance as a
function of capillary radius.
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Finally, simulations show that a 1um lateral reBolucan be achieved with a 0.5 pm
radius and 20 mm length capillary positioned atoakmg distance of 25 um from the surface
in the same experimental conditions. Using brigktairces (rotating anode, liquid metal jet
anode source, synchrotron) would allow to improubssantially the signal/noise ratio, and

thus probably even to work with narrower capillarie

116



References

[1] A. Firsov, M. Brzhezinskaya, A Firsov, A. Svaalv and A. Erko, “Dedicated software for
diffractive optics design simulation, Journal ofyBits”, Conference Series 425 (2013)
162004

[2] D. M. Tennant, F. Klemens, A. Taylor, C. JacahsP. L. Gammel, H. Huggins, S. Ustin,
G. Bogart and L. Ocola, “Single-element elliptitealrd x-ray micro-optics”, Optics Express,
vol.11, n°8, 2003

[3] L. Vincze, Janssens. K, Adams. F, “Detailed-tiaacing code for capillary optics”, X-ray
spectrometry, vol. 24, 27-37, 1995

[4] A. Liu, “Simulation of X-ray propagation in draight capillary”, Mathematics and
Computers in Simulation 65, 251, 2004

[5] D. Hampai, S. B. Dagabov, G. Cappuccio, G. QibiX-ray propagation through
polycapillary optics studied through a ray-tracaggproach”, Spectrochimica Acta Part B 62,
608, 2007

[6] B. Lai, F. Cerrina, SHADOW : A synchrotron ratibn ray tracing program, Nuclear
Instruments and methods in physics research A2d86)1337-341

[7]M. Sanchez del rio, New challenges in ray trgciimulations of X-ray optics, Journal of
physics: Conference Series 425 (2013) 162003,

[8] F.Cerrina, C.Welnak, G.J. Chen, and M. Sana@Rio, Center for X-ray Lithography,
University of Wisconsin SHADOW Primer 2.0 CXrL Mag, 1994 Center for X-ray
Lithography, University of Wisconsin, available at
http://www.esrf.eu/computing/scientific/raytraciRiF/primer.pdf(last accessed
18/07/2013)

[9]L. Vincze, B. Vekemans, F.E. Brenker, G. Falkerdy K. Rickers, A. Somogyi, M.
Kersten and F. Adams in: “Three-dimensional trat®ment analysis by confocal X-ray
microfluorescence imaging”, Anal. Chem., 76, 67884 2004

[10] B. Vekemans, L. Vincze, F. Brenker and F. AdartProcessing of three-dimensional
microscopic X-ray fluorescence data”, J. AnalSpeectrom., 19, 1302-1308, 2004

[11] Z. Smit, K. Janssens, K. Proost and I. Langus, f@wal pu-XRF depth analysis of paint
layers”, Nucl. Instrum. Methods Phys. Res., B Bdataract. Mater. Atoms, 219-220, 35—
40, 2004.

[12] W. Malzer, B. Kanngiger, “A model for the confocal volume of 3D micro ray

fluorescence spectrometer”, Spectrochimica Acta BarAtomic Spectroscopy, 60, 9-10,
1334-1341, 2005

117



[13] D. Sokaras and A.-G. Karydas, “Secondary Fdsoence Enhancement in Confocal X-
ray Microscopy Analysis”, Anal. Chem., 81, 4946-492009 Dimosthenis Sokaras* and
Andreas-Germanos Karydas

[14] T. Schoonjans, G. Silversmit, B. Vekemans, S. SthnM. Burghammer, C. Riekel,
F.E. Brenker, L. Vincze, “Fundamental parameteetdaguantification algorithm for confocal
nano-X-ray fluorescence analysis”, SpectrochimicteAart B, 67, 32, 2012

[15] Baltej Singh Sidhu, A. S. Dhaliwal, K. S. MarK. S. Kahlon, “Measurement of K-shell
absorption edge jump factors and jump ratios ofesamadium Z elements using EDXRF
technique”, Radiation Physics and Chemistry 80 2@B-32

[16] W. Bambinek, B. Crasemann, R.W. Fink, H.-Uetind, H. Mark, C.D. Swift, R.E. Price,
P.V. Rao, “X-Ray Fluorescence Yields, Auger, andt€eKronig Transition Probabilities”,
Reviews of Modern Physics, vol.44, 4, 1972

[17] R.W. Fink, R.C. Jopson, H. Mark, C.D. SwifAtomic Fluorescence Yields”, Reviews
of Modern Physics, 38, 3, 1966

[18] See for example: X-Ray Data Booklet, Centerferay Optics and Advanced Light
Source, Lawrence Berkeley National Laboratory, 2009://xdb.lbl.gov/ (last accessed
18/07/2013).

[19] V. Thomsen, “Basic Fundamental Parameters-iRay Fluorescence”, 46 Spectroscopy
22(5), 2007, available atww.spectroscopyonline.coffast accessed 18/07/2013)

[20] A. Bjeoumikhov, S. Bjeoumikhova. (2008), “Clary Optics for X-Rays”, in Modern
Developments in X-ray and Neutron Optics, editedd\b¥rko, M. Idir, T. Krist, A.G.
Michette, Springer series in Optical Sciences, i(fgjar-Verlag Berlin Heidelberg) Vol.137,
pp. 287-306

[21] http://henke.lbl.gov/optical _constantfast accessed 18/07/2013)

118



Conclusion and Perspectives

1: Main results achieved in photon detection

In this work, we have demonstrated that couplingISkith X-ray spectroscopies
could lead to obtain simultaneous sample topograpiy luminescence mapping or local
spectroscopy of a sample. The experiments wereessfidly performed with various source
types: synchrotron radiation (from a preceding Rhé&sis [1]), a He-Cd laser and even a low
power micro focused source. The lateral resolutemhnique is mainly given by the fibre
aperture for luminescence (70 nm in our case),nthe fibre apex curvature (100 nm) for
topography. These works were supported by two Eaogontracts (‘X-Tip’ and ‘LUMIX’,
EUREKA # E4383).

Nonetheless, luminescence spectroscopy and matipiiigghe chemical analysis to
semiconductors. The acquisition of the sample loGahay fluorescence instead of visible
luminescence would significantly enlarge the variet materials which could be analysed by
our instrument. However, we had first to estimdue fieasibility of this concept in terms of
signal magnitude collected.

We have thus developed a test-bed using the lonepomicrofocused source and a
cylindrical capillary equipping a SDD EDX detect8ioth optics are positioned in a confocal-
like configuration. After source characterizatidghe capillary used for detection was then
scanned across the sample fluorescence emittingneol The influence of capillary radius on
fluorescence signal magnitude collected was studs#l capillaries from 50 down to 5 pm
radii. X-ray profiling of metallic test patternseve then performed with the setup. These
series of experiments demonstrate that local dodlecof X-ray fluorescence is possible in
laboratory with a significant signal/noise ratideTlateral resolution of the technique depends
on the collect capillary radius and on its distatacthe sample.

The key issue is the estimation of the ultimaterkdt resolution which could be
achieved using such a configuration. To answer disstion, we developed a simulation
program in order to determine the XRF signal magtst collected through narrower
capillaries. The program is derived from the fingkement method and is based on the
fundamental parameter equations. It was fitted with experimental test-bed characteristics
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(geometry, primary beam characteristics, XRF ctibecthrough a cylindrical capillary). The
simulation data on a homogeneous sample are in ggogement with the experimental
results and the resolution of the technique wasudsed. However, is it possible to go
further? The simulation program allowed to ensurat L pm lateral resolution could be
achieved using the low power X-ray micro focusedrse and an EDX detector equipped
with a 0.5 pum inner radius cylindrical capillaryropiding it would be 20 mm long and
positioned at an ideal working distance below 27 Bynusing a brighter primary source such
as a rotating anode or a liquid-metal jet anodectela-impact X-ray source [2], a
significantly higher signal can be expected (upl@0 times). Moreover, replacing the
cylindrical by an elliptical capillary at the entof the detector, would lead to an extra gain of
20 on the signal magnitude [3, 4]. Thus sub-miasolution XRF would be effectively
possible with an in-lab excitation source. Of ceumsorking with a synchrotron source would
lead to higher signal magnitude which could allovshrink further the capillary radius and a

sub-100 nm lateral resolution could probably behed.

2: Perspectives

This work opens the way toward the coupling betwieeal XRF analysis and Shear
Force Microscopy. The idea is to replace the sbatjal fibre of the home built SNOM head
by an X-ray capillary. However, in this case, ibshl be approached in mechanical near-field
interaction with the sample. A 100nm working distarshould be possible by adding a
polymer apex at the capillary extremity. Indeea tbpography could be performed by this
apex while X-rays could be easily collected becaudgmer is nearly transparent to X-rays
(see Fig.C.1).

Customisation

\

EDX Detector Elliptical capillary

SiO, conus
(FIBID)

Polymer tip

b)
Fig C.1:(a)The XRF collection is operated through an eiltipt capillary customized with a

polymer apex used as near-field microscope prameEkample of polymer apex added to a
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photonic optical fibre (courtesy to LovaLite SA)) §iG conus grown by Focused lon Beam

Induced Deposition (courtesy to H. Dallaporta, CMigaboratory) .

Another configuration would consist in using th@itary to excite the sample while
X-ray fluorescence would be collected in a clagsomafiguration. The capillary will then
provide both primary illumination and SPM measuretegFig C.2). The capillary needs

customization as explained above.

' ' ' ‘ Excitation X-ray beam

pinhole

Quartz
tuning fork Xray

— .
monocapillary

EDX detector
X-ray fluorescence

Sample

Fig C.2:Other possible configuration of the instrumentthis case, the sample is locally
excited through an X-ray mono-capillary acting bathprimary beam focusing and as
proximal probe SPM tip. The XRF signal emittedhs/dample is collected in classical

configuration. To fit with SFM requirements the iiapy extremity must be functionalized.

The ideal test-bed geometry defined by numerialdutations must be tested to define
the experimental conditions allowing to achieven gesolution with the low power micro-
focused source. Experiences could also be perfoomeadsynchrotron beamline to determine
the ultimate lateral resolution of the techniqukeil, the home-made SNOM head should be
adapted to fit with XRF signal acquisition with atliptical capillary and the ultimate
resolution might be evaluated. All these measurésnemght be compared to numerical

calculations.
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The software is also suitable for multi-elementngke analysis. Extra calculations
must be launched to define the technique sengitiwith sample characteristics (matrix,

inclusions, depth, ...).
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ANNEX

The key of the collected fluorescence signal naglei estimation remains in the
calculation of the effective collection solid angdeunder which each unit cell emits within
the capillary acceptance. It is limited by the flemcence X-rays impinging the capillary inner
wall under an incidence lower than the criticallarlg or by the capillary aperture. Moreover,
it strongly varies with the position of the emigiicell centre regarding the capillary axis and
with WD, the capillary extremity to sample distance
In the following:

reapis the capillary radius

WD is the working distance

L is the capillary length

0. is the glass critical angle

We must consider three types of cells: A-typescaligned with the capillary axis, B-

type cells inside the cylinder defined by the dapjyl and other cells called C-type cells.

A-type cells

WD

Fig. Al: System cross section presenting the case of flcemes collection from A-type cells.

Here the collection angle is limited 8.
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Concerning the cells aligned with the capillary saA-type cells), for small WD
values, the capillary partially transmits the inputay beam flux (see Fig. Al). The effective
solid angle is limited by glass critical andle The capillary section is S rrc?, and for
those cells the effective solid angbes:

r_, 2 Eq (A.1
Q:r—““z:211(1—0090)z1'rec2 a(Ad)
cap
(tanz(ec))

r
For values of WD + z so that—"— < tan @c) then,
WD+ z

T g2 Eq (A.3)
Q=——— =271(1 - co¥) =~ M2~ mtan®d
(WD + z)?
Where® is the half angle under which the capillary aperts seen from the cell and z is the

cell depth.

"
If the capillary length is very short (L & with & :ﬁ— WD - z), the effective

surface collection is the output surface of theillzg. In this extreme case, only the rays
which reach directly the detector without reflensoare detected. The capillary is thus
equivalent to a simple pinhole. In this case:
B Tl 2 Eq (A.4)
(L+WD+ 2)2
The software must account for such case. Howewding capillaries have no experimental

interest.

B-type cells

For B-type cells ( Fig. A.2Q defines a slanted conus whose base surface & ti

with an anglg3 from the conus axis direction (Fig.A.2).

The effective collection solid angle is given by:

where r is the distance between the centre ofélhe@nd that of the conus base area.
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WD

Fig. A2: System cross section presenting the case of flcemes collection from B-type cells.

Here the collection is not limited by the capillagige (standard conditions).

When the capillary acceptance is not limited by ¢bpillary geometrical aperture (standard
B-type cells, case presented in Fig. A2), the exér@ays transmitted to the detector have an
incidence 6. all around the inner wall. They impinge the wall @oints describing the
perimeter of an elliptical conus base, as showifignA.2. A; and A correspond to the

highest and lowest points. These points are positiat distance® andd, from the capillary

extremity:
r.+A Eq (A.6
51 — cap —WD— Z q ( )
tan(@,)
My — A Eq (A.7
And g, = =2 -WD-2z aA7)
tan(@,)

WhereA is the distance between the emitted cell centdetlaa capillary axis.

Q is calculated from Eqg. (A.5). Here S is the surfatehe ellipse limited by the
points A and A, r is the distance between the centre of the emittell and the centre of the
ellipse,fis the angle between the ellipse normal and thesaxis.

The distance r is easily calculated:
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Eq (A.8
\/A2+( 252+WD+2)2 9 (A 82)

The ellipse semi-minor and -major axis are respelti r and

cap

%\/(Z.rcap)2 +(9, —9,)? . Thus the elliptic surface area S is given by:

1 Eq (A.8b
S= E n-'rcap'\/(z'rcap)z + (51 - 52 )2 q ( ))
The angle is given by:
Eq (A.8c
,B——— Arctan( ) + Arctan( = 510 ) 9 )
%(61—52) Wp+z+% 7%

Finally, the collection solid angle for cells sltghshifted towards the capillary axis

(B-type cells) is given by:

Moy [ Rleap)? + (8, — 8,)2 cos(B) Eq (A.8d))

A2+(5 252 +WD + 2)2

Q=

Note that A-type cells could be also considereB agoe cells withA = 0 ied; =d,= 0.

Depending on the capillary length and on the wuagkdistance WD, the effective
collection angle might be limited by the capillagige. For example, if WD is increaseéd,
becomes negative. It means that the signal cabledtly the right hand side of the capillary
(Fig. A.2) is not any more limited by, angle, but by the capillary edge. From a
mathematical/numerical point of view,As located between the capillary entrance and the
sample. In this case, we fi = 0 in Eq A.8. If WD is still increased; becomes also
negative (0 >0, > &,). In this other boundary case, we must dix= & = 0. The collection

solid angle is completely limited by the capillagge:

. 7r,,2.cos(B) Eq (A.9a))
r2
Where:
_ A Eqg (A.9b))
=tan™®
P (WD+ z)
And
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r =02+ (WD+ 2)? Eq (A.9¢))

For a fixed WD, If the capillary length L is shrwerk so thad, < L < &;, Az is not
positioned within the capillary length (see Fig3B)), but beyond the capillary rear aperture.
In this case we have simply to repl@gdy L in the Eq A.8d). If L is still shrunken saathl_<
O, < &y, the solid angle is now limited by the capillasar aperture and the value Qfis
given by Eg.A.9a) in which (z + WD) is replaced @+ WD + L). The capillary length

influence on effective collection solid angle isistrated in Fig A.3.

pAs At a A

° A,

a) ° b) ° C) °
L>9,>9, 5,>L>9, 0,>0,>L

Fig. A.3 : Influence of capillary length at fixed WD a) Same case as in Fig. A.2. b)
L has decreased and point i& beyond the capillary rear aperture. c) Fong tiapillary, the

collection solid angle is limited by the capillasar aperture.

C-type cells

Fluorescence collection from C-type cells is illagtd in Fig.A4.
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WD 6,

Fig.A.4: System cross section presenting the case of floemes collection from C-type cells.

All rays enter the capillary under an incidengeregarding the capillary axis. The rays

describe a slanted conus, as shown in Fig.0A. between two extreme valuds, and0g,

with 64 < 0g, given by the following equations:

lf Eq (A.10a
6, = Arctan <2 a )
D+z

Eq (A.10b))

+ rca
6, = Arctan 2)
D+z

Three cases must be considered.
i) If 6. <06a <Bg no fluorescence photon can be transmitted to ¢iectbr.

i) If B4 <6 < B, the effective collection solid angle is the angteler which the

whole geometrical capillary front aperture is séklem the emitting cell:

_ nrg,2.cos(B) Eq (A.11a))
A2+ (WD+ 2)2
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Where:
Eq (A.11b))

L= Arctanﬁ)

iii) If 84 <6.< 06 only a part of X-ray photons collected by the #apy front aperture
will be transmitted to the detector. The collectignlimited by 6. on one side and by the
capillary edge on the other side (see Fig. A4). Bigp) presents the system geometry and all
the points used for intermediate calculations. fésplane perpendicular to the capillary axis
and positioned at the cell depth z. The distandevden this plane and the capillary front
aperture is thus WD + z. M Is the emitting celltenO is the capillary front aperture centre.
O’ is its projection on the P plane.

We can now define the area S inside which photonsirgg from M can be reflected
on the capillary wall and guided to the detectq;,. G and G and A (see Fig. A5a)) are the
four extreme points that allow to define this sogflaM,A and @ are not alignedMCy, MC;

and MG rays impinge the capillary wall under an incideige C; and G belong to the
capillary front aperture edg€s is the point of the capillary aperture surfaceifpmsed at
minimum distance from point O. A is the point okthapillary edge at minimum distance
from M. &', C4', C,' and A’ are the corresponding projections on thgldhe. G, C; and G
WD+ z

cos@,)

the intersect between the effective emission satidle and the capillary aperture

points satisfy the equatigiMC,| = [MC,|| =|MC,| =

defines an area S that does not fill exactly thpilleay aperture. Two cases should be
considered as shown in Fig. A5b) and c) where Batshed. Fig. A5b) corresponds to the
case described in Fig. A4. S is the sum of twoam@$, one defined by the curvg AC ;'
and the line segment,C,’; the other by the curve LyC, and the line segment
C,'C,.This latter surface is assumed to be a semisdlizhose surface can be calculated

indroducing the angla equal to (A’, O’, G'). The ellipse major-axis is given by {C’,. The
minor-axis depends am angle. Ifa is lower (respectively higher) tha;lzr it is defined by the

difference between the height of the triangle’,(®’, C,) and O'G'(see Fig. A5b))
(respectively by the difference between @’@nd the height of the triangle {CO’, C’), see
Fig. A5c)).
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Still starting from the expression of the solid ngiven by Eq (A.5)
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WD+z Eq (A.12a))
r

cosl) =

~ I + (tan@,). (WD + z)))2 Eq (A.12b))
2

\/ A
r=,/ (WD+2)2+(

If a sg (Fig (A.5b)) we consider that the effective collen area is given by:

S =S,-S +S. Eq (A.12¢))

Where § is the part of the capillary entrance surfacendigdid by 21, Sy is the area of
the triangle (O’CiC’,) and $ is the half ellipse limited by @C’; and C>.

S, = iT.rcapZ_Z_a =l 20 Eq (A.12d))
2
s, _1 c.C,lh Eq (A.12e))
2
lcc)| Eq (A.12f))
S :l i C 'O' _h
=2l e of-h)
Where h is the height of the triangle O;C’;
Then:
liccltde o Eq (A.12
S, =17 +2[C.C [(E(COOH'h)”)‘h] q (A.129))
If a >§ (case presented fig A.5(c)) we have to add altribegle areas, i.e.:
S,=S,+S +S Eq (A.12h))
S, =1 2a +% CC, [(%( CO'O'H —h)77) + h] Eq (A.12i))

Finally:
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0 S.(WD+ 2) Eq (A.12)))
B ~ I+ (tan@,).WD+2) ..
> )

A
[(WD+2)?+(

Where S = Sif asg and S = Sif a>g.
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RESUME

Les microscopes en champ proche permettent d'abteniopographie d’'un échantillon avec une
résolution pouvant atteindre la résolution atomigDes techniques permettent également d’accédentaires
propriétés locales de la surface telles que lenpiete'élasticité, la densité d’états... Ces spestopies locales
sont de type ‘contraste’ et ne permettent pas edesér la cartographie chimique de la surface samsa¢ssance
a priori des éléments qui la composent.

Les spectroscopies de rayons-X sont des méthodesamdetérisation puissantes qui permettent de
déterminer la composition et la structure élémeataé I'échantillon avec une précision inférieutdagstrom.

La résolution latérale est essentiellement limitéela taille du faisceau primaire, couramment ldsipursym?2.
Deux voies sont possibles pour I'améliorer:

- réduire I'étendue du faisceau primaire excitgteur

- limiter la collecte du rayonnement émis a unetipordu volume excité, tout en approchant le
détecteur au maximum pour garder un rapport signat/suffisant.

C’est cette deuxieme option que nous avons chasdévelopper. Pour cela nous avons collecté
localement la luminescence visible issue de I'étham par la pointe-sonde d'un microscope a foue
cisaillement, constituée d'une fibre optique effille faible ouvertureCette technique a été utilisée pour
caractériser des échantillons semiconducteurs mietronano-structurés afin d’en obtenir simultanémian
topographie et la cartographie de luminescencddoCes résultats ont été obtenus non seulemeninguligne
synchrotron mais également & l'aide d’'une microseule laboratoire équipée d’une lentille polycapi.

Afin de pouvoir étendre ce concept a d'autres tygesnatériaux, la faisabilité de la collecte de la
fluorescence X locale a été évaluée avec la miaroso Pour cela la fluorescence X émise par unréditioa de
cobalt a été collectée par un capillaire cylindegeguipant un détecteur EDX. L'influence du diamédu
capillaire sur le niveau de signal a été mesurém &lmulation numérique a été développée afin idestle
niveau de signal obtenu en utilisant un capillagieel pm de diamétre et d’optimiser la géométriesyghteme.
En couplant la microscopie en champ proche et k@eaXRF, a la lumiére de ces résultats, il serssinte
d’atteindre 100 nm de résolution latérale en emvieanent synchrotron et moins de 1 um a l'aide dsm@ce
de laboratoire. Il serait alors possible de sé&acter un objet particulier sur une surface et dare I'analyse
élémentaire.

ABSTRACT

Scanning Probe Microscopes allow to obtain sanggedraphy up to atomic resolution. Local surface
properties such as potential, elasticity, densitysiates... can also be determined. However, an aripri
knowledge of the sample chemistry is required toetely identify the objects present on the sarspléace.

X-ray spectroscopies allow elemental and structamalysis of a sample with accuracy better than 1 A
The lateral resolution is limited by the primaryabe diameter, currently a few umz2. Two different wapan be
followed to enhance the lateral resolution:

- further primary beam focusing

- detector aperture shrinking to collect the flsaence coming only from a part of the emitting wody
while keeping a significant signal/noise ratio. §lé ensured approaching the detector as much ssbj®
toward the surface.

We have chosen to develop this second option. Lesmaple visible luminescence is collected through
a low aperture sharp optical fibre, probe of a stieae microscope. This technique was used toaherize
microstructured semiconducting samples to achiévellganeously the surface topography and luminesezen
mapping. The results were obtained using eithectsyitron radiation or a laboratory microsource ppad with
a polycapillary lens.

To extend this concept to a wider variety of materilocal XRF collection by an EDX detector
equipped with a cylindrical X-ray capillary wasted A cobalt sample irradiated with the microseun@s used
for technique evaluation. The signal magnitude ddpace with the capillary diameter was measured.
Modelling and numerical calculations were developee@stimate the signal magnitude that could beated
using a 1 um diameter capillary. The optimal sysggometry was determined. Scanning Probe Microscopy
combined to XRF analysis could thereby lead to #smeous acquisition of sample topography and cbami
mapping. The expected lateral resolution using lsgatoon radiation is 100 nm while sub 1 um resolutis
realistic with a laboratory source. This techniguauld allow to point a peculiar micro- or nano-atijen the
surface and to perform its chemical analysis.



