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Avant-propos

Ce document se propose de présenter mon actigitteecherche depuis le début ma thése de
doctorat jusqu’a maintenant.
Jai effectué ma thése de doctorat (1994-1997)adorhtoire de Cristallographie et Science des
Matériaux de Caen alors dirigé par Bernard Ravaausein de I'Equipe Céramique dont l'activité
principale était d’étudier la synthése de poudmgsaconductrices et leur mise en forme en mondlithe
pour des applications de paliers magnétiques enhetiées de courant. Pour ma part je me suis
intéressé a la famille des oxydes Bi-Pb-Sr-Ca-Cat@n particulier aux propriétés mécaniques et
supraconductrices de céramiques texturées d’'oxjx8,B8aCu,01¢.x dit Bi2223.
J'ai continué dans ce domaine de recherche paroutrat post-doctoral a I'ISEMIrstitute for
Superconducting and Electronic Materiplsitué a Wollongong a 80 km au sud de Sydney anec
orientation vers la synthése de bandes Bi2223 sommiées par une gaine d’argent.
Fort de mon expérience acquise pour la synthésmatériaux avancés inorganiques a propriétés
d’usage innovantes, j’'ai ensuite intégré le CNR&cawne importante mobilité thématique. J'ai intégré
le LMPM (Laboratoire des Matériaux et Procédés Memaires) en octobre 1999 dirigé par Louis
Cot au sein du Groupe I% Membranes Inorganiques et Hybrides pour SystéeheRrocédés a
Fonctions Couplées ou je m’'intéresse dorénavant a I'étude de la swathét des propriétés
physicochimiques et d’'usage de couches minces ethnames obtenues par PECVD. Devenu depuis
2000, I'IEM (Institut Européen des Membranes), aujthui dirigé par Gérald Pourcelly, mes
activités au sein de cette unité se spécialise Ménsde de matériaux membranaires PECVD a
caractére hybride et inorganique et s’ouvrent reaiamt vers une spécialisation pour les techniques
dédiées a I'étude de couches minces sous atmospberdrolées, convaincu que ce théme est
incontournable dans la science des membranes.
Ce document est donc divisé en plusieurs partiemsDune premiere partie sont résumeés les
principaux résultats obtenus au cours de mon daictbes résultats obtenus au cours de mon stage
post-doctoral sont ensuite résumés. La partie stév@décrit les themes de recherche que j'ai pgiéglé
depuis mon recrutement au CNRS. La liste de maugtamh scientifigue est ensuite présentée. La
partie suivante détaille mes autres activés li@emétier de chercheur : mes activités d’enseigneémen
d’encadrement, de responsabilités et participatéoria vie scientifique internationale, nationale et
locale. Enfin, ce document est terminé par unecgétede plusieurs articles publiés représentalifs

mes activités depuis 1994.
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Synthese et caractérisations mécaniques et supracon ductrices
de céramiques d’oxyde (Bi,Pb) ,Sr,Ca,CuzO1g.y
texturées par frittage-forgeage

These effectuée d’octobre 1994 a novembre 19974edIENRT)

Co-dirigée par Gilbert Desgardin, Professeur devéigites a Caen (CRISMAT) et Moussa
Gomina, Chargé de Recherche CNRS (LERMAT)

Laboratoires CRISMAT (CNRS UMR 6508) & LERMAT (CNFPRES-A 6004) - ISMRA -
6, bd Maréchal Juin - 14050 Caen cedex.

Si les bandes composites argent-Bi2223 sont largeétadiées en cherchant a les optimiser
afin d’en faire de long fils supraconducteurs a teatempérature critique, les caractéristiques
plutdét médiocres des céramiques massives Bi2223agent publiées jusqu'en 1994 étaient
responsables de I'engouement beaucoup plus modéé tpur portait & I'époque. Le but de

ce travail de thése a été d’améliorer les proprsétépraconductrices de ces céramiques en
rassemblant et adaptant tout au long du processugldrication les différents moyens
susceptibles d’en accroitre les caractéristiquaals.

La these s’articule en cing parties. Apres un résSuapide des propriétés des
supraconducteurs, les différentes parties détailla synthése de la poudre de phase 2223 par
voie sol-gel, la mise en forme de cette poudregeansiques massives texturées et finalement

les caractérisations mécaniques et supraconducriteeces céramiques.

1. Synthése de I'oxyde (Bi,Pb) ,Sr,Ca,Cu3z010+x

L’oxyde supraconducteur & haute (Bi,PbhSnLCaCusO10.x (Bi-2223) a été synthétisé en phase
presque pure aux rayons X, par une voie sol-geprbaédure chimique et les conditions de frittage
sont détaillées. Une étude comparative de la gjuétde formation de la phase 2223 par les méthodes
dites classique et sol-gel en fonction de la teaipée mene a une estimation de I'énergie d’activati
et confirme que la voie sol-gel accélere la forpratie la phase 2223, tres lente en synthése alassiq

de poudre (Figure 1).
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Figure 1- Cinétique de formation de la phase 2223 paewuil-gel en fonction de la température,
comparée a la voie « classique » et énergie d’atitim.

La poudre ainsi obtenue, aprés un traitement tlgrencourt de chamottage du précurseur sol-gel
suivi de deux traitements thermiques de frittagectié de 24 heures a 845°C et 850°C sous air,

entrecoupés d’'un broyage intermédiaire, possedeaum de phase 2223 supérieur a 95% avec des
grains trés lamellaires de largeur moyenne 10 pdiégaisseur tres inférieure au micron. Pour une

méme pureté finale de la poudre, le gain de temmpsyathése par voie sol-gel est donc trés

significatif (Figure 2).

-
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Y r —~—y = St

- y L o <

#.5 %
AccY SpotMagn Det WD 1 10mm
FA100ky 2.0 4000x  SE 10.0 VR/sol-gel chamotte

Figure 2 - Morphologie des poudres du précurseur sol-gal€he) et de la poudre de phase 2223
pure a 95 % en diffraction X (droite).

2. Frittage-forgeage de céramiques supraconductrice s monolithiques

La poudre (Bi,Pb)-2223 issue de la voie sol-gelété mise sous forme de céramiques

monolithiques denses par frittage forgeage soud.aicycle de forgeage a été optimisé (température,
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charge et temps de maintien) afin d’obtenir degjuis hautement texturés aprés une déformation
lente mais importante, limitant la décomposition ldephase 2223 (Figure 3). Pour augmenter la
cohésion des grains, le forgeage a lieu a 845°@pdeature trés proche du début de fusion
incongruente de la phase 2223. Quelques graindhagep secondaires (2212, SrCaCuO, SrCaPbO)
provenant d’une conversion incompléte de la poadr@hase 2223 lors de la synthése et de la lente
décomposition lors du forgeage, de morphologies¢trope) et taille (~ 5-20 um) bien différentes de

celles des grains 2223, perturbent localemenghainent de la texture.

TEMPERATURE = 845°C ~2o,
%oy,
Q
825-30°C
~ 20 heures

& CHARGE

& 300 kg/cm?
(par rapport au diametre initial)

o - —

| = Accv SpotDet wD — &

v

Temps

Figure 3- Cycle de forgeage retenu pour texturer les oggaes d’oxyde 2223 (gauche) ;
microstructure au coeur d'un disque forgé sous céedylroite).

De plus, I'obtention d’'un degré moyen de désorigmaétroit (~ 8°) des plaquettes autour de I'age d
forgeage impliqgue une épaisseur finale des disgeiaivement faible (jusqu'a 1 mm). Un forgeage
supplémentaire rapide d’'un empilement de plusielerees disques permet cependant de mettre en

forme des céramiques trés texturées et épaisses.

(Projection de Wulff)

qJ(SO% IMAX) =8°
l]J(90% IMAX) =16°

Figure 4 - Répartition de I'orientation des grains 2223id’disque forgé (figure de pole 0 0 14,
a gauche) et céramique massive composée de plasimgues soudés par un forgeage
supplémentaire. Mise en évidence du piégeage astuk un aimant permanent (a droite).
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3. Etude mécanique de ces céramiques texturées

Des éprouvettes extraites des pastilles issuésrgaage composées d’'un empilement de plusieurs
disques texturés ont subi des tests mécaniquesrdeécet flexion 3 points. Ces tests ont permisie’u
part de confirmer 'homogénéité de texture au sim méme disque et la reproductibilité des
caractéristigues mécaniques aprés un méme cyftegiage.

Le forgeage permet d’obtenir des céramiques begugplus denses (porosité relatinme 5 %) que les
céramiques 2223 frittées apres pressage a froid26 %). Les caractéristiques mécaniques sont donc
nettement supérieures : un module élastique atrtgh?0 GPa et une dureté supérieure a 3 GPa, a
comparer aux valeurs respectives 40 GPa et 800pderales céramiques frittées poreuses.

La texture, due a la morphologie des grains ebagefige unidirectionnel, conduit & des céramiques
aux propriétés mécaniques trés anisotropes. Lestéaisations de dureté, d'élasticité et de tédacit

en fonction des conditions de forgeage le montkitement.

4
o (A): 5min./ 7 MPa
© - » (B) : 5 min./20 MPa
o 3 T e x (C) : 24 heures/10 MPa
e . o (D) : 48 heures/10 MPa
Q. N
o) X Y
o N
R N
b é - : @
e ——t T~
: l % _ N -8
a
0 T T T { T T { T T } T T { T T } T

X300 168MN. D37 — 0 15 30 45 60 75 90

Angle O (degré) (F=3N)

3
-t

5288 25KV

Figure 5- Effet de la microstructure sur la déformatidarmke empreinte Vickers initialement carrée
sous l'indenteur (gauche) et dureté Knoop en famctiu cycle de forgeage et de I'orientation de
grand axe de I'empreinte par rapport a I'axe degeage de la céramique (droite).

Une fissure amorcée le long de I'axe de forgeagprepage préférentiellement le long du plan des

grains ou le clivage est aisé, mais est freinéel'paistence d’'un fort pontage intergranulaire qui

BN

participe a une ténacité élevée allant jusqu'a adm le long de la texture. La déviation tres
marquée de la fissure et les instabilités sur tesles de chargement aprés la charge maximale de

rupture illustrent I'influence de la qualité detéxture, donc du cycle de forgeage.



Résumé des travaux de thése (1994-1997) 9

F
PR D, R . ] 20
A (b)
: Z 12 - M
g y . [0}
Tt et \*‘ 8
' : o Q 4
o ; / " 8 texturée
: .
(éprouvette entaillée)
0 T T T T
0 20 40 60
Fléche (um)

Figure 6 - Profil de la propagation d’une fissure principaamorcée en flexion 3 points sur une
éprouvette SENB (& gauche) et courbe charge-déplenttypique correspondante (a droite).
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Figure 7 - Modules d’élasticité en flexion 3 points ledaate la texture en fonction de la porosité,
comparés aux valeurs de la littérature (gauchepab@é en fonction de la porosité mesurée en
flexion 3 points a 77 K et température ambiantdr(te).

4. Propriétés supraconductrices de ces céramiquest  exturées

Les céramiques 2223 tres texturées transportemtddasités de courant critique de plus de
12000 A/cri en continu & 77 K en champ magnétique extérielaprés un recuit sous atmosphére
contrélée (7,5 % §), valeurs bien supérieures a celles obtenues apodst sous air (7000 A/cm
max), grace a une transition supraconductrice plaische & 110 K. Ces valeurs sont cependant
fortement diminuées a 77 K par un champ magnétgt&rieur a cause d’'un alignement imparfait des

grains et du piégeage faible le long de leur aigtattographique c. Par contre, les densités dearu
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critique en aimantation mesurées a 10 K atteigh®h/cn?, et dépendent moins de l'intensité du

champ.

Température (K) 10
o
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— 010G S

g % 02T A1G o 5 g
\% E  00.1G 20 8 i
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Figure 9 - Comparaison des transitions magnétiques aprégitsous air ou sous 7,5 % d’oxygéne
(a gauche). Densité de courant critique de transpor?7 K, en fonction du recuit (a droite).

L'influence de la qualité de la texture, du recpitst forgeage et du taux des phases secondaires
résiduelles sur les propriétés supraconductricigatement été mise en évidence dans cette étude. Il
en ressort que le taux de phase secondaire deilééplus faible possible, d’'une part parce que les
gros grains non supraconducteurs (phases SrCaGr@ylgent I'alignement des plaquettes 2223 et
d’autre part parce les taux d'oxygéne et de plombadmatrice 2223 déterminants pour les propriétés

supraconductrices influent aussi sur la ségrégatiola phase GBbQO,.
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Conclusion

La quasi absence de porosité dans ces céramicgggedekturées, le module élastique qui en
découle, le caractére pseudo-métallique et lamelldes phases supraconductrices au bismuth
conférant des propriétés mécaniques a la ruptuéeessantes, et la bonne aptitude au transport de
courants supraconducteurs sans endommagementdésntéramiques massives forgées d'oxyde
(Bi,Pb)SrLCaCuw0,o sans argentin matériau apte pour la réalisation d’applicatitechnologiques

comme les amenées et limiteurs de courant.
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Stage post-doctoral

Effectué de janvier 1998 a février 1999, sous Epomsabilité de S. X. Dou, professeur

Institute for Superconducting & Electronic Matesal
University of Wollongong
NSW 2522, Australie

Suite @ mon doctorat, jai intégré I''SEM, labaiaé de l'université de Wollongong ou jai
effectué un contrat postdoctoral financé par I'Aaigin Research Council.
J'y ai étudié l'effet d'une pression mécanique uigike sur la cinétigue de formation de I'oxyde
supraconducteur BsrLCaCusO19+x (Bi-2223) depuis BELCaCuyOg.y. Il a été trouvé que l'action de
la pression appliquée simultanément a la tempérader frittage freine fortement la cinétique de
formation bien qu’elle induise une forte texturesdgrains de Bi-2223. Un cycle thermique
supplémentaire sans plus faible pression extereecqlle utilisée lors de la mise en forme permet de
compléter la transformation jusqu’a une phase goas (pure en DRX) sans altérer la texture. Des
analyses de susceptibilité AC ont permit de détemiés propriétés supraconductrices intra grains d
couplage inter grains, fonction des paramétresadmise en forme. J'ai contribué a synthétiser la
premiére amenée de courant supraconductrice ddeyerhelle qui supportait 250 A en continu sans
perte résistive (figure).
J'ai aussi participé a I'étude de l'influence d'pressage a chaud pour améliorer la qualité dertextu
et linterconnexion des grains dans les bandes A@R3 qui jusqu'a présent étaient étirées
seulement a froid.
En paralléle, jai automatisé deux outils de camasation dimensionnés pour les amenées et les
limiteurs de courant : automatisation de mesurdadsusceptibilité magnétique en fonction de la
température et automatisation de I'acquisition muatiique de caractéristiques courant-tension paur le
barres Bi-2223 et les bandes Ag/Bi2223.
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Figure - Amenée de courant en conditions de test élemtrieV

Les résultants obtenus durant mon contrat postcidadot permis de rédiger un article de revue ainsi

gue deuxproceedingsle congrés qui sont actuellement publiés :

Bi-2223 bar current leads fabricated by the combintion of cold isostatic pressing and hot
pressing.

Fu X. K., Rouessac V., Guo Y., Mikheenko P., Liy Blou S. X.

Physica C: Superconductivity and Its Applicati@2® (1999) 183-188.

A new method to fabricate Bi-2223 current leads.
Fu X. K., Rouessac V., Guo Y., Yao P., Liu H., D8uX.
Advances in Cryogenic Engineerid§ (2000) 467-472.

Comparison of Ag/Bi-2223 tapes processed with anditlvout hot-pressing and post-annealing.
Liu H., Polyanskii A., Zeng R., Yao P., RouessacDbu S. X.
Advances in Cryogenic Engineeria§ (2000) 801-808.
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Introduction

Des nombreuses technologies a membranes misesrawepindustrialisées permettent aujourd’hui
de supplanter d’autre modes de séparation plugox@u de réaliser des séparations jusque la encore
impossibles en terme de rendement et qualité. leesathes d’application des membranes sont
nombreux. De I'environnement a I'énergie en paspania médecine, les enjeux de la séparation sont
considérables. De I'application recherchée va déygele choix du procédé de séparation en fonction
des caractéristiques chimiques, physiques et ntractarales de la membrane séparatrice.

Les potentialités des matériaux déposés par CVstéaspar plasma (PECVD) ne sont plus a
démontrer. La technique est employée a grandeléabigbu sur de grandes surfaces aussi bien par
lots qu'en continu sur des matériaux a faible val@goutée (agroalimentaire : traitement de films
protecteurs) et pour des dispositifs a forte et toéte valeur ajoutée (microélectronique : comptsa
spatial : miroirs). Le dépét chimique par voie seéhtempérature ambiante ou proche est un atout
considérable dans I'industrie des couches mincppatées sur substrat non réfractaire. Initialement
sous vide, cette technique évolue et beaucoupdiétaont actuellement basées sur le fonctionnement
de dispositifs PECVD pouvant travailler a pressitmosphérique pour traiter un film défilant.

Sous vide, la technique reste trés intéressantemmoent pour la fabrication de multicouches et
membranes pour les applications piles a combustiblgteurs, de plus petite dimension, et pour des
traitements intermédiaires de préparation d’'unéasar(greffage pour accroche, ...).

La PECVD est de plus en plus utilisée pour la faion de couches minces par « polymérisation-
plasma » d’espéces chimiques plus ou moins compledans le but de garder l'information
(composition et environnements chimiques) appopée le ou les précurseurs en phase vapeur
appellés parfois « monomeres », par identificaéid& polymérisation conventionnelle. La structuse d
matériau amorphe déposé est donc fortement dépendies précurseurs et des conditions
expérimentales de dépdt qui sont nombreuses etndéptes simultanément : nature et flux du
précurseur dans le réacteur de dép6t, présencegdaiporteur, diluant ou réactif, pressions paesel
pression totale, taille et distance inter électradeiplage de la décharge plasma, énergie et fnéque
du signal électromagnétique injecté, températursuthstrat.

De cette structure vont dépendre les propriétésagie du film. L'espace libre (volume libre,

ultramicroporosité) formé au cours de la synthdS€VD du film amorphe et ménagé par le choix des
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précurseurs (linéaires, cycliques) fonctionnalisés non et la nature chimique des groupements
terminaux influengant I'arrangement des espéceantex s’empiler », vont conditionner le transfert

sélectif de fluides au travers du matériau membrana

Le présent document est divisé en deux parties.

Le premier chapitre est consacré a I'élaboratiofilaes par PECVD a-Si¢Cy:H, leur caractérisation
physicochimique et microstructurale ainsi que leditisation en tant que membranes pour la
séparation de gaz et améne a la conclusion qu'wikenre connaissance du réseau amorphe est
nécessaire pour comprendre I'immobilisation etd@dfert d’espéces a travers ces matériaux.

Le second chapitre présente une famille de méthddesaractérisation couplant I'absorption et
I'adsorption de molécules sondes avec des méthimlearactérisation dédiées a I'analyse de couches
minces supportées : I'ellipsométrie, la réflectameéties rayons X aux bas angles, la gravimétrie par
microbalance a quartz, couplées toutes les troex awn dispositif permettant la sorption et la
désorption contrblées de différents gaz et diffiaernvapeurs. Elles s’appliquent donc aux films
minces PECVD mais aussi a tout matériau en coudheensupportée de type polymeére ou céramique.
Ces techniques de caractérisationsitu, tout a fait intéressantes dans le cadre de keétdes
membranes car elles permettent d’analyser lesaictions pénétrant — matrice, sont en cours de

développement et apporteront des informations [@ocompréhension des mécanismes de transfert.
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Les traitements de surface par plasma conduisénada modification de I'extréme surface

par greffage de radicaux de différentes natures&ta formation de couches allant de

plusieurs nanométres a plusieurs micrometres d&gmir recouvrant complétement la surface
du solide a traiter. C'est ce dernier cas et plastigulierement le cas des couches de matériaux
a-SiQCy:H qui est traité dans ce chapitre. Pour cela, avde détailler mes études et résultats
sur cette famille de matériaux, une descriptionpdéntlu principe de la « polymeérisation-

plasma » et de la technique de mise en forme p&@\REest présentée ci-dessous. Ensuite les
films obtenus sont présentés en fonction de leanacteristiques structurales et leurs

propriétés d’'usage.

1. Etat plasma - technique PECVD

L’état plasma, état gazeux partiellement ionis¢,l@ lieu de nombreuses réactions chimiques en
phase homogéne dues a la grande diversité deseespéatres ou chargées, de vitesse et masse trés
diverses, animées par un champ électromagnétigeenex Les techniques permettant de caractériser
I'état plasma (énergies des especes, compositionigtie d’'un plasma) dans le cas de plasmas
simples et/ou non condensables sont la sonde a@deatique, la fluorescence induite par laser, la
spectroscopie d’émission optique et la spectromélei massecf page 22), dans le cas de plasma de
depot.

Méme s'il existe de trés nombreuses réactions desioas inélastiques entre particules, les plus
nombreuses sont les collisions électrons — nelgrds, car les populations de ces espéces sont les
plus importantesi].

La technigue de traitement par plasma froid comsst la formation d’une couche mince par réaction
hétérogene d'un plasma sur la surface d'un soligs. collisions les plus efficaces en terme de
croissance d'un film sont celles qui sont a I'anigide radicaux ou d’ions s’adsorbant sur les sesfac
en regard. Ensuite la nature du film dépend du #liadsorption, du coefficient de collage, de la
mobilité et de I'organisation des espéces en serfde leur réactivité et du flux de désorption e ¢
especes et des produits issus des réactions deesukfa Figure 1 schématise le procédé plasma dans
le cas d’un plasma capacitif & basse pression|palép6t de polyméres-plasma a partir d’'une vapeur

d’organométallique. La Figure 2 recense les étgpesntrent en jeu lors d’'un dép6t plasma.
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Figure 2 - Etapes du procédé de dépbt hétérogéne.

Parmi les nombreux paramétres contrdlables inflania nature physicochimique du dép6t PECVD,
citons :

- La configuration spatiale dans I'enceinte de dépdbtLe transport des espéces intervenant
dans le processus de dépoét depuis l'introductienpdécurseurs jusqu’au systeme de pompage
est fonction de son volume, sa forme ainsi quagmsition de la surface a traiter

- lanature des espéces gazeusés technique nécessite une pression de vapeprédurseur
condensable suffisante. La polymérisation-plasmiseiiclassiquement des gaz condensables
(SiH,;, CH,, et vapeurs issues de I'évaporation de précurdiguides (composés moléculaires
complexes)

- lespressions partielleset lapression totaledes précurseurs gazeux. Certains précurseurs ont
des pressions de vapeurs saturantes trop faiblesépe créées par pompage direct. Un gaz
vecteur inerte chimiquement permet de véhiculgréeurseurs jusqu’au réacteur de dépét. Il
doit étre pris en considération dans le plasmal gagst souvent présent en grande quantité.

- lesflux de précurseurs a proximité de la surface traitésdgbits et I'efficacité de pompage

conditionnent le temps de résidence des espedadsnetla fréquence de collisions entre les
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espéces suivant le champ électromagnétique etsiesces lentes, en fonction des libres
parcours moyens.

- latempérature de la surfacetraitée est a I'origine de la microstructure dp@témais aussi
de sa composition car elle influence la natura etiantité des produits désorbées.

- la forme (oscillation continue, modulée, pulsée),fléquence (des basses fréquences aux
micro-ondes) et lgpuissance de l'onde électromagnétique excitatrice qui peue &oit

continue, soit intermittente ou pulsée.

2. Polymérisation-plasma

Avec des gaz précurseurs condensables complexganmétalliques et autres composés
moléculaires) et dans certaines conditions de adites « douces », il est possible d’obtenir un
dépdt de nature polymere. Il s’agit en fait d’'ur@lymérisation-plasma des précurseurs que I'on
nomme alors monomeéres. Ce type de dépbt se priodsijue la fragmentation des précurseurs est
faible en phase plasma et en surface. Ceci estiséva plus forte pression, a plus faible puissatce
plus faible température limitant aussi la décontpmsithermique des radicaux absorbés et leur
mobilité en surface. Pour faciliter la comparaiste dépbdts d’'une méme famille chimique, un
parametre composite a été introdait:[pc = W/FM, W étant la puissance électrique ab&e par le
plasma, F le flux du monomeére et M sa masse molkireprésente I'énergie électrique fournie par
unité de masse de monomere. Les conditions didesiees » correspondent a un parametre composite
faible (faible fragmentation des précurseurs). ¢hitecture du précurseur de base est a 'origine du
motif constituant le dépét plasma qui est appelgrpere-plasma (« PP »). Un paramétre composite
élevé est signe d’'un plasma plus fortement énepggtilieu d’'une forte fragmentation et donne lieu a
un matériau inorganique généralement non stoeclhimmué et amorphect paragraphe suivant).

Le polymere-plasma se différencie du polymére cotiwenel principalement par sa réticulation trés
importante et une croissance tridimensionnelle digsmée a la fois spatialement et par les diff@ent
compositions chimiques locales issues des difféneticaux. Ce polymére-plasma ne présente pas de
transition vitreuse et est beaucoup plus stablemia@ement et chimiquement qu’'un polymeére
conventionnel. Concernant sa composition chimiqusigurs analyses XPS,4] ont montré qu'un
polymeére-plasma était trés proche du polymere aativ@nel équivalent. Par exemple le matériau PP-
M2 issu de la polymérisation-plasma de I'hexamdtisyloxane (M2) a pour composition chimique
moyenne Si:0O:C 25:25:56]] sensiblement identique a celle du polydiméthgisine (PDMS). Il est
cependant déficitaire en hydrogéene de par sa fétteulation. Pour assurer encore plus la formation
d’'un polymere-plasma, le plasma peut étre pus®(f modulé avec un temps « on » de génération
des radicaux par collisions électroniques suivhdemps « off » ou ceux-ci diffusent vers le sudistr

sans bombardement ionique.
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3. Matériaux plasma amorphes inorganiques

Dans des conditions expérimentales opposées: ille fapression et forte puissance
électromagnétique favorisant une importante fragaiem des précurseurs, les films déposés sont de
nature inorganique et amorphe. Dans le cas daridlédades matériaux PECVD synthétisés a partir de
précurseurs organosiliciés,®yCyHz, ils sont notés a-Siy:H.

Les liaisons covalentes du précurseur sont romgaes la phase plasma principalement par collision
électronique. Certains produits de ces collisiarg gvacués vers I'extérieur. Les autres contribéen
la formation du dép6t. Le matériau déposé est angogar la faible température de surface entraine
une faible mobilité de surface et la réorganisatiocale est insuffisante pour permettre toute
cristallisation.

La fragmentation est telle que I'architecture aldéide la molécule précurseur n’est pas consexée d
le motif de base du dép6t. Par exemple, & partlthéeamethyldisiloxane, le solide obtenu est de la
forme a-SiQ:H (carboné), les groupements méthyles étant ntaj@inent éliminés sous forme de
méthane, d’éthylene ou d'acétyléne.

Si, de plus, le précurseur moléculaire est diludsdan atmosphére pouvant libérer facilement les
éléments O, C ou N, les films amorphes obtenus dest oxydes, carbures ou nitrures dont la
composition chimique se rapproche de celle de maatércristallins stoechiométriques. Leur densité

massique se rapproche aussi de celle des compistédiisés équivalents].

4. Famille de matériaux plasma hybrides

La technique PECVD permet d'obtenir des coucheses de différentes nature en jouant sur tous
les parametres précédemment définis et permetafiobtoute une famille de matériaux hybrides
intermédiaires a partir d’'un précurseur, allant galymére-plasma fortement dépendant de
I'architecture du monomere précurseur, jusqu’auéniat inorganique amorphe fortement dépendant
de la composition chimique du précurseur. Il y atés bon accord entre le choix des principaux
parameétres plasma, la composition du plasma anelysfpectrométrie de masse (SM) et les analyses
de spectroscopie infrarouge (IRTF) réalisées sudépots PECVD (Figure 3). Le passage entre ces
deux extrémes peut étre tres progressif, conduigahts matériaux amorphe hybrides obtenus en
augmentant progressivement le paramétre compasjtiant sur la puissance électrique injectée, les

flux de précurseurs, leur dilution et la températdu support.
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Figure 3 - Relation plasma - matériau déposé. Cas de filmparés par PECVD d’hexaméthyldisiloxane.

5. Membranes a-SiO xCy:H

Les matériaux hybrides plasma sont suffisammensete pour envisager des applications en tant
que couches barrieres ou membranes pour la sépardé gaz. Si plus de 500 publications
internationales depuis les 4 dernieres annéesitaie la modification de membranes polymeres par
plasma, une bonne centaine traite de membraneainiopge synthétisées par CVD conventionnelle et
moins d’une centaine traitent de membranes de rmat¢PECVD utilisées dans différents domaines
tels que les membranes pour capte®s],[ les membranes pour séparation de ge®1p], de
composés organiques volatils (COMBL4], de liquides 15] et de barrieres a la diffusion de gaz
[16,17], sans compter certaines barrieres a la diffusdun cuivre dans lindustrie de la
microélectronique 18,19], et plus récemment, comme électrolyte de pilesombustible basse

températureZo-22].

5.1 Membranes polyméres-plasma a-SiO xCy:H

Les polyméres denses sont perméables aux gapainggpar un processus de dissolution-diffusion
apres adsorption en amont de la membrane, diffismiosein du matériau membranaire et désorption
en aval. Cette diffusion dépend fortement de lameatlu réseau. La perméabilité des élastoméres est
importante grace a leur déformation locale poudre importante mais leur sélectivité reste faible.

Inversement les polymeres vitreux, plus rigidesit smoins perméables mais plus sélectifs. En
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pouvant jouer sur le degré de réticulation, lanépiie PECVD permet de balayer le domaine entre ces
deux matériaux caractéristiques.

Un polymére-plasma PP-SiOCH bénéficie de la soaplepportée par la flexibilité des chaines Si-O-
Si, mais aussi de la rigidité due a sa réticulatiaturellement importante. Ayant pour référence le
polymere conventionnel PDMS et le polymeére-plasmaV2, il est intéressant de les comparer avec
d'autres polymeres-plasma  d’organosiliciés en partade précurseurs autre que
I'hexamethyldisiloxane, comportant des chainesO[Siplus longues et/ou des cycles [SiOle
réseau amorphe ainsi obtenu, différent de cell®éM2, garde la structure initiale des monomeres
car peu fragmentés lors de la synthése PECVD. Dashranes polymeres-plasma synthétisées a
partir de précurseurs linéaire (octamethyltrisitexaMDM) ou cycliques (hexaméthylcyclotrisiloxane,
D3, octaméthylcyclotetrasiloxane, D4)

De plus, en co-polymérisant par plasma deux préouss I'octaméthyltrisiioxane (MDM) linéaire et
I'hexamethylcyclotrisiloxane (D3) cyclique et ersfant varier leur proportion respective, on joue su
la réticulation des chaines et la quantité de vellibre dans le matériau, qui provient a la fois du
volume libre intrinseque laissé par le précurseufique et du volume libre créé lors de la croissan

tridimensionnelle et amorphe du polymere-plasma.

Dans un premier temps la faisabilité d’'un tel dépdété vérifiee par une analyse situ de la
composition du plasma en radicaux lourds lors dgtdghése et par une analysesitudu dépét.

Pas moins d’une cinquantaine d’articles traitant'@ealyse par spectrométrie de masse de la phase
gazeuse d’'un plasma de dépdt ont été publiés depeiglizaine d’années. lIs traitent de différents
plasmas utilisés pour la formation de couches & Hassilicium sous forme d’oxyde&3[24,25,26,27,

,28] ou de nitrures 49,30], de couches de diamarg1{33], de carbone34], d'oxyde de zirconium
[35,36] ou d’étain B7,38].

Dans notre cas, I'analyse de la composition chimiqu plasma de dépdt a été effectuée par un
spectromeétre de masse (SM) dédié a I'étude dempkasCelui-ci est greffé sur un réacteur plasma de
type capacitif (Figure 4). Il s’agit d’un spectrameede masse de Hiden EPQ300 pouvant analyser les
masses de 1 a 300 uma. Il pointe sur I'espace éhetrode. Les especes du plasma de dépbt sous
vide primaire (0,1 mbar </ < 1 mbar) sont aspirées a travers un orifice @0 um dans notre
cas) pour maintenir un vide secondaire dans le §hMI§ues 18 mbar). Les neutres peuvent étre
analysés par ionisation par impact électroniquéabdg de 1 a 70 eV. Les énergies de fragmentation
des liaisons covalentes étant plus faibles quettesgies d'ionisation, I'observation des radicaux
neutres issus du plasma et ionisé dans la chambepeltrometre de masse est toujours indirecte.
L'énergie des électrons projectiles dans la chandhomisation est choisie minimale afin de ne pas
trop perturber I'observation. La Figure 5 représdat spectres de masse des neutres ionisés a 25 eV
d'une vapeur d’hexaméthylcyclotrisiioxane (MDM) ee deux plasmas de MDM fragmentés

faiblement et fortement.
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Pour faciliter la lecture de tels spectres dansdeslitions de plasma « douces », lorsque le moreme
est peu fragmenté, on préfére représenter un speiftérence (Figure 5d et Figure 6b) qui met en
évidence la fragmentation des espéces lourdesafdtisp : pic négatif) et la formation de produits
plus faible masse issus de cette fragmentatiorsp€etre a I'avantage de ne mettre en évidenceaque |
modification de composition due au plasma et nofrdgmentation dans la chambre d’ionisation.
Hélas, les indications données par les spectresadse ne mettent en évidence que les radicaux les
plus stables et ne renseignent pas sur les réactiensurface apres adsorption des radicaux.
Néanmoins dans ces conditions de pression élewéenposition en radicaux stables en volume vue
par le SM correspond a la nature chimique du dBgftVD résultat. Dans des conditions de pression
beaucoup plus faible, il a été en effet montré lggeradicaux stables vus par le SM en volume ne
participaient pas a la formation du dépss] [

Les analyses infrarouge (Figure 7) en transmissimmfirment la nature tres polymere des dépoéts
PECVD PP-MDM, PP-D3 et copolymeéres-plasma PP-(MDR8):Bt montre qu'il y a conservation des
chaines (bande & ~1025 tnet des cycles [Si@]bande & ~1070 ciissus respectivement de MDM
et D3 j0). Il en va de méme sur le nombre de terminais@nshdine -Si(Ckj; plus importante dans

le polymere-plasma contenant plus de motifs issua éragmentation de MDM.
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Figure 6 - Spectre de masse d'un plasma d’hexamethylcigilokane (D3) a 25 eV.
a : spectre brut. b : spectre différence « plagma- plasma off ».
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Figure 7 - Spectres infrarouge de 4 polyméres-plasma a daddDM et D3.

5.2 Propriétés d'usage des membranes polymeére-plasm  a a-SiOxCy:H

Une premiere étude générale de perméabilité ebiitd de ces films PECVD a été entreprise par
Stéphanie Roualdés au cours de son doctorat [d2}ekméabilité et la solubilité aux gaz simpleg (H
CHa, N, O,, CO,) de différentes membranes plasma d’organosilitiésaires et cycliques, obtenues
avec des conditions de synthéses permettant deebal@tendue des matériaux PECVD, des
polymeres-plasma aux hybrides inorganiques ontcétm@parées a celles du polymere référence
PDMS. Les principaux résultats sont les suivants :

- La solubilité est toujours plus forte dans lesditions de plasma les plus douces, c'est-a-dive po
les polymeres-plasma.

- Les sélectivités idéales de solubilité aux gazpses par rapport a I'azote ne dépassent paséset |
sélectivités idéales de perméabilité ne dépassentP mais la technique PECVD permet facilement
de moduler ces valeurs en fonction de la natunmalnomeére et des conditions de plasma.

- Les perméabilités sont faibles, de l'ordre delques 10 mol.ni'.s*.Pa’, mais leur épaisseur
beaucoup plus faible que celle des membranes genpods conventionnels, fait que les performances
brutes sont environs dix fois supérieures.

Partant de ces résultatdl], I'étude des membranes polymeres-plasma a étésagde pour la

séparation de vapeurs organiques telles que lepas#na organiques volatils (COVJ2]. En effet,
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elles semblent beaucoup plus intéressantes poségaration des COV avec, par exemple, une
sélectivité du n-butane par rapport a I'azote 4n10n2Mesurée de 1443].

La solubilité aux hydrocarbures a été caractériphe méthode gravimétrique a l'aide d'un
appareillage constitué d'une microbalance a qué@ZM, Maxtek TM-400) montée dans une
enceinte thermostatée (20°C < T < 50°C) dont |agiom peut étre régulée du vide (quelquesd 10
mbar) jusqu’'a plusieurs bars ou bien la pressiowaieur saturante,p du pénétrant. Ce systeme,
récemment automatisé, peut acqueérir des isothemigesnasse de vapeur ad/absorbée (régime
permanent) dans le fim de matériau PECVD (prénisid ng.crif) déposé sur le quartz

piézoélectrique ou bien des dynamiques d'ad/akisorptiite a un créneau de pression (Figure 8).
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Figure 8 — Systeme gravimétrique d’analyse de gaz soléhilés1s une couche mince ou adsorbé en surface. Ici
est présenté le cas du dichlorométhane. a) Pesmdsse en fonction de BB Prise de masse en fonction du
temps suite a un créneau de pression {B/B,6).

Alors que la sorption des petites molécules ®, Ar et CH, dans le PDMS suit la loi de Henry sur
une large gamme de pression (0 & 50 bargxq], I'évolution de la concentration des premiers
hydrocarbures en fonction de la pression est ptésesn Figure 9. La solubilité suit le modéle du

double mode de sorptiond,47] et peut étre modélisée par I'équation (1) suigant

Cub . Ky

c=C s =
Flory—Huggins | 4 4 b p 1-0K,.P

+C (1)

Langmuir

avecKp, le parametre de Henry,

P, la pression de vapeur environnante,

Ce modele est composé d'un premier terme de Lamgmmirespondant au remplissage des

microcavités du réseau aux faibles pressions, it &aconstante d’affinité des microvides et; G
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concentration de la vapeur a saturation dans cesowiles. Le second terme, dit de Flory-Huggins,
rend compte de I'évolution de la concentration auMs fortes pressions, avet la constante

d’interaction polymere-pénétrant. Les différentsapaetres calculés sont résumés dans le Tableau 1.

Tableau 1- Parameétresg{C' et b pour les hydrocarbures, @ G; dissous dans PP-M2 a 30°C

Ko o (x 10% : 3
Vapeur C b (x 10
P cm*(STP)cm® (PP-M2)  cm®(PP-M2)/cm® (STP) H (x10%)
Ethane 0.0071 0 1,75 8
Propane 0,0048 0 9,95 3,48
Butane 0,0034 0,063 14,5 1,97
Pentane 0,0011 1,17 52,2 0,66
Hexane 0,0011 3,98 28,4 3,2
Ethane, PDMS [44] 2.39 0.0060 1,5 -
1200
pentane
butane
1000 +
E oo+t
g
= hexane propane
S 600
©
IS
[0}
e 400 -
[e)
S éthane
200 +
0 } } }
0 500 1000 1500 2000

Pression (mbar)

Figure 9 - Concentration des premiers hydrocarbures linéaisaturés solubilisés
en fonction de le leur pression dans un polymeéasiph PP-M2 a 30°C.

Pour les hydrocarbures légers — jusqu’au butaré@vellition de la concentration pour les plus fortes
pressions est linéaire et suit la loi de Henryb{&interaction PP — vapeur). Pour les hydrocasbure
plus lourds, cette évolution devient convexe. Asgdasse pression, le terme de Langmuir rend compte
du remplissage du volume libre, avec une évoluties isothermes de forme concave (Langmuir). Le
Tableau 1 liste les parametres de I'équation (Irpéx de ces isothermes a 30°C. La forte rétimnat
est synonyme d’une faible solubilité, comme l'attels grande différence dg pour la solubilité de
I'éthane dans PP-M2 et dans le polymere convengioRBMS.

Le coefficient de solubilité (S = C/P) de €l n-GHy4 en fonction de leur volume critique qui
exprime la taille de la molécule absorbée dangdeau polymére suit une progression exponentielle
classiquement observée dans le polymere PDMB(Figure 10). Suivant I'organisation du réseau

polymere-plasma a-Si©y:H, la sélectivité de solubilité peut étre grandetreugmentée par rapport
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a celle du polymere-plasma de base PP-M La Figure 11 montre, par exemple, que la saigbil
du n-hexane dans un copolymere-plasma PP-(MDM:DB)y3st trois fois plus forte, la sélectivité
idéale de solubilité par rapport a I'azote passienb0 a 150. Quant a la différence de solubilitéeen
le n-butane et I'isobutane, elle est due a leuosicement stérique différent.

Le choix des monomeres ainsi que leur proportidastpas optimal dans cet exemple mais il met en
évidence l'intérét de la technigue PECVD en condgi « douces », de pouvoir copolymériser
plusieurs monomeres afin d’optimiser une strucam®rphe en modulant I'espace inter chaines afin
d’obtenir un polymere-plasma « aéré ». Cette copéhisation-plasma est de plus en plus utilisée
[49,50].

n-C H
6 14 g
10000+ —— -
5 m PP-(MDM:D3) 3:1
x O PP-(MDM:D3) 1:3 ,"/I’= 0.9990
T‘m e
o
‘?E_ 1000 n-butane ('
E % ) isobutane
3 B
g CH, C.H,
3
100+ /g';"' -
“OCH,
100 150 200 250 300 350 400

Volume critique (cm®.mol™)

Figure 10- Solubilité des premiers hydrocarbures saturéssddeux copolyméres-plasma PP-(MDM:D3)
en fonction du volume critique de I'hydrocarbure.
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Figure 11- Comparaison des sélectivités de solubilité destpolyméres-plasma.

L'encadrement de plusieurs stagiaires a permis a@er cette étude :

- Petronel Tuluc, stagiaire Master ERASMUS, Uniitérde lasi, Roumanie, 2/2002 — 7/2002.

- Zoita Andronache, stagiaire Master ERASMUS, Ursité de lasi, Roumanie, 10/2002 — 7/2003.
- Véronique Cardinal, stagiaire Licence Professatien IUT Montpellier, 1/2004 — 4/2004.

5.3 Etude locale de films a-SiO «Cy:H bruts et traités hydrophobes

Une collaboration avec le Laboratoire de PhysiiR5027) de I'Université de Bourgogne, et
'IMP-Odeillo (UPR 8521, maintenant PROMES), conféke par une Action Concertée Incitative
(ACI-Surfaces&Interface CANOMEMB) du Ministere da Recherche débutée en 2001 a permit
d’analyser la surface de ces membranes a I'échal®scopique. Une analyse de surface par XPS
(Figure 12) montre I'incorporation de fluor aprés tuaitement plasma hydrophobe (%) rapide
(2 min.) en fonction de la nature initiale du metér membranaire a-Si@y:H: S (conditions
PECVD « soft ») pour polymere-plasma, H (« harge)r inorganique amorphe et F apres traitement

plasma hydrophobe.
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Figure 12— Compositions chimiques de surface extraitesalimes XPS de membranes a-SiOC:H synthétisées
en conditions polyméres (organique) et inorganiggesinéral ») sans et avec post traitement hydotyeh

Les mesures de force d’adhésion déterminées par &RMnode «tapping » au laboratoire de
physique de Dijon sont en accord avec les mesuemylé de contact a I'eau réalisées a I'lEM
(Tableau 2), et ce pour différentes natures de naaté a-SiQCy:H depuis le polymere-plasma
(hydrophobe) jusqu’a la silice amorphe hydrogéndientgst pas hydrophile grace au fort résidu de
carbone %1]. De plus I'imagerie AFM a révélée que le traiternéhermique, en plus d’'agir sur la
chimie de surface, agit sur la texture de surfage [a Figure 13 montre qu’il y a une réorganisation

locale complete avec apparition d’agrégats et gersagrégats

Tableau 2— Force d'adhésion locale et angle de contactiffér@ntes membranes PECVD a-SiOC:H (S et H)
avec ou sans modification hydrophobe (F).

Fagn (NN) Angle de contact (9
S 1012 103
SF 8.0+25 109 hydrophobe
H 20+7.2 93

HF 14 +25 109 hydrophobe
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Figure 13— a) Imagerie AFM. b) Structuration de surfaceditd par le traitement plasma GQRr

Ces mesures d’AFM sont complétées par des anadgsdgviation de leviers bilame (couches Si-O-C-
H sur support inerte : barriéere Kapton) sous atmesp contrélée pour étudier la réactivité de la
membrane (Figure 14). Les premiers résultats qoefit la forte solubilité des hydrocarbures dans ces
matériaux, ce qui a été mis en évidence préalaliema des mesures de sorption aux gaz a la
microbalance a quartzf(§85.2).

La solubilité des hydrocarbures linéaires augmamee la longueur de leur chaine (GHGH14). Les
hydrocarbures branchés (i) ou cycliques se solubilisent généralement moies & cause de leur

encombrement stérique.

P=100 mbar
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Figure 14 - Amplitude de déviation réversible en fonctiorialeature de I'hydrocarbure.
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Figure 15- Cinétique de solubilité de différents hydrocadsudans le polymére-plasma.

La déviation des leviers bilames est réversiblec dagression et ce n'est qu’en complétant avec les
mesures de solubilité en balance a quartz qu'il ia §re conclu que la déviation étaient
majoritairement due au changement des propriétéamues de la couche polymere-plasma (module
d’élasticité, contraintes de surface) et non arise ple masse lors de la dissolution des hydrocasbu

La comparaison des deux systemes d’analyse quéasbalance a quartz et la mesure de déflexion de
couche bilame est indispensable pour discrimingffet de prise de masse de la modification des

propriétés mécaniques en fonction de la nature gapeur solubilisée.

5.4 Application aux matériaux a basse permittivité diélectrique

Nous avons vu que les films PECVD de la famill&i@C:H étudiées ont un volume libre
important par la nature méme des précurseurs eéplogr ils sont volontairement synthétisés en
conditions polymeére-plasma pour conserver l'architee des précurseurs. De plus ces couches sont
hydrophobes car composées d'une forte quantité edmirtaisons méthylene ou méthyle. Ces
matériaux a densité massique faible conviennentadait comme matériau diélectrique pour isoler
les interconnexions métalliques (cuivre) dans lesuits intégreés.

Depuis plusieurs années la communauté de microétegtie cherche a baisser la constante
diélectrique de l'isolant inter lignes métalliquesur limiter les capacités parasites qui augmentent
naturellement lors de la miniaturisation. L'oxydéldctrique historique SiQer > 4) a été remplacé
par des matériaux hybrides en jouant sur la nalesseatomes et liaisons chimiques responsables d’'une
permittivité diélectrique élevée.

Dans le cadre d’'une collaboration entre le CEA-LE&IGrenoble, la société STMicroelectronics et

'lEM, ces matériaux hydrophobes a faible densitassique ont été étudiés. Les fiims PECVD
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hybrides synthétisés a partir de précurseurs ayetidels que I'octaméthylcyclotétrasiloxane (D4) ou

le décaméthylcyclopentasiloxane (D5) ont des pdrités diélectriques faiblesf < 2,8) du fait de

leur structure aérée.

De plus, du fait du remplacement de I'aluminium lgacuivre pour les connexions métalliques dans le
procédé de fabrication multi-étapes d’un circuiégré « double damascéene », des couches barrieres a
la diffusion du cuivre et d’arrét a la gravure phas sont nécessaire et augmente la permittivité
diélectrique de l'isolant. Ces couches barrierequiEdques nanometres d'épaisseur doivent aussi avoi
une permittivité diélectrique plus faible. Cecité éendu possible par la synthése de couches de a-
SiCx:H PP-DPMS (diphénylméthylsilane) qui ont été étgles avec une constante diélectrique autour
de 3,3.

5.5 Extension vers les trés basses permittivités di  électriques

Cette étude a été poursuivie par la mise au mEnmatériaux PECVD a tres basse permittivité
diélectrique (ULK) au cours de la these de LauFawennecq3] par une approche dite porogéne en
copolymérisant deux précurseurs, un organosilitiéne précurseur sacrificiel destiné a créer une
mésoporosité dans le film aprés un traitement tlogrenou UV p4]. La thése a porté sur :

- le choix du bon couple de précurseurs compatilides du procédé plasma et des proportions
respectives de chacun d’entre eux.

- 'optimisation du post traitement pour éliminer fhcon sélective le polymére sacrificiel imbrigaré
minimisant la décomposition du polymere-plasma oogdicié (low K) servant de squelette ainsi que
la variation dimensionnelle de la couche afin dénteair une tres basse permittivité diélectrique
globale (ULK).

- maintenir des propriétés mécaniques suffisammentes pour garantir une intégration complete.

En ce qui concerne les deux premiers points, lde® difficultés a été de connaitre les proportions
relatives des polyméres-plasma imbriqués, le psétur du porogéne sacrificiel étant évaporé
directement a partir de sa phase liquide et leupséur organosilicié de la matrice étant entrainé a
I'aide d’'un gaz vecteur (He), sa pression de vagéamt tres faible. Ceci a été résolu en déconmblua
les bandes C-H des films copolyméres bruts e€gadu sein des spectres IRTF. La Figure 16 montre
un exemple de copolymeére-plasma PECVD obtenu a irpamles précurseurs
décamethylcyclopentasiloxane (D5) et 1,5-hexadi&me. premiere approximation du volume poreux
a pu étre ainsi obtenue. Pour une analyse pluscéeade la porosité ouverte, la technique de
porosimétrie ellipsométrique a été utilis€. Chapitre 11). Le précurseur de matrice étantatginent

fixé (DY), les travaux réalisés a I'lEM ont perrdi sélectionner le porogéne — parmi neuf candidats
extraits de la littérature — le mieux adapté aipus sa proportion optimale afin de limiter la vioia

dimensionnelle lors du recuit permettant le dévedopent d’'une mésoporosité. Ensuite, le procédé a
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été intégré sur un réacteur semi industriel du. Wi autre précurseur de matrice organosiliciééa ét
préféré (DEMS, diéthylméthylsilane) au D5, choisupcause de propriétés mécaniques plus élevées

du PP-DEMS mesoporeux.

0.35 0.25
Avant recuit Recuit 250C/air
0.30+ C-HPP-D5 .
modeéle 0.20¢ modeéle
1 PP-C H T v
9 0.25 B = 6 '10 CO-P.P _ vide g
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Figure 16 - Mise en évidence en IRTF par déconvolution dasifi€-H du film membranaire, de la suppression
du porogeéne (PP-Hexadiene) aprés recuit, sans tewaha microporosité intrinseque apportée par PB:D

Le troisieme point a été résolu en introduisant taible quantité d’oxygene perturbant peu les
propriétés diélectriques de la couche. La constdigtectrique reste trés faibleg = 2,3.

Un matériau barriére diélectrique a basse pern@tigi aussi été élaboré au cours de ce travail en
reprenant les résultats précédents. Le PP-DMP&(hiphénylsilane) a ensuite été intégré de facon
concluante dans une structure tegtg 3,4) avec le matériau PECVD mésoporeux ULK.

L'intégration de matériaux mésoporeux dans l'indasmicroélectronique est conditionnée par le
maintien de leur trés basse permittivité diéleoeicau cours des multiples étapes de fabrication,
notamment au cours de I'étape de polissage métapbgiue nécessaire avant le dép6t d'un niveau
supérieur. En effet la porosité ouverte et la gessutface spécifique de ces matériaux sont unesour
de pollution par les nombreux fluides employés dadu. La thése de Wilfried Puyrenier (IEM,
CEA-Leti, STMicroelectronic) s'intéresse a I'évatut de ces matériaux face aux procédés de

nettoyage classiques et aux différents traitemaitessaires pour les rendre compatibles.

Le coencadrement et I'encadrement de plusieursopeess ont permis d’avancer cette étude :

- Bruno Remiat, doctorat de I'Université Montpellle soutenu le 29/10/2003, directeur de thesa Jea
Durand, IEM, DR CNRS section 15

- Laurent Gouleuf, stagiaire DEA Matériaux Univegdviontpellier II, 3/2002 — 7/2002.

- Laurent Favennec, doctorat de I'Université Moliipell, soutenu le 21/11/2005, directeur de these

Jean Durand.
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- Wilfried Puyrenier, doctorat de I'Université Mmlier 11, 10/2004 — 2007, directeur de thése Andr
Ayral, IEM, Pr. UMII, section 31.

5.6 Membranes a-SiO xCy:H dense a caractére inorganique

La forte fragmentation du précurseur organosiliasiéggmentée par la dilution importante a
'oxygéne €f. 84) permettent la synthése d'un film beaucoup piggle de nature et composition
proche d'une silice thermique obtenue par CVD catiganelle, mais amorphe (IRTF Figure 3) car
déposée a faible température. Les variations deemasregistrées par la microbalance a quartz sont
beaucoup plus faibles et ces membranes réagids#dtt gpmme des barriéres (Figure 17).

La microbalance a quartz est cependant suffisams®mgible pour détecter une prise de masse en
fonction de la pression partielle de vapeur enamdu quartz. S'il n'y a pas absorption, la pdse
masse est uniquement due a I'adsorption de la vajpadensée en surface dont I'épaisseur dépend de
la pression (cf chapitre 2).

Dans le domaine des membranes sélective aux gamatgiau PECVD a plutdt des applications en
tant que barriére a la diffusion de ga3,%6]. Des études actuellement engagées a I'lEM posenta
stabilité chimique de ce matériau, I'ouverture éuehe d’'une micro et mésoporosité en fonctionale |
température, la fermeture progressive au cours @hdtdde la porosité de surface d'un support
mésoporeux et le couplage de ce matériau avecalehes microporeuses et mesoporeuses de type
sol-gel synthétisées a I'lEM.

Le but de ces travaux entrepris récemment condarsynthése de membranes ultramicroporeuse pour
la séparation d’hydrogéne a température interm@dfdD0°C < T < 600°C).
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Figure 17— Absorptions de vapeur de dichlorométhane obtepae QCM
dans une membrane de polymére-plasma et dans unbenaree inorganique PECVD.
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5.7 Membranes hybrides PECVD a-SiC x:H sur support tubulaire
L’étude initiée au cours du doctorat de Xavier @a1999-2001)57], de membranes a-SitH

déposées sur la surface interne de tubes d’alumawoporeuse par PECVD a l'aide d'un réacteur
spécifique de conception locale (Figure 18), serpotiactuellement. Elle a été tout d’abord étendue
aux membranes hybrides a-i{Q:H pour mettre en évidence la faisabilité de dépdtx un gaz de
déplacement autre que l'argon, a savoir I'oxygéesa}, [puis dans le cas d'une collaboration avec
Areva sur un programme de purification d’hélium poéacteur HTR dans lequel la séparation par
membrane est envisagéda Figure 19 montre le profil de croissance tigsal et la vitesse de
croissante tres importante (quelques centainesndenin.) au niveau de I'extrémité du capillaire
amenant le gaz précurseur polymérisable lorsqugbke support ne se déplace pas. L'épaisseur finale
du dépdt est donc ajustée par le flux de ce préaurst par la vitesse de translation continue du
support. Une épaisseur d’'une centaine de nanometessite une vitesse de translation de plusieurs
dizaines de centimeétres par minutes : la formatione couche PECVD (ou un traitement de surface

par plasma) sur une longueur de 10 a 20 cm estrédatisable en moins de 2 minutes.

! Pour séparer I'hydrogéne résiduel de I'hélium, @agifficile car les tailles de ces deux moléculests
sensiblement identiques (He : diameétre cinétiqd® 2m et H : 2,89 nm), I'idée est d’oxyder préalablement
I'hydrogene en eau (D : 2,65 nm) et d’employer une membrane hydropliplieséparerait I'hélium de I'eau.
A cette fin, une membrane terminale de a-SiC:Hiépbsée par plasma au dessus d’une membrane e alsé

sol-gel, au sein de notre équipe (« Membranes cénaes et hybrides par voies sol-gel et plasma — 3GP
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Figure 19— a) Profil de vitesses de croissance en extréduitéapillaire amenant le précurseur polymérisable,
sans défilement du support tubulaire. b) Photo MiEBprofil d'une couche PECVD a-Si€®l déposée sur une
couche Si@sol-gel elle-méme a l'intérieur d’un tube-supporsoporeux.

La maitrise de la technique PECVD appliquée au tdgmide de films a l'intérieur de tubes de grande
longueur, ouvre la voie a la fabrication d’'une ntutte de membranes sélectives ou barriéres, en

changeant la nature du précurseur condensablegatzdplasmagéne non condensable réactif ou non.
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Le co-encadrement et I'encadrement de plusieursgueres ont permis d’avancer cette étude :

- Xavier Pages, doctorat de I'Université Montpelliesoutenu le 19/02001, directeur de these Jean
Durand

- Vincent Pages, stagiaire DUT Mesures Physiqu#E Nontpellier, 3/2001 — 4/2001.

- Paloma Ferreira, stage Post-doctoral, 9/2001/2002..

6. Conclusion et perspectives

Afin de synthétiser des matériaux membranaires ptexaes par polymérisation plasma, la
connaissance de la fragmentation des précurseuphase plasma en fonction de la puissance est
nécessaire et conditionne le choix des précursélanalyse de la phase gaz par spectrométrie de
masse confirme et permet de compléter I'analyssipbghimique du matériau déposeé.

Si leur pression de vapeur est insuffisante a datbmpérature pour pouvoir les introduire a une
pression suffisante par simple pompage depuisdetear de dépbt, les précurseurs liquides peuvent
étre introduits par des systemes de micro injectigimie d’'une chambre d’évaporation a plus haute
température ou directement, sous forme d’'un bedillCes systemes permettent aussi de s’affranchir
de l'utilisation d’'un gaz porteur qui est alors oritpire dans la phase plasma et conditionne Ie plu
souvent la nature du dép6t. J'entreprendrai derenatt point ce systeme de dépbt pour synthétiser de
membranes a microstructure controlée mais aussiodgeaux matériaux diélectriques a tres basse
permittivité, dans le cadre de notre collaborativac le CEA/Leti et ST Microelectronics.

Plus récemment, une étude entreprise a I'lEM (Wad&afrouni, doctorat débuté fin 2005) sur les
potentialités des matériaux PECVD a-gINCz:H pour des membranes a séparations gazeuse a plus
haute température (400-600°C) a été entreprisgadlit dans un premier temps de caractériser la
microstructure du matériau plasma ainsi que sgxigtés d’'usage en terme de perméabilité aux petits
gaz (H, He) en température puis d'étudier I'intérét detdahnique PECVD a travers ce matériau
déposé en couche tres mince pour modifier les gtdsr de transport d’'une membrane inorganique

sol-gel ou solvothermale synthétisée dans notrepé GGP.
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Chapitre 1l — Caractérisation de la porosité de cou ches minces

et membranes supportées

L'analyse du volume libre et de la porosité d'uatémiau constituant une couche mince
supportée, c'est-a-dire dans le cas ou le matéaimaractériser est disponible en trés petite
gquantité, n’est pas évidente surtout si la mass@migue du squelette est inconnue, ce qui est
le cas des matériaux hybrides obtenus par plasma.

L'analyse de la porosité par physisorption de gsizume méthode intrusive particulierement
adaptée a I'analyse des matériaux nanoporeux : @piareux et meésoporeux, c'est-a-dire dont
le diamétre moyen des pores est inférieur a 50Lanmorosité de poudres, matériaux massifs et
couches épaisses est classiguement analysée paptde d’azote a 77 K a 'aide d’appareils
commerciaux. Cette technique volumétrique est baigedes mesures de variation de pression
suite a I'introduction d’un volume connu de gazaNmoins cette méthode conventionnelle
souffre d’'un manque de sensibilité pour I'analysdr@és petites quantités de matériau poreux
ou de matériau tres peu poreux et souffre ausshdix méme de la molécule sonde qui
nécessite d’effectuer I'analyse a une températurbeaucoup de matériaux sont rigides et
moins aptes a accepter la pénétration d’'une mokdel gaz par gonflement : c’est le cas des
élastomeres. Pour de plus petites surfaces ou gesicouches minces de type polymere,
d’autres techniques d’analyse de la porosité etloigonflement sont nécessaires, telles que le
couplage de I'adsorption a température ambianteomche de la température ambiante avec
une technique optique spécifique a I'analyse desles minces : I'ellipsométrie ou la
réflectométrie des rayons X aux petits angles.

Ce chapitre présente ces techniques d'analyse éeapt les résultats obtenus jusqu’a
maintenant sur des couches minces, des membrasrgaiiques mésoporeuses sol-gel et des
membranes hybrides PECVD.

1. Techniques de caractérisation de la porosité et du volume libre

Les méthodes statiques permettant de caractégigmrosité d’'un matériau peuvent étre classees
en trois catégories correspondant chacune a uaipgiphysique différentl].
La premiere famille est basée sur I'observatiorea& d’'une section du solide. Suivant I'échelle

d'observation, les technigues sont la microscopéeténique a balayage (MEB), en transmission
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(MET), et a force atomique (AFM). Couplées a unidad d'analyse d'image, elles permettent
d’obtenir des informations sur le volume poreuxdpartition en taille des pores et la texture psee

La seconde famille est basée sur l'interaction magment — matiére : elle inclut les techniques de
diffusion radiative aux petits angles des rayon&SRXS) et neutrons (SANS), les techniques basées
sur I'étude de la propagation du rayonnement @lipétrie, réflectométrie des rayons X, propagation
des ultrasons), la spectroscopie d’annihilatiopas&tron (PALS) et de rétrodiffusion des ions (RBS)
Elles sont non destructives et sensibles aux gésosuverte et fermée.

La troisieme famille correspond a I'ensemble deshodes intrusives : la porosimétrie mercure, la
physisorption de gaz, les méthodes calorimétrigiéss RMN du*?*>Xe. La porosimétrie mercure et la
physisorption de gaz basées sur la mesure diracteldme de fluide pénétrant la porosité ouvere, s
sont démocratisées en laboratoire et permetteritetir des résultats routiniers sur des appareils
commerciaux dédiés. Les méthodes calorimétriquasisient a analyser I'enthalpie de changement
de phase vapeur-liquide lors de la condensatigrédétrant dans les pores. Quant & la RMR e,
plutét dédiée a I'étude de la microporosité, efielmsée sur I'analyse du spin du noyau de xén®n. L
changement de polarisation dd a I'interaction leaalec les parois des pores, induit un déplacement
chimigue. Néanmoins, l'interprétation est difficdar les résultats dépendent de nombreux parametres

comme la nature chimique du matériau poreux, somolgénéité ou sa cristallinité.

2. Analyse de la porosité par adsorption d’azote a 77K

L'analyse de la porosité par physisorptide gaz est une méthode particuliéerement adaptée a
I'analyse des matériaux submicroporeux, microporeuriésoporeux massifg][ en couche épaisse
ou pulvérulents, tels que définis dans la classifim de I'Union Internationale de Chimie Pure et
Appliquée (IUPAC) (tableau 1). Elle est classiquatranalysée par adsorption d’azote & 77 K a l'aide

d’appareils commerciaux.

Tableau 1- Classification des pores selon ''UPAC.

Micropores Mésopores Macropores

<2nm

Ultra-micropores super-micropores 2a50nm >50 nm

<0,7nm >0,7 nm

La forme des isothermes d’adsorption (Figure 1b)xagactéristique du remplissage progressif de la
porosité par la molécule sonde, d’abord dansilzroporosité, aux basses pressions relativerjis

dans lamésoporositépar condensation capillaire aux plus fortes poess{Figure 1a). Les différents
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types d’isotherme généralement observés, qui dnt'dajet d’'une classification par I''UPAC, sont
les suivants (Figure 1b) :

- I'isotherme de type | est caractéristique d’untériau microporeux pour lequel la taille des pores
n'excéde pas quelques diamétres de la moléculesafbdt. Le plateau correspond a la fin du
remplissage des micropores

- I'isotherme de type Il correspond au cas de r@i®rnon poreux ou macroporeux sur lesquels se
forme d’abord une premiére couche adsorbée pupisisaforte pression relative, une multicouche.

- l'isotherme de type Il est peu fréquente. Elierespond généralement au cas ou la chaleur
d’adsorption est faible devant la chaleur de liqa&bn de I'adsorbat et ou il ne se produit dore lpa
formation initiale d’'une monocouche.

- l'isotherme de type IV est caractéristique d’uatémiau mésoporeux avec une boucle d’hystérésis
associée a la condensation capillagfec{-apres).

- l'isotherme de type V, tres rare, est associdesasolides mésoporeux pour lesquels les interactio
adsorbat-adsorbant sont faibles, comme pour I'esate de type Il

- l'isotherme de type VI, peu observée, correspanda formation successive de plusieurs

monocouches.

0 —— pression relative PIPp ——— 1 -
C D /
solide porosité adsorbat m 4
£ J
j(/y

Volume adsorbé

0] "4

a P/P, Pression relative, P/Ps b

Figure 1 — Représentation schématisant I'évolution d’unémati poreux au cours de la phase d’adsorption [3]
(a). Les différents types d’'isotherme de physisonpde gaz selon I''UPAC [4] (b).

La technique volumétrique d’adsorption est baséedss mesures de variation de pression suite a

I'introduction d’'une quantité connue de gaz. Aptebtention de I'équilibre, une partie de cette
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guantité s’est adsorbée et condensée et ne canttibnc pas a la nouvelle pression d’équilibre en
phase gaz dans la cellule de mesure.

Comme toute technique intrusive, elle renseignguerent sur la porosité ouverte accessible depuis
I'extérieur par la molécule sonde. Celle-ci doiteétompatible avec la taille des micropores. Le
diametre cinétique de I'azote étant de 0,36 nnte ceblécule sonde ne permet donc pas d’accéder aux

ultramicropores de plus petit diametre limités ghes parois rendues indéformables a 77 K.

2.1 Cas des micropores

Il s’agit du cas ou la taille des poreg &2nm) est proche du diametre cinétique de la cubdé
sonde. L'interaction des murs des pores avec cellest donc importante. L'azote a 77 K se
physisorbe sur les parois dés les basses pressiatises et I'épaisseur de la couche adsorbée tdit
sur une surface dense et plane (Figure 2) esigénférau nanometre, dimension similaire au diametre
moyen ¢ des ultramicropores (& 0,7 nm). Pour les techniques d’analyse de laaparosité par
intrusion, le dégazage préliminaire est primordiahécessite que I'échantillon analysé soit soumis
plusieurs heures a un vide secondaire et une tewopérgénéralement comprise entre 150°C et
300°C.

L’installation dans un futur proche d’'une cellulermettant ces conditions va permettre d’analyser le
couches minces microporeuses et couches PECVDopasimétrie ellipsométriquef 83).

Avec une cellule spécifique pour la caractérisatenla porosité des couches minces supportées par
adsorption d’azote a 77 K, la quantité d’'azoteodtrite dans les micropores est faible et I'obtentio
d’'isothermes de type | exploitables est difficilees isothermes de poudres et massifs microporeux
sont souvent analysés par différentes méthodes ldoptus simple est la méthode proposée par
Mikhail, Brunauer et Bodor, dite « MP » (micropolg) Il s’agit de comparer le volume adsorbé dans
les micropores avec celui adsorbé sur une surftenee pcorrespondant a I'épaisseur t. De cette
nouvelle représentation en « t-plot » peuvent étteait graphiquement le volume microporeux total
ainsi qu'une répartition cumulative en volume decnopores de plusieurs diametres hydroliques.
Ceux-ci peuvent étre ensuite corrigés par le faatieuforme des pores. Parmi les autres méthodes
d’étude de la microporosité, on peut citer celled&ddHorvath et K. Kawazoe (HKP] ou celle basée
sur la théorie de Dubinin et Radushkevich (DR) [

2.2 Cas des mésopores

Lors de I'adsorption, la surface des mésoporepregressivement recouverte par une monocouche
d’adsorbat puis par une multicouche. L'épaisseweatte couche adsorbée augmente progressivement
avec la pression. La Figure 2 représente I'évatutie I'épaisseur de la couche dite « t » sur ltasar
d'un matériau dense pour différents adsorbantqrdsde Boerg, Hagymassy 4], Naono [L0] et
Mikhail [11].
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3
o eau, Hagymassy .
2.5 1 + azote, De Boer .
* benzéne, Naono .

2 + x méthanol, Mikhail

couche adsorbée (nm)

Figure 2 — Evolution de la couche adsorbée sur une
surface dense avec la pression relative, pour plusi
adsorbants.

pression relative P/P,

A plus forte pression relative (R/P 0,4), la condensation capillaire dans les mésspapparait. Elle

est régie par la relation de Kelvin. Dans le casmgiore rempli de condensat, la relation entrayem

du pore g, et la pression relative d'équilibre du gaz,P#Bt la suivante :
_ —2yVcosh

e = RTIN(P/PR,) (1)

avec :
Tableau 2— Quelques gaz employés en adsorption et leuesctnistiques.
Azote Eau Ethanol Cyclohexane Toluene

y tension superficielle du condensat (10° N.cm™) 8,85 72 22,3 27,9 28,5
V  volume molaire du condensat (cm®) 34,65 18 57,9 107,8 106,3
0 angle de mouillage sur le matériau (9 généralement considéré nul*

T température (K) 77,4 293 293 293 293
P, pression de vapeur saturante du gaz (mmHg) 760 17,5 42 76 21,3

* car la surface est déja recouverte du condensatle la condensation capillaire : coutkieigure 3
A chaque pression relative de l'isotherme, corradmonc un diametre de porediapres la relation :
dp = 2(I’K + t) (22)

et la distribution en taille des mésoporesddd- peut étre extraite d’une isothermg.d= f(P/R) en

dérivant cette relation avec la relation (2.1).

La présence de mésoporosité dans le matériau &adigaduit le plus généralement par I'existence
d'une boucle d'hystérésis sur l'isotherme : lalmoute désorption est située au-dessus de la courbe
d'adsorption pour des pressions relatives élevégarg 1b - isothermes IV et V). La coincidence des
deux courbes est cependant toujours respectée desupressions relatives inférieures a 0,35 qui

constitue la valeur limite pour qu'il y ait condatisn gazeuse. Ce phénomene d'hystérésis est
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provoqué par le fait que pour une pression pagtiellg donnée, il existe une famille de pores non

encore remplis d'adsorbat lors de I'étape d'adsarpbtais qui sont pleins lors de la désorption. Ce
comportement peut étre expliqgué en considérant tges de pores de forme particuliére : les pores
cylindriques et les pores en forme de bouteillegFe 3). Le calcul du rayon des mésopores est
toujours déduit de I'isotherme de désorption, ldeoxayon de Kelvingk, est mieux défini.

k

SNSNN

1

L =00
k_ . .
@ adsorption puis [__5] désorption

condensation capillaire @ @
A B
Figure 3 — Mésopores cylindriques (A) et en forme de btetB) responsables de I'hystérésis des isothermes
d’adsorption-désorption.

Il est possible de caractériser la porosité de lesianinces si la surface développée analysée est
suffisante et apres réduction du volume de gazv@iime mort) a la pression d’équilibre mesurée.
C’est la technique qui a été employée a I'lEM poaractériser des couches minces supportées a
grande surface spécifique avec une cellule spégidla été dimensionnée a cet effet (Figureird).[

Il s’agit d’empiler un grand nombre de morceauxcdeiche supportée pour augmenter la surface

totale, donc le volume de matériau poreux a analyse

Figure 4 — Cellule spécifique pour la caractérisation deplarosité de couches minces supportées.

3. Analyse de la porosité ouverte de couches minces par porosimétrie
ellipsométrique

La porosimétrie par ellipsométrielifpsometric porosimetry, BPqui a fait ses preuves depuis
moins de dix ans pour la caractérisation non dettel de la porosité des couches minces
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diélectrigues mésoporeuses a basse permittivitéctligue fL3,14], est d’'un intérét immense pour
I'étude de I'adsorption de gaz et vapeurs danscdeshes microporeuses ou denses a fort volume
libre, précisément dans le domaine des membrangsspparation gazeuse.

La mesure est basée sur la variation de l'indid&qoe de la couche au cours de I'adsorption de la
molécule sonde. L’indice optique, qui est le cate2la constante diélectrique dans le domaine du
visible, d’'un matériau hétérogene peut-étre décaépn plusieurs termes correspondant chacun a

une phase homogene d'aprés les formalismes de 8may (BEMA) ou de Lorent-Lorenz ci-

dessous :
E &
Bruggeman (BEMA) > f, ——— =0 (2.3)
£ +2¢
- -1
Lorentz-Lorenz :g 1 > f & (2.4)
E+2 £ +2
avec :
- fi =1

- f;, la fraction volumique de la phake
- &, la constante diélectrique de la phase

- €, la constante diélectrique du film.

Dans le cas d’'un matériau poreux & matrice homogeneabsorbant, ce qui est le cas des matériaux
isolants diélectrique, la relation de Lorentz-Lareirdessus devient :
n’-1 ni -1 nZ, —1
2 + 2 = S 2 + 2 + PO 2 + 2
n r]S nPO

(2.5)

avece, =n’dans le visible e +fp = 1
- f, la fraction volumique etgnl'indice du squelette incluant la porosité fernm&m accessible par le
gaz pénétrant

- fro, la fraction volumique etqg, I'indice de la porosité ouverte : vide ou adsbrba

La Figure 5 montre le faible écart donné par leslétes de Lorentz-Lorenz et Bruggeman sur la
porosité calculée d’'une couche dont le squelettecemposé de silice a partir de son indice
(nsiice = 1,459). Bien que moins exact, le modéle de Ltarenrenz est généralement préféré par souci

de simplicité des calculs.
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1 — - Lorentz-Lorenz
154 ——Bruggeman

Indice optique

Figure 5 — Porosité calculée d’'une silice thermique
poreuse a partir de son indice optique parles 1.1 —
modeles de Lorentz-Lorenz et Bruggeman. 0 0.1 0.2 03 0.4 05

Porosité relative

Il est donc possible d’extraire la proportion de gandensé qui remplit progressivement la porosité
ouverte de la couche mince a partir de l'isothedredice acquis en fonction de la pression relative
du gaz.

Au cours du remplissage progressif de la porositéede, le matériau est constitué de trois phases :
squelette + vide + molécule adsorbée ou condels®e. les faibles pressions relatives, 1a ou le gaz
pénétrant remplit les micropores et s'adsorbe eface des mésopores, l'indice optique de la phase
formée par ce gaz adsorbé n'est pas connu. Pocaldell de la quantité absorbée, I'indice de la
molécule sonde condensée utilisé dans ce modéleoesidéré égal a celui de la phase liquide
massive. C'est le cas du remplissage en volume Easnmésopores aux plus fortes pressions. Par
contre, dans les micropores, la ou linteractiondtéant-paroi est la plus forte, cette hypothese es
critiquable car la permittivité du pénétrant dépdeda polarisation locale de la molécule sonde.

Pour minimiser cette imprécision on préfere chaisie molécule sonde dont le moment dipolaire est
faible afin de limiter la variation de la fonctiaiélectrique due & son orientation privilégiée ldes
l'adsorption. La répartition de la porosité et demirs est globalement isotrope a [I'échelle
macroscopique donc l'orientation de la moléculedsoest isotrope méme si I'adsorption est orientée
vers les murs. Néanmoins, la constante diélectmguest fonction du moment dipolaire, est fonction
aussi des liaisons atomiques locales et donc deatare de la (des) liaison(s) responsable(s) de
I'adsorption.

En plus de la distribution en taille des mésopoilesst également possible d’estimer la surface

spécifique $du matériau de la couche mince déposée. Par tilgfinon a :
Sg=— (2.6)

avecs, l'aire d'une monocouche d’adsorbateta masse de matériau poreux

S, =0o.Nn, (2.7)
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avecn,, le nombre de moles de la monocouche, N le nombreodadro eto 'encombrement d’'une

molécule d’adsorbat qui peut étre estime, d’apramitt et Brunauerip] selon :

o= f(;l)\./l_N)m (2.8)

En premiére approximation, la quantité de pénétrantespondant & une monocouche correspond au
changement de pente généralement observé a bgsaP&fin du régime microporeux. Sditla

proportion volumique de pénétrant a ce point cpwadant a la pressid?.

L’équation (2.5) devient, sous vide :

2 2
n; -1 ng -1
0TS —f s (2.9)
ng+2 ng +2
avec :
- Ny etng, les indices optiques mesuré et du squelettee(kt dorosité fermée), respectivement,

- f5, la fraction volumique du squelette.

Sin est I'indice du pénétrant condensé, I'équatioB)(@evient, au point 1 :

nf—l_f ng—1+f n>-1

= 2.10
n+2 °n2+2 'n?+2 (2-10)
f, est alors extraite de (2.9) et (2.10) :
nf-1 nj-1
2 2
n+2 ni+2
fi="—— (2.11)
n; -1
nZ +2
D’autre part : V;=f.V=1f.Ad (2.12)
et m=Vs0os=A.d.fos (2.13)

avecV = Vg + V1 + Vs le volume analysé par I'ellipsométre d’ake d’épaisseud et de massen

sous vide égale a la masse du squelette de dgmsité

V, f
De 2.12 et 2.13, il vient : SL=_1 (2.14)
m  fs.05
o.N.f
et = —— (2.15)

_VM .06



50 Vincent Rouessac, HDR

La surface spécifique peut donc étre estimée samsadire la taille du spot analysé par I'ellipsomét

Néanmoins, la mesure de I'indingnécessite une désorption compléte de la couche.

L’IEM dispose actuellement d’'un ellipsométre moonadueur d’onde (Plasmos SD2300, laser HeNe,
632,8 nm) et d’'une cellule porte-échantillon enwivementale & atmosphére controlée (Figure 6 et
Figure 7). La cellule impose l'angle d'inclinaisdfanalyse qui est fixé a 70°, proche de I'angle de
Brewster pour maximiser la sensibilité d'analysensl le cas de couches minces transparentes
déposées sur silicium. La longueur d’onde et I'ardjincidence étant tous les deux fixes, I'analyse
limite a des couches minces dont I'épaisseur diifadice sortent des « zones d’'ombrets][ou le

calcul de l'indice diverge, c’est-a-dire lorsquangle ellipsomeétriquA est loin de vérifier coA = -1.

source

lumineuse détection

@/ vanne proportionnelle

! ¥ P
pompé ﬁ» v

Figure 6 — Schéma de la technique de porosimétrie elliptumueé.

jauge de pression =]

Figure 7 — Photographie de la cellule environnementale o dans le faisceau de I'ellipsometre.

Ce dispositif est suffisamment stable en pressiomr permettre la caractérisation de couches de
matériaux rigides mésoporeux, c'est-a-dire pouyjuets la détermination de la porosité est reliée a

condensation capillaire a des pressions relatiepéhétrants s'étendant sur une large gamme de
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0.3 a 1. Ce dispositif permet également d’étudierpartie les super micropores, la ou lindice de
réfraction évolue de facon importante dans l'inddlesde pression relative 0,05-0,3. Par contrey pou
les matériaux ultramicroporeux, il est nécessagadidposer d'une cellule permettant un vide plus
poussé afin d’atteindre une pression relative tésid de 10 et permettant un dégazage initial en
température de la couche poreuse. L'IEM a congeméeent une telle cellule.

Dans le cas de I'étude des micropores, les appareilventionnels d’adsorption d’azote nécessitent
plusieurs heures pour I'acquisition du cycle corgious devons donc automatiser cette acquisition
en pilotant I'arrivée du pénétrant par pas depaigidle jusqu’a la pression de vapeur saturante et e
automatisant aussi I'acquisition de l'indice loesahaque pas de pression stable.

De plus, l'utilisation d'un ellipsometre spectropiue avec un logiciel danalyse récent est
incontournable pour une étude plus complete peamiettle tenir compte de plusieurs couches
représentant le matériau au cours de son ab/ausurpk permet d’éliminer les zones d’ombre
inhérentes a l'ellipsométrie mono longueur d'ondeargle fixe. Il permet aussi d'étudier le
comportement de la molécule sonde lors de son ptilsior(physisorption ou chimisorption) si le
domaine spectral s'étend dans l'infrarouge.

L’étude de la dynamique d’évolution de l'indice iddraction peut aussi nous renseigner sur I'afinit
chimique matrice d’accueil - pénétrant, sur 'asigité de cette porosité de I'extérieur (voir exge

ci-aprés) mais aussi sur la tortuosité des pores.

4. Exemples d’études realisées avec le dispositifa  ctuel

Cette partie présente les études réalisées et @rs ctepuis les trois dernieres années a partir
d’acquisitions effectuées sur le dispositif act(legure 7), dont les principales caractéristiquest s
les suivantes :

- ellipsometre mono longueur d’onde ou une seulelte homogene est considérée,

- établissement manuel des isothermes de sorptid® @ésorption n = f (PR

4.1 Membrane mésostructurée photoactive d’anatase

Comme premier exemple, nous avons étudié la pgérddine membrane a mésopores structurés
par porosimétrie ellipsométrique. Celle-ci a éténparée a celle obtenue par adsorption d'azote a
77 K et a l'analyse d'image de microscopie en tmaasion. |l s’agit d’'une membrane active
photocatalytique d’oxyde de titane anatase a mésemrydonnésify,18] déposé sur une lame de verre
par dip-coatingpour la caractérisation en EP. Celle-ci est pbtssiar I'écart entre I'indice du support
et celui de la couche mésoporeuse est suffisant.

Les Figure 8a et b représentent respectivemerarlation d’indice isotherme lors de I'adsorptiorigou

la désorption de I'éthanol & 25°C et la répartiteonrayon des mésopores extraite de I'isotherme de
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désorption. Celle-ci est en parfait accord avele aditenue par adsorption d'azote a 77 K, tant peur

rayon moyen des pores,(=2nm) que pour la dispersion de taille. Le rayon moyes pores

mésostructurés est aussi en trés bon accord avban@tre moyen estimé a 4 nm par analyse TEM
[18,19] (Figure 8c).

Dans ce dernier cas, il sera possible avec ursetiygtre spectroscopique de suivre la décomposition
sous le faisceau électromagnétique d’'une vapewanarge condensée dans la porosité par irradiation

aux longueurs d’onde ou le matériau est photoactif.

70

0.16+ 0 0.040 1 b -+ o-- ethanol adsorption (T )
014l A 0.035 4 / —e— ethanol desorption (T ) |

) 'Q'. ~— N, desorption (77K) |

0.030 + 50

0.12+ o«
0.10! ./',,O-'
0.08+ o O

0.061 ¢ 0

0.041

0.02+ -O-- adsorption
‘ —e— desorption

0.025 + 140

0.020 +
+30

-1,
dn/dr, (nm™)
dvidr,

0.015 +
+20
0.010 +
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Variation de l'indice de réfraction

0.00{ © .
| | ' ' ' ' 0.000 + + + + +
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Pression relative P/P, Rayon de pore r, (nm)

Figure 8 - Isothermes d’indice d’adsorption et de
désorption d’éthanol a 25°C d’une couche membranair
d’'anatase TiQ mésostructurée (a) ; répartitions en rayon
des mésopores extraites de ces isothermes conspatée
répartition donnée par un analyseur MicromeriticS AP
2010 d’adsorption d’azote a 77 K sur 20 plaques (cf
Figure 4) (b) ; micrographie HRTEM du matériau
membranaire & mésopores structuré, d’apres [18](c).

Dans le cas de couches mésoporeuses sol-gel dgent’ structurant est retiré par une calcinatian, |
répartition de la taille des pores basé sur ldioglale Kelvin (2.1) sont seulement approchés. fiet,e
lors du départ de la phase organique et du fritizagtiel de la matrice inorganique, la couche se
contracte macroscopiqguement dans le sens libréégaidseur mais aussi microscopiqguement au
niveau des murs de la matrice inorganique. Dansas des pores initialement sphériques se
déforment en des pores en ellipsoide dont le ragmisotrope peut dépasser 126 Connaissant ce
rapport d’anisotropie, une équation de Kelvin g#e p1] peut étre employée pour extraire la

répartition de taille des pores.
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4.2 Couche mince a basse permittivité diélectrique

L'exemple suivant concerne celui de I'étude denlésoporosité d’'une couche mince a basse
permittivité diélectrique.
La Figure @ présente les isothermes d’adsorption et désargté&ihanol et de toluéne a 25°C dans les
pores de cette couche synthétisée par voie satgiposée papin-coating[22]. Cette isotherme est
typique d’'un matériau mésoporeux de type IV (Figlue
La Figure ® est la répartition des rayons de pores, calculgartir de ces isothermes de désorption en

considérant les relations de Kelvin, Lorentz-Lorextzd’aprés [11]. La Iégere différence entre les
rayons moyens des mésoporg®st due a l'incertitude sur la mesure de la tentpérace qui induit

une erreur surdet K.

L’'IEM dispose d’'un systeme basé sur la mesure d&ti@n de masse avec une balance a quartz
permettant de connaitre la concentration d’'un gabdisé dans le matériau membranaizgd4] (cf
Chapitre 1). Elle permet ici de connaitre la masisde déduire I'épaisseur de la couche de molécule
sonde physisorbée sur une surface dense (couclk¢ ettcompléte idéalement le dispositif de
caractérisation par ellipsométrie et adsorption.

L'ellipsométre permet aussi de mesurer I'épaissiedia couche au cours de I'adsorption.Figure &
représente la variation d'épaisseur au cours ddesmrption d'éthanol ou de toluene. Elle met en
évidence la contraction du squelette lors de ladepgation capillaire, la contraction maximale
correspondant a la fin du remplissage des mésoponesau début de leur vidange pour P/P
décroissante). La branche croissante aux plussfpressions permet d’estimer le module d’élasticité
de la couche mésoporeugé][

Afin de calculer la fraction volume de pores a ipatt I'isotherme d’indice (Figure 9a), il conviea
tenir compte de cette variation d’épaisseur. Lati@h de Lorentz-Lorenz modifiée suivante a été

utilisée pour extraire la fraction de volume poréusx

nz—l_f ni-1 n§0—1+A_enF2,O—1

= 2.16
n+2 °n2+2 ni +2 e ni+2 (2.16)
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Cette étude n’est qu’une petite partie des résuttatilipsométrie porosimétrique réalisés a I'lEN e
collaboration depuis plusieurs années avec le dabive Leti, le CEA-Grenoble et la société
STMicroelectronics qui visent a produire et carasé® des interconnexions diélectriques a tresebass
permittivité diélectrique. La porosité de couchésamas de matériaux hybrides commerciaux a base de
silice et réalisées papin coatinga débuté avec le laboratoire de caractérisatio€EA-Grenoble
[22], a été reprise a I'IEM sur des matériaux paredout plasma »2p] et se poursuit actuellement,

comme le montre I'exemple suivant.

4.3 Etude de traitement d'étanche r couche mince

mésoporeuse.

plasma permettant une

Avec l'augmentation de la densité d’intégratiomsl#es circuits intégrés de derniére génération, le
matériau diélectriqgue d’interconnexion doit répandk plusieurs exigences dont sa tres faible
permittivité diélectrique (ultra low K, ULK) : un atériau mésoporeux dont la matrice est a faible
permittivité diélectrigue (LK) répond a cette exige. Ce matériau, dont la porosité est
principalement ouverte, peut rapidement étre polbd des étapes successives du procédée de

fabrication, notamment lors de I'étape de polissaggallographique en voie aqueuse. Il est donc
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nécessaire de fermer ces mésopores en surfacadé’ée la dynamique d’adsorption de la couche
meésoporeuse a travers une barriére de surfacesaieig par ellipsométrie environnementale.
La Figure 10a montre I'efficacité d’un traitememt surface par plasma (ici Nigendant 40 secondes)

pour freiner considérablement I'accroissement idelice optique au cours du temps.

= 1 4p «— couche ULK non traitée o 0.0035 +
© 0.8 1 g
® g 0.0025 + — P/P,=0,8
«G L
2 0.6 plasma NH3+N, E vide <
= @
€ 0.4 1 h
5027 plasma NHs, 40 s =
a >
0 : } f f
0 0.5 1 1.5 2 2.5
Temps (heures) Temps (min.)

Figure 10- Cinétique d’évolution d’indice suite a un crénege pression partielle d’éthanol a 25°C de £#0
a 0,8 (a). Détail du début de I'évolution (b).

La réflectométrie des rayons X (RRX) permet de rae¢in évidence la présence de deux couches
apres le traitement plasma (Figure 11) : la couwatterrée ayant une densité comparable a celle du
matériau mésoporeux initial, est surmontée d’'unglee plus dense qui semble étre responsable de la

diffusion lente de I'éthanol en EP.

1

01 + —— mésoporeux
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0,01 +
O
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£ 1,0E-04 |
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€
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avant traitement  garisre B Couche M
Epaisseur (nm) 160 8 151
densité (g.cm®) 1,23 1,76 1.23

meésoporeux apres traitement

Figure 11— Courbes de réflectométrie des rayons X étaples les couches mésoporeuse et mésoporeuse
traitées par plasma de NHa) et paramétres géométriques déduits (b).
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Quelques points de l'isotherme d’indice ont étéaais apres le traitement de surface et montre que
son évolution est identique a celle du matériauomésux initial, a ceci prés que le temps de
stabilisation de I'indice est nettement plus lokg. effet, lorsque la mésoporosité est complétement
accessible en surface (couche mésoporeuse noéejralts minutes suffisent pour que lindice soit
stable, c’est-a-dire que le pénétrant a entieremampli toute la couche alors que plusieurs heures
sont nécessaires pour la stabilisation de l'indida méme valeur (Figure 10a). Ceci confirme que le
traitement plasma n’a modifié que la surface deolache, sur une profondeur de 8 nm (barriere), en
laissant intact le matériau mésoporeux sous-jacent.
La Figure 10b, qui est un détail de la Figure X0at en évidence trois domaines distincts au début d
I'adsorption, lors d'une amenée brutale de vapétthdnol dans la cellule (ici du vide a PA0,8).
Dans un premier tempsD], I'indice optique croit brutalement, ce qui capend a la formation
rapide d’'une couche adsorbée en surface de la&barri
Puis I'indice est stable?) pendant une quinzaine de minutes. Ce temps gamesa la diffusion de
I'éthanol dans la barriére de faible épaisseureempt d’estimer le coefficient de diffusion D. Hte
semblable au time-lag» 6 observé au cours de la remontée de pression d&ysarte perméation de
gaz:

D=g?/60 (2.17)

Puis la progression lente de I'indic®) correspond au remplissage lent de la couche résage
sous-jacente, I'éthanol devant d’abord migrer aetrsila barriere de surface. La pente de ce dernie
segmentAn/At, permet d’estimer la perméanidea I'éthanol de la barriere si le volume poreuxale
barriére microporeuse est supposé négligeable tlegau de la couche mésoporeuse enterrée et si le
temps d’établissement de I'équilibre lors du resgde de la couche enterrée est négligeable devant
le temps de diffusion de I'éthanol a travers laitee (Figure 10b).

La fraction volumique d’éthanol remplissant la doeienésoporeuse a l'instant t est :

V() _ N (H)Vi
Vv Se,

f (1) = (2.18)

avec :
V = S.q, le volume analysé en ellipsométrie d’aire S,
VuL, le volume molaire de I'éthanol (Tableau 2),

N_(t), le nombre de moles d’éthanol adsorbé a I'imsta

Le flux d’éthanol ayant traversé la barriére estado
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_1AN, _ e, A,

= (2.19)
S At V, At
n*()-1 _n; -1
n*(t)+2 nZ+2
avec, d’aprés 2.11, f (t) = ® — (2.20)
n -1
n’ +2
L'isotherme n(t) permet de track(t) et d’en déduire le flux. La perméance est alors
Mn=o/AP (2.21)

avecAP ['écart de pression de part et d’autre de ladvar

Ici D = 1,1 10" n?.s* et = 8 10** mol.m'.s*.Pa*, ce qui correspond & des valeurs classiquement

mesurées pour des barrieres aux gaz.

Le co-encadrement de plusieurs personnes ont pefawvancer cette étude :
- Marléne Gilliard, stagiaire DUT Mesures Physiqued Montpellier, 3/2001 — 4/2001.
- Wilfried Puyrenier, doctorat de I'Université Mquetlier Il soutenu le 19/03001, directeur de thése

Jean Durand.

4.4 Matériaux PECVD a-SiO xCy:H

Comme exemple suivant, voici quelques observatissiges d’analyses de couches PECVD a-
SiOC:H par EP destinées a des barrieres a la diffude gaz ou des membranes pour la séparation de
gaz a température intermédiaire.

La Figure 12 met en évidence l'imperméabilité &dpeur d’eau d’'une couche a-§i8 synthétisée
par PECVD dans des conditions expérimentales «sdutef Chapitre 1). L'indice de cette couche
reste constant pour toute valeur de,P/® = 1,47, indice plus élevé que celui de lasithermique
(1,459) a cause de la présence de carbone résuundirmée par la nature hydrophobe du matériau

(angle de goutté = 100°).
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Une couche hybride synthétisée a partir du préoufg dans des conditions intermédiaires de flux
et de puissance plasma a été étudiée a tempégatini@nte en porosimétrie ellipsométrique face a
différentes vapeurs. La Figure 13a présente ldhasmes d’'indice en adsorption d’eau, pour le film
brut et pour le film aprés des recuits sous aif@°@, 500°C et 600°C. Non recuit, le matériau est
supermicroporeux comme l'indique la variation dicelimportante aux basses pressions relatives. La
Figure 13b résume les indices, épaisseurs et hiyithigjiés aprés les différents recuits. Il est &eno
gue la désorption sous vide poussé et en températarpas pu étre effectuée dans la cellule de
mesure. De plus, le matériau non traité est hydrbplet la molécule sonde est I'eau. Pour toutes ces
raisons, les ultramicropores ne peuvent pas étseemiévidence s'il y en a. L'évolution de la forme
des isothermes montre que le recuit sous air wemsf progressivement la microporosité en
mésoporosité. Les distributions en taille de méssp@our la couche recuite sous air & 500°C et
600°C sont représentés en Figure 13c.

L'indice de réfraction, I'angle de contact a I'eaul’épaisseur chutent pour les recuits a températu
élevée (Figure 13b), signe que la couche initi@gdlymére-plasma a-SiOC:H s’oxyde avec départ
des méthyls et réticulation du réseau Si-O versamehe de silice thermique hydrophile avec un
indice faible (1,41), preuve de sa porosité. Lesirpentages de porosité calculés a partir du
formalisme de Lorentz-Lorenz sur la base des vanatglobales d’'indice semblent indiquer que le
volume poreux croit avec la température de rebldanmoins il peut s’agir d’un artéfact de mesuwee, |
film mince brut ayant une ultramicroporosité nonalgeable a cause de sa désorption initiale

incompléte.
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4.5 Affinité chimique et gonflement en EP de matéri

Rayon de pore r, (nm)

aux souples

Pour un film réalisé dans des conditions de plasé® polyméres, I'évolution de I'indice et de
I'épaisseur avec la pression de pénétrant est fuuite.
La Figure 14 met en évidence un fort gonflemenb4Lde la couche qui est un copolymeére-plasma
PP-(SIQCyH+CyHy) avant recuit (matériau ULKef Chapitre ). Ces évolutions d’indice et

d’épaisseur sont typiguement rencontrées pourdeshes de polymere conventionred][
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P / Py (éthanol, Py = 72 mbar T = 24C)
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Le gonflement de la couche s’accompagne d’une diticin de I'indice de réfraction. Cheat al a lié

ces variations d’'indice et d'épaisseur a I'aidd’éguation de Clausius-Mossotti modifiée suivante :

2 2 2 2
n“-n, V., _Ng-n

— Vsol sol pol
= B 2.22
n2 +2 |]];Z)OI VO n520I +2 |]1;2)0I ( )

avec :
n, I'indice optique mesuré de la couche mince,
Noi, 'indice optique du polymere,

Nso, I'indice optique du solvant,

Vo, le volume de la couche mince analysé,
Vo, l€ volume de pénétrant correspondant.

Si on fait I'hnypothése que la variation de volune ld couche est exactement égale au volume de

solvant adsorbé, on peut écrire :

2 2 2 2

n-- npol _ e- eo r]sol - npol
2 2 E 2 2
n-+2n e n,+2n

pol sol pol

(2.23)

avec :

€, I'épaisseur initiale de la couche mince,
e, I'épaisseur de la couche mince soumise a Isipre® de pénétrant.

La Figure 14 représente I'évolution de I'épaiss#apres I'équation 2.23 calculée a partir des ieslic
expérimentaux. La forte différence entre le modalées valeurs expérimentales d’épaisseur montre
gu'’il ne peut étre appliqué ici : le gonflement egiindre et I'hypothése initiale n'est pas vérifiés

le pénétrant est intimement dissous dans le sq@ealatpolymére-plasma, ce qui forme une nouvelle
phase homogéne, contrairement a Clausius-Mossotsuppose un mélange hétérogéne de deux
phases homogénes distinctes.

Néanmoins une étude en cours sur un matériau podyawventionnel dont le modele permet ici de
bien décrire I'évolution de I'épaisseur tendraitc@nclure que la forte réticulation de la couche
PECVD s’oppose au gonflement lors de la dissolutieha vapeur, et pourrait contraindre le pénétrant

dans un volume plus petit que celui occupé a ll&atde libre.

L’encadrement d’'une personne a permis d’avanceecstide :
- Romain Coustel, stage de DEA Matériaux de I'Ursité Montpellier 11, 4/2005 - 6/2005.

5. Généralisation vers I'ellipsométrie environnemen tale

Pour connaitre la porosité d’'un matériau par eohrtique intrusive, la molécule sonde choisie doit

se physisorber en surface des pores sans intetagiquement avec le matériau du squelette. Dans le
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domaine des membranes séparatives, immobilisatetedes capteurs, I'étude de la réactivité du
matériau membranaire au contact du gaz pénétrahtymier a la compréhension de sa sélectivité.
Dans ce sens, quelques études antérieures ont gart€étude macroscopique du couplage de
I'ellipsométrie avec I'adsorption/absorption de gaz vapeur. C'est le cas de la dissolution et du
gonflement de films polyméres dans des alcazsf dans I'eau 29,30], dans le dioxyde de carbone

[31] ou dans d'autres solvant&[33].

6. Couplage de I'adsorption avec la microbalance a quartz

La microbalance a quartz, grace a sa grande dé@asipermet de suivre de trés faibles variations
de masse de surface. Elle est souvent utiliséequowne la formation au cours du temps d’une couche
mince dans les techniques de dépodt par voie gazmusplus récemment, pour suivre le dépbt de
multicouches de type Langmuir-Blodgett mais aussnme systeme de détection pour les capteurs
chimiques. Les analyses qualitatives présentenérgéament les variations de fréquence du quartz
plus ou moins chargé au cours du ten3as3f.

L'appareillage mis au point a I'lEM est composé rifumicrobalance a quartz Maxtek TM-400
montée sur une enceinte thermostatée de 0,5 hime hquelle la nature de la vapeur et sa pression
sont contrblables. Le systeme permet la mesura geide de masse d’'un film mince préalablement
déposé sur le quartz-support piézoélectrique & fogssion jusqu’a 2-3 bars ou jusqu’a la presden
vapeur saturante, suivant le gaz sonde. Derniéelimnomatisation de ce systeme (Figure 15)
permet d’obtenir directement une isotherme d’adsmmet/ou de désorption complet.

La prise de masse peut correspondre soit aux mekesolubilisées dans tout le matériau, soit aux
molécules adsorbées en surface si la surface asedgarriére), soit aux molécules adsorbées et
condensées dans le matériau poreux.

Si le matériau est étanche vis-a-vis de la molésatele — c’est le cas de la vapeur d’eau face a une
couche PECVD de type silice a-Si® (Figure 12) — la prise de masse est exclusivérdea a la
formation de la couche d’eau adsorkéecurve »qui est fonction de P{RFigure 16a et Figure 2).
Cette technique compléte donc idéalement la tealenitjfEP pour les couches mésoporeuses car elle
permet d’établir 'épaisseur de cette couche dareas de matériaux hybrides et de molécules sondes
non référencés, en étudiant la variation de masse ¢ouche dense déposée sur le quartz d’analyse

et soumise a la méme vapeur utilisée en EP.
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quartz dans
cellule thermostatée

solvant

L

Figure 15— Dispositif QCM automatisé.

Des isothermes de masses peuvent aussi étre @babliscaractériser la porosité. La Figure 16b
représente une isotherme de masse d’adsorptiomptiésod’'éthanol d'une membrane d’anatase a
porosité hiérarchique synthétisée a I'lEM au seimdtre équipe. Cette isotherme rend compte de la

présence de micropores, mésopores et macropores.
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Figure 16— “t-curve”d’eau adsorbée a la surface d'une coedAECVD a-SiQH (a). Isotherme de masse
d’'une membrane a porosité hiérarchique synthéts¥evoie sol-gel (b).

7. Couplage de I'adsorption avec la réflectométrie des rayons X

De la méme maniere qu'il est possible de suivegadlution de I'indice optique ou de la masse
lorsque le vide laissé par la porosité est progresgent remplacé par une phase liquide condersée, |
variation de densité massique peut étre suiviergig@ctométrie des rayons X en incidence rasante
(RRX) au cours de l'adsorptiorsd], si les compositions chimiques des pénétré etfpént sont
connues, la RRX ne permettant de mesurer que Isitdetlectronique. Dans un premier temps, une

analyse XPS (Promes, Odeillo) a permis de connlaiitemposition chimique centésimale en élément
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Si, C et en supposant la proportion massique dxeatomes d’hydrogéne négligeable, afin de
convertir la densité électronique en densité massiq

La Figure 17 représente les isothermes d’adsorgtiate désorption du film PP-M2 recuit sous air a
500°C, déja analysé en EP (Figure 13a). Elle cmefila mésoporosité par la présence d'une
hystérésis au-dela de RB/P 0,4 et leve le doute sur la présence d’'une ralti@porosité : la forte
augmentation de la densité en tout début disotkemenseigne sur l'importance du volume
ultramicroporeux : 69 % du volume de la porositéeste totale, d'apres I'isotherme d’adsorption.

A noter que pour approcher au mieux la micropoggsine étape initiale de désorption (vide dé-10
10° mbar) en température (200-300°C) est incontouenabl

17
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dvioe = 1,42 * Désorption Figure 17 — Isotherme de densité massique établie en
l4+—t+—t——+— RRX couplée a I'adsorption d’éthanol.
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8. Conclusion et perspectives

Sur la base des analyses effectuées sur lesetifedispositifs expérimentaux présentés ci-dessus,
plusieurs conclusions peuvent étre formulées comacerles limites de chaque outil et les points a
améliorer pour de futures caractérisations.

Ellipsométrie environnementale

Un ellipsométre spectroscopique visible de deengignération permettra d’analyser directement
des empilements complexes de multicouches supdsiéau court de la sorptiors§]. Les rugosités
des interfaces externe et enterrée, le gradiemalrgdi s’'installe au cours du remplissage suitena
créneau de pression de gaz pénétrant ainsi quaidsgur adsorbée en surface peuvent étre pris en
considération dans le modéle multicouches.
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Microbalance a quartz couplée a la sorption

La limite de ce moyen de caractérisation vientadéenue thermique limitée du quartz métallisé
support. La couche d’or se délamine du quartz paraitement a haute température, ce qui rend alors
impossible la mesure. Un cycle de température awvec montée trés lente et une température ne
dépassant pas 400°C est nécessaire pour consewvdyonne accroche de la couche sur l'or, afin
d’analyser par exemple les couches sol gel poreeseges.
Par contre, il n'y a aucun souci pour I'analyse nducouche PECVD synthétisée a température

ambiante.

Réflectométrie des rayons X couplée a la sorption

La limitation a I'obtention d’une isotherme comigl@dsorption+désorption de densité provient des
temps d’acquisition et de traitement des donnéesitants, c'est-a-dire a chaque point de I'isotleerm
sans automatisation. La description compléte disatherme de densité nécessite plus d’'une journée
avec intervention trés réguliere de I'opérateurdeent I'analyse trés lourde. La stabilité au vide
statique de la cellule de mesure est par conséqoemtale. Dans un premier temps, une
automatisation des différentes acquisitions afexttaire les angles critiques pour décrire I'isothe

de densité pourrait étre envisagée.

Plus généralement, I'analyse de I'adsorption ehienisorption sur la surface des pores de membranes
et en surface de couches minces denses, ainsag@atubilité dans des couches minces et membranes
polymére est rendue possible grace a ces diffé&yaatthniques trés sensibles. La confrontation des
résultats obtenus entre ces nouvelles techniquaseet ceux des techniques plus conventionnelles,
telles que l'adsorption d’'azote a 77 K permet deuniappréhender les mécanismes d’adsorption sur
différentes surfaces et sous diverses vapeurs.

En ce qui concerne les matériaux polymeéres-plasmarphes, I'ellipsométrie environnementale
permet de mettre en évidence la rigidité mécandqueatériau qui est fonction de sa réticulation. En
effet la comparaison des évolutions des indicedest épaisseurs au cours de la sorption permet de
discriminer un matériau polymere d’'un matériauypwre-plasma plus ou moins réticulé et d’'un
matériau plasma inorganique amorphe tres rigide.

Ces techniques peuvent aussi permettre la comi@mede la formation de la microstructure d’'un
dépbt au cours des étapes de synthese. Par exdandeiation d’épaisseur ainsi que la fractionadie

au cours du séchage sous humidité controlée d’anehe de silice mésoporeuse déposéespiar
coatingont été étudiées en ellipsométrie spectroscopitfugrouge B9]. Grace a la nouvelle cellule
thermostatée (25°C < T < 350°C) sous atmospheérediéa disponible sous peu a I'lEM, 'analyse de

couches minces au cours d’'un traitement thermiques atmosphére contrlée par ellipsométrie
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spectroscopique deviendra possible. Notamment, derda mise en forme par voie sol-gel, la
dégradation de I'agent structurant et la formatleria porosité au sein d’'une couche peuvent airesi &

suivies et maitrisées.
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Conclusions et perspectives

A travers ce mémoire, mes activités de recherdinédjsciplinaires sont mises en évidence avec
une prédominance pour la Science des Matériauwiallbment focalisé sur les matériaux inorganiques
par ma formation d’'ingénieur et ma thése de dottgeam’oriente et me spécialise depuis mon
intégration au CNRS vers les matériaux hybridedhstisés par d’autres voies que la chimie des

poudres en phase solide.

Dans le domaine des couches minces et membrangsoforalisées, la technique PECVD permet de
modifier la chimie de surface et synthétiser desénwux hybrides allant des polymeéres-plasma a
forte réticulation aux matériaux inorganiques arhesp L'étude de nouveaux matériaux hybrides
synthétisés en PECVD a partir de précurseurs complest en pleine expansion. Ceux-ci nécessitent
néanmoins des techniques PECVD modifiées avecnjeetion directe des précurseurs sous forme de
brouillard ou par le couplage avec une chambreagiération permettant d’'injecter des vapeurs a des
températures supérieures a 150 °C sans détrymedarseur. La synthése de ces nouveaux matériaux
sous forme de couches minces et leur étude emjtenimembranes passives pour la séparation de
vapeur ou la pervaporation ainsi qu’'en tant que brames actives pour la décomposition de
substances nocives seront 'une de mes persped@avessles années a venir.

Le couplage de plusieurs techniques de syntheseuwtshes minces de fagon consécutive et cyclique
permettra, je I'espere, de résoudre plusieurs usraztuels. Par exemple, I'un des inconvénienta de
technique PECVD pour les membranes, étant I'imjd#si de déposer par PECVD a l'intérieur d’'un
support poreux. Parmi les techniques de dépodt easeppaz, le couplage des techniques PECVD et
CVD par infiltration (CVI) ou bien la technique @®osol sont parmi les techniques que nous
envisageons d'étudier a I'lEM pour contréler la nficdtion de supports poreux, de membranes
mésoporeuses et envisager de nouvelles membrajragiant de composition et gradient de porosité
pour des applications de membranes et capteurstetlnique couplant la PECVD avec la
pulvérisation cathodique est aussi envisagée p@peser une phase active dans une matrice

amorphe et poreuse.

En ce qui concerne la caractérisation physico-ajumides couches minces et membranes supportées

par les techniques environnementales couplantalediption et une technique de caractérisation
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microstructurale dédiée a I'analyse des coucheserjmous disposons maintenant a I'lEM d’un parc
de matériels de caractérisation automatisés (odegmnir) tous basés sur l'intrusion d’'une vapeur
pouvant étre choisie. Les différentes analyses ideogravimétrique et d’optique en ellipsométrie et
réflectométrie des rayons X couplées a I'adsorpfiermettent d’accéder a des informations sur la
structure poreuse du matériau déposé en coucheesngui peut varier de celle du matériau en
poudre souvent supposé équivalent. L'utilisatiorcee différentes analyses permettent de confirmer
un résultat.

Néanmoins, il semble nécessaire de pouvoir caiseték 'empilement » de plusieurs couches de
natures différentes (gradient de composition, deogitg, couche adsorbée,...). L'ellipsométrie
spectroscopique environnementale permet de rép@ndette attente, dans le domaine du visible pour
caractériser ces couches complexes nanophasé&ehalle mésoscopigue et surtout en infrarouge afin
de caractériser les interactions entre le pénégtalat matrice d’accueil a I'échelle locale. Deglie
grand intérét de cette technique relativement mpdt de pouvoir suivre la progression et la
dynamique de transfert du pénétrant a travers ermmaa membranaire et de mettre en évidence les
modifications éventuelles du matériau.

Pour finir, de nombreux laboratoires locaux etaraiux sont concernés par la fonctionnalisation de
surface, I'organisation moléculaire et plus géredrant la physico-chimie aux interfaces. Dans un
avenir proche, la disponibilité a I'extérieur d'mouvel ensemble de techniques de caractérisation

environnementale des couches minces et surfac$osgment apprécié.
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Abstract

Isothermal ellipsometric measurements were carried out under controlled vapour pressure of ethanol from vacuum to saturation on
mesostructured anatase-based thin layers. Thin films were prepared by the sol—gel route using the templating effect of lyotropic mesophases.
Ellipsometric porosimetry (EP) has been applied for analysing thermally treated films with an ordered mesoporosity resulting from the removal of
the template. The EP results are discussed and correlated with those obtained by nitrogen adsorption using a conventional volumetric apparatus

and TEM analysis.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ellipsometric porometry (EP); Mesostructured layers; Ordered mesoporosity; Pore size distribution

1. Introduction

Surface area and porosity are usually analysed by means of
nitrogen adsorption at 77 K by conventional volumetric
method but also other molecule probes at room temperature
like benzene [1]. This method suffers from a lack of sensitivity
to analyse a small quantity of porous material, especially for
the characterisation of porous thin films. One possible solution
is the use of a modified commercial apparatus with a special
cell, sized large enough to measure porosity in thin films
deposited on thin slides [2].

Numerous studies have analysed thin films by the coupling
of ellipsometry and gas adsorption, especially to analyse the
swelling and dissolution of polymer films with alcohols [3],
water [4—6], CO, [7,8] or other various solvents [9]. Micropo-
rous inorganic compounds were also studied by ellipsometry
coupled with adsorption. It is the case of porous silicon [10] and
microporous silica [11]. Several articles concerning the char-
acterisation of the mesoporosity in thin inorganic films appeared
from the end of the nineties, dealing with this non-destructive
optical characterisation method. This method was applied to
estimate the size distribution of mesopores in inorganic films
[12] especially for low dielectric constant materials [13—17],
and also in plasma enhanced CVD hybrid films [18,19]. In all
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0040-6090/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/.ts£.2005.08.334

cases, Lorentz—Lorenz law is used to extract the volume of the
open porosity from refractive index isotherms. Then Dubinin
law or Kelvin one are usually applied to extract the micropore
size or the pore size distribution of mesopores, respectively.

Thin layers of anatase with mesostructured porosity have
proved their better efficiency to destroy organic molecules
compared to classical porous anatase layers, due to the
combination of their high surface area, i.e. their high density
of photoactive sites, and their structured porosity for higher
permeabilities, dedicating them to active membranes [20].
Mesoporosity analysis of such thin layer is thus interesting.
Also, it has been previously shown that the porosity of deposited
material is slightly different than that of equivalent powder
produced with the same synthesis method.

This article presents the characterisation of the mesoporosity
of a mesostructured photocatalytic anatase layer using ellipso-
metry coupled with ethanol adsorption at room temperature and
compares the results with previous nitrogen adsorption analysis
at 77 K.

2. Experimental
2.1. Thin film synthesis
The mesoporous thin layers have been synthesised from an

anatase hydrosol by acidic hydrolysis of titanium isopropoxide
and using the templating effect of liquid crystal mesophases.
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Fig. 1. (a) SEM image of the cross section of an anatase mesostructured calcined film and (b) TEM image of the CFC mesostructured anatase.

The synthesis conditions are already detailed in previously
published papers [21,22]. The selected amphiphilic molecules
are triblock copolymers poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide): EO19sPO-oEO; ¢, labelled F127,
and provided by BASF. After the precursor hydrolysis, the
structuring agent is added into the anatase sol. The selected
composition corresponds to a cubic mesostruture, Fm3m
crystallographic type. The layers have been deposited by dip-
coating on glass slides (layer surface: 5 cm?, withdrawal rate 5
cm min~ ). After drying at room temperature under controlled
humidity for one day (HR=98%), the films are thermally
treated at 150 °C for 2 days and then calcined to higher
temperature. The complete elimination of the templating units
can be reached after a thermal treatment up to 350 °C. Fig. la
presents a SEM image of a cross section of a typical
nanostructured layer deposited on a silicon wafer. A TEM
image of the cubic mesostructure is given in Fig. 1b.

2.2. Porosity characterisation

To analyse the porosity of the previously described thin
films, a system including an ellipsometer (Plasmos SD 2300,
single wavelength at 632.8 nm) and a vacuum chamber in order
to control the vapour pressure of the probe solvent. This
chamber has two quartz windows respectively perpendicular to
the incident and reflected light beams (70° from perpendicular
to the analysed surface) of the helium—neon laser and has a
glass window on the top to allow alignment checks. A pumping
system (Alcatel Drytel 1025) allows maintaining a limit
pressure of 5 Pa in the chamber. A glass container for the
liquid solvent is separated from the chamber by a needle valve
in order to manually increase the solvent pressure step by step

Polarized

Analyser + detector
laser beam

g« Proportional valve

®

i Pvs

Fig. 2. Schematic setup of the ellipsometry coupled with adsorption.

Pressure gauge

Pump

up to its saturation pressure at room temperature. Fig. 2 is a
schematic representation of the experimental setup. Before any
acquisition of the refractive index and thickness of the layer,
the chamber is pumped several hours at limit pressure. Then
the chamber is isolated from the pumping system and the
stability of the vacuum is checked in static conditions. The leak
of the chamber is a critical point, as the full acquisition of the
isotherm needs several hours. In our experimental setup, the
pressure slowly deviates with time and after several hours, the
final total pressure is close to the vapour pressure of ethanol.
The deviation is estimated to be no more than 100 Pa from the
real value, representing a few percentage compared to the
vapour pressure of ethanol. Moreover, the sample holder is not
able to heat in order to facilitate initial degassing. That means
the study of micropores would not be valid but the setup is
sufficient to extract information about mesopores, i.e. at
relative pressure above 0.1.

For a first approach, ethanol has been used as the probe
molecule. The selection of the solvent that will physisorb the
pore walls and condensate at room temperature is important. Its
vapour pressure should be sufficient (several mbars) for
convenient analyses and should preferentially be non polar.
Otherwise the refractive index of condensed solvent could be
different close to the pore walls than in bulk liquid phase.
There may also be incompatibility between the porous material
and the solvent. Any chemical reaction must be avoided. It can
be considered that if the refractive index comes back to its
original value after the full isotherm cycle, a pure physisorption
of the probe molecules has occurred on the pore walls.

Note that due to the analysis of photocatalytic layers, the
compatibility between the ellipsometric wavelength and the
photocatalytic material should be verified in order that no
degradation of the penetrant occurs under the ellipsometer
beam. Otherwise the estimation of the surface area, the pore
volume and the pore size distribution is impossible if the nature
of the probe molecule is changing with time. In our study
anatase layer is not photoactive at the measurement wave-
length: 632.8 nm (HeNe laser).

3. Results and discussion

Fig. 3 shows the evolution of the refractive index of the
same layer as a function of time during the pressure drop from
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Fig. 3. Two consecutive vacuum runs from room pressure to limit vacuum.

the atmosphere to the limit vacuum, acquired twice: the first
run just after the heat treatment at 350 °C, limiting the time
between the removal from the furnace and the installation in
the chamber for ellipsometric analysis, and the second, after a
comeback to the atmospheric pressure for several minutes.
Whereas the refractive index is constant during the pressure
drop in the second vacuum run and the next ones, the refractive
index seriously increases at the first time as the pressure
decreases. As this evolution occurs at the first time when the
sample is submitted to the vacuum, it does not depend on the
solvent nature. The evolution is slow compared to the
measured pressure which drops from atmospheric pressure to
13 Pa within 2 min, which means that major index increase
occurs at low pressure. This behavior is reproducible after a
second heat treatment under air. The evolution during the first
pressure drop is attributed to a pollution of the layer that could
come from hydrocarbons, due to the back diffusion of oil from
the primary pump. This has been detected by infrared
spectroscopy in the C—H stretching region before and after
the first pressure drop. This behaviour is commonly observed
with porous layers. That means that in situ desorption around
250-300 °C by the sample is required to avoid such pollution
and to be able to measure the microporosity. Fig. 3 also shows

0.16 1 o
0.14 4 ’
012+ -
0.10 1 e ’__o"_
0.08 4 o« .07

0061+ ® o-°

0.04 1 ?59\

0.02 + : 1

Refractive index deviation

- O-- adsorption
—@— desorption

0001 & =—n,

00 02 04 06 08 10
Relative pressure P/P,

Fig. 4. Refractive index adsorption—desorption isotherm of a calcined layer.
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Fig. 5. Pore radius distribution calculated from the isotherm cycle of the
refractive index at room temperature (T,) (Fig. 4) compared to that extracted from
conventional volumetric adsorption—desorption isotherms of nitrogen at 77.4 K.

that the refractive index locally measured on two different areas
of a given slide is not exactly the same; analysed surface has
been changed between the two vacuum runs.

Fig. 4 presents the isotherm of the variation of the refractive
index for a calcined sample acquired during adsorption up to
Py and then during desorption coming back to the limit
vacuum. The shape of the adsorption/desorption hysteresis
loop of our mesostructured porous TiO, film is distorted
considering spherical mesopores, compared to that obtained
in mesostructured porous SiO, layers [23]. This smoother
evolution of the refractive index around the complete pore
filling (0.5<P/Py<0.6) can be attributed to the porosity inside
the TiO, walls. This behaviour has also been observed on
nitrogen isotherms [20] acquired with a conventional volumet-
ric adsorption—desorption analyser at 77.4 K (Micromeritics
ASAP 2010 Analyser) with a special cell for supported porous
films [2].

Pore size distributions (Fig. 5) are extracted from these
adsorption and desorption branches and compared with that
extracted from the desorption branch of nitrogen isotherm
cycle. In both cases, the pore radius is calculated as a function
of the relative pressure using the Kelvin law for the capillary
condensation added to the thickness of an adsorbed multilayer
of nitrogen at 77 K [24] or ethanol at room temperature on a
non porous equivalent surface. The refractive index or the
adsorbed volume represented as a function of the pore radius is
then derived to obtain the pore size distributions. The adsorbed
multilayer thickness of ethanol at room temperature is
supposed to be close to that of water adsorption [25].

Fig. 5 shows that the characterisation technique by coupling
ellipsometry and ethanol adsorption is in good agreement with
conventional nitrogen adsorption technique, giving both a
mean mesopore radius of 7,=2 nm. The result shows that to
study the mesoporosity of films, the initial thermal desorption
is not required, even if the refractive index seems to be
modified before the analysis (Fig. 3).

Coming back to the shape of the full isotherm, the highest
measured index close to P, is meaningless concerning the
study of the porosity and corresponds to the formation of a
thick liquid ethanol layer at P/Py=1. In the range 0.6<P/
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Py<1, the plateau means that the open mesoporosity is filled
by the condensed ethanol. Fig. 5 also shows that the cycle is
not reversible in the region P/Py<0.6. Whereas the hysteresis
in the region P/Py>0.3-0.4 is a normal behaviour and is
characteristic of mesoporous materials (IUPAC, Type IV
isotherms), the desorption branch, that does not superimpose
the adsorption branch in the micropores region, can be partially
explained by a modification of the adsorbate nature inside the
micropores of the titania walls (ethanol enrichment). An
improvement of the cell and the vacuum efficiency is currently
investigated for completely emptying the micropores and
avoiding this phenomenon. Further investigation focussed on
the choice of another penetrating solvent will help to extract
information from this region of relative pressure [11].
Specific surface area of this porous deposited film can be
estimated from the adsorption isotherm branch at low relative
pressure. It corresponds to the total surface of a complete single
molecule layer of adsorbed ethanol on the pore walls. It can be
calculated from the Egs. (1) and (2) with nq, the refractive
index of the film under vacuum, n; that when a completed
single layer of ethanol is adsorbed on the pore walls (Fig. 4), n,
that of condensed ethanol in which the volume ratio is ®@.; in
point 1 (n7), V' the molar volume of condensed ethanol, pg the
density of the anatase skeleton (4.8) representing the volume
ratio @g, o, the surface of an adsorbed ethanol molecule (0.204
nmz) based on Emmett—Brunauer relation [26] and N the
Avogadro number. Eq. (2), derived from Lorentz—Lorenz
equation, has been used even if the use of a mixed phase
model for a porous material with open pores is not ideal from a
physical point of view (any model derived from Clausius—
Mossotti relation), especially when pore volume is important.
Without any other model that better describes the porous layer
during pore filling, surface area has been estimated anyway.

Ve 1 NP,
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From the refractive index adsorption isotherm represented in
Fig. 5, the specific surface area Sy is close to 30 m?*/g, far from
that obtained by the nitrogen adsorption with a conventional
apparatus: Ss=180 m*/g. Based on X-ray diffraction and TEM
analyses, the anatase film is mesostructured with a 9v/2 nm
CFC lattice with pore diameters close to 4 nm (Fig. 1b) [22].
Thus, the calculated surface area due to spherical mesopores is
22 m%/g, close to that extracted from the refractive index
isotherm. The difference is due to the microporosity of the
titania walls already filled without any initial degassing. Thus,
no corresponds to the refractive index of a partially adsorbed
layer and is much higher than that of a fully desorbed
microporous layer. Initial refractive index should be close to

2.35 instead of 2.51 to obtain the same high specific surface
area of 180 m?/g, which is nearly the value obtained before the
first pumping (Fig. 3).

4. Conclusion

Ellipsometry coupled with adsorption is a relevant technique
to characterise at room temperature the mesoporosity of
materials deposited as thin layers (few micrometers or less).
The porosity of a small volume of material can be analysed, as
the probe is sensitive enough to follow the refractive index
change as a function of the pore filling. Also, the technique is
an advantage to map a full sample surface as the analysed spot
is 1-2 mm? compared to porosity analysis with other
techniques like low angle X-ray reflectometry or GISAXS that
request a larger sample surface. The study of mesoporosity
does not request any drastic conditions about the preparation
of the sample, especially concerning the initial degassing.
Further studies are currently into investigations, comparing
different probe molecules to analyse the desorption branch at
low relative pressure. Anatase photoactive layers presented in
this article have mean pore diameters of 4 nm and a pore size
dispersion extracted from EP measurements in total agreement
with the analysis carried out with nitrogen in a commercial
nitrogen analyser pore size analyser but also by TEM
analysis.
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Abstract. Ellipsometric measurements are carried out on different commercial ultra low-K mesoporous thin films
under several solvent vapor pressures. In a first step, both open porosity and skeleton refractive indices are estimated
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using linear and Lorentz-lorenz laws. In a second step, adsorption-desorption isotherms of selected solvents, giving
refractive index as a function of the relative pressure, are acquired. Pore size distributions (PSD) are calculated. The
effect of the nature of the adsorbate on the PSD is also discussed.

Keywords: ULK layers, ellipsometric porosimetry, adsorption-desorption isotherms, mesopore size distribution

1. Introduction

Scaling down the feature sizes in microelectronic cir-
cuits to improve their performance and increase yield
at lower cost per function on chip, has been shown
to increase the signal runtime delays. One way to de-
crease the runtime delays and thus the RC product
is to decrease the power consumption and cross-talk
(given by the capacitance) by the use of lower dielec-
tric constant (K) insulators. The materials that looks
most promising to combine the high thermal stability
of silica with the lowest achievable dielectric constant
is likely nanoporous SiOC-like films. Mesoporous sil-
ica thin layers with a dielectric constant equal to 2.5
have been achieved by a sol-gel route [1]. The idea of
lowering the K value by decreasing the density can be
taken one step further by introducing plasma polymers
[2] using Plasma Enhanced Chemical Vapor Deposi-
tion (PECVD) or by creating voids into the film us-
ing a porogen approach with spin on deposition (SOD)
[3, 4]. Introducing porosity is the dominant strategy
as the microelectronic industry targets to achieve fu-
ture generation ultra low K inter-layer dielectric (ILD)
materials.

Therefore, non-destructive characterization of
porous dielectric films is becoming extremely im-
portant for advanced ULSI technology. Ellipsometric
Porosimetry (EP) appears to be a suitable method for
such measurements [5-7], more simple and faster
than Positronium Annihilation Lifetime Spectroscopy
(PALS) [3] and Small Angle Neutron Scattering
combined with X-ray Reflectivity (SANS/XR). The
ellipsometric porosimetry consists of an in situ
ellipsometric measurement carried out to detect a
small change of optical film parameters upon sorption
[3, 8]. Vapor of solvent is introduced into the sample
cell to provide adsorption-desorption equilibrium
between the adsorbed phase and the gas phase.
Changes of optical characteristics of the sample
during the adsorption/desorption processes are mea-
sured by ellipsometry. These adsorption-desorption
isotherms can be then analysed using classical
methods [9]. Film thickness, refractive index, pore
size distribution and average pore size are therefore

measured and calculated for six different thin low-k
materials.

2. Theory and Calculation
2.1. Ellipsometry

All ellipsometric porosimetry measurements can be
performed on porous films deposited directly on top of a
silicon wafer or any smooth solid substrate. The volume
fraction of adsorbate inside the pores can be calculated
from the measured change of the optical characteristics
of the porous film during adsorption/desorption. There
are several methods for performing these calculations
based on various equations (linear, Lorentz-Lorenz,
Bruggeman...) [10] among which linear or Lorentz-
Lorenz equations are the most widely used. Both the
dense part of the porous film and the liquid adsorptive
optical characteristics are used for these calculations.

For any porous material, two types of porosity can
be defined: the open porosity which can be analyzed
by adsorption-desorption and the closed porosity em-
bedded inside the solid phase. For this study, the pore
volume fraction Vp will refer to the open porosity with
a dielectric permittivity ¢p which is a function of the
phase that fills the porosity. The skeleton will corre-
spond to both the solid phase and the closed porosity,
with a volume fraction Vg and a dielectric constant €,
which can be assumed as a constant in a first approxi-
mation.

On the basis of the effective medium model applied
to a heterogeneous material, its relative dielectric per-
mittivity ¢ is a function of the permittivity of the mate-
rial skeleton &g and that of the medium which fills the
porosity € p, according to the linear and Lorentz-Lorenz
equations:

e =Vpep+ (1 —Vp)eg (lin)
e—1 ep—1 &g —

= 1-V LL

P P8P+2+( P)8S+2 (LL)

with Vp the filled pore volume. Using the refractive
indices n, np and ng of the material, the filled pores
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and the material skeleton with the closed porosity, re-
spectively, the previous expressions become:

n* = Vpny + (1 — Vp) nk (lin")
nz—l_ nfp—l_'_(1 V)n%—l wLL)
n2+2 Pn%,+2 Pn§+2

with nl2 = g&; mainly due to electronic polarizability in
visible region.

2.2.  Measurements of the Total Pore Volume
and the Refractive Index of the Solid Network

Thus, to calculate Vp and ng atleast two measurements
(1 and 2) using two different solvents that fill the open
pores at saturation vapour pressure, are required.
Linear approximation:

nt=Veni, +(1—Vp)nj (1)
ny=Veni, +(1—Vp)ni 2)

with ny; and n;, refractive index of the first and second
solvent, respectively.

Thus,
2 _ 2
Vo = w and
T
L1 —
2 2 2 2
2=z Veny, _n—Veni,
=

1—Vp 1-Vp

Lorentz-Lorenz approximation:
Posing A1, By, and C| for the first measurement as:

n%—l n§—1 nle—l .
Al = 2 1= — 1= — with
ny+2 ng+2 ny, +2
A =CVp+ Bi(1-Vp) (1)

and A,, B, and C, for the second one, as:

n%—l n%—l
Ay = ., Bp=B =B=—
n; +2 ns+2
2
-1
C, =12 with Ay = C2Vp + Ba(1 — Vp)
ni,+2
(2)
Thus,
Al —A 1+2B
Vp = ST 72 and ng = + with
C,—C, 1-B
A —VpC
g Al rCi

1— Vp
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Figure 1. Thickness f of the adsorbed layer for nitrogen and water as
afunction of the relative pressure, before any capillary condensation.

2.3.  Determination of the Pore Size Distribution
(PSD) from Isotherms

Starting from vacuum, the filled pore fraction Vp of the
open pores is a function of the partial pressure of the
solvent above the sample. Increasing the pressure of
solvent, the solvent fills first the micropores (diameter
below 2 nm). The surface of the other pores is covered
by a single layer of molecules and then by a multilayer.
The layer thickness ¢ increases progressively with the
pressure (Fig. 1). For higher pressures, the capillary
condensation occurs. The Kelvin radius rx of the pores
filled by the condensate at a given pressure P is given
by the Kelvin relation:

—2-y-v-cosf )
r =
TN kT -mE

where y is the surface tension of the solvent, v its molar
volume, 6 its wetting angle, N the Avogadro number,
k the Boltzmann constant, 7 the temperature and Py
the saturation pressure of the adsorbate. 6 is supposed
to be 0°, due to the presence of an adsorbed layer ¢
that already covers the surface of the solid. Thus the
contact angle between the condensate and itself has to
be considered instead of the contact angle between a
fully desorbed wall and the adsorbate. Capillary con-
densation occurs in mesopores (2-50 nm). Thus, the
pore radius is:

rp=rg -+t (P)
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Table 1. Water wetting angles and thickness of the studied ULK layers.

Honeywell Honeywell Shipley JSR Hitachi  Hitachi
Material Nanoglass C ~ Nanoglass E Zirkon =~ LKD5109 RZ25 6210X
H,O wetting angle (degree) 37 97 110 100 100
Thickness (nm) 787 943 494 364 459

Figure 1 shows the thickness ¢ of the adsorbed mul-
tilayer of nitrogen or water molecules before any cap-
illary condensation, as a function of relative pressure
P/ Py according to de Boer [11] and Hagymassy [12],
respectively. These evolutions of ¢ are used in the
calculation of rp. In the case of ethanol, the value
of t = f(P/Py) is assumed equal to the value of
t for water at the same relative pressure, as no re-
sult has been published yet concerning the t-curve of
ethanol adsorbed multilayer as a function of relative
pressure. Anyway, the known t-curves of different sol-
vents (nitrogen, water, methanol [13]) can be nearly
superimposed.

From ellipsometric isotherms n = f(P/Py), rp =
f(P/Py) is calculated. The pore size distributions
(PSD) are obtained as the curve dn/drp = f(rp) from
the desorption branch of the rp = f(P/Py) data. As-
suming, in a first approximation, a monomodal and
symmetric PSD, the mean pore size, 7 p, corresponds
to the maximum of the curve dn/drp = f(rp). Due
to the direct correlation between the variation of the
refractive index versus P/ Py and the variation of ad-
sorbed volume inside the pores such PSD curves can be
compared with PSD curves obtained by conventional
volumetric adsorption-desorption measurements.

3. Experimental
3.1.  Porous Thin Films Synthesis

Six commercial spin-on low-K dielectric (SOD) thin
films are tested here: Honeywell Nanoglass C and
Nanoglass E, Hitachi HSG-6210X and HSG-RZ25-15,
JSR LKD5109 and Shipley Zirkon 2200.

Several techniques are employed to generate poros-
ity in these films. Self-assembling and template or poro-
gen approach (LKD5109 or Zirkon 2200) are examples
of these techniques.

For hybrid materials such as 6210X or Zirkon 2200,
a thermally labile polymeric pore generators (poro-
gens) approach is used which consists in incorpora-
tion of macromolecular porogens into a thermosetting

material under conditions where templated vitrifica-
tion leads to nanoscopic phase separation. The ther-
mal decomposition of the macromolecular porogen is
therefore the source of the porosity in cured hybrid
samples.

According to JSR LKD5109 or Hitachi RZ25-15,
self-assembling phase separating block copolymers
technique is employed to generate porous SiOC like
compounds. Similarly to the porogen technology, the
templated polymerization (polymer technology) also
exhibits mechanical advantages compared to silica
xero- and aerogels due to its 3D- organosilicate bonded
matrix (methylsesquioxane, MSQ).

Unpatterned silicon wafers are coated by conven-
tional spin-on technique and baked sequentially on hot
plates. The resulting wafers are furnace cured at 425°C
(in nitrogen atmosphere).

Silica compound Nanoglass C is prepared by the sol-
gel route from tetraethoxysilane (TEOS). A hydropho-
bic post-treatment is obtained by grafting alkylsilanes
on the silica surface. In our case, the sample Nanoglass
C is analyzed before this hydrophobic treatment.

At last, Nanoglass E is issued from the templated
polymerisation method.

In the case of open porosity, the value of K strongly
depends on the hydrophobicity of the materials which
must be high enough to avoid water adsorption. The
water wetting angles of the studied samples are reported
in Table 1.

3.2.  Porosity Characterization of the ULK
Thin Films

Thickness (Table 1) and refractive index are measured
using a UV-1280 Kla-Tencor spectroscopic ellipsome-
ter.

In situ ellipsometric measurements are performed
using a vacuum system designed for this purpose. The
EP set up consists of the spectroscopic ellipsometer, a
pumping system and a source of a solvent (adsorbate).
The vacuum chamber needs to be pumped down be-
fore the introduction of the adsorbate in the chamber
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Table 2. Adsorbate parameters.

Nitrogen ~ Water  Ethanol n-Heptane
Solvent (774K) (293K) (293K) (293K)
Refractive index, RI 1.33 1.36 1.39
Dipole moment 0 1.85 1.69 0
(Debye)
Molar volume 34.65 18 57.86 146.6
(cm3 mol™1)
Vapor pressure 760 24 59 46
(Torr)
Surface tension at 22.6 71.99 21.97 19.65
25°C mN/m™!

and the sample is cured up to 200°C to empty all
pores before adsorption. Vapor of the solvent is intro-
duced into the vacuum chamber to provide adsorption-
desorption equilibrium between the adsorbed phase
and the gas phase. The refractive index is thus acquired
as a function of the relative pressure of the solvent. The
technique is non-destructive and a small area of sup-
ported porous thin films is sufficient for the analysis
(few mm?).

The correct choice of an adsorptive solvent for room
temperature porosimetry is an important issue. In ad-
dition to be a volatile liquid to work easily near the
equilibrium pressure (P = P,), non polar solvents
without permanent dipole moment are preferred and
a good affinity with the porous matrix is also required
(see interfacial tension at room temperature, Table 2).
Furthermore, a solvent with a refractive index far from
that of the material skeleton is preferred to evidence
the evolution as a function of the vapour pressure and
minimize errors during calculation.

Table 3. Calculated Vp and ng from ellipsometric measurements.
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Additional nitrogen adsoption-desorption analyses
are carried out using a Micromeritics ASAP 2010
Chemisorption Analyser based on conventional vol-
umetric nitrogen adsorption-desorption measurements
at 77.3 K (determination of the adsorbed volume of
nitrogen Vy, as a function of P/Pp). A special cell,
sized large enough to measure porosity in thin films
deposited on thin slides, has been used in the study
[14]. In that case the apparatus needs an area above
100 cm? of supported porous thin film for a good mea-
surement analysis. In order to directly compare the pore
size distributions and the mean pore size determined by
EP and by nitrogen adsorption-desorption, the curve
dVy,/drp = f(rp) has been drawn.

4. Results and Discussion

4.1. Estimation of Pore Volume and the Skeleton
Refractive Index

The thickness of the various layers, measured at atmo-
spheric pressure under air, are reported in Table 1. No
significant swelling of the layers occurs whatever the
used solvent.

Ellipsometry measurements were carried out under
air and under the four penetrating pure solvents pre-
sented in Table 2. Table 3 shows the pore volume, Vp,
and the skeleton refractive index, ng, after resolving
linear (Lin’) and Lorentz-Lorenz (LL') systems (Equa-
tions 1 and 2) applied to four couples of solvents.

In the case of Nanoglass C, the calculated values
ng are all close to that of pure dense silica, 1.46, as
expected for a sol-gel silica layers with a dense and

Honeywell nanoglass C Shipley zirkon JSR LKD5109 Hitachi RZ25-15 Hitachi 6210X
Adsorbates Vp (%) ng Vp (%) ns Vp (%) ng Vp (%) ns Vp (%) ng
Air LD 58 1.460 - - - - - - - -
water Lin’ 68 1.489 - - - - - - - -
Air LD 58 1.467 19 1.392 47 1.486 8 1.393 43 1.445
ethanol Lin’ 68 1.492 24 1.394 58 1.511 11 1.394 53 1.459
Air LD 59 1.477 20 1.399 46 1.469 9 1.397 42 1.439
heptane Lin’ 69 1.499 25 1.400 55 1.484 12 1.397 51 1.447
Ethanol L 71 1.514 39 1.402 21 1.444 23 1.399 32 1.432
heptane Lin’ 75 1.525 40 1.403 23 1.444 24 1.399 34 1.432
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amorphous silica network. Moreover, the calculated
pore volume Vp is in the range [51-75%] which is
consistent with the total porosity measured by nitrogen
adsorption-desorption, equal to 69%, and the porosity
calculated from X-ray low angle reflectometry mea-
surements, 67%.

For the other tested samples, Vp and ng values can
significantly vary with the used solvent couples. It is
particularly the case with the Hitachi RZ25: the cal-
culated pore volumes are ranging from 8% to 24%
(Table 3). For these hybrid organic-inorganic layers,
the assumption of the unchanging nature of the skele-
ton is probably wrong due to a high affinity of the ma-
terial for some of the used solvents inducing solubi-
lization and diffusion of the solvent molecules inside
the skeleton. Moreover the calculation method induces
that the refractive indices of the two adsorbates and
that of the material skeleton should not be too close
together, in order to minimize any mathematical error.
The best accuracy for the pore volume is given with
air/ethanol and air/heptane couples. This is the reason
why ethanol/heptane is not a judicious couple for cal-
culation: the pore volume is far from that calculated
with the other couples (Table 3). A third reason that
could contribute to the difference in calculated Vp and
ng is that the adsorbates used for the analyses have dif-
ferent dipolar moments and their structure in adsorbed
state on the pores walls can vary with the fractional
filling.

4.2.  Adsorption-Desorption Isotherms and Pore Size
Distribution

Figure 2 shows examples of ethanol adsorption-
desorption isotherms (at room temperature) obtained
for Nanoglass C, Nanoglass E and JSR LKD5109 thin
films, respectively. Figure 3 compares the water and
nitrogen isotherms for Nanoglass C.

Typical adsorption isotherms for mesoporous mate-
rial (mean pore size from 2 to 50 nm) in accordance
with the IUPAC classification [8], are obtained for the
6 tested ULK materials.

Nanoglass C, which is hydrophilic, is a IV-type
porous material (IUPAC classification) according to
both ethanol (Fig. 2(a) and water (Fig. 3(a) isotherms.

Figure 4 presents Nanoglass C pore size distributions
extracted from desorption branches of the nitrogen, wa-
ter and ethanol isotherms. Average pore radii close to
each other are estimated for water, 7/p = 7.1 nm and
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Figure 2.  Ellipsometric ethanol adsorption-desorption isotherm at
room temperature for: (a) Honeywell Nanoglass C; (b) Nanoglass E;
(c) JSR LKD5109.

ethanol, 7p = 8.0 nm. A lower average pore radius is
measured using nitrogen: 7p = 4.3 nm.

It must be noted that a previous work on a meso-
porous silica layer with a comparable porosity ev-
idenced that no significant shrinkage of the layers
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Figure 3. (a) Ellipsometric water adsorption-desorption isotherm
at room temperature for Nanoglass C. (b) Nitrogen adsorption-
desorption isotherm at 77.3 K for Nanoglass C.

occurs during the cooling of the sample at 77.3 K and
during the nitrogen condensation in the mesoporosity
[15].

Nitrogen chemisorption analyses were performed
by a commercial apparatus with high temperature
and pressure accuracies and stabilities and with
automatic leakage-test procedures. In ellipsometric
measurements, isotherms have been obtained by a pro-
totype device with less care regarding the tempera-
ture and pressure accuracy and after checking sample
cell sealing. Figure 5 represents the effect of a de-
viation of pressure on the estimation of the pore ra-
dius, derivating the Kelvin law. The figure shows that
a small variation at high P/Py, = 0.8, correspond-
ing to the pore drainage during desorption, induces a
large change in the pore radius. For Nanoglass C, with
open porosity filled at such relative pressure, a devi-
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Figure 4. Pore size distributions of Nanoglass C extracted from
desorption isotherms of nitrogen at 77.3 K, water and ethanol at
room temperature.
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Figure 5. Pore radius deviation versus relative pressure for a devi-
ation of P /Py equal to +5%.

ation of 3 nm is induced by a deviation of £5% on
the relative pressure, which corresponds to less than
5 mbar of the absolute pressure of ethanol. This de-
viation explains the difference between the mean pore
sizes (Fig. 4), measured by nitrogen volumetric ad-
sorption and water/ethanol ellipsometric porosimetry
(EP).

Out from these conditions, when open porosity is
filled and drained at lower relative pressure (P /Py ~
0.5), i.e. for samples that have smaller average pore
radii, our results of average pore size have much bet-
ter accuracy. The error due to a deviation of £5% in
P/ Pyis below 0.2 nm. Excepted Nanoglass C, the other
studied samples which are hydrophobic, are able to
be analyzed by this EP technique whereas nitrogen
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Figure 6. Pore size distributions extracted from ethanol desorption
isotherms for JSR LKD5109, Hitachi 6210X, Shipley Zirkon and
Honeywell Nanoglass E.

adsoption-desorption analyses have never been re-
ported before.

Nanoglass E, JSR LKD5109 and Hitachi 6210X
are V-type materials. The isotherms are character-
ized by a convex evolution of their refractive index
as a function of the relative pressure P/Py, which
means that attractive interactions with the solvent are
weak.

Isotherms without any hysteresis loop are due to
very small mesopore diameters. In the case of ni-
trogen adsorption-desorption, it has been shown that
no hysteresis loop is observed for pores radii below
1.8-1.9 nm [16]. The average pore radius extracted
from the ethanol adsorption-desorption isotherm of
Nanoglass E is 7p = 1.8 nm, the smallest one. The
PSD extracted from ethanol desorption isotherms are
represented in Fig. 6. Corresponding average pore radii
are summarized in Table 4. Our results concerning the
PSD of Shipley Zirkon is in very good agreement with
to mean pore radius announced by Shipley company:
1.9 nm [17].

According to average pore sizes data, no clear in-
fluence of the dielectric deposition process (porogen
versus polymer technology) is underlined here. How-

Table 4. Average pore radii measured from the PSD curves.

Honeywell Honeywell JSR Hitachi Shipley
Fp(nm) nanoglass E nanoglass C LKD5109 6210X Zirkon

Desorption 1.8 8.0 4.0 3.0 2.0

ever, one can distinguish the pore size distributions
for Shipley Zirkon and Hitachi 6210X isotherms from
that of JSR LKD5109. Indeed, the porogen approach
seems to induce PSD with a narrow distribution while
template or polymer technology provides a broader
one.

5. Conclusion

Ellipsometric porosity appears to be a powerful non-
destructive technique that allows extracting the open
porosity and the pore size distribution of any porous
thin film. Compared to the conventional nitrogen
adsorption-desorption volumetric technique, a small
surface area is sufficient for the analysis. Its application
to ULK layers is very attractive, giving access to im-
portant information about the porosity of these layers.
For instance, the technique has a great interest in mi-
croelectronics for in line control production of wafers.

However, the EP technique has to be confirmed and
validated by additional ellipsometric measurements
completed and correlated with data provided from other
techniques like X-ray low angle reflectometry. The
choice of correct absorbates, with refractive indices far
from that of the porous material and far to each other,
less polar and without any affinity with the skeleton,
is a determinant factor to the validity of the ellipso-
metric porosity. Moreover, stability and accuracy of
temperature and pressure during the refractive index
measurement are required for a precise determination
of the pore size distribution.
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Abstract

Deposited thin silicon-based films used for electronic devices as insulators in interconnections should have low and
ultra low permittivity (ULK) to be acceptable to the future integration requirements, especially for the advanced tech-
nology (45 nm and below). Diffusion dielectric barrier should have also low permittivity to limit the increase of the effec-
tive global constant and should be also acceptable for etch selectivity. After an explanation of the different factors that
can increase the dielectric permittivity as a function of the working frequency and the chemical bonds and atoms pres-
ent in silicon-based materials, examples of plasma-polymerised materials a-SiOC:H obtained by plasma enhanced
chemical vapour deposition are presented, starting with different single precursor vapours and mixed vapours.

A way to get a low dielectric constant is to decrease the weight density of the bulk material, keeping the same mate-
rial family, by choosing complex precursors. Voids inside the bulk material could be obtained with macropores or larger
(air gap), mesopores (xerogels, SOD) or micropores up to free volume. In that case, cyclic chain precursors and/or a
porogen approach can be selected in agreement with plasma experimental conditions to synthesise low density
plasma-polymers with intrinsic free volume or with microporosity revealed by a post treatment.
© 2005 Elsevier B.V. All rights reserved.

Keywords: ULK materials; PECVD; Silicon-based precursors; Porogens

1. Introduction

While copper is now used in integrated circuits,
the choice of good candidates for interlayer dielec-
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atyesponding author. e ax tric (ILD) materials with a low dielectric constant
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cross-talk between two metallic lines. Mainly due
to the copper integration (damascene technology,
strong copper migration, etc.), the insulator is
composed of multilayers: barriers against copper
diffusion, selective barriers for etching and main
dielectric insulator. To reduce the total dielectric
constant both the main dielectric and the selective
barrier materials should be studied.

Two main technological routes are used today
to deposit diclectric materials: spin-on or plasma
enhanced chemical vapour deposition (PECVD).
The spin-on technique (or spin-coating, SOD) con-
sists of the deposition of a solution by centrifuga-
tion followed by steps of baking and thermal
treatments in order to eliminate solvents and con-
solidate the layer by crosslinking. The plasma en-
hanced chemical vapour deposition (PECVD)
respects the maximal temperature requirement of
400 °C during the full process, whereas conven-
tional CVD requests thermal decomposition of
the precursors over 400 °C.

This article deals only with materials synthesised
from precursors used with the PECVD technique.

2. History on low-k materials

Historical dielectric is silica SiO, synthesised
from tetraethoxysilane (TEOS) largely diluted in
oxygen. First generation of low-k material — fluoro-
silicate glass a-SiO,F, (FSG) — is limited by its
dielectric constant around 3.6 due to its lack of
chemical stability during humid steps (polishing,
cleaning) when increasing the amount of fluorine
to decrease the dielectric constant. Then, organos-
ilicate glasses (OSG) synthesised by spin coating or
PECVD [1] have Si-O network partially linked to
methyl groups and have a low-k of 2.7-3.0, close
to that of silsesquioxanes-based layers. Recent
OFSG materials (combining FSG and OSG) made
by PECVD [2] exhibit £ around between 2.8 and
3.0 without the drawback of the FSG films. Xero-
gel or aerogel [3] films issued from spin coating of
TEOS are known to have a low-k due to their
important nanoporosity, but their important
roughness is often a drawback for integration.
Gas cavities (“‘air gap”’) are potentially interesting
but their integration in IC implies a substantial in-

crease of steps during process. Carbon polymers
have a low dielectric constant but their important
thermal expansion coefficient, their low thermal
conductivity and their lack of adhesion are the
main drawbacks. Amorphous carbons, hydroge-
nated or fluorinated [4], obtained by PECVD suf-
fer from low thermal stability and mechanical
properties. Current precursors allow to deposit
by PECVD amorphous SiOC,H films with low
densities. They are mainly alkylsilane (especially
trimethylsilane, 3MS) mixed with oxygen [5] or
alkylsiloxanes (linear or cyclic [6,7], Fig. 4). Fur-
ther treatments are generally needed to stabilise
them (thermal, plasma, etc.). Dielectric constants
close to 2.9 can be achieved. To further decrease
the dielectric constant, new plasma-copolymers
are studied. Two precursors (or more [8]) are
simultaneously deposited by PECVD followed by
a treatment that remove partially or totally one
of the sub-network to create nanoporosity. The
last techniques will be introduced below.

3. Requests for ULSI circuits

Among the numerous requirements of the
ITRS2004, the bulk dielectric constant should be
less than 2.7 up to 2006 and below 2.4 for the three
following years, in order to get an effective dielec-
tric constant below 3.6 and 3.0, respectively, after
integration of the multilayer (ILD -+ barriers).
Thus, new dielectric material should be integrated
with copper to replace current bulk dielectric
materials and etch selective barriers.

4. Origin of the dielectric permittivity

The dielectric permittivity of a material is a
function of its total polarisability «, sum of three
terms: the electronic polarisability o., the ionic
polarisability «;,, and the dipolar polarisability
ogip- Each one is a function of the working fre-
quency. Fig. 1 represents the evolution of the total
polarisability as a function of the frequency. Eq.
(1) gives the relation between the local electric field
E* and the polarisation P, with N representing the
quantities of molecules per volume. Thus, to re-
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Fig. 1. Evolution of the polarisability in a material as a function of the working frequency.

duce the dielectric constant of a material, polaris-
ability or/and N should be reduced.

P = aNE". (1)

4.1. Polarisability and chemical bonds

It is thus interesting to find atoms and chemical
bonds that have a low polarisability. Table 1 shows
that C—C and C-F have the lower electronic polar-
izability which increases drastically with double and
triple bonds or when electronegativity increases (O—
H, Si-0). Concerning the dipolar polarisability, a
trade-off exists between the volume occupied by

Table 1
Dipolar moment, polarisability, and bond energy of some
chemical bonds

Chemical Dipolar Electronic Bond energy
bond moment (D)  polarisability (A%)  (kcal mol™")
c-C 0 0.531 83

C-F 1.41 0.555 116

CcC-O 0.74 0.584 84

C-H 1.46 0.652 99

C=0 23 1.02 176

Cc=C 0 1.64 146

c=C 0 2.04 200

C=N 35 2.24 213

Si-F 4.14 128

Si-O 3.1 88

Si-H 0.12 70

O-H 1.66 0.706 102

chemical groups (-F, -CH3, —-C¢Hs) that reduces
the density and the dielectric constant even if the
dipolar moment is important.

At least, concerning the importance of polaris-
ability, two additional remarks can be done.
Hydrocarbons (fluorinated or not) look to be good
candidates for low-k materials. O—H bonds should
be avoided as their polar contribution is impor-
tant. Hydrophilic behaviour of the material will in-
crease strongly its dielectric constant due to water
adsorption.

Dielectric constant is determined by the type of
atoms and chemical bonds but also by the material
density. Incorporating light groups spaced in the
silica network will decrease the density and the
dielectric constant.

5. PECVD applied to low-k films

To select a precursor for PECVD deposition, sev-
eral considerations should be taken into account.

The vapour pressure of the precursor mainly de-
pends on its size/molecular mass. Heating the liquid
precursor from its container to the distribution elec-
trode should be necessary to increase the processing
pressure. For lower vapour pressures, a direct liquid
injection should be used. In any case, depending
on the gas flow rate and viscosity, flow modelling
studies will help to deposit a conformal layer.
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The total pressure should be high enough for rea-
sonable growth rates. Compared to a-SiO,:H films
synthesised in relatively high energetic conditions
from silicon-based precursors diluted in oxygen,
growth rates of pure precursors in soft energetic
conditions are low even if the sizes of the fragments
issued from the precursor molecule are bigger.

6. Matrix precursor design
6.1. Siloxanes

Based on characterization analyses both electri-
cal and mechanical properties are linked. Reducing
the dielectric constant is typically accompanied by
a reduced mechanical hardness.

The conclusion that appears after studying dif-
ferent organosiloxane precursors all composed of
one central silicon atom, is that the silicon atom
should be surrounded by a maximum of two oxy-
gen atoms and completed by organic groups. In
that case, two Si—O bonds per Si seem to be the
best environment [9]. More Si-O bonds increase
mechanical properties but also dielectric constant.
Only one Si—O bond per Si atom produces materi-
als with marginal mechanical properties. To form
the Si—O network, it means that an oxidant should
be introduce during the deposition process if start-
ing from a siloxane that have less than two Si—O
bonds. In that case, the oxidant will contribute
also to suppress C—H bonds and form C=0, Si-
OH or C-OH that will increase the final dielectric
constant. Thus, a low oxygen content in the
PECVD gas mixture is preferred.

In siloxane precursors, the Si atom should be
completed by one Si—C bond and by a labile Si-
H bond for the network formation, which provides
also the best overall electrical and mechanical
properties.

Knowing that the Si environment group
[O,SiHC] seems to be the best compromise to get
a low dielectric constant without strongly penalis-
ing the mechanical properties, we can discuss on
chemical precursors that contain this silicon group.

Different precursors (Fig. 4) with a single silicon
atom surrounded by two Si-O bonds, one Si-C
bond and one Si—H bond, like diethoxymethylsilane

(DEMS) or dimethoxylmethylsilane (DMOMS)
[10] are studied but previous analyses did not yet
clearly conclude on the importance of the length
of the carboxyl chain. Materials synthesised by
PECVD with these precursors exhibit acceptable
mechanical properties but dielectric constant
k>2.5.

A way to reduce the dielectric constant of a
non-porous material is to reduce its weight density
by increasing the free volume in the Si—O network.

Cyclic precursors with a [Si—O], ring (Fig. 4) that
promote intrinsic free volume inside the deposited
material network have been studied. Low fragmen-
tation is thus requested to keep the structure of the
original molecule in the film. Films synthesised from
pure hexamethylcyclotrisiloxane (HMCTriSO),
octamethylcyclotetrasiloxane (OMCTSO) and
decamethylcyclopentasiloxane (DMCPSO) have
dielectric constants in the range 2.5-3.0 [14].

6.2. Silanes

To form the Si-O network, it means that an oxi-
dant should be introduced during the deposition
process. As for siloxanes, to reduce the dielectric
constant, free volume should be increased, by add-
ing, for instance, rigid groups inside the Si-O
network.

This is the case of DPMS (diphenylmethylsi-
lane) or DMPS (dimethylphenylsilane), two pre-
cursors without oxygen (Fig. 4). Films
synthesised with these precursors contain rigid
phenyl groups — due to the stability of the Si-®
bond, which increases the free volume and de-
crease the weight density.

7. ULK porous PECVD films

Using the silicone-based precursors presented
above, a porogen approach by PECVD seems to
be an interesting means to further decrease the
dielectric constant. Plasma co-polymerisation
starting from two precursors, one to promote the
skeleton matrix and the other one, i.e. the porogen,
that will induce porosity after its elimination by a
post-treatment. In this approach, several points
are critical: the choice of a porogen compatible



V. Rouessac et al. | Microelectronic Engineering 82 (2005) 333-340

with the matrix, its volume fraction to minimise
mechanical properties decrease, the choice of the
post treatment compatible with the integration
process. For instance by thermal treatment, the
porogen should be removed below 400 °C without
any shrinkage during the treatment and the
remaining skeleton material should be stable at this
temperature to have a final ultra low dielectric con-
stant due both to the low dielectric constant of the
matrix and the presence of micropores. In such a
way, we can estimate to decrease the dielectric con-
stant to 2.2 or less from that of a dense low-k mate-
rial (2.8) with a relative porosity below 30% to
minimise the mechanical properties decrease.
Fig. 2 represents the theoretical curve with a Brugg-
eman approximation, supposing the removal of the
porogen is ideal: no modification of the matrix net-
work, no shrinkage, no carbonised residual from
the porogen.

Several PECVD solutions are currently studied
or are already proposed. The differences between
them concern the choice of the silicon-based pre-
cursor for the matrix: DEMS, TMCTSO carried
with helium [11-13] or DMCPSO [14], the choice
of the precursor as porogen: cyclic unsaturated
hydrocarbons (terpinenes, norborenes, cycloalk-
ene oxides [11,14], Fig. 4) or linear alkenes and
the choice of the post-treatment to remove the sac-
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Fig. 2. Evolution of the dielectric constant as a function of the
porosity (Bruggeman approximation).

rificial phase: thermal [12], UV, e-beam [15], super-
critical CO, [16] or plasma or a combination of
them. In addition, porous OSG could be also syn-
thesised by PECVD from a complex TMDSO-
based precursor that have a central C-C weak
bond between the matrix group and the porogen
one [17].

In any case, porogen molecule shape is formed of
one or two carbon rings, enough stable to be con-
served during plasma deposition but that should
be degraded after by volatile organic fragments,
and that produce enough porosity without increas-
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Fig. 3. (a) 4000-600 cm™! FTIR spectra of A: as-deposited plasma copolymer containing OMCPSO and porogen subnetworks, B/C:
after curing at 370/390 °C under nitrogen. (b) C-H stretching region showing the two single component plasma-polymers and the dual

one as-synthesised and cured (380 °C).
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ing drastically the dielectric constant of the matrix.
By a thermal treatment in an inert ambience at
400 °C, Grill et al. obtains k as small as 2.05 with
a material synthesised in a 50:50 TMCTSO/poro-
gen flow. Infrared study allows concluding on the
bonding of the porogen by the Si—H initial bonds
of the TMCTSO and on the formation of Si-O-Si
cages in the matrix network when porogen is elim-
inated. After the treatment, materials are generally
mesoporous especially in the range 2-10 nm but
microporosity is preferred for a better surface
roughness [8,18].

Fig. 3 shows FTIR spectra of an as-deposited
and thermally cured plasma copolymer (390 °C/
N,) starting with DMCPSO and an unsaturated
hydrocarbon, compared with spectra of films syn-
thesised with single precursors. Calculating the ra-
tio of porogen in films from the FTIR spectra is
highly recommended rather than from flow rates,
due to thermal heterogeneity and different stacking
coefficients of formed radicals in plasma. The
remaining skeleton that still contains [Si—O] rings
(~1080 cm™ ") has been weakly affected by curing,
whereas the signature of the initial porogen mole-
cule has been strongly reduced.

Treated plasma copolymers of DMCPSO and
cyclohexene oxide exhibit dielectric constants in
the range 2.2-2.4 [14].

8. Dielectric barriers

Current barriers (etch-selective, hard mask or
copper diffusion) are a-SiC.:H (3MS + He) and
a-SiC,N,:H (3MS + NH; + He) thin layers with
dielectric constant of 4.2 and 4.6, respectively, val-
ues that are too high for future integrations even if
their thickness is small (few nm). Thus, low-k mate-
rials barriers should replace them. DPMS has also
been studied but without any oxygen dilution [19].
The incorporation of light and volumic phenyl
groups contributes to decrease the density of the
material (from 1.4 to 1.1) and, therefore, decrease
the dielectric constant. Moreover, C/Si ratio is
higher than that of current a-SiC:H synthesised
from trimethylsilane which leads to a higher etch
selectivity. Dielectric constant of a-DPMS:H thin
layers is typically 3.2 with a thermal stability up

to 425 °C. This value is sufficiently low compared
to that of presently used barriers to be integrated.
This ppDMPS answers to the requests concerning
the leak current, the breakdown voltage and tests
to resin removal and etch selectivity are conclusive
for integration [6].

9. Conclusion

To decrease the dielectric constant from that of
low-k dense PECVD materials (k > 2.5), the intro-
ducing of nanoporosity in the matrix seems to be
necessary. For integration in IC, these new materi-
als have to pass mechanical, etching, stacking test
and chemical aging with copper. They are cur-
rently studied (see Fig. 4). Fully modelling the
ideal amorphous network, taking into account
polarisabilities of atoms and groups, mechanical
strength of chemical bounds, density, etc., will help
to conclude on the best ULK material.
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Abstract

Films synthesized by plasma enhanced chemical vapor deposition from a mixture of octamethyltrisiloxane and hexamethylcyclotrisiloxane
have been studied regarding to their preparation, deposition, chemical composition and membrane properties according to hydrocarbon vapor
selectivities of solubility.

Composition of the plasma glow discharge in neutral species has been studied by mass spectrometry whereas structural information of
the deposited membranes has been extracted from Fourier transform infra-red (FTIR) spectroscopy. In the deposition conditions presented
here leading to plasma-polymerized films, heavy radicals mostly contribute to their growth and their chemical composition. Depending on
the precursors ratio in the plasma, i.e. linear and cyclic clusters ratio in the deposited material, solubility of selectivity against nitrogen of the
deposited material varies from 50 up to 150 for hexane vapor.
© 2003 Elsevier B.V. All rights reserved.

Keywords:PECVD; Mass spectrometry; FTIR; Organosiloxanes; Gas sorption

1. Introduction film thickness is much larger than the average pore size of
the support, i.e. the film is continuous and the effects of the
Plasma enhanced chemical vapor deposition of organosil-support on the membrane properties can be neglected here.
icon compounds is widely used in microelectronics in-  Changing the fragmentation of the precursor molecules in-
dustry [1] and now for packaging and membraffj in duced by the plasma discharge changes the organic/inorganic
order to generate dielectric/protective barriers against the behavior of the deposited material. When the fragmentation
electric field or the gas permeability, respectively. Glow ofthe precursor is low, the radicals which structures are close
discharges of tetraethoxysilane (TEOS) or hexamethyldis- to that of the precursor, deposit and give an organic-like
iloxane (HMDSO) vapors diluted with oxygen are generally material, due to residual methyl groups. On the other hand,
used as precursors to deposit thin films of hydrogenatedwhen the fragmentation is strong, small radicals deposit to-
silica a-SiQ:H, with a strong inorganic behavior, for low gether forming a silica-like material. In both case, the life-
dielectric permittivity (“lowk") material or membrane that time and mean free path of the radicals are sufficient to stick
acts as a barrier to oxygen diffusif8j. Using such “plasma  to the support after their fragmentation in the plasma vol-
material” as membrand-9], the interests are multiple, due ume and the composition of the plasma is correlated to the
to their ability to be deposited as a very thin layer (several composition of the deposited film.
hundreds of nanometers or less), which is good to increase Plasma-polymerized (PP) disc membranes synthesized
their permeability, their high thermal and chemical stabil- on mesoporous cellulose acetate from a plasma discharge
ities due to their cross-linked structure, their sorption and (13.56 MHz) of pure hexamethyldisiloxane exhibit high
permeability properties which are highly dependent to their permeabilities but low separation factors on simple gases
synthesis conditions. Adhesion of the plasma depositedlike Hz, He, N, CO, [5] but seem to be much more
layer is generally good on every macroporous support. Theinteresting for volatile organic compounds (VOC) sep-
aration [6] with a gas selectivitya-(n-C4H10/N2) up to
mspondmg author. Tels 33-4-67-14-91-45; 14 [6,7].. .Moreover, PP membranes star'tirjg from longer
fax: +33-4-67-14-91-10. organosilicon monomers like octamethyltrisiloxane (MDM)
E-mail addressvincent.rouessac@iemm.univ-montp2.fr (V. Rouessac). Of decamethyltetrasiloxane (MDDM) or cyclic chains
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doi:10.1016/j.memsci.2003.09.025
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like hexamethylcyclotrisiloxane (D3) have been compared
[8,9] and it has been shown that selectivities of such
PP-organosiloxanes are higher than that of PP-HMDSO
and much higher than that of the closest classical polymer,
polydimethylsiloxane (PDMS). Variations of selectivity ey
are explained by variations of the flexibility of the chains

due to the chemical bonds ratio [Si—C]/[Si—O] but can

also be explained by the average number of oxygen atoms

Precursor gas/vapor mixture

v

Isolated electrode
Pressure

gauge f
. Hiden E QP300 ::)—— | , Pressure

gauge

surrounding every silicon atonj$0] and the cross linking. ™ ptmp +
Our idea is to induce a low fragmentation in the plasma primary pump T L - orimary pump
to keep the initial structure given by the molecule of the pre- oo vave C* TM PUMP)

cursor and to “stack” such radicals to create the thin film.
No dilution of the starting condensable precursor vapor and
a low electric density per molecule of gas in the glow dis- Fig. 1. Deposition reactor and mass spectrometer setup.
charge should both be applied to get an organic-like material.
Starting with the results given for membrane selectivity through aline heated at 9C, without any carrier or reactive
of the PP-HMDSO filmg11], and convinced that gas/vapor gas. The plasma discharge is sustained between two inox
diffusion and selectivity are driven by the architecture of the disc electrodes, 100 cm in diameter, by a 40 kHz power sup-
material, we have generated a composite material startingply (Alsatherm) and the precursor vapor is introduced in the
from a mixture of two organosiloxane precursors contain- electrode gap, 2cm. The precursor flow can be varied with
ing three silicon atoms, one linear, the octamethyltrisilox- a micrometric needle valve to get a pressure between 5 and
ane (OMTSO or MDM) and one cyclic, the hexamethyl- 60ubar. Then, the operating pressure is automatically regu-
cyclotrisiloxane (HMCTSO or D3). We studied both the lated by a butterfly valve between the reactor and the pump,
plasma compositions and the corresponding deposited films.driven by the pressure gauge (Tylan MDC). The substrate,
The fragmentation of Si—-O—C—H precursors in a glow dis- silicon wafer for FTIR transmission analysis or piezoelectric
charge under different conditions, analyzed by mass spec-quartz for gas sorption, is set on the bottom electrode.
trometry has been briefly studied elsewhere. Former stud- A mass spectrometer (MS, Hiden EQP300, range
ies deal with the fragmentation of a HMDSO vapor in a 1-300amu, ionization energy 1-70eV) is attached to this
RF (13.56 MHz) helicon plasm§l?], with a plasma of reactor Fig. 1). Its probe, pointing the electrodes gaps, i.e.
HMDSO/QO, mixture [13], with a plasma of the mixture in the plasma area, can extracts species through qui00
TEOS/Q plasma[14], and with a plasma of octamethylcy- orifice by a differential pumping to maintain the pressure
clotetrasiloxane [(CH)2SiO]s vapor[15] at low frequency in the SM below 10%mbar. Neutral species are ionized
(40kHz). to be detected. A ionization energy of 25eV is selected to
In the present study, we analyzed the fragmentation of slightly fragmentize species in the MS in order to study the
the two precursors MDM and D3 in a plasma discharge at effect of the plasma discharge. To keep a low pressure in the
low frequency (40 kHz) by mass spectrometry. Both stand MS, the maximal total pressure in the reactor is regulated
alone precursors and mixtures of them in the ratios MDM:D3 to 100wbar by the butterfly valve, independently of the
1:2 and 2:1 were analyzed. The idea was to form complex precursor flow.Fig. 1 presents the full deposition system
composite membrane structures containing both chains andand Table 1summarized the experimental conditions used
cyclesissued from the simultaneous deposition of MDM and for the membranes deposition.
D3 radicals and to see the influence of the composition ofthe In soft deposition conditions (S), the delivered signal is
gas phase and membrane materials on the gases selectivitiesnodulated at 100 Hz. Every 10 ms, during the first 0.6 ms
Then, the corresponding deposited films were analyzed inthe 40 kHz signal is applied, followed by 9.4 ms without any
FTIR to get structural information and their sorption prop- signal. The average power is 5W. In such conditions, the
erties were examined with simple gases and hydrocarbonssubstrate keeps the room temperature during the plasma on.
vapors. In hard deposition conditions (H), the signal is not modu-
lated: a sustained 40 kHz signal is delivered to the electrodes
with the power of 40 W and the substrate temperature in-
2. Experimental details creases to 200C approximately. Thus, a sufficient time is
spent in order for the temperature to come back at room one,
PECVD reactor is vacuumed with a primary pump (Ley- before braking the vacuum.
bold Trivac D40B). A turbomolecular pump (Leybold Tur- After the deposition, the deposits were analyzed with ex
bovac 50) is engaged to desorb species for several hours anditu techniques.
switched off before any deposition. Commercial precursors  For transmission infra-red spectroscopy from 4000 to
MDM and D3 (Sigma—Aldrich) are used without any purifi- 400 cnT® (Nicolet Impact 400D spectrometer), doped sili-
cation, heated at 7@C and evaporated towards the reactor con single crystal wafers p-Si(1 00) were used as substrate.

Isolated electrode
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Table 1
Operating conditions: soft conditions correspond to a high precursor flow and a low electric power whereas hard conditions correspond to a low precursor
flow and a high electric power

Starting vapor precursor MDM D3 Mixture MDM/D3
Soft conditions: S MDM(S) D3(S) MDM-D3(S)
Flow (mol min1) 42 x 10 3.6 x 10 (3.6-4.2)x 104
Initial pressure (mbar) 0.060 0.060
Regulated pressure (mbar) 0.100/0.600 0.100/0.600
Modulated power (W) 5 5
Hard conditions: H MDM(H) or D3(H) -
Flow (molmin1) 5x 1076 -
Initial pressure (mbar) 0.005 -
Regulated pressure (mbar) 0.100 -
Sustained power (W) 40 -

For gas absorption and desorption measurements, arable 2

quartz crystal microbalance (QCI\/I) has been used. The List of chemical species detected by mass spectrometry in a gas/plasma

PP-organosiloxane membrane was deposited on a AT-cut

of MDM and their supposed semi developed chemical formula

gold covered quartz (diameter 14 mm, thickness 0.3 mm) Mg

Chemical specie

and any variation of the piezoelectric resonant frequency 5

H
(6 MHz) was followed by the QCM as a function of the 15 czw
type and pressure of gas or vapor (commercial gases Aga 16 Chy
99.95% N, CO,, CHy, CoHg, C3Hs, n-Cy4H1o, i-C4H10 and 18 HpO (residual vacuum)
vapors of GH14, Sigma—Aldrich) that can be solubilized in ;S gzﬂj
the plasma-polymerized material. During the acquirement, 3q GHe
the quartz is thermally stabilized by a water circulation that 45 Hz(CHg)Si*
can be fixed between 25 and 4D which is the temperature 59 H(CHg)2Si*
range for linear response of the QCM. Pressure is increased 73 (CHg)sSI®

step by step up to 2bar for every gas or less for hexane133
vapor (0.2 bar). 147

(CHg)2HSi—CH=CH®
(CHs)2HSI-O-Si(CH),*
(CH;)3Si-O-Si(Ch)2*

175 (CH)2HSi—O-Si(CH),—~O—CH-CH*
) ) or (CHg)3Si—O-Si(CH)2—CH,CH,®
3. Results and discussion 189 (CH)3Si—O—Si(CH),—O—CH-CH®
191 (Chg)3Si—O-Si(Chy),—O—CHCH,* or
3.1. Mass spectrometry of the plasma discharges (CH3)2HSi-O-Si(CH)—Si(CHg)2*
205 (Chb)3Si—O-Si(CH)2—Si(CHs),°

Tables 2 and 8ist the massesif/q) of the neutral species ggz
detected after fragmentation of MDM and D3 respectively,

(CH)2HSI-0-Si(CH)>-0-Si(CH).*
(CH)3Si-O-Si(Ch)2-0-Si(Ch)2*

both due to the ionization in the MS and due to the plasma

discharge. When the plasma discharge switches on, no new In any case, MDM and D3, a high precursor flow and a
specie is observed. Only intensities of the different radi- weak electric power (i.e. soft conditions, symbol (“S”), lead
cals change from plasma off to plasma on and when elec-to the presence of heavy masses. When the flow is decreased,
tric power is increased. The corresponding semi developedkeeping constant the autoregulated pressure (ba@), the

chemical formula are also specified in the tables. Whereas

the formula for any light mass cannot be criticized, we give a 120€ 3 _ _
List of species detected by mass spectrometry in a gas/plasma of D3 in

soft conditions and their supposed semi developed chemical formula

supposed equivalent formula for heavier species, taking into
account the architecture of the starting molecule, the nature

of the light fragments enabled to be grafted and the chem-"4d

Chemical specie

ical valence of any atom. We also supposed that observed 2 Ha
stable radicals are preferentially single radicals. 15 CHs*
The species whose masses are 1, 2, 15, 16, 18, 26, 28,16 CH,
. " . CoH>
30 are present in any conditions. They mainly correspond to ¢ CoHa
light radicals and recombinations of light species issued from 3q CoHs
the fragmentation of the precursor molecules, i.e. hydrogen, 73 (CHs)3Si*

dihydrogen, methyl group, methane, acetylene, ethylene andl93
ethane, respectively. The highest change in intensity is that2%7

. 222
of recombined ethylene.

Cyclic [SiO]3(CHsz)aH*®
D3 minus one Ch*
D3
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Fig. 2. Mass histogram of MDM vapor : (a) without plasma, (b) with plasma in soft conditions and (c) in hard conditions.

residence time of any specie increases. Moreover, if the from 221 amu and is favored by the plasma. 147 amu is the
electric power increases, the number of collisions by elec- signature of the radical coming from the fragmentation of
tron impact increases. Both effects contribute to increase thea Si—O bond. That radical is also observed in a plasma of
fragmentation of the starting molecule and recombinations hexamethyldisiloxane (M215].
of light fragments in gas phase. In such conditions, intensity Heavy radicals from 85 to 295 amu (300 amu is the SM
of heavy masses decreases whereas intensity of light massespper limit) are based on aCH3),Si,O, (y =[1, ... , 4],
increases. z=1[0,..., 3]) linear chain on which is grafted an ethylene,
Fig. 2shows the case of a vapor of MDM studied by MS, ethyl group or Si(CH), group. That can be explained by
without any plasma, in soft conditions (S) plasma and in the fact that ethyleneF{g. 3) and Si(CH)3 (Fig. 2) are

hard conditions (H) plasma. abundant, due to the fragmentation in the plasma discharge
MDM(H) plasma contains only light species and is the and in the ionization chamber, respectively.

typical plasma that leads to amorphous silica a;S{(x < Fig. 4 evidences the oligomerization of heavy radicals in

2). a glow discharge of MDM. The list of the main detected

In MDM(S) plasma, the most abundant specie corre- radicals and their supposed semi developed chemical for-
sponds to the precursor molecule that has lost a methylmula is given inTable 4 Five groups of species centered on
group. Massm/q = 221amu is such radical for MDM. m/q = 235, 249, 265, 281, 295amu correspond to differ-
m/q = 73amu, corresponding to the radical (§k5i°, ent numbers of Si, O, CHor CHz forming the full radical.
is also very abundant in the MS histogram of MDM. The m/q = 281 andm/q = 295 amu are chains containing four
fragmentation of MDM mainly occurs in the MS ionization
chamber due to electronic impact and by pyrolysis due to
the high temperature of the ionizating filament. A slight Table4 _
increase of the intensity O’h/q — 73amu occurs when List of species detec_ted by_ma_ss spectrome_trylnthe range _(230—300amu)

. . . . . corresponding to oligomerization of MDM in a soft conditions plasma
plasma is switched on, in MDM(S), as it can be seen in gischarge
Fig. 3which is the arithmetic difference of intensities of the
MS histograms without plasma subtracted to that obtained d

Chemical specie

in soft conditions plasma. The figure shows that the plasma235 (CH)3Si-O-Si(CH)>-0-Si(CH)2CH,*
discharge induces the fragmentation of the precursor (nega-?4° ((g;bizg'is'(‘)Ogi'c(&?)zaogi'c(%ﬁh&gz‘gﬁcH' or
. " 3)321—U— 2—YU— 2= 2
tive value at 221 amu and positive at 207, 147 and 73amu) .. (CHy)3Si—O—Si(CH)>—O—-Si(CHy),-O—CHCH,® o
and also light masses recombinations at 2, 15, (15) 16, 18, (CHz)2HSi—O—-Si(CH)—O—Si(CHy)2—Si(CHs)2*
26-30.m/q = 45 and 59 amu are radicals like 73amu but 267 ?27?
with the substitution of one methyl group by one hydro- 279 (CH)3Si-O-Si(CH)2-0-Si(CH)2-0-Si(CH)>-Si(Chs)2*
gen atom, i.e. K(CHz)Si® and H(CH),Si®, respectively. 281 (CH)2HSI-O-Si(CH)2-0O-Si(CH).~O-Si(Ch)2*
295 (CH)3Si—O—Si(CH)2—0O—-Si(CH),—O-Si(CHp),°

m/q = 207 amu is also the product of the same substitution




V. Rouessac et al./Journal of Membrane Science 230 (2004) 49-59 53

1 28
5x10° -

4x10* 4
3x10” A

2x10* 4 73
2] 18
1x10 ' ]] l 147
0 3 bt L
20 40 60

T T T aasy T T T IL T [
1 80 100 120 140 160 180 200 2
-1x10°"1 m/q (amu)

-2x10" 1

207

-3x10"

Difference of raw intensities (au)

-4x10* 1

-5x10° -

-6x10° 221

Fig. 3. Subtraction of mass histogram without plasma MDM from mass histogram of MDM(S) to see the plasma effect.

silicon atoms, also observed in a plasma of decamethylte-147, 207, 265, 281 and 295 amu increase when the glow dis-

trasiloxane (MDDM) vapof15]. charge is switched on. These radicals are chains containing
Whereas most of the heavy radicals formations occur in two, three and four silicon atoms, respectively.

the SM, as they can be both detected with and without any Concerning the cyclic D3 precursor, its SM histograms

plasma, radicals containing the chain end —I18i® group (Fig. 59, obtained in the same conditions than that of MDM

are a signature of the plasma: the intensities of the radicals(seeTable J), contains less radicalgble 3. The difference

[ MDM (plasma off) 281
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| 235
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2
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Fig. 4. Mass histogram showing a weak oligomerization in the plasma phase of MDM(S) compared to that of gas phase of MDM (without plasma).
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Fig. 7. Transmission infra-red analyses of deposited films from 4000 to 400 ¢a) and a zoom of the principal band from 1300 to 720¢rtb).

between the SM histogram of D3 in soft conditions plasma regulated pressure has a weak effect on the material struc-
subtracted to that of D3 vapor is presentedrig. 5h Rad- ture. Anyway as the fragmentation tends to be less than that
icals and molecules at /g = 2, 15, 16, 26-30, 73amu are at 100ubar, the deposited material is still considered in soft
detected and their intensities are weblg( 53 compared to conditions.
that of m/g = 207 amu, showing that the fragmentation is  With the same experimental procedure, growth rate of the
very slight, thus keeping most of the monomer cycles. Here, membrane depends on the substrate. The final thickness is
m/q = 207 amu corresponds to the monomer molecule that 1.1-1.2um on gold covered quartz and on polymer filter
has lost one methyl group. whereas it is 2.1um on silicon wafer. The difference is due
Mixing together MDM and D3 precursor vapors reveals to the roughness of the substrate but also to its electrical
that mass histograms are nearly a direct linear combinationconductivity that can locally changes the glow discharge.
in the same ratio than the partial pressure ratio of the pre- The as-deposited materials are dense (no porosity) regarding
cursors 1:2 and 2:1. Detected species are the same in numto nitrogen adsorption—desorption analysis and exhibits low
ber and in mass. That means no new reaction between thalensities, measured by low angle X-ray reflectometry, in the
vapors occur in the gas and in the plasma discharge in thisrange [1.15,..,1.30], which depicts a high hydrogen content
range of pressure (0—0.100 mbaf)g. 6 shows the evolu-  and free volume.
tion of the intensities of the masses 16, 28, 207 and 221 amu Fig. 7 presents the FTIR analysis data, represented in ab-
as a function of the MDM:D3 ratio. By the linear evolution sorbance, of 4 films deposited in soft conditiofialfle 1),
of the plasma composition regarding to the radicals 207 andstarting from pure MDM, mixtures MDM:D3 2:1, 1:2 and
221, the deposited membranes can be predicted as compogpure D3 vapors. They present a large organic behavior, re-
ite materials containing both linear chains and cycles in the vealed by the strong presence of C—H bonds in the range

same ratio as the partial pressures of MDM and D3. 2900-3000 cm! and Si—(CH), group at 1260cm! and
in the range 750-950 cm. FTIR data reveal also a small
3.2. Study of the deposited films amount of Si-H bonds at 2160 crh and CH(8) contri-

butions in SICHCH_, Si(CH;),Si and SiCHSi groups at
In the deposition conditions, where the pressure is regu- ~1360cnt?, which could be attributed to radical groups
lated to 60Qubar, the plasma is sustained during 7 min to previously observed in the plasma gas phase by mass spec-
obtain membranes which thickness is enough for any anal-trometry (see above).
ysis. A higher pressure has been selected to get a higher de- According to previous work415,16] the main peak
position rate of the membrane material, supposing that thein the range 950-1200cmh has been fitted Fig. 8)
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Fig. 8. Fit of the FTIR spectra of D3(S) in the ranges 700-950 and 900-120brreight Gauss—Lorentz curves.

using two Gauss—Lorentz curves centered on 183)(  of [SiO]s when D3 increases, shows that the contribution
and 108045)cm! corresponding to Si—-O-Si stretching of MDM to participate to the amount of small cycles is
both in linear chains and in [SiQ](r > 3) large cycles, important. The FTIR study confirms that the films are
and Si—-O-Si stretching in small cyclic [Si®]groups, composed of a combination of plasma-polymerized blocks
respectively.Fig. 8 also shows the fit of the FTIR spec- issued from the simultaneous fragmentation of MDM and
trum in the range 725-925crth including the peaks at D3 precursor molecules but the ratios of the MDM and D3
~840 and~800cnT?, corresponding to chain termina- chosen in the gas phase is not kept in the corresponding
tions —Si[CH]3 and chains —Si[CE],— respectively (both  film.

Si—CHs rocking). Fig. 9 represents, the evolution ra-

tios of terminations (840cm') and small cycles [SiQ] 3.3. Study of the sorption properties

(1080 cntl), from pure MDM to pure D3. The decrease

of terminations number compared to that of chains when Plasma-polymerized films composed of PP-MDM, PP-D3
D3 ratio increases is expected. The almost stable quantityand PP-(MDM/D3) materials have been characterized by

o)
0,5 n © ©
o)
. [ ]
[ ]
o 1
3 [ ]
B chain terminations SiMe3
0.0 1 Q O cycles [SiO],
[ [ [
0,0 0,5 1,0
PDMS PP-films : D3/(D3+MDM)

Fig. 9. Evolution extracted from the FTIR analyses of chain terminations and{$ijpared to SiMgand larger cycles (or chains), respectively. Data
of PDMS are also represented for comparison.
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Fig. 10. (a) Solubility of the first hydrocarbons as a function of the boiling temperaTgdeof the critical temperatur@c in two composite MDM/D3
membranes. (b) Solubility of the first hydrocarbons as a function of their critical volume in two composite MDM/D3 membranes.

ideal sorption of light gases and the lightest hydrocarbons ture Tg and critical temperatur&c, is presented ifrig. 103
(Cq, ..., CH). for two compositions of starting precursoig is the cor-

In any case, the solubility of sorbed hydrocarbon increasesresponding temperature of the penetrant in its critical state,
with the number of carbon atoms and with the pressure. Thethat is generally taken into consideration for gas solubility
solubility from CH; to C4H10, expressed per volume of PP in polymers[17,18] The solubility is calculated at 1 bar
material, as a function of the hydrocarbon boiling tempera- for C,Hy,12 n = 1,...,4 and at 0.15bar for hexane, due
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Fig. 11. Selectivity of solubility of GH2,,2 vapors in three organosiloxane membranes, as a function of

to its low vapor pressure at 2&. Fig. 10bshows that the
solubility S of linear hydrocarbons in PP-organosiloxane
materials follows a classical exponential behayid] as a
function of the critical volumé/c, that expressed the size of
the penetrating gas molecul&:= Spexp(aVc). Isobutane
has not be considered for the fit. Its lower solubility com-
pared to that oh-butane is explained by its larger kinetic
diameter.Fig. 11 presents the ideal solubility selectivities

compared to nitrogen as a function of the number of carbon

atoms in the hydrocarbon molecule, Results obtained
previously[19] concerning the solubility of hydrocarbons in
PP-M2, i.e. starting from a precursor vapor of hexamethyl-
disiloxane (M2), is also printed for comparison. For any
PP-organosiloxane material, the solubility increases wijth
but the solubility strongly depends on the film network. By
increasing the ratio between linear chains [Siz@hd cy-
cles [Si—O} the solubility strongly increases. It is the case
of the composite PP-(MDM/D3) obtained from a plasma
of MDM and D3 in the respective ratio 3:1, presented in

two examples of different ratios between starting precursors
in the plasma which means that the ratio between cycles
and linear clusters in the plasma-polymerized material has
not be optimized. Thus, maximal selectivity of solubility
in such composite material is still unknown but the idea to
mix together different shapes of clusters in PP-materials to
increase sensitivity to hydrocarbon vapors is obvious.

4, Conclusion

Gas/vapor solubility and selectivity of solubility are
strongly dependent on the material structure of a;8iCH
materials. Knowing the capability of plasma-polymerized
hexamethyldisiloxane membranes to sorb hydrocarbons,
a complex material composed of a mixture of linear and
cyclic organosiloxane clusters has been obtained with the
PECVD technique starting from MDM and D3 organosilox-
ane vapors. First, the composition of the plasma discharge

Fig. 11 When the number of cycles is important, the sol- in neutral species (both product molecules and radicals) has
ubility is less, which depicts a rigid material tending to been studied by mass spectrometry (MS) in “soft” operat-
a vitreous polymer. On the other hand, when the number ing conditions, i.e. in low electric energy density and high
of linear chains is important, the better solubility depicts precursor flow to keep in the deposited films the chemical
an elastomer behavior due to a more flexible structure. structure of the precursor molecules. MS evidenced the low
The figure evidences also that a specific complex structurefragmentation, the presence in the plasma of radicals issued
that contains both cycles and chains have better hydro-from the reaction of organosiloxane radicals and ethylene
carbon selectivities than that of a material basically com- molecules, and evidenced also the oligomerization. In such
posed of shorter linear chains (PP-M2). For the composite conditions, the as-deposited membranes have been charac-
PP-(MDM/D3), the ideal selectivity of solubility compared terized. Hydrocarbon solubilities have been measured using
to nitrogen exceeds 150. Of course, the figure presents onlya quartz microbalance. We showed that solubilities and
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corresponding ideal solubility selectivities of hydrocarbon

vapors strongly changed with the chemical structure of the
membrane material. Important selectivities of sorption have
been obtained, which predicts a good capability of complex
plasma-polymerized a-SiOC:H material for separative mem-
branes but the sorption selectivity of hydrocarbons strongly

59
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Gas separation properties of organosilicon plasma-polymerized mem-
branes, AIChE J. 45 (1999) 1566-1575.
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In-Situ Mass Spectrometry Analyses of the Fragmentation
of Linear and Cyclic Siloxanes in a Glow Discharge Compared
with Ex-Situ FTIR Analyses of the Deposits

By Vincent Rouessac,* Stéphanie Roualdes, and Jean Durand

Mass Spectrometry (MS) analyses, up to 300 amu, were performed on linear hexamethyldisiloxane (HMDSO) and cyclic
octamethylcyclotetrasiloxane (OMCTSO) vapors in low frequency plasmas (40 kHz). The fragmentation rates of the precur-
sors, and possible oligomerization in the gas phase, depend on the plasma power. Two extreme plasma power conditions were
compared: a high plasma power density and a low plasma power density, corresponding to silica-like and polymer-like film
deposition conditions, respectively. The results of ex-situ Fourier transform infrared spectroscopy (FTIR) analyses can be

explained by the plasma composition analyzed by MS.

Keywords: Cyclic monomers, Mass spectrometry, Plasma, Siloxanes

1. Introduction

Plasma enhanced (PE)CVD of silicon compounds is
widely used in the semiconductor and packaging industries
to produce insulating, and protective layers. Recently, a
cold plasma of an organosilicon (e.g., tetracthoxysilane
(TEOS) or hexamethyldisiloxane (HMDSO)) vapor di-
luted in oxygen has been generated in order to deposit an
amorphous hydrogenated o-SiO,C,:H film on silicon or
polymeric substrates for applications such as low K materi-
als for microelectronics,') and oxygen barriers.>®) When
constructing the microporous substrates that are used for
gas separation selective membranes, other organosilicon
vapor precursors, for example cyclic ones, can be used in
order to change the chemical structure of the active dense
thin layer. As has been recently demonstrated,'* the advan-
tage such PECVD membranes have over conventional
polydimethylsiloxane (PDMS) coatings is essentially the
much lower thicknesses that can be achieved, leading to
high permeation fluxes The results of the fragmentation of
cyclic monomers in a plasma discharge is not known, and
the purpose of this article is to present the correlation be-
tween the plasma gaseous species investigated by MS and
the chemical structure previously analyzed by FTIRP! and
#Si NMR.[! Depending on the plasma power density ap-
plied to the precursor vapor, the inlet flow rate, and the
pressure, a large domain of chemical compositions and
microstructures of the deposited films (from plasma-poly-
merized materials formed with clusters closed to the start-
ing monomer to inorganic silica-like materials containing
residual carbon) can be covered.

[¥] Dr. V. Rouessac, Dr. S. Roualdes, Dr. J. Durand
IEM CNRS UMR 5635, UM II-CC047
Place Eugene Bataillon, F-34095 Montpellier Cedex 5 (France)
E-mail: Vincent.Rouessac@iemm.univ-montp2.fr
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MS characterizations of gaseous species present in a RF
plasma (13.56 MHz) issued from a pure HMDSO vapor!”*!
and from a mixture of HMDSO and oxygenm have been
investigated previously. We present here MS characteriza-
tions of the fragmented species from undiluted HMDSO
and OMCTSO vapors, in a low frequency (40 kHz) dis-
charge, as a function of the plasma power and the mono-
mer flow rate.

2. Results and Discussion

2.1. Mass Spectra of Precursor Vapors

2.1.1. HMDSO Plasmas

Figure 1 shows the mass spectra of pure HMDSO (M2) in
the softest conditions (S: 4.2 x 10 mol L™, 5 W, modulated
power) compared to the hardest ones (H: 5 x 10° mol L™},
40 W, sustained power) and mass spectra without any plas-
ma (see Experimental and Fig. 9 for details of the S, I, and H
conditions). The plasma glow lights on at 5 W and fragmen-
tation occurs. S conditions are responsible for a low frag-
mentation rate of M2, mainly showing a high relative inten-
sity of ions Si,O(CH3)s* (m/z =147 amu), corresponding to
radicals without one methyl group from M2. The radical
[(CH3)sSi°]", m/z=73 amu, is also present. Whereas the
molar mass of HMDSO is 162 gmol™, its mass histogram
with no plasma shows that m/z=147 amu radicals are
predominant and thus mostly generated in the MS ioniza-
tion chamber, confirming that the first fragmentation of
HMDSO, i.e., the first Si—C bond break, is easier than the
ionization of the full molecule. Oligomerization at
m/z=221 amu occurs in S conditions, corresponding to
formation of the radical, (CH3);SiOSi(CHj3),—OSi*(CHjs),.
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of the data occurred, indicating that only
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the ionization thresholds of Si, C,H,, and
CO are 8.15, 10.51, and 14.07 eV, respec-
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the C,H," ion. This result is in agreement
with the literature, showing that CO is not
detected by optical emission spectroscopy
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on the fragmentation (from 5 to 40 %
power on followed by no signal, each
10 ms period). The mark at 100 % corre-
sponds to a sustained 40 kHz signal (no
modulation). The softest 5 W modulated
power (5 % signal on, 95 % signal off, S
conditions) allows a much higher inten-
sity of the peak at m/z =147 amu, i.e, a
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Fig. 1. MS spectra of a pure vapor of HMDSO at the ionization energy of 25 eV. Black: plasma off;

hatched: S conditions; white: H conditions.

Figure 1 also displays lower masses [gmol™], such as 2,
15, 16, 26, 27, 28, 29, and 30, in the plasma under H condi-
tions. These come from hydrogen, methyl radical, methane,
C,H,, C,Hy, C,Hj, (CHj3)3Si" radicals or molecules, respec-
tively. Under H conditions, no more heavy masses (73 and
147 amu) are present in the plasma. The degree of frag-
mentation (FD) of M2 in the plasma can be expressed as

shown in Equation 1.1101
plasma on

FDM2 =1- ]%)?Zsma off (1)
147

IPmaon and 7P o are the intensities of the MS peak at
m/z =147 amu measured before and after plasma lighting
on. Under S and H conditions, the FD are 5 and 99.8 %,
respectively (MS: Ec=25 eV).

When the plasma power continuously increases from
5SW to 40 W, intensities of medium masses (such as
m/z =73 amu that comes from direct fragmentation of M2,
or 28 amu that comes from recombination of lighter radi-
cals) increase and then decrease (Fig. 2a). The full frag-
mentation, i.e., when radical m/z=147 amu vanishes,
occurs at around 24 W. Under S conditions (Fig. 2b), plas-
ma power density is not sufficient to fragment all the
HMDSO molecules.

Mass 28 intensity has been studied as a function of elec-
tron impact energy to confirm the presence of Si, C;H,, or
CO species in the plasma. The energy scale of the MS has
been corrected using an argon atmosphere (argon ionization
threshold, 15.8 eV). An electron impact ionization threshold
of 11 eV was measured in a HMDSO plasma at m/z =
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Fig. 2. Intensities of masses [amu] 15, 28, 73, and 147 detected by MS in a
HMDSO plasma as a function of the applied power a) in sustained power
up to 40 W, and b) in modulated lower power.
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2.1.2. OMCTSO Plasmas

Figure 4 shows the mass distribution analysis of an
OMCTSO (D4) vapor with no plasma, and under S and H
plasma conditions. For the D4 vapor (no plasma) and low
power density D4 plasma (S), the main peak corresponds
to fragmentation of the first Si-C bond, leading to D4 with-
out one methyl group: m/z=281 amu. The FDs are
FDp4s=5% and FDpsy=95 %, respectively, using the
formula given in Equation 2.

plasma on

FDD4:1_I}23Esm )

281

Jhasma on and Jh@ma off are intensities of the MS peak at
m/z =281 amu when plasma is on, and with no plasma,
respectively.

Unfortunately, no data have been acquired for masses
above 300 amu due to the limitations of our mass spec-
trometer. Thus, any oligomerization of large radicals that
could occur under S conditions has not been detected. The
mass spectra indicated that the products created during the
fragmentation of D4 were similar to those from M2, 15, 16,
18, 26-30, 73 amu, but included radicals at 265, 249, and

207 amu.
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Fig. 5. Possible radicals formed when the fragmentation of D4 occurs in a
low energy density plasma.
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b T T T Fig. 4. MS histogram of a vapor of OMCTSO at
25 eV. Gray, plasma off; hatched, S conditions; white,
H conditions.
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m/z =249 amu: m/z =249 amu can correspond to the D4
molecule after the loss of three methyl groups and two
atoms of hydrogen, but it can also correspond to
Siz05CgH,; ¥, which is the radical [OSi(CHs),]3 combined
with a molecule of ethylene, leading to ‘[OSi(CHj),]s—
CH:CHz.

m/z7 =207 amu: m/z=207 amu can come from SizO,Cs-
H19+, Si203C7H19+, but also from Si303C5H15+. Figure 5
shows different species of mass 207 amu. Si303CsH,;" has
been proposed by Alexander et al, in a plasma of
HMDSO." $i,05;C;H;o" is the combination of a methyl
group associated with the radical ‘OSi(CH;),08i(CH3;),0"
and a molecule of ethylene. This reaction could also be pos-
sible as the mass histogram (Fig. 4) shows a number of
methyl groups.

m/z=97 amu and m/z=99 amu: Finally, m/z=97 amu
and m/z =99 amu appear in the mass histogram at very low
intensities. They can come from (CH,=CH)(Si=O)-
(CH=C'H) and (CH,=CH),SiHO", respectively.

Figure 6 shows the intensities of the radicals with masses
of 28, 73, 207, and 281 amu when plasma power increases
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in low plasma power density conditions (Fig. 6a), and un-
der higher plasma power density conditions (Fig. 6b,
sustained higher power). Under S conditions, the fragmen-
tation of D4 is low, and increases with the electric power:
the peak intensity of m/z =281 amu decreases slowly. Un-
der H conditions, the fragmentation is much more efficient
and radicals m/z =281 amu almost vanish at 25 W, as do
every medium range or heavier mass (above 73 amu). Rad-
icals at m/z =221 amu, specific to M2 oligomerization, are
not relevant in a plasma of D4. Heavy radicals like 207,
249, and 265 amu, are created by electron impacts in the
ionization zone of the MS without any plasma. Their inten-
sity increases under S conditions (Fig. 6a) and then de-
creases under H conditions (Fig. 6b). The inset in Figure 4
shows the detail for m/z =207 amu.

2.2. FTIR of the Resulting Deposits

FTIR transmission analyses of films deposited on IR-
transparent silicon wafers obtained under S and H plasma
conditions for both M2 and D4 precursors, have been
investigated. Data are presented in Figure 7.

[

|5 SiMe, | [ SiMe,
. /\.,,,wfV\

[v siosi

D4sS r//\\

Transmittance (a.u.)

M2H

s f//‘\l\

|
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3400 2400 1400 400
Wavenumber (cm™)

Fig. 6. Intensities of several radicals (28, 73, 207, and 281 amu) as a function Fig. 7. IR spectroscopy data of deposited thin films under S and H condi-
of the plasma power a) under soft conditions (modulated low power), and tions in M2 and D4 plasmas. Experimental conditions are summarized in
b) under hard conditions (sustained high power). Table 1.
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IR spectra of M2H and D4H, i.e., films synthesized under
H conditions starting with M2 and D4 precursors respec-
tively, are similar. In both cases, a high monomer fragmenta-
tion induces a silica-like film. The main difference is the
shift of the main peak due to Si—O-Si stretching absorption
in the spectral range 900-1300 cm™. The frequency of its
maximal intensity is ~1015 cm™ for M2H, and ~1030 cm™
for D4H. That these frequencies are lower than that of fused
silica (~1075 cm™) is due to a lower oxygen concentration,
x, in a-SiOH.'"! The Si/O atomic ratio is 2 in M2 and 1 in
the D4 monomer, whereas an excess of O, is known to be
necessary to reach stoichiometric silica SiO,. Refractive
indices, measured by ellipsometry on M2H and D4H films
deposited on silicon wafers, are 1.47 and 1.52, respectively.
These values (slightly high compared to that of silica, 1.46)
are due to carbon contamination. The Si-O-Si peak shift
towards lower wavenumbers can also be attributed to the
thickness of the film,['” or the water content that increases
and stabilizes after venting (ex-situ FTIR analysis!'’!). In
our case, films are thick enough and they are stabilized
concerning water. Indeed, ex-situ FTIR analyses were per-
formed after a long delay and did not display any change.

Under S conditions, M2S and D4S spectra both reveal a
high organic behavior with intense bands at 2960, 2900
(CH; and CH, stretching), and 1260 cm™ (Si-Me, bending,
Me=CH3;) but also specific bands common to their respec-
tive precursor monomer, M2 or D4. D4S exhibits an
absorption band at ~1079 cm™, specific to Si-O bonds in
cyclotetrasiloxane.

The density of D4S, measured by grazing incidence
X-ray reflectivity, is 1.30.'! The conservation of [Si-O-]4
cycles in the film due to a very low fragmentation of D4
(results of MS) induces a high free volume that is responsi-
ble for the low density. Comparison between absorption
peaks at (841 cm™), Si-Mes rocking, and (~800 cm™),
Si-Me, rocking, in M2S and D4S, respectively, is in agree-
ment with the fact that many chain terminations are pres-
ent in M2S whereas D4S contains many [Si—O]4 rings.

A fifth film, D4I, has been synthesized with an inter-
mediate plasma power density between that of D4S and
D4H, i.e., a D4 vapor flow rate of 3.6 x 10 molL™ and a
modulated plasma power of 12 W, conditions where signifi-
cant m/z =207 amu radicals have been detected by MS.
Experimental conditions are summarized in Table 1, partial
MS analysis in Figure 6a, and FTIR analysis data are
shown in Figure 7.

The ratio between SiMe; and SiMe, (Me rocking) peaks
is significantly different to that in D4S. D4I exhibits less
chain terminations. This is attributed to a higher reticula-
tion due to a higher fragmentation of D4. The peak cen-
tered at ~1260 cm™ corresponds to symmetric bending
OcH, in Si-Me. Its relative intensity progressively decreases
as the plasma power density increases.

Both films, D4S and D4I, exhibit a FTIR peak at
1410 cm™. This peak is attributed to CH, rocking in
SiCH=CH,, which confirms the possibility of the combina-
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tion of ethylene molecules CH,=CH, with siloxane radicals
Si,O,(CHj3); in the gas phase being observed in MS, before
any deposition.

The main peak in the range 950-1230 cm™ has received
particular attention. Most of the studies in the literature
deal with the Si—-O-Si asymmetric stretching peak in silica-
like films starting from silane,'*!! but very few analyses
have been carried out concerning the position and shape of
this peak in plasma-polymerized films starting from M2
and D4. For a good Gauss-Lorentz fit, at least three peaks
have to be considered. Figure 8 shows the fitting profile
compared to the FTIR data. For both D4S and D4I, the
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Fig. 8. Main absorption band in the wavelength range 920-1230 em™, well
fitted with three Gauss—Lorentz peaks.

peaks are centered at ~1020-1025 (p1), 1070-1075 (p2),
and 1090-1095 cm™ (p3). The peak, p3, corresponds to Si-
O-C stretching in Si—O—Me,[zo] and is present in M2S, D4S,
and D41, whereas both pl and p2 correspond to Si—-O-Si
stretching in linear and cyclic chains, respectively. The rela-
tive intensities of pl, p2, and p3 are different in D4S and
D41. When fragmentation slightly increases from DA4S to
D4I, the intensity of p2 decreases. Only two peaks fit the
range 920-1220 cm™ in the M2S film, one centered at
1035 cm™ and the other around 1070 cm™. The intensity of
the latter is lower than that in D4S and D4I films, showing
that M2S contains less Si-O-Me groups. The intensity of
that peak increases from D4S to D41, which can occur dur-
ing the fragmentation (Fig. 4).
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We suppose that we can discriminate, by FTIR analysis,
Si—O-Si stretching modes in a [Si-O],, cycle compared to a
linear [Si-O] chain. Indeed, cyclic [Me,SiO],, and linear
[Me,SiO, ;] groups have been observed by ’Si NMR,!®
and the main specie in the plasma that leads to D4S film is
the cyclic radical m/z =281 amu (Fig. 4).

3. Conclusions

We studied plasmas composed of M2 and D4 vapors by
in-situ MS, and resulting deposited films by ex-situ trans-
mission FTIR analysis, as a function of the plasma power
density. Low monomer fragmentation rates, observed at
low power density, lead in both cases to polymer-like films,
whereas silica-like films are obtained in high power density
plasma, where heavy masses vanish. Starting with the cyclic
OMCTSO precursor, cyclic radicals are the main species
under low plasma power density conditions. Corresponding
IR spectra reveal a specific shape in the range 950-
1230 cm™, different from that of plasma-polymerized M2
films. This shape includes specific stretching frequencies of
Si-O-Si in linear or cyclic chains, but also Si—C stretching.
MS analyses of the plasma is consistent with FTIR analyses
of the deposited films, concerning the formation of specific
radicals. A further study of films synthesized in low plasma
power densities, comparing cyclic and longer linear radi-
cals, is planned in order to follow the progressive deforma-
tion of this complex absorption band.

4. Experimental

The capacitively-coupled reactor for deposition is composed of two paral-
lel disc electrodes, 10 cm in diameter, separated by a 6 cm gap. These elec-
trodes are connected to a 40 kHz power supply (Alsatherm).

Two commercial precursors, a linear monomer, HMDSO called M2, and
a cyclic monomer, OMCTSO, called D4 below (Aldrich) to generate single
vapors (no oxygen addition) have been studied.

All the experiments were performed at room temperature and under a
regulated vapor pressure (0.100 mbar) obtained by means of a butterfly
valve placed through the pumping pipe, and monitored by a capacitance
gauge. Thus the pressure in the deposition chamber can be fixed indepen-
dent of the inlet vapor precursor flow.

The initial pressures of the precursor vapors were 0.005 mbar, and
0.050 mbar in the chamber, corresponding to hard and soft conditions, re-
spectively. Using the butterfly valve, the pressure in the reactor was then
auto-regulated to 0.100 mbar, with the result that the species resident time
in the reactor was much higher under hard conditions than under soft condi-
tions. To emphasize the difference in the two conditions, a sustained power
was applied under hard conditions and a 100 Hz-modulated power was
applied to the plasma under soft conditions. S and I are labels to designate
specific synthesis conditions within the soft domain, whereas H designates
specific conditions within the hard domain (Fig. 9 and Table 1).

Under S conditions, the softest modulation achieved by the power supply
was 0.5 ms of sustained 40 kHz power followed by 9.5 ms with no signal,
repeated for each 10 ms period.

The mass spectrometer (MS Hiden EQP 300, 1-300 amu, 1-70 eV) ex-
traction orifice was introduced between the electrodes. An extraction orifice
of 100 um was selected to generate a differential pressure and to keep the
pressure inside the MS chamber under 10° mbar. The neutral species (zero
extraction potential) passing through the orifice were ionized by electron
impacts at 25 eV to minimize their fragmentation, in order to illustrate the
effect of the plasma discharge on the precursor fragmentation. Mass data
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Fig. 9. Operating power under soft and hard conditions. S, I, and H are par-
ticular conditions within these two studied domains.

Table 1. Specific experimental conditions used for FTIR analyses.

AMDSO (M2) OMCTSO (D4)

Soft conditions: § M2S DA4S
Precursor flow [mol min™] 42 x 10" 3.6x 107
Initial pressure {mbar] 0.050 0.045
Regulated pressure [mbar] 0.100 0.100
Applied modulated power [W] 5 5
Hard conditions: H M2H D4H
Precursor flow [mol min™'] 5% 10° 23x%x10°
Initial pressure [mbar] 0.005 0.005
Regulated pressure [mbar] 0.100 0.100
Applied sustained power [W] 40 40
Intermediate conditions: I D41
Precursor flow [mol min™'] 3.6x 10"
Initial pressure [mbar] 0.045
Regulated pressure [mbar] 0.100
Applied modulated power [W] 12

were acquired in steady state, i.e., several minutes after the plasma glow
lights on, when all intensities were stabilized.

Table 1 summarizes the experimental conditions used to obtain the films
deposited on silicon wafers for FTIR characterization. Spectral data from
4004000 cm™ were collected at room temperature with a resolution of
4 cm™ using a Nicolet Impact 400D spectrometer.
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Abstract

Fluorination treatment has been performed on polysiloxane membranes using a plasma glow discharge of a gases mixture CF,
and argon (plasma enhanced chemical vapor deposition). Atomic force microscopy, XPS analyses and contact angle
measurements have been undertaken to explain the surface transformation and behavior, which strongly depend on the
morphology, the composition and the hydrophilic/hydrophobic character of the plasma-polymerized initial membranes. Main
result is that fluorination, which leads to hydrophobic membranes, has a more relevant effect on amorphous silica-like
membranes than on polymer-like ones, according to their chemical composition whereas the plasma surface reaction induces a
substantial microstructural modification of the polymer-like membrane, i.e. the grains and aggregates size and distribution.

© 2002 Elsevier Science B.V. All rights reserved.

PACS: 81.65; 82.65.F; 52.75.R; 61.16.C; 79.60; 68.10.C

Keywords: Surface treatments; Membrane; PECVD; AFM; XPS; Contact angle

1. Introduction

Polydimethylsiloxane (PDMS) layers are well-
known to be good polymer membranes for gas separa-
tion processes [1]. Plasma enhanced chemical vapor
deposition (PECVD) technique has been widely used
to deposit very thin amorphous and pinhole free
membranes whose chemical composition differs in
a wide range of values. Usually, the plasma polymer

“ Corresponding author. Present address: Laboratoire de Physi-
que de 1, Université de Bourgogne, Equipe Optique Submicronique,
UFR Sciences et Techniques, 9 rue A. Savary, BP 47870, 21078
Dijon, France. Tel.: +-33-3-8039-3774; fax: +33-3-8039-6024.
E-mail address: eric.finot@u-bourgogne.fr (E. Finot).

obtained by PECVD technique looks like a conven-
tional polymer but differs according to the cross
linking. Indeed, in plasma polymers, there is no
evidence of long chains and even though no local
structuring of clusters at short distance. Changing the
deposition parameters of the PECVD technique helps
the user change the cross linking in a wide range.
In an attempt to obtain a wide range of materials
based on the polysiloxane unit, the PECVD technique
was applied [2] using a radiofrequency (rf) glow
discharge of alkylsiloxane or alkoxysilane monomers.
By that way, material characteristics varying from
silicone-like polymers to inorganic-like composite
close to amorphous silica were obtained by changing

0169-4332/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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the energy supplied per mass unit of monomer (i.e. the
Yasuda and Hirotsu [3] composite parameter W/FM
where W is the plasma power input, F' the monomer
flow rate and M the molecular weight of this mono-
mer). For alow W/FM parameter, the layer is close to a
silicone-like polymer of light yellow color with high
carbon content and low stress. By contrast, for a high
WI/IFM parameter, the film is silica-like, brownish,
highly stressed with low carbon content.

We have already shown [4,5] the modification of
thin film properties induced by the monomer nature:
linear alkylsiloxane hexamethyldisiloxane (HMDSO)
and octamethyltetrasiloxane (OMTSO) or cyclic
ones, hexamethylcyclotrisiloxane (HMCTS) and octa-
methylcyclo-tetrasiloxane (OMCTS). The gas permea-
tion properties change according to the composition
and structure differences in the obtained membranes
[6]. CF, plasmas are widely used in the surface mod-
ification of polymer substrates in order to give an
hydrophobic character to the surface [7-9].

This article aims at evaluating of surface character-
istics of different membranes deposited in a HMDSO
plasma. After deposition, the plasma polysiloxane
membranes were surface modified using a CF4/Ar
plasma. In this post-treatment experiment, the etching
reaction is low. Surface energy measurement and
XPS analysis were used to investigate the change
in surface physical properties after CF,/Ar plasma
treatment. A special effort was made to compare
the film surface characteristics obtained by XPS ana-
lysis and contact angle with atomic force microscopy
(AFM) measurements. The XPS characterization of
the plasma polysiloxane membranes prepared with
different monomers including HMDSO have been
published earlier [10].

Scanning probe microscopy is a powerful tool for
studying surface. This technique is able to achieve
a level of resolution normally associated with the
technique of electron microscopy but obtainable under
the ‘“‘native” or ‘“‘nearly native” conditions usually
associated with light microscopy.

Investigation by near field microscopy [11] has
demonstrated the ability of the AFM to directly mea-
sure the pore density or size of nodules. We suggest
that the nodules observed at the film surface result
from the agglomeration of reactive species in the gas
phase. The spheroidal and macroscopic particles
deposit on the film surface. This mechanism supposes

Fig. 1. SEM cross-section images of plasma polymer membrane
deposited on ester of cellulose in medium conditions.

that the polymerization yield is higher than the diffu-
sion rate of the species towards the substrate [12].
These nodules do not result from columnar growing
model but from surface defects. Any nodule bound-
aries between several nodules are revealed by cross-
section SEM observations (Fig. 1). Comparison
between the surface roughness and the pore size
distribution was performed by Singh et al. [13]. Many
authors tried to find better insight into the fine struc-
ture of membranes. Two types of surface morphology
with merged and discrete nodules were observed [14].
To our knowledge, however, there is no AFM study on
surface morphology of plasma HMDSO membranes
even though AFM has been applied to investigate
surfaces of PPO membranes [15]. Concerning the
mechanical properties, the idea of relying the nodule
deformation to its elasticity was firstly proposed by
Pinneau and Koros [16]. Bowen et al. [17] has
described one way to measure the adhesion force
between the silicon tip and the polymer surface.
Kawakami et al. [18] have reported that polymer
membranes with large nodule dimensions might con-
tain more free volume entrapped inside the nodules
compared to those of smaller size.

2. Materials and methods

2.1. Sample synthesis

Membranes were deposited in a HMDSO 1f glow
discharge using pure HMDSO (Aldrich) vapor. The
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Table 1
Deposition conditions related to Yasuda parameter

Samples V (volt) F (mol/min) VIFM (V min g~
S 50 3.8x 1074 1000
M 50 107* 3000
H 100 7.7 x 1073 8000

frequency (40 kHz) is supplied in a home-built reactor
capacitively coupled [3]. Three typical conditions
were chosen with respect to three values of the Yasuda
composite parameter. For convenience, we used V/IFM
instead of W/FM, V being the applied voltage, F' the
monomer flow rate and M its molecular weight. The
pressure was maintained at 40 Pa. The reference sam-
ples labeled as S (soft), M (medium) and H (hard)
correspond to the three conditions of low, medium and
high values of V/FM (Table 1). The substrates are
commercial ester of cellulose (MF25 Millipore) of
47 mm in diameter. Whatever the deposition condi-
tions, the thickness of the membrane samples is
approximately 500 nm.

After deposition of the plasma-polymerized layer,
the membrane was modified in a CF4/Ar plasma in a
capacitively coupled reactor devoted to this reaction.
The gas phase is in the ratio 1/1 at a total flow rate of
20 sccm and a pressure of 60 Pa. A power of 20 W was
supplied during an optimized treatment time of 2 min
[8]. After modification, samples do not exhibit any
change in thickness according to ellipsometric mea-
surements performed on plasma-polymerized films
deposited on silicon wafers. CF,/Ar plasmas produce
F and CF," radicals which first etch the surface of the
deposited layer leading to the exodiffusion of reducing
agents (H,, CH,). This results in an increase in the
deposition mechanism. Given the short time of deposi-
tion (2 min), the fluorinated layer is very thin and its
contribution to the overall thickness is negligible.

2.2. Samples characterization

2.2.1. XPS measurements

XPS measurements have been performed on a
CAMECA RIBER SIA 200 electron spectrometer.
The system was equipped with a MAC 2 CAMECA
RIBER double stage cylindrical mirror electron
energy analyzer. A polychromatic Al Ko X-ray source
(hv = 1486.6 eV) has been used. The photoemission

measurements were performed without any ion beam
removing thereby avoiding too high change in the
spectra. The reference sample is PDMS.

2.2.2. Surface energy

Contact angles of a water droplet lying on the
surface were measured for different membranes: S, M
and H for the as-deposited layers and SF, MF and HF
for the post-treated ones. Surface energy of six samples
coated with HMDSO plasmas and then modified by
CF,/Ar treatment was then computed according the
Neuman theory [19] which requires only one liquid.

2.2.3. AFM

2.2.3.1. AFM imaging. Membranes were imaged with
an atomic force microscope (Nanoscope, D2000,
Digital Instruments, Santa Barbara, CA) equipped
with a large area with a maximum x—y range of
160 pm and a z range of 5 pm in air (40% of relative
humidity at 25 °C). Both contact and tapping mode were
used. Similar results were obtained with a multimode
Nanoscope III. The nominal spring constants of silicon
nitride cantilevers used (Park Scientific Instrument,
Sunnyvale, CA) were approximately 0.06 N/m in
contact mode and 30 N/m in tapping mode. The scan
rate was fixed to approximately 20 pm/s such as the feed
back loop can track the topography more accurately.

In tapping mode, the frequency and the set-point
were chosen such as the variation in amplitude for
imaging represented less than 5% of the oscillation
amplitude. In contact mode, the set-point was adjusted
prior scanning with forces typically less than
50 x 107'2 N. Under these conditions, both imaging
modes gave the same results, even though the tapping
mode was more efficient in that type of material with a
higher level of details in high resolution images
(500 nm x 500 nm).

AFM pictures consist of 512 x 512 pixels colored
using a linear gray scale to represent the depth of the
image. All images are raw data from the AFM without
any further mathematical processing.

2.2.3.2. Roughness definitions. Three statistical values
can be used to analyze the surface roughness.

e R_isthe average difference in height between the 10
highest peaks and 10 lowest valleys relative to the
mean plane of the scan area.
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e R, is the arithmetic average of the absolutes values
of the surface height deviations measured from the
mean plane, given by:

1
Pz (1

j=1

® R, is the root mean square average of height devia-
tions taken from the mean data plane, expressed as:

@)

2.2.3.3. Force measurement. This basic experiment
consists in monitoring the interaction between the
AFM tip and the substrate by sensing the cantilever
deflection, as the tip is moved toward and backward
the substrate. Knowing the spring constant of the
cantilever allows a conversion between the cantilever
motion and the relevant force. Typical deflection curve
is shown in Fig. 2. The region labeled is most sensitive
to the surface properties that are of interest in this study.

The adhesion force F known by removal force is
obtained by:

F=kZz - 7)) 3)

where Z, is defined by the position where the tip jumps
to the contact and Z, corresponds to the release of the
tip when the contact tip-sample is lost. The time of the
total contact is less than 10 s.

The measurement of k for each cantilever, i.e.
crucial for accurate measurement, was performed

110
«— Extending
—> Retracting

S T %

Tip deflection [nm]

80
Z position [nm]

Fig. 2. Typical example of force data of the AFM tip against an H
membrane. From the data, a lift off force of 21 nN is required to
separate the tip attached to the cantilever of nominal spring
constant of 0.56 N/m from the membrane.

by the method of Clevealand et al. [20]. The radius
of curvature of tips is typically 30 nm. The tips were
cleaned before measuring forces by argon plasma
discharge.

3. Results

FTIR analysis confirms the polymer-like, hybrid
and inorganic character of the membranes related to
the S, M and H plasma conditions during the deposi-
tion of the plasma polysiloxane materials.

3.1. XPS analysis

Untreated and fluorinated thin films are extensively
studied. Table 2 summarizes XPS results related to
the three series of a-SiO,C,:H and SiO,C,F.:H mem-
branes. These results display the efficiency of the
fluorination post-treatment. The atomic concentra-
tions were calculated for the three values of V/FM
ratio for air exposed surface samples. Si2p and Cls
core line binding energies are indicative of the chemi-
cal environment of the atom from which the electrons
were emitted.

3.1.1. Si2p level

The high value of the FWHM indicates several
environments of silicon atoms which are shown in
Fig. 3a. In S and M membranes, it is clear that the
major environment is SiO,C, (Ep, = 101.8 eV). When
the deposition conditions become harder (H sample),
less oxygenated environments disappear (SiCy,
Ey, = 99.4 eV) or get weaker (SiOCs, Ey,=100.6 eV)
whereas SiO3C (Ep = 102.8eV) and SiO4 (E, =
103.8 eV) become stronger. After fluorination, an

Table 2
Results of XPS atomic composition determination

Samples  VIFM Si2p (%) Ols (%) Cls (%) Fls (%)
S 1000 29 20 51

SF 11 11 39 39

M 3000 26 30 44

MF 10 13 40 37

H 8000 26 42 26

HF 12 23 29 31
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increase in SiO4 contribution is essentially observed.
This suggests that some fluorine atoms are coordinate
to the silicon atom.

3.1.2. Cls level

Fig. 3b clearly shows the effect of the fluorination.
The as-deposited thin film exhibits a high contribution
ofthe Si-CH, (E, = 284.8 eV)environments with some

E. Finot et al. /Applied Surface Science 187 (2002) 326-338

C-O (Ep =286.3eV) and C-Si, (Ep, =283.1¢eV)
related to carbon atoms bonded with 2 or 3 silicon atoms.
The peak at Ey, = 284.8 eV corresponds to the terminal
or lateral CH, (x =3 or 2, respectively). The same
holds true forhe C=0 bonds (E, = 288.2 eV) in harder
conditions.

After fluorination the Cls peak is strongly asym-
metric towards the high energy binding values, revealing

Si2p Si2p
S SF
106 104 102 100 98 9 106 104 102 100 98 96
Binding Energy (eV) Binding Energy (eV)
Si2p Si2p
M MF
s 106 104 102 100 98 9%
106 104 102 100 98 96 Binding Energy (eV)
Binding Energy (eV)
Si2p Si2p
H HF
106 ' ](;4 I(I)2 ]IOO ' I98 ' 96
Binding Energy (eV) Binding Energy (eV)

(a)

Fig. 3. XPS results of decomposition for untreated and fluorinated membranes deposited in S, M and H plasma conditions: (a) Si2p; (b) Cls

peaks.
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Cls Cls
S SF
T
290 288 286 284 282 280 AN
. 295 292 289 286 283 280
Binding Energy (eV) Binding Energy (¢V)
Cls Cls
M \k MF
T T T T T T T T T T T T T T T T T T
290 288 286 284 282 280 295 292 289 286 283 280
Binding Energy (eV) Binding Energy (eV)
Cls Cls
H HF
e s e e
290 288 286 284 282 280 »5oowr 289 286 2820
Binding Ei V
Binding Energy (eV) inding Energy (eV)

Fig. 3. (Continued).

the C-F bindings contribution. Samples SF and MF
show similar shapes of Cls peak. Alternatively, an
important decrease in the peak at E, = 284.8 eV is
observed for the HF sample (25% compared to 54%
for the as-deposited sample). In this case it may be
presumed that hydrogen atoms bonded to C atom or CH,,
(x = 2 or 3) are substituted by F atoms or CF, groups.

3.2. Contact angle measurements

Results of contact angle () measurements are
reported in Table 3. Sample S exhibits an hydrophobic
behavior (0 = 103°) whereas the low contact angle
for the sample H suggests an hydrophilic behavior
of the layer. After CF,/Ar plasma treatment, all the
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Table 3
Adhesion force F,q, measured between the AFM tip and the
various membranes (comparison with the contact angle)

Samples Foqn (nN) Contact angle 6 (°)
S 10+1.2 103
SF 8.0+25 109
M 13£2 95
MF 84+14 108
H 20+ 7.2 93
HF 14+25 109

angles remain within the same range (108-109°)
pointing out an hydrophobic behavior. This is explained
by the grafting of fluorinated species as shown by XPS
analysis.

3.3. AFM analysis

3.3.1. Morphology of membrane surface without
any fluorine treatment

Fig. 4 shows a typical AFM image (600 nm X
600nm) of the top surface of the membrane. It illus-
trates the organization of the surface structure: nodules

200

of approximately 10-20 nm in diameter within a
nodule aggregate of 100—400 nm. This AFM image
has the particularity to show the inside of an aggregate
which has certainly been damaged by an AFM tip
crash or simply during the membrane preparation by
the plasma. As a result, the aggregate appears to be
formed of spherical nodules whose diameter varies
from the inside (approximately 20 nm) to the top sur-
face of the aggregate (approximately 14 nm). It can be
also noticed that the shape of the spherical aggregate is
stretched out in contact with another aggregate.

In Fig. 5, membrane surfaces were scanned at a low
magnification (2 pum x 2 pm) to visualize the lateral
arrangement of the nodules. Even before fluorination
treatment, the three membranes studied have their own
morphological characteristics. Average sizes of the
membrane structure are reported in Table 4.

Aspects of the M and S membranes are quite similar
(Fig. 5A and C). The mean sizes of the nodule
aggregates corresponding to the brightest zones are
equivalent, slightly larger in the case of the S mem-
brane. Nevertheless, distribution of the mean size is
broader for the S membrane. Either ideally, eight small
aggregates or two relatively large aggregates and four

| g00

400

200

0

400 600
nm

Fig. 4. Height image of membrane surface showing the structure of the aggregates into nodules.
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Fig. 5. Height image of membrane before and after fluorination treatment, scan size (2 um X 2pum): (A) S; (B) SF; (C) M; (D) MF; (E) H;

(F) HE.

smaller ones, surround large aggregates. This surface
organization is more easily discerned in either the
lateral image in the contact mode or the amplitude
image in the tapping mode (Fig. 6). Those types of
images look like a derivative of the height image,
accentuating the edges on the sample surfaces, at the
expense of the height information. Thus, the junctions

between aggregates make regular figures of either
hexagonal or octahedral shape.

The size of the elementary unit appears to be 16 and
20 nm for the S and M membranes, respectively. These
characteristic dimensions are more easily measured in
the derivative mode of AFM. Nodules are hardly or not
detectable from the height mode due to the relative
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Table 4
Apparent mean diameters of the particles constituting the various
membranes

Samples Nodules Nodule Aggregate
(nm) aggregate (nm) upernodular (nm)

S 20+ 4 420 + 140 None

SF 13+£5 200 + 60 600 + 200
M 16 +4 340 + 60 None

MF 11+6 240 £ 100 700 + 300
H 12+2 140 £+ 60 620 + 140
HF 12+7 150 + 40 460 + 100

large vertical scale. Some irregularities, which appear
as contaminants are located in the agglomerate struc-
ture of the M membranes.

Concerning the H membrane, the organization with
the aspect of “Brussels sprouts” (Fig. 5E) is classi-
cally described by supernodular aggregates of 310 nm
radius, divided into 6-8 nodule aggregates of 70 nm
radius. In addition to their small diameter (12 nm), the
Si0, nodules are more discernable than those of M
and S membranes.

Vertical information can be obtained from statisti-
cal parameters such as R, R,, R, reported in Table 5.
Due to the particular arrangement of the surfaces

Table 5

Roughness parameters and curvature radius of nodule aggregate
of membranes (parameters are calculated on a (2 um X 2 pm) area
scan)

Samples R, (nm) R, (nm) R,y (nm) Curvature
radius (nm)
SL 36 14 14 620
SF 23 12 8.2 220
M 24 7.3 9.3 600
MF 17 6.8 8.5 430
H 17 5.7 7.3 150
HF 13 49 6.3 220

in nodules and nodule aggregates, the morphology
consists of superimposition of two sine curves with
difference in both amplitude and length characteristics.
As a result, parameters R,, Rq, commonly accepted
for plane surface are not sufficient any more here to
describe this two-level structure.

R, gives an information on the roughness of the
aggregate itself, i.e. the nodule structure. R, of the
three membranes remain equal to approximately
10 nm, of the order of the lateral size of nodules. It
must be emphasized that as R, increases so do the sizes
of the nodules. The parameter R, is indicative of the
arrangement of the aggregates, i.e. the mean height of

0 5.00 ym 0

5.00 pm

Fig. 6. Multimode imaging of the S membrane surface in the contact mode showing the height image (A), the friction image (B) which gives
images comparable to the error signal images. The lateral connection of the stressed aggregates are particularly well shown in the B image.
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the nodule aggregate. R, is nearly three times larger
than R,

For a better description of the aggregates, we have
chosen to characterize each particle by analyzing indi-
vidual AFM line scans of the image. In this way,
analysis of the AFM data gives an estimation of the
mean radius of curvature C of the aggregates (Table 5).
C can be approximately expressed as:

d2
K

where d is the apparent diameter of the aggregate at
the height distance & from the top.

In that way, differences in the aggregate character-
istics become more pronounced. The curvature of the
SiO, nodule aggregate is 4-5 times lower than that of
S and M membranes. Csio, is about twice the value of
the apparent radius of the aggregate. The SiO, nodule
aggregate can be described by an oblate spherical
section. However, a disk (two-dimensional structure)
better describes the shape of the aggregate in the case
of M and S membranes (C = 5R).

The arrangement within the SiO, supernodular
aggregate can be described by a disk with curvature
radiusnear I pm. The curvature order (Cs ~ Cy < Cg)
is identical to the height order and the diameter order.

c 4

3.4. Morphology of membrane surfaces after
fluorine treatment

Fluorination treatment results in a substantial
change in the morphology of the three membranes,
especially in the sizes of the nodule aggregates
(Table 4). Fig. 5B shows the first step of the surface
reorganization of the MF membrane. The size of the
nodule aggregate is reduced by approximately 30%
compared to the M membrane. The distribution in size
of the aggregates is also broader. Nevertheless, aggre-
gates of similar sizes appear to pack together in area of
around 700 nm diameter. This zone can constitute the
beginning of a supernodular aggregate.

The phenomenon described for the MF membrane
appears to be more pronounced in the case of SF
membranes (Fig. 5D). The nodule aggregates of
420 nm in diameter split into two nodule aggregates
of 200 nm in diameter. The distribution in size is much
more narrow than in the case of the MF membrane.
The nodule aggregates, which appear well marked, get

together in supernodular aggregates of 600 nm dia-
meter. This organization looks like that of the SiO,
membrane even though supernodular aggregates are
less defined.

Concerning the HF membrane, the structuring
remains unchanged. The size of the supernodular
aggregates decreases by 30% whereas the size of
the nodule aggregates remains approximately the
same. In addition, for SF and MF membranes, there
is a considerable decrease (30%) in the nodule sizes
and in their distributions. Size of the HF nodule
remains identical, nevertheless the size distribution
becomes broader by a factor of 2. This reduction must
play a role in the split of the nodule aggregates into
smaller ones.

The fluorine treatment results in a systematic
decrease of both roughness parameters R, and R,.
This feature is more marked for the SF membranes
where a decrease of 40% in roughness is noticed. R, is
much more sensitive than R to the fluorine treatment.
The effect of fluorine results in a decrease of the
contact radius of the nodule aggregate in the SF
and MF membrane. The curvature of HF aggregate
appears constant or slightly increases.

3.4.1. Force measurement

The average adhesive forces on untreated mem-
branes were compared with those on fluorinated mem-
branes (Table 3). For one, concerning the untreated
membranes, the adhesive force of H is much larger
than the M membrane (13 nN) and half the value of
S membrane (10 nN). It must be emphasized that the
increasing order S/M/H is respected in both experi-
ments, adhesion and contact angles measurements.

For another, the hierarchy (SF/MF/HF) is confirmed
with the interactions related to fluorinated membranes.
The adhesion has considerably decreased by approxi-
mately 20% for S membranes and by 30% for both M
and H membranes.

4. Discussion

AFM results obtained before fluorination treatment
shows similar evolution in roughness parameters and
chemical composition given by XPS. The lower the
carbon rate is, the more the roughness and the curva-
ture radius of the aggregate radius decrease. It appears
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that the size of the nodules governs the size of the
nodule aggregates. As a result, large nodules give rise
to well-developed aggregates. Moreover, a limit size
of around 250 nm in diameter seems to cause the
division of the supernodular aggregate in nodule
aggregates. For the moment, it may be presumed that
the structuring of the SiO, membrane finds its origin in
the low carbon rate.

Nodules and the chemical composition given by
XPS seems to be connected. The size of the nodules
should increase by about the same proportion as the
carbon concentration increases. However, the size of
the nodules is thought to have its origin during the
preparation of the membrane by plasma technique,
more precisely in the V/FM ratio. For the same power,
the more the flux F decreases, the more the size of the
module decreases. The flux related to M membrane
being lower than that of the S membrane, explains that
the smaller size of the M nodule is not chemically
expected.

The aggregation number N can be expressed as
N = (3R;,R.)/(4R;,). Extracted from Tables 4
and 5, N for the S, M and H membranes are 520,
500 and 190, respectively. It is a known fact that the
interaction free energy per nodule can be expressed
as:

Ap=— 5)

where o is a positive constant dependent on the
strength of the nodules interactions and p is a number
related to the shape of the aggregates (1/2 for a disk, 1/
3 for a sphere). We can notice that Au decreases
progressively with N. Schematic variation of the inter-
action energy per nodule in an aggregate is illustrated
in Fig. 7. The corresponding distribution of the aggre-
gate size is also reported. The more N increases, the
broader the distribution of the increased radius is.
Experimentally, this decreasing order was found.
The largest radius of the agglomerate as well as the
broadest distribution are found for the highest aggre-
gation number N, i.e. the S membrane.

The hexagonal shape of the contact between the
nodule aggregates is somewhat less easy to explain as
it is in open contradiction to theory of column growth
(Fig. 5). This has to do with the elastic properties of
the aggregates themselves. The initially cylindrical
and unstressed column adheres and deforms until the
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Fig. 7. Schematic variation of interaction energy and aggregate
size distribution with aggregation number N [21].

adhesion W and elastic K energies balance. The ratio
K/W can be obtained from:

K 1

w ((3—=cosa)/v/1 +cosac(27cosoc)2/3 —2)(1 —cosa)
(6)

In the present case, angle « measured from 45° to 70°
leads to ratio K/W of about 4-6. For rigid cylinders
made up of metal, K/W will tend to infinity, for
instance. Ratio of 6 means either the adhesion energy
is important or the elastic energy of the aggregate is
low. In both cases, the strength of connection between
aggregates does not appear to be very fragile com-
pared to the bulk aggregate. This has been completed
by another experiment where an extensive stress has
forced the topside of the membrane to be curved. AFM
investigations have shown that membrane fractures
occurred not only between aggregates but also in the
middle of the aggregate. This remark has certainly
to do with the geometrical distribution of the nodule
size within the aggregate. The adhesion energy of the
aggregate body made of bigger nodules is certainly
lower than in the aggregate periphery. The contact area
between small nodules is larger than between bigger
nodules.

AFM results after fluorine treatment have shown
that the organization seems to develop on two or three
levels. At two-levels, nodules of 20 nm diameter make
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agglomerates of approximately 300 nm in diameter.
At three levels, nodules are smaller (10 nm), the
nodules agglomerates appear to have a characteristic
mean length of 200 nm and finally the size of the
supernodular aggregates vary from 450 nm to close
1 um diameter. In the former case, the larger the
supernodular aggregate is, the best the shape definition
of the nodule aggregate is. This size effect is due to the
roughness R, of the membrane.

Comparing the MF and SF membranes leads to the
fact that the reorganization is the more important
because the fluorine rate given by XPS is high. The
large size of the supernodular aggregate of MF mem-
branes explains why the variation of roughness
observed is smaller for MF than SF. On the SiO,—F
membrane, where basically the structure at three
levels is already shown without any fluorine, the effect
is obviously less pronounced that during a transition
process from two to three levels.

The adhesive force F,q, measured at the contact
point between the tip and the membrane arises from
two contributions F; and F,. F;, always present, is
associated with the Van der Waals forces and Fj,
called Laplace’s force has the following form:

Faan = F1 + F, = F| +47nRyy cos 0 (7)

where R is the reduced radius of the contact
(1/R = 1/Ryp + 1/Rq) Ryip and R being the tip radius
of the AFM probe and the surface roughness, respec-
tively. yLv is the surface tensile strength of water
(73 N/m) and 6 the contact angle.

Concerning untreated membranes, the large adhe-
sive force (20 nN) measured in contact of the H
membrane can stem from both a chemical or geome-
trical origins (hydroxyl presence at the surface). The
chemical nature of the AFM tip covered by a thin
silicon oxide film must be taken into account. The
interaction O,—SiO, is certainly in favor of the adhe-
sion. Contact angle measurements show few differ-
ence between S and H values at the opposite of the
adhesion measurement. As a result, capillary forces do
not appear to explain the largest forces. The geome-
trical way seems to be more relevant to explain the
data. It is generally recognized that the surface rough-
ness acts to reduce the adhesion between two solids.
The effective radius of the AFM tip that appears in
Eq. (7) must be reduced if asperities are present. The
aggregates with curvature radius above 500 nm can be

considered as flat compared with the tip radius. How-
ever, the nodules itself with a roughness R, around
10 nm can reduce force by a factor of 2. As R, is twice
lower for H membrane than S one, larger forces are
expected for H membranes. In contact angle experi-
ment, the roughness should influence the hysteresis in
the contact angle between the advancing and the
retreating angles.

Concerning the fluorine membranes, the decrease in
adhesion does not seem to stem from a geometrical
origin. The difference in roughness observed with and
without fluorine is not significant of 30% adhesion
loss, especially for the HF aggregate.

Experimentally, we find a good agreement between
the difference of adhesion force and the difference of
contact angles before and after fluorine treatment. The
ratio AF/A(cos 0) remains constant to 22 nN in each of
the three membranes. This value corresponds to the
factor 4Ry, v where the effective radius R is approxi-
mately 24 nm. This radius matches with the theore-
tical value of the effective radius of the AFM probe
around 20-30 nm.

This experimental observation means that the fluor-
ine treatment is of poor effect on the Van der Waals
forces F'; which must remain approximately identical
before and after the treatment. The fact that the adhe-
sion force decreases with the increase of the contact
angles means that the fluorine makes the aggregate
more hydrophobic. As a result, the decrease in adhe-
sion has a chemical origin. This is compounded by the
leveling of the adhesion forces or the contact angles.

5. Conclusions

Surface morphologies of plasma HMDSO mem-
branes were studied by AFM. Comparison with che-
mical composition obtained by XPS, and surface
energy given by contact angle measurement leads to
the following conclusions:

1. Force measurements obtained by AFM could be
correlated with those given by contact angles.

2. Fluorination increases the hydrophobic character
of membranes. This effect, found to be more
pronounced on amorphous silica-like membranes
than on polymer-like ones, was explained by the
chemical composition of the topmost surface.
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3. Finally, a microstructural modification in the
polymer-like membrane namely the size and
the distribution of the grains and aggregates was
induced during the plasma surface reaction.
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Abstract. Dense (Bi, Pb),Sr,Ca,Cuz0;0+4 Ceramics textured by sinter-forging
exhibit superconducting properties among the best for polycrystalline bulk 2223
materials. Investigations showed that the deformation during the sinter-forging
process is mainly responsible for the grain alignment of the ceramics. A sharp
texture can only be obtained after a strong deformation from the starting
cold-pressed powder to the final thin forged disc. To obtain thick ceramics, several
thin and highly identically textured discs were linked together by an additional short
sinter-forging step. Microscopic observations showed that the interface between
the discs disappeared after the hot treatment. Transport critical current
measurements performed at 77 K through bars of different sizes confirm that,
through an equal texture, the critical current density (Jer = 10000 A cm~2) is nearly
constant with the shape of the bar section: thin or thick, narrow or wide. A ceramic
composed of many stacked and sinter-forged discs allowed resistivity and Jcr to be
measured along the sinter-forging axis. Low anisotropic ratios confirmed the strong
link between the thin discs and a very homogeneous whole ceramic. This shape
processing of bulk 2223 ceramics is thus attractive for the fabrication of current
leads and limiters with high capabilities.

1. Introduction . T — .

Dense (Bi, Pp)SrLCaCusO,0,, textured by sinter-forging A':; o & = _:_'9'_ ;- o e g
exhibits superconductive properties among the best for i g ~—. e
textured polycrystalline 2223 ceramics, and transport — === Pl i S hivl
critical current density is up to 10000 A crhat 77 K by e o . r— 5
in self magnetic field [1, 2]. W= - - - ; Sgdeem
As the supercurrent flows along the-b planes of B e ol = =
the grains, crossing predominantly the grain boundaries as_ e . -~ B o SRS
described in the ‘railwaywitch’ model [3-5], the sinter- e, E e ,“-f_ -
forging step, which induces the alignment of the plate-like e e i o s e T
grains, is one of the essential steps to obtain monolithic ~ : L e
ceramics of unusual transport properties for bulk 2223 | rereEmmw 50 jim '{3‘*
100 kV 40 1000x  BSE 10.2 3021 (2N tib158 recuit) 3

material.

In this article, a method to produce thick ceramics Figure 1. Microstructure (BSE) of a polished cross-section

by stac.king several highly tgxtured discs. .is described ;31 aimost XRD pure 2223 powder sinter-forged
with microstructure observations and critical current g45°c—24 h—15 MPa and annealed 825°C—50 h under

measurements. 7.5% O, (Jer (77 K, 0 T) = 10000 A cm~2). Grey areas are
The anisotropy of the whole ceramic was studied non-superconducting (Sr, Ca),CusO, inclusions; black ones

by resistivity and transport critical current density (STx: Cai-x)2CuOs.

measurements along the sinter-forging axis comparing them

- e R e NP

with others carried out along the texture. treated under air [6]. After sinter-forging and annealing
under 7.5% @, the specimen contains a small amount of
2. Experimental procedure Bi-2212 phase, according to x-ray diffraction patterns, and

all the secondary phases (22£35rCaCuQ) represent less
The specimens were slow sinter-forged in air under a than 10 vol% according to the fraction areas quantified
10 MPa stress that was nearly constant with time, during on polished cross-sections of the samples (figure 1). The
24 h or more, starting from a BgsPhy 35S5nCaCus 10104, resulting deformation, obtained after one slow step process,
powder precursor synthesized by a sol-gel route and heat.e. between the initial cold-pressed pellet and the final

0953-2048/98/101160+06$19.50 (© 1998 IOP Publishing Ltd
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Figure 2. 2223 grains misalignment in a forged thin disc (0.5 mm): (a) 3D representation of a (00 10) pole figure;
(b) a cumulative curve showing that 50% of the grains are aligned within the angle range 4°-5°.
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Figure 3. Local misalignment of the 2223 plate-like grains

near quasi-isotropic grains of non-superconductive phase. Figure 4. Magnetic field dependence of the critical

transport current density Jer at 77 K and 67 K and the
magnetic one (Bean model) at 5 K.

hot-forged disc, is around 80%. The (0010) pole figure
obtained with a Philips X'Pert x-ray diffractometer revealed
that 50% of the total amount of the 2223 grains are aligned averagec-axis against in the texture direction), 20 sinter-
within an angle of 5 with respect to the stress axis (figure forged discs (0.5 mm thick) were stacked and joined by an
2). The sinter-forging conditions, mainly controlled by additional hot forging short-time step and cut out with their
the stress, temperature and time, were chosen to allow arlarger dimension parallel to the measaxis of the grains.
easy separation of the disc from the thin silver sheaths that
we used during the pressing. The disc thickness exceeds
0.4-0.5 mm and is less than 1 mm to obtain a sharp texture.3. Results and discussion
For resistivity and transport critical current measure-
ments we used a four-probe method, and transport critical 3.1. First step: highly textured thin disc processing
current density was determined from the DC current—
voltage curve using a &V cm~? criterion. Previous investigations revealed that at least 24 h of sinter-
Bars were cut from the discs, and two silver threads forging and a slight load [8] are necessary to achieve a
were fixed by silver paste before a post-annealing at625  critical current density/cr exceeding 5000 A cn? (77 K,
for 100 h in 7.5% G-balance M. This was followed zero field). The value is enhanced to 10000 A—énby
by a slow cooling rate (2C h™1) down to 790°C, and optimizing the post-annealing [1]. Moreover, the amounts
samples were finally quenched down to room temperature. of non-superconducting phases (SrCaCuO) , whose shape is
This temperature profile has been adapted from a study ofalmost isotropic and size is much higher than the thickness
Parrellet al on Bi-2223/silver tapes [7]. To determine the of the 2223 grains (which induces local misalignment in
anisotropy of the critical current (currentparallel to the the texture; see figure 3), have to be minimized [1].
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(b)

Figure 5. (a) Clean interface between two thin highly textured discs, linked by an additional short sinter-forging.
(b) (200)-(020) pole figure of a cross-section of a pellet composed of 20 highly textured discs. o represents the
sinter-forging stress direction.

A decrease of the temperature from 77 K to 67 K the superconducting—b planes results in pancake vortices
doublesJcr (B L o) in self-field @ is the sinter-forging which dramatically affect/c7. In highly textured (Bi, Pb)-
stress axis), and a rather high; value of 5000 A cm? 2223 materialJer (B || o) vanishes below 5000 Oe at
remains under 1 T, as can be seen from figure 4. 77 K, for both processing methods: either cold rolling

The field behaviour of/-r for the cases when the with intermediate annealing treatments where mechanical
magnetic fieldB is along the texture plane-B | a—b) and stresses remain or slow hot-forging. In the L o

when B is parallel to the sinter-forging stress axisg || c) configuration, the intrinsic pinning results in a better
are typical for Bi-based superconductors, either textured Jcr(B). However,Jcr (B L o) vanishes at-2.5 T (77 K)
tapes or monolithic ceramics. for both of the above materials, whereas for epitaxiakis

In the B || o configuration, the weak coupling between 2212 filmsJ¢ slightly decreased up to 5 T [9].
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Figure 6. Transport critical current densities measured through different sections of bars with the same texture quality:
(a) samples with a constant thickness and different widths (0.5—-3 mm); (b) constant width and different thicknesses
(0.5-1.5 mm), the bars 1 and 1.5 mm thick are composed respectively of two and three thin discs.
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Figure 8. SEM micrograph of a fractured surface. Some
grains are connected as in the rail switch model.

Figure 7. Comparison of the bulk resistivity along the
sinter-forging axis o (average c-axis of the 2223 grains)

and along the texture plane (o(i || o) ~ p(i L o) x 50). The bars of different shapes were cut from these thick

ceramics to compare their critical current densities. It was
determined that their texture is independent of their cross-
3.2. Second step: thick ceramics section, thanks to the stacking processing. Figure 6 reveals
that critical current density is nearly independent of the
As has been previously shown, thick 2223 ceramics exhibit shape of the bar and on its cross-sectional area, at least for
lower critical current densities than thin ones [10]. In the areas we tested/c; through the larger cross-section
fact, the sinter-forging stress and temperature profiles are(~3 mn¥) is around 10,000 A cr?.
most important factors for obtaining a sharp texture. We Therefore, lowJcr in thick ceramics is a result of small
have shown that a significant deformation80% from the deformations during the sinter-forging step that lead to a
starting thickness of the pellet to the final thickness of the worse texture orientation. Stacked forged thin discs have
sinter-forged disc) is necessary to reach a high density, asame Jcr as the thin disc, because of the same texture
sharp texture and a higl-7. However, such a significant  quality.
deformation involves thin discs. To obtain thicker ceramics
without any degradation of the texture quality, several discs 3,2.1. Resistivity anisotropy. Twenty thin highly
were joined together by an additional sinter-forging step at textured 2223 discs were joined together at 82%inder 10
the same temperature (845) and under the same stress MPa to obtain a thick ceramic specimen having the same
(10 MPa) as that used to form each highly textured thin texture quality. That was confirmed by the (20 0)—(020)
disc. MEB observations show that the interface between pole figure obtained with a polished cross-section of the
two adjacent discs disappeared after their stacking treatmenthick pellet (figure 5§)). Samples were cut from this pellet
(figure 5@)), explaining the strong mechanical link. The with their long side along the direction and others with
whole ceramic is as homogeneous as each thin disc. their long side perpendicular @ (figure 7).

1163



V Rouessac et al

. 8000 ¢
NE a _._I@ , %
§ —e—ilg , Bl
<~ 6000 —o—i//lo, BOo —
; o]
2 — - i/laliB O
T 4000 2
5 Q
é 2000 %
O
8 - —~—Bl/lo Vo
= Birr/fg  BitvCio
© o/ , : —_— = | SRR B )
0 1000 2000 3000 4000 5000 1 10 100 1000 10000
Magnetic field (Gauss) Magnetic field (Gauss)

Figure 9. (a) Magnetic field dependence of Jcr at 77 K, with current along (i || o) and perpendicular to (i L o) the
sinter-forging stress axis; (b) anisotropy in transport current y(B) = Jcr(i || 0)/Jcr(i L o).

In bothi L o andi || o configurations, we observed anisotropy y./.»(B || ) and y.a(B L o) have been
a metallic behaviour of the resistivity versus temperature extracted as follows and shown in figureb®(
(figure 7). Thei 1L o curve multiplied by a factor of 50

superposes on thiel| o one. The aspect ratio of anisotropy (B || o) = JCT(f ) in B || o configuration
in resistivity (C,,.,) Nearly corresponds to the aspect ratio Jer(i Lo)

of the grains, which was between 40 and 50 (the grain Jeri | o)

average size is 1@m wide and 0.2-0.5um thick, along Yejab(B L o) = ———— in B L o configuration.
the c-axis). Jer(i Lo)

Thus, grain interfaces normal to theaxis (‘brick These ratios are consistent with those found in Ag tapes [14]
walls’) seem to be strong potential barriers for the current and prove that the links (mechanical and electric) between
that predominantly crosses the whole bar alarg planes the different thin sinter-forged discs are strong. Far below
of the grains through the low-angieaxis grain boundaries the irreversible magnetic field, the nearly superposed curves
(‘railway switch’, twist boundaries [11]), even when the point out that the magnetic field orientation has no influence
long side of the bar is parallel to the sinter-forging axis. O, which confirms thacy is strongly influenced by the

As resistivity measurements of 2223 single crystals mlsahgned 2223 grains and not by orientation of the whole
have not been performed because of the small size of everyc€ramic. The extremities of both curves correspond to the
2223 grain, in order to compare the resistivity aspect ratio of I"éversible magnetic fieldsi(|| o, ~4000 G, andB L o,
textured ceramic with that of single crystal a more suitable ~2 T): The highJcr ratios in textured ceramics compgred
known resistivity aspect ratio is that of (Bi,Pb)-2212 With 2223 single-crystal graing/¢ (|l ¢)/Je (Il a—b) < 10

single crystal. Even in large Pb-substituted Bi-2212 single _[14])' W?th a low sensi_tivity to magnet_ic field fe_lr from the
crystals, thec-axis intrinsic resistivityp, is much higher ~ rreversible one, confirm that the ‘railway switch” model
than py, of textured ceramicsIlm = po/pa = 10° [15] is the dominant mechanism for the supercurrent flow

[12]), andp. has no metallic behaviour versus temperature. " thei || o configuration. The current zigzags' from grain
Moreover, a small amount of liquid phase that appears to grain through the low-angle boyndar_les, and only little
during the hot-forging process can connect grains togethercurrem flows through the boundaries with surfaces normal

. . . to the c-axis.
via theira—b planes, as shown by SEM observations on a . .
fractured cross-section (figure 8). Moreover, the lack of perfectly aligned 2223 grains

This explains why the resistivity aspect ratio in well- always md_uc;es a component Of. the magnetic field parallel
S . to thec-axis in any field orientation from the sinter-forged
textured ceramics is near the grain aspect rdfiQ (, ~

50), considering that the current path principally goes along axis, even in the casé J‘ - .Thls Iﬁ why Jer( L o,
a—b planes. In 2223 thick ceramics obtained after one B 1 o) decreases, even in quite a sharp texture.
sinter-forging step, where low deformations induce a coarse

texture, Noudenet al [13] found a lower resistivity ratio 4. Conclusion

I'ie/ 10 = 11, meaning that the current path is shorter. . i . .
The thick ceramic samples synthesized by the stacking

of several thin highly textured sinter-forged discs by an
3.2.2. Jcr anisotropy. Figure 9@) displays the field additional sinter-forging exhibit much higher critical current
dependence oficy for four configurations of the main  densities than ceramics directly shaped in a one-step sinter-
current orientation,i 1 o, i || o and applied field forging.
B || o, B L o, using the same bars as for resistivity As in silver-clad (Bi, Pb)-2223 tapes, critical current
measurements. From these curves, tWwg ratios of density in the silver-free monolithic textured (Bi, Pb)-2223
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specimens has been shown to be limited by the strong [4] Li Y H, Kilner J A, Dhalle M, Caplin A D, Grasso G and

field B || ¢ dependence. The ‘railway switch’ model is
consistent with the anisotropy in normal state resistivity
measuremente(i L o)/p( || o) and low anisotropy

in transportJcr(i L o)/Jer(i || o) measurements. Both
cold-rolling and hot-forging processings prevent faultlessly
The way to further improvement of
Jer of 2223 ceramics with slightly misaligned grains
could be the introduction of secondary non-superconductive

aligned grains.

(5]
(6]
(7]

(8]

Flukiger R 1995Supercond. Sci. Techn@.764

Yan Y, Evetts J E, Soylu B and Stobbs W M 19P@ysica
C 26156

Rouessac V, Wang J, Provost J and Desgardin G 1996
PhysicaC 268 225

Parrell J A, Larbalestier D C, Riley G N Jr, Li Q,
Parrella R D and Teplitsky M 1998ppl. Phys. Lett4
2915

Noudem J G, Beille J, Bourgault D, Sulpice A and
Tournier R 1994PhysicaC 23042

nanoparticles that could enhance the vortex pinning inside [9] Schmitt P, Kummerth P, Schultz L and

each 2223 grain, which is important in th8 |
configuration [16].

The thick highly textured ceramics described here are
attractive for industrial use in current leads and high-

capability fault limiters.
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