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RESUME

Depuis plus de 30 ans, les études portant sur les réactions entre couches minces
de Ni de moins de 500 nm et substrats de Si n’ont révélé la formation que de trois
composés, soit 8-Ni,Si, NiSi et NiSi,, alors que le diagramme des phases a 1’équilibre du
systeme Ni-Si pouvait laisser présager la formation d’au moins trois autres. Cette
séquence a trois composés a cependant €té remise en question récemment par des
mesures de diffraction des rayons X synchrotron in situ pendant recuit. En effet, celles-ci
ont révélé la formation de plus d’un composé supplémentaire lors de la réaction de
couches de 10nm de Ni avec leur substrat de Si, suggérant que les réactions Ni-Si ne
sont pas aussi bien comprises que ce a quoi on pourrait s’attendre d’un systeme étudié
depuis si longtemps. En plus de revétir un intérét fondamental en science des matériaux,
I’existence d’étapes supplémentaires dans le systeme de réaction Ni-Si peut avoir un
impact important en microélectronique. En effet, les problémes de matériaux reliés au
procédé de mise en forme des siliciures rencontrés par le passé avec les métallurgies de
contact a base de Ti et de Co ont mis en évidence I’importance capitale de comprendre
les détails fondamentaux des réactions en phase solide menant a la formation du

composé de basse résistivité.

Le but de ce projet de doctorat était de développer une compréhension
fondamentale détaillée des réactions qui menent a la formation du NiSi. Nous avons
donc revisité les réactions entre couches minces de Ni et substrats de Si a I’aide
notamment d’une technique de diffraction des rayons-X synchrotron in situ pendant
recuit qui permet de détecter les composés qui se forment alors que les réactions se
déroulent et ce avec une résolution temporelle inégalée. Bien que la XRD in situ soit un
outil particulierement puissant, la force du travail expérimental présenté dans cette these
repose sur le nombre et la complémentarité des autres techniques que nous avons
utilisées telles que la microscopie électronique a transmission, la spectroscopie de
rétrodiffusion Rutherford (RBS) et la spectrométric de masse des ions secondaires

(SIMS).
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Nous montrons que les réactions en phase solide entre les substrats de Si et les
couches minces de Ni avec une épaisseur initiale comprise entre 4 et 500nm sont
considérablement plus complexes que ce qu’il était communément accepté auparavant.
Nous observons jusqu’a trois composés, soit 8-Ni,Si, Ni, Si;, et Ni,Si,, en plus des trois
énoncés plus haut et dont la formation a lieu avant celle du NiSi. Ces composés ont tous
la particularité de co-exister latéralement (c.a.d. dans la méme couche) avec 8-Ni,Si
et/ou NiSi alors qu’on s’attend a une co-existence de type couche-par-couche dans les
réactions en couches minces. Malgré sa métastabilité aux températures inférieures a
825 °C, le composé non-steechiométrique 0-Ni,Si est présent dans tous les échantillons
que nous avons étudiés et se forme systématiquement a la méme température (300 %
10 °C) nonobstant 1’épaisseur intiale de la couche de Ni. Sa formation rapide est
favorisée par un héritage de texture du 8-Ni,Si, qui se fait d’ailleurs complétement
consommer dans les échantillons avec moins de 10 nm de Ni au départ. La disparition

du 6-Ni,Si, qui est également tres rapide, résulte a la fois en la formation de NiSi et en

un surprenant retour partiel du 9-Ni,Si préalablement consommé. La séquence de

formation n’est donc pas monotone en composition contrairement a ce qui est attendu

dans les réactions en phase solide.

Le Ni ;,Si,, n’est observé que dans des échantillons ou du Ni non-réagi est

encore disponible a des températures supérieures a 350 °C lors de recuits en mode rampe
avec des taux de chauffage de 3 °Cs’. A D’instar du 8-N4,Si, la formation du Nis,Si,,
consomme du 8-Ni,Si, ce qui laisse supposer que les joints de grains du 6-Ni,Si

favorisent de maniere générale la germination des nouveaux composés que nous

observons. Bien que 1’on observe des grains de Ni;Si, co-exister latéralement avec

0-Ni,Si et NiSi dans les échantillons avec 100nm de Ni, le Ni;Si, ne développe de

maniére importante que s’il reste du 8-Ni,Si non-réagi 2 des températures supérieures a

600 °C.
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A travers I’étude des effets de i) 1’alliage du Ni avec du Pt et du Co ainsi que de
ii) 'implantation d’impuretés dans le Si (B, P, As, F et N) sur les réactions Ni-Si, nous
avons pu déterminer que la germination joue un role limitant dans la croissance du

composé métastable 0-Ni,Si. Nous avons également vérifié 1’importance du gabarit

offert par les grains de &-Ni,Si qui favorise considérablement cette germination. Les
résultats des réactions entre couches de Ni et substrats de Si amorphe ou amorphisés par
I’implantation révelent par contre que la germination du 0-Ni,Si ne dépend pas de la
possibilité d’une épitaxie avec le Si. Les dopants CMOS activés, tout comme les
impurtées d’alliage, ont pour effet de retarder la formation des siliciures riches en Ni. A
haute concentration, les impuretés d’alliage suppriment méme la formation de 0-Ni,Si,
possiblement en raison d’une solubilité limitée dans ce composé. Au contraire, les
impuretés implantées dans le Si sans recuit de recristallisation subséquent ont pour effet
de stabiliser le 6-Ni,Si en partie grace a la présence d’une interface amorphe au début de

la réaction. Cette stabilisation est particulierement importante dans les échantillons
implantés avec du fluor en raison i) d’une ségrégation des atomes d’impuerté dans les

joints de grains, ou ils forment des liens Si-F et Ni-F, mais également ii) d’une solubilité
possiblement grande dans le 0-Ni,Si ou les atomes de fluor occuperaient les sites
lacunaires. L’étude du développement des contraintes dans les échantillons ou le 0-Ni,Si
est stabilisé révele que sa disparition n’est pas causée par une accumulation de
contrainte. En fait, nos données suggéerent que c’est la germination du NiSi, jusqu’alors
génée par ’existence de gradients de concentration a I’interface, qui cause la disparition
du 06-Ni,Si. La croissance du monosiliciure qui peut se faire rapidement en absorbant les
lacunes des régions de 6-Ni,Si non-transformées, causerait un enrichissement effectif en
Ni de ces régions favorisant ensuite le retour vers la structure orthorhombique plus

stable du 8-Ni,Si. Ces transformations rapides sont en fait facilitées par une parenté

entre les structures cristallines du NiSi, du 6-Ni,Si et du 6-Ni,Si.
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L’étude quantitative de la cinétique de croissance du 6-Ni,Si lors de la réaction
entre des couches de 10 nm de Ni et leur substrat de Si (001) nous a permis de révéler
I’existence de deux stades de croissance distincts. Nous proposons un modéle unique qui
décrit les deux stades en unifiant un processus de germination-croissance 2D a
I’interface siliciure/Si suivie d’une croissance non-planaire contr6lée par la diffusion au
cours de laquelle le 6-Ni,Si pénétre dans les joints de grains du 6-Ni,Si surjacent.
Malgré un accord remarquable entre les simulations prédites par ce modele et les
données expérimentales, nous montrons également qu’on ne peut exclure la possibilité
que le deuxicme stade de croissance consiste en un épaississement unidimensionnel
d’une couche continue, contrdlé par la diffusion et au cours duquel la composition du 6-
Ni,Si (qui est non-steechiométrique) change. Lorsque le Si est implanté avec de fortes
doses de F, le premier stade de croissance observé pour le cas non dopé est supprimé,

cependant un troisieéme stade apparait et correspond a la croissance du 6-Ni,Si en
I’absence de Ni et de 8-Ni,Si, donc apparemment de toute source externe d’atomes de

Ni. Nous décrivons ce troisieme stade a 1’aide d’un modele d’épaississement
unidimensionnel d’une couche continue contrdlé par la diffusion qui inclut une
composition et un coefficient de diffusion variables, tel que clairement suggéré par les

données expérimentales.

La consommation du 6-Ni,Si, tant dans les échantillons avec Si non-dopé
qu’implanté au fluor, est bien décrite par un modele d’ Avrami avec un exposant de 2, ce

qui suggere une réaction contrdlée par la germination en deux dimensions.

Les énergies d’activations que nous obtenons pour les premier et deuxiéme

stades de croissance du 6-Ni,Si ainsi que pour sa consommation sont respectivement de

1.17 £0.5,2.55 £ 0.5 et 1.65 £ 0.5 eV et augmentent toutes avec I’implantation au fluor.
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Les résultats présentés dans cette thése montrent que grice a des techniques qui
permettent de suivre la réaction avec une résolution temporelle inégalée, nous avons
observé la compétition cinétique que se livrent les différents composés dans les premiers
stades de leur croissance dans les réactions en phase solide. Cette compétition était
prédite depuis longtemps par plusieurs modeles de réaction en phase solide, mais pas
encore observée a notre connaissance. Nous montrons également que cette compétition
peut mener a une co-existence latérale de plusieurs composés dans une méme couche
alors que la plupart des modeles de réaction en phase solide présument ou nécessitent
une co-existence en strates continues. Finalement, nous montrons que la combinaison de
(i) existence de gradients de concentration interfaciaux, (ii) la similarité des structures
cristallines de 8-Ni,Si, NiSi et 6-Ni,Si ainsi que (iii) la capacité de ce composé non-
steechiométrique a contenir des lacunes ainsi qu’a germer dans un gradient de
concentration méne a un mécanisme de réaction tres particulier qui résulte notamment
une succession non-séquentielle de composés. Nos résultats revétent ainsi un intérét
important en science fondamentale des matériaux en plus d’un intérét technologique de
par leur pertinence a 1’égard du procédé SALICIDE utilisé€ en technologie CMOS pour

mettre en ceuvre les contacts a base de siliciures.
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ABSTRACT

Ni monosilicide, synthesized through the thermally induced solid-state reaction of Ni
thin films with the silicon substrate, is used as a low-resistance contact material in the
complementary metal oxide semiconductor (CMOS) technology. For more than 30
years, that reaction has been reported to consist in the successive formation of 8-Ni,Si,
NiSi and NiSi,. This surprisingly simple compound formation sequence — given the
complexity of the Ni-Si equilibrium phase diagram — has recently been challenged by
in situ x-ray diffraction experiments which revealed the formation of at least one
additional compound before the appearance of NiSi. From a technological point of view,
it is crucial to better understand the details of the silicidation reaction in order to
optimize and control the fabrication process and to obtain the desired device
performance. From a materials science perspective, Ni-Si solid-state reactions constitute

a model system for investigating this peculiar behavior.

The objective of the thesis is to develop a detailed fundamental understanding of the
thermally induced solid-state reactions that lead to the formation of the NiSi. We use
in situ synchrotron x-ray diffraction as well as wafer curvature measurements to monitor
reactions as they occur during the annealing treatment. These analyses are
complemented by ex situ transmission electron microscopy, Rutherford backscattering

spectroscopy, and secondary ions mass spectroscopy.

The solid-state reactions between 4 to 500 nm-thick Ni films and Si (001) are
considerably more complex than previously believed. In addition to the commonly
observed phases listed above, we observe the formation of three additional compounds —
0-N1,S1, Ni;,Si,, and Ni,Si, — before the complete transformation of the reacted film into
NiSi. These compounds are found to co-exist laterally (within the same layer) with
6-Ni,Si and/or NiSi. The metastable compound 6-Ni,Si, which formation results from

texture inheritance and rapid growth through vacancy diffusion, is present in all samples
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and forms at the same temperature (300£10 °C) regardless of the initial Ni thickness.
Indeed, this compound forms rapidly during ramps anneals, apparently consuming all
the 6-Ni,Si for initial Ni films thickness of up to 10 nm. Its disappearance is also rapid
and is correlated to both the growth of NiSi and to a surprising return of the
orthorhombic 8-Ni,Si. The formation sequence is therefore not monotonic in
composition in contrast to what is usually expected in solid-state reactions. Ni, Si,, is

observed only in samples where unreacted Ni is still available at temperatures above

350 °C during ramp-type anneals of 3 °C s, Like 0-Ni,Si, its formation consumes the

0-Ni,Si, which suggests that grain boundaries in 8-Ni,Si generally favor the nucleation
of the newly observed compounds. Although some Ni,;Si, grains are found to co-exist
with 0-Ni,Si and NiSi in samples with 100nm Ni, the presence of unreacted 6-Ni,Si at

temperatures above 600 °C is required to observe a significant development of this

compound.

An investigation of the effect of alloying elements (Pt and Co) and impurities (B,
P, As, F, N) on the Ni-Si reactions enables us to determine that nucleation plays a
limiting role in the growth of metastable 6-Ni,Si and that the template provided by
0-Ni,Si is crucial in promoting this nucleation. Furthermore, reactions with amorphized
and amorphous substrates indicate that the possibility of epitaxy with the Si substrate is
not a necessary condition for 0-Ni,Si to form. Activated CMOS dopants and alloying
impurities delay the growth of all Ni-rich compounds and eventually suppress the
formation of 6-Ni,Si possibly because of a limited solubility. Impurities implanted

without subsequent re-crystallization anneals stabilize the compound partly through the
presence of an amorphous interface, at least at the beginning of the reaction. The

stabilization effect is enhanced by segregation of F to grain boundaries, where it can
form strong Si-F and Ni-F bonds, and by a possibly large solubility in 6-Ni,Si in which
the F atoms would most likely occupy the vacancy sites of this relatively open structure.

A study of the stress development in samples where the 6-Ni,Si is stabilized revealed
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that its consumption is not triggered by the accumulation of stress. In fact our data
suggest that the consumption of 6-Ni,Si is most likely triggered by the nucleation of
NiSi, previously hindered by interfacial concentration gradients, which grows rapidly by
absorbing vacancies until they are sufficiently depleted so as to favor a return towards

the more stable 6-

A quantitative investigation of the growth kinetics of 8-Ni,Si on undoped Si(001)
reveals two distinct stages which are well described by a model incorporating 2D
nucleation-controlled growth at the silicide/Si interface and the non-planar diffusion-
controlled penetration of 6-Ni,Si in the overlying 6-Ni,Si grains. Despite the very good
fit of the model to our data, we cannot rule out the possibility that the second stage
consists of a 1D diffusion-controlled planar growth during which the composition of the
non-stoichiometric 6-Ni,Si changes. In F-doped samples, the second stage corresponds
to a 1D diffusion-controlled growth in the absence of 8-Ni,Si and Ni, suggesting a
possible compositional change during growth. In both the undoped and F-implanted
samples, the 0-Ni,Si consumption kinetics is well described by an Avrami model with an
exponent of 2, indicating a two-dimensional in-plane reaction geometry. The low
activation energy of the Avrami constant (1.7 eV) supports the hypothesis that vacancy

diffusion play an important role in the process.

The results presented in this thesis show that thanks to the use of powerful in situ
monitoring techniques we have observed the kinetic competition between different
growing compounds in the early stages of their growth. This competition has been
predicted by many growth models, yet to our knowledge it has not been observed so far.
We also have shown that this competition can lead to the lateral co-existence of several
compounds in the same layer whereas most solid-state reaction models assume or
require a layer-by-layer co-existence scheme. Finally, we show that the combination of

(i) strong interfacial concentration gradients, (ii) structural similarities between 8-Ni,Si,
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NiSi and 0-Ni,Si, and (iii) the ability of the latter to sustain vacancies and to nucleate in
concentration gradients lead to a very peculiar reaction pathway, which results in a
striking non-sequential succession of compounds. Our results therefore bear an
important interest on the fundamental material science point of view in addition to the
technological points of view given their pertinence for the SALICIDE process used to

implement the Ni-Si contact metallurgy in the CMOS technology.
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CONDENSE EN FRANCAIS

Le monosiliciure de nickel est un matériau utilisé en microélectronique pour
réduire la résistance des contacts dans les circuits intégrés de type métal-oxyde-semi-
conducteur (CMOS). Dans le cadre de cette application, il est synthétisé par la réaction
en phase solide, induite par le chauffage, entre une couche mince de nickel et un substrat
de silicium sur lequel elle est déposée. Depuis plus de 30 ans, les études portant sur les
réactions entre couches minces de Ni de moins de 500 nm et substrats de Si n’ont révélé
la formation que de trois composés, soit 8-Ni,Si, NiSi et NiSi,, alors que le diagramme
des phases a 1’équilibre du systéme Ni-Si pouvait laisser présager la formation d’au
moins trois autres. Cette séquence a trois composés a cependant été remise en question
récemment par des mesures de diffraction des rayons X synchrotron in situ pendant
recuit. En effet, celles-ci ont révélé la formation de plus d’un composé supplémentaire
lors de la réaction de couches de 10nm de Ni avec leur substrat de Si, suggérant que les
réactions Ni-Si ne sont pas aussi bien comprises que ce a quol on pourrait s’ attendre
d’un systeme étudié depuis si longtemps. En plus de revétir un intérét fondamental en
science des matériaux, I'existence d’étapes supplémentaires dans le systeme de réaction
Ni-Si peut avoir un impact important en microélectronique. En effet, les problemes de
matériaux reliés au procédé de mise en forme des siliciures rencontrés par le passé avec
les métallurgies de contact a base de Ti et de Co ont mis en évidence 1’'importance
capitale de comprendre les détails fondamentaux des réactions en phase solide menant a

la formation du composé de basse résistivité.

Le but de ce projet de doctorat était de développer une compréhension
fondamentale détaillée des réactions qui menent a la formation du NiSi. Nous avons
donc revisité les réactions entre couches minces de Ni et substrats de Si a 1’aide
notamment d’une technique de diffraction des rayons-X synchrotron in situ pendant
recuit qui permet de détecter les composés qui se forment alors que les réactions se

déroulent et ce avec une résolution temporelle inégalée. Bien que la XRD in situ soit un
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outil particulierement puissant, la force du travail expérimental présenté dans cette these
repose sur le nombre et la complémentarité des autres techniques que nous avons
utilisées pour étudier i) I’évolution des contraintes pendant la réaction, ii) la
microstructure et la distribution spatiale des composés dans des échantillons de couches
minces recuits a différents stades ainsi que iii) la redistribution des impuretés suite a la
réaction. Nous avons ainsi combiné des mesures de rayon de courbure des échantillons
acquises in situ pendant recuit, de la microscopie électronique 2 transmission, de la
spectrométrie de rétro-diffusion Rutherford ainsi que de la spectrométrie de masse des

ions secondaires aux mesures de XRD in situ.

Nos expériences ont été principalement con¢ues de maniere a identifier les
composés supplémentaires qui se forment et de comprendre les phénomenes
thermodynamiques et cinétiques qui sont en jeux lors de leur formation. Nous avons
notamment €tudié les réactions Ni-Si par XRD in situ tout en couvrant une vaste gamme
d’épaisseurs initiales de Ni afin de comprendre pourquoi ces composés n’ont pas été
observés plus t6t. Nous avons également étudié 1’effet d’impuretés alliées au Ni (Pt et
Co) et implantées dans le Si (B, P, F, N, Si) de maniere a modifier 1’énergétique des
réactions et d’en observer I'impact sur la formation des composés. Finalement, nous
avons €tudié la cinétique de croissance du 0-Ni,Si, un composé supplémentaire dont
nous avons observé la formation avant celle du NiSi, tant sur substrats de Si purs

qu’implantés avec du fluor.

Une revue sommaire de la littérature scientifique portant sur les réactions en
phase solide en général révele que dans les couples de diffusion massifs, ou
I’approvisionnement en réactifs est infini, tous les composés permis a la température du
recuit par le diagramme des phases a 1’équilibre pertinent sont observés sous forme de
strates a ’interface entre les deux matériaux de départ. Dans les réactions impliquant des
couches minces, I’approvisionnement limité d’un ou des deux matériaux de départ fait

en sorte que les différents composés apparaissent généralement un par un, en séquence.
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Dans cette séquence, les composés se succedent en ordre de teneur décroissante en
atomes de ’espéce mobile la plus rapide (soit le Ni dans les cas des siliciures de nickel).
Selon la nature des phénomenes cinétiques qui limitent la croissance, certains composés
peuvent étre absents de la séquence de formation ou ne commenceront a se former que

lorsque les composés déja formés ont atteint une épaisseur critique minimale.

Une revue exhaustive de 1’abondante littérature scientifique publiée sur le
systeme Ni-Si nous révele que la séquence a trois composés, 8-Ni,Si, NiSi et NiSi, est
systématiquement observée dans toutes les réactions impliquant des couches minces de
Ni et des substrats massifs de Si, et ce, quelle que soit la nature et I’orientation cristalline
de ces derniers. 6-Ni,Si est ainsi le seul composé dont la formation soit observée avant
celle du NiSi. Les composés tels que Ni,Si, Niy, Si,, et Ni,Si, ne sont observés que dans
les couples de diffusion massifs recuits a haute températures pendant de longues
périodes ou dans les réactions de couches minces de Si sur substrats de Ni massifs. Trois
études rapportent la formation d’un composé NiSi stabilisé dans une structure cristalline
hexagonale par une relation d’épitaxie avec le Si. Cependant, on ne trouve aucune
mention de la formation de composés dits "haute température” tels que la phase 6-Ni,Si

dans les réactions en phase solide en couches minces.

Parmi la vaste gamme d’impuretés dont ’effet sur les réactions Ni-Si a été
étudié, on note particulicrement le platine et le cobalt qui, lorsqu’introduites dans la
réaction sous forme d’alliage avec le Ni, ont respectivement pour effet de défavoriser et
de favoriser la germination du NiSi,. Ce résultat s’explique par la similarité des
structures cristallines de NiSi et PtSi ainsi que de NiSi, et CoSi, qui résultent en un effet
d’entropie de mélange, stabilisant tant6t le NiSi, tantot le NiSi,. On note également le
fluor qui est reconnu pour son effet inhibiteur de la dégradation thermique du NiSi ainsi

que pour sa tendance a s’attacher aux défauts dans les joints de grains des siliciures.
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Nos premiers efforts de recherche se sont concentrés sur 'identification des
composés supplémentaires observés. Grace a la combinaison de mesures XRD in situ, de
figure de pole de diffraction ainsi que de diffraction des électrons en faisceau

convergeant, nous avons réussi a identifier un premier composé supplémentaire comme
étant le composé haute-température 0-Ni,Si. Ce composé non-steechiométrique se forme
avant le NiSi en consommant du 8-Ni,Si a des températures auxquelles le diagramme
d’équilibre Ni-Si suggere qu’il est métastable. La présence d’un pic de diffraction autour
de 27° suggere l’existence de lacunes ordonnées sur le sous-réseau de Ni et une
composition intermédiaire a celles de 6-Ni,Si et NiSi. En effet, normalement interdit par
la structure hexagonale du 6-Ni,Si, ce pic correspond a une périodicité égale au double
de celle des plans 110. Pour toutes les épaisseurs initiales de la couche de Ni comprises
entre 4 et 500 nm, on observe la formation du 8-Ni,Si systématiquement a la méme

température (310°C) lors d’expériences de recuits en rampe a 3°C/s. Ce résultat suggere

que la germination joue un role clé dans la formation du composé qui est d’ailleurs
rapide et breve. En effet, sitot formé, le 0-Ni,Si se fait consommer par la formation du
NiSi qui est accompagnée d’un retour surprenant du 8-Ni,Si préalablement consommé.
Ainsi au lieu de suivre une séquence continue en terme de composition comme on s’y
attendrait en réactions en couches minces, le syst¢me passe du 6-Ni,Si vers un composé

plus riche en Ni.

L’analyse de la structure cristalline du 6-Ni,Si révele qu’elle est parente avec
celles du 6-Ni,Si et du NiSi. Nous montrons que cette particularité joue un rdle
important tant dans la formation du 6-Ni,Si que dans sa consommation. En fait, Gaudet
et al. ont montré que les composantes de texture que 1’on observe pour 8-Ni,Si et 6-
Ni,Si sont équivalentes. Par ailleurs, Hodaj et al. ont montré que la germination du NiSi

a I'interface 8-Ni,Si/Si pouvait étre génée par des gradients de concentration. Nous

proposons donc que la formation du 6-Ni,S1 s’explique par la combinaison de i) sa
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faculté de germer facilement dans un gradient de concentration (étant un composé non-

steechtométrique), ii) la difficulté pour NiSi d’en faire autant et iii) un effet de gabarit
offert par les grains de 8-Ni,Si, qui résulte en une trés faible énergie d’interface associée
a la germination. Selon le diagramme d’équilibre, la présence de NiSi devrait rendre le
6-Ni,Si instable. Ainsi, une fois que le NiSi a pu germer, vraisemblablement & partir du
0-Ni,Si, ce dernier disparait rapidement. Nous expliquons le retour du 8-Ni,Si par le fait
que le NiSi pompe les lacunes présentes dans les régions de 6-Ni,Si non-transformées en
croissant, enrichissant de maniere effective ces derni¢res en Ni. Ces régions ainsi
enrichies en Ni peuvent ensuite se retransformer facilement en 6-Ni,Si, grice a la

parenté des structures cristallines.

En plus du 6-Ni,Si, notre étude a révélé la formation du Ni,,Si,, et du Ni,Si, dans

des échantillons ou il reste du Ni non-réagi a des températures supérieures a 373 et 600

°C respectivement. Ceci se produit dans les échantillons avec au moins 100 et 500 nm de
Ni au départ. La formation du Ni;,Si,, consomme elle aussi du 8-Ni,Si qui est restitué en
partie lors de son départ. La formation du Ni;Si, est quant a elle observée lorsque la

couche de 8-Ni,Si est presqu’entierement consommée par la formation du NiSi au cours

d’une réaction qui consomme tant du 8-Ni,Si que du NiSi.

Une étude détaillée de la microstructure par microscopie électronique a

transmission (MET) s’est concentrée sur les échantillons avec 10 et 100 nm de Ni au
départ. Les échantillons ont été recuits et trempés au moment ol soit le 0-Ni,Si ou le
Ni;, Si;, sont au maximum de leur développement selon la XRD in situ. On observe dans
les deux cas une surprenante co-existence, tantot de grains de 6-Ni,Si tantdt de grains de
Ni,,Si,,, avec des grains de 6-Ni,Si dans une méme couche. Selon la compréhension

actuelle des réactions en couches minces, on s’attendait plutdét a observer une co-

existence de type couche-par-couche. Cette coexistence latérale de plusieurs composés
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semble €tre encore plus importante dans les échantillons avec 100 nm de Ni. En effet, on

observe dans les échantillons recuits jusqu’au développement maximal du 8-Ni,Si des

grains de 6-Ni,Si, de Ni;Si, ainsi que de NiSi dans la méme couche. Gréce a la technique
de XRD in situ nous avons pu préparer des échantillons ou nous sommes capables
d’observer la compétition cinétique que se livrent les différents composés capables de
germer et que 0-Ni,Si semble gagner. Cette compétition a été prédite par plusieurs

modeles de réaction en phase solide, mais jamais observée directement.

La microstructure et la localisation des grains de Ni; Si;, laisse suggérer que leur
germination a eu lieu dans les joints de grains la couche de 6-Ni,Si, probablement en
raison d’un afflux local important d’atomes de Ni. Ceci est en accord avec le fait que le
Ni est reconnu comme 1’espéce la plus mobile dans les siliciures de Ni. Le retour du -
Ni,Si lors de la consommation du Ni;, Si;, s’explique cette fois-ci par une mobilité des
atomes de Si qui devient importante alors que la température avoisine les 400 °C dans
les recuits en rampe que nous avons utilisés. Leur afflux croissant provenant du substrat
vient ainsi appauvrir en Ni les régions occupées par Ni,,; Si,,, les for¢ant a se transformer

en 8-Ni,Si.

Cette premicre étape de recherche nous a donc permis de mettre en évidence non
seulement la formation d’un plus grand nombre de composés que ce qui était
habituellement rapporté dans le systeme Ni-Si, mais surtout d’observer des phénomenes
tres particuliers de réaction en phase solide, soit la co-existence latérale de plusieurs
composés dans une méme couche ainsi que des épisodes de formation non-séquentielle.
La figure présentée a la page suivante compare de maniere schématique la séquence de
réaction traditionnellement rapportée dans la littérature (a) avec celle que nous
observons dans les échantillons avec des couches de Ni d’épaisseur respectivement
inférieure (b) et supérieure (c) a 100 nm. Alors que ces résultats sont d’une importance

capitale pour la microélectronique, le 6-Ni,Si et le Ni; Si,, se formant avant le NiSi, ils
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revétent également un intérét fondamental trés important pour le domaine des réactions
en phase solide. En fait, nous montrons que plusieurs phénomeénes importants se
produisent a une échelle de temps qui échappe aux techniques traditionnelles

d’investigation des réactions en phase solide.

a)
N
Si
b) O-NiLSi 5.NiSi
Si 6-Ni,SI\
c)

S 6-Ni,Si+Ni,Si,+NiSi N\ Ni;,Si,, \

Figure C- 1: Comparaison des séquences de réaction a) traditionnellement
rapportée avec celles que nous observons dans les échantillons avec b) moins de 100
nm et ¢) 100 nm de Ni et plus .

Afin de comprendre plus a fond les aspects énergétiques des réactions Ni-Si,
nous avons étudié 1’effet des impuretés alliées au Ni (Pt et Co) et implantées dans le Si
(B, P, F, Si, N) sur les réactions. Nous observons que le platine et le cobalt, qui ont
respectivement pour effet de favoriser et défavoriser la formation du NiSi, génent tous
deux la formation du 6-Ni,Si. En effet, alors que celle-ci est supprimée des I’addition de
5% de Pt, 15% de Co sont nécessaires pour parvenir a un résultat similaire. Nous
déduisons de I’effet du platine que, tel que présumé plus t6t, la formation du NiSi joue

effectivement un rdle déstabilisateur a 1’endroit du 0-Ni,Si. Cependant, nous suggérons



s

XXV

que c’est plutdt en raison d’une solubilité limitée dans le 0-Ni,Si que le Co géne la

formation du composé.

De maniere générale, la présence d’impuretés implantées dans le Si retarde la
réaction, quoique la formation du NiSi soit complétée plus t6t en présence de phosphore.
Cela dit, aucune des impurtés implantées ne supprime la formation du 6-Ni,Si. Au
contraire 1’ajout de fluor stabilise dé maniere remarquable le composé, lui permettant
d’exister sur une plus grande plage de température lors des recuits en rampe. Bien
entendu, les concentrations d’impuretés atteintes lors de 1’implantation dépassent
difficilement les 2-3% comparativement aux 15% atteints avec les alliages. Quoiqu’il en
soit, en plus de stabiliser le 6-Ni,Si, le fluor supprime le retour du 8-Ni,Si lors du départ
du 6-Ni,Si. Ce phénomene est attribuable en partie a la température plus élevée a
laquelle la consommation du 6-Ni,Si a lieu, mais également au fluor qui peuple les
lacunes présentes sur le sous-réseau de Ni dans le composé non-steechiométrique. 11
bloque ainsi le mécanisme par lequel le NiSi peut pomper les lacunes et promouvoir la

formation du 8-Ni,Si. Cet effet du fluor nous a d’ailleurs permis d’identifier la signature
du mécanisme de retour du 6-Ni,Si dans les mesures de contrainte in situ. En effet, le

départ de lacunes d’une région composée de 0-Ni,Si doit s’accompagner d’une

diminution de volume, qui se traduit par un mise en tension de I’empilement de couches

minces. Ce phénomene donne lieu a un pic dans la courbe de contrainte en fonction du
temps qui, a I’instar du retour du 8-Ni,Si, est graduellement supprimé par une dose

croissante de fluor.

Deux études compliémentaires au cours desquelles les substrats de Si étaient soit
amorphes soit implantés avec du Si (donc amorphisés) ou du N ont révélé des résultats
similaires a ceux obtenus avec le fluor. Ceci indique donc que I’effet du fluor est a la

fois chimique et physique et que la présence d’une interface de réaction amorphe, du

moins au début de la réaction, contribue de maniere importante  stabiliser le 6-Ni,Si.
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Cette deuxieme étape de recherche nous a donc permis de vérifier 1’hypothese
selon laquelle la germination du NiSi est la cause la plus probable du départ du 6-Ni,Si
en plus de confirmer le rdle important des lacunes dans la consommation du composé.
Nous avons également démontré que la possibilité d’épitaxie avec le Si n’était pas
nécessaire pour promouvoir la formation du 0-Ni,Si, une condition souvent rapportée

dans la littérature relative aux réactions en couches minces pour expliquer la

stabilisation de composés métastables.

La formation du 0-Ni,Si dans les couches ultra-minces étant particulieérement
pertinente pour la microélectronique contemporaine, nous avons mis I’emphase, au
cours d’une troisieme étape de recherche, sur la cinétique de croissance de ce composé

dans des échantillons avec 10 nm de Ni au départ. Nous avons observé que la formation
du 6-Ni,Si se produit en deux étapes claires et distinctes, surtout lors de recuits
isothermes. Nous avons modélisé ces deux étapes avec succeés en nous inspirant d’un
modele publié pour expliquer la croissance du 8-Ni,Si sur substrats de Si amorphe. Le
modele original a été modifié de maniere a permettre la coexistence latérale entre le 6-
Ni,Si et le §-Ni,Si. Nous avons donc modélisé le premier stade de formation comme une
croissance contrdlée par la germination dans une interface amorphe. Ce premier stade
fait ensuite place a un deuxieme au cours duquel le 6-Ni,Si pénetre dans les joints de
grains du 8-Ni,Si a travers un processus contrdlé par la diffusion du Ni. Nous avons

modélisé ce phénomene a 1’aide d’hémisphéres dont la base est en contact avec la
couche ayant germé dans le premier stade et dont le rayon croit avec la racine carrée du
temps. Bien que ce modele présente un accord remarquable avec les données
expérimentales, nous ne pouvons exclure que le deuxieme stade consiste en réalité€ en un
épaississement unidimensionnel d’une couche continue, limité par la diffusion du Ni et
avec une composition et un coefficient de diffusion qui varient en cours de réaction.

Cela dit, ce dernier mécanisme n’est pas compatible avec une co-existence latérale du 0-
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Ni,Si et du 8-Ni,Si telle que nous ’avons observée par microscopie électronique a

transmission.

L’analyse de la cinétique de la consommation du 0-Ni,Si nous indique que le
processus est vraisemblablement limité par la germination et qu’il se produit dans une
géométrie plane (bidimensinonelle). Les énergies d’activation obtenues pour les premier

et deuxieme stades de croissance ainsi que le stade de décomposition sont
respectivement de 1.17 £ 0.5, 2.55 £ 0.5 et 1.65 £ 0.5 eV. Ces valeurs indiquent que le
taux de réaction dans le deuxieme stade de croissance devrait accélérer plus rapidement
avec des changements de temperature que dans les deux autres stades. Cette conclusion
s’accorde tout a fait avec nos résultats selon lesquels une quantité croissante de 0-Ni,Si

se forme dans les recuits isothermes effectués a plus haute température.

Pour terminer, nous avons étudié la cinétique de croissance du 6-Ni,Si en
présence de fluor de manicre a comprendre plus a fond I’effet de cette impureté. Nous
avons observé que le premier stade de germination se fait graduellement supprimer par
une dose d’implantation croissante. Cependant, nous observons un troisieme stade de
croissance, surtout dans les échantillons implantés avec la plus forte dose. Ce troisieéme
stade correspond 2 une croissance alors qu’il ne reste plus de 8-Ni,Si ni de Ni. La
formation du 6-Ni,Si a donc lieu en 1’absence de toute source externe d’atomes de Ni, un
phénomeéne que nous avons modélisé comme un épaississement unidimensionnel d’une
couche continue, limité par la diffusion du Ni et au cours duquel le coefficient de
diffusion du Ni diminue alors que la teneur en Ni du 6-Ni,Si diminue. En effet, une fois

que le 6-Ni,Si est complétement consommé par le 0-Ni,Si, ce dernier devrait étre présent
sous forme d’une couche continue, ce que nos mesures de MET sur des échantillons
implantés au fluor ont confirmé. Bien que nous n’ayons pas tenu compte explicitement
de I'incorporation de fluor sur les sites lacunaires, cet effet est implicitement inclus dans

la maniere dont nous avons modélisé la variation de la composition et du coefficient de
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diffusion. La variation de composition a été simulée par une variation du facteur de
structure servant a calculer 'intensité diffractée et nous avons imposé une diminution du
coefficient de diffusion malgré une diminution de 1’occupation des sites lacunaires par le

Ni. Par ailleurs, I’augmentation des énergies d’activation associés tant aux différents
stades de croissance qu’a la consommation du 6-Ni,Si corrobore 1’hypothése selon
laquelle le fluor se greffe aux sites lacunaires, ralentissant et génant la diffusion du Ni.

Finalement, malgré la suppression du retour du 8-Ni,Si et une augmentation de 1’énergie
d’activation, la cinétique de consommation du 6-Ni,Si ne change pas de mode suite a

une implantation de fluor. L’analyse indique encore un processus bidimensionnel

contrdlé par la germination.

Cette troisitme et derniere étape de recherche nous a permis de modéliser la

croissance du 6-Ni,Si, de proposer une explication pour la co-existence latérale entre le
0-Ni,Si et le 6-Ni,Si et de confirmer ’hypothése selon laquelle la germination joue un

role important dans la croissance du 8-Ni,Si. De plus, I'effet du fluor sur les énergies

d’activation confirme I’hypothése selon laquelle les atomes de F se greffent aux sites

lacunaires, influengant ainsi le chemin de réaction de la consommation.

Au cours de ce projet de doctorat, nous avons démontré a 1’aide de techniques de
caractérisation in situ qu’il pouvait exister des phénomenes importants qui échappent
aux techniques traditionnelles d’investigation des réactions en phase solide. Notre étude
s’est limitée aux systémes en couches minces, mais ces conclusions peuvent également
s’appliquer aux systemes massifs. Nous avons non seulement mis en évidence la
formation d’un nombre plus grand de composés pendant les réactions Ni-Si, mais surtout
la maniére dont plusieurs facteurs peuvent se combiner pour engendrer des
comportements qui a priori bouleversent la compréhension commune des réactions en

phase solide. Ainsi, on observe la formation du 6-Ni,Si et un curieux retour du 6-Ni,Si

lors de sa consommation en raison de i) I’existence de gradients de concentration a
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P'interface 6-Ni,Si/Si qui génent la germination du NiSi, ii) la similarité entre les
structures cristallines du 8-Ni,S, du NiSi et du 6-Ni,Si qui permettent des effets de
gabarits favorisant les transitions d’une structure a 1’autre, iii) la faculté du 6-N1,Si a
porter des lacunes et a germer dans un gradient de concentration étant donnée sa nature
non-steechiométrique et iv) la nature métastable de ce composé. Egalement, on observe
la formation du Ni,,Si,, et un second retour du 6-Ni,Si en raison i) d’une compétition
entre la cinétique de croissance des deux composés, ii) de la forte diffusion du Ni dans

les joints de grains du 8-Ni,Si et iii) d’une interruption abrupte de 1’apport en Ni.

Au dela de leur impact sur la science des réactions en phase solide, les résultats
de ce projet sont susceptibles de susciter un grand intérét dans l’industrie de la
microélectronique. En effet, le processus d’intégration de la métallurgie de contact a
base de Ni a la technologie CMOS a été jalonné de plusieurs écueils. Outre les
problémes de stabilité thermique du NiSi, qui a la ficheuse tendance a agglomérer a
haute température, divers problemes relatifs a la réaction en phase solide ont été
rencontrés. Pour des raisons de confidentialité nous ne discutons pas les détails de ces
problémes dans le document. Cependant, il est intéressant de constater que 1’alliage du
platine au nickel, introduit par plusieurs compagnies dans I’industrie pour améliorer la
stabilité thermique du NiSi, a également réglé plusieurs de ces problemes. Or nous avons
montré dans cette thése que le platine avait pour effet de supprimer la formation du 0-
Ni,Si. 11 est donc de 1’avis du candidat que la formation du 6-Ni,Si n’était pas étrangeres

aux problemes mentionnés et que la compréhension amenée par la recherche que nous

avons menée profitera directement & I’industrie de la microélectronique.

Ce projet de doctorat ouvre la porte a un vaste champ d’études. Entre autres, on
connait peu de chose sur les propriétés physiques de base du 0-Ni,Si et leur dépendance
a la composition. Il apparait ainsi important de caractériser plus a fond les propriétés de

ce composé. Egalement, le formalisme utilisé pour modéliser la croissance du 6-Ni,Si a
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été emprunté a une étude des réactions Ni-Si par calorimétrie différentielle a balayage
(DSC). Cette technique permet une mesure directe de 1’énergie échangée lors des
réactions. Il serait donc particulierement intéressant de revisiter les réactions Ni-Si par
DSC 2 la lumiere des informations supplémentaires que cette thése apporte et
notamment de voir si ’on peut déterminer 1’ampleur des énergies impliquées dans la
formation et la consommation du 0-Ni,Si. Par ailleurs, plusieurs mesures de figure de
pole faites par notre groupe ont révélé la présence d’une couche fortement texturée a

Iinterface siliciure/Si dans les échantillons ou le 6-Ni,Si est présent. Cette couche dont

le signal de diffraction est plus fort sur les échantillons implantés au fluor n’a a ce jour
pas encore été identifiée (tant en composition qu’en structure cristalline). Il serait
intéressant de vérifier si elle existe également lorsque la réaction a lieu sur Si amorphe et

si c’est le cas, d’étudier la maniére dont elle influence la réaction.

Sur le plan plus technologique, I’existence de lacunes mobiles proche du front de
réaction a été€ une source de probleme importante pour la métallurgie de contact a base
de Co. 1l serait intéressant de vérifier a quel point les lacunes, méme en présence de Pt,
sont susceptibles d’€tre a I’origine des problémes mentionnés plus haut dans la synthése

du NiSi par réaction en phase solide dans les dispositifs microfabriqués.

Finalement, dans une perspective plus générale, il se fait de plus en plus de
recherche sur les métamatériaux ou les matériaux nano-composites ou le silicium est
combiné a d’autres matériaux pour former des structures complexes aux propriétés
particulieres. On retrouve dans ces métamatériaux plusieurs interfaces, par exemple dans
les systemes de nanoparticules encastrées dans une matrice, ou des siliciures sont
susceptibles de se former et d’influencer les propriétés tant €électriques que mécaniques
des assemblages. La technique de diffraction des rayons-X in situ que nous avons
présentée dans cette thése pourrait €tre utilisée avantageusement pour étudier la
formation et les caractéristiques de ces interfaces et ainsi développer des stratégies

permettant d’optimiser leur propriétés.
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Chapter 1: INTRODUCTION

1.1 Technological importance of silicides

In their currently most widespread application, transition metal silicides are used as
low-resistance Ohmic-contact materials in the microelectronics industry.!" They
constitute essential components of modern complementary-metal-oxide-semiconductor
(CMOS) transistors, the switching devices that serve as basic building blocks for
integrated logic circuits and computer processors. The structure is detailed in Figure 1.1,
the cross-sectional micrograph of four neighboring transistors, where we can see the
silicon substrate, the channels, the highly doped Si sources and/or drains, the poly-
crystalline Si gates and the very thin gate oxides.” Silicides are found everywhere a

contact is made to a transistor.

Cu interconnect line

Figure 1.1: Cross-sectional transmission electron micrograph of four contemporary
CMOS transistors. Structures marked with a white "X" extend over long distances
perpendicular to the plane of the page.

" Nowadays, it is more accurate to talk about gate dielectric since SiO, will soon be
replaced by other so-called High-K materials such as HfO,.



In CMOS technology, silicides are synthesized through solid-state reactions as
illustrated in Figure 1.2. Thin films of metal typically thinner than 100 nm are deposited
onto silicon and the structure is subsequently heated. Following chemical potential
gradients, metal and/or Si atoms diffuse, intermix, and react to form metal-silicon

compounds.
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Figure 1.2: Illustration of the silicide synthesis by thin-film solid-state reaction.
Cross-sectional view.

In the typical fabrication of a CMOS processor, the metal layer is deposited onto
the Si wafer after building all transistor structures. As illustrated in Figure 1.3, the metal
covers the Si and dielectric regions of an entire circuit and will only react upon heating
where it is in contact with Si. The thickness of the resulting silicide layer is determined
mostly by the amount of deposited metal, but also by the process temperature, which
usually lies below 900°C, and the annealing time. Any unreacted metal left on the various
dielectric structures is removed through selective wet etching processes. Without the use
of lithography, the low resistance contact regions become automatically aligned with
every exposed Si areas of the wafer. This process is key to the production of advanced

devices.

Several different compounds can form when a metal reacts with silicon upon
heating. For instance, up to three phases can be expected during reactions between Co

and Si below 1125°C, as indicated by the equilibrium phase diagram (EPD) shown in



Figure 1.4. If the reaction occurs between two semi-infinite slabs of reactants, and the
anneal temperatures are sufficiently high and time sufficiently long, all the stable
compounds appear and co-exist at the interface in a stacking order following the
composition gradient as shown in Figure 1.5 (a). For thin films however (Figure 1.5 (b)),
due to the limited reactant supply and the kinetic nature of the growth process, the
different compounds typically form sequentially in time (e.g. Co,Si-CoSi-CoS1,), each
new one consuming the previous as it grows. While several compound layers can co-

exist, rarely more than two have been observed simultaneously.

1) Implementation of the 2)

transistor structures

Metal deposition

Heating-induced reaction selective removal of
between metal and Si unreacted metal

Figure 1.3: Self-aligned silicide solid-state synthesis in a typical CMOS integrated
circuit fabrication process.

Typically, in metal-silicon systems of choice for microelectronics, one compound is
targeted for its low resistivity (e.g. CoSi,). The presence of high-resistivity compounds
that may form before or after the technologically relevant one, lead to increases in RC

time constants and overall decrease in circuit frequency and performance. Moreover,



roughness at the reaction fronts, stress caused by volumetric changes, and the presence of
impurities can come into play to degrade the quality of the silicides layers, especially
when the formation occurs in very small regions such as the source, drain, and gate of
device structures. A good understanding of the various phenomena at play during the
solid-state synthesis is therefore instrumental to achieving optimized silicided contacts

and transistors.
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Figure 1.4: Co-Si equilibrium phase diagram.

1.2 Scaling issues with silicide processes

The microelectronics industry is well known for its continued efforts to reduce the
size of integrated devices as a mean to increase processor performances. The aggressive

down scaling that took place in the last three decades has been accompanied by a number



of challenges on the materials front, one of which being serious fundamental issues with
the silicidation processes. Problems inherent to the formation of the low-resistivity
compound required changes of contact materials, eventually leading to the use of nickel
monosilicide (NiSi) in today’s generations of processors. In what follows, we present two
examples of problems encountered with the Ti-Si and Co-Si contact metallurgies, which

have lead to the introduction of NiSi in current technologies.

a) b) A

awi} Buljesuuy

-

Figure 1.5: a) Reaction of two semi-infinite solid slabs. b) Reaction between a thin
film and a thick substrate. The compositions of the compounds are arbitrary
however the figure suggests that i/j>m/n>x/y The chronological order of appearance
of the compounds is also arbitrary.

In the 1990’s, the C-54 crystalline structure of TiSi, was the preferred choice of
the industry. Its solid-state synthesis involves, among others, a transformation from the
high resistivity (60-70 ¢Ohm-cm) C-49 to the low resistivity (10-12 ¢Ohm-cm) C-54
polymorphs of the compound.” As will be discussed later in this thesis, the small
difference in Gibbs free energy associated to polymorphic transformations results in large

nucleation barriers and in consequently low densities of stable nuclei. As the production



of transistors reached smaller dimensions, this lack of C-54 nuclei lead to entire circuits
regions remaining in the high-resistivity C-49 phase. The situation, illustrated in Figure
1.6, forced the migration towards a cobalt-based silicide process where the nucleation site
density was known not to be a problem. CoSi,, the low resistivity compound of the Co-Si

system, has therefore been the material of choice from the 0.25um technological node
on."** It is found for instance in the processors of Sony’s Playstation II ® and Playstation

HI® famous video game platforms.
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Figure 1.6: Schematic illustration of the effect of low stable nuclei density on the
silicide synthesis in small dimension features. As the silicided structures get smaller,
conversion to C54 TiSi, is prevented in nucleus-free regions. The reaction process is
viewed from the top.

" Processor generations are identified by the numerical value of the half pitch of the
densest array of poly-silicon lines. The transistor gates are often trimmed to half of that.



As the technology kept evolving, CoSi, also became gradually inadequate. Down
scaling the transistor size requires a decrease of the silicide thickness. However, the
magnitude of the interface roughness resulting from the nucleation-controlled growth of
CoSi, remains approximately constant.'® It therefore assumes an increasing relative
importance as smaller devices are produced (up to 30% of a 25 nm thick silicide)."” This
translates to undesirably high resistances of the contacts in addition to increasing the
leakage current. Also, in the phase sequence leading to the formation of CoSi,, one finds
a stage where Si atoms diffuse massively from their original location in the substrate,
introducing vacancies in the silicon as described in Figure 1.7a).!*” As the compressive
stress accompanying the formation of CoSi, increases with the decreasing size of the
polysilicon lines, vacancies tend to migrate from the Si towards the silicide/Si interface,
where they coalesce into voids to alleviate part of the stress. The relative size of these
voids became critical in sub-0.090um processor generations, where the silicide would be
cut open on some of the fine poly-Si gate lines, causing an important increase in their
resistance. Adding to these problems the difficulty of forming a low resistivity Co silicide
phase on the SiGe-based CMOS technology, the industry was forced to migrate towards a

Ni-based silicide process.

IR AT
SR

Growth of CoSi Vacancies in Si  Vacancies coalesce Voided gate lines
through motion of Si at the CoSi, interface

Figure 1.7: Schematic illustration of the formation process of CoSi. Si diffuses
through the growing layer and reacts with Co,Si to form CoSi. Vacancies left in the
Si coalescence into voids at the silicide/Si interface.

In spite of a considerably more complex equilibrium phase diagram (see Figure

1.8), the reaction sequence typically reported in the literature for Ni-Si thin film reactions
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is similar to that with Co and Si: Only the three compounds, Ni,Si, NiSi, and NiSi, are
found to form successively. However, as they were beginning to work on the integration
of NiSi, scientists of the IBM T.J.Watson research centre observed a more complex

reaction scheme whereby an additional compound forms after Ni,Si and before NiSi. *”!
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Figure 1.8: Nickel-Silicon equilibrium phase diagram.

From a technological point of view, a detailed understanding of the reactions
leading to the formation of the low-resistivity compound is a key issue to a successful
integration. However, the roughness, the growth-controlling mechanism(s), and the
dominant diffusing species prevailing during the formation of the additional compound
are currently unknown. Also unknown are the effects of processing parameters and
substrate variations on these properties. Beyond this technological aspect, it was believed

so far that the Ni-Si reaction system was fairly well understood. As will be shown in



chapter 2, it has been used as a reference to test the applicability of several general solid-
state reactions models. From a materials science point of view, the apparently increased
complexity of the reaction has fundamental consequences that will be reviewed in this

thesis.

1.3 Objectives of the thesis

The objective of the thesis is to develop a fundamental understanding of the
thermally induced solid-state reactions that lead to the formation of the NiSi. In addition
to leading to a better understanding of solid-state reactions in thin films, it should permit
a better planning of the integration of NiSi in current and future generations of

Processors.

Our work was planned so as to fulfill the three following specific objectives: i)
Identify the growing compound and characterize its microstructure ii) Investigate the
influence of processing parameters such as the initial Ni thickness and the presence of
impurities on the formation of the compound iii) Study its growth kinetics to explore the
possible growth-limiting mechanisms and those through which impurities affect the

reaction.

A challenge of the proposed experimental work resides in the limited silicide
thickness that is relevant to current CMOS processor generations (about 20 nm). The
reaction volumes of interest are therefore extremely small and difficult to measure. The
use of powerful techniques such as state-of-the-art transmission electron microscopy and
intense probing beams are necessary for this research. In particular, we will exploit the
capabilities of a unique in situ X-ray diffraction set-up that uses a high-intensity
synchrotron X-ray beam. This source allows for monitoring the formation of crystalline
compounds in real time during heating experiments even in systems with extremely small

reaction volumes.
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1.4 Structure of the document

This document is structured in 8 chapters. Chapter 2 gives a brief overview of the
basic concepts and theory of solid-state reactions. The formalism and the language that
will be used throughout the thesis are presented along with highly cited models of
compound growth and kinetics analysis. Chapter 3 presents a critical and exhaustive
review of the literature pertaining to the reactions between nickel films (both thin and
thick) and silicon substrates. The chapter is separated in three sections respectively
focusing on the compound formation sequence, the growth kinetics of the different Ni
silicides, and the effect of impurities on the reactions. Chapter 4 describes the
experimental methodology and focuses on the details of the in sitzu XRD technique, as
well as the method for preparing transmission electron microscopy specimens. Brief
descriptions of the Rutherford backscattering spectroscopy (RBS) and the secondary ions

mass spectroscopy (SIMS) techniques are also given.

The main body of the thesis consists of chapters 5 to 7. In chapter 5, we present
the results of an in-depth study of the reaction sequence by in situ XRD in combination
with ex situ transmission electron microscopy and RBS. In this chapter, we identify the
additional compound as the hexagonal 8-Ni1,S1 and we report on the microstructure of the
reacted layer stacks. The force driving the formation of the compound and possible
reaction pathways are discussed. In chapter 6, we investigate the influence on the reaction
sequence of Ni alloying with Pt and Co and implantation of arsenic, phosphorus, boron as
well as fluorine prior to Ni deposition. SIMS is used to assess the redistribution of
fluorine during the reaction. In chapter 7, we present a study of the growth kinetics of the
6-Ni,S1 compound and its sensitivity to fluorine implantation. Using a phenomenological
model for which we suggest three modifications, we discuss the possible growth-limiting
mechanisms and suggest an explanation for the effect of fluorine. A general discussion

followed by the conclusions and future perspectives are presented in chapter 8.
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Chapter 2 : Thin-film solid-state reactions in the Ni-Si
system

This thesis focuses on the investigation of compound formation resulting from the
reaction of a thin metal layer on a Si substrate. In this chapter we present theoretical and
experimental background information pertaining to solid-state reactions in general. The
topics of diffusion, nucleation, selection of the first compound, compound formation

sequence as well as some important growth and kinetics analysis models will be covered.

2.1 Background: Formation of new compounds from the
reaction of two adjacent solid phases

Four important phenomena occur when a system composed of two elemental
materials in intimate contact is heated: i) interdiffusion and mixing at the interface, ii)
formation of new chemical bonds, iii) nucleation of a new compound and iv) further
growth and expansion of this compound at the expense of the available material.
Depending on a number of parameters such as the nature of the growing compound, the
microstructure at the growth front and the annealing temperature, one or more of these

phenomena will be limiting the reaction process.

2.1.1 Diffusion in the solid-state

Bringing two initially separated elemental materials in contact disturbs their
equilibrium state. According to Fick’s first law, this will result in an atomic diffusion flux
in a direction such as to counter the newly established concentration gradients. This flux

is expressed through the well know equation:
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Equation 2-1 Jugi = -D.VC

i 1

where D; is the diffusion coefficient and C, the concentration of the atomic species
i. The minus sign indicates that atom fluxes follow negative concentration gradients.
Figure 2.1 represents the situation schematically at two different stages: a) immediately
after the A and B slabs with arbitrary dimensions are brought in contact and b) after some
arbitrary time of inter-diffusion. At this point no assumption is made about the
microstructure of the interdiffusion region, which is allowed to sustain concentration
gradients of any magnitude and where both A and B atoms are assumed to have

comparable diffusivities.

a) b)

Figure 2.1: Diffusion at the interface between two elemental materials. The
concentration gradients are arbitrarily drawn as linear although it may not be the
case.

Equation 2-1 1s only valid for ideal gases or liquid solutions. Unfortunately solid-
state reactions rarely lead to the formation of ideal mixtures and in many cases,
concentrations cannot be used to predict the magnitude or even the direction of atomic
diffusion fluxes. A great example of this is found in silicon-containing steel alloys as

[10

demonstrated by Darken:"" If a piece of Fe-Si-C is put in contact with a piece of Fe-C

with a higher carbon content, C atoms will effectively diffuse from Fe-Si-C to Fe-C
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against the concentration gradient. This so-called uphill diffusion highlights the real
driving force behind diffusion, which is the gradient in chemical potential. In the case of
the Fe-Si-C, adding Si raises the chemical potential of carbon compared to that in Fe-C
even though its concentration is lower. It is thus more appropriate to express diffusion

fluxes in terms of the gradient of chemical potential as follows:

Equation 2-2 Jyg—i =—cm VL,
where c;, m; and U, are respectively the concentration, mobility, and chemical potential of
atomic species i. Since mobility is somehow difficult to measure and because materials

scientists prefer to use diffusion coefficients, equation 2-2 can be rewritten using the

Nernst-Einstein relationship:

Equation 2-3 D, = kTm,

where D, is the diffusion coefficient, £ is Boltzmann’s constant and 7 is temperature.

Equation 2-2 thus becomes:

Equation 2-4 J. =—cD —L
q diff —i i lkT

Equation 2-1 can be seen as a special case of Equation 2-4 since Vu,=kT Vc; /c; in

ideal solutions.

In equations 2-1 to 2-4, it is assumed that the diffusion coefficient D, is
independent of the composition and constant if experiments are conducted in the
isothermal regime. While this is generally not accurate, it is a reasonable approximation

when diffusion occurs through crystalline compounds with narrow homogeneity ranges
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via mechanisms involving vacancies. If diffusion is to occur through non-stoichiometric
compounds, where vacancy concentrations may vary appreciably, or in compounds where
the lattice is so large that the moving atoms will diffuse as interstitials, the compositional-
dependence of D, may have to be considered explicitly. The topic of composition-

dependant diffusion coefficient will be addressed in chapter 7.

b
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Figure 2.2: Schematic molar Gibbs free-energy diagrams of a A-B binary system
showing the origin of the gradients in the chemical potentials.

Figure 2.2 represents the mixing between elements A and B at the interface in
terms of molar Gibbs free energy. The parabola-shaped solid lines represent the molar
free energy curves of the A and B pure phases and of an arbitrary A B, compound. The
tie-line in Figure 2.2 (a) represents the energy of the interdiffusion region if A and B
were thoroughly mixed as an ideal solution. In Figure 2.2 (b), we show the case where a
stable compound A B, separates the A and B slabs. In both cases the figure highlights the
decrease in molar free energy Ag,, which corresponds here to the chemical potential,
experienced by the atoms of each element upon mixing. The driving force leading to
atomic motion in most solid-state reactions consists of these chemical potential gradients.

Figure 2.2 (b) emphasizes that the presence of a compound at the A-B interface can have
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a great influence of the magnitude of these gradients and that as long as some A and B
remain on each side of the intermixed region, there will be a driving force for further

inter-diffusion.

After some interdiffusion has occurred, the microstructure of the resulting
intermixed region is generally unknown, especially in thin films reactions where it can be
extremely thin and difficult to characterize. Figure 2.3 represents this region in terms of
molar Gibbs free energy with three possible stable compounds, energetically favored with
respect to the case of ideal mixing or any other higher energy state (e.g. amorphous
intermixed region). Note that only the tie line associated to the ideal mixing is
represented. The total molar Gibbs free energy changes AG.., for compound formation,
referenced to the ideal mixing state, are given by the vertical lines ab, ¢d and ef.
According to the figure, any of the AB; compounds may a priori be allowed to form

provided the intermixed region has reached the appropriate composition.
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Figure 2.3: Schematic molar free-energy diagram illustrating the driving force for
compound formation the intermixed region.
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2.1.2 Nucleation of a new crystalline compound in the intermixed

region

In order for a new compound to form in the intermixed region, it needs to
nucleate. This means that nuclei of finite dimensions, where atoms are organized with the
appropriate composition and crystal structure, need to precipitate from the host matrix.
While the free energy changes associated to the formation of new volumes of stable
compounds are usually negative, the energy associated with the creation of new
interfaces is positive. Successful nucleation requires that the balance between these two

opposing effects be negative (i.e. that the system evolves towards a lower energy state).

Nucleation during solid-state reactions can be understood qualitatively in terms of
the classical theory of nucleation, initially developed to model the condensation of liquid
droplets from a vapor phase. According to this theory, assuming spherical and isotropic

nuclei, the energy E, of a nucleus is given by:

4 2
Equation 2-5 E, =AG, , -~3—ﬂr3 +0,,7r

where AGa,s,is the Gibbs free energy of formation (negative), 0, 1s the energy of

the interface between the nuclei and the host matrix (positive) and r is the radius. Figure
2.4 shows the evolution of the two terms of Equation 2-5 and how their competition is
responsible for the existence of a critical radius r*, obtained by setting the equation’s

derivative to zero:

. % —o-surf
Equation 2-6 o=

2AG, »



17

Nuclei with a critical radius have a critical energy E, given by:

® l (O-surf)3
" 12(AG, , )

3

Equation 2-7

In Figure 2.4, we observe that nuclei with a radius smaller than r" are unstable
since any increase in volume will cause an increase in energy. While sub-critical nuclei

may exist in a certain equilibrium distribution, only those with a radius above r” will
remain and tend to grow. The rate of nucleation y will then be proportional to the
concentration of critical nuclei, which depends on E,, but also on the rate at which they
can assemble. The assembly process requires diffusive atomic rearrangement, although

atoms only move over short distances.
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Figure 2.4: Schematic diagram of the nucleation barrier arising from the existence
of an interface energy.
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The effective rate of nucleation will therefore have a form like:

o
kT

{5, 3 _ A=)
Equation 2-8 y(T)=Ce xe ) —Ce '

where C is an arbitrary constant, E, is the activation energy for the diffusive atomic

rearrangement and E,, ... 15 the overall effective activation energy for nucleation.

Transformations associated with small free energies of formation are generally
expected to proceed with low nucleation rates because E, is large (c.f. Equation 2-7).
d’Heurle has suggested that AG values below 400 J/cm® usually result in sufficiently low
values of YT) to prevent nucleation in solid-state reactions."” However, large values of
AG do not guaranty large nucleation rates because slow diffusion or complex crystal
structures, requiring important atomic re-organization to assemble the critical nuclei, may

be associated to large E, values hence low values of (7).

The approximation of the spherical nuclei can apply to solid-state reactions as
long as the critical radius is small. However, for compounds with low free energy of
formation, large critical nuclei may become faceted because of their crystal structure or
elongated because of sharp composition gradients. Equation 2-5 and Equation 2-6 must

then be rewritten to account for the anisotropic o,

Equation 2-9 E,=AG, , -ar’+bo,r’

n A,B

mn

—2b0mf

Equation 2-10 ro=—
3aAG, 5
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where a and b are geometrical factors. d’Heurle suggested that o,,,, should lie between

values approaching zero and 2x10* J/cm?, respectively for epitaxial and completely

random interfaces.!""

2.1.3 Selection of the first phase and phase formation sequence

In the hypothesis that local equilibrium is achieved, no more than two compounds
are expected to be in direct contact during the reactions between two elemental materials.
In order to predict the selection of the first and second compounds that will form at the
interface, two schools of thought have evolved over the last 30 years, opposing
thermodynamic and kinetic considerations. While these two schools propose different
approaches, they both assume however that the different compounds nucleate at
essentially planar interfaces between the reacting layers (or slabs) and will necessarily

expand as continuous, although possibly rough, layers after nucleation.

In the thermodynamic school, Walser & Bené suggested that the first compound

to form is the congruently melting compound closer in_composition to the lowest-

temperature eutectic.!”” They argue that most common thin film deposition techniques

(evaporation and sputtering) leave an intermixed layer at the interface between the as-
deposited film and the substrate, which they suggest to be a metallic glass with a
composition close to that of the lowest-temperature eutectic. Upon heating and
crystallization of this amorphous mixture, congruently melting compounds would be
favored because they require less short-range order changes, thus offering a lower barrier
to nucleation. Their predictions were compared against the observed first compound in 14

silicide systems with a reasonable degree of success. "

Also in the thermodynamic school, Pretorius proposed the use of an effective heat

of formation (EHF) to determine the first compound to form."*"¥ The EHF, noted AH’
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and defined by Equation 2-11, is the heat of formation AH’ of a compound (present in the

phase diagram), weighted by the ratio of a variable concentration (that of the interface)
and the stoechiometric composition of the compound. Figure 2.5 shows the EHF and

equilibrium phase diagrams for the Ni-Si system.

Local concentration of the main diffusing element

Equation 2-11 AH' = AH, - - T -
Concentration of main diffusing element in the compound

Based on the assumption that the composition of the interface between the
deposited material and the substrate is that of the minimum of the liquidus in the phase
diagram, compounds are compared on the basis of their EFH calculated using this value
for the effective interfacial concentration. The compound with the largest absolute (most
negative) EHF is expected to grow first. In other terms, the compound that would form
the lowest-energy ideal mixture with one of the system’s end members (lowest lying tie

line) would be favored.

Figure 2.5 illustrates how, based solely on the magnitude of the EHF at the
composition of the liquidus minimum, Ni;Si, and NiSi should be favored as candidates
for the first compound to form. However, since they are respectively not a congruently
melting compound and not the one with the highest congruent melting point, neither of

both may form. Ni,Si will therefore prevail as the first compound.

Pretorius extended the model to the prediction of the subsequent compounds by
arguing that as the reaction unfolds, the concentration of the moving interface transfers
from one local minimum of the liquidus curve to the next. The formation of the
subsequent compounds can then be predicted by successively calculating the EHF for the
next interfacial composition and taking the compound with the highest value, provided it
is congruently melting. Non-congruently melting compounds are expected to be skipped

on the basis that they are more difficult to nucleate.
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Figure 2.5: EHF diagram and phase diagram for the Ni-Si system. (Taken from Ref.
[13)).

Pretorius and Walser & Beney do not claim their models to be applicable to other

systems than silicides. Still, their validity is even questionable for silicides. First of all,
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one does not necessarily find congruently melting compounds (CMC) in the immediate
vicinity of eutectics in all binary systems. More generally, one does not necessarily find
CMCs in all binary system; Zr/Si and Cr/Ge are some examples. Even though a certain
link may exist between the high temperature and congruence of the melting of a
compound and the ease of nucleation, basing predictions of compound formation solely

on thermodynamics argument seems rather restrictive.

In the kinetics school, d’Heurle, Gas and Philibert!'®'" as well as Canali '® and
Tu""? have suggested that low nucleation barriers are not sufficient to determine which
compound forms first. In fact, d’Heurle et al. stress the important difference between the
compound that actually nucleates first from the intermixed region and the one that
effectively develops and can be measured. While the former may be selected on the basis
of a complex combination of thermodynamic and kinetic factors (including the ability of
one of the two pure elemental phases to first become supersaturated in the other element
120}, nothing precludes the simultaneous nucleation of more than one compound in the
intermixed region. It is therefore suggested that compounds in which diffusion is easier
will develop faster than the others, most likely at the expense of the latter, and will

prevail in the first stages of the reaction.

d’Heurle et al. """ proposed a general rule to qualitatively rank and compare
compounds in terms of their expected diffusion properties. The model is known as the
“ordered Cu;Au rule” which states the following: In materials of the type A, B,, where
the ratio m/n is greater than 2, the majority element A diffuses much faster than B. This
statement itself does not readily confer predictive properties to the rule but four of its

corollaries, summarized as follows, do:

1) Diffusion in compounds of the form A B, with an m/n ratio greater than 2 must
be similar to that in the bulk A phase provided no change in the electronic state of

element A occur upon compound formation.
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2) The first compound to develop should consequently be richest in the element that
diffuses faster, provided no nucleation barrier precludes it.

3) In the absence of nucleation barriers, the subsequent compounds should form
sequentially in order of decreasing content in main diffusing element (i.e. in order
of decreasing m/n ratio).

4) Stress should be larger during the formation of compounds A, B, with high m/n

ratios than in compounds with m/n close to 1 because their formation is faster.

The authors mention that the predictive value of their model is limited to cases
where i) the atomic densities of the compounds are such that interstitial diffusion is
negligible (i.e. diffusion takes place dominantly through vacancies on the A sublattice),
ii) the different compounds competing for growth have significantly different diffusion
properties and iii) no peculiar vacancy distribution exist so as to favor the minority
element (as in some non-stoichiometric compounds). While thermodynamic
considerations cannot be evacuated, the overall idea that the first compound to develop is
selected on the basis of its diffusion properties seems applicable to a greater variety of
systems then the above thermodynamic models, regardless of the structure of their

equilibrium phase diagram.

2.2 Some important thin film growth kinetics models

Depending on which of the nucleation, the interface reaction or the diffusion is
rate limiting, the volume of new phase that forms will vary with respect to time according
to different predictable trends. In this section, we present four important models of
compound growth and kinetics analysis, which are often referred to in the field of solid-

state reactions.
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2.2.1 The treatment of Johnson-Mehl-Avrami (JMA) for Nucleation-

controlled growth

As mentioned earlier, nucleation can become rate limiting when compound
growth is associated to small changes in free energy or when the new compounds have
complex crystal structures. The formation is then characterized by an incubation time,
and/or a threshold temperature, above which it exhibits a sudden and rapid increase in
rate. The detailed study of nucleation-controlled growth processes can become very
complex when the nature of the host matrix and compositional changes occurring during
the nuclei growth are considered. The JMA treatment presented here is highly simplified
and idealized although often used and referred to in the literature because of its general
applicability. In the following demonstration, it is assumed that transformations occur
without compositional changes and that growth velocities are independent of the
crystalline directions (isotropic). Two assumptions that may quickly fail to apply to
nucleation of crystalline compounds in crystalline matrices. However, under these
assumptions, we can describe the growth process in general terms without the need to
refer to any system-specific parameters such as crystalline directions, diffusion

coefficients, stoichiometry factors, etc.

The JMA model is concerned with the evolution of the volume of transformed
material after the nucleation has started. In Figure 2.6 the growth process is shown at two
different stages; a) Just after the hatching of a number of stable nuclei, and b) after the
growing nuclei started impinging. This impingement changes the way the experimenter

will perceive the rate at which the total transformed volume will vary.
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Figure 2.6: a) 2D view of nucleation in a matrix of uniform composition, b)
Impingement of nuclei.

Before grain impingement can start, it is found experimentally”" that in most of
the reactions where there is no compositional change in the host matrix and the final
phase, each dimension of the transformed volume scales linearly with time. The volume
of each nucleus will therefore increase with the third power of time -t’- (and so will the

total transformed volume) as follows:

t

4
Equation 2-12 v = (?ﬂ)W (t-1)

where 1 is the line growth velocity (isotropic) and 7 is a nuclei "birth" time (incubation
time). As soon as growing nuclei start impinging, previously transformed regions
(bounded by dashed lines in Figure 2.6) cannot transform again so that Equation 2-12
ceases to describe correctly the evolution of the total volume. The problem is mainly
geometrical and was treated by Avrami around 1940. ***? By introducing the concept of

extended transformed volume fraction, he was able to eliminate the contribution of the

* Johnson and Mehl intuitively used such a device, but Avrami provided the formal
mathematical justification in 1940. Komolgorov should however be credited with the first
mention of such a concept but has long been ignored having published in Russian.
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phantom and already transformed regions in a very elegant and mathematically simple

way.

Figure 2.7 presents the extended volume fraction schematically. This virtual
quantity is in fact the total volume that would be obtained by summing the individual
volumes of all the nuclei as if they had not impinged. Assuming a uniform nucleation
probability throughout the whole host matrix of volume V, a fraction Vy/V of dv P will
lie in a previously transformed region. Conversely, a fraction (1- Vg/V) of dVv P will lie in

an untransformed region and will effectively contribute to increasing the transformed

volume. Consequently we obtain:

. B Vﬂ B
Equation 2-13 dvPi=(1- —‘—/—)dVe

Or, once integrated,

. Vo Vv
Equation 2-14 In(1- —£)=—*
% %

where (Vy/V) is the effective transformed volume fraction usually noted £. Considering a

nucleation rate I' given by:

Equation 2-15 I"'=Nue™

where N,' is some initial number of possible nucleation sites and v, the frequency at
which these favorable sites hatch into stable nuclei. One can obtain an expression for the

transformed volume fraction by integrating and assuming two limits of nucleation rate:
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Figure 2.7: Treatment of the impingement between growing nuclei. The extended
transformed volume fraction includes the shaded area while the effective volume
fraction excludes it.

—(%IVYST“ )

Equation 2-16 E=1-¢

when the nucleation rate is constant and nucleation sites are constantly replenished during

the growth and :

4r
-5 NoY*r%)

Equation 2-17 E=1-e¢

when the nucleation rate vanishes rapidly so that nucleation sites, which number remains

almost constant, are quickly exhausted as they transform into growing nuclei.

Carrying out the same analysis for growth in a thin sheet of material yields time

exponents of 3 and 2 for the two limiting cases since nuclei become cylindrical with a
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volume scaling with the second power of time t*. Finally, one would obtain exponents of

2 and 1 when growth occurs in only one dimension.

In summary, nucleation-controlled growth processes can be described by the

general expression:

Equation 2-18 E=1—¢ amm’

where n, the so-called Avrami exponent, carries information about the growth geometry
and k,,,,,,; is the Avrami growth constant. Measuring the transformed volume fraction & as
a function of time during an isothermal annealing experiment and plotting Log{Ln[1/(1-
E)1} vs Log(t) will yield a straight line of slope n and y-intercept log(k,,,...)- Repeating
the same experiment at different temperatures, one can obtain the activation energy of the
growth constant &, which is the sum of the activation energy for nucleation and n' (or

n-1)* times the activation energy of the line growth velocity .

The beauty of this analysis is that it remains valid even for reactions where the
growth velocity is anisotropic, but constant in time (i.e. no compositional changes). In
such anisotropic cases, even though the prefactors in equations 2-12 and 2-16 are

modified by geometrical factors, the time exponents remain the same.

T for the site-saturated case
* for the constant nucleation case
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2.2.2 The linear-parabolic growth model of Gosele and Tu

Whenever nucleation is not a limiting step, interface reaction and diffusion across
the growing phase will control the reaction rate. Gosele and Tu proposed a model that
unifies both phenomena under a unique analytical treatment and introduced a parameter
whose magnitude defines the regime (interface-reaction or diffusion-controlled) that will

prevail.

Figure 2.8 shows the model system on which Gosele and Tu’s treatment is based.
The motion of each interface is related to local concentration gradients through the

following equations:

. v axaﬂ ac;;
Equation 2-19 (Ci—-C ﬁa)——at = Dy (————at )
Ba
. _ eq. axﬂ)’ —_ acg
Equation 2-20 (Cp,—Ci) 5 D, (——at )
By

eq

where C,4“ is the equilibrium concentration of A in the A,B compound, Cj, is the
concentration of A in the A;B compound close to the A,B/AgB interface resulting from
the existence of a reaction barrier. Cy, is the corresponding concentration of A at the
opposite interface and C,4 is the equilibrium concentration of A in the AB compound.
Xqp 18 the position of the A B/ AgB interface while xp, is that of the opposite interface. Dy
is the diffusion coefficient of A atoms in the AgB compound and C4" is the variable

concentration of A atoms inside the AgB.

Figure 2.8 illustrates how the reaction barriers hinder the passage of atoms across

the interfaces, resulting in a depletion of A atoms on the right side of the A ,B/AB
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interface and in accumulation on the left side of the AgB/ A B interface with respect to

the barrier-less case.

AgB

Figure 2.8: Concentration gradients across a layer growing at the interface between
two solid phases. (From reference 25.)

Equation 2-19 does not bear a minus sign because the interface goes backwards

for a negative A-concentration gradient.

The right hand part of both equations has the structure of Fick’s first law and thus
corresponds to atomic diffusion fluxes. Under steady state these fluxes are assumed

equal, therefore:
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oC; oC) Cc, -C
Equation 2-21 J;;:-Dﬁ( aﬁj =_Dp[ aﬂ} =—Dﬂ( B Br)
* Jpa x By *p

As can be seen from the rightmost part of this equation, concentration gradients

are assumed to be linear.

Upon reaching the interfaces, atoms must cross them. This process occurs at a

finite pace, established by the interface reaction, which can be expressed as follows:

Equation 2-22 Jg = Kp (Cpr = Cp)

Equation 2-23 Jl/; =K, (Cy = C)

where the k; terms represent interfacial reaction constants. Combining Equation 2-19

through Equation 2-23, we can write the evolution of the thickness of the interlayer as a

function of time:

é)ic_@_ _ GyACk,

ot . [xﬁkeﬁ ]
Dﬂ

where Gy is a factor taking into account the molar volume of the  compound and the

Equation 2-24

stoechiometries @, B and y, AC=(Cp, - Cp,) and 1/k,=[1/kg,+1/kg}. Equation 2-24 can

be reduced to the following expressions when considering two limit cases:

: Dy
i) x5 <<——

eff
0x,

Equation 2-25 = = G,AC 'k,
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i) xz >> —Dﬁ
B
cff

Equation 2-26
ot Xp

= xp o< (DG ,ACy )t

In summary for small B thicknesses, the growth is controlled by the reaction at the
interfaces so that the thickness scales linearly with time and at larger values, we obtain
the diffusion-limited growth regime and its characteristic signature whereby the square of

the thickness scales linearly with time.

Although often cited and referred to, this model involves many parameters that
cannot be measured, namely the interfacial concentrations and reaction-rate constants.
Moreover, it relates atomic fluxes to concentrations rather than chemical potential
gradients, which was shown earlier to be incorrect. However, it bears a valuable

qualitative understanding purpose.

2.2.3 Simultaneous growth of several compound layers

The simultaneous growth of several layers has been addressed by at least three
sets of authors, namely Gosele & Tu,”™ d’Heurle & Zhang,”® and Dybkov 7. We
present here the treatment of Gosele and Tu, an extension of the single compound layer

case presented above.

Figure 2.9 illustrates the situation where two compound layers grow between two
initial phases. Similarly to the single-layer case, the rate of thickening of layers 8 and y

can be expressed as:
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Equation 2-27 % _ G 14-G, J*
quation z- o BB Ty
[ ax]’ A A
Equation 2-28 35 =G,J, - Ggl;

where Gg, G, Gg, and G4 are geometrical factors taking into account the molar volume

and stoechiometries of phases B and y. Diffusion fluxes and interface reaction fluxes are

respectively expressed as:

) . ACHKY
Equation 2-29 Jy = —k“”—
(+x5-2-)
Dy
. L ACTE!
Equation 2-30 J, = BT
d+x, DLy)
Equation 2-31 Jg =kg, (Cp,—Cgh)
Equation 2-32 J) =kg(Cy = Cp)

where the k¥, quantities have analogous meanings than in the one-compound-layer case,

and kg, and k, represent the reaction barriers against the growth of the AgB at the

expense of the A,B and conversely.

The condition for the growth of the AgB phase is given by:

Js Gy _A+7)@-B)
57 Gy (+B)a~7)

Equation 2-33
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Figure 2.9: Concentration gradients across two layers growing at the interface
between two solid phases. (From reference 25)

Conversely, the condition for the growth of the A.B phase is:

Jp Gy _U+7)B-9)

Equation 2-34 =
P "Gy (+P)y-9)

Equation 2-33 and Equation 2-34 indicate that if (G,/Gp< (J*yJ*) < (G,/G,p), both A;B
and AB phases will grow. For (JA[,/J"Y) ratios outside this range, one of the two
intermediate phases will shrink, depending on the magnitude of the quantities xg, x,, Dy,
D, kY, s and k7, . Assuming that the diffusion coefficients D, and the effective reaction
constants k7, do not vary during the growth, the thicknesses x; is the primary factor
determining whether there shall be growth or shrinkage of one of the intermediate phases.
Ref 25 reviews the different combinations whereby the limiting mechanism for the

growth of both compounds is either diffusion or interface reaction. In all cases where

diffusion is the limiting mechanism in the growth of at least one layer, a critical ratio of
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thicknesses and/or a critical thickness, e.g. x,”", is found below which the other layer, e.g.
AgB will shrink. Figure 2.10 summarizes the results for the different cases. It is assumed

that the layers where diffusion is growth-controlling are thicker than x;, the minimum
thickness, defined in section 2.2.2, required for switching from reaction-controlled to

diffusion-controlled growth.
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Figure 2.10: Growth regime diagrams for a) the general case and the cases where b)
diffusion is limiting in both phases, c) interface reaction is limiting in both phases
and d) diffusion and interface reaction are respectively limiting in A B and A;B.
From reference 25.



36

2.2.4 Kissinger’s analysis

Kissinger’s analysis is not a growth model as such. On the contrary it consists of a
procedure to analyze the results of reactions in the ramp-type annealing regime to obtain

the activation energy (apparent) of a growth process without the recourse to a specific

model”

. The analysis correlates the activation energy to the shift in the maximum
reaction rate temperature occurring upon increasing the heating ramp rate. Colgan and
d’Heurle have shown that it could be used to determine the activation energy of the

11 and Mittemeier has shown that it could

diffusion-controlled growth of Ni,Si and NiSi,
be applied to nucleation-controlled growth processes.”'”” We detail here the

demonstration of Mittemeier as its result will be used extensively in chapter 7.

The starting point of Mittemeier’s formalism is the following Avrami-like

equation for isothermal annealing:

Equation 2-35 E=1-e

where c=c,e™™”. In the ramp-type annealing regime, the term ct is replaced by its
integral with respect to time :
1

Equation 2-36 B, = cht'

0

For an experiment with constant ramp-rate $=dT/dt, Mittemeier approximates by :

T E o] e
- kKT -+ 2kT
Equation 2-37 B, = —EO—J‘e 4T’ = d ce ("T) (1 - T)

where T, is assumed much smaller than 7 so that all terms in 7, were neglected. If one is

able to measure the temperature 7. at which a given transformation stage £’ is reached
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for a number of experiments at different ramp rates ¢, the activation energy can be

deduced by plotting Ln(T,*/¢) vs 1/kT:

T,
Equation 2-38 In| = =£+ In £ +1n([3§,)
0 ) KT, ke,

where f3 is the value of Bat &’. Such plots should yield straight lines of slope E and y-

intercept equal to the term between brackets. The exact stage £’ and the Avrami exponent
need not be defined exactly as long as one can locate the same stage for each ramp-rate
experiment. Also, unless a specific model is used, i.e. specific Avrami exponent and a

specific growth stage, ¢, cannot be determined.

Mittemeier has shown that the maximum reaction rate occurs at approximately the
same value of J regardless of the reaction rate during ramp-type annealing experiments.
One can therefore use the temperature of this event as a rather easily measurable marker
for the Kissinger’s analysis.

Comparing Equation 2-35 with Equation 2-18, we find that c=k,,,."". The

vrami

activation energy obtained with the Kissinger’s analysis of a nucleation-controlled

growth is thus (1/n) times that obtained from the Avrami analysis presented earlier.



38

Chapter 3 : Formation of Ni silicides by solid-state
reaction between Ni and Si: literature review

In this section, we make a critical overview of the publications that are most often
cited or that we believe are key to understanding heating-induced solid-state reactions
between Ni films and Si substrates. In the first section, we cover the formation of the first
compound and the reaction sequence as observed over a wide range of experimental
conditions. We review the reactions in the thin-film and bulk diffusion couple regimes as
well as the influence of the substrate’s crystallinity on the reactions. The second section
focuses on the growth kinetics of nickel silicides and on the dominant diffusing species.
Finally, in the third section we review the effect of impurities on the reactions, whether

introduced in situ during the thin film deposition or implanted in the substrate.

In most of the covered literature, reaction systems are produced by depositing Ni
thin films through thermal evaporation or magnetron sputtering of materials with at least
99.9% purity on bulk Si substrates. The traditional approach for studying solid-state
reactions and their kinetics (in thin films or not) consists in heating the samples,
quenching them at different times and measuring changes in some compound-dependant
physical property. The measured properties must be extensive, i.¢ that they scale with the
volume of product phase. Thickness', resistivity and intensity of X-ray diffraction peaks
are often appropriate in addition to being accessible in a rather timely and non-destructive
fashion. Reactions are generally studied using isothermal anneals of variable durations
because the data is easier to analyze especially for kinetics. Therefore the formation
temperatures cited in this section correspond almost exclusively to isothermal annealing

regimes.

' Thickness can be measured non-destructively by X-ray reflectivity, RBS and also
indirectly through resistance mesurements.
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3.1 Formation of the first compound and compound sequence

The Ni-Si equilibrium phase diagram is presented again in Figure 3.1.”" We see
that Ni can take up to 10% Si in solution, while the Ni solubility limit in Si is too low to
appear clearly on the diagram. In addition to Ni and Si, we find eight compounds lying
below the lowest eutectic point (964°C), six of which are stable below 600°C, most likely
down to room temperature. These eight compounds are the ones normally expected to
form during solid-state reactions occurring below 900°C, Table 3-1 summarizes their

composition and crystal structure.
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Figure 3.1: The Ni-Si phase diagram
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Table 3-1: Composition and crystal structures of selected Ni-Si compounds

Compound Composition Crystal Lattice param.
Prototype .
Name (%Si) structure (A)

Ni 0-15 FCC Fm3m =3.81
B,-Ni,Si 22-25 FCC Fm3m a=3.85P
v-Ni,Si, 28.5 Hexagonal - a=6.661
(Ni,S1,,) c=12.227"
6-Ni,Si 33 Orthorhombic PbCl, a=4.99, b=3.72,

Pnma c=7.06"¢
v(0)-Ni,Si 33-42 Hexagonal Ni,In a=3.81,
c=4.8917hxx
€-Ni,Si, 39-41 Orthorhombic - a=5.23,b=3.26,
Cmcl c=5.66"
NiSi 50 Orthorhombic MnP a=,b=c="
Pnma
o-NiSi, 66 FCC Fm3m CaF, a=5.41"
Si 100 FCC Fm3m - a=5.43

* the €’ compound is not well characterized and has no published crystal structure
** Lattice parameters correspond to a composition of 41% at. Si.

Reactions between thin Ni films and thick Si substrates

There is a general agreement in the literature about the reactions between thin Ni

films and thick Si substrates. 6-Ni,Si is the first compound to grow, followed in sequence

by NiSi and NiSi, P23 41508428850 guch that five of the eight compounds listed in

Table 3-1 do not form. The growth of 8-Ni,Si layers is generally observed above 200°C'

' Defining a formation temperature usually implies a nucleation-controlled growth. As
will be shown later, Ni,Si grows with a diffusion-controlled kinetics. For compounds
which growth is not limited by nucleation, “formation temperatures” usually define
arbitrary markers above which significant amounts of the compound form within
technologically relevant times.
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and as will be seen later in this section, this compound is characterized by a very large

critical thickness (c.f.section 2.2.3). The formation of NiSi occurs only after the 8-Ni,Si

growth has completely consumed the initial Ni layer, unless the 6-Ni,Si has exceeded its
critical thickness. According to the model of Gosele and Tu, as long as the metal layer is
present, the Ni atom flux arriving at the silicide/Si interface is so large that it causes a
systematic conversion of any NiSi grain eventually present at the silicide/Si interface to

0-Ni,Si, thus preventing the growth of the monosilicide. Hodaj and Gusak however

proposed another explanation whereby the Ni atom flux maintains an important

concentration gradient at the 8-Ni,Si/Si interface that hinders the nucleation of NiSi.*"

The exact temperature for the NiSi formation therefore depends on the initial Ni
thickness but generally lies above 300°C. NiSi, is the terminal compound of all reactions
with excess Si, being the only one to be in equilibrium with Si (c.f. Figure 3.1). A
minimum of 700°C is necessary to observe its formation, unless its nucleation is

promoted by various means to be described later.

As seen in Table 3-1, NiSi, and Si have similar crystal structures. The disilicide
consequently grows epitaxially with Si, regardless of the substrate’s orientation and of
the initial Ni thickness.”> 4% Epitaxy was also observed by Foll et al. for NiSi at low
temperature (300°C) in reactions between Ni films with Si(111) substrates.”™ NiSi
assumed a hexagonal crystal structure there is no hexagonal compound with a 50:50

Ni:Si composition the Ni-Si equilibrium phase diagram. The 6-Ni,Si phase is hexagonal

but its homogeneity range is bounded between 33 and 42% at. Si. It was later established
by d’Heurle et al., who reported similar observations, that the commonly observed
orthorhombic MnP prototype crystal structure of NiSi is in fact a deformed hexagonal
NiAs prototype structure, which is obtained by stretching the basal plane of the latter.'”"
They argued that the hexagonal form would be favored by the possibility of epitaxy with
the Si(111) planes, which stabilize its structure, but only for very thin films. The

compound was only observed over a narrow range of temperature. References 50 and 51
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are the only ones we found whereby the formation of another compound than 8-Ni,Si,

NiSi and NiSi, is reported for thin Ni films on thick Si substrates.

Reactions of thin Ni films with amorphous Si substrates

In reactions between Ni thin films and amorphous Si substrates, the formation of

the first compound proceeds in three steps: i) the growth of an amorphous (a') Ni silicide
layer at the Ni/Si interface, ii) the nucleation and lateral growth of the crystalline 8-Ni,Si
in the amorphous silicide, and iii) the one-dimensional thickening of the crystalline -
Ni,Si layer after coalescence of the grown nuclei.”****! The poly-crystalline 8-Ni,Si
nucleates at the interface between the Ni and the a-silicide only once the latter reaches a

critical thickness (that has not been determined exactly).”” The o -silicide has a

[52,55

composition lying between 50 and 60% at. Ni,">* which Ma et al. correlated with the

composition of the lowest eutectic point of the phase diagram,*”

and it is characterized by
a rather fast growth compared to the crystalline Ni,Si.”>*" Depending on the initial Si
and Ni deposited thicknesses, the o~ and poly-crystalline silicides grow simultaneously or
in sequence.””* Thin Ni layers” or low annealing temperature and thermal budget"®
delay the nucleation of the crystalline phase. This is consistent with the claims of
Clevenger er al. who stressed that the formation of an amorphous silicide, which is
thermodynamically favored® at low temperature, is the sign that nucleation barriers

prevent the growth of the crystalline phase ©*

Once all the available Ni is exhausted, NiSi starts growing at the 8-Ni,Si/a-
Silicide interface.”*"® Olowolafe et al. reported the simultaneous formation of 8-Ni,Si

and NiSi before the Ni is completely exhausted™ but Lien et al. claim that this result

" This is a general notation for amorphous compounds. Not to be confused with an
eventual o phase on an equibrium phase diagram
> If the growth occurs on amorphous Si.
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may be explained by the presence of oxygen impurities”™. None of the references 57,58,
and 59 report the existence of the amorphous silicide layer, which may have been missed
since all the reported anneals were performed well above 200°C. Finally, Lien et al.
observed the growth of NiSi, much earlier on amorphous silicon (between 350 and
425°C) then in the crystalline case, after the formation of NiSi with a diffusion-controlled

growth kinetics.”""

Reactions of thin Si films with thick Ni substrates

Reactions schemes involving excess Ni are similar to those with excess-Si in that
only three compound are observed: Ni,Si, Ni; Si;, and Ni,Si./*"l §-Ni,Si is the first
compound to form and the ensuing phase sequence proceeds in order of increasing Ni

content.'” Ni ,,Si,, (often referred to as Ni  Si,) forms at the Ni/  8-Ni,Si interface at
temperatures around 350°C only once all the available Si has been consumed by the o-

Ni,Si growth (similarly to the growth of NiSi). Ni;Si forms only above 450°C at the
Ni,, Si,,/Ni interface.

Reactions in bulk and lateral diffusion couples

Although they are not representative of thin-film reactions, bulk and lateral
diffusion couples are very useful to highlight the kinetic phenomena controlling the
growth of the various compounds. Figure 3.2 presents both kinds of structures. Bulk
diffusion couples consist of binary assemblies of large "bulk" pieces of materials A and
B, brought into intimate contact and annealed at high temperatures (typically 800°C) for
long times (typically 10-24hrs). The pieces are sufficiently large so that none of the
species A and B is ever exhausted. In lateral diffusion couples, a thin film of material A
is deposited through a mask limiting its lateral extent onto another thin-film of material
B. Because of the mask, the B layer is only partially covered. Although the films are

rather thin compared to bulk couples, about 100nm in thickness, species diffuse laterally
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over lengths comparable to the bulk case. The advantage of thin-film lateral couples is
that they are easily prepared in vacuum deposition systems, which allows for reliably

clean interfaces and highly reproducible results.

In both types of arrangement, all the compounds allowed by the phase diagram
are observed, including Ni,Si,, after long, high-temperature treatments.'**%%¢7 The two
end phases (Ni,Si and NiSi,) are very difficult to nucleate: Tu et al. did not observe Ni,Si
and it took 5 days of annealing at 750°C before to observe NiSi, in bulk couples.'®”
Zheng et al. did not observe NiSi,,'* but Ni,Si was present although not as a continuous
layer. Giilpen et al." also observed a late and discontinuous formation of Ni;Si which
they attributed to the presence of Kirkendall voids'®® congregating at the Ni/Ni ,,Si,,

interface, and compromising the Ni supply for the Ni;Si growth.
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Figure 3.2: a) bulk and b) Lateral diffusion couples.

Just as in the thin-film case, the reaction invariably begins by the formation of -
Ni,Si, which must reach thicknesses (or lateral extents in the case of lateral couples) of
about 1.5um (at 500°C) before any other compound may be observed.”. At the other

interface, the local availability (and/or chemical potential) of Ni atoms being also
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controlled by the magnitude of the diffusion flux across the 8-Ni,Si, Ni-richer phases may
not form until the former reaches the critical thickness. Zheng er al.' reported a critical
thickness around 25um at 600°C, but we believe that a lack of spatial or time resolution
resulted in the compounds Ni,; Si;, and NiSi not being detected in earlier stages.
Moreover, Gosele and Tu evaluated the critical thickness of 8-Ni,Si to around 2-3pum at

350°C based on thin-film diffusion data.'*

From the work of Zheng et al. it appears that Ni,Si, forms before NiSi at the -
Ni,Si /Si interface, while Chen er al."” suggest the opposite. The results of the latter are
more consistent with the prevailing formation mechanism observed by Gas et al. for the

Ni,Si, compound”".

The sequence in which compounds appear can be summarized as 8-Ni,Si,
followed by NiSi and Ni;,Si,,, then Ni,Si, and finally NiSi, and Ni;Si (compounds noted
in italic are on the Ni side of the 8-Ni,Si layer). No compound other than 8-Ni,Si is
therefore observed before NiSi at the silicide/Si interface. Once all the compounds have
formed, they co-exist with different thicknesses representative of their kinetic parameters
(diffusion coefficient, interfacial reaction constants etc, c.f. sections 2.2.2 and 2.2.3). In
all the cases reviewed, 8-Ni,Si and Ni,Si, show the most important development,
followed by Ni;,;Si,, and then NiSi. Ni,Si and NiSi, are usually minority. The important
development of the Ni;Si, phase is the greatest difference between the thin-film and

diffusion-couple growth regimes, since the compound is totally absent of the former
scheme, whether Ni or Si is in excess. Finally, the larger critical thickness of 8-Ni,Si
(1.5-3pum) explains why no compound other than 6-Ni,Si can grow as long as Ni is still

available during thin-film reactions with excess Si.

Figure 3.3 summarizes the sequence of Ni-silicide formation in the growth

regimes with excess Si and excess Ni. It highlights the absence of Ni;Si, from thin-film



46

reactions while this phase is clearly observed with a considerable development in

diffusion couples (bulk and or lateral). In all the reviewed publications, except for the

cases of Ni,Si and Ni,Si, in diffusion couples, compounds always form continuous layers

when they co-exist.
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Figure 3.3: Summary of the formation of Ni silicides, actual figure 5 of Tu ef al.

(Reference 63).
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3.2 Mobile species and growth kinetics

Ni is the main moving species during the formation of compounds Ni,Si, Ni,,Si,,,
8-Ni,Si, and NiSi in thin films,? 777677 while no information could be found for
Ni;Si,. Given the complex atomic plane stacking characteristic of this compound’s
structure, it is very difficult to predict which of Ni or Si will be most mobile. Gas et al.
and Cicariello et al. have demonstrated that diffusion of Ni in grain-boundaries was the
most effective mass transport mechanism in the growth of 6-Ni,Si, which forms at low
temperature.”>” Given the temperature at which Ni ,Si, is reported to nucleate ( ~450°C),
we speculate that Ni transport in grain boundaries should still be the most efficient
mechanism. However, nothing a priori precludes Si from being substantially mobile in

that compound or in its grain boundaries.

d’Heurle ef al.*™ suggested that Ni is also the main diffusing species during the
formation of NiSi,, and Giilpen et al.'®' claimed that Ni and Si have comparable
diffusivities at higher temperature. The work of d’Heurle et al. was concerned with thin
films while that of Giilpen ez al. focused on bulk diffusion couples. The latter stressed
that the dominant mass transport mechanism switches from grain-boundary to lattice
diffusion between the thin-film and bulk reaction regimes. Since the formation of NiSi,
usually occurs at high temperatures (above 750°C), lattice diffusion of Si can become
significant and comparable to the diffusion of Ni in the long and interrupted grain
boundaries of bulk systems. Note however that NiSi, and CoSi, are known to be special
cases where the ordered Cu;Au rule (OCAR) exposed in section 2.1.3, does not readily
apply."™ Applying blindly the OCAR, leads to the conclusion that Si is the most mobile
species in NiSi,. However, there is no continuous Si sublattice where vacancies can
diffuse easily in the CaF, structure of the dilsilicide, while the Ni sub-network is
continuous. Ni is therefore the main diffusing species. Finally, Chen et al. observed the
presence of voids at the Si/NiSi interface in diffusion couples at temperatures above

{70]

600°C, which they attribute to the possibly high mobility of Si at high temperatures.
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We have shown that the first compound to form in every Ni-Si reactions is -
Ni,Si and it grows according to a Ni-diffusion-controlled kinetics. The growth is
characterized by an apparent activation energy of 1.4 and 1.7eV when the reactions take
[2,44,51,59,64,81,82,83

place on Si(001) and (111) substrates respectively.

rate constant' lies between 2.5-10"* and 1.65-10™"' cm?/s between 275°C and 450°C. 728384

! The parabolic growth

At 300°C, 100nm of 3-Ni,Si take approximately one hour to grow on Si(001)"*" and it is
almost 4 times longer on Si(111) as reactions are slower on the latter type of
substrate.*****) This is consistent with the dominant grain-boundary diffusion scheme
mentioned above and the results of Olowolafe who showed that the average size of 8-
Ni,Si grains is smaller on Si(001) than on Si(111)®. NiSi also grows with a Ni-
diffusion-controlled kinetics showing apparent activation energies ranging between 1.5-
1.87 eV 271818580 At 350°C, 100nm of NiSi take about one hour to grow on Si(001). %
NiSi, growth is controlled by nucleation,'®”™ but we did not find a quantitative

assessment of its kinetics.

d’Heurle et al. have shown qualitatively that the kinetics of Ni;Si, growth in thin
films is controlled by the nucleation at the interface between 8-Ni,Si and NiSi.""! Very

recently Kittl er al. quantitatively analyzed the process, in conditions similar to those
used by d’Heurle et al., and obtained an Avrami exponent of 2.1,"*” suggesting a site-
saturated lateral two-dimensional growth of the nuclei. This result is consistent with the

lateral growth reported by d’Heurle.

It appears clear from the results of Zheng et al.,'*** Chen et al.,'””’" and Majni et
al. "' that the formation of Ni,Si is hindered and in most cases completely prevented by
nucleation barriers both in thin films and in diffusion couples. It follows logically that its
growth kinetics should be controlled by the nucleation of the crystalline phase, but to our

knowledge, no quantitative analysis has been published to date at least for thin films and

' Defined as the slope of (thickness)” vs time plots, which yield straight lines when
growth is 1-dimensional and diffusion-limited (c.f. section 2.2.2).
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lateral diffusion couples. It should be noted however that Ni and Ni;Si are completely
homostructural, it might therefore be very difficult to distinguish a very Ni-rich Ni,Si
from Ni. The growth of the Ni,,Si,, compound is controlled by the diffusion of Ni atoms
as inferred from the results of Majni ez al.'’ for thin films and as suggested by Giilpen et
al. for diffusion couples at high temperature.'®® The latter reports a parabolic growth rate
constant of about 1.4-10™"* cm?¥s at 600°C.**To our knowledge, no quantitative kinetics

data is available for thin-film formation of the compound at lower temperatures. We
conclude that the absence of Ni;,Si), from the phase sequence in excess-Si reaction
schemes is not due to nucleation barriers, but rather to a kinetic competition that 3-Ni,Si

wins.

On amorphous Si the growth of the a-silicide phase is diffusion-controlled with a
growth constant evaluated to lie between 2.9-107* and 4-10™"* cm?/s at 250°C, which is 5-
7 times faster than the growth of the crystalline Ni,Si.*>* The nucleation of the
crystalline 8-Ni,Si compound occurs around 200°C and its subsequent planar growth is
controlled by the diffusion of Ni with an activation energy between 1.4 and 1.5¢eV,
similarly to the formation on crystalline Si.””****) The same holds for the formation of
NiSi which is characterized by an activation energy around 1.55eV.”**! While the
growth of NiSi, is reported to be nucleation-controlled on crystalline Si, Lien et al.
observed its advanced diffusion-controlled growth at low temperature, with an activation

[57.58)

energy of 1.65eV on amorphous Si.

We close this section with the following remark: Regardless of the crystalline
structure of the substrate, the formation of 8-Ni,Si and NiSi proceeds with similar
activation energies of about 1.6eV. It has been demonstrated, especially in the case of d-
Ni,Si, that Ni diffusion in the grain boundaries is the most effective mass transport
mechanism and that it controls the growth of at least these two compounds. The
activation energies around 1.6eV for transformation processes in the Ni-Si system

between 200 and 400°C is most likely a signature of Ni diffusion in grain boundaries.
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3.3 Influence of impurities

Impurities can be introduced in several ways in silicidation reactions. Depending
on their nature, position and proportion in the reaction system, they will affect the
properties of the compounds, the formation sequence, the growth kinetics or the
energetics in different ways.™ Typical methods of introducing impurities are i)
deposition of thin layers between or on top of the reacting materials, ii) co-deposition
together with the reacting materials films and iii) ion implantation. The first two methods
are generally employed to introduce metallic or semi-conducting impurities into the metal
films (e.g. Au, Pt, Co, Ti, Ge) up to quantities that can result in the formation of ternary
alloys (e.g. Ni-X-Si). The third one allows for introducing a wider spectrum of species (in
addition to those mentioned above) such as C, As, P and B as well as gases (e.g. O,, N,

and F).

3.3.1 Impurities deposited as interlayers: Ti, Ge, and SiO,

There has been a considerable amount of work on the impact of interlayered
impurities on Ni/Si reactions, however most of the studies have focused on the thermal
stability of the technologically important NiSi compound. The early stages of the
silicidation reaction, which this thesis is mostly concerned with, have not attracted much
attention in earlier studies. It is observed that interposing layers of a vast variety of
elements such as Mo, Pd, Pt, Ti, W or Zr has the effect of improving the stability of the
NiSi compound by delaying the nucleation of NiSi,.!”"**#%%%9 Co_and Ir on the
contrary reduce the formation temperature of the disilicide.”™ Of course, inserting foreign
elements in direct contact with the Si can result in the formation of foreign silicides,
especially in the early stages of the reaction. This can give rise to complex competitions

between the different silicides, especially when the impurity layers are relatively thick.
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Such cases fall outside the scope of this thesis. We present below the case of two
interlayered impurities, Ti and Ge, for which publications dealing with very thin

interlayers and providing information about Ni-Rich compounds were found.

Reactions between thin Ni films and Si substrates with thin interposing Ti layers

When a thin (3nm) Ti interlayer is used, no reaction is observed before reaching
about 400°C during 5°C/min ramp-type heating experiments. The formation of 6-Ni,Si is

delayed and the compound is found to co-exist with NiSi even when Ni is still

available.'”

! The formation of NiSi , is delayed until about 800°C and it coexists with

minute amounts of C49- and C54-TiSi,. Experiments using longer isothermal annealing
(30min) and similar Ti thicknesses (3nm) suggested the formation of epitaxial layers at
temperatures as low as 350°C." The authors claim that the epitaxial phase is NiSi ~ ,,
although they base their identification solely on the absence of diffraction peaks in XRD
experiments where the substrate was tilted to avoid the Si substrate’s peaks. Aside from
the annealing regime, the main difference between the two studies above lies in the

% and 9nm for

thickness of the initial Ni layer, which was 30nm for Chiu et al.
Nakatsuka er al."®. The results above thus suggest that Ti interlayers mostly act as
physical barriers to diffusion, which limit the Ni atom flux towards the Si substrate. The
formation of 0-Ni,Si or NiSi, as the first compound is then dictated by the magnitude of
the Ni atom flux, which depends on the availability of unreacted Ni, the thickness of the

different layers, and mostly the strength of the diffusion barrier.

Reaction of thin Ni films and Si substrates with thin interposing Ge layers

When a thin Ge interlayer is interposed between the Ni film and the Si substrate,
no Ni germanide formation is reported, and no results about the effect on the 8-Ni,Si

formation can be found for dilute Ge cases. The formation temperature of the NiSi is not
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measurably affected by the presence of the thin interlayer,' """ but some Ge segregates at
the NiSi/Si interface and at the NiSi surface.""" The nucleation of the NiSi, compound is
however delayed by more than 150°C and Ge is expelled from NiSi, grains, accumulating

in the Si substrate.!'0>1%3

This last result, and many others to be presented in this section, can be explained
by extending the principles of the Humes-Rothery rule to intermetallics systems. It states
that metals should exhibit extensive solid solubility if their respective elemental solid
phases share the same crystal structure with lattice parameters differing by less than 15%.
NiGe and NiSi share the same orthorhombic MnP prototype structure with lattice
parameters differing by less than 5%. As was proposed for 8-N1,Si and Co,Si,""™ their
mixing enthalpy should be close to zero, but the mixing should increase the entropy
slightly. This increase in entropy stabilizes the Ni(Si,Ge) by reducing the free energy
change associated with the transformation from the mono- to the disilicide. As explained
in section 2.1.2, a smaller AG increases the nucleation barrier, which results in a higher
nucleation temperature. This phenomenon is often referred to as the mixing-entropy
effect.'” In the case of Ge, the barrier is further raised by the absence of a NiGe )

counterpart to NiSi,. Ge must therefore be expelled from NiSi, nuclei before they achieve

the appropriate crystal structure and be stable.

The little effect of thin Ge interlayers on the formation temperature of NiSi comes
from the fact that 6-Ni,Si and Ni,Ge also share the same crystal structure. The solubilities
of Ge in 86-Ni,Si and NiSi, although certainly different, must be comparable so that

significant Ge additions are required before any delay can be observed in the formation of

NiSi'"”"!. Since the lattice parameter differences are smaller between Ni,Ge and 8-Ni,Si

! Studies involving silicidation on Si,;Ge,, revealed an increase of about 50°C in the
formation temperature of NiSi.
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(£3%) than between NiGe and NiSi, the delay could be explained by a slightly higher
solubility of Ge in 6-Ni,Si than in NiSi.

Reaction of thin Ni films and Si substrates with thin interposing SiO, layers

When Si (001) substrates are left with a thin chemical oxide (such as a Shiraki
oxide!"*) before thin-film Ni deposition, NiSi, is found to form as the first phase at rather
low temperatures (300°C).""" As the temperature is increased, the disilicide layer
becomes discontinuous and NiSi, pyramids protrude in the Si substrate. Then, if Ni is still
available, NiSi grows epitaxially’ on top of the mixed Si/NiSi , layer. Both compounds
coexist until 800°C, where full conversion of NiSi to NiSi, is achieved. The advanced
formation of the NiSi, occurs because the oxide slows down the Ni flux arriving in the Si.
On one hand, this reduction in flux hinders the formation of Ni-Rich compounds by
forcing a lower local concentration in Ni. On the other hand, the free energy change upon
the formation of NiSi, from Ni and Si is much larger than the one from NiSi and Si. The
presence of the oxide therefore reduces the barrier to the nucleation of the disilicide. This
phenomenon is known as oxide mediated epitaxy (OME) and has been observed for

CoSi, as well.'"*®!1%!

3.3.2 Co-deposited impurities : Pt and Co

One of the most discussed metallic impurities for Ni silicides is Pt because it
recently solved many problems related to the integration of NiSi as a contact material in
the CMOS technology.!"'®''" Co-depositing Ni and Pt (5% at.) has no effect on the early
compound sequence: 8-Ni,Si is the first compound to form, and NiSi only forms once the
Ni(5%Pt) layer is completely consumed.!""” No platinum silicide is observed, but Pt

segregates at the metal/Ni,Si interface and remains there until it reaches some critical (yet

' [001] NiSi // [001] Si and (020) NiSi // (040) Si
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undefined) concentration and starts redistributing."">'** This concentration is most likely
achieved once a critical amount of Ni left the alloy layer. Once the latter is completely
consumed, a slight Pt accumulation remains at the silicide surface throughout the rest of

the reaction. Very little Pt is found in 8-Ni,Si, while it is rather uniformly distributed in

NiSi. When the formation of monosilicide has consumed all the 8-Ni,Si, i.e. after 30s

between 450°C and 550°C depending on the initial alloy thickness, some Pt accumulation

is found at the NiSi/S1 interface.

These redistribution characteristics of Pt can be explained in terms of its solubility

14 and will tend to remain

in the different compounds. Pt, has a low solubility limit in Si
out of it (it will rather form a silicide). 6-Ni,Si and Pt,Si don’t have similar crystal
structures while PtSi and NiSi are homostructural with little differences in their lattice
parameters.""'>"'% The solubility of Pt is therefore expected to be smaller in ~ 8-Ni,Si than

in the Ni-Pt alloy and in the NiSi.!"""'®

It should be mentioned that Cojocaru-Mirédin et al."'® observed a slightly
different behavior than Corni et al."'>'"*! First, they found that 8-Ni,Si and NiSi grow
simultaneously even when Ni(5%Pt) alloy is still available. Second, they observed a Pt
accumulation at the 6-Ni,Si /NiSi interface that was not reported by Corni et al. The
extent of these NiSi and Pt-accumulation regions, which were measured by atomic probe
tomography by Cojocaru-Mirédin et al., is such that it might have been missed by the
RBS measurements of Corni et al. In fact, the presence of a NiSi layer between the Si and
the 6-Ni,Si, growing necessarily at the expense of the latter, could contribute to explain
the kinetics results of the Corni et al.: They find that Pt does not impede the growth
kinetics of 8-Ni,Si at the beginning, but they observe an unexpected decrease of the
growth rate when the layer exceeds about 45nm. We speculate that accumulation of Pt at

the metal/d-Ni,Si interface could act as a barrier for the Ni atoms, lowering the Ni atom
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flux at the 6-Ni,Si /Si interface. This would promote the growth of NiSi, impeding on the

6-Ni,Si growth.

As mentioned earlier, the greatest interest from a technological point of view, lies
in the effect of Pt on the last stages of the compound sequence. Similarly to Ge case, Pt
and Si do not form a disilicide while NiSi and PtSi are homostructural. The presence of
Pt in NiSi therefore delays the nucleation of the NiSi,. !''*!&!1"118 Thig considerably
increases the thermal stability of the NiSi by eliminating one of its degradation
mechanisms, namely the formation of the disilicide. Additionally, Pt reduces the impact
of a second thermally induced degradation mechanism of NiSi, which is

agglomeration.""’

Finstad investigated the early stages of the reaction in samples consisting of Pt/Ni
bilayers on Si substrates and observed a compound sequence that was similar to the one

observed by Corni et al.!"™

Mangelinck ez al. found that the use of Ni(5%Pt) alloys resulted in a stabilization
of the epitaxial relationship between NiSi and Si(111) substrates which was observed
earlier with pure Ni.*'**""” The same group later reported the lateral co-existence of the
orthorhombic MnP and hexagonal NiAs forms of NiSi, both of them epitaxial with their
Si(111) substrates.""”'*"! They suggested that Pt dissolution in NiSi changes the ¢/b ratio
of the MnP structure bringing it closer to a value of V3, whereby atomic positions become

completely equivalent to those of the hexagonal NiAs structure.
Reactions between Ni(Co) alloy thin films and Si substrates

Co-depositing Ni and Co (5% at.) has no effect on the overall compound
sequence. Ni,Si is the first phase to form and transforms to NiSi only once all the metal is

consumed."® The growth of 3-Ni,Si is slightly slower compared to the pure Ni case, but
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the main diffusing species is still the metal (Ni or Co).'"” Co,Siand 8-Ni,Si are
remarkably similar as the parameters of their identical crystal structure differ by less than
2%. They are consequently thoroughly mixed as a single ternary compound. The
monosilicides however have differing crystal structures and tend not to be as miscible
(CoSi is cubic with the FeSi prototype structure). Even with dilute Co alloying, phase
separation occurs and XRD indicates the presence of trace amounts of CoSi in samples

11041 1t has not been confirmed whether it forms as a

annealed into the monosilicide phase.
continuous layer or not in the case of the dilute alloy, but if it does, NiSi should be the

layer in contact with the Si as observed for richer alloys.

In contrast with reactions schemes produced by Pt alloys, the disilicide forms
much earlier with Co. It is observed after annealing at temperatures of 525°C, which is
more than 200°C below the pure Ni case and some 75°C below the nucleation

010417220 Thig result illustrates eloquently the role of the mixing

temperature of CoSi,.
entropy in stabilizing the mixture of the compounds with respect to their pure states by
increasing its entropy. CoSi, and NiSi, are both cubic with the CaF, structure and their

respective lattice parameters are respectively 5.37A and 5.41A.

The location where the NiSi, nucleates in Ni-Co silicide layers stack is quite
interesting. As mentioned above, NiSi, forms at the NiSi/Si interface in samples with
pure Ni, and the same scheme holds for the pure Co case.” In samples with Ni(5%Co),

HO41221 ¢ s suggested that

the disilicide nucleates at the free surface of the monosilicide.
both easier stress relaxation and the presence of a cobalt rich region near the surface
would facilitate the nucleation. In fact, d’Heurle et al. have shown that the exact location
where the disilicide nucleates depends on the Co content in the alloy, highlighting the
competition between volume and surface energies in determining the nucleation

barrier.!"*
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Because of the enhanced ability of 8-Ni,Si and Co,Si to mix as a continuous
phase, one obtains almost identical results then those mentioned above when Co/Ni or
Ni/Co bilayers react with Si substrates''*. The only difference is the formation of Co,Si

as the first compound in samples where the Co layer is in contact with the Si.

3.3.3 Implanted impurities

In this section we present the effect of three categories of implanted impurities :
i) gaseous species O,, N, and C, ii) usual Si doping impurities such as As, B and P which
are electrically activated (i.e. incorporated to the Si crystal network by high temperature
activation anneals, and ii7) Other gaseous impurities such as BF; and F used in the CMOS

technology.

Effect of oxygen implantation

The effect of O, is very interesting as it changes dramatically depending on where
it is implanted.""*'*¥ When located in the Ni layer (~3%at.), O , accumulates at the Ni/ 5-
Ni,Si interface eventually hindering the diffusion of Ni. NiSi then appears at the 6-Ni,Si

/S1 interface before the Ni is consumed, but its growth kinetics is three times slower than

in the un-implanted case. From XPS measurements, O, is found to bind to Si forming
Si0, at the Ni/6-Ni,Si interface where it remains segregated throughout the whole
silicidation process.!'”"**'*! No O , is incorporated to either of the NiSi or ~ 8-Ni,Si (to

within detection limits). This behavior is similar to the one observed when pure Ni Jayers

react with Si substrates in a O,-contaminated vacuum."®

The O, content of the annealing ambient has an impact on the results obtained
with implantations as the formation of the SiO, barrier is delayed when anneals are

performed in a very high vacuum."*! The authors claim that the O, contamination present
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in a conventional vacuum furnace could participate to the barrier formation by diffusing
through Ni grain boundaries as they effectively observe a O, uptake in some of their
samples. However it was shown that impurities implanted in metal layers could be lost to
the ambient when anneals are performed in high vacuum.!* The delay observed in

barrier formation in the case of the high vacuum annealing could therefore be caused in
part by a loss of O, to the ambient. When less O, is implanted, e.g. 1%, interfacial oxide
is still found, but the silicide formation is not hindered and the growth rate is similar to

the unimplanted case.

When O, is implanted in the Si (~2% at.), no SiO, barrier is observed.'*"** §-
Ni,S1 is the first compound to form, and NiSi only forms once the Ni layer is consumed.
While no oxygen penetrated the silicides in the case of implantation in the Ni, it is now
redistributed extensively. The implantation profile is conserved, with corrections only
due to changes in density when going from Si to the silicides, as if the oxygen atoms
were pinned to the Si atoms. Initially equal to that in the unimplanted case, the growth
rate of 8-Ni,Si decreases after some time, presumably when the growth front hits the peak
of the O, implantation profile in the Si. The presence of O, seems to interfere slightly

with the diffusion of Ni atoms or perhaps with the interface reaction.

If O, is implanted in 8-Ni,Si (~1% at.) after it was grown, the growth rate of NiSi

is slower''*

|, The observed decrease is not clearly related to the presence of O, and may
be due in part to implantation damage in the 0-Ni,Si layer as it does not scale with the
implanted dose. The O, initially present in the -Ni,Si is redistributed in the NiSi without

interfacial accumulation similarly to the case of implantation in the Si.

The differences in behavior with implantation locus are a consequence of the
combined effect of the asymmetries in the affinity of O, for Si and Ni and in the mobility
of Ni"?'*. O, binds strongly to Si and weakly to Ni, which is the mobile species. As Ni

atoms move, O, remains rather immobile and sticks to Si if it is available. A barrier forms
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in the case of implantation in the Ni because all the O, initially spread throughout the
whole volume of the Ni layer segregates into a layer of SiO,. It was evaluated that the
latter must be at least 25A to block Ni diffusion, which is the typical thickness of the
native oxide found on Si surfaces. It is therefore surprising that no promotion of NiSi,
nucleation, similar to the results of Teodorescu et al."”” is ever reported for O,

implantations.

Effect of nitrogen implantation

Nitrogen behaves in a similar way to O,, but is much more mobile in Ni''*'*"
because it does not form stable compounds with Ni (whereas a stable NiO exist). When
N, is implanted in the metal layer, it moves so fast, that it builds up an interfacial barrier
preventing any reaction even for lower implantation doses than with O, (between 0.4 and
0.8% at. in Ni). For low doses, 6-Ni,Si is found to form first, but for intermediate doses
NiSi is the only compound observed. The threshold dose for the complete suppression of
the reaction was shown to depend on the areal density of Si at the interface, being larger
on Si(111) than on Si(001) substrates. These results indicate that the reaction is blocked

by the formation of a Si-N compound at the interface.!””

When N, is implanted in the Si, no complete suppression is observed even at
doses over the threshold value for implantations in the Ni layer. The growth rate of o-

Ni,Si is however increasingly slowed down with increasing N, dose.****7

Effect of Carbon implantations

Scott found that, at least for similar doses than O, and N,, C implanted in Ni does

not form a total barrier to reaction. However, it is found to slow down the growth rate of

8-Ni,Si by up to a factor of two."* It should be mentioned that all the implantations
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(0,,N, and C), used by Scott et al."*'**'*" were performed after the deposition of the Ni

layer.

3.3.4 Effect of common implanted CMOS doping impurities : arsenic,

boron and phosphorous

The particular feature of doping impurities is that they are usually introduced in
relatively small concentrations, i.e below the solubility limits of silicon, which are 0.34%,
1.7% and 3.4% respectively for B, P and As at 1000°C."*® Redistribution can induce
changes in local concentrations but it is usually observed to remain within the solubility
limits of silicides as well. It is not clear a priori whether we should expect the effects of
dopants on solid-state reactions to be small or not. As, B and P can form binary
compounds with Ni"**"*¥ and their free energies of formation are quite close to those of
Ni silicides. For instance, the respective heats of formation for NiSi, NiB, NiP and NiAs
are 92, -102, -133 and 93 kJ/mol"*", which suggest that the impurities could compete
with Si for Ni-bond formation.' Nonetheless, one may expect the effects to be more
kinetic than thermodynamic, since none of the Ni,D, phases (where D is the dopant atom)
have a crystal structure that is miscible in the corresponding Ni,Si, counterpart, except
for NiAs and NiP,. These compounds have structures that could respectively be

compatible with the two forms of NiSi (hexagonal and orthorhombic) and with NiSi,.

Effect of arsenic doping

Similarly to the case of O,, arsenic redistribution differs whether it is implanted in

the layer of the moving species (Ni) or the stationary species (Si). In the case of

implantation in Ni, As (~0.7 at. % As ) is found to segregate and accumulate at the Ni/0-

' We assume here that dopants atoms are substitutional on the Si sublattices of the
silicides just like they are in Si'*).
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Ni,Si interface and in the case of Si, (~3 at. % As), it distributes quite extensively with a
high degree of profile conservation in the growing silicide.!”"’ When implanted directly
in 8-Ni,Si (~0.5% at.), the arsenic profile is not altered by annealing at 275°C, revealing
an almost inexistent diffusion of As in the compound. While it may ensue from the low
temperature at which the silicide grows, a similar behavior is observed for CoSi, at
temperatures above 600°C."* These two silicides are surely different and so can be the

mechanisms explaining the low diffusion. However the comparison illustrates well that

the temperature is not necessarily the only factor at play.

Using the very sensitive technique of neutron activation, Ohdomari et al. found a
certain degree of As redistribution in the Si during the formations of 8-Ni,Si and NiSi,
through a so-called snowplow effect. About 10% of the As atoms initially present (i.e.

~3% at. Si) are pushed deeper into the Si by the advancing growth front."** Of these

snowplowed As atoms, at most 6.5%, is estimated to be still electrically active in the Si.

No significant differences were found in the growth rates of 8-Ni,Si and NiSi,

with respect to the undoped case when the As is implanted in the substrate (poly- or
mono-crystalline), even for doses between 3 and 5% at., which are higher than the
solubility limit of As in Si."****1313 A 4 comparison, arsenic was shown to decrease

the diffusion-controlled growth rate of PtSi, without changing however the activation
energy.'”” Rinderknecht et al."** reported a delay in the formation of NiSi ,, which could
be related to the low solubility of As in the compound, requiring its expulsion, thus

raising the nucleation barrier.
Effect of phosphorus doping
No information was found in the literature about redistribution properties of

phosphorus in growing Ni silicides. However, it is reported to diffuse quite readily in

CoSi, where it was implanted after the silicide growth."* NiSi formation was found to
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be completed earlier in samples where the Si was implanted with ~2.5% at. P, despite the
high concentration.”*® This is consistent with the report of Takai and Tu who observed
an accelerated growth rate of 6-Ni,Si on LPCVD grown poly-Si containing ~1.6% at.
P."" They showed that the diffusivity of Si in 8-Ni,Si was increased by a factor of 4,
while that of Ni remained practically unaffected. In both cases the P concentration
exceeded the solubility limit of the Si yet to different extents. Rindeknecht et al. observed

a delay in the nucleation of NiSi,.["**

Effect of boron doping

When 0.04 at.% to 0.2 at. % boron are implanted in the Si, it piles-up at the
Ni/silicide interface upon formation. Redistributions in the silicides are found to occur,
to levels between 0.0002 to 0.001 at.%, depending on the compound.'*” The diffusion-

135.1361 and once the Ni is

controlled growth kinetics of the silicides is slowed down
completely consumed, the piled-up B ends up at the surface."* It is proposed that the
diffusion of B in grain boundaries of the silicide explains the accumulation towards the
surface. This is consistent with the fact that boron was found to diffuse rapidly in
CoSi,."*” Rinderknecht et al. observed a delay in the nucleation of NiSi,"** both on poly-

and ¢-Si1.

One study reported the formation of NiSi, as the first and only compound at
temperatures as low as 250°C in B-implanted samples with doses of about 0.5% at. in
Si"*. The 8-Ni,Si compound is completely skipped while NiSi forms at temperatures
above 330°C. Although a significantly long activation annealing was performed and the
interfacial oxide was removed prior to Ni deposition, the influence of a pre-
amorphization implant and the presence of a remaining interfacial oxide cannot be ruled
out given the experimental protocol employed. Even if the presence of various dopants
was found to have an influence on the formation of NiSi, in other studies from the same

[141,142]

group, we believe that the main mechanism responsible for the results they report in



-

63

reference 140 is not the presence of B atoms, based on the following facts: i)
Experiments with boron implantations without pre-amorphization did not result in the
same reaction scheme, with namely the formation of 8-Ni,Si as the first compound,"*” ii)
B implantations are commonly used in the CMOS industry, while such a premature
formation of NiSi, is never reported iii) the literature review presented above has shown
that only a strong barrier to the diffusion of Ni atoms can result in the formation of NiSi,
at low temperature, and iv) the reaction scheme and the plan-view TEM morphology of
NiSi, reported in references 140 and 142 are almost identical to that observed by

Teodorescu et al. in their oxide mediated epitaxy experiments''®”,

3.3.5 Effect of BF,* and fluorine

It is a common practice in the microelectronics industry to use BF,” molecular
ions as vectors to implant boron. First of all, the use of heavy ions allows for better
implant depth control in shallow junctions, secondly fluorine slows down the diffusion of
boron in Si, which helps preserving the implantation profiles during heat treatments.!'*
However, it inevitably results in the presence of fluorine atoms in the Si. On one hand it
has been reported to improve the thermal stability of NiSi,!'"*'*) but on the other hand it

has also been proposed to have a dramatic impact on the Ni silicidation reactions!*"

141,142]

Effect of BF," implantation

Keeping in mind the caveats exposed above concerning references 140,141, and
142, we mention the results of Chen ez al. for BF," and F' implantations. As for boron

implantations, they report again the formation of epitaxial NiSi, at temperatures as low as
250°C I'*0141141 Tn most of the cases, the epitaxial layer co-exists with 3-Ni,Si or NiSi to

various extents depending on the exact experimental conditions. In an attempt to isolate
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the sole effect of implantation-induced amorphization, they ran control experiments with
Si* implantations instead of BF,"."* They observed different schemes whether the

implantation damages were annealed or not prior to Ni deposition.

In samples without post-implant annealing (BF,” or Si" ions), the observed
compound sequence is the same than in un-implanted samples, except that NiSi, forms at
400°C instead of 700°C and it is polycrystalline (not epitaxial). Complete transformation
to NiSi, is achieved above 500°C. This reaction scheme resembles closely that observed

for amorphous Si.**"*

In samples with post-implant annealing (BF,” ions only), 8-Ni,Si is the first
compound to form, but it starts to co-exist with NiSi, above 250°C. NiSi then forms
above 300°C at the 0-Ni,Si/NiSi, interface, which results in the consumption of the -

Ni,Si and some of the NiSi,. The disilicide remains present in all subsequent stages,

becoming the only compound present at temperatures above 800°C.

Fluorine bubbles were found to accumulate at the grain boundaries of NiSi, in

114} Unfortunately, no experiments involving Si* implantations

BF,"-implanted samples.
followed by an activation annealing were performed in order to isolate the possible

contribution of the annealing conditions to the final results.

Effect of fluorine implantation

Fluorine implantation without activation anneals results in the formation of d-
Ni,Si as the first compound, followed by a stage where NiSi and epitaxial NiSi, co-exist
at 230°C.'"! Adding the activation annealing results in the formation all three

compounds at the same time at temperatures between 220 and 260°C.
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For the same reasons than mentioned for B implantations above, we believe that
the behaviors observed by Chen et al. are not caused by the sole chemical nature of the

implanted impurities. Although their As and especially P implantations did not result in
the formation of epitaxial NiSi, at low temperature, they did hinder the formation of -

Ni,Si in a similar way to oxygen implanted in the Ni layer as presented earlier. The
authors themselves mention that oxygen contamination (e.g. knocked-in during through-
oxide implantations) may contribute to a certain extent to the observed behaviors.!*")
Also, if the experiments using Si* implantations may help discriminating the influence of
the implantation-induced amorphization,***” they don’t allow for isolating the influence
of the dopant atoms on i) the recrystallization of Si and ii) the oxide growth that takes
place during the high temperature activation anneal in O, and its subsequent etchability

during the dilute HF dips. We conclude that the effects of F+ and BF," are not clear and

well understood.

3.4 Conclusion of the literature review

First and foremost, it emerges from all the reviewed papers that the magnitude of
the Ni atoms flux arriving at the silicide/Si interface is the main phenomenon that dictates
the selection of the growing compounds. This is especially true for NiSi,. Except for
cases where impurities are at play, 8-Ni,Si is always the first crystalline compound to
form. Nucleation barriers delay the formations of Ni, Si;, and NiSi, and they almost
completely prevent the formations of Ni;Si, and Ni,Si. The thin film growth schemes
exhibit a layer-by-layer morphology in the vast majority of the cases reviewed, which
appears to originate in i) the ease of nucleation of the compounds that form and ii) the
rapid diffusion of the reactants (namely Ni) both in the growing compounds and at the

reaction interfaces.
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A limited number of publications report the formation of an hexagonal metastable

form of NiSi on Si(111) substrates. The compound co-exists laterally with 8-Ni,Si or
NiSi, but no such compound, nor any other than 8-Ni,Si, NiSi and NiSi,, is reported to

form on thick Si(001) substrates in any of the conditions studied.

The main mobile species for the formation of all the Ni silicide phases are the Ni
atoms. The growth of 8-Ni,Si and NiSi are diffusion-controlled in almost all the

experimental conditions reviewed (even those involving impurities) while those of Ni,Si,

Ni,,Si;,, Ni,Si, and NiSi, are controlled by nucleation when no impurities are at play.

The effect of alloying impurities can be classified in two categories: i) The added
elements form silicides that are soluble in either one of the existing Ni silicides, in which
they redistribute more or less uniformly and influence the compound formation through
the mixing entropy effect. ii) The added elements do not form silicides or form silicides
that are not soluble in the existing Ni silicides. They will segregate at interfaces, surfaces
or grain boundaries and will influence the compound formation by altering mainly the
kinetics and, in a less measurable fashion, interface energies. For some impurities, both

effects may be at play at the same time.

The effect of implanted impurities can be subdivided into three categories using
their location in the samples and their mobilities.”” The mobility is determined both by
the diffusivities and the solubility of the impurities in the host layer and in the growing

silicide layers:

a) Immobile impurity located in the main diffusing species layer (in our case Ni),
b) Immobile impurity, located in the stationary species layer (in our case Si)

¢) Mobile impurity without restrictions on its location.
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Cases a) and c) can result in accumulation of dopant atoms at the surface and in
loss to the ambient through evaporation. Cases b) and ¢) can results in accumulation at
the silicide/Si interface. Depending on their ability to form bonds with Si or Ni, the
impurities will slow down the reactions, but no compound stabilization phenomena

comparable to the mixing entropy effect have been observed.

While impurities in general are found to have a strong effect on the formation of

NiSi,, none were found to enhance the formation of Ni,Si, Ni,, Si,, or Ni,;Si,.
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Chapter 4 : Experimental Techniques

Regardless of the physical properties monitored to study solid-state reactions, the
quench-and-measure process mentioned in the introduction of Chapter 3 is generally
lengthy, work-intensive and has a time resolution limited by the patience of the
experimenter. In this thesis, we have taken advantage of a unique non-destructive and fast
characterization technique that combines the real-time measurements of three physical
properties: diffracted x-ray intensity, electrical resistance, and diffuse light scattering,

acquired in situ during controlled heating experiments.

Following the description of sample preparation and metal deposition most of the
chapter is devoted to the presentation of the in situ XRD technique. We then review the
details of the transmission electron microscopy (TEM) specimen preparation. TEM was
used extensively in the work presented in chapter 5 to confirm the compound
identification deduced from the in situ XRD and investigate the microstructure of the
reacted samples. Finally, brief descriptions of Rutherford backscattering spectrometry
and secondary ion mass spectroscopy (SIMS), used respectively to support the compound
identification in chapter 5 and assess the fluorine distribution profiles in chapter 8, are

provided.

4.1 Sample preparation

All samples investigated in this thesis consist of Ni thin films with thicknesses
between 2 and 500 nm, deposited either on SOI or bulk c¢-Si substrates with (001)
crystallographic planes parallel to their surface. Both types of substrates were used
interchangeably depending on their availability as they yield results that are not
distinguishable with the characterization techniques used in this work as far as solid-state

reactions are concerned. The more expensive SOI substrates are particularly well suited
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for in situ resistance measurements because they allow for isolating the contribution of
the silicide layers. The Si slabs being rather thin (120nm), their resistance remains large
compared to that of the silicides, even at high temperatures, so that their contribution to

the total resistance remains small.

All substrates were dipped in dilute (10%) HF solutions for 55s prior to Ni thin
film deposition to strip the native oxide and passivate the surface. The excess HF was
subsequently blown dry with pure N,, without rinsing, before loading the substrates in the

vacuum chamber of the deposition system.

Depositions were carried out in a MRC-643 magnetron sputtering system under
10 mTorr of high-purity Ar with the following procedure: After inserting the samples, the
load-lock is evacuated successively by mechanical, turbo-molecular and cryogenic pumps

down to 1x10® Torr. A sliding carriage scans the sample holder in front of a rectangle-

shaped Ni target (99.999% pure), which is sputtered under constant plasma excitation
conditions. The deposition rate being constant, the total Ni thickness is controlled by the
carriage speed as it passes in front of the target. Samples with thicknesses up to 100nm
Ni were deposited in one pass, while thicker samples required multiple passes separated
by 10-minute pauses for cool-down. Such schemes were found to be necessary to avoid

undesired reactions caused by excessive heating during deposition.

4.2 In situ real time X-ray diffraction
4.2.1 Principles and concepts
General X-ray diffraction

Diffraction of x-rays by crystalline materials follows the very well known Bragg’s

law:
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Equation 4-1 nA=2d,, sinb

which links the diffraction angle 0 to the inter-planar spacing d,, through the x-
rays wavelength A4 and a constant n, which is usually set to unity. By definition, Equation
4-1 implies that the angle 6 is such that the bisector b is normal to the hkl planes, as

illustrated in Figure 4.1.
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Figure 4.1: Diffraction at an angle 20 from crystallographic planes spaced by a
distance d.

The silicide compounds formed during solid-state reactions are most of the time
polycrystalline. Such materials are comprised of multitudes of grains, each of which is an
individual crystal that can diffract x-rays. In powders, grains are oriented randomly such
that when an x-ray beam hits a sample at fixed incidence angle, several diffracted beams
can arise, each 26, angle corresponding to a different value of crystallographic plane
spacing d,,,, (Figure 4.2). Given an appropriate detection apparatus, all of these diffracted
beams can be measured simultaneously. While the same logic applies to thin films, grains

may assume preferential orientations to minimize their interface energy with the
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substrate, such that fewer crystal planes may be oriented so as to produce diffracted
beams from the interaction with a fixed x-ray beam. Our in situ XRD measurement
system is designed for measuring simultaneously several diffracted beams that may arise
from the interaction of a fixed X-ray beam with poly-crystalline thin films, and to do it in

a dynamical way that allows for performing real-time experiments.

Figure 4.2: a) Each grain of a polycrystalline sample is an individual crystal.
Diffraction occurs whenever a hkl plane familiy satisfies the Bragg’s law, i.e. that
the bisector b is perpendicular to the planes. a) Diffraction from a polycrystalline
sample yields several diffracted beams with fixed angle incident beam.

4.2.2 Experimental setup

The in situ XRD measurement system is divided in three parts which will be
presented in the following order: i) the diffractometer and the detector, ii) the x-ray

source and iii) the controlled-environment annealing chamber.
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The detector and the diffractometer

The x-ray detector consists of a 25mm-long line-shaped solid-state CCD strip of
1024 pixels. Located at 10 cm of the chamber’s rotation axis (which coincides with the
surface of the sample), it allows for covering a 20 span of 14°. The response of the CCD
detector to the x-rays is linear, which allows for direct conversion of the measured
electrical signal to intensity. The camera can be operated in a constant acquisition mode,
with exposure times down to 0.1sec per frame, which allows for easy and accurate real-

time acquisition.

The annealing chamber, which holds the samples, is installed on a Huber four-
circle diffractometer. Our configuration uses a fixed x-ray source such that the incidence
angle is varied by tilting the chamber. Because of the vacuum pipes attached to the
chamber and the electrical connections made to the detector, the accessible ranges of
incidence (0) and diffraction angles (26) are limited to 0-30° and 0-60° respectively. All

angles are usually kept fixed during annealing experiments, but 6 and 28 can be scanned

in a continuous and synchronous mode to acquire pre- or post-annealing 0-20 like spectra

over the accessible range.

The X-ray source

Time-resolved experiments, especially when they are conducted on very thin
films at high annealing ramp rates (up to 50C/s), require large incident x-ray intensities.
Our system is consequently installed at the end of the beam line of a synchrotron
accelerator, a very high intensity X-ray source presented schematically in Figure 4.3. It
consists of a long and closed polygonal vacuum tunnel, or more correctly storage ring, in
which electrons are accelerated and maintained at relativistic speeds. Along their path,
electrons pass through different types of magnets (undulators, wigglers and benders)

which alter their actual trajectory, sometimes causing them to oscillate, or simply
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redirecting them from one polygon straight to the other. In all cases, the large
acceleration that ensues from steering the relativistic electrons results in the emission of
radiation, which mostly lies in the x-ray part of the electromagnetic spectrum. This
radiation is collected and transferred to the laboratory through extractions ports and
beam-patterning “optics”. Depending on the type of magnet, the emitted radiation will
have different properties of intensity, polarization, coherence, spectral and power

distributions.

All our experiments were performed at beam line X-20C of the National
Synchrotron Light Source (NSLS) in Brookhaven National Laboratory (Long Island,
New York). The beam line exploits the radiation of a bending magnet and we selected a
wavelength of 1.797A, which corresponds to a photon energy of 6.9keV, in order to

operate at the maximum brilliance allowed by the source/monochromator couple.

Figure 4.3: Schematic bird’s eye view of a synchrotron. Arrows indicate the position
of end stations.
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A concave grazing-incidence metallic mirror focuses the x-rays before they enter
a scanning double-crystal, fixed exit-angle multilayer monochromator. Each "crystal”
(the term is abusive) consists in fact of stacks of alternating 23nm thick W and Si layers.
This monochromator achieves a relative spectral width AA/A of 1.5% while yielding
almost 2 orders of magnitude more intensity then Si or Ge double-crystal
monochromators (which have typical spectral widths between 0.01 and 0.5%). After
focalization and monochromatization, the beam’s shape is patterned by horizontal and
vertical slits, which yields a final flux at the sample of about 1x10" photons/s for a beam
size of Imm x Imm. The CCD detector being easily destroyed by excessively strong
diffracted beams, one can limit if necessary the incident flux by inserting up to 400pum of

copper shims in increments of 25um, upstream from the slits. At our operation

wavelength, the absorption length of x-rays in copper is 14.38um so that each shim
attenuates the beam by a factor of 0.176. Two sets of proportional ionization gauges,
respectively located downstream of the copper shims unit and of the last set of slits,
monitor changes in the incident X-ray intensity at all times. Under our current operation
conditions, the X-ray fluence at the sample is typically 5 to 6 orders of magnitude larger

than with conventional static anode sources.

The controlled-environment annealing chamber

Figure 4.4 presents a schematic side view of the chamber. It consists of a 6-inch
(diameter) cylindrical stainless-steel vacuum chamber mounted on the Huber
diffractometer using the back flange. The heating element, the resistance leads and the
optical fibers from the light scattering apparatus are mounted on a sample-holding stage
fixed to the removable front flange (not drawn). The chamber is equipped with a 1-inch
wide beryllium window that fits its cylindrical shape, covering an angle span of 180°, to
allow for x-rays to enter and exit the chamber while keeping a controlled atmosphere.
This control is achieved through a combination of pumping and back-filling with ultra-

pure He. The vacuum is provided by mechanical and turbo-molecular pumps, which
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typically reach pressures below 1x10° Torr. The vacuum pipes and gas tubing connect to

the chamber by the back flange. A heated titanium bed installed upstream from the
chamber reduces the oxygen content of commercial compressed ultra high-purity grade
(UHP) He below the parts per billion (PPB) level through a gettering reaction. All our

experiments are conducted under a steady He flow of about 1 liter per minute at latm.

The sample holder’s stage is made of copper. It is supported by two horizontal
water-cooled braces, which ensure accurate dynamic temperature control and fast
quenching. During the experiments, the samples, about lcm® in size, lay flat on a
molybdenum block, which sits on the heating element and houses the thermocouple.
Samples are held in place by the four spring-loaded tantalum leads used for the resistance
measurement. Mo and Ta are used because of their thermal stability and Ta is preferred
for the spring-loaded leads because of its better flexibility and formability. The heating
element is electrically insulated from the Mo block and thermally insulated from the
cooled Cu block by a quartz spacer. The current is brought from the feed-through
connector of the front flange through hand-made Ta strips and the temperature is
controlled to within 3°C by a standard PID loop. Annealing recipes can be performed
both in isothermal regimes or ramped-type with rates ranging from 0.1 to 50°C/s. The
target temperatures of isothermal anneals are usually reached at rates of 27°C/min.

Temperature calibration is critical and will be described in a following section.

The light scattering technique uses the interference resulting from the interaction
of coherent light with surfaces and interfaces to measure their in-plane roughness."*” In
our system, a set of three optical fibers are used to feed the light from a He-Ne laser into
the chamber at an angle of 65° and extract the signals reflected along two non-specular

angles of —20° and +52° off the sample’s normal. The angles correspond to correlation

lengths of the roughness of respectively 0.5 and about Sum.
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Figure 4.4: Schematic diagram of the in situ annealing chamber.

Typical in situ XRD data

Figure 4.5 (a) and (b) show the typical result of the 3°C/s ramp annealing of a
100 nm Ni layer on crystalline Si (001) as monitored by in situ XRD, resistance and light
scattering. The upper plot is a 14° (20) wide diffraction spectrum where the diffracted
intensity is represented as grey scale (light and dark corresponding respectively to high
and low intensities) and by level curves. It is plotted against 20 angle (ordinate) and
temperature in °C (abscissa). In the lower plot, the normalized resistance (in black) and
light scattering signals for correlation lengths of Sum and 0.5um are also plotted against

the same temperature scale. A detailed peak indexation is superimposed on Figure 4.5 for

indicative purposes. Note that the resistance curve follows the different peak transitions
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and highlights clearly the formation of the low-resistivity NiSi compound around 400°C.

The sharp peak in the light scattering signal around 375°C indicates that important

modifications took place in the layer stack’s roughness with a length scale of 0.5pum.

Combining these results highlights the efficiency of simultaneous measurements
performed in situ to study the formation of solid compounds. At most 20 minutes are
required to install the sample, load the chamber, pump, purge, perform a 3°C/s ramp-type
annealing from 100°c to 950°C, treat and plot the data presented in Figure 4.5. We can
therefore obtain very quickly a comprehensive survey of the reactions occurring in a
sample over a large range of temperatures and easily study the impact of different
parameters such as doping, alloying, metal thickness and substrate crystallinity on the

solid-state reactions.
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Figure 4.5: a) Typical in situ x-ray diffraction result obtained during the annealing
of a 100nm Ni layer on a Si (001) substrate along with b) the corresponding
resistance and light scattering traces for two different length scales.



78

4.2.3 Calibrations and assumptions

Temperature scale calibration

The temperature scale calibration mainly corrects for the positioning-dependant
temperature difference (or lag) between the sample’s surface and the thermocouple. The
procedure uses the eutectic melting points of three alloy systems: Au-Si, Al-Si and Ag-Si.
With respective eutectic temperatures of 363°C, 577°C and 835°C, this combination of
choices allows for reliably covering most of the 100-1000°C range. Eutectic points being
thermodynamic invariants, we use the shift in the measured melting temperatures to
correct to zero lag. Because the magnitude of this lag changes with the heating rate, a
complete calibration requires annealing samples of all three eutectic systems for each of

the ramp rates to be used during an experimental session.

The samples we use for calibration consist of 200nm thick M-Si polycrystalline
bi-layer stacks (where M is Au, Al or Ag) deposited onto oxidized Si wafers. We rely on
the inevitable interdiffusion resulting from raising the temperature to produce intermixed
regions at the M-Si interfaces. Since all three binary couples are simple eutectic systems,
the first liquids should form at the eutectic temperatures regardless of the compositions of
the intermixed regions. From then, dissolution of the atoms from the solid into the liquid
phases occurs very rapidly, resulting in a fast consumption of both the initial elemental
layers. When monitoring the evolution of the diffraction peaks of any of the initial metals
(Au, Al or Ag), a sudden and rapid decrease in intensity will take place upon melting of
the intermixed region. We determine the position of the eutectic melting temperature as
the point at which the derivative of the diffracted intensity of the metals (111) XRD

peaks is minimal.



79

Flat detector effect

The output of the detector control software consists of data where x-ray intensity
is given in photons counts as a function of the position (pixel number) along the CCD
strip. We convert these intensity-vs-position data into intensity-vs-angle. If the detector
were curved, the relationship between position and angle would be simple and

independent of the position along the CCD strip as given by:

0=S/R

where 6 is the angle, S the position along the CCD strip and R the radius of

curvature of the detector as defined on Figure 4.6.
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Figure 4.6: Diagram of the flat versus curved detector. The data from the detector’s
controller provides a measure of intensity versus S.

For our flat detector, 6/S is a function of S as given by :

6 = Atan(S/L)
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where L is the distance between the center pixel of the detector and the position
chamber’s rotation axis, which also happens to be the rotation acix of the diffractometer.
As mentioned earlier, L is about 100mm while S is between —12.5mm and +12.5mm (the
total CCD strip’s length is 25mm, 1 inch). The S/L ratio varies between —0.125 and
+0.125, a range over which atan(S/L) is almost identical to (S/L) to within 0.5%
(maximum deviation at each end of the strip). For our experimental geometry, the
relationship between 0 and S can hence be considered independent of the position along
the CCD strip, such that the XRD peak shapes are not significantly distorted by the flat
nature of the detector. This is especially true for peaks positioned within 3° from the

center, where the difference between atan(S/L) and (S/L) is below 0.1%.

Every time the detector is replaced or moved along L (c.f.Figure 4.6), the exact
pixel/angle ratio is re-calibrated by recording the pixel positions where the direct beam,
incident at 6=0, hits the detector when its center is positioned at respectively —7° and + 7°
26. This number is then used to convert positions on the CCD to angular values. The
angular resolution of the experimental setup is directly related to the distance between
pixels. In our typical geometry, the pixel-to-pixel distance correspond to 0.013°, however

we usually bin the pixels eight-by-eight to speed up the data treatment such that this

value is closer to 0.1°.

4.2.4 Measurement of growth kinetics by X-ray diffraction

Provided the solid-state reactions are not photo-sensitive, the study the compound
layer’s growth kinetics can be achieved by monitoring I, (t), the integrated intensity of
its x-ray diffraction peaks during annealing experiments. The integrated intensity under a
diffraction peak is directly proportional to the ratio of the compound’s volume to the total

interaction volume, i.e the volume effectively probed by the x-rays:
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where I, is the incident intensity and V,, the interaction volume. The K(6,T) term depends
on several factors including the distribution of the grain orientations. Its exact analytical
expression is therefore difficult to establish for thin films where texture effects often
result in particular non-random orientation distributions, which are generally not well
known. An expression is however very well known for the case of powder samples and it

can be used to illustrate the various assumptions we make in our analysis "**:
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Scattering Polarization Lorentz
efficiency term factor

Equation 4-3

where 1, is the incident x-ray intensity, 0 is the diffraction angle, u, is the permittivity of
vacuum, ¢ and m are respectively the electron’s charge and mass, r is the diffractometer’s
arms radius (here the detector position L), F' is the structure factor, p is the (hkl)
reflection’s multiplicity, M is a temperature-dependant factor that will be detailed later
and u,, is the linear x-ray absorption coefficient (m"). The polarization factor is
expressed for the case of unpolarized radiation. It would be unity for a linear polarization
where the electric field vector perpendicular is to the plane of incidence. The Lorentz
factor is a measure of the probability that the hkl planes being probed are oriented so as to

satisfy the diffraction condition. This grain-orientation-dependant term is expressed here

for the case of the random distribution characteristic of powders.

In the framework of our experiments, we make the assumption that the interaction

volume, the scattering efficiency, the polarization term, and the multiplicity p are
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constant. We also assume that the Lorentz factor is constant, which implies that the
texture of the compound layers do not vary as they grow. The structure factor F may vary
in time if the growing compound changes composition while keeping the same crystal
structure (as could occur for instances in non-stoichiometric compounds). This latter
effect will be dealt with in greater details in Chapter 7. In what follows we will show that

the variations of the M and u,, factors, hence that of the K(6,T) term, can be neglected

during both isothermal and ramp-type annealing experiments.

In Table 4-1 we present the attenuation lengths of x-rays in six particularly
relevant Ni silicide phases. Using the value for pure Ni (the most absorbing material in
the case of Ni silicides), we calculate an intensity loss of less than 1% (0.75%) after
passing through a 30nm thick layer at an angle of 30°. All our kinetics measurements will
be performed in samples where the total silicide thickness will not exceed 22nm'.
Consequently, absorption can be neglected when analyzing the data, which is particularly
convenient when multiple compounds form simultaneously in various possible

geometries (stacked layers or layers with lateral non uniformities).

Table 4-1: X-ray attenuation lengths in some Ni silicides

Phase Attenuation length (Uum)
Ni 15.49
Ni,Si-0 17.66
N,Si-0 16.53
Ni,Si, 19.04
NiSi | 20.99
Si 45.25

' 10nm of Ni will consume 18nm of Si to form 22nm of NiSi. We are interested in the
growth of compounds forming before NiSi, which are therefore thinner.
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The exact analytical expression of the temperature factor M expressed in Equation
4-3 is crystal-structure dependant. Nickel silicides have either an orthorhombic or

hexagonal structure for which the expression of M is not known. For cubic materials it

_ 6T O 07 ingY
M_mk®2[¢(T)+4T}( A j

where £ is Plank’s constant, m is the compound’s average atomic molar mass, k is

has the form:

Boltzmann’s constant, 7 is the temperature, @ is the Debye temperature, 6 is the
diffraction angle and A the x-rays wavelength. The Debye temperature is not known for

the different silicides, but those of Ni and Si are respectively 400K and 625K. Between
230°C and 330°C, the range over which all our isothermal experiments are conducted,
these Debye temperatures translate to variations of ¢" of at most 1.8%. This is typically
within the uncertainty generated by the peak fitting procedure and will therefore be
neglected. Moreover, since the factor will be essentially constant for each isothermal

experiment, it will not affect the shape of the time evolution of the peak’s intensity.

The study of growth kinetics in the ramp-type annealing regime is generally
conducted using a procedure called Kissinger’s analysis, which was described in Chapter
2. This method allows for determining the growth’s apparent activation energy by
tracking the variation of the temperature (7,,,) of maximum growth rate d&/dT as the
heating rate is increased. This is typically achieved by tracking the position where
(81,,/8T)is maximal on the temperature scale. Figure 4.7 presents the evolution of the e"
factor as a function of temperature over the 100°C-900°C range for Ni and Si. The
variation is monotonic and almost linear, so that 0M/6T should be small and surely slow
varying. While no analytical expressions for M or 0M/OT are available for the silicide
materials we study here, their variation is also expected to be monotonic and slow

varying. Consequently, the variation of 6M/8T for the different silicides will be neglected
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especially over the narrow temperature ranges where we measure the sharp variation of

intensities caused by the phase changes.
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Figure 4.7: Evolution of the temperature correction factor as a function of
temperature for Ni and Si. (Calculations made with the analytical form associated to
cubic materials).

4.3 Transmission electron microscopy

All our microscopic observations were made on a JEOL JM2100F transmission electron
microscope, at an acceleration voltage of 200kV. It is equipped with a highly coherent
field emission electron gun (FEG), state-of-the art electron optics and a high-precision
motorized stage. Combined, these features allow for obtaining high-resolution imaging
conditions and greatly facilitate the controlled tilting required to achieve convergent

beam electron diffraction on nanometer-size compound grains.
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In the typical preparation process of electron-transparent specimens suitable for
TEM investigations, samples will encounter heating steps. If uncontrolled, the heating
can alter the nature and the microstructure of the compounds present in samples after
carefully planned quenches in selected stages of the reactions. In what follows, we
describe the details of the TEM specimen preparation with particular attention given to

the precautions implemented to limit the heating.

TEM investigations were mainly done in a cross-sectional mode. Figure 4.8
summarizes the different steps of a) dicing and gluing with epoxy, b) boring, ¢) tubing d)
slicing, ) polishing, f) dimple grinding and g) ion milling. Note that in step a) two pieces
from the same sample are glued together face to face. This maximizes the chances of
obtaining a region that will be observable under optimal conditions in the sample of

interest.

a) Dicing and b) Drillingand ¢)Insertion of carrot d)Slicing of 600um-
sandwiching  carrot extraction in brass tube thick disks

e) Mechanical f) Dimple grinding g)lon milling (Ar+, 4% incidence) until
Thinning of disks of disks (10-15um piercing at centre, Energy gradually
down to +/- 90um  at the centre) decreased from 5 to 2.5keV

(Side view) (Side view)

Figure 4.8: Process flow of TEM specimen preparation.

Samples were glued with vacuum-safe conducting epoxy. Boring was done with a

Gatan-601 ultrasonic hollow-bit drill and slicing of the intubed cylinder was done with a
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rotating dicing saw. Polishing was done with a Gatan-623 disk grinder on a digitally
controlled rotating mat. Dimple grinding was done with a Gatan-656 grinding tool.
Finally the ion milling was carried out in a Gatan-692 precision ion polishing system

(PIPS) using Ar ions.

Specimens will encounter heat in steps b) and g). For step b) the imparted thermal
budget is easily limited by using a digitally—controlled heating plate and setting a

maximum temperature of 120°C for curing the epoxy.

Heating during ion milling has drawn some attention since the technique was
introduced"****"> Estimates of the temperature rise range from 75°C to as much as
500°C'"*" depending on the specimen and sample holder. In our case, the sliced, polished
and dimpled specimens typically lay flat directly onto hollow Cu chucks and are held in

place by thermo-softening heat-conducting wax.

In an attempt to establish an upper boundary for the temperature reached during
the ion milling process, test runs were conducted using indium and tin (Sn95.8%Ag3.5%-
Cu0.7%) pellets with respective melting points of 160°C and 217°C. The pellets were
welded onto plan view TEM Cu grids, which were placed onto the Cu chuck both with
and without wax. Prior to insertion in the ion-milling chamber, cut marks were carved
with a razor blade on the surface of the solidified welded blobs to help the observation of
the melting in the darkness of the chamber. It was found that without wax, both types of
pellets melt within 3 seconds after starting the SkeV Ar+ beam incident at 4° off the
horizontal. However, when wax is used, the In pellets do not melt, even after prolonged
operation, indicating that the temperature does not exceed 160°C. Our data obtained with
the in situ XRD system show that Ni-Si reactions are extremely sluggish and, to all
intents and purposes, negligible below 180°C. TEM observation of as-deposited samples
do reveal the presence of thin interfacial layers (about 2nm thick in samples with 10nm

Ni and about 17nm thick in samples with 100nm Ni) but they are believed to form during
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the deposition process, where we have virtually no control on the thermal budget and the

ion bombardment.

4.4 Complementary techniques

4.4.1 Rutherford backscattering spectroscopy (RBS)

RBS is a technique that allows for determining chemical composition profiles as a
function of depth in thin film stacks in a non-destructive way. High energy (1-10Mev)
ions (generally He+), are accelerated towards the sample to analyze (commonly referred
to as the target) where they undergo scattering reactions. This scattering can be either

elastic or inelastic, but RBS is concerned only with the former.

As its name states it, RBS is restricted to ions that are scattered at angles above
90° of their initial course. Although elastically scattered, the ions usually don’t keep their
initial incident kinetic energy. The total energy is conserved, but it is now redistributed
between the probe ions and the target atoms. This redistribution is typically dependant on
the scattering angle and, more interestingly, on the ratio between the masses of the probe
and target ions. When an ion beam hit a target containing atoms of different kinds, the
scattering, as measured at fixed angle, will result in a spectral distribution of the outgoing
ions. Analysis of such spectra leads to the determination of the target’s chemical

composition.

Figure 4.9 presents a schematic diagram of the working principle of RBS. The
technique is typically sensitive to elements with atomic number Z above 5 (Boron). The
detection limit depends on Z and ranges between 0.001% for heavy atoms to 10% for
lighter atoms. The same applies to the depth resolution which is between 5 and 20nm

(depending on the collection angle) over measurement areas up to 2mm X 2mm.
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Ions can penetrate up to a certain depth in the targets before they are scattered.
Conversely they can travel over great distances after they are scattered. If the scattering
interactions themselves are elastic, ions lose energy as a consequence of their journey in
the target. Various loss phenomena can cause this, but the most important one is the
interaction with the electron clouds of the target atoms. Elastic scattering alone would
cause the appearance of peaks in the backscattered energy spectra, but energy loss
phenomena smear these peaks towards low energy. This phenomenon is at the origin of
the depth sensitivity of the technique; the deeper in the target the scattering occurs, the
lower the measured energy of the backscattered ions. Consequently the actual
backscattering spectrum of a single thin film containing different atoms will appear as a
succession of plateaus as depicted in Figure 4.9. In a stack of thin films with different
compositions, the plateaus may become uneven, larger and some of them may overlap.
Spectra may become even more complex in the presence of roughness, lateral non-

homogeneity or concentration gradients, which will result in greater analysis difficulties.

Many different target configurations can lead to similar (or even identical)
spectra. The analysis process requires simulating spectra from hypothetical sample
configurations through software means. The two most popular software packages are
currently GenPlot RUMP®© and SIMNRA®. The first one is the oldest and most used but
still has a command-line interface. The second one has a more user-friendly graphical
interface but was released only 3 years ago and is consequently less spread-out and
common. The two packages differ mostly in their treatment of interfacial roughness but
SIMNRA is less convenient to simulate concentration gradients. All the simulations
results presented in chapter 4 were obtained with RUMP but were verified using

SIMNRA to ensure consistency.
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Backscattered energy

Figure 4.9: Schematic diagram of the energy spectrum of ions (m,, Z1, E,) scattered
from a sample composed of a substrate (m,, Z,) and a surface film (m,,Z,) of
thickness d.

The RBS results presented in this thesis were acquired with a He* beam of
2.3MeV, incident at 7° off the sample’s normal and backscattered ions were collected at
an angle of 78° off the normal (115° from the incidence direction). These conditions

allow for maximizing the depth resolution by probing the layer stack at grazing angle.

4.4.2 Time-of-flight Secondary lon Mass Spectroscopy (TOF-SIMS)

SIMS is a destructive technique that also involves accelerated ions to determine
depth composition profiles but with much finer depth resolution and compositional

sensitivity than RBS. Heavy ions (typically Ga) are accelerated at energies between 0.5
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and 15 keV towards the target where they will sputter particles upon hitting the surface.
Depending on the chemical bonding in the target, atoms, molecules or atom clusters get
sputtered in an ionic form. Following their ejection from the target, these so-called
secondary ions enter a mass spectrometer where they are separated according to their

mass before they hit a current detector. Figure 4.10 presents the technique schematically.

2. + To mass
O%or Cs spec. O// O//// O//

40

Anlysis: -
mild sputtering depth profiling

Figure 4.10: Schematics of the SIMS technique.

Depending on the structure of the mass spectrometer column, secondary ions
species are analyzed simultaneously or one by one. As primary tons keep hitting and
etching the surface, deeper regions of the samples become exposed and measured. By
continuously measuring the current corresponding to each secondary ion mass, a

distribution profile as a function of depth is established.

SIMS can be used to perform quantitative analysis, but it requires calibration with
standard samples. Each chemical species is sputtered with a different efficiency, which
biases the measured intensities. The depth scale also needs to be calibrated, which 1s
typically achieved by measuring the final depth of the crater in the measured standard
sample by means of some profilometry tool or calibrated electron beam imagery. Typical

depth resolution is in the order of the nm or slightly lower.
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Three types of mass spectrometer (MS) columns can be used; i) Sector field MS,
which separate species by their charge/mass ratio through a combination of electric and
magnetic fields, ii) Quadrupole mass analyzer which selects the masses by using resonant
electric fields and iii) Time-of-flight MS which accelerates all incoming species to the
same kinetic energy and then measures their speed by the time required to travel across a
path of known length - knowing the speed and energy, the Q/m ratio is known. In order
for TOF measurements to be feasible, the primary beam must be pulsed so that secondary
ions arrival rates at the entry of the drift path can be controlled. Charge detection at the
end of the mass analyzer is generally achieved with faraday cups coupled to charge
multipliers. The various types of MS enable detection limits from the percent down to the

tens of PPB levels.

The results presented in chapter 6 were acquired on a IONTOF GmbH SIMS IV
TOF-SIMS using a bunch-mode operated 15keV Ga+ primary analysis beam and Cs’ ions

for the profiling beam.
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Chapter 5: Non-sequential formation and lateral co-
existence of compounds during solid-state reactions in
the Ni-Si system

5.1 Introduction

Metal/silicon couples are model systems for solid-state reactions.! Many
theoretical models aiming to predict the phase formation and sequence during thin film
reactions ''*'*'®%! have been devised for or tested with metal silicides, especially Ni-Si
and Co-Si because of their importance for the microelectronics industry. It is generally
assumed and believed that the reaction of a thin layer on a much thicker substrate
proceeds through a sequential, layer-by-layer, succession of compounds.”” It is expected
that the first compound to form is the one with the highest diffusivity for the main
diffusing element''” (e.g. 8-Ni,Si and Ni in the Ni-Si system). The subsequent compounds

then appear in a decreasing order of the content in that element.

During the reaction of Ni and Co thin films with Si substrates, a M,Si layer forms
first (M being the metal atom), followed by a MSi layer."*” 161108122152 In both cases MSi,
is the last compound to form at the silicide/Si interface through a nucleation-controlled
growth, which occurs at high temperature (600-800 °C), only after MSi became the only

silicide layer present. In both cases, M,Si is therefore the sole metal-rich compound to
fOrm [41,42,43,44 51}

While a three-compound sequence is consistent with the Co-Si equilibrium phase
diagram (EPD), the observation of a single Ni-rich compound is rather surprising since
four metal-rich compounds that are stable at room temperature are found in the Ni-Si
EPD, in addition to four more compounds stable at higher temperatures. Nonetheless, in

the last 30 years, Ni-Si thin film reactions have been studied over a rather large range of
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initial metal thicknesses (between 20 and 500 nm), yet no differences have been reported
about the reaction scheme.”*"*"*" Reports showing deviations from the three-compound
sequence focused on systems in which either impurities were present or the supply in one
or both of Ni and Si was infinite. For example, the formation of NiSi, before NiSi'""” has
been reported when its epitaxial growth is mediated by a thin oxide layer at the Ni-Si
interface.'"”™ Also, Ni,Si, Ni;;Si;, and Ni,Si, were observed in thick lateral diffusion
couples annealed for long times at high temperature.*”” They were also observed in the

late stages of experiments with excess Ni, !

where the composition reached at the end of
the reactions force their formation. Their presence was however not reported in
conventional thin-film reactions with excess Si, even by experiments using high

brilliance synchrotron x-ray sources.'>”

The absence of some compounds from a given reaction sequence is usually explained
by the existence of activation barriers that prevent their nucleation at the interface. These
compounds are said to be thermodynamically unfavored. It is therefore generally
assumed that Ni,Si, Ni;; Si;, and Ni,Si, do not form because of nucleation barriers, but
aside from Ni,Si, for which it was suggested,”" no clear evidence has been published in

that regard to our knowledge.

Given the results we present in this chapter, we quickly review the different possible
kinetic origins of the sequential layer-by-layer growth scheme commonly observed in

146]

thin film reactions. All these kinetic explanations “* rely on the same basic assumption

that nucleation at the interface is laterally uniform:

i) Competition between the compounds based on their diffusivities and
growth rates. The compounds that usually grow first are the ones where the
mobile atoms move faster.'® Other growing compounds would be consumed
faster at one interface than they could grow at the other even if nucleation was

possible. *?*! Consequently if they do form, their layers are so thin that they
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are not detected, at least until the fast growing compounds reach a critical
thickness or until the atom source for their growth is exhausted. When one of
these two conditions is fulfilled, the diffusional atoms flux decreases and the
growth of the fast compounds slow down. The slow compounds can then grow

at a slower yet finite rate.

ii) Existence of interfacial reaction barriers that slow down the growth rate
of compounds. ™ If diffusion through a given compound layer to bring atoms
to the reaction interface is not a limiting factor, the reduced ability of the
different reacting atoms to bond together may hinder the growth. Compounds
that are characterized by high interface reaction barriers thus become slow
growing phases, which result in a competitive behavior analogous to that

described in i).

iii) Existence of strong interfacial concentration gradients that can suppress
nucleation attempts® and forbid the growth of compounds at an interface.
This usually leads to the existence of an amorphous interfacial region where
nucleation will only become possible once the concentration gradient falls

below a critical value, i.e. when the region reaches a minimum thickness.

Contrasting with the traditionally reported Ni-Si reaction sequence, real-time in situ
XRD measurements during thermal anneals have recently revealed that several nickel-
rich phases form before NiSi in samples with thin blanket Ni films deposited on single-
crystal Si(001) substrates. '***!%* Results from our group also suggest that the observed

reaction scheme depends on the initial Ni film thickness. '*'**!%7

In this chapter we revisit the Ni-Si thin film reactions using a combination of
several techniques such as in situ real-time XRD and wafer curvature measurement as

well as ex situ transmission electron microscopy (TEM) and Rutherford backscattering
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spectrometry (RBS). We have studied the compound formation sequence as well as the
growth microstructure in samples with initial Ni film thickness between 2 and 500 nm. In
addition to the formation of three additional Ni-rich compounds before NiSi, we report
about the non-sequential growth and lateral co-existence of several compounds (within
the same layer) in many instances, at reaction stages that depend on the initial Ni
thickness and as a consequence of laterally non-uniform nucleation of compounds

competing for growth.

5.2 Experimental Procedure

All the investigated Ni films were deposited at room temperature in a magnetron
sputtering system with a base pressure of 2x10” Torr. Deposition from a 99.999% pure
Ni target was carried out in a MRC-643 system under 10 mTorr of high-purity Ar. The
depositions of 2 to 100-nm-thick samples were done in a single pass whereas the 500-nm-
thick Ni samples were made using a 10-pass interrupted deposition scheme, allowing for
10 min cool-down between passes without breaking the vacuum. This procedure was
used to prevent unwanted heating-induced reactions as a result of long exposure times to

the plasma.

Three types of substrates were used: 700-pum-thick p-doped Si(001) wafers; 250-
pm-thick p-doped Si(001) wafers; and Silicon-on-insulator (SOI) wafers with a 100-nm-
thick Si layer on 120-nm SiO,. All substrates yield identical results as far as Ni-Si
reactions are concerned, but the thicker substrates are more easily handled during in situ
XRD experiments while the thinner substrates were used for in situ stress measurements.
Prior to the Ni deposition, the substrates were etched for 55 s in dilute (10%) HF, then
blown dry with high-purity N,. Since all samples were uncapped, they were kept in dry

boxes under nitrogen before measurements and anneals.
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The microstructure and microchemistry of both as-deposited and annealed
samples were determined using a combination of x-ray diffraction (XRD), cross-sectional
transmission electron microscopy (XTEM), and Rutherford backscattering spectrometry
(RBS). Ni-Si reactions were monitored in situ during ramp anneals in a purified He
atmosphere using time-resolved XRD, diffuse light scattering, and resistance
measurements. The concurrent measurements were performed at the X20C beamline of
the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. As-
deposited samples were mounted in an annealing chamber aligned along the beamline

and equipped with an x-ray-transparent Be window.

To minimize the contamination by oxygen, the chamber was evacuated twice to
5%10°° Torr (7x10™* Pa), back-filling each time with purified He following the sample
insertion. As-deposited samples were annealed using linear temperature ramps from 100
to 950 °C at rates ranging from 0.3 to 3 °C s as well as isothermal anneals in which the
dwell temperature was reached with a 30 °C s ramp starting at 100 °C. Substrate
temperature was measured with a thermocouple calibrated to better than +3 °C using the
Si-Au, Si-Al, and Si-Ag eutectic melting points. A W-Si multilayer monochromator
provided an energy resolution of 1.5% at 6.9 keV (A = 0.1797 nm) with a typical intensity
at the sample of 3x10" photons s”'. The incident X-rays illuminated a sample area of 1x2
mm?’ typically sampling millions of grains. Each diffraction curve was collected with an
acquisition time ranging from 0.5 to 2 s using a position-sensitive detector covering a 20
range of 14°. Unless otherwise specified, the X-ray beam was incident at an angle of
27.5° from the plane of the sample and the detector was centered at 20 = 55°. In situ

light-scattering measurements'*”!

were carried out using a He-Ne laser light with a
wavelength of 633 nm. An incidence angle of 65° with respect to the surface normal was
used and scattered light was measured at angles of -20 and 52° (with two separate
detectors), which provided information on changes in surface roughness for in-plane

correlation lengths of 0.5 and 5 ym, respectively.
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Changes in sample resistance during annealing were measured in situ using non-
colinear four point probe geometry. The indexation of the XRD peaks of the crystalline
phases Ni, Ni,,Si;,, 6-Ni,Si, 0-Ni,Si, Ni,Si,, NiSi, and Si was done using JCPDS
datasheets No. 04-0850,71-0638, 72-2092, 73-2093, 17-0881, 38.0844, 43-0989 and 05-
0565 respectively.

High-resolution X-ray pole figure measurements were carried out at the NSLS

X20A beamline. A Si monochromator was used to select the energy of the photon beam
(A =0.154 nm). This wavelength was chosen to simplify comparison with laboratory-

based measurements carried out using Cu Ko radiation. The sample was mounted on a
four-circle diffractometer (Schultz geometry). A scintillation counter was used to detect
the diffracted intensity. By fixing the sample and detector at given 0-20 angles sets, one
fixes the d-spacing of the crystallographic planes in the films for which diffraction will be
detected. The pole figure is then obtained by rotating the sample around the axis normal

to its surface (¢ scan) and around the axis formed by the intersection of the sample
surface and diffraction plane (y scan). The pole figures were acquired in steps of 0.5° in

and ¢ (0 <y <85° and 0 < ¢ <90°). Reference ) and ¢ values were determined using

peaks from the Si substrate.

XTEM images were recorded on a JEOL-2100F microscope at an acceleration
voltage of 200 kV. Unless specified otherwise, bright-field images were recorded with
the [110] zone axis of the Si substrate parallel to the electron beam, so that thicknesses
can be directly measured on the micrographs. Cross-sectional samples were prepared by
standard mechanical boring, slicing, and polishing down to 10 ym. Further thinning down
to electron transparency was performed in a Gatan Precision Ion Polishing System (PIPS)
using Ar” at an energy of 5 keV and at an incidence angle of 4°. Two final rounds of 5
minutes at 3 keV and 2.5keV were used to clear as much ion damage as possible.

Samples were always glued to the PIPS Cu sample holder to insure adequate heat
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dissipation. In experiments using indium pellets, no evidence of melting was observed, so
it is assumed that the samples temperature remained below 160 °C during the ion milling

process.

High-resolution RBS was used to investigate the detailed layer structure of the
reacted samples and to complement the phase identification obtained by XRD. The probe
beam consisted of 2.3 MeV “He" ions incident at an angle of 7° relative to the sample
normal with the detector set at a 100° scattering angle to optimize the depth resolution.
Backscattered spectra were analyzed using the RUMP simulation code.!*® The fits for
samples showing significant interfacial roughness were verified with the SIMNRA
software package using SRIM 2006 stopping powers. Layer thicknesses determined by
XTEM were used to minimize the number of free parameters in the RBS fits (see below

for details).

In situ stress measurements were performed during ramp anneals at 0.3 °C s™
from 20 to 600 °C on 100 nm Ni films deposited on 100-mm in diameter, 250-pm-thick
complete wafers using a Flexus furnace. The stress, or the bending force, can be
calculated from the measured radius of curvature using Stoney’s equation."” The 100-
nm-thick Ni film had an initial tensile stress of about 740 MPa, assuming a Young’s
modulus of 125 GPa and a Poisson’s ratio of 0.28 for Si (values for the <100> direction

of Si).
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5.3 Results

5.3.1 Compound sequence and microstructure in 10-nm-thick
Ni/Si(001) samples

Synchrotron XRD was used to follow Ni/Si(001) interfacial reaction kinetics
during annealing with 3 °C s-' linear ramps. Figure 5.1 (a-c) show three contour plots of
the logarithm' of the scattered synchrotron x-ray intensity as a function of diffraction
angle 26 and temperature T, during the reaction of a 10-nm-thick Ni film with a S1(001)
substrate. Since the angular range of the position-sensitive detector for the synchrotron
measurements is limited to 14°, the three plots represent three consecutive measurements
on nominally identical samples and covering different 20 windows. The diffuse light
scattering and resistance data plotted in Figure 5.1(d) are useful in revealing
microstructural changes in the film (e.g. agglomeration) that might not be visible in the

X-ray diffraction signal.

The Ni(111) peak is observed at 20 = 52.1° at T, = 100 °C (the beginning of the
experiment), which is 0.3° lower than its expected position. This small shift is attributed
to the lack of precise sample height adjustment in the annealing chamber, which results in
a systematic displacement of XRD peak positions as compared to those obtained in a

powder diffractometer.

"In fact, the graphs present the third order log of the intensity I defined as
Log(Log(Log(1))). This allows for plotting intensities spread over several orders of
magnitude on a simple grayscale. Each XRD graph carries its own relative intensity scale
so that the rather intense background increasing from 43° to 48° (20) around 150 °C in
Figure 5.1 (b) corresponds to the tail of the Ni (111) peak in Figure 5.1( (c). This means
that the XRD peaks in Figure 5.1 (a) and (b) are generally less intense than those in
Figure 5.1 (c), although the greyscale contrast does not obviously suggests this.
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Figure 5.1: XRD intensity contour maps (A = 0.1797 nm) plotted as a function of
annealing temperature T, during a thermal ramp at 3 °C s’ in purified He for a 10-
nm-thick Ni layer deposited on c-Si(001) for three different 14° wide 20 windows
centered at (a) 27°, (b) 42°, and (c) 55°. (d) Resistance and light-scattering signals
measured in situ during the same annealing experiments. LS 0.5 pm and LS 5 ym
correspond to the light scattering intensity signals measured at angles selected to
probe surface roughness variations for in-plane correlation lengths of 0.5 and 5 yum,
respectively.
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Several phase transformations are detected by XRD during annealing. The XRD peak
positions for the first silicide compound that appears near 225 °C correspond to 6-Ni,Si.
We also clearly observe the formation of NiSi at around 340 °C as evidenced by the
(002)/(011) and (102)/(111) degenerate reflections in Figure 5.1 (b) and a corresponding
low resistance signal in Figure 5.1 (d). These results are in agreement with the typically
reported compound sequence. Nevertheless, our results also indicate the formation of an

additional compound for T, around 315 °C (peaks at 20 = 27 and 56°) which seems to
consume 0-Ni,Si as indicated by the decrease of its (013)/(211) and (020) peak

intensities. These two peak positions could possibly be attributed to two of the six stable
compounds in the Ni-Si phase diagram. Both Ni,Si, and NiSi show peaks that could

[156,157]

match these positions. Our earlier identification of Ni,Si, relied on a peak that is not

present on the JCPDS datasheet which was calculated as a low intensity reflection by

Pilstrom."*” In the current work, we demonstrate that these peaks do not correspond to

either compounds but rather arise from the metastable hexagonal 0-Ni,Si.

The integrated intensities of the peaks labelled on the right-side of Figure 5.1 are
presented in Figure 5.2 as a function of annealing temperature. These five intensity traces
show well not only the formation of the expected 8-Ni,Si and NiSi but also the fast
intensity increase of the extra compound forming at 315 °C. Figure 5.2 also reveals that
the intensity of the two 0-Ni,Si peaks (curves 1 and 3) increases between 330 and 360 °
while the NiSi (011)/(002) peak (curve 4) emerges. Curves 1 and 3 then decrease
monotonically as NiSi grows further. These results suggest that the consumption of the
additional compound leads to the formation of some new 8-Ni,Si which is then consumed

by the formation of NiSi. The compound sequence therefore deviates from a monotonic
evolution of the composition. As the temperature increases further, we note in Figure 5.1
(b) that the degenerate (011)/(002) and (111)/(102) reflections of NiSi become distinct
above 700 °C as a consequence of the thermal expansion coefficient being very

anisotropic in NiSi (negative coefficient along the b axis)."*"
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Figure 5.2: XRD intensities, integrated over angular ranges indicated in Fig. 1, as a
function of annealing temperature during a thermal ramp at 3 °C s’ in purified He
for a 10-nm-thick Ni layer deposited on ¢-Si(001). Curve 1 is for 6-Ni,Si (013)/(211),
curve 3 for 6-Ni,Si(020), curves 2 and 5 for 6-Ni,Si, curve 4 for NiSi(011)/(002).

The resistance trace in Figure 5.1(d) follows closely the different peak transitions
visible in the XRD data. The resistance increases steadily from 100 to 200 °C as expected
from the increase in phonon scattering in the Ni. The formation of 8-Ni,Si is marked by a
kink in the resistance curve, which then progresses with a different slope owing to the
different thermal coefficient of resistance (TCR) of this compound. The resistance
reaches a maximum around 280 °C as Ni becomes completely consumed. We also note
that the resistance has already decreased significantly when the XRD peaks for the
second silicide compound reach their maximum intensity. Above 350 °C, the resistance
drops continuously being dominated by the semiconducting behavior of the thick Si
substrate. Aside from the step observed in the 5 pm trace around 340°C, light scattering
signals are almost featureless until about 650 °C where their dramatic increase is a

signature of the NiSi agglomeration.
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Figure 5.3 shows two XRD pole figures which were measured in order to identify
the compounds present in a sample ramp-annealed up to 345 °C and then rapidly
quenched. The two d-spacing values were selected to determine if the extra peaks
observed in the phase sequence could be the result of Ni,Si,. The d spacing of 1.91 A
corresponds to the peak measured at 56.1° in Figure 5.1 while the d spacing of 2.03 A
corresponds to a position of 52.5° where both the Ni (111) (which is consumed at the
selected quench temperature) and the intense Ni,Si, (600) reflections would be measured.
The four intense peaks in Figure 5.3 (a) arise from the Si(220) substrate reflections that
we inevitably probe in these diffraction conditions. We observe a thick fiber-texture ring
centered at ¥ = 59° and spreading between }=55° and ¥=63° that neither of NiSi or Ni,Si,
can explain. The faint but sharp arc of circles correspond to the axiotaxial growth of NiSi
in contact with the Si substrate.""”'%'®! Besides the Si(220) peaks — weakened as we
move further from the exact Bragg condition for these peaks — Figure 5.3(b) is virtually
featureless. The lack of diffraction intensity at this Bragg condition clearly eliminates the
possibility that the extra compound be the Ni;Si, since the (600) planes would strongly

scatter as a ring at ¥=62° in this figure.

Among the 11 possible compounds of the Ni-Si equilibrium phase diagram, the
best match to the ring at %=59° is achieved with the {110} fiber texture of the hexagonal

0-Ni,Si. Since the presence of this metastable compound is not expected at room

1164 which confirm this

temperature, we have carried out further pole figure measurements,
identification. The details concerning this compound and how it matches the rest of our
results will be discussed later in the chapter. In the following, we refer to this compound

as 0-Ni,Si.



104

Figure 5.3: Pole figures from a 10-nm-thick Ni layer deposited on c-Si(001) annealed
at 3 °C s in purified He up to 325 °C (dashed line 2 in Fig. 1) and then quenched.
(a) is for d = 0.191 nm and (b) is for d = 0.203 nm.
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The use of low temperature isothermal anneals is an effective method for slowing
down a reaction thus improving the effective time resolution of the in situ XRD
measurements. Figure 5.4 presents the results of an isothermal anneal at T, = 260 °C for a
10-nm-thick Ni film on ¢-Si(001). The XRD data in Figure 5.4 (a) indicate that the
reaction is very similar to that observed in ramp-type anneals. The integrated intensities
plotted in Figure 5.4 (b) show, however, that the 6-Ni,Si(110) to 6-Ni,Si (013)/(211) ratio
is smaller than for the ramp-type annealing case when the 6-Ni,Si(110) peak is

maximum. This suggests that the compound forms in smaller quantity during low

temperature isothermal anneals, thus consuming less 8-Ni,Si.
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Figure 5.4: (a) XRD intensity contour map (A = 0.1797 nm) plotted as a function of
annealing time t, during an isothermal anneal at T, = 260 °C for a 10-nm-thick Ni
layer deposited on undoped SOI (001). (b) XRD intensities, integrated over the
angular ranges indicated in (a), vs t, for 8-Ni,Si(013)/(211), 6-Ni,Si, and 8-Ni,Si(020).
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The bright-field XTEM image from a sample annealed at T, = 260 °C and rapidly
quenched after t, = 700 s (vertical dashed line in Figure 5.4) is presented in Figure 5.5.
The image reveals the presence of a relatively continuous interfacial layer together with a
second layer on the top part of the reacted film in several areas. The striking contrast
uniformity of the bottom layer suggests that it is amorphous, single-crystal or highly
oriented. We also observe a significant interface roughness although Ni-Si solid-state
reactions have been known to produce smooth interfaces with c-Si.”’ Higher-
magnification images from different areas of that sample, together with their associated
convergent-beam electron diffraction (CBED) patterns, are presented in Figure 5.6. All
grains could be matched to one of the three compounds detected by in situ XRD. A
careful examination reveals that 6-Ni,Si and 0-Ni,Si coexist in the top layer while NiSi is

located at the interface with the substrate.'

" Acquiring images under different diffraction conditions also indicate that the bottom
interfacial layer is polycrystalline. Although TEM imaging bares little statistical meaning,
all CBED patterns obtained from the bottom layer could only be indexed with NiSi zone
axes, suggesting that this phase predominantly occupies the interlayer. This is in
agreement with the presence of the axiotaxy rings in the statistically meaningful pole
figure of Figure 5.3.
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Figure 5.5: Bright-field XTEM micrograph from a 10-nm-thick Ni layer on SOI
(001) substrate isothermally annealed at T, = 260 °C for t, = 700 s (see dashed line in
Figure 5.4). The image was recorded with the electron beam parallel to the [011]
direction of the top Si slab of the SOI substrate.
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Figure 5.6: Higher-magnification bright-field XTEM micrographs (a)-(c) together
with convergent beam electron diffraction (CBED) patterns acquired in the location
indicated by white circles (d)-(f) taken in different areas of the sample shown in
Figure 5.5. Micrographs were recorded with the electron beam parallel to the zone
axes for the CBED patterns.
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The compound sequence we deduce from the results presented above for the
reaction of 10nm Ni layers with Si(001) substrates is summarized schematically in figure
Figure 5.7, where it is compared with the traditionally reported sequence. This figure
represents clearly the occurrence of an additional reaction step before the complete

conversion of the Ni layer to NiSi as well as the deviation from a monotonic evolution of

the compounds composition.

Figure 5.7: a) Schematic representation of the traditionally reported reaction
sequence compared with b) the sequence we observed during the reactions between
10nm Ni layers and Si (001) substrates during both ramp-type and isothermal
anneals.

5.3.2 Compound sequence and microstructure in 100-nm-thick
Ni/Si(001) samples

An investigation of the solid state reaction between 100-nm-thick Ni layers with

¢-Si(001) yields interesting results. Figure 5.8 and Figure 5.9 reveal that the early stages
of the reaction are similar to those observed with 10-nm-thick Ni films: 6-Ni,Si forms
first, followed by the 6-Ni,Si. The 6-Ni,Si(110) peak reaches its maximum intensity

value at T, = 330 °C during this ramp anneal at 3 °C s™. Still, instead of an obvious
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consumption of 8-Ni,Si by the formation of the 6-Ni,Si, we rather observe a pause in the
growth of 8-Ni,Si.' We also notice two additional weak peaks around 28.7° and 31.3° in

Figure 5.8 (a), which coincide with the presence of the 6-Ni,Si compound. The peak at
31.3° can be indexed to the (100) planes of 6-Ni,Si, while the peak at 28.7 does not
match with any plane of that compound. However, both positions agree well with Ni,Si,
(030) and (102) respectively. As soon as the intensity of the 0-Ni,Si peaks starts to
decrease (and so those of Ni;Si,), we observe a new increase in the 8-Ni,Si (013)/(211)

peak intensity along with a brief appearance of NiSi (Figure 5.8 (b) around 36 and 42
°20).

After NiSi disappears, 8-Ni,Si keeps growing and becomes the only compound
present for a short duration. A new peak, believed to arise from a structural
reorganization of the Ni overlayer, emerges at 26 = 52° for T, = 410 °C. After a further
10 °C increase, the rapid decrease of the 52° peak coincides with the formation of yet an
additional silicide compound, this time marked by four distinct diffraction peaks all
indexed to Ni;,Si;,. This stage of the reaction is accompanied by a sharp increase in
resistance, which is consistent with the consumption of Ni and the formation of the high-

resistivity Ni; Si,, compound.

' The apparent increase of the 8-Ni,Si(020) intensity until T, = 330 °C is believed to be
caused by the shoulder of the rising 8-Ni,Si(110) peak.



111

6‘%00 200 300 400 500 600 700 800 900

(d) Temperature (deg)

~ T = 1: Resistance
£ 09p weerens 20 LS. 0.5um
~ 08 e 32 1S, BUM__
Lol o
o 0.7 z

m. 0_5

D

O 05

o 0.4

[&)

v 0.3

% 0.2}

o oo™ g, A il NP

= 0.} e jﬁ\/\/

5 . ) . .
100 zoo 300 400 500 600 700 800 900

Temperature (°C)

Figure 5.8: XRD intensity contour maps (A = 0.1797 nm) plotted as a function of
annealing temperature T, during a thermal ramp at 3 °C s” in purified He for a
100-nm-thick Ni layer deposited on c-Si(001) for three different 14° wide 20
windows centered at (a) 29°, (b) 42°, and (c) 55°. (d) Resistance and light-scattering
signals measured in situ during the same annealing experiments.
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As shown in Figure 5.9, the formation of the 6-Ni,Si consumes 8-Ni,Si while its
consumption leads to both formation of 8-Ni,Si and NiSi. Finally, the second set of
0-Ni,Si peaks decrease as the NiSi grows. This last compound stays uniform until
800 °C, where it starts to agglomerate. This value is approximately 150 °C higher than
for 10-nm-thick films. At this temperature, a decrease in the NiSi peak intensities can

also be related to formation of NiSi,.
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Figure 5.9: XRD intensities, integrated over angular ranges indicated in Fig. 7, as a
function of annealing temperature during a thermal ramp at 3 °C s™ in purified He
for a 10-nm-thick Ni layer deposited on ¢-Si(001). Curve 1 is for 8-Ni,Si (301)/(121),
curve 2 for 6-Ni,Si (002), curve 3 for 6-Ni,Si, curve 4 for NiSi (011)/(002), and curve
5 for NiSi (111)/(102).

In order to investigate the role of stress on film formation and microstructure, we
have carried out in situ stress measurements during a 0.3 °C s-' ramp anneal from 20 to
650 °C (Figure 5.10(2a)). The sample used for this measurement consisted of a 100 nm-
thick Ni film on a complete 100-mm (diameter), 250-pm-thick Si(001) wafer. Both
heating and cooling curves appear in Figure 5.10 (a). For comparison, we have carried

out the same ramp anneal on an identical film in the in situ XRD setup (Figure 5.10 (b),
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this time on the typical 750-pym-thick c-Si(001) substrate. Vertical dashed lines (a) to (g)
correspond to six quenches at 295, 310, 335, 355, 373, 400, and 600 °C used for ex situ

RBS and TEM investigations described below.
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Figure 5.10: (a) Bending force and (b) XRD intensity with the detector centered at
20 = 55°C as a function of temperature acquired in situ during a 0.3 °C s’ ramp
anneal for a 100-nm-thick Ni layer on ¢-Si(001). Dashed lines indicate quench
temperatures for the XTEM investigations presented in Figure 5.11.

A comparison of Figure 5.10 (b) and Figure 5.8 (c) reveals that the phase

formation sequence is the same but that the slower ramp rate causes the transitions to

occur at slightly lower temperatures. Features visible in the in sifu bending force curve

upon heating coincide with compound formation events indicated by XRD. The first
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significant inflexion point at 200 °C corresponds to the growth of 8-Ni,Si. At 260 °C, the
0-Ni,Si starts forming and the film becomes under considerable compressive stress until
the 8-Ni,Si (110) peak shifts towards lower angles near 300 °C. Between 300 and 340 °C
the stress follows the same trend as between 200 and 260°C, two ranges where the XRD
data indicate the presence of only Ni and 6-Ni,Si. At 340°C, the significant relaxation
coincides with an increase of the Ni (111) peak, which is followed by a return towards
compressive values as 8-Ni,Si is consumed by the NiSi growth between 375 and 410 °C.

Finally, the stress gradually approaches zero as the temperature exceeds 450 °C and

diffusional relaxation mechanisms become important.

These results show that for 100nm Ni films, the formation of the 0-Ni,Si phase
coincides with a strong stress build-up, which is then partially relieved upon its
consumption. Indeed, the inflection point in the bending force curve at T, =300 °C
coincides with a slight angular shift in the 6-N1,Si (110) peak in Figure 5.8 (c). While this
shift could be caused by stress relaxation, compositional changes cannot be ruled out
since the 0-Ni,Si can exist over a significant composition range. In temperature ranges
where 0-Ni,Si is the main phase present (200-250, 320-350, and 370-420°C) the slopes in
the bending force curve are similar, which suggest a single origin to these changes,
namely the growth of 8-Ni,Si from the reaction of Ni with Si. Finally, the sharp decrease
in compressive stress around 370°C is consistent with the complete consumption of the
top Ni layer. We thus index the peak near 28 = 52° at 410 °C in Figure 5.8 and 365°C in
Figure 5.10 to the Ni (111) planes.

XTEM images from the samples corresponding to the quenches indicated in
Figure 5.10 are presented in Figure 5.11. Film and layer thicknesses obtained from these
images are summarized in Table 5-1. Each numerical value corresponds to averages of 5
to 7 measurements done in different regions of the XTEM specimens. For very rough

layers, the interface was considered as being in the mid point of the rough region.
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Figure 5.11: Bright field XTEM micrographs from 100-nm-thick Ni layers on c-
Si(001): (a) as deposited and quenched at T, values of (b) 295, (c¢) 310, (d) 330, (e)
355, (f) 373, (g) 400, and (h) 600 °C — as indicated by dashed lines in Figure 5.10—
following a 0.3 °C s’ ramp anneal. All images were recorded with the electron beam
parallel to the [011] direction of the Si substrate.
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Figure 5.11 (a), which corresponds to the as-deposited Ni film, reveals the
presence of a 17-nm-thick layer at the interface with the substrate, presumably due to
heating or ion-induced mixing during sputter deposition. As described below, RBS
indicates that this layer has a composition close to 50:50 Ni:Si although XRD peaks

associated to crystalline NiSi could not be detected at the beginning of the reaction.

The XTEM image for the sample annealed at 295 °C, in which Ni,Si has formed,
highlights the presence of three distinct layers as well as considerable roughness at the
interface with the Si(001) substrate. A slight increase in annealing temperature, to
310 °C, results in the appearance of a fourth layer (Figure 5.11 (c)), concurrent with a
significant decrease in the top Ni layer’s thickness. A detailed analysis of this sample is
presented in Figure 5.12, where we present a bright-field image taken in a region of the
XTEM thin foil that was thinned to the extent that only the interfacial layers remained.
Three CBED patterns, corresponding to the grains identified in (a), are also presented.
The three additional lines in Figure 5.12 (a) point to the thin interfacial layer. These
results convincingly show that at least three compounds coexist laterally in the second
layer from the silicide/Si interface, similarly to the case for the 10-nm-thick Ni sample:

0-Ni,Si, Ni,Si, and NiSi.
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Table 5-1: Silicide layer thicknesses (nm) determined by TEM (Figure 5.11) and

RBS.
As
295°C 310°C 330°C 355°C 373°C 400°C 600°C
Dep.
Top 101 79 65 53 35 24
Middle 1 19 26 71 126 72 115
Middle 2 45° 82
é Interface 18 39 <15? 24 74 249
Total 119 137 151 148 161 178 189 249
Interface
NA 25 29 30 34 27 40 50
Rough.
Top 102Ni  79Ni 64 Ni 53 Ni 35 Ni 10 Ni
19 26 71 80 120
Middle 1 .
Ni,Si Ni,Si Ni,Si Ni,Si” Ni,Si
n 10 36 40
15 Middle 2
& Ni,Si, Ni,Si, Ni,Si'
17 28 22 235 115 30 66 249
Interface N s
NiSi Ni;Si,  Ni;Si, NiSi Ni,Si Ni,Si NiSi NiSi
Total 119 136 148 147.5 150 160 186 249
Required initial
Ni Thickness at 109 111 111 111 111 110 110 109

100% density

a:While four layers are clearly visible in the XTEM image, it is difficult to determine the individual
thicknesses of the bottom two layers considering magnitude of interface roughness. The combined
thickness of these two layers is 59 nm.

*:Interface roughness was simulated using the “fuzz” function of Rump. When roughness was too
important, it was implemented as a linear diffusion profile of Si in the interfacial silicide. Sometimes
for better fit, a given layer may be split into two sublayers so that roughness is applied only on the one
that is closest to the interface

** and ¥: Ni,Si alone cannot account for the height of the Ni peak in the 373°C quench. A layer of
composition Nig;Sips;0 plus a linear gradient of Ni coming in form the top is needed to fit the slope of
the peak close to the leading edge. This requirement is consistent with a matrix of Ni,Si containing
Nij; Siy, inclusions.
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Figure 5.12: (a) Bright-field XTEM micrograph together with (b)-(d) CBED
patterns taken at locations indicated in (a) from a 100-nm-thick Ni layer annealed at
0.3°Cs” up to 310 °C. The XTEM image and the corresponding CBED patterns
were acquired in a region of the TEM specimen that was thinned such as the top
part of the layer stack visible in Figure 5.11 (¢) was removed.

Following the consumption of 6-Ni,Si at 330 °C (Figure 5.11(d)), the sample’s
microstructure returns to three layers (with the middle layer becoming the thickest) while

the overall thickness remains essentially constant (see Figure 5.11). The 355 °C sample

(Figure 5.11 (e)) is composed of Ni (top) and 8-Ni,Si (bottom).
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At 373 °C, when the Ni (111) peak is almost completely extinct in Figure 5.10
(b), the XTEM image reveals the presence of a discontinuous Ni layer on top of a layer
comprising many small grains together with a few large ones. Whereas the XRD data
presented above suggest the coexistence of Ni, 8-Ni,Si and Ni,,Si,, at this stage of the
reaction, XTEM and CBED investigations in Figure 5.13 clearly demonstrate that the
large grains are Ni;,S1,,. Indeed, the bright-field image in Figure 5.13 (a) was taken with
the electron beam parallel to the [010] zone axis of the Nij;, Si,, grain (see CBED pattern
in Figure 5.13 (b)). From the magnitude and direction of the tilt with respect to the
substrate’s [110] zone axis, we could determine that Ni, Si,, {100} planes are essentially
parallel to the sample surface. The XRD peak at 20 = 56° is thus indexed as Ni;,Si,,
(300).

A further increase to T, = 400 °C results in a sample comprising two well distinct
layers. We assign the top layer to 8-Ni,Si and the interfacial one to NiSi based on Figure
5.8 (b-¢) and Figure 5.10 (b). Finally, at T, = 600 °C, once NiSi is the only phase present
according to XRD, the morphology consists of a single layer of large grains. Despite the
fact that NiSi is reported to have a diffusion-controlled growth, the interface with the
substrate remains rough, presumably as an inheritance from the earlier stages of the

reaction.

RBS spectra from all the samples shown in Figure 5.11 are presented in Figure
5.14. For the sake of clarity, the eight spectra are shown in two sets; the expected levels

for Ni, 6-Ni,Si, and NiSi are indicated by horizontal dashed lines. All spectra were

181 Simulated spectra are

analyzed using the RUMP simulation software package
indicated as solid lines in Figure 5.14 and the layer thicknesses and compositions

extracted from these fits are indicated in Table 5-1.!

! The calibration of the TEM instrument was such that in order for RBS thicknesses to follow as closely as
possible those measured by TEM, the Ni and silicides densities had to be set at 95% of their bulk value.
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Ni, Si,,{0 1 0]

Figure 5.13: (a) Bright-field XTEM micrograph together with (b) a corresponding
CBED pattern taken at the location indicated in (a) from a 100-nm-thick Ni layer
annealed at 0.3 °C s™ up to 373 °C.
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As indicated above, the best fit for the as-deposited sample uses a NiSi layer at
the interface with the Si.' For the samples quenched at 295 and 310 °C, we simulated a
stack of Ni, 6-Ni,Si, and a bottom layer having a composition and density close to those
of Ni,Si,. We found that splitting this bottom layer into two enabled us to improve the
overall quality of the RBS fit. As a matter of fact, to simulate the important interface
roughness, we introduced a composition gradient such that the S1/Ni,Si, ratio ranges from
0 to 50% from the bottom to the top of the interfacial layer.” The requirement for such a
graded layer at the interface is also consistent with the co-existence of NiSi, Ni,;Si, and
6-Ni,Si as revealed by XTEM/CBED analyses. For the sample quenched at 330 °C, RBS
fits confirm that the total thickness is the same than at 295 °C, but that the middle 6-Ni,Si
layer almost tripled in thickness. The clear increase in the measured intensity in channels
320 to 330 between 295 and 310 °C in Figure 5.14 (dashed circle) is a strong indication
that the Ni content increases in the layer at the silicide/Si1 interface, going from

somewhere between Ni,Si and NiSi back to Ni,Si.

At 355 °C, the Ni signal is flat over a large range of channels at a level corresponding
to Ni,Si. In contrast, the Ni signal for the sample quenched at 373 °C lies slightly above

the 8-Ni,Si level while the leading edge has flattened. This is consistent with the co-
existence of Nij,Si;, and 8-Ni,Si throughout the whole silicide thickness as suggested by

XTEM. Similarly, the signal decrease between channels 310 and 325 for the sample at
400 °C confirms that the interfacial layer has a composition closer to NiSi. Finally, at
600 °C, the RBS spectrum confirms the existence of a single phased NiSi film as
previously suggested by the XRD and XTEM analyses presented above. The increase in
signal for this spectrum around channel 300 arises from the overlap of the signals from

Ni and Si as this last element is now present throughout the whole film up to the surface.

! Considering the thicknesses of the Ni and interfacial layers, we conclude that the actual deposited Ni
thickness was 110 nm assuming Ni,Si/Ni and NiSi/Ni theoretical thickness ratios of 1.5 and 2.2,
respectively.

2 Even in SIMNRA, which is more rigorous in its handling of the interface roughness, a concentration
gradient had to be included in order to obtain good fits. This software being much less flexible than RUMP
for the simulation of concentration gradients, we favored the manual implementation described above.
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RBS raw spectra, 100nm Ni on Si(001) after quench
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Figure 5.14: Glancing angle RBS spectra from as deposited 100-nm-thick Ni layers
on ¢-Si(001) and subjected to a 0.3 °C s ramp anneal: (a) as-deposited and annealed
at T, = 295, 310, and 330 °C, (b) annealed at T, = 355, 373, 400, and 600 °C. Solid
lines correspond to RUMP simulations summarized in Table 5-1

The compound sequence we deduce from the results presented above for the
reaction of 100nm Ni layers with Si(001) substrates is summarized schematically in
Figure 5.15 where it is compared with the traditionally reported sequence. This figure
represents clearly the occurrence of two additional reaction steps before the complete

conversion of the Ni layer to NiSi.
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b)

S 6-Ni,Si+Ni,Si,+NiSi NY Ni,,Si,

Figure 5.15: a) Schematic representation of the traditionally reported reaction
sequence compared with b) the sequence we observed during the reactions between
100nm Ni layers and Si (001) substrates during ramp-type anneals.

C. Influence of initial Ni thickness on the phase sequence

The results presented above indicate that, while the overall behavior is the same,
changing the initial Ni film thickness lead to several interesting differences. In order to
investigate this effect further, we have carried out in situ XRD analysis during ramp
anneals at 3 °C s for samples with thicknesses of 4, 6, 10, 15, 30, 50, 100 and 500 nm.
The corresponding in situ XRD scans are presented in Figure 5.16 where all graphs were

generated using the same intensity scale to facilitate comparison,.

First and foremost, Figure 5.16 reveals that the first two metal-rich phases
(0-Ni,Si and the ©6-Ni,Si) always form at the same temperature while other

transformations, such as the growth of NiSi, are thickness-dependent (the two vertical

dashed lines serve to mark the position of these two transitions). Furthermore, the

temperature for the disappearance of 0-Ni,Si also seems to be insensitive to film
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thickness.' We have plotted in Figure 5.17 the ratio of the maximum XRD intensities of
the 8-Ni,Si(110) and Ni(111) peaks as well as the temperatures for the appearance and
disappearance of the 0-Ni,Si (110) peak® as a function of the initial Ni film thickness.
These data confirm that the 6-Ni,Si formation temperature is independent of Ni film
thickness whereas its consumption temperature increases very weakly. This 1s in sharp
contrast with the 150 °C increase observed in the same samples for the NiSi formation
temperature. The data in Figure 5.17 also highlights that the 6-Ni,Si(110),,,/Ni(111),_.,

intensity ratio decreases between 4 and 10 nm Ni, then remain relatively stable until 100-

nm Ni, and decreases further for even larger initial Ni thicknesses.

Figure 5.16 also demonstrates that we observe an increasing number of metal-rich
compounds in samples with an initially thicker Ni layer. In the 4-nm sample (Figure 5.16
(a)), the 0-Ni,Si peaks do not reappear upon the consumption of the 6-Ni,Si compound.
Initial Ni thicknesses of more than 50 and 100 nm are required for the appearance of
Ni,,Si,, and Ni,Si,, respectively. We also note that the Ni;;Si,, (300) remains visible over
a much larger temperature range in the 500 nm sample compared to the 100 nm Ni
sample. This, again, highlights the importance of a significant Ni supply for the existence
of this compound. RBS results (not shown) suggest that Ni;; Si,, develops as a full layer

on top of 6-Ni,Si in that 500-nm Ni sample.

! We have also investigated the solid state reaction for a 2-nm-thick film. The XRD map, however, did not
reveal any peak. Nevertheless, the resistance trace still provided evidence of several reactions and
transformations. The resistance reached a maximum at 300 °C and then decreased steadily until 400 °C. It
then reached a plateau above 500 °C. The maximum near 300 °C would be consistent with the formation of
6-Ni,S1, but no clear indication of 6-Ni,Si formation is observed (i.e. the presence of an inflexion point or
secondary increase/decrease in resistance). The fact that we do not observe XRD peaks could suggest the
formation of epitaxial phases that escape detection in the geometry used for the measurement.

> Defined as the position of the local maximum of the derivative of the summed intensity under the peak

with respect to temperature.
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Figure 5.16: XRD intensity contour maps (A = 0.1797 nm) plotted as a function of
annealing temperature T, during thermal ramps at 3 °C s™ in purified He for (a) 4,
(b) 6, (c) 10, (d) 15, (e) 30, (f) 50, (g) 100, and (h) 500 nm-thick Ni films on ¢-Si(001).

The detector is centered at 20 = 55°.
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Figure 5.17: Ratio of the integrated 0-Ni,Si(110) and Ni(111) peak intensities

Tonisi/In;) () together with the 0-Ni,Si formation (@) and dissolution (@)
temperature as a function of initial Ni film thickness. These temperatures were
taken as the local minimum and maximum of the derivative of the integrated

intensity under the 0-Ni,Si (110) peak with respect to temperature. The error bar
represent uncertainties of 5 °C on temperatures and 5% on intensities

As a general result, we find that 5-Ni,Si is the dominant metal-rich compound in all but
the thinnest sample presented in Figure 5.16. The formation of other metal-rich

compounds systematically occurs at the expense of that dominant compound. Moreover,

their consumption seems to lead to a restitution of some of the previously consumed
6-Ni,Si as evidenced by the systematic increase of the 6-Ni,Si (013)/(211) peak following

the decomposition of 8-Ni,Si and Ni,; Si,,.
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The formation of NiSi has been reported to proceed at the expense of 8-Ni,Si only
once Ni becomes exhausted,>!>1%1%! however, our results show that an additional Ni-rich
phase is involved. Indeed, the beginning of the formation of NiSi always coincides with
the consumption of another Ni-rich compound (8-Ni,Si in films with less than 50 nm Ni;
Ni,,Si,, in samples with 100 nm Ni or more). The consumption of the Ni-rich compounds
leads to the growth of both 8-Ni,Si and NiSi; followed by the expected growth of NiSi at
the expense of 0-Ni,Si. For the 4 nm Ni sample, our XRD results suggest that NiSi forms
solely from the consumption of 6-Ni,Si. While observing additional Ni-rich compounds

was rather surprising considering the commonly accepted compound formation sequence
for the thin-film Ni-Si reactions, the fact that compounds with a higher Ni content follow

compounds with a lower one is a rather striking result.'

While 8-Ni,Si and 6-Ni,Si always form at the same temperature, Figure 5.16
indicates that their respective (013)/(211) and (110) XRD peak positions begin to shift at
temperatures that depend in the initial Ni film thickness. Indeed, the 8-Ni,Si peak clearly
shifts to larger angles whenever Ni is consumed. The 0-Ni,Si peak, in contrast, is subject
to two opposite and consecutive shifts in the 15 and 30-nm Ni samples, while we observe
a single shift towards higher angles in thinner samples and towards smaller angles in
thicker films. These results reflect the fact that the time (or temperature) required for the
complete consumption of Ni is initially shorter, but eventually exceeds that for the
formation of 6-Ni,Si as the initial Ni film thickness is augmented. This phenomenon will

be discussed in more details below.

! It should be noted that the low-temperature portion of the reaction sequence observed in the 500 nm Ni
sample (Fig. 14(h)) differs from that reported earlier. "> In early experiments conducted with thick films
deposited in a single pass, we observed two low intensity peaks in the as deposited film, which were
attributed to the 8-Ni,Si or Nij; Si;, phases. This phase was then immediately followed by intense 8-Ni,Si
peaks without evidence of 8-Ni,Si. We attribute the difference to the fact that the single-pass deposition is
likely to cause the sample temperature to exceed 200 °C for more than 10 minutes, which is sufficient to
trigger significant silicide formation at the interface.
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Although we did not attempt to investigate film textures and their impact on the
reaction in this chapter, Figure 5.16 nevertheless shows that the NiSi layer texture does
not depend significantly on the initial Ni film thickness. While the absolute intensities of
the NiSi (112), (211) and (103) peaks increase with the Ni thickness, their relative
intensities remain roughly the same except for the thinnest sample where the NiSi (112)

peak appears to overcome the other two.

5.4 Discussion

5.4.1 Lateral co-existence of compounds and nucleation in grain

boundaries

One of the fundamental results of this chapter is that in multiple instances, many
compounds coexist laterally in a single layer. In thin film reactions, where the
compounds are expected to form in sequence, a maximum of two could be expected
within a single layer, mostly in cases where a significant barrier to nucleation is present.
In nucleation-limited transformations, such as for instance the TiSi, C-49 to C54
transformation, nucleation and rapid lateral growth within the layer plane can lead to
lateral coexistence of compounds in the same layer. The lateral growth is however
expected to be rapid after the barrier to nucleation is overcome so that the co-existence
should be transient. In cases where nucleation is not rate limiting, then one expects the
growth fronts to be planar so that compounds coexist in a layered geometry. In the TEM
cross sections studied here, the samples were annealed and quenched at stages
corresponding to the maximum development of some featured compounds, as determined
by in situ XRD. These samples should therefore not correspond to reaction stages
representative of a “transition” between nucleation events and the eventual impingements
of growing grains into continuous layers. Except in the case of Nij;Si;, in samples with

500 nm Ni, we do not find complete layers of 6-Ni,Si, Ni,Si, or Ni;,Si,,.
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While such a lateral coexistence has not been frequently observed in thin films, we
believe that there are no fundamental reasons that preclude the nucleation of multiple
compounds at a single interface. d’Heurle suggested that compounds that may grow at an
interface, especially the first of a sequence, are mostly selected by kinetics of growth and
by the competition between compounds for the same reactants. At the interface between a
polycrystalline material and a single-crystal Si substrate, one can presume that the
conditions for nucleation and growth will vary locally depending on the microstructure
and the local availability of reacting species. Indeed, as grain boundary angles can vary,
diffusion and interfacial energies can vary as well so that several compounds can
certainly be allowed to nucleate in different areas of a given interface. Over the total
reaction time however, one compound may dominate and transform the whole
inhomogeneous film into one single-phase layer. In this work, the availability of an x-ray
beam ten thousand times more intense than that provided by a state-of-the-art rotating
anode system allowed us to detect several compounds, sometimes in very small volumes,

before they lose the competition for growth to the benefit of 8-Ni,Si.

Because our layers are in multiple instances not laterally uniform in composition,

we believe that the additional compounds we observe have nucleated at the junction of
0-Ni,Si of grain boundaries and either interface. If the importance of grain boundaries in

diffusion is part of the common knowledge, their importance in nucleation is far less well
understood. Coffey and Barmak developed a model to understand the evolution of the
chemical potentials in grain boundaries at the very beginning of interdiffusion (i.e. before
thorough intermixing took place). They demonstrated that the competition between
i) diffusion along the grain-boundaries and ii) transport between these and the bulk of the
grains could significantly tailor the values of the chemical potentials at the interface
between two materials.!""” They explained how the ensuing reduction of the effective

change in Gibbs free energy could result in a more difficult nucleation of the compounds
at the interface. They then used their model to explain why the formations of NiAl; and

NbAl;, which are the first compounds to form in their respective systems, are actually
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nucleation-controlled. Their work focused on the grain boundaries at the interface of two
infinitely pure phases, but their model clearly shows that the conditions of diffusion
fluxes, stress and microstructure can have a direct influence on compound nucleation.
Our results lead us to believe that an appropriate combination of such non-equilibrium
conditions can exist in the Ni-Si thin film system so as to enhance the nucleation of new
compounds at the grain boundaries of a previously existing compound (e.g. 8-Ni,Si)
instead of hindering it. This phenomenon would thus be the prelude to the lateral

coexistence of compounds we report.

5.4.2 Non-sequential formation of compounds

A) Formation of 6-Ni,Si

In the current work, we show that, for all film thicknesses, the first compound to
form is the expected 8-Ni,Si, which is clearly followed by the formation of 6-Ni,Si
before the low resistivity NiSi can grow. Beside the consistent XRD peak positions, the
indexation of this metastable phase is supported by the XRD pole figure analysis and
CBED analyses in TEM samples. In previous communications, the XRD peaks at 56° and
27° (e.g. Figure 5.1 (a) or Figure 5.8 (a) ) that we now assign to 6-Ni,Si were indexed to
Ni,Si, (350) and (310).**"*" The data presented here in samples quenched when these
peaks are maximum clearly show that this early indexation was incorrect (lack of Ni,;Si,

(600) signature) and that 6-Ni,Si is present.

According to the Ni-Si phase diagram, 6-Ni,Si is a non-stoechiometric compound
with a large homogeneity range (up to 8% depending on the temperature).”” The
compound is hexagonal with the prototype Ni,In and lattice parameters a = 0.3805 nm,
¢ =0.489 nm, at a composition of 60:40 Ni:Si. Figure 5.18 shows a schematic of its unit

cell. The Ni atoms, which constitute the hexagonal backbone, are in black while Si and
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additional Ni are pictured in light and dark grey, respectively. As depicted here, the
structure has the composition of Ni,Si. Ni-deficiency of the compound occurs via the
progressive depletion of the inner Ni atoms. Once fully depleted, the structure is identical
to that of NiAs, the prototype structure of NiSi, which is a more symmetric version of the

orthorhombic MnP form of NiSi, P! although the lattice parameters are different.
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Figure 5.18: a) Unit cell of the hexagonal 0-Ni,Si crystal structure and (b)
corresponding calculated diffraction curve for A = 0.1797 nm.
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0-Ni1,Si has its most intense XRD peaks at 54.27° and 56.44°, respectively
indexed as (102) and (110) with d spacings of 0.197 nm and 0.190 nm. The first peak
reported by the JCPDS datasheet # 70-2093 is the (101) at 31.6° (d,o; = 0.330 nm), which
indicates that 0-Ni,Si cannot a priori give rise to the XRD peak at 27° (d,,,= 0.385 nm)
observed in all our experiments. If the (001) planes were allowed to diffract, they would
do so at an angle of 21.2°. As the 26 positions can be modified by thermal expansion and
growth stress, we can assume that d,,;= 0.385 nm is close enough to 0.380 nm, which is
twice the value of d;,= 0.190 nm. The peak around 27° could thus be a superlattice
reflection caused by the ordering of vacancies in a Ni-deficient 6-Ni,Si, giving rise to a
periodicity twice as large as the (110) interplanar distance. Vacancy ordering has been
observed in systems such as Ni, ,AL"%® Ni, Te,,"* Cu, Te,,"™ and ZrS,.""" In the latter
two cases, superlattice reflections were observed in TEM diffraction patterns only, but we

did not observe such reflections in our CBED experiments.

In Figure 5.19 we show two representations of a 0-Ni,51 supercell along with the
corresponding XRD curves as simulated with the CaRlIne software package. The
supercell has twice the dimensions of the unit cell in all directions and is thus built from 8
basic hexagonal cells. In each supercell, Ni atoms were removed from certain sites
marked by white balls: The arrangement in Figure 5.19 (a) corresponds to a
stoechiometry of Ni,Si,, versus Ni,Si, for Figure 5.19 (b). Both cases present a
periodicity that is twice that of the {110} planes, thus leading to the appearance of a weak
diffraction peak at 20 = 27° (assuming no changes in the lattice parameters). These are
only two of many possible arrangements; the current work does not provide sufficient
information to extract exact composition or vacancy position in the crystallites. Yet the

simulations show that vacancy ordering can explain the peak at 27 °.
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Figure 5.19: 6-Ni,Si supercells consisting of 2x2x2 unit cells with vacancies
arbitrarily ordered on the inner Ni sublattice to obtain compositions of (a) Ni,Si,
and (b) Ni,Si,. (¢) corresponding calculated diffraction curves for A = 0.1797 nm.
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Three important points characterize the formation of 0-Ni,Si:
1- Its formation temperature is independent of the initial Ni thickness.
2- The absolute quantity that forms increases with the initial Ni thickness.
3- The temperature range over which it exists increases only slightly with

the initial Ni thickness.

The first point suggests the existence of constant nucleation conditions. The
compound thus nucleate after a given thickness of 6-Ni,Si has formed. Favorable
conditions may be a combination of the temperature reached together with an appropriate

value of the Ni atom flux in the grain boundaries or an appropriate structural arrangement

therein.

Observing as we did the 0-Ni,Si formation in solid state reactions occurring

below 825°C is surprising because it is not normally stable in that temperature range
according to the Ni-Si equilibrium phase diagram. A possible explanation of its formation
lies in the existence of strong compositional gradients at the 6-Ni,Si/Si interface. Such
gradients have been shown to hinder the nucleation of stoichiometric compounds,

[172,

especially that of NiSi."”>'” In fact, Hodaj and Gusak have proposed that the

requirement for the Ni to be exhausted before NiSi can form is explained by the existence
of a strong Ni concentration gradient at the 8-Ni,Si/Si interface.*'”” Since 6-Ni,Si is
non-stoichiometric and stable over a rather large composition range it could possibly

have an increased ability to nucleate in a composition gradient silicide/Si interface, which

would favor its formation in the absence of NiSi.

Another very important parameter in the nucleation of a compound is the
interfacial energy between the growing nuclei and the matrix in which it nucleates. It has
been shown that low-energy interfaces can significantly reduce the overall energy of a
system and stabilize compounds that are either not present in standard sequences or even

absent from the equilibrium phase diagram. For instance, in the Co-Si and Fe-Si system,
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cubic CoSi and tetragonal FeSi, were found to grow epitaxially on Si substrates up to
thicknesses of 10 nm.""”*'" While 6-Ni,Si does not seem to grow epitaxially, we have

found that its texture is directly inherited from that of the 8-Ni,Si. The crystal structures
of these two compounds are very similar in density and also in the position of their
constituting atoms. In Figure 5.20, we compare the atomic arrangement in the (020)
planes of 6-Ni,Si to that of the (110) planes of 8-Ni,Si. Our diffraction data show that
these families of planes are parallel to the surface of the sample. The lattice sizes given
show how 8-Ni,Si (020) and 6-Ni,Si (110) surfaces can align with little stretching. More
importantly, if we focus on a rectangle defined by four Si atoms, we clearly see that the
atomic positions of both Si and Ni are almost identical so that very little rearrangement is
required to growth one compound out of another. This should allow for a low energy of
any interface between both compounds, which, combined with an enhanced ability to
nucleate in a concentration gradient, could contribute to stabilize the otherwise unstable

6-Ni,Si at temperatures below 825 °C.

§-Ni,Si (001) 0-Ni,Si (110)

Figure 5.20: Projection of the (6)-Ni,Si unit cell perpendicular to [001] direction
(left) compared to the 6-Ni,Si projection perpendicular to [110] direction (right)
demonstrating the close match between the d-spacings for the 8-Ni,Si (020) and

0-Ni,Si (110) planes. The two darker shades of grey identify Ni atoms and the lighter
shade of grey identifies Si atoms.



137

Before we discuss the second and third particularities of the 0-Ni,Si, we adress
the phenomenon through which it is consumed. Indeed, while the formation of a
metastable 6-Ni,Si in Ni-Si reactions is already surprising, the mechanisms for its
consumption are a priori even more unexpected. Our data show that the consumption
systematically coincides with the simultaneous formation of NiSi and §-Ni,Si, a

phenomenon that may be summarized by the reaction below:

0-Ni,Si — 6-Ni,Si + NiSi

To be possible, such a scheme requires that the composition of 0-Ni,Si lies

somewhere between those of 8-Ni,Si and NiSi, which is consistent with the presence of

multiple vacancies in the compound.

We suggested in earlier communications that 6-Ni,Si (then identified as Ni;Si,)
could dissociate because of the accumulation of strain energy. Our argumentation was
based on the stress measurements results in samples with 100 nm Ni (Figure 5.10), where
the dissociation of the compound coincides with a negative peak in the stress curve. The
volume of 6-Ni,Si surely varies with composition and assuming that Ni diffuses into the
hexagonal structure enough to allow for a significant composition change, it is reasonable
to see the volume increase. The 6-Ni,Si formation should thus lead to compressive stress
build-up, possibly rendering the system unstable and forcing dissociation. Still, it is
unclear how the dissociation of an unstable layer would occur and difficult to imagine

that it would result in a well defined layer.

The following scenario is more plausible: We believe that the consumption of 0-Ni,Si

is in fact triggered by the nucleation of NiSi at the interface. Indeed, based on the Ni-Si

equilibrium phase diagram and assuming a large nucleation barrier to the formation of

Ni,Si, as suggested by Gas er al.,”""! a system with a composition between those of &-
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Ni,Si and NiSi should evolve towards a state where both these compounds co-exist. As
long as NiSi, and Ni,;Si,, are not able to nucleate, 6-Ni,S1 may form and be metastable,
but as soon as one of the former can nucleate, the metastable compound should become
unstable. After it nucleated, NiSi can grow very rapidly into 8-Ni,Si without long range
diffusion of either Ni or Si simply by absorbing the many vacancies that fill its structure.
With a 6-Ni,Si composition not too far from to that of NiSi the growth velocity would
relate directly to the diffusion of vacancies within the 6-Ni,Si. Concurrently, the
remaining 6-Ni,Si would gradually increases in composition (with very little Ni
diffusion) because of the vacancies gradually leaving the material. Eventually, when the
composition of 6-Ni,Si reaches the 2:1 ratio, 8-Ni,Si simply reforms through a

polymorphic transformation being the most stable phase at that composition.

In this scheme, the formation of NiSi should occur before the return of 6-Ni,Si. From
Figure 5.1, while it is clear that the 6-Ni,Si XRD intensity decrease corresponds to an
increase of NiSi, it is rather difficult to judge if 8-Ni,Si returns only after some NiSi has
formed. This apparent concurrence could however be the result of lateral non-uniformity.
Following multiple nucleation events, the transformation front is not expected to be very
uniform so that the reaction will not occur uniformly, both in space and in time. Our
measurements would then become an average reaction rate over the size of the x-ray
beam on the sample. It is then possible that the reaction be much sharper than what is
actually measured. Nevertheless, the formation of NiSi from vacancy diffusion within
6-Ni,Si followed by a polymorphic transformation of 0-Ni,Si to 6-Ni,Si once the right

concentration is reached appears the most likely reaction path for this unusual behavior.

Such a scenario would explain the second characteristic of the 6-Ni,Si’s formation
mentioned above. As the formation temperature/time of the compound is independant of
the Ni starting thickness, it most likely occurs at a time where the 8-Ni,Si has a given

constant thickness. However, as the Ni gets thicker, it stays available longer, which could
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contribute to sustain a strong concentration gradient at the silicide/Si interface, hindering

the nucleation of the NiSi for longer times. The lateral co-existence of 6-Ni,Si and
0-Ni,Si being a sign that the former has still room to develop further, a delayed
nucleation of NiSi would allow for more 0-Ni,Si growth. The explanation for the third
point above then follows, as a larger formed quantity of 0-Ni,Si together with a delayed

NiSi nucleation will result in a slighlty delayed consumption (c.f. Figure 5.17).

B) Structural reorganization in Ni

The sudden increase in XRD intensity of the Ni (111) peak preceding its
consumption in samples with more than 15 nm Ni may be explained by a structural
reorganization. Throughout the reaction process, as the Ni layer is consumed, vacancies
are continually generated at the Ni/silicide interface. Most of these vacancies will be
eliminated at the film surface but many could coalesce into voids given the right
conditions. When the Ni layer becomes very thin, it becomes unstable and will tend to
agglomerate. This reorganization will certainly be helped by the presence of vacancies
and lead to changes in texture which could be the source of the measured increase in
Ni(111) intensity. This agglomeration is consistent with the discontinuous Ni layer
morphology observed in Figure 5.11 (f) and is concurrent with the sharp reduction of
compressive stress observed in Figure 5.10 (a) between 350 and 375°C, which coincides
with the increase in Ni(111) XRD intensity around 52° (26) in Figure 5.10 (b). The
increase in Ni(111) intensity could also be related to grain growth where the Ni (111)
grains would consume grains of different orientations. It is also expected that, above
400 °C, Si atoms becomes mobile and more readily available at the interface. The Ni
could therefore simply be absorbing Si since up to 10 at.% can dissolve in Ni. As the
concentration increases, both the intensity and the position of the diffraction peak could
change, as we observe it. The addition of Si to the Ni film also sets the stage for the

formation of Ni,, Si,, which follows.
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C) Formation of Ni,;,Si,, and Ni;Si,

From our results, it is clear that Ni; Sij, growth occurs at the expense of both
8-Ni,Si and Ni layer. The reaction thus proceeds close to the Ni/6-Ni,Si interface, i.e.

away from the silicide/Si interface. Assuming that the Ni is not saturated in Si, the

equation below shows the most probable reaction pathway:

2Ni,Si + Ni=NiSi, AG=-45.36k] @ 400°C

The Ni;Si, nomenclature is used here instead of Ni;, Si,, because i) it corresponds
to that of the thermodynamic data reference''” and ii) it yields a more intuitive chemical
equation. With such a large free energy change one would expect a diffusion-controlled
growth ™' byt the morphology and rate at which the formation takes place in the
100 nm Ni sample suggests a fast nucleation-controlled kinetics. This is certainly
supported by the fact that Ni; Si,, is not observed below 400 °C where only a nucleation
barrier could prevent its formation (since the growth occurs very rapidly above that

temperature).

Although Ni,,Si,, grains effectively end up propagating so as to form a continuous
layer if there is enough Ni (e.g. in the 500 nm Ni sample), our TEM results indicate that
their nucleation does not take place uniformly in an intermixed interfacial region between
0-Ni,Si and Ni. If Si atoms diffuse sufficiently, nucleation could occur at grain
boundaries in the Ni film and then proceed laterally to consume all of it. However, if Ni
still dominates the growth, it is possible that the flux of Ni towards the lower layers

favors the nucleation of Nij,Si,, in the grain boundaries of 8-Ni,Si. We explain the lateral

coexistence of Ni;;Si;, and 0-Ni,Si in the 100nm Ni sample by the fact that the Ni is

" a fortiori since Ni,Si,/Ni,,Si,, has been shown by Gulpen in his doctoral thesis™ to
have a higher coefficient for Ni diffusion than Ni,Si .



141

supplied through these grain boundaries but is still insufficient at that point for a

complete coalescence of all 8-Ni,Si grains in the top layer.

Upon shortage of the Ni supply, Ni; Si;, becomes the Ni-richest compound and
therefore the most likely source of Ni. It shall then transform “back” to 8-Ni,Si. At this

temperature, the reaction could occur through diffusion of either of Ni and Si or both. In

either case, the reaction pathways are given below:

Nidiffusion  Ja-  2NiSi,=4Ni,Si+Ni  AG =+6.158 kJ/mol. at @ 500°C
Ni diffusion  1b - 2Ni + Si = Ni,Si AG = -48.99 kJ/mol. at @ 500°C
Sidiffusion  2-  2Ni,Si, + Si = 5Ni,Si AG = -36.67 kJ/mol.at @ 500°C

While the overall energy for the Ni,Si, formation through Ni diffusion is negative, the
decomposition of NisSi, into Ni,Si and Ni is not. This reaction step is therefore not likely
to occur, which suggests that the consumption of NisSi, is achieved through Si diffusion

at grain boundaries.

We proposed earlier a mechanism for the formation of Ni,Si, in later stages of the

reaction in samples with 500 nm "

. The compound appears at high temperature when the
top 6-Ni,Si layer nears complete consumption and thus reaches the limit for stability. One
possible mechanism for thin unstable films is to agglomerate to reduce the surface to
volume ratio. Here, as the layer becomes unstable, we could be in a situation where the
nucleation of Ni,Si, and the rapid growth from the interface allows for the films to
thicken and regain stability. This scenario would be consistent with the results of Gas et

al. who observed the nucleation-controlled growth of Ni;Si, at the 6-Ni,Si/NiSi interface

at temperatures above 600 °C.")
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5.5 Conclusion

In this chapter, we have revisited the Ni-Si thin film reaction through the
combined use of in situ real tim XRD, wafer curvature measurement, ex sitru TEM, and
RBS. We have shown that the reactions between Ni films and Si(001) are considerably
more complex than historically reported. Indeed, we have provided evidence for the
formation of ©-Ni,Si, Ni,,Si,, and Ni,Si,, in addition to -Ni,Si, in samples with initial
thicknesses ranging from 4 to 500 nm. These compounds are found to co-exist laterally
with 8-Ni,Si and/or NiSi, in addition to form non-sequentially, as 6-Ni,Si is consumed by
their formation and restituted upon their consumption. Our extensive experimental work
has allowed us to propose explanations for the peculiar behaviors we have observed and
which are in apparent contradiction with the current understanding of solid-state

reactions,

The metastable 6-Ni,Si compound forms consistently at the same

time/temperature, regardless of the initial Ni thickness. Our XRD data suggest that the
hexagonal crystal structure of this non-stoichiometric compound can sustain vacancies

distributed with a certain degree of ordering over the internal Ni sublattice. The
nucleation of 0-Ni,Si is possible for two reasons. The first is the presence of very low
interfacial energies with 6-Ni,Si since the two crystal structures are extremely similar.
The second is the wide composition range of 6-Ni,Si which allows nucleation in strong
concentration gradients at the interface. As soon as NiSi nucleates at the 6-Ni,Si/Si
interface, the growth of NiSi can rapidly occur without long range diffusion of neither Ni
or Si, simply through the absorption of vacancies present, within 6-Ni,Si. This rapid
vacancy absorption leads to a gradual increase in Ni concentration in the remaining
0-Ni,Si. As the compounds approach the concentration of Ni,Si, the crystal structure
reverts to the more stable 8-Ni,Si. This 8-Ni,Si is first consumed and then reappears

when NiSi forms.
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Ni;,Si;, is only observed in samples with at least 100 nm Ni for temperatures

above 400 °C. As for 6-Ni,Si, this compound formation occurs before NiSi and is
concurrent with a decrease in the XRD intensity of the 8-Ni,Si peaks. This compound
appears to form in the grain boundaries of the 6-Ni,Si consuming the remainder of the Ni
layer. We suggest that the formation occurs through the diffusion of Ni and possibly Si at

such temperatures. As expected Nij;Si;, is consumed by a growing &-Ni,Si as the

temperature increases and the Ni supply decreases.

Ni,Si, was observed at temperatures above 600 °C when 6-Ni,Si and NiSi are still
available simultaneously (only in samples with 500 nm Ni). The presence of this last
compound could be the result of a nucleation enhanced by the high temperatures or of a
transformation at the 8-Ni,Si /NiSi interface as 8-Ni,Si becomes too thin and unstable. A

transformation to a thicker Ni,Si, layer would then allow for regaining stability for a

narrow temperature range.
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Chapter 6 : Effects of Ni-alloying, implanted impurities,
and substrate crystallinity

6.1 Introduction

The results presented in Chapter 5 clearly demonstrate that the solid-state
reactions between Ni films and Si(001) are considerably more complex than previously
believed. The hexagonal 6-Ni,Si phase, normally expected at high temperature, was
observed in films reacted between 240 and 350 °C whereas Ni,,Si;, formed above 450 °C
in samples in which the initial Ni thickness was 100 nm or more. We also provided

evidence for the lateral co-existence of these two compounds with 8-Ni,Si.

The present chapter focuses on the formation of the metastable 0-Ni,Si. This
compound forms rapidly during ramps anneals, apparently consuming all 8-Ni,Si for
initial Ni films thickness of up to 10 nm. Its disappearance is also rapid and is correlated
with both the growth of NiSi and to a surprising return of orthorhombic 8-Ni,Si. A better

understanding of this behavior is certainly of fundamental value to thin film physics and
contact metallurgy but is also of critical importance for the development of next

generation transistors in the microelectronics industry.

In Chapter 5 (Figure 5.16), we have shown that the formation temperature of the
6-Ni,Si compound is independent of the initial Ni thickness. As this compound is not the
first one to appear, such a behavior is not consistent with diffusion limited layer-by-layer

growth as commonly observed for the formation of NiSi in planar geometry. Indeed, the

formation of NiSi is delayed by an increasing initial Ni thickness. This result suggests
that 6-Ni,Si forms close to the silicide/Si interface, where its nucleation must be favored

with respect to that of NiSi.
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Compound nucleation in very thin films was shown to strongly depend on
substrate crystallinity and defects as well as on the introduction of impurities either
through implantation in the substrate or alloying of the Ni film, !'*3°0:32539104110.17.12L,127,
135.138.142. 1461 However, none of these studies have evidenced the formation of 6-Ni,Si, aside

from a few reports of the formation of a hexagonal NiSi***"'*!

, which we believe is not
exactly the same phase than what we observe. Here, we report on the effect of impurities
on the formation of 6-Ni,Si. Impurities were introduced both through alloying of the Ni

films with either Pt or Co, and through Si substrate implantation. Implanted species
covered the standard dopants (As, B and P), impurities known to stabilize the NiSi films

), 143ITRITSITN g well as Si to evaluate the effect of

against agglomeration (F and N
substrate defects. Finally, we have investigated the reaction of Ni films with amorphous
Si (a-Si) substrates. Using in situ XRD and resistance measurements during annealing at
constant temperature ramp rates, we have monitored the reaction in samples with 10 nm
Ni or Ni-alloy on undoped and ion-implanted Si(001) as well as on amorphous Si. In a
separate in situ study of the stress development during the reaction on F-implanted

samples, a Flexus® furnace has been used.

6.2 Experimental procedure

6.2.1 Implantation

Undoped, n-doped and p-doped silicon-on-insulator (SOI) 8-inch wafers were
prepared at a CMOS production facility (IBM, Hopewell Junction). Wafers were
implanted with 5x10" P cm™ at 12 keV or 3.5x10" B cm™ at 8 keV with their normal
tilted 7° away from the ion beam axis to prevent channeling. Following implantation, the
wafers were heated above 1000 °C to activate the dopants and anneal the damages

induced by implantation. The projected ranges calculated using TRIM"*" were
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respectively 18 and 32 nm for the as-implanted samples, indicating that the implantation
depth is such that enough implanted Si is present to fully convert the 10 nm Ni layers into
NiSi in both cases. Assuming no loss of dopant during the activation anneal, B and P
concentrations in Si are 2.2 and 5.6 at.% respectively, calculated using the as-implanted
projected range. These value overestimate the actual concentration by neglecting the

redistribution occurring upon the activation anneal.

F, Si, and N were implanted at 2 keV using a commercial implanter with SOI
wafers tilted by 7°. F was implanted to doses of 3x10", 1x10%, and 3x10" at. cm™, while
doses of 1x10" and 5x10" at. cm® were used for Si and N. No activation annealing
followed the implantations; the subsequent Ni depositions therefore took place on
partially amorphized Si(001) surfaces. The F, Si, and N projected ranges — calculated
using TRIM — are 5, 3, and 6 nm, respectively. These depth values are smaller than what
is required to fully convert 10 nm Ni layers into 8-Ni,Si, even if taking into account that
the straggle values are about half of the projected range. Still, while all the implanted Si
is likely to be consumed before the formation of 6-Ni,Si, some of it should still be
present when 8-Ni,Si starts to form. For the in situ stress investigation, a separate set of

4-inch 250 pm-thick bulk Si(001) wafers were implanted with fluorine using the same
parameters as indicated above. Table 6-1 summarizes the doses and the concentrations

corresponding to each implantation.

6.2.2 Metal and alloy deposition

Prior to Ni deposition, the wafers were etched for 55 s in dilute (10%) HF, blown
dried with high-purity N, and immediately loaded in one of two sputter deposition
systems. The targets were 99.999% pure Ni, Co, and Pt. Pure Ni layers were deposited in
a MRC-643 sputter deposition tool under 10 mTorr of high-purity Ar after reaching a
base pressure of 2x107 Torr. The Ni-alloy layers (5, 10, and 15 at.% Pt or Co) were
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deposited in a custom-built ultra-high vacuum magnetron sputtering system under similar
conditions. For the F-, N- and Si- implanted substrates, the deposition of pure Ni layers
was followed by a 15 nm TiN capping layer. The cap was sputtered without breaking the
vacuum from a 99.999% pure Ti target with a N, plasma. To avoid the effect of the cap
layer on overall measured stress, the TiN deposition was omitted for samples used in the
stress study. All samples were cleaved into ~1x1 cm® dices for the in situ XRD

experiments.

/

Table 6-1: Implanted concentrations as a
function of dose determined wusing the
implantation range simulated with TRIM® and
assuming a Si density of 4.99_10* at. cm™

Implanted Depth  Dose  Concentration

species (nm) (at. cm? (at. %)
)

6 1._10% 3.3

N 510" 16.7

. 1_10% 5.7

Si 35 5Ty 28.5

310" 1.2

F 5 110" 4.0
310" 12

6.2.3 In situ XRD during annealing

Ni-Si reactions were monitored in situ during ramp anneals in a purified He
atmosphere using time-resolved XRD, diffuse light scattering, and resistance
measurements. The three simultaneous measurements were performed at the X20C
beamline of the National Synchrotron Light Source (NSLS) at Brookhaven National

Laboratory. As-deposited samples were introduced in a vacuum chamber with rapid
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thermal annealing capabilities. To minimize the contamination from oxygen, the
chamber was evacuated twice to 5x10° Torr (7x10* Pa), back-filling each time with
purified He. Anneals were performed under a steady flow of 1 L/min of purified He at 1
atm. Samples were annealed using linear temperature ramps from 100 to 950 °C at 0.3 to
3 °Cs™ as well as isothermal anneals in which the dwell temperature was reached with a
30 °C s ramp starting at 100 °C. The substrate temperature was measured with a
thermocouple calibrated to better than +3 °C using the Si-Au, Si-Al, and Si-Ag eutectic
melting points. A W-Si multilayer monochromator provided an energy resolution of 1.5%

at 6.9 keV (A =0.1797 nm) with a typical intensity at the sample of 3x10"* photons s™.

The incident x-rays illuminated a sample area of 1X2 mm’ typically sampling millions of
grains. Each diffraction curve was collected with an acquisition time ranging from 0.5 to
2 s per frame using a position-sensitive detector covering a 26 range of 14°. Unless
otherwise specified, the x-ray beam was incident at an angle of 27.5° from the plane of
the sample and the detector was centered at 20 = 55°.

In situ light-scattering measurements "7

were carried out using a He-Ne laser
light (A=633 nm) at an incidence angle of 65° with respect to the surface normal. Two
separate detectors collected the scattered radiation at angles of -20 and 52°, providing
information on changes in surface roughness for in-plane correlation lengths of 0.5 and
5 um, respectively. Changes in sample resistance during annealing were measured in situ
using standard non-colinear four-point probe in a square geometry. The indexation of the
XRD peaks of the crystalline phases Ni, Nij,Sij,, 8-Ni,Si, 6-Ni,Si, Ni,Si,, NiSi, and Si
was done using JCPDS datasheets No. 04-0850,71-0638, 72-2092, 73-2093, 17-0881,
38.0844, 43-0989 and 05-0565 respectively.
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6.2.4 Ex situ analyses

Cross-sectional transmission electron microscopy (XTEM) images were recorded on a
JEOL-2100F microscope at an acceleration voltage of 200 kV. Unless specified
otherwise, bright-field images were recorded with the [110] zone axis of the Si substrate
parallel to the electron beam, so that thicknesses can be directly measured on the
micrographs. Cross-sectional samples were prepared by standard mechanical boring,
slicing, and polishing down to 10 ym. Further thinning down to electron transparency
was performed in a Gatan Precision Ion Polishing System (PIPS) using Ar" at an energy
of 5keV and at an incidence angle of 4°. Two final rounds of 5 minutes at 3 keV and
2.5keV were used to clear as much ion damage as possible. Samples were always glued
to the PIPS Cu sample holder using heat-conducting wax to insure adequate heat
dissipation. In ion milling test experiments using indium pellets, no evidence of melting
was observed, so it is assumed that the sample temperature remained below 160 °C

during the ion milling process.

In situ stress measurements were performed during ramp anneals at 0.3 °C s
from 20 to 600 °C on 100 nm Ni films deposited on 100-mm in diameter, 250-pm-thick
complete wafers using a Flexus furnace. The bending force were calculated from the

measured radius of curvature using Stoney’s equation.!"™

Qualitative fluorine depth distribution profiles in as-deposited and reacted layers
were determined with an JIONTOF GmbH SIMS* TOF-SIMS using a bunch-mode
operated 15 keV Ga* (primary analysis) and a Cs* (depth profiling) ion beams. The
profiles depth scales were calibrated by measuring the craters left by the etching process

using a Veeco Dektak 3030ST stylus profilometry tool.
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6.3 Results

6.3.1 A. Effect of alloying

The effect of Pt alloying on the Ni-Si reaction is shown in Figure 6.1, where
in situ XRD and resistance data from samples with 0, 5, 10 and 15 at.% Pt are compared.
The resistances traces in Figure 6.1 (e) have been normalized to the maximum value
reached during the formation of the Ni-rich compounds. The data reveal that adding Pt to
Ni delays both the consumption of the metal layer and the growth of 6-Ni,Si. We note
that the intensities of X-ray peaks corresponding to 0-Ni,Si and 8-Ni,Si decrease with
increasing Pt content. Figure 6.1 also shows that Pt alloying drastically accelerates the
formation of NiSi as indicated by (i) a slight decrease in nucleation temperature (marked
by the sharp drop in resistance above 300 °C), and (ii) a significant reduction of the
temperature for the complete disappearance of 8-Ni,Si from 550 °C, for pure Ni, to less
than 350 °C in samples with 15 at.% Pt, as seen in both XRD and resistance data. The
reason why the resistance is minimal in the 350-500 °C temperature range for the pure Ni
even though some 8-Ni,Si is clearly present remains unclear. One possible explanation

could be that the NiSi layer has a lower resistance in this case than in Pt-containing

samples.

We also observe that the thermal degradation temperature, characterized by the
sudden increase in resistance above 600 °C, is dramatically increased with the addition of
Pt.This known effect has been explained by a combination of two factors. First the
nucleation of the 8-NiSi, compound is delayed by the mixing entropy effect’'®’; PtSi is
homostructural and fully miscible with NiSi, while there is no PtSi, compound to match
with NiSi,. Secondly, Pt alloying was shown by Detavernier et al.!'"” to influence the
NiSi film texture so as to delay its agglomeration, another important thermal degradation

mechanism."’
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The effect of Co alloying on the Ni-Si reaction is shown in Figure 6.2. Similarly
to the Pt case, the consumption of the metal layer is delayed by the addition of Co (by
more 50 °C during 3 °C s™ ramps for the 15 at.% Co sample). However, the delay in the
growth of 8-Ni,Si and 6-Ni,Si, is not as marked as for Pt additions. The decrease/re-
increase cycle in the intensity of the 8-Ni,Si (013) and (020) peaks fades away in the
15 at.% Co sample, clearly linking this behavior to the presence of the 0-Ni,Si
compound, which does not seem to form in these conditions. The splitting of the XRD

peak at 20 = 58° into two separate peaks above 350 °C suggests a rapid texture

reorganization of the 6-(Ni,Co),Si or the precipitation of Co,Si.

Although CoSi and NiSi have dissimilar crystal structures, the formation of the
monosilicide phase is not significantly delayed by Co alloying but the associated
resistance drop is sharper. The phase separation of Co,Si suggested above could therefore

be the result of the rapid formation of the NiSi requiring Co atoms to be expelled.

The resistance data of Figure 6.2 (e) also highlight the stabilizing effect of Co on
the disilicide phase as its formation temperature drops to 620, 550, and 480 °C with
respectively 5, 10, and 15 at.% Co. D’Heurle et al."® reported that the nucleation of the
disilicide occurred at the free surface of the monosilicide during reactions of
Ni(5 at.% Co) with Si substrates. If such a phenomenon were occurring in our samples,
strong NiSi, diffraction peaks would have been expected since the compound would not
be epitaxial with the Si(001) substrate. The different behaviors may simply be related to
the different annealing conditions used in both experiments: d’Heurle carried out longer
(1h) isothermal anneals whereas we used relatively rapid ramp anneals in the present
case. Another possible reason for the observed discrepancy is that we are using much
thinner Ni film than in previous experiments. The stress relaxation arguments invoked by

d’Heurle may not be applicable in our case.



152

Ni(211)

i,
s et S

00 400 500 600 700 8OO 900
Temperature (°C)

I N
100 200

Figure 6.1: a)-d) XRD intensity contour maps (A = 0.1797 nm) plotted as a function
of annealing temperature T, during thermal ramps at 3 °C s™ in purified He for 10-
nm-thick Ni(Pt)-Alloy layers deposited on c-Si(001) with Pt content ranging from 0
to 15 %. e) Corresponding in situ resistance data normalized to the maximum value
reached during Ni-rich silicide formation.
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Figure 6.2: a)-d) XRD intensity contour maps (A = 0.1797 nm) plotted as a function
of annealing temperature T, during thermal ramps at 3 °C s” in purified He for 10-
nm-thick Ni(Co)-Alloy layers deposited on ¢-Si(001) with Co content ranging from 0
to 15%. e) Corresponding in situ resistance data normalized to the maximum value
reached during Ni-rich silicide formation.
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6.3.2 Effect of CMOS dopants

Silicides are used as zero-level contact materials in CMOS circuits: the Ni-Si
solid-state reaction thus occurs in areas where the Si is usually doped with boron,
phosphorus, or arsenic. The effects of B- and P- doping on the in situ XRD, resistance,
and light scattering signals are presented in Figure 6.3. Resistance traces are normalized
to their values at the beginning of the reaction as the resistivity of the initial metal layers
should be the same for all samples. Figure 6.3 (a-c) indicate that the overall reaction
scheme is not dramatically affected by B- and P- doping at these concentrations even
though compound formation appears delayed. This delay affects all the compounds, 8-
Ni,Si and NiSi more than 8-Ni,Si, and is larger with P than with B. As far as our study is
concerned, a very interesting result is that the formation of 8-Ni,Si, while delayed, is not
suppressed by typical CMOS dopants for doses typically used in the microelectronics
industry. The XRD data in Figure 6.3 (a-c) also indicate that the temperature for the
disappearance of -Ni,Si decreases from 550 ° for pure Ni to 450 °C in P-doped samples.
This result confirms the observations of Rinderknecht er al..*® who noted that the

completion of the NiSi formation occurred earlier with high-dose P implantation.'

The light scattering (LS) signal clearly demonstrates, in agreement with previous
reports, that doping increases the temperature for the thermal degradation of NiS, which
causes the scattered intensity to increase dramatically at high temperature.'**'*"'* The
peak visible near 400 °C, especially for the doped samples, coincides with the sharp drop
in resistance associated with both the disappearance of 6-Ni,Si and the formation of NiSi.

This peak is sharper and stronger in the P-doped LS sample, which correlates with the

! Care should be exercised in comparing our results with those of Rinderknecht ez al. as they deposited the
Ni layers at a substrate temperature of 150°C, while ours were deposited at room temperature. Also, it is
not clear from the experimental details of their study whether the implanted substrates underwent an
activation anneal or not.
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higher temperature where the 6-Ni,Si peaks return following the consumption of the 6-

Ni,Si compound.

In order to investigate the microstructure of the P-doped sample when the 6-Ni,Si
compound is present, we have carried out an isothermal anneal at 260 °C. The XRD
contour plot in Figure 6.4 (a) shows the evolution of the XRD data until the sample was
quenched immediately after the 6-Ni,Si (110) peak reached its maximum intensity (43
min). Figure 6.4 (b) is a XTEM micrograph of that quenched sample while Figure 6.4 (c-
d) are convergent beam electron diffraction (CBED) patterns acquired on the two grains
identified in Figure 6.4 (b). Similarly what was observed in undoped samples in Chapter
5, the CBED pattern demonstrates that 8-Ni,Si is present in the top layer while NiSi is in
the bottom one. We have been unable, however, to observe 0-N1,Si grains in this sample
even though post-anneal XRD scans confirm that this compound is still present after
complete cool-down. Given the uniformity of the diffraction contrast in the interfacial
layer and the very similar results in Chapter 5, we can only assume that 8-Ni,Si must lie

in the top layer of the sample.’

" The very similar microstructures observed for the B-doped sample ( Figure 6.4) and for the undoped

reference in Chapter 5 reveal that non-negligible heating occurs during TEM specimen preparation despite
our best efforts to minimize those effects as explained earlier. Indeed, according to their respective in situ
XRD data, the reaction was not stopped at the same stage in the two sampies, the B-doped sample being
quenched slightly later than the maximum of the 6-Ni,Si. Yet, both samples yield the same microstructure.
This links the presence of an apparently dominant NiSi interlayer to a later stage of the reaction than what
is suggested by the XRD data. We therefore cannot rule out the possibility that 8-Ni2Si may form as a
continuous layer at the 8-Ni,S1/Si interface at a slightly earlier stage of the reaction. An uncontrolled over-

reaction or heating during TEM sample preparation could have prevented us from accurately reaching this
point.
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Figure 6.3: XRD intensity contour maps (A = 0.1797 nm) plotted as a function of
annealing temperature T, during thermal ramps at 3 °C s in purified He for 10-
nm-thick Ni layers deposited on a) undoped b) B-doped and c) P-doped c-Si(001) d)
Corresponding in situ resistance (thick lines) and light scattering data (thin lines) .
Resistance is normalized to the value at the beginning of the reaction.
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Figure 6.4: a) XRD intensity contour map (A = 0.1797 nm) plotted as a function of
annealing time during the 43min isothermal annealing at 260°C in purified He of a
10-nm-thick Ni layer deposited on B-doped c-Si(001) b) Bright-field TEM Cross-
sectional micrograph of the sample annealed in a) with ¢) and d) convergent beam
electron diffraction (CBED) patterns acquired from regions labeled in b).

6.3.3 Effect of F, Si and N implantation

Fluorine, originating from BF," molecular ions used as B implantation vectors, 1s
often present in CMOS circuits. The effects of F-implantation at doses of 3x10™, 1x10",
and 3x10'" ¢cm™ on the in situ XRD, resistance, and light scattering signals are presented
in Figure 6.5. Resistance traces are normalized to their values at the beginning of the
reaction. Three major effects are easily observed with increasing F dose: i) 6-Ni,Si is

present over a wider temperature range and the monosilicide forms at higher temperature,
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ii) the morphological stability of the monosilicide film is improved, and iii) the disilicide
phase forms at higher temperature. Focusing on the low-temperature part of the reaction,
we find that F stabilizes 0-Ni,Si, as it delay its consumption by about 50 °C during a
3 °Cs” ramp. The formation is also slightly delayed but to a much lesser extent. The
growth of NiSi is pushed to higher temperature, linking again this event to the
consumption of 6-Ni,Si. We find no clear evidence that the formation of the §-Ni,Si is
delayed, however, as in the B and P-doping cases, the return of that compound upon
consumption of the 6-Ni,Si is gradually suppressed by an increasing F dose. A slightly
decreasing plateau between 350 and 400 °C in the 3x10"° cm™ resistance trace suggests
that 0-Ni,Si has a resistivity that is between those of 3-Ni,Si and NiSi, but also that
further growth is occuring. Also, while the 3x10™ at. cm™ F dose results in a significantly
lower resistance in the temperature range below 400 °C compared to the undoped case,

an increasing F dose raises the resistance trace towards the level obtained with undoped

samples.

In order to investigate the microstructure prevailing in F-implanted samples, two
specimens were prepared for XTEM investigation. Figure 6.6 compares the micrographs
of samples with Ni layers as they were deposited on a substrate implanted with 3x10"
cm® F (Figure 6.6 (a)) and on undoped Si (Figure 6.6 (b)). Magnifications were
calibrated using the inter-atomic spacing of pristine Si measured in high-resolution
lattice-images. In the F-implanted sample, we observe two ~ 4.0 nm thick layers with a
uniform contrast at the interface with the substrate. Comparing this microstructure with
that of the undoped sample (Figure 6.6 (b)) indicates that the darker of the two layers is
present at the interface of all Ni films regardless of the substrate, most likely as a
consequence of intermixing at the interface during the metal deposition. The brightest
layer is believed to consist of amorphized Si produced by the implantation process. As
expected, the measured depth of this layer is slightly larger than the implantation range

calculated using TRIM.
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Figure 6.5: a)-c) XRD intensity contour maps (A = 0.1797 nm) plotted as a function
of annealing temperature T, during thermal ramps at 3 °C s™ in purified He for 10-
nm-thick Ni layers deposited on c-Si(001) implanted with F at doses ranging from
310" to 3+10"” at cm? d) Corresponding in situ resistance including the data for
undoped Si. Resistance is normalized to the value at the beginning of the reaction.

The micrograph of Figure 6.6 (c) was acquired on a F-doped sample annealed at 3 °C s

and quenched at 380 °C, a condition that corresponds to the maximum intensity of the 0-



T

160

Ni,Si(110) peak in Figure 6.5 (c).! A CBED pattern obtained from the region identified
by the white circle in Figure 6.5 (c), and indexed as 6-Ni,Si, is displayed in Figure 6.6

(d). Since no 8-Ni,Si is expected based on the in situ XRD data, we conclude that the

thick top layer is comprised of a majority of 6-Ni,Si grains.

Figure 6.6 (c) also highlights the presence of a thin interfacial layer that is not
detected in our XRD geometry and that could not be sampled by CBED given its very
small thickness. Pole figure experiments (not shown) have revealed the presence of
diffraction features corresponding to a highly textured layer (close to an epitaxial layer)
in a similar sample. The nature of the diffraction contrast in Figure 6.6 (c) suggests a thin
interfacial layer with small grains at the quench temperature. The observed small grains
could either represent the structure of this textured interlayer or simply the morphology

of early NiSi formation.

Based on in situ curvature measurements, we have proposed in Chapter 5 that
stress could be a driving force for the consumption of 6-Ni,Si. Similar experiments were

conducted on F-implanted samples coated with 10 nm Ni layers. The resulting bending
force curves acquired during 0.3 °C s ramps, as well as the corresponding XRD contour
plots, are presented in Figure 6.7 for undoped as well as F-implanted samples. Each stress
trace is the average of three measurements; it was set at zero force above 450 °C where

relaxation mechanisms are known to be effective (See chapter 5).

" This micrograph was taken in an area of the specimen where the TiN capping layer has been etched off
during the preparation process.
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Figure 6.6: Bright-field TEM cross-sectional micrographs of a) 10 nm Ni with a20
nm TiN cap as deposited on F-implanted SOI (310" cm?), and b) 10 nm Ni as
deposited on undoped SOI, as well as ¢) 10 nm Ni with a 20 nm TiN cap on F-
implanted SOI (3+10'° cm™) after a thermal ramp at 3 °C s” in purified He quenched
at 380°C. d) CBED pattern acquired from the region labeled in c).

The samples used for the in situ XRD experiment were capped with TiN while
those used for the stress measurement were not. The bending force curves must be
analyzed with caution and any attempt to quantify the behavior would be risky. Still, we
can clearly see that the peak near 300 °C shifts to higher temperatures and is gradually
suppressed by an increasing F dose. In the undoped sample, this peak correlates with the
return of 8-Ni,Si and the simultaneous formation of NiSi. The stress evolution during the
beginning of the reaction is unaffected by F implantation, indicating that the apparent

delay in the formation of 8-Ni,Si is an artifact of the XRD intensity scale.
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Figure 6.7: a) in situ bending force plotted as a function of annealing temperature T,
during thermal ramps at 0.3 °C s’ in purified He for 10-nm-thick Ni layers
deposited on c-Si(001) implanted with F doses ranging from 310" to 310" at cm?
b) and c¢) corresponding in situ XRD intensity contour maps (A = 0.1797 nm) for the
un-implanted and 3+10" cm™ F-dose cases.

SIMS depth profiles (Figure 6.8) were acquired from samples implanted with
3x10"° F cm? at three different stages of the reaction: as-deposited, annealed and
quenched at 330 °C (corresponding to the maximum intensity of in 6-Ni,Si), as well as at
600 °C (fully grown NiSi). We show the profiles for both SiF* and F* species as they

respectively yield the largest signal-to-noise ratio and represent the actual species we are

interested in. Both species produce the same profiles, indicating that SiF* ions are good
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markers of the F distribution. The peak in the as-deposited sample is located at ~10 nm
from the sample surface, which is 5 nm less than values determined from TRIM
calculations and XTEM measurements. We attribute this discrepancy to the difficulties in
obtaining an accurate depth calibration in SIMS measurements, especially since the
oxidized surface could have been etched at a different rate. Nevertheless, the increase in
relative signal intensity between 2 and 8 nm for the sample annealed at 330 °C supports
the hypothesis that a notable F redistribution occurs in the growing silicide layers.
However, the peak around 15 nm in the same curve also indicates a significant plowing
of F atoms and their accumulation at the silicide/Si interface. The SIMS data for the
sample annealed at 600 °C is more uniform, indicating extensive fluorine redistribution

across the sample’s thickness.'
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Figure 6.8: SIMS depth profiles of ionic species F* and SiF* in samples with 10nm Ni
on ¢-Si(001) implanted with 310" F cm™ after deposition - ® -, after thermal ramps

at 3 °C s’ in purified He quenched at 330 °C (6-Ni,Si ) - ® - and 600 °C (NiSi)-®-.

"It is not clear if the peak found at the very surface of the 600 °C sample indicates surface segregation and
possible loss of F to the ambient as the signal from the surface regions of SIMS profiles are biased by the
evolution of the sputtering yields.



164

While the behavior described above could be associated with the chemistry of F
atoms, it is possible that some of the features could be related to the presence of the
amorphous layer formed during the implantation. Samples were thus implanted with Si
and N in order to verify if the resulting defects and partial amorphization could lead to
similar signatures. Figure 6.9 and Figure 6.10 present the compound formation results for
Si and N-implanted samples, respectively. Similarly to the case of fluorine discussed

above, we note a stabilization of 0-Ni,Si, albeit to a lesser extent with both Si and N.

Figure 6.9 (b) suggests that high-dose Si and F implantations have surprisingly
similar effects. However, the resistance traces in Figure 6.9 (c) do not show the plateau
that accompanied the presence of 0-Ni,Si in F-implanted samples. Furthermore, a careful
examination reveals that the increase in the 8-Ni,Si (110) peak intensity between 310 and

380°C is not as gradual as for F-implanted sampled, which could explain the different

resistance traces. Figure 6.10 also reveals that N-implantation slows down the reaction
between Ni and Si, a result that is in agreement with the findings of Scott et al.'*'*"
Still, even though the delay in Ni consumption increases with the implanted dose, the
reaction is not suppressed and the low-resistivity NiSi forms, even for the largest dose of
5x10" cm™. In contrast, in the sample with the largest dose, the formation of 8-Ni,Si and
0-Ni,Si appears to be totally suppressed. We also note for 1x10'> N cm™ that despite a
low diffracted intensity and a rather broad diffraction peak (indicating smaller/thinner

grains), the temperature range over which the 6-Ni,Si compound forms is extended with

respect to the un-implanted case.
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Figure 6.9: XRD intensity contour
maps (A =0.1797 nm) plotted as a
function of annealing temperature T,
during thermal ramps at 3°Cs” in
purified He for 10-nm-thick Ni layers
deposited on c-Si(001) implanted with
Si at doses of 110" and 510" d)
Corresponding in situ resistance data.
Resistance is normalized to the value
at the beginning of the reaction.
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Figure 6.10: XRD intensity contour
maps (A = 0.1797 nm) plotted as a
function of annealing temperature T,
during thermal ramps at 3°Cs” in
purified He for 10-nm-thick Ni layers
deposited on ¢-Si(001) implanted with
N at doses of 110" and 510" d)
Corresponding in situ resistance data.
Resistance is normalized to the value
at the beginning of the reaction.
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6.3.4 Formation on amorphous Si substrates

As a final verification of the origin of the F-implantation effect, we have studied
the reaction of a 10 nm Ni layer deposited on a-Si, which is presented in Figure 6.11. We
again note the prevalence of the 6-Ni,Si (110) peak in the low temperature part of the
reaction. The resistance trace exhibits a slowly decreasing plateau similarly to the F-
implanted case. Figure 6.11 (b) also suggests that the formation of NiSi, is accelerated, as
evidenced by the emergence of the NiSi, (220) peak near 600 °C. Since the NiSi, and Si
(220) reflections are just 0.1° apart, we cannot rule out that the intensity increase could be
the result of metal-induced crystallization of the a-Si. Still, the first increase in diffracted

intensity around 20 = 55° at 400 °C 1s most likely due to the formation of the NiSi.
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Figure 6.11: XRD intensity contour maps (A = 0.1797 nm) plotted as a function of
annealing temperature T, during thermal ramps at 3 °C s in purified He for 10-
nm-thick Ni layers deposited on a) ¢-Si(001) and b) a-Si. ¢) Corresponding in situ
resistance data. Resistance is normalized to the value at the beginning of the
reaction.
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6.4 Discussion

6.4.1 Effect of alloying impurities

We have shown in Chapter 5 that the formation of the metastable hexagonal
0-Ni,Si compound is possible because little atomic motion is required for the
transformation to occur from 8-Ni,Si. In other words, we proposed that this

transformation corresponds to a lower activation energy pathway compared to the
formation of the thermodynamically stable compounds Ni;Si, and NiSi, which are not yet
able to nucleate possibly because of strong concentration gradients at the interface. This

hypothesis is supported by the work of d’Heurle who estimated that the formation of NiSi

from the reaction of 3-Ni,Si and Si is at the limit of being limited by the nucleation."!

Studying the effect of Pt and Co enables us to verify whether the formation of
0-Ni,Si would be suppressed (promoted) by impurities that could improve (worsen) the
stability of NiSi with respect to Ni,Si, should nucleation play a decisive role in the
formation of NiSi. While the results with Pt suggest that stabilizing NiSi compromises
the 6-Ni,Si formation, our results with Co strongly suggest that impurity solubility also
plays a key role in influencing 6-Ni,Si formation. Co additions in excess of 10 at.% lead
to a suppression of 0-Ni,Si whereas its growth should be favored if NiSi nucleation were
effectively compromised by the alloying. Also, the differences in lattice parameters
between the completely miscible Co,Si and Ni,Si compounds being at less than 2%, the
presence of Co should not prevent 6-Ni,Si from promoting the nucleation of 6-Ni,Si
through the templating mechanism described in Chapter 5. We thus reach the conclusion
that Co has little solubility in 6-Ni,Si, which eventually leads to an increased nucleation

barrier for its formation.
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This result is particularly interesting because, based on the similarities between
the crystal structures of Co,Si, 8-Ni,Si and 8-Ni,Si"", we were anticipating an extended
Co solubility in the latter and potentially a stabilizing effect. Indeed, the Co-Si
equilibrium phase diagram shows a [3-Co,Si phase that lies in a portion of the diagram
that is qualitatively similar to that in the corresponding Ni-Si diagram (see Figure 1.4 and
Figure 1.8 for the Co-Si and Ni-Si equlibrium phase diagrams). The main difference is
that the eutectoid decomposition of 6-Ni,Si results in 8-Ni,Si and €-Ni,Si, while that of
B-Co,Si leads to Co,Si and CoSi, the latter of which is structurally dissimilar from NiSi.
Despite these similarities, our experimental results suggest that the crystal structure of B-
Co,Si is much different than that of 8-Ni,Si (there is no report of the crystal structure of

B-Co,Si in the literature).

Since the Pt,Si and 8-Ni,Si structures are very different we expect the Pt solubility
in 8-Ni,Si and in 8-Ni,Si to be limited.!""”'® This should limit the variations in the
8-Ni,Si lattice parameters with Pt addition and thus the effect on the texture inheritance-
driven transformation. Our experimental results therefore lead us to believe that the
formation of 0-Ni,Si is hindered by a combined effect of a low solubility of the alloying
impurity in the compound and by an enhanced NiSi nucleation. Our results suggest that
the formation pathway, and possibly the composition of the hexagonal 8-Ni,Si as we

observe it, differ from those reported by Foll et al.””, d’Heurle et al®V., and Dai et al.!'*"!
In the latter cases, the hexagonal phase was forming as a simple deformation of the NiSi
MnP structure which is stabilized by Pt in its epitaxial relationship with Si(111). We

clearly see no stabilizing effect of Pt in our experiments.



170

6.4.2 Effect of CMOS doping impurities and microstructure

The addition of B or P results in an overall delay of the reaction scheme observed
in undoped samples. The light scattering data exhibit a sharp peak near 400 °C which
coincides with a rapid decrease in film resistance. It is not possible to conclude a priori
from the light scattering data whether this peak corresponds to events occurring at the
surface or at the interface of the layer stacks, since both changes in surface roughness and
variations of the refractive index on a relatively flat surface can lead to an increased
diffuse light scattering signal. Nonetheless, this peak is a definite signature of a two-
dimensional transformation process. The correlation length of 5 ym seems
incommensurate with the typical 10-30 nm grains we measured in XTEM. Yet, this light
scattering feature clearly occurs at the temperature where the 6-Ni,Si is consumed and
where the concurrent re-growth of 6-Ni,Si and growth of NiSi occur. It could arises from
a late stage of the 0-Ni,Si consumption where few remaining grains are scarcely

distributed over the sample’s surface with an average inter-grain distance much larger

than the grain size itself, which in this case would be of the order of Sum.

6.4.3 Effect of F, Si and N implantations and stress

Comparing the results of F and Si implantation enables us to conclude that F has

both chemical and physical effects. While TEM results show that no amorphous layer
remains when the growth of 8-Ni,Si is complete, its presence when 6-Ni,Si nucleates
cannot be excluded. Clevenger et al.” have shown that amorphous silicide growth could
be thermodynamically favored between 350 and 650 K. We hypothesized that that the
presence of impurities could increase the temperature below which this remains true.
From the thermodynamic point of view, the nucleation of 0-Ni,Si from an amorphous

phase could indeed be favored.
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Our results show that an amorphous or amorphized substrate, at least when
present in the first stages of the reaction, stabilizes the 6-Ni,Si.' The fact that 6-Ni,Si
forms on amorphous Si substrates confirms that epitaxy is not necessary to stabilize the
formation of that compound and that it must form through a different pathway than
previously reported.”*"'*) Our hypothesis that the presence of 8-Ni,Si promotes the
formation of 6-Ni,Si is supported by our N-implantation study since the intensity of the

0-Ni,Si(110) peak decreases together with those of 6-Ni,Si(013) and (020).

The chemical effects of fluorine could originate from changes in interface
energies. Our SIMS data are compatible with the findings of Wong et al!'””" who
suggested that F segregates at the silicide grain-boundaries where it forms strong Si-F
and Ni-F bonds, which decrease the inter-grain interface energies. Furthermore, Donthu

et al."* have shown that the grain size of NiSi was reduced when formed on BF St

implanted samples. Assuming the same applies to 8-Ni,Si with F implantations, a larger
number of smaller grains would offer more nucleation sites for 0-Ni,Si. Also, given the
crystal structure of 8-Ni,Si, which allows for a large number of vacancies, the solubility

limit of F could be larger in that compound than in NiSi or 8-Ni,Si. This, again, would
favor its nucleation and growth with respect to the other silicides. While the increase in
the F signal in the region closer to the surface in the SIMS profile for the samples
annealed at 330 °C is consistent with a larger F solubility in 6-Ni,Si than in 8-Ni,Si, the
extensive redistribution in NiSi suggests a larger solubility in the latter. Finally, the
accumulation of F atoms at the silicide/Si interface could reduce the overall diffusion by
sticking to defects, filling grain boundaries, or simply occupying vacancy sites in the
hexagonal structure. This would delay the formation of NiSi, which we have shown in
Chapter 5 and earlier in this chapter to be the most probable cause of 6-Ni,Si

consumption. All this being said, since F, Si and N were implanted without removing the

''we expect at least the grain size and the growth kinetics of the -Ni,Si to be different, which must affect
the conditions for the nucleation and growth of 0-Ni,Si.



172

native oxide of the Si wafers, we cannot exclude the possibility that O impurities,
knocked-in by the implantation, contribute to some extent to the various effects described

here.

We reported in Chapter 5 that the maximum intensity of the 6-Ni,Si(110) XRD
peak coincides with a maximum compressive stress in 100 nm Ni samples. Figure 6.7
reveals that in 10 nm samples, 6-Ni,Si grows after the beginning of stress relaxation. This
suggest that the large compressive stress measured for the 100 nm Ni sample arises
mostly from volume expansion during the formation of 8-Ni,Si or from the thermal
expansion of Ni. A reasonable explanation for the decreasing tensile peak near 300 °C
with increasing F dose could be tied to the corresponding suppression of the 6-Ni,Si
regrowth upon consumption of 8-Ni,Si. Regardless of the 8-Ni,Si composition (that we
do not know), regrowth of 8-Ni,Si will result in volume shrinkage.' Assuming a 0-Ni,Si
composition at the eutectoid point (39 at.% Si), the formation of NiSi from 6-Ni,Si
involves little volume change. With a decreasing 3-Ni,Si regrowth upon consumption of
0-Ni,Si, less volume shrinkage occurs in the layer stack, therefore decreasing the tensile

stress build up.

Regardless of the implanted impurity and of its activation state, the suppression of
the 8-Ni,Si regrowth correlates with the increasing temperature at which the consumption
of the 6-Ni,Si occurs. We conclude that higher temperatures most likely favor both the
nucleation and rapid growth of NiSi, suppressing the return of 8-Ni,Si upon consumption

of 8-Ni,Si.

"' The volume per mole of atoms are: 8-Ni,Si (6.57 cm®), NiSi (7.26 cm®), 8-Ni,Si (ranges from 7.11 cm® @
37.5 at.% Sito 7.59 cm® @ 41 at.% Si).
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6.5 Conclusion

The formation of the 6-Ni,Si is strongly influenced by the presence of impurities
and by the crystallinity of the substrate, suggesting that nucleation plays a limiting role in
the growth of that compound. While the possibility of epitaxy with the Si substrate is not
a necessary condition to the nucleation of 8-Ni,Si, the template provided by 8-Ni,Si is
crucial in promoting it. Activated CMOS dopants and alloying impurities delay the
growth of all Ni-rich compounds and eventually suppress the formation of the 6-Ni,Si
possibly because of a limited solubility. Impurities implanted without subsequent re-
crystallization anneals also stabilize the compound partly through the presence of an
amorphous interface, at least at the beginning of the reaction. The stabilization effect is
enhanced by segregation of F to grain boundaries, by its ability to form strong Si-F and
Ni-F bonds, and by a possible large F solubility in 8-Ni,Si in which the F atoms would
most likely occupy the vacancy sites of its relatively open crystal structure. The
consumption of 6-Ni,Si is not triggered by the accumulation of stress, but rather by the
nucleation of NiSi. Finally, the tensile stress build-up occurring upon consumption of the
0-Ni,Si could be associated to the regrowth of 8-Ni,Si as both events are gradually

suppressed by increasing F-implantation doses.
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Chapter 7 : Growth kinetics of 6-Ni,Si on undoped and
F-implanted Si (001) substrates

7.1 Introduction

In chapter 6 we have shown that the formation of 6-Ni,Si is strongly influenced
by the presence of impurities, suggesting that nucleation is a growth-limiting step. We
have also shown that fluorine implantation without subsequent activation anneal
stabilizes the compound, increasing the temperature window over which it is observed
during constant temperature ramp rates experiments. The fluorine most likely influences
the reaction by binding to the vacancies left on the Ni sub-lattice of the 6-Ni,Si, blocking

the consumption mechanism of the compound.

In the current chapter we investigate the growth and consumption kinetics of the 0-
Ni,Si during the reactions of 10 nm Ni layers with undoped and F-implanted c-Si (001)
substrates. This particular Ni thickness was chosen for its pertinence with the current
state of the CMOS technology. Using real-time in situ X-ray diffraction (XRD), we
monitor the evolution of the transformed volumes of 6- and &- Ni,Si during both
isothermal and ramped anneals. We show that the complex growth of the 6-Ni,Si cannot
be explained using classic nucleation-and-growth or diffusion-controlled growth models.
The 6-Ni,Si consumption data however, is successfully analyzed using the classic
Johnson-Mehl-Avrami-Komolgorov model for nucleation and growth. The activation
energies deduced from the analysis of the growth data in the isothermal regime using
different kinetics models are correlated with values extracted using Kissinger’s analyses
of reaction data obtained during temperature ramp annealing experiments to identify the

best model to describe the 6-Ni,Si growth.
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7.2 Experimental procedures

7.2.1 Sample preparation

Our experiments we carried out on Si (100) substrates, either undoped or
implanted with Fluorine. Implantations were done at 2keV on 4-inch 250 um thick bulk
wafers using a commercial implanter, with the wafers normals tilted 7° away from the ion
beam direction to avoid channeling. Doses of 3x10", 1x10%, and 3x10" at/cm® were
implanted without activation annealing such that the subsequent Ni depositions took
place on at partially amorphized Si(001) surfaces. The projected range of F atoms,
calculated using TRIM,™ is about 5Snm, which is less than required to convert 10nm Ni
layers into 6-Ni,Si, even when taking into account the straggle value which is about half
of the projected range. All the implanted Si is most likely consumed before the formation

of the 6-Ni,Si.

Prior to the Ni deposition, the undoped and F-implanted Si(001) wafers were
etched for 55s in dilute HF (10%), blown dry with high-purity N, and immediately loaded
in the deposition system. Magnetron sputter deposition from a 99.999% pure Ni target

was carried out at room temperature in a MRC-643 tool under 10mTorr of high-purity Ar
after reaching a base pressure of 2x107 Torr. As-deposited samples were cleaved into

0.5-1cm? dices for the in situ XRD experiments.

7.2.2 In situ XRD during annealing

In situ XRD measurements during annealing were performed at the National
Synchrotron Light Source (Brookhaven National Laboratory), on beam line X-20C. The

samples were introduced in a vacuum chamber with rapid thermal anneal capabilities. To

minimize contamination from oxygen, the chamber was evacuated twice to 5x10° Torr
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(7x10™ Pa), back-filling each time with purified He. Anneals were performed under a

steady flow of 1 L/min of purified He at 1 atm.

The annealing parameters we have used were selected so as to cover both the
formation and subsequent consumption of the 0-Ni,Si. Isothermal annealing dwell

temperatures were reached with nominal 27°C/s ramps starting at 100°C. The current
study covered target temperatures ranging between 240 and 300°C, all reached within 20
s. Table 7-1 summarizes the annealing parameters (duration of experiment and
temperatures) used for the isothermal study of the various samples. Temperature ramp
anneals for Kissinger’s analyses were performed with nominal rates of 0.3,1, 3, 9 and
27°C between 100 and 600°C. The sample temperature was measured with a
thermocouple calibrated for each ramp rate to +3°C using the Si-Au, Si-Al, and Si-Ag

eutectic melting points. All measurements were performed with the same thermocouple.

Table 7-1: Isothermal annealing parameters. Duration (min) and
temperature of the reaction.

T°  UndopedSi 3E14F+cm?® 1E15F+cm? 3E15 F+ cm?

240 90 150

250 60 135 150

260 45 90 75

270 30 45 90 150
280 20 30 60 90
290 15 60 60
300 35

The diffraction experiment used a high-intensity monochromator built from a

band pass W-Si multi-layer filter that provides an x-ray beam of 6.9 keV (A = 0.1797 nm)

with an energy resolution of 1.5% and a typical intensity at the sample of 1x10"
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photons s. The incident x-rays irradiated a sample area of about 2 X 2 mm. Diffraction
spectra were collected using a position sensitive detector (PSD) consisting of a linear

diode array covering a 28 window of 14 °.

All our experiments were performed with the detector centered at 55° (26). This
corresponds to the position of the 6-Ni,Si (110) diffraction peak, the only strong

reflection we observe for this compound. In order to optimize the diffraction conditions,

undoped and F-implanted test samples were annealed at 3°C/s and quenched at the

maximum development of the 0-Ni,Si. The w-angle (the angle between the incident beam
and the sample’s surface) was then scanned to maximize the intensity of the peak. The ¢-

angle (rotation of the sample about its surface normal) was not varied since our pole-
figure data indicate the (110) planes belong to a fiber texture (c.f. Chapter 5). All the
samples were then introduced in the chamber with the same orientation, and the

diffraction geometry was kept constant for all the experiments reported.

7.2.3 Kinetics analyses and extraction of the integrated diffracted

intensities

The study of growth kinetics by x-ray diffraction uses the direct proportionality
between the volume of a growing compound and the integrated intensity under its

diffraction peak(s). This proportionality is expressed by:

2
vgruwth

11(6)‘: K

F

hkl

where I,(6) is the integrated intensity, V,,,,, the diffracting volume, F,,, the

structure factor of the XRD reflection under consideration, and K,,, a factor taking into

account the effects of the diffraction geometry (including the diffraction angle), the x-ray
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polarization, the distribution of grain orientations (i.e. texture), the temperature, and the
x-ray absorption. We have shown in Chapter 4 that analytical expressions of K, can be
found for powder samples but that it is generally unknown for textured polycrystalline
thin films. As long as this term can be assumed constant during the reactions, the fact that
it is unknown does not affect one’s ability to determine growth-limiting mechanisms and
their activation energies. Indeed, as shown in Chapter 4, the variation of this term can be
neglected during both isothermal and temperature ramp anneals since we assume that
there are no changes in the texture of the films. F,;, is also constant unless compositional
changes occur. The effects of a varying composition on the results of a study of kinetics

based on XRD will be addressed later in this chapter.

We have seen in Chapters 5 and 6 that the 6-Ni,Si (110), the 8-Ni,Si (013)/(211)
and (020) peaks are so close to one another that they strongly overlap during the 6-Ni,Si
growth. In order to properly separate their respective integrated intensities in that portion
of the reaction, they need to be fitted with appropriate functions. It is a common practice
in the XRD field to use the pseudo-Voigt (PV) function to describe diffraction
peaks.I"™'®1 It consists of a linear combination of Gaussian (G) and Lorentzian (L)

functions, as an approximation of the actual Voigt function, which is a convolution of G

and L. The PV function we have used is given by:"'*

(6-6,) ]2

Equation 7-1 fO)=M Ae-[m (1-M)

+ 2
{H(z(e—eo)j J
(FWHM)

Peaks are thus fitted with four parameters, 8, the central position, A the amplitude,

FWHM the full width at half-maximum and M the G-L mixing factor, which varies
between 0 and 1. The integrated intensities are computed for each peak using their

respective fitted parameters as detailed in Figure 7.1. Figure 7.1 (a) shows the typical in
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situ XRD measurement performed during the 60-minute isothermal anneal of a 10 nm Ni
layer on c-Si(001) substrate at 250°C. The diffracted intensity is plotted as levels of grey
(bright = high and dark = low intensities) versus diffraction angle 20 (ordinate) and
annealing time (abscissa). Figure 7.1 (b) shows the data points of a single spectrum taken
along the dotted line in (a) along with the pseudo-Voigt fits of all peaks, the total fit and
an example of the integrated intensity (hatched area), which will be referred to as /; in the
rest of this chapter. Clearly, the pseudo-Voigt functions result in very good fits to the data
(black line)
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Figure 7.1: (a) XRD intensity contour map (A = 0.1797 nm) plotted as a function of
annealing time during the isothermal annealing at 250 °C in purified He of a 10-nm-
thick Ni layer deposited on c-Si(001). (b) Single spectrum taken along the dotted line
in (a) together with typical fitting results. Circles (0) represent data points, the
different fitted peaks are plotted in light grey, and the resulting sum of all fitted
peaks in plotted in solid black. The hatched area represents the integrated intensity.
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In order to fit the data of a complete isothermal annealing experiment such as the
one presented in Figure 7.1, we have an implemented automated MatLab routine that
sweep through all the scans of the data set to fit them. The fitting procedure begins with a
set of initial values chosen by the operator. If p peaks are fitted at the same time, 4p
parameters are used; position, amplitude, FWHM, Gauss-to-Lorentz ratio for each peak.
The routines then atomatically use the fit results of a scan as the initial values for the fit
of the next scan. The operator can choose whether any of the 4p parameters may vary or
not from one scan to the other. In many instances, we have tested up to seven different
combinations of such constraints and of initial parameters to establish the uncertainty

imparted by the fitting procedure on the kinetics analysis.
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7.3 Results:
7.3.1 Undoped Si

Figure 7.2 presents the reaction of 10 nm Ni layers on undoped Si(001) as
monitored by in situ XRD during isothermal anneals at temperatures between 240 and
280 °C. A log scale was used for the time axis to allow for comparing very different
reaction rates on a same scale. As expected, the reaction accelerates as the temperature is
increased, resulting in earlier /) consumption of 6-Ni,Si and ii) concurrent formation of 6-
Ni,Si. For the highest temperature we investigated, the 8-Ni,Si (013)/(211) peak clearly
goes through a minimum as the 0-Ni,Si (110) peak reaches its maximum, after what it re-

increases upon the consumption of the 0-Ni,Si. This is similar to what was observed

during ramp-type annealing experiments for instance in Chapter 5.

Figure 7.3 shows the integrated diffracted intensities and positions of the 6-Ni,Si
(110) and 8-Ni,Si (013)/(211) XRD peaks extracted by fitting the data of Figure 7.2 with

pseudo-Voigt functions. We observe that the 6-Ni,Si growth proceeds in two clearly

observable steps, the second of which gains an increasing relative importance as the
temperature increases. This result suggests that at least two mechanisms are controlling

the growth, either in sequence or in competition, such that standard kinetics analysis
procedures cannot be readily applied. The6-Ni,Si growth will be carefully modeled later

in this chapter.

The evolution of the 8-Ni,Si (013)/(211) peak during the first stage of the 6-Ni,Si

growth is not plotted on Figure 7.3 (b) because it is obscured by an intense Ni (111) peak.

The automated fitting routines therefore fail to successfully separate the contributions of

both peaks in that 26-angle region so that the integrated intensity data is not reliable.
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Figure 7.2: XRD intensity contour map (A = 0.1797 nm) plotted as a function of
annealing time during the isothermal annealing in purified He of 10-nm-thick Ni
layer deposited on c-Si(001) at (a) 240, (b) 250, (c) 260, (d) 270 and (e) 280 °C.
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Figure 7.3: (a) and (b) Integrated diffracted intensity I, along with (c) and (d)
position of the 6-Ni,Si (110) and 3-Ni,Si (013)/(211) XRD peaks as a function of time
during the growth of the 0-Ni,Si and the concurrent consumption of 8-Ni,Si during

isothermal annealing of 10-nm-thick Ni layer deposited on c-Si(001) at temperatures
between 240 and 280°C in purified He. The dashed lines indicate critical points for

the 260 °C anneal. The dashed circle in (b) indicates the strong decrease of the d-
Ni,Si (013)/(211) peak.

Figure 7.4 (a) presents the raw intensities summed under the 6-Ni,Si (020) and the
0-Ni,Si (110) peaks over the ranges identified by horizontal lines in the XRD contour
map of Figure 7.4 (b). The figure shows qualitatively that the 6-Ni,Si (020) peak

gradually increases in intensity during the first growth stage. We may presume that the

same holds true for the 5-Ni,Si (013)/(211) peak. The figure also shows that even without
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resorting to fits, we clearly observe two stages in the increase of the 6-Ni,Si (110) peak,
which indicates that the trends observed in Figure 7.3 do not result from an artefact of the

fitting procedure.

The flat part of the signal in the early stages of the reaction in Figure 7.3 (¢) is a
consequence of forcing a constant position for the 8-Ni,Si (110) peak in that region for fit
convergence reasons. We have verified however that changing the fitting constraints in
the analysis consistently leads to a two-staged growth as in Figure 7.3 (a). Figure 7.3 (c)
and (d) also indicate that both the 8-Ni,Si (110) and 8-Ni,Si (013)/(211) XRD peaks shift
in position following the same qualitative trend as the reaction unfolds. They first drift
towards larger angle values then towards smaller values. Since 6-Ni,Si is a non-
stoichiometric compound, one may want to associate these shifts to possible
compositional changes. However the stoichiometric nature of -Ni,Si rather points to an
evolution of stress. Indeed, even though the shift direction changes earlier for the d-Ni,Si
(013)(211) peak, the peak shifts could simply be explained by the stress becoming
tensile, then compressive, as observed in Chapter 6 during ramp-type anneals. This would
cause the spacing of all of the crystallographic planes that are parallel to the surface of
the film to respectively contract and expand. Nevertheless, a compositional change

cannot be excluded at this point, and could be concurrent to the stress variations. The
reason why the position of the 8-Ni,Si (013)/(211) changes direction earlier than the 6-
Ni,Si (110) is not well understood, it could correspond to a point where the consumption

of the 6-Ni,Si is such that it becomes discontinuous, becoming free to relax.

Figure 7.3 (b) confirms the trend observed in Figure 7.2 whereby the 8-Ni,Si
(013)/(211) peak goes through a minimum while the 6-Ni,Si (110) reaches its maximum
value. The phenomenon is apparently accentuated by increased reaction rates. Indeed,

higher reaction temperatures result in an increased 8-Ni,Si consumption as the integrated
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intensity of the (013)/(211) peak reaches lower minimum values with increasing

temperature.
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Figure 7.4: (a) Raw summed intensity under the 6-Ni,Si (110) (red) and 3-Ni,Si (002)
(black) XRD peaks in the early stages of the growth during the reaction of a 10nm
Ni layer on c-Si(001) at 260°C in purified He. (b) XRD intensity contour map
(A =0.1797 nm) plotted as a function of annealing time with the angular ranges over

which the summations are performed: from 54.75 to 56.25 (red) and from 56.25 to
58.00.

Figure 7.5 shows the reaction of 10nm Ni layers on c-Si(001) as monitored by in
situ XRD during ramp anneals with heating rates ranging between 0.3 and 27 °C/s. As
expected from thermally activated processes, an increase in heating rate delays the

reaction to higher temperatures. These heating-rate-dependant temperature shifts are used
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to determine activation energies through an analysis method proposed by Kissinger.'””

Mittemeier et al.®'** have shown that Kissinger’s analysis could be applied to obtain the
apparent activation energies of any given reaction process without the use of a specific
kinetic model (e.g 1D diffusion-controlled growth, 2D or 3D nucleation-controlled

growth etc.).

The procedure for determining the apparent activation energy for the formation
and consumption of 6-Ni,5i is presented in Figure 7.6. The XRD intensity summed over
a range of 2 °(20) around the position of the 6-Ni,Si (110) peak is shown in Figure 7.6 (a)
together with its derivative as a function of temperature for the different ramp rates we
investigated. The temperatures of maximum 0-Ni,Si growth and consumption rates are
readily observed in Figure 7.6 (b) in the form of sharp positive and negative peaks. The
Kissinger plots for the growth and consumption of the 8-Ni,Si compound, are presented

in Figure 7.6 (c) and (d). The activation energies E, were determined using the true
(measured) ramp rates and we have assumed an uncertainty of 5 °C on the maximum rate

temperatures. These two latter quantities are provided in Table 7-2.

We obtain from the Kissinger’s analysis presented in Figure 7.6 activation
energies of 2.05 £ 0.5 eV and 1.7 £ 0.4 eV respectively for the growth and consumption
of 6-Ni,Si. We note that the activation energy for the 0-Ni,Si growth is larger than those
usually reported for the growths of 8-Ni,Si and NiSi (1.4-1.8eV),2#313648L8283 g]though

the range over which the values for NiSi are distributed overlaps with the range allowed

by the uncertainty on our measured values.
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5-Ni,Si (013)/(121)

e) ' : Ni,Si (013)/(121)

300 250 300 350 400, . 450
Temperature (°C)
Figure 7.5: XRD intensity contour map (A =0.1797 nm) plotted as a function of
annealing temperature T, during thermal ramps in purified He of 10-nm-thick Ni
layers deposited on c-Si(001) at (a) 0.3 °C/s, (b) 1 °C/s, (¢) 3 °C/s, (d) 9 °C/s and (e)
27 °C/s from 100 °C to 450 °C.
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Figure 7.6: (a) XRD intensity summed over a range of 2° about the 0-Ni,Si (110)
peak (56.2°) during ramp anneals of Figure 7.5. (b) Derivative of the XRD summed
intensity (a) (growth rate). (c¢) and (d) Kissinger’s analysis for the growth and
consumption of 6-Ni,Si using the critical temperature values obtained from (b) and

summarized in Table 7-2.

Table 7-2: Temperatures of maximum 0-Ni,Si growth and consumption rates for the
Kissinger’s analysis of the reactions on undoped Si(001).

Nominal heating Actual heating rate T° @ max growth T @ max
rate (°C/s) (°Cl/s) rate consumption rate
0.3 0.35 287 307
| 1.05 309 325
3 3.1 321 344
9 9.4 326 370
27 29 350 387
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We have established in Chapters 5 and 6 that the consumption of the 0-Ni,Si is
initiated by the nucleation of NiSi and that it most likely unfolds through a two-
dimensional process. We have shown in Chapter 2 that nucleation and growth
phenomena are usually described within the Avrami formalism whereby the transformed

volume fraction follows a law of the form:

E=1—g kY

where k is the Avrami growth constant, ¢ and ¢, the time and time offset for the
onset of the growth and »n the Avrami exponent, which is related to the dimensionality of
the growth. In Chapter 2 we have shown that when a growth process is well described by
the Avrami model, plotting the log(In(1/(1-£))) vs log(z-1,) yields straight lines of slope n

and y-intercept log(k). This procedure is usually referred to as the Avrami analysis.

Figure 7.7 (a) presents the Avrami analysis performed on the decreasing part of
the 6-Ni,Si (110) XRD peak. Since the neighboring 8-Ni,Si peak have a relatively low
intensity at that point of the reaction, fitting the data, which is a difficult and time
consuming process, is not necessary so we rather used the raw intensity summed over a
range of 2° (20) about the position of the peak. For the purpose of this analysis, the time
scale was offset so that the maximum of the 6-Ni,Si (110) peak corresponds to (z-£,) = 0.
The consumed volume fraction was established as (Ig ;10 ma= To(110(t-10)) | Lo 110)max = Lo
(110ymin)- Figure 7.7 (a) shows that the analysis yields exponents close to 2 for all annealing
temperatures, which we correlate to a site-saturated two-dimensional nucleation-
controlled consumption. We have observed in Chapters 5 and 6 that this consumption
usually results in a simultaneous appearance of NiSi and §-Ni,Si, the link between these

results will be discussed later.
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Figure 7.7 (b) shows an Arrhenius plot of the Avrami growth constant k where the
slope is —3.35+0.9 eV. This is precisely twice the value of the activation energy obtained
with the Kissinger’s analysis of Figure 7.6 (d), as expected from an Avrami-like growth

process with an exponent of 2 (c.f. sections 2.2.1and 2.2.4.).

Avrami analysis of the e-NEZSi consumption Act. energy of the (-)-NiZSi consumption {2D-nucl. & growth)
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Figure 7.7: (a) Avrami plots of the 6-Ni,Si (110) intensity summed (not fitted) over a
range of 2° (20) about 56.2° for isothermal anneals in purified He of 10nm Ni layers
on undoped c-Si (001) at temperatures between 240 and 280 °C and (b) Arrhenius
plot of the Avrami constant.

7.3.2 F- implanted Si(001)

Figure 7.8 shows the in siru XRD data acquired during the reactions at 250°C and
280°C in samples with 10nm Ni on undoped and F-implanted c-Si(001) (doses of 3x10",
1x10" and 3x10" at. F cm™). We observe that the exhaustion of the Ni and the stress
relaxation in 8-Ni,Si occur at the same time regardless of the fluorine dose over most of
the temperature range covered in our experiments. However, in contrast with our
observations in the ramp-type annealing regime reported in Chapter 6, the formation of 0-

Ni,Si is clearly delayed by the fluorine implantation under isothermal treatments. It



191

follows that the exhaustion of the 6-Ni,Si is also delayed, although this trend changes for
the largest implantation dose at 280°C. A detailed analysis of XRD intensity ratios
presented in Figure 7.9 reveals that the XRD peak intensities of the 8-Ni,Si first increase
with the F dose and then monotonically decrease for the higher doses. For the sample
with 3x10" at. F cm™, the intensity relative to the Ni (111) peak is 40-50% lower than in
the undoped sample.! While the 6-Ni,Si goes through a similar qualitative trend, the  6-
Ni,Si/8-Ni,Si proportion becomes significantly large for the 3x10" at. F cm™ dose. While
this could result from an increasing 0-Ni,Si formed volume, the earlier consumption of
the 6-Ni,Si in the sample with 3x10" at. F cm™ is certainly linked to an initially lower
formed volume of 8-Ni,Si; if less 6-Ni,Si can form (presumably because of excessive

amounts of F), complete consumption will occur earlier.

The local maxima in intensity ratios observed for the 3x10™ at. F cm™ dose in all
the traces of Figure 7.9 suggest a larger volume of metal-rich phases in this sample. It is
interesting to note a correlation between these maxima and the results reported in Chapter
6 whereby the Ni-rich part of the resistance trace is lower for the 3x10" at. F cm™? dose

(c.f.Figure 6.5).

! Black circles : 0.26 vs 0.42, black squares : 0.071 vs 0.145
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Figure 7.8: XRD intensity contour map (A = 0.1797 nm) plotted as a function of
annealing time during the isothermal annealing in purified He of 10-nm-thick Ni
layer deposited on ¢-Si(001)) implanted with 0, 3x10", 1x10" and 3x10" F at. cm?
(a)-(c) 250 °C and (d)-(g) 280 °C isothermal annealing.
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Figure 7.9: Ratio of XRD peak intensities (raw data, not fitted) during the
isothermal annealing at 280 °C in purified He of 10-nm-thick Ni layer deposited on
¢-Si(001)) implanted with 0, 3x10", 1x10" and 3x10" at. F cm? (c.f. Figure 7.8 (d)-
(g)). m 3-Ni,Si (013) after its angle shift / initial Ni(111), ® &-Ni,Si (002) after its
angle shift / initial Ni(111), ® 6-Ni,Si (110) at the maximum of its development /
initial Ni(111) and @ 0-Ni,Si (110) at time of its maximum development / 3-Ni,Si
(013) after its angle shift..

Figure 7.10 shows the integrated intensity under the 6-Ni,Si (110) peak during the
isothermal reaction of 10 nm Ni layers on undoped and F-implanted c-Si(001) (a) at
280°C with variable F dose and (b) at different isothermal annealing temperatures with a
constant F dose of 3x10" at. cm™ In Figure 7.10 (a) we find that in addition to delaying
the formation of the 0-Ni,Si, F implantations seem to change the reaction pathway. The
kink associated to the transition between the first and second growth regimes observed in

the undoped sample, is gradually suppressed by the increasing implantation dose.
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Figure 7.10: Integrated intensity of the 0-Ni,Si (110) peak as a function of time
during the isothermal annealing in purified He of 10 nm Ni layers on undoped and
F-implanted Si(001). (a) Annealing at constant temperature of 280°C with doses of
0, 3x10", 1x10" and 3x10"” F atoms cm?, and (b) between 270°C and 300°C with a
constant F dose of 3x10" at. cm™

Focussing on the case of the largest fluorine dose, Figure 7.10 (b) shows that the
reaction still proceeds in two stages. Transposing on Figure 7.8 (g) the time at which the
kink occurs on the 280°C trace of Figure 7.10 ((a) or (b)), we find that this new transition
point correlates with the disappearance of the 6-Ni,Si peaks. We conclude that high-dose
fluorine implantation causes the appearance of a third growth stage, which corresponds to
an increase in XRD intensity of the 6-Ni,Si (110) peak in the absence of 8-Ni,Si (as well
as Ni). While this increase can represent further growth of 0-Ni,Si, as suggested by the

slight decrease in resistance observed during the corresponding formation stage of 3°C/s
ramps (c.f.Figure 6.5), it could also result from compositional or microstructural changes

within that layer.

Figure 7.11 presents the effect of fluorine on the Kissinger’s analysis of the 0-
Ni,Si growth using ramp anneals with heating rates varying from 0.3 to 27 °C/s. Figure

7.11 (a) shows the intensities summed over a range of 2°(20) centered about the position
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of the 6-Ni,Si along with (b) the corresponding derivatives, as a function of temperature

for the reaction in samples with 3x10" F at. cm™.
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Figure 7.11: (a) XRD intensity summed over a range of 2° about the 0-Ni,Si (110)
peak (56.2°) during ramp anneals at 0.3, 1, 3, 9, and 27 °C/s in purified He of 10nm
Ni layers deposited on c-Si(001) implanted with 3x10** F at. cm™ (b) Derivative of
the XRD summed intensity in (a) (growth rate). (c¢) Kissinger analysis of the growth
regime associated to the consumption of the 8-Ni,Si (2" regime). (d) Kissinger’s
analysis of the growth regime in absence of 3-Ni,Si (3" regime).

The second and third growth stages defined in Figure 7.10 and clearly observed in

the ramp-type annealing regime results of Figure 7.11 (a), are associated to two

corresponding peaks in the derivative signal of Figure 7.11 (b). The 0.3°C/s trace shows a
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peak around 300°C that could correspond to the first growth stage observed on undoped
Si, but its presence is not clear in the other traces. Figure 7.11 (c) and (d) show the
Kissinger analysis of the second and third growth stages. Only two sets of data are
presented in Figure 7.11 (d) because the third growth stage is not observed in the samples

with 3x10" F at. cm™

As expected from the delay observed in the 0-Ni,Si growth, F implantation
increases the activation energy of the second growth regime from 2.05+0.5 eV (undoped)
to 2.80+0.5 eV (3x10" F at. cm™), which is beyond the uncertainty on the values. The
same trend seems to apply to the activation energy of the third growth regime, which
increases from 1.95+0.5 eV (1x10” F at. cm?) to 2.5+£0.5 eV (3x10" F at. cm?). In

Chapter 6 we have shown through the use of SIMS that there was some F redistribution
in the growing Ni-rich silicides formation, although a clear plowing at the growth front is
also observed. The results here support an incorporation of F atoms to the growing 0-

Ni,Si, which slows down the growth.

Figure 7.12 shows the effect of fluorine on the consumption kinetics of 6-Ni,Si.
Figure 7.12 (a) and (b) present Avrami plots of the summed intensity for samples with
3x10" and 1x10" F at. cm™ respectively. Figure 7.12 (c) shows the Arrhenius plot of the
Avrami constants of (a) and (b). Figure 7.12 (d) shows the Kissinger’s analysis of the 0-
Ni,Si consumption built using the minima of the derivative traces (not shown for the

3x10' and 1x10"” F at. cm™ doses). The Avrami analysis data for the 3x10"” F at.cm™

dose is not presented because the NiSi (103) peak appears upon the decrease of the 6-
Ni,Si(110) peak in these samples. Since their positions coincide almost exactly, even a
careful fit fails to separate their respective contributions. The overlap is also present in
samples with 1x10"° F cm™ but to a lesser extent so that the analysis can still be carried

out but may be less reliable.
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Figure 7.12 (a) and (b) suggest that the 8-Ni,Si consumption also proceeds with
an Avrami exponent close to 2 in fluorine-implanted samples. The slight increase in the
exponent for the 1x10" F at.cm™ dose could be linked to the presence of the NiSi (103)

peak, which would also bias the value of the activation energy of the Avrami constant in

Figure 7.12 (c).
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Figure 7.12: Avrami plots of the 6-Ni,Si (110) intensity summed (not fitted) over a
range of 2° (20) about 56.2° for isothermal anneals in purified He of 10nm Ni layers
on c-Si (001) implanted with (a) 3x10" and (b) 1x10" F at. cm? at temperatures
between 250 and 300 °C along with (c) the Arrhenius plot of the Avrami constants in
(a) and (b). (d) Kissinger’s analysis of the 6-Ni,Si consumption during ramp anneals
at 0.3, 1, 3, 9, and 27 °C/s in purified He of 10nm Ni layers deposited on c-Si(001)
implanted with 3x10", 1x10%, and 3x10"” F at. cm™
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Given the nature of the measurement, the Kissinger’s analysis is more direct' and
was applied for all F doses. Although the results of Figure 7.12 (c) and (d) must be
interpreted with prudence given the possible bias from the Ni (103) peak, they indicates
that the apparent activation energy of the consumption reaction increases with the F
implantation. However, because of the lack of match between the activation energies of

the Avrami constant and the ones obtained from the Kissinger’s analysis for the 1x10"* F

at.cm™ dose, it is not clear if the Avrami model effectively gives an adequate description

of the consumption Kinetics in F implanted samples.

7.4 Analysis and discussion

7.4.1 Growth kinetics of 6-Ni,Si on Undoped c-Si (001): The Coffey-

Clevenger-Barmak-Rudeman-Thompson model

Our extensive TEM investigation did not lead to a clear depiction of the
microstructure evolution during the 6-Ni,Si growth. In the absence of such information,

we rely on a detailed analysis of the growth kinetics to form holding hypothesis about the

growth geometry and the controlling mechanisms. Since the volumes formed during each
of the two stages of the 0-Ni,Si growth contribute for significant portions of the total

formed volume, any analysis of the growth kinetics must proceed from a model where

both regimes are treated simultaneously in the formalism.

The large difference in growth rate between the two regimes bares an interesting
resemblance with the formation of 8-Ni,Si on amorphous Si, whereby a one-dimensional

diffusion-controlled thickening of the product layer follows a two-dimensional

! While the superposition of two peaks may significantly alter the actual time dependance
of the integrated diffracted intensity one may measure, the effect of the superposition on
the position (on the temperature scale) of an extremum in the reaction rate may be
smaller, especially if the extremum corresponds to a strong variation in rate.



199

nucleation-controlled growth stage. Coffey ez al. have proposed a formalism that treats
simultaneously both growth regimes in a single unified model.”* The analyses we present
in this chapter will be based on this formalism and on three modifications of the original

model.

Figure 7.13 illustrates schematically the CCBRT model. The first stage consists of
a site-saturated two-dimensional nucleation-and-growth regime governed by the

following Avrami-like equation:

Equation 7-2 Xa=1-

5-D nucleation & g‘rowth 1-D diffusion-controlled
thickening

Figure 7.13: Illustration of the Coffey-Clevenger-Barmak-Rudman-
Thompson (CCBRT) model.

X, is the areal transformed fraction, 7 is the nucleation site density and r is the

average radius of the cylindrical nuclei. The latter are assumed to have a constant height
Z, throughout the entire first stage of the growth. The growth rate dr/dt of the radius is
given by:

Equation 7-3 —=K, e
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where K, is the growth constant, Q, is the activation energy for the growth, k; and
T are the Boltzmann’s constant and temperature. At constant temperature this growth rate

18 constant.

The second stage consists of a classic one-dimensional diffusion-controlled
thickening beginning once the nuclei have impinged and coalesced into a continuous

layer of thickness z,,. The thickening rate dz/dt of this layer is given by:

. dz K, i1
Equation 7-4 =L T
dt Z
where z is the thickness, Q, is the activation energy for diffusion, and K, is the
diffusion-controlled growth constant. This constant depends on multiple factors such as
the diffusion coefficient, some geometrical, driving force, and stoechiometry terms

(c.f.sections 2.1.1 and 2.2.2). The two growth regimes are unified through the

transformed volume fraction y, which is expressed as:

Equation 7-5 Xv = Xa =
b4

max

where z,,, 1S the maximum thickness reached during the 1D diffusion-controlled

growth stage. The overall volume growth rate dy,/dt is therefore given by:

Equation 7-6 A2y _ A~ 4+ Za %
Z t

dt dt Zmax max

Assuming an isothermal reaction, Equation 7-3 and Equation 7-4 can easily be

integrated and combined to obtain an analytical expression for Equation 7-6:
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For analysis purposes we explore two limits of this growth model : i) Before

coalescence of the nuclei in the first stage, whereby z=z, and dz/d=0 and ii) after

coalescence of the nuclei whereby % ,=1 and dy,/dt=0.
i) Before coalescence

After setting z=z, and dz/dr=0, Equation 7-7 can be rearranged as :

_(3%)
= —EQ—{Ate'M’2 } where A =nnKje ‘"'

d
“max

axy

Equation 7-8
dt

The position in time of the maximum reaction rate dy,/dt can then be determined

by setting d’y,/df’ to zero, which yields :

1
Equation 7-9 ! orare = ‘fa =
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Inspecting Equation 7-9 reveals that plotting In(#,,, ,..) vs (2/kT) should yield a
straight line of slope Q, and y-intercept -In(27nK,’). Assuming that our experimental
growth-vs-time data is well described by the CCBRT model, we can locate ¢,,., .., for the
different temperatures we have investigated such that the activation energy @, and the

combined term 1K, for the growth during the first stage can be determined.
i) After coalescence

After setting y,=1, Equation 7-7 can be rearranged to give :

. < 1 2 ”(%] :
Equation 7-10 Xy =——=—32, + 2K qte

Zmax Zmax

where ?, is the time at which coalescence occurs, hence where the second regime starts.
Inspecting Equation 7-10 reveals that plotting (,’-Xy,’) vs ¢ should produce straight lines
of slope (2/7%,,.)K.,e™%"". Plotting In[(2/7,.)K0e "] vs 1/kT for the different
temperatures we investigated should produce straight lines of slope —~Q, and y-intecept
In2K ,/7,...) and therefore yield the activation energy for the diffusion-controlled growth

in the second stage.

Note that since our data consists of diffracted intensity, we have no direct
knowledge of z. We only assume a direct proportionality between the integrated
diffracted intensity /; and the transformed volume fraction J, (and in this very case 2/z,,,).
Equation 7-10 needs to be modified to be expressed in terms of /,, which is our measured

data:

i

L, 1 (%))
Equation 7-11 =+ 2K te VT b =

i max i max
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e

ki Zmax

NEAE
—{(Clrklzo )2 + 2Clzk12Ka’0te (ij}

where C,,, = K, \IF,, |1’ is the proportionality constant between the interaction volume
and the diffracted intensity (c.f. section 4.2.4). Plotting (I7-I,) vs t should permit to
determine Q, and a combined term 2C,,’K,/7’ .. instead of the diffusion-controlled

growth constant.

7.4.2 Analysis of the 6-Ni,Si growth kinetics using the CCBRT model

The rise in integrated intensity being very sharp and rapid in the first growth stage

(c.f. Figure 7.3 (a)), the time to half rise was used instead of the time of maximum growth
rate dy,/dt (c.f.Equation 7-9) to establish the activation energy Q, and the combined term
nK,’. Table 7-3 gives the time to half-rise values as measured on the traces presented in

Figure 7.3 (a) for the different reaction temperatures we have investigated. An error of

10% on the measured time was arbitrarily selected.

Table 7-3: Time to half-rise during the 1*
growth stage on undoped Si(001).

Reaction T° Time to half rise
240 34£3s
250 21.5%2s
260 14£15s
270 7+0.7s
280 5+£05s

Figure 7.14 presents the analysis of the 8-Ni,Si growth based on the CCBRT
model using the data from Figure 7.3 (a). In Figure 7.14 (a) the data of Table 7-3 was
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plotted according to Equation 7-9 to analyze the first growth stage. Figure 7.14 (b) shows

log(I?-1,) vs log(t-t,) plots, as derived from Equation 7-11, which should yield straight

lines of slope equal to unity if the second growth stage is well described by the CCBRT

model. Figure 7.14 (c) shows the plots of (I7-1,/) vs (t-t,) derived from Equation 7-11,

where I, is measured at #,. Finally, Figure 7.14 (d) shows the Arrhenius plot of the slopes

of Figure 7.14 (c).
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a) -] g T r r b) 8 r
) 280C , 270°C
T P T S0
+/,"’
sf A 8 , s -
E B e s /'/ \Sj.w
< " < -
5 n R
3( 5t /‘,.7 2..9 5 "O/QH‘.,. v
“:é'e " QI=1.17:0.25 eV § . /.{/ o u/ e Log-L.og exponent
P 2, P s
s En2rnio)=47.66 + 11 Sap e 1.2540.15
- o -
+ e ,',./:,,'/ - 1.2540.21
L
3 3k - 1.2140.12
[ - 1,13£0.18
EY 42 43 44 45 46 ‘o 05 1.5 2 25 3 35
2KT (eV) Logit-t ) {s)
2, no
X107 () v (t-t,) for the 2" growth stage Act, energy of the 27 stage, 1D-diff.-ctrid growth
3 . . . 13 v v v .
c) d)
25t ¢ Slope 12t "
280°C 2.04010%+1.75410° .
| ¥ 6.50410%42.20410° al -
4 R | S 4 = .
- 6.88¢10741 88e10 8 "-.\
k) - é 1.70:10°+3,73010% < 10 .
8 4 — =,
= ¢ 3 .,
a4e i
by ; g o R |
- g £ - |
i 240°C - S
- of @,=255 £ 0.75eV N
J
I
7t
05 500 1000 1500 2000 2500 55 21 5 22 5 2

tt {s)

kT (eV)

Figure 7.14: (a) Apparent activation energy for the site-saturated nucleation-
controlled growth during the 1%"stage of the reaction determined using the formalism
of the CCBRT model, (b) Log(Z7-1,;°) vs Log(t-t,) plot assuming diffusion-controlled
thicknening during the 2" growth stage using the formalism of the CCBRT model,
(¢) (I7-L,) vs (t-t)) assuming diffusion-controlled thicknening during the 2™ growth

stage and d) apparent activation energy for the diffusion-controlled thicknening.
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Figure 7.14 suggests overall that the two-stage CCBRT model describes relatively
well the variation in diffracted intensities we measure. From the detailed analysis, we
first see in Figure 7.14 (a) that the 2D nucleation-and-growth stage would have an
activation energy of 1.17 + 0.25¢V. We find however that the slopes of Figure 7.14 (b)
exceed 1 beyond the uncertainty in most of the cases. The uncertainties correspond to the
standard deviation of the different values obtained when using different sets of
constraints on the fit parameters as explained in the experimental section. For the
diffusion-controlled growth stage, we find an apparent activation energy of 2.55
0.75eV from the Arrhenius plot of Figure 7.14 (d). This value is relatively large
compared to the activation energies commonly reported for the diffusion-controlled
growth of 8-Ni,Si and NiSi (1.4 tol.8eV), but also, and mostly, larger than the value
obtained above with the Kissinger’s analysis of the 8-Ni,Si growth (2.05eV). However,
the uncertainty we have determined on the values is large enough to cover the mentioned
differences. Note that the numerical value of the slope for the 260 °C anneal is about 50%
larger than for the 250 °C while the actual data curves are almost parallel. This is
explained by the fact that (i) the numerical value is the average of 7 values obtained from
fits using different constraints on the fit parameters (c.f. Equation 7-1) while the green
curve is the data obtained from one single set of fit constraints. Also, as can be seen on

Figure 7.14 (d) the 260 °C data point is slightly outlying.

The parameters derived in Figure 7.14 were inserted back into Equation 7-7,
which was then used to generate simulated growth data. The complete list of parameters
used for the simulations is provided in Table 7-4 and the resulting simulated growth data
are presented in Figure 7.15, where they are overlaid on the experiment data for

comparison.

The parameter z,;,, accounts for the reaction steps prior to the formation of 6-

Ni,Si, i.e. the consumption of the Ni and the formation of 8-Ni,Si. All other parameters
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have been defined in Equation 7-7. The diffusion-controlled growth constant obtained
from the y-intercept of the line in Figure 7.14 (d) is the combined term 2K,,/K, /7’ -
However, the CCBRT model requires the use of K, Since our data does not allow for
separating both terms, K, was determined by optimizing the fit of the model to the
growth data at 260°C using z,,,=16 nm as it is the value expected with the complete
conversion of a 10 nm Ni layer into 8-Ni,Si (assuming a 60:40 Ni:Si ratio). The value of
Z, was then adjusted to get the appropriate height of the initial intensity increase. Q,,
nK.’, Q. K, and z, were then kept fixed for all temperatures leaving z,,,, and Loer @S the
only adjustment parameters. The necessity of adjusting z,,,. comes from the variation of

the relative importance of the two growth stages identified in Figure 7.2 and Figure 7.3.

Table 7-4: List of parameters for the fits of the CCBRT model to the experimental
growth data.

To (OC) Qi (eV) nKioz (S.z) Qd (eV) Kd0(cmzs-1) z0 (nm) zmax (nm) tqffset (S)

240 1.175 3.5x10" 25 1x10° 7 14 140
250 1.175 3.5x10" 2.5 1x10° 7 15 55
260 1.175 3.5x10" 2.5 1x10° 7 16 36
270 1.175 3.5x10" 2.5 1x10° 7 20 22
280 1.175 3.5x10" 2.5 1x10° 7 23 15
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Figure 7.15: Transformed 0-Ni,Si volume fraction as a function of time during the
isothermal annealing of 10 nm Ni layers on c-Si (001) at different temperatures.
Comparison of the CCBRT model with the experimental data. Dashed curves
represent simulations and colored data markers represent experimental data.

Figure 7.15 shows that with the current assumptions on ¢, and z,,,, the CCBRT
model yields a reasonable fit to the data. Unless K, is adjusted, the goodness of the fit
decreases slightly towards the end of the reaction for all temperatures aside from 260°C,
where the initial parameter optimization was performed. The z,,, values for 270°C and
280°C are clearly too large considering the initial Ni thickness of 10nm. However, one
must not give too much meaning to the absolute values of z, and z,,,, since the value of
K, we used was determined from a hypothetical value of z,,,,. One must rather interpret
the increase in z,,, as an indication that 0-Ni,Si most likely forms in increasing quantities
with the reaction temperature. This is consistent with the more pronounced decrease in

the 8-Ni,Si (013)/(211) peak intensity (c.f. Figure 7.3 (b)) at higher reaction temperatures.
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The growth microstructure we expect from a diffusion-controlled thickening in
the second growth stage is a planar reaction front such that the growing and the
consumed compounds co-exist as superimposed continuous layers as illustrated in Figure
7.13. The second growth stage as proposed in the CCBRT model therefore precludes a
priori the lateral coexistence of 6-Ni,Si and 8-Ni,Si in the same layer, unless the growth
rates dr/dt (Equation 7-3) and dz/dt (Equation 7-4) are similar at the growth temperature.
In such a case, the growth would appear as a 3D process, which would then be

compatible with the laterally non-uniform microstructure we have reported in Chapter 5.

Figure 7.16 compares the growth rates dr/dt and dz/dt using an Arrhenius plot.
The K,, term was separated from the combined 1Kk’ by using two hypothetical 1 values
of 1x10" em™ and 2.5x10° cm™, which correspond to 1 nucleation site per square of
1x1 nm and of 200x200 nm respectively. The dz/dt rate was evaluated using a z,,,, value
of 15nm. Inspecting Figure 7.16 reveals that using the activation energies and K
parameters defined above, the growth rates associated the two regimes could be equal
between 290 and 430 °C depending on the value of the nucleation site density. From the

TEM investigations presented in Chapter 5 the grain size of the 8-Ni,Si is of the order of

10-20 nm, which would point to 7 values around 5x10", and to equal rates at
temperatures around 360°C. On one hand, this result does not rule out that a growth
described by the CCBRD model could result in laterally non-uniform reaction fronts. On
the other hand, should dr/dt and dz/dt be equal during isothermal anneals at the
temperatures we investigated, the growth would most likely not proceed in two clearly

distinct stages as we observed in Figure 7.3.
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Arrhenius plot for the competition between Eact=1.175 and 2.5 eV
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Figure 7.16: Arrhenius plot of the growth rates dr/dt (blue lines) and dz/dt (red

lines). Growth rates dr/dt are evaluated for nucleation site density 1 values of

1x10" cm (top blue curve) and 2.5x10° cm™ (bottom blue curve). Growth rate dz/dt
evaluated for a thickness of 15 nm.

7.4.3 Analysis of the 6-Ni,Si growth kinetics using a modified CCBRT

model

Even though we have not established a clear growth microstructure and we have
obtained a reasonable description of the experimental data with the CCBRT model, we
certainly have not excluded the lateral coexistence of 8- and 8- Ni,Si. Since it is not clear
that the CCBRT model as presented does readily allow for it, we propose in what follows
a modification of the CCBRT model that allows for a lateral co-existence of 0-Ni,Si and
0-Ni,Si. As will be seen, this modified model seems to offer an even better fit to our in

situ XRD data.
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Our modified model finds its roots in our TEM results and in the results of
Barmak et al. who have reported a peculiar formation microstructure of Nb,Al during
Nb-Al reactions."* The growth of Nb,Al consumes NbAl, by penetrating down its grain
boundaries, resulting in a non-planar growth front and, mostly, a lateral co-existence of
Nb,Al and NbAl;. The microstructure they reported is reproduced schematically in Figure
7.17.

SN
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S

Figure 7.17: non-planar growth microstructure of Nb,Al

Barmak er al. have stressed that this growth geometry would require a non-planar
model to describe the growth kinetics. Correlating this microstructure with the one we
observed in our samples in Chapter 5, we propose a modification to the CCBRT model
whereby the 1D diffusion-controlled thickening of the second stage is replaced by a non-
planar diffusion-controlled penetration of the 6-Ni,Si into the grains of the overlying 6-
Ni,Si. This model is illustrated in Figure 7.18. In the modification we propose, the first
stage of the growth is the same than presented previously and the penetration of the 6-
Ni,Si into the overlying 8-Ni,Si during the second stage is modeled by growing
hemispheres. The growth rate of their radius r, is assumed to be described by a diffusion-

like expression given by :
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Figure 7.18: Modified CCBRT model with a second stage consisting of the non-
planar diffusion-controlled penetration of 6-Ni,Si into the grains of the overlying d-
Ni,Si.

The volume fraction transformed during the second stage is then expressed using

an Avrami-like formulation to account for the impingement of the spheres as they grow:

Equation 7-13 Xp=1-¢?

where N, is a fixed number of "entry points", i.e. locations where hemispheres enter the

grains boundaries of the overlying layers. We obtain r, by integrating Equation 7-12:

1
Q)2
Equation 7-14 r, = {rfo + 2k, (t—t,)e }

where r, is the initial radius of the hemispheres that we assume to be zero. The
limits of this assumption and of the model itself will be discussed later. The transformed

volume fraction in the second growth stage is therefore expressed by:
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3 3

Q4 |2
—Sky(2—1y)e T

The two growth stages are unified through the thicknesses z, and z, such that:

Qd 5
2 L
—-3’51\/0 {de (t-ty)e kT}

Equation7-15 X, =1—e =1-e

. ) _ XAAZ] /(Z] __ézi__
Equation 7-16 KXvior "( A, )(,A’(Z} +Zz)j+lvz[x(zl+zz))-.,

_ X 4% 4 X022
(7+2) H+z

where A is an arbitrary growth front surface area. The growth rate dy,,./dt is then

given by:

d%vtol —= dXA Zl + dXVZ Z2

Equation 7-17
dt dt (z;+z,) dt z+z,

After differentiating Equation 7-15 and substituting in Equation 7-17 along with
the expression established earlier for dy,/dt, we obtain an analytical expression for the

growth rate of the total transformed volume fraction:

Equation 7-18

-
3 1 304\ —| K7 (t—1y)
ot ;kgij(t_to)[fj '(E’%Je[ ( 2, J
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As we propose it, our model has thee limitations worth discussing. First, assuming
that r, is zero and expressing the total transformed volume fraction as a weighted sum of
the fractions evolved during each of the growth stages involve the implicit assumption
that the diffusion in the second growth stage is independent of the result of the growth in
the first stage; The two stages are thus not intrinsically coupled as they were in the
original CCBRT model. While this is not completely rigorous, treating explicitly the
influence of the layer formed during the first stage on the magnitude of the diffusion flux,
hence dry/dt, in the second stage would greatly increase the mathematical complexity of
the model given the differences in the geometries of the growing volumes from one stage
to the other. Secondly, Equation 7-12 involves that the diffusion of atoms in the growing
hemispheres is radial such that dr/dt should be infinite at the beginning of the second
stage and at any later time at the center of the hemispheres. Such is certainly not the case,
in fact the diffusion most likely occurs following the arrows drawn in the hemispheres of
Figure 7.18 such that the diffusion flux is never infinite at any point of the space. Clearly
the hemispherical shape is an oversimplification of the growth geometry, yet is it easily
treated mathematically. Finally, if the Avrami formulation used to express y,, corrects the
transformed fraction for the impingement between growing nuclei, our model does not
consider the impingement with the top free surface of the film. This will delay slightly
the saturation of the simulated growth with respect to the experimental data and
underestimate the transformed volume fraction towards the end of the reaction. Bearing
in mind these limitations, we will see later the model as we propose it gives a very good

description of the experimental data.

The assumptions we have made allow for easily determining ),, from our

experimental diffraction data :

1@, —10y)

Equation 7-19 X —I-—‘—}(T)——
max 0
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where ¢, is the time at which the first growth stage ends and the second one starts. Should
the growth model we have defined above effectively prevail, performing an Avrami

analysis on the data corresponding to the second growth stage would yield an exponent of

3/2.

Figure 7.19 shows (a) the Avrami analysis of the second stage of the 0-Ni,Si
growth and (b) an Arrhenius plot of the Avrami constant. The Avrami plot yields straight
lines and the exponents we deduce from the lines slopes are close to 1.5 for all the
reaction temperatures. The Arrhenius plot of the corresponding Avrami constants has a
slope around 3.15e¢V, which translates to an activation energy Q, of 2.05eV if considering
the Avrami exponent value of 1.5 (c.f. section 2.2.1). This is almost exactly the value
obtained with the Kissinger’s analysis (2.05eV). From the y-intercept we deduce a
growth constant K, of 3.51x10".
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Figure 7.19: (a) Avrami analysis of the second stage of the 0-Ni,Si growth according
to the modified CCBRT model and (b) Arrhenius plot of the Avrami constant
obtained in (a).

It is interesting to note that with the modified CCBRT model we find an

activation energy closer to that obtained with the Kissinger’s analysis than with the
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original CCBRT model, although the larger difference observed in the latter case remains
within the uncertainty. Nevertheless, the Avrami exponent of 3/2 and the match of the
activation energies suggest that the modified CCBRT model gives a very good

description of the experimental data.

Similarly to what was done for the original CCBRT model, the parameters
obtained from the above analysis were inserted in Equation 7-18, which was then used to
generate simulated growth data. The complete list of parameters is provided in Table 7-5
and the result of the simulations are presented in Figure 7.20 where they are overlaid on
the experimental data. Note that the value of K, was slightly optimized to fit the growth
data and is 3.5 times smaller than what obtained on Figure 7.19 (b). This optimization,
which kept the value of K, well within the boundaries allowed by its uncertainty, was
done at 260°C using a value of z,=7nm. We adjusted z, and K, to get the appropriate
height of the initial intensity increase and time to complete reaction. Q,, 1K, %, Q,, and z,
were then kept fixed for all temperatures leaving z, and 7,,, as the adjustment parameters.
Exceptionally, K, had to be slightly re-adjusted, still within its uncertainty, to get a good
fit to the data at 270 and 280°C.

Table 7-5: List of parameters for the fits of the modified CCBRT model to the
experimental growth data.

T° (°C) 0,(eV) 1K,/ (s 0,(eV) Ky(em’s') z,(am) z,(nm) £, ()

240 1.175 3.5x10" 2.05 1x10" 7 7 140
250 1.175 3.5x10" 2.05 1x10"7 7 8 55
260 1.175 3.5x10" 2.05 1x10" 7 8 36
270 1.175 3.5x10" 2.05 8x10'¢ 7 12 22
280 1.175 3.5x10" 2.05 6.5x10" 7 13 15

Figure 7.20 indicates that the modified CCBRT model yields a fit to the experimental
data that is at least as good as with the original model in Figure 7.15. Figure 7.20 (b)
shows the comparison of both the original and modified CCBRT models with the data
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obtained at 260°C on a linear time scale. We see that both models fail to describe
accurately the transformed volume fraction towards the end of the growth. Indeed the
underestimation of the transformed volume fraction by the modified CCBRT model (due
to the lack of correction for the impingement of nuclei with the surface) is obvious

between 500 and 600 s.
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Figure 7.20: (a)Comparison of the modified CCBRT model with the experimental
data on a logarithmic time scale for all the investigated temperatures (240 — 280 °C).
(b) Comparison of the original and modified CCBRT models with the 260°C
experimental data on a linear time scale.

In order to compare the validity of the original and the modified models, we have
respectively applied the Avrami and the log(x,’-x.,’) vs log(¢) analyses to the data
simulated with each of them. The results are presented in Figure 7.21. The Avrami
exponent obtained with the original model is 1 instead of 3/2, while the diffusion-
controlled growth analysis applied to the data simulated using the modified model
produces the same exponent than we have measured on the experimental data in Figure
7.14, i.e. 1.2. The modified CCBRT model therefore appears to give a more complete

description of the experimental data.
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Figure 7.21: a) Avrami analysis of the growth data simulated using the original
CCBRT model. b) Diffusion-controlled growth analysis [Log(x,’-x.,>) vs Log(¢-¢,)]
for the growth data simulated using the modified CCBRT model.

An important remark should be made concerning the compatibility of the
modified CCBRT model with the growth microstructure. In our simulations, we have
allowed the transformed volume fraction in the second stage ., to vary up to 1. This
means that all the growing hemispheres have coalesced into a continuous layer by the end
of the simulation. In fact, the lateral co-existence of the two compounds could only be
observed if the 6-Ni,Si growth were interrupted before Y, reaches unity. This could be
caused by the sudden nucleation of NiSi, which should interrupt the 6-Ni,Si growth by
destabilizing it. The consequence of an incomplete transformation on the signature of the
growth in the kinetics analysis therefore needs to be addressed. Figure 7.22 (a) presents
the simulation of an arbitrary Avrami-like growth process with an exponent of 1.5 using

the following general expression :

Equation 7-20 y=1-
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Figure 7.22: a) Simulation of Avrami-like growth with an exponent of 1.5. The
different colors indicate different values of the transformed fraction at which the
growth is interrupted. b) Avrami analysis of the data in a).

The simulated growth presented in Figure 7.22 (a) was stopped at different values

of % to simulate an early interruption of the reaction. Figure 7.22 (b) presents the Avrami
analysis of each case, using a transformed fraction %, which is computed as Y

renormalized to its value at the moment of the interruption. Figure 7.22 shows that
regardless the growth stage at which the interruption occurs, the Avrami analysis yields
the same exponent to within the measurement accuracy. Consequently, despite our
modified CCBRT model simulates a complete transformation, a growth process

described by this model and interrupted at an intermediate stage will produce the same
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signature in the kinetics analysis. The modified CCBRT model is therefore compatible

with a lateral co-existence of 8-Ni,Si and 6-Ni,Si and with our experimental data.

As a last test of the validity of the modified CCBRT model, an Avrami analysis of

the 6-Ni,Si consumption was performed using the integrated intensity under the

(013)/(211) XRD peak of the compound in the time range corresponding to the second

growth stage of 0-Ni,Si. Figure 7.23 shows that the data is well fitted with straight lines,

except in the very early stages. The straight lines have slopes around 1.5 and the

Arrhenius plot of the Avrami constant yields an activation energy of 2.1+0.45eV, which

is the same than the one obtained in Figure 7.19. Our results therefore suggest that the

growth of 6-Ni,Si clearly consumes the 8-Ni,Si and that it is better described using a non-

planar growth model.
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Figure 7.23: a) Avrami plot of the 8-Ni,Si consumption using the integrated intensity
under the (013)/(211) XRD peak. b) Arrhenius plot of the Avrami constant.
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7.4.4 1D-diffusion-controlied growth with non-constant diffusion

coefficient.

The growth kinetics of a non-stoichiometric compound like 8-Ni,Si cannot be

investigated without considering the possibility of a varying composition during the
reaction. As a consequence of compositional changes, the diffusion coefficient is
expected to vary during the growth, a problem which was addressed by d’Heurle and
Ghez."*” They have studied more particularly the solid-state formation of the non-

stoichiometric compound AINi, which has an homogeneity range of about 10%,
extending on either sides of the 50:50 Al:Ni composition. They have found that the
growing AINi layers consist of two regions of almost constant, yet different,
compositions C,,, each corresponding to a local maximum of the diffusion coefficient
D(C,). These two C,, compositions are located almost symmetrically about the 50:50
value and the two maxima D(C,,) correspond in fact to a maximum in Ni diffusion and in
Al diffusion respectively. d'Heurle and Ghez have shown that the growth of each region
can be described mathematically using a single combined and constant diffusion
coefficient expressed as a function of the maximum and minimum values D(C,,) as well

as the composition values C,, at which they occur.

AlINi is a fairly well characterized compound with a known dependence of the
integrated diffusion coefficient on composition. 8-Ni,Si is not as well characterized, and
we can only speculate about its diffusion properties. We can certainly expect the
diffusion coefficient to be maximal at some given composition but it is not clear whether
only one or several of such compositions can exist over its homogeneity range.
Moreover, 6-Ni,Si is a Ni-rich compound that changes composition by varying the
occupancy of sites on a Ni sublattice. It is therefore not likely to observe a maximum in
Si diffusion. We consequently expect a single composition where the diffusion

coefficient will be maximal, such that we would expect the composition of 6-Ni,Si, and
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hence the diffusion of Ni, not to change much during the growth. If the composition and
diffusion coefficient did change, d’Heurle has shown that the growth could still be
described using a single and constant diffusion coefficient value and that we should still
observe the typical square-root of time dependence for the thickness of the product layer.
However, the exponent of 1.2 we obtain from the log-log analysis of the second growth
stage suggests that the diffusion coefficient and the composition could be varying

slightly.

In order to address the problem of growth with varying diffusion coefficient, we
have simulated the 6-Ni,Si growth using the original CCBRT model where k,, is given a
hypothetical time variability. Such simulations come however with an additional
difficulty since we use x-ray diffraction to monitor the transformed volume. If we admit a
compositional variation, we must take into account its effect on diffraction. This is
typically achieved by modifying the structure factor F,;, that enters the calculation of the
diffracted intensity. Figure 7.24 presents the 0-Ni,Si unit cell where the atoms composing
the motif are emphasized by hatched and crosshatched patterns. The corresponding

atomic positions in the unit cell are summarized in Table 7-6.

The general form of the structure factor for the hexagonal 6-Ni,Si is given by:

—27ri(0h+0k+-!2v1‘)

Equation 7-21 F,,, = f,, [e‘2”i‘°"+°k+0’) +e te
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where fy; and f;;, the atomic scattering factors of Ni and Si, are respectively 19.982 and

8.6945 as calculated using the procedure detailed in reference 188. If all the internal,
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cross-hatched Ni atom sites are occupied, i.e. if the composition is precisely Ni,Si, the

structure factor for the 6-Ni,Si (110) reflection is:

Equation 7-22 Fo=4fu+2f

For a Ni-deficient 6-Ni,Si it becomes :

Equation 7-23 Fo=2fu(+ X0+ 21

where ¥, is the occupancy fraction of the internal Ni sites. It is 1 for the composition of

Ni,Si (33% Si) and would be 0 for the composition of NiSi (50% Si). Note however, that

based on the Ni-Si phase diagram, the hexagonal structure is not stable beyond 41% Si.

=0

V68t

X
XX
R

2,=3.80 AP °

Figure 7.24: Unit cell of 0-Ni,Si. The hatched and cross-hatched atoms build the
motif which serves for the calculation of the structure factor.
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Table 7-6: Atomic positions in the 0-Ni,Si unit cell for the calculation of the
structure factor F,,,

Atom Position
Ni 0,0,0)
Ni 0,0,1/2)
Nifd  (2/3,1/3,3/4)
Ni (1/3,2/3, 1/4)
Si (173 ,2/3 , 3/4)
Si (213, 1/3, 1/4)

Figure 7.25 (a) shows the dependence of F,;, on the occupancy fraction (bottom
abscissa) and on the composition in Si (top abscissa). The relationship is almost linear

between the compositions 0.33 and 0.41. Figure 7.25 (b) shows that the effect of

composition on the 0-Ni,Si (110) XRD peak’s position is also quite linear. In Figure 7.3

(c), we have shown that the position of the 8-Ni,Si (110) changes by about 0.4° during

the second stage of its formation. If we assume that the shift in position is solely caused

by a compositional change, as opposed to stress, its magnitude would be estimated to
about 4%.

While we can readily estimate that the structure factor will vary by about 15%-
25% (~1500 compared to about 7000) upon such a compositional change, we cannot
predict the magnitude of the variation in the diffusion constant. It is known that small
changes in composition can cause variations in the diffusion by orders of magnitude. For
the purpose of our simulations, we have assumed a variation by a factor of 10. Bearing in
mind that Ni is the main moving species in all Ni silicides, we have assumed this
variation to be such that Ni diffusion increases as the internal Ni sites are emptied. F;,

and k,, therefore vary in opposite directions; F;,, decreases as k,, increases.

Figure 7.26 shows the results of the simulations done with the original CCBRT

model including the corrections for variable K, (increasing) and F,,, (decreasing). We
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present two sets of simulations in which K, and F,;, vary respectively with the square

root of time - V# - (a-d) and linearly with time - ¢z - (e-g).
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Figure 7.25: a) Structure factor of the 6-Ni,Si (110) reflection as a function of the
occupancy of the Ni sites (crosshatched atomes in Figure 7.24) and composition (top

x-axis). b) Position of the 6-Ni,Si (110) XRD peak as a function of composition.

For the purpose of the modeling, we have arbitrarily assumed the composition to

be constant at Nig Si,y and Nig,Si;s during the first growth stage of the vt and cr cases
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respectively. The transformed volume fraction x,(¢) is calculated, incorporating the
variation of k,, for the whole duration of the experiment, and is then corrected for the

variation of F,;,. For this correction, a new transformed fraction }, (t), weighted by the

structure factor, is established as y, (t)= F,,(D)x.(t) and ¥, (t) is then renormalized so that
its maximum is 1. In all cases, the variations in K,, and F,;, correspond to about 3-4%
changes in composition. Both the vVt and the ct variation schemes yield reasonable fits to
the data. However, while the diffusion-controlled analysis produce exponents similar,
within the measurement accuracy, to those observed with the experimental data (Figure
7.26 (d) and (h)), the Avrami exponents are slightly lower in these simulations than in the
experimental results (Figure 7.26 (c) and (g)). Simulations done with decreasing K, (and
increasing F;;,) resulted in even poorer fits to the data (not shown). The Avrami
exponents were 1 and 1.05, respectively for the Vvt and ct variation schemes, while the
log-log exponents were around 1.1 in both cases. Since the time variations of K, and F,,

are forced and arbitrary, we cannot validate the simulations using the activation energies.

Beyond the two easy choices of time dependence we have investigated, one could
most likely find other suitable combinations of K, and F,,, time dependences that would
produce exactly the expected kinetics signatures. However, as long as they remain
hypothetical and user-set, it is difficult or probably impossible to validate the choices
using activation energies. We therefore conclude that the simulations of Figure 7.26 are
not sufficient to confirm nor exclude the possibility that 6-Ni,Si changes composition as

it grows.
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7.4.5 Effect of fluorine on the 6-Ni,Si growth kinetics

Our results on fluorine-implanted c-Si (001) indicate that the first stage of the

reaction consisting of the 2D nucleation-controlled growth is suppressed in samples with

the largest F dose. However, a third stage appears in which the intensity of the 0-Ni,Si

(110) peak increases in the absence of 8-Ni,Si until 8-Ni,Si becomes the only compound
revealed by the XRD. From the TEM investigation presented in Chapter 6, we know that
0-Ni,Si forms a continuous layer at the end of its growth in F-implanted samples. In the

modified model we propose, the growth starts with the 3D diffusion-controlled scheme

presented above (the modified part of the CCBRT model) and ends with a 1D-diffusion-
controlled growth occurring when the 6-Ni,Si has consumed all the 8-Ni,Si layer an

coalesced into a continuous layer.

Figure 7.27 compares the results of the simulated growth with the experimental
data at 280°C on a linear time scale. It is now very clear that simple 1D diffusion-
controlled growth in the third stage fails to describe accurately the experimental data. The

actual reaction slows down more rapidly than the simulations. From the SIMS data
presented in Chapter 6, we know that some fluorine redistributes in the growing 6-Ni,Si,
possibly slowing down the diffusion either within the grains, in grain boundaries or in
both. We have also shown that the largest part of what we assume to be 8-N1,Si growth in
F-implanted samples occurs in the absence of 6-Ni,Si, while we do not know exactly

what is consumed to provide the Ni atoms required to convert into 6-Ni,Si the Si or an
eventual amorphous Ni-poor silicide present at the interface. The non-stoechiometric
compound could very well serve as its own source of Ni atoms, therefore growing with a

decreasing content in Ni.
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Figure 7.27: Comparison on a linear time scale of the growth data at 280°C with a
modified CCBRT model where the third growth stage consists of 1D diffusion-
controlled growth.

Figure 7.28 shows the comparison of two additional modifications of the CCBRT
model with the experimental data obtained on samples with 3x10"> F cm™. The data is
presented on both logarithmic and linear time scales to help appreciate the fit in both the
early and late stages of the reaction. In all cases, the growth starts by the 3D diffusion-
controlled growth of 6-Ni,Si at the expense of 8-Ni,Si with the activation energy and the
diffusion constant found in Table 7-5. In Figure 7.28 (a) and (b) the diffusion constant X,
of the subsequent 1D diffusion-controlled growth decreases linearly with time by one
order of magnitude to simulate the simple case where the incorporation of fluorine into
the growing 6-Ni,Si slows down the diffusion. In Figure 7.28 (c) and (d) K, increases
while the structure factor F,, decreases (both linearly with time) to simulate the case
where 0-Ni,Si serves as its own source of Ni atoms. In such a case, the volume increases
as the compound grows but its concentration in Ni atoms decreases, damping the increase

in diffracted intensity. While not explicitly treated, there could still be an effect of
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fluorine on both the diffusion and the structure factor, competing with the decrease in Ni

content.
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Figure 7.28: Comparison of two modifications of the CCBRT model with the
experimental data on samples with 3E15 F cm’. Data plotted on logarithmic (left)

and linear (right) time scales. (a)-(b) Varying diffusion coefficient and (c)-(d)
Varying diffusion coefficient and composition.

In both cases (varying K,, varying K, and F,,,) we find a reasonable fit to the data.
It is not possible to establish from Figure 7.28 which model best describes the data.
Figure 7.29 shows the comparison of the signatures of the two kinetics analyses we have

used throughout this chapter.
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Figure 7.29: Kinetics analyses of the experimental and simulated growth data. (a),(c)
and (e) Avrami Analysis, (b),(d) and (f) Diffusion-controlled growth analysis.
Growth data simulated using the modified CCBRT model with (c¢), (d) varying K,,

and (e), (f) varying K, and F ;.

The Avrami analysis is presented in Figure 7.29 for (a) experimental data and for the

growth data simulated with (c) varying K, and (e) varying K, and F,,. Figure 7.29 (b),
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(d), and (f) presents the diffusion-controlled growth analysis for the same sets of data. In
all cases, the simulated signatures are sufficiently close to the experimental signatures so

that it is not possible to discriminate which model give the best description of the data.
While we cannot determine from the above analysis whether the 0-Ni,Si changes

composition during the growth on F-implanted Si(001) substrates, it appears clear that the

diffusion coefficient is not constant.

7.4.6 Consumption of 0-Ni,Si

Our results on both undoped and F-implanted Si(001) indicate that the
consumption of the 0-Ni,Si is well described by an Avrami-like growth with an exponent
of 2, suggesting that the process occurs in two dimensions. This claim finds support in
the match between the activation energy obtained through the Avrami and the Kissinger’s
analyses. The results we have presented in the preceding chapters point at the formation
of NiSi as the trigger of the 6-Ni,Si consumption. However, we have also shown that the
consumption of 8-Ni,Si is accompanied by a return of 8-Ni,Si. In Chapter 5 we have
explained that this return is consistent with the structure of the Ni-Si phase diagram and

that the simultaneous formation of NiSi and 0-Ni,Si is a normal consequence of the
consumption of the metastable 8-Ni,Si. The re-growth of Ni,Si must therefore occur at

the expense of the 6-Ni,51, contributing to the decrease of its measured volume.

On one hand it cannot be excluded that both NiSi and Ni,Si form in the same
plane through a process which can globally be described by an Avrami-like model.
Figure 5.11 clearly gives evidence of the lateral co-existence of 6-Ni,Si, 6-Ni,Si and NiSi
in samples with 100nm starting Ni thickness. On the other hand, all the TEM
micrographs taken on samples with 10nm Ni quenched at the maximum development of

the 0-Ni,Si during isothermal experiments showed a dominant, large-grained NiSi layer
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at the interface with the Si, while 6-Ni,Si, 6-Ni,Si co-exist laterally in the top layer. This
microstructure is consistent with a 2D nucleation-controlled growth of NiSi in samples
that might have undergone un-controlled reaction during the TEM specimen preparation.
One must therefore be careful in attributing the exponent of 2 to the growth of either NiSi

or 6-Ni,Si alone.

0-Ni,Si, 6-Ni,Si and NiSi having different compositions, there should be mass
transport during the 6-Ni,Si consumption process while nucleation-and-growth processes
are usually expected to occur in compositionally homogeneous regions. It is interesting to
note that the activation energy we find for the consumption process is very close to that
obtained for the diffusion-controlled growth of NiSi. However, log-log plots of the
consumption data similar to those of Figure 7.14 (b) (not shown) yield exponents around

1.5 suggesting that it is not well described by a 1D diffusion-controlled growth model.

Assuming that the Avrami model applies, the exponent of 2 means that the
activation energy of 1.7eV is the sum of the activation energy for nucleation (E,,) and
twice that for the growth (E,,,,,) (c.f. section 2.2.3). E,, is therefore very small and E,,,,,
is below 1. A low nucleation barrier for the consumption process is consistent with the
metastable nature of 6-N1,Si, because the drive for its disappearance should be large;
however it is surprising to observe a nucleation-controlled growth scheme for a reaction

that should have a large driving force.

In Chapters 5 and 6, we have shown that the vacancies the 8-Ni,Si can sustain

play an important role in its consumption. Vacancy diffusion is known to be rapid and
characterized by low activation energies: an activation energy of 0.44eV was reported for

the diffusion of vacancies in Si,!'®”

and a value of 0.67eV was reported for the diffusion
of Si vacancies in ErSi,"™. The simultaneous formation of  8-Ni,Si and NiSi could

therefore be the consequence of vacancy motion within the 6-Ni,Si. Vacancy
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accumulation would result in the formation of NiSi while depletion would result in the
formation of 6-Ni,Si. Since the crystal structures of 6-Ni,Si, 8-Ni,Si and NiSi are similar,
8-Ni,Si and NiSi can nucleate at very low interface energy cost, and subsequently grow
very fast through further vacancy motion. We have proposed in Chapter 5 that the 6-Ni,Si
consumption could proceed in two steps; nucleation and growth of NiSi until sufficient
vacancy depletion favors the return towards the more stable 8-Ni,Si. The results we
present in this chapter suggest that both events may not be as separated in time as the
Avrami exponent we obtain for the consumption remains the same over a range of
temperature where the extent of the 6-Ni,Si growth as well as that of the 6-Ni,Si

consumption and re-growth change significantly.

Vacancy-mediated consumption is also consistent with the gradual suppression of
the 8-Ni,Si re-growth by fluorine implantations and by addition of impurities in general.
Foreign atoms with an affinity for vacancies will occupy them, suppressing a fast kinetic
path for the consumption of the 6-Ni,Si and mostly for the re-growth of 8-Ni,Si. On one
hand the impurity solubility stabilizes the metastable compound, delaying its
consumption, and the other hand, it hinders the formation of 6-Ni,Si once the

consumption occurs.

7.4.7 Activation energies

Beyond the growth geometry assumed in the original and modified forms of the
CCBRT model, an important result of this chapter is that 6-Ni,Si grows in two distinct
stages with different activation energies. The major part of the growth occurs in the
second stage, where the diffusion is the limiting mechanism. This stage, whereby the d-
Ni,Si is consumed, is characterized by a larger activation energy than both the

nucleation-controlled initial growth stage and the consumption stage. In Chapters 5 and 6
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as well as in Figure 7.2 and Figure 7.3, we have shown that the annealing temperature

and mode (isothermal or ramp-type) had an impact on the extent to which the §-Ni,Si is
consumed by the growth of 0-Ni,Si. Indeed, for reactions occurring on undoped c-Si
(001), the 8-Ni,Si (013)/(211) peak decreases significantly more during isothermal
anneals above 260 °C and ramped-type anneals, where the formation of 6-Ni,Si is

completed around 330 °C, than during isothermal annealings at temperatures below
270 °C. The larger activation energy of the second growth regime compared to the two
other processes is consistent with a faster increase in its reaction rate as the temperature

increases, while a slower increase in rate is expected in the lower activation processes.

7.5 Conclusion

In this chapter we have shown that the growth of 6-Ni,Si is a complex two-staged
process that cannot be readily described using standard growth kinetics models. We have
proposed a modification of the Coffey-Clevenger-Barmak-Rudeman-Thompson model
whereby the first growth stage consists of a 2-D nucleation-controlled growth with an
activation energy of 1.17eV and the second stage consists of a 3D diffusion-controlled
penetration of 6-Ni,Si in the grain boundaries of the overlying 8-Ni,Si. The process is
characterized by an activation energy of about 2.05+0.5 eV which increases to
2.8+0.5 eV with F-implantation. We have shown that 6-Ni,Si grows most-likely with a
constant composition and diffusion coefficient on undoped Si(001) while both quantities
seem to vary in reactions on F-implanted Si(001). We have shown that the consumption
of 6-Ni,Si is well described by a Johnson-Mehl-Avrami model with an exponent of 2,
indicating a two-dimensional planar process with an overall activation energy of about
1.7eV. This value, which is the sum of the activation energy for nucleation and twice that
for growth, is consistent with a consumption process where 8-Ni,Si and NiSi form

possibly at the same time through vacancy motion.
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Chapter :8 Conclusion, general discussion, and

perspectives

8.1 Summary of the results

The objective we set out to accomplish at the beginning of this thesis was to
develop a fundamental understanding of the thermally induced solid-state reactions that
lead to the formation of NiSi. Accordingly, we have revisited the Ni-Si reactions through
the means of in situ XRD and wafer curvature measurements, in combination with ex situ
transmission electron microscopy, Rutherford backscattering spectroscopy as well as
secondary ions mass spectroscopy. Using these techniques, we have investigated the
compound formation sequence, and the microstructure of the reacted samples in addition
to studying the effects of alloying and doping elements on the reaction pathways and

growth kinetics.

Our results have revealed that Ni-Si reactions are much more complex than
initially thought and reported in the vast literature pertaining to the subject. While 8-Ni,Si
was traditionally the only compound reported to form before NiSi upon annealing, we
have found evidence for the formation of up to three additional Ni-rich compounds,
0-Ni,S1, Ni;,Sij,, and Ni,Si,, before the formation of the monosilicide. In apparent
contradiction with the common understanding of thin film reactions, these additional
compounds co-exist laterally (within the same layer) with 3-Ni,Si, which they consume

upon growing, and subsequently redeem in part upon being consumed.

The nucleation of the metastable 6-Ni,Si is promoted by a complex combination

of i) the low driving force for the growth of NiSi and Ni,Si, (which are further hindered



236

by concentration gradients at the silicide/Si interface), ii) a simple crystal structure, iii) a
low interface energy offered by the 8-Ni,Si grain boundaries, iv) the ability of the
compound to sustain vacancies, which permits fast growth, and, finally, v) a wide
homogeneity range which allows for easier nucleation in an interfacial layer with a very
sharp composition gradient. The low interface energy offered by the 6-Ni,Si grain
boundaries is a consequence of the similarity between the crystal structures of 0-Ni,Si
and 3-Ni,Si. Furthermore, the compound forms systematically at the same
time/temperature regardless of the initial Ni film thickness (4-500 nm), an indication that
nucleation mostly plays a limiting role in the growth of 6-Ni,Si. Its disappearance is
correlated with both the growth of NiSi and with a surprising return of orthorhombic
0-Ni,Si. Indeed, 6-Ni,Si is most likely consumed by the growing NiSi as it absorbs fast
moving vacancies until a return towards a richer Ni content in the remaining unconsumed
0-Ni,Si becomes favorable. The regrowth of 8-Ni,Si then simply follows from a
polymorphic transformation of a Ni-rich 6-Ni,Si facilitated by the structural similarity

between both compounds.

The formation of Ni; Si,,, observed in samples with 100 nm Ni and more, is
initiated in the grain boundaries of the 6-Ni,Si, when a combination of appropriate Ni
atoms flux and temperature (~ 375 °C) is reached. The extent of its formation depends
strongly on the Ni supply, and its disappearance is also correlated with the simultaneous
formation of NiSi and 8-Ni,Si. The mechanism is, however, different than for 6-Ni,Si, as
both events now occur at different interfaces. Indeed, upon the shortage in Ni supply,
NiSi can nucleate at the 8-Ni,Si/Si interface and Si diffusion in the 8-Ni,Si grain
boundaries brings enough reactant towards the top part of the layer stack to convert the
Ni,,Si,, back into 0-Ni,Si. In samples with large initial Ni layers (500 nm), Ni,, Si,, takes
over 0-Ni,Si, presumably growing through a diffusion-controlled growth, after it was able

to nucleate, as long as Ni is available.



237

The formation of Ni,Si, is only observed in samples where 6-Ni,Si and NiSi are
simultaneously present at temperatures above 600 °C. It is not clear whether the
nucleation of the compound occurs because of an instability of 8-Ni,Si as it becomes so
thin that surface energies become too important or because the combination of the

temperature and Ni supply allows for the nucleation of its complex crystal structure.

An investigation of the effect of alloying elements and impurities on the Ni-Si
reactions confirms that nucleation plays a limiting role in the growth of metastable
0-Ni,Si and that the template provided by 6-Ni,Si is crucial in promoting the nucleation.
Activated CMOS dopants and alloying impurities delay the growth of all Ni-rich
compounds and eventually suppress the formation of 0-Ni,Si presumably because of
limited solubility. The suppression of the formation by Pt results most probably from
favored NiSi nucleation and growth. Conversely, impurities implanted without
subsequent re-crystallization anneals stabilize 6-Ni,Si partly through the presence of an

amorphous interface, at least at the beginning of the reaction. The stabilization effect is

enhanced by the segregation of F to grain boundaries, where it forms strong Si-F and
Ni-F bonds, and by a possibly large solubility in 6-Ni,Si in which the F atoms would
occupy the vacancy sites of this relatively open structure. In doing so, they would reduce

both the diffusion of the vacancies and of the Ni atoms.

The study of stress in F-implanted c-Si(001), where the re-growth 8-Ni,Si is
suppressed, indicates that the disappearance of 6-Ni,Si is not triggered by the
accumulation of compressive stress. The nucleation of NiSi is thus the most likely cause
of this behavior. Furthermore, reactions with amorphized and amorphous substrates
indicate that the possibility of epitaxy with the Si substrate is not a necessary condition

for the formation of that compound.
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A quantitative investigation of the 8-Ni,Si growth kinetics on undoped Si(001)
reveals two distinct stages which are well described by a model incorporating 2D
nucleation-controlled growth at the silicide/Si interface followed by the non-planar
diffusion-controlled penetration of 6-Ni,Si in the overlying 8-Ni,Si grains. Despite the
very good fit of the non-planar model to our data, we cannot completely rule out the
possibility that the second stage consists of a 1D diffusion-controlled planar growth

during which the composition of the non-stoichiometric 6-Ni,Si changes.

We also observed two stages during the raction in F-doped samples. In this case,
however, the second stage is clearly consistent with a 1D diffusion-controlled growth in

the absence of 8-Ni,Si and Ni, which suggests a possible compositional change during

growth. The hypothesis that vacancies play a crucial role in the 6-Ni,Si consumption
finds support in the low activation energy value we obtain from the Avrami analysis of
this process. The same study suggests that the formation of 8-Ni,Si and NiSi, occurring
upon the consumption of 8-Ni,Si, are not necessarily separated events, at least at the time

and space scales we probe with our in situ XRD technique.

8.2 Current understanding of solid state reactions

Our results on the formation of the metastable 0-Ni,Si phase underline several
interesting characteristics of the Ni-Si system, one of which being a difficult nucleation
of NiSi. This result is surprising since most, if not all, earlier studies of the NiSi growth
kinetics on Si (001) have reported a diffusion-controlled growth. As indicated by
d’Heurle,""" the transformation from 8-Ni,Si to NiSi is at the limit of being nucleation-
controlled given the small difference in Gibbs free energies of formation between these
two compounds. Also, as pointed out by Hodaj and Gusak, NiSi nucleation is further

hindered by the existence of concentration gradients at the §-Ni,Si/Si interface.l*”
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Combined with a fast diffusion of Ni in 6-Ni,Si grain boundaries, these phenomena
prevent the formation of NiSi at the -Ni,Si/Si interface as long as unreacted Ni remains
available. Following similar arguments, it is easy to understand how a complex crystal
structure and a heat of formation close to those of 8-Ni,Si and NiSi, renders the
nucleation of Ni,Si, at the 8-Ni,Si/Si even more difficult than for NiSi. This explains the

absence of the compound from the reaction sequence.

In these conditions — where the nucleation of stable compounds is difficult — the
observation of the metastable 6-Ni,Si is striking since we expect a higher nucleation
barrier for this compound than for Ni,Si, and NiSi. Indeed, while the results of Chapters 6
and 7 support the hypothesis that the nucleation of 6-Ni,Si is rate-limiting at least
initially, the low formation temperature and the systematic appearance of the compound
over a large range of initial Ni thicknesses are signs that its nucleation is favored over
Ni,Si, and NiSi. Our extensive experimental work has allowed for pinpointing as much as
five phenomena, which in combination explain this favored nucleation. Of these five
phenomena, one appears to be paramount and a distinct characteristic of the Ni-Si

system: the similarity between the crystal structures of &-Ni,Si, 6-Ni,Si and NiSi.
Nonetheless, should the nucleation of NiSi be easier, the formation of 6-Ni,Si would not

have been observed.

Also, whereas the formation of 6-Ni,Si instead of Ni,Si, and NiSi is surprising,

the return of the 8-Ni,Si phase upon the consumption of 8-Ni,Si, and to some extent upon
that of Ni,,Si,, along with the co-existence of several compounds in the same layer, is
perhaps our most striking result as far as solid-state thin-film reactions are concerned.
This is in stark contrast with the widely accepted concept that thin-film solid-state
reactions should result in the successive appearance of continuous layers of compounds
with monotonically varying compositions. Nonetheless, beyond merely observing such

peculiar behaviors, we were able to identify the thermodynamic (metastability and
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similarity between crystal structures) and kinetic (diffusion of vacancies, non-planar
growth fronts, sensitivity to the Ni supply) phenomena that explain them. Again, the
structural similarity mentioned together with the abundance of the Ni supply (in the case

of the Ni,, Si,, consumption) appear to be the most important factors.

In summary, the results presented in this thesis clearly demonstrate that even
though the literature on Ni-Si and solid-state thin-film reactions in general is abundant,
much was left, and still remains, to be understood. They also show that in situ x-ray
diffraction is a powerful tool for revealing unsuspected, or not yet unobserved, behaviors.
Indeed, beyond all the peculiarities we have reported, the unprecedented time resolution
provided by in situ synchrotron X-ray diffraction enabled us to observe in real time the
kinetic competition between the different compounds that can nucleate at the silicide/Si

interface and that 8-Ni,Si wins most of the time. This competition was predicted by many

models of solid-state reactions before, but was never observed directly to our knowledge.

8.3 Technological impact of 6-Ni,Si

As explained in the introductory chapter, our work was in part motivated by the
technological importance of the Ni-Si system for advanced microelectronic circuits.
During the course of this thesis, NiSi has been successfully implemented as a contact
material in CMOS circuits by IBM as well as by several other integrated-circuit

manufacturers such as AMD, Intel, and Sony.

The integration of the NiSi SALICIDE process has been fraught with a number of
issues, concerning among others the thermal stability of NiSi. We have mentioned in
Chapter 3 that alloying Ni with Pt allows for significantly increasing the temperature
range over which the NiSi is morphologically stable. However, other problems related to

the heat-induced silicidation reaction, and presumably to the formation of Ni-rich
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compounds before the appearance of NiSi, have been encountered. While we cannot
expose the details of these problems here because of confidentiality issues, an interesting
correlation can be discussed. To the candidate’s knowledge, no clear link has been made
between the problems mentioned above and the presence of 6-Ni,Si in the reaction
sequence. However it is worth pointing out that in addition to stabilizing NiSi towards
agglomeration and transformation to NiSi,, we have shown in Chapter 6 that Pt also
suppresses the formation of 0-Ni,Si. Bearing in mind the formation mechanisms of this
compound (non-planar growth, diffusion of vacancies), the microstructure of the layer

stacks where it is present (interface roughness, lateral co-existence with 8-Ni,Si) as well

as the sensitivity of the reaction to processing parameters, the formation of 6-Ni,Si could

very well result in peculiar effects when occurring in finely patterned CMOS contacts
and lines. Surfaces and interfaces provided by the various dielectric structures can
influence the energetics of the reactions, serve as fast diffusion paths, or impart particular
stress loading conditions. All these factors can result in an increasingly difficult control
of the silicidation reaction. It is therefore the candidate’s opinion that Pt alloying has
been instrumental to the successful integration of the Ni-Si contact metallurgy by solving

more than the thermal stability issues with NiSi.

8.4 Perspectives

Many avenues could be envisioned for the continuation of this work. The use of
differential scanning calorimetry (DSC) as a complementary tool for investigating the
reaction kinetics immediately comes to mind as this technique can provide a direct
measurement of the heat involved at each stage of the reaction. Although earlier DSC
studies of Ni-Si reactions have failed to reveal the formation of 8-Ni,Si or have perhaps
mistaken it with some other phenomenon such as grain growth, we believe that the new

knowledge provided by our work could guide future DSC studies. This would provide
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valuable information about the energetics of the reactions and could be instrumental in

confirming the driving force behind the formation and the consumption of 6-Ni,Si.

Pursuing the investigation of texture evolution during the reaction is another area
worthy of further efforts. In particular, we mentioned in Chapters 5 and 6 the existence of
a highly textured layer (close to epitaxial) most likely located at the silicide/Si interface
in samples where the reaction was stopped at the maximum development of 0-Ni,Si.
According to pole figure experiments (not reported in this thesis), the signal
corresponding to this layer is stronger in samples implanted with high F doses. To this
date, the crystal structure, the composition, and the microstructure of the layer as well as
the driving force behind its formation remain unknown. The possibility that it consists of
some metastable compound (not indicated in the equilibrium phase diagram) cannot be
excluded since the diffraction patterns could not be fitted with any of the known Ni
silicides. Further studies aiming at understanding the force driving the formation of this
layer should involve samples with fluorine implants and with amorphous Si, two types of
substrates that were shown to yield similar Ni-Si reactions schemes. It would be very
interesting, among other things, to determine whether the highly textured layer is also

present on amorphous Si and if so, if it plays a role in the formation of 6-Ni,Si.

In order to further elucidate the role of 6-Ni,Si in the formation of 6-Ni,Si it
would be interesting to investigate the effects of a change in 6-Ni,Si texture or grain size
on the reaction. Low-rate deposition of Ni layers on cryogenically cooled substrates
would avoid the formation of the initial intermixed layer, possibly changing the texture of
the first compound to form. Also, long, low-temperature (< 200 °C) anneals followed by
3°C s’ ramps or higher temperature isothermal anneals would allow to study Ni-Si

reactions starting from larger-grained 8-Ni,Si layers.
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Finally, in a more general perspective, an increasing amount of research is being
done on meta-materials and nano-composite materials where several different elements
(including Si) are combined toghether to build complex heterogeneous structures with
tailored properties. The multiple interfaces one finds in such heterogenous structures, e.g.
in systems comprised of nano-particles embeded in a solid matrix, can host solid-state
reactions which lead to the production of compounds (including silicides) that may play a
key role in setting the properties of the overall meta-material. The in situ x-ray diffraction
technique we have presented in this thesis could be used to study the formation and the

characteristics of these interfaces and to develop strategies to optimize their properties.
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