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ASSEMBLAGE ITERATIF DE FILMS NANOSTRUCTURES DE
COPOLYMERES A BLOCS

VERS LE DEVELOPPEMENT DE STRUCTURES TRIDIMENSIONNELLES FONCTIONNELLES A
PERIODICITE NANOMETRIQUE

Les copolymeéres a blocs (BCPs) sont des polymeres composés de deux blocs ou plus, ayant
une composition chimique différente, et connectés ensemble par une ou plusieurs liaisons
covalentes. La structure la plus simple est composée de deux blocs reliés par une liaison, appelée
copolymeres di-blocs. Ces macromolécules ont tendance a produire une séparation de phase due
a I'incompatibilité chimique entre les deux blocs, représentée par le parametre de Flory-Huggins
noté x. Aussi, laliaison covalente entre ces deux blocs force cette séparation de phase a se produire
a une échelle nanométrique, dont la taille dépend de la longueur de la chaine de BCPs. Ce
phénomeéne thermodynamique est appelé auto-assemblage, et permet de générer des structures
périodiques complexes avec une périodicité de quelques nanomeétres a des centaines de
nanomeétres. En particulier, les copolymeéres di-blocs peuvent s’auto-assembler dans des réseaux
de sphéres, cylindres, gyroides ou encore lamelles en fonction de la fraction volumique d’un bloc
par rapport a 'autre. Habituellement, pour obtenir ces morphologies en film mince ou en volume,
les chalnes polymeres ont besoin d’'un apport de mobilité permettant de 1'auto-organisation,

obtenue par recuit thermique ou par vapeurs de solvant.

Au vu de la taille et périodicité de ces nanostructures, les BCPs sont souvent utilisés pour
les nanosciences et les nanotechnologies, sous forme de couches minces de 'ordre de quelques
dizaines de nanometres. Dans cette géométrie de film mince, il est important de controler
I'orientation des structures par rapport au plan du substrat. Actuellement, les films
nanostructurés obtenus par auto-assemblage de BCPs sont principalement utilisés pour la
formation de masques lithographiques permettant de produire des formes géométriques bien
définies, telles que des lignes avec des lamelles perpendiculaires au plan ou bien des motifs
hexagonaux avec des sphéres ou des cylindres perpendiculaires au plan. En effet, aprés auto-
assemblage, un des deux blocs peut étre sélectivement retiré avec un traitement plasma par
exemple, permettant d’obtenir un masque ayant un motif nanométrique qui peut étre utilisé pour
graver le substrat. Cette technique possede un grand intérét afin de complémenter d’autres
techniques permettant d’obtenir ces résolutions nanométriques, telle que la nanolithographie

extréme UV, ou la nanolithographie par faisceau d’électron. Par contre, un désavantage inhérent
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au phénomene d’auto-assemblage limite la production de motifs parfaitement définis sur de
larges domaines : I'auto-assemblage de BCPs conduit a des structures polycristallines dont les
grains possedent une orientation aléatoire les uns par rapport aux autres. Ce type de structures
polycristallines limite 'emploi des BCPs pour des applications en nano-électronique par exemple,
qui requiert un ordonnancement parfait. Une solution a été développée pour résoudre ce
probléme, utilisant des méthodes dites d’auto-assemblage dirigé (DSA), consistant a former un
motif géométrique sur le substrat avec des méthodes lithographiques classiques qui va permettre
de contraindre I'auto-assemblage de BCPs pour former un unique grain. Ces motifs peuvent étre
topographiques ou chimiques, et doivent tenir compte de regles de commensurabilité avec la

structure de BCPs.

L’application des BCPs en nanolithographie ne tire parti que de I'aspect géométrique de
I'auto-assemblage, alors qu'il existe un autre avantage a cette technique: chaque bloc peut
présenter des caractéristiques intéressantes directement liées a leur composition chimique. En
effet, il est possible de choisir un bloc possédant des propriétés recherchées (thermiques,
optiques, électriques, magnétiques, etc...) ou bien de le modifier sélectivement apreés auto-
assemblage pour le transformer en métal, en oxyde métallique, ou en composite. Ainsi, des
structures nanométriques fonctionnalisées peuvent étre générées et tirent profit des corrélations
entre la composition du BCP et la morphologie auto-assemblée. De plus, ces couches minces
fonctionnalisées avec un controle a la fois de leur structure mais aussi de leur composition,
peuvent étre empilées pour produire des structures tridimensionnelles a la demande. Cela
pourrait permettre de cibler des architectures complexes inhérentes aux applications visées et de

produire des dispositifs fonctionnels a moindre cofit.

Ce travail de doctorat a ainsi été consacré a la compréhension et au controle des

configurations d’auto-assemblage relatives aux empilements de couches de BCPs.

Dans un premier chapitre expérimental, nous nous sommes concentrés sur des
(co)polymeres contenant des fonctions azobenzenes. Cette fonction peut subir une commutation
réversible de sa conformation (cis/trans) par absorption de photons produisant un déplacement
de matiere a large échelle. Ainsi, un film mince composé d’'un (co)polymere contenant ces
fonctions peut voir sa topographie modifiée par stimulation lumineuse. L’utilisation de motifs
interférentiels produit ainsi des motifs topographiques sinusoidaux, appelés SRG pour « Surface
Relief Grating ». Une premiere étude s’est intéressée a un systéme de BCPs dont un des blocs est
porteur de telles fonctions azobenzenes. Nous avons démontré qu'une combinaison d’inscription
de motifs SRG dans la couche de BCPs et d’auto-assemblage par vapeurs de solvant peut générer

des structures parfaitement orientées par rapport aux motifs SRG (Figures 1.a-c). Cette approche
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by

permet d’enrichir les méthodologies en ayant recours a un design macromoléculaire précis

combinant séparation de phase et photo-stimulation.

Figure 1. Images obtenues par microscopie a force atomique (a) des vagues produites par SRG dans la couche

de BCP (image de topographie), et (b-c) de la structure obtenue aprés auto-assemblage par recuit de vapeurs

de solvant (image de phase) démontrant la formation de cylindres dans le plan orientés perpendiculairement
aux motifs SRG. L’insert de la figure (b) est la transformée de Fourier de 'image AFM.

Nous avons également tiré profit de la création de motifs SRG afin de développer plus en
avant I'utilisation de ces motifs topographiques pour 'auto-assemblage dirigé (Figure 2). En effet,
ces motifs géométriques obtenus par interférence optique peuvent étre modifiés plus en avant
afin d’augmenter leur rapport d’aspect, pour ensuite étre transformés en matériau inorganique
par la technique de « sequential infiltration synthesis » (SIS). Cela permet la formation de motifs
topographiques en Al;Os. Cette modification a pour objectif d’augmenter la résistance aux solvants
et aux fortes températures afin de pourvoir les utiliser pour le guidage de I'auto-assemblage de
BCPs.

PDR1A SRG Plasma SIS

—rp ps g

Figure 2. Représentation schématique du protocole pour la formation de motifs inorganiques utilisant un
polymeére contenant des fonctions azobenzénes. 1) Déposition d’un film de PDR1A ; 2) Formation du motif par
interférence optique (SRG) ; 3) Gravure plasma afin d’augmenter le rapport d’aspect ; 4) Transformation du
motif en matériau inorganique par SIS.

En modifiant les parameétres du procédé, de nombreuses structures géométriques ont été
obtenues, avec entre autres des lignes paralleles (Figure 3.a), une grille carrée (Figure 3.b), une
grille rectangulaire (Figure 3.c), un réseau carré de piliers (Figure 3.d), un réseau hexagonal de

piliers (Figure 3.e) ou une grille formée de losanges (Figure 3.f)
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Figure 3. Caractérisation par microscopie électronique a balayage des motifs obtenus en utilisant un film
polymeére contenant des fonctions azobenzénes apreés SRG, gravure plasma et modification en alumine. Les
barres d’échelle représentent 1 um.

Ces différents motifs ont ensuite été utilisés avec succes pour diriger I'auto-assemblage de
BCPs pour plusieurs types de morphologies et d’orientations, notamment des lamelles
perpendiculaires au substrat (Figure 4.a), des cylindres perpendiculaires au substrat (Figure 4.b)

ou des cylindres ayant les deux orientations selon leur position (Figure 4.c).

Figure 4. Images de phase obtenues par microscopie a force atomique (a) de lamelles perpendiculaires au
substrat dirigées ortogonalement au motif linéaire obtenu par SRG, (b) de cylindres perpendiculaires au
substrat formant des grains dépendant du réseau hexagonal de piliers obtenu par SRG, (c) de cylindres
paralléles et perpendiculaires au plan en fonction de leurs positions respectives dans la grille carrée obtenue
par SRG. Les inserts sont les transformées de Fourier des images. Les barres d’échelle représentent 400 nm.

Ainsi ce procédé permet de réaliser des motifs topographiques dont les dimensions
(hauteur, période dans chaque direction) peuvent étre finement réglées afin de diriger I'auto-
assemblage de BCPs en film mince. De plus, cette méthode est peu couteuse en comparaison aux

techniques plus conventionnelles, et peut facilement étre adaptée et optimisée en fonction du BCP,

notamment de sa période et de sa morphologie.

Dans le deuxieme chapitre expérimental, nous avons exploré le diagramme de phase du

polystyrene-bloc-poly(méthyl méthacrylate), noté PS-b-PMMA (Figure 5), en faisant varier sa
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composition, fps et sa masse molaire en nombre, M,,, afin de modifier la structure auto-assemblée

et sa période.

Figure 5. Structure chimique du PS-b-PMMA.

Ce BCP est particulierement intéressant pour la suite de I'étude car son auto-assemblage
se réalise simplement et son comportement est trés proche des prédictions théoriques. Le
procédé d’auto-assemblage est réalisé en deux étapes (Figure 6), avec en premier la modification
de I'énergie de surface du substrat, en greffant un copolymere statistique (RCP) de PS et PMMA,
dont la composition permet de contrdler l'orientation de la morphologie. Ensuite un film mince
de PS-b-PMMA est déposé sur le substrat modifié, et est auto-assemblé par recuit thermique, c’est-
a-dire en le chauffant a une température donnée (de 200 °C a 280 °C) pendant un temps donné

(de 5 min a 15 min).

Modification Film mince Recuit
- de la surface de BCP therm.'que

Figure 6. Représentation schématique du protocole de formation d’une structure auto-assemblée de PS-b-
PMMA. 1) Modification de la surface du substrat en greffant un RCP ; 2) Déposition d’un film mince de BCP ;
3) Chauffage du film pour promouvoir 'auto-assemblage par déplacement des chaines polymeres.

Ce chapitre a donc consisté en l'optimisation des protocoles expérimentaux permettant
I'obtention pour chacune des structures de BCPs un ordre a longue distance important. Plus
précisément, cinq structures différentes ont été obtenues, qui sont dans l'ordre croissant de fpg,
des spheres de PS, des cylindres de PS, des lamelles, des cylindres de PMMA et des sphéres de
PMMA. Trois de ces structures ont été retenues pour l'étude sur les empilements du fait du
contrdle poussé de leur auto-assemblage : des cylindres de PS (Figure 7.a), des lamelles (Figure

7.b) et des cylindres de PMMA (Figure 7.c).

vii



RESUME EN FRANCAIS

Figure 7. Images de phase obtenues par microscopie a force atomique de PS-b-PMMA auto-assemblé
perpendiculairement au substrat formant (a) des cylindres de PS, (b) des lamelles et (c) des cylindres de
PMMA. Les inserts sont les transformées de Fourier des images. Les barres d’échelle représentent 400 nm.

Ces structures ont été modifiées par infiltration sélective du bloc de PMMA en alumine par
SIS, suivi d’'une gravure plasma pour enlever partiellement le bloc PS, permettant d’obtenir les
répliques inorganiques des structures auto-assemblées (Figure 8) dont les topographies effectives

sont controlées par la gravure du bloc PS.

Infiltration Gravure ——
du PMMA partielle du PS . .
[ —— - . PMMA PS ALO,

Figure 8. Représentation schématique du protocole de la modification d’une structure auto-assemblée pour
I'empilement. 1) Infiltration du PMMA avec de I'alumine par SIS ; 2) Gravure du PS par plasma.

Il est ainsi possible de former un réseau de lignes paralléles par des lamelles, noté L pour
«line & space », un réseau hexagonal de piliers par des cylindres de PMMA, noté D pour « dot », et
un réseau hexagonal de trous par des cylindres de PS, aussi appelé nid d’abeille, noté H pour
«hole ». De plus, en utilisant des BCPs ayant la méme fps mais des M,, différentes, ces structures
ont pu étre déclinées en plusieurs périodes de 24 nm a 64 nm selon les morphologies. La Figure 9
présente les images de microscopie électronique a balayage de toutes les structures 2D obtenues,
montrant clairement une diminution de la qualité de I'auto-assemblage pour les plus grandes

périodicités (due notamment a la diminution de la mobilité des chaines polymeéres).
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Figure 9. Caractérisation par microscopie électronique a balayage des différentes structures 2D en alumine
(L, D et H) dérivées de BCPs de PS-b-PMMA auto-assemblés en lamelles, cylindres de PMMA et cylindres de PS,
orientés perpendiculairement au substrat. Différentes périodicités sont obtenues par mélange de BCPs de
longueurs différentes mais de composition similaire. Les zones sans images représentent les structures non
obtenues expérimentalement. La barre d’échelle représente 500 nm.

Le troisieme chapitre expérimental se concentre sur I'étude de structures composées de
deux couches auto-assemblées. Trois objectifs sont visés : premiérement réussir a obtenir des
structures empilées bien définies pour pouvoir étre observées et étudiées, ensuite comprendre

I'organisation et I'orientation relatives entre les couches, et finalement contréler ces derniéres.

Ainsi, un procédé d’empilement a été développé, comptant trois étapes distinctes (Figure
10) : 1a préparation de la surface de la premiére couche, ensuite I'ajout de la seconde couche et
finalement la modification de la seconde couche soit pour observer la structure, soit pour préparer

la seconde couche pour un nouveau cycle d’empilement.

La premiére étape est similaire au greffage d’'un RCP sur le substrat comme décrit
précédemment, a la différence que la surface de la premiére couche doit étre précédemment
passivée par un dépo6t d’'une couche tres fine d’alumine (environ 1 nm). Afin de mieux comprendre
les mécanismes d’empilement, le RCP utilisé peut étre choisi parfaitement neutre, mais aussi
légérement sélectif envers le PS ou le PMMA. La seconde étape est parfaitement similaire au
procédé décrit dans le chapitre précédent. Ces deux étapes peuvent étre répétées autant de fois
que nécessaire. La derniére étape consiste soit a graver entiérement le PS, pour pouvoir observer
la structure résultante par microscope électronique a balayage, soit a enlever partiellement le PS
pour pouvoir recommencer le cycle. L’étape de gravure est cruciale car elle permet I'étude

systématique de l'orientation relative obtenue par 'empilement de deux couches.
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Figure 10. Représentation schématique du protocole de I'empilement de couches 1) Passivation de la surface
d’une premiére couche préparée pour I'empilement ; 2) Modification de la surface de la structure en greffant
un RCP ; 3) Déposition d’un film mince de BCP ; 4) Chauffage du film pour promouvoir I'auto-assemblage ; 5)
Infiltration du PMMA avec de l'alumine par SIS ; 6) Gravure du PS par plasma soit de facon totale pour
obtenir une structure entiérement inorganique, soit partielle pour déposer une nouvelle couche.

Ainsi, une observation systématique des structures bicouches a été réalisée en faisant
varier 3 parametres :
e Letype de structure de chaque couche qui peut étre L, Dou H ;
e Lapériode de chaque couche, comprise entre 24 nm et 64 nm ;
e La modification énergétique réalisée entre les deux couches, qui peut étre neutre, sélectif

envers le PS ou sélectif envers le PMMA.

Cette large étude a permis d’observer l'orientation relative des couches en fonction de ces
trois parameétres, et de proposer un mécanisme expliquant les résultats, corroboré par des
simulations. Ces résultats peuvent étre classé par rapport au type de structure des deux couches

empilées, résultant en 6 différentes catégories : D-D, L-L, H-H, L-D, H-D et H-L.

Le cas L-L est celui qui a servi de base pour comprendre le mécanisme d’orientation des
structures, avec peu de structures possibles puisque la symétrie est linéaire. Ainsi, pour deux
couches de lignes de méme période, 3 orientations ont été observées en fonction du RCP utilisé :
soit les lignes sont orthogonales (Figure 11.a), soit elles sont colinéaires et superposées (Figure

11.b), soit elles sont colinéaires et en quinconce (Figure 11.c).
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Figure 11. Caractérisation par microscopie électronique a balayage de la superposition de deux couches
formant des lignes de méme période avec une interface (a) neutre, (b) sélective au PMMA et (c) sélective au
PS. L’insert montre la transformée de Fourier de 'image. Les barres d’échelle représentent 500 nm.

En utilisant un modele prenant en compte I'énergie de courbure des chaines polymeéres et
les interactions interfaciales, il est possible de rationaliser ces trois orientations en fonction du
RCP:

o Sila surface est neutre, les chaines polymeres seront peu courbées. Ainsi la structure la plus
stable est celle ou les deux réseaux de lignes sont orthogonaux ;

o Silasurface est sélective envers le PS (PMMA), le bloc préférentiellement placé au-dessus des
lignes d’alumine sera le PS (PMMA), afin d’augmenter l'interface affine et donc de diminuer

I'énergie totale du systéme.

La suite de I'étude systématique a permis d’observer de trés nombreuses structures qui
ne pourraient pas étre nativement obtenues avec le PS-b-PMMA. Les Figures 12.a-f montrent une
structure remarquable pour chaque couple de structures possibles, avec les périodes et les

modifications d’interfaces adéquates.

En outre, le modele développé dans ce chapitre permet de prédire toutes les orientations
obtenues selon deux regles simples : I'orientation relative entre les couches tend a former la
structure finale la plus symétrique possible, c’est-a-dire ayant la maille primitive la plus petite, et
dans le cas d’interfaces non neutres, le bloc affine aura tendance a se placer majoritairement au-
dessus des structures en alumine, c’est-a-dire au-dessus du bloc de PMMA de la couche

précédente.

xi
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Figure 12. Caractérisation par microscopie électronique a balayage de la superposition de (a) L-L, (b) D-D (c)
H-H, (d) H-D, (e) H-L et (f) L-D. Les inserts montrent la structure théorique prédite ainsi que la transformée
de Fourier de I'image. Les barres d’échelle représentent 500 nm.

Le quatrieme et dernier chapitre de ce manuscrit est une ouverture aux applications
possibles de ce procédé d’empilement pour former des structures 3D fonctionnalisées. Ainsi, deux
dispositifs ont été imaginés :

e Une nano-grille 3D formée par un empilement répétitif de lignes orthogonales
fonctionnalisées en matériel conducteur le tout dans une matrice isolante. Ce type de structure
conducteur/isolant pourrait conduire a I'obtention de propriétés plasmoniques intéressantes
du fait de sa périodicité plus faible que les longueurs d’onde de la lumiere visible ;

e Un réseau hexagonal de colonnes formées de 8 couches de matériau multiferroique séparés
par des électrodes. Cette structure permettrait de stocker 8 informations binaires dans
chacune des colonnes, ce qui permettrait de multiplier la capacité de stockage par 8 comparé
a un simple réseau hexagonal de piliers obtenue par 'auto-assemblage d'un BCP.

Bien entendu, de nombreux challenges restent a relever pour réussir a produire ces
structures, le procédé d’empilement couche par couche du PS-b-PMMA n’est que la premiére

brique pour pouvoir imaginer la formation de ces dernieres.
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GENERAL INTRODUCTION

Invisible to the eyes and yet surrounding us, nanoscience has become a major research
field in the past decades and has driven many potent technological advances. By definition, an
object is considered as a nanomaterial if at least one of its dimensions is lower than 100 nm. Such
structural characteristic leads to unique physical and chemical properties due to quantum and/or
surface effects, which are used in diverse scientific fields such as catalyst, optics, magnetic, electric

or biology.

Nanomaterials require very precise manufacturing processes, and Nature excels at the
generation of exquisite nanostructures such as the ones found in butterfly wings or lotus leaves.
Nanomaterials are also produced artificially by using for instance nanolithography or
nanoparticle synthesis. Another concept of interest for the formation of nanostructured materials
is related to the thermodynamical processes found in Soft Matter which can yield to the formation
of a panoply of morphologies. Among the Soft Matter processes, block copolymers (BCPs) self-
assembly enables nanostructuration while taking profit on the physical-chemical properties of
polymers. Indeed, these materials hold the property to self-assemble into different periodic
structures (in one, two or three dimensions), with a periodicity that can vary from few
nanometers to hundreds of nanometers. This self-assembly process is related to microphase
separation due to chemical incompatibility which arises from the block copolymer structure: two
or more different polymeric chains linked together by a covalent bond. Thus, BCPs based
nanomaterials are artificial materials taking advantage of a thermodynamic process to generate
nanomaterials, i.e. a statistical process that naturally occurs in order to reduce the overall energy

of the system.

Over the past decades, innovative polymerization methods have been developed to
generate on-demand BCPs with the adequate architecture in order to produce a targeted
nanostructure. This was also consolidated with the development of the self-consistent field theory
(SCFT), which permitted to understand and predict the BCP behavior for simple architectures.
With such foundation spanning from macromolecular engineering to thermodynamics, it is not
surprising that many researches focused on methods to transpose these periodical

nanostructures in nanotechnologies.

As today, one of the main applications of this technology is the nano-manufacturing of
masks for lithography, as BCP self-assembly produces very small features at a low budget.

However, this application restricts the BCP self-assembly to the formation of patterns in thin film,
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subsequently used to transfer the features in a substrate of interest. A more ambitious paradigm
would be to functionalize these nanostructures into practical devices. Unfortunately, only a scarce
number of devices based on BCP manufacturing is yet described in literature, due to the difficulty
to produce complex and precise technological architectures that are required for cutting-edge

nanotechnologies.

This Ph.D. is dedicated to the understanding and the control of the formation of complex
functional nanostructures using an iterative layering approach of self-assembled BCP thin films.
Such an exploration was performed using the polystyrene-block-polymethyl methacrylate (PS-b-
PMMA) system, for which an in-depth understanding of the self-assembly behavior in thin films

has been reported over the past ten years. The manuscript is organized as follow:

The first chapteris a description of the general context of the study. A first part is dedicated
to the BCP self-assembly theory and experimental processes, with a strong focus on PS-b-PMMA.
Then a second part referenced most of the methods to functionalize BCP nanostructures, and is
followed by a literature survey on the different stacking methods in order to produce layered
structures. Finally, a last part is related to azobenzene-containing (co)polymers and the

opportunities inherent to their use in nano-manufacturing.

The second chapter is a two-fold study on the use of azobenzene-containing (co)polymers
to direct BCP self-assembly. In a first study, the interplay between the azobenzene photo-
stimulation and BCP self-assembly is reported for a BCP engineered with a block containing
azobenzene moieties. The second part dealt with the development of a reliable method to perform
substrate texturing of an azobenzene-containing polymer thin film with interferential light

patterns.

The third chapter presents a large study of PS-b-PMMA self-assembly with the description
of the nanostructures achievable in thin film geometry, i.e. for a film thickness around few tens of
nanometers. The experimental phase diagram was explored, leading to a panoply of high-quality
nanostructured patterns obtained from BCP self-assembly with periodicities varying from around
20 nm to 60 nm. Also, a hybridization process, immobilizing the BCP pattern, was developed to

allow the subsequent thin film layering.

The fourth chapter is the systematic study of the layering of two BCP thin films in order to
understand the registration mechanisms of the two layers. Interestingly, a methodology to control
the registration behavior is proposed and rationalized by energetical considerations as well as by
simulations. Several configurations obtained through this stacking method are novel structures

and thus widen the versatility of BCP self-assembly for nano-manufacturing. Furthermore, the
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developed stacking process is shown to be compatible for the stacking of more than two layers,

which further opens avenues for the production of complex 3D layered nanostructures.

The last chapter of the Ph.D., which can be also considered as a “conclusion and
perspectives” part, is devoted to the application of the iterative process for the generation of
functional devices. In particular, the design of two prospective device architectures is proposed,

and the methodologies and challenges related to the fabrication of such structures are discussed.

Finally, an annex with the description of the techniques used in this study, the Matlab
programs and functions developed during the Ph.D., and several large SEM images of the

nanostructures is provided at the end of the manuscript.
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In this first chapter, the general context of this Ph.D. thesis is described by highlighting the
recent advances in nano-manufacturing using polymer materials. After a theoretical background
on block copolymer (BCP) self-assembly and directed self-assembly (DSA) methods, an exhaustive
survey of the studies on the polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) BCP
system is conducted. Indeed, this particular BCP system is the workhorse for the formation of
nanostructures via BCP self-assembly due to the fine control of the associated synthetic and self-
assembly procedures. Besides, PS-b-PMMA nanostructures can further yield to functional
arrangements of features as it is possible to selectively hybridize one of the BCP domains by
various techniques. This is of particular interest for applications, as functional properties can arise
from both the spatial arrangement and the constitutive material composition. Thus, the
functionalization processes to selectively hybridize self-assembled BCP thin films is reviewed
with a highlight on processes compatible with PS-b-PMMA. Then, the four different approaches
referenced in literature to achieve iterative stacking will be described with an emphasis on the
advantages and bottlenecks of each methodology. Finally, a quick review on azobenzene-
containing polymers is presented as they allow combining stimuli-responsive materials to BCP

self-assembly.



CHAPTER I: STATE-OF-THE-ART

1.1/ Block copolymer self-assembly

Block copolymers (BCPs) are macromolecules formed from two or more chemically
different polymer chains linked by covalent bonds. Figure 13 shows different macromolecular
architectures that can be synthetically obtained by varying the number of blocks - diblock, triblock
or more - and their connectivity - linear, star-shaped, branched among others. The chemical
difference between each block can induce a phase separation process leading to the formation of
segregated domains. Nonetheless, the covalent bond between the chemically distinct chains
prevents a macroscopic phase separation. Accordingly, the phase separation is limited to a length
scale comparable to the radius of gyration of the polymer chain and leads to geometrically

remarkable periodic structures with features on the nanometer length scale [1], [2].
C

a/\/ ° -

Figure 13. Schematic representations of different architectures of BCPs: (a) linear AB diblock, (b) linear ABA
triblock, (c) linear ABC triblock, (d) star-shaped AB diblock (e) branched AB diblock and (f) star-shaped ABC
triblock.

One specific use of such microphase separation process is linked to the formation of
nanostructured thin films which can be further used for nanofabrication purposes, such as
lithographic masks, photonic crystals, surface coatings, membranes, etc. [3], [4]. To obtain these
nanostructured thin films, multiple processing steps are required and a panoply of parameters

needs to be controlled in order to promote the formation of well-defined BCP structures as shown

in Figure 14.
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Figure 14. Summary of parameters affecting the formation of a self-assembled BCP structure, from the
substrate type and modification, BCP type and blending, thin film and self-assembly processing.
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I.1.A/ Phase separation

I.1.A.i/ Driving force for microphase separation

In 1942, a lattice model was developed separately by Flory [5] and Huggins [6], [7] to
describe a simple binary mixture of two different polymers, here labelled A and B. In this model,
segregation occurs when the mixing free energy (4G,,) becomes unfavorable, which can be
rewritten using thermodynamic principles and Stirling’s approximation as Equation (1) where f,
and fp are the volume fractions of A and B, N, and Ny the polymerization indexes of A and B, kg
the Boltzmann constant, T the absolute temperature, and y,p the so-called Flory-Huggins

parameter.

AGr, _ fa

T = N—Aln(fA) + I{I_Zln(fB) + XapfafB )

The Flory-Huggins parameter quantifies the degree of incompatibility between the A and
B segments, and is expressed as Equation (2) where Z is the number of nearest neighbor

monomers for a lattice site, and ¢;; are the interaction energies between i and j monomers.

Z Eaa + EBB
Xap = T X (SAB - T) 2)

Experimentally, it has been noticed that the variation of y,z with respect to the
temperature is more complex that Equation (2) [8], and the parameter is usually modeled as
Equation (3) where a and f are empiric parameters for entropy and enthalpy contributions,

respectively.

B
Xap =Xutxs=a+zg 3)

I.1.A.ii/ Phase diagram: experiments versus theory

The Flory-Huggins model, developed for homopolymer mixture, is not suitable to predict
BCP microphase separation because of the covalent bond between each block. In 1980, Leibler [9]
investigated the order-disorder transition (ODT) of AB diblock copolymers containing N repeating
units in the weak segregation limit using a Landau expansion of the free energy to the fourth order,
giving microscopic expressions for the coefficients as functions of two key parameters: an
incompatibility parameter expressed as the product yN, and the BCP volume fraction f. With this
model, for a symmetric di-BCP architecture, i.e. perfectly symmetrical and monodisperse
distribution of chain lengths, the ODT is predicted for yN = 10.5, with ordered phases above this
value and disordered phases below. Figure 15.a shows Leibler’s theoretical phase diagram, which

predicts three stable nanostructures according to the BCP composition: lamellae, hexagonally
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packed cylinders or body-centered cubic spheres, for which the respective unit cells are

represented in Figure 15.e.

A decade later, using self-consistent field theory (SCFT), Matsen [10], [11] predicted a
more consistent phase diagram, also valid for higher yN values (Figure 15.b). It enlightens a stable
gyroid phase (Figure 15.e) between cylinders and lamellae, that have been experimentally
observed [12]-[15] and proven to be stable [16]. Later, they generalized their approach for
asymmetric copolymers (i.e. with blocks composed of repeating units having different statistical
segment lengths, a) leading to a distortion of the phase diagram [17], [18] (Figure 15.c). Indeed,
by increasing a,/ap ratio, it is easier to stretch the A block than the B block, resulting in an

extended curvature of the domain interface towards the A domains.
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Figure 15. Theoretical phase diagrams for (a) diblock copolymers obtained from a Landau expansion of the
free energy [19], (b) diblock copolymers obtained from SCFT [11] and (c) diblock copolymers with
conformational asymmetry obtained from SCFT [18]. (d) Experimental phase diagram obtained for the PS-b-
Pl system [20]. (e) Diblock copolymer stable morphologies according to the composition.
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Further theoretical developments were proposed in 1987 by Fredrickson and Helfand
with the investigation of the effect of composition fluctuations close to the ODT. These effects are
not taken into account by the SCFT theory even if they greatly impact self-assembly for BCPs of
low degree of polymerization. Indeed, they predicted, and experimentally observed an ODT for
symmetrical BCPs at yN = 10.5 + 41N~1/3 [19], [21]. Very recently, the Morse group revisited
the effect of composition fluctuations and found out that a third term appears, leading to an even

higher ODT for short BCPs: yN = 10.5 + 41N~/3 + 123N~%5¢ [22].

Experimental phase diagrams have been reported for some BCP systems [20], [23], [24].
For instance, Khandpur et al. explored the polystyrene-b-polyisoprene (PS-b-PI) phase diagram
(Figure 15.d) using ten different compositions near the phase separation threshold, modifying y 4z
by changing the temperature. They showed that predictions from simulations are in agreement
with their experimental results with two notable differences: a higher experimental ODT and a
perforated lamellae structure which have been proven to be a long-lived metastable precursor to
the gyroid structure [25]. It highlights that theoretical phase diagrams are often derived from ideal
cases (mean-field approximation of interactions, symmetric conformational characteristics of
both blocks), which do not take in account every parameter, such as dispersity, sample thermal

history, end-chains, among others.

Obviously, with the increase of the BCP structure complexity (such as triblock or non-
linear copolymers), a panoply of morphologies are accessible, with for instance “three-color”

lamellae, core-shell cylinders or spheres in lamellae [26].

I.1.A.iii/ Domain spacing of BCP structures

In a given nanostructured phase, one key value is the domain spacing, named here L,
which quantifies the typical periodicity of the segregated structure. In the strong segregation limit,
i.e. for high y 45N, the periodicity of the lamellar, cylindrical and spherical phases can be predicted
from the characteristics of the BCP system, i.e. f, x, N and a the averaged statistical segment length
of each blocks [18]. These general equations are not presented here, but for perfectly symmetric
block copolymer, ie. f, = fz = 0.5 and a4 = ag = a, the results of this treatment can be

simplified, and the domain spacing of a lamellar phase can be written as Equation (4).

2 1
Lo ~ 1.1aN3y6 (4)

Experimentally, one of the main interests of BCP self-assembly in nanofabrication is the
definition of extremely small objects formed from one of the BCP domains. The related dimension,
which is called the pitch, is L, /2 for a lamellar phase. Thus, an important part of recent studies on

BCPs focused on the generation of these small features. Using Equation (4) and respecting yN >
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10.5 in order to drive phase separation, smaller domain spacing can be obtained for a high value
of y and a small value of N, as recently demonstrated by several groups with the formation of sub-

10 nm features using BCP self-assembly [27].

In the bulk regime, Small Angle X-ray Scattering (SAXS) enables the structural
characterization of self-assembled BCP morphologies. With the small X-ray wavelengths, from 0.1
to 10 nm, it is possible to monitor interactions of atomic electron clouds, by looking at the X-ray
beam scattering due to electron density fluctuations (as light would scatter with refractive index
fluctuations). For this purpose, let’s consider an incident wave vector H with a 2w /A magnitude,

and a 4 wavelength. This incident wave vector will be scattered by electron density gap, which

occurs at BCP interfaces, into a scattered wave vector, denoted k_; at a 8 angle, as depicted in

Figure 16.

Figure 16. Schematic of an elastic scattering event. E and k’; represent incident and scattered wave vectors, 0
the scattering angle and q the scattering vector. Blue dots represent scattering objects (which are domain
interfaces for BCPs). d represent interplanar spacing distance between these objects.

In the case of an elastic scattering event, E and E are of equal magnitudes, and the
scattering vector, defined as ¢ = E — k_s), which represents the amount of momentum that have to
be transferred into the medium along the direction of . By trigonometry, it is possible to calculate
the magnitude of G, given by Equation (5).

4 0
1G] =q=75in(§) (5)

In the case of BCPs in bulk, the scattering objects are the domain interfaces linked to the
overall self-assembled structure. This periodically ordered structure possesses scattering plans
yielding to the superimposition of scattering waves. Then, a unique diffraction pattern is created,
which is directly linked to the arrangement of the domain interfaces. Geometrically, this
constructive superposition occurs when the Bragg’'s law (Equation (6)) is respected, with n an

integer and d the interplanar spacing between parallel plans.

nl = 2dsin (g) 6)

10
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Thus, by combining Equations (5) and (6) and rewriting d using Miller indices h, k and [
(defined according to the periodic rules of the unit cell), it is possible to relate the scattered peak

positions to the structural periodicity of the studied object by Equation (7).

2T
nit = 7— )
hikl

Consequently, it is possible to analyze the SAXS spectra of BCP self-assembled structures
to precisely determine the morphology: the four standard morphologies of di-BCPs - lamellae,
cylinders, gyroids and spheres - have precise peak position sequences. It is also possible to
evaluate the domains spacing, Ly, from the first scattered peak which represents the smallest

periodicity of the structure. All these information are summarized in Table 1 [25].

Morphology | Space group Qhki Ly q/q"
- 2 1
Lamellae 1 7” h 2n 1,2,3,4,5,6...
21 4t 1
Cylinders P6mm (2D) 7w/hz + k2 + hk Ner'R 1,vV3,V4,V7,49,V12 ...
_ 2 1
Gyroid Ia3d FW/hZ +kz+12 | 2nV6 g V6,v8,v14,v/16,v20 ...
_ 21 1
Spheres Im3m 7\/h2 + k%2412 ﬂ\/EF 1,v/2,v/3,V4,/5,/6...

Table 1. Domains spacing and sequence of peak positions for the different BCP morphologies.

It is also possible to determine the domain spacing by direct measurement from any
imaging technique that has a suitable resolution, such as Atomic Force Microscope (AFM),
Scanning Electron Microscope (SEM) or Transmission Electron Microscope (TEM). With AFM and
SEM, only the surface of the sample is probed, while TEM requires to cut the sample in thin slices
in order to visualize by transmission the morphological features. In any case, the sample
processing and history have an impact of each type of measurements and slightly different results

can be obtained depending of the type of characterization.

I.1.A.iv/ Determination of the Flory-Huggins parameter

Ultimately, to understand and predict BCP phase behavior in term of self-assembly, it is
crucial to estimate the y,p value, and several methods have been developed to estimate the
enthalpic and entropic parameters from Equation (3). It is noteworthy that the values reported in
the literature for a particular system are highly dependent from the methodology used to estimate

the y 45 value, inherently to uncertainties from experimental data [28].

A first technique consists in measuring the complex viscosity or dynamic moduli in
function of the temperature for BCPs with different N (keeping the composition constant) to

determine the order-disorder transition temperature (Topr) between the ordered and disordered

11
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phases [29], [30], and then estimate y using the mean-field theory (i.e. at the Topr YN = 10.5 for a
symmetric di-BCP). A second method consists to estimate y from Equation (4) by measuring
domain spacing for BCPs of different degree of polymerization (keeping the composition

constant) with direct imaging or scattering techniques [31].

Another method is the SAXS analysis of BCP melt in the disordered state at different
temperatures while still presenting some fluctuations of density. Leibler [9] and Sakurai [32]
demonstrated that the scattering peak intensity of such state is linked to y, and can be precisely
fitted from the macromolecular parameters of the studied BCP [33]. This method leads to a more
accurate estimation of y since it takes in account the macromolecular properties of the BCP, such
as molecular weight, density and dispersity of each block. This method is the most commonly used

for di-BCP.

A last method, called the critical molecular weight method, consists in finding the
threshold of miscibility of a blend of two homopolymers, and then using the Flory Huggins theory
and the binary interaction model, to estimate y [34]. This method is not widely used because of

its imprecision.

1.1.B/ Thin film self-assembly of BCPs

In the thin film regime - for thicknesses below = 100 nm - BCP chains exhibit different
behaviors than in the bulk regime due to the importance of interfacial fields. The resulting
morphologies can thus be tuned by the processing parameters, such as film thickness, substrate

energy, atmosphere composition, or film annealing.

1.1.B.i/ Thickness of the BCP layer

In contrast to bulk, a thin film configuration creates a chain confinement for which
thickness is a crucial parameter leading to several morphologies and/or orientations for the same
BCP system [35]-[38]. To understand the impact of thickness on self-assembly, the key parameter
is the ratio between thickness, denoted t here, and domain spacing, denoted L, here, called the

commensurability ratio.

For instance, Knoll et al. showed that out-of-plane cylinders, in-plane monolayer or bilayer
of cylinders and perforated lamellae can be obtained using the same polystyrene-b-polybutadiene
(PS-b-PB) sample for different film thicknesses (Figures 17.a-b) [35]. Using simulations, they
further demonstrated that the commensurability ratio dictates the resulting self-assembled
structure. For instance, it requires t = 0.75L, to place one layer of unconstrained laying cylinders,

and t = 1.5 for two layers (here L, represents the cylinder-to-cylinder distance).

12
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For lamellae, the behavior is slightly different because the structure adapts differently to
the modification of film thickness through the formation of terraces, often called “islands and
holes”, in order to overcome chain stretching. Figure 17.c shows several theoretical rules that have
been erected to predict the formation of terraces in function of the thickness and the wetting
behavior at interfaces (see I.1.B.ii/):

o For symmetrical wetting, i.e. the same block wets the substrate and the air, terraces are
observed if t # nlL,.

e For asymmetrical wetting, i.e. a block wets the substrate and the other the air, terraces are
observed if t # (n + 0.5)L,.

e For neutral wetting, i.e. both blocks wet the substrate, an out-of-plane orientation of the
lamellae is the most energetically stable if both blocks are neutral toward air, and mixed

structures are obtained if one block preferentially wets the air interface.

Interestingly, Ham et al. showed for the neutral wetting case that the formation of terraces
for PS-b-PMMA lamellae can be obtained for very low thickness, i.e. t < 1.5Ly, or when the
thickness is perfectly incommensurate, i.e. t = (n + 0.5) L, (Figure 17.d) [39], [40]. More recently,
Kim et al. also enlightened the formation of more exotic half terraces, when only one interface is

neutral (as for the mixed structure case described before) with t = (n + 0.25)L, [37].

Symmetric wetting Asymmetric wetting Neutral wetting

nLy<t<(n+03)L, 1=(n=035),

—nL nLy<t<(n+035)L,

(n+ 0.5}/.n

(n+ 0.5)/‘“

°
&

(n+ 0.5)/

(n=0.5)L,<1<nL, (n=0.5)Ly<t<nL,

(. . L2 Jm

Figure 17. (a) SEM pictures of a PS-b-PB self-assembly (cylindrical in bulk) with different morphologies and
orientations depending on the film thickness as shown in (b) with the schematic height profile and 3D
structures obtained by simulation showing a perfect correlation with the experiments [35]. (c) Rules for the
formation of terraces according to the wetting behavior and thickness of lamellar BCP films [38]. (d) AFM
phase images of PS-b-PMMA lamellae with a 29 nm domain spacing for different thicknesses after thermal
annealing [39].
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The most common method to deposit a BCP thin film is by spin coating, which consists of
spinning a droplet of a BCP solution at a certain concentration C into a solvent with a rotation
speed w until complete evaporation of the solvent. Several models have been developed to predict
the thickness of the deposited film [41], [42], which vary with C, w, but also temperature, solvent
viscosity, density, evaporation rate, etc. Nonetheless, for a given solvent at a given temperature,
the thickness t can be approached by Equation (8) where « is a constant depending on the solvent

and atmospheric parameters.

t =a— (8)

In a controlled environment, it is thus simple to control the film thickness by changing the
concentration of the BCP solution or the rotation speed. This aspect leads to a fine control of the

commensurability ratio between the film thickness and the domain spacing of the BCP structure.

I.1.B.ii/ Surface energy

In the thin film regime, the two boundary interfaces, i.e. substrate-film and film-air, are
creating constraints that cannot be neglected with respect to bulk self-assembly. Accordingly, in
order to control the thin film BCP self-assembly, these interfaces have to be modulated, as

observed in the previous paragraph for lamellae.

For the substrate-film interface, the main approach is to tune the substrate energy by
grafting random copolymers brushes (RCP) with different compositions [43]-[48]. Figure 18.a
shows the typical grafting process which is induced by heating up a RCP thin film long enough to
provide covalent bonding between the RCP chains and SiO; substrate. The use of an adequate RCP
composition enables the control of the wetting of the BCP domains by balancing (or not) the
surface energies between the BCP domains and the substrate. Accordingly, such methodology
affords an exquisite control of the morphology orientation.[47] (Figure 18.b). Indeed, a neutral
surface can induce a perpendicular orientation while a non-neutral surface favors a parallel

orientation of the BCP structure [39], [47]-[49].

A second method similar to the grafting of RCPs is based on the use of self-assembled
monolayers (SAM) which constituent molecules are grafted through their chlorosilane function

on the SiO; substrate [50]. Such treatment yields as well to a modification of the surface energy.

It is noteworthy that blending RCPs or SAMs with different (macro)molecular
characteristics [51] can enable a modification of the grafting density and the surface properties

[52], [53].
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The “free surface” behavior, i.e. the film-air interfacial properties, is inherent to the surface
energy of BCP domains. For thermodynamical reasons, this free interface will be preferentially
wet by the block with the lower surface energy. To overcome this phenomenon (particularly
pronounced for the so-called high-y BCPs), the most common method consists in adding a
sacrificial top coat [54]-[56] that will transform the “free surface” into a film-film interface for
which the interactions can be controlled by the top coat composition (Figure 18.c). A recent study
showed a slightly different method, consisting in the amorphization of the top surface of an as-
casted BCP thin film by a gentle plasma. This process is conceptually similar to a grafted brush
layer of statistical copolymers and could be used as an universal neutral top coating since the top-

coat composition necessarily balances the interfacial energy of the segregated BCP domains [57]

(Figure 18.d).
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Figure 18. (a) Schematics of the substrate coating process by a RCP grafted layer [58] and (b) SEM images of
PS-b-PMMA lamellar (top) and cylinders (bottom) self-assembled on substrate coated with different PS-r-
PMMA RCPs (Fst is the volume fraction of styrene in the RCP) [47]. Schematics of (c) standard top coat
process enabling the control of the orientation of BCP structure having components of drastically different
interfacial energies [54] and (d) universal top coat process by the top-surface amorphization of BCP layer in
its disordered state [57].

Top layer
etching

The top coat approach has two major drawbacks, which are the increased process
complexity, and the constraint that the topcoat deposition should not dissolved or deteriorate the

BCP thin film underneath.
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Without resorting to a top coat approach, two other methods can have an impact on the

“free surface” energy and yields to a controlled orientation of BCP structures:

o Heating BCP thin films which will modify the surface tensions of each block in a different way.
This method is used for PS-b-PMMA, for which both blocks will have the same interfacial
energies for a temperature around 225°C under vacuum [59];

e Modifying the atmosphere by adding solvent vapors [60], [61].

These methods are called thermal and solvent annealing, respectively. They will have

other uses and impacts on BCP thin film, which will be the subject of the following part.

I.1.B.iii/ Annealing of BCP layer

The spin-coating process usually traps the BCP chains in an unstable state because of the
fast solvent evaporation leading to a drastic decrease of the BCP chain mobility. In order to
promote the self-assembly of BCPs, two main processes are described in literature: thermal
annealing in which the BCP thin film is heated above the glass transition temperature of the blocks,
and solvent vapor annealing in which solvent vapors swell the BCP thin film and screen

unfavorable contacts.

Thermal annealing is industrially interesting because it does not require the use of
hazardous solvents and it can be easily tuned and optimized with duration and temperature
(Figure 19.a). During thermal annealing, the mobility of BCP chains is increased to promote self-
assembly. Ultimately, the film is quenched at room temperature to freeze the ordered structure
(i.e. below the glass transition temperature of one of the blocks) [62]. This technique is often used
for PS-b-PMMA to organize thin films into lamellae, cylinders or spheres using RCP or SAM with
an adequate composition [63]. Unfortunately, for some BCP systems, this annealing technique has
a limitation since it requires a thermal budget inducing chemical modifications or decomposition

of the BCPs [64].

Alternatively, solvent vapor annealing (SVA) is a more versatile technique that have been
developed to overcome the thermal annealing limitations. Plenty of parameters can be modified
during the promotion of self-assembly by SVA, such as solvent nature (tuning solvent quality by
the use of mixture), annealing chamber volume and shape, temperature, duration, etc. As
compared to thermal annealing, the mobility of the BCP chains are induced by a (selective or not)
swelling of the BCP domains, thus promoting self-assembly [65]. Interestingly, this type of
annealing has also an impact on the effective composition of the BCP since each block can have a
different swelling ratio over the solvent, leading to a possible tuning of the phase behavior. For

instance, Bai et al. demonstrated that a bulk-gyroid polystyrene-b-polydimethylsiloxane (PS-b-

16



CHAPTER I: STATE-OF-THE-ART

PDMS) can self-assemble in spheres, cylinders or perforated lamellae in thin films by using

different solvent mixtures for SVA [66] (Figure 19.b).

Moreover, there is no experimental standard setup for SVA, and each research team has
their own self-made setup. Nevertheless, the various set-ups reported in the literature can be
separated in two distinct techniques (Figure 19.c):

e Static SVA, where the sample is held in a closed jar with solvent vapors [65], [66];

e Dynamic SVA, where the sample is exposed to a continuous gas flow containing solvent vapors

[67]-[69].

Figure 19. (a) SEM images of cylindrical PS-b-PMMA thin films thermally annealed at different temperatures
and durations after the removal of PMMA domains [62]. (b) SEM images showing three different
morphologies obtained by solvent vapor annealing of the same PS-b-PDMS using toluene/heptane mixtures
with different ratios (left: 3:1, middle: 5:1 and right 10:1) [66]. (c) Solvent vapor annealing standard set-ups
with (left) static and (right) dynamic solvent vapor flows [70].

Other annealing methods have been developed to improve the quality of the self-
organization of BCPs, such as rapid thermal annealing (RTA) also called rapid thermal processing
(RTP) which might prevent polymers from degrading during thermal annealing at higher
temperature than classical thermal annealing [71]-[73], or solvothermal annealing that combines

both thermal and solvent annealing [74].

There is no unified theory establishing rules for enabling self-assembly by annealing, but
some guidelines can be erected from the overall literature about BCP self-assembly:

o Thermal annealing is efficient to drive out-of-plane orientation of BCP structures if the two
blocks have similar surface energy. Otherwise, wetting layers will form at the interfaces which
will promote an in-plane orientation. To overcome this, the use of both surface energy
modifiers (grafted RCPs or top coats) and annealing under nitrogen or vacuum has been
proposed.

o The quality of the solvents used for SVA with respect to the blocks is highly important. Usually,

the solvents should have a good affinity with both blocks (theta or good solvents) in order to
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provide sufficient swelling to the BCP chains. Additionally, one should choose solvents with
balanced affinity for both blocks if order-order transitions due to selective swelling are not
sought. Besides, thin films are prone to dewetting phenomena which can be accelerated if the
solvent quality is too high.

e Volatile solvents are preferred because a high vapor pressure can be reached leading to

enhanced chain mobility.

1.1.C/ Directed self-assembly

For many applications, such as nanolithography applied for microelectronics, the BCP
patterns resulting from self-assembly should exhibit a perfect long-range order, i.e. extremely low
defect density. Unfortunately, the self-assembly is a thermodynamical process involving driving
forces of weak intensity, that creates ordered structures with their inherent low energy defects.
For instance, common defects observed in thin films are dislocations and disclinations for line &
space pattern, e.g. out-of-plane lamellar structure or in-plane cylinders, and dislocations located

at grain boundaries for hexagonal pattern, e.g. out-of-plane cylinders or spheres [75].

Thus, several methods have been developed to achieve long-range order, called directed
self-assembly (DSA) [76]-[78], that can be sorted in three categories: graphoepitaxy, chemical

epitaxy and annealing under external stimuli.

I.1.C.i/ Graphoepitaxy

Graphoepitaxy consists in combining the bottom-up BCP self-assembly technique with a
top-down method used to engrave a substrate with a guiding pattern (Figure 20.a) [78]-[81]. The
patterning methods used to generate the directing pattern should have high enough resolution
(= 10Ly) to define topographical fields which constrain the BCP self-assembly. Additionally,
commensurability rules depending of the surface energy of the patterns have to be ensured to
obtain long-range ordering. Plenty of nanoscale top-down patterning methods can be used, such
as interference lithography, UV photolithography, ion beam lithography or nano-imprint. Then,
the patterned substrate will create uneven boundary constraints, that can induce a preferential

alignment of BCP structures called translational or lateral ordering [82], [83].

As introduced above, one key parameter for DSA by graphoepitaxy is the ratio between
the substrate pattern size and the BCP domain spacing in order to avoid chain distortion
(stretching or compression). Thus, this ratio should be carefully chosen according to the wetting
configuration [83], [84], for instance an integer for a symmetric wetting configuration at the walls

(pink affinity toward both walls) as highlighted in Figure 20.b, and its magnitude is a compromise:
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it should be small enough for creating a topographic field strong enough to induce ordering, but

high enough to be in the resolution range of substrate patterning method.

In addition, the pattern height is also an important parameter since it can influence the
final BCP configuration in the topographical pattern. There are two possibilities:
o the substrate pattern is high enough and the BCP film is confined inside the trenches, creating
disjointed areas that self-assemble independently (Figure 20.c) [85],
the BCP film is thick enough as compared to the pattern height. Consequently, the BCP thin
film overlays it, creating thus two distinct zones with different thickness. Such configuration

can induce either two different orientations of the BCP structures (Figure 20.d) [86], or a single

BCP grain due to the propagation of the topographical fields (Figure 20.e) [87].

a
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Figure 20. Schematics of (a) typical graphoepitaxy process and (b) an example of respected
commensurability conditions for out-of-plane lamellae with an affinity of the red domains with the pattern
walls (side-view at the top, top-view at the bottom) [83]. (c) SEM images of PS-b-
polyferrocenyldimethylsilane (PS-b-PFDMS) spheres into 320 nm (top) and 240 nm (bottom) wide trenches
[85]. (d) AFM image of PS-b-PI cylinders on a pre-patterned substrate showing in-plane orientation in thick
regions (50 nm) and out-of-plane orientation in thin regions (20 nm) [86]. (e) SEM image of highly-ordered
PS-b-PMMA cylinders deposited on grooved substrate [87]. (f) SEM images of PS-b-PDMS spheres assembled
on (left) a flat substrate or a hexagonally patterned substrate functionalized with (middle) PDMS brushes or
(right) PS brushes [88] and (g) PS-b-PMMA cylinders confined in nanoholes creating nanorings and spirals
due to confinement [36].

This method unlocks the long-range ordering of BCP nanostructures by confinement and
enables density multiplication [84], [85], [87]-[90] (Figures 20.e-f), which are two of the main
limitations for application of BCPs in microelectronics. Graphoepitaxy also unlocks novel non-

native morphologies such as spirals [36] (Figure 20.g) or ladders [91] due to confinement effects.
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I.1.C.ii/ Chemical epitaxy

Chemical epitaxy consists in modifying the surface energy of the substrate with a spatially
defined pattern to guide the self-assembly process (Figure 21.a). The most common technique to
create this chemical pattern is coating either an RCP or a SAM layer on the substrate, followed by
the deposition of a chemical resist that is used to pattern the aforementioned layer. After
development of the resist pattern, a second grafting procedure with a chemically distinct RCP or
SAM layer is applied in the exposed regions [79], [92]. This methodology leads to the generation
of a chemical pattern having selective affinities with the BCP domains, and thus enables the long-

range ordering of BCP structures.

As graphoepitaxy, chemical epitaxy is enabled by top-down techniques in order to create
a well-defined chemical pattern on the substrate, which further leads to a lower defect density of
BCP structure and/or a directed alignment. Experimentally, two parameters are important to
implement DSA of BCPs with this technique:
e The chemical modification pattern shape and size, requiring a commensurable ratio with the
BCP domain spacing.
e The surface energies of modified and unmodified areas, requiring an adequate contrast to

provide different affinity with respect to the BCP domains.
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Figure 21. Schematics of (a) typical chemical epitaxy process. (b) SEM image and corresponding FFT of PS-b-
PMMA cylinders assembled on a hexagonally grafted PS nanodot layer patterned by e-beam lithography [93].
(c) SEM images of a hexagonal pattern (right) of PS-b-PMMA cylinders self-assembled on top of a surface
modified substrate (left) with a pattern having twice the BCP period [94]. (d) Schematics and SEM image of
PS-b-PMMA assembled on a chemical pattern fabricated using a two-step exposure process [95]. (e) Directed
self-assembly of a lamellar PS-b-PMMA in trenches with different substrate coating composition [96].
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This method unlocks long-range ordering and/or density multiplication [84], [92]-[94],
[97], [98] (Figures 21.b-c), but also the possibility to create non-classical patterns by spatially
controlling the orientation of a BCP structure as demonstrated by Stoykovich et al. (Figure 21.d)
[95], [99]. Other groups have also developed processes that use both graphoepitaxy and chemical
tuning of interfaces to induce long-range order with a precise orientation of the BCP structure
(Figure 21.e) [96], [100].

I.1.C.iii/ External Stimuli for DSA

Different external stimuli can be used for promoting the BCP self-assembly process or for

guiding the self-assembled BCP structure in a specific direction [77].

A first type of stimuli is based on shear alignment through the application of a mechanical
stress in a particular direction during annealing. Several shear geometries are presented in Figure
22.a. This external shearing solicitation induces the long-range alignment of the BCP structure
(either alongside, perpendicularly or transversally to the flow direction depending of the
solicitation parameters) (Figure 22.b) [77]. In the specific case of thin films, a good adhesion
between the moving part and the BCP film is required to efficiently transfer the mechanical stress.
For instance, Angelescu et al. used a PDMS pad between a PS-b-poly(ethylene-alt-propylene) (PS-
b-PEP) thin film and a moving plate, leading to in-plane cylinders aligned along the shear direction

(Figure 22.c) [101].
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Figure 22. Schematics of (a) three standard shear alignment geometries and (b) three possible alignments of
lamellae under shear alignment [77]. (c-g) Set-up schematics (top) and AFM or SEM images of directed self-
assembled BCP thin films. (c) Shear alignment of PS-b-PEP cylinders [101]. Electric field alignment of (d)
poly(4-fluorostyrene)-b-poly(D,L-lactide) (PFS-b-PDLLA) cylinders sandwiched between two electrodes [102]
and (e) PS-b-PMMA cylinders in a side-by-side electrode configuration [103]. Zone annealing of PS-b-PMMA
cylinders by (f) CZA-SS [104] and (g) SS-LZA [105].
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Self-assembly can also be directed using electrical or magnetic fields during an annealing
process above the T; of both blocks. The driving force is the minimization of electrostatic or
magnetostatic energy by orientating the chains along the applied field [77]. Obviously, this
method requires a high enough dielectric permittivity or magnetic susceptibility contrast between
the BCP domains to be efficient. For an electrical field alignment, two set-ups have been reported
in the literature: either by sandwiching the BCP thin film between two electrodes (Figure 22.d)
[102], or by depositing a BCP thin film between two electrodes previously deposited on a
substrate with a thin gap (Figure 22.e) [103]. Then a voltage is applied between both electrodes
during solvent or thermal annealing to promote self-assembly along the electrical field direction.
Magnetic field alignment shares the same procedure, with magnetic field instead of electrical field

[106].

A last type of directing stimuli is called zone annealing and consists in applying a thermal
gradient field to a BCP thin film that is confined between a solid substrate interface and a soft pad,
usually in PDMS. This process creates a gradient soft-shear field, which will further direct the self-
assembly along this thermal gradient direction. In order to be efficient, thermal gradient has to be
sharp enough, to induce sharp fields at the nanometric scale. A first method, named Cold Zone
Annealing Soft Shear (CZA-SS), consists in moving the sample by pushing the PDMS pad through
a hot and a cold zone (Figure 22.f) [104]. A second one relies on a “sweeping” thermal annealing
using a focused laser, named Soft Shear Laser Zone Annealing (SS-LZA) (Figure 22.g) [105]. An
interesting feature of this technique is the possibility to use a patterned PDMS pad, which can

spatially define zones with long-range ordering on the BCP thin film.

1.1.D/ PS-b-PMMA phase diagram

PS-b-PMMA is one of the most studied diblock copolymers in literature. Indeed, the
sequential anionic polymerization of PS-b-PMMA offers a fine control of the macromolecular
architecture, while the conditions of self-assembly via thermal annealing are well-mastered.
Besides, the molar weight of the repeating units, the surface energies y, the glass transition
temperatures Ty, the statistical segment lengths a as well as the densities p of each block are very
similar (Table 2), which is an asset to predict accurately the phase separation behavior.
Furthermore, most of the DSA processes, discussed in the 1.1.C/ Directed self-assembly part, have

been established using this particular system.
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Polymer | Structure | M,, (g/mol) ¥ (mN/m) T,(°C) | a(nm) | p(g/cm3)
b ' 104 40.7 — 0.072(T —20) | 100 0.68 1'20550?
[107] [108] | [109] 1107
1.19 at
" 41.1 — 0.076(T — 20) 105 0.74
PMMA (/Y 100 25°C
N [107] [111] | [109] (110]

Table 2. PS and PMMA physical and chemical characteristics. For y, the temperature is in Celsius degree

Usually, PS-b-PMMA BCPs are synthesized by a living anionic polymerization [112] in
tetrahydrofuran (THF) at -78 °C under vacuum in dry conditions, using a strong base such as sec-
Butyllithium (sec-BuLi) as initiator. Firstly, a PS block is polymerized, then it is end-capped by 1,1-
diphenylethylene (DPE) or a derivative of DPE, followed by the polymerization of the PMMA block.

This system exhibits a low y value, between 0.03 and 0.04 at 100 °C according to the
literature, and the temperature dependences are listed in Table 3. For a symmetrical composition,
using y = 0.038 at 100 °C as the median value from literature, the yN > 10.5 condition is obtained
for N = 276. Using Equation (4), a theoretical minimum domain spacing at 19 nm is found, which

is experimentally observed in literature [113], [114].

Method XAB T range (°C) | x4p@100°C Comment Ref
8.8
SAXS 0.035 + Ka 130-210 0.059 [115]
3.902
SANS 0.0284 + — 120-180 0.039 dPS-b-PMMA [116]
3.188
SANS 0.0292 + — 170-190 0.038 PS-b-dPMMA [117]
3.199
SANS 0.0251 + — 135-195 0.034 dPS-b-dPMMA [117]
4.46
SAXS 0.0282 + — 120-220 0.040 [118]
Critical Molecular 3.2
Weight 0.021 + T 190-260 0.030 PS PMMA blends [34]

Table 3. PS-b-PMMA Flory-Huggins parameters measured with different methods and the corresponding
probed temperature ranges (dPS / dPMMA: deuterated PS / PMMA).

Table 4 references a summary of self-assembled thin film studies using PS-b-PMMA from
the literature. Using y = 0.038, it is also possible to calculate the theoretical domain spacing [18]

which is referenced in Table 4.
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M,

Measured

Calculated

(ke/mol) frs Morphology Lo (nm) Lo (nm) Comments Ref.
80 0.7 | PMMA Cylinders 302 29.6 [119]
65 0.3 PS Cylinders 352 34.8 [119]
237 0.19 PS Cylinders 37.2a 73.3 [120]
89 0.51 Lamellae 38.1a 41.2 Poor self-assembly [120]

55.5 0.81 | PMMA Spheres 25.92 29.1 [120]
67 0.69 | PMMA Cylinders 38.7v 36.1 [63]
74 0.5 Lamellae 38.6b 36.5 [63]
84 0.86 | PMMA Spheres 41.2b 34.4 [63]
88 0.72 | PMMA Cylinders 40.9¢ 41.8 Domain spacing rescaled [121]
86 0.76 | PMMA Cylinders 40.3¢ 39.3 Domain spacing rescaled [121]
87 0.8 | PMMA Cylinders 39.3¢ 37.6 Domain spacing rescaled [121]
39 0.69 | PMMA Cylinders | 24b, 23.5¢ 25.1 [122]

53.8 0.69 | PMMA Cylinders | 28.8b, 28.3¢ 31.1 [122]

67.1 0.69 | PMMA Cylinders | 35°b, 34.4¢ 36.1 [122]
82 0.7 | PMMA Cylinders | 42.9b,43.9¢ 40.9 [122]

101.5 0.67 | PMMA Cylinders | 47b, 48.7¢ 48.3 [122]

132 0.73 | PMMA Cylinders | 59b, 62.1¢ 54.3 [122]

205 0.68 | PMMA Cylinders 73b, 74¢ 76.3 [122]

29.4 0.73 Disordered - - [122]

278 0.66 Gyroid - - [123]
88 0.72 | PMMA Cylinders 41c 41.8 Domain spacing rescaled [39]
50 0.5 Lamellae 29.4¢ 28.1 [39]
28 0.56 Lamellae 20.6¢ 19 [118]

25.7 0.53 Disordered - - [118]
28 0.54 Lamellae 203, 21.2¢ 19 [114]
36 0.5 Lamellae 28.63, 30.3¢ 22.54 [114]
51 0.49 Lamellae 31.33,33.8¢ 28.5 [114]
75 0.51 Lamellae 36.72 36.7 [114]
83 0.45 Lamellae 40.22 39.5 [114]
104 0.48 Lamellae 43.52 45.8 [114]
141 0.5 Lamellae 632 56 [114]
176 0.48 Lamellae 74.73, 75.6¢ 65 [114]
205 0.52 Lamellae 98.2a 71.8 [114]
338 0.5 Lamellae 1372 100.3 [114]
39 0.69 | PMMA Cylinders | 24b, 23.5¢ 25 [124]
89 0.83 | PMMA Spheres 42b 38.1 Measured by SEM analysis | [125]

66.5 0.66 Perf. Lamellae - - 28.7nm cylinders in bulk [126]
67 0.69 | PMMA Cylinders 43b 36 Infiltrated BCP structure [127]

70.7 0.29 PS Cylinders 39b 36.4 Infiltrated BCP structure [127]
104 0.5 Lamellae 48b 45.7 Infiltrated BCP structure [127]
51 0.49 Lamellae 35b 28.5 Infiltrated BCP structure [127]

Table 4. Macromolecular characteristics of different PS-b-PMMA from literature with the corresponding

phase and domain spacing (measured by AFMe, SEMb, SAXS¢), and the calculated theoretical domain spacing
[18].

The experimental data extracted from this survey can be compared with the theoretical

phase diagram (Figure 23.a), as well as with the expected dependency of domain spacing with the

degree of polymerization (Figure 23.b). As shown below, a very good agreement was obtained
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between the experimental and theoretical data, clearly demonstrating the robustness of the BCP

phase behavior theory when applied to this particular system.
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Figure 23. Survey of self-assembled PS-b-PMMA thin films from literature. (a) observed phase behavior as
compared to the theoretical phase diagram (dashed lines) [11]. (b) observed domain spacing compared to
the calculated one using the theory developed by Matsen et al. [18]. Circles, squares, lozenges, triangles, stars
and crosses are PS cylinders, lamellae, gyroid or perforated lamellae, PMMA cylinders, PMMA spheres and
disordered phase, respectively.

Finally, self-assembled thin films made from PS-b-PMMA are also interesting because of
the possibility to subsequently hybridize the nanostructures. Indeed, the PMMA domains can be
selectively removed using the appropriate wet or dry etch treatments or swelled (the so-called
surface reconstruction) for further chemical loadings. Recently, the sequential infiltration
synthesis (SIS) method has also been demonstrated for PS-b-PMMA BCPs. These various

hybridization processes are discussed in the next part.
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1.2 / Functionalization and hybridization of BCP thin films

Polymers intrinsically display interesting properties due to their chemical composition,
such as optical, electrical, or mechanical properties [128]. Nevertheless, a path forward to enhance
functionality in (nanostructured) polymers is related to the hybridization of the segregated
domains [129]. Consequently, various chemical or physical-chemical processes have been

developed in order to enhance the breath of functionalities of BCP thin films (Figure 24).

MODIFICATION SWELLING ETCHING INFILTRATION ADDITION
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Figure 24. Schematics of functionalization processes used for self-assembled BCP thin films.
I.2.A/ Chemical modification

Depending on the chemical moieties of each block, it is possible to modify the chemical

nature of a specific block to afford specific physical-chemical responses.

An interesting chemical modification with applications to the control of the self-assembly
behavior of BCPs is cross-linking (i.e. the formation of covalent or physical bonds between
individual chains), which leads to a drastic change in the polymer physical properties (e.g.
toughening, solvent insolubility, etc.). Several processes can initiate cross-linking in polymers,
such as radical formation via thermal annealing or irradiations, or the incorporation of
crosslinking agents. For BCP systems, the privileged process is exposure to UV radiations, since
thermal annealing or the addition of crosslinking agents can strongly impact the self-assembly
behavior. Crosslinking can be used to “lock” a metastable morphology [130], to modify the domain
spacing of a BCP structure [131] (Figure 25.a), to render insoluble a BCP thin film for further
layering [131]-[134] (Figure 25.a), to selectively crosslink one BCP domain for improved contrast
etching [133], [135] (Figure 25.b). In most of the cases, the crosslinking process involves a PS block
as it can be cross-linked via UV exposure [135], or through post-modification [134]. It is
noteworthy that a particular block can be also copolymerized with a reactive co-monomer in

order to improve the crosslinking efficiency [131].

Heteroatom-containing BCPs can also undergo an interesting chemical modification by an
oxidation process. The most popular are silicon containing BCPs, such as PS-b-PDMS, that can be
oxidized in SiO; by an oxygen plasma treatment [136]-[138]. This treatment usually removes as

well the other block(s) (Figure 25.c) leading to a “hard mask” for further transfer in a substrate of
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interest [139]. It is also possible to selectively ceramize a BCP domain by adding a sol-gel

precursor during the formation of the BCP thin film [140].
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Figure 25. (a) Crosslinking of PS-b-PMMA thin films containing benzocyclobutene (BCB) units copolymerized
in the PS block in order to tune the domain spacing or to render the film insoluble for further layering [131].
(b) Process flow and (c) SEM image of PS-b-PMMA lamellae treated by UV to crosslink the PS domains and
remove the PMMA domains via a subsequent acetic acid bath [133]. (d) Schematics and (e) SEM image of PS-
b-PDMS cylinders treated by oxygen plasma to ceramize the PDMS domains in SiCxOy and remove the PS
domains [137].

1.2.B/ Selective swelling of BCP domains

The selective swelling of a particular BCP domain in a nanostructured thin film can also be
used to obtain morphologies or patterns that are not achievable otherwise. For instance, surface
reconstruction has been first employed by Mori et al. in 1994 [141] and popularized by the Matsen
group in 2003 [142]. This term indicates a selective swelling of one particular BCP domain until it
expands out of its registered position. The mechanism is often reversible by heating above Tj
(Figure 26.a). This reversibility demonstrates that the BCP chains are not damaged during the
process, especially the covalent bond between the two blocks. Typically, surface reconstruction is
used to create protuberances from cylindrical morphology by plunging a BCP film into a solvent

bath.

This process has been widely used to create nanopores [142], [143] (Figure 26.b) or
mushroom-type structures [144] (Figures 26.c-d) depending on swelling conditions. Alternatively,
Son et al. [145] used this method on PS-b-PMMA lamellar or cylindrical morphologies to
selectively swell either the PS or the PMMA domains with cyclohexane or acetic acid solvent
vapors, respectively. This process generates a high topographic contrast between the domains

(Figures 26.e-h).
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Figure 26. (a) Surface reconstruction process leading to the formation of nanopores and (b) SEM picture of
the pores obtained for a PS-b-PMMA system [142]. (c) Schematics of the mushroom-like morphology
obtained from the selective swelling of PS-b-PAA thin films and (d) the corresponding AFM image [144]. (e)
Schematics of the selective swelling process applied to a lamellar PS-b-PMMA thin film and the corresponding
AFM images: (f) before swelling, (g) after acetic acid swelling (PMMA thickening), (h) after cyclohexane
swelling (PS thickening) [145].

1.2.C/ Etching processes for the selective removal of a BCP domain

The two major types of etching processes used in BCP nanofabrication are wet etching,
using liquid chemicals or liquid etchants to dissolve material, and dry etching, using plasma or
etchant gases to remove the material. For both processes, the selectivity and etching rate are
related to the BCP chemical composition [146]. This etching step is crucial for lithographic
applications in order to transform a nanostructured BCP thin film into a mask [147]. Figures 27.a-

b show typical processes of wet and dry etching for PS-b-PMMA applied to pattern transfer.
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Figure 27. Typical PMMA removal step for a PS-b-PMMA BCP layer by (a) wet etching and (b) dry etching
followed by a pattern transfer step [146]. SEM images of PS-b-PMMA cylinders (c) after an acetic acid rinse
showing a surface reconstruction and (d) after UV exposure followed by an acetic acid rinse showing wet
etching [148]. Dry etching of PMMA domains from PS-b-PMMA lamellae by (e) Ar plasma, (f) Oz plasma and
(g) Ar:02 10:1 plasma.

For wet etching processes, a solvent that solubilizes one specific block is obviously a good

candidate for selective etching. However, the covalent bond between the blocks will prevent the
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solubilized block to be completely removed from the BCP layer, and a surface reconstruction will
commonly occur instead of etching (Figure 27.c). Thus, a pretreatment (e.g. a short UV exposure
[146], [148]-[150], a short e-beam exposure [146], [148], a ion implantation [148]) is needed to
partially degrade one block or at least “break” some covalent bonds of the BCP chains. Then, a
rinsing step by dipping the BCP film into a well-chosen solvent bath is enough to perform the wet
development (Figure 27.d). One of the main solvents used for PS-b-PMMA surface reconstruction
is aceticacid, which solubilizes PMMA but not PS. It is noteworthy that a too long UV pretreatment

can be counterproductive as it promotes polymer crosslinking and degradation [149].

For dry etching processes, the etching rates are highly dependent on the material
chemistry but also on the plasma composition. Many studies have focused on this topic with the
aim to find the most selective plasma toward a chosen BCP system. Indeed, this selectivity enables
a proper development of a BCP mask, i.e. keeping the highest thickness of the resulting pattern.
Table 5 references studies on plasma selectivity for PS-b-PMMA dry etching, enlightening the
effect of gas composition and processing parameters on selectivity (defined as the ratio between
PMMA and PS etching rates). It is also important to evaluate the impact of the plasma on the non-
etched domains of the BCP structure. For instance, Ting et al compared different plasma
chemistries in order to etch PS-b-PMMA [151]. They showed that an Ar plasma chemistry has a
very high selectivity toward PMMA, but the remaining PS domains are very rough and deformed
(Figure 27.e). Such behavior is highly detrimental for the fidelity of the pattern transfer into a
substrate of interest. As opposed, an O, plasma chemistry preserved the PS domains at the cost of
areduced selectivity (Figure 27.f). The best compromise was found to be an Ar plasma with some

0, impurities giving a good development as shown in Figure 27.g.

Gas Flow (sccm) | P (mTorr) | Power (W) | Plasma type | Selectivity | Ref.
Ar 50 - 700 helicon 3.63 [151]
Ar - 15 100 ICP 3.9 [152]
Ar/0; 50/5 10 300 helicon 2.4 [151]
CF4 30 - 500 helicon 1.85 [151]
0. 50 - 700 helicon 1.5 [151]

0. - 15 100 ICP 1.7 [152]

0. 50 10 50 RIE 2.1 [153]

0. 50 10 60 RIE 1.4 [153]

0. 70 10 70 RIE 1.3 [153]
02/CHF3 10/20 - 700 helicon 1.82 [151]
02/CHF3 5/40 10 150 RIE 2.4 [153]
02/CHF3 25/20 10 150 RIE 2.4 [153]
02/CHF3 10/40 10 100 RIE 2.1 [153]
02/CHF3 5/40 10 100 RIE 3.5 [153]

Table 5. Plasma etching chemistries used for PS-b-PMMA selective etch and selectivity toward PMMA for
different plasma compositions, plasma machines and operating settings. (ICP for Inductively Coupled Plasma,
and RIE for Reactive Ion Etching)
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1.2.D/ Infiltration of a selective BCP domain

In thin film configuration, polymers have the ability to be infiltrated by diffusion of species.
Such behavior is a strong asset to functionalize BCP thin films with various oxide or metallic
precursors. Furthermore, the chemical differences between the blocks can lead to a selective
incorporation of the infiltrated materials in a particular BCP domain [154]. These chemicals can
be loaded in thin films from gaseous or liquid phases, resulting to the formation of metals or oxides

after specific post-treatments.

1.2.D.i/ Vapor phase infiltration

Among the different chemical vapor deposition (CVD) processes, atomic layer deposition
(ALD) shows very interesting performance due to a high control of the chemical reactions based
on self-limiting mechanisms. Briefly, ALD consists in repetitive cycles, which deposit each time a
monolayer of the two precursors needed to form the chemical of interest on top of a substrate
placed in a vacuum chamber [155]. Each cycle is composed of several steps, which are summed
up in Figure 28.a:
e The vapor phase precursor A is pulsed in excess in the chamber;
e The precursor A is adsorbed / reacting at the substrate surface creating a homogeneous layer;
e The excess of precursor A (and potential by-products) are removed by an inert gas carrier,

usually Ny;

e The vapor phase precursor B is pulsed in excess in the chamber;
e The precursors A and B react together, usually by an oxidation reaction;

e The excess of precursor B and the reaction by-products are removed by the same carrier gas.

This process was transposed to BCP infiltration by increasing the duration of precursor
pulses, allowing the absorption and diffusion of chemical species into a selective block. According
to the sequence of pulses, three different processes have been developed, sequential infiltration
synthesis (SIS), multiple pulsed infiltration (MPI) and sequential vapor infiltration (SVI) (Figure
28.b). In literature, these processes are usually not differentiated, and indifferently called SIS. The
selectivity is enabled by a selective bonding between a precursor molecule and a reactive
functional group of a specific block. It allows the trapping of the precursor molecules during the

purge (Figure 28.c), while the excess of precursors is removed (Figure 28.d).

However, two limiting parameters of this method remain: i) the reaction temperature to
perform the diffusion and the reaction between the precursors has to be low enough in order to
not modify the self-assembly or degrade the BCP layer; ii) and the precursors molecules should

be small enough to diffuse into the polymer matrix. Knowing these constraints, the process have
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been optimized for the selective growth of different metal oxides into four different BCPs: PS-b-
PMMA, PS-b-polyepoxyisoprene (PS-b-PIO), PS-b-poly(2-vinylpyridine) (PS-b-P2VP) and PS-b-
poly(4-vinylpyridine) (PS-b-P4VP) [156]. Other polymers have been successfully infiltrated by
this method, such as polyethyl methacrylate (PEMA), polypropyl methacrylate (PPMA), polybutyl
methacrylate (PBMA), polyvinyl alcohol (PVA), polyvinyl pyridine (PVP), polyacrylic acid (PAA),
polyamide-6 (PA-6), polybutylene terephthalate (PBT), polylactic acid (PLA), polycarbonate (PC),
polyethylene oxide (PEO) and polyethylene terephthalate (PET). These polymers could probably

be used as a selective block of a BCP architecture, but no literature have been referenced on such

developments.
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Figure 28. (a) Schematics of the ALD process [155], (b) Typical partial pressure profiles for ALD, SIS, MPI and
SVL (c) Precursor entrapment mechanism in a polymer with functional groups, and (d) complete removal
after purge in a polymer without functional groups [157].

Physical entrapment

PS-b-PMMA is a good candidate for SIS because of the carbonyl function of PMMA, which
was demonstrated to trap ALD precursors, even if the mechanism is not fully understood yet
[157], [158]. Table 6 references metal oxides infiltrated into PS-b-PMMA with the associated
couple of precursors and the processing temperature. Plenty of other precursors may be used for
infiltration, with two major constraints: i) the precursor should be able to diffuse into the PMMA
matrix and ii) the reaction between the two precursors should be efficient at a low temperature

(with respect to polymer degradation or self-assembly capability).
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Metal oxide Precursor A Precursor B T (°C) Ref.
ALO Al(CH3)s3 H-0 80°C - 135°C | [159]-[166]
3 Trimethyl aluminium (TMA) 0F 90°C [167]

: TiCls R [160], [165],
Ti0; Titanium tetrachloride Hz0 135°C [168]
In(CH3)3 o
20 Trimethyl indium (TMIn) H0 80°C [169]
Zn(CzHs): o _ ano [159], [162],
Zn0 Diethylzinc (DEZ) f.0 g5°C -90°C [166]
WFs : °
W/WOx Tungsten hexafluoride SizHe 80 - 85°C [159], [163]
. Si(0CsH11)30H o
5102 tris(tert-pentoxy)silanol (TPS) TMA 125°C [159]

Table 6. Various metal oxides infiltrated in PS-b-PMMA by SIS, with the associated couple of precursors and
the operating temperature range referenced.

For a given couple of precursors and a BCP system, many operating parameters can be
optimized to modify the infiltration process, such as the type of SIS, the number and duration of
each cycle (precursor A, B and purge), the chamber temperature, etc. [163], [170], [171]. This
variety of processing parameters leads to different resulting structures as shown in Figure 29.a

for “structure consistency” or in Figure 29.b for pore size.
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Figure 29. SEM images of (a) a cylindrical PS-b-PMMA layer infiltrated by Al203 and W with different number
of SIS cycles [163]. (b) PMMA honeycomb patterns formed from PS-b-PMMA transformed into Alz0z by SIS
which exhibit a reduction of the pore diameter with the number of SIS cycles [170]. (c) A cylindrical PS-b-

PMMA layer infiltrated by Alz203 (top) without any pretreatment and (bottom) with UV exposure treatment
leading to a opposite block selectivity [166]. Every SIS treatment has been followed by an Oz plasma step to
remove organic remaining materials.

This infiltration process can also be used to toughen a BCP mask for further pattern

transfer [164], or to generate well-defined metal oxide nanostructures [162]. Interestingly,
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Kamcev et al. have demonstrated that a UV pretreatment on a PS-b-PMMA thin film leads to a
switch in the precursor selectivity by creating oxygen containing Lewis basic groups within the

PS domains [166] (Figure 29.c).

Otherwise, the most common physical vapor deposition (PVD) processes are sputtering
and evaporation, which does not usually show chemical selectivity to a particular BCP domain
since they are based on physical processes. However, Lopes and Jeager [172] showed that thermal
evaporation of metals can be used to selectively decorate PS-b-PMMA thin films. Indeed, for low
metal thickness - less than 0.6 nm - the thermal evaporation process on top of a BCP layer is not
homogeneous, and a “selective” deposition occurs on top of a specific domain. For Au and Ag, the
PS domains are preferred, while for In, Pb, Sn and Bi, the PMMA domains are selectively covered
by the metals. Thus, metal nanowires, nanochains or nanoparticles can be selectively grown onto

PS or PMMA domains.

1.2.D.ii/ Liquid phase infiltration

Another route to modify a specific domain of a BCP nanostructure with metallic precursors
is called metal impregnation. It consists in dipping a BCP thin film in a solution containing metallic
ions in order to initiate the diffusion of the species into a specific BCP domain. Indeed, the ions can
be selectively complexed through macromolecular engineering of the BCP architecture, i.e. using
the appropriate functional groups. The most common BCPs for metal impregnation is PS-b-PxVP
(x=2 or 4) in association to [MCl4]™ metal ions from salts such as HAuCls, Na;PdCls or Na,PtCls
[173]-[175]. Different loadings can be obtained by tuning the bath duration and the precursor
concentration (Figure 30.a). Typically, metal ions are first dissolved in a diluted HCl aqueous
solution leading to the protonation of the nitrogen atoms of PxVP. This yields to the complexation
of the anionic metal precursor. Interestingly, this impregnation also induces swelling of the PxVP
domains, and it unlocks novel nanostructures through surface reconstruction, such as a nanoring

array or a double nanowire array [175] (Figure 30.b).

Unfortunately, metal impregnation for PS-b-PMMA has not been reported since this
system does not provide the required functionality to strongly interact with metallic salts.
However, several demonstrations of the formation of gold nanoparticles in a PMMA matrix have
been referenced in the literature [176], [177]. Besides, PS-b-PEO has been successfully
impregnated with metal salts, such as Fe(NO3)s, Ce(NO3)3; or Cu(NO3), by “activating” the PEO
domains with ethanol through a surface reconstruction process (i.e. generation of a porous
structure), which allows a subsequent salt impregnation by capillary forces and coordination

[178].

33



CHAPTER I: STATE-OF-THE-ART

0, Plasma etching

Precursor loading to
crosslinked BCP film

UVO etching - 7 PS-b-P4VP BCP

4
»a g
g4 4 s
— 0, Piasma or PSGiaorloadig & ( j Cylindrical

-
Py Vertical cylinder
BCP thin film
V// / / o] Horizontal cylinder
/- 7/ / _‘ BCP thin film
Procursor loading to
P4VP swiollen BCP film
| 0, Plasma or Precursor loading to
- UVO etching thin BCP film

Figure 30. (a) SEM pictures of gold, palladium and platinum lines formed from in-plane PS-b-P2VP cylinders
impregnated with metallic salts with different concentration and duration, followed by a plasma treatment
[173]. (b) Schematics of PS-b-P4VP cylinders infiltration process with HAuCls for different structure
orientation and processing, and the corresponding SEM images of the gold nanostructures [175].

Itis noteworthy that a final treatment, usually an oxygen plasma or an UV/ozone exposure,
is performed to oxidize or reduce the metallic salts into its most stable form and conjointly remove
surrounding polymer matrix. Noble metals resist oxidation and are conversely reduced into
Au(0), Pt(0) and Pd(0) by oxygen plasma [173], while other metals are oxidized into CuO, CeO>
and Fe;04by UV /03 treatment [178].

1.2.E/ BCP pattern as template for further oxide or metal addition

It is also possible to “add” metals or oxides in a specific domain using the BCP pattern as a
template. The first step of such process consists in a selective etching or in a surface
reconstruction of a BCP nanostructure. The resulting pattern is further used as a scaffold for

electrodeposition, gaseous deposition or nanoparticle grafting.

In 2000, the Russell group [179] transposed the electrodeposition process from inorganic
porous to organic porous templates (Figure 31.a). They used an out-of-plane PMMA cylindrical
structure deposited on a gold-coated silicon substrate as a template for the growth of metal
nanowires by electrodeposition. The PMMA domains were removed by an UV treatment followed
by rinsing with acetic acid, leading to a cylindrical nanoporous PS template. Using this process,
they were able to form Co and Cu nanowire arrays through electrodeposition from the gold
bottom electrode. Another interesting use of electrodeposition in combination to BCP templating
was demonstrated for the gyroid morphology. Indeed, such co-continuous structure can be fully
impregnated by electrodeposition after removal of one of the domains. This allows the generation

of metallic 3D nanostructures with interesting optical properties [180], [181].
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A different process allowing the formation of oxide or metallic structures from a BCP
template is based on the deposition of materials by thermal evaporation, sputtering or ALD [154].
Then a subsequent stripping of the BCP template leads to the removal of the coated materials in
no direct contact with the substrate. This method have been widely used to create metallic lines
or arrays of dots and anti-dots, using lamellar [182], cylindrical [119], [183], [184] or spherical
[185] scaffolds, respectively. Figures 31.b-c show a typical process flow for the generation of
chromium dots by thermal evaporation using a PS-b-PMMA nanostructured layer [183]. A
constraint arises from the inherent anisotropy of this process, that limits its use to 2D BCP
scaffolds. However, it has been used by Park et al. [184] to create nano-rings thanks to a 5°
glancing angle evaporation on top of cylindrical hole pattern preventing a coating inside the pores.
In addition, ALD is also a suitable method to create a coating on a BCP template, allowing the

deposition of metal oxides, but also the formation of more complex structures such as nanotubes
[186].

Al
_ Kapton

PMMA

-

Self- assembly on PMMA removal by Brush layer Cr evaporation Lift-off and leave Cr
Kap(on neutral brush UV/aceticacid breakthrough nano-dots behind

Surface reconstruction Deposmon of Polymer template
in ethanol nanoparticles removal

Figure 31. (a) Schematics of electrodeposition growth in a PS scaffold made from a cylindrical PS-b-PMMA
layer self-assembled under electrical field [179]. (b) Schematic process for the fabrication of chromium dots
using a PS-b-PMMA layer and a lift-off process. (c) SEM images of the different steps: (left) the BCP template

before evaporation and (middle and right) after lift-off [183]. (d) Schematics of Pd nanoparticle selective
deposition in a PS-b-P4VP surface reconstructed template and (e) resulting SEM image after template
removal [187].

Finally, it is also possible to infiltrate nanoparticles (NPs) on a BCP template. Obviously,
the size of the NPs should be smaller than the characteristic size of the BCP features. Additionally,
preferential interactions between one of the BCP domains and the NPs are mandatory to promote
the selective aggregation of NPs [188]. Figures 31.d-e show the typical process of NP inclusion in
a PS-b-P4VP surface reconstructed cylindrical pattern [187]. To achieve this selectivity, Gowd et
al. used Pd NPs stabilized by citrate molecules which strongly interact with P4VP. Accordingly, the
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surface modification of the NPs is often necessary to promote the selective registration of NPs

onto a BCP pattern [145], [188].

36



CHAPTER I: STATE-OF-THE-ART

1.3/ Iterative stacking of BCP layers

The stacking of BCP layers has the potential to add further complexity and functionality to
nanostructured BCP thin films. The individual layers can also be hybridized with the various
processes described in the previous section, thus expanding the scope of designs for targeted
applications in optics, biology or microelectronics. Such methodology, called iterative (directed)

self-assembly, affords the generation of 3D nanostructures beyond native BCP morphologies.

I.3.A/ Literature review

The state-of-the-art concerning iterative self-assembly of BCPs is presented via a progress
report published in Advanced Materials Interfaces describing the “ins and outs” of the various
iterative self-assembly processes referenced in literature [132]. Four categories of iterative self-
assembly processes were identified and the “table-of-content” (see Figure 32) schematically
highlights the details of each process:

e A protective layer is inserted between the individual BCP layers to ensure the integrity of the
first layer at the time of the deposition of the second BCP layer;

e A direct stacking method in which each individual layer is “immobilized” by a hybridization
process (by SIS for instance);

e A method taking advantage of the first layer crosslinking before the second layer spin-coating;

e A process using a transfer mold technique to deposit the second layer on top of the first one.

Protective Layer = . Direct Stacking
3 A LA
Non-native
‘ block copolymer
Cross-link | nanostructures Transfer Mold

Q- 4-' f’.ﬂy

Figure 32. Schematics of four different processes identified for iterative stacking of nanostructured BCP thin
films [132].

The bibliographic details of the published manuscript are:
N. Demazy, C. Cummins, K. Aissou, and G. Fleury, “Non-Native Block Copolymer Thin Film
Nanostructures Derived from Iterative Self-Assembly Processes” Advanced Materials Interfaces,
vol. 1901747, pp. 1-11, 2019.
https://doi.org/10.1002/admi.201901747
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Non-Native Block Copolymer Thin Film Nanostructures
Derived from lterative Self-Assembly Processes

Nils Demazy, Cian Cummins, Karim Aissou, and Guillaume Fleury*

Nanostructured block copolymer (BCP) thin films constitute an elegant tool
to generate complex periodic patterns with periodicities ranging from a few
nanometers to hundreds of nanometers. Such well-organized nanostructures
are foreseen to enable next-generation nanofabrication research with potent
applications in the design of functional materials in biology, optics or micro-
electronics. This valuable platform is, however, limited by the geometric
features attainable from diblock copolymer architectures considering the
thermodynamic driving force leaning toward the formation of structures
minimizing the interface between the blocks. Therefore, strategies to enrich
the variety of structures obtained by BCP self-assembly processes are gaining
momentum and this progress report reviews the opportunities inherent to
iterative BCP self-assembly by considering the emerging strategies for the

generation of “non-native” morphologies.

1. Introduction

Block copolymer (BCP) self-assembly is an elegant tool to gen-
erate complex periodic structures with exquisite symmetries.
The driving force inherent to BCP phase behavior is related to
the thermodynamic incompatibility between the two or more
chemically distinct building blocks allowing BCP chains to
microphase-separate into a panoply of well-ordered nanostruc-
tures with periodicities ranging from a few nanometers to hun-
dreds of nanometers.'! Innovative polymerization methods
capable of generating on-demand BCP architectures associ-
ated with the conceptual framework of self-consistent field
theory (SCFT) enable the rationalization of the rich bulk phase
behavior of BCPs over the last decades, with, for the most
simple di-BCP phase diagram, a progression of morphologies
from spheres arranged into a body-centered cubic (BCC) lattice,
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hexagonally packed cylinders, double
gyroid, to lamellae 144 Ag virtually any
combination of chemistry and sequencing
is attainable by macromolecular design,?
BCPs offer tremendous opportunities for
the design of functional materials with
applications in biology, separation process
and nanotechnologies among others.[”-)
Further opportunities in the develop-
ment of BCP nanotechnologies are linked
to the formation of well-ordered periodic
nanoscale patterns in thin film configura-
tion with nanolithography as the “flagship”
application. Indeed, the chemical dissimi-
larities between the domains allow selec-
tive removal by plasma or wet etching of
one of the BCP domains leading to a mask
that can be further used to define features
in microelectronic applications. The for-
mation of self-assembled patterns in thin film can also be com-
bined with hybridization methods,' thus converting the BCP
patterns into functional structured surfaces such as bit-pat-
terned media,"""*¥ field effect transistors,"*!3] optical metama-
terials, 118 or photonic structures.'%-2!1 This can be performed
by using the nanostructured BCP scaffold as a template for a
subsequent deposition of functional materials (via sequen-
tial infiltration synthesis, 2223 electro-deposition or replica-
tion, 74291 lift-off process,*”*® aqueous metal reduction, 3%l
inclusion of nanoparticles,*'*? sol-gel process,**! etc.). Alter-
natively, coassembly strategies can be employed in which the
BCP self-assembly process acts as a structure directing agent
for nano-objects®**"l or metal-oxide precursors.'6-#-0 Most of
the aforementioned applications require the precise positioning
or registration of the BCP nanostructure arranged within a
highly ordered nanoscale array. However, even if the equi-
librium energy state of a BCP morphology would be reached
for a uniform array of single-grain BCP features, a polygrain
BCP structure is generally observed in thin film due to the
prevalence of slow coarsening kinetics over the thermodynamic
driving force. This weak thermodynamic driving force pushed
scientists to develop directed self-assembly (DSA) methods
providing means to control the domain alignment and orienta-
tion occurring through defect annihilation at grain boundaries.
Methods to dictate self-assembly in this regard include solvent
vapor annealing (SVA),! unidirectional solution casting,®*?
gradated thermal annealing via laser writing,*¥! the application
of external mechanical,**! electrical,***’] or magneticl*®+
fields, the use of surface energy modifiers®*! and guiding
patterns.’>%} For instance, further progresses were achieved
in DSA lithography by the synergistic combination of the
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“bottom-up” BCP self-assembly with the “top-down” fabrication
of guiding patterned templates relying on chemoepitaxyl®*>°]
and graphoepitaxy.*®>”l The interested reader is referred to
comprehensive reviews detailing these DSA methodologies and
their implementation.8-62

Nevertheless, the geometric features attainable from di-BCP
architectures are limited considering the thermodynamic
driving force leaning toward the formation of structures mini-
mizing the interface between the blocks, even if deviations
from the bulk equilibrium structure have been observed in
thin films due to boundary or commensurability effects.®3-67)
Therefore, strategies to enrich the variety of structures obtained
by BCP self-assembly processes are gaining momentum in the
BCP community.%-79 A first strategy builds on macromo-
lecular engineering by incorporating additional chemical blocks
in complex architectures (from linear to star, brush, H-shaped
or supramolecular) in order to bring morphological variety and
advanced functional properties.”’7%) Another strategy is to
design novel 3D nanostructures with unique structural motifs
and symmetries by a layering process derived from the iterative
self-assembly of BCP layers. This layer-by-layer stacking of BCP
patterns comes in a variety of multifaceted processes as shown
in Figure 1: application of a protective layer, direct deposition
of a BCP layer on top of an immobilized one, cross-linking of
the underlying pattern and transfer of a nanostructured film on
top of an underlying one. The breadth of methods to generate
these complex structures is directly linked to the advances in
the control of BCP self-assembly in thin films through DSA
and hybridization methods.

Here, we review the opportunities inherent to the iterative
BCP self-assembly by considering the emerging strategies
for the generation of “non-native” morphologies (i.e., BCP
nanostructures deviating from the bulk equilibrium phase
behavior). We will particularly focus on the methods allowing
fine control of 3D structures resulting from iterative self-
assembly approaches. The emergence of 3D nanoelectronic
devices”778 highlights the importance of advancing nanofab-
rication methods to precisely position material stack layers. In
this regard, there is a clear motivation to assess the potential
of BCP materials that can be patterned to form “non-native”
morphologies.® This progress report therefore centers on the
most recent techniques disclosed in the BCP field that show
promise to benefit a range of device applications. Finally, we
highlight that such nontrivial structures could find applications
in critical technological fields where precise 3D placement is
imperative including nanoelectronics (for integrated logic and
memory features),”>3% membranes (for high active surface
areas),®! batteries (for ion transport),®” and nanophotonics
(for metamaterials).”?!!

2. Layering of Block Copolymer Patterns

Pioneering works by Osuji and co-workers demonstrated how
the deposition of BCP layers by electrospray deposition sug-
gests an ability for the formation of complex morphologies,
only by selecting the sequence of BCP materials deposition.®’]
Indeed, the deposition of sub-micron droplets formed by elec-
trospray fluid atomization allows the continuous growth of BCP
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thin films providing a versatile approach to build composite
layered BCP nanostructures. An exquisite demonstration was
provided a few years later by Choo et al. with the production
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Figure 1. Schematic illustration of various iterative self-assembly methods for the generation of 3D structures beyond the native BCP morphologies.
a) deposition of a nanostructured BCP thin film onto a protective layer, b) direct stacking of layered BCP structures via an immobilization method, c)
stacking of cross-linked BCP patterns, and d) BCP film transfer method on top of a nanostructured BCP layer.

of lamellar heterolattices (i.e., lamellar stacks of varying perio-
dicity) by sequential electrospray deposition of dilute solutions
of poly(styrene)-block-poly(4-vinylpyridine) (PS-b-P4VP) chains
having different molecular weights.®* Interestingly, depending
on the substrate temperature, distinct layers (sharp interface
profiles) or gradated layers (smooth interface profile) were pro-
duced by altering the inter-diffusion of BCP chains, although
orientation control and respective alignment of the BCP layers
were not demonstrated.

A step forward for the formation of customized 3D layered
BCP structures was demonstrated via the definition of com-
plex mesh patterns for which the control of the crossing angle
allows the realization of all possible 2D Bravais lattice sym-
metries as shown in Figure 2.%5%8 Indeed, the orientation of
different superposed layers of cylinders issued from BCP self-
assembly can be directly controlled by topography to produce
nonequilibrium morphologies in thin films. Tavakkoli et al. pio-
neered the fabrication of 3D multilevel structures of cylinder
arrays with controllable angles, bends and junctions whose
geometries were dictated by periodic arrays of posts obtained by
electron-beam lithography (see Figure 2a,b).®>#% In particular,
they demonstrated how a periodic array of posts could indepen-
dently control the orientation of individual layers of cylinders
in BCP bilayers through the control of the chemical affinity
between the posts and the BCP domains. An exceptional com-
binatorial control over the final structure was achieved by fine
tuning of postarray geometrical features allowing the fabrica-
tion of various aperiodic mesh arrays. As a result, 3D cross-
point structures, highly attractive for the fabrication of memory
arrays, were formed through the connection between cylinders
of different layers.[®l

Several other processes have been described in the litera-
ture to obtain these multilayered mesh patterns using either
film transfer methods or iterative self-assembly of BCP layers.
Nanotransfer printing of BCP layers, allowing a long range
ordering of the BCP structure through the use of nanopatterned
poly(dimethyl siloxane) (PDMS) mold have been demonstrated
by Jeong et al. on various types of conformable substrates
(indium tin oxide (ITO), Kapton, poly(3,4-ethylenedioxythiop
hene):poly(styrene sulfonate) (PEDOT:PSS)).1*) This method
allows the sequential printing of BCP layers on patterned sub-
strates while selecting the crossing angle through the transfer
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process of the second layer (Figure 2c,d). Another demonstra-
tion of film transfer process was proposed by Abate et al. who
deposited a free-standing cylinder-forming BCP monolayer on
top of a shear-aligned one.® The underlying cylinder layer acts
then as a seed site to control the ordering of the final assembly
during a subsequent thermal annealing step, highlighting the
strong orientation coupling induced by the bottom layer.

BCP layers can also be independently stacked through the
use of intercalated silicon or graphene separation layers (see
Figure 2e,f).#72! Likewise, both chemoepitaxy and graphoe-
pitaxy which provide long range ordering of the BCP structure
have proven to be compatible with such processes, to direct the
orientation of mesh arrays. In particular, Kim et al. demon-
strated how a chemically modified graphene layer can be used
to screen the topographical and surface energy modulations
induced by an underlying gold pattern obtained from nano-
structured BCP thin film. The overlay of a second nanostruc-
tured BCP thin film on top of the separation layer generates
a double layer gold mesh pattern without epitaxial registration
between the layered structures. Interestingly, by combining
such a method with DSA, square array of dots, widely required
for microelectronic device architecture, could be fabricated
from mesh arrays via double steps of orthogonal etching.®”]

3. Cross-Linking for Sequential Deposition
of BCP Patterns

Alternatively, BCPs can be designed to incorporate cross-
linkable moieties into their architecture in order to immo-
bilize the underlying BCP layers for a subsequent deposition
process.’2] Pioneering works by Kim et al. using cylinder-
forming poly(styrene)-block-poly(methyl methacrylate) (PS-
b-PMMA) with reactive benzocyclobutene functionality inserted
in the PS block have demonstrated how the stacking of cross-
linked BCP patterns can be utilized to register the cylindrical
domains of overlying layers formed on top of the underlying
one (see Figure 3a,b)."”] In an attempt to control the sidewall
profile of nanostructures obtained from lamellar-forming PS-
b-PMMA BCPs, He et al. reported vertically gradated struc-
tures for which the domain size was tuned by the addition of
cross-linkable PS or PMMA homopolymers while keeping

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



CHAPTER I: STATE-OF-THE-ART

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

wa§

(c)
Fabrication of
_a PDMS mold

=

Block copolymer
spin-coating

B

y
$
b

\ \\“‘ |
Pristine PDMS mold

Release of Complete removal of

pressure |

the PDMS mold i
=

Printed block
copolymer film

INTERFACES

www.advmatinterfaces.de

(d)!

Directed
self-assembly 2

lasma oxidation

. 4

Sub-10 nm structures

Figure 2. a,b) Schematic process flow for the fabrication of a bilayer BCP array using the post-templating method and SEM image of the multilevel
structure (scale bar: 100 nm): a cylindrical PS-b-PDMS bilayer is templated by an array of functionalized posts to form oxidized PDMS mesh structures
after plasma treatment. Reproduced with permission.[®% Copyright 2014, Wiley-VCH. c,d) Process flow for nanotransfer printing of BCP patterns and
SEM images of two double-layer mesh structures with different crossing angles: a patterned PDMS mold is used to guide the self-assembly of a PS-
b-PDMS BCP followed by its transfer on a substrate. The sequential printing of BCP structures leads to mesh patterns with controllable crossing angle.
Reproduced with permission.¥ Copyright 2012, Wiley-VCH. e,f) Gold mesh array fabrication procedure using a separation layer and SEM image of
a double layer gold pattern: a protective chemically modified graphene layer is deposited on top of a gold nanowire pattern formed from BCP self-

assembly which allows the deposition of a second nanostructured BCP layer. Reproduced with permission.[®”] Copyright 2013, Wiley-VCH.

the registration between the stacked layers.”¥ The non-native
undercut (i.e., negative sidewall) profiles of the PS lamellar
nanostructure resulting from the selective removal of the
PMMA domains were proven to facilitate subsequent lift-off
process for the formation of gold nanowires.

More sophisticated stacks obtained from cross-linkable BCPs
were also reported by combining BCP layers with different
morphologies. For instance, Jung et al. have demonstrated
how lamellae-on-cylinders can be obtained from stacking a
cross-linkable cylinder-forming PS-b-PMMA BCP layer with a
lamellar-forming PS-b-PMMA BCP layer (Figure 3c,d).”>% The
study of the epitaxial relationships between both layers showed
that the PMMA lamellae were remarkably registered to the
underlying PMMA cylinders due to a favorable minimization
of the interfacial free energies of the two BCP layers facilitated
by the commensurability between their interdomain spacings.

Another simple method to create nanoscale cross-patterns
(square, rectangular, and rhombic) over macroscopic areas was

Adv. Mater. Interfaces 2020, 7, 1901747 1901747

proposed by Kim et al. via shear-alignment of distinct layers of
cylinder-forming  polystyrene-block-poly(ferrocenylisopropylm
ethylsilane) (PS-b-PFiPMS) layers BCPs, immobilized through
cross-linking using ultraviolet light (Figure 3e,f).””! The pat-
tern symmetry could be adjusted through the variation of the
cylinder-forming PS-b-PFiPMS pitches (i.e., rectangular vs
square) and through the independently set shear directions
for the two layers (square vs rhombic). This double-layered
cross-bar pattern further serves as template for the definition of
four-fold symmetry lattices of various features (nanowells, nan-
oposts, nanodots) using various etching and lift-off techniques.

Recently, Oh et al. have demonstrated how a cross-linked
layer can also be applied to the fabrication of orientation-con-
trolled 3D multilayer structures.”®! Through filtered plasma
treatment of BCP thin films, a thin cross-linked layer was
formed by the physical collisions of neutral species and retains
the original chemical BCP composition, thus acting as a neutral
top-coat for the underlying BCP layer or as neutral underlayer

(4 0f 17)
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Figure 3. a,b) Schematics of the cross-linking and registration processes for stacked cylinder-forming PS-b-PMMA layers bearing reactive benzocy-
clobutene functionalities within the PS block and cross-sectional SEM image of a three layered BCP film in which the PMMA domains were etched by
UV-exposure and acetic acid treatment. Reproduced with permission.[®? Copyright 2008, Royal Society of Chemistry. c,d) Process flow for the formation
of multilayered BCP nanostructures with controlled domain orientation produced from cross-linkable BCP thin films and SEM image of a double-layer
BCP structure consisting of an upper lamellar layer formed on an underlying cylindrical layer. Reproduced with permission.®3l Copyright 2011, American
Chemical Society. e,f) Fabrication of nanoscale square patterns using cross-linked cylinder-forming BCP layers aligned by shear in a cross-pattern and
SEM image a double-layered cross-bar pattern obtained after RIE treatment. Adapted with permission.l”l Copyright 2014, American Chemical Society.
g,h) Schematic process flow for the fabrication of orientation-controlled 3D multilayer structure and cross-sectional SEM image of a hierarchical templated
structure consisting of a stack of out-of-plane lamellae, out-of-plane cylinders, and a monolayer of in-plane cylinders: through filtered plasma treatment of
an as-casted BCP thin film, a thin cross-linked layer is formed at the top surface while retaining the original chemical BCP composition. Such cross-linked
layer can further act as a neutral top-coat for the underlying BCP layer or as neutral underlayer for a BCP layer deposited on top of it. Reproduced under
the terms of the Creative Commons Attribution 4.0 International License.®®l Copyright 2019, the Authors. Published by Springer Nature.

for a BCP layer deposited on top of it. The filtered plasma combined with chemoepitaxy was applied to create hierar-
treated cross-linked layer is conceptually similar to a grafted  chical structures of chemically different BCP patterns with the
brush layer of random copolymers correcting the mismatch  notable generation of arbitrary sequences of in-plane and out-
of surface energy between the BCP domains.’" This approach  of-plane features as shown in Figure 3g,h. As a demonstration,
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Oh et al. fabricated a BCP stack similar to a fin field-effect
transistor (FInFET) structure with sequential layering of out-of-
plane lamellae and cylinders covered by a monolayer of in-plane
cylinders connecting the apices of the vertical cylinders.

4. Immobilization of BCP Pattern via Hybridization
Methods for Subsequent Deposition of BCP
Structure

Advances in the formation of complex BCP structures from
iterative self-assembly are related to the advent of various
hybridization methods!'” leading to the immobilization of BCP
structures. Indeed, the selective transformation of one of the
BCP domains into oxides or metals combined with the removal
of the BCP scaffold by wet or dry chemistries constitutes an
original pathway for the production of non-native morpholo-
gies. For instance, Majewski et al. demonstrated fine control
over the mesh pattern and symmetry through the conversion
of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) patterns
into metallic replicas, enabling the formation of non-native BCP
thin film structures by successive layering of PS-b-P2VP thin
films.®¥ Photo-thermal annealing (i.e., laserzone annealing)
combined with soft-shear effects induced by an elastomeric pad
was used to iteratively align the BCP structures, thus producing
arbitrary lattice symmetries (Figure 4a,b).

Further progress in the manipulation of iterative BCP self-
assembly in thin films were demonstrated by exploiting a
“responsive layering” approach!® in which subsequent BCP
layers order as function of the underlying layers to generate
complex 3D structures. This method exquisitely exploits the
natural propensity of BCP materials to respond to chemical or
topographical fields. This intermediate “responsive layering”
approach allows one to manipulate BCP self-assembly toward
non-native 3D morphologies as each self-assembled BCP film
acts as both a component of the final functional structure and a
guiding pattern for the subsequent nanostructured layers. Con-
sequently, immobilized BCP patterns can be used as a topo-
graphic or chemical template!'"*1%? for a subsequent BCP layer
and complex 3D structures can be obtained by iterative self-
assembly of layers of BCPs with different molecular weights
or compositions.'%-1%] Tavakkoli et al. explored this particular
facet for the formation of cross-point structures derived from
self-assembly of BCPs with different periodicities.'®" A first
PS-b-PDMS layer was self-assembled on a substrate leading to
a topographic pattern of oxidized-PDMS cylinders after reactive
ion etching (RIE) treatment. This grating pattern was subse-
quently used as a template to self-assemble a novel BCP layer
which orthogonally aligned as regards to the previous layer due
to weak chemical interactions between the oxidized-PDMS pat-
tern and the BCP domains. Combining this orthogonal self-
assembly process with circular or Y-junction lithographic pat-
terns led to the fabrication of complex nanomesh structures as
shown in Figure 4c,d.

Another example of hierarchical nanostructures in which
an immobilized BCP pattern acts as a guiding template for
the self-assembly of a second BCP layer was provided by Son
et al.1% Using top-down methods to pattern a PS-b-PDMS BCP
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of large periodicity, they demonstrated how smaller period BCP
patterns are registered on the larger BCP template. Following
this methodology, line-on-line, dots-on-line, and dots-in-hole
hierarchical structures were produced depending on solvent
annealing conditions as shown in Figure 4e-g.

Interestingly, the spherical BCP morphology has attracted
particular attention for the realization of hierarchical structures
from iterative self-assembly. For instance, density multiplication
of single layer hexagonal silica dot pattern was demonstrated by
Jin et al. through the stacking of plasma treated sphere-forming
PS-b-PDMS monolayers.%l A first monolayer of hexagonally
close-packed dots was formed by spin-coating a highly asym-
metric PS-b-PDMS BCP blended with PS homopolymer chains.
The subsequent deposition of the BCP on top of this first
plasma treated layer results in the formation of a dot pattern
exhibiting a honeycomb lattice, since the dots of the second
layer position themselves in the triangular interstitial positions
of the first hexagonal pattern, as shown in Figure 5a,b. The dots
formed by spin coating a third BCP monolayer on top of the
oxidized honeycomb lattice registered to the hexagonal lattice
positions resulting in a three-fold increase in dot density. The
driving force governing the spatial positioning of the second
and third layers of dots was linked to the topological constraints
induced by the former dot layers. It is noteworthy that the addi-
tion of PS homopolymer chains was crucial to limit the dot
overlap between layers, which is a primary concern for enabling
density multiplication methodologies. Recently Jung et al. pro-
posed a more direct approach to form dense dot layers from
sphere-forming BCP thin films.1%l A double layer of PDMS
spherical domains was formed by spin-coating a concentrated
sphere-forming PS-b-PDMS solution in toluene. After plasma
treatment, a distinct double pattern of hexagonally packed silica
dots was revealed through top-view SEM observation even if
the two layers of dots were positioned at their respective sphere
layer height (denoted as “pondering” pattern by the authors).
Buriak’s group pushed forward their studies on the sequential
deposition of dot arrays formed by microphase-separated PS-
b-PDMS thin films. Using BCPs having different periodicity,
they studied the interrelationships between (in)commensu-
rability and epitaxial alignment between different dot layers
formed by following the same iterative deposition method
of sphere-forming PS-b-PDMS layers. The sequential self-
assembly of dot layers having different array pitches resulted
in the formation of Moiré superstructures with preferential dot
lattice orientation derived from the epitaxial registration of the
top layer (see Figure 5c,d).l"%)

Rahman et al. progressed further these methodologies
by showing how “responsive layering” self-assembly allows
access to a huge diversity of morphologies not native to the
equilibrium BCP phase diagram, including square and rec-
tangular mesh patterns, dots localized between nanopores,
dots bridging lines. Their approach also relies on sequential
deposition and immobilization of 2D nanostructured BCP thin
films but takes further advantage of a secondary registration
field induced through the BCP chain stretching/compression
(i.e., the second-layer morphology orients and registers so as
to accommodate the underlying height variation by overlap-
ping the interblock interface atop of it). As shown in Figure 6a,
the detailed process flow is based on the selective infiltration
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Figure 4. a,b) Schematics of photo-thermal annealing set-up combined with soft-shear effects (soft shear-laser zone annealing (SS-LZA)) for the align-
ment of BCP structures and SEM images of double-layered Pt mesh patterns obtained using various angles between the SS-LZA sweeps (scale bars:
200 nm). Reproduced under the terms of the Creative Commons Attribution 4.0 International License.®8 Copyright 2015, the Authors. Published by
Springer Nature. c,d) Nanomesh pattern obtained via orthogonal self-assembly of PS-b-PDMS BCPs of different molecular weights on bare Si (scale
bars: 100 nm) and on a circular template obtained by electron beam lithography from a hydrogen silsesquioxane resist (scale bars: 500 nm), respec-
tively. Adapted under the terms of the Creative Commons Attribution 4.0 International Licensel'®l Copyright 2016, the Authors. Published by Springer
Nature. Hierarchical structures including e) line-on-line, f) dots-on-line, and g) dot-in-hole made from a small period PS-b-PDMS BCP templated by
a larger period PS-b-PDMS BCP. The different hierarchical structures were obtained by tuning the SVA conditions. Reproduced with permission.[1%!

Copyright 2011, Wiley-VCH.

synthesis of nanostructured PS-b-PMMA thin films which gen-
erates a topographical pattern reproducing the BCP morpho-
logical features. After neutralization of the immobilized layer
by a random copolymer brush to prevent chemoepitaxial rep-
lication, a second PS-b-PMMA layer is deposited on top of the
underlying BCP pattern which self-assembles in response to
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the aforementioned topographical field. A striking demonstra-
tion was given by combinatorially stacking the three different
classical 2D BCP morphologies using PS-b-PMMA of different
compositions and molecular weights resulting in a cornucopia
of multilayered structures with a high level of spatial control
(see Figure 6b,c).
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images of the single layer hexagonal and double layer honeycomb dot patterns (scale bars: 200 nm). Reproduced with permission.['%! Copyright 2016,
American Chemical Society. c,d) Process flow for the fabrication of dot-array-based Moiré superstructures from sphere-forming PS-b-PDMS BCPs with
different molecular weights and SEM image of a resulting structure with a relative rotation angle of 3° between the two layers (scale bar: 250 nm).
Adapted with permission.['% Copyright 2017, American Chemical Society.
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Figure 6. a) Process flow for the formation of 3D nanostructures obtained from the “responsive layering” approach. b) SEM images showing the
considerable diversity of two-layer nanostructures formed by the iterative self-assembly of BCP thin films using the “responsive layering” approach
(scale bar: 100 nm). c) Schematics of the idealized 3D nanostructures. Adapted under the terms of the Creative Commons Attribution 4.0 International
License.* Copyright 2016, the Authors. Published by Springer Nature.
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5. Conclusion and Outlook

During the last decades, BCP self-assembly in thin film has
enabled researchers in their quest to design ordered micro-
structures with nanometrically defined periodicity. Tremendous
opportunities have emerged from these studies enabling the
fabrication of functional materials from nanostructured BCP
thin films; the most striking example being nanopatterning
applications for semiconductor and memory uses. While
directed self-assembly methods allow the generation of 2D per-
fect ordered patterns, the intrinsic BCP phase behavior limits
the variability of structures and symmetries achievable through
BCP self-assembly. We have highlighted that iterative self-
assembly in the form of stacking BCP layers allows access to
an enormous diversity of non-native morphologies beyond the
classical bulk equilibrium di-BCP phase diagram. Such great
progress in the design of multilayered hierarchical structures
was enabled by both a deep understanding of the underlying
mechanisms controlling the BCP self-assembly in thin film and
the development of hybridization methods for the immobiliza-
tion of the BCP patterns. It is noteworthy that theoretical and
modeling efforts have provided guidance to expand the land-
scape of complex structures by assessing the critical parameters
and design rules allowing the fine control of the multilayered
BCP structures, and therefore is viewed as pivotal in future
multilayer designs of non-native BCP morphologies. As a
result, the BCP community faces up to a challenge in trans-
lating these novel complex structures into potent applicative
advances with smart functionalities, as only a scarce number
of the multilayered structures described herein has been
transitioned to device manufacturing. For instance, 3D nano-
structures formed by directed self-assembly of BCP multilayers
could be valuable in cutting-edge technologies such as optical
metamaterials or metasurfaces,*"1%11% graphene nanoribbon
or fin field effect transistors*®111112 filration membranes
with improved permeability-selectivity tradeoff,''>-"°l cross-
point memories,® or optoelectronic devices.**!! Additionally,
the conversion of the BCP scaffolds into functional inorganic
materialsl'” broadens the scope of applications by adding spe-
cific optical, electronic, or magnetic properties to the 3D nano-
structures.?70117 Nevertheless, several challenges still need
to be addressed for the advent of multilayered BCP structures
in nanotechnology. Powerful DSA methods effective in the 3D
space are required for the precise registration of the BCP fea-
tures, as such approaches will thus enable a high scalability
of self-assembly processes. Understanding defect annihilation
mechanisms in the formation of these complex structures is
also mandatory, as most of the applications require specific
and intricate device architectures with a very low level of defec-
tivity. Another challenge is to extend iterative self-assembly
to ultralow dimensions by using “high x” BCPs as building
blocks while creative macromolecular engineering could enrich
the pool of starting morphologies. In summary, this progress
report has overviewed exquisite demonstrations of multiple
BCP layer self-assembly strategies, however, we also point to
the need to define a better understanding of key influencing
factors governing precise stack placement. For example, future
research and development exploring the surfaces and interfaces
of 3D BCP features will further allow us to not only advance
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morphology intricacy, but will also enable us to define limita-
tions of particular systems and approaches. Moreover, given
that the “non-native” BCP field is in its infancy, there are many
important learnings that will be established in the coming years
that will progress the transition to new devices. In particular,
we suggest further exploration researching the influence of
surface chemistry between stack layers, the effect of using dif-
ferent BCP chemistries and resulting orientation control, and
advanced 3D characterization studies (e.g., GISAXS and TEM
tomography) will help in the realization of novel device con-
cepts. Such milestones on non-native BCP control coupled with
the opportunities inherent to sophisticated functionalization
methods will further enhance the viability of multilayered BCP
structures for nanotechnologies.

Acknowledgements

N.D. and C.C. are grateful for financial support from the University of
Bordeaux and the LabEx AMADEus (ANR-10-LABEX-0042-AMADEUS),
respectively. This work was supported by the European Union Horizon
2020 research and innovation program under grant agreement #760915
(SUN-PILOT project) and the French National Research Agency under
grant agreement ANR-16-CE24-0007 (Dirac-111-V project).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

3D nanostructures, block copolymers, iterative self-assembly, nanopatterning,
registration

Received: October 15, 2019
Revised: November 21, 2019
Published online: December 29, 2019

[1] F.S. Bates, G. H. Fredrickson, Annu. Rev. Phys. Chem. 1990, 41, 525.

[2] A. ). Meuler, M. a. Hillmyer, F. S. Bates, Macromolecules 2009, 42,
7221.

[3] F. S. Bates, M. a Hillmyer, T. P. Lodge, C. M. Bates, K. T. Delaney,
G. H. Fredrickson, Science 2012, 336, 434,

[4] L. Leibler, Macromolecules 1980, 13, 1602.

[5] M. W. Matsen, M. Schick, Phys. Rev. Lett. 1994, 72, 2660.

[6] M. W. Matsen, Macromolecules 2012, 45, 2161.

[7] C.Park, J. Yoon, E. L. Thomas, Polymer 2003, 44, 6725.

[8] Block Copolymers in Nanoscience (Eds: M. Lazzari, G. Liu,
S. Lecommandoux), Wiley-VCH, Weinheim, Germany 2006.

[9] I. W. Hamley, Angew. Chem., Int. Ed. 2003, 42, 1692.

[10] C. Cummins, T. Ghoshal, ). D. Holmes, M. A. Morris, Adv. Mater.
2016, 28, 5586.

[11] K. Aissou, T. Alnasser, G. Pecastaings, G. Goglio, O. Toulemonde,
S. Mornet, G. Fleury, G. Hadziioannou, J. Mater. Chem. C 2013, 1,
1317.

[12] Y. S. Jung, W. Jung, C. A. Ross, Nano Lett. 2008, 8, 2975.

3] ). Y. Cheng, C. A. Ross, V. Z-H. Chan, E. L Thomas,
R. G. H. Lammertink, G. J. Vancso, Adv. Mater. 2001, 13, 1174.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



CHAPTER I: STATE-OF-THE-ART

ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

[14] C.T. Black, Appl. Phys. Lett. 2005, 87, 163116.

[15] J. G. Son, M. Seon, K. |J. Moon, B. H. Lee, ]. M. Myoung,
M. S. Strano, M. H. Ham, C. A. Ross, Adv. Mater. 2013, 25, 4723.

[16] M. C. Orilall, U. Wiesner, ). Lee, F. |. DiSalvo, U. Wiesner,
S. M. Gruner, A. Baiker, U. Wiesner, F. |. DiSalvo, U. Steiner,
H. J. Snaith, U. Steiner, H. ]. Snaith, Chem. Soc. Rev. 2011, 40,
520.

[17] S. Vignolini, N. A. Yufa, P. S. Cunha, S. Guldin, I. Rushkin,
M. Stefik, K. Hur, U. Wiesner, ). ). Baumberg, U. Steiner, Ad.
Mater. 2012, 24, OP23.

18] ). A. Dolan, B. D. Wilts, S. Vignolini, ). . Baumberg, U. Steiner,
T. D. Wilkinson, Adv. Opt. Mater. 2015, 3, 12.

[19] Y. Kang, |. J. Walish, T. Gorishnyy, E. L. Thomas, Nat. Mater. 2007,
6, 957.

[20] H. S. Lim, |. H. Lee, ). ). Walish, E. L. Thomas, ACS Nano 2012, 6,
8933.

[21] M. Stefik, S. Guldin, S. Vignolini, U. Wiesner, U. Steiner, Chem.
Soc. Rev. 2015, 44, 5076.

[22] Q. Peng, Y.-C. C. Tseng, S. B. Darling, ). W. Elam, Adv. Mater. 2010,
22,5129.

[23] Q. Peng, Y. C. Tseng, S. B. Darling, ]. W. Elam, ACS Nano 2011.

[24] T. Thumn-Albrecht, ). Schotter, G. A. Kastle, N. Emley, T. Shibauchi,
L. Krusin-Elbaum, K. Guarini, C. T. Black, M. T. Tuominen,
T. P. Russell, Science 2000, 290, 2126.

[25] V. N. Urade, T. C. Wei, M. P. Tate, ). D. Kowalski, H. W. Hillhouse,
Chem. Mater. 2007, 19, 768.

[26] E. ). W. Crossland, M. Kamperman, M. Nedelcu, C. Ducati,
U. Wiesner, D.-M. Smilgies, G. E. S. Toombes, M. A. Hillmyer,
S. Ludwigs, U. Steiner, H. |. Snaith, Nano Lett. 2009, 9, 2807.

[27] M. Park, P. M. Chaikin, R. A. Register, D. H. Adamson, Appl. Phys.
Lett. 2001, 79, 257.

[28] K. W. Guarini, C. T. Black, K. R. Milkove, R. L. Sandstrom, J. Vac.
Sci. Technol., B: Microelectron. Nanometer Struct.—Process., Meas.,
Phenom. 2001, 19, 2784.

[29] ). Chai, D. Wang, X. Fan, |. M. Buriak, Nat. Nanotechnol. 2007, 2,
500.

[30] J. Chai, J. M. Buriak, ACS Nano 2008, 2, 489.

[31] S. B. Darling, N. A. Yufa, A. L. Cisse, S. D. Bader, S. ]. Sibener, Adv.
Mater. 2005, 17, 2446.

[32] N. C. Bigall, B. Nandan, E. B. Gowd, A. Horechyy, A. Eychmiiller,
ACS Appl. Mater. Interfaces 2015, 7, 12559.

[33] H.-Y. Y. Hsueh, H.-Y. Y. Chen, M.-S. S. She, C.-K. K. Chen,
R.-M. M. Ho, S. Gwo, H. Hasegawa, E. L. Thomas, Nano Lett.
2010, 70, 4994,

[34] A. Haryono, W. H. Binder, Small 2006, 2, 600.

[35] Q. Zhang, S. Gupta, T. Emrick, T. P. Russell, J. Am. Chem. Soc.
2006, 128, 3898.

[36] K. Thorkelsson, A. ]. Mastroianni, P. Ercius, T. Xu, Nano Lett.
2012, 12, 498.

[37] K. Aissou, G. Fleury, G. Pecastaings, T. Alnasser, S. Mornet,
G. Goglio, G. Hadziioannou, Langmuir 2011, 27, 14481.

[38] E. L. Crepaldi, G. ). d. A. A. Soler-lllia, D. Grosso, F. Cagnol,
F. Ribot, C. Sanchez, J. Am. Chem. Soc. 2003, 125, 9770.

[39] G. ). Galo, E. L. Crepaldi, D. Grosso, C. Sanchez, Curr. Opin.
Colloid Interface Sci. 2003, 8, 109.

[40] ). Lee, M. Christopher Orilall, S. C. Warren, M. Kamperman,
F.). Disalvo, U. Wiesner, Nat. Mater. 2008, 7, 222.

[41] C. Sinturel, M. Vayer, M. Morris, M. A. Hillmyer, Macromolecules
2013, 46, 5399.

[42] C. Tang, W. Wu, D.-M. M. Smilgies, K. Matyjaszewski,
T. Kowalewski, J. Am. Chem. Soc. 2011, 133, 11802.

[43] P. W. Majewski, K. G. Yager, ACS Nano 2015, 9, 3896.

[44] D. E. Angelescu, ). H. Waller, D. H. Adamson, P. Deshpande,
S. Y. Chou, R. A. Register, P. M. Chaikin, Adv. Mater. 2004, 16,
1736.

Adv. Mater. Interfaces 2020, 7, 1901747

1901747 (10 of 11)

www.advmatinterfaces.de

[45] D. E. Angelescu, ). H. Waller, R. A. Register, P. M. Chaikin, Adw.
Mater. 2005, 17, 1878.

[46] T. L. Morkved, M. Lu, A. M. Urbas, E. E. Ehrichs, H. M. Jaeger,
P. Mansky, T. P. Russell, Science 1996, 273, 931.

[47] H. U. Jeon, H. M. Jin, J. Y. Kim, S. K. Cha, |. H. Mun, K. E. Lee,
J. J. Oh, T. Yun, J. S. Kim, S. O. Kim, Mol. Syst. Des. Eng. 2017, 2,
560.

[48] P. W. Majewski, M. Gopinadhan, C. O. Osuji, J. Polym. Sci., Part B:
Polym. Phys. 2012, 50, 2.

[49] M. Gopinadhan, Y. Choo, L. H. Mahajan, D. Ndaya, G. Kaufman,
Y. Rokhlenko, R. M. Kasi, C. O. Osuji, Mol. Syst. Des. Eng. 2017,
2, 549.

[50] P. Mansky, Y. Lui, E. Huang, T. P. Russell, C. ]. Hawker, Science
1997, 275, 1458.

[51] C. M. Bates, T. Seshimo, M. |. Maher, W. ]. Durand, J. D. Cushen,
L. M. Dean, G. Blachut, C. ]. Ellison, C. G. Willson, Science 2012,
338, 775.

[52] S. Park, D. H. Lee, J. Xu, B. Kim, S. W. Hong, U. Jeong, T. Xu,
T. P. Russell, Science 2009, 323, 1030.

[53] K. Aissou, ). Shaver, G. Fleury, G. Pécastaings, C. Brochon,

C. Navarro, S. Grauby, J.-M. Rampnoux, S. Dilhaire,
G. Hadziioannou, Adv. Mater. 2013, 25, 213.
[54] S. O. Kim, H. H. Solak, M. P. Stoykovich, N. ]. Ferrier,

J. ]. De Pablo, P. F. Nealey, Nature 2003, 424, 411.

[55] C.-C. Liu, E. Han, M. S. Onses, C. |. Thode, S. Ji, P. Gopalan,
P. F. Nealey, Macromolecules 2011, 44, 1876.

[56] R. A. Segalman, H. Yokoyama, E. J. Kramer, Adv. Mater. 2001, 13,
1152,

[57] J. Y. Cheng, C. a. Ross, E. L. Thomas, H. I. Smith, G. ]. Vancso,
Appl. Phys. Lett. 2002, 81, 3657.

[58] S. B. Darling, Prog. Polym. Sci. 2007, 32, 1152.

[59] Directed Self-Assembly of Block Co-Polymers for Nano-Manufacturing
(Eds: R. Gronheid, P. Nealey), Woodhead Publishing, Cambridge,
England 2015.

[60] H. Hu, M. Gopinadhan, C. O. Osuji, Soft Matter 2014, 10, 3867.

[61] W. Li, M. Muller, Prog. Polym. Sci. 2016, 54-55, 47.

[62] Functional Organic and Hybrid Nanostructured Materials (Ed: Q. Li),
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany 2018.

[63] A. Karim, N. Singh, M. Sikka, F. S. Bates, W. D. Dozier,
G. P. Felcher, J. Chem. Phys. 1994, 100, 1620.

[64] L. H. Radzilowski, B. L. Carvalho, E. L. Thomas, J. Polym. Sci., Part
B: Polym. Phys. 1996, 34, 3081.

[65] M. W. Matsen, Curr. Opin. Colloid Interface Sci. 1998, 3, 40.

[66] A. Knoll, A. Horvat, K. S. Lyakhova, G. Krausch, G. J. A. Sevink,
A. V. Zvelindovsky, R. Magerle, Phys. Rew. Lett. 2002, 89,
035501,

[67] C. E. Stein, E. J. Kramer, X. Li, J. Wang, Macromolecules 2007, 40,
2453,

[68] W. Bai, C. A. Ross, MRS Bull. 2016, 41, 100.

[69] G. S. Doerk, K. G. Yager, Mol. Syst. Des. Eng. 2017, 2, 518.

[70] J. H. Kim, H. M. Jin, G. G. Yang, K. H. Han, T. Yun, |. Y. Shin,
S. Jeong, S. O. Kim, Adv. Funct. Mater. 2019, 1902049.

[71] K. Hayashida, A. Takano, S. Arai, Y. Shinohara, Y. Amemiya,
Y. Matsushita, Macromolecules 2006, 39, 9402.

[72] Y. Matsushita, Macromolecules 2007, 40, 771.

[73] B. R. Sveinbjérnsson, R. a Weitekamp, G. M. Miyake, Y. Xia,
H. a Atwater, R. H. Grubbs, Proc. Natl. Acad. Sci. USA 2012, 109,
14332,

[74] W. Gu, J. Huh, S. W. Hong, B. R. Sveinbjornsson, C. Park,
R. H. Grubbs, T. P. Russell, ACS Nano 2013, 7, 2551.

[75] K. Aissou, W. Kwon, M. Mumtaz, S. Antoine, M. Maret, G. Portale,
G. Fleury, G. Hadziioannou, ACS Nano 2016, 10, 4055.

[76] S. Antoine, K. Aissou, M. Mumtaz, G. Pécastaings, T. Buffeteau,
G. Fleury, G. Hadziioannou, Macromol. Rapid Commun. 2019, 40,
1800860.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

47



CHAPTER I: STATE-OF-THE-ART

ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

[77] S. Salahuddin, K. Ni, S. Datta, Nat. Electron. 2018, 1, 442.

[78] R. Clark, K. Tapily, K. H. Yu, T. Hakamata, S. Consiglio, D. O'Meara,
C. Wajda, ). Smith, G. Leusink, APL Mater. 2018, 6, 058203.

[79] T. N. Theis, H. S. Philip Wong, Comput. Sci. Eng. 2017, 19, 41.

[80] C. Cummins, M. A. Morris, Microelectron. Eng. 2018, 195, 74.

[81] H.-Y. Y. Hsueh, C.-T. T. Yao, R.-M. M. Ho, Chem. Soc. Rev. 2015, 44,
1974,

[82] T. Ito, G. Ghimire, ChemElectroChem 2018, 5, 2937.

[83] H. Hu, S. Rangou, M. Kim, P. Gopalan, V. Filiz, A. Avgeropoulos,
C. O. Osuji, ACS Nano 2013, 7, 2960.

[84] Y. Choo, H. Hu, K. Toth, C. O. Osuji, J. Polym. Sci., Part B: Polym.
Phys. 2016, 54, 247.

[85] A. Tavakkoli K. G., K. W. Gotrik, A. F. Hannon, A. Alexander-Katz,
C. A. Ross, K. K. Berggren, Science 2012, 336, 1294.

[86] ). W. Jeong, W. I. Park, L.-M. M. Do, |.-H. H. Park, T.-H. H. Kim,
C. Chae, Y. S. Jung, Adv. Mater. 2012, 24, 3526.

[87] J. Y. Kim, B. H. Kim, J. O. Hwang, S. ). Jeong, D. O. Shin,
J. H. Mun, Y. J. Choi, H. M. Jin, S. O. Kim, Adv. Mater. 2013, 25, 1331.

[88] P.W. Majewski, A. Rahman, C. T. Black, K. G. Yager, Nat. Commun.
2015, 6, 7448.

[89] A. Tavakkoli K. G., S. M. Nicaise, A. F. Hannon, K. W. Gotrik,
A. Alexander-Katz, C. A. Ross, K. K. Berggren, Small 2014, 10, 493.

[90] A. A. Abate, G. T. Vu, A. D. Pezzutti, N. A. Garcfa, R. L. Davis,
F. Schmid, R. A. Register, D. A. Vega, Macromolecules 2016, 49,
7588.

[91] F. Rose, J. K. Bosworth, E. A. Dobisz, R. Ruiz, Nanotechnology
2011, 22, 035603,

[92] E. Kim, C. Shin, H. Ahn, D. Y. Ryu, ). Bang, C. ). Hawker,
T. P. Russell, Soft Matter 2008, 4, 475.

[93] H.Jung, D. Hwang, E. Kim, B.-]. Kim, W. B. Lee, |. E. Poelma, . Kim,
C. ). Hawker, J. Huh, D. Y. Ryu, ). Bang, ACS Nano 2011, 5, 6164.

[94] C. He, M. P. Stoykovich, Adv. Funct. Mater. 2014, 24, 7078.

[95] Y. . Choi, J. Y. Kim, ). E. Kim, J. H. Mun, S. K. Cha, S. O. Kim, Adv.
Funct. Mater. 2016, 26, 6462.

[96] H. Jung, S. Woo, S. Park, S. Lee, M. Kang, Y. Choe, ]. G. Son,
D. Y. Ryu, J. Huh, J. Bang, Soft Matter 2015, 11, 4242.

[97] S. Y. Kim, A. Nunns, ). Gwyther, R. L. Davis, I
P. M. Chaikin, R. A. Register, Nano Lett. 2014, 14, 5698.

[98] ). Oh, H. S. Suh, Y. Ko, Y. Nah, J. C. Lee, B. Yeom, K. Char,
C. A. Ross, ]. G. Son, Nat. Commun. 2019, 10, 2912.

Manners,

Adv. Mater. Interfaces 2020, 7, 1901747

48

1901747 (11 of 11)

www.advmatinterfaces.de

[99] A. Rahman, P. W. Majewski, G. Doerk, C. T. Black, K. G. Yager, Nat.
Commun. 2016, 7, 13988.

[100] R. Ruiz, R. L. Sandstrom, C. T. Black, Adv. Mater. 2007, 19, 587.

[101] S. M. Park, P. Ravindran, Y. H. La, G. S. W. Craig, N. . Ferrier,
P. F. Nealey, Langmuir 2007, 23, 9037.

[102] Y. S. Jung, J. B. Chang, E. Verploegen, K. K. Berggren, C. A. Ross,
Nano Lett. 2010, 10, 1000.

[103] J. G. Son, A. F. Hannon, K. W. Gotrik, A. Alexander-Katz,
C. A. Ross, Adv. Mater. 2011, 23, 634.

[104] A. Tavakkoli K. G., S. M. Nicaise, K. R. Gadelrab, A. Alexander-Katz,
C. A. Ross, K. K. Berggren, Nat. Commun. 2016, 7, 10518.

[105] D. O. Shin, ). H. Mun, G.-T. Hwang, J. M. Yoon, ]. Y. Kim,
J. M. Yun, Y. Yang, Y. Oh, J. Y. Lee, ]. Shin, K. J. Lee, S. Park,
J. U. Kim, S. O. Kim, ACS Nano 2013, 7, 8899.

[106] C. Jin, B. C. Olsen, N. L. Y. Wu, E. ]. Luber, J. M. Buriak, Langmuir
20176, 32, 5890.

[107] H. Jung, W. H. Shin, T. W. Park, Y. J. Choi, Y. ). Yoon, S. H. Park,
J. H. Lim, ]. D. Kwon, |. W. Lee, S. H. Kwon, G. H. Seong,
K. H. Kim, W. |. Park, Nanoscale 2019, 11, 8433.

[108] C. Jin, B. C. Olsen, E. ). Luber, . M. Buriak, ACS Nano 2017, 11,
3237.

[109] J. Y. Kim, H. Kim, B. H. Kim, T. Chang, J. Lim, H. M. Jin, |. H. Mun,
Y. J. Choi, K. Chung, J. Shin, S. Fan, S. O. Kim, Nat. Commun.
2016, 7, 12911.

[110] A. Alvarez-Fernandez, K. Aissou, G. Pécastaings, G. Hadziioannou,
C. Fleury, V. Ponsinet, Nanoscale Adv. 2019, 1, 849.

[117] S.). Jeong, S. Jo, |. Lee, K. Yang, H. Lee, C. S. Lee, H. Park, S. Park,
Nano Lett. 2016, 16, 5378.

[112] ). Arias-Zapata, ). D. Garnier, H. Al Mehedi, A. Legrain, B. Salem,
G. Cunge, M. Zelsmann, Chem. Mater. 2019, 31, 3154.

[113] K. V. Peinemann, V. Abetz, P. F. W. Simon, Nat. Mater. 2007, 6,
992.

[114] C. Zhou, T. Segal-Peretz, M. E. Oruc, H. S. Suh, G. Wu,
P. F. Nealey, Adv. Funct. Mater. 2017, 27, 1701756.

[115] K. Aissou, M. Mumtaz, H. Bouzit, C. Pécastaings, G. Portale,
G. Fleury, G. Hadziioannou, Macromolecules 2019, 52, 4413.

[176] S. B. Darling, Energy Environ. Sci. 2009, 2, 1266.

[117] S. W. Robbins, P. A. Beaucage, H. Sai, K. W. Tan, J. G. Werner,
J. P. Sethna, F. ). DiSalvo, S. M. Gruner, R. B. Van Dover,
U. Wiesner, Sci. Adv. 2016, 2, 1501119,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



CHAPTER I: STATE-OF-THE-ART

1.3.B/ Discussion

This article details four stacking methods that have their pros and cons with respect to the
final applications. One of the main objectives of this Ph.D. is to generate 3D nanostructures which
are controlled through epitaxial relationships, meaning that the orientation and translational
order of each layer is dependent of the previous one. This correlation between layers is called

registration, and is required for creating complex nanostructures with enhanced functionality.

Within the four techniques, two of them allow a “native” registration, meaning that the
stacked layer ordering is dictated by the underneath layer: the direct stacking method with a
topographic registration, and the crosslinking method with a chemical registration. The transfer
mold method shows a potential for ex-situ registration through the chosen orientation of the mold
with respect to the underneath layer. The last method does not lead to a registration since a
protective layer decorrelates the epitaxial ordering between layers. However, in-situ registration
shows a major drawback which is the defect propagation between layers. Nevertheless, this
limitation can be overcome by using directed self-assembly methods.
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Figure 33. (a) Schematics of the stacking process and SEM images of (b) bi-layers and (c) tri-layers formed
using a direct stacking method. (d) Schematics of the two possible stacking configurations with different
energy costs depending of the BCP chain position with respect to the first BCP layer. [189]

Our choice for this Ph.D. fell on the direct stacking method as a promising demonstration
of registration between stacked BCP nanostructures was obtained in 2016 by Rahman et al. [189].
More precisely, they showed the formation of a panoply of non-native nanostructures made by
stacking two layers of PS-b-PMMA with various morphology and domain spacing. The
immobilization of the layers through the conversion in Al;03 were performed using a SIS process.
(Figures 33.a-b). They also showed that this process can be used for the tri-layers (Figure 33.c). In
their study, it is the topographic field created by the underneath infiltrated layer that induces the

registration of the top layer by minimizing the energy related to the stretching and compression
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of the BCP chains (Figure 33.d). Nevertheless, the long-range ordering and the registration rules
enabling the control of such complex self-assembly process were not deeply tackled in this report
and will consequently be the outline of this Ph.D. study. Besides, further tuning of the direct
stacking method is envisioned by the control of the interfacial energy between the BCP layers,

providing thus a dual registration field (i.e. topographical and chemical).
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1.4/ Azobenzene-containing polymers

Polymers bearing azobenzene moieties in their structure have been synthetized over the
past few decades for their interesting photochemical properties [190]-[193]. In the field of BCP
self-assembly, such materials can be used to generate topographical fields for the long-range

ordering of BCP thin films.

1.4.A/ Cis-Trans photoisomerization

The azobenzene molecule and its derivatives have a chemical structure including a N=N
double bond sandwiched between two benzene m-systems that can undergo an isomerization
from the stable trans configuration to a less stable cis configuration under photo-irradiation
(around 400nm depending on the side groups) (Figure 34). This unstable conformation quickly
relaxes - within a few seconds - to the stable trans configuration at room temperature since the

energy gap is a few kcal [193]-[196].
N—/—N

N pr—

N kT

Figure 34 - Cis-trans photo-isomerization of an azobenzene molecule, from trans to cis with a light stimulus,
and back to trans with temperature.

These molecules have demonstrated a strong potential for applications as dye in
optoelectronics [197], [198] or as photo-regulators for biology purposes [199], [200]. It can also
be associated to polymers to form photo-responsive polymers for which stimuli-responsiveness

is triggered by irradiation [193].

1.4.B/ Surface Relief Gratings

In 1995, Kim et al. performed the first photo-isomerization on an azobenzene-containing
polymer thin film in order to induce a surface corrugation called surface relief gratings (SRG)
[201]. Experimentally, the generation of SRG into an azobenzene-containing polymer layer
requires to apply illumination with a controlled pattern. Since it is possible to use visible light, the
most simple and common setup is a Lloyd’s mirror interferometer with a laser to form perfectly

defined parallel interference fringes, leading to the formation of a wavy pattern (Figures 35.a-c).
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Figure 35. Schematics of (a) Lloyd’s mirror interferometer applied to the formation of a SRG pattern into an
azobenzene thin film and (b) light intensity profile and SRG induced to the film. (c) AFM three dimensional
view of SRG on an azobenzene-containing polymer [201] (d) Experimental two mirror Lloyd’s interferometer
and (e) hexagonal pattern created with it on a photoresist thin film [202]. (f) AFM image of the SRG pattern
formed after two orthogonal exposures on an azobenzene-containing thin film [203]. (g) SEM image of a
quasicrystal made by the SRG patterning of a photoresist through a process composed of six exposures with
different angles (0°, 30°, 60°, 90°, 120°and 150°) [204]. (h) Schematics of the formation of gold pattern using
a SRG mask and SEM images of (i) strips made with one exposure and (j) squared dots made with two
orthogonal exposures [205].

This technique is very convenient because it is possible to tune the periodicity of the
pattern d by changing the incident angle 8 or the light source wavelength 4 (Equation (9)). Also,
the grating amplitude can be easily tuned by controlling the exposure time, the film thickness, the

light source power and its polarization [206]
A

= 25in(@) 9
It is also possible to create hexagonal interference pattern using a two mirrors Lloyd’s
interferometer (Figures 35.d-e), or by doing two standard SRG inscription with an angle of 60°
between them [202]. Such type of procedures has been used for the formation of a squared matrix
of dots into azobenzene-containing thin film via two orthogonal exposures, called crossed surface
relief gratings (CSRG) [203], [206], [207] (Figure 35.f). Interestingly, such kind of multiple
exposures by rotating the sample have also been theoretically and experimentally studied to form

quasicrystals [204], [208], [209] (Figure 35.g). These SRG patterns can be further exposed to a
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controlled plasma etching in order to create a mask for the patterning of a metallic layer [205],
[210] (Figures 35.h-j). Another route for creating metallic features from SRG patterns have been
developed by Moerland et al. [211], and it consists in sputtering a gold layer above a SRG pattern

followed by an ion milling step to etch the thinnest areas.

Several theories on the formation of SRG patterns have been developed to explain this non-
trivial phenomenon. Indeed, the generation of the patterns occurs at room temperature which is

often below the T of the polymer layer [212].

A first theory, proposed by Rochon et al. in 1995, is based on a thermo-physical process
that induces mass diffusion by a local photo-thermal heating above T, [213]. A second theory have
been proposed by Barrett et al. in 1996, suggesting that an internal pressure arises from the
regions where the cyclic isomerization occurs, leading to a gradient pressure that displaces the
matter [214]. Both of these theories are not enough to fully apprehend SRG as completely different
behaviors between s-polarization and p-polarization (not taken into account in both theoretical
frameworks) have been experimentally observed. In fact, SRG is only possible with a p-polarized
light [215]. A third theory developed by Lefin et al. in 1998 explains that SRG is driven by the
chromophore displacement along the excitation direction which generates a flow of matter in the
volume of the SRG layer [216]. Nonetheless, the SRG mechanism has been demonstrated to be
initiated on the layer surface [217], disproving this particular theory. Then, Kumar et al. proposed
in 1998 a theory based on a matter displacement induced by interactions between the dipoles of
the azobenzene moieties and light. These interactions would generate an electrical field leading
to a gradient force [218]. More recently, in 2014, Hurduc et al. proposed an athermal photo-

fluidization mechanism to explain SRG [219].

Obviously, a consolidated theory on the formation of SRG has not been reached yet, but
the two mechanisms that seem to be the most probable are the mechanical stress and the photo-

fluidization [220], [221].

1.4.C/ BCP self-assembly induced by SRG

Since the emergence of azobenzene-containing polymers, synergies with BCPs have been
studied to improve the control of the self-assembly behavior. There are mostly two routes: using
the SRG property to generate guiding patterns for BCP directed self-assembly, or using the
response of azobenzene moieties (usually grafted on the backbone of a BCP chain) to a polarized

illumination to trigger directional ordering of BCP structure during the self-assembly process.
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1.4.C.i/ SRG patterns for directed self-assembly

As explained before, azobenzene-containing layers can produce perfectly defined patterns
through SRG with a periodicity of several hundreds of nanometers (Equation (9)). These patterns
can be further used to generate topographical fields (as in graphoepitaxy) with tunable amplitude
and width. Aissou et al. developed a process using SRG patterns as guiding pattern through a
subsequent cross-linking step after the SRG inscription. The SRG pattern was employed for the
directed self-assembly of cylindrical PS-b-PEO or PDMSB-b-PMMA. Long-range ordering is
achieved thanks to the directional guidance stress induced by the pattern, which favors a lateral
ordering of hexagonally packed cylinders, thus reducing isolated dislocations [222], [223]
(Figures 36.a-c).

aﬁ"’"

|/ =532nm
W\ —
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Figure 36. (a) Schematics of a PDMSB-b-PMMA cylindrical structure obtained by directed self-assembly on a
sinusoidal pattern made by a crosslinked azobenzene SRG layer, and AFM images (scale bars: 200 nm) of
these cylinders (b) without and (c) with the SRG pattern [222], [223].

This method seems to be interesting since it requires a simple setup compared to
conventional lithography and the pattern periodicity and amplitude can be easily tuned with
respect to the BCP system. The main drawbacks are that only few pattern symmetries are

achievable, with a minimal size of 1/2 that physically cannot be overcome.

1.4.C.ii/ Azobenzene-containing block copolymers

Another route to take advantage of the peculiar property of azobenzene moieties in BCP
self-assembly is to incorporate them in a BCP architecture. The azobenzene moiety is often located
on a poly(methacrylate) block, unlocking a light trigger during self-assembly process. These
azobenzene moieties are attached to a long alkyl chain, which can further produce a liquid-crystal

behavior that can be orientated according to the light polarization direction [191], [224].

For instance, Morikawa et al. used this effect to induce the orientation of PS cylinders into
a matrix of a polymethacrylate containing azobenzene moieties (azoPMA) with polarized light
followed by an annealing step at 130°C (Figure 37.a) [225]. Interestingly, it is possible to

successively order the cylindrical structure following different directions by repeating this
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process. Furthermore, by adding a mask during irradiation, it is possible to control the cylinder

orientation over selected areas.

non LPL
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Figure 37. (a) Schematics of successive ordering direction of a PS-b-azoPMA cylindrical structure by using
different polarization and direction of light followed by an annealing and the corresponding SEM images
[225]. (b) Schematics of the orientation of PEO-azoPMA cylinders within a SRG pattern made with a p-
polarized light source showing two orientation depending on the thickness and (c) AFM image at the
interface between the two orientations [226].

More recently, the same group improved the method with a Lloyd’s mirror interference
setup able to directly control the orientation of PEO-b-azoPMA cylinders within the SRG pattern.
They obtained the same type of result as before with a mask, i.e. two different side-by-side
orientations within the same thin film, but without using a mask. In this case, they achieved in-
plane cylinders in the thin regions and out-of-plane cylinders in the thick regions (Figures 37.b-c)

[226].

This route to control the orientation of BCP structure has a great advantage since it uses
polarized light which is easy to produce and manipulate. However, the incorporation of an
azobenzene moiety in a polymer backbone is highly challenging from a synthetic point-of-view.
This could explain why the use of azobenzene-containing BCPs is not a common method for DSA

in the literature.
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1.5/ Conclusions and Ph.D. objectives

In this chapter, BCP self-assembly have been introduced with an emphasis on this use to
spontaneously generate various structures at a nanometric length scale. We also highlighted the
versatility offered by the panoply of block chemistries in order to add functional properties to a
BCP structure. Furthermore, it was demonstrated that BCP thin films are also compatible with
layer stacking processes for the production of novel non-native nanostructures, which expand the
interest of BCP self-assembly for nano-manufacturing. In particular, further opportunities could
be envisioned for specific applications in many technological fields; e.g. for electronics
(lithographic mask, storage media, microelectronics), optics (photonic, absorption, photovoltaic),

biology (membrane, sensor) and chemistry (catalyst, nanoparticle synthesis) [227]-[231].

Accordingly, the core objectives of this work range from the implementation of robust self-
assembly processes for BCP iterative self-assembly to an in-depth understanding of the
registration mechanisms between the different layers. To achieve these ambitious objectives, we
chose the PS-b-PMMA system as it allows leveraging the well-mastered microphase separation

behavior of this system to a more complex iterative layering method.

In the first experimental chapter of this Ph.D., a complementary study on the use of
azobenzene-containing (co)polymers in the field of DSA is proposed as it is expected to enrich the
methodologies to obtain long-range ordering of BCP structures. Such methods could be further
used for iterative layering for the production of BCP structures of low defectivity and would allow

an easier deciphering of the complex registration processes between BCP layers.

The second experimental chapter is devoted to the production of the various building
bricks with a focus on the optimization of the self-assembly processes. The three structural
“patterns” targeted during this work are a line & space pattern, a hexagonal dot pattern and a
honeycomb pattern, each produced from a different self-assembled monolayer. The study
presented in this chapter was performed in order to provide a solid foundation for the following

study on iterative layering.

Then, we tackled in the third experimental chapter the core objective of this Ph.D. by
implementing the staking of the different patterns previously studied. An important aspect of this
chapter is the attention devoted to the understanding of the stacking rules determining the final
assembly. This was done by quantifying the importance of topographical and chemical fields as
well as commensurability between the building bricks on the registration (alignment and

orientation) between the different PS-b-PMMA self-assembled layers. A mapping of the non-native
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structures obtained by the direct stacking methodology is thus presented as a function of the

initial building bricks.

Finally, the last chapter of this thesis is a prospective description of the use of iterative
self-assembly for targeted applications with some preliminary experimental results. In particular,
applications of iterative self-assembly for data storage and advanced optics are the focus of the
study. It is noteworthy that this study was done by “imagining” an ideal nanostructure for a given
application, and then demonstrating the ability of iterative self-assembly and hybridization

methods to generate it.
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In this second chapter, two functional uses of azobenzene-containing (co)polymers will be
discussed. Firstly, several azobenzene-containing BCPs were studied to observe the potential
interplay between BCP phase separation and the photoisomerization from azobenzene moieties.
Another use of azobenzene-containing (co)polymers is related to the formation of topographical
patterns from such photoisomerization. Accordingly, a process using azobenzene-containing
polymer have been developed to generate fully inorganic periodical patterns with a wide variety
of shapes and sizes, that can be further used for directed self-assembly based on topographical

fields (i.e. graphoepitaxy).
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I1.1/ Introduction

Azobenzene-containing (co)polymers present interesting functional properties that can
be harnessed for the control of BCP self-assembly among other applications. Indeed, azobenzene
moieties undergo a cis-trans isomerization under light stimulus, which produces a mass
displacement. By coupling such property with interferential patterning, it is possible to produce a
topographical pattern, called surface relief gratings (SRG). Even if a consolidated theory about the
formation of SRG patterns has not been yet established (see Chapter 1.4.B/), many research groups
have been interested by this peculiar property, with about 2000 publications on Google Scholar

with “surface relief grating” and “azobenzene” keywords.

In a first part of this chapter, a series of BCPs with azobenzene moieties grafted on one
block have been studied to decipher the interplay between self-assembly and SRG. Indeed,
literature reports have shown that photo-stimulation coupled with liquid-crystalline phase
behavior could trigger the controlled self-assembly of BCPs in thin film configuration. We were
interested to transpose this methodology to fully amorphous azobenzene-containing BCPs in

order to generate DSA fields by coupling SRG and BCP self-assembly.

In a second part, another strategy taking advantage of the azobenzene photoisomerization
for DSA has been developed with the manufacturing of processes able to generate periodical
inorganic patterns from SRG. Interestingly, this process does not require advanced lithographic
tools, and can be performed in a laboratory environment, producing on-demand patterns with a
wide variety of achievable structures and periodicities. Also, some of these patterns were

integrated in a DSA flow for the formation of highly ordered PS-b-PMMA patterns in thin films.

76



CHAPTER II: AZOBENZENE-CONTAINING POLYMERS

I1.2/ Directed Self-Assembly enabled by Surface Relief
Gratings

As described in Chapter 1.1/, several research groups have demonstrated that azobenzene
moieties grafted onto a BCP backbone can enable DSA via a polarized light stimulus. In this case,
the azobenzene groups are used to trigger the BCP organization according to the light polarization
axis taking advantage of the liquid-crystal behavior. This behavior has been shown to provide

long-range ordering for nanostructured liquid-crystalline BCP films [1], [2].

However, (co)polymers bearing azobenzene moieties have also the ability to produce SRG
through the exposure of a thin layer to light interferences generated by an interferometer setup.
The resulting topographical structure is a sinusoidal pattern with a wavelength of several
hundreds of nanometers. Our group have previously shown that a SRG layer enables the DSA of
BCP thin films due to confinement effects [3], [4]. Nevertheless, this approach requires the design
and processing of two different polymeric layers (the SRG and BCP layers). Alternatively, both
functionalities could be gathered into a single BCP architecture in which one of the block also

comprises azobenzene moieties. Such methodology was explored in the following article.

I1.2.A/ Optical alignment of azobenzene containing BCP thin films

induced by SRG

Anovel approach has been presented in Macromolecules [5], describing first the synthesis
of a fully amorphous BCP containing azobenzene moieties, and then the optimization of the self-
assembly process leading to DSA promoted by SRG as schematically described in Figure 37.a. In
this work, the synthetic part was performed by M. Spiridon, while the study and the optimization

of the self-assembly were done during this Ph.D.

=
l ' e

Figure 38. (a) Schematics of the formation of PDMS-b-azoPMA in-plane cylinders via (green arrow) a first
step of SRG patterning followed by a solvent annealing leading to cylinders orthogonal to the SRG waves or
via (red arrow) the inverse pathway leading to randomly orientated cylinders. (b) AFM height image of the
SRG pattern. (c) AFM phase image of in-plane cylinders orientated orthogonally to the SRG pattern as
attested by the FFT inset. (d) Zoom of (c) showing the translational ordering of the in-plane cylinders [5].
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ABSTRACT: A series of amorphous block copolymers
(BCPs), consisting of a low-glass-transition polydimethylsilox-
ane (PDMS) block associated with a photoresponsive
azobenzene-containing poly(disperse red 1 methacrylate-co-
alkyl methacrylate) (P(DRIMA-co-RMA)) block, were
prepared from a PDMS macro-chain transfer agent used for
the reversible addition—fragmentation chain-transfer (RAFT)
copolymerization of binary mixtures of methacrylate mono-
mers of various compositions. The resulting BCPs containing
up to 40 wt % of azo dye exhibited low dispersity
demonstrating a good control of the RAFT polymerization
through the copolymerization of the DRIMA and RMA units.
Long-range-ordered in-plane PDMS cylinders were produced

by exposing the (as-cast) disordered BCP thin films to a p-polarized laser beam, to orthogonally align the azo groups with the
polarization direction, prior to promoting the microphase separation of the BCP domains with a solvent vapor annealing
treatment. Conversely, the photoinduced alignment of the azo chromophores was not effective within microphase-separated
BCP thin films since randomly oriented PDMS features were observed after exposure to a p-polarized laser light.

Bl INTRODUCTION

Block copolymers (BCPs) bearing azobenzene (azo) moieties
constitute an attractive class of advanced materials since
multifunctional surfaces comprising laterally ordered nanoscale
features on a periodic surface corrugation pattern, called
surface relief grating (SRG), can be created due to an efficient
photoalignment and mass transfer of BCP chains, triggered by
azobenzene cis—trans isomerization.'~* For instance, pioneer
works by Tkeda and Seki groups have demonstrated that the
optical alignment of cylinder-forming liquid-crystalline (LC)
BCP thin films was achievable using a linearly polarized light to
directionally orient the azo mesogens.”® SRG formed as a
result of the mass transport induced by the photoisomerization
of azo moieties is another interesting property of microphase-
separated LC BCP thin films that was also explored by Seki
and co-workers.”® In these studies, a thickness-dependent
orientation of the cylindrical nanodomains incorporated into
the micrometer-scale corrugated relief was demonstrated since
the in-plane and out-of-plane orientations of the BCP features
were precisely observed on the thin and thick regions of the
SRG, respectively.

Besides, directed self-assembly (DSA) of laterally ordered
BCP patterns on a large scale has been achieved from
thickness-gradient BCP films induced by dewetting” as well as
from microphase-separated BCP thin films deposited onto
sinusoidally shaped SRG formed by amorphous azo-containing
polymer layers,'”"" wrinkled graphene layer surfaces,'””'* or

\ 4 ACS Publications  © 2020 American Chemical Society
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faceted surfaces.'”'® In particular, the relative stability of a

BCP nanostructure deposited onto sinusoidally shaped SRG
was recently investigated within the framework of the self-
consistent field theory to better apprehend the combined effect
of substrate corrugation and its surface energy.'” Conversely,
the perfect photoalignment of microphase-separated BCP
features formed by amorphous azo-based BCP thin films has
never been demonstrated. In this regard, we designed a series
of amorphous poly(dimethylsiloxane)-block-poly(disperse red
1 methacrylate-co-alkyl methacrylate) (PDMS-b-P(DRIMA-co-
RMA)) BCPs as photoactive materials to explore the
combinations of different treatment processes for the
formation of long-range-ordered in-plane PDMS cylinders
oriented along an arbitrary direction.

The synthesis of the PDMS-based BCPs seldom follows a
straightforward pathway.'® Usually, a telechelic PDMS is first
designed by anionic polymerization followed by a modification
of the chain end group for its further use as a macro-initiator or
macro-chain transfer agent (CTA) in controlled radical
polymerization.'”™** Such multistep approaches allow access
to well-defined functional PDMS-based BCPs. On the other
hand, disperse red 1 (DR1)-containing polymers are usually
synthesized by a polymer analogous reaction route rather than
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Scheme 1. Synthetic Pathway Used for the Synthesis of the PDMS-b-P(DR1MA-co-RMA) BCPs
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by azo-monomer polymerization.”"* Indeed, the success of

the direct polymerization of the azo monomers strongly
depends on the reactivity of the azo dye with the growing chain
active centers, challenging its control as the dye loading
increases. As a result, the polymerization of the DRI1
monomers is often hindered by the inherent low reactivity
caused by the bulkiness and the inhibition effect of this
particular functional group.”””” Therefore, a functional group-
tolerant polymerization method has to be considered in
combination with the use of suitable comonomers for an
improved polymerization control. Reversible addition—frag-
mentation chain-transfer (RAFT) polymerization has been
successfully used in the synthesis of azo-BCPs, i.e. amphiphilic,
liquid-crystalline, and stimuli-responsive polymers.”*™*' Most
of the azo-BCPs obtained by RAFT were designed with
“reactive” azo monomers, i.e. monomers with a long and
flexible spacer between the azo moiety and the polymerizable
fragment and without strong activating and/or deactivating
groups substituted on the aromatic ring (electronic “push—
pull” system as in DR1). However, such a design is rather
destined for liquid-crystalline azo-BCPs" than for SRG-forming
materials, i.e. amorphous DR1-containing polymers, which are
known as the gold standard for SRG applications.”>** Only a
few reports describe the RAFT polymerization of azo
monomers containing short spacers and a pseudo-stilbene-
type azo moiety, as this monomer design decreases its
reactivity toward polymerization.”*** To the best of our
knowledge, DRIMA RAFT copolymerization with two differ-

ent methacrylate derivatives was solely reported by Hoogen-
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boom and co-workers, and the corresponding azo polymers
designed for sensing application embedded only 3—5 wt %
DRIMA.*'** Hence, to date, there has been no information
available on azo polymers embedding higher amounts of
DRIMA via RAFT (co)polymerization, which are required for
an effective SRG formation (i.e. dye content higher than ca. 30
wt %) to eventually produce laterally ordered BCP features.

In this work, a series of amorphous PDMS-b-P(DR1MA-co-
RMA) BCPs containing up to 40 wt % azo dye were prepared
via a well-controlled RAFT polymerization. By using an
original method, combining the SRG photoinscription into the
PDMS-b-P(DRIMA-co-RMA) layers and the microphase
separation of the BCP features by solvent vapor annealing
(SVA), laterally ordered in-plane PDMS cylinders over a large
area were demonstrated broadening the toolset inherent to the
manipulation of the self-assembly of BCP features. Indeed,
such long-range-ordered Si-containing cylinders aligned along
an arbitrary direction can eventually be oxidized under an
oxygen plasma to produce line and space patterns for directed
self-assembly lithography.*®~**

M RESULTS AND DISCUSSION

Synthesis of Amorphous Azo-Containing Block
Copolymers. Herein, a straightforward approach employing
a combination of the anionic and RAFT polymerizations has
been successfully used for the synthesis of various well-defined
amorphous DR1-containing BCPs, as presented in Scheme 1.

First, a macro-chain transfer agent (CTA) was devised
through the esterification reaction of a commercially available
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Table 1. Macromolecular Characteristics of the Synthesized Polymers

feed composition (wt %) polymer composition” (wt %) M, (kg/mol)

code DMS RMA“ DRIMA DMS RMA DRIMA theo. NMR" SEC* b° ng (°C)
P1 n/a n/a n/a 100 n/a n/a 11.6 10.0 9.7 1.08 n.d.
P2 n/a n/a n/a 100 n/a n/a 10.0 11.3 9.5 1.08 n.d.
M1 20 80 0 17 83 0 51.7 57.7 40.2 1.13 123
M2 20 72 8 27 63 10 S1.7 37.5 34.3 1.07 122
M3 20 60 20 30 49 21 S51.7 33.8 29.8 1.08 123
M4 20 40 40 38 22 40 S51.7 26.0 19.9 1.10 125
B4 20 40 40 32 32 36 S51.7 31.4 20.2 1.13 84
H4 20 40 40 31 34 35 S51.7 31.8 17.7 1.18 60

“RMA: methyl methacrylate (MMA), n-butyl methacrylate (n-BMA), or n-hexyl methacrylate (n-HMA). bDetermmed by 'H NMR. “SEC in
tetrahydrofuran (THF) (40 °C, PS calibration) for BCPs and in toluene for P1 and P2 (40 °C, PDMS calibration). T value for the P(DR1MA-co-
RMA) block as determined by differential scanning calorimetry (DSC) (n/a: not applicable and n.d.: not deterrruned)
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Figure 1. Overlaid '"H NMR spectra corresponding to the monocarbinol PDMS (P1) in CDCly, the PDMS macro-CTA (P2), and typical BCPs in

CD,Cl,.

carboxylic-acid-functionalized CTA with a monocarbinol
PDMS. The anionic polymerization of hexamethylcyclotrisi-
loxane (D3) using sec-butyllithium as the initiator and
chlorodimethylsilane as the terminating agent was first
performed for the synthesis of a monohydride-terminated
PDMS. The resulting homopolymer has a molecular weight
close to 10 kg/mol according to the end-group analysis given
by the proton nuclear magnetic resonance ('H NMR)
spectrum shown in Figure S1. The —(CHj;),SiH chain-end
functionality of this precursor is close to unity, as determined
by comparing the integration value for the methine proton
from the sec-butyl groups (1H,) at 0.5—0.6 ppm and for the
hydrosilyl proton (1H,) at 4.7 ppm. The hydrosilylation of the
monohydride-terminated PDMS with allyl alcohol employing a
Pt catalyst leads to the monocarbinol PDMS. The —CH,OH
chain-end functionality was determined to be around 95%
from the comparison between the integration value for the
methine proton of the sec-butyl groups overlapped with —Si—
CH,— protons (1H. + 2H,) at 0.5—0.6 ppm and the
integration value for the —CH,— protons next to —OH at
3.6 ppm (ZHg) (see Figure S2). A dithiobenzoate CTA was
chosen for the polymerization of DRIMA due to its success in
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the RAFT polymerization of azo methacrylates.””*"***" The

corresponding PDMS macro-CTA (P2) was synthesized by
esterification with a commercially available carboxylic-acid-
functionalized dithiobenzoate CTA, as shown in Scheme 1. A
modified Steglich esterification method, which employs N,N’-
diisopropylcarbodiimide (DIPC) and 4-(dimethylamino)-
pyridinium p-toluenesulfonate (DPTS) as catalysts, was used
to attain a quantitative conversion as noted by the downfield
shift of the peak at 3.6 ppm attributed to —CH,— vicinal to
—OH (2H,) in P1 to 4.05 ppm (2Hy) in P2.*" A high degree
of functionalization for P2 of ~84% was shown by end-group
analysis using '"H NMR (see Figure S3). This homopolymer
has a molecular weight close to 10 kg/mol with a dispersity of
1.08, according to the size exclusion chromatography (SEC)
trace performed in toluene using PDMS standards (see Figure
S4).

The RAFT copolymerization of DRIMA and RMA was
performed in toluene at 70 °C using various monomer feed
compositions (see Table 1) and a constant molar ratio
[PDMS-CTA]/[AIBN] = 1:0.25. Considering the high
tendency of DRIMA and RMA toward copolymerization and
homopolymerization, respectively,*”** the monomer feeds
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were adjusted as regards to the targeted BCP compositions,
while the PDMS macro-CTA was kept constant at 20 wt % in
the total feed mixture. The chemical structure of the obtained
BCPs was confirmed by the characteristic resonance signals in
the 'H NMR spectra, and the assignment for some
representative BCPs is given in Figure 1 (see Experimental
Section for details). The molecular weight of the obtained
BCPs was determined by 'H NMR using the PDMS block as
reference, while the DR1 content embedded in the side chain
of the BCPs was obtained using the integration values for the
aromatic protons at 6.9—8.3 ppm (2H,, 4H,, and 2H, from
Figure 1) (see the Supporting Information for details). The
macromolecular characteristics of the synthesized BCPs as
determined by SEC and 'H NMR analyses are summarized in
Table 1 (see also Figures S5—S11). It is noteworthy that the
SEC traces obtained by UV detection give similar chromato-
grams to the ones acquired from the RI detector, confirming a
PDMS chain extension with a UV-absorbing DRIMA block.
The BCPs were also characterized by differential scanning
calorimetry (DSC) to study their thermal behaviors, and the
DSC traces are presented in Figure S12. The glass transition
(Ty) of the P(DRIMA-co-RMA) block is noticed at around
122 °C for P(DRIMA-co-MMA), 84 °C for P(DRIMA-co-n-
BMA), and 60 °C for P(DR1MA-co-n-HMA), confirming the
plasticizing effect of the n-butyl and n-hexyl moieties in B4 and
H4. Interestingly, the characteristic melting temperature, T,
of the PDMS block of —48 °C was only noticed for M4, as it
contains enough PDMS to undergo a cold crystallization. The
embedment of the ultraviolet—visible (UV—vis)-absorbing
DRI moieties in the BCP architecture was also confirmed by
UV—vis absorption spectroscopy in THF at 25 °C (see Figure
S13) with the characteristic absorptions of the DR1 moieties,
i.e. a strong absorption band at 285 nm attributed to the 7—z*
transitions of the aromatic rings and the maximum at 470 nm
corresponding to the n—7* transitions of nitrogen lone pairs.””
Phase Behavior of Amorphous Azo-Containing Block
Copolymers in the Bulk and Thin Films. Synchrotron
small-angle X-ray scattering (SAXS) profiles are presented in
Figure 2 for typical PDMS-b-P(DR1IMA-co-RMA) BCPs. By
increasing the PDMS weight fraction from 0.17 to 0.38, the
usual sequence of morphologies occurring for microphase-
separated diblock copolymers in the bulk is retrieved. The
SAXS reflections for M1 could be tentatively assigned to

—M1 ——M4
——M2 ——B4
——M3 ——H4

10" 1

10°

1(AU.)

107

10*

T T T
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Figure 2. Synchrotron SAXS profiles of different PDMS-b-P-
(DR1IMA-co-RMA) samples obtained at 180 °C. Curves have been
shifted vertically for clarity.
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PDMS spheres arranged in a body-centered cubic (BCC)
lattice having a period, p, of ~36.4 nm since the first-order
peak, ¢*, is located at 0.21 nm™ (p = (27/4*)(3/2)"?). The
SAXS profile also shows two broad maxima located at 0.5 and
0.78 nm™' due to the intraparticle interference of the single
spherical domains. From the peak position, g;, of the ith
maximum form factor, the average sphere radius, Ry, is
calculated to be ~11.6 nm (according to g;Ryy, = 5.765, 9.111,
... for i = 1, 2, ...). It should be noted, however, that the BCC
lattice should have a considerable distortion, as evident from
the SAXS profile exhibiting only a first-order scattering from
the lattice. Increasing the PDMS weight fraction within the M2
and M3 BCPs leads to hexagonal close-packed (HCP)
cylindrical nanostructures. This is particularly unambiguous
for M3, as the higher order peaks appear at q/q* = 1, 42, 7',
9172 12121312 16'? in accordance with a hexagonal array
(p6mm symmetry) having a period of 354 nm (p = (27/
q%)(4/3)"?, where ¢* = 0205 nm™'). The second-order
scattering extinction observed on the M3 SAXS profile is
related to the cylinder form factor for a cylinder radius, R, of
~11 nm, which confirm that the PDMS composition, ¢ppyss, is
about 0.3 (R = p((¢pDMs\/3)/2ﬂ)l/2). For ¢pppys ~0.38, the
SAXS profile shows a first-order peak at 0.22 nm™" and higher
order peaks located at g/q* = 1, 2, 3, 4, 5, 6, which indicates
that M4 is arranged into a lamellar structure having a period of
~28.6 nm (p = 27/q*). By varying the chemical nature of the
comonomer in the P(DRIMA-co-RMA) block, SAXS
reflections for both B4 and H4 samples are consistent with a
HCP cylinder morphology (pg, = 28.6 nm and py, = 27.6 nm).
Nanostructures formed by microphase-separated BCP thin
films were also studied using solvent vapor annealing (SVA).**
For that purpose, 170 nm thick PDMS-b-P(DR1MA-co-RMA)
films, deposited on silicon substrates from 3 wt % solutions
(tetrahydrofuran/propylene glycol monomethyl ether acetate,
THF/PGMEA: 70/30), were exposed to chloroform (CHCl,)
vapor to promote the self-assembly (SA) of the BCP chains.
The atomic force microscopy (AFM) image contrast was
enhanced by treating the PDMS-b-P(DR1MA-co-RMA) thin
films with a CF,/O, reactive ion etch (RIE) plasma (plasma
conditions are 40 W, 17 sccm CF, and 3 sccm O,, 45 s) to
remove the PDMS surface wetting layer having a typical
thickness of ~7 nm. Figure 3 shows AFM phase images for
selected materials (M1, M2, and M3) having different
P(DR1MA-co-MMA) compositions. The AFM phase image
presented in Figure 3a shows a solvent-annealed M1 thin film
in which a HCP arrangement of PDMS spheres having a
period of 29.8 nm, extracted from the AFM fast Fourier
transform (FET), can be observed, which differs from the BCC
phase observed in the bulk (see Figure 2). Such behavior is in
accordance with previous studies demonstrating for spherical
BCP features that the BCC phase is preferred in the bulk, while
a HCP arrangement with the close-packed planes oriented
parallel to the substrate are energetically more stable in thin
films.*>*® An in-plane cylindrical structure is produced from
both solvent-annealed (3 h, CHCl;) M2 and M3 thin films, as
shown in the AFM phase images presented in Figure 3b,c.
Cylindrical repeat periods of ~26.7 and ~28.8 nm are
measured from the M2 and M3 thin films, respectively, in
agreement with the bulk periodicity obtained by SAXS.
Interestingly, the lamellar structure revealed by SAXS for M4
is not retrieved in the thin-film configuration as the AFM phase
image presented in Figure 4a is rather consistent with an in-
plane cylindrical structure having a period of ~24.9 nm. This is
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Figure 3. AFM phase views (1.5 X 1.5 um) of solvent-annealed (3 h, CHCl;) PDMS-b-P(DRIMA-co-MMA) thin films with different PDMS
compositions treated by a CF,/O, RIE plasma: (A) 0.17 for M1, (B) 0.27 for M2, and (C) 0.3 for M3. An HCP array of PDMS spheres is
produced from M1 (py; = 29.8 nm), while an in-plane cylindrical structure is observed for both M2 (p, = 26.7 nm) and M3 (py; = 28.8 nm) thin

films.

Figure 4. AFM phase views (1.5 X 1S ym) of solvent-annealed (3 h, CHCl;) PDMS-b-P(DRIMA-co-RMA) thin films with chemically distinct
acrylate comonomers treated by a CF,/O, RIE plasma: (A) MMA (M4), (B) n-BMA (B4), and (C) n-HMA (H4). An in-plane cylinder structure
is observed for the M4 (py, = 24.9 nm), B4 (pg, = 26.7 nm), and M3 (p}y4 = 25.8 nm) thin films.
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Figure S. (A) SMA of different PDMS-b-P(DR1MA-co-MMA) layers as a function of their DRIMA content (wt %) measured after exposure to a p-
polarized laser beam (P = 250 mW/cm? and 4, = $32 nm) for § min (the continuous line is used to guide the eye). (B) AFM topographical view (5
X S pum) of a photoinscribed sinusoidal SRG into a 170 nm thick M4 layer using a Lloyd’s mirror interferometer setup. (C) Height profile extracted

from the topographical AFM image presented in (B).

likely related to the high selectivity of CHCI; toward the
methacrylate block (as suggested by the Hildebrand solubility
parameter values: Sppys = 14.9 MPa'’?, Spypia = 19 MPa'’?,
and Scyaps = 18.7 MPa'/2),*” which modified the overall BCP
composition by selectively swelling the methacrylate domains
during the SVA treatment. Additionally, the formation of a
PDMS wetting layer at the air surface, which (i) artificially
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depletes the PDMS fraction in the self-assembled layer and (ii)
imposes an in-plane orientation of the BCP features, should
also be taken into account as a driving force that favors the
microphase separation of the BCP chains into an in-plane
cylindrical structure. To further probe the in-depth structure of
the M4 BCP thin film, grazing-incidence small-angle X-ray
scattering (GISAXS) experiments were performed and the
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two-dimensional (2D) GISAXS pattern presented in Figure
S14 supports the morphological assignment deduced from
AFM, as the observed diffraction features are consistent with
hexagonally structured domains aligned with their {10} planes
parallel to the film surface.** " In contrast, similar
morphologies are retrieved for the B4 and H4 samples since
in-plane PDMS cylinders are formed within the solvent-
annealed BCP thin films (see Figure 4b,c).

To know more about the effect of the azo-dye content on
the photoinduced motion of azo-containing BCP chains,
sinusoidal patterns were inscribed into several PDMS-b-
P(DR1IMA-co-MMA) layers having different amounts of
DRIMA units (0—40 wt %) for the same exposure time. For
that purpose, different 170 nm thick PDMS-b-P(DR1MA-co-
MMA) layers, spin-coated from a 3 wt % solution (THF/
PGEMA: 70/30), were exposed for S min to a p-polarized laser
beam (P = 250 mW/cm? and A, = 532 nm, where 4, is the
writing wavelength) mounted on a Lloyd’s mirror interfer-
ometer setup to generate the SRG inscription.'’ Figure Sa
shows that the dependence of the surface modulation
amplitude (SMA), defined as the peak-to-valley distance,
does not vary linearly with the number of DRIMA units since
a threshold effect related to low azo-dye contents should be
taken into account for the shape of the curve.” For instance,
the AFM topographic image presented in Figure 5b shows the
sinusoidal pattern inscribed into a 170 nm thick M4 layer
having a DRIMA content of 40 wt %. For such a sample, 5 min
treatment enables producing a well-defined sinusoidal pattern
over a large area having a period of ~357 nm and a SMA of
~60 nm (see Figure Sc).

The combination of the SRG and SVA processes was further
investigated to better apprehend the potential synergy between
the BCP self-assembly and the SRG photoinscription to
manufacture long-range-ordered BCP features aligned along an
arbitrary direction. In this regard, two experimental method-
ologies were applied to the BCP layers, as depicted in Scheme
2: (i) the BCP layer is self-assembled by SVA prior to the SRG
inscription; or (ii) the sinusoidal SRG is inscribed into the as-

Scheme 2. Schematic Illustration of the Two Different
Methods Used in This Work to Produce Laterally Aligned
BCP Features from As-Cast (Disordered) DR1MA-
Containing BCP Thin Films®

“(Top panel) maximization of the orthogonal alignment of the
DRIMA dyes during the SRG inscription into the disordered BCP
layer, which subsequently induces the DSA of BCPs during the SVA
process, and (bottom panel) SA of BCP chains by SVA followed by a
SRG inscription, which lacks the preferential alignment of the PDMS
cylinders.
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cast (disordered) BCP layer prior to the nanodomain
formation by SVA.

Both methods were applied to 170 nm thick M4 layers since
well-defined in-plane PDMS cylinders have been produced by
SVA (see Figure 4a), and also a large surface modulation
amplitude was achieved thanks to the high content in DRIMA-
dye moieties (see Figure S). Importantly, the as-cast 170 nm
thick M4 layers are disordered after their deposition by spin-
coating, as shown in the AFM topographic image presented in
Figure S15 where 2D-FFT is dominated by noise (no
characteristic length scale). Therefore, the M4 layers have to
be treated by SVA to realize the formation of the cylindrical
nanodomains. The AFM topographic image presented in
Figure 6 shows that, although a sinusoidal SRG was readily
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Figure 6. (A) AFM topographic view (2 X 2 uym) of a solvent-
annealed (3 h, CHCl;) M4 layer exposed to a p-polarized laser beam
(4 = 532 nm, P = 30 mW/cm?) for 30 min. Poorly ordered PDMS
cylinders are produced within the M4 layer having a periodic
roughness induced by the SRG inscription. (B) AFM topographic
profile reveals that the SRG pattern adopts a sinusoidal shape with a
period of ~357 nm and a SMA of ~30 nm.

inscribed into the solvent-annealed (3 h, CHCl;) M4 layer
(SMA ~ 30 nm) after an exposure time of 30 min, an
alignment of the PDMS cylinders along a preferential direction
was not effective as previously reported for amorphous azo-
containing BCP thin films."'

Conversely, laterally ordered in-plane cylinders aligned
orthogonal to the polarization light plane were produced
from as-cast photoinscribed (30 min) M4 layers treated by
solvent vapor (3 h, CHCl;) (see Figure 7). The AFM
topographic and phase images presented in Figure 7a,b show
long-range-ordered in-plane PDMS cylinders over § X § yum?,
as confirmed by the presence of two spots in 2D-FFT images
(see the insets of Figure 7ab). It is noteworthy that the
periodic roughness profile (SMA > 100 nm) observed after the
SRG inscription into the disordered M4 layer vanished during
the SVA process (see Figure S16). Indeed, a root-mean-square
roughness, R, of ~10 nm was measured from the AFM
topographical image presented in Figure 7a after exposing the
M4 layer to a vapor treatment (3 h, CHCl;). This
phenomenon is obviously due to the enhanced diffusion of
the BCP chains swelled by the CHCI; vapor during the SVA
process, en route to form the in-plane PDMS cylinders (see
also Figure 7c).

Overall, such results indicate that the alignment of the
DRIMA dyes upon exposure to a p-polarized beam for 30 min
is more effective within an as-cast (disordered) M4 layer than
the one occurring within its microphase-separated homologue,
as indirectly supported by the significant difference in the SMA

values (SMAdisoredred,30 min > 100 nm and SMAordered,30 min — 30
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Figure 7. AFM (S X S um) (A) topographical and (B) phase views of a solvent-annealed (3 h, CHCl;) M4 layer in which a SRG pattern was
previously inscribed (the arrows indicate the initial trench long axis). Under such conditions, in-plane cylindrical domains aligned orthogonal to the
initial trench long axis are produced as confirmed by the sharp azimuthal distribution of the 2D-FFT spots (see insets). (C) Magnified AFM phase
view of the cylindrical domains aligned orthogonal to the initial trench long axis.

nm). We believe that the effective pre-alignment of the
DRIMA dyes within the disordered M4 layers directs the self-
assembly of the BCP chains when exposed to CHCI; vapor to
finally achieve laterally ordered in-plane PDMS cylinders
oriented along an arbitrary direction.

Bl CONCLUSIONS

In summary, a synthetic approach was developed to prepare
well-defined DR1MA-based BCPs giving access to photo-
responsive materials with a dye loading of up to 40 wt %. By
varying the weight fraction of the azo-containing block, various
self-assembled structures were identified both in the bulk and
in thin films, while SRG inscription into these BCP layers led
to a typical sinusoidal surface modulation pattern. The
combination of the SRG photoinscription with a SVA
treatment was further investigated to better apprehend the
potential synergy between these two processes toward the
fabrication of long-range-ordered BCP features aligned along
an arbitrary direction. Interestingly, laterally ordered in-plane
Si-containing nanoscale cylinders were demonstrated from a
specific process combination. Such surfaces having highly
ordered silica precursor domain-forming line and space
patterns can be used as guides for the long-range-ordered
nanofabrication of features (e.g, dots, holes, and npillars)
derived from the BCP self-assembly processes.’®****~>*

Bl EXPERIMENTAL SECTION

Materials. Toluene (99.5%, Sigma-Aldrich) was distilled first from
CaH, and then from living polystyrene. Dichloromethane (99.9%,
Sigma-Aldrich) was used as is from a drying column system. n-Hexyl
methacrylate (n-HMA, 97%, TCI), n-butyl methacrylate (n-BMA,
99%, Sigma-Aldrich), and methyl methacrylate (MMA, 99%, Acros
Organics) were first distilled from CaH, and then distilled over
trioctylaluminum (25% solution in hexane, Sigma-Aldrich). 4-
(Dimethylamino)pyridinium  p-toluenesulfonate (DPTS) was in-
house synthesized as previously reported.*' Azobis(isobutyronitrile)
(AIBN, 98%, Acros Organics) was recrystallized from methanol and
dried at room temperature under vacuum prior to use. Tetrahy-
drofuran (THF, 99.9%, Sigma-Aldrich), Disperse Red 1 methacrylate
(DRIMA, 95%, Sigma-Aldrich), N,N’-diisopropylcarbodiimide
(DIPC, 99%, Sigma-Aldrich), 2-propanol (99.5%, Sigma-Aldrich),
acetonitrile (99%, Fisher), 4-dimethylaminopyridine (99%, Acros
Organics), 4-toluenesulfonic acid (99%, Alfa Aesar), and 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTA, 97%, Sigma-Aldrich)
were used as received.
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Self-Assembly of PDMS-b-P(DR1MA-co-RMA) Thin Films.
PDMS-b-P(DRIMA-co-RMA) thin films were spin-coated (2 krpm)
using a 3 wt % copolymer solution in THF/PGMEA (70:30). The
self-assembly of PDMS-b-P(DRIMA-co-RMA) thin films was
promoted by exposing samples for 3 h to a continuous stream of
CHCI; vapor produced by bubbling nitrogen gas through the liquid
solvent, so that the solvent vapor consisted of 32 sccm CHClI; and 8
scem N, (total 40 sccm).®® In situ measurements of the BCP layer
thickness during the SVA treatment were performed through a quartz
SVA chamber lid using a Filmetrics reflectometer apparatus, and the
BCP layers reached a plateau for a thickness variation of ~150%. The
morphology of the solvent-annealed PDMS-b-P(DRIMA-co-RMA)
thin films was frozen by quickly removing the lid of the chamber.

Characterization Methods. Proton NMR ('"H NMR). Proton
NMR ('H NMR) spectra were all recorded using a liquid-state 400
MHz NMR spectrometer (Bruker AVANCE I) with a S mm BBFO
probe in the appropriate deuterated solvent.

Size Exclusion Chromatography (SEC). Size exclusion chromatog-
raphy (SEC) traces were acquired on a PL-GPC S0 Plus (Agilent
Technologies) integrated system with RI and UV detectors using a
three-column set of TSK gel TOSOH (G4000 HXL, G3000 HXL,
and G2000 HXL with pore sizes of 20, 75, and 200 A, respectively,
connected in series) at 40 °C. The calibration was performed with PS
standards for SEC traces using THF as the eluent (1 mL/min), while
PDMS standards were used for SEC traces using toluene as the eluent
(0.8 mL/min). Trichlorobenzene was used in both cases as a flow
marker.

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry (DSC) measurements were performed using a Q100
apparatus from TA Instruments. DSC experiments were carried out in
aluminum sealed pans containing S to 10 mg of the sample. Each
sample was first heated up to 150 °C at 10 °C/min and then the
heating was kept constant at this temperature for 10 min to delete the
thermal history. Further, the sample was cooled down to —80 °C at
10 °C/min followed by heating up to 250 °C at 10 °C/min.

Ultraviolet—Visible Spectroscopy (UV—vis). Ultraviolet—visible
spectroscopy (UV—vis) was performed on a UV-3600 spectropho-
tometer from Shimadzu.

Atomic Force Microscopy (AFM). Atomic force microscopy
(AFM) characterization was performed on a Bruker Dimension
FastScan setup in tapping mode to characterize the surface
morphology of BCP thin films. Silicon cantilevers (FastScan-A)
with a typical tip radius of ~#5 nm were used. The resonance
frequency of the cantilevers was about 1.25 kHz. AFM phase contrast
was enhanced by treating all PDMS-b-P(DRIMA-co-RMA) thin films
with a CF,/O, RIE plasma (plasma conditions are 40 W, 17 sccm CF,
and 3 sccm O,, 45 s) in a PE-100 chamber (Plasma Etch) prior to
imaging.
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Photoinscription of SRG Patterns. Photoinscription of SRG
patterns was performed using a Lloyd’s mirror interferometer
setup.'”*® A p-polarized laser beam (A, = 532 nm) with a fluence
of 30 mW/cm? was split into two beams, one directly incident onto
the BCP film and the other reflected by a mirror to which the
polymeric layer was perpendicularly attached. The produced sinus-
oidal patterns have a 357 nm wave period, independently of the
inscribed PDMS-b-P(RMA-co-DRIMA) layer.

Small-Angle X-ray Scattering (SAXS). Small-angle X-ray scattering
(SAXS) measurements were performed on the CRG-BM02 beamline
at the European Synchrotron Radiation Facilities (ESRF) in Grenoble
using a photon energy of 10 keV. The SAXS patterns were recorded in
the classical transmission mode as a function of the scattering vector,
q, using a XPAD 2D pixel detector (960 X S60 pixels, 130 ym pixel
size) placed at a distance of 2500 mm from the sample. The raw data
were corrected for scattering due to background noise and the
fluctuations of the intensity of the incident beam. Finally, the two-
dimensional SAXS patterns were radially averaged to obtain the one-
dimensional scattering profiles.

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS).
Grazing-incidence small-angle X-ray scattering (GISAXS) experi-
ments were performed at the Centre de Recherche Paul Pascal
(CRPP) in Bordeaux using a high-resolution X-ray spectrometer
Xeuss 2.0 from Xenoxs operating at 8.04 keV. The incidence angle
was set at 0.2°, which was between the critical angle of the BCP film
and the silicon substrate. 2D scattering patterns were collected using a
PILATUS 300 K Dectris detector with an exposure of 30 min. The
beam center position and the angular range were calibrated using a
silver behenate standard sample. GISAXS patterns were reduced using
the GIXSGUI package,”” where qy = 27/ A[sin(260;)cos(ap)] and g, =
27/Alsin(a) + sin(a;)] are the modulus of the scattering vectors in
the direction parallel and perpendicular to the substrate plane and a;
20;; and a; are the incident and scattering angles in the horizontal and
vertical directions, respectively.

Synthetic Procedures. Synthesis of Monocarbinol-Terminated
Polydimethylsiloxane (P1). The synthesis of the monocarbinol-
terminated PDMS was performed as in our previous report.41

'H NMR (400 MHz, CDCl,, §) of P1: 3.6 (t, 2H, —CH,— vicinal
to —OH), 1.61 (m, 2H, —CH,— vicinal to —CH,—OH), 1.54 (br, 2H,
—CH,— of sec-butyl overlaps with 1H of —OH groups), 0.93 (m, 6H,
—CH, of sec-butyl), 0.55 (m, 1H, sec-butyl methine overlaps with 2H
of —Si—CH,—), 0.071 (br, 6H, —CH; of the PDMS backbone) all in
ppm, as presented in Figure S2.

Synthesis of the Macro-CTA Mono-4-cyano-4-
(phenylcarbonothioylthio)pentanoate-Terminated PDMS (P2).
Typically, 2.6 g (ca. 0.26 mmol, Mniy g = 10030 g/mol) of
monocarbinol-terminated PDMS and 0.2 g (0.68 mmol) of DPTS
were dissolved in 25 mL of dry dichloromethane. A solution of 0.35 g
(1.25 mmol) of 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
in 10 mL of dry methylene chloride was prepared and added to the
PDMS/DPTS solution. Then, 3 mL (19.37 mmol) of DIPC were
dissolved in 10 mL of dry methylene chloride and added to the
reaction mixture at 25 °C. Upon complete addition, the temperature
was gradually increased to ca. 45 °C (solvent reflux). The reagents
were left to react for 24 h under argon and continuous stirring. Upon
cooling, the solvent was removed by rotary evaporation. The polymer
was further purified by four extractions with methanol, yielding after
drying 2.5 g of macro-CTA PDMS as a pink oil.

'H NMR (400 MHz, CD,Cl,, 8) of P2: 7.9 (d, 2H, 0-ArH), 7.6 (t,
1H, p-ArH), 7.4 (t, 2H, m-ArH), 4.05 (t, 2H, —CH,— vicinal to
—COO—-PDMS chain), 2.6 (m, 2H, vicinal to —(CH;)C(CN)—-S-),
2.4 (m, 2H, —CH,— vicinal to —-COO—CTA side), 1.9 (s, 3H, —CHj,
of —=(CH;)C(CN)—-S-), 1.66 (m, 2H, —CH,— vicinal to —CH,—
COO—-CTA), 1.55 (s, 2H, —CH,— of sec-butyl), 0.93 (m, 6H, —CHj
of sec-butyl), 0.56 (m, 1H, sec-butyl methine overlaps with 2H, —Si—
CH,—), 0.08 (br, 6H, —CHj of the PDMS backbone) all in ppm, as
presented in Figure S3.

Synthesis of the PDMS-Based Diblock Copolymers (M1 to M4,
H4, and B4). The synthesized PDMS macro-RAFT agent was used for
the homopolymerization of MMA and DRIMA and also for the
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DRIMA copolymerization with methyl methacrylate, n-butyl
methacrylate, or n-hexyl methacrylate. Different weight ratios of the
DR1 monomer and alkyl methacrylates were employed, as presented
in Table 1. A representative RAFT copolymerization was as follows,
for M4: 0.06 g (6 X 10> mmoles) of PDMS macro-CTA (M, ca. 10
kg/mol), 0.125 g (0.327 mmoles) of Disperse Red 1 methacrylate,
0.134 mL (1.253 mmoles) of methyl methacrylate, 0.43 mL of toluene
and 18 uL (1.09 X 1072 mmoles) of AIBN solution in toluene were
added in a Schlenk tube. The reaction mixture was deoxygenated by
five freeze—vacuum—thaw cycles and then placed under an argon
atmosphere. The polymerization reaction was carried out at 70 °C for
96 h under continuous stirring. Then it was cooled in liquid nitrogen
and exposed to air. The reaction mixture was diluted with THF. The
resulting impure diblock copolymer was purified by precipitation in
acetonitrile and then washed with acetonitrile until the nonsolvent
remained colorless, removing completely the unreacted Disperse Red
1 methacrylate. Then it was precipitated twice in cold 2-propanol,
removing any residual unfunctionalized PDMS homopolymer, and
dried overnight at 55 °C under continuous vacuum.

'"H NMR (400 MHz, CD,Cl,, §) for M4: 8.28 (br, 2H, o-ArH to
—NO,), 7.88 (br, 4H, m-ArH to —NO, and m-ArH to —NEt,), 6.85
(br, 2H, o-ArH to —NEt,), 4.14 (br, 2H, —CH,— vicinal to —COO—
from DRIMA), 3.76—3.42 (br, 7H, the two —CH,— from —NEt, of
DRIMA overlap with 3H of —-COO—CHj, from MMA), 2.0-1.6 (br,
4H, —CH,— from the backbone of MMA and DRIMA), 1.3—0.88
(br, 6H, CH;— from the backbone of MMA and DR1IMA), 0.79 (br,
3H, CH;— next to the —CH,—N(—azo)—CH,— from DRIMA), 0.11
(br, 6H, CH;— of the PDMS backbone) all in ppm, see Figure S9.

'H NMR (400 MHz, CD,CL, ) for B4: 8.27 (br, 2H, 0-ArH to
—NO,), 7.88 (br, 4H, m-ArH to —NO, and m-ArH to —NEt,), 6.83
(br, 2H, o0-ArH to —NEt,), 4.12 (br, 2H, —CH,— vicinal to —COO—
from DRIMA units), 3.92 (br, 2H, —CH,— vicinal to —COO— from
n-BMA units), 3.66 (br, 2H, —CH,— vicinal to —CH,—COO- from
DRIMA units), 3.51 (br, 2H, —CH,— vicinal to —N(—azo) —CH,—
from DRIMA units), 2.0—1.67 (br, 4H, —CH,— from the backbone
of n-BMA and DRIMA), 1.66—1.08 (br, 4H, —CH,— vicinal to
—CH,—COO- and the —CH,— vicinal to CH;— from the alkyl chain
of n-BMA), 1.07—0.7 (br, 12H, CH;— from the backbone of n-BMA
and DRIMA, CH;— from the alkyl chain of n-BMA and CH;— next
to —CH,—N(—azo)—CH,— from DRIMA), 0.11 (br, 6H, CH;— of
the PDMS backbone) all in ppm, see Figure S10.

'H NMR (400 MHz, CD,Cl,, &) for H4: 8.26 (br, 2H, o-ArH to
—NO,), 7.86 (br, 4H, m-ArH to —NO, and m-ArH to —NEt,), 6.81
(br, 2H, o0-ArH to —NEt,), 4.11 (br, 2H, —CH,— vicinal to —COO—
from DRIMA units), 3.9 (br, 2H, —CH,— vicinal to —COO- from n-
HMA units), 3.66 (br, 2H, —CH,— vicinal to —CH,—COO- from
DRIMA units), 3.5 (br, 2H, —CH,— vicinal to —N(—azo) —CH,—
from DRIMA units), 2.04—1.67 (br, 4H, —CH,— from the backbone
of n-HMA and DRIMA), 1.58 (br, 2H, —CH,— vicinal to —CH,—
COO- from the alkyl chain of n-HMA), 1.29 (br, 6H, three —CH,—
vicinal to —CH,—CH,—COO- and vicinal to CH;— from the alkyl
chain of n-HMA), 1.07—0.7 (br, 12H, CH;— from the backbone of n-
HMA and DRIMA, CH;— from the alkyl chain of n-HMA and CH;—
next to the —CH,—N(—azo)—CH,— from DRIMA), 0.11 (br, 6H,
CH;— of the PDMS backbone) all in ppm, see Figure S11.
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I1.2.B/ Discussion

As demonstrated in this manuscript, the DSA of BCPs containing azobenzene moieties was
only observed when SRG was firstly inscribed into the BCP layer. A subsequent solvent vapor
annealing provides enough mobility to the BCP chains to gain long range translational order due
to the previous alignment of the azobenzene dyes. It is noteworthy that the SVA treatment also
flattens the BCP layer (i.e. disappearance of the inscribed SRG pattern) which concurrently
induces a matter flow, potential helping the long-range ordering (local shearing). Conversely, no
long-range translational order was observed with the inverted process (self-assembly followed
by SRG). Indeed, the SRG inscription induces an in-plane directional macroscopic flow of the

azobenzene containing chains, leading to an erasure of the self-assembled structure.

Even if this method is an “exotic” way to perform DSA as compared to a standard
graphoepitaxy method, it does not require expensive lithographic tools. Besides, it could be
coupled to “classic” DSA methodologies, i.e. graphoepitaxy and chemical epitaxy, to enhance the
breath of DSA methods. However, a drawback of this approach is the chemical modification
requirement of one block to add the azobenzene moieties. Indeed, the design of this type of BCPs
represents a synthetic challenge, and also prevents the use of the well-studied BCP systems for
which the physico-chemical parameters and annealing protocols are reported. Accordingly, the
methods to promote the self-assembly have to be developed for these particular systems taking
into account the drastic modifications of the physical-chemical properties induced by the

insertion of the azobenzene moieties in the BCP architecture.
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I1.3/ Substrate nanotexturing with SRG

As observed in the previous section, SRG triggered by the incorporation of azobenzene
moieties in a BCP architecture can be integrated in a DSA process. In the following part, we decided
to take advantage of polymeric layers containing azobenzene to create complex patterns further

used to promote DSA of BCPs.

Indeed, the photoisomerization of azobenzene functional groups allows the formation of
perfectly defined patterns by the use of light interferometry, the so-called SRG. These patterns,
usually lines with a sinusoidal profile, have a width of a few hundred nanometers (depending of
the incident angle and wavelength of the incoming laser), which is one order of magnitude higher
than the usual periodicity of self-assembled BCP structures. As described before, these patterns
can act as topographical templates in order to guide BCP self-assembly in thin film. In the following
part, we aimed at the further improvement of this method. Firstly, the profile of the guides is
sinusoidal when solely using SRG of a layer containing azobenzene moieties, which drastically
modify the confinement constraints of BCP thin films with respect to the typical trenches with
sharp edges usually employed in graphoepitaxy [6]-[8]. Secondly, the current process based on a
single exposure of the polymeric layer limits the range of pattern geometries to parallel lines.
Accordingly, we devised novel strategies to expand the breath of applicability of SRG guiding

patterns.

I1.3.A/ Pattern formation via SRG

I1.3.A.i/ Line & space topographical patterns made by a “unique SRG”

process

The first process consists in creating a sinusoidal wave pattern which is then modified into
inorganic lines strongly anchored on the silicon substrate to form a robust textured substrate
(Figure 39.a). The wave pattern is inscribed onto an azobenzene thin film using light interference
fringes created with a Lloyd interferometer (see Chapter I/Figures 35 and Chapter 1.4.B/). Then,
the thin film is etched by a controlled plasma treatment until only thin small lines obtained from
the thicker regions (top of the waves) remain on the substrate. Finally, those lines are transformed

into alumina using a SIS process to form a line & space pattern onto a silicon substrate.

The poly(disperse red 1 acrylate) (PDR1A) of 20 kg/mol used for this study was
synthesized in our laboratory following a previously reported procedure [3]. A 3 wt.% solution of
this polymer was dissolved in tetrahydrofuran (THF) and spin-coated onto a silicon wafer

carefully washed in THF. The spin-coating was done at room temperature with a speed of 2000
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rpm, leading to a 130 nm thick film. A thermal annealing above T, at 110 °C for 3 hours was

performed to flatten the surface, thus reducing the roughness linked to the fast THF evaporation
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Figure 39. “Unique SRG” process. (a) Schematics of the patterning process. First a thin PDR1A film is
deposited by spin-coating, then a wave pattern is created by Lloyd’s mirror interferences (SRG), followed by a
plasma etching, producing narrow lines, and finally the pattern is hybridized into alumina by a SIS process.
AFM height images and height profiles of the produced wave pattern (b) after SRG (130 nm film - 10 min SRG
- 45°incident angle) and (c) after RIE plasma (50 sec 20 sccm Ar 200 W). Insets are the corresponding FFTs.
Scale bars: 1 um.

Then, a SRG pattern is created using a Lloyd’s mirror interferometer (Figure 39.b). The
overall pattern can be defined by the wave size and inter-distance, which are controlled by the

SRG inscription duration, the incident angle and the laser power [9].

The wave size is evaluated from the peak-to-valley height, also called amplitude, and
increases with the duration and the laser power. Here, the laser power is constant (ca.
50 mW. cm™2), thus only the duration of the SRG inscription dictates the wave amplitude. It is
noteworthy that the amplitude reaches a plateau after a prolonged exposure depending on
exposure conditions [10], [11]. In our case, the maximal amplitude was obtained for an irradiation

of 600 s and is around 100 nm.

The inter-distance between the waves was evaluated as the peak-to-peak distance (PPD),
and is related to the incident angle 6 by the Equation (1). The green laser used in this study has a

wavelength of 532 nm, thus it is theoretically possible to reach pattern wavelength from 266 nm
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to infinite. However, a sufficient light power is needed to induce SRG over a large area, which is
geometrically maximized for 8 = 45°, and reduces to O for angles at 0° and 90°.

Alaser

PPDg =52 & (10)

Here, we choose to work with 8 = 45° in order to produce the largest patterned areas.
This theoretically leads to a PPD4se = 376 nm. Experimentally, it has been observed PPD,s- = 384
nm on a patterned area about 1 cm?. We also choose to work with 8 = 21° to reach PPD,;. = 742
nm which is twice the PPD,5. Experimentally, such conditions produced a PPD,;- = 780 nm on an

area around half the 45° one.

After the formation of the sinusoidal pattern, a plasma step was used to etch the pattern
until a complete removal of the polymer film in the valleys. By assuming that the plasma etching
is isotropic, itis possible to simulate the pattern profile evolution over time (Figure 40.a, see Annex
3.A/ for the Matlab code). Interestingly, this simulation underlines the presence of a “working
window”, i.e. between a film breakthrough (no polymer in the valley) and a full polymer removal
(layer organic cleaning). Within this working window, it is possible to calculate an aspect ratio of
the pattern, defined as the height divided by the full width at half maximum, which is an important
for graphoepitaxy purpose. The simulation predicts an increase of the aspect ratio with the
etching time. Accordingly, a compromise between the height of the pattern and its aspect ratio has

to be targeted for specific commensurability conditions.
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Figure 40. (a) Simulated isotropic etching profiles of a 130 nm thick film with 100 nm peak-to-valley SRG
pattern inscribed on it. (b) Evolution of the peak height and pattern aspect ratio with plasma etching time.
The dots indicate the predicted values for a 50 nm high pattern.

Experimentally, the best compromise was found for an argon reactive ion etching (RIE)
plasma (20 sccm Ar, 200 W, 50 s) leading to a linear wave pattern with a height of around 50 nm

and a width of 60 nm (Figure 39.c) (aspect ratio = 0.83). This value is coherent when compared to
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the 0.8 aspect ratio estimated from the simulation, and is at the center of the working window

(empty dots on Figure 40.b).

After the formation of such pattern, a SIS step was used to stiffen the PDR1A into alumina.
Such transformation will preserve the integrity of the topographical pattern at the time of a
subsequent BCP layer spin-coating while providing a higher thermal stability during the various
annealing steps. Experimentally, the SIS was made following the standard recipe with a sequence
of four infiltration cycles (see Annex 1.B.i/). This so-called “unique SRG” process allows the
creation of perfectly aligned and spaced lines, which can have a controlled spacing by changing
the incident angle during the SRG photo-inscription. Besides, it is rather simple to predict thus

control the height and aspect ratio of the pattern.

I1.3.A.ii/ Grid patterns made by the repetition of “unique SRG” process
(“repeated SRG” process)

It is also possible to slightly modify this process to create more complex patterns. Indeed,
the grooves obtained from the “unique SRG” process are especially interesting for the DSA of
lamellar BCPs, but other optimized pattern configurations should be more adequate for hexagonal
structures obtained from out-of-plane cylinders or hexagonally packed spheres. Additionally,
nano-manufacturing often requires the design of complex shapes for targeted applications (e.g.

circular bit patterned media for information storage).

A first alternative consists in repeating twice the previous process. Thus, a line & space
pattern is firstly created, and then this patterned substrate is used as a standard substrate to
perform again the same process. Interestingly, the second SRG photo-inscription is not disturbed
by the first one which is in accordance with the large film thickness of 130 nm resulting from the
deposition process with respect to the 50 nm pattern height. Then, by rotating the sample within
the Lloyd’s mirror setup with a controlled angle between the first and second SRG photo-

inscription, it is possible to create two line & space arrays with a desired angle between them.

Geometrically, hexagonal structures have a 6-fold symmetry. Thus, by rotating the
substrate of 60° between each SRG, it is possible to create two arrays which generate lozenges.
Besides, a 90° rotation angle will form squares which could have interesting applications for
graphoepitaxy purposes (Figure 41). Moreover, it is possible to use different incident angles for
each “unique SRG” process, i.e. changing the PPD of each pattern, which would transform squares

into rectangles and lozenges into parallelograms.
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Plasma PDR1A PDR1A
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Figure 41. “Repeated SRG” process. (a) Schematics of the second SRG process leading to the formation of
grids. Starting from the line & space pattern (created with the first “unique SRG” process), followed for the
left (right) route by a second SRG at 90° (60°) angle from the first one, squares (lozenges) or rectangles
(parallelograms) are generated depending of the SRG incident angles at each step. AFM height images of the
produced (b) square (c) lozenge and (d) rectangle grid patterns created with this process. Insets are the
corresponding FFTs. Scale bars: 1 um.

Thus, the “Repeated SRG” process allows the formation of any 2D structures made with
two arrays of line & space pattern for which the characteristic dimensions and shapes are dictated
by the Equation (1) and the relative angle between them with for instance a perfectly squared grid
matrix (Figure 41.b), 60° lozenge grid matrix (Figure 41.c) and a rectangle grid matrix (Figure
41.d). Interestingly, a 60° lozenge formation would match the 60° from the hexagonal symmetry

of out-of-plane BCP cylinders.

I1.3.A.iii/ Pillar patterns made by a “consecutive SRG” process

A third process called “consecutive SRG” process consists in performing a second SRG step
directly on top of the first one before the RIE treatment. The sample is also rotated between the
SRG photo-inscriptions for instance by 90° and 60° to create an orthogonal and hexagonal

structures, respectively (Figure 42.a).

For this process, the most important parameter to control is the effective amplitude of the
second SRG photo-inscription with respect to the first one. In this particular configuration, the
SRG pattern created by the first photo-inscription has an impact on the second SRG photo-
inscription. This means that different exposure times are required in order to obtain identical
amplitude, thus symmetric geometrical features. Experimentally, it has been showed that
isotropic features are formed when the duration of the first SRG is twice the duration of the
second. Also, the cumulative duration of first and second SRGs should be equal to the optimal

duration of the “unique SRG” process, i.e. 600 s. Otherwise, the saturation of the SRG effect is
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reached during the second SRG. Thus, the duration of the first and second SRG were chosen to 400
s and 200 s, respectively. Then, the following steps (RIE treatment and SIS) were identical to the
“unique SRG” process. Interestingly, this process leads to higher amplitude (around 60 nm). As a
note, the pattern height and aspect ratio can be modified by modifying the film thickness, the

duration of the SRG photo-inscription and the plasma duration, even if not deeply investigated

during this work.
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Figure 42. “Consecutive SRG” process. (a) In the middle is represented the wave pattern created by a first SRG.
For the left route, a second SRG is made at 90° angle from the first, followed with plasma and infiltration,
creating square or rectangle packed pillar depending of the SRG incident angle. For the right route, the same
process is described with a 60° angle, creating perfect or distorted hexagonally packed pillars depending of
the SRG incident angle. AFM height image of (b,c) tetragonal and (d,e) hexagonal pillar pattern created with
this process. (b,d) before and (c,e) after plasma and infiltration. Insets are the corresponding FFTs. Scale
bars: 1 um.

Finally, by modifying the order of the SRG and plasma/infiltration steps compared to the
“repeated SRG” process, this so-called “consecutive SRG” process allow the production of pillars
with controlled disposition, diameter and height. Figures 42.b-c show AFM images of this process
before and after plasma/infiltration, with a 90° rotation angle between each SRG performed with
a 45°incident angle. The resulting pattern is a perfect square packed pillar pattern with a 384 nm
spacing. Performing this process by rotating the sample with a 60° angle instead of 90° leads to
the formation of a hexagonally packed pillar pattern (Figures 42.d-e). Also, by changing the

rotation angle and/or PPD between the two SRGs, it is possible to produce a plethora of different

2D textured surfaces.

This last process permits to create patterned substrates with the same hexagonal
symmetry as out-of-plane cylinders or hexagonally packed spheres and could thus be used to

promote long-range ordering and density multiplication by graphoepitaxy [12], [13].
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I1.3.B/ A large diversity of tunable nanostructures

Table 7 sums up some of the patterns achievable with the aforementioned processes,

referencing the pattern name, the used process and the associated parameters. Here, the

azobenzene film thickness, the total SRG duration and the plasma conditions are constant (i.e., 130

nm, 600 s and 20 sccm Argon - 200 W - 50 s, respectively).

Pattern structure Process . First . .Second Rotation
incident angle |incident angle| angle
Narrow line & space Unique SRG 45° / /
Wide line & space Unique SRG 21° / /
Narrow square Repeated SRG 45° 45° 90°
Wide square Repeated SRG 21° 21° 90°
Rectangle Repeated SRG 45° / 21° 21° / 45° 90°
Narrow 60° lozenge Repeated SRG 45° 45° 60°
Wide 60° lozenge Repeated SRG 21° 21° 60°
General parallelogram Repeated SRG 20°-70° 20°-70° 0°-90°
Narrow square packed pillar | Consecutive SRG 45° 45° 90°
Wide square packed pillar Consecutive SRG 21° 21° 90°
Rectangle packed pillar Consecutive SRG 45° / 21° 21° / 45° 90°
Narrow hexagonally packed pillar | Consecutive SRG 45° 45° 60°
Wide hexagonally packed pillar | Consecutive SRG 21° 21° 60°
Generally packed pillar Consecutive SRG 20°-70° 20°-70° 0°-90°

Table 7. Patterns achievable by SRG nanotexturing processes developed during this Ph.D. with the
corresponding experimental procedure. Narrow means 376 nm PPD and wide means 742 nm PPD.

Almost every structures have been formed onto silicon substrate, and were observed by

SEM after the final immobilization of the structure by SIS (Figures 43.a-k).
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Figure 43. SEM pictures of (a) narrow line & space, (b) wide line & space, (c) narrow square, (d) wide square,
(e) rectangle, (f) narrow lozenge, (g) narrow square packed pillar, (h) wide square packed pillar, (i)
rectangle packed pillar, (j) narrow hexagonally packed pillar and (k) wide hexagonally packed pillar. Scale
bars: 1 um.

It is noteworthy that some of these images show dark structures instead of light ones
(Figures 43.d-e,ik). These artifacts are certainly due to surface electron charging, and AFM
measurements demonstrated that the structures are not engraved into the silicon substrate.
Besides, defect free and perfectly ordered patterns were observed over several mm2 areas which
is enough to perform DSA by graphoepitaxy. Obviously, this area can be easily enlarged by
increasing the laser power and expanding the beam size in order to keep the same surface energy,

i.e. 50 mW.cm™2.

I1.3.C/ “Low cost” graphoepitaxy

These SRG enabled topographical patterns can be used as a nanotextured substrate to

direct a subsequent BCP self-assembly by graphoepitaxy [13], [14]. Indeed, these nanostructures
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have typical periodicities about few hundreds of nanometers with around 50 nm height, and are
transformed into alumina, that cannot be damaged during BCP self-assembly process. Combining
every nanopatterns achievable (14 from Table 7), BCP structures (lamellae, cylinders and
spheres), orientations (in-plane or out-of-plane), and periodicity ratio between the nanopattern
and the BCP domain spacing, leads to almost infinite cases to study. This part will present

preliminary results of some of these combinations.

I1.3.C.i/ Self-assembled lamellae on a line & space pattern

The simplest combination is to self-assemble out-of-plane lamellae into trenches
produced by the “unique SRG” process. The objective is to increase the long-range ordering of the
lamellar structure, from fingerprints to a unique grain of parallel lamellae orientated along or
perpendicularly to the substrate pattern. This kind of graphoepitaxy has been already widely used
using nanopatterned Si or SiO: substrate, and the orientation of lamellae with respect to the
trenches is dictated by the commensurability ratio and the interfacial energy between the

substrate/trenches and the BCP domains [15], [16].

A substrate was patterned with a line & space pattern using the “unique SRG” process, and
alamellar BCP was subsequently self-assembled on top of it (detailed process in Annex 1.A/). Prior
to the BCP spin-coating, the patterned substrate surface was modified by grafting a PS-r-PMMA
with a PS volume fraction fpg = 0.70. This composition leads to a perfectly neutral interface
toward this particular lamellar PS-b-PMMA (see Chapter 111.1/) for the whole surface, i.e. for the
trench bottom and walls. Then, the BCP thin film was deposited by spin-coating a PS;7-b-PMMA,,
at 1,5 wt.% in Propylene Glycol Methyl Ether Acetate (PGMEA) at 2000 rpm. Finally, an annealing
treatment at 260 °C for 10 min yields to a 30 nm thick out-of-plane lamellar structure with 30 nm

domain spacing.
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Figure 44. AFM phase image of a lamellar PS-b-PMMA on top of (a) 384 nm periodic “narrow line & space”
pattern and (b) 780 nm “wide line & space” pattern made with the “unique SRG” process. Top right insets are
the corresponding FFTs. (c) SEM picture of the “narrow line & space” case after PMMA infiltration by Alz03
and PS removal by plasma. Scale bars: 500 nm.

Figure 44.a shows the resulting out-of-plane lamellae perpendicularly oriented with
respect to the topographical pattern, as expected with a neutral interface configuration at the
walls [16]. Indeed, the PS and PMMA domains are equally facing the whole pattern substrate
surface, leading to the lowest interfacial energy compared to other configurations which would
not have balanced exposition. Figure 44.b shows the same process on a wider pattern (780 nm
versus 384 nm before) showing the same behavior, but with more defects as emphasized by the
FFT insets. This difference on DSA quality is due to the formation of a weaker topographic field
when the pattern is wider [6]. For the “narrow line & space” pattern, a subsequent infiltration of
the PMMA domains has been performed followed by a plasma etching using the typical process
(see Annex 1.B.ii/), leading to a well ordered and fully inorganic rectangle grid over a large area
(Figure 44.c). It is noteworthy that such line & space pattern should also be able to orientate

cylindrical or spherical morphologies for appropriate commensurability and thickness [17]-[19].

I1.3.C.ii/ Self-assembled cylinders on a hexagonal packed pillar pattern

A second combination is the self-assembly of out-of-plane cylinders on top of a
hexagonally packed pillar patterned substrate made with the “consecutive SRG” process. Indeed,

the two structures have the same hexagonal symmetry, with a larger size for the pattern and a
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smaller for the BCP structure. With the appropriate commensurability, the ordering of the
cylinders should be dictated by the position of pillars, leading to the so-called density

multiplication, as it has been observed for patterned substrates with nanolithography [12], [20].

In this case, a hexagonally packed pillar pattern was formed on a substrate, using the
“consecutive SRG” process, and out-of-plane cylinders were self-assembled on top of it (detailed
process in Annex 1.A/). First, the surface energy of the pattern was modified by grafting a neutral
PS-r-PMMA toward the hexagonally packed PMMA cylindrical phase, i.e. with fpg = 0.78. Then, a
thin film was deposited by spin-coating a 1.5 wt.% PS33-b-PMMA ;5 solution in PGMEA at 2000 rpm,
followed by an annealing at 200 °C for 15 min, leading to a 30 nm thick film with 35 nm center-to-

center out-of-plane cylindrical structure.

Figure 45.a shows that the PMMA cylinders are effectively positioned around the
hexagonally packed pillars from the pattern. The FFT image (Figure 45.b) shows that a unique
grain was not obtained, but preferential orientations of the BCP patterns were retrieved, leading
to several well-defined grains. By processing the AFM image with a Matlab program (see Annex
3.B/), the image was colored with respect to the orientation of the hexagonal structure (Figure
45.c). This image shows that each triangle formed by three pillars (emphasized by the white lines)
mostly possesses a unique color. Also, the color changes are mostly happening along the triangle
edges. This means that these triangles are each composed of a “unique” grain orientated by the
topographic field induced by their three vertex pillars, and the major part of grain boundaries are

localized at the triangle sides.
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Figure 45. (a) AFM image, (b) FFT and (c) orientational mapping of a cylinder forming PS-b-PMMA on top of
a hexagonally packed pillar pattern made by a “consecutive SRG” process. The orientational map have been
computed with Matlab, white lines are guides for the eyes. Scale bars: 400 nm.

These various grain orientations and boundaries (i.e. defects) are explained by the
incommensurability between the BCP intrinsic period and the pattern. Indeed, the substrate
pattern exhibits an experimental center-to-center distance of 443 nm (i.e. 384 x 2/+/3, exactly the
value expected for a 60° angle geometry between two SRG forming 384 nm periodic lines), while

the BCP has a 35 nm center-to-center distance, leading to a non-integer 12.6 ratio. Obviously, the
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process can be improved by aiming at an integer ratio between the periodicities of the BCP and

the pattern, and by lowering its value in order to strengthen the topographic field.

Accordingly, a ratio of 12 could be obtained by using a PS-b-PMMA with a center-to-center
distance of 37 nm instead of 35 nm. However, this 2 nm center-to-center modification appears to
be small enough for being spontaneously overpass by chain stretching if the energy benefit was
high enough [7], [8]. This means that the topographic field induced by the “narrow hexagonally
packed pillar” pattern is not strong enough to induce perfect DSA of 35 nm or 37 nm cylinders. In
order to strengthen the topographical field, it is possible to lower the density multiplication ratio

by reducing the periodicity of the pillar pattern or by increasing the BCP center-to-center distance.

This type of topographical pattern has also been used to direct the self-assembly of
spherical BCPs which can produce hexagonal pattern in thin film [12], [21]. Interestingly, in this
case, it has been observed that the directed the self-assembly was still efficient for large density
multiplication ratio, up to 16 due to the particular wetting configuration of the BCP spherical

domains (only one block is in contact with the topographical pattern) [20].

I1.3.C.iii/ Self-assembled cylinders in a square pattern

A third combination studied during this Ph.D. is the confinement of cylinder forming PS-b-
PMMA inside a square structure. In this case, the difference between the pattern orthogonal
symmetry and the BCP hexagonal symmetry would inexorably lead to incommensurate
conditions. However, the constrained cylinders could rearrange to generate interesting non-

native structures.

Experimentally, a square pattern was deposited on a silicon substrate using the “repeated
SRG” process, forming 384 nm wide squares. Then, the same process as reported in the previous
part was performed, leading to PMMA cylinders self-assembled on top of these squares. The
resulting self-assembly (Figure 46.a) presents cylinders that are oriented in an in-plane
configuration within the squares, and an out-of-plane orientation above the edge of the squares.
This is explained by the film thickness difference within and above the square edges, which have
a great impact on the orientation of cylinder-forming BCPs [22], [23], giving in-plane and out-of-

plane cylinders in thicker and thinner regions, respectively.
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Figure 46. AFM phase images of cylinder-forming PS-b-PMMA formed from (a) 1,5 wt.% and (b) 1 wt.%
solutions, on top of a square pattern made by a “repeated SRG” process. Top right insets are the
corresponding FFTs. (c) Schematics of theoretical configuration allowing a commensurate self-assembly of
PMMA cylinders in a 60° lozenge pattern. Scale bars: 400 nm.

To counterbalance this thickness effect, the BCP concentration solution was lowered from
1.5 wt.% to 1 wt.% (Figure 46.b). As a result, out-of-plane cylinders are mostly observed inside
the square pattern even if neither preferential orientation nor long-range ordering is obtained
(due to the geometrical incommensurability between both structures). However, in-plane
cylinders are still visible on the square edges despite the conditions of surface neutrality. This
type of confined cylinders within geometrical patterns (including square) were studied by Do et
al. for non-neutral interfacial energy in order to stabilize the in-plane cylinder orientation. The

results demonstrated as well the formation of interesting non-native structures [24].

As a side note, an interesting combination using a similar process would be to self-
assemble cylinder-forming PS-b-PMMA on a 60° lozenge structure. Indeed, a commensurability
could be obtained with the appropriate ratio between the lozenge size and the BCP domain

spacing as schematized in Figure 46.c.
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1.4/ Conclusions

In the first part of this chapter, a “exotic” DSA route has been developed with the
possibility to orientate cylinders perpendicularly to a SRG pattern. This process is effectively more
complex than standard DSA methods, e.g. graphoepitaxy or chemical epitaxy, because it requires
a synthetic effort with the grafting of azobenzene moieties as well as the modification of well-
mastered self-assembly processes. However, it might be interesting when it is not possible to
perform surface modifications (topographical or chemical) before thin film self-assembly, for
instance during a stacking process. Indeed, the standard lithography-based DSA processes are
incompatible when the surface to modify is already a self-assembled BCP layer as the BCP layer

would get damaged during the process.

The second part described the development of three different methods to perform
substrate texturing by the generation of a nanostructured Al;O3 pattern, resulting in a plethora of
different geometries with high order over several mmz2. These patterns are around 50 nm thick
with a periodicity of several hundred nanometers, which is the appropriate size for DSA by
graphoepitaxy. Also, the fully inorganic composition of the pattern is perfectly adapted for BCP
self-assembly processes based on thermal or solvent annealing as it allows both surface

modification and improved stability of the topographical pattern.

Some preliminary experiments to direct the self-assembly of PS-b-PMMA thin films were
performed to observe the compatibility of this method with the standard methodologies. This
study clearly emphasized the important parameters to control for proper BCP self-assembly.
Among others, the parameters of importance are:

e The film thickness with respect to pattern height, which can have a role on the orientation of
the BCP structure (in-plane or out-of-plane);

e The commensurability ratio between the BCP domain spacing and the pattern periodicity,
which should be appropriately defined in order to limit the defectivity of the BCP self-
assembly;

e The combination between the BCP structure symmetry and the pattern geometry should be

compatible.
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The BCP system chosen for this Ph.D. being PS-b-PMMA, a thorough study was performed
to setup a sturdy basis about its phase behavior in thin film. The first part of this study deals with
the development of robust processes to perform the BCP self-assembly in thin film, with several
key parameters to control, such as the substrate surface energy, the film thickness and the

annealing conditions. Also, the hybridization step was optimized to enable subsequent layering.

The second part of the study focuses of the different morphologies and periodicities that
can be obtained using various PS-b-PMMA BCPs taking into account the variation of degree of
polymerization and composition. Finally, using geometrical considerations, several specific

structures chosen for the layering were precisely characterized.
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1.1/ Introduction

BCP self-assembly have been widely used to form well-ordered structures with a
nanometric period. The simplest BCP architecture is the di-block, which can theoretically produce
4 different stables structures in bulk: lamellar, gyroidal, cylindrical and spherical. Interestingly, in
the thin film regime, i.e. confined between two “fixed” boundaries (the substrate and the free
interface), the phase behavior can differ and an additional parameter related to the orientation of
the structure with respect to the “fixed” boundaries has to be taken into account. Accordingly, BCP
self-assembly in thin film can produce line & space structures for out-of-plane lamellae or an in-
plane monolayer of cylinders, and a hexagonal structure for out-of-plane cylinders or a monolayer

of spheres.

The BCP chosen for this thesis is the PS-b-PMMA system due to the following reasons:

o The modulation of the substrate surface energy is usually done with PS-r-PMMA, which allows
spanning surface energies from pure PS to pure PMMA;

o The well-documented self-assembly process by thermal annealing, due to the close surface
energy of both blocks at the free surface;

e The high etching contrast between the PS and PMMA domains, allowing an efficient selective
etching of PMMA;

e The compatibility of the PMMA block toward the SIS infiltration method;

e The controlled synthesis of PS-b-PMMA via a sequential living polymerization (i.e. anionic
polymerization) which allows a fine tuning of the BCP chain length and composition combined

with an overall low dispersity.

Itis not surprisingly that this BCP is the most referenced in literature using “self-assembly”

and “thin film” as keywords (Figure 47).
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Figure 47. Number of published papers versus the year of publication for the 4 main BCPs found in literature.
The counting was made using Google Scholar with 3 keywords being the name of the BCP (PS-b-PMMA, PS-b-
P2VP, PS-b-P4VP and PS-b-PEQ), “self-assembly” and “thin film”.
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The aim of this chapter was thus to retrieve each interesting structure reachable with PS-
b-PMMA for subsequent layering. A strong emphasis was placed on the process optimization to
obtain the well-ordered structures combined to a high process robustness for the further scale-
up using the stacking methods. Thus, the chapter is divided in three parts, the first one being the
process development, the second being related to the screening of the reachable structures, and
the last one being the selection and preparation of the different optimized layers that will be used

for stacking in the next chapter.
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1.2 / Formation of 2D nanostructures from PS-b-PMMA

III.2.A/ PS-b-PMMA self-assembly

The standard process to obtain self-assembled PS-b-PMMA thin films is composed of three
different steps: the modification of the substrate surface energy, the deposition of a BCP film and

the thermal annealing step (Figure 48).

Surface BCP Thermal
- modification th.'n film anneahng

Figure 48. Schematics of the self-assembly process for the formation of nanostructured BCP films (here out-
of-plane lamellae).

II1.2.A.i/ Surface modification

The first step consists in tuning the substrate surface energy by modifying its chemistry,
in order to either reach interfacial energy neutrality with respect to the two BCP domains, or to
promote an affinity toward one specific domain. This modification is achieved by chemically
grafting random copolymer (RCP) chains obtained from a (controlled) radical polymerization on
the surface [1], [2]. The grafting is made by spin coating a thin film of the RCP, then annealing it at
elevated temperature (promoting covalent grafting of the RCP chains at the surface), and rinsing
away the non-grafted chains (the experimental process is detailed in Annex 1.4/). The most

common RCP to control the domain orientation of PS-b-PMMA systems is PS-r-PMMA.

The parameters which influence the surface modification are the annealing conditions
(time and temperature) and the RCP chemical characteristics (composition and molar mass). The
objective is to reach a good grafting quality to perfectly screen the SiO; substrate surface while
providing an appropriate surface energy for subsequent self-assembly. The first parameter is
inherent to the grafting density and it has been observed that it is highly dependent on the film
thickness and RCP molar mass. Experimental studies have demonstrated that the best subsequent
BCP self-assemblies are obtained when the grafted film thickness is greater than twice the RCP
radius of gyration R, [3]. The usual RCP molar mass is between 2 and 10 kg/mol, thus the
thickness required for the screening of the SiO; substrate should be higher than = 3-5 nm. Then,
the second parameter depends on the BCP morphology and the targeted orientation. It is
controlled by the RCP composition, i.e. the PS volume fraction [2], [4], but also the polymer end

chain chemistry [5].

In order to cover a wide range of surface energies, different RCPs with M,, around 10
kg/mol were obtained from Arkema. These RCPs were synthesized with a “BlocBuilder MA”

initiator, which decomposes into an initiator to trigger the polymerization, and a controller that

110



CHAPTER III: A RICH VARIETY OF 2D-NANOSTRUCTURES OBTAINED BY PS-B-PMMA SELF-ASSEMBLY

is used to control the kinetics, lowering the overall dispersity of the polymer (Figure 49). These

two radical species lead to polymers with two different functionalized end chains.
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Figure 49. Chemical decomposition of Arkema “BlocBuilder MA” with heat, giving an initiator and a
controller radical species.

Usually, the PS-r-PMMA used for substrate grafting are synthesized using TEMPO as
initiator, leading to a hydroxyl end-functionalized chain [2], [5]. This terminal hydroxyl group is
used to graft the chain onto the native silicon oxide layer by a dehydration mechanism initiated
by heat. This reaction is slow, and thus requires a long thermal annealing treatment at a rather
low temperature in order to avoid the RCP degradation (usually 140-160 °C for several days).
However, on our case, with the BlocBuilder MA, the RCP chain is functionalized with a PO3 group,

allowing a fast-grafting reaction with SiO; (230 °C for 5 min).

Table 8 shows the characteristics of every RCP used in this study. It is noteworthy that a
pure PS was synthesized using this particular initiator, but the synthesis of a pure PMMA was not
attempted due to the poor control of this particular controlled radical polymerization with respect
to methacrylate monomers. However, a “pure” PMMA behavior was obtained by combining
styrene, MMA and trifluoroethyl methacrylate (TFEMA) monomers to the feed to produce PS-r-
PMMA-r-poly(trifluoroethyl methacrylate) (PS-r-PMMA-r-PTFEMA). The addition of TFEMA
repeating units in the RCP structure compensates in term of surface energy the low amount of

styrene units [6], [7].

Name fps? M;? (kg/mol) PDIb Initiator
11r56r33 0.11¢ 7.5 1.76 BlocBuilder MA
40r60 0.40 12.3 1.53 BlocBuilder MA
49r51 0.49 13.4 1.38 BlocBuilder MA
63r37 0.63 12.4 1.30 BlocBuilder MA
69r31 0.69 11.2 1.32 BlocBuilder MA
75r25 0.75 13.6 1.23 BlocBuilder MA
87r13 0.87 12.3 1.30 BlocBuilder MA
100r0 1.00 12.3 1.19 BlocBuilder MA

Table 8. PS-r-PMMA macromolecular characteristics. %fps is the volume fraction of PS estimated by 'H NMR.
bmeasured by SEC using PS standards for calibration. <This polymer is PS-r-PMMA-r-PTFEMA 11%-56%-33%.

111



CHAPTER III: A RICH VARIETY OF 2D-NANOSTRUCTURES OBTAINED BY PS-B-PMMA SELF-ASSEMBLY

For PS-b-PMMA, only the control of the bottom interfacial energy is mandatory as the
difference of surface energy with air is minimum at high temperature [8]. In addition, at elevate d
temperatures, the surface tension of both PS and PMMA are almost equivalent, providing
therefore a natural “neutral” interaction between ambient air and the BCP domains. Then, the
orientation of the structure is driven by the substrate surface energy: out-of-plane structures are
obtained if the surface energy is neutral toward the self-assembled structure, while in-plane
structures are obtained otherwise. Thus, a precise RCP composition is required for each structure
in order to obtain out-of-plane structures (i.e. out-of-plane PS or PMMA cylinders and lamellae),
even if a small composition drift is tolerated [4], [5]. Theoretically, it would have been expected a
required RCP composition equal to the block ratio facing the substrate for out-of-plane structures
(i.e. fRP =0.30, 0.50 and 0.70 for PS cylinders, lamellae and PMMA cylinders, respectively).
However, the RCP composition is not directly linked to the effective surface energy, leading to
non-linear relation between them. This can be explained by different reasons:

e Methyl methacrylate has a lower reactivity than styrene [9], [10], thus the RCP has a slightly
gradient composition, leading to different effective RCP surface composition;

e The functionalized end chain which is not grafted to the surface can induce polar effects that
affect surface interactions with BCPs [5];

e During annealing, PS and PMMA penetrates slightly the RCP thin film, modifying its effective

composition [2];

In our case, the surface modification was experimentally optimized by observing the
structure orientation with different RCP composition, until finding the desired one, without
measuring the real surface energy. For this purpose, RCPs were mixed together to precisely tune
the effective composition, thus the surface energy [4]. Blends were prepared in the liquid phase
by mixing a vol; of RCP; solution to a vol, of RCP, solution (both solutions with the same 2 wt.%
concentration). These mixtures were done only for RCP from two adjacent rows in Table 8, and a

linear blend relation by volume was assumed since their composition were rather close:

RCP RCP,
RCPprena _ volyfps " + volafps (11)
ps vol; + vol,

With this blending method, optimized RCP compositions used during this Ph.D. are:
e For in-plane structures with PS facing the substrate: f&‘F = 1 (100r0);
e For in-plane structures with PMMA facing the substrate: fR‘F = 0.11(11r56r33);
e For out-of-plane PS cylinders within a PMMA matrix: f&F = 0.52 (49r51:63r37 blend with
3:1 ratio);

e For out-of-plane lamellae: fX‘F = 0.70 (69r31:75r25 blend with 3:1 ratio);
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e For out-of-plane PMMA cylinders within a PS matrix: f&‘? = 0.78 (75r25:87r13 blend with
3:1 ratio).

As mentioned before, we can see that the effective surface energy is indeed not directly
linked to the RCP composition, since neutrality is not reached when the substrate surface energy
is equal to the BCP composition [11],i.e. fAF around 0.30, 0.50 and 0.70 for PS cylinders, lamellae
and PMMA cylinders, respectively.

I11.2.A.ii/ Block copolymer thin film

Once the substrate is grafted with the appropriate RCP brush, the second step consists in
the spin coating of a BCP thin film (the experimental process is detailed in Annex 1.A/). As for the
RCP, the BCP is dissolved in propylene glycol methyl ether acetate (PGMEA), which appears to be

commonly used in the semiconductor industry for its environmental safety [12].

One major parameter for thin film self-assembly is the BCP film thickness as compared to
the structure periodicity. Indeed, for in-plane orientation, the substrate- and air- facing domains
geometrically depend on this thickness. Also, the bulk energetical contribution (i.e. interaction
between the block sequences) versus the surface contribution (i.e. surface energies) will be
modified with the thickness. Thus, the modification of the film thickness can lead to possible

changes of orientation and/or structures [13], [14].

To target a specified BCP thickness by spin-coating, several parameters can be modified:
the rotation speed w, the concentration C and the solvent (as its viscosity and evaporation rate
modify the resulting film thickness). In our case, it is possible to estimate that the thickness is
linearly linked to C/vw (see Chapter 1.1.B.i/). However, this estimation does not take in account
the modification of viscosity related to the change of the polymer concentration during spin
coating. Figure 50 shows the evolution of the experimental thicknesses measured by AFM (see
Annex 2.A/) for PS-b-PMMA films at different concentration in PGMEA for a 2000 rpm rotation
speed. As expected, the relation is not linearly proportional with the simple estimation performed
beforehand, but follow a relationship of t o« aC?/3 + BC? as predicted by the Meyerhofer model
[15].
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Figure 50. Dependency of a spin-coated thin film thickness at 2000 rpm with the solution concentration for a
lamellar PS-b-PMMA dissolved in PGMEA.

A quantitative study for a lamellar PS-b-PMMA was done to emphasize the link between
orientation, thickness and surface energy. A BCP forming lamellae was self-assembled (250 °C
thermal annealing for 10 min) on substrates modified with various RCPs (f&F from 0.47 to 0.86),
and thicknesses, t, from 15 nm to 82 nm. Each film was observed with AFM and sorted in 4
different categories: out-of-plane, in-plane with a flat surface, in-plane with islands and holes, and
mixed in-plane/out-of-plane (Figures 51.a-d). It is important to note that for PS-b-PMMA, the AFM
phase channel provides a strong contrast between the PS and PMMA phases, with bright and dark

regions corresponding to PMMA and PS, respectively.

The periodicity, denoted Lj, was evaluated by FFT analysis of the fingerprint structure
from out-of-plane lamellae and from island height or hole depth for in-plane lamellae, giving for

each method the same value Ly, = 28 nm.

Interestingly, the in-plane structures (Figures 51.a-b,d) present an irregular dot pattern,
which is not observed in similar studies [4], [5]. The majority bright color proves that the surface
is composed of PMMA with small dots of PS, which is certainly poorly ordered perforations at the
free surface. The presence of this structure is not fully understood yet, and the only difference
with respect to the literature is the thermal annealing process (RTA 250 °C for 10 min under N,

atmosphere versus “standard” thermal annealing 170-190 °C for 24-72 h under vacuum).
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Figure 51. AFM images of a lamellar PS-b-PMMA with a 28 nm periodicity on a substrate modified with a
RCP _

po =0,80 at different thicknesses, giving (a) in-plane (36 nm), (b) mixed in-plane / out-of-plane (41 nm), (c)
out-of-plane (47 nm) and (d) island/hole structure (57 nm). Top images are height channel with 5 um scale
bars, bottom images are phase channel with 500 nm scale bars.

The results from this study can be sorted into an experimental phase diagram (Figure
52.a), showing the out-of-plane window for lamellae depending on the thickness, which was
already observed [4], [5], but the RCP composition for the window is not exactly the same, as

explained before.
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Figure 52. (a) Experimental lamellar PS-b-PMMA phase diagram in function of substrate coating composition
and film thickness compared to BCP periodicity L. Blue squares, red circles and green triangles correspond
to out-of-plane, in-plane and island/hole orientations respectively. Dotted line delimits the “out-of-plane
window”. Schematics of theoretical in-plane lamellae with (b) PS and (c) PMMA facing the substrate, and (c)
out-of-plane lamellae.

It is important to note that the out-of-plane lamellar window possesses a range where the

orientation is not dependent of the BCP thickness, around f&X¢F between 0.63 and 0.77 (for the
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probed thickness range). Also, for out-of-plane structures, the lower surface energy at high
temperature of PMMA leads to PMMA domains facing the air, as observed by AFM. For the
substrate, PS domains wet it when &P is higher than neutrality, and PMMA when lower. These
two different cases can happen for specific commensurate thicknesses, i.e. t/L, = n when f&? i

lower than neutrality, and t/L, = n + 0.5 when it is higher (Figures 52.b-c). The experimental
results corroborate this theory since the out-of-plane window is reduced when these specific in-
plane structures are possible, e.g. for low fRF when t ~ L,. Finally, it is possible to observe that
in-plane structures with a flat surface are quite rare outside the out-of-plane window, with instead
mostly island /holes structures. This is explained by the perfect commensurate thickness required

to provide unconstrained thus stable in-plane lamellae [16].

For a better understanding, a theoretical model has been developed to confirm the
observed behavior. The model is based on the calculations of the energy of each structure
configuration followed by a minimization process as regards to the RCP composition, f&¢7, a
film thickness t (taking into account the intrinsic structure periodicity L,). The different effects
taken into account for this model are:

e The substrate interfacial energy, corresponding to the interaction between the BCP and the
substrate surface;

e The free surface interfacial energy, which is the interaction between the BCP and the
atmosphere (air, inert gas or vacuum);

e Thelocalization of the BCP chains in the volume, implying a stretching energy due to the chain

distortion away from its equilibrium length, and repulsive interactions between chains from

chemical difference between each block.

Each term was converted into energy costs per volume unit. The first term, denoted E ;’f},

is related to the difference between the bottom surface film composition f22t°™ and the RCP

fRCP

composition multiplied by the interfacial tension between PS and PMMA, yps/pmma, and

divided by the film thickness (Equation (12)).

vol _ YPS/PMMA |fP Ottom(l flgescp) — fo8 ) fr CPl

EY% = - (12)

Three cases are possible for a lamellar structure: either PS (PMMA, respectively) is at the
bottom surface for in-plane lamellae (f2°™ = 0 (fLot*°™ = 1, respectively)), or the PS and

PMMA domains are equally facing the substrate for out-of-plane lamellae (f22¢%°™ = 0.5).
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vol

The second term, denoted E¢°,, is only dictated by the surface energy of the top film layer,

depending on its composition flfgp and the PS and PMMA surface energies (yps and yppma

respectively) (Equation (13)).

_ Vpsfzfgp + Ypuma(l — pts()p)

t

(13)

Ef°,
As for the substrate-film interface, three cases are possible (f}fso P =0,0.50r1).

For the island/hole structure, an additional film-air interface is created, leading to a new
energy cost, denoted El”/‘}f f—q- Since this structure appears for in-plane lamellae, the interface is
composed at 50% PS and 50% PMMA. Also, the extra surface created over the total surface, a =
Snew/Stot, is necessary to calculate the extra volume energy cost (Equation (14)).

_a(yps +Ypuma)

new f—a — 2t (14)

In this model, islands or holes are supposed to be perfect cylinders with a radius, r, and a
height, L, leading to an area of the newly created surface, Sy., = 2nrlLy, and an island/hole
surface, S;/, = mr?. This creation of islands or holes is a phenomenon that happens at higher
length scale than self-assembly, and we supposed that r = 100L,, which it is the typical observed
value from AFM images. Finally, it is assumed that the fraction of island/hole surface f;/,, =
Si/n/Stor represents 0% of the total surface for commensurate thickness, e.g. t = nL, when PMMA
is facing the substrate, and 50% for perfectly incommensurate, e.g. t = (n + 0.5)L, when PMMA

is facing the substrate. Between these two regimes, f;/, has been assumed to follow a linear
evolution. Accordingly, EZ2!, f—q €an be rewritten as Equation (15).

_ Lofiyn(vps + vpmuma)
tXr

(15)

The third term is composed of two parts. The first one is the stretching energy penalty per

molecule, denoted EM2, ., which occurs when the chains are stretched to a distance R away from

its radius of gyration, R; = l;/N/6, with [}, the Kuhn length and N the number of Kuhn units, k,
is the Boltzmann constant and T the temperature (Equation (16.1)). The second part is the
repulsive interaction between the two blocks, leading to an energy penalty per molecule, denoted
E}(n"l, which depends on the Flory-Huggins parameter y and the chain length (Equation (16.2))
[17].

. w2 (R
Estrecen = knT E(}T) (16.1)
g
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VXN (Ry
Byt = kT2~ (22) (16.2)

Combining these two equations and rescaling in volume energy with d the BCP density,
M,, the BCP number averaged molecular weight and JV, the Avogadro number, the total
contribution related to the localization of the BCP chains can be rewritten as Equation (17).

2 Iy
Evol :ka[n_2<£> + XN(R_Q) Nod

chains 1 2 Rg 2 R Mn

(17)

Interestingly, this equation shows a minimum reached for R = R, which is the

spontaneous chain distortion in a bulk system (Equation (18)). For instance, the lamellae

periodicity can be estimated with this value, as Ly = 2R, [17].
1/3 1/

1 3
R = e (Gragg) 2N =R ()

Finally, this chain contribution can be written for the out-of-plane or island/hole case, i.e.

3
(xN)Me (18)

chains at an equilibrium state when R = R, (Equation (19.1)) or the in-plane case with a flat

surface, i.e. stretched chains when R = t/n, with n the number of stacked lamellae (Equation

(19.1)).

72 (Rog\> XN [Ry\| d

ELd hains = kT E<R—> +T<R_> Ve (19.1)
| g eq n
72/ ¢ \* JxN nRy\| d

EYS chains = kpT E(nR ) += ( , ) - Na (19.2)
L g n

These hypotheses were coded in a Maltab code (see Annex 3.F/) to determine the most
energetically stable structure, resulting in a theoretical phase diagram (Figure 53). The overall
diagram is in a good agreement with experiments, with only a region at the bottom left far from
reality. Such discrepancy is related to dewetting phenomena, which were not accounted in this

approach.

118



CHAPTER III: A RICH VARIETY OF 2D-NANOSTRUCTURES OBTAINED BY PS-B-PMMA SELF-ASSEMBLY

0 01 02 03 04 05 06 07 08 09 1

RCP
fPS

Figure 53. Theoretical phase diagram of the lamellae orientation as a function of the RCP composition and
film thickness. Blue, red and green areas are the out-of-plane, in-plane and island/hole structure,
respectively. (PS is in blue, PMMA is in red)
Interestingly, the theoretical phase diagram gives a f&‘F window forming out-of-plane

lamellae, as observed experimentally. This window range, around f&F = 0.4 to 0.6, is perfectly

centered to &P = 0.5 which is exactly the BCP composition. However, this is not experimentally
observed, which is explained by the difference between the substrate energy and the RCP
composition as explained in Chapter 111.2.A.i/. Thus, it is possible to shift this phase diagram with

the observed difference to match the experimental phase diagram.

All these results highlight the importance of the substrate surface energy modification step
and the BCP film thickness. Obviously, the second parameter that affects the self-assembly
structure is the BCP composition and molecular weight. The same study might be performed for

PS and PMMA cylindrical structures, leading to different out-of-plane fX¥ window.

Thus, to target a specific structure and orientation, the substrate surface energy, the BCP
composition and the film thickness should be chosen appropriately, with a tolerance window
since self-assembly is driven by weak thermodynamic effects (i.e. soft matter). However, before
observing these structures, a thermal annealing has to be performed, which is detailed in the next

paragraph.

III.2.A.iii/ Thermal annealing

Due to the fast evaporation of PGMEA during spin-coating (taking place in = 15 sec for
2000 rpm at room temperature) and the low segregation strength of PS-b-PMMA (y = 0.038 at
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100 °C), the BCP film is trapped in a disordered state after solvent evaporation. For PS-b-PMMA,

the usual method to provide chain mobility and promote self-assembly is a thermal annealing step

(see Chapter 1.1.B.iii/). Two routes are commonly used for thermal annealing [18]:

e A conventional thermal annealing: a long annealing at low temperature to prevent the BCP
deterioration (around 180 °C for several hours or days);

e A rapid thermal annealing (RTA): a short annealing at high temperature (around 250 °C for

several minutes) with a fast heating and cooling rate using an RTA oven.

During this Ph.D., the annealing steps were performed with a RTA oven (see Annex 1.4/)
[18]. The temperature and duration were optimized according to the BCP structure, the
periodicity and the desired orientation to provide the best self-assembly without polymer
deterioration. Indeed, with a RTA process, the self-assembled structure quality increases due to
the high chain mobility at elevated temperature, taking into account the limitations inherent to

polymer degradation [19].

Interestingly, an effect of the annealing temperature on structure periodicity has been
observed for the PS cylindrical structure. A PS-b-PMMA giving PS cylinders in a PMMA matrix was
self-assembled on neutralized substrate in order to obtain an out-of-plane orientation after
annealing. By increasing the annealing temperature and keeping the same duration (5 min), a
slight increase of the structure periodicity was observed (Figures 54.a-e). The FFTs of the AFM
images show that the periodicity increases from 29.4 nm to 32.2 nm (Figure 54.f), which
correspond to a non-negligible 10% growth. This can be explained by the chain dilatation during
annealing, which are frozen in this state during the quenching. Also, the overall structure quality
(grain size and defect number) does not seem to be modified with the annealing temperature.
However, this effect on the periodicity was not observed for other morphologies, certainly due to
lower annealing temperatures (see Table 10 in the next section). Indeed, the honeycomb
periodicity starts to increase for temperatures above 270 °C, which are only necessary for this

specific structure.
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Figure 54. AFM phase images of the same out-of-plane PS cylinder forming PS-b-PMMA with different
annealing temperature during 5 min: (a) 270 °C, (b) 290 °C and (c) 300 °C. Top right insets are the
corresponding FFTs. Scale bars: 500 nm.

I11.2.B/ Structure hybridization

BCP nanostructures in thin film have the potential to be hybridized in order to add further
functionalities. During this Ph.D., we opted to immobilize the BCP structure using a selective Al,03
infiltration step by SIS in the PMMA domains (see Chapter 1.2.D.i/) followed by an etching step
using RIE to remove the PS domains (see Chapter 1.2.C/) (Figure 55).

PMMA = PS — r
Infiltration Etching g . .
i— - PMMA PS ALO,

Figure 55. Schematics of the PMMA infiltration followed by a PS etching process for out-of-plane lamellae.
I111.2.B.i/ PMMA infiltration by SIS

The first step of hybridization consists in infiltrating the PMMA domains with Al,O3 using
a SIS process (see Annex 1.B.i/). In our case, the metallic gaseous precursor for the formation of
Al;03 is the trimethyl aluminum (TMA), which is strongly selective to PMMA, leading to the

formation of Al,03 in PMMA, while the PS domains remain unchanged [20].

However, even if TMA is selective to PMMA, the number of infiltration cycles has an
influence on the overall structure, hence it requires an optimization. Indeed, a too low number of

infiltration steps leads to a fragile structure, while a too large number increases the Al;0; domain
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size until they coalesce. Figure 56.a shows SEM images of an out-of-plane PMMA cylindrical
structure infiltrated by 1 to 10 SIS cycles, followed by a plasma etching (40 sccm O, 40 W, 40 sec).
The PMMA domain growth is clear, with an onset of the coalescence for 5 cycles. A particle analysis
was performed with Image], giving the cylinder radius distributions (Figure 56.b), which were
fitted with a logistic distribution to determine the mean radius. Then, Figure 56.c shows the
occupied surface ratio of the cylinders within the unit cell, which is here a hexagonally packed
cylindrical structure with a 36.2 nm center-to-center distance. The PMMA volume fraction for the
formation of a PMMA cylindrical morphology is between 27% and 31% (see Table 9) which are
the surface ratios achieved with 2 and 3 cycles (27.7% and 31.1%). Taking into account these
results, a standard recipe has been devised based on 2 SIS cycles. Such recipe leads to well
separated cylinders while providing sufficient mechanical integrity for the following steps, which

can be easily enhanced by increasing the SIS cycle number to 3.
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Figure 56. (a) SEM images of PMMA cylinder forming PS-b-PMMA after SIS for different cycle number,
followed by a plasma etching. (b) Corresponding cylinder radius distribution, fitted with a logistic
distribution. (c) Cylinder to matrix surface ratio for different SIS cycle number. Scale bars: 100 nm

During this Ph.D., TMA was chosen because it allows the infiltration of PMMA domains at
low temperature, i.e. 85 °C, which is slightly lower than the glass transition, T, of PS and PMMA.
Other precursors might be used by adapting the recipe to form different metal oxides within the

PMMA matrix, as referenced in Chapter 1.2.D.i/.

I11.2.B.ii/ PS etching for the formation of a topographical field

After infiltration of the PMMA domains with Al;03, the PS domains can be partially
removed to create a surface topography. Indeed, the PMMA domains swell during the SIS process
leading to the generation of a 1 to 4 nm topography [21]. Further treatment of the infiltrated BCP

layer by RIE plasma leads to a partial removal of the PS domains, thus enhancing the topographical
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field. Such method allows a fine control of the depth of the topographical pattern which can be

subsequently optimized with respect to the iterative self-assembly of a subsequent BCP layer.

In this study we opted for an oxygen RIE plasma (see Annex 1.B.ii/) for the selective etch
of PS domains. In particular a 40 W, 40 sccm O, 40 s plasma was chosen as the standard etching
recipe, increasing the topography from around 2 nm before plasma to around 10 nm after plasma

in the case of a 29 nm periodic lamellar structure (Figures 57.a-b).
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Figure 57. (top) AFM height images and (bottom) height profiles of 29 nm lamellar PS-b-PMMA (a) after SIS
and (b) after SIS and Oz plasma etching (40 sccm 40 W 40 sec). Scale bars: 100 nm.

As we can see on the Figure 57.b, it is difficult to characterize the depth of the Al,O3 pattern
with tapping AFM, as artefacts occur after a few AFM scans. This is supposedly due to Al,03 “dusts”
sticking to the edges of tip, which happens even for a very slow scan speed (0.1 Hz). This is why
the depth measurement was made at the top of the image, i.e. for the first scans. Also, the tip
geometry has been controlled to verify that it is possible to reach the bottom of the trenches. In
our case, the trenches are around 14.5 nm wide, and the tip has an angle of 40°, giving a maximum

probe distance of 20 nm, which is higher than the 10 nm observed.
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II1.3/ Phase diagram exploration

In order to create a rich variety of 2D nanostructures, the PS-b-PMMA phase diagram was

explored using polymers synthesized in our laboratory, or provided by Arkema and Polymer

Source. The overall characteristics of the BCPs used for this study are summarized in Table 9, with

the theoretical corresponding phase and periodicity estimated from the unified strong and weak

segregation theory [17], [22] for which the treatment was automatized within a Matlab software

(see Annex 3.C/).

Name | fB{Pm) Mn @ PDI Structure ©) Periodicity ® Source
11b50 0.18 61.5 kg/mol 1.09 PS spheres 33 nm Polymer Source

8b10 0.44 18.2 kg/mol 1.2 Disordered / LCPO
15b41 0.27 56.1 kg/mol 1.18 PS cylinders 33 nm Polymer Source
44b109 | 0.29 153.2 kg/mol 1.46 PS cylinders 64 nm Polymer Source
13b12 0.51 25.2 kg/mol 1.16 Disordered / Arkema
27b22 0.55 49.6 kg/mol 1.07 Lamellae 30 nm Arkema
85b78 0.52 162.9 kg/mol 1.04 Lamellae 65 nm Polymer Source

21b8 0.72 29.2 kg/mol 1.12 PMMA cylinders 23 nm Arkema
33b15 0.69 48.0 kg/mol 1.13 PMMA cylinders 31 nm Arkema
101b37 | 0.73 138.2 kg/mol 1.14 PMMA cylinders 59 nm Polymer Source
62b11 0.85 73.4 kg/mol 1.08 PMMA spheres 34 nm Polymer Source

Table 9. PS-b-PMMA macromolecular characteristics. () fps is the volume fraction of PS in the BCP estimated
by 1H NMR. 2 Measured by SEC using PS standards as calibration. (3 Expected morphology and periodicity
estimated from Matsen and Bates theoretical treatment.

I11.3.A/ Different morphologies by changing the BCP composition

In this part, BCPs with the same periodicity (* 30 nm), but with different compositions are

examined in order to control both the self-assembled structures and its orientation. Table 10

summarized the various protocols leading to optimized self-assembly for these particular BCPs.

Aimed structure Orientation RCp BCP (1 Spin-coating (2) RTA annealing
PS spheres Monolayer 0.13 11b50-0.75% | 2000 rpm - 14 nm 190 °C - 5 min
PS cylinders In-plane 1/2 layer 0.13 15b41-0.75% | 2000 rpm - 14 nm 260 °C - 2 min
PS cylinders Out-of-plane 0.52 15b41-1.5% | 1500 rpm - 35 nm 290 °C - 5 min
Lamellae Out-of-plane 0.70 27b22-15% | 1500rpm-35nm | 260°C-10 min
PMMA cylinders In-plane 1/2 layer 1 33b15-0.75% | 2000 rpm - 14 nm 200°C - 5 min
PMMA cylinders In-plane 3/2 layer 1 33b15-19% | 2000rpm-40nm | 220°C-10 min
PMMA cylinders Out-of-plane 0.78 33b15-1.5% | 1500rpm-35nm | 230°C-15 min
PMMA spheres Monolayer 1 62b11-0.75% | 2000 rpm - 14 nm 170 °C - 5 min
PMMA spheres Bilayer 1 62b11-1.8% | 2000 rpm - 38 nm 170 °C - 5 min

Table 10. Optimized process parameters for the 5 different PS-b-PMMA with a ~ 30 nm periodicity. ) BCP
name and concentration in PGMEA. () Rotation speed (at R.T.) and measured thickness using AFM.

Every structure was observed with AFM after self-assembly, and with SEM after

hybridization (SIS standard recipe with 2 cycles, and plasma 40 sec, 40 W, 40 sccm O3). The

resulting patterns are described in the following sections.
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III.3.A.i/ Lamellar PS-b-PMMA for the formation of line & space

patterns

As previously stated (see Chapter I11.2.A.ii/), the substrate surface energy and the BCP film
thickness greatly influence the orientation of lamellar structures in a thin film configuration. For
iterative self-assembly, the out-of-plane structure is the most interesting as it will generate a
topographical field after the SIS step that can be used to guide the self-assembly of a subsequent
BCP layer. Using the optimized parameters summarized in Table 3, the Figures 58.a-b show the

resulting out-of-plane lamellae with a fingerprint-like pattern.
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Figure 58. Structural analysis of an out-of-plane lamellar PS-b-PMMA. (a) AFM phase image after thermal
annealing, (b) SEM image after infiltration and plasma. Top right insets are the corresponding FFTs. Scale
bars: 500 nm.

The FFT of the AFM and SEM images were used to extract the periodicity of the structure
at 29 nm and 31 nm, respectively. This small difference might be due to the apparatus calibration
or linked to the SIS process which can induced a swelling of the BCP domains. It is noteworthy

that the extracted periodicity is in agreement with the theoretical treatment (i.e. 30 nm).

I11.3.A.ii/ Cylindrical PS-b-PMMA for the formation of dot, hole or line

& space patterns

Two types of cylindrical structures are achievable using a PS-b-PMMA diblock
architecture: either PS cylinders in a PMMA matrix, or the inverse. After hybridization, the PMMA
domains are selectively infiltrated while the PS domains are etched. Accordingly, two different
patterns are obtained for out-of-plane orientations: a dot pattern (PMMA cylindrical structure)
and a honeycomb or hole pattern (PS cylindrical structure). For an in-plane orientation of the BCP

structures, line & space patterns can be produced if carefully managing the BCP film thickness.
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The out-of-plane structures generate a specific topographical pattern after hybridization,
i.e. dots for PMMA cylinders, and holes for PS cylinders. As for out-of-plane lamellae, this will
produce a topographic field that can be used for guiding the subsequent BCP layer. Using the
optimized parameters summarized in Table 3, the Figures 59.a-b show the resulting out-of-plane
PMMA cylinders with a hexagonally packed dot pattern, and the Figures 59.c-d show the resulting

out-of-plane PS cylinders with a hexagonally packed hole pattern, often called honeycomb.

Figure 59. Structural analysis of an out-of-plane (a-b) PMMA and (c-d) PS cylinder forming PS-b-PMMA. (a,c)
AFM phase images after thermal annealing, (b,d) SEM images after infiltration and plasma. Top right insets
are the corresponding FFTs. Scale bars: 500 nm.

Using the FFT of the AFM images, a 32 nm and 31 nm periodicities were determined for
PMMA and PS cylinders respectively, in agreement with theoretical calculations (31 nm and 33
nm respectively). Accordingly, a cylinder-to-cylinder distances of 37 nm and 36 nm were
retrieved obtained by multiplying the periodicity by 2/+/3. Interestingly, we observed that the
stability of the out-of-plane cylindrical morphology for both structures is conserved over a large
range of thicknesses with respect to the results obtained on the lamellar structure. However, for

PS cylinder structure, some holes are merging together along the grain boundaries because the
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PMMA walls between them are too small. These defects are visible on both AFM and SEM images,

meaning that it is not a defect resulting from the infiltration step.

For in-plane orientation, the structures produced after infiltration and plasma are highly
dependent of the BCP layer thickness. As shown in Figures 60.a-h, four configurations (1/2 or 3/2
layers) were envisaged in this work. However, the 3/2 PS cylinders case (Figure 60.d) produced a
similar topographical pattern as the 1/2 layer after hybridization (see Figures 60.g-h).

a b

C d
e f g h

Figure 60. Schematics of in-plane (a) monolayer and (b) bilayer of PMMA and (c-d) PS cylinders before
hybridization and (e-f) after PMMA infiltration and PS etching. (Red, blue and gray are PMMA, PS and Alz03
respectively).

The 1/2 layer case can be obtained by reducing the BCP thickness to half the periodicity,
i.e. around 15 nm, and by modifying the substrate surface interface to be PS or PMMA affine for
PMMA or PS cylinders, respectively. Using the optimized parameters summarized in Table 3, the
Figures 61.a-b and Figures 61.c-d show the resulting in-plane PMMA and PS cylinder 1/2 layers

respectively, with a fingerprint-like pattern.
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Figure 61. Structural analysis of an in-plane (a-b) PMMA and (c-d) PS 1/2 layer of cylinder forming PS-b-
PMMA. (a,c) AFM phase images after thermal annealing, (b,d) SEM images after infiltration and plasma. Top
right insets are the corresponding FFTs. Scale bars: 500 nm.

The overall pattern is similar to out-of-plane lamellae, but showing higher line roughness
and more defects. The FFT of the AFM images of PMMA and PS cylinders give a 33 nm and 31 nm
periodicities, respectively, which theoretically should be equal to the cylinder-to-cylinder
distances measured from the out-of-plane structures. However, these values are significantly
lower (33 nm vs 37 nm and 31 nm vs 36 nm), which can be explained by chain compressing due

to the formation of half cylinders.

As schematized in Figure 60.f, PMMA cylinders can provide an interesting topographic
pattern after hybridization, when the thickness is increased to provide a 3/2 layer. In this case,
the thickness should be around 1.5 time the periodicity, i.e. 46 nm. Using the optimized
parameters summarized in Table 3, the Figures 62.a-b show the resulting AFM image of in-plane

3/2 layer of PMMA cylinders with the same fingerprint pattern than the 1/2 layer.
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Figure 62. Structural analysis of an in-plane PMMA cylinder bilayer. (a) AFM phase image after thermal
annealing, (b) SEM image after infiltration and plasma. Top right insets are the corresponding FFTs. Scale
bars: 500 nm.

As predicted theoretically, the topographic pattern is indeed different after hybridization
than the 1/2 layer, but due to cylinder collapsing during etching, the pattern is messy, and this
structure is not suitable for further stacking because of the poor overall lateral order. However,
the periodicity measured from the FFT did increase to 37 nm, which is now equal to the out-of-

plane cylinder-to-cylinder distance as expected theoretically.

Even if these different in-plane structures are interesting for stacking methods; the
requirement of a precise thickness of the BCP layer is too complex with respect to the production
of fingerprint pattern from out-of-plane lamellae. Furthermore, the thermal annealing process
had to be adapted for each situation in order to obtain well-defined self-assembled structures.

Thus, these in-plane structures were not studied further.

II1.3.A.iii/ Spherical PS-b-PMMA for the formation of dot or hole

patterns

The last simple periodic structure obtained from PS-b-PMMA self-assembly is a spherical
structure, which can be either PS spheres in a PMMA matrix or the opposite. In this case, there is
no possible in-plane/out-of-plane classification since it is a 3D structure. However, it is possible
to control the sphere packing as body-centered cubic (BCC) or hexagonally close packing (HCP),
and the orientation of the plane at the free surface (BCC (100) or HCP (0002)) by controlling the
thickness or by using directed self-assembly [23], [24]. We only studied the self-assembly of
sphere-forming PS-b-PMMA for the 1/2 layer and 3/2 layer cases.

The 1/2 layer case can be obtained by reducing the thickness to half the periodicity, i.e.
around 15 nm, and modify the substrate interface to be PS or PMMA affine for PMMA or PS
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spheres, respectively. Using the optimized parameters summarized in Table 3, the Figures 63.a-b
and Figures 63.c-d show the resulting 1/2 layer of PMMA and PS spheres respectively, showing
the HCP expected structure [23].

Figure 63. Structural analysis of a (a-b) PMMA and (c-d) PS 1/2 layer of spheres forming PS-b-PMMA. (a,c)
Phase AFM image after thermal annealing, (b,d) SEM image after infiltration and plasma. Top right insets
represent images FFT. Scale bars: 500 nm.

Two kind of HCP spheres were obtained with this process, giving hexagonally packed dot
and hole patterns, but with a lower order than the ones obtained from out-of-plane cylinders. The
measured periodicity from the FFT analyses gives 32 nm and 31 nm for PMMA and PS spheres,
respectively, giving a center-to-center distance of 37 nm and 36 nm respectively. These values are
in good agreement with the theoretical 34 nm and 33 nm calculated periodicities. Contrarily to
the in-plane 1/2 layer of cylinders which showed a smaller periodicity than expected, the
spherical structures seem here unconstrained. Also, the poor order with no grains showing a

single orientation might be explained by a shorter process optimization during this study.

As for in-plane cylinders, an interesting topographic pattern can be formed with two layers

of HCP spheres, which should be obtained for 3/2 layer thickness, i.e. 46 nm [23]. Using the
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optimized parameters summarized in Table 3, the Figures 64.a-b show the resulting 3/2 layers of

PMMA spheres.

Figure 64. Structural analysis of a PMMA sphere bilayer. (a) AFM phase image after thermal annealing, (b)
SEM image after infiltration and plasma. Top right insets are the corresponding FFTs. Scale bars: 500 nm.

The AFM phase image shows the same hexagonally packed structure and the same
periodicity as in the monolayer case. Unfortunately, the collapse of the top layer of spheres during
the plasma step was not vertical, leading to a poor overall self-assembled structure. This structure
and etching step might be optimized to provide interesting well-ordered non-native patterns,

which were obtained by a two-step process by Jin et al. for PS-b-PDMS [25].

I11.3.B/ Tuning the structure periodicities

This part will focus on the tuning of the periodicity of the self-assembled structure by
modifying the yN value to explore the phase diagram along vertical paths. This study is mandatory
for further stacking, since precise size ratios will be required for commensurate stacking (see

Chapter I11.4.A/).

In order to increase or lower the periodicity of a BCP structure, a possible route is to
synthesize or buy plenty of different BCPs with the adequate composition and degree of
polymerization. However, even if the anionic polymerization of PS-b-PMMA is well-mastered, it
can be tedious and time-consuming. Besides, it is difficult to precisely target a periodicity despite
the living-controlled character of the anionic polymerization. Nevertheless, this approach was
successfully used to study the relationships between the degree of polymerization and the self-

assembly properties (variation of domain spacing) [26], [27].

A second approach to modify the periodicity, which is the one used in this Ph.D., can

overcome these difficulties by blending high and low molar mass BCPs with a similar f£7. Indeed,
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a blend behaves as an intermediate BCP according to the mixing ratio, which can be predicted

theoretically [28].

As explained before, only out-of-plane structures will be studied for the stacking study,

thus three different vertical paths were investigated:

e PS-b-PMMA BCPs with fEF ~ 0.50, giving lamellar structure and a linear & space pattern
after hybridization. This pattern will be named L for line & space;

e PS-b-PMMA BCPs with fE¢P ~ 0.70, giving PMMA cylindrical structure and a hexagonally
packed dot pattern after hybridization. This pattern will be named D for dot pattern;

e PS-b-PMMA BCPs with f5P ~ 0.30, giving PS cylindrical structure and a hexagonally packed
hole pattern after hybridization, also called honeycomb. This pattern will be named H for hole

pattern.

For the sake of simplicity, until the end of this chapter and for the rest of the study, the
patterns will be named with a letter describing the structure (L, D or H), followed by a number
accounting for its the size (periodicity for line & space pattern and center-to-center distance for
dot and hole patterns), e.g. Hao for a hole pattern with a 40 nm center-to-center distance. Also, we

opted to start from the well-mastered patterns presented in the previous part, i.e. L9, D37 and Hzs.

First, the smallest self-assembling BCPs, i.e. close to the order-disorder transition, were
targeted for the three different structures:

e Forlamellae, the theoretical order-disorder transition is around yN = 10.5 for a symmetrical
BCP, giving N = 276 in the PS-b-PMMA case, i.e. M;, = 28 kg/mol. This BCP has a theoretical
periodicity of 20 nm. This specific BCP was not available, however, by using a smaller
“lamellar” BCP which does not segregate, 13b12, and mixing it with the 27b22 BCP, smaller
lamellae were obtained. The minimum periodicity obtained following this method was 22 nm
lamellae (L22) when 13b12 is mixed to 27b22 in a 4:1 volume ratio (Figure 65.a);

e For PMMA cylinders, the theoretical minimal periodicity is 23 nm for a 25 kg/mol PS-b-PMMA

"BCP = 0.7). Experimentally, this 23 nm periodicity has been reached with the 21b8 BCP
(Figure 65.b), giving a 26 nm center-to-center distance (Dzs);

e For PS cylinders, a 37 kg/mol PS-b-PMMA (f5F = 0.3) should theoretically give the minimal

achievable periodicity, 25 nm. As for lamellae, this polymer was not available, but the 15b41

periodicity has been lowered from 32 nm to 28 nm by blending it with 8b10 at a 1:4 volume

ratio (Figure 65.c), giving a 32 nm center-to-center distance holes (Hsz).
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Figure 65. AFM phase images of the smaller PS-b-PMMA patterns reached for out-of-plane (a) lamellae (22
nm periodicity), (b) PMMA cylinders (23 nm periodicity) and (c) PS cylinders (28 nm periodicity). Top right
insets are the corresponding FFTs. Scale bars: 500 nm.

Surprisingly, these very small BCP structures leads to poorly resolved patterns, i.e. the
boundaries between the PS and PMMA domains are not sharp, even if a good long-range ordering
(as proven with FFT insets) is obtained due to smaller BCP chains leading to a higher chain
mobility. It is important to notice that the thermal annealing temperature had to be lowered by
30 °C for each case as compared to the standard processes in Table 10. This was required to
prevent polymer degradation, which occurs at a lower temperature for low molecular weight
BCPs [29].

Secondly, to reach bigger sizes, high molar mass polymers giving lamellae, PMMA
cylinders and PS cylinders were used, leading to 3 larger patterns:

e Forlamellae, 85b78 was self-assembled with the exact same process than 27b22 (see process
in Table 10), leading to a poorer ordering than the standard line & space pattern presented in
Figure 66.a. The FFT gives a 62 nm periodicity, close to the 65 nm predicted theoretically.

e For PMMA cylinders, 101b37 was self-assembled with the exact same process than 33b15 (see
process in Table 10), showing a mixed in-plane/out-of-plane orientation (Figure 66.b),
certainly due to the low thickness as compared to its periodicity (35 nm film thickness as
compared to a 66 nm periodicity measured from the FFT). This value is higher than to the 59
nm predicted, but the mixed organization distorts the periodicity measured by FFT.

e For PS cylinders, 44b109 was self-assembled with the exact same process than 15b41 (see
process in Table 10). As for PMMA cylinders, the structure is a mix between in-plane and out-
of-plane cylinders (Figure 66.c). The FFT gives a 71 nm periodicity, again higher than the 64

nm expected.

The three structures present a poor ordering because the low y value of PS-b-PMMA does

not provide a strong enough segregation force to self-assemble long chains [30].
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Figure 66. AFM phase images of the bigger PS-b-PMMA patterns reached for out-of-plane (a) lamellae (62 nm
periodicity), (b) PMMA cylinders (66 nm periodicity) and (c) PS cylinders (71 nm periodicity). Optimized (d)
lamellar pattern by increasing thickness from 35 nm to 163 nm (60 nm periodicity), (e) PMMA and (f) PS
cylinders by blending it with smaller BCP (both 55 nm periodicity). Top right insets are the corresponding
FFTs. Scale bars: 500 nm.

To increase the quality of the self-assembly and to obtain useful layers for further stacking,
two different strategies were investigated: blending with a small amount of a low molecular
weight BCP to increase the overall chain mobility [31], and increasing the thickness to modify the
ratio between interfacial and bulk energies. For cylindrical structures, blending with a smaller
BCP drastically removed the mixed orientation and increased the long-range order. For lamellae,
the thickness increase has a strong impact on the self-assembly quality. However, in this case,
thicker film with a much better lateral order can only be used for the first layer during stacking,

but not for the subsequent layers (see Chapter 1V/).

The thermal annealing step did not require any modification and the optimized
experimental processes for larger structures are:

o For lamellae, the solution concentration was increase to 4 wt.%, forming 163 nm thick films,
leading to a well-ordered pattern (Figure 66.d) with a 60 nm periodicity (Leo-, -t for thick),
which is 2 nm lower than the “thin” one, certainly due to the reduction of defects;

e For PMMA cylinders, the 101b37 BCP was mixed with 33b15 in a 4:1 volume ratio (Figure
66.¢), forming a well-ordered hexagonally packed cylinder array with a 55 nm periodicity, i.e.

64 nm center-to-center distance (Dea4);
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e For PS cylinders, the 44b109 BCP was mixed with 15b41 in a 3:1 volume ratio (Figure 66.f),

leading to a 55 nm periodicity, i.e. 64 nm center-to-center distance (He4).

Then, blends between the three “standard” BCP patterns (L2, D37 and H3zs) and smaller
(L22, D26 and H3z) or bigger (Lez, Des and Hes) ones were performed to apprehend the dependency
between the blend ratio and the final structure size. The results for line & space, dot and hole
patterns (Figures 67.a-c) show a power law dependency between the number average molecular
weight of the blend and the structure periodicity. A 2/3 power exponent is theoretically expected

[32], which is almost the value observed here.

a 80 b C
’
70 P o
=0038x°% —0021 0 O y=0008x""" ,
60 ¥ 0 y p
ﬁ 0% o o
E 50 Q7 ’1
£ o 0
2 ’ ;
£ 40 o & g
3 5 K 5
7 0 0 o
o 30 /6 ® 3 l, b
>4 o ,
- @ s
& o p
o 0 ,
0L - s R ‘
20 30 40 5060 80100 200 20 30 40 5060 80100 200 20 30 40 5060 80100 200

Average molar mass (kg/mol) Average molar mass (kg/mol) Average molar mass (kg/mol)

Figure 67. Evolution of the periodicity with the number average molecular weight of binary blends between
the “standard” PS-b-PMMA and a lower or higher molar mass BCP for (a) lamellae, (b) PMMA cylinders and
(c) PS cylinders. Blue dots are experimental periodicity measured from the AFM FFTs, and red dotted lines
are the power fits.

A noteworthy periodicity gap is observed for PS cylinders for low molecular weight
(Figure 67.c) due to the thermal annealing temperature modification, which is not observable for
other morphologies. Also, for large lamellae, this study was performed with standard thickness,

i.e. 35 nm, since the thickness had no significant impact on the periodicity.
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I11.4 / Preparation for iterative stacking

Taking into account the results obtained in the previous parts, we can now precisely
choose a BCP blend composition and the associated process to target a specific structure and
periodicity, from L2, to Leo, from D26 to Des, and from Hs, to Hes. Such versatility will be further
used to produce interesting stacking behavior by playing on the commensurability between the

self-assembled layers.

II1.4.A/ Geometrical considerations

A quick reasoning about geometry is necessary because of the hexagonal symmetry of D
and H structures, and the linear symmetry of L structure. Figure 68.a shows the 5 different
noticeable ratios which can be reached within our periodicity range: 1, 2/v/3, 3/2, v/3 and 2.

Obviously, the inverse values of these ratio will give the same interesting results.
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Figure 68. Schematics of (a) noticeable distances in a hexagonally packed structure and (b) resulting
structure by adding a (top) red hexagonal or (bottom) linear array on top of the initial blue hexagonal array,
with a size scaled with a given ratio.

The possible organizations with the 5 different periodicity ratios are described in Figure
68.b, showing the stacking of two hexagonal arrays, and the same for a hexagonal array and a
linear one. Thus, the targeted sizes are obtained by multiplying or dividing the three standard

sizes (28, 32 and 37 nm) by these 5 ratios (Table 11).

Ratio 1V3 | 2/3 | 32 1 2/V3 | 3/2 V3 2
Sizefor28nm | 16nm | 19nm | 24nm | 28nm | 32nm | 42nm | 48nm | 56 nm
Sizefor32nm | 18nm | 21nm | 28nm | 32nm | 37nm | 48nm | 56 nm | 64 nm
Sizefor37nm | 21nm | 25nm | 32nm | 37nm | 43nm | 56nm | 64nm | 74 nm

Table 11. Listing of every size with noticeable ratio for a 28, 32 and 37 nm reference size. Shaded cells are the
non-reachable size with the PS-b-PMMA used in this study.

This table summarizes the large variety of noticeable sizes for stacking, even if some of
them are not reachable due to the limited periodicity range obtained for PS-b-PMMA. Also, the
sizes with less than 1 nm difference were merged together since it is the experimental precision

of the size measure. Thus, the targeted periodicities for each BCP structure are the following:
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e For lamellae: Las, L2g, L3z, L3y, La, Lasg, Lse and the thick ones, Laa.t, L37-t, Laz-t, Lag-t, Lse-;
e For PMMA cylinders: Dzg, D32, D37, D42, Das, Dse, Des;
e For PS cylinders: Hsz, H37, Haz, Has, Hs6 and Hea.

I11.4.B/ Resulting 2D-structures

All the experiments for the target structures were carried out and analyzed by SEM and
GISAXS after hybridization and a long plasma (called ashing (40 sccm O, 20 W, 3 min)) to remove
all the PS, as presented in Figures 69.a-b.
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Figure 69. (a) SEM images and (b) GISAXS spectra of every targeted 2D-structures, rows with pattern type (L
for line & space, L-t for thick line & space, D for dot and H for hole patterns) and column with pattern size

(periodicity for line & space pattern, center-to-center distance for dot and hole patterns). Blank mean that
the 2D-structure was inaccessible. Scale bar: 500 nm.
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The overall structure quality was estimated by calculating the correlation length from
large-scale SEM images (Table 12) (see Annex 3.B/ for the computational details and Annex 4/ for
the large-scale images). The correlation length is a measure of the grain size, and a high value
means that the structure is well-ordered. As we can observe from the SEM images, the lamellar
lateral ordering is effectively increased by increasing the thickness, with an increase of the
average correlation length of 50% between L3; to Lsz, and more than 100% for higher
periodicities. Also, these correlation lengths also prove that each morphology has better ordering

and less defects for low M, BCPs, as observed previously from AFM measurements.

These structures were also analyzed by GISAXS (Figure 69.b), which allows the precise
determination of the structure, its orientation, and the periodicity (see Annex 3.C/ for GISAXS
details). The BornAgain software was used to simulate the GISAXS spectra. For instance, the Lsg
experimental spectrum (Figure 70.a) was simulated by creating a 19.2 nm high and 10.8 nm width
perfectly sharp alumina lamellae with a 28.9 nm periodicity (Figure 70.b), giving a very similar

spectrum.
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Figure 70. (a) Measured and (b) simulated GISAXS spectra of a Lzs layer after hybridization and PS removal
by 3 min plasma. (c) Schematics of the Ewald sphere representation for the GISAXS geometry, with the
characteristic positions of the scattering signals along the q. axis.
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The interpretation the GISAXS spectra is divided in two parts:
o The z dimension along the g, scattering vector, giving information about periodical pattern
perpendicular to the substrate;
e The lateral dimension along the gy, scattering vector, giving information about periodical

pattern parallel to the substrate, which can be reduced to g, due to the GISAXS geometry.

In our case, the GISAXS spectra do not show proper intensity signals, Bragg sheets or
extinctions along the g, scattering vector, which is in accordance with the out-of-plane orientation
of the studied structures. However, some interesting information can be deduced from
characteristic signals, thanks to the Ewald sphere representation (Figure 70.c). The specular peak
is experimentally observed for g, = 0.252 nm-! which gives a scattered angle of 0.356°, which is
very close to twice the theoretical incident angle used for the experiments, i.e. 2 X 0.18°. Also a
horizontal band is visible slightly below the specular peak, called the Yoneda band [33], due to
waveguide modes and the roughness of the sample. In our case, the substrate surface is effectively
rough due to the process: some Al;03 can grow inside the PS domains, leading to porous Al,03
residues [34]. Thus, the position of this band depends of the sample size and composition, and for
instance, for Lzg, this peak is centered for q, = 0.242 nm-1, which gives a scattered angle of 0.342°.
This band should be obtained for a scattered angle equal to the sum of the incident angle and the
critical angle of the sample. Knowing the experimental incident angle thanks to the specular peak,
it is possible to conclude that for Lyg, the critical angle of this thin film is 0.164°, which is indeed
lower than the Al;03 critical angle value (0.289°) since the thin film is composed of not fully dense

alumina due to SIS and voids.

Interestingly, for several GISAXS spectra, two Yoneda bands are observed, meaning that
the vertical composition of the thin film is not constant. Another interesting effect is occurring for
thick layers, with horizontal interferences around the Yoneda bands. This is due to remaining PS
from the ashing process, which was optimized to remove the PS from the standard thickness, i.e.
35 nm, and not for the thicker ones (here 163 nm). This forms a rough interface parallel to the

substrate surface, composed of PS and some Al,03, which produces narrow horizontal scattering.

For the lateral dimension, it is clear that every structure spectrum shows vertical bands
(called Bragg rods), proving that the structures are indeed out-of-plane, as observed with the
simulation of lamellae. Thus, these spectra can be integrated along gy, which gives intensity plots

over the scattering vector q,, (Figure 71). The scattering peak sequences and positions are then

related to the structure morphology and periodicity (see Chapter I.1.A.iii/).
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Figure 71. Integrated GISAXS spectra along qy giving an intensity vs scattering vector plot for line & space,

thick line & space, dot and hole patterns (from left to right) with small to high periodicities (from bottom to
top). Each peak position was enlightened.

Here, for each patterns the characteristic sequences are retrieved, with q, /q" = 1,2,3,4,5

for lamellae (line & space pattern) and q,,/q" = 1, \/3,4/4,/7,4/9 for hexagonally packed cylinders
(dot and hole patterns). Then, by analyzing the position of the first peak, g*, it is possible to
retrieve the periodicity (2m/q*) and the domains spacing, which is equal to the periodicity for line
& space pattern and 2/+/3 times the periodicity for dot and hole patterns to obtain the cylinder-
to-cylinder distance (Table 12).

Also, the width of the Bragg rods and the number of observable peaks is representative of
the overall quality of the self-assembled structures. It is clearly observable that structures with a
small periodicity are better ordered than the ones with high periodicity, corroborating the SEM
results. Also, a slight improvement of structure quality can be observed between standard line &

space and thick line & space patterns.

Interestingly, for most of the spectra, the Bragg rods show some extinctions along g, due
to the form factor of the structure, i.e. in our case, the thickness and the structure shape. Indeed,
the structures are not perfect trenches, pillars or holes due to the plasma etching step. This is why
the generated spectrum for lamellae shows these extinctions, due to perfectly parallel interface
between the top of the sharp lamellae and the substrate surface, while the experimental spectrum
does not. However, we can see that the extinctions are not at the same position for every sample,

which means that this complex phenomenon depending on the structure, size, hybridization
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process etc... could be deciphered by studying the variation of the Bragg rod intensity along g,.
This was not pursued during this study due to the extensive time needed for these simulations

(limited computing power).

Finally, the Table 12 sums up all the characterizations made for these different targeted

2D-structures.

Name | Blend composition Annealing Domains spacing | Correlation length
Loa 27b22:13b12 1:1 230 °C - 10 min 24.7 nm 807 nm
Los 27b22 260 °C - 10 min 28.9 nm 359 nm
L3z 27b22:85b78 4:1 260 °C - 10 min 32.4nm 157 nm
L3z 27b22:85b78 5:3 260 °C - 10 min 36.6 nm 126 nm
Laz 27b22:85b78 1:1 260 °C - 10 min 40.3 nm 124 nm
Lag 27b22:85b78 2:5 260 °C - 10 min 48.0 nm 101 nm
Lse 27b22:85b78 1:7 260 °C - 10 min 56.8 nm 110 nm
L32-t 27b22:85b78 4:1 260 °C - 10 min 32.4nm 229 nm
L37-t 27b22:85b78 5:3 260 °C - 10 min 36.3 nm 202 nm
Laz-t 27b22:85b78 1:1 260 °C - 10 min 39.9 nm 196 nm
Lag-t 27b22:85b78 2:5 260 °C - 10 min 48.0 nm 229 nm
Lse-t 27b22:85b78 1:7 260 °C - 10 min 54.5 nm 243 nm
D2s 33b15:21b8 1:7 200°C - 15 min 27.5 nm 777 nm
Ds; 33b15:21b8 1:1 200°C - 15 min 31.2 nm 332 nm
D37 33b15 230°C - 15 min 36.3 nm 335 nm
Dy 33b15:101b37 3:1 230°C - 15 min 41.5 nm 254 nm
Dasg 33b15:101b37 5:4 230°C - 15 min 47.9 nm 181 nm
Dse 33b15:101b37 2:3 230°C - 15 min 53.5 nm 182 nm
Dea 33b15:101b37 1:4 230°C - 15 min 66.5 nm 150 nm
Hs; 15b41:8b10 4:1 260°C - 5 min 32.2 nm 899 nm
Hs7 15b41 290°C - 5 min 35.4 nm 767 nm
Haz 15b41:44b109 3:1 290°C - 5 min 41.5 nm 257 nm
Has 15b41: 44b109 3:2 290°C - 5 min 46.5 nm 202 nm
Hse 15b41: 44b109 3:4 290°C - 5 min 54.2 nm 149 nm
Hea 15b41: 44b109 1:3 290°C - 5 min 64.7 nm 136 nm

Table 12. Process parameters for all the targeted 2D-structures with the domain spacing measured by
GISAXS and the correlation length by SEM image analysis (see Annex 3.B/).
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II1.5/ Conclusions

In this chapter, the experimental PS-b-PMMA phase diagram was explored in order to
better apprehend the relationships between the BCP macromolecular characteristics and the self-
assembled morphologies and periodicities. The self-assembly processes were also optimized in
order to obtain self-assembled structures of good quality (low defectivity and high correlation
length). Interestingly, the results were in good agreement with theoretical predictions, which will

further help us to prepare the iterative layering of these BCP thin layers.

The self-assembly process was completed with an immobilization step consisting in
transforming the PMMA domains into Al,03 while partially removing the PS domains. Within all
these structures, three particular structures were selected for subsequent layering because they
produce 2D patterns which are invariant with the film thickness: the out-of-plane lamellae, the
out-of-plane PMMA cylinders and the out-of-plane PS cylinders; forming after immobilization line

& space, dot and hole patterns, respectively.

Then, by varying the BCP degree of polymerization, it was possible to screen the ranges of
achievable periodicities, with a required process optimization due to the modification of BCP self-
assembly with respect to the BCP chain length. Finally, a selection of characteristic dimensions
according to geometrical considerations was done to prepare layers that would be stacked to form
more complex 3D nanostructures. Also, this selection was characterized more thoroughly, with

large SEM images and GISAXS analyses, in order to perform the stacking study on a sturdy basis.
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This fourth chapter presents the general process of iterative layering of self-assembled
BCP thin films that were previously immobilized (as described in the previous chapter). This
process was optimized for two layers while the resulting layer configurations were analyzed by

SEM and GISAXS.

An exhaustive study of every interesting stacking configuration was performed, by varying
three different parameters between the two stacked layers: the morphologies (line & space, dot
or hole patterns), the periodicity ratio (1:1, 2/\/3:1, 3/2:1, V3:1or 2:1), and the interfacial surface
energy between the layers (neutral, PS-affine or PMMA-affine)
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IV.1/ Introduction

The BCP self-assembly is an elegant method to form 2D or 3D patterns with a nanometric
period at a very low cost (with only the polymeric material and a simple self-assembly process).
Furthermore, the main drawback of this method inherent to the structural defectivity can be
solved using “smart” DSA techniques, the most common being graphoepitaxy and chemical
epitaxy. Nevertheless, the achievable patterns are also limited to the most thermodynamically
stable self-assembled structures, giving for instance lamellae, cylinders, spheres and gyroids for a
di-block architecture. Thus, three routes can be imagined to increase the complexity of self-
assembled patterns which could open new avenues for technological applications:

e Pre-patterning (topographically or chemically) the substrate to induce specific fields that
would force non-native self-assembly [1]-[3];

e Using more complex BCP architectures, with more than 2 blocks and different block
arrangements with respect to a linear architecture [4], [5];

e Stacking “simple” layers made from di-block copolymers to obtain 3D structures [6].

The two first routes have a significant issue: they require more complex tools to reach the
desired structure (nanolithography for pre-patterning, and chemical synthesis of complex BCPs).
Interestingly, these three routes are not incompatible, and can be used together to produce even

more complex structures [7], [8].

Accordingly, this chapter explores the “simple” stacking route, by performing iterative
stacking of the 2D layers produced in Chapter Ill/. The first part will present the optimized
processes to self-assemble a PS-b-PMMA thin film above a previously immobilized self-assembled
layer. Importantly, it has been observed that the interfacial energy between the two layers can
induce specific orientation and/or alignment of the second layer with respect to the first one.
Besides, theoretical considerations corroborated with simulations have been developed to

explain this “responsive layering” process.

Then, a study of every interesting stacking configuration was performed, varying three
parameters:
e Thelayer patterns which can be line & space (L), dot (D) or hole (H) patterns, giving 6 potential
bilayer stacking configurations (L-L, D-D, H-H, L-D, H-D and H-L);
o The ratio between the layer periodicities with five geometrically remarkable values (1:1,
2/V3:1,3/2:1,V/3:1 or 2:1);

o The interfacial energy between the layers (neutral, PMMA-affine or PS-affine).
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The resulting structures have been sorted in three categories according to the geometry
of stacked layers: both linear (L-L), both hexagonal (H-H, H-D and D-D), or mixed linear-hexagonal
(L-D, H-L).

149



CHAPTER IV: 3D-STRUCTURES FORMED BY ITERATIVE SELF-ASSEMBLY OF PS-B-PMMA FILMS

IV.2/ General process for the formation of stacked

nanostructures from BCP films

The formation of 3D structures by iterative self-assembly was performed in a three-step
process: the formation of a first immobilized BCP layer as described in the previous chapter, its
surface modification, and the formation of a second BCP layer on top of it. In this study, three
building bricks have been used for the implementation of the stacking methodology: out-of-plane
lamellae for the formation of line & space pattern (L), out-of-plane PMMA cylinders for the
formation of hexagonally packed dot pattern (D) and out-of-plane PS cylinders for the formation

of hexagonally packed hole pattern (H).

IV.2.A/ Formation of an immobilized BCP layer

After the formation of a nanostructured thin film of PS-b-PMMA on a modified Si substrate,
it is mandatory to “quench” the self-assembled pattern for the deposition of a subsequent BCP
layer. As described in the previous chapter, the immobilization was performed by SIS in order to
transform the PMMA domains into Al;03. The last step of the SIS process is a plasma etching step
used to “densify” the Al;03 domains through the PMMA removal. During this step, the plasma
treatment also etches partially the PS domains. This is of particular interest since: i) it allows a
fine control of the topography of the first layer which can be further used to direct the self-
assembly of the top layer [6], [9]; ii) it leads to the “screening” of the chemical fields of any
underneath layer by providing a complete coverage of the surface. In addition to the topographical
etch of the PS domains, the plasma treatment slightly crosslinks the PS domains which further

assures a mechanical integrity of the layer with respect to solvation [10].

IV.2.B/ Surface energy modification of the immobilized BCP layer

via RCP grafting

The immobilization process of the first nanostructured BCP film also yields to the
generation of a stable platform for the subsequent tuning of interfacial energy between the
stacked layers. Indeed, a standard ALD process was conducted after the plasma etching step in
order to deposit a thin Al;03 layer on top of the first layer. It further allows the modification of the
surface energy by grafting an RCP layer from this continuous oxide layer. Experimentally, we
opted to perform 10 cycles of standard ALD using TMA and H0 at 85 °C. This process leads to the
formation of an = 1 nm thick Al,O3 layer covering the whole surface [11]. The surface modification
via the grafting of RCP chains was subsequently performed on the passivated surface without

damaging the underneath structure (Figure 72).
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Figure 72. Schematics of the formation of an immobilized nanostructured layer from BCP self-assembly in
thin film (here obtained from out-of-plane PS cylinders in a PMMA matrix infiltrated by Alz03) followed by the
deposition of a thin Al:03 layer on top of the pattern in order to enable a further surface modification using
RCP grafting.

As opposed to the study performed in the previous chapter using only “fully” neutral
surface modification for the BCP domains (i.e. leading to an optimal out-of-plane orientation of
the BCP domains), three different configurations within the “out-of-plane” window (neutral,
“slightly” PMMA-affine, “slightly” PS-affine, denoted N, M and S respectively) were studied for the
stacking of two BCP layers. Accordingly, different compositions of the grafted layers, fRF, were
used and obtained through blending different PS-r-PMMA copolymers with different
compositions (see IV.2.D/ Structural characterization for details). The “slightly” PMMA-affine and
“slightly” PS-affine compositions were defined as the minimal and maximal fX¢? compositions for
which an out-of-plane orientation of the BCP structures were observed for a 35 nm film thickness

on a flat substrate.

Structure PS cylinders (H) Lamellae (L) PMMA cylinders (D)
Affinity | PMMA | Neutral PS PMMA | Neutral PS PMMA | Neutral PS
RCP 0.40 0.52 0.63 0.59 0.70 0.78 0.68 0.78 0.86
Name My Ny Su M., N Su Mbp Np Sp

Table 13. PS-r-PMMA blend compositions for “slightly” PMMA-affine, neutral and “slightly” PS-affine surface
modifications adapted for PS cylinders, lamellae and PMMA cylinders.

IV.2.C/ Deposition of the 2nd BCP layer and immobilization of the

stacked structure

After the passivation step, it is thus possible to perform the so-called iterative stacking.
This step follows exactly the same process as described before for a flat substrate. Nevertheless,
the self-assembly of the 2nd BCP layer takes place on a “patterned” substrate with both
topographical and chemical fields. Experimentally, after the adequate surface energy modification
of the first immobilized layer, a BCP thin film is spin-coated and thermally annealed to promote
the self-assembly of the second layer. The PMMA domains are then infiltrated with Al,O3 by SIS

(Figure 73) in order to stabilized the stacked structure.

BCP

thin film
—

Figure 73. Schematics of the self-assembly process of the 2nd BCP layer leading to the immobilization of the
stacked structure by SIS (here depicted for out-of-plane lamellar pattern on top of a hole pattern).

Thermal PMMA
annealing infiltration
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As observed on a flat substrate, an optimized composition of the RCP drives an out-of-
plane orientation of the self-assembled BCP structure. It is noteworthy that the same RCP
compositions in order to reach “full” neutrality for each structure was observed for the iterative
stacking step. It means that the Al,O3 passivation layer behaves as the native silicon oxide layer in

term of surface energy modification after RCP grafting.

Finally, the PS domains can be partially etched as done for the first layer to increase the
topography and then the same iterative process can be performed again for the stacking of more
than two BCP layers. The overall iterative structures formed following this process are labelled as
the first layer name (structure and size), followed by the RCP name, and the second layer name,
e.g. H32-My-L3; for a hole pattern with a period of 32 nm modified by a “slightly” PMMA-affine RCP
layer with a top line & space pattern with a period of 32 nm. This labelling can be extended as well

for more than 2 layers.

IV.2.D/ Structural characterization of the stacked BCP layers

After the stacking process of n (n = 2) self-assembled and hybridized PS-b-PMMA layers,
non-native 3D-nanostructure are produced. To understand the stacking rules as a function of the
BCP macromolecular parameters and the different self-assembly processes, it is required to
precisely characterize the resulting structures. This can be done via direct visualization of the
nanostructure by AFM or SEM, or using highly sensitive scattering techniques such as grazing

small-angle X-ray scattering (GISAXS).

The most convenient method is the direct observation by top view SEM after an ashing
step, i.e. removing the whole PS domains from the nanostructure, as performed by Rahman et al.
[6]- The objective of this ashing step is to fully remove the PS domains, without deteriorating the
inorganic nanostructure. Indeed, the overall Al,O3 structure is composed of very thin features,
with characteristic sizes from 10 to 50 nm, which can be easily damaged during the ashing step.
Thus, a low energy oxygen plasma treatment was performed (40 sccm at 20 W) for a duration
optimized with respect to the stacked structure (Figure 74.a). Obviously, this duration is
dependent on the number of layers to etch, but also on the kind of features (i.e. the Al03 content
in the stacked structure). For instance, a hole structure which contains more Al;03 than a dot
structure for a constant thickness is more robust to the ashing step while the dot structure could

collapse.

After ashing, it is possible to observe the top view projection of the 3D nanostructure with
SEM. This was done routinely for bilayers to observe the produced structures, and to study the

stacking orientation rules. Figure 74.b presents the stacking of a L3, layer on top of a H37 layer with
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a PMMA-affine interfacial modification cropped to present a unique well-defined grain. Indeed,
the FFT analysis of the SEM image (Figure 74.c) presents characteristic peaks of a hexagonal
symmetry (bright dots arranged in a hexagonal array) from the Hjz; pattern, with also the
characteristic fringes of a linear symmetry (bright parallel fringes evenly separated) from the Lz
pattern. Interestingly, the bright lines are crossing the bright dots, due to the same periodicity of

both layers (37 nm of Hs7 is the domain spacing, leading to 32 nm periodicity).

, b T

|
A
= |
T

Figure 74. (a) Schematics of the PS complete removal step called ashing, leading to a fully inorganic 3D
nanostructure (here depicted for a line & space pattern on top of a hole pattern). (b) SEM image of the ashed
structure corresponding to the schematics (here formed with Hs7-M.-L3z), and (c) FFT analysis of the SEM
image. Scale bar: 100 nm.

However, this method shows some limitations. Indeed, a top layer with a high Al;03
content can “hide” a nanostructure formed by a BCP underlayer with a lower Al;03 content.
Experimentally, it was very difficult (even impossible in some cases) to observe dot patterns
below line & space or hole pattern, and line & space pattern below hole pattern. This problematic
is even more present during the characterization by top-view SEM of more than two stacked
layers. Accordingly, the structural characterization of the stacked structures was also performed
by “indirect” techniques such as GISAXS (see Annex 2.C/) to confirm the stacking rules and
characteristic dimensions of the nanostructures. As anote, the g, = g, and q, axes on the GISAXS
images were not placed on the GISAXS images for the overall clarity of the assembled figures.
Nevertheless, all GISAXS images presented in this chapter have the same size and the

corresponding q, and q, axes are detailed on Chapter 111/Figures 70.a-b.

IV.2.D/ The concept of responsive layering

The objective of this chapter is to decipher the stacking rules between two BCP layers for
the nano-manufacturing of non-native structures from BCP self-assembly in thin films. This
encompasses the understanding of the mechanisms driving the relative alignment and orientation
of the top layer with respect to the bottom one - a concept so-called “responsive layering”.
Considering two perfectly ordered BCP layers, the stacked nanostructures can be easily computed
with the following parameters:

e The structure type of both layers (L, D or H);

o The ratio of the domain spacing of the BCP layers;
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o The relative angle between both structures;

o The pattern translation along x and y axis between both structures.

The screening of all these parameters would lead to an “infinite” number of bilayered
structures. However, it is possible to select specific bilayer configurations that would be
thermodynamically more stable because of symmetry rules, as dictated by de Curie-Rosen
principle [12]. To that extent, the stacked structure symmetry has been quantified with two
parameters:

o The symmetry group of the produced pattern, also called the 2D wallpaper group, which can
be one of the 17 possible groups [13];
o The s size of the fundamental domain, i.e. the repetitive unit of the pattern, which should be the

smallest possible.

Thus, it is possible to sort out the bilayered structures in two categories: i) the second
layer is randomly configured (orientation and alignment) with respect to the first one (no
registration mechanism); ii) a specific registration occurs which leads to a remarkable structure.
In this case, the underneath mechanism linked to the registration of the 2nd layer with respect to
the first one is called “responsive layering”; i.e. the first layer dictates the orientation and

alignment of the 2nd layer.
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IV.3/ Stacking of two layers with lamellar symmetry (L-L)

This part focuses on the simplest stacking configuration: two layers of line & space
patterns created from lamellae forming PS-b-PMMA BCPs, called L-L stack. In general, the BCP
lamellar morphology produces fingerprint patterns in thin films which have only a local
translational order. The translational order of the lamellar morphology can be improved using
directed self-assembly techniques, e.g. with graphoepitaxy or chemo-epitaxy. Thus, stacking two
layers of such unidirectional structure have two remarkable orientations: the two line & space
arrays are either parallel or orthogonal. Any other orientation between the layers clearly hints an
independent self-assembly behavior between the layers which is characteristic of a “non-

responsive layering”.

Interestingly, in the case of parallel orientation, the produced stacking is different than the
2D wallpaper group, and is called a line group. Indeed, in this case the pattern is infinitely repeated
along the line direction. Thus, the pattern description is only made by the symmetry along the axis
perpendicular to the lines. There are two possibilities: either there is a mirror reflection along this
axis and the symmetry group is plm, or the symmetry group is p1. In the other hand, for the
perpendicular orientation, the pattern produced is 2D, and can be described by one of the 17

possible 2D wallpaper groups.

IV.3.A/ Stacked structures formed from lamellar PS-b-PMMA BCPs

with the same periodicity

IV.3.A.i/ Expected configurations between the two stacked line & space

patterns

In the case of stacking two line & space arrays with the same periodicity, responsive
layering can lead to four particular bilayered structures:

e The top lamellar structure is parallel to the bottom line & space array, with either the PMMA
or the PS domains being registered above the alumina lines, leading to a line pattern with the
p1lm symmetry (Figures 75.b-c);

e The top lamellar structure is parallel to the bottom line & space array, with half-PMMA /half-
PS domains being registered above the alumina lines, leading a line pattern with the p1
symmetry (Figure 75.d);

e The top lamellar structure is orthogonal to the bottom line & space array, leading to a 2D

wallpaper grid pattern with a pAmm symmetry (Figure 75.e).
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. Substrate . ALQ, (1st layer) I:l AlLO, (2nd layer) . PS . PMMA
Figure 75. 3D schematics of (a) the Alz0s line & space pattern after immobilization stacked with (b) the
PMMA domains registered on top of the alumina lines, (c) the PS domains registered on top of the alumina

lines, (d) half of the PMMA and PS domains registered on top of the alumina lines, (e) the PS-b-PMMA

lamellar structure perpendicularly oriented to the Alz0s lines. Bottom schemes are the expected idealized
top-view SEM images.

Besides, a random orientation between both layers should be observed if no responsive
layering occurs. It is possible to simulate the resulting top-view SEM image of a random
orientation of the two patterns after ashing through the overlay of two SEM images with an
arbitrary angle between them. For instance, Figure 76 shows the result of such treatment with a

random stacking configuration obtained from a top view SEM image of two L2g layers (L2s-L2s).

4

Figure 76. Simulated Lzs-L2s random stacking top view SEM image made by overlaying the same Lzs SEM
image with an arbitrary rotation angle between them. Scale bar: 500 nm.

It is noteworthy that regions with parallel and perpendicular orientations are present in
the simulated SEM image, but most of the regions are composed of crossing lines with a random
angle, leading to a pattern composed of lozenges. Thus, responsive layering is only taking place if

and only if a quantitative increase of one specific orientation can be observed with respect to the
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generated image with a random orientation. Interestingly, the results of the stacking of two line &
space patterns reported by Rahman et al. [6] (Figure 77) lacked such quantitative increase (i.e.
experimental SEM images with characteristic features close to the random generated one). The
conclusions drawn by the authors about “responsive layering” leading to an orthogonal

arrangement of the two line & space patterns are consequently dubious.

Figure 77. SEM image of two stacked layers of lamellar BCP with the associated 2D and 3D views of the
idealized grid structure, and the FFT recalculated from the local configuration. Reprinted from Rahman et al.

[6]

IV.3.A.ii/ Experimental bilayered structures from lamellar PS-b-PMMA

Experimentally, we have studied the stacking of two Lg layers using the aforementioned
process, with the three different interfacial coatings for lamellae, i.e. neutral, PMMA-affine or PS-
affine (compositions of the grafted interfacial layers are summarized in IV.2.D/ Structural
characterization). After the ashing of the PS domains by a long plasma treatment (4 min), the three
different patterns were observed using SEM (Figures 78.a-c), showing the top-view projections of

the superimposed layers. The corresponding GISAXS 2D pattern are given in Figures 78.d-e.

The neutral case (Figure 78.a) shows a decent grid pattern as compared to the random
generated one, with an angle close to 90° between both layers. However, due to the inherent
defectivity of BCP self-assembly, the translational order of the underlying line & space pattern is
poor, which results in multiple defects (edge dislocations and disclinations for lamellar structure
in thin films) localized mainly at the grain boundaries [14], [15]. The poor translational order of
the first BCP layer inhibits thus the generation of a perfect grid without further use of directed
self-assembly methods. The corresponding GISAXS pattern (Figure 78.d) is in accordance with the
SEM image. Intense Bragg rods along g, positioned in the characteristic g, /q* = 1,2,3 sequence
confirmed the production of a line & space pattern with a common periodicity for the two
superimposed layers with a measured L, = 28.7 nm which is identical to the L;s domain spacing.
Accordingly, the characteristic size of the top self-assembled structure does not appear to be

disturbed by the chemical and topographical fields induced by the underlying Al,O3 pattern. Even
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if GISAXS is a powerful methodology for the characterization of complex nanostructured surfaces,
the “polycrystalline” nature of the produced grid pattern (i.e. multiple angular orientations of the
two grid arrays) does not permit to retrieve the angular configuration of the two superimposed

line & space arrays.

Figure 78. (top panel) SEM images and (bottom panel) corresponding GISAXS spectra of two stacked Lzg
layers with (a,d) N. neutral interfacial layer, (b,e) M. PMMA-affine interfacial layer and (cf) S. PS-affine
interfacial layer. The top right insets show the idealized structures and FFTs. Scale bars: 500 nm.

Figure 78.b shows the structure obtained for two superimposed line & space patterns
separated by a PMMA-affine interfacial layer. From such top-view image, a unique line & space
pattern is observed. As the prolonged ashing by plasma treatment is expected to remove all
organic materials (i.e. the non-hybridized PS domains), we conclude to a registration between the
underlying Al;O3 lines and the PMMA domains of the top layer. Accordingly, a thicker Al,0O3 line &
space array is produced after the hybridization by SIS of the second BCP layer. The GISAXS data
presented in Figure 78.e are in agreement with this assignation as a sequence of Bragg rods such

as qy/q* = 1,2,3 is also retrieved. The periodicity of the thick line & space array was evaluated at

Lo = 29.3 nm, which is not significantly different than the L2s domain spacing.

Finally, the structure obtained for a PS-affine interfacial layer (Figure 78.c) is harder to
analyze since the top layer is constituted of “wavy” lines. From the top-view SEM image, the top
line & space array is collinear to the bottom one, but the registration between the bottom and top

arrays differs from the previous case. As a PS-affine interfacial layer was inserted between the two
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arrays, this structure results from a registration between the bottom alumina lines and the PS
domains of the second BCP layer. Indeed, the hybridization by SIS of the second layer results in
alumina lines positioned (at a different height) between the alumina lines of the first layer (see
Figure 75.c). The ashing step leads to a collapse of the top layer structure by removing all the PS
domains. This further results in the wavy pattern of the top array observed in Figure 78.c. The 2D
GISAXS pattern recorded for this sample in Figure 78.fis coherent with this configuration as only
two Bragg rods inherent to a weaker translational order of the structure are visible. Nevertheless,

a characteristic sequence q,,/q* = 1,2 is retrieved which confirms the formation of line & space

arrays with a common periodicity Ly = 29.3 nm.

IV.3.A.iii/ Long-range ordering of stacked line & space arrays

Even if a good understanding of the role of the interfacial layer between the two arrays
has been established from the previous study, it is more difficult to conclude on the orientation
control through the “responsive layering” approach. Indeed, the defectivity inherent to BCP self-
assembly on flat substrate (poor translational order) results in polycrystalline structures with a
low correlation length. To overcome this effect, a grooved patterned substrate was used to direct

the self-assembly of the first BCP layer by graphoepitaxy.

The patterned substrates used in this study were generated by a combination 193 nm
lithography and plasma etching in the LTM / CEA-LETI facility. They are composed of 60 nm deep
parallel trenches, with a 70 nm width and a 140 nm periodicity (Figure 79.a). The PS-b-PMMA
with a periodicity of 28 nm was self-assembled on the patterned substrate using the process
described in Chapter 111/ resulting in the formation of out-of-plane lamellae confined inside the
grooves and oriented perpendicularly with respect to the orientation of the trenches as observed
on the AFM phase image in Figure 79.b. This perpendicular orientation is coherent with the surface
modification by a neutral RCP of the grooved substrate as already reported in the literature for
lamellar PS-b-PMMA [16], [17]. This particular arrangement of the lamellae with respect to the
grooved substrate is indeed expected as it provides the configuration with minimal energy due to
both PS and PMMA domains facing a maximal interfacial area with the neutral RCP coating. It is
noteworthy that the AFM height profile demonstrates that using this standard process, a
topographical wave pattern with an amplitude of 6 nm remains from the underneath trenches.
This topographical pattern would induce a strong topographic field orthogonal to the one formed
at the time of the immobilization process. Even if the competition between the two topographical
fields could be interesting to further tune the morphology of the stacked structures, it will be
detrimental for a complete understanding on the “responsive layering” approach. In order to

attenuate the topography induced by the grooved substrate, the BCP layer thickness was
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increased by modifying the concentration of the BCP solution from 1.5 wt.% to 4 wt.%. This leads
to a thicker BCP film (around 160 nm) for which a good translational order of the PS-b-PMMA
lamellae is retained while the remaining topographical pattern has only an amplitude of 1 nm
(Figure 79.c). Such amplitude was considered as negligible with respect to the topographical

pattern created at the time of the BCP immobilization by the combined SIS and plasma treatments.
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Figure 79. (a) AFM height image of the grooved substrate used for directed self-assembly. AFM phase images
of (b) 35 nm and (c) 160 nm thick lamellae self-assembled on top of this pattern. Top right insets are the
respective FFTs. The topographical profile is given for each image in the bottom panel. Scale bars: 100 nm.

This 1st layer being now a “unique” L;g grain with only a few dislocations, it is possible to
perform the previously reported layering process using the standard thickness (35 nm) for the
2nd Jayer. The structures obtained for the different interfacial layers (i.e. neutral, PMMA-affine and
PS-affine) are shown in Figures 80.a-c and validate the conclusions made in the previous
paragraph, i.e. an orthogonal orientation of the 2nd layer is observed if the interfacial energy
between the layers is perfectly neutral (Lzs-Ni-L2g), and a parallel one if this interfacial energy is

slightly affine to one of the BCP domains.

Figure 80. SEM images of (a) L2s-Ni-Lzs, (b) L2s-M1-Lzs and (c) Lzs-Si-Lzs on top of a grooved substrate (the
initial trenches are vertically oriented on the SEM images) after the 4 min ashing treatment. Top right insets
are FFTs of the corresponding SEM images. Scale bars: 500 nm.
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Additionally, the two line & space arrays are perfectly stacked when the surface is affine
to PMMA (L2s-My-L2g), while an interfacial layer affine to PS (L2s-Si-L2g) leads to a collapse of the

top line & space array inside the spaces of the bottom array as shown in Figure 80.c.

The results obtained using directed self-assembly methods are more robust than the
previous ones, as they allow us to clearly distinguish the different stacking configurations. In
particular, three highly ordered configurations have been observed with a clear responsive
layering mechanism depending of the interfacial energy between the two BCP layers. The next
paragraph will propose different hypotheses regarding the mechanisms involved in responsive

layering.

IV.3.B/ Rationalization of the mechanisms involved in the

“responsive layering”

The previous results underlined the role of the surface modification between the two BCP
layers. Some insights on the mechanisms involved in the self-assembly of confined BCPs in thin
films can be gained from the extensive works on the directed self-assembly of lamellar PS-b-
PMMA systems by graphoepitaxy. In 2010, Han et al. [16] observed three possible orientations of
PS-b-PMMA lamellae confined in grooved substrate depending on the surface modification with
PS-r-PMMA (i.e. neutral and weakly affine towards PS or PMMA). In the study, the out-of-plane
lamellae were strongly confined into the trenches (see Figure 81), and energetical considerations
at the bottom surface and walls of the trenches were taken into account to explain the resulting
configurations of the PS-b-PMMA lamellae: i) the out-of-plane lamellae are orthogonally
orientated to the trenches if the substrate is fully neutral (i.e. neutral bottom surface and walls),
or ii) the out-of-plane lamellae are collinearly oriented to the trenches due to the PS (PMMA)

domain wetting at the walls for PS (PMMA) affine modification.

BCP
assembly
—_—

Homogeneous
topographic pattern

Fs = 0.47 F., =0.60 Fs, =0.78

§ |
P
=] §

Figure 81. Schematic of the directed assembly of lamellar PS-b-PMMA according to the styrene volume
fraction (Fst) of the PS-r-PMMA brush layer coated on the topographical trench pattern, with the associated
SEM images. Reprinted from Han et al. [16].
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In our case, the stacking process also leads to the generation of both topographical (PS/
Al;O3 pattern) and chemical fields (modification of the top interface of the 1st immobilized BCP
layer by different RCPs). Nevertheless, the 2nd BCP layer is not strongly confined by the
topographical pattern created by the 1st layer as its thickness is important with respect to the 1st
layer topography. Besides, the commensurability between the characteristic lengths of the two
patterns is always respected since the experimental results were obtained for two L,g BCP layers.
Accordingly, the rationalization of the various experimental behaviors should be based on

additional considerations which are commented in the following paragraphs.

IV.3.B.i/ Asymmetric surface areas due to the topographical field

A first consideration is related to the increased surface area due to the topography
produced by the immobilization by SIS of the 1st BCP layer. Indeed, the line & space pattern is not
sharp due to a gradient of block composition at the interface [18], related to the low segregation
strength (i.e. YN product) of the PS-b-PMMA system under study [19] and the non-isotropic
plasma etching process. It is rather composed of lines with curved walls, and the resulting bump
profile has been modeled with a rectangle having perfectly rounded edges as shown in Figure 82.a.
Thus, it is possible to geometrically estimate the surface variation with respect to a flat surface, as

function of the bump height h and width w, i.e. the line thickness and its half periodicity,

respectively:
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Figure 82. (a) Geometrical models used for the line & space pattern obtained from the immobilization of the
first BCP layer with the characteristic dimensions and (b) excess interfacial length associated to the
topography as function of bump height and width (blue dot is the simulated case taken into account for our
experiments). (c) Scheme illustrating the chain stretching effect due to the 1t layer topography.

This excess interface with respect to a flat surface was evaluated for each lamellar
periodicity studied during this work (Figure 82.b), and increases with the bump height h and

decreases with the bump width w.
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In the case of an interfacial treatment of the line & space pattern by PMMA- or PS- affine
RCPs, an energetic gain is obtained when the affine block registers on top of the bump, due to an
excess of affine area. However, this configuration generates chain stretching in the vicinity of the
topographical pattern as shown in Figure 82.c, resulting in an energy penalty. Interestingly, this
stretching penalty is completely relieved in the case of an orthogonal arrangement of the BCP
domains of the 2nd layer (the substrate curvature is orthogonal to the BCP chains) which is
experimentally obtained for a neutral interfacial treatment (formation of the orthogonal grid

pattern after ashing).

These two antagonistic energetic contributions were evaluated using a Matlab code
developed for the establishment of the orientational phase diagram of lamellar structures (see
Chapter 111.2.A.ii/ for the model and Annex 3.F/ for the Matlab code) taking into account the
topographical field induced by the 1stimmobilized BCP layer. Here we chose a patterned substrate
corresponding to the Lzs experimental case, i.e. a line & space pattern with a 28 nm periodicity
and a 5 nm bump height (blue dot on the Figure 82.b). Besides, we assumed that only chains at a
height lower than twice the bump height are constrained by the stretching penalty; thus the chains

at a distance higher than 2h are “relaxed” with Lgyce = Lfiq¢, and the chains at a distance lower

are stretched from Lfyee to Lyt = (Lﬂat + Lbump)/Z.

Finally, all possible orientations of the two layers were calculated leading to an
orientational phase diagram shown in Figure 83. The orientational phase diagram is composed of
two in-plane regions for strongly PMMA- or PS- affine interfacial layer compositions (not
experimentally study) and one out-of-plane window divided in three different configurations
depending of the affinity of the “near-neutral” layer, i.e. orthogonal to the topographical substrate
(fully neutral case) or parallel to the topographical substrate with either PMMA or PS domains
registered above the AL;03 lines. The results are in full agreement with the experimental

observations previously obtained on such stacked lamellar systems.
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Figure 83. Theoretical phase diagram of the orientation of lamellae as a function of the RCP composition and
film thickness on a patterned substrate with lines having the same periodicity than the second lamellar layer,
and 5 nm height. Blue, red and green areas are the out-of-plane, in-plane and island/hole structures,
respectively. (PS is in blue, PMMA is in red)

Interestingly, the overall structure of the phase diagram is not modified compared to the
one obtained for a flat substrate (see Chapter 1ll/Figure 53), with the same localization of the
transitions between the out-of-plane, in-plane and island/hole windows. This means that the
substrate patterning has a strong impact only for out-of-plane structures by orientating them
orthogonally or collinearly, and does not increase or decrease the out-of-plane stability region.
This can be understood as the energetical cost for chain compression above the bumps related to
the in-plane configuration is lower than the affine interfacial energetical contribution for extreme

values of fR¢P,

This model qualitatively explained the self-assembly behavior visualized for two stacked
Log layers, but its generalization to other stacked configurations is difficult. Indeed, it is based on
the comparison of energetical costs for each possible configuration which accordingly have to be
preliminary defined to be simulated. Thus, it requires to be able to identify all these
configurations, which was rather simple for the Ls-L2s case based on geometrical arguments.
Nevertheless, it would be rather tedious for more complex layering configurations such as the
ones with a hexagonal symmetry. Besides, an orthogonal configuration window between two
collinear ones is retrieved by simulation only if the bump height is lower than 5.5 nm, and for
higher values, the whole out-of-plan window has an orthogonal configuration. The experimental
bump height measured with AFM is = 10 nm (see Chapter 11l/Figure 57), which means that this
model might be too simplistic to be quantitatively used as it lays on a strong argument related to

the chain compression / stretching.
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IV.3.B.ii/ Pseudo-chemical epitaxy via the disordering of PS-b-PMMA

chains induced by a strong spatial confinement

For affine interface, the parallel orientation can also be explained by supposing that some
confined PS-b-PMMA chains of the 2nd layer are trapped in a disordered state within the
topographic space created by the line & space pattern from the 1st layer (Figure 84). This
mechanism leans on the close to neutrality surface energy of PS- and PMMA- affine interfacial
layers, and the low segregation strength of PS-b-PMMA (small y), leading to possible disordered
trapped chains. Indeed, both theoretical and experimental works have reported a drastic increase
of yN value for the order-disorder transition upon confinement for a ratio between the spatial
confinement size and the polymer gyration radius of around 1.4~1.5 [20], [21]. Thus, for a given
xN, reaching a ratio lower than this value means that the BCP is disordered within the
confinement walls. In the L2s-Ls, the trench width is half the period, around 14 nm here, and the
Ry of this BCP is approximately 10 nm, giving a ratio of ~1.4 which effectively corresponds to a
disordered state. Thus, a pseudo perfectly neutral interface toward the PS and PMMA domains is
generated between the Al;03 lines, while a weakly preferential coating is still present above them
due to the RCP grafting. Accordingly, a self-assembly mechanism driven by chemical epitaxy
occurs, leading to an energetical gain for the collinear configuration between the two line & space
patterns as shown in Figure 84, since a domain is facing an affine interface and the other a neutral

one.

Thermal
annealing

)

Lamellar PS affine Line & space Disordered Pseudo neutral
PS-b-PMMA interfacial layer patterned substrate confined PS-b-PMMA interfacial layer

Figure 84. Schematics of the responsive layering mechanism based on the disordering of PS-b-PMMA chains
inside the topographic spaces created by the line & space pattern from the 15t layer. Such mechanism leads to
a collinear stacking of both line & space patterns for lamellar BCP with the same periodicity. The example
shows the case where the interfacial layer is PS-affine, leading to the registration of PS lamellae on top of
Al20s lines of the 1%t layer.

For perfectly neutral interface, the collinear orientation does not generate an energetical
gain since both domains wet neutral interfaces (either from the grafting of the RCP on the top of
the Al,O3 lines or from the disordering of the PS-b-PMMA inside the topographic pattern). Thus,
the most stable configuration is the orthogonal orientation of the two line & space patterns, as no

chain stretching is involved in this configuration. As opposed, this pseudo-chemical epitaxy
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mechanism (based on the balance between the energy cost related to the confinement of
disordered BCP chains and the energy gain linked to the registration of the affine domains above
the Al;O3 lines) should lead to a collinear arrangement of the line & space patterns for slightly
affine modification of the Al,Os3 lines, as observed experimentally. Obviously, a switch to in-plane
orientation of the 2nd ]Jamellar structure should occur for an interfacial modification with strongly

affine materials (not experimentally studied here).

Interestingly, this mechanism is not dependent of the height of the topographic pattern
created by the immobilization of the 1st BCP layer, but only on the pattern shape. Indeed, the
configuration of the top BCP layer is only dictated by the maximization of the relative surface areas
between the affine block and the alumina pattern with respect to the neutral layer between the

alumina pattern.

IV.3.B.iii/ Dissipative Particles Dynamics (DPD) simulations

In order to strengthen the results obtained from the rather simplistic description of the
BCP behavior on top of a corrugated substrate, dissipative particles dynamics (DPD) modeling can
be employed [9], [22]. In DPD simulations, dynamic and rheological properties of BCP chains can
be simulated in which the chains are simplified into linear connected beads (every bead
represents a group of repeating units). In our case, the physical reduced parameters of the beads
(for instance the distance between them, modeled as a harmonic oscillator, called harmonic bond)
were chosen to mimic either PS or PMMA, and the BCP architecture was then generated by
connecting the appropriate amount of each bead, e.g. 10 beads of PS with 10 beads of PMMA for a
lamellar BCP. In DPD, in addition to the harmonic bond between the polymer beads, the
interaction between every bead is described as a repulsive force. The repulsion between PS and
PMMA beads is set as the maximum repulsion in the system while similar beads are characterized

by a minimum one.

To perform the simulation and observe the self-assembly behavior, a periodic 3D box is
generated with a high-density impenetrable substrate at the bottom and a “flexible” air layer at
the top based of unconstrained single beads. Then, a determined number of bead-shaped BCP
chains is randomly introduced between the substrate and the air taking into account the overall
density of the system. The bead-shaped BCP chains are let to interact in presence of thermal
fluctuations and drag forces with specified repulsion energies between them, the substrate and

the air. After a sufficient reorganization time, the BCP chains self-organize to a final configuration.

By adding a topography to the substrate (gray beads in Figure 85.a) and by changing the

repulsion energies between the PS and PMMA beads with respect to the substrate, it is possible to
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mimic the stacking process for different interfacial affinity. This was made for lamellae stacked on

top of a line & space patterned substrate for 3 different substrate-polymer interactions (Figures

85.b-d):

e The same interaction parameter (i.e. no specific repulsive interaction, mimicking the neutral
case), resulting in a orthogonal orientation between the layers (Figure 85.b);

o The same interaction parameter on the pattern depressions between the substrate and both
PS and PMMA domains (i.e. neutral), and a higher repulsive value for PS beads on the pattern
heights with respect to the PMMA beads (i.e. PMMA-affine), resulting in the registration of the
PMMA domains on top of the pattern bumps (Figure 85.c);

o The same interaction parameter on the pattern depressions between the substrate and both
PS and PMMA domains (i.e. neutral), and a higher repulsive value for PMMA beads on the
pattern height with respect to the PS beads (i.e. PS-affine), resulting in the registration of the
PS domains on top of the pattern bumps (Figure 85.d).

Figure 85. Top (top panel) and side (bottom panel) views of (a) a simulated grooved substrate with the
topographic line & space pattern created by the immobilization of the 15t BCP layer (the lines are in gray),
covered by commensurate PS-b-PMMA lamellae (PMMA domains in red, PS domains were removed for
clarity) with (b) neutral interface, (c) PMMA-affine interface and (d) PS-affine interface. The images are the
result of the concatenation of 4 times the same simulated box.

These simulations are coherent with the experimental observations, which strengthen our
understanding of the interplay between interfacial modulation and self-assembly by “responsive
layering”. Interestingly, this model is close to the pseudo-chemical epitaxy mechanism exposed in
the previous paragraph, as the small affine bumps (grey beads) on top of a neutral substrate (dark
beads) represent the Al;O3 lines & space pattern filled with confined disordered PS-b-PMMA

chains.

This work was performed in collaboration with the Dr. Pablo Argudo, a post-doc in the

group, and is still on-going for the other structures, with very promising results.
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IV.3.C/ Stacking of two lamellar BCP layers with different
periodicities

Until now, the study was limited to the stacking of two Lg layers with the same periodicity.
Nevertheless, it is possible to form lamellar structures with different periodicities by increasing
the overall degree of polymerization of the BCP. However, the control of the self-assembly
(correlation length of the structure, stability of the out-of-plane lamellar region) is more difficult
for these high periodicities. As observed in Chapter 111/, higher BCP film thickness (around 160
nm) seems to be mandatory in order to achieve a proper self-assembly for the higher probed
periodicities. This restricts the use of the lamellar structures with high periodicity to the 1st layer
as the final ashing treatment leads to a collapse of the bilayer arrays when thick films are
employed for the 2nd layer. We decided thus to only generate bilayer structures with L4 or Lyg as

top layer.

IV.3.C.i/ Mesh formation with tunable sizes

For the general case, i.e. random ratio between the two layer periodicities, e.g. L, and Ly, the only
configuration that presents a remarkable symmetrical structure is the orthogonal one. Indeed, the
parallel orientation will create a moiré pattern with a n X m periodicity, which cannot be
energetically stable if n/m ratio (n > m) is not an integer. Indeed, in this case, the fundamental
domain of the line pattern will be drastically higher than the two initial layer patterns. Also, within
the moiré pattern, there are plenty of stacking configurations of the second layer that are not

perfectly registered, i.e. leading to an energetical gain.

Consequently, a neutral interface was used for the stacking of L2g above each thick layers
with higher periodicity, L3z« to Lse.c to target the orthogonal orientation. The same standard
process was performed, with a final ashing step of 4 min. The resulting SEM pictures ( Figures 86.a-
e) showed well-ordered rectangle meshes, which is consistent with the expected configuration
observed with Log bilayer stacking. The structure symmetry analysis of these rectangular meshes

gives a p2Zmm 2D wallpaper group [13].

As observed with the L2g-Ni-Ls case (Figure 78.a), each configuration leads to a grid
pattern, with large areas presenting arrays with an angle close to 90° between both layers (see
third row of Figure 86). Such stacking configuration allows the formation of a rectangle pattern

with characteristic dimensions related to the two BCP periodicities.
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Figure 86. SEM images of nanomeshes formed by the stacking of Lz2s on top of (a) Lsz-, (b) L7, (c) Laz-, (d)
Lsscand (e) Lse-t. First row: low magnification SEM images (scale bars:500 nm), second row: associated FFTs,
third row: zoomed areas displaying a “perfect” orientation (scale bars: 100 nm), and fourth row:
corresponding GISAXS patterns.

The GISAXS patterns are in perfect accordance with the SEM images, with intense Bragg

rods along g, positioned at two characteristic sequences q,/q* =1,2,3 for q" that can be

associated to the first layer and the second layer periodicities as detailed in Table 14. Interestingly,

the characteristic size of both layers is not disturbed by the stacking process as it is possible to

retrieve the ratios between the periodicities of both structures.

3.96,4.97,5.93

Configuration | ¢*, (nm) | Loy (nm) | q°, (nm) | Lo (nm) qy/9"4 q,/9",
Ls2.-Ni-Lasg 0.189 33.2 0.223 28.2 1,1.99,3,3.97 1,2,3
Ls7.-Ni-Lasg 0.167 37.6 0.222 28.3 1,1.99,3.02,3.98 | 1,2, 2.99
La2.-Ni-Lag 0.154 40.8 0.222 28.3 1,1.99,2.90 1,2.01,3
Lag.t-Ni-Lasg 0.126 49.9 0.222 28.3 1,2.01,3.02,4.02 | 1,2,2.98
Lse-t-Ni-Lasg 0.113 55.6 0.224 28.0 1.01,1.98,3.01, | 4 5 5 99

Table 14. Bragg rod positions obtained from GISAXS patterns for different orthogonal meshes produced by
the stacking of two layers of lamellar PS-b-PMMA with different periodicity and a neutral interface between

them. The ratios in bold are the ones that are shared between both lamellar structures.

169




CHAPTER IV: 3D-STRUCTURES FORMED BY ITERATIVE SELF-ASSEMBLY OF PS-B-PMMA FILMS

Interestingly, we can notice on the GISAXS patterns a small shift of the position of the
Yoneda band for the 1st and the 2nd layers. This shift is linked to the height difference (in the z
direction) of the layers in the stacked structure. Nevertheless, the GISAXS pattern can be
decomposed as the sum of the two individual GISAXS patterns obtained for a unique layer.
Unfortunately, no specific signals related to a perfect orthogonal stacking was observed due to the

“polycrystalline” nature of the grid pattern at larger scale.

Combining such strategy for the formation of nanomeshes with directed self-assembly
methods could lead to the generation of perfectly ordered nanomeshes, with a very precise control
over the feature size, i.e. from 24 nm to 56 nm by using the library of PS-b-PMMA used in this
study. Such grid arrangement could have very interesting optical properties, which will be further

discussed in the Chapter V/.

IV.3.C.ii/ Specific case of 2:1 periodicity ratio

Within the range of available periodicities for the stacking of line & space structures (Lz4
to Lse), the 2:1 specific ratio is particularly interesting as it would not result in the formation of a
random moiré-like structure for non-neutral interfacial layers. Indeed, two layers with this
particular ratio can obviously produce a rectangular nanomesh array, as shown for the Lse..-Ni-
Login Figure 86.e, but could also lead to two different structures: the PMMA domains are registered
either on each edge of the underlying Al;O3 lines (Figure 87.b) or on top and between the
underlying Al,O3 lines (Figure 87.c). Interestingly those two structures belong to the plm line

group, with a fundamental domain that includes a mirror line.
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a g g
B substrate Bl AL, (15t layen) [ ]ALO, 2nd layen B rs B Pvma

Figure 87. 3D schematics of (a) the line & space pattern produced after hybridization of a large lamellar PS-
b-PMMA, stacked with a collinear arrangement of a smaller lamellar PS-b-PMMA pattern (of half the
periodicity) registered with PMMA domains (b) on top of the Al203 line edges and (c) on top and between the
Al203 lines. The bottom schemes show the expected idealized top view SEM images.

The difference between these two arrangements is clear: either the PMMA or the PS
domains of the 2nd layer are registered at the edges of the underneath Al,03 line & space pattern.
For this very specific 2:1 ratio, arguments based on the pseudo-chemical epitaxy mechanism
cannot help us to predict the resulting layered structures as both the PS and PMMA domains of
the 2nd layer are in contact with the same surface area of the Al;03 pattern. However, with the
asymmetric surface hypothesis, the produced structure would depend on the surface area
between the domains registered on top of the bumps and the domains registered on the edge of
the bumps. Here, the line & space pattern is large leading to the w > 2h case from Figure 82.a.
With this topographic model in mind, additional surface area is created near the edges of the
bumps. Thus, the configuration depicted in Figure 87.b is expected for a PMMA-affine layer, while

the configuration of Figure 87.c is expected for a PS-affine layer.

Experimentally, both cases were observed by stacking L4 on top of Las.c with either S, or
M. surface modification, leading to the two different predicated configurations. For the PMMA-
affine case (Figure 88.a), the PMMA domains are registered on each edge of the underlying Al;03
lines, leading to the structure predicted in Figure 87.b. Conversely, for the PS-affine case (Figure
88.b), the PMMA domains are registered on top and between the underlying Al,O3 lines, leading
the structure predicted in Figure 87.c. The overall quality of the resulting structures is low due to

the ashing treatment that induces the narrow lines situated at the top to collapse during ashing
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(due to their small widths, here 12 nm). Importantly, the results are coherent with the asymmetric

surface hypothesis as explained previously.

2’

Figure 88. (top) SEM images and (bottom) corresponding GISAXS spectra of ashed Lz4 hybridized layer on top
of a Last layer with (a,c) PMMA-affine surface modification, M., and (b,d) PS-affine surface modification, S,
Top right insets are the idealized structures and FFTs. Scale bars: 500 nm.

For both structures, the GISAXS patterns present intense Bragg rods localized at the
characteristic positions for line & space pattern, i.e. q,/q" = 1,2,3,4,5, with higher intensity for
first and fourth rods as compared to the others as they are associated with scattering events for
both the large and small lamellar patterns (Figures 88.c-d). Indeed, for a particular 2:1 ratio
between the periodicities of both layers, the 1st (2nd) Bragg rod of the L4 layer is positioned at the
same position that the 2nd (4th) Bragg rod of the Lse.c layer. The analysis of the peak positions of
each pattern confirms the periodicities of the large and small line & space patterns (i.e. Ly=49.7
nm for the large periodicity and Ly=24.8 nm for the small periodicity). No difference between the
two configurations were noticed, except for sharper Bragg rods in the PMMA -affine pattern case,
certainly due to a lower extent of lamellae collapsing. Indeed, for this case, the small top lines are
positioned on the edges of underneath Al,Os3 lines, while for the other case, half of the small lines
are positioned between them, i.e. on PS surface passivated with 1 nm alumina, which breaks
during ashing. Thus, the small top lines are obviously more prone to collapse when the material

bellow them is getting etched (i.e. above PS), compared to the opposite case (i.e. above alumina).

172



CHAPTER IV: 3D-STRUCTURES FORMED BY ITERATIVE SELF-ASSEMBLY OF PS-B-PMMA FILMS

IV.4/ Hierarchical nanostructures by stacking two layers

with a hexagonal symmetry

A second type of commensurate stacking between BCP layers can be obtained by using
BCP structures with a hexagonal symmetry, i.e. hexagonal packed cylinders for a di-block
architecture. As shown previously, such BCP structures in thin films can lead to either dots (PMMA
cylindrical structure) or holes (PS cylindrical structure) through a subsequent immobilization of
the nanostructured thin films by SIS. Contrarily to the limited number of stacked configurations
for L-L stacking as explained from symmetry considerations (i.e. either 1D symmetry in the case
of a collinear stacking or 2D grids in the case of orthogonal stacking), the stacking of two 2D
hexagonal structures can produce a plethora of 2D periodic structures, which in the case of
responsive layering, will produce remarkable symmetrical structures with specific ratio between
the stacked structure periodicities. Since BCP self-assembly can generate two different hexagonal
structures, i.e. the dot and hole arrays, it is possible to perform four different stacking
configurations, which are dot-dot (D-D), hole-hole (H-H), dot-hole (D-H) or hole-dot (H-D).
However, the analysis by top view SEM requires that the top layer has a lower alumina coverage
with respect to the bottom layer in order to fully decipher the stacked configuration. Thus, the D-
H case was not studied during this Ph.D., but the conclusions made for the three other cases could
be easily transposed to this case. For the same reasons, the study was performed with the BCP

layer of the highest periodicity as the 1st layer.

IV.4.A/ Expected configurations between the two stacked

hexagonal patterns

As explained in Chapter Ili/Figure 68.b, there are 5 different ratios experimentally
achievable between the two BCP periodicities which could geometrically generate a
commensurate stacking between the two hexagonal patterns, and thus would produce
remarkable patterns with high symmetry unit cell. It is possible to inventory all the geometrically
stable structures which might be experimentally reachable according to several parameters:

e The ratio between the structure periodicities: 1:1, 2/\/§:1, 3/2:1, V3:1and 2:1;

e The relative rotation angle between the two stacked layers: 0° or 30°;

e The type of building bricks used to generate the stacked structure: D-D, H-H or H-D;

o The registration of the second layer pattern with respect to the bottom layer pattern: PMMA
(dots) or PS (holes) cylinders of the top layer can be either registered above the Al,03 pattern
(called in the following text “above” registration), or in the interstices of the Al,03; pattern

(called in the following text “between” registration) or at the edges of the Al,O3 pattern (called
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in the following text “edge” registration). It can also be a combination of these configurations

depending of the periodicity ratio.

It is noteworthy that the ratio between the layer periodicities and the relative rotation
angle between layers are related: for ratios equal to 1:1, 3/2:1 and 2:1, aremarkable 2D wallpaper
(i.e. high symmetry group) with small fundamental domain is produced only if the angle between
the structures is 0°, while for ratios equal to 2/+/3:1 and /3:1, the angle should be 30°. Table 15
sums up the possible configurations for D-D stacking with the simulated sketches, the
fundamental domains and the wallpaper groups. D-D stacking was chosen to display the resulting
structures as they are the more self-explanatory with respect to the simulated sketches from H-H

or H-D because of superposed patterns.

Ratio Stacking type Stacking type

Angle | Wallpaper group SEM predicted image Wallpaper group SEM predicted image
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Table 15. Schematics of 2D wallpapers obtained by stacking two layers of hexagonally packed dots with a
given periodicity ratio and relative rotation angle between the two hexagonal patterns. Red lines specify the
pattern fundamental domain, with rotation center and reflection axis from the wallpaper group.

With the asymmetric surface area model developed previously for the L-L stacking case,
the most stable structures should be obtained if there is only one stacking type, i.e. “above”,

«

“between” or “edge “, to avoid competition between energetical gains and costs from affine
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surfaces. Also, the combination of “above” & “between” should be considered, as observed with

the 2:1 ratio for collinear lamellar structures.

A systematic study for the three aforementioned cases, i.e. D-D, H-H and H-D, was
performed to experimentally observe the stacking configuration for each ratio between the BCP
layers and by varying the interfacial affinity between the two layers (i.e. neutral, PS-affine or
PMMA-affine layers). In the following, we have restricted our analysis to the most remarkable
cases, for which we have been able to obtain robust experimental results (i.e. low defectivity of

the stacked structures).

1V.4.B/ Stacking of two dot patterns (D-D)

For this specific case, a particular attention should be paid to the ashing plasma step, as it
can induce a collapse of the overall structure. Indeed, both the top and bottom layers are
mechanically fragile since they are composed of disjointed dot arrays with no lateral cohesion. In
order to reduce this phenomenon, different modifications of the common process were explored:
o The modification of the ashing process to reduce the plasma harshness (in particular the
isotropic physical plasma);

e Anincrease of the dot mechanical stability by performing a larger number of SIS cycles (3 or
4 SIS cycles instead of 2);

e Areduction of the height of the dots (i.e. by a reduction of the BCP film thickness) which would

require a shorter ashing duration in order to produce the final stacked structure.

The best results were obtained by reducing the thickness of the 2nd BCP layer through the
increase of the spin-coating speed from 1500 rpm to 2000 rpm. As a consequence, the ashing step

duration could be reduced to 3 min which prevents the collapse of the structure.

The first experimental parameter which was explored is the effect of the interfacial energy
between BCP layers with the same periodicity. For that extent, we have simulated the top-view
SEM image of a stacking configuration without registration between the two layers. The result is
presented in Figure 89, in which multiple grains with different patterns are visible. Indeed,
according to the angle between the BCP grains of both layers, several symmetrical structures can
emerge. However, the majority of these structures present a subsequent higher fundamental
domain size compared to the ones from both layers, and have all three stacking types, i.e. “above”,
“between” & “edge”. Thus, even if some of these structures might seems highly symmetrical and
remarkable, it seems very unlikely to observe them all experimentally if a proper “responsive
layering” process occurs, except for the two most symmetrical structures expected in the Table

15, which are also present in this random image.
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Figure 89. Simulated D37-D37 random stacking configuration made by overlaying the same D37 SEM image
with a random rotation angle between them. Scale bar: 500nm.

Experimentally, two layers of D37 were stacked using the process described above, using
Np, Mp or Sp surface modification, and then gently ashed to prevent the collapse of the top dots.
The top-view SEM images resulting of the various stacking configurations are shown in Figures

90.a-c, with the associated GISAXS patterns in Figures 90.d-f.

The differences between these three SEM images evidence a potential “responsive
layering” process and the importance of the interfacial energy between the two stacked layers. In
the case of a neutral interfacial layer, the simulated and experimental images (Figure 89 and Figure
90.a) are quite similar even if the experimental one presents many defects due to the collapse of
the dot pattern during the ashing step. This behavior means that a random relative rotation angle
between both layer grains is observed, without one unique structure that would be more stable.
Thus, for a fully neutral layer, the topographical constraints are not enough to induce a
preferential layering, i.e. responsive layering, which was yet proposed as a mechanism to explain

the results obtained by Rahman et al. [6].

176



CHAPTER IV: 3D-STRUCTURES FORMED BY ITERATIVE SELF-ASSEMBLY OF PS-B-PMMA FILMS

Figure 90. (top) SEM images and (bottom) corresponding GISAXS patterns of two stacked D37 layers with
(a,d) Np neutral layer, (b,e) Mp PMMA-affine layer and (cf) Sp PS-affine layer. Top right insets are the
idealized structures and the FFTs of the SEM images. Scale bars: 250 nm.

For the PMMA-affine case, the structure is similar to a single dot pattern resulting for the
self-assembly of a unique BCP layer. This means that “responsive layering” occurs in this case as
a registration between the PMMA cylinders of the 2nd layer and the Al;03 dots of the 1st layer is
evident. This “above” stacking configuration is in perfect correlation with the pseudo-chemical
epitaxy mechanism that would lead to an energetical gain for this particular type of stacking.
Indeed, in this case, the PMMA domains are registered on top of the Al;03 topographical pattern
which is coated with a PMMA-affine layer, while the PS domains registered on top of the hollows

are in contact with disordered BCP chains that behave like a neutral layer.

Finally, the PS-affine case exhibits a “between” stacking type, slightly different from the
one expected from a purely symmetrical point of view: the PMMA cylinders of the 2nd layer are
experimentally positioned in the vicinity of two underneath Al,03 dots, while the arrangement
leading to the highest symmetry would be in the vicinity of three Al,O3 dots. However, both
stacking configurations are in accordance with the pseudo-chemical epitaxy mechanism. Indeed,
the Al,O3 dots are in both cases fully covered with PS domains, for which an energetical gain is
expected due to the PS-affine interfacial layer, while the Al,03 pattern hollow part with the pseudo
neutral energy due to disordered BCP chains will lead to the same interfacial energy cost whatever

is the position of the PMMA cylinders.
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The GISAXS patterns of the three stacking configurations (Figures 90.a-c) showed similar
features with extended Bragg rods along the g, direction. It is not possible to differentiate the
stacking configurations from such patterns due the random orientation between grains of each
layer leading to a “polycrystalline” overall structure. Nevertheless, we retrieved the same
sequence q,/q" =1, v3,vV4,4/7,N/9 characteristic of a hexagonal packing. The extracted
periodicity of the structure is Ly=31.6 nm, giving a 36.5 nm domain spacing, perfectly comparable

to the D37 single layer.

A second interesting case based on the variation of the periodicities between the two
layers for a neutral interfacial configuration was evaluated using the 2/+/3: 1 and 3/2: 1 ratios (i.e.
D37-Np-D42 and D32-Np-Dsz). Here the dot pattern with the largest periodicity was used as a top
layer as it reduced the collapse of the structure during the ashing step. Figures 91.a-b show the
resulting SEM images in good accordance with our predications based on symmetry
considerations (see Table 15, “above” & “between” type for D37-Np-Ds; and “above” & “edge” type

fOI' D32-ND-D42).

Figure 91. SEM images of (a) D37-Np-D4z and (b,c) D3s2-Np-Daz, with (c) its GISAXS corresponding pattern. Top
right insets are the idealized structures and the corresponding FFTs. Scale bars: 250 nm.

For the 2/+/3: 1 ratio, the observed structure shows some similarities with the expected
one based on geometrical packing considerations; however, the overall translational order is very
weak. Effectively, within the wallpaper fundamental domain, it is possible to see that 1/3 of
underneath dots are capped with PMMA cylinders and 2/3 with the PS matrix, meaning that both
affine interfacial energy types are in competition. This uneven balance between both domains
should tend to have a stabilization of the structure for PS-affine coating. However, the same
stacking structures were found experimentally between the affine and neutral cases, meaning that
this competition is too weak to drive the “responsive layering” mechanism. Thus, the resulting

structure is closer to a random stacking.

As for the 3/2:1 ratio, the same structures were also observed with the three interfacial

configurations, but it is possible to clearly observe non negligible regions with remarkable
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orientation between two layers corresponding to the expected structure. Nevertheless, the
translational order of the structures is still weak which might be due to a low energetical gain
from such stacking configuration with respect to a “random” one. Indeed, responsive layering is
not occurring due to interfacial interactions since the three cases (neutral, PS-affine and PMMA-

affine) led to the same results.

As for the GISAXS pattern, only the D3z-Np-D42 structure that present somehow a
responsive layering was analyzed (Figure 91.c), exhibiting the characteristic Bragg rods of two
cylinder forming structures with a different periodicity. Indeed, it is possible to sort these peaks
in two sequences of values positioned atq, /q* = 1, V3,v/4,N/7, with a first q*, = 0.172nm-! giving
a periodicity of 36.5 nm (i.e. a domain spacing of 42.2 nm associated to D4.), and a second q*, =
0.234 nm- associated to Ds3; with a 31 nm periodicity. This GISAXS pattern exhibits the

characteristic signals of the two monolayers.

More robust experimental results were obtained for a v/3: 1 ratio between the two layers
(i.e. Dse on top of D3;) with the three different surface modifications. Interestingly, both predicted
structures were obtained with a good translational order using Mp (Figure 92.a) and Sp (Figure
92.b) interfacial layers. For the PMMA-affine interfacial layer, the obtained structure is clearly of
“edge” type leading to raspberry-like or planet-satellite nanostructures [23], which could have
interesting optoelectronic properties [24]. This result is in accordance with the pseudo-chemical
epitaxy mechanism as the majority of small PMMA domains are positioned on top of the Al,O3;
large dots coated with the PMMA-affine layer. Interestingly, for a PS-affine interfacial layer, the
“above” & “between” expected structure is obtained, with unfortunately some defects due to the
collapse of the “between” positioned dots. In this case, every underneath alumina dots are
effectively capped with a PMMA cylinder which is not in accordance with the pseudo-chemical
epitaxy mechanism. However, by using the relative cylinder size compared to the periodicity
obtained in Chapter I11.2.B.i/, it is possible to estimate that the Ds¢ and D3; radii are 14.8 nm and
8.6 nm respectively, leading to a surface area of 688 nm? and 232 nm2. Thus, the percentage
covered with PMMA is effectively 34% while 66% for PS, giving an interfacial energetical gain for

the PS-affine coating, which make the result in accordance with the model.
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Figure 92. (top) SEM images and (bottom) corresponding GISAXS patterns of two stacked Dss-D32 layers with
(a,c) Mp PMMA-affine and (b,d) Sp PS-affine layers. Top right insets are the idealized structures and FFTs.
Scale bars: 250 nm.

It is noteworthy to mention that the same 1/3:2/3 uneven balance between PS and PMMA

interfaces was observed for the 2/v3:1 ratio case, without any responsive layering. This

difference cannot be explained with the pseudo-chemical epitaxy mechanism, and might be due
to higher chain stretching and bending in the 2/+/3: 1 ratio case inherent to a denser structure

(closer periodicity between both layers).

The corresponding GISAXS patterns (Figures 92.c-d) showed Bragg rods characteristic of
the hexagonal packing of the dots with a sequence qy/q"‘1 = 1,v3,V4,V7,v/9,V12. The analysis of
the peak positions leads to a cylindrical structure with a periodicity of 46.9 nm, i.e. a domain
spacing of 54.1 nm associated to the Ds¢ structure. Interestingly, the second peak of the sequence
is way more intense than the one observed from the sole Ds¢ structure. Effectively, this g, = V3 x
q*, peak corresponds also to the first peak from a 31.8 nm cylindrical domain spacing which can
be associated to the stacked. It is also possible to retrieve the sequence associated to the D3;
hexagonal structure (q,/q", = 1, v/3,4/4,N/7). Interestingly, the peak intensities linked to D3, are

lower than the one observed from a D3; monolayer (see Chapter 11l/Figure 71). This is certainly
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due to the registration of D3, pattern above a Ds¢ pattern leading to a transfer of its weak

translational order.

Finally, we were not able to obtain reliable results for the 2:1 ratio. This is due to poor self-
assembly of the De4 layer as presented in the previous chapter. Our efforts to use a configuration
based on Dzg on top of Dse¢ did not succeed due to the collapse of the small D;s during ashing.
Nevertheless, it is very likely that the “above” & “between” stacking configuration would be
obtained for a Sp interface modification taking in consideration the same argument than for Dse-
Sp-D32 (i.e. a high dissymmetry of surface areas between PMMA and PS domains above the big

dots, here 26% PMMA and 74% PS).

IV.4.C/ Stacking of two hole patterns (H-H)

For the stacking of two layers of holes, the ashing step is less problematic since the
honeycomb Al;03 matrix is more rigid. However, this configuration has an important drawback as
the extended coverage of the honeycomb pattern can prevent the observation of the stacked
configuration using top-view SEM. Experimentally, in this H-H case, the plasma time for the ashing
step was increased to 5 min to “melt” both layers together, leading to a structure with the two

patterns merged together which is easier for the top-view SEM image analysis.

As for L-L and D-D, the first study was performed by stacking two hole layers with the
same domain spacing, here Hzy, with the three different interfacial configurations, i.e. Ny, My and
Su. The produced structures were observed with SEM after ashing (Figures 93.a-c), and the GISAXS
patterns are presented in Figures 93.d-f. Interestingly, the FFT of the SEM images showed well-
defined discrete signals related to the high correlation length of the H3z; grains as observed in

Chapter 111/.

The analysis of the SEM images leads to similar conclusions than for D37-D37 stacking: a
random registration for Ny, an “above” registration for My, and a “between” registration for Sg. It
is noteworthy that these configurations are coherent with the pseudo-chemical epitaxy
hypothesis: for instance, with a PMMA-affine layer, the matrix surrounding the holes is attractive
to PMMA, while the holes are filled with disordered PS-b-PMMA chains resulting in a neutral
interface. Thus, the PMMA domains “benefit” from a registration on top of the underneath
honeycomb Al,03; matrix, leading to PS cylinders registered on top of the holes of the 1st layer.
Interestingly, for the PS-affine case, the predominance of triangular features proves that the holes
of the 2nd Jayer are positioned at the interstices between three holes of the 1stlayer. This behavior
differs from the one previously observed for two layers of dots. Indeed, the structure registration

in the case of hole-hole stacking is dictated by the position of PS cylinders, which have a maximized
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interface with the PS-affine coated Al,03 honeycomb pattern if they are placed between three
holes. Indeed, if they are placed between two holes, the edge of the cylinder will be slightly aligned
with the edge of the underneath hole. However, the area difference between both case is low,
which is why it is possible to observe this second configuration in some areas (see the bottom left

part of the Figure 93.c)
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Figure 93. (top) SEM images and (bottom) corresponding GISAXS patterns of two stacked Hs7 layers with
(a,d) Nu neutral, (b,e) Mu PMMA-affine and (c,f) Su PS-affine layers. Top right insets are the idealized
structures and FFTs. Scale bars: 250 nm.

Each structure was analyzed with GISAXS (Figures 93.d-f), leading to three very similar
patterns. Indeed, intense Bragg rods can be observed at the g,/ qg- =1, V3,V4,V7,V9,V12
positions (i.e. characteristic of a hexagonal pattern), with the same g* = 0.205 nm-! corresponding
to a 35.4 nm domain spacing. This value is exactly the same value measured for Hsz7 structure in a

monolayer configuration.

A particular interest was given to the neutral modification, since it is possible to precisely
observe the stacking configuration without the collapsing issue encountered for dots. A large field
top-view SEM image is presented in Figure 94, highlighting the presence of several sub-structures.
It is possible to colorize the SEM image into five different zones depending of the rotation angle
between both layers. Accordingly, several stacking configurations appear to be more stable than
others, even if the coexistence between these five structures underlines their close stability in

term of energy.
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Figure 94. Experimental large SEM image of H37-Nu-Hsz, colorized according to the rotation angle between
both layers sorted following 5 main angle. Scale bar: 1 um.

A complementary study was performed to try to enhance the stability of a specific sub-
structure observed experimentally by modifying several parameters (i.e. RCP composition to
reach a non-perfect neutrality, second layer film thickness to modify the balance between
interfacial and volume effects or the annealing temperature to unlock metastable energy wells).
Unfortunately, we did not manage to fully stabilize a particular sub-structure by the tuning of

these parameters.

A simulated image was generated by stacking two H37 SEM images with a random angle
(Figure 95). Interestingly, it is possible to visualize the same interesting sub-structures. The
similar overall shapes of both simulated and experimental images tends to prove that the
orientation is effectively random. Effectively, the well-ordered sub-structures are produced by the
stacking of two well-ordered grains from both layers, with a random angle, as observed with the
grain boundaries from the simulated image. Indeed, these boundaries were created on both mono-
layers and were superposed, separating perfectly the new grains from the stacking. Finally, there
is not any responsive layering in this case, which is consistent with previous stacking observed

with neutral interfacial coating.
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Figure 95. Simulated Hs7-Hs7 random stacking made by overlaying twice the same Hz7 SEM image with a

random rotation angle between them. Dot lines are the superposed grain boundaries obtained from each

SEM image. Scale bar: 500nm.

Another interesting study of H-H stacking can be performed by varying the ratios between

the layer periodicities. Figures 96.a-b show the SEM images for the 2/4/3: 1 and 3/2: 1 ratios with

a neutral interfacial layer (i.e. Haz-Nu-H3z7 and Hse-Nu-Hs7).

Both results present similar 2D wallpaper patterns as depicted for D-D in the Table 15

”

«

”

«

transposed to the H-H case with the “above” & “between” and “above” & “edge” stacking types for

”

«

2/+/3:1 and 3/2:1 ratios, respectively, with a weak translational order is obtained due to the low

pattern quality of the 1st layer (Hsz and Hse here). Unfortunately, the obtained configurations

cannot be explained by the pseudo-chemical epitaxy model, and thus no difference were observed

with PS- or PMMA

- affine coatings. Interestingly, the SEM image obtained for Ha,-Nu-H37 seems in

better agreement with the expected ideal structure than the SEM image retrieved for a D-D

configuration with the same 2/+/3: 1 ratio.
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Figure 96. (top) SEM images and (bottom) corresponding GISAXS patterns of (a,c) Hiz-Nu-Hs7 and (b,d) Hse-
Nu-Hsz. Top right insets represent idealized structures and image FFTs. Scale bars represent 250 nm.

The GISAXS pattern of the H42-Nu-H37 structure (Figure 96.c) exhibits intense Bragg rods

that can be separated in two families, one for H4; and one for Hs7. Thus, it is possible to retrieve
the intensity peak sequence for a particular hexagonal array such as q,/q*, =1, V3,vV4,/7,
corresponding to a domain spacing of 41.9 nm (ie. the Hs structure), and q,/q", =
1,v/3,v4,v/7,4/9,4/12,+/13, corresponding to a domain spacing of 35.4 nm (i.e. the Hs7 structure).
The GISAXS pattern obtained for the Hse-Nu-Hszz structure (Figure 96.d) shows the same

characteristic features with two sequence of Bragg rods related to hexagonal patterns of 53 nm

and 35.4 nm periodicities.

Unfortunately, the v3: 1 and 2:1 ratios did not produce stacking configurations that could
be analyzed as a very poor ordering of BCP layers with large domain spacing had to be used as a

first layer.

IV.4.D/ Stacking of a dot pattern on top of hole pattern (H-D)

A last stacking configuration using the hexagonal symmetry produced by BCP self-

assembly is by mixing dot and hole features. The hole layer was positioned as the 1stlayer since it
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allows an easier visualization by SEM. As for the other cases, every combination of H-D stacking

was tested, and below is only presented the most robust results.

Figures 97.a-c show the SEM images of the stacking configurations obtained for Hz7-Mp-
D37, H37-Sp-D37 and Hse-Sp-D32 (standard process with an ashing step of 4 min). It is important to
note that the interfacial layer composition is only affecting the top BCP layer. Thus, Mp, Np and Sp

RCP materials were used for this study.

a b C

Figure 97. (top) SEM images and (bottom) corresponding GISAXS spectra of (a,d) H37-Mp-D37, (b,e) H37-Sp-D37
and (cf) Hss-Sp-D32. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

As observed for the other stacking configurations with a 1:1 ratio, it is possible to observe
completely different configurations depending of the affinity of the interfacial layer. PMMA-affine
and PS-affine layers lead to “between” and “above” stacking configurations, respectively (Figures
97.a-b). These results are in agreement with the pseudo-chemical epitaxy hypothesis: for instance,
for the Hz7-Mp-D37 case, the Al,03 honeycomb matrix is coated by a PMMA-affine layer and the
holes are filled with “neutral” disordered PS-b-PMMA chains. Accordingly, the PMMA cylinders
from the dot layer are positioned at the interstices between three holes leading to a “between”

stacking type.

The GISAXS patterns obtained for the 1:1 ratio (Figures 97.d-e) are coherent with the

stacking configurations observed by SEM and the use of hexagonal patterns with a 37 nm domain
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spacing. Indeed, it is possible to retrieve a unique sequence of Bragg rods gq,/q" =

1,v/3,V4,V7,4/9 with a 35.7 nm periodicity.

Finally, the v/3:1 ratio with a PS-affine interfacial layer yields to an “above” & “between”
stacking type (Figure 97.c), which is coherent with the pseudo-chemical epitaxy model. With this
configuration, the PMMA domain area registered above the Al,03 pattern is smaller than for the
“edge” configuration, as expected for a PS-affine interfacial layer. It is noteworthy that the My
interfacial layer case leads to the “edge” stacking type (not presented here) in accordance with
the previous rationalization, even if the “above” & “between” configuration was retrieved in some

region.

The associated GISAXS pattern (Figure 97.f) exhibits the characteristic peaks of Hs¢ and
D3, with measured periodicities of 53.3 nm and 31.4 nm, very close to the 54.2 nm and 31.2 nm
measured from individual layers. Also, it is very clear that the D3, signals are drastically weaker
in the stacked configuration with respect to the ones observed for an individual layer. This is

linked to the highly disrupted positioning of the dots on top of the Hse layer.
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IV.5/ Stacking of two layers with different symmetry

It is possible to imagine four different stacking configurations of layers showing distinct
symmetries, which are L-D, D-L, L-H and H-L. As previously mentioned, D-L and L-H stacking
configurations were not thoroughly studied due to the difficulty to analyze the resulting top-view
SEM images. Besides, an important challenge with mixed stacking is the strongly different grain
shapes and defects obtained from the BCP self-assembly. At one hand, for line & space pattern, i.e.
lamellar BCP structure, a fingerprint pattern with randomly positioned defects such as
dislocations and disclinations is produced [25]. At the other hand, for dot or hole patterns, i.e.
cylindrical BCP structure, highly ordered grains of hexagonal packed features are produced and
the defects are localized at the grain boundaries. Thus, the dot or hole patterns are strongly

constrained when subject to registration fields over “wavy” lines.

IV.5.A/ Expected configurations between two stacked patterns of

different symmetry

Firstly, it is interesting to predict the expected structures taking into account geometrical
packing (i.e. leading to the smallest fundamental domain with the highest symmetry group), from
the several ratios selected with geometrical considerations as explained in Chapter 1l /Figure 68.b.
The same parameters listed for stacking two layers with hexagonal symmetries can be taking into
account here, leading to a list of potential bilayers structures. For the sake of simplicity, D-L
stacking configurations was solely inventoried in the Table 16, referencing the simulated sketches,
the fundamental domains and the wallpaper groups [13], leading to structures that could not be

natively achieved from di-BCPs.

It is noteworthy that the ratio between the two structures is calculated from their
periodicities and not from the domain spacing. For instance, a 1:1 ratio is obtained by stacking L2s
with D3y, since D3, means that the cylinder-to-cylinder distance is 32 nm, i.e. a periodicity of 32 X
v/3/2 = 28 nm. Also, for large dot pattern on top of small line & space pattern, the “above” &
“between” stacking types enclose the “edge” type since the dots are larger than the width of the

lines. This was highlighted in the table by an “(edge)” nomenclature.
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Table 16. Schematics of the nanostructures obtained by stacking a layer of hexagonally packed dots above
parallel lines, with a given periodicity ratio and a relative rotation angle between them. Red lines specify the
pattern fundamental domain, with rotation center and reflection axis from the wallpaper group.
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As for the previous cases, a systematic study was performed to observe the stacking for

each ratio and with neutral, PS-affine layer and PMMA-affine layers between the two BCP layers.

IV.5.B/ Stacking of a dot pattern on top of a line & space pattern
(L-D)
Interesting stacking configurations were observed for the 1:1 ratio using PS- and PMMA-

affine interfacial layers to modify the stacking type. Figures 98.a-b show the typical SEM images

obtained for both cases, using the L32..-Mp-D37 and Lzs-Mp-D3; stacking configurations.

Figure 98. (top) SEM images and (bottom) corresponding GISAXS patterns of (a,c) L3z--Mp-D37 and (b,d) Lzs-
Sp-Dsz. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

For the PMMA-affine case, the obtained structure is clearly composed of dots perfectly
registered on top of Al;03 lines, which is consistent with pseudo-chemical epitaxy mechanism
hypothesis. Indeed, the PMMA cylinders are positioned on top of the PMMA-coated Al;03 lines,
while the surrounding PS matrix is predominantly placed on the neutral spaces filled with
disordered PS-b-PMMA chains. For the PS-affine case, the opposite structure is observed, i.e. dots
perfectly registered between the Al;O;3 line pattern, which is also expected from the pseudo-

chemical epitaxy hypothesis. Indeed, in this case, the PS-affine coated Al,O3 pattern is fully
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covered with PS domains which lowers the interfacial energy of the system, while the neutral
space between the lines is alternatively covered with PS and PMMA, which does not modify the

overall energy cost.

Unfortunately, the inherent defectivity of BCP self-assembly limits the correlation length
of the stacked structures, in particular due to the grain boundaries of the underneath lamellar
structure. Nevertheless, this could be easily solved by using DSA methods for the first layer as

demonstrated in the previous chapter.

The GISAXS pattern for the PMMA-affine case (Figure 98.c) presents intense Bragg rods
with the characteristic hexagonal sequence i.e. q,/q"* = 1,v3,v4,v/7,v/9, which gives a structure
periodicity of 32.4 nm, i.e. a cylinder-to-cylinder distance of 37.4 nm. As expected with the 1:1
ratio, the lamellar structure signals are “hidden” by the cylinder ones, corroborating the similar
periodicity for the two structures. Similar features were observed for the PS-affine case as shown
in Figure 98.c and a 29.5 nm periodicity was extracted from the position of the first Bragg rod
corresponds to a cylinder-to-cylinder distance of 34.1 nm. Interestingly, for both the PMMA- and
PS- affine cases, the cylinder-to-cylinder distance measured by GISAXS is higher than the one
measured for a single layer on a flat substrate. It means that the layering induces some chain

stretching to match the topographical field created by the immobilization of the 1stlayer.

The next series of results were sorted according to whether the stacking ratio was greater
or less than 1, i.e. small dot pattern above large line & space pattern or large dot pattern above

small line & space pattern.

Figures 99.a-c show the SEM images observed for the first type of stacking ratio, i.e. small
dot pattern on top of large line & space Al,0O3 pattern, experimentally obtained with Lse.-Np-D37,

Lse-t-Sp-D32 and Lse..-Mp-D3; stacking configurations.

As presented in the Table 16, the V3:1 ratio could lead to two different remarkable
structures, one being composed of “above” & “edge” stacking types, and the other one composed
of “between” & “edges” stacking types. Taking into account the pseudo-chemical epitaxy
mechanism, the first stacking type should be obtained using a PMMA-affine coating, while the
second one is expected for a PS-affine coating. However, no difference was experimentally
observed depending of the interfacial layer used for the stacking. The best results were obtained
for a neutral interfacial layer (Figure 99.a) with both “above” & “edge” stacking types. A tentative
explanation for this behavior could be related to the small difference in energy between the two
expected structures or additional parameters such as chain stretching that have not been taken

into account for the determination of the predicated structures in Table 3. The GISAXS pattern
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associated to the v/3: 1 ratio (Figure 99.d) exhibits intense Bragg rods that can be sorted into two
different sequences, i.e. Lset with g, /q*, = 1,2,3 and ¢*, = 0.114 nm-! giving a periodicity of 55.1

nm, and D37 with g, /q*, =1, V3,v4,4/7,4/9 and q*, = 0.198 nm! giving a periodicity of 31.7 nm.

a b C

Figure 99. (top) SEM images and (bottom) corresponding GISAXS patterns of (a,d) Lss.-Np-D37, (b,e) Lss-t-Sp-
D3z and (c,f) Lss--Mp-Ds2. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

For the 2:1 ratio, the two structures observed with PS- and PMMA- affine interfacial layers
are strikingly different (Figures 99.b-c) and the SEM analysis concludes to a “above” & “between”
stacking type for PS-affine interfacial layer and an “edge” stacking type for the PMMA-affine
interfacial layer. For this specific 2:1 ratio, the pseudo-chemical epitaxy model is limited because
both expected and observed stacking configurations are completely equivalent in term of
interfaces. Indeed, for both configurations, exactly half of PMMA dots are above the line pattern:
either one dot is registered above a line for one registered in between lines (PS-affine case), or
each dot is positioned at the edge of the Al;0z lines (PMMA-affine case). Nevertheless, the
asymmetric surface area hypothesis allows rationalizing the observed stacking configurations.
Indeed, an excess surface area is created along the edges of the Al;03 lines (at the bump curvature),
leading to the specific registration of the affine block over these edges. For the PMMA-affine
interfacial layer, the PMMA domains would then be registered on the edges of the lines, which
gives the observed “between” stacking type. In the other hand, the “above” & “between” structure
leads to the alumina line edges fully covered with the PS block, which would lower the

configurational energy for the PS-affine case. Both GISAXS patterns from the 2:1 ratio cases
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(Figures 99.e-f) show the same overall characteristics. The analysis of the Bragg peak positions
gives the characteristic sequences from lamellae and cylinders (with some superimposed Bragg
rods due to the commensurate ratio), i.e. q,/q*, = 1,2,3,4 and q,,/q*, = 1,v/3,V4,/7, giving 55.1

nm and 27.2 nm periodicities, respectively (i.e. a 31.4 nm domain spacing for cylinders).

For the other ratios between the two structures, the experimental results were not
conclusive, in part due to the ability of BCP structure to stretch in order to accommodate
topographical and chemical fields. As an example, for the 2/+/3:1 ratio, the PMMA cylindrical
structure slightly expanded to reach the 1:1 ratio, yielding thus to similar stacking configurations
as observed before, with obviously more defects due to the stretching constraints. As for the 3/2:1
ratio, the predicted structures have a rather higher fundamental wallpaper domain sizes
compared to the other ones, leading to a poorer overall symmetry which are thus less stable

structures from a thermodynamical point of view.

For the stacking of large dot pattern over smaller line & space pattern, Figures 100.a-b
show two remarkable structures which were obtained using L2s-Np-Dag and Lzs-Np-Dss stacking

configurations.

Figure 100. (top) SEM images and (bottom) corresponding GISAXS patterns of (a,c) Lzs-Np-D4s and (b,d) Lzs-
Np-Dss. Top right insets are the idealized structures and FFTs. Scale bars: 250 nm.

193



CHAPTER IV: 3D-STRUCTURES FORMED BY ITERATIVE SELF-ASSEMBLY OF PS-B-PMMA FILMS

The structure obtained for the 1:3/2 ratio is not very well defined since it appears to be a
mix of the three stacking types, i.e. “above”, “between” & “edge”. We rationalize this result taking
into account the large size of the dots with respect to the line width which could favor the collapse
of the dots at different positions during the ashing step. However, the structure obtained for the
1:/3 ratio is consistent with a “above” stacking type as predicted. For these two stacking
configurations, no difference between PS-affine, PMMA-affine or neutral interfacial layers were
observed even if the best self-assembly results were obtained for a neutral layer. This might be
explained by the fact that the pseudo-chemical epitaxy mechanism is not valid for stacking
configurations based on top features larger than the underneath Al;O3 lines. Indeed, there is no
configuration which would preferentially stabilize the PS or PMMA domains on top of Al;03 lines.
However, responsive layering is still observed due to the topographical field related to the
immobilization of the 1st BCP layer. The GISAXS pattern of the Lzs-Np-Dasg stacking configuration
(Figure 100.c) presents intense Bragg rods corresponding to the Lyg line & space pattern (i.e.

qy/q"; = 1,2,3 with a periodicity of 29.1 nm). Also, Bragg rods of weaker intensity can be

observed along the hexagonal structure sequence, i.e. g, /q*, = 1, v3,v/4,V/7 with a periodicity of
41.9 nm, i.e. a cylinder-to-cylinder distance of 48.4 nm, associated to the D4g structure. For the Log-
Np-Dse (Figure 100.d), similar conclusions can be drawn from the GISAXS pattern with a sequence

of Bragg rods shifted to lower q values for the Ds¢ structure (domain spacing of 54.1 nm).

IV.5.C/ Stacking of a line & space pattern on top of a hole pattern
(H-L)

The last type of stacking studied during this Ph.D. is the hole and line & space stacking
configuration, which would have similar expected 2D wallpaper symmetries as L-D stacking.
However, in this case, the stacking would not present the grain shape issue encountered
previously, i.e. the hexagonally packed cylinder within a sole grain bending along curvy lines from
the underneath fingerprint pattern. Indeed, in this H-L case, it is the lamellae that would have to
get aligned on a underneath hole pattern within a sole grain. In this case, some bilayer grains will
have a perfect order if responsive layering occurs, which should be easier to analyze. As for the
previous case, it is possible to split this study in three parts: the 1:1 ratio, and the ratios above and

below 1.

Figures 101.a-b present the first case, i.e. 1:1 ratio, with PMMA- or PS-affine interfacial

layer, produced by stacking Ls; on top of Hs, i.e. H37-My-L32 and H3z7-Si-Laz.
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Figure 101. SEM images (top) and corresponding GISAXS patterns (bottom) of (a,c) H37-My-L32 and (b,d) H37-
Si-Ls2. Top right insets represent idealized structures and image FFTs. Scale bars: 250 nm.

As expected, and observed for every 1:1 ratio configuration, the structures are exactly the
ones predicted from packing considerations, i.e. the PMMA lamellae registered between or above
the holes formed by the Al,O03 honeycomb pattern. Interestingly, both stacking configurations can
be fully explained using the pseudo-chemical epitaxy mechanism, clearly underlining responsive
layering. For the PMMA-affine case, i.e. lines registered between holes, the PMMA domains are
fully facing the underneath Al,O3 pattern coated with the PMMA-affine layer. For the PS-affine
case, the same process is occurring, with PS instead of PMMA. Interestingly, for both cases, the
non-affine lamellar domains are registered on top of holes, i.e. sequentially facing neutral
conditions from disordered BCP chains trapped in the hole and non-affine areas from the Al,O3
pattern. This induces an energetical cost, that is fortunately lower than the energetical gain of the
responsive layering. It is important to note that for both structures, lines are effectively mostly

directed collinearly within a hole grain, and bend along the grain boundaries.

As expected, the associated GISAXS spectra (Figures 101.c-d) present similar features with

intense Bragg rods positioned at a first characteristic sequence q,/q*; = 1,2,3 of lamellar

structure, with a measured periodicity of 31.4 nm, and a second characteristic sequence q,,/q", =

195



CHAPTER IV: 3D-STRUCTURES FORMED BY ITERATIVE SELF-ASSEMBLY OF PS-B-PMMA FILMS

1,/3,v4,v/7,4/9 of hexagonally packed cylinders, with a measured domain spacing of 36.3 nm.

This analysis is in accordance with the two stacked structures, i.e. L3 and Hs.

For stacking ratios above 1, i.e. small line & space pattern above large hole pattern, the
study was performed using Lzs. Figures 102.a-c present the SEM images of the 2/+/3:1, 3/2:1 and
v3:1 ratios, obtained from Hap-Mi-Lys, Has-Si-L2s and Hse-Si-Lag stacking configurations,

respectively.

Figure 102. (top) SEM images and (bottom) corresponding GISAXS patterns of Lzs stacked on top of (a,d) Hsz
with PMMA-affine layer, (b) Hag with PS-affine layer and (c) Hss with PS-affine layer. Top right insets are the
idealized structures and FFTs. Scale bars: 250 nm.

Interestingly, similar results were obtained by stacking Lzs on top of H4z, Hag and Hse, and
that independently of the interfacial layers used. For all three experiments, the most stable
configuration always involved the registration of the lines on top or between holes. It seems that
in these cases, the topographic contribution is higher than the interfacial one, explaining why

there is no impact of the interfacial layer affinity on the registration of the second layer.

The GISAXS pattern from the 2/+/3: 1 ratio case (Figure 102.d) exhibits as usually the two

characteristic sequences related to the stacked structures: g, /q*, = 1,2,3 for Lzg with a measured

28.3 nm periodicity, and q,/q*, =1, v/3,+/4, for Ha, with a measured 41.2 nm domain spacing.

Unfortunately, the GISAXS spectra of the two other cases, i.e. Hag-Si-L2g and Hse-Si-L2g were not

recorded.
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IV.6/ Conclusions

In this study, an efficient process to stack two layers of PS-b-PMMA thin films using an
immobilization step have been developed. With geometrical and symmetrical considerations, it
has been possible to list the potential bilayers patterns that were targeted. Then, an exhaustive
study has permitted to reach a consequent number of these non-native patterns (some of them

observed for the first time using BCP self-assembly).

Amongst all those bilayer patterns, it has been possible to reference 7 of the 17 2D-
wallpaper groups, and the 2 possible line groups, only by stacking layers that belong to the p1lm
line group (line & space pattern) and pémm 2D-wallpaper group (dot and hole patterns). Besides,
we have proposed a model that allows explaining the relative configurations between the layers
as a function of interfacial energy considerations and a disordering of PS-b-PMMA chains under

confinement.

To conclude, we have shown that it is possible to control and predict the orientation and
alignment of a PS-b-PMMA thin film stacked above an immobilized pattern. This work permits to
form a toolbox that could be used to produce complex 3D structures from BCP self-assembled thin

film.
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All along this manuscript, a robust process was developed to stack BCP immobilized
layers, in order to form on-demand complex 3D nanostructures. Interestingly, we demonstrated
that this iterative process leads to a good control of the final structure, e.g. pattern morphology,

periodicity or block functionality by hybridization.

In this last chapter, a preliminary study for stacking more than two layers was performed,
which is mandatory to extrapolate the process to form more complex 3D nanostructures. This

proof-of-concept study was performed by successfully stacking 3 layers.

Besides, we will present the structural design of two potential applications: a 3D gold
nanogrid which might exhibit interesting optical properties, and a 3D-nanopillar array for data
storage purpose. Nonetheless, these configurations are still highly conceptual, with several
manufacturing challenges, which were not fully resolved during this study. Finally, a general

conclusion and perspectives about this Ph.D. is presented.
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V.1/ Introduction

Currently, the major use of BCP thin films in the industry is related to the formation of
masks for nano-manufacturing with applications in the fabrication of electronic devices. Indeed,
the periodical nanostructures produced with this technique allow the generation of a large range
of patterns with tunable feature sizes at a low process cost (with respect to common top-down
photo-lithography) [1]-[3]. However, even if BCP self-assembly is a bottom-up technique (the
pattern is made directly from the deposited BCP layer), the use of BCP thin film as a photo-
lithography mask transforms this method into a top-down approach (Figure 103). Indeed, the final

structure would be made by “carving” a substrate of interest for the desired application.
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Figure 103. Schematics of bottom-up versus top-down approaches for device nanofabrication. Bottom-up
consists in adding material on a substrate, while top-down consists in removing material from a layer of
interest for the applications.

Alternatively, BCP thin films can be hybridized to directly generate functionalized
nanostructures (thus a fully bottom-up approach). Depending of the type of hybridized materials
(metals / dielectrics / ceramics / oxides), applications in various technological fields, such as
optics, catalysis, energy or filtration, have been reported in the literature [4], [5]. Unfortunately,
even if clear methodologies are established in order to produce the hybridized structures,
successful integrations into functional devices are scarce due to the inherent limitation of BCP
self-assembly; i.e. the self-assembly phenomenon is driven by a thermodynamic process, which
drastically limit the variety of achievable structures and patterns. Obviously, these two
approaches are not incompatible, with DSA using graphoepitaxy to remove self-assembly defects
as a prime example. DSA methods also allow the generation of tailored structures inaccessible

natively by constraining the BCP self-assembly within adequate patterns [6], [7].

During this Ph.D., an efficient layer-by-layer process to form 3D nanostructures was
developed, with a controlled registration between layers. Interestingly, this bottom-up approach
can be used to produce specific multilayered structures following a rather simple process, which
might unlock the possibility to produce complex functional devices. This last prospective chapter
will focus on two possible applications in optics and nanoelectronics and will describe the

envisioned hybridized structures and the processes associated to their fabrication.
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V.2 / Beyond the stacking of two layers

Firstly, a preliminary study was performed to observe the effective possibility to transfer
the conclusions made from the stacking of two BCP layers to more than two BCP layers. Indeed,
the process was designed to be compatible for the stacking of any number of layers. Interestingly,
only the previous layer should influence on the self-assembly of the next layer through responsive
layering. To verify this hypothesis, the stacking of three BCP layers were performed on selected
configurations allowing a facile characterization by top-view SEM. The two stacking
configurations chosen were H-M.-L-Mp-D and L-N.-L-Mp-D with a ratio between the periodicities
equal to 1. The expected structures for the two envisioned configurations are displayed in Figures

104.a-b.

:

Figure 104. Idealized schematics of three-layer stacking of (a) H-M.-L-Mp-D and (b) L-N.-L-Mp-D with the
same periodicity. SEM images of (¢) Hzz-Mi-L2s-Mp-Dsz and (d) Lzs-Ni-Lzs-Mp-Dsz. Scale bars: 100 nm.

The Hzz-Mi-L2g-Mp-D32 (Figure 104.c) and L2g-Ni-Lzg-Mp-D3; (Figure 104.d) stacking
configurations were generated using the standard process. It is noteworthy that a longer ashing
process was necessary to reveal the three-layered structures. Unfortunately, such long ashing step
(20 min was required to visualize the hole pattern at the bottom) led to the collapse of the dot
pattern (even some parts of the line & space pattern) for the H32-M;-Ls-Mp-D32 configuration. Only
6 min of ashing were required for the Lzs-Ni-Lzs-Mp-D32 configuration and a three-layered
structure is clearly visible on the SEM image. It is composed of two line & space patterns
orthogonally arranged in a grid (due to the neutral interfacial layer) with the third dot pattern
registered on top of the Al;O3 lines of the 2nd layer. This is in full accordance with the expected

structure and the results obtained for each individual bilayer stacking. Accordingly, the iterative
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self-assembly methods devised for the stacking of two layers seems to be fully transposable to
more complex iterative layering. However, as experimentally observed for the H3zz-My-L2s-Mp-D3>
stacking configuration, a bottleneck linked to such process is the ashing step which can lead to a
collapse of the top structures. An alternative would be to preserve the structural integrity of each

layer by a dual hybridization of the two BCP domains.

It is also important to note that for both of these examples, the relative orientation angle
between the first and third layers is correlated through the second layer. However, the positioning
of the features of the third layer is decorrelated from the localization of the features of the first
layer. In other words, the position of top dots along the lines from the second layer is not dictated
by the first layer. Indeed, the Figure 104.d clearly shows that the dots are not registered along the
first line & space pattern, with all three possible stacking configurations. It means that the
topographical field generated by the second layer does not integrate the topographical field from

the first one.
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V.3/ Optically active structures from BCP self-assembly

An interesting property of BCP self-assembly is that the resulting nanostructure shows
feature size in the 10-100 nm range, which is slightly below the visible wavelength, and thus can
promote optical properties by light-matter interactions [8]. This part will focus on the

opportunities to use iterative stacking to obtain optically active nanostructures and devices.

V.3.A/ Bibliographical study

V.3.A.i/ Photonic crystals

The term “photonic crystal” describes objects presenting a periodical nanostructure in
which the refractive index is not constant, leading to a modification of the light propagation. The
periodicity can be along one, two or three directions, leading to 1D, 2D or 3D photonic crystals.
Photonic crystals can have important applications for many optical purposes since it can
manipulate light propagation, such as structural colored coatings [9], solar cells [10] or optical

sensors [11].

BCPs have been used to produce 1D, 2D and 3D photonic crystals [12], [13]. For instance,
1D photonic crystal were generated using in-plane lamellae (Figures 105.a,d), 2D from out-of-
plane cylinders (Figures 105.b,e) and 3D from gyroid (Figures 105.c,f), leading to high reflectivity

at a specific wavelength linked to the nanostructure periodicity.
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Figure 105. (a) SEM image from an in-plane lamellar PS-b-PI (scale bar: 1 um) and (d) the associated
reflectance spectrum. (b) AFM phase image of an out-of-plane cylinder PS-b-PI (scale bar: 1 um) and (e) the
associated reflectance spectrum. (c) SEM image of a double gyroid PS-b-PI after PI etching by UV/03 (scale
bar: 250 nm) and (f) the associated reflectance spectrum [12].
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To increase the contrast of refractive indexes between the two BCP domains, and thus
modify further the optical properties, an infiltration step using metal impregnation or SIS can be

performed to incorporate inorganic material, as detailed in Table 17 for some examples.

Material n k Ref
PS [1.58 - 1.63] 0 [14]
PMMA [1.48 - 1.51] 0 [14]
Al03 1.72 0 [15]
Au [0.13 - 1.46] [4.1-1.9] [16]

Table 17. Optical properties of several materials in the visible light range (380 nm - 700 nm) with the
refractive index n and the extinction coefficient k.

V.3.A.ii/ Optical metamaterials

A second type of optically active nanostructures are called optical metamaterials. As
defined by Zheludev, “Metamaterials are artificial media structured on a size scale smaller than
the wavelength of external stimuli” [17], i.e. the visible wavelengths in our case. These objects
show properties that are not observed in the nature. The main interest for optical metamaterials
is reaching negative refractive indexes [18], which can be obtained by modulating the electronic
and magnetic fields from the light wave. This “unnatural” behavior can be used in many
applications for optics, in particular for imaging and nanolithography in order to reach resolutions

higher than the diffraction limit [19].

Several methods have been developed to generate optical metamaterials, including the use
of BCP self-assembly since they exhibit periodical features effectively smaller than the visible
wavelengths [20]. For this specific application, the polymer dielectric properties are not
compatible, thus a hybridization of at least one of the BCP phase is mandatory to reach the

targeted electromagnetic properties, which is usually performed by metallic infiltration.

In 2011, Hur et al. theoretically demonstrated that a chiral gyroid structure formed from
BCP self-assembly and hybridized with gold in one of its domains, should lead to a chiral 3D
metamaterial exhibiting negative refractive index [21]. Experimentally, this structure was
obtained, and showed interesting optical properties such as linear and circular dichroisms, but
not yet a negative refractive index (Figures 106.a,c) [22]. Other metamaterials were obtained from
BCP self-assembly, such as shear directed in-plane cylinders hybridized with gold or silver,
exhibiting an anisotropic optical response depending on the angle between the incident light and

the cylinder direction (Figures 106.b,d) [23].
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Figure 106. SEM image of a (a) gyroid forming PI-b-PS-b-PEO [22] and (b) cylinder forming PS-b-PMMA [23],
with Pl and PMMA blocks etched and filled with gold by electrodeposition before full polymer removal. (c)
Difference between the transmission spectra in left and right light polarization channels as the sample (a) is
rotated around the [110] axis. (d) Polarization-dependent reflectance spectra of the sear aligned cylindrical
sample (b). Scale bars: 500 nm.

V.3.A.iii/ Plasmonic nanostructures

Another functional property triggered by periodical nanostructures is the plasmonic
effect. It is related to the interactions between electrons from metallic nanoparticles and the
incident light. Indeed, a plasmonic oscillation can occur between nanoparticles and light, even if
the wavelength is higher than the particle size. Such interaction is due to the metal-dielectric
interface between the particles and surrounding matrix, e.g. air. Interestingly, in the case of
monodisperse nanoparticle distribution, this plasmonic effect occurs for a very narrow
wavelength band that will produce the electron oscillation. For nanoparticles built from periodical
nanostructure, for instance BCP self-assembled thin film, a plasmonic nanosurface is produced,
which can have a large range of optical applications such as in solar cells [24] or optical sensors

[25].

In term of BCPs, plasmonic nanosurfaces can be obtained with gold impregnated out-of-
plane cylinders leading to hexagonally packed gold nanoparticles (Figures 107.a,c) [26], but also
with the inverse structure, i.e. gold honeycomb [27] (Figures 107.b,d), since the interface of both

nanopatterns is similar, i.e. a nanometric periodic array between air and metallic gold.
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Figure 107. (a) AFM image of out-of-plane PS-b-P4VP cylinders infiltrated with a gold salt solution and
etched in order to produce an array of gold nanoparticles [26]. (b) SEM image of a metallic nanopattern
produced from out-of-plane PS-b-P4VP cylinders infiltrated with a gold salt solution and etched in order to
obtain a gold nanomesh [27]. (c) Extinction spectra of the sample (a) taken at (red) normal and (blue) 70°
off-normal incidence with the simulated spectra in inset. (d) UV-Vis transmittance spectra of nanodots array,
nanoring array, nanomesh and simulated spectra for the nanomesh depicted in the inset. Black circles
indicate the plasmonic resonance wavelength. Scale bars: 500 nm.

Within our laboratory, Dr. Cian Cummins et al. developed another route to form inorganic
2D plasmonic nanosurfaces using PS-b-PMMA. The method used was a gold evaporation on top of
an porous PS-b-PMMA hole pattern followed by a lift off of the PS matrix. Interestingly, the
hexagonally packed gold nanodot nanosurface presented near-perfect absorbance at 600 nm

wavelength when produced above a gold coated substrate capped with an alumina spacer [28].

The bibliographic details of the published manuscript are:
C. Cummins, Q. Flamant, R. Dwivedi, A. Alvarez-Fernandez, N. Demazy, A. Bentaleb, G. Pound-Lana,
M. Zelsmann, P. Barois, G. Hadziioannou, A. Baron, G. Fleury, V. Ponsinet, “An Ultra-Thin Near-
Perfect Absorber via Block Copolymer Engineered Metasurfaces” J. Colloid Interface Sci., vol. 609,
pp. 375-383, 2022.

https://doi.org/10.1016/j.jcis.2021.11.163
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V.3.B/ Tailored 3D-nanogrid targeting optics

The possibility to iteratively stack 2D well-ordered layers with a defined configuration
allows the creation of tailored 3D-nanostructures containing both dielectric and metallic
materials through BCP hybridization done at each layering step. Here, a targeted nanostructure is
a stack of several orthogonal arrays of out-of-plane lamellae, with each layer having one block
hybridized into a conductive material and the other hybridized into a dielectric material (Figure
108). It was already observed that a perfectly aligned wire array presents interesting polarization
properties due to the nanometric periodicity [29]. Also, the stacking will produce a more complex
3D-nanogrid, which might exhibit other interesting properties, as already observed with a ZnO
nanomesh device that shows a different conductivity according to the ambient illumination [30].
The desired stacking configuration could be easily achieved by stacking line & space arrays with

a neutral interfacial coating to promote the orthogonal orientation between the patterns.

Susbtrate Layer 1 M, M, Layer 2
Reflective / Transparent Mc . Mc ) d
d ' ' o
"I / ntimes ailored 3D
I nanogrid
h TR EANNEN h,

Figure 108. Schematics of the responsive layering process of orthogonal lamellar BCP layers hybridized into
conductive/insulator lines for the formation of a tailored 3D-nanogrid. d;, h;, M ;, M; j represent the lamellar

domain spacing, layer height, conductive material and insulator material of the j-layer.
This structure can be tailored to target specific behaviors which could be optimized with
simulations. The different parameters that can be tuned are:
o The device substrate which can be a silicon wafer for its reflective properties, or a smooth
transparent glass wafer for transmission purpose;
e The composition of the conductive material, M., with for instance gold, silver or copper, and
the composition of the insulator material, M;, with for instance Al,O3 or TiO;
e Thelamellar domain spacing, d, to target a specific wavelength, or the combination of different
domain spacing for each layer in order to be responsive to different wavelengths;

e The height, h, of each layer to modify the periodicity along the height axis.

Finally, this on-demand 3D-structure would be formed of n layers having 1D specific in-
plane plasmonic effects which are vertically and orthogonally stacked. This stacking would exhibit
another periodicity in the height axis, and an orthogonal arrangement between each layer, which

could both produce plasmonic effects.
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V.3.C/ Experimental challenges

The main challenge for the formation of such device is the hybridization of PS or PMMA
domains into a conductive material. As detailed in the Chapter 1.2/, several routes have been
developed to selectively transform a BCP domain into gold or other metals. Nevertheless, only two
are fully compatible with iterative stacking (i.e. keeping the structural integrity of the BCP pattern

during the hybridization), which are liquid phase metal salt impregnation and electrodeposition.

For the first route, PS-b-PMMA is unfortunately not a suitable candidate for impregnation
due to low affinity between metallic salts and PMMA. A solution could be to use PS-b-P2VP or PS-
b-P4VP which can be easily impregnated with gold for instance [27], [31], [32]. However, the
standard annealing process for these BCPs is based on an exposition to solvent vapors (solvent
vapor annealing), which might have a strong impact on the stacking method developed during this

work.

The second route seems more adapted to our process, since it only requires to add an
electrode below the first BCP layer in order to perform electrodeposition. By selectively removing
one of the domains of the PS-b-PMMA structure, it would be possible to growth metal in the
created voids. For the electrode, it is possible to coat a wafer with a thin layer of gold using an
evaporation method, which is compatible with subsequent self-assembly, as proven with Figures
109.a-b that show two self-assembled bilayers on top of a gold coated wafer, using the standard
process described in the previous chapters. However, this electrode should be thick enough for
electrodeposition, i.e. around 150 nm, leading to a reflective surface, preventing the transmission
of light. An alternative would be to use ITO coated substrate even if the higher roughness on such

kind of substrate could be detrimental to BCP self-assembly.
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Figure 109. SEM images of (a) Ls2-Ni-Lsz and (b) Hs7-Mu-Hs7 stacking configurations on top a 150 nm gold
coated silicon wafer. Top right insets are the FFTs. Scale bars: 250 nm.
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Two possible pathways can be devised to perform the electrodeposition (i.e. for the
formation of voids into a BCP thin layer): either a selective plasma etching of the PMMA domains
followed by a subsequent metal growth (metal / PS structure), or the SIS of alumina in the PMMA
domains combined with the PS removal for a subsequent metal growth (metal / alumina
structure). A particular attention had to be paid to the electrodeposition parameters (voltage and
duration) to grow the metal at a lower height that the surrounding matrix in order to preserve a
topographical pattern for the subsequent responsive layering process. Additionally, the metallic
domains created during the electrodeposition process should not be covered to be able to pursue
further metal growth at the second layer level. Thus, the second process seems more interesting
because it produces a fully inorganic layer that does not require an alumina passivation layer to

prevent PS removal during the RCP grafting process.

Some preliminary tests were performed with this second process; however, no conclusive
results were obtained, certainly due to the very small pattern size (some tenth of nanometer width

and height), which requires an optimization of the electrodeposition parameters.
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V.4 / Electronic devices from BCP self-assembly

This part will focus on potential avenues of the developed stacking method for the design
of electronic devices. The main constraint is to develop a device architecture, which is compatible

with the layer-by-layer process that was developed along this Ph.D.

V.4.A/ Bibliographical study

Unfortunately, the transformation of BCP functionalized nanostructures into functional
electronic devices are scarce due to the difficulty to produce perfectly ordered patterns which is
usually required for this type of applications. Indeed, contrarily to optical applications, functional
properties do not emerge from structure averaging. Yet, several potential applications have been

developed, and this part will focus one two of them: transistors and data storage.

V.4.A.i/ Transistors

One very important electronic component for actual electronic devices are transistors.
These are usually made from doped silicon, and etched to the appropriate shape. This lithographic
step might be improved using BCP masks in order to increase the final resolution. For instance,
BCP masks were used to selectively etch a graphene layer, leading to the formation of graphene

nanoribbon arrays (GNR), which can be used to produce field-effect transistors [33].

However, BCP nanostructures might be directly used to produce intricate structure-
function relationships. Chi et al. demonstrated the use of BCP self-assembly to produce field-effect
transistors [34]. They used a PS-b-P4VP BCP to produce different nanostructures, such as spheres,
in-plane and out-of-plane cylinders, containing small ferrocene molecules mainly dispersed in the
P4VP domains. The produced composite sandwiched between appropriate electrodes exhibited
interesting charge-storage properties which can be used for memory device for instance, known
as non-volatile organic memories. A similar result was also observed with gold nanoparticles

formed within P4VP domains [35].

Another use of BCPs for transistor applications has been demonstrated with the
performance improvement of pentacene thin film transistors. Indeed, Jo et al. added an out-of-
plane PS-b-PMMA self-assembled layer between a substrate (SiOz) and a pentacene thin film,
which increased the electron mobility within the overall field effect transistor, due to low PS
resistivity which matrix has a continuous pathway perpendicular to the film with this morphology

[36], [37].
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V.4.A.ii/ Data storage

One specific BCP arrangement can be very interesting for data storage application: the
hexagonally packed dots array formed by out-of-plane cylinders or spheres. Indeed, they form
laterally periodical spaced objects that can each store one binary information, e.g. with magnetic
field orientation. Two distinct ways to form these 2D layers of nanodots are referenced:

o Using the BCP self-assembled layer as a mask to etch the underneath thin layer that already
possesses the desired properties for data storage [38]-[40] (Figures 110.a,d) which is similar
to a top-down approach performed with a conventional lithographic mask;

o Using the BCP layer as a template to hybridize one of the BCP domain with a material having
the desired properties for data storage, by electrodeposition, sputtering or infiltration [41]-

[44] (Figures 110.b,e) which is a bottom-up approach.
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Figure 110. Schematics of the formation of a cobalt dot array (a) using PS-b-PFS sphere mask above a cobalt
layer and (b) using PS-b-PMMA out-of-plane cylinders to form a hexagonally packed hole template which is
subsequently filled by cobalt. (c) Schematics of the fabrication of 3D PS-b-PDMS in-plane cylindrical structure
above a nano-templated substrate. SEM image of (d) W-capped cobalt dot array produced with process (a),
(e) magnetic cobalt dot arrays produced with process (b), and (f) 3D structure formed from two layers of
ceramized PDMS cylinder arrays produced with process (c). Scale bars:200 nm.

For the bottom-up approach, several materials can be used for their ferromagnetic,

antiferromagnetic or ferroelectric properties such as cobalt, chromium or lead zirconate titanate,
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respectively. However, this approach produces 2D flat structure and does not take advantage of

the possibility to stack BCP layers to form 3D structures.

More recently, another type of memory has been developed by Intel and Micron
Technology, called 3D cross-point memory, and requires the precise orientation of nanowires in
3D. Tavakkoli et al. showed that this more complex 3D nanostructure can be produced by ordering
a bilayer of in-plane cylinders using nanoposts to control the self-assembly [45] (Figures 110.c,f).
Accordingly, the structure is composed of two rows of cylinders (obtained by selecting an
appropriate BCP layer thickness), and it is not possible to further tune the pattern configuration.
Interestingly, the layer-by-layer approach developed in this Ph.D. should be able to generate more
complex configurations and to reach tailored 3D-nanostructure which might be better adapted to

the cross-point memory application.

V.4.B/ 3D-nanopillars memory device

An interesting use of the layer-by-layer approach can be imagined to improve the data
storage capacity. Indeed, some groups used out-of-plane cylinders subsequently functionalized
with a ferromagnetic material to form dots that can store data, known as metal nanodot memory.
However, this type of device produces a 2D memory array, which capacity is dictated by the dot
density. For instance, if the distance between each dot is 30 nm, it gives around 1.3 X
101 dots/cm? density, which correspond to around 130 Gb/cm?2 by assuming that each dot can
store 1 bit. In 2012 the areal density value of hard disk drives was around this value [46] and
reached the value of 170 Gb/cm?2 in 2021 [47]. The theoretical value obtained with BCP is
relatively high, but already obtained using other technologies. However, it could be drastically
enhanced by stacking dot patterns on top of each other, to create pillars that could each store more
than one bit. In the case of a stack of 8 layers separated with an intermediate conductive electrode,

this would lead to the direct storage of an octet. Figure 111 proposes a potential process to
fabricate this type of 3D device.

- Electrode 1 t ! BCP Infiltration &
repeat 8 times
‘ 3D-nanopillars memory device
B _» - )

Figure 111. Schematics of the responsive layering process of registered out-of-plane cylinders hybridized into
an appropriate material and separated by a conductive electrode for the formation of a 3D-nanopillars
memory device.

Electrode 2
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The electrode deposition step could be performed with gold sputtering and the
appropriate mask to form the desired layer shape. The BCP step can be performed as detailed in
this manuscript, using the adequate RCP composition to obtain the correct responsive layering
response. It is noteworthy that the infiltration step has to transform the cylindrical domains into
a material with the appropriate electric and/or magnetic properties while the other domains

should retain their isolator properties.

V.4.C/ Experimental challenges

With this approach using 3D-nanopillars, the main limitation inherent to BCP self-
assembly, i.e. the formation of defects and grains, could be resolved by directed self-assembly
methods. However, a strong experimental challenge remains: how can we hybridize the
cylindrical domains with an adequate material? The candidate retained for this study was bismuth
ferrite (BiFeO3) denoted BFO, which has a multiferroic behavior above room temperature, i.e.
magnetic and ferroelectric properties, considered as a very promising material for memory

devices [48].

V.4.C.i/ PMMA infiltration

Considering the works done during this Ph.D., PS-b-PMMA would be a candidate of interest
as methods to stack such BCP layers have been shown to produce well-defined 3D structures.
However, PS-b-PMMA is not compatible with liquid phase infiltration, e.g. metallic salt infiltration,
and one should focus on vapor phase infiltration methods, e.g. SIS. In this case, the metal oxide is
produced within the PMMA phase, thus the requirements for this method are:

e The formation of a metal oxide that possesses electric or magnetic properties that can be
compatible with data storage at room temperature;

e The precursor(s) used for the SIS are small and mobile enough to penetrate the PMMA
domains. They also need to be able to form specific interactions with PMMA to ensure a
selective localization;

e The SIS reaction should occur below PS-b-PMMA order-disorder temperature to preserve the

self-assembled structure during the process.

Several research groups described the ALD growth of BFO thin films, exhibiting good
electromagnetic properties [49]-[55]. These syntheses were performed using different
precursors at different temperatures. For bismuth, the Bi(CHz)3 precursor seems a good candidate
since it is very similar to TMA which is used for the formation of Al,O3 in the PMMA domains.
Unfortunately, the precursors for iron used in these syntheses are rather large and might not be

selectively incorporate into the PMMA domains. Another precursor used to grow Fe;0s3 is FeCls
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[56] which might be interesting for SIS. However, the presence of chlorine in the precursor is not

very convenient as it produces HCl which is highly corrosive for the ALD tool.

For the reaction temperature, the reported ALD window is between 150°C and 250°C
which might be too high for SIS of BCP patterns. However, the ALD and SIS processes are slightly
different, and it might be possible to perform the reaction at lower temperature using long
exposure times. Also, a second annealing at the end of the reaction at around 500 °C to 700 °C is
mandatory to crystalize the BFO. This would in parallel remove the PS domains which could

impart the mechanical integrity of the BCP pattern.

To conclude, this SIS route seems promising because it would create a fully inorganic
memory storage device, and would be easy to perform from a self-assembly point-of-view.
However, strong challenges remain with in particular the SIS of BFO and the final annealing

treatment.

V.4.C.ii/ BCP modification

A second possible route would be to employ a different BCP system than PS-b-PMMA. It
should be compatible with metallic salt impregnation, such as PS-b-PxVP (x=2 or 4, see
Chapter.2.D.ii/). Interestingly, the formation of a BFO thin film by spin coating a solution
containing Bi and Fe precursors followed by a baking step to crystalize the oxide have been
reported in the literature [57]. The precursors used during this study were iron acetylacetonate
(Fe(Acac)s) and bismuth nitrate (Bi(NO3)3,5H20), and it would be interesting to see if these

molecules selectively interact with the PxVP block.

A preliminary study was performed to observe the infiltration of these two precursors
within an out-of-plane cylinder forming PS-b-P2VP thin film. For this experiment, a 0.5 wt.%
solution of PS-b-P2VP (M,(PS) = 135 kg/mol and M,(P2VP) = 53 kg/mol) in PGMEA was spin
coated at 2000 rpm on top of a silicon substrate grafted with the 75r25 RCP. Then the thin film
was solvent annealed in a chamber containing THF vapors during 10 min to promote the self-
assembly (Figure 112.a). This film was subsequently infiltrated with a 1 wt.% iron acetylacetonate
(Fe(acac)s) and bismuth nitrate (Bi(NO3)3-5H20) stoichiometric solution in a mixture of acetic acid
and 1,3-propanediol (4:1 vol:vol), by immerging the sample in this solution during 5 min. The
infiltrated structure was etched during 20 min using UV/03 treatment leading to nanodots

composed of Bi and/or Fe oxides (Figure 112.b).
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Figure 112. AFM height image of out-of-plane cylinder forming PS-b-P2VP (a) after self-assembly by THF
solvent annealing and (b) after impregnation with a Bi and Fe solution followed by an UV/0s etching. Scale
bars: 500 nm.

Interestingly, performing the same process with a solution containing only one of the two
precursor leads to similar results, meaning that both precursors are actually infiltrated in the
P2VP domains. However, the kinetics might not be the same, and a specific ratio between

precursors might be needed to obtain the appropriate BFO stoichiometry.

PS-b-P4VP thin films were also tested, leading to a significant lower oxide growth within
the P4VP block, which might be due to weaker interactions between the precursors and the
nitrogen lone pair in the para position. Finally, it was demonstrated that the acetic acid is required

for a good infiltration, as expected from the solubility of both precursors [58].

This preliminary work was performed in collaboration by Estelle Pinto Dos Santos, an

intern that spent two months in the group.

This could solve the difficulty to grow BFO into PMMA by SIS, however, the pyrolysis step
is still required, thus PS should be transformed into an inorganic material. However, since the BCP
is not PS-b-PMMA anymore, it could be intelligent to choose a BCP that could also solve this issue,
with a second block that can be transformed into inorganic material, such as PDMS that can be

ceramized, or any another block that could be selectively hybridized with a different process.
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V.5/ Conclusions

In this chapter, we presented the proof-of-concept for the stacking of three layers, which
successfully enable the deployment of this stacking process for n layers, i.e. the iterative formation
of 3D nanostructures. Then, to illustrate it, two potential devices were proposed: a 3D gold

nanogrid for optical application, and a hexagonally packed pillar for stacked data storage.

For both proposals, a quick bibliographic survey was performed to define the state-of-the-
art on the BCP based devices in the same field. Then, an ideal structure made by iterative layering
was proposed, with an imagined process to achieve it. Finally, the experimental challenges about
the process were listed, because it requires more complex BCP structure modification than only
Al O3 infiltration and PS plasma removal. Interestingly, some preliminary studies were performed
to propose solutions, such as gold electrodeposition growth and selective BiFeO3 infiltration

within a P2VP block.
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(GENERAL CONCLUSIONS

BCP self-assembly in a thin film configuration has been the focus of intense research
activity over the past decade since it can produce a variety of patterns at a nanometric scale
through “low cost” processes. Indeed, this technology only requires the thoughtful design of BCP
architectures associated with the optimization of self-assembly processes, while a
thermodynamic driving force performs the remaining work. Nevertheless, this spontaneous
ordering exhibits several issues that have been the focus of important research works: i) the
limited number of achievable structures, and ii) the presence of defects within the self-assembled
structure. Several solutions were proposed to overcome these challenges, such as the modification
of the BCP architecture toward more complex BCP configurations (i.e. number of blocks, number
of chemistries, arrangement of blocks (linear, star, graft, etc.)) and the establishment of directed
self-assembly methodologies. Among all the methods expending the scope of BCP self-assembly,
alayer-by-layer approach was the main focus of this Ph.D. as it allows the generation of non-native
BCP morphologies, and the implementation of registration mechanisms between the layers that

can be further used as a directed self-assembly method.

For this study, the PS-b-PMMA system was chosen as its self-assembly is well-described in
the literature and shows a good correlation with theoretical predictions. Accordingly, it is a good
candidate to study the layering mechanisms in order to produce complex nanostructures with
defined arrangement in the 3D space. Using this system, we demonstrated that every simple di-
BCP nanostructure is achievable in thin films, i.e. PS/PMMA lamellae, hexagonal packing of PS or
PMMA cylinders and hexagonal close-packed PS or PMMA spheres. A focus was given on the
lamellar and cylindrical structures in order to generate in a thin film configuration, leading to line
& space, dot and hole patterns after hybridization. We further developed an adequate process to
stack these various structures using a “responsive layering” mechanism in order to control the
registration of the layers between them. In particular, different stacking configurations (above,
between or edges) were obtained depending of the topographical and chemical fields between the
layers. Thus, we demonstrated the controlled formation of a cornucopia of 3D nanostructures that

are non-native to BCP self-assembly.

This opens avenues to perform reverse engineering with BCPs to produce complex devices
as proposed in the last chapter. Indeed, with this approach, it is possible to design an ideal targeted

3D-nanostructure, and then optimize a layering process to manufacture it. In summary, we have
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developed a methodology which could, in the long term, produce tailored nanometric 3D-

nanostructures (from 24 nm to 64 nm) with on-demand functionalities specific to each layer size.

It is noteworthy that the annihilation of defects was not thoroughly tackled during this
Ph.D., but we have shown that the layering process performed in this study is compatible with
directed self-assembly methods, e.g. graphoepitaxy and chemical epitaxy, which are the most
powerful tools to form long range ordered BCP structures. An alternative directed self-assembly
method was also proposed and is based on the formation of Al,03 patterns obtained from the SRG
of azobenzene-containing layers. These patterns were successfully used to direct PS-b-PMMA self-

assembly using the topographical fields produced from the SRG mechanism.

By way of conclusion, we have proposed during this Ph.D. a novel layering approach based
on BCP self-assembly and hybridization methods of the resulting nanostructured layers. Even if
additional studies to fully decipher the registration mechanisms are still needed, solid foundations
were laid in order to rationalize the intricate relationships between the self-assembly of the
different layers. Besides, we have demonstrated that this method could be extended to more than
two BCP layers which could further widen the scope of applications of the iterative layering

approach to the manufacturing of practical technological devices.
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1/ Thin film process

1.A/ Self-assembly

The standard process to obtain self-assembly from PS-b-PMMA is composed on three
different steps: modification of the substrate surface energy, deposition of a BCP film and thermal

annealing (Figure 113).

Surface BCP Thermal
- modification thm film annealmg

Figure 113. Schematics of the self-assembly process for the formation of nanostructured BCP film (here out-
of-plane lamellae).

The overall process is performed in a cleanroom in order to prevent the formation of
defects in the BCP layer induced by dust, and the detailed steps are the following:
e Asilicon wafer is cut at the desired size and cleaned in a PGMEA bath three times separated
by a drying step with a nitrogen flow;
e A 1.5wt.% PS-r-PMMA in PGMEA is spin coated a 1500 rpm on the substrate;
e The PS-r-PMMA layer is heated at 230 °C for 5 min, to promote the grafting of polymer chains;
e The surface modified substrate is cleaned following the same process as previously in order
to remove non-grafted PS-r-PMMA chains;
e A PS-b-PMMA in a PGMEA solution is spin coated on this surface modified substrate;
e The thin film is thermally annealed in an RTA oven, in order to promote BCP chain mobility

(i.e. BCP self-assembly).

For the surface energy modification step, the concentration of the PS-r-PMMA solution is
not critically important since non-grafted polymer chains are removed by a rinsing step after
grafting. Nevertheless, the process should lead to a homogeneous coverage of the whole substrate
and studies have showed that a minimum layer thickness (depending of the molecular weight of
the PS-r-PMMA chains) is required to efficiently screen surface interactions with the substrate [1],
[2]. Here, the PS-r-PMMA film thickness is around 40 nm before grafting, which covers perfectly
the substrate. The temperature and duration of the annealing step (5 min at 230 °C) should be
sufficient to promote grafting without degrading the polymer. Importantly, the PS-r-PMMA
composition should be precisely chosen because it will dictate the subsequent substrate surface

energy, and thus the ability to control the orientation of the BCP structure.

For the deposition of the BCP layer, a critical parameter is the BCP film thickness after
annealing. It can be controlled through the concentration of the BCP solution, the viscosity of the

solvent as well as by the spin-coating speed (see L1.B.i). The formation of a particular BCP
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structure is controlled by the PS-b-PMMA composition and molecular weight, which will

determine the morphology and its periodicity (see 1.1.D).

Finally, the thermal annealing is performed in a rapid thermal annealing (RTA) oven,
under a N; atmosphere with a controlled heating ramp, annealing temperature, annealing
duration and cooling ramp. The optimal temperature and duration are highly dependent of the
BCP macromolecular characteristics. A standardized recipe for a PS-b-PMMA is the following
(Figure 114.a):

e Three cycles of vacuum / N purge of 10 s each at 50 °C;

e Aheating ramp from 50 °C to the desired temperature in 10 s;

e The temperature of the chamber is maintained during a chosen duration;

e A N; flow is then applied to the chamber to cool it to room temperature, reducing the

temperature below 100 °C in less than 40 s.
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Figure 114 (a) RTA standard recipe with the input temperature ramp (red) and actual temperature ramp
(blue) in the top panel, and the chamber pressure in bottom panel. The gray, red and blue backgrounds
represent the purging cycles at 50 °C, the thermal annealing step (here 260 °C for 5 min) and the cooling
ramp, respectively. (b) The RTA apparatus used during this Ph.D.

During this Ph.D., the rapid thermal annealing step was performed using a Jipelec JetLight
RTA furnace (Figure 114.b)

1.B/ Hybridization

BCP nanostructures in thin film have the potential to be hybridized in order to add further
functionalities. During this Ph.D., we opted to immobilize the BCP structure using a selective Al,03
infiltration step by SIS in the PMMA domains (see Chapter 1.2.D.i/) followed by an etching step
using RIE to remove the PS domains (see Chapter 1.2.C/) (Figure 115).

PMMA
Infiltration

Figure 115. Schematics of the PMMA infiltration followed by PS etching process for out-of-plane lamellae.
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1.B.i/ Sequential Infiltration Synthesis (SIS)

The SIS is a technique that permits to transform an organic matrix into metal oxides, using
an atomic layer deposition (ALD) tool in an “exposure” mode. The general process is based on the
infiltration of metallic gaseous precursors into an organic matrix followed by their oxidation to
form the oxide species. In the case of PS-b-PMMA, the metallic gaseous precursor for the formation
of Al,O3 are trimethyl aluminum and water (trimethyl aluminum (TMA) is strongly selective to
PMMA, leading to the formation of Al,03 in PMMA, while the PS domains remain unchanged (see
Chapter 1.2.D.i/).

Experimentally, the sample is placed into the ALD chamber heated at 85 °C within a

glovebox, and the standard SIS procedure is the following (Figure 116.a):

e The sample is cleaned with a 20 sccm N; flow during 2 min.

e A sequence of two infiltration cycles, which are described in Figure 116, is carried out. A cycle
is composed of two static TMA infiltration of 1 min separated by a 10 s N purge, followed by
the same process but with water instead of TMA. Static infiltration means that the outer valve
is closed while a precursor is pulsed into the chamber and the nitrogen flow is reduced to 5
sccm, leading to a slow increase of the pressure. A purge means that the outer valve is
reopened, and the nitrogen flow is increased at 20 sccm for 5 s to remove the excess of
precursors and then reduced to 5 sccm for the remaining 5 s to stabilize the flow before the

next infiltration.

e The sample is finally cleaned with a step of a 20 sccm N flow during 2 min, to remove by-

products and unreacted precursors.
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Figure 116. (a) SIS infiltration cycle sequence over time with the N2 gas flow in the top panel, outer valve
position in the middle panel (0O=close, 1=open) and experimental chamber pressure in the bottom panel. The
blue, red and gray backgrounds represent static TMA infiltration, static H:0 infiltration and N: purge
respectively. (b) The ALD apparatus used during this Ph.D.

Different pressure peak values are observed between the first and second static TMA
infiltration, from 15 mTorr to 20 mTorr (identical behavior for the first and second cycles). This

pressure difference means that a TMA consuming reaction happens during first infiltration, which
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can be related to the TMA absorption within the PMMA matrix, the TMA adsorption at the chamber
surface or the TMA reaction with residual traces of water or oxygen. However, for recipes with
more than two static TMA infiltrations, the same pressure peak value, around 20 mTorr, is
observed for the second infiltration and all the subsequent infiltrations. Furthermore, no changes
were observed regarding the final Al;03 structure when applying more than two static
infiltrations. Thus, a TMA excess in the chamber is reached after two infiltrations, and there is no
interest to perform more than two infiltrations. Also, two static infiltrations were chosen for static

water infiltrations for symmetry, even if no pressure peak decrease was observed.

During this Ph.D., SIS was performed using a Cambridge Nanotech Savannah S100 ALD

machine within a glovebox (Figure 116.b).

1.B.ii/ Plasma etching

After infiltration, an etching treatment is necessary in order to remove the PS phase for
further characterization or layer stacking. Dry etching with reactive ion etching (RIE) plasma is
widely used in the BCP nanotechnology field since it can selectively etch one phase with respect
to the other (see Chapter 12.C/). A plasma is generated with a strong radio frequency
electromagnetic field that will strip off electrons from the gas. Then, this ionized gas can etch a
polymeric target sample by:

e Chemical reactions with reactive species (i.e. radicals or ions), called chemical etching;
e Jon bombardment on the surface, called physical etching;
e UV radiation generated during the plasma formation, which can dissociate chemical bonds

leading to polymer fragmentation.

With the RIE configuration, i.e. a sample deposited on top of the power electrode and
below the shower head connected to the ground, the reactive ion bombardment is essentially
vertical, leading to an anisotropic physical etching. However, for polymeric samples, isotropic
chemical etching and UV fragmentation are not negligible. Thus, a competition between these
three etching processes occurs and an optimization of the process is required to optimize the
plasma anisotropy. Also, the process generates heat at the power electrode (which could be

detrimental to the BCP thin film), which is regulated by a chiller.
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Figure 117. (a) Plasma RIE operating schematics and (b) the plasma apparatus used during this Ph.D.

There is no universal plasma recipes, since RIE etching is highly dependent of the etching
tool, the chamber geometry, the polymer composition and structure, the film thickness, etc.
However, the general procedure is the following:

e A sample is inserted in a plasma chamber chilled at 18 °C under dynamic vacuum (target: 80
mTorr);

e Agas oramixture of gases (Argon, Oxygen or CF,) is introduced with a certain gas flow (usual
range is 20-40 sccm);

e A 30 s pause is observed to stabilize the chamber pressure (usual range is 150-170 mTorr
according to the gas flow);

e The plasma is produced at the desired power (usual range is 20-40 W) for a chosen duration
according to the targeted etching thickness;

e The plasma is turned off and the gas valve is closed. After few seconds of dynamic vacuum to

remove by-products from the chamber, the sample is taken out from the chamber.

During this Ph.D., plasma etching was performed using a Plasmionique FLARION Series

Plasma Etcher (Figure 117.b).
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2/ Thin film characterization

To characterize BCP thin films, two direct imaging techniques have been used during this
Ph.D. to probe the surface topography and the domain spatial arrangement: AFM and SEM. These
techniques were routinely used to observe the nanostructured BCP thin films as well as to

estimate critical dimensions and the overall quality of the self-assembled structures.

2.A/ Atomic Force Microscopy (AFM)

The AFM is a high-resolution imaging technique which produces an image by probing a
sample surface with a tip, mounted on an oscillating cantilever near its resonance frequency,
which will be deflected by surface interaction when the tip is close enough to the surface (Figure
118.a). This information is amplified from a laser reflection onto the cantilever surface and is
recorded by a highly sensitive photodiode. The cantilever deflection is related with the
interactions between the tip and surface, and two information can be obtained simultaneously:

e The sample topography (height channel) measured by the cantilever flexion modification with
surface height differences;

o The surface composition (phase channel), measured by the modification of the phase shift
between the drive and the response, due to attractive or repulsive forces between the tip and
the surface (adhesion, stiffness, dissipation and viscoelasticity).

It is also possible to use conductive, magnetic or electroactive tips to probe the electrical,

magnetic or piezoelectric response of a surface.

a
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Figure 118. (a) AFM operating schematics and (b) the AFM apparatus used during this Ph.D.

The typical resolution of the AFM technique is the nanometer scale; its compatibility with
thin film, and the possibility to differentiate chemical contrast makes it one of the most used
imaging tools for the characterization of BCP thin films. Indeed, for self-assembled structures, the
phase channel will spatially differentiate the two (or more) BCP components on the surface, giving
structural information. Indeed, each block has different physical-chemical properties (in
particular viscoelastic properties) that will modify the interaction forces with the tip. Also, the

height channel can corroborate this structural information when a slight bump over the low
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surface energy block appears, or after selective etching of one block leading to high topography

differences.

During this Ph.D., a Bruker Dimension FastScan AFM (Figure 118.b) was used in tapping
mode, with Fastscan-A probes (triangular tip with a 5 nm radius, cantilever spring constant of 18
N.m-! and resonance of 1400 KHz). This configuration allows a fast-scanning speed, leading to
usually 1 min scan duration per image. Images were captured with Nanoscope 9.4 software from
Bruker and the treatment of images has been made with a Matlab software developed for this

purpose (see 3.G/ NanoScope AFM image viewer and processing)

2.B/ Scanning Electron Microscopy (SEM)

The SEM is an ultrahigh resolution imaging technique which produces images by scanning
a sample surface with an electron focused beam under vacuum (Figure 119.a). An image is
produced by the signal detected along the scan position. For the most common SEM mode, the
signal is produced by secondary electrons emitted by the sample surface (and slightly below)
atoms which were excited by the electron beam. Thus, the resolution is determined by the number
of secondary electrons emitted by the surface, which depends among other on the sample
topography and conductivity. For non-conductive samples, the electron beam will charge the
surface with electrons which could not be evacuated, leading to a drastic lowering of contrast and
resolution. To overcome this problem, it is possible to lower the electron beam voltage, but this
will also lower the resolution. To bypass this issue, an electron beam deceleration function called
gentle beam super high resolution (GBSH) can be applied on the particular SEM used in this study.
This deceleration is made by applying a negative bias to the stage, thus lowering the effective
electron beam voltage. This function decreases the charging effect while not (drastically) affecting

the resolution.
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Figure 119. (a) SEM operating schematics and (b) the SEM apparatus used during this Ph.D.

The typical resolution is below a nanometer, which is a very interesting for BCP analysis.
However, for “standard” self-assembled BCPs, e.g. PS-b-PMMA, the topography and conductivity

contrast between each block are too small for being differentiated with SEM. Thus, a treatment is
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required to increase this contrast: by selective etching of one phase to increase topography, by
selective infiltration of one phase to modify its composition and conductivity, or by combining

these two treatments.

During this Ph.D., a 7800-E Prime SEM from Jeol has been used (Figure 119.b) with an
acceleration voltage of 15 kV with GBSH mode. For PS-b-PMMA imaging, PMMA was infiltrated
with alumina and the PS phase was removed, leading to a high topographic contrast with a strong

conductivity ratio.

2.C/ Grazing Incidence Small Angle X-ray Scattering (GISAXS)

GISAXS is a characterization technique that uses X-ray scattering to observe the nano-
structure of thin films in a reflection mode. Indeed, the grazing incidence induces a substrate total
reflection, and scattering within the film over long lateral distances. Then, a detector placed far
away from the sample records the scattering, giving signals at defined position according to the
studied diffractive nanostructure. Considering the beamline parameters, i.e. the X-ray wavelength
4, the incidence angle «;, the distance between the sample and the detector L, and the detector
pixel size u,;, it is possible to convert the detector pixel grid u,, and u, into scattered angles 6

and a; and then into scattered vector qy,, and q, (Equations (21) and (22), and Figure 120.a)

4 | (0 Uxy X Upix
Ty = TSII’I (7) and 6 = atan (T) (21)
21T . U, X Uy
4= S-sin(ay) and @, = atan (“2 ) 22)

X-rays (A)

Thin film
Substrate L

Figure 120. (a) GISAXS operating schematics and (b) the Sirius beamline from Soleil synchrotron used during
this Ph.D.

Experimentally, the GISAXS experiments were performed on the Sirius beamline at the
Soleil synchrotron (Figure 120.b), with a wavelength A = 0.155 nm, a detector distance L = 4445

mm, a rectangular detector composed of 981 x 1043 pixels with a pixel size u,;, = 0.172 cm, and

an X-ray incident angle a; = 0.18°. This incident angle is below the critical angle of Si and SiO»,
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which are 0.224° and 0.239° respectively, meaning that X-rays will be fully reflected by the
substrate, and then the measured spectra will depend only on the thin film surface, i.e. the
nanostructure from BCP self-assembly. Also, the sample is placed in a chamber filled with helium
to remove the air scattering background noise. The acquisition of GISAXS patterns were composed

of 10 scans of 30 s each to improve signal-to-noise ratio.
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3/ Matlab programs & simulations

This part describes the programs and simulations developed with Matlab 2021.a. The
programs were developed with “App Designer” tool from Matlab, allowing the creation of
standalone software, meaning that it can be used without Matlab software and Matlab license. No
code will be presented, but only functionalities and usage. However, the programs can be shared

on demand. For simulations, the complete code will be presented, which can be freely copied.

3.A/ Plasma etching waves simulation

function [x,z,p,h] = etchfilm(t,a,f,w,e,s)
% Created by Nils Demazy @ LCPO, Bordeaux
% Last update: August 24, 2021
%% INPUTS %%
= thickness: film thickness in nm
= amplitude: waves amplitude (peak to valley) in nm
= frequency: waves frequencies
= width: integer that determine simulation size = width*frequency
= etching: total etching in nm (e=t+a/2 for total etching)
= snapshot: number of printed curves

a0

oe
w O = th W
|

o de oo oe

a0

o
o

OUTPUTS %%

X,z = x and z coordinate of the film at the end of the etching
p = pickheight: maximum height of the film calculated for each snapshot
h = halfwidth: width at lines half height for each snapshot

00 o0 o

o

o
o

INITIALIZATION %%

x =0 : 0.1 : w¥f; % observable windows width, from 0 to chosen width
z = t+a/2*sin (2*pi* (x-£/4)/f); % simulated initial film height
k = 1; % snapshot counter

p = zeros(s,1l); % initialization peakheight array

h = zeros(s,1l); % initialization halfwidth array

etchstep = 0.01; % each step would etch 0.0lnm of the film

% creation colormap for plot

blue = [43 75 155]/255;

red = [229 37 33]/255;

colormap = zeros(3,s);

colormap(l,:) = linspace(blue(l),red(1l),s);

colormap (2, :) = linspace (blue(2),red(2),s);

colormap (3, :) = linspace (blue(3),red(3),s);

% initialization figure plot
fig = figure;

hold on

x1im ([0 w*f]);

ylim ([0 t+a/2+20]);
xlabel ("x (nm) ") ;
ylabel ("z (nm) ") ;

box on

%% CALCULATION %%
for i = 1 : e/etchstep+l
for j = 1 : length(x)

o

% calculating normal vector to the surface

if j == 1 % extreme left of the film
v = [x(J+1)-x(J) z(3)-z(3+1)];
elseif j == length(x) % extreme right of the film
v = [x(J)-x(3-1) z(3-1)-z(3)];
else
if z(j-1) == 0 % from cleaned surface to film specific case
v = [x(J+1)-x(J) z(3)-z(3+1)];
elseif z(j+1)==0 % from film to cleaned surface specific case
v = [x(J)-x(3-1) z(3-1)-z(3)];
else % normal case
v = [x(J+1)-x(3-1) z(J-1)-z(J+1)];
end
end
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% etching film

X(j) = x(j)-etchstep*v(2)/norm(v);
Z(3) = z(j)-etchstep*v(l)/norm(v);
% if film is totally etched
if Z(3) <= 0
zZ(3) = 0;
end
end
% removing artifacts
X1l = X;
z1 = Z;
for j =1 length (X) -1
if X(3+1) <= X(5)
X1(J) = mean([X(J),X(J+1)1);
z1(3) = mean([Z(3),2(3+1)1);
X1 (j+1) = NaN;
Z1(j+1) = NaN;
end
end

X1 (find(isnan(X1))) = [];
z1(find(isnan(z1))) = []1;
clear x z X 7
x = X1;
z = 71;
clear X1 71
% when a snapshot should be taken
if mod(i,round(e/ ((s-1)*etchstep))) == 1
figure (fig)
plot(x,z, 'Color',colormap(:,k), 'LineWidth', 2)
% calculating peak height and halfwidth
p(k) = max(z);
if find(z==0)
if find (z>0)
left = find(z-p(k)/2>0,1);

h(k) = find(z (left+l:end)-p(k)/2<0,1)*0.1;
else
h(k) = 0;
end
else
h(k) = 0;
end
k = k+1;
end

end
aspectratio = p./h; % calculating aspect ratio

%% PLOTS %%

figure

subplot (211)

plot (p, 'Color',blue, 'LineWidth', 2)
x1lim([1 s])

xticklabels ({})

xlabel ("Plasma etching duration (au)")
ylabel ("Peak height (nm)");

box on

subplot (212)

plot (aspectratio, 'Color',red, 'LineWidth',2)
x1lim([1 s])

vyl = ylim;

ylim ([0, y1(2)]1);

xticklabels ({})

xlabel ("Plasma etching duration (au)")
ylabel ("Aspect Ratio");

box on

end

Chapter Il/Figure 40.a has been plotted using etchfilm(130,100,372,2,165,20), and
Chapter I1/Figure 40.b using etchfilm(130,100,372,2,165,100) for more accuracy.
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3.B/ Hexagonally packed dots image analysis

One of the most common ways for the characterization of BCP self-assembly is direct
imaging with AFM or SEM. It is noteworthy that a contrast between the BCP phases is required for
successful visualization of the BCP structure. These images can be further analyzed to obtain
quantitative information, including important parameters for BCP characterization, such as the
orientational / translational quality of the structure, the type and position of defects, and the

correlation length (grain size).

For line/space pattern (i.e. lamellae or in-plane cylinders), a software based on Image] has
been developed by Murphy et al.[3] in 2015, providing all these parameters from a SEM image (or
a contrasted enough AFM image converted in black and white). An equivalent software for dot
structures (out-of-plane cylinders or spheres) is not currently available, which is the reason why

a software was developed in this Ph.D. work.

Hexagonal Array Image Analysing

10
Load image Save image
Processing
Auto Scale Manual Scale
Scale : 1.85 nm/pixel

Auto Crop Manual Crop

Binarize
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Sensitivity | Y | Y| Y|t
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Smooth

Compute

Rendering

Wire [None ¥ | | coior | mage

Color | None v

Mask | Binary ¥ | Correlation
z ! Developed by Nils Demazy

Figure 121. Hexagonal Array Image Analyzing window with processing and rendering parameters on the left,
and resulting image on the right.

The software is presented as a unique window (Figure 121), and designed to be
straightforward, with the following steps:
e First, load the image to analyze (Figure 122.a). Better results are obtained with black and
white tiff image from SEM with flattened background and enhanced contrast;
e Then, complete the “Processing” tab by giving length scale of the image, by cropping if
necessary, by binarizing the image and by optimizing threshold and smooth (Figure 122.b). A

switch button can invert the picture contrast to process honeycomb (dark holes) structures
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instead of hexagonal dots (bright dots). An automatic tool has been designed for SEM images
obtained during this Ph.D.;

e Press “Compute” button, and wait until the “Wait” bar is over, which can be long, according to
the number of dots to analyze (and not the size of the image);

o (Choose between all “Rendering” options to obtain the desired image which can be saved

(Figures 122.c-h). Also, a button permits to switch from “Image” to “Correlation” (Figure 122.i).
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Figure 122. (a) Initial SEM image with out-of-plane cylinders made from PS33-b-PMMA 1. (b) Binarized
image, (c) SEM image and defects (4, 5, 7 end 8 neighbors gives red, blue, green and purple dots respectively),
(d) orientation map and Delaunay mesh, (e) SEM image and orientation map, (f) binarized image and
orientation map, (g) Voronoi mesh and defects, (h) Delaunay mesh and defects. (i) Correlation length with in
red the raw data, in blue the smoothed data, and in green the correlation length, K.

Beyond a visual analysis of the image to observe grain size and defect type, the correlation
length provides a value for quantitative comparison of the quality of self-assembly. Furthermore,
to produce results that can be compared with the results produced with the Image] software, the
correlation length calculation should be identical: the blue line C(r) is fitted with an exponential

1

decay like e, giving a correlation length K when the blue line crosses e™" = 0,368 (green line in

(Figure 122.1).
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3.C/ Di-block copolymers theoretical pitch and phase diagram

position calculation

Within BCP self-assembly, the simplest and most studied architecture is the AB di-block
architecture. A colossal theoretical work has been initiated since 1942 to understand and predict
their behavior (see Chapter 1.1.A/). For the conception and design of the experimental works done
during this Ph.D., a software has been developed to position a particular BCP system into a
theoretical phase diagram [4]. It allows the prediction of the self-assembled structure, and the

estimation of its critical dimension [5].

Block Cogolxmer Pitch Estimation

v1.2
Parameters

Monomer Mw (g/mol) ~ Stat. segment length (nm)  Polymer p (g/cm?®) Block Mn (kg/mol)

Block A 104 0.75 1.05 25.3 ¥ A-B

Block B 100 075 119 243
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Figure 123. Block Copolymer Pitch Estimation window with the example of a PS-b-PMMA giving lamellar
structure with a 30 nm estimated domain spacing.

The program needs some experimental values for each block to perform the various
calculation, which should be filled in the “Parameters” panel (Figure 123). These parameters are
the repeating unit molecular weight, the statistical segment length, the density and the number

average molecular weight of each block, as well as the Flory-Huggins parameter of the
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corresponding BCP. When all fields are fulfilled, the “Process” button appears. Pressing this button
will place a mark on the theoretical phase diagram plot: in green if the structure is ordered, in
orange if near the order-disorder transition, and in red if disordered. Furthermore, a “Results”
panel appears, showing the corresponding structure with the theoretical domain spacing, the
volume fraction and the segregation strength yN. Also, it is possible to force a BCP self-assembly

into a particular structure to estimate the corresponding domain spacing.

3.D/ SAXS intensity plot fitting to determine y parameter

One way to estimate the Flory Huggins parameter y relies on using Small Angle X-ray
Scattering of a BCP system in the disordered state (more precisely in the range of density
fluctuations below the order-disorder transition). Indeed, the SAXS intensity profiles of such kind
of spatial arrangements are theoretically described as a Gaussian, which shape depends on the
macromolecular parameters of the studied BCP (in particular the y value) (see Chapter I.1.A.iv/).
A fitting software has been developed to fit the intensity plots obtained for different temperatures
as a function of the BCP physical-chemical parameters, which subsequently leads to an accurate

determination of y(T).

The software is presented as a unique window (Figure 124), and the procedure to use it is
the following:

e First, load a SAXS data file. It should be a .txt file with two tabulation separated rows, one for
the scattering vector q and one for the intensity S. A “Raw SAXS Data” curve appears, showing
S = f(q) with gray dots;

e Then the BCP properties should be filled: the number averaged block molecular weight, the
block dispersities, the repeating unit molar mass, and the monomer density. A list of some pre-
filled parameters for usual polymers might help. When all parameters are fulfilled, a “SAXS
Data without Background” (blue dots) and a “Fitting curve” (red line) curves appear;

e The “In-parameters” table should be optimized to have the red curve near the blue curve. X
scale and Y scale might help to have more visibility. K is a proportionality constant which
modulates the red curve amplitude. bA and bB are the statistical segment lengths of block A
and B, respectively, and a switch can force to fix their value. It is important to note that these
two parameters have a great impact on the fitting (even if the tabulated values in the literature
are questionable). The best procedure is to fix the most well-known value (here the PS at 0.75
nm), and let the other one vary. If the fitting gives non-meaningful value (i.e. bellow 0.3 nm or
above 1.5 nm), it means that the fit is not physically sound and the parameters should be
modified. a and b are two parameters to remove the intensity decay background, transforming

the gray dots in blue dots by subtracting b X ¢~¢;

244



ANNEX

e  When the red curve is close to the experimental values, cursors (red triangles on the image)

should be placed to remove data that are not required for the fitting process. They can be

displaced with the “Remove low/high q data” sliders. Essentially, it permits to “focus” the

algorithm on the fitting of the correlation hole scattering peak;

o Pressthe “Fit data” button. If everything is ok, a green button appears, and the x value is given

at the bottom right of the window. The parameters for the fit are printed in the “Out-

parameters” table. It is also possible to export image and raw data.
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Figure 124. BCP SAXS Intensity Plot Fitting window with the example of a PS-b-P2ZFEMA SAXS spectrum in a
disordered state.

Within the laboratory, some studies are performed on high-x low-N BCPs to target the

formation of sub-10 nm domain spacing [6]. During this Ph.D. this software was used to determine

the x values of several of these systems, leading to a published article on PS-b-P2FEMA [7] and
one submitted one on PDHS-b-PTMSS.

The bibliographic details of the published manuscript are:

C. Cummins, D. Mantione, F. Cruciani, G. Pino, N. Demazy, Y. Shi, G. Portale, G.

Hadziioannou, G. Fleury, “Rapid Self-Assembly and Sequential Infiltration Synthesis of High x

Fluorine-Containing Block Copolymers” Macromolecules, vol. 53, no. 15, pp. 6246-6254, 2020.
https://doi.org/10.1021/acs.macromol.0c01148
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The bibliographic details of the submitted manuscript are:
G. Pino, C. Cummins, D. Mantione, N. Demazy, A. Alvarez-Fernandez, S. Guldin, G. Fleury, G.
Hadziioannou, E. Cloutet, C. Brochon, “Design and morphological investigation of high-y catechol-

containing styrenic block copolymers”
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ABSTRACT: We leverage the attractive properties of a high y—low N BCP, i.., poly(styrene)-block-poly(2-fluoroethylmethyl
acrylate) (PS-b-P2FEMA), and illustrate its utility for next-generation nanomanufacturing. The synthesis, physical characterization,
and thin film self-assembly of a series of lamellar and cylindrical PS-b-P2FEMA BCPs are delineated. PS-b-P2FEMA BCPs with total
molecular weights ranging from 7 to 22 kg mol™ were synthesized by using reversible addition—fragmentation chain-transfer
(RAFT) polymerization. Temperature-resolved small-angle X-ray scattering (SAXS) measurements revealed a large y value (0.13 at
150 °C) for PS-b-P2FEMA. Solvothermal vapor annealing of PS-b-P2FEMA films produced highly oriented fingerprint patterns in as
short as 60 s. Lamellar period sizes ranged from 25.9 down to 14.2 nm with feature sizes as small as 7 nm observed. We also
demonstrate the integration feasibility of PS-b-P2FEMA BCPs through alumina hardmask formation using sequential infiltration
synthesis. The highly favorable characteristics of the P2AFEMA-based BCPs detailed here provide a versatile material option to the
current library of available BCPs for sub-10 nm nanolithography.

B INTRODUCTION

Thin film block copolymer (BCP) self-assembly is a powerful
means to fabricate nanoscale templates with diverse
applications, e.g., Li-ion batteries, solar cells, waveguides, and
membrane filtration among others.'™ Owing to the
spontaneous self-assembly of BCPs, nanoscale features can
be formed depending on respective volume fraction (f;) of the
constituent polymers. Morphologies of BCPs can be tailored
through f; whereby increasing one block with respect to the
other transitions from spherical, cylindrical, gyroidal, and
lamellar features. Aggressive scaling of semiconductor features
has pushed the limits of optical lithography patterning, and
there is a pressing need to develop novel materials to further
advance scaling. Both in-plane and out-of-plane cylinder
orientations and out-of-plane lamellar structures can be used
to fabricate logic and memory features.”” Directed self-
assembly (DSA) of BCPs is considered a strong candidate
whereby patterns are chemically or physically guided to align
with respect to the substrate.”” DSA-BCP technology is
envisaged to complement 193 nm immersion lithography and
extreme ultraviolet lithography for semiconductor and data
storage needs. DSA patterning offers a tremendously attractive
methodology that is regarded as low cost and CMOS
compatible given the parallels with contemporary resist

© 2020 American Chemical Society
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development (i.e., spin, bake, strip, and etch).'” Diffraction
limits of top-down optical lithography have thus led to the
exploration of new material chemistries and synthetic strategies
to advance scaling. In particular, novel BCPs are required to
scale to smaller periods beyond the workhorse material
poly(styrene)-block-poly(methyl methacrylate) (PS-b-PMMA).

Newly synthesized block copolymers (BCPs) that possess a
high Flory—Huggins interaction parameter (y) and a low
degree of polymerization (N) are now needed to define
ultrasmall periods for logic applications.'' As N needs to be
low for ultrasmall periods, a high y is therefore advantageous to
satisfy that the product of y and N is greater than 10.5 to allow
microphase separation.'” To achieve this goal, novel strategies
are necessary to formulate high y—low N BCPs that also
exhibit high etch contrast or an ability to selectively infiltrate a
block for pattern transfer purposes.'® In this vein, Willson and
co-workers championed the use of silicon containing BCPs to
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reach sub-20 nm periods beyond the well-studied PS-b-
poly(dimethylsiloxane) (PS-b-PDMS) system, e.g., poly-
(styrene-b-trimethylsilylstyrene-b-styrene), poly(trimethyl-
silylstyrene-b-lactide),'* poly(5-vinyl-1,3-benzodioxole-b-
pentamethyldisilylstyrene) (PVBD-b-PDSS),"> and poly-
(trimethylsilylstyrene-b-p-methoxystyrene) (PTMSS-b-
PMOST).16 Furthermore, another silicon-based BCP, poly-
(1,1-dimethylsilacyclobutane)-b-PMMA (PDMSB-b-PMMA),
was introduced by Aissou et al. to pattern sub-10 nm period
sizes in 10 min under thermal annealing.'” Hydroxystyrene-
based BCP reports have shown that extremely high y materials
can be attained due to the incompatibility of constituent
polymers.'*™* For example, Wang et al. recently detailed the
RAFT synthesis of poly(pentadecafluorooctyl methacrylate)-b-
poly(hydroxystyrene) (PPDFMA-b-PHS) that possessed a y of
0.48, enabling an L, of 9.8 nm in lamellar thin films.”' Other
notable hydroxystyrene-based BCPs include poly(3-hydroxy-
styrene)-b-poly(dimethylsiloxane) (P3HS-b-PDMS),” poly-
(dihydroxystyrene)-b-polystyrene (PDHS-b-PS) with an L, of
5.9 nm,”* P3HS-b-tBuSt, and P4HS-b-tBuSt demonstrating an
L, of 8.8 nm.** Fluorine-based BCPs also present an appealing
way to facilitate the development of high y materials and offer
the possibility of fast microphase separation due to the
mobility of fluorinated blocks with low coeflicients of
friction.”> Because high y BCPs typically possess vastly
different chemistries (e.g, organic vs inorganic blocks), the
contrast in surface free energy (SFE) can result in large scale
dewetting™® as well as preferential wetting layer formation at
the polymer/air or polymer/substrate interfaces. To overcome
such problematic scenarios, a novel strategy by Hayakawa and
co-workers reported the use of poly(2,2,2-trifluoroethyl
methacrylate) (PTFEMA) to balance SFEs with a silicon
containing moiety where Ly = 11 nm was attained and DSA
demonstrated.”” A similar approach has been employed for PS-
b-poly[2-hydroxy-3-(2,2,2-trifluoroethylsulfanyl ) propyl metha-
crylate] (PS-b-PHFMA) producing L, = 9.6 nm. Jo et al.
showed that the synthesis of PS-b-poly(2,2,2-trifluoroethyl
acrylate) (PS-b-PTFEAs) via transesterification of PS-b-
poly(tert-butyl acrylate) (PS-b-PtBAs) resulted in an extremely
high y and demonstrated an L, = 10.1 nm.” Likewise, Li et al.
exemplified the flexibility of a series of PS-b-poly(pentadeca-
fluorooctyl methacrylate) (PS-b-PPDFMA) BCPs that were
shown to self-assemble in 1 min with cylindrical systems (L, =
14.3 nm) showing promise for DSA.”

Herein, we describe the RAFT polymerization of lamellar
and cylindrical PS-b-P2FEMA BCPs (termed SFEMA herein)
for sub-10 nm nanolithography that can be patterned in a facile
manner, i.e., short times and minimal processing steps.
Ordered lamellar features were developed with periods ranging
from 25.9 down to 14.2 nm with feature sizes as small as 7 nm.
After optimization through solvothermal vapor annealing, AlO,
patterns with feature sizes of 11 nm were developed by using
sequential infiltration synthesis (SIS) of SFEMA BCPs. The
series of SFEMA BCPs reported in this article provides a viable
pathway to 7 nm half-pitch periods and sub-10 nm BCP
feature sizes that are amenable to rapid self-assembly, i.e., ~3
min. Our work represents significant progression of the BCP
nanolithography toolbox from a materials and processing
standpoint of a new fluorine-containing BCP.

B EXPERIMENTAL SECTION

Materials. Styrene and trifluorostyrene were purchased from
Sigma-Aldrich. 2-Fluoroethanol was purchased from ABCR. All other
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chemicals were supplied from Fisher Scientific. TLC were performed
on aluminum precoated plates (silica gel 40—60 A 400 mesh, F254,
Aldrich) using hexane:ethyl acetate (Hex:AcOEt) as eluent. Silica gel
high-purity grade, pore size 60 A, 230—400 mesh particle size 40—63
um was used for flash column chromatography. Solvents used for
solvothermal vapor annealing were purchased from Sigma-Aldrich and
were used as received. The density of P2FEMA at 25 °C was
measured by pycnometer. Details are described in the Supporting
Information (section 1, Materials and Methods).

Synthesis of 2FEMA. To a solution of methacrylic acid (4.35 mL;
4.65 g, 54 mmol, 1.1 equiv) in 250 mL of dry DCM, DCC (12.57 g;
61 mmol, 1.3 equiv) was added and left stirring for 30 min under
argon. Afterward, 2-fluoroethanol (2.75 mL; 3 g, 47 mmol, 1 equiv)
and DMAP (0.969 g; 4.7 mmol, 0.17 equiv) were added, and the
reaction mixture was held at 0 °C by using an ice bath. The mixture
was kept for 48 h at room temperature under an argon atmosphere.
After the reaction, monitored by TLC, had reached completion, the
reaction mixture was filtered to eliminate the urea salts that
precipitated during the reaction. The product containing filtrate was
diluted with an extra 250 mL of DCM and rinsed three times with 100
mL of water. The organic phase was dried over Na,SO, and
concentrated. The concentrated product was then loaded onto a silica
gel column and purified by flash column chromatography by using a
mixture of hexane:ethyl acetate 8:2 (R; = 0.68) to give the product as
a colorless oil (5.5 g 89%). FT-IR v,,,./cm™": 3108 (=C—H), 2975,
2939 (C—H), 1710 (C=0), 1474 (C=C), and 1111 (C-F). 'H
NMR (400 MHz, chloroform-d): § 6.15 (dd, J = 1.6, 0.9 Hz, 1H),
5.59 (p, ] = 1.6 Hz, 1H), 4.70—4.64 (m, 1H), 4.59—4.53 (m, 1H),
442-4.38 (m, 1H), 4.35—4.31 (m, 1H), 1.94 (dd, ] = 1.6, 1.0 Hg,
3H). 3C NMR (101 MHz, chloroform-d): § 167.19, 135.93, 126.25,
82.28, 80.59, 63.76, 63.56, 18.27. "F NMR (377 MHg, chloroform-
d): 6 —222.10.

Synthesis of P2FEMA_RAFT. P2FEMA_RAFT was prepared
according to a previously reported literature procedure using
Azobisisobutyronitrile (AIBN) as an initiator”” The RAFT agent
used in this work is 4-cyano-4-((phenylcarbonothioyl)thio)pentanoic
acid.* The oven-dried Schlenk was charged with a stir bar and left to
cool to room temperature under vacuum. The reagents were poured
in sequence starting from 1 mL of dry DMF for each gram of
monomer used, RAFT agent (1 equiv), AIBN (0.5 equiv), and the
monomer 2FEMA [equiv = target(M, )/monomer(M,,)] followed by
four freeze—pump—thaw cycles to remove traces of oxygen. The
Schlenk was then filled with argon, sealed, and left for 2 days at 50 °C
under stirring. After cooling to room temperature, the solution or in
the case of a solid dissolved in a minimum amount of THF (in some
cases the solubilization required 2—4 h of sonication) was directly
precipitated dropwise in pentane/methanol with an 8:2 ratio. The
purification through precipitation was repeated twice to remove small
traces of coupling defects. The M,, dispersity (D), NMR, and yields of
respective polymers are detailed in the Supporting Information
(section 2.2).

Synthesis of SFEMA Diblock Copolymers. Following the
guidelines of the previous synthesis, the oven-dried Schlenk was
charged with a stir bar, 1 mL of dry DMF for each 0.3 g of
P2FEMA_RAFT (1 equiv), AIBN (0.5 equiv), and the amount of
styrene desired to have a range of M, for different volume fractions.
The vessel was subjected to three freeze—pump—thaw and then left
stirring at 5SS °C for 24 h. The mixture was directly precipitated
dropwise in EtOH, 100 mL for each gram of polymer batch. In this
case the precipitation was performed four times to guarantee an
acceptable dispersity (D) of the polymer batches. The number-
average molar masses (M,), the weight-average molar masses (M,,),
the molar mass distributions (P = M,,/M, ), and the volume fractions
of SFEMA BCPs were determined by a combination of NMR and
SEC. Volume fractions, M,, D, NMR, and yields are detailed in the
Supporting Information (section 2.3).

Nuclear Magnetic Resonance (NMR). NMR spectra were all
recorded at ambient temperature by using a liquid-state 400 MHz
NMR spectrometer (Bruker AVANCE I) with S mm BBFO probe in
the appropriate deuterated solvent. Data are reported in chemical shift

https://dx.doi.org/10.1021/acs.macromol.0c01148
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Scheme 1. Process Flow for SFEMA Self-Assembly and AlO, Nanowire Formation
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Size Exclusion Chromatography (SEC). SEC measurements
were performed with a Viscotek TDAmax system from Malvern
Instruments that consists of an integrated solvent and sample delivery
module (GPCmax) and a Tetra Detector Array (TDA). THF was
used as the mobile phase at a flow rate of 0.8 mL/min and TCB as a
flow rate marker. All polymers were injected (100 L of solution) at a
concentration of S mg/mL after filtration through a 0.45 ym pore-size
membrane. The separation was performed on two Agilent columns [2
X PLgel 5 ym Mixed C (300 X 7.5 mm?*)] and a guard column (PL
gel 5 um). Columns and detectors were maintained at 30 °C. Relative
molecular weights and dispersity were determined thanks to a
conventional calibration obtained with polystyrene narrow standards.

Small-Angle X-ray Scattering (SAXS) Characterization. SAXS
experiments were performed at the Centre de Recherche Paul Pascal
(CRPP) at Universit¢ de Bordeaux using a high-resolution X-ray
spectrometer Xeuss 2.0 from Xenoxs operating with radiation
wavelength of 4 = 1.54 A. 2D scattering patterns were collected by
using a PILATUS 300 K Dectris detector with a sample-to-detector
distance of 1635 mm. The beam center position and the angular range
were calibrated by using a silver behenate standard sample. The SAXS
patterns were radially averaged around the direct beam position by
using the Xenocs XSACT software. Temperature-dependent SAXS
experiments were performed at the MINA (Multipurpose Instrument
for Nanostructured Analysis) beamline in Groningen (Netherlands)
by employing a rotating anode X-ray source with radiation wavelength
of 2 = 1.54 A. The beam is collimated by using Monteil optics and a
set of three Pt pinholes. The beam size at the sample position was 250
X 250 pm?® SAXS patterns were recorded by using a Vantec2000
detector (Bruker) with pixel size 68 X 68 um? placed 3000 mm away
from the sample. The beam center and the sample-to-detector
distance were calibrated by using the position of diffraction peaks
from a standard silver behenate powder. The SAXS patterns were
radially averaged around the direct beam position by using the Fit2D
software. After radial averaging, the background signal from the empty
cell was subtracted to all the sample profiles.

Thin Film Self-Assembly. Silicon substrates, with a native silicon
dioxide layer (~2 nm), were diced into 1 X 1 cm?® pieces and
ultrasonicated in toluene for 10 min. Prior to deposition, substrates
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were blown dry with N,. Substrates were exposed to UV/O; for 10
min to remove any organic material and to hydroxylate the surface.
Following treatment, 1—1.5 wt % SFEMA solutions were made up in
toluene and left stirring until fully dissolved. SFEMA films were
deposited upon the modified wafers at 4000 rpm for 30 s, with a ramp
of 5 s. SFEMA films were subsequently exposed to chloroform or
toluene solvent vapors in glass jars (total volume, S0 cm?) from 1 to
30 min to induce self-assembly. For solvothermal vapor annealing, jars
were placed on a hot plate at 50 °C.

Thin Film Characterization Methods. BCP surfaces were
characterized by an atomic force microscope (AFM) using a
Dimension FastScan AFM (Bruker) in tapping mode. Silicon
cantilevers (Fastscan-A) with a typical tip radius of ~5 nm were
used. The resonance frequency of the cantilevers was ~1.25 kHz. A
JEOL 7800-E Prime scanning electron microscope (SEM) was used at
low voltage acceleration (1 kV) in the superhigh-resolution gentle
beam (GBSH) mode to characterize metal oxide nanostructures
formed.

Atomic Layer Deposition (ALD) Exposure. Sequential
infiltration synthesis (SIS) of AlO, was performed by using an ALD
(Ultratech SAVANNAH G2) tool in exposure mode. This mode
allowed AL O; SIS using an alternating exposure of P2FEMA-based
BCP thin films to trimethylaluminum (TMA) and deionized water at
80 °C with a purge under N, gas flow after each exposition.”’ During
exposure time, pressure in the ALD chamber increased, leading to an
infiltration of species in P2FEMA microdomains; then during purge
time, unreacted precursor was removed by N, flow. Exposure and
purge times used in this experiment were 60 and 300 s, respectively,
for both precursors. Here we used three cycles (TMA/purge/H,0/
purge) of SIS to form AlO, nanofeatures. Following SIS treatments,
film were then plasma treated with O, plasma (60 W, 60 s, 20 sccm)
to remove polymer and create AlO, features.

Bl RESULTS AND DISCUSSION

SFEMA Design, Synthesis, and Characterization. We
have synthesized several lamellar and cylindrical forming PS-b-
P2FEMA BCPs and examined their ability to form well-defined
features for nanolithography. Our objectives included (i)
patterning of sub-20 nm periods and feature sizes, (ii)
demonstration of fast self-assembly, e.g, <S5 min, and (iii)
compatibility with standardized hardmask practices for
potential pattern transfer. Scheme 1 outlines the overall

https://dx.doi.org/10.1021/acs.macromol.0c01148
Macromolecules 2020, 53, 62466254

249



ANNEX

Macromolecules

pubs.acs.org/Macromolecules

Table 1. Characteristics of SFEMA BCPs

vol fract (P2FEMA/ d-spacing® morpholo
BCP M, SEC* (kg mol™") M, NMR” (kg mol™!)  P* PS)* Tnm) (orientaﬁog‘i feature size® (nm)

SFEMA1 22 234 1.3 38/62 27.3 Lam (1) 10.2
SFEMA2 18 18.6 1.3 44/56 26.1 Lam (1) 10.1
SFEMA3 17 17.2 1.4 22/78 21.6 Hex (L) 9.4
SFEMA4 14 13.8 14 21/79 209 Hex (1) 11.9
SFEMAS 10 9.7 14 37/63 179 Lam (L) 8.3
SFEMA6 8 8.8 14 54/46 14.6 Lam (1) 8.1
SFEMA7 7 6.7 14 33/67 149 Lam (L) 73
SFEMAS 6.4 6.3 12 49/51 Dis

“Molecular weights (M,) and dispersity (D) evaluated by SEC using polystyrene standards. “Molecular weights (M, ) evaluated from ‘H NMR.
“Volume fractions determined by "H NMR using the densities of PS (1.05 g/cm®) and P2FEMA (1.27 g/cm® as measured by pycnometer) at 25
°C. dd-spacing obtained from SAXS with the morphologies determined by the q/q* series, where g* is the position of the first-order peak. Lam and
Hex indicate lamellar and hexagonally packed cylindrical morphologies, respectively. “Respective feature sizes determined from AFM images.
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Figure 1. (a) "H NMR spectrum of P2FEMA-RAFT-A in chloroform-d. (b) "H NMR spectrum of SFEMA2 in chloroform-d. (c) SEC overlapped

curves (P2FEMA-macro-RAFT is in blue and SFEMA?2 is in red).

process flow for high y—low N SFEMA BCPs, with the
molecular structure shown in (a), SFEMA self-assembled
patterns displayed in (b), and aluminum oxide (AlO,)
nanowires shown in (c) after sequential infiltration synthesis
(S1S).

The synthesis and key characteristics of SFEMA BCPs
synthesized by RAFT and studied in thin film form are
outlined in Scheme 2 and Table 1. We have pursued the
synthesis of a modified methyl methacrylate block function-
alized with a single fluorine atom to develop a high y BCP
material. The reason for this pursuit is twofold. First, SFEMA
BCPs of low molecular weight are capable of fabricating
ultralow feature sizes (sub-10 nm), but critically the new
materials do not exhibit large scale dewetting in thin film form
as occurs in BCPs of vastly contrasting surface energies (e.g.
PDMS containing BCPs).””** Moreover, low-fluorinated
polymerizable molecules are not commercially available,
which provided further motivation for us to design and
synthesize a monofluorinated derivative of ethyl methacrylate.

Using 2-fluoroethanol and methacrylic acid via a Steglich
esterification with dicyclohexylcarbodiimide (DCC) as a
condensating agent and (dimethylamino)pyridine (DMAP)
as a catalyst, we routinely synthesized 2FEMA with high yield
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(over 80%). RAFT polymerization was chosen as it is a
versatile technique allowing polymerization of a range of
functionalized monomers (unlike anionic polymerization) and
produces BCPs with low D that are free of metal
contamination. A standard, widely used RAFT agent was
adopted to maintain a fast and approachable synthesis using
commercially available reagents. 4-Cyano-4-(phenylcarbono-
thioylthio)pentanoic acid was used as the RAFT agent and
azobis(isobutyronitrile) (AIBN) as a free radical initiator. The
sequence of blocks was determined, as 2FEMA is much less
reactive than styrene, and therefore the styrene-RAFT is not
suitable. Thus, a series of P2FEMA-RAFT agents were
synthesized and used to create desired SFEMA BCP materials.
The polymers were characterized via nuclear magnetic
resonance (NMR), SEC, and FT-IR, confirming the predicted
structures (see the Supporting Information, section 2).
Figures la,b show the '"H NMR spectra of the P2FEMA-
macro-RAFT (top spectrum) and SFEMA2 (bottom spec-
trum). The 'H NMR spectrum of SFEMA2 BCP clearly
displays the aromatic group of the styrene from 6 to 7.5 ppm
(grey dot), which is absent in the P2FEMA macro-RAFT
(top). The aliphatic backbone is creating complex multiplets in
between 1 and 2 ppm (green dots), while the methylenes of

6249 https://dx.doi.org/10.1021/acs.macromol.0c01148
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the fluorinated ethanoate residue appear clearly as two
doublets around 4.5 ppm in both P2FEMA-macro-RAFT
and the SFEMA?2 cases (purple and orange dots). Representa-
tive chromatograms are given in Figure 1c, showing the narrow
dispersity for respective materials and the molecular mass
increase, transitioning from the macro-RAFT (blue curve) to
SFEMA2 (red curve).

Bulk Microphase Segregation. SFEMA BCP bulk phase
behavior was probed by SAXS to establish respective BCP
morphologies and domain spacing values. All samples were
thermally annealed at 120 °C overnight prior to SAXS analysis.
Measurements of the annealed samples were performed at 25
°C. Figure 2a displays SAXS patterns obtained for SFEMA1—
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Figure 2. (a) Representative SAXS profiles acquired at 25 °C for bulk
analysis of SFEMA BCPs. Data have been shifted vertically for clarity.
(b) Plot of the scaling relationship of lamellar SFEMA BCP d-spacing
(d) with respect to total degree of polymerization (N) based on 118
A3 reference volume for BCPs with a nearly constant composition.

7. The peaks observed confirmed the ability of these BCPs to
form segregated structures in the bulk with M, as low as 7 kg/
mol. SFEMA BCPs labeled SEMEA1, SFMEA2, SEMEAS,
SFEMAG, and SFEMA?7 in Figure 2a display peaks positioned
at q/q* with ratios of 1:2:3:4 indicative of lamellar
morphologies. Additionally, SAXS profiles of SFMEA3 and
SFEMA4 show peak positions tentatively assigned to
cylindrical systems in accordance with BCP composition and
BCP thin film self-assembly behavior. Periods ranged from
27.3 to 14.6 nm for lamellar SFEMA BCPs (d = 27/q*, where
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d is the domain spacing and q* is the primary peak position),
as summarized in Table 1. Figure 2b displays the scaling
relationship of lamellar BCP periods SFEMA1, -2, -5, and -6
versus the total degree of polymerization of respective BCPs
based on 118 A® reference volume. The experimental results
for this series of SFEMA with a nearly constant composition
exhibit a power law of d ~N®%, in agreement with the strong
segregation theory, i.e., d ~ bN*3y/® where b is the statistical
segment length.

Determination of y for SFEMA. We subsequently
determined the Flory—Huggins parameter of this system
using temperature resolved SAXS. The absolute intensity
calibrated with a low-density polyethylene standard was
plotted against the primary scattering vector, g, for the
disordered SFEMAS sample (overall M, = 6.4 kg/mol). A
mean-field expression for the segment—segment interaction
corrected from the effects of molecular weight dispersity and
segmental volume asymmetry parameter has been extracted
from these scattering profiles,”* ° and the results are
presented in Figure 3a (Supporting Information section 4
details the model used here together with data analysis carried
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Figure 3. Determination of SFEMA y by using Liebler mean-field
theory. (a) Temperature-resolved SAXS intensity profiles of
disordered SFEMAS fitted by the mean-field theory at the vicinity
of the scattering maximum associated with density fluctuations at 140
°C (blue circles), 150 °C (red triangles), 160 °C (green squares), and
170 °C (yellow diamonds). (b) Plot showing the linear dependence
of y calculated as a function of 1/T.
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Figure 4. AFM phase images of self-assembled lamellar SFEMA BCP films on silicon surfaces with total molecular weights of (a) M, = 22 kg/mol
(SFEMAL), (b) M, = 18 kg/mol (SFEMA2), (c) M, = 10 kg/mol (SFEMAS), and (d) M, = 7 kg/mol (SFEMA7). SFEMA films were
solvothermal annealed in a CHCI; atmosphere at S0 °C for less than 3 min.

out). The resulting temperature-dependent Flory—Huggins
parameter can be expressed as y = 1.15 X T~! + 0.123, which is
equivalent to a value of 0.13 at 150 °C, over 4 times the value
reported for PS-b-PMMA (0.03).° This value supersedes
commercially available “high " BCPs including PS-b-PDMS
(0.11) and PS-b-PLA (0.075).”” Our SFEMA BCPs also
challenge more recently published BCPs including poly-
(cyclohexylethylene)-b-PMMA (0.18)*® and PMOST-b-
PTMSS (0.046).*° Such comparisons to the state-of-the-art
literature illustrate the potential use of PS-b-P2FEMA for
future nanomanufacturing.

SFEMA Thin Film Self-Assembly. Processing new BCPs
in thin film form and precisely manipulating conditions to
achieve desired orientation is paramount. Moreover, develop-
ing processes toward relevant features in rapid time scales is
also desirable and is a central focus here. Lamellar BCP
systems are extremely practical for pattern transfer as the
vertical sidewalls of the original etch mask are advantageous for
fidelity. Therefore, this section examines lamellar systems.

We screened several solvents to establish the optimum
deposition conditions. PS is well-known to dissolve in toluene
because of similar solubility values (Hansen solubility
parameters for PS, 4 = 18.6 MPa'/?, d, = 1.0 MPa'2, §, =
4.1 MPa'2, and toluene, §; = 18.0 MPa'’?, 5P = 1.4 MPa'’?,
and &, = 2.0 MPa'/?, where 8, is the dispersive force, 6, is the
polar force, and &, is hydrogen bonding)."’ In addition, we also
observed clear solutions from P2FEMA homopolymer—
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toluene solutions, inferring good solubility of P2FEMA in
toluene. Thus, toluene was chosen for deposition of SFEMA
and BCP film thicknesses were varied from ~15 to 30 nm.
Using such thin films is necessary to avoid image transfer issues
during pattern transfer as pattern collapse of features is
circumvented. "'

We investigated SFEMA BCP self-assembly on UV/O;-
treated silicon and observed no large-scale dewetting of
SFEMA BCPs. Initial experiments inferred the amenable
nature of the PS and P2FEMA blocks materials on UV/O;
modified silicon surfaces. However, as-cast films only exhibit
ill-defined segregated structures (see Figure $29), and solvent
vapor annealing was applied to the SFEMA films to increase
polymer chain mobility and therefore enhance ordering of the
resulting nanostructures. Additionally, such treatment allows to
mitigate preferential interactions at the BCP bottom and top
interfaces, thus promoting out-of-plane orientations of the
BCP features. Cylinder systems were also investigated (and are
detailed in Figure S30) to fabricate vertical nanofeatures and
expand the overall applicability of the family of SFEMA BCPs
synthesized. For lamellar systems, we observed microphase
separation in thin films annealed under a chloroform or
toluene atmosphere. Patterns were typically formed in less than
30 min. We subsequently examined the use of solvothermal
annealing (STVA) at 50 °C to produce line-space features with
larger correlation lengths. Moreover, STVA accelerates the

https://dx.doi.org/10.1021/acs.macromol.0c01148
Macromolecules 2020, 53, 62466254
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Figure S. Large-area scanning electron microscopy image of AlO, features developed from SIS treatment of (a) SFMEA 2 and (b) SFMEAS. Period
is ~25 nm with feature sizes ~14 nm for SEMEA 2. Period is ~#18 nm with feature sizes ~#11 nm for SFEMA 5. Insets shows high-resolution images

of AlO, feature definition.

4244 (e
process to as short as 3 min (vide

microphase separation
supra).

Figure 4a—d displays line-space features from SFEMA BCPs
following STVA treatment for less than 3 min.The d-spacings
were measured at 25.9 nm for SFMEA1 (Figure 4a), 24.5 nm
for SFEMA2 (Figure 4b), 16.4 nm for SFEMAS (Figure 4c),
and 14.2 nm for SFEMA7 (Figure 4d). Despite other reports
based on fluorine-containing BCPs requiring an etch
procedure to reveal microdomains, we observed well-defined
patterns after STVA alone. We assert that this is due to the
presence of only one fluorine atom in the P2FEMA block.
However, one should note that dewetting of films was
observed after longer annealing periods, e.g, greater than 10
min, particularly in low molecular weight SFEMA (<10 kg
mol™") which is possibly a result of the enhanced fluorine
polymer block—solvent interaction at the free surface, resulting
in film instability and ultimately leading to film rupture.
However, longer annealing times were not required as
microphase-separated patterns were observed in less than 3
min as evidenced in Figure 4.

Alumina Nanowire Fabrication. To be considered
further for nanolithography applications, we evaluated the
possibility of converting the P2FEMA block to a hardmask
material. Hardmask formation is a desired attribute for
semiconductor processing as it allows enhanced etching
contrast for high aspect ratio features.*>~*’ Enhanced etching
can ultimately lead to better edge definition (lower line edge
roughness) than all polymeric based BCPs. Given the chemical
similarity between PMMA and P2FEMA which both share
carbonyl groups, we used SIS to infiltrate the P2FEMA
microdomains. After precursor exposure, films were sub-
sequently oxygen plasma treated to create AlO, nanowire
replicas. The large-scale AlO, line-space features shown in
Figure S for SFEMA2 and SFEMAS were exposed to three
cycles of TMA/H,0O precursors. Highly defined features with
excellent uniformity were observed (see the insets in Figure S)
demonstrating the versatility of SFEMA BCPs for nano-
lithography use.

A multitude of reasons make SFEMA BCPs synthesized here
appealing for sub-10 nm nanolithography. First, the high x
(0.13 at 150 °C) nature allows access to small periods and
interfacial widths at low N, which is a considerable barrier to
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further progression of PS-b-PMMA BCPs. Importantly, we
have shown that fast self-assembly (in a matter of seconds) can
be induced through STVA practices. It is also notable that
SFEMA BCPs appear from our investigation not to present
with a wetting layer at the polymer/air interface. This therefore
eliminates the need for an additional trim plasma etch as
required for silicon (and other)-containing BCPs. We suspect
the absence of such a wetting layer is a result of P2FEMA
possibly possessing a higher surface free energy value contrary
to the more abundant fluorine-containing BCPs studied
hitherto.

B CONCLUSIONS

We have described the RAFT synthesis and characterization of
a new fluorine-containing BCP system, PS-b-P2FEMA, for sub-
10 nm nanolithography needs. The high y (0.13 at 150 °C)
SFEMA BCP modified with a fluorine-containing block favors
rapid microphase separation even at low N (ie., 7 kg/mol).
Self-assembly of lamellar SFEMA was shown to form line-space
patterns with periods of 14 nm in as short as 60 s. We have also
evaluated the use of SFEMA thin films for generating well-
defined AlO, nanowires using industry compatible SIS. The
rapid assembly and the compatibility demonstrated with SIS
therefore position SFEMA BCPs as a useful candidate to
pattern ultralow nanodimensions. In addition, we are currently
exploring the thermal annealing of these materials given
SFEMA block’s relatively low T, (= 90 °C), and results will be
reported in due course to expand the processing options for
this highly promising BCP material. Likewise, integrating such
useful systems with directed self-assembly processes to dictate
feature alignment will also be investigated.
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3.E/ Triply-Periodic Minimal Surface 3D modelling and 2D-slicing

The gyroid morphology is a particular bi-continuous self-assembled di-BCP structure
which was not studied in this Ph.D., because it is a 3D structure that requires thicker films for
proper stabilization, e.g. 500 nm [8]. Conversely to classic structures, i.e. lamellae, cylinders and
spheres, the gyroid phase and other multi-continuous BCP phases are more complex and can be
described using triply-periodic minimal surfaces (TPMS) [9], [10]. A software was developed to
better apprehend experimental microscopy results by modeling different TPMSs and slicing them
in a chosen plan (Figure 125). This software permits to understand which structure is observed
with the associated plan, or to predict the theoretical most stable plan that should be observed.
This software has many features which will not be presented here, but are explained in the

software.

Structure's Equations Slicing Resolution and Type Design Mavie Savings

Triply-Periodic Minimal Surface 3D Objects & 2D-Slice Simulation

Structure Parameters Processing Parameters Design
Crystal Orientation h ‘Z k ‘Z‘ | ‘E‘ Resolution ‘ Normal v ‘ Colormay P [Jinw. bone A
TPMS Structure & - Gyroid v ‘ Plot type ‘ 2D Slice v ‘ Contour color (RGB) 020202
Paramet tor "t" Slicing Range 1 Surface A color (RGB) 03071
Slicing Position I, |I| slicing Step 001 Surface E color (RGE) 10505

3D Plot ] Box | Reset View Sliced Plan W 8o Colorscale

Zoom : 100% Zoom : 100%

3D Plot Saving 2D Plot Saving Movie Making

| 3D-G100-1 ‘ [ Grayscale Save 3D 2D-G100-0 Grayscale \ Save 2D \ ‘ Mov-G100 [7] seve Movie ‘ Deta-G100 [ ] save Data Make

Developed by Nils Demazy

Figure 125. Triply-Periodic Minimal Surface 3D Objects & 2D-Slice Simulation window with the example of a
gyroid sliced along the 100 plan.

Within our laboratory, K. Aissou et al. studied triblock copolymers which self-assemble in
a variety of multi-continuous structures. This aforementioned software was used to better

understand the morphological features of a particular PDMSB-b-PS-b-PMMA sample. Indeed, the
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SEM images of the 3D structure showed several periodic patterns depending of the observed
plans. A diamond-type structure was confirmed using the software simulation, which is different
than the di-BCP gyroid structure as each structure node are connected to four other ones, against

three for the gyroid [11].

The bibliographic details of the published manuscript are:
K. Aissou, M. Mumtaz, N. Demazy, G. Pécastaings, G. Fleury, and G. Hadziioannou, “Periodic
Bicontinuous Structures Formed on the Top Surface of Asymmetric Triblock Terpolymer Thick
Films” ACS Macro Letters, vol. 8, no. 8, pp. 923-930, 2019.
https://doi.org/10.1021/acsmacrolett.9b00403
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ABSTRACT: The combination of the nonsolvent-induced phase separation (NIPS)
process with a solvent vapor annealing (SVA) treatment is used to produce asymmetric
and hydrophobic thick films having different long-range ordered network nanostructures,
which are inaccessible via currently available membrane fabrication methods. We show
that the disordered phase generated by NIPS on the material top surface can be
transformed into a highly ordered bicontinuous network nanostructure during the SVA
process without disrupting the substructure morphology. For instance, by using a
straightforward blending approach, either a triply periodic alternating diamond (D*)
structure or a core—shell perforated lamellar (PL) phase was demonstrated on the skin
layer of fully hydrophobic poly(1,1-dimethyl silacyclobutane)-block-polystyrene-block-
poly(methyl methacrylate) (PDMSB-b-PS-b-PMMA) thick films. Such a material
fabrication method, enabling the formation of a sponge-like substructure topped by a
network phase having an excellent long-range order, provides an appealing strategy to
facilitate the manufacture of next-generation membranes at large scale since these

Network nanostructure

bicontinuous morphologies obviate the need of the nanochannel alignment.

Asymmetric and isoporous block copolymer (BCP)
membranes are promising materials to achieve a better
figure of merit compared to the state-of-the-art membranes as
their unique architecture allows overcoming the ubiquitous
permeability—selectivity trade-off.'~* To produce such kinds of
high-performance materials, Peinemann et al.” have used an
elegant approach which combines the self-assembly of BCPs
into an out-of-plane cylindrical nanostructure on the material
top surface with the formation of a macroporous substructure
generated by nonsolvent-induced phase separation (NIPS).
However, a perfect control of the nanopore formation is
challenging to achieve with the SNIPS method (ie., self-
assembly + NIPS) due to the fact that, at best, a kinetically
trapped morphology derived from a micellization process is
formed on the material skin layer when appropriate
manufacturing conditions can be defined.™® Indeed, the
complex exchange/migration of the nonsolvent occurring
during the porosity formation allows isoporous membranes
with pores extending over the top separation layer to be solely
demonstrated for specific amphiphilic AB- and ABC-type BCP
systems since the hydrophilic block plays a crucial role in
creating pores during the precipitation process.g_14

To produce innovative membranes with smart nanopores
(e.g, thermo-, ion-, and/or pH-responsive channels),>™"¥ a
large panoply of chemically distinct amphiphilic BCP materials
has been generated by SNIPS. In addition, the self-assembly of

< ACS Publications  © 2019 American Chemical Society
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blends of two chemically interacting amphiphilic BCPs was
revealed to be a powerful strategy to achieve highly porous
membranes with pore diameters as small as 1.5 nm."”
However, so far, only a few of these chemically distinct
amphiphilic BCP membranes exhibit a dense top surface with
long-range ordered nanopores.

The more challenging fabrication of fully hydrophobic BCP
materials with an asymmetric structure or ordered pores over
the whole film has been recently demonstrated by SNIPS*® or
a strategy related to SNIPS,”" respectively. For the asymmetric
material, although a complete pore formation was evidenced
on the top layer during the SNIPS process, the resulting BCP
morphology was arranged into a short-range ordered array with
a broad pore size distribution, limiting the selectivity of the top
separation layer.”’

In this work, we efficiently combine the NIPS process and
the solvent vapor annealing (SVA) approach to demonstrate
that fully hydrophobic triblock terpolymer thick films can also
be manufactured with a sponge-like morphology topped by a
long-range ordered nanostructure. We show that no effort is
required to preorder the poly(1,1-dimethyl silacyclobutane)-
block-polystyrene-block-poly(methyl methacrylate) (PDMSB-
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Figure 1. Top-view SEM images of blended (25 wt %) PDMSB-b-PS-b-PMMA thick films manufactured by NIPS then exposed to a CHCI, vapor
during different times: (a) 0 h and (b, ¢) 3 h. The disordered phase generated by NIPS on the top surface membrane is transformed into a highly
ordered D* structure after the SVA treatment. Insets: Magnified SEM image showing (a) the dense regions formed by collapsed micelles after the
NIPS process and (c) the D* (210) pattern. Additionally, simulated cross-sectional images of the D* structure cut parallel to (b) the (111) plane

and (c) the (210) plane are presented. Scale bars: 100 nm.

b-PS-b-PMMA) terpolymers on the material top surface during
the NIPS process since the SVA treatment transforms the
kinetically trapped poorly ordered phase into a well-defined
nanostructure. To obviate the need of alignment of the BCP
nanodomains, we show that different network structures such
as the alternating diamond (D*) and perforated-lamellar (PL)
phases can be readily produced on the top surface layer by
using a simple blending strategy. As all the material
architectures, consisting of a sponge-like substructure topped
by a network structure having a high-areal density of well-
defined continuous nanopathways, are highly desired for the
next-generation membranes, the NIPS-SVA process could be
envisioned as a promising methodology toward the reprodu-
cible manufacturing in large scale of asymmetric and isoporous
BCP membranes.

The PDMSB-b-PS-b-PMMA used in this work was prepared
by a sequential anionic polymerization, as described
previously,”” to achieve a perfect control of the molecular
weight, M, (34 kg mol™"), with a narrow dispersity (D = 1.11)
and a symmetric volume composition, @ (®Pppysp = 0.32, Dpg
= 036, Ppypya = 0.32). This triblock terpolymer is non-
frustrated”® since the Flory—Huggins interaction parameter,
JZppMsB—pmma, Detween the two end blocks (i.e., PDMSB and
PMMA) is higher than the other pairs, ¥ppyss—ps a0 Zps_prma
(J(PS-PMMA, ~ 0.04 < yppmsp-ps X 0.07 < Yppmsp-pvma
0.2).”*** Note that both (spin-coated) thin films and
(drawn) asymmetric thick films made of this nonfrustrated
terpolymer exhibit a 39 nm period core—shell cylindrical
structure having an in-plane orientation (i.e, an undesirable
nanodomain orientation) when exposed to a chloroform
(CHCI;) vapor (see Figure S1).”' A preferential swelling of
the PDMDB domains under a CHCI; stream causes the core—
shell cylindrical structure to differ from the bulk morphology
since the SAXS profile of the thermally annealed (24 h, 180
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°C) PDMSB-b-PS-b-PMMA sample shows a first-order peak,
g*, at 0.173 nm™" and higher-order peaks located at q/q* = 1,
2,3,4,5, 6,7, and 8, consistent with a lamellar phase having a
period of ~36.3 nm (see Figure S2).

To alleviate the need for domain alignment, different highly
ordered network structures were produced on the top surface
layer by blending the PDMSB-b-PS-b-PMMA thick films with
either 25 or 35 wt % of PDMSB-b-PS chains (®ppysp = 0.29,
M, =21.6 kg mol™', and P = 1.09). Importantly, blends of this
triblock terpolymer with different amounts of a small PS
homopolymer (hPS, 3 kg mol™') gave access to well-ordered
cylindrical or spherical nanodomains on a denser sponge-like
substructure. Here, the possible miscibility of PMMA domains
with the small hPS chains, due to the low yps_pyma value,
should be taken into account to explain the different phase
behaviors of such blends.

Blended PDMSB-b-PS-b-PMMA thick films were drawn into
a silicon substrate from an 18 wt % polymer solution in a
disolvent mixture of 1,4-dioxane and tetrahydrofuran (DOX/
THF: 80/20 by weight) using a doctor’s blade set at a gate
height of 225 ym. After the thick film was casted, the disolvent
mixture was allowed to evaporate for 15 s to form a dense top
surface layer. The blended PDMSB-b-PS-b-PMMA thick films
were then plunged in a water bath in order to induce the
formation of a sponge-like substructure by NIPS. Note that a
fluorine-rich reactive ion etching (RIE) plasma was performed
to partially and preferentially remove PDMSB and PMMA
domains, respectively, prior to taking scanning electronic
microcopy (SEM) images (plasma conditions are 40 W, 17
sccm CF, and 3 scem O,, 180 mTorr, 45 s).

The SEM image presented in Figure la shows the resulting
top surface morphology of a blended (25 wt %) PDMSB-b-PS-
b-PMMA thick film generated by NIPS for a solvent
evaporation time of 15 s. In such conditions, the material

DOI: 10.1021/acsmacrolett.9b00403
ACS Macro Lett. 2019, 8, 923-930
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Figure 2. Cross-sectional SEM views of a blended (25 wt %) PDMSB-b-PS-b-PMMA thick film (¢ ~ 24 ym) generated by NIPS-SVA (3 h, CHCL,)
showing: (a) the full material on a Si substrate, (b) the D* structure formed within the material top layer, (c) the sponge-like substructure in the
vicinity of the substrate, and (d) ordered D* grains delimited by red dashed lines in the sponge-like substructure. Inset: magnified SEM view

showing the complex D* structure. Scale bars: 0.5 ym.

top layer consists of dense regions formed by collapsed
micelles (gray) which coexist with sub-100 nm diameter pores
(black) randomly distributed across the surface. Conversely, a
highly ordered hexagonal nanoring-like array with a period of
38.5 nm is produced when the thick film is afterward exposed
to a CHCl; vapor during 3 h (see Figure 1b). This nanoring-
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like array pattern is consistent with the characteristic (111)
crystallographic plane of an alternating diamond (D?, space
group Fd3m) structure oriented parallel to the air surface since
it qualitatively resembles the simulated cross-sectional view cut
parallel to the D* (111) plane (see Figure 1b inset) and to the
D* (111) pattern recently observed in bulk from binary blends

DOI: 10.1021/acsmacrolett.9b00403
ACS Macro Lett. 2019, 8, 923-930
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Figure 3. AFM (a) topographic and (b) phase views showing the D* (310) plane oriented parallel to the air surface of a blended (25 wt %)
PDMSB-b-PS-b-PMMA thick film generated by NIPS-SVA (3 h, CHCL;). (c) The 2D-FFT of the topographic image reveals that the wavy stripe
pattern has c2mm symmetry. (d) Simulated cross-sectional image of the D structure cut parallel to the (310) plane. Scale bars: 100 nm.

of polyisoprene-b-PS-b-poly(2-vinylpyridine) (PI-b-PS-b-
P2VP).*® The presence of the D* (210) pattern as shown in
Figure lc further confirms the formation of a DA structure,
which consists of two chemically distinct (PDMSB and
PMMA) and mutually interwoven networks embedded in a
PS matrix (see Figure S3). The D* (210) pattern presents
wavy stripes ordered into a rectangular array with the lattice
parameters a = 45 nm and b = 21 nm. The ratio a/b equal to
2.14 is quite similar to the one determined from the simulated
(210) plane of the D* structure shown in Figure lc inset (a/b
=225).

In the regions of the thick film where the nanoring pattern is
observed on the top surface layer, it turns out that the fracture
propagations of the D* structure occur preferentially along the
(210) plane with a relative flatness inside the grains having a
single orientation of the wavy stripe motif. This relative flatness
is a good indication of a nontraumatic propagation of the
fracture along the wavy stripe pattern having a PS matrix area
fraction of ~57% (determined from a binarization of the
simulated D* (210) plane) and could explain the frequent
observation of the D* (210) plane. Importantly, this several
micrometers thick D* structure differs from the core—shell
cylindrical morphology having a period of ~33 nm observed in
thin-film configuration after the SVA treatment (3 h,
CHCL;).** This phenomenon is probably due to the fact that
the 70 nm thick PDMSB-b-PS-b-PMMA layer blended with 25
wt % of PDMSB-b-PS chains is too thin to allow the formation
of the D* structure, as recently shown from sub-100 nm thick
PDMSB-b-PS films for which a cylindrical phase was observed

926

for film thicknesses below the unit cell dimension of the double
gyroid (DG, Ia3d) structure.”’

To demonstrate that the asymmetric structure of the
blended (25 wt %) thick films has not been destroyed during
the SVA process, representative SEM images showing the
lower, middle, and upper regions of a solvent-annealed (3 h,
CHCl;) PDMSB-b-PS-b-PMMA thick film are presented in
Figure 2. The cross-sectional SEM view presented in Figure 2a
indicates that the blended PDMSB-b-PS-b-PMMA thick film
deposited on a silicon substrate has a thickness of ~24 ym. A
nanostructured 3D morphology of over 4 ym in thickness can
be observed on the material top surface (see Figure 2b), while
a sponge-like substructure is clearly visible close to the Si
substrate (see Figure 2c). Although the disordered sponge-like
morphology and the network structure are always separated
from one another by a well-defined interface (see Figure S4),
some nanostructured grains drown in the sponge-like
substructure can be seen in the middle of the blended
PDMSB-b-PS-b-PMMA thick film, like those surrounded by
the dashed red lines in Figure 2d. Importantly, in spite of the
presence of a few nanostructured grains in the middle of the
polymeric layer (revealing that the CHCI; vapor is able to
deeply penetrate the material), the asymmetric structure of the
blended material generated by NIPS is not disrupted during
the post SVA process. This phenomenon is due to the fact that
the sponge-like substructure must densify prior to being
transformed into a well-ordered D* phase, implying a strong
collapse of the blended PDMSB-b-PS-b-PMMA thick film.

For short time durations of the SVA process (t < 1 h), the
characteristic D* (111) pattern is the most frequently observed

DOI: 10.1021/acsmacrolett.9b00403
ACS Macro Lett. 2019, 8, 923-930
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Figure 4. AFM (a) topographic and (b) phase views showing the D* (311) plane oriented parallel to the air surface of a blended (25 wt %)
PDMSB-b-PS-b-PMMA thick film generated by NIPS-SVA (3 h, CHCl;). (c) The 2D-FFT of the topographic image indicates that the lozenge-like
features are arranged in an oblique lattice. (d) Simulated cross-sectional image of the D* structure cut parallel to the (311) plane. Scale bars: 100

nm.

on the free surface of the blended (25 wt %) thick film. In
contrast, the (310) and (311) motifs of the D* structure can
also be encountered at the material—air interface when the
time duration of the SVA process is increased. For instance, the
atomic force microscopy (AFM) topographic and phase
images taken from a blended (25 wt %) PDMSB-b-PS-b-
PMMA thick film exposed to a CHCl, vapor for 3 h and then
treated by a CF,/O, RIE plasma show the typical wavy stripe
pattern of the D* (310) plane oriented parallel to the air
surface (see Figure 3a,b).

The 2D fast Fourier transform (FFT) of the AFM
topographic image indicates that these wavy stripes are
arranged into a centered rectangular array with the lattice
parameters a = 74.1 nm and b = 40.7 nm (see Figure 3c). The
ratio a/b equal to 1.82 is very close to the one determined
from the simulated D* (310) plane presented in Figure 3d (a/
b = 1.78). These wavy stripes are often confined inside macro-
sized grains (>1.5 ym?), indicating a high crystalline quality of
the alternating diamond morphology formed on the sponge-
like substructure (see Figure SS). Lozenge-like features
arranged in an oblique lattice can also be observed on the
material free surface as shown on the AFM topographic and
phase views presented in Figure 4a,b.

The 2D-FFT presented in Figure 4c indicates that this
lozenge-like pattern (a = 64.5 nm, b = 36.3 nm, and y ~ 100°)
has a ratio a/b equal to 1.77 which is quite similar to the one
determined from the simulated D* (311) plane shown in
Figure 4d (a/b = +/3 ~ 1.73). This lozenge-like motif can also
be encountered inside large grains as shown on the AFM and
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SEM images presented in Figure S6. Note that other
crystallographic planes of the D* structure have also been
observed within the material skin layer, which fully supports
the formation of a well-developed network morphology during
the SVA treatment (see Figure S7).

Varying the amount of PDMDB-b-PS chains within the
PDMSB-b-PS-b-PMMA material was revealed to be an efficient
strategy to achieve another long-range ordered network
structure on the material skin layer. Indeed, a perforated
layer (PL) is produced on the top surface of solvent-annealed
(3 h, CHCl;) PDMSB-b-PS-b-PMMA thick films blended with
35 wt % of PDMDB-b-PS chains as depicted in Figure Sa. For
such morphology consisting of a PMMA-rich phase enclosed
in PS lamellae and PDMSB lamellae perforated by PMMA/PS
core—shell cylinders, two different patterns, corresponding to
the (001) and (101) crystallographic planes of the PL
structure, are commonly observed on the material skin layer.
The top view SEM image presented in Figure Sb shows that
the PL (001) pattern consists of PMMA/PS core—shell
perforations ordered into a well-ordered hexagonal array
having a period of ~27 nm. A hexagonal packing of
perforations is commonly observed for the perforated layer
structures in which the perforations are generally arranged into
an AB or ABC stacking.”*™*' In contrast, a 27 nm period
lamellar pattern without apparent perforations can be observed
along the (101) plane (see Figure Sc). The top view SEM
images presented in Figures Sd,e show the layered structure
inside the material skin layer at different magnifications. Figure
Se confirms the formation of a PL structure on the top surface
layer since PS (bright) perforations are evident through the

DOI: 10.1021/acsmacrolett.9b00403
ACS Macro Lett. 2019, 8, 923-930
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(A)

ps FPMMA

Figure S. (a) Schematic representation of a bicontinuous PL structure having PMMA (red)/PS (blue) core—shell perforations. (b) and (c) Top
view SEM images showing different PL planes oriented parallel to the air surface of a blended (35 wt %) PDMSB-b-PS-b-PMMA thick film
generated by NIPS-SVA (3 h, CHCl,). (d) and (e) Top view SEM images, at different magnifications, showing the PL phase inside the material

skin layer. Scale bars: 200 nm.

PDMSB (dark) lamellae. A perforated lamellar structure with
core—shell perforations arranged into a rhombic array has been
recently achieved on the skin layer of solvent-annealed
(CHCl;) PDMSB-b-PS-b-P2VP thick films.”> For such PL
structure having perforations stacked in ABAB--- sequence, the
(001) and (101) planes were also the most frequently
observed at the material—air interface. Unfortunately, here
the stacking sequence of the PMMA/PS perforations is unclear
from the SEM images.

Bicontinuous network morphologies having an excellent
long-range order were demonstrated on the skin layer of
asymmetric and hydrophobic triblock terpolymer thick films
manufactured by combining the conventional NIPS process
with an SVA treatment used in advanced lithography
application. Remarkably, an appealing triply periodic DA
nanostructure of unprecedented complexity is achieved for the
first time on a sponge-like microstructure. We believe this
simple and scalable NIPS-SVA method, enabling the formation
of appealing network nanostructures which differ from the
common cylindrical morphology generated by SNIPS, can be
viewed as a first step in the process of preparing newly
designed membranes. Indeed, porous nanochannels are also
mandatory to manufacture a permeable membrane. To avoid
any additional challenging etching process to remove the
PMMA nanopathways, pH-responsive P2VP-containing tri-
block terpolymer membranes, having either an open or closed
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state of the pores depending on the pH value, are currently
being studied in our laboratory.

B METHODS

Fabrication of Asymmetric PDMSB-b-PS-b-PMMA-Based
Thick Films. PDMSB-b-PS-b-PMMA (24 um thick) films were
drawn onto (1.5 X 2 cm?) silicon substrates by using a tape casting
technique from a 18 wt % terpolymer solution in a mixture of 1,4-
dioxane and tetrahydrofuran (DOX/THF: 80/20 by weight). To
manufacture asymmetric materials with a sponge-like substructure,
solvents were allowed to evaporate during 15 s to form a dense skin
layer, and then the thick films were immersed into a water bath for 10
min to precipitate the PDMSB-b-PS-b-PMMA terpolymer. An SVA
treatment was subsequently performed to transform the kinetically
trapped morphology formed on the material top surface into a self-
assembled nanostructure. As the neat PDMSB-b-PS-b-PMMA
terpolymer self-assembles into a core—shell cylindrical morphology
when exposed to a CHCI; vapor, the terpolymer solution was blended
with either 25 wt % or 35 wt % of PDMSB-b-PS chains to achieve
different bicontinuous network structures.

Self-Assembled PDMSB-b-PS-b-PMMA Thick Films. The self-
assembly of unblended and blended PDMSB-b-PS-b-PMMA thick
films was promoted by exposing the polymeric layers during different
times to a continuous stream of CHCl; vapor produced by bubbling
nitrogen gas through the liquid solvent as described previously.” This
continuous flow system was used to control the CHCI; vapor pressure
in the chamber having a lid made of quartz by dilution with a separate
N, stream so that the solvent vapor consisted of 32 sccem CHCl;
vapor and 8 sccm N, (total 40 sccm). As the in situ measurement of

DOI: 10.1021/acsmacrolett.9b00403
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the film thickness variation of an asymmetric thick film is not easy to
achieve, the swelling ratio of a blended (25 wt %) PDMSB-b-PS-b-
PMMA layer was estimated in thin configuration (initial thickness of
~95 nm), using a Filmetrics spectroscopic white light reflectometer
apparatus (see Figure S8). The blended layer, spin-coated (2 krpm)
from a 2 wt % BCP solution in a mixture of tetrahydrofuran and
propylene glycol monomethyl ether acetate (THF/PGMEA: 2/1),
reached a plateau for a 70% thickness variation.

SEM and AFM Characterizations. Scanning electron microscopy
(SEM, JEOL 7800) was used in Gentle Beam mode (GBSH) at an
accelerating voltage of 1 kV to take PDMSB-b-PS-b-PMMA film
images. Atomic force microscopy (AFM Dimension FastScan, Bruker)
was used in tapping mode to characterize the surface morphology of
blended and unblended PDMSB-b-PS-b-PMMA thick films. Silicon
cantilevers (Fastscan-A) with a typical tip radius of ~5 nm were used.
The resonance frequency of the cantilevers was about 1.25 kHz. Prior
to SEM and AFM measurements, PDMSB-b-PS-b-PMMA thick films
were etched with a fluorine-rich plasma treatment in the PE-100
chamber (RIE, Plasma Etch) to remove partially and preferentially the
PDMSB and PMMA phases (plasma conditions: 40 W, 17 sccm CF,
and 3 sccm O,, 180 mTorr, and 45 s).

Small-Angle X-ray Scattering (SAXS). SAXS experiments were
performed on the D2AM French-CRG Beamline at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. A XPAD
2D pixel detector was used for recording the 2D scattering images,
and a 2400 mm sample-to-detector distance was chosen. The energy
of the X-ray beam was 11 keV. The 2D images were radially averaged
around the center of the primary beam to obtain the isotropic SAXS
intensity profiles. The scattering pattern from a specimen of silver
behenate was used for the calibration of the wavevector scale of the
scattering curves. Finally, the data were normalized to the intensity of
the incident beam to correct for primary beam intensity fluctuations.
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3.F/ Lamellae stacking orientation

function LamellaeOrientation
% Created by Nils Demazy @ LCPO, Bordeaux
Last update: April 30, 2020

o°

%% INPUTS %%

T = 230; % Annealing temperature (°C)

gA = 42.1-0.072*T; % Surface tension of Block A (mJ/m?)

gB = 42.6-0.076*T; Surface tension of Block B (mJ/m?)

gAB = 3.6-0.013*T; % Interfacial tension between A and B blocks (mJ/m?)
Chi = 0.028 + 3.9/(2734T); % Flory-Huggins parameter between A and B

N = 503; % Average Degree of polymerization

d = 1.09; % Average density between A and B (g/cm?)

Mn = 102; % Average monomer molar mass between A and B (g/mol)

LO = 28; % Block copolymer pitch. If not known, please inform 1K

1K = 1.5; % Average Kuhn length between A and B (nm). Only if LO not known

oe

topo = 1; % Surface topography (topo = 0 flat substrate, = 1 patterned substrate with LO pitch
wires)

h = 5; % Wires height of patterned substrate (nm) (if topo = 1)

r = 1; % Fraction of height that will be rounded: 0<r<l (if topo = 1) (if r*h > L0/4, then r

will be fixed at L0/4)

IH = 1; % Island/Hole simulation (IH = 0 not simulated, = 1 simulated)

radius = 100*L0; % Island or Hole radius (in nm) (if IH=1)

res = 2001; % Simulation Resolution (res = 101 low resolution, = 501 medium resolution, = 1001
high resolution, = 2001 ultra high resolution)

%% CHECKING %%

if ~exist('gA','var') || ~exist('gB','var') || ~exist('gAB', 'var')

msgbox ({'Surface Tension issue.'; 'Check your constants.'}, 'Error',6 'error')

return
elseif ~exist('Chi','var') || ~exist('N','var') || ~exist('d','var') || ~exist('Mn', 'var') ||
(~exist ('LO', 'var') && ~exist('lK','var'))

msgbox ({'Block-Copolymer issue.'; 'Check your constants.'; 'If you don''t know LO, then
put a value to 1K'}, 'Error', 'error')

return
elseif topo~=0 && topo~=1 || (topo==1 && (~exist('h','var') || ~exist('r','var')))

msgbox ({'Substrate topography issue.'; 'Use topo=0 for flat or topo=1 for patterned.';
'Check your constants.'}, 'Error', 'error')

return
elseif IH~=0 && IH~=1 || (IH==1 && ~exist('radius', 'var'))

msgbox ({'Island/Hole simulation issue.'; 'Use IH=0 for not simulating and IH=1 for
simulating.'; 'Check your constants.'}, 'Error', 'error')

return

elseif ~exist('res', 'var')
msgbox ({ 'Resolution issue.'; 'Use res=101 for Low resolution, 501 for Medium, 1001 for
High, and 2001 for Ultra High'}, 'Error', 'error')
return
end
%% INITIALIZATION
KbT = 1.38*107-20*(273+T); % KbT constant at temperature T
Ncv = d*1076/ (N*Mn) *6.022*10723; % Number of chain per volume
% Number of orientations
Nor = 13; % 13 basic orientations possible
lab =
{'\perp','//BA','//ABA','//BABA',"'//ABABA','//BABABA','//ABABABA','//AB','//BAB','//ABAB','//B
ABAB','//ABABAB','//BABABAB'}; % orientation labels
% If substrate patterned, 2 new orientations possible

if topo == 1
Nor = Nor+2;
lab{l} = '"\perp\perp';
lab{end+1} = '\perp//A';
lab{end+1} = '\perp//B';
end
% If Island/Hole structures simulated, 4 new orientations
if IH == 1
Nor = Nor+4;
lab{end+1} = '"I/H//AA';
lab{end+1} = 'I/H//BA';
lab{end+1} = 'I/H//AR';
lab{end+1} = 'I/H//BR';
end
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fA = linspace(0,1l,res); $ A fraction in random A-B copolymer from 0 to 1
if exist('LO','var')==0 % If LO not known
L0 = 2*1K*(1/(2*pi”2*sqgrt(6)))"(1/3)*Chi”(1/6) *N~(2/3); % Estimate LO with 1K
end
L = linspace(L0/2,3*L0,res); % Film thickness from LO/2 to 3LO
% Substrate initialization

S

Reso = res - 1;
X = linspace (0,L0,Reso+l);
7z = zeros(l,Reso+l);
if topo == % Bump calculation

for i = Reso/4+1:3/4*Reso

Z(i) = h;
end
corner = round(r*h/(LO/Reso)); % Radius of round corner

if corner>Reso/4
corner = Reso/4;

r = corner/h*L0/Reso;
end
% Crop right and left corners of step
for i = l:corner
Z (Reso/4+1i) = Z(Reso/4+1i)-(h*r-sqrt((r*h)"2-((i-1)*L0/Reso-r*h)"2));
Z (end-Reso/4-1) = Z(end-Reso/4-1)-(h*r-sqrt((r*h)"2-((i-1)*L0/Reso-r*h)"2));
end
end
% Calculate bump surface area
S2 = 0;

for i = 1:Reso/2
S2 = S2+sgrt ((Z(i+1)-Z (1)) "2+ (X (i+1)-X(1))"2);

end
Zm = mean(zZ); % Z mean to shift film thickness
Beta = (L0/2+S2)/(L0); % Beta != 1 for non-flat substrate

o

Chain Stretching and Compressing
% x = R/Rg; R = L/n; Rmin = Req/Rg; L0 = 2*Reqg => x = 2*L*Rmin/n*L0
x = 0:0.01:10;
Estretch = zeros(length(x),1);
Echi = zeros(length(x),1);
for i=1:length (x)
Estretch(i) = pi”®2/12*(x(i)"2); % Stretching penalty
Echi(i) = sqgrt(Chi*N)/2./x(i); % Chi penalty
end
Echains = Estretch+Echi; % Total energy penalty
[~,ind] = min(Echains); % Find lower energy penalty
Rmin = x(ind); %Rmin = Req/Rg
Rmin2 = Rmin*mean ([L0/2,S2]1)/(L0/2); % Rmin2 for stretched chains with bump

%% CALCULATION %%
WBv = 0;
WB = waitbar (WBv, 'Simulating Orientations', 'Name', 'Please Wait');
EnergyMatrix = zeros(length (fA),length(L),Nor);
for k=1:Nor
alpha = zeros(l,length(L)); % Initialize no Island/Hole extra interface
Ec = zeros(l,length(L)); % Initialize chain energy cost

% Out-of-Plane
if strcmp(lab{k} (1:2),"\p")
if strcmp(lab{k} (end),'A') % A on top of bump
fAbottom = S2/(L0/2+S2); % Bottom composition rescaled by bump
fAtop = 0.5; % Top composition
for j=1:length (L)
if 2*h<L(j) % Bump stretching height influence lower than thickness
Ec(j) = (2*h/L(3))* (pi”2/12* (Rmin2) *2+sgrt (Chi*N) /2* (1/Rmin2))
+ (L(Jj)-2*h)/L(j)*(pi”2/12* (Rmin) *2+sqrt (Chi*N) /2* (1/Rmin)) ;
else % Bump stretching height influence higher than thickness
Ec(j) = pi”®2/12* (Rmin2) "2 + sgrt (Chi*N)/2* (1/Rmin2) ;
end
end
elseif strcmp(lab{k} (end),'B') % B on top of bump
fAbottom = L0/2/(L0/2+S2); % Bottom composition rescaled by bump
fAtop = 0.5; % Top composition
for j=1:length (L)
if 2*h<L(j) % Bump stretching height influence lower than thickness
Ec(j) = (2*h/L(j))*(pi”*2/12* (Rmin2) "2+sgrt (Chi*N) /2* (1/Rmin2))
+ (L(Jj)-2*h)/L(j)*(pi~2/12* (Rmin) "2+sqrt (Chi*N) /2* (1/Rmin)) ;
Bump stretching height influence higher than thickness

else %
Ec(j) = pi”*2/12* (Rmin2) "2 + sqgrt (Chi*N)/2*(1/Rmin2) ;
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end
end

o

else % no bump or perpendicular to bump
fAbottom = 0.5; % Bottom composition
fAtop = 0.5; % Top composition
for j=l:length(L)
Ec(j) = pi”®2/12* (Rmin)"2 + sqgrt(Chi*N)/2* (1/Rmin) ;
end
end

% In-Plane
elseif strcmp(lab{k}(1:2),'//")
if strcmp(lab{k} (3),'A")
fAbottom = 1; % Bottom composition

else
fAbottom = 0; % Bottom composition
end
if strcmp(lab{k} (end), 'A")
fAtop = 1; % Top composition
else
fAtop = 0; % Top composition

end
n = length(lab{k})-3; % //AB gives n=1; //BAB gives n=2...
for j=1l:length (L)
for 1=1:length(Z)
Ec(j) = Ec(j) + pin2/12*(2*(L
(

j)=Z (1) +Zm) *Rmin/ (n*L0) ) "2
+ sqrt (Chi*N)/2* (n*L0/ (2* (L (

(
L(j)-2(1)+2Zm)*Rmin)) ;

end

Ec(j) = Ec(j)/length(Z); % Mean value over the whole pattern

End

% In-Plane Island/Hole
elseif strcmp (lab{k}(1:3),'I/H")
fhl = zeros(length(L),1); % area fraction of Island/Hole created
n = zeros(length(L),1l); % number of lamellae in hole
prop = zeros (length(L)); % proportion between n and n+2 stacks
if strcmp(lab{k} (end-1)
on top
fAbottom = 1; % Bottom composition
fAtop = 1; % Top composition
% fhl and prop calculation
for j=1l:length (L)
if L(j)<=L0 % Dewetting structure => not simulated

£h1(j) = (LO-L(j))/LO;
n(j) = NaN; % should be = 0; nothing holes, ABA islands
prop (j)=NaN; % should be 1-L(J)/LO
elseif L(j)<=1.5*L0 % ABA holes, ABABA islands, hole structure
fhl(j) = (L(j)-L0)/LO;
n(j) = 2;
prop(3)=2-L(3)/L0;
elseif L(j)<=2*L0 % ABA holes, ABABA islands, island structure
fhl(j) = (2*L0-L(j))/LO;
n(j) = 2;
prop (j)=2-L(j) /L0;
elseif L(j)<=2.5*L0 % ABABA holes, ABABABA islands, hole structure
fhl(j) = (L(j)-2*L0)/L0O;
n(j) = 4;
prop (j)=3-L(j) /L0;
elseif L(j)<=3*L0O0 % ABABA holes, ABABABA islands, island structure
fhl(j) = (3*L0-L(3j))/L0O;
n(j) = 4;
prop (j)=3-L(j) /L0;
end

end

,'A') && strcmp(lab{k} (end),'A') % A wetting the substrate & A

elseif strcmp (lab{k} (end-1),'B') && strcmp(lab{k} (end),'A') % B wetting the substrate

& A on top
fAbottom = 0; % Bottom composition
fAtop = 1; % Top composition
% fhl and prop calculation
for j=1:length (L)
if L(j)<=L0 %BA holes, BABA islands, hole structure
fhl(3) = (L(3)-0.5*L0)/LO;
n(j)=1;
prop (j)=1.5-L(J)/L0;
elseif L(j)<=1.5*L0 %$BA holes, BABA islands, island structure
fhl(j) = (1.5*L0-L(3j))/LO;
n(j)=1;
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prop(j)=1.5-L(j)/LO;
elseif L(j)<=2*L0 %BABA holes, BABABA islands, hole structure
fhl(j) = (L(j)-1.5*L0)/LO;
n(j)=3
prop (j)=2.5-L(j)/L0;
elseif L(j)<=2.5*L0 %BABA holes, BABABA islands, island structure
fhl(j) = (2.5*L0-L(3j))/L0O;
n(j)=3;
prop (J)=2.5-L(j)/L0;
elseif L(j)<=3*L0O $BABABA holes, BABABABA islands, hole structure

fhl(3) = (L(3)-2.5*L0)/L0;
n(j)=5;
prop (J)=3.5-L(j)/L0;

end
end
elseif strcmp(lab{k} (end-1),'A') && strcmp(lab{k} (end),'B') % A wetting the substrate
& B on top
fAbottom = 1; % Bottom composition
fAtop = 0; % Top composition
% fhl and prop calculation
for j=1l:length (L)
if L(j)<=L0 %AB holes, ABAB islands, hole structure

fhl(j) = (L(j)-0.5*L0)/L0;
n(j)=1;
prop (j)=1.5-L(j)/L0;

elseif L(j)<=1.5*L0 %AB holes, ABAB islands, island structure
fhl(j) = (1.5*L0-L(3))/L0;
n(j)=1;
prop (j)=1.5-L(j)/L0;

elseif L(j)<=2*L0 $ABAB holes, ABABAB islands, hole structure
fhl(j) = (L(3)-1.5*L0)/LO;
n(j)=3;
prop (j)=2.5-L(j)/L0;

elseif L(j)<=2.5*L0 %ABAB holes, ABABAB islands, island structure
fhl (j) (2.5*L0-L(j))/LO;
n(j)=3;
prop (j)=2.5-L(j)/L0;

elseif L(j)<=3*L0O $ABABAB holes, ABABABABA islands, hole structure
fhl(j) = (L(j)-2.5*L0)/L0;
n(j)=>5;
prop(3)=3.5-L(j)/LO;

end

end

elseif strcmp(lab{k} (end-1),'B') && strcmp(lab{k} (end),'B') % B wetting the substrate
& B on top
fAbottom = 0; % Bottom composition
fAtop = 0; % Top composition
% fhl and prop calculation
for j=1:length (L)

if L(j)<=L0 % Dewetting structure => not simulated

fhl(j) = (LO-L(3))/L0O;
n(j) = NaN; % should be = 0; nothing holes, BAB islands
prop (j)=NaN; % should be 1-L(3j)/L0

elseif L(j)<=1.5*L0 % BAB holes, BABAB islands, hole structure
fhl(j) = (L(3)-LO)/LO;
n(j) = 2;
prop(3)=2-L(3)/LO;

elseif L(j)<=2*L0 % BAB holes, BABAB islands, island structure
fhl(j) = (2*L0-L(3))/L0;
n(j) = 2;
prop (j)=2-L(j) /L0;

elseif L(j)<=2.5*L0 % BABAB holes, BABABAB islands, hole structure
fhl(j) = (L(j)-2*L0)/L0;
n(j) = 4;

prop(3)=3-L(3)/L0;
elseif L(j)<=3*L0 % BABAB holes, BABABAB islands, island structure

fhl(3) = (3*L0-L(3))/LO;
n(j) = 4;
prop(3)=3-L(3)/L0;

end

end
end

alpha = 2*fhl*L0/radius; % alpha parameter
for j=1:length (L)
for 1=1:1length(Z)
Ec(j) = Ec(j) + prop(j)*pi”2/12* (Rmin* (1-2*(Z(1)-2Zm)/(n(j)*L0)))"2
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+ (l-prop(j)) *pi~2/12* (Rmin* (1-2*(Z (1) -Zm) / ((n(3)+2) *1L0))) "2
+ prop (j) *sqrt (Chi*N) /2* (1/ (Rmin* (1-2* (Z (1) -Zm) /(n(j)*L0))))
+ (l-prop(j)) *sgrt (Chi*N) /2% (1/(Rmin* (1-2*(Z (1) -Zm)/ ((n(J)+2)*L0))));
end
Ec(j) = Ec(j)/length(Z); % Mean value over the whole pattern
end
end

% Energy calculation for each orientation
Esf = gAB*abs (fAbottom* (1-fA) - (1-fAbottom) *fA); % Substrate-film interface energy
Efa = (gA*fAtop+gB* (1-fAtop)); % Film-air interface energy
Enewfa = alpha* (gA+gB)/2; % New film-air interface energy for Island/Holes
for i=1:1length (fA)
for j=1:length (L)
EnergyMatrix (i, j,k) = (Esf (i) *Beta+Efa+Enewfa(j))/L(J)*10%9 + Ec(j)*KbT*Ncv;
end
end
WBv WBv+1/Nor;
waitbar (WBv, WB) ;
end
close (WB)

o

> Lower energy orientation
WB = waitbar (0, 'Lowering Energy', 'Name', 'Please Wait');
I = zeros(res,res);
for i=l:res
for j=l:res

[~,I(i,3)] = min(squeeze (EnergyMatrix(i,j,:)));
end

waitbar (i/res,WB) ;

end
close (WB)

% Create a contour matrix for each orientation
cont = zeros(res, res,Nor);
for k=1l:length(lab)
for i=l:res
for j=l:res
if I(i,3)==k

cont(i,j,k) = 1;
else
cont(i,j,k) = 0;
end
end
end
end
%% PLOTS %%
% Bump Profile
figure

plot(X,Z, 'LineWwidth', 2, 'Color', 'red")
daspect ([1 1 117)
x1lim ([X (1) ,X(end)])
yvlim([min(Z),max(Z)+1])
xlabel ('x (nm)")
ylabel('z (nm)"')
title ('Bump profile')
% Orientations diagram
figure
hold on
for k=1l:length(lab)
C=cont(:,:,k);
if ~isempty (find(C==1,1))
props = regionprops(logical(C), 'Centroid');
contour (faA, L/LO, C',[0.5,0.5], 'LineColor', 'black', 'LineWidth',1);
% Add name of each zone
for i=1l:length (props)
text (fA(floor (props (i) .Centroid(2))),L(floor (props(i).Centroid(l)))/LO,
lab{k}, '"HorizontalAlignment', 'center')
end
end
end
box ('on'")
x1im ([0,1]);
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ylim ([L(1),L(end)]/L0);

xlabel ('f {A}");

ylabel ('L/L 0");

title('Lamellae forming Block-Copolymer Orientations')
end

Chapter 111/Figure 53 and Chapter IV/Figure 83 have been plotted using this function, with

“topo = 0” and “topo = 1", respectively.

3.G/ NanoScope AFM image viewer and processing

AFM images captured with NanoScope 9.4 software from Bruker can be directly analyzed
with the embedded NanoScope Analysis software. However, this software has only limited tools
for BCP self-assembly image analysis. Thus, a widely used alternative is the free software WSXM
which proposes more advanced tools [12]. Unfortunately, this software seemed too complex and

slow for routine BCP image analysis.

Within this Ph.D., a Matlab program has been developed to open, process and analyze
NanoScope AFM image with tools specifically designed for BCP self-assembly. The software is
divided in three parts (Figure 126). The top one has a loading button to import a NanoScope “.spm”
image within the software and a list to choose an image channel (height, amplitude, phase, etc.).
The raw data reading has been possible thanks to the “Open Nanoscope 6 AFM images” code
developed on Matlab by Jaco de Groot, which were adapted for Nanoscope 9.4. The middle part
consists in four different tabs with analyzing tools in each of them, which will be detailed in the
following section. The bottom part is the “Export” panel, including tools for exporting a treated

image and raw data.

3.G.i/ Tab 1: “Raw Image”

The first tab, correspond to the raw data without any modification (Figure 126). It also
gives the roughness, calculated after flattening the image for removing any artifact due to the
scanner tip (i.e. the same image observed during capturing which natively include this flattening).
A “Restore Image” button allow to return to the initial state after having performed analysis with

the other tabs.
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NanoScope AFM Images Processing and Analyzing Tools
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Figure 126. NanoScope AFM Images Processing and Analyzing Tools window showing the raw height AFM

image of an PS-b-PMMA thin film forming out-of-plane cylinders.

3.G.ii/ Tab 2: “Filtering”

This tab is mandatory before performing any analysis of the image (Figure 127). Itincludes

several filters to flatten the image, and remove noise:

272

a X and Y direction flatten with offset, linear or quadratic functions. Two parameters (“High

Aspect-Ratio and “Island/Hole Structure”) have been implemented to modify flattening

calculations for overcoming artifact creation;
a smoothing which applies a blur filter to the image;
a remove background which subtracts to the image the same image with a high blur filter. It

allows to programmatically remove non-flat background for better self-assembly structure

analysis.

Also, several observation tools are available to embellish the image before exportation.
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NanoScope AFM Images Processing and
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Figure 127. NanoScope AFM Images Processing and Analyzing Tools window showing the filtered height AFM

Developed by Nils Demazy

image of the PS-b-PMMA cylinders.

3.G.iii/ Tab 3: “Section”

This tab is made to measure a profile section within the image (Figure 128). It is possible
to observe horizontal or vertical sections of the whole image, or a manual profile along a chosen

path. It also presents a step measurement tool which allows a very precise thickness measurement

on a scratched thin film.
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NanoScope AFM Images Processing and Analyzing Tools |
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Figure 128. NanoScope AFM Images Processing and Analyzing Tools window showing the X-section of a
scratched PS-b-PMMA thin film AFM image leading to a 37 nm step.

3.G.iv/ Tab 4: “FFT”
The last tab is dedicated to the Fast-Fourier Transform (FFT) (Figure 129). It gives two
plots, the first one is the image FFT with the possibility to modify normalization and accentuate

peak positions, and the second one is the Power Spectral Density (PSD), i.e. the radial average of

the FFT with the possibility to measure the structure periodicity.
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NanoScope AFM Images Processing and Analyzing Tools
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Figure 129. NanoScope AFM Images Processing and Analyzing Tools window showing the FFT and PSD of the
PS-b-PMMA cylinders phase AFM image.
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4/ 2D-structures large SEM images

:

NN

Figure 131. SEM image of Lzs colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 133. SEM image of L3z colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 135. SEM image of Ls7.« colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 136. SEM image of L4z colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.

Figure 137. SEM image of L4z colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 138. SEM image of Lus colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 139. SEM image of Lss-t colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 141. SEM image of Lss-.t colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 142. SEM image of Dzs colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.

Figure 143. SEM image of D3z colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 145. SEM image of D4z colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 146. SEM image of Das colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.

Figure 147. SEM image of Dss colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 148. SEM image of Des4 colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 150. SEM image of Hs7 colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 152. SEM image of Has colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Figure 154. SEM image of He+ colorized with orientation. Top right inset is the FFT. Scale bar: 1 um.
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Titre : Assemblage itératif de films nanostructurés de copolymeres a blocs, vers le
développement de structures tridimensionnelles fonctionnelles a périodicité nanométrique

Résumé : Les copolymére a blocs ont la capacité de s’auto-assembler en une panoplie de
structures périodiques a I'échelle nanométrique. L'objectif de ce travail a été de mettre en place
un procédé itératif permettant 'empilement de films nanostructurés de copolymeres a blocs, et de
comprendre et contrbler les mécanismes d’orientation relatifs entre les couches. Pour cela, le
systeme PS-b-PMMA a été choisi puisqu’il permet, aprés hybridation sélective des domaines de
PMMA en alumine, de générer des nanostructures inorganiques permettant le couchage ultérieur
d’'une nouvelle couche de copolyméres a blocs. Trois types de nanostructures bidimensionnelles
ont plus particuliérement été étudiées : des lignes obtenues a partir d’'une structure lamellaire des
domaines de PMMA et PS, un réseau hexagonal de plots obtenu a partir de cylindres de PMMA
dans une matrice de PS, et un réseau hexagonal de trous obtenu a partir de cylindres de PS dans
une matrice de PMMA. En contrblant la géométrie de chaque couche et sa périodicité par la
modification des caractéristiques macromoléculaires des PS-b-PMMA, nous avons mis en
évidence la possibilité de contréler I'orientation relative de I'empilement de deux couches en
faisant varier I'énergie interfaciale entre celles-ci. Ainsi, un grand nombre de nouvelles structures
complexes de type bicouches formées a partir d’auto-assemblage de copolymeéres a blocs ont pu
étre observées pour la premiere fois. De plus, les observations expérimentales ont été
rationalisées par la mise en place d'un modéle énergétique corroboré par des simulations
avancées utilisant la dynamique des particules dissipatives. Finalement, il a été démontré que ce
procédé d’empilement peut étre extrapoler de deux couches a n couches de copolymeres a blocs,
ce qui permet d’imaginer la formation de nanostructures 3D fonctionnelles par ingénierie additive.

Mots clés : copolyméres a blocs, auto-assemblage, nanostructure 3D, PS-b-PMMA

Title: Iterative self-assembly of nanostructured block copolymer thin films, toward the
development of functional three-dimensional structures with nanometric periodicity

Abstract: Block copolymers have the potential to self-assemble in a variety of periodic structures
at nanometric scale. The objective of this work was to explore the opportunity of iterative self-
assembly of block copolymer thin films for the formation of three-dimensional structures.
Particularly, a strong attention was devoted to the understanding of the stacking rules (i.e. relative
orientation and alignment) between the different block copolymer layers. For this purpose, the PS-
b-PMMA system was chosen as it allows the selective hybridization of the PMMA domains in
alumina leading to the immobilization of the nanostructured layer for further stacking. Three types
of bidimensional nanostructures obtained from block copolymer self-assembly were studied: lines
obtained from PS-b-PMMA lamellae, a hexagonal array of dots from PMMA cylinders in a PS
matrix, and a hexagonal array of holes from PS cylinders in a PMMA matrix. By controlling the
geometry and periodicity of each layer through the PS-b-PMMA macromolecular characteristics,
the possibility to control the relative orientation and alignment between the layers was
demonstrated via the modification the interfacial energy between the two block copolymer layers.
Accordingly, novel bilayer structures obtained from block copolymer self-assembly were
experimentally observed for the first time. Furthermore, an energetical mechanism corroborated
by dissipative particles dynamics simulation allows predicting the stacking behavior observed
experimentally. Finally, this stacking process was designed to be extrapolated from the two layers
to n layers, enabling the generation of complex 3D nanostructures by additive manufacturing.

Keywords: block copolymers, self-assembly, 3D nanostructure, PS-b-PMMA
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