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v multiple-step etching processes, where wet etching and dry etching are alternated, have to be performed in order to transfer the pattern satisfactorily. By introducing metal salts selectively in one of the blocks, the etch contrast is considerably enhanced and the pattern transfer can be obtained in one single step of dry etching.

vi

Résumé

La complexité et le coût croissant des processus nécessaires pour fabriquer les processeurs de plus en plus puissants de l'industrie microélectronique conduit à des structures de plus en plus petites. La photolithographie, technologie clé pour la nanostructuration, atteint aujourd'hui ses limites en termes de résolution. Des méthodes alternatives doivent donc être trouvées afin de continuer à produire des transistors plus efficaces, tout en gardant les coûts de production à un niveau raisonnable. La combinaison de la photolithographie classique et de l'auto-assemblage de copolymères à blocs (CPB) semble être une alternative prometteuse. Les copolymères à blocs ont la propriété de créer une séparation de phases à l'échelle du nanomètre grâce à l'incompatibilité chimique (décrite par le paramètre d'interaction χ des blocs. De cette façon, lorsque cette séparation de phase est formée à la surface d'un substrat, des structures telles que des sphères, des cylindres ou des lamelles peuvent être obtenues et utilisées comme masques de gravure pour la nanostructuration. Le CPB le plus utilisé est probablement le Polystyrène-Polyméthacrylate de méthyle (PS-PMMA), qui a été étudié pendant plus de 20 ans. Le PS-PMMA est un CPB de faible χ et ne peut pas atteindre des tailles de structure inférieures à 12nm. Plus l'incompatibilité des blocs c'est-à-dire le χ est importante, plus la taille des structures possibles est petite. Cette thèse traite principalement le système Polystyrène-Polydiméthylsiloxane (PS-PDMS , un CPB de haute valeur de χ, et évalue son éventuelle intégration dans l'industrie de la microélectronique. Des procédés ont été développés et optimisés en vue de leur utilisation future dans l'industrie. Un procédé de recuit commun pour les "high-χ" est le recuit sous vapeur de solvant (RVS), où la couche de CPB est exposée aux vapeurs de solvants. Les molécules de solvant gonflent le CPB et augmentent ainsi la mobilité des chaînes de polymère, permettant l'organisation des structures à grande échelle. Bien que ce procédé soit largement utilisé, il n'a jamais été utilisé sur des lignes de production à grande échelle. Le RVS est un processus très complexe qui est sensible à l'environnement et utilise souvent des solvants toxiques. Au cours de cette thèse, des mécanismes de RVS sont étudiés et des solvants non-toxiques qui sont compatibles avec l'environnement industriel sont proposés comme alternative. Une autre solution pour le recuit de CPBs "high-χ" sans solvant est également proposée. En formulant la solution de CPB avec des molécules de plastifiant, un auto-assemblage rapide avec un simple recuit thermique est possible. La faisabilité de ce processus a été démontrée sur des tranches de silicium de 300mm de diamètre.

Le transfert des motifs par gravure est une étape importante et problématique en nanofabrication. Plus les tailles sont réduites, plus le facteur d'aspect est haut et le processus de gravure difficile. Des procédés de gravure par plasma différents, tous utilisés dans des procédés de gravure industriels, sont étudiés sur le matériau PS-PDMS. Des nanostructures de silicium de 10nm de large et des structures avec un rapport d'aspect de 6:1 ont été gravées avec succès. vii Enfin, un processus d'inclusion d'oxydes métalliques par simple dépôt par centrifugation a été démontré sur le polymère PS-PMMA. Ce BCP a l'avantage d'être un système bien connu grâce aux nombreux groupes de recherche qui s'y intéresse. Cependant, ses performances en gravure pour le transfert des motifs est peu satisfaisant à cause de la faible sélectivité entre les blocs PS et PMMA. Des procédés de gravure compliqués en plusieurs étapes doivent être effectués afin de transférer les motifs de manière satisfaisante. En introduisant des sels métalliques de manière sélective dans l'un des blocs, le contraste de gravure est considérablement augmenté et le transfert du motif peut être obtenu en une seule étape de gravure plasma.

viii To build these kinds of processors a series of operations is performed on one piece of silicon, among the process steps are photolithography, etching or deposition. Each of these steps is performed by specialized equipment built by commercial companies. In order for the industry to advance, a roadmap, the so called International Technology Roadmap for Semiconductors (ITRS) was introduced over 20 years ago to anticipate the technological evolution and predict technological needs of the IC industry. With the help of this roadmap, industry was able to double the number of transistors per chip every 2 years, increasing processing power exponentially, while keeping the production cost constant. A schematic of this evolution is depicted in Figure 1-2 and was already predicted by Gordon Moore in 1965: it is known to us today as Moore's law 3 . Today in 2016, the most powerful chips commercially available are at the 14 nm technology node, i.e., the typical half-pitch of a feature is approximately 14 nm. Prior to the 14 nm node was the 22 nm node, introduced in 2012, and next is supposed to be the 10 nm node in 2017. Even though Moore's law has been true for the last years, it seems that technology evolution slows down. Indeed the technological complexity to decrease feature sizes becomes tremendous. The simple and classic photolithography, which was for a long time the microelectronics workhorse, reached its limits at feature sizes of approximately 45 nm due to light diffraction problems. In order to attain the 14 nm node, it was necessary to integrate complex lithography processes, whose prizes grow with decreasing feature size.

Table of Contents

In order to reduce the cost of nanostructuring, alternative lithography techniques have been introduced in recent years

Conventional Photolithography

Photolithography is a key step in the production of transistors and uses photoresists and light to transfer a geometric pattern from a mask onto a substrate. The parts of the resist that are exposed to light are chemically modified. With a chemical solution, a developer, either the exposed parts (positive resist) or those not exposed to light (negative resist) can be removed, creating an image of the initial pattern at the substrate surface. After developing the resist, the parts free of resist can be processed, while those covered with resist will be protected. That way the pattern can be transferred into the substrate. A schematic of the process is depicted in Figure 1-3 The simplest types of lithography are contact and proximity lithography. In contact mode the mask is in direct contact of the resist, limiting the lifetime of the mask and bringing a risk of contamination into the process. In proximity lithography, the mask is maintained at a certain distance of a few micrometers above the resist, limiting its resolution to the micrometer scale 5 . Further evolution of photolithography led to projection lithography. This technique avoids the direct contact of the mask and wafer, by projecting the pattern onto the photoresist via a refractive optical system, as depicted in Figure 1234. As can be seen on the schematic, a projection lens is positioned between the photomask and photoresist which allows a demagnification of the pattern of at least 4x in most systems 6 . Projection optical photolithography is today's most used type of nanopatterning. The resolution of the obtained structures depends on the one hand on the material of the resist and on the other hand on the wavelengths that are used. The smaller the wavelength, the higher the possible resolution. Since the beginning of photolithography a great part of the whole photon spectrum was exploited for nanostructuration. In the beginning, when the feature sizes on transistors were as big as a few micrometers, wide spectrum lamp light was used. Since then, light sources used more and more powerful photons, passing by UV-light in the 's with a wavelength of nm (G-line) to produce structures of 5 to 6 µm. In the late 198 's lithography moved on to nm )-line) and produced 1µm features. The next step, to sub-1µm structures was considered challenging but was obtained in the 1 's with deep UV-light at 248 nm and by 1993, 500 nm features were produced commercially. )n the 's finally, the nm wavelength was introduced which is still today the main photolithography exposure technique in industry 7,8 . The relationship between wavelength and obtainable feature size becomes clear in the Rayleigh equation:

= Equation 1-1
Where CD is the critical dimension, the wavelength, NA the numerical aperture of the system's lens and k1

is known as the resolution factor and accounts for all other process variables 9 . Besides using shorter wavelength, only the numerical aperture can be increased or k1 reduced in order to improve feature sizes.

Continuous improvement of the lens systems has helped in the downscaling process of feature size but desired resolutions today are at 20 nm and below, whereas classic dry 193 nm lithography tools attain 90 nm resolution.

193 Immersion Lithography

193 nm immersion lithography (193i) has been introduced in IC manufactory in 2002 in order to attain the 45 nm technology node. In this technique the medium in which lithography takes place is changed from air to a liquid (usually purified water) with a higher refractive index 10 . The introduction of water into the gap between the final lens and wafer changes the optical paths of exposure light, decreasing the effective wavelength of 193 nm to 135 nm. This way the final resolution is improved, enabling the production of 45 nm node circuits.

Extreme Ultraviolet Lithography

Extreme ultraviolet (EUV) lithography uses light with an extreme small wavelength of 11 -14nm. Most materials, including oxygen and nitrogen, absorb these short wavelengths, which is why EUV lithography machines must operate in vacuum. Also, the optical system, including mask and mirrors, must be coated by materials that are able to reflect the short wavelength light. Mirror materials composed of multilayers of silicon and molybdenum reach reflectivities of 60 -70% in EUV 11,12 . In order to compensate for the power loss, extreme high power EUV sources are necessary. Due to the high cost and complexity of the system, EUV lithography is not yet used in IC manufacturing.

Double Patterning

Double or multiple patterning lithography has been introduced to bridge the gap between immersion lithography and the delayed readiness of EUV lithography and is now expected to be also used for the upcoming 10 nm node. The principle is based on the sequential exposure with immersion lithography so that a multiplication of feature density can be obtained. The integration of this concept avoids the investment into new equipment and materials, as immersion photolithography is already used in industry.

However, due to the increased number of steps (successive lithography and etch), the reduction of the cost of ownership is not evident. 13 Numerous variations of this technique exist and one of the first was the litho etch litho etch process. Here two subsequent lithography and etching steps lead to the final density multiplication while in the litho freeze process, only one etching step is required. Here, two different masks are used to obtain two different lithography patterns. By freezing-in the first pattern, it is not affected during the second exposure 13 .

These two processes are depicted in Figure 12345. Apart from increased number of process steps, overlay and design issues make the implementation of double patterning for the 10 nm node very challenging 14 .

Alternative Lithography Techniques 1.2.1 Nanoimprint

Nanoimprint lithography was introduced in 1995 in order to propose a cost-effective, high-throughput alternative manufacturing process of nanopatterning in the sub-50 nm scale 15 . This alternative lithography technique uses thickness contrast rather than optical contrast in order to create nanostructures in thin film resists. The basic principle of the method is schematically represented in Figure 123456. A mold is pressed onto a resist, creating a thickness contrast on the resist. By releasing the mold, a negative image is reproduced to scale. Remaining residues inside the compressed areas can be etched away by reactive ion etching (RIE)

and the obtained structures can be transferred to the pattern, similarly to the obtained images in photolithography. Drawbacks of this technique are the high cost of the master mold when using decreased feature sizes as well as the high defectivity which is not compatible with industry expectations.

Block Copolymer Lithography

Block copolymer (BCP) lithography differs from the other presented nanopatterning methods, as it is a combination of bottom-up and top-down methods. Top-down methods are characterized by the down scaling of bulk materials by lithography and or etching, while bottom-up methods create structures directly at the nanometer scale. In directed self-assembly (DSA) of BCPs, templates created with lithography techniques (top-down method) are used to guide the self-assembly of block copolymers (bottom-up method). A guiding template is created at a substrate surface with a pitch of tens to hundreds of nanometer.

Then the BCP is spin-coated onto the substrate and allowed to phase separate with respect to the guiding patterns. After transfer etching, the resulting structures show a drastic density multiplication of features, having a critical dimension much smaller than the original pattern. The directed self-assembly (DSA) of BCP has been introduced into the ITRS in 2010 to attain resolution of <16nm 16 . Figure 1-7 shows a schematic of such a BCP lithography process. in order to propose a cost-effective, high-resolution, high-throughput nanopatterning solution. In the following section an overview of block copolymer phase separation and its use in lithography applications are presented.

Directed Self-Assembly of Block Copolymers 1.3.1 Thermodynamics of Block Copolymers

The beginning of block copolymer applications was set by the discovery of living-anionic polymerization in 1956, in which anionic polymer chains were grown by the addition of precursors 17,18 . Although, since then, other polymerization techniques have been discovered and complex block copolymers can be synthesized, we will concentrate during this thesis on copolymers consisting of two blocks A and B. For only two blocks, anionic polymerization permits the synthesis of a variety of different architectures as depicted Figure 12345678.

Chapter 1 -Introduction

Linear di-, tri-or multiblocks (A-B, A-B-A, (-A-B-A)n) as well as non-linear starblock ((A-B)n) copolymers can be obtained by a composition of only two blocks. We concentrate on the simplest diblock (A-B) copolymer form.

Figure 1-8: Schematic of different architectures obtainable with A-B block copolymers

The phase behavior of block copolymers is governed by an unfavorable mixing of enthalpic and entropic forces and the covalent bond preventing the macroscopic demixing, like it is observed with oil and water for example. Several parameters are important in the microphase separation: the degree of polymerization N (the total number of monomers per chain), the Flory-Huggins interaction parameter between the two blocks χ, and the volume fraction f of one block. The χ-parameter describes the incompatibility of the blocks AB and is inversely proportional to temperature. This relationship can be described as follows 19 :

= [ -+ ] Equation 1-2
where kB is the Boltzman constant, z is the number of nearest neighbours per segment, and AB, AA, and BB are the interaction energies between monomers of A-B, A-A, and B-B, respectively. The χ-parameter is high, when interactions between A and B are strong, for example when ionic charges or hydrogen bondings are present.

The product χN describes the strength of segregation. )f either χ or N is small enough, entropic forces dominate and the system is in a disordered state 17 . When χN exceeds a certain value ODT: order-disordertransistion , phase separation occurs and the system is ordered. With χN variation as a function of the volume fraction f, a phase diagram can be predicted by self-consistent mean field theory (SCFT), depicted in Figure 1-9 20 . In symmetric block copolymers, with f = . , the ODT is at χN ~ 10.5 in the mean field calculation. When χN is slightly above this value, the system is in the weak segregation limit (WSL), the A-B interactions are then weak and the interfaces are diffuse. The periodic length scales can be described as L0 ~ aN 1/2 (a is the statistical segment length) 17 . )n the strong segregation limit SSL , when χN > , interfaces become narrow and microdomains are composed of pure A or B. The interface width becomes proportional to aχ 1/2 and the equilibrium domain spacing of microdomains scales as L0 ~ aN 2/3 χ 1/6 17 . The system in the SSL region is dominated by the balance between a minimization of the total area of interfaces and the maximization of entropic penalty of extended chain configuration under incompressible conditions 17,21,22 .

Given that L0 is dependent on χ and N, higher values of χ allow lower values for N and thus smaller domain spacing. Taking into account the domain spacing and interfacial width in the SSL regime, Sinturel and coworkers demonstrated a simple calculation in which they showed that for feature sizes (L0/2) of 8 nm a χ of , at N = would be necessary 23 . Thus, in order to generate sub-10 nm for next generation lithography, high-χ, low-N block copolymers are needed. Furthermore, for lithography applications, it is important to distinguish the segregation regimes, as they describe the sharpness of interfaces from which conclusion of the feature roughness could be drawn 24 .

The phase diagram predicts also the shape of the microdomains as a function of the volume fraction f. At a fixed χN value, with growing volume fraction of one block, the system passes from closed-packed spheres (CPS), body centered cubic (BCC) to hexagonal cylindrical (HEX) and bicontinuous gyroid (GYR) to lamellar (LAM) morphology at f = 0.5. This transition is inversely taking place with further increasing f. Furthermore, the experimental phase diagram shows an additional morphology, the hexagonally perforated lamellar (HPL) that does not occur in the calculated diagram and is considered as a metastable structure.

Block Copolymer Thin Films

As seen in the previous section, bulk block copolymers can phase separate in different morphologies with different sizes, depending on the structure of each of their blocks with N and f and on the interaction of the two blocks with χ. For most lithography applications, however, thin films < nm of BCPs are necessary.

In thin films, other parameters, like film thickness or surface and interface interactions become important and influence the phase separation and orientation of block copolymers. The total free energy F of a diblock copolymer, AB, in a thin film can be described as the sum of its internal structure Fbulk and the interface interactions Fsurface 21 :

= + Equation 1-3 = + Equation 1-4 = / + / + / + / Equation 1-5
Where FAB is the interfacial energy between the blocks A and B, Fconformation is the conformation entropy of A and B polymer chains, FA/sub and FB/sub are the interfacial energies of block A and B with the substrate and FA/air and FB/air are the interfacial energies of block A and B with the air 21 . Thin films are usually one or a few times as thick as the natural domain spacing, L0, of the block copolymer, which is why Fsurface contributes considerably to the total free energy F. Fconformational is influenced by the commensurability between L0 and the film thickness, t. If t is similar to that of the natural domain spacing of the BCP, thin films are most stable. The conformational entropy increases significantly when the film thickness does not scale as discrete integer or half-integer of L0, which causes morphology and orientation transitions and or inhomogeneous layer thicknesses 21 .

As described above, lithography applications require monolayers of BCP patterns that are transferred into the substrate through etch processing. Hence, the orientation of BCP nanodomains is crucial for their usefulness in lithography. In the next section we will concentrate on the influence of the surface energy Fsurface on the orientation for the examples of two morphologies, lamellar and cylindrical, which have become the most important morphologies for lithography applications.

1.3.2.a Lamellar Block Copolymers

Lamellar morphology appears when both blocks have equal volume fractions and consist of well-defined stripes of alternating A and B blocks. As described above, the orientation of BCP chains is dictated by the interfacial interactions of the polymer and the substrate and the air. It is known that when, for example block A has lower surface energy than block B, A preferentially wets the substrate and air interfaces 27 . Four different cases of different wetting behaviors can be observed that have influence on the morphology orientation in lamellar BCPs and are illustrated in Figure 1-12. First case, block A shows lower interfacial energy for both surfaces, air and substrate. In this case, both interfaces are wetted symmetrically by block A and the lamellas are oriented horizontally (Figure 1-12a). Furthermore, the film thickness (t) should be an integer of L0 (t = nL0), otherwise spatial inhomogeneities in the film thickness can be observed by the formation of terraces with islands or holes. In the second case, block A has lower interfacial energy for only one interface, for example the substrate. This leads to asymmetric wetting were t = (n-1/2)L0, and lamellae are oriented also horizontal (Figure 1-12b). In the third case, block A and B have equal interfacial energies for both substrates. In that case the most stable orientation is perpendicular to the substrate and film thickness commensurabilities do not influence the orientation (Figure 1-12c). Unlimited film thicknesses are here possible. In the fourth case, one surface shows neutral wetting for both blocks and the other preferential wetting for just one of the blocks. In that case it comes to complicated T-shaped structures, were lamellas are oriented perpendicular at the neutral surface and change to horizontal orientation when approaching the preferential interface (Figure 1-12d,e) 21 . 

1.3.2.b Hexagonal Arrangements of Cylinders

Cylinder morphology appears in asymmetric BCP, where one block, the minority phase, forms cylinders in the matrix of the other block, the majority phase. Phase behavior in thin films is somewhat more complex for asymmetric morphologies. In contrast to a symmetric lamellar system, not only the orientation but also the shape of the microdomains is influenced in confined thin films. When both interfaces present a preferential wetting of the minority part block, the formation of continuous or structured wetting layers at the interfaces has been observed [28][29][30][31] . The shape of these wetting layers seems to depend mostly on the layer thickness and on the strength of the surface energy. For Polystyrene-b-Polydimethylsiloxane (PS-b-PDMS) BCPs, for example, it was shown that the PDMS block always wets the BCP/air interface, due to its lower surface tension compared to PS [32][33][34][35] . Moreover, when monolayers are coated on bare Si substrates, an additional, discontinuous PDMS wetting layer is formed at the interface with the substrate 36,37 .

Hybrid structures, a combination of basic structures like parallel cylinders, perpendicular cylinders, perforated lamellar or wetting layers were observed when the film-interface interactions are dissimaler at the two interfaces 30 . Neck forming cylinders, for example, which is a combination of parallel and perpendicular cylinders was observed 38 . Also, perforated lamellas, where one of the block is in a lamellar structure, whereas the other is cylindrical, has been observed for asymmetric BCPs 20 .

Depending on the layer thickness, cylinder orientations can be perpendicular or parallel, similar to lamellar BCP behavior 30 . Terrace formation with different layer thicknesses and thus different cylinder orientations are also observed. The parallel orientation is supposed to be preferred due to the energy gain of the two degrees of freedom compared to one in perpendicular orientation 39 . Then, only in very thin films, where the bulk morphology would be too much distorted, a perpendicular orientation would be thermodynamically preferred. When the layer thickness is about t = (n-1/2)L0, the layer ruptures and forms terraces with different heights with integer step heights, leading to the formation of different morphologies and orienations 39,40 . An example of terrace formation and corresponding simulations of a symmetric polystyrene-polybutadiene triblock BCP (PS-b-PB-b-PS) are shown in Figure 1-13 (note that ABA triblocks show similar thermodynamic behavior as AB diblock copolymers 41 ) 40 . In conclusion, the interplay of the strength of the surface energy of the confining interfaces (substrate and air) and the thickness of the layer, thus the deformability of the bulk structure, defines the arrangement of the microdomains.

1.3.2.c Manipulation of Interfacial Interactions

Over the decades, significant effort have been devoted to controlling the orientation of microdomains, especially for lamellas. Horizontal orientation of lamellae is undesirable in lithography applications, because their structure cannot be transferred into the substrate. The orientation of cylinders, on the other hand can be either horizontal (for semiconductor fins) or vertical (for contact holes) orientation. In order to overcome preferential interactions, several strategies have been presented. Note, that the manipulation of interface interactions becomes even more challenging when the χ-interaction parameter is high due to the high difference in interfacial energies of the blocks. However, for lithography applications, high-χ BCP are desired as they allow for lower molecular weights, so smaller feature sizes.

The most simple method to tune interfacial interactions is probably the grafting of polymer brushes onto the substrate, which was first presented in 1997, by Mansky et al. 42 . An end-functionalized random copolymer of Polystyrenerandom -Poly(methyl methacrylate) (PS-r-PMMA) was grafted onto a substrate. When a block copolymer is deposited onto this brush layer, precise control over the orientation could be obtained by varying the composition of the random copolymer brush 43 . When precisely controlled, random copolymer brushes enable the neutral wetting of lamellar BCPs and thus the perpendicular orientation of the lamellae. In a similar way homopolymers can be grafted onto substrates in order to trigger the preferential wetting of just one block in asymmetric BCPs. In cylindrical BCPs for example, this enables the horizontal orientation of cylinders 33,44 . A variation of the grafting procedure is the integration of cross-linkable units into the BCP. Drockenmuller and coworkers demonstrated the neutral wetting of PS-PMMA when the PS block was incorporated with cross-linkable benzocyclobutene, altering its surface tension 45,46 .

Substrate surface modification is not always possible or wanted. For brush grafting for example, the substrate has to be specifically altered in order to allow the grafting. For hydroxyl terminated brushes the surface has to be an oxide layer for instance. Sometimes, additional process steps have to be integrated in order to obtain an appropriate substrate surface. An alternative and or complementary effective method is using top-coats that can be deposited on the BCP in order to change the BCP/air interface interactions.

Bates and coworkers employed maleic anhydride top-coats on high-χ Polystyrene-block-Polytrimethylsilylstyrene-block-Polystyrene and Polytrimethylsilylstyrene-block-Polylactide. When baked, the top-layer switches polarity, initiating the neutral wetting of the BCP.

Further sophisticated methods to modify the orientation of BCPs is the application of electrical fields [47][48][49] .

Morkved and coworkes applied an electric field on cylindrical PS-b-PMMA and oriented the PMMA cylinders parallel to electric field lines exceeding 30kV/cm 48 . This phenomenon is due to the difference in the dielectric constant of the blocks and was further studied via quasi in-situ scanning force microscopy imaging by Olszowka et al. 49 . Kathrein and coworkers combined the application of an electric field and a topographical guidance of PS-b-PDMS. The orientation of the cylinders was either parallel or perpendicular to the guiding templates depending on the electric field orientation 47 .

Surfaces with topographical structures could also induce a specific orientation to BCPs. Bai et al. were able to orient a lamellar PS-b-PDMS perpendicular to the surface within extremely high trenches, taking advantage of the preferential wetting at the vertical sidewalls of these high aspect ratio templates 50 .

Orientation and morphology control can also be obtained during solvent vapor annealing (SVA) which will be discussed more in detail later in the next section and in chapter 2 [51][52][53] . A solvent vapor can mediate the BCP/air surface energy and act as a neutral layer to both blocks. Thus perpendicularly orientation of lamellae or cylinders can be obtained without the use of neutral brush layers 53,[START_REF] Kim | Morphological Development in Solvent-Cast Polystyrene -Polybutadiene -Polystyrene ( SBS ) Triblock Copolymer Thin Films[END_REF] .

1.3.2.d Microphase Separation via Annealing

In order to obtain a regular thin film of block copolymers, it is usually solvated in a solvent and then spincoated onto the substrate. By adjusting the degree of dilution of BCP in the solvent and the spinning speed, the desired thickness can be precisely controlled. This rather simple step implicates already complex mechanisms that are important for the subsequent microphase separation and is schematically illustrated in Figure 1-14. Depending on the BCP and the solvent, either micellar or rod-coil structures are formed in solution (Figure 1-14B and C). When deposited onto the surface via spin-coating, the solvent evaporates quickly and the BCP is trapped in a disordered non-equilibrium state. Well organized morphologies over large areas are unlikely to be produced right after spin-coating. Block-to-block interactions are reduced due the entanglement of the polymer chains and the presence of residual solvent and trapped free volume (Figure 1-14E) [START_REF] Morris | Directed Self-Assembly of Block Copolymers for Nanocircuitry Fabrication[END_REF] . The structure of the film depends on the temperature, spin speed and nature of the solvent (evaporation rate and selectivity). In selective solvents (the solvent favors the solvation of one block) the BCP can form amphiphilic micelles that are then deposited into hemi-micelles on the substrate (Figure 1-14D) [START_REF] Morris | Directed Self-Assembly of Block Copolymers for Nanocircuitry Fabrication[END_REF] . Under certain conditions, ordering of the micelles can be obtained right after spin [START_REF] Arias-Zapata | Ultrafast Assembly of PS-PDMS Block Copolymers on 300 Mm Wafers by Blending with Plasticizers[END_REF] . For most applications, regular periodic arrays of structures are desired and hence, in the case where a disordered, metastable structure is obtained after spin-coating, an anneal process is required. The annealing allows an ordered arrangement of nanostructures and can eliminate defects. Kinetically trapped structures, obtained after spin-coating, are usually annealed thermally or by solvent vapor in order to gain enough energy and chain mobility to rearrange into ordered structures. Thermal annealing (TA) is the most simple method to obtain long range ordering as it is easy to be inserted into industrial processes, especially when it comes to up-scaling of the process. During this step, the BCP is typically heated above its glass transition temperature (Tg) but below its decomposition temperature in order to approach TODT and hold at elevated temperature for a certain amount of time. Then, the BCP is simply left at ambient temperature to cool down. The initial thickness of the film is here crucial and when not correctly chosen, thermal annealing can cause the rupture of the film with hole or island formation [START_REF] Limary | Hierarchical Pattern Formation in Thin Film Diblock Copolymers above the Order -Disorder Transition Temperature[END_REF][START_REF] Smith | Effect of Temperature on the Morphology and Kinetics of Surface Pattern Formation in Thin Block Copolymer Films[END_REF] . For high-χ BCP, the ODT is generally extremely high, and thus not approachable, mainly due to thermal degradation of the polymers at high temperatures 51 . Alternatively very long annealing times of tens of hour or days below the degradation temperature are possible, but not interesting for industrial applications.

Solvent vapor annealing (SVA) is an alternative way to introduce order in BCPs and has been introduced for high-χ BCPs, when the ODT is difficult to attain due to thermal degradation. In this process, the spin-coated BCP film is kept in a controlled atmosphere containing solvent vapors at temperatures usually well below the Tg. The solvent molecules swell the BCP and act like a plasticizer, thus lowering its Tg and enhancing the chain mobility at room temperature [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF] . Upon evaporation of the solvent, the BCP forms well-organized nanostructures. Probably the first to present a sort of SVA were Kim and Libera who prepared solutions of polystyrene (PS)-polybutadiene (PB)-polystyrene (SBS) triblock copolymers in toluene and left them to dry at different evaporation rates [START_REF] Kim | Morphological Development in Solvent-Cast Polystyrene -Polybutadiene -Polystyrene ( SBS ) Triblock Copolymer Thin Films[END_REF] . The authors obtained well-arranged PS cylinders in a matrix of PB when the sample was exposed to the solvent for a long period of time. Other morphologies and orientations were obtained at different evaporation rates. SVA gained later in popularity after the work of Kim and coworkers that presented the annealing of polystyrene-block-polyethylene oxide (PS-b-PEO) in benzene vapors.

Highly ordered hexagonally packed PEO microdomains with long range order were obtained in a PS matrix when the BCP was placed in a benzene saturated chamber at RT. Numerous parameters have an impact on the final nanostructures after SVA. As explained in the previous section, the solvent vapor can mediate surface energies at the BCP/air interface and can change the preferential wetting of the free surface. Also, the solvent can induce a screening effect in mediating the unfavorable interactions of the block, thus affecting the effective χeff 32 . Selective solvents can selectively swell only one of the blocks, modifying the effective volume fraction and enabling the access to different morphologies, depending on the solvent 51,[START_REF] Stenbock-Fermor | Morphology-Controlled Kinetics of Solvent Uptake by Block Copolymer Films in Nonselective Solvent Vapors[END_REF][START_REF] Guo | Effect of the Nature of Annealing Solvent on the Morphology of Diblock Copolymer Blend Thin Films[END_REF] .

Large Area Orientation of BCPs

Once annealed on plane substrates, the BCP arranges with short-range lateral ordering in so called fingerprint orientation, when showing cylindrical or lamellar morphology and in mulitcrystalline domains for sphere morphology. Small grains of nanostructures, having all a different orientation are formed at the surface. For many applications like bit patterned media or lithography masks, however, periodic domains with a high degree of ordering are required. Controlling the orientation of BCP microdomains with artificial surface modifications (either topographically or chemically) is called the directed self-assembly (DSA) of block copolymers. The use of chemical patterns for orientation control is called chemoepitaxy whereas that of topographical structures is called graphoepitaxy.

1.3.3.a Chemoepitaxy

In chemoepitaxy, chemically modified patterns are used to guide the block copolymer self-assembly. In this technique, the patterns that are created at the surface of a substrate strongly interact with the BCP, and the size of the pattern (LS) is comparable to that of the BCP period (LS ≈ L0). When a BCP film is deposited on top of this pattern, it minimizes its free energy by minimizing the amount of dissimilar interactions and align perfectly with the underlying pattern [START_REF] Seidel | Directed Self-Oriented Self-Assembly of Block Copolymers Using Chemically Modified Structures[END_REF] . The ideal geometry of the chemical pattern has LS ≈ L0. If the commensurability of the pattern derives from this spacing, the BCP stretches and compresses to a certain amount in order to fit the chemical prepattern [START_REF] Seidel | Directed Self-Oriented Self-Assembly of Block Copolymers Using Chemically Modified Structures[END_REF] . It was shown on lamellar PS-b-PMMA that this mismatch between L0 and LS supports ±10% of the ideal LS before losing the ordering effect and arranging in a fingerprint orientation [START_REF] Edwards | Precise Control over Molecular Dimensions of Block-Copolymer Domains Using the Interfacial Energy of Chemically Nanopatterned Substrates[END_REF] . The Nealey group extensively worked on the chemoepitaxy of BCP and influenced the progress of this domain greatly [START_REF] Kim | Epitaxial Self-Assembly of Block Copolymers on Lithographically Defined Nanopatterned Substrates[END_REF][START_REF] Stoykovich | Directed Assembly of Block Copolymer Blends into Nonregular Device-Oriented Structures[END_REF][START_REF] Ruiz | Density Multiplication and Improved Lithography by Directed Block Copolymer Assembly[END_REF][START_REF] Stoykovich | Directed Self-Assembly of Block Copolymers for Nanolithography : Essential )ntegrated Circuit Geometries[END_REF] . In the Liu-Nealey resist trimming or University of Wisconsin (UW) flow [START_REF] Seidel | Directed Self-Oriented Self-Assembly of Block Copolymers Using Chemically Modified Structures[END_REF] , a hydroxyl terminated PS monolayer is grafted onto a Si substrate [START_REF] Liu | Fabrication of Lithographically Defined Chemically Patterned Polymer Brushes and Mats[END_REF] . A resist layer is then patterned and developed on top of this layer. Oxygen plasma treatment of the exposed PS layer led to polar, hydrophilic PS patterns. After resist-stripping, the surface is then alternately covered with hydrophilic and hydrophobic patterns. The deposition and annealing of PS-b-PMMA on these substrates leads to the perfect alignment of the microdomains over large areas. An extension of this works shows the successful alignment of PS-b-PMMA on complex structures with bends (45°, 90° and 135°) and segments, jogs and T-junctions (Figure 1-15) [START_REF] Stoykovich | Directed Assembly of Block Copolymer Blends into Nonregular Device-Oriented Structures[END_REF][START_REF] Stoykovich | Directed Self-Assembly of Block Copolymers for Nanolithography : Essential )ntegrated Circuit Geometries[END_REF] . More interestingly for future lithography applications are also density multiplication structures. In this case sparse chemical patterns, where LS = nL0, are used to enhance the resolution of the initial pattern.

PMMA patterns were found to be able to interpolate additional PMMA domains between guiding patterns, while maintaining its natural L0, when LS = 2L0 [START_REF] Ruiz | Density Multiplication and Improved Lithography by Directed Block Copolymer Assembly[END_REF][START_REF] Cheng | Dense Self-Assembly on Sparse Chemical Patterns: Rectifying and Multiplying Lithographic Patterns Using Block Copolymers[END_REF] . A schematic of this process is depicted in Figure 1-16 

1.3.3.b Graphoepitaxy

Graphoepitaxy uses structural reliefs to guide the self-assembly of BCP in thin films and enhances lateral ordering of the nanostructures. In contrary to chemoepitaxy, the general pattern size of the topographical structures are a few times larger than the intrinsic domain spacing of the BCP. The topographic patterns are obtained with one of the typical lithography methods presented previously in this chapter. One of the drawbacks of graphoepitaxy compared to chemoepitaxy is that some of the surface area is lost, due to the guiding patterns. However the extreme density multiplication and ability to align the BCP into complex structures are key advantages.

The first applications of graphoepitaxy on BCP were reported by Segalman and coworkers in the early 2000s [START_REF] Segalman | Graphoepitaxy of Spherical Domain Block Copolymer Films[END_REF][START_REF] Segalman | Edge Effects on the Order and Freezing of a 2D Array of Block Copolymer Spheres[END_REF][START_REF] Segalman | Effects of Lateral Confinement on Order in Spherical Domain Block Copolymer Thin Films[END_REF][START_REF] Segalman | Ordering and Melting of Block Copolymer Spherical Domains in 2 and 3 Dimensions[END_REF] . Spherical Polystyrene-b-Poly-2-vinylpyridine (PS-b-P2VP) microdomains were aligned within trenches and wells of different depth and width. Large area single crystal of spheres were obtained after thermal annealing when aligned in trenches (Figure 1-17a) [START_REF] Segalman | Graphoepitaxy of Spherical Domain Block Copolymer Films[END_REF] . The group found out that the two parameter depth and width of the guiding trenches are crucial for the alignment of the BCP. Good lateral ordering was only obtained when the depth was equal or greater than L0 and the width not greater than 185*L0 (5µm) [START_REF] Segalman | Graphoepitaxy of Spherical Domain Block Copolymer Films[END_REF] .

In parallel, the Ross group also thoroughly investigated the effect of graphoepitaxy on a different spherical BCP. Polystyrene-b-Polyferrocenyldimethylsilane (PS-b-PFS) were chosen because of the high etch selectivity of the iron containing PFS block, which can be used as a hard mask for pattern transfer into an underlying functional material [START_REF] Chuang | Three-Dimensional Self-Assembly of Spherical Block Copolymer Domains into V-Shaped Grooves[END_REF][START_REF] Cheng | Fabrication of Nanostructures with Long-Range Order Using Block Copolymer Lithography[END_REF][START_REF] Cheng | Nanostructure Engineering by Templated Self-Assembly of Block Copolymers[END_REF][START_REF] Cheng | Self-Assembled One-Dimensional Nanostructure Arrays[END_REF][START_REF] Cheng | Templated Self-Assembly of Block Copolymers: Top-Down Helps Bottom-Up[END_REF] . Trench patterns of 80 nm depth and various widths that were a few times larger than the natural period of the BCP were tested. In that way, the number of PS-b-PFS rows inside the trenches was controlled (Figure 1-17b). An integer number N of rows of spherical microdomains was found when the width (W) of the trenches was (N-0.5)L0 < W > (N+0.5)L0. When the width of the trenches was not commensurate with the period of the BCP (W≠nL0), the spheres were compressed or extended in order to accommodate the trench width. [START_REF] Cheng | Fabrication of Nanostructures with Long-Range Order Using Block Copolymer Lithography[END_REF] Furthermore, they found out that the defect formation can be induced into the microdomain array when defects in the guiding feature were present [START_REF] Cheng | Templated Self-Assembly of Block Copolymers: Effect of Substrate Topography[END_REF] .

The Ross group extended their work on graphoepitaxy with a cylindrical Polystyrene-b-Polydimethylsiloxane (PS-b-PDMS) system 33,[START_REF] Jung | Nanofabricated Concentric Ring Structures by Templated Self-Assembly of a Diblock Copolymer[END_REF][START_REF] Jung | Fabrication of Diverse Metallic Nanowire Arrays Based on Block Copolymer Self-Assembly[END_REF] . PDMS shows comparable high etch selectively as PFS, because of its high amount of silicon in the backbone. The PS block can be easily etched away while the Chapter 1 -Introduction
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PDMS block transforms into a robust hard mask material. PS-b-PDMS is therefore interesting for pattern transfer. Additionally PS-b-PDMS has a high incompatibility (χ≈0.26 at RT [START_REF] Nose | Coexistence Curves of Polystyrene/ Poly(dimethylsiloxane) Blends[END_REF][START_REF] Ross | Si-Containing Block Copolymers for Self-Assembled Nanolithography[END_REF] ) and thus smaller N values, which are related to L0, can be used. However, due to their high surface tension difference, special attention has to be paid to the interface interactions when confined in lateral template patterns. Jung and Ross confined cylindrical PS-b-PDMS microdomains in PDMS-brush coated trenches, in order to obtain vertical orientation of the PDMS cylinders 33 . They obtained selective orientation of cylinders by varying simultaneously the mesa width and solvent annealing parameters. Later, concentric ring patterns with the same BCP system were obtained by the Ross group [START_REF] Jung | Nanofabricated Concentric Ring Structures by Templated Self-Assembly of a Diblock Copolymer[END_REF] . By playing with the pattern diameter, the organization of the concentric ring formation could be controlled. Other interesting structures like rectangular, triangles and circles have been used for cylindrical PS-b-P2VP guiding by Chai et al [START_REF] Chai | Using Cylindrical Domains of Block Copolymers To Self-Assemble and Align[END_REF] (Figure 1-18b). After alignment of P2VP cylinders inside the templates, the cylinders were loaded with metal ions in order to obtain metal wires after polymer etch. For lamellar systems, the interactions of walls and BCP and the commensurability of the templates govern the orientation and size of the microdomains. Park and coworkers investigated the behavior of lamellar PSb-PMMA domains in trenches of different surface energies [START_REF] Park | Directed Assembly of Lamellae-Forming Block Copolymers by Using Chemically and Topographically Patterned Substrates[END_REF] . For perpendicular orientation of the lamellas, it is necessary that the bottom surface of the trenches is neutral for both blocks while the feature sidewalls has to interact selectively to either PS or PMMA. When all sidewalls and bottom surface showed preferential wetting with the PMMA block, the lamellae aligned parallel to the substrate. A neutral brush layer on sidewalls and bottom layer led to perpendicular arrangement but without long range arrangement of the microdomains. In this case, a precise control of layer thickness, molecular weight and commensurability is important to obtain long range ordering [START_REF] Park | Directed Assembly of Lamellae-Forming Block Copolymers by Using Chemically and Topographically Patterned Substrates[END_REF] .

Application of Directed Self-Assembly in Nanomanufacturing

Recently, the ITRS introduced DSA as a new potential complementary lithography technique for nextgeneration microelectronic manufacturing [START_REF]International Technology Roadmap for Semiconductors[END_REF] . DSA has this great potential due to its ability to create highthroughput, low-cost and high resolution nanopatterns. Several groups have thus investigated the potential of DSA in real applications.

Bit patterned media are hard disk drive technologies that store data in magnetic islands, in which one island contains only one bit. Conventional hard disk drives store data in grains of continuous thin films, where one bit of data consists of around 20 grains. In the attempt to increase storage density and reduce the bit size, thermal stability and media noise problems were caused, that could be solved by using bit patterned media. The magnetic data is here stored in lithographically defined single domain islands, with high area density of 1Tdot/in 2 and beyond [START_REF] Seidel | Directed Self-Oriented Self-Assembly of Block Copolymers Using Chemically Modified Structures[END_REF] . This is where DSA can be interesting by creating large area, high density templates for pattern transfer [START_REF] Griffiths | Directed Self-Assembly of Block Copolymers for Use in Bit Patterned Media Fabrication[END_REF] . Several reports show the directed self-assembly with chemical patterns of large PS-b-PMMA microdomains that are created and transferred into Si substrates.

After pattern transfer these templates can serve as a master for nanoimprinting to create disks with magnetic media [START_REF] Albrecht | Bit Patterned Media at 1 Tdot / in and Beyond[END_REF][START_REF] Hellwig | Bit Patterned Media Based on Block Copolymer Directed Assembly with Narrow Magnetic Switching Field Distribution[END_REF] . An example of this process is presented in Figure 1-19 Other reports show the DSA of spherical and cylindrical PS-b-PDMS by graphoepitaxy [START_REF] Yang | Directed Self-Assembly of Block Copolymer for Bit Patterned Media with Areal Density of 1.5 Teradot / Inch2 and Beyond[END_REF][START_REF] Xiao | Directed Self-Assembly for High-Density Bit-Patterned Media Fabrication Using Spherical Block Copolymers[END_REF] . Guiding patterns were designed to be up to three times as large as the natural period of the PS-b-PDMS. The PS-b-PDMS feature size was down to 6 nm small. By using 2D dots array or 1D groove prepatterns different geometries have been obtained (Figure 1-20). The obtained CoCrPt alloy dots have been demonstrated with highest density of 1.5Tdot/in 2 for a guided media. Finally, the translation form laboratory scale DSA samples to industrial scale full 300mm wafers is important to understand mechanisms on a large scale and evaluate if processing steps are adapted for industry. The Liu-Nealey process has been implemented on a 300mm wafer production line [START_REF] Delgadillo | Implementation of a Chemo-Epitaxy Flow for Directed Self-Assembly on 300-Mm Wafer Processing Equipment Self-Assembly on 300-Mm Wafer Processing Equipment[END_REF] . PS-b-PMMA with a pitch of L0=25 nm were aligned via chemoepitaxy on the wafer. This gives a new basis to study BCP behavior on large surfaces and especially defect origins and propagation.

High-χ Block Copolymers

The most studied system of BCP is PS-b-PMMA due to its easy synthesis and familiarity of the microelectronics industry with the two homopolymers PS and PMMA. However, PS-b-PMMA has a relatively low χ-value of 0.04 [START_REF] Luo | Poly(dimethylsiloxane-B -Methyl Methacrylate): A Promising Candidate for Sub-10 Nm Patterning[END_REF] . As explained above, the χ has great impact on the phase separation. The higher the compatibility or the lower the χ parameter the less defined are the microdomains after phase separation. On the contrary when the χ parameter is high and the degree of polymerization, N, is small, the domain spacing of the system can reach its smallest values. In order to phase separate, we have seen that the BCP has to have a χN value of at least . . Taking into account the low value of PS-b-PMMA of 0.04, the polymerization N has to be at least 250 in order to obtain microphase separation. The lowest obtainable period for PS-b-PMMA is hence of about 20 nm. This is why high-χ systems have been introduced. Using

BCPs with a higher χ allows to use lower N polymers and thus give access to smaller domain sizes.

Numerous BCP with high χ parameter have been reported in the last decade. The incompatibility between blocks can be increased post-synthesis by blending the polymer with inorganic species for example. Goshal and coworkers presented the amplification of the effective χeff of polystyrene-b-poly(ethylene oxide) (PS-b-PEO) through the addition of lithium chloride salt [START_REF] Ghoshal | A Vertical Lamellae Arrangement of Sub-16nm Pitch (domain Spacing) in a Microphase Separated PS-B-PEO Thin Film by Salt Addition[END_REF][START_REF] Ghoshal | Fabrication of Ultra-Dense Sub-10 Nm in-Plane Si Nanowire Arrays by Using a Novel Block Copolymer Method: Optical Properties[END_REF] . Through this technique, vertical lamellar with a feature size of 8 nm were obtained on plane silicon. Similarly, Park et al. presented a hybrid of PS-b-PEO and a low molecular weight organosilicate [START_REF] Park | Patterning Sub-10 Nm Line Patterns from a Block Copolymer Hybrid[END_REF] . They achieved lamellar microdomains with feature sizes of 7

nm. But the amplification of the χ-value post-synthesis means additional process steps in order to obtain the smaller feature sizes. Therefore various polymers that had intrinsically a lower incompatibility were introduced. There are purely organic high-χ BCP, like Polystyrene-b-poly-4-vinylpyridine (PS-b-P4VP) in which the pyridine ring is polar and thus highly repulsive towards PS [START_REF] Van Eikenstein | Determination of the Flory -Huggins Interaction Parameter of Styrene and 4-Vinylpyridine Using Copolymer Blends of Poly(styrene[END_REF] . This BCP has a χ value of . to . and sub 7 nm lamellar microdomains were obtained [START_REF] Chaudhari | Formation of Sub-7 Nm Feature Size PS-B-P4VP Block Copolymer Structures by Solvent Vapour Process[END_REF] 23 As depicted in this table, lowest feature sizes reported were at 5.5 nm for maltoheptaose-b-poly(paratrimethyl silylstyrene) (MH-PTMSS) 104 . This polysaccharide based BCPs profits from the strong incompatibility between the saccharidic and synthetic blocks. In theory one could descend to BCPs with feature sizes down to 2 nm but many challenges arise like defect control, dewetting, stability, and pattern transfer 23 .

Most of these BCPs however, are still rather exotic and the understanding of their phase separation mechanisms not well developed. The most widely studied high-χ BCP is the PDMS containing PS-b-PDMS, which can be synthesized rather easily [START_REF] Luo | Poly(dimethylsiloxane-B -Methyl Methacrylate): A Promising Candidate for Sub-10 Nm Patterning[END_REF] . The smallest feature sizes obtained were of 8 nm and the χ value is estimated to be 0.26 at room temperature 36,[START_REF] Nose | Coexistence Curves of Polystyrene/ Poly(dimethylsiloxane) Blends[END_REF][START_REF] Ross | Si-Containing Block Copolymers for Self-Assembled Nanolithography[END_REF]105,106 . PS-b-PDMS can be treated with oxygen plasma to etch the PS block. Simultaneously the PDMS block gets oxidized and transforms into a robust etching mask.

Motivation and Outline of the Thesis

This thesis deals primarily with the problematic of the implementation of PS-b-PDMS in industry processes.

Great progress has been made with PS-b-PMMA over the last years, with first applicational results for finFET or bit patterned media, but PS-b-PMMA can physically not attain feature sizes smaller than 10 nm.

However, the semiconductor industry is unlikely to invest in the implementation of DSA for one single generation of products. In order to push DSA forward, reliable processes for sub 10 nm resolutions have to be found. High-χ BCP are here promising candidates as they could assure the downsizing of features for the next several future generation of products. Nonetheless, serious issues arise when increasing the incompatibility of the blocks that have yet to be understood fundamentally. Solvent vapor annealing, for instance, is a very unstable process were numerous parameters influence the phase separation quality.

Pattern transfer is a crucial step in DSA that will increasingly be problematic for higher resolutions.

Likewise is the pattern quality a crucial issue in integrated circuit fabrication and line edge roughness becomes more and more important with decreasing feature size. During this thesis, some of these problems are addressed in order to find solutions of how to process high-χ BCPs and find answers to the question if this type of material could actually be used soon in large scale manufacturing processes.

Chapter 2 deals with surface interactions of cylindrical PS-b-PDMS with an overall molecular weight of 45kg/mol with several surfaces, including graphoepitaxy templates composed of silicon anti reflective coating (SiArc) / spin-on-carbon (SOC) layers, typically used in photolithography processes. The behavior of PS-b-PDMS during solvent vapor annealing of several solvents is investigated. In order to meet manufacturing standards, the solvents should be non-toxic for human and environment. Therefore several safe solvents have been evaluated for the use in SVA for PS-b-PDMS. Further, results of in-situ SVA measurements in grazing incident small angle X-ray scattering (GISAXS) are presented. Finally the line edge roughness of obtained cylinders is evaluated.

In chapter 3, a full process of ultra-fast assembly of PS-b-PDMS is presented and first 300 mm wafers were produced. By blending the BCP solution with plasticizers, chain mobility can be greatly increased, allowing thermal annealing of high-χ BCPs. This way, the cumbersome SVA process can be avoided making the upscaling of the process imaginable.

Chapter 4 deals with a small period PS-b-PDMS of L0 ≈ nm in order to address next generation devices at the 14 nm technology node and beyond. Surface interactions of this BCP are evaluated and graphoepitaxy in silicon trenches as well as on SiArc/SOC trenches are presented. DSA in SiArc/SOC trenches provides the possibility to align the BCP via solvothermal annealing. Indeed, the SOC layer is capable of retaining solvent, which evaporates during thermal annealing through the BCP film, participating thus in the annealing step.

In chapter 5, we come to the pattern transfer of the obtained PDMS nanostructures. In order to become of value for the semiconductor industry, features should be transferred into the underlying semiconductor material with plasma etching processes. Several etching procedures that are commercially used for gate etching, are presented and optimized for the transfer etching of PDMS cylinders. Small feature sizes of 10 nm are challenging to be transferred but interesting results are shown, where 10 nm lines in SOI materials are obtained for potential application for finFET fabrication. 

Pattern Generation of Lines via Solvent

Vapor Annealing of a Cylindrical PS-b-PDMS

Introduction

This chapter deals with the phase-separation of a cylindrical PS-b-PDMS system with overall molecular weight of Mn = 45kg/mol. The natural domain spacing is of 35 nm. As introduced in chapter 1, in order to overcome the local free energy maximum and trigger the self-assembly process in BCPs, two main methods are used, thermal annealing (TA), where the BCP is heated for a certain amount of time and solvent vapor annealing (SVA) were solvent molecules swell the BCP layer. More atypical annealing methods have also been proposed in the literature, among them electric fields 1 , microwaves 2 and soft shears 3 . Thermal annealing is quite simple, the BCP system is raised above its glass transition temperature (Tg) and below the order-disorder transition (ODT) in order to induce sufficient chain mobility 4 . However, high molecular weight or high-χ BCPs in the strong segregation regime where χN ≈ 100) have a high diffusive energy barrier, and TA would need a considerable amount of time (several tens of hours) in order to achieve satisfactory phase separation 5 . Therefore, high-χ BCPs are often annealed by SVA, where BCPs are exposed to vapors of a solvent or a mix thereof. Vapor molecules enter the polymer film and act as a plasticizer by decreasing the effective Tg and the effective Flory-Huggins interaction parameter, χeff, of the BCP 6 .

Consequently the diffusive energy barrier is lowered and chains acquire sufficient mobility. The selfassembly process can be significantly sped up to some hours or minutes 7 . However, SVA is much more complex than TA. Differences in the solubility of the solvent towards the blocks can cause changes in the volume fraction and consequently in the final morphology. The solvent mediates non-favorable interactions between the blocks if the solvent is neutral, i.e., equal solubility in both blocks. On the other hand, if the solvent is selective, these interactions can be increased. The solvent concentration determines the polymer chain mobility. The higher the concentration of the solvent, the higher the mobility. However, a BCP being initially above the order-disorder transition can be driven below this transition if the solvent concentration is high enough. Drying from a disordered state is different from drying from a micro separated state. Once, the BCP is disordered it can phase separate upon evaporation of the solvent. Ordering starts at the BCP/surface interface, where the evaporation starts, and propagates into the film as depicted in Figure Numerous parameters have great influence on the final dried state, which are more or less easy to be controlled. These include annealing chamber size, surface area of the solvent, proximity of the sample to the solvent surface, vapor pressure of the solvent, temperature, humidity, time in swollen state, time of solvent evaporation. In simple benchmark systems not all of these parameters can scrupulously be controlled and a lack of consistency in results is often observed. However, SVA has been adopted as the most common annealing method to promote microphase separation of PS-b-PDMS.

On plane substrates, self-assembled features are aligned in small areas not larger than a few square micrometers but when the self-assembly of block copolymers is constrained or directed (directed self-assembly=DSA), large area regular patterns can be produced with feature sizes smaller than 10 nm [9][10][11][12][13] . The structure-directing surface pattern can either be a chemical (chemoepitxy) or a topographical (graphoepitaxy) pattern. Both approaches are governed by the size and quality of the lithographically defined surface pattern rather than by the inherent limitations of the self-assembly process. DSA was introduced in the International Technology Roadmap for Semiconductors (ITRS) in order to complement advanced optical lithography techniques by increasing the resolution 18 . In this chapter, the directed selfassembly of high-χ block copolymers PS-PDMS, Mw=45.5kg/mol, fPDMS = 31%), triggered by SVA is demonstrated as a complement to conventional 193 nm wavelength photolithography. Surface interactions, influence of the solvent solubility and GISAXS in-situ measurements will be presented. In the next section, we will briefly describe the experimental conditions adopted for the development of our graphoepitaxy DSA process for PS-b-PMDS

Experimental Details

The Finally, the PDMS nanostructures can be used as a hard mask for Si transfer etching.

The copolymer is spin-coated from a PGMEA-solution of 1% by weight on the substrates. The as-spun film thickness was chosen so that, after solvent vapor annealing, a monolayer of cylinders is present within the trenches. Then the samples are annealed in different solvent vapors in a closed, conventional Petri dish at room temperature for 5 min to 16 hours. The vapor pressure is controlled via the ratio of the surface area of the liquid and the volume of the annealing chamber. The annealed film is then treated with CF4 plasma (etching time = 7 s, gas flow rate = 100 sccm, working pressure = 4 mTorr and plasma power = 700 W) to remove the top wetting layer of PDMS and then O2 plasma (etching time = 15 s, gas flow rate = 100 sccm, working pressure = 4 mTorr and plasma power = 700 W) to remove the PS-block leaving oxidized PDMS cylinders at the surface. Subsequent transfer etching is performed in a two-step process. First, the nanopatterns are transferred into the remaining SOC layer and then into the silicon substrate by dedicated plasma etching processes. More details on the pattern transfer etching process will be explained in chapter 5.

After wetting layer removal and PS etching, the surface morphology can be observed by scanning electron microscopy (Hitachi S-5000 or JEOL 7500F). Focused ion beam scanning transmission electron microscopy (FIB-STEM, Helios 450S -FEI) for cross-section images were done without etching. Instead, the samples were covered with a platinum thin layer and a blade was milled by focus ion beam (FIB).

Surface energies were obtained on a Kruss Drop Shape Analyzer 100 by contact angle measurements of three different liquids of known surface tension (water, ethylene glycol and diiodomethane). The surface energy was then calculated with the Good-van-Oss model by using the mean value of three measurements for each liquid.

The GISAXS measurements were performed on the BM02 beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). A 1 mm wide and m high X-ray beam impinged onto the sample at a grazing incidence angle αi = 0.13°. The X-ray wavelength was 0.083 nm, corresponding to an energy beam of 15 keV; the sample-detector distance was 4.88 m; and the scattered intensity was detected by using a D XPAD detector with image sizes of × pixels with a dimension of × m 2 for a single pixel. Line roughness measurements for the quantitative analyses of the critical dimension (CD), line width roughness (LWR), and line edge roughness (LER) were performed treating manually obtained SEM images with a commercial image analysis software (TerminalPC from Hitachi). The obtained values are mean values from 10 measurements in the same guiding trench width.

Effect of Substrate Wetting on PS-b-PDMS (Mw=45.5kg/mol)

The polymer/substrate interface plays a very important role during self-assembly of block copolymers. On untreated Si substrates, a PDMS layer is formed at the substrate/BCP interface due to surface tensions of Si and PDMS. This PDMS layer causes serious difficulties during the subsequent pattern transfer by minimizing the effectiveness of the selective Si:SiO2 etch chemistry 19 . Furthermore, the strong interaction of PDMS and the hydroxyl-terminated polar native silicon oxide surface lead to dewetting and nonequilibrium morphologies of the BCP 9,19 . These issues make it necessary to pretreat the Si surface with homopolymer-brushes for example. It was shown that a PDMS-brush treatment enhances the diffusivity of the BCP and good alignment of the BCP can be obtained 9,19 . However the PDMS-brush at the substrate/BCP interface is still a problem for transfer etching. Treating the Si surface with a PS-brush seems to be a good trade-off between transfer etch possibilities and alignment of the BCP 19 . Surface wetting of the majority block of the BCP seems to improve the self-assembly, ordering and wetting and minimize defect quantity 20 .

This study is concentrated on graphoepitaxial applications of PS-b-PDMS in order to enhance long range ordering and to give indications about technological possibilities of this BCP. In order to prove the concept of DSA lithography, it is important to operate with standard industry equipment and techniques. Trilayers of a 193 nm resist/ silicon antireflective coating/ spin-on-carbon (SiArc/SOC) are standard lithography stacks in industry. In this thesis, all graphoepitaxial studies were performed in these stacks, if not stated otherwise, and a sketch of the layer configuration can be seen in Figure 23. A detailed description of the purpose of each layer is given in chapter 5. The SOC solution was spin-coated on bare silicon substrates to obtain a layer of approximately 30 nm. In order to mimic the activated surface chemistry present in graphoepitaxy trench after trench design etching (see experimental section of this chapter), the substrates were exposed to HBr/O2 plasma for 20s. In order to simplify the process pure O2 plasma was tested also and it was found that this treatment for 20s resulted in similar results as samples treated with HBr/O2 plasma. In accordance, surface energies were measured to be ≈ . for (Br/O2 plasma treated samples and ≈ . for O2 treated samples, thus very similar. Further on, SOC samples were treated with oxygen plasma in O2 plasma cleaner to activate the surface. It is known that PDMS has lower surface tension compared to PS, and preferentially wets the air/polymer interface. Although, not visible in the STEM images due to the thick platinum layer on the trenches, water contact angle measurements on PS-brush, PDMS-brush, and the BCP emphasize the presence of a PDMS surface layer. The water contact angles of PDMS-and PS-brush have been reported to be approximately 114° and 95° respectively. The as-spun BCP film and solvent vapor annealed film on planar SOC substrates were found to have a water contact angle of about 109° and 108°, respectively, indicating PDMS rich surface layers. On SOC substrates, it has been found that plasma etching requires a short CF4 burst (withdrawal of the PDMS surface layer) to efficiently reveal and transfer the assembled PDMS lines.

Consequently, for SEM observations, the thin PDMS surface layer has systematically to be removed by CF4 plasma in order to reveal the underlying PDMS nanostructures.

At the BCP/SOC interface no dark pattern can be distinguished in the STEM micrograph of Figure 2345indicating the absence of a PDMS interlayer that could prevent pattern transfer etching. This observation can further be confirmed by the fact that the transfer etching of the PDMS lines into the SOC layer can be carried out with a simple HBr/O2 plasma. A PDMS wetting layer at the interface would be oxygen resistant, and would consequently not allow such a transfer etching. This wetting behavior allows indeed the wetting of the PS block (BCP matrix) and thus in addition the rapid formation of horizontal PDMS cylinders parallel to the trenches. These results confirm the fact that it is unnecessary to treat the graphoepitaxy trenches with an additional brush-layer for the assembly of SD45.

It can be noticed that the PDMS cylinders show an elliptic shape, which has already been observed elsewhere 4 and is commonly attributed to the solvent evaporation at the very end of SVA when decreasing from the swollen to the final dried state 6 . can be seen that in deeper trenches the large wetting of the copolymer with the sidewalls leads to a double layer of cylinders in the edges. This extra layer of cylinders disturbs the self-assembly process, leading to a lower pattern quality, which is why we worked further on with the smaller trench depth to smooth the path for the best alignment results.

Graphoepitaxy and Solvent-Vapor Annealing of SD45 in SiArc/SOC Trenches

The full DSA process was described above in the experimental section and is depicted in Figure 2-2. In this section we will concentrate on the solvent vapor annealing of SD45. In order to trigger the self-assembly mechanism in high χ and high N BCP the annealing by solvent vapor has been introduced. During this procedure, the BCP thin film is exposed to solvent vapors and the film swells due to thermodynamic driving forces associated with the entropy of mixing inducing a screening effect where the unfavorable interfaces between blocks are diluted 6 . Furthermore, the effective Flory-Huggins interaction parameter (χeff) is decreased as the volume fraction of the solvent (fs) in the film is increased 21 . This way phase-separation is possible at room temperature.

The solvent vapor annealing setup of this study is schematized in Figure 23456, and was performed in Petri dishes. The setup is rather simple: a first, large Petri dish contains a smaller one which serves as sample holder. The larger Petri dish is then filled with a certain amount of solvent and closed with a lid. Numerous parameters, like environmental conditions, solvent selectivity, solvent vapor pressure, time in swollen state, drying speed etc. are known to impact the final dried BCP pattern. In order to precisely control the vapor pressure Gotrik et al. proposed sophisticated set up where an inert gas bubbles through the annealing solvent, transporting it into the annealing chamber towards the sample 22 . Those types of setup are useful in order to control the vapor pressure by controlling the gas flow, but have its limits as the solvent is always diluted in the inert gas. We chose therefore to work with a chamber set up where the solvent is directly exposed to the sample. In order to give a minimum of reproducibility the experiments were carried out in the same Petri dish system and were located in a class100 clean room where humidity and temperature are kept at a constant level. Furthermore the volume of the solvent was kept constant and before each experiment the solvent was introduced into the chamber at least 2h before the sample in order to stabilize the vapor pressure conditions in the chamber. Most commonly, the BCP is swelled with solvents that have neutral or only weak selectivity towards both blocks in order to obtain homogeneous swelling. The solvent uptake of each block is related to its compatibility to the solvent and can result in differential swelling, modifying the effective volume fraction Sample Solvent of the blocks and thus the final morphology 6 . In the literature, a common studied solvent for PS-PDMS annealing is toluene 12,19,[23][24][25] . Hence to start our investigation, we first concentrated on solvent annealing with toluene vapor. The solvent vapor pressure was kept as constant as possible by keeping the solvent surface area to annealing chamber volume at approximately 0.6 cm -1 . Figure 2-7 shows a systematic trend of cylinder alignment as a function of annealing time (mesa width at constant periodicity). As-spun, SD45

arranges itself as spherical micelles, since the spin solvent is propylene glycol monomethyl ether acetate (PGMEA). PGMEA is a PS selective solvent, which means that PS is more soluble in PMGEA than PDMS.

These solubility differences produce micelles in solution as will be described in chapter 3. The obtained asspun micelles are disordered and show no homogeneity in size. After 15 min annealing the micelles start to grow and one can distinguish a beginning of ordering near to the mesa walls. After 30 min the morphology has completely changed to cylinders but there is no order except at the far edges of the mesa. Finally, after 75min of solvent vapor annealing, cylinders are perfectly aligned with respect to the guiding trenches. We could thus confirm already reported annealing results in toluene vapor and further decrease process time from several hours to 75min thanks to the optimization of the substrate. Once we obtained first knowledge about the behavior of SD45 in toluene vapor, further studies oriented towards the integration of block copolymers in industry have to be performed. SVA in general and especially in toluene vapors presents several disadvantages: toluene and other commonly used SVA solvents are toxic, flammable and rarely used in microelectronic industry. The ITRS indicates that all new chemicals introduced in manufacturing need to be cleared to not induce new hazards on human health, safety, and the environment 18 . In order to promote industry application, we now concentrate on safe solvents. A comparison of different safe solvents (Butanone, PGMEA, cyclohexanone, ethylacetate, butylacetate and isobutylacetate) which are more suitable for industry as they are non-toxic for humans and for the environment is presented hereafter.

Apart from safety issues, the choice of the right solvent is conducted by the selectivity of the solvent towards the polymer blocks. Polymers dissolve in solvents whose solubility parameter is similar to their own. (ildebrandt and Scott were the first to introduce the term solubility parameter and the (ildebrandt solubility parameter is defined as = (E/V) 1/2 , where V is the volume of pure solvent, and E is its measurable energy of vaporization 26 . The Hildebrandt theory however does not take into account molecular interactions that can influence the affinity of solvent and polymer. One good alternative is the Hansen solubility parameter (HSP) that is a multicomponent parameter and has been widely used 27 .

However, solubility parameters were established for bulk solvents in which a polymer is dissolved. In SVA of thin BCP monolayers, the density of the solvent, as it concerns only the vapor, is not the same as the bulk solvent and thus its vapor pressure plays most certainly a crucial role in selectivity 6 . For comparison Figure 2-8 shows total HSPs (for better comparability we have simplified the HSP to the total value) of selected solvents with their corresponding vapor pressures. the total volume fraction of PS increases whereas that of PDMS decreases, resulting in a morphology shift.

Self-assembly by SVA is a very sensitive process which is not only dependent on the solvent, but also on BCP layer thickness, mesa size, trench depth, vapor pressure and many more. In order to investigate the influence of all these parameters a very sophisticated experiment setup would be needed where parameters could be changed in all possible variations. This kind of statistical analysis is very complex but in order to get an impression of the influence of solvent, we tested solvent vapor annealing of SD45 with the above shown solvents for 75min to compare with results obtained with toluene. For all samples, SD45 was spin-coated from a 1wt% solution in PGMEA in order to obtain a monolayer of cylinders within the trenches (layer thickness ≈ 22 nm on plane SOC surfaces before annealing, corresponding to approximately 35nm inside the trenches after annealing). Figure 23456789shows top view SEM images of these samples after annealing in the Petri dish set-up. Note that the revealing etching steps were not always the same, which is why different electron contrasts are observed in different images. This might also affect the PDMS domain size, as the CF4 step was not kept constant for all samples. Both solvents are PS selective and provide low mobility increase, due to the low vapor pressure. Therefore, the morphology of the cylindrical SD45 results in spherical alignment. However in thin films of approximately 30nm we cannot conclude with certainty that the morphology is spherical. Another possibility is a vertical orientation of the PDMS cylinders triggered by BCP/solvent vapor interface interactions. In order to definitely define the morphology additional in-depth studies of the film have to be made. In any case, we obtain a good alignment of these vertical cylinder or spheres for both solvents.

Ethylacetate and butanone show cylinder morphology but no long-range ordering. Ethylacetate is neutral, it has the same selectivity as toluene, and butanone is slightly more PS selective. In both cases the vapor pressure is very high. It is known that solvent incorporation reduces the Χeff. The higher the solvent concentration in the film, the more Χeff is decreased. The vapor pressure of the solvent is responsible for the swelling of the film and thus the relative concentrations of polymer and solvent in the film. In the cases of butanone and ethylacetate, as of their high vapor pressure, the solvent concentration becomes very high and the system drops below the order-disorder-transition. When swelled, SD45 is thus disordered and phase separates only when the chamber is opened and the solvent evaporates. As presented in the introduction of this chapter, it was shown that, when the film is in a disordered state when swelled, an ordering front propagates from the BCP/air interface to the BCP/substrate interface upon solvent evaporation, due to solvent concentration differences 8 . As the solvent evaporates very quickly and the layer is very thin in our case, the system phase separates during evaporation but has no time to align in parallel lines, and remains in a fingerprint configuration. Moreover, it can be observed that cylinders formed in ethylacetate are longer, i.e. better developed, than those formed in butanone. The selectivity parameter of butanone (19.1 MPa 1/2 ) is very close to that of PGMEA (19.3) so at the frontier between neutral and PSselective solvents. The PS block is thus more plasticized, leading to short cylinders.

Films annealed in isobutylacetate and butylacetate show principally cylindrical morphology, but we see partially perforated lamellas for isobutylacetate (only poorly visible in the edge of the trenches). In this case the high PDMS selectivity of isobutylacetate leads to the inversion of the majority part, making PDMS the matrix block, leading to PS cylinders that are etched away. For both solvents, long range cylinders that are well aligned in perpendicular direction to the trenches are observed. The perpendicular orientation could be due to capillary flow from mesas to trenches. It is assumed that the BCP, while swelled, is higher than the mesas, leading to perpendicular cylinders when flowing back in the trenches, during drying. The spheres and cylinders that can be seen on the edges of the mesas, especially in the case of butylacetate, confirm this assumption. Perpendicular orientation is known to be a metastable condition which could be replaced by parallel orientation when annealing for longer times 9 . Even though the orientation is perpendicular, we think that butylacetate, as it leads to clean cylinders, has the greatest potential for an appropriate safe annealing solvent. After only 20min annealing, SD45 shows long range alignment on structured and on plane surfaces, like PS-brushed silicon, as can be seen in Figure 2345678910. Even though we were not able to align SD45 horizontally along the guiding trenches, it is reasonable to say that when adjusting annealing time, it will be possible to align SD perfectly horizontal with butylacetate.

After close analysis of the obtained data, we were able to develop a cartography of different morphologies as a function of vapor pressure and selectivity of the solvent, as shown in Figure 2-11. Areas in which perforated lamellar, cylinders or spheres can be obtained are defined. A vapor pressure limit is estimated above which ordering becomes difficult as the BCP is too much diluted and Χeff passes the ODT while swelled. As we tested only solvents with extreme vapor pressures, the exact limit is not definitely known. Our study shows that the vapor pressure and selectivity have both crucial influence on the final dried state of the BCP layer. The selectivity dictates as expected the morphology, while the ordering of the obtained structure depends on the vapor pressure of the solvent. For SD45, high vapor pressures lead to cylinders without long range order, while the quality of the cylinders depends on the selectivity. It seems likely that higher PS-selectivity would lead to disorder spheres at vapor pressures above a certain threshold. Low vapor pressure solvents have the capability to align SD45 in long range order, while the selectivity changes the morphology from perforated lamellas, passing through the cylindrical area, to the final spherical state.

With our cartography, it is possible to choose a desired morphology and adapt alignment quality via vapor pressure.

GISAXS in-situ Measurements of SVA on SD45

The precise knowledge of the structure in the swollen state is highly desirable when trying to understand how to connect the block copolymer solution structure to the dried polymer film structure. The understanding of when and what kind of structural transitions appear during swelling depend on the used conditions as observed before, but are not well established, most probably due to the difficulty to perform in-situ examinations on block copolymers. In-situ time resolved light scattering has been shown to study the thickness evolution of the BCP during SVA 28 . Also, in-situ Scanning Force Microscopy (SFM) has been reported to investigate the morphology transitions of polystyrene-b-poly(2-vinylpiridine) (PS-b-P2VP) and polystyrene-block-polybutadiene-block-polystyrene (SBS) in real time 29,30 . However, these methods only give topographical information about the mechanisms involved in SVA and SFM provides information of an area not larger than a few µm 2 . For in-layer information, the only valuable method known is grazing incidence small angle X-ray scattering (GISAXS), which provides information of an area of several mm 2 throughout the entire film thickness. Several groups have reported on in-situ studies on solvent vapor annealing of different BCPs and have gained insight into the characterization of structural transition, reorientation and swelling and deswelling 6,[31][32][33][34][35][36] . However, due to the poor contrast between the scattering domains, all of the reports show results for BCP layers several times as thick as the natural domain spacing of the BCP. This reflects non-realistic conditions that are usually not used in DSA processes. In order to be of interest for the semiconductor industry, the BCP should have monolayer thickness. This section deals with the study of the self-assembly process of SD45 in realistic conditions, i.e. using a monolayer of SD45, during solvent vapor annealing. The measurements were performed at the European Synchrotron Facility (ESRF) in Grenoble. The BCP films were prepared on plane SOC surfaces and placed in a custom-designed solvent vaporannealing chamber to carry out real-time in situ GISAXS at room temperature (Figure 2 Obtained GISAXS data for PGMEA vapor annealing are presented in Figure 2-13. As shown in Figure 2-13a, at t=0 min, only two weak scattering spots were observed, most likely due to the very close optical index of PS and PDMS in the X-ray domain providing only a limited contrast in the condition of a thin-film measurement. Furthermore, the observations were made on monolayers, so the X-ray beam impinged only onto a small amount of matter. The scattering spots are not well defined and diffuse which indicates low order and only little developed morphology. No higher scattering orders are observed. The qy position corresponds to a periodicity of 31.1 nm, which is much less than the equilibrium spacing of SD45 after SVA (≈35 nm). Furthermore, we observe thickness fringes in the qz directions, which are most probably due to the SOC underlayer as well as a reflection of the scattering spots in vertical direction. These propagation pins disappear right after solvent injection (t=0=, while the scattering spot intensity increases. It was shown that non-favorable block to block interactions can be increased when using a selective solvent.

PGMEA is a PS selective solvent, consequently increasing the contrast of the two blocks and hence the pattern intensity [37][38][39] . Further solvent annealing leads to a change of the domain spacing after 45min of annealing. The period changes form 31.1 nm to 35.9 nm, which corresponds to fast fourier transform (FFT) values measured on ex-situ samples on planar SOC surfaces after SVA in PGMEA. We suggest that this change of period corresponds to the transition from the metastable micellar to the spherical ordered state.

After swelling for 75min, the solvent was removed with the syringe and the chamber was opened to maximize the rate of evaporation of the solvent. The domain spacing kept constant at 36 nm and the intensity of the scattering spots decreased as a consequence of the decreased contrast between the two blocks due to the selective solvent removal.

In conclusion we observed that when swelled in PGMEA the system remains in an ordered state, confirming the assumption that the system does not pass the ODT. Also, the morphology transition seems to be a very prompt process that appears after a certain time in the swollen state.

In-situ GISAXS measurement of SVA in toluene vapor was also carried out, but due to its high vapor pressure, toluene evaporates faster under the X-ray beam. Structures were thus frozen and the evolution of GISAXS scattering could not be observed. Also the fact that it has a lower impact on the morphology might play a role in the signal contrast of the X-rays. It seems thus that the observation of toluene vapor annealing of thin films is impossible for GISAXS measurements.

Although the time at the ESRF pronounced itself as promising, the obtained results for in-situ measurements were not as conclusive as expected. A major issue was the destruction of the samples by the X-ray beam. During SEM analysis on areas where the beam hit the surface, a decomposition of the BCP layer was observed, which made it necessary to limit the exposure time to only a few seconds and to change exposure spots for each measurement. Furthermore, as toluene is toxic and highly suspected to be carcinogenic, safety requirements at the ESRF and the valuable limited time that we had at the beamline did not allow us to repeat experiments. Moreover, we chose to work in real conditions, meaning with thin monolayers, which made the signal of SD45 very weak. The signal was additionally weakened for in-situ measurements when the X-rays had to pass the kapton windows and solvent environment.

Further investigation of the obtained SD45 cylinders concerns the linewidth roughness and is presented in the following section.

Line Edge Roughness Measurements of SD45

The linewidth roughness (LWR) of a feature is the variation in the width over the length of the feature. The variation of the width on only one edge of a line is called line edge roughness (LER). The control of the roughness became important when feature sizes passed the 100 nm limit. LER and LWR are usually characterized as the σ deviation from a straight line. In order to guarantee the performances of semiconductor devices, the international technology roadmap for semiconductors (ITRS) requires a σ roughness to be smaller than 8% of the line width 18 , whereas todays 193 nm lithography has generally a σ of 4% 40 Line edge roughness were found to be 3.4 ± 2.2nm on a mean critical dimension of 27 ±1.4 nm (12 %) and LWR were as low as 2.5 ±0.5 nm (7 %). It is known, that 193 nm lithography can have high intrinsic roughness that can be as high as 10 % of the critical dimension of the features. This roughness can be transmitted on to the BCP. In order to improve the LER values of the templating trenches, it has been suggested to perform post-lithography treatment on the resist in order to smoothen their edges. Among propositions are vacuum ultra violet (VUV), heat and plasma treatments [41][42][43][44] . In all cases a mixture of outgassing or cleavage of pendant groups form the main chain and cross-linking of the surface lead to a smoothening and better resistance towards subsequent etching. An improvement of LER values of up to 40% has been reported by these post-lithography treatments [45][46][47] . When applying one of these treatments to our SiArc/SOC substrates it is hoped to reduce the final LER of the by DSA obtained silicon lines drastically. Furthermore, it is known that oxygen plasma, depending on the plasma processing conditions, can create significant roughness on Si-containing polymer features [48][49][50][51][52] . During the revelation step of PDMS cylinders (explained in detail in chapter 5), the oxygen plasma could thus induce roughness on the edges of the cylinders. Precise control of the processing conditions could thus lead to a reduction of these values.

Interestingly for a future study would be to analyze the evolution of the LER/LWR during transfer etching.

A smoothening step, as described for the lithography templates, might also be conceivable in BPC lines.

Finally, we want to emphasize that the presented results are preliminary and do not represent a statistical work. As SEM images were taken individually, differences in contrast and brightness of the images must have an influence on the final LER/LWR value. During this thesis the author did not have access to a critical-dimension scanning electron microscope (CD-SEM) with which a precise measurement of line edge roughness and line width roughness can be obtained for whole wafers. A CD-SEM provides extreme reproducibility and guarantees same image quality for each measurement by minimizing shot noises (caused by secondary electrons), visual misalignment, auto focus and brightness corrections variations 53 .

For future work it would thus be necessary to use a calibrated CD-SEM in order to obtain comparable images. LER/LWR measurements are also discussed in chapter 3 and 4.

Conclusion

This chapter gives insights of the mechanisms involved in the directed self-assembly by solvent vapor annealing of SD45. First, the substrate-BCP interaction has been studied. It was shown that in order to work on plane silicon substrate, a brush treatment of the surface has to be done in order to obtain good alignment of SD45. PDMS brush complicates the transfer etching of the obtained patterns and is thus to be avoided; a good trade-off was found to be PS-brush. On patterned surfaces of SiArc/SOC stacks, we show that the treatment of a brush is not necessary as the SOC substrate favors naturally the wetting of the PSblock. It has been shown that not only the substrate chemistry but also the shape has great influence on the final pattern quality. Too deep trenches can create double patterning at the edges of the mesas which leads to uncontrolled ordering of SD45. Trench depth close to the natural domain spacing of the BCP gives consistent results. During solvent vapor annealing, numerous parameters play important roles on the selfassembly of the BCP. Mainly two parameters determine the final morphology and order quality of the sample. With the developed cartography of several solvents, we are able to predict the final ordering and morphology. This thesis concentrates particularly on the integration of PS-PDMS in industry which is why so called safe solvents have to be found. Butylacetate seems to be a good alternative to toluene for solvent annealing, but further optimization of the process has to be carried out in order to obtain PDMS cylinders aligned parallel to the guiding lines. Finally, in-situ GISAXS measurement of SD45 in PGMEA vapor has been presented. The obtained results are interesting but numerous constraints (safety issues, limited time, bulky set-up… prevented us to perform an in-depth study that gave conclusive results. However, for a potential next session at the ESRF, concrete ideas for improvement have been proposed.

To conclude, the solvent vapor annealing is a very complex process that has to be meticulously controlled in order to obtain consistent results. Furthermore, the up-scaling of the annealing chamber is difficult and has not been showed yet. Integrating SVA in manufacturing process does not seem likely to happen in the near future, which is why alternative solutions for BCP assembly have to be found.

Finally LER and LWR are analyzed by manual SEM imaging. Preliminary results show a high LER value that could be decreased by smoothening methods performed on lithography guiding trenches. Furthermore these results were obtained on oxygen plasma treated PDMS cylinders that were not yet transferred into the silicon substrate. It is suggested that the oxidation of PDMS leads to the roughening of the PDMS cylinders, which could be prevented by optimizing oxygen plasma conditions or compensated during transfer etching into the substrate. Future work includes the investigation of LER/LWR in a statistical way with a CD-SEM on larger surfaces that would give more reliable results. Also, the evolution of LER/LWR values after transfer etching would be interesting for a future work.

Pattern Generation of Lines and Dots via Thermal Annealing of PS-b-PDMS

Introduction

As explained in the previous chapter, PS-b-PDMS is characterized by the strong segregation regime and has a high diffusive energy barrier. Thermal annealing (TA) under normal conditions would need a considerable amount of time (up to several more than 10 hours) in order to achieve satisfactory phase separation. SVA has thus been adopted as the most common annealing method to promote microphase separation of PS-b-PDMS but is a complex method that requires careful control of various parameters and a up-scaling of a solvent containing annealing chamber for 300mm wafer seems unlikely. Hence, the best and simplest option for BCP assembly remains thermal annealing. It is a simple and well-known industrial method that can also easily be scaled up. This context gave the motivation to test novel techniques on PS-b-PDMS in order to promote the self-assembly by a thermal treatment, despite its high χ value.

Blending BCPs has been employed to influence the final morphology or domain size without any subsequent synthesis steps 1 . The addition of homopolymers [2][3][4] , monomers 5 or salts 6 has already been reported in order to enhance the process time and kinetics of the self-assembly process of low-χ BCPs. Most of these proposed blending processes include the addition of a material that cannot be or is difficult to be removed, and thus permanently alters the functionality of the block copolymer for technological applications.

In this chapter, we will deal with the addition of plasticizer molecules in the high-χ PS-b-PDMS solution in order to lower its diffusive energy barrier and that can be removed without changing the obtained structures. Plasticizers are well known additives in the polymer industry. They are nonvolatile substances that are incorporated into rigid plastics to increase their flexibility. The plasticizer enters into the polymer network and expands its free volume by providing a lateral motion to the chains 7 . This process results in a decrease of the glass transition temperature (Tg) through reduction of intermolecular forces. In this case, we speak of physical or external plasticizers because they do not chemically react with the polymer.

Plasticizers have an influence on the morphology and chain movements of the polymer, but can be removed by annealing after alignment without altering the obtained nanopatterns. A good plasticizer candidate for a polymer requires a high degree of solvation power and compatibility with the polymer system, to decrease the glass transition temperature (Tg) efficiently 8 .

A preview on industrial applications by blending PS-b-PDMS with plasticizers is shown in this chapter: our process was applied on standard industrial graphoepitaxial stacks, on large surfaces and in microelectronics clean room conditions (class 100). We finally show a complete process from deposition to pattern transfer by plasma etching of plasticizer blended PS-b-PDMS on 300 mm wafers. The experimental details of the process are explained in the following.

Experimental Details

PS-b-PDMS, SD42 (Mw = 31-11 kg mol -1 ), SD45 (Mw = 30.5-14.5 kg mol -1 ) and hydroxyl-terminated PS homopolymer (Mw = 3.5 kg mol -1 ) were purchased from Polymer Source Inc. (Canada) and used as received. Propylene glycol monomethyl ether acetate (PGMEA) solvent and plasticizers bis(2-ethylhexyl) adipate (DOA) and bis(2-ethylhexyl) sebacate (DOS) were purchased from Sigma-Aldrich.

When working on silicon, before deposition of the BCP solution, the substrates were activated in O2 plasma for 2 min before use and treated with a PS-brush. For the brush preparation, PS-homopolymer solution was deposited by spin-coating at 2000 rpm and the samples were immediately annealed at 200 °C for 5 min.

Nonreacted PS-OH residues were rinsed off with PGMEA. The SiArc/SOC graphoepitaxy substrates were generated as described in chapter 2. After BCP deposition the samples were annealed and used for transfer etching as described previously for neat SD45.

After revealing the PDMS structures by CF4 and O2 plasma, the self-assembled morphologies could be investigated by SEM (Hitachi S-5000 or JEOL 7500F), FIB-STEM (Helios 450S -FEI) and GISAXS (beamline B02 at ESRF Grenoble) as described in chapter 2. In order to obtain information of the micellar state in the BCP solution in PGMEA solvent, Dynamic Light Scattering (DLS) measurements were performed. A He-Ne gas laser with a wavelength of 633 nm and a backscattering detector positioned at a scattering angle of 180° with respect to the laser was used. Thermogravimetric analysis (TGA) was performed in order to compare the thermal behavior of DOA and DOS: A TA Instrument Q105 was used with a heat rate at 10 °C min -1 from room temperature (RT) to 450 °C. Thickness measurements were obtained by ellipsometry measurements using a UVISEL ellipsometer from Horiba Scientific. Spectral range from 300 to 800 nm and a model composed by Si, SiO2, and the copolymer layer were used to measure the BCP film thickness.

Finally, line edge roughness measurements were measured by SEM and using TerminalPC (cf. chapter 2).

Influence of Plasticizer Molecules on PS-b-PDMS (Mw = 42kg/mol)

By introducing the plasticizer in the solution before spin-coating we are able to obtain long-range ordered nanostructures after this single process step. The equilibrium morphology can then be obtained through an additional fast TA step where a transition occurs from its metastable morphology, which is trapped after spin-coating. Here, the influence of two selective plasticizers on PS-b-PDMS self-assembly was investigated for PS-b-PDMS with an overall molecular weight of Mw = 42kg/mol (SD42). Furthermore, morphological transitions were observed during thermal annealing.

PS-selective plasticizers widely used in industry such as dioctylsebacate (DOS) and diisooctyl adipate (DOA) were tested in order to study their influence on the self-assembly of PS-b-PDMS. Physical properties of BCP, solvent and plasticizers used in this study are listed in The entire procedure of self-assembly of plasticized high-χ BCPs is schematically shown in When DOS42 solution is spin-coated on functionalized Si substrates, the PGMEA solvent evaporates and a plasticized BCP thin film is deposited. Figure 3-2b shows grazing-incidence small-angle X-ray scattering (GISAXS) profiles of the DOS42 thin film after spin-coating. First order reflections for the spherical structure appeared at 0.19 nm -1 corresponding to a domain length of L0 ~ 33 nm. Figure 3-2c shows a topview SEM image of the as-spun thin film after two-step plasma etching, as schematically shown in Figure 3-13a. This image shows the spherical lattice of oxidized-PDMS having L0~33 nm, which is consistent with the GISAXS analysis. It was shown that micelle-micelle interactions drive the system to pack in an ordered array when the hydrodynamic diameter of the micelles is comparable to L0 12 . In our case Dh ~ L0 ~33 nm, as is proven by DLS and GISAXS measurements, which is most certainly why we obtain a highly organized spherical morphology after BCP spin-coating. The interplay of PGMEA solvent and plasticizer is crucial for the good organization of the spheres after spin. Generally the BCP is trapped in a metastable state after spin, resulting in a poorly organized ordering, due to the fast evaporation of the solvent during spincoating. When blended with plasticizers, the BCP remains plasticized even after solvent evaporation, due to b) a) 300nm c) the low vapor pressure of plasticizers, which will be discussed more in detail further in the text. For comparison, an as-spun SD42 thin film is shown in Figure 3-3 without plasticizer addition from a PGMEA solution. Note that we refer to as-spun for samples on which no anneling step was performed, however in order to visualize the PDMS structures in SEM, a revealing plasma step by CF4/O2 is necessary.

A disordered and inhomogeneous system is observed, as the solvent is evaporated immediately during spin coating. Due to the negligible vapor pressure of DOS and its good solubility with PS block (Table 3-1), retention of DOS molecules in the PS matrix after spin was considered. To characterize this, DOS42 thin films were then studied by in situ ellipsometry. We observed that the as-spun plasticized film is twice as thick as its reference without DOS at room temperature (Figure 345). This film thickness decrease must be due to the evaporation of the plasticizer from 100°C on. In order to investigate this observation more closely, the evaporation of DOS was tested by thermal annealing on plasticized PS-b-PDMS thin films. DOS42 thin films were heated at different temperatures (110-140°C) for 60 s, and the thickness was measured in-situ by ellipsometry. Upon heating, the thin film thickness rapidly decreases after a first thermal expansion, suggesting an evaporation of DOS (Figure 345). Evaporation rates depend on the temperature, as demonstrated in Figure 3-5a. At 130°C and 140°C the PS-b-PDMS film rapidly drops from 2.2L0 to the monolayer thickness L0, whereas at 110°C and 120°C DOS is not completely evaporated after one minute. In addition to the thickness measurements, the morphology state has been observed by SEM for 30 s and 60 s of TA (Figure 3-5b-g). A morphology evolution was observed in the DOS42 system from spheres to cylinders at 120 °C (Figure 3-5d-e) until reaching cylinder morphology after 60 s of TA. This suggests an upper limit of ~1.6L0 to have a morphological transition. Then, faster transitions were found upon heating at 140 °C for 30 s.

The morphology obtained as-spun is trapped in an ordered metastable state. By heating, the plasticizer contained in the PS corona of the micelles starts to evaporate, thus increasing the PDMS volume fraction fPDMS. According to the calculation of Liaw and co-authors 13 , for a solvated BCP system, an increase in fPDMS results in an increase of fcore and consequently triggers a morphology transition from spheres to cylinders when the system is already confined in a spherical packing. After calculations from ellipsometry measurements, a morphology transition occurs at fPDMS≈ . , when the BCP thin film is swollen by DOS, which is consistent with the cylinder-sphere transition in the BCP phase diagram at χN= 14 . As predicted by the plasticizer theory, DOS only increases the free volume of the PS block, and decreases its Tg to RT or lower 15 . Consequently, the PS volume fraction increases and the BCP system phase-separates in a spherical metastable morphology according to the phase diagram predicted by self-consistent mean field theory 16 . This mechanism is similar to a SVA treatment with PS-selective solvents. The solvent molecules enter into the PS chains, giving sufficient mobility to self-assemble by swelling selectively the PS matrix and No morphology change could be observed: a microphase-separated network with well aligned spherical morphology was obtained with the absence of any residues. Heating for 60 s at 140°C eliminates the PDMS residues on the cylindrical morphology, but dewetting appears at this stage (g). Since DOS was completely evaporated at ~15 s, the relaxation of the PS matrix is reduced. For longer annealing times above 30 s, PDMS residues tend to decrease contact forces with the PS block by diffusing to PDMS cylinders. This long-range residual stress from non-equilibrium chain conformations might play a role in the instability of the SD42 thin film, and dewetting occurs by the formation of holes 18,19 .

To take advantage of plasticizer effects on PS-b-PDMS self-assembly while avoiding poor microseparated structures or dewetting issues, other plasticizers were tested on PS-b-PDMS. Among them was diisooctyl adipate (DOA) which, from its physical properties, is slightly more PS selective than DOS χPS-DOA=0.04 from Table 3-1). By thermogravimetric analysis (TGA), it was observed that DOA presents a faster evaporation rate than DOS (Figure 345678). DOA and DOS both start to evaporate at ~175 °C, but DOA shows a greater evaporation rate. The lower bonding energy of DOA compared to DOS could be the origin of this difference. Although the molecules are very similar, DOA molecular weight is smaller, thus a smaller amount of energy is needed to evaporate these molecules.

Then DOA was tested in the same conditions as DOS and its effects on PS-b-PDMS self-assembly was studied. A SD42 solution was diluted with DOA 1 wt% (DOA42) and spin-coated on PS brushed surfaces and subsequently plasma etched without any postcoating treatment. Figure 3-9a shows well-arranged spheres of oxidized-PDMS on a plane surface. As-spun images show microseparated structures without PDMS residues after plasma etching. The higher evaporation rate of DOA compared to DOS allows an instantaneous evaporation when inserted in a vacuum (~ 13 mPa): this fact was controlled by ex-situ ellipsometry measurements, where plasticized PS-b-PDMS thin films were shown to contract to L0 when inserted in a vacuum chamber. The fast evaporation rate of the plasticizer allows us to process the samples directly in plasma without interruption between steps 2a and 3a in Figure 3-1, which is of main interest for high throughput. A SEM top-view image of the as-spun DOS42 thin film on a graphoepitaxial surface is shown in Figure 3-9b, where the directed self-assembly is demonstrated, maintaining the spherical morphology without postcoating annealing treatments. In this way, nanolithographic masks by selfassembly were fabricated effortlessly.

Similar to observations of DOS, DOA led to a transitional phase from spheres to cylinders by TA (Figure 3-9c-d). SD is located in the strong segregation limit with χN= ; therefore chain mobility is retarded and suffers from slow kinetics of self-assembly during TA. With the use of DOA, the PS-b-PDMS thin film remains swollen after spin-coating, which induces the spherical self-assembly. During TA, high PS selectivity of DOA allows mobility in the PS matrix and greater relaxation times for PDMS chains to diffuse.

Morphology transition occurs before the complete evaporation of the plasticizer, as was shown with DOS inFigure 3-5; the stable cylindrical morphology is trapped when the plasticizer is removed. Due to higher PS selectivity and evaporation rate of DOA compared to DOS, lower temperatures sufficed for phase transition (30 s at 110 °C). Consequently, dewetting phenomena were avoided and a good alignment retained.

In the free energy landscape, DOA minimizes the activation energy, thus allowing an easy exceeding of the free energy barrier to a new stable cylindrical state. The thermodynamics of the self-assembly process via microphase separation is represented by the Gibbs free energy equation ΔGSA = Δ(SA-TΔSSA, where G is the Gibbs free energy required for self-assembly, H the enthalpy and S the entropy of the system at temperature T. This equation is in accordance to equation 1-4 of chapter 1.

In order to exceed the free energy barrier to reach the free energy minimum of the stable cylindrical morphology, the enthalpy changes have to be positive 20 . Since the as-spun micelles are already in a well aligned, the entropy contribution becomes negligible. The free energy required for the morphology transition depends mainly on the enthalpy change associated with the chain crossing over the interfaces of PS and PDMS 16 . These interactions appear only locally at the molecular scale (sharp PS-PDMS interfaces) when the BCP system is already ordered, and the PDMS chains easily diffuse into the swollen PS matrix via the interface diffusion mechanism. This phenomenon has already been observed by blending monomers with rod-coil block copolymers 5 . TA produces an excess of PS chain relaxation, which might explain the L0 elongation that could be observed. Rapid evaporation of DOA retains the cylindrical morphology, and the BCP chains suffer from lower relaxation to self-assemble with its natural L0 period. We calculated the same periodicity for free and graphoepitaxial surfaces (36.5 nm in Figure 3-9b, d).

PDMS chains diffuse from spheres to cylinders in the parallel direction of the guiding lines for the morphological transition. A transitional step is illustrated in Figure 3-10, where the passage from spheres to cylinders is observed, emphasizing the fact that the interface interactions related to the phase change are only local. Despite fast cylinder formation, some defects were observed, mainly related to end-point defects 21 . This kind of dislocation appears mostly at grain boundaries, where a higher free energy barrier sets up and obstructs the rejoining of domains 22 . In the case of directed self-assembly, it is observed in Figure 3-10 that defects in topographical lines for graphoepitaxy could create defects in the starting structure, and then create end-point defects.

Graphoepitaxy and Application of SD45 on Large Area Surfaces

The applicability of BCP self-assembly lithography assisted with plasticizers is presented through the complete process from PS-b-PDMS deposition to the final pattern transfer etching. In order to eliminate defects and induce a long-range orientation during self-assembly, BCP lithography was combined with topdown lithography techniques using graphoepitaxy 23 . SD45 (fPDMS = 32%) has very similar properties to SD42 (Mw=45.5 kg/mol, fPDMS = 26%) and has been chosen for this applicational study due to its better commensurability with silicon-rich anti-reflective coating (SiArc)/spin-on-carbon (SOC)guiding lines. The directed self-assembly of SD45 plasticized with DOS (DOS45) is henceforth studied within standard SiArc/SOC guiding trenches 24 . The process flow is illustrated in chapter 2.

After the first etching for template design, DOA45 solution is deposited by spin-coating and the sample is thermally annealed if required. DOA is then either evaporated in vacuum or during TA, as explained above for DOS42 thin films. Transfer etching is performed in a two-step process. First, the nanopatterns are transferred into the remaining SOC layer and then into the silicon substrate by dedicated plasma etching processes (details of etching processes are given in chapter 5). selectively. Due to the screening effect, chain mobility is increased, allowing a phase separation in a spherical metastable ordered packing without any annealing, which is consistent with the results obtained above for the SD42 on PS brushed surfaces (Figure 3456789). Under typical conditions, TA is not satisfied in reasonable processing time to self-assemble SD45 25,26 . Figure 3 The obtained patterns of DOA45 can be used as etching masks in order to transfer the long-range regular patterns into the silicon substrate. First, the PDMS top wetting layer at the air/BCP interface is removed by CF4 plasma, and then HBr/O2 plasma is applied to remove the PS matrix and transfer the pattern in the underlying SOC layer. Simultaneously, the PDMS mask is oxidized. Finally, we demonstrate large-area pattern formation capability of this ultra-fast assembly process on 300 mm wafer substrates. The application of the DSA of PS-b-PDMS on full 300 mm is important in order to evaluate process feasibility and identify incompatible steps with industry requirements that have to be improved before transferring the process to the fab. DOA45 was spin coated on SiArc/SOC trenches, annealed for 30 s at 110°C, and etched immediately. 300 mm wafers with 35 nm deep topographic trench patterns with several widths were printed by 193 nm lithography on SiArc/SOC stacks. Ar/CF4/CHF3 and HBr/O2 chemistries are used for SiArc and partial SOC etching and the wafer was spin-coated with DOA45.

FIB-STEM images in

Figure 3-13a shows an image of the wafer after spin. The spin coating resulted in a homogeneous layer, which is confirmed by the uniform color of the wafer; only at the far edges could we observe inhomogeneities in the layer thickness. After self-assembly by TA, eight chips were analyzed by SEM. Figure 3-13b shows the mapping of the wafer with corresponding SEM images. It can be seen that in this ultra-fast process, PDMS cylinders self-assemble with good alignment throughout the 300 mm wafer. Slight differences in the PDMS lines CD are most certainly due to slight differences in layer thicknesses, depending on the position on the wafer. As feature sizes of patterns decrease, the critical dimension uniformity (CDU), line edge and linewidth roughness (LER and LWR respectively) become critical. To evaluate pattern quality of DOA lines, the roughness on SEM sample images was measured. The σ LWR is found to be of approximately 1.6 nm which is close to the standard requirements (8.7% of 19 nm pitch lines . The σ LER shows large variations and could reach to % of the line width. (igh LER values of SiArc/SOC trenches (up to 11 nm) and or the oxygen plasma treatment of the PDMS lines may be the origin of these variations, as proposed in chapter 2. This problem could be solved by optimizing the oxygen plasma conditions and or smoothening treatments of the photoresist before etching the guiding trenches. These treatments may have a positive impact on the final DSA pattern and decrease the LER values drastically so that LER and LWR requirements can be met. Furthermore, film thicknesses variations could be avoided by improving the spin-coating deposition on 300mm wafers and so the variations of the CDU (Figure 3-13). In comparison to SD45 (12 % LER and 7 % LWR from line width) neither LER nor LWR of DOA45 increased drastically, which is expected since the plasticizer is removed and it does not modify the BCP pattern. However, a deeper statistical study is needed to give reliable information about LER/LWR behavior with and without plasticizer on 300 mm wafers. Despite these differences, we were able to show the feasibility of this ultra-fast assembly process of SD45 by plasticizer integration on one whole wafer sample. These results could open up profitable prospects for the microelectronic industry. A future study would contain further optimization of the 300 mm wafer process. In this study the results of one sample are presented, as the author does not have easy access to a manual 300 mm wafer spin-coater, which is not dedicated for this kind of experiments. Further work would include thus, a repetitive study of the 300 mm wafer processing, especially the spin-coating and the plamsa etching of guiding trenches in order to obtain smoother edges. 

Conclusion

In summary, the influence of PS-selective plasticizers on the self-assembly process of PS-b-PDMS has been studied. The block copolymer forms PS-b-PDMS micelles in solution with a hydrodynamic diameter Dh commensurable with its natural period length L0. This fact is due to the choice of selective plasticizers and solvent, PGMEA, used for solution preparation. The physical properties of plasticizers such as negligible vapor pressure and high PS selectivity promote high lateral motion of chains, and consequently a significant enhancement of the PS-b-PDMS self-assembly kinetics. The same BCP systems would under usual conditions (without blending with plasticizers) need either several days of annealing or extremely high temperature (in high-χ BCPs, the ODT transition is often above its degradation temperature, which is why it would sometimes even not be possible to assemble the system in TA). Here we obtain well-ordered spheres in a 30 s one-step coating process, without any post-coating annealing. This process reflects an increase of assembly kinetics of at least 3 orders of magnitude when counting annealing times of 2 days.

SVA is often obtained in shorter process times, but the extreme sensitive process as well as its cumbersome up-scaling prospective make our method a concrete alternative annealing method that could be easily applied in industry.

Moreover it was found that the evaporation of plasticizer via thermal annealing allows a fast morphological transition from a metastable to its stable morphology. After 30 s of annealing, well-aligned cylinders were obtained. Among the tested plasticizers, diisooctyl adipate DOA resulted in the best trade-off between evaporation rate and PS-selectivity. In the view of potential industry integration, PS-b-PDMS blended with DOA was tested on standard graphoepitaxy SiARC/SOC trenches, and pattern transfer into silicon substrates was successfully performed.

Finally, as a proof of concept, the process was applied on a whole 300 mm Si wafer. In this way, we have demonstrated a practical method to make block copolymers lithography a process with high throughput, and have shown the applicability to fabricate high-resolution structures on large surfaces. The process will be object to further optimization, but these results are already remarkably promising for the microelectronics industry, as well as for other fields needing resolved structures on large surfaces such as solar panels or photocathodes.

Pattern Generation of High Resolution

Lines via Thermal Annealing of a Cylindrical PSb-PDMS

Introduction

After having showed long-range order results with SD45, we want to address now the challenges of the 14 nm technology node and beyond. In order to obtain this goal the performances of BCP lithography can be further increased by extending the range of available pattern dimensions to sub 10 nm. This chapter deals with the self-assembly of SD16, a cylindrical PS-PDMS system with an overall molecular weight of 16kg/mol (fPDMS = 33%), thus a high-χ, low-N BCP. As described in the first chapter, the size and state of the ordered BCP are largely governed by the volume fraction of each block (fi), the overall degree of polymerization (N, proportional to the molar mass) and the Flory-(uggins interaction parameter χ . At fixed χ values, there is a minimum N value underneath the BCP remains disordered. (igher values for χ, allow for lower values of N and thus lower feature size. In theory one could descend to BCPs with feature sizes down to 2 nm, but the main challenge besides defect control, dewetting and stability, is the pattern transfer 1 . High aspect ratio feature sizes with dimension of 10 nm and less become extremely challenging to obtain via pattern transfer etching 2 . This chapter deals with the work on SD16 which has a theoretical feature sizes of approximately 8 nm. This chapter gives an overview of the potential of this polymer on graphoepitaxy substrates. Two different substrates were tested here, the one already described in chapter 2 (SiArc/SOC substrates) and a second one with trenches entirely made of silicon.

Experimental Details

Cylinder-forming PS-b-PDMS BCP (Mw = 16 kg/mol, fPDMS = 33%) and hydroxyl-terminated polystyrene homopolymer h-PS (Mw = 3.2 kg/mol) were purchased from Polymer Source Inc. (Canada) and used as received. Microelectronic-grade propylene glycol methyl ether acetate (PGMEA) and toluene were purchased from Sigma-Aldrich and were used as the solution solvent for brush, BCP, and solvent vapor annealing. Cleaned Si and SiArc/SOC graphoepitaxy substrates were used in this study. O2 plasma was used in order to activate the surface for the brush treatment. Hydroxy-terminated polystyrene was then grafted onto the Si cleaned surface after spin-coating deposition of a 1 wt% PGMEA solution at 1500 rpm;

annealing at 200 °C during 5 min was performed to ensure the thermal grafting reaction. After a rinsing step in PGMEA to remove ungrafted homopolymer, a thickness of 3±1 nm is measured by ellipsometry. A precise optimization of the PS-brushing has been performed in the block copolymer team at LTM by Garnier and coworkers 3 . As described in this presentation, ellipsometry, AFM, XPS and water contact angle measurements were performed on different brush grafting techniques and the self-assembly of SD16 on different brushes led to the optimized parameters that are also used here. A homogeneous brush layer of 3 nm is obtained that leads to uniform wetting of the subsequent BCP layer. 

Effect of Substrate Wetting on PS-b-PDMS (Mw=16kg/mol)

As described in chapter 2, the polymer/substrate interface plays a very important role during selfassembly of block copolymers. Pattern generation of SD16 was obtained via graphoepitaxy in SiArc/SOC and Si trenches with native oxide that were coated with a hydroxyl-terminated PS-brush. The BCP films were treated with different annealing methods, depending on the substrate. We discuss here thermal and solvothermal annealing of SD16 in order to obtain a monolayer of PDMS cylinders, oriented parallel to the surface. As PDMS has lower surface tension compared to PS PDMS = mN/m and PS = 40 mN/m) it preferentially wets the air/polymer interface. When annealed by thermal or solvent vapor annealing alone, the literature reports for this, or similar low molecular PS-PDMS systems, the formation of highly ordered spheres or cylinders only after several hours or even days of annealing [4][5][6][7][8][9] . Exotic methods like microwave annealing is one way to decrease processing time or the combination of microwave and solvent annealing was shown to lead to ordered phase separation in seconds to a few minutes [10][11][12][13] . Other, simpler methods have been introduced where the BCP sample is solvothermally annealing, i.e. the sample is either first exposed to solvent vapor and then to thermal annealing or the SVA chamber is heated simultaneously [14][15][16][17] .

Jung et al. demonstrated further a rapid, large-area (200 mm wafer) solvent annealing of SD16 and SD45 with a solvent swollen polymer gel pad 18 . By bringing the pad closely to the BCP surface a proximity injection of solvent molecules leads to self-assembly in 1min. These setups however remain complex and difficult for whole wafer annealing and when solvents are used a risk of contamination of the wafer remains, which could be avoided by a simple thermal annealing. In this chapter we propose a way to successfully anneal SD16 solely by thermal annealing. First, the successive combination of solvent and thermal annealing which leads to a drastic reduction of process time is presented on Si substrates. Further thermal annealing is perfomed on SiArc/SOC graphoeptiaxy trenches. The mechanisms involved are explained in the following. Layer thicknesses were measured by ellipsometry and found to be 17 nm and 22 nm (± 1 nm) for SOC and PS-brush substrates, respectively. Besides a higher error in ellipsometry fit on the SOC layer, difference in the surface energies (PS-brush on Si ≈ mN/m, oxidized SOC ≈ mN/m could be responsible for the slight thickness discrepancy using the same spin speed. On SOC substrates, micelle formation of SD16 differs from that of SD45 by forming worm like micelles instead of spheres in the case of SD45. A probable possibility is, that the influence of PGMEA on the morphology (described in chapter 2) is less significant in the case of SD16, due to its intrinsic higher PDMS amount compared to SD45 (fPDMS-SD16 = 33%, fPDMS-SD45 = 31%). On PS-brush coated Si substrates, SD16 forms a mixture of well-defined spheres and cylinders. It was shown that the layer thickness of cylinder forming BCP has great influence on the morphology 19,20 . The appearance of the cylinder formation in zones, suggests that there are undulations in the layer thickness driving the system to favor cylinder over spherical morphology. Furthermore it is noteworthy that the spheres and cylinders on PS-brush coated Si substrates are well-defined, homogeneous in size and show a beginning of ordering, which is unusual for as-spun structures [21][22][23] . A possible reason for this phenomenon is a better wetting of the PS block on the PS-brushed surface. Even though it was shown in chapter 2, that the SOC substrates prevents the formation of a PDMS wetting layer, the wetting of a PS-brushed surface should be even better for the PS block due to their high affinity to each other. It was shown by Harrison et al. that the BCP has more mobility when the majority part wets the surface, whereas it should have enough mobility in order to diffuse 24 . On too strongly interacting surfaces the block that wets the surface is pinned onto the surface and diffusion would be decreased. )n our case, we think that the PS-brush lubricates the BCP chain movements slightly more than the SOC layer, which is why we obtain a better alignment right after spin-coating. Nevertheless, apart from as-spun organization, the SOC layer seems to provide as much mobility for chain movement during annealing as PS-brush coated Si. This will be discussed later.

We now concentrate on the layer composition and the interface SD16/substrate. Figure 4-2 shows cross section STEM images of annealed SD16 in SiArc/SOC and PS-brush coated Si trenches. Heavier atoms are displayed with darker contrast, PDMS patterns can thus be distinguished as dark spots in the layer. Selfassembly was obtained by solvothermal annealing in the case of Si substrate and thermal annealing in the case of SOC substrate. Detailed descriptions of the processes are given in the next section. It can be noticed that trench depth is not optimized for the silicon trenches, resulting in double layer formation at the edges of the trenches. Similar results were obtained for SD45 when the trench depth exceeded drastically the BCP characteristic domain length. In this case, the trench depth is of about 45 nm for Si trenches and 27 nm for SiArc/SOC trenches, which is why cylinder formation is more homogeneous in SiArc/SOC trenches, without the formation of double layers. Further, it can be noticed that both surfaces prevent the formation of PDMS interlayers, which is a precondition for pattern transfer etching. We further discovered that the shape of the PDMS cylinders is round and not elliptic as it was for SD45. This is due to the fact that, in this case, the presented samples are thermally annealed. During solvent annealing the BCP layer swells about twice its initial thickness and collapses rapidly when the annealing chamber is opened and the solvent evaporates. Due to the fast compression, the PDMS cylinders collapse then into an elliptic form. The final cylinder shape might play a crucial role in pattern transfer etch, which will be discussed in chapter 5. A higher distance of the spheres to the substrate can be observed in the case of Si substrates (6 nm on Si vs. 3 nm on SOC), which is due to the additional PS-brush in the case of Si substrates.

Solvothermal Annealing of SD16 on Silicon Graphoepitaxy Substrates

As explained above, different annealing methods were performed on SD16 in order to find optimal conditions and decrease the process time. Two different graphoepitaxy substrates, PS-brushed Si trenches, that could have advantages during etching processes, and SiArc/SOC trenches that have been introduced in chapter 2, were used. In samples prepared on SiArc/SOC, the SOC layer serves as transfer layer, PDMS cylinders are first transferred into the SOC layer and then into the Si substrate. For small feature sizes the SOC interlayer might become too high and cause pattern collapse during transfer etching. By preparing PDMS masks directly on Si or with only a small interlayer (the PS-brush is approximately 3 nm thick) these pattern collapse issues could be avoided. Further details of the etching process will be explained in chapter 5.

First, as solvent annealing was found to work for SD45, different solvent vapor annealing techniques have been tried on SD16. Although the film is homogeneous in height and composition before annealing, dewetting occurred during annealing as soon as 3 min annealing only. Figure 4-3a shows a SEM top view micrograph of a 5 min annealed sample in toluene vapor. It was observed that after a few seconds of annealing, holes appear in the layer, which grow over time and finally merge (images not shown). At the end islands are obtained, as shown in Figure 4-3a, in which the BCP material reaches multi-layers with increasing thickness and the rest of the surface is left clear of polymer. It can be found in the literature that the film breaks up due to capillary instabilities during height fluctuation caused by the swelling of the BCP layer 25,26 . It was also shown that this kind of dewetting depends on the composition and the initial thickness of the BCP. Higher thickness leads to slower dewetting 27 . This is the reason why SD45 with its different composition and higher layer thickness shows less dewetting issues in toluene vapor. As already explained in chapter 2, besides dewetting issues, toluene is a toxic solvent, which is prohibited in microelectronic fabs. Other safe solvents have to be introduced for the SD16 process. Dewetting could almost completely be avoided for SD16 when annealed shortly in PGMEA vapors. PGMEA has the advantages to be a safe solvent (see chapter 2) and to have low vapor pressure (PPGMEA = 2.8 mmHg vs.

PToluene= 22 mmHg at 20 °C). Phase separation and dewetting during SVA is influenced by a number of parameters like solubility, molecular weight and composition of the BCP, substrate interactions and film thickness 27 . The SVA chamber in toluene vapor is quickly saturated and the BCP film is swelled much faster than in PGMEA, due to the higher evaporation rate of toluene. The thickness fluctuation is then stronger and increased capillary instabilities lead to a quicker layer rupture. Figure 4-3b shows a SEM image of SD16 after 1min of SVA in PGMEA. The layer shows some dewetting on planar areas after only 1min annealing even with a low vapor pressure solvent. Inside the trenches the layer was however homogeneous as depicted in Figure 4-3c. Although we were able to produce good alignment solely in PGMEA vapor, the reproducibility of SVA samples is very poor. Despite its wide use, all mechanisms involved in the process of SVA are not fully understood yet, and often only some of the numerous parameter, influencing the final results, like swelling ratio and solvent removal rates, are taken into account during SVA 28,29 . However most certainly all are crucial for reproducibility. In order to control all parameters properly and reproduce the exact SVA cycle every time, a highly sophisticated setup has to be installed. This setup has then to be scaled up for production which complicates the introduction of BCPs in industry. Therefore, other, simpler processes, like thermal annealing have been tested before engaging in an ambitious SVA chamber construction. In thermal annealing the BCP is in general heated above its glass transition temperature (Tg) in order to approach the order-disorder transition temperature (ODT). Thermal annealing only of SD16 does not provide enough energy in reasonable time in order to obtain parallel aligned cylinders. Figure 4-4 shows top view SEM images of SD16 on Si substrates after 15min annealing at 150°C. We can find typical annealing times to obtain parallel alignment to be of 2h and more in the literature 30 . As this process time is not acceptable, our search for the best annealing method continues. A decrease in process time by microwave assisted solvent annealing for example, was already presented in the literature 10,31 . Kim et al. and Ross and coworkers showed the advantages of warm solvent annealing on defect quantity and process time 15,32 . As a high-χ BCP, PS-PDMS has a rather high interfacial energy barrier at the blocks interfaces that prevents the diffusion of the BCP by thermal activation. However, since it is a low molecular weight BCP, the kinetics of polymer diffusion in SD16 are faster than those of SD45. In combined processes where the sample is exposed to solvent vapor at the same time as it is heated, the solvent vapor pressure and the solubility of solvent in the film are changed by the temperature rise. In the 95 currently presented process, the sample is first annealed for 1min in PGMEA solvent vapor and is then transferred onto a hot plate where it is annealed for 15min at 150°C. In the first short solvent vapor annealing, the solvent has enough time to penetrate the BCP film providing sufficient energy for the polymer chains to start diffusion. By continuing the morphology change towards thermodynamic equilibrium via thermal annealing, dewetting is prevented. Solvent annealing for SD16 at room temperature was reported to need more than 1h for uniform alignement 4,14,33,34 . In our experiments such long annealing times led to the dewetting of the BCP layer. Pure thermal annealing fails to align the BCP satisfactorily on these PS-brushed substrates. Interestingly the process is not invertible. By inversing the process and performing first thermal annealing, the solvent that might be trapped in the polymer after spin-coating, is completely evaporated and cannot participate to the self-assembly process. The solvent vapor exposure after TA is too brief for the solvent molecules to be sufficiently absorbed by the completely dried BCP layer. By annealing first with solvent vapor, on the other hand, the solvent continues to contribute to the diffusion of polymer chains by evaporating slowly through the film upon heating, providing excellent cylinder alignment. It is thus proposed that a combination of solvent and thermal annealing is here the optimum treatment.

As described in chapter 2, solvent vapor annealing is a process that needs to be controlled meticulously in order to obtain continuously the same results. Furthermore the setup of a SVA chamber is rather complicated to be scaled up. Although we were able to obtain good results with a safe solvent PGMEA, it would be an advantage for manufacturing processes to be able to avoid SVA completely. In the following section, we present the alignment of SD16 by solely thermal annealing.

Thermal Annealing of SD16 on SiArc/SOC Graphoepitaxy Substrates

On SiArc/SOC trenches, we observe that it is not necessary to expose the sample to solvent vapor prior to thermal annealing. SEM micrograph of Figure 4-6 shows the perfect alignment of SD16 in SiArc/SOC trenches after 15min annealing at 150°C. Here, the SOC substrate leads to solvothermal annealing of the SD16. The SOC substrate, a polymer based material 35 , is permeable to solvents and can swell under solvent vapor. Here, during the deposition of SD16 by spin-coating, the solvent is partly absorbed by the SOC and retained until heated. The BCP is swelled from underneath as already explained for the PS-brushed Si substrates. Now that it is swelled, the diffusive energy barrier is below that of the unswollen BCP. Thus χeff is decreased and thermal annealing above Tg leads to polymer diffusion, whereas it would not be possible without the solvent. Moreover, the heating of the sample leads to the evaporation of the solvent, thus quenching of the BCP layer. It has been shown that the solvent removal step is of great importance during SVA. If the solvent is reduced slowly it often leads to a decrease in defect density 36,37 . The sample has then more time to reach lower energy configurations while the solvent is still present 15 . In our case, as the solvent resides underneath the BCP layer, we presume that the evaporation, as the solvent has to diffuse through the SOC and the BCP layer, happens rather slowly. Considerable rearrangements of the BCP chains can appear when the sample is heated while the solvent is still present. On silicon substrates the PS-brush with its 3 nm thickness is not able to retain as much solvent as the SOC layer during spin coating. We are thus able to obtain perfectly aligned PDMS cylinders by solely thermal annealing which presents a strong potential over SVA for upscaling processes. The obtained PDMS patterns can be used as etch mask for FinFET production, as will be shown in chapter 5. After having created good etching masks, pattern quality, line edge roughness and line width roughness, should be characterized.

Line Edge Roughness Measurements of SD16

The line edge roughness of features is a crucial aspect in semiconductor industry. Defects resulting from roughnesses higher than ITRS specification can cause short circuits and will degrade device performances.

If the roughness of BCP templates cannot be controlled within limits, the use of block copolymers in manufacture can be at risk. As of its high χ value, PS-b-PDMS exhibits sharper interfaces between the blocks, which is why its edge roughness should be decreased in comparison to lower χ value BCPs. This was described in the literature on PS-b-PDMS 17 .

Here we measured the roughness of SD16 in order to determine its applicative potential in industry. The )t was demonstrated that BCP are able to repair defects of chemoepitaxy patterns. Particularly lamellae BCP have been investigated on their behavior on chemical templates [38][39][40][41] . However, Stoykovich et al.

showed in experiments and simulations that the propagation of the roughness from the template into the BCP film is extremely dependent on the roughness geometry, wavelength and film thickness. The roughness in the BCP interfaces decays more rapidly in thick films than in thin films. Furthermore short LWR fluctuations were found to be mitigated very quickly in the polymer melt while long LWR wavelength damaged the BCP throughout its entire height 39 . The presented results were obtained on BCPs on chemoepitaxy substrates on which the healing process should be easier as there is no physical constriction.

Contrary to the healing effect, Cheng and coworkers described that the guiding template pattern can induce defect formation 42 . The authors observed local vacancies in a spherical microdomain array, when sharp edge features were observed on the sidewall feature. In order to accommodate for the missing domain, the array extends or contracts to maintain the ordered arrangement. Similarly to this results, we suppose that defects in the trench walls can cause perturbations in the whole array of PDMS cylinders in order to compensate the induced defect. As described in chapter 2, the LER of the graphoepitaxy sidewalls can be improved by performing post-lithography smoothening treatments in VUV, heat or HBr plasma.

The oxygen revealing plasma treatment is known to induce roughness on PDMS lines. Optimization of the plasma revelation step could also reduce this roughening. Finally, similar smoothing steps as those, proposed for lithography trenches could be applied on the PDMS lines.

Interesting for a future work would be the statistical investigation of LER/LWR on a CD-SEM and to study the evolution of the CD uniformity after pattern transfer. Such a study will be facilitated when decontaminated polymers will be available that could be implemented on full 300 mm tools available in the LTM lab and in Leti's cleanrooms.

Conclusion

This chapter presents the behavior of SD16 on silicon and SiArc/SOC graphoepitaxy substrates. It was shown that differences in surface energies result in different wetting behavior depending on the substrate, so different layer thicknesses are obtained. Furthermore the as-spun morphology is dependent on the substrate surface. On PS-brushed Si surfaces the as-spun state is further developed than on SOC substrates, probably due to the slightly better wetting of the PS block on the PS brush than on the SOC. Best alignment on Si graphoepitaxy samples were achieved through a solvothermal annealing in which the sample is first exposed to PGMEA vapor and then transferred to a hot plate to anneal for 15 min at 150°C.

On SiArc/SOC substrates, solely thermal annealing was sufficient to align the BCP inside the guiding trenches. Due to the thick layer of SOC, that is able to contain solvent like a sponge, the solvent desorbs by passing through the BCP during heating. The solvothermal annealing happens then in one single step, which is clearly an advantage when regarding upscaling processes. On silicon substrates, the PS-brush, with its 3 nm thickness cannot contain enough solvent which is why the sample has to be annealed shortly in solvent vapor prior to thermal annealing. Finally LER/LWR measurement were performed. It was shown that the values obtained for SD16 are far too high for any integration in the IC production. However, it is supposed that these values are partly due to the high LER values of the guiding trenches. The defects present after guiding trench etching, are then transmitted onto the BCP. The healing ability of BCPs,

shown in different reports, does not account here for our graphoepitaxy self-assembly. Future work includes the smoothing of template trenches by post-lithography treatments in order to reduce the LER of the final silicon lines. Furthermore a statistical analysis of the aligned BCP by CD-SEM and a comparison of revealed and transferred patterns in order to determine the impact of transfer etching could be interesting.

Introduction

After obtaining DSA defined mask patterns, generally a pattern transfer into the semiconductor substrate is required for further applications in the microelectronics industry. In the beginning of the microelectronic revolution, the miniaturized structures of the integrated circuits (ICs) were produced by selective chemical "wet" etching. Chemical wet etching is isotropic, etching not only vertically but also horizontally into the substrate. As feature sizes were several hundreds of nanometers, slight undercutting was not considered a problem. With decreasing feature sizes, the lack of profile control coming from the isotropic wet etching became problematic and was replaced by dry plasma etching. Plasma etching is the most used method today for anisotropic etching, which means etching in vertical direction with no or little lateral etching. A comparison of isotropic and anisotropic etching is shown in Figure 5-1.

Figure 5-1: Comparison of isotropic and anisotropic etching

A plasma is a gaseous medium consisting of neutral species, charged particles (ions, electrons) and photons and presents the most common state of matter in the universe (~ 99 %). In order to generate etching plasmas, an externally imposed potential accelerates the few electrons that are present in an inert molecular gas. These accelerated electrons induce inelastic collisions with neutral gas species and produce electron-ion pairs (ionization) and reactive neutral species, known as radicals (dissociation). These reactions produce species in excited states which go back to their ground state by emitting photons (the socalled electrical glow discharge). The simplest form of an etch reactor operates in vacuum and the semiconductor wafer that is to be etched is positioned on one of two opposed parallel plate electrodes (Figure 5-2). The electric field is maintained with a continuously applied radio frequency (RF) or microwave power in order to compensate for electron-ion pair losses on the reactor walls. Furthermore, a feed gas is introduced to create the chemically active radicals and or ions that are used to remove material 1 . In inductively coupled plasma (ICP) etching, which is used in our applications, the RF power source is coupled with a high (ion) density source, a planar coil, through a dielectric window as schematized later in this chapter.

Plasma etching basically involves two types of etching: chemical etching which is caused by the radicals and sputter etching which results from ion bombardment. In chemical etching, radicals chemically react with the surface and produce volatile species. Chemical etching is isotropic. In sputter etching, atoms are ejected from the surface by high energy ions arriving on the surface. Sputtering has very low selectivity but is highly anisotropic. Consequently, etch rates are generally low and similar for different materials 2 . For both cases, the etch product has to be volatile so it can be removed. Ion assisted chemical etching combines these effects while finding a good trade-off between selectivity and anisotropy.

In BCP lithography, plasma etching is used after the directed self-assembly, in order to transfer the patterns into the semiconductor material. In order to obtain high fidelity processes, some criteria have to be respected. The transfer etch has to be highly anisotropic and selective, and the pattern transfer should have good dimensional control with a high etch rate. The selectivity is the ratio between the etch rate of the etched material and the masking material. Ideally the selectivity should be high enough to etch the substrate without completely removing the mask material. Further, for industrial applications, the etch process needs to have high etch rates in order to increase the throughput. However, the etch rate should not be too fast in order to be still able to control the process during thin film etching. Finally, it is important to control the CD uniformity and to precisely reproduce the mask into the underlying substrate, without modifying the shape or size of the initial features.

The etching of BCP is problematic, especially for sub 20 nm feature sizes. The global pattern transfer of BCPs consists of basically two steps: the first one consists of selectively removing one block while the other remains as a hard mask for the actual pattern transfer (second step). Purely organic BCPs have often low etching contrast, which is why several studies demonstrate the complexation of one block with heavier elements in order to increase the contrast 3 . A detailed description of such processes is given in chapter 6.

When using blocks that contain inorganic elements, the etch contrast is intrinsically increased, as in PS-b-PFS (polystyrene-block -polyferrocenylsilane) 4 and PS-b-PDMS, and the etching is more straightforward.

In PS-b-PDMS, the PDMS wetting layer that is formed at the BCP/air interface due to the lower surface tension of PDMS has to be removed before etching the PS block. Silica-like structures are often etched in fluorine rich chemistry; CF4 plasma is then often used for PDMS etching 3,[5][6][7][8][9] . Organic polymers can then easily be removed with O2 plasma and, for silicon etching, halogen atom etchants (F, Cl, and Br) are often used 10 . As already detailed previously, due to the large surface tension differences between the blocks in PS-b-PDMS, it is important to carefully choose the substrate surface energy in order to prevent the formation of PDMS at the substrate/BCP interface. Several groups describe the increased mobility of PS-b-PDMS on PDMS-brush coated substrates but pay little attention to the subsequent transfer step 7,[11][12][13] . A PDMS brush layer is problematic for the pattern transfer because of its higher resistance towards plasma etching. Borah et al. demonstrated the pattern transfer of PDMS cylinders by using SF6/CHF3 plasma. Due to the fact that a PDMS brush was used for alignment an intermediate etching step consisting of CHF3/Ar plasma had to be used. This is a critical step, as it might attack the PDMS cylinders used as a hard mask.

Consequently ≈ nm silicon features with an aspect ratio of . were obtained. )n a follow up study the group achieved to increase the aspect ratio of obtained Si nanowires to approximately 2.8, by functionalizing the substrate surface with silicon containing hexa-methyldisilazane (HDMS) 14 . Whether an additional PDMS wetting layer is formed at the BCP/HDMS interface remains unclear. Jung et al.

demonstrated the pattern transfer of 16 nm wide ring-forming PDMS cylinders by sputtering a Co layer on top of the revealed structures 15 . The Co layer was then etched away using CF4 plasma, which is a very slow process (> 20 min). When revealing the buried PDMS structures, the etch speed increased drastically leading to a reversed image of the original PDMS cylinders. The Ross group demonstrated several similar methods in which metals were used to create a reversed image of the PS-b-PDMS pattern 16,17 . Impressive work has been shown by Liu and coworkers, who demonstrated the challenging transfer etch of sub 10 nm PS-b-PDMS (Mw=15kg/mol) patterns by using a chromium interlayer 18 . Aspect ratios of 10:1 have been obtained. However, to our knowledge, no high aspect ratio greater than 3 have been reported for PS-b-PDMS without the use of a metal mask reinforcement other than by these authors 19 . In this chapter, we present the direct pattern transfer of oxidized PDMS nanostructures into Si substrates without the use of any metal mask reinforcement. This is a great advantage regarding time and cost consummation but also regarding contamination issues that may arise from the use of metals in front-end of line microelectronics processes.

This chapter describes the etching processes involved in the pattern transfer of PDMS masks obtained by DSA of SD45 and SD16 into silicon substrates. As first described in chapter 2, PS-b-PDMS is aligned by graphoepitaxy on resist/SiArc/SOC trilayers. This configuration of a 193 nm photolithography resist on top of a silicon-containing hard mask with an underlying carbon containing layer is the most common in high resolution photolithography industrial applications. Indeed, a resist layer is used for pattern imaging with 193 nm photolithography. The SiArc and SOC layer are used in order to reduce substrate's reflectivity for improved resist imaging. The layers are prepared by spin coating and are both polymer based materials, with a high silicon content in the case of SiArc and high carbon content for the SOC layer. They should both be soluble in safe solvents (cf. chapter 2), and most importantly should have a good etching resistance during pattern transfer without wiggling or line distortion [20][21][22] .

The first section of the chapter concentrates on the revealing of the PDMS nanostructures, which is generally the same process for both PS-b-PDMS resolutions (16k and 45k). Then, two different Si transfer techniques are presented for SD45, before coming to the challenging Si transfer etch of SD16. Finally SD16 pattern transfer is demonstrated on Silicon-on-Insulator (SOI) substrates which opens up the possibility to use DSA for fin field effect transistor (finFET) devices. The experimental details of the used reactors and etching conditions are described in the next section.

Experimental Details

Most of the experiments are carried out in a plasma reactor suited for 300 mm wafers. Nevertheless, during this thesis, the 300 mm wafer etch reactor was unavailable for almost 10 month due to a long duration maintenance operation. During this time etch experiments (particularly those on SOI) were taken out in a 200 mm wafer etch reactor with less tuning possibilities. The reactors are both commercially available AdvantEdge decoupled plasma sources (DPS) from Applied Materials, Inc. and are schematically depicted in The interior walls of the 300mm and 200mm wafer reactors are composed of Al2O3 and the chamber temperature is kept constant at 65°C and at low vacuum, in the order of some mTorr. The 300mm wafer reactor has a diameter of 50cm with 17.2cm height, while the 200mm reactor has a diameter of 35cm with a height of 20cm. For both reactors, two RF power generators are used to ensure the inductively coupled plasma. The source generator source power from W to W at . M(z in the mm reactor and at 12.56MHz in the 200mm reactor) supplies the power for two ICP antenna coils that are situated on top of the reactor. The RF energy flowing in the antenna is transmitted to the plasma through a dielectric alumina window and induces a magnetic field in the plasma. This induces an oscillating electric field that accelerates electrons parallel to the reactor walls, making it possible to maintain the plasma at very low pressures (as low as 1mTorr) with high ion density (typically 10 11 to 10 12 ions/cm 3 ). The thermally regulated wafer holder, also called "chuck", is capacitively coupled to the second RF power supply (called "bias", power from 0W to 190W at 13.56MHz for both reactors). The bias power accelerates ions perpendicularly to the wafer. That way, a few hundreds of Volts can be obtained. When the bias generator is not used, a self-bias voltage of a few volts corresponding to the ion energy is established between the plasma and the wafer.

In order to increase the possibilities of the reactor and to better equilibrate the plasma chemistry and ion bombardement, the 300 mm wafer reactor allows pulsing the plasma. Pulsing the plasma means turning one of the generators on and off, at a pulsing frequency f (in the kHz region) and with a duty cycle dc=tON/(tON+tOFF). A duty cycle, dc, of 1 indicates continuous wave (CW) plasma and dc<1 is characteristic for pulsed plasma. Plasma pulsing is interesting for high aspect ratio etching as it allows a precise control of the plasma chemistry and it tends to reduce or even eliminate charging of the features 23,24 . It also helps to overcome any charging by providing extremely energetic ions to the wafer compared to typical CW processes 25 . In the pulsed plasma system that we used, the RF power delivered to the ICP coil is modulated
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The details of the etching processes that were used in this thesis are depicted in Table 5-1 and a detailed description of the recipes and samples is given in the concerning sections. In our experiments, the small samples of approximately 1cm 2 were patched on 300mm (or 200 mm) Si wafers in order to introduce them into the etching chambers. The carrier wafer type should be similar to the surface composition of the sample. The condition of the reactor walls can have a strong influence on the plasma process and consequently on the etch result, which is why cleaning, seasoning and conditioning steps were carried out before each etch experiment. At first, in the cleaning step, SF6/O2 plasma without bias is generated to etch silicon oxide layers or similar materials that remain from previous processes from the reactor walls. Subsequently, a two-step seasoning process deposits a SiO2 layer on the clean reactor walls. The first step consists of a SiCl4/O2 plasma process which deposits chlorine rich SiOCl on the walls. A further oxidation in a pure O2 plasma produces SiO2(Cl) layers with a very low percentage of chlorine.

Finally, in the conditioning step, the exact plasma process that is to be used on the sample is run in the chamber without the presence of the sample. During all of these steps, a dummy Si or SiO2 wafer is placed on the wafer holder for protection.

To characterize the etch steps developed in this work, SEM and FIB-STEM observations were performed on Hitachi S-5000 or JEOL 7500F and Helios 450S -FEI respectively. Conditions for sample observation are similar to those described in chapter 2.
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Revelation: Etching PDMS, PS and SOC

As explained in chapter 2, the stacks that were used for our experiments are composed of a thin PDMS layer formed at the air/BCP interface, horizontal PDMS cylinders in a PS matrix, a SOC layer and the silicon substrate. As a reminder, cross section STEM images of SD45 and SD16 in SiArc/SOC trenches are represented in Figure 5-4. Note that the PDMS surface layer is not distinguishable due to the deposited platinum layer for STEM observation that partly diffuses into the polymer. In order to get an impression of the layer composition, coloured highlights are introduced into the images. The revealing of the features consists thus of the removal of the PDMS surface layer, the PS matrix etching and simultaneous the SOC layer etching. These etching steps are all realized in CW mode (step 1 and 2 in Table 5-1). First, the PDMS wetting layer at the air/BCP interface is removed by CF4 plasma (Step 1). This step has to be carefully controlled in order to prevent the etching of the PDMS cylinders, which could result from a too aggressive or too long CF4 step. Figure 5-5 shows cross section SEM images of SD45 lines after step 1 of the etching process. It is noteworthy to say that for the sake of the SEM image, a very brief oxidation step was performed in order to enhance the contrast between SOC and PDMS. This first CF4 step was optimized prior to this thesis and adapted from previous work in the BCP group at LTM. Once revealed, the PDMS cylinders can be transferred into the SOC layer. The work on SD45 was partly performed in deeper trenches, with a remaining SOC layer of approximately 50 nm, and is compared here with those performed in thinner trenches with a remaining SOC layer of about 20 nm (cf. chapter 2). PS and SOC being essentially composed of carbon, they are removed with high selectivity during the HBr/O2 process step compared to PDMS, while oxygen is responsible for etching and HBr for the passivation layer. This way, the etch is much more anisotropic compared to a pure oxygen etching process.

Indeed, oxygen radicals react with the carbon of the PS/SOC layer to form COx volatile etch products. By introducing bromine, weakly volatile etch products such as CxHyBrz are formed which can redeposit on the feature sidewalls and form a thin protection layer. This passivation layer protects the sidewalls from lateral etching, allowing an excellent anisotropic etch of the lines. At the same time, the PDMS cylinders are oxidized and transformed into silicon oxy-carbide which was shown to have excellent robustness in oxygen plasma 26,27 . Ratios of O2 and HBr have to be carefully chosen so that the passivation layer has the right thickness for anisotropic etching. Otherwise, if the passivation layer is too thin the etching becomes isotropic or if the layer is too thick the process could stop altogether or produce sloped features. 70sccm

HBr to 30sccm O2 seemed in our case to be the optimum ratio. Then, several etching times have been tested in order to obtain optimum results. When etched too long, it comes first to the overetching of the SOC layer, i.e the SOC layer starts to be etched underneath the PDMS and SiArc guiding lines. The PDMS mask falls then in an uncontrolled manner onto the Si substrate and the long-range order can be lost. Also, the SOC can no longer participate in the reinforcement of the mask during Si transfer etching. Finally, when the etching continues, the SOC will be completely consumed and the PDMS cylinders start being attacked, which makes them finally useless as a hard mask. On the other hand, too short process times are also As can be seen for SD45, high aspect-ratio lines with vertical sidewalls could be obtained, but the nanolines width is much smaller in the case of the higher SOC thickness. The longer etching time, that is necessary to etch the whole 55 nm thick SOC layer leads to a trimming (reduction of feature size) of the PDMS mask from initially 19 nm to 15 nm. The shorter etch time, which is sufficient to reveal the thinner SOC layers, retains the initial PDMS critical dimension almost perfectly (18 nm). SD16 on the other hand shows anisotropic etching results where some of the lines are collapsed. This phenomenon is known to appear in high aspect ratio features after wet etching due to capillary forces 28 . Here, no wet etching was used and the solvent is most certainly completely evaporated under vacuum conditions. We suggest that humidity might play a role here when the sample is exposed to air after etching. Another possibility is the intrinsic stress in the SOC layer that is relaxed in the thin etched lines. The high aspect ratio of features makes the etching process into the silicon wafer difficult to control. In particularly, the collection angle of the plasma neutrals (as seen from the trench bottom or sidewalls) is restricted by shadowing of the adjacent features in high aspect ratio structures. The passivation layer is a very important factor that influences the slope of the final etch results. This layer is formed on the sidewalls either by deposition of low volatility etch by-products or by sputtering from the bottom of the feature. This layer is primordial for anisotropy as it protects features from lateral etching. In high aspect ratio feature however, the passivation layer thickness on the sidewalls becomes smaller with increasing aspect ratio.

The lateral etching of features may become important leading to a lift-off (complete etching underneath the mask) effect of the mask. Furthermore, insulating materials such as oxidized PDMS (and probably passivated SOC) are known to accumulate electric charges. As a consequence, the top of the feature sidewalls charges negatively and the bottom positively as positive ions are directional while the plasma electrons have an isotropic velocity distribution function. As a result, ions are slowed down and deviated towards the sidewalls. Consequently, at the bottom of a high aspect ratio feature, the ion flux and energy is much lower than on plane substrates and etching can stop or become too slow to ensure a reasonable etching depth with the available mask thickness. To overcome those issues, we used pulsed plasma with a baseline process composed of HBr / O2 plasma with a low amount of oxygen. The basic phenomena taking place during the two RF power phases can be explained as follows. During the ON phase, the plasma ignites and the electron (and ion) density rises to form H2O + , O2 + , HBr + , Br2 + type reactive species in the plasma 29,30 .

The ions are accelerated to high energy (about 250 eV) by the self-bias voltage that develops rapidly on the electrostatic chuck during this ON phase. Such a high energy allows them to reach the bottom of the trenches and assist the etching. Furthermore, the ion energy in pulsed plasma is high enough to sputter poorly volatile SiBrx species from the trench bottom. These species can redeposit on the feature sidewalls thus participating to their passivation 31 . This contribution is expected to be important. In the ON period, electron dissociation reactions produce reactive radicals (O, Br, H, SiBrx) in the plasma which will stick on the sidewalls to form a protective SiOBrx passivation layer. However, it is known that in high aspect ratio features, due to shadowing effects, only the top of the features can be protected by the passivation layer but not the bottom (oxygen atoms have a high sticking probability and cannot diffuse deep into the features) 32 .

The assistance of the SiBr species sputtered from the features bottom is expected to contribute significantly to form the sidewall passivation layers. increasing aspect ratio. Consequently, we found the silicon etch rate to decrease during the process, at 60s the etch rate is ~0.6 nm/s while it decreases to ~0.4 nm/s after 200s. As the PDMS mask is consumed during such a long etching process, a thick layer of SOC is necessary to maintain the pattern profile. The SOC becomes then principal etching mask with a Si/SOC etching selectivity of about 2.5. In thick SOC layer samples, not all the SOC layer is consumed and a thin layer (25 nm) can be retained even after 200s of etching, protecting the upper part of the lines. The critical dimension (CD) of the lines is measured consistently to be approximately 15 nm, which corresponds to the SOC line dimensions produced in the second etching step.

SF6/CHF3/Ar Continuous Wave Plasma Transfer Etching of SD45 on Thin SOC Layers

As explained in chapter 2, thinner SOC layers are advantageous for the pattern alignment of PDMS cylinders. A better reproducibility is obtained when the trench depth is similar to the domain length of the BCP. In order to decrease this trench depth it was necessary to modify the SiArc/SOC stack to a 23 nm high SOC layer. For this thicknesses, the pulsed plasma process becomes problematic for the transfer etching process. Figure 5-10 shows a comparison of etching results after 60 s and 120 s of pulsed HBr/O2 plasma etching. In order to increase the anisotropy of the silicon lines and to avoid the quick loss of the PDMS etching mask, another etching gas composition has been tested. SF6/CHF3/Ar plasma is known as a typical gate etching recipe and was used here to etch in the regime of anisotropic ion enhanced inhibitor etching: F atoms, produced by dissociation of SF6, etch silicon by forming SiFx whereas inhibitor precursors like CF3 or CHF3 generate fluoro-carbon polymer films, passivating the feature sidewalls 32 . By finding a good trade-off between ion bombardment and etchant to inhibitor flux ratio this can result in a protective layer only on the sidewalls allowing the etch process to proceed at the trench bottom. The nanolines show high regularity and anisotropy and are approximately 37 nm high and 18 nm wide, emphasizing the extremely good CD uniformity after etching with SF6/CHF3/Ar. Higher aspect ratios for this transfer were not achieved in the scope of this work.

Comparison of Pulsed and Continuous Wave Plasma on SD45

The silicon nanostructures, that were obtained with different etching techniques show considerably The CW mode etching has a higher etching rate (approximately 3 nm/s) as we obtained 37 nm deep silicon lines in only 10s (vs 60s for pulsed plasma). Furthermore, the obtained features are much more homogeneous and anisotropic and it seems that the PDMS mask is still intact, leading to anisotropic Si nanowires. In HBr/O2 plasma the passivation layer seems to be much thicker and only small parts of the wires are actually silicon, as depicted in the schematic of Figure 5-12.

Also, the results were found to be more reproducible than those obtained with pulsed plasma. Out of 10 etching tests in HBr/O2, 5 would lead to the destruction of the features, while the SF6/CHF3/Ar plasma achieved to work every time. On the STEM images it can be seen that there is no etching mask left in the case of pulsed plasma, which is why longer etching destroys the features. It was observed that the pulsed etching method was very sensitive and slight irregularities in the PDMS mask can destroy the resulting feature. Due to the rather low selectivity of HBr/O2 plasma, the SOC is attacked very quickly when the protecting PDMS cylinder is too thin, destroying the feature. This is emphasized in the STEM micrograph, where some nanolines are collapsed, probably due to slightly thinner PDMS cylinders in the middle of the trenches. During spin-coating deposition, the block copolymer material tends to be slightly thicker in the edges than in the middle of the trenches, because the trench walls induce capillary wetting. This would explain the high rate of failure for this pulsed plasma samples.

In the case of CW etching, the mask is still present, resulting in the anisotropic etch. It seems that the passivation layer is also more homogeneous in the case of SF6/CHF3/Ar, but the investigation of such thin passivation layers is delicate and the fact that the samples were exposed to air has probably altered the results.

In conclusion, for samples on thick layers of SOC, the pulsed HBr/O2 plasma process is a very efficient process that can achieve extraordinary high aspect ratio silicon lines. However its selectivity is rather poor (it attacks also the SOC layer) which is why, when thinner etching masks are used, it fails to work. Then, SF6/CHF3/Ar etch process is a very promising alternative, without the need of pulsing the plasma.

SF6/CHF3/Ar CW mode plasma succeeded in etching anisotropic lines of up to 37 nm, six times faster than the pulsed plasma process for similar heights. Industry processes have to be kept as short as possible in order to increase the throughput. The SF6/CHF3/Ar CW treatment yields anisotropic Si nanostructures with a reasonable aspect ratio considerably faster than the HBr/O2 pulsed plasma, which is why it is here the preferred process.

Transfer Etching of SD16

SD16, with its dense packing and small feature size, is particularly challenging for transfer etching. For the etching process, the mask has to be left sufficiently intact in order to successfully transfer patterns. The mask thickness and etching selectivity are crucial in this process. In SD16 however, the extremely small lateral features dimensions means very thin masks that cannot or rather poorly compensate for a lack of selectivity. Ideally, from a pattern transfer point of view, lamellar microdomains of PS-b-PDMS would provide better etch robustness, as the height of the PDMS domains could be very high compared to its width. However, perpendicular orientation of lamellae BCP is problematic to obtain, even for low-χ BCPs, especially in topographical guiding patterns. Such orientation is even more challenging when using high-χ BCP, as block-to-block as well as BCP/substrate, BCP/air interactions are stronger and less easy to control.

To our knowledge very few groups reported on large area perpendicular orientation of lamellar PS-b-PDMS microdomains 33 .

Pattern transfer experiments on SD16 were conducted similarly to those of SD45, starting with HBr/O2 pulsed plasma. HBr/O2 plasma has a limited selectivity, as it was shown on SD45 PDMS masks, and is even more problematic for the extremely thin mask of SD16. Figure 5-13 shows a SEM cross section micrograph of SD16 after a reduced time of 30 s pulsed HBr/O2 etching. After only 30 s of etching, the mask is completely etched and only residues remain at the bottom of the trenches. Several tests on different parameters have been done to optimize this etching procedure for SD16, but no satisfactory results have been obtained. As it was shown on SD45, the HBr/O2 pulsed plasma is sensitive to the PDMS etching mask uniformity and feature destruction was observed where PDMS cylinders were thinner. Cylinders of SD16 show a thickness of approximately 6 nm which is probably too thin to sufficiently protect the SOC layer from the HBr/O2 pulsed etching. Furthermore the SD16 pattern is extremely dense which makes it difficult for the etchant to reach the bottom of the features. In order to increase selectivity, the SF6/CHF3/Ar CW mode plasma etching method was tested on SD16. As can be seen in Figure 5-14, 8 s etching was successful and approximately 30 nm high and 10 nm wide silicon nanowires were obtained.

As seen in Figure 5-8, SD16 showed pattern collapse at an intermediate state after SOC revealing and before Si transfer etch. Samples were removed from the vacuum of the etching reactor and exposed to atmospheric pressure to take the SEM image, which may have introduced humidity and caused pattern collapse. This assumption is partly confirmed as Figure 5-14 was taken after a successive etching of SOC and Si transfer without exposure to atmospheric pressure. Pattern collapse seems to be reduced.

For a final product, the mask has to be completely removed in order to leave only the silicon substrate.

Therefore a stripping with O2 plasma was tested on SD 16 samples (see Table 5-1 for details). Figure 5-14

shows the results after stripping and it can be seen that the SOC has successfully been removed.

Nevertheless, Figure 5-14b) shows that residues of SiArc trenches remain. These residues would need a more aggressive treatment, like hydrofluoric acid for example, to be completely removed. In order to demonstrate a possible application of these silicon nanowires, trenches on SOI (silicon on insulator) wafers were designed for pattern transfer. SOI substrates are composed of a very thin silicon layer (here 30 nm) which is separated from the bulk silicon by a thin insulator layer (in our case 145 nm SiO2) and were introduced in microelectronics in order to increase the performance of devices compared to bulk silicon devices 34,35 . In SOI substrates, the silicon drain and source junctions are built above an insulator (in general SiO2 or sapphire), lowering parasitic capacitance and improving thus power Before depositing SD16, a thin layer of PS-brush is spin-coated on the substrate in order to obtain a PS attractive surface and prevent the formation of a PDMS interlayer (not shown in the sketch). In this case, the etching mask is considerably thinner than the SiArc/SOC stacks presented just before, consisting of 6 nm PDMS cylinders and only 3 nm PS-brush. As samples prepared on SOI were etched in the 200mm wafer etching reactor (cf. experimental section), different etching recipes have been developed that are detailed in Table 5-1 Erreur ! Source du renvoi introuvable.of the experimental section.

One possible application for patterning SOI substrates are fin field-effect transistor (finFET), where the transistor channel is wrapped from three sides by the gate. FinFETs have been introduced at the 22 nm node and show better electrostatic control than bulk devices 34 . Figure 5-16 shows SEM cross section images of the transferred PDMS lines. 

Conclusion

We have generated periodic silicon line patterns by using transfer etching processes typically used in industry. Different etching methods have been investigated and optimized in order to obtain a good tradeoff between anisotropy and aspect ratio. SD45 nanopatterns were transferred by using SiArc/SOC trilayer stacks. The SOC layer underneath the PDMS patterns serves as transfer layer, an additional mask thickness, Chapter 5 -DSA Pattern Transfer by Plasma Etching 124 which makes it possible to obtain extremely high aspect ratio (≈6:1) features with pulsed HBr/O2 plasma etching. For thinner SOC layers though, the selectivity of HBr/O2 chemistry based plasmas is too low and it is favourable to use more selective SF6/CHF3/Ar plasma in order to obtain even more anisotropic silicon lines. Anisotropic lines with virtually no slope and a reasonable aspect ratio of ≈2:1 were obtained. Finally, transfer etching of SD16 is challenging because of the extremely small etch mask of 10 nm width and only 6 nm height. After a first transfer into the SOC layer, patterns show some collapsing due to the high aspect ratio and high density of lines. HBr/O2 plasma are not selective enough and did not show any satisfactory results while SF6/CHF3/Ar etching achieves an aspect ratio of ≈3:1. For a future application of SD16 in, for example, finFETs, SD16 was deposited on SOI substrates, where PDMS masks are transferred directly into a Si layer, without using a transfer underlayer. The HBr/He-O2 etch in CW mode was less critical than in the case of SiArc/SOC layers and Si nanofins on insulator of 10 nm width are obtained. These are promising results for a potential finFET application of BCP on SOI. In order to investigate the long-range integrity of the obtained nanofins, electrical measurements of the nanofins network could be performed. Then, such a process could be inserted into a fully industrial finFET fabrication flowchart and evaluated in terms of final electrical device performances.
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Extended Functionalities for Block

Copolymer the second layer should align inside the grooves of the first SD45 layer. The PS-brush prevents thus the preferential wetting of the PDMS spheres on top of the already aligned PDMS cylinders. After the grafting of the PS-brush, the second layer of SD45 is deposited and annealed for 75min in PGMEA solvent vapor. 

Nanomesh Formation with Double Patterning of SD16

The same experiment was performed on SD16. SD16 has intrinsically cylindrical morphology and a morphology change cannot be accessed by selective solvent annealing like we presented for SD45, as we use thermal annealing for SD16. However it was shown that the spherical morphology can be accessed by blending the solution with a PS-homopolymer 9,[11][12][13] . By adding the PS homopolymer, the total volume fraction of PS in the BCP increases, while the one of PDMS decreases. By adjusting the amount of added PShomopolymer, the desired morphology can be obtained. In our case, equal portions of a hydroxylterminated PS solution of 1 wt% and the BCP solution were mixed in order to obtain a final PDMS volume fraction of fPDMS = 14% (for comparison, SD16 has initially fPDMS = 22.4%) 9 . Figure 6-4a shows the obtained spherical structure in hexagonal symmetry and cylindrical morphology (in Si graphoepitaxy lines) after standard annealing of 15min at 150°C. great influence on the alignment of the second layer 14 . Differences in the line edge roughness of SD16 must be responsible for the alternating positioning of the dots on or in between the templating cylinders.

Density Multiplication by Double Patterning of Cylindrical SD45 and SD16

The combination of SD45 and SD16 features was also tested with our method, but on planar SOC substrates here (Figure 6-6). Due to the lack of guiding trenches, SD45 shows fingerprint orientation with short range order. Despite this fact, it can be seen that SD16 aligns perfectly parallel to SD45, obtaining a density multiplication of the features. This work demonstrates the ability of BCPs to create complex 3D structures with extremely small feature sizes in a low cost manner. Moreover, the here presented method for PS-b-PDMS has the ability to be transferred into the silicon substrate, as no PDMS wetting layers are obtained. Etching mechanisms as presented in chapter 5 should result in successful pattern transfer and complex Si structures. These constructed structures can find applications as interconnections or vias in transistor, as membranes, LEDs or photovoltaics device fabrication.

Conclusion

In conclusion, this section demonstrates the fabrication of innovative hierarchical nanostructures of SD16 and SD45 that are formed by double patterning of different PS-b-PDMS systems. During this process, the first layer of PS-b-PDMS acts as a templating layer for the second BCP. By aligning the first layer by graphoepitaxy one can obtain long range order structures. The second BCP aligns itself during this process with respect to the first layer. The dimension of the templating cylinders has influence on the position of the second layer structures. Too thin templating lines lead to the alignment of spheres on top of the cylinders. Therefore, this process allows a high level of control over the self-assembly of block copolymers.

Especially small period BCPs can profit from this phenomenon and large scale sub-10 nm arrangement for lithography applications can be obtained. Furthermore, our process shows no PDMS interlayer between the BCP layers or at the substrate/BCP interface. The transfer etching of these features should thus be accessible via etching processes like those presented in chapter 5. It is imaginable that this double Other references show additional benefits of density multiplication by applying ALD on self-assembled BCPs 31,32 .

SIS is a technique that is very similar to the processes presented using ALD, with the exception that the BCP does not have to be etched before applying ALD. One block serves as a growth site during ALD cycles. That way the metal is grown within the BCP and not at surfaces as it is the case in the ALD processes presented above. Secondly, the block removal, which is a critical step that can induce roughness and defects, can be avoided 27 . Peng and coworkers were the first to introduce SIS in 2010 33 . They infiltrated the PMMA block of a self-assembled PS-b-PMMA layer by exposing the sample to metal precursor vapor. Precursors, such as TiCl4, AlCl3, Al (CH3)3, which are Lewis acids, react selectively with the carbonyl-groups of the PMMA. Since this first report many others have followed enlarging the variety of BCPs and metal precursors that can be used 27 . However, this infiltration technique is complex and relies on the use of high-cost equipment. To further simplify this process, spin coating of metal salts on self-assembled BCPs has been introduced. In While PS-b-PMMA was already used as a template for nanoparticle infiltration 39,40 , surface reconstruction in order to infiltrate one block by a spin-coating process has not been reported to our knowledge for PS-b-PMMA yet. In our case, the surface reconstruction of the sample was obtained with ethanol, based on experience within the Morris' group. )t is suggested that the solvent swells the PMMA block as depicted in the schematic in Figure 6789. 

Therefore, for good surface reconstruction the solvent has to be a good solvent for the block that is to be infiltrated and a non-solvent for the other block 35,41,42 . However, the exact mechanisms involved in surface The sample immersed in EtOH on the other hand shows some dewetting and or partial degradation of the BCP layer and the critical dimension compared to the sample exposed to EtOH vapor is decreased (22 nm when immersed and 28 nm in vapor). The swelling of the sample was certainly here too aggressive leading to a higher mobility of the PMMA domain. Due to capillary effects, the PMMA domain could be relocated partially on top of the PS lines. This makes clear that the full process of surface reconstruction is not fully revealed, but precise activation protocols have to be found in order to obtain good patterns for inclusion 35 .

Interestingly, the swelled samples are stable over days, without deswelling. The simultaneous heating at 40°C combined with the ethanol leads clearly to a more complex mechanism than just solvent swelling.

Metal Salt Inclusion and Pattern Transfer Etching

The surface reconstructed patterns are then used as a template for metal oxide inclusion. Iron oxide Fe3O4 is known to be a robust etching mask for silicon transfer that allows the etching of high fidelity nanostructures 35 . The iron salt is diluted in ethanol and spin-coated on the activated BCP to fill out the nanoporous structure. The concentration of the metal solution is chosen to be quite low in order to prevent the overloading of the BCP. Iron nitrates starts by filling the PMMA block, but when an excess of iron nitrate is present it can form either agglomerates or start filling the PS block, which could cause problems during the substrate transfer etching 35,44 . After spin-coating, the samples were immediately oxidized in oxygen plasma for 2 min. This allowed the oxidation and cross-linking of the metal nitrate and a simultaneous etching of all organic material. The SEM top view images in Figure 6-12 shows the oxide nanowires after metal spin-coating and oxygen treatment of the two samples shown in Figure 6-10. For pattern transfer, the 300 mm reactor could not be used du to contamination issues arising with the use of iron. The in chapter 5 presented process that was developed in the 200 mm etch reactor for SOI finFET etching was not adaptable for SiArc/SOC samples. In continuous wave on SiArc/SOC samples, the oxygen Chapter 6 -Extended functionalities of block copolymers 146 present in the plasma underetches the SOC layer and causes a lift-off of the mask. As pulsed plasma is not available in the 200 mm reactor, SF6/ CHF3/Ar plasma was tested, but not optimized, leading to the fluorination of the surface. For the moment, no pattern transfer has been obtained, but a proper optimization of the SF6/CHF3/Ar plasma in the 200 mm reactor could lead to high fidelity pattern transfer.

Conclusion

This section presents a simple metal inclusion technique that improves transfer etching properties of low-χ BCPs. Due to the poor etch selectivity of low-χ BCP, they are often not suitable for certain )C manufacturing processes. By integrating metal oxide into one of the blocks it seems that the selectivity is increased and these BCP can be transferred into the underlying functional material. Low-χ BCP are limited in size but

show interesting properties and are particularly well understood compared to some exotic high-χ BCPs, which is why the transfer etch of these BCP is interesting. In the presented approach, an iron salt solution is spin-coated on a self-assembled and surface reconstructed PS-b-PMMA. By exposing the obtained sample to O2 plasma, the remaining organic polymer is removed and the metal nitride oxidized to iron oxide. This can be used as a robust etch mask for pattern transfer. On plane silicon, where the iron oxide was deposited directly on the substrate without a transfer layer, structures of 35 nm height could be obtained. When deposited on SOC layers, the etch mask could possibly be transferred into the substrate with high aspect ratio when optimizing the etching parameters This thesis explored the capabilities of directed self-assembly (DSA) of cylindrical Poly(styrene)-b-Poly(dimethylsiloxane) (PS-b-PDMS) as a potential next-generation nanopatterning technique. Since the beginning of microelectronic industry, with the invention of integrated circuits, the technology progress was tremendous. Ever smaller transistors are built, increasing evermore the performance of chips.

However, conventional photolithography, which has been for decades the key technique for micro and nanopatterning, is reaching its physical limit. Therefore, alternative nanopatterning techniques are desperately needed in order to keep the technology progress up. Block-copolymers (BCP) that have the unique ability to self-assembly into ordered structure seem to be a promising candidate to be used in future patterning techniques. Block copolymer with high incompatibility between their blocks exhibit a high Flory-Huggins interaction parameter χ and are capable of attaining feature sizes of a few nanometers.

PS-b-PDMS has a relatively high χ parameter and, due to its very good etching properties, high resolution silicon structures can be obtained. However, in order to implement high-χ block copolymers in industry, reliable processes that meet the requirements of manufacturing standards, have to be established. During this thesis standard techniques and processes that are used today in research laboratories have been investigated and optimized in order to propose industry-compatible processes.

After having described the context of this topic in chapter 1, in chapter 2 we have seen that PS-b-PDMS (Mn = 45kg/mol, called here SD45) can be directed to self-assemble in graphopepitaxy stacks, that are currently used in 193 nm conventional photolithography processes, via solvent vapor annealing (SVA). The obtained guiding trenches are composed of silicon anti reflective coating (SiArc)/Spin-on-Carbon (SOC) layers whose depth was found to be crucial for self-assembly. Too deep trenches lead to a loss of self-assembly control and the obtained PDMS lines show fingerprint orientation. If the trench depth is close to the natural period on the other hand, large area, nicely aligned PDMS cylinders could be obtained after solvent vapor annealing in toluene. Nonetheless, toluene is a toxic solvent that could be complicated to be introduced into industry production lines. Therefore the annealing of SD with several safe solvents has been investigated in respect to vapor pressure and selectivity of the solvents. The selectivity dictates the morphology, while the ordering of the obtained structure was proven to depend mainly on the vapor pressure of the solvent. For SD45, high vapor pressures lead to cylinders without long range order, while the quality of the cylinders depends on the selectivity. Low vapor pressure solvents have the capability to align SD45 in long range order, while the selectivity changes the morphology from perforated lamellar, passing through the cylindrical state, to the spherical state. Higher vapor pressures, above a certain threshold, were found to lead to the same morphologies but with a loss in ordering. We were able to create a cartography of safe solvents for PS-b-PDMS which allows choosing desired morphology and adapt alignment quality via vapor pressure.

Further in-situ grazing incidence small angle X-ray scattering (GISAXS) measurements were performed at the European Synchrotron Radiation Facility (ESRF) in order to gain insight in the phase separation kinetics. During solvent vapor annealing in PGMEA, a change of the natural domain spacing could be observed by GISAXS analysis. However, due to safety restriction, decomposition of the BCP layer under Xray beam and beam availability time restriction, the obtained results could not be exploited in-depth to obtain fully significant results.

Finally the line edge roughness of SD45 has been analyzed. As the scaling down of feature sizes continues, the line edge roughness has more and more impact of the final device performances. High line edge roughness (LER) and line width roughness (LWR) values are known to have a great impact on the device performances, which is why the International Technology Roadmap for Semiconductors (ITRS) set requirements of the σ roughness to be smaller than % of the line width. Line edge roughness were found to be 3.4 nm on a mean critical dimension of 27 nm (12 %) and LWR were as low as 2 nm (7 %). These values might be slightly too high with respect to the ITRS requirements but it is suggested that roughness of guiding trenches has a great impact on the BCP roughness. Several methods have been proposed to smooth guiding trenches roughness which will likely reduce the roughness of the BCP, too.

In the third chapter a method was presented that makes phase separation of high-χ BCPs possible without solvent vapor annealing. SVA is, as described, a complicated procedure that is unlikely to be used in industrial environment subjected to very strict rules in terms of health and safety. Thermal annealing remains the simplest method for self-assembly of BCPs but has to be optimized especially in terms of annealing duration that has to be compatible with industrial process throughput. PS-selective plasticizers have been introduced into the PS-b-PDMS solution before spin-coating and its influence on the BCP has been studied. As the plasticizer and the solvent, propylene glycol monomethyl ether acetate (PGMEA), are PS-selective, PS-b-PDMS forms micelles in solution. During spin-coating, enough mobility can be maintained due to the low vapor pressure of the plasticizers, even after solvent evaporation. That way, well arranged micelles are obtained right after spin. This already organized state is advantageous for the subsequent annealing step. The added plasticizer reduces sufficiently the diffusive energy barrier to obtain well aligned cylinders in only 30s of thermal annealing. Large area alignment could be obtained by directing the self-assembly in SiArc/SOC trenches. This process avoids solvent vapor annealing completely and decreases process time by at least a factor of 1000 when comparing to thermal annealing of high-χ, high-N BCPs without added plasticizers. Finally, as a proof of concept, the process was applied on a full 300 mm Si wafer. In this way, we have demonstrated a practical method of DSA that is actually realizable on industrial manufacturing tools.

The 4 th chapter deals with more aggressive resolutions of PDMS feature sizes. A low molecular weight PS-b-PDMS, (Mw=16kg/mol, here called SD16) was investigated in terms of surface wetting and phase separation behavior. Two different graphoeptiaxy templates have been used. The first is composed entirely of bare Si substrate, where, via 193 nm lithography, trenches of varying sizes can be obtained. In this case the application of a PS-brush was necessary in order to prevent the wetting of the PDMS block at the BCP/silicon substrate interface. Since low molecular weight BCP have faster kinetics and higher chain mobility, a short annealing in solvent vapor, followed by thermal annealing, was shown to be sufficient for phase separation and long range order. As previously explained, SVA is unsuitable for mass production on full 300mm wafers. Therefore, the best option is to avoid SVA and use only thermal annealing. The SiArc/SOC trenches that were also tested for the DSA of SD16, were demonstrated to be able to retain solvent from the deposition by spin-coating. Later, during thermal annealing, this stocked solvent can then evaporate by diffusing through the BCP and participate in the phase separation of the BCP. That way, thermal annealing alone was enough to obtain long range ordered PDMS cylinders. Finally, the line edge roughness of with SD16 obtained nanopatterns was investigated and found to be relatively more important than that of SD45. Since the feature size is smaller, the roughness induced by the lithography templates is comparatively more important. However, on the basis of our various investigations, we are confident that this value can be decreased by smoothening techniques on the graphoepitaxy templates.

In chapter 5 we discussed the pattern transfer of the obtained nanostructures by plasma etching. Because of the variety of nanopatterns obtained by BCP's DSA process on various types of underlayers, several plasma ignition types and chemistries have been investigated. Etching processes with pulsed plasma of HBr/O2, continuous wave (CW) plasma of SF6/CHF3/Ar and CW plasma of HBr/He-O2 were developed inside industrial standard reactors and their performances were evaluated by morphological analysis.

Pulsed plasma was efficient for nanopatterns aligned on thick layers of SOC, as the etch mask is sufficiently high to compensate for low selectivity between Si and SOC etch. Extremely high aspect ratio features of up to 90 nm height and 15 nm width could be obtained. However, the CD control was shown to be rather low on thick SOC layers, as the nanostructures lose 20% of their initial thickness during the revelation step, where PS matrix and SOC layer are etched away. The obtained mask lines have then an aspect ratio of 3.6:1 which causes them partly to collapse, probably causing low reproducibility of the process. When reducing the thickness of the SOC layer, which is necessary for the good alignment of the BCP, the HBr/O2 plasma is not selective enough and SF6/CHF3/Ar was found to yield better results that were highly anisotropic with virtually no slope. Aspect ratio were reasonable of ≈ : .

The transfer etching of SD16 was confirmed to be more challenging because of the extreme small PDMS etch mask of 10 nm width and only 6 nm height. After a first transfer into the SOC layer, the patterns were shown to collapse due to the high aspect ratio (≈ : and extreme high density of lines. This phenomenon could be minimized by performing the whole etching process in one step, without exposing the samples to ambient pressure between PDMS revelation and the real transfer step. It is believed that humidity from the environment could be introduced into the SOC layer when retreating the sample from the vacuum chamber and being responsible of such modifications. HBr/O2 plasma was not selective enough and did not show any satisfactory results for SD16. SF6/CHF3/Ar etching however achieved to etch anisotropic silicon lines with an aspect ratio of ≈3:1. For a future application of SD16 in, for example, finFETs, SD16 was deposited on SOI substrates, where PDMS masks are transferred directly into a Si layer, without using any transfer layer. During this study, the 300 mm etch reactor used for pulsed HBr/O2 etching was unavailable which is why a third etching recipe, continuous wave HBr/He-O2, was investigated. Here, where PDMS cylinders were deposited on only 3 nm thick PS-brush, the CW mode etching was less critical than on SiArc/SOC layers and 10 nm wide Si nanofins laying on silicon dioxide are obtained. These are promising results for a potential finFET application of BCP on SOI.

Chapter 6 regroups two innovative approaches for DSA of BCPs that extend the classical approach of directed self-assembly. In the first, multiple patterning of SD16 and SD45 leads to hierarchical, complex nanostructures that could be used for example in photovoltaic, LEDs or bit-patterned media. We assembled first cylinders of SD45 on graphoepitaxy templates and added as a second layer dot forming SD45. The difference in morphology was obtained by changing the annealing solvent from toluene, for cylinder formation, to PGMEA, for dot formation. The first layer acts then as a graphoepitaxy template for the second layer of PS-b-PDMS. Nanomesh like structures were obtained in which the dots oriented themselves perfectly in the cylinder template. The same structure could be obtained with SD16. Dot formation was here obtained by adding PS-homopolymer brush to the SD16 solution. It was found out that the roughness of the templating lines had great influence on the position of the second layer of dots. The second layer dots arranged themselves on top or between the templating lines, depending on the relative distance between these lines. When using SD45 cylinders as template for SD16 cylinders, the smaller cylinders aligned themselves, again perfectly in the templating lines. This multipatterning approach leads to a density multiplication and the controlled alignment of different structures, by using only one single photolithography step. Especially small period BCPs can profit from this phenomenon and large scale sub 10 nm arrangement for lithography applications can be obtained. Furthermore, our process shows no PDMS interlayer between the BCP layers or at the substrate/BCP interface. The transfer etching of these features should thus be accessible via etching processes like those presented in chapter 5. It is imaginable that this double patterning could be increased to multipatterning, obtaining three dimensional structures that could be used for interconnections or vias in the IC manufacturing.

when etched in oxygen plasma, it can create severe roughness which is problematic for IC integration, especially in the sub 10 nm region. Therefore, other high-χ materials that do not contain PDMS, like Polylactic acid (PLA) based or completely new BCPs, could be a better option for industry integration.

When designing purely organic BCPs however, it has to be taken into account that a lack of etch selectivity has to be compensated, by for example using sequential infiltration synthesis (SIS).

Decreasing further the feature size means decreasing likewise the mask thickness, since both quantities scale with the BCP domain size. The thinner the etch mask, the smaller the etch resistance. Therefore, lamellar morphology should be preferred over cylindrical morphology for finFET fabrication for example.

The thickness of vertical lamellar can be chosen individually high, showing thus a strong advantage for pattern transfer. However, today, the vertical orientation is difficult to achieve especially for high-χ BCP, which is why a lot of progress has to be made in terms of surface treatment.

Furthermore, for industry, the nanofins density on one wafer has to be as high as possible. When using graphoepitaxy templates, considerable space of the wafer is occupied by the guiding lines which have no use in the later process. Therefore, chemoepitaxy, where no space is wasted, should be improved in order to achieve higher density multiplication.

In the last decade, tremendous progress in the understanding and controlling of BCP self-assembly has been made. Although there are still a lot of challenges to be overcome, continuing the research promises an interesting future for the DSA of BCPs.

nécessaire pour le bon alignement du CPB (comme observé dans le chapitre 2), un plasma continu plus sélectif à base de SF6/CHF3/Ar a montré des meilleurs résultats. Des nanostructures extrêmement anisotrope, avec un rapport d'aspect de ≈ : et pratiquement sans pente ont été obtenues six fois plus vite qu'en plasma pulsé.

Le transfert par gravure de lignes plus résolues (SD16) est encore plus difficile car les motifs de PDMS sont extrêmement petits, avec une largeur de 10 nm et une hauteur de seulement 6 nm. Après un premier transfert dans la couche de SOC, un effondrement des motifs en raison du fort rapport d'aspect et de la forte densité est généralement observé. Ce phénomène a pu être réduit en traitant les échantillons en une seule étape de gravure, sans les exposer à la pression ambiante entre la révélation et le transfert de motifs.

On suppose que l'exposition de l'échantillon à l'humidité ambiante pourrait modifier les propriétés mécaniques de la couche de SOC et également faire apparaitre des forces capillaires entre les nanostructures qui pourraient causer leur écroulement. La relaxation d'un stress mécanique intrinsèque au SOC après gravure pourrait également amplifier à ce phénomène.

En ce qui concerne le transfert de motif, le plasma pulsé HBr/O2 n'a pas montré de résultats satisfaisants pour le SD16, ce qui était sans surprise car le SD16 est aligné sur des couches de SOC relativement épaisses pour cette résolution. La gravure avec le procédé SF6/ CHF3/Ar est nettement plus satisfaisante et des lignes de silicium anisotropes avec un rapport d'aspect de ≈ : ont été obtenues. Pour une application future de SD16, par exemple pour la fabrication de FinFETs, le SD16 a été déposé sur des substrats siliconon-insulator (SOI). Le masque de PDMS est alors transféré directement dans la couche de Si, sans utiliser de couche de transfert comme le SOC. Au cours de cette étude, le réacteur de gravure de plaque de 300 mm de diamètre, qui était utilisé jusque-là, était indisponible. C'est pourquoi une troisième recette de gravure, avec une chimie HBr/He-O2 en mode continu, a été étudiée. Ici, les cylindres de PDMS ont été organisés sur seulement nm d'épaisseur de brosse de PS comparé à ≈ nm d'épaisseur de SOC dans l'étude précédente. Nous avons tout de même réussi à ouvrir complétement et de manière très anisotrope la couche de Si de nm d'épaisseur pour créer des nano-fins isolés de 10 nm de largeur. Ce sont des résultats prometteurs pour une application des CPB dans la fabrication de finFETs. Les travaux futurs pourraient inclure la mesure électrique des nanofins obtenus. En outre, pour l'industrie, la densité de nanofins sur une plaque de silicium doit être aussi élevée que possible. Lors de l'utilisation de la graphoepitaxie, un espace considérable de la plaque est occupé par les lignes de guidage, qui n'ont aucune utilité par la suite. Par conséquent, la chemoepitaxie, où aucun espace n'est perdu, devrait être améliorée afin de parvenir à des multiplications de densité plus élevées.

Dans la dernière décennie, d'énormes progrès dans la compréhension et le contrôle des CPB ont été fait.

Bien qu'il y ait encore beaucoup de défis à relever, la poursuite de la recherche fondamentale promet un avenir intéressant pour le DSA de CPB.
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  In the last decades, many efforts have been made in terms of miniaturization, cost, speed, power consumption and versatility concerning the silicon based integrated circuits (IC) industry. In 1947 the first microprocessor was commercialized by Intel and possessed about 2300 transistors. 1958 Jack Kilby invented the first integrated circuit at Texas )nstruments and by the 'ies one chip contained about transistors. Ever since, tremendous progress has been made and today's microprocessors contain up to four billion transistors. To illustrate the evolution of transistor, Figure 1-1 shows a replica of the first transistor and a 300 mm wafer that contains hundreds of millions of transistors.
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 11 Figure 1-1: Comparison of the first transistor 1 and today's mm wafer containing hundreds of millions of transistors 2
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 12 Figure 1-2: Representation of Moore's law 4
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 13 Figure 1-3: Schematic representation of the optical photolithography process
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 14 Figure 1-4: Schematic representation of projection lithography 6
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 15 Figure 1-5: Schematic of two double patterning approaches: litho-etch-litho-etch (LELE) and litho freeze process13 

Figure 1 - 6 :

 16 Figure 1-6: Schematic of the nanoimprint lithography process: first, the mold is pressed onto a resist in order to create a thickness contrast, then the mold is removed, and residue resist between features is removed by reactive ion etching

Figure 1 - 7 :

 17 Figure 1-7: Schematic of BCP lithography as a complementary technique to photolithography Block copolymers are macromolecules, composed of at least two different monomers, separated in different blocks that are linked by a covalent bond. These materials have the unique property to selfassemble into micro and nanodomains, due to non-favorable segment interactions. The domain size and shape is dictated by molecular weight and volume fraction of the blocks. Block copolymer lithography takes advantage of this property and uses shapes like spheres, cylinders or lamellas in the nanoscale dimension
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 19 Figure 1-9: Self-consistent mean field theory phase diagram of diblock copolymers 20 . Obtained morphologies are closedpacked spheres (CPS), body centered cubic spheres (BCC), hexagonal cylindrical (HEX), bicontinuous gyroid (GYR) and lamellar (LAM). Below the ODT threshold, the system is disordered (DIS)
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 1110 Figure 1-10: Schematic representation of different morphologies of a diblock copolymers depending on the volume fraction of block A 25 The phase diagram represented in Figure 1-9 was obtained by SCFT calculations. In order to verify the simulated phase diagram, experimental phase diagrams have been developed and show some discrepancies with calculated diagrams. An experimental phase diagram of Polyststyrene-block-Polyisoprene (PS-b-PI) (Figure 1-11 showed for example that the critical ODT point was at χN = (compared to 10.5 in SCFT diagram)26 . Moreover, the experimental diagram is not symmetric in terms of volume fraction which is due to monomer volume asymmetry and differences in segment length of PI and PS.
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 111 Figure 1-11: Experimental phase diagram of PS-PI 26 . Lm3m and la3d are crystallographic space groups
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 112 Figure 1-12: Schematic of lamellar AB diblock copolymer with different interfacial wetting. Parallel lamellas under (a) symmetric and (b) asymmetric wetting. Perpendicular lamellas under (c) neutral wetting. (d) Complex structures under mixtures of preferential and neutral wetting21 
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 1 Figure 1-13: (a,b) Scanning force microscopy (SFM) phase images of thin films of PS-b-PB-b-PS on Si substrates after annealing in chloroform vapor. PB wets the substrate and bright areas corresponds to PS microdomains. (c) Schematic height profile of the phase images shown in (a,b). (d) Simulation of an ABA block copolymer film with increasing film thickness. B shows preferential wetting towards the surface 39 .
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 114 Figure 1-14: Schematic illustration of the spin-coating process[START_REF] Morris | Directed Self-Assembly of Block Copolymers for Nanocircuitry Fabrication[END_REF] 
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 115 Figure 1-15: Top view scanning electron microscopy (SEM) images of (a) angled lamellae of PS-b-PMMA 65 and (b) PS-b-PMMA directed to assemble into nested arrays of jogs, isolated PMMA jogs, isolated PS jogs and arrays of T-junctions[START_REF] Stoykovich | Directed Self-Assembly of Block Copolymers for Nanolithography : Essential )ntegrated Circuit Geometries[END_REF] 
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 116 Figure 1-16: Schematic illustration of sparse chemoepitaxy. The chemical patterns have a pitch twice as highs as that of the block copolymers. The self-assembled block copolymer doubles the spatial frequency of the underlying guiding chemical patterns[START_REF] Cheng | Dense Self-Assembly on Sparse Chemical Patterns: Rectifying and Multiplying Lithographic Patterns Using Block Copolymers[END_REF] 
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 1 Figure 1-17: a) top view SFM image of a single crystal of PS-b-P2VP on top of a mesa 69 . b) Top view SEM images of aligned PS-b-PFS spheres in trenches of various widths (N=2-12 rows)[START_REF] Cheng | Fabrication of Nanostructures with Long-Range Order Using Block Copolymer Lithography[END_REF] 
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 118 Figure 1-18: top view SEM images of (a) PS-b-PDMS cylinders in concentric ring patterns with varying diameters 79 and (b) Platinum nanowires obtained from self-assembly of PS-b-P2VP in different shaped templates. The different orientations of the cylinders in c) and d) are due to a defect in the template structure 81 .
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 1 Figure 1-19: top view and tilted SEM images at different stages of the bit patterend media fabrication. (a) BCP template after PMMA removal, (b) Si master template after reactive ion etching, (c) Magnetic islands, (d) Bright field transmission electron microscope (TEM) cross-section image through two consecutive rows of bits[START_REF]International Technology Roadmap for Semiconductors[END_REF] 
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 111 Figure 1-20: (a) Schematic representation of directed self-assembly of sphere-forming PS-b-PDMS thin films by a 2D lowtopographic holes array resist prepattern with LS=2L0 and corresponding SEM top view images. (b) Schematic representation of directed self-assembly of sphere-forming PS-b-PDMS thin films by a 1D high-topographic groove pattern and corresponding SEM images (top L0=22.3 nm, bottom L0=15.2 nm) 87 Fin field-effect transistors (finFET) are another possible application of DSA of BCPs. FinFETs are 3 dimensional double gate transistors that are traditionally build on Silicon on Insulator (SOI) substrates. FinFETs use a conducting channel that stands on the insulator material, shaped like a fin. This fin-shaped gate electrode allows the connection of multiple gates on one single transistor. The implementation of periodic line-shaped BCP patterns could reduce their feature size and improve the performance. By customizing the guiding pattern for graphoepitaxy, Tsai et al. demonstrated the fabrication of a 29 nm pitch finFET device, derived from the DSA of PS-b-PMMA 92 . The authors present the formation of self-aligned pattern-free regions between groups of aligned lines and a cutting of lines by additional lithography and etching processes. The process flow of the finFET fabrication is depicted in Figure 1-21
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 21 Figure 2-1: Schematic of the ordering front that propagates into the film, when the solvent is evaporated after SVA.8 

  block copolymer of PS-b-PDMS with an overall molecular weight of 45.5 kg/mol is purchased from Polymer Source, Inc. and used as received. All solvents used for annealing or solution preparation are purchased from Sigma Aldrich. The patterned substrates are printed with a photoresist by 193 nm lithography (Nikon S307E 0.85NA dry ArF scanner) on the following stack: 577 nm photolithography resist/35 nm Si anti-reflective coating layer/50 nm (or 95 nm) spin on carbon/silicon substrate. This stack is generated using a SOKUDO RF3 coating track. All parameters used are set on the basis of suppliers recommendations. Achieved resolution is better than 100 nm. The graphoepitaxy trenches are then created by etching the SiArc/SOC substrates with Ar/CF4/CHF3 and HBr/O2 chemistries for SiArc and partial SOC etching, respectively, leading to a guiding trench depth of 45 to 60 nm depending on the initial SOC layer thickness, the mesa and trench width varied between 125 nm and 1.5 m. The full process of DSA for PS-b-PDMS is depicted in Figure2-2.
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 22 Figure 2-2: Process flow of the directed self-assembly of BCP45 using SiARC/SOC trilayer stacks. First the guiding trenches with desired depth are created using a 193 nm resist and plasma etching. Then the BCP is deposted by spin coating and annealed by solvent vapor annealing. PS and SOC are etched away and simultaneously the PDMS structures are oxidized.
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 23 Figure 2-3 Sketch of a 193 nm Resist/SiArc/SOC trilayer before and after trench etching
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 2 4 shows a top view SEM micrograph and GISAXS profile of SD45 after SVA on plane SOC surfaces without topography and brush surface treatment. The peak position of the GISAXS scattering profile of Figure 2-4 corresponds to the periodicity of SD and gives a value of ≈ ±1 nm. The corresponding SEM image reveals well aligned cylinders after this solvent vapor annealing without the use of any brush surface treatment. It is suggested that the high chemical similarity between SOC (mostly composed of carbon) and PS leads to advantageous wetting behavior towards PS-b-PDMS, making it unnecessary to treat the surface with additional polymer brushes or other functional layers.
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 24 Figure 2-4: (left) GISAXS profile of SD45 on plane SOC surface, annealed for 75min in toluene vapor. (right) SEM top view image of the same sample after plasma etching to reveal PDMS cylinders for SEM observation
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 25 Figure 2-5: (a-b) FIB-STEM cross section images of SD45 in 45 nm (a) deep and 60 nm (b) deep SiArc/SOC trenches after 75min SVA in toluene. (c-d) corresponding SEM top view images
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 26 Figure 2-6: Schematic of the solvent vapor annealing setup
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 27 Figure 2-7: SEM micrographs of SD45 in SiArc/SOC trenches after different times of annealing in toluene vapor
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 28 Figure 2-8: Vapor pressure vs. total Hansen solubility parameter of selected safe solvents and the polymers PS and PDMS27 The final morphology of a BCP depends on the volume ratio between the two blocks which is first determined by the degree of polymerization of each block. By adding a PS selective solvent, for example,
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 29 Figure 2-9: Top-view SEM images of SD45 after 75min SVA in different solvent vapors
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 210 Figure 2-10: Top view SEM images of SD45 after 20min annealing in butylacetate on (a) SiArc/SOC trenches and (b) on plane SOC surface
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 211 Figure 2-11: Cartography of morphologies and ordering that can be obtained with selected solvents in SD45
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 212 Figure 2-12: Schematic of the GISAXS setup for in-situ SVA measurements

  -12). Kapton sidewalls allowed the x-rays to enter and exit the chamber. PGMEA or Toluene was introduced via an automated syringe setup as shown in Figure2-12. The chamber volume and solvent surface and volume were chosen to reproduce the same experimental conditions used in the Petri dish set up.
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 2 Figure 2-13 a) GISAXS intensity pattern and b) GISAXS intensity profile of SD45 during PGMEA vapor annealing

  Figure 2-14.

Figure 2 -

 2 Figure 2-14: LWR measurement illustration on one line of SD45

Figure 3 -

 3 1and provides a preview of the obtained results. SD42 and DOS were solubilized in propylene glycol monomethyl ether acetate (PGMEA) having both 1 wt% concentration. The solution (DOS42) was spin-coated on a PSbrushed Si substrate as described in the experimental section, so that a BCP monolayer was spread out (Figure3-1 1). During spin-coating, plasticizer molecules remain in the PS chains of the BCP χPS-DOS=0.1) due to their negligible vapor pressure of less than 1 mPa (Figure3-1 2a). After spin-coating on functionalized Si substrates, a CF4 followed by an O2 plasma etching step was performed to remove the PDMS top layer and the PS matrix, respectively. This two-step plasma etching reveals an oxidized-PDMS sphere network having long-range order without any post-coating treatment (Figure3-13a). A morphology transition from spheres to horizontal cylinders is obtained via ultra-fast TA treatment (30s) after spincoating (Figure3-1 2b). Finally, after pattern revelation by two-step plasma etching, a horizontal cylinder mask is obtained (Figure3-1 3b). The stable morphology for SD42 is hexagonal cylinder packing, according to the phase diagram predicted by the self-consistent mean field theory. These mechanisms are expained in detail in the following.
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 31 Figure 3-1: Schematic of the self-assembly of plasticized PS-PDMS 1) Plasticizers such as DOS or DOA are incorporated into the PS-PDMS solution. 2a) BCP solution is spread out on substrates. Low volatile plasticizers remain in the PS-PDMS thin films, giving mobility to micelles to induce self-assembly. 3a) CF4 followed by O2 plasma etching to remove the PDMS toplayer, PS matrix and oxidize PDMS spheres results in a one-step self-assembled mask without any post-annealing treatment. The as-spun film is subjected to 2b) an ultra-fast thermal annealing inducing plasticizer evaporation and a morphology transition from spheres to horizontal cylinders. 3b) Plasma etching reveals the oxidized-PDMS cylinders.In order to understand the mechanism of the tested plasticizers on PS-b-PDMS self-assembly, the BCP was studied in the three steps involved in Figure3-1 1) PS-b-PDMS-DOS (DOS42) system in PGMEA solution, 2) PS-b-PDMS-DOS thin film and 3) the final self-assembled PS-b-PDMS. In the first step, dynamic light scattering technique was used, to analyze the effect of DOS in DOS42 solution by measuring the hydrodynamic diameter (Dh) of PS-b-PDMS micelles. Adding a selective solvent to the BCP solution changes the PS volume fraction fPS, leading to a shift of the micellar morphology 11 . PGMEA is a PS block-selective solvent and leads to the formation of PScorona -PDMScore micelles in solution. As DOS is also PS-selective, spherical micellar formation is expected. Figure 3-2a shows the distribution of Dh of micelles in DOS42 solution indicating a monodisperse solution of PS-b-PDMS micelles, where mean Dh is calculated to be 35±1 nm. A slight difference was observed in mean Dh micelles of SD42 solution (Dh ~33±1 nm), suggesting an increase of the apparent Dh by the addition of DOS without structural modification of the PS-b-PDMS micelles.
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 32 Figure 3-2: a) Dynamic light scattering measurements of PS-PDMS 42 kg/mol solution (SD42) and with the addition of DOS (DOS42 solution). Inset: the respective correlation functions. b) GISAXS intensity profile of a DOS42 thin film. c) SEM topview observation of the same sample after the two-step plasma etching

Figure 3 - 3 :

 33 Figure 3-3: Top-view SEM image of as-spun SD42 thin film after the two-step revealing plasma etching

Figure 3 - 4 :

 34 Figure 3-4: Temperature profile of SD42 and DOS42 film thickness by in-situ ellipsometry As shown in Figure 3-4, the film thickness rapidly falls back to monolayer thickness in the case of DOS42.
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 35 Figure 3-5: a) Kinetics of film thickness of PS-PDMS 42 kg/mol with DOS under thermal annealing for temperatures between 110-140 °C by in-situ ellipsometry. Top-view SEM images of PS-PDMS after 30 s (b,d,f) and 60 s (c,e,g) of thermal annealing in the range 110-140 °C. Scale bar corresponds to 200 nm.

  17 . Thus, the combination of PS selectivity and the low evaporation rate of plasticizer set the PS matrix in a glass-liquid state where PS-b-PDMS micelles have sufficient mobility. This reduces the kinetics of self-assembly drastically to the spherical morphology.
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 3 Figure 3-6 shows DOS42 as spun after plasma revelation. Spheres are well aligned, but DOS seems to misshape the interfaces between PS and PDMS. This is observed through the presence of residues around oxidized PDMS spheres, which could be troublesome for lithographic applications. The complete elimination of DOS from the BCP pattern is important to fabricate long-range ordered lithographic masks.
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 36 Figure 3-6: Top-view SEM image of as-spun DOS42 thin film after the two-step plasma etching. Morphology transition is a direct consequence of DOS evaporation by the thermal effect. To prove this statement, DOS was evaporated by introducing a DOS42 thin film in a vacuum chamber (~ 13 mPa) without heating. After several minutes in the vacuum environment, DOS was completely evaporated and the characteristic monolayer thickness L0 of SD42 was obtained. The resulting morphology was observed by SEM and depicted in Figure 3-7.
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 37 Figure 3-7: SD42 self-assembly by the DOS plasticizer effect. DOS was evaporated in a vacuum chamber (~13 mPa) for 5 minutes, immediately followed by the two-step plasma etching for PS removal and PDMS oxidizing
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 38 Figure 3-8: Evaporation rate of DOS and DOA plasticizers by thermogravimetric analysis (10°C min-1).

Figure 3 - 9 :

 39 Figure 3-9: SEM top view images of as-spun DOA42 on a) plane surface and b) graphoepitaxial substrate. Rapid thermal annealing of DOA42 on (c) plane surface and (d) graphoepitaxy
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 310 Figure 3-10: SD42 assisted self-assembly by the DOA plasticizer and thermally annealed for 60 s at 80 °C.

Figure 3 -Figure 3 - 5 .

 335 Figure 3-5. In both cases, the BCP spheres self-assemble on the bottom of the guiding patterns. DOA swells

Figure 3 -Figure 3 -

 33 Figure 3-11: (top) STEM cross-sectional images of (a) SD45 and (b) DOA45 in SiArc/SOC guiding lines (bottom) SEM top view images of as-spun micelles of (c) SD45 and (d) DOA45 in SiArc/SOC guiding trenches and (e) DOA45 on plane SOC surface Figure 3-11c-e shows SEM top view images of as-spun (c) SD45 and (d) DOA45 within SiArc/SOC guiding lines and (e) on plane SOC surface. In Figure 3-11c, micelles were disordered in the case of SD45 and form readily spheres with long-range order for DOA45 within SiArc/SOC guiding trenches and on plane SOC surfaces (Figure 3-11c). The DOA molecules, being non-volatile, act like a solvent and swell the PS block

  -12a-b shows SEM top view images of DOA45 and SD45 in SiArc/SOC trenches after a fast TA of 30 s at 110°C. In the SD45 case, there is no effect on the alignment; neither morphology shift nor ordering was observed. In such a short time, the relatively low temperature does not provide enough energy to overcome the activation energy barrier to attain the equilibrium cylindrical morphology. On the other hand, when blended with DOA, DOA45 thin films readily generate self-assembled horizontal cylinders directed by the guiding lines (Figure3-12b,c), which is again consistent with results observed for DOS42.
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 3 Figure 3-12: (top) SEM top view images of (a) neat SD45 and (b,c) DOA45 in SiArc/SOC trenches after 30s annealing at 110°C, (bottom) SEM cross-sectional images of (d) in SOC and (e) in Si transferred patterns of DOA45

Figure 3 -

 3 12d,e show cross-sectional SEM images of spin-coated DOA45 after the SOC transfer step. 42 nm-height nanopillars were obtained with approximately 26 nm width for DOA45, which confirms a good CD control during etch. The Si transfer etching step is particularly challenging for the small etch mask of approximately 9 nm height. Transfer etching is performed with plasma recipes similar to those used typically for gate etching in industry.Plasma of CHF3/SF6/Ar was used to etch Si selectively, relative to the SiOx/SOC mask. Chapter 5 gives further details on transfer etching processes. A successful proof of concept of the Si pattern transfer for DOA45 is shown in Figure3-12e.
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 3 Figure 3-13: (a Photograph of DOA45 deposited on 300 mm wafer; (b mapping of the (c SEM images taken on 300 mm wafer. Samples were taken from eight selected locations throughout the wafer; the color code of the scale bar indicates the location on the wafer.

Figure 4 -

 4 Figure 4-1 shows SD16 as-spun on planar SOC and PS-brush coated Si substrates in order to determine the morphology of the as-spun micelles.

Figure 4 - 1 :

 41 Figure 4-1 : SEM top-view images of SD16 as-spun on a) SOC substrate and b) PS-brushed Si substrate

Figure 4 -

 4 Figure 4-2 cross section STEM images of SD16 after annealing in a) SiArc/SOC and b) PS-brushed silicon trenches
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 43 Figure 4-3 : SEM top view images of SD16 after solvent vapor annealing on Si graphoepitaxy substrates (a) 5min in Toluene and (b) 1min in PGMEA (c) low magnification of (b)
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 44 Figure 4-4 : SEM top view image of SD16 in Si graphoepitaxy trenches after 15min annealing at 150°C

Figure 4 -

 4 5 shows SEM top view images of the annealed samples on PS-brushed Si trenches.
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 45 Figure 4-5 : SEM top view image of SD16 after 1min SVA in PGMEA followed by a TA of 15min at 150°C
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 46 Figure 4-6 : SEM top view images of SD16 after 15min annealing at 150°C in different commensurability SiArc/SOC trenches
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 4 7 shows the swelling of a plane SOC substrate in a confined solvent vapor environment. In approximately 60min the SOC layer swells approximately 7%.
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 47 Figure 4-7 : Swelling rate of SOC substrate in solvent vapor

  line edge roughness was measured with a commercial software on top view SEM images of SD16 after oxygen plasma treatment (Figure 4-8).
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 484 Figure 4-8 : High magnification SEM image of SD16 and corresponding LWR/LER and CD measurements. CD = .8 nm, σ LWR = .68 nm, σ LER = . nmThe obtained values are the result of 10 images taken in one trench of one sample on a manual SEM and are thus preliminary. The ITRS requirements state that the LWR should not exceed 8% of the critical dimension (CD) in order to guarantee the full performance of the device. As described in chapter 2, SD45 shows after
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 49 Figure 4-9 : High magnification SEM image of a defect of the lithography guiding trench transmitted onto the PDMS cylinders
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 52 Figure 5-2: Schematic of a simple etching reactor containing two electrodes that are coupled to a radio frequency source.

Figure 5

 5 Figure 5-3.

Figure 5 - 3 :

 53 Figure 5-3: schematic of the plasma reactor used for PS-b-PDMS etching
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 54 Figure 5-4: STEM cross section image of SD45 and SD16 in SiArc/SOC trenches

Figure 5 - 5 :

 55 Figure 5-5: Cross section SEM images of SD45 lines after CF4 and brief O2 revealing etch step

Figure 5 -

 5 Figure 5-6 depicts the initial trench configuration with different SOC layer thicknesses.
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 56 Figure 5-6: Cross-section SEM images of different SOC layer thicknesses

  disadvantageous as they do not open the SOC layer completely to the Si substrate. The remaining SOC layer 115 protects then the Si substrate during transfer etching. Figure 5-7 shows examples of too long and too short etching times that are not desired.
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 57 Figure 5-7: cross section SEM images of too short and too long SOC etching steps: after 10s the SOC layer is not completely open, one cannot continue with the following transfer etch; 22s the SOC is completely removed, the PDMS structure is still intact but long-range order is lost, 25s only residues of the PDMS mask is left, no pattern transfer is then possible Optimized etching step durations have thus been identified to be 18s on thick SOC layers and 13s on thin layers. Examples of SEM cross-section micrographs of SD45 and SD16 on different SOC layer heights after this etching step are reported in Figure 5-8. As can be seen for SD45, high aspect-ratio lines with vertical
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 58 Figure 5-8: cross-section SEM micrographs after etching steps 1 and 2 on (a) SD45 on thick SOC layers, (b) SD45 on thin SOC layers and (c) SD16 on thin SOC layers, showing pattern collapse
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 59 Figure 5-9: Cross-section SEM images of the transfer etching in silicon substrates of PDMS cylinders using pulsed HBr/O2 plasma with different etching times on thick SOC layers
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 510 Figure 5-10: Cross section SEM image of PDMS on initially 20 nm high SOC, after 60s and 120s pulsed HBr/O2 etching

Figure 5 -

 5 11 shows SEM cross section micrographs of silicon lines obtained after this CW SF6/CHF3/Ar etching.
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 511 Figure 5-11: SEM cross section images of SD45 after 10s CW mode SF6/CHF3/Ar transfer etching

  different shapes. One parameter that might influence the final results might be the mechanisms involved in the formation of the passivation layers. The layers in SF6/ CHF3/Ar plasmas are not formed from deposition of etch by-products coming from the gas phase as in the pulsed HBr/O2 etching, but the passivating species are chemically sputtered from the bottom of the etched structures and coat the silicon sidewalls by line of sight deposition.Figure 5-12 compares STEM cross section images of SD45 after HBr/O2 pulsed plasma and SF6/CHF3/Ar in continuous wave (CW) plasma.
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 512 Figure 5-12: STEM cross section images of SD45 transferred into substrate by pulsed and CW mode etching and above schematic illustration thereof
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 513 Figure 5-13: Cross section SEM image of SD16 after pulsed transfer etch of 30s

Figure 5 - 14 :

 514 Figure 5-14: Cross section SEM images of SD16 transferred into the substrate by 8 s of SF6/CHF3/Ar CW mode plasma etching and subsequent O2 stripping

  consumption. The used stack for graphoepitaxy is composed of SiO2 guiding trenches of approximately 40 nm depth. At the bottom of the trenches is a bare silicon layer of approximately 30 nm lying on the insulator layer of SiO2. A sketch of the stack composition and the process flow can be seen in Figure 5-15.
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 515 Figure 5-15: Sketch of the process flow of SD16 deposition and plasma transfer etching
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 516 Figure 5-16: cross section SEM images of SD16 transferred into SOI substrate by HBr/He-O2 CW plasma

Figure 6 -

 6 Figure 6-3 shows top view SEM images of the obtained results. The center-to-centre distances of both spheres and cylinders are uniformly 35 nm. Hexagonal symmetry of the dots are observed inside the parallel lines. The dimension of the obtained holes between spheres and cylinders is 17 x 23 nm 2 .
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 63 Figure 6-3: Nanomesh formation of two layers of SD45 on (a) plane surface and (b) in SiArc/SOC graphoepitaxy templates, inset: low magnification image On plane silicon surfaces the templating of the first layer becomes evident. It can be seen how the second layer spheres orient themselves with respect to the SD template, following the fingerprint orientation of the cylinders (Figure 6-3 a). When oriented within graphoepitaxy lines, long range order nanomeshes can be obtained (Figure 6-3 b).
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 64 Figure 6-4: SEM top view image of (a) PS-OH blended SD16 and (b) neat SD16 after 15min annealing at 150°CSimilar to the process of SD45 the two layer of cylinders and spheres can be combined to obtain a meshlike structure as shown in Figure6-5.
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 65 Figure 6-5: SEM top view images of SD16 after double patterning on (a) plane and (b) graphoepitaxy SiArc/SOC substratesNanocontainers with a dimension of 8 x 15 nm 2 have been obtained. The second layer of BCP, with spherical morphology, follows again the cylinder templates. It seems that the spheres elongate themselves in respect to the distance variations (induced by line width roughness of SD16) between the templating cylinders, thus showing chemical affinity towards the PDMS. However, the spheres elongate only to a certain amount, and when the distance between two cylinders is too high, the sphere arranges itself on top of the cylinder. Interestingly, the spheres are always sticking to the PDMS lines and are never arranged individually between the lines. The second PDMS dot layer is thus brought in a competition between chemical affinity towards PDMS (even treated with a PS-brush) and spatial confinement between two cylinders. Similar behavior was shown byShin et al., where the thickness of the templating nanowires had
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 66 Figure 6-6: SEM top view image of double patterning cylindrical SD16 on cylindrical SD45
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 67 Figure 6-7: a) Strategy used for Al2O3 mask fabrication and subsequent nanopillar etching. b) corresponding SEM images after pattern transfer29 

Figure 6 -

 6 8a shows top view SEM image of PS-b-PMMA after thermal annealing. Although the samples were sputtered with a thin Pd layer in order to enhance the contrast, PMMA lines are only vaguely visible. FFT measurements show a periodicity of 38 nm. Additional GISAXS measurements were obtained at the ESRF in Grenoble (Figure 6-8b). Although in SEM the electron contrast is quite low, X-ray contrast shows nicely defined scattering spots on the intensity image.
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 68 Figure 6-8: (a) SEM top view image of L38 after thermal annealing, (b) corresponding GISAXS intensity pattern
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 69 Figure 6-9: Schematic illustration of the swelling process of EtOH on PS-b-PMMA

  reconstruction are not fully understood, yet. Especially when regarding the Hansen solubility parameters, we expect ethanol to be a poor solvent for both blocks (HSPPMMA = 22.7 MPa 1/2 , HSPPS = 22.4 MPa 1/2 , HSPEtOH = 29.6 MPa 1/2 )43 . Yet, after exposure to ethanol vapor (Figure6-10a) and immersion in ethanol (b) for 4h at 40 °C the electron contrast of the sample is drastically increased, indicating the successful swelling of PMMA.
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 610 Figure 6-10: SEM top view image of L38 after self-assembly and subsequent 4h swelling in a) EtOH vapor and b) immersed in EtOH Furthermore, the sample swollen in ethanol vapor shows homogeneous layer thickness and uniform wetting of the substrate. GISAXS measurements of this sample (Figure 6-11) reveal smaller, more defined scattering spots indicating well defined structures. Due to the enhanced contrast, caused by the relocation of PMMA, the intensity is slightly increased.
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 611 Figure 6-11: GISAXS intensity profile of L38 after swelling in ethanol vapor for 4h
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 612 Figure 6-12: SEM top view images of Fe3O4 nanowires obtained after a) vapor swelling and b) immersion of self-assembled L38 samples in EtOH, inset low magnification imageThe obtained nanowires mimic perfectly the templates obtained after swelling in EtOH. In the case of vapor swelled samples, the center to center spacing of the nanowires (and their width) are similar to those right after swelling (≈ 38 nm). On the other hand, the solvent immersed sample shows poor infiltration results, with partial destruction of the wires and high line roughness (Figure6-12). This is most probably due to
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 613 Figure 6-13: GISAXS intensity profile of L38 after iron nitrate inclusion and O2 etchingThe obtained Fe3O4 features can then act as efficient and selective hard masks in order to transfer the pattern into the silicon substrate. Cl2 plasma was employed for the breakthrough, i.e. etching of the native oxide layer. The Si was then subject to HBr/He-O2 plasma etch and after 15 s of etching, 35 nm deep nanowires are obtained (Figure6-14). The transfer etch confirms that metal was deposited selectively in PMMA domains and that the PS domains were left free of metal
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 614 Figure 6-14: SEM cross section image at 80° of L38 after plasma transfer etching in HBr/He-O2 for 10 s. Inset cross section image at 90°cWhen comparing with neat PS-b-PMMA, the etching selectivity is considerable increased. Based on the research on PS-b-PMMA etching of a fellow PhD student at the LTM group, it is reasonable to say that a neat PS-b-PMMA would have shown much less selectivity and the pattern transfer would have been much more challenging21 . Presented results were preliminary obtained on plane silicon substrates. Also, tests on the already presented graphoepitaxy SiArc/SOC substrates were made. The alignment of L38 in trenches did not result in long range order, due to the use of a random copolymer brush and to the fact that the trench size and depth was not optimized for the L38 system. However, inclusion could be obtained selectively in the PMMA part and SOC transfer etching was performed in HBr/O2 plasma in order to reveal the metal nanowires and etch the SOC underlayer. The selective inclusion of iron in PMMA is confirmed by the successful etching of the SOC layer (Figure6-15). The obtained nanowires are homogeneous and uniform in size.
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 6 Figure 6-15: a) SEM top view and b) cross section image of pattern transferred Fe3O4 wires in SiArc/SOC guiding trenches

  Le chapitre regroupe deux approches novatrices dans l'utilisation de CPB, afin d'étendre leurs fonctionnalités. Dans un premier temps, nous nous sommes concentrés sur des couches doubles de SD16 et SD45 pour obtenir des nanostructures hiérarchiques complexes qui pourraient être utilisés par exemple dans les cellules photovoltaïques, les LEDs ou dans les « bit patterned media ». Une première couche de PS-b-PDMS est auto-assemblée par l'une des façons habituelles, présentées dans les chapitres précédents. Par exemple, nous avons assemblé premièrement des cylindres de SD45 sur les Résumé en Français 165 motifs de graphoepitaxie et ajouté en deuxième couche des sphères de SD45. La différence de morphologie a été obtenue en changeant le solvant de recuit. Le toluène a été utilisé pour la formation des cylindres et le PGMEA pour celle des sphères. La première couche agit alors comme un motif de graphoepitaxie pour la deuxième couche de PS-b-PDMS. Des « nano-filets » ont pu être obtenues avec cette technique où les sphères s'orientaient parfaitement dans les tranchées entre les cylindres. La même structure peut être obtenue avec le polymère SD16. Dans ce cas, la morphologie de sphères a été obtenue en ajoutant un homopolymère de PS à la solution de SD . )l a été découvert que l'espacement des cylindres de guidage avait une grande influence sur la position des sphères de la deuxième couche. Les sphères s'alignant sur le dessus de lignes de PDMS quand ces lignes étaient trop espacées et entre les lignes lorsque celles-ci étaient espacées d'exactement le diamètre des sphères. Lors de l'utilisation de cylindres des deux différentes tailles, les petits cylindres de SD16, qui formait la deuxième couche, se sont alignés parfaitement dans les lignes de guidage de SD45. Cette approche conduit à une multiplication de densité des structures et à l'orientation contrôlée de structures différentes, en utilisant une seule étape de photolithographie. Surtout, les petits CPBs peuvent profiter de ce phénomène et l'alignement de structures de taille inférieures à nm à grande échelle peut être amélioré de cette manière dans de futures applications de lithographie. En outre, notre processus ne montre aucune couche de mouillage de PDMS entre les couches CPB ni à l'interface CPB/substrat. Le transfert par gravure de ces structures est donc possible avec les procédés de gravure habituels, comme ceux présentés dans le chapitre 5. Il est imaginable que ce « double patterning » puisse être étendu au « multi-patterning » pour réaliser des structures tridimensionnelles. De telles structures pourraient être utilisées pour les interconnexions ou trous d'interconnexion dans la fabrication de circuits intégrés, dans la photovoltaïque, les LEDs ou dans les disques durs. La deuxième partie de ce chapitre se concentre sur l'inclusion de sels métalliques dans des systèmes PS-b-PMMA, le CPB le plus classique. En raison de la faible valeur de χ, la sélectivité de gravure de ce CPB est faible. C'est pourquoi il pourrait ne pas être adapté à certains procédés de fabrication de circuits intégrés. En intégrant des oxydes métalliques sélectivement dans l'un des blocs, la sélectivité de gravure peut être considérablement augmentée et ces CPB pourraient être transférés plus facilement dans le matériau fonctionnel sous-jacent. Ces CPBs avec une faible valeur d'incompatibilité et sont donc limités en résolution, mais présentent des propriétés intéressantes et sont particulièrement bien étudiés par rapport à certains CPBs « high-χ » exotiques. C'est pourquoi la gravure de ces matériaux est tout de même intéressante. Par ailleurs, une fois bien maitrisé, ce processus d'inclusion pourrait ensuite être appliqué sur d'autres systèmes, ce qui pourrait être intéressant pour des matériaux très haute résolution qui sont également difficile à graver. L'approche présentée est assez simple: Le PS-b-PMMA est auto-assemblé par recuit thermique sur un substrat de silicium. La couche de CPB est ensuite exposée à des vapeurs d'éthanol, pourraient être une meilleure option pour l'intégration dans l'industrie. Cependant, lors de la synthèse de CPB purement organiques, le manque de sélectivité de gravure doit être compensé, par exemple en utilisant la synthèse d'infiltration séquentielle S)S . Diminuer encore la taille caractéristique signifie diminuer également l'épaisseur du masque, puisque les deux quantités sont liées à la taille des domaines du CPB. Plus le masque de gravure est fin, plus la résistance à la gravure est faible. Par conséquent, la morphologie lamellaire doit être préférée à la morphologie cylindrique pour la fabrication de finFET par exemple. L'avantage des CPB avec une morphologie lamellaire est que l'épaisseur des lamelles verticales peut être choisie individuellement, augmentant donc les possibilités pour le transfert de motif. Néanmoins, aujourd'hui, l'orientation verticale est difficile à réaliser. En particulier pour les CPB de haut-χ, qui présentent des fortes interactions entre les blocs et avec les surfaces. C'est pourquoi beaucoup de progrès doivent être fait en termes de traitement de surface.
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	P2VP	Poly-2-vinylpyridine
	P4VP	Poly-4-vinylpyridine
	AFM PB ALD PDMS BCC PEO BCP PFS CD PGMEA CDU PI CW PLA Dh PMMA DIS PS DLS PtBS DOA PTMSS DOA42 RF DOA45 RT DOS SCFT DOS42 SD16 DOS45 SD42 DPS SD45 DSA SEM ESRF SiArc EtOH SIS EUV SOC FFT SOI FIB SSL finFET STEM GISAXS SVA GYR TA HEX Tg HPL TGA HSP VUV IC WSL ICP XPS ITRS χ L0 χN	Polybutadiene Atomic force microscopy Polydimethylsiloxane Atomic layer deposition Polyethylene oxide Body centered cubic Polyferrocenyldimethylsilane Block copolymer Propylene glycol methyl ether acetate Critical dimension Polyisoprene Critical dimension uniformity Polylactid Continuous wave Poly(methyl methacrylate) Hydrodynamic diameter Polystyrene Disordered Poly-4-ter-butylstyrene Dynamic light scattering Poly(para-trimethyl silystyrene) Diisooctyl adipate Radio frequency SD42+DOA Room temperature SD45+DOA Self-consistent mean field theory Dioctylsebacate PS-b-PDMS: Mw=16kg/mol, L0=20nm SD42+DOS PS-b-PDMS: Mw=42kg/mol, L0=33nm SD45+DOS PS-b-PDMS: Mw=45kg/mol, L0=35nm Decoupled plasma source Scanning electron microscopy Directed self-assembly Silicon antireflective coating European synchrotron radiation facility Sequential infiltration synthesis Ethanol Spin-on-carbon Extreme ultraviolet Silicon on insulator Fast Fourier transform Strong segregation limit Focused ion beam Scanning transmission electron microscopy Fin field-effect transistor Solvent vapor annealing Grazing incident small angle X-ray scattering Thermal annealing Gyroidal Glass transition temperature Hexagonal Thermogravimetric analysis Hexagonally perforated lamellar Vacuum ultra violet Hansen solubility parameter Weak segregation limit Integrated circuit X-ray photoelectron spectroscopy Inductively coupled plasma Flory-Huggins interaction parameter International technology roadmap for semiconductors Natural period of BCP Strength of segregation
	LAM	Lamellar
	LER	Line edge roughness
	LTM	Laboratoire de technologies de la microélectronique
	LWR	Line width roughness
	MH	Maltoheptaose
	N	Degree of polymerization
	NIL	Nanoimprint lithography
	ODT	Order-disorder transition
		xiii

Table 1 -1: Characteristic dimensions and χ values for selected block copolymers
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Table 3 -1: Details of some useful physical properties of plasticizers 9 and solvents10 Solubility parameter (MPa 1/2 ) Vapor pressure (Pa) at

 3 

	25°C	χ-PS	χ-PDMS

  Thicknesses were measured by ellipsometry on bare Si and SOC substrates and were estimated at approximately 17±1 nm on SOC substrates and 22±1 nm on PS-brushed Si substrates. Solvent vapor annealing, when applied, was carried out in a simple Petri dish setup, introduced in chapter 2, in toluene or PGMEA vapor. A hot plate was used for heat treatment at 150 °C for 15 min. The same characterization tools as described in chapter 2 were used (MEB, STEM, line width and edge roughness).

Concerning the BCP selfassembly, several experiments with changing parameters have been performed, however only limited results with optimum conditions are here presented. Solutions of 1 wt % dissolved in PGMEA solvent were prepared and spin-coated -rpm on cleaned substrate.

Table 5 -1: Details of the etching process for pattern transfer of SD45 and SD16 on SiArc/SOC substrates in 300 mm and 200mm wafer reactors

 5 

	Etching step	Sample type	Pressure [mTorr]	Gas flow [sccm]	Time [s]	Bias power [W]	Source power [W]
			300mm wafer reactor			
	1. PDMS surface layer (CW mode)	SD45+SD16 on SiArc/SOC	4	100 CF4	5	20	700
	2. PS, SOC etching & PDMS oxidation (CW)	SD45+SD16 on SiArc/SOC	5	70 / 30 HBr / O2	5 -25		500
	3a. Si etching (Pulsed plasma, Duty cycle 20%)	SD45+SD16 on SiArc/SOC	20	HBr / O2 200 / 5	10 -250		750 (pulsed)
		SD45+SD16		CHF3 / SF6 /			
	3b. Si etching (CW)	on SiArc/SOC	20	Ar	8 -20	75	450
				50 / 20 / 60			
	4. SOC stripping (CW)	SD45+SD16 on SiArc/SOC	10	O2 100	15	10	800
			200mm wafer reactor			
	1. Revelation PDMS surface layer	SD16 on SOI	10	CF4 90	5	0	500
	2. PS etching & PDMS oxidation	SD16 on SOI	5	90 O2	5	0	400
	3. Breakthrough	SD16 on SOI	10	Cl2	10 -250		
				100			

  2009 Son et al. presented a method to align nanomaterial arrays on reconstructed surfaces of PS-b-PMMA34 . Relying on the principle of surface reconstruction, PS-b-PMMA is immersed in or exposed to selective solvents. Obtained nanostructures are then filled with inorganic salts by spin-coating. A lot of research on this subject has been reported by the research group of Mick Morris at the Trinity College Dublin27,[35][36][37] (formerly at the University College Cork) which is why this chapter was developed in close cooperation with this group. A collaboration in the framework of the Ulysses project has been developed, prefers the wetting of the natural oxide layer on Si substrates. When brushed with a random copolymer, which is composed of identical monomers, the preferential wetting can be canceled allowing perpendicular alignment38 . After the grafting and rinsing of the random brush, L38 is spin-coated in order to obtain a layer of approximately 40 nm thick. The film is then annealed for 10min at 220°C in order to trigger phase separation. Since the electron contrast of PS and PMMA is very poor at this stage, SEM observations are challenging.
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DSA Pattern Transfer by Plasma Etching 6.1 General Introduction

This chapter deals with innovative techniques for block copolymer self-assembly as an extension to the classical approach of directed self-assembly for IC production. The directed self-assembly of block copolymers has garnered a lot of attention throughout the last decade and tremendous progress has been made in terms of defect control, long-range ordering and process time. Innovative approaches on the other hand, like multipatterning in order to obtain complex structures or the selective metal inclusion for pattern transfer improvement have had little attention. This chapter presents double patterning approaches with PS-b-PDMS in order to obtain hierarchical structures and a straightforward metal infiltration technique for PS-b-PMMA in order to improve the etching capabilities of this widely used BCP.

Double Patterning of PS-b-PDMS

Introduction

Multilayer structures could enlarge the application fields for BCPs to other device fabrications than traditional planar transistor manufacturing, for example 3D devices, photovoltaic or bit-patterned media.

Hierarchical structures are obtained by the sequential self-assembly of layers of a BCP with the same or different morphology and or size. By patterning several stacks of BCP layers, 3D nanostructures with various orientation could be obtained 1 . The preceding layer acts then as graophoepitaxy guiding structures for the following layer. In this section, we concentrate only on the double patterning of block copolymers, which paves the way for multi patterning. Moon and coworkers presented for example the directed selfassembly of a lamellar PS-b-PMMA with the help of a cylindrical PS-b-PMMA, oriented in photolithography guiding lines 2 . In that way, the authors were able to obtain a highly arranged array of lamellas without the trace of any photoresist guiding pattern. Ruiz and coworkers showed a similar approach, where additionally the correlation length of lamellar PS-b-PMMA, which is known to be quite low on flat substrates, was significantly increased by prepatterning the substrates with PS-b-PMMA 3 then transfer-printed onto various materials 6 . Sequential imprinting of two layers of PDMS in Chapter 6 -Extended functionalities of block copolymers 132 perpendicular direction on Si substrates resulted in highly organized nanomesh structures of feature sizes as small as 8 nm. Very recently, Tavakkoli and coworkers showed the nanomesh formation by sequentially patterning of cylindrical SD45 and SD16 leading to the orthogonal orientation of the two or more cylinder layers 7 . The first layer was deposited on PDMS-brush coated Si substrates and the second layer did not need any further surface treatment. Circular and rectangular nanomesh structures have been obtained with great control. Jin et al. demonstrated an analogous study of mulitlayers of spherical PS-b-PDMS 8 . This way, a considerable density multiplication of hexagonal PDMS arrays could be achieved.

In this chapter, we combine several morphologies and sizes of PS-b-PDMS in order to obtain complex structures that have the possibility to be transferred into the underlying semiconductor substrate.

Experimental Details

The samples were prepared on SiArc/SOC graphoepitaxy substrates, as detailed in chapter 2. BCPs of cylindrical PS-b-PDMS with overall molecular weights of 45.5kg/mol and 16kg/mol, were purchased from Polymer Source, Inc. The solvents PGMEA and toluene were purchased at Sigma Aldrich. Phase separation was obtained via solvent vapor annealing in toluene (for cylindrical assembly of SD45) and PGMEA (for spherical assembly of SD45) or thermal annealing (for SD16) depending on the BCP (chapters 2 and 4).

Spherical SD16 was obtained by blending the BCP solution with PS homopolymer. By adding PS homopolymer into a low molar-mass cylindrical PS-b-PDMS system, the morphology can be driven toward the spherical morphology and highly ordered PDMS nanodomains can be obtained by thermal annealing 9 .

The first self-assembled layer of BCP was treated with 5s CF4 and 3s O2 plasma in order to remove the PDMS surface layer and partially the PS matrix. The oxidation of the PDMS structures made them resistant to the subsequent spin-coating and solvent annealing of the second layer. A PS-brush was grafted on the obtained structures by spin-coating a 1% solution of PS-OH in PGMEA at 1500rpm onto the surface.

Annealing at 200°C for 5min was needed to graft the polystyrene homopolymer on the surface. The samples were then rinsed in PGMEA in order to remove excess, non-grafted PS-OH and subsequently dried in N2. A second layer of BCP was then spin-coated and annealed depending on the BCP. Finally the structures were treated by plasma etching for revelation as described for layer one and observed in SEM (Hitachi S-5000 or JEOL 7500F).

Nanomesh Formation with Double Patterning of SD45

The formation of well-ordered linear cylinder patterns of SD45 in toluene vapor was already explained in chapter 2. By optimizing the surface interactions and vapor pressure conditions we were able to obtain defect free parallel cylinders in SiArc/SOC guiding trenches after 75 min annealing. Furthermore, it was explained that by varying the selectivity of the solvent towards the BCP, one can change the state of the By combining these two morphologies, a nanomesh arrangement can be obtained. The process flow of the here proposed method is depicted in Figure 6-2. 7,10 . A PDMS layer between the layers or at the substrate/BCP interface makes the pattern transfer etching process very problematic. A PDMS surface layer is naturally formed at the air/BCP interface due to the lower surface tension of PDMS compared to PS. In our approach an intermediate plasma etching step is performed before depositing the second BCP layer, in order to maintain the good transfer etching properties of the system. The PDMS layer is removed with short CF4 plasma and the PS matrix is partly removed by O2 plasma. The deposition of a PS-brush on top of this layer guarantees the homogeneous wetting of PS at the BCP/BCP interface. As it is desired to form mesh-like structures, the PDMS spheres of patterning could be increased to multipatterning, obtaining three dimensional structures that could be used for interconnections or vias in the IC manufacturing or other 3D devices.

Fabrication and Characterization of Metal Oxide Nanowires

Introduction

The phase separation of block copolymers is dictated by the Flory-Huggins interaction parameter χ, the degree of polymerization N, and the volume fraction of each block. The Flory-Huggins parameter indicates the compatibility of the blocks, the higher the χ, the lower the miscibility. Besides high-χ BCP like PS-b-PDMS there are several low-χ BCP that are widely used. PS-b-PMMA remains the primary choice when using low-χ BCP, as it has been studied for nearly years now 15 . Reasons for its widespread use are the ease in which it can be phase-separated and the high degree of familiarity of the homopolymers PS and PMMA in microelectronic manufacturing. The similarity of the surface tensions of PS and PMMA PS ≈ mN/m, PMMA ≈ mN/m prevents the formation of interfacial wetting layers. By controlling the film thickness and surface energy of the substrate (with neutral brush layers for instance), perpendicular structures can easily be obtained. Due to its higher miscibility, PS-b-PMMA is consequently easier to anneal than PS-b-PDMS. Thermal treatment above the glass transition temperature of the system is in general enough to obtain phase separation. Also, sophisticated methods have been introduced in order to decrease process time. Zhang et al. obtained phase separation in 1 minute by microwave annealing 16 . Yager and coworkers used laser illumination to generate localized thermal fields within a BCP thin film 17 . In this way, phase separation was obtained in seconds only in illuminated areas, allowing direct patterning via the incident light field.

Apart from the resolution issue related to low-χs, one of the main disadvantages of PS-b-PMMA is its low etch selectivity between the blocks. Pattern transfer becomes then difficult. Today, mainly two etching methods are used in the literature. Dry plasma etching with chemistries like argon, oxygen, carbon monoxide or polymerization gases like CHF3 [18][19][20] can be used. With oxygen-containing plasma, etching of carbon materials presents low selectivity between the blocks. When etching PS-b-PMMA in O2/Ar plasma for example, for 2 nanometer of etched PMMA, one nanometer of PS is consumed. This makes the complete etching of PMMA and the transfer etching in the underlying layer without the loss of PS extremely difficult 19,[21][22][23] . Another method is based on the wet development in acetic acid, with and without the use of UV irradiation 23,24 . When using acetic acid, we speak of surface reconstruction, as none of the polymer blocks is literally etched but rather relocated. Acetic acid is a non-solvent for PS and a good solvent for PMMA. It swells only the PMMA domains which then migrate up to the surface along the PS interface.

Nanoporous surfaces can thus be obtained by a simple relocation of the PMMA chains when immersed into Chapter 6 -Extended functionalities of block copolymers 138 acetic acid. However, PMMA residues remain inside the pores, possibly altering the critical dimension of features 25 . When using UV irradiation before the immersion in acetic acid, PS-b-PMMA bonds break, the PMMA chains degrade and can then be removed during the subsequent acid treatment. This way, the PMMA block is more efficiently removed 23 . The major concern in directed self-assembly of PS-b-PMMA is high fidelity pattern transfer. High aspect ratio features and small feature sizes (<15 nm) are extremely difficult to obtain. One solution in order to improve etch contrast is the integration of metal based materials in one of the blocks. Metals are chemically resistant to plasmas that are used to remove organic polymer materials or to etch silicon. Furthermore, metallic agents show high selectivity in silicon etching processes.

Infiltration of metal agents into the block that is used as template has encouraging potential in order to raise etch resistance.

In chapter 1, BCPs that intrinsically contain inorganic atoms have been introduced. These types of BCP exhibit higher etch selectivity compared to purely organic BCPs. However, most of these BCPs are not well studied and their synthesis can be quite complex. Infiltration of the solution before spin-coating is another, less complicated solution for etch resistance enhancement. Kim et al. demonstrated the addition of metal salts into a PS-b-PEO (PS-Poly(ethylene oxide)) by simply mixing the BCP solution with a metal salt solution 26 . The salts coordinate then only with the polar PEO block. Due to its electron donating site, the metal ions are reduced to the corresponding metal, forming nanoscopic metal particles only within the PEO block. PS can then easily be etched away by an usual oxygen plasma. Since one block has to have electron donating sites in order to be altered by metals, this kind of experiments are restricted to only a narrow range of BCPs.

By infiltrating BCPs post self-assembly, one can retain the benefits of habitual BCP systems and the knowledge on their self-assembly methods. Several post assembly infiltration methods have been presented in the last few years, among them atomic layer deposition (ALD) sequential infiltration synthesis (SIS) and metal oxide inclusion via spin-coating 27 . ALD is a thin film deposition technique based on surface reactions of vapor phase precursors. The process is self-limiting as there are only a finite number of surface sites free for reaction with the precursor. That way, a thin film can be deposited with atomic level control 28 .

The group of Thierry Baron at the LTM showed in 2010 the deposition of Al2O3 by ALD into the PMMA grooves of PS-b-PMMA after self-assembly and removal of the PMMA block. Obtained Al2O3 dots and stripes were then used for pattern transfer and high aspect ratio (>10) silicon pillars and wires were obtained by inductively coupled plasma etching 29,30 . Figure 6-7 shows a schematic of the whole process and corresponding SEM images of pattern transferred features.

funded by Campus France and the Irish Research Council to allow respective research visits by the author and Colm Keating, a PhD student within Morris' group. The infiltration by spin-coating of iron salt onto surface reconstructed PS-b-PMMA is presented. An analysis of the self-assembled, swollen and infiltrated system is given by grazing incident small angle X-ray scattering (GISAXS) measurements. Infiltrated patterns are then transferred by plasma etching into silicon, obtaining good etching contrast.

Experimental Details

Lamellar Poly(styrene)-block-Poly(methylmethacrylate) with an overall molecular weight of Mw=75kg/mol (fPMMA=49, fPS=51) and a natural period of 38 nm (named L38) and random PS-r-PMMA (with a similar global composition) was provided by Arkema France. Propylene glycol monomethyl ether acetate (PGMEA), Ethanol and Fe2(NO3)3•9H2O (iron(III) nitrate nonahydrate) were purchased from Sigma Aldrich and used without further purification.

Cleaned bare Si substrates were activated in O2 plasma for 2min before use. For the brush preparation a random brush solution was deposited by spin-coating at 700rpm. Samples were immediately annealed at 200 -230°C for 5 -10min. Non-reacted brush residues were rinsed off with PGMEA and dried in N2.

1-2 weight% solutions of PS-b-PMMA BCP were prepared in PGMEA and spin coated on brushed surfaces at 1500 rpm for 30seconds. Thermal annealing for phase separation was then applied on a hot plate at 210 -230°C for 5 -10min.

The surface reconstruction was carried out by placing the annealed PS-b-PMMA sample in a glass jar with ethanol vapors for 4 -5 h at 40°C. After this vapor treatment, the sample was removed and left to dry at room temperature. This provided enough time for swelling of the PMMA domains to enable the reconstructed template to form for subsequent deposition of the metal nitrate solutions. Alternatively, PSb-PMMA samples can be immersed in ethanol for this reconstruction. Fe2(NO3)3•9H2O solution of 2 wt% were prepared in ethanol and immediately spin-coated onto the reconstructed samples for 30 s at 3000 rpm. O2 plasma treatment for 2 min was used to oxidize the precursor and remove polymer.

For pattern transfer, a 200mm AdvantEdge decoupled plasma sources (DPS) reactor from Applied Materials, Inc., described in chapter 5, was used. HBr/He-O2 plasma was used to transfer the iron oxide nanowires into the silicon substrate, similar to the etching process of SD16, presented in chapter 5. GISAXS measurements were performed on the BM02 beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France), using the experimental protocol described in chapter 2.

PS-b-PMMA Self-Assembly and Surface Reconstruction

Vertical lamellar of PS-b-PMMA (L38) are obtained by treating the surface with a random copolymer brush PS-r-PMMA. On bare silicon substrates, the lamellar BCP aligns parallel to the surface as the PMMA block

Conclusion and Perspectives

The other innovative approach presented in the second part of chapter 6 deals with metal salt inclusion into conventional PS-b-PMMA BCP systems. Due to the poor etch selectivity of low-χ BCP, PS-b-PMMA is often not suitable for certain IC manufacturing processes. By integrating metal oxides into one of the blocks, the selectivity is significantly increased and these BCP can be transferred more easily into the underlying functional material. Low-χ BCP are limited in resolution but show interesting properties and are particularly well understood compared to some exotic high-χ BCPs, which is why the transfer etch of these BCP is interesting. Furthermore, this process could later be translated to other BCPs systems, which could be interesting especially for high-χ, low-N BCP, that are very challenging to be transferred in the substrate as seen in chapter 5. We chose to work with a straightforward spin-coating infiltration technique. PS-b-PMMA is first self-assembled via thermal annealing on polymer brush coated silicon substrates. The BCP layer is then exposed to ethanol vapor, which was observed to swell the PMMA block. PMMA is reconstructed leading to nanoporous structures in which iron salt can be introduced. The iron salt solution is then spin-coated on the reconstructed PS-b-PMMA, selectively integrating only the PMMA sites.

The sample is then directly exposed to O2 plasma in order to remove the remaining organic polymer and oxidize iron nitrate to iron oxide. Iron oxide is a robust etch mask for pattern transfer into silicon. On plane silicon, were the iron oxide was deposited directly in the BCP layer with no transfer layer, patterns of 35 nm height could be obtained. When deposited on SOC layers, the etch mask thickness is enhanced due to the SOC transfer layer and could possibly be transferred into the substrate with higher aspect ratio.

Future works on the directed self-assembly of PS-b-PMDS include a more detailed understanding of the mechanism of blending the BCP with plasticizers. In-situ GISAXS measurements of the spin coating process, could give valuable detailed knowledge about the mechanisms leading to an ordered arrangement of microdomains. The developed process could be used either right after spin for bit-patterned media or after ultra-fast annealing for lithography applications. Also, the blending with plasticizers could be expanded to other BCP systems and especially to smaller molecular weight BCPs. Ultra-small features on full-300mm wafers could thus be obtained within compatible industry processing time. Therefore the spin-coating process on 300 mm wafers should be further optimized in order to avoid thickness undulations. Before an implementation of PS-b-PDMS in microelectronics industry, though, a thorough, statistical analysis of line width roughness is crucial. Along with downscaling, the specifications concerning the dimensional control become more and more important and more and more restricted. Calibrated CD-SEM measurement will be here necessary in order to evaluate definitely the feasibility of DSA in microelectronics industry.

More in general it can be concluded that high-χ BCP present a promising route for future downscaling of integrated circuit feature sizes but a lot of work and understanding has to be undertaken before they can be implemented in real industrial environment. PS-b-PDMS has good etching resistance but as described,