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A concept of patternable top-coats dedicated to directed self-assembly of high-χ block copolymers is detailed, where the design enables a crosslinking reaction triggered by thermal or photo-activation. Nanostructured BCP areas with controlled domains orientation are selected through a straightforward top-coat lithography step with unique integration pathways. Additionally, the crosslinked nature of the material enables the suppression of the BCP dewetting, while exhibiting exceptional capabilities for the construction of 3D stacks.

Introduction

The directed self-assembly (DSA) of block copolymers (BCPs) is a potential method of choice to obtain regular arrays of predetermined patterns, owing to their intrinsic periodic nature, ease of processing, and nanometer-scale dimensions of features. However, reaching aggressive dimensions below 10 nm, i.e. below the ultimate resolution of polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) system [START_REF] Chevalier | Proc. SPIE[END_REF], necessitates the use of high-χ BCPs (χ being the Flory-Huggins segregation parameter). Such BCPs are very often constituted of blocks presenting a large difference in their intrinsic surface energy at the targeted annealing temperature, promoting the self-assembly process. These BCPs necessitate the use of top-coats (TC) materials to balance the interfacial tension between the blocks and achieve the perpendicular orientation of nanometric features [START_REF] Bates | [END_REF]. In our previous works we proposed a new design of TCs able to circumvent keys challenges posed by the integration of DSA into microelectronic nodes [3,[START_REF] Chevalier | Proc. SPIE 11612, Advances in Patterning Materials and Processes[END_REF]. Here we highlight the specific properties of these TCs enabling their multifunctional use for nanomanufacturing.

Experimental

Synthesis of TC material

The synthesis of the TC material was performed by radical polymerization in solution with AIBN as initiator [3]. All the monomers, solvent, initiator and terminating agent were used as received.

2.2

Synthesis of poly(1-1dimethylsilacyclobutane)-b-polystyrene (PDMSB-b-PS BCP) The synthesis of the BCP material was performed as previously reported [START_REF] Legrain | [END_REF].

2.3 Preparation of thin films 0.9 wt% PDMSBb-PS solutions in methyl isobutyl ketone (MIBK) were spin-coated (2 krpm) on neutralized 3x3cm Sisubstrate, followed by a soft-bake at 60 °C for 1 min to produce BCP layers with approximatively 30 nm thickness. The TC material dissolved into absolute ethanol at 2 wt%, is spin-coated on the BCP thin film at 1500 rpm. The stack is baked at 90 °C for 3 minutes, and the BCP is self-assembled at 240 °C for 5 minutes.

Ellipsometry

The film thicknesses were determined using spectroscopic ellipsometry in reflection mode with a phase modulated spectroscopic ellipsometer (UVISEL, from Horiba Scientific) on the spectral range 200-800 nm.

2.5 Patterning UV lithography was carried out with a KarlSüss MJB4 equipment equipped with a mercury arc lamp having a power of 20 mW/cm 2 at a wavelength of 365 nm.

Electron-beam (e-beam) lithography was performed on a JEOL6300FS equipment at an acceleration voltage of 100 kV, with a current of 500 pA and a dose of 80 µC/cm 2 .

2.6 Microscopy Top-view SEM images were acquired on a Hitachi CD-SEM H-9300 microscope with 0.5 kV electron acceleration voltage and a 6 μA current. FIB-STEM cross-sections were carried out using a Helios 450s-FEI dual-beam equipment.

Results and discussion.

Macromolecular design

The BCP used is based on the PDMSB-b-PS platform (Fig. 1, left) [START_REF] Legrain | [END_REF]. It presents a large difference in the surface free energy of its blocks, and is able to reach dimensions below 12 nm in period as previously demonstrated [3]. The silicon, present in the PDMSB block, enables to increase the etch performances for the final transfer step into the underlying substrate. It avoids the use of a time-consuming sequential-infiltration-synthesis step to provide a decent etch contrast between the two blocks.

The TC material designed is based on a methacrylic terpolymer, with a statistical architecture of poly(2,2,2trifluoroethylmethacrylate-coglycidilmethacrylate-cohydroxyethylmethacrylate) hereafter abbreviated "FGH" (Fig. 1, middle). This TC is thus entirely organic and exhibits a great etch selectivity with respect to the Si-containing BCP under O2-based plasma. The FGH material presents low Mw (~3000 g/mol.) and polar comonomers, favoring its solubility into alcoholic solvents (pure ethanol of IPA for instance), while the BCP material is insoluble in such solvents. Its inexpensive and available constituents, readiness of synthesis through radical polymerization, and easiness of compositional tuning, make it a material of choice for DSA applications. Moreover, FGH material can also be used as grafted or cross-linked underlayer, thanks to hydroxyl and epoxy chemical functions respectively. The FGH solution is readily spin-coated and cross-linked on top of the BCP, the interfacial tension of both PDMSB and PS blocks are subsequently well-balanced upon thermal annealing and, as a result, it drives the perpendicular orientation of the domains (Fig. 1,right). This first functionality as "neutral" material is found for adjusted composition of FGH comonomers, selected through the synthesis.

Cross-linking

One of the most interesting functionalities of the FGH material is their ability to be cross-linked. Owing to the epoxy functions in FGH, the crosslinking process can be triggered either by thermal stimulus with a latent catalyst, or by photoactivation with a photoacid generator (PAG) followed by a post-exposure bake (PEB), and completed within few minutes. This particular property, and the methacrylic nature of the backbone, leads to a stiff material and confers to the FGH layer a tremendous mechanical strength. This mechanical cohesion enables to freeze the dewetting kinetic of the underlying BCP material, and thus locks the BCP film in its initially flat configuration. Although the amplification of the capillary waves responsible of the dewetting [6] is suppressed by the cross-linking of the FGH, the BCP material is still able to selfassemble into a lamellar microphase, as proven in Fig. 1, right. This unique property owned by FGH materials is illustrated in Fig. 2. It can be seen that the FGH material blended with (4phenylthiophenyl) diphenylsulfonium triflate as PAG is easily photo-cross-linked at low UV doses, even for a 365nm wavelength. The FGH thickness is indeed constant for doses as low as 100 mJ/cm 2 , followed by a 3 minutes PEB at 90 °C, and then rinsed in ethanol (Fig. 2, orange plot). Meanwhile, the dewetting of the BCP film is progressively mitigated when the UV dose is increased, and is entirely suppressed for UV dose of ~100 mJ/cm 2 , even with a subsequent high temperature selfassembly annealing process as 260 °C for 5 minutes (Fig. 2, blue plot).

2 Evolution of the remaining FGH thickness, after exposure to various doses of UV light (λ=365 nm) and subsequent rinse in ethanol for 2 mins (orange plot). Evolution of the dewetted area on the sample of a neutralized substrate/PDMSB-b-PS/neutral FGH stack as a function of the UV light (λ=365 nm) exposure dose, a PEB performed at 90 °C for 3 minutes, and subsequent thermal annealing at 260 °C for 5 minutes to promote the self-assembly of the block copolymer layer (blue plot).

Patterning

The most appealing property of the FGH material is their ability to be patterned like a standard lithographic resist. Indeed, the chosen methacrylic platform enables the FGH materials to be patterned with most of advanced lithographic techniques, as illustrated on Fig. 3 with the examples of UV (λ=365 nm), e-beam and nanoimprint techniques. In the case of UV lithography, it is worth mentioning that methacrylates are transparent down to 193 nm wavelength as they are the basis of many chemically amplified resist materials [7]. Moreover, the possibility of sensitization [START_REF] Nagahara | Proc. SPIE 10960[END_REF] even opens up a compatibility with EUV technique for advanced nodes. It is also of interest to mention that the FGH material and patterning processes can be easily scaled up to wafer sizes, as demonstrated with a BCP/TC stack on a 4 inches wafer where the TC is patterned with UV light (λ=365 nm) on the Fig. 3, right. The FGH material, blended with a PAG as latent catalyst, behaves as a chemically amplified negative resist, due to the nature of the cross-linking reaction through the epoxy moieties [START_REF] Ito | Advances in Polymer Science[END_REF]. Thanks to the ease of their compositional tuning with the synthesis, the user is able to readily choose either the neutral or affine nature of the TC material to be patterned. This unique patterning ability of the FGH opens up new integration schemes for the DSA of block copolymers, leading to the selection of areas of interest with either perpendicular or parallel orientation of BCP domains directly through the TC material. Examples of such a selection of areas of perpendicular or parallel orientations for BCP through TC patterning are given in Fig. 4 with UV and e-beam lithography techniques. This intrinsic property leads to processes and integrational paths, which cannot be achieved with classical schemes and materials, and thus further increase the available process-flows, aiming to control and use the selfassembled morphologies. 

Multilayers stacking

Another interesting functionality offered by the unique FGH design is tied to their cross-linked and controlled surface energy nature. Indeed, these two features naturally open up the way of an original multilayer stacking process of BCPs films.

Previously reported techniques [START_REF] Rahman | [END_REF] use timeconsuming processes to coat an extra-layer of a material to encapsulate and protect the BCP film form a potential stripping or lift-off with an upper layer of a second BCP material. In the case of the FGH material, thanks to their spin-coatable nature, the protection of the first BCP layer with its neutral TC is very quickly achieved (few minutes for the cross-linking step) before being able to coat the second layer of BCP. Moreover, the self-assembly bake can be performed either all along or at the end of the stacking process, as the BCP keeps here its own viscoelastic properties along the whole stacking process, conversely to other techniques [11]. Therefore, the overall process is very swift, and a functional two-layer stack can be achieved within less than 10 minutes, as illustrated on the Fig. 5, left. The stacking process can also include a patterning step, as evidenced in the Fig. 5, right, which can hardly be achieved with other techniques, rendering thus the FGH materials quite appealing for investigations in photonic and metamaterials applications with BCPs. 

Conclusion

We have detailed the design of an innovative TC material combining multiple functionalities. While being able to balance the interfacial tension of a given BCP material, it demonstrates a high efficiency to suppress the dewetting of the BCP material through the trapping of its initially flat state, without hindering its phase-separation process. The unique patternable ability of this TC design enables new processing schemes for the self-assembly of BCP to select areas of interest in the film and their integration into useful processflows for nanolithography. Finally, the crosslinked nature opens up interesting potential into photonic/metamaterials applications with BCP, owing to the swift stacking of multiple BCPs layers.

Fig. 1

 1 Fig. 1 Chemical structure of PDMSB-b-PS block copolymer (left); Structure of FGH top-coat material (middle); Top-view SEM picture showing the self-assembly of a lamellae-forming 18 nm period PDMSB-b-PS BCP obtained by using a neutral FGH material as TC and a neutralized substrate, with a 240 °C/5 minutes thermal annealing process (right).

Fig. 3

 3 Fig. 3 Examples of FGH patterning on top of PDMSB-b-PS film with different techniques. A 4 inch wafer of a BCP/TC stack, where the FGH -TC material is patterned with UV light (λ=365 nm) exposure, is shown on the right.

Fig. 4

 4 Fig.4 Example of FGH-patterning results, demonstrating the selection of perpendicular and parallel areas of a lamellae-forming 18 nm period PDMSB-b-PS BCP with UV light (λ=365 nm) exposure (top panel) or e-beam exposure (bottom panel). The thermal annealing step was performed at 240 °C for 5 minutes.

Fig. 5

 5 Fig. 5 Examples of 3D-multilayered PDMSB-b-PS film stack obtained with the specific FGH as neutral interface material, where the cross-sections are characterized with FIB-STEM technique. The first BCP layer is a lamellae-forming 12 nm period PDMSB-b-PS BCP, and the second is a lamellae-forming 18 nm period PDMSB-b-PS BCP (left). Example of a combination of BCP multilayers stack with the patterning ability of the FGH material (right). The upper patterned FGH film leads to different orientational order of the 2 nd lamellar BCP layer. A lamellae-forming 18 nm period PDMSB-b-PS was used as first and second BCP layer.
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