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The importance of measurement and analysis of pattern roughness in SEM (Scanning Electron Microscope) images has continuously grown in the past few decades since it affects performances of devices [START_REF] Oldiges | Modeling line edge roughness effects in sub 100 nanometer gate length devices[END_REF]. In parallel, non-Manhattan patternssuch as curvilinear and shapes with multiple anglesare more and more present in recent lithography landscape [START_REF] Dalton | Photonic integration improves on current technologies[END_REF], [START_REF] Koh | Manhattan or non-Manhattan?: a study of alternative VLSI routing architectures[END_REF]. Key examples are photonic devices, ILT (Inverse Lithography Technology) patterns in photomask fabrication, and DSA (Directed Self-Assembly) fingerprint patterns for early material development. In this article the challenges associated with roughness measurement on such curvilinear patterns will be presented and algorithms and methodology to tackle these challenges will be proposed.

The proposed methodology relies on robust-to-noise contour extraction algorithms [START_REF] Le-Gratiet | Contour based metrology: "make measurable what is not so[END_REF]. In this paper, an original method to evaluate and validate contour extraction algorithms, in the context of roughness measurement, is proposed. The schematic workflow is illustrated in Figure 1. Both a SEM model and a noise model are calibrated using experimental SEM images from state-of-the-art equipment and processes. This allows the generation of synthetic SEM images with arbitrary layout, programmed roughness and controlled noise (equivalent to 'frame by frame' SEM image acquisition). Edge detection algorithms and advanced 'PSD analysis' are applied to the images for roughness measurement. Same strategy may then be applied to 'real' SEM images.

The method is first carried out in 1D patterns (straight lines). For that, synthetic SEM images are generated, following the protocol of ref [START_REF] Francesco Lorusso | Need for LWR metrology standardization: the imec roughness protocol[END_REF]. From this step, an excellent correlation with the results obtained in [START_REF] Mack | Unbiased roughness measurements: subtracting out SEM effects, part 3[END_REF] is found. Additionally, to that, a very low noise sensitivity of the edge contour extraction algorithm is noticed (Figure 2).

The methodology is then extended to 2D patterns. As a first step, we make use of synthetic SEM images to discuss the potential problems raised by curvilinear patterns, such as reference determination, data interpolation and closing contours. In the same way as for 1D patterns, a programmed roughness, entered as input in the workflow of Figure 1, is found back in the analysis after contour extraction and PSD analysis. Using synthetic images for different number of frames, the contour extraction sensitivity to noise can also be explored.

Finally, the methodology is successfully applied to experimental SEM images: unbiased PSD of 2D curved patterns are determined for two classes of applications: photonic devices (as shown in Figure 3) and DSA fingerprint (as shown in Figure 4). Keywords: 2D roughness metrology, curvilinear patterns, contour metrology, PSD analysis, SEM model, synthetic images 

Figure 1 :

 1 Figure 1: Schematic workflow used to measure roughness on curvilinear 2D patterns.

Figure 2 :

 2 Figure 2: 1D-pattern roughness measurement following protocol of [5] with excellent correlation with results of [6].

Figure 3 :

 3 Figure 3: (a), a ring oscillator design from a photonic device. (b) a detailed zoom of the associated SEM image, showing the variability of angles that have to be considered for the roughness measurement. (c), the unbiased PSD for the ring oscillator in (a).

Figure 4 :

 4 Figure 4: (a) a SEM image from a DSA fingerprint and zoom in detailed (highlighted in red). (b), the result of the contour extraction [4], and (c), the associated unbiased PSD.