Polishing without touching – how to reduce roughness in
refractive micro-optical elements
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Refractive micro-optical elements are finding applications in high volume consumer electronic devices ranging from mobile gadgets to flat panel displays. The most convenient mastering
technique for fabricating the 3D pattern required for this application seems to be direct laser
writing (DLW) with variable doses which results in different heights upon development. Using this grayscale approach, precise tall aspheric microlenses with deep sag are difficult to
write as the simultaneous resolution in lateral and vertical direction provided by single photon
absorption is not high enough. A truly 3D capable approach with higher resolutions in lateral
and vertical direction is two-photon polymerization (2PP). Even with higher resolutions, 2PP
is not considered for mastering. The trajectories and layering during the DLW often result in
roughness in the range of the writing increment, which has adverse effects for optical applications. Different strategies have been developed to smoothen out this roughness (see Fig. 1).
However, while some of the strategies go along with loss of fidelity, others require extreme
writing times and process control becomes particularly crucial for complex microstructures.
If a surface has to be subsequently smoothed out by post-processing, it must be achieved using a method that only modifies the surface and does not change the structural details or the
overall shape. For this a method known as TASTE was developed, which works particularly
well with thermoplastic polymers such as PMMA [1]. It involves selectively changing the
material properties (glass transition temperature) of the part of the sample that needs modification, i.e., locally confined in lateral or vertical direction. We therefore copied the original
structure (master) into a PMMA structure by thermal imprint (hot embossing). To preserve the
structural details of the complex surface, the structure was first replicated into an elastic intermediate stamp (see Fig. 2), for which UV-PDMS from Shin-Etsu was used [2]. By using
high energy exposure, the PMMA was modified at a defined depth of the surface by chain
scission. This was followed by molecular weight dependent reflow at elevated temperatures.
For surface smoothening of microlenses and –prisms we have found 172 nm UV exposure to
be the ideal fit for this application, because of its optimum balance between modification and
ablation [3].
Using our polishing process, a roughness of 100 nm could be removed while preserving the
concave shape with up to 50 µm high structures and deep central sags surrounded by high
aspect ratio tips between adjacent lenses in array configuration (see Fig. 3). This was also confirmed optically for a microlens array with several 100 microlenses. Such an array would need
several days of writing by using standard 2PP-DLW with a slicing distance appropriate (50100 nm) for sub-10 nm roughness. Instead of this, the selective smoothening is a viable method preserving the advantages of high resolution patterning with reasonable writing times.
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Figure 1: Comparison of three main alternatives for surface smoothening of roughness typically encountered in 2PP-DLW: by (a) variation of voxel size or (b) by writing strategies or (c) by
post-processing using the TASTE process.

Figure 2: Process routes for replication of micro-lenses in negative resist (IpDip), fabricated by twophoton direct write laser-lithography (2PP-DWL). Only the copying into a thermoplastic
material enables the use of the TASTE process for a post-exposure thermal reflow. The optical elements with smoothened surface can then be used for further upscaling into a working tool by step&repeat imprint.

Figure 3: SEM micrographs of microlens array manufactured by 2PP-DLW displaying the effect of
variation of voxel size, writing strategy (slicing) and post- processing (TASTE) on surface
roughness. Upper row: 3×3 lens array, lower row: magnification of intersection of 4
lenses. In comparison to b) in which writing was optimized, c) displays a surface smoothened lens which was generated from a), but with 10 times smaller writing time (5 min instead of 50 min).

