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Resolutions in the nanometer and sub-nanometer scale in XRM would enable an entirely new
world of exciting science and strongly benefit life and earth sciences. Currently, there are two
different strategies for improving the resolution of XRM. The first concept is related to the
improvement of full-field or scanning transmission X-ray microscopy (STXM) and requires the
realization of excellent high-resolution optics. The second approach is to promote
ptychography, a combination of STXM and coherent diffractive imaging (CDI). Ptychography
-in principle- allows reaching a wavelength-limited resolution but the resolution strongly
depends on the incident coherent dose. Therefore, developing an optic with a high focusing
efficiency remains essential for targeting resolutions in the nanometer and sub-nanometer scale

[1].

We focus our research on developing different X-ray optics [2-5] to advance both conventional
XRM and ptychography to their boundaries. In this light, our research does not target gradual
improvements but focuses on innovating unorthodox strategies targeting the extreme and to
pave the way for significant advancement.

The recent advancements in lithography instrumentation and sophisticated engineering
solutions enabled the realization of binary Fresnel zone plates (FZP) of even smaller features.
However, the achieved imaging resolutions via conventional XRM have converged to about 10
nm in half-pitch, and there has not been a significant improvement in the image resolution for
almost a decade. Calculations based on the coupled wave theory (CWT) reveal that highly
efficient focusing of X-rays to sub-10 nm can be achieved if the zones of the FZPs are tilted to
the Bragg angle [6]. To realize tilted FZPs of high quality, we prepare micro-pillars with precise
tilt angles using the recently developed plasma focused ion beam system (P-FIB). We then
exploit the conformality of atomic layer deposition to deposit the multi-layer (ML) zones of the
FZP over the tilted micro-pillars. Individual and precisely tilted ML-FZPs are then sliced,
mounted on a sample holder grid, and polished using a Ga* FIB. We demonstrate that we can
precisely tailor the tilt angle by controlling the PFIB milling parameters. Successful fabrication
of the ML-FZPs, a thorough characterization of the zone quality and finally, yet importantly,
direct imaging results reaching a 15 nm cut-off resolution at a soft X-ray STXM (MAXYMUS,
BESSY I1) has been achieved [6].

For advancing the resolution of the X-ray ptychography, we introduced new and advanced 3D
Kinoform type optics [4,7,8]. Their focusing performance with respect to both resolution and
efficiency were tested by direct ptychographic imaging using soft X-rays up to 2 keV as the
first step. In addition to metallic polycrystalline and amorphous media, we use low-loss soft
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materials to achieve extremely high focusing efficiencies. Our advanced, fast and cost-effective

fabrication routes allow a faithful reproduction of the parabolic Kinoform profile while offering
virtually unlimited optical thickness, hence can effectively target also high energy X-rays. A
high measured focusing efficiency reaching 20% in soft X-rays match the theoretical
expectations (reaching up to 95% of the theoretical values) proving the applicability of the
suggested technique [8].

We are convinced that the proposed new strategies for making X-ray lenses will have a
significant impact on direct imaging and ptychography experiments for both the synchrotron-
based and laboratory-based X-ray tools.
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