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Nanofocusing x-ray lenses (NFLs) are a certain kind of refractive optics fabricated out of silicon.
They are expected to focus hard x-ray beams down to a size of about 20 nm [1]. The NFL consists of
a series of many single lenses stacked in a row one behind each other, as shown in Figure 1a,b. The
single lenses are etched into the surface of a wafer with micro-fabrication techniques, allowing one
to give them a parabolic shape with radii of curvature in the micrometer range. In order to obtain
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Figure 1: Photograph and SEM images of NFLs. (a) Si wafer with lens arrays. (b) Single NFL lens. (c)
Underetching effect. (d) Local deviations in strength of underetching, especially at the bridge with thickness
d.

a small and intense x-ray beam of nearly Gaussian profile, the shape of the lenses must be free of
shape errors. The ideal lens has a parabolic transmission profile, but the fabrication process leads
to deviations. With ptychography a scanning coherent diffraction microscopy method has been
developed [2] to characterize x-ray optics throughout [3]. A sample is scanned with a coherent
beam formed by the optic to be characterized. At each scan point a far-field diffraction pattern
is recorded. From these data, the complex transmission function of the object as well as the full
complex wave field illuminating the sample can be reconstructed with high spatial resolution. The
results are used to numerically calculate the profile of the beam around its waist [4]. These caustics
allow for a detailed analysis of aberrations of the optic [5].
Aim of the experiment was to improve the focusing quality of NFLs by correcting for systematic
fabrication errors. The most dominant error leading to aberrations is underetching. During fab-
rication, the etching gas does not only remove material defined by the mask, but it also removes
material beyond the mask, shifting the surface of the lens parallel to the wafer surface (Figure 1c).
To compensate this, the etching mask is created with a certain offset. Unfortunately, the degree of
underetching depends on the structures to be created, since temperatures during the etching process
may vary locally. In our case, the underetching at the apex s(d) is dependent on the waist thickness
d (Figure 1d). To achieve high transmission through the lens, d must be as small as possible. Man-
ufacturing processes limit this to d = 1.5 µm, which is the typical waist thickness for our NFLs. To
illustrate the influence of waist thickness, we also manufactured a lens with d = 3.0 µm, which is
otherwise not desirable for high transmission. To compensate the stronger underetching at the apex
for lenses with the standard thickness d = 1.5 µm we modified the mask in this area by adding a
Gaussian with constant width and varying amplitude to the mask profile.
Measurements were carried out at the nanoprobe endstation at P06. We used a photon energy of
E = 15.25 keV. The optics consisted of a vertically and horizontally focusing lens stack. The
vertical one consisted of N = 212 single lenses with a radius of curvature of R = 22 µm at the
apex. The horizontal stack was fabricated with N = 212 and R = 13 µm. Lenses with the different
corrections were all placed onto the same wafer, so that the lenses can be switched easily after the



initial alignment process. Ptychographic measurements were carried out using an NTT-AT siemens
star test structure with finest structures down to 50 nm.

Figure 2: Beam profiles of the vertically focusing NFL for different corections. (a) d = 1.5 µm, zero
correction at the apex. (b) d = 3.0 µm, zero correction at the apex. (c) d = 1.5 µm, 30 nm correction at the
apex. (d) d = 1.5 µm, 50 nm correction at the apex.

The resulting beam caustic for the vertically focusing lens is shown in Figure 2a. The beam shows
a splitting downstream of the focal plane, which is caused by an underetched lens profile. When
switching to lenses with d = 3.0 µm (Figure 2b) the beam profile becomes more symmetric, i. e.,
aberrations are reduced. This indicates a more homogeneous temperature distribution during the
etching process and a constant underetching over the whole lens surface. Since the low transmission
with higher d is not desired, lenses with d = 1.5 µm and a small correction at the apex were studied
next. Figure 2c shows the caustic for a lens with a correction of 30 nm at the apex (amplitude of
the Gaussian). The correction was increased to 50 nm, which resulted in the beam profile shown
in Figure 2d. In Figure 2c, the beam splitting downstream of the focal plane is reduced and a
focus with reduced aberrations was achieved, while maintaining a small d for high transmission.
In Figure 2d the aberration is overcorrected, resulting in the beam splitting upstream of the focal
plane.
The experiment successfully demonstrated the effect of small mask corrections at the apex of an
NFL and showed a possible way to compensate aberration effects caused by the manufacturing
process.
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