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ABSTRACT

Aberration-free x-ray optics are a prerequisite for nondestructive scanning x-ray microscopy with highest spatial resolution in order to
understand complex material systems and processes. Nevertheless, due to highly challenging manufacturing requirements, even state-of-the-
art x-ray optics often still suffer from residual lens aberrations, and diffraction-limited performance can often only be achieved by inserting
additional corrective optical elements. Here, the concept of tailor-made refractive x-ray phase plates is expanded by integrating these correc-
tive optical elements into the focusing device directly. In this case, planar nanofocusing x-ray lenses out of silicon are corrected for aberra-
tions by structuring the phase plate into the lens chip via focused ion-beam milling. The concept is demonstrated by focusing x-rays with an
energy of 18keV into a diffraction-limited focal spot with a size of 50 x 65nm? full-width at half-maximum and a reduction in residual

intensity outside the focus by a factor of well over three.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153149

Nanofocusing refractive x-ray lenses (NFLs) are used in modern
synchrotron radiation facilities to provide focal spot sizes below
100 nm for full-field imaging' and scanning microscopy applications
with various contrasts.” * There is no fundamental limit in numerical
aperture (NA) for refractive optics,” and spot sizes of a few tens of
nanometers have been achieved.”” However, practical considerations
for working distance and transmission typically limit the spot size. In
contrast, diffractive optics can reach spot sizes below 10 nm with high
efficiency,”” and reflective optics have demonstrated focal spot sizes of
25nm,'” limited by the critical angle of total reflection.

An advantage of refractive optics is their potential to create
almost perfectly clean nanobeams with a Gaussian intensity profile.
Due to their parabolic thickness profile, the pupil function of refrac-
tive optics is a truncated Gaussian, in contrast to circular or rectangu-
lar apertures for diffractive and reflective optics. Since the point
spread function (PSF) is given by the squared modulus of the Fourier

transform of the pupil function, refractive optics create a nearly
Gaussian PSF, whereas oscillating Bessel or sinc functions are created
by circular and rectangular apertures. While the focus of a Gaussian
pupil optic can contain a factor 1, > 0.98 of the total radiation,
the focus of flat pupil function optics contains 7g,, =~ 0.85 at best.
Here, we define the two-dimensional focus as the area within the first
minimum of the Bessel or sinc function at a radius of 1.22 and within
the same area of a Gaussian fitted for optimal approximation of
the pattern with a waist radius of wy = 0.84. Considering the
amount of background intensity spread around the central focal
spot, a Gaussian focus provides a reduction by a factor of (1 — ng,,)/
(1 — NGauss) = 10. For mirror optics, an apodizing slit can also reduce
side-lobes in a two-stage focusing scheme at the expense of inten-
sity.'" A clean measurement signal originating from the central peak
of a nanofocused beam is crucial in background-sensitive experiments
such as small- or wide-angle x-ray diffraction from low-contrast
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271 or dia-

samples contained in sophisticated in situ environments
mond anvil cells.""°

Deep reactive ion etching techniques allow the fabrication of
NELs in silicon,'”'"” silicon carbide,”” and diamond.”””' Minuscule
control of the etching process is required in order to achieve a constant
parabolic lens profile across the whole wafer and over the full etch
depth.””*” Due to the combination of several tens to hundreds of sin-
gle lenses, systematic etching errors on each lens surface are amplified
when the x-ray beam is propagating through the lens stack. The
induced aberrations increase the background intensity significantly
and can lead to a focal spot that is not diffraction-limited anymore.
Refractive phase plates for hard x-ray optics” present a solution to
overcome these technological limitations with a corrective optical ele-
ment made to measure. Here, we present the correction of aberrations
in a crossed pair of silicon NFLs with on-chip corrective phase plates.

The NFLs contain a Si blank area of rectangular shape, depicted
in Figs. 1(b), 1(d), and 1(e), which can be precisely structured in one
dimension by focused ion-beam (FIB) milling in a subsequent process-
ing step. Its size in beam direction of 50 m was chosen such that max-
imum expected phase errors of the NFLs can be corrected for. The
focused wavefield of the NFLs is characterized with at-wavelength
metrology based on x-ray ptychography”” *" in order to guide the
design of the corrective phase plates.”” The ptychographic imaging

(@) slits kL hNFL

pinhole focus

pubs.aip.org/aip/apl

experiments were conducted at the PtyNAMi instrument”” located at
beamline P06 of PETRA III during two beamtimes: a first one to char-
acterize the NFLs including the Si blank area and a second one to
investigate the performance of the lenses after structuring the Si blank
area by FIB milling. The latter then acts as a phase plate permanently
integrated into the optics to compensate for residual aberrations of the
NFL-optics.

X-rays with an energy of E = 18keV were selected by a Si-111
channel-cut monochromator. Figure 1(a) shows the schematic config-
uration at the endstation. A pair of slits directly in front of the silicon
NFLs confined the beam to the geometrical lens aperture of 20
%30 um? (h x v). In Table I, parameters of the vertically focusing lens
(vNFL) and horizontally focusing lens (hNFL) are summarized. A
sketch of the Si wafer design for a single lens row is shown in Fig. 1(b),
with a more detailed view and description of lens geometry parameters
in Fig. 1(c). The vNFL was mounted upstream and is followed by the
hNFL. The distance between the NFL chips was adapted, such that the
focal planes in the vertical and horizontal directions coincide to form a
common focal spot. A pinhole with a 30 um diameter was mounted
close to the focal plane to further reduce stray radiation. The focused
wavefield was characterized via ptychography by placing a Siemens
star resolution test chart in the vicinity of the focal plane and recording
far-field diffraction patterns on an Eiger X 4M pixel detector,”’ placed

detector

(

R

vPP plane hPP plane

sample plane

FIG. 1. Experimental configuration and
the lens wafer design. (a) Sketch of the
experimental setup. (b) Top view sketch
showing the wafer design of a lens row on
the etched Si chip. (c) Scanning electron
microscopy (SEM) image of a single lens
with geometry parameters. (d) SEM image
of the Si blank area at the lens exit. The
feature is on both the hNFL and vNFL
chips in order to fabricate a phase plate
for the lenses individually. (e) Tilted view
SEM image of the lens exit area and
markers required for an accurate position-
ing of the NFLs during FIB milling. The
markers were etched into the Si chip
together with the NFLs.
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TABLE I. Parameters for the lenses at E = 18 keV. The geometrical parameters are
described in Figs. 1(b) and 1(c).

Parameters vNFL hNFL
Radius of curvature R (um) 8.086 5.278
Number N of bi-concave lenses 118 154
Web thickness d (um) 1.5 1.5
Geometrical aperture 2R, (¢m) 30 20
Single lens length I (um) 315 21.5
Focal length (mm) 23.37 12.07
Numerical aperture NA (10~%) 4.112 5.645
Diffraction limit (nm) 63 46
Transmission 0.33 0.32

3.175 m downstream of the focal plane. The sample was raster scanned
in a regular grid pattern with a dwell time of 0.5 s per scan point. A
square area of 6 X 6 um” was scanned with a step size of 40 nm. After
500 iterations, we retrieved the complex-valued wavefield ¥ mple cre-
ated by the crossed NFL pair at the sample plane, as indicated in Fig.
1(a). Using the Fresnel-Kirchhoff diffraction formula and the theoreti-
cal values for the focal length given in Table I, the wavefield ¥ smple
was numerically back-propagated to the exit plane of the hNFL, yield-
ing Whpp. The corresponding wavefront error, retrieved by fitting the
first 4 Zernike-like polynomials for a rectangular aperture’' to correct
for tilt and defocus, is shown in Fig. 2(a). The circular Zernike polyno-
mial basis was used to compose a new set of basis functions on a
square aperture through the Gram-Schmidt orthonormalization pro-
cess,”” where the Zernike unit circle circumscribed the entire square
aperture. In a second step, the wavefield was further propagated to
retrieve Wypp at the exit of the VNFL, and its corresponding wavefront
error is shown in Fig. 2(¢). Here, the hNFL was simply omitted, and a

pubs.aip.org/aip/apl

free-space propagation was performed, as we are only interested in the
vertical component. For orthogonally oriented, one-dimensionally
focusing lenses, the wavefield can be separated into horizontal and ver-
tical components that do not influence each other. By averaging the
phase error in the vertical direction of Wypp between the dashed lines
highlighted in Fig. 2(a), the horizontal phase error is retrieved and
plotted in blue in Fig. 2(b). The steep gradients on the edge of the
wavefield likely originate from the sharp aperture slits. Assuming that
the etching errors for the NFL are symmetrical to the optical axis, we
subsequently fitted a symmetric height profile for the phase plate
structure (hPP), shown in green in Fig. 2(b). The gradient on the outer
aperture was reduced and continued to slightly beyond the geometrical
aperture of the hNFL in order to avoid scattering on sharp edges
within the geometric aperture of the NFLs. The same procedure was
performed for the vNFL. The corresponding vertical phase-error com-
ponent in blue and the derived symmetric vPP profile in green are
shown in Fig. 2(f).

The phase plate structure was implemented on the NFL wafer
pieces using a dual electron and focused ion-beam instrument.”’ Both
calculated hPP and vPP designs were imposed into the Si blank area,
shown in Figs. 1(d) and 1(e), by careful material removal using ion-
beam milling with a low current of 15nA at 30kV. The phase plate
structure was thereby milled from top to bottom of the lower edge of
that blank, as shown for the hNFL and vNFL in Figs. 2(c) and 2(d)
and 2(g) and 2(h), respectively. The SEM images indicate a homoge-
neous thickness profile with a slight widening toward the bottom of
the Si wafer.

During the second beamtime, the NFLs with the now integrated
corrective phase plate structures were again characterized by x-ray pty-
chography at PtyNAMi. This time, the detector was positioned at a
distance of 3.52 m downstream of the Siemens star resolution test
chart. A square area of 4 x4 yum” was raster scanned in a regular grid
pattern with a 200 nm step size and a dwell time of 0.5 s per point.
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FIG. 2. Design of the on-chip phase plate. (a)-(d) Correction of hNFL. (e)-(h) Correction of VNFL. (a) and (e) Wavefront error at the exit of the hNFL and vNFL, respectively.
(b) and (f) Wavefront error (blue line), derived from the area between the dashed lines in (a) and (e), respectively. The green line shows the derived phase plate height profile.
(c) and (g) Tilted view SEM images of the hPP and vPP structures at the lens exit. (d) and (h) Top view SEM images of the exit area from the hNFL and vNFL with structured

phase plate at the exit, shown at the bottom.
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Figure 3(a) shows the previously measured wavefront error behind the
uncorrected NFL pair at the exit of the hNFL [identical to Fig. 2(a),
but with different color scale]. The standard deviation o,opp of the
phase error is 0.75 rad. The wavefront error with implemented phase
plate for both the vNFL and hNFL is shown in Fig. 3(b) for direct
comparison. A reduction in wavefront error to gpp = 0.32rad is
achieved. Figure 3(c) shows a comparison of the phase error in the
horizontal direction, averaged along the vertical direction. Here, the
phase plate clearly leads to an improvement, reducing o), from
0.60rad down to 0.18rad. For the vertical phase error, shown in
Fig. 3(d), an improvement for o, from 0.30rad down to 0.14rad is
observed. The resulting impact on focal spot characteristics is
highlighted in Fig. 4. The beam caustic for the uncorrected NFL pair
in the horizontal and vertical directions is shown in Figs. 4(a) and
4(b), respectively. In the horizontal direction, the phase errors lead to
tails on the upstream side of the focus, indicated by the arrow. In the
vertical direction, the initial phase errors are on a level that barely lead
to any visible aberration. For the corrected NFL pair, shown in
Figs. 4(c) and 4(d) for the horizontal and vertical directions, the tails
in the horizontal direction vanished, and also in the vertical direction,
smaller improvements can be recognized. The uncorrected NFL pair
created a focal spot of 52 x 68nm’ full-width at half-maximum
(FWHM), shown in Fig. 4(e), with pronounced side-lobes especially in
the horizontal direction. An improvement of the focal spot size to
50 x 65 nm* FWHM is achieved with the corrective phase plates, and
horizontal sidelobe intensity is significantly reduced. The reached focal
spot size agrees well with theoretical values listed in Table L. The radi-
ally averaged intensity distribution, plotted in Fig. 4(g), confirms a
reduction of intensity in the first sidelobe by an order of magnitude. In
return, the fraction of the total intensity that is concentrated in the
central focal peak, expressed by the Strehl ratio, is improved from 0.82
to 0.95. This translates to a reduction in residual intensity outside the
central focal peak by a factor of 3.6.

When dividing the maximum height of the calculated phase plate
structures shown in Figs. 2(b) and 2(f) by the number of horizontal
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FIG. 3. Comparison of the wavefront error. (a) Wavefront error at the exit of the
hNFL without phase plates (noPP). (b) Wavefront error at the exit of the hNFL with
phase plates (PP). (c) Wavefront error in the horizontal direction, vertically aver-
aged. (d) Wavefront error in the vertical direction, horizontally averaged.
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FIG. 4. Effects of aberration correction to the x-ray nanobeam. (a) and (b)
Horizontal and vertical beam caustic without phase plates, respectively. (c) and (d)
Horizontal and vertical beam caustic with phase plates, respectively. (e) and (f)
Beam intensity in the focal plane without and with phase plates, respectively. (g)
Radially averaged intensity profile in the focal plane.

and vertical lens surfaces, respectively, the maximum etching error for
a single surface is 18.8 um/(2Nj,) = 61 nm for the hNFL and 14.8 um/
(2N,) =63nm for the vNFL. This highlights the challenging
manufacturing requirements for NFLs and emphasizes the need to
integrate correction optics in a subsequent step in order to reach ulti-
mate focusing performance. Since both the horizontally and vertically
focusing NFLs were structured into a single Si wafer during the same
etching process, similar etching errors are expected. In addition, the
separation of horizontal and vertical phase errors is only valid for
orthogonal lenses. Due to limitations in alignment accuracy, the typi-
cal angular error between the lenses is <0.2°. This is especially rele-
vant for the design of the vPP structure, as the backpropagation from
the hPP plane to the vPP plane omits any influence from the hNFL.
Figure 3(b) shows a residual phase error after correction that is not
homogeneous along the horizontal and vertical directions, indicating a
more complex aberration in the lenses than the assumed etch-depth
independent phase error separated into horizontal and vertical compo-
nents. In order to correct these heterogeneous phase errors, the FIB
structure would require to have a three-dimensional structure. Instead
of only milling a cylindrical shape from the top, a height profile could
be milled from the frontal area, similar to FIB milling of diamond
lenses.” With this approach, a single phase plate at the exit of the
downstream NFL chip could correct the crossed NFL pair.

In conclusion, the presented results demonstrate the feasibility of
aberration correction for NFLs directly on the lens chip by means of
FIB milling. The approach allows to compensate etching errors not
only in the fabrication process of silicon NFLs but also for any other
lens material where FIB milling is possible, e.g., silicon carbide or dia-
mond. Since the corrective structure is integrated on the lens chip,
additional technical equipment to align the phase plate is not required,
and a permanent improvement of optical properties for these x-ray
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lenses is achieved. The approach is especially suited for NFLs and adia-
batically focusing lenses” with high NA, where aberrations are typically
larger due to the combination of many lenses and small radii of curva-
ture R. The technique allows to further increase the performance of
refractive x-ray lenses and significantly lower the noise floor of the
focused Gaussian beam. This benefits experiments requiring a very
clean Gaussian nanofocused x-ray beam like, e.g., diffraction studies
with diamond anvil cells.”'® With further advances in FIB milling,
also three-dimensional structures could be milled into the wafer,
allowing to correct more complex and etch-depth dependent
aberration.
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