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Abstract. We report on a Fourier transform holography study, employing hard X-ray energies
at a 3rd generation storage ring. Nano-structures of various sizes and shapes have been measured
in ultra small angle x-ray scattering configuration reaching a resolution in the holographic
reconstructions of about 50 nm. Reliable holograms have been obtained with 6.9x10° incident
photons. Our results provide an important step forward towards routine split-pulse Fourier
transform holography measurements at FEL sources and 4th generation ultralow-emittance
sources.

1. Introduction

Lensless coherent X-ray imaging became one key techniques at Free Electron Lasers (FELs)
and storage rings suited for high resolution microscopy. Examples include coherent diffractive
imaging (CDI) on nanoscales [1, 2], Fourier transform holography (FTH) from magnetic
domains [3, 4, 5], in-line X-ray holography [6], and in-flight holography [7]. Coherent X-ray
imaging techniques strongly rely on a high degree of transverse coherence. Although the phase
information is lost by recording the diffraction intensities by the detector, it can still be retrieved
by computational means. CDI requires iterative algorithms to retrieve the phase information [8].
In contrast, the lensless FTH approach employs well-defined reference objects. The interference
of the scattered waves from the sample and from reference objects generates a hologram. The
image of the sample structure is obtained by a simple Fourier transform. In recent years
FTH was developed into a robust technique with soft X-rays [3, 9, 10, 11]. The feasibility
of hard X-ray FTH imaging combined with CDI was demonstrated with spatial resolution of
25nm [12]. Further attempts of hard X-ray FTH have been very limited. Combining FTH with
the split-and-delay technique [13, 14, 15, 16, 17] at FEL sources opened the possibility to measure
dynamics with femtoseconds resolution [18]. In this way FTH was employed to measure X-ray
holograms using a soft X-ray autocorrelator, where FEL pulses were geometrically separated
and split into two with femtoseconds delay to overlap on the sample position. The diffraction
patterns generated from both pulses were separated on the detector and could thus be treated
independently. However, due to the use of soft X-rays the maximum achievable wave-vector
transfer and the spatial resolution is limited which can be improved significantly using hard
X-rays.
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Figure 1. (Top left) Sketch of the Fourier Transform Holography technique at the beamline
P10 of PETRATII. (Bottom left) Sketch of the samples and their corresponding cross section.
(Right) Recorded hologram image obtained from the sample object letter P and reference pillars
shown in Fig. 2a). The inset shows the details of the interference pattern originating from the
sample object and multiple reference pillars.

Here we demonstrate hard X-ray FTH measurements in ultra small-angle X-ray scattering
(USAXS) configuration on nano to micrometer sized objects. In our study, we aimed to
determine the spatial resolution and the required photon flux for successful hard X-ray FTH
reconstructions.

2. Experimental

The experiment was performed at the coherence applications beamline P10 of PETRAIII [19].
The experiment was carried out at 8.6keV photon energy. The beam size bg at the sample
position was defined by compound refractive lenses (CRLs) to about 5x6um? (vertical x
horizontal). The beamlime was set up in the so-called USAXS configuration providing a sample
to detector distance L = 21.3m. A sketch of the experiment is presented in Fig. 1. The
holograms were recorded by an Eiger-4M detector. A semitransparent silicon beamstop has been
used, which features a central 500 um round tantalum disc to stop the direct beam. The use of
the beamstop allowed to retrieve the scattering intensity at very low q values. The resolution
of the hologram reconstruction is defined by the speckle size Ay, the reference structures (i.e,
“positive” sub-micron objects called pillars) size A, and the maximum ¢ values reached in the
experiment according to A, = 7/gmax = 20nm. The speckle size was much larger than the pixel
size of the detector, i.e, 75 um. The speckle size was obtained via ds = A\L/bs = 307 pm, where
A is the X-ray wavelength.

The sample objects were prepared in various shapes and sizes by e-beam lithography, sputter
deposition and ion beam etching. A 10nm Cr/90nm Au bilayer was deposited onto 200 nm
thick silicon nitride membranes (see Fig. 1). A negative resist atop was structured by e-
beam lithography. All excess metal was removed by Ar ion—beam etching. The residual resist
was removed by an oxygen plasma, leaving only the metallic structures on the silicon nitride
membrane. Scanning electron microscopy images of the samples, i.e. the letter P and a stylized
version of the Elbphilharmonie (Elphi) are shown in Fig. 2a) and Fig. 3a), respectively. The
smallest reference pillars are approximately 80 nm in diameter.
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Figure 2. a) SEM image of the sample letter P and reference pillars. b) Reconstruction of the
hologram showing the sample object letter P and reference pillar structures. c¢) Zoom into the
reconstruction denoted by the dark rectangle in b) and d) its corresponding phase. e) Line-cut
through the smallest feature of letter P and reference pillar structure marked by the yellow line
in c).

3. Results and Discussion

Figure 1 shows an FTH image recorded in the far field and corrected for background scattering.
The hologram shows the interference pattern from the sample object and multiple reference
pillars. Figure 2a) shows the SEM image of the sample letter P surrounded by reference objects
(pillars) that were placed on 5 concentric circles with radii of multiples of rg = 2um. The
narrowest part of the sample is 105nm as depicted with the white arrows in Fig. 2a). FTH
hologram records information on the auto-correlation terms and the cross-correlation terms
between the sample and the reference objects and its complex conjugate, i.e., a 180° rotated
copy. Figure 2b) shows the resulting reconstruction of the sample object letter P and the
reference pillar structures. The auto-correlation terms are visible in the central part of the
image. More than 30 cross-correlation terms of the sample and references can be seen in the
reconstruction. Figure 2c) shows a region-of-interest (ROI) that corresponds to the selected
image of the sample. The sample object shape, i.e. letter P, is clearly recognizable. The
line-cut through the ROI, shown in Fig. 2e), indicates that one can resolve structures of about
100 nm. Figure 2d) presents the retrieved phases. As the object’s phase is uniform it indicates
the homogeneity of the sample height. The hologram image is the result of 1s acquisition time
with N = 6.9x10° incident photons at the sample position. The incident flux is comparable
to a single FEL pulse intensity transmitted thought a split-and-delay optics [17] indicating the
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Figure 3. a) SEM image of the sample and the reference objects. b) Reconstructed test
structure from the hologram image and c¢) the corresponding phase. d) Line-cut through the
smallest feature marked by the yellow line in b) indicating a resolution of ~ 50 nm (see the
vertical dashed lines). Grey line denotes a numerical differentiation of the line-cut profile.

feasibility of hard X-ray split-pulse FTH imaging. Increasing the photon number to 1.7x10

does not improve the spatial resolution of the reconstruction, as shown in Fig. 2e).

Figure 3 presents the results from the FTH study on a larger sample object with dimensions
of &~ 2 x 2um. Figure 3b) depicts the FTH reconstructed image of the Elphi object. Line-cut
through the smallest feature of the reconstruction marked by a yellow rectangle, indicates the
resolution of &~ 50 nm. The value was obtained from a FWHM of the a numerical differentiation
of the line-cut profile, denoted by vertical dash lines as shown in Fig. 3d). Strong variations
of phases, mostly caused by the missing pixels due to the beamstop and the edges of the semi-
transparent beamstop, are clearly visible in Fig. 3c). These spatial frequencies are absent for
smaller samples (see Fig. 2d))

4. Conclusions

In conclusion we have shown FTH imaging in USAXS configuration with hard X-rays. Successful
holographic reconstructions show that all the sample features could be resolved with a resolution
of &~ 50 nm without phase retrieval algorithms. Holographic reconstructions were obtained with
6.9x10° photons, indicating the feasibility of split-pulse FTH experiments at FEL sources. These
results are very relevant in light of future studies on time-resolved molecular, biological and
chemical processes, reaction dynamics and molecular dynamics via split-pulse FTH imaging at
X-ray FEL sources. Moreover, the potential of reaching high spatial resolution and femtosecond
time scales to track, e.g., the evolution of radiation damage on ultrashort time scales, will
stimulate new developments in theory and establish new bridges between experiment and theory.
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