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Abstract: Soft-x-ray holography which utilizes an optics mask fabricated in direct contact
with the sample, is a widely applied x-ray microscopy method, in particular, for investigating
magnetic samples. The optics mask splits the x-ray beam into a reference wave and a wave
to illuminate the sample. The reconstruction quality in such a Fourier-transform holography
experiment depends primarily on the characteristics of the reference wave, typically emerging
from a small, high-aspect-ratio pinhole in the mask. In this paper, we study two commonly used
reference geometries and investigate how their 3D structure affects the reconstruction within an
x-ray Fourier holography experiment. Insight into these effects is obtained by imaging the exit
waves from reference pinholes via high-resolution coherent diffraction imaging combined with
three-dimensional multislice simulations of the x-ray propagation through the reference pinhole.
The results were used to simulate Fourier-transform holography experiments to determine
the spatial resolution and precise location of the reconstruction plane for different reference
geometries. Based on our findings, we discuss the properties of the reference pinholes with view
on application in soft-x-ray holography experiments.
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journal citation, and DOI.

1. Introduction

X-ray microscopy is an important set of techniques for studying the structure and dynamics of
modern materials at the nanometer scale. However, the short wavelength and weak interaction
with matter make it challenging to fabricate high-quality x-ray optics to reach a wavelength-level
spatial resolution. As a consequence, a collection of coherent, lensless imaging techniques have
been developed with the aim of replacing x-ray optics by numerical algorithms. The three most
common methods include: holography, coherent diffractive imaging (CDI), and ptychography.
Overviews on these methods are provided in Refs. [1–5].

The general difficulty associated with these lensless imaging techniques is the so-called “phase
problem” which results from a detector’s inability to measure a wavefront’s phase. To overcome
this problem, Fourier-transform holography (FTH) uses an ideally spherical reference wave,
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which interferes with the wave scattered from the sample, to encode the phase into the intensity
measurements. As a result, FTH is a non-iterative method that allows for a fast and deterministic
reconstruction procedure. In the typical mask-based geometry for soft x-rays, the reference wave
originates from a small pinhole spatially separated in the transverse direction from the sample
[1,6]. A sketch of this type of experiment is shown in Fig. 1. The sample’s image is recovered by
applying an inverse Fourier transform to the measured intensities. Both the reference pinhole and
an aperture defining the field of view for the sample are produced into a metal mask which is
opaque to soft x-rays. A monolithic combination of mask and sample in a single unit makes FTH
inherently insensitive to sample drifts [7,8], and provides open space around the sample allowing
for various sample environments [9,10] and excitation schemes [11,12]. Combining FTH with
CDI post-processing of the reconstruction even allows overcoming limitations in the spatial
resolution resulting from the holography optics [13,14]. The high-resolution capability paired
with the simple reconstruction procedure makes FTH a powerful technique which has been used
to investigate a variety of different types of samples, including, in particular, magnetic thin films
[6,11,12,15–17] and nanostructures [8,9,18] but also a free-flying virus [19], insulator-metal
phase transitions [10] and meteoroid material [20].

detector

sample

reference

incident 
beam

Fig. 1. The geometry (not to scale) of a mask-based FTH experiment. The sample mask
splits the incident beam into sample and reference waves which diffract and interfere on the
detector to produce a hologram. The cross-sectional shape of the references considered in
this work is shown at the top of the image.

Roughly speaking, the image in an FTH experiment is formed by the cross-correlation
between the sample’s exit wave and reference wave. Smaller reference holes, thus, result in
reconstructions with higher spatial resolution but also lead to lower photon throughput from
the reference. Using a large reference aperture will typically increase the signal-to-noise ratio
(SNR) of the image but impairs the spatial resolution. In addition, a large reference combined
with a high-numerical-aperture detection system may result in contrast inversion of certain high
spatial frequencies which can be corrected for by applying a free-space propagation operator to
the data [21]; this, however, does not affect the transfer function’s amplitude which still limits the
achievable resolution. In practice, this means one must choose between either a higher SNR or
improved spatial resolution. This dilemma has motivated work to develop more complicated
x-ray holography geometries which can avoid this trade-off by allowing reference apertures with
extended shapes [7,22–28] or by employing the focus of a Fresnel zone plate [29–31]. In essence,
the former methods trade the simple but photon-limited reconstruction procedure of FTH for
more complicated numerical procedures with the potential for improved SNR [3].

All of these mask-based approaches have in common that the reference beam is formed by
deliberately shaped apertures in an x-ray-opaque metal film which is thick compared to the
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smallest feature sizes of the apertures needed to achieve nanometer-scale resolution in the image
reconstructions. In other words, the apertures have very high aspect ratios (longitudinal depth
over lateral feature size), typically exceeding 10 by far. While the diffraction of such 3D structures
cannot be approximated by their 2D lateral shape [32,33], this approximation is predominantly
employed to describe holographic image formation. Moreover, once the reference aperture
becomes optically thick, it is unclear which plane is being reconstructed and, as a result, the extent
over which the field should be propagated to obtain an in-focus image. A precise understanding
of these effects is, thus, necessary to improve reference designs and numerical algorithms to
obtain reconstructions with the highest signal-to-noise and spatial resolution possible.

In this work, we focus on pinholes as the simplest reference structures and examine how the
3D shape of the reference pinhole affects the reconstruction in a soft-x-ray FTH experiment. We
apply phase retrieval to high-resolution x-ray diffraction measurements to recover sample images
from differently sized reference apertures produced in an identical way as for standard soft-x-ray
FTH masks. This is combined with multislice simulations [34–36] to gain an understanding
of how the field propagates through these structures. These simulations are used to simulate
FTH experiments with different geometries to gain insight into the reconstruction procedure.
A common issue related to coherent lensless imaging is identifying the reconstruction plane
for thick samples or reference apertures. In contrast to CDI, where the reconstruction plane
is determined by the support shape [37], the reconstruction plane in an FTH experiment is
determined by the reference. The multislice simulations allow us to determine the precise location
of the reconstruction plane by monitoring the total variation of the reconstruction. Moreover,
these simulations reveal that, for a particular orientation, reference apertures with small opening
angles can worsen the spatial resolution and should therefore be avoided.

2. Diffraction experiment

To investigate the x-ray transmission through a typical reference pinhole, we produced samples
of isolated pinholes based on our standard FTH sample recipe. A silicon-nitride membrane
with 200 nm thickness serves as substrate. In a typical FTH geometry, the flat surface of the
membrane would support the actual sample while the holographic optics mask is produced on
the membrane’s backside into an x-ray-opaque metal film. For the samples considered here, we
deposited 20 repeats of a Cr/Au multilayer with a layer thickness ratio of approximately 10:1 up
to a total thickness of 1.85 µm as determined from atomic-force microscopy measurements.

The pinhole was produced by focused-ion-beam (FIB) milling from the silicon-nitride side in
two steps. First, a conical funnel was milled that promotes material removal from the milling
site. Second, the actual pinhole with the target diameter was produced straight through the
remaining Cr/Au material. We produced pinholes with three nominal target diameters: 40 nm,
70 nm, and 100 nm, covering the typical range in a soft-x-ray FTH experiment. We present
scanning-electron-microscope (SEM) images of the pinholes’ exit at the Cr/Au side as insets in
Fig. 2(d’–f’), and a cross-section of a pinhole and its conical funnel in Fig. 3(a). Although we
aimed at a spherical shape of the pinholes, the actual pinholes produced show some deviation
from this shape including some degree of astigmatism. These irregularities are likely caused, on
the one hand, by a not fully corrected focal astigmatism of the FIB and, on the other hand, by the
grain structure of the Cr/Au layer. According to the SEM images, the 100 nm pinhole matches
the target size while the other two are slightly larger than targeted by 5 nm–15 nm (Table 1).

The x-ray scattering experiment was carried out at the undulator beamline P04 of the PETRA
III synchrotron-radiation facility (DESY, Hamburg, Germany). The sample was placed into the
beamline’s focal spot of approximately 10 µm size in diameter (full-width at half maximum,
fwhm) with a typical coherence length of >1 µm [38]. The photon energy was tuned to 780 eV
(wavelength λ = 1.59 nm) with an energy resolution (E/∆E) better than 1×103 and with circular
polarization. The photon energy was deliberately chosen to match typical FTH experiments on
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Fig. 2. (a–c) Far-field diffraction data (logarithmic pseudo-color intensity scale) from
40 nm, 70 nm and 100 nm diameter reference apertures, respectively, when the small
opening (corresponding to Gsmall) was illuminated. The circular dashed line indicates
the geometrically estimated opening angle of the conical section of each aperture. (d–f)
Diffraction patterns from references with diameters of 40 nm, 70 nm and 100 nm, respectively,
when the large opening (Glarge) was illuminated. See Fig. 3 for layouts corresponding
to Glarge and Gsmall. The scalebars in (a–f) correspond to 50 µm−1 where the spatial
frequency (q) is related to the observation angle (θ) and wavelength (λ) through q = sin θ/λ.
(a’–f’) Phase retrieval reconstructions associated on the diffraction measurements from
(a–f), respectively. (d’–f’) Insets show SEM images of the tube openings. The scalebars
in (d’–f’) correspond to 50 nm. The inset in (a’) shows the mapping used to visualize the
complex-valued exit wave reconstructions; the magnitude and phase of the complex image
are mapped to value and hue within the image respectively.

Table 1. (Three leftmost columns) Target and measured aperture diameters determined from SEM
and CDI reconstruction images. The diameters were determined in an elliptical fit of the pinhole-exit

circumference and given as minor and major axes. (Rightmost columns) Propagation distances
necessary to refocus the reconstruction which were determined by the FTH simulations. The

approximate locations of the reconstruction planes are shown by the blue dashed lines in Fig. 3(b,d).

Diameter (minor/major) (nm) Propagation distance (µm)

Target SEM CDI Glarge Gsmall

40 47/54 ± 2 51/59 ± 5 2.07 −1.5

70 75/85 ± 3 78/87 ± 5 2.08 −1.47

100 87/107 ± 3 84/100 ± 6 2.11 −1.45
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Fig. 3. (a) SEM image showing the cross-section of a 40 nm reference aperture. The white
lines indicate the material boundaries. The scalebar in the lower left corner corresponds to
500 nm. (b,d) Results from the multislice simulations (reference diameter 70 nm) which
show the field as it propagates through the reference aperture with the field incident from the
left. The red dashed lines indicate the sample planes for the FTH simulations. The blue
dashed lines show the reconstruction planes within the simulated FTH experiment. (c) The
transmission percentage calculated from the multislice simulations for the two geometries
Gsmall and Glarge corresponding to the blue circles and black squares, respectively. The red
line shows the ratio between the area of the smallest opening to the total area illuminated.

Co-based functional magnetic materials [6,8,9,11,12,15,16,18]. A charge-coupled device (CCD)
detector with 2048 × 2048 pixels and 13.5 µm pixel size recorded the diffraction patterns in the
far-field at a distance of 85 mm behind the sample. This geometry corresponds to an maximum
full detection angle between 18° (CCD edge) and 25° (CCD corner). The measurements were
centered and padded to 2100 × 2100 pixels. For phase retrieval, each diffraction pattern was
additionally binned to a final size of 100 × 100 pixels. The binning operation was possible due
to the smooth nature of the diffraction patterns, or equivalently, the large oversampling ratio
[39]. In this experimental geometry, the real-space pixel size corresponds to 4.8 nm. A spherical
beamstop blocked residual higher-order undulator harmonics transmitted through the Cr/Au layer.

We recorded diffraction patterns in two different orientations of the sample: in the first
geometry (referred to as Glarge), the silicon-nitride side with the large opening was illuminated
first and the radiation leaves through the tube. In the second geometry (referred to as Gsmall),
the Cr/Au side with the small opening was illuminated first and the radiation leaves through the
conical section. Each diffraction pattern was typically assembled from 100 CCD acquisitions in
order to improve its dynamic range. In Fig. 2(a–f), we compare the center portion (1800 × 1800
pixels) of the measured diffraction patterns for the pinholes with 40 nm, 70 nm and 100 nm
diameter for both illumination geometries. At low diffraction angles, all diffraction patterns are
characterized by an almost isotropic Airy-like pattern that quickly washes out and turns to a more
disordered pattern at higher angles. The contrast between minima and maxima, i.e., the visibility,
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is unexpectedly low although the x-ray illumination is considered to be fully coherent over such
small extent (≤100 nm). We, thus, attribute these deviations from the Airy diffraction pattern of
a thin circular aperture to the 3D shape of the pinhole. Most remarkably, we observe significant
scattering intensity up to the edge of the CCD when the large opening was illuminated while the
scattering signal drastically diminishes at high scattering angles for when the small opening was
illuminated.

Based on the coherent diffraction patterns, we reconstruct the reference wave at the sample
exit employing iterative phase-retrieval methods. In detail, the phase was recovered by using a
combination of the error-reduction (ER) and hybrid input-output (HIO) algorithms [40] for a
total of 20 000 iterations. The HIO algorithm was included into the reconstruction procedure
to help avoiding the estimate from stagnating near local minima. In these measurements, the
size of the central speckle was significantly larger than that of the beamstop. As a result, there
were no unconstrained modes [41] which allowed for a simple procedure to recover the missing
data. To do this, the modulus projection was modified to update only the values lying outside the
beamstop region while allowing the values to float in areas where no data was measured. The
sample support was treated as a dynamic variable and updated using the method described in
[42]. The method consists of two basic steps: first, the reconstruction amplitude is blurred with a
Gaussian kernel. Second, the new support becomes the reconstruction region with values above
a specified threshold. The reliability of the algorithm was improved by implementing a guided
approach similar to the procedure described in Ref. [43] using 32 independent reconstructions.
The parents for the next generation of solutions were chosen as the reconstructions that had both
the smallest mismatch to the data and smallest support size. From a multi-objective perspective,
these solutions comprise the Pareto front.

The interpolated reconstructions associated with the data from Fig. 2(a–f) are shown in
Fig. 2(a’–f’). The value and hue of the images are used to visualize the amplitude and phase
of the complex-valued reconstructions; this mapping is shown in the inset of Fig. 2(a’). The
amplitude and phase components are shown separately in Fig. S1 in Supplement 1. The shape
of the reconstructions are in good agreement with the SEM images of the apertures shown in
the insets of Fig. 2(d’–f’). The estimated size from the CDI reconstruction also matches the
SEM measurements (Table 1). Very strikingly, we find that the exit waves associated with the
illumination of the large opening (Glarge) (Fig. 2(d’–f’)) contain higher spatial frequencies and
larger phase variations than those corresponding to the Gsmall geometry (Fig. 2(a’–c’)).

3. Multislice simulations

We numerically simulated the x-ray scattering from such apertures with high aspect ratio in
order to gain insight into to the function of the apertures as source for a FTH reference wave.
These simulations utilized the multislice method to propagate a plane wave through different 3D
reference structures. In the multislice method, the sample’s refractive index is discretized into 2D
slices which are stacked along the incident field direction (z-axis). The field is propagated between
slices by first transmitting the field through the slice using the projection approximation followed
by free-space propagation to the entrance of the next slice. This process is repeated until the field
has been propagated through the entire sample. The method is fast and is particularly well-suited
for sample dimensions which are large compared to the wavelength. In this situation, finite
difference, boundary integral or finite-element methods become computationally demanding. A
drawback of this method is the lack of any back-scattered field. Fortunately, in the x-ray regime,
the back-scattered fields are relatively small due to the small deviation of most materials’ index
of refraction from unity. This makes the multislice technique a good approach for simulating
x-ray propagation within 3D structures. More detailed descriptions of the method are given in
the treatments in Refs. [34,35,41].

https://doi.org/10.6084/m9.figshare.21192901
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We used SEM images of the reference pinholes to model the 3D shape and material composition
for the multislice simulations. An image of the cross section of a reference pinhole is shown in
Fig. 3(a). A FEI/Thermofischer Helios Nanolab 600 FIB was used to produce cross sections
of the references which allow such views along the optical axis. In the image, the optical axis
(z-axis) corresponds to the vertical direction. We can see that the reference is funnel-shaped
consisting of a conical section followed by a smaller cylindrical tube. We model all the references
with the same funnel shape consisting of a 1550 nm long conical section followed by a 500 nm
long tube. The diameter of the large opening was fixed to 500 nm which corresponds to nominal
full opening angles, 2θ, of 15°–17° which are slightly smaller than the CCD acceptance. The
tube diameter ranges between 40 nm–100 nm. The incident field was modeled as a transverse
electromagnetic plane wave directed along the z-direction. The sample was discretized using
voxels with a size of 1.2 nm in the x, y-directions and 2 nm in the z-direction. The sample had no
magnetic order and had large structure sizes compared to the wavelength. As a consequence, we
considered only a single component of the electric field and utilized scalar diffraction theory.

4. Results

The wavefield (amplitude) as it propagates through a 70 nm reference hole is shown in Fig. 3(b,d)
(see Fig. S2 in Supplement 1 for the simulation results associated with the 40 nm and 100 nm
diameter references). In these images, the field is incident from the left. These simulations unveil
that the transmission through pinholes of the geometry considered here can only insufficiently
be approximated by a 2D model of a circular aperture. Diffraction and reflection effects clearly
govern the propagation through the tubular section of the pinhole. These effects strongly
modulate the field amplitude and the phase of the propagating beam. The calculated transmission
through the two geometries (Gsmall and Glarge) for different diameters is plotted in Fig. 3(c). For
comparison, the red line shows the ratio between the area of the smallest opening (i.e., the tube)
and the total computational area (600 × 600 nm2). The agreement between this calculation and
the data points from the simulation indicates that the total transmission through the pinholes is
almost entirely given by geometric considerations. The transmission is marginally higher for the
geometry Glarge (Fig. 3(b)) as the larger opening within the silicon-nitride is likely able to collect
slightly more light.

Next, we compare the near and far fields obtained experimentally to those obtained through
numerical simulations. Figure 4(a,b) show radial plots (intensity shown on logarithmic scale)
of the far-field measurements (blue) compared to multislice simulations of an 85 nm reference
(gray dashed). The reference diameter in the simulation was selected to match the diffraction
data. The blue line and shaded region correspond to an azimuthal average and standard deviation
respectively. The multislice diffraction patterns were calculated by propagating the field through
the reference aperture, followed by far-field propagation of the exit wave by 85 mm to the detector
plane. We also compare these results with an analytic model (green dot-dashed) corresponding
to the diffraction pattern from an infinitely thin circular opening. The time-averaged power per
unit solid angle diffracted from a circular aperture is proportional to [44]

dP
dΩ

∝

|︁|︁|︁J1(ka sin θ)
ka sin θ

|︁|︁|︁2, (1)

where k = 2π/λ is the wavenumber, a is the hole radius, θ is the observation angle measured
relative to the optical axis and J1 is the Bessel function of the first kind of order 1. As we
needed to reduce the pinhole diameter in this model to 2a = 75 nm to match the position of the
first minima and maxima of the diffraction from the 3D pinhole structure, we conclude that the
x-ray propagation through the extended tube structure reduces the effective size of the pinhole
compared to the thin-aperture approximation. In addition, the propagation through the extended

https://doi.org/10.6084/m9.figshare.21192901
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structure leads to a blurring of the diffraction minima and, thus, to a more continuous intensity
distribution without any pronounced minima, matching our observations.
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Fig. 4. Far and near-field comparisons between experiment and simulation for the (left)
Gsmall and (right) Glarge geometries respectively. (a,b) Radial plots of the far-field diffraction
patterns for experimental data (blue) and simulation (dashed gray). The blue line and shaded
region correspond to the azimuthal average and standard deviation respectively. An analytic
solution for a circular opening with 75 nm diameter is shown by the green dashed line. The
multislice simulations were calculated using a 85 nm diameter reference. The shaded regions
indicate the presence of a beamstop where no experimental data is available. (c–f) Near-field
comparisons between (c,d) multislice simulations and (e,f) reconstructions from Fig. 2(b’,e’)
obtained with phase retrieval. Approximate reconstruction plane locations are indicated by
the black dashed lines. The colormap used for (c–f) is the same as that from Fig. 2(b,d).

We can see from Fig. 4(a,b) that the simulations do not accurately fit the experimental signal
at high spatial frequencies. Our model reproduces the observation of higher scattering intensity
at high scattering angles when the large opening is illuminated. However, in the experiment, the
effect is even more pronounced than predicted by the multislice simulation. Several experimental
reasons could explain the differences. First, the shape of the actual reference apertures deviates
from the model assuming a perfectly symmetric circular opening with straight walls inside the
material. In particular, the shape model neglects any roughness of the walls of the pinhole tube,
any grain structure of the Cr/Au layer, and any variation in the pinhole tube diameter which
develops from the redeposition of material at the walls. Apart from the pinhole properties, it is
possible that the sample is slightly tilted with respect to the incident field direction and that the
incident beam deviates from a perfect plane wave. While the pinhole diameters (<100 nm) are
much smaller than the x-ray beam footprint (>10 µm), partial coherence (including sample or
beam vibrations) or a divergent wavefront would have an effect on the diffraction data. Lastly,
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the simulation assumed that the sample remained unchanged during the measurement process
without any carbon deposited on the sample. However, instead of tailoring the simulations to
match the experiment closely, we opted to use a simplified model which allows various effects to
be separated from each other and clearer insights into the method.

In Fig. 4(c–f), the near fields of multislice simulations are compared to the phase retrieval
reconstructions by showing planes parallel to the propagation axis. To this end, the phase
retrieval results shown in Fig. 2(b’,e’) were free-space propagated along the optical axis. Note
that a direct comparison between simulation and experimentally obtained data is only possible
in regions where the x-rays (almost) freely propagate. In particular, the fields in the leftmost
regions of Fig. 4(c,d) are not related through free-space propagation due to the narrow pinhole
tube. The locations of the CDI reconstruction planes, indicated by the black dashed lines, were
approximated by visual comparisons between the field distribution in the simulation and the
CDI reconstruction. In both orientations, the reconstructions occur in planes slightly before
(150 nm–400 nm) the tube exit. It was previously found that the reconstruction plane in phase
retrieval is determined by the support shape [37]. In our case, the shrinkwrap method was used
to iteratively determine the support. For this reason, it is difficult to make any general arguments
about the location of the reconstruction plane.

Next, multislice simulations of the reference apertures were utilized to simulate FTH experi-
ments. These simulations allowed for the effects related to the reference aperture shape to be
isolated and its influence on the reconstruction quality to be studied. A thin (one voxel thickness),
laterally 1 µm large, square opening located on the outer surface of the silicon-nitride represented
the sample. A thin sample was simulated to isolate the reference wave effects. The sample planes
in both geometries are indicated in Fig. 3(b,d) by the red dashed lines. In the transverse direction,
the reference and sample were placed 2 µm apart to satisfy the holographic separation conditions
[6]. In the case where the large opening is illuminated (Fig. 3(b)), the sample wave needed to
be free-space propagated to the exit surface of the sample before combining with the reference
wave to create the total exit wave. In contrast, for the other geometry Gsmall (Fig. 3(d)), only the
reference wave was propagated as the sample and exit planes already coincide.

Once the fields had been propagated to the sample’s exit surface, they were free-space
propagated to the detector plane where the intensities were “measured” by the detector. The
“measurements” were calculated by taking the square of the sum of both far-field amplitudes.
In order to focus on reference-related effects on the image formation, we neglected noise that
could arise due to detector readout or from the stochastic nature of the field itself. Following the
typical FTH reconstruction procedure, an inverse Fourier transform was applied to the intensity
measurements to obtain the sample reconstruction.

The usage of a binary square as the sample is motivated by two reasons: first, the straight
edges allow the knife-edge method to determine the resolution. This method extracts a line
perpendicular to a straight edge within the reconstruction and defines the distance between 10 %
and 90 % of the maximum amplitude as the resolution. Second, the square object allows for the
reconstruction plane to be determined by monitoring the total variation of the reconstruction as
a binary square has only non-zero gradients along its edges. The total variation of a function,
u, is defined as the L1-norm of the magnitude of the gradient, TV(u) := ∥∇u∥L1 . When the
reconstruction is unfocused, ringing artifacts and smoother edges produce larger total variation
values, providing a precise determination of the reconstruction plane (see Fig. S4 in Supplement
1). The results of these simulations are summarized in Fig. 5. Reconstructions before and
after focusing by free-space propagation are shown in Fig. 5(a,b) for a 40 nm reference. A
clear resolution improvement by free-space propagation can be seen along with the complete
elimination of the fringes associated with an out-of-focus reconstruction. Knife-edge plots are
shown in Fig. 5(c,d) for reconstructions before and after propagation, respectively. It is evident
that refocusing the reconstruction becomes more important as the reference diameter decreases.

https://doi.org/10.6084/m9.figshare.21192901
https://doi.org/10.6084/m9.figshare.21192901
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Figure 5(e) summarizes the resolution results for three reference diameters before and after
focusing the reconstruction. The resolution obtained from the unfocused reconstruction does
not match the reference pinhole size. In particular, for small references (cf. the data point for
40 nm diameter), focusing is absolutely necessary to reach appropriately resolved images. After
focusing, the resolution reduces to values below the reference tube diameter. In the region for
the reference size considered here, we find a linear relation between reference diameter d and
resolution r which can be expressed by r = 0.65(d − 10 nm). This relationship holds to within the
precision of the numerical simulation, which in this case, is 2.6 nm. The proportionality factor is
very close to the value of 0.69 which has been derived for an infinitely thin circular aperture Ref.
[45]. However, a reference diameter reduced by 10 nm must be considered for a 3D tube-like
reference structure. This finding directly relates to our observation of a far-field Airy disk with
a size corresponding to a reduced pinhole diameter. Remarkably, our simulation shows that a
tube-like 3D reference pinhole with 40 nm diameter can provide 20 nm resolution.

Fig. 5. The effect of refocusing on the reconstruction. (a,b) Reconstructions of the square
sample with a 40 nm reference before (a) and after (b) propagation. (c,d) Knife edge cuts
before and after propagation respectively which were used to determine the resolution. (e)
The resolution before and after the propagation of the reconstructions for both geometries.

We do not find a difference in the resolution between the two illumination geometries once the
reconstruction is propagated into the correct plane which is indicated by the complete overlap
between the orange and green lines in Fig. 5(e). However, the propagation distances needed
to achieve focused images differ between both geometries. The distances for the two varying
diameters are summarized in Table 1. The diameters were calculated by first thresholding the
images and then fitting an ellipse to the binary support. The thresholds used for converting the
images into binary supports were determined using two automatic methods [46,47] implemented
within scikit-image [48], and the difference between the two provided the error estimates.
Remarkably, the propagation distances are almost invariant with respect to the reference diameter.
From the propagation distances obtained, we are able to determine the actual FTH reconstruction
plane using the sample plane as reference where the image should be in focus. In both geometries,
the reconstruction planes are located immediately after the exit of the tubular part of the reference
opening. This is illustrated in Fig. 3(b,d) by the blue dashed lines. The propagation distance is,
thus, given only by the longitudinal distance of the sample to the reference exit and not by the
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reference diameter. This finding contrasts a previous result for larger reference apertures (on
the order of 300 nm at 3.1 nm wavelength), where focusing to the apertures first-order focal spot
led to an image improvement [21]. However, this improvement was mainly associated with the
correction of the sign in high-frequency bands of the imaging system’s transfer function.

Lastly, we studied how the funnel’s opening angle of the reference aperture affects the resolution
and reconstruction plane location to study if the funnel geometry influences the imaging results
as well. In this series of simulations the diameter of the exit opening was varied between
20 nm–600 nm (full size), corresponding to opening angles θ between −0.4°–10.2°. Negative
values correspond to closing conical shapes. The result of the multislice simulation for a straight
hole is shown in Fig. S3 in Supplement 1. The geometry of the reference structure and the
results of this simulation – location of the reconstruction plane and the spatial resolution – are
shown in Fig. 6. We find two different regimes depending on the opening angle. There is a
region up to 3° where the reconstruction plane transitions from the sample’s exit surface to the
exit of the tubular part of the aperture located approximately 1.5 µm away. At the same time, the
resolution first deteriorates by a factor of three from approximately 20 nm to over 60 nm and then
again decreases. In this region, the diffracted field interacts strongly with the walls of the funnel
leading to the effect of an artificially larger reference. The vertical dashed line at 2.8° indicates
the angle (θ1) associated with the first zero of J1(ka sin θ), i.e., the size of the Airy disk for a
thin pinhole of the same size as the tube would produce. In the region with larger angles than θ1
the interaction between the field and the walls becomes negligible and the propagation of the
field is nearly equivalent to free-space propagation. Naturally, this regime where the resolution is
independent of the funnel opening is preferred for the fabrication of FTH reference structures.
Of course, this minimum opening has to be adapted to the actual divergence of the Airy disk
which is related to the tube diameter (here, 40 nm).
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Fig. 6. Resolution (blue) and propagation distance (gray) for different opening angles. In
the simulations the x-rays illuminate the small opening (Gsmall) in the Au surface. This
corresponds to the geometry shown in the inset with the field incident from the left. The
vertical dashed line indicates the angle (2.8°) associated with the first zero of J1(ka sin θ).

5. Discussion

In the following, we summarize and discuss our experimental and simulation results with
particular view on the application of optically thick reference apertures in FTH experiments.

We have investigated the x-ray propagation through such an optical element by high-resolution
scattering and imaging. Our detection geometry provided a numerical aperture corresponding
to sub-5-nm resolution in order to be able to resolve the internal real-space structure of the
wavefield exiting the pinhole. In the diffraction patterns, this corresponds to the detection of
higher-order diffraction far beyond the central zero-order intensity maximum. We find these

https://doi.org/10.6084/m9.figshare.21192901
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higher orders significantly distorted from the classical Airy diffraction of a circular aperture,
witnessing the influence of the pinhole’s 3D shape on the x-ray propagation. An FTH detection
geometry, however, is optimized by matching the detector’s numerical aperture with the size
of the central Airy disk of the reference beam while higher orders are omitted. As shown in
Ref. [21], the detection of higher reference-beam orders even can lead to imaging artifacts if the
FTH transfer function is not taken into account. As one of the main results of this study, we find
that tubular-shaped pinholes are very well suited as reference-beam source for FTH experiments.
While we give more details below, the most intuitive reason for this finding is our observation that
the pinhole’s zero-order diffraction coincides well with an Airy disk pattern, albeit corresponding
to an apparently smaller pinhole diameter. In a complementary way to Ref. [21], we show that
the spatial resolution reached in FTH-based imaging is directly related to the size of the Airy
disk.

The particular 3D shape of the pinhole reference we used is motivated by two main aspects:
first, its functionality for FTH implies that the layer for the metal mask (here Cr/Au) has to be
thick enough (>1 µm) to fully block the soft x-ray radiation including higher harmonics of the
fundamental wavelength which are typically present at synchrotron-radiation beamlines. At
the same time, a reference opening on the order of some tens of nanometers is required for
state-of-the-art x-ray imaging. Second, the ability to produce pinholes with such high aspect
ratio via FIB involves concepts for efficient material removal. As a result, reference pinholes
with high aspect ratio for soft-x-ray FTH are produced as a combination of a funnel structure
followed by a tube defining the smallest opening.

We observe that the propagation of soft x-rays through such a structure is determined primarily
by the tube section. Consequentially, also the orientation, i.e., the propagation direction through
the structure hardly plays a role in the implementation of a FTH experiment. In particular, we
find:

1. The total x-ray transmission through the reference structure is almost equal for both
orientations and given by the geometric acceptance of the tube section.

2. For the wavelength and geometry used in our experiments, the achievable resolution is
equal for both orientations and proportional to the tube diameter reduced by 10 nm. If the
edge criterion (10 %–90 %) is employed, the proportionality factor is 0.65, being close to
the value for an infinitely thin aperture. This factor can be different if alternative criteria
for the resolution are employed. However, the reduced apparent diameter still applies as
witnessed by the larger size of the Airy disk, detected in the far field. We note that the
particular amount of the size reduction is most likely dependent on the wavelength of the
x-rays used and the length of the pinhole tube.

3. In both orientations, the FTH reconstruction plane is located directly at the exit of the
tube section. In particular, the position of the reconstruction plane does not depend on the
pinhole diameter. One has to refocus, i.e., free-space propagate the reconstructed image to
the sample plane in order to achieve an appropriate resolution corresponding to the size of
the reference pinhole. Refocusing becomes more important for smaller references and for
larger reconstruction plane to sample plane distances.

4. The reference’s conical section only influences the FTH experiment if the x-ray radiation
leaves the reference through the funnel (Gsmall). In this case, the funnel opening has to be
wide enough that, at least, the central diffraction maximum can freely propagate to the
detector. This finding again underlines that only the Airy disk of the reference diffraction
contributes to the image formation in FTH.

In our experiments, we observe that tube-like references produce a scattering pattern that
does not resemble a classical Airy pattern produced by an infinitely thin aperture. However, our
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simulations show that the irregular far-field diffraction particularly at high scattering angles does
not affect the image formation as long as the Airy disk is still sufficiently established. Having
said that, the broadly distributed reference diffraction observed may be of high advantage for the
combination of FTH with CDI methods. The scattering to high angles is particularly strong in
the case where the beam enters from the funnel side (Glarge). It was reported previously that the
stability and convergence of the numerical iterative phase retrieval benefit from the interference
with a reference wave [13,14,49–52]. In order to cover a large part of the Fourier space, this
interference is promoted by a smooth diffraction intensity from the reference without pronounced
minima, as observed here for the tube references. Strong reference scattering particularly at high
scattering angles additionally leads to a coherent amplification of the diffraction signal from the
sample and, thus, higher SNR of the CDI reconstructions paired with better spatial resolution
[13,50–53].

6. Conclusions

In conclusion, we have studied the impact that the 3D shape of an optically thick reference pinhole
has on the reconstruction in a soft-x-ray FTH experiment. The particular shape of the pinhole is
motivated by standard designs already used in FTH implementations. Using CDI reconstructions
of the pinholes’ exit wave combined with multislice simulations, we find that this design is well
suited for application in FTH as it provides flexibility paired with easy control of its properties.
In particular, the references’ transmission and achievable resolution are determined mostly by
the diameter of the pinhole’s tubular section and are nearly independent of the orientation of
the pinhole with respect to the x-ray propagation direction. The FTH experiment particularly
benefits from the property that the transmission is related to the full geometrical acceptance
while the resolution provided is related to a reduced tube diameter. For our situation (1.59 nm
x-ray wavelength, 500 nm tube length, 40 nm–100 nm tube diameter), we find a size reduction by
10 nm which is a considerable amount in the case of a 40 nm-sized reference pinhole.

Moreover, our study demonstrates that multislice simulations are a reliable, valuable and
convenient tool to theoretically investigate the function of holographic reference aperture and
nanometer-scale x-ray optics in general, in the size regime considered here. This kind of very
inexpensive simulations allows for a systematic and broad screening of different shapes and
geometries for x-ray optics which will likely lead to further improvements in their imaging
properties.
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