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Quantifying grating defects in
X-ray Talbot-Lau interferometry
through a comparative study of
two fabrication techniques

Alexandre Pereira'»?*“, Simon Spindler™?, Zhitian Shi'**3, Lucia Romano2, Michat Rawlik*2,
Federica Marone?, Daniel Josell*, Martin Stauber® & Marco Stampanoni®?

The performance of an X-ray grating interferometry system depends on the geometry and quality of
the gratings. Fabrication of micrometer-pitch high-aspect-ratio gold gratings, which are essential for
measuring small refraction angles at higher energies, is challenging. The two widely used technologies
for manufacturing gratings are based on gold electroplating in polymeric or silicon templates.

Here, gratings manufactured by both approaches were inspected using conventional microscopy,
X-ray synchrotron radiography, and computed laminography to extract characteristic features

of the gratings profile to be modeled accurately. These models were used in a wave-propagation
simulation to predict the effects of the gratings’ geometry and defects on the quality of a Talbot-Lau
interferometer in terms of visibility and absorption capabilities. The simulated outcomes of grating
features produced with both techniques could eventually be observed and evaluated in a table-top
Talbot-Lau-Interferometer.

X-ray imaging is a widely used technique in medical, industrial, and scientific fields. However, conventional
X-ray imaging relies on the difference in attenuating power of the sample when X-rays pass through it, which
gives limited contrast in objects with similar attenuation coefficients, such as soft tissue in medical imaging.
In contrast, X-ray phase contrast imaging is a category of methods sensitive to the refraction rather than the
absorption of X-rays as they pass through the sample. Coherent refraction, on features that can be spatially
resolved, enhances image quality in low-density materials, particularly at high resolution. Stochastic refraction
on multiple interfaces, the so-called dark field, has been shown to provide high diagnostic potential in various
fields, such as breast, bone, and lung imaging1‘6.

X-ray grating interferometry (XGI) is one of the methods sensitive to refraction’~°. Because X-ray detectors
only measure the intensity of the beam, which is directly linked to the beam attenuation, the coherent and
stochastic refraction is measured in XGI utilizing a set of high-aspect ratio (HAR) gratings to modulate the
signal into an intensity variation!®!!. A Talbot-Lau interferometer®!? is an XGI that uses three gratings: G0, G1
and G2. A phase-shifting diffraction grating G1 induces an intensity pattern of parallel lines, with a period of
several micrometers, in the plane of G2. G2 is a periodically-opaque analyzer grating creating a low-frequency
Moiré pattern, which is then resolved by the detector behind it. Because the effect only occurs if the X-ray source
is sufficiently small, a second periodically-opaque (absorption) grating, GO, is placed in front of a high-power,
large-spot source to create an array of narrow sources. For appropriate combinations of the grating separations
and pitches these narrow sources can be made to produce parallel-line patterns that coincide in the G2 plane,
thereby maintaining and reinforcing the Moiré pattern.

The complex index of refraction of a material is expressed asn = 1 — § + i3 where § and (3 describe the shift
in phase and the attenuation of the beam, respectively. The complex refractive index imposes a phase shift on
the wavefront when propagating through an object, with the gradient of the phase shift leading to a refraction of
the beam by an angle o, which is directly related to the retrieved phase shift ¢ of the phase stepping curve by’:
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Here, p2 is the pitch of G2, and d is the distance between the sample and G2. Therefore, the angular sensitivity
in a Talbot-Lau interferometer increases with smaller grating pitches and longer distances between the sample
and G2, as smaller refraction angles can be measured, which lead to bigger intensity changes on the detector'.
Similarly, uncertainty in the measured signal o4 propagates to uncertainty in the evaluated refraction angle
using:

p2

The uncertainty o4 for a photon-counting detector (absent a sample) is directly linked to!*!>:

€)

where V is the visibility (the contrast of the Moiré fringe measured on the detector behind G2) and I is the
number of detected photons. Both V'and I depend on the local quality of the gratings, including the geometry of
the microstructures, the materials, and defects.

The design of an XGI system depends on several parameters that mutually influence the uncertainty of the
measured refraction angle. Generally, small grating periods are targeted, as systems often have constraints on
their total length. However, thicker gratings with taller Au-filled features are needed to efficiently block incoming
X-rays, especially at higher X-ray energies. With insufficient height of the absorbing Au, the interferometer’s
visibility is reduced. That said, as the aspect ratio of the features increases with increasing grating thickness and
decreasing pitch, defects are more likely, leading to reduced visibility, heterogeneous visibility distributions, or
unnecessary absorption of incoming photons that do not contribute to the interference pattern. The grating
manufacturing technique determines the range of achievable aspect ratios. The two primary manufacturing
processes for gold X-ray gratings used in grating interferometry utilize: Au-electroplating through an insulating
polymeric template on an electrically conductive layer, as in Deep X-ray lithography and LIGA (Lithography,
Galvanoforming, and Plastic Molding) (X-LIGA)!%!617  or fabrication of an etched silicon template, such as
by deep reactive ion etching (DRIE) of silicon'®, followed by a bottom-up Au electroplating'®. A more detailed
description of the techniques is reported in the next section.

In this study, two pairs of grating sets were compared; the first set contained two X-LIGA gratings (MicroWorks
GmbH), the second set contained two in-house manufactured DRIE and Au bottom-up filled gratings. All the
gratings have a pitch of 4.2 um. The X-LIGA gratings have a height of approximately 180 um, while the DRIE
gratings have a height of approximately 145 pm and 153 um for GO and G2, respectively. Both X-LIGA and DRIE
gratings have comparatively widely spaced transverse line segments (bridges) to stabilize the high-aspect-ratio
lamellae during the wet processes (development and electroplating for X-LIGA, electroplating for Au bottom-up
of DRIE gratings). This work aims to analyze and understand the effects of the individual geometries and defects
of the two grating fabrication techniques on the sensitivity of imaging systems incorporating them, defined
as the inverse of Eq. 3 as S = v/TV. Previous work has shown the ability to obtain preliminary information
about height and lamella inclination in individual gratings by angular X-ray transmission imaging.?’. Here, an
investigation of the limitations of these fabrication techniques and, eventually, their influence on an XGI system
is presented. The work begins by analyzing the transmission profile of gratings produced by DRIE and X-LIGA
using synchrotron imaging and studying their cross-sectional profile using scanning electron microscopy (SEM)
and computed laminography (CL), respectively. This information is used to model the individual defects and
predict their influence using wave propagation simulations. Finally, the gratings are mounted on a table-top
Talbot-Lau interferometer and compared pairwise.

Grating fabrication techniques

In the context of X-ray gratings fabrication, the process of LIGA involves using lithography with exposure
light in the X-ray wavelength to pattern a thick photoresist layer on an electrically conducting substrate. After
development, the patterned photoresist is then electroplated with a high-Z metal, such as gold or nickel. X-LIGA
is a highly precise and versatile manufacturing process, allowing for the fabrication of gratings with a wide range
of geometries and periods. The electroplating process uses a seed layer deposited on the substrate before the
photoresist; this allows the use of a wide variety of substrates, even soft and flexible materials, such as graphite,
that permit bending of the grating after the molding and electroplating process?!. Such bending is usually required
to match the cone beam geometry of an XGI system so that the gratings lamellae are aligned to the X-rays
across the entire area of the grating. X-LIGA enables the highly precise manufacture of HAR microstructures
with large structural thicknesses ranging from hundreds to thousands of micrometers!® and line width in the
range of few to tens of micrometers. The X-LIGA grating of this study has an aspect ratio of 85:1 with a pitch
size of 4.2 um, aspect ratios of 90:1 for pitch 4.8 um'®2? are reported as state-of-the-art for this technique. In
contrast, silicon etching can be realized by chemical®® or plasma-assisted process'® to selectively remove material
from a silicon substrate, creating high-precision microstructures. X-ray gratings typically involve lithography
to pattern a photoresist layer on a silicon wafer, the pattern being subsequently transferred to the underlying
material. In DRIE, high aspect ratio vertical microstructures are realized in the silicon using the so-called Bosch
process'®21-28. DRIE can realize fan-shaped gratings to avoid subsequent bending of the substrate to align the
grating lamellae with the X-rays*>%”. The conventional process of DRIE has aspect ratio in the range of 50:1%,
higher AR in the range of 100:1 are reported for cryo-etching usually for submicrometer pitch size?’, new silicon
etching methods such as metal-assisted chemical etching can achieve aspect ratio in the range of 1000:1 and
even higher?. In this study, we optimized a conventional Bosch process for DRIE!® for a grating with pitch
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size of 4.2 um and aspect ratio in the range of 70:1. After DRIE, the silicon template is conformally coated with
a conductive seed layer deposited by atomic layer deposition (ALD) for the subsequent Au electrodeposition.
Usually, a thin layer of Al,O, is used as an adhesion layer for a thin layer of Pt. In a gold-sulfite electrolyte, the
Au electrodeposition is realized using a Bismuth-stimulated bottom-up modality' to obtain a dense void-free
Au filling of the Si trenches, including in gratings bent to yield intrinsic curvature after Au-filling for improved
imaging. The combination of DRIE and Au bottom-up electroplating offers a robust high precision fabrication
method and good material compatibility with X-rays, making it a popular choice for XGI*'*. For simplicity,
these gratings are addressed as DRIE gratings in the following text.

The grating features, such as pitch size and duty cycle, i.e., the ratio between the width of the transmitting line
and the pitch (schematically shown in Fig. 2a), are mainly determined by the patterning of the thick photoresist
layer (exposure and development) in X-LIGA. In DRIE, the pattern transfer in the hard mask and the silicon
etching process are mainly responsible for the grating features. In both methods, X-LIGA and DRIE, the
electroplating process controls the height and the density of the Au lamellae. Both methods can produce high-
precision HAR gratings with micrometer periods, making them well-suited for X-ray phase contrast imaging
using XGI.

Inspection of individual gratings

X-ray radiography imaging of DRIE and X-LIGA gratings

In order to obtain initial information about the quality and uniformity of the gratings, high-resolution X-ray
images were obtained at the TOMCAT (TOmographic Microscopy and Coherent rAdiology experimenTs)
beamline of the Swiss Light Source. Fig. 1 shows the absorption images of a grating produced by DRIE and
X-LIGA. The DRIE grating absorbs more than the X-LIGA grating despite having shallower trenches (145 pm
vs. 180 um). The absorption image exhibits uniform oscillations aside from higher transmission where the
bridges are located. The X-LIGA grating, in contrast, exhibits substantial irregularities, including areas with
high transmission whose shapes do not correspond to the lamellae of the grating. The effect of the different
bridge fractions in the gratings: 1 % in DRIE, 10 % in X-LIGA, is also evident. The transmission images provide
significant insight into the quality of the gratings.

DRIE: scanning electron microscopy

Although the DRIE gratings have shallower trenches, they absorb more incoming X-rays. To understand this
effect, a cross-sectional profile after gold electroplating by SEM was acquired. The cross-section was realized by
simply cleaving the Siwafer along the < 100 > crystal orientation. The electrodeposited Auhas a microcrystalline
structure (face-centered cubic), thus, it has deformed plastically during the cleaving, yielding typical cup and
cone features on the fracture surface seen by SEM in Fig. 2b. Filling has occurred in a generally bottom-up
manner, the deposit being fully dense and crystalline aside from some voids at the top of the trenches where a
rough (passive) deposit is observed. A comparison of the images of the trench tops and bottoms makes clear
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Fig. 1. Absorption images of a DRIE and an X-LIGA grating obtained with a monochromatic beam of

45 keV at the TOMCAT beamline. The DRIE grating exhibits an essentially period pattern indicating uniform
and dense Au filling. The dark features arise from the bridges in the silicon template. The X-LIGA grating
shows irregularities depicting areas with lower absorption that propagate through the grating. The colorbar
values indicate the negative logarithm of the ratio in intensity with and without the grating in the beam (i.e.,
absorption in gold yielding higher values). Higher average absorption in the DRIE gratings, despite shallower
grating height, arises from a decrease in the effective duty cycle due to the trapezoidal trench shape.
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Fig. 2. (a) Schematic of a grating geometry. The duty cycle is defined as the ratio between the transmitting
linewidth and pitch. Additionally, to incorporate tapering geometry, two duty cycles for the top and bottom
area are defined. h and h, indicate the height of the grating and the height of the substrate, respectively. (b)
SEM cross-sectional images of an Au-filled DRIE grating with 153 pm height. The grating shows uniform gold
filling with minor voids at the top. Additionally, the grating has substantial tapering, i.e., different duty cycles at
the top and bottom of the grating.

that the grating has tapering features, i.e., different duty cycles at the bottom and top, leading to a trapezoidal
shape of the trenches. The tapered shape is typical of the Bosch process in high-aspect-ratio micro-structures
(here, the aspect ratio exceeds 70:1). X-ray absorption in the Au-filled trapezoidal profile is higher than that of
a rectangular grating with an equal average duty cycle. This is because substantial absorption occurs across a
larger fraction of the pattern, given the exponential dependence of absorption on the thickness of the transited
Au. As a result, X-rays propagating through the grating experience a smaller fraction of the gold-free area than
in a rectangular grating. Additionally, voids in the deposit decrease the average density in the uppermost 30 um
grating height in GO (not shown) and 5 um in G2 (Fig. 2b); the effective Au thickness in the DRIE gratings
is thereby reduced somewhat below the already shallower trench height. An estimation of the effective Au
thickness is discussed later.

X-LIGA: computed laminography

Cross-sectional images of X-LIGA gratings have been reported for low aspect ratio gratings!® and are usually
produced at the border of the pattern since it is not possible to cleave the polymeric template like the crystalline
silicon grating. A proper sectioning implies a mechanical dicing of the Au lamellas requiring a consequent
polishing, which is challenging due to the very different ion milling rates of Au and polymer components of the
grating.

A method specifically designed for imaging planar objects is computed laminography (CL)*. In contrast to
standard computed tomography (CT), the rotation axis in CL is tilted with respect to the beam path to mitigate
the strong absorption of the sample parallel to the lateral elongation®. It has been demonstrated that CL produces
volumes with fewer artifacts and better isotropic resolution compared to CT3.

Fig. 3 depicts three planar views of the reconstructed volume. The darker regions in the reconstructed
volumes indicate lower absorbing materials, which resemble the contrast differences seen in the absorption
image (Fig. 1 X-LIGA). Those lines propagate through the grating, indicated by the red arrows. Artifacts are
observed at the grating interfaces with the air and the substrate due to the limited sampling of the frequency
space, which is typical for CL and increases with a larger tilt angle.

Wave-propagation simulation

Influence of tapering on the sensitivity

Generally, the properties of gratings impact the sensitivity of XGI systems in a non-trivial manner. Although
particular cases can be evaluated, a broad approach utilizing wave-propagation simulation (RaveSim package’”)
was used to investigate the individual properties of the grating parameters on the sensitivity.

In the first step, the influence of tapering on the sensitivity is explored by varying the top and bottom duty
cycle of the gratings, i.e., modeling the gratings with a trapezoidal shape, for G0 and G2 with a height of 140 um,
while leaving one of the gratings in each configuration as an X-LIGA grating with 180 um height and 50 % duty
cycle. The simulation meets the specification of the XGI as used in the experimental investigation, explained
later (see Fig. 9a). The duty cycle was incremented by a step size of 5 %, starting from 10 to 90 % for bottom and
top duty cycle. In Fig. 4, it is observed that tapering can increase the visibility, and an optimum in visibility can
be found for duty cycles at the trench top and bottom (DC'op — DClotiom) of 25 — 35 %, respectively, for the
trapezoidal grating used as GO and of 25 — 40 % for G2. However, due to the substantial decrease in transmission
that accompanies non-rectangular trench shapes, the optimum sensitivity is at 40-40% (i.e., rectangular) for use
as either GO or G2.
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Fig. 3. (a) Schematic of the acquisition setup of the laminography scan. The rotation axis is tilted in the beam
direction by 30 °. The volume was acquired at the TOMCAT beamline with 6000 projections over 360 degrees.
(b) Schematic of the reconstruction volume with the colors visualizing the different planes in the reconstructed
volume. (c) Reconstructed volume of an X-LIGA grating with 4.2 um pitch and 180 pm height; the frames
around each image correspond to the planar view indicated schematically in (b). The red arrows highlight areas
in the grating that are highly transmissive and propagate through the full thickness of the grating. In the orange
plane, the periodicity of the bridges of the gratings is depicted. A comparison of the laminography to an optical
microscope image of the grating’s surface is shown in the supplementary material (see Fig. S1), additionally
demonstrating that the areas propagate through the full grating height.

Effect of local trench defects on sensitivity

In all non-destructive measurements of the X-LIGA gratings (Figs. 1 and 3), lower absorbing regions that
may originate from improper gold filling of the polymeric template or gaps in it introduced by cracking and
deformation were observed. To investigate the influence of missing gold filling in trenches, simulations were
conducted on the GO gratings with different source sizes and different numbers of missing trenches (simulated
models are shown in the supplementary material in Fig. S2). Fig. 5a depicts simulated visibility profile on a
detector row for a source size of 20 um. The grating area that contributes positively to the interference pattern
shrinks with the number of missing trenches, the latter being proportional to the reduction of visibility assessed
at the affected pixel. In Fig. 5b, the visibility profile on a detector for a single missing trench is predicted for
different source sizes, as the active area from GO seen from a single detector pixel depends on the source size.
With increasing source size, the gap in the visibility profile shrinks. However, the mean visibility around the
missing trench on the detector decreases as the gap affects more pixels with larger source sizes than smaller ones.

Another artifact, reported in Ref.?, is local defects in the periodic structure of the gratings—which are
referred to here as cracks - leading to local shifts. A single crack can cause drastic visibility reductions depending
on the source size. These effects may occur when a grating is distorted due, for example, to improper bending to
accommodate the cone beam angle. In Ref.%’, a simulation of a local 2 -shift in the grating’s periodic structure
was conducted for various source sizes. An increase in source size led to a broader region of low visibility and
significantly lower mean visibility if multiple cracks were present. An extension to the simulations conducted
in Ref.*” can be seen in Fig. 5¢c where the visibility for different shifts in the period and source size are depicted.
While the intensity remains unaffected by the shift, visibility—and consequently sensitivity - decreases with
larger cracks and source sizes. This behavior differs from that caused by unfilled trenches. For empty trenches,
the absolute visibility reduction is averaged over a larger detector area depending on the source size. In contrast,
a crack results in the same absolute drop in visibility for any source size and extends the reduction of visibility to
neighboring pixels, which reduces the mean visibility over a predefined area significantly.

The described defects were simulated for the GO grating alone, as defects in the G2 grating cause only a local
effect on a single pixel directly behind the grating, assuming the grating is positioned immediately in front of the
detector. Consequently, missing trenches in G2 lead to a proportional reduction in visibility depending on the
number of missing trenches, while a period shift results in a visibility drop with increasing shift, with maximum
extinction occurring at odd multiples of 7.
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Fig. 4. Effect of tapering of GO or G2, as indicated, on the visibility, sensitivity, and transmission. The grating
is modeled as a trapezoidal shape where the top duty cycle is smaller than or equal to the bottom duty cycle.
The other grating in each simulation is modeled as a rectangular X-LIGA grating with a height of 180 ym and a
duty cycle of 50 %. The intensity is expressed relative to that from a pure silicon grating. The highest sensitivity
is reached at a duty cycle of 40 % top and bottom, marked by the red x, for both scenarios.
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Fig. 5. (a) Effect on the visibility assessed at the detector of trenches missing absorbing Au (i.e., unfilled) in
GO for a constant source size of 20 um on a detector row. The more trenches are missing, the larger the drop in
visibility. The drop extends to the neighboring pixel to the right of the center with increasing missing trenches,
as the modeled grating is asymmetric around the source, with more missing trenches on the right. (b) Effect of
a single missing absorbing trench for different source sizes. While the decrease of visibility is largest for pixel(s)
in-line with the unfilled trench(es) for a small source size, visibility is reduced in pixels at larger distances from
those in-line with the unfilled trench(es) for larger source sizes. While the drop is stronger for a small source
size, visibility reduces for larger source sizes over a larger area. (c) Influence of different period shifts on the
visibility for different source sizes. An average visibility is calculated over a row of 14 pixels with 75 um pixel.
All the gratings were modeled according to Fig. S2 in the supplementary material.
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Results

Performance in a Talbot-Lau interferometer: experiment

A table-top XGI system was used to perform a pairwise comparison of two gratings, resulting in four different
grating configurations being tested. The reason for the pairwise comparison is two-fold. Firstly, the two DRIE
gratings differ in height and show different duty cycles. Secondly, the defects in the X-LIGA gratings affect the
performance of an XGI differently, as effects from defects on GO are more dependent on the source size than
effects from defects on G2. The interpretation of the results and the simulations are addressed in the Discussion
section.

The Moiré pattern seen by the detector was investigated by its phase and visibility (contrast). The phase,
between —7 and T, is the relative position between the interference line pattern produced by GO and G1 and
the trenches of G2; it is zero if they perfectly overlap. Fig. 6 depicts the measured phase and visibility maps.
The gratings were aligned to obtain a homogeneous phase map with the highest average visibility. Noticeable
differences are evident in the uniformity of the phase maps between the X-LIGA and DRIE gratings. The DRIE
gratings yield a smooth surface on the phase map, a crucial aspect for signal-retrieval with a sample since non-
uniform phase maps are more difficult to correct for potential phase drifts and lead to higher heterogeneity in
the noise of refraction images. In contrast, abrupt changes are seen in the phase map obtained using the X-LIGA
gratings and found to correspond to lines of low values in the visibility map. Generally speaking, two scales of
low-visibility regions are observed on the X-LIGA maps. The large regions come from the GO X-LIGA grating,
apparent when the GO grating was replaced with the DRIE grating. The narrow visibility valleys originate from
the G2 X-LIGA. The difference in size is due to the magnification of the cone-beam geometry. The DRIE gratings
do not show any irregularities in either of the maps, as is expected from the absorption images (see Fig. 1).

Consistent with the use of flat gratings, only the central region of the detector area has been used for the
quantitative analysis since rays propagating at a certain angle (which depends on the height and pitch of the
gratings) will not lead to an interference pattern at the detector plane. A region with high and uniform visibility
has been chosen from the DRIE measurements with the flat gratings for quantitative analysis (white boxed area).
The X-LIGA gratings were used with their intrinsic bending radius of 300 mm, which increased the functional
area on the detector but not the performance within the central region examined here.

In Fig. 7a, the visibility distribution of the individual measurements is shown for different X-ray spectra.
The X-LIGA gratings show higher visibility in a spectrum filtered with 3 mm aluminum (hardened) than in
the unfiltered spectrum. The DRIE gratings show the opposite behavior. However, the visibility difference with
and without a filter is less prominent with the DRIE gratings than with the X-LIGA gratings. Where at least one
X-LIGA grating is used, the filtered X-rays yield higher visibility due to the comparatively superior absorption
of higher energy X-rays in the thicker Au. Combining an X-LIGA GO0 and DRIE G2 is especially beneficial for
the visibility, both with and without a filter. However, after a 10 cm water sample, the visibility is reduced when

GO: X-LIGA, G2: DRIE GO: DRIE, G2: DRIE

Fig. 6. Phase and visibility maps of the grating pairs after signal retrieval using a least-squares fit to Eq. 4.
Four pairs of gratings are analyzed: the X-LIGA grating used as GO in the 1st configuration is used as well as
GO in the 3rd configuration, etc. In all the maps obtained with at least one X-LIGA grating present, visible
discontinuities result in a higher heterogeneity in the noise of the images. In contrast, the DRIE gratings yield
highly uniform maps for both phase and visibility. Albeit highly inhomogeneous, the highest local values

of visibility are found with the combination of GO: X-LIGA, G2: DRIE. The scalebar shows the scale on the
detector plane.
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value. (a) Visibility distribution from measurement is overlayed with the optimal values of the simulation. The
visibility images were filtered first using a Gaussian filter with a kernel size of one pixel to reduce the influence
of noise on the statistics. (b) Sensitivity calculated as the product of the v/TV. Although the visibilities are
similar, the reduction in transmission from the DRIE gratings leads to overall lower sensitivity.

Ratio to X-LIGA | Unfiltered 3 mm Al filtered 3 mm Al + 100 mm H,0
(GO and G2) Measurement | Simulation | Measurement | Simulation | Measurement | Simulation
DRIE / X-LIGA 1.57 1.85 1.26 1.44 1.06 1.22

X-LIGA / DRIE 2.19 2.17 1.74 1.74 1.45 1.49

DRIE 2.81 3.36 1.98 2.29 1.47 1.76

Table 1. Average values of absorption of different grating pairs obtained from the measurements and
simulations scaled to the values obtained with GO and G2 X-LIGA. Both the X-LIGA gratings have the
same geometry and height (180 um and 50 % duty-cycle). The DRIE gratings for GO and G2 have different
geometries, the latter with effectively thicker Au as already noted, explaining the difference in transmission
when comparing DRIE/X-LIGA and X-LIGA/DRIE.

using either one of the DRIE gratings, while the X-LIGA gratings demonstrate only a relatively moderate drop
in visibility. Another aspect is the width of the visibility distribution. When a DRIE grating is used as GO the
distribution is narrower, while a GO X-LIGA gives a wide distribution and heterogeneity in the map.

The second important quantity for determining the sensitivity is the number of photons. In Table 1, the ratio
of the absorption, i.e., the loss of intensity, compared to the configuration with only X-LIGA gratings is listed.
As expected from the simulations, the DRIE gratings have higher absorption because the Au-filled features are
trapezoidal, even if shallower, and reach almost a factor of three more absorption in the unfiltered spectrum.

With these two quantities, the sensitivities for the different configurations are calculated and summarized in
Fig. 7b. In every case, the paired X-LIGA gratings provided the highest sensitivity. The X-LIGA gratings couple
high visibility with higher overall transmission; the DRIE gratings achieve high visibility but suffer from higher
absorption due to the trench tapering.

Performance in a Talbot-Lau interferometer: simulation

Geometrical data obtained from SEM and optical imaging of the gratings was used to inform the model (see
Methods section and Table 2 below). The accuracy of the model was then assessed by comparison of simulations
with experimental results.

The simulation results are also included in Table 1 and Fig. 7. Although the DRIE gratings have shallower Au-
filled trenches, they absorb the most incoming intensity in all of the configurations and illumination conditions
examined. As per Table 1, absorption in the paired DRIE gratings is predicted to be 3.36 x that with the paired
X-LIGA gratings, reasonably consistent with the experimental observation. Fig. 7a compares the predicted
visibilities with those measured experimentally. It is evident that the simulations capture, at least qualitatively,
most of the trends observed experimentally. This includes the improved performance with hardened X-rays when
at least one X-LIGA grating is used and the superior performance of the X-LIGA/DRIE grating combination for
GO0/G2. One obvious exception is the decrease of experimental visibility, where the model predicts an increase
with the paired X-LIGA gratings in the presence of the water sample. Fig. 8b shows simulated visibility spectra
for the DRIE and X-LIGA grating pairs. Due to the different duty cycles the visibility with the DRIE gratings is
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Height | Pitch | DCt¢op | DCpottom | Material | Material | height

GO | 180 um | 4.2 um | 50 % 50 % C,H O, | Graphite |320pum
G2 | 180 um | 4.2 um | 50 % 50 % C;H O, | Graphite |320pum
DRIE

GO | 117 ym (145 pm) | 42 pum | 18 % | 59 % | Silicon | Silicon | 253 ym
G2 | 147 ym (152 pm) | 4.2 um | 20 % | 54 % | Silicon | Silicon | 223 ym

Table 2. Grating parameters extracted from SEM and optical imaging. These parameters were used for the
pairwise comparison of gratings, as summarized in Fig. 7 and Table 1. Note that the duty cycle for the DRIE
gratings was modeled according to Fig. 8a, and the height in brackets represents the total grating height,
including voids in the gold filling. For the tapered grating study, the DRIE gratings had a height of 140 um.
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Fig. 8. (a) Profile of the silicon template extracted from the SEM images for the DRIE gratings. (b) Visibility
spectra for the pairs of DRIE and X-LIGA gratings. Because the DRIE gratings are shallower than the X-LIGA
gratings, i.e., have less Au height for X-ray absorption, the visibility spectrum drops faster at higher energies.
However, the lower mean duty cycle associated with their tapering allows for higher visibility at lower energies.

higher than with the X-LIGA gratings for energies up to 42 keV. However, the shallower Au-fill in the former
leads to a lower visibility at higher energies and, consequently, a lower visibility for a harder spectrum.

Discussion

DRIE gratings

The uniformity of phase and visibility achieved with the DRIE gratings is exceptional and worthy of reiterating.
Nonetheless, while the DRIE gratings provide high uniformity, they do not reach the same visibility as the
X-LIGA gratings. Except for the configuration with X-LIGA as GO and DRIE as G2, the visibility for pairings
containing the DRIE grating(s) is reduced and significantly deteriorated when using a sample after G1. This
is well understood given the relatively shallow Au fill in the DRIE gratings. Hardening of the X-ray spectrum,
particularly with a specimen in the beam, causes a lower fringe contrast due to insufficient absorption from
the Au-filled trenches of the DRIE grating, which is also seen in the simulated visibility spectrum in Fig. 8b.
Although the Au-filled features are shallower, the overall absorption of the DRIE gratings is higher than the
X-LIGA gratings, due to the lower mean duty cycle (approximately 31 %) of the tapered DRIE gratings versus
the X-LIGA gratings (50 %). The combination of higher absorption and lower visibility leads to an overall lower
sensitivity. Even though the combination with the X-LIGA GO0 and DRIE G2 achieves similar visibility, it cannot
reach the same sensitivity as the X-LIGA gratings. With a DRIE grating as GO, the exposure time could be
increased for the same sample dose, potentially resulting in higher sensitivity. Modeling of the impact of tapering
indicates sensitivity has an optimum at a rectangular-shaped form of 40 % duty cycle. For visibility, the peak is
found for a grating with tapering, which differs from the solution found in Ref.!*. Comparing the maximum
visibility for a rectangular shape gratings against the maximum calculated visibility, the difference between
those values is less than 1 % absolute (24.1 % vs. 24.3 % visibility). However, with the intensity considered, the
optimum grating is rectangular, aligned with the results from Ref.!%. Furthermore, if the duty cycle remains fixed,
corresponding to moving perpendicular to the diagonal line in Fig. 4, varying the degree of tapering leads to only
a moderate reduction in visibility compared to changes in the mean duty cycle. Additionally, the distribution
closely follows the analytical prediction for decreasing duty cycle. If the grating height is insufficient to prevent
the complete absorption of incoming photons, the visibility will eventually decrease after a certain duty cycle
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reduction. However, with a lower duty cycle or more extensive tapering artifact, the signal retrieval based on
least-squares fitting with a sine curve may lead to overestimated visibility values as the phase stepping curve is
not equally divided between transmitting and blocking regions. An adapted least-squares or conventional min-
max visibility calculation might provide more accurate results, but with the caveat of requiring more phase steps
to accurately predict the form of the phase stepping curve.

Although the DRIE gratings suffer from insufficient Au height, their defects are regular and predictable over
the complete active area, leading to uniform phase and visibility maps. Significantly, essentially complete filling
of the nearly 150 um deep trenches (see G2) indicates thicker Au deposits may be expected with progress in
DRIE.

X-LIGA gratings

The X-LIGA gratings have substantial defects in all configurations, leading to broad regions with low visibility
when used as GO. From the X-ray projections and CL images, these regions arise from poor gold filling of the
polymeric template. It can be speculated that this kind of defect is generated during the development step of
the X-ray exposed mold, which can be quite challenging for high aspect ratio structures since the chemical
reactants must diffuse through the full grating height, and the byproducts need to be efficiently removed as well
in order to achieve a uniformly well-developed template. Partial development results in limited diffusion of the
Au electrolyte with a consequent non-uniform Au-filling of the polymeric template.

Quantitative predictions of the effect of missing or poorly filled trenches are provided in the simulations. A
larger decrease in visibility generally arises from an area with more missing trenches (Fig. 5a). While a small
source size gives a drop in visibility that is stronger and more local, with a larger source size the individual valleys
merge to cover a broader area on the detector, consequently leading to a lower mean visibility. Additionally, the
uniformity of the visibility map is corrupted by a collection of missing trenches and cracks (phase shift of the
lamellae) spread heterogeneously over the detector area. Such defects will lead to a drop in visibility and large
deviations in the phase map. In particular, local jumps in the phase map are observed for cracks.

Simulations

The simulation predicts the function of the gratings in a controlled environment while also considering the
grating geometry. The simulated transmission ratios exhibit some deviation from experimental results and
overestimate the amount of absorption from the DRIE gratings in both scenarios with a DRIE G0. With the
caveat that all values are scaled to those for the X-LIGA pair, it is seen in Table 1 that only the GO: X-LIGA
and G2: DRIE combination exhibits the same transmission ratio in simulation and measurement. As accurate
cross-sectional information is required, differences may originate from inaccurate representation of the gratings,
especially the X-LIGA gratings. Modest changes in the duty cycle will greatly influence the measured, as well as
predicted, transmission and visibility. The impact of tapering on the transmission signal is also significant. The
modeled DRIE GO grating has a height of 117 pm as compared to the 180 um of the X-LIGA grating, which for
Au at 46 keV corresponds to an absorption of only 87 % for the former versus 96 % for the latter. Thus, the DRIE
GO should be less absorbing based solely on the height difference. Predictions of higher absorption in the DRIE
gratings are associated with the modeled taper, as changing the material of the transmitting trenches from Si to
C,H,0, solely contributes less than 1 % to the addition in absorption, and the substrate material change from Si
to graphite causes less than 4 %.

The simulated visibility values, ignoring voided Au filling and broken or misshaped trenches in the gratings,
provide an upper limit to the theoretically feasible visibility. Nevertheless, the predicted values follow the trends
of the measurements, and one might logically expect the highest points in the experimental distributions to be
less impacted by local defects. Only the simulated values with a 10 cm water container deviate substantially from
the measurement trends involving an X-LIGA grating. One explanation is that the effective height and duty
cycle of the X-LIGA gratings are lower than those modeled in the simulation. Such a difference would explain
the discrepancy in the absorption ratios (see Table 1) and the increase in visibility with a water sample (see
Fig. 7a). With lower Au height, the visibility distribution in Fig. 8b would decrease faster for higher energies. The
harder spectrum with 10 cm of water would also lead to prediction of a more substantial decrease in visibility, as
observed in the experiment, due to insufficient absorption at higher energies.

Conclusions

The two grating manufacturing techniques, DRIE and X-LIGA, result in distinct characteristic defects that
manifest in the image quality of an XGI system. The effect of related grating parameters on the sensitivity was
observed experimentally and predicted quantitatively. Cross-sectional investigation of the geometry of the
gratings by microscopy and laminography yielded crucial details for modeling that enabled broadly accurate
predictions of the performance in an XGI. Additionally, computed laminography yielded the first cross-sectional
information for an X-LIGA gold-filled grating reported in the literature. Overall, the following statements can
be made from all measurements for HAR gratings manufactured by the two techniques: X-LIGA permits the
manufacture of higher aspect ratio trenches with controlled duty cycles leading to rectangular-shaped lamellae.
However, irregularities in the gold filling and shifts in the gratings structure yield irregular and heterogeneous
visibility and phase maps with local decreases in visibility that worsen with larger source sizes. DRIE gratings do
not presently reach trenches of the same depth and aspect ratio but demonstrate excellent uniformity in phase
and visibility maps, which leads to good performance even with larger source sizes. The presence of significant
tapering can result in increased absorption, decreasing the sensitivity. It is expected that these observations
will assist manufacturers in prioritizing relevant geometrical factors for quality control during the manufacture
of gratings, while XGI system designers can leverage these measurements and methods to establish tolerance
requirements.
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Fig. 9. (a) Setup configuration of an XGI with all gratings mounted. The gratings were all mounted flat -
except for GO of X-LIGA, which was kept at its natural state of 30 cm bending radius. (b, ¢) DRIE and X-LIGA
grating mounted on the holders, respectively. These gratings were used as G2.

Methods

Radiography and computed laminography at TOMCAT

The radiography images of the X-LIGA and DRIE grating were obtained using a monochromatic beam with
45 keV and 4 s exposure time at the TOMCAT beamline at the Swiss Light Source. The effective pixel size is
0.375 um. The CL measurement was conducted with a polychromatic beam having a mean energy of 66.5 keV,
using the same 2-axis sample manipulator as in Ref.® to obtain cross-sectional information of one X-LIGA
grating. The measurement was performed with the rotation axis tilted by 30°, 6000 projections over 360°, with
every projection having an exposure time of 300 ms, resulting in a total acquisition time of 30 min. The distance
to the detector was set at 3 cm at a tilt angle of 0° and a pixel size of 0.65 pm. Reconstruction was performed using

an adapted filtered back projection algorithm accounting for the tilting angle of the rotation axis®.

Measurement system and geometry

The study was performed on a symmetric Talbot-Lau interferometer operated in the third Talbot order'? (see
Fig. 9a). The gratings were mounted flat, except for the GO grating from X-LIGA, which was used with its
intrinsic 30 cm radius of curvature (see Fig. 9b,c for DRIE and X-LIGA G2 grating, respectively). The distance
from the source to GO was accordingly set to 21.8 cm to allow for the larger active area on GO and larger high-
visibility area on the detector plane to circumvent shadowing arising from the cone-beam of the source. The
GO-to-G1 and G1-to-G2 distance at the 3rd Talbot order is 49.1 cm with a GI grating designed to introduce a
phase shift of 7 at a design energy of 46 keV. The detector was placed directly after G2. The detector is a prototype
photon counting detector by DECTRIS Ltd. (Baden-Daettwil, CH) with a 750 um-thick Cadmium-Telluride
layer as the active medium and an active area of 256 x 3098 isotropic 75 pum pixels. A single energy threshold of
11 keV was used for all measurements with a frame rate of 0.5 Hz. The X-ray source was a Hamamatsu L10101
microfocal tube operated at 70 kVp and 200 pA, with a focal spot size of 20 um.

The signal retrieval is performed with a linear least-squares fit*’ to every i-th pixel via:

Lio=1;- [1+w-cos <2”+¢,->} @)
pG2

where I; . is the intensity measured at the position x of G2. I; is the mean intensity, V; the visibility and ¢; the
phase-shift of the phase stepping curve. For all experiments and simulations five phase-steps were conducted
with G2.

In general, Eq. 4 depends on the X-ray spectrum®!. However, the energy and weighting dependence are
omitted for brevity. To see the influence of different spectra on the performance of the interferometer with
different gratings, three different measurements were performed with: the source spectrum, the source spectrum
filtered by 3 mm aluminum, and the source spectrum filtered by the aluminum plus a 10 cm water container
directly after G1 to emulate a biological sample.

Simulation parameters for measurement comparison

Using images such as those in Fig. 2b, the trench geometry of the DRIE gratings (see Fig. 8a) was modeled, while
purely rectangular gratings were assumed for X-LIGA. The models assume a regular pattern across the entire
grating area. However, as seen, the X-LIGA gratings, in particular, contain complex and irregular defects that
affect the overall sensitivity. To assess the impact of individual features, the gratings were modeled as coherent,
repeating structures, providing an upper level on the visibility of the system. Although typical photoresist
contains a polymer, sensitizer and solvent, the solvent and sensitizer were assumed to have a negligible effect
on X-ray absorption so only the polymeric component was considered in simulations of the X-LIGA gratings.
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A composition of C.H,0, was used for convenience, but it can be replaced with specific formulation of typical
X-ray photoresists, such as polymethylmethacrylate (PMMA) or epoxy-based SU8, with a negligible effect on
the final spectrum.

For X-LIGA, the gratings were modeled with a height of 180 pm and a duty cycle of 50 %. The trench material
was modeled as PMMA and silicon for X-LIGA and DRIE, respectively. As substrate material, graphite was
used for X-LIGA and silicon for DRIE. The G1 grating has a height of 59 um and the trenches and substrate are
modeled as silicon. All absorption gratings were modeled to have a solid gold filling. Individual spectra were
modeled using the python package SpekPy*?, for a 70 kVp tungsten source with a 0.15 mm Be window. For
each simulation, 1000 individual source points following the spectrum distribution and uniformly randomly
distributed on a source size of 20 um were sampled, according to Ref.?’”. The intensity profile of each source point
was also finally weighted by the detector response curve.

Data availability

The datasets analyzed during the current study are available on ETH Research Collection (https://doi.org/10.39
29/ethz-b-000724659), and the code for the analysis will be published on GitHub (https://github.com/eth-xrm
/grating_defects).

Received: 20 December 2024; Accepted: 9 April 2025
Published online: 24 April 2025

References
1. Quenot, L., Bohic, S. & Brun, E. X-ray phase contrast imaging from synchrotron to conventional sources: A review of the existing
techniques for biological applications. Appl. Sci. 12, 9539. https://doi.org/10.3390/app12199539 (2022).
2. Momose, A. et al. Recent progress in x-ray and neutron phase imaging with gratings. Quantum Beam Sci. 4, 9. https://doi.org/10.
3390/qubs4010009 (2020).
3. Rawlik, M. et al. Increased dose efficiency of breast CT with grating interferometry. Optica 10, 938. https://doi.org/10.1364/OPTI
CA.487795 (2023).
4. Wang, Z. et al. Non-invasive classification of microcalcifications with phase-contrast X-ray mammography. Nat. Commun. 5, 1-9.
https://doi.org/10.1038/ncomms4797 (2014).
5. Viermetz, M. et al. Dark-field computed tomography reaches the human scale. Proc. Nat. Acad. Sci.. https://doi.org/10.1073/pnas.
2118799119 (2022).
6. Gassert, F. T. et al. Dark-field X-ray imaging for the assessment of osteoporosis in human lumbar spine specimens. Frontiers
Physiol. https://doi.org/10.3389/fphys.2023.1217007 (2023).
7. Weitkamp, T. et al. X-ray phase imaging with a grating interferometer. Opt. Express 13, 6296. https://doi.org/10.1364/OPEX.13.00
6296 (2005).
8. Pfeiffer, E, Weitkamp, T., Bunk, O. & David, C. Phase retrieval and differential phase-contrast imaging with low-brilliance X-ray
sources. Nat. Phys. 2, 258-261. https://doi.org/10.1038/nphys265 (2006).
9. Pfeiffer, F. et al. Hard-X-ray dark-field imaging using a grating interferometer. Nat. Mater. 7, 134-137. https://doi.org/10.1038/nm
at2096 (2008).
10. Noda, D. et al. Fabrication of large area diffraction grating using LIGA process. Microsyst. Technol. 14, 1311-1315. https://doi.org
/10.1007/800542-008-0584-5/FIGURES/8 (2008).
11. Mohr, J. et al. High aspect ratio gratings for X-ray phase contrast imaging. BooktitleAIP Conf. Proc 1466, 41-50. https://doi.org/10
.1063/1.4742267 (2012).
12. Weitkamp, T., David, C., Kottler, C., Bunk, O. & Pfeiffer, F. Tomography with grating interferometers at low-brilliance sources. In
editorBonse, U. (ed.) booktitleDevelopments in X-Ray Tomography V, vol. 6318, 631808, https://doi.org/10.1117/12.683851 (2006).
13. Modregger, P. et al. Sensitivity of X-ray grating interferometry. Opt. Exp. 19, 18324. https://doi.org/10.1364/OE.19.018324 (2011).
14. Yashiro, W., Takeda, Y. & Momose, A. Efficiency of capturing a phase image using cone-beam x-ray Talbot interferometry. J. Opt.
Soc. Am. A 25, 2025. https://doi.org/10.1364/JOSAA.25.002025 (2008).
15. Revol, V,, Kottler, C., Kaufmann, R., Straumann, U. & Urban, C. Noise analysis of grating-based x-ray differential phase contrast
imaging. Rev. Sci. Instrum. 81, 073709. https://doi.org/10.1063/1.3465334 (2010).
16. Meyer, P. & Schulz, J. Deep X-ray Lithography. In booktitleMicromanufacturing Engineering and Technology, 365-391, https://doi.
0rg/10.1016/B978-0-323-31149-6.00016-5 (publisherElsevier, 2015).
17. Meyer, P. et al. X-ray gratings for grating-based X-ray DPCI fabricated using the deep X-ray lithography process: State of the art.
In booktitleProceedings of the XNPIG Conference, 12-15 (addressZiirich, Switzerland, 2017).
18. Shi, Z., Jefimovs, K., Romano, L. & Stampanoni, M. Towards the fabrication of high-aspect-ratio silicon gratings by deep reactive
ion etching. Micromachines 11, 864. https://doi.org/10.3390/mil1090864 (2020).
19. Josell, D. et al. Pushing the limits of bottom-Up gold filling for x-ray grating interferometry. J. Electrochem. Soc. 167, 132504.
https://doi.org/10.1149/1945-7111/abba63 (2020).
20. Gustschin, N. et al. Quality and parameter control of X-ray absorption gratings by angular X-ray transmission. Opt. Exp. 27, 15943.
https://doi.org/10.1364/OE.27.015943 (2019).
21. Richter, M. et al. Investigation on the mechanical interface stability of curved high aspect ratio x-ray gratings made by deep x-ray
lithography. Journal of Micro/Nanopatterning, Materials, and Metrology21, https://doi.org/10.1117/1.JMM.21.2.024901 (2022).
22. Viermetz, M. et al. Technical design considerations of a human-scale talbot-lau interferometer for dark-field ct. IEEE Trans. Med.
Imaging 42, 220-232. https://doi.org/10.1109/TMI.2022.3207579 (2023).
23. Romano, L. et al. Metal assisted chemical etching of silicon in the gas phase: A nanofabrication platform for X-ray optics. Nanoscale
Horizons 5, 869-879. https://doi.org/10.1039/CINH00709A (2020).
24. Shi, Z., Jefimovs, K., Romano, L. & Stampanoni, M. Optimization of displacement Talbot lithography for fabrication of uniform
high aspect ratio gratings. Japanese Journal of Applied Physics60, SCCAO1, https://doi.org/10.35848/1347-4065/abe202 (2021).
25. Shi, Z., Jefimovs, K., Romano, L., Vila-Comamala, J. & Stampanoni, M. Laboratory X-ray interferometry imaging with a fan-
shaped source grating. Opt. Lett. 46, 3693. https://doi.org/10.1364/OL.426867 (2021).
26. Shi, Z. Microfabrication of X-ray gratings: towards non conventional profile control in high aspect ratio structure. Ph.D. thesis,
schoolETH, addressZiirich, Switzerland (2022).
27. Shi, Z., Jefimovs, K., La Magna, A., Stampanoni, M. & Romano, L. High aspect ratio tilted gratings through local electric field
modulation in plasma etching. Appl. Surf. Sci. 588, 152938. https://doi.org/10.1016/j.apsusc.2022.152938 (2022).
28. Shi, Z. et al. Fabrication of a fractal pattern device for focus characterizations of X-ray imaging systems by Si deep reactive ion
etching and bottom-up Au electroplating. Appl. Opt. 61, 3850. https://doi.org/10.1364/A0.456427 (2022).

Scientific Reports |

(2025) 15:14223 | https://doi.org/10.1038/s41598-025-98148-z nature portfolio


https://doi.org/10.3929/ethz-b-000724659
https://doi.org/10.3929/ethz-b-000724659
https://github.com/eth-xrm/grating_defects
https://github.com/eth-xrm/grating_defects
https://doi.org/10.3390/app12199539
https://doi.org/10.3390/qubs4010009
https://doi.org/10.3390/qubs4010009
https://doi.org/10.1364/OPTICA.487795
https://doi.org/10.1364/OPTICA.487795
https://doi.org/10.1038/ncomms4797
https://doi.org/10.1073/pnas.2118799119
https://doi.org/10.1073/pnas.2118799119
https://doi.org/10.3389/fphys.2023.1217007
https://doi.org/10.1364/OPEX.13.006296
https://doi.org/10.1364/OPEX.13.006296
https://doi.org/10.1038/nphys265
https://doi.org/10.1038/nmat2096
https://doi.org/10.1038/nmat2096
https://doi.org/10.1007/S00542-008-0584-5/FIGURES/8
https://doi.org/10.1007/S00542-008-0584-5/FIGURES/8
https://doi.org/10.1063/1.4742267
https://doi.org/10.1063/1.4742267
https://doi.org/10.1117/12.683851
https://doi.org/10.1364/OE.19.018324
https://doi.org/10.1364/JOSAA.25.002025
https://doi.org/10.1063/1.3465334
https://doi.org/10.1016/B978-0-323-31149-6.00016-5
https://doi.org/10.1016/B978-0-323-31149-6.00016-5
https://doi.org/10.3390/mi11090864
https://doi.org/10.1149/1945-7111/abba63
https://doi.org/10.1364/OE.27.015943
https://doi.org/10.1117/1.JMM.21.2.024901
https://doi.org/10.1109/TMI.2022.3207579
https://doi.org/10.1039/C9NH00709A
https://doi.org/10.35848/1347-4065/abe202
https://doi.org/10.1364/OL.426867
https://doi.org/10.1016/j.apsusc.2022.152938
https://doi.org/10.1364/AO.456427
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

29. Ishikawa, K. et al. Progress in nanoscale dry processes for fabrication of high-aspect-ratio features: How can we control critical
dimension uniformity at the bottom? Japanese Journal of Applied Physics57, 06JAOL, https://doi.org/10.7567/jjap.57.06ja01 (2018).

30. Josell, D. et al. Bottom-up gold filling of trenches in curved wafers. J. Electrochem. Soc. 171, 032502. https://doi.org/10.1149/1945-7
111/ad2958 (2024).

31. Josell, D., Osborn, W. A., Williams, M. E. & Miao, H. Robust bottom-up gold filling of deep trenches and gratings. J. Electrochem.
Soc. 169, 032509. https://doi.org/10.1149/1945-7111/ac5c0b (2022).

32. Organista, C. et al. Implementation of a dual-phase grating interferometer for multi-scale characterization of building materials by
tunable dark-field imaging. Sci. Rep. 14, 384. https://doi.org/10.1038/541598-023-50424-6 (2024).

33. Josell, D. et al. Bottom-up gold filling in new geometries and yet higher aspect ratio gratings for hard x-ray interferometry. J.
Electrochem. Soc. 168, 082508. https://doi.org/10.1149/1945-7111/ac1d7e (2021).

34. Fisher, S. L. et al. Laminography in the lab: Imaging planar objects using a conventional x-ray CT scanner. Meas. Sci. Technol. 30,
035401. https://doi.org/10.1088/1361-6501/aafcae (2019).

35. Helfen, L. et al. High-resolution three-dimensional imaging of flat objects by synchrotron-radiation computed laminography.
Appl. Phys. Lett. 86, 1-3. https://doi.org/10.1063/1.1854735/237679 (2005).

36. Xu, E, Helfen, L., Baumbach, T. & Suhonen, H. Comparison of image quality in computed laminography and tomography. Opt.
Exp. 20, 794. https://doi.org/10.1364/OE.20.000794 (2012).

37. Spindler, S. et al. Simulation framework for x-ray grating interferometry optimization. Opt. Exp. https://doi.org/10.1364/OE.5435
00 (2024).

38. Kim, J. et al. Macroscopic mapping of microscale fibers in freeform injection molded fiber-reinforced composites using X-ray
scattering tensor tomography. Compos. B Eng. 233, 109634. https://doi.org/10.1016/j.compositesb.2022.109634 (2022).

39. Nikitin, V. TomocuPy - efficient GPU-based tomographic reconstruction with asynchronous data processing. J. Synchrotron
Radiat. 30, 179-191. https://doi.org/10.1107/S1600577522010311 (2023).

40. Wang, Z. et al. Low-dose multiple-information retrieval algorithm for X-ray grating-based imaging. Nucl. Instrum. Methods Phys.
Res., Sect. A 635, 103-107. https://doi.org/10.1016/].NIMA.2011.01.079 (2011).

41. Thuering, T. & Stampanoni, M. Performance and optimization of X-ray grating interferometry. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences372, https://doi.org/10.1098/rsta.2013.0027 (2014).

42. Poludniowski, G., Omar, A., Bujila, R. & Andreo, P. Technical note: SpekPy v2.0-a software toolkit for modeling x-ray tube spectra.
Med. Phys. 48, 3630-3637. https://doi.org/10.1002/MP.14945 (2021).

Acknowledgements

The authors thank DECTRIS Ltd. for providing the SANTIS CdTe HR prototype detector and detector response.
The authors also thank the technicians from the PSI cleanroom (now PICO) for their assistance during the
fabrication of the DRIE gratings. The authors thank Philipp Zuppiger and Gordan Mikuljan for their help in
designing appropriate grating holders for the computed laminography measurement and TLI measurements.
The authors acknowledge the Paul Scherrer Institut, Villigen, Switzerland for provision of synchrotron radia-
tion beamtime at the TOMCAT beamline of the SLS. This work has been funded by SwissLOS Lottery Fund of
Kanton Aargau, the Promedica Stiftung Chur - Project Nr. 1527, SNF Sinergia Grant Nr. CRSII5 183568, PHRT-
TT Project Nr. 2022-572 INTIMACY, PHRT-Pioneer Project Nr. 2021-612 CLARINET, SNF REquip 189662
(SiDRY) and SNF REquip 177036 (DTL).

Certain equipment, instruments, software, or materials are identified in this paper in order to specify the
experimental procedure adequately. Such identification is not intended to imply recommendation or endorse-
ment of any product or service by NIST, nor is it intended to imply that the materials or equipment identified
are necessarily the best available for the purpose.

Author contributions

All authors contributed to the work and approved the manuscript. A.P, L.R., M.R., M.Stauber, M.Stampanoni
planning of project; A.P., M.R. data acquisition, and data analysis; A.P, S.S., M.R., system hardware and soft-
ware; AP, S.S. simulation design and modeling; Z.S., L.R. manufactured the DRIE gratings; D.]. gold filled the
DRIE gratings; A.P, EM., conducted X-ray radiography and computed laminography, L.R., conducted SEM
measurements; L.R., M.R., M.Stampanoni supervision of the project; A.P. took the lead in writing the manu-
script; S.S., Z.S., M.R., L.R., EM,, D.J., M.Stauber, M.Stampanoni provided critical feedback and helped shape
the manuscript.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-98148-z.

Correspondence and requests for materials should be addressed to A.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:14223 | https://doi.org/10.1038/s41598-025-98148-z nature portfolio


https://doi.org/10.7567/jjap.57.06ja01
https://doi.org/10.1149/1945-7111/ad2958
https://doi.org/10.1149/1945-7111/ad2958
https://doi.org/10.1149/1945-7111/ac5c0b
https://doi.org/10.1038/s41598-023-50424-6
https://doi.org/10.1149/1945-7111/ac1d7e
https://doi.org/10.1088/1361-6501/aafcae
https://doi.org/10.1063/1.1854735/237679
https://doi.org/10.1364/OE.20.000794
https://doi.org/10.1364/OE.543500
https://doi.org/10.1364/OE.543500
https://doi.org/10.1016/j.compositesb.2022.109634
https://doi.org/10.1107/S1600577522010311
https://doi.org/10.1016/J.NIMA.2011.01.079
https://doi.org/10.1098/rsta.2013.0027
https://doi.org/10.1002/MP.14945
https://doi.org/10.1038/s41598-025-98148-z
https://doi.org/10.1038/s41598-025-98148-z
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Quantifying grating defects in X-ray Talbot-Lau interferometry through a comparative study of two fabrication techniques
	﻿Grating fabrication techniques
	﻿Inspection of individual gratings
	﻿X-ray radiography imaging of DRIE and X-LIGA gratings
	﻿DRIE: scanning electron microscopy
	﻿X-LIGA: computed laminography

	﻿Wave-propagation simulation
	﻿Influence of tapering on the sensitivity
	﻿Effect of local trench defects on sensitivity

	﻿Results
	﻿Performance in a Talbot-Lau interferometer: experiment
	﻿Performance in a Talbot-Lau interferometer: simulation

	﻿Discussion
	﻿DRIE gratings
	﻿X-LIGA gratings
	﻿Simulations

	﻿Conclusions
	﻿Methods
	﻿Radiography and computed laminography at TOMCAT
	﻿Measurement system and geometry
	﻿Simulation parameters for measurement comparison

	﻿References


