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Abstract: Structured illumination is essential for high-performance ptychography. Especially
in the extreme ultraviolet (EUV) range, where reflective optics are prevalent, the generation of
structured beams is challenging and, so far, mostly amplitude-only masks have been used. In this
study, we generate a highly structured beam using a phase-shifting diffuser optimized for 13.5 nm
wavelength and apply this beam to EUV ptychography. This tailored illumination significantly
enhances the quality and resolution of the ptychography reconstructions. In particular, when
utilizing the full dynamics range of the detector, the resolution has been improved from 125 nm,
when using an unstructured beam, to 34 nm. Further, ptychography enables the quantitative
measurement of both the amplitude and phase of the EUV diffuser at 13.5nm wavelength.
This capability allows us to evaluate the influence of imperfections and contaminations on its
“at wavelength” performance, paving the way for advanced EUV metrology applications and
highlighting its importance for future developments in nanolithography and related fields.
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1. Introduction

Coherent diffractive imaging (CDI) is a computational microscopy technique that enables the
reconstruction of a coherently illuminated object from its measured diffraction pattern [1]. Due
to its lensless nature, CDI surpasses the limitations of image-forming lenses, which offers
advantages, particularly in the X-ray range [2,3]. In recent years, ptychography [4,5], a scanning
form of CDI, has emerged as an important CDI modality since it removes the restrictions on
the lateral sample size. In ptychography, an object is scanned through an illuminating beam,
which is referred to as probe, and diffraction patterns are recorded for overlapping positions. The
resulting diverse set of diffraction patterns is then used to reconstruct the amplitude and phase of
the object and probe by an iterative phase retrieval algorithm. Especially in the X-ray range at
synchrotron facilities ptychography has emerged as an established method [6], due to its ability
to overcome the limitations of X-ray optics. Consequently, ptychography has found widespread
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applications, including non-destructive and high-resolution 3D imaging of various samples [7]
and spectroscopic imaging [8].

At the same time, there has been a rapid improvement in the performance of ultrafast laser
systems pushing the average power into the kilowatt range [9], facilitating the development of
coherent extreme ultraviolet (EUV) sources based on high-order harmonic generation (HHG)
[10]. These HHG sources can extend into the X-ray range [11] and generate a photon flux in
the EUV spectral range that is comparable to that of synchrotron facilities [12]. Therefore,
compact coherent EUV sources are available now, enabling experiments previously restricted to
large-scale facilities [13]. Combining ptychography with state-of-the-art HHG sources allows
high-resolution EUV imaging experiments to be realized on a lab scale [14,15].

EUYV radiation offers several advantages for imaging. Firstly, the EUV spectral range
provides excellent material contrast due to numerous electronic resonances within this spectral
range. Furthermore, this spectral range provides multiple transmission windows that allow for
penetration depths in the micrometer range for specific elements. In recent years, table-top EUV
ptychography has enabled high-resolution imaging with sub-20 nm resolution [16]. The excellent
material contrast provided by the EUV radiation has been utilized for both reflection [17,18] and
transmission imaging [16] resulting in a wide range of applications including actinic metrology
for the semiconductor industry [19-22] and high-resolution imaging of dry biological samples
[23,24]. Further, ptychography has been widely used for high-resolution characterization of
inherently broadband HHG sources [25-27] and EUV optical elements [28].

In EUV ptychography, the detector is typically placed close to the object to achieve a
large detection numerical aperture (NA) and thus a high spatial resolution. However, so far
mostly reflective optics were used to focus EUV radiation resulting in a small illumination NA.
Nonetheless, it was observed that a wide angular illumination spectrum helps avoid artifacts in
the reconstructed image and results in a higher image quality [29]. This is attributed to improved
convergence of the iterative phase retrieval algorithms and relaxed dynamic range requirements.
Consequently, the utilization of structured beams has been found beneficial [30,31]. This has
recently been demonstrated in the EUV as well by placing a nanostructured binary mask in front
of the object, which resulted in a highly structured orbital angular momentum (OAM) beam [16].
Further, it was recently shown that structured beams are especially important for achieving stable
and high-quality image reconstruction for periodic objects [32].

The benefits of structured illumination in ptychography can be attributed to the convolution of
the angular spectrum of the probe with the object’s angular spectrum, which forms the diffraction
pattern. For broad probe angular spectra, this results in diffraction patterns that are more evenly
spread across the detector. As a result, the dynamic range requirements on the detector are relaxed.
Further, plenty of features in the probe lead to more changes in the diffraction pattern when
moving the sample, which adds more information to the ptychography dataset [33]. Certainly, the
optimal illumination depends on the sample itself. However, a strongly structured illumination
will be beneficial for samples with sparse structures and homogeneous areas (e.g. computer
chips or EUV lithography mask). In this situation a diffusor, introducing randomized patterns on
the sample and yielding highly spread diffraction patterns, promises significant advantages if
employed as a beam shaping element for ptychography.

Phase-shifting diffusers are particularly beneficial as they can avoid a bright zero order in the
diffraction pattern and are more photon-efficient than absorption-based diffusers due to their
higher transmission. However, their usage has been so far limited to the visible [34] and hard
X-ray range [35]. In the soft X-ray range, a random hole array based on an absorbing mask has
been employed [31].

In contrast to previous experiments [16], that employed only binary, amplitude-only masks,
this work introduces a phase-shifting EUV diffuser based on a nanostructured molybdenum mask.
This diffuser shows significant performance improvements over state-of-the-art beam structuring
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elements. To demonstrate this, a systematic study involving three different illuminations was
conducted, which includes an unstructured beam, a structured beam generated by a binary mask,
and a highly randomized speckle pattern generated by the introduced EUV diffuser. The diffuser
spreads the diffraction pattern more evenly on the detector which enabled the measurement of 8
times more photons before saturation of the detector compared to an unstructured smooth beam.
The performance of the different beams is tested on a sparse sample with a mixture of empty areas
and structured features, similar to the features found in EUV lithography masks or integrated
circuits. With this sample, the resolution improved from 125 nm to 34 nm when using the diffuser.
This improvement can be attributed to the diffuser’s effect of relaxing the detector’s dynamic
range requirements, which enabled the measurement of more photons with larger diffraction
angles before overexposing the center of the detector. Additionally, ptychography was used
to characterize the EUV diffuser in amplitude and phase at 13.5 nm wavelength, a task that is
challenging with other metrology tools. The characterization revealed a phase and amplitude
mismatch against the design values which can be attributed to chromium contamination that can
be traced back to the manufacturing process. These results can be used in the future to improve
the fabrication process.

2. Experimental setup and EUV diffuser design

The EUV ptychography setup consists of a fiber-laser-driven high-harmonic source generating a
broadband spectrum reaching up to 100 eV. In short, the system employs a ytterbium-doped fiber
laser with 75 kHz repetition rate and a central wavelength of 1030 nm. This laser is compressed,
utilizing two noble-gas-filled hollow core fibers, to sub-10 fs pulses with a pulse energy of 0.4
mJ, yielding an average power of 30 W. These few-cycle pulses are then focused into a gas jet,
where argon at a backing pressure of 600 mbar is used to generate high-order harmonics. This
results in a broadband EUV continuum up to 100 eV, with a photon flux of 7 x 10"9 phot/s/eV at
13.5 nm wavelength. The EUV beam is then separated from the high-power driving laser using
four grazing incidence plates. These plates predominantly reflect the EUV radiation while the IR
laser is transmitted. Any residual laser light is blocked by two 200 nm zirconium filters. Three
multilayer mirrors are used to image the EUV source on the sample and, at the same time, select a
wavelength of 13.5nm (92 eV) with a bandwidth of 0.23 nm from the broadband EUV continuum.
The diffraction patterns are collected by a sSCMOS detector placed 30 mm behind the sample.
More details on the fiber-laser-driven HHG source [36], and the ptychography setup [16,37] have
been recently published. For the ptychography measurements presented here 200 positions of
a spiral scan pattern were used with a step size of 1000 nm. The ptychography measurements
were reconstructed using the mPIE algorithm [38] employing 4 incoherent modes accounting for
limited spatial coherence [39] and orthogonal probe relaxation accounting for a slight temporal
drift [40]. The ptychography data sets were reconstructed employing the PtyLab toolbox [41].

Immediately before the sample (=200 um) a mask can be placed which is used to tailor the
illuminating beam (Fig. 1 (a)). Here, one of three masks can be selected. In addition to the novel
phase diffuser (Fig. 1 (d)), two amplitude-only masks are used here for comparison which have
already been used in a previous study [16]. These masks can be used to generate an unstructured
beam using a simple pinhole (Fig. 1 (b)) and a structured beam using a spiral-shaped mask (Fig. 1
(c)). The EUV diffuser is based on a randomized pixel pattern that introduces a 7 phase shift. To
achieve this phase shift of 7, we employ molybdenum with a thickness of 90 nm. Molybdenum is
ideally suited as a phase-shifting material due to its high ratio of real part § to imaginary part 5
of the refractive index at a wavelength of 13.5nm (6§/8 ~ 12). Hence, 90 nm of molybdenum,
without considering the Si3sN4 membrane, yields a transmission of T~0.58 [42]. A schematic
sketch of the diffuser is shown in Fig. 1 (e).

The diffuser was manufactured in a two-step process. First, a pinhole with a diameter of 8§ pm
was etched through a 50 nm thick Si3;Ns membrane which was subsequently coated with 200 nm
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Fig. 1. (a) Schematical sketch of the setup. A beam-shaping mask is illuminated by an
EUV beam. The transmission of the mask illuminates an object which is placed directly
behind the object (=200 um). Subsequently, the diffraction pattern is recorded by a detector.
(b) Transmission electron microscope (TEM) image of the pinhole used, yielding a smooth
illumination. (c) TEM image of the spiral. (d) TEM image of the EUV diffuser. (e)
Schematic cross-section of the EUV phase diffuser. (f) SEM image of the test sample.

of copper. The copper acts as an absorber and localizes the beam to a well-defined area. In the
second step, electron beam lithography was used to expose a randomized checkerboard pattern
on a 300 nm thick layer of FEP171 resist spin-coated on a layer-stack consisting of Cr (20 nm),
Mo (90 nm), SizN4 (100 nm), Cr (30 nm, top to bottom) on top of a 525 pum thick 100 mm Si
wafer. The developed resist pattern was transferred into the Cr layer by means of Argon ion
beam etching (IBE). Afterward, inductively coupled plasma reactive ion etching (ICP-RIE) was
used to structure the underlying Mo layer. Now, the backside of this wafer was coated with 13
um of AZ9260 positive tone photoresist and exposed with a pattern of circles (2 mm diameter).
After development, the resist pattern was used as a mask to etch vias through the Si substrate by
ICP-RIE stopping at the Cr layer. Subsequently, this layer was removed through the vias using
reactive ion etching (RIE). The remaining SizN4 membrane with the Mo diffuser was then placed
on the prefabricated pinhole. For this purpose, an oversized patch was cut from the membrane
using focused ion beam milling (FIB) and placed on top of the pinhole with a micro-manipulator
needle. Finally, electron and ion beam-induced deposition (E/IBID) of platinum was used to
fixate the edges of the patch to the pinhole surrounding the absorber.

3. Structured illumination for EUV ptychography

Using an illumination with a broad angular spectrum and small structures brings multiple
advantages, which have been discussed previously [35]. However, for the sake of completeness,
these advantages will be briefly described here. First, the use of structured and high-NA
illumination results in a reduced depth of field. This effect arises from the rapid changes of the
probe along the propagation direction due to propagation effects of the illuminating beam. As a
result, the projection approximation will become less accurate and invalid for thicker samples.
On the other hand, this also results in more depth information, which, in combination with
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multi-slice algorithms [43], can result in an improved depth resolution [44]. However, the sample
investigated here is sufficiently thin, and thus this effect is not the subject of this research.

Second, structured illumination stabilizes the numerical reconstruction process, yielding
more reliable and consistent results. A beam with a structured wavefront distribution causes
more changes in the diffraction patterns for neighboring scanning positions. This diversity
in the measured diffraction patterns improves ptychography reconstructions as it facilitates
the phase-retrieval algorithm to distinguish between object and probe. Previous studies have
demonstrated that using an unstructured smooth beam can lead to the presence of artifacts in the
reconstructed objects [29].

Finally, the measurement is limited by the achievable signal-to-noise ratio. Since the measured
diffraction patterns can be described as a convolution of the object’s angular spectrum with the
angular spectrum of the probe, a broad probe angular spectrum results in a spatially distributed
diffraction pattern. Hence the central diffraction peak is less bright relieving requirements on the
dynamic range of the detector. Or, in turn, enables the measurement of more photons at larger
spatial frequencies before reaching detector saturation improving the SNR. This in turn may
improve the achievable spatial resolution.

To demonstrate these advantages, for each mask (i.e. pinhole, spiral, and phase diffuser)
ptychography measurements were performed on a test sample (Fig. 1 (f)). The test sample consists
of a 50 nm SizN4 membrane coated with 500 nm of Silicon. Subsequently, test structures (e.g.
elbow structures) were etched into the sample using a focused ion beam (FIB). The corresponding
reconstructed most dominant probe modes are summarized in Fig. 2.

The reconstructed dominant probe modes for the pinhole, OAM beam, and EUV diffuser are
shown in the object plane (Fig. 2 (a)—(c)) and back-propagated to the mask plane (Fig. 2(d)—(f))
in the first and second columns of Fig. 2. It is evident that the diffuser leads to a highly structured
speckle pattern on the sample (Fig. 2(c)). The diffraction patterns of the illuminated masks
are depicted in Fig. 2(g)—(i), obtained by moving the sample out of the beam path, thereby
showing the angular spectrum of the corresponding illuminations. Notably, the EUV diffuser
results in the broadest angular spectrum. The last column displays a single diffraction pattern
selected from a ptychography measurement where the complete dynamic range (16-bit) for each
measurement was used. The diffraction pattern was consistently chosen from the same position
of the ptychography scan pattern and is located at the center of the sample (Fig. 1(f)). Due to
the narrow angular spectrum of the pinhole, the corresponding diffraction pattern (Fig. 2(j))
only spans the center of the detector. However, when using the diffuser (Fig. 2(1)), photons
are spread more evenly across the entire detector, enabling the measurement of significantly
larger diffraction angles. Additionally, in the pinhole and OAM-beam measurements, only a
single bright spot at the center of the diffraction pattern is observed (inset in Figs. 2(j) and
2(k)). In contrast, when employing the EUV diffuser multiple bright speckles are evident (inset
Fig. 2(1)). As a result, a higher number of photons can be measured before the detector becomes
overexposed, enabling the measurement of larger diffraction angles. Hence, the EUV diffuser
most efficiently distributes the photons across the detector.
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Fig. 2. Comparison of the reconstructed probes on the sample ((a)-(c)) and in the mask
plane ((d)-(f)) for the pinhole, spiral, and EUV diffuser mask, respectively. (g)-(i) shows the
far-field diffraction of each mask, which was measured by removing the sample. (j)-(1) shows
a single diffraction pattern from the corresponding ptychography measurement showing that
the EUV diffuser distributes the photons most evenly across the sample. The inset shows the
enlarged central area of the diffraction pattern.

4. EUV ptychography using an EUV diffuser

In the next step, the impact of the different illuminations on the ptychographic image reconstruction
is investigated. To accomplish this, three scenarios are examined. In the first scenario, the
exposure time is kept constant for the three different illuminations. Since each mask has a different
transmission, the dose on the sample differs for each illumination. An exposure time of 0.1 s
was selected, as it represented the longest exposure time before the diffraction patterns captured
using the pinhole mask became overexposed. The reconstructed complex transmission using the
pinhole mask is depicted in Fig. 3(a) and shows artifacts at the elbow structure, which are not
visible in the reconstructions using the spiral mask (Fig. 3(b)) and EUV diffuser (Fig. 3(c)). To
evaluate the achieved resolution for each illumination a second ptychography scan was measured
and the Fourier ring correlation was evaluated using the half-bit criterion (Fig. 3(d)). The results
demonstrate that the OAM illumination yields the highest resolution with 77 nm, outperforming
the smooth pinhole illumination (125 nm) and the EUV diffuser (114 nm). However, the EUV
diffuser exhibits a significantly lower transmission compared to the other masks, resulting in
a 79% lower dose on the sample compared to the pinhole. Despite this lower dose, the EUV
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Fig. 3. Reconstructions of the test sample using a pinhole mask, spiral-shaped mask, and the
EUV phase diffuser. The measurements were carried out for a constant exposure time of 0.1
s ((a)-(c)), constant dose ((e) and (f)), and using the maximal dynamic range of the detector
((h) and (i)). For each reconstruction, the averaged photon number N and the exposure time
t are given by a label in the top-right and bottom-right corner, respectively. The half-pitch
resolution for all these cases was evaluated by calculating the Fourier ring correlation (FRC)
and using the half-bit criterion and is shown for the constant exposure time case, the constant
dose case, and the maximal dynamic range case in (d), (g) and (j), respectively. The scale
bar for all reconstructions corresponds to 5 um.
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In the second scenario, the exposure time for the OAM beam and EUV diffuser measurement
was increased to 0.16 s and 0.60 s, respectively, yielding approximately the same number of
photons measured with the detector. An averaged photon number of ~8.8 x 10° photons per
diffraction pattern was used for all three illuminations. The resulting reconstructions are shown
in Fig. 3(e) and (f). The FRC yields a spatial half-pitch resolution of 67 nm for the spiral mask.
Thus, the spatial resolution was significantly improved compared to the unstructured beam using
the pinhole mask. The image quality gets even better, and the resolution is further increased to
65 nm when the EUV diffuser is utilized.

In the last scenario, the exposure time was increased to make use of the full 16-bit dynamic
range of the detector. This allowed us to significantly increase the exposure time for the spiral and
diffuser mask to 0.6 s and 6.0 s, respectively, while the exposure time for the pinhole was already
limited by the saturation in the central peak of the diffraction patterns. A single diffraction
pattern corresponding to each ptychography measurement is shown in Fig. 2(j)-(1). Due to the
larger angular spectrum of the illumination, more photons have been detected without saturating
the detector. Using the pinhole mask originally 8.8 x 10* photons per diffraction pattern were
measured. However, with the spiral-shaped mask and the EUV diffuser, we recorded 2.9 x 10°
photons and 7.2 x 107 photons, respectively, without reaching detector saturation. Therefore, the
EUV diffuser allowed for 2.5 times more photons to be measured on the detector compared to the
spiral mask before reaching overexposure. As a result, significantly larger diffraction angles are
measured leading to a half-pitch resolution of 45 nm for the spiral mask and 32 nm for the EUV
diffuser.

In general, the EUV diffuser showed the most substantial improvements when making use of
the complete dynamic range of the detector. In this case, the spatial resolution was significantly
improved from 125 nm (pinhole) and 45 nm (spiral-shaped mask) to 32nm. However, this
improvement came at the cost of a significantly increased exposure time due to a lower EUV
transmission of the diffuser than expected. Consequently, this mismatch is investigated in more
detail in the next section.

5. At-wavelength EUV diffuser characterization

The transmission of the EUV diffuser was measured to be 6 times lower than that of the pinhole.
This difference cannot be fully explained by the known transmission properties of the utilized
materials, which include a 100 nm Si3Ny membrane (7 ~ 0.42) and a nanostructured 90 nm
molybdenum layer (7 ~ 0.58) with a fill-factor of approximately 0.5.

Utilizing ptychography, we have the unique ability to characterize the exit wave of the EUV
diffuser in amplitude (Fig. 4(a)) and phase (Fig. 4(b)) at 13.5 nm wavelength. For this reason, a
lineout is taken from the central structure which is shown in Fig. 4(c), and it is assumed that the
wavefront of the illuminating beam is flat in the center of the aperture. The lineout reveals a
phase shift of ¢ ~ 3.4 rad, and transmission of 7' ~ 0.25 for the nano-structured molybdenum.
The observed transmission of T ~ 0.25 deviates strongly from the expected transmission of
90 nm Mo (T =~ 0.58). Furthermore, at the edges of the structure pronounced dips are apparent
(indicated by a dotted circle in Fig. 4(c)), which look like low spatial frequency artifacts.

Motivated by the EUV measurements energy dispersive X-ray spectroscopy (EDX) measure-
ments and SEM images of an identical replica, which were fabricated in the same run, were
acquired. These results are shown in Fig. 4(f)-(j). The EDX measurements reveal a strong
molybdenum signal along with a chromium signal. The presence of chromium was not expected
and can be attributed to the manufacturing process where it was used as an etching barrier and
indicates that the chromium was not removed after fabrication.

Under the assumption that the EUV diffuser contains only molybdenum and chromium the
reconstructed EUV phase (Fig. 4(a)) and amplitude (Fig. 4(b)) can be used to calculate the
spatially resolved atomic density (given in atoms per area unit) for both materials. For a detailed
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Fig. 4. Reconstructed transmission (a) and unwrapped phase (b) of the EUV phase diffuser.
(c) Lineout of the transmission and phase indicated in (a) and (b) by a red line. (d) and (e)
show the atomic density in atoms/m2 of molybdenum and chromium calculated from the
reconstructed phase and amplitude. (f) and (g) shows SEM images of the same structure
of a replica that was produced in the same run where for (g) the sample was tilted. (h)
shows another position at the replica where an EDX measurement was performed showing

molybdenum (i) and chromium (j).
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derivation of the calculation of the atomic densities, please refer to the Supplement 1. The
extracted molybdenum and chromium maps for the central structure are shown in Fig. 4(d) and
(e). The analysis reveals that there is a chromium layer covering the molybdenum structures with
approximately 2.5 x 10?! atoms/m?, which corresponds to a thickness of 30 nm, assuming a mass
density of 7.14 g/cm?3. Further, at the edges of the structure additional chromium accumulated
due to the IBE etching of the chromium layer which we believe also explains the dip shown in
Fig. 4(c). The characteristic shape of the chromium contamination can also be recognized in the
SEM images (Fig. 4(f) and (g)) indicating that the dips shown in Fig. 4 (c) can be attributed to
real contaminations and do not represent numerical artifacts. However, the SEM images do not
reveal the material composition. It should be noted that even these thin layers of chromium lead
to a strong signal in amplitude and phase. Hence, EUV radiation proves to be ideally suited for
resolving extremely thin chromium contaminations.

6. Discussion

In summary, an EUV phase diffuser was introduced for a wavelength of 13.5nm. This was
achieved by utilizing a Si3;N4 membrane nanostructured with a randomized molybdenum pattern.
The diffuser was used for ptychographic imaging of an artificially created sample containing
empty areas and nano-structured features. On this sample a systematic analysis was carried
out comparing the EUV diffuser to a smooth beam created by a pinhole and a structured beam
created by an amplitude-only mask. The EUV diffuser led to a diffuse speckle pattern on
the sample which resulted in a higher translation diversity and a broader angular spectrum —
both advantageous attributes for ptychography. The broader angular spectrum facilitated the
measurement of more photons before the detector was oversaturated. Consequently, this resulted
in a resolution of 32 nm which is a significant improvement compared to the pinhole (125 nm)
and the spiral-shaped mask (45 nm).

However, the diffuser exhibited a low transmission leading to longer exposure times. Char-
acterization of the EUV reconstruction of the diffuser showed that the amplitude and phase of
the molybdenum structures did not match the design values. This mismatch can be attributed
to chromium contamination. Using a two-material model on the reconstructed EUV amplitude
and phase of the diffuser, we created a 2-D map detailing the contamination distribution and
its atomic density. Notably, this map showed accumulations of chromium at the edges of the
diffuser structures. These characteristic features were confirmed by SEM images. Using EUV
radiation even slight contaminations of chromium can be detected without destroying the sample
demonstrating the effectiveness of at-wavelength metrology for critical optical components.
Our findings showcase the significant potential of this approach for advanced EUV metrology
applications and highlight its importance for future developments in nanolithography and related
fields.

In the future, the diffuser fabrication process will be optimized in terms of phase shift and
transmission by using feedback from the at-wavelength EUV diffuser. This will allow us to avoid
chromium contaminations and precisely adjust the molybdenum thickness to attain a phase shift
of &, enhancing both its transmission and angular spectrum. We expect that, in combination with
a thinner SizN4 membrane (e.g. 20 nm), the transmission can be improved by a factor of 3.

We believe that the EUV diffuser introduced here paves the way for several applications. The
EUYV phase diffuser can be integrated with a special mask designed for reflection ptychography
[22]. This combination facilitates at-wavelength inspection of EUV lithography masks and
other critical components. In particular, the investigation of highly periodic patterns benefits
from structured illumination [32]. The presented diffuser also opens the route for other imaging
modalities including speckle-based phase imaging [45] and single-shot coherent imaging based
on randomized illuminations [46,47].
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