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ABSTRACT: Microscopy with extreme ultraviolet (EUV) radiation enables high-resolution Diffraction pattern
imaging with excellent material contrast because of the short wavelength and numerous 3D Sample
element-specific absorption edges available in this spectral range. Table-top high-harmonic G\
generation (HHG) sources offer the additional advantage of generating wide spectra in the N ‘
EUV and soft X-ray range, making them inherently well-suited for characterizing cuvgeams 3.)
nanostructures. As lens-based EUV imaging is challenging, lensless imaging methods based

on coherent diffraction offer practical advantages and can even allow for quantitative phase . ;

measurements of object transmission functions. Here, spectrally resolved lensless imaging of a < : -
dispersive sample is performed using multiple high harmonics based on different HHG-based

measurement concepts. We characterize the structure and composition of a three-element

spiral-shaped object in transmission using multiwavelength diffractive shearing interferom- 2 !
etry, as well as single-wavelength structured-illumination ptychography. We find that both A .- -

methods are capable of retrieving spatially resolved element maps and the corresponding

layer thicknesses. Comparing methods, ptychography provides superior accuracy in determining layer thickness, even for stacks of
multiple materials, using an extended scattering quotient. These measurement and analysis concepts thus provide a nondestructive
way to accurately extract information on the material composition and layer thicknesses of complex nanostructured samples.

KEYWORDS: high-harmonic generation, extreme ultraviolet coherent diffractive imaging, computational imaging,
diffractive shearing interferometry, ptychography

B INTRODUCTION: MATERIAL-SENSITIVE widespread implementation of CDI techniques.'”'*** Mean-
COHERENT DIFFRACTIVE IMAGING WITH HIGH while, table-top high harmonic generation (HHG) provides
HARMONIC SOURCES the possibility to generate a broad harmonic spectrum of

spatially coherent EUV radiation with a laboratory-scale
setup.”’ In recent years, HHG sources have been widely
applied in nanoscale coherent imaging from interferome-
try,”>** reflectometry,”'® and wavefront sensing”*™*’ to both
material >** and biological science.”

For semiconductor applications, imaging and inspection
with HHG sources present an attractive option, as many
materials exhibit unique absorption and transmission proper-
ties in the EUV wavelength range.”’ This capability makes
HHG-based imaging an excellent tool for characterizing
nanostructures. A first demonstration at 13.5 nm imaged the
nearly periodic structure on a silicon-based zone plate with
subwavelength spatial resolution of 12.6 nm with a
corresponding relative height map.”> Recent ptychographic

Breakthroughs in imaging are driving advances in nanoscale
metrology, enabling more precise multiscale three-dimensional
characterization of functional systems such as integrated
circuits in the semiconductor industry. Unlike traditional
microscopy, which requires wavelength-specific lenses for
photons and electrons, coherent diffractive imaging (CDI)
captures diffraction patterns directly and employs numerical
phase-retrieval algorithms to reconstruct an object.' > The
resulting object image can be numerically corrected for
aberrations, with achievable resolution limited only by the
wavelength of the incident radiation and the spatial frequency
of the diffracted waves. To approach the diffraction limit, CDI
and especially its scanning version known as ptychography”
have been extensively explored in the short wavelength spectral
ranges such as EUV° ™" and X-ray,'”~"* as well as for electron -
imaging.ls_w Received: July 18, 2025 PhGtonics
While CDI enables high-resolution imaging, its reconstruc- Revised:  October 31, 2025

tion quality depends on the signal-to-noise ratio of the AccePted: November 3, 2025
diffraction patterns.'®'? Current coherent sources like Published: November 13, 2025
synchrotron radiation and free-electron lasers fulfill the high

brightness requirements, yet their accessibility limits the

© 2025 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acsphotonics.5c01717

v ACS PUbl ications 6680 ACS Photonics 2025, 12, 6680—6689


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengling+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaomeng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonios+Pelekanidis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Gouder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kjeld+S.+E.+Eikema"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Witte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Witte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.5c01717&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01717?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01717?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01717?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01717?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01717?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/apchd5/12/12?ref=pdf
https://pubs.acs.org/toc/apchd5/12/12?ref=pdf
https://pubs.acs.org/toc/apchd5/12/12?ref=pdf
https://pubs.acs.org/toc/apchd5/12/12?ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphotonics.5c01717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Photonics

pubs.acs.org/journal/apchd5

studies utilize information on both absorption and phase shift
in every pixel of the sample image, enabling chemically
resolved imaging by calculating the so-called scattering
quotient.”*”*> Reflection-mode ptychography enabled non-
destructive determination of layer thicknesses with chemically
specific contrast for substrate-based samples.”'”** For thin,
transparent samples, having a transmission-based measurement
that is sensitive to both the material composition and thickness
of various layers would be particularly relevant.

To characterize layer thickness and material composition in
transmission, both attenuation and phase shift upon prop-
agation are relevant measurable quantities. The concept of
scattering quotient is based on the ratio of these quantities’ but
removes the sensitivity to layer thickness. Another approach
can be to utilize the wavelength dependence of such material
properties by performing, for example, intensity-only measure-
ments at multiple wavelengths. In this work, we perform
different HHG-based lensless imaging experiments aimed at
retrieving element-resolved images of a multielement struc-
tured film in transmission. Specifically, we use both diffractive
shearing interferometry (DSI)***® and ptychography and
compare the ability of both methods to provide quantitative
information on elemental composition and layer thicknesses.
DSI is ideally suited for multiwavelength measurements, as it is
based on Fourier-transform spectroscopy to retrieve spectrally
resolved diffraction information. Ptychography is developed for
single-wavelength measurements although it can be extended
to multiwavelength reconstructions as well.”'"'"** An
important advantage of ptychography is the ability to separate
the probe beam information, leading to accurate quantitative
phase retrieval and enabling imaging with structured probe
beams.

By applying both methods to the same sample and
comparing the results with energy-dispersive X-ray spectros-
copy (EDX) from a scanning electron microscope (SEM), we
analyze their respective performance. We find that especially
the quantitative amplitude and phase information provided by
ptychography allow for an accurate sample characterization. By
extending the concept of the scattering quotient to include
multiple layers of different materials, we can determine the
local thickness of the two layers of distinct materials across the
sample. We therefore conclude that ptychography is a useful
nondestructive approach to characterize both material
composition and layer thickness in complex nanostructured
thin film samples.

B COHERENT DIFFRACTIVE IMAGING TECHNIQUES

As image sensors record only the intensity, the main challenge
in CDI is to retrieve the phase information belonging to a
measured diffraction intensity profile. In the far-field limit, the
diffracted electric field corresponds to the Fourier transform of
the exit wave, which is typically modeled as the product of the
illumination field (’probe’) and the complex object trans-
mission function. To reconstruct the exit wave, the phase of
the electric field at the detector plane is retrieved using
iterative methods™” and subsequently numerically propagated
to the object plane. The two specific implementations of CDI
that we use are DSI and ptychography, which are schematically
depicted in Figure 1 and are introduced in more detail below.
To compare the main properties of both methods, Table 1
summarizes the advantages and current limitations of both DSI

and ptychography.
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Figure 1. Schematic of the different CDI concepts used in this work.
(a) Diffractive shearing interferometry: two identical and mutually
coherent HHG beams illuminate the object (being a spiral target in
our experiments) with a finite shear angle a between them and a
controlled time delay A7. A series of diffraction patterns is recorded as
a function of 7, from which spectrally resolved diffraction patterns can
be reconstructed.*® (b) Typical HHG spectrum retrieved from a time-
delay scan without an object present in the beam. (c) Ptychography:
the HHG beam is refocused and spectrally filtered by a pair of
narrow-band multilayer mirrors onto the object mounted on a
translation stage. A series of diffraction patterns are recorded as a
function of transverse object position relative to the probe r;. In these
experiments, and the EUV beam is spatially structured by imparting
orbital angular momentum onto it in the HHG process. (d) Measured
spectrum of the EUV radiation after the spectrally selective mirrors,
along with spectral weights as retrieved by ptychography (see text for
details).

Diffractive Shearing Interferometry. The DSI ap-
proach® is based on the concept of spatially resolved Fourier
transform spectroscopy (FTS)?” combined with lateral
shearing interferometry.”*~*" The experimental concept is

https://doi.org/10.1021/acsphotonics.5c01717
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Table 1. Comparison of DSI and Ptychography

method FTS+DSI
spectrally \/ no prior knowledge needed
resolved
quantitative X \/

phase retrieval

amplitude \/ \/
retrieval
advantages single-shot imaging; high spatial and temporal
resolution
limitations prior knowledge of sample; cannot separate phase

contributions from object and probe.

ptychography

\/ needs well-calibrated prior input

reconstructs probe and object; large field of view with nanoscale resolution; compensate
partial coherence and imperfect measurements via a mixed-state model.

prior knowledge of spectrum; high computational cost.

shown in Figure la. The object is illuminated by a pair of
broadband noncollinear HHG sources, which are produced
using phase-locked pairs of intense driving laser pulses.’™’
The two beams illuminate the sample target at slightly different
angles. An EUV-sensitive CCD camera positioned downstream
captures the resulting diffraction pattern, which corresponds to
the coherent sum of the two spatially displaced (sheared) exit
waves in the far field. By scanning the time delay 7 between the
HHG pulses, a series of far-field diffraction patterns are
recorded. The time delay scan gives rise to an interference
pattern analogous to Fourier-transform spectroscopy at each
CCD pixel, enabling the reconstruction of diffraction patterns
for each wavelength present in the HHG illumination.*® For
each wavelength component, the complex measured interfer-
ence pattern at the camera plane can then be expressed as™

M(k) = E(k + dk)E(k — dk)*

=A(k + dk)A(k — dk)exp{i(¢p(k + dk) — ¢(k — dk))}
(1)

where A(k + dk) is the amplitude of the electric field E(k + dk)
of one beam, ¢(k) is the phase of the electric field, and k is the
k-space coordinate as recorded in the camera plane. Given the
lateral shear between the two beams 2dk, a general camera-
plane constraint for iterative phase retrieval can be written as

o B| M(k - dk)E, (k - 2dk)
E, (k) = (1 — P)E,(k) + 2[ E(k— 2dk)P 1 &

M*(k + dk)E,(k + 2dk)
E,(k + 2dk)P* + €

©)

where E,, is the n™ guess of the electric field, 3 is the strength of
the correction to the electric field guess and is typically set to
0.9, and ¢ is a small number to avoid zero divisions. In
combination with prior knowledge of object support, the
monochromatic electric field can be acquired by using different
phase-retrieval algorithms."*>*'

An advantage of DSI is that the complex phase term
provides information about the spatial phase derivative along
the direction of shear between the beams. Furthermore,
information at multiple wavelengths is recorded in parallel,
making effective use of the available HHG flux and bandwidth
and avoiding the systematic errors involved in wavelength-
scanning measurements. During DSI, the use of near-plane-
wave illumination ensures that the diffraction pattern remains
unchanged with the sample, greatly simplifying the sample
alignment during reconstruction. However, the retrieved phase
information still contains the wavefront of the illumination
beam, making it challenging to unambiguously isolate the
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sample-induced phase shifts from the inherent phase curvature
of the probe.

Ptychography. As shown in Figure lc, ptychography
utilizes a spatially confined probe beam that is transversely
scanned across the sample with partial overlap between
adjacent positions.Ar This scanning strategy imposes strong
constraints on possible exit wave solutions, leading to robust
and accurate phase retrieval. As ptychography can be extended
to separately retrieve the complex fields of both probe beam
and the sample response,*” the illumination profile does not
need to be accurately known a priori. This allows the use of
structured illumination to improve reconstruction quality.”"
We perform our 4ptychography reconstructions with the
package PtyLab.py,” which includes the ability for ptycho-
graphic information multiplexing.”* Here, the measured far-
field diffraction pattern at position j is described as the
incoherent sum of the k monochromatic diffraction patterns.
For our experiments on a dispersive sample, we modify the
forward model to include a wavelength-dependent object
transmissivity

I~ Z Z (BB, 1(r)-0;(x — 1‘,-)])2 + I

A ke{o,1}

3)

where 1 denotes the wavelength and k refers to the orthogonal
modes in the decomposition of the mutual intensity of a
spatially partially coherent beam.”'"** Both object O and
probe P are modeled in terms of a set of modes covering the
different harmonic wavelengths. Additionally, P, is the scaled
angular spectrum propagator,lg’“’46 which allows the prop-
agation of an electromagnetic wave under the Fresnel
approximation, maintaining a wavelength-independent pixel
size at the object plane. Although we use a narrow-band
multilayer mirror in the experiment, the mirror pair still reflects
an additional harmonic on each side of the central harmonic, as
shown in Figure 1d. I is a constant background caused by
leakage of the fundamental beam to the detector and thermal
effects from the detector itself.

Ptychographic methods remove the need for any object
support and the associated prior object knowledge.” However,
in addition to the computational complexity, ptychography
relies on accurate knowledge of the wavelengths and the
distance between the object and the detector plane to ensure
the scaled angular spectrum propagator P, can be applied
accurately although such parameters can be optimized
numerically to a certain extent."’

B MATERIALS AND METHODS

Nanofabrication of a Dispersive Multilayer Sample.
To test the performance of the different CDI methods on a
dispersive and multielement sample in transmission, we

https://doi.org/10.1021/acsphotonics.5c01717
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Figure 2. Transmission as a function of wavelength for the (a) SizN, layer and (c) Si;N,+Ti layer, respectively. The red star indicates the
transmission at 31 nm, while the green star indicates transmission at 37 nm. (b) SEM image of the spiral target.
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Figure 3. DSI measurement results. Monochromatic diffraction patterns at a wavelength of (a) 37 nm and (b) 31 nm. (c) Image reconstructions
superimposed at wavelengths of 37 nm (green) and 31 nm (red). A yellow color represents similar transmission at both wavelengths, while red or
green color indicates higher transmission at 31 or 37 nm, respectively. (d) Comparison of the relative smooth transmissivity along the spiral, as
determined by DSI at 31 nm (red solid line) and 37 nm (green solid line) wavelength and calculated from the layer thicknesses determined from
EDX (see text for details) data for 31 nm (orange dashed line) and 37 nm (blue dashed line), respectively. (e) Zoomed-in version of (d) for the

outer part of the spiral.

fabricated a dedicated test object. Such a partially transparent
sample was fabricated by using a combination of sputter
coating and focused ion beam (FIB) milling techniques. A 50
nm thick freestanding Si;N, membrane was used as the
substrate, coated with a 59 nm thick layer of titanium, followed
by 100 nm thick gold capping layer. As shown in Figure 2b, a
spiral-shaped pattern is milled onto the multilayer substrate
using the FIB processing. The narrow-line width spiral
structure generates far-field diffraction patterns with strong
high-angle components, providing rich spatial frequency
information that benefits CDI reconstruction.

A key feature of the design is the spiral pattern’s varying
depth profile, which gradually changes from the center
outward. At the very center, all layers are fully removed,
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resulting in a full transmission. As the spiral line progresses
toward the outside, the Si;N, layer starts to appear and
gradually increases in thickness to 50 nm. The EUV
transmission profile for a 50 nm Si;N, layer is shown in
Figure 2a. Further toward the outside of the spiral, the Ti layer
also remains present with gradually increasing thickness. The
EUV transmission for 50 nm SizN, plus 59 nm Ti is shown in
Figure 2c. At the tail of the spiral, the full thickness is retained.
In this region, the transmission is expected to drop to zero, as
the gold layer is fully opaque for our HHG spectrum. To mark
where the spiral ends, a fully transmissive rectangular hole is
milled as a reference marker. As the Si;N, and Ti layers have
different spectral responses and especially Ti has an absorption
edge leading to a strong reduction in transmissivity at

https://doi.org/10.1021/acsphotonics.5c01717
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Figure 4. Ptychography reconstructions of (a) the spiral sample and (b) the main spatial modes of the OAM beam at 38.3 nm. Here, the amplitude
and phase are represented by brightness and color, respectively. (c) Extracted unwrapped phase along the trajectory of the spiral. (d) Comparison
of the relative transmissivity along the spiral, as determined by ptychography at 38.3 nm (blue trace), DSI at 37 nm (orange trace), and EDX at 37
nm (green trace) (DSI results at 37 nm wavelength corresponds to the 23rd harmonic of a Ti/Sa-driven HHG source. Ptychography results at 38.3
nm corresponds to the 27th harmonic of the Yb/YAG-driven HHG source. ).

wavelengths below 30 nm, the resulting object is expected to
have a strong spatially dependent spectral response in both
amplitude and phase.

Experiment Design. The DSI experimental setup is shown
in Figure 1a. The two EUV beams intersect at a relative angle a
of 0.4 mrad, resulting in two sheared copies of the diffraction
pattern on the CCD camera placed 18 cm downstream from
the sample plane. The CCD chip has 2048 X 2048 pixels with
13.5 ym pixel size. The sample transmissivity was low, which
necessitated an 18 s integration time for each camera exposure
with 4-by-4 binning and 4X camera preamplifier gain. The
time-delay scan was optimized for the HHG spectrum in argon
gas jet, with a time delay step of approximately 32 as,
corresponding to 9.7 nm optical path difference, enabling
measurement of the theoretically shortest wavelength of 19.4
nm. The entire experiment comprised 485 time delay steps,
resulting in a total delay of 15.7 fs, spanning multiple optical
cycles of the driving laser, and ensuring sufficient spectral
resolution.

The ptychographic experimental setup is shown in Figure Ic.
The fundamental laser driving the HHG process contained
orbital angular momentum (OAM) with charge one, leading to
harmonics carrying OAM as well.** This nonzero OAM results
in a significantly structured illumination profile of the probe,
which improves the reconstruction quality and algorithm
convergence.”'' The structured high harmonics are refocused
by a pair of narrow-band multilayer mirrors onto the sample.
The CCD camera is placed approximately 10.68 cm from the
sample plane. A typical multispectral HHG diffraction pattern
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corresponding to illumination of the central area of the sample
is shown in Figure lc. The ptychographic data sets for the
OAM beams consist of 301 scan positions in a concentric scan
grid with a 3.76 ym step size and 67 um field of view. The
EUV spectrum is measured separately by placing a trans-
mission grating with S00 nm pitch (solid line in Figure 1d) in
the HHG beam. Furthermore, ptychography retrieves the
spectral weights of the different probe modes,” allowing a
comparison (Figure 1d). The multilayer mirror pair is
specifically designed to reflect the 27th harmonic (38.3 nm),
while the neighboring 25th and 29th harmonics exhibit
significantly lower signal strengths, approximately 10% of
that of the 27th harmonic. A discrepancy between the retrieved
spectrum and grating measurement is observed at the 25th
harmonic at 35.6 nm, where the signal-to-noise ratio is the
lowest. Therefore, we focus on the ptychographic results at
38.3 nm in the rest of this paper.

B RESULTS AND DISCUSSION

Qualitative, Material-Resolved DSI Results. Figure
3(a,b) shows the retrieved monochromatic diffraction patterns
at wavelengths of 31 nm (red trace) and 37 nm (green trace)
resulting from the time-delay scan, respectively. The wave-
length scaling between the patterns at 31 and 37 nm is clearly
visible. The DSI iterative phase-retrieval method is employed
to reconstruct the spiral images at both 31 and 37 nm
wavelengths from their corresponding diffraction patterns.

The reconstructed spiral transmissivity images at 31 and 37
nm are visualized using color mapping, with red representing

https://doi.org/10.1021/acsphotonics.5c01717
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31 nm and green representing 37 nm. The two reconstructed
spiral images are superimposed, as illustrated in Figure 3c, with
their transmissivities normalized at the center of the spiral
where no material is present. The color in the composite image
reflects the transmission strength at the two wavelengths. In
the central region, a yellow hue indicates comparable
transmission at 31 and 37 nm. A gradual shift in color is
observed toward red in regions primarily composed of Si;N,
and toward green in regions containing Ti. These trends meet
good agreement with the expected transmission properties of
the respective materials shown in Figure 2.

The DSI data are analyzed by taking a line-out along the
spiral line to determine the experimentally observed
normalized transmissivity along the spiral. As an independent
reference, we performed EDX measurements on the same
sample and calculated the expected sample transmissivity from
the observed local elemental composition. More details on the
EDX data and analysis are given in Supporting Information S1
and S2. The comparison of the DSI and EDX results is shown
in Figure 3d. The reconstructed transmissivity from DSI (solid
traces) is consistent with the EDX results (dashed traces).
Figure 3e shows the transmissivity across the outer ring of the
spiral structure, where a larger amount of Ti remains on the
sample. Significantly, the transmissivity at 37 nm is higher than
that at 31 nm in both DSI and EDX data sets. This wavelength-
dependent variation in transmissivity suggests the presence of
both Si3;N, and Ti in the region between around 500 and 1500
um distance along the spiral path.

DSI measurements provide an accurate spectrally resolved
imaging method. Qualitatively, good agreement is found
between the transmission percentages extracted from the DSI
data and those from the EDX data. However, accurately
extracting quantitative layer thicknesses solely on the basis of
the amplitude information from DSI is found to be challenging.
Although the DSI and EDX data show consistent trends at
both 31 and 37 nm, the level of noise in the DSI-derived
transmissivity is comparable to the wavelength-dependent
signal differences, limiting the precision of any layer thickness
estimation. To achieve more accurate material-specific and
elemental characterization, the phase of the exit wave can be
taken into consideration, which allows mapping of the spatial
variations in optical path length across the sample. In DSI
reconstruction, however, the measured phase contains
contributions from both the sample and the illumination
beam, and separating the phase shift introduced by the
dispersive sample from the inherent phase curvature of the
probe is a significant challenge. Therefore, any quantitative
analysis of DSI image reconstructions typically remains limited
to intensity information. The following section explores how
ptychography offers a promising approach to overcome this
limitation.

Quantitative, Material-Resolved and Thickness-Sen-
sitive Ptychography Measurements. The results of the
ptychography measurements are summarized in Figure 4. The
reconstructed spiral target is shown in Figure 4a. Given the
current experimental parameters, the diffraction-limited
resolution is 138 nm, assuming the shortest contributing
wavelength component is 35.6 nm. Since the reconstructions
give complex-valued expressions for both the object and the
probe, numerical propagation was applied to the object to
correct for a defocus term arising from calibration mismatches
in the wavelength or the sample-to-camera distance. Figure 4b
shows the reconstructed probe, which is 27th harmonic
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generated from our home-built high-power laser operating at
1030 nm central wavelength.”” Two incoherent probe modes
at 38.3 nm are reconstructed, expressed by the orthogonal
probe modes in eq 3. The main mode k = 0 contains 62% of
the intensity, with an overall mode purity of 71.2%."* Given
that HHG sources typically exhibit a high degree of spatial
coherence,”® we attribute the mixed-state modes to partial
decoherence and other sources of noise in the forward model.
The reconstructed probe does not exhibit the typical donut-
shaped profile characteristic of standard OAM beams. This
deviation is primarily attributed to strong astigmatism
introduced by the multilayer mirrors, as discussed in detail in
our previous work.””

Similar to the DSI analysis, we retrieved the transmissivity
along the spiral line. As ptychography separates the complex
fields of the object and probe, it becomes possible to
quantitatively assess the phase delay introduced by the object
along the spiral trajectory as well (Figure 4c). From the
retrieved transmission intensity, we find that the transmission
curve agrees well with the DSI and EDX measurements
(Figure 4d). The root-mean-square (RMS) deviations between
DSI-EDX and ptychography-EDX are calculated over the
region from 500 to 1500 pm, where both Si;N, and Ti are
present, giving values of 0.02 and 0.01, respectively.

Knowing the phase profiles of the spiral sample enables us to
analyze its material properties in more detail. Similar to the
intensity, there is a distinct jump in the accumulated phase
around 250 pm along the spiral, which has much better
visibility in the phase profile compared to the noisier intensity
profile. Further along the spiral path, the phase delay continues
to increase monotonously, as expected for an increasing
amount of material but with a varying slope. This behavior
indicates that the spiral sample exhibits a more complex
structure than a simple material with a linearly increasing
thickness. Given the limited control over the rate of material
removal in the FIB milling process, especially in the presence
of multiple elements, a linear thickness profile would not
necessarily be expected for the fabricated spiral path.

For a more quantitative analysis of the local material
composition, we use the retrieved amplitude and phase images
to calculate the scattering quotient averaged along the
projection direction (Figure Sa). The scattering quotient
allows the identification of different materials by comparison
with the measured complex refractive indices of different
materials.”*" With the complex refractive index given as n = 1
— 6 — i}, the scattering quotient is defined as the ratio f, = §/f,
which can be shown’ to be equivalent to the ratio of the
measured phase delay and the logarithm of the object
transmissivity amplitude

0

_ P(x, J’) _0

1 TnllAGe, ) @)
An advantage of such a scattering quotient is that it is
independent of the layer thickness, making it a sensitive probe
to identify materials in the case of a single element at each
location. In the case where multiple elements are stacked, a
similar approach can still be used to connect the measured
amplitude and phase to the local material properties. We define
an extended scattering quotient, which for a two-layer system
takes the following form
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where the refractive index of the Si;N, is given by n; = 1 — §,
— if}; and the subscript 2 refers to Ti. A derivation of this
extended scattering quotient is provided in Supporting
Information S3, and a further extension to more than two
materials is straightforward. For locations on the sample where
the Ti layer is removed (i.e.,, d, = 0), f, only corresponds to
Si;N,. eq S then reduces to the form for a single material (eq 4
and again becomes independent of material thickness).

To determine the spatially resolved scattering quotient
across the object, we take an area at a position where the spiral
is fully open (indicated by the yellow rectangle in Figure 4a) as
a reference. The object transmissivity amplitude A(x, y) and
phase delay ¢(x, y) are then determined with respect to that
reference and used to calculate the scattering quotient. The
result is shown in Figure Sa. Along the spiral path, a
continuous change in the scattering quotient is observed,
indicating a change in the material composition. For further
analysis, we plot histograms of the scattering quotient per pixel
across two selected regions located in different rings indicated
by the red and blue areas in Figure Sa, respectively. In the
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histogram of the red region (Figure Sb), corresponding to the
inner ring, the scattering quotient peaks around 1.45 at 38.3
nm. This value is calculated by eq 4 for Si;N,,>" fasiny =6/p =

0.245/0.168 = 1.45, indicating that there is a single material
present in this area. In contrast, the histogram of the blue area
in the outer ring (Figure Sc) shows a significantly lower
scattering quotient, which can be attributed to the presence of
Ti on top of the Si;N, membrane. As expected from eq S, a
value for the scattering quotient is found that effectively is a
weighted average of the values of the separate elements with
the relative thickness of the two layers as the weighting factor.

For a sample consisting of two materials, it is possible to
determine the thicknesses of both layers from the recon-
structed amplitude and phase delay. Assuming weakly
reflecting layers and linear propagation,” the thickness of
the two layers can be expressed as follows: for a sample
consisting of two materials, it is possible to determine the
thickness of both layers from the reconstructed amplitude and
phase delay. Assuming weakly reflecting layers and linear

propagation,”’ the thickness of the two layers can be expressed
as
_ C152 - C?ﬁz
= -0 22
$i6, = B,6, (6)
d. = CZﬂl - Cl(sl
=1 T
ﬂ152 - ﬂ251 (7)

Here, C, = — (1y/2x) In(lAl) and C, = (1,/27) ¢. A derivation
of these expressions, along with an error analysis of the
thickness determination, is given in Supporting Information
S4. Figure 6 shows the results of such a layer thickness analysis
on our spiral target. The achieved 539 nm spatial resolution,
shown in Figure 6d, is determined using Fourier ring
correlation (FRC)®” between the high-resolution SEM image
(Figure 2b) and the object reconstruction (Figure 6a). We
average the measured amplitude and phase over a series of 5 X
S pixels® areas (954 in total), indicated by white squares in
Figure 6a, and calculate the thickness of the Si;N, and Ti layers
using eqs 6, 7. Starting from the spiral center to the outside,
the thickness of both layers remains consistent with zero up to
150 pm. From there onward, a rapid increase in thickness of
especially the Si;N, layer is observed from 170 to 300 ym, as
highlighted by the green dashed box in Figure 6e. This region
corresponds to the green-marked areas in Figure 6a, where
material removal appears to be inhomogeneous. After 300 ym,
the Si;N, thickness continues to increase at a much lower rate,
while the thickness of the Ti layer starts to increase more
rapidly. The marker at the end of the spiral is clearly visible at
approximately 1500 um, where the thickness of all of the
materials drops to nearly zero. This region corresponds to the
red-marked areas in Figure 6a. The nominal thicknesses of the
layers are 50 nm for Si;N, and 59 nm for Ti although these
values can have a significant error margin from the fabrication
tolerances.

In Figure 6e, we also compare the material thickness
retrieved from ptychography with an estimate of the EDX data.
Although EDX cannot provide direct thickness values, for thin
homogeneous layers, the relative signal strength can be
interpreted as the total amount of material in a column and
is therefore proportional to height (see Supporting Informa-
tion S1). By normalizing the thickness to the ptychography
value at the end of the spiral path, the shape of the EDX curve
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detail in (b) and (c), respectively. (d) Fourier ring correlation (FRC) computed by comparing object reconstruction with object from SEM. (e)
Absolute layer thicknesses extracted from the ptychography, including a comparison of the normalized layer thickness along the spiral sample as

determined by EDX (dashed traces).

can be used for comparison. The center of the spiral target is
completely fibbed through, resulting in no material remaining
in that region. The thickness determination from EDX data is
consistent with zero in this range, taking uncertainties and
noise into account. These normalized curves show very good
agreement, indicating that our ptychography-based approach
can accurately characterize both material composition and
layer thickness.

Aside from the overall good agreement, two regions along
the spiral path show more complex behavior. The first such
region is around 200 um, which is where the Si;N, film
becomes visible. In this area, a large peak appears in the Ti
thickness as well although with large error bars. This behavior
seems to result from the rapidly varying spatial structure of the
SizN, film, as can be seen in the SEM image in Figure 6b.
Instead of a homogeneous layer, the film has various holes and
curled remnants, which lead to deviations in the area-averaged
scattering quotient. A second region with more complex
behavior is toward the end of the spiral. Here, a deviation
between the EDX estimate and the ptychography reconstruc-
tion is visible, with an overestimation of the Si;N, thickness
and an underestimation of Ti. These discrepancies are likely
due to the presence of gold particle remnants on the spiral
path, as can be seen in Figure 6c. The reference aperture at the
end of the path is retrieved well, and the local layer thickness
estimate is consistent with zero.

B OUTLOOK AND CONCLUSION

In this work, we performed HHG-based lensless imaging
experiments aimed at retrieving element-resolved and thick-
ness-sensitive information from a multilayer, compositionally
complex nanostructured sample in transmission. DSI provides
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spectrally resolved reconstructions at 31 and 37 nm wave-
lengths. The method enables qualitative identification of
regions dominated by Si;N, and Ti across the sample based
on their wavelength-dependent transmission properties.
However, the ability of DSI to retrieve quantitative phase
information was fundamentally constrained by the coupling of
the object-induced phase with the curvature of the illumination
beam. As a result, while it offers efficient multiwavelength
imaging, DSI is limited in its capacity for precise thickness
determination. Ptychography overcomes the limitations of DSI
by reconstructing both the amplitude and the phase of the exit
wave with a given spectrum. Using structured illumination with
the OAM beams, we obtain high-quality reconstructions at a
wavelength of 38.3 nm, enabling detailed analysis of the
material composition and layer thicknesses of the sample. The
scattering quotient method further facilitated material
identification, while the combined amplitude and phase data
allowed for accurate thickness extraction, validated by EDX. It
is worth noting that the ptychographic results not only
provided absolute layer thickness measurements but also
revealed fabrication imperfections in specific regions, such as
incomplete ion milling and residual gold particles, further
highlighting the sensitivity and diagnostic potential of the
method.

Combining these methods with multiwavelength ptychog-
raphy would further increase the diagnostic capabilities,
potentially giving sufficient information to extract thickness
information from more than two layers (assuming refractive
index information is available). Future work could combine
DSI and ptychography to a multiwavelength region, in which a
pair of HHG pulses with varying time delay is used in a
ptychography scan.” This scheme would combine increased
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wavelength diversity with multiwavelength amplitude and
phase reconstructions of a complex object.

In conclusion, we find that ptychography provides a
nondestructive framework for quantitative lensless EUV
imaging. The ability to perform high-resolution, material-
sensitive, and thickness-resolved analysis of complex nano-
structures is promising for applications in nanolithography,
semiconductor inspection, and multilayer thin film analysis,
where access to buried structures and identification of material
contrast is essential.
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