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ABSTRACT

Short-wavelength radiation in the extreme ultraviolet (XUV) and soft x-ray spectral regions offers unique advantages for imaging. With
wavelengths ranging from a few nanometers to a few tens of nanometers, these techniques enable spatial resolutions at the nanometer scale.
In addition, penetration depths in solids in this spectral regime enable non-destructive imaging of internal structures of micrometer-thick
objects, surpassing the capabilities of electron microscopy. Furthermore, the diverse atomic absorption edges characteristic of this spectral
region enable high-contrast imaging without any staining or labeling. When combined with quantitative phase-sensitive imaging techniques,
even material identification at the nanoscale becomes feasible. This article reviews some of the latest advancements in the field. It provides
an overview of the available tabletop sources in this spectral region and discusses concepts and state-of-the-art results of two complementary
imaging techniques: XUV ptychography and XUV coherence tomography. While XUV ptychography achieves nanoscale lateral resolution,
XUV coherence tomography enables nanoscale axial resolution. Both techniques allow for the non-destructive mapping of the chemical
composition of samples, facilitating localized analysis of material compositions in integrated circuits or microorganisms. The article also
presents a perspective on future developments in time-resolved and 3D XUV imaging and potential future application fields.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

. INTRODUCTION regions (1-100 nm) provide unique opportunities for imaging with
nanoscale resolution. These spectral regions feature a magnitude of

Visualizing objects is essential for understanding and manipu- absorption edges, which are characteristic for each chemical ele-

lating their properties. Therefore, microscopy is a fundamental cor- ment, enabling label-free high-contrast and element-specific imag-
nerstone, enabling significant scientific and technological advance- ing. Moreover, within this spectral range, the attenuation length
ments. Short wavelength photons in the XUV and soft x-ray spectral in matter typically spans a few to several tens of micrometers,
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depending on the material composition and the specific photon
energy. This property allows for non-destructive visualization of
internal structures within complex samples.

While classical x-ray microscopes are typically limited in reso-
lution due to the employed zone plate optics, ~ coherent diffrac-
tive imaging (CDI) techniques avoid the losses and aberrations
of conventional optics by applying computational imaging meth-
ods instead. These techniques have been pioneered at synchrotron
facilities and free-electron lasers over the past two decades and
have demonstrated imaging performance beyond the capabilities of
lens-based x-ray microscopy.

At the same time, laser-driven short-wavelength sources have
been developed, enabling lab-scale experiments that were previ-
ously exclusive to large-scale facilities. Especially, coherent short-
wavelength sources based on high-order harmonic generation
(HHG)" have recently gained attention. HHG involves an
extremely non-linear conversion of an ultra-fast driving laser to
the XUV or soft x-ray range. Due to the phase-locked nature
of this process with the driving laser, HHG results in spatially
coherent radiation."” Consequently, this has enabled the trans-
fer of short-wavelength coherent imaging techniques to compact,
laboratory-scale setups.'* Particularly ptychography, which is
a scanning version of CDL"’ is ideally suited for XUV and soft
x-ray microscopy, as this method enables amplitude and phase
contrast with high lateral resolution. In combination with HHG
sources, ptychography is now being explored by a growing number
of research groups worldwide, predominantly for high-resolution
imaging of complex samples from a broad range of fields and for
high-resolution XUV wavefront-sensing applications.

Complementary to ptychography, XUV and soft x-ray coher-
ence tomography (XCT)* have been developed in recent years,
which are essentially extensions of established optical coherence
tomography " to shorter wavelengths. XCT leverages the spectral
bandwidth of an XUV or soft x-ray source to directly image the
axial dimension of a sample in reflection geometry. Combined with
lateral scanning, XCT provides non-destructive three-dimensional
tomograms with an axial resolution down to a few nanometers. Due
to its broadband imaging scheme, XCT is particularly well-suited
for intrinsically broadband high harmonic sources and provides
both structural and spectroscopic information about the sample
simultaneously.

Notably, both ptychography and XCT enable the identification
of different materials within recorded images due to the character-
istic strong elemental contrast in the XUV and soft x-ray spectral
regions. This enables quantitative mapping of chemical composition
at the nanoscale with unique sensitivity, particularly for light ele-
ments. Combined with the penetrating power of short-wavelength
radiation, these techniques can reveal the internal structure and
composition of complex samples, even for cases that are hard to
access with other methods.

In this article, the current state-of-the-art in this field and a
perspective on future developments and applications are provided.
Section II provides an overview of the currently available com-
pact XUV and soft x-ray sources, including a comparison of their
brightness and coherent power and an emphasis on HHG sources.
In Sec. 11, HHG-driven ptychography is discussed. This section
includes a basic introduction to ptychography as well as a review
of recently introduced methods for increasing image quality and
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improving material identification. Section I'V discusses XCT, a tech-
nique for non-destructive chemical mapping with nanoscale axial
resolution. The section includes an overview of the XCT method and
reviews recent studies of cross-sectional chemically mapped sam-
ples. In Sec. V, current challenges, trends, future opportunities, and
potential application fields will be discussed, followed by a summary
in Sec.

Il. COMPACT EXTREME ULTRAVIOLET
AND SOFT X-RAY SOURCES

In this section, the most prominent short-wavelength sources
are discussed, and their suitability for nanoscale coherent imaging
modalities is evaluated. Coherent diffractive imaging techniques,
such as ptychography, require monochromatic radiation. In con-
trast, XCT demands a broadband or tunable spectrum to retrieve
depth information. Despite this difference, both methods benefit
from a high photon flux and a high degree of spatial coherence.
Here, short wavelength sources are compared by the spectral average
brightness B; ¢, defined as

Dy 1
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with the average photon flux @.yg, and the source size Z,, and the
divergence X, g, in the x- and y-directions, respectively, AE/E corre-
sponds to the relative bandwidth.*® Using this metric, different XUV
and SXR sources can be compared as shown in . Notably, there
is a relation between the average brightness and the coherent power
emitted by a given source (indicated by the right y axis in ).

Coherent nanoscale imaging techniques have been pioneered
at synchrotrons. Currently, third-generation synchrotrons are
the workhorses for nanoscale imaging in the soft- and hard x-ray
spectral regions. These sources are based on large high-energy elec-
tron storage rings with up to hundreds of meters of circumference.
Typical synchrotron facilities offer multiple beamlines that can be
used to conduct experiments in parallel. The brightness of some
of the most powerful synchrotrons is indicated in . Recently,
the first fourth-generation synchrotrons have become operational,
with many more currently being planned and commissioned.
These facilities offer exceptionally high coherence and significantly
greater average brightness, enabling higher resolution and faster
imaging.

In contrast to a synchrotron, free-electron lasers (FELs) typi-
cally rely on linear accelerators. The lengths of these facilities can
extend to several kilometers. The average brightness is two to three
orders of magnitude higher than that of any other light source type
( ). In addition to the outstanding average brightness, FELs
also show extremely high peak brightness.”” This enables single-
shot imaging experiments, where the sample diffracts the incoming
radiation before it gets destroyed due to the high dose.”” However,
compared to other sources, FELs are rare and exhibit large costs for
construction, maintenance, and operation. Furthermore, the linear
design allows for only a limited number of beamlines that can be
used simultaneously.

To enable coherent nanoscale imaging experiments on a labo-
ratory scale, complementary compact and high-brightness sources
are desired. Currently, state-of-the-art tabletop sources predom-
inantly rely on laser-driven processes ( ). Examples include
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laser-produced plasma sources,”” higher-order harmonic genera-
tion,'” and soft x-ray lasers.”” At low photon energies, these sources
are competitive with synchrotrons. However, their average bright-
ness decreases with increasing photon energy ( ). The advan-
tages of tabletop sources are their availability, low cost, and compact
footprint.”® Furthermore, these sources are portable and can be
operated outside specialized laser laboratories. In the following,
three different types of laboratory-scale XUV and SXR sources are
discussed.

Laser-produced plasma (LPP) sources are incoherent light
sources.”” Typically, these sources are driven by laser pulses with
energies of several hundred millijoules and pulse durations in the
range of 10 nanoseconds. During irradiation of a target material, a
high-charge-state plasma is generated. The XUV and SXR emissions
are due to the black-body radiation and an incoherent addition of
the characteristic lines of the emitters in the target material into a 27
semisphere.

High-harmonic generation (HHG) is an alternative approach
that allows for the generation of spatially coherent laser-like radi-
ation,'” making it ideal for nanoscale imaging. Such sources are
currently the workhorse for most tabletop lensless imaging experi-
ments.”’ In this process, a millijoule-class laser with pulse durations
of a few tens of femtoseconds is focused with high peak intensity
into a target.”” Commonly, but not necessarily, the target is a noble
gas. The laser interaction with the target atoms can be understood
in a so-called three-step model.”” (1) The atom is field ionized by
the external laser field, (2) the now free electron is accelerated in
the laser field, and (3) the electron returns to its parent ion and
recombines with it while emitting the excess energy in the form
of an XUV or SXR photon. The interaction of the laser-driven
electron only with its parent ion dictates a well-defined phase
relation between the emitted XUV photon and the driving laser. Fur-
thermore, a coherent build-up of the generated XUV and SXR radi-
ation can be achieved via transient phase-matching techniques.
Briefly, the entire process is coupled to the driving laser field. Hence,
all laser properties (low divergence, high spatial coherence, and short
pulse duration) are inherited into the XUV and SXR. The generated
spectrum can be tailored by the driving laser parameters, delivering
distinct narrowband lines up to continuous spectra spanning more
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than 100 eV of bandwidth.! Furthermore, it is possible to tune
the narrow lines to desired photon energies.”’ Generally, the gener-
ated brightness decreases with increasing photon energies, which is
inherent to the HHG process."' However, at photon energies below
30 eV, the brightness of these sources is comparable to large-scale
facilities ( ).

Until now, the full potential of HHG-driven sources has not
been completely exploited. In the low energy region of sub-30 eV,
the average brightness has experienced an exponential increase dur-
ing the last few years. This has been achieved by different factors,
including a cascaded frequency conversion for a higher conversion
efficiency,” recycling of the driving laser using enhancement cav-
ities,”” or the upscaling of the average power of the driving laser
systems.'” In the future, this trend of increased average brightness
can also be expected in the SXR region. Initial demonstrations of
novel high-power laser systems have already demonstrated more
than one order of magnitude higher average power than the driv-
ing lasers used for state-of-the-art HHG sources. In conjunction
with the optimization of driving wavelength for different targeted

jr'_'_ 35nm
\5 um

5um

FIG. 2. Reconstructed height profile from the first XUV ptychography experiment
conducted at a wavelength of 29.5 nm. The height profile was derived from the
reconstructed phase. Reprinted with permission from Seaberg et al. Optica 1,
39-44 (2014).5% Copyright Optical Society of America.
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XUV to SXR regions, an increase of the average brightness of up to
three orders of magnitude appears feasible within the next years.

Furthermore, direct amplification of XUV to SXR radiation
is possible using a soft x-ray laser (SXRL).”” The active material
for the amplification is a plasma, generated by a Joule-class laser
with picosecond pulse duration. Hence, the spectrum consists of a
narrow spectral line at a characteristic emission wavelength of the
material used. SXRLs deliver the highest average brightness of table-
top sources ( ). However, due to the complexity of the required
laser systems, their appearance is rare compared to HHG-based
sources. Nevertheless, these systems enable high-resolution conven-
tional® and lensless imaging® in the XUV. Notably, the high XUV
pulse energy allows for single-shot measurements.

I1l. XUV PTYCHOGRAPHY: NON-DESTRUCTIVE
CHEMICAL MAPPING WITH NANOSCALE
LATERAL RESOLUTION

A. Introduction

High-resolution microscopy in the short wavelength range is
challenging due to difficulties in fabricating high-quality optics for
this spectral range. This challenge can be overcome by modern
computer-based coherent diffractive imaging (CDI) methods, where
the object is numerically reconstructed from the measured diffrac-
tion pattern.'” A special form of CDI is ptychography. In its
most basic implementation, a sample is raster-scanned by a localized
beam, and a set of diffraction patterns is recorded for overlapping
positions. The complex-valued transmission (i.e., amplitude and
phase) of the object and complex-valued illumination—referred to
as probe—are then numerically reconstructed from the diffraction
data. Ptychography was initially devised as a computational method
to solve the phase problem in electron diffraction.”” It has since
evolved into a widely used technique, particularly in the x-ray range
at synchrotron facilities.

However, ptychography in the XUV range is also very
promising due to the presence of numerous electronic resonances
across a wide range of elements. These resonances result in a

HHG Separation

Monochromator

diverse refractive index, providing rich amplitude and phase infor-
mation that can be effectively probed with ptychography. When
combined with the spatially coherent HHG sources introduced in
Sec. 11, high-resolution XUV imaging experiments at a laboratory
scale are now feasible.

Ptychographic imaging in the XUV range using HHG sources
has gained increasing attention in recent years. The first experiment
successfully demonstrated XUV ptychography in a reflection geom-
etry, highlighting its immense potential.”” Notably, it was shown
that the reconstructed phase of the object can be utilized to deter-
mine the sample’s topography with deep sub-wavelength resolution
(Fig. 2).

In later experiments, high-resolution imaging was demon-
strated in a transmission geometry as well with resolutions
well below 20 nm. Consequently, XUV ptychography has led
to a wide range of applications, including imaging of critical
lithography components and high-resolution imaging of bio-
logical samples. Furthermore, ptychography can be used as a
high-resolution multi-wavelength XUV wavefront sensor’® to gain
insights into the generation of high-order harmonics and to
characterize XUV optics.

shows a typical HHG-driven ptychography setup.
Starting from the XUV generation, an ultrafast driving laser is
focused into a gas jet to intensities of 10'* W/cm? to generate high-
order harmonics. The HHG radiation is separated from the driving
laser typically by grazing incident plates® (GIPs) and thin metal
foils. Subsequently, the HHG beam is spectrally filtered and focused
by XUV multilayer mirrors, after which a structured mask is used
to constrain the beam and tailor the illumination. Behind the sam-
ple, a pixelated detector is placed to measure the diffraction pattern
for each scanning position. The set of diffracted patterns is then
numerically reconstructed, yielding the complex transmission of the
sample and illuminating beam (referred to as a probe). However,
ptychography imposes several strict requirements on the measure-
ments. The most important ones are as follows:

e A stable ptychography setup is essential, meaning that
the illumination must remain consistent in shape,
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FIG. 3. Typical HHG-driven ptychography setup. The XUV radiation is generated by an ultra-short pulsed driving laser focused in a gas nozzle. Grazing incidence plates
(GIPs) are placed after the gas jet to separate the XUV radiation from the driving laser. The XUV radiation is then spectrally filtered and focused by multilayer mirrors. A
pinhole or mask is placed before the sample to constrain the illumination size and to tailor its wavefront. The diffraction is then recorded by a detector placed in the far-field of
the sample. Finally, the complex-valued transmission of the sample and beam is obtained in a computer by an iterative phase retrieval algorithm. Reconstructed object and
probe adapted from Eschen et al. Light Sci Appl 11, 117 (2022).” Copyright 2022 Author(s), licensed under a Creative Commons Attribution 4.0 License.
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power, and position throughout the measurement.®
Furthermore, precise knowledge of the scan positions is
required.”®

o Adjacent scan positions must overlap sufficiently. Typically,
an overlap of more than 75% is chosen.”’

e The illumination must fit within the numerical window
defined by the detector’s sampling.

e The sample must be sufficiently thin.*"

o The illumination must be sufficiently spatially and tempo-
rally coherent.””

These requirements can be relaxed by using adapted ptychogra-
phy models. For example, these models enable ptychography using
broadband or partially coherent radiation”””" and allow the inves-
tigation of samples thicker than the depth of field.”” The variety
of these models and the need for GPU-optimized code make the
numerical implementation of ptychography challenging for new-
comers. For this reason, various open-source ptychography libraries
have emerged in recent years.”””” For further details on these pty-
chography models and additional information on ptychography in
general, reference is made here to a recent book chapter by Maiden
and Rodenburg, which describes ptychography in detail.”® This
perspective discusses typical challenges for tabletop XUV ptychogra-
phy with HHG sources and material-specific ptychography in more
detail.

Vibrating
illumination \l

' Smeared
diffraction

(d)

Drifting
illumination

Changing illumination

Position J

Position 2

Position 1

B. Challenges for tabletop XUV ptychography

This section discusses three crucial challenges that arise in XUV
ptychography when employing laser-driven HHG sources: XUV
ptychography in the presence of instabilities, the shaping of struc-
tured XUV beams, and the use of broadband radiation for XUV

ptychography.
1. XUV ptychography in the presence of instabilities

Ptychography requires stable illumination regarding power,
position, and wavefront; otherwise, the overlap between neighboring
positions is no longer sufficiently defined, and reconstructions might
fail. However, generating stable HHG beams is not trivial, since
the generation of high-order harmonics is an extremely non-linear
process,”’ meaning that even slight fluctuations in the driving laser
can lead to significant instabilities in the generated high-harmonic
radiation. Furthermore, thermal drifts of the optical components in
the beam path up to the sample can lead to slow changes of the illu-
mination during long ptychography scans. Therefore, this section
discusses the impact of instabilities on image quality and strategies
for improving image quality in the presence of instabilities. These
instabilities can be categorized into two types.

The first type of instability arises from changes occurring
at a characteristic time faster than the exposure time (i.e., fast
vibrations, Fig. 4(a)). This leads to an incoherent sum of slightly

-state ptychography

FIG. 4. (a) Schematic illustration of ptychography affected by fast instabilities (e.g., vibrations), resulting in a smeared diffraction pattern. (b) Reconstruction of A. nidulans
germlings using a standard algorithm in the presence of fast instabilities. (c) Reconstruction of the same dataset using mixed-state ptychography, significantly improving
image quality. (d) Schematic illustration of slow instabilities, effectively causing variations in illumination at each position. (€) Reconstruction of the A. nidulans dataset using

a combination of mixed-state ptychography and OPR, further enhancing image quality.
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different diffraction patterns, leading to a smeared diffraction pat-
tern with reduced fringe contrast. Consequently, such diffraction
patterns are similar to those acquired with a partially coherent
source. High-quality reconstruction can be achieved even under
partially coherent conditions using mixed-state ptychography,” an
extension of the classical ptychography algorithm. Accordingly,
mixed-state ptychography can be employed to compensate for fast
oscillations of the object or illumination.” Here, this is visualized
using an XUV ptychography measurement of a microbiological
specimen where significant vibrations are present.

shows the corresponding ptychography reconstruction using a stan-
dard ptychography algorithm without mixed-state implementation.
Artifacts dominate the resulting reconstruction. In contrast, the
reconstruction with mixed-state ptychography shows significantly
higher image quality [ ]. However, an inhomogeneous phase
background (indicated by red arrows) is still visible in the recon-
struction. This phase background is not part of the investigated
sample and arises from instabilities of the illumination that occur
on timescales slower than the exposure time, which will be discussed
below.

The second type of instabilities comprises drifts occurring over
time scales comparable to or longer than the exposure time (e.g.,
thermal drifts). These drifts result in an illumination that varies for
the different scan positions [ ]. Traditional reconstruction
algorithms do not accommodate these gradual illumination changes.
To solve this issue, orthogonal probe relaxation (OPR) ptychogra-
phy was developed.®” In OPR, slight changes in the illumination are
allowed, which is achieved by constraining the probe changes to a
lower dimensional space using a truncated singular value decom-
position (for more details, the reader is referred to the original
publication®). This process ensures a controlled degree of similar-
ity of the probe drift and allows high-quality reconstruction even
under unstable experimental conditions. Applying OPR to the mea-
surement in eliminates additional artifacts, such as the
inhomogeneous phase background, as demonstrated in
This is particularly important when quantitative information is to
be obtained from the reconstructed phase and amplitude.

2. Shaping of XUV light fields

In recent years, highly structured beams have been iden-
tified as crucial for achieving high-quality ptychographic
reconstructions. This can be attributed to their broad
spatial frequency spectrum and diverse real-space distribution.
While structured beams present several benefits,”® this discus-
sion focuses on their two most significant advantages. First, the
diverse real-space pattern of structured beams leads to stronger
changes in the diffraction patterns as the object is scanned. This
enhanced translation diversity not only contributes to more reliable
numerical reconstructions but also minimizes the occurrence of
artifacts.'”’ Second, a broader angular illumination spectrum eases
the detector’s dynamic range requirements by distributing the
diffraction pattern more evenly across the detector. This reduces
the intensity of the central speckle, allowing more photons to be
measured before reaching overexposure, while simultaneously
enhancing the strength of larger diffraction angles relative to
the zero order. These combined advantages lead to more robust
reconstructions and higher spatial resolution.

APL Photon. 10, 050901 (2025); doi: 10.1063/5.0254017
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In the x-ray domain, Fresnel zone plates are commonly used for
focusing, providing a broad spatial frequency spectrum that facil-
itates the generation of customized illumination patterns. In
contrast, HHG-driven ptychography setups predominantly use mul-
tilayer mirrors, which serve the dual purpose of focusing and spectral
selection. However, these optics often lead to smooth beams with
a narrower angular spectrum, limiting the overall performance of
HHG-driven ptychography.

Recently, two approaches have been developed to structure
XUV beams for ptychography. The first approach is known as
mask-based structured illumination ptychography. In this approach,
a nanostructured mask is employed directly in front of the sam-
ple (commonly around 100 ym) to structure the illumination.

shows the unstructured beam generated by a simple pin-
hole mask. The corresponding reconstruction, shown in
tends to have low resolution and artifacts. Conversely, the second
beam, illustrated in , created by a phase-shifting diffuser pat-
tern (shown in the small inset), results in a highly structured beam.
The reconstruction using this beam results in a significantly higher
resolution, free of previously observed artifacts [ I

The second approach to generating structured XUV beams
involves driving the HHG process with a structured beam, com-
monly employing orbital angular momentum (OAM) beams for
this purpose. Although this technique introduces additional
complexity to the ultrafast laser system and the HHG process,
it has recently been applied successfully for nanoscale imaging
[ 1.'9% In this study, it was demonstrated that structured
beams with a broad angular spectrum are crucial for imaging highly
periodic structures, which are commonly encountered in the semi-
conductor industry. This was exemplified through the use of a highly
structured XUV-OAM beam.

3. Ptychography using broadband XUV radiation

HHG radiation is typically broadband, comprising multiple
harmonics or a broadband continuum. However, this broad spec-
trum conflicts with the temporal coherence requirements for lensless
imaging since the broadband radiation leads to a blurring of the
diffraction pattern.”” Consequently, most of the time only a narrow
bandwidth is selected, leaving the majority of the generated photons
unused. At the same time, XUV ptychography with broadband HHG
spectra provides a valuable opportunity to obtain spatially resolved
spectroscopic images. Due to these advantages, XUV ptychogra-
phy with broadband radiation is of particular interest in current
research.

In recent years, several methods have been developed to enable
lensless imaging with broadband HHG sources [ I.

The two most common methods are ptychographic information
multiplexing (PIM)”' and numerical monochromatization of the
diffraction patterns. PIM extends classical ptychography to
reconstruct multiple objects and illuminations for varying wave-
lengths. This method has the advantage of enabling the study
of dispersive samples (e.g., covering an absorption edge) as well
as wavelength-dependent illuminations [ ]. In the second
method, the monochromatic diffraction patterns are computed
from the measured broadband diffraction patterns [ ]. Sub-
sequently, the object and illumination are reconstructed using
a conventional ptychography algorithm; therefore, a specialized
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FIG. 5. (a) Unstructured XUV beam created by a pinhole aperture with its SEM image displayed in the inset. (b) Structured XUV beam created by a phase-shifting diffuser with
its SEM image displayed in the inset. (c) Ptychography reconstruction of a test sample illuminated with the unstructured beam shown in (a). (d) Ptychography reconstruction
of the same test sample but illuminated with the structured beam shown in (b). (€) The use of HHG-OAM beams, which are highly structured and exhibit a broad angular

spectrum, leads to more robust and reliable reconstructions of periodic samples. (a)—(d) adapted from Eschen et al. Opt. Express 32, 3480-3491 (2024).
Author(s), licensed under a Creative Commons Attribution 4.0 License. (e) Reprinted with permission from Wang et al. Optica 10, 1245-1252 (2023).

Publishing Group.

Multi-color
probe

(o

e

é///

—

=

ZINS

=

.//

Copyright 2024
Copyright Optica

Multi-color ptychography

probe

object

Dispersive Dispersive

Broadband diffraction

Numerical monochromatization

matrix inversion

—

Monochromatic diffraction

FIG. 6. (a) Schematic representation of ptychography with multiple wavelengths. (b) Reconstruction using the ptychographic information multiplexing algorithm (PIM), which
enables the reconstruction of dispersive objects and illuminations (probes). (c) lllustration of numerical monochromatization of the measured broadband diffraction patterns.
The monochromatic diffraction pattern is computed from the broadband diffraction under the assumption that both the object and the exposure function are achromatic.

reconstruction algorithm is not required. This method is usu-
ally referred to as numerical monochromatization. However, it
fails for dispersive objects and illuminations that are highly
wavelength-dependent.

In recent years, PIM has been used primarily for broad-
band XUV ptychography, demonstrating that spectroscopic sample
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information can be obtained from a single ptychography mea-
surement.”” Furthermore, PIM enables high-resolution retrieval of
the spectrally resolved illumination wavefront. For instance, the
PIM algorithm has been employed to investigate the spatiotempo-
ral properties of HHG beams. In this context, the spectrally
resolved wavefronts of harmonics ranging from the 15th to the 25th
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order were characterized ( ).”” The study revealed that differ-
ent harmonics exhibit significantly varying wavefronts, which can
introduce chromatic aberrations, potentially impacting attosecond
experiments.

Ptychographic reconstructions using PIM are typically signifi-
cantly more challenging than under monochromatic conditions, as
spectral information must be reconstructed. This is usually achieved
by increasing the scan overlap, which results in longer measure-
ment times. Notably, comb-like spectra are generally easier to
reconstruct than broad continua, which are required for attosecond
pulses.''" However, PIM has also been successfully demonstrated

WFS plane gas jet position gas jet plane
FIG. 7. Reconstructed spectrally resolved wavefront of an HHG comb containing
six_harmonic orders, ranging from 55 nm (15th harmonic) to 33 nm (25th har-
monic). The left column (a1)-(a6) displays the reconstructed wavefront in the plane
where the object was placed. The middle column (b1)—(b6) presents an axial cross
section of the reconstructed beam, with the white dashed line indicating the gas jet
position. The right column (c1)-(c6) shows the reconstructed beam in the gas jet
plane. Adapted from Liu et al. Phys. Rev. Research 5, 043100 (2023). Copyright
2023 Author(s), licensed under a Creative Commons Attribution 4.0 License.
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using a broad spectral continuum by using an extremely high scan
overlap.

Unlike the PIM algorithm, numerical monochromatization of
the diffraction patterns is particularly suitable for continuous spectra
when the illumination (probe) and the object are sufficiently achro-
matic. This is especially promising for the soft x-ray range, where
HHG sources typically exhibit a lower photon flux, allowing more
photons to be utilized.

C. Chemical mapping with XUV ptychography
XUV ptychography is ideally suited for obtaining material-
specific information with high resolution. This is because the refrac-

tive index 7 is particularly diverse in the XUV spectral range and can
be formulated as

red? ng
2

n=1 (f] + lfz)

Here, 7. represents the classical electron radius, n, denotes the
atomic number density, and f; and f; are the real and imagi-
nary components of the atomic scattering factor, respectively. The
atomic scattering factor describes the scattering of atoms relative
to a free electron. Consequently, f; and f, are significantly influ-
enced by various atomic resonances within atoms. This relationship
is illustrated by , which depicts the atomic scattering fac-
tor for all elements within the energy range of 30-1000 eV. Since
almost all elements exhibit electronic resonances (e.g., K, L, M
edges) in this spectral range, the resulting refractive index shows
a lot of diversity in this spectral range, rendering it highly effec-
tive for chemically sensitive imaging. Ptychography, in particular,
is exceptionally well-suited for such analyses, as it reconstructs the
object’s complex-valued response, thereby providing more infor-
mation on the sample’s composition compared to amplitude-only
imaging modalities.

Several methods for reflection and transmission measurements
have been developed to extract information about the material com-
position from the complex-valued reconstructed object. In trans-
mission measurements, the reconstructed amplitude and phase can
be utilized to calculate the scattering quotient,''" defined by f,
= f1/f2. This quotient, unaffected by the sample’s thickness, offers
a material-specific signature. The basic principle was demonstrated
on a HHG-driven ptychography setup using a lamella of highly
integrated circuited extracted from a conventional flash mem-
ory.”” The calculated scattering quotient map is shown in
and enables the identification of materials like aluminum, sili-
con oxide, and silicon nitride, which are common for this device.
The same technique can also be applied to more complex sam-
ples, such as microorganisms, providing valuable insights into their
ultrastructure.

Interpreting the complex-valued reconstructed object func-
tion in reflection ptychography measurements presents additional
challenges. The reconstructed amplitude and phase are influenced
by various factors such as material composition, surface rough-
ness, topography, and layer structure. However, this dependency
also provides an opportunity to characterize these parameters non-
destructively and with high spatial resolution. Nonetheless,
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Photon energy

Scattering quotient

FIG. 8. (a) Map of the real part f; of
the atomic scattering factor for all ele-
ments from 30 to 1000 eV. (b) Map of the
imaginary part f of the atomic scattering
factor from 30 to 1000 eV. Adapted from
Ref.
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FIG. 9. (a) Scattering quotient map of an integrated circuit. The scattering quotient values of aluminum, silicon oxide, and silicon nitride are indicated. Adapted from Eschen
et al. Light Sci Appl 11, 117 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution 4.0 License. (b) Spatially and depth-resolved maps of material

composition, doping, and topography. Different colors correspond to different materials. Adapted from Tanksalvala et al. Sci. Adv. 7, eabd9667 (2021).

Author(s), licensed under a Creative Commons Attribution 4.0 License.

extracting all sample parameters from a single ptychography mea-
surement is usually an underdetermined problem. To solve this
problem, recently phase-sensitive reflectometry has been introduced
employing reflection ptychography. This approach recon-
structs complex-valued objects from a set of measurements with
different incident illumination angles. The resulting data allow for
the calculation of reflectance curves across different regions of
the sample, which vary based on material composition, topogra-
phy, and other factors. To determine the depth-resolved material
composition and structure, as shown in , a model-based
approach can be employed, utilizing a genetic algorithm in con-
junction with the Parratt formalism.''> This method was recently
applied to characterize the density of an amorphous carbon layer at
a metal-diamond interface.

D. HHG-driven ptychography: State-of-the-art

In recent years, a growing number of compact HHG-driven
ptychography setups have emerged. In this section, these systems are
compared in terms of spatial resolution (half-pitch) and throughput
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(resolved resolution elements per unit of time), with the perfor-
mance of state-of-the-art ptychography beamlines at 3rd-generation
synchrotrons. provides an overview, showing that the
latest HHG-driven ptychography systems achieve resolutions well
below 20 nm using a 13.5 nm wavelength.” '~ In contrast, ptychog-
raphy setups at synchrotron beamlines have achieved resolutions
below 5 nm in the soft x-ray’ and recently in the hard x-ray range.
Although HHG-driven ptychography setups typically achieve lower
resolution compared to synchrotron facilities, they still provide suf-
ficient resolution for a wide range of applications. Combined with
excellent material contrast and micrometer-scale penetration depth,
they reveal information that other compact microscopy methods,
like visible light or electron microscopy, cannot provide. This opens
up promising applications in microbiology, the semiconductor
industry, and materials science.

In recent years, high-brightness HHG sources have been devel-
oped (see ). However, the achievable HHG brightness (i.e.,
photon flux) is strongly dependent on the HHG wavelength. While
a high brightness comparable to that of 3rd generation synchrotron
facilities is achieved in the long-wavelength XUV range (~50 nm),

10, 050901-9

€6'2S'0} G20Z dunr 2o



Wavelength: 0.2 nm 2 nm 13.5 nm 18 nm 30 nm
N ¥ N2
T8 —

2 104 >, Shapiro (2020) @ . © FIG. 10. Performance comparison
z E Aidukas (2024)"‘8;: between cutting-edge  HHG-driven
N Gurduer QOIT) % Jimgo2) Yo o symeniron sased pychograph
£ 2 B oG and  synchrotron-based ptychography
) kK % setups, focusing on half-pitch
o -] resolution and throughput. The driving
= Esclien (2022) " wavelength is denoted by the color of
2 “., Guizar-Sicairos ~ Jiang (2021) each point. The required information
2 Eschen (2023) (R [ to precisely calculate the throughput
5 joUs0mm______  Zheng(2015) (CMOS) . T SR S was not given in the paper for Ref.
g Cadleibes (0} ® -, @ AU and, therefore, was estimated from the
= LT @ Baksh (2016) WPatey (2023)¢ given experimental parameters. Figure

100 nm_ e T T adapted from Ref.

100 nir p :
.Tanksalvala (2021)
107 10° 10! 102 10°

Throughput (MPixel / h)

the brightness in the soft x-ray range (~5 nm) is significantly
lower. In addition, most XUV ptychography experiments so far
have relied on relatively slow CCD detectors. Recently, fast XUV
sCMOS detectors have become commercially available,'** which
have enabled a throughput of up to 4.6 megapixels per hour at a
wavelength of 13.5 nm,'*” with the photon flux of HHG sources at
this wavelength becoming the primary limiting factor in terms of
throughput. Accordingly, the throughput of HHG-driven ptycho-
graphic setups is currently about two orders of magnitude lower
than that of state-of-the-art synchrotron beamlines ( ). How-
ever, at longer XUV wavelengths, such as 50 nm, coherent power
in the multi-milliwatt range is available.”” If such an HHG source is
combined with the latest XUV detector generation, it is anticipated
that future HHG-driven ptychography setups can achieve similar
throughputs as typical imaging beamlines at present’s synchrotron
facilities.

It should be noted that throughput and resolution are not
the sole criteria characterizing a ptychography setup. HHG-
driven ptychography setups with temporal resolution,'*’ multi-
wavelength, and multiplexing'*’ capabilities have been devel-
oped, which are not represented by the overview given in

IV. XCT: NON-DESTRUCTIVE CHEMICAL MAPPING
WITH NANOSCALE AXIAL RESOLUTION

XUV and soft x-ray coherence tomography (XCT) is an imag-
ing technique that is based on interferometry with broadband light
sources.”” Its optical counterpart is optical coherence tomogra-
phy in the infrared and visible range, with its great story of suc-
cess in modern ophthalmology and other medical and technical
applications.

Coherence tomography utilizes the short coherence length of
broadband light sources to achieve axial resolution. In a typical
generic setup realization, one mirror of a Michelson-type interfer-
ometer is replaced by a sample (sample arm of the interferometer).
The light that is backscattered at different depths inside the sample
is superimposed with the light of the other arm (the reference arm)

APL Photon. 10, 050901 (2025); doi: 10.1063/5.0254017
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of the interferometer. Both fields interfere and form a specific inter-
ference pattern at the output. Considered in the temporal domain,
only the part of the backscattered light that has traveled the same
optical path length as the light from the reference arm of the sam-
ple will show interference owing to the short coherence length of
broadband radiation. This condition is entirely determined by the
coherence length of the light source, I. =2 In (2) A3/AA, which is
fundamentally linked to the spectral bandwidth AA and the central
wavelength Ag. Therefore, by scanning the length of the reference
arm, the axial structure of the sample can be mapped with a reso-
lution of half the coherence length. This implementation is called
time-domain OCT.

Scanning the reference arm typically adds technical com-
plexity and loss of precision. Therefore, as described by the
Wiener-Khinchin-theorem, the intensity as a function of
wavelength (i.e., the spectrum) carries the same information as the
intensity as a function of the length of the reference arm. This is
a direct consequence of the superposition principle, which, in this
case, means that interference will occur independently of the refer-
ence arm length for every wavelength individually. Therefore, the
depth structure of the sample is encoded in the modulations of the

toroidal mirror

FIG. 11. Principle of XCT. A broadband XUV beam is focused on the sample.
The backscattered light from different layers interferes and forms a modulated
spectrum, which is measured with an XUV spectrometer. Lateral scanning of the
sample enables 3D tomograms. Adapted from Fuchs et al. Appl. Phys. B (2012)
106:789-795.2% Copyright 2012 Author(s), licensed under a Creative Commons
Attribution 2.0 International License.
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FIG. 12. 3D XCT tomogram of two laterally structured 5 nm gold layers and an
additional SiO, layer encapsulated in silicon. The axial resolution is <24 nm,
whereas the lateral resolution is <25 ym. (a) Shows an isometric view, and (b)
shows the projected cross section. Adapted with permission from Fuchs et al.,
Optica 4, 903-906 (2017).'%” Copyright Optical Society of America.

spectrum and can be revealed by a Fourier-transform without the
need to move the reference arm. This respective method is called
Fourier-domain OCT and is the most common variant of OCT at
present. Instead of using a broadband light source and a spectrom-
eter, it is also possible to use a spectrally tunable source to record
interference at all wavelengths consecutively, which is known as
swept-source OCT.

The properties of the XUV and soft x-ray light prohibit the use
of transmissive optics like beam-splitters. Therefore, the realization
of a classical interferometric scheme is challenging, although not
impossible. However, most of the interferometric setups in
the XUV and soft x-ray range suffer from instabilities since the
requirements on vibrations scale with the wavelength, and the

Q
~—~
o
N

implementations are usually limited to a narrow spectral
bandwidth—which would limit the axial resolution of XCT.
Consequently, XCT is realized by utilizing a common-path inter-
ferometric Fourier-domain scheme, where the light reflected at the
surface of the sample serves as the reference beam,”” as depicted in

The beams reflected at all the interfaces interfere and form
spectral modulations, which are measured by a spectrometer. In
addition, the absence of a distinct beam splitter, a decisive advantage
of this approach, is a strongly reduced susceptibility to the detri-
mental effects of vibrations. The downside of the method, arising
from the lack of an independent reference beam, is that the sample’s
axial structure cannot be reconstructed by a simple Fourier trans-
form, since this would only provide its autocorrelation due to the
missing phase information. The problem is completely equivalent to
the phase retrieval problem of the above-mentioned lensless imag-
ing methods, CDI and ptychography; however, it is reduced from
two (lateral) to one (axial) dimension. As for the former, the phase
information can be reconstructed by a phase retrieval algorithm and
appropriate constraints. Counterintuitively, one-dimensional phase
retrieval is much harder to achieve than higher dimensional prob-
lems due to missing redundancies. For XCT, a three-step phase
retrieval algorithm'”" has been developed that converges robustly to
the actual axial structure and, therefore, solves the problem.

Three-dimensional images can be achieved with XCT by
adding lateral point-by-point scanning of the XUV focus position on
the sample. Accordingly, the lateral resolution will be limited by the
spot size, which is typically a few micrometers. The axial resolution,
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on the other hand, remains independent of the focusing conditions
and is mainly limited by the spectral properties of the light source
and the sample. In the XUV, the axial resolution can reach 10 nm,
whereas ~2 nm is possible in the soft x-ray regime. The penetration
depth depends on the absorption of the materials in the sample. By
using transmission windows of a sample’s dominating material, e.g.,
the silicon (~30 — 100 eV) or the water window (»2 — 4 nm), the
penetration depth can reach several micrometers.

XCT has been first demonstrated at synchrotrons'** in the sil-
icon transmission window and in the water window. The achieved
axial resolution in silicon- and boron carbide-based samples was
<18 nm and <8 nm, respectively. The lateral resolution was lim-
ited to ~100 um by the synchrotron spot size. The axial structure
reconstructed in this early work shows the autocorrelation and,
therefore, exhibits artifacts, which, in later work, are mitigated by
phase retrieval as mentioned earlier.

The first implementation of laboratory-scale XCT has been
demonstrated using a high harmonic XUV source."”” HHG is an
intrinsically broadband source that makes it ideally suited for XCT.
In fact, the majority of other HHG-based XUV imaging methods
require monochromatic light and, therefore, need to discard most
of the precious HHG photon flux. In contrast, XCT utilizes most of
the bandwidth and, therefore, most of the generated XUV photons.
However, as the name indicates, high harmonic spectra are typically
strongly modulated in the spectral domain, and there are spectral
gaps between the single harmonics without significant photon flux.
Both would limit the applicability of XCT. To overcome this issue,
an optical parametric amplifier is used to rapidly sweep the wave-
length of the infrared driving laser and, therefore, the harmonics as
well. Therefore, the time-averaged XUV spectrum gets sufficiently
smoothed without spectral gaps in photon flux.

XCT was then performed on silicon-based samples with
5 nm thin structured gold layers with a high-resolution XUV
spectrometer. The corresponding 3D XCT scan is depicted
in and shows a non-destructive axial resolution of <24 nm
and <25 pm in the lateral dimensions. The lateral resolution was
limited by the small numerical aperture of the focusing mirror,
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whereas the axial resolution is independent of the NA, which is
a decisive advantage of the XCT method. For the first time in
XCT, autocorrelation artifacts could be completely removed numer-
ically by the above-mentioned one-dimensional phase retrieval
algorithm.

XCT is not limited to the spectral range of current HHG
sources. The method has also been demonstrated to work with
broadband plasma-based XUV sources in the silicon transmission
window as well as in the water window, leading to extraordi-
narily high axial resolutions down to 2 nm. This high resolu-
tion was demonstrated by illuminating a multilayer structure with an
octave-spanning spectrum within the water window, covering wave-
lengths from 1.5 to 5.5 nm. The corresponding results are shown
in . Furthermore, the water window spectral range allows
for even more absorption edges of different materials to be utilized
for chemical mapping, especially in biological samples containing
oxygen, nitrogen, and carbon.

A. Chemical and elemental mapping in XCT

The phase retrieval algorithm not only reconstructs the inter-
nal structure of the sample; rather, it also reveals the full spectral
reflectivity of the sample, including the spectral phase. This broad-
band spectroscopic information leads to remarkably sensitive and
versatile elemental and chemical contrasts in XCT. It is even possible
to algorithmically reconstruct the full spectral reflectivity, including
phase information from every individual layer of the sample, as has
been demonstrated.'* In , the reconstructed depth structure
as well as the spectral reflectivities of each layer of a silicon-based
sample is shown. Due to the M-edges of the materials, Si, Ti, TiO»,
and SiO; can clearly be distinguished. The algorithm is completely
model-free and does not require any prior knowledge of the sam-
ple. However, the spectral reflectivity in amplitude and phase of each
layer can then be utilized in a model-based optimization scheme to
reveal additional parameters of the layers like roughness and layer
thickness below the actual resolution limit of XCT without extensive
sample preparation.

energy in eV energy in eV

FIG. 14. XCT of a layered sample consisting of TiO,, Ti, Si, and SiO; layers. (a) Shows a false color plot of the reconstructed depth structure and spectral reflectivity of all
layers independently. (b) Shows the spectral reflectivity of all layers in more detail. The red curves are directly reconstructed from the measurements, whereas the blue curves

are model-based simulations that were optimized, including roughness and thickness of the layers. Adapted from Wiesner et al. Optica 8, 230-238 (2021).
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B. Applications of XCT

The most distinctive properties of XCT are non-invasive and
cross-sectional imaging. For some applications, this alone can be
a single selling point, quite analogous to OCT for ophthalmology.
Obvious study objects are, e.g., nano-devices, in particular, if they
are to be investigated in-operando. Regularly, these devices will be
embedded to protect them in a harsh environment. However, non-
invasive and cross-sectional imagings are not the only advantages
of XCT as described earlier. The elemental contrast is particularly
noteworthy, especially in scenarios where it is limited in widely
used techniques, such as for oxides in electron microscopy. On the
one hand, this is due to XUV absorption edges characteristic for
the elements. On the other hand, very high sensitivity has always
been a trademark of OCT, which can be traced back to Felgett’s
(or the multiplex) advantage of Fourier methods. An example is the
result from Ref. shown in . Here, a ~3 nm thick SiO,
layer, which had formed unintentionally during the production of
the sample, was clearly visible. The verification of the result with
an electron microscope was time-consuming, even if ignoring the
fact that a thin lamella had to be cut out of the sample with a FIB
apparatus.

There are several subtle aspects of the high sensitivity and
non-invasive nature of XCT, which were illustrated using a sample
from the field of materials science. An Al,Cu-Al system was inves-
tigated, and XCT successfully determined all relevant properties,
including layer thickness, roughness, and stoichiometric composi-
tion.'*® In particular, the buried native oxide layer between Al,Cu
and Al was detected. First, it has shown that convergence of the
phase reconstruction algorithm was only possible if the existence
of an oxide layer, which is notoriously hard to characterize by
conventional means, is included in the phase reconstruction. In
other words, failure of convergence is a clear indication of missing
structures in the model; hence, phase reconstruction is a means to
further increase sensitivity. Second, samples like the one discussed
would be quite hard to analyze with an electron microscope, even
disregarding the necessity to dissect it. The reason is that the elec-
trons deposit a lot of energy in the sample, which can easily lead to
local melting and, therefore, the destruction of the very structures
under investigation.

XCT can also detect very thin layers, in particular buried layers
of 2D materials such as graphene or transition-metal dichalco-
genides (TMDs). In an experiment on graphene buried under
200 nm of silicon, XCT can distinguish between mono-, double-,
and tri-layers simply because of different reflectivity."”” With the
model-based approach discussed earlier, additional features became
accessible, particularly the roughness of the layers, but also the native
SiO; layers that form almost inevitably during the production of the
samples.

Similar measurements were performed for other 2D sam-
ples, including van der Waals heterostructures (vdW-HS). Specif-
ically, graphene embedded in hexagonal boron nitride (hBN),
MoS; in SiO3, a hBN-MoTe;~hBN-vdW-HS, and a MoSe;-MoS; -
SiO;-cdW-HS were imaged.'"” Due to the limited size of the TMD
flakes and the thinness of the cover layers, the shape of the TMD
flake pushes through the cover layer and, therefore, becomes acces-
sible for measurement with an atomic force microscope (AFM). We
find the XCT measurements in very good agreement with AFM
results.

An interesting aspect concerns comparisons with simulations.
These are based on the Henke database of semi-empirical scattering
factors,'”” which has become a standard in XUV and x-ray physics.
So far, experimental verification of this database has largely been
restricted to synchrotron measurements. It shows that XCT can pro-
duce data of similar quality in the XUV spectral range. This has been
convincingly demonstrated also at an Al,O3 substrate, where the
NEXAFS feature'”' due to the Ly/3-edge was measured and directly
superimposed with synchrotron measurements on the same sam-
ple as shown in Interestingly, the XCT measurement
was much faster than the synchrotron measurement—since XCT
can measure at all wavelengths at the same time. This work also
demonstrates how HHG source instabilities, which typically pose a
significant challenge for imaging setups, can be mitigated through a
tailored in situ referencing scheme.

V. TRENDS AND FUTURE OPPORTUNITIES

In recent years, numerous applications of XUV ptychography
and XCT, collectively referred to here as nanoscale coherent XUV
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FIG. 15. (a) Measured broadband reflectivity of an Al,O3 sample with the laboratory XCT setup driven by high harmonic generation. Different reference schemes are
compared. A new in situ reference leads to results that are comparable to synchrotron measurements. (b) Same reflectivity with noise filter. The two NEXAFS features of

Al,O3 are prominent and well reproduced. Adapted from Abel et al., Opt. Express 30, 35671 (2022).
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imaging modalities, have been reported. However, many develop-
ments and applications remain to be explored in the future. In this
section, the most promising of these are discussed, and current
challenges are highlighted. For this purpose, future applications are
categorized into three categories: reflection imaging, transmission
imaging, and wavefront sensing, which are summarized in

A. Nanoscale reflection imaging

In the x-ray range, most materials exhibit low reflectivity.
Therefore, grazing incidence angles are typically chosen in this spec-
tral range to allow for investigations of surfaces with a sufficient
signal-to-noise ratio. In contrast, the XUV range provides sufficient
reflectivity for acceptable incidence angles. For example, an inci-
dence angle of 60° (relative to the surface normal) yields a reflectivity
of R = 57% for silicon at 30 eV photon energy and s-polarization.
Therefore, given the high efficiency of HHG sources in this spec-
tral range (see ), the XUV range is ideally suited for nanoscale
imaging of surfaces and buried structures.''® Consequently, coher-
ent lensless imaging modalities present a promising solution for
high-resolution and phase-sensitive surface metrology with high lat-
eral and axial resolution, unlocking numerous applications in both
industry and science.

However, it should be noted that the necessary tilt of the sam-
ple also results in curved diffraction patterns, leading to anisotropic
sampling and resolution. In addition, before reconstruction,
the curved diffraction pattern must be interpolated onto a regular
spatial frequency grid,"”” which adds additional complexity and can
be prone to inaccuracies.

1. Surface metrology

XUV radiation offers particularly good sensitivity to surface
parameters such as topography, layer structure, roughness, and
material composition. This is especially promising for the non-
destructive and high-resolution characterization of buried structures
(such as 2D materials), meta-materials,’”” and photonic circuits.
In fact, the first HHG-driven ptychography demonstrations were
focused on reflection ptychography and already demonstrated high
resolution and excellent material-specificity.
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It~ Quantum materials

- Battery materials

However, ptychography offers only limited axial resolution,
while XCT provides only limited lateral resolution. Therefore, com-
bining XUV ptychography with XCT promises 3-D imaging with
sub-20 nm isotropic resolution. Combining the two techniques is
challenging, as XCT relies on broadband radiation, which con-
flicts with the coherence requirements of ptychography. In the
visible spectral range, this challenge has already been addressed
by using a spectrally tunable source."”” The XUV range, how-
ever, places significantly greater demands on optical elements. For
this reason, new numerical and experimental concepts for dealing
with broadband diffraction data will need to be developed in the
future. Initial progress has been made, demonstrating that broad-
band sources can, in principle, enable broadband reconstructions
of the object. However, the application of these methods
to combine XUV ptychography with XCT remains to be demon-
strated, and the development of further robust methods seems to be
necessary.

2. Semiconductor metrology

There is an urgent need for new characterization methods
for ever-smaller semiconductor devices and the critical compo-
nents of advanced XUV lithography machines used in their fab-
rication.'®" For example, XUV ptychography is promising for the
at-wavelength characterization of XUV lithography masks, where
the combined amplitude and phase contrast offer advantages com-
pared to traditional imaging modalities. In recent years, several
HHG-driven ptychography setups have been realized for this kind
of application. However, high-resolution imaging of defects
in otherwise perfectly periodic structures has rendered a major
challenge for the involved ptychography algorithms.'®” Recently, it
has been shown that this issue can, in principle, be solved using
structured XUV beams.'’* Furthermore, current HHG sources are
limited in brightness at the relevant wavelength of 13.5 nm. New
HHG sources with higher brightness need to be developed for future
applications. Alternatively, longer XUV wavelengths, which offer
significantly higher photon flux, can also be used; however, they
do not enable at-wavelength metrology at 13.5 nm. Furthermore,
the XUV and soft x-ray range is ideally suited for the metrology
of advanced semiconductor devices printed on the wafer.'*® In the

3D Layer metrology
(XCT + Ptycho)

2D-Materials,
Metamaterials

Mask inspection,
wafer inspection

FIG. 16. Schematic illustration of future
applications of coherent XUV metrol-
ogy. Future applications are divided into
reflection, transmission, and wavefront
measurements.

Magnetic materials

Water-window
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future, defect sensitivity, resolution, and throughput will be key met-
rics that need improvement to enable industrial application. In this
regard, the development of new HHG sources with higher photon
fluxes will play a decisive role.

3. Ultrafast XUV imaging

An intriguing prospect for both XCT and XUV ptychography is
ultrafast imaging in a pump-probe scheme. Extremely high tempo-
ral resolution is implicit in high harmonics,'®” which is so far the pre-
ferred source. Accordingly, it should become possible to image, e.g.,
transient magnetization or charge carrier concentration with high
axial and lateral resolution. Particularly for the latter, the induced
changes in scattering factors are minimal, necessitating high preci-
sion in the measurement of both phase and amplitude. However,
in pioneering experiments, magnetic domains,'’’ as well as thermal
and acoustic dynamics,'”” were already successfully explored.

So far, the spectral reflectivity of samples is calculated with
semi-empirical scattering factors, which are, however, only strictly
valid for bulk material."*" To address and understand transient phe-
nomena, particularly in 2D materials, progress in computing XUV
reflectivities is desirable. Conversely, coherent nanoscale XUV imag-
ing can serve as an experimental testbed for progress in solid-state
theory and understanding the properties of spatially heterogeneous
quantum materials."”' A key advantage of the coherent imaging
modalities presented is their ability to not only extract amplitude
information but also phase information of the investigated sam-
ple. It should be noted that there is a difference between XCT and
XUV ptychography in time-resolved measurements. While XCT
benefits from broadband XUV radiation for ptychography, a nar-
row bandwidth is required to achieve a high temporal coherence.
This limits its applicability for extremely high temporal resolution
in the attosecond range. Nevertheless, developing new ptychography
methods to fully leverage a broadband continuum remains essential,
with initial promising advances in lensless imaging towards imaging
with attosecond temporal resolution already demonstrated.

However, it should be noted that ptychography is a multi-
shot technique, as multiple diffraction patterns are required for
successful object reconstruction. While ptychography can, in prin-
ciple, be combined with pump-probe experiments,'”’ the neces-
sary sample scanning typically results in long measurement times.
In addition, non-repeatable processes cannot be studied using
this approach. However, related methods are well suited for such
investigations, including conventional CDI, Fourier transform
holography, and coherent modulation imaging. Fur-
thermore, in recent years, a single-shot version of ptychography
has been developed, enabling the acquisition of a complete
ptychography scan in a single exposure.

B. Nanoscale transmission imaging

Applications for transmission ptychography are predominantly
determined by distinct resonances and transmission windows. Here
we focus the discussion on applications in two important domains:
material science and biology.

1. Material Science

Applications in the field of material science particularly ben-
efit from the numerous elemental resonances in the XUV. For
example, the M-edges of iron, nickel, and cobalt, located near
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60 eV, are well suited for the investigation of magnetic order using
dichroism,'*” which is important for future spintronic devices. Con-
currently, state-of-the-art HHG sources provide sufficient coherent
photon flux in the desired wavelength range for coherent imaging
experiments. Using HHG-driven ptychography to character-
ize such structures promises high-resolution imaging of extended
magnetic structures with reduced requirements on the sample
preparation.

In addition, important materials such as lithium and silicon
offer transmission windows in the XUV that facilitate micrometer-
scale penetration depths. Consequently, XUV ptychography is ide-
ally suited for studying lithium- and silicon-based battery mate-
rials.'”" In addition, numerous other significant materials exhibit
resonances in the XUV spectrum, offering promising opportunities
for a wide variety of future imaging studies.

2. Bio-imaging

In recent years, high-resolution ptychography of biologi-
cal specimens has been demonstrated for photon energies below
100 eV. In these instances, wet samples are not suitable. Instead,
dried samples are employed which, if properly prepared, can retain
their natural structure.'®” Especially the spectral range between 130
and 170 eV (here referred to as the carbon window) appears promis-
ing, offering multiple advantages. First, carbon in this range has a
relatively long absorption length in the micrometer range. There-
fore, relatively thick samples can be investigated. Second, both sulfur
and phosphorus offer absorption edges in the spectral range, pro-
viding good contrast for specific sub-cellular structures. Finally,
established HHG sources offer sufficient photon flux and stability
in this spectral range for high-resolution imaging.

However, the spectral range between the carbon K-edge
(~280 eV) and the oxygen K-edge (~530 eV), known as the water
window, holds particular promise for imaging wet biological sam-
ples. HHG-driven ptychography of biological specimens within this
range enables excellent dose efficiency, quantitative phase contrast,
and high-resolution imaging, while still being accessible to a broad
community due to the compact size of the involved light sources.
High-resolution table-top imaging in the water window is antici-
pated to become feasible in the near future, driven by significant
recent advancements in ultrafast IR laser development. These
advancements may soon enable high-photon-flux HHG sources in
the water window, facilitating high-resolution imaging of biologi-
cal samples in wet environments—a capability currently limited to
plasma sources and synchrotrons.

C. High-resolution wavefront sensing

Ptychography also serves as an advanced, high-resolution,
multi-modal wavefront sensing technique since it enables the simul-
taneous reconstruction of both the object and the illumination.
The advantage of ptychography compared to other wavefront sens-
ing techniques lies in its ability to reconstruct the wavefront
with high resolution and, at the same time, enable the recon-
struction of partially coherent” and multi-wavelength”" beams.
Therefore, multi-color ptychography is particularly valuable for the
wavelength-resolved and high-resolution characterization of natu-
rally broadband HHG sources. This capability is crucial for gaining
comprehensive insights into the HHG process, a cornerstone for
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advancements in attosecond science.” " In addition, in recent years,
a wide range of exotic HHG beams has been discovered. Multi-
wavelength ptychography facilitates their detailed characterization
and the validation of the involved theoretical models.

Furthermore, ptychography offers a valuable tool for the char-
acterization and optimization of optical components, including
broadband diffractive optical elements™ and, potentially, innova-
tive high-NA XUV meta-optics,'”” which are difficult to characterize
fully with other established methods.

VI. CONCLUSION

The rapid development of computational imaging methods,
combined with novel high-brightness tabletop XUV sources, has, in
recent years, facilitated the application of high-resolution coherent
imaging modalities on a laboratory scale. Combined with advanced
control of the XUV light field, this has enabled high-resolution imag-
ing with lateral resolution down to sub-20 nm using ptychography.
In contrast, using XCT high axial resolution has been achieved,
allowing the characterization of single-atom layers and, at the
same time, providing information on important properties such as
roughness and material composition. Therefore, XUV ptychography
and XCT offer a unique combination of capabilities that com-
plement existing imaging techniques such as electron microscopy.
However, unlike electron microscopes, XUV radiation can pene-
trate micrometer-thick samples while providing excellent material
contrast. Accordingly, it is concluded that nanoscale coherent XUV
imaging is promising for the investigation of a broad range of sam-
ples ranging from microbiology to materials science. Therefore,
XUV imaging holds great promise to contribute to the develop-
ment of energy-efficient high-performance nanoelectronics, novel
materials, and energy storage systems, all of which require inno-
vative, high-resolution, and chemical-sensitive metrology methods.
It is further anticipated that new coherent XUV sources with sub-
stantially higher brightness and photon energy will be developed
in the near future, enabling the expansion of tabletop imaging
experiments into the soft x-ray range and supporting industrial
applications.
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