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Abstract: We report on high-resolution lens-less imaging
experiments based on ptychographic scanning coherent
diffractive imaging (CDI) method employing compact
plasma sources developed for extreme ultraviolet (EUV)
lithography applications. Two kinds of discharge sources
were used in our experiments: a hollow-cathode-triggered
pinch plasma source operated with oxygen and for the
first time a laser-assisted discharge EUV source with a lig-
uid tin target. Ptychographic reconstructions of different
samples were achieved by applying constraint relaxation
to the algorithm. Our ptychography algorithms can handle
low spatial coherence and broadband illumination as well
as compensate for the residual background due to plasma
radiation in the visible spectral range. Image resolution
down to 100 nm is demonstrated even for sparse objects,
and it is limited presently by the sample structure contrast
and the available coherent photon flux. We could extract
material properties by the reconstruction of the complex
exit-wave field, gaining additional information compared
to electron microscopy or CDI with longer-wavelength
high harmonic laser sources. Our results show that com-
pact plasma-based EUV light sources of only partial spa-
tial and temporal coherence can be effectively used for
lens-less imaging applications. The reported methods
may be applied in combination with reflectometry and
scatterometry for high-resolution EUV metrology.
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1 Introduction

To increase the resolution and depth of focus and
improve material identification in nanometrology tools,
a short illumination wavelength is desired [1]. Extreme
ultraviolet (EUV) radiation covering the spectral range
between 2.5 and 124 nm wavelength (10-500 eV photon
energy) is a good candidate to satisfy this demand. The
strong absorption of EUV radiation in all solid mate-
rials provides high contrast, as most of the element-
specific L- and M-absorption edges are within this
spectral range.

Sources of EUV radiation, such as free electron lasers,
synchrotrons, laser high harmonic generation, and dis-
charge- and laser-produced plasmas, differ by size, stabil-
ity, coherence, and output power. Our experimental tools
are based on laboratory discharge EUV sources, where
light is emitted from hot and dense plasmas. These sources
emit high-energy photons from 1 to 150 nm spectral range
[2], covering the “water window” [3] and common absorp-
tions edges [4].

Initially designed for projection EUV lithography,
EUV light from the discharge plasma is also used nowa-
days for metrology purposes, for example, reflectometry
[5-7], scatterometry [8], photoemission electron micros-
copy [9], and magnetic polarization spectroscopy [4].
Furthermore, the current applications in nanostructuring
using discharge EUV sources are focused on laboratory-
size interference lithography [10] as well as resist and
optics defectivity studies [11].

As the strong absorption properties of materials
impede the use of conventional refractive optics in the
EUV range, reflective or diffractive optics must be used.
Therefore, such optical systems suffer from low photon
efficiency, complexity, and high cost. Lens-less imaging
offers an alternative solution allowing to achieve diffrac-
tion-limited image quality without the use of complex
optics.
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Starting with a synchrotron X-ray experiment [12],
coherent imaging and particularly ptychography [13, 14]
are now well-established techniques for short-wavelength
imaging [15]. Presently, experiments demonstrated a reso-
lution of 12.5 nm using laboratory-based EUV sources for
the imaging of highly scattering samples [16]. Isotropic
3D resolution of 14.6 nm has been also demonstrated at
large-scale facilities [17]. To enable a more efficient use
of emitted photons, polychromatic [18, 19] and broad-
band illumination schemes [20] were already success-
fully adapted for ptychographic microscopy experiments.
Research groups are working on the design of industrial
tools using ptychography methods for EUV mask defect
inspection [21, 22], taking advantage of the simultaneous
reconstruction of phase and amplitude to detect other-
wise not observable defects. Coherent diffraction imaging
experiments using a gas discharge EUV source of low
spatial coherence have already been presented by our
group [23, 24]. In this article, we report on the reconstruc-
tion of an image of a silicon nitride grid covered with a
thin metal film and the determination of material prop-
erties of this film. Furthermore, the imaging of a sparse
and thus less scattering sample has been demonstrated.
The presented results extend ptychography to the case of
not only low spatial coherence but also broadband illu-
mination with laboratory-scale and industrially relevant
plasma EUV sources.

2 Experimental setup

The narrow bandwidth illumination experiments were performed
with gas discharge plasma (GDP) sources developed at the
Fraunhofer Institute for Laser Technology (ILT) [25, 26]. The
sources use high-voltage discharge plasmas generating line emis-
sion spectrum (for light elements) or a quasi-continuous spectrum
(for heavy elements) with peak intensity between 20 and 600 eV
photon energy or 62.0 to 2.1 nm wavelength, respectively. Figure
1A shows the emission spectrum of oxygen. A reflection from a Si/
B,C Bragg mirror [Si (8.04 nm)/B,C (5.36 nm)] ., was used to spec-
trally filter the light and select the intense doublet of O°* at 17.3 nm
(71.7 eV, Li-like oxygen, 1s22p-1s?3d transition). Additionally, the
residual oxygen in the system serves as VUV filter for emission
above 30 nm wavelength. According to the CXRO X-ray database
[27], under 43° grazing incidence angle of illumination, the mirror
reflectivity peaks at 20% reflectivity and the bandwidth [full-width
at half-maximum (FWHM)] of 3% for unpolarized 17.3 nm light.
The multilayer mirror suppresses the satellite lines but does not
reduce further the bandwidth of the illumination, as the doublet
spectral line at 17.3 nm is much narrower than the mirror band-
width (AA/A =102 =0.1%). Figure 1A shows also the mirror-filtered
spectrum. The contributions of the satellite lines must neverthe-
less be included into the reconstruction process to maintain the
reconstruction quality [23].
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Figure 1: (A) Emission spectra before and after spectral filtering of
the oxygen plasma EUV emission. In green, a typical gas discharge
oxygen spectrum is shown with its sharp emission lines. The dotted
orange line shows the illumination spectrum after reflection from an
Si/B,C multilayer mirror. The oxygen spectra are normalized to the
emission power at 17.3 nm. Small satellite emission lines at about
16.5 nm, at 18.5 and 19.3 nm, are clearly visible even after multilayer
filtering. (B) LDP tin emission with and without filtering is shown in
green and orange, respectively. In contrast to oxygen, the filtered
tin spectrum has a broad but smooth transition to zero without any
satellite emission lines. The tin spectra are normalized to their peak
value at 13.5 nm.

The oxygen plasma EUV emitting region has a diameter of
0.7 mm. The radial intensity distribution of Lorentzian shape
transverse to the optical axis leads to a peak radiance (on axis) of
0.4 W/(2r st mm?) in 0.1% BW or 5.6 x 10° photons/(s mrad? mm? 0.1%
BW) spectral brightness at 1.5 kHz source repetition rate. Due to the
Lorentzian shape, the emission distribution exhibits nonnegligible
radial wings. The calculation based on the Cittert-Zernike theorem
showed that these wings reduce significantly the illumination spa-
tial coherence at the sample position. Therefore, a 500 um aperture
was positioned downstream (see Figure 2A, P1) of the source to crop
the radiation from these wings. It resulted in the spatial coherence of
about w_, =10 pum at the sample plane, which is comparable to the

coh

size of the illumination spot.
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Figure 2: (A) Setup for gas discharge-based experiment with oxygen
emission. P1, 500 um diameter pinhole; P2, 10 um pinhole; S, holey
silicon nitride membrane substrate with the aluminium foil; M, a
multilayer mirror for 17.3 nm central wavelength at o.=43°. The
distance between the EUV source and P1is 43 cm and that between
P1and P2 is 137 cm. (B) Setup for tin discharge-based experiments.
P1, 500 um pinhole for stray light reduction; M1 and M2, multilayer
mirrors, where M2 is curved (R=500 mm). Close to the pinch image
position, a pinhole P2 is added to adjust the coherence and to
further block stray light. The pinch is demagnified by a factor of 3.6.
P3, illumination pinhole of 5 um, 40 cm separated from the pinch
image; S, sample with PMMA spheres on top of a silicon nitride
membrane.

This was verified by a Young’s double-slit experiment, the
results of which are shown in Figure 3. The double-slit array (allowing
different slit separations during a single exposure) was illuminated
from a similar source-sample distance as that used in the ptychog-
raphy experiment. The modulus of the normalized coherence factor
|te,, | was then determined by fitting the double-slit formula [29] to the
recorded interference pattern. The details of the measurement can be
found elsewhere [24]. Figure 2A shows the first ptychography setup.
In addition to the blocking of the EUV emission wings, the pinhole
(P1) served as a spatial coherence filter for the residual visible and
UV light. Scattered from the sample, this light generates a residual,
coherent background on the detector, which can be accounted for
during the reconstruction by our algorithm [23]. This makes it pos-
sible to avoid UV/VIS light absorbing filters that cause high losses
of the EUV radiation. Besides suppressing the coherent illumination
of satellite emission lines, the multilayer mirror (M) absorbs also the
short-wavelength radiation of 0% at 2.16 nm, which can otherwise
also create an incoherent background on the detector [30].

A 10 pum high-precision pinhole (P2; Edmund Optics) placed
upstream of the sample forms a structured illumination probe on the
sample. The sample to pinhole separation was roughly set to a dis-
tance below 200 um. This was sufficient for our experiment, although
for higher resolution the sample to pinhole distance would need to
be further reduced to satisfy the Nyquist sampling conditions at the
detector. The precise value of the working distance was obtained from
the reconstruction of the illumination probe by back-propagation to
a distance where the sharpest pinhole image is achieved. For sample
and aperture movement, six high-precision, closed-loop translation
piezo stages (Smaract SLC-1730) were used.

First, we scanned the edge of a 200 nm thick aluminium filter
(Lebow Co.) placed on a holey silicon nitride membrane. This region
was chosen such that both (uncovered and covered) parts of the mem-
brane were within one reconstruction field. We have acquired dif-
fraction patterns at 50 scanning positions, each with 60 s maximum
exposure time. The dynamic range of our CCD camera was extended
by stitching three different exposure times {high dynamic range
(HDR) imaging [31]}. The CCD sensor (Andor iKon-M, 1024 x 1024
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Figure 3: Results of a Young’s double-slit experiment with EUV
radiation from oxygen plasma (setup in Figure 2A) with a multilayer
mirror but without UV/VIS filter. On the ordinate axis, the modulus
of the normalized coherence factor |u | is noted. The dots show the
fitting results to the double-slit diffraction patterns for different
slit separations under consideration of all emission lines within
mirror bandwidth using the weighted sum of interference patterns.
The residual (satellite) emission lines as well as (not accounted for)
the VUV/UV/VIS background from the plasma may have led to the
discrepancy between the measurement and the single-wavelength
estimation shown by the solid blue line. This line shows a calcu-
lation based on the Cittert-Zernike theorem for monochromatic
illumination from a Lorentzian emission source with cropped tails.
The red dashed line indicates |u,,| = 0.88, which is assumed to be
the coherence limit for CDI reconstructions [28].

pixel, 13 um pixel size) was cooled down to —60°C. To reach close
to single-photon counting precision, a pixel readout rate of 50 kHz
was used and a measured dark current background was subtracted
for each pixel. Additionally, only the central region with significant
photon counts was acquired to reduce the acquisition time.

The second experiment was performed using a tin plasma EUV
source developed by USHIO, Inc. It is based on a laser-triggered
discharge between two rotating, liquid-tin-covered disc electrodes.
Detailed information about source operation and performance can
be found elsewhere [32]. The source is limited to the use of tin as
active medium. Tin plasma provides intensive, quasi-continuous
radiation at about 13.5 nm (see Figure 1B). The source was oper-
ated at 36 W/(2r sr mm?) radiance in 2% BW (with a pinch FWHM of
about 250 um) or corresponding spectral brightness of 3.9x10"
photons/(s mrad? mm? 2% BW). This brightness value includes the
absorption by a debris shield, which protects optics and electronics
from tin contamination. The emission spectrum of tin was spectrally
and spatially filtered by a system of two Mo/Si mirrors (M1 and M2)
and a 200 nm thick zirconium foil in a squared window with 500 pm
side length (see Figure 2B, P1). A similar design has been described in
detail in Ref. [33]. The peak transmission of the filtering system was
5% with a bandwidth of about 2% at 13.5 nm of the filtered tin emis-
sion spectrum (see Figure 1B). The spatial coherence is optimized
by the pinhole P2; however, due to technical constraints of the light
source, the pinch imaging tool, and the experimental chamber, the
spatial coherence at the sample position was better than required
(estimated to be I , >20 um), resulting in an ineffective use of the
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available photon flux. The same pinhole reduces also the stray EUV
light due to the reflections from the inner walls of the vacuum pipes.

The scanned sample (S) was placed 395 um downstream of the
structured illumination forming precision pinhole (P3) of 5 um dia-
meter. The sample consisted of a silicon wafer with a 200 nm thick
silicon nitride window in a squared window with 500 pum side length
(Norcada, Inc.) with sparsely distributed poly(methyl methacrylate)
(PMMA) spheres with diameters of about 450 nm. The spheres were
deposited by diluting them into a 1:1 isopropanol and water solution,
spin-coating them onto the membrane, and evaporating the remain-
ing solution [34]. At each scanning position, one HDR image was col-
lected using a maximum of 30 s exposure time, allowing a dynamic
range of up to 1:10° In comparison to experiments with the oxygen
emission line at 17.3 nm, the higher photon energy allowed to reach
close to single-photon counting precision with 1 MHz readout rate.

During the scan, 200 patterns were collected in a spiral scan
with an average step size of 3 um and with a random offset of 5%
of the step size to prevent periodic artifacts [35]. The scan covered
a field-of-view of about 50 um. The sample to detector distance was
4 cm, setting the diffraction-limited resolution to 60 nm.

3 Results and discussion

The ptychography reconstruction was performed by the
ePIE method [36] combined with the orthogonal probe
relaxation extension (OPRP) [37]. OPRP served mainly for
intensity corrections and compensation of small position
errors. Otherwise, no changes in the illumination wave-
front were observed thanks to the very stable illumina-
tion source. The unremoved VUV/UV/VIS background
and coherence properties (spatial and temporal) of the
illumination were included into the reconstruction by the
generalized modulus constraint, as described in detail else-
where [23]. Additionally, as the HDR stitched data quality
depends on the level of saturation of the detector, we have
accounted for the variable quality by the additional modi-
fication of the ptychography modulus constraint:

PW= W+(1—W)£ v,
" k4

where V¥ is the original wavefront at the detector plane
and \ﬁ denotes the modulus of the measured diffraction
intensity. The weighting W depends generally on the noise
in data. We have used the following form:

e

where o denotes the expected noise level of the intensity
modulus \ﬁ . This form of relaxed modulus constraint is a
continuous extension of relaxation presented in Ref. [38].
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If our modulus estimate || is closer to measured value
\ﬁ , then the value of W is not changed. Otherwise, in
the case of a larger misfit, the modulus of W is changed
to \/} +0 or \/Y —o. The error estimate o was calculated
from the Poisson noise distribution of the photon signal
and the measured values of the readout and the dark
noise for each pixel, including the noise resulting from
the HDR stitching.

Finally, a relaxed support constraint was applied on
the illumination probe to improve robustness and help the
ptychography to mitigate artifacts from systematic errors.
As the illumination probe was filtered by a pinhole that
can be seen as a binary mask, there has to be a back-prop-
agation distance z, where the probe will have exact binary
support. This distance as well as the loose support of the
probe can be estimated from an initial reconstruction. The
probe constraint can be applied in the following form:

P=I1{M[IT_(P)]},

where [] denotes the near-field propagator to distance z,
Pis the illumination probe, and M denotes a loose estima-
tion (mask) of the probe support S. S includes all points
of the back-propagated probe [1 | (P) with absolute values
larger than half of their maximum value. The mask M
was estimated to be 10% larger than S. The results do not
depend strongly on the looseness of the mask, but looser
mask improves convergence or generally helps with the
reconstruction of periodic samples.

The results of the narrow-bandwidth GDP ptycho-
graphy reconstruction are presented in Figure 4. The
reconstruction shows the holey silicon nitride grid partly
covered by a 200 nm aluminium foil. A pure aluminium
foil of that thickness is expected to absorb only 26.5% of
radiation at 17.3 nm [27]. However, according to our recon-
struction, it absorbs 74.5+ 1% of the radiation. Also, the
relative phase shift of the pure aluminium foil should be
1.5 rad, whereas we have measured 0.51+0.06 rad. Both
these results suggest that the aluminium foil was strongly
oxidized. If the aluminium was oxidized to ALO,, the total
oxide thickness would need to be 24.9+0.2 nm accord-
ing to the phase measurements, whereas the amplitude
measurements would be best explained by 25.5+1 nm.
This rather strong oxidation was most likely caused by
the exposure of the surface to fast oxygen ions produced
in the plasma discharges that reacted with the alumin-
ium foil when it was used to block visible light radiation
during previous experiments with our gas-discharge EUV
source.

In the experiment with the broadband, 13.5 nm
illumination, we imaged a lower-contrast sample with
rather sparse features. Despite a shorter illumination
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Figure 4: Reconstruction of the aluminium foil-covered holey silicon nitride membrane. The foil covers the right part of the scanned area. In
contrast to our expectation, the foil absorbs most of the light, providing a strong contrast in amplitude. (A) Complex reconstruction encoded
in the complex color scheme. Color represents the phase and brightness represents the amplitude. (B) Intensity-only image, showing

the strong absorption introduced by the aluminium foil. (C) Phase change relative to the silicon nitride membrane. The bottom left insets
contain the reconstructed illumination probe at sample plane. All images share the same scale as noted in (B).

Figure 5: (A) Full-size reconstruction of the sample. PMMA spheres are clearly visible as clusters on the surface. At the left side, the edge
of the membrane window is visible. (B) Zoomed version of the central region. (C) lllumination wavefront at the sample surface. It shares the
same scale as in (A). The illumination spot at the substrate position already shows evolving near-field fringes. (D) Probe wavefront back-

propagated to the position of the illumination forming pinhole.

wavelength and reduced scattering power of the sample,
a resolution of 100 nm was achieved due to the higher
photon flux of the tin-based EUV source. The recon-
struction of the sample can be seen in Figure 5, whereas
a scanning electron microscopy (SEM) image of a similar
region of the sample is shown in Figure 6A. The SEM
image contains shadows and other artifacts caused by
electrostatic charging of the PMMA spheres and the

dielectric substrate. EUV imaging is not accompanied
by charging; therefore, it is more suitable for the quan-
titative analysis of the sample despite the significantly
lower resolution compared to SEM images. However,
the achieved resolution, depth of focus, and imaging
quality are better than in images produced using visible
light microscopy. A similar sample was also imaged
by an EUV microscope with the high harmonic laser



464 —— ). BuBmann etal.: Ptychographic imaging with partially coherent plasma EUV sources

DE GRUYTER

Figure 6: (A) SEM micrograph of PMMA spheres on a sample prepared similarly as the one in Figure 5. Due to charging effects, the image
needed to be taken on the support frame of the membrane. (B) Ptychography reconstruction of a similar sample imaged with high harmonic

laser source at 30 nm wavelength.

radiation source with 30 nm wavelength described in
Ref. [39]. The difference is that the PMMA spheres were
practically nontransparent binary objects (Figure 6B) at
that photon energy. The imaged 450 nm PMMA should
transmit more than 10% at 13.5 nm wavelength, whereas
transmission at 30 nm is below 107“. In Figure 5B, one
can easily see transmission in the center of the spheres,
but the spheres are still surrounded by a dark ring. This
ring is an artifact of the ptychography reconstruction
caused by the violation of the ptychography constraints
for highest spatial frequencies. Most likely, it was
caused by a small amount of visible light penetrating
through micropinholes in the zirconium filter and scat-
tering from the chamber walls or stage parts producing a
background at the detector. Another explanation would
be the undersampling of the diffraction pattern at the
detector plane due to the large distance of the illumina-
tion forming pinhole to the sample, which results in a
larger than expected ring-shaped illumination spot on
the sample with strong high-frequency components.
Additionally, the used HDR stitching procedure could
result in slightly suppressed zeroth order in the overall
recorded diffraction pattern. Compared to a circle or a
sphere, diffraction by a ring is characterized by a weaker
zero-order maximum. Therefore, all these effects could
contribute to the occurrence of the “ring artifact” in the
reconstruction.

4 Summary and conclusion

In this paper, we demonstrated ptychographic imaging
using EUV light from discharge plasma. We reconstructed

the material composition of a thin aluminium foil EUV
filter based on its complex transmission. This simple
experiment would allow a quick refractive index deter-
mination of thin films with known thicknesses without
complex and ambiguous fitting methods used in reflec-
tometry measurements.

Further, we have presented for the first time ptychog-
raphy with laboratory-scale tin-based plasma EUV source.
We reached a resolution down to 100 nm using an illumi-
nation wavelength of 13.5 nm. This experiment proves that
high-power EUV tools with tin emission spectrum can be
used as a light source for ptychography.

To close the gap to real-world applications needed in
applied research and industry such as lithography masks
inspection, many challenges must be addressed, such
as the availability of EUV sources with high brightness
at 13.5 nm, limited dynamic range of detectors, and low
framerate of the currently available EUV CCD cameras.
Nevertheless, our experiment can already gain from an
optimized mirror system, which would result in three fold
reduction of exposure time. Furthermore, the tin plasma
source was, due to some external constraints, only run at a
quarter of its power.

Despite recent demonstration of high-resolution
imaging at 13.5 nm with high harmonic laser sources on
a strongly scattering artificial pattern [16], (laser) plasma
sources are providing a robust platform that is commonly
used in industry. Particularly, emission from a tin plasma
is used in the most powerful EUV sources. Our success-
ful experiment demonstrates that this kind of sources can
be used not only for lithography, microscopy, or resist
studies but also for coherent diffractive imaging (CDI)
applications. Compared to synchrotron facilities with
10%° photons/(s mrad? mm? 0.1% BW) spectral brightness
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[28], discharge sources have much lower brightness
leading to an increase in acquisition time and reduced res-
olution. Nevertheless, even highly spatially coherent HHG
sources deliver ~10° photons/(s mrad? mm? 3.5% BW) [20]
in the spectral harmonics between 10 and 20 nm, which
is comparable to plasma sources. In contrast to HHG and
synchrotron, plasma EUV sources offer the advantage of
an incoherent photon emission on the order of up to a few
hundred watts at 13.5 nm [32, 40, 41]. This can be a signifi-
cant advantage when CDI is combined with other methods
with lower demands on the illumination coherence such
as scatterometry [42] or traditional dark-field or bright-
field microscopy [43-45].

The requirements of HDR can be reduced if high-NA
illumination is used, similar to the X-ray ptychography
experiments [46]. Especially, the availability of high-NA
optics based on multilayer reflective mirrors with numeri-
cal aperture of about 0.2 and working distance larger than
1.cm [47] relaxes requirements on experimental conditions.

Additionally, due to the broad angular emission distri-
bution (high etendue) of plasma-based EUV sources and
their high emission power, several metrology “beamlines”
may be used/implemented simultaneously per source,
allowing for parallel CDI/ptychography measurements.
This is an advantage with respect to “single-beamline”
synchrotron or HHG-based methods.
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