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ABSTRACT. Background: Compact extreme ultraviolet (EUV) exposure tools utilizing partially
coherent radiation are ideally suited for industrial EUV resist qualification regarding
sensitivity, contrast, and resolution. For the broad applicability of the technology,
the achievable resolution is crucial and requires thorough investigation.

Aim: The investigation of limiting factors for the achievable resolution for achromatic
Talbot lithography is an important step in creating compact EUV exposure tools
for industrial resist qualification and high-resolution patterning, accelerating the
research and development of high-resolution EUV photoresists for next-generation
microchips and processes.

Approach: To maximize the contrast of the resulting intensity distribution in the
wafer plane for high-resolution patterns, both the illumination parameters and the
utilized transmission masks are investigated by rigorous coupled-wave analysis
simulations. The main influencing factors on the achievable resolution are identified
and presented. In addition to the simulative optimization of the phase-shifting masks,
the fabrication of the dense periodic nanopatterns becomes increasingly challenging
for smaller periods. The mask fabrication process is therefore optimized to create
stable and high-resolution periodic mask patterns.

Results: Rigorous simulation of the achievable aerial image contrast in the wafer
plane demonstrates the influence of partial coherence as well as the geometry and
material selection of the mask. For the current mask design, the theoretical resolu-
tion is limited to a 14-nm half-pitch (wafer scale). The mask fabrication process is
optimized leading to an experimental record resolution of 32.5-nm half-pitch for lines
and spaces as well as 28-nm half-pitch for pinhole patterns with the presented
demonstrator setup. Metal-based masks with optimized geometry will allow for the
fabrication of 6.5-nm half-pitch patterns (wafer scale).

Conclusions: Achromatic Talbot lithography can be used in compact EUV expo-
sure tools with a theoretical resolution below 10-nm half-pitch (wafer scale). The
main influencing factors on the achievable resolution are the mask material used
and the degree of coherence of the utilized radiation.
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1 Introduction
Dense periodic nanostructures with feature sizes below 100 nm are essential for numerous indus-
trial and scientific applications, such as photoresist qualification for achieving high resolution1,2

and the creation of high-resolution structures to produce, e.g., metamaterials, biosensors, quan-
tum dot arrays, and artificial crystals.3–5 Fabricating these nanostructures is a complex task,
requiring advanced patterning technologies such as electron beam lithography, nanoimprint
lithography, or industrial projection lithography for structure definition. Each method has its
strengths and limitations. Electron beam lithography offers high resolution but suffers from lim-
ited throughput. Nanoimprint lithography provides high throughput but lacks pattern fidelity for
large-area nanopatterning. Industrial projection lithography ensures high pattern fidelity and
throughput, but its application is mostly limited to major companies in the semiconductor indus-
try due to high investment and operational costs. Qualifying next-generation photoresists for
extreme ultraviolet (EUV) lithography presents even greater challenges as it often demands res-
olutions beyond the state of the art. Research on photoresists and related processing relies mostly
on high-volume manufacturing (HVM) tools6 and synchrotron facilities.7–10 To optimize the pho-
toresist development process and ensure quality control, systematic investigations on the achiev-
able sensitivity, contrast, and resolution are necessary. However, using HVM tools for these tasks
is often impractical due to their high operational cost and complexity, so operating such tools at
the resist supplier’s site is not feasible. Synchrotrons provide spatial and temporal coherent EUV
radiation with high intensity and allow for lithographic approaches such as dual-grating inter-
ference lithography, leading to the highest demonstrated resolution.9 Despite their advantages,
the limited number of synchrotron facilities and the limited availability of beamtime slow down
the corresponding research and development, resulting in a long lead time for new products.

To address these issues, compact nanopatterning tools using EUV radiation are a promising
solution. The developed compact EUV exposure tool at Rheinisch-Westfälische Technische
Hochschule (RWTH) Aachen University and Fraunhofer Institute for Laser Technology
(ILT) employs a discharge-produced plasma (DPP) EUV source11 for large-area nanopatterning
and industrial EUV photoresist qualification.12 Talbot lithography has proven to be a suited litho-
graphic approach utilizing all diffraction orders from a transmission grating resulting in high-
throughput patterning.13,14 The use of interference results in homogeneous and high-
contrast intensity modulations. In addition, achievable pattern demagnification of the mask pat-
tern and an effective local defect compensation are both considered strong advantages of the
structuring method.15,16 In contrast to more advanced interference lithographic methods like
dual-grating interference lithography, Talbot lithography allows the usage of both coherent and
partially coherent radiation with defined relative spectral bandwidth and moderately low photon
flux, making it ideal for both plasma-based EUV radiation sources15,16 and synchrotrons.17 The
achievable resolution of the nanopatterns can in theory be as low as λ∕4, but in practical appli-
cations depends on several factors, including the optical properties of the incident EUV radiation,
the stability of the mask-wafer-positioning system, the photoresists performance, and the reso-
lution material choice and quality of a used transmission mask.

The presented study involves a rigorous simulative evaluation of illumination parameters
and phase-shifting mask designs for achromatic Talbot lithography at EUV wavelengths. The
goal is to improve the resolution, demonstrate sub-30-nm patterning, and formulate guidelines
for reaching sub-10-nm resolution (wafer scale). The results pave the way toward a compact
EUV exposure setup suitable for both industrial EUV photoresist qualification and large-area
nanopatterning for various scientific applications.

2 Achromatic Talbot Lithography
Achromatic Talbot lithography is a lithographic approach that is based on the self-imaging of a
grating pattern due to interference of the propagating grating diffraction orders.18,19 It is suited for
coherent to partially coherent radiation and can be utilized for high-resolution nanopatterning of
dense periodic structures especially over large areas. The working principle of the (achromatic)
Talbot lithography is shown in Fig. 1(a). The EUV radiation is diffracted by the grating structures
of the transmission mask and forms a complex intensity modulation behind the mask. The bright
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spots in the intensity distribution mark intensity maxima in the interference pattern (Fig. 1). At
defined distances behind the mask, the intensity distribution at the contact point (z ¼ 0) is replicated

in the aerial image. These Talbot distances can be calculated by zT;n ¼ nλ∕
�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − λ2∕p2

p �

with λ being the wavelength of radiation, p the grating period and n a positive integer.21 For irra-
diation with a certain spectral bandwidth Δλ, the intensity maxima of the intensity distribution
broaden along the propagation axis (z-axis) with increasing distance from the mask. Above a certain
distance behind the mask, the achromatic Talbot distance za ¼ 2p2∕Δλ, and the intensity maxima
overlap completely and form a stable intensity distribution with two times reduced periodicity with
respect to the mask periodicity [indicated by the blue square in Fig. 1(a)]. Due to this effect, ach-
romatic Talbot lithography can be used to enable a two-time pattern demagnification of the mask
pattern in the exposure result.12,17 In addition, the stable behavior of the intensity modulation in the
achromatic Talbot regime reduces the precision requirements for mask–wafer positioning and
accepts some degree of displacement or tilt.

As the achromatic Talbot lithography approach is perfectly suited for partially coherent radi-
ation with a relative spectral bandwidth of ∼2% to 4%, it can be utilized for nanopatterning
approaches using radiation from plasma-based EUV sources if operated with an argon/xenon
gas mixture resulting in a main wavelength of 10.9 nm.11,22 If EUV radiation with a main wave-
length of 13.5 nm is required, e.g., for photoresist characterization, the source is operated with
xenon only, and the emitted radiation is spectrally filtered to the target wavelength and spectral
bandwidth by reflection on a tailored multilayer mirror.23

The spatial coherence length ls of the emitted radiation can be defined by the angular extent
θ of the source as ls ¼ ln ð2Þλ∕π tanðθÞ. It determines the maximum mask to wafer distance
zmax ¼ lsp∕2λ at which coherent superposition of the diffraction orders still occurs. Together
with the spectral bandwidth, this also determines the depth of the distance window that can
be utilized for exposure in the distance regime of achromatic Talbot lithography.12 For
plasma-based EUV sources, the spatial coherence is limited and can only be increased by spatial
filtering or by increasing the mask-source distance. As this will lead to a reduced intensity in the
wafer plane, the spatial coherence is kept between 20 and 40 μm in practice. This leads to an
exposure distance window below 100 μm in which the mask needs to be positioned precisely
with respect to the wafer.

For high-resolution patterning within this distance window, the intensity contrast of the aer-
ial image ðImax − IminÞ∕ðImax þ IminÞ needs to be maximized. Apart from the aerial image, the
practical resolution limit is determined by the availability of sensitive photoresists and the sta-
bility of the mask-wafer positioning system during exposure. Using an efficient illuminator, both
throughput and imaging quality can be increased, which will also lead to higher resolution.24 The
aerial image is mainly defined by the transmission mask design and has a direct influence on the

Fig. 1 Principle of Talbot lithography with the achromatic Talbot regime indicated by the blue shaded
box near the wafer plane. The bright spots mark the intensity maxima in the interference pattern. In
the achromatic Talbot regime, a pattern demagnification by a factor of 2 is achieved for line structures
(a). Schematic representation of the working principle of a phase-shifting transmission mask and the
definition of the geometrical parameters (b). Picture adapted from Lüttgenau et al.20
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achievable resolution. The analysis and optimization of the transmission masks regarding the
achievable resolution require a deep understanding of the optical processes for the calculation
of the resulting intensity distribution behind the mask. The achievable aerial image contrast not
only depends on the mask material and geometry but also is a function of the grating period,
especially for structure dimensions in the range of the utilized exposure wavelength. As analyti-
cal calculations are only valid if the half-pitch size is much larger than the exposure wavelength,
for novel mask materials, rigorous simulation tools such as rigorous coupled-wave analysis
(RCWA) need to be applied to display the complex intensity distribution behind the mask.

To achieve the highest possible contrast of the aerial image with achromatic Talbot lithog-
raphy, phase-shifting transmission masks are most suitable. The mask geometry is designed to
provide a π-phase shift for the radiation that passes through the grating material. If the mask
geometry is designed precisely, this leads to a destructive interference between the radiation
passing through the grating material and the gaps, respectively, and therefore to a cancellation
of the 0’th diffraction order [see Fig. 1(b)]. In consequence, as the 0’th diffraction order con-
tributes mainly to the background intensity Imin of the intensity distribution, a higher aerial image
contrast can be achieved due to reduced background intensity. As the �1st diffraction orders
dominate the interference pattern in this configuration, the complex interference pattern can
be understood as a simple two-beam interference. To achieve a full compensation of the 0’th
diffraction order, the beam part passing through the grating material must experience a precise
π-phase shift, and the intensities of beam parts passing through the grating material and through
the gaps need to be equal, taking the unavoidable absorption of EUV radiation in the grating
material into account. This adds requirements on the precision and quality of both the mask
design and the mask fabrication process.

3 Illumination Parameter Optimization
As the Talbot effect is based on interference, its effectiveness depends largely on the degree of
temporal and spatial coherence of the utilized EUV radiation. To investigate the influence of
coherence on the achievable aerial image contrast, an RCWA simulation model is used. For the
simulations, the commercially available software Virtual Lab25 with package 7.5.0 is used. The
simulation parameters can be found in Table 1. For a resist-based phase-shifting mask as reported
in Brose et al.12 with line and space patterns of 80-, 40-, and 20-nm half-pitch (hp) (mask scale),
the aerial image contrast at their respective achromatic Talbot distances is calculated depending
on the relative spectral bandwidth Δλ∕λ [(0.1% to 20%, see Fig. 2(a)]. The spectral bandwidth is
modeled by a set of incident plane waves of different wavelengths with intensities that are indi-
vidually weighted according to a Lorentz distribution with a main wavelength of 13.5 nm and a
full width at half maximum (FWHM) in accordance with the analyzed relative spectral
bandwidth.

To analyze the aerial image contrast, cross-sections of the simulated two-dimensional inten-
sity distribution behind the mask [see Fig. 1(a)] are taken at the achromatic Talbot distance, and
the minimum intensity Imin and maximum intensity Imax are determined. The aerial image con-
trast is then calculated by ðImax − IminÞ∕ðImax þ IminÞ. As can be seen in Fig. 2, the aerial image
contrast drops strongly with increasing relative spectral bandwidths. This effect can be explained
by the deviation of the effective phase shift from π, as the optical parameters of the mask material
differ for different wavelengths. As a small relative spectral bandwidth in the case of DPP EUV
sources requires a strong spectral filtering and hence leads to a low amount of intensity in the

Table 1 Simulation parameters for the investigation of different illumination parameters.

Temporal coherence Spatial coherence

Mask half-pitch (mask scale) 80 nm 40 nm 20 nm 80 nm 40 nm 20 nm

Main wavelength 13.5 nm 13.5 nm

Relative spectral bandwidth 0.1% to 20% 4%

Spatial coherence length Infinite 1 to 100 μm
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mask plane, a spectral bandwidth of 2% to 5% should be preferred. The black dotted line refers to
the utilized spectral bandwidth of 4%, as used in our experimental setup. As a minimal aerial
image contrast that can still be resolved by state-of-the-art EUV photoresist, a value of 15 % is
assumed on the basis of standard CMTF values. This means that for the analyzed mask design, a
mask half-pitch of 20 nm cannot be printed onto the wafer, since the aerial image contrast is
below 10 %.

To analyze the influence of the spatial coherence length, the same set of phase-shifting
masks was simulated for a relative spectral bandwidth of 4% and a spatial coherence length
from 1 to 100 μm [see Fig. 2(b)]. The spatial coherence length is modeled by a set of plane
waves with different incidence angles θ with weighting factors that follow a Gaussian distribu-
tion with an FWHM given by θFWHM ¼ arctanðlnð2Þλ∕lsπÞ, where λ is the main wavelength and
ls is the spatial coherence length. The aerial image contrast at the achromatic Talbot distance
increases strongly with the spatial coherence length for all investigated phase-shifting masks.
Above a spatial coherence length of ∼50 μm, the aerial image contrast levels out. As the spatial
coherence length in our setup can be increased only by the spatial filtering of the EUV beam, a
large spatial coherence results in a low intensity in the wafer plane [see the right axis of Fig. 2(b)].
Therefore, a spatial coherence length of 20 to 40 μm should be used for exposures. The black
dotted line indicates the currently used spatial coherence length of ∼25 μm as a reasonable trade-
off between the intensity loss and the sufficient spatial coherence.

4 Simulative Mask Optimization
In the currently used mask design, an electron beam resist is used as the phase-shifting material.
This allows for a simple and robust fabrication process26 without the need for an additional etch-
ing transfer process. The phase shift and the resulting aerial image contrast in the wafer plane
strongly depend on the mask geometry. The mask thickness can be precisely tuned by optimizing
the spin coating and development process. For the gap/period ratio the electron beam lithography
process has to be controlled, to enable the correct dose-to-size.27 Following analytical calcula-
tions based on Schnopper et al.,28 a π-phase shift is achieved for a mask thickness of 350 nm and
a gap/period ratio of ∼0.4 for a wavelength of 13.5 nm. However, these calculations neglect the
thickness-related effects of the mask and the effects that arise when the structure dimensions
approach the wavelength, the effects called 3D mask effects. To optimize the aerial image con-
trast for different mask half-pitches, a rigorous simulation is therefore conducted for phase-shift-
ing masks with half-pitches of 80, 40, and 20 nm (mask scale), considering a line and space
structure geometry (see Fig. 3). The aerial image contrast is additionally multiplied by the trans-
mission of the corresponding mask to ensure a mask geometry that is usable for an exposure with
the limited EUV intensity provided by the DPP EUV source. This transmission-weighted aerial
image contrast at achromatic Talbot distance is calculated for irradiation with a 13.5-nm main

Fig. 2 Rigorous simulation analysis of the aerial image contrast for different relative spectral band-
widths (a) and spatial coherence lengths (b) for a line and spacemask with mask half-pitches of 80,
40, and 20 nm (mask scale). The utilized temporal and spatial coherence of the experimental setup
is indicated by a dotted black line.
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wavelength and a relative spectral bandwidth of 4%. For each mask half-pitch, the mask thick-
ness is varied from 10 to 500 nm, and the gap/period ratio is varied from 0.1 to 0.6. The ana-
lytically optimized geometry based on Schnopper et al.28 is marked by a red cross. For a mask
half-pitch of 80 nm (mask scale), the rigorously optimized geometry is in good agreement with
the analytical result. The maximum weighted aerial image contrast is 0.38, close to the analytical
calculation. In addition, the simulation shows a large area of geometrical parameters that still
allow for a high aerial image contrast. For the 40-nm half-pitch (mask scale), the weighted aerial
image contrast decreases to a maximum of 0.31, and the optimal mask geometry deviates
stronger from the analytical result because the relation d ≫ λ does not hold true anymore.30

The maximal weighted aerial image contrast is achieved for a mask thickness of ∼270 nm and
a gap/period ratio of 0.43. This deviation gets even stronger for a 20-nm half-pitch (mask scale),
where the maximal weighted aerial image contrast is achieved for a mask thickness of ∼115 nm

and a gap/period ratio of 0.48. However, the weighted aerial image contrast does not exceed 0.05
for this mask half-pitch.

To observe the decrease in aerial image contrast with decreasing mask half-pitch more pre-
cisely, the rigorous optimization of the aerial image contrast is performed for mask half-pitches
from 5 to 80 nm (mask scale, see Fig. 4). For each mask half-pitch, the highest achievable aerial
image contrast is plotted by optimizing the mask material thickness and the aspect ratio for each
half-pitch. The aerial image contrast drops from ∼75% for the 80-nm mask half-pitch to ∼50%
for the 40-nm mask half-pitch to below 10% for the 20-nm half-pitch (mask scale). To evaluate
the resulting resolution limit for resist patterning, the CMTF of the utilized photoresist needs to
be considered.31,32 This parameter describes the minimal aerial image contrast required to transfer
the aerial image into a resist topography for a resist with given sensitivity and contrast. If an
industrial EUV photoresist with CMTF of 15% is used, a mask pattern with a half-pitch of
28 nm (mask scale) would still lead to a sufficient aerial image contrast for pattern transfer.
Due to the achromatic Talbot effect, the realized pattern on the wafer will be demagnified to
∼14-nm half-pitch (wafer scale). It has to be noted however, that additional process imperfections
often lead to a higher required CMTF and this calculation can therefore be understood as the

Fig. 3 Rigorous simulation analysis of the aerial image contrast for different mask thickness gap/
period ratios and mask half-pitches of 80, 40, and 20 nm (mask scale). The analytical mask thick-
ness is indicated by a red cross. The rigorously optimized mask geometry is indicated by a green
cross. It is in good agreement with the analytical result for a mask half-pitch of 80 nm but differs
strongly for 40- and 20-nm half-pitch. In addition, the achievable transmission-weighted aerial
image contrast decreases from ∼0.38 for the 80-nm half-pitch to ∼0.04 for the 20-nm half-pitch
(mask scale).29
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theoretical limit. Additionally, it is evident that the resist-based mask design has limitations
towards the target resolution of sub-10 nm half-pitch (wafer scale), which would be necessary
for resist qualification for future technology nodes. Therefore, alternative mask materials are
investigated.

For the evaluation of materials with suitable optical properties, the tabulated complex refrac-
tive indices (n and k) of possible mask materials are considered.33 The maximum achievable
aerial image contrast multiplied by the transmission is calculated for these refractive indices via
an optimization algorithm under the analytical premise that the grating size is significantly larger
than the irradiation wavelength. In Fig. 5, the parameter space from 0.91 to 1 for n and from 0 to
0.031 for k is shown with the according material values indicated by a blue dot. The maximum
achievable aerial image contrast multiplied by transmission for every parameter combination is
indicated by a color following a color bar ranging from 0 to 1. Several metallic materials and
material combinations can be identified for further analysis (indicated by a white dotted frame).

In earlier investigations, a molybdenum nitride (MoN) based mask was shown to exhibit
the highest aerial image contrast19 and good patterning performance in etching processes.9

Therefore, the rigorous analysis shown above for the resist-based mask is repeated for an
MoN-based line and space transmissions mask with mask half-pitches of 40, 20, and 10 nm

Fig. 4 Rigorous simulation results for the aerial image for different mask half-pitches of a resist-
based transmission mask. For each mask half-pitch, the mask geometry was optimized using rig-
orous simulations analogous to Fig. 3. For an EUV photoresist with CMTF 15%, the resolution limit
is at 28-nm mask half-pitch (mask scale), which would lead to 14 nm in the exposure result (wafer
scale) due to the achromatic Talbot demagnification.

Fig. 5 Analytical optimization of the aerial image contrast multiplied by transmission for combina-
tions of n (from 0.91 to 1.00) and k (from 0.00 to 0.033). Selected materials and material combi-
nations are marked, and suitable materials are indicated by the white dotted frame.
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(mask scale, see Fig. 6). The qualitative behavior of the aerial image contrast is the same as for
the resist-based mask. However, using the MoN-based mask exhibits certain advantages. The
weighted aerial image contrast is above 30% for mask half-pitches down to 20 nm (mask scale).
In addition, the rigorously optimized mask geometry does not deviate strongly from the analyti-
cal mask design. For the 10-nm half-pitch (mask scale), the weighted aerial image contrast drops
down to below 2%, and the rigorously optimized mask geometry shows strong deviations from
the analytical result.

To identify the resolution limit for the MoN-based mask, the maximal aerial image contrast
is compared for mask half-pitches from 5 to 80 nm (mask scale, see Fig. 7). The mask geometry
was optimized for each individual mask half-pitch to exhibit the highest transmission-weighted

Fig. 6 Rigorous simulation analysis of the aerial image contrast for different mask thickness gap/
period ratios and mask half-pitches of 40, 20, and 10 nm (mask scale). The analytical mask thick-
ness is indicated by a red cross. The rigorously optimized mask geometry is indicated by a green
cross. It is in good agreement with the analytical result for a mask half-pitch of 40 nm but differs
strongly for 20- and 10-nm half-pitch. In addition, the achievable transmission-weighted aerial
image contrast decreases from ∼0.41 for the 40-nm half-pitch to ∼0.015 for the 10-nm half-pitch.29

Fig. 7 Rigorous simulation results for the aerial image for different mask half-pitches of a MoN-
based transmission mask. For each mask half-pitch, the mask geometry was optimized using rig-
orous simulations analogous to Fig. 6. For an EUV photoresist with CMTF 15%, the resolution limit
is at 13-nm mask half-pitch (mask scale), which will lead to 6.5 nm in the exposure result (wafer
scale) due to the achromatic Talbot effect.
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aerial image contrast. The aerial image contrast is above 80% for mask half-pitches down to
30 nm (mask scale) and then decreases strongly. If an average EUV photoresist with CMTF
of 15% is assumed, a mask pattern with a half-pitch of 13 nm (mask scale) would still have
a sufficient aerial image contrast for pattern transfer. Due to the achromatic Talbot effect, the
realized pattern on the wafer would be demagnified to ∼6.5-nm half-pitch (wafer scale). For
a mask half-pitch of 20 nm that leads to a resolution of 10-nm half-pitch in the exposure result
(wafer scale), the aerial image contrast is still ∼50%. The MoN-based mask would therefore
suffice to reach the targeted sub-10-nm resolution (wafer scale) for resist qualification for current
and future technology nodes.

5 Experimental Exposure Results
In addition to the simulative optimization of the phase-shifting transmission mask, the mask
fabrication feasibility must be considered in the development of a mask design. The current mask
fabrication process is based on an electron beam resist mask that can be directly patterned on top
of a 25-nm SiNx membrane window and is described in previous publications.26,34 The relatively
simple fabrication process leads to several advantages such as the fast optimization and testing of
different mask designs. However, as the required mask thickness for the targeted π-phase shift
can be calculated to 350 nm for the utilized resist,28 several disadvantages of the fabrication
process need to be considered. For every smaller mask feature, the aspect ratio (ratio of mask
thickness to structure dimension) increases rapidly, which leads to increasing pattern instability,
especially for line structures.34 This can be explained by increased capillary forces during the
evaporation of the development stopper and by the stronger influence of the membrane curvature
during vacuum-chucking, especially for higher aspect ratios. In addition, an increasing thickness
loss of the resist can be observed for denser structures, leading to further deviations from the
target grating design.

Several transmission masks with different mask thicknesses were fabricated and tested in the
compact EUV exposure tool. For a 270-nm mask thickness, patterns down to a 28-nm hp for
pinhole patterns and a 32.5-nm hp for lines and spaces (wafer scale) could be demonstrated in a
standard EUV photoresist, which is to the best of our knowledge the current record resolution for
Talbot lithography with laboratory-based EUV nanopatterning setups (see Fig. 8). The high line
edge roughness for the lines and spaces pattern [see Fig. 8(b)] is most likely originating from the
utilized EUV photoresist, since roughness or defects in the mask pattern will be compensated by
the interference effect.35

6 Conclusion and Outlook
In this contribution, the authors present the simulative and experimental investigation of the
influencing factors on the resolution limit of Talbot lithography with compact exposure tools.

Fig. 8 Scanning electron microscopy (SEM) images of the achievable patterning results for pin-
hole patterns (a) and lines and spaces (b) for a mask thickness of 270 nm, printed in a standard
EUV photoresist with the current resist-based phase-shifting mask design. Pinhole patterns with a
28-nm hp and line patterns with a 32.5-nm hp (wafer scale) are shown.
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The influence of spatial and temporal coherence of the utilized radiation on the achievable res-
olution is investigated by rigorous wave optical simulations. Reduced spatial and temporal coher-
ence leads to decreased aerial image contrast, but increasing the coherence is accompanied by
radiation losses. Therefore, these illumination parameters need to be carefully selected. The main
challenge for the advancement of Talbot lithography with EUV radiation is the mask fabrication.
To enable the required phase-shift of the EUV radiation passing through the mask, a high thick-
ness of the mask material relative to the mask pitch is needed, leading to challenges in both
fabrication and imaging. The influence of the geometry and utilized material of the phase-shifting
transmission masks is therefore investigated both by rigorous wave-optical simulation and exper-
imental exposure of standard EUV photoresists. Several influencing factors on the achievable
resolution are determined and characterized. Periodic pinholes and line patterns are created with
sub-30 nm resolution (wafer scale). To move further towards sub-10 nm resolution (wafer scale)
for future technology nodes, metallic phase-shifting masks are considered and characterized by
rigorous simulations and several suitable materials are identified, paving the way to high-res-
olution periodic patterns.
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