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Abstract. The understanding, characterization, and mitigation of three-dimensional (3-D) mask effects including
telecentricity errors, contrast fading, and best focus shifts become increasingly important for the performance
optimization of future extreme ultraviolet (EUV) projection systems and mask designs. We explore the potential
of attenuated phase shift mask (attPSM) to mitigate 3-D mask effects and exploit them for future EUV imaging.
The scattering of light at the absorber edges results in significant phase deformations, which impact the effective
phase and the lithographic performance of attPSM for EUV. Rigorous mask and imaging simulations in
combination with multiobjective optimization techniques are employed to identify the most appropriate material
properties, mask, and source geometries. The resulting imaging performance is compared to the achievable
performance of binary EUV masks. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
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1 Introduction

The understanding, characterization, and mitigation of
three-dimensional (3-D) mask effects including telecentricity
errors (TCEs), contrast fading, and best focus (BF) shifts
become increasingly important for the performance optimi-
zation of future extreme ultraviolet (EUV) projection sys-
tems and mask designs.'™ One approach to mitigate the
3-D mask effects is to employ alternative absorber materials.
Figure 1(a) shows the possible material options versus
the range of refractive indices n and extinction coefficients
for a wavelength of 13.5 nm. Metal absorbers with a high
extinction coefficient k, such as nickel (Ni), provide suffi-
ciently low reflectivity for about 30-nm-thick absorbers and
show less pronounced 3-D mask effects.” However, most of
the high-absorption materials are difficult to pattern and
repair with currently available techniques. Materials with
a refractive index n close to 1.0 reduce the deformation of
the phase of the reflected light and BF shifts between differ-
ent mask patterns. However, most of these n =~ 1.0 materials
have only a small extinction and do not provide sufficient
contrast at a small thickness. Thin absorber materials from
the lower left region of the nk-space generate an increasing
amount of reflected light from the nominally dark regions
of the mask. Appropriate combinations of materials and
thickness values provide a phase shift in the vicinity of
180 deg and are candidates for phase shifter materials for
EUV.

Standard thin-film considerations suggest combinations
of refractive index n, extinction k, and absorber thickness
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to achieve a phase shift of 180 deg and reflectivity of
6% with respect to the reflected light from the multilayer
blank without absorber. CRA stands for the chief ray angle
which is 6 deg for present NA = 0.33 systems. A 31.6-nm-
thick absorber stack with n = 0.8938 and k = 0.0476 fulfills
Eq. (1) and was used as reference attPSM stack in this paper.
The material data of this reference stack are reasonably
close to platinum and gold.

The first proposal to use attenuated phase shift masks in
EUYV lithography was already made in 1993 by Nguyen, who
observed sidelobes “similar to that for attenuated phase
shifted mask™ in simulated images of a 60-nm-thick carbon
absorber. He proposed to employ this effect to sharpen line
edges.'” Soon after that Obert Wood et al. from Lucent
reported the first experimental realization of attPSM for
EUV including extensive simulation studies.'' Since then,
many different forms of attPSM for EUV including etched
multilayer configurations '>~'* and various absorber stack
configurations >~ were proposed and investigated.

More recent studies mention potential problems in the
application of attPSM for EUV including the variation of
the BF position with absorber thickness'® and the contrast
loss for the combination of attPSM and off-axis illumination.”
Application of our standard screening methodology for
binary masks to typical attPSM configurations predicted
a relative poor performance of the attPSM as well.”

The scattering of light at the absorber edges results in sig-
nificant phase deformations, which impact the lithographic
performance of attPSM. The phase deformation depends
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Fig. 1 Material options for EUV absorbers. (a) Plot of materials from the CXRO database® (small blue
dots) versus refractive index n and extinction coefficient k (nk-space). (b) nk-space with materials, which
are considered in this work. TaBN represents a state-of-the-art absorber material.” Ni is a typical high-k
metal absorber example, which has been investigated in previous studies.>®° AttPSM1 stands for an
“ideal” attenuated phase shifter material, which was designed based on standard thin-film considerations
[see Eq. (1)]. The lines indicate alloys between ruthenium (Ru) and rhenium (Re), tellurium (Te), tantalum
(Ta), tungsten (W), respectively. The open circles present a list of materials, which was compiled by

IMEC (listVu).

on the mask materials/geometry and on the illumination
direction—see Fig. 2. This figure shows the intensity (or
reflectivity, upper row) and phase (lower row) of the reflected
light for different model options and incidence directions of
the EUV light. The data for the solid red lines are simulated
by a rigorous model, which considers the 3-D geometry and
material properties of the mask and the given incidence
angles. The dashed green lines represent an ideal perfor-
mance according to the Kirchhoff or thin-mask model, which
neglects the 3-D properties of the mask. Phase jumps of
360 deg of the rigorously simulated data in the lower row of
Fig. 2 result from the limitation of the plotting range of
the phase and do not impact the image formation. In contrast
to the idealized Kirchhoff model, which postulates a phase
jump of 180 deg at the absorber edges, rigorous simulations
exhibit a more or less continuous transition of the phase from
the bright to the dark areas of the mask. The shape of this
transition and the resulting phase deformation depend on the
incidence angle of the EUV light on the mask. Because of

Incidence angle=2.0°

Incidence angle=6.0°

the observed phase deformation and due to the contrast loss
for off-axis illumination, a good lithographic performance of
attPSM requires a comprehensive optimization of the mask
and the illumination source.

The recent findings and observations raise several ques-
tions: Which process improvements can attPSM offer versus
binary EUV masks? Can they mitigate 3-D mask effects?
How to design and use attPSM for EUV? Which are the
most appropriate combinations of refractive index, extinc-
tion, and thickness of the mask absorber and of the illumi-
nation geometry? How to evaluate and compare such
alternative absorbers and on the basis of which criteria?
The answer to these questions depends on the investigated
use case and considered lithographic metrics. Such metrics
include the normalized-image log slope (NILS or local con-
trast), the depth of focus (DoF), the BF variation versus pitch,
the TCE, and the threshold-to-size (as a measure of the dose
sensitivity). Manufacturable illumination shapes should also
have a reasonable source filling (sfil). Side-lobe printing

Incidence angle=10.0°
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Fig.2 Simulated near-field reflectivity and phase for line and space patterns of an attPSM-style absorber
(31.6-nm thick with n = 0.8938, k = 0.0476, and wavelength 2 = 13.5 nm) on a standard multilayer
stack, 14-nm lines with a pitch of 32 nm, and angle of incidence: 2 deg, 6 deg, and 10 deg. The green
dashed lines represent the target value of ideal attPSM with a reflectivity of 6% and a phase shift of

180 deg.
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presents another important metric for the evaluation of
attPSM in design-relevant layouts, however, was not consid-
ered in this study. In view of the multitude of lithographic
metrics, we should rephrase the raised question on the
“best absorber material”: Which absorber material provides
the best compromise between different lithography metrics?
The goal of this paper is not to provide ultimate solutions, but
to predict general tendencies, to demonstrate the capabilities
of the used methodology, and to discuss the pros and cons of
attPSM absorbers for EUV lithography.

This paper employs rigorous mask and imaging simula-
tions in combination with multiobjective optimization tech-
niques to identify the most appropriate material properties,
mask, and source geometries and to explore the potential
of attPSMs for EUV imaging. The considered material
options are shown in Fig. 1(b). They include three absorbers
with a fixed thickness and several configurations, where
the absorber thickness was varied in the optimizations. The
fixed thickness stacks are TaBN, Ni, and attPSM1. TaBN is
included as a representative of presently used tantalum-based
absorber stacks (56-nm TaBN absorber + 14-nm TaBO
antireflective coating).” Ni provides an example of a high-k
absorber material, which was identified in our previous
investigations.’ Finally, attPSMI is an attenuated absorber
stack that is obtained from the classical thin-film consider-
ation according to Eq. (1). Ruthenium (Ru) provides a high
refractive index contrast to vacuum and is compatible with
the present mask technology. Alloying Ru with higher
extinction materials such as rhenium (Re), tellurium (Te),
tantalum (Ta), and tungsten (W) offers a wide range of acces-
sible refractive indices and extinction coefficients. Our sim-
ulations assume that the refractive index depends linearly on
the volumetric composition of the materials in the alloy.
All combinations of n and k on the connection lines between
the materials in Fig. 1 are included in the search space for
the variable thickness absorbers. Additionally, a list of can-
didate materials was compiled by IMEC from literature data
(listVu). The n and k values of these materials are shown by
the open circles in Fig. 1(b). The defined search spaces
include several high k materials: the fixed thickness Ni-
stack, two of the materials from the material list (listVu),
and RuTe alloys with a high amount of Te.

Section 2 provides a brief introduction to the used multi-
objective optimization techniques. Typical results for arrays
of contact holes with individual pitches and for through-pitch

Generation: 1

Generation: 2

spaces are presented and discussed in Sec. 3. This paper
finishes with conclusions and an outlook on future research.
This paper provides an extended version of a previous SPIE
proceedings manuscript published at the SPIE Advanced
Lithography Symposium 2018.?!

2 Optimization

As described in the previous section, the mask and source
settings have to be optimized for several objectives including
DoF, NILS, TCEs, source filling (sfil), and/or threshold-to-
size. Additional criteria such as mask error enhancement
factor, bias between horizontal and vertical feature, or the
sensitivity of the results to variation of the absorber thickness
could be included in the optimization as well. However,
from a practical point of view, it is preferable to limit the
number of objectives in the optimization to three or four
and to evaluate these additional criteria in a postprocessing
of the data.

In contrast to a single-objective optimization problem,
which maximizes or minimizes the scalar value of the
objective function f(x) versus the variable parameter
settings x, multiobjective optimization tries to find a set of
solutions that provide the best trade-off between competing
objectives. The objective function of multiobjective optimi-
zation problems becomes a vector-valued function f(x) =
[f1(x), f2(X), ..., fa(x)], where f;(x) stands for the individ-
ual scalar valued objectives, such as DoF, NILS, TCE, and
sfil. The vector x represents the flexible parameters of the
mask and source, respectively. The goodness or fitness of
the solution y' = f(x') for the parameter setting is deter-
mined by the dominance over other possible solutions
y/ = f(x/). A solution y' is not dominated by another
solution y/, if it is not worse in all single objectives. All
nondominated solutions create the Pareto front.

An example is given in the left of Fig. 3, where the blue
dots show computed NILS and TCE values for different
parameter settings of the mask and source, respectively.
The goal is to find parameter settings with a large NILS and
a small TCE. The points, which are marked with a red circle
represent nondominated solutions and create the Pareto front.
All points without red circle are dominated by the solutions
on the Pareto front. They have a smaller NILS value and
a larger TCE compared to at least one of the points on
the Pareto front.
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Fig. 3 Typical evaluation of a two-dimensional Pareto front for an optimization problem with the goal to
find source and mask parameter combinations for large NILS and small TCE. Blue dots represent param-
eter combinations (illumination setting, mask) with their NILS and TCE values. Dots with red circles are
identified as nondominated solutions after the given number of generations. Red dots exhibit the Pareto

front from the previous generation.
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Multiobjective optimization techniques aim at an approxi-
mation of the Pareto front for all possible parameter combi-
nations. Evolutionary algorithms such as multiobjective
genetic algorithms have proved to be well suited for such
optimization problems with multiple objectives.”” In this
work, the implementation of a multiobjective genetic algo-
rithm in the Fraunhofer lithography simulator Dr. LiTHO is
used.”? This algorithm propagates a specified number of
parameter combinations or population through the search
space with the goal to approach the Pareto front of the
best solutions. Figure 3 shows a typical progress of such
optimization run. In the first step, the NILS and TCE values
are computed for a set of randomly initialized parameter
settings. In the investigated example, a population size of
50 is used, that is 50 different parameter combinations.
Only solutions with an NILS larger than 1.4 and a TCE
smaller than 15 mrad are shown. The red circled solutions
are not dominated by other solutions. They are stored in
an archive. In the next step, selection, recombination, and
mutation operators of the genetic algorithm are applied to
the present population and generate a new population.
The selection operators of the genetic algorithm consider
both the fitness (NILS and TCE values) of the parameter
combinations and their positions in parameter and solution
spaces. Therefore, the new population moves toward larger
NILS and smaller TCE values. The center part of Fig. 3
shows the resulting new population (blue points) and the
archive of nondominated solutions from the previous step.
The red circles flag the resulting nondominated solutions
or new Pareto front. Only one solution from the Pareto
front from the first generation is also a member of the
new Pareto front. The data in the archive are updated with
the solutions from the new Pareto front. This procedure is
repeated until a certain stopping criterion, e.g., the number
of generations or a given variance of solutions on the Pareto
front, is reached.

The right part of Fig. 3 shows a good sampling of the
Pareto after 100 generations. All solutions on the Pareto
front represent parameter combinations to achieve a good
compromise between NILS and TCE. The best NILS values
are close to 1.8 but with a TCE of about 5 mrad. Solutions
with a TCE below 2 mrad offer an NILS upto 1.65.

A typical example of a 3-D Pareto front is shown in Fig. 4.
The DoF and NILS values are shown on the horizontal and
vertical axes, whereas the TCE value is indicated by the color
of the data points. The largest NILS and DoF values are only
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Fig. 4 Example of a 3-D Pareto front, colors of the points represent
the TCE in mrad.
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achieved for parameters settings, which come with a larger
TCE. There is also a compromise between solutions with
a high NILS in the upper left region of the 3-D Pareto front
and high DoF in the center right of the graph.

Finally, interesting data points from the obtained Pareto
front can be selected and evaluated in more detail. The selec-
tion of these data points depends on the problem. Several
examples of Pareto fronts and selected solutions are given in
the next section. For more details on multiobjective genetic
algorithms, the reader is referred to Refs. 22 and 23.

3 Results

The simulations in this paper are performed for a state-of-
the-art EUV scanner with a wavelength 13.5 nm, a numerical
aperture 0.33, and a chief ray angle of incidence of 6 deg.
The parameters of the mask multilayer are taken from
Ref. 24. The options for the mask absorber are summarized
in Table 1. Three different use cases are investigated. These
use cases and their illumination settings are discussed in
the following three sections. All simulations are performed
with the Fraunhofer lithography simulator Dr. LiTHO using
a rigorous mask diffraction simulation without the Hopkins
assumption, which postulates a shift invariance of the diffrac-
tion spectrum with respect to the illumination direction. The
images are computed with a fully vector Abbe type imaging
model. Lithographic metrics are extracted with a simple
threshold model from the aerial image.

3.1 Semidense Contact Arrays

AttPSMs are known to exhibit the largest benefit for isolated
and semidense contacts. Therefore, a semidense array of
18-nm square contacts with a pitch of 72 nm is considered
first. A variable and independent bias in x- and y-directions is
allowed to maximize the overlapping process windows for
cross sections along these directions. Quadrupole illumina-
tion with variable inner and outer ¢ and a variable opening
angle is used. The optimization in this paper is restricted to
symmetric or balanced illumination. Asymmetric poles
and pixelated sources provide additional degrees of freedom
for the optimization and to mitigate 3-D mask effects. For
a Quadrupole illumination with infinitely small poles, the
best o, which specifies the illumination direction with respect
to the optical axis, is given by

A
c=———, 2
V2XNAXp @

where 4 stands for the wavelength, NA for the numerical
aperture of the system, and p is the pitch of the contact
array. In practice, however, a more extended source has to
be used. The achievable DoF and NILS depend on the
distribution of illumination directions around the given
theoretical value. The dependency of the mask diffraction
on the illumination direction as described in Fig. 2 impacts
the optimum source shape as well. In addition to the
illumination, the mask absorber thickness and composition
are varied as described in Table 1. The objectives for this
first use case are large source filling (sfil), large DoF of
overlapping process windows for x- and y-cuts, and large
NILS values along the x- and y-directions. In general,
the simulated contact array exhibit only small TCEs below
5 mrad. Solutions with TCE above 5 mrad are excluded from

Jan-Mar 2019 « Vol. 18(1)



Erdmann et al.: Attenuated phase shift mask for extreme ultraviolet: can they mitigate three-dimensional mask effects?

Table 1 Options for mask absorbers and material data. The refractive index n; and extinction values k; of Ru, Re, Ta, and Te are taken from the
CXRO database.® The real valued factor f between zero and one specifies the composition of the alloys. ListVu represents a list of 13 materials,

which was compiled from the literature data. See Sec. 1 for graphical presentation and further discussion.

Name n k Thickness
Ta70 TaBN: 0.956; TaBO: 0.9357, TaBN: 0.023; TaBO: 0.0425, 56-nm TaBN + 14-nm TaBO
see Refs. 7 and 24 see Refs. 7 and 24
Ni 0.948 0.073 31.6 nm
AttPSM1 0.8938 0.0476 31.6 nm
Alloy RuRe NRy + f(NRe — NRY) kru + f(Kre — KRu) Variable
Alloy RuTa Npy + f(Nta — NRY) Kgu + f(kta — KRu) Variable
Alloy RuTe NRy + f(Nte — NRY) Kpu + f(k1e — KRu) Variable
Alloy RuW NRy + f(Nw — NRy) kpu + f(kw — kru) Variable
listVu List List Variable
3.0 Ta70 Sftl)_lall 3.0 Ni Sftlll'yn 3.0 AttPSM1 Sfllrl'u
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Fig. 5 Simulated Pareto fronts of different mask stacks for 18-nm semidense contacts with 72-nm pitch
versus DoF (horizontal axis), NILS (vertical axis), and source filling (sfil, see color map). All data points
show combinations of mask and source parameters as obtained from the optimization run.

the solution space. Figure 5 shows simulated Pareto fronts
for different material options of the mask absorber.

For semidense contact arrays, the binary Ta70 and Ni
stacks can only achieve a DoF of about 100 nm and an
NILS slightly above 2. The Ni stack, which was identified
as a good solution for spaces through pitch,” performs
even worse than the state-of-the-art tantalum-based stack
Ta70. AttPSM1, which is designed by Eq. (1), achieves
an NILS of about 2.5- and 150-nm DoF with acceptable
source fillings of 0.2. All attPSMs with variable thickness
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provide a larger DoF of close to 300 nm and NILS values
up to ~2.6. For these mask absorbers, no trade-off between
DoF and NILS has to be made. The achievable NILS and
DoF performance is only limited by the source filling.
Process windows of selected solutions from the Pareto
front for the different absorber options are shown in Fig. 6.
For each configuration, two process windows of cuts through
the center of the contact hole along x- and y-directions are
shown. The flexible size biasing in x and y enables an almost
perfect overlap of the process windows for orthogonal cuts.

Jan-Mar 2019 « Vol. 18(1)
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Fig. 6 Simulated process windows of selected solutions from the Pareto front of Fig. 5 and correspond-
ing source shapes. pwX and pwY indicate process windows which are extracted from x- and y-cuts to

the center of the contact holes.

Table 2 Optimized mask parameters of the flexible absorber stacks (alloys and listVu) and lithographic performance of solutions from Fig. 6.
The reflectivity (ref) and phase (pha) of the absorber stack are computed from thin-film considerations similar to Eq. (1).

Name n k Thickness (nm)  ref (%) pha (deg) biasX (hnm) biasY (nm) Dof (nm) NILS TCE (mrad)
Ta70 See Table 1 2.0 -150.2 4.1 3.7 96 1.90 -0.2

Ni See Table 1 1.3 —-88.1 -1.2 -1.8 87 1.84 1.2
AttPSM1 See Table 1 6.0 -180.0 3.6 3.1 163 249 0.1
Alloy RuTa  0.9153  0.0292 51.0 6.2 -231.7 1.5 1.3 348 2.67 -1.8
Alloy RuW 0.9018  0.0223 42.0 17.3 -2211 2.9 2.3 329 2.74 -2.2
listVu 0.9104  0.0351 45.0 5.2 -216.2 2.8 0.5 292 2.65 -0.9

The optimized source shapes are indicated in the figure insets
of the process windows. The determined absorber parameters
of the flexible mask stacks and the achieved lithographic per-
formance of all solutions from Fig. 6 are given in Table 2.

The majority of the Pareto optimal solutions for Ni exhibit
pronounced Quadrupole illuminations as shown in the top
row of this figure. With the exception of Ni, the best perform-
ing solutions are obtained with 6;pe, = 0, 6y = 0.4, and
opening angles close to 180 deg. They correspond to a
classical circular illumination. The attPSMs in the lower
row of Fig. 6 clearly outperform the binary stacks Ta70
and Ni. The attPSMs with a flexible thickness provide
also better performance than attPSM1. Of course, the DoF
of the binary features can be improved by the application
of properly designed assist features. Such assist features
are not considered here. All attPSMs exhibit a superior
DoF and larger NILS values. Some of them suffer from
a lower threshold-to-size, which was not considered in the
optimization runs. The reflectivity of the well performing
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attPSM  varies between 5% and 20%. The magnitude of
their phase shift, as obtained from thin-film calculations,
is considerably above 180 deg. The deformation of the
phase of the reflected light from small features as observed
in Fig. 2 can be interpreted as a smaller “effective phase” of
such features. To reach an effective phase of 180 deg, opti-
mum solutions with a slightly larger thickness or smaller
refractive index are found. These phase effects will poten-
tially impact the imaging performance for larger features.

The data in Table 2 and the majority of other data on
the simulated Pareto fronts suggest that attenuated PSM
and standard Ta-based absorbers provide the best imaging
performance for a small oversize of the opening on the
mask or positive biasing in x- and y-directions. In contrast,
the Ni-absorber exhibits the best combinations of NILS,
DoF, and sfil for a negative biasing of the contact hole
opening in x- and y-directions. Smaller openings in the
Ni-absorber reduce the image intensity and cause lower
and disadvantageous threshold-to-size.
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Fig.7 Simulated Pareto fronts of different mask stacks for 18-nm dense contacts with 38-nm pitch versus
DoF (horizontal axis), NILS (vertical axis), and source filling (sfil, see colormap). All data points show
combinations of mask and source parameters as obtained from the optimization run.

3.2 Dense Contact Arrays

Next, arrays of 18-nm dense contacts with a pitch of 36 nm
are investigated. The variable parameters and objectives are
the same as for the semidense contact case. The resulting
Pareto fronts for different mask material options are pre-
sented in Fig. 7. Although the benefits of attenuated PSM
stack are less pronounced than for the semidense case,
their advantages can be clearly seen. The achievable NILS
and DoF with a source filling >0.2 of Ta70 is limited to
2.3 and 230 nm, respectively. Ni performs slightly better
and provides an NILS of 2.5 and DoF of 250 nm at sfil
~0.2. For comparable source fillings, the variable thickness
attPSMs offer NILS values up to 2.8 and a DoF >300 nm.
Although there is a trade-off between NILS and DoF for
these variable thickness stacks, the trade-off solutions have
still a better NILS and DoF than the binary Ta70 and Ni
mask stacks. The achievable performance of all alloys and
the listVu is very similar, although the best performance is
obtained for different combinations of refractive index n,
extinction k, and absorber thickness.

Figure 8 and Table 3 present the lithographic performance
of selected solutions from the Pareto front for different
absorber options. As expected for dense features, all good
solutions show a pronounced off-axis illumination with an
outer o close to 1. The most aggressive off-axis illumination
with the largest inner o is obtained for the Ni stack. The best
solutions for all attPSM have a noticeable smaller inner o.
In general, the attenuated PSMs in the lower row of Fig. 8
are better than the binary stacks Ta70 and Ni and also better
than attPSM1. In addition to Ni, which exhibits a rather low,
nonpreferable threshold-to-size, all other stacks have a sim-
ilar threshold-to-size. The reflectivity of the well-performing
attPSM varies between 10% and 25%. The correspondingly
increased risk of side-lobe printing and potentially smaller
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process windows for image cuts along the diagonals are
not considered in this study and need further investigations.

Figures 9 and 10 show plots of the intensity and of the
phase of the reflected near fields for the selected solutions
from the Pareto front in Fig. 8. For each absorber stack,
four different distributions of the intensity and phase
of the reflected light are shown. These distributions are
obtained with illuminations from the four centers of the opti-
mized poles in the insets in Fig. 8. The illumination direc-
tions are specified by the incidence angle ¢ and the azimuth
angle @ in the titles of the subfigures. Larger illumination
angles ¢ of the lower poles cause more pronounced asym-
metries and intensity losses for all types of considered
mask stacks. The observed strong impact of the illumination
direction on the intensity and phase of the reflected near
fields demonstrates the strong impact of source imbalancing
on lithographic metrics.

The near field of the optimized Ni-absorber exhibits
the most pronounced intensity losses, but also the less pro-
nounced variation of the phase of the reflected near field. The
yellow solid and dashed lines in Fig. 10 indicate positions,
where the reflected phase is 180 deg or 180 + 10 deg shifted
with respect to the phase at a reference position in the nomi-
nally dark area at the lower left corner of the plotted near
field, respectively. For the variable thickness attPSM stacks
(RuTa, RuW, and listVu) and for Ta70 the areas of high
reflectivity on the mask are surrounded with a ring, where
the phase of the reflected light transits from <170-deg
phase shift in the outer area to >190 deg in the inner area.
For the “classically” designed attPSM1, a phase shift of
190 deg is only reached in a small area of the reflected
light for the lower poles. For the Ni absorber, the phase
of the reflected light remains relatively close to 0 deg almost
everywhere in the near field.
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Fig. 8 Simulated process windows of selected solutions from the Pareto front of Fig. 7 and correspond-

ing source shapes.

Table 3 Optimized mask parameters of the flexible absorber stacks and lithographic performance of solutions from Fig. 8. The ref and pha of
the absorber stack are computed from thin-film considerations similar to Eq. (1).

Name n k Thickness (nm)  ref (%) pha (deg) biasX (hnm) biasY (nm) Dof (nm) NILS TCE (mrad)
Ta70 See Table 1 2.0 -150.2 -0.1 0.3 222 2.34 -2.8
Ni See Table 1 1.3 —-88.1 -1.8 -1.4 222 2.51 -3.4
AttPSM1 See Table 1 6.0 -180.0 0.6 1.5 247 2.58 -1.0
Alloy RuTa  0.9094  0.0267 46.0 10.0 -223.5 -0.8 1.6 241 2.74 -0.6
Alloy RuWw  0.9005 0.0219 39.0 20.2 —208.1 -0.1 25 292 2.64 -0.3
listVu 0.8992 0.0216 39.0 20.7 -210.8 -0.9 0.6 375 2.24 -1.6

Similar to Fig. 2, the pronounced variation of the phase
of the reflected light in Fig. 10 explains, why attPSM1 does
not offer the best solutions. On the other hand, the identified
solutions will potentially exhibit a poor imaging perfor-
mance for larger features and other pitches.

3.3 Horizontal Spaces

Finally, 16-nm wide horizontal trenches with pitches
between 32 and 100 nm are investigated. A standard y-ori-
ented dipole with variable inner and outer ¢ and variable
opening angle is used in the simulations. The mask bias
of the most dense pitch is considered as a free parameter
as well. The space widths for all other pitches are determined
to print them to 16-nm target CD at the same threshold as for
the dense case. No assist features are applied. The other mask
options are the same as for the contact cases. The mask and
source settings are optimized to obtain the largest DoF of an
overlapped process window of all features with a threshold
latitude of 10%. The other two objectives are given by the
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worst NILS and the worst TCE value over all pitches. The
obtained NILS value is maximized, whereas the TCE value
is minimized. The resulting Pareto fronts for the different
mask absorber stacks are shown in Fig. 11.

The achievable NILS and DoF for the state-of-the-art
TaBN stack with a TCE below 5 mrad are below 1.65
and 110 nm, respectively. The Ni stack offers slightly larger
NILS and DoF values. The attPSMs provide even higher
NILS and DoF values. AttPSMs with lower NILS offer a
DoF up to 125 nm. As for the dense contact case, the achiev-
able performance of all alloys and the listVu is similar, but
obtained with different combinations of n, k, and absorber
thickness. The attainable NILS value for the majority of
mask and source settings is limited by pitches around
45 nm. Spaces with this pitch are very difficult to image
because of the destructive interactions between neighbored
features—the forbidden pitch phenomenon.” This explains
the relative low NILS values in the Pareto plots. Certain
design restrictions such as avoiding certain pitches in the
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Fig. 9 Simulated intensity of the reflected near fields of the selected solutions from the Pareto front of
Fig. 8. For each absorber, four near fields for the illumination directions (incidence angle ¢ and azimuth
angle 6 with respect to the surface normal vector of the mask surface) at the center of the four

corresponding poles from Fig. 8 are shown.

layout would help to achieve larger minimum NILS values
over the range of considered pitches. Similar, more weight
on the threshold-to-size and source filling could help to
improve the throughput of the resulting processes.

The lithographic performance of selected solutions from
the Pareto front for the different absorber options is presented
in Fig. 12 and Table 4. For the Ni stack, two different
solutions are reported. The off-axis solution in the center of
the upper row of Fig. 12 offers a relatively large DoF of
the overlapping process window of about 115 nm, however,
the NILS is only 1.45, again limited by the 45-nm pitch.
The small dipole configuration provides a better NILS, but
only a DoF of 100 nm. Both Ni solutions exhibit smaller BF
shifts between different features compared to that one of
Ta70. The performance of Ta70 and all other mask absorber
stacks for large off-axis dipoles provides only poor NILS or
TCE >10-mrad solutions. Therefore, only solutions with
small dipoles are shown for these stacks. The lithographic
performance data of Ta70 are similar to that one of the Ni
solution 2 with a small dipole.

The variable thickness attPSM solutions in the lower row
of Fig. 12 provide a larger DoF than Ni solution 1 and NILS
values similar to Ni solution 2. In contrast to Ni, where
the best performance data are obtained for different illumi-
nations, the attenuated PSM stacks achieve higher NILS and
DoF values for the same illumination. This can be also seen
from the Pareto fronts in Fig. 11, which are slightly shifted to
the upper right compared to that one of Ni. Another impor-
tant advantage of the attenuated PSM solutions is their large
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threshold-to-size of 0.23 to 0.25, compared to values
smaller than 0.16 for the binary stacks. Higher threshold-
to-size implies a smaller dose-to-size and a potentially larger
throughput of the attPSM stacks. The reflectivity of the best
performing attPSM is found in the range 10% to 20% and
their thickness is between 30 and 40 nm. Interestingly,
the magnitude of the phase shift, as obtained from thin-
film calculations, is much closer to 180 deg than for the
single-pitch contact cases. The process windows of the alloys
indicate only small BF shifts between different pitches.

In the remaining part of this section, alternative views at
the data from the Pareto front in Fig. 11 are presented and
discussed. Figure 13 shows plots of the refractive index n of
the data on the Pareto front versus the achieved NILS and
DoF. Representative graphs for the RuTa and RuTe alloys
and the listVu are shown. The refractive index values are
indicated by the color. The materials with the lowest refrac-
tive index are found in the lower right part of the graph. They
offer the largest DoF, but come with a lower NILS. Materials
with a larger refractive index are located in the upper left
part of the graphs and offer a larger NILS.

The plot of the extinction values k versus DoF and
NILS in Fig. 14 provides complementary information on
the material properties of the best solutions. For the RuTe
alloy and listVu, the high extinction values in the upper
left part of the graph offer a large NILS, but their DoF is
limited to <110 nm. They correspond to binary or very low-
transmission attPSM. Materials with lower k offer an higher
DoF, but come with a lower NILS. These configurations can
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front of Fig. 11 and

Table 4 Optimized mask parameters of the flexible absorber stacks and lithographic performance of solutions from Fig. 12. The ref and pha of
the absorber stack are computed from thin-film considerations similar to Eq. (1).

Name n k Thickness (nm) ref (%) pha (deg) bias (nm) Dof (nm) NILS TCE (mrad)
Ta70 See Table 1 2.0 —-150.2 1.2 105 1.67 7.4
Ni1 See Table 1 1.3 -88.1 -1.6 113 1.41 8.5
Ni2 See Table 1 1.3 —-88.1 -2.0 100 1.61 55
Alloy RuRe 0.9007 0.0285 32.0 18.1 -170.4 5.3 119 1.62 8.9
Alloy RuTa 0.9164 0.0297 38.0 121 -170.4 49 117 1.63 6.6
Alloy RuTe 0.9063 0.0304 37.0 12.2 —-185.9 5.8 114 1.61 6.4
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Fig. 13 Refractive index n of the data on the Pareto front from Fig. 11 versus NILS and DoF. The refrac-
tive index values n are indicated by the color.
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Fig. 16 NILS of the data on the Pareto front from Fig. 11 versus reflectivity and phase shift. The NILS

values are indicated by the color.

be considered as medium- or high-transmission attPSM.
Because of the relative small extinction of tungsten (W), the
RuW alloy stacks offer only medium or high-transmission
solutions. Nevertheless, the NILS values of the best RuW
alloys are >1.7 and offer a DoF up to 115 nm.

Finally, the DoF and NILS values of data on the Pareto
front versus the reflectivity and phase (shift), as obtained
from n, k, and absorber thickness by standard thin-film
calculations, are plotted in Figs. 15 and 16. Green points
indicate high DoF or NILS, respectively. All high DoF
solutions exhibit a phase shift close to 180 deg. The highest
NILS solutions come with more variations of phase shift
and reflectivity values below 10%. Some of them, especially
several RuTe and RuTa solutions have reflectivity values
below 2% and can be considered as binary masks.
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4 Conclusions and Outlook

Alternative absorber materials can mitigate 3-D mask effects.
Complementary to previous work in this field, the simulation
study in this paper was inspired by realistic material choices
and their possible alloy combinations.

The presented simulation results demonstrate that
attenuated PSM can provide superior solutions for individual
pitches. They can offer higher DoF at similar NILS and TCE
values than the best binary mask configurations. Some of
the identified best solutions have combinations of refractive
index and absorber thickness, which correspond to phase
shifts, which are significantly >180 deg. In part, this is
caused by the edge diffraction effects, which smooth the
nominal phase jump between the absorber area and the
mask blank. On the other hand, the largest phase deviations
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from +180 deg are observed for single-pitch solutions
(contacts) and high NILS solutions in the through pitch
space use case. This will potentially impact the imaging
performance for features, which are not included in the
absorber stack optimization. The larger DoF solutions for
spaces exhibit phase shift values closer to —180 deg and
are expected to perform good for other use cases as well.
The large variety of source shapes, which were obtained in
the optimization runs, highlight the importance of off-axis
illumination and a optimization of the source shape for
different mask absorber stacks. The selection of absorber
material impacts the optimum source shape. AttPSMs tend
to require more on-axis illumination.

The choice of the most appropriate absorber material
depends on the importance of the considered lithography met-
rics and the specific use case. Multiple objectives such as NILS,
DoF, TCE, and source filling have to be considered in the
mask stack optimization. Multiobjective genetic algorithms
are well suited for the exploration of such problems. There is
no single best solution, but only appropriate trade-offs between
different objectives. In other words, there is no free lunch.?

The described method can be also employed for a more
detailed exploration of high extinction or multilayer absorber
stack for other use cases. The results of this paper raise
several new questions: Can we afford application specific
absorbers? If yes then how many of them? What happens
for higher NA systems? Which lessons can we take from
the large amount of generated data?
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