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ABSTRACT. Background: The lithographic imaging performance of extreme ultraviolet (EUV)
lithography is limited by the efficiency of light diffraction and contrast fading caused
by 3D mask effects. The dual monopole concept has been proposed by Joern-
Holger Franke to mitigate contrast fading for line-space (L/S) patterns.

Aim: We employ various modeling techniques to investigate the extendibility of dual
monopole or split pupil exposures (SPs) to dense arrays of contacts on dark field and
light field masks using different mask absorber options.

Approach: First, a semi-analytic model is introduced to understand the relevant
imaging mechanisms of split pupil exposures for L/S patterns. Next, we apply the
split pupil exposure to a regular array of contact holes on a dark field mask. A multi-
objective optimization approach helps to identify general trends and specific solu-
tions. Analysis of the near fields of the light reflected from the mask for these
particular solutions provides further insights into the imaging mechanisms of split
pupil exposures and the different behavior of dark field (DF) and light field (LF)
masks. Investigations for several mask absorber materials, tonalities, source fillings,
and target sizes demonstrate the application of SP to different use-case scenarios.

Results: Our simulations indicate that split pupil exposures benefit 1D (L/S) and
2D (arrays of contacts/pillars) features. The achievable gain compared with a single
exposure (SE) depends on tonality, source filling, absorber material, and target size.
The application of SP significantly impacts source mask optimization (SMO). SP
affects optical proximity correction (OPC) and optimum source shape and may even
modify the optimum absorber thickness. The combination of low-n absorbers, SP,
and multi-objective SMO enables the identification of the best imaging solutions and
pushes low k1 high-numerical aperture (NA) imaging to its ultimate limits.

Conclusions: Split pupil exposures can provide a promising addition to the toolbox
of resolution enhancement techniques for low k1 high-NA lithography and unleash
the full potential of low-n∕low-k absorber materials.
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1 Introduction
High-numerical aperture extreme ultraviolet (NA EUV) exposure tools with an NA of 0.55 target
a resolution of 8 nm.1 Various resolution enhancement techniques are needed to approach such a
target close to the theoretical limit of diffraction-limited imaging. Essential aspects of resolution
enhancement techniques for EUV have been discussed in the past.2,3 In addition to standard
resolution enhancement techniques already used in DUV4–6 and novel photoresist materials and
processes,7,8 several EUV-specific optical resolution enhancement techniques are being inves-
tigated. Dedicated asymmetric illumination schemes3,9,10 and novel absorber materials11–14 are
employed to compensate for contrast fading, best focus shifts, and other effects caused by light
diffraction from 3D masks—“mask 3D effects.” This paper uses various modeling approaches to
explore another recently proposed EUV-specific optical resolution enhancement technique. Split
pupil exposure, proposed initially as “dual monopole” exposure,15 distributes a single exposure
of the wafer into two separate exposures with different parts of the source. Shifting the wafer
between these two exposures reduces the contrast fading. Similar to mask shift double exposures
for ArF immersion,16 the two exposures are performed with the same mask. The overlay
capabilities for multiple exposures were experimentally demonstrated in investigations on
EUV vote-taking lithography.17 Currently, this is an early exploratory phase, and the discussion
of practical limitations of split pupil exposure strategies due to reduced throughput and required
modifications to the scanner exposure sequence are considered to be beyond the scope of
this work.

Before explaining the split pupil exposure concept and exploring its potential, we emphasize
several general aspects of resolution enhancement techniques for EUV. In contrast to the res-
olution that scales with 1∕NA, the depth of focus (DoF) scales with 1∕NA2. This increases the
importance of focus and the common focus of multiple features for high-NA systems. High
(local) contrast or normalized image log slope (NILS) and high threshold to size (THRS) help
in the reduction of line edge roughness (LER) while preserving productivity (throughput).18

Conversely, mask 3D effects can quickly introduce conflicting requirements for achieving high
THRS, NILS, and DoF. For example, a thick absorber can improve the contrast—but reduces the
THRS. The guiding of light through the openings of low-n absorbers19 helps improve NILS and
THRS, but the increased sensitivity of best focus shifts can reduce the DoF of overlapping proc-
ess windows. Therefore, it is essential to find imaging solutions that provide a high resolution
with the best trade-off between achievable NILS, THRS, and DoF. We address this requirement
by applying multi-objective optimization techniques; see Sec. 3.4.

Section 2 discusses the imaging of a line-space pattern with point dipoles and explains the
basic concept of the split pupil exposure strategies. A semi-analytic model helps to understand
the relevant imaging mechanisms. Afterward, we apply the split pupil exposure to a regular array
of contact holes on a dark field mask. A multi-objective optimization approach helps to identify
general trends and specific solutions. Analysis of the near fields of the light reflected from the
mask for these particular solutions provides further insights into the imaging mechanisms of split
pupil exposures. The remaining sections discuss the application of split pupil exposures to pillars
on light field masks (Sec. 4), to other absorber materials and source fillings (Sec. 5), and to
smaller target sizes (Sec. 6). The paper finishes with a summary and discussion of directions
for future work.

Parts of the manuscript were previously published as SPIE proceedings.20

2 Split Pupil Exposure (SP) for Line-Space Patterns
In 2022, Joern-Holger Franke et al.15 proposed a split pupil exposure as a novel approach to
compensate for image blur due to 3D mask effects in line-space patterns. The basic concept
of this approach is shown in Fig. 1. We consider the imaging of a line-space pattern. For pitches
close to the resolution limit, the image is created by the interference of two plane waves, the 0th
and one of the first (þ 1st or −1st) diffraction orders. The direction of these diffraction orders
depends on the illumination direction σx, the wavelength λ, and the pitch p. The telecentric set-
ting specifies a distinct illumination in which the two diffraction orders are placed symmetrically
within the projection pupil. This situation is shown in the schematics in Fig. 1(a). The super-
position of the 0th and −1st (left pole) and of the 0th and þ 1st (right pole) results in sinusoidal
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two-beam interference patterns with the constant position of the minima and maxima along the
focus position of the system—see the third row in Fig. 1(c). Representative image cross-sections
for illuminations with the left/right poles and with both poles (total) at zero focus are presented
in Fig. 1(b).

The cross-sections in the upper part of Fig. 1(b) are obtained for a constant x-position of
the wafer. The notable shift Δx between the sinusoidal interference pattern of the left and right
poles is caused by mask 3D effects. Simultaneous illumination with both poles and superposition
of the interference patterns produces a blurred image with reduced contrast.21 The contrast loss
of the total image compared with the single pole images is determined by the contrast fading
factor cfad:

22

EQ-TARGET;temp:intralink-;e001;117;98cfad ¼ cos
πΔx
p

: (1)

Fig. 1 Split pupil exposure for single pitch line-space pattern. (a) Schematic exposure scheme
and direction of wafer shift between left/right monopoles indicated by the red arrows. (b) Image
cross-sections at nominal focus position for exposure with left/right and both (total) point dipoles
at telecentric setting (σx ¼ σTC) without wafer shift (top) and with a wafer shift of 6 nm (bottom).
(c) Through-focus images of the left/right poles and pole pair without wafer shift for varying σx of the
point poles. The schematic pupil plots on the left of the through-focus images show the position of
illumination direction/zero-diffraction order (small filled green circles) and �1st diffraction order
(green crosses) inside the NA (large orange circle). Light and dark green circles/crosses stand
for the left/right poles, respectively. The gray-filled circle indicates the center obscuration. The plots
on the right of the through-focus images show the dependency of the image contrast from the focus
position. Simulation settings: 8 nm vertical lines with a pitch of 24 nm, 60 nm thick TaBN absorber
on top of a Mo/Si multilayer (40 bilayers: 4.1 nm Si and 3.0 nm Mo, no intermixing),
NA = 0.55, slit center.
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Split pupil exposure compensates for the image blur by shifting the wafer between the expo-
sures with the left and right poles, respectively. For an optimum shift of the wafer, the image
cross-sections obtained by the left, right, and both poles are identical—see bottom of Fig. 1(b).
This statement applies to vertical line-space patterns at the slit center. For horizontal lines, the
single-pole images are different from each other in intensity. The wafer shift can align the images
but not compensate for the different intensities.

The optimum wafer shift is given by the image shift Δx between the left/right poles and
depends on the thickness and optical properties of the mask absorber.23 Due to the cosine depend-
ency of the fading factor in Eq. (1), small deviations from the optimum wafer shift for other
pitches or illumination directions do not significantly impact the contrast improvement obtained
by split pupil exposures.

Figure 1(c) presents through-focus images of the left and right poles and the pole pair (total) for
different illumination directions σx. The value of σx increases with the distance of the illumination
points from the center of the pupil, which is mapped on the chief ray angle at object (CRAO); see
pupil diagrams in the left column of Fig. 1(c). The third row shows the telecentric setting with
σx ¼ 0.551 and a constant interference pattern along the focus. Increasing the distance of the
illumination direction from the telecentric location causes a more pronounced and opposite tilt
of the interference patterns for the left and right poles, respectively. Superposition of the oppositely
tilted interference patterns introduces a pronounced variation of the image contrast versus focus
position. Larger values of σx cause periodic repetition of the image cross-section along the focus
direction; see the bottom row of Fig. 1(c). Analytic expressions for the superposition of the two tilted
interference patterns are discussed below. Another important observation from Fig. 1(c) is that the
best focus position with the highest contrast is not at the nominal focus (0) but is shifted toward
positive or negative values, depending on the position of σx with respect to the telecentric setting
(indicated by the vertical blue dashed lines in the pupil diagrams on the left of Fig. 1(c).

Following Martin Burkhardt,24 the intensity distribution Iðx; zÞ obtained by superposition of
two 2-beam interference patterns of the left and right poles, respectively, is described as

EQ-TARGET;temp:intralink-;e002;114;412Iðx; zÞ ¼ A2
0 þA2

1 þ 2A0A1 cos½ðk0z − k1zÞzþðϕ0 − ϕ1Þ� cos½ðk0x − k1xÞx�; (2)

where A0;1 and ϕ0;1 represent the amplitude and phase of the 0th and �1st order diffracted light
from the mask, respectively. These values can be computed by rigorous electromagnetic field
simulation using a physical lithography simulation tool such as Dr. LiTHO.25 The components of
the propagation vector
EQ-TARGET;temp:intralink-;sec2;114;340

knx ¼
2π

λ
sin θn;

knz ¼
2π

λ
cos θn;

depend on the propagation direction of the diffraction orders θn. Although Eq. (2) describes the
image for small pitches and symmetric illumination by two-point poles only, it provides inter-
esting insights into the image formation.26 The amount of image blur in the nominal focus plane
at z ¼ 0 is governed by the phase shift between the 0th and �1st orders cos½ðϕ0 − ϕ1Þ�.
Kirchhoff-type mask models assume infinitely thin absorbers with identical phases of diffraction
orders and cannot predict image blur for real 3D masks.

The directions of the diffraction orders depend on the illumination direction σx and are
given as
EQ-TARGET;temp:intralink-;sec2;114;185

sin θ0 ¼ σxNA;

sin θ�1 ¼ σxNA� λ

p
:

The distance Λz between focal planes with identical image cross-sections, see bottom right
of Fig. 1(c), is given as

EQ-TARGET;temp:intralink-;e003;114;107Λz ¼
λffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − σ2xðNAÞ2 þ λ
p

�
2σxNA − λ

p

�q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − σ2xðNAÞ2

p ; (3)
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provides a measure of the DoF. For an illumination from the telecentric direction
σx ¼ λ∕ð2pNAÞ, the denominator of Eq. (3) becomes zero, corresponding to an infinite
DoF. The DoF decreases with the distance of the source point from the telecentric setting.

A trade-off between the DoF of the involved pitches must be made for multiple pitches. In
general, the largest DoF of overlapping process windows for multiple (small) pitches can be
found using an illumination direction between the telecentric location of the smallest and largest
pitches.26 This discussion is limited to small pitches, where only two diffraction orders are
involved in the image formation.

Figure 2 presents through-focus image plots of split pupil exposures for two involved
pitches. The images for both pitches are created by two diffraction orders and described by
Eq. (2). An illumination direction σx ¼ 0.65 between the telecentric locations of pitches 16 nm
and 24 nm causes a limited DoF for both pitches. The best focus position for the individual
pitches is given by the focus that produces the largest contrast. Without wafer shift [Fig. 2(a)],
the best focus positions of the two pitches are shifted in opposite directions to the nominal focus
position at zero. With an optimum wafer shift of 4.5 nm between exposures, the best focus posi-
tions of the two pitches are well-aligned and close to the nominal focus. The smaller optimum
wafer shift compared with Fig. 1 can be mainly attributed to the smaller absorber thickness of
the low-n∕low-k absorber used in the computation of the images in Fig. 2.

This discussion of Eq. (2) and through-focus images for individual source points or pairs of
source points helps to understand the physical imaging mechanisms of split pupil exposures.
Real-world lithography systems employ partial coherent illuminations with different shapes
of sources and finite source filling. The variation of the interference patterns tilt for different
source points inside a finite-size pole blurs the images at large defocus and limits the achievable
DoF. The DoF generally drops with an increased range of illumination angles σx inside an illu-
mination pole.27,28 Comprehensive simulation studies for different pitch combinations, mask
absorber materials, and source fillings have demonstrated that split pupil exposures enable not
only a mitigation of the image blur but also a compensation of best focus shifts between different
pitches. The best imaging performance was achieved for a combination of split pupil exposures
with low-n∕low-k absorbers.23 The benefits of split pupil experiments were also demonstrated by
experimental wafer data obtained with an NA = 0.33 system.22

3 Split Pupil Exposures for Regular Arrays of Contacts on
Dark Field Masks

This section presents the application of split pupil exposures (SPs) to regular arrays of contact
holes on a dark field mask. First, we investigate the variation of typical lithographic image met-
rics versus the illumination direction of a single source point. The resulting pupil plots in Sec. 3.1

Fig. 2 Through-focus images of split pupil exposure for line-space patterns with two pitches:
(a) without wafer shift and (b) with optimum wafer shift. The left part of the figures shows pupil
diagrams for the large pitch (top) and the small pitch (bottom), and the positions of the 0th and
�1st diffraction orders are indicated by the small green circles and crosses, respectively. The ver-
tical dashed lines indicate the telecentric setting for these pitches. The center through focus
images for the small and large pitches are computed for pairs of source points at the location
of the green circles inside the pupil diagrams on the left. The right part of panels (a) and (b) presents
the contrast of the small and large pitches versus the focus position. Settings: 8 nm vertical lines,
small pitch 16 nm, large pitch 24 nm, 60 nm thick TaBN absorber on top of a Mo/Si multilayer,
illumination direction σx ¼ 0.65. All other settings are as indicated in Fig. 1.
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help to devise proper illumination shapes and splitting strategies. Section 3.2 presents the results
of multi-objective optimization runs, which were performed to identify the most appropriate
mask and illumination settings. Analysis of the Pareto data enables a general comparison of the
achievable performance of split pupil exposure (SP) and single exposure (SE). The investigation
of reflected near fields for typical solutions from the Pareto frontier in Sec. 3.3 helps to under-
stand the root causes of the improved imaging performance for split pupil exposures. The final
part of this section compares the achievable results for different absorber materials and provides
a general discussion of physical contributors to improved imaging performance for split pupil
exposures.

We consider 11 nm target contacts with a pitch of 22 nm along the x- and y-directions to be
imaged with the typical settings of a high NA EUV system: NA = 0.55, reduction ¼ 4 × ∕8×,
CRAO = 5.355 deg, 20% obscuration, unpolarized light, and slit center. The mask consists of
a single absorber layer on top of a Mo/Si multilayer (40 bilayers: 4.1 nm Si and 3.0 nm Mo, no
intermixing). Most of our simulations were performed for TaBN absorbers (n ¼ 0.95, k ¼ 0.031)
or a typical low-n∕low-k absorber (n ¼ 0.9, k ¼ 0.02). To print round contacts, we include a
flexible bias along x and y:
EQ-TARGET;temp:intralink-;e004;114;544

sizeX ¼ targetþ biasX;

size Y ¼ targetþ bias Y: (4)

All values are given on a wafer scale. The used source shapes are discussed in the following
subsection.

3.1 Pupil Plots of Lithographic Image Metrics
To support analysis and understanding of the dependency of image metrics from the illumination
direction and to identify proper source shapes and split strategies, we computed pupil plots, as
shown in Fig. 3(a). The data in this figure are obtained by a computation of images for single-
source points versus the pupil coordinate σx; σy of the source point. The THRS was extracted for
an x-parallel cut through the center of the contact hole (the point with the largest image intensity).
The given NILS specifies the minimum NILS value for arbitrary orientation of cuts through the
center of the contact hole. Relevant image metrics can be only extracted for illumination direc-
tions, which generate three or more diffraction orders inside the NA of the projection lens. The
THRS, NILS, and position shifts along x and y (ΔposX, ΔposY) are set to zero for other illu-
mination directions with less than three orders.

Fig. 3 Pupil plots: (a) Variation of image metrics at nominal focus position versus pupil coordinates
σx ; σy : shift of position of printed feature along the x -axis and y -axis (ΔposX, ΔposY), THRS, and
NILS. Settings: 11 nm target square contact hole on a dark field mask, pitchX ¼ pitchY ¼ 22 nm,
biasX ¼ 5.2 nm, biasY ¼ 5.0 nm, 44.3 nm thick low-n∕low-k absorber (n ¼ 0.9, k ¼ 0.02),
NA = 0.55. The lime and purple dots indicate the telecentric settings. (b) Source shape for single
exposure (SE). (c) Source shape for split pupil exposure (SP). The green and blue areas of the
source indicate the regions used in the first and second exposures, respectively.
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The symmetry properties of the pupil plots can be understood by considering the tilt of the
chief ray angle at an object (CRAO) in the y-direction. Sign changes in the illumination direction
σx perpendicular to the tilt of the CRAO result in an incidence symmetric with respect to the
normal. Consequently, the only lithometric that changes is the image placement, ΔposX, and all
other lithometrics remain unchanged. Sign changes of σy along the tilt of the CRAO result in a
large change in the incidence angle and by consequence of the diffraction efficiencies. In this
case, the image placement, ΔposY, THRS, and NILS are impacted. The largest values of THRS
and NILS can be found in the diamond-shaped areas, where four diffraction orders contribute to
the image formation. The centers of the diamond shape are located at the telecentric settings,
where the four diffraction orders are placed symmetrically inside the pupil NA:6
EQ-TARGET;temp:intralink-;e005;117;616

σX ¼ � λffiffiffi
2

p
pNA

;

σY ¼ � λffiffiffi
2

p
pNA

: (5)

The remaining areas of the pupil plots with non-zero values of THRS indicate illumination
directions, which generate three diffraction orders inside the NA. The values of THRS and NILS
in these three-beam interference areas are smaller than in the four-beam interference areas.
Although less pronounced, the lithography metrics vary inside the three-beam and four-beam
interference areas as well. The specific absorber thickness and mask bias values are taken from
one of the settings on the Pareto frontier in Sec. 3.2. Similar plots for other parameter combi-
nations from the Pareto data provide different values of resulting imaging metrics but exhibit
qualitatively similar variation versus the pupil location (σx, σy).

The largest variation of lithography metrics can be seen for the position shift of the printed
contacts along the x-direction. This substantial variation of image placements can be attributed to
the large angular spread of the anamorphic high NA system with a reduction of 4× in the
x-direction. The image position of contact holes illuminated from the left (σx < 0) is pushed
about 3 to 4 nm to the right. Images obtained with right pole illumination (σx > 0) are pushed
about 3 to 4 nm to the left. Although a distinct shift of the image position between the upper
(σy > 0) and lower (σy < 0) illumination can be observed as well, the smaller angular spread of
the anamorphic system in the y-direction with a reduction of 8× makes this effect less prominent
compared with the position shift in the x-direction. The observations from Fig. 3(a) suggest
a symmetric split of the pupil to a left and right part, respectively. Other mask layouts such
as horizontal L/S and tip-to-tip configuration may require asymmetrical pupil splits.

Illuminations in real systems are not done with single-source points but from a distinct set of
pixels that fill a specific area of the source pupil. If not mentioned otherwise, the investigations in
this paper are performed for a target pupil-fill ratio of 20%. To enable a smooth implementation
of parametric source shapes with a distinct fill ratio in our source-mask optimization, we re-
present the source by four symmetric elliptic poles with a distance σQP from the pupil center,
orientation, and aspect ratio of the ellipse. Figures 3(b) and 3(c) show typical quadrupoles for
SE and split quadrupoles for SP, respectively.

3.2 Exploration of Parameter Space by Pareto Optimization
The achievable lithographic performance of single and split pupil exposures depends on the
material and thickness of the mask absorber, multilayer parameters, mask bias in the x- and
y-directions, focus position, source parameters, and wafer shift between the two exposures.
Even if we fix the absorber material and the multilayer, six or seven parameters must be varied
to identify the best printing conditions. Moreover, we must consider several objectives: large
contrast (NILS), large THRS, large DoF, and round contact shape. These objectives are evaluated
as follows: the THRS is measured along an x-parallel cut through the point with the highest
intensity in the computed aerial image (center of contact). Afterward, the diameter of the printed
contact or critical dimension (CD) is measured for a representative set of cut directions with an
orientation θ through the center of the contact: NILSθ and CDθ. From these data, we extract
the minimum local contrast NILS ¼ minðNILSθÞ and size uniformity ΔCD ¼ maxðCDθÞ −
minðCDθÞ as representative metrics. Finally, the best focus (BF) position with the largest
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NILS versus focus is extracted. For the investigations in this work, we combined the require-
ments for NILS and THRS to a single objective nilsE, which can be considered to be a measure of
the efficient use of light to achieve a high NILS:

EQ-TARGET;temp:intralink-;e006;114;447nilsE ¼ NILS
ffiffiffiffiffiffiffiffiffiffiffiffiffi
THRS

p
: (6)

We employ a multi-objective genetic optimization algorithm to identify the most appropriate
solutions and tendencies in a high-dimensional parameter space.29 Such vector optimization or
Pareto optimization involves simultaneously optimizing multiple, sometimes conflicting, objec-
tives without assigning specific weights to individual objectives. In general, the solution of such a
multi-objective optimization problem is not a single but a set of solutions, or Pareto frontier,
which provides different trade-offs between the individual objectives. The following parameters
are varied within the given ranges:

• absorber thickness: [20 nm, 65 nm]
• mask biasX and mask biasY: ½−3 nm; 8 nm�
• illumination σQP: [0.5, 1.0]
• aspect ratio of the illumination ellipse pole [0.1, 10.]
• focus: ½−50 nm; þ 50 nm�
The large ranges of the mask bias were chosen to explore the ultimate imaging limit, inde-

pendently of specific mask rules. An additional condition for the source parameters was to pro-
vide a source filling of at least 20% for SE and of 10% for the individual split pupil exposures
with the left and right poles.

The scatter plot or Pareto frontier on the left of Fig. 4 presents the optimization results for a
single exposure. All data points in this plot represent a Pareto optimal solution or combination of
source and mask parameters with the achievable nilsE and DoF according to their position in the
scatter plot. All other combinations of source and mask parameters, which are not shown in the
plot, can only provide combinations of nilsE and DoF values on the lower left of the shown
Pareto frontier. The Pareto data show a distinct trade-off between achievable nilsE and DoF.

This trade-off also becomes visible in the detailed analysis of selected parameter combina-
tions from the Pareto frontier on the right of Fig. 4. It shows specific mask parameters and
a plot of the source shape, aerial image, THRS, NILSmin ¼ minðNILSθÞ, DoF, and overlapped
process windows for cross-section cuts along the x-axis, diagonal, and y-axis, respectively.
The high nilsE solution in the upper row is achieved with a large mask bias, 40-nm-thick
low-n∕low-k absorber, and poles with a center close to the telecentric setting. Solutions with

Fig. 4 Results of multi-objective optimization for a single exposure of 11 nm square contacts in
22 nm pitch on a dark field mask for a low-n∕low-k absorber. Left: plot of Pareto data versus DoF
and nilsE. Right: mask parameter settings, optimized source shapes, aerial images at best focus,
lithography metrics, and overlapping process windows for selected parameter settings from the
shown Pareto data. The process windows are plotted in the following ranges: threshold = [0.2,
0.5] and defocus ¼ ½−50 nm; þ 50 nm�. Varied parameters and ranges: absorber thickness
[20 nm, 65 nm], mask biasX ½−3 nm; 8 nm�, mask biasY ½−3 nm; 8 nm�, illumination σQP [0.5, 1.0],
illumination aspect ratio of ellipse [0.1, 10.], and focus ½−50 nm; þ 50 nm�. An additional condition
for the source parameters was to provide a source filling of at least 20%. All fixed parameters are
as specified at the beginning of Sec. 3.
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a larger DoF in the middle and lower rows are obtained for slightly smaller mask biasX, about
7 nm thicker absorber, and illumination poles pushed toward larger σQP. Additional analysis of
the data from the Pareto frontier suggests that the trade-off between high nilsE and high DoF can
be controlled by the position of the source pole σQP.

The split pupil exposure provides additional freedom for optimization. Figure 5 shows the
significant impact of the flexible wafer shift between the exposure with the left and right poles on
the Pareto frontier. The shift values in Fig. 5 and other figures with SP results refer to the total
wafer shift between the two exposures. The achievable nilsE for SP improves by more than 20%
compared with SE. The split pupil exposure provides higher NILS values (as expected from the
compensation of image blur), significantly higher THRS, and slightly better DoF than SE. Single
exposures come with a significant image blur in the x-direction. A larger mask bias in x increases
the separation between the two sub-images of the left and right poles in SE and the resulting
image blur. This limits the mask biasing along x and results in significant asymmetries of the
optimum mask biasing in x and y. The wafer shift in SP enables a larger mask bias in the
x-direction without image blur (due to shifted images of individual poles) and more symmetric
mask biasing in x and y compared with SE. Moreover, the solutions from the Pareto frontier of
SP show a tendency toward more pronounced off-axis solutions (larger σQP). A proper wafer shift
compensates for the increased image shifts for larger values of σx; see Fig. 3.

3.3 Understanding of Root Causes by Near Field Analysis
To understand the origin of the improved performance of SP compared with SE, we computed the
intensity of reflected near fields and aerial images of individual and superposed poles, as shown
in Fig. 6. For a more convenient observation and discussion of the effects, we fixed the wafer
position and the coordinate system, where the near fields and aerial images are presented. The
impact of such a procedure on the imaging performance is identical to that of a shifted wafer and
fixed mask.

The near-field plots for illumination with the individual poles on the left demonstrate how
the reflected light is pushed to the location of the opening opposite the direction of illumination.
Such characteristic behavior of the reflected near field was already observed for line-space
patterns.12 The sum of the reflected near-field intensities of the four poles in the next column
can indicate the expected image characteristics in the far field or aerial image, respectively. The
superposition of the four poles without a shift in the upper column suggests a blurred image.
The superposition of the near field with a shift in the middle and lower rows of Fig. 6 generates
an intensity distribution with a much better localization of the near field around the center of
the target.

Fig. 5 Results of multi-objective optimization for single exposure and split pupil exposure of 11 nm
square contacts in 22 nm pitch on a dark field mask for a low-n∕low-k absorber. Left: plot of Pareto
data for SE (orange circles) and SP (green circles) versus DoF and nilsE. Right: mask parameter
settings, wafer shift, optimized source shapes, aerial images at best focus, lithography metrics,
and overlapping process windows for selected parameter settings from the Pareto data for SP.
The process windows are plotted in the following ranges: threshold = [0.2, 0.5] and defocus ¼
½−50 nm; þ 50 nm�. In addition to the varied parameters and ranges for SE (see Fig. 4), SP
includes a variation of the wafer shift between two exposures. SP source parameters are limited
to filling of at least 10% for individual exposures with the left and right poles. All fixed parameters
are as specified at the beginning of Sec. 3.
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The characteristic behavior in the superposition of the near-field intensities can also be
observed in the aerial images obtained with the individual poles and all involved poles. In the
case of the single exposure in the upper row, the aerial images obtained with the left poles are
shifted to the right, whereas the images obtained by the right poles are pushed to the left. The
superposition of the four partial images renders a slightly blurred image. Applying a split pupil
exposure and optimized shift with the same mask and source parameters (middle row) aligns the
localization of the aerial images obtained with the individual poles and improves the contrast of
the total image. However, the process windows for the different cross-section orientations are not
perfectly aligned. In other words, the printed contact is not perfectly round. The DoF is reduced
compared with SE, and THRS is almost unaffected.

The best results are obtained in the lower row, which includes a specific optical proximity
correction (OPC) for the split pupil exposure. This specific OPC enables wider openings on the
mask, brighter near field and image intensities, and a better overlap of the process windows for
different cut directions and higher THRS.

3.4 Impact of Absorber Properties, Mask Biasing, and Source Filling
Optimization runs similar to those in Sec. 3.4 were been performed for different mask material
options, minimum source filling, target sizes, and pitches. Figure 7 compares the achievable
performance of the presently used TaBN absorber with low-n∕low-k absorbers. The combination
of split pupil exposure with low-n∕low-k absorbers exhibits the best performance, followed by
SP with a TaBN absorber. Single exposures using low-n∕low-k and TaBN suffer from a signifi-
cantly lower nilsE. This drop in nilsE is caused by the contrast fading due to the superposition of
individual pole images with different placements. The lower flexibility of the OPC without the
option of a wafer shift due to the limitation of mask biasing in x by image blur contributes to the
smaller nilsE of SE compared with SP as well. Single exposure with the TaBN absorber performs

Fig. 6 Near field (NF) intensities, aerial images, and process windows of selected parameter com-
binations from the Pareto data for a low-n∕low-k absorber. The upper row is source and mask
optimization for SE, the center row is the optimization result for SE + application of an optimized
wafer shift, and the lower row is simultaneous optimization of source, mask, and wafer shift. Plots
of the used source shapes and mask parameters are given in the leftmost part of the figure. The
near fields, aerial images, and process windows in the top and middle rows are using the same
mask. In the second column, from the left, the reflected near-field intensities for illumination from
the center of the four illumination poles are shown. The green dashed rectangle indicates the out-
line of the absorber opening on the anamorphic mask. The next column shows the sum of the four
near-field intensities and an outline of the wafer target by the blue dashed square. This is followed
by aerial images obtained by individual poles, aerial images for simultaneous exposure with all
poles, process windows, and extracted lithography metrics on the right. All fixed parameters are
as specified at the beginning of Sec. 3.
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poorly compared with other options but achieves an nilsE > 1.0 and a DoF of 75 nm. It is impor-
tant to note that these statements on the expected performance of different mask materials and
exposure options are independent of specific assumptions on the optimization strategy for the
mask bias, absorber thickness, etc. Further aspects of the impact of split pupil exposures on the
performance gain for different absorber materials are discussed in Sec. 5.

The parameter settings, aerial images, process windows, and extracted lithography metrics
data on the right of Fig. 7 indicate other interesting tendencies, especially the significantly larger
mask bias and corresponding threshold-to-size values. These tendencies are confirmed by the
alternative plots of the Pareto data in Fig. 8. These plots reveal additional interesting trends.
The increase of THRS versus biasX in the upper left follows our expectations and can be
observed for all combinations of absorber materials and exposure options. The biasX values of
split pupil exposures are significantly larger than those of single exposures. The bias in the
x-direction has a significant impact on the NILS as well. Smaller bias values provide better
balancing of diffraction orders and higher NILS. Low-n∕low-k absorbers enable higher NILS
values than TaBN absorbers. The effect of the bias on DoF is negligible.

Fig. 7 Results of multi-objective optimization for 11 nm square contacts in 22 nm pitch on a dark
field mask using different absorber and exposure options: SP, low-n∕low-k (green); SP, TaBN
(blue); SE, low-n∕low-k (orange); SE, TaBN (firebrick). Other settings and plotting options are
as in Figs. 4 and 5.

Fig. 8 Alternative plot of the Pareto data of Fig. 7: lithography metrics THRS, NILS, and DoF ver-
sus varied mask and source parameters biasX , ΔbiasYX ¼ biasY − biasX , absorber thickness,
and position of illumination poles σQP for different absorber material and exposure options. Outside
the parameter ranges of these plots, no data on the Pareto frontier were found.
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The difference between the bias in the x- and y-directions in the second column of Fig. 8
indicates a significant impact of the exposure strategy on the shape of the contact after OPC. To
limit the image shift between the left- and right poles for SE, the width of the contact (extension
in x) is smaller than the height (extension in y), resulting in a positive ΔbiasYX. By contrast, SP
enables wider contacts with lower heights (negative values of ΔbiasYX). See also the discussion
of the symmetry of the mask biasing in the last paragraph of Sec. 3.2.

The notable impact of the exposure strategy on the optimum absorber thickness, especially
for the low-n∕low-k absorber, is less intuitive. Detailed analysis shows that this behavior can be
attributed to contrast reversed double images created by light reflected from the top surface of the
multilayer and the top surface of the absorber, respectively.30 Low-n∕low-k absorbers with a
larger refractive index contrast with respect to vacuum reflect more light from the top absorber
surface and are more sensitive to thickness variation. Although these images have very different
intensities, the total images are created by the interference of the reflected light from both inter-
faces. This interference effect depends on the amplitudes and causes the well-known swing
behavior of all lithography metrics versus the absorber thickness. The image resulting from the
top absorber reflection is not impacted by shadowing effects or position shifts between the left
and right poles. Therefore, the absorber thickness for the single exposure is optimized to provide
a high light reflectivity from the top of the absorber. The introduction of wafer shifts in SP causes
a shift between the “top absorber images” for the left and right poles of the illumination.
Therefore, the absorber thickness for split exposure is optimized to minimize the reflectivity
of light from the top of the absorber. The two-point clouds in the low-n∕low-k SE case around
thickness values of 41 nm and 48 nm indicate a similar lithography performance for these thick-
ness values. In contrast to this, SP exhibits a more distinct optimum at an absorber thickness of
around 45 nm.

The most important impact of the illumination can be observed in the depth of focus (DoF).
The DoF generally increases with more pronounced off-axis illumination or larger σQP. The val-
ues of σQP for SE are restricted to the range below 0.79 (telecentric setting for pitch 22 nm).
Larger values of σQP cause too large an image shift between the left and right poles and sig-
nificant contrast fading for SE. A proper wafer shift compensates for the contrast fading for
SP and enables larger values of σQP with larger DoF. Additional simulations in Sec. 5 demon-
strate that the achievable DoF can be further increased for smaller source filling.

The presented analysis demonstrates that the improved performance of SP compared with
SE can be attributed to several effects. The typical magnitude of these effects on the achievable
nilsE of a low-n∕low-k absorber is compared in Fig. 9. The reference value is obtained for
a single exposure and optimization of the mask biasing, illumination, and absorber thickness.
Using the same mask in a split pupil exposure with optimized wafer shift provides about 10.5%
improvement (SP1). Optimizing the mask biasing and illumination specifically for the split pupil
exposure but keeping the optimized absorber thickness from the single exposure provides

Fig. 9 Improvement of the achievable nilsE of SP compared with SE for low-n∕low-k absorber in
percentage. SE (reference): optimization of OPC, source mask optimization (SMO), and absorber
thickness; SP1: optimization of shift only (OPC/SMO and absorber thickness from reference); SP2:
optimization of shift + OPC/SMO (absorber thickness from reference); and SP3: optimization of
shift + OPC/SMO and optimization of absorber thickness.
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another improvement of about 13% (SP2). An additional gain of about 3% can be obtained by
dedicated optimization of mask biasing, illumination, and absorber thickness (SP3).

4 Split Pupil Exposures for Regular Arrays of Pillars on Light
Field Masks

This section investigates split pupil exposures for regular arrays of pillars on light field (LF)
masks. As in the case of the dark field mask, we present pupil plots of image metrics, discuss
the results of multi-objective optimization, and explore the root causes of our investigations by
plotting the near field of the reflected light for different illumination directions.

The pupil plots in Fig. 10 for a low-n∕low-k LF mask with 11 nm square pillars in 22 nm
pitch are obtained by the procedure described in Sec. 3.1 for the DF mask. Because the direction
of the diffraction orders does not depend on the tonality of a mask, the four-beam and three-beam
interference areas with non-zero contrast are identical between DF and LF. However, the different
intensity and phase of the diffracted light in these orders result in different values of NILS,
THRS, and position shifts.

First, let us focus on the position shift along the x-direction in the four-beam interference
area around the telecentric setting with the highest NILS values. The magnitudes of the position
shift in these areas are much smaller than that of the dark field masks in Fig. 3. The position shifts
in the three-beam interference pupil areas are larger than those of the four-beam interference
areas, but are still small compared with the largest position shifts of the DF mask. The position
shifts along the y-direction are similar to that of the DF mask. These findings and the near field
plots in Fig. 12 suggest that small dark features on LF masks experience less image blur than
small bright features on DF masks.

The comparison of the Pareto data of LF masks using different exposure options and mask
materials in Fig. 11 with the corresponding data of DF masks in Fig. 7 shows the important
impact of the mask tonality. The lower number of points on the Pareto frontier of the LF mask
compared with the DF mask can be attributed to less variation of the optimum source for the

Fig. 10 Pupil plots for pillars on the LF mask: variation of image metrics at nominal focus position
versus pupil coordinates σx ; σy : shift of position of printed feature along the x -axis and y -axis
(ΔposX , ΔposY ), THRS, and NILS. Settings: 11 nm target square pillars, pitchX ¼ pitchY ¼
22 nm, biasX ¼ −1.8 nm, biasY ¼ −2.8 nm, 64.9 nm thick low-n∕low-k absorber (n ¼ 0.9,
k ¼ 0.02), NA = 0.55. The lime and purple dots indicate the telecentric settings. The missing
parts of the leaves in the NILS plots can be attributed to significant image asymmetries and failed
extraction of NILS values for certain cut directions.
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LF mask. In contrast to DF, split pupil exposures provide only small performance improvement
for pillars/LF.

The SP and low-n∕low-k absorber combination enables the best performance for DF and LF.
In general, contacts/DF with split pupil exposure achieve the ultimate best performance for
nilsE/LCDU. The advantage of the best DF solutions compared with LF masks is mainly driven
by the more favorable biasing with large openings on the mask and large values of THRS. The
best DF and LF achieve similar values of NILS > 2.3.

To understand the origin of the less pronounced performance gain for LF compared with that
for DF, we investigate the intensity of reflected near fields and aerial images of individual and
superposed poles as shown in Fig. 12.

The near-field plots for illumination with the individual poles on the left demonstrate how
the reflected light is scattered away from the pillar with a small intensity peak on the illuminated
side. The sum of the reflected near-field intensities of the four poles in the next column indicates
the expected image characteristics in the far field or aerial image, respectively. Because of the
lower refractive index, the inner part of the pillar remains completely dark. It is surrounded by a
bright area with a moderate variation of the reflected light intensity. The aerial images obtained
with the individual poles are elongated along the diagonal direction. This asymmetry results from
the dominating intensity of the zero diffraction order. The centers of the individual pole images
do not exhibit a significant shift between the individual poles. The superposition of the four pole
images generates a round image with high contrast.

Fig. 11 Results of multi-objective optimization for 11 nm square pillars in 22 nm pitch on a light field
mask using different absorber and exposure options: SP, low-n∕low-k (green); SP, TaBN (blue);
SE, low-n∕low-k (orange); SE, TaBN (firebrick). Other settings and plotting options are as in Figs. 4
and 5.

Fig. 12 Near-field intensities, aerial images, and process windows of selected parameter combi-
nations from the Pareto data. The upper row shows source and mask optimization for SE. The
lower row shows results for simultaneous optimization of source, mask, and wafer shift. See Fig. 6
for an explanation of the shown data. The specific simulation parameters for the BF mask with
a low-n∕low-k absorber are given in 11.
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The near-field plots and images in the lower row are obtained for an optimized wafer shift
and a specific optical proximity correction (OPC) for the split pupil exposure. In contrast to DF,
no significant mask biasing is possible without losing the image contrast of the individual pole
images. The process windows and image metrics on the right show only a small advantage of
SP compared with SE.

5 Performance Gain of SP for Different Absorber Materials and
Source Filling

The methods for investigating split pupil exposures were applied to different source and material
options, targets/pitches, and hexagonal arrays of holes and pillars. This section summarizes a few
representative observations from a comprehensive simulation study.

Similar to the L/S example in Fig. 1, the illumination with a point pole at the telecentric
setting results in an infinite depth of focus (DoF). According to Eq. (5), square arrays of contact
holes and pillars are characterized by four telecentric illumination directions. The illumination of
a periodic mask with an increased range of illumination directions decreases the DoF.27 The
variation of the image shift versus the illumination direction in Fig. 3 introduces a (focus-
dependent) image blur and an additional limitation of the usable DoF.

Figure 13 presents computed Pareto data for SE and SP of 11 nm target contact holes on a
dark field mask versus the amount of source filling. Three different absorber options are con-
sidered. In addition to the TaBN and low-n∕low-k absorber, an absorber material with variable
refractive index and extinction is included. A distinct trade-off between achievable nilsE and DoF
can be observed for all simulated cases. Both nilsE and DoF increase for smaller source fill. SP
and SE offer approximately the same DoF, almost identical for all considered material options.
However, SP achieves significantly larger values of nilsE than SE, especially for the parameter
combinations with the largest DoF.

The achievable nilsE depends on the absorber material. As expected, the largest nilsE can be
obtained for SP with variable optical material properties, i.e., a refractive index n ¼ 0.87 and
extinction k ¼ 0.01 at the minimum of the specified parameter ranges. A low-n∕low-k with
a realistic combination of optical constants (n ¼ 0.90, k ¼ 0.02) achieves almost the same
performance. The increased extinction and less pronounced guidance of light cause a significant
drop in the achievable nilsE for TaBN compared with low-n absorber materials.

Fig. 13 Results of multi-objective optimization for 11 nm square contact holes in 22 nm pitch on a
dark field mask using different source fill and absorber options. Upper row: SE; lower row: SP; left
column: TaBN (n ¼ 0.95, k ¼ 0.031); center column: low-n∕low-k (n ¼ 0.90, k ¼ 0.02); right col-
umn: nkVar—free variation of the optical material properties n ¼ ½0.87; 1.0�, k ¼ ½0.01; 0.08�.
Variation of the pupil fill from 10% to 40% for SE and from 5%/5% to 20%/20%. All other varied
parameters and objectives are as described in Sec. 3.2.
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Next, we demonstrate that applying split pupil exposures can impact the selection of the
most appropriate absorber material. Due to the low extinction coefficient and supported by the
guidance of light through the absorber openings, low-n∕low-kmaterials enable the most efficient
use of light and the highest threshold-to-size (THRS) compared with other absorber materials.
High contrast/NILS and DoF require an appropriate balancing of the intensity of diffraction
orders and control of the relative phase of these orders, which are impacted by the extinction
and thickness of the absorber as well. Figure 14 compares the Pareto data of low-n∕low-k and
low-n∕high-k absorbers for SE and SP, respectively.

The scatter plots in Fig. 14 suggest that the most appropriate absorber material for SE
depends on the use case. For DF masks, both versions of low-n absorbers provide similar
nilsE values. However, the low-n∕high-k absorber offers a better DoF. Pillars exhibit different
characteristics with superior nilsE of low-n∕low-k absorbers. A similar use-case-dependent
behavior was observed for L/S and hexagonal arrays as well. DF masks with low-n∕low-k
absorbers are more sensitive concerning best focus shifts and reduced DoF.

In the case of split pupil exposures low-n∕low-k absorbers consistently outperform their
low-n∕high-k counterpart. The shift of the wafer between the exposures with different parts
of the source introduces an additional degree of freedom in optimizing the intensity and phase
of diffraction orders. Phase differences between distinct diffraction orders, which cause intol-
erable image shifts and contrast fading for SE, can be tolerated and compensated by wafer shifts
in SP. Additional simulations for hexagonal arrays and for L/S at multiple pitches, which are not
shown in this paper, demonstrated the favorable synergy between SP and low-n∕low-k absorber
materials for other use cases as well.

6 Pushing the Limits: 10 nm Square Contacts with a Pitch of
20 nm

The final example of this paper compares the performance of LF and DF masks using the
low-n∕low-k absorber from Sec. 3 for a target of 10 nm and a pitch of 20 nm; see Fig. 15.
Again, the best performance is achieved by the dark field mask exposed with SP. This is followed
by the light field mask, which only has minor differences between SE and SP. The lithography
performance of the low-n∕low-k mask with a single exposure is significantly worse than the
other options.

7 Conclusions and Outlook
The systematic investigations in this paper exemplify the potential imaging benefit of split pupil
exposures (SPs) for 2D features, e.g., arrays of contact holes, which might be used as a basis for
future pupil and wavefront engineering applications. The achievable gain compared with single
exposure (SE) depends on tonality, source filling, absorber material, and target size. For the

Fig. 14 Results of multi-objective optimization for 11 nm square contact holes/DF and pillars/LF in
22 nm pitch using low-n∕low-k (n ¼ 0.90, k ¼ 0.02) and low-n∕high-k (n ¼ 0.876, k ¼ 0.046)
absorber in combination with SE and SP, respectively. All other varied parameters and objectives
are as described in Sec. 3.2.
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investigated use case of 11 nm target square contacts with a pitch of 22 nm, an improvement of
nilsE by more than 20% for dark field masks is observed. For light-field masks with the same
target size, the nilsE improves only by a few %. Near-field analysis of the reflected light explains
the significant impact of the mask tonality on the imaging mechanisms for split pupil exposures.
Our simulations demonstrate the benefit of a lower pupil fill ratio for gain in both DoF and nilsE.

The application of split pupil exposures has a significant impact on SMO. It affects OPC
(biasing) and optimum source shape and may modify the optimum absorber thickness. Multi-
objective optimization techniques help to explore the multi-dimensional parameter space and
identify the best solutions and trade-off relationships.

Split pupil exposures can provide a promising addition to the toolbox of resolution enhance-
ment techniques for low- k1 high-NA and hyper-NA31 EUV lithography. It adds a degree of
freedom for SMO and can unleash the full potential of low-n∕low-k absorbers. The combination
of low-n absorbers, split pupil exposures, and multi-objective SMO enables the identification of
the best imaging solutions and pushes low- k1 high-NA imaging to its ultimate limits. More
investigations are needed to understand and optimize the impact of split pupil exposures for
more complex mask layouts. Future research directions include exploring a split pupil-aware
inverse lithography technology (ILT).

Code and Data Availability
Fraunhofer and ASML proprietary information will not be made available, but the manuscript
content is consistent with JM3 technical content guidelines.
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