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Abstract. Optical designers often insert or split lenses in existing de-
signs. Here, we apply in the design of objectives for deep and extreme
UV lithography an alternative method for adding new components that
consists of constructing saddle points in the optical merit function land-
scape and obtaining new local minima from them. The design examples
show that this remarkably simple method can be easily integrated with
traditional design techniques. The new method has significantly im-
proved our design productivity in all cases in which we have applied it so
far. High-quality designs of lithographic objectives are obtained

with this method. © 2008 Society of Photo-Optical  Instrumentation
Engineers. [DOI: 10.1117/1.2981513]
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1 Introduction

In the traditional design process of optical systems, lenses
are frequently inserted or split in existing configurations.
An alternative way to achieve the same goals, which is
based on constructing saddle points in the optical merit
function landscape, has been presented recently.]

In the first part of the present study, the saddle-point
construction method was discussed in detail and its appli-
cability to deep UV (DUV) and extreme UV (EUV) lithog-
raphy was shown.? The central idea of the method is that, at
any position in a local minimum with N surfaces, inserting
a thin meniscus lens (or two mirrors) in contact with an
existing surface leads to a system with N+2 surfaces that is
a saddle point. Any optical merit function can be used, e.g.,
one based on transverse aberrations (root-mean-square spot
size), wavefront aberration, etc.

We start from an optimized system that has N surfaces.
At an arbitrary position in the system, we insert a meniscus
lens with zero thickness and equal curvatures in contact
with (i.e., at zero axial distance from) an existing surface
(the reference surface). The meniscus should be made of
the same material as the lens with the reference surface. In
this special case, the curvatures of the meniscus lens should
be equal to the curvature of the reference surface."” In this
way, where we insert the thin meniscus we have three sur-
faces with equal curvatures and zero axial distances be-
tween them. We select two points situated on opposite sides
of the saddle by slightly modifying two consecutive curva-
tures in the resulting system (saddle point). Via local opti-
mization performed starting from these points, two new
local minima, with N+2 surfaces, are then generated. Fi-
nally, at each minimum we increase the thickness of the
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inserted meniscus lens and the distance between it and the
surface where it was introduced. The method is described
in detail in the accompanying paper2 (see also Ref. 3).

Generating optical systems having new shapes, by using
the saddle-point construction method, can be done in a very
short time in comparison with the traditional design tech-
niques. In general, the time necessary to create a saddle
point and obtain two local minima from it (by means of
local optimization), as just described, is of the order of a
few minutes. Increasing the axial distance between the sur-
faces is related to the local optimization process (merit
function construction), and it depends on the complexity of
the optical system.

Despite the fact that it is based on nontrivial new insight
into the properties of the optical design space, the method
is remarkably simple and computationally efficient and can
be applied to the design of systems of arbitrary complexity.
When a lens is inserted so that a saddle point is constructed,
two local minima are generated after optimization, whereas
by inserting a lens in the traditional way, we always obtain
a single local minimum. With the new method, the better of
the two minima can then be used for further design.

In this second part of the study, we present design results
obtained with the new method. We first apply the saddle-
point construction method to the design of DUV litho-
graphic objectives and show that, even for excellent de-
signs, there can still be potential for further improvement.
Then, we show how the method can be used to generate
EUV mirror designs having new shapes. All results pre-
sented in this article have been obtained using the optical
design program CODE V.

2 Dioptric Deep UV Lithographic Objective

In this section, we show how by first adding lenses via
constructed saddle points and then removing lenses from
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2 1 By 6 4 5 3B,

Fig. 1 The starting design is a 0.85 NA lithographic objective for
193 nm. Surfaces drawn with a thicker line are aspherical.

the local minimum with the better imaging performance,
obtained from the saddle point, we can obtain a litho-
graphic objective with a reduced number of lenses, but with
performance that is not worse than that of the initial sys-
tem.

In the examples discussed in this paper, all lenses are
made of the same material. Figure 1 shows our starting
system: a lithographic objective for 193 nm, which has al-
ready high imaging quality.” The system has a numerical
aperture of 0.85, the image height is 14.02 mm, and the
magnification is —0.25. The distortion is below 4.2 nm per
field point, the Strehl ratio is 0.999, and the root mean
square (rms) wavefront aberration is 3.67 mA\.

We use a merit function based on rms wavefront aberra-
tion. Distortion and telecentricity on the object and image
sides are also controlled. The first bulge, B;, consists of
seven lenses, having spherical and aspherical surfaces. All
lens thicknesses have been made equal, as well as the dis-
tances between them. In contact with the surface indicated
by arrow 1, a zero-thickness meniscus lens has been in-
serted to construct a saddle point. On letting the optimiza-
tion roll down on the two sides of the saddle (for details see
Refs. 2 and 5, two local minima are generated. In each local
minimum the thickness of the thin meniscus and the dis-
tance between it and the reference surface have been gradu-
ally increased to the same values as those of the other
lenses in B;. We have continued the design with the solu-
tion having the better performance of the two, in terms of
rms wavefront aberration. In this system it was then pos-
sible to extract the lens indicated with arrow 2 (which has
an aspheric surface), as well as the spherical lens that has
just been inserted. The resulting minimum (Fig. 2) has two
surfaces less than the starting system shown in Fig. 1.
Moreover, it has one aspheric surface (described by seven
aspheric coefficients) less. The rms wavefront aberration is
4.57 mA, slightly larger than that of the starting system, but

Fig. 2 The 0.85 NA lithographic objective after extracting from the
first bulge a lens with an aspheric surface.
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Fig. 3 Comparison between the starting system (Fig. 1) and the
configuration shown in Fig. 2. For facilitating comparison, the two
system drawings have been superimposed.

this is also due to the fact that at this stage the thicknesses
of the lenses in this bulge do not yet have the optimal
value.

To extract lenses, we have used the same strategy as that
discussed in the accompanying article.” The thickness of
the lens to be removed and the distance between the lens
and the preceding or following one are reduced in several
steps to zero. The shapes of the surfaces of the resulting
thin lens are then made identical to that of the surface with
which they are in contact. Then, the thin meniscus thus
obtained can be removed without affecting the system
performance.6

Comparing the two configurations, we observe that the
most significant differences appear around the region where
we have inserted the meniscus and extracted the lens (Fig.
3). As observed in other cases as Well,2 the rest of the
lenses remain almost unchanged. These lenses can be fro-
zen during the process of extracting lenses and released at
the final stage to improve the resulting system. This also
supports the conjecture according to which changing a lim-
ited number of relevant variables is sufficient to place the
local optimization in the basin of attraction of the solution
that is a local minimum for all variables.

Next, a thin meniscus is inserted in the second bulge of
the system, B, (see arrow 3 in Fig. 1). In the better local
minimum connected to the constructed saddle point, we
have merged the two lenses indicated with arrow 4. The
resulting configuration allowed us to extract lens 5, as well
as to merge the two lenses shown in Fig. 1 with arrow 6.
Finally, the system has been optimized with respect to all
variables (curvatures, aspheric coefficients, and distances).

The resulting design in Fig. 4 has three lenses and one
aspheric surface less than the starting system shown in Fig.
1. Despite this fact, its performance, in terms of rms wave-
front aberration, distortion, telecentricity, and Strehl ratio,
is actually slightly better than that of the starting system.
The rms wavefront aberration is 2.37 mA\, lower than that
of the starting system. The Strehl ratio is 0.9998, which can

Fig. 4 Design with a numerical aperture of 0.85, an image height of
14 mm, and a rms wavefront aberration of m\, obtained after ex-
tracting three lenses and an asphere from the design shown in
Fig. 1.
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Table 1 Specifications and performance for the DUV lithographic
objective shown in Fig. 4.

Specification Value
NA 0.85
Image field 14.02 mm
Wavelength 193.368 nm
Magnification -0.25
Distortion <1 nm
Strehl ratio 1.000

Rms wavefront aberration 2.37 m\

be taken as unity for all practical purposes. The distortion is
smaller than 1 nm, and the telecentricity is slightly better
than in the original design. A summary of the system speci-
fications and performance is shown in Table 1, and detailed
description of the configuration, including the optical pre-
scription can be found in Ref. 6. Such a reduction in the
number of elements without image quality degradation can
lead to an appreciable decrease in the fabrication cost of an
optical system.

3 Catadioptric Configuration

The use of the saddle-point construction method for obtain-
ing new system shapes is illustrated in this section on a
catadioptric configuration designed for DUV lithography at
157 nm. The starting system (see Fig. 5) comprises 27 op-
tical elements.

A thin meniscus lens was inserted in the second bulge of
the system (comprising lenses 5 to 9) so that a saddle point
was constructed. From the solution with the better imaging
performance obtained from the saddle point after the thick-
ness of the thin meniscus has been increased, a lens was
removed from the second bulge of the system. Then a lens
was extracted from the last bulge of the system, and finally
the second lens of the initial system was removed. The
numerical aperture was then increased from 0.845 to 0.88.
For object fields smaller than 40 mm, the rms wavefront
aberration is smaller than 7.8 m\. Further improvement
might still be possible, but this design stage (see Fig. 6)
shows already the potential of the method to create new
system shapes for very complex systems.

Considering the total amount of effort required for de-
signing a DUV or EUV objective, we have observed in all

Fig. 5 Starting catadioptric configuration for 157 nm lithography.
The numerical aperture is 0.845, the image height is 13.6 mm, and
the magnification is 0.25.
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Fig. 6 Configuration with a rms wavefront aberration of 7.8 m\ and
a distortion smaller than 1 nm obtained from that in Fig. 5, after
extracting three lenses. The numerical aperture is 0.88.

cases that changing the system shape with our method can
be done in a time that is short in comparison with the time
we have spent for further refining the new configuration
with traditional techniques, including local optimization, to
meet practical requirements.

The saddle-point construction method has also been suc-
cessfully used in reshaping DUV lithographic objectives of
a different type, having a larger numerical aperture than
that of the systems so far presented here.

4 Design of an Extreme UV Projection System

Using the saddle-point construction method, we have ob-
tained an eight-mirror design for EUV lithography from a
six-mirror design with spherical surfaces. In the starting
system8 (mg in Fig. 7) a pair of spherical mirrors has been
inserted after the second surface. From the constructed
saddle point, two solutions have been generated by means
of local optimization, each having three consecutive mir-
rors in contact. After increasing the zero axial distances, the
solutions have been locally optimized with respect to all
variables (curvatures, aspheric coefficients, and distances)
and practical constraints. For the two systems obtained in
this way, the numerical aperture has been increased from
0.16 to 0.4, and the systems have been reoptimized. The
two resulting configurations, mg 5,4 and mg spp, are shown
in Fig. 7. The performance of myg g,p is poor. The solution
mg 54 satisfies practical requirements: distortion smaller

mg

Fig. 7 A saddle point has been constructed from mg by inserting a
pair of mirrors at the second surface. Solutions with eight surfaces
resulting from a constructed saddle point, s3,, have been reopti-
mized for a numerical aperture of 0.4. The local minimum mg s, is
poor, but for mg 5,4 the Strehl ratio is larger than 0.996 and the
distortion is below 1 nm.
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Table 2 Specifications and performance of the EUV mirror system
Mg g4 in Fig. 7.

Specifications Value

NA 0.4

Field 114 to 118 mm
Wavelength 13.4 nm
Magnification 0.25
Distortion <1 nm
Strehl ratio >0.996
Rms wavefront aberration 10 mx

than 1 nm for each field position, and Strehl ratio larger
than 0.996, with a rms wavefront aberration of 10 mA\. All
surfaces are aspheric and the system has an intermediate
image between mirrors 4 and 5. The aperture stop is situ-
ated on the second mirror. Some of the system’s specifica-
tions are shown in Table 2. (The entire specification list can
be found in Ref. 6.) During optimization, a constraint was
used to prevent obstruction, but in the last optimization
cycles this constraint was inactive. The final design is un-
obstructed. At the wafer side the system is telecentric, i.e.,
the chief ray is (approximately) perpendicular on the image
plane. For coating-related reasons, the angular spread at
each surface has been kept smaller than 10 deg, as can be
seen in Table 3.

5 Conclusions

The design of lithographic objectives and other complex
optical systems is time-consuming. An advantage of the
method discussed in this article is that it is straightforward,
fast, and easy to use. In fact, for lithographic objectives, the

Table 3 Chief-ray angles of incidence and the variation of the angle
of incidence (angular spread) at each surface of the EUV mirror
system presented in Fig. 7. The angle of incidence of the chief ray at
the mask is approximately 6.3 deg.

Angle Angular spread
Mirror (deg) (deg)
1 15 0.26
2 23.8 2.06
3 15 1.01
4 8.3 3.66
5 10.75 1.16
6 25.72 0.43
7 15.63 9.18
8 5.86 1.92
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time required to change the shape of the configuration is
typically small in comparison with the time required for
further refinement of the new configuration with traditional
design techniques. Inserting a lens in an optical system in
the traditional way leads after local optimization to a single
solution. When the insertion is performed so that a saddle
point is created, two solutions can be obtained after opti-
mization. Therefore, systems having new shapes are de-
tected, which otherwise, using the traditional way, might
not have been found. So far, we have applied the new
method in several designs of DUV dioptric and catadioptric
lithographic objectives, and of EUV objectives. In all these
cases, it has significantly improved our design productivity.
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