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For extreme UV all-reflective ring field objectives, constraints play a more important role than for other
types of optical systems. We present an analysis and design technique for obtaining obscuration-free
imaging.

1. Introduction

It is well known that the choice of an adequate
initial system configuration for subsequent optimiza-
tion plays a crucial role in obtaining high-quality opti-
cal designs. For traditional optical systems, adequate
choices of initial configurations are often made on the
basis of existing experience and patent literature. Ex-
treme ultraviolet (EUV) lithography being a promising
candidate for next-generation lithography, the design of
all-reflective ring-field objectives for EUV lithography
has received considerable attention in the last decade1-6.
However, when compared to other types of optical
systems, the amount of experience in this field is at
present still limited. Therefore, for EUV ring field mir-
ror systems the finding of good starting points for op-
timization still remains a challenge.

For EUV mirror systems, one of the features
that makes the choice of initial configurations difficult
is that the constraints play a much more important role
than for other systems. In the case of mirror systems, a
well-known matter of concern are the obscurations: if
obscuration is present, part of the rays leaving a given
surface cannot reach their target because they are
blocked by another mirror surface. For instance, in our
analyses of 6-mirror systems that satisfy given re-
quirements of (quasi)-telecentricity and transverse
magnification, in the case of a random choice of pa-
rameters the probability of finding an unobscured sys-
tem is typically of the order of magnitude of 10-4 - 10-6.
Because only a very small fraction of the total volume
of the parameter space of the system is unobscured, our
first step in the design process is to perform for the
given aperture and field specifications a detailed obscu-
ration analysis.

2. Paraxial obscuration analysis

Our goal is to perform for rotationally sym-
metric EUV mirror systems a systematic ab-initio

search for good starting configurations, without relying
on any prior knowledge of successful design forms. At
present, our strategy is that of a direct search in the
multidimensional parameter space of the system: for
the relevant variables we chose a reasonable variation
domain and discretize it in a number of steps. Each
point in the multidimensional space thus obtained rep-
resents a possible candidate for a starting point. All
points are examined to see whether the corresponding
configuration is free of obscurations or not.

We decided to perform the direct search on the
basis of paraxial ray tracing rather than real ray tracing.
This approach has several advantages:

i) The relevant system parameters are only the
surface curvatures and axial distances between sur-
faces, while the aspheric coefficients can be ignored.
The dimensionality of the search space is thus drasti-
cally reduced.

ii) The mathematical formulas used for deter-
mining whether obscuration is present or not are much
simpler and offer more insight into the process. For
instance, in the paraxial approximation the borders
between obscured and unobscured domains do not de-
pend on aperture and field individually, but only on the
ratio aperture/field.

iii) The corresponding computer code is much
shorter and faster.

iv) Requirements imposed on the system are
easily implemented. The system has to be perfectly
telecentric on the image side (i.e. the paraxial chief ray
in the image space is parallel to the optical axis) and
must have the minimal deviation from telecentricity on
the object side that still enables obscuration-free illu-
mination of the object (i.e. we require that either the
uppermost or the lowermost ray in the light cone start-
ing from an object point to be parallel with the optical
axis). As a consequence, the curvatures of the first and
last surfaces are not independent variables any more,
but are given by algebraic expressions as functions of
the remaining variables ("solves"). Then, requiring that
the object and image plane are conjugated for a pre-



scribed value of the transverse magnification (e.g. ±0.2
or ±0.25) fixes the values of the object and image dis-
tance. Thus, for a N-mirror system that has 2N+1 par-
axial parameters (N curvatures and N+1 distances) only
2N-3 parameters are independent.

Finally, we expect both the object and the im-
age to be real. In addition to obscurations, configura-
tions where the object or image is virtual (i.e. when the
mathematical expressions lead to an object or image
position on the wrong side of the corresponding mirror)
are also rejected.

As an example, consider a direct search for a
six-mirror system where the stop is placed successively
on surfaces 2,3,4 and 5. When we took 17 steps for
each of the 9 independent variables we had to examine
4*179 ≈ 5*1011 configurations. For a N.A.-to-ring-ra-
dius ratio of 0.24/29 mm-1 in the image space and a
magnification of +1/4, less than 106 configurations
among those having real object and image turned out to
be unobscured.

When the number of mirrors is large (e.g. 6 or
8) we found it convenient to further reduce the dimen-
sionality of the search space by requiring that the third-
order Petzval sum must be zero, which leads to the
condition
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for the curvatures ci . If the aperture stop is placed on
one of the surfaces, it is convenient to eliminate the
curvature of that surface by using Eq. 1, thus decreas-
ing by one the number of independent variables.

Paraxially unobscured configurations obtained
as shown above can be used as starting points for opti-
mization. In order to decrease the risk of ray failures in
the transition from paraxial to real rays, a possible
strategy is to start, for a given aperture-to-field ratio,
with a small field (i.e. ring radius) and then increase the
field gradually in several steps to the required value,
while reoptimizing after each step.

3. Unobscured classes

We found it useful to regard the total unob-
scured domain in the configuration space as being sub-
divided in what we call "unobscured classes". Consid-
ering the succession of mirrors (counted from object to
image) we define an unobscured class through the suc-
cession of the signs of the angles of incidence of the
chief ray on the mirrors. It is possible to give each un-
obscured class a number
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where ai = 0 if the angle of incidence at mirror i is
positive and  ai = 1otherwise.

The idea behind this definition comes from the
observation that a zero incidence angle leads to obscu-
ration. Since two classes differ from each other by at
least one incidence angle having opposed sign, it is not
possible to change continuously a system in one class
into a system in another class without encountering an
obscuration. Therefore, during local optimization the
system remains in the same unobscured class.

Figure 1 shows how the 106 unobscured con-
figurations from the 6-mirror direct search mentioned
above are divided between unobscured classes. The
heights of the bars roughly indicate the volume of the
corresponding unobscured class. We note the large
volume differences between classes. For positive mag-
nification, the EUV designs known to us from the lit-
erature fall only into the classes 41+ and 45+. (The sign
after the class number indicates the sign of the trans-
verse magnification.)
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Fig.1 Histogram indicating the number of points per
unobscured class in a six-mirror direct search with
positive magnification.

4. Real obscuration contours

Since the results of paraxial ray tracing can
differ considerably from those for real rays, it is im-
portant to investigate whether a paraxial analysis is
adequate for choosing starting configurations for sys-
tems with finite values of aperture and field.

Figure 2 shows a two-dimensional cut through
the volume of the class 45+ of a six-mirror system. The
agreement between the obscuration contours obtained
with paraxial and real ray tracing (2a) and the wave-
front aberration (2b) are examined when the distances
after the first and third mirror are varied, while all other
independent variables are kept constant. We observe a
typical feature which we encountered for many other
choices of the two variables and for other system speci-
fications as well: The agreement between the paraxial
and real unobscured domains is very good precisely in



those regions where the aberrations are low (left half of
Figures 2a and 2b). Therefore we expect that, as long
as the aperture and field are not very large, in most
cases the regions with low aberrations (i.e. those useful
for choosing starting points) are included in the paraxi-
ally unobscured domains. On the other hand, there
where the paraxial and real computations give different
results, the aberrations turn out to be large (right half of
2a,b), so these regions are not interesting anyway for
choosing starting configurations.

 
a) b)

Fig. 2. a.) Unobscured domain computed with paraxial
(light gray) and real ray tracing (medium gray). The
dark gray domain is the overlap of the two former do-
mains. b) Wavefront aberration over the real unob-
scured domain. Low aberration regions appear in light
gray, high aberration ones appear in dark gray. The
white point corresponds to a well-known design due to
Williamson4,5.

5. Results

This research is still ongoing, but at this stage
we have already found with the above method many
new and sometimes unexpected possible design forms.
Some new unobscured classes may be less attractive
than classes containing already known designs because
the relative arrangement of the mirrors (a characteristic
of the class) seems to lead inevitably to larger angles,
which makes aberration correction difficult and the
multilayer compatibility in the final stage of the design
questionable. However, some of our new classes seem

to be promising. For instance, Fig. 3 shows a four-mir-
ror system with a numerical aperture of 0.15 and a
magnification of -0.2. This system belongs to the new
class 6- and, at a wavelength of 13 nm, it has a Strehl
ratio larger than 0.96 and a distortion smaller than
13nm over the entire image ring field having the lower
and upper radius of 22.8 mm and 23.8 mm, respec-
tively. On the image side the system is telecentric and
on the object side the deviation from telecentricity is
minimal.

Some possible design forms for systems with
4, 6 and 8 mirrors are shown in Figs 4-10 (see next
page). We note that in these examples the zero Petzval
sum condition (Eq. 1) was not yet imposed.

Fig.3. Four-mirror system, class 6-

6. Conclusions

We have developed a systematic method for
searching for new possible design forms for EUV ring-
field mirror systems. Starting points for subsequent
optimization are identified on the basis of paraxial ob-
scuration analysis, an approach that is validated
through comparison with real ray tracing.

We acknowledge that Figures 2a and b have
been obtained by our trainee student O. E. Marinescu.
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Fig.4. Four mirrors,  class 9+
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Fig.5. Four mirrors,  new class 2-
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Fig.6. Four mirrors, new class 9-
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Fig.7. Six mirrors, new class 37+
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Fig.8. Six mirrors, known class 45+, larger aperture
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Fig.9. Six mirrors, new class 9+. Because of the large
angles, this exotic system has large aberrations and low
transmission if used with EUV multilayers. However,
obscurations alone do not prevent such strange mirror
arrangements.
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Fig.10. Eight mirrors,  class 165+




