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ABSTRACT
The absence of obstructions is an essential requirement for reflective ring-field projection systems to be used in

EUV lithography. However, due to the large number of variables and constraints involved, choosing unobstructed
starting configurations for subsequent optimization is a nontrivial issue in EUV system design. For this purpose
we have developed a systematic method based on paraxial obstruction analysis. Despite the fact that in the param-
eter space of all possible system configurations unobstructed domains are very small, we can identify the unob-
structed regions very effectively. The paraxial results are validated through comparison with ray tracing. We can
convert even most of the paraxial solutions that lead to ray failure into ray-traceable starting points for optimiza-
tion. We also introduce a new classification method based on the relative arrangement of the mirrors in a EUV sys-
tem - a feature which in typical situations is unaffected by optimization. We present some new possible design
forms for EUV imaging systems belonging to different classes and show the remarkable flexibility of the obscura-
tion borders.
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1. INTRODUCTION

Extreme UltraViolet (EUV) projection systems have to consist of mirrors, as the 13.4 nm illumination is highly
absorbed in all materials. A typical EUV projection system consists of rotational symmetric mirrors, which images
a ring-shaped object. For obtaining a design of a projection system with diffraction-limited imaging properties
with the many variables introduced by aspheric mirrors, the choice of the initial system configuration is crucial. A
six-mirror system for instance has typically 42 variables. For traditional optical systems, adequate choices of ini-
tial configurations are often made on the basis of existing experience and patent literature. Compared to other
types of optical systems, the amount of experience in the field of EUV projection systems is at present still limited
3-10. Therefore we performed a search for good starting configurations, without relying on prior knowledge of suc-
cessful designs.

2. CONSTRAINTS 

One important limitation in the design space is the occurrence of obstruction: rays may be blocked by surfaces
they are supposed to pass. We will show that the requirement of an obstruction free system is very severe. Some
other conditions all EUV-projection systems have to fulfil are:
� The system must be almost telecentric on the mask side and perfectly telecentric on the wafer side. Otherwise 

slight shifts of the mask or wafer planes from their ideal positions cause unacceptable image displacements.

� A magnification fixed at  or , to allow exchange with other lithographic systems.

� A high throughput with high resolution. The root mean square (rms) wavefront deviation from a sphere should 
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be smaller than  in image space. The numerical aperture must be large enough to enable small feature sizes, 

conversely the field size should be large enough to enable high scanning or stepping velocities.
� Very small distortion, not exceeding a few nm's.
� Small aspheric departures of the mirror surfaces with respect to the base surface.
� Enough clearance for the wafer and the mask to scan or step. Clearance can be a problem at the wafer side 

since the solid angle of the imaging bundles is a maximum at this location. This problem is exacerbated for all-
reflective systems since the rays must pass freely around the mirrors to avoid clipping or vignetting.

� A considerable disadvantage of an odd number of mirrors is that both object and image are located on the 
same side of the system. The result is a severe restriction in wafer or mask motion to avoid obstruction of the 
optical system. In this paper we only investigate projection systems consisting of an even number of mirrors.

� The angle of incidence on the mirrors should be as small as possible. The multilayer coatings are designed to 
optimally reflect rays of light incident at a predetermined range of incidence angles. The larger the nominal 
average angle of incidence, the larger the decrease in reflectivity for angles which deviate from the nominal 
angle. Lower incidence angles are advantageous, particularly in EUV systems, because they result in higher 
reflectivities and reduced phase errors.

3. PARAXIAL MODEL

An EUV projection system has a large number of design variables: The positions of the object and image plane,
the separations between mirrors, the coefficients describing the aspherical mirrors. All these variables influence
the numerous image aberrations that must be highly optimized for good performance. The ray propagation through
a system is found by applying Snell's law at each ray-surface intersection in an optical system.

However, for determining the �starting point� of a design, we use the limiting case of the paraxial approxima-
tion when the angles approach zero. Then we ignore the aspheric coefficients, and consequently drastically reduce
the dimensionality of the search space. After this design stage, known iterative computer software programs are
employed for moving the values of the variables from their respective 'starting points' toward their respective exact
values at which optical aberrations are reduced toward a minimum. At the same time all constraints mentioned in
the previous section, have to be fulfilled.

In the paraxial approximation a system with N mirrors is described by N curvatures, N-1 distances between mir-
rors, an object distance and an image distance. Some constraints can be imposed on the system. Each constraint
gives the opportunity to eliminate one variable, which leads to a reduction by one of the dimensionality of the
solution space. Additionally, the curvature of for instance the stop surface can be solved as a function of the other
curvatures  to fulfil the Petzval condition. For a N-mirror system with Lagrange invariant H the Petzval condi-
tion simplifies to 

 . (1)

The telecentricity constraints at the object and the image side solve two variables. The magnification and the
requirement that object and image are conjugated planes also solve two variables. We resolved four distances for
these last four constraints, to facilitate the implementation of the Petzval condition. The number of variables of the
paraxial system reduces from the original 2·N+1 to 2·N-4. Therefore the paraxial approximation with constraints
makes the mathematical formulas shorter and the computer code faster.
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4.  TWO-DIMENSIONAL CUTS OF THE SOLUTION SPACE

For simplicity, to analyze the solution space we change two variables in a realistic range, whereas the other
variables are kept constant. All these configurations are evaluated, paraxially or with real ray tracing. The results
are presented in pictures in which each pixel represents a given combination of the two free variables. In this way
we evaluated the following properties:
� The obstruction of the paraxial and/or real beam path.
� The wavefront error of the real beam path.

Due to the use of mirrors and the large numerical aperture, obstruction of the beam is a serious threat. The two-
dimensional cross-sections of the solution space indicate that the consequence of the prohibition of obstructions is
a large reduction of the allowed space.

To investigate the differences between the paraxial and the real ray-tracing, we looked at the contours of the
obstruction-free domains in a two-dimensional cross-section. We observed that the paraxial unobstructed domain
tends to include the smaller real unobstructed domain, see figures 1a and 2b. The agreement of the paraxial and the
real unobstructed domains appears to be correlated to the size of the aberrations. The paraxial and the real domains
agree very good there where the aberrations are low. Since the starting points with low aberrations are the most
useful ones, the paraxial approximation can be successfully used in the first phase of designing a system. The
wavefront aberrations in the real unobstructed domain show another unexpected feature. In many cases the line of
the minima of the wavefront aberration follows one or more of the contours of the unobstructed region, see figure
1b. An intuitive explanation of the correlation between aberrations and obscurations is that a larger surface has a
higher negative influence on the aberrations. Obstructions also become more likely with a larger surface.

Figure 1: a) The left figure shows the unobstructed domain of the paraxial and the real beampath. Note that the paraxial 
unobstructed domain almost completely includes the smaller real unobstructed domain. b) The right figure shows the 

wavefront aberration in the real unobstructed domain. The line of the minima (white corresponds to low aberrations) fol-
lows the contour of the unobstructed region. The black dot corresponds to a six-mirror system designed by Williamson 

(ref. 7). The distance between the first and second and between the second and third mirrors of this system are changed in 
these two figures.
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5. SYSTEMATIC PARAXIAL SEARCH

Consider for instance a six-mirror EUV-system. Such a system has seven distances and six curvatures; with
constrains eight variables remain. To determine the obstruction-free solution spaces the ranges of the variables
have been varied between realistic limits. Of the unobstructed combinations the workspace and the values of the
solved variables are checked. Only a small number of the evaluated systems remain. To give some insight in the
numerical values: A search for six-mirror systems with the stop on surfaces 2, 3, 4 and 5 and 20 steps for each of
the 8 independent variables implies the evaluation of  configurations. For a N.A.-to-ring-radius ratio

of mm in the image space and a magnification of +0.2, less than  configurations fulfilled the condi-

tions mentioned. Only 1 system out of  evaluated systems is unobstructed in this exhaustive search.
Many of the found paraxial systems become obstructed or even impossible when real ray-tracing is used

instead of paraxial ray-tracing. The system cannot be raytraced for instance, when the ray misses a curved surface.
One method to overcome these problems is based on the fact that the paraxial obstruction borders are dependent on
the aperture / field ratio, not on the aperture or field individually. In the transition from paraxial to real ray-tracing
we can rescale the y-coordinates of the system. When the values of the numerical aperture and the object height
are decreased by the same rescaling factor, the difference between the paraxial and the real rays becomes smaller.
The wavefront error decreases as the incidence angles decrease: The real systems perform better, more similarly to
the paraxial approximation. After a first optimization the system can be rescaled to larger or original numerical
aperture and object height.

Figure 2: The magnitude of the aberrations (a) correlate with the size of the illuminated part of the mirrors. The systems 
in the light regions in a have low aberrations. Note also that the agreement of the paraxial and the real unobstructed 

domains (b) is proportional to the size of the aberrations (a). The black dot corresponds to a six-mirror system designed 
by Williamson7. The distance between the fourth and fifth and between the fifth and sixth mirrors of this system are 

changed in these two figures.
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6. CLASSIFICATION OF REFLECTIVE PROJECTION SYSTEMS

Since the exhaustive searches result in many paraxial systems, a classification method is needed to group those
starting points. The ideal classification should group systems in the same area and separate systems in different
areas of non-obstruction. We found it useful to divide the unobstructed reflective projection systems in �angle of
incidence� classes. The idea behind this classification is that a zero incidence angle inevitably leads to obstruction.
To determine the class number of a system, the signs of the incidence angles  of the principal ray at all the reflec-
tive surfaces must be evaluated consecutively. The class number is given by:

 (2)

where  if the incidence angle  at mirror i is positive and  otherwise. An additional appendage +
or - indicates that the overall magnification of the system is positive or negative. A useful mnemonic is, that seen
along the principal ray from object to image, the contribution of each surface is a binary 1 if the ray is reflected to
the right and otherwise a 0. The class number is the decimal value of the obtained number. In an idealized continu-
ous optimization a jump to another class can be excluded, because a reflected ray that returns in its own path inev-
itably hits the preceeding surface again and causes obstruction.

In most cases, a given class is associated with a single domain in the parameter space. In theory, disjoint
domains could exist in the same class. In fact, some examples of such situations were found, but in all these cases,
at least one of the domains was useless for practical purposes. The histogram in figure 3b indicates how the result
of an exhaustive paraxial search are divided between classes. The height of a bar roughly indicates the volume of a
class. A projection system can be better and easier optimized if the volume of its class is large, because in a smaller
region the obstruction boundaries are more likely to interfere and constrain the optimization process. 
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Figure 3: a) The contribution of each incidence angle to the class number. If the incidence angle  is positive , 

otherwise . b) The results of an exhaustive search for 6-mirror systems with +0.2 magnification classified accord-
ing to their incidence angles. With an increasing numerical aperture and image height the solution spaces shrink. Those 

classes that shrink relatively less probably have lower wavefront errors.
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7. RESULTS

With our paraxial method to identify starting points we found many new and sometimes unexpected design
possibilities. Some examples are shown in figure 4, including some exotic designs (b and d). These designs show
the remarkable flexible obstruction borders, despite the severely by obstructions limited design space. Large inci-
dence angles make some new unobstructed classes less attractive, as large angles make aberration correction more
difficult and the reflectivity of the multilayers smaller. However, other new classes seem promising. For instance
the four-mirror system in figure 4a in class 6-. This system has a Strehl ratio larger than 0.96 and a distortion
smaller than 13 nm over the entire image ring field at a wavelength of 13 nm. The ring field is between 22.8 mm
and 23.8 mm at the image side.

8. CONCLUSIONS

In this paper we described an analysis and design technique for investigating and controlling obstructions in
reflective ring-field projection systems for EUV lithography. Our new method based on paraxial obstruction anal-
ysis enables an efficient identification of unobstructed domains that can generate starting configurations for subse-
quent optimization. As compared to real ray tracing, the dimensionality of our paraxial search for starting systems
is drastically reduced because the aspheric surface coefficients are ignored and some constraints eliminate vari-
ables.

a) b)

Figure 4: a) A four-mirror system in the 6- class. The numerical aperture is 0.15, with a slit width of 1 mm on the mask 
side and a magnification of -0.2. b) A six-mirror system in the new class 9+. The large incidence angles cause a low 

reflectivity of the mirrors if used with EUV. c) A six-mirror system in the new class 37+, with a group of 2 mirrors at the 
object side and 4 mirrors at the image side. d) A six-mirror system in the new class 13+. This system looks very similar 
to the system in class 9+, but the fourth mirror crossed the beam. e) A four mirror system in the class 2-, similar to a sys-

tem in the patent literature 4.

c)

d) 6e)



An extensive two-dimensional comparative analysis suggests that our method can be used to detect the entire
domain of interest for unobstructed starting configurations. In those regions where the aberrations are low, the
paraxial obstruction borders do not differ substantially from those computed with real ray tracing. Also, the parax-
ial obstruction-free domains appear to be larger and tend to include the corresponding real obstruction-free
domains. Therefore, it seems improbable that interesting domains for starting points are not detectable by our
paraxial strategy.

We also introduce a new classification method based on the relative arrangement of mirrors in the EUV system.
In typical situations, the class of the system is unaffected by optimization. New possible design forms for EUV
imaging systems belonging to different classes are presented. These examples show that the obscuration borders
can be remarkably flexible and that the limiting factor in obtaining high-quality solutions is not the presence of
obstructions itself. The major issue is to avoid within the unobstructed regions the occurence of large ray angles
which makes aberration correction difficult and multilayer compatibility questionable. Unfortunately, these severe
restrictions make most classes unsuitable for high-quality systems.  However, some of the new classes seem prom-
ising.
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