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a modified Wynne-Dyson system capable of imaging a large field over both a narrow and a broad spectral range. The projection
optical system includes a positive lens group arranged adjacent to but spaced apart from a concave mirror along the mirror axis on
the concave side of the mirror. The system also includes a variable aperture stop so that the system has a variable NA. The projection
optical system has two or more common foci within an ultraviolet exposure band and a third common focus in a visible alignment
band. A projection photolithography system that employs the projection optical system is also disclosed.
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APOCHROMATIC UNIT-MAGNIFICATION PROJECTION OPTICAL SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

The present invention is related to U.S. Patent Application Serial No. 10/336,066,
entitled “Variable Numerical Aperture Large-field Unit-magnification Projection System,”
filed on January 2, 2003 and to U.S. Patent Application Serial No. 10/330,567, entitled
“Large Field Unit Magnification Projection System,” filed on December 27, 2002, each of
which is assigned to the present Assignee Ultratech, Inc. of San Jose, California.
BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to projection optical systems, and in particular to
apochromatic large-field unit-magnification projection optical systems for
photolithographic applications.

Description of the Prior Art

Photolithography is presently employed not only in sub-micron resolution
integrated circuit (IC) manufacturing, but also to an increasing degree in advanced wafer-
level IC packaging as well as in semiconductor, microelectromechanical systems (MEMS),
nanotechnology (i.e., forming nanoscale structures and devices), and other applications.
These applications require multiple imaging capabilities ranging from relatively low
resolution (i.e., a few microns) with large depth of focus, to relatively high resolution (i.e.
sub-micron) and a high throughput.

The present invention, as described in the Detailed Description of the Invention
section below, is related to and is an improvement over the projection optical system
described in US Pat. No. 4,391,494 (hereinafter, “the ‘494 patent™) issued on July 5, 1983
to Ronald S. Hershel and assigned to General Signal Corporation, which patent is hereby
incorporated by reference.

FIG. 1 is a cross-sectional diagram of an example prior art projection optical
system 8 according to the ‘494 patent. The projection optical system described in the ‘494
patent and illustrated in FIG. 1 is a unit-magnification, catadioptric, achromatic and
anastigmatic, projection optical system that uses both reflective and refractive elements in
a complementary fashion to achieve large field sizes and high numerical apertures (NAs).
The system is basically symmetrical relative to an aperture stop located at the mirror, thus
eliminating odd order aberrations such as coma, distortion and lateral color. All of the
spherical surfaces are nearly concentric, with the centers of curvature located close to
where the focal plane would be located were the system not folded. Thus, the resultant
system is essentially independent of the index of refraction of the air in the lens, making
pressure compensation unnecessary.
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Optical system 8 includes a concave spherical mirror 10, an aperture stop AS1
located at the mirror, and a composite, achromatic plano-convex doublet lens-prism
assembly 12. Mirror 10 and assembly 12 are disposed symmetrically about an optical axis
14. Optical system 8 is essentially symmetrical relative to an aperture stop AS1 located at
mirror 10 so that the system is initially corrected for coma, distortion, and lateral color.
All of the spherical surfaces in optical system 8 are nearly concentric.

In optical system 8, doublet-prism assembly 12 includes a meniscus lens 13A, a
plano-convex lens 13B and symmetric fold prisms 15A and 15B. In conjunction with
mitror 10, assembly 12 corrects the remaining optical aberrations, which include axial
color, astigmatism, petzval, and spherical aberration. Symmetric fold prisms 15A and 15B
are used to attain sufficient working space for movement of a reticle 16 and a wafer 18.

Optical system 8 also includes an object plane OP1 and an image plane IP1, which
are separated via folding prisms 15A and 15B. The cost of this gain in working space is
the reduction of available field size to about 25% to 35% of the total potential field. In the
past, this reduction in field size has not been critical since it has been possible to obtain
both acceptable field size and the degree of resolution required for the state-of-the-art
circuits.

In the ‘494 patent, the doublet-prism assembly corrects the remaining optical
aberrations, which include axial color in the g-h band, astigmatism, petzval, and spherical
aberration. However, the ‘494 patent cannot provide a very high quality image for large-
field and broad spectral band applications (> 50mm x100mm and g, h and I spectral lines),
and numerical apertures of 0.15 <NA > 0.20. Moreover, the teaching of the ‘494 patent
also does not provide for a unit-magnification projection optical system with high quality
imagery for numerical apertures of 0.2 <NA < 0.40 with a field radius greater than 38 mm
for a broad exposure band. The ‘494 patent also does not provide for achromatization at
this broad exposure band and at a visible wavelength, which is desirable for aligning the
mask and the wafer in a photolithography system.

The present invention, as described in the Detailed Description of the Invention
section below, is also related to and in an improvement over the projection optical system
described in US Pat. No. 4,171,871 (hereinafier, “the ‘871 patent”), issued on October 23,
1979 to Dill et al., and assigned to IBM Corporation, which patent is hereby incorporated
by reference.

The projection optical system of the ‘871 patent is achromatic over a wide spectral
band and utilizes a total of five glass types for the lens elements with dioptric powers. The
projection optical system of the ‘871 patent is comprised of three glass types for the first
lens group, two glass types for the second lens group, and a mirror. The combination of
the second lens group and the mirror constitute what is known in the art of optical design
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as a “Mangin mirror”. The projection optical system of the ‘871 patent may be aligned in
the green part of the visible spectrum if the exposure system operates at a near UV
wavelength without refocusing since the projection system provides two coincident foci
over this broad spectral band. This may be contrasted with the present invention,
described below, which provides achromatization at two or more discrete wavelengths
within the broad ultraviolet (UV) exposure spectral band covering the g, h, and I lines of
the mercury spectrum, as well as achromatization simultaneously at another additional
discrete visible wavelength where the photoresist is not sensitive.

To address the present-day robust requirements of a photolithography system as
discussed above, it is desirable to have a projection optical system capable of providing a
large-field, with relatively low-resolution imaging, as well as a system providing a
moderate size field, with relatively high-resolution imaging. It is preferable that such a
projection optical system provide exposure with diffraction-limited performance over a
broad exposure wavelength band covering the g, h, and I spectral lines of mercury (436
nm, 405 nm, 365 nm, respectively) for high-throughput with applications requiring high
exposure doses.

SUMMARY OF THE INVENTION

The present invention includes unit-magnification projection optical systems for
photolithography that are not only achromatic over the g, h, and I spectral band, but also
apochromatic or superachromatic across this band and an extended band that also includes
a wavelength in the visible region. Apochromatic means color-corrected at three
wavelengths in the spectral band pass and superachromatic means color-corrected at four
or more wavelengths.

The present invention includes Wynne-Dyson-based projection optical systems
that are color-corrected at least at two wavelengths in the ultraviolet (“UV™) exposure
spectral band (hereinafter, the “exposure band™) that includes the g, h and I wavelengths,
and is color corrected over an alignment spectral band (hereinafter, the “alignment band”)
that includes at least one visible wavelength. The occurrence of common foci in the
alignment and exposure bands implies that no refocusing is required for the visible
wavelength used to align the mask and the wafer through the projection system.

Another feature of the invention is to provide diffraction-limited Wynne-Dyson
type projection optical systems for broad-band lithography application that are not only
apochromatic or superachromatic, but also well corrected for chromatic variations of both
aperture-dependent and field-dependent aberrations. The invention also provides both low
and moderately high NA systems with optical parameters scalable over a wide range of
apertures and field radii, while preserving diffraction-limited performance over the
relatively wide exposure band.
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Accordingly, a first aspect of the invention is a projection optical system
comprising along an optical axis, a concave spherical mirror and an aperture stop located
at the mirror and centered on the optical axis that determines a numerical aperture (NA) of
the system. The system also includes a positive lens group with positive refracting power
arranged adjacent the mirror and spaced apart therefrom.

In different embodiments, the positive lens group includes in order towards the
mirror, either a) a positive lens and a negative lens; b) a plano-convex lens, a negative
meniscus lens and a positive meniscus lens; or ¢) a plano-convex lens, and first and second
negative meniscus lenses.

The system also has first and second prisms each having respective first and second
flat surfaces, wherein the second flat surfaces are arranged adjacent the positive lens on
opposite sides of the optical axis, and wherein the first flat surfaces are arranged adjacent
object and image planes, respectively. The projection optical system has unit
magpification and has two or more common foci at respective ultraviolet wavelengths and
another common focus at a visible wavelength.

A second aspect of the invention is a photolithography system that includes the
projection optical system of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional diagram of an example prior art unit-magnification
projection optical system according to the ‘494 patent;

FIG. 2 is cross-sectional diagram of a first example embodiment of the unit-
magnification projection optical system of the present invention having a two-element main
lens group;

FIG. 3 is cross-sectional diagram of a second example embodiment of the unit-
magnification projection optical system of the present invention having a cemented three-
element main lens group;

FIG. 4 is cross-sectional diagram of a third example embodiment of the unit-
magnification projection optical system of the present invention having an air-spaced three
element main lens group;

FIG. 5 is a schematic close-up view of a portion of the unit-magnification
projection optical system of the present invention that includes the main lens group, the
prisms, and the respective object and image planes;

FIG. 6 is a plot of the variation in focus as a function of wavelength for the optical
design of Table 1 and illustration in FIG. 2;

FIG. 7 is a plot of the variation in focus as a function of wavelength for the optical
design of Table 2 and illustration in FIG. 2;

FIG. 8 is a plot of the variation in focus as a function of wavelength for the optical
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design of Table 3 and illustration in FIG. 3;

FIG. 9 is a plot of the variation in focus as a function of wavelength for the optical
design of Table 4A and illustration in FIG. 3;

FIG. 10 is a plot of the variation in focus as a function of wavelength for the
optical design of Table 4B and illustration in FIG. 3;

FIG. 11 is a plot of the variation in focus as a function of wavelength for the
optical design of Table 4C and illustration in FIG. 3;

FIG. 12A is a plot of the variation in focus as a function of wavelength for the
optical design of Table 5, showing the superachromatic color-correction at four
wavelengths in the exposure band;

FIG. 12B is a plot of the variation in focus as a function of wavelength for the
optical design of Table 5, showing the superachromatic color-correction at five
wavelengths over the extended band pass that includes both the exposure and alignment
bands;

FIG. 13 is a plot of the variation of focus as a function of wavelength for the
optical design of Table 6, showing superachromatic color correction at five wavelengths in
the exposure band and color-correction at six wavelengths over the extended band pass
that includes the exposure and alignment bands;

FIG. 14 is a plot of the variation in focus as a function of wavelength for the
optical design of Table 7 and illustration in FIG. 4; and

FIG. 15 is a schematic diagram of a photolithography system employing the unit-
magnification projection optical system of the present invention.

The various elements depicted in the drawings are merely representational and are
not necessarily drawn to scale. Certain proportions thereof may be exaggerated, while
others may be minimized. The drawings are intended to illustrate various implementations
of the invention, which can be understood and appropriately carried out by those of
ordinary skill in the art.

DETAILED DESCRIPTION OF THE INVENTION
The present invention is a large-field, broad spectral band color-corrected,

anastigmatic, projection optical system capable of projecting an image of a pattern formed
on a reticle onto a substrate (wafer) at substantially unit magnification. The unit-
magnification projection optical system of the present invention is an improvement over
the prior art optical systems of the ‘871 patent and ‘494 patent, an embodiment of the
latter being described briefly above in the “Description of the Prior Art” section, and
illustrated in FIG. 1.

As used herein, the term “exposure field” means a field size that a photolithography
system is capable of imaging when it is used in a step-and-repeat mode of operation. Also,
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the term “color corrected” means having a common (coincident) focus position for
different wavelengths of light.
General design considerations

The present invention provides designs of unit-magnification projection optical
systems that are not only achromatic over the exposure band, but also apochromatic or
superachromatic across this exposure band and at an extended band that also includes the
visible alignment band.

The occurrence of common foci in the exposure and alignment bands enables the
mask and the wafer in a photolithography system to be aligned without the need for
refocusing. The present invention also provides apochromatic and superachromatic
designs for both low and moderately high NA systems with optical parameters scalable
over a wide range of apertures and field radii.

This is achieved while preserving diffraction-limited performance over the
exposure band. The broad-band color correction is accomplished by proper choices of the
optical materials and the power distribution of the dioptric lens elements. The correction
of the aperture-dependent aberrations and field-dependent aberrations, as well as the
chromatic variations, is achieved by choosing an appropriate set of optical parameters to
optimize the diffraction-limited performance of the projection optical system.

The projection optical system of the present invention as described in detail below
has very good image quality (e.g., polychromatic Strehl ratios greater than 0.96) over a
large field, and the broad exposure band.

A major obstacle for designing a broad-spectral-band projection lens system is the
chromatic variation of aberrations over the wide wavelength spectrum for both the
aperture-dependent and field-dependent aberrations. Aperture-dependent aberrations
include spherical aberration, spherochromatism, and axial chromatic aberrations. The
field-dependent aberrations include coma, astigmatism, Petzval or field curvature,
distortion, and lateral color.

For a Wynne-Dyson type optical system, axial chromatic aberrations,
spherochromatism (chromatic variation of spherical aberration), astigmatism, and the
chromatic variations of astigmatism and field curvature are the main aberrations to be
corrected or minimized for systems intended for broad-band applications. Since the
Wynne-Dyson type optical system is holosymmetric relative to the aperture stop located at
the mirror element, coma, distortion, and lateral color are well corrected.

In the ‘494 patent and ‘871 patent, the optical glasses in the lens elements were
chosen by the inventors to achromatize the projection optical system over the spectral
band pass of the intended application. In the case of the ‘494 patent, the achromatization
is in the g-h exposure band, and for the ‘871 patent the achromatization is essentially in the
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I-line exposure wavelength and the 500 nm alignment wavelength.

In the ‘871 patent, a compound Mangin mirror was used presumably to correct the
spherical aberration of the mirror as well as to complement the first group of lenses for
achromatization. The design embodiments of the ‘494 and ‘871 patents have color
correction at two wavelengths. The method of selecting lens materials for color correction
at two discrete wavelengths is well known in the optics literature. Two-wavelength color
correction is normally achieved by choosing glasses having different Abbe numbers among
glass types with high internal transmission ih the spectral band of application. The
remaining aberrations of the system are corrected or reduced by suitable selection of the
lens radii and thicknesses and mirror radius to achieve diffraction-limited performance.

In the design embodiments of the present invention as set forth accompanying in
Tables 1-7, broad-band color correction was achieved by suitable choices of lens materials
such that the partial dispersion ratios over the exposure band and the alignment band are
essentially equal or very close in value. Despite several known methods of selecting
optical materials for achromatization and correction of secondary spectrum in lens designs,
this approach was used because there are only a limited number of glasses with very high
internal transmittance in the g, h, and I lines that are commercially available and suitable
for photolithography lenses. The dioptric power distribution of these lens elements and
mirror were chosen to establish the initial optical system design configuration having broad
band axial chromatic aberration correction and Petzval correction, while also satisfying the
basic system requirements (e.g., NA, field size, lens system length, working distances,
etc.).

The constructional optical parameters (I. e., radii of curvatures, lens thicknesses,
air-spaces, surface configuration) were selected using computer-aided design to optimally
correct both the aperture-dependent aberrations and the field-dependent aberrations, as
well as their chromatic variations to the extent that the projection optical system becomes
diffraction-limited over the exposure band (g, h and I lines) and color-corrected at the
alignment band (normally in the green to the red region of the visible spectrum).

For the example embodiments with NAs higher than 0.20, the mirror was designed
to be aspherical in order to correct the spherical aberration and the lens parameters
simultaneously adjusted for reduction of spherochromatism. For the large- field low-NA
systems, such as the example embodiments set forth in Tables 5 and 6, the convex surface
of lens element 1.3 was made aspherical to complement the correction of astigmatism and
its chromatic variations.

For applications requiring NA > 0.2, the mirror in Tables 5 and 6 may also be
aspherized in order to improve the correction of the aperture-dependent aberrations
complementing the aspherical convex surface of L3 in the correction of the astigmatism
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and its chromatic variations to further optimize the overall optical system performance at
the large field.
General optical system configuration

FIGS. 2, 3, and 4 are cross-sectional diagrams of example embodiments of unit-
magnification projection optical systems 100 of the present invention. Projection optical
system 100 of FIGS. 2, 3 and 4 includes, along an optical axis Al, a concave spherical
mirror M. In an example embodiment, mirror M includes an aperture AP on the optical
axis. Aperture AP may be used, for example, to extract light from the projection optical
system for performing functions other than direct imaging with optical system 100, such as
for aligning the image of an object (e.g., a mask) with a similar pattern on a wafer.

In an example embodiment, optical system 100 further includes a fixed or variable
aperture stop AS located at mirror M. If a variable aperture stop AS is used, it may
include any one of the known forms of varying the size of an aperture in an optical system,
such as an adjustable iris. In another example embodiment, the size of variable aperture
stop AS is manually set. In yet another example embodiment, variable aperture stop AS is
operatively connected via a line 101 (e.g., a wire) to a controller 102 that allows for
automatically setting the size of the aperture stop. The aperture stop AS defines the NA
of the projection optical system, which in example embodiments of the present invention
ranges from 0.16 to 0.4, depending on the desired exposure field size, and the spectral
range of aberration correction. Either a variable or fixed AS could be used with each of
the embodiments of the tables. In the embodiments with the higher values of NA, a
variable AS would normally be used. Whereas for the lowest values of NA where there is
not as broad a range of values over which the value of NA can be varied a fixed AS is
more likely to be used. In summary whether or not AS is fixed or variable is a mater of
design choice that is based on the value or values of NA needed for an application taking
into account breath of the range of the value of NA needed.

Optical system 100 further includes a field corrector (e.g., main) lehs group G with
positive refractive power arranged along axis Al adjacent to, and spaced apart from mirror
M on the concave side of the mirror.

FIG. 5 is a schematic close-up view of a portion of the unit-magnification
projection optical system 100 of FIGS. 1 through 4, showing the main lens group G and
adjacent prisms PA and PB. With reference to FIG. 5, adjacent to main lens group G and
opposite to mirror M is the first prism PA located on one side of the optical axis Al.
Prism PA has surfaces S1A and S1B. Prism PB is located symmetrically on the opposite
side of optical axis Al and has surfaces S2A and S2B. Surface S1A faces an object plane
OP2 which is parallel to surface S1A, and surface S2A faces an image plane IP2 that is
parallel to surface S2A. Surfaces S1B and S2B face main lens group G.
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Object plane OP2 and image plane IP2 are spaced apart from respective flat
surfaces S1A and S2A by respective gaps WDA and WDB representing working
distances. In example embodiments where there is complete symmetry with respect to
variable aperture stop AS, ie. WDA = WDB. Since WDA and WDB are equal to each
other, in the accompanying Tables 1-7 these distances are referred to as WD.

Although prisms PA and PB are not included in main lens group G, these prisms
play a role in the aberration correction, including chromatic aberration correction, as
described above.

With reference again to FIGS. 2-4, in an example embodiment, mirror M is
aspherized to improve performance of the designs for large-field, high NA applications.
All the example embodiments of the system of the present invention essentially preserve
the system symmetry relative to the variable aperture stop AS, which inherently eliminates
the odd-order aberrations such as coma, distortion, and lateral color. Optical system 100
includes no concentric lens elements in main lens group G or lens surfaces that are
concentric with the concave mirror M.

Example Designs

Example embodiments of optical system 100 are apparent from the designs set
forth in Tables 1 through 7, as illustrated in the schematic optical system diagrams of
FIGS. 2-4 and the focus-versus-wavelength plots of FIGS. 6-14.

Because of the symmetry of optical system 100 shown in each of Figs. 2-4, the
specifications set forth in Tables 1 through 7 only include values from object plane OP2 to
concave mirror M. In the Tables, light is assumed to travel through the surfaces in order
of their numerical sequence. A positive radius indicates the center of curvature is located
on the side opposite the initial direction of the light incident on the surface and a negative
radius indicates the center of curvature is located on the same side of the light incident on
the surface. Thus, a refracting or reflecting surface that is convex with respect to the
incident light has a positive radius while a surface that is concave relative to the incident
ray will have a negative radius of curvature. Further clarification of the sign convention
can be obtained by comparing the tabulated design with the corresponding design
examples shown in each of Figs. 2, 3 and 4. The thickness of an element, or the separation
between elements, is the axial distance to the next surface, and all dimensions are in
millimeters. Further, “S” stands for surface number, e.g. as labeled in FIGS. 2 through 4,
“T or S” stands for “thickness or separation”, and “STOP” stands for “aperture stop AS”.
Also, “CC” stands for “concave” and “CX” stands for “convex.”

Further, under the heading of “material”, both the glass name and the six-digit
internationally known and accepted convention for optical material designation are listed.
For example, 516643 denotes BK7 glass and this designation implies that BK7 has a
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refractive, N, of about 1.516 in the helium d-line, and an Abbe number of about 64.3
relative to the d-line and the C and F-lines of hydrogen. The Abbe number, V, is defined
by the equation Vy= (N, —1) / Nz —N,), where N and N are the refractive index values
of the glass at the F and C lines.

Further, under the heading “surface shape”, an aspheric surface is denoted by
“ASP”, a flat surface by “FLT” and a spherical surface by “SPH”.

The aspheric equation describing an aspherical surface is given by:

(CURV)Y?

2= 7= (1 K)YCURV)' 1)

— 4+ (AY* +(B)Y* + (O)Y* + (D)Y"° + (E)Y"

wherein “CURV?” is the spherical curvature of the surface, K is the conic constant, and A,
B, C, D, and E are the aspheric coefficients. In the Tables, “e” denotes exponential
notation (powers of 10). The design examples set forth in Tables 1-3 are design examples
where the curvatures of the dioptric powered surfaces of the lens elements and the mirror
are spherical. The design examples set forth in Tables 4A, 4B, 4C, and 7 include an
aspheric surface for mirror M. The design examples set forth in Tables 5 and 6 include an
aspherical surface for the convex surface of lens element L3.

Two-element main lens group

FIG. 2 is a cross-sectional diagram of the projection optical system of the present
invention, wherein the main lens group G consists of two elements. In particular, lens
group G consists of a cemented doublet having a plano-convex element L1 and a negative
meniscus element L2. Tables 1 and 2 set forth example apochromatic design embodiments
having an NA of 0.20 and field radius of 42 mm.

FIG. 6 is a plot of the variation in focus versus wavelength for the apochromatic
optical design embodiment set forth in Table 1. The plot of FIG. 6 shows color correction
at three discrete wavelengths whose values are indicated by the crossing or intersection
points on the plot in the wavelength axis where the focal shifts are equal to zero. These
wavelengths are approximately 375 nm, 435 nm and 663 nm, however they can vary
depending on the nominal focus position. The plot also shows achromatization over the
exposure band, and reveals the occurrence of a third coincident focus over the extended
band pass that includes the exposure band and the alignment band. The achromatization in
the exposure band occurs at the two discrete wavelengths where the plot intersects the
wavelength axis and whereby these tow wavelengths are essentially within the exposure
band (365 nm to 436 nm or the g, h, I spectrum range). The portion of the spectrum near

10
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the third intersection point, which occurs outside the exposure band in the far visible
region, is essentially used as the alignment wavelength band.

FIG. 7 is a plot similar to that of FIG. 6, for the optical design set forth in Table 2.
As in Fig. 6, the plot of FIG. 7 shows color correction at three discrete wavelengths over
the extended band-pass that includes the exposure and alignment bands. These three
discrete wavelengths are at the crossing or intersection points of the plot in the wavelength
axis where the focal shifts are equal to zero (i.e. at 355 nm, 436 nm and 650 nm).
Main lens group with cemented triplet

FIG. 3 is a cross-sectional schematic diagram of the projection optical system of
the present invention, wherein the main lens group consists of three elements. In
particular, lens group G consists of a cemented triplet having lens elements L1, L2, and
L3.

There are two cases for the dioptric power distribution of lens elements L1, L2 and
L3 in the example embodiment of FIG. 3. For Case I, L1 is + (positive power), L2 is —
(negative power), and L3 is + (positive power). For Case I, L1 is + (positive power), L2
is — (negative power), and L3 is - (negative power). The lens element L1 is plano-convex
for both Case I and II. An example optical prescription of an apochromatic design
embodiment of Case I is given in Table 3. Example apochromatic design embodiments
having the Case II configuration are given in Tables 4A, 4B, and 4C. Note that in each of
Tables 4A, 4B and 4C surface 9 is indicated as being aspheric and the aspheric constants k,
A, B, C, and D are noted below surface 9 in each of the tables. The aspheric constants are
defined by the equation above defining the surface sag Z.

One of the more troublesome aberrations with optical designs that attempt to span
a wide wavelength range is known as axial color, which is simply the variation of the best
focus position with wavelength, or the total variation of the best focus position over the
design wavelength range. FIGS. 8 through 11 are plots showing the variation of best
focus as a function of wavelength for the apochromatic design embodiments in Tables 3,
4A, 4B, and 4C, respectively. These Figures illustrate the color correction, the control of
axial color or focus position as a function of wavelength in the exposure and alignment
wavelength bands. Perfect color correction, i.e. perfect coincidence with the nominal
focus position, occurs at the two discrete wavelengths where each plot intersects the
wavelength axis and whereby these two wavelengths are essentially within the exposure
band (365 nm to 436 nm or the g, h, I spectrum range). The third intersection point
occurring outside this exposure band in the far visible region is essentially used as the
alignment wavelength band. At these three discrete wavelengths, where the plot intersects
the wavelength axis, the focal shifts are identically equal to zero implying that the axial
chromatic aberration at these wavelengths is zero. The process of designing a system
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having a small variation in best focus across the design wavelength band is known as
achromatization. An optical design having a small variation in best focus across the design
wavelength band is “achromatized”.

Superachromatic design embodiments are given by the design examples in Tables
5 and 6, and these embodiments both have the same optical design form schematically
illustrated in Fig. 3. The example embodiments set forth in Tables 5 and 6 are for large-
field (80 mm field radius) systems having respective NAs of 0.16 and 0.18. These
embodiments provide a square field of about 61.5 mm x 61.5 mm, and a rectangular
exposure field size of at least 50 mm x 100 mm.

FIGS. 12A and 12B are plots showing the variation of focus as a function of
wavelength for the superachromatic design embodiment in Table 5. Figure 12A illustrates
superachromatic color correction at four wavelengths, 391 nm, 402 nm, 408 nm and 414
nm in the exposure band. Figure 12A is a scaled up or magnified plot of the exposure
band portion of the plot in Fig. 12B, indicating the four crossing or intersection points of
the focal shift plot with the wavelength axis occurring within the exposure band (365 nm
to 436 nm or the g, h, I spectrum range). The fifth intersection point, shown in the
extended plot in Fig. 12B, occurs outside this exppsure band in the visible region at 522
nm where alignment might be done. At these five discrete wavelengths where the plot in
Fig. 12B intersects the wavelength axis, the focal shifts are identically equal to zero
implying that the axial chromatic aberration at these wavelengths is zero.

FIG. 13 is a plot of the variation of focus position as a function of wavelength for
the superachromatic design embodiment with optical prescription in Table 6. This plot
illustrates superachromatic color correction at five wavelengths, 380 nm, 402 nm, 416 nm,
428 nm and 435 nm in the exposure band and color correction at a sixth wavelength, 417
nm, in the visible alignment band.

Main lens group with air-spaced triplet

FIG. 4 is a cross-sectional schematic diagram of an example embodiment of the
projection optical system of the present invention, wherein the main lens group consists of
three lens elements L1, 1.2 and L3 with an air space between elements L2 and L3.

The optical prescription of an example apochromatic design embodiment with the
system configuration illustrated in FIG. 4 is set forth in Table 7.

FIG. 14 is a plot showing the variation of focus as a function of wavelength for the
apochromatic design embodiments in Table 7, for an extended bandpass that includes the
exposure and alignment bands. The plot of FIG. 14 illustrates three common foci at 361
nm, 434 nm and 513 nm, with two of the foci in the exposure band, 365 nm — 436 nm, and
one focus in the alignment band.

Photolithography system
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FIG. 15 is a schematic diagram of a photolithography system 200 employing the
unit-magnification projection optical system 100 of the present invention. System 200 has
an optical axis A2 and includes along the optical axis a mask stage 210 adapted to support
a mask 220 at object plane OP2. Mask 220 has a pattern 224 formed on a mask surface
226. An illuminator 230 is arranged adjacent mask stage 210 opposite optical system 100
and is adapted to illuminate mask 220.

System 200 also includes a wafer stage 240 adapted to movably support a wafer
246 at image plane IP2. In an example embodiment, wafer 246 is coated with a
photosensitive layer 250 that is activated by one or more wavelengths of radiation from the
illuminator. Such radiation is referred to in the art as “actinic radiation”. In an example
embodiment, the one or more wavelengths of radiation include the mercury g, h and I
lines.

With continuing reference to FIG. 15, in operation, illuminator 230 illuminates
mask 220 while stage 240 is stationary so that pattern 224 is imaged at wafer 246 by
optical system 100, thereby forming a pattern in photoresist layer 250. The result is an
exposure field EF that occupies a portion of the wafer. Wafer stage 240 then moves
(“steps™) wafer 246 in a given direction (e.g., the x-direction) by a given increment (e.g.,
the size of one exposure field EF), and the exposure process is repeated. This step-and-
expose process is repeated (hence the name “step-and-repeat” until a desired number of
exposure fields EF are formed on wafer 246.

The wafer is then removed from system 200 (e.g., using a wafer handling system,
not shown) and processed (e.g., developed, baked, etched, etc.) to transfer the pattern
formed in the photoresist in each scanned exposure field EF to the underlying surface on
the wafer. Repeating this photolithography process with different masks allows for three-
dimensional structures to be formed in the wafer and the creation of operational devices,
such as ICs. Further, by varying the NA of system 100, exposure fields EF having
different sizes and different resolution levels can be set to correspond to a given mask,
thus improving the flexibility of the lithography process.

The projection optical system of the present invention can be manufactured using
standard optical fabrication and testing technologies. The moderately high numerical
aperture designs, 0.30 < NA < 0.40 are suitable for moderate resolution layers and for
“mix-and-match” applications. The NA = 0.4 designs are suitable for i-line exposure if
sub-micron high-resolution is desired. The occurrence of a focus in the visible spectrum,
coincident with the foci at the achromatized wavelengths in the exposure band enables
alignment of the mask and the wafer without refocusing.

In the foregoing Detailed Description, various features are grouped together
in various example embodiments for ease of understanding. The many features and

13
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advantages of the present invention are apparent from the detailed specification, and, thus,
it is intended by the appended claims to cover all such features and advantages of the
described apparatus that follow the true spirit and scope of the invention. Furthermore,
since numerous modifications and changes will readily occur to those of skill in the art, it is
pot desired to limit the invention to the exact construction and operation described herein.
Accordingly, other embodiments are within the scope of the appended claims.
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What is claimed is:

1. A projection optical system comprising along an optical axis:

a concave spherical mirror;

an aperture stop located at the mirror and centered on the optical axis, that
determines a numerical aperture (NA) of the system;

a positive lens group with positive refracting power arranged adjacent the mirror
and spaced apart therefrom; ’

first and second prisms each having respective first and second flat surfaces,
wherein the second flat surfaces are arranged adjacent the positive lens on opposite sides
of the optical axis, and wherein the first flat surfaces are arranged adjacent object and
image planes, respectively; and

wherein the projection optical system has unit magnification and has two or more
common foci at respective two or more ultraviolet wavelengths and another common
focus at a visible wavelength.

2. The projection optical system of claim 1, having three common foci at three
ultraviolet wavelengths.

3. The projection optical system of claim 1, having four common foci at four
ultraviolet wavelengths.

4. The projection optical system of claim 1, wherein the ultraviolet
wavelengths are within an exposure band that includes g, h and i wavelengths.

5. The projection optical system of claim 2, wherein the visible wavelength
falls within a visible alignment band that extends from 500 nm to 700 nm.

6. The projection optical system of claim 1, wherein the positive lens group

consists of, in order towards the mirror, a positive lens and a negative lens.
7. The projection optical system of claim 6, wherein positive lens is a plano-
convex lens with a mirror-facing convex surface, and the negative lens is a meniscus lens

having a mirror-facing convex surface.

8. The projection system of claim 7, wherein the plano-convex lens element is
formed from one of fused silica, silica glass, and glass type 458678.
9. The projection system of claim 7, wherein the negative meniscus lens

element is formed from one of the glass types 548458 and 532490.

10.  The projection optical system of claim 1, wherein the positive lens group
consists of, in order towards the mirror, a positive lens and first and second negative
meniscus lenses.

11.  The projection optical system of claim 10, wherein the first and second
negative meniscus lenses are separated by an air space.
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12.  The projection optical system of claim 1, wherein the mirror has an
aspherical surface.

13.  The projection optical system of claim 1, wherein the first and second
prisms are each formed from a glass type selected from the glass types comprising:
603606, 557587, 589613, and 540597.

14.  The projection optical system of claim 1, having a numerical aperture
between 0.16 and 0.4, inclusive.

15.  The projection optical system of claim 1, having a numerical aperture that is
variable.

16.  The projection system of claim 7, having a numerical aperture of between
0.20 and 0.40, inclusive.

17.  The projection system of claim 1, wherein the positive lens group consists
of, in order toward the mirror, a plano-convex lens with a mirror-facing convex surface, a
negative meniscus lens having a mirror-facing convex surface, and a positive meniscus lens
having a mirror-facing convex surface.

18.  The projection optical system of claim 17, wherein the exposure band
includes g, h and i wavelengths.

19.  The projection optical system of claim 17, wherein the mirror has an
aspherical surface.

20.  The projection optical system of claim 17, wherein adjacent surfaces in the
main lens group are in contact.

21.  The projection optical system of claim 17, wherein the first and second
prisms are each formed from the glass type 557587.

22.  The projection optical system of claim 17, wherein the plano-convex lens
element is formed from one of fused silica, silica glass, and glass type 458678.

23.  The projection optical system of claim 17, wherein the negative meniscus
lens element is formed from the glass type 548458.

24.  The projection system of claim 23, wherein the positive meniscus lens
element is formed from the glass type 567428.

25.  The projection system of claim 17, having a numerical aperture numerical
aperture of between 0.2 and 0.4, inclusive.

26.  The projection optical system of claim 1, wherein the positive lens group
consists of, in order towards the mirror: a plano-convex lens with a convex mirror-facing
surface, a first negative meniscus lens having a mirror-facing convex surface, and a second
negative meniscus lens having a mirror-facing convex surface;

27.  The projection optical system of claim 26, in which the mirror has an
aspherical surface.
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28.  The projection optical system of claim 26, wherein adjacent surfaces in the
lens group are in contact with each other.

29.  The projection optical system of claim 26, wherein the first and second
prisms are each formed from a glass type selected from the group of glass types
comprising: 603606, 557587, 589613, and 540597.

30.  The projection optical system of claim 26, wherein the plano-convex lens
element is formed from one of fused silica, silica glass, glass type 458678 and glass type
464658.

31.  The projection system of claim 30, wherein the first negative meniscus
element is formed from one of glass type 532490 and glass type 548458.

32.  The projection system of claim 31, wherein the second negative meniscus
element is formed from one of glass type 58108 and glass type 58109.

33.  The projection system of claim 26, having a numerical aperture numerical
aperture of between 0.16 to 0.40, inclusive.

34. A projection optical system according to claim 1, wherein the positive lens
group consists of, in order towards the mitror: a plano-convex lens with a convex mitror-
facing surface, a first negative meniscus lens having a mirror-facing convex surface, and a
second negative meniscus lens having a mirror-facing convex surface and spaced apart
from the first negative meniscus lens;

35.  The projection optical system of claim 34, in which at least one lens
element has an aspherical surface,

36.  The projection optical system of claim 34, in which the mirror has an
aspherical surface.

37.  The projection optical system of claim 34, in which a pair of adjacent
surfaces in the lens group are in contact.

38.  The projection optical system of claim 34, wherein the first and second
prisms are each formed from glass type 589613.

39.  The projection system of claim 34, wherein the plano-convex lens element
is formed from one of fused silica, silica glass, glass type 458678, and glass type 464658.

40. The projection system of claim 34, wherein the first negative meniscus element
is formed from glass type 548458.

41. The projection system of claim 34, wherein the second negative meniscus lens
is formed from one of the glass types 58108, and 58109.

42.  The projection system of claim 34, having a numerical aperture of between
0.2 and 0.4, inclusive.

43, The projection optical system of claim 26, wherein the projection optical
system includes at least four common foci within the exposure band.
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44.  The projection optical system of claim 43, including a fifth common focus
at a visible wavelength.

45.  The projection optical system of claim 43, in which at least one lens
element has an aspherical surface.

46.  The projection optical system of claim 43, in which the mirror has an
aspherical surface.

47.  The projection optical system of claim 43, in which a pair of adjacent
surfaces in the lens group are in contact.

48.  The projection optical system of claim 43, wherein the first and second
prisms are each formed from glass type 603606.

49.  The projection optical system of claim 43, wherein the plano-convex lens
element is formed from one of fused silica, silica glass, and glass type 458678.

50.  The projection optical system of claim 43, wherein one of the first and
second negative meniscus elements is formed from a glass types selected from the group of
glass types comprising: 548458, 532490, 581408 and 567428.

51.  The projection optical system of claim 43, further including:

a numerical aperture of between 0.16 and 0.18, inclusive; and

one of a square exposure field size of at least 61.5 mm x 61.5 mmand a
rectangular exposure field having a size of at least 50 mm x 100 mm.

52.  The projection optical system of claim 43, further including an exposure
field having a field radius that is equal to about 0.067 times a radius of the mirror.

53. A projection lithography system comprising:

a projection optical system according to claim 1;

a mask stage capable of supporting a mask at the object plane;

an illuminator adapted to illuminate the mask with at least one of the g-line, h-line,
and i-line wavelengths; and

a wafer stage capable of movably supporting at wafer at the image plane.

54.  The projection optical system of claim 53, further including:

a numerical aperture of between 0.16 and 0.18, inclusive; and

one of a square exposure field size of at least 61.5 mm x 61.5 mm and a
rectangular exposure field having a size of at least 50 mm x 100 mm.

55.  The projection optical system of claim 53, further including an exposure
field having a field radius that is equal to about 0.067 times a radius of the mirror.

56. A projection lithography system comprising:

a projection optical system according to claim 17

a mask stage capable of supporting a mask at the object plane;

an illuminator adapted to illuminate the mask with at least one of the g-line, h-line,
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and i-line wavelengths; and

a wafer stage capable of movably supporting at wafer at the image plane.

57.  The projection optical system of claim 56, further including:

a numerical aperture of between 0.16 and 0.18, inclusive; and

one of a square exposure field size of at least 61.5 mm x 61.5 mmand a
rectangular exposure field having a size of at least 50 mm x 100 mm.

58.  The projection optical system of claim 56, further including an exposure
field having a field radius that is equal to about 0.067 times a radius of the mirror.

59. A projection lithography system comprising:

a projection optical system according to claim 26

a mask stage capable of supporting a mask at the object plane;

an illuminator adapted to illuminate the mask with at least one of the g-line, h-line,
and i-line wavelengths; and

a wafer stage capable of movably supporting at wafer at the image plane.

60.  The projection optical system of claim 59, further including:

a numerical aperture of between 0.16 and 0.18, inclusive; and

one of a square exposure field size of at least 61.5 mm x 61.5 mm and a
rectangular exposure field having a size of at least 50 mm x 100 mm.

61.  The projection optical system of claim 59, further including an exposure
field having a field radius that is equal to about 0.067 times a radius of the mirror.

62. A projection lithography system comprising:

a projection optical system according to claim 34

a mask stage capable of supporting a mask at the object plane;

an illuminator adapted to illuminate the mask with at least one of the g-line, h-line,
and i-line wavelengths; and

a wafer stage capable of movably supporting at wafer at the image plane.

63.  The projection optical system of claim 62, further including:

a numerical aperture of between 0.16 and 0.18, inclusive; and

one of a square exposure field size of at least 61.5 mm x 61,5 mm and a
rectangular exposure field having a size of at least 50 mm x 100 mm.

64.  The projection optical system of claim 62, further including an exposure
field having a field radius that is equal to about 0.067 times a radius of the mirror.

65. A projection lithography system comprising:

a projection optical system according to claim 43

a mask stage capable of supporting a mask at the object plane;

an illuminator adapted to illuminate the mask with at least one of the g-line, h-line,
and i-line wavelengths; and
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a wafer stage capable of movably supporting at wafer at the image plane.

66.  The projection optical system of claim 65, further including:

a numerical aperture of between 0.16 and 0.18, inclusive; and

one of a square exposure field size of at least 61.5 mm x 61.5 mm and a
rectangular exposure field having a size of at least 50 mm x 100 mm.

67.  The projection optical system of claim 65, further including an exposure
field having a field radius that is equal to about 0.067 times a radius of the mirror.
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