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(57) Abstract: The present invention relates to a polarization converting
unit (7) for achieving a pupil intensity distribution in a circumferentially
polarized state with high continuity, which has a configuration relatively
easy to manufacture and which is arrange in an optical path of an illumina-
tion optical system. The polarization converting unit for converting inci-
dent light into light in a predetermined polarization state and emitting the
converted light has a first optically rotatory member (71) having a first
thickness distribution of thicknesses in an optical -axis direction different
at a plurality of locations and a second optically rotatory member (72) hav-
ing a second thickness distribution, each of which is a member to rotate
linearly polarized light incident thereto as propagating light, around the
optical -axis direction (AX). The first and second optically rotatory mem-
bers are comprised of an optical material with an optical activity arranged
so as to have a crystal axis coincident or parallel with the optical-axis di-
rection. Particularly, the sum of respective thicknesses of superimposed re-
gions in the first and second optically rotatory members is different from
the sum of respective thicknesses of other superimposed regions in the first
and second optically rotatory members when viewed along the optical-axis
direction.
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DESCRIPTION
POLARIZATION CONVERTING UNIT, ILLUMINATION OPTICAL
SYSTEM, EXPOSURE APPARATUS, AND DEVICE
MANUFACTURING METHOD
Technical Field
[0001] The present invention relates to a polarization converting unit,
an illumination optical system, an exposure apparatus, and a device
manufacturing method. More particularly, the present invention relates
to an illumination optical system suitably applicable to an exposure
apparatus for manufacturing such devices as semiconductor devices,
imaging devices, liquid crystal display devices, and thin film magnetic
heads by lithography.
Background Art
[0002] In a typical exposure apparatus of this type, a light beam emitted
from a light source travels through a fly's eye lens as an optical
integrator to form a secondary light source as a substantial surface
illuminant consisting of a large number of light sources. The
secondary light source generally means a predetermined light intensity
distribution on an illumination pupil. The light intensity distribution
on the illumination pupil will be referred to hereinafter as a "pupil
intensity distribution." The illumination pupil is defined as a position
such that an illumination target surface becomes a Fourier transform
plane of the illumination pupil by action of an optical system between
the illumination pupil and the illumination target surface. In the case
of the exposure apparatus, the illumination target surface corresponds to

a mask or a wafer.
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[0003] Beams from the secondary light source are condensed by a
condenser optical system and then superposedly illuminate the mask on
which a predetermined pattern is formed. Light passing through the
mask travels through a projection 'optical system to be focused on the
wafer, whereby the mask pattern is projected (or transferred) onto the
wafer to effect exposure thereof. The pattern formed on the mask is a
highly integrated one.  For this reason, an even illuminance
distribution must be obtained on the wafer in order to accurately transfer
this microscopic pattern onto the wafer.

[0004] There is a recently proposed illumination optical system
achieving an illumination condition suitable for faithfully transferring
the microscopic pattern in any direction. This illumination optical
system is so set that the secondary light source of an annular shape is
formed on the illumination pupil at or near the rear focal plane of the
fly's eye lens and that the polarization state of the light passing through
the annular secondary light source is converted into a state of
polarization rotating in the circumferential direction of the secondary
light source (which will be referred to hereinafter as a "circumferentially
polarized state"). The illumination optical system described in Patent
Document 1 uses a polarization converting element with an optical
activity having four to eight divided regions of a fan shape to set
polarization states of beams passing through the respective regions, in
the circumferential direction, thereby achieving the circumferentially
polarized state with relatively low so-called continuity.
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Summary of Invention

Problems that the Invention is to Solve

[0025] The inventors have conducted research on the aforementioned
conventional illumination optical systems and found the technical
problem as described below.

[0026] Specifically, for more suitably fulfilling the operational
advantage of the circumferential polarization, there are desires for

achievement of the circumferentially polarized state with higher
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continuity, for example, based on finer division than the eight-region
division. With the polarization converting element, it is necessary to
prepare the same number of members as the number of divided regions,
with predetermined thicknesses corresponding to the respective divided
regions and to accurately arrange and hold these members along
in-plane directions. For this reason, the difficulty of manufacture
(which is a general concept embracing accurately arranging and holding
a plurality of members) tends to rise with increase in the number of
divided regions and manufacture cost tends to rise eventually.

[0027] It is an object of the present invention to enable achievement of
a pupil intensity distribution in the circumferentially polarized state with
high continuity in an arranged state in an optical path of an illumination
optical system, with a configuration relatively easy to manufacture.
Means for Solving the Problems

[0028] A first aspect provides a polarization converting unit arranged
on an optical axis of an optical system, for converting a polarization
state of propagating light passing along an optical-axis direction
corresponding to the optical axis, the polarization converting unit
comprising a first optically rotatory member and a second optic-ally
rotatory member. The first optically rotatory member is comprised of
an optical material with an optical activity, which is arranged so as to
have a crystal axis coincident or parallel with the optical-axis direction
and so as to rotate linearly polarized light incident thereto as the
propagating light, around the optical-axis direction. The first optically
rotatory member has a first thickness distribution of thicknesses in the

optical-axis direction different at a plurality of locations. On the other
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hand, the second optically rotatory member is also comprised of an
optical material with an optical activity, which is arranged so as to have
a crystal axis coincident or parallel with the optical-axis direction and so
as to further rotate linearly polarized light incident thereto as the
propagating light through the first optically rotatory member, around the
optical-axis direction. This second optically rotatory member has a
second thickness distribution of thicknesses in the optical-axis direction
different at a plurality of locations. 7

[0029] The first and second optically rotatory members may be
arranged so that the sum of respective thicknesses in the optical-axis
direction at predetermined locations in the first and second optically
rotatory members through which a first reference axis parallel to the

optical-axis direction passes is different from the sum of respective

‘thicknesses in the optical-axis direction at other locations in the first and

second optically rotatory members through which a second reference
axis parallel to the optical-axis direction and different from the first
reference axis passes.

[0030] A second aspect provides an illumination optical system for
illuminating an illumination target surface with light from a light source.
The illumination optical system comprises the polarization converting
unit of the first aspect arranged in an optical path between the light
source and the illumination target surface.

[0031] A third aspect provides an exposure apparatus for exposing a
photosensitive substrate to transfer a predetermined pattern thereto.
The exposure apparatus comprises the illumination optical system of the

second aspect for illuminating the predetermined pattern.
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[0032] A fourth aspect provide a device manufacturing method
comprising an exposure step, a development step, and a processing step.
The exposure step is to expose the photosensitive substrate to transfer
the predetermined pattern thereto, using the exposure apparatus of the
third aspect. The development step is to develop the photosensitive
substrate to which the predetermined pattern is transferred, thereby to
form a mask layer in a shape corresponding to the predetermined pattern
on a surface of the photosensitive substrate. The proceséing step is to
process the surface of the photosensitive substrate through the mask
layer.

[0033] Each of embodiments of the present invention can be more fully
understood in view of the following detailed description and the
accompanying drawings. These embodiments are presented by way of
illustration only, and should not be construed as limiting the invention.
[0034] A further application scope of the present invention will become
apparent from the following detailed description. However, the
detailed description and specific examples illustrate the preferred
embodiments of the pre;sent invention but are presented by way of
illustration only, and it is apparent that various modifications and
improvements falling within the scope of the present invention are
obvious to those skilled in the art in view of the detailed description.
Brief Description of Drawings

[0035] Fig. 1 is a drawing schematically showing a éonﬁguration of an
exposure apparatus according to an embodiment;

[0036] Fig. 2 is a drawing showing an annular pupil intensity

distribution formed on an illumination pupil immediately after a micro



10

15

20

25

WO 2011/105308 PCT/JP2011/053595

fly’s eye lens;

[0037] Fig. 3 is a drawing schematically showing a configuration of a
polarization converting unit;

[0038] Fig. 4 is a drawing schematically showing a configuration of
each optically rotatory member in the polarization converting unit;
[0039] Fig. 5 is a drawing schematically showing another configuration
of each optically rotatory member in the polarization converting unit;
[0040] Fig. 6 is a drawing for explaining a positional relation between
regions in respective optically rotatory members in the bolarization
converting unit;

[0041] Fig. 7 is a drawing for explaining the optical activity of quartz
crystal;

[0042] Fig. 8 is a drawing showing an annular light intensity
distribution in a substantiall}} continuous, circumferentially polarized
state formed by action of the polarization converting unit;

[0043] Fig. 9 is a drawing showing an annular light intensity
distribution in a substantially continuous, radially polarized state formed
by action of the polarization converting unit;

[0044] Fig. 10 is a drawir'lg.‘ schematically showing a configuration of a
polarization converting unit according to a modification example;

[0045] Fig. 11 is a drawing schematically showing a configuration of
each optically rotatory member in the polarization converting unit
according to the modification example;

[0046] Fig. 12 is a drawing showing an annular light intensity
distribution in a substantially continuous, circumferentially polarized

state formed by action of the polarization converting unit according to
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the modification example;

[0047] Fig. 13 is a drawing showing an example in which one optically
rotatory membér is composed of a pair of divided members each
integrally formed;

[0048] Fig. 14 is a flowchart showing manufacturing steps of
semiconductor devices; and |

[0049] Fig. 15 is a flowchart showing manufacturing steps of a liquid
crystal device such as a liquid crystal display device.

Description of Embodiments

[0050] Embodiments will be described below in detail with reference to
Figs. 1 to 15. In the description of the drawings the same portions and
the same elements will be denoted by the same reference signs, without
redundant description.

[0051] Fig. 1 is a drawing schematically showing a configuration of an
exposure apparatus according to an embodiment. In Fig. 1, the Z-axis
is set along a direction of a normal to a transfer surface (exposed
surface) of a wafer W being a photosensitive substrate, the Y-axis along
a direction parallel to the plane of Fig. 1 in the transfer surface of the
wafer W, and the X-axis along a direction normal to the plane of Fig. 1
in the transfer surface of the wafer W. With reference to Fig. 1, a light
source 1 supplies exposure light (illumination light) in the exposure
apparatus of the present embodiment.

[0052] The light source 1 applicable herein is, for example, a KrF
excimer laser light source to supply light at the wavelength of 248 nm,
or an ArF excimer laser light source to supply light at the wavelength of

193 nm. The nearly parallel light emitted along the Z-direction from
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the light source 1 has a rectangular cross section elongated, for example,
along the X-direction and is incident into a beam expander 2 consisting
of a pair of lenses 2a and 2b. The light incident into the beam
expander 2 is expanded in the plane of Fig. 1 to be shaped into a beam
having a predetermined rectangular cross section.

[0053] The nearly parallel light having passed through the beam
expander 2 as a shaping optical system is deflected into the Y-direction
by a mirror 3 aﬁd then travels through a polarization state switch unit 4
and a diffractive 6ptical element 5 for annular illumination, to enter an
afocal lens 6. The polarization state switch unit 4 is composed of a
quarter wave plate 4a the crystal optic axis of which is arranged to be
rotatable about the optical axis AX and which converts elliptically
polarized light incident thereto, into linearly polarized light, a half wave
plate 4b the cryétal optic axis of which is arranged to be rotatable about
the optical axis AX and which changes a direction of polarization of
incident linearly polarized light, and a depolarizer (depolarizing
element) 4c which is arranged so as to be freely loaded in or unloaded
from the illumination optical path.

[0054] In a state in which the depolarizer 4c is unloaded from the
illumination optical path, the polarization state switch unit 4 has a
function to convert the light from the light source 1 into linearly
polarized light having a desired polarization direction and guide the
linearly polarized light into the diffractive optical element 5.
Furthermore, in a state in which the depolarizer 4c is loaded in the
illumination optical path, the polarization state switch unit 4 has a

function to convert the light from the light source 1 into substantially

10
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unpolarized light and guide the unpolarized light into the diffractive
optical element 5. The afocal lens 6 is composed of a front lens unit 6a
and a rear lens unit 6b. The afocal lens 6 is an afocal system (afocal
optical system) that is so set that the front focus position of the front
lens unit 6a agrees substantially with the position of the diffractive
optical element 5 and that the rear focus position of the rear lens unit 6b
agrees substantially with a position of a predetermined plane IP
indicated by a dashed line in the drawing.

[0055] In general, a diffractive optical element is made by forming
level differences at the pitch approximately equal to the wavelength of
the exposure light (illumination light) in a substrate, and has the action

to diffract an incident beam to desired angles. Specifically, the

~ diffractive optical element 5 for annular illumination has the following

function: when a parallel beam with a rectangular cross section is

- incident thereto, it forms an annular light intensity distribution in its far

field (or Fraunhofer diffraction region). Therefore, the nearly parallel
beam incident to the diffractive optical element 5 forms an annular light
intensity distribution at the pupil position of the afocal lens 6 and is then
emitted as a nearly parallel beam from the afocal lens 6.

[0056] A polarization converting unit 7 and a conical axicon system 8
are arranged at or near the pupil position of the afocal lens 6. The
configurations and actions of the polarization converting unit 7 and the
conical axicon system 8 will be described later. The below will
describe the basic configuration and action of the exposure apparatus,
while ignoring the actions of the polarization converting unit 7 and the

conical axicon system 8. The beam having passed through the afocal
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lens 6 travels through a zoom lens 9 for Varying the o value (o value =
mask-side numerical aperture of the illumination optical
apparatus/mask-side numerical aperture of the projection optical
system), to enter a micro fly's eye lens (or fly's eye lens) 10 as an optical
integrator.

[0057] The micro fly's eye lens 10 is, for example, an optical element
consisting of a large number of microscopic lenses with a positive
refractive power arrayed vertically and horizontally and densely. In
general, a micro fly's eye lens is constructed, for example, by forming
the microscopic lens group by etching of a plane-parallel plate. Each
of the microscopic lenses constituting the micro fly's eye lens is smaller
than each of lens elements constituting a fly's eye lens. In the micro
fly's eye lens, different from the fly's eye lens consisting of mutually
isolated lens elements, the large number of microscopicv lenses
(microscopié refracting faces) are integrally formed without being
isolated from each other. |

[0058] However, the micro fly's eye lens is an optical integrator of the
same wavefront division type as the fly's eye lens in terms of the
configuration wherein the lens elements with the positive refractive
power are arranged vertically and horizontally. It is also possible to
use, for example, a cylindrical micro fly's eye lens as the micro fly's lens
10. The configuration and action of the cylindrical micro fly's eye lens
are disclosed, for example, in Patent Document 2 above. The
disclosure of Patent Document 2 above is incorporated herein by
reference. |

[0059] The position of the predetermined plane IP is located at or near

12
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the front focus position of the zoom lens 9 and the entrance plane of the
micro fly's eye lens 10 is located at or near the rear focus position of the
zoom lens 9. In other words, the zoom lens 9 acts to arrange the
predetermined plane IP and the entrance plane of the micro fly's eye
lens 10 substantially in the relation of Fourier transform and, in turn, to
arrange the pupil plane of the afocal lens 6 and the entrance plane of the
micro fly's eye lens 10 optically substantially conjugate with each other.
Therefore, for example, an annular illumination field centered on the
optical axis AX on a plane perpendicular to the optical axis AX is
formed on the entrance plane of the micro fly's eye lens 10 as on the
pupil plane of the afocal lens 6. (In the description hereinafter,
expressions of the shape and others based on the optical axis AX are
defined on the plane perpendicular to the optical axis.) The overall
shape of this annular illumination field similarly varies depending upon
the focal length of the zoom lens 9.

[0060] Each microscopic lens forming the micro fly's eye lens 10 has a
cross section of a rectangular shape similar to a shape of an illumination
field to be formed on the mask M (and, in turn, similar to a shape of an
exposure region to be formed on the wafer W). The light entering the
micro fly’s eye lens 10 is two-dimensionally divided by the large
number of microscopic lenses to form a secondary light source with a
light intensity distribution substantially identical with the illumination
field formed on the entrance plane, i.e.,, a secondary light source
(annular pupil intensity distribution) 20 consisting of an annular
substantial surface illuminant centered on the optical axis AX, as shown

in Fig. 2, at the illumination pupil lying at or near the rear focal plane of
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the micro fly's eye lens 10.

[0061] Beams of light from the secondary light source 20 formed on the
illumination pupil immediately after the micro fly's eye lens 10 travel
through a condenser optical system 11 to illuminate a mask blind 12 in a
superimposed manner. In this manner, a rectangular illumination field
according to the shape and focal length of each microscopic lens
forming the micro fly's eye lens 10 is formed on the mask blind 12 as an
illumination field stop. Beams of light passing through a rectang.ul‘a.r
aperture (light transmitting part) of the mask blind 12 are subjécted to
condensing action of an imaging optical system 13 and thereafter
superposedly illuminate the mask M on which a predetermined pattern
is formed.

[0062] Namely, the imaging optical system 13 forms an image of the
rectangular aperture of the mask blind 12 on the mask M. The pupil of
the imaging optical system 13 is another illumination pupil located at a
position optically conjugate with the illumination pupil at or near the
rear focal plane of the micro fly's eye lens 10. Accordingly, an annular
pupil intensity distribution is also formed at the pupil position of the
imaging optical system 13 as at the illumination pupil immediately after
the micro fly's eye lens 10.

[0063] Light transmitted by the mask M held on a mask stage MS
travels through the projection optical system PL to form an image of the
mask pattern on the wafer (photosensitive substrate) W held on a wafer
stage WS. In this manner, the pattern of the mask M is sequentially
transferred to each of exposure regions on the wafer W by carrying out

full-shot exposure or scan exposure while two-dimensionally driving
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and controlling the wafer stage WS in a plane (XY plane) perpendicular

to the optical axis AX of the projection optical system PL and, therefore,

while two-dimensionally driving and controlling the wafer W.

[0064] The conical axicon system & is composed of a first prism
member 8a and a second prism member 8b arranged in order from the
light source side. The first prism member 8a has a plane on the light
source side and a refracting surface of a concave conical shape on the
mask side. - The second prism member 8b has a plane on the mask side
and a refracting surface of a convex conical shap‘e on the 1ight source
side. The concave conical refracting surface of the first prism member
8a and the convex conical refracting surface of the second prism
member 8b are complementarily formed so as to be able to butt each
other. Namely, at least one of the first prism member 8a and the
second prism member 8b is arranged as movable along the optical axis
AX so as to vary the spacing between the concave conical refracting
surface of the first prism member 8a and the convex conical refracting
surface of the second prism member 8b.

[0065] In a state in which the concave conical refracting surface of the
first prism member 8a and the convex conical refracting surface of the
second prism member 8b butt each other, the conical axicon system 8
functions as a plane-parallel plate and causes no effect on the annular
secondary light source formed. However, as the concave conical
refracting surface of the first prism member 8a and the convex conical
refracting surface of the second prism member 8b are moved away from
each other, the outside diameter (inside diameter) of the annular

secondary light source varies while the width of the annular secondary
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light source (half of the difference between the outside diameter and the
inside diameter of the annular secondary light source) is kept constant.
Namely, the separation of the two members results in change in the
annular ratio (inside diameter/outside diameter) and the size (outside
diameter) of the annular secondary light source.

[0066] The zoom lens 9 has a function to similarly (isotropically)
enlarge or reduce the overall shape of the annular secondary light_
source. For ¢xample, when the focal length of the zoom lens 9 is
increased from a minirriuin toa predetermiﬁed Vaiue; the overall shapé |
of the annular secondary light source is similarly enlarged. In other
words, the action of the zoom lens 9 is to vary both the width and the
size (outside diameter) of the annular secondary light source, without
change in the annular ratio thereof. In this manner, the annular ratio
and size (outside diameter) of the annular secondary light source can be
controlled by the actions of the conical axicon system 8 and the zoom
lens 9.

[0067] In the present embodiment, the mask M arranged on an
illumination target surface of the illumination optical system (2-13) is
illuminated by Kohler illumination using the secondary light source
formed immediately after the micro fly's eye lens 10, as a light source. -
For this reason, the position where the secondary light source is formed
is optically conjugate with the position of an aperture stop AS of the
projection optical system PL and the plane where the secondary light
source is formed can be called an illumination pupil plane of the
illumination optical system (2-13). Typically, the illumination target

surface (the plane where the mask M is arranged or the plane where the
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wafer W is arranged in the case where the illumination optical system is
considered to include the projection optical system PL) is an optical
Fourier transform plane with respect to the illumination pupil plane.
[0068] The pupil intensity .distribution is a light intensity distribution
(luminance distribution) on the illumination pupil plane of the
illumination optical system (2-13) or on a plane optically conjugate with
the illumination pupil plane. When the number of divisions of the
wavefront by the micro fly's eye lens 10 is relatively large, the overall
light intensity diétribution formed on the entrance plane of the micro
fly's eye lens 10 demonstrates a high correlation with the overall light
intensity distribution (pupil intensity distribution) of the entire
secondary light source. For this reason, the light intensity distributions |
on the entrance plane of the micro fly's eye lens 10 and on a plane
optically conjugate with the entrance plane (e.g., the pupil plane of the
éfocal lens 6) can also be called pupil intensity distributions.
Therefore, the entrance plane of the micro fly's eye lens 10 and the
plane optically conjugate with the entrance plane are also referred to as
illumination pupil planes.

[0069] A diffractive optical element for multi-polar illumination (not
shown) can be set instead of the diffractive optical element 5 for annular
illumination in the illumination optical path, thereby to implement
multi-polar illumination (bipolar illumination, quadrupolar illumination,
octupolar illumination, or the like). When a parallel beam with a
rectangular cross section is incident to the diffractive optical element for
multi-polar illumination, the diffractive optical elément for multi-polar

illumination functions to form a light intensity distribution of a
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multi-polar shape (bipolar, quadrupolar, octupolar, or other shape) in its
far field. Therefore, light having passed through the diffractive optical
element for multi-polar illumination forms an illumination field of a
multi-polar shape, for example, consisting of a plurality of circular
illumination fields around the optical axis AX, on the entrance plane of
the micro fly's eye lens 10. As a result, the secondary light source of
the same multi-polar shape as the illumination field formed on the
entrance plane is also formed on the illumination pupil immediately
after the micro ﬂy's eye lens 10.

[0070] When a diffractive optical element for circular illumination (not
shown) is set instead of the diffractive optical element 5 for annular
illumination in the illumination optical path, it can implement normal

circular illumination. When a parallel beam with a rectangular cross

- section is incident to the diffractive optical element for circular

illumination, the diffractive optical element for circular illumination
functions to form a light intensity distribution of a circular shape in the
far field. Therefore, a light beam having passed through the diffractive
optical element for circular illumination forms, for example, an
illumination field of a circular shape (which is defined on the plane
perpendicular to the optical axis) centered on the optiéal axis AX, on the
entrance plane of the micro fly's eye lens 10. As a result, the
secondary light source of the same circular shape as the illumination
field formed on the entrance plane is also formed on the illumination
pupil immediately after the micro fly's eye lens 10. When a diffractive
optical element with an appropriate characteristic (not shown) is set

instead of the diffractive optical element 5 for. annular illumination in
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the illumination optical path, it becomes feasible to implement one of
various forms of .modiﬁed illuminations.

[0071] Instead of or in addition to the aforementioned diffractive
optical element, it is also possible to use a spatial light modulator, for
example, in a configuration wherein orientations of mirror elements
arrayed two-dimensionally are continuously or discretely varied each in
multiple steps. The spatial light modulator of this type can be any one
of the spatial light modulators, for example, disclosed in Patent
Documents 3 to 6 above. For example, Patent Documents 7 to 14
above disclose the illumination optical systems using such an active
spatial light modulator. The disclosures of Patent Documents 3 to 5
and 7 to 14 above are incorporated herein by reference.

[0072] Fig. 3 is a drawing schematically showing the configuration of
the polarization converting unit. The polarization converting unit 7, as
described above, is arranged at or near the pupil position of the afocal
lens 6, i.e., at or near the position of the illumination pupil of the
illumination optical system (2-13). In another expression, the
polarization converting unit 7 is arranged in a pupil space including the
illumination pupil in the optical path of the afocal lens 6. The "pupil
space including the illumination pupil" herein is a space along the
optical path between the front optical member (front lens unit 6a in the
configuration of Fig. 1) arranged on the front side of the illumination
pupil and having a power and the rear optical member (conical axicon
system 8 in the configuration of Fig. 1) arranged on the rear side of the
illumination pupil and having a power.

[0073] It is assumed hereinafter for easier understanding of description
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that the polarization converting unit 7 is arranged so as to be fixed or so
as to be freely loaded in or unloaded from the optical path, at the
position immediately before the illuminétion pupil in the optical path of
the afocal lens 6. When the diffractive optical element 5 for annular
illumination is arranged in the illumination optical path, light having an
annular cross section is incident as propagating light into the
polarization converting unit 7. The polarization converting unit 7, as
shown in Fig. 3, has a first optically rotatory member 71, a second
optically rotatory member 72, and a third optically rotatory member 73
in order from the entrance side of light (light source side; left in Fig. 3).
The three optically rotatory members 71, 72, 73 each have a form of a
plane-parallel plate as a whole and have the same configuration.

[0074] The optically rotatory members 71 to 73 are held by a holding
frame 75 of a circular ring form so as to be kept in a mutually parallel
state through spacers 74. The holding frame 75 is provided with an
aperture (light transmitting part) 75a for passage of the beam incident
from the light source 1 (not shown in Fig. 3) into the polarization
converting unit 7 (the first optically rotatory member 71 eventually).
The optically rotatory members 71-73 are held in a stable state at
respective required positions inside the holding frame 75, for example,
by action of a plurality of stop members 76 provided at intervals in the
circumferential direction of the holding frame 75.

[0075] Each optically rotatory member 71-73 is made of a crystal
maf:erial being an optical material with an optical activity, e.g., quartz
crystal. In the state where the optically rotatory members 71-73 are

positioned in the optical path, entrance surfaces (and exit surfaces
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eventually) of the respective optically rotatory members 71-73 are
perpendicular to the optical axis AX and their crystal optic axes are
approximately coincident with the direction of the optical axis AX (i.e.,
approximately coincident with the Y-direction which is the traveling
direction of incident light). The optically rotatory member 71 (72, 73),
as shown in Fig. 4 (A), has a contour of a circular shape centered on the
optical axis AX (or an annular shape not shown) and has sixteen divided
regions obtained by dividing the circular shape into sixteen equal
regions along the circumferential direction of the circle.

[0076] Specifically, the optically rotatory member 71 (72, 73) has, as
the sixteen divided regions, regions 71a (72a, 73a), 71b (72b, 73b), 71c
(72¢, 73c), 71d (724, 73d), 71e (72e, 73e), 71f (72f, 73f), 71g (72g,
73g), 71h (72h, 73h), 71i (721, 731), 71j (72}, 73j), 71k (72k, 73k), 71m
(72m, 73m), 71n (72n, 73n), 71p (72p, 73p), 71q (72q, 73q), and 71r
(72r, 73r).

[0077] The sixteen divided regions 71a (72a, 73a) to 71r (72r, 73r) of
the optically rotatory member 71 (72, 73) are such divided regions that
sixteen arcuate beams obtained by dividing the incident annular beam
(indicated by two dashed-line circles in Fig. 4 (A)) into sixteen equal
beams along the circumferential direction pass through the respective
regions. Of the sixteen divided regions 71a (72a, 73a) to 71r (72r,
73r), any two divided regions adjacent in the circumferential direction
have their respective thicknesses (lengths along the direction of the
optical axis AX) different from each other and any two divided regions
opposed to each other with the optical axis AX in between have an

identical thickness.
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[0078] Fig. 4 (B) is a side view of the optically rotatory member 71 (72,
73) viewed from a direction indicated by arrow A in Fig. 4 (A) and Fig.
4 (C) a side view of the optically rotatory member 71 (72, 73) viewed
from a direction indicated by arrow B in Fig. 4 (A). Each optically
rotatory member 71 (72, 73) may be one having continuously varying
thicknesses in the circumferential direction around the optical axis AX
(thicknesses in the optical-axis direction). In this case, as shown in
Fig. 5, the thicknesses of the respective regions are assumed to be
defined at centers of the respective regions 71a (72a, 73a) to 71r (72r,
731).

[0079] Polarization states of beams passing through the optically
rotatory members 71-73 arranged as described above are different
depending upon their passing positions. Fig. 6 is a drawing for
explaining this. However, Fig. 6 is depicted mainly with focus on the
relation between the first optically rotatory member 71 and the second
optically rotatory member 72. Namely, as shown in Fig. 6, the sum
(D1+D1) of respective thicknesses of the region 71a of the first
optically rotatory member 71 and the region 72a of the second optically
rotatory member 72 through which a first reference axis R1 parallel to
the optical axis AX passes is different from the sum (D5+D5) of
respective thicknesses of the region 71e of the first optically rotatory
member 71 and the region 72e of the second optically rotatory member
72 through which a second reference axis R2 parallel to the optical axis
AX and different from the first reference axis R1 passes. This means
that total propagation distances of beams in the optically rotatory

members are different depending upon their passing positions and this
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enables the passing beams to be set in respective polarization states
different depending upon their passing positions.

[0080] The optically rotatory merhber 71 (72, 73) is a single member
integrally formed by etching one surface (entrance surface or exit
surface) of a plane-parallel plate of quartz crystal. Specifically, one
surface of the optically rotatory member 71 (72, 73) is formed in an
uneven surface shape with sixteen linear steps extending radially from
the center thereof. The other surface of the optically rotatory member
71 (72, 73) is formed in a planar shape. - As described above, the
optically rotatory member 71 (72, 73) has a thickness distribution
varying in the circumferential direction. The thickness distribution of
the optically rotatory member 71 (72, 73) is a distribution of thicknesses
along the traveling direction of incident light (Y-direction coincident
with the optical-axis direction), in a plane (XZ plane) perpendicular to

the traveling direction of the incident light, which is a nonuniform

- distribution.

[0081] The optically rotatory members 71 to 73 have the same
configuration and are arranged so that partition lines between mutually
corresponding divided regions are superimposed when viewed from the
traveling direction (Y-direction) of light. In another expression, the
optically rotatory members 71, 72, and 73 are held so that their
thickness distributions viewed from the traveling direction of light are in
one-to-one correspondence on a region-by-region basis (i.e., so that
regions with the same thickness are superimposed when viewed from
the traveling direction of light). In still another expression, when the

partition lines between the mutually corresponding divided regions of
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the optically rotatory members 71, 72, and 73 are projected along the
traveling direction of light or the optical-axis direction onto a plane
perpendicular to the direction, these partition ﬁnes are superimposed on
each other. The below will briefly explain the optical activity of quartz
crystal with reference to Fig. 7. With reference to Fig. 7, an optical
member 100 of a plane-parallel plate shape of quartz crystal in a
thickness d is arranged so that its crystal optic axis is coincident with fhe
optical axis AX. In this case, linearly polarized light incident to the

optical member 100 is emitted in a state in which the polarizati‘on

~ direction thereof is rotated by 0 around the optical axis AX, by virtue of

the optical activity of the optical member 100.

[0082] At this time, the angle of rotation (optical rotatory angle) 6 of
the polarization direction due to the optical activity of the optical
member 100 is represented by Eq (a) below, using the thickness d of the
optical member 100 and the optical rotatory power p of quartz crystal.
In general, the optical rotatory power p of quartz crystal has wavelength
dependence (a property of varying the value of optical rotatory power
dependent on the wavelength of used light: optical rotatory dispersion)
and, specifically, it tends to increase with decrease in the wavelength of

used light. According to the description on pl67 in Non Patent

‘Document 1 above, the optical rotatory power p of quartz crystal for

light with the wavelength of 250.3 nm is 153.9°/mm.

O=dyp (a)
[0083] Referring again to Fig. 4, the divided region 71a (72a, 73a) is
arranged so that its center line (straight line extending in a radial

direction of a circle centered on the optical axis AX, from the optical
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axis AX) is coincident with a straight line extending across the optical
axis AX in the +X-direction. This divided region 71a (72a, 73a) has
the thickness D1 set so that when Z-directionally linearly polarized light
with the polarization direction along the Z-direction is incident thereto,
it emits linearly polarized light with the polarization direction along a
direction resulting from +60° (60° counterclockwise in Fig. 4) rotation
of the Z-direction. The divided region 71b (72b, 73b) adjacent to the
divided region 7la (72a, 73a) along the counterclockwise
circumferential direction in Fig. 4 has the thickness D2 set so thaf when
the Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +7.5° rotation of the Z-direction.

[0084] The divided region 71c (72c, 73c) adjacent to the divided region
71b (72b, 73b) has the thickness D3 set so that when the Z-directionally
linearly polarized light is incident thereto, it emits linearly polarized
light with the polarization direction along a direction resulting from
+15° rotation of the Z-direction. The divided region 71d (72d, 73d)
adjacent to the divided region 71c (72¢, 73c) has the thickness D4 set so
that when the Z-directionally linearly polarized light is incident thereto,
it emits linearly polarized light with the polarization direction along a
direction resulting from  +22.5° rotation of the Z-direction. The
divided region 71e (72e, 73e) adjacent to the divided region 71d (72d,
73d) has the thickness D5 set so that when the Z-directionally linearly
polarized light is incident thereto, it emits linearly polarized light with
the polarization direction along a direction resulting from +30° rotation

of the Z-direction.
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[0085] The divided region 71f (72f, 73f) adjacent to the divided region
71e (72e, 73e) has the thickness D6 set so that when the Z-directionally
linearly polarized light is incident thereto, it emits linearly polarized
light with the polarization direction along a direction resulting from
+37.5° rotation of the Z-direction. The divided region 71g (72g, 73g)
adjacent to the divided region 71f (72f, 73f) has the thickness D7 set so
that when the Z-directionally linearly polarized light is incident thereto,
it emits linearly polarized light with the polarization direction along a
direéﬁdn resulting from +45° rotation of the Z-direction. The divided
region 71h (72h, 73h) adjacent to the divided region 71g (72g, 73g) has
the thickness D8 set so that when the Z-directionally linearly polarized
light is incident thereto, it emits linearly polarized light with the
polarization direction along a direction resulting from +52.5° rotation of
the Z-direction.

[0086] The divided region 71i (72i, 731) adjacent to the divided region
71h (72h, 73h) and opposed to the divided region 71a (72a, 73a) with
the optical axis AX in between has the thickness D1 set so that when the
Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +60° rotation of the Z-direction as the divided region 71a
(72a, 73a) does. The divided region 71j (72j, 73j) opposed to the
divided region 71b (72b, 73b) has the thickness D2 set so that when the
Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +7.5° rotation of the Z-direction. The divided region

71k (72k, 73k) opposed to the divided region 71c (72c, 73c) has the
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thickness D3 set so that when the Z-directionally linearly polarized light
is incident thereto, it emits linearly polarized light with the polarization
direction along a direction resulting from +15° rotation of the
Z-direction.

[0087] The divided region 71m (72m, 73m) opposed to the divided
region 71d (72d, 73d) has the thickness D4 set so that when the
Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +22.5° rétation of the Z-direction. The divided region
71n (72n, 73n) opposed to the divided region 71e (72e, 73e) has the
thickness D5 set so that when the Z-directionally linearly polarized light
is incident thereto, it emits linearly polarized light with the polarization
direction albng a direction resulting from +30° rotation of the
Z-direction. The divided region 71p (72p, 73p) opposed to the divided
region 71f (72f, 73f) has the thickness D6 set so that when the
Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +37.5° rotation of the Z-direction.

[0088] The divided region 71q (72q, 73q) opposed to the divided region
71g (72g, 73g) has the thickness D7 set so that when the Z-directionally
linearly polarized light is incident thereto, it emits linearly polarized
light with the polarization direction along a direction resulting from
+45° rotation of the Z-direction. The divided region 71r (72r, 73r)
opposed to the divided region 71h (72h, 73h) has the thickness D8 set so
that when the Z-directionally linearly polarized light is incident thereto,

it emits linearly polarized light with the polarization direction along a
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direction resulting from +52.5° rotation of the Z-direction. The action
of the polarization converting unit 7 will be described below with
reference to Fig. 8 on the assumption that the Z-directionally linearly
polarized light is incident into the first optically rotatory member 71
(therefore, into the polarization converting unit 7).

[0089] When attention is focused on li‘ght with an arcuate cross section
incident into the divided region 71a of the optically rotatory member 71,
a beam F1, which is light generated through successive passage through
the divided regions 72a, 73a of the optically rotat'or.y members 72, 73, is
Z-directionally linearly polarized light with the polarization direction
along a direction resulting from +180° (180° counterclockwise in Fig. 8)
rotation of the Z-direction, i.e., along the Z-direction. The composite
rotation angle of the divided regions 71a, 72a, and 73a herein, 180°, is
nothing but the sum of 60° being the rotation angle of the divided region
71a, 60° being the rotation angle of the divided region 72a, and 60°
being the rotation angle of the divided region 73a. Similarly, a beam
F2 generated through the divided regions 71b to 73b of the optically
rotatory members 71 to 73 is linearly polarized light with the
polarization direction along a direction resulting from +22.5° rotation of
the Z-direction.

[0090] A beam F3 generated through the divided regions 71c-73c of the
optically rotatory members 71-73 is linearly polarized light with the
polarization direction along a direction resulting from +45° rotation of
the Z-direction. A beam F4 generated through the divided regions
71d-73d of the optically rotatory members 71-73 is linearly polarized

light with the polarization direction along a direction resulting from
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+67.5° rotation of the Z-direction. A beam F5 generated through the
divided regions 71e-73e of the optically rotatory members 71-73 is
X-directionally linearly polarized light with the polarization direction
along a direction resulting from +90° rotation of the Z-direction, i.e.,
along the X-direction. A beam F6 generated through the divided
regions 71f-73f of the optically rotatory members 71-73 is linearly
polarized light with the polarization direction along a direction resulting
from +112.5° rotation of the Z-direction.

[0091] A beam F7 generated through the divided regions 71g-73g of the

“optically rotatory members 71-73 is linearly polarized light with the

polarization direction along a direction resulting from +135° rotation of
the Z-direction. A beam F8 generated through the divided regions
71h-73h of the optically rotatory members 71-73 is linearly polarized
light with the polarization direction along a direction resulting from
+157.5° rotation of the Z-direction. A beam F9 generated through the
divided regions 71i-73i of the optically rotatory members 71-73 is
Z-directionally linearly polarized light with the polarization direction
along a direction resulting from +180° rotation of the Z-direction, i.e.,
along the Z-direction as the beam F1 opposed thereto with the optical
axis AX in between is. _

[0092] A beam F10 generated through the divided regions 71j-73j of
the optically rotatory members 71-73 is linearly polarizéd light with the
polarization direction along a direction resulting from +22.5° rotation of
the Z-direction as the beam F2 opposed thereto with the optical axis AX
in between is. A beam F11 generated through the divided regions
71k-73k of the optically rotatory members 71-73 is linearly polarized
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light with the polarization direction along a direction resulting from
+45° rotation of the Z-direction as the beam F3 opposed thereto with the
optical axis AX in between is. A beam F12 generated through the
divided regions 71m-73m of the optically rotatory members 71-73 is
linearly polarized lightl with the polarization direction along a direction
resulting from +67.5° rotation of the Z-direction as the beam F4
opposed thereto with the optical axis AX in between is.

[0093] A beam F13 generated through the divided regions 71n-73n of |
the optically rotatory members 71-73 is X-directionally linearly
polarized light with the polarization direction along a directionkresulting
from +90° rotation of the Z-direction, i.e., along the X-direction as the
beam F5 opposed thereto with the optical axis AX in between is. A
beam F14 generated through the -divided regions 71p-73p of the
optically rotatory members 71-73 is linearly polarized light with the
polarization direction along a direction resulting from +112.5° rotation
of the Z-direction as the beam F6 opposed thereto with the optical axis
AX in between is. A beam F15 generated through the divided regions
71q-73q of the optically rotatory members 71-73 is linearly polarized
light with the polarization direction along a direction resulting from
+135° rotation of the Z-direction as the beam F7 opposed thereto with
the optical axis AX in between is. A beam F16 generated through the
divided regions 71r-73r of the optically rotatory members 71-73 is
linearly polarized light with the polarization direction along a direction
resulting from +157.5° rotation of the Z-direction as the beam F8
opposed thereto with the optical axis AX in between is. |

[0094] In this manner, an annular light intensity distribution 21 is
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formed in a circumferentially polarized state with high continuity of a
sixteen-equal-division type on the illumination pupil immediately after
the second polarization converting member 7. In the circumferentially
polarized state, a beam passing through the annular light intensity
distribution 21 becomes linearly polarized light with the polarization
direction along a tangent direction to a circle centered on the optical
axis AX. As a result, an annular light intensity distribution is formed
in a substantially continuous, circumferentially polarized state
corresponding to the annular light intensity distribution 21, on the
illumination pupil immediately after the micro fly's eye lens 10.
Furthermore, an annular light intensity distribution is also formed in a
substantially  continuous,  circumferentially  polarized  state
corresponding to the annular light intensity distribution 21, at positions
of other illumination pupils optically conjugate with the illumination
pupil immediately after the micro fly's eye lens 10, i.e., at the pupil
position of the imaging optical system 13 and at the pupil position of the
projection optical system PL (position where the aperture stop AS is
located).

[0095] In general, in the case of -circumferential polarization
illumination based on the pupil intensity distribution of the annular
shape or multi-polar shape (dipolar, quadrupolar, octupolar, or other
shape) in the circumferentially polarized state, the light impinging upon
the wafer W as a final illumination target surface is in a polarized state
in which the major component is s-polarized light. The s-polarized
light herein is linearly polarized light having the polarization direction

along a direction perpendicular to a plane of incidence (polarized light
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whose electric vector is vibrating in the direction perpendicular to the
plane of incidence).\ It is noted herein that the plane of incidence is a
plane defined as follows: when light arrives at a boundary surface
(illumination target surface: surface of the wafer W) of a medium, a
plane including a normal to the boundary plane at that point and a
direction of incidence of the light is defined as the plane of incidence.
As a result, the circumferential polarization illumination permits
improvement in optical performance (depth of focus and others) of the
projection optical system and provides a mask pattern image with high
contrast on the wafer (photosensitive substrate).

[0096] As described above, the polarization converting unit 7 forms the
light intensity distribution 21 in the circumferentially polarized state
with high continuity of the sixteen-equal-division type on the
illumination pupil immediately after the unit 7 by cooperative action of
the three optically rotatory members 71-73 (each having the same
structure) arranged in the adjacent state along the optical axis AX. The
optically rotatory members 71-73 each have the sixteen divided regions
71a, 72a, 73a to 71r, 72r, 73r resulting from the equal division in the
circumferential direction around the optical axis AX (which is a
circumferential direction of a circle centered on the optical axis AX on a
plane perpendicular to the optical axis; this will also apply to the
description hereinafter) and are arranged so that the partition lines
between the corresponding divided regions are superimposed when
viewed from the traveling direction of light. Therefore, a difference
between a maximum rotation angle (60° in the above example) and a

minimum rotation angle (7.5° in the above example) required of the

32



10

15

20

25

WO 2011/105308 PCT/JP2011/053595

divided regions for achievement of the circumferentially polarized state,
i.e., a required rotation angle range is kept relatively small.

[0097] This means that in manufacture of the optically rotatory
members 71-73 as single members integrally formed by etching one
surface of a plane-parallel plate of quartz crystal, a maximum
processing depth (maximum of depths to be etched in the thickness
direction of the plane-parallel plate) required for formation of the
required uneven surface shape is kept relatively small. In other words,
since the maximum processing depth required for formation of the
required uneven surface shape is kept relatively small, it becomes
feasible to readily manufacture the optically rotatory members 71-73 as
integrally formed single members, by etching one surface of a
plane-parallel plate of quartz crystal.

[0098] As a result, the polarization converting unit 7 of the present
embodiment, different from the conventional technology described in
Patent Document 1 above, has no need for preparing members as many
as the number of divisions in the circumferential direction and no need
for accurately arranging and holding these members along in-plane

directions. For this réason, the difficulty of manufacture of the

~ optically rotatory members 71-73 (and therefore the polarization

converting unit 7) is less likely to become higher, even with increase in
the number of divisions for achievement of the circumferentially
polarized state with high continuity. = Namely, the polarization
converting unit 7 of the present embodiment has the configuration
relatively easy to manufacture and is able to achieve the pupil intensity

distribution in the circumferentially polarized state with high continuity
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when arranged in the optical path of the illumination optical system
@13).

[0099] The illumination optical system (2-13) of the present
embodiment is able to illuminate the pattern surface (illumination target
surface) of the mask M with the light in the desired circumferentially
polarized state, using the polarization converting unit 7 achieving the
annular pupil intensity distribution in the circumferentially polarized
state with high continuity. The exposure apparatus (2-WS) of the
present embodiment is able to accurately transfer the microscopic
pattern onto the wafer W while suitably fulfilling the operational
advantage of the circumferential polarization under an appropriate
illumination condition achieved according to a characteristic of the
pattern of the mask M to be transferred, using the illumination optical
system (2-13) to illuminate the pattern surface of the mask M with the
light in the desired circumferentially polarized state.

[0100] In the above-described embodiment the Z-directionally linearly
polarized light is made incident to the polarization converting unit 7,
Whereas in a case where X-directionally linearly polarized light is made
incident to the polarizat.ion.converting unit 7, an annular light intensity
distribution 22 in a radially polarized state with high continuity of the
sixteen-equal-division type is formed on the illumination pupil
immediately after the polarization converting unit 7, as shown in Fig. 9.
As a consequence, an annular light intensity distribution is also formed
in a substantially continuous, radially polarized state corresponding to
the annular light intensity distribution 22, at the illumination pupil

immediately after the micro fly's eye lens 10, at the pupil position of the
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imaging optical system 13, and at the pupil position of the projection
optical system PL.

[0101] In general, in the case of the radial polarization illumination
based on the annular or multi-polar pupil intensity distribution in the
radially polarized state, the light impinging upon the wafer W as a final
illumination target surface is in a polarization state in which the major
component is p-polarized light. The p-polarized light herein is linearly
polarized light havingv-the ‘polarization direction along a direction
parallel to the plane of incidehce defined as described above (e,
polarized light whose electric vector is vibrating in the direction parallel
to the plane of incidence). As a result, the radial polarization
illumination provides a good mask pattern image on the wafer
(photosensitive substrate) while keeping the reflectance of light small
on a resist applied on the wafer W.

[0102] The above embodiment described the polarization converting
unit 7 having the specific configuration shown in Figs. 3 and 4.
However, various forms can be contemplated as to the configuration of
the polarization converting unit. Specifically, a variety of forms can be
contemplated as to the arrangement position of the polarization
converting unit, the number of optically rotatory members, the material
of the optically rotatory members, the configuration of the optically
rotatory members (differences in the contour, the surface shape
(thickness distribution), the side where the uneven surface is formed, the
number of uneven surfaces, and so on), the arrangement relation among
the optically rotatory members, the processing technique of the optically

rotatory members, and so on (e.g., cf. Fig. 5).
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[0103] For example, in the foregoing embodiment, the polarization
converﬁng unit 7 is arranged at or near the pupil position of the afocal
lens 6. However, without having to be limited to this, the polarization
converting unit 7 may be arranged at a position of another illumination
pupil or at a position near it in the illumination optical system (2-13).
Specifically, the polarization converting unit 7 can also be arranged near
the entrance plane of the micro fly's eye lens 10, near the exit plane of
the micro fly's eye lens 10, at or near the pupil position of the imaging
optical system‘ 13, and so on.

[0104] In the foregoing embodiment, the optically rotatory members
71-73 are formed by etching one surface of a plane-parallel plate of
quartz crystal. However, without having to be limited to this, the
optically rotatory members can also be made of an optical material with
an optical activity except for the quartz crystal. Furthermore, the
optically rotatory members can also be made by an appropriate
processing technique other than the etching. The optically rotatory
members can also be formed by processing the both surfaces of the
plane-parallel plate. In this case, the maximum processing depth
required of each surface is half of the maximum processing depth in the |
above embodiment.

[0105] In the above embodiment the optically rotatory 'members 71-73
have the sixteen divided regions resulting from the equal division in the
circumferential direction around the optical axis AX, but the number of
divided regions is not limited to 16 but may be 2, 4, 8, or 32.
Furthermore, the division does not always have to be the equal division.

The optically rotatory members 71-73 do not always have to be limited
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to the configuration with the plurality of divided regions resulting from
the division-in the circumferential directioh, but each member may be
constructed, for example, in a configuration wherein each of the divided
regions is polygonal (typically, a shape enabling closest packing such as
a rectangular, hexagonal, or other shape) and wherein these divided
regions are two-dirhensionally arranged along the arrangement plane of
the optically rotatory member.

[0106] In the above embodiment the polarization converting unit 7 has
the three optically rotatory members 71-73. However, without having |
to be limited to this, it is also possible to construct a polarization
converting unit 7A of two optically rotatory members 81, 82 as shown
in Fig. 10, for example. The polarization converting unit 7A of the
modification example has the first optically rotatory member 81 and the |
second optically rotatory member 82 in order from the entrance side of
light (light source side; left in Fig. 10).

[0107] It is assumed hereinafter for simplicity of description that the
optically rotatory members &1, 82 are members corresponding to the
optically rotatory members 71, 72 in the above embodiment and have
the same structure and thickness distribution as the optically rotatory
members 71, 72. Furthermore, the optically rotatory members 81 and
82 are assumed to be arranged so that the partition lines between the
mutually corresponding divided regions are superimposed when viewed
from the traveling direction of light (Y-direction), like the positional
relationship between the optically rotatory rhembers 71 and 72.
However, the optically rotatory members 81, 82, different from the

optically rotatory members 71, 72, are single members integrally
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formed by etching both surfaces (entrance surface and exit surface) of a
plane-parallel plate of quartz crystal.

[0108] The optically rotatory member 81 (82), as shown in Fig. 11, has
a contour of a circular shape centered on the optical axis AX (or an
annular shape not illustrated) and has sixteen divided regions obtained
by dividing the circular shape into sixteen equal regions along the
circumferential direction around the optical axis AX. Specifically, the

optically rotatory member 81 (82) has, as the sixteen divided regions,

regions 81a (82a), 81b (82b), 81c (82c), 81d (82d), 81e (82¢), 81 (82f),

81g (82g), 81h (82h), 81i (82i), 81j (82j), 81k (82k), 81m (82m), 81n
(82n), 81p (82p), 81q (82q), and 81r (82r).

[0109] The divided region 81a (82a) has the thickness D1 set so that
when the Z-directionally linearly polarized light with the polarization
direction along the Z-direction is ‘incident thereto, it emits
X-directionally linearly polarized light with the polarization direction
along a direction resulting from +90° (90° counterclockwise in Fig. 11)
rotation of the Z-direction, i.e., along the X-direction. The divided
region 81b (82b) adjacent to the divided region 81a (82a) along the
counterclockwise circumferential direction in Fig. 11 has the thickness
D2 set so that when the Z-directionally linearly polarized light is
incident thereto, it emits linearly polarized light with the polarization
direction along a direction resulting from +11.25° rotation of the
Z-direction.

[0110] The divided region 81c (82c) adjacent to the divided region 81b
(82b) has the thickness D3 set so that when the Z-directionally linearly

polarized light is incident thereto, it emits linearly polarized light with
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the polarization direction along a direction resulting from +22.5°
rotation of the Z-direction. The divided region 81d (82d) adjacent to
the divided region 81c¢ (82c) has the thickness D4 set so that when the
Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +33.75° rotation of the Z-direction. The divided region
81e (82e) adjacent to the divided region 81d (82d) has the thickness D5
set so that when the Z-directionally linearly polarized light_is incident
thereto, it emits linearly polarized light with the polarizatibn directioh
along a direction resulting from +45° rotation of the Z-direction.

[0111] The divided region 81f (82f) adjacent to the divided region §le
(82e) has the thickness D6 set so thatl when the Z-directionally linearly
polarized light is incident thereto, it emits linearly polarized light with
the polarization direction -along a direction resulting from +56.25°
rotation of the Z-direction. The divided region 81g (82g) adjacent to
the divided region 81f (82f) has the thickness D7 set so that when the
Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +67.5° rotation bf the Z-direction. The divided region
81h (82h) adjacent to the divided region 81g (82g) has the thickness D8
set so that when the Z-directionally linearly polarized light is incident
thereto, it emits linearly polarized light with the polarization direction
along a direction resulting from +78.75° rotation of the Z-direction.
[0112] The divided region 81i (82i) adjacent to the divided region 81h
(82h) and opposed to the divided region 81a (82a) with the optical axis
AX in between has the thickness D1 set so that when the Z-directionally
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linearly polarized light is incident thereto, it emits X-directionally
linearly polarized light with the polarization direction along a direction
resulting from +90° rotaﬁon of the Z-direction, i.e., along the
X-direction as the divided region 81a (82a) does. The divided region
81j (82)) opposed to the divided region 81b (82b) has the thickness D2
set so that when the Z-directionally linearly polarized light is incident

thereto, it emits linearly polarized light with the polarization direction

~ along a direction resulting from +11.25° rotation of the Z-direction.

The divided region 81k .(82k) opposed to the divided region 81c¢ (82c)
has the thickness D3 set so that when the Z-directionally linearly
polarized light is incident thereto, it emits linearly polarized light with
the polarization direction along a direction resulting from +22.5°
rotation of the Z-direction. |

[0113] The divided region 81m (82m) opposed to the divided region
81d (82d) has the thickness D4 set so that when the Z-directionally
linearly polarized light is incident thereto, it emits linearly polarized
light with the polarization direction along a direction resulting from
+33.75° rotation of the Z-direction. The divided region 81n (82n)
opposed to the divided region 81e (82¢) has the thickness D5 set so that

-when the Z-directionally linearly polarized light is incident thereto, it

emits linearly polarized light with the polarization direction along a
direction resulting from +45° rotation of the Z-direction. The divided
region 81p (82p) opposed to the divided region 81f (82f) has the
thickness D6 set so that when the Z-directionally linearly polarized light
is incident thereto, it emits linearly polarized light with the polarization

direction along a direction resulting from +56.25° rotation of the
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Z-direction.

[0114] The divided region 81q (82q) opposed to the divided region 81g
(82g) has the thickness D7 set so that when the Z-directionally linearly
polarized light is incident thereto, it emits linearly polarized light with
the polarization direction along a direction resulting from +67.5°
rotation of the Z-direction. The divided region 81r (82r) opposed to
the divided region 81h (82h) has the thickness D8 set so that when the
Z-directionally linearly polarized light is incident thereto, it emits
linearly polarized light with the polarization direction along a direction
resulting from +78.75° rotation of the Z-direction. The below will
describe the action of the polarization converting unit 7A with reference
to Fig. 12, on the assumption that the Z-directionally linearly polarized
light is incident into the first optically rotatory member 81 (therefore,
into the polarization converting unit 7A).

[0115] When attention is focused on light with an arcuate cross section
incident into the divided region 81a of the optically rotatory member 81,
a beam F1, which is light generated through the divided region 82a of
the optically rotatory member 82, is Z-directionally linearly polarized
light with the polarization direction along a direction resulting from
+180° (180° counterclockwise in Fig. 12) rotation of the Z-direction,
i.e., along the Z-direction. The composite rotation angle of the divided
regions 81a and 82a, 180°, is nothing but the sum of 90° being the
rotation angle of the divided region 81a and 90° being the rotation angle
of the divided region 82a. Similarly, a beam F2 generated through the
divided regions 81b, 82b of the optically rotatory members 81, 82 is

linearly polarized light with the polarization direction along a direction
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resulting from +22.5° rotation of the Z-direction.

[0116] A beam F3 generated through the divided regions 81c, 82c of
the optically rotatory members 81, 82 is linearly polarized light with the
polarization direction along a direction resulting from +45° rotation of
the Z-direction. A beam F4 generated through the divided regions 81d,
82d of the optically rotatory members 81, 82 is linearly polarized light
with the polarization direction along a direction resulting from +67.5°
rotation of the Z-direction. A beam F5 generated through the divided
regions 8le, 82e of the optically rotatory members 81, 82 is
X-directionally linearly polarized light with the polarization direction
along a direction resulting from +90° rotation of the Z-direction, i.e.,
along the X-direction. A beam F6 generated through the divided
regions 81f, 82f of the optically rotatory members 81, 82 is linearly
polarized light with the polarization direction along a direction resulting
from +112.5° rotation of the Z-direction.

[0117] A beam F7 generated through the divided regions 81g, 82g of
the optically rotatory members 81, 82 is linearly polarized light with the
polarization direction along a direction resulting from +135° rotation of
the Z-direction. A beam F8 generated through the divided regions 81h,
82h of the optically rotatory members 81, 82 is linearly polarized light
with the polarization direction along a direction resulting from +157.5°
rotation of the Z-direction. A beam F9 generated through the divided
regions 81i, 82i of the optically rotatory members 81, 82 is
Z-directionally linearly polarized light with the polarization direction
along a direction resulting from +180° rotation of the Z-direction, i.e.,

along the Z-direction as the beam F1 opposed thereto with the optical
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axis AX in between is.

[0118] A beam F10 generated through the divided regions 81j, 82j of

the optically rotatory members 81, 82 is linearly polarized light with the
polarization direction along a direction resulting from +22.5° rotation of
the Z-direction as the beam F2 opposed thereto with the optical axis AX
in between is. A beam F11 generated through the divided regions 81k,
82k of the optically rotatory members 81, 82 is linearly polarized light
with the polarization direction along a direction resulting from +45°
rotation of the Z-direction as the beam F3 opposed thereto with the
optical axis AX in between is. A beam F12 generated through the
divided regions 81m, 82m of the optically rotatory members 81, 82 is
linearly polarized light with the polarization direction along a direction
resulting from +67.5° rotation of the Z-direction as the beam F4
opposed thereto with the optical axis AX in between is.

[0119] A beam F13 generated through the divided regions 81n, 82n of
the optically rotatory members 81, 82 is X-directionally linearly
polarized light with the polarization direction along a direction resulting
from +90° rotation of the Z-direction, i.e., along the X-direction as the
beam F5 opposed thereto with the optical axis AX in between is. A
beam F14 generated through the divided regions 81p, 82p of the
optically rotatory members 81, 82 is linearly polarized light with the
polarization direction along a direction resulting from +112.5° rotation
of the Z-direction as the beam F6 opposed thereto with the optical axis
AX in between is. A beam F15 generated through the divided regions
81q, v82q of the optically rotatory members 81, 82 is linearly polarized

light with the polarization direction along a direction resulting from
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+135° rotation of the Z-direction as the beam F7 opposed thereto with
the optical axis AX in between is. A beam F16 generated through the
divided regions 81r, 82r of the optically rotatory members 81, 82 is
linearly polarized light with the polarization direction along a direction
resulting from +157.5° rotation of the Z-direction as the beam F8
opposed thereto with the optical axis AX in between is.

[0120] In this manner, an annular light intensity distribution 23 is
formed in a circumferentially polarized state with high continuity of the
sixteen-équal-diﬂfision type on the illumination pupil immediately after
the polarization converting unit 7A. If X-directionally linearly
polarized light is incident into the polarization converting unit 7A,
which is not shown, an annular light intensity distribution is formed in a
radially  polarized state with high continuity of the
sixteen-equal-division type on the illumination pupil immediately after
it (cf. Fig. 9). Since the polarization converting unit 7A is composed
of the two optically rotatory members 81, 82, the required rotation angle
range, which is the difference between the maximum rotation angle (90°
in the above example) and the minimum rotation angle (11.25° in the
above example) required of each optically rotatory member 81, 82 for
achievement of the circumferentially polarized state, is larger than the
rotation angle range required of each optically rotatory member 71-73
of the polarization converting unit 7 composed of the three optically
rotatory members 71-73.

[0121] However, since the optically rotatory members 81, 82 are
formed by etching the both surfaces of the plane-parallel plate, the

required maximum processing depth in the optically rotatory members
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81, 82 is smaller than the required maximum processing depth in the
optically rotatory members 71-73 obtained by etching only one surface.
It is notéd that the optically rotatory members with the same
polarization conversion property as the optically rotatory members 81,
82 can also be formed by processing one surface of a plane-parallel
plate. In that case, however, the maximum processing depth required
of each optically rotatory member becomes double the maximum
processing depth in the above modification exampie. »

[0122] Iri. the optically rotatory members 81, 82 in thé ‘above
modification example, as in the case of the optically rotatory members
71-73 in the aforementioned embodiment, the number of divided
regions is not limited to 16, but may be 2, 4, 8, or 32. The division
does not always have to be the equal division. The configuration of
the optically rotatory members 81, 82 does not have to be limited to the
configuration with the plurality of divided regions resulting from the
circumferential division, but each member may be constructed, for
example, in a configuration wherein each divided region is polygonal
(typically, a shape enabling closest packing such as a rectangular,
hexagonal, or other shape) and wherein these divided regions are
two-dimensionally arranged along the arrangement plane of the
optically rotatory member.

[0123] In the above embodiment and modification example, the
plurality of optically rotatory members (71-73; 81 and 82) are arranged
so as to be adjacent along the optical axis AX. However, without
having to be limited to this, it is also possible to adopt a configuration

with a relay optical system for making one optically rotatory member
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and another optically rotatory member out of the plurality of optically
rotatory members optically conjugate with each other.

[0124] In the above embodiment and modification example, of the
plurality of divided regions resulting from the circumferential division
around the optical axis AX in the optically rotatory members (71-73; 81,
82), any two regions adjacent to each other have the thicknesses
different from each other. In other words, the optically rotatory
members (71-73; 81, 82) have the thickness distribution of thicknesses
varying stepwise (discontinuously) along the circumferential direction
around the optical axis AX. However, without having to be limited to
this, it is also posSible to construct the polarization converting unit of
optically rotatory. members with a thickness distribution continuously
varying in the circumferential direction around the optical axis AX (cf.
Fig. 5).

[0125] In the above embodiment and modification example, the
optically rotatory members (71-73; 81, 82) are constructed of the
integrally formed single members. However, without having to be
limited to this, it is also possible to construct an optically rotatory
member 71 A having a configuration corresponding to the first optically
rotatory member 71 in the above embodiment, of a first divided member
71Aa integrally formed and a second divided member 71Ab integrally
formed, for example, as shown in Fig 13.

[0126] The above description concerned the description of the
operational advantage of the embodiment using the modiﬁed
illumination to form the annular pupil intensity distribution on the

illumination pupil, i.e., the annular illumination as an example.
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However, without having to be limited to the annular illumination, it is
apparent that the same operational advantage can also be achieved
similarly by application of the embodiment, for example, to multi-polar
illumination to form a multi-polar pupil intensity distribution.

[0127] In the foregoing embodiment, the micro fly's eye lens 10 was
used as an optical integrator, but an optical integrator of an internal
reflection type (typically, a rod type integrator) may be used instead
thereof. In this case, a condensing optical system for condensing the
light from the predetermined plane IP is arranged in place of the zoom
lens 9. Furthermore, instead of the micro fly's eye lens 10 and the
condenser optical system 11, the rod type integrator is arranged so that
an entrance end thereof is positioned at or near the rear focus position of
the condensing optical system for condensing the light from the
predetermined plane IP. At this time, an exit end of the rod type
integrator is at the position of the mask blind 12. In the use of the rod
type integrator, a position optically conjugate with the position of the
aperture stop AS of the projection optical system PL, in the imaging
optical system 13 downstream the rod type integrator can be called an
illumination pupil plane. Since a virtual image of the Secondary light
source on the illumination pupil plane is formed at the position of the
entrance plane of the rod type integrator, this position and positions
optically conjugate therewith can also be called illumination pupil
planes. The condensing optical system, the imaging optical system,
and the rod type integrator can be regarded as a distribution forming
optical system.

[0128] In the aforementioned embodiment, the mask can be replaced
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with a variable pattern forming device which forms a predetermined
pattern on the basis of predetermined electronic data. The variable
pattern forming device applicable herein can be, for example, a DMD
(Digital Micromirror Device) including a plurality of reflective elements
driven based on predetermined electronic data. The exposure
apparatus with the DMD is disclosed, for example, in Patent Documents
15 and 16 above. Besides the reflection type spatial light modulators
of the non-emission type like the DMD, it is also possible to apply a
transmission type spatial light modulator or a self-emission type image
display device. The teachings of Patent Document 16 above are
incorporated herein by reference. |

[0129] The exposure appvaratus of the foregoing embodiment is
manufactured by assembling various sub-systems containing their
respective components-as-set forth in the scope of claims in the present
application, so as to maintain predetermined mechanical accuracy,
electrical accuracy, and optical accuracy. For ensuring these various
accuracies, the following adjustments are carried out before and after
the assembling: adjustment for achieving the optical accuracy for
various optical sjrstems; adjustment for achieving the mechanical
accuracy for various mechanical systems; adjustment for achieving the
electrical accuracy for various electrical systems. The assembling
steps from the various sub-systems into the exposure apparatus include
mechanical connections, wire connections of electric circuits, pipe
connections of pneumatic circuits, etc. between the various sub-systems.
It is needless to mention that there are assembling steps of the individual

sub-systems, before the assembling steps from the various sub-systems
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into the exposure apparatus. After chpletion of the assembling steps
from the various sub-systems into the exposure apparatus, overall
adjustment is carried out to ensure various accuracies as the entire
exposure apparatus. The manufacture of the exposure apparatus may
be carried out in a clean room in which the temperature, cleanliness, etc.
are controlled. |

[0130] The following will describe a device manufacturing method
using the exposure apparatus according to the above-described
embodiment. ‘Fig. 14 is a ﬂowéhart showing manufacturing steps of
semiconductor devices. As shown in Fig. 14, the manufacturing steps
of semiconductor devices include depositing a metal film on a wafer W
to become a substrate of semiconductor devices (step S40) and applying
a photoresist as a photosensitive material onto the deposited metal film
(step S42). The subsequent steps include transferring a pattern formed
on a mask (reticle) M, onto each of shot areas on the wafer W, using the
exposure apparatus of the above embodiment (step S44: exposure step),
and developing the wafer W after completion of the transfer, i.e.,
developing the photoresist to which the pattern is transferred (step S46:
development step).

[0131] Thereafter, using the resist pattern made on the surface of the
wafer W in step S46, as a mask, processing such as etching is carried
out on the surface of the wafer W (step S48: proceésing step). The
resist pattern herein is a photoresist layer in which depressions and

projections are formed in a shape corresponding to the pattern

transferred by the exposure apparatus of the above embodiment and

which the depressions penetrate throughout. Step S48 is to process the
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surface of the wafer W through this resist pattern. The processing
carried out in step S48 includes, for example, at least either etching of
the surface of the wafer W or deposition of a metal film or the like.
[0132] Fig. 15 is a flowchart showing manufacturing steps of a liquid
crystal device such as a liquid crystal display device. As shown in Fig.
15, the manufacturing steps of the liquid crystal device include
sequentially performing a pattern forming step (step S50), a color filter
forming step (step S52), a cell assembly step (step S54), and a module
assembly step (step S56). The pattern forming step of step S50 is to
form predetermihed patterns such as a circuit pattern and an electrode
pattern on a glass substrate coated with a photoresist, as a plate P, using
the projection exposure apparatus of the above embodiment. This
pattern forming step includes an exposure step, a development step, and
a processing step. The exposure step is to transfer a pattern to a
photoresist layer, using the projection exposure apparatus of the above
embodiment. The development step is to perform development of the
plate P to which the pattern is transferred, i.e., development of the
photoresist layer on the glass substrate, to form the photoresist layer in
the shape corresponding to the pattern. The processing step is to
process the surface of the glass substrate through the developed
photoresist layer.

[0133] The color filter forming step of step S52 is to form a color filter
in which a large number of sets of three dots corresponding to R (Red),
G (Green), and B (Blue) are arrayed in a matrix pattern, or in which a
plurality of filter sets of three stripes of R, G, and B are arrayed in a

horizontal scan direction. The cell assembly step of step S54 is to

50



10

15

20

25

WO 2011/105308 PCT/JP2011/053595

assemble a liquid crystal panel (liquid crystal cell), using the glass
substrate on which the predetermined pattern has been formed in step
S50, and the color filter formed in step S52. Specifically, for example,
a liquid crystal is poured into between the glass substrate and the color
filter to form the liquid crystal panel. The module assembly step of
step S56 is to attach various components such as electric circuits and
backlights for display operation of this liquid crystal panel, to the liquid
crystal panel assembled in step S54.

[0134] The embodiment is not limited just to the application to the
exposure apparatus for manufacture of semiconductor devices, but can
also be widely applied, for example, to the exposure apparatus for
display devices such as the liquid crystal display devices formed with
rectangular glass plates, or plasma displays, and to the exposure
apparatus for manufacture of various devices such as imaging devices
(CCDs and others), micro machinés, thin film magnetic heads, and
DNA chips. Furthermore, the embodiment is also applicable to the
exposure step (exposure épparatus) for manufacture of masks
(photomasks, reticles, etc.) on which mask patterns of various devices
are formed, by the photolithography process.

[0135] The above-described embodiment uses the ArF excimer laser
light (wavelength: 193 nm) or the KrF excimer laser light (wavelength:
248 nm) as the exposure light, but, without having to be limited to this,
it is also possible to apply any other appropriate laser light source, e.g.,
an F, laser light source which supplies laser light at the wavelength of
157 nm.

[0136] In the foregoing embodiment, it is also possible to apply a
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technique of filling the space in the optical path between the projection
optical system and the photosensitive substrate with a medium having
the refractive index larger than 1.1 (typically, a liquid), which is so
called a liquid immersion method. In this case, it is possible to adopt
one of the following techniques as a technique of filling the space in the
optical path between the projection optical system and the
photosensitive substrate with the liquid: the technique of locally filling
the space in the optical path with the liquid as disclosed in Patent
Document 17 above; the technique of moving a stage holding the
substrate to be exposed, in a liquid bath as disclosed in Patent
Document 18 above; the technique of forming a liquid bath of a
predetermined depth on a stage and holding the substrate therein as
disclosed in Patent Document 19 above, and so on. The teachings of
Patent Documents 17 to 19 are incorporated herein by reference.

[0137] The foregoing embodiment was the illumination optical system
for illuminating the mask (or the wafer) in the exposure apparatus, but,
without having to be limited to this, it may be one of commonly-used
illumination optical systems for illuminating an illumination target
surface except for the mask (or the wafer).

[0138] The polarization converting unit according to the embodiment
forms the light intensity distribution in the circumferentially polarized
state with high continuity by cooperative action of the plurality of
optically rotatory members having the same configuration. The
optically rotatory members each have the plurality of divided regions
resulting from the division along the circumferential direction around

the optical axis on the plane perpendicular to the optical axis and are

52



10

15

20

25

WO 2011/105308 PCT/JP2011/053595

arranged along the optical-axis direction so that the partition lines
between the corresponding divided regions are superimposed when
viewed from the traveling direction of light. As a consequence, the
maximum processing depth necessary for forming the required uneven
shape of the optically rotatory members is kept relatively small.
Furthermore, this configuration facilitates the manufacture of each
optically rotatory member as a single member (single member having
continuous surfaces) integrally formed by etching at least one surface of
a plane-parallel plate of quartz crystal.

[0139] Namely, the polarization converting unit according to the
embodiment has the configuration relatively easy to manufacture and is
able to achieve the pupil intensity distribution in the circumferentially
polarized state with high continuity when arranged in the optical path of
the illumination optical system. The illumination optical system
according to the embodiment is able to illuminate the illumination target
surface with light in a desired circumferentially polarized state, using
the polarization converting unit achieving the pupil intensity distribution
in the circumferentially polarized state with high continuity. The
exposure apparatus according to the embodiment is able to accurately
transfer the microscopic pattern under an appropriate illumination
condition to the photosensitive substrate, using the illumination optical
system for illuminating the pattern surface as the illumination target
surface with the light in the desired circumferentially polarized state,
and, in turn, to manufacture excellent devices.

Reference Sings List

[0140] 1 ... light source; 4 ... polarization state switch unit; 5 ...
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diffractive optical element; 6 ... afocal lens; 7, 7A ... polarization
converting unit; 71-73, 81, 82 ... optically rotatory members; 74 ...
spacers; 75 ... holding frame; 8 ... conical axicon system; 9 ... zoom
lens; 10 ... micro fly's eye lens; 11 ... condenser optical system; 12 ...
mask blind; 13 ... imaging optical system; M ... mask; PL ... projection

optical system; and W ... wafer.
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CLAIMS

1. A polarization convertihg unit arranged on an optical axis of
an optical system, for converting a polarization state of propagating
light passing along an optical-axis direction corresponding to the optical
axis, the polarization converting unit comprising:

a first optically rotatory member to rotate linearly polarized light
incident thereto as the propagating light, around the optical-axis
direction, the first optically rotatory member béi_ng comprised of an
optical material with an optical act‘ivity, which-is. arranged so as to have
a crystal axis coincident or parallel with the optical-axis direction, and
having a first thickness distribution of thicknesses in the opticai-axis
direction different at a plurality of locations; and

“a second optically rotatory member to rotate linearly polarized
light incident as the propagating light thereto through the first optically
rotatory member, around the optical-axis direction, the second optically
rotatory member being comprised of an optical material with an optical
activity, which is arranged so as to have a crystal axis coincident or
parallel with the optical-axis direction, and having a second thickness
distribution of thicknesses in the optical-axis direction different at a
plurality of locations,

wherein the first and second optically rotatory members are
arranged so that the sum of respective thicknesses in the optical-axis
direction at predetermined locations in the first and second optically
rotatory members through which a first reference axis parallel to the
optical-axis direction passes is different from the sum of respective

thicknesses in the optical-axis direction at other locations in the first and
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second optically rotatory members through which a second reference
axis parallel to the optical-axis direction and different from the first
reference axis passes.

2. A polarization converting unit according to claim 1, wherein
at least one of the first and second optically rotatory members is
composed of a single member having a continuous surface.

3. A polarization converting unit according to claim 1, wherein
at least one of the first and second optically rotatory members is
composed of a single first divided member having a continuous surface
and a single second divided member having a continuous surface.

4. A polarization converting unit according to any one of
claims 1 to 3, wherein at least one of the first and second optically
rotatory members has a surface processed by etching at least one surface
of a plane-parallel plate.

5. A polarization converting unit according to any one of
claims 1 to 3, wherein the first and second optically rotatory members
are arranged so as to intersect with the optical axis, and

wherein at least one of the first and second optically rotatory
members has a thickness in the optical-axis -direction varying along a
circumferential direction corresponding to a direction of rotation around
the optical axis on a plane perpendicular to the optical axis.

6. A polarization converting unit according to any one of
claims 1 to 5, wherein the first and second optically rotatory members
are arranged so as to intersect with the optical axis, and

wherein at least one of the first and second optically rotatory

members is composed of a plurality of regions divided in a
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circumferential direction corresponding to a direction of rotation around
the optical axis on a plane perpendicular to the optical axis, the plurality
of regions being arranged so that two regions having respective
thicknesses different in the optical-axis direction are adjacent to each
other.

7. A polarization converting unit according to claim 6, wherein
thicknesses of any two regions opposed to each other with the optical
axis in between out of the plurality of regions are equal. |

8. A polarization converting unif .according to claim 6 or 7,
wherein each of the plurality of regions has a contour obtained by
dividing the optical material of a circular or annular shape along the
circumferential direction of the optical material.

9. A polarization converting unit according to any one of
claims 1 to 5, wherein the first and second optically rotatory members
are arranged so as to intersect with the optical axis, and

wherein at least one of the first and second optically rotatory
members has a thickness distribution continuously varying along a
circumferential direction corresponding to a direction of rotation around
the optical axis ona plane perpendicular to the optical axis.

10. A polarization converting unit according to any one of
claims 1 to 9, wherein the first and second optically rotatory members
have the same structure.

11. A polarization converting unit according to claim 10,
wherein, when the first and second optically rotatory members are
viewed along the optical-axis direction, the first and second optically

rotatory members are arranged so that the first thickness distribution is
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coincident with the second thickness distribution.

12. A polarization converting unit according to claim 11,
wherein each of the first and second optically rotatory members has a
plurality of regions divided in a circumferential direction around fhe
optical axis on a plane perpendicular to the optical axis, and

wherein, when the first and second optically rotatory members
are viewed along the optical-axis direction, a region of the first optically
rotatory member and a corresponding region of the second optically
rotatory member superimposed on each other have the same thickness
in the optical-axis direction.

13. A polarization converting unit according to any one of
claims 1 to 12, wherein each of the first and second optically rotatory
members has a plurality of regions divided in a circumferential direction
around the optical axis on a plane perpendicular to the optical axis, and

wherein, when the first and second optically rotatory members
are viewed along the optical-axis direction, partition lines between the
plurality of regions in the first optically rotatory member are
superimposed on partition lines between the plurality of regions in the
second optically rotatory member.

14. A polarization converting unit according to any one of
claims 1 to 13, wherein at least one of the first and second optically
rotatory members is comprised of quartz crystal.

15. A polarization converting unit according to any one of
claims 1 to 14, wherein the first and second optically rotatory members
are arranged in a state in which they are adjacent to each other along the

optical-axis direction.
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16. A polarization converting unit according to any one of
claims 1 to 15, wherein the polarization converting unit is arranged in
an optical path of an illumination optical system for illuminating an
illumination target surface with light from a light source, and in a pupil
space including an illumination pupil of the illumination optical system.

17. A polarization converting unit according to any one of
claims 1 to 16, wherein each of the first and second thickness
distributions is a distribution in which, along with position information
of portions in the optical material, thicknesses in the optical-axis
direction of the respective portions are made correspondent on a plane
perpendicular to the optical-axis direction, and nonuniform distribution.

18. An illumination optical system for illuminating an
illumination target surface with light from a light source, the
illumination optical system comprising a polarization converting unit -
according to any one of claims 1 to 17, which is arranged in an optical
path between the light source and the illumination target surface.

19. An illumination optical system according to claim 18,
wherein the polarization converting unit is arranged in a pupil space
including an illumination pupil of the illumination optical system.

20. An illumination optical system according to claim 19,
wherein the illumination optical system is used in combination with a
projection optical system for forming a plane optically conjugate with
the illumination target surface, and wherein the illumination pupil is
arranged at a position optically conjugate with an aperture stop of the
projection optical system.

21. An exposure apparatus for exposing a photosensitive
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substrate to transfer a predetermined pattern thereto, the exposure
apparatus comprising an illumination optical system according to any
one of claims 18 to 20 for illuminating the predetermined pattern.

22. An exposure apparatus according to claim 21, further
comprising a projection optical system for forming an image of the
predetermined pattern on the photosensitive substrate.

23. A device manufacturing method comprising the steps of:

exposing the photosensitive substrate to transfer the
predetermined pattern thereto, using an exposure apparatus according to
claim 21 or 22;

developing the photosensitive substrate to which the
predetermined pattern is transferred, thereby to form a mask layer in a
shape corresponding to the predetermined pattern on a surface of the
photosensitive substrate; and

processing the surface of the photosensitive substrate through

the mask layer.
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