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(57) ABSTRACT 

A method and illumination optical System forms a modified 
illumination configuration on an optical integrator So that a 
Secondary light Source having a desired modified illumina 
tion configuration is formed and light loSS is minimized. A 
light beam shape changing element that diffuses illumination 
in a plurality of directions, and an angular light beam 
forming element that forms a plurality of light Source images 
operate together to create a modified illumination configu 
ration on the optical integrator. Since the Secondary light 
Source has a desired modified illumination configuration, an 
aperture Stop used to restrict the Size and/or shape of the 
Secondary light Source blocks only a Small amount of 
illumination, or can be eliminated altogether. It is possible to 
alter the annular ratio and Outer diameter of an annular or 
quadrupole modified illumination configuration by changing 
the magnification of a Zoom optical System positioned 
between the light beam shape changing element and the 
angular light beam forming element. Furthermore, by chang 
ing the focal length of a Zoom optical System (which is 
positioned upstream of the optical integrator), it is possible 
to change the outer diameter of the annular or quadrupole 
Secondary light Source without changing the annular ratio 
thereof. 
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METHOD AND APPARATUS FOR LLUMINATING 
A SURFACE USING A PROJECTION IMAGING 

APPARATUS 

INCORPORATION BY REFERENCE 

0001. The disclosures of the following priority applica 
tions are herein incorporated by reference: Japanese Patent 
Application No. 11-90735, filed Mar. 31, 1999; Japanese 
Patent Application No. 11-284213, filed Oct. 5, 1999; Japa 
nese Patent Application No. 11-308.186, filed Oct. 29, 1999; 
Japanese Patent Application No. 10-358749, filed Dec. 17, 
1998; and Japanese Patent Application No. 11-255636, filed 
Sep. 9, 1999. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of Invention 
0003. The invention relates to a method and apparatus for 
illuminating a Surface, Such as a mask or reticle Surface, 
using a projection imaging apparatus. The invention relates 
to a method and apparatus for transferring a pattern, par 
ticularly a microdevice (e.g., Semiconductor device (IC, LSI, 
VLSI), liquid crystal display, thin film magnetic head, image 
pick-up devices (CCD), etc.) pattern, onto a work (e.g., a 
wafer, Substrate, etc.) and relates to a method for manufac 
turing the microdevice. 
0004 2. Description of Related Art 
0005. In a typical exposure apparatus, light beams emit 
ted from a light Source are incident on a fly-eye lens and 
form a Secondary light Source that includes a plurality of 
light Source images at the focal Surface on the back Side of 
the fly-eye lens. Light beams from the Secondary light 
Source are restricted by an aperture Stop positioned adjacent 
the back Side focal Surface of the fly-eye lens, and are then 
incident on a condenser lens. The aperture Stop restricts the 
shape or size of the Secondary light Source to a desired shape 
or size in accordance with the desired illumination condi 
tions (exposure conditions). 
0006 The light beams condensed by the condenser lens 
overlappingly illuminate a mask that has a prescribed pat 
tern. Light that passes through the pattern in the mask forms 
an image on a wafer via a projection optical System. In this 
manner, the mask pattern is projected and exposed on the 
wafer. The pattern formed in the mask is highly integrated, 
and in order to accurately copy this detailed pattern onto the 
wafer, it is vital that a uniform illumination intensity be 
obtained on the wafer. 

0007. In recent years, improvements in illumination per 
formance have been obtained by enabling variation of the 
Size of the Secondary light Source formed by the fly-eye lens 
and changing the coherency O (O=aperture stop diameter/ 
illumination optical System pupil diameter, or O =illumina 
tion optical System exit Side numerical aperture/illumination 
optical System incident Side numerical aperture) of the 
illumination by changing the size of the aperture (light 
transmissive region) of the aperture stop positioned on the 
exit side of the fly-eye lens. In addition, the shape of the 
Secondary light Source formed by the fly-eye lens has been 
restricted into an annular shape or quadrupole shape, which 
results in improvements in the focal depth and resolving 
power of the projection optical System. 
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0008. In order to accomplish modified illumination 
(annular modified illumination or quadrupole modified illu 
mination) by restricting the shape of the Secondary light 
Source to an annular shape or a quadrupole shape, the light 
beams from the relatively large Secondary light Source 
formed by the fly-eye lens are restricted by an aperture Stop 
having an annular shape or quadrupole shape aperture. In 
other words, with annular modified illumination or quadru 
pole modified illumination in conventional technology, the 
appropriate portions of the light beams from the Secondary 
light Source are blocked by the aperture Stop, and do not 
contribute to illumination (exposure). As a result, the illu 
mination brightness on the mask and the wafer declines due 
to the loSS of light in the aperture Stop, and the throughput 
as an exposure apparatus also declines. 
0009. In consideration of the foregoing, it is an objective 
of the present invention to provide an illumination optical 
apparatus which can accomplish modified illumination Such 
as annular illumination or quadrupole illumination while 
Satisfactorily Suppressing light loSS in the aperture Stop. 

SUMMARY OF THE INVENTION 

0010. The invention provides an illumination method and 
apparatus to change the type and parameters of modified 
illumination and to obtain a focus depth and resolution for 
the projection optical System Suitable for the detailed pat 
terns to be exposed and projected. As a result, it is possible 
to accomplish Satisfactory projection exposure with high 
throughput under high exposure brightness and Satisfactory 
exposure conditions. In addition, with an exposure method 
that exposes the pattern on a mask positioned at the target 
illumination Surface onto a photoSensitive Substrate using 
the illumination optical apparatus of the present invention, it 
is possible to accomplish projection exposure under Satis 
factory exposure conditions, thereby making it possible to 
produce Satisfactory devices. 
0011. In one aspect of the invention, an illumination 
optical System includes a light beam shape changing element 
that diffuses illumination in a plurality of directions, and an 
angular light beam forming element that forms a plurality of 
light Source imageS. Together, the light beam shape chang 
ing element and the angular light beam forming element 
create a modified illumination configuration, Such as an 
annular or quadrupole illumination configuration, on an 
optical integrator. Thus, the optical integrator forms a Sec 
ondary light Source having a desired modified illumination 
configuration. Since the Secondary light Source has a desired 
configuration, an aperture Stop used to restrict the Size and/or 
shape of the Secondary light Source blocks only a Small 
amount of illumination, or can be eliminated altogether. 
0012. The light beam shape changing element can be 
arranged upstream of the angular light beam forming ele 
ment, or the angular light beam forming element can be 
arranged upstream of the light beam Shape changing ele 
ment. The light beam shape changing element can be any 
type of optical device that diffuses received light in a 
plurality of directions. For example, the light beam shape 
changing element can be a diffractive optical element or 
prism that forms a ring-shaped or multi-pole-shaped illumi 
nation pattern in the far field using incident parallel light. 
The angular light beam forming element can be any optical 
device that forms a plurality of light Sources from incident 
light, and can be, for example, a fly eye lens or micro fly's 
eye lens. 
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0013 In addition, with the present invention it is possible 
to alter the annular ratio and outer diameter of an annular or 
quadrupole Secondary light Source by changing the magni 
fication of a Zoom optical System positioned between the 
light beam shape changing element and the angular light 
beam forming element. Furthermore, by changing the focal 
length of a Zoom optical System (which is positioned 
upstream of the optical integrator), it is possible to change 
the outer diameter of the annular or quadrupole Secondary 
light Source without changing the annular ratio thereof. AS 
a result, it is possible to alter only the annular ratio of the 
annular or quadrupole Secondary light Source without chang 
ing the outer diameter thereof by appropriately changing the 
focal length of the Zoom lens and the magnification of the 
Zoom optical System. 

0.014. The light beam shape changing element and the 
angular light beam forming element can be made inter 
changeable with other light beam shape changing elements 
and/or the angular light beam forming elements or other 
optical elements to allow the illumination optical System to 
create a variety of different types of modified illumination 
configurations or conventional illumination. For example, in 
one embodiment, the angular light beam forming element 
can be replaced with an annular ratio variable optical System 
that receives light from a light beam shape changing element 
and varies an annular ratio of an annular illumination 
configuration formed by the light beam shape changing 
element. 

0.015 These and other aspects of the invention will be 
apparent and/or obvious from the following description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016. The invention is described in conjunction with the 
following drawings in which like reference numerals refer to 
like elements, and wherein: 

0017 FIG. 1 is a schematic diagram of an illumination 
optical apparatus according to a first embodiment of the 
invention; 

0.018 FIG. 2 is a schematic diagram of lens elements in 
an example micro fly's eye lens, 

0019 FIGS.3(a)-3(c) show how a first diffractive optical 
element operates to diffuse received light; 

0020 FIGS. 4(a) and (b) show how an annular illumina 
tion configuration is formed by Superimposing a plurality of 
ring-shaped images, 

0021 FIG. 5 shows an annular illumination configura 
tion formed from a plurality of ring-shaped images, 

0022 FIG. 6 is a schematic diagram of an aperture stop 
turret plate having a plurality of aperture Stop configura 
tions, 

0023 FIGS. 7(a) and (b) shows how an annular ratio and 
diameter of an annular illumination configuration can be 
changed; 

0024 FIG. 8 shows an example arrangement of lens 
elements in a micro fly's eye lens, 

0025 FIGS. 9(a)-9(c) show how a second diffractive 
optical element operates to diffuse received light; 
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0026 FIG. 10 shows a quadrupolar illumination configu 
ration formed by Superimposing a plurality of Spot images, 

0027 FIG. 11 shows how a quadrupolar illumination 
configuration can be adjusted in size and shape; 

0028 FIG. 12 is a schematic diagram of an illumination 
optical apparatus according to a Second embodiment of the 
invention; 

0029 FIGS. 13(a)-(b) schematically shows the illumina 
tion optical apparatus from a conical prism to the incident 
surface of the first fly-eye lens; 
0030 FIGS. 14(a)-(c) schematically show the illumina 
tion optical apparatus from the first fly-eye lens to the 
aperture Stop, and show a State in which light beams 
obliquely incident on the incident surface of the first fly-eye 
lens form an annular illumination field at the incident 
Surface of the Second fly-eye lens, 
0031 FIG. 15 schematically shows the illumination opti 
cal apparatus from a conical prism to a Second fly-eye lens, 
and the relationship between the magnification of a first 
Zoom lens and the focal length of a Second Zoom lens, and 
the Size and shape of the annular illumination field formed 
at the incident Surface of the Second fly-eye lens, 
0032 FIGS. 16(a)-(c) show a quadrupole secondary light 
Source formed at the back Side focal plane of the Second 
fly-eye lens and a quadrupole aperture Stop positioned 
adjacent thereto; 

0033 FIG. 17 is a schematic diagram of an illumination 
optical apparatus according to a third embodiment of the 
invention; 

0034 FIGS. 18(a) and (b) show how a first exemplary 
diffractive optical element diffuses received light; 

0035 FIGS. 19(a) and (b) show how a second exemplary 
diffractive optical element diffuses received light; 
0.036 FIGS. 20(a) and (b) schematically show the illu 
mination optical apparatus according to the third embodi 
ment, with FIG. 10(b) showing a state in which the mag 
nification of the first Zoom lens 5 expanded more than in the 
state shown in FIG. 10(a); 
0037 FIG. 21 is a schematic diagram of an illumination 
optical apparatus according to a variation of the third 
embodiment of the invention; 

0038 FIG. 22 is a schematic diagram of an illumination 
optical apparatus according to a fourth embodiment of the 
invention; 

0039 FIG. 23 is a schematic diagram of an illumination 
optical apparatus according to a fifth embodiment of the 
invention; 

0040 FIGS. 24A and 24B respectively show input and 
outputsides of an exemplary micro fly's eye lens used in the 
fifth embodiment; 

0041 FIGS. 25A and 25B respectively show exemplary 
arrangements for the micro fly's eye lens used in the fifth 
embodiment; 

0042 FIGS. 26A and 26B show first and second quad 
prism Sets included in the mircolens array; 
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0043 FIGS. 27A-C and 28A-B show exemplary illumi 
nation configurations formed on the optical integrator of the 
fifth embodiment; 
0044 FIG. 29 is a schematic diagram of an illumination 
optical apparatus according to a sixth embodiment of the 
invention; 
004.5 FIG. 30A shows a revolver with an exemplary set 
of interchangeable optical elements used with the Sixth 
embodiment; 
0046 FIG. 30B shows a revolver with an exemplary set 
of interchangeable aperture Stops used with the Sixth 
embodiment; 
0047 FIGS. 31 A-C schematically show an exemplary 
arrangement for a diffractive optical element used with the 
Sixth embodiment and an illumination configuration inten 
sity profile formed by the diffractive optical element; 
0048 FIGS. 32A-C schematically show how a diffractive 
optical element used with the sixth embodiment diffuses 
received light; 
0049 FIGS. 33 and 34A-C show exemplary modified 
illumination configurations formed on the optical integrator 
in the sixth embodiment; 
0050 FIGS. 35A and 35B show the relationship between 
the effective region of the diffractive optical device and the 
element lenses of the optical integrator in the Sixth embodi 
ment, 

0051 FIGS. 36A and 36B show exemplary modified 
illumination configurations with four regions on the incident 
Surface in the optical integrator; 
0.052 FIGS. 37A-37E show exemplary modified illumi 
nation configurations having multiple regions with edges of 
the regions continuously inclined relative to the Scanning 
direction of the element lenses of the optical integrator; 
0053 FIG. 38 shows another exemplary illumination 
configuration on the incident Surface of the optical integra 
tor, 

0.054 FIG. 39 schematically shows a protection con 
tainer for the diffractive optical element in the sixth embodi 
ment, 

0.055 FIG. 40 is a schematic diagram of an illumination 
optical apparatus according to the Seventh embodiment of 
the invention; 
0056 FIG. 41 is a schematic diagram of a portion of the 
illumination optical apparatus according to an eighth 
embodiment of the invention; 
0057 FIG. 42 is a schematic diagram of an illumination 
optical apparatus according to a ninth embodiment of the 
invention; 
0.058 FIG. 43 is a schematic diagram of an illumination 
optical apparatus according to a tenth embodiment of the 
invention; 

0059 FIG. 44 is a flowchart of steps of a method for 
forming a pattern of an original on a Substrate using an 
imaging device in accordance with the invention; and 
0060 FIGS. 45A-45D show cross sections of a numerical 
value example. 
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DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0061 First Embodiment 
0062 FIG. 1 is a schematic diagram of an exposure 
apparatus provided with the illumination optical apparatus 
according to a first embodiment of the present invention. 
0063. The exposure apparatus of FIG. 1 includes an 
excimer laser light Source 1 that outputs light having a 
wavelength of 248 nm or 193 nm, although other light 
Sources and wavelength outputs are possible. Substantially 
parallel light beams emitted along the Z direction by the 
light Source 1 have a rectangular croSS-Section that extends 
lengthwise along the X direction, and are incident on a beam 
expander 2 that includes a pair of cylindrical lenses 2a and 
2b. The cylindrical lenses 2a and 2b have a negative 
refractive power and a positive refractive power, respec 
tively, in the plane of the paper in FIG. 1 (the Y-Z plane), 
and function as plane parallel plates in the plane orthogonal 
to the plane of the paper and including the optical axis AX 
(the X-Z plane). Accordingly, light beams incident on the 
beam expander 2 are expanded in the plane of the paper in 
FIG. 1, and are shaped into light beams having a predeter 
mined rectangular cross-section. 
0064. The substantially parallel light beams transmitted 
through the beam expander 2 are deflected in the Y direction 
by a folding mirror 3, and are then incident on a micro fly's 
eye lens 4. The micro fly's eye lens 4 is an optical element 
comprising a plurality of microlenses 4a having positive 
refractive powers and regular hexagonal shapes arranged 
densely in the vertical and horizontal directions, as shown in 
FIGS. 1 and 2. In general, the microlens groups of the micro 
fly's eye lens 4 are preferably formed by an etching process 
on a plane parallel glass plate, for example. 

0065. Each of the microlenses of the micro fly's eye lens 
4 is Smaller than the lens elements of a conventional fly-eye 
lens. In addition, the micro fly's eye lens 4, unlike a 
conventional fly-eye lens that has mutually isolated lens 
elements, are formed So that the microlenses are not mutu 
ally isolated. However, the micro fly’s eye lens 4 is the same 
as a conventional fly-eye lens in that lens elements having a 
positive refractive power are arranged in the vertical and 
horizontal directions. In order to promote clarity in FIGS. 1 
and 2, only a very few of the microlenses 4a in the micro 
fly's eye lens 4 are shown compared to the actual number of 
microlenses 4a in the array 4. 
0066 Light beams incident on the micro fly's eye lens 4 
are two-dimensionally partitioned by the plurality of micro 
lenses 4a, and a light Source image is formed at a back Side 
focal plane of each microlens 4a, i.e., at a plane downstream 
of the light source 1. The light beams from the plurality of 
light Source images formed at the back Side focal plane of 
each microlens 4a are diffused light beams each having, in 
this example, a regular hexagonal cross-section, and are 
incident on an afocal Zoom lens 5. Although the Zoom lens 
5 is preferably an afocal Zoom lens, a focal Zoom lens can 
be used, if desired. The afocal Zoom lens 5 is composed so 
that the magnification thereof is continuously changeable 
within a predetermined range while maintaining an afocal 
optical System. Thus, the micro fly's eye lens 4 is an angular 
light beam forming element that converts Substantially par 
allel light beams from the light Source 1 into a plurality of 
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light Source images that each emit light beams at various 
angles with respect to the optical axis AX. 
0067. The micro fly’s eye lens 4 is removable from the 
illumination optical path, and can be interchanged with 
another micro fly's eye lens 40, as is discussed in more detail 
below. The micro fly’s eye lens 4 and the micro fly's eye lens 
40 are interchanged by a first driving system 22 which 
operates on the basis of commands from a control System 21. 
The magnification of the afocal Zoom lens 5 is accomplished 
by a Second driving System 23 which also operates on the 
basis of commands from the control System 21. 
0068 Light beams that pass through the afocal Zoom lens 
5 are incident on a diffractive optical element (DOE) 6. That 
is, diffused light beams from each light Source image formed 
at the back Side focal plane of the micro fly's eye lens 4 are 
condensed onto the diffraction Surface of the diffractive 
optical element 6 while maintaining the regular hexagonal 
croSS-Section. Thus, the afocal Zoom lens 5 links the back 
side focal plane of the micro fly's eye lens 4 and the 
diffraction surface of the diffractive optical element 6 as 
optical conjugates. Furthermore, the numerical aperture of 
the light beams collected to one point on the diffraction 
Surface of the diffractive optical element 6 is dependent on 
the magnification of the afocal Zoom lens 5. 
0069. In this example, the diffractive optical element 6 
includes a Succession of levels or Steps in a glass Substrate 
having a pitch on the order of the wavelength of the 
exposure light (illumination light), and diffracts an incident 
beam to a desired angle. Specifically, the diffractive optical 
element 6 radially diffuses orthogonally incident light beams 
parallel to the optical axis AX in accordance with a prede 
termined diffusion angle, as shown in FIG. 3(a). In other 
words, a narrow light beam orthogonally incident on the 
diffractive optical element 6 along the optical axis AX is 
diffracted in all directions at equal angles centered about the 
optical axis AX. As a result, the narrow light beam orthogo 
nally incident on the diffractive optical element 6 is con 
verted into a diffused light beam having a ring-shaped 
croSS-Section. Thus, the diffractive optical element 6 is a 
light beam changing element that converts narrow incident 
light beams into ring-shaped light beams diffused radially. 
0070. As shown in FIG.3(b), when a wide parallel light 
beam is orthogonally incident on the diffractive optical 
element 6, a ring-shaped image (ring-shaped light Source 
image) 32 is formed at the focal position of a lens 31 
positioned behind the diffractive optical element 6. That is to 
Say, the diffractive optical element 6 forms a ring-shaped 
light intensity distribution at the far field (or the Fraunhofer 
diffraction Zone). 
0071. As shown in FIG. 3(c), when a wide parallel light 
beam incident on the diffractive optical element 6 is inclined 
with respect to the optical axis AX, the ring-shaped image 
formed at the focal position of the lens 31 is shifted. That is 
to Say, when a wide parallel light beam incident on the 
diffractive optical element 6 is inclined along a predeter 
mined plane (the plane of the paper in FIG. 3), the center of 
the ring-shaped image 33 that is formed at the focal position 
of the lens 31 is shifted in a direction opposite the direction 
of inclination of the light beam along a predetermined plane 
without the size of the ring-shaped image 33 being changed. 
0.072 AS described above, the diffused light beams from 
each light Source image formed at the back Side focal plane 
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of the micro fly's eye lens 4 converge on the diffraction 
surface of the diffractive optical element 6 with the regular 
hexagonal cross-section maintained. In other words, when 
light beams having a plurality of angular components are 
incident on the diffractive optical element 6, the incident 
angle thereof is determined by the regular hexagonal conical 
light beam range. Accordingly, as shown in FIG. 4(a), light 
beams incident at a maximum angle corresponding to each 
ridge line of the regular hexagonal conical light beam range 
form ring-shaped images 41-46 (indicated by the Solid lines 
in the diagram), centered about the ring-shaped image 47 
(indicated by the dotted lines in the diagram) formed by light 
beams orthogonally incident on the diffractive optical ele 
ment 6. In FIG. 4(b), the condition with the ring-shaped 
images 41-47 thus formed at the focal position of the lens 31 
are shown Superimposed. 
0073. In actuality, an infinite number of light beams 
having a plurality of angular components determined by the 
regular hexagonal conical light beam range are incident on 
the diffractive optical element 6, and consequently, an infi 
nite number of ring-shaped images are Superimposed at the 
focal position of the lens 31. Thus, an overall annular image 
like that shown in FIG. 5 is formed when the micro fly's eye 
lens 4 and the diffractive optical element 6 are positioned 
along the optical axis AX as shown in FIG. 1. 
0074 The diffractive optical element 6 can also be inter 
changed with a diffractive optical element 60 and a diffrac 
tive optical element 61, which are described in more detail 
below. The diffractive optical element 6, the diffractive 
optical element 60 and the diffractive optical element 61 are 
interchanged by a third driving System 24, which operates on 
the basis of commands from the control system 21. 
0075 With reference again to FIG. 1, light beams that 
pass through the diffractive optical element 6 are incident on 
a Zoom lens 7. In this example, the Zoom lens 7 has the same 
function as the lens 31 shown in FIG. 3. In addition, the 
incident Surface of a fly-eye lens 8 is positioned adjacent the 
back Side focal plane of the Zoom lens 7. Accordingly, light 
beams passing through the diffractive optical element 6 form 
an annular illumination field at the back Side focal plane of 
the Zoom lens 7 and hence at the incident Surface of the 
fly-eye lens 8. The outer diameter of this annular illumina 
tion field depends on the focal length of the Zoom lens 7. 
Thus, the Zoom lens 7 makes the diffractive optical element 
6 and the incident surface of the fly-eye lens 8 effectively 
have the relationship of a Fourier transform. Changing the 
focal length of the Zoom lens 7 is accomplished by a fourth 
driving system 25 which acts on the basis of commands from 
the control system 21. 
0076. The fly-eye lens 8 includes a plurality of lens 
elements having positive refractive powers that are arranged 
densely in the vertical and horizontal directions. Each lens 
element of the fly-eye lens 8 has a rectangular cross-section 
similar to the shape of the illumination field to be formed on 
the mask (and hence, Similar to the shape of the exposure 
region to be formed on the wafer). Additionally, the Surface 
on the incident Side of each lens element of the fly-eye lens 
8 has a spherical shape with the convexity facing the 
incident Side, and the Surface on the exit Side of each lens 
element has a spherical shape with the convexity facing the 
exit Side. 

0077 Accordingly, light beams incident on the fly-eye 
lens 8 are two-dimensionally partitioned by the plurality of 
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lens elements, and are formed into light Source images at the 
back Side focal plane of each lens element on which the light 
beams are incident. In this way, a plurality of annular light 
Sources (hereafter referred to as “secondary light Sources') 
are formed at the back side focal plane of the fly-eye lens 8. 
0078 Light beams from the annular secondary light 
Sources formed at the back Side focal plane of the fly-eye 
lens 8 are incident on an aperture Stop 9. This aperture Stop 
9 is supported on a turret (not shown in FIG. 1) capable of 
rotating about a predetermined axis parallel to the optical 
axis AX. 

007.9 FIG. 6 is a diagram schematically showing the 
composition of the turret on which a plurality of aperture 
stops are positioned circumferentially. As shown in FIG. 6, 
eight aperture stops 401–408 having optically transmissive 
regions indicated by the Slanted lines in the diagram are 
provided along the circumferential direction on a turret 
Substrate 400. The turret Substrate 400 can rotate about an 
axis parallel to the optical axis AX around a center point O. 
Accordingly, by rotating the turret Substrate 400, it is pos 
sible to position one of the aperture stops 401–408 in the 
illumination optical path. Rotation of the turret substrate 400 
is accomplished by a fifth driving System 26 which operates 
on the basis of commands from the control System 21. 
0080. In this example, three annular aperture stops 401, 
403 and 405 of differing annular ratios are formed in the 
turret Substrate 400. The annular aperture stop 401 has an 
annular transmissive region with an annular ratio of r11/r21. 
The annular aperture stop 403 has an annular transmissive 
region with an annular ratio of r12/r22. The annular aperture 
Stop 405 has an annular transmissive region with an annular 
ratio of r13/r21. 

0081. Three quadrupole aperture stops 402, 404 and 406 
of differing annular ratioS are also formed in the turret 
substrate 400. The quadrupole aperture stop 402 has four 
eccentric circular transmissive regions within an annular 
region having an annular ratio of r11/r21. The quadrupole 
aperture Stop 404 has four eccentric circular transmissive 
regions within an annular region having an annular ratio of 
r12/r22. The quadrupole aperture stop 406 has four eccentric 
circular transmissive regions within an annular region hav 
ing an annular ratio of r13/r21. 
0082 Two circular aperture stops 407 and 408 of differ 
ing size (aperture) are also formed in the turret substrate 400. 
The circular aperture stop 407 has a circular transmissive 
region with a size of 2*r22, while the circular aperture Stop 
408 has a circular transmissive region with a size of 2* r21. 
0.083. By selecting and positioning one annular aperture 
stop out of the three annular aperture stops 401, 403 and 405 
in the illumination optical path, it is possible to form annular 
light beams having three differing annular ratioS and to 
accomplish three types of annular modified illumination of 
differing annular ratios. In addition, by Selecting and posi 
tioning one quadrupole aperture Stop out of the three qua 
drupole aperture stops 402, 404 and 406 in the illumination 
optical path, it is possible to accurately form four eccentric 
light beams having three differing annular ratioS and to 
accomplish three types of quadrupole modified illumination 
of differing annular ratioS. Furthermore, by Selecting and 
positioning one circular aperture Stop out of the two circular 
aperture stops 407 and 408 in the illumination optical path, 
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it is possible to accomplish two types of regular circular 
illumination of differing O values. A multiple pole aperture 
Stop (e.g., binalpole or octalpole aperture Stop) which has 
multi-eccentric circular, elliptic, or fan-shaped transmissive 
regions can also be used as an aperture Stop on the turret 
substrate 400. The transmissive regions of the quadrupole 
aperture stops 402,404 and 406 are not only circular-shaped, 
but can also be elliptic-shaped, or fan-shaped (e.g., the shape 
of quarter circles). It is possible for the variable aperture stop 
(e.g., iris diaphragm) to be attached to the turret Substrate 
400 instead of the circular aperture stops 407 and 408. 
0084. In FIG. 1, annular secondary light sources are 
formed at the back side focal plane of the fly-eye lens 8 when 
the micro fly’s eye lens 4 and the diffractive optical element 
6 are positioned along the optical axis AX, and consequently 
one of the annular aperture Stops can be Selected from the 
three annular aperture stops 401, 403 and 405 as the aperture 
stop 9. However, the composition of the turret shown in 
FIG. 6 is intended to illustrative and not limiting with regard 
to the type or number of aperture Stops positioned thereon. 
In addition, the invention is not limited to a turret-type 
aperture Stop 9, for it is also possible to use an aperture Stop 
that has an optically transmissive region that is changeable 
in size and shape. Furthermore, in place of the two circular 
aperture stops 407 and 408, it is possible to provide an iris 
aperture Stop that has a continuously variable circular aper 
ture diameter. 

0085 Light from the secondary light sources that has 
passed through the aperture Stop 9 having an annular aper 
ture (light transmission area) is condensed by a condenser 
optical System 10 that functions as a light-guiding optical 
System, and uniformly illuminates a mask 11 in an overlap 
ping manner. Light beams that have passed through a pattern 
on the mask 11 form an image of the mask pattern on a wafer 
13 having a photosensitive Substrate via a projection optical 
System 12. In this manner, the pattern on the mask 11 is 
Successively exposed onto each exposure region of the wafer 
13 by accomplishing bulk exposure or Scan exposure while 
two-dimensionally drive controlling the wafer 13 in the 
plane orthogonal to the optical axis AX of the projection 
optical system 12 (the X-Y plane). 
0086. In bulk exposure, the mask 11 pattern is exposed in 
bulk onto each exposure region of the wafer 13 in accor 
dance with the So-called Step and repeat method. In this case, 
the shape of the illumination region on the wafer 13 is a 
nearly Square rectangle, and the croSS-Sectional shape of 
each lens element in the fly-eye lens 8 is also a nearly Square 
rectangle. 

0087. On the other hand, in scan exposure, the mask 11 
pattern is Scan exposed onto each exposure region of the 
wafer 13 while moving the mask 111 and wafer 13 relative 
to the projection optical System 12 in accordance with the 
So-called Step and Scan method. In this case, the shape of the 
illumination region on the mask 11 is a rectangle with the 
ratio of the length of the Short Sides to the length of the long 
Sides being for example 1:3, So the croSS-Sectional shape of 
each lens element of the fly-eye lens 8 has a rectangular 
shape Similar to this. 
0088 FIG. 7 is a drawing that schematically shows the 
illumination optical apparatus from the micro fly's eye lens 
4 to the incident surface of the fly-eye lens 8, and explains 
the relationship between the magnification of the afocal 
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Zoom lens 5 and the focal length of the Zoom lens 7, and the 
Size and shape of the annular illumination field formed on 
the incident surface of the fly-eye lens 8. 
0089. In FIG. 7, a light beam 70 incident along the 
optical axis AX on the center of the microlens 4a positioned 
on the optical axis AX of the micro fly's eye lens 4 exits 
along the optical axis AX. The micro fly's eye lens 4 in this 
example has microlenses of size “a” (a measurement corre 
sponding to the diameter of a circle circumscribed around a 
regular hexagon) and focal length f1. The light beam 70 
passes through the afocal Zoom lens 5 and is then incident 
on the diffractive optical element 6 along the optical axis 
AX. 

0090 The diffractive optical element 6 forms a light 
beam 70a exiting at an angle 0 with respect to the optical 
axis AX from the light beam 70 orthogonally incident along 
the optical axis AX. The light beam 70a exiting at angle 0 
from the diffractive optical element 6 reaches the incident 
surface of the fly-eye lens 8 via the Zoom lens 7 having focal 
length f2. The position of the light beam 70a on the incident 
surface of the fly-eye lens 8 has a heighty from the optical 
axis AX. 

0091. On the other hand, a light beam 71 incident parallel 
to the optical axis AX on the uppermost edge of the 
microlens 4a positioned on the optical axis AX in the micro 
fly's eye lens 4 exits at an angle t with respect to the optical 
axis AX. This light beam 71 passes through the afocal Zoom 
lens 5 having magnification m, and is then incident on the 
diffractive optical element 6 at an angle t' with respect to the 
optical axis AX. 
0092. The light beam 71 which is incident on the diffrac 
tive optical element 6 at an angle t' with respect to the optical 
axis AX is converted into various light beams including a 
light beam 71a exiting at an angle (0+t") with respect to the 
optical axis AX. The light beam 71a exiting from the 
diffractive optical element 6 at an angle (0+t') with respect 
to the optical axis AX reaches a height (y--b) from the optical 
axis AX at the incident surface of the fly-eye lens 8. 
0093. Furthermore, a light beam 72 incident parallel to 
the optical axis AX on the lowermost edge of the microlens 
4a positioned on the optical axis AX in the micro fly's eye 
lens 4 exits at angle t with respect to the optical axis AX. 
This light beam 72 passes through the afocal Zoom lens 5, 
and is then incident on the diffractive optical element 6 at an 
angle t' with respect to the optical axis AX. 
0094) The light beam 72 which is incident on the diffrac 
tive optical element 6 at angle t' with respect to the optical 
axis AX is converted into various light beams including a 
light beam 72a exiting at an angle (0-t') with respect to the 
optical axis AX. The light beam 72a exiting the diffractive 
optical element 6 at an angle (0-t') with respect to the 
optical axis AX reaches a height (y-b) from the optical axis 
AX at the incident surface of the fly-eye lens 8. 
0.095 Thus, the range reached at the incident surface of 
the fly-eye lens 8 by the diffused light beams from the 
various light Source images formed near the back Side focal 
plane of the micro fly's eye lens 4 is a range having a width 
of 2b centered about the heighty from the optical axis AX. 
That is to say, as shown in FIG. 7(b), the annular illumi 
nation field formed at the incident surface of the fly-eye lens 
8, and hence the annular Secondary light Sources formed at 
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the back-side focal plane of the fly-eye lens 8, have a central 
height of y from the optical axis AX and a width of 2b. 
0096. The exit angle t from the micro fly's eye lens 4 and 
the incident angle t' on the diffractive optical element 6 are 
expressed by equations (1) and (2) below. 

t=a/(2xf1) (1) 
t'=tim=a/(2xf1xm) (2) 

0097. In addition, the central height y of the annular 
Secondary light Sources, the maximum height (y--b) and the 
minimum height (y-b) are expressed by equations (3) 
through (5) below. 

y=f2xsin (e) (3) 
y+b=f2(sin ()--sin t) (4) 
y-b=f2(sin (0-sin t) (5) 

0098. Accordingly, the annular ratio A stipulated by the 
ratio of the inner diameter Øi to the outer diameter Øo of the 
annular Secondary light Sources is expressed by equation (6) 
below. 

= (sinO - Sint)f(sinO + Sint) 

= (sin0 - sin(af (2xf1 xm))) f (sin0+ sin(af (2xf1 xm))) 

0099. In addition, the outer diameter Øo of the annular 
Secondary light Sources is expressed by equation (7) below. 

0100 Thus, it can be seen by referring to equations (2) 
through (6) that when the magnification m of the afocal 
Zoom lens 5 changes, only the width 2b of the annular 
Secondary light Sources changes, without the central height 
y thereof changing. That is to Say, by changing the magni 
fication m of the afocal Zoom lens 5, it is possible to change 
both the size (outer diameter Øo) and the shape (annular ratio 
A) of the annular secondary light Sources. 
0101. In addition, it can be seen by referring to equations 
(3) through (7) that when the focal length f2 of the Zoom lens 
7 is changed, the central heighty and width 2b of the annular 
Secondary light Source changes without the annular ratio A 
thereof changing. That is to Say, by changing the focal length 
f2 of the Zoom lens 7, it is possible to change the outer 
diameter Øo of the annular Secondary light Source without 
changing the annular ratio Athereof. 
0102 From the above, it is possible to change only the 
annular ratio A of the annular Secondary light Source without 
changing the outer diameter Øo thereof by appropriately 
changing the magnification m of the afocal Zoom lens 5 and 
the focal length f2 of the Zoom lens 7. 
0103) Thus, when a diffractive optical element 6 and 
micro fly's eye lens 4 for annular modified illumination are 
employed, it is possible to form an annular Secondary light 
Source without Substantial light loSS on the basis of light 
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beams from the light Source 1, and as a result it is possible 
to accomplish annular modified illumination while Satisfac 
torily Suppressing light loSS at the aperture Stop 9. 
0104. As discussed above, the micro fly's eye lens 4 is 
interchangeable with the micro fly's eye lens 40, and the 
diffractive optical element 6 is interchangeable with the 
diffractive optical element 60. Together, the micro fly’s eye 
lens 40 and the diffractive optical element 60 operate to form 
a quadrupole modified illumination. 
0105 The micro fly’s eye lens 40 includes a plurality of 
microlenses 4.0a that are Square in shape, have a positive 
refractive power and are arranged densely in the Vertical and 
horizontal directions, as shown in FIGS. 1 and 8. Accord 
ingly, a plurality of light Source images are formed on the 
back side focal plane of the micro fly's eye lens 40, and light 
beams from each light Source image are diffused light beams 
each having a Square cross-section that are incident on the 
afocal Zoom lens 5. Light beams that pass through the afocal 
Zoom lens 5 are incident on the diffractive optical element 
60. The diffused light beams from each light source image 
formed at the back-side focal plane of the micro fly's eye 
lens 40 converge on the diffraction surface of the diffractive 
optical element 60 while maintaining the Square croSS 
Section. 

0106 The diffractive optical element 60 converts narrow 
light beams orthogonally incident parallel to the optical axis 
AX into four light beams diffused radially in accordance 
with a single predetermined exit angle, as shown in FIG. 
9(a). In other words, narrow light beams orthogonally 
incident along the optical axis AX are diffracted along four 
Specific directions at equal angles centered about the optical 
axis AX, and become four narrow light beams. To be more 
detailed, narrow light beams orthogonally incident on the 
diffractive optical element 60 are converted into four light 
beams, the quadrilateral joining the points of the four light 
beams passing through a plane on the back Side parallel to 
the diffractive optical element 60 forms a square, and the 
center of that Square is positioned at the incident axis of the 
narrow light beam to the diffractive optical element 60. 
0107 Accordingly, as shown in FIG. 9(b), when a wide 
parallel light beam is orthogonally incident on the diffractive 
optical element 60, four point images (point-shaped light 
Source images) 92 are formed at the focal position of a lens 
91 positioned on the back side of the diffractive optical 
element 60. When the wide parallel light beam incident on 
the diffractive optical element 60 is inclined with respect to 
the optical axis AX, the four imageS formed at the focal 
position of the lens 91 move, as shown in FIG. 9(c). That is 
to Say, when the wide parallel light beam incident on the 
diffractive optical element 60 is inclined along a specific 
plane, the four point imageS 93 formed at the focal position 
of the lens 91 move in a direction opposite the direction of 
inclination of the light beams along the Specific plane. 
0108) As discussed above, the diffused light beams from 
the light Source images formed at the back Side focal plane 
of the micro fly’s eye lens 40 converge on the diffraction 
plane of the diffractive optical element 60 while maintaining 
a Square croSS-Section. In other words, light beams having a 
plurality of angular components are incident on the diffrac 
tive optical element 60, but the angle of incidence thereof is 
restricted by the Square conical light beam range. That is to 
Say, because an infinite number of light beams having a 
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plurality of angular components determined by the Square 
conical light beam range are incident on the diffractive 
optical element 60, an infinite number of point images are 
Superimposed at the focal position of the lens 91, So that a 
quadrupole image such as the one shown in FIG. 10, is 
formed overall. Accordingly, the light beams that have 
passed through the diffractive optical element 60 form a 
quadrupole illumination field at the back Side focal plane of 
the Zoom lens 7, and hence at the incident Surface of the 
fly-eye lens 8. AS a result, a quadrupole Secondary light 
Source the same as the illumination field formed at the 
incident Surface is also formed at the back Side focal plane 
of the fly-eye lens 8. 
0109. In response to Switching from the micro fly's eye 
lens 4 to the micro fly's eye lens 40 and from the diffractive 
optical element 6 to the diffractive optical element 60, a 
Switch is also preferably made from the annular aperture 
Stop 9 to an aperture Stop 9a. For example, the aperture Stop 
9a is one of the quadrupole aperture StopS. Selected from 
among of the three quadrupole aperture Stops 402, 404 and 
406. 

0110 Thus, when the micro fly's eye lens 40 and dif 
fractive optical element 60 for quadrupole modified illumi 
nation are employed, it is possible to form a quadrupole 
Secondary light Source without Substantial loSS of light from 
the light Source 1, and as a result is it possible to accomplish 
quadrupole modified illumination while Satisfactorily Sup 
pressing light loSS in the aperture Stop 9a. 
0111. As shown in FIG. 11, it is possible to define the 
shape and size of the quadrupole Secondary light Source 
Similar to the annular Secondary light Source. In this case, the 
size of each microlens 4.0a in the micro fly's eye lens 40 
corresponds to the diameter of a circle circumscribed around 
the Square that is the croSS-Sectional shape of the microlens 
40a. Thus, similar to the case of annular modified illumi 
nation, by changing the magnification m of the afocal Zoom 
lens 5, it is possible to alter both the annular ratio A and the 
outer diameter Øo of the quadrupole Secondary light Source. 
In addition, by changing the focal length f2 of the Zoom lens 
7, it is possible to alter the outer diameter Øo of the 
quadrupole Secondary light Source without altering the annu 
lar ratio thereof. As a result, by appropriately changing the 
magnification m of the afocal Zoom lens 5 and the focal 
length f2 of the Zoom lens 7, it is possible to alter only the 
annular ratio A of the quadrupole Secondary light Source 
without changing the outer diameter Øo thereof. Next, an 
explanation will be provided for the case of normal circular 
illumination which is obtained by withdrawing both the 
micro fly’s eye lenses 4 and 40 from the illumination optical 
path, and Setting the diffractive optical element 61 for 
circular illumination in the illumination optical path in place 
of the diffractive optical elements 6 and 60. 
0112 In this case, light beams having a rectangular 
croSS-Section are incident on the afocal Zoom lens 5 along 
the optical axis AX. Light beams incident on the afocal 
Zoom lens 5 are enlarged or reduced in accordance with the 
magnification of the lens, exit from the afocal Zoom lens 5 
along the optical axis AX as light beams Still having a Square 
croSS-Section, and are incident on the diffractive optical 
element 61. 

0113. The diffractive optical element 61 for circular illu 
mination has the function of converting the incident Square 
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light beams into circular light beams. Accordingly, the 
circular light beams formed by the diffractive optical ele 
ment 61 form a circular illumination field centered about the 
optical axis AX at the incident surface of the fly-eye lens 8. 
AS a result, a circular Secondary light Source centered about 
the optical axis AX is also formed at the back Side focal 
plane of the fly-eye lens 8. In this case, it is possible to 
appropriately alter the Outer diameter of the circular Sec 
ondary light Source by changing the focal length f2 of the 
Zoom lens 7. 

0114 Corresponding to the withdrawal of the micro fly's 
eye lenses 4 and 40 from the illumination optical path and 
the setting of the diffractive optical element 61 for circular 
illumination in the illumination optical path, a change from 
the annular aperture Stop 9 or the quadrupole aperture Stop 
9a to the circular aperture stop 9b is also preferably made. 
The circular aperture Stop 9b can be one circular aperture 
Stop Selected from among the two circular aperture Stops 407 
and 408, and has an aperture the size of which corresponds 
to the circular Secondary light Source. 
0115. Hereafter, the operation of interchanging illumina 
tion in the present embodiment will be described in more 
detail. 

0116 First, information relating to the various types of 
masks to be Successively exposed in accordance with the 
Step and repeat method or the Step and Scan method is input 
into the control System 21 via an input means 20 Such as a 
keyboard. The control System 21 Stores in an internal 
memory unit information Such as the optimum line width 
(resolution) and focus depth relating to each type of mask, 
and Supplies appropriate control Signals to the first driving 
System 22 through the fifth driving System 26 in response to 
input from the input means 20. 
0117 That is to say, when annular modified illumination 
is required to form an optimum resolution and focus depth, 
the first driving System 22 positions the micro fly's eye lens 
4 for annular modified illumination in the illumination 
optical path on the basis of commands from the control 
System 21. In addition, the third driving System 24 positions 
the diffractive optical element 6 for annular modified illu 
mination in the illumination optical path on the basis of 
commands from the control System 21. Furthermore, in 
order to obtain an annular Secondary light Source having the 
desired size (outer diameter) and annular ratio at the back 
Side focal plane of the fly-eye lens 8, the Second driving 
System 23 Sets the magnification of the afocal Zoom lens 5 
on the basis of commands from the control System 21, and 
the fourth driving system 25 sets the focal length of the 
Zoom lens 7 on the basis of commands from the control 
System 21. Additionally, in order to restrict the annular 
Secondary light Source while Satisfactorily Suppressing light 
loss, the fifth driving system 26 rotates the turret on the basis 
of commands from the control System 21 and positions the 
desired annular aperture Stop in the illumination optical 
path. 
0118. In this manner, it is possible to form an annular 
Secondary light Source without Substantial loss of light 
beams from the light Source 1, and as a result it is possible 
to accomplish annular modified illumination without Sub 
Stantial light loSS in the aperture Stop 9. 
0119 Furthermore, it is possible to appropriately adjust, 
as necessary, the Size and annular ratio of the annular 
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Secondary light Source formed at the back Side focal plane of 
the fly-eye lens 8 by changing the magnification of the afocal 
Zoom lens 5 using the Second driving System 23 and chang 
ing the focal length of the Zoom lens 7 using the fourth 
driving System 25. In this case, the turret is rotated in 
accordance with changes in the Size and annular ratio of the 
annular Secondary light Source, and the annular aperture Stop 
401, 403, 405 having the desired size and annular ratio is 
Selected and positioned in the illumination optical path. 
0120 In this manner, it is possible to accomplish various 
types of annular modified illumination by appropriately 
changing the size and annular ratio of the annular Secondary 
light Source without Substantial light loSS in the formation or 
restriction of the annular Secondary light Source. 

0121. In addition, when quadrupole modified illumina 
tion is required for an optimum resolution and focus depth, 
the first driving System 22 positions the micro-fly's eye lens 
40 for quadrupole modified illumination in the illumination 
optical path and the third driving System 24 positions the 
diffractive optical element 60 for quadrupole modified illu 
mination in the illumination optical path. Furthermore, in 
order to obtain a quadrupole Secondary light Source having 
the desired size (outer diameter) and shape (annular ratio) at 
the back side focal plane of the fly-eye lens 8, the second 
driving System 23 Sets the magnification of the afocal Zoom 
lens 5 on the basis of commands from the control system 21, 
and the fourth driving system 25 sets the focal length of the 
Zoom lens 7 on the basis of commands from the control 
System 21. Additionally, in order to restrict the quadrupole 
Secondary light Source while Satisfactorily Suppressing light 
loss, the fifth driving system 26 rotates the turret on the basis 
of commands from the control System 21 and positions the 
desired quadrupole aperture stop 402, 404, 406 in the 
illumination optical path. 
0122) In this manner, it is possible to form a quadrupole 
Secondary light Source without Substantial light loSS on the 
basis of light beams from the light Source 1, and as a result 
it is possible to accomplish quadrupole modified illumina 
tion without Substantial light loSS in the aperture Stop which 
restricts the light beams from the Secondary light Source. 
0123. Furthermore, it is possible to appropriately adjust, 
as necessary, the size and shape of the quadrupole Secondary 
light Source formed at the back Side focal plane of the fly-eye 
lens 8 by changing the magnification of the afocal Zoom lens 
5 using the Second driving System 23 and changing the focal 
length of the Zoom lens 7 using the fourth driving system 25. 
In this case, the turret is rotated in accordance with changes 
in the size and shape of the quadrupole Secondary light 
Source, and the quadrupole aperture stop 402, 404, 406 
having the desired size and shape is Selected and positioned 
in the illumination optical path. 
0.124. In this manner, it is possible to accomplish various 
types of quadrupole modified illumination by appropriately 
changing the size and shape of the quadrupole Secondary 
light Source without Substantial light loSS in the formation or 
restriction of the quadrupole Secondary light Source. 

0.125 Furthermore, when regular circular illumination is 
required for an optimum resolution and focus depth, Similar 
adjustments to the illumination optical System can be made 
under the control of the control System 21. In this manner, 
it is possible to form a circular Secondary light Source 
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without Substantial loSS of light from the light Source 1, and 
as a result it is possible to accomplish regular circular 
illumination without Substantial light loSS in the aperture 
Stop which restricts the light beams from the Secondary light 
SOCC. 

0.126 With the above-described embodiment, it is pos 
Sible to accomplish regular circular illumination and modi 
fied illumination Such as annular modified illumination or 
quadrupole modified illumination while Satisfactorily Sup 
pressing light loSS in the aperture Stop used for restricting the 
Secondary light Source. Additionally, it is possible to change 
the parameters of modified illumination or regular circular 
illumination while Satisfactorily Suppressing light loSS in the 
aperture Stop, through the Simple operation of changing the 
magnification of the afocal Zoom lens and changing the focal 
length of the Zoom lens. Accordingly, it is possible to 
appropriately change the type of modified illumination and 
the parameters thereof, and to obtain the resolution and focal 
depth of the projection optical System Suitable for the 
detailed pattern to be exposed and projected. As a result, it 
is possible to accomplish Satisfactory projection exposure 
with high throughput under Satisfactory exposure conditions 
and high exposure brightness. 

0127 Thus, in an exemplary embodiment of the present 
invention, an angular light beam forming element and a light 
beam shape changing element are positioned on the optical 
path between the light Source and the optical integrator. 
Specifically, the angular light beam forming element 
includes a diffused light beam forming element Such as a 
micro fly's eye lens that converts the Substantially parallel 
light beams from the light Source means into a plurality of 
light Source images from which light beams diffused at 
various angles with respect to the Standard optical axis 
emerge. An optical System Such as an afocal Zoom lens 
condenses the diffused light beams formed by the micro fly's 
eye lens and guides the beams to the diffraction Surface of 
a diffractive optical element functioning as the light beam 
shape changing element. Accordingly, Substantially parallel 
light beams from the light Source that pass through the micro 
fly's eye lens and the afocal Zoom lens become light beams 
having a plurality of angular components with respect to the 
Standard optical axis and then are incident on the diffractive 
optical element. 

0128. The light beam shape changing element includes a 
light beam changing element Such as a diffractive optical 
element that converts narrow incident light beams into a 
radially diffused ring-shaped light beam or plurality of light 
beams. An optical System Such as a Zoom lens forms an 
annular illumination field or plurality of illumination fields 
eccentric with respect to the Standard optical axis on the 
incident Surface of the optical integrator Such as a fly-eye 
lens from the ring-shaped light beam or plurality of light 
beams formed by the diffractive optical element. In general, 
the plurality of illumination fields or Secondary light Sources 
eccentric with respect to the Standard optical axis means are, 
for example, bipolar or multipole (tripole, quadrupole,..., 
octopole or the like) illumination fields or Secondary light 
Sources, but quadrupole illumination fields or Secondary 
light Sources will be formed for illustrative purposes. 
0129. By thus employing an angular light beam forming 
element composed of a micro fly's eye lens, and a light beam 
shape changing element including a diffractive optical ele 
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ment, an annular illumination field or quadrupole illumina 
tion field can be formed on the incident surface of the fly-eye 
lens. As a result, an annular or quadrupole Secondary light 
Source is similarly formed on the back Side focal plane of the 
fly-eye lens. The light beams from the annular or quadrupole 
Secondary light Source formed by the fly-eye lens in this 
manner are restricted by the aperture Stop having an aperture 
corresponding to the size and shape of the Secondary light 
Source and then overlappingly illuminate the mask that is the 
target illumination Surface. 
0.130. The above explanation describes an example 
wherein Semiconductor devices are manufactured using a 
photolithography process and a wafer proceSS employing a 
projection exposure apparatus, but liquid crystal display 
devices, thin-film magnetic heads and image detectors (e.g., 
CCDS and the like) can also be manufactured as Semicon 
ductor devices by a photolithography process that uses this 
eXposure apparatuS. 

0131. In the above-described embodiment, it is possible 
to compose the diffractive optical elements that function as 
light beam changing elements and the micro fly's eye lenses 
that function as angular light beam forming elements So as 
to be positioned in the illumination optical path using a turret 
method, for example. In addition, it is also possible to use a 
commonly-known slider mechanism to accomplish mount 
ing and removal or interchanging of the above-described 
micro fly's eye lenses and diffractive optical elements. 
0.132. In addition, with the above-described embodiment, 
the shape of the microlenses 4a comprising the micro fly's 
eye lens 4 for annular modified illumination is set to a 
regular hexagon. A regular hexagon was Selected as a 
polygon close to a circle because dense arrangement is 
impossible with circular microlenses, So light loSS is gener 
ated. This notwithstanding, the Shape of each microlens 4a 
in the micro fly's eye lens 4 for annular modified illumina 
tion is not limited to this, and other appropriate shapes can 
be used. Similarly, the shape of the microlenses 4.0a in the 
micro fly’s eye lens 40 for quadrupole modified illumination 
is Set to a Square, but it is possible to use other appropriate 
shapes including a rectangle. 
0133. In addition, with the above-described embodiment, 
the refractive power of each microlens comprising the micro 
fly's eye lens was assumed to be a positive refractive power, 
but the refractive power of these microlenses may also be 
negative. 
0134) Furthermore, an afocal Zoom lens was employed, 
but it is also possible to employ a focal Zoom lens in place 
of the afocal Zoom lens 5 or 7 and to position a diffractive 
optical element for converting Square light beams into 
circular light beams in front of the micro fly's eye lens. 
0135) In addition, with the above-described embodiment, 
a single fly-eye lens 8 was employed, but it is also possible 
to apply the present invention to a double fly-eye method 
employing two fly-eye lenses. 
0.136 Furthermore, the diffractive optical element 61 was 
positioned in the illumination optical path when accomplish 
ing regular circular illumination, but it is also possible to 
omit use of this diffractive optical element 61. 
0.137 In addition, it is also possible to use, as necessary, 
a fly-eye lens or diffractive optical element in place of the 
micro fly's eye lens as a diffused light beam forming 
element. 
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0138 Furthermore, with the above-described embodi 
ment, a diffractive optical element is employed as a light 
beam changing element, but this is intended to be illustrative 
and not limiting. It is also possible to employ a refractive 
optical element Such as a micro fly's eye lens or a microlens 
prism, as shown in the fifth embodiment described below. 

0.139. Furthermore, with the above-described embodi 
ment, an aperture Stop for restricting the light beams of the 
Secondary light Source is positioned adjacent the back Side 
focal plane of the fly-eye lens 8. However, it is also possible 
to have an arrangement where the aperture Stop is omitted 
and the light beams from the Secondary light Source are 
completely unrestricted, e.g., by making the cross-sectional 
area of each lens element comprising the fly-eye lens 
sufficiently small. 

0140. In addition, with the above-described embodiment, 
the present invention was described using as an example a 
projection optical apparatus provided with an illumination 
optical apparatus, but it is clear that it is possible to apply the 
present invention to a general illumination optical apparatus 
for uniformly illuminating a target illumination Surface other 
than a mask. 

0.141. In the above-described embodiment, light from the 
Secondary light Source formed at the position of the aperture 
stop 9 is condensed by the condenser lens 10 functioning as 
a light-guiding optical System and overlappingly illuminates 
the mask 11, but an illumination field aperture Stop (mask 
blind) and a relay optical System for forming an image of 
this illumination field aperture stop on the mask 11 can be 
positioned between the condenser lens 10 and the mask 11. 
In this case, the light-guiding optical System would include 
the condenser lens 10 and the relay optical System, the 
condenser lens 10 would condense light from the secondary 
light Source formed at the position of the aperture Stop 9 and 
overlappingly illuminate the illumination field aperture Stop, 
and the relay optical System would form an image of the 
aperture of the illumination field aperture Stop on the mask 
11. 

0142. In addition, in the above-described embodiment, a 
fly-eye lens 8 which is a wave front dividing (splitting) 
integrator is employed as an optical integrator, but if an 
internal reflection type (Rod-type) integrator (e.g., light 
pipe, light tunnel, glass rod, etc.) is used as the optical 
integrator, the System should be arranged as described 
below. That is, a condenser optical System should be added 
on the downstream side of the Zoom lens 7 to form a 
conjugate Surface to the diffractive optical element 6. Fur 
thermore, the rod-type integrator Should be positioned Such 
that the incident edge is positioned adjacent this conjugate 
plane. Additionally, a relay optical System is preferably 
positioned for forming an image of the illumination field 
aperture Stop positioned at the exit Side Surface or adjacent 
the exit Side Surface of this rod-type integrator on the mask 
11. In the case of this arrangement, the Second prescribed 
plane is the pupil plane of the composite System of the Zoom 
lens 7 and the above-described condenser optical System, 
and the Secondary light Source is formed on the pupil plane 
of the relay optical System (a virtual image of the Secondary 
light Source is formed adjacent the incident Side of the 
rod-type integrator). In this case, the relay optical System 
used for guiding light beams from the rod-type integrator to 
the mask 11 becomes the light-guiding optical System. 
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0143) Second Embodiment 
014.4 FIG. 12 is a schematic diagram of an illumination 
optical System in which a light beam shape changing ele 
ment is positioned upstream of an angular light beam 
forming element. That is, the embodiment shown in FIG. 12 
has the relative positions of the light beam shape changing 
element and the angular light beam forming element 
reversed compared to the embodiment shown in FIG. 1. 
0145 The system shown in FIG. 12 is similar in many 
respects to that in FIG. 1, so description of common 
elements, functions or other features is not provided. 
0146 Light beams transmitted by the beam expander 2 
are deflected in the Y direction by a folding mirror 3 and are 
incident on a conical prism 6. The Surface of the conical 
prism 6 on the mask 11 side (the surface to the right in the 
drawing) is formed in a planar shape orthogonal to the 
optical axis AX. The Surface of the conical prism 6 on the 
light Source 1 side (the Surface to the left in the drawing) has 
a conical concave Surface. More Specifically, the refractive 
Surface of the conical prism 6 on the light Source 1 side 
corresponds to a Surface of a cone symmetric with respect to 
the optical axis AX. Accordingly, light beams incident on the 
conical prism 6 are deflected along all directions at the same 
angle centered about the optical axis AX and are then 
incident on the afocal Zoom lens 5. In this way, the conical 
prism 6 comprises a light beam Shape changing member for 
diffusing light beams from the light Source 1 into Substan 
tially annular light beams. 

0147 In FIG. 12, the conical concave surface of the 
conical prism 6 faces the light Source 1 side, but the conical 
prism 6 can be positioned Such that the conical concave side 
faces the mask 11 Side. In addition, the conical prism 6 is 
interchangeable with a pyramidal prism 6a as another light 
beam shape changing member. The composition and action 
of this pyramidal prism 6a will be described below. 

0148 Similar to the embodiment shown in FIG. 1, the 
afocal Zoom lens 5 can be adjusted to continuously change 
the magnification within a predetermined range while main 
taining an afocal System. 
0149 Interchanging of the conical prism 6 and pyramidal 
prism 6a is performed by a driving System 22 which operates 
on the basis of commands from a control System 21. In 
addition, changing the magnification of the afocal Zoom lens 
5 is accomplished by a Zoom driving system 23 on the basis 
of commands from the control System 21. 
0150 Light beams from the prism 6 that are incident on 
the afocal Zoom lens 5 form a ring-shaped light Source image 
at the pupil plane of the lens 5. Light from the ring-shaped 
light Source image forms Substantially parallel light beams 
and exits from the afocal Zoom lens 5, to be incident on a 
first fly-eye lens 4 (an angular light beam forming element) 
that functions as a first optical integrator. Light beams from 
oblique directions Substantially Symmetrical with respect to 
the optical axis AXare incident on the incident Surface of the 
first fly-eye lens 4. In other words, light beams are obliquely 
incident along all directions at the same angle centered about 
the optical axis AX. 
0151. The first fly-eye lens 4 includes, for example, of a 
plurality of lens elements each having a Square cross-section 
and a positive refractive power, Said lens elements arranged 
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in the Vertical and horizontal directions along the optical 
axis AX. The Surface on the incident Side of each lens 
element is formed into a spherical shape with the convex 
Surface facing the incident Side, and the exit Side Surfaces are 
formed into a planar shape. 
0152. Accordingly, light beams incident on the first fly 
eye lens 4 are partitioned two-dimensionally by the plurality 
of lens elements, and one ring-shaped light Source image is 
formed at the back Side focal plane of each lens element. 
Light beams from the plurality of ring-shaped light Source 
images formed at the back Side focal plane of the first fly-eye 
lens 4 pass through a Zoom lens 7 and then overlappingly 
illuminate a Second fly-eye lens 8 which functions as a 
Second optical integrator. The Zoom lens 7 is a relay optical 
System that can continuously change its focal length within 
a predetermined range, and links the back Side focal plane of 
the first fly-eye lens 4 and the back-side focal plane of the 
Second fly-eye lens 8 as Substantially optical conjugates. In 
addition, the Zoom lens 7 comprises a telecentric optical 
System on the back Side. In order to Satisfy the above 
described conjugate relationship and telecentricity, the Zoom 
lens 7 is preferably a multi-group Zoom lens with at least 
three Zoom lens groups capable of independent movement. 
Changing the focal length of the Zoom lens 7 is accom 
plished through a Zoom driving System 24 which operates on 
the basis of commands from the control system 21. 
0153. Accordingly, at the incident surface of the second 
fly-eye lens 8, an illumination field with a shape in which 
infinitely many illumination fields each having a Square 
shape Similar to the cross-sectional shape of each lens 
element of the first fly-eye lens 4 are arranged at positions 
equidistant from the optical axis AX, that is to Say an annular 
illumination field centered about the optical axis AX, is 
formed. 

0154) The second fly-eye lens 8 includes a plurality of 
lens elements, each having a positive refractive power, 
arranged in the Vertical and horizontal directions along the 
optical axis AX, the same as the first fly-eye lens 4. How 
ever, each lens element comprising the Second fly-eye lens 
8 has a rectangular cross-section Similar to the shape of the 
illumination field to be formed on the mask (and hence, the 
shape of the exposure region to be formed on the wafer). In 
addition, the Surface on the incident Side of each lens 
element in the Second fly-eye lens 8 is formed in a spherical 
shape or an aspherical shape with the conveX Surface facing 
the incident Side, and the Surface on the exit Side is formed 
in a spherical shape or an aspherical shape with the convex 
Surface facing the exit Side. 
O155 Accordingly, light beams incident on the second 
fly-eye lens 8 are partitioned two-dimensionally by the 
plurality of lens elements, and a plurality of light Source 
images are respectively formed at the back Side focal plane 
of each lens element on which the light beams are incident. 
In this way, a plural light Source (hereafter referred to as the 
“secondary light Source') of the same annular shape as the 
illumination field formed by the light beams incident on the 
second fly-eye lens 8 is formed at the back side focal plane 
of the second fly-eye lens 8. 
0156 Light beams from the annular secondary light 
Source formed at the back Side focal plane of the Second 
fly-eye lens 8 are incident on an aperture stop 9. This 
aperture Stop 9 is Supported on a turret capable of rotating 
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about a predetermined axis parallel to the optical axis AX. 
The turret can be constructed the Same as or Similar to the 
turret described above and shown in FIG. 6. 

O157. In FIG. 12, annular secondary light sources are 
formed at the back Side focal plane of the Second fly-eye lens 
8, and consequently one of the annular aperture Stops is 
preferably Selected from the three annular aperture Stops 
401, 403 and 405 as the aperture stop 9. However, the 
composition of the turret shown in FIG. 6 is intended to 
illustrative and not limiting with regard to the type or 
number of aperture Stops positioned thereon or even the use 
of a rotating turret for the aperture Stop 9. 
0158 Light from the secondary light sources that passes 
through the aperture stop 9 having an annular aperture (light 
transmission area) is condensed by a condenser optical 
system 10, and then uniformly illuminates a mask 11 in an 
overlapping manner. Light beams that pass through the 
pattern on the mask 11 form an image of the mask 11 pattern 
on a wafer 13 via the projection optical System 12. 
0159 FIG. 13 schematically shows the illumination opti 
cal System from the conical prism 6 to the incident Surface 
of the first fly-eye lens 4. 
0160. As shown in FIG. 13(a), light beams deflected by 
the conical prism 6 along all directions at the same angle C. 
centered about the optical axis AX pass through the afocal 
Zoom lens 5 having a magnification ml and are then 
obliquely incident on the incident surface of the first fly-eye 
lens 4 along all directions at the same angle 01 centered 
about the optical axis AX. The size of the illumination field 
formed at the incident surface of the first fly-eye lens 4 is d1. 
0161 As shown in FIG. 13(b), when the magnification of 
the afocal Zoom lens 5 is changed from m1 to m2, light 
beams deflected by the conical prism 6 along all directions 
at the same angle C. centered about the optical axis AX pass 
through the afocal Zoom lens 5 having a magnification m2 
and are then obliquely incident on the incident Surface of the 
first fly-eye lens 4 along all directions at the same angle 02 
centered about the optical axis AX. At this time, the size of 
the illumination field formed at the incident Surface of the 
first fly-eye lens 4 is d2. 
0162 The relationships shown by equations (8) and (9) 
below hold for the angles of incidence 01 and 02 of the 
light beams on the incident Surface of the first fly-eye lens 
4, the sizes d1 and d2 of the illumination fields formed at the 
incident Surface of the first fly-eye lens 4, and the magni 
fications m1 and m2 of the afocal Zoom lens 5. 

0163 With reference to equation (8), it can be seen that 
it is possible to continuously change the incident angle 0 of 
the light beams on the incident surface of the first fly-eye 
lens 4 by continuously changing the magnification m of the 
afocal Zoom lens 5. 

0.164 FIG. 14 schematically shows the illumination opti 
cal System from the first fly-eye lens 4 to the aperture Stop 
9. 

0165. In FIG. 14(a), light beams incident at a predeter 
mined angle from a predetermined direction onto the inci 
dent Surface of the first fly-eye lens 4 pass through each lens 
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element and are then obliquely incident on the Zoom lens 7 
while maintaining the same angle. Thus, an illumination 
field having a predetermined width at a position eccentric to 
the optical axis AXby a predetermined distance is formed on 
the incident Surface of the Second fly-eye lens 8, as indicated 
by the Solid lines in the drawing. 
0166 In actuality, light beams are incident on the incident 
surface of the first fly-eye lens 4 from oblique directions 
Substantially Symmetrical about the optical axis AX, as 
shown by the dashed lines in the drawing. In other words, 
light beams are incident along all directions at the same 
angle centered about the optical axis AX. Accordingly, at the 
incident Surface of the Second fly-eye lens 8, an annular 
illumination field centered about the optical axis AX is 
formed, as shown in FIG. 14(b). In addition, an annular 
Secondary light Source the same as the illumination field 
formed at the incident Surface is also formed at the back Side 
focal plane of the second fly-eye lens 8. On the other hand, 
as discussed above, an annular aperture (the portion in white 
in FIG. 14(c)) corresponding to the annular secondary light 
Source is formed in the annular aperture Stop 9 positioned 
adjacent the back Side focal plane of the Second fly-eye lens 
8. 

0167. In this manner, when the conical prism 6 is 
employed as the light beam shape changing element, it is 
possible to form an annular Secondary light Source with 
Substantially no light loSS, and as a result it is possible to 
accomplish annular modified illumination without Substan 
tial light loSS at the aperture Stop 9. 
0168 FIG. 15 schematically shows the illumination opti 
cal System from the conical prism 6 to the incident Surface 
of the Second fly-eye lens 8, and is used to explain the 
relationship between the magnification of the afocal Zoom 
lens 5 and the focal length of the Zoom lens 7, and the size 
and shape of the annular illumination field formed at the 
incident surface of the second fly-eye lens 8. 
0169. In FIG. 15, the central light ray of the light beam 
exiting from the conical prism 6 at an angle C. centered about 
the optical axis AX passes through the afocal Zoom lens 5 
having a magnification of m, and is then incident on the first 
fly-eye lens 4 at an angle 0 from the optical axis. The first 
fly-eye lens 4 includes lens elements each of Size “a” and 
focal length fl. The central light ray exiting at an angle 0 
from a lens element of the first fly-eye lens 4 arrives at the 
second fly-eye lens 8 via the Zoom lens 7 which has a focal 
length fr. At this time, the incident range of the light beam 
at the incident Surface of the Second fly-eye lens 8 is a range 
having a width b centered about a height y from the optical 
axis AX. That is to say, the illumination field formed at the 
incident Surface of the Second fly-eye lens 8, and hence the 
Secondary light Source formed at the back Side focal plane of 
the second fly-eye lens 8, has a width b and a heighty from 
the optical axis, as shown in FIG. 14(b). 
0170 The exit angle C. from the conical prism 6 and the 
incident angle 0 on the first fly-eye lens 4 have the rela 
tionship shown in the following equation (10). 

(e)=(1/m)xC. (10) 
0171 In addition, the heighty and width b of the annular 
Secondary light Source are respectively expressed by equa 
tions (11) and (12) below. 

y=fixsin (0 (11) 
b=(frtf1)xC. (12) 
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0172 Accordingly, the annular ratio A stipulated by the 
ratio of the inner diameter Øi to the outer diameter Øo of the 
annular Secondary light Source is expressed by equation (13) 
below. 

0.173) In addition, the outer diameter Øo of the annular 
Secondary light Source is expressed by equation (14) below. 

0174 Changing the form of equation (14), the relation 
ship shown in equation (15) can be obtained. 

0175 Thus, with reference to equations (10) and (11), it 
can be seen that when only the magnification m of the afocal 
Zoom lens 5 changes with no change in the focal length fr of 
the Zoom lens 7, the height y of the annular Secondary light 
Source changes with no change in the width b thereof. That 
is to Say, by changing only the magnification m of the afocal 
Zoom lens 5, it is possible to change both the size (outer 
diameter Øo) and the shape (annular ratio A) of the annular 
Secondary light Source without changing the width b thereof. 

0176). In addition, with reference to equations (11) and 
(12), it can be seen that when only the focal length fr of the 
Zoom lens 7 is changed with no change in the magnification 
m of the afocal Zoom lens 5, both the width b and heighty 
of the annular Secondary light Source change in proportion 
to the focal length fr. That is to Say, by changing only the 
focal length fr of the Zoom lens 7, it is possible to change the 
Size (outer diameter Øo) of the annular Secondary light 
Source without changing the shape (annular ratio A) thereof. 
0177) Furthermore, with reference to equations (13) and 
(15), it can be seen that by changing the magnification m of 
the afocal Zoom lens 5 and the focal length fr of the Zoom 
lens 7 So as to Satisfy the relationship in equation (15) for an 
outer diameter Øo of a certain size, it is possible change only 
the shape (annular ratio A) of the annular Secondary light 
Source without changing the size (outer diameter Øo) thereof. 
0.178 An explanation is now provided below for changes 
in the magnification m of the afocal Zoom lens 5 and the 
focal length fr of the Zoom lens 7 for a case wherein the 
shape (annular ratio A) of the annular secondary light Source 
is changed without changing the size (outer diameter Øo) 
thereof in accordance with a specific numerical example. 

0179. In this first numerical example, the deflection angle 
C. by the conical prism 6 is taken to be 7 degrees, the size “a” 
of each lens element of the first fly-eye lens 4 is taken to be 
2.5 mm and the focal length fl of each lens element is taken 
to be 50 mm. Furthermore, with the outer diameter Øo of the 
annular Secondary light Source Set to 96 mm and kept 
constant, the magnification m of the afocal Zoom lens 5 and 
the focal length fr of the Zoom lens 7 needed in order to 
change the annular ratio A of the annular Secondary light 
Source from around 0.24 to around 0.95 are respectively 
found. Table (1) below shows the corresponding relation 
ships between the magnification m of the afocal Zoom lens 
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5, the annular ratio A of the annular Secondary light Source, 
and the focal length fr of the Zoom lens 7 in the first 
numerical example. 

TABLE 1. 

A. fr 

O1 O.94817 49.75678 
O.2 O. 916468 80.19026 
O.3 O.881258 113.9927 
0.4 O846487 147.3723 
0.5 O.812679 179.8279 
O6 0.779947 211.2513 
O.7 O.748299 2416332 
O.8 0.717711 270.9975 
O.9 O688146 299.38O1 
1.O O.659.561 326.8211 
1.1 O.631915 353.3616 
1.2 O605165 3790419 
1.3 O.57927 403.901 
1.4 O.S54191 427.9763 
1.5 O.5298.93 451.3031 
1.6 OSO6338 473.91.51 
1.7 O483496 495.8439 
18 O461334 517.1198 
1.9 O.439822 537.7711 
2.O O418.933 557.8247 
2.1 O39864 577.3059 
2.2 O.378918 596.2387 
2.3 O.359744 614.6459 
2.4 O.341095 632.549 
2.5 O.32295 649.9682 
2.6 O.305289 666.9228 
2.7 O.288092 683.43.13 
2.8 O.271343 699.5108 
2.9 O.255023 715.1778 
3.0 O.239117 730.448 

0180. With reference to Table 1, it can be seen that in 
order to change the annular ratio A from around 0.5 to 
around 0.69, it is only necessary to change the magnification 
m of the afocal Zoom lens 5 from around 1.6 to around 0.9 
and change the focal length fr of the Zoom lens 7 from 
around 474 mm to around 300 mm. 

0181 AS discussed above, the conical prism 6 is inter 
changeable with the pyramidal prism 6a. An explanation is 
now provided for the case where the pyramidal prism 6a is 
Set in the illumination optical path instead of the conical 
prism 6. 

0182. With the pyramidal prism 6a, the mask-side surface 
has a planar shape orthogonal to the optical axis AX. In 
addition, the light-source-side Surface has four refractive 
Surfaces and is formed with an overall pyramidal concavity 
facing the light Source 1. The four refractive Surfaces 
correspond to the pyramidal Surfaces (the side Surfaces 
without the bottom Surface) of a Square pyramid having four 
ridge lines along the X axis and the Z axis with one point on 
the optical axis AX as the Vertex. That is to Say, the four 
refractive Surfaces correspond to the pyramidal Surfaces of 
a Square pyramid Symmetric about the optical axis AX. 
Similar to the case of the conical prism 6, the pyramidal 
prism 6a may also be positioned So that the pyramidal 
concavity faces the mask 11. 

0183) When the pyramidal prism 6a is positioned in the 
illumination optical path, light beams incident on the pyra 
midal prism 6a are deflected along four predetermined 
directions at equal angles centered about the optical axis AX 
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and are incident on the afocal Zoom lens 5. In this way, the 
pyramidal prism 6a comprises a light beam shape changing 
element that changes the light beams from the light Source 
1 into four light beams eccentric to the optical axis AX. The 
light beams incident on the afocal Zoom lens 5 form four 
point-shaped light Source images on the pupil plane of the 
lens 5. In this case, the quadrilateral joining the four point 
shaped light Source images forms a Square with sides 
parallel to the X axis and the Z axis and centered about the 
optical axis AX. Light from these four point-shaped light 
Source images exits the afocal Zoom lens 5 as Substantially 
parallel light beams and is the incident on the first fly-eye 
lens 4. Here, light beams from oblique directions Substan 
tially Symmetrical with respect to the optical axis AX are 
incident on the incident surface of the first fly-eye lens 4. To 
be more specific, the light beams are oblique along four 
Specific directions at equal angles, centered about the optical 
axis AX. 

0184. Accordingly, four point-shaped light Source images 
are respectively formed at the back-Side focal plane of each 
lens element of the first fly-eye lens 4. Light beams from the 
plurality of point-shaped light Source imageS formed at the 
back Side focal plane of the first fly-eye lens 4 pass through 
a Zoom lens 7 and then overlappingly illuminate the Second 
fly-eye lens 8. Accordingly, at the incident Surface of the 
Second fly-eye lens 8, four Square illumination fields similar 
to the cross-sectional shape of each lens element of the first 
fly-eye lens 4 made eccentric (parallel shifted) equidistantly 
outwardly along four Symmetric radial directions about the 
optical axis AX are formed. As a result, as shown in FIG. 
16(a) a quadrupole Secondary light Source (the portion 
indicated by the shaded area in FIG. 16(a)) is also formed 
at the back side focal plane of the second fly-eye lens 8. 

0185. In conjunction with the Switch from the conical 
prism 6 to the pyramidal prism 6a, a Switch is also preferably 
made from the annular aperture Stop 9 to aperture Stop 9a. 
The aperture Stop 9a is one quadrupole aperture Stop 
selected from three quadrupole aperture stops 402, 404 and 
406. As shown in FIG. 16(b), four circular apertures (the 
parts indicated by the white regions in FIG. 16(b)) having 
the size of a circle that can be drawn Substantially inside the 
four Square light Sources are formed in the quadrupole 
aperture stop 9a. Additionally, as shown in FIG. 16(c) it is 
also possible to use a quadrupole aperture Stop 9a having 
four apertures in the shape of quarter circles (the parts 
indicated by the white regions in FIG. 16(c)). 
0186. In this manner, even when the pyramidal prism 6a 
is used as the light beam shape changing element, it is 
possible to form a quadrupole Secondary light Source with 
out Substantial light loSS, and as a result it is possible to 
accomplish quadrupole modified illumination while Satis 
factorily Suppressing light loSS in the aperture Stop 9a. 

0187 Furthermore, by changing only the magnification 
m of the afocal Zoom lens 5, it is possible to change the 
position of the light center of the four Square light Sources 
in the quadrupole Secondary light Source. In other words, it 
is possible to change the size and shape of the quadrupole 
Secondary light Source without changing the width thereof. 
As shown by the dashed lines in FIG.16(a), it is possible to 
define the size and shape of the quadrupole Secondary light 
Source Similarly to that of an annular Secondary light Source. 
The annular ratio of the quadrupole Secondary light Source 
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can be defined on the basis of the ratio Øi/Øo. In this case, the 
width b of the quadrupole Secondary light Source is defined 
as /2 the difference between the diameter Øi of the Small 
circle and the diameter Øo of the large circle. 
0188 In addition, by changing only the focal length fr of 
the Zoom lens 7, it is possible to change only the size of the 
quadrupole Secondary light Source without changing the 
shape (annular ratio) thereof. Furthermore, by changing the 
magnification m of the afocal Zoom lens 5 and the focal 
length fr of the Zoom lens 7 So as to Satisfy a prescribed 
relationship, it is possible to change only the Shape of the 
quadrupole Secondary light Source without changing the size 
thereof. 

0189 On the other hand, when the conical prism 6 is 
withdrawn from the illumination optical path, light beams 
having a Square cross-section are incident along the optical 
axis AX on the afocal Zoom lens 5. The light beams incident 
on the afocal Zoom lens 5 are reduced or enlarged in 
accordance with the magnification of the lens, exit from the 
afocal Zoom lens 5 along the optical axis AX while main 
taining a Square cross-section, and are then incident on the 
first fly-eye lens 4. Accordingly, one point-shaped light 
Source image is formed at the back Side focal plane of each 
lens element of the first fly-eye lens 4. In addition, at the 
incident Surface of the Second fly-eye lens 8, a Square 
illumination field Similar to the croSS-Sectional shape of each 
lens element of the first fly-eye lens 4 is formed, centered 
about the optical axis AX. As a result, a Square Secondary 
light Source centered about the optical axis AX can also be 
formed at the back side focal plane of the second fly-eye lens 
8. 

0190. In conjunction with withdrawing the conical prism 
6 from the illumination optical path, the annular aperture 
Stop 9 is preferably interchanged with the circular aperture 
stop 9b. The circular aperture stop 9b is selected from the 
two circular aperture stops 407 and 408, and has an aperture 
Size that can be Substantially inscribed in the Square Sec 
ondary light Source. 
0191 In this way, it is possible to form a square second 
ary light Source without Substantial light loSS, and to accom 
plish regular circular illumination while Satisfactorily Sup 
pressing light loSS in the aperture Stop. 
0.192 In this case, by changing the magnification m of the 
afocal Zoom lens 5 or the focal length fr of the Zoom lens 7, 
it is possible to appropriately change the size of the Square 
Secondary light Source. 

0193 With the above embodiment, light beam shape 
changing element is positioned in the optical path between 
the light Source and an angular light beam forming element. 
The light beam shape changing element converts light 
beams from the light Source into light beams incident on the 
angular light beam forming element from oblique directions 
Substantially Symmetrical with respect to the Standard opti 
cal axis. Specifically, the light beam shape changing element 
can include a conical prism or a pyramidal prism, although 
it is also possible to employ a diffractive optical element, as 
discussed above. 

0194 Light beams the shape of which has been altered by 
the light beam shape changing element are condensed by a 
condenser optical System and are overlappingly incident on 
the angular light beam forming element from oblique direc 
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tions Substantially Symmetrical with respect to the Standard 
optical axis. In this manner, a first plural light Source is 
formed by the angular light beam forming element. Light 
beams from the first plural light Source are condensed by a 
relay optical System and are guided to an optical integrator. 
AS a result, it is possible to form an annular light Source or 
a plurality of light Sources eccentric to the Standard optical 
axis as a Second plural light Source, that is to Say a Secondary 
light Source, using the optical integrator. 

0.195 Here, when a conical prism is employed as the light 
beam shape changing element, an annular light Source is 
formed, and when a pyramidal prism is employed, a plural 
ity of light Sources eccentric to the optical axis are formed. 
In particular, when a four-sided pyramidal prism (hereafter 
referred to simply as "pyramidal prism') is employed as the 
pyramidal prism, a Secondary light Source composed of four 
light Sources Symmetrically eccentric to the Standard optical 
axis, that is to Say a quadrupole Secondary light Source, is 
formed. In this way, light beams from the annular or 
quadrupole Secondary light Source formed by the optical 
integrator illuminate the target illumination Surface after 
being restricted by an aperture Stop preferably having an 
aperture corresponding to the Size and shape of the Second 
ary light Source. Moreover, it is possible to use a multi-sided 
(e.g., an eight-sided) pyramidal prism as the pyramidal 
prism. 

0196. In addition, with the present embodiment the con 
denser optical System can include a Zoom optical System of 
variable magnification, and by changing the magnification 
of the Zoom optical System, it is possible to alter the annular 
ratio of the annular light Source formed as the Second plural 
light Source or to alter the position of each light center of the 
plurality of light Sources formed as the Second plural light 
Source. Furthermore, if the relay optical System positioned in 
the optical path between the angular light beam forming 
element and the optical integrator includes a Zoom optical 
System of variable magnification, it is possible to alter the 
Size of the Second plural light Source by changing the Zoom 
ratio of this Zoom optical System. 

0197) Third Embodiment 
0198 FIG. 17 schematically shows an illumination opti 
cal System according to a third embodiment of the present 
invention. In addition, FIGS. 18 and 19 are used to explain 
the action of the diffractive optical element in this embodi 
ment. In the drawings relating to the embodiment and 
variations below (FIG. 17, FIG.21 and FIG.22), the input 
means 20, the control System 21, the light beam shape 
changing member driving System 22, the Zoom driving 
systems 23 and 24 and the turret driving member 25 (which 
does not exist in FIG. 12) are omitted. 
0199 The third embodiment has a composition similar to 
that of the second embodiment. However, the only funda 
mental difference is that in this embodiment diffractive 
optical elements are employed as light beam shape changing 
elements. Accordingly, in FIG. 17, elements having the 
Same function as elements in the first and Second embodi 
ments are assigned the same reference numbers as in FIG. 
1. 

0200 Light beams that pass through a beam expander 2 
are deflected by the folding mirror 3 and are then incident on 
a diffractive optical element 6b. The diffractive optical 
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element 6b in this example includes binary or multiple levels 
(or Steps) having a pitch on the order of the wavelength of 
the exposure light (illumination light) formed on a glass 
Substrate, and diffracts the incident beam to a desired angle. 
Specifically, as shown in FIG. 18(a), a narrow light beam 
orthogonally incident on the diffractive optical element 6b 
along the optical axis AX is diffracted in all directions at 
equal angles centered about the optical axis AX, and forms 
a ring-shaped beam. Accordingly, when a parallel beam of 
Square cross-section is incident on this diffractive optical 
element 6b along the optical axis AX, an annular beam 
results, as shown in FIG. 18(b). Thus, the diffractive optical 
element 6b constitutes a light beam shape changing element 
that diffuses light beams from the light Source 1 into annular 
light beams. 

0201 That is to say, the diffractive optical element 6b has 
the same action as the conical prism 6 in deflecting beams 
orthogonally incident thereon along the optical axis AX into 
beams in all directions at equal angles centered about the 
optical axis AX. However, whereas the conical prism 6 
deflects the entirety of the incident light beams in all 
directions at equal angles centered about the optical axis AX, 
the diffractive optical element 6b deflects each beam com 
prising the incident light beam in all directions at equal 
angles centered about the incident axis thereof (parallel to 
the optical axis AX). Accordingly, the afocal Zoom lens 5 is 
configured So as to link the diffractive optical element 6b and 
the incident surface of the first fly-eye lens 4 as substantially 
optically conjugate. 

0202) In this way, as in the second embodiment, a ring 
shaped light Source image is formed at the pupil plane of the 
afocal Zoom lens 5. Furthermore, Substantially parallel light 
beams exiting from the afocal Zoom lens 5 are obliquely 
incident on the incident surface of the first fly-eye lens 4 in 
all directions at equal angles centered about the optical axis 
AX. As a result, an annular Secondary light Source is formed 
at the back side focal plane of the second fly-eye lens 8 
without substantial light loss. In addition, light loss for the 
most part does not occur at the aperture Stop 9 positioned 
adjacent the back Side focal plane of the Second fly-eye lens 
8. Furthermore, by appropriately changing the magnification 
m of the afocal Zoom lens 5 and the focal length fr of the 
Zoom lens 7, it is possible to change the Size and shape 
(annular ratio) of the annular secondary light Source, the 
Same as in the first embodiment. 

0203. In the third embodiment, the diffractive optical 
element 6b is interchangeable with another diffractive opti 
cal element 6c. When the diffractive optical element 6b is 
withdrawn from the illumination optical path, it is possible 
to accomplish regular circular illumination the same as when 
the conical prism 6 and pyramidal prism 6a are withdrawn 
in the second embodiment. The case wherein the diffractive 
optical element 6c instead of the diffractive optical element 
6b is Set in the illumination optical path is explained below. 

0204. When the diffractive optical element 6c is used as 
the light beam shape changing element, narrow beams 
orthogonally incident along the optical axis AX are dif 
fracted along four Specific directions at equal angles cen 
tered about the optical axis AX, and form four narrow 
beams, as shown in FIG. 19(a). Accordingly, when parallel 
beams with a Square cross-section are incident on this 
diffractive optical element 6c along the optical axis AX, 
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quadrupole beams result, as shown in FIG. 19(b). Thus, the 
diffractive optical element 6c constitutes a light beam shape 
changing element that changes light beams from the light 
Source 1 into four light beams eccentric to the optical axis 
AX. Accordingly, four point-shaped light Source images are 
formed at the pupil plane of the afocal Zoom lens 5, the same 
as when the pyramidal prism 6a is employed in the Second 
embodiment. 

0205 Furthermore, substantially parallel light beams 
exiting from the afocal Zoom lens 5 are then obliquely 
incident on the incident surface of the first fly-eye lens 4 
along four specific directions at equal angles centered about 
the optical axis AX. As a result, a quadrupole Secondary light 
Source is formed at the back Side focal plane of the Second 
fly-eye lens 8 without substantial light loss. In addition, this 
quadrupole Secondary light Source is restricted while Satis 
factorily Suppressing light loSS by an aperture Stop 9a 
positioned adjacent the back Side focal plane of the Second 
fly-eye lens 8. Furthermore, by appropriately changing the 
magnification m of the afocal Zoom lens 5 and the focal 
length fr of the Zoom lens 7, it is possible to change the size 
and shape of the quadrupole Secondary light Source. 
0206 FIG. 20 schematically shows a configuration of an 
illumination optical device according to a first variation of 
the third embodiment. FIG.20(b) shows a state in which the 
magnification of the afocal Zoom lens 5 is expanded more 
than the state shown in FIG. 200a). 
0207. This first variation differs from the third embodi 
ment only in that a micro fly’s eye lens 4a is employed as 
the first optical integrator (angular light beam forming 
element). 
0208. In the first variation shown in FIG. 20, a micro 
fly's eye lens 4 is employed instead of the first fly-eye lens 
4. The micro fly's eye lens 4 is an optical element that 
includes a plurality of microlenses arranged in the horizontal 
and Vertical directions, and for example is formed by etching 
a plane parallel glass plate. Accordingly, each microlens is 
Smaller than each lens element in a typical fly-eye lens, but 
the element is the same as the fly-eye lens in that lens 
elements having a positive refractive power are arranged in 
the horizontal and Vertical directions. Accordingly, the micro 
fly's eye lens 4 accomplishes the Same action as the first 
fly-eye lens 4. 
0209 Changes in the magnification m of the afocal Zoom 
lens 5 and the focal length fr of the Zoom lens 7 when 
changing only the shape (annular ratio A) of the annular 
Secondary light Source without changing the size (outer 
diameter Øo) thereof in the first variation employing the 
diffractive optical element 6b and the micro fly’s eye lens 6a 
are now explained below with reference to a specific 
numerical example. 

0210. In this second numerical example, the diffraction 
angle (deflection angle) a by the diffractive optical element 
6b is taken to be 7 degrees, the size “a” of each microlens 
in the micro fly's eye lens 6a is taken to be 0.5 mm and the 
focal length fl of each microlens is taken to be 10 mm. 
Furthermore, with the outer diameter Øo of the annular 
Secondary light Source Set to 96 mm and kept constant, the 
magnification m of the afocal Zoom lens 5 and the focal 
length fr of the Zoom lens 7 needed in order to change the 
annular ratio A of the annular Secondary light Source from 
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around 0.24 to around 0.95 are respectively found. Table 2 
below shows the corresponding relationships among the 
magnification m of the afocal Zoom lens 5, the annular ratio 
A of the annular Secondary light Source, and the focal length 
fr of the Zoom lens 7 in the Second numerical example. 

TABLE 2 

A. fr 

O1 O.94817 49.75678 
O.2 O. 916468 80.19026 
O.3 O.881258 113.9927 
0.4 O846487 147.3723 
0.5 O.812679 179.8279 
O6 0.779947 211.2513 
O.7 O.748299 2416332 
O.8 0.717711 270.9975 
O.9 O688146 299.38O1 
1.O O.659.561 326.8211 
1.1 O.631915 353.3616 
1.2 O605165 3790419 
1.3 O.57927 403.901 
1.4 O.S54191 427.9763 
1.5 O.5298.93 451.3031 
1.6 OSO6338 473.91.51 
1.7 O483496 495.8439 
18 O461334 517.1198 
1.9 O.439822 537.7711 
2.O O418.933 557.8247 
2.1 O39864 577.3059 
2.2 O.378918 596.2387 
2.3 O.359744 614.6459 
2.4 O.341095 632.549 
2.5 O.32295 649.9682 
2.6 O.305289 666.9228 
2.7 O.288092 683.43.13 
2.8 O.271343 699.5108 
2.9 O.255023 715.1778 
3.0 O.239117 730.448 

0211 Comparing Table 1 and Table 2, it can be seen that 
the corresponding relationships among the magnification m 
of the afocal Zoom lens 5, the annular ratio A and the focal 
length fr of the Zoom lens 7 match in the first numerical 
example and the Second numerical example. This illustrates 
that when the micro fly's eye lens 6a is employed instead of 
the first fly-eye lens 4, it is possible to achieve the same 
action numerically as with the first fly-eye lens 4 by appro 
priately Setting the size a and focal length f1 of each 
microlens. 

0212 FIG. 21 schematically shows the composition of 
an illumination optical apparatus according to a Second 
variation of the third embodiment. 

0213 This second variation differs from the third 
embodiment only in that the afocal Zoom lens 5 is removed 
and the diffractive optical element 6b and the first fly-eye 
lens 4 are positioned adjacent each other, and the rest of the 
composition is the same as that of the third embodiment. 
Accordingly, in FIG. 21, elements having the same function 
as elements in the Second embodiment are assigned the same 
reference numbers as in FIG. 17. 

0214. As discussed above, the afocal Zoom lens 5 links 
the diffractive optical element 6b and first fly-eye lens 4 as 
optical conjugates, and has the function of changing the 
angle of the incident light beams on the incident Surface of 
the first fly-eye lens 4. Accordingly, even if the afocal Zoom 
lens 5 is removed from the illumination optical path and the 
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diffractive optical element 6b and the incident surface of the 
first fly-eye lens 4 are positioned adjacent each other, the 
angle of the incident light beams on the incident Surface of 
the first fly-eye lens 4 is determined by the diffraction angle 
of the diffractive optical element 6b. Accordingly, in the 
Second variation, it is possible to change the size of the 
annular Secondary light Source formed at the back Side focal 
plane of the Second fly-eye lens 8 by changing the focal 
length of the Zoom lens 7, but it is not possible to change the 
annular ratio thereof. 

0215 Fourth Embodiment 
0216 FIG. 22 schematically shows the composition of 
an illumination optical apparatus according to a fourth 
embodiment of the present invention. 
0217. The fourth embodiment has a composition similar 
to that of the second embodiment. However, the only 
fundamental difference is that in the Second embodiment a 
fly-eye lens is employed as an optical integrator, but in this 
fourth embodiment an internal reflection type (Rod-type) 
integrator (e.g., light pipe, light tunnel, glass rod, etc., 
hereafter referred to simply as a “rod-type integrator') is 
employed as the optical integrator. Accordingly, in FIG. 22, 
elements having the Same function as elements in the Second 
embodiment are assigned the same reference numbers as in 
FIG. 12. 

0218. In this embodiment, a rod-type integrator 8a and a 
condenser lens 7a are mounted in the optical path between 
the Zoom lens 7 and an imaging optical System 10a, and the 
aperture Stop for restricting the Secondary light Source is 
removed. Here, the composite optical System composed of 
the Zoom lens 7 and the condenser lens 7a links the back side 
focal plane of the first fly-eye lens 4 and the incident Surface 
of the rod-type integrator 8a as Substantially optically con 
jugate. In addition, the imaging optical System 10a links the 
exit Surface of the rod-type integrator 8a and the mask 11 as 
Substantially optically conjugate. 

0219. The rod-type optical integrator 8a is an internal 
reflection-type glass rod formed of a glass material Such as 
Silica glass or fluorite, and uses total reflection at the 
boundary Surface between the inside and the outside, that is 
to Say at the inner Surface, to form light Source images, the 
number of which corresponds to the number of internal 
reflections, along a Surface that is parallel to the rod incident 
Surface and that passes through the convergence point. 
Nearly all of the light Source imageS formed are virtual 
images, with only the center (i.e., the convergence point) 
light Source image being a real image. That is to Say, light 
beams incident on the rod-type integrator 8a are partitioned 
in the angular direction by internal reflection, and a Second 
ary light Source which is composed of a plurality of light 
Source images is formed along a Surface that is parallel to the 
incident Surface of the rod and that passes through the 
convergence point. In the case of this fourth embodiment, an 
annular Secondary light Source is formed when the conical 
prism 6 is employed as the light beam Shape changing 
element, and a quadrupole Secondary light Source is formed 
when the pyramidal prism 6a is used. 
0220 Light beams from the secondary light source 
formed by the rod-type integrator 8a at the incident side 
thereof are Superimposed at the exit Surface thereof, and then 
pass through the imaging optical System 10a and uniformly 
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illuminate the mask 11. AS discussed above, the imaging 
optical system 10a links the exit surface of the rod-type 
integrator 8a and the mask 11 (and hence, the wafer 13) as 
Substantially optically conjugate. Accordingly, a rectangular 
illumination field similar to the cross-sectional shape of the 
rod-type integrator 8a is formed on the mask 11. 
0221) In this manner, it is possible, while satisfactorily 
Suppressing light loSS as in the above embodiments, to 
accomplish annular modified illumination by using the coni 
cal prism 6 as the light beam shape changing element, to 
accomplish quadrupole modified illumination by using the 
pyramidal prism 6a as the light beam Shape changing 
element, and to accomplish regular circular illumination by 
withdrawing the light beam shape changing element from 
the illumination optical path. In addition, by appropriately 
changing the magnification m of the afocal Zoom lens 5 and 
the focal length fr of the Zoom lens 7, it is possible to change 
the size and shape of the Secondary light Source. 
0222. In accomplishing circular aperture illumination in 
the above-described embodiments and variations, the light 
beam shape changing element is preferably withdrawn from 
the illumination optical path. By withdrawing the light beam 
shape changing element (6, 6a, 6b), it is possible to have the 
composition of a So-called double fly-eye system, as is 
disclosed in U.S. Pat. No. 4,497,015 (which corresponds to 
Japanese Unexamined Patent Publication No. Sho 
58-147708). 
0223) When doing this, in the apparatus having the com 
position illustrated in FIGS. 12, 17 and 22, the afocal Zoom 
lens 5 may be withdrawn at the same time. In addition, in the 
apparatus having the composition illustrated in FIG. 21, the 
first fly-eye lens 4 may be withdrawn at the same time and 
in its place a different fly-eye lens suitable for the illumi 
nation conditions may be disposed in the illumination opti 
cal path as the first fly-eye lens. In addition in the third 
embodiment, it is possible to used a diffractive optical 
element which forms a circular illumination field at a far 
field to accomplish circular illumination. 
0224. In addition in the fourth embodiment, the conical 
or pyramidal prism was employed as the light beam shape 
changing element, but it is also possible to employ a 
diffractive optical element such as in the third embodiment. 
0225. In addition, in the above-described embodiments 
and variations, a prism having a conical concave Surface was 
employed as the conical prism, but it is also possible to 
employ a prism having a conveX conical Surface. Similarly, 
for the pyramidal prism, it is possible to employ a prism 
having convex pyramidal Surfaces. 

0226. In addition, in the above-described embodiments 
and variations, the present invention was explained using as 
an example a projection exposure apparatus provided with 
an illumination optical apparatus, but it is clear that it is also 
possible to apply the present invention to a general illumi 
nation optical apparatus for uniformly illuminating a target 
illumination Surface other than a mask. 

0227 Furthermore, in the above-described embodiments 
and variations, the light Source is a Krf excimer laser that 
Supplies light with a wavelength of 248 nm, or an Arf 
excimer laser that supplies light with a wavelength of 193 
nm, but naturally the present invention can be applied to an 
apparatus provided with a light Source other than this. For 
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example, it is possible to use as the light Source of the 
present invention a laser light Source Such as an Flaser that 
Supplies light with a wavelength of 157 nm, or a light Source 
unit or the like composed of the combination of a laser light 
Source that Supplies light at a prescribed wavelength and a 
non-linear optical element that changes the light from the 
laser light source into light with a wavelength of 200 nm or 
leSS. 

0228. In the second through fourth embodiments, the 
operation of interchanging illumination is similar to the first 
embodiment. In addition, in the third and fourth embodi 
ments, driving Systems and control Systems are not shown in 
FIGS. 17 and 21. The illumination optical system of the 
third embodiment has a driving System which controls 
interchanging the diffractive optical elements 6b and 6c, a 
Zoom driving System which controls the magnification of the 
afocal Zoom lens 5, a Zoom driving System which controls 
the focal length of the Zoom lens 7, and a driving System 
which controls the aperture stops (the turret Substrate 400). 
0229. Fifth Embodiment 
0230 FIG. 23 is a schematic diagram of an illumination 
optical apparatus according to a fifth embodiment of the 
present invention. 
0231. The exposure apparatus of FIG. 23 preferably has 
either a Krf or ArF excimer laser as a light source 601. 
Nearly parallel light beams emitted from the light source 
601 in the direction of the Y-axis enter the diffractive optical 
device 604 through the unit magnification relay optical 
System 602. In the unit magnification relay optical System 
602, the outputside mirror of a pair of (not shown) resonator 
mirrors in the light source 601 and the diffractive optical 
device 604 are made to be Substantially optically conjugate. 

0232 The diffractive optical device 604 transforms and 
emits the entering light with a rectangular cross-section as a 
nearly circular cross-section in the far field (Fraunhofer 
diffraction region). The light emitted from the diffractive 
optical device 604 enters is transmitted by an afocal Zoom 
lens 605 to a special fly-eye lens 606, which is removable 
relative to the illumination path. 
0233 FIG. 24A is an oblique view of the special fly-eye 
lens 606 from the incident direction of the light, and FIG. 
24B is an oblique view of the special fly-eye lens 606 from 
the exit direction of the light. In FIG.24A and FIG.24B, the 
same coordinate system as FIG. 23 is provided. 
0234. The special fly-eye lens 606 has multiple lens 
Surfaces 606a densely arranged in a matrix shape as shown 
in FIG. 24A. The special fly-eye lens 606 also has multiple 
prism Surfaces 606b densely arranged in a matrix shape as 
shown in FIG. 24B. The multiple prism surfaces 606b each 
correspond to the multiple lens surfaces 606a. Here, the 
multiple lens surfaces 606a and the multiple prism surfaces 
606b are formed by performing an etching process, for 
example, on parallel flat glass plates. 

0235 FIG.25 is a cross section of the special fly-eye lens 
described in FIG.24A and FIG.24B. Preferably, the fly-eye 
lens 606 has the multiple lens surface 606a and the multiple 
prism surface 606b on the front and the back Surfaces of one 
substrate, as described in FIG.25A, but it may be structured, 
as described in FIG. 25B, in such a manner that the multiple 
lens surface 631a is provided on the front surface of a 
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substrate 631 while the multiple prism surface 632b is 
provided on the back surface of another substrate 632. In this 
case, the Surface 631b and the Surface 632a, which face each 
other, are preferably flat Surfaces. 

0236 Moreover, in FIGS. 25A and 25B, an example is 
shown in which the multiple lens surfaces 606a (631a) of the 
fly-eye lens 606 each has positive refraction power, but these 
lens Surfaces may have negative refraction power as well. 
0237) The prism array formed on the side of prism 
surface 606b of the special fly-eye lens 606 includes, for 
example, a cluster body of a first quad Small prism Set and 
a cluster body of a Second quad Small prism Set. The first 
quad Small prism set is shown in FIG. 26A and the second 
quad small prism set is shown in FIG. 26B. 
0238. In FIG. 26A, the first small prism set comprises a 
prism surface 606b1 with a normal line inclined towards the 
positive Z direction relative to the XZ plane, a prism Surface 
606b2 with a normal line inclined towards the positive X 
direction relative to the XZ plane, a prism surface 606b3 
with a normal line inclined in the negative Z direction 
relative to the XZ plane, and a prism surface 606b4 with a 
normal line inclined in the negative X direction relative to 
the XZ plane. 

0239). In FIG. 26B, the second small prism set comprises 
a prism surface 606b5 obtained by rotating the prism surface 
606b1 by -45 around the Y-axis, a prism surface 606b6 
obtained by rotating the prism surface 606b1-135 around 
the Y-axis, a prism surface 606b7 obtained by rotating the 
prism surface 606b1-225 around the Y-axis, a prism surface 
606b8 obtained by rotating the prism surface 606b1-315 
around the Y-axis. In this example, clockwise rotation is 
defined to be the positive direction. 
0240 Next, a case in which parallel light beams enter the 
Special fly-eye lens 606 is examined. In this case, multiple 
point light Sources are formed on the exit Side of the Special 
fly-eye lens 606 due to the function of the multiple lens 
surface 606a of the special fly-eye lens 606. Moreover, 
because the front side (incidence Side) of the focal position 
of the Zoom lens 607 is near the position of the multiple 
point light Sources (rear side (exit side) focal position of the 
lens Surface 606a), the multiple images of the lens Surfaces 
606a are formed overlapping each other on the rear side (exit 
side) focal plane of the Zoom lens 607 which is positioned 
near the incident surface of the fly-eye lens 608. At this time, 
due to the function of the prism surfaces 606b1-606b8 which 
are positioned corresponding to the lens Surface 606a, the 
positions where the multiple images of the lens surface 606a 
are formed vary within the XZ plane. 

0241 FIG. 27A shows an illumination region that is 
formed on the incident surface of the fly-eye lens 608 by the 
light emitted from the special fly-eye lens 606 and trans 
mitted through the Zoom lens 607 when parallel light beams 
enter the special fly-eye lens 606. In FIG. 27A, the illumi 
nation region 661 is formed by the light passing through the 
prism surface 606b1, the illumination region 662 is formed 
by the light passing through the prism surface 606b2, the 
illumination region 663 is formed by the light passing 
through the prism surface 606b3, the illumination region 
664 is formed by the light passing through the prism Surface 
606b4, the illumination region 665 is formed by the light 
passing through the prism surface 606b5, the illumination 
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region 666 is formed by the light passing through the prism 
surface 606b6, the illumination region 667 is formed by the 
light passing through the prism surface 606b7, and the 
illumination region 668 is formed by the light passing 
through the prism surface 606b8. 
0242. Returning to FIG. 23, the diffractive optical device 
604 diffuses the parallel light beams from the light source 
601 into light beams with a predetermined numerical aper 
ture (divergence angle), and because the afocal Zoom lens 
605 makes the diffractive optical device 604 and the special 
fly-eye lens 606 to be nearly optically conjugate, the Special 
fly-eye lens 606 is illuminated by light beams with a 
numerical aperture (divergence angle) corresponding to the 
angle of magnification of the afocal Zoom lens 605. 
0243 The diffractive optical device 606 generates light 
beams with circular cross-section in the far field, and a 
cone-shaped body of light beams enter the Special fly-eye 
lens 606. Here, cone-shaped light beams entering the Special 
fly-eye 606 may be considered to be a set of an infinite 
number of light beams with multiple angular components. 
Hence, multiple illumination regions with slightly different 
positions in the XZ plane are formed on the incident Surface 
of the fly-eye lens 608. FIGS. 27B and 27C show the 
circular illumination regions 671-678 and 681-688 that are 
formed on the incidental Surface of the fly-eye lens 608. 

0244 One difference between FIG. 27B and FIG.27C is 
that the vertical angles (divergence angle) of the cone 
shaped light beams entering the Special fly-eye lens 606 are 
different. FIG.27B shows the state in which the light beams 
have a larger divergence angle than the light beams in FIG. 
28C. By changing the divergence angle of light beams 
entering the special fly-eye lens 606, the width of pseudo 
ring-shaped illumination regions (which includes clusters of 
circular illumination regions 671-678 or 681-688) may be 
changed. In this case, the distance Rim between the center of 
the width of pseudo ring-shaped illumination regions and the 
optical axis is constant. The divergence angle of the light 
beams entering the Special fly-eye lens 606 can be changed 
by changing the angular magnification of the afocal Zoom 
lens 605. In fact, the afocal Zoom lens 605 is capable of 
changing the width of the rings. 

0245 Next, the function of the Zoom lens 607 is 
described in reference to FIG. 28A and FIG. 28B. FIGS. 
28A and 28B respectively show illumination regions on the 
incident surface of the fly-eye lens 608. By changing focal 
length of the Zoom lens 607, the illumination range enlarges 
or ShrinkS proportionally on the incident Surface of the 
fly-eye lens 608. Here, FIG. 28A shows a condition in 
which the focal length of the Zoom lens 607 is larger than the 
focal length in FIG. 28B. The angular magnification of the 
afocal Zoom lens 605 is constant in both states shown in 
FIGS. 28A and 28B. 

0246 By changing focal length of the Zoom lens 607 in 
the above manner, the value of the outer radius Ro of the 
pseudo annular-shape illumination region may be changed 
freely while keeping the ratio (annular ratio) of the inner 
radius Ri and the Outer radius Ro of the pseudo annular 
shape illumination regions formed in the illumination 
regions 671-678 or 681-688 constant. 
0247 Moreover, by combining the changing of the angu 
lar magnification of the afocal Zoom lens 605 and the 
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changing of the focal length of the Zoom lens 607, the outer 
radius and the annular ratio of the pseudo annular-shape 
illumination region formed on the fly-eye lens 608 may be 
Set to any desired values. 
0248 Because the fly-eye lens 608 forms a secondary 
light Source with a shape corresponding to the shape of the 
illumination region on its incident Surface, the outer radius 
and the annular ratio of the annular-shaped Secondary light 
Source may be set to any desired values by changing the 
angular magnification of the afocal Zoom lens 605 and the 
focal length of the Zoom lens 607. 
0249 Returning to FIG. 23, a variable aperture stop 609, 
a condenser lens 610, an illumination field stop 618, and an 
illumination field Stop imaging optical System 619 are 
arranged. Light beams from the fly-eye lens 608 form an 
annular-shaped Secondary light Source whose shape is 
restricted by a variable aperture stop 609. Light beams from 
the annular-shaped light Source are overlapped in the con 
denser lens 610 and illuminate the illumination field stop 
618. Moreover, the aperture section of the illumination field 
Stop 618 and a reticle 611 are in a nearly conjugate rela 
tionship through the illumination field Stop imaging optical 
System 619. Hence, an illumination region, which is an 
image of the aperture Section of the illumination field Stop 
618, is formed on the reticle 611. 

0250) Here, the system from the reticle 611 to the wafer 
613 similar to the above embodiments, thus the description 
of the System is omitted. 

0251 The apparatus of FIG. 23 also includes a first 
driving System 622 for mounting and removing the Special 
fly-eye lens 606 relative to the illumination path, a second 
driving System 623 for moving at least one of the plurality 
of lens groups composing afocal Zoom lens 605 in the 
direction of optical axis in order to change the magnification 
of the afocal Zoom lens 605, a fourth driving system 625 for 
moving at least one of a plurality of lens groups in the Zoom 
lens 607 in the direction of optical axis in order to change the 
focal length of the Zoom lens 607, a fifth driving system for 
driving the variable aperture stop 609 in order to specify the 
Size and the shape of the Surface light Source (Secondary 
light Source), and a sixth driving System for driving the 
variable aperture Stop 617 in the projection optical System 
612 in order to Specify a numerical aperture of the projection 
optical system 612. The apparatus in FIG. 23 also includes 
an input unit 620 for entering information related to the type 
of reticle (mask), and a control System 621 for controlling 
the aforementioned first-sixth driving systems 622-627 
based on the information from the input unit 620. 

0252 Sixth Embodiment 
0253 FIG. 29 is a schematic diagram of an illumination 
optical System according to a sixth embodiment of the 
present invention. Light beams from a light Source 701, Such 
as an excimer laser, are shaped into a predetermined shape 
by a beam expander 702 and are reflected by a mirror 703 
to a first diffractive optical device 751 attached to a revolver 
706A. Diffracted light beams from the first diffractive opti 
cal device 751 are gathered by a relay lens 707 and uni 
formly and overlappingly illuminate the incident Surface of 
a fly-eye lens 708, which is a wavefront dividing (splitting) 
type integrator. As a result, a Substantially Surface light 
Source is formed at the exit surface of the fly-eye lens 708. 
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The relay lens 707 is an imaging optical System, and is 
designed in Such a manner that the entire effective region 
near the exit side surface of the diffractive optical device 751 
forms an image over Substantially the entire exit Side Surface 
of the fly-eye lens 708. 
0254 Light beams emitted from the surface light source 
at the exit side of the fly-eye lens 708 are gathered once 
overlappingly by the condenser optical system 710 after the 
shape of the transmitted light beams have been restricted by 
the aperture stop 766 attached to a revolver 706B. Once the 
light beams are thus overlapped and pass through the relay 
optical System 712, they uniformly and overlappingly illu 
minate the patterned reticle (or mask, original projection 
plate) 714. An illumination field stop (reticle blind) 711 for 
determining the illumination region is arranged in the optical 
path between the condenser optical system 710 and the relay 
optical System 712. Moreover, the projection optical System 
715 projection eXposes, using uniform illumination light, the 
pattern which is formed on the reticle 714 onto the wafer 
716. 

0255. The revolver 706A carries a plurality of diffractive 
optical devices 751, 752, 753 and a plurality of auxiliary 
fly-eye lenses 754, 755, 756, as shown in FIG. 30A. 
Moreover, the revolver 706A is structured in Such a manner 
that the rotation of the revolver 706A around the optical axis 
AX by the driving motor MT1 enables the selection of the 
diffractive optical devices 751, 752, 753 and the auxiliary 
fly-eye lenses 754, 755, 756. Similarly, the aperture stops 
761-766 are structured in such a manner that stops with 
various aperture shapes are selected by the revolver 706B, as 
shown in FIG. 30B. 

0256 When the auxiliary fly-eye lenses 754-756 are 
selected by rotating the revolver 706A, the illumination 
optical System becomes a double fly-eye lens System (double 
integrator System). The double fly-eye lens System is capable 
of forming multiple three-dimensional light Source images 
matching the number min, a product of the number m of the 
lens elements in the auxiliary fly-eye lens and the number n 
of the lens elements in the fly-eye lens 708 on the exit 
surface of the fly-eye lens 708. Here, the auxiliary fly-eye 
lens 754 corresponds to the aperture stop 765, the fly-eye 
lens 755 corresponds to the stop 763, and the fly-eye lens 
756 corresponds to the stop 764. A technology for reducing 
the amount of light loSS for circular aperture Stops with 
different diameters by Switching the first fly-eye lens is 
disclosed, for example, in U.S. Pat. No. 5,392,094. 
0257. On the other hand, one of the merits of the present 
embodiment is that the first through the third diffractive 
optical devices 751-753 are also capable of being selected. 
0258. The first through third diffractive optical devices 
751-753 preferably are phase-type diffractive optical 
devices and are Structured by arranging a plurality of minute 
phase patterns and transmission rate pattern. FIG. 31A 
shows a croSS-Sectional shape of the diffractive optical 
device 751 viewed from the X direction. Light beams 
transmitted through the diffractive optical device 751 
through the Section denoted by Ahave a Zero phase while the 
light beams transmitted through the section denoted by B 
have a delay phase n. Hence, wave optically, these two Sets 
of light beams offset each other, resulting in the disappear 
ance of 0" order light beams (direct transmission light 
beams), as shown in FIG. 31B. Hence, light beams trans 



US 2003/0156266 A1 

mitted through the diffractive optical device 751 are dif 
fracted and transmitted through the relay lens 7 as ifirst 
order diffracted light beams (or itsecond and higher order 
diffracted light beams). Moreover, light beams passing 
through the relay lens 707 become illumination having a 
delta function type intensity distribution I on the predeter 
mined irradiation surface P, as shown in FIG. 31C. By using 
diffractive optical devices to which various phase patterns 
and transmission rate patterns are added, the desired light 
intensity distribution may be obtained on the irradiation 
Surface P, namely the incident Surface of the fly-eye lens 
708. The diffractive optical device need not be arranged as 
shown in FIG. 31, but can be any device that diffracts light 
beams through differences in phases, transmission rates and 
refraction rates. 

0259 FIG. 32A is an oblique view showing the inci 
dence state of light beams into the first diffractive optical 
device 751 as one example. FIG.32B shows a state in which 
the diffraction light beams are viewed from the X direction, 
and FIG. 32C shows a state in which diffraction light beams 
are viewed from the Y direction. Here, assuming the optical 
axis to be the Z axis, and the vertical direction perpendicular 
to the Z axis to be the Y axis and the horizontal direction 
perpendicular to the Z axis to be the X axis, the angle in the 
ZY plane is denoted by Oy and the angle in the ZX plane is 
denoted by Ox. Because the incidental light beams are 
diffracted within the diffraction angle ranges of 0x0-0x1 
and OyO-0y1 due to the first order diffraction characteris 
tics, the cross-sectional shape of the diffraction light beams 
become nearly ring-shaped. Moreover, an annular-shaped 
light intensity distribution is formed on the incident Surface 
of the fly-eye lens 708 through the relay lens 707. 
0260 FIG. 33 is a diagram illustrating an illumination 
region that is formed on the incident Surface of the fly-eye 
lens 708 by the first diffractive optical device 751. When the 
first diffractive optical device 751 is used, the shape of the 
croSS-Section of the diffracted light beams becomes nearly 
ring-shaped due to the first diffraction characteristics. More 
over, light beams transmitted through the relay lens 707 
form a nearly uniform light intensity distribution only in the 
ring-shaped illumination region IA denoted by the shaded 
area on the incident surface of the fly-eye lens 708. Here, the 
ring denoted by the dotted line is an aperture region AA 
formed by the aperture stop 766 which is arranged along the 
optical axis AX corresponding to the first diffractive optical 
device 751. As the figure shows clearly, only the element 
lenses 708a of the fly-eye lens 708 corresponding to the 
aperture shape of the aperture stop 766 may be illuminated 
by the ring-shaped light beams formed by the first diffractive 
optical device 751 and the relay lens 707, and the light from 
the light source 701 may be used with a high rate of 
efficiency. 

0261) The first diffractive optical device 751 may be 
made to only illuminate along the perimeter of element 
lenses 708a that contribute to the light beams transmitting 
through the annular-shaped aperture Stop 766 in order to 
further increase the illumination efficiency. In this case, by 
altering the ranges of the diffraction angles 0x and Oy of the 
diffractive optical device 751 as needed, the multi-angle 
annular-shaped illumination region IA with different light 
intensity distributions at the central Section and at the 
perimeter region may be formed on the incident Surface of 
the fly-eye lens 708. Hence, since only the necessary ele 
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ment lenses 708a are illuminated, the annular-shaped aper 
ture stop 766 may be illuminated with extremely high 
efficiency. 

0262 Moreover, a diffractive optical device having dif 
fraction characteristics that transform the diffraction light 
beams into a polygonal ring-shaped band with the outer 
shape of a barrel and the inner shape of a hexagon may be 
used as the first diffractive optical device 751, as shown in 
FIG. 34.B. In this case, an illumination region IA is formed 
corresponding to the size of only those element lenses 708a 
used for illumination among all of the lenses in the fly-eye 
lens 708, enabling an increase in illumination efficiency 
while maintaining uniform illumination. 
0263. A diffractive optical device having diffraction char 
acteristics to transform into the illumination region IA with 
both an outer and inner Shape of an elliptic ring band may 
be used as the first diffractive optical device 751, as shown 
in FIG. 34C. In this case, only the element lenses 708a of 
all of the lenses in the fly-eye lens 708 used for illumination 
are illuminated, resulting in an increase in illumination 
efficiency while maintaining uniform illumination. 
0264 FIG. 35 shows the relationship between the effec 
tive region of the diffractive optical device 751 and the 
element lenses 708a of the fly-eye lens 708, with FIG. 35A 
showing the diffractive optical device 751 and FIG. 35B 
showing part of the fly-eye lens 708. As the figures clearly 
show, the effective region 751a of the diffractive optical 
device 751 and the XY cross-section of each of the element 
lenses 708A of the fly-eye lens 708 are set to be both 
rectangular and Similar. By Setting them in this manner, the 
macroscopic Structure of the light point array LM that is 
formed at the exit surface of the fly-eye lens 708 is most 
dense. In fact, the uniformity of the macroscopic light 
intensity distribution at the position of the aperture stop 766 
at the exit side of the fly-eye lens 708 may be improved, and 
further, the uniform illumination of reticle 714 and wafer 
716 may be achieved. 
0265). The effective region 751a of the diffractive optical 
device 751 nearly coincides with the narrower one of the XY 
croSS-Section shape in the vicinity of the exit Surface of the 
region out of the diffraction device 751 or the XY cross 
Section shape of the incident beam entering the diffractive 
optical device 751. In the present embodiment, both the 
region on which the optical element of the diffractive optical 
device 751 is formed and the shape of incident beam 
entering the diffractive optical element 751 are made to 
coincide with the cross-sectional shape of the element lenses 
708a in the fly-eye lens 708. 
0266. In changing the illumination conditions, the 
revolver 706B may be rotated by the motor MT2, for 
example, So that the ring (annular)-shaped Stop 763 with a 
larger diameter (the same shape but a different diameter than 
the stop 766) shown in FIG. 30B may be placed in the 
optical path. When the aperture Stop is Switched to a 
ring-band Stop with a larger diameter in the above manner, 
the fly-eye lens 708 may be illuminated without loss in a 
Slight amount while keeping the first diffractive optical 
element 751, as long as the relay lens 7 is a variable focal 
distance optical System (Zoom optical System). 
0267 Moreover, when the revolver 706B is rotated by the 
motor MT2 and the aperture stop 761 is selected, the 
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revolver 706A is also rotated by the motor MT1 to position 
the second diffractive optical device 752 in the optical path. 
The second diffraction device 752 has second diffraction 
characteristics. The cross-sectional shape of light beams 
diffracted by the second diffraction light device 752 have a 
shape that is Scattered in four directions. Light beams form, 
after passing through the relay lens 707, an illumination 
region IA that has a light intensity distribution with four 
regions on the incident surface in the fly-eye lens 708, as 
shown in FIG. 36A. Hence, useless illumination of the 
cross-shape region at the center is eliminated, resulting in 
highly efficient illumination. 
0268 More preferably, when one of the four regions 
having a polygonal cross-section, particularly one with a 
pentagonal region Such as that shown in FIG. 36B, is used, 
optimum illumination corresponding to the Size of the 
element lenses 708a in the fly-eye lens 708 is achieved, 
resulting in a further improvement in illumination efficiency 
while maintaining the uniformity of the illumination. 
0269. If each of the element lenses 708a in the fly-eye 
lens is arranged randomly, namely not arranged in a lattice 
shape, optimum illumination corresponding to the Size of the 
necessary element lenses 708a of all of the element lenses in 
the fly-eye lens 708 may be achieved by using a diffractive 
optical device having diffraction characteristics that make 
the Outer Shape of the four-region shape diffracted light into 
a polygonal shape. 
0270. When the present embodiment is applied to a 
Scanning type projection exposure apparatus which per 
forms exposure while moving the reticle as the original 
projection plate and the Substrate as work relative to the 
projection optical System, each shape of the plurality of 
element lenses 708a of the fly-eye lens 708 is preferably 
made rectangular. In this case, if the direction of the edge of 
the illumination region being formed on the fly-eye lens 708 
is parallel to the direction corresponding to the Scanning 
direction (typically, the direction along the minor side), the 
intensity distribution on the wafer 716 may not be desirably 
distributed in the direction perpendicular to the Scanning 
direction. 

0271 For this reason, particularly with quadrupolar illu 
mination, the directions of the edges of four illumination 
regions formed on the incident Surface of the fly-eye lens 
708 by the diffractive optical device 752 and by the relay 
lens 707 are preferably inclined in the directions correspond 
ing to the Scanning direction of the plurality of element 
lenses 708a of the fly-eye lens 708. 
0272. In FIG. 37A, the shapes of four illumination 
regions IA are made to be elliptic in order to maintain the 
edges of the regions in the direction that is continuously 
inclined relative to the Scanning direction in the element 
lenses 708a. Moreover, FIG.37B describes the relationship 
between the illumination region IA and the incident Surfaces 
of the plurality of element lenses 708a of the fly-eye lens 
708. 

0273 AS FIG.37B clearly shows, the edge of the elliptic 
illumination region IA does not interSect the plurality of the 
element lenses 708a at the same location. Hence, uneven 
ness (deviation from the desired distribution) of the intensity 
distribution on the Surface being irradiated may be reduced. 
0274. In this case, using the aperture stop 766 on the exit 
side of the fly-eye lens 708, unevenness in illumination may 
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be reduced even if the edges of the illumination regions in 
the plurality of the element lenses 708a that intersect are not 
shielded. 

0275. Furthermore, even if the aperture stop 766 is not 
used (or in the case of the maximum aperture), uneven 
illumination may be reduced. Hence, even if the positions of 
a plurality of illumination regions are continuously changed 
using the relay lens 707 as a Zoom optical System, it is 
unnecessary to continuously change the positions of aperture 
unit of the illumination aperture Stop 766 corresponding to 
the illumination regions. 
0276 Moreover, as shown in FIG.37C, the shape of four 
illumination regions IA may be made to be circular. From a 
point of View of improving imaging performance, it is more 
preferable to make the shape of a plurality of illumination 
regions IA elliptic as shown in FIG. 37A than to make them 
circular as shown in FIG. 37C, because it makes it possible 
to separate the light amount distribution of the third order 
light Source from the optical axis. 
0277. In a Scanning type exposure apparatus, it is not 
necessary to consider the direction of the edges of a plurality 
of the illumination regions IA even if the direction is the 
Same as the direction perpendicular to the Scanning direction 
because the unevenness of illumination along this direction 
is integrated by the Scanning exposure. Hence, the shapes of 
a plurality of the illumination regions IA which are formed 
by the diffractive optical device 752 and the relay lens 707 
may be hexagonal, as shown in FIG. 37D. In this case, 
uneven illumination on the Surface being irradiated may be 
reduced by Setting the System in Such a manner that the 
edges of the illumination regions IA interSect at an angle 
relative to the direction corresponding to the direction of 
scanning of the element lenses 708a. 
0278. The shape of the illumination regions are not 
limited to hexagonal, but other polygonal shapes may be 
used as long as the System is Set in Such a manner that the 
edges of the illumination regions interSect at angle relative 
to the direction corresponding to the direction of Scanning of 
the element lenses 708a. In fact, the shape of the illumina 
tion regions IA may be rectangular as shown in FIG. 37E. 
0279 Moreover, even if the shape of the illumination 
regions is hexagonal, uneven illumination is not reduced, 
which is undesirable, as long as the edges are parallel to the 
direction corresponding to the Scanning direction of the 
element lenses 708a (for example the illumination region IA 
shown in FIG. 37D is rotated 30 around its center of 
gravity.) 
0280. In the above examples, four illumination regions 
are formed on the incident surface of the fly-eye lens 708 
assuming quadrupolar illumination, but the examples may 
be applied to multiple polar illumination Such as octopolar 
illumination. 

0281 AS described above, when a plurality of illumina 
tion regions are formed by the diffractive optical device and 
the relay lens on the incident surface of the wavefront 
dividing (splitting) type integrator, imaging performance 
may be improved and light loSS may be reduced while 
reducing uneven illumination on the Surface being irradi 
ated, by Setting the System in Such a manner that the edges 
of a plurality of illumination regions are inclined relative to 
the direction corresponding to the Scanning direction of the 
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wavefront dividing (splitting) type integrator element lenses. 
Here, the imaging performance may be further improved by 
Setting the major axis of the illumination regions in the 
tangential direction (Sagittal direction). 
0282) Application of this particular example may not be 
limited to the fifth embodiment, can be used with any of the 
embodiments described above and below. 

0283 Now, returning to FIG. 29, when the aperture stop 
762 is selected by rotating the revolver 706B, the third 
diffractive optical device 753 is positioned in the optical path 
by rotating the revolver 706A. The third diffractive optical 
device 753 has third diffraction characteristics and across 
Section of the diffraction light beams are near circular (barrel 
shaped) as shown in FIG. 38. Moreover, the illumination 
region IA, which is a near circular light intensity distribu 
tion, is formed on the incident surface of the fly-eye lens 708 
through the relay lens 707. For this reason, the illumination 
efficiency may be improved Substantially compared to the 
case in which an auxiliary fly-eye lens of the prior art is 
used. 

0284. Although three diffractive optical devices 751-753 
with different diffraction characteristics and three auxiliary 
fly-eye lenses with different focal lengths are used, only 
three diffractive optical devices 751-753 with different dif 
fraction characteristics may be used, if desired. 
0285) If each of the element lenses 708a in the fly-eye 
lens 708 are arranged randomly, namely the element lenses 
are not arranged in a lattice, optimum illumination for the 
size of the element lenses 708a needed in the fly-eye lens 
708 may be achieved by arranging the diffractive optical 
device with diffraction characteristics to make the outer 
shape of the diffraction light beams polygonal. As a result, 
the amount of light loss may be reduced substantially while 
maintaining uniformity of the illumination. 
0286 The effective region of the first diffractive optical 
device 751 is described above as being similar to the 
cross-section of the element lenses 708a of the fly-eye lens 
708, but the effective regions of the second and the third 
diffractive optical devices 752, 753 can also be respectively 
similar to the cross-section of the element lenses 708a of the 
fly-eye lens 708. Hence, even when the second and the third 
diffractive optical devices are Selected with changes in 
illumination conditions, the uniformity of the macroscopic 
light intensity distribution at the positions of aperture Stops 
761, 762 on the exit side of the fly-eye lens 708 may be 
improved, and further, the uniform illumination of the reticle 
714 and the wafer 716 may be achieved. 
0287 Next, a case in which both the first diffractive 
optical device 751 with ring-shape divergent characteristics 
and a circular aperture stop 765 are used will be described. 
0288. In such combined illumination, the entire illumi 
nation region may be utilized as far as the interior Section of 
the ring band illumination region formed by the diffractive 
optical device 751 due to the absence of an inner stop in the 
annular aperture. Hence, annular illumination may be 
achieved while holding light loSS to a minimum. Combined 
use of the second diffractive optical device 752 having 
four-region dispersion characteristics and a circular Stop 765 
also results in a similar effect as a case in which the 
diffractive optical device 751 and the aperture stop 765 are 
used together. 
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0289 Next, a method of arranging diffractive optical 
devices 751-753 within the revolver 706A will be described. 
Each diffractive optical device is Stored in a protection 
container 770 as shown in FIG. 39. The protection container 
770 includes a metal holder 770a for supporting the diffrac 
tive optical devices 751-753, and a cover glass 770b which 
is a pair of protective optical members anchored by and held 
parallel to each other by the metal holder 770a. In other 
words, the diffractive optical devices 751-753 are protected, 
in the direction of the optical axis, by the pair of cover 
glasses 770b from foreign objects, Such as gas generated by 
oxygen outside of the protection container 770 being excited 
by ultra-violet rays. In this case, the attachment of foreign 
objects occurs only on the cover glass 770b, hence, even if 
the transmission rate deteriorates due to the attachment of 
the foreign objects, the recovery of the transmission rate 
may be achieved by simply replacing the cover glass 770b 
without replacing the relatively more expensive diffractive 
optical device 751-753. 
0290 Returning to FIG. 29, the diffraction surfaces of 
the diffractive optical devices 751-753 are preferably set at 
a position offset from a front focus of a relay optical System 
that guides the diffraction light beams from any of the 
diffractive optical devices 751-753 into the fly-eye lens 708 
(optical integrator), along the optical axis direction. In Such 
a structure, it becomes possible to reduce the interference 
noise (interference fringe) being generated on the reticle 714 
or the wafer 716. 

0291. It is preferable that the fly-eye lens 708 has an 
upstream cover glass with an obscuration region on the 
optical axis. The obscuration region Shields the fly-eye lens 
708 from 0" order diffraction rays caused by the diffractive 
optical device 751-753, and prevents the fly-eye lens 708 
from damage. 

0292. Seventh Embodiment 
0293 FIG. 40 shows an illumination optical system in 
accordance with a seventh embodiment of the invention. The 
basic Structure is similar to the apparatus in the Sixth 
embodiment, thus, the description of common portions or 
features is omitted. 

0294. When the first through the third diffractive optical 
devices 751-753 are positioned in the optical path, light 
beams passing through the diffractive optical device and 
irradiated onto the incident surface of the fly-eye lens 708 
may result in a non-uniform illumination intensity distribu 
tion due to the noise caused by a Speckled pattern. Hence, a 
Speckled pattern on the incident Surface of the fly-eye lens 
708 is made to vibrate by vibrating the diffractive optical 
devices 751-753 together with the revolver 706A by the 
vibration mechanical unit VB. As a result, the speckled 
pattern becomes averaged over the exposure time period, 
and uniform light intensity distribution is obtained. 
0295) Furthermore, by arranging a v-shaped (a wedge 
shaped) deflection prism DP between the relay lens 707 and 
the fly-eye lens 708, and by rotating the prism under 
exposure by the motor MT3 with the center of said prism DP 
nearly coinciding with the optical axis AX, the light intensity 
distribution formed on the incident surface of the fly-eye 
lens 708 may be rotated. As a result, the speckled pattern 
also is rotated and the Speckled pattern becomes averaged 
over the exposure time period, and light beams with uniform 
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intensity may be obtained, as in the case of vibrating the 
diffractive optical devices 751-753. Either the vibration of 
the diffractive optical devices or the use of a deflection prism 
DP, or both may be adopted. 
0296 Moreover, in the case of the light source 701 
emitting pulse light, the Speckled pattern may become 
averaged by shifting or tilting the diffractive optical devices 
751-753 over a predetermined number of pulses. 
0297 Eighth Embodiment 
0298 FIG. 41A is a schematic drawing of a portion of 
the illumination optical System according to a eighth 
embodiment of the invention. In this example, at least the 
position or the posture of a portion of relay lens between two 
optical integrators is changed. As a result, at least position 
matching or changing the size of the illumination region on 
the downstream optical integrator is executed, and adjust 
ment of uneven illumination and adjustment of telecentricity 
are performed on the wafer. In FIG. 41A, only the structure 
between the upstream optical integrator (first optical inte 
grator) and the downstream optical integrator (Second opti 
cal integrator) is described. 
0299. In FIG. 41A, the relay optical system 807 which 
guides the light beams from the first optical integrator 805 
to the Second optical integrator comprises a front group 807a 
and a rear group 807b. A vibration mirror 807c is also 
arranged between the front group 807a and the rear group 
807b. In FIG. 41A, a folded optical path by vibration mirror 
807c is shown in an unfolded state. The front group 807a 
and/or the rear group 807b are arranged in such a manner 
that minute three dimensional motion and Small rotation 
around a pair of axes perpendicular to the optical axis is 
enabled. A vibration mechanism 872 is connected to the 
front group 807a and/or the rear group 807b and changes the 
position and the posture of at least the front group 807a or 
the rear group 807b. 
0300. A driving mechanism 872 either moves the front 
group 807a and/or the rear group 807b perpendicular to the 
optical axis, or tilts the front group 807a and/or the rear 
group 807b relative to the optical axis to perform position 
matching between the illumination region formed by the first 
optical integrator and the incident Surface of the fly-eye lens 
808. 

0301 A driving mechanism 873 is also provided for the 
vibration mirror 807c to enable three dimensional minute 
movement or Small rotation around the pair of axes perpen 
dicular to the optical axis of the vibration mirror 807c. A 
driving mechanism that changes an angle of the vibration 
mirror 807c during exposure time to reduce interference 
noise is not shown here and is provided Separately from the 
driving mechanism 873. Position matching of the illumina 
tion regions on the Second optical integrator may be per 
formed by tilting the vibration mirror 807c relative to the 
direction perpendicular to the optical axis. 

0302) The size of the illumination region on the incident 
surface of the fly-eye lens 808 may be adjusted by moving 
at least the front group 807a or the rear group 807b toward 
the optical axis using the driving mechanism 872. In this 
case, due to the movement of at least the front group 807a 
or the rear group 807b toward the optical axis, the defor 
mation of the relay optical system 807 itself changes and the 
position of the image formed by the relay optical system 807 
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moves toward the optical axis. Hence, the Surface light 
Source formed by the fly-eye lens 808 changes, enabling 
adjustment of at least uneven illumination or telecentricity 
on the wafer. 

0303 By appropriately operating driving mechanisms 
872, 873 described above, uneven illumination and telecen 
tricity may be adjusted accurately on the pattern Surface of 
the reticle or on the exposure Surface of the wafer. Here, 
telecentricity refers to the small amount of tilt of the 
illumination light beams entering the wafer 716 and the like, 
and to the imaging isotropy on the exposure Surface and the 
like of wafer 716. Uneven illumination and telecentricity are 
adjusted by shifting or tilting the optical elements contained 
in the condenser optical System provided at the rear Stage of 
the fly-eye lens 808, but even more precise adjustment is 
enabled by combining the minute movement of the optical 
elements which constitute the relay lens 807 provided in the 
front Stage of the fly-eye lens. 
0304 FIG. 41B is a schematic drawing describing a 
portion of the illumination optical System of a variation of 
the eighth embodiment in an unfolded State. In this example, 
the relay optical System is made to be a Zoom optical System 
with a continuously variable focal length as opposed to the 
relay optical System being a fixed focal length optical 
System. 

0305. In FIG. 41B, the relay optical system 907 which 
guides light from the first optical integrator 905 to the 
second optical integrator 908 comprises, in the following 
order from the first optical integrator 905 side, a positive 
lens group 907a, a negative lens group 907b, a positive lens 
group 907c, and a positive lens group 907d. Out of a 
plurality of lens groups 907a-907d, the lens groups 907b 
907d are able to move in the direction of the optical axis 
along a predetermined track denoted by an arrow in the 
figure. The focal length of the relay optical system 907 is 
changed by the movement of the lens groups 907b-907d. 
0306. At least one of the lens groups 907a-907d is 
Structured to move in the direction of the optical axis 
independent of the aforementioned movement for changing 
the focal length. By this movement, the deformation of the 
relay optical system 907 itself is changed, and the position, 
in the direction of optical axis, of the image formed by the 
relay optical System 907 also changes. As a result, the image 
being formed on the second optical integrator 908 becomes 
out of focus and the Surface light Source formed by the 
second optical integrator 908 changes. 
0307 The driving mechanism 972 is connected to at least 
one of lens groups 907b-907d which move in the direction 
of optical axis during the focal length change or the lens 
groups 907a-907d (at least one out of 907a-907d) which 
move along optical axis during defocusing. The driving 
mechanism 972 is controlled by a control system connected 
to the input unit which receives information corresponding 
to the type of reticle to be imaged. To be more specific, the 
control system controls the driving mechanism 972 so that 
the positions of a plurality of lens groups 907b-907d are 
changed to the desired positions based on information 
corresponding to the type of reticle. Moreover, the driving 
mechanism 972 changes the positions, in the direction of the 
optical axis, of each lens group 907a-907d. 
0308 At this time, the type of reticle or illumination 
condition, and the position of each lens group may be Stored 
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beforehand in the memory connected to the control System, 
and control of said driving mechanism 972 may be per 
formed by referring to the data Stored in Said memory. Here, 
intensity distribution on the wafer Surface may be measured 
and the data Stored in the memory may be updated using the 
results of the measurement. 

0309 Moreover, instead of storing data in the aforemen 
tioned memory relating to the type of reticle or to the 
relationship between the position of each lens group, data 
concerning the relationship between the amount of move 
ment of each lens group and the amount of change of uneven 
illumination may be pre-stored, and each lens group may be 
controlled to operate based on a relationship equation. 
0310. An illumination meter for measuring the intensity 
distribution on the wafer Surface is connected beforehand to 
a control System So that the position of each lens group may 
be changed depending on the intensity distribution on the 
wafer Surface measured by the illumination meter. 
0311. At least one of the lens groups 907a-907d of the 
relay optical system 907 may be made movable on the 
Surface perpendicular to the optical axis and/or made to be 
tiltable relative to the direction perpendicular to the optical 
XS. 

0312 Now, a case will be examined in which aforemen 
tioned diffractive optical device 751 is adopted as the first 
optical integrator 905. In this case, by changing the focal 
length of the relay optical system 907, the outer diameter of 
the annulus may be changed while maintaining the annular 
ratio of the illumination region formed on the Second optical 
integrator 908 constant. Moreover, by defocusing the imag 
ing position of the relay optical system 907, the annular ratio 
may be changed. 
0313. In this example, a four-group Zoom lens was 
adopted for the relay optical system 907, but a two-group 
Zoom lens, three-group Zoom lens or five-group Zoom lens 
may be adopted instead of the four-group Zoom lens. In 
order to change the focal length while maintaining the 
position of the image from the relay optical system 907 itself 
constant, it is Sufficient to configure the relay optical System 
907 with at least two movable lens groups. In order to 
maintain the telecentricity at the Second optical integrator 
908 constant while maintaining the image position constant 
during the time of changing the focal length, the movable 
lens group in the relay optical system 907 is preferably a 
three- or larger group Zoom lens. 
0314. In an illumination apparatus employing a wave 
Surface Splitting type integrator and an inner Surface reflec 
tion type integrator, the optical System, for arranging the exit 
Surface of the wave Surface Splitting type optical integrator 
and the incident Surface of the inner Surface reflection type 
integrator to be conjugate of each other, may be arranged 
between the two integrators. In applying Such an illumina 
tion apparatus to the above examples, it is Sufficient to make 
the posture and/or the position of the portion of the optical 
System arranged between the two integrators changeable. 

0315 Moreover, variations described above may be 
applied to any of aforementioned embodiments. For 
example, in applying to the Second through fourth embodi 
ments, the relay optical system 7 (or 7a) between the first 
fly-eye lens 6 and the second fly-eye lens 8 can be replaced 
with the relay optical system 907. 
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0316 AS applied to the first embodiment, the relay opti 
cal system 7 between the diffractive optical device 6 and the 
first fly-eye lens 8 can be replaced with the relay optical 
system 907. 
0317. As applied to the fifth embodiment shown in FIG. 
23, the relay optical system 607 between the specialty 
fly-eye lens 606 and the fly-eye lens 608 can be replaced 
with the relay optical system 907. 
0318 AS applied to the sixth embodiment, the relay 
optical system 707 between the diffractive optical device 
751(-753) and the fly-eye lens 708 can be replaced with the 
relay optical system 907. 
03.19. It is also possible to combine the first through 
eighth embodiments mentioned above. 
0320 Ninth Embodiment 
0321 FIG. 42 is a schematic diagram of an illumination 
optical System of an ninth embodiment of the invention. In 
this example, the micro fly's eye lens 4 of the first embodi 
ment, diffractive optical device 6b of the third embodiment, 
and the diffractive optical device 753 of the sixth embodi 
ment are attached to a turret T1. One of these devices is 
Selected and inserted within illumination optical path. More 
over, the diffractive optical device 6 of the first embodiment 
and the fly-eye lens (micro fly’s eye lens) 4 of the third 
embodiment are attached to a turret T2. Moreover, the turret 
T2 also contains an aperture (hole) H. One of these devices 
and the hole H is selected and arranged within the illumi 
nation optical path. 
0322 Plural sets of magnification relay optical systems 
Re1, Re2 and an optical path delaying optical System RT are 
arranged between the laser light Source 1 and the turret T1. 
The optical path delaying optical System is described in 
Japanese Unexamined Patent Publication No. Hei. 
11-174365, and U.S. patent application Ser. No. 09/300,660, 
filed Apr. 27, 1999, which are hereby incorporated by 
reference in their entirety. The afocal Zoom optical System 5 
described in the first through fourth embodiments is 
arranged between the turret T1 and the turret T2, and a zoom 
optical system 7 is arranged between the turret T2 and the 
fly-eye lens 8. 
0323 By setting the micro array lens 4 on the turret T1 
and the diffractive optical device 6 on the turret T2 on the 
illumination optical path, annular illumination is obtained. 
Moreover, by setting the diffractive optical device 6b on the 
turret T1 and the fly-eye lens 4 on the turret T2 in the 
illumination optical path, quadrupolar illumination is 
obtained. By setting the diffractive optical device 753 on the 
turret T1 and the hole H on the turret T2 in the illumination 
optical path, a regular circular illumination is obtained. 
0324 Tenth Embodiment 
0325 FIG. 43 is a schematic diagram of an illumination 
optical System in accordance with a tenth embodiment of the 
invention. 

0326) The light source 101 is preferably either KrF 
(oscillation wavelength 248 nm) or ArF excimer laser light 
source (oscillation wavelength 193 nm), but other light 
Sources can be used. Nearly parallel light beams emitted 
from the light source 1001 in the direction of the Y-axis enter 
the diffractive optical device 1004 through a magnification 
relay optical system 1002. 



US 2003/0156266 A1 

0327. The diffractive optical device 1004 transforms and 
emits the entering excimer laser beam with a rectangular 
croSS-Section to have a nearly ring shaped croSS-Section in 
the far field (Fraunhofer diffraction region) of the diffractive 
optical device 1004. The diffractive optical device 1004 is 
equivalent to the diffractive optical device 751 of the sixth 
embodiment. Here, the diffractive optical device 1004 is 
provided in Such a manner that it is interchangeable with the 
diffractive optical device 1004b which is equivalent to the 
diffractive optical device 752 in the sixth embodiment and 
with the diffractive optical device 1004c, which is equivalent 
with the diffractive optical device 753. 
0328. In the lower side of the diffractive optical device 
1004, lens group 1005A, a concave prism member 1005B 
with a concave cone shape refraction Surface, a convex 
prism member 1005C with a convex cone refraction surface 
facing the concave Surface of the concave prism member 
1005B, and an annular ratio variable optical system 1005 
with a lens group 1005D are arranged. 
0329. The convex prism member 1005C is movable in 
the direction along the optical axis of the illumination 
apparatus. Instead of moving the convex prism member 
1005C, the concave prism member 1005B may be moved, or 
both the concave prism member 1005B and the convex 
prism member 1005C may be moved. Here, the order of the 
concave prism member 1005B and the order of the convex 
prism member 1005C may be reversed. 
0330 Downstream of the annular ratio variable optical 
system 1005, a Zoom optical system 1007 with a plurality of 
lens groups is arranged. A Zoom optical System equivalent of 
the Zoom optical system 907 in the eighth embodiment is 
used, for example, as the Zoom optical system 1007. 
0331 Downstream of the Zoom optical system 1007, a 
fly-eye lens 1008 is arranged as a wave Surface splitting type 
optical integrator, and downstream of the fly-eye lens 1008, 
a variable aperture stop 1009 is arranged. 
0332. At the exit side of the fly-eye lens 1008, a variable 
aperture stop 1009, a condenser lens 1010, an illumination 
field stop 1018 and an illumination field stop imaging optical 
system 1019 are arranged. Light beams from the fly-eye lens 
1008 form an annular shaped surface light source due to the 
function of the variable aperture stop 609 which restricts a 
portion of the light beams. Light beams from the annular 
shaped Surface light Source, after being overlapped by the 
condenser lens 1010, illuminate the illumination field stop 
1018. The aperture unit of the illumination field stop 1018 
and the reticle 1011 are Substantially in a conjugate rela 
tionship due to the illumination field Stop imaging optical 
System 1019, and the illumination region, which is an image 
of the aperture unit of the illumination field stop 1018, is 
formed on the reticle 1011. 

0333. In this instance, the systems from the reticle 1011 
to the wafer 1013 are similar to each of aforementioned 
embodiments, hence any further explanation is omitted. 
0334. Now, the conjugate relationship of each member 
will be described. First, the variable aperture stop 1009 is 
arranged at the pupil Surface of the illumination apparatus, 
and the positions nearly conjugate to the pupil Surface of the 
illumination apparatus are the front side (incident side) focal 
plane of the Zoom optical system 1007, the diffraction 
surface of the diffractive optical device 1004, and the pupil 
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of the illumination field stop imaging optical system 1019. 
Here, the diffraction surface of the diffractive optical device 
1004 may be set at the defocus position relative to the pupil 
conjugate Surface. 
0335). The incident surface of the fly-eye lens 1008 is 
positioned at a position conjugate to the wafer 1013, and the 
positions nearly conjugate to the wafer 1013 are the pupil 
surface of the annular ratio variable optical system 1005 (the 
surface on which the rear focus of the lens (group) 1005A 
and the front focus of the lens (group) 1005D coincide), the 
incident surface of said fly-eye lens 1008 and the illumina 
tion field stop 1018, and the pattern surface of the reticle 
1011. 

0336. In the annular ratio variable optical system 1005, 
the concave cone prism 1005B receives light beams in a 
nearly annular shaped cross-section which are diffracted by 
the diffractive optical device 1004. By changing the distance 
between the concave cone prism 1005B and the convex cone 
prism 1005C, the angle of light beams emitted from the 
annular ratio variable optical system 1005 to the Zoom 
optical system 1007 is changed. 
0337. Once the angle of light beams received by the 
Zoom optical system 1007 is changed, the outer diameter 
(inner diameter) is changed while the width of the annulus 
of the annular shape illumination region formed in the 
vicinity of the incident surface of the fly-eye lens 1008 is 
maintained constant. Moreover, when the focal length of the 
Zoom optical system 1007 is changed, the outer diameter 
(inner diameter) is changed, while the annular ratio (the ratio 
of the inner diameter and the outer diameter of the ring) of 
the annular shape illumination region formed in the vicinity 
of the incident surface of the fly-eye lens 1008 is maintained 
COnStant. 

0338. As a result, the annular shaped illumination region 
formed on the incident surface of the fly-eye lens 1008 may 
be changed to have an arbitrary outer diameter (inner 
diameter) and an arbitrary annular ratio by combining the 
movement of the prism member in the annular ratio variable 
optical system 1005 and the motion to change the focal 
length of the Zoom optical system 1007. Furthermore, the 
outer diameter (inner diameter) and the annular ratio of the 
annular shaped Secondary light Source formed on the exit 
side of the fly-eye lens 1008 may be set to arbitrary values. 
0339 A first driving system 1022 for interchanging the 
diffractive optical devices 1004, 1004b, 1004c., a second 
driving System 1023 for changing the distance between 
prism members 1005B and 1005C in the annular ratio 
variable optical system 1005 in order to change the angle of 
light beams from the annular ratio variable optical System 
1005, a fourth driving system 1025 for moving at least one 
of the plurality of lens groups in the Zoom lens 1007 in the 
direction of the optical axis in order to change the focal 
length of the Zoom lens 1007, a fifth driving system 1026 for 
driving the variable aperture stop 1009 to specify the size 
and the shape of the Surface light Source (Secondary light 
source), and a sixth driving system 1027 for driving the 
variable aperture stop 1017 in the projection optical system 
1012 to specify the aperture number of the projection optical 
system 1012. An input unit 1020 for entering information 
concerning the type of reticle (mask), and a control System 
1021 for controlling said first-sixth driving systems 1022 
1027 based on the information from the input unit 1020 are 
also provided. 
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0340 When performing quadrupolar (multi-polar) illu 
mination, the diffractive optical device 1004b is inserted in 
the illumination path. In this case, the positions of four 
illumination regions formed on the incident Surface of the 
fly-eye lens 1008 may be changed by controlling the dis 
tance between the prism members 1005B and 1005C in the 
annular ratio variable optical system 1005, and the sizes of 
the four illumination regions may be changed by changing 
the focal length of the Zoom optical system 1007. By 
controlling these two optical Systems (the annular ratio 
variable optical system 1005 and the Zoom optical system 
1007), the size and the distance from the optical axis of four 
Surface light Sources formed at the pupil position of the 
illumination apparatus may be adjusted freely. 

0341 In performing quadrupolar illumination, a pyramid 
shaped prism member is preferably used instead of a cone 
shape prism member. In this case, interchanging the cone 
shaped prism member with a pyramid shaped prism member 
may be automatically executed with the interchanging of the 
diffractive optical devices. 

0342. When performing normal illumination, the diffrac 
tive optical device 1004c is inserted in the illumination 
optical path by the first driving system 1022. In this case, the 
Size of the circular Surface light Source formed at the pupil 
position of the illumination apparatus may be adjusted freely 
by changing the focal length of the Zoom optical System 
1007. 

0343. In each of the embodiments above, the down 
Stream-most optical integrator preferably has a wave split 
ting number (integral number) of 300 or larger. Thus, 
unevenness of illumination on the Surface being irradiated 
may be reduced by the aperture unit of the illumination 
aperture Stop arranged on the exit Side of the optical inte 
grator, even if the edge Section of the Surface light Source 
including many light Sources formed by the wave Surface 
Splitting type optical integrator is not specified. 

0344) The reasons for above are described hereafter. 
First, the case in which the shape of each of a plurality of 
element optical Systems (a plurality of lens Surfaces or a 
plurality of reflection Surfaces) is Square and in which a 
circular irradiation region is formed on the incident Surface 
of the wave Surface splitting type optical integrator will be 
examined. In this case, the integral number N (the number 
of wave Surface splits) of the wave Surface splitting type 
optical integrator is given by the formula: 

0345 where d is the length of the side of the element 
optical System and R is the radius of the irradiation region. 

0346. In the wave Surface splitting region (corresponding 
to the irradiation region above) of the wave Surface splitting 
optical integrator, the number NS of the Splitting regions 
which exist around the perimeter is given by the formula: 

NS=231 (Rid) (17) 

0347 Here, the interior of the splitting regions that exist 
around the perimeter may Suffer uneven illumination with a 
maximum uneven illumination in one splitting region 
around the perimeter being 100%. However, the intensity of 
light beams reaching the Splitting regions around the perim 
eter is weaker than the regions around the center. Hence, the 
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effect of uneven illumination becomes Small and the degree 
of the absolute effect on the Surface being irradiated also 
becomes Small. 

0348 Based on a comprehensive analysis of the above 
factors, uneven illumination which occurs in one split region 
around the perimeter may be estimated as /3 the unevenneSS 
of that in the region around the center. Moreover, due to the 
Statistical randomneSS in the regions around the perimeter, 
the Square root of the number NS of the Splitting regions 
around the perimeter may have an effect on uneven illumi 
nation on the Surface being irradiated. 
0349 Hence, in order to reduce the uneven illumination 
on the Surface being irradiated to 1% or less, the condition; 

(1/3)Ns(1/2)/N-0.01 (18) 
0350) is preferably satisfied. Substituting (16) and (17) 
above in (18), 

N249 (19) 

0351) is obtained. 
0352 Hence, the wave surface splitting number by the 
optical integrator must exceed about 300 in order to control 
uneven illumination on the Surface being irradiated, which 
leads to even control of uneven illumination on the Surface 
being irradiated, and particularly when, the illumination 
conditions are changed. 
0353. In an optical integrator of the illumination appara 
tus which is applied to a Scanning type exposure apparatus, 
the shape of the element optical system is rectangular, but an 
argument Similar to above argument may be applied. More 
over, the argument used above is based on the integrator in 
which the element optical System Such as fly-eye lenses is 
arranged in a two-dimensional matrix, but the above argu 
ment may be applied to an inner reflection type integrator 
Such as a rod-type integrator (light pipe, light tunnel, glass 
rod). 
0354) In conclusion, in an illumination apparatus 
employing an optical integrator which splits incidental light 
beams from the light Source and which uses the Split light 
beams to illuminate the Surface being irradiated overlap 
pingly, the integral number for the optical integrator is 
preferably Set to be 300 or larger. As a result, changes in 
uneven illumination on the Surface being irradiated may be 
minimized even if the illumination regions on the incident 
Surface (the opening angle (aperture angle) of incident light 
beams in the case of a wave Surface Splitting type optical 
integrator and in the case of an inner reflection type inte 
grator) of the optical integrator change. 
0355 The following explains one example of operation 
when forming a predetermined circuit pattern on a wafer 
using an exposure apparatus of the above embodiments with 
reference to the flowchart 99 shown in FIG. 44. 

0356) First, after the “start” step 100, in step 101, metal 
films are deposited onto each wafer in a lot of wafers. In Step 
102, photoresist is coated onto the metal films of each wafer 
in the lot of wafers. Subsequently, in step 103, using the 
exposure apparatus of any one of above embodiments, the 
image of the pattern on the reticle is sequentially exposed 
and transferred onto the photoresist (photosensitive mate 
rial) on each exposure region on each wafer. Subsequently, 
in step 104, the photoresist on each wafer in the lot of wafers 
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is developed. By performing etching using the resist patterns 
as a mask in Step 105, the circuit pattern corresponding to the 
pattern on the reticle is formed in each exposure region on 
each wafer. Subsequently, the manufacture of devices like a 
Semiconductor device is completed by further forming cir 
cuit patterns on upper layers, as indicated by Step 106, “next 
process.” 
0357. In addition, detailed description of the diffractive 
optical element that can be used in above embodiments is 
disclosed in U.S. Pat. No. 5,850,300, which is hereby 
incorporated by reference in its entirety. 
0358 In the above embodiments, it is possible to form the 
diffractive optical element for example of Silica glass 
because exposure light having a wavelength of not less than 
180 nm is utilized by using as the light source a KrF excimer 
laser (wavelength: 248 nm) or an ArF excimer laser (wave 
length: 193 nm) or the like. 
0359 When a wavelength of 200 nm or less is used for 
the exposure light, it is preferable for the diffractive optical 
element to be formed of material Selected from among 
fluorite, Silica glass doped with fluorine, Silica glass doped 
with fluorine and hydrogen, Silica glass with a structure 
determining temperature of 1200K or less and an OH-radical 
concentration of 1000 ppm or greater, Silica glass with a 
Structure determining temperature of 1200K or leSS and a 
chlorine concentration of 50 ppm or less, and Silica glass 
with a structure determining temperature of 1200K or less 
and a hydrogen molecule concentration of 1x10" mol 
ecules/cm or greater and a chlorine concentration of 50 ppm 
or less. 

0360 Silica glass with a structure determining tempera 
ture of 1200K or less and an OH-radical concentration of 
1000 ppm or greater is disclosed in Japanese patent 2,770, 
224 (which corresponds to European patent 720970 B) by 
the present applicant, while Silica glass with a structure 
determining temperature of 1200K or leSS and a hydrogen 
molecule concentration of 1x10" molecules/cm or greater, 
Silica glass with a structure determining temperature of 
1200K or less and a chlorine concentration of 50 ppm or 
less, and Silica glass with a structure determining tempera 
ture of 1200K or leSS and a hydrogen molecule concentra 
tion of 1x10" molecules/cm or greater and a chlorine 
concentration of 50 ppm or leSS are disclosed in Japanese 
patent 2,936,138 (which corresponds to U.S. Pat. No. 5,908, 
482) by the present applicant. 
0361. In addition, in the above described embodiments, 
the fly-eye lens 8,608, 708,808, 908 and 1008 are formed 
by integrating a plurality of element lenses, but it is also 
possible to make this a micro fly-eye lens. A micro fly-eye 
lens is created by providing a plurality of microlens Surfaces 
in a matrix shape through a method Such as etching or the 
like on an optically transmissive Substrate. With regard to 
forming a plurality of light Source images, there is no 
material difference in function between a fly-eye lens and a 
micro fly-eye lens, but a micro fly-eye lens has the benefits 
of enabling the Size of the aperture of a Single element lens 
(microlens) to be made extremely Small, allowing a large 
reduction in production costs and greatly reducing the 
thickness in the optical axis direction. Moreover, the micro 
lens Surface on the incident and/or exit Sides can be formed 
in an aspherical shape. 
0362. In the above-mentioned embodiments, a zoom 
optical System having the numerical value example shown in 
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FIG. 45 can be used as the Zoom optical systems 7,607,707 
and 710. FIGS. 45A-D are diagrams showing the movement 
path of the respective lens groups along with the change of 
the focal length from a maximum focal length State to a 
minimum focal length State of the Zoom optical System 
according to the first numerical value embodiment. FIG. 
45A shows a maximum focal length State (focal length 
F=570 mm). FIG. 45B shows a first intermediate focal 
length state (focal length F=380 mm). FIG. 45C shows a 
second intermediate focal length state (focal length F=285 
mm). FIG. 45D shows a minimum focal length state (focal 
length F=190 mm). 
0363 The Zoom optical system relating to this numerical 
value embodiment has a first lens group G1 having a positive 
refractive power, a Second lens group G2 having a negative 
refractive power, a third lens group G3 having a positive 
refractive power, and a fourth lens group G4 having a 
negative refractive power. 

0364. Furthermore, in the Zoom optical system of this 
numerical value embodiment, with respect to a change of the 
focal length from the maximum focal length State to the 
minimum focal length State, the first lens group G1 through 
the third lens group G3 move along the paths shown in 
FIGS. 45A-D, and the fourth lens group G4 is fixed. That is, 
with respect to a change of a focal length from the maximum 
focal length State to the minimum focal length State, the first 
lens group G1 moves toward the image side (downstream fly 
eye lens 8 Side), and the Second lens group G2 moves toward 
the object side (the upstream Side). Furthermore, in the 
minimum focal length State, the first lens group G1 and the 
Second lens group G2 approach each other. 
0365. Furthermore, with respect to a change of the focal 
length from the maximum focal length State to the minimum 
focal length State, the third lens group G3 moves toward the 
object side from a position (in FIG. 45A) where it 
approached the fixed fourth lens group G4. 
0366 Thus, in the Zoom optical system of this numerical 
value embodiment, the interval between the first lens group 
G1 and the Second lens group G2 in the maximum focal 
length State is larger than the interval between G1 and G2 in 
the minimum focal length State, and the interval between the 
third lens group G3 and the fourth lens group G4 in the 
maximum focal length State is Smaller than the interval 
between G3 and G4 in the minimum focal length state. 
0367 Thus, in the Zoom optical systems of this numerical 
value embodiment, when it is considered that an aperture 
diaphragm is arranged at a position in which the light Source 
image (Secondary light Source) is formed and the incident 
Surface of the fly eye lens 8 is an image plane, the Structure 
is Such that the positions of the exit pupil and of the entrance 
pupil and the positions of the image plane and the object 
plane do not Substantially change when the focal length 
changes. 

0368. The following Table 3 shows lens data of a Zoom 
optical system of this numerical value embodiment. In Table 
3, F is the focal length of the Zoom optical system, f1 is the 
focal length of the first lens group G1, f2 is the focal length 
of the second lens group G2, f3 is the focal length of the 
third lens group G3, and f4 is the focal length of a fourth lens 
group G4. Furthermore, d1 is an axial variable interval 
between an aperture diaphragm (light Source image forma 
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tion position, which is pupil conjugate position) and the first 
lens group G1, d3 is an axial variable interval between the 
first lens group G1 and the Second lens group G2, d5 is an 
axial variable interval between the Second lens group G2 and 
the third lens group G3, and d13 is an axial variable interval 
between the third lens group G3 and the fourth lens group 
G4. Furthermore, the Surface numbers are the respective lens 
Surfaces along the direction in which the light beam pro 
ceeds, r is the radius of curvature (mm) of the respective 
Surfaces, d is the axial interval, that is, a Surface interval 
(mm) of the respective Surfaces, and n is the refractive index 
with respect to wavelength of exposure light. 

TABLE 3 

(General system data) 

Focal length F: 570 mm-380 mm-285 mm-190 mm 
Zoom ratio: 3 
Aperture diaphragm diameter p (Diameter): 60 mm 
Light beam incident angle to the aperture diaphragm A: O, 2.5, 3.6, 5.1 

(Lens data) 

Surface 
number d 

1. (Aperture (d1 = Variable) 
diaphragm) 

2 171.43815 18.OOOOOO .50839 (First lens 
group G1) 

3 -1132.08474 (d3 = Variable) 
4 171.92962 1OOOOOOO .50839 (Second lens 

group G2) 
5 64,53113 (d5 = Variable) 
6 -6O.255.08 13.OOOOOO .50839 (Third lens 

group G3) 
7 723.78037 8.551388 
8 -675.45.783 3OOOOOOO 50839 
9 -11.O.OOOOO 1.OOOOOO 
1O 1541.19265 4O.OOOOOO 50839 
11 -13OOOOOO 1.OOOOOO 
12 288.43523 3OOOOOOO 50839 
13 –274.48506 (d13 = Variable) 
14 -1242.271.53 13.OOOOOO .50839 (Fourth lens 

group G4) 
15 173.46912 6OOOOOOO 
16 (Image plan) 

(Variable interval for zooming) 

Second First 
intermediate intermediate 

Minimum focal focal length focal length Maximum focal 
length state State State length state 

F 190.O 285.O 38O.O 57O.O 
d1 77.96687 24.25432 1OOOOOO 1OOOOOO 
d3 15.OOOOO 105.082O5 145.98277 17283221 
d5 4O.OOOOO 42.40557 51.65276 81.87262 
d13 142.49166 103.7O659 67.81301 10.74371 

0369. Furthermore, the following Table 4 shows ray 
tracing data for a light beam that has an incident angle A on 
the aperture diaphragm of 0, a light beam (R1) with an 
incident angle A of 2.5, a light beam (R2) with an incident 
angle A of a 3.6, and a light beam (R3) with an incident 
angle A of 5.1. 
0370. In Table 4, 0 is the angle of the chief ray (the light 
beam crossing the optical axis in the aperture diaphragm), 
with respect to the optical axis, and Y is the distance, that is, 
the image height, from the optical axis of the chief ray that 
reaches the image plane. Furthermore, the inclination angle 
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of the chief ray at the image plane is the inclination angle of 
the chief ray with respect to the optical axis at the image 
plane. 

TABLE 4 

(Maximum focal length state) 

Focal length F 570 mm 
Axial interval between the aperture dia- 500 mm 
phragm and the image plane 
Inclination angle of the chief ray at the 5.4" (R1: 0 = 2.5°) 
image plane 
Inclination angle of the chief ray at the 4.5' (R2: 0 = 3.6°) 
image plane 
Inclination angle of the chief ray at the 4.7 (R3: 0 = 5.1) 
image plane 
Image height Y 24.9 mm (R1: 0 = 2.5) 
Image height Y 35.8 mm (R2: 0 = 3.6°) 
Image height Y 50.7 mm (R3: 0 = 5.1) 

(First intermediate focal length state) 

Focal length F 380 mm 
Axial interval between the aperture dia- 500 mm 
phragm and the image plane 
Inclination angle of the chief ray at the 3.0' (R1: 0 = 2.5°) 
image plane 
Inclination angle of the chief ray at the 3.0' (R2: 0 = 3.6°) 
image plane 
Inclination angle of the chief ray at the 0.4" (R3: 0 = 5.1) 
image plane 
Image height Y 16.6 mm (R1: 0 = 2.5) 
Image height Y 23.9 mm (R2: 0 = 3.6°) 
Image height Y 33.8 mm (R3: 0 = 5.1) 

(Second intermediate focal length state) 

Focal length F 285 mm. 
Axial interval between the aperture dia- 500 mm 
phragm and the image plane 
Inclination angle of the chief ray at the 
image plane 
Inclination angle of the chief ray at the 
image plane 
Inclination angle of the chief ray at the 
image plane 

5.2 (R1: 0 = 2.5°) 

6.9" (R2: 0 = 3.6°) 

7.9" (R3: 0 = 5.1) 

Image height Y 12.4 mm (R1: 0 = 2.5) 
Image height Y 17.9 mm (R2: 0 = 3.6°) 
Image height Y 25.3 mm (R3: 0 = 5.1) 

(Minimum focal length state) 

Focal length F 190 mm 
Axial interval between the aperture dia- 500 mm 
phragm and the image plane 
Inclination angle of the chief ray at the 
image plane 
Inclination angle of the chief ray at the 
image plane 
Inclination angle of the chief ray at the 
image plane 
Image height Y 
Image height Y 
Image height Y 

3.0' (R1: 0 = 2.5°) 

4.8" (R2: 0 = 3.6°) 

8.1' (R3: 0 = 5.1) 

8.3 mm (R1: 0 = 2.5) 
11.9 mm (R2: 0 =3.6) 
16.8 mm (R3: 0 = 5.1) 

0371. Furthermore, if the light beam incident upon the fly 
eye lens 8 that follows the Zoom optical system is inclined 
with respect to the optical axis of the respective lens 
elements of the fly eye lens 8, eclipse of the light beam is 
generated at the exit Surface of the fly eye lens 8 and the 
effectiveness of illumination deteriorates. According to a 
general design example, in order to Substantially avoid 
eclipse of the light beam at the emitting Surface of the fly eye 
lens 8, the inclination angle needs to be within approxi 
mately +5 with respect to the optical axis of the chief ray 
at the image plane of the Zoom optical System, and prefer 
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10. A lithographic method comprising: producing a desired light intensity distribution on a pre 
determined plane by use of optical elements which are 

illuminating a pattern with the illumination System interchangeably Set at a light path; and 
according to claim 1; and generating a multipole illumination mode, using an 

adjustable axicon and a Zoom optical System, based on 
a light from the optical element, whereby at least one 
Spatial parameter of the multipole illumination can be 

11. A lithographic method comprising the Steps of continuously varied. 

projecting the illuminated pattern onto a target portion of 
a Substrate. 

generating a light beam; k . . . . 


