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(57) ABSTRACT

An illumination optical system includes an illumination opti-
cal element that irradiates a predetermined area of an illumi-
nation target surface with light in a planar manner. The illu-
mination optical element has an optical surface directed
toward the illumination target surface. The optical surface
has, in a perpendicular direction which is perpendicular to an
optical axis, a plurality of refractive surfaces each of which
refracts light toward the predetermined area and which are
formed at a constant pitch determined by the predetermined
area.
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ILLUMINATION OPTICAL SYSTEM,
ILLUMINATION APPARATUS, AND
ILLUMINATION OPTICAL ELEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from prior Japanese Patent Application No.
2014-150901, filed Jul. 24, 2014, the entire contents of which
are incorporated herein by this reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to an illumination opti-
cal system that includes an illumination optical element that
illuminates an illumination target surface in a planar manner,
and an illumination apparatus, and further relates to the illu-
mination optical element that illuminates an illumination tar-
get surface in a planar manner.

[0004] 2. Description of the Related Art

[0005] In the fields of microscopy and semiconductor
exposure apparatuses, Kohler illumination is generally
applied for illuminating a specimen surface uniformly. How-
ever, Kohler illumination causes non-uniformity of illumina-
tion due to characteristics in which an intensity of light emit-
ted from a light source varies by exit angle (hereinafter
referred to as “light distribution characteristics™). Thus, a
technology to suppress non-uniformity of illumination
caused by the light distribution characteristics of the Kohler
illumination by use of fly eye lenses has been proposed. Such
a technology is described, for example, in Japanese Laid-
open Patent Publication No. 2004-4169.

SUMMARY OF THE INVENTION

[0006] Anaspectofthe present invention permits providing
of an illumination optical system that includes an illumina-
tion optical element irradiating a predetermined area of an
illumination target surface with light in a planar manner, in
which the illumination optical element has an optical surface
directed toward the illumination target surface, in which the
optical surface has, in a perpendicular direction which is
perpendicular to an optical axis, a plurality of refractive sur-
faces each of which refracts light toward the predetermined
area and which are formed at a constant pitch determined by
the predetermined area.

[0007] Another aspect of the present invention permits pro-
viding of an illumination apparatus including the illumination
optical system in the above-described aspect.

[0008] Yet another aspect of the present invention permits
providing of an illumination optical element that irradiates a
predetermined area of an illumination target surface with
light in a planar manner and has an optical surface directed
toward the illumination target surface, in which the optical
surface has, in a perpendicular direction which is perpendicu-
lar to an optical axis, a plurality of refractive surfaces each of
which refracts light toward the predetermined area and which
are formed in the perpendicular direction at a constant pitch
determined by the predetermined area.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 illustrates a configuration of an illumination
apparatus according to a first embodiment of the present
invention;

Jan. 28, 2016

[0010] FIG. 2 illustrates an illumination optical element
according to the first embodiment of the present invention;
[0011] FIGS. 3A to 3C illustrate light intensity distribu-
tions of illumination light on each surface of the illumination
apparatus according to the first embodiment of the present
invention, in which FIG. 3A illustrates a light intensity dis-
tribution in an angular direction of light emitted from a light
source, FIG. 3B illustrates a light intensity distribution in a
direction of a beam diameter of light entering the illumination
optical element, and FIG. 3C illustrates a light intensity dis-
tribution in a specimen surface;

[0012] FIG. 4 illustrates a configuration of a conventional
illumination apparatus which includes fly eye lenses;

[0013] FIG.5illustrates a variant of the illumination optical
element according to the first embodiment of the present
invention;

[0014] FIG. 6A illustrates the illumination optical element
as viewed from a direction along an optical axis AX;

[0015] FIG. 6B illustrates the illumination optical element
that is a variant of the illumination optical element according
to the first embodiment of the present invention, as viewed
from a direction along the optical axis AX;

[0016] FIG. 7 illustrates a configuration of an illumination
optical element according to a second embodiment of the
present invention;

[0017] FIG. 8 illustrates a function of a variable aperture
which is arranged on an incident side of the illumination
optical element according to the second embodiment of the
present invention;

[0018] FIG. 9 illustrates a configuration of an illumination
apparatus according to a third embodiment of the present
invention;

[0019] FIG. 10 illustrates a configuration of a microscope
according to a fourth embodiment of the present invention;
[0020] FIG. 11 illustrates a configuration of a microscope
according to a fifth embodiment of the present invention;
[0021] FIG. 12 illustrates a positional relationship between
an illumination optical element, a concave lens, and a field
stop in the microscope according to the fiftth embodiment of
the present invention;

[0022] FIG. 13 illustrates a configuration of a projector
according to a sixth embodiment of the present invention;
[0023] FIG. 14 illustrates a configuration of a projector
according to a seventh embodiment of the present invention;
[0024] FIG. 15 illustrates a configuration of a stepper
according to an eighth embodiment of the present invention;
[0025] FIG. 16 illustrates a method for suppressing non-
uniformity of illumination caused by a laser; and

[0026] FIG. 17 illustrates a configuration of a laser micro-
scope according to the eighth embodiment of the present
invention.

DESCRIPTION OF THE EMBODIMENTS

[0027] Inorder to suppress non-uniformity of illumination
caused by the light distribution characteristics by use of fly
eye lenses, in addition to the fly eye lenses, another lens is
needed to overlap lights from a plurality of light source
images formed by the fly eye lenses and to irradiate the same
area of an illumination target surface with the overlapped
lights.

[0028] Hereafter, explanations are given for embodiments
of the present invention.
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First Embodiment

[0029] FIG. 1 illustrates a configuration of an illumination
apparatus 10 according to the present embodiment. FIG. 2
illustrates an illumination optical element 3 according to the
present embodiment. FIGS. 3A to 3C illustrate light intensity
distributions of illumination light on each surface of the illu-
mination apparatus 10 according to the present embodiment.
[0030] The illumination apparatus 10 illuminates in a pla-
nar manner an area Al of a specimen surface SP that is an
illumination target surface. As illustrated in FIG. 1, the illu-
mination apparatus 10 includes a light source 1 which emits
illumination light, and an illumination optical system 10a.
The illumination optical system 10a irradiates the area Al of
the specimen surface SP in a planar manner with light from
the light source 1, and includes a collector lens 2 and the
illumination optical element 3.

[0031] The light source 1 is, for example, a lamp light
source such as a halogen lamp. The light source 1 has light
distribution characteristics as illustrated in FIG. 3A. The hori-
zontal axis 0 in FIG. 3 A represents an exit angle with respect
to an optical axis AX. As illustrated in FIG. 3A, the light
source 1 has light distribution characteristics approximately
symmetric about the optical axis AX, and illumination lights
having different light intensities depending on exit angle are
emitted from the light source 1. The light source 1 is not
limited to a lamp light source and may be other light sources
such an LED light source.

[0032] The collector lens 2 collimates light emitted from
the light source 1 so as to inject it into the illumination optical
element 3 in the form of a collimated beam. This converts a
distribution of light intensity in an angular direction of the
light emitted from the light source 1 (see FIG. 3A) into a
distribution of light intensity in a direction of a beam diameter
of the light entering the illumination optical element 3 (see
FIG. 3B). The direction of the horizontal axis X in FIG. 3B
corresponds to the X direction illustrated in FIG. 2.

[0033] The illumination optical element 3 irradiates in a
planar manner the area Al of the specimen surface SP (illu-
mination target surface) with the light which has entered in
the form of a collimated beam. Material of the illumination
optical element 3 includes glass, plastic, and crystalline mate-
rial (such as silica glass). The illumination optical element 3
has an optical surface S1 directed toward the specimen sur-
face SP and an optical surface S2 that is a second optical
surface opposite the optical surface S1.

[0034] The optical surface S2 is a flat surface perpendicular
to the optical axis AX. On the other hand, in a direction
perpendicular to the optical axis AX (for example, the X
direction illustrated in FIG. 1. It is hereinafter referred to as
“perpendicular direction”), the optical surface S1 has a plu-
rality of refractive surfaces RS each of which refracts light
toward the area Al, as illustrated in FIG. 2.

[0035] The plurality of refractive surfaces RS are formed in
a perpendicular direction at a constant pitch P. The pitch P
(that is, a width in a perpendicular direction of each of the
plurality of refractive surfaces RS) is a width D1 in a perpen-
dicular direction of the area Al. Further, the plurality of
refractive surfaces RS have, in a section along the optical axis
AX (for example, the XZ section), shapes of lines that form
different angles (angles 80=01202) with the optical axis AX.
Further, a refractive surface RS which is closer to the optical
axis AX forms a larger angle with the optical axis AX in a
section along the optical axis AX (00>61>02). In FIG. 2, the
illumination optical element 3 is configured so that each of the
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respective areas in which the refractive surfaces RS are
formed has a constant maximum thickness t. For that reason,
a refractive surface located farther from the optical axis AX
forms a deeper groove in the illumination optical element 3.
[0036] The light which has entered the illumination optical
element 3 as a collimated beam is transmitted through the
optical surface S2 to enter the optical surface S1, and is
divided, in the optical surface S1, for each of the refractive
surfaces RS which the light has entered. The divided lights are
collimated beams each of which has a beam diameter of the
pitch P, and, as illustrated in FIG. 3B, have different light
intensity distributions corresponding to different ranges of
exit angle in the light source 1.

[0037] After that, each of the divided lights is refracted in
each of the refractive surfaces RS toward the area Al so as to
enter the area A1 while remaining in the form of a collimated
beam. In other words, the lights obtained by the division of
light for each predetermined range of exit angles in the illu-
mination optical element 3 overlap in the area Al, as illus-
trated in FIG. 3C. This permits averaging, in the specimen
surface SP (area A1), of the non-uniform light intensity dis-
tribution caused by the light distribution characteristics. F1G.
3C illustrates a light intensity distribution in the specimen
surface SP.

[0038] The present embodiment permits suppressing of
non-uniformity of illumination caused by the light distribu-
tion characteristics of the light source 1. This results in illu-
minating the specimen surface SP (illumination target sur-
face) uniformly. Further, the embodiment permits, with fewer
optical elements and more easily as compared to a conven-
tional art, suppressing of non-uniformity of illumination
caused by the light distribution characteristics of the light
source 1. This will now be described in detail.

[0039] FIG. 4 illustrates a configuration of a conventional
illumination apparatus which includes fly eye lenses 4. The
fly eye lenses 4 have a similar function to the illumination
optical element 3 in dividing light emitted from a light source
for each predetermined range of exit angles. However, differ-
ently from the illumination optical element 3, the fly eye
lenses 4 collect the divided lights so as to form a plurality of
light source images la. For that reason, the conventional
illumination apparatus including fly eye lenses 4 needs, in
addition to the fly eye lenses 4, a condenser lens 5 to irradiate
a specimen surface SP with each of the lights from the plu-
rality of light source images 1a formed by the fly eye lenses 4,
so as to use the Kohler illumination.

[0040] On the other hand, the illumination optical element
3 directly irradiates the specimen surface SP with divided
lights without collecting them. This permits the illumination
optical element 3 to have functions of the fly eye lenses 4 and
the condenser lens 5 at the same time. Thus, the embodiment
permits, with fewer optical elements as compared to a con-
ventional art, suppressing of non-uniformity of illumination
caused by the light distribution characteristics of the light
source 1, so as to illuminate the specimen surface SP (illumi-
nation target surface) uniformly.

[0041] Further, in general, when a fly eye lens is used, just
one is not used, but two are used side-by-side. In addition, in
order to realize a high uniformity of illumination, it is neces-
sary to accurately arrange one fly eye lens with respect to
another one.

[0042] On the other hand, a high accuracy as required for
the arrangement of fly eye lenses is not required to arrange the
illumination optical element 3. Thus, the illumination optical
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system 10a and the illumination apparatus 10 including the
illumination optical element 3 according to the present
embodiment permit more easily suppressing of non-unifor-
mity of illumination, as compared to a conventional art.
[0043] Further, the illumination optical element 3 can be
easily produced by cutting a material because the section of a
refractive surface RS has a linear shape. The illumination
optical element 3 may be produced by use of a mold. In this
case, a mold for the illumination optical element 3 can be
easily produced by cutting.

[0044] The illumination optical element 3 illustrated in
FIG. 2 has, on the optical axis AX, a refractive surface RS
perpendicular to the optical axis AX, but embodiments of the
present invention are not limited to the illumination optical
element having this configuration. An illumination optical
element may be configured so that the optical axis AX passes
through the boundary between refractive surfaces RS and the
refractive surfaces RS in contact with the optical axis AX are
inclined with respect to a plane perpendicular to the optical
axis AX, like an illumination optical element 6 according to a
variant illustrated in FIG. 5.

[0045] When alight source has light distribution character-
istics symmetric about an optical axis, preferably an illumi-
nation optical element, too, has a symmetric shape. FIG. 6A
illustrates the illumination optical element 3 as viewed from
a direction along the optical axis AX. When the specimen
surface SP illuminated by the illumination apparatus 10 is
observed by, for example, an ocular lens, an illumination
optical element preferably has a shape approximately point-
symmetric about the optical axis AX (in this case, circular
shape), like the illumination optical element 3 illustrated in
FIG. 6 A. FIG. 6B illustrates an illumination optical element 7
as viewed from a direction along the optical axis AX thatis a
variant of the illumination optical element 3. When the speci-
men surface SP is imaged with, for example, a camera, an
illumination optical element preferably has a shape conform-
ing to a shape of an imaging element, like the illumination
optical element 7 illustrated in FIG. 6B, preferably a shape
approximately line-symmetric with respect to a reference line
including the optical axis AX (in this case, rectangular shape).

Second Embodiment

[0046] In general, a numerical aperture (NA) required for
an illumination apparatus varies by observation magnifica-
tion. For example, the NA required for an illumination appa-
ratus is about 0.4 when the observation magnification is 10x,
it is about 0.7 when the observation magnification is 20x, and
it is about 0.95 when the observation magnification is 40x. An
area required to be illuminated is smaller for a higher mag-
nification. Thus, an area to be illuminated is smaller if a
required NA is higher. On the basis of the discussion above,
the present embodiment permits suppressing of non-unifor-
mity of illumination caused by the light distribution charac-
teristics of a light source and realizing of an illumination
which covers a wide range of observation magnification.

[0047] FIG. 7 illustrates a configuration of an illumination
optical element 8 according to the present embodiment. An
illumination optical system and an illumination apparatus
according to the present embodiment are similar to the illu-
mination optical system 10a and the illumination apparatus
10 according to the first embodiment except for including the
illumination optical element 8 instead of the illumination
optical element 3. The illumination optical element 8 is dif-
ferent from the illumination optical element 3 in having, in
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addition to a plurality of refractive surfaces RS, a plurality of
refractive surfaces RS2 and a plurality of refractive surfaces
RS3 on an optical surface S1. An example in which a refrac-
tive surface RS, a refractive surface RS2, and a refractive
surface RS3 in the illumination optical element 8 form illu-
minations for 10x observation, for 20x observation, and for
40x observation, respectively, will now be described.

[0048] The plurality of refractive surfaces RS are similar to
the plurality of refractive surfaces RS of the illumination
optical element 3. A pitch P of the plurality of refractive
surfaces RS is the same as a width D1 in a perpendicular
direction of the area A1 to be illuminated when observing at
10x magnification. A refractive surface RS farthest from an
optical axis AX is inclined so that a light refracted on the
refractive surface RS enters the area A1 with an NA of 0.4.
[0049] The plurality of refractive surfaces RS2 that are a
plurality of second refractive surfaces are formed, in a per-
pendicular direction, farther away than the plurality of refrac-
tive surfaces RS from the optical axis AX, and each is con-
figured so as to refract light toward a portion of the areca Al
(area A2). The plurality of refractive surfaces RS2 are similar
to the plurality of refractive surfaces RS in having, in a section
along the optical axis AX, shapes of lines that form different
angles with the optical axis AX and in that a refractive surface
RS2 whichis closer to the optical axis AX forms a larger angle
with the optical axis AX in a section along the optical axis AX.
[0050] The plurality of refractive surfaces RS2 are different
from the plurality of refractive surfaces RS in being formed in
aperpendicular direction at a constant pitch P1 that is shorter
than the pitch P at which the plurality of refractive surfaces
RS are formed. The pitch P1 is the same as a width D2 in a
perpendicular direction of the area A2 to be illuminated when
observing at 20x magnification. A refractive surface RS2
farthest from the optical axis AX is inclined so that a light
refracted on the refractive surface RS2 enters the area A2 with
an NA of 0.7.

[0051] The plurality of refractive surfaces RS3 that are a
plurality of third refractive surfaces are formed, in a perpen-
dicular direction, farther away than the plurality of refractive
surfaces RS2 from the optical axis AX, and each is configured
s0 as to refract light toward a portion of the area A2 (area A3).
The plurality of refractive surfaces RS3 are similar to the
plurality of refractive surfaces RS and the plurality of refrac-
tive surfaces RS2 in having, in a section along the optical axis
AX, shapes of lines that form different angles with the optical
axis AX and in that a refractive surface RS3 which is closer to
the optical axis AX forms a larger angle with the optical axis
AX in a section along the optical axis AX.

[0052] Theplurality of refractive surfaces RS3 are different
from the plurality of refractive surfaces RS and the plurality
of refractive surfaces RS2 in being formed in a perpendicular
direction at a constant pitch P2 that is shorter than the pitch P1
at which the plurality of refractive surfaces RS2 are formed.
The pitch P2 is the same as a width D3 in a perpendicular
direction of the area A3 to be illuminated when observing at
40x magnification. A refractive surface RS3 farthest from the
optical axis AX is inclined so that a light refracted on the
refractive surface RS3 enters the area A3 with an NA of 0.95.
[0053] Also in the present embodiment, the lights obtained
by division of light for each predetermined range of exit
angles in the illumination optical element 8 overlap in a
specimen surface SP. Thus, as is the case with the first
embodiment, the present embodiment permits, with fewer
optical elements and more easily as compared to a conven-
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tional art, suppressing of non-uniformity of illumination
caused by the light distribution characteristics of a light
source. The embodiment further permits providing of an illu-
mination which covers a wide range of observation magnifi-
cation from 10x to 40x. This will now be described specifi-
cally.

[0054] Consider a case in which a specimen is observed at
10x. Among the lights which have entered the areca A1 that is
a range to be observed, the lights with an NA exceeding 0.4
cause vignetting in an observation optical system such as an
objective for 10x. Thus, an observation image is formed by
the lights with an NA within 0.4. As a result, non-uniformity
of illumination in the area A1 that is caused by the lights with
an NA exceeding 0.4 (such as lights with an NA of 0.7 and
with an NA of 0.95) is not observed.

[0055] Consider a case in which a specimen is observed at
20x. Among the lights which have entered the area A2 that is
a range to be observed, the lights with an NA exceeding 0.7
cause vignetting in an observation optical system such as an
objective for 20x. Thus, an observation image is formed by
the lights with an NA within 0.7 (such as lights with an NA of
0.4 and with an NA of 0.7) which illuminate the arca A2
uniformly. As a result, non-uniformity of illumination in the
area A2 that is caused by the lights with an NA exceeding 0.7
(such as a light with an NA of 0.95) is not observed.

[0056] Consider a case in which a specimen is observed at
40x. The lights which enter the area A3 that is a range to be
observed are the light with an NA within 0.4 that is refracted
on a refractive surface RS and illuminates the area Al uni-
formly, the light with an NA within 0.7 that is refracted on a
refractive surface RS2 and illuminates the area A2 uniformly,
and the light with an NA exceeding 0.7 that is refracted on a
refractive surface RS3 and illuminates the area A3 uniformly.
Thus, the area A3 is illuminated by those lights uniformly,
with the result that non-uniformity of illumination is not
observed.

[0057] As described above, the embodiment permits real-
izing of an illumination which covers a wide range of obser-
vation magnification without non-uniformity of the illumina-
tion being observed at any magnification.

[0058] As illustrated in FIG. 8, the illumination optical
system and the illumination apparatus according to the
embodiment of the present invention may include a variable
aperture 9 on a front side (incident side) of the illumination
optical element 8 to vary a beam diameter of light that enters
the illumination optical element 8. The variable aperture 9 is
preferably arranged in the proximity of the illumination opti-
cal element 8. The variable aperture 9 functions as an aperture
stop because a numerical aperture of a light emitted from the
illumination optical element 8 changes if a beam diameter of
a light entering the illumination optical element 8 varies with
the variable aperture 9. The variable aperture 9 can be used,
for example, to improve a contrast of a specimen image by
reducing a numerical aperture.

Third Embodiment

[0059] FIG. 9 illustrates a configuration of an illumination
apparatus 20 according to an embodiment of the present
invention. The illumination apparatus 20 is different from the
illumination apparatus 10 according to the first embodiment
in including an illumination optical element 21 instead of the
illumination optical system 10a (collector lens 2 and illumi-
nation optical element 3). In the embodiment of the present
invention, the illumination optical element 21 functions as an
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illumination optical system that irradiates an area Al of a
specimen surface SP with light from a light source 1 in a
planar manner.

[0060] The illumination optical element 21 is different
from the illumination optical element 3 according to the first
embodiment in that an optical surface S2 that is an optical
surface on a light-source side is formed as a Fresnel surface.
It is similar to the illumination optical element 3 regarding the
other points.

[0061] In the illumination apparatus 20, the light that has
entered the illumination optical element 21 is converted into
a collimated beam in the optical surface S2 that is a Fresnel
surface, so as to enter an optical surface S1. In other words,
the optical surface S2 functions similarly to the collector lens
2 of the illumination apparatus 10.

[0062] As is the case with the first embodiment, the
embodiment of the present invention permits, with fewer
optical elements and more easily as compared to a conven-
tional art, suppressing of non-uniformity of illumination
caused by the light distribution characteristics of a light
source 1. The embodiment further permits an omission of the
collector lens 2, so as to suppress non-uniformity of illumi-
nation with fewer optical elements than in the first embodi-
ment. This permits an illumination optical system and an
entire illumination apparatus to be manufactured compactly
at a lower price.

Fourth Embodiment

[0063] FIG. 10 illustrates a configuration of a microscope
30 according to an embodiment of the present invention. The
microscope 30 is different from the illumination apparatus 10
according to the first embodiment in including an observation
optical system (not shown). The microscope 30 is also differ-
ent from the illumination apparatus 10 according to the first
embodiment in including, between an illumination optical
element 3 and a specimen surface SP, in order from the
illumination optical element 3, a field stop 31, a field stop
projection lens (hereinafter referred to as “FS projection
lens”) 32, a dichroic mirror 33, and an objective 34. The
microscope 30 is an illumination apparatus in that it has a
function to illuminate a specimen with the configuration illus-
trated in FIG. 10. Further, in the embodiment of the present
invention, a collector lens 2, the illumination optical element
3, the field stop 31, the field stop projection lens 32, the
dichroic mirror 33, and the objective 34 function as an illu-
mination optical system 30aq that irradiates an area of a speci-
men surface SP with light from a light source 1 in a planar
manner.

[0064] The field stop 31 is a variable aperture which is
arranged in a plane optically conjugate with the specimen
surface SP and is capable of varying its diameter. A conjugate
relationship between the field stop 31 and the specimen sur-
face SP is created by the FS projection lens 32 and the objec-
tive 34. A size of the area on the specimen surface SP that is
irradiated with light from the light source 1 can be changed by
varying the diameter of the field stop 31. The dichroic mirror
33 is an optical element that diverges an illumination path and
an observation path. A half mirror may be used instead of the
dichroic mirror 33.

[0065] In the microscope 30, the illumination optical ele-
ment 3 does not directly irradiate the specimen surface SP
with light, but irradiates the field stop 31 arranged in the plane
optically conjugate with the specimen surface SP with light.
In other words, the plane optically conjugate with the speci-
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men surface SP that is provided with the field stop 31 is an
illumination target surface for the illumination optical ele-
ment 3.

[0066] As is the case with the first embodiment, the
embodiment of the present invention permits, with fewer
optical elements and more easily as compared to a conven-
tional art, suppressing of non-uniformity of illumination
caused by the light distribution characteristics of the light
source 1. The embodiment further permits the illumination
target surface (plane of the field stop 31) to be magnified or
demagnified so as to be projected onto the specimen surface
SP. This permits a size of an illuminated area to be illuminated
on the specimen surface SP to be different from that of a pitch
P of refractive surfaces RS in the illumination optical element
3

[0067] While in FIG. 10, the illumination optical element 3
configures epi-illumination means of the microscope 30, the
illumination optical element 3 may configure trans-illumina-
tion means which illuminates the specimen surface SP
through a condenser lens.

Fifth Embodiment

[0068] FIG. 11 illustrates a configuration of a microscope
40 according to an embodiment of the present invention. FIG.
12 illustrates a positional relationship between an illumina-
tion optical element 3, a concave lens 41, and a field stop 43
in the microscope 40. The microscope 40 is different from the
illumination apparatus 10 according to the first embodiment
in including an observation optical system (not shown). The
microscope 40 is also different from the illumination appara-
tus 10 according to the first embodiment in including,
between the illumination optical element 3 and a specimen
surface SP, in order from the illumination optical element 3,
the concave lens 41, an aperture stop 42, a field stop 43, an FS
projection lens 44, and an objective 45. The microscope 40 is
anillumination apparatus in that it has a function to illuminate
a specimen. Further, in the embodiment of the present inven-
tion, a collector lens 2, the illumination optical element 3, the
concave lens 41, the aperture stop 42, the field stop 43, the FS
projection lens 44, and the objective 45 function as an illu-
mination optical system 40a that irradiates an area of the
specimen surface SP with light from a light source 1 in a
planar manner.

[0069] The field stop 43, the FS projection lens 44, and the
objective 45 correspond to the field stop 31, the FS projection
lens 32, and the objective 34 of the microscope 30, respec-
tively. In other words, in the microscope 40, a conjugate
relationship between the field stop 43 and the specimen sur-
face SP is created by the FS projection lens 44 and the objec-
tive 45.

[0070] In the microscope 30 according to the fourth
embodiment, the illumination optical element 3 directly irra-
diates the field stop 31 with light. Thus, in order to vary a size
of'an area to be illuminated of the specimen surface SP by use
of'the field stop 31, a pitch P of refractive surfaces RS of the
illumination optical element 3 needs to have at least a similar
size to a diameter of the field stop 31. However, increasing the
size of the pitch P is likely to upsize the illumination optical
element 3. In addition, the pitch can have a larger size without
changing the size of the illumination optical element 3 if the
number of the refractive surfaces RS is decreased, but such a
configuration may result in reducing the advantage of uni-
formizing illumination.
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[0071] On the basis of the discussion above, the embodi-
ment of the present invention permits magnifying of a diam-
eter of a beam refracted on a refractive surface RS of the
illumination optical element 3 by use of the concave lens 41,
so as to irradiate the field stop 43 with the beam having a
magnified diameter.

[0072] As illustrated in FIG. 12, in the illumination optical
system 40a and the microscope 40, the concave lens 41 is
arranged so that a virtual image of the field stop 43 is formed
by the concave lens 41 on a plane 46 (illumination target
surface) on which a plurality of beams from the illumination
optical element 3 overlap without the concave lens 41. This
permits the specimen surface SP, the field stop 43, and the
plane 46 to have a positional relationship optically conjugate
with one another. Thus, making the pitch P of the illumination
optical element 3 a similar size to the virtual image (demag-
nified image) of the field stop 43 permits a light with a beam
diameter that has a similar size to the diameter of the field stop
43 to be injected into the field stop 43 without decreasing in
the function to suppress non-uniformity of illumination.
[0073] As is the case with the first embodiment, the
embodiment of the present invention permits, with fewer
optical elements and more easily as compared to a conven-
tional art, suppressing of non-uniformity of illumination
caused by the light distribution characteristics of the light
source 1. As is the case with the fourth embodiment, the
embodiment further permits the illumination target surface to
be magnified or demagnified so as to be projected onto the
specimen surface SP. This permits a size of an area to be
illuminated on the specimen surface SP to be different from
that of the pitch P of the refractive surfaces RS in the illumi-
nation optical element 3. Furthermore, the embodiment of the
present invention permits obtaining of the advantage men-
tioned above while preventing of an increase in size of the
illumination optical element 3 because the pitch P of the
illumination optical element 3 only needs to have a similar
size to the virtual image of the field stop 43.

[0074] In the illumination optical system 40a and the
microscope 40, a pupil position varies according to the design
of'the concave lens 41. Thus, a pupil position can be formed
in a desired position by the concave lens 41, which permits an
easy connection with a conventional epi-illumination flood-
lighting tube including an FS projection lens. Further, a tele-
centricity on the side of the specimen surface SP can vary
according to the design of the concave lens 41. This is also of
advantage to a connection with a conventional epi-illumina-
tion floodlighting tube.

Sixth Embodiment

[0075] FIG. 13 illustrates a configuration of a projector 50
according to an embodiment of the present invention. The
projector 50 is a so-called liquid-crystal projector. The pro-
jector 50 includes a light source 1 which emits illumination
light, a collector lens 2, an illumination optical element 3, a
liquid-crystal display (LCD) 51, a control unit 52 which
controls the LCD 51, and a projection lens 53 which projects
the LCD 51 onto a screen 60. The projector 50 is an illumi-
nation apparatus in that it has a function to illuminate the
screen 60. Further, in the embodiment of the present inven-
tion, the collector lens 2, the illumination optical element 3,
the LCD 51, and the projection lens 53 function as an illumi-
nation optical system 50a that irradiates an area of the speci-
men surface SP with light from the light source 1 in a planar
manner.
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[0076] In the projector 50, the control unit 52 that has
received a video signal controls each pixel of the LCD 51
according to the video signal, so that an image according to a
state of the LCD 51 is projected onto the screen 60.

[0077] In general, in a liquid-crystal projector having an
LCD, the LCD is preferably illuminated uniformly. Accord-
ing to the embodiment of the present invention, arranging the
LCD 51 in a position in which beams obtained by dividing
light in the illumination optical element 3 overlap permits
suppressing of non-uniformity of illumination caused by the
light distribution characteristics of the light source 1, so as to
illuminate the LCD 51 uniformly. Further, it is possible to
suppress non-uniformity of illumination with fewer optical
elements, which permits a reduced size of the illumination
optical system 50a and the projector 50.

Seventh Embodiment

[0078] FIG. 14 illustrates a configuration of a projector 70
according to an embodiment of the present invention. The
projector 70 is different from the projector 50 in including a
mirror 71, a digital mirror device (DMD™) 72, a control unit
73, and a projection lens 74 instead of the LCD 51, the control
unit 52, and the projection lens 53. The projector 70 is a
so-called DLP projector. The projector 70 is an illumination
apparatus in that it has a function to illuminate a screen 60.
Further, in the embodiment of the present invention, a collec-
tor lens 2, an illumination optical element 3, the mirror 71, the
DMD 72, and the projection lens 74 function as an illumina-
tion optical system 70q that irradiates an area of the specimen
surface SP with light from a light source 1 in a planar manner.
[0079] In the projector 70, the control unit 73 that has
received a video signal controls each mirror of the DMD 72
according to the video signal, so that an image according to a
state of the DMD 72 is projected onto the screen 60.

[0080] In general, in a DLP projector having a DMD, the
DMD is preferably illuminated uniformly. According to the
embodiment of the present invention, arranging the DMD 72
in a position in which beams obtained by dividing light in the
illumination optical element 3 overlap permits suppressing of
non-uniformity of illumination caused by the light distribu-
tion characteristics of the light source 1, so as to illuminate the
DMD 72 uniformly. Further, it is possible to suppress non-
uniformity of illumination with fewer optical elements,
which permits a reduced size of the illumination optical sys-
tem 70a and the projector 70.

Eighth Embodiment

[0081] FIG. 15 illustrates a configuration of a stepper 80
according to an embodiment of the present invention. The
stepper 80 includes a light source 1 which emits illumination
light, a collector lens 2, an illumination optical element 3, a
field stop 81, a condenser lens 82, a mirror 83, a condenser
lens 84, a reticle 85, and a projection optical system 86. The
stepper 80 is an illumination apparatus which illuminates the
reticle 85 so as to project a pattern of the reticle 85 onto a
wafer W. Further, in the embodiment of the present invention,
the collector lens 2, the illumination optical element 3, the
field stop 81, the condenser lens 82, the mirror 83, and the
condenser lens 84 function as an illumination optical system
that irradiates an area of the reticle 85 with light from the light
source 1 in a planar manner.

[0082] The field stop 81 is a variable aperture that is
arranged in a plane optically conjugate with the reticle 85. A
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conjugate relationship between the field stop 81 and the
reticle 85 is created by the condenser lens 82 and the con-
denser lens 84. A size of an area on the reticle 85 that is
irradiated with the light from the light source 1 can be
changed by varying a diameter of the field stop 81. The
projection optical system 86 projects a pattern formed in the
reticle 85 onto the wafer W.

[0083] In the stepper 80, illuminating the reticle 85 uni-
formly permits a correct projection of a pattern formed in the
reticle 85. According to the embodiment of the present inven-
tion, arranging the field stop 81 in a position in which beams
obtained by dividing light in the illumination optical element
3 overlap permits suppressing of non-uniformity of illumina-
tion caused by the light distribution characteristics of the light
source 1, so as to illuminate the reticle 85 uniformly. Further,
it is possible to suppress non-uniformity of illumination with
fewer optical elements.

Ninth Embodiment

[0084] FIG. 16 illustrates a method for suppressing non-
uniformity of illumination caused by a laser. If a laser beam is
directly irradiated, an illumination target surface is not illu-
minated uniformly because a laser beam emitted by a laser
has a Gaussian distribution. Such non-uniformity of illumi-
nation caused by a laser can be suppressed by arranging an
illumination optical element 3 in an optical path of a laser
beam, as illustrated in FIG. 16.

[0085] However, the laser beam emitted from the illumina-
tion optical element 3 has a greater NA than when it enters. In
order to reduce an NA of the laser beam as much as possible,
the illumination optical element 3 preferably has a refractive
surface RS designed so as to make a distance AL to a plane P1
longer. Further, an area to be illuminated can be enlarged by
magnifying the plane P1 with use of a relay lens 90 and
projecting it onto a plane P2. Then, the NA of the laser beam
can be further reduced by magnifying a range to be illumi-
nated.

[0086] FIG. 17 illustrates a configuration of a laser micro-
scope 100 according to the embodiment of the present inven-
tion. The laser microscope 100 is a disk-scanning laser micro-
scope that is configured to illuminate a wide range uniformly
with a laser beam as mentioned above.

[0087] The laser microscope 100 includes a laser 101, an
illumination optical element 3 that irradiates the plane P1 in a
planar manner, the relay lens 90 that magnifies the plane P1
and projects it onto a disk surface 111 of a rotary disk 110, and
a dichroic mirror 102 on which a laser beam is reflected and
through which a fluorescence generated from a specimen
surface SP is transmitted. The laser microscope 100 further
includes the rotary disk 110 that is scanning means, a tube
lens 103, an objective 104, a light collecting lens 105, and a
CCD 106. Further, in the embodiment of the present inven-
tion, the illumination optical element 3, the relay lens 90, the
dichroic mirror 102, the rotary disk 110, the tube lens 103,
and the objective 104 function as an illumination optical
system that irradiates an area of the specimen surface SP with
light from the laser 101 in a planar manner.

[0088] The rotary disk 110 is scanning means which has an
area (area to be transmitted through) in which, for example,
pinholes or slits are formed and through which a light is
transmitted, and which is configured so that a position of the
area to be transmitted through changes when rotated. The
rotary disk 110 is arranged so that the disk surface 111 (plane



US 2016/0025299 Al

P2) has a positional relationship optically conjugate with the
specimen surface SP, the plane P1, and a light-receiving sur-
face of the CCD 106.
[0089] The laser microscope 100 permits illuminating of a
wide area of the disk surface 111 in a planar manner by use of
a laser beam having a distribution more uniform than the
Gaussian distribution. This permits scanning of the specimen
surface SP by a uniformly intense laser beam. According to a
conventional art, a laser beam only in the vicinity of peaks in
the Gaussian distribution is used for illumination in order to
suppress non-uniformity of illumination caused by the Gaus-
sian distribution. On the other hand, according to the laser
microscope 100, a laser beam emitted from the laser 101 can
be used for illumination without waste.
[0090] The embodiments described above are just
examples to facilitate understanding of the present invention,
and the invention is not limited to these embodiments. Various
modifications and alterations may be made to the illumination
optical systems, the illumination apparatuses, and the illumi-
nation optical elements without departing from the spirit and
scope of the invention. A combination of some of the features
in the embodiments described in the specification of the
present invention may be provided as a single embodiment.
[0091] In the embodiments described above, a light enter-
ing the illumination optical element 3 is a collimated beam,
but a beam entering the illumination optical element 3 may
not be a completely collimated beam. When the light entering
the illumination optical element 3 has a non-constant light
intensity in a direction perpendicular to the optical axis AX,
the advantage of averaging the distribution can be expected to
be attained by dividing the light to overlap the lights obtained
by the division.
What is claimed is:
1. An illumination optical system comprising an illumina-
tion optical element that irradiates a predetermined area of an
illumination target surface with light in a planar manner,
wherein
the illumination optical element has an optical surface
directed toward the illumination target surface, wherein

the optical surface has, in a perpendicular direction which
is perpendicular to an optical axis, a plurality of refrac-
tive surfaces each of which refracts light toward the
predetermined area and which are formed at a constant
pitch determined by the predetermined area.

2. The illumination optical system according to claim 1,
wherein

the plurality of refractive surfaces have, in a section along

the optical axis, shapes of lines that form different angles
with the optical axis, wherein
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arefractive surface which is closer to the optical axis forms
a larger angle with the optical axis in a section along the
optical axis.

3. The illumination optical system according to claim 1,
wherein the optical surface further has, in the perpendicular
direction, a plurality of second refractive surfaces each of
which refracts light toward a portion of the predetermined
area, in a position farther away than the plurality of refractive
surfaces from the optical axis.

4. The illumination optical system according to claim 3,
wherein

the plurality of second refractive surfaces have, in a section

along the optical axis, shapes of lines that form different
angles with the optical axis, wherein

a second refractive surface which is closer to the optical

axis forms a larger angle with the optical axis in a section
along the optical axis.

5. The illumination optical system according to claim 4,
wherein the plurality of second refractive surfaces are formed
in the perpendicular direction at a constant pitch that is shorter
than a pitch at which the plurality of refractive surfaces are
formed.

6. The illumination optical system according to claim 1,
wherein

the illumination optical element has a second optical sur-

face opposite the optical surface, wherein

the second optical surface is a Fresnel surface.

7. The illumination optical system according to claim 1,
wherein a width in the perpendicular direction of each of the
plurality of refractive surfaces is equal to a width in the
perpendicular direction of the predetermined area.

8. The illumination optical system according to claim 3,
further comprising a variable aperture that varies a beam
diameter of light that enters the illumination optical element.

9. An illumination apparatus comprising the illumination
optical system according to claim 1.

10. An illumination optical element that irradiates a prede-
termined area of an illumination target surface with light in a
planar manner, the illumination optical element has having an
optical surface directed toward the illumination target sur-
face, wherein

the optical surface has, in a perpendicular direction which

is perpendicular to an optical axis, a plurality of refrac-
tive surfaces each of which refracts light toward the
predetermined area and which are formed in the perpen-
dicular direction at a constant pitch determined by the
predetermined area.
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