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(57) ABSTRACT 

An illumination optical apparatus (14-40) and exposure 
apparatus (10) provided With the illumination apparatus, 
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capable of employing a high-output light source. The illu 
mination apparatus comprises, in order along an optical axis, 
a light source (14) capable of providing a primary light beam 
(B) having a cross-section, a condenser optical system (30) 
to condense the primary light beam so as to form a conver 
gence point adjacent the condenser optical system, a 
light-pipe optical integrator (160) having a rectangular 
cross-sectional shape With a ?rst side of length dx, a second 
side of length dy, and a most light-source-Wise incident 
surface (160a) axially spaced from the convergence point by 
a spacing The integrator is capable of forming a 
plurality of secondary light sources and corresponding sec 
ondary light beams (B‘) from the primary light beam. 
Adjacent the integrator is an imaging optical system (40) to 
converge the primary and secondary light beams to illumi 
nate the illumination surface. The apparatus preferably sat 
is?es the following conditions: 

Wherein (XX is the divergence angle of the primary light beam 
When incident the integrator incident surface, as measured in 
a ?rst plane that includes the optical axis. Likewise, oty is the 
corresponding angle as measured in a second plane orthogo 
nal to the ?rst plane. These conditions ensure that the 
integrator Will not be damaged or otherWise broken by high 
concentrations of light on the integrator incident surface. 

The exposure apparatus comprises the above-described illu 
mination optical system and further includes a projection 
optical system (54) arranged adjacent the illumination sur 
face so as to project an image of a pattern on a mask (48) 
onto a photosensitive substrate (60), thereby patterning the 
substrate. 
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ILLUMINATION OPTICAL APPARATUS AND 
EXPOSURE APPARATUS 

FIELD OF THE INVENTION 

[0001] The present invention relates to an illumination 
optical apparatus and an exposure apparatus provided With 
the illumination optical apparatus, and more particularly 
relates to illumination optical apparatus employing light 
pipe optical integrators. 

BACKGROUND OF THE INVENTION 

[0002] Japanese Patent Application Kokai No. Hei 8-6175 
discloses an illumination optical apparatus suited to eXpo 
sure apparatus for manufacturing semiconductor devices. 
This illumination optical apparatus uses an internal re?ec 
tion, elongate (i.e., rod-type) optical integrator to form a 
plurality of light source images from a primary light beam 
from a light source. Such integrators are referred to in the art 
as “light pipes” and so this term is used hereinafter. 

[0003] The above-mentioned prior art illumination optical 
apparatus includes a condenser lens Which condenses the 
primary light beam onto the incident surface of the integra 
tor. This beam is then split by internal re?ection Within the 
light pipe into a plurality of secondary light beams. These 
secondary light beams proceed in predetermined angular 
directions based on the geometry of the integrator. A plu 
rality of light source images (i.e., virtual light sources) 
associated With the plurality of secondary light beams are 
formed along the plane of the incident surface of the 
integrator. The plurality of secondary light beams, each 
appearing to emanate from a corresponding light source 
image, pass through a condenser lens and illuminate a 
surface to be irradiated, such as a mask. 

[0004] The increasing degree of integration of semicon 
ductor devices has lead to the commercialiZation and devel 
opment of eXcimer lasers and other intense light sources for 
use in eXposure apparatus for manufacturing semiconductor 
devices. EXcimer lasers, for eXample, operate at an oscilla 
tion Wavelength of 248 nm or 193 nm and have a high poWer 
output. Accordingly, conventional illumination optical appa 
ratus, such as that discussed immediately above, are not 
generally amenable for use in an eXposure apparatus 
employing such a high-output light source. This is because 
a light pipe formed of glass material is prone to breaking due 
to the concentration of light energy at a convergence point 
formed on the incident surface of the integrator. 

SUMMARY OF THE INVENTION 

[0005] The present invention relates to an illumination 
optical apparatus and an eXposure apparatus provided With 
the illumination optical apparatus, and more particularly 
relates to illumination optical apparatus employing light 
pipe optical integrators. 
[0006] The present invention takes the abovementioned 
problems into consideration, and has the goal of providing 
an illumination optical apparatus Wherein the integrator is 
not prone to breaking When used With a high-output light 
source like an eXcimer laser. A further goal is to provide an 
eXposure apparatus provided With the aforesaid illumination 
optical apparatus. Accordingly, a ?rst aspect of the present 
invention is an illumination optical apparatus for illuminat 
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ing an illumination surface. The apparatus comprises, in 
order along an optical aXis, a light source capable of 
providing a primary light beam having a cross-section, and 
a condenser optical system to condense the primary light 
beam so as to form a convergence point adjacent the 
condenser optical system. Adjacent the condenser optical 
system is a light-pipe optical integrator having a rectangular 
cross-sectional shape With a ?rst side of length dX, a second 
side of length dy, and a most light-source-Wise incident 
surface axially spaced from the convergence point by a 
spacing L. The integrator is capable of forming a plurality of 
secondary light sources and corresponding secondary light 
beams from the primary light beam. Adjacent the light pipe 
optical integrator is an imaging optical system to converge 
the primary and secondary light beams to illuminate the 
illumination surface. The folloWing conditions are also 
preferably satis?ed: 

[0007] Wherein otX is an angle of the primary light beam 
incident the incident surface, as measured in a ?rst plane that 
includes the optical aXis, and oty is an angle of the primary 
light beam incident the incident surface, as measured in a 
second plane orthogonal to the ?rst plane. 

[0008] A second aspect of the present invention is the 
optical apparatus as described above, further including ?rst 
and second variable optical members capable of shaping the 
primary light beam cross-section so as to make this cross 
section and the integrator cross-section have a substantially 
similar siZe and shape. 

[0009] A third aspect of the present invention is eXposure 
apparatus for eXposing a pattern present on a mask onto a 
photosensitive substrate. The eXposure apparatus comprises, 
in order along an optical aXis, the illumination optical 
system as described above, and a projection optical system 
arranged adjacent the illumination surface so as to project an 
image of the mask arranged at the illumination surface to 
eXpose the mask pattern onto the photosensitive substrate. 

[0010] A fourth aspect of the invention is a method of 
uniformly illuminating a surface With an illumination optical 
apparatus having a light pipe optical integrator With a 
cross-section, an incident surface and an eXit surface. The 
method comprises the steps of ?rst providing a primary light 
beam having a primary light beam cross-section, then con 
densing the primary light beam and forming a convergence 
point at a position spaced apart from the incident surface, 
then collecting light emanating from the convergence point 
at an angle 0t using the light pipe optical integrator, then 
forming a plurality of secondary light sources and associated 
secondary light beams by multiply internally re?ecting the 
light Within the light pipe optical integrator, and then ?nally 
converging the primary and secondary light beams emanat 
ing from the eXit surface so as to uniformly illuminate the 
illumination surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1A is a schematic optical diagram in the Y-Z 
plane of a ?rst embodiment of the eXposure apparatus of the 
present invention provided With a ?rst embodiment of the 
illumination optical apparatus of the present invention; 

[0012] FIG. 1B is a schematic optical diagram in the X-Z 
plane of the eXposure apparatus of FIG. 1A; 
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[0013] FIG. 2 is a schematic optical diagram, perspective 
vieW, of the exposure apparatus of FIG. 1A; 

[0014] FIG. 3 is a schematic optical diagram, perspective 
vieW, of a section of exposure apparatus in FIG. 1 showing 
only a section of the illumination optical apparatus; 

[0015] FIG. 4A is a schematic optical diagram in the Y-Z 
plane of a second embodiment of the exposure apparatus of 
the present invention provided With a second embodiment of 
the illumination optical apparatus of the present invention; 
and 

[0016] FIG. 4B is a schematic optical diagram in the X-Z 
plane of the exposure apparatus of FIG. 4A. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0017] The present invention relates to an illumination 
optical apparatus and an exposure apparatus provided With 
the illumination optical apparatus, and more particularly 
relates to illumination optical apparatus employing light 
pipe integrators. 

[0018] With reference noW to FIGS. 1A, 1B and FIG. 2, 
exposure apparatus 10 comprises, in order along an optical 
axis A, a light source 14 capable of providing a primary light 
beam B having a given cross-sectional shape such as, for 
example, rectangular. Light source 14 may be, for example, 
an excimer laser providing laser light having a Wavelength 
of 248 nm or 193 nm. Acylindrical expander 16 is disposed 
at a predetermined position to receive light beam B from the 
light source. Cylindrical expander 16 comprises a pair of 
cylindrical lenses 16a and 16b having negative refractive 
poWer and positive refractive poWer, respectively, in the X-Z 
plane (FIG. 1B). Lenses 16a and 16b function as a plane 
parallel plate in the Y-Z plane (FIG. 1A). It is preferred that 
cylindrical lenses 16a and 16b constitute a focal Zoom lens 
so that the rectangular ratio of the cross-section of light 
beam B can be properly modi?ed. 

[0019] A light beam shape changing system is disposed at 
a predetermined position to receive light beam B from 
cylindrical expander 16. The light beam shape changing 
system forms an annular light beam or a plurality light 
beams eccentric to optical axis Abased on light beam B from 
the cylindrical expander 16. The light beam shape changing 
system comprises ?rst variable optical member 18 compris 
ing a pair of conical prisms 18a and 18b, and a second 
variable optical member 24 comprising a pair of pyramidal 
prisms 24a and 24b. The construction of ?rst and second 
variable optical members 18 and 14 are discussed in greater 
detail beloW. A condenser optical system 30 is disposed at a 
predetermined position to receive light beam B from the 
light beam shape changing system (18, 24). The condenser 
optical system 30 has a pupil plane P1 and a variable focal 
length, and a light pipe optical integrator (i.e., a rod-type 
integrator or a internal re?ection-type glass rod) 36 disposed 
at a predetermined position to receive light beam B from 
condenser optical system 30. The light pipe optical integra 
tor includes an incident surface 36a, an exit surface 36b, and 
an outer surface 36S. Integrator 36 has, in the ?rst embodi 
ment, a substantially square cross-section. Integrator 36 also 
preferably is made of a glass material, such as quartZ glass 
or ?uorite. Adjacent integrator 36 is an imaging optical 
system 40 With a pupil plane P2 and tWo lens elements 40a 
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and 40b, a mask 48 With pattern (not shoWn) thereon, a 
projection optical system 54 and a Wafer 60 serving as a 
photosensitive substrate. In exposure apparatus 10, integra 
tor exit surface 36b and mask 48 are optically conjugate, and 
mask 48 and Wafer 60 are optically conjugate. Elements 
14-40 of exposure apparatus 10 constitute a ?rst embodi 
ment of the illumination optical apparatus of the present 
invention. 

[0020] With continuing reference to FIGS. 1A and 1B, the 
operation of exposure apparatus 10 is noW described. Light 
source 14 emits light beam B having a rectangular cross 
section that extends lengthWise along the Y-direction. Light 
beam B enters cylindrical expander 16, Which expands the 
light beam in the X-Z plane (FIG. 1B and FIG. 2), so that 
the light beam has a substantially square cross-section. Light 
beam B exits from cylindrical expander 16, passes through 
conical prisms 18a and 18b, and pyramidal prisms 24a and 
24b, and enters condenser optical system 30. The action of 
conical prisms 18a and 18b and pyramidal prisms 24a and 
24b constituting ?rst and second variable optical members 
18 and 24, respectively, is explained in greater detail beloW. 
It is assumed in the explanation beloW that light beam B 
exiting cylindrical expander 16 maintains its cross-sectional 
shape upon passing through conical prisms 18a and 18b and 
pyramidal prisms 24a and 24b. 

[0021] Light beam B passes through condenser optical 
system 30 and converges at a convergence point F on optical 
axis A, Whereupon the beam then diverges from conver 
gence point F at an angle 0t (measured With respect to optical 
axis A), and then enters integrator 36. Multiple light source 
images (not shoWn) are formed by light beam B entering 
integrator 36 through incident surface 36a and multiply 
internally re?ecting from outer surfaces 36S of integrator 36. 
The number of light source images so formed corresponds to 
the number of internal re?ections. The light source images 
are formed along a surface 64 that passes through conver 
gence point F and that is parallel to incident surface 36a of 
integrator 36. Accordingly, the light source images are 
nearly all virtual images, With only the center (i.e., conver 
gence point F) light source image being a real image. 

[0022] Thus, the light source images (or, the multiple 
re?ections) form a plurality of secondary light beams B‘ 
Which superimpose at exit surface 36b of integrator 36. 
Light beams B‘ then pass through imaging optical system 40, 
Which directs the light beams to uniformly illuminate mask 
48. Accordingly, a substantially square illumination ?eld 
(not shoWn) is formed on mask 48. This illumination ?eld is 
similar to the cross-sectional shape of integrator 36. Light 
beams B‘ passing through mask 48 then pass through pro 
jection optical system 54, Which forms an image of the mask 
pattern on Wafer 60. In this manner, the pattern of mask 48 
is successively exposed on each exposure region (not 
shoWn) of Wafer 60 by performing exposures While driving 
and controlling (i.e., “stepping”) Wafer 60 in the X-Y plane. 

[0023] With continuing reference to FIGS. 1A and 1B, 
convergence point F is spaced apart from incident surface 
36a of integrator 36 by a distance L1. In prior art apparatus, 
the convergence point is formed on the incident surface of 
the integrator. HoWever, in the present invention, such a 
concentration of energy on incident surface 36a integrator 
36 is avoided. As a result, solariZation is satisfactorily 
controlled, and the formation of contaminants due to pho 
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tochemical reactions is reduced. This prevents integrator 36 
from being damaged or from breaking When used in con 
junction With a high-output light source like an excimer 
laser. 

[0024] To ensure the risk of damaging or breaking inte 
grator 36 is minimized, and to avoid optical losses at 
incident surface 36a, it is preferred that spacing L1 satisfy 
the folloWing condition: 

[0025] Wherein d is the length of one side of the 
square cross-sectional surface of integrator 36. 

[0026] If spacing L1 falls beloW the loWer limit in condi 
tion (1), the spacing narroWs excessively, increasing the 
concentration of energy on incident surface 36a. This, in 
turn, greatly increases the likelihood of integrator 36 being 
damaged or breaking. On the other hand, if spacing L1 
exceeds the upper limit in condition (1), the spacing Widens 
excessively. In this case, incident light beam B no longer 
entirely passes through incident surface 36a, resulting in a 
loss of light (and thus exposure, energy). The optimal 
spacing L1 is speci?ed Within the range of condition (1) in 
accordance With the magnitude of the output energy of the 
light source used and the cross-sectional shape of light beam 
B. 

[0027] The folloWing is a numerical example associated 
With a exposure apparatus 10, representing a Working 
Example of the ?rst embodiment of the present invention. 
Let LIN be the axial length of integrator 36. If LIN=1000 mm, 
the number of light source images formed (i.e., the number 
of light beams B‘ into Which light beam B is split due 
internal re?ections in integrator 36) is 1024 (i.e., 32x32). If 
length d of one side of the cross-section of integrator 36 is 
10 mm, then (x=tan_1[32><(d/2)/LIN]=9.1°. 

[0028] In this case, in vieW of condition (1), spacing L1 
should be set Within the range of 0.1 mm to 31.25 mm. To 
maintain a predetermined optical performance and to make 
exposure apparatus 10 compact, it is preferable to set length 
LIN; 1500 mm. 

[0029] With reference noW to FIGS. 1A, 1B and 3, the 
construction and action of conical prisms 18a and 18b and 
pyramidal prisms 24a and 24b constituting variable optical 
members 18 and 24, respectively, is explained. Conical 
prism 18 includes a most light-source-Wise incident surface 
18ai, Which is planar and perpendicular to optical axis A. 
Conical prism 18a further includes an exit surface 18416 on 
the mask side (i.e., opposite incident surface 18i) Which is 
formed in the shape of a conical concave surface (i.e., a 
frustrum) symmetric about optical axis A and Whose con 
cavity faces mask 48. 

[0030] Conical prism 18b includes a most light-source 
Wise incident surface 18bi, Which is formed in the shape of 
a conical convex surface symmetric about optical axis A and 
Whose convexity faces light source 14. Conical prism 18b 
further includes an exit surface 18b6, opposite incident 
surface 18bi, Which is planar and perpendicular to optical 
axis A. 

[0031] Surface 18ai of ?rst conical prism 18a and surface 
18be of second conical prism 18b are parallel to one another. 
Further, at least one of ?rst conical prism 18a and second 
conical prism 18b is constructed so as to be moveable along 
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optical axis A (i.e, axially moveable). Accordingly, there is 
a ?rst state Wherein surface 18ae conformably contacts 
surface 18bi. In this ?rst state, conical prisms 18a and 18b 
function as a plane parallel plate, and the cross-sectional 
shape of light beam B is maintained upon passing through 
conical prisms 18a and 18b. 

[0032] In contrast, in a second state, surface 18ae is 
spaced apart from surface 18bi. In this second state, light 
beam B entering conical prisms 18a and 18b is shifted 
equidistantly outWardly along the radial direction about 
optical axis A. As a result, the cross-section of incident light 
beam B, Which is initially square, is shaped into a holloW 
square cross-section 70 upon passing through spaced apart 
conical prisms 18a and 18b (FIG. 3). HolloW square cross 
section 70 includes an outer square 700, an inner square 701', 
and a common center C through Which optical axis Apasses. 

[0033] With continuing reference to FIGS. 1A, 1B and 3, 
pyramidal prism 24a includes a most light-source-Wise 
incident surface 2441i, Which is planar and perpendicular to 
optical axis A. Pyramidal prism 24a further includes an exit 
surface 24ae opposite surface 2441i, Which is formed in the 
shape of a regular square pyramidal surface (i.e., the side 
face of a regular square pyramid) symmetric about optical 
axis A and Whose concavity faces mask 48. 

[0034] Pyramidal prism 24b includes a most light-source 
Wise incident surface 24bi, Which is formed in the shape of 
a regular square pyramidal convex surface symmetric about 
optical axis A and Whose convexity faces light source 14. 
Pyramidal prism 24b further includes an exit surface 24b2, 
opposite surface 24bi, Which is planar and perpendicular to 
optical axis A. 

[0035] Surface 2441i includes four facets 84 and surface 
24bi includes four facets 90. Facets 84 and 90 are parallel to 
one another. Further, at least one of ?rst pyramidal prism 
24a and second pyramidal prism 24b is constructed so as to 
be moveable along optical axis A. Accordingly, in a ?rst 
state, pyramidal prisms 24a and 24b conformably contact 
one another With contacting facets 90. In this ?rst state, 
pyramidal prisms 24a and 24b function as a plane parallel 
plate, and the cross-sectional shape of light beam B is 
maintained upon passing through pyramidal prisms 24a and 
24b. 

[0036] On the other hand, in a second state, Pyramidal 
prism 24a is spaced apart from pyramidal prism 24b. In this 
second state, light beam B enters pyramidal prisms 24a and 
24b and moves parallel from optical axis A toWard the four 
corners along four radial axes (not shoWn) each inclined at 
45 degrees With respect to the X-axis and Y-axis. As a result, 
in the second state, incident light beam B, having a square 
cross-section, passes through spaced apart pyramidal prisms 
24a and 24b and is shaped into a light beam group com 
prising four light beams (not shoWn) each having a substan 
tially square cross-section 92 (FIG. 3), With the center of 
each light beam substantially coincident With the four cor 
ners of a square about optical axis A. 

[0037] By setting conical prisms 18a and 18b and pyra 
midal prisms 24a and 24b to their respective ?rst states, a 
square light source is formed in the pupil plane P1 of 
condenser optical system 30, and so-called normal illumi 
nation can be obtained. In addition, by setting conical prisms 
18a and 18b to the ?rst state or second state and also setting 



US 2001/0017692 A1 

pyramidal prisms 24a and 24b to the second state, a qua 
drupole light source (i.e., a light source comprising four light 
beams having a square cross-section or holloW square cross 
section) is formed in pupil plane P1 of condenser optical 
system 30. Thus, so-called quadrupole modi?ed illumina 
tion can be obtained. Furthermore, by setting conical prisms 
18a and 18b to the second state and also setting pyramidal 
prisms 24a and 24b to the ?rst state, an annular light source 
is formed in pupil plane P1 of condenser optical system 30. 
Thus, so-called annular modi?ed illumination can be 
obtained. 

[0038] As described above, conical prisms 18a and 18b 
and pyramidal prisms 24a and 24b constitute a light beam 
shaping apparatus for forming an annular light source in 
pupil plane P1 of condenser optical system 30, or a plurality 
of light sources (four, in this case) eccentric With respect to 
optical axis A. By arranging conical prisms 18a and 18b and 
pyramidal prisms 24a and 24b in exposure apparatus 10 of 
FIG. 1 in the optical path betWeen cylindrical expander 16 
and plane P1 of condenser optical system 30, a modi?ed 
light source is capable of being formed in pupil plane P1. 
HoWever, by arranging the same betWeen integrator 36 and 
the pupil plane P2 of imaging optical system 40, a modi?ed 
light source is capable of being formed in pupil plane P2. 

[0039] As mentioned above, the number of light source 
images formed in surface 64 depends upon the number of 
internal re?ections in integrator 36. Furthermore, the num 
ber of internal re?ections depends upon the axial length of 
integrator 36 and the numerical aperture (NA) of incident 
light beam B. The NA and angle 0t are related by the relation 
NA=n><sinot, Where n is the refractive index of the interven 
ing medium, Which can be taken as unity. The NAof incident 
light beam B changes depending on the focal length of 
condenser optical system 30. Thus, by suitably changing the 
focal length of condenser optical system 30, angle 0t (i.e., the 
NA) can be changed While maintaining convergence point F 
at a ?xed position. Thus, by suitably changing the focal 
length of condenser optical system 30, the number of light 
source images formed can be adjusted While reliably avoid 
ing concentrating too much light onto surface 36a, and 
thereby avoiding the risk of breaking integrator 36. 

[0040] With reference noW to FIG. 4, exposure apparatus 
100 represents a second embodiment of the present inven 
tion and has a construction similar to that of exposure 
apparatus 10 of FIGS. 1A and 1B. HoWever, Whereas 
integrator 36 in exposure apparatus 10 has a substantially 
square cross-section, integrator 160 of exposure apparatus 
100 has a substantially rectangular cross-section extending 
lengthWise along the Y-direction. In the description beloW, 
elements in exposure apparatus 100 having the same func 
tion as those in exposure apparatus 10 are assigned the same 
reference symbols. Exposure apparatus 100 is noW 
explained beloW, With attention to the differences betWeen 
exposure apparatus 10. 

[0041] With continuing reference to FIG. 4 and exposure 
apparatus 100, light source 14 emits a substantially parallel 
light beam B having a rectangular cross-section extending 
lengthWise along the Y-direction. Rectangular light beam B 
enters a cylindrical expander 120 comprising, for example, 
a pair of cylindrical lenses 16a and 16b (not shoWn in FIGS. 
4A and 4B), such as those in exposure apparatus 10 (FIGS. 
1A and 1B). HoWever, each cylindrical lens cylindrical 
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expander 120 respectively has negative refractive poWer and 
positive refractive poWer in the Y-Z plane (FIG. 4A), and 
functions as a plane parallel plate in the X-Z plane (FIG. 
4B). Accordingly, light beam B entering cylindrical 
expander 120 is expanded in the Y-direction, and is shaped 
to have a rectangular cross-section extending lengthWise 
along the Y-direction. 

[0042] Light beam B passing through cylindrical expander 
120 then passes through conical prisms 18a and 18b and 
pyramidal prisms 24a and 24b, and enters condenser optical 
system 30. Light beam B converges at convergence point F 
on optical axis A, and subsequently diverges at angle 0t and 
enters integrator 160. The latter includes an incident surface 
160a, an exit surface 160b, outer surfaces 160S, and has a 
rectangular cross-section extending lengthWise along the 
Y-direction. As With exposure apparatus 100, light beam B 
enters integrator 160 and, through multiple internal re?ec 
tions, forms a plurality of light beams B‘. Aplurality of light 
source images are formed in surface 64 passing through 
convergence point F and parallel to incident surface 160a. 
Light beams B‘, Which appear to emanate from the plurality 
of light source images pass through imaging optical system 
40 and uniformly illuminate mask 48. In exposure apparatus 
100, a rectangular illumination ?eld (not shoWn) similar to 
the cross-sectional shape of integrator 160 is formed on 
mask 48. Also, elements 14-40 and 120 and 160 constitute 
a second amendment of the illumination optical apparatus of 
the present invention. 

[0043] With continuing reference to FIGS. 4A and 4B, 
convergence point F and incident surface 160a of integrator 
160 are spaced apart by a distance L2, similar to spacing L1 
of exposure apparatus 10 (FIGS. 1A and 1B). Accordingly, 
unlike the prior art, a concentration of energy on incident 
surface 160a is avoided. As a result, solariZation is satisfac 
torily controlled, and the formation of contaminants due to 
photochemical reactions is also reduced. This prevents inte 
grator 160 from being damaged or breaking When used in 
conjunction With a high-output light source like an excimer 
laser. 

[0044] For integrator 160 in exposure apparatus 100, it is 
preferable that adequate spacing L2 be ensured by satisfying 
the folloWing conditions (2) and (3): 

0.1 mméLZédx/(Zxtan 01x) (2) 
0.1 mméLZédy/(Zxtan (1y) (3) 

[0045] Wherein dx is the length of one side of 
integrator 160 along the X-direction, and dy is the length 
(mm) of the other side of integrator 160 along the Y-direc 
tion. In addition, otx is the divergence angle of light beam B 
as measured in the X-Z plane, and oty is the divergence 
incident angle in light beam B as measured in the Y-Z plane. 

[0046] If spacing L2 falls beloW the loWer limit in condi 
tions (2) and (3), the spacing is too narroW, and the likeli 
hood of integrator being damaged or breaking is greatly 
increased. 

[0047] On the other hand, if spacing L2 exceeds the upper 
limit in conditions (2) and (3), the spacing Widens exces 
sively, and optical losses, i.e., (energy losses) occur at 
incident surface 160a. 

[0048] To maintain a predetermined optical performance 
and to make exposure apparatus 100 compact, it is prefer 
able to set the axial length LIN; 1500 mm, i.e., the same as 
in exposure apparatus 10. 
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[0049] Also, in exposure apparatus 100, a modi?ed light 
source can also be formed in pupil plane P2 of imaging 
optical system 40 by arranging conical prisms 18a and 18b 
and pyramidal prisms 24a and 24b in the optical path 
betWeen integrator 160 and pupil plane P2. 

[0050] As discussed above, the number of light source 
images formed in surface 64 depends upon the number of 
internal re?ections in integrator 36 or 160. Furthermore, the 
number of internal re?ections depends upon the length of the 
integrator and the NA (i.e., angle 0t) of the incident light 
beam, Which can be changed by varying the focal length of 
condenser optical system 30. Accordingly, if the cross 
section of the integrator (namely, the shape of incident 
surface) is not similar to the cross-section of light beam B 
incident integrator 36 of exposure apparatus 10 or integrater 
160 of exposure apparatus 100, then the number of light 
source images formed along the X-direction of surface 64 
Will differ from the number of light source images formed 
along the Y-direction. 

[0051] Generally, in an illumination optical apparatus 
employing a light pipe optical integrator, it is necessary to 
make the cross-section of the integrator and the cross 
section of the light beam incident the integrator substantially 
similar. This makes the number of light source images 
formed in the orthogonal directions on the incident side of 
the integrator substantially the same, Which makes the 
resolution of the projection optical system substantially the 
same in the orthogonal directions of the exposure ?eld. 
Accordingly, even in the case Wherein, for example, the light 
beam from a mercury lamp in an exposure apparatus is 
converged on the incident surface of the integrator and a 
light source image is formed on the incident surface, the 
resolution of the projection optical system can be made to 
substantially agree in the orthogonal directions of the expo 
sure surface. This is accomplished by making the cross 
section of the integrator and the shape of the light source 
image formed on the incident surface substantially similar in 
shape and siZe. 

[0052] In the case of exposure apparatus 100, for example, 
if light beam B having a square cross-section is input into 
integrator 160 having a rectangular cross-section extending 
lengthWise along the Y-direction, the number of light source 
images formed along the X-direction becomes greater than 
the number of light source images formed along the Y-di 
rection. As a result, the resolution of projection optical 
system 54 no longer coincides in the orthogonal directions 
(directions corresponding to the X-axis and Y-axis) of the 
exposure ?eld. This creates the risk that the line Width of the 
pattern formed on Wafer 60 Will not be the same along 
orthogonal directions of the exposure ?eld. Accordingly, to 
make the number of light source images formed at surface 
60 along the X-direction and the number of light source 
images formed along the Y-direction be substantially the 
same, it is preferable to provide a cylindrical expander 16 
Which alloWs for the cross-section of integrator 160 and the 
cross-section of incident beam B incident surface 160a to be 
substantially similar in shape and siZe. 

[0053] In each of the exposure apparatus 10 and 100 
described above, satisfactory projection and exposure can be 
performed under stable and satisfactory exposure conditions 
Without the risk of damaging or breaking the integrator due 
to a high concentration of energy from a high-output light 
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source, and Without optical losses occurring at the integra 
tor’s incident surface. A Wafer (e.g., Wafer 60) that has 
undergone the exposure process (photolithography process) 
by exposure apparatus 10 (FIGS. 1A and 1B) or 100 (FIGS. 
4A and 4B) afterWard undergoes a photoresist development 
process, and then an etching process that removes undevel 
oped resist and etches the Wafer so as to pattern the Wafer, 
and then a resist removal process that removes the unneeded 
resist after the etching process. AfterWards, upon completion 
of Wafer processing, further processes are performed in the 
actual assembly of the semiconductor device, such as dicing 
the Wafer into its constituent printed circuits to create chips, 
bonding that assigns Wiring and the like to each chip, and 
packaging that packages each chip. 

[0054] The above explanation describes an example 
Wherein semiconductor devices are manufactured by a pho 
tolithography process and a Wafer process employing an 
exposure apparatus. HoWever, liquid crystal display devices, 
thin-?lm magnetic heads, and image detectors (e.g., CCDs 
and the like) can also be manufactured as semiconductor 
devices by a photolithography process that uses the exposure 
apparatus of the present invention. 

[0055] Thus, since exposure and patterning of a Wafer can 
be performed under stable and satisfactory exposure condi 
tions When manufacturing semiconductor devices and the 
like using the illumination optical apparatus of the present 
invention, satisfactory semiconductor devices and the like 
can be manufactured With high throughput. 

[0056] Each exposure apparatus of the present invention 
may include an illumination optical apparatus provided With 
a high-output light source other than an excimer laser light 
source. 

[0057] For example, it is also possible to use, as light 
source 14 in the present invention, a light source unit 
comprising a laser light source like an F2 laser that supplies 
light having a Wavelength of 157 nm. Alternatively, a 
combination of a laser light source that provides light of a 
predetermined Wavelength and a nonlinear optical element 
that converts the light from that laser light source to light of 
a short Wavelength of <200 nm may also be used. 

[0058] In addition, each exposure apparatus of the present 
invention, as discussed above, is provided With an illumi 
nation optical apparatus of the present invention. HoWever, 
the illumination optical apparatus can also be applied to a 
general illumination optical apparatus for uniformly illumi 
nating a surface to be irradiated other than a mask. 

[0059] In the illumination optical apparatus of the present 
invention, as explained above, the energy acting upon the 
incident surface of the integrator is signi?cantly reduced 
compared With the prior art. The illumination optical appa 
ratus of the present invention provides light to the integrator 
While avoiding an energy concentration occurring on the 
incident surface of the integrator suf?cient to damage or 
break the integrator. Accordingly, solariZation is satisfacto 
rily controlled and the formation of contaminants due to 
photochemical reactions is also reduced, Without the risk of 
the integrator breaking due to the use of a high-output light 
source. This differs signi?cantly from the prior art, Wherein 
the convergence point is formed on the incident surface of 
the integrator, creating an energy concentration sufficient to 
damage or break the integrator. 



US 2001/0017692 A1 

[0060] Accordingly, in an exposure apparatus of the 
present invention that incorporates the illumination optical 
apparatus according to the present invention, since there is 
no damage or breakage of the integrator even if a high 
output light source is used, satisfactory projection and 
exposure can be performed With high throughput under 
stable and satisfactory exposure conditions. In addition, the 
semiconductor device manufacturing method of the present 
invention includes a process that uses the illumination 
optical apparatus and exposure apparatus according to the 
present invention to pattern a photosensitive substrate. In 
this manner, satisfactory semiconductor devices and the like 
can be manufactured, since projection and exposure can be 
performed under stable and satisfactory exposure condi 
tions. 

[0061] While the present invention has been described in 
connection With preferred embodiments and Working 
Examples, it Will be understood that it is not so limited. On 
the contrary, it is intended to cover all alternatives, modi? 
cations and equivalents as may be included Within the spirit 
and scope of the invention as de?ned in the appended 
claims. 

What is claimed is: 
1. An illumination optical apparatus for illuminating an 

illumination surface, comprising, in order along an optical 
axis: 

a) a light source capable of providing a primary light 
beam having a cross-section; 

b) a condenser optical system to condense said primary 
light beam so as to form a convergence point adjacent 
said condenser optical system; 

c) a light-pipe optical integrator having a rectangular 
cross-sectional shape With a ?rst side of length dx, a 
second side of length dy, and a most light-source-Wise 
incident surface axially spaced from said convergence 
point by a spacing L, said integrator capable of forming 
a plurality of secondary light sources and correspond 
ing secondary light beams from said primary light 
beam; 

d) an imaging optical system to converge said primary and 
secondary light beams to illuminate the illumination 
surface; and 

e) Wherein the folloWing conditions are satis?ed: 

0.1 2L édx/(Zxtan (1x)0.1 2L édy/(Zxtan (1y), 

Wherein otx is an angle of said primary light beam incident 
said incident surface, as measured in a ?rst plane that 
includes the optical axis, and oty is an angle of said 
primary light beam incident said incident surface, as 
measured in a second plane orthogonal to said ?rst 
plane. 

2. An illumination optical apparatus according to claim 1, 
further including ?rst and second variable optical members, 
arranged betWeen said light source and said light pipe 
optical integrator, capable of shaping said primary light 
beam cross-section so as to make said light beam cross 
section and said light pipe optical integrator cross-sectional 
shape substantially similar. 

3. An illumination optical apparatus according to claim 2, 
Wherein said condenser optical system has a variable focal 
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length to alloW a change in said at least one of angles otx and 
oty While maintaining said convergence point at a ?xed 
position. 

4. An illumination optical apparatus according to claim 1, 
further including ?rst and second variable optical members 
capable of shaping said light beam cross-section. 

5. An illumination optical apparatus according to claim 4, 
Wherein said ?rst and second variable optical members are 
capable of being arranged so as to shape said light beam 
cross-section to form an annular light source. 

6. An illumination optical apparatus according to claim 4, 
Wherein said ?rst and second variable optical members are 
capable of being arranged so as to shape said light beam 
cross-section to form a plurality of light sources eccentric to 
the optical axis. 

7. An illumination optical apparatus according to claim 4, 
Wherein said ?rst variable optical member comprises, in 
order along the optical axis: 

a) a ?rst conical prism With a most light-source-Wise 
planar surface and an opposing conical concave surface 
symmetric With respect to the optical axis; 

b) a second conical prism With a most light-source-Wise 
conical convex surface symmetric With respect to the 
optical axis, and an opposing planar surface; and 

c) Wherein at least one of said ?rst conical prism and said 
second conical prism is designed so as to be moveable 
along the optical axis. 

8. An illumination optical apparatus according to claim 7, 
Wherein said second variable optical member comprises, in 
order along the optical axis: 

a) a ?rst pyramidal prism With a most light-source-Wise 
planar surface and an opposing pyramidal concave 
surface symmetric With respect to the optical axis; 

b) a second pyramidal prism With a most light-source 
Wise pyramidal convex surface symmetric With respect 
to the optical axis, and an opposing planar surface; and 

c) Wherein at least one of said ?rst pyramidal prism and 
said second pyramidal prism is designed so as to be 
moveable along the optical axis. 

9. An illumination optical apparatus, comprising in order 
along an optical axis: 

a) a light source capable of supplying a primary light 
beam having a ?rst cross-section; 

b) a condenser optical system capable of condensing said 
light beam; 

c) a light pipe optical integrator having a most light 
source-Wise incident surface With an incident surface 
shape, and capable of forming, from said primary light 
beam, a plurality of secondary light sources and asso 
ciated secondary light beams; 

d) an imaging optical system designed to converge said 
secondary light beams to illuminate the surface to be 
irradiated; and 

e) a light beam shaping apparatus designed to shape said 
light beam ?rst cross-section to form a second light 
beam cross-section having a shape substantially similar 
to said light pipe incident surface shape. 

10. An illumination optical apparatus according to claim 
9, Wherein said condenser optical system is capable of 
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forming a convergence point spaced apart from said light 
pipe incident surface by spacing L. 

11. An illumination optical apparatus according to claim 
10, Wherein said spacing L satis?ed the conditions: 

Wherein otx is an angle in said primary light beam incident 
said incident surface, as measured in a ?rst plane that 
includes the optical axis, and oty is an angle in said 
incident light beam incident said incident surface, as 
measured in a second plane orthogonal to said ?rst 
plane. 

12. An exposure apparatus for patterning a photosensitive 
substrate With pattern present on a mask, comprising in order 
along an optical axis: 

a) an illumination optical system as set forth in claim 1; 
and 

b) a projection optical system arranged adjacent the 
illumination surface, With the mask arranged at the 
illumination surface, so as to project the mask pattern 
onto the photosensitive substrate. 

13. An exposure apparatus for exposing a pattern present 
on a mask onto a photosensitive substrate, comprising in 
order along an optical axis: 

a) an illumination optical system as set forth in claim 9; 
and 

b) a projection optical system arranged adjacent the 
illumination surface, With the mask arranged at the 
illumination surface, so as to project the mask pattern 
onto the photosensitive substrate. 

14. A method of uniformly illuminating a surface With an 
illumination optical apparatus having a light pipe optical 
integrator With an integrator cross-section, an incident sur 
face and an exit surface, comprising the steps of: 

a) providing a primary light beam having a primary light 
beam cross-section; 

b) condensing said primary light beam and forming a 
convergence point at a position spaced apart from said 
incident surface; 

c) collecting light emanating from said convergence point 
at an angle 0t using said light pipe optical integrator; 

d) forming a plurality of secondary light sources and 
associated secondary light beams by multiply internally 
re?ecting said light Within said light pipe optical inte 
grator; and 
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e) converging said primary and secondary light beams 
emanating from said exit surface to uniformly illumi 
nate the illumination surface. 

15. A method according to claim 14, Wherein said con 
densing step b) further includes the step of varying said 
angle 0t While maintaining said convergence point at a ?xed 
position. 

16. A method according to claim 14, further including the 
step after said step a) but before said step b), of varying said 
primary light beam cross-section to be substantially similar 
in siZe and shape to said integrator cross-section. 

17. A method of patterning a photosensitive substrate by 
uniformly illuminating a mask having a pattern thereon With 
an exposure apparatus including a light pipe optical inte 
grator having an integrator cross-section, an incident surface 
and an exit surface, comprising the steps of: 

a) providing a primary light beam having a primary light 
beam cross-section; 

b) condensing said primary light beam and forming a 
convergence point at a position spaced apart from said 
incident surface; 

c) collecting light emanating from said convergence point 
at an angle 0t using said light pipe optical integrator; 

d) forming a plurality of secondary light sources and 
associated secondary light beams by multiply internally 
re?ecting said light Within said light pipe optical inte 
grator; 

e) converging said primary and secondary light beams 
emanating from said exit surface to uniformly illumi 
nate the mask; and 

f) projecting an image of the mask onto the photosensitive 
substrate so as to form a pattern thereon. 

18. A method according to claim 17, Wherein said con 
densing step b) further includes the step of varying said 
angle 0t While maintaining said convergence point at a ?xed 
position. 

19. A method according to claim 17, further including the 
step after said step a) but before said step b), of varying said 
primary light beam cross-section to be substantially similar 
in siZe and shape to said integrator cross-section. 


