
USO0RE38465E 

(19) United States 
(12) Reissued Patent 

Matsuzawa et al. 
(10) Patent Number: 
(45) Date of Reissued Patent: 

US RE38,465 E 
Mar. 16, 2004 

(54) EXPOSURE APPARATUS 

(75) Inventors: Hitoshi Matsuzawa, Tokyo (JP); 
Mikihiko Ishii, Saitama-ken (JP); Issey 
Tanaka, Yokohama (JP) 

(73) Assignee: Nikon Corporation, Tokyo (JP) 

(21) 
(22) 

Appl. No.: 09/772,848 

Filed: Jan. 31, 2001 

Related US. Patent Documents 
Reissue of: 
(64) Patent No.: 

Issued: 
Appl. No.: 
Filed: 

6,104,544 
Aug. 15, 2000 
08/885,694 
Jun. 30, 1997 

US. Applications: 
(63) Continuation of application No. 08/706,761, ?led on Sep. 3, 

1996, now abandoned, which is a continuation of application 
No. 08/384,081, ?led on Feb. 6, 1995, now abandoned. 

(30) Foreign Application Priority Data 

Dec. 14, 1994 (JP) ........................................... .. 6-311050 

(51) Int. Cl.7 ........................ .. G02B 3/00; G02B 21/02; 
G02B 15/14; G02B 9/62 

(52) US. Cl. ..................... .. 359/649; 359/656; 359/658; 
359/679; 359/757; 359/773 

(58) Field of Search ....................... .. 359/649, 656—658, 

359/679, 754757, 766, 369, 385, 391, 
428, 773; 355/67, 53 

(56) References Cited 

U.S. PATENT DOCUMENTS 

3,737,215 A 6/1973 De Jager .................. .. 359/760 

3,909,115 A 9/1975 Kano ......... .. 359/754 

3,955,883 A 5/1976 Sugiyama .. 359/752 
4,080,048 A 3/1978 Kimura .......... .. 359/750 

4,666,273 A 5/1987 ShimiZu et al. .... .. 353/101 
4,770,477 A 9/1988 Shafer ...................... .. 359/355 

(List continued on neXt page.) 

(FIRST Lu 

FOREIGN PATENT DOCUMENTS 

DE 34 43 856 A1 6/1985 
JP 47-35017 9/1972 
JP 55-12902 1/1980 
JP 58-4112 1/1983 

(List continued on neXt page.) 

OTHER PUBLICATIONS 

SPIE, vol. 811 Optical Microlithographic Technology for 
Integrated Circuit Fabrication and Inspection (1987), “Qual 
ity of Microlithographic Projection Lenses”, Joseph Braat, 
pp. 22—30. 
US. patent application Ser. No. 08/152,490, re?led as US. 
patent application Ser. No. 08/727,206, Which Was re?led as 
US. patent application Ser. No. 08/929,155; Apr. 23, 1999 
Which Was alloWed, but no issue date or patent number.* 
US. patent application Ser. No. 08/255,927, ?led Jun. 7, 
1994, Nakashima et al. US. Pat. No. 5,534,970, issue date 
Jul. 9, 1996* 

(List continued on neXt page.) 

Primary Examiner—Evelyn Lester 
(74) Attorney, Agent, or Firm—Oliff & Berridge PLC 

(57) ABSTRACT 

A projection optical system of the present invention has a 
?rst lens group G1 being positive, a second lens group G2 
being negative, a third lens group G3 being positive, a fourth 
lens group G4 being negative, a ?fth lens group G5 being 
positive, and a sixth lens group G6 being positive in the 
named order from the ?rst object toWard the second object, 
in Which the second lens group G2 comprises an interme 
diate lens group GZM betWeen a negative front lens LZF and 
a negative rear lens LZR and in Which the intermediate lens 
group GM is arranged to comprise at least a ?rst positive 
lens being positive, a second lens being negative, a third lens 
being negative, and a fourth lens being negative in the 
named order from the ?rst object toWard the second object. 
The present invention involves ?ndings of suitable focal 
length ranges for the ?rst to the sixth lens groups G1 to G6 
and an optimum range of an overall focal length of from the 
second negative lens to the fourth lens With respect to a focal 
length of the second lens group G2. 

190 Claims, 14 Drawing Sheets 

COLL] MATEO 

4 4 

my; 
mm 

LIGHTBEAMS 
3 L5l L53 L55 L57 LGI 

(SECOND 
OBJECT) 
' F 3%., 
J j) 



US RE38,465 E 
Page 2 

US. PATENT DOCUMENTS FOREIGN PATENT DOCUMENTS 

4,772,107 A 9/1988 Friedman .................. .. 359/754 JP 63118115 5/1988 

4,811,055 A 3/1989 Hirose .. 355/53 JP 4-157412 3/1992 
4,891,663 A 1/1990 Hirose . 343/786 JP 5-107469 4/1993 
4,977,426 A 12/1990 Hirose .. 355/53 JP 5-164962 6/1993 
5,097,291 A 3/1992 Suzuki 355/69 JP 5-173065 7/1993 
5,105,075 A 4/1992 Ohta et a1. .. 250/201.2 JP 6-313845 11/1994 
5,159,496 A 10/1992 Kataoka 359/754 JP 6-331941 12/1994 
5,170,207 A 12/1992 Tezuka et a1. 355/53 JP 6-349701 12/1994 
5,194,893 A 3/1993 Nishi ........................ .. 355/53 JP 7-140385 6/1995 
5,235,465 A 8/1993 Hayashi .................... .. 359/656 JP 179204 7/1996 
5,245,384 A 9/1993 Mori .... .. .. 355/67 SU 1659951 A1 6/1991 

5,247,324 A 9/1993 Estelle .... .. 359/679 W0 WO 93/04391 3/1993 
5,260,832 A 11/1993 Togino et a1. . 359/679 
5,493,402 A 2/1996 Hirukawa .. 356/400 OTHER PUBLICATIONS 

21232353 2 $332 321251111875. .... $112252’; Wm .schmder, “Bauelememe def Op?k’l 6*Ed- 1992 
5,636,000 A 6/1997 Ushida et a1. .............. .. 355/30 Mumch’ Vlenna, PP; 379> 393 
5,781,278 A 7/1998 Matsuzawa et a1. ...... .. 359/757 Erhard GlatZeL “Z@1SS—Inf°rm”> 26> 8—13 (1981) NO- 92 
5,805,344 A 9/1998 Sasaya e161. ............. .. 359/649 W- Emmerich, Ch- Hofrnann, “Jenaer Rundschau” Apr 
5,831,770 A 11/1998 Matsuzawa et a1. ...... .. 359/649 1986, pp. 193—196. 
5,835,285 A 11/1998 Matsuzawa et a1. ...... .. 359/649 Smith, Warren et 211,, “Modern Lens Design” ISBN 
5,856,884 A 1/1999 Mercado ......... .. 359/649 ()_()7_()59178_4 MCGraVWHiH, 1992, Chapter 3_3_ 
5,943,172 A 8/1999 Sasaya et a1. ............. .. 359/754 
RE37,846 E * 9/2002 MatsuZaWa et a1. ...... .. 359/649 * cited by examiner 





U.S. Patent Mar. 16, 2004 

Fig.2 
Sheet 2 0f 14 US RE38,465 E 

LIGHT SOURCE” 
flOZ 
WIS 

wPL 

w/WS 





U.S. Patent Mar. 16, 2004 Sheet 4 0f 14 US RE38,465 E 

3 N04 

val 

m 





U.S. Patent Mar. 16, 2004 Sheet 6 0f 14 US RE38,465 E 

>> mwJ 

no 

No 6 

23 

mo 

93m 

5 





U.S. Patent Mar. 16, 2004 Sheet 8 0f 14 US RE38,465 E 

3 

m0 00 v0 M0 N0 6 

ENG 

m4 

mal 

:4 



U.S. Patent Mar. 16, 2004 Sheet 9 0f 14 US RE38,465 E 

285%? 

E; 292656 zwizocg 30.51% 

<28 

6.0+ 6.? ~89 ~80- mood,r 

wood- III I 

T H L moo? F 

o; _ 
wood- -1 _. Tr \_ a 

_ a _ 

moo? .1 " 
Nm.O_u> " 

mood, ,? “ 
r \_ __ 

w _ “ 

moo? .[ k. W 

Q91, 1: 1 

T Q9; Q9; 8012 L 

/\ m a m l 

N00 .0. 





U.S. Patent Mar. 16, 2004 Sheet 11 0f 14 US RE38,465 E 

292x53 

3: ZQEOZQ 22220;? .zemwznm 

4200 

6.0+ 6.0- woo? mood- woo? wood 

NO0.0| J1 
r! _ _ l 

moo? -- _ 

on» H. 

wood- -- ? 

_ 

n L_ " 

806+ -r __ 
NW9; " 

mood- m 

T |_. k n 

_\ H _ _ 

806+ _ Q9.» 11 1 1| 

Q9; Q9; 393C 

_ _ . U . .._ 







U.S. Patent Mar. 16, 2004 Sheet 14 0f 14 US RE38,465 E 



US RE38,465 E 
1 

EXPOSURE APPARATUS 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

This is a continuation of application Ser. No. 08/706,761, 
?led Sep. 3, 1996, Which is a continuation application of 
application Ser. No. 08/384,081, ?led Feb. 6, 1995, both 
noW abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an exposure apparatus 
having a projection optical system for projecting a pattern of 
a ?rst object onto a photosensitive substrate or the like as a 
second object, and more particularly to a projection optical 
system suitably applicable to projection exposure of a pat 
tern for semiconductor or liquid crystal formed on a reticle 
(mask) as the ?rst object onto the substrate (semiconductor 
Wafer, plate, etc.) as the second object. 

2. Related Background Art 
As the patterns of integrated circuits become ?ner and 

?ner, the resolving poWer required for the exposure appa 
ratus used in printing of Wafer also becomes higher and 
higher. In addition to the improvement in resolving poWer, 
the projection optical systems of the exposure apparatus are 
required to decrease image stress. 

Here, the image stress includes those due to boWing or the 
like of the printed Wafer on the image side of projection 
optical system and those due to boWing or the like of the 
reticle With circuit pattern Written therein, on the object side 
of projection optical system, as Well as distortion caused by 
the projection optical system. 

With a recent further progress of ?neness tendency of 
transfer patterns, demands for decreasing the image stress 
are also becoming greater. 

In order to decrease effects of the Wafer boWing on the 
image stress, the conventional technology has employed the 
so-called image-side telecentric optical system that locates 
the exit pupil position at a farther point on the image side of 
projection optical system. 
On the other hand, the image stress due to the boWing of 

reticle can also be reduced by employing a so-called object 
side telecentric optical system that locates the entrance pupil 
position of projection optical system at a farther point from 
the object plane, and there are suggestions to locate the 
entrance pupil position of projection optical system at a 
relatively far position from the object plane as described. 
Examples of those suggestions are described for example in 
Japanese Laid-open Patent Applications No. 63-118115 and 
No. 5-173065 and US. Pat. No. 5,260,832. 

SUMMARY OF THE INVENTION 

An object of the invention is to provide an exposure 
apparatus having a high-performance projection optical sys 
tem Which can correct the aberrations, particularly the 
distortion, very Well even in the bitelecentric arrangement 
While keeping a relatively Wide exposure area and a large 
numerical aperture. 

To achieve the above object, the present invention 
involves an exposure apparatus having a high-performance 
projection optical system comprising a stage alloWing a 
photosensitive substrate (for example, a semiconductor 
Wafer coated With a photosensitive material such as a 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
photoresist) to be held on a main surface thereof, an illu 
mination optical system having a light source for emitting 
exposure light of a predetermined Wavelength and transfer 
ring a predetermined pattern on a mask onto the substrate, 
and a projecting optical system for projecting an image of 
the mask, on the substrate surface. The above projecting 
optical system projects an image of a ?rst object (for 
example, a mask With a pattern such as an integrated circuit) 
onto a second object (for example, a photosensitive 
substrate). 
As shoWn in FIG. 1, the projection optical system has a 

?rst lens group G1 With positive refracting poWer, a second 
lens group G2 With negative refracting poWer, a third lens 
group G3 With positive refracting poWer, a fourth lens group 
G4 With negative refracting poWer, a ?fth lens group G5 With 
positive refracting poWer, and a sixth lens group G6 With 
positive refracting poWer in the named order from the side 
of the ?rst object R. The and the second lens group G2 
further comprises a front lens LZF placed as closest to the 
?rst object R and having negative refracting poWer With a 
concave surface to the second object W, a rear lens LZR 
placed as closest to the second object and having negative 
refracting poWer With a concave surface to the ?rst object R, 
and an intermediate lens group GZM placed betWeen the front 
lens LZF in the second lens group G2 and the rear lens LZR 
in the second lens group G2. The intermediate lens group 
GZM has a ?rst lens LM1 With positive refracting poWer, a 
second lens LM2 With negative refracting poWer, a third lens 
LM3 With negative refracting poWer, and a fourth lens LM4 
With negative refracting poWer in the named order from the 
side of the ?rst object R. 

First, the ?rst lens group G1 With positive refracting 
poWer contributes mainly to a correction of distortion While 
maintaining telecentricity, and speci?cally, the ?rst lens 
group G1 is arranged to generate a positive distortion to 
correct in a good balance negative distortions caused by the 
plurality of lens groups located on the second object side 
after the ?rst lens group G1. The second lens group G2 With 
negative refracting poWer and the fourth lens group G4 With 
negative refracting poWer contribute mainly to a correction 
of PetZval sum to make the image plane ?at. The tWo lens 
groups of the second lens group G2 With negative refracting 
poWer and the third lens group G3 With positive refracting 
poWer form an inverse telescopic system to contribute to 
guarantee of back focus (a distance from an optical surface 
such as a lens surface closest to the second object W in the 
projection optical system to the second object W) in the 
projection optical system. The ?fth lens group G5 With 
positive refracting poWer and the sixth lens group G6 
similarly With positive refracting poWer contribute mainly to 
suppressing generation of distortion and suppressing gen 
eration particularly of spherical aberration as much as pos 
sible in order to fully support high NA structure on the 
second object side. 

Based on the above structure, the front lens LZF placed as 
closest to the ?rst object R in the second lens group G2 and 
having the negative refracting poWer With a concave surface 
to the second object W contributes to corrections of curva 
ture of ?eld and coma, and the rear lens LZR placed as closest 
to the second object W in the second lens group G2 and 
having the negative refracting poWer With a concave surface 
to the ?rst object R to corrections of curvature of ?eld, coma, 
and astigmatism. In the intermediate lens group GZM placed 
betWeen the front lens LZF and the rear lens LZR, the ?rst lens 
LM1 With positive refracting poWer contributes to a correc 
tion of negative distortions caused by the second to fourth 
lenses LM —LM4 With negative refracting poWer greatly 
contributing to the correction of curvature of ?eld. 
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In particular, in the above projecting optical system, the 
following conditions (1) to (5) are satis?ed when a focal 
length of the ?rst lens group G1 is f1, a focal length of the 
second lens group G2 is f2,a focal length of the third lens 
group G3 is f3, a focal length of the fourth lens group G4 is 
f4, a focal length of the ?fth lens group G2 is f5,a focal length 
of the siXth lens group G6 is f6,an overall focal length of the 
second to the fourth lenses LM2— M4 in the intermediate lens 
group GZM in the second lens group G2 is fn, and a distance 
from the ?rst object R to the second object W is L: 

0.1<£1/£3<17 (1) 

(2) 

(3) 

(4) 

(5) 

The condition (1) de?nes an optimum ratio between the 
focal length f1 of the ?rst lens group G1 with positive 
refracting power and the focal length f3 of the third lens 
group G3 with positive refracting power, which is an opti 
mum refracting power (power) balance between the ?rst lens 
group G1 and the third lens group G3. This condition (1) is 
mainly for correcting the distortion in a good balance. Below 
the lower limit of this condition (1) a large negative distor 
tion is produced because the refracting power of the third 
lens group G3 becomes relatively weak to the refracting 
power of the ?rst lens group G1. Above the upper limit of the 
condition (1) a large negative distortion is produced because 
the refracting power of the ?rst lens group G1 becomes 
relatively weak to the refracting power of the third lens 
group G3. 

The condition (2) de?nes an optimum ratio between the 
focal length f2 of the second lens group G2 with negative 
refracting power and the focal length f3 of the fourth lens 
group G1 with negative refracting power, which is an 
optimum refracting power (power) balance between the 
second lens group G2 and the fourth lens group G4. This 
condition (2) is mainly for keeping the PetZval sum small so 
as to correct the curvature of ?eld well while securing a wide 
eXposure ?eld. Below the lower limit of the condition (2), a 
large positive PetZval sum appears because the refracting 
power of the fourth lens group G4 becomes relatively weak 
to the refracting power of the second lens group G4. Above 
the upper limit of the condition (2) a large positive PetZval 
sum appears because the refracting power of the second lens 
group G2 becomes relatively weak to the refracting power of 
the fourth lens group G4. In order to correct the PetZval sum 
in a better balance under a wide eXposure ?eld by making 
the refracting power of the fourth lens group G4 strong 
relative to the refracting power of the second lens group 
G2the lower limit of the above condition (2) is preferably set 
to 0.8, i.e., 0.8<f2/f4. 

The condition (3) de?nes an optimum ratio between the 
focal length f5 of the ?fth lens group G5 with positive 
refracting power and the distance (object-image distance) L 
from the ?rst object R (reticle or the like) and the second 
object W (wafer or the like). This condition (3) is for 
correcting the spherical aberration, distortion, and PetZval 
sum in a good balance while keeping a large numerical 
aperture. Below the lower limit of this condition (3) the 
refracting power of the ?fth lens group G5 is too strong, so 
that this ?fth lens group G3 generates not only a negative 
distortion but also a great negative spherical aberration. 
Above the upper limit of this condition (3) the refracting 
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4 
power of the ?fth lens group G5 is too weak, so that the 
refracting power of the fourth lens group G4 with negative 
refracting power inevitably also becomes weak therewith, 
thereby resulting in failing to correct the PetZval sum well. 
The condition (4) de?nes an optimum ratio between the 
focal length f6 of the siXth lens group G6 with positive 
refracting power and the distance (object-image distance) L 
from the ?rst object R (reticle etc.) to the second object W 
(wafer or the like). This condition (4) is for suppressing 
generation of higher-order spherical aberrations and nega 
tive distortion while keeping a large numerical aperture. 
Below the lower limit of this condition (4) the siXth lens 
group G6 itself produces a large negative distortion; above 
the upper limit of this condition (4) higher-order spherical 
aberrations appear. 
The condition (5) de?nes an optimum ratio between the 

overall focal length fn of the second lens LM2 with negative 
refracting power to the fourth lens LM4 with negative 
refracting power in the intermediate lens group GZM in the 
second lens group G2 and the focal length f2 of the second 
lens group G2. It should be noted that the overall focal length 
fn, stated herein, of the second lens LM2 with negative 
refracting power to the fourth lens LM4 with negative 
refracting power in the intermediate lens group GZM in the 
second lens group G2 means not only an overall focal length 
of three lenses, i.e., the second lens LM2 to the fourth lens 
LM4, but also an overall focal length of three or more lenses 
between the second lens LM2 and the fourth lens LM4 where 
there are a plurality of lenses between the second lens and 
the fourth lens. 

This condition (5) is for keeping the PetZval sum small 
while suppressing generation of distortion. Below the lower 
limit of this condition (5), a great negative distortion appears 
because the overall refracting power becomes too strong, of 
the negative sublens group including at least three negative 
lenses of from the second negative lens LM2 to the fourth 
negative lens LM4 in the intermediate lens group GZM in the 
second lens group G2. In order to suf?ciently correct the 
distortion and coma, the lower limit of the above condition 
(5) is preferably set to 0.1, i.e., 0.1<fn/f2. 
Above the upper limit of this condition (5) a great positive 

PetZval sum results because the refracting power of the 
negative sublens group including at least three negative 
lenses of from the second negative lens LM2 to the fourth 
negative lens LM4 in the intermediate lens group GZM in the 
second lens group G2 becomes too weak. In addition, the 
refracting power of the third lens group G3 also becomes 
weak. Thus, it becomes dif?cult to construct the projection 
optical system in a compact arrangement. In older to achieve 
a suf?ciently compact design while well correcting the 
PetZval sum, the upper limit of the above condition (5) is 
preferably set to 1.3, i.e., fn/f2<1.3. 

Further, the following condition (6) is preferably satis?ed 
when the aXial distance from the ?rst object R to the 
?rst-object-side focal point F of the entire projection optical 
system is I and the distance from the ?rst object R to the 
second object W is L. 

The condition (6) de?nes an optimum ratio between the 
aXial distance I from the ?rst object R to the ?rst-object-side 
focal point F of the entire projection optical system and the 
distance (object-image distance) L from the ?rst object R 
(reticle or the like) to the second object W (wafer or the like). 
Here, the ?rst-object-side focal point F of the entire projec 
tion optical system means an intersecting point of outgoing 
light from the projection optical system with the optical aXis 



US RE38,465 E 
5 

after collirnated light beams are let to enter the projection 
optical system on the second object side in the paraXial 
region With respect to the optical axis of the projection 
optical system and When the light beams in the paraXial 
region are outgoing from the projection optical system. 
BeloW the lower limit of this condition (6) the ?rst-object 

side telecentricity of the projection optical system will 
become considerably destroyed, so that changes of rnagni 
?cation and distortion due to an aXial deviation of the ?rst 
object R will become large. As a result, it becomes dif?cult 
to faithfully project an image of the ?rst object R at a desired 
rnagni?cation onto the second object W. In order to fully 
suppress the changes of rnagni?cation and distortion due to 
the aXial deviation of the ?rst object R, the lower limit of the 
above condition (6) is preferably set to 1.7, i.e., 1.7<I/L. 
Further, in order to correct a spherical aberration and a 
distortion of the pupil both in a good balance While main 
taining the compact design of the projection optical system, 
the upper limit of the above condition (6) is preferably set to 
6.8, i.e., I/L<6.8. 

Also, it is more preferable that the folloWing condition (7) 
be satis?ed When the focal length of the third lens L., With 
negative refracting poWer in the intermediate lens group 
GZM in the second lens group G2 is f23 and the focal length 
of the fourth lens LM4 With negative refracting poWer in the 
intermediate lens group GZM in the second lens group G2 is 
£24. 

BeloW the lower limit of the condition (7) the refracting 
poWer of the fourth negative lens LM4 becornes strong 
relative to the refracting poWer of the third negative lens LM3 
so that the fourth negative lens LM4 generates a large coma 
and a large negative distortion. In order to correct the corna 
better While correcting the negative distortion, the lower 
limit of the above condition (7) is preferably set to 0.14, i.e., 
0.14<f24f23. Above the upper limit of this condition (7) the 
refracting poWer of the third negative lens LM3 becornes 
relatively strong relative to the refracting poWer of the fourth 
negative lens LM4, so that the third negative lens LM3 
generates a large coma and a large negative distortion. In 
order to correct the negative distortion better While correct 
ing the corna, the upper limit of the above condition (7) is 
preferably set to 3.5, i.e., f24/f23<3.5. 

Further, it is more preferable that the folloWing condition 
(8) be satis?ed When the focal length of the second lens LM2 
With negative refracting poWer in the intermediate lens 
group GZM in the second lens group G2 is f22 and the focal 
length of the third lens LM3 With negative refracting poWer 
in the intermediate lens group GZM in the second lens group 
G2 is f23. 

BeloW the lower limit of the condition (8) the refracting 
poWer of the second negative lens LM2 becornes strong 
relative to the refracting poWer of the third negative lens 
LM3, so that the second negative lens LM2 generates a large 
coma and a large negative distortion. In order to correct the 
negative distortion in a better balance, the lower limit of the 
above condition (8) is preferably set to 0.2, i.e., 0.24<f22/f23. 
Above the upper limit of this condition (8) the refracting 
poWer of the third negative lens LM3 becornes strong relative 
to the refracting poWer of the second negative lens LM2, so 
that the third negative lens LM3 generates a large coma and 
a large negative distortion. In order to correct the negative 
distortion in a better balance While Well correcting the corna, 
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6 
the upper limit of the above condition (8) is preferably set to 
5, i.e., f22/f23<5. 

Also, it is more desirable that the folloWing condition (9) 
be satis?ed When the aXial distance from the second-object 
side lens surface of the fourth lens LM4 With negative 
refracting poWer in the intermediate lens group GZM in the 
second lens group G2 to the ?rst-object-side lens surface of 
the rear lens LZR in the second lens group G2 is D and the 
distance from the ?rst object R to the second object W is L: 

BeloW the lower limit of the condition (9) it becomes 
dif?cult not only to secure a suf?cient back focus on the 
second object side but also to correct the PetZval surn Well. 
Above the upper limit of the condition (9) a large coma and 
a large negative distortion appear. Further, for example, in 
order to avoid rnechanical interference betWeen a reticle 
stage for holding the reticle as the ?rst object R and the ?rst 
lens group G1, there are cases that it is preferable to secure 
a suf?cient space betWeen the ?rst object R and the ?rst lens 
group G1, but there is a problem that to secure the suf?cient 
space will become dif?cult above the upper limit of the 
condition 

Also, the fourth lens group G4 preferably satis?es the 
folloWing condition When the focal length of the fourth lens 
group G4 is f4 and the distance from the ?rst object R to the 
second object W is L. 

BeloW the lower limit of the condition (10) the correction 
of spherical aberration becornes dif?cult, Which is not pref 
erable. Also, above the upper limit of the condition (10), the 
corna appears, Which is not preferable. In order to Well 
correct the spherical aberration and PetZval sum, the lower 
limit of the condition (10) is preferably set to —0.078, i.e., 
—0.078<f4/L, and further, in order to suppress generation of 
coma, the upper limit of the condition (10) is preferably set 
to —0.047, i.e., f4/L<—0.047. 

Further, the second lens group G2 preferably satis?es the 
folloWing condition When the focal length of the second lens 
group G2 is f2 and the distance from the ?rst object R to the 
second object W is L. 

Here; beloW the lower limit of the condition (11), a 
positive PetZval surn results, Which is not preferable. Also, 
above the upper limit of the condition (11), a negative 
distortion appears, Which is not preferable. In order to better 
correct the PetZval sum, the lower limit of the condition (11) 
is preferably set to —0.16, i.e., —0.16<f2/L, and in order to 
better correct the negative distortion and corna, the upper 
limit of the condition (11) is preferably set to —0.0710, i.e., 
f2/L<—0.0710. 

In order to Well correct mainly the third-order spherical 
aberration, it is more desirable that the ?fth lens group G5 
With positive refracting poWer have the negative rneniscus 
lens L54, and the positive lens L54 placed adjacent to the 
concave surface of the negative rneniscus lens L54 and 
having a conveX surface opposed to the concave surface of 
the negative rneniscus lens L54 and that the folloWing 
condition (12) be satis?ed When the radius of curvature of 
the concave surface in the negative rneniscus lens L54 in the 
?fth lens group G3 is rs” and the radius of curvature of the 
conveX surface opposed to the concave surface of the 
negative rneniscus lens L54 in the positive lens L53 set 
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adjacent to the concave surface of the negative meniscus 
lens L54 in the ?fth lens group G5 is rsp. 

O<(r5p_r5n)/(r5p+r5n)<1 (12) 

Below the loWer limit of the condition (12), correction of 
the third-order spherical aberration becomes insuf?cient; 
conversely, above the upper limit of the condition (12), the 
correction of the third-order spherical aberration becomes 
excessive, Which is not preferable. Here, in order to correct 
the third-order spherical aberration better, the loWer limit of 
the condition (12) is more preferably set to 0.01, i.e., 
0.01<(r5p—r5n)/(r5p+r5n) and the upper limit of the condition 
(12) is more preferably set to 0.7, i.e., (r5p—r5n)/(r5P+r5n) 
<0.7. 

Here, it is preferred that the negative meniscus lens and 
the positive lens adjacent to the concave surface of the 
negative meniscus lens be set betWeen the at least one 
positive lens in the ?fth lens group G5 and the at least one 
positive lens in the ?fth lens group G5. For eXample, a set of 
the negative meniscus lens L54 and the positive lens L53 is 
placed betWeen the positive lenses L52 and L55. This 
arrangement can suppress generation of the higher-order 
spherical aberrations Which tend to appear With an increase 
in NA. 

Also, it is more desirable that the fourth lens group G4 
With negative refracting poWer have the front lens L41 
placed as closest to the ?rst object R and having the negative 
refracting poWer With a concave surface to the second object 
W, the rear lens L44 placed as closest to the second object W 
and having the negative refracting poWer With a concave 
surface to the ?rst object R, and at least one negative lens 
placed betWeen the front lens L41 in the fourth lens group G 4 
and the rear lens L41 in the fourth lens group G4 and that the 
folloWing condition (13) be satis?ed When a radius of 
curvature on the ?rst object side in the rear lens L44 placed 
as closest to the second object W in the fourth lens group G4 
is r4F and a radius of curvature on the second object side in 
the rear lens L44 placed as closest to the second object W in 
the fourth lens group G4 is r4R. 

(13) 

BeloW the loWer limit of the condition (13), the rear 
negative lens L44 located closest to the second object W in 
the fourth lens group G4 becomes of a double-concave 
shape, Which generates higher-order spherical aberrations; 
conversely, above the upper limit of the condition (13), the 
rear negative lens L44 located closest to the second object W 
in the fourth lens group G4 Will have positive refracting 
poWer, Which Will make the correction of PetZval sum more 
dif?cult. 

Further, it is desirable that the ?fth lens group G5 have the 
negative lens L58 With a concave surface to the second object 
W, on the most second object side thereof. This enables the 
negative lens L58 located closest to the second object W in 
the ?fth lens group G5 to generate a positive distortion and 
a negative PetZval sum, Which can cancel a negative distor 
tion and a positive PetZval sum generated by the positive 
lenses in the ?fth lens group G5. 

In this case, in order to suppress the negative distortion 
Without generating the higher-order spherical aberrations in 
the lens L61 located closest to the ?rst object R in the siXth 
lens group G6, it is desirable that the lens surface closest to 
the ?rst object R have a shape With a conveX surface to the 
?rst object R and that the folloWing condition be satis?ed 
When a radius of curvature on the second object side, of the 
negative lens L58 placed as closest to the second object W 

15 

25 

35 

45 

55 

65 

8 
in the ?fth lens group G5 is r5R and a radius of curvature on 
the ?rst object side, of the lens L61 placed as closest to the 
?rst object R in the siXth lens group G6 is r?F. 

This condition (14) de?nes an optimum shape of a gas 
lens formed betWeen the ?fth lens group G5 and the siXth 
lens group G6 BeloW the loWer limit of this condition (14) 
a curvature of the second-object-side concave surface of the 
negative lens L58 located closest to the second object W in 
the ?fth lens group G5 becomes too strong, thereby gener 
ating higher-order comas. Above the upper limit of this 
condition (14) refracting poWer of the gas lens itself formed 
betWeen the ?fth lens group G5 and the siXth lens group G6 
becomes Weak, so that a quantity of the positive distortion 
generated by this gas lens becomes small, Which makes it 
dif?cult to Well correct a negative distortion generated by the 
positive lenses in the ?fth lens group G5. In order to fully 
suppress the generation of higher-order comas, the loWer 
limit of the above condition (14) is preferably set to —0.30, 
i.e., —0.30<(r5R—r6F)/(r5R+r6F). 

Also, it is further preferable that the folloWing condition 
be satis?ed When a lens group separation betWeen the ?fth 
lens group G5 and the siXth lens group G6 is d56 and the 
distance from the ?rst object R to the second object W is L. 

Above the upper limit of this condition (15), the lens 
group separation betWeen the ?fth lens group G5 and the 
siXth lens group G6 becomes too large, so that a quantity of 
the positive distortion generated becomes small. As a result, 
it becomes dif?cult to correct the negative distortion gener 
ated by the positive lens in the ?fth lens group G5 in a good 
balance. 

Also, it is more preferable that the folloWing condition be 
satis?ed When a radius of curvature of the lens surface 
closest m the ?rst object R in the siXth lens group G6 is r6F 
and an aXial distance from the lens surface closest to the ?rst 
object R in the siXth lens group G6 to the second object W 
is d6. 

BeloW the loWer limit of this condition (16), the positive 
refracting poWer of the lens surface closest to the ?rst object 
R in the siXth lens group G6 becomes too strong, so that a 
large negative distortion and a large coma are generated. 
Above the upper limit of this condition (16), the positive 
refracting poWer of the lens surface closest to the ?rst object 
R in the siXth lens group G61 becomes too Weak, thus 
generating a large coma. In order to further suppress the 
generation of coma, the loWer limit of the condition (16) is 
preferably set to 0.84, i.e., 0.84<d6/r6F. 

It is desirable that the folloWing condition (17) be satis?ed 
When the radius of curvature on the ?rst object side in the 
negative lens L58 located closest to the second object W in 
the ?fth lens group G5 is r5F and the radius of curvature on 
the second object side in the negative lens L58 located 
closest to the second object W in the ?fth lens group G5 is 
ISR. 

BeloW the loWer limit of this condition (17), it becomes 
dif?cult to correct both the PetZval sum and the coma; above 
the upper limit of this condition (17), large higher-order 
comas appear, Which is not preferable. In order to further 




















































