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Pupil Imaging of Projection Lens for Semiconductor Exposure Equipment:

Theory and Design
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As the semiconductor industry’s historic productivity curve places the higher and higher demands
on exposure tools to fabricate fine device patterns, variable stop in projection lens is essential for
getting high resolution to achieve such critical dimension features. Now it is about time to
reconsider the required pupil imaging conditions that has been developed based on the theoretical
viewpoint. We found that some required conditions proposed in the previous publications don’t
have to be so stringent. We re-investigated some aspects of the conditions and derived a revised
set of necessary conditions for the projection lens. We also report our redesigned projection lens
system based upon our derived conditions. We concluded that the telecentricity and distortion of

pupil imaging are not necessarily required.
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Fig.1 The condition to be telecentric in the paraxial region.

A ’
u(+) v
X
0 c \x// o
Reticle (Object) 1 | 2 Wafer (Image)
Front Group Stop Rear Group

Fig.2 Spherical aberration does not exist and the sine
condition is satisfied for object imaging.
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Fig. 3 The condition that the numerical aperture is con-
stant with respect to the image height.
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Fig. 4 The aplanatic condition for the off-axial object
point when the stop is in front of lens.
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Fig.5 The numerical aperture of the front group at the

stop coincides with that of the rear group.
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Fig. 6 Spherical aberration does not exist and the sine
condition is satisfied both for pupil imaging of front group
and that of rear group.
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Fig. 7 The 3rd order object and pupil aberrations both for
rear and front groups.
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Table1 Lens data of example-1.

Surface No Surface Distance Index
curvature between surfaces

Object (reticle) infinite 54.2627833 1

1 186.614482 28.7905815 1.508376

2 —293.349204 5.7297323 1

3 —226.449030 20.4597920 1.508376

4 267.508809  103.7453937 1

5 286.831696 17.6955293 1.508376

6 —462.450940  132.3559853 1

7 125.061911 16.4819857 1.508376

8 96.272538 20.3828684 1

9 —103.412998 21.4993702 1.508376

10 147.746617 8.9022781 1

11 182.777428 27.1707617 1.508376

12 —196.820948 34.6894234 1

13 1805.733137 15.0000000 1.508376

14 352.445328 32.6034506 1

15 —141.482329 15.9823141 1.508376

16 —610.880304 24.1653959 1

17 —160.778920 31.9494648 1.508376

18 —165.095776 6.0729948 1

19 —1913.857695 23.7255397 1.508376

20 —323.260805 8.1271151 1

21 1098.787963 37.0554808 1.508376

22 —282.652428 0.1000000 1

23 384.365734 26.4501090 1.508376

24 (aspherical) —2858.935868 10.0000000 1

Stop infinite 51.7198163 1

25 —1192.313769 15.0000000 1.508376

26 254.533254 55.8318605 1

27 —141.432701 15.0000000 1.508376

28 1551.896622 4.0381970 1

29 20017.960279 51.5508959 1.508376

30 —196.299265 0.1000000 1

31 882.373802 43.2758686 1.508376

32 —393.814828 0.1000000 1

33 344.795353 42.4906636 1.508376

34 —1352.180356 0.1000000 1

35 195.810407 34.9549300 1.508376

36 447.088389 1.4372042 1

37 141.803312 65.0000000 1.508376

38 83.229258 49.6939652 1

39 296.337537 65.0000000 1.508376

40 868.413129 31.3080394 1

Paraxial image (wafer) infinite 0.0002125 1

Best focus infinite 1
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Fig.8 Designed example-1.

Longitudinal
Spherical Aberration

Astigmatism and
Field Curvature

Distortion

Image Height

Image Height
N»A“(?.S 7.5mm 7.5mm- o

L0 00 4 000

T 1 T 1
0.001mm 0.001mm

Fig.9 Lateral aberrations and distortion for the example-1.
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example-1.

0, FEBRMEIREE A=0.650187E-08, B=—0.855195E-13,
C=—0.706073E-18 TH 5. Fig. 8 xBW TV F 7 pb
WY ETHREY > XA THY, ZORSIF 723.4mm TH

99 (35)

0.001%



Entrance ,& Entrance (&
Angle 7.2° Angle 30°

; SD>038 & SD>0.98
Entrance Entrance
Angle 5° @ Angle 21° .
On axis @ On axis .

8 Um 8uUm
Front Group Rear Group

Fig. 11 Spot-diaphragms of the pupil imaging at the stop
for rear group and front group of example-1.
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Fig. 12 Distortion of the pupil imaging at the stop for rear
group and front group of example-1. It is normalized by the
f sin u.
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Table 2 3rd order aberration coefficients for the example-1.

3rd order aberration coefficient

1 2 3 4 (=2+3) 5 6
Object imaging  Object imaging of Object imaging of Object imaging of
NA=05, p=—1/4, Object imaging  of front group rear group (far front group front group
1=248.3 nm (B=—0.25 (reticle — far image — wafer (infinite entrance (infinite exit
Image heigh (wafer) £7.5mm  NA=0.125) image B=—0.77827 £=0.321225 pupil — stop pupil — stop
NA=0.125) NA=0.16) =800 mm) =200 mm)
I (spherical aberration) —0.00095 —1.548171 —0.506085 0.00095 —0.019664 —0.000734
II (coma aberration) 0.00060 —1.319292 0.428822 0.00060 0.000274 —0.000903
2HIFIV (meridional image 0.00018 0.211821 0.068578 —0.00018 0.000304 —0.00116
curvature)
IV (Sagittal image —0.000555 0.071485 0.022524 0.000555  —0.006602 —0.006261
curvature)
V (distortion) —0.000007 0.016457 —0.005293 —0.000007 2.438893 —14.40068
Airy disac radius 0.000303 0.00118 0.000303 0.000303 0.00403 0.00403
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DEMEBRITZhZhr D KE RBIMNEREE b O
W, CTNEHFEOREL ftanu TL>TH DD TH
5, fesinuBEEDT 4 A b=y aiFFig. 1212RLIzE
BHTh3.

3.2.2 BEDY A4 7 L DK

BT — s Dk s, KtFFAORAT v 8—#EL
X (NA=0.65, ##& 78mm, —1/5f%, HAKNADG6
BETROAE RS D)Y BROKGHIL LKL, 2
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A lens written in a patent

Our Design (Example-1)

Fig 13 Comparison between the lens type of a patent and
that of our designed example-1.

NENONEKHE %R U A7 — T, Fig 13 FEBICEZFT
— % %, TRICEE > OFEH G&EtHHl 1) 29, Fig. 13
DEFFOV Y R F—R L Tbhb» s X512, VAHE»SE 1
Tl & COEBFEMELAA O ZGRRERIZIZ E ALV Y X THEI

FED 2 2 MR SALE & BT SAIE IR D 2T
WRWe S, STEINIC T VY b Y w2 BRIEE I 5 T
BV, ZDW, MOVETAT A7 F v 2IE>TED
7, NAZ/NMNS K2 L, EEAHLE BEEELTONA
W—EL L %5, B2 ENOREOEKRIGEIZK
WS, 2R ELTHENES Lo LTwd, HEFFC
BOWT, SHOEMAERLEEY T IIA—Fy—Th
W, WEREO BHE XS, s x4 L OB
FAEHRINE R KR T E 2 L 31UE, BRIRFiEEwz 5.

K2k, ZOBITIE f=78.4mm Th 5.
ZONFZBOHIEIE YA FADRYy VY N—VHIZ D B,

101 (37)



Z DMEIFHI—0.006 TH 5., HEOMHEAFERTIELY Y
N VIS T T AT 508, T DNFERDOHITIIAE L Hl
IERF 72> Tw b, FEREIEHLEDR L T 2 OXFER DR
BOEEGRE » 5 L, BELY > D > TRINMIcE
B U 7R nEigE s s, ZOFITIE, B0~y YV N—
WHIDSHTEEDME & KOS CIERIZFRICE E 2> THB Y, i
BTy Y N— VIR vyt — b LT GROG
HEBH ZHEL T» 3,

LT, EES OKFHIL A=800 mm, £=200
mm CTh b, 2ETHRR: LD, BENL X T v -
LA TIHTMERZ S FLTR RSBV S A E LD
OISR SR E L <, MO RMIE S & BEEORTEIE S
BV E ECH B, S0, IXRTOBRETNAZ—F
2T B e O IRIEE 230 TSRS AT I~ F v 7T
HDEVIEFENDHY, WL b2y Y N—)VHL 012
HNEIZLTH S, Fig 130MBTH->ThH2 L2
EH S OFGF ORI R L 25T, MYBEKLOML > X &
Z ke < MEAEREEL > XDy VN VFFIFIZ K &
FHEL, ERVF IS Y 2 —F TOVRFEGROER
I ZEOMIEIC b AEFICE TV,

3.3 ERAMLEEL X0

BV R DEESBREH 2 158, $STFHlooL
oS, B AT voN—FE L v X &2 E NA TREL
X2 eI niE, BEICBWTY 2 —H 5 DK S 2 AS
FADOVITHEEL VT ETAF 7/~ F v 7 RT3 L0
S WEENRETOHE 2 A BT B, By 7 AMEIO K
= S OHIF, BRI 2BSEL S OREEZ 5 L, KD IX
HEOVRKELWFTERY, 7aN—HLETOGRE2—EIC
b, EFHGORYETORBEZ—E L THhIE, NABK
V& X RBRFOELERE L 2IEE IS LT
E% 6, BHEBOF FooN—3b ZnicfEs T/
5, Tbb, KEAPOKORILDRAT 7~F v 7 xtk
BOCERRLETH S, 2D LB EED 25 2 ThE
Erixolkled, BEFICHT 2 NADELET VY b
Dy 7 HOTEEEMA LMEL WVEETFEL, BEEHRAD
BEERIEL T 5 L T ki D T,

R DR T3 150 nm OEFE IOV THZ TH
5. ATy NN=F v an—HxEH» LT (AF v F—Tik
VIS VEOERELTENT D) VI I VvDRy— %k
RRM/NEE T BB TH 200, UBESDEPEEICK
5. MEGOEREEE, BERERO 1050108 ET 3
Elbnmm ERD, T74—hHAWZELDTVvEYNY v
DIFNPOFET LT A AN—YarE2ZD105D1D
15nmm#FENns &L, AF (auto focus) DOFEE 2RIz 50
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nm &9 5L, BREFBCHELZT VLY N) vy 7Y
= A—MEET1.5nm/50 nm T 30mrad &7 %, #EEE
RIZEDFEONZLELRT VY M) v 7R, E612%
DIHFDOIBEEEZONS, TV MY v 7 EZ2HEH
OB E LTH 2 &2, EfIoHL TEROE (=
RDE) BRET, BROBEF1HEETH S, KXDHE
WIHREAR OBINZ CTHIIETE 2 DT, V= \—MH_ET 30
mrad BESEHFRICE RIS WL T vy M) v 7 EE R
5.

NI UYRY —DERERDIESDEEDHLT D
W0E, SRR B IBERRRIE O 109 E Wb Tw 3, FRiE
2EALZ R L OBERVDH D, FERICIF 1% BE O/
ERENTFINLTHS S, BEV VAFAOBDILS D E
BELZOVEDTHY, HHAZOHOBD—ED & &,

WLy ADOROM NA DL LTz & & DRIEDZ L%
FZCHD, VF7IVEETORAOHOLEREEZL > X
OO TE > 7% o & L5325, REOBE O —
EThHbENIZEE, oXNADB—EENWI I ETHD.,
Tz, oXNAW—FEDZFEMHTNA & CD (critical
dimension DM CTHIEZ Db D 2 EHW T %) OEKR %
PROLITH™ (GEV V7 J 7 4 —D5BFTHELONTW 2K
FhRERMERETH Ok 7w 77 &) TRHEL, Yuvy L
72 ONFig. 14 TH %, 150nm @ L/S %% — > D ZZ[E]
Ga# 2, WE 2483 nm, NA=0.75, ¢=0.8 T® 150 nm
MiRE5 2z 2ErEtEr L, NAPELL: & & DOMIE
ERDIZSDTHS., D77 7056, HIERE 1% 2®
DIWIE NA DL 1% BETRINIT R 53w e
bhs, 22T, Fig b amd L5, MY DEREY &
U CHEGE dy 25,

dy<0.01y (31)

Lid ko cEEt DT,

170

CD of L/S pattern for binary mask
0xXNA=0.6, A =248.3nm

165

Wl N
N

145 \

06 0.65 07 0.75 08 0.85 0.9
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Fig. 14 The relation between NA and CD (critical dimen-

sion) for the L/S pattern when ¢ X NA is constant.
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Table 3 Lens data of example-2.

dh Surface No Surface Distance Index
Curvature between surfaces

h Object (reticle) infinite 89.121780 1

1 193.217628 38.352332  1.508376

2 —436.026065 0.929881 1

3 2188.354400 29.319234  1.508376

e Obiect Waer (Image) 4 —385.010958 3.846904 1

Reticle (Object Stop 5 —229332894  23.804811  1.508376

fl e 6 173.068777 15.651820 1

Fig. 15 d# is the pupil lateral aberration at the stop. 7 —805.317148 15.629667 1.508376

8 248.747348 39.716184 1

9 —101.678228 17.240618  1.508376

Ao 10 —132.313700 64.069690 1

: 11 —1177.936323 33.468672  1.508376

A =248.3nm 12 —259.555392 0.100000 1

1/4 (Reduction Ratio) 13 496.935578 43.260124  1.508376

Image Height +26.5mm Stop 14 —410.579683 1.307576 1

15 604.609902 28.008795  1.508376

- 16 —1077.529858 9.496272 1

g 17 298.758430 29.829945  1.508376

) , 18 1065.603918 71.918655 1

Reticle (Object) 19 233.723638 15516512 1.508376

f1=540mm f2=160mm 20 123.946476 28.070320 1

‘ ST83mm T T— 21 —169.530837 15.000000  1.508376

o 22 185.362909 8.255215 1

— 23 1046.232659 15.000000  1.508376

Fig. 16 Designed example-2. 24 231.123299 34.931531 1

25 —98.833369 16.473788  1.508376

26 1963.304694 11.442677 1

Longitudinal Astigmatism and Distortion 27 —1516.318240 44.805421  1.508376

Spherical Aberration Field Curvature 28 —175.119154 0.625647 1

_ . 29 —1788.039294 39.275231  1.508376

NA 06 Thege Helght g Heieht 30 —240.645058 1.397826 1

i 31 355.093960 39.886955  1.508376

32 —1755.026488 3.209440 1

/» 33 305.436963 38.113322  1.508376

34 —2233.026704 0.126737 1

Lo 35 297.422040 22.465726  1.508376

36 571.618085 21.219060 1

0.00 oo Stop infinite 2.383738 1

38 450.660718 15.115247  1.508376

— — — — — — 39 165.173021 44.458503 1

0.001mm 0.001mm 0.001% 40 —245.622921 24293134  1.508376

Fig. 17 Lateral aberrations and distortion for the example-2. 41 207.192979 15.470071 1

42 610.983111 26.624438  1.508376

43 —478.766209 0.491967 1

44 289.535990 39.582325  1.508376

FROTFVvEY MYy 7 BINERE L, e 1 45 —478.977371 0.300395 1

s . . 46 144.689822 36.148155  1.508376

ERU <P A=24830m O KrF = >~ v =¥ — A, 47 143.996050 0.201463 1

fEAMER g=—1/4f5 L, NA%Z206 FTET, ZFx 48 114.425311 29.247788  1.508376

e - e N 49 202.290465 0.209260 1

F IS 2 (587 265 mm (PIFR 53 mm) & b D 50 111519854 39480072 1508376

FROBEERE STz, ZOXFER GEMEI2) Ov X7 — 51 53.706371 12.648748 1

% % Table3 12, ZOYHM% Fig 16 (=¥, Fig. 17 13 o2 104.072622 19503138 1508376

53 51.360163 1137275 1

ZDHFROVBREGROMINZEE T 4 A b=y a ri2k 54 41.578652 20.151811  1.508376

L, Fig. 18 DEMNC 2 DXEZOMMEEBRD A K Y k5 55 264.753487 11.864359 1

L _ . . Paraxial image (wafer) infinite —0.000270 1

AYTILmRmY., VAT, PER, AKXy b5A Best focus infinite 1
Y7 I LADODRFEIHFE 1 LEETH S, LY D®S (¥
A=) T =DM X e 2 KHECEL, DM
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I Height Image Height
mage Helg sp>0.99 1 On the Sto oo
13.25mm 90.5mm P €
. Image Height
Image Height » { On the Stop 6
Jmm 63mm A
On axis L On axis @
05um 1mm
Object Imaging of Pupil Imaging of
Total Lens Front Group

Fig. 18 Spot-diaphragm of the object imaging of example-
2 and that of the pupil imaging at the stop for rear group.

LV ADMEB L OZDORIZHELA MY Y A EDMIZTE S 2
DDV ¥ X &2 iE M U CREBRAC YR R O BRIm NS =
FHIEL, BB»D IO 2KOM LY » X TRy Y oN—)UH{IE
BITHOBED Y A iR WHBIN AR L k> Tw 3,
Fig. 16 Ktk L7z RS xZNnZh, VF 7ok &
TERD ST 2 —F TOEREREKT, &5 1(Fig. 8)
T D T LA L B OBRAMENS— L Twizns, Z

Vv, RE 2 OV GRIC B U 2L EYIRD ~ — Y F Sk
MITEVEETEZ905mm THA, VFZIVEDL S
THRE ARSI EEDRVBETDARY b A YT Z
L% Fig. 18 AN R T, WHEREHRO NA 23 1% AT
b5 1 DEENZEDZMAER (31) 2 SBINES Tmm BT
ThHHLERH DD, WESNTWDE I EBbhr s, G&E
TENCBWTHI (B IEILL T 5, MR HRD 7 =
N—THTOENHROMEE X, mAT20mrad HTH 5.
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4. * & o

HERRAT v —FFLr X (W7 ver ) v
TIP3 HF5R) ORI OV THRO RE L 21T
o> CHHERZES, NERTORN BITo. ZOHHER
YLz, BSER, MHRERE bICEIGER AT v o8-
LV ADEBGRITV, HMEmOESEEHER T2 2 eh
TE, ¥, WENERFEHEMEZSEETEL, FHE
T2AT w8 —E L ADMERE LR f W NA L RE
ELORENFRERAT B LN TE I, ZOKEIT
FEEDIGZE 2 /NS SR B B0 S, VIHAREGIGED X 7 v 3
— BV UL LTARREDEWSDTH D, 3F2HI2H
WRLIBILISMZ b, Fb EDRAT v =L v XDk
HT—5 & APNT EBIRL 7208, ERbUTc T vy
MYy 7 BRERICRS TES T, BINERKY OBEZED
1% %#Ez T, EFEH5SORE (BEHH12) T 27 KD
VA EFERALTW Y, FFchons&glr v A Lt
WU TRRIZ Wb Tldk <, BRI AL T,
EFiz, van—fllv B (Y OOV > XEE) i
N7 =DMV R 2B B LD, FEREIZHE 2R
My AR L 7> Twd, NAIRID VY > XX
TNEVERWI DD, [, PRREGIGE & b IcEIGE
AT o=V Y ADERET 21T 2 &, EOR R
WCHI Z2 5 2 THTINERGHIRETH 5 2 L amti
BEEIREL, AT v —EELV X5 BOMFIC D%
DOTHEHMTE 2 L H 2 5,
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