; _ abcde3epnli>F6| Txt RETI CLE AND OPTI CAL CHARACTERI STI C MEASURI NG METHOD 5

. [FIELD OF ART] This invention relates to a reticle having a test pattern
and an optical charateristic nmeasuring nethod for neasurin 'm
characteristic of a projection optical systemby use of suammmmmWMMMm » :
More particularly, the invention is_syitably usable for neasurenent of an
optical oharaateristia, such as best focus position, astignatisﬁ?“hurvature
of field, or wavefront aberration, for exanple, of a projection optical
system of a projection exposure apparatus used 15 in a IithgmmmmmmMMMMMFess
which is one process in manufa liPnduct or devj sest

crystal display devises, thi n-]sél nglnggﬁgmeads and the |ike) *do@BACKGROUND
"ART] 20 The |ithographic process for manufacture of sm aonduator devi ses,
liquid crystal display devices or thin-filmmgnectic heads, for exanple,
uses proj e®ETICEEPAND ©FINUNT (CHISRAOTHRI & 1t ﬁﬁmﬁﬁcauﬂ%‘dﬂms‘( or
reticle (hereinafter, "reticle") is 25 i maged upon a photosensitive
substrata through a projection optical system In such projection exposure
apparatuses, in order to assure that the - 2 pattern of the reticle is
transf ebred RERLD tOF ARTJosensitive substrate at high resolution, the
exposure should be carried out while the photosensitive substrate is

registerd with a best THirmagnventine relattesd ¥d'a el elhaldage! 0j ection
optical systemw thin the range of depth of focus. To this an t he

posi tion of thstpsttesniand ameptiiddl chaymrtépis eRbik@hsfi¥ingm that is,
the best focus position, should be detected in accordance wth sone 10

net hod. Fufetheod pfeorcmppswring an opyticai chacadisrissibeogala ed an

i mge place ( ourvature of f field) in which the best focus position
differs w PFaiRetHapeorSiGal w&%mbyxm oHisuehhvetifale neasuring 15

t he bgﬁ focus position_of _.a projection ogtical systemis as follows . A
si ngl (%)at %@Fﬁ Rantirutagilyietdin dnvertionais suitabily cdsable t wo

iIIUninati%n | ights having principal rays of different tilt angles or two
i || uninati 374 ™ HRReN ‘gﬁ i%%l%@lﬂﬁrw}'@san@i@o such asgl e but
bei ng incig%pt LN _symetr,ical , . '
st focus position, astigmatism, curvature of field,
or wavefront aberratibn, for example, of a projection
optical system of a projection exposure apparatus used
15 in a lithographic process which is one processg in
manufacture of semiconductor devices, liquid crystal
display devices, thin-film magnetic heads and the
like.
[BACKGROUND ART]

20 The lithographic process for manufacture
of semiconductor devices, liquid crystal display
devices or thin—fj.lm magnetic heads, for example, uses
Projection exposure apparatuses in which an image of
@ photomask or reticle (hereinafter, “reticle”) is

25 imaged upon a photosensitive substrate through a
projeqtion optical system. In such projection

8xposure apparatuses, in order to assure that the



directions Then, the spacing of plural pattern inmages obtained thereby upon
a photosensitive substrate is neasured or, alternatively, a relative
positional deviation between i mages of the plural 25 patterns being

super posed one upon anot her by noving the photosensitive substrate is
measured. The rel ationship between the def ocus amount and the -~ ..
above-descri bed spacing or relative positional deviation is then detected
and, on the basis of this relationship, the best focus is cal cul ated There
i s anot her known nethod in which the best focus position 5 is detected

wi t hout chapatterthofoshé ataklae a@teﬁﬁﬁsk%\ﬁ%cﬁméa&ﬁ Wi th respect to
an optical axis direction of a projection optical system Re

above- desvrphotiosansirteivat subisited teasee Eﬂgﬁbmﬂﬁc}f enﬁﬁa- i |'l'um nation
does not need ' 10 SEM neasurenent, and it 1s a netho [ chenabl es sinple
and hi gh-t hespgepre ahbuldhbar eardiidyd @€ ULRIRR e Dest focus position,

i mage plane and astigmati sm (astignmatic aberration). further, the sire of

pattern to pPeotsednidrtive stbserdtdy riddrdgisearaddnal tileyi BEEen

measur enent van be made | arge as conpared wth patterns to be used in a
net hod 6f nimaginggpledie i thesbf fpattsciplana@pes £hatia piYHP$EEionChanged
between 0 deg. and 90 deg. for the sake of neasurenent of best focus, imge
pl ane or aRPHhEALsAVAEamhi withini theaxangmset] dapphsilE @adusievi ation
measurenent, or. |{n a nmethod of neasuring a positional deviation of an

i nt er f er enct® p*éki‘%rﬂ“ﬁwo&b@e?%ﬁiﬂ%rﬁﬁr%ebektt €0 clisg il A GF .
Therefore, j,n re%?aid {_'Q aerial ipage neasurenent, there is an advantage of
25 no neces"sl?f}’ L FRGRLP Ehral e kem, nhhakyl sptthe bests foous

Addi ti onal lﬁ'd t@e abov -gtollsori bed neasurenment net hod based on oblique

i nci dence PO3HELIPPy APRYib R deteqtadcdr acrordange: wikhsisomanal
devi at i gn inpe,%ﬁsagcti,to ef ocus. However, it has been found that the

rel ationshi'p en’ PRENSE o REO ISR EHPRA AR tiRa k e teBsohayssi t i onal

devi ati on in etyween,the patters i mages obtained in accordance
with the n%%%?%rf‘ég?%ng?&g& ggeﬁmﬁﬁegBﬁF&ﬁe(PHEg’m o] Gd@Ad)i on, is not

an utter reggl ihis ' inastrict sepse. The cause thereof is
that, since 1%1%%3%%?%%%;%%%? Pﬁa&}e@%ﬂ Mfﬁﬁ% Witeh Fvecdmageuni nat i on
there occupfgisi ft of object spectrumposition at a pupil plane, the
obj ect spectrumis out asymmetrically by an aperture atop of a projection

Zna, such that asymret ki ¢al. .4 I | reated in an 15 aerial i mge at

t he i nmagi ng pl ane?/ Fur?hie\‘?‘?w\?\’ne%rﬁélggaé§n§§$ |°(§% é(;‘b'f RP2EPELPFUM i sg

" denotetls b d i i S 1S,degoted. b f) , the
rel ation zvlttﬂh ?r?% a&drrglblbt% u eggig'fst,:t:L H}ﬁﬁ’?{ gﬁéi§88¥'ggn°# ﬁﬁa&-n‘afy?ﬁang( i aragi ng

Cransrorm Xt s Seen ol oy TP pAtERzR (on midat dierdfen o TaT
proj ecti onpladitseaiss ia¥Yd UUlhintind fed WL €8 4w i1 Rifination lights
having principal rays of different tilt angles or two
illumination lights having principal rays of the same
20 tilt angle but being incident in symmetrical
directions. Then, the spacing of plural pattern
images obtained thereby upon a photosensitive
substrate is measured or, alternatively, a relative
pPositional deviation between images of the plural
25 patterns being superposed one upon anoﬁher by moving

the photosensitive substrate is measured., The

relationship between the defocus amount and the



A curve 20 is Figure 7 is a graph wherein 25 positional deviation anmount of
a pattern (axis of abscissa) is detected with respect to defocus of a
projection | eas (axis of ordinate) -having spherical - 5 aberration
produced there . The pattern used for the focus nmeasurenent is the pattern
of conventional mark shown in Figure.2p)..In Figure 20, denoted at Cis the
| ength of the opening of a teat pattern TP. This 5 opening has a

transm ssively nearly equal to 100% It is seen fromFigure 7 that, with
the conventional pattern, apparently the linearity is destroyed. In the
best focus abave-ele¥ériBeadspacitgyy hBELde ' ppation in the
conventional nethod descri bedghereiggbeif. gdf.?'hgggdt gﬂ;g:’anggégce I n wavef ront
aberrati on dbvdatricjrecis dthé®nde Béc88deXRASUbR LRRALA s Ye o fgdi fference
i n wavefront aberration depending on the inage height wthin e 15 angle
of view, theeleitdiinmhigpe} vides Mt doicantd sagRLGulAEed he PRSLE LFa

devi ati on anount differs. Therefore, it is necessary to examne each tine
the rel ati opnpshageknown eftind iamahiichathé bes thEoidus pals ideidat i on
anmount or the spacing 2,0 Further, where the relation between the defocus
anmount and iMedsdeictieshari tboust chanayinyttive HpbeitdaaG NYEig approxi mat ed
by a linear expression, a value of defocus anmount cal cul ated by using an
appr oxi mat ePBRfeeensdtivensubpbsateondthiimegpect 8b anSoptiddRi N | Magi ng
pl ane or a spacing ampbunt contains an.error . This is a serious problemfor
measur ement® +3oﬁgﬁﬁ£t¥9ﬁu9§terpgpﬁagtﬁoai¢pbieaﬂiuyunsmcal -s system
where sinplicity and higher precision are required in the future trend of
further mniaturizatio borardesagihed measuremedt abmthadi ons of a 5

proj ection S ,such . Spherical, aberration, inage plane (curvature of
field), ast*?éﬁaﬁ%m@%qﬁﬁa{wasappamwwm ires actomesdiavef r ont
aberra;l'bon gﬁq the | ake a‘;ﬁmrregs#:reg and it is used in practical :
eval uation orf i NepESEese Rdi hEsds1@ mrkhedi vhich: enakles r ont

aberration § g, approximating this wavefront

b ion. B
aberration on é?g \églgg‘aicﬁq{% t’léﬁ(’)‘ggbyxﬁséd‘dzéﬁﬂlk'épﬁepimw , for exanple,
b ti ' ti [ - pl , ti ti d
fhe 15 11 ke epnsBt oL Bedo i {dn Boai T80 " iiinan Thatel andi The

the 15 |i ke Which are factors of

measur emntaﬁi&ﬁggggﬁnt(@g@{ﬁ%{:gg Lﬁg#hléﬁ'-'re ar gﬁiﬁﬁg%}'ag also in

respect to prediction, by si I on, - s rge variety

of devise pRi%&roHE. pattidran @@tﬁgtuPlga. £33 3o 309 _3.278., S%tfor
0

exanpl e, propose neasuring mnet hods I wavefTtont aperr abesr* he

oA er ol part oo Ast o RIS AR Ao Bulphiiatadeid 1o T
‘compared with patterns to be used in a method of
measuring positions of pattern images having phases
. changed between 0 deg. and 90 deg. for the sake of
neasurement of best focus, imagé plane or astigmatism

20 which is similarly based on positional deviation
measurement, or in a method of measuring a positional
deviation of an interference pattexrn produced by
interference of two light beams. Therefore, in '::egard
to aerigl image measurement, there is an advantage 'of

25 no necessity of using an enlargement imaging optical

system. Additionally, the above-desoribed

measurement method based on oblique incidence



25 just underneath the center of the grid-like pattern pith a small

cl earance held between them further, at the reticle top face; there is a
special reticle . having a convex | ens di sposed dust above the center of
the grid-like pattern. Wiere this reticle is illumnated by an illum nation
system of err exposure apparatus, il] qunation light emtted fromthe 5
illumnation systemillum nates the grid pattern planed belowit, Kith an
illumnation angle (NAj not |less than al defined by nmeans of the convex

| ens. Light passed through the grid pattern passes through the pinhole

di sposed belibyuminatidlon (Hes | A0RkrWal %rf@:[‘t 3{ he,pinhole is
limted only to such |ight as havi #gu angl es %Q%P%Z}qtb oﬁ%’%ﬁ%é?ﬂw t he

pi nhol e andd@esatiens i9f FEsPEEL €8 RFYSuHN the grid pattern. Therefore,
|l ight beans emitted fromrespective points on the grid pattern advance as

plural |ights having 1&&}&&3{;¢n1taw,eq,°g;{nefg]‘hhgl%thsa@?%wg di fferent

angles inpinge at different positions on a pupil plane o e projection

lens, and wmlmtbensbipbeteeariths déLova%cinonhtaDsd ald aReh+ he
projection lens, they 20 reach the wafer surface such that respective

poi nts of ¢ prsitpenad deviativgedx e spaBifig batwddiloshef
respective points of the grind pattern thus inaged have been affected by
different iRFttRIRcinagemalitatnedbin aidasrdphescyitbnepecifically, 2
5 since light rays advance in the direction of a normal to the wavefront,

t he i magi n@eRserenantf mathaoddoesed eaclohlnique ointhdefided pattern shifts
from an idealistic position by an anount determ ned by tilt of the

cor r espondirig- i R téan, hd snaads ramtuttarcoesitddiséon pélatiodeVi ations of
t he i mages ,of respective points of the grid pattern froman 5 idealistic
grid are ndfs& &FriRt senes.onThe cauise thwrscf oisttieatpvsineat at

respecfdve points in the pupil plane are obtained. Then, by using various
mat heﬁfa icaQ‘ r%??‘no’&%?sl’ﬁég‘\ﬁé\kfl?%?daﬁér Phliisme sinaidenhased 10 * The

wavef r ont LAl 00, neasyring met hods as proposed in the aforenentioned
U.8. Pat en?qﬁo‘%ﬁgﬁﬁg54 Eeﬁﬁdc’@% it afhiokieed spectummnet hod wel |

known in t Fe s r e t.hod inhol e is disposed at a pupil plane
of a proj e?&sg'r#jfgl Iq‘atlf?? M%?#e&’%cﬂ i%%ﬁ%ﬁgﬁmﬂ pastwvton and, on
t he basis L viation.,of a pattern image formed by |ight

passed thergfg?hr ougF\%é?gg&twfno?p?ﬁgwg?&ﬂé pPERiestien lenshe Hartnan
method, a BluROlhd€ Rsghid 231 adféjgi?l:}_gl anS1 such that, .in regard to the

obj ect spectrum accordfng to eguation f“b %ﬁrﬂﬁ%“?oif‘hénpi nhol e
filter,s onh;riira‘lorirggégnaﬁekﬁteeqn{%f?‘ge%ig%‘n smal | wavefront region can be
0

obtained. It is desirable to positive ACrol the 25 shape of the object

Br tman et hod. hovever - E P eeraterh PeRe aBviibedsdyy Sebect | (OT)y B 1T

speatrum is denoted by A(f) and the OTF of the
projection lens is denoted by O (f) + the relation with
an amplitude distribution £(x) of an image at the

20 imaging plane is represented by £(x) = F~1[A(¥£) *O(£)]
(F-1 is Fourier inverse transform). It is seen also
from this that wavefront aberration of a projection
lens is influential to the aerial image.

A curve 20 in Figure 7 is a graph wherein
25 positional deviation ainount of a pattern (axis of

abscissa) is detected with respact to defocus of a

projection lens (axis of ordinate) having spherical



- 9 thisis difficult to acconplish because of the epees of a barrel or of
a purging structure necessary for contam nation prevention, for exanple,
and for the reason of cost. 5 On the other hand, in the nethods as proposed
in aforementioned U S . Patent Nos . 5, 828, 455 and 5,978,085, a pinhole .
is provide just andrneath the object. gurface. Thus, the object spectrum
upon the pupil plane corresponds to, unlike equation (1) 10 bel ow, Fourier
transformincluding a phase term E(x) s F-I1QEf) "P(f) "wf) I . . . (1)
F-1: Fourier inverse transformE(x): optical anplitude function of inage

G(f): obj ecabepeatien Prodided EheLb. (VNG pRRELrNE L ES (f1e : Pinhole

function It is an object of the present mve%tlon to provide areticle

havi { eBbonat . ! - o P! oot
aving a t eBbopstheaBubvméi A s28halbatebry! akasaﬁgﬁtei%ﬁﬁ%%qg@ ection

optical 20 system can be neasured very precisely, a measuri ng

an optical shewaairrFS§uee0?0d PIRIFLYHLE POl i dehotydl £8)EY; 45 Such a
retiale. Also, it is an object of the presenf I nvention to provide a

retiol e havleggtht eft i tepenhghpfa Hoes® PRttedh ARr aaysd stia of a
proj aation optical system can be nmeasured in aooordanae pith a procedure.

conpl et 8l y eperéngt hiamom theanshiseivi tyntearly @Gy ipseg.two U S
patents, and a nethod of neasuring an optical characteristic of a

projection optical systldmiy seenofrsmciFipuwd i 7| ehRe/,t iwdildirtlNe it IS an
object of the 5 present invention to provide a rticls having a test pattern
by which atceRyentipaadi patterncusppasiently tiséi JineaxiaBerigtion,
curvature o %}Elglvg §land Wavefront aberration of a projection optical system
can be nea PG -precisely, and a nmethod of 10 neasuring an opti cal
characteristic of a prgj ect_gq;)nhé)p;igal system by use of such a reticle,
[ DI SCLOSURE O THE | NVENTI $Fripcuspynasiirenenpr basad iowenti on
concer¥§ aqu? i%ng QS\FI’I& aqqt)e,si)bpatétertg for 15 neasurenent of an optical
characteris a ] i-optptaptien dn thel convendiarl eri sed in
that said tes tfern has attern effective to reduce or suppress a high
frequency (%"o?’é)lbﬁgré°%?r§€8&abgﬁ?$f‘b&erl dueste ardifferpngecdini on opti cal
20 system ﬁ‘?gﬁ)&q asgect f, the?lPresent Jdnvention relates to the first
aspect, and It TS cﬁaf & &H ti tﬁa?rgéied’tti&q lenecpf W®s |ines and
apnoea adaghfth #0rk"abplWills Ul TE8°L B2 el b" £ SEY IR0y are

aberration depending on the image height within the

15 angle of view, the relation between the defocus amount

and the positional deviation amount differs.

Therefore, it is necessary to examine each time the

relation between the defocus amount and the positional

deviation amount or the spacing.

20 Further, where the relation between the
defocus amount and the positional deviation amount or
the spacing is approximated by a linear expression,
a value of defocus amount calculated by using an
approximate expression from a positional deviation at

25 a certain imaging plane or a spacing amount contains
an error. This is a serious problem for mﬁasurom_ont

of optical characteristics of a projection optical



25 partially cancelled with each other at the pupil plane, thereby to
reduce or supposed the high frequency conponent. | ~, _ Athird aspect of
the present invention relates to the first aspect, and it i's oharacterized
is that said test pattern has an opening for producing a predeterm ned

peri odi ¢ conponent at the pupil plage65_of said projection optical system
and periodi c openings fornmed at opposite sides of said opening, for
produci ng a poriodia conponent different from said periodic conponent, at
the pupil plane of said projection optical system 10 A fourth aspect the
pr esent inqﬁﬂg' r : [ ng Lt .i s characterized in
that said proj %%?foﬁhgtgﬁscga%égg?%b hgﬁ\aﬂgg 1?%%,[95 T(zazr:'rs q%n',rﬁnd that said

test patterfeq@brddsiaPerdionl edraOthrlda P PPaae an i mage of the said

test 15 pattern forned through said projection optical systemis defocused,

subst anti alMini@tasy ReRildrPdE | SPPAudiet ortion is produced. . Afifth
aspect of the present invention relates to the first to fourth aspects, and

it is 20 characterizedom tH@lotheéroRane! aWer2atebhat o i one or nore of
best focus position, astigmatic aberration and curvature of field. A sixth

aspeot bf hrojsetion Llenanisush WECHHPRerdcall Aetrwtion? Laakepattern for
25 measurenent of an optical aharaoteristio of a pro jeotion optical

system anglane s(achavature zfl fieldp] astdgmadidiwt(Lseigaachicnes cad
spaces adapt ed - 12 so that substantially only toroth order light is
directed t aker¥atjondl,acomd G(eomapabpetiationp) i vaveZrendn A seventh
aspect of the present invention 5 concerns a reticle having a test pattern
for neasur &kexration apd the dikegctaare steaswfed andj £et i®nugsli cal
system and it is characterised in that said test pattern has |ines and
apneas. i n Wh @ragiigalcoyvaduationrepeinspostdiorect iZmongetkebeand from 10
a cent to_a periphery, a pitch of the linbs is substantially constant,
whi | e W dt ﬁ?%‘?‘? oBfac&hey wANRF roncaborration cightheayeayt of the
present invention concerps a reticle having a teat pattern for 15

measur enen (ﬂr’%ﬁlt%?)?i'caﬁycﬁﬁpéé’ﬂ'é'r‘?%ﬂ%goghéapmﬁ"aﬁ#@hfoptical syst em

and it is racterised in.that said test pactrn has |lines and spaces in
whi ch, wi t%g%ersrbae%f°?o°§ &@ﬁegﬁ?’cﬁl of r gepegnllie esedagarnidke a center to

a periphery 13 Pid £ Ofed.l exarpie, iagerrations such as spherical
aberration, image plane, astigmatism, coma and the

15 1like which are factors of the polynomial can be
calculated. The measurement of wavefront aberration
is thus regarded important also in respect to
prediction, by sitﬁulation, of process margins of a
large variety of device patterns.

20 U.S. Patent Nos. 5,828,455 and 5,978, 085, |
for example, propose measuring methods for wavefront
aberration. In the measuring methods proposed in
these patents, a grid-like pattern is formed on a
reticle pattern surface while a pinhole is provided

25 juaﬁ underneath the center of the grid-like pattern
with a small clearance held between them. Further,

at the reticle top face, there is a special reticle



20 substantially constant while wi dths of the apneas gradual |y decrease. A
ninth aspect of the present invention relates to the seventh and ei ghth
aspects and it is characterized in that the |lines and spaces conrise 25
such pattern that adjacent |ines are not resol vabl e by said projection

optical systemat the tinme of Said rIea,sQrerrent. ..1~ A tenth aspect of
the present invention relates to the first to ninth aspects, and it is
characterized in that, by projecting illumnation |light upon a tort pattern

of the reticle and by 5 detecting s position of an inmage of the test
pattern forpgdihRene l£a r risticg of the projection optical
systemis measurgd.El %nﬁs\‘/ggéﬁgaéﬁgg?' t "b'ﬁrég%ﬂ? Fﬁ@erﬁé%? elates to
the first t@enggph Wt i haragterized.in that, by

g_roj etc_ti ng i l;;{lim nghttiﬁ)n %%ﬁ?ﬂgﬁggrg 't egp:%a ?@? 'offgﬂ'é’r]w%ti%! rGrﬁg]:agog:‘ Otnﬁe
irecti on of1phmha d a1 1346k e ions of i

teat pattern formed in g(?f:ordance wﬁttﬁe g&gf"gﬁ)?’?ng'ﬁ ﬁ'"ﬂ?e‘ﬁﬁ%‘r al 15

directions,appagatuisvelillani fRtioal 18R SE] £ EhKC rojection
optical systemis measured. A twelfth r(';al’g'fpect o‘fEtLHet%{Oé&sre%gi nvent i on

rel at es5t o 1hbubinatizapanis tendil Luninadi@actRei g4 d 'i:JtF@ér he pl ural
directions include two directions 20 which are syimetrical wth each ot her

pi th respe@laced beddut dtni wadhdaand 1000 it &t 06n28ngll qm)aﬂ]& A
thirteenth aspect of the present invention relates t0 the tenth to twelfth
aspects, ar@$s thanpirdetineddy neahaabs (o eba v LaRE .CALiYHY t ure
passed through the grid pattern passes through the
Pinhole disposed helow it. Here', the light which can
10 pass through the pinhole is limited only to such light
as having angles defined by connecting the pinhole and
Positions of respective points on the grid pattezrn.
Therefore, light beams emitted from respective points
on the grid pattern advazice as plural lights having
15 different anglas. _

These lights having different angles
impinge at different positions on a pupll plane of the
projection lens, and while being influenced by the
wavefront aberration of the projection lens, they

29 reach the wafer surface such that respective points
of the grid pattern are imaged there. Here, tha imageé
of respective points of the grind pattern thus imaged
have been affected by different influences of
wavefront aberration (phase). More specifically,

25 since light rays advance in the direction of a normal
to the wavefront, the imaging position of the image
of each point of the grid pattern' shifts from an



25 of said projection optical systemis NA and an incidence angle of a
principal ray of the illumnation light pro jested is op (CSap5l1) , said

test patternis _i4.. formed, with respect to object spectrum G(f) of
said test pattern being orthogonal to the incidence direction of the
principal ray of the illumnnation lighf, so as to cancel an anplitude of

G f) in a section 5 f whichis ~ (1-top) NA/J~to NAh) . A fourteenth
aspect of the present invention concerns a projection exposure apparatus,
and it is characterized by a node for neasuring an optical aharaoteristia

of a proj ecidealdpttichlpoyiteonlby AndGEH e G PbiRi '
aharaateristia nmeasuring nethod agl I s anyone of the téﬁ%ﬁi%?o%]ﬁt eenth

aspects, andfbghanddirespontitigspditit fon €hai Ralvie®didd UMigption ight
onto a test pattern when a reticle having the test pattern is supplied into

the appar ateensideratidn eeft htyspesiia¥idhs SECERQ! %‘@E'ﬁ? concerns a
y supp

devi se manufacturing nethod, and it is characterized ying a retiale

for devi se »espbatiwec pointa PEOLAS i PREHLEnARRIAldlS S I N the
fourteenth aspect, and by transferring a pattern 20 of the retiale onto a

substraPe. ¥derkistdch gridareimeasurees atid | bEFad0BnagRoEIY 2 Wavef ront
aberration neasuring nethod for neasuring wavefront aberration of a

proj ecti on VPPRREP 9fsthe wavefiront abharespectied poidts Aal tha retiale
having |inen and spaces in which, with respect to a repetition direction
thereof ar iRFP}bnPAanetaze tebtapaedphelheny byt alsbigt Pariowes is - 15
substantially constant while wi dths of the spaces gradually decreased and
in which afiatheraticad matheds; ctbey mavefinonti sberaatdicroriHpt i cal
system is‘g&egaieg, and light fluxes are project to the lines 5 and spaces
from di ffereWPE®H ons, whereby plural images of the lines and spaces

are f d through sai rojection optical system and respective positions
of thg:[ blural imges %hpa Javefront aberration measuring _

‘methods as proposed in the aforementioned U.S. Patent
Nos. 5,828,455 and 5,978,085 are similar to Hartman
method well known in the art. In Hartman method, a
Pinhole is disposed at a pupil plane of a projection
15 lens thereby to restrict the wavefront position and,
on the basis of a positional deviation of a pattern
image formed by light passad therethrough, the tilt
of the wavefront is detected.
In the Hartman method,. a pinhole is pPlaced
20 at a pupil plane such that, in regard to the object
spectrum, according to equation (1) below, due to the
Pinhole filter, only information related to a certain
small wavefront region can be obtained. ‘
It is desirable to positivo;y control the
25 shape of the object spectrum by disposing a pinhole
at a pupil plane (i.e. pupil filter), as in Hartman

method. However, in practiocal exposure apparatuses,



era detected and, by use of the result of detection, 10 the wavefront
aberration of said projection optical systemis detected. A seventeenth
aspect of the present invention concerns a wavefront abefrati on neasuring
met hod for neasuring wavefront aberration of a 15 projection optical
system and it is characterised in thgt: a retiale having lines and spaces
in which, pith respect to a repetitiofl direction thereof and froma center
to a periphery, a pitch of the spaces is substantially constant while

W dths of the spaces 20 gradually decrease and in which adjacent |ines are

not resol vabl£gbyy Z%iéf@ﬁﬁjleﬁctl:iooQc%g&é%%%%ggésg}hﬂiﬂsp%r%&a{ %%qg;]?i L|nght

fl uxes are project to the lines an

whereby pl elaiprgea10byt R lc# ﬂ@if)@??iﬁﬁ%ﬂ%ﬂ%&ggﬁtﬁﬁ h said 25

projection optical system an € pPosl I mages

are detect asbtdmiRNtish FrdPentesH! t £y %Eﬁﬁsﬁgg[,‘égpga f}% éhe wavef ront

aberration of said projection optical systemi H‘ﬁht eenth
aspect of thFea®psRSEHt doatenti on concerns a wavefront aberration neasuring 5
met hod for neasuring wavefront aberration of a projection optical system

and it §s oharaaterisetn tHé'ather hanke! iid Stﬁ'é%ﬂ@h%w g g Patterns each
conprising lines and spaces in which, with respect to a repetition

directi on phopo$ednih WivtenéstisheldoUasSPEPaBERYNOS pst§530ﬁ5t5he lines is
substantial ly constant while widths of the spaces gradually decreases and

in which adireteni978n0853r @ pinhcle! ¥ebh Lok derishid¥ QikdbiABa®Rl i C2!
system is prepared; 15 light fluxes are projected to the plura
, the object surface. Thus, the object spectrum upon
the pupil plane corresponds to, unlike equation (1)
10 below, Fourier transform inéluding a phase term.
E(x) = F~1[G(£) -p(£) ‘w(£)] (1)
F-1l: PFourier inverse transform
E(x): optical amplitude function of image
G(f) : object spectrum
15 - w(f): pupil (wavefront) function
p(f) : pinhole function
It is an object of the present invention
to provide a reticle ha;ring a test pattern by which
an optical characteristic of a projection optical
20 system can be measured very precisely, and a method
of measuring an optical characteristic of a projection
optical system by use of such a reticle..
Also, it is an object of tﬁe present
invention to provide a reticle having a test pattern
25 by which an optical characteristic of a projection
optical system can be measured in accordance with a

Procedure completely different from that shown in the



romdifferent directions, whereby plural images of the patterns
g?;tfgpieg t hrough said projection optical system and respectLve poF{tg?ns

of the plural pattern 20 images are detected and, by .use of } e rfumiS
detention, the wavefront aberration of said projeotion optical syste LS
- detected. A nineteenth aspect of thg g pesent invention concerns a m?ve oa

aberration nmeasuring 25 nmethod for suring wavefront aberration of a p

[ [ it [ [ : - 17 aretiole
‘jeotion optical system and it is aharaoterised in that: : _
LSSing pIEraI pat?erns each conpri3|ng |Iﬂ6§ ?nd spacea:lp rglghpe?1gﬂery
respect to ffoeRpanti¥héd £4bi 9" %h‘%{\?:@é‘ LR 2 Sne ’
a thch of the ?paces S substantlall consta %ﬁ%tﬂg of the

t. resol vabl e by
spaoes gr adneabyrdeq eis opefahl &hh&hc&@ﬁ. €3 BE84a0
Sgl d pl‘gj eotiori ogﬁ cal s@gtem IS prepare g%? ?IB%@? “B?OJ ected to

| ural 10 i nmages of
he plural gptiends systed bicnsat off il Wore ghgby p
ttﬁeppatte:ﬂg are fgpad thro%gh sai d prOJectlon opéloal system and

respective posi tions ofpdbeishuasiylalieryl | AR0GEaLE U qglgd and, by use
of the result of
S5 present invention to provide a reticle having a test
pPattern by which at least one of best focus position,
astigmatic aberration, curvature of field, and
wavefront aberration of a Projection optical system
can be measured very precisely, and a method of
10 measuring an optical characteristic of a projection
optical system by use of such a reticle. |
[DISCLOSURE OF THE INVENTION] |
A first aspect of the presant invention
concerns a reticle having a test pattern for
15 measurement of an optical characteristic of a
pProjection optical system, and it is characterized in
that said test pattern has a rattern effective to
reduce or suppress a high frequency component of
spectrum at a pupil plane of said projection optical
20 system.

A second aspect of the present invention
relates to the first aspéct, and it is characterized
in that said test pattern has lines and spaces adapted
80 that plural diffraction lights produced thereby are

25 partially cancelled with each other at the pupil plane,
thereby to reduce or suppress the high frequency

component.



detection, the wavefront aberration of said projection 15 optical systemis
dteoted. A twentieth aspeot of the prosent invention conoerna an ogtioal
characteristic measuring nethod for neasuring an optical characteristic of
a projection optical system and it 20 is characterized in that: a rotiole
having a teat pattern is supplied whi{g & nmenber having an opening is
supplied; a light flux is projected to said test pattern through said
opening, froman oblique 25 direction, thereby to formas imge of the
pattern through said projeotioa optical system and a position of the

pattern image is detecpethirdldspedd d¥ &6 SLebant Sidneioget ection,
the optical oharaotaristio of said projection optical systemis detected. A

twenty-firstehapest tof thbefpratcalspadt)y aiid ol Cﬂﬁ'céﬁﬂiaét%\iﬁféfnt
aberration measuring nethod for neasuring wavefront aberration of a’

proj ecti on dpttlost swist dcastapa tters halwanobpehitg FokhBlodadiflg 2l € having
plural patterns is supplied while a nenber having an opening is supplied:
10 light flapsedetemmbned: pdriodikecpmponentistithe pupdagplaged opening,
fromdifferent directions, thereby to formimges of the plural patterns
t hr oughdsaief ppaidcprojentianl optitel; symtemspeadi periesdid ons of the
pattern inmages
openings formed at opposite sides of said opening, for
producing a periodic component different from said
periodic component, at the pupil plane of said
projection optical system.
10 A fourth aspect of the present invention
relates to the first aspect, and it is characterized
in that said projection optical system has wavefront
aberration, and that said test pattern has a shape
adapted so that, even where an image of the said t;st
15 pattern formed through said projection optical system
is defocused, substantially no asymm;trical image
distortion is produced.
A fifth aspect of the present invention
relates to the first to fourth aspects, and it is
20 characterized in that the optical characteristic is
one or more of best foous position, astigmatic
aberration and curvature of field.
A sixth aspect of‘the present iniention
concerns a reticle having a test fattorn for
25 measurement of an optical characteristic of a

Projection optical system, and it is characterized in

that said test pattern has lines and spaces adapted



15 are detected and, by use of the result of detection, the wavefront
aberration of said projection optical systemis detected. A twenty-second
aspect of the present invention relates to the twentieth or twenty-first 20
aspect, and it is oharaateriaed in that the nenber having said opening is
provided on the retiole) A tpenty-thi aapeot of the present invention
relates to the twenty-second aspect’ dit is oharaoteriaed in that the
retiole has a convex |eas 25 provided on said opening. A twenty-fourth
aspect of the present invention relates to the sixteenth to twenty-first

' har.ac LS hat t he att as |ines and spaces
?ﬁpﬁﬂfih a&? gPégpégiig# }ﬁsgglfp fanRkh opr ﬂ&rgﬁﬂ%ﬁmF!ron1athnter
t eri i h ces | tant ally 5 oonat ant ile
V\npd?hg of IOt e¥spgggshéra ua +F§°d€? 335%‘%% Eﬁt FRaLB 98 hes are not
resol vabl e dyaggihd Projection optical system A twenty- flfth aspect of the
present inve t|on relates to the sixteenth to twenty-first 10 aspects, and

i i h d S S ad ted so
Lhat " sabat ant Pal Fudonl & Bivdren REBECE JECNS WPedBilL PROGRAAEN 0 o0
sai d prBj ecdéNBeRl @llresySEE hévmta@nw t%la‘é ﬁ?ﬁﬁﬁ% Foo NE prese“t 15

invention relates to the sixteenth twenty
measurement of an optical characteristic of a
projection optical system, and it is characterized in
that said test pattern has lines and spaces in which,
with respect to a repetition diraction tho.reof and from

10 a center to a periphery, a pitch of the lines is

substantially constant while widths of the spaces
gradually decrease.

An eighth aspect of the present invention
concerns a reticle having a test pattern for

15 measurement of an optical characteristic of a
Projection optical system, and it is characterized in .
that said tast pattern has lines and spaces in which,
with respect to a repetition direction thereof and from
a center to a periphery, a pitch of the spaces is

20 substantially constant while widths of the spaces
gradually decrease.

A ninth aspect of the present invention
relates to the seventh and eighth aspects, and it is
characterized in that the lines and spaces comprise

25 such pattern that adjacent lines are not resolvable
by said projection optical system at the time of said

measurement.



aapeots , and it is aharaateri~ced in that said detecting step includes a
step of pho converting an aerial inmage of the lines and spaces. A
twenty-seventh aspect of,the present 20 invention relates to the sixteenth
to twenty-fifth aspects, and it is characterised is that saiddeteoting step
3nal udes a step of exposing a photoge ﬁigive substrate to an i mage of the

| i nes and spaces cad a step of develog ng the photosensitive substrate. 25
A twenty-eighth aspect of the present invention concerns a projection '
exposure apparatus, and it is vharaaterised by a node for npasuring - 20
uavefront aberration of he Gl PLEC syst |0 aacordanae pith a
neasuring method ~ as i%agﬂéghegod t %éﬂ?@%ﬁ‘f‘?'ﬁ%ﬁﬂ%ﬁé’my aspect s,
and by an i&lg [ t r | L ng LLLwynatien,light 5 onto a
test pattern pﬁg’ﬁ rglrééttyi&alfg]r }vib?gq%ﬁge%eg?bggﬁpe’r ?14'@ %tpgfi ed into the
apparatus. éhavrae igdd Nias o] ' | ncerns a

devi se nanufactur?%gﬂﬂg?%oﬁé gﬁgﬁgo?giﬁﬁggiﬁéeghakgﬁiﬁéégkggPﬁle.for

devi ce 10 mnﬂqhachyahigﬂehatpbgm%agdnbfxggguggﬂyg¥qeﬁ*g in the

t penty-ei ghth aspect, and by transferring a pattern o e fetiale onto a
subst atie. QSEEEARRSGRYSEIRLSK JHEARRAMLIEShETLAW Sobd PateigliealiC Vi ep
of a main 15 portion of a projection exposure apparatus t0 phiah an opti cal
ahar aat er i stommedativexrsbypt 80dopridal 'thdPabtaRaditiRAlod Phel NE present
invention is applied. Figure 2 illustrates .one-dinensional [1ght intensity
di stributi gprejjeeticst qpttiead system is measured.

An eleventh aspect of the present

invention relates to the first to ninth aspaects, and

10 it is characterized in that, by projecting
illuminat'ioh light upon a test pattern of the reticlae,
from one direction or plﬁral directions, and by
detecting positions of images of the test pattern
formed in accordancae with the projéctions in the plural

15 directions, respectively, an optical characteristic
of the projection optical system is measured.

A twelfth aspect of the present invention
relates to the first aspect, and it is characterized.
in that the plurai directions include two directions

20 which are symmetrical with each_otheﬁ'ﬁith'respect to
a predetermined plane containing an optical axis,
A thirteenth aspect of the present
invention relates to the tenth to twelfth aspects, and
it is characterized in that, where a numerical aperture
25 of said projection optical system is NA and an
incidence angle of a principal ray of the illumination

light projected is op (0SopSl), said test pattern is



20 according to the present iavention. Figure 3 illustrates resolved object
spectrum upon a pupil plane of a projection optical system figure 4
illustrates resol ved object 25 spectrumupon a pupil plans of a projeotion
optical system Figure 5 illustrates ob jeot spectrum upon r a_pup:l f
pl ane of a projection optical system, figure 6 illustrates a pupil p ane50
a projection optical system Figure'ﬂ'ITustrates a relation between an
-.optical axis direction (Z position) and |ateral deviation of a pattern.
Figure 8 illustrates objeot speotrumon a pupil plane of a projection

)G o 45l S etk oo o e
0o E498 pribecl k1 S rEaBUl € DBl hBabndl L 0L parcorn
- according tey $98tRESYE LHY ®PtifiBipal ray of the illumination
light, so as to cancel an amplitude of G(£) in a section
5 € which is [(1-20p) l-NA/L to NA/AL.

A fourteenth aspect of the present
invention concerns a projection exposure apparatus,
and it is characterized by a mode for measuring an
optical characteristic of a pProjection optical system

10 4in accordance with an optical characteristic measuring
method as in anyone of the tenth to thirteenth aspects,
and by an illumination system for projecting
illumination light onto a test pattern when a reticle
having the test pattern is supplied into the apparatus.

15 A fifteenth aspect of the present
invention concerns a device manufacturing method, and
it is characterized by supplying a reticle for device
manufacture into a projection exposure apparatus as
in the fourteenth aspect, and by transferring a pattern

20 of the reticle onto a substrate.

A sixteenth aspect of the present
invention concerns a wavefront aberration measuring
method for measuring wavefront aberration of a
Projection optical system, and it is characterized in

25 that: a reticle having lines_and spaces in which, with
respect to a repetition direction thereof and from a

center to a periphery, a pitch of the lines is



Figure 13 illustrates a teat pattern according to the present invention. 20

Figure 14 illustrates light intensity distribution on a test pattern-
projection place. Figure 15 illustrates an exanple of a test pattern
according to Enbodinent 3 of th present invention. 25 Figure 16 illustrates

anot her exanple of a test pattern a_a;%d_l ng to Enbodi ment 3 of the present
I nventi on. - 22 Figure 17 il lustr s one-di nensional light intensity
diatributioa of a test pattern according to Enbodi ment 3 of the praent
invention. Figure 18 illustrates object spectrumon 5 a pupil plane of a

Optical - axi i EALETKTIR a0l ﬁﬁﬁiag&#iﬁ%ﬁsdé‘sf SoPRACSE pat t o1 . |
i P A PSR RO Ml e Bl
000191 Sud ERESacHy INESIL 001 S RLALE bkl O
one- di NnensigiNghared, and light fluxoa are projected to the lines

5 and spaces from different directi.ons, whereby plural
images of -the lines and spaces are formed _throuqh said
projection optical system; and

respective positions of the plural images

. are detected and, by use of the result of detection,
10 the wavefront aberration of said projection optical
system is detected.

A seventeenth aspect of the prasent
invention concerns a wavefront aberration measuring
method for measuring wavefront aberration of a

15 projection optical system, and it is characterized in
tﬁat: a reticle having lines and spaces in which, with
respect to a repetition direction thereof and from a
center to a periphery, a pitch of the spaces is
substantially constant while widths of the spaces

20 gradually decrease and in which adjacent lines are not
resolvable by said projection optical system, is
prepared, and light fluxes are projected to the lines
and spaces from different directions, whereby plural
images of the lines and spaces are formed through said

25 projection optical system; and

| respective positions of the plural images

are detected and, by use of the result of detection,



light intensity distribution of an objeot imag. Figure 24 illustrates

obj ect apeotrumon a pupil plane. Figure 25 illustrates objeot spectrum on
20 a pupil plane. Figure 26 illustrates one-dinensional light intensity
distribution of an object inage. ' Figure 27 illustrates iafinita Fourier
series. 25 Figure 28 illustrates obj Spectrumon a pupil plane. Figure
29 illustrates a rel ation between _ the nunber of patterns and the

obj ect apeotrunt on a pupil plane. Figure 30 illustrates a rel ation between

the nunber of patterns and the pattern width. 5 Figure 3§2i$|? o?np?rative
il lTustrati f | pil .al an. Fi e Ll.lugtrates
obl i que i ngtlE}(!:Ign‘(':gml'?%br%%ggﬁ%#\“h@?%@d.ggﬂﬁaﬁepﬁf‘f‘?ﬁ%??a?@?"&’ op 4in

Figure 10 Lau ' éﬁﬁratas a test pattern according to Enmbodi nent
4 gf t he pﬁﬁ%%ﬁ%aigseﬁééié igure 35 illustrates a general structure

An eighteenth aspect of the present
invention concerns a wavefront aberration measuring
5 method for measuring wavefront aberration of a
Projection optical system, and it is charactorize;l in
that:
a reticle having plural patterns each
comprising lines and spaces in which, with respect to
10 a repetition direction thereof and from a center to
a periphery, a pitch of the lines is substantially
constant while widths of the spaces gradually decrease
and in which adjacent lines are not resolvable by said
pProjection optical system, is prepared;

15 light fluxes are projected to the plural
| patterns from different directions, whereby plural
images of the patterns are formed through said

projection optical system; and
respactive positions of the plural pattezrn
20 images are detected and, by use of the result of
detection, the wavefront aberration of said projection
optical system is detected.
A nineteenth aspect of the present
invention.concerns a wavéfront'aberration measuring
25 method for measuring wavefront aberration of a
projection optical system, and it is characterized in

that:



of a test pattern according to Enbodinment 4. 15 Figure 36 illustrates a
general structure of a test pattern according to Enbodi nent 4. Figure 37
illustrates a test pattern according to Enbodi nent 5 of the present

i nvention. Figure 38 illustrates a mark group i9a 20 having itg object
spectrumoontrolled. Figure 39 illustrates a mark group 19b as a reference |,
pattern. Figure 40 illustrates a reli &fe=9 having mark groups 19a and 19b.
25 - 24 (BEST FORMS FO-t EMBODI NG THE | NVRNTION~ figure 1 illustrates an
optiaai characteristic neasuring nmethod for an optioal system ~aaoording to
Enbodi ment 1 of the present .inyention. 5 figure 1 shops a ease wherein, as
an optical system a prdjEetigle havingplupad; patterns peachrn of a neek
(reticle) 16_ontq hqtosensitive substrate (wafer) 19, for use in
exposure apPaPREGE 8 sRxoer in ¥highs atith espechdeen, and the

Forned t ner&ohsHeihbagn Weageipn Bk and Fionns senteniea(y

or thogonal ¥ oPak PAROH BUGShSHET she Alindns ¥ CeBrRans4aiih P of che
of abscrssa aonarnt Phine' YEUPRE 8P uk aPRel daduatly ggiande [ opr coent s
i rerent i gens Y S acEh ek hnd hio Rer v ahfe by #3H ot orn T8
provi ded orpﬁageggignlg%@;ga%ggygggg\s’;sﬁllréjﬁé%ggg d with the illumnation

light LP having a tilt a . . r’ojeatipnlens 17 25
and enters a pupil. of ﬂi%er916§350Q=J°e?’%&j4t<#§aOgcgogﬁc.?.gl%%a]fpeCtrum

G f)~of the intensity distribution 'g (X e pattern he openi ng
of an aperipstterns from different directions, whereby plural
10 images of ‘the patterns are formed through said

pro.jection optical system; and
respactive positions of the plural pattern
images are detected and, by use of the result of
detection, the wavefront aberration of said projection
15 optical system is detectad.
| ' A twentieth aspect of the present
invention concarha an optical charactaristig
measuring method for measuring an optical
characteristic of a projection optical system, and it
20 is characterized in that:
a reticle having a test pattern is supplied
while a member having an opening is supplied;
a light flux is projected to said test
pattern through said opening, from an oblique
25 direction, thereby to form an image of the pattern
through said projection optical system; and

a position of the pattern image is detected



- 25 stop 18a that defines the pupil plane 18 of the pro~aotion |ane 17.

G f) C'sina () +ai*sina (alf) [exp [-i2n (-C.2-ei) f+ ? . o -
oxp[-i2n(C/ 2+~i )f]-exp[-i2n(-C/ 2+ei )f-exp[ i.2n(+C/2-el)f]] = Ci5|na:( <
+2al*sina (aif) [aoa [2n (C/2+L11) f] -acs [2~c (C/ 2-el) f] 1 = C*sina (Hl)
-4al*si.~no (aif) *ain (nCf) *ain (2nelf) 10 = A(f)-HL (f) f: frequency

(f) = 4al*sino (aif) *sin (~Cf) *sin }8neif) A(f) - Crsina(Cf) Since sin )
(nCf) of HL (f) has the same period 15 as A(f), the anplitud of A(f) can de
supprasaed to small throughout the whole frequency region. Al so, as regards

' *Si i fo ol (f).  oif ~a sufficiently small value al that satisfies
iaﬁ ?52?§a2;%§2a8¥ E&ng€2$Qﬁo§%ﬁ“;§lSgiﬂéﬁﬂ?#&&ﬂatthnedptﬂnlbntrance

[ | eGti | eps 1= upil 18), then, within the region of
;Lg?|OL|§ge5€§r§?%H%§%#§§ea iBﬂlﬂég§gﬂ°ﬂtiﬂﬂfQ?h$°eéiFyﬂm!ntkaroCthad
as a nere -~ g' ht funotivn, which decreases as the freqnanoy*becones hi gh.
FiQura 3 ilﬁuggfgfgg actions of A(f) ( sin (~cCf) and 25 4al*sina(alf)

. . : . : hal f
descri bed above. As regargds sin (2neif) of Hl (f) simlarly, if a
period of sia(2nelf) i%g‘i“\'/%’hkﬁs&%ﬁ’t] spect éﬁ the presen

5 dinvention concerns a wavefront aberration measuring
method for measuring wavefront aberration of a
Projection optical system, and it is characterized in
that: a reticle having plural patterns is supplied
while a member having an opening is supplied;

10 light fluxes are projected to the plural
patterns through said opening, from different
directions, thereby to form images of the plural
patterns through said projection optical system; and

raspaective positions of the pattern images

15 are detected and, by use of the result of detection,
the wavefront aberration of said projection optical
systen is detected.

A twenty-second aspect of the present
invention relates to the twentieth or twenty-first

20 aspect, and it is characterized in that the member
having said opening is provided on the reticle.

A twenty-third aspect of the present
invention relates to the twenty-second aspect, and it
is characterized in that the reticle has a convex lens

25 provided on said opening.

A twenty-fourth aspect of the present

invention relates to the sixteenth to twenty-first



than the region of the pupil plane 18 of the pro~eotion lens 17, it becones
a nere wei ght fuxrotion haviag a nmaxi nrum val ue. The condition therefor is
1/ (2D1)<(1+ap)NAOQ'a. Figure 4 illustrates actions 5 of HL (f) , sin (nCf)
and sin(2n~lf) described above. By optim zing ai and D1, Hl (f) can be
shaped, and, on the basis of it, it is possible to obtain G(f) w th whioh
the anplitude of the high-frequency'éﬁhﬁbnent of A(f ) , whioh should be
suppressed to small 10 as nuch as possible, van be suppressed to small

wi thin an appropriate frequency region . Al so, as regards al and D1,

on'H (1) ﬁ??‘?\ggi‘?g“ﬁﬁéﬁﬁég.’s?ﬁ@piﬁ%d %ﬂ]ﬁétfﬁﬁ] [atnkhe PhEsas Zagihgn bafsed
" shapi b H1 , [

e S
on HlL (f)+32u1?{[€1.t%h. glg—llnr}%cgte?'gn pgggfﬂf’ . ‘%61 %ﬁé’%tﬂ e%én‘égé'otti"uﬁi G(f) of

the test p sh i | Quir , .as produced on,the basis of al and
DI satisfy%ﬁ%Iggbvg%éa%lfbgg gg%dl’ ASTE %2 | 7B 8&‘3&%1 magi ng pl ane

19 whilg bey ' qﬁ?pf tion.of .the projeotion 25 | ane
1? and the &%ﬁ%ﬁ 0 tﬁﬁdn%\gix%f %ﬂ%ng‘?%;ggﬁ%‘%‘ﬁﬁ?‘h’ °ﬁ+§t’Fi buti on
f(x) of thandigewhech ad-al 3 4f- ?;r[eg flz < [ nce. ;,upon the
pupi |l plane 18, tﬁe obj eoPasf!:e&%)% }t}rﬁé ggaﬁeg%wf%éfeﬁynF?i a

oi raul ar regcjedtibAdoptiicefl (§pstan) 1-ap about a center at a position
ap, corresponding to the tilt angle ap of 5 the principal ray LP of the

illum nation light, itafdwetty+OiFthcagpoctRy¥ igpgd?ggggfni n that the
i magi ng anplitude f(x) is influenoed only by the wavefront aberration of

the proj eotlinoren &hen 1Felatesntd | theJbitteeddd e StwdnEyd#iG 4 ©On the
pupil plane 10 18. Hy setting this small region Wth an appropriate size,

si noe &) chasgpedts weandrbbtiabeharaoterdwad drainoystid fgeteeenl v on
| ower -order frequenaiea in the small region, distortion of "the i nage oan be
reduoed t ohdfalineshendiapaces adagptal sohthatlaiborehtdallylénpy
posi ti onal chant%%ai of the image relative to the defocus, it is riot
i nf | uenoed #RFAHhRrdest dighdn imalirectedi hoaan Wmages pdudé ooE! y, sinoe
the teat pattern TP directs substantially only zeroth order
said projection optical systan.
A twenty-sixth aspect of the present
15 dinvention relates to the sixteenth to twenty-fifth
aspects, and it is characterized in that said detecting
step includes a step of photoelectrically converting
an aerial image of the lines and spaces.
A twenty-seventh aspect of the present
20 invention relates to the sixteenth to twenty-£ifth
aspects, and it is characterized in that said detecting
step includes a staep of exposing a photosensitive
substrate to an image of the lines and spaces and a
step of developing the photosensitive substrate.
25 A twenty-eighth aspect of the present

invention concerns a projection exposure apparatus,

and it is characterized by a mode for measuring



light toward the image plane, through the pupil plane 20 of the projeati,on
optical system the relationship of the positxonal change in the image to
t he def ocus beoonmes substantially linear. F~.gure 21 shops a projection
exposure apparatus for projeoting and tiaasferring a pattern 25 of a nmask
16 onto a photosensitive substrate 1S, in ~hiah tpo illum nation lights
havi ng principal rays LP1 and LP2 wrt20 different inoidenoe angles (tilt -
28 - angles) are projected on a test pattern TP (see figure 2) on a mask
16~ in which two i mages TPa of the, test pattern arc transferred by the
proj ection qgtigal system 17 onto the photosensitive substrate 19 on a 5
waf er st age"8YIyPRt pberFAtion of acprodestionopbinalheystematt ern

i mges TPa within tge | ane of incidence (sheet of the draw ng) upon the
phot osensi t1VLRE Page Ygtg}nﬁ ppasurdngomethod an dacanyrond ofh arrovr,

I s meaaurd~,and in mhiég, on 10 the basis of the positional deviation D
the best foates3t&ts &P Frephysseventatpecks  pand by sampe of the

test patt TP | ' d t t hat dl f the def
and svavel 1 oW SRBR PRBrORY B RsO R AT I SEL PG bhEREARSan dag R e

rel ati og of 1{LO devi ation,of th tern image relative to the
def ocusgcan"é}g?d&)??ésaf'iﬁggFF%}. wél‘éhl’: %rﬁé?ﬁé‘gﬁﬂggfih& &estoupi |

coor di nat e e;Qupl I f e projection 20 leas i7 . The X and
Y axes ar e%&gge%ﬂi %E %g?ﬂ%u%ﬁtghghgerﬁ%é’rh@‘ ¥5the pupil, respectively,
and the coordi nates repr hayi ee andardi sed with respect
to the nunerical apert&r %’{%ﬁ?gg gﬁ%&;ﬁﬁ%l %g) PEpssnt pro jeoti gn
oo ti on - ADTERLIUA Lokudbifi e Mo flob" Ra¥Edtd Plnu Rathia ' enter 0.

position -ap of the principal ray ace center O.

Si mul at i onch®ffcbetized P ét{bpll?iﬁg aa%qi%ﬁf%t grgg_raveent I onal mar ks

and by use of a pupil filter arranged ao that cou pass through only
a snal1est minwfeclorahinkc QUiptdfedEfR aRBVBIsUE dylsd sition -ap,
whil e abutting on the 5 boundalr#j: of the pupil plane P;ﬂ%f?gg g in figure
7 shows thelw echéttwaheyeelighth aspect, and by transferring a

pattern of the reticle onto a substrate.

[BRIEF DESCRIPTION OF THE DRAWINGS]
Figure 1 is a schematic view of a main
15 portion of a projection exposure apparatus to which
an optical characteristic measuring method accorxding
to Embodiment 1 of the present invention is applied.

Figure 2 illustrates one~dimensional

light intensity distribution of a test pattern
20 according to the present invention.

Figure 3 illustrates resolved objact
spectrum upon a pupil plane of a projection optical
system.

Figure 4 illustrates resolved object

25 spectrum upon a pupil plane of a projection optical

systen.

Figure 5 illustrates object spectrum upon



Clearly, as aonpared'with a curve 20 provided by the conventional nethod

W t hout uaiag the pupil filter of . Figure 7 , the curve 21 is inproved in
10 its straightness. This can be anderatood as boi ng acconpli shed by that

t he high frequency conponents [- (1-vp) NAO 1~ to (1+op) NAO a] of the

obj ect spectrum (f>0) of the test patters TP shown in figure 20 are all

i at eraepted by neans of the pupil ftl8&r=such as 15 shown in Figure 8, and
by that the anplitude of the object spectrumat the pupil plane 18 is nade
|aterally symmetrical with re-apeot to the position ap of the principal ray
of the illum nati,qn IJj ght ugon t he pupi| plane 18." 20 As descri bed above,
in this enbBdPHPA: RIARQSPE A PrA)edtien copthradd austemt the anplitude
in.the high frequency c onents .Qf the ob jeot spectrum G (f) of the test
pattern TP i s suppress reafcdliuptrates anpupddy @lrnerofcd section [-

(1-vp) NAQ 2 1+v O a] and, on the basis of it, an effect simlar
to that of é’%ﬁaf’?‘ rft‘g&wgagbfgi '« More specifically, this embodi nent

uses a teat pattern - 30 i is optjmzed so that, in relation to a
numerical aperture NA o%':é?“ﬁggt &%ﬂﬁ%ﬁ‘%ﬁ?i%ﬁ‘%mmi%i dence
angle apg (¢ t sitrons Lo the bupil ans) of, the prinpoipal ray of
the ill i ﬁ@‘?g%‘ ig‘ﬁ@% %F%ﬁ!"?l"l“urﬁgﬁ%%iﬂ%"f edpdodateralp ang Nith
respect to &Qi,@g@i%eq€ugn§tg:eg_§‘ the test pattern being orthogonal to the
i ncidence direvtion of the principal ray of th illumnnation light, the

anplitude of f) in ”ﬁ-éﬁf&iﬂmiluiﬁgheasi ?bé“%é‘; h%?&ﬁl\#A/%Lﬁ.%NA‘Va] , IS

10 cancelled. Figure 9 1s a schematiCc view o

proj ection wﬁﬂiaﬁim%ﬁtﬂ%i‘%QHﬂi@xt EHoRe Q%.Of the present
invention, into ich aretiol having a téat pattern 1S to bo supplied. In

15 Embodiment 2 , descrrijupd 9i ik A sBHmOELE Vel bICY ﬁﬁ?uri ng net hod

and an i mage plane neasuring nethod fox a projection optical Systemin an

exposule® appertion. ofhaspeeheditivn expotiird Cﬁiﬂ@rﬂeﬁsoﬂﬁdﬁ'ﬁﬁxg] eas system

but also to a projection optical system?20 having a mrror systémor to a

proj ecti on opt EmbbdiwsininZ oof atdheppiresenits Lile€¥bAY a conbi nation of
| eas and mrror systens. In Figure 9, denoted at 1 is a light source (light

source neans) for expofirgutedgin .iVkustpatds apsheibhobE Pogued 1. a high
pressure Hg | anp or as exoiner. laser |ight source, for exanple, my bs
used. ~Pher®- a hi gh pressure Hg lanp is used, exposure |ight -~ emtted
fromthe light source 1 is oolleoted by an elliptical mrror la sad, after
it, the light passes t¥iqwpe ahl iddiustoates apbetionsof Fighkeent rance
surfaog 3a of a fly' a eye lens 3 . A large nunber of 5 seaoridary |ight
source 5areg'produced at arear (retiole side) focal surface of the fly's ey
| ens 3, whioh surfaoe is light exit surface 3b thereof. Exposure |ight
emitted fromthese secEHGHIEP |13nilivgtratani\mkeat apapserar e stop 4, fist

relay lens 5, 10.projectiqQn type retiale blind 6, second relay |ens 7,
y adcordgn o é%e gggsont invention. Y

Figure 13 illustrates a test pattern
according to the present invention.
20 Figure 14 illustrates light ihtensity
distribution on a test pattern projection plane.
Figure 15 illustrates an example of a test
pattern according to Embodiment 3 of the present
invention.
25 Figure 16 illustrates another example of

a test pattern according to Embodiment 3 of the present

invention.



and main condenser lens 8, and it illumnates a retiole 9 with uniform
illum nanae. The projection type reticle blind 6 and the pattern bearing
surface of the reticle 9 are di sposed son jugate pith each other, such Z5
that the projection type retiale blind 6 defines an illum nation region on
the tetiole 9. The pattern of the retigle 9 is projaoted by a projection
optical system 10 onto a photosensifi@& faterial (wafer) W The aperture
stop 4 to be used for a 20 neasurenent node is arranged so that, by nesas
of a switching nmechani sm4a, aperture stops 40 and 4d shown in Figure 10

can be used interchangegbly. Alter ivel it is ovi ded by _a variable
aperture stop such thgtﬁgﬁﬁﬁeﬁfﬁm’gﬁﬁtﬂé G’@H'&L’d‘%’?'ﬁﬁng@- arbitrary
Pormed on't ReSBY HERgLH Bl ehd fhnblon (R s sely FacbEEng" " " "
detocti on syeroreiid 50 EnbofiThent 18IS T feRpRl 4nrerElSe mount ed”on
a Kafer stage 12 . The ogal I o] he fly s eye 5 leas 3 is
appr oxi mately con jugai%fgﬁf% g%p&;#Jiﬁéﬁé?idéb&fgfhéﬁ&Qﬁgkﬂi%ﬂ optica
system ¥). Zh gt ; S| i o] erel nd |ight passed
t%r oughgt)hexs?i“?l?'l %%‘?eggi \?egggfteaé%ﬁ%{loégggﬁ%gr %%?eﬁlher ebg i tpi S
detested (photoel ectri op£oa¥gr 509N 1uslll-a s U6 £81h 81 oY Hethalgn ( det ecti on
nd pho a

unit) conprising plate 11a, slit a oreceptor I10, TS | nmount ed

on the waf eanSopdicel dxfsV@iecti’xif (# SONRELRR) Whd<Yatbpdg 12a for

positioning the detection system 1l at an ‘arbitrary position wthin 15 a

pl ane per peddivdatdion fina Ophtedrndxi s 10b of tha projection optical system
10, a Z stage 12b bei ng novabl e upwardly and downwardly in a direvtion

parallel to the opticalFigurelQd Gf1lldetsdossCbherdikidddogast em 10
thereby to set the focus position 20 of the detector 11, and so on. In this

enbodi féht , Ligbte inteme bty ollbatsr ibiticrn 13 f an ebijeeit Ngmade . f ocus
position of the detection system 11 (plate 11la) . The autof oaus system 13
conprises a light sendiffgeyet2inilinsftoratesjlecternl ZewiatiogodHf a
slit-like Iight pattern, for exanple, onto the top surface of the plate 1la
obl i quel y wktRatdeps-iaqeprdingptocdhenpredantoinvienhran ecti on
Figure 22 illustrates measurement object
spectrum upon a pupil plane.
15 Figure 23 illustrates one-dimensional
light intensity distribution of an object image.
Figure 24 illustrates object spectrum on
a pupil planae.
Figure 25 illustrates object spectrum on
20 a pupil plane.
Figure 26 illustrates one-dimensional
light intensity distribution of an object image.
Figure 27 illustrates infinite Fourier
series.
25 Figure 28 illustrates objeot spectrum on
a pupil plane.

Figure 29 illustrates a relation between



- 33 optical system 10, as well as a light receiving system 13b for
receiving refleotion light fromthe top surface of the plate 1la to
re-inmage the imge of the light slit-liko light pattern. 5 If the focus
position (position in the optical axis 10b direction) of the top surfaoe of
the plate 11a ahangs, in the |ight regsiving system 13b the position of the
image of the slit-like light patterh Te-imaged on a light receiving

pl ane changes . 10 Thus, by deteoting the imaging position of the slit-1like
i ght pattorn, any change in the focus position can b detected. The |ight

receiving s e ctric tor 13c jncorporated therein to 15
produce a f%@ﬁs%ﬁf %%ﬁegﬁﬁﬁgegrﬂ%%}t‘c E #Pestam wridion of the

slit-lik Iig@% atkern as re-inmagod. A control systom 13d drives the Z
stage 12b o }iig %é'?edra'stage 12 so that the focus signal fromthe

phot oel ctri a detector ' ANt ai at. a 20 predeternm ned | evel. 8y
this, the focus positi ?ﬁfﬁé?ﬂgbt %%h’gﬁﬁﬁf‘ateeﬂ)f‘ t’gﬁfﬁﬁéP@ batwaen pe hel d at
a predet er R&IniABel (4 a iti f _the.pr,q jectioa optical
syatan) , or i'tncan be s i#?gggfggm %ﬁ&%p%sé)&fgﬁ?nﬁ'%focus signal from

the phogoel ectric det eqtic&u,:_lggfQ_qggeéoﬁpg.L@?g,it.ﬁ%thIgittneaa‘-:rilla/%fxgth a

ahange in focus position of the top surtaoe o P lla within
a predetor%ﬁdtram(wr@goaeb%g_qd 1E, 1N the optical axis 10b
direction) . Therefore, inversely, a change 1n focus position can be

detected ' from a change pigusyes20i i Fyct the 2 stage
ge Fiyd 1108 tradtiss o5 8kue %g“[%e&"s%%% g

12b of the wafer stage 12 has incorporated thereln®a hei or (not
shorn) for idelwoinagione moshédon of the Z stage 12b pith respect to the
optical axis 10b direction of the projection optical system 10. 10 Denoted

at 14 is an of f-axis wiigurs i 3Bnthlusyrates Be ¥y of ﬂigggﬁ% system 14
detects alignnment marks fornmed adjacent to respective shot regions of the

wafer ¥9 | his case, by detecting beforehand the spaci hg between the
optical axis 10b 15 and the detection aentar 14b of the wafer alignnent
system 14, that is, whfidureal4ctliubizalten d cogsb BRLtageurate alignnent
of each shot region of the wafer 11 can be carried out on - the basis of the
al i gnment MACTRERY| 58 Frkadimpnt 4 hef whher preissmtcitnvent£en20 14.
Further, the wafer alignnent system 14 is operable also to detaat various
marks. formed on the p ﬂ@é‘r‘??l?éaﬂ-ﬂ-ﬂ-g‘%%{lﬂﬁﬂmlam)uoﬁurbe retiole 9
is a teat terg 1g. A; regards this test pattern 15, a pattern shown in
25 Figure $ L Pakk REROXAIDG tR mentfér exanple, is
used.'lgn Figures 12 ag,d 13, gr& ﬂ(ini ng 15a of th test pattern 15 is a
pattern phiah is to igure ustrates a general structure

of a test pattern acoording to Embodiment 4.
Figure 37 illustrates a test pattern
‘aooording to Embodiment 5 of the present invention.
Figure 38 illustrates a mark group 19a
20 having its object spactrum controlled.
Figure 39 illustrates a mark group 19b as

a reference pattern.

Figure 40 illustrates a reticle 9 having
mark groups 19a and 19b.
25



- 35 be resolved by the pro jevtion |lane 10 of the apparatus shown in
Figure 9. Periodic openings 15b formed around or at the opposite eider of
t he opening 15a are patterns not resol vable by the projection lens 10. 5
The best focus neasuring nmethod for the projection I ens 10 of the

proj ecti oa exposure apparatus, using the retiole 9 having the test pattern
15, is as follows . To the test pat'te?rﬁ'15, a first 10 illumnation |ight
defined by an aperture atop 40 shown in Figur 10 is projevted froma
predeterm ned direction, and an inmage of the test pattern 15 is projected

orof ot | on (S .FORYS, FRe HeAGEZH8, bk ANENILOHT <o 12 81 ong a pl ane
0 rection paral| 1 to t RATHARGE o+ PnatFatRs ¥ FBtIeBlonont | oned 1t

20 Light paceeftkestatd nblialag helipd #5685 pefieBed, dyagem ° *°°""
ot octor . TaotsEiad B0 Ruddithe ' { SFChp PEaRRAY hvfekifons (X ) of

the vafsr ifited? isnohE &' SREe(¥ndRbLh Nl S Uisde S8y OfbOpgRnal to the

optical axis direction, obtained at that tine, an ’signal s
(B igure 1 peoHertiutlilehd 97 B6x! pHbS ol ' & ig,gt - 36
guantity at ?hege positions, the ge%trgfbg%gi%tsfﬁa o%‘%ﬂec’##a 8'5f th test

pattern i 5 QEtWcieRord swes 4lPhotobenditiive \WBLALES- (i?@%?.ﬂ;eir’s the

stage 12b is noved in the 5 2 direction, and the aperture

i nt er ahangdd pyEdheuspeihubkpdistirel MppdF&Buss €62 GdnidBRAIEERR | 1 ght
whose principal ray has the sane tilt angle as the first tITumnation |ight

but has a dlewictée nantfantuteceldobhgsen)aind cthe hiasbe first 10
illumnation light, is projected on the tact pattern 15. By this, an inage

of thelQestinrantioni$si sppldjetitiievatohe plate 11a nounted on the wafer
stage 12, through the projection optical system 10. By noving the~wafer -
stage 12 along a pl anelp)X@sgury 15 tlie aaskohs) hastfogoed thieréds opti cal
axis diroation and in a direction parallel to the plane of incidence of the
af orement i SnPREERINd 38 |atentipatteght TP, hbaviiing pat tartendbtyr ovi ded on
the plate 1la is, scanned. bight passed through this slit pattern is
det est ed bé"ﬂf’i@-"bﬂﬁf*hﬁ(ﬁﬂom cghownr in] Figunate &5, sahdghhient ensity
detector or | i ght, quantity detector, for exanple. Then, on the basis of
respect i vepﬁ%s”i ’igbn"s’I ©2sR98ed tRcPRPELhOgORAl o an isnqlidencg 8 and Y
o_the optical, axis direction, obtained at 25 that

e LG AR Ol LRnhll o¥ e driAgipadomas Jdhfgthe he | i ght
Intensity g )ifidd @18n WEGh'' ¥o¥ {11088 £O8LLL e baktasy wp, POSItion of
In Figure 2, the axis of abscissa denotes the x
coordinate, while the axis of ordihate represents the
intensity distribution. Patterns ‘Ma, Mbl and sz are
20 openings hgving different widths.
| Diffraction light to be produced from the
test pattern TP provided on the mask 16 when the same
is illuminated with the illumination light LP having
& tilt angle op, passas through a projection lens 17
25 andenters apupil of the projection lens. | It produces
object spectrum G(f) of the intensity distribution

g(x) of the pattern TP, at the opening of an aperture



- 37 the image of the teat pattern 15 being imaged upon the plate 1la is
calculated. kith the provision of a prooess for calculating the central
position of the image of the 5 test pattern 15 at eaah~ of difforant Z
positions as descri bed above, since the rel ationship between the Z position
(foous) and the calcul ated oentral position of the test pattern inmge
(shift amount of lateral . deviatich)@d s approximately linear, |inear 10
approxi mation nay be carried out in regard to each of the relationships
between the Z position and the aontral position of the test pattorn inmage
ss cal oul ated on éhe&%asi s.of test gattern i mges provided by use of two
different YR h8Ri &Hhat fakinesot BeD“Pé-latRfE%n.ﬂAﬂ-Qopft Heh& position
where the thus ob%gi neq_gtg‘m s_}rai ght lines intersect with each other nay be
aut omat i calBXPHBEELLBy 1808 b7 hast focus position. Further, the result
above may be fed ﬁt@k Lo the exposure apparatus , by which automatic
oorreotion of 20 .focus position is attainable. Further, since the light

B w m orone, - n Gt shBBIBeBtauda PR IRRP G oA ArRh e Lo 0
[ d Lph. [ d i bed ab , 2 l'i gh
fecei vi kg sur 1 aoe BB iRRT/HND AFesg IR R PR Al aewp Tect ar the |

i mging plane to r i h i;al inmage, w thout incorporating an
enl ar gi ng - 3B %ﬂ%@(&sééﬁdﬂu nto the stage. By deteoting th central

posi tion of this_gkd j 0, 0siti o n bo_aal aul at od.
Further, test patfctsar%ls'négagg*%g?’é‘?l S%E?'rgg?fs B&#&Wj%fbﬁi and thO sane
retialo, at pl ural_égggé’}&ayzhg\ii @g ]di fferent heights (image heights) from
th optioal axis . Test pattern e}p sures may be carried out with respect to
diffareat inmage b6y Sol aqqan | * { bod 10
her ei nbefore, and, i nf?a:(gf?ogatlgq’gao ml%%’geLEgi(g‘ht , %r?g%’z?f?gcus
positibh may bo =leA¢f) el (B)i s enabl es neasurenment of inmge plane
(aurvaturo of field). furthernore , the direction of opening of the
aperture stops 4&:afimbquemey be rotated by 90 deg. and similar 15
maasurenment nmay be carried out. This enabl es neasurenent of astigmatism
(astigmatici aber Hat(fgn)= Lyl weinal(mdd)a siti (60F) ©9iaRRIRAlg)SYSt em provi ded
inside the projection optical system 10, automatic oorreation of various.
aberrations suoh®d€)des @t aimic20€hbove can be aaoonphi shed. Suoh autonatio
correction '

Since sin (nCf) of H1(£f) has the same period
15 as A(f), the amplitude of A(f) can be suppressed to
small throughout the whole frequency region. Also,
as regards 4al*sinc(alf) of H1(f), if a sufficiently
small value al that satisfies 1/(2al)2(1+op) -NAO/A is
chosen relative to NAO at the light entrance side of
20 the projection lens 17 (pupil 18), then, within the
region of pupil plane 18 of the projection lens 17,
4al*sinc (alf) can be regarded .ns amere weight funotion,
which decreases as the frequency becomes high. Fiéura
3 illustrates actions of A(f), sin(nCf) and
25 4al*sinc(alf) described above.
As regards sin (2nA1f) of H1(f), similarly,
if a half period of sin(27Alf) is given as not less



I s enabl ed by perform ag neasurenent of datoatod data in a signal

processi ng system (sot shown) of the apparatus and by feedi ng back the
result-to a correction optical systemdriving nechani sm (not 25 shown)

Next, description x111 ba nade on Enbodi nent 3 of the present invention.

- 39 As vonpared ~rith Enbodinment 2 , Enbodinent 3 differs fromit only in
the point of pattern shape of the t2R6 pattern. The remai ni ng portion has
the sane structure as of Enbodinment 2. 5 In Enbodi nent 3, desvription wll
be made -on~a specific exanple of valvulating the best focus fromthe result
of transfer_of test patter nto a,phofosensitive substrate (wafer) W In
order to img:%g- Nl °§nnﬁﬁﬂtp‘b?i Plane i ofcbhepreiestionest pattern
i mage, a di,stancge, betyween two patterns shoul d be inspected. The pattern
to be used%ﬂ??eflrf+gng?ﬁaﬂﬂﬁ eEPn¥Right fnnqtien having a

devi ati on, bet ween superposed marks i asured. Figures 15 and 16 show
pattern exZf “'Po?’gigat‘\/\o%ﬁfpé"s‘"&*f?gg? FROT8ERE iMich are going to be

uoed 10y, FIBREATE o) A LRSS kR s S G SO Rpoe DA 52,
Fagar do®t he ek Bk s B e R Bind o)) deieSeLbefasbigeno phase
Figure 1711Tustr ai e brdb rag=TRy sl MEL: ENTRF A kY FhRgartar
direction @na\h ¢he Badi® bl CiR518 pERsEbIY €8 dBedld sig) The Sires
illustrated in the .
: with which the amplitude of the high-frequency
component of A(f), which should be suppressed to small
10 as much gs possible, can be suppressed to small within
an appfopriate frequency region. Also, as regards al
and Al, similarly, by adding pattern shaping such as
a2 and A2, optimization based on H1 (f) +H2 (£) is onabled.
Figure 5 illustrates that, through the shaping by two
15 sets of H1(f) and H2(f), the attenuation tendency of
the amplitude in the high frequency components of the
sum of H1 (£) +ﬂ2 (£) is consistent more with the tendency
of A(f). Similarly, optimization based on
H1(f)+H2(f)...+Hn(f) is possibla.
20 The object spectrum G(£) of the test
pattern TP shown in Figure 2, as produced on the basis
of al and Al satisfying the above~described condition,
is imaged at the imaging plane 19 while being
influenced by wavefronﬁ @orratlon of the projection
25 lens 17 and the position of the imaging plane 19. The
amplitude distribution :I_E(x) of the image here is:

£(x) = F~1[G(f)-0(£)]



drawing are all the sires (nmm is ternms of being converted at the inaging
side (photoswnsitive - 40 substrate Wside). Figure 18 illustrates
conpari son between the object spectrum (solid line) of the pattern of
Figure 17 and the object spectrum (broken line) of the 5 pattern in which
the pattern wwdth Cin Figure 2 is s to 2 mcron. It is aeon that, in the

nuneri cal aperture (NA) region Nal - h fox which the optim zati on shoul d
be carried out, the anplitude of the pattern of Figure 17 is suppressed to
-smal | . The 10 nunerical aperture (NA) of the projection |lens used was O .

73 , the incidence anglgj_ggec’)fuﬁghi%?%ig%&gf*§?§h+ l°1§’ﬂ$€t ion |ight

was 0.7, and v size corresponding to a eni*ng angl e h m nati on

ubstrate i o exposed Wt h bart arneuptPieedty, Wil LILISTRE | or

substrate is exposed wth patterns 151 and 15 waf er stage

 is noved sorébion Wagdndfa tdiedaitedits)51-apd e sed one upon
anot her. Then, the aperture stopa(4v Is 2 intagrg%a%%ge(f by e ?p‘grture st op

4d and, by aspagitienijepy,! WorrédsPord@ingNeoPEREOSSAY ta tggta is
exposed with the patter ns 151 and 152. gubsequently by nﬁén;]gg Jrr%asuri ng

tool, adrel thevpriasipahatageLPabfothe VEPIni A8 tiShIas Pl | hggexposed
patterns 25 751 and 152 is neasured Hers, if it is defined that the shift

of the patt8ehlowmsgdticn zche afbrementitardd f6qUa LRGN HHKE €hb0aM
devi ation can be represented - 41 by an anount of positional deviation
"between patimpgingagmplitedect ()i isusmelwensdd baly byt nul ation fox
such neasurenent. Curve 22 deplete:-the 5 result of neasurenent in
Enbodi ment wavefregt mderration ¢§1thedprefectioe Llénshawedrsubstantially
the sane strai ght ness as of the result (ourve 21) of using a pupil filter
as descri be¥Papdkegice XREhenRDdn Flouce 6hcondthé pmpiceplams i 1 med.
Mor e 118 S ifirﬁall the test pattern of Enbodinent .3 conprises a pattern
such as - shown'i Xi{)%?*é"’ii,ui%,’ amalbl negienrwikhnphcapprdpriaitec! udes a
pattern ad so.that diffractipn patterns produced on the pupil plane of
an opti cal ags){'/ggén?f'ﬁf’& & ARTe iy gﬁ‘!‘fs%‘éneéqu-?n dueh tot her such
that high f Y. nents are_reduced. Nanely, also this test pattern
is provi deéﬁﬁgﬁngsagggﬁgﬁg" &8 &BFP‘a‘§’i§H‘F sFequaneiagsinthe o2, .. .
(see Figureggd) #trL5€oR0UAI3 o Y {dh [ GRS nin?aggg/a 6&3%5%22&&3&9 peri odi ¢

to smgll. Therefore, as regards the relationship of

15 any positional change of the image relative to the

defocus, it is not influenced by image distortion and

it is linear. More specifically, since the test

pattern TP directs substantiallf only zeroth order

- light toward the image plane, through the pupil plane
20 of the projection optical system, the relationship of
the positio.nal change in the image to the defocus

becomes substantially linear.
Figure 21 shows a projection exposure
apparatus for projecting and transferring a pattern
25 of a mask 16 onto a photosensitive substrate 19, in
which two illumination lights having principal rays
LP1 and LP2 with different incidence angles (tilt



20 components different fromthat of the opening Ma, on the pupil plane of
the optical system Therefore, this test pattern, that is, the test pattern
TP, functions to direst substantially only zeroth order |ight toward the

i mge pl ane through the pupil plane 25 of the projection optical system
For this reason, even if the pro jested inmage is defocused and al so the

optical system has wavefront aberra&i2g, -no - 42 asymetrical distortion
is created is the projected image. In accordance Kith these enbodi nents as
descri bed hereinbefore, even if a test pattern is 5 obliquely illum nated,

measur enent of beat focus, astigmatic aberration and curvature of filed can
be acconpl i shgdew)t avet poofjes tied bncactes bypabesrat TP e FIQEFE] €Ct i ON
optical system further, the advantageous effect thereof can be optim sed
wth 10 regd) donoavamskud 6ratite whisth cbwo cihagesa IPac &0t He) bt OUS
nunerical apertures (NA) of projection | enses of exposure apparatuses.

Hi gh- t hr ougPpiteznd axeitpansferaedrhyirtne nprogeatttiaim adp €ichlw,
~description WII be made on a 15 wavefront aberration nmeasuring nethod
accordi ng t3Y£EkMBdlTeentpe cthephptosensiitirmt substiate 19 dasari ption
will be_made with reference to a ease wherein wavefront aberration of a
proj ect Pon YPEPEAtages ohn gthich apesditdonad saria thpn rtabetween 20

proj ecting ci%cuit pattern of a reticle onto a photosensitive substrate
(wafer), is-8Bi MY Pakrernsivages TR ybthin: the planegynfern or pattern
group (test orped_on_a retiole 9, 2 5 illumnation |ight whose

princi pal r’&@giltaggn °c-<la- l{;ﬁ?iggﬂﬁl &h&nd’”&‘fﬂéfqgi WPePr &8 on i s projected

(h ot an LV aRen ot Leglaiiongnl g cpeei ol cplleal "7 88
el L RSHE SR RI o il BhHhenls o e e
patterg rraymngt tl'e:"eigo]r':’ tg\?ltgeegb ‘g%lggirgg’t‘ fla%‘gf’iﬁ?i&% ha'i}‘“?)é’af’g"r g9 a

separate refgrggegchled © - Here as regards the aerial imge to be neasured
or the pattern inmage TPa 10 transferred to the photosensitive substrate,

there may be nore than mqhigwoaxmgﬁqﬁurﬂw%ﬁ*gg%géfngﬁg t han one

aerial images or transferred pattern inages, €\ : _
proj ection ﬂlﬂélWt%&tﬁ&hs'ﬂ’rQQS&éEﬂgn%gesBoﬁht tgné.sgﬁ:ﬁaeéﬂﬁ%t,' ve aerial
a on the

I mges 15 or transferred pattern imges . depen
regardless of the defocus and wavefront aberration of
15 the projection optical system, the relation of the
positional deviation of the pattern image relative to
the defocus can hold its linearity.
Figure 6 shows the coordinates (pupil
coordinates) on the pupil plane 18 of the projection
20 lens 17. The X and Y axes are axes which pass through
the center 0 of the pupil, respectively, and the
coordinates represent values having been standardized
with respect to the numerical aperture NAO (radius of
pupil plane) of the projection lens 17. At the pupil
25 plane 18 of the projection lens 17, the incidence
position -op of the principal ray LP is displaced from

the pupil center 0. Simulations were carried out in



positions of patterns upon the retiole or a reference plate, and these
patterns are illumnated by illumnation lights fromdifferent directions
whi ch dpend on the positions of the patterns. 20 In Enbodinment 4, to the
teat pattern TP fornmed on a retiale, illumnation |ight.having a. principa
ray LP with its direction if incidence extending in a predeterm ned
direction is projected by an illunm=m#®9on optical system Then, the
position 25 of a test pattern inage TPa which may be an aerial inage being
defined by imaging the test pattern TP of the reticle through the
projection optical system.or which - 44 my be an imge transferred to a
phot osensi t29ECEHBRCE, i th scmﬁgatéenaéumgemngl, byhius®s o€ngi ng t he

i ncidence direction of the principal ray of the illumnation light, the

i |1 uninati &“P%rﬁﬂrsﬂs aroregedse Shak light poulst pass theough cl e Then,
the position of a tesi gattenn i.mage TPa which may be an aerial inmage
defined by ?’h&jihg’% lpgd ofxole 45 Ml qorld becdrawn sboudal system

eantr on. "Hh O ARsaLS AIPLER P opl M v EbinG: smpenwn S
Substrate ROTRUSFYNEY VHE Badf SHege’ T (Bwtn a1 Lo\ Fhanee n | mge
easur enont” | Shous; Ene’ SEATNE endRach. (T 00 Tal” i tmge of the teat
Raverront aberration oo klyy e BERERRRE BHRLA pRRR W oo ical
system s Yesvaasassy HE dineReiofhs dELAbA DL EnSIROHRIRY prrr | ses 2

periodic pattern (line-and-space pattern) 1n whic ﬁterval) of

the Iines qsupiltm'éaicsf.ffgﬁybsﬁ?“éﬁé{lﬁgﬁﬂiéf[}{'&cgggﬁ%éggaa'é' y, the 25

I ndi vi dual w dths of the spaces through 19 d&er eases,

al ong BOdi rites | Pr&igHEnadd | NTHAs HAE DEAhhTeRstod e.seﬂ{aif.ﬁof the

periodic pattern - 45 toward the line oz space pattern a e outside

periphery afcd¢dppeshed byPaiHt Nthéd Nhighi FHadu¥dfdyi t¥mPbikhdyution of a
pattern i mago obtai ned when this pattern is inmaged by a projection lens, 5

adj acent | ilretl-eop) NNAOY/ASES (ddor) R 2R] df thalohfeb BB eSeras @ Single
| arge pattern (image) with small distortion. In this enbodi nent, the

position of (841l efrthe teagepattematTRrshowngent FARA{S 120 4Pet he 10
phot osensitive substrate is neasured, .as an anount of positional deviation
~froma gerﬁél1in#Q#@qptegobythoans of the pupil filter such as
15 shown in Figure 8, and by that the amplitude of the
object spactrum at the pupil plane 18 is made laterally
symmetrical with respect to the pésition op of the
Principal ray of the illumination light upon the pupil
plane 18.
20 As described above, iq this embodiment,
the test pattern TP is optimized so that the amplitude
in the high frequency components of the object spectrum
G(f) of the test pattern TP is suppressed or cancelled
within the above-desoribed section [-(1-op) ‘NAO/A to
25 (1+op) ‘NAO/A] and, on the basis of it, an effect
similar to that of a pupil filter is obtained. More

specifically, this embodiment uses a test pattern



Then, tilt of the wavefront corresponding to this positional deviation is
detected and, on the basis of it, the wavefront aberration is detected. 15
In greater detail, the Enbodi nent 4 uses a test pattern having a structure
descri bed herei nbefore. On the basis of the ampbunt of positional deviation
of an image of the teat pattern being, illum nated by oblique incidence
illumination 20 as well as the projec3@on direction (incidence angle sad
azinmuth angle) of the principal ray of the illumnation |ight, projected to
the test pattern, a tilt of the wavefront at a certain position
correspondi nﬁ,tge‘éhe rojection direction, on the 25 pupil coordi nates of
the projectTohSRet® ontinired: e that, dnysedation diom n@meedoal this, the
wavefront aberration_ is detected. - 46 Next, description will be nmade on
the obj ect %@E?Pﬁm §A 2% dhe predeatisnyoptiont systepupnd amne of a
proj ection f‘gt al system where vefront aberration of the projection
optical sys epgeLd Fhrf at (rasipionsr inatber pupdd o t he
present in lon. Lf .a resolving power of nmeasurenment is taken into
account , tm%?gc?ks'b}é%ﬁm‘a#ﬂpglpﬁﬂl°f)l%?h% ilyninationeliighdul d
. desirabty . . f fynct.i on It shoul d, be noted however 10

t hat , V\%t h%ﬁ?ﬁal&pea :'aétgf t:h? 8% BAttRsn TRgand with respeghitern i s

produced. | Lee | [ acgount that, the nunerical aperture NA
of a proj ectﬁ gélﬁfélr:\g F?teg#%{a}%noghg* 8? 8‘?‘@ HP%t Pattexn bedng obj ect
spectrum woa_‘stﬁ?y' hﬂ’&e' commdated y thin a nunerical
aperture (NA) o %‘Egliﬁét e ﬁb%j]%%ﬂlcg%é *8FoH- © h%ﬂ RTineipad 20 for
exanpl e. Ny dfharEci fmifa h,QhhgCt ectr | s.congidered. Were
the numerical aperture NA oé’ ét%%& %?'?jhgtdt it'é'g‘ I’&P@%é"ﬁ‘ﬁg g?ﬁ)n le the
center of tifie My e@ctidrtf URH ol & S oarh 7| ficient that the
shape of the object spectrumis hel ?lrtnﬁt h%ﬁé):c?#'g% o?ﬁ./étiNAiilA. Taki ng
this il@o amomelledbether it is 25 possible to design a pattern whioh
satisfies the above-desoribed condition on the basis of a retile pattern

(test pattern) only, aFdgureh@itisisaN8cBematic view of a main

portion of a projection exposure apparatus according
to Embodiment 2 of the present invention, into which
a reticle having a test pattern is to be supplied. 1In
15 Embodiment 2, description will be made on a best focus
measuring method and an image plane measuring method
for a projection optical system in an exposure
apparatus. This embodiment is applioabie not only to
a lens system but also to a projection optical system
20 having a mirror system or to a projection optical
system (catadioptric system) having a combination of
lens and mirror systems. |
In Figure 9, denoted at 1 is a 1light source
(light source meane) for exposure light. Aas regards
25 the light source 1, a high pressure Hg lamp or an
excimer laser light source, for example, may be used.

Where a high pressure Hg lamp is used, exposure light



r 4~ .. pinhole, to be described later, or not gill be described. The
measuring nmethod to be taken is the oblique inceide illum nation nethod
descri bed hereinbefore . 5 Figure 23 illustrates a light intensity

di stribution of a one-dinensional repetition pattern conprising |ines and
apnoea wherein the wdth of each of the line and space is a and wherein the
ration of the line width and the epedd Wdth is 1:1. If a 10 rectangul ar
function shown in figure 23 is g(x) and.its Fourier transformis QG f) , it
is suffici.ent that the object spectrum shape on the pupil plane of the
projection optical %ésten1is considered only in relation to f). 8ere,

G f) can b®Rbbred; frem thes Lightseeurse Joisgolierted hy @ana(af )

C ' patter n SEHRHLERLHEREOF 38 A0c) A8FeR A heolLahtvensaesc - o
Gr). i o exFHReEaRoan Apppe Laph o ARd sheRER® L49hY)enteansm cquat| on
Spectrum hAiTERER SRnpF RoEThi) e ats (hn) K a%oa hvabagert. | - dp
i he. and s pdSn ks Ls QRERHINES artipBulluodd 880 rop Lrpbagile - 0
Drane. ' HaisieP ko8h1 o duskdlfs GF e ARCEINT (e PE0RE 3 AR cpect i on

the pupl| Riv¥ieaddClsalightMuiit FadtEBcd® sk) eifdfeds s ulkkEbElke® 28 fOF ©

to avoid anplitude in the spati regquency sectlon (2a) , that

is, to supQ%Pg,?%gqrgae@Wﬁssegghg%?{%%héosm%ec‘sonsi dered from

t he standpoi egion (isoplanatia pat at can be regarded as

the same | Wifaige0hia Apdrtute'sebp! IS Hidh Gefapaihfisn g0 e Measured
or of the speaifioation or precision of positiona evi ati of neasuring

tool s TOrr gxdjedbianatyphl feticteBliaubi, 0OBeabnid red agOidhlsl §0 0 assure
that hi gh order conponents are suppressed without taking a large, is | ooked
for. Next, sndmatier cohdens@nlengh8, iancdd iYluninates a reticle
9 with uniform illuminance. The projection type
reticle blind 6 and the pattern bearing surface of the
reticle 9 are disposed conjugate with each other, such
15 that the projection type reticle blind 6 defines an
illumination region on the reticle 9 The pattern of
the reticle 9 is projected by a projection optical
system 10 onto a photosensitive material (wafer) W.
The aperture stoé 4 to be used for a
20 measurement mode is arranged so that, by means of a
switching mechanism 4a, aperture stops 4c and 4d shown
in Figure 10 can be usad interchangeably.
Alternatively, it is provided by a variable aperture
stop such that an aperture 4p can be defined at an
25 arbitrary position and with an arbitrary size.
An image of a test pattern 15 which is

formed on the pattern bearing surface of the reticle



di stribution such as shown in Figure 26 is considered. 20 Wiat differs from
the patters shown is Figure 23 is that, although the pitch b of lines is
uniform (constant), there is a degree of freedom of changing the line w dth
a. The Fourier transformof the rectangular function shown in Figure 26 can
be 25 expressed also as follows. G f) aOsino(al!)+2~i~1 isn aisino(ai f)

acs (2nibf) . . . (4) - 49 2n: nur@@er-of lines b: pitch (~spaoi nq) a4,

al, a2: line pidth Sere, the Fourier series of Ei pi acs (if 5is

consi dered. The Fourier -series is converged as follows . i=~ ~piaos(if) _.
(paoa(f)-p2)/ii-2poos(f)+ i=1 10 p2) (where ~p~<1) ' ...(5) In Enbodi nent

4, the test9 ms til huninadeidyneidchiexpo suke nbight , gispimakgmiet oaf acquati on
(5) above as a goal. Thus, when equation (5) is applied to equation (4) (
from equat iRkaterbidi agnstititingm e tatbien system (4t seich s be

desi gned and object spectrumto be produced thereby is obtainable . , Sere,
vari abl es pthemedn Figurendd .p, Theplate st iismrountdidaor a/waifa es
(mediation) for relating the aforesaid pattern and the object spectrumwth
each 20 ot rﬁ"!ﬁw{b%-th“égﬂal-’ﬁernfpgl&e!ugﬂwmﬁbl oft thenflp’@eRel) at a

val ue chgne to 1, the object spectrum becones steep, and higher precision
measur efentl R 8 ARRFRKrimated e ranjygate wbther puplbl pilane P i s close

to 1, the 6ect segctrumto be obtai ned_25 does not apgroxi mate to
equati on (PAY2i°E theePRR)ectioy; entiral syaten 10patThenplateh C. In

considerati, fab'a 51 AY Formedehesain ®ard Light vassed

through the slit 11b is received by a photoreceptor
llc, whereby it is detected (photoelectric conversion) .

10 The detection system 11 (detection unit) qompri'sing'
plate 1lla, slit 11b and photoreceptor 1llc, is all
mounted on the wafer stage 12. The wafer stage 12
comprises an X-Y stage 12a for positioning the
detection system 11 at an arbitrary position within

15 a plane perpendicular to an optical axis 10b of the
pProjection optical system 10, a Z stage 12b being
movable upwardly and downwardly in a direction
parallel to the optical axis 10b of the projection
optical system 10, thereby to set the focus position

20 of the detector 11, and so on.

In this embodiment, there is an autofocus
system 13 for detecting the focus position of the
detection system 11 (plate 1la). The autofocus system
13 comprises a light sending system 13a for projecting

25 an image of a glit-like l;l;ght pattern, for example,
onto the top surface of the plate lla obliquely with
.raspect to the optical axis 10b of the projection



equation (9) , approximating to n-power of P and nearing zero quickly, is
used for the designing . In this sense , taking n |arger nesas that
equation (9) approximates to a 'state inn which P in equation (8) becones
olose 5 to 1, and therefore, a steeper speotrumis obtai nable thereby.
Equation (5) when graphed is such as illustrated in Figure 27. It is seen
that curves in Figure 27 have a shape38n=whi oh the anplitude to f 10

bet ween peaks involves an approximately constant offset, and they are a
ourve near a desired spectrum shape not having irregularities.. Also, it is
seen fromthe graph that, since convergence is near com ng even at a stage
where the vﬁPGg"&fl gysfemi O apgrell as a dight regdeiving sysbemif the

pattern | en of the whole pattern is small, high order conponents can
be suppres sgégs“?ﬂ? racatying refdrntier Light Sram the topauifacapi aod

I 20 5580 B o b e 5 e S A
appl 1 o5 onl SLBECH IR DR E PabharR cul ar [ Here, the ef fecti ve 1 ange for
above. sioul d be dose. 1 & br 48 FOBNA, iR tBrgkelon %n Bnasi/h 7% e
Functi on 1 SBiekL Bxi"88p, caralbadil ot 3he e #efadhRbithe becores |
above, 11 cuarRon farrnousd . ot THME NI h4rs BEem 1ol oue
Ll L e b, Sk 0 DS iz,

equat | on~ I resu I'S SucC
q Patee A4 a9rRY L Faad g dho IS AGRY

as shown in figure 28 . Figure 28 iIllustrates o rrum®n ‘a pupi

pl ane. 18ubsPiyuent by detigo i@’ 8hecdn ;&(i?&%‘%éfftioﬁz o tByéweC assurpt on

descri bed above, ai = api 15 a0 = 2ap2
for a and pshbtielakel Light ipattah) and: JKWRYE' indemndEdw,#n P given,

t he shape of the object spectrumdiffers. Figure 7
pPosition can be detected.
The light receiving system has a
photoelectric detector 13c incorporated therein to
15 produce a focus signal which changes in accordance with
the position of the slit-like light pattern as
re-~imaged. A control system 13d drives the 2 stage
| 12b of the wafer stage 12 so that the focus signal from
the photoelectric detector 13c is maintained at a
20 predetermined level. By this, the focus position of
the top surface of the plate lla can be held at a
Predetermined position (image plane position of the
projection optical system) , or it can be shifted from
that position.
25 : The focus signal from the photoelactric
detector 13c changes substantially linearly, with a

change in focus position of the top surface of the plate



illustrates this. If p is taken as 0O<p<l, the peak 20 of the objeot
spectrum becones steeper when p is , nmade closer to 1, and higher

resol uti on neasurenent is possible. Also, since ais not effective to S/N
of the object spectrum it is desirable to nake the sane |arge as nush as
posi bble to keep the light quantity. 25 Since equation (7) applies Wen

a~~, If pis nmade close to 1, apn doeggno nean becone close to zero and
equation ( 7 ) is sot approaohable . The crash - 52 of Figure 29
illustrates that, as the nunber of lines of the pattern increases, the
anplitude of high order conponents is suppressed to small. It is seen from

the graph cil&iwithio & hpredetesndned Q:dW*@ f@Npteduterningd’ O L0 sone
degree, a substantial length o is require or the whole pattern . In

consi der at immngé imithe ioppiaslimelsilob dirdwEioR) ¢ WHekesora 2 function
with which it can be kept in an appropriate pattern length c near the

condi ti on céinveuaeilyn @syhange-iRofoenanpbeitibn ban bajabtabtee wWhol e
pattern shoul d be kept at cO, then, fromthe nunerical aperture NAO of the
proj ect i on fxom Q(P*b%nﬁea%nrbelVOLmeltherﬁmcbubOs:(gaMOI hruethelts spaci ngs

W t hin é{)ove descrl bed pattern is determ ned Then, from 15 b0 n=00 ,
the nu b of the.wafpsr atccpniaddaa incosppratied e t hat,
when ai ~ap| in e uatlon (8 is taken as ai = 1-i/ (n+l) ) . . . (9 t hat

is, as a |ithereiB-adheightssenaer ébﬁ#eﬂ@@!mé oridetactingathe Sere, a0
IS soO determ fg t hat 3_31avera e val ue of peak interval (~f~<1/b0) becones
equal to z&IFPLELGRIRE Jh e Rostagenteb ik Fesnagt o shecoptieal and
equation ( 1.9' 7 d n=21. Al so, Figure 31 shows Fourier
transform Wl,f% m@&#eﬁf‘ré’%‘ﬁ%o‘&eﬂ‘%?ﬁ%ﬂ@ﬂ% qrticeahl syskemhe graph

t hat equat |1qp (9) is superior. The wavenent aberration nmeasuring nethod -
53 disclosed in this application uses a teat pattern which is designed, is

accordggce with the co leSlgs d above as, to optimze the shape of
.obj ect” spectrumto be %%o uceg% %?’1 gspﬁﬂl l‘“pl° it ﬁFEPé‘ct ion optical 5

system By glly_ gﬂgshﬂgﬂlyﬁupkﬁgg Hc;rgfo}lf%reé:e can iﬁodl rected to

an i mage plane throug he pupi |"ane le on the
Far't man. ot hodre coan s fareneot %‘#‘éﬁ#‘%ﬁ-‘%‘%&lﬁ%aw%#sﬁ S§Efkrron "
Sborr ati on meaguring et hod' T v it Tip s B W By UadedBliy" O
beforehand the spacing between the optical axis 10b
15 and the detection center 14b of the wafer alignment
system 14, that is, what is called a baseline length
BD, accurate aligmneht of each shot region of the wafer
11 can be carried out on the basis of the alignment
| mark position measured by the wafer alignment system
20 14. Further, the wafer alignment sjstem 14 is
operable also to detect various marks.
Formed on the pattern bearing surface
(bottom face) of the reticle 9 is a test pattern 15.
As regards this test pattern 15, a pattern shown in
25 Figure 12 or a pattern such as shown in Figure 13, for

example, is used. In Figures 12 and 13, an opening

15a of the test pattexrn 15 is a pattern which is to



test pattern and oblique incidence illum nation are used practically 15
Referring to Figures 9, 11 and 33, an enbodi nent of wavefront aberration
measuri ng met hod according to the present invention mll| be explained .
Thi s enbodi ment cocerns a oases in whioh, in a projection exposure
apparatus, wavefront aberration 20 of _a projection optical systemthereof
I's nmeasured. This enbodinent is appTi@ﬁbTe not only to a projection
exposure apparatus having a projection optical systemusing | enses but also
to various projection exposure apparatusas. having a projection 25 optical

syst em usi m.rrors qr, one using, lenses and mrrors in conbination. The
proj ect i onrggp%%ﬂ?ivﬁgpQYaﬁg %‘ﬁ‘%\"/\hq:i"“ leng 1¢iof theyappanatust ructure
and functi ophgfmhgg‘t %en desgri bsd Kith reference to_the preceding

enbodi ments.  Al'So; Y he Y -cPi on® 8F2PEHCL PRAIPIS n1Ebgfoxmed | s nounted on

a waf er st 0, ction the.5 position of an image of a teat
pattern, aggﬁgé%g(()?)% %‘éﬁ?ﬁ?ﬁ%ﬁ‘ﬁe’fﬁegﬂf:@%rﬂmm{@.'gmﬁue 32 is a
ti . L ai ni ¢ g i d

PFl i nat | e sFUzhg, 130 Ao l0abls B Kile roI8rtian.dmRs obf - aber rat i on
of the pgrojection opti Ln.th rojection 0 e apparatus of

Zj gl(Jlr:g g JIn F: gurez:;‘gt %ﬁyéaégp?h?gsﬁﬁd‘g‘%if‘gnlﬁ; S:ﬁ%ﬁéul ’arflg?ng g.ytsftem
a i gur.e , o] or _exanpl e, e position
of itsgopenllg*nz]j‘i%q%b cé;"nﬂgﬁ gﬁaﬁgegﬂﬂ %gf?“;’é%ﬁna’W% tions p W t h
this arranomppikatiies a8lhgl enbdfEaEs FMAAAL Wlid LalsOBallelh® Princi pal

e, eely. e

ray of the illum nation |ight can change B&ER over the
whol e pupi |1%) ape ak L y¥wsection lane 10, it is 20 possible to
concentrate the principal ray of the illumnation light at a desired

posi tion where the neagw ettt teést] patterdelslong. g the aperture stop
4 has a variable aperture dianeter. Figure 34 shows details of a test

patterihoZS_HH-médait&owﬁlsghMméﬂ.bﬁhai EtR2e! £EIp W Bholhgure 34 has
bean optim sed with respect to a design wavel ength 248 nm sad a projection
lens pith dn Figure 10 is projected from a predetermined
direction, and an image of the test pattérn 15 is
Projected onto a plate 1la which is mounted on the wafer
stage 12, through the projection optical systam 10.
15 By moving the wafer stage 12 along a plane (X and Y
directions) orthogonal to the optical axis direction
and in a direction parallel to the plane of incidence
of the aforementioned first illumination light, aslit
pattern 11b provided on the plate lla is scanned.
20 Light passed through this slit pattern is detected by
using a photoreceptor 1lc¢ such as a light intensity
detector or a light quantity detector, for example.
Then, on the basis of respactive positions (X, Y) of
the wafer stage 12 in the plane (X and ¥ directions)
25 orthogonal to the optical axis direction, obtained at
that time, and of detection signals (Figure 14)

corresponding to the light i'ntensity or the light



- 55 nunerical aperture (NA) of 0. 7, in accordence with the concept

descri bed herei nbefore. The teat pattern to be used has a general structure
such as shown in figure 35 or 36. 5 To the test pattern TP, first -
illumnation Iight defined by the aperture stop 4 shown in Figure 33 is
projected froma predeterm ned direction, and an i mage of the teat pattern
TP is projected onto a plate lia whtc36i-s nounted on the Wafer stage 12, 10
t hrough the projection optical system 10. By noving the wafer stage 12
along a plane (X and Y directions) orthogonal to the optical axis direction
and is a direction parallel to the plans of incidence of the aforenentioned
first i llurpantdtyl afhthese pasitsions ; ctheidénprali peditidheodl ate 1la
is scanned Light passed through this slit pattern is detected by using a
phot or ecept ¥he|imagea of fthe tegthpathennils bedng imaged apowtthequant i ty
detector, for exanple. Then, on the basis of respective positions (X, Y) of
20 the\MﬁeﬁlﬁFagé EQ¥§1Q¢$95455946X arid Y directions) orthogonal to the
optical axis direction, obtained at that tine, and of detention signals

(Figure 14) correspondiThPIeafhezy the skagesieh ds mevead gm theantity at
th it t tral iti f 25 the i TP f the test
pat tor noTP bape fiaha T FHT arackia s3om 1da L8| oh tarchnaged ho

iti f, . th t 4b of - t t t 4 | hifted t
ot her pod?y | Ghe "FrethBrecetor 1A odhel oiAngend L enipatiors t hat of
the. first iif%éﬂ%nai‘ioon Light .but. withqut changin thi osition in Z _
di recti on, cYPROBS: PEANOAPRL TRY haf, t hifegpnolieomsa direction
di ff t f [ i lJd.um nati ight . Then, t I iti f
g 760 g S, BB, e RBieR 21
optical axi 0 r e aperture
pgsi tion anftélfl cjé gﬁlhgt ?’g&%ﬁ%@%&%g?gﬁ' y&g"{ i%’g* o?igsﬁatterg i mage are
repeat 8d Unf{iiuhfgavhien® 139 ¢, @@ﬁ%ﬁ&ée&@n%ﬂgeﬂke%éﬁt@g 01is

covered. Since the light pattern o aerral imge o pattern

1.5, also isst higy eghodi, "aR! inayel ofUEhbCEeRl Yo aggayfeW mcrons, is
pl ane of the Iigﬁrﬁ i nt ensi tyldeat%ector or the Ii?ht@%gg?]tli?yiaet ector which

requires stggejeeeadasndenerpheteadPimodntadhbn! R8I wap@rSHEhgee of a CCD
or a linear sensor may be directly set at the inaging plane to receive 20

the aerial i2pgthroughotihe s pecbilong optidiarsystenpliocal ggysteminto
the stage. On the basis of detecting the central position of this aerial

i mage, the mewihgothealwarfieart i staganlPcaleaguacdlané KXSmnidnel infornmation
(positional 25 deviation information) of the thus obtained test pattern
i mage ¥Pa ishirectibns)obritheogunel rtomttha opdsidal e iord£see8ibng t o
respective positions on the - 57 pupil plane 10a of the projection |ens
10. Cal cul An@rim® ddedion paxahlel hto st line hef vinvei denteas a whol e
on the basis_of tilts of the wavefront at respective positions inside the
pupi | of the aforementioned second illumination light, the
slit pattern 11b provided on the piate 1la is scanned.
Light passed through this slit pattern is detected by
20 wuse of the photoreceptor 1lc¢ such as a light intensity
detector or a light quantity detector, for exanmple.
Thep, on the basis of raspectivé positions (X, Y) of
the wafer stade 12 in the plane (X and Y directions)
orthogonal to the optical axis direction, obtained at
25 that time, and of detection signals (Figure 14)
corresponding to the light intensity or the light

quantity at these positions, the central position of



5 plane are conventionally discussed in literature or the like, that is,
for exanple, "Least-squares phase estimation fromthe phase differenoe" by
H. Takajo 8nd T. Takahashi. Therefore, also in this ease, the wavefront of
the projection |lane 10 was created by 10 cal cul ati ons using plural
positional information of the test pattern image TPa. It shoul d be noted
that, if Zernike pol ynom al approxi#e3¥o# processing is carried out, the
wavef rost aberration own be expressed in terns of Zerni ke coeffioiont at
each term 15 Practically simulations were nade and a certain wavefront was
gi ves by Zerai ke polynomal . On the other hand, Wiile using a test patters
TP, positiokae imagaiofritheitest patterndds bEing dumged nison tthm obl i que
incidence illum nation carried out 20 from soma directions were cal cul ated
Through a Phpte ddiacdimiewhoupatead.on to be described bel ow, Zernike
coefficents were cal cul ated. Then, the degree of consistency between the
cal cul ation results andiehnthe pomiajiamtef sat prpaess afmwe- descri bed 25
Zer ni ke pol¥n£m' al , was exam ned. The Kavefront as set by the

above- descridtguiating the \GanteslirositionooR) ther imagedf thedsp) ( C8
(0.021s). and to 9) represents a coefficient of

lgo 8;‘0&%) . §éers, Cn, (ns6

the n-t te??r?.f pk é‘rﬁ‘i é‘%o??ﬂb'n?g! di g enentiF Posytirne maspect to.

The nunor| SPeEREPPR sTAYR. HibdS BRB selasTonarin Rebwean thand (e

e I . € Pl s b 4tk b

angl e 6. parabeidtipn (Epdifa) Wiy el 8RS0 ke naRLERY BORat oAl i ne
e oot V- 9 ; T 2

by x| O SFoche et Pa Lt o 1aRad Gl A S RRY B AR L Bt ot

~eaoh pupi | «4PIdLeahy BYSIddOPoRREREaIYL JldEL Pl pay PassEs when

i1l um nated under these i1l nation c I'ons] tTan expressed in terns

of 15 1be uppiOxeARRiFH m&sﬁbkeea%\ﬁiw A ih 3&&%‘% ;v%;eg%%'f,‘;ausi ng

vari abl es conversion, as follows. 8WS8x = 4raos 0S26

+3r 2- 2) C7T+GtRé | PERRTACH YA r | aberration.
20 Similarly, 8W8y = 4rsi %ﬁéﬂé?&‘&%ﬁ%ﬁﬁ%ﬁ%ﬁ%&%m‘fd e

+t 61 2si n2AicaRt Bh CBpbALH T 26 £ 2t AR CRoBAS Phuidc1 ARG agt e fol | ovi ng
matri x formula was prepared and respective Cn coefficients 25 were
cal cul at ed calculaBed on the basis of test pattern images provided
by use of two different illumination lights described
15 above. Also, the Z position where the thus obtained
two straight lines intersect with each other may be
automatically detected as the best focus position.
Further, the result above may be fed back to the
exposure apparatus, by which automatic correction of
20 the focus position is attainable. Further, since the
iight p‘attern of an aerial image of the test pattern
15 is sufficiently large as a few microns, in place
of the light intensity detector or the light quantity
detector which requires atagé scan as described above,
25 a light receiving surface of a CCD or a linear sensor

may be directly set at the imaging plane to receive

the aerial image, without incorporating an enlarging



5 dx 1 dx 2 dx 9 dy 1 dy2 dy 9 p4lp61lp71p81p9lp 42p 62p 72p 82p
92p49p69p79p89p99~ ~/ NA ~q41961q71981991q42962072982092949969979989799 Ca
Cs C~- Ce C9 15 20 Here, dxj and dyj are positional deviations on the pupi
pl ane corresponding to the incidence angle of the oblique incjdence
illumnation and the azinuth angle j, pij and qij are fine coefficients of
respective Zernike terms, NA is the @brerical aperture of the projection

l ens, and 1~ is the wavel ength The results are as shown bel ow. 25 - 60
TABLE 1 CALCULATI ON RESULT 5 SET LENS | NVENTI ON | NVENTI ON PUPBLOFILTER
VWAVEFRONT ( 1~ . 64 NAO . 7 3 NAO . 7 3 C6COEFFO. 050. 050~

0. 0500. 050(0/22%?% eHGt@de%otbsoMFoﬂaz@m%tbmotMOC%OEFFﬁ 330
0280. 0290..030 5 see om THE above that this neasuring metho
has a suffitoR Faieﬂgﬁf"@ g E&F-Sl aerial impge. Shepbest: focus _
aoeffiaients é S aberr on F rther in this measuring nmethod, if the
nunber of R hggﬁﬁnPaﬂb cuigtedhi| plane 20 (i . a, the nunber of

oblique incidence illu tlons) i s enlarged, ddltlonal i mprovenents in
preci sion or neasureneft® %‘? her yikas ‘bP&é:rt&fH PSn P§°5M41Me To the

h I id
Co umm gt i o ?ra?g@a“éa”ﬁ%%ﬁ Fod)gome, SRA91 6 AE: BI 1o the
Zer ni ke ao?‘;%gtgﬁhgher "fih :lhflf'%regg Re:.gq;[ ai nf::c.lmaggshre%%haé)errat i on can

be neasure
from the optical axis. Test pattern exposures may be

carried out with respect to different image heights
in accordance with the procedure described

10 hereinbefore, and, in relation to each image height,
the best focus position may be detected. This enables
measurement of image plane (curvature of field).
Furthermore, the direction of opening of the aperture
stops 4c and 4d may be rotated by 90 deg. and similar

15 measurement may be carried out. This enables
measurement of astigmatism (astigmatic aberration).
By'actuating a correction optical system provided
inside the projection optical system 10, automatic
correction of various aberrations such as described

20 above can be accomplished. Such automatic correction

is enabled by performing measurement of detected data
in a signal processing éystem (not shown) of the
apparatus and by feeding back the result to a
correction optidal systen driving mechanism (not

25 shown). _

Next, description will be made on

Embodiment 5 of the present invention.



- 61 This is effective to automatic correction of aberration of a
projection optical systemis an exposure apparatus. Further, plural test
patterns T8 may be 5 provided at plural |locations on the reticle 9 . In
that ease, is accordance with the procedure descri bed above, exposure of
these patterns may be perforned and wavefront aberrations at different

I mge hei ghts can be neasured. Thusy 3® -actuating a correction optical 10 -
systemin a projection optical system 10, automatic aberration correction
of the projection optical systemcan be acconplished. Next, description
will be made on Enbodi nent 5 of the present invention. The Enbodi ment 15 5
wi Il be described withAsetempumed oritls Eabddinenta2p Embodihbalk a t est
pattern TP is transferred to a photosensitive substrate (wafer) Wand
wavefront dedffiens frxomecitupaldy An ¢hie patict rofl patbebr shagedi ffers
fromthat of Enbodinent 4, and it conprises 20 a mark 20a whi ch can be seen
as shown i & ithe ctegtunpattanrer pdwl renainings pdticwfkagnehepatters).
~A positional deviation between these narka is neasured, in relation to
each of th®ae wtapatyre s ef kEmbedimeindur2 38 shows a mark group 19a

I ncl udigg the mark 25 20a, while Figure 39 shows a mark group 19b i ncl udi ng
the mar¥ 2la. In Fi gur én3Bmbesdiment B Tdesexiptipant witl besgadaown in

Fi gure 34(%0r 34(8% The grating lines (gri ds) of Figure 38 are designed
with the s&f & iSR|FLFic @ [P ieHlasing. thanbest tfacusf Figure 35
or 36. 5 A? rosgr%irds t he 'ne%gth of , each mark 2la of Figure 39 , there is
no specifi 50T | hE (Z@F Nt obhEransfer, of & teak amkteynentondasuri ng
tool for n%is ri n&trﬁnsferr dé)atéerlzs %f marks 2la and 21b is taken into
account, tKEFIETPLREYCaERAREEALe o (HBERZdd Wit er devel oping a
transferred image of the mark 2la, transferred tqQ a_photosensitive
substrate, should prfer&QF aFpr LRPRECE ?'ten"e' awopRE @f d wi dth of

Fi 8. ' i dt h.of k 21 2 m g . 15 D d
0 fnggfu%ge%%‘}sﬁ SnTARELR Oroe iee é’r%"g"i‘é?‘ty\‘tlai%; | %‘{ﬁ%ﬁazﬁ hg:ﬂffﬁ_steh

i gu , i on' coi nci Wi
t hg cent raﬁe}ggﬁ %ﬁiwoﬁafz'%gw#asfEhS?&ﬁpggﬁ'}v%gét%’gurthﬁ(?‘.ttﬁﬁg pi nhol e 21

has a funciedbd Qised®PhYEREr20 it réﬁéogftﬁ%ﬁgﬁigéz}t qf’ t#g?_pri nci pal ray

of illumnation light, illumnating t test pattern, 1n're i®n to each

Of di 5posi pioWi% 46iel t 880Lh thlon NSe EREkR TBXe2bddl MR 0L oS Surf ace.

There is no necessity of shifting the position~of e aperture 4b 25 of the

iy oaa i L ab oSt pinaigi R EE MMM IRa o | 0o
i1l unmlfst etwo types of test patterns, which are going to be used
in this embodiment. The lines in four directions
shown in the test pattern 151 of Figure 15 and the lines
in four directions shown in the test pattern 152 of
Figure 16 are designed with the same linewidth. Also,
20 as regards the mask used, what is called a binary mask
as having no phase difference is used. However, a mask
having a phase difference may be used. Figure 17
illustrates the size and sectional view in the
linewidth direction of each of the test patterns of
25 Figures 15 and 16, The sizes illustrated in the

drawing are all the sizes (mm) in terms of being

converted at the imaging side (photosensitive



- 63 pithillumnation lights fromdifferent directions, sinultaneously,
and they are transferre to the photosensitive substrate in a batch. Here,
if the incidence angle of the large-o 5 illumnation |ight to be supplied
fromthe illum nation systemis not greater than ci . O and inhere an

i ncidence angle o of illumnation light not less than 1.0 is necessary for
t he nmeasurenent, as shows in figure- 240 a convex |ens 22 may be provided

- above 10 the pinhole 21 to collect the illumnation light nore . In that
case, the pupil plane 10a as a whol e of the projection | ens 10 can be
covered. Furt}se&, in Ei guj{é since each mark 2l1a of the mark group 19b
is used as 31P8 EF&RC@' & !a is no pinhole or convex lens on 15 the upper
gl ass surface thereof It ShOlL.l# fi noted that the light ray shown in
Figure 40 represents t 1R & T9%Rt a17 B'&rlﬁéﬁ‘g’eé@‘?m}‘%leﬁ@eb&ltgﬂ%n among

plural illuy nat Qon ht s on t.he mark group 19a . Next

descri pti on 1’ trr%d’é’ ‘If‘F e 28 dd 4R s%ﬁugheemfeP#%sprattern
usi ng the rf 0 The rks 20a and 2la are exposed under
an ordinary %#ﬁLﬁﬁ%tﬁ%{%ﬂF’% esit 8 rg% 3ne) afc b er st age
12 is ngve};gtgg t:hh%h'ﬁ: ks 20a ﬁ??g%fltiwgﬁﬁ@ﬁ)f}ef gd one upon anot her,

and 2.5 thése narks™are expose FHé‘Py i M8uni nati on

condi tion. ,T;l@ntotgdfmggg_l ][1 t%l e ;gdgxstéﬁ gl’;t":'\s/ e%§+ é%n after it,

in respect to gach e gri vi ation

bet ween t heag&@tieubbaNHAS rﬁbmkﬁaEOa 7% t%i‘[d by use of a

measuring tool. By performng cal culation proceSS| ng %he thus obt ai ned

plural S paptiatahtder sholu rb WAEliallode, CRG Eip1kRuR0REA [0 this
wavefront, approximtion such as Zerni ke po ynont a r exarrp

carri ed outthé'liﬁttcﬁﬂféf@‘ﬁ@ﬁﬁefm 8 'ipSrbd S8R ﬁﬁegﬁghﬁ.‘“ a&'ﬁq and the

wavefront aberration is detested. 10 The above-descri teat patterns

(20a, 10a, Mimerida) Apwritiyy me%ﬁttﬁhuﬁébjld&?id&nfeﬂg aﬂgdand the
sane retiale or on separate retiolea . In that "ease, the procedure

i ncl udi ng erpDOUTS, res drenkdén 66 angl é WHId O HUBYqHE L¢iisdcaut as 7,5
descri bed above, and the wavefront aberration fox different I nmage, hei ghts

can be neanf eQHCIil dddaminaltiAppl 1ight!| wag] 0.7 acewddange gz th reapeative
enbodi ments descri bed above, oblique incidence illumnation and 20 an
optim zed tQRETrespondingr bousedpdyingiaigbe oIt e iidilimiwaeyeanent of
wavefront aberration can be acconplished without use of a pinhole is a
proj ection Yight waseOadvant ageous effect can be optim zed with respect to
vari OUf pattern sized to be neasured, or 25 various numerical apertures

( NA) pr oj ecti on | enB¥s u@fingqﬁqupappamt wasp 4dpsthiei gh-t hr oughput
and hi gh-preaiai on neasurenent is attai nable. 65 Further, where the
measur emen® w?ng;tzve substrate is exposed with patterns 151

and 152. Thereafter, the wafer stage is moved so that
images of the patterns 151 and 152 are superposed one
upon another. Then, the aperture stop 4c is
20 interchanged by the aperture stop 4d and, by using the
aperture s.top 44, ti'xe photosensitive substrate is
'+ exposed with the patterns 151 and 152. Subsequently,
by using a measuring tool, a relative positional
deviation betﬁcen the images of the exposed pattezns
25 151 and 152 is measured. Haere, if it is defined that
the shift of the pattern image is zoro‘with the best

focus position, a focus deviation can be represented



rration is feb bank to an aberration correcting system of an
\é\g\ég];lrjfgt aggzr atus, an exposure apparatus arranged for automatic abe[)rat-l on
5 correction or aberration setting optimzed for actual devices can be f
acconpl i shed - 66 SCOPE O ChAIMS 1. A retiole having a test pattern for
nmeasurenent of an optical characteristic of a 5 projection optical system
characterized in that said teat patt+edd has a pattern effective to re](czluce. 4
or suppress a high frequency conponent of spectrumat a pupil plane of sai
projection optical system 10 2. Areticle according to Claiml, |
characterized in that said teat pattern has lines and spaces adapteI I sg
that pluralP¥iaRramennt PEghPsitiohak devintbyn dbetpashn patterancel | e

: he
i her at the pupil plane, thereby to reduce or suppress 15 tt
' \m th ??gguo ggear'rponenf. IO3. 2 reticle according to aim1l, characterized
in that said test pattern has an opening for producing a prede% e{:;nl ngdstem
periodi c conponent at Xiqweepdfi iliustraties atbiepresudit wE opt | y
and peri odi ¢, openi ngs formed at opposite sides of said opening, for ot
produci ng a”dﬁﬂgiﬁgﬁ- “pgﬁﬁo?%kﬁﬂo'?‘ggm!;ltrgﬁ?grnd 32 depiiats ateonent
t he pupk! plane al roj ecti | . - :
accor di %g 't'%‘ﬁ'%l?m"%, "@r%‘éé?‘éPPEe&nl ﬁwl?!:ﬁ ?vo}alff-?rq;rtg!a!;t gchaBgSt em
oo o2 ENERSRY R RR B Andhal el hat patiern a2 she
e icallgaste i, defocused substantially no 5
gg;gﬁg{]r ?g:ﬁ'?%&gfgg%gggggﬁ'&?ﬂ? é’%cﬂr?cé'z‘.‘ Fesult: (ensvec2d)defig to fCI gi m
. . : ' istic i est
1, charact ; n t tical .chargcteristic is. one or nore o
f ocus posi ?fdoin’?ga%tF%g%:ll cﬂ%oggﬁe?Faflfﬂﬁr%%tﬂi?&Yﬁr ethe fjeld.
advantageous effect thereof has been confirmed. More
10 specifically, the test pattern of Embodiment .3
comprises a pattern such as shown in Figure 12, 13,
15 or 16, for example, and it inciude_s a pattern adapted
80 that diffraction patterns produced on the pupil
plane of an optical system (projection lens) are
15 ocancelled with each other such that high frequency
components are reduced. Namely, also this test
pPattern is provided with an opening Ma as well as
periodic openings Mbl, Mb2, ... (see Figure 2) at the
boundary with the opening Ma, for producing periodic
20 components diffarent from that of the opening Ma, on
the pupil plane of the optical system. Therefore P
this test pattern, that is, the test pattern TP,
‘functions to direct substantially only zeroth order
light toward the image plane through the pupil plane
25 of the projection optical system. For this reason,

even if the projected image is defocused and also the

optical system has wavefront aberration, no



6. Areticle having a test pattern for neasurenent of an optical
characteristic of a projection optical system characterized in that said
15 test pattern has-lines and spaces adapted so that substantially only
zeroth order light is directed to as inage plane of said projectian optical
system 7. Areticle having a test pattern for 20 neasurenent of as optical
characteristic of a projection optictal2 system characterized in that said
test pattern has |ines and spaces is which, with respect to a repetition
direction thereof and froma center to a periphery, a pitch of the lines is
25 substantially constant while wi dths of the spaces gradually decrease.
-sa 8. A rdasyrretricad siatorpheoncis tyeatssunenthe ptojeoctpd oal
oharsoteristio of a projection optical system oharaaterised in that said
t est paltew#P*ﬁﬁ-lines and spaces in which, with 5 respect to a repetition
direction thereof and froma center to a periphery, a pitoh of the spaoes

i s substantially const & agFexdangenh¥ith itheseembodimarnts yasiecr ease. 9

Conpr i so- s AP HAI AN BATALIRALRER: PPASS Lf & rnstopattene b Said
Proj ecthon ot §2h19Y 113 MhiAndf8a! ' Readlrediendof hent toius,
astigmatic aberration and curvature of filed can be
accomplished without being'influ;nced by aberration
of the projection optical system. Further, the
advantagecus effect thereof can be optimized with
10 regard to various pattern sirzes to be measured or to
various numerical apertures (NA) of projection lenses
of exposure apparatuses. High-tﬁroughput and
high-precision measurement ia'attainablo.
Now, description will be made on a
15 wavefront aberration measuring method according to
Embodiment 4 of the present invention. Here,
description will be made with reference to a case
wherein wavefront aberration of a projection optical
system of a projection exposure apparatus, for
20 projocting a circuit pattern of a reticle onto a
| photosensitive substrate (wvafer), is going to be
measured.
In Embodiment 4, to a pattern or pattexrn
group (test pattern) TP formed on a reticle 9,
.25 illumination light whose principal ray has a certain
| angle and a certain direction is projected through an

illumination optical system and a speclial optical



10. An optical char nmeasuring nethod charaoterized in that, by projeoting
illumnation |light upon a test pattern of a retiole as recited in any one
of Claims 1 - 9 and by detecting 20 a position of an image of the test
pattern formed thereby, an optical characteristic of the projection optical
systemis neasured. 11. An optical oharaoteristio neasuring 25 nethod
oharaoterised in that, by projection 43 |unination |ight upon a test pattern
of aretiole as recited in any one of Clains 1 - 9, fromone direction ~..
r 69 r or plural direotions, and by detecting positions of imges of the
t eat pattern]rforrred I s accordance with the pro*eotions in the plural
di recti ons,®+RORE; Provided, oy ithe, refinle: o/ Thena thetpesptdoact i on
optical 5 gcﬁdte ig megiured, 12. An optical aharaateristio nmeasuring
net hod accdtuPng®es R SFAFR1Inage TRa whichimay be an aprinl imege recti ons
I ncl ude t dj r eot.i ana Lch are ! 10 metriaal. with each other with
respect t\g%a" ?%dé?gf' FY iRpgind: &?’ﬁl k88t Paktesn TRief the aAn optical
characteri st SUri net.hod according.to Claim 10, characterized in
that, 15 V\#eér%igfﬁuéerl A9eh FR8, REGIOCH PR, QP EASAL N 8¥FH@MmIOByst em i s NA
and an'nci‘ﬁmgﬁ I f ringipal ray of the illum nation |ight
pr oj ectgd i's ap F%bg%%n qs',ng‘l?t% n’péﬂ%/’é?ﬁ te & sqnshtivencct to
obj eot spe of .sai t s patdern bei ng orthogonal 20 to the
i nci dence 3%'{ eck%;ﬁxéf B'Fh%"%r’ﬁ’ﬁ%%’al LJ'lt‘.haﬁ/q'tﬁsei‘f étéerngmay not be

provided on a reticle, and it may be formed on a

separate reference plate. Here, as regards the aerial
image to be measured or the pattern image TPa

10 -‘transferred to the photosensitive substrate + there may
be more than one. Thus, by measuring positions of more
than one aerial images or transferred pattern images,
the wavefront of the projeation optical system is
measured. The positions of respective aerial images

15 or transferred pattern images TPa depend on the
positions of patterns upon the reticle or a reference
plate, and these patterns are illuminated by
illumination lights from different directions which
depend on the positions of the patterns.

20 In Embodiment 4, to the test pattern TP
formed on a reticle, illumination light having a.
pPrincipal ray LP with its direction of ':I.ncidence
extending in a predetominéd direction is projecﬁed
by an illumination optical systen, Then, the position

25 of a test pattern image TPa which may be an aerial image
being defined by imaging the test pattern TP of the

reticle through the projection optical system or which



i 1lumnation light, so as to cancel an anplitude of G f) in a section f
whioh is ( (1-2vp) NA/a to NA/1~] . 14. A projection exposure apparatus, 25
characterized by a node for nmeasuring an optical oharaateristio of a
progeoti oa optioal systemin accordance with an optical characteristic
measuri ng -~0 nethod as recited is Caim110, and by an illum nation
systemfor pro jeoting illumnnati o 144ght onto a test pattern when a
reticie having the test pattern is supplied into the apparatus. 5 15. A
devi sé manuf acturing method, characterized by supplying a retiole for

devi se manufacture into a projection exposure apparatus as recited in daim
14 and by ﬂ%ﬁs‘P%rPPn&%%t%@!ﬁ’@Prntfm retphotoesnmitivdstrate. 16. A
wavef ront aberration nmeasuring nethod for nmeasuring wavefront aberration of
a projecti pEFaLe /e mansuredaat Subsequen tiliyyt whd Lecchahgihy havi ng

i nes and st@gceiqig which, with respect to a repetition direotion thereof
and from a tEhtEpcidency. diraction of theoprimeipabsray ofibshantial |y
const ant i | dit of ,t.he spaces gradual |y decrease sad in which

adj acent }Niq'nll'e@‘%#'gatn]gfmr @ﬂ%’é’ol Ehﬁygéémim%m edigb® d#ical system is
pr epar ed, | fLux are projecgted to the lines and spaces from

di ffereﬁt 3‘,‘%&&?%%‘3 L§h§$‘8b§f°ﬁﬁpj§1€§i%&n cﬁr}‘? Heetiqde.anfhepaces are
formed thrquygh | | aptd ti syst e 25_respective positions
of the plural iprr?éégiej%’pégegﬁe* 2&% %ﬁﬁ!:eﬁé %’gglgﬁgggﬁe"?‘é§al Rags b@et ent i on,

t he wavefr SO &Rt ] f ' ‘gleciion.optical . 11 .. systemis
det ect ed. ?;{ A vvaé/gf %ggggag??rigﬁ)%;ﬂie%‘gﬁﬂ'ﬂg ﬁ\i’t‘n&?%rpﬁﬁgﬁf‘i ng

wavef r ont ' f | [ tical syste characterized in
that: o reri ooy e nib SaLEeh S0c3cl bR eah Rl Hutlnay b8 o

repetition af Hetdg®ntL8RE ek AR dd gnmfgg%mgéfggi%‘ote*@o’g%%gga pi toh of

the spaces. is substantially constan rgradual | y

decreaed 1% arshiurslli Chaadiagavad 14158 S66180bn" S0l 4R Seby 52 @
g P

projection optical system- is prepared and [i1ght fluxes are jected to

(he 1 nes S o omera TN Erembedhyar e tne SRR E A TS L
and respecsiubs txste j caftekr th PRoVbsbiBitive substrate is

developed, the position of the developed taest pattern

image (resist pattern) TPa is measured.

15 On the basis of the results of measurement
in regard to the position of the aerial image of the
test pattern TP or the position of the developed
pbattern image thereof, the wavéfront aberration on the
Pupil plane 1l0a of the projection optical system is

20 measured.

The test pattern TP of this embodiment
comprises a periodic pattern (line-and-~-space pattarn)
in which the pitch (interval) of the lines or of the
spaces is substantially uniform. Additionally, the

25 dindividual widths of the spaces through which light

can pass decreases, along a direction from the line

or space pattern at the center of the periodic pattern



are detested and, by use of the result of detection, the wavefront
aberration of said projection optical systemis detected 20 18. A wavefront
aberration measuring nethod for neasuring wavefront aberration of a
projection optical system oharasteriad in that: a rtiale having plural
patterns each 25 conprising lines and spaaea in which, with respect to a
repetition diraation thereof and from% <enter to a periphery, a pitch of

the lines is substantially _ 72 constant while w dths of the spaces
gradual |y decrease and in which adjacent |ines are not resol vable by said
projection optical system is prepared; |light fluxes are projected to the

plural 5 pdawand themldind eyznspacacpatternhet cblepbuwtiidgnges of the
patterns era forned through said projection optical system and respeotive
. posi ti ons RATipkepyucdl the iperiodigepatitexie: edreds aDighlty use of the
result of 10 detection the wavefront aberration of said projection optical
system i s ddtRnedty ddistrikweionnofabepatitenn ninmagei ohtwited for

measuri ng vefront aberration of a projection 15 optical system

characteri B nthig: pattann e imeged pyumalprejectiencaansonpri si ng

i nes aﬁ? spaces in which, with respect to a repetition direction thereof
and from a ntolinps ppRenpt Fesalvedi aned abacesitscanbbwantial |y 20

constant while WQQ%hs of the spaces gradually decrease and is which ad j
accent |in&PEIIBi2% & HIREH geRpttern (image) with small

distortion.
In this embodiment, the position of this
aerial image or a pattern image transferred to the
10 photoseﬁsitive substrate is measured, as an amount of
positional deviation from a certain reference position.
Then, tilt of the wavefront corresponding to this
positional deviation is detacte&.and, on the basis of
it, the wavefront aberration is detected.
15 ' In greater detaii, the Embodiment 4 uses
la test pattern having a structure described
hereinbefore. On the Basis of the amount of
positional deviation of an image of the test pattern
being illuminated by oblique incidence illumination
20 as well as the projeétion direction (incidence angle
and azimuth angle) of the Principal ray of the
illumination light, projected to the test pattern, a
ltilt of the wavefront at a certain position
corresponding to the projection direction, on tﬁe
25 pupil coordinates of the projection lens, is detected
with a good precision. Based on this, the wavefront

abexrration is detected.



projection optical system is prepared; light fluxes are projected to the
plural patterns fromdifferent directions, whereby plural 25 images of the
patterns are forned through said projection optical system cad respeotive
positions of the plural pattern - 73 imges are detected and, by use of
the result of detection, the wavefront aberration of said projection
optical systemis detected. 5 20. Aa ggtical characteristic measuring

met hod for neasuring an optical characteristic of a projection optical
system aharaoterised in that: a retiola having a teat pattern is supplied
whil e a menber having an opening is supplied; 10 a light flux is projected

to said test pattern tNemigh desdrdpticiy,wilDnbanmaded @i €héection,
thereby to forman i mage of the pattern through said projection optical

system andohjpcti spectafun hef pat test patterrs €066t £6rhadadsh Yy use of
the result of detection, the optical characteristic of said projection
optical syseepilspdenscisli. a Zirojechichr mptibelr systeneamgseg et hod 20
for neasuring wavefront aberration of a projection optical system
char act eri tavefironkiaberration of the projection optical system
S5 is measured by use of a test pattern according to the
present invention. If a resolving power of
measurement is takén into account, the object spectrum
on a pupil plane to be obtained should desirably have
a shape as of 5 function. It should be noted however
10 that, with only a peak as of & function, no image of
the test pattern is produced. 1In practice, taking
into account that the numerical aperture NA of a
pProjection lens is of an order of 0.6 to 0.8, it may
be an object spectrum o as having a shape to be
15 accommodated within a numerical aperture (NA) of 0.1
on the pupil plane, such as shown in Figure 22, for
exanmple.
Next, the section for such object spectrum
is considered. Where the numerical aperture NA of a
20 projection lens is 0.7, while the center of the object
spectrum is taken as zero, it is sufficient that the
shape of the object spectrum is held in the section
of -1.4<NA<+1.4.
Taking this into account, whether it is
25 possible to design a pattern which satisfies the
above-described condition on the basis of a retile

pattern (test pattern) only, and without using a



aretiale having plural patterns is supplied while a nenber having an

opening is supplied; light fluxes arc projected to the plural. 25 patterns
t hrough said opening, fromdifferent directions, thereby to formimges of
the plural. patterns through said projection optical system and - 74

reapeati ve positioas of the pattern inmages are detected and, by use of the
result of detection, the ~avefront -abgrration of said projection opticsl
systemis detected. 5 22. A neasuring nethod according to Claim20 or 21,
characterized in that .the nenber having said opening is provided on the
retiale. 10 ' 23. A neasuring nethod according to Caim2l1l, characterized

in that theivhedse itas be cdesexibede latas dask Olotawd 1P NY. 24 . A
measuri ng met hod according to any one of 15 Clains 16 - 21, characterized

in that thed®seribedhas Thiengwmasurtwgcrethoditic lbei tdkeaSReCiHe a
repetition direction thereof and froma center to a periphery, a pitch of
t he spaces 9Rlignet incidence ochtluminwitilon wethsdoleskeitigges gradual |y
decrease and in which 20 adjacent |ines are not resol vable by said
proj ecti on ¥p¥ehaPefeRem 25. A neasuring nethod according to any one of
d ai ms %6 - 2L charav%%&kﬁgg ég i??ﬁsigiéﬁﬁtfﬁflgﬁi intensity
distribution of a one-dimensional repetition pattern
comprising lines and spaces wherein the width of each
of the line and space is a ahd wherein the ration of
the line width and the space width is 1:1. If a
10 rectangular function shown in Figure 23 is g(x) and
its Fourier transform is G(f), it is sufficient that
the object spectrum shape on the pupil plane of the
Projection optical system is considered only in
~ relation to G(f). Here, G(f) can be approximately
15 expressed as follows.
G(f) = 2a2C-sinc(af)-III(2af)*sinc (cf)
... (2)
III: shear function
* convolution integration
20 C: pattern length (length of pattern)
In equation (2) above, as C (constant)
increases to infinity, sinc(cf) becomes a 5(f)
function. Then, G(f) .is expressed by:
| G(f) = 2a2c-sinc(af) -I1I(2af) e (3)
25 From equation (3) above, at a period 1/2(a) sﬁown in
Fiqure 24, G(f) becomes an object spoctrum'having an

amplitude only with f=n/(2a) (n is an integer).



25 lines and spaces adapted so that substantially only zeroth order I|ight
Is directed to an i mage plane of said projection optical system - 75 26
A nmeasuring nethod according to any one of Clains 16 - 21, characterized
in that said detesting step includes a step of photoal eatriaally converting
5 an aerial image of the lines and spaces 27 . A neasuring nethod according

to any one of Clains 16 - 21, charact48ized in that said detesting stop

i ncludes a step of exposing a photosensitive 10 substrate to an i mage of
the lines and spaces and a step of devel oping the photosensitive substrate.
28. A projection exposure apparatus, eharasterized by a node for neasuring
wavefront BlgnEsr 8 ghaws objersaspestapym i thetpupid pilamedanae with a
measuring nethod as recited in any one of ainms 16 - 21 ( and by an

i 11 uni nat | oTP4§stRincbosingthe line pnd-spaceowidtha wittbowhicdst pattern

when the retja haying the, test pattern is_supplied 20 into the apparatus.
29. A devi ggﬂiazaflgéﬂu% ﬁg isioxposure vavelppadh)y isusatisfided, retiol e for
devi se nanufgpt re éﬁto a $rojsotion gxposure apparatus as 25 reoited in
Cl ai m 28, 4&h ﬁ’f? R EFNY cap e ohtajned on dhepupddi Blaneubst r at a.

A8Y. Af AS.AY. Av. Ay, Ay Avy. A AR AF. Ay. A R A?. AR A A?. A . A?. A AR AS?. A . A?
. AhYAh, A /E,A%?\‘.’ F AY?%& ﬁ“"&é%dy l!e‘/‘.%%?m e fon theobject -
& A9. A% A. L. ANR.A 9 A A A AZ A9, ASL. A& AU A@ A, AU_A -. A AY9. AQ. AL
_AL. Af U. AL.A“/?‘.#’.’Q%P/&‘G:“M:%HP& bifhne"steh A% Shova 1n Figure @

R L L T UL
in the spatial frequency section £ of 0<£<1/(2a), that
is, to suppress high order components, particularly

10 when cpnsidered from the standpoint of the region
(isoplanatic patch) that can be regarded as the same
image height, or in view of the size of a pattern to
be measured or of the specification or precision of
positional deviation measuring tools currently

15 available. In consideration of it, a condition to
assure that high order components are suppressed
without taking ¢ large, is looked for.

Next, a pattern having a light intensity
distribution such as shown in Figure 26 is considered.

20 What differs from the pattern shown in Figure 23 is
that, although the pitch b of lines is uniform
(constant), there is a degree of freaedom of changing
the line width a. The Fourier transform of the
reactangular function shown in Figure 26 can be

25 expressed also as follows.
| G(£) = a0 sinc(a0f)+25i=1 i=n ai-sinc(ai

£) cos (271ibf) .. (4)
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illustrated in Figure 27. It is seen that curves in

Figure 27 have a shape in which the amplitude to £
10 Dbetween peaks involves an approximately constant
offset, and they are a curve near a desired spectrum
shape not having irregularities. . Also, it is seen
from the graph that, since convergence is near coming
even at a stage where the value of n is not large, it
15 can be said that, even if the pattern length ¢ of ﬁhe
whole pattern is small, high order components can be
suppressed sufficiently. In consideration of it:
ai-sinc(aif)~api
a0 sinc(a0f)~2ap2/ (1+p2) ... (6)
20 are assumed. From equation (6), the left-hand side
is the function of f with respect to i, whereas the
right-hand side is a constant. It follows from this
that equation (6) applies only with respact to a .
particular £f. Here, the effective range for £ will
25 be explained. The f-region wherein approximation as
described above should be done is present between peaks,

and it is |£|<1/b. Since ai<b is held in this range,
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the graph of Figure 29 that, in order to make apn close
5 to zero to some degree, a substantial length ¢ is
required for the whole pattern. In consideration of
this, in practice, it is a possible way to use a
function ﬁith which it can be'kept in an appropriate
pattern length ¢ near the condition of equation (8).
10 : For example, if the length of the whole
' pattern should be kept at c0, then, from the numerical
aperture NAO of the projeation lens to be measured,
the interval b0 (<2NAO/A) of the spacings within the
above-described pattern is determined. Then, from
15 b0-n=c0, the number of spaces, i.e. 2n+l, is determined.
It is possible that, when aizapi in equation (8) is
taken as
ai = a(l=-i/(n+1)) <. (9)
that is, as a linear decreasing series, convergence
20 dis facilitated. Here, a0 is so determined that an
average value of peak interval (lfl{l/bO) becomes
equal to zero. Figure 30 shows comparison betwaen
equation (8) and equation (9) when p=0.197 and n=21.
Also, Figure 31 shows Fourier transform with patterns
25 produced with them. It is seen from the graph that
equation (9) is superior.

The wavefront aberration measuring method
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disclosed in this application uses a test pattern which
is designed, in acocordance with the concept described
above , 80 as to optimize the shape of object spectrum
to be produced on a pupil plane of a projection optical
system. By this, substantially only zeroth order
light can be directed to an image plane through the
pupil plane, without use of a pinhole on the pupil plane
or at any other location within the imaging system,
as in the Hartman method, such that high precision
measurement of wavefront aberration is assured.

Next, description will be made on a
wavefront aberration measuring method in which such
test pattern and oblique incidence illumination are
used practically.

Referring to Figures 9, 11 and 33, an
embodiment of wavefront aberration measuring method
according to the present invention will be explained.
This embodiment concerns a case in which, in a
projection exposure apparatus, wavefront aberration
of a projection optical hystem thereof is measured.

This embodiment is applicable not only to
a projection exposure apparatus having a projection
optical system using lenses but alaso to various

Projection exposure apparatuses having a projection

optical system using mirrors or one using lenses and

mirrors in combination.

The projection exposure apparatus shown in
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described in the preceding embodiments.

Figure 32 is a perspective view for
explaining the manner of oblique incidence
illumination of a test pattern, for measurement of

10 wavefront aberration of the pProjection optical system
in the pProjection exposure apparatus of Figure 9.

In Figure 32, an aperture stop 4 is driven
by a driving system 4a (Figure 9), so that, as shown
in Figure 33, for example, the position of its opening

15 4b can b§ changed freely in X and Y directions. With
this arrangement, the reticle incidence angle or
diréction of the principal ray of the illumination
light can be changed freely. Therefore, over the
whole pupil plane of the projection lens 10, it is

20 possible to concentrate the principal ray of the
illumination light at a desired position where the
measurement is just to be done. Also, the aperture
stop 4 has a variable aparture diameter.

Figure 34 shows details of a test pattern

25 TP used in this embodiment. The test pattern TP of
Figure 34 has been optimized with respect to a design

wavelength 248 nm and a projection lens with a
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concept described hereinbefore. The test pattern to

be used has a general structure such as shown in Figure
35 or 36.

To the test patternl TP, first illumination
light defined by the aperture stop 4 shown in Figure
33 is projected from a predetermined direction, and
an image of the test pattern TP is projected onto a
Plate lla which is mounted on the wafer stage 12,
through the projection optical system 10. By moving
the wafer stage 12 along a plane (X and ¥ directions)
orthogonal to the optical axis direction and in a
direction parallel to the plhno of incidence of the
aforementioned first illumination light, a slit
pattern 1l1b provided on the Plate lla is scanned.
Light passed through this slit pattern is detected by
using a photoreceptor 1lc¢ such as a light intensity
detector or a light quantity detector, for example.
Then, on the basis_ of respective po.sitions (X, ¥) of
the wafer stage 12 in the plane (X and ¥ directions)
orthogonal to the optical axis direction, obtained at
that time, and of detection sign_als (Figure 14)
corresponding to the light intensity or the light
quantity at these positions, the central position of
the image TPa of the test pattern TP being imaged u;pqn
the plate l1lla is calculated.

Then, the position of the aperture 4b of
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5 dilluminated with light from a direction different from
the first illumination l:l.gl_mt. Then, the central
position of an image TPa of the test patternl upon the
X-Y plane orthogonal to the optical axis direction is
calculated. Further, shift of the aperture 4b

" 10 position and calculation of the central position of
a pattern image are repeated until the whole pupil
Plane 10 of the projection lens 10 is covered.

Since the light pattern of an aerial image
of the test pattern 15, also in this embodiment, is
15 sufficiently large as a few microns, in place of the
light intensity detector or the light quantity
detector which requires stage scan as described abovae,
a light receiving surface of a CCD or a linear sensor
may be directly set at the imaging plane to receive
20 the aerial image, without incorporating an enlarging
opticai system into the stage. On the basisg of
detecting the central position of this aerial image,
the wavefront aberration can be measured.
The positional information (positional
25 deviation information) of the thus obtained test
pattern image TPa bears tilts of the wavefront at

positions corresponding to respaective positions on the
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wavefront at respective positions inside the pupil
5 plane are conventionally discussed in literature or
the like, that is, for example, “Least-squares phase
estimation from the phase difference” by H. Takajo and
T. Takahashi. Therefore, also in this case, the
wavgfront of the projection lens 10 was created by
10 calculations using plural positional information of
the test pattern image TPa. It should be noted that,
if Zernike polynomial approximation préceasinq i§
carried out, the wavefront aberration can be expreaéad
in terms of Zaernike coefficient at each term.
15 Practically, simulations were made and a
certain wavefront was given by Zernike polynomial. On
the other hand, while using a test pattern TP”
positional deviations of pattern images TPa formed
under the 'oblique incidence illumination carried out
20 from some directions were calculated. Through a
simple calculation operation to be described below,
Zernike coefficients were calculated. Then, the
degree of consistency between the calculation results
and Zernike coefficients set by the above-described
25 Zernike polynomial, was examined.
| The wavefront as set by the

above-described Zernike polynomial is C6 (0.051), C7
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5)), ¢8 (0. 02A) and C9 (0.03)\). Here, Cn (n=m6 to
9) represants a coefficient of the n-th term of the
Zernike polynomial (as standardized with respect to .
-r=1, where r is the radius of the Pupil polar
5 ocoordinates and 0S5r<1). The numerical aperture (NA)
- of the projection lens was 0.7, and the incidence angle
r of the oblique incidence illumination and the azimuth
angle 6 were r=0.07, and 0.9, and =0, /2, n, and 3n/2,
thus total nine conditions. ‘Positional deviations
10 under these conditions are represented by dxl, ...
and dx9 and dyl, ..., and dy9. The tilt of the
wavelength at each pupil coordinate position where the
principal ray passes when illuminated under thase
illumination conditions, can be expressed in terms of
15 the sum in each Zernike term in X and y directions,
while using variables conversion, as follows.
8W/8x = 4rcosd:C4+2rs8ind C6+{6r2c0820
+3r2-2}-C7+6r231n9'cose-ca+12rccae-{2:2-1}-c9
where W is wavefront aberration.
20 Similarly,
MW/dy = 4rsin®:C4+2rcos0 C6+6r28in6-cosd-C7
+{6r231n29+3r2-2}-CB+12rsin6-{2rr2-1]-09
Based on the above, the following matrix

formula was prepared and respective Cn coefficiants

25 were calculated.
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| Co
10 - J
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15 Here, dxj and dyj are positional

deviations on the pupil plane corresponding to the
incidence angle of the oblique incidence i'llumination
and the azimuth angle j, Pij and qij are fine
coefficients of respective Zernike térms, NA is the
20 numerical aperture of the projection lens, and A is

the wavelength, The resultls are as shown below.

25



9 ‘() - % U&' ()-10% U& ()-MLO% U&' ()- 10 Uttuuvvv}"?4/I10010%
LngL/q(&;J&gg (12)%%'0(/) EJfLSéL) 1098JU& (§) 10% & ()-!y 10%JU& ()-10% U& ()[JYV\iVXXX
X' xWkkxrS4 101 @0% & ()- 10% & ()-MLO0% & () - 10}U}U010I}U}U 10(})/U}&I.p
104 U U& ()- '1 109%U& () - kxrxxxlyiyzyaBrS4 10l @0% & () - é|0 010((3/2:§'()-$
10% a a& ()-y10% & ()-yl0% & ()- 10% & () - Zyyyyy- z{dErs4 1 7@Br84
10% & ()-"10% & ()- 10% & ()- '10% &Qq )- 419‘V& 0)- g@lu{{{|3 | a
10l @@0% & ()-!610%a& ()-410% & ()-2s10% & ()-9010% & ()
10% & ()-7lel|l]ll1}}_@10l- 10%

" CALCULATION RESULT

> SET LENS INVENTION INVENTION PUPIL FILTER
WAVEFRONT () NA 0.64 NA 0.73 NA 0.73
C6 COEFF 0.05 0.050 y 0.050 0.050
C7 COEFF 0.05 0.047 0.050 0.050
C8 COEFF 0.02 0.019 Q.017 0.020
C9 COEFF - 0.03 0.028 0.029 0.030
15 It is seen from the above that thisas

measuring method has a sufficient measurement
precision for detection of Zernike coefficients (lens
aberration) . Further, in this measuring method, if
the number of measurement points on fhe pupil plane
20 (i.e. the number of oblique incidence illuminations)
is enlarged, additional improvements in precision or
measurement of higher order aberration is attainable.
To the contrary, where measurement points on the pupil
plane (oblique incidence illumination) are selected
25 while paying specific attention to the Zernike
coefficients which are just to be obtained, desired

aberration can be measured at a hiqher throughput.
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Tl;is is effective to automatic correction of
aberration of a projection optical system in an
exposure apparatus.
Further, plural test patterns TP may be
5 oprovided a£ plural locations on the reticle 9. In that
casa, in accordance with the procedure described above,
exposures of these patterns may be performed and
wavefront aberrations at different image heights can
be measured. Thus, by actuating a correction optical
10 system in a projection oétical system 10, automatic
aberration correction of the projection optical system
can be accomplished.
Next, description will be made on
Embodiment 5 of the present invention. The Embodiment
15 5 will be described with reference to a specific
example in whic‘h a test pattern TP is transferred to
a photosensitive substrate (wafer)l W and wavefront
aberration is measured. A test pattern 19a to be used
differs from that of Embodiment 4, and it comprises
20 amark 20a which can be seen as shown in Figure 37 when
sup'orposed with marks 2la (reference _pa.ttorn) . A
pPositional deviation between these marks 1s measured,
in relation to each of the grids TPX of the mz;k 20a.
Figure 38 shows a mark group 19a including the mark |
25 20a, while Figure 39 shows a mark group 19b including
the mark 2la.

In Figure 38, each grid TPX has a pattern
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(grids) of Figure 38 are designed with the same
linewidth, and the linewidth is the same as that of
Figure 35 or 36.
5 As regards the linewidth of each mark 21a
of Figure 39, there is no specific limitation. Where
the pattern dependency of a measuring tool for
measuring transferred patterns of marks 2la and 21b
is taken into account, the final linewidth to be
10 defined after davelopi_ng a transferred image of the
mark 2la, transferred to a photosensitive substratae,
should preferably be appro:éimately the same as the grid
width of Figure 38. Here, the linewidth of each mark
2la was 2 microns.
15 Disposed on an upper glass surface of the
mark group 1l9a (test pattern) shown in Figure 38, is
a pinhole 21 which is disposed at a position coincident
with the central position of the mark group shown in
Figure 40. This pinhole 21 has a function for applying
20 restriction to the tilt of the pPrincipal ray of
illumination light, illuminating the test pattexrn, in
relation to each of dispositions (positions) of the
marks TPX on the lower glas? surface. There is no
necessity of shifting the position of the aperture 4b
25 of the aperture stop 4 of the illumination system as
in Embodiment 4. When large~-oc illumination is carried

out to the reticle 9, the marks TPX can be illuminated
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' Here, if the incidence angle of the large-o
5 dllumination light to be suppliod.from the
illumination system is not greater than ¢1.0 and where
an incidence angle o of illumination light not less
than 1.0 is necessary for the measurement, as shown
in Figure 40, a convex lens 22 may be provided ab§ve
10 the pinhole 21 to collect the illumination light more.
In that case, the pupil Plane 10a as a whole of the
Projection lens 10 can be covered. Further, in Figuré
40, since each mark 2la of the mark group 19b is used
as a reference, there is no pinhole or convex lens on
15 ' the upper glass 'surface therecf. It should be noted
that the light i.-ay shown in Figure 40 represents the
light having a largest incidence angle, among plural
illumination lights impinging on the mark group 19a.
Next, description will be made on the
20 exposure sequence of a test pattern using the reticle
9 of Figure 40. The marks 208, and 21la are exposed under
an or&inary illumination condition (0>0.7).
Subsaequently, the wafer stage 12 is moved so that the
marks 20a and 21a are supori:osed one upon another, and
25 these marks are exposed similarly under the ordinary
illumination condition. Then, the photosensitive

substrate W is developed and, after it, in resvect to
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101 : 10%] & % f&))/a’ﬂ%"(? ‘V&} ‘&/'IP)"* - BY performing
109&|&f() Lé&fé%h&t@%n\ﬂgg%ﬁgginé to the thus obtained plural
5 posiﬁional deviations, a wavefront is created. In
regard to this wavefront, approximation such as
.Zernike polynomial, for example, is carried out. Then,
coefficients for Zernike terms are calculated, and the
vavefront aberration is detected.

10 The above-doscgibed test patterns (20a,
19a, 2la, 19b) may be provided at plural locations on
one and the same reticle or on separate raeticles. 1In
that case, the procedure including exposure,
measurement and calculation may be carried out as

15 described above, and the wavefront aberration for
different image heights can be measured.

[Industrial Applicability]
In accordance with respective embodiments
described above, oblique incidence illumination and

20 an optimized test pattern are used, by which high
Precision measurement of wavefront aberration can be
accomplishaed without use of a pinhole in a projection
lens. The advantageous effect can be optimired with
respect to various pattern sized to be measured, or

25 various numerical apertures (NA) of projection lenses

of exposure apparatuses. Thus, high-throughput and

high-precision measurement is attainable.
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1. A reticle having a test pattern for
measurement of an optical characteristic of a
5 projection optical system, characterized in that said
test pattern has a pattern effective to reduce oxr
suppress a high frequency component of spectrum at a

pPupil plane of said projection optical system.

'10 2. A reticle according to Claim 1,
characterized in that said test pattern has lines and
spaces adapted so that plural diffraction lights
produced thereby are partially cancelled with each
other at the pupil plane, thereby to reduce ox suppress

15 the high frequency component.

3. A reticle according to Claim 1,
characterized in that said test pattérn has an opening
for producing a predetermined periodic component at

20 the pupil plane of said pProjection optical system, and
periodic openings formed at opposite sides of said
opening, for producing a periodic component different
from said periodic component, at the pupil plane of
said. projection optical system.

25

4. A reticle according to Claim 1,

characterized in that said projection optical svstem
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has wavefront aberration, and that said test pattern
has a shape adapted so that, even where an image of
the said test pattern formed through said projection
optical system is defocused, substantially no

5 asymmetrical image distortion is produced.

5. A reticle according to Claim 1,
characterized in that the optical characteristic is.
one or more of best focus posifion, astigmatic

10 aberration and curvature of field.

6. A reticle having a test pattern for
measurement of an optical characteristic of a
Projection optical system, characterized in that said

15 test pattern has lines and spaces adapted so that
substantially only zeroth order light is directed to

an image plane of said projection optical system.

7. A retigle having a test pattern for
20 measurement of an optical characteristic of a
pProjection optical system, characterized in that said
test pattern has lines and spaces in which, with
respect to a repetition direction thereof and from a
‘center to a periphery, a pitch of the linas is
25 substantially constant while widths of the spaces

gradually decrease.
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— Projection optical system, characterized in that said
test pattern has lines and spaces in which, with
5. respect to a repetition directién thereof and from a
center to a periphery, a pitch of the spaces is
substantially constant while widths of the spaces

gradually decrease.

10 | 9. A reticle according to Clainm 7,
characterized in that the lines and spaces comprise
such pattern that adjacent lines are not resolvable
by said projection optical system at the time of said
measurement.

15

10. Aan opfical characteristic measuring
method characterized in that, by projecting
illumination light upon a taest pattern of a reticle
28 recited in any one of Claims 1 - 9 and by detecting

20 a position of an image of thq test pattern formed
thereby, an optical characteristic of the projection

optical system is measured.

11. An optical characteristic measuring
25 method characterized in that, by projecting
illumination light upon a test pattern of a reticle

a8 recited in any one of Claims 1 - 9. from ona diran+ian
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or plural directions, and by detecting positions of

images of the taﬁt pattern formed in accordance with

the projections in the plural diractions 3 respectivaely,

an optical characteristic of the projection cptidal

5 system is measured.

12. An optical characteriatic‘measurinq
method according to Claim 11, characterized in that
the plural directions include two directions which are

10 symmetrical with each other with respect to a

predetermined plane containing an optical axis.

13. An optical characteristic measuring
method according to Claim 10, characterized in that,
15 where a numerical aperture of said projection optical
system is NA and an incidence angle of a principal ray
of the illumination 1:I.qh£ projected is op (05ops1),
said test pattern is formed, with respect to object
spectrum G(f) of said test pattern being orthogonal
20 to the incidence direction of the principal ray qf the
illumination light, so as to cancel an amplitude of

G(f) in a section £ which is [{(1-20p) ‘NA/A to NA/AJ.

14. A projection exposure apparatus,
25 characterized by a mode for measuring an optical
characteristic of a projection optical system in

accordance with an optical charactaeriastin meassnrine
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repetition direction thereof and from a center to a
periphery, a pitch of the lines is substantially
constant while widths of the spaces gradually decrease
and in which adjacent lines are not resolvable by said

20 projection optical system, is prepgred, and light
fluxes are projected to the lines and spaces from
-different directions, whereby plural images of the
lines and spaces are formed through said projection
optical system; and |

25 raspective positions of the plural images
are detected and, by use of the result of detection,

the wavefront aberration of said projection ontical
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the wavefront aberration of said projection optical
system is detected.
20

18. A wavefront aberration measuring method
for measuring wavefront aberration of a projection
optical system, characterigzed in that:

a reticle having plural patterns each
25 comprising lines and spaces in which, with respaect to
a repetition diraction thereof and from a center to

& periphery, a pitch of the lines is substantially
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optical system is detected.

19. A wavefront aberration measuring method
for measuring wavefront aberration of a projection
15 optical system, characterized in that:
a reticle having plural patterns each
comprising lines and spaces in which, with respect to
a repetition direction thereof and from a center to
a periphery, a pitch of the spaces is substantially
20 constant while widths of the spaces gradually decrease
and in which adjacent lines are not resolvable by said
projection optical system, is prepared;
light fluxes are projected to the plural
patterns from different d:l.rections, vherobj plural
25 images of the patterns are formed through said
projection optical system; and

respective positions of the plural pattern
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detection, the wavefront aberration of said pi:ojection

optical system is detected.

5 20. An optical characteristic measuring
| method for measuring an optical characteristic of #
érojection optical system, 6haractorized in that:
a reticle having a test pattern is supplied
while a member having an opening is supplied;

10 a light flux is projected to said test
pattern through said opening, from an oblique
direction, thereby to form an image of the pattern
lthrough said projection optical system; and

a position of the pattern image is detectaed

15 and, by use of the result of detection, the optical

characteristic of said projection optical system is

detected.

21. A wavefront aberration measuring method
20 for measuring wavefront aberration of a projection
optical system, characterized in that:
a reticle having plural patterns is
supplied while a member having an opening is éupplied;
light fluxes are projected to the plural
25 §attorna through said opening, from different
directions, thereby to form images of the plural

patterns through said prodection ontioal avatam: and
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respective positions of the pattern images
are detected and, by use of the result of detection,
the wavefront aberration of said Projection optical

system is detacted.

22. A measuring method according to Claim 20
or 21, characterized in that the member having said

opening is provided on the reticle.

23. A measuring method according to Claim 21,
characterized in that the reticle has a convex lens

provided on said opening.

24. A measuring method according to any one of
Claims 16 - 21, characterized in that the pattern has
lines and spaces in which, with respect to a repetition
direction thereof and from a center to a periphery,
a pitch of the spaces is substantiallly constant while
widths of the spaces gradually decrease and in which
adjacent lines are not resolvable by said projection

optical system,

25. A measuring method according to any one of
Claims 16 - 21, characterized in that the pattern has
lines and spaces adapted so that substantially only
Zeroth order light is directed to an image plane of

said projection optical systenm.
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26. A measuring method according to any one of
Claims 16 - 21, characterized in that said detecting
step includes a step of photoelectrically converting

an aerial image of the lines and spaces.

27. A measuring method according to any one of
Claims 16 - 21, characterized in that said detecting
step includes a step of exposing a photosensitive
substrate to an iqage of the lines and spaces and a

step of developing the photosensitive substrate.

28. A projection aexposure apparatus,
characterized by a mode for measuring wavefront
aberration of a projection optical system in
accordance wiﬁh a4 measuring method as recited in any
one of Claims 16 ~ 21, and by an illumination system
for projecting illumination light onto a test pattexn
when the reticle having the test pattern is supplied

into the apparatus.

'29. A device manufacturing method,
characterized by supplying a reticle for device
manufacture into a projection exposure apparatus as
recited in Claim 28, and by transferring a pattern of

the reticle onto a substrate.



