;,-.101e3epWJJKLPRWBPWIVWM  SPECI FI CATI ON RETI CLE AND OPTI CAL
CHARACTERI STI C MEASURI NG METHOD 5 [ FI ELD OF ART] Thi s i nvenyi to
areticle having .a test pattern and an optical characterigmmmmwmmummmﬁg
met hod for neasuring an optical characteristic of a projecti on*&p&zi ca
system by use of such reticle. 10 More particularly, the inventionis
suitably usable for neasurenent of an.optical characteristic, such as best
focus position, astignmatism curvature of field, or wavefront aberration,

for exanple, of a projection optical system of a projecti

apparatus used 15 in a |ithographic pr octélss which is one 3%%@%””’”"’
manuf act ure of sem conductor devices, liquid crystal display dgyigces,
thin-filmnmagnetic heads and the |ike. [ BACKGROUND ART] 20 The |ithographic
process for manufacture of sem congipgéPrreavirelp, |iquid crystal display
devices or thin-filmnmagnetic heads, for exanple, uses projection exposure
apparatuses in which an i mrage of a photomask or reticle (hereinafter
"reticle") is 25 imaged upon a photosensitive substrate through a

proj ection omﬁﬂmﬂcsmshnnlobmrnnil¢HEkEQ&EQ&s%@&ﬁﬂﬁﬁbéﬁﬁﬁbaﬂﬁiﬁbni”
order to assure that the - 2 pattern of the reticle 1s transferred onto
t he photosensitive substrate at high resolution, the exposure should be
carried out while the photosensitive substrate is registered with a best 5
i magi ng plane [BXRED fQEUBRTIane) of the projection optical system within

t he range of depth of focus. To this end, the position of the best focus

pl ane of the projection ofhicainyesittinn ifultates tdia beatidlCuaviesd tion,
shoul d be detected in accordance with sonme 10 nethod. Further, projection
optical systefstRaFPIRELrEamnEan optddtah cheape peans ticumuasurdny fi el d)
in which the best focus position differs with the inmage height. A known
exanpl e of ne 9 ForereasTi g ameopticalochanmsterbatic @HrD] ection
optical system.s. as _follows.. Asingle pattern or plural different patterns
are illum nat BT PPEIFL THREERgRES %ﬁ/mg purhcinetiickys of

'([jlhfef g;ﬁgtlé N hoarrilaglpea'tsr :)L(c{:l}cgrlllyl ,urghneatir?geth:ggtrls iga\gunigtgl;igciigilblreays of

for measurement of an optical characteristic, such as
best 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 process in
manufacture of semiconductor devices, liquid exrystal
display devices, thin-film magnetic heads agd the
like.

[BACKGROUND ART]

20 The lithographic process for manufacture
of semiconductor devices, liquid crystal display
devices or thin~-film magnetic heads, for example, uses
Projection exposure apparatuses in which an image of
a photomask or reticle (hereinafter, “reticle”) is

25 imaged upon a photosensitive substrate through a
projeqtion optical system. 1In such projection

exposure apparatuses, in order to assure that the



20 tilt angle but being incident in symetrical directions. Then, the
spaci ng of plural pattern inmages obtained thereby upon a photosensitive
substrate is nmeasured or, alternatively, a relative positional deviation
bet ween i nages of the plural 25 patterns being superposed one upon anot her
by noving the photosensitive substrate is neasured. The rel ationship

bet ween the defocus anmount and the - g above-described spacing or
rel ative positional deviation is then detected arid, on the basis of this
rel ati onship, the best focus is calculated._ There is anot her known net hod

in Wiich the best focus position 5 is detected wi thout changing the
position of a photosensitive substrate with respect to an optical axis
direction of a projection optical system The above-descri bed neasurenent

met hod based opa€keir@uef NEhéepeeichleunidation { O ed, 10 SEM
measurenent, and it is a nethod \le'i ch enabl es g?%pgﬁgrdan%flﬁ:gggyfhr oughput

and hi gh- pr eci shoBoseasieiwdt sabshkesltd WLSh P§RI bie@b 14 0PgE Plane and
astigmati sm (astigmatic aberration). Further, tThe size of paftern to be

used for the adgpesdescrahmildSh@oshaid slevi fhkde r@asurenent can be
made | arge as conpared with patterns to be used in a nethod of measuring

positions of ppht¢brsenstgeivdayubgtphaecys £ogNeedderi Wetinh 0adggdgand 90
deg. for the sake of neasurenent of best focus, inmge plane or astigmatism

20 which i 8 si¥taging pdsec otbessi foemal mweana)i oF RS Y £OBEELiIGLH I N A
met hod of neasuring a positional deviation of an interference pattern
produced by i MREiepdneysdfemmovithin bbansanddecsef depth B aUidwst O
aerial imge neasurenment, there is an advantage of 25 no necessity of using
an enl ar genent™? ntyi AgeBPri ke Ppstidrondef tthmabest Foeuwrh@lanessfi bed
measur enent net.hod based on oblique_i nci dence -4 illumnation has a

| arge sensiti Ft§BRPIRSHPBRPLEERlasYshemn thapeis, tthedastFodimever

it has been found.%hat thg ;‘ﬁ-: ationship between the defocus anmount and the
anount 5 of pdel T bhaP  d&drlibh e Aatretedcim@eeendan aeherigit tame | nages

obtained {p a ce th,.the neasurepent nethod based on oblique
i nci dence“?l I ﬁ‘leo’%]}g??bn,w EEHSF raPARILTT+ER: PPt IeAL revatems, have strict

sense. The caygg, ¢ hel el i:%ltlléeg ‘ansg.lrt]tg.%e plane (curvature of field)
in which the best focus position differs with the image
height.
A known example of methods for measuring
15 the best focus position of a projection optical system
is as follows. A single pattern or plural different
patterns are illuminated with two illumination 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
Positional deviation between images of the plural
25 patterns being superposed one upon another by moving
the photosensitive substrate is measured. The

relationship between the defocus amount and the



10 in the measurenment based on oblique incidence illunination there occurs
a shift of object spectrumposition at a pupil plane, the object spectrum
is cut asymetrically by an aperture stop of a projection |ens, such that
asymmetrical distortion is created in an 15 aerial image at the inmaging
pl ane. Further, where the asymmetrical object spectrumis denoted by A(f)
and the OIF of the projection lens is denoted by O (f) , the relation Wth
an anplitude distribution f(x) of an inage at the 20 imaging plane is
represented by f (x). = F-1 [A(f) Of) ]_ (f—_l is Fourier inverse transform
It is seen also fromthis that wavefront aberration of a projection |ens
is influential to the aerial image. A curve 20 in Figure 7 is a graph
Wherei n 25 positional deviation amount of a pattern (axis of abscissa) is
detected with gespecly u : ol ! L.en i f ;ordi nat e)
havi ng spheri cal - Sééba%g%?gt ?ggfca?%dgu‘%egf%%g?ébg %é%%%?grarl\ used for
the focus neas@eeEBAdrs et ted fe opugnt isgngl o\p {;Eigure
20. In Figure 20, denoted at Cis theef:g%gtaﬁao'f Iot ghﬁﬁgpo a£€%gt
pattern TP. Thie1l&tapetip Natheé B TS \iid ¥aleall yesqual fogr%O:Qs It is
seen fromFigure 7 that, wth the conventional pattern, apparently the
linearity is desbthpedknowr hethesi ifOWhS JRAHY BB fases s i10: gR! i que
incidence illumnation in the conventional nethod described herel nbefore,
due to a dbffeiendetiertusy afithbutbehnadidiig 0fha po@iiftid®nokegs of an
exposure apparatus or to a difference in wavefront aberration dependi ng on
the i mage hei ghhotpskinsittievd Ssuhgkteatle wisth tdepsekaticombaipersaihe
def ocus anount and the positional deviation anount differs. Therefore, it
i s necessary t¥FERafigeduicrntafirat projsictiom bptieal tdestiehocus anount
and the positional deviation anount or the spacing. 20 Further, where the
rel ati on between the def ociike adBoNe-des atidedsheaenalemvi anebhodmount or
t he spacing ij{aggroxi mated by a |inear expression, a value of defocus
anount cal cul 2B PR SR IR HPFddpReEe id s bion rdpea potinéadal
devi atio_rHﬁ t 2%12 certain imagi ng pl ane or a spacing anobunt contains an

S i

error BRAFGTEMF VDI efPflol thdds i amehhodf wijigh gnables

CharaCterIS“(gﬁéglg Q%‘ﬂ%&ﬁukgPéhgﬁkut and high-precision

measurement of best focus positioh, image plane and

astigmatism (astigmatic aberration). Further, the
size of pattern to be used for the above-described
15 positional deviation measurement can be made large as
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
measurement of best focus, image plane or astigmatism
20 which is similarly based on positional deviation
measurement, or in a method of measuring a positional
deviation of an interference pattern produced by
interference of two light beans. Therefore, in .regard
to aerial image measurement, there is an advantage-of
25 no necessity of using an enlargement imaging optical
system. Additionally, the above-described

measurement method based on obligque incidence



- 6 system where sinplicity and higher precision axe required in the
future trend of further mniaturization of circuits. On the other hand,
aberrations of a 5 projection |l ens such as spherical aberration, inmage

pl ane (curvature of field), astigmatism (astigmatic aberration) , coma
(coma aberration) , wavefront aberration and the |ike, are nmeasured and it
is used in practical evaluation or inspection. Arong these 10 aberrations,
the wavefront aberration is the very aberration. By approxinmating this
wavefront aberration on the basis of gengrally used Zernike polynom al, for
exanpl e, aberrations such as spherical aberration, inmge plane,

astigmatism coma and the 15 |ike Wiich are factors of the polynom al can
be cal cul ated. The neasurenent of wavefront aberration is thus regarded

i mportant al soilDumeapadiod chased gkl $n s pubat - mar gi ns
of a large variety of device patter nsf%zo Un%iglgg?tet??%ﬁo?ogig%g%%'s and
5,978,085, fordexaaplion pMWpPASSpERRASW b fEtweds for wavefront aberration.
In the nmeasuring nethods proposed in these patents, a grid-like pattern is
~formed on a reticle patterHowevégge iwhiHas bebANEbanES tHHYi ggd 25 j ust
underneath the center of the grid-like pattern with a small clearance held
bet ween them Felahépnsiiip betwaidrckbe apfbats ahban® hidocseamidingeticle
- 7 havisg a convex |l ens disposed just above the center of the grid-like
pattern. Waer eof hpesisticrial idevihtibnatcard tlye aspakling Nadtweesysham of an
exposure apparatus, illumnation light emtted fromthe 5 illum nation
system il | uni RAtterne igaaepacbbannpdaded detordanceniditanthé! uni nation
angle (NA) not less than cl1 defined by neans of the convex |lens . Light
passed t hr ougPtHtuFrREFamethogabased ol i Huepimmdldeniteposed bel ow
it. Here, the J.ysght .Which can, 10 pass through the pinhole is limted only
to such |ight AV PRAG LY S RPFnRE B tesh ragthiiraarpreieltd amd

posi tions of Qﬁ§ggct{ve oints on &ﬁg rid pattern. Therefore, |ight beans
emitted from respect |’\:/’e°goFﬁP§eon 3‘«%‘{? dherfcigigntbats @anes |ights
havi ng 15, 4diff.ere lLes.. Thes i ght,s having, di fferent_ angl es inpinge at
mfferentlgoméﬁc#&egﬂggggﬁﬁwe?fé%3g89 O b qBe; dRGIERRCR/NG whsl e
bei ng i nfl ueng ; \\aVvehr ration of.th ojection |lens, they
20 reach the \C/'\L/ae{‘jle‘?%s'%?? é\ggl ?Eltﬁ%[% 5 ceé%gpaéc n‘?{‘/%tp%?ngéjgfﬁt fReGti™at t ern
are imaged theysss €q ¢l [ re cid oints .of the grind
pattern thus ?{nagzé%tﬁgvztb%%\ﬁ}g??g:%géebyéggf %’ié’ﬁgr?ﬁ: PRAER S P avef ront
aberration ( pfw_\&hmeﬁ/gﬁ.%aigﬁﬁb&'ﬁlabbrture stop of a projection lens,

such that asymmetrical distortion is created in an
15 aerial image at the imaging plane.

Further, where the as&mmetrical object
spectrum is denoted by A(f) and the OTF of the
pProjection lens is denoted by O(f), the relation with
an amplitude distribution f(x) of an image at the

20 imaging plane is represented by f(x) = F-1 [A(f)-0(f)]
(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 amount of a pattern (axis of
abscissa) is detected with respect to defocus of a

pProjection lens (axis of ordinate) having spherical



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 - 8 idealistic position by an anount determined by tilt of the
correspondi ng point on the wavefront. In consideration of it, deviations of
t he i mages of respective points of the grid pattern froman 5 idealistic
grid are nmeasured and, based on it, tilt ampunts of the wavefront at
respective points in the pupil plane are obtained. Then, by using various
mat henati cal net hods, the wavefront aberkation is cal cul at ed. 10.Th¢
wavefront aberration measuring nethods as proposed in the aforenentioned
U.S. Patent Nos. 5,828,435 and 5,978,085 are simlar to Hartman method wel |
known in the art. In Hartman nethod, a pinhole is disposed at a pupil plane

ol 2phrel eoti Ubderhfisn RRCd® RGLL ClrhleouBNebioWdPY 4l A a0, On

the basis of a positional "deviation of a pattern I mage forne

passed ther et FFowigh mdHutbhbn® ikhenwayateaRh b J6h6EHEG oddh WG Har t man

met hod, . a pinhole is placed 20 at a pupil plane such that, 1 nregard to

the object speHowinimagaiaRo o eonatiPiréldobedNotducatoct e gighol e
filter, only information related to a certain small wavefront region can be

obtained. It ilsengthralfl €hied qenihyeb¥ @OidHt pALtdenShape ofpide obj ect
spectrum by di sposing a pinhole at a pupil plane (i.e. pupil filter), as in.
Hart man net hod®redimgehasi m przan smak serpa3umme KPPA aGu8S to 100%.
It is seen from Figure 7 that, with the
conventional pattern, apparently the linearity is
destroyed.
In the best focus measurement based on

10 oblique incidence illumination in the conventional
method described hereinbefore, due to a difference in
wavefront aberration of a projection lens of an
éxposure apparatus or to a difference in wavefront
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 ox
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 exror. This is a serious problem for measurement

of optical characteristics of a projection optical



- g thisis difficult to acconplish because of the space 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
provi de just underneath the object surface. Thus, the object spectrum upon
the pupil plane corresponds to, unlike equation (1) 10 below, Fourier
transformincluding a phase term E(x) - F-1[Gf) p (f) w(f)] .. . (1) F1:
Fourier inverse transformE (x) : optical anplitude function of imge Gf):
obj ect spectrum 15 w(f): pupil (wavefront) function p(f) : pinhole function
It is an object of the present invention to provide a reticle having a test
"pattern by which an optical characteristic of a projection optical 20

system can be gyypasu edyKek% @rﬁg;sffaryaa%arg%ﬁgﬁ BLeTRANLA Nt an ontical

‘characteristic™of a projection optical~syste uset 6F Cs e icle.

Also, it is a&%ﬁ?fggdogntmﬁdﬂfﬁfﬁgfig%g@d(yktfhfmﬂgkde a reticle having

a test pattern by which an optica aracteristic of a projection

opti cal systemiGinPerivRatiled 4 aCsahdarce W th a procedure conpletely
different fromthat shown in the - ~.0 aforenentioned two U S. patents,

and a method of neasuringoan th¥ iCeheehBbael eldsd+£aiofsP/dH €6t 1 on opti cal
system by use of such a reticle. Particularly, it is an object of the 5

_present invengpimécotponviidasa siriti de HpNepgcall ate R £ 868, DYnilch at
| east one of best focus position, astigmatic aberration, curvature of
field, and wawpdfarmt (ehevasuiren of fiqld) pcabeigmpltionl cystegmadide
measured very precisely, and a method of 10 neasuring an opti cal
-characteri sti @bsfrzapionpdct icomaoptd¢oma abetremthion)se wahvedalont reticl e.
[ DI SCLOSURE OF THE | NVENTI O\]

aberration and the like, are measured and it is used

in practical evaluation or inspection. Among these

10 aberrations, the wavefront aberration is the very
aberration. By approximating this wavefront
aberration on the basis of generally used Zernike
Polynomial, for example, abexrrations 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 simulation, 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 Jjust 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



A first aspect of the present invention concerns a reticle having a test
pattern for 15 measurenent of an optical characteristic of a projection
optical system and it is characterized in that said test pattern has a
pattern effective to reduce or suppress a high frequency conponent of
spectrum at a pupil plane of said projection optical 2 0 system. A second
aspect of the present invention relates to the first aspect, and it is
characterized in that said test pattern has |ines and spaces adapted so
that plural diffraction lights produced thereby are 25 partially cancelled
wi th each other at the pupil plane, thé?&bj’to reduce or suppress the high
frequency conponent. - 11 A third aspect of the present invention
relates to the first aspect, and it i's characterized in that said test
pattern has a ing for producing.,a _predeterm ped. periaodi c conponent at
t he pupil plaﬁgggfg? gaﬁ?ﬁﬁ%ﬁe ??8nd&5%Q§ﬂ syﬁ?gn?bﬁﬁﬁ|ﬁ§?cﬁﬁggﬁﬁenings
formed at oppQsgtensi f | d i.ng, r_progducin periodic
conmponent different f %@a%?%e??ggﬁ%(#q’g'onp%feﬁ?,ggf‘st %@qﬁfﬁ? pPane of
sai d projecti o Pehihdlted Hveln 10 Yud PHLER RS the present invention
relates to the first aspec?&ﬁaﬁh it 1S c%%?§§t§??§§§i?#lﬁéieﬁﬁﬁiﬁre
proj ecti on optd Pk ra ¥ elseM ey ey 8k 181%@&&9%@@%}&@ £RE d test

ere an I mge 0

pattern has a shape adapted so that, even € said test

15 patter n5f oriteThukDhawaors ad ¢is el @alvei PPLESakhay i used,
substantially no asynnetricafﬁinage distortion is prgﬁﬁg%dsagﬁkgﬁth aspect

of the preseniplavedtbelowehial ewiltth (e f11ehihathiew hpedepis) og it is
20 characterized in that the optical characteristic is one or nore of best

focus positioiessttigmbilodabinedbpmeats o Yhé Wehbxflietd, A,sixth
aspect of the present invention concerns a reticle having a test pattern
for 25 measur @nessedf throsgh chhecgzidcrertitsdtn phsael Ajlecéhgh @Rl cal
system and it is characterized in that said test pattern has |ines and
spaces adapt edinhole 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 pattern.
Therefore, light beams emitted from respective points
on the grid pattern advance as plural lights having
15 different angles.

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

20 reach the wafer surface such that respective points
of the grid pattern are imaged there. Here, the 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



- 12 so that substantially only zeroth order light is directed to an inmage
pl ane of said projection optical system A seventh aspect of the present

i nvention 5 concerns a reticle having a test pattern for neasurenent of an
optical characteristic of a projection optical system and it is
characterized in that said test pattern has |ines and spaces in which, with
respect to a repetition direction thereof and from 10 a center to a
periphery, a pitch of the lines is substantially constant while w dths of

t he spaces gradual ly decrease. An eighthgaspect of the present invention
concerns a reticle having a test pattern for 15 neasurenent 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

titi di rieed 4 t L ph pjtch of
Lhe spaces |5 S0°SubSTant FATY Coherant uAnFoy HFESERLBRE by, dlt <" °
gradual l'y deCQﬂ?3€heAcBH@dEﬁEK@?ﬁgpgoéﬂ% th&@@é gg&ﬁQ%kgg:rel tes to the

seventh and ei ghth aspects, "and 1t7i aracteri ze thetines and

Spaces CONPI | <21 8 1l A {Bat aadhiaGallind | 885 LALE Al d £sghvabl e by

sai d projection optical systemat fhe time of said measure -- 13 A

tenth aspect Qfedp@cpioeeiposidWenbioOBheelglies $O&E88nl itk t4, Ninth
aspects, and it is characterized in that, by projecting illumnation Iight

upon a tesh patderhistithgict inte megdshyed iECibAgea BASkl 0R 0f¢ an
I mage of the test pattern forned thereby, an optical characteristic of the
proj ecti on optmainsysofnthe wazefireht At aleyigdt Bigeppolints tihe s sent
pPupil plane are obtained. Then, by using various
mathematical methods, the wavefront aberration is
calculated.
10 ’ The wavefront 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 prattern
image formed by light passed therethrough, the tilt
of the wavefront is detected.
In the Hartman method, a pinhole is placed
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 positively 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 practical exposure apparatuses,



invention relates to the first to ninth aspects, and 10 it is characterized
in that, by projecting illumnation |ight upon a test pattern of the
reticle, fromone direction or plural directions, and by detecting
positions of inmages of the test pattern fornmed in accordance with the
projections in the plural 15 directions, respectively, an optical
characteristic of the projection optical systemis nmeasured. A twelfth
aspect of the present invention relates to the first aspect, and it is
characterized in that the plural directigns include two directions 20 which
are symretrical Wth each other with res%ect to a predeterm ned pl ane
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 numerigal s aperayEes 25190 t%aia%d%fnpéﬁgé%;ﬁpegws%a'oék%%eg%g%{.}‘g\cfgg

an incidence angle of a principal ray o um-nation 1Tg
is op (O<op<llof SapErieil RAJL'd pFrginglst ¥l %EFS{S Szﬁﬁcfo}:o
0

obj ect spectrum (f) of said test pattern~being orthogona € Thci dence

direction of tdén@amiabRalod Pro&fehbEoh! | Wi oLl ? ht éoﬁﬁf cancel
an anplitude of G(f ) in a 3thion 5 f which 1s [p %92533 - e%geto
NAVerr] . Afaedesnt Bfagead. of the present invention concerns a

proj ection exposure apparatus, and it is characterized by a node for

measuring an optical charaef etistéthek Aald) eChi eReORidtIHaSYsEEM
proposed in aforementioned U.S. Patent Nos. 5,828,455
and 5,978,085, a pinhole is provide just underneath
the object surface. Thus, the object spectrum upon
the pupil plane corresponds to, unlike equation (1)
10 below, Fourier transform including a phase term.
E(x) = F-1[G(f) -p(£f) -w(£f)] ... (1)
F-1l: Fourier inverse transform
E(x): optical amplitude function of image
G(f) : object spectrum
15 " w(f): pupil (wavefront) function
pP(f) : pinhole function
It is an object of the present invention
to provide a reticle ha;ing 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 the present
invention to provide a reticle having a test pattern
25 by which an optical characteristic of a projection
optical system can be measu:ed in accordance with a

procedure completely different from that shown in the



10 in accordance with an optical characteristic nmeasuring nethod as in
anyone of the tenth to thirteenth aspects , and by an illum nati on system
for projecting illumnation light onto a test pattern when a reticle having
the test pattern is supplied into the apparatus . 15 A fifteenth aspect of
t he present invention concerns a device manufacturing nethod, and it is
characterized by supplying a reticle for device manufacture into a

proj ecti on exposure apparatus as in the fourteenth aspect, and by
transferring a pattern 20 of the reticLelgnLo a substrate. A sixteenth
aspect of the present invention concerns a wavefront aberration nmeasuring
met hod for neasuring wavefront aberration of a projection optical system
and it is characterized in 25 that: a reticle having |lines and spaces in

which, with respesbnieh #isL0at kb0 & I 6544 her, oM acenter to
a periphery, a pitch of the lines is ?ﬁ%%gﬂg%bstag{r%{ iagl ?/Lic;:gﬁ]sf"gf\t whi |l e

widths of 1he apasesingafushtycdscenasa diukinerhi gb adios Lises are
rea,

not resolvable by said projection optical system Is prep and i ght

fluxes are propptiedll Gydieehi BPSueast Shacksal rapidifd erent directions,
VWher eby plural images of the lines and spaces are forned through said

proj ection optical systemPanticeldpediy veiPosst aansdfeddcop! hal | mages
are detected and, by use of the result of detection, 10 the wavefront
aberrat i onof BEedeprtofiecteniniopttcapreyitienni seteicad Ahvihgayordgent h
aspect of the present invention concerns a wavefront aberration measuring
met hod for nedR¥ttagnubyevhdch abeleasitopnel of HEsW Foetls pbsARiisR)
system and it is characterized in that : a reticle having lines and spaces
in which, witR$eigeatico sberpativnon alimectuva bifefdefldndaidom a center
to a periphery, a pitch of the spaces is substantially constant while

wi dt hs of t he %PUREECaF bk tyotecefeaspraitdtioni chtadalcaystémes are
not resolvable_ b aid projection optical system is prepared, and |ight
fluxes are mwﬁ%%t%ﬂ PEAF R nBRTENBTSSIEALY r oAndi Bf methodi o6t i ons
wher eb ral I of _the lines and spaces are fornmed through said 25
or of ec%li g%bloptnlléca géglger%n Sptical cgargcteristic of a projegction

. optical system by use of such a reticle.
[DISCLOSURE OF THE INVENTION] |
A first 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 test pattern has a pattern 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
so that plural diffraction lights pProduced thereby are

25 partially cancelled with each other at the pupil plane,

thereby to reduce or suppress the high frequency

component.



respective positions of the plural images are detected and, by use of the
result of detection, - 16 the wavefront aberration of said projection
optical systemis detected. An eighteenth aspect of the present invention
concerns a wavefront aberration nmeasuring 5 nethod for neasuring wavefront
aberration of a projection optical system and it is characterized in that:
a reticle having plural patterns each conprising |lines and spaces in which,
Wth respect to 10 a repetition direction thereof and froma center to a
periphery, a pitch of the lines is substgptially constant while w dths of
the spaces gradual |y decrease and in which adjacent lines are not

resol vabl e by said projection optical system is prepared; 15 light fluxes
are projected to the plural patterns fromdifferent directions, whereby
plural imges of the pattexnshird aeperc (dif OtRE pRieddH©] LslraRiept i cal

system and respective positions of the plural pattern 20 inmages are
detected and, dbglatesotot hber €inist afspiedertand, i thesanaadteabesgat i on
of said projection
in that said test pattern has an opening for producing
a predetermined periodic component at the pupil plane
5 of said projection 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.

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 test

15 pattern formed through said projection optical system
is defocused, substantially no asymmétrical 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 focus position, astigmatic
aberration and curvature of field.

A sixth aspect of the present invention
concerns a reticle having a test pattern 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



optical systemis detected. A nineteenth aspect of the present invention
concerns a wavefront aberration measuring 25 nethod for measuring wavefront
aberration of a projection optical system and it is characterized in that:
- 17 a reticle having plural patterns each conprising |ines and spaces in
which, Wth respect to a repetition direction thereof and froma center to
a periphery, a pitch of the spaces is substantially 5 constant while w dths
of the spaces gradual |y decrease and in which adjacent lines are not

resol vabl e by said projection optical system is prepared; light fluxes are
projected to the plural patterns fromdit2erent directions, whereby plural
10 images of the patterns are forned through said projection optical

system .and respective positions of the plural pattern inages are detected

he. result of detection, the wavefront aberration of said
Spgjeg¥igﬁe(ﬁsg Ehat su stantga y only zeroth order light is

directed to an image plane of said projection optical
system.

A seventh aspect of the present invention

5 concerns a reticle having a test pattern for
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 direction thelreof and from

100 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 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 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.



15 optical systemis detected. A twentieth aspect of the present invention
concerns an optical characteristic 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
nmenber having an opening is supplied; a light flux is projected to said
test pattern through said gpening, froman oblique 25 direction, thereby to
forman image of the pattern through said projection optical system and a
position of the pattern image is detected, - 18 and, by use of the result
of detection, the optical characteristic df said projection optical system
is detected. A twenty-first aspect of the present 5 invention concerns a
wavef ront aberration measuring nethod for neasuring wavefront aberration of
a projection optical systgm, a,reticle

[ cterlzed in that:
having plural patterns is supp |ed akgaﬂ“%fi pﬁ&?ﬁﬂf P BRRELRE i s
supplied; 10 lJgfd+ELUxes & PLREECLR i de Qﬁgc%g, and it is

characterized in that, by projecting illumination
light upon a test pattexrn of ‘the reticle and by

5 detecting a position of an image of the test prattern
formed thereby, an optical characteristic of the
projection optical system is measured.

An eleventh aspect of the present
invention relates to the first to ninth aspects, and

10 it is characterized in that, by projecting
illumination light upon a test pattern of the reticle,
from one direction or plﬁral directions, and by
detecting positions of images of the test pattern
formed in accordance with the projections 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 othef ﬁith.respect to
a predetermined plane containing an optical axis.

A'thirteeﬂth 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 (0Sop<l), said test pattern is



patterns through said opening, fromdifferent directions, thereby to form

I mges of the plural patterns through said projection optical system and
respective positions of the pattern inmages 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 characterized
in that the nmenber 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 thal dereticle has a convex |ens 25
provided on said opening. A twenty-fourth aspect of the present invention
relates to the sixteenth to twenty-first _ 19 aspects, and it is

; - i [ ich, with
Foapoct to o rpetel I EaEIbT s S en ”?p%%%%%?%l#g“{“if #94 phery,
paces or adual TSP deirsass e PO Arshoss s £0 £hs Bl dRSeocol vabl e by
sai d direction of the principal ray of the illumination
| light, so as to cancel an amplitude of G(f) in a section
5 £ which is [(1-20p)-NA/A to NA/A].

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 projection optical system

10 in 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
pProjection 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



projection optical system A twenty-fifth aspect of the present invention
relates to the sixteenth to twenty-first 10 aspects, and it is
characterized in that the pattern has |ines and spaces adapted so that
substantially only zeroth order light is directed to an inage plane of said
projection optical system A twenty-sixth aspect of the present 15

i nvention relates to the sixteenth to twenty-fifth aspects, and it is
characterized in that said detecting step includes a step of

phot oel ectrically converting an aeriaL_i@?gg of the lines and spaces. A
twenty-seventh aspect of the present 201i vention relates to the sixteenth
to twenty-fifth aspects, and it is characterized in that said detecting
step includes a step of exposing a photosensitive substrate to an inage of

Lhe lines and syiaresn20d13Stdith Sla eV Ghalld G dion PNBECRRRS IddaiGegubst rat e.

25 A twenty-eighth aspect oOf the present 1 nvention concerns projection

exposure appaig@idtfua By déck8ashaEAGLEL WABLID M P {06 O ndBaSM ifdd - 20
wavef ront aberration of a projection optical systemin accordance wth a

measuring net kb bvab18NKeN& Lid [P §eX AV by £1 EAENEYsRRULNLYg aspect s,
and by an illum nation systemfor projecting illumnation light 5 onto a
test pattern Wiadpdhed!ehhal PigRY AUukBe hediprojected to the lines
5 and spaces from different directions, whereby plural
images of the lines and spaces are formed through 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 present
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,



pattern i's supplied into the apparatus. A twenty-ninth aspect of the
present invention concerns a device manufacturing nmethod, characterized by
supplying a reticle for device 10 manufacture into a projection exposure
apparatus as in the twenty-eighth aspect, and by transferring a pattern of
the reticle onto a substrate. [BRIEF DESCRI PTION OF THE DRAW NGS Figure 1
is a schematic view of s main 15 portion of a projection exposure apparatus
to which an optical characteristic neasuring nmethod accordi ng to Enbodi nent

1 of the present invention is applied._ Figure 2 illustrates one-dinmensional
light intensity distribution of a test tern 20 according to the present
invention. Figure 3 illustrates resolved object spectrumupon a pupil plane
of a projection optical system Figure 4 illustrates resolved object 25

P apor e Pve B8RS St RIOL SR 08" < 00U FHoSUSESh Crbicar
system is detected.
An eighteenth aspect of the present
invention concerns a wavefront aberration measuring
5 method for measuring wavefront aberration of a
pProjection optical system, and it is characterized 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
Projection optical system, is prepared;

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

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

that:



- z1 a pupil plane of a projection optical system Figure 6 illustrates a

pupi | plane of a projection optical system Figure 7 illustrates a relation
between an 5 optical axis direction (Z position) and lateral deviation of a
pattern. Figure 8 illustrates object spectrumon a pupil plane of a

projection optical system Figure 9 is a schematic view of a main 10
portion of a projection exposure apparatus according to Enbodi nent 2 of the

present invention. Figure 10 illustrates a portion of Figure 9. Figure 11
illustrates a portion of Figure 15 9. Figure 12 illustrates a test pattern
according to the present invention. Figuté 13 illustrates a test pattern
according to the present invention. 20 Figure 14 illustrates |ight

intensity distribution on a test pattern projection plane.

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

5 constant while widths of the spaces gradually decrease
and in which adjacent lines are not resolvable by said
proﬁection optical system, is prepared;

light fluxes are projected to the plural
patterns from different directions, whereby plural

10 images of the patterns are formed through said
Projection optical system; and

respective 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 detected.

A twentieth aspect of the present
invention concerhs an opticél characteristiq
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



Figure 157l lustrates an exanple of a test pattern according to Enbodi nent

3 of the present invention. 25 Figure 16 illustrates another exanple of a
test pattern according to Enbodinent 3 of the present invention. - 22
Figure 17 illustrates one-dinensional light intensity distribution of a

test pattern according to Enbodinent 9 of the present invention. F!gure 18
illustrates object spectrumon 5 a pupil plane of a projection optical
system Figure 19 illustrates a relation between an optical axis direction
(Z position) and |l ateral deviation of a fattern. Figure 20 illustrates
one-di nensional 10 light intensity disTr $uti on of an obj ect. i mage. Figure
21 illustrates lateral deviation of a pattern according to the present

i nvention. Figure 22 illustrates neasurenent object spectrum upon a pupi

pl ane. and, by use of the result of detection, the optical

characteristic of said projection optical system is
detected.

A twenty-first aspect of the present

5 invention concerns a wavefront aberration measuring
method for measuring wavefront aberration of a
pProjection 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
ratterns through said opening, from different
directions, thereby to form images of the plural
patterns through said projection optical system; and

respective positions of the pattern images

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



15 Figure 23 illustrates one-dinensional |ight intensity distribution of an
object image. Figure 24 illustrates object spectrumon a pupil plane.
Figure 25 illustrates object spectrumon 20 a pupil plane. Figure 26

il lustrates one-dinensional light intensity distribution of an object
image. Figure 27 illustrates infinite Fourier series. 25 Figure 28

i llustrates object spectrumon a pupil plane. Figure 29 illustrates a

rel ati on between - 23 the nunber of patterns and the object spectrumon
a pupil plane. Figure 30 illustrates a relation between the nunber of
patterns and the pattern width. 5 Fing&?IFls a conparative illustration
of object spectrumon a pupil plane. Figure 32 illustrates oblique

i nci dence

aspecfs, and it is characterized ih thét 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 substantially
S constant while widths of the spaces gradually decrease
and in which adjacent lines are not resolvable by said
projection optical system.
A twenty-fifth aspect of the present
invention relates to the sixteenth to twenty~first
10 aspects, and it is 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 system.
A twenty-sixth aspect of the present
15 invention 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-fifth
aspects, ahd it is characterized in that said detecting
step includes a step 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



i1lumnation nethod. Figure 33 illustrates a stop 4 in Figure 10 32 .

Figure 34 illustrates a test pattern according to Enbodi nent 4 of the
present invention. Figure 35 illustrates a general structure of a test
pattern according to Enbodi nent 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 Enbodinent 5 of the present
invention. Figure 38 illustrates a mark group 19a 20 having its object
spectrumcontrolled. Figure 39 illustrates a mark group 19b as a reference
pattern. Figure 40 illustrates a reticte2® having mark groups 19a and 19b.
25 24  (BEST FORMS FOR EMBODI NG THE I NVENTION] Figure 1 illustrates an

opti cal
wavefront aberration of a projection optical system
in accordance with a measuring method as in anyone of
the sixteenth to twenty-seventy aspects, and by an
illumination system for projecting illumination light
5 onto a test pattern when the reticle having ﬁhe test
pattern is supplied into the apparatus.

A twenty-ninth aspect of the present
invention concerns a device manufacturing method,
characterized by supplying a reticle for device

10 manufacture into a projection exposure apparatus as
in the twenty-eighth 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 according
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 object
spectrum upon a pupil plane of a projection optical
system.

Figure 4 illustrates resolved ocbject

25 spectrum upon a pupil plane of a projection optical

system,

Figure 5 illustrates object spectrum upon



characteristic nmeasuring nethod for an optical systemaccording to

Enbodi nent 1 of the present invention. 5 Figure 1 shows a case wherein, as
an optical system a projection lens 17 for projecting a pattern of a mask
(reticle) 16 onto a photosensitive substrate (wafer) 19, for use in
exposure apparatus for sem conductor device manufacture, is chosen, and the
present 10 invention is applied thereto. In Figure 1, the nask 16 has
formed thereon a pattern, as a test pattern TP, having an intensity

di stribution g(x) as shown in Figure 2, and this pattern is di sposed to be
orthogonal to an incidence 15 directi dn4%lane) of a principal ray LP of
the illumnation light for illumnating the pattern TP. In Figure 2, the
axi s of abscissa denotes the x coordinate, while the axis of ordinate
represents the intensity distrjbution,. Patterns M, M1 and M2 are 20
openi ngs haviﬁgﬂﬁﬁ#ﬁr%%?“ﬁ & RYPIPSLECS IR EHE2L 0SBE Y8 duced from the
test pattern TP provided an t he sk %6 gpen the sane is illumnated with
the illunmination |ight LPEPRSNRR & HHEsirgtes RURidsPLRRRI (I @

projection le 17 25.and ent.ers a pupil of the projection lens . It
produces obje%%O %ﬁf@ﬁﬂ1 %ﬁ%ﬁit?é??ﬁPensity distribution g (x) of the

pattern TP, at the opening.: a ’ - 25 tQp 18a that defines the
pupi| plane 18 of the pro?é%&%"l g%%h%'}-’%a&?3 a ZP&’&“’ EHGeR A (al f)

i 2~ o - Clzs  €X Py iloed 264 ok C £ - i 2= (- 24D1) f-
% el ' & )tqg‘%aj]f a4 g Rl é(%ft%m-(rzé%: Epﬁéd(laﬁﬁ pTléglsif‘f(f’r%gm)l) } ]e P

-cos [2~ (U 2u@lviddidn=of § Matddn; 4al*si~nc (alf) *sin (~Cf) *sin
(2~colf) 10 - A(f) -HL (f) f: frequency H1L (f) - 4al*sinc (alf) *sin (~tCf)

*Zirino<(12~t ~If) A(T) - Csipaghive 9 A9audtrd £65) oBiebl Ghbotasud N sane
g pPupil plane of a projection optical systen.
Figure 9 is a schematic view of a main
10 portion of a projection exposure apparatus according

to Embodiment 2 of the present invention.

Figure 10 illustrates a portion of Figure

Figure 11 illustrates a portion of Figure

15 9.
Figure 12 illustrates a test pattern
according to the present invention.
Figure 13 illustrates a test pattern
according to the present invention.
20 Figure 14 illustrates light intensity
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.



15 as A(f) , the anplitude of A(f) can be suppressed to small throughout

t he whol e frequency region. Al so, as regards 4al*sinc (alf) of HL (f) , if
a sufficiently small value al that satisfies 1/ (2al) > (1+op) NAOQ err is
chosen relative to NAO at the light entrance side of 20 the projection |ens
17 (pupil 18), then, Wthin the region of pupil plane 18 of the projection
|l ens 17, 4al*sinc (alf) can be regarded as a nere Weight function, which
decreases as the frequency becomes high . Figure 3 illustrates actions of
A(f) , sin (errCf) and 25 4al*sinc(alf) Esgribed above. As regards sin
(201f ) of HL (f ) , simlarly, if a half“period of sin(2~~1f) is given as
not | ess - 26 than the region of the pupil plane 18 of the projection
lens 17, it becomes a nmere Weight function having a nmaxi mum val ue. The

condition therefor is 1/( <(1+QpR) Figure 4 illustrates actions 5
%%ﬁg&%)gg N%? -] %ggs o Al?énglgnéi

of H1(f), sin(xCf) and sin escri be ove. "By optrmziing al and D1

, HL (f . . I f et o Lt ] i t bt ai
6 () wi th wni SRORESEkafley CILEE SN LR oF 5 Kodf BERECRRC, 12 (7))
uhi ch should bgosipaliees ath 'hsdBiheht 35 J#'UhapPASRRY YnFéllREx.
suppressed to small w tthin an appropriate frequenty region . SO0, as

regards al and D1, siml arﬁ-%/g&%}é ?g?g_ﬂ_g_u@g% ed?sgﬁgg@q._ %guﬂzognd D2,

optim zation based on HL (f I's ena ure ustrates that,

through the shappagilly g1uhd Sogehs pdoJdlc€{dnaBg izl )systha attenuation
tendency of the anplitude in the high frequency conponents of the sum of H1

(f ) +H2 (f ) is consisterpigure Wot bl drddescy obiAldion Betwhashy.
optim zation based on HL (f)+H2 (f) . . .+Hn(f) is possible. 20 The object
spectrum G(f) ah bpeilceslt afsecdirdl tsivown(Z npbsdwion), asdpLladieaad on the
basis of al and D1 satisfying the above-described condition, is inmged at

t he i magi ng pl daviadivin |ef bei pgtitefdruenced by wavefront aberration of the
projection 25 lens 17 and the position of the imging plane 19. The
anplitude distribution f(x8igerehd0 dddeasbrates: ong-dimefsioh@l(f) O(f) ]

10 light intensity distribution of an object image.
Figure 21 illustrates lateral deviation of
~a pattern according to the present invention.
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 plane.
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 object spectrum on
a pupil plane.

Figure 29 illustrates a relation between



- 27 _ Since, upon the pupil plane 18, the object spectrum f) has an
anplitude only in a circular region having a size (radius) 1l-ap about a
center at a position op, corresponding to the tilt angle op of 5 the
principal ray LP of the illumnation light, it follows fromthe

af orenenti oned equation that the inmaging anplitude f(x) is influenced only
by the wavefront aberration of the projection lens 17 in a small region
(region 25 in Figure 6) on the pupil plane 10 18 . By setting this small
region with an appropriate size, since a change in wavefront aberration due
to defocus affects only on Iomer-order‘f?%qnencies in the small region
distortion of the inmage can be reduced to snmall. Therefore, as regards the
rel ati onship of 15 any positional change of the imge relative to the
defocus, it i%:not i nfluenced g¥ inage distortiQn,and it is linear. Mre
speci fical ly, BINcRUPRET: 8& RAYTRIASTRNG ths © tafiPPRYTI™ A% Ferot h
order light t W?rdlthg i mage plane, through the pupil plane 20 of the

proj ection oplcgﬁ s? ?gﬁ'trmarelationship of the positional change in the

imge to the defocus beconges substantially linear. Figure 21 _shows a
proj ecti on exposure appaﬁgiﬂyﬁ%r£§r6}285¥ﬁ§%ﬂﬁi?r%ﬁg?EFPPnﬁﬁfﬁﬁﬁﬁern 25

f k 16 |14 b te 19 _Ln which il lum nati

i ght 8 havi ng T navaape S RALERI RIS brbielh Bfence angles
tilt - 28 | | £Ct ; . A, 1P Fi 2

b sk 16 in which two | Aat i oF e rRer N ISRl oy

the projectioRpwpbbeabpatrQii 1dn OQt he RHyalpsensitive substrate 19 on a
5 Wafer stage; in mhicﬁ a positi%nalgggviagpbn bet ween the two pattern

i mages TPa within the pl agg ifrd Ng2dengastineds 0bpi ieny A ddeHRR the
phot osensitive substrate 19 and with respect to a direction of an arrow, is

measur ed; andillwhinltion MHbedtwedbasis of the positional deviation D, the
.best focus is detected. In this enbodinent, the pattern shape of the test
pattern TP is designed soFdgruimoe a33uiklubatravergad ddesp af inheidpixcus and
wavefront aberration of
10
Figure 34 illustrates a test pattern
according to Embodiment 4 of the present invention.
Figure 35 illustrates a general structure
of a test pattern according to Embodiment 4.
15 Figure 36 illustrates a general structure
of a test pattern according to Embodiment 4.
Figure 37 illustrates a test pattern
'according to Embodiment 5 of the present invention.
Figure 38 illustrates a mark group 19a
20 having its object spectrum 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



15 the projection optical system the relation of the positional deviation
of the pattern inmage 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 coordi nates represent val ues
havi ng been standardi zed with respect to the nunerical aperture NAO (radius
of pupil plane) of the projection lens 17. At the pupil 25 plane 18 of the
projection lens 17, the incidence poﬂjjé) -op of the principal ray LPis
di spl aced fromthe pupil center 0. Sinul7ations were carried out in - 29
accordance with conventional marks and by use of a pupil filter arranged so
that |ight could pass through only a smallest circle 25 which could be

drawn about theddei FESRHE | tg ' lﬁhﬁﬁ i on the 5 boundary of
the pupil pl a@ 18. Curve 21 m%%%?igt;?w?#os\[s t ei‘?ggal ts thereof.

Clearly, as conpared withgg fiireer 293 PheV:d8d PYakh NEpeaRUANt | onal et hod
wi t hout using the pupil filter of . Figure 7 , the cﬁrve 1 is inmproved in

10 its strai gHOSSctdPis e mBA SIS S WA &S £ A% 8 i t hat
t he hi gh frequency %onponentsm[- (1-ap) -NAQerr to (1§§§¥£kh%?§§nyof t he

obj ect spect r'l&&ééf@in?f tbhemtsd i dakh £ €1 NoFPLHOWr d skt OthGedRid:e, 2l |
i ntercepted by nmeans of the pupil filter such as 15 shown in Figure 8, and

by that the amilgutéel cdhéhe abiase whealdidn) als tde ppikbapl 89a+ks i s nade
| aterally symmetrical with respect to the position op of the principal ray
of the illum rapreoreddghtn dpors tefpuppropbandniBa RAtAeraesEra hediabove,
in this enbodinent, the test pattern TP is optim zed so that the anplitude
in the high frepiheletohpornhosagphoheselsddiiwponibshr&tk) (ahfidh t est
pattern TP is suppressed or cancelled within the above-described section [-
(1-op) NAQ errl% o Dor (usepinNadrasyremppranatius fsi ssehicondae tefrf ect
simlar to that of a pupil filter is obtained. Mire specifically, this
enbodi ment uséeEeespapyfpsatnre, By chpisem i fnpt thezpdesentat, in
relation {Q a nunerjcal aperture NA of the projection optical systemand an
i nci dence” angl’@ P EERBp2E APRLP4 | BReXPY%t-he pupil plane) of the
principal ray of the illugingtion ljght. 5 which illum_nates the test
pattern TP, and with respgl(?t gn.gure !l, the mask qé k’xas formed thereon
a pattern, as a test pattern TP, having an intensity
distribution g(x) as shown in Figure 2, and this
pattern is disposed to be orthogonal to an incidence
15 direction (plane) of a principal ray LP of the
illumination light for illuminating the pattern TP.
In Figure 2, the axis of abscissa denotes the x
coordinate, while the axis of'ordihate represents the
intensity distribution. Patterns Ma, Mbl and Mb2 are
20 openings having 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
a tilt angle op, passes through a projection lens 17
25 andenters a pupil 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



to object spectrum f) of the test pattern being orthogonal to the

i nci dence direction of the principal ray of the illumnation |ight, the
anplitude of f) in the section f, which is [ (1-20p) Nerr/err to NA err]

, 1s 10 cancelled. Figure 9 is a schematic view of a nmain portion of a.

proj ection exposure apparatus according to Enbodi nent 2 of the present
invention, into which a reticle having a test pattern is to be supplied. In
15 Enbodi ment 2 , description will be made on a best focus neasuring nethod
and an i mage plane neasuring nmethod for a projection optical systemin an
exposure apparatus. This enbodi ment i§'é§bricable not only to a lens system
but also to a projection optical system 20 having a mrror systemor to a
proj ection optical system (catadioptric system) having a conbi nation of

|l ens and mrraqr, sysiens,.l.n Figure 9, . dengted .at i S | i ght, source (light
source neans) o3 eé%%sﬁP@%iéﬁ#;nﬁg Fgﬁaﬁ&? ?%@nﬁigﬁt° R 1, a high
pressure Hg | ) écggogxgéqi)#y§er | i ght source, for exanple, nay be

used. Where a“hi pressure ahp is used., exposure |ight - 31
emtted fromthe I|i squrce 1 is collected by an elliptical mrror |a
and, after it, the |Iépt passes through an input lens 2 and enters a |ight

entrance surface 3a(E*giéEyF§gqgiJ§¥$%??%?guareﬁlgggg{czéfggéggpndary

. e
| i ght sources are produce rear si"de of the

fly's eye gens 3,\Mﬂé*bfugéggggﬁ%4%%ﬁ{_§§%&_Tygég57§pAiP§ngi Exposure

light emtted fromthese s ces advance via aperture stop
4, fist relay lens 5,i§@(pégheghiqq]type reticle blind 6, second relay |ens
7, and nmain condenser |ens 8, 3 ItT"illumnates a reticle 9 with uniform

i Iluminance. The prajecsifg (C¥Ne2£14$18chhl %9 [fé:c?é“ﬁ& héﬁ'ﬁahtﬂrf‘] beari ng
surface of the reticle 9 are di sposed conjugate Wth each other, such 15

that the projection typesieri(cl/@-diyelp defines an illum nation region on
the reticle 9. The pattern of the reticle 9 is projected by a projection
optical system 10 ont@*sipbdCdderdsiltyinagbat ) asinaiee) * N n{2era@rt ure
stop 4 to be used for a 20 neasurenent node is arranged so that, by neans
of a swi tkhi ng nechanhdfM 481 éferture stops 4c and 4d shown in Figure .10
can be used interchangeably. Alternatively, it is provided by a variable
aperture stop such ffhatf%¥@dapaF¥ure 4p can be defined at an 25 arbitrary

position and with an arbitrary size. An inmage of a test pattern 15 which is
formed on the pattefit HdarTnfaddsiacdakE) heipdars)dsin (2nA1F)

A(f) = C*sinc(Cf)
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(l+op) ‘NAO/A is
chosen relative to NAQ 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 as a mere weight function,
which decreases as the frequency becomes high. Figure
3 illustrates actions of A(f), sin(nCf) and
25 4al*sinc(alf) described above.
As regards sin (2nAlf) of H1(f), similarly,

if a half period of sin(2nAlf) is given as not less



- 32 _ 9 as illumnated with exposure light, is imaged on a plate 1la
constituting a detection system 11 such as shown in Figure 11 . The plate
1la is nounted on a wafer stage 12 . The rear focal surface 3b of the fly’

s eye 5 lens 3 is approximately conjugate with a pupil plane 10a of the
projection optical system 10. The plate 11'a has a slit 11b forned therein,
and |ight passed through the slit 11b is received by a photoreceptor 1lc,
whereby it is detected (photoelectric conversion) . 10 The detection system
11 (detection unit) conprising plate Ila, slit 11b and photoreceptor 1lc,

is all nounted oh the Wafer stage 12. ~THS viaf er stage 12 conprises 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 projection
optical system10 Z stage 1 ein vapl e u rdly and downwardly in a
“direction par &H3# the P?;Fgﬁﬁ‘gpgglfaﬁ?nﬂﬁg\a&fgfgﬁPBﬁi’&ﬁﬁl@d} system
10, thereby t el H’ue ;gc sc%oseiti on goeof t.h%fdeft ector 11, and so on. In
this enbodi ments" T here 175 anR-autof ocdeeEJsT&HT S 88t PAY ™% 3 ocus

position of tQ%}&%@ﬁtbgﬂuaStwel?aélf%:?ggo;i.l% e.reT Cg%agtﬁo;‘ ?rggz §¥s;em 13

conprises a lig sendi ng system 1 proj ecting

lit-1ike |ight f ] , heg t; £ th | ate 11

obl i quely wi th/ CEubir (2B RIPA, ELbR=boR (AR IEEs helsionte 753 117
| quely ui e "optical ax? ST I : -

R 3 R e e R R S R T e

i mage of the Tight slit-Bykeptiflindf 48dhda 21l fnihie)f 04N DR
(position in the optical axis 10b éﬁétecti on) of thg t)ap surfacgb'of t he

plate 1la chamgrs, dm tHebdEd Jeaa, virgisypbedibile ke opedsld @y of the
image of the slit-like light patter: as re-inmaged on a light receiving

pl ane changes witl) whileh khedaimgslitgdehefi g NgighsErieqiuericy he slit-1ike
|ight pattern, any change in the focus position can be detected. The |ight
recei vi ng systempasentpiid2o6f lec twhiicchlethent Id b3 suppats s dittad shiadiiei n to
15 produce a focus signal which changes in accordance with the position of
the slit-10ke as gchaist prasdd e, cangbe. sAppostsssEd dessamll3didhives the Z
stage 12b of the wafer stage 12 so that the focus signal fromthe

phot oel ect ri c 3afeP@PRTAIPUBRtesf naAHueBcYeegqion . Also, as regards al

and Al, similarly, by adding pattern shaping such as
a2 and A2, optimizationbased on H1 (f)+H2 (f) is enabled.
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 (£f) +H2 (f) is consistent more with the tendency
of A(f). Similarly, optimization based on
Hl1 (£)+B2(f) .. .+Hn(f) is possible.

20 The object' spectrum G(f) 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 wavefront aberration of the projection

25 1lens 17 and the position of the imaging plane 19. The
amplitude distribution f(x) of the image here is:

£(x) = F-1[G(f) -O(f)]



20 predetermned level. By this, the focus position of the top surface of
the plate 1la can be held at a predeterm ned position (inage plane position
of the projection optical system) , or it can be shifted fromthat

position. 25 The focus signal fromthe photoelectric detector 13c changes
substantially linearly, wth a change in focus position of the top surface
of the plate - 34 1la within a predeterm ned range (a predeterm ned
range in the optical axis 10b direction) . Therefore, inversely, a change
in focus position can be detected froma ghange in level of the focus
signal. Further, 5 the Z stage 12b of The! waf er stage 12 has incorporated
therein a height sensor (not shown) for detecting the position of the Z
stage 12b with respect to the optical axis 10b direction. of the projection
optical system 10. :10 Denpted at 14 is an off-axjs r alignnent system
The wafer alignnent system12°3et¥ReY é??&?ﬁ%h} ‘ﬁa‘?ﬁﬁ%rn@?aﬁ?%ﬂ‘éﬁt to
respective sho wafer W

i { .0 thi . by detecti
bef or ehand t heég%gg:rﬁg'sbe{%gﬁa?hgnoﬁﬂpﬁ%%gl 2°§g§ef‘3‘ zﬁla‘?{'%%ugg&ecti on

center 14b of %ggbg@f ﬂl;_wq.lr{ggrgr%q_tzéy %gg}&ggc%hgkoi?% Jhat is gcalled a

basel i ne | engt accurate all'gnme eyt 6h TIRYRE Rafer 11

can be carri edaci%sgp‘itol;\eagggic%ﬁ#ﬁ§%ghhgn@%ntthggﬁzlg.]]@sgﬁrég? ggégred by

the wafer alignnent system r, “the wa al1gn eml4 is

operabl e abso {ReIBLERCIEHI CHSy TREKSE @{Mﬂﬂm&h‘aﬁ&a&nﬁ %ﬂgggéf 370

surface (bottomface) of the reticle 9 is a test patter regards

this test patt@sDldhs FTdAuH tERE 8ROMamdh ¥PofedUbGuAE i¥n 2eRAL! @h such as
shown in Figure 13, for exanple, is used. In Figures 12 and 13, an opening

15a of the tesimpglingr mauklitudepai(ksr i Vixhluénted onidp bPethesol ved by
the projection Il ens 10 of the apparatus shown in Figure 9. Periodic

openi ngs 15b fwavefirandurbexrratibheodippdsi tprsjdetioh tlemLENi g 45a are
patterns not resolvable by the projection |ens 10. 5 The best focus
measuri ng et ealdrregaopr OFegibon2 b cirs Fignuofe té)eopr thegiuphl axpasdr e
apparatus, using the reticle 9 having the test pattern 15, is as foll ows.
To t he te;p pa¥ ernBYssettingsthis small region with an appropriate

size, since a change in wavefront aberration due to
defocus affects only on lower-order frequencies in the
small region, distortion of the image can be reduced
to sm;ll. 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 substantiallj only zeroth order
light toward the image plane, through the pupil plane
20 of the projection optical system, the relationship of
the positiopal 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

LP1l and LP2 with different incidence angles (tilt



10 illum nation light defined by an aperture stop 4c shown in Figure 10 is
projected froma predetermined direction, and an image of the test pattern
15 is projected onto a plate 11la which is nounted on the wafer stage 12,

t hrough the projection optical system 10. 15 By noving 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 aforenentioned
first illumnation light, a slit pattern 11b provided on the plate 1la is
scanned. 20 Light passed through this slit pattern is detected by using a
phot oreceptor 11c such as a light intensRBy-detector or a |light quantity
detector, for exanple. Then, on the basis of respective positions (X, Y) of
the wafer stage 12 in the plane (X and Y directions) 25 orthogonal to the
optical axis direction, obtained at that time, and of detection signals
(Figure 14) cofrgigfidpa§ PEodiRetadian entendiP§tEPTPHEP| (gRe Figuze
quantity at these positions, the central position of the inage of the test
pattern 15 bei i PRageBaffort & hetpivhich1ivpsipaoen HRA ofneheaFedt, the

stage 12b is nov inthe 5 Z directiop, and the aperture stop 14¢ is
ht ot cianged DOSERE Mot ter BEanas SFARS THEnCherBE AT AT LR naPEsF AL ght

wh i nci pal has, th tilt | .the first illumnati l'i ght
Ut hab & i | CE¥PRRMAT (A ERNEReLBRRS AL EHES) SRAF RS (10 con18
il lum nati light, i jected. t he test t .15. By, thi [

of the test paterr 1EeBe 7o Theah A FHERIPRRY FhBABioRLe KOt AR uat or
t 12, th j ' ' . em. 10. ] h f

St age 12 al ong hepie. HAL ERE LpMYAS Stp VR R il PXbRTeiee opt i ca

axi s direCtiO”iﬁQQJ%¥§§?iéﬁ&&k@%ﬂﬁﬁ%ﬁ&éi?ﬁgnéﬁgdﬂéﬂ“&ﬁ@ i nci dence of the

af orenenti oned secon um nati on , I'it "pattern 11b provi ded on

the plate 1la psoteaifsh eiiahkuRassared higughat Wi%iﬁ'fésﬁ«tﬂékert% IgS
i g

detected by 20 use of the photoreceptor 1lc such as a | intensity

detector or a Higllctitwidt Yakled£6691, ibOheQsUTIE; all®in GPhibE, basi s of
respective positions (X, Y) of the wafer stage 12 in the pl ane (k and Y

di recti ong)0 or thegsasak stof it pplditdlonxl dadiiLeionn , ebledbasd fbcdb that
time, and of detection signals (Figure 14) corresponding to the |ight
intensity or the ldedidctedntity at these positions, the central position of
- 37 the image of the test pattern 15 being i maged upon the plate 1la is
cal cul at ed. In this embodiment, the pattern shape of
the test pattern TP is designed so as to assure that,
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



Wth thHée provision of a process for calculating the central position of the
image of the 5 test pattern 15 at each of different Z positions as

descri bed above, since the relationship between the Z position (focus) and
the calcul ated central position of the test pattern inmage (shift anmount of

| ateral deviation) is approximately linear, |inear 10 approxi mati on may be
carried out in regard to each of the relationshi ps between the Z position
and the central position of the test pattern image as cal cul ated on the
basis of test pattern inages provided by,use of two different illum nation
| i ghts described 15 above. Al so, the Z ition where the thus obtained two
straight lines intersect wwth each other may be autonatically detected as

t he best focus position. Further, the result above may be fed back to the
exposure apparatus, ,by whi ch.automatic.caorrection of 20.the focu osition
i s attainabl e.aﬁ?jfﬂ%}r[‘?esiw &ehtﬁ%“Y?ﬁ%f'%‘ftlt é'ﬁ&gf ﬁﬁ‘%aé’ryl' 5% nB egof t he
test pattern i fficle e f.ew,m cro i.n place of. the

| i ght intensi %5/‘1%%% ?é‘t%‘?g%r%%%“{?%ﬁ?}ﬁ“a% iltlflhtetceo&r%? p\ﬁnsisgﬁ:% eod‘}.ﬁ}} es

stage scan as gjgsgri af@glﬁ% cAreie 'téh@mh{&ﬁeéxﬁpa B ﬁ@%@vnora\}agm%% or a

| i near sensor may be directly set at e 1maging plane to rece

aerial inmage, widhoHbiHRGUPPSELBIoaN-6R ANt {Me abul®inlh CeheSystem
into the stage. By detesting the central "position of this Taerial 1 nage, the

best focusspoHdundasgnole 11 i e0p1BWel R8T, (AMveadiCERS FijndSe
described may 5 be forned on one and the sane reticle, at plural” | ocations

havi ng differentshewghthel ivefiel bei ghbshofr.omthe optical axis . Test
‘pattern expasures may be carried out with respect to different inmage

hei ghts in accordance wititldawlp| oaedeompdassed i WE€dhl@ keiwiabehore, and,
inrelation to each i mage hei ght, the best focus position may be detected.
Thi s enabl es mzewideadrivy cfheée negeveh il engdumedhiord wiftHowt d)s idgiriter nore
the direction of opening of the aperture stops 9c and 9d may be rotated by
90 deg. and sipBPit fEltensafeRtgureny ,bthearnrae @dt isThimgp raredd dsn

measur ement of astigmatism (astignmatic aberration). By actuating a

correcti ohVoptitesl Sgijéﬂ-smmﬁﬁﬁ dedhisi gant be pslexstenadopsi deingyst em 10,
automatic correction_of various aberrations _such as described 20 above can
be acconpl i shétfFcupRrhighes iy cthat kbej bigh frequency components

[-(1-op) ‘NAO/A to (l+op) -NAO/A] of the object spectrum
(£>0) of the test pattern TP shown in Figure 20 are
all intexcepted by means of the pupil filter such as

15 shown in Figure 8, and by that the amplitude of the
object spectrum 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, in 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-described 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



I s enabl ed by perform ng neasurenent of detected data in a signa

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

Next, description will be nade on Enbodi nent 3 of the present invention.

- 39 _ As conpared Wth Enbodi ment 2 , Enbodinent 3 differs fromit only in
the point of pattern shape of the test pattern. The remai ning portion has
the sane structure as of Enbodinment 2. 5 In Enbodinent 3 , description wll
be nmade on a specific exanple of calculating the best focus fromthe result
of transfer of a test pattern onto a p'ho?Q)s'ensitive substrate (wafer) W In
order to inspect the shift amount of 10 lateral deviation of a test pattern
i mage, a distance ' between two patterns should be inspected. The pattern

e T X
Thrs: envoct renb ek ¥R 5, R, BEI BEER oS SR oY REMReSnh At crn 151
of Figure 10 ectirbhoRRath B Sa iFE R TRt Lonp R 556 Retichar os
s usea. FoneTariig) 8 B T i AL T YT PR T R R L 01

illustrates thStRe 12N SR5EEA e \Hell %thé:@% &'Qe\’!xg&@z'q%l{ E%Ek%% f each

of the test patterns of 25 Figures 15 an ~The $izes T1TuStr ed in the
drawi ng axe alto td168EEeSPBUr iR & FENSE off _dgfé) NPe £ LN¥RELEEAL {iEg! MYI NY

si de (photosensitive - 40 substrate Wside).
orthogonal to the incidence direction of the principal
ray of the illumination light, the amplitude of G(f)
in the section £, which is [(1-20p) ‘NA/A to NA/A}, is
10 cancelled.

Figure 9 is a schematié 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 applicabie 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 light source
(light source means) for exposure light. As 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



Figure 18 illustrates conpari son between the object spectrum (solid Iine)
of the pattern of Figure 17 and the object spectrum (broken |l ane) of the 5
pattern in which the pattern width Cin Figure 2 is set to 2 mcron. It is
seen that, in the nunerical aperture (NA) region Nal - Nah fax which the
optim zation should be carried out, the anplitude of the pattern of Figure
17 as suppressed to snmall. The 10 nunerical aperture (NA) of the projection
| ens used was 0 . 73 , the incidence angle ap of oblique incidence of each
ilTumnation light was 0.7, and a size cgrresponding to an openi ng angl e of
the illumnation |ight was 0.1. 15 By"uﬁlng'the aperture stop 4c, the

phot osensitive substrate is exposed with patterns 151 and 152. Thereafter,
the wafer stage is noved so that inmges of the patterns 151 and |52 are

super posed one _upo nat her. .Th e aperture sto i s 20 Jjnterchanged
by the apertuPéﬁg'?€$84 r&ﬁ'd,tbtﬁ/e‘g%?)tt\g t’ﬁg‘raﬁfer]teu’rﬁ gf’é‘é‘%ﬁfe‘?tﬁy an

phot osensi tive bsirate a.s_expqgsed wth e_patterns 151.and 152,
Subsequent |y, enlzflugfzﬁﬁaa Ir'r‘%'é:érl?rxf)(nlga taéi\(ﬁ', %ég%faf‘%\’/egggséﬁg&%alpac?eiﬁ%ti on

betveen the | mges.of LHCsRERAASHLPESLAS 23 vaids A1 150, SBASMST.

Here, if it is d tha t of the pattern 1nage I'S Zzero wth the

best focus posiyifleedzbogis sdgviaty éﬂ#&aﬂe#@ éf?prﬁSfQ!ch nu'mbi%r &y an

anount of positional deviation bétwe pattern inmages. Figure

ilTustrates theadosdhtyolighfdiiods e PUTUIESS WielBEar (S ¥ depi ct s
the 5 result of neasurenent in Enbodinment 3, using the patterns 151 and

152. ‘Since it sivepdrocast Fuipddy bhethdE IS8l ghbnasnhAs3 of whilenr esul t
(curve 21) of using a pupil filter as described above, the advantageous

ef fect thereofsdwBabechscaifghtrasixidbsarFAsPe3h fthakbyf .t hE@xpRdupattern
of Enbodi ment 3 conprises a pattern such as shown in Figure 12, 13, 15 or
16, for exanpllsigltdent tited] fiosm athaskeseadapseyd 3dghtatsshféeacti on
patterns produced on the pupil plane of an optical system (projection |ens)
are 15 cancel ledvagicd waeh apdrtusechtopatd hiffstr gqlenyc\laospbpents are
reduced. Nanmely, also this test pattern is‘frovided wi th an opening Ma as
wel | as pkPiodxobpehingstvpe refizle blind (6 sesemindmelay kensHe,
boundary with the opening Ma, for producing periodic 20 conponents

di fferent frofRhaRicE copSanar d¢ a8 :oﬁngﬂet fdgiyninakessa ratdalri cal
system Therefore, this test patfern, that is, the test pattern TP,

functions to d retERsHBEATN A4YuBLPencE ot ThG RFOIEEHECPOWIRE t he i mage

plane through z:[ehgigilglgl&l‘gng 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 stop 4 to be used for a
20 measurement mode is arranged so that, by means of a
switching mechanism 4a, aperture stops 4c and 44 shown
in Figure 10 can be used 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



25 of the projection optical system Fox this reason, even if the projected
image i s defocused and al so the -optical system has wavefront aberration, no
42  asymmetrical distortion is created in the projected inmage. In
accordance with these enbodi ments as descri bed hereinbefore, even if a test
pattern is 5 obliquely illum nated, neasurenent of best focus, astigmatic
aberration and curvature of filed can be acconplished w thout

bei ng~i nfl uenced by aberration of the projection optical system Further,

t he advant ageous effect thereof can be optimzed with 10 regard to various

pattern sizes to be neasured or to vart Tunerical apertures (NA) of
projection | enses of exposure apparatuses. High-throughput and
hi gh- preci si on neasurenent is attainable. Now, description will be made on

a 15 wavefront_aberyation asuring nethod according to Enbodi pent 4 of the
present invent? @ ‘é’,“"ﬂgg:ﬁ"ruﬁ't‘i S¥RPSPEShighfat A5 dMAIRL LR P a case

wher ei n wavefront, abgrration aqf rojection optical system of a projection
exposur e appar%lpﬁg? ﬁ)?‘ ‘Z‘Snﬁrtdjté@’(#)’h% 3 ‘E:?F‘EﬁFE°BaF§’€ Hhilly $98R 3% onto a

phot osensitive ,substrate (wafer), s going to. be neasured, |n Enbodi ment 4,
to a pattern gIePERHRR 1&%?&@5#@‘&?#‘5%&)&—?’*%?%% 23R 9, 2 5
illumnation |] se incipal cray.has certgin | e and, a certain

direction is p%%jré%}tl\gg't h?%ﬁgﬁegﬁ :lff’lcur]ﬁ Rati (ianceop i (?aﬁaq%/est a?lcfa%lespeci al

optical 5 43 ¢gkegepL mﬁ%@ﬁ%@g‘%&f E‘c&’?{lgﬁkﬁe wig élatn g%g%qlsirgeifx%of a

test pattern inage TPa aer I mage

i mgi ng the tegjapatt ehe PrdiedbohCbp®itat LY AR 188 PS¢ e OPLI cal

systemor 5 which may be an 1mage transferred to a photosensitive

substrate, is PpasHhgda Th& ¢ esib PALLRER WREA L PeaRiOYidaE Pufsdgticle,
and it may be fornmed on a separate reference plate. Here, "asrégards the

aerial image tehbsughatWesd Xt tNELP2E! eblkeiRRAE BYoa IPhokbdeddptsd to the
phot osensitive substrate, there may be nore than one . Thus, by measuring

positions of mMote, tWissrelg iachisade t@aged (Photasiberrdd panv@yrysismges, the
wavefront of the projection optical systemis neasured. The positions of
respectivéoaerTbﬁ detgedion system 11 (detection unit) comprising
plate lla, slit 11b and photoreceptor 1llc, is all
mounted on the wafer stage 12. The wafer stage 12
comprises an X-Y stage l2a for positioning the
detection system 11 at an arbitrary position within
15 a plane perpendicular to an optical axis 10b of the
projection 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 11la). The autofocus systenm
13 comprises a light sending system 13a for projecting

25 an image of a slit-like 1ight pattern, for example,

onto the top surface of the plate lla obliquely with

‘respect to the optical axis 10b of the projection



15 or transferred pattern i mages TPa. depend on the positions of patterns
upon the reticle or a reference plate, and these patterns axe illum nated
by illumnation lights fromdifferent directions which depend on the
positions of the patterns. 20 In Enbodinent 4, to the test pattern TP
formed on a reticle, illumnation [ight having a principal ray LP Wth its
direction of incidence extending in a predeterm ned direction is projected
by an illum nation optical system Then, the position 25 of a test pattern
i mge TPa which nay be an aerial inmage being defined by imaging the test
pattern TP of the reticle through the br%?eﬁtion optical system or which

- 44 may be an image transferred to a photosensitive substrate,

i smeasured. Subsequently, Wiile changing the incidence direction of the

rincipal ray of the.illumnatjon_li the (l.lumpnation Jight is 5
Br oj'ecltoed toyt?%tfggfl %F?&Pﬂihn ?ﬁég?h%}iac"l‘é i‘]‘ﬁ ,rﬁﬁélp‘b’s‘i‘giwma t est
pattern i mage .. i ch may .he an aerial | defined. by imagi ng the test
pat t exn througjhg?k‘?g%?:%fee&&lon 5Pt cea"ftls%[iaé%ﬁﬁ %\ﬂﬂnbﬁhﬁa§°3 *GRge
transferred to t i tive bstrate, 1Q,i s measured. ,As regards the
position of ea%%1 ?ggt Bg‘gﬁséerlnlaf rr%%g 'I5%imfapaens &1 rea- 5 f’%e tﬁ‘rﬁ)t]o’g%?ﬁgi tive
substrat e, aft@iiEDiiﬂgpﬁgiﬁﬂéa%£¥@e§ﬂb5trate i s devel oped, the position of
ma

t he devel oped test pattern resist pattern) TPa is neasured. 15 On

the basis gf the results<¥fr@ﬁ@ugggggt#dgffgggq(%ggknﬁﬁggslki?ﬂeof t he

aerial image of the test pattern TP or the positio e devel'oped
pattern i mage épeieal axiBe1vBval raeic ity 'G¥ itde ¥bg M PEREL &krg&??' Oa of
n 0

the projection optical systemis 20 neasured. The test patter this

enbodi ment CoONPIa€8512aPehaadies Pald &He (1idet 2FEcaRITA P LN 1 5b Whi ch
the pitch (interval) of the lines or of the spaces is substantially

uni form Addi ttloaapbyi ttilem 25F | theVviddgle WHlttse 0516 ke 15pas epihkough which
| i ght can pass decreases, along a direction fromthe |line or space pattern
at the center pdttaeapes rediimgpéd @ma 1igkf rdasivingFlaneemingPace
pattern at the outside periphery of the periodic pattern. In a |ight
intensityl8i st?Thbaii by deteqtiner bhemigagmibigipeditien tdf stpattern is
i mged by a prq{ectiqn | ens,
slit-like light pattern, any change in the focus
position can be detected.
The light receiving system has a
Photoelectric detector 13c¢c 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 Z 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 photoelectric

detector 13c changes substantially linearly, with a

change in focus position of the top surface of the plate



5 adjacent lines are not resolved, and also, it can be regarded as a single
| arge pattern (inmage) with snmall distortion. In this enbodinent, the
position of this aerial image or a pattern inmage transferred to the 10

phot osensitive substrate is neasured, as an anmount of positional deviation
froma certain reference position . 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

E: abodi nent 4 uses a test pattern having a structure descri bed

herei nbefore. On the basis of the anount34f- positional deviation of an
image of the test pattern being illum nated by oblique incidence
illumnation 20 as well as the projection direction (incidence angle and
azinmuth angle) of the principal ray of the illumnation light, projected to
the test patteri %PF?EP & RIRASESEPLIBRE F2ngecf? Prefetarnined
corresponding to the projection djrectiqn, on the 25 pupil_ coordi nates of
the projecti of AR ,”Pé"%?e?é’cﬁ’é’iﬁd%viac’ﬁ"sa 1&&6“&%‘?’5?%;2: Bheggedeneyi s, the
wavef ront aber;ration #s det Next, descriptjion will be nade on

ted. ., -_46
the object spé&TUHT®tY¥a ?éggagﬁftéPnf?B“BéP?BFﬁé&“bﬁa§ Beofetsched of a
i ti i t wh f { ti th i ti
Dbtt cal | syst okt & ¥Hde HIF Ffor8Y Of Mho TSRS afdn gt or RPRGHES 1 o
t o j | yi f i S _tak i.nt
count . he dhSz tald T34 Ke"dnBueEeD o FRBRUI STRED L RbROSR A

desi rably haveeioRt #ufin {4RELEOMot! indhRY! Eobealebathayayal 10
b t he test tter

that, with only a peak as o unction, no I nmage o ernis

produced. |In poAatiiLén dAKHW Z HLQgaCEAYW1 L1 9@.; e fure NA
of a projecti g{\ | ens lins of anzor derg of 0. Glto%toe.é, |?Lgrg;#h%2bgﬁa%lect
spectrum w as ahiad NUoB abeBe dib e £ St e CRIBYdaAb N S Hcal N diRiddral

aperture (NA) of 0.1 on the pupil plane, such as shown in Figuie 22, for
exanpl e. Next 1a.he section for such object spectrumis considered. \Were
the nunerical aperture NA of a 20 projection lens is 0.7, while the center
of the objlkct spectrum i sDemkaredisateld, iist ars fif fagienwalfleat t he shape of
t he object spectrumis held in the section of -1.4<NA<+1.4. Taking this
i nto account, aMi«nrentt system. The wafer alignment system 14
detects alignment marks formed adjacent to respective
shot regions of thewaferW. 1In this case, by detecting
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 alignment 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 system 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. 1In Figures 12 and 13, an opening

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



25 possible to design a pattern which satisfies the above-described
condition on the basis of a retile pattern (test pattern) only, and w thout

using a - 47 pinhole, to be described later, or not will be described.
The neasuring nethod to be taken is th oblique incidence illum nation
met hod descri bed hereinbefore. 5 Figure 23 illustrates a light intensity

distribution of a one-dinmensional repetition pattern conprising Iines and
spaces wherein the width of each of the Iine and space is a and wherein the
ration of the Iine Wdth and the space_V% this 1:1. If a 10 rectangul ar
function shoran in Figure 23 is g (x) ant®its Fourier transformis Qf) ,

it is sufficient that the object spectrum shape on the pupil plane of the
projection optical systemis considered only in relation to f). Here,

~ f
A1) 2.0 SPBRO RSk B9 ENBLESSEdaRRhoLbRS 0 BF e BRRGaeta " ()
function. oo {h3nSRRYALll i g! 891 3bbaBoRA Silld PHGE" 164 MR ot el )

I n equation (2) ove const ant i nfirni conmes a a(f)

Then, (f) is gxghaased Hy: theQ@gﬁoﬁi@S(.ﬁ{&ey$f(@ﬁé)oep%a1n%(f%a2§r &rom
equation (3) above, at a period™I own in Figur beconmes an
obj edt spectrugaBa¥k® bt resolvable by the projection lens 10.
S The best focus measuring method for the
projection lens 10 of the projection exposure
apparatus, using the reticle 9 having the test pattern
15, is as follows.
To the test pattern 15, a first
10 illumination light defined by an aperture stop 4c shown
in Figure 10 is projected from a predetermined
direction, and an image of the test pattern 15 is
Projected onto aplate 1la which is mounted on the wafer
stage 12, through the projection optical system 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, a slit
pattern 1lb provided on the plate lla is scanned.
20 Light passed through this slit pattern is detected by
using a photoreceptor 1llc such as a light intensity
detéctor or a light quantity detector, for example.
Then, on the basis of respective positions (X, Y) of
the wafer stage 12 in the plane (X and Y directions)
25 orthogonal to the optical axis direction, obtained at
that time, and of detection signals (Figure 14)

corresponding to the light intensity or the light



anplitude only with f=n/(2a) (n is an integer). _qg _ Figure 24 shows
obj ect spectrumon the pupil plane. Thus, by choosing the |ine and space
width a with which NA=1/2al>> 1 . 6 (?s is exposure wavel ength) is
satisfied, a desired spectrumcan be obtained on the pupil plane. 5
However, it is practically unreasonable for the object spectrumon the
pupi | plane such.as shown in Figure 25 to take a sufficient size for c to
avoid anplitude in the spatial frequency section f of 0O<f<l j (2a) , that
I's, to suppress high order conponents, particularly 10 when consi dered from
t he standpoint of the region (isoplanaIi%sphtch) that can be regarded as
the sanme image height, or in view of the size of a pattern to be neasured
or of the specification or precision of positional deviation nmeasuring

I |y 15 ilable. | i derati f i ' dit] t
that hi gh or SR ZHEEReREs S BPE L ESRAIEEE i TRBUToPLERL PEALIARA 7€ | ooked
for. Next, havi light _int it i strihuti h h i
Fgure 26 i o CHRARYa SoF &bl Rl eth 0% Rl qamadtaitRer e gure |
23 is that"3th%@hl?Qe#@téﬁhéﬁﬁgtkhqes is uniform (constant) , there is
chan e

a degree of freedom of g ng I''ne width a. The Fourier transform of
o e SO o e o SRS e RN LI Y 57,
- 49 2n: gunteli%edtiSR, and the aperture stop lac is interchanged
by the aperture stop 14d. Then, second illumination
light whose principal ray has the same tilt angle as
the first illumination light but has a direction of
incidence being symmetrical with the first
10 illumination light, is projected on the test pattern
15. By this, an image of the test pattern 15 is
projected on the plate lla mounted on the wafer stage
12, through the projection optical system 10. By
moving the wafer stage 12 along a plane (X and Y
15 directions) orthogonal to the optical axis direction
and in a direction parallel to the plane of incidence
of the aforementioned second illumination light, the
slit pattern 11b provided on the plate 1lla is scanned.
Light passed through this slit pattern is detected by
20 use of the photoreceptor 1llc such as a light intensity
detector or a light quantity detector, for example.
Then, on the basis of respective positions (X, Y) of
the wafer stage 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



b : pitch (spacing) a0, al, a2: line wwdth Here, the Fourier series of E

pi cos (if) 5 is considered. The Fourier series is converged as follows .

i = Epicos(if) - (pcos(f)-p2}/(1-2pcos(f)+ i=1 10 p2} (where ~p~<1) ' ...(H)
In Enbodi ment 4, the test pattern is designed while taking the graph shape
of equation (5) above as a goal. Thus, when equation (5) is applied to
equation (4}, fromequation spreading, a relation 15 between a test pattern
to be designed and object spectrumto be produced thereby is obtainable..
Here, variables produced are a and P, and they are internedi ate vari abl es
(mediation) for relating the aforesai d-p37tern and the object spectrumwith
each 20 other. When the pattern is designed while taking P (0O<P<l) at a
value close to |, the object spectrum becones steep, and hi gher precision
measur ement becones possible . However, Wth n-power of P, since P is close
to 1, the obj cehesiargeRf tthedert Raketern D Leing dprred wpen the
equation (7), i,e., the goal, in view of a practical pattern length C. In
consi der at i on BF25et 11®, 5 g21culapeds discarded and - 50 equation (9)

, approximting to n-power._of P and near,ing zer uickly, a.s used for the
designing. In this sense,qﬁﬁ#nﬁﬁﬁ Pﬁ%ﬁﬁs+@%nggtgaPr ?0§°F9)

PR 061125 {8 RepThtind Ttk FeaD S9HNS (B JECUIEGS 980000
5 test pattern 15 at each of different Z positions as

described above, since the relétionship between the
Z position (focus) and the calculated central position
of the test pattern image (shift amount of lateral
deviation) is approximately linear, linear

10 approximation may be carried out in regard to each of
the relationships between the leosition and the
central position of the test pattern image as
calculated 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. Furthexr, since the
iight pgttern 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 stage 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



Equation (5) when graphed is such as illustrated in Figure 27. It is seen
that curves in Figure 27 have a shape in which the anplitude to f 10

bet ween Beaks invol ves an approxi mately constant offset, and they are a
curve 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 value of nis not large, it 15 can be said that, even if the
pattern length ¢ of the whole pattern is small, high order components can
be suppressed sufficiently. In consideration of it: aisinc(aif)~api a0

sinc (aOf) ~2ap2/ (1+p2) . . . (6) 20 =w@Bassumed. From equation (6), the

| eft-hand side is the function of f with respect to i, whereas the
‘right-hand side is a constant. It follows fromthis that equation (6)
applies only with respect to a~ partjcular f. Here, ,the effective range for
TP 1T 25 be SRFAPAGGSYRREN TREPokhanatAdE ap b, AREEreHAE e cr | bad
above shoul d .be dpne.is present he en_peaks, .and it is -~ f ~ <1/b . Since
ai<b is held iF°¥HFELBR é?‘“’n- 5&5&% §Eﬁd‘€§1 fage o thi ket fRM2asi ng
function. N:uboéf ai_is sufficieftlx 3@%}6% than b, aisinc(sif) becones
subst anti al | y ROPEFARE S3%F RS GAlB¥IAESS ded as a constant. Fromthe

above, if equation (4) is E?n#t?h"‘éi tttgg%ﬁﬁaaﬁl%%ngﬁ_g?ﬂgtéa)%e(s?~filiaédf£alu}OWS

that, within the range of =2

Za b ot pobashl ki dnd (dadPens( Saild Plrsene, (B WiR-£9121 00~ )

is graphed by using appropriate a 10 and p, the resu 'S as shown in

Figure 28 . Figlkge28nks! h,tas;ir,gg e&if?ia%g&;éﬁ,%g WPL0R iGhal un&%#ﬁgggm bed

Subsequently, ai Is determned in practice. m t he as

above, ai = amxdh e veedildRel . - 163k BY+eaRISABIALIES Oy Beand D

noderately, ai is determ ned. However, depending on p given, pe of
the object spesdfiped bher swith Gdepdct! bustidtfsrdht SimhheP Hel d1ken as

O<p<l1, the peak 20 of the object spectrum becones steeper when p is nade
closer to 1, aml acgbedanesolwitlontheapriogiliré Sdescribed
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 system (not shown) of the
apparatus and by feeding back the result to a
correction optiéal system driving mechanism (not
25 shown) .

Next, description will be made on

Embodiment 3 of the present invention.



possi ble. Also, since ais not effective to S/N of the object spectrum it
is desirable to nake the sane | arge as nmuch as possible to keep the |ight

gquantity. 2 5 Since equation ( 7 ) applies when n.-~~, if p is nmade close
to 1, apn does no nmean becone close to zero, and equation (7) is not

appr oachabl e. The graph - 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 fromthe graph of Figure 29

that, in order to nmake apn close 5 to zero to sone degree, a substanti al
length ¢ is required for the whole patt&8% = Tn consideration of this, in
practise, it is a possible WAy to use a function with which it can be kept
a.n an appropriate pattern length ¢ near the condition of equation (8). 10
~ Fox example, if the length of the whole pattern should be kept at cO,
then, fromthe numerical &serPmpane®wsth Fmbedinentod | Embodiment
neasured the _interval b0 (<2NAO/h) of the spacings within the

above- descr i b@d FhieFn fxometdr pRdYd inTHEe Boight 19f bpathegn shaEme nunber

of spaces , i qu 2n+l is determned . It is possible that, when ai =api
in equation (8f ?ak%ﬁta§§£terﬁﬂj.?he ﬁ§T71?1n9 Poy¥tiophhas theys
| i near decreasing series, converge 0 |s f itated. Here, a0 is so
det ermi ned t h&® %&EP&&Erfmﬁﬁafﬁ % < (~f~ <1/b0) becomes equal

to zero. Rigure 30 shows a N be n equatl 8 quat'on (9)

when p=0. 1%7 and n=21. Al (SJTEIE'T[b Vﬁ ﬁ??g‘?°$1r§ 314?

patterns 25 prQd ce then1 s een f m,t.he t hat uation (9)
Q’: %/% lé of cal aatr%é}%g%ﬁg%egg %

is superl or. a err Ion neasuring él(ﬁ osed in

this appli cat Imwsa?e Qﬁitpgtft AP 48 ool g0 il acgqdance v th

t he concept descri bed above, so as to optim ze t ob ect spectrum
to be producegn¥tds &Rl lkiRleANulof £ a b0 (SaldH) GPL cal

In order to inspect the shift amount of
10 lateral deviation of a test pattern image, a distance
between two patterns should be inspected. The péttern
to be used differs from that of Embodiment 1, and a
positional deviation between superposed marks is
measured. Figures 15 and 16 show. pattern examples for
15 two 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



5 system By this, substantially only zeroth order light can be directed to
an i mage plane through the pupil plane, w thout use of a pinhole on the
pupil plane or at any other location within the inaging system. as in the
Hart man met hod, such that high precision 10 neasurenent of

wavefront ~aberration is assured. Next, description will be nade on a
wavefront aberration neasuring nethod in which such test pattern and
oblique incidence illum nation are used practically. 15 Referring to
Figures 9, 11 and 33, an enbodi nent of wavefront aberration neasuring

met hod according to the present inventi #® W 11 be expl ai ned. This

enbodi nent concerns a case in which, in a projection exposure apparatus,
wavefront aberration 20 of a projection optical systemthereof is neasured.
Thi s enbodi nment ,i s, appligabl.e, not only to a projection exposure apparatus
havi ng a proj@&ﬁ%ﬁF%g i 8afi&tem using | enses but also to various

proj ecti on exposure appargtuses ving a projection 2 5 optical system
using mrrors or one usin llgéﬁﬁrseegaaarfgl‘%rﬁ?gﬁ?geﬁc@&ﬁﬁﬁ’a??ﬁnbeﬂ‘l’@en

rojection ex ur ratus ,shown,in,. ,- .54 Figure 9 has the structure
al?mdJ function %%%a%i%gﬁ g SENTE {FehifefdP8lce OEPﬁepﬁ‘ri&ser ng©

enbodi nent s. : .0 e i Fi re i nount ed on
a waf er stagelﬁlll ) ﬁ%pe,dg?gﬁ%nggﬁtg%tg g*’%%st?%?nmb#ka%’gﬁnla%%)lo?tseil:l’teest '

pattern as Nandiesih des chhied ithd i EEERRAHMOY AR 84,8 913G 32 15 2

perspective view for explaining the manner o I que 1 ncidence

ilTumnation @letd ¢ RALEBRN. TR iPARELERL +0f 110 Moy el QAL ;g ration

of the projection optical systemin the projectidn exposure apparatus of

Figure 9. In Eipg@ftuse, (AR) ARV B4 PP-4nhd HdenP¥na tdid Vi ng system 4a
(Figure 9), so that, as shown in Figure 33, for exanple, the position of

its opening lopAtinciasabeonhshgedd beekuriried &t Y €héeshp0itudadNde this
arrangenent, the reticle incidence angle or direction of the principal ray
of the illuni rdxe pattiegn cFipucddifedcs fswagbyessbdr ebosmalaver Thie whol e
pupil plane of the projection lens 10, it is
10 numerical aperture (NA) of the projection lens used
was 0.73, the incidence angle op of oblique incidence
of each illumination light was 0.7, and o size
corresponding to an opening angle of the illumination
light was 0.1.
15 By using the apertﬁre stop 4c, the
rhotosensitive 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 stop 4d, the photosensitive substrate is
exposed with the patterns 151 and 152. Subsequently,
by using a measuring tool, a relative positional
deviation betﬁeen the images of the exposed patterns
25 151 and 152 is measured. Here, if it is defined that
the shift of the pattern image is zero.with the best

focus position, a focus deviation can be represented



20 possible .to concentrate the principal xay of the illumnation light at a
desired position where the neasurenent is just to be done. Al so, the
aperture stop 4 has a variable aperture dianeter. Figure 34 shows details
of a test pattern 25 TP used in this enbodi nent. The test pattern TP of ,
Figure 34 has been optimzed with respect to a design wavel ength 248 nm and
a projection lens with a - 55 nunerical aperture (NA) of 0.7) in
accordance with the concept described herei nbefore. The test pattern to be
used has a general structure such as shown in Figure 35 or 36. 5 To the
test pattern TP, first illumnation |igHldefined by the aperture stop 4
shown in Figure 33 is projected froma predeterm ned direction, and an
imge of the test pattern TP is projected onto a plate 1la which is nounted
on the wafer stage 12, 10 .through.the projection optical system 10. Hy

novi ng t he \Aﬂ?’é?gas'fa?d’bm‘l?ta?grﬁgﬁlﬂﬂl&ﬁ‘?]( Loy td op (RetreRd) Patthesdbnal to
t he opti cal a>(_iinn§adi rection and in a direction parallel to the plane of

i nci dence of the arofenmentioned first illumnation | ight, a slit 15 pattexn

11b provided on the plate Lla is apged. .Light passed through this slit
pattern is detected by usipiigg%r%hgﬁo?g@élﬁttoﬁﬂqﬁ% gﬁ‘c’:h”&?“&"ri%t intensity
detector or a JJ lant etector, for exanple. Then,,on, the bhasis of
respective posglitulgk('t(}}rﬁ%‘q%§F‘l %i\éo%‘%ﬁﬂmt%seuﬁv%?%?émaé’érff ?ﬁ derie %H:S‘G(X and Y
directionss~ qrd\eppnak | gal -axl {4 jog, obtained at that
time, and of detecti oﬁ s?n%r#a S %@%ggr é}'nl (??ﬁ'%%})%ngi’nélstlc?q h’gh?i ght

intensity or theetéBht g8ankhby 13k these i 1S s jtion of
2 5 the inageﬂ% of the test pa?tern TPO%??% img%%%%%e%hgla&g?e lla is

cal cul ated. Thefe ddife posthightifedNaARS HHE ADsBit (cudfe DG Fierture
stop 4 is shifted to another position. In that state, through a’'simlar

procedure |ikendiveg af pupdlf ifsitéd! 4Bl Aaleic@idddhibByve Widhut changing
the position in Z direction, the test pattern TP is 5 illumnated with
light froma didwtagedufs§ effaict tharehd hheShebhl sohBaked | | #tre Then,
the central position of an inmage TPa of the test pattern upon the X-Y plane
ort hogonal Ot o sHRcbbicadllyaxitheali testi patiterealofil Babddilmenithes, shift of
the aperture 4b )
comprises a pattern such as shown in Figure 12, 13,
150r 16, for example, and it includes a pattern adapted
so that diffraction patterns produced on the pupil
Plane of an optical system (projection lens) are
15 cancelled with each other such that high frequency
components are reduced. Namely, also this test
pPattern is provided with an opening Ma as well as
pPeriodic openings Mbl, Mb2, ... (see Figure 2) at the
boundary with the opening Ma, for producing periodic
20 components different from that of the opening Ma, on
the pupil plane of the optical system. Therefore,
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



" 10 position and cal culation of the central position of a pattern inage
are repeated until the whole pupil plane 10 of the projection lens 10 is
covered. Since the light pattern of. an aerial imge of the test pattern
15, also in this enbodinent, is 15 sufficiently large as a few mcrons, in
pl ace of the light intensity detector or the light quantity detector which
requi res stage scan as descri bed above, a |light receiving surface of a CCD
or a linear sensor may be directly set at the inaging plane to receive 20
the aerial image, w thout incorporating an enlarging optical systeminto
the stage. On the basis of detecting the#Zentral position of this aeria

i mge, the wavefront aberration can be neasured. The positional information
(positional 25 deviation information) of the thus obtained test pattern
image TPa bears tilts of the wavefront at positionscorresponding to
respective podiymRetyicade distoptionyip grastedinsthpergogactedn | ens
10. Calculatign nethods for creating the shape of the wavefront as a whol e
on the basis df®@9®ts of the wavefront at respective positions inside the
pupil 5 plane are conventionaII%gdiscussed i,n literature or the like , that

is , for exanple , "Least Xy PATeRTPAREE ¥ tihdihaner PBRAdinemEscas
di ff "b i . T hi. _Th f | in thi ,
' erence !é#i? fgéhOH@yL;%b?fgggaseben f¥e OégB§aﬁ¥%é§%ﬁ|%§igﬁZe

t he wavef ront 6 projection Tens 10°Was create

usi ng plur§|lﬁﬁiigﬁgf§ &T%Hﬂ%?éQQ?Pfmk@%&ééﬂeQQFgﬁr%éé@ﬂ¥bTPa-'t

shoul d be noted that, Tf Zerni ke polynom al approXi nmation procﬁggrng i's

carried out, twe gtienqrRhisrd{ed 4N fenclag_. £5568 k1LY anngaezgrni ke

coefficient at each term 15 Practica si mul at'1 ons wer e nade

certain wavef raitiod@si ghwe vmth?&ﬁ@iﬂféiaﬁl'XB?T@nceé)birthQU}%rti*@Pd’

VWi le using a test pattern TP, positional deviations of” pattern I nmages TPa
formed under td® €héi gure jeraitanceptibull Batd i Carfi£enawt, 39, rom sone

directions were cal cul ated. Through a sinple cal culation operation to be
descri bed bel advaEtagkeusoeifffadenthevend el bat 6gtikisnd thwetgegr ee of
consistenCé bet ween the cal culation results and Zerni ke coefficients set by
t he abovel desarddrxd 280 Zeanike spphatternl gsires tadbentdastiiedaseftont as
set by the abov-described Zerni ke polynomal is C6 (0.051s) , C7
various numerical apertures (NA) of projection lenses
of exposure apparatuses. High-throughput and
high-precision measurement is attainable.
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 projecting a circuit pattern of a reticle onto a

pPhotosensitive substrate (wafer), is going to be
measured.
In Embodiment 4, to a pattern or pattern
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 special optical



- 58 (0.05a) , C8 (0.02A) and C9 (0.037s) . Here, Cn (n=6 to 9) represents
a coefficient of the n-th termof the Zerni ke polynom al (as standardi zed
with respect to ~r=1, where r is the radius of the pupil polar 5 _

coordi nates and 05r<_1) . The nunerical aperture (NA) of the projection
lens was 0. 7, and the incidence angle r of the oblique incidence
i1lumnation and the azinuth angle 8 were r=0 . 07, and 0 . 9, and 6=0 ,
nf2 , x, and 3n/2 , thus total nine conditions. Positional deviations 10

under these conditions are represented bé dxI, ..., and dx9 and dyl, ...,
and dy9. The tilt of the wavelength at™e h~ pup|I coordi nate position where
the principal ray passes when illum nated under these illum nation .
conditions, can be expressed in terns of 15 the sumin each Zernike termin

bl . foll 8W 8x =
ﬁrigga&f'zﬁgft%’?%&%eﬁg'elagﬁ deyf %@%ﬁe’%&fﬁi&gé? ehy; LHEARCABEIORY wher e
i 20 S |
X\ps'sn\g/ac\ﬁ;;gg; eg % ﬁ%tS’ g&i{é}ggzﬁ‘ﬁﬁﬁ% ’%?I?’Psﬁ?fﬁ’(??‘r’?‘iﬁ@ Based

o e ooy Aot T e UL P SPRLER A SR, O
10 dy 9 15 20 noéléi)éie?%p%PﬁJ@gﬁZEhQZBro?fe§@Po§ optical system or
5 which may be an image transferred to a photosensitive
substrate, is measured. The test pattern may 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 projection 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
principal ray LP with its direction of'incidence
extending in a predetermined direction is projected
by an illumination optical system. 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
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Here, dxj and dyj are positional deviations on the pupil plane

corresponding to the incidence angle of the oblique incidence illumnation
and the azimuth angle j, pij and gij are fine coefficients of respective
Zerni ke ternms, NA is the nunerical aperture of the projection lens, and 1~
Is the mavelength The results are as shown bel ow. 25 - - 60 TABLE 1

CALCULATI ON RESULTS5SET LENSI NVENTI ONI NVENTI ON PUPI LFI LTERWAVEFRONT( h) NA

0. 64NA 0. 73 NAO. 73C6COEFF0. 050. 050~
0.0500.050C7CCEFF0.050.0470.0500.0SOCSCCE?F0.020.0190.0170.020C9C£EFF0.030.
0280. 0290. 03010 15 It is seen fromthe above that this nmeasuring method has
a sufficient measurenent precision for detection of Zernike coefficients

(lens aberrati Further, in this asu neth | f the nunber of
measur enent pé? §b8naPhémlﬂ? tfﬁ%ﬁ ﬁ#rgk gﬁ& &R EBYeobl i que

preci oi on or HURGEERER) 1p b %“%%reﬁeraé%'stﬁ”’”a%ﬁ”@%ﬁ# Fhahatharo ¢ ne
contrary, wher, gTeasus A, %g@?tfgnt@% RUY o A0e, (9bLigue J gl dence

I 1lum nation) are selecte e payl ng spe

Zerni ke coeffiof henuich argnust cha B9 10hEAlLEHon 830 aperration can

be neasured at a hi gher throu puf . IvVve to automatic

correctionsof phejéatbantel thePt@sAC UL OPL | SA! tﬁxsiceli!&b'iea“ PHIS U €
apparatus. Further, plural test pattéerns TP may be
the position of a test pattern image TPa which may be
an aerial image defined by imaging the ﬁest pattern
through the projection optical system or which may be
an image transferred to a photosensitive substrate,

10 .is measured. As regards the position of each test
pPattern image TPa transferred to the photosensitive
substrate, after the photosensitive substrate is
developed, the position of the developed test 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
pPattern image thereof, the wavefront aberration on the
pupil plane 10a of the projection optical system is

20 measured.

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

25 individual 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



5 provided at plural locations on the reticle 9 . In that case, in
accordance with the procedure described above, exposures of these patterns
may be perforned and wavefront aberrations at different inage heights can
be neasured. Thus, by actuating a correction optical 10 systemin a

proj ection optical system 10, automatic aberration correction of the
projection optical system can be acconplished. Next, description will be
made on Enbodi ment 5 of the present invention. The Enbodinent 15 5 will be
described with reference to a specific exanple in which a test pattern TP
is transferred to a photosensitive subst4dfate (wafer) Wand wavefront
aberration is neasured. A test pattern 19a to be used differs fromthat of
Enbodi ment 4, and it conprises 20 a mark 20a which can be seen as shown in
Fi gure 37 when superposed with marks 2la (reference pattern). A positianal
devi ation bet \Eé%é'f;fﬂegben&%@ iQF nBRagLePatiten| ati Shet eukeddef the grids
TPR of the mark 20a. Figure i%ashom a mark group 19a including the mark 25
20a, while Fi é’Lﬁre"%a'@e§¥oﬁ§ FafaRe T odp C1PR YERIRdi Nt Reldght 21a. In
Figure 38 , eac rid TFX.has g pajtern - 62 shown in Figure 34(A) or
34(8). The gr dt’ﬁ%%‘??‘ﬁ¥sé("§§ﬁ‘d%‘?ﬁ°?i gér @ Batherneirgssy Q%?‘E%l{‘ﬁ sane

| i new dt h, anqmtehr(; ':rL1eV\,i dth is the sane as.that of Fi %ur,e 35 or 36. 5 As
regards the | inew drnt 5f PRSP IS 21R2FPRY 2 BEOIPREASR sLoBSspeci fi ¢

limtati ' toql f [
Lransterr 64 paciirrersl T hbBpo=S B RARIMRACY vbo VAR, Atdelcuan B 11 nal
i new dth t [ A [ d_i. f.th k
210, transi or Fol ooe pharbaart 11 v e Bt P PR Rl eI T

appr oxi mat-el y dihfe speEcas the grid width of Figure 38. Here, the linew dth
of each mark 2la was 2 microns. 15 Disposed on an upper glass surface of
the mark group 19a (test pat i) &kSV@ik8nkE I¥He HhsifidnPb@g L1 Which
is disposed at a position coincident with the central position o#‘t e mark
group shown i metial eikAgeThirs Diphoteral ikaged £ruebeaR fdd @PPELng 20
restriction to the tilt of the principal ray of illumnation light,

i1l um natithg phe tesénpatieensubs tralttd 16N mea stasdd pPfa dliasPasiduPN S £
(positions) of the marks TPX on the | ower glass surface. There is no
necessity of PeASitignahagobation fxfomecaptntinrzefibrancef pbBea tapert ure

stop 4 of the illumnation systemas in Enbodi mnent4. Wen |arge-a
i | lum nation Thefhr rtdlitcef tdea mavefrent gontuspondingPtcacarhbe
illum nated :

positional deviation is detected and, on the basis of
it, the wavefront aberration is detected.

15 In greater detaii, the Embodiment 4 uses
a test pattern having a structure described
hereinbefore. On the basis of the amount of
rositional deviation of an image of the test pattern
being illuminated by oblique incidence illumination

20 as well as the projection direction (incidence angle
and azimuth angle) of the principal ray of the
illumination light, projected to the test pattern, a
.tilt of the wavefront at a certain position
corresponding to the projection direction, on the

25 pupil coordinates of the projection lens, is detected
with a good precision. Based on this, the wavefront

aberration is detected.



- 63 withillumnation lights fromdifferent directions, sinultaneously,
and they are transferred to the photosensitive substrate in a batch. Here,
if the incidence angle of the large-a 5 illumnation |light to be supplied
fromthe illum nation systemis not greater than al . 0 and where an

i ncidence angle a of illumnation light not Iess than 1.0 is necessary for
t he nmeasurenent, as shown in Figure 40 ( a convex |lens 22 nmay be provi ded
above 10 the pinhole 21 to collect the illumnation light nole . In that
case, the pupil plane 10a as a whole of the projection Ilens 10 can be
covered. Further, in Figure 40, since ®adth Tark 2la of the mark group 19b
is used as a reference, there is no pinhole or convex lens on 15 the upper
gl ass surface thereof . It should be noted that the light ray shown in
Figure 40 represents the |jght having.a l.argest. incidence angle, anong
plural illum nation |ight gﬁq&m n@?ﬂﬁgaﬁtﬁﬁé‘ Mtk gREuP2ase, O\t e
description wi l.l. be made gon the 20 exposure sequence of test, pattern
using the reti¥EGEPPREFFW arT gs?rapﬁg‘ % Eiagame&ﬁd’séﬂ under

an ordinary ilJlumnation condition (a>0..7). S equent |y, the wafer stage

12 is Irmve)d/ !sfliﬁn;a? %?ﬁgnﬁaﬂ(slazlo%raaﬁcgfgnar%y :?Jf)% pﬁgé%‘e&he "ﬂb%ﬁeanzt hgr,
d 25 th il . th di illum nati

condi v on. - ThariVSFEoRLABRseE N o Lhp IFES ol RE bl ORIIIRAT 2 Pl 1 o it

i teto s 2l f i i ity |, deyi ati

0 LESPECtS! O te mden PANSGIEDLH] Poal ELBLENCSRAELH A S | on

measuring {00lyr &¥eper LA 67! CUAl) 0BeBEITATY FohSx1BE thus obtained

plural 5 positional deviations, a wavefront iIs cre In"regard to this

wavefront, appiisERemen 536 e A& a YO Midle b8 et20BkS i Carri ed
out. Then, coefficients for Zernike terns are cal cul atéd, and the wavefrort

aberration is detepigdl Hlae €dBe dstinde@dsheaidrabberas 142 Bavel 92,
2la, 19b) may be provided at plural |ocations on one and the Sane reticle

or on separ at & rsitdps ess .of 15 thatctbse, the gheakdupe hoekadhBgePErosure,
measur enent and cal cul ati on may be carried out as 15 descri bed above, and
the waveflont thmks avibh boilydiaf perdntas ey Hamdit Sonannbe immaael .
[Industrial Applicability] In accordance with respective embodi nents
descri bed abovde obeffuPaittEniente Prpduicest.i o namk 29t anepptiakiizer t est
pattern are used, by which high
into account that the numerical aperture NA of a
projection lens is of an order of 0.6 to 0.8, it may
be an object spectrum © 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
example.
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 zexo, 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, whethexr 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



preci sion nmeasurenent of wavefront aberration can be acconplished w thout
use of a pinhole in a projection lens . The advant ageous effect can be
optim zed with respect to various pattern sized to be neasured, or 25

vari ous nunerical apertures (NA) of projection | enses of exposure

appar atuses. Thus, high-throughput and hi gh-precision neasurenent is

at t ai nabl e. - 65 Further, where the neasurenent result of wavefront
aberration is fed back to an aberration correcting system of an exposure
apparatus, an exposure apparatus arranged for automatic aberration 5
correction or aberration setting optimz4&d f#or actual devices can be
acconpl i shed. - 66 SCOPE OF CLAIMS 1. Areticle having a test pattern
-for neasurenment of an optical characteristic of a 5 projection optical
system characterized in that said test pattern has a pattern effective to
reduce or supptE’Boiehi dir ftheqdencyibathdirtrr of ogpactty ikl kepupi | pl ane
of said projection optical system 10 2. A xetic7:e according to Claim1,
charact eri zed 99 EhiPeshi d s meps vELRGhES thathstankes paken addnptkd so
that plural diffraction |lights produced thereby are partially cancelled
with each ot héPPhtTMRe IRFHFeRFandllpminafion peghod sfeseppbeds 15 the

hi gh frequencylbco oge%t. 3. Areticle according to Claim1l, characterized
‘in that said t %’fggﬁ & Shas an opening for producing a predetermn ned

periodi ¢ cgnponent at 20 the pu ik pl.ane of said prgjection optical system
and peri odigc openi ngs for ,?2109‘23580 Boé‘ii{lé’ss"r’ifégeﬁf asdilghfheth hgnsisy

Phe pupi | pl anet SFEEEEFTRATER ol sheSsitiont 9RR T obet 1 ticn Faliarn
comprising lines and spaces wherein the width of each
of the line and space is a and 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). Hexe, 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 & (f)
function. Then, G(f) is expressed by:
G(f) = 2a2c-sinc(af)-1II(2af) ... (3)

25 From equation (3) above, at a period 1/2(a) sﬁown in

Figure 24, G(f) becomes an object spectrum having an

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



25 4. Areticle according to Caim1l, characterized in that said projection
optical system - 67 has wavefront aberration, and that said test pattern
has a shape adapted so that, even where an inage of the said test pattern
formed through said projection optical systemis defocused, substantially
no 5 asymmetrical image distortion is produced. 5. Areticle according to
Claiml, characterized in that the optical characteristic is one or nore of
best focus position, astigmatic 10 aberration and curvature of field. 6. A
reticle having a test pattern for neasurenent of an optical characteristic
of a projection optical system charactTeffzad in that said 15 teat pattern
has |ines and spaces adapted so that substantially only zeroth order |ight
a.s directed to an inmage plane of said projection optical system 7. A
reticle having, a test pattern for, 20 neasurenent of an optical

characteristi %ﬁ“ﬁep?&<iﬁq%ﬁ 653?8§Isﬁﬁﬂ?ﬁﬂ“cﬂ%r&b?ePﬂB&iiﬂiﬁmﬁt sai d
e B 5P P 2R Put 08 St Pl SEENH s B R 21

NA=1/2aA21.6 (A is exposure wavelength) is satisfied,
a desired spectrum can be obtained on the pupil plane.

5 However, it is practically unreasonable for the object
spectrum on the pupil plane such as shown in Figure
25 to take a sufficient size for ¢ to avoid amplitude
in the spatial frequency section £ of 0<£f<1/(2a), that
is, to suppress high order components, particularly

10 when considered 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. 1In 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 freedom of changing
the line width a. The Fourier transform of the
rectangular function shown in Figure 26 can be

25 expressed alsoc as follows.

G(f) = a0+'sinc(a0f)+2Li=1 i=n ai-sinc(ai

£)cos (2nibf) c..(4)



25 substantially constant while wi dths of the spaces gradually decrease.

- 68 8. Areticle having a test pattern for neasurenent of an optical
characteristic of a projection optical system characterized in that said
test pattern has lines and spaces in which, with 5 respect to a repetition
direction thereof and froma center to a periphery, a pitch of the spaces

I s substantially constant while w dths of the spaces gradually decrease. 10
9. Areticle according to Claim?7, characterized in that the |lines and
spaces conprise such pattern that adjacent |lines are not resolvable by said
projection optical systemat the tine of *€aid neasurenent. 15 10. An
optical characteristic neasuring nethod characterized in that, by

.projecting i1 l'um nation Iight upon a test pattern of a reticle as recited
in"any one of Cains ectlng 20 a position of an i mge of
the test pattern forned the characteristic of the

projection optical syste é%f gﬁaggﬁg%ﬁ%%b An optical characteristic

measuring 25 net hod characterize by projecting illum nation |ight
upon a test pattern Qé,aa&?th ©1line width

Here, the Fourier series of Xi pi-cos(if)
5 is considered. The Fourier series is converged as
follows.
i=oco
Epi-cos(if) = {p-cos(f)-p2}/{1-2p-cos(f)+
i=1
10 p2) (where |pl<l) - ... {5)
In Embodiment 4, the test pattern is
designed while taking the graph shape of equation (5)
above as a goal. Thus, when equation (5) is applied
to equation (4), from equation spreading, a relation
15 ©between a test pattern to be designed and object
spectrum to be produced thereby is obtainable. Here,
variables produced are a and P, and they are
intermediate variables (mediation) for relating the
aforesaid pattern and the object spectrum with each
20 other. When the pattern is designed while taking P
(0<P<1l) at a value close to 1, the object spectrum
becomes steep, and higher precision measurement
becomes possible. However, with n~power of P, since
P is close to 1, the object spectrum to be obtained
25 does not approximate to equation (7), i.e. the goal,
in view of a practical pattern length C. 1In

consideration of it, in practice, P is discarded and



as recited in any one of Clains 1 - 9, fromone direction or plural
directions, and by detecting positions of inmages of the test pattern forned
in accordance with the projectionsin the pluraldirections,respectively, an
optical characteristic of the projection optical 5 systemis neasured. 12.
An optical characteristic neasuring nmethod according to C aim 11,
characterized in that the plural directions include two directions which
are 10 symmetrical with each other with respect to a predeterm ned pl ane
containing an optical axis. 13. An optical characteristic measuring nethod
according to Oaim10, characterized im%hat, 15 where a nurerical aperture
of said projection optical systemis NA and an incidence angle of a
principal ray of the illumnation light projected is ap (OSop<l), said test
pattern is forned, with respect to object spectrum G(f) of said test :
pattern bei ng SF1hbRRAS)y BPRF R FEpdiR B -Bovas PSP and peapiingi pal
ray of the illumnation light, so as to _cancel an anplitude of G (f) in a
section f whi &?‘W%qf‘u(c?‘-]'%'p)"sl\ﬁf?g oF N fesigning o hrdhichsemsssur e
apparatus, 25 aracterdzed by a nmode, for nmeasuring an optical
characteristi g'cagﬁl%g pt oij%’%??’énmﬁﬁPchr‘a SENR "'r?’hc‘:%r (ﬁlﬁEﬁ°WF‘ﬁt&’F opti cal
characteristi g Jreasyy ] Lo- = hod as recitedj.n.,Caiml10, and by an
i1l um nation sq'-'yst er#t['%{rggp%g ngg'tclhﬁ iTT u?rg‘rlﬁgf%’ Ic{ialdhtb%‘f‘l?’&eﬁ EESF%attern

when a retd cl g hgvi t ttern d Rl e intoté}ga argtus. 5
15. A device manuf’aggﬁlr ?ﬁ&tr%%‘g%, acr?er}rea%?éz#ji%e%‘:gf/u?u’pﬁl F\ﬁgg#’g‘ﬁ cle for
devi ce manuf ac&thlg,_eeglp'go a projection exposure apparatus as recited in Caim

14 and by transferri'’ng a pattern of 10 the reticl~e onto a substrate. 16. A

wavefront aberration nmeasgghlG By hesly f gheREAHUIHWG ayebLRpt APerration of
a projection optical system characterized in that: a reticle havi ng

lines and spadasdstikted, ini Fhguaspect. t @ i'epRldd i onadi 6884 kan jiher eof
and froma center to a periphery, a pitch of the lines is substantially
constant whi | Eiguitds2df hake spatespgr adushliyhlatieastpaitude WY o

adj acent lines are not resolvable by said 20 projection optical system is
prepar ed,1indbleitytgen peaks involves an approximately constant
offset, and they are a curve near a desired spectrum
shapelnot 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 the
whqle pattern is small, high order components can be
suppressed sufficiently. In consideration of it:
ai-sinc(aif)~api
a0-sinc(al0f) ~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 respect to a .
particular £f. Here, the effective range for f will
25 be explained. The f-region wherein approximation as

described above should be done is present between peaks,

and it is |£f|<1/b. Since ai<b is held in this range,



fluxes are projected to the lines and spaces fromdifferent directions,
wher eby plural imges of the |ines and spaces are formed through said
projection optical system and 25 respective gositions of the plural inmages
are detected and, by use of the result of detection, the wavefront
aberration of said projection optical _ 71 _ systemis detected. 17. A
wavefront aberration neasuring nethod for neasuring wavefront aberration of
a projection 5 optical system characterized in that: a reticle having

| ines and spaces in which, with respect to a repetition direction thereof
and froma center to a periphery, a pitdtlof the spaces is substantially
constant while widths of the spaces gradually decrease 10 and in which

adj acent lines are not resolvable by said projection optical system is
prepared, and-light fluxes are projected to the lines and spaces from
~different dircekidhnc (ahfleby pmanotonagtacoéasheg Enes tdiwh spadaso ar e
formed through said projection 15 optical system and respective positions
of the plural difredfestaxsuddiicrientivdsmpy Lege Wanhb,r esulsind (alefpct i on,

t he wavefront aberration of said _projection optical systema.s detected. 20
18. A wavef r oReSPRe s A 1ftaBLdadilxy cemstrn t Anduds Gambearaegarsiud
aberration of a projection optical system characterized in that: a reticle
havi ng pl ural 3ht? rARsEaRt 25 FEeThrihe ngPrvRes idheapatéon d4hidsh, Wth
respect to.a re etiéng i rection thereof and froma center to a periphery,

a pitch of°t h&9THb dh35RY FEYation; A 6)epnttafelhavse thaths of the

spaces graduall.y, . decrgase _and in ' Lacent |ines are not resolvable by
sai d projectigH%ﬂﬂ?cg Sy SFER ?%mszﬁi?bd?n when n-e,

G(f) — 2ap2/(l+p2)+2a{p‘cos(2nbf) -p2}
/{1-2p-cos (2nbf) +p2} oo (M
When equation (7) is graphed by using appropriate «
10 andp, the result is such as shown in Figure 28. Figure
28 illustrates object spectrum on a pupil plane.
Subsequently, ai is determined in practice.
From the assumption described above,
ai = api

15 a0

2ap2/ (14p2) ... (8)
By choosing values for o and p moderately,
ai is determined. However, depending on p given, the
shape of the object spectrum differs. Figure 7
illustrates this. If p is taken as 0<p<1l, the peak
20 of thé object spectrum becomes steeper when p is made
closer to 1, and higher resolution measurement is
possible. Also, since a is not effective to S/N of
the object spectrum, it is desirable to make the same
large as much as possible to keep the light quantity.
25 Since equation (7) applies when n—e, if P
is made close to 1, apn does no mean become close to

zero, and equation (7) is not approachable. The graph



light fluxes are projected to the plural 5 patterns fromdifferent
directions, whereby plural inmages of the patterns are fornmed through said
proj ection optical system and respective positions of the plural pattern

I mages are detected and, by use of the result of 10 detection, the
wavefront aberration of saidprojection optical systemis detected.. 19. A
wavefront aberration neasuring nethod for neasuring wavefront aberration of
a projection 15 optical system characterized in that: a reticle having
plural patterns each conprising lines gngzsgaces in which, with respect to
a repetition direction thereof and froma“center to a periphery, a pitch of
the spaces is substantially 20 constant While w dths of the spaces
gradual |y decrease and in which adjacent |ines axe not resol vable by said

proj ection optg ; e k r . Jdaght fluxes ar rojecied to the
pl ur al patt.ernsfﬁ.lé?nﬁgibf er%?\'tlﬁgieb%gféljsorFlefg@mheal‘set)%j‘?)lrtH@Fgféf HR€Sof the

patterns are fof nggle (P4 OHERnS 2h e XREYSE! 't3L %Bn%ff{uégséfrﬂigﬂdoégggem e

positions of the plural pattern
components is suppressed to small. It is seen from

the graph of Figure 29 that, in order to make opn close
5 to zero to some degree, a substantial length ¢ is
required for the whole pattern. In consideration of
this, in practice, it is é 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 projection lens to be measured,
the interval b0 (<2NAO0/A) of the spacings within the
above-described pattern is determined. Then, from
15 bO-n=cO,thenumberofspaces,i.e.2n+1,isdetermined.
It is possible that, when ai=api 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 (|f£f}|<1/b0) becomes
equal to zero. Figure 30 shows comparison between
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



- 73 imges are detected and, by use of the result of detection, the.
wavefront aberration of saidprojection optical systemis detected. 5 20. An
optical characteristic neasuring nethod for neasuring ari optical
characteristic of a projection optical system characterized in that: a
reticle having a test pattern is supplied while a neniber having an opening
is supplied; 10 a light flux is projected to said test pattern through said
opening, froman oblique direction, thereby to forman inmage of the pattern
through said projection optical system and a position of the pattern inage
is detected 15 and, by use of the resutt33f-detection, the optical
characteristic of said projection optical systemis detected. 2I. A .
wavefront aberration nmeasuring method 20 for neasuring wavefront aberration
of a projection,optical  system characterized in that: a reticle haV|ng
plural patter ndisglosed in this application uses a test pattern which
is designed, in accordance with the concept described
above, so as to optimize the shape of object spectrum
to be produced on a pupil plane of a Projection optical
5 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 pPupil plane
or at any other location within the imaging system,
as in the Bartman method, such that high precision
10 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.

15 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
20 of a projection optical system thereof is measured.
This embodiment is applicable not only to
a projection exposure apparatus having a projection
cptical system using lenses but also to various
Projection exposure apparatuses having a projection

25 optical system using mirrors or one using lenses and

mirrors in combination.

The projection exposure apparatus shown in



supplied while a menber having an opening is supplied; light fluxes are
projected to the plural 25 patterns through said opening, fromdifferent
directions, thereby to forminmages of the plural patterns through said

proj ection optical system and ~4 respective positions of the pattern

i mges are detected and, by use of the result of detection, the wavefront
aberration of said projection optical systemis detected. 5 22. A neasuring
nmet hod according to Caim20 or 21, characterized in that,the menber having
said opening is provided on the reticle. 10 ' 23. A neasuring nethod
according to Claim 21, characterized in BRat the reticle has a convex lens
provided on said opening. 24 . A neasuring method according to any one of
15 Cains 16 - 21, characterized in that the patteLn ha? Ilge? andasggﬁfzr
in which, with respect, to a repetition direction thereof and from:

to a peripher ,13“81'% %ha‘@rs %3555585*:1"5’%&554 dunatipnc @ssthas htehe

w dths of the spaces,draduall ecrease_and in which 20 adjacent lines are
not resol vabl eé%flcgép%%Vb?bc’%/?gﬂrﬁﬂFiec'é? thapggreding embodiments.

Also, the detection system 11 shown in Figure 11 is
mounted on a wafer stage 12, for detection of the

5 position of an image of a test paftern, as has been
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 projection optical system
in the Projection 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 ﬁe 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 aperture 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



. A neasuring nmethod according to any one of Clains 16 - 21,
gﬁaracterized ig that the pattern has 25 lines and spaces adapted so that.d
substantially only zeroth order light is directed to an imge plane of sai
projection optical system - 75 2 6 . A neasuring method according to
any one of Claims 16 - 21 , characterized in that said detecting step
includes a step of photoelectrically converting 5 an aerial inmage of the 6
lines and spaces. 27 . A neasuring nethod according to any one of Clains 1
- 21, characterized in that said detesting step includes a step of
exposi ng a photosensitive 10 substrateft§ﬁen1| mage of the lines and spaces
and a step of devel oping the photosensitive substrate. 28. A projection
exposure apparatus, characterized by a node for neasuring wavefront 15

aberration of rojection optical stemin accordance with a measuring
net hod as reci'}%eltﬁj)ef%cﬁﬁiya%ﬁﬁglfedg °§é) -1 pAn agsaxdamee|wikh khe on

Feticl'e havi ne TRePEge Bt LERd Penathhefirse’ fhe the tappdtaum t@o. A
devi ce manuf agidilat HBLNLYe:lAL o ELAZ8Y DY s SURPLY 1% 2, S EE St
| 35 or 36.
5 To the test pattern TP, first illumination
1ight 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 pProjected onto a
Plate lla which is mounted on the wafer stage 12,
10 through the projection optical system 10. 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 pPlane of incidence of the
aforementioned first illumination light, a slit
15 pattern 11b provided on the plate 1la is scanned.
Light passed through this slit pattern is detected by
using a photoreceptor llc such as a light intensity
detector or a light quantity detector, for example.
Then, on the basislof respective positions (X, Y) of
20 the wafer stage 12 in the plane (X and Y directions)
orthogonal to the optical axis direction, obtained at
that time, and of detection signals (Figure 14)
corresponding to the light intensity or the light
quantity at these positions, the central position of
25 the image TPa of the test pattern TP being imaged upon

the plate 1la is calculated.

Then, the position of the aperture 4b of



manuf acture into a projection exposure apparatus as 25 recited in Caim 28,

and by transferring a pattern of the reticle onto a substrate.
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9).represents a coefficient of the n-th term of the
Zernike polynomial (as standardized with respect to .
-r=1l, where r is the radius of the pupil polar
5 coordinates and 05r<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, n/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 passés when illuminated under these
illumination conditions, can be expressed in terms of
15 the sum in each Zernike term in x and Yy directions,
while using variables conversion, as follows.
8W/8x = 4rcos®:C4+2rsinb-C6+{6r2cos26
+3r2—2}~C7+6r23in9-cosB-C8+12rcosG-{2r2-1}-CQ
where W is wavefront aberration.
20 sSimilarly,
wW/oy = 4rsin®-C4+2rcos® - C6+6r2sind-cos6-C7
+{6r2$in29+3r2—2}-C8+12rsin9-{2rr2-1}-c9
Based on the above, the following matrix

formula was prepared and respective Cn coefficients

25 were calculated.
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. . . . . . Cg
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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 illumination
and the azimuth angle 3j, pi3j and gqij are fine
coefficients of respective Zernike térms, NA is the
20 numerical aperture of the projection lens, and A is

the wavelength. The results are as shown below.

25
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WAVEFRONT (A) NA 0.64 NA 0.73 Na 0.73
C6 COEFF 0.05 0.050 - 0.050 0.050
C7 COEFF 0.05 0.047 0.050 0.050
C8 COEFF 0.02 0.019 0.017 0.020
C9 COEFF 0.03 0.028 0.029 0.030
10
15 It is seen from the above that this

measuring method has a sufficient measurement
Precision for detection of Zernike coefficients (lens
aberration). Further, in this measuring method, if
the number of measurement peints 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 higher throughput.
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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 whicﬁ a test pattern TP is transferred to
a photosensitive substrate (wafer) 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
supérposed with marks 2la (reference pattern). A
positional deviation between these marks is measured,
in relation to each of the grids TPX of the mafk 20a.
Figure 38 shows a mark group 1l9a including the mark |
25 20a, while Figure 39 shows a mark group 19 including
the mark 2la.

In Figure 38, each grid TPX has a pattern
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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 developing a transferred image of the
mark 2la, transferred to a photosensitive substrate,
should preferably be approximately 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 19a (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 restrictiqn to the tilt of the principal ray of
illumination light, illuminating the test pattern, in
relation to each of dispositions (positions) of the
marks TPX on the lower glass 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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photosensn.t:.ve substrate in a batch.

Here, if the incidence angle of the large-o
illumination light to be supplied.from the
illumination system is not greater than ol1.0 and where
an incidence angle o of illumination light not less
than 1.0 is necessary for the measurxement, as shown
in F:Lgure 40, a convex lens 22 may be provided above
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 groﬁp 19b is used
as a reference, there is no pinhole or convex lens on
the upper glass 'surface thereof. It should be noted
that the light Iray 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
eéxposure sequence of a test pattern using the reticle
9 of Figure 40. The marks 20a and 21a are exposed under
an ordinary illumination condition (0>0.7).
Subsequently, the wafer stage 12 is moved so that the
marks 20a and 21a are superposed one upon another, and
these marks are exposed similarly under the ordinary
illumination condition. Then, the photosensitive

substrate W is developed and, after it, in respect to

T110%@
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10%@5()-|}Oa§§QL&8%@&éQ§ éﬁ%gotransferred marks 20a and 2la is

measured by use of a measuring tool. By performing
calculation processing to the thus obtained plural

5 posifional deviations, a wavefront is created. 1In
regard to this wavefront, approximation such as
Zernike polynomial, for example, is carried out. Then,
coefficients for Zernike terms are calculated, and the
wavefront aberration is detected.

10 The above-desc;ibed test patterns (20a,
19a, 21a, 19b) may be provided at plural locations on
one and the same reticle or on separate reticles. In
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
accomplished without use of a pinhole in a pProjection
lens. The advantageous effect can be optimized 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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wavefront aberration is fed back to an aberration

correcting system of an exposure apparatus, an

exposure apparatus arranged for automatic aberration
5 correction or aberration setting optimized for actual

devices can be accomplished.
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10958 ()_Zleg/é%(sv(:fgment of an optical characteristic of a

' 5 projection optical system, characterized in that said
test pattern has a pattern effective to reduce or

suppress a high frequency component of spectrum at a

Pupil 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 or 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 Projection optical system, and
pPeriodic 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 pProjection optical system
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W10 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

S5 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 position, 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 reticle having a test pattern for
20 measurement of an optical characteristic of a
Projection 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 lines is
25 substantially constant while widths of the spaces

gradually decrease.



' () - () - & ()- 1, #1009 () -
-10n, /10%& ()- !'n,/10%RgR& ()- n,/10%& () I!n,/1096 & ()- 1,/ _
I,/ #10%9& () - 8hijkrPbCO 10910%&& () - MLOY&' () - }Og 10g . .
1099>310%& ()-9<10%& ()-:'!'10%& ()-PacdEbCO 10 @?109@3.()-L y
10%@& ()-Lt10%@& ()- 109%@& ()-LY10%@& ()-sYfg 10@@&.():PJhQEbCOO
101 : 109%@& ()- 2 109%@& ()-0 109%@& ()- . 910%@& ()--10%@& ()-  +10%a& ()-hbC0
10y' 10% u&' ()-MLO% u&' ()-L10% u& ()- 10@ 10@ 10@> . .
10%& () -s<10%a& ()-!U bdBbCO0 10'y 10%h& ()-10% +& () -
10% u& ()-1 @0% u& ()-L10% u& ()-1 10% u& ()-r="?bC0 .
10210% u& ()-!'.110% u-u& ()-s) 10% u& ¢) 6810% u&' ()-ss!sl0% u& ()-!Cy
10%upu& ()- s dYNCO 10
8. A reticle having a test pattern for
measurement of an optical characteristic of a
pProjection optical system, characterized in that said
test pattern has lines and spaces in which, with
S5 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

gradually decrease.

10 9. A reticle according to Claim 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. An opfical characteristic measuring
method characterized in that, by projecting
illumination light upon a test pattern of a reticle
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 system is measured.

i1. An optical characteristic measuring
25 method characterized in that, by projecting
illumination light upon a test pattern of a reticle

as recited in any one of Claims 1 - 9, from one direction
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the projections in the plural directions , respectively,
an optical characteristic of the projection optiéal

S5 system is measured.

12. An optical characteristic‘measuring
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

pPredetermined 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 lighf pro'jected‘is op (0<op<l),
said test pattern is formed, with respect to cbject
spectrum G(f) of said test pattern being orthogonal
20 to the incidence direction of the principal ray of the
illumination light, so as to cancel an amplitude of

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

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 characteristic measuring
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pattern when a reticle having the test pattern is

supplied into the apparatus.

15. A device manufacturing method,
characterized by supplying a reticle for device
manufacture into a projection exposure apparatus as
recited in Claim 14 and by transferring a pattern §f

10 the reticle onto a substrate.

l6. A wavefront aberration measuring method
for measuring wavefront aberration of a Projection
optical system, characterized in that: a reticle
15 having lines and spaces in which, wifh respect to 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
20 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 projection
optical system; and
25 respective positions of the plural images
are detected and, by use of the result of detection,

the wavefront aberration of said projection optical
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system is detected.

17. A wavefront aberration measuring method
for measuring wavefront aberration of a projection
5 optical system, characterized in 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 spaces is substantially
constant while widths of the spaces gradually decrease
10  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 projection
15 optical system; and
réspective positions of the plural images
are detected and, by use of the result of detection;
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, characterized in that:
a reticle having plural patterns each
25 comprising 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 substantially
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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 directionms, wherebﬁ plural
25 images of the patterns are formed through said
Projection optical system; and

respective positions of the plural pattern
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supplied while a member having an opening is supplied;

light fluxes are projected to the plural
25 patterns through said opening, from different

directions, thereby to form images of the plural

patterns through said projection optical system; 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 detected.

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 substanti#lly 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 system.
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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 rhotoelectrically 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 image of the lines and spaces and a

step of developing the photosensitive substrate.

28, A projection exposure apparatus,
characterized by a mode for measuring wavefront
aberration of a projection optical system in
accordance with a measuring method as recited in any
one of Claims 16 - 21, and by an illumination system
for projecting illumination light onto a test pattern‘
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.



