28 FEBRUARY 2006 - 1 - SPECI FI CATI ON RETI CLE AND OPTI CAL CHARACTERI STI C
MEASURI NG METHOD 5 .[ FI ELD OF ART] This invention relates to Eﬁ%bﬁk&
having a test pattern and an optical characteristic neasuriﬁgF 308f
measuring an optical characteristic of a projection optical system by use
of such reticle. 10 Mre particularly, the invention is suitably usable for
nmeasur enent of an optical characteriStic, such as best focus position,
astigmati sm curvature of field, or wavefront aberration, for exanple, of a
projection optical systemof a projection exposure apparatus used 15 in a

| i t hographic process which is §5§% manuf acture of sem conduct or
devices, liquid crystal display gg?cggiqurlf|In1nagnet|c heads and the

| i ke. [ BACKGROUND ART] 20 The lithographic process for nmanufacture of
seniconductor devices, liquid crystal display devices or thin-film magnetic

heads, ?E?gg;ﬂ% AnySE2T (n% e ‘iﬁ&‘i%‘i"fc ?%’ﬁ?ﬁh‘ﬁ%s Melrbhch an i mage

of a photo retlcle erel na t reti I's 25 1 maged upon a
phot osensitive substrate through a prOJectlon optical system In such
proj ection exposure apparatuses, in order to assure that the 28 FEBRUARY

2006 5  [FIELD OF ART]
This invention relates to a reticle having
.a test pattern and an optical characteristic measuring
méthod for measuring an optical characteristic of a
projection optical systeﬁ by use of such reticle.

10 More particularly, the invention is suitably usable
for measurement of an optical characte’riétic, such as
best focus position, astigmatism, curvature of f.ield,
or wavefront aberratién, 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 crystal
display devices, thin-film magnetic heads and the
like.

[BACKGROUND ART]

20 The lithographic process for manufacture
of semiconductor devices, liquid crystal display
devices or thin-f;i.lm magnetic heads, for'example, uses
pProjection exposure apparatuses in which an image of
a photomask or reticle (hereinafter, “reticle”) is

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

exposure apparatuses, in order to assure that the



- 2 pattern of the reticle is transferred onto the photosensitive substrate
at high resolution, the exposure should be carried out whil

phot osensitive substrate is registered with a best 5 inmagin dﬁgﬁgu%%gg 06
focus plane) of the projection optical system wthin the range of depth of
focus. To this end, the position of the best focus plane of the projection
optical system that is, the best Tolus position, should be detected in
accordance with sonme 10 nethod. Further, projection optical systens have
what can be called an image plane (curvature of field) in which the best

focus position differs. with the imge, heigpht. A _known exanpl e of nethods
for measuPRrFers ?ﬁeiBQSF?%ﬁ§°p6 i tq’iﬁf‘%?eﬁrﬁfiof Vx?‘? on*8ptical systemis

foll A sing| Lt . l, diff t tt i 11 um nated
L tuo. FPORATRITE O R S Fab Fio A PRI Bar SPAFS IOt 1 FBPent 1111 angl es

or two illumnation,li havi ng.prj ncipal. rays ,of the sane 20 tilt angle
but bei ng $fRA? ?h%‘g‘ ?iﬁﬁf‘g&gﬁe&‘i n‘§l."'$ﬁeﬁ?‘et he spacing of plural °

Toasur od BROCARSPRALETE 7uns PERER d8 SRIHIEBRRE QUYL F CHOBE veen | mages
phot 0gkns PRSI A BLPRFG (AP HhaSarEa, PHEel cP & CORs ATP BEEGERR the def ocus
amount angpttr}.%al system, within the range of depth of focus.
To this end, the position of the best focus plane of
the projection optical system, that is, the best focus
position, should be detected in accordance with some
10 method. Further, projection optical systems have
what can be called an image 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 differeﬁt
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 gnofher by moving

the photosensitive substrate is measured. The

relationship between the defocus amount and the



28 FEBRUARY 2006 3 above-descri bed spacing or relative positional deviation
I's then detected and, on the basis of this relationship, t Rast I S
cal cul ated. There is another known nethod in which the bespﬁ%ocugUégg??Wgn
5 is detected without changing the position of a photosensitive substrate
W th respect to an optical axis dLrécLion of a projection optical system
The above-descri bed neasurenent nethdd based on oblique incidence

i I'lum nation does not need 10 SEM neasurenent, and it is a method which
enabl es sinple and hi gh-throughput and hi gh-preci sion neasurenent of best

focus position _i.nmage .ql ane_and. astigmatism (asti i c_aberration).

Furt her, tahaeov%i ?85%1’:‘3%? e?ﬁaf%ngeo sezc‘leif%gll%ﬁe é’gsgl\%a%%’é‘ggri bed 15

posi tional, devi ation_ .nmeasurenent can,be de_l e,as_ . conpa with
patterns tdoe‘B’éag%‘e)& Nl Eaﬁ’rﬁarf %edt% ée%e%{i‘g?i i) %(%’% B ogppéﬁggr n i mages
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nmeasur ene | mage plane or asfig m 20 h™iI's simlarly

based. on RARLLASRCLo Y ALARA TRAGHEPRb e Bodl £ JIRL A, oF; gRASUTT NG 3

positional ~déevriation o ninterferénce pattern prodaduc I'nterference

of ool 19t BeRuB e IS elRLGe LRSIUL che BBLI;dmge grasurerent, there

I S an advant age o no necessi argenent i magi ng opti cal

system AQ]d{808h!s%+ e APYYErd8ECUWNSH respect to an optical

axis direction of a projeétion optical system.
The above-described measurement method
based on oblique incidence illumination does not need
10 SEM measurement, and it is a method which enables
simple and high-throughput and high-precision
measurement of best fécus positioﬂ, image piane 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, imagé plane or astigmatism
20 which is similarly based on positional deviation
measurement, or in a method of measuring a positional
deviation of an interference pattern produced by
interference of two light beams. Therefore, in rega_rd
to aerial image measurement, there is an advantage of
25 no neceésity of using an enlargement imaging optical
system. Additionally, the above~described

measurement method based on oblique incidence



measur enent net hod based on oblique incidence 28 FEBRUARY 2006 - 4
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distortion_is cre d in n 15 aeri al |nage at the
ﬁﬁM&a %ﬁ%rentﬁ?%ﬁﬁﬁﬁegPlgﬁ %ttt  spectrumis denoted by A(f)
and the OTF of the pr.ojection lg g i S denot d bé E%L% the relation with
b
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pattern images obtained in accordance with the
measurement method based on oblique incidence
illumination, is not an utter rectilinear relation,
in a strict sense. The cause thereof is that, since
in the measurement based on oblique incidence
illumination there occurs a shift of object spectrum
position at a pupil plane, the object spectrum is cut
asymmetrically by an aperture stop of aprojection lens,
such that asymmetrical distortion is created in an
aerial image at the imaging plane.

Further, where the asymmetrical object
spectrum is denoted by A(f) and the OTF of the
projection lens is denoted by O(f), the relation with
an amplitude distribution f(x) of an image at the
imaging plane is represented by f(x) = F~-1[A(f) -O(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
positional deviation ahount of a pattern (axis of

abscissa) is detected with respect to defocus of a

projection lens (axis of ordinate) having spherical

%ab?ﬂg plane is

ransforny.
ion |ens
raph



abscissa) is detected wth respect to defocus of a projection |lens (axis of
ordi nate) having spherical 28 FEBRUARY 2006 - 5 aberrati on ;gg@grascRy bevee.
The pattern used for the focus neasurenment is the pattern of conventional
mark shown in Figure 20. In Figure 20, denoted at Cis the Ilength of the
opening of a test pattern TP. This_5_opening has a transnmissivity nearly
equal to 100% It is seen fromFi guPe 1 that, wwth the conventional
pattern, apparently the linearity is destroyed. In the best focus

“measur enent based on 10 obI i que incidence illumnation in the conventi onal
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front . aher rat) on dependi the h the 45 angle of
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amount dif ref or It t eac t he
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t he spaci RQ. Fugt vvhere h n us ampount and
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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
exposure apf:aratus or to a difference in wavefront
aberration depending on the image height within the

15 angle of view, the relation between the defocus amount
énd the positional deviation amount differs.
Therefore, it is necessary to examine each time the
relation between the defocus amount and the positional
deviation amount or the spacing.

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

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

of optical characteristics of a projection optical



25 a certain imaging plane or a spacing anpunt contains an error. This is a
serious problemfor neasurenent of optical characteristics Qf | hON
optical 28 FEBRUARY 2006 - 6 system where sinplicity and h.%ﬁ%ﬁ*@‘gﬂé%%"ﬁ
are required in the future trend of further mniaturization of circuits.
On the other hand, aberrations of a 5 projection | ens such as spherical
aberration, inmage plane (curvature 6f‘fie|d), astigmatism (astigmatic
aberration), coma (conm aberration), wavefront aberration and the |ike, are
nmeasured and it is used in practical evaluation or inspection. Anong these
10 aberrations, t wavef ront, aberratiqn.i.s  the verég aberration. By

|

h .
appr oxi mefY Agefhi FRRTe1 FIMP L LY PG PAFHIE BARECI %P YAEPal |y used
Zer ni ke ol ynonj aJ , r | e, _aber,ratj ons ch as spherica
aberratioﬁngﬁﬁ pﬂ%ﬂggeagﬁgﬁkﬁigﬁfngoﬁfe#hf€ﬁ8r15 IiEe which are factors

of the polxnonial can cul ated, The neasurenent of wavefront

aberrati off “F?qﬂﬁkf?ﬁggPdé?i?ﬁﬁﬁ?hﬁ?'also in respect to prediction, by
g on, of Process G el yah B IS gk o8l G e pat erne, 20
TELode (9L oSRAIERNL oAU A AT S A FELR S 0520 1T
plane (curvature of field), astigmatism (astigmatic
aberration), -coma (coma aberration), wavefront
aberration and the like, are measured and it is used
in practical evaluation or inspection. Among these
10 aberrations, the wavefront aberration ié the very
aberration. By approximating this wavefront
aberration on the basis of generally used Zernike
polynomial, for example, aberrations 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 siﬁulation, 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 just 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



reticle pattern surface while a pinhole is provided 25 just underneath the
center of the grid-like pattern with a small clearance he'@s@?ﬁﬁﬁﬁkﬁaﬁm
Further, at the reticle top face, there is a special reticle 28 FEBRUARY
2006 - 7 having a convex |lens disposed just above the center of the

grid-like pattern. Wiere this reticlg is illumnated by an illumnation
system of an exposure. apparatus, TllFui nation light emtted fromthe 5
illumnation systemillum nates the grid pattern placed belowit, with an

iIIunination angle (NA) not I|ess than at defined by means of the convex

| ens . passed t hrough the rid tter sses ough the pinhole
di sposed géMiﬂQta FRPR¥eX SRﬂFga ¥ %ﬁﬁnﬁ%??ﬂﬁ pi nhole is
limted only to such I aV|ng Ies ef i ned hy connectlng t he

pi nhol e aRrd ﬁk%l??bﬁs Q%Ei%g?FQe P (#L%ﬂerﬁ I8tt®rn.  Therefore,

light b tted f t t th d tt d
ol ira ea”ﬁeix%hadr%“ P Fadems: %#%@Sssm%sg'?grmnseﬁ%ﬁ%r” flerent

angl es nge at d|f rent Siti ane f the projection

| ens, andg%ﬁ 2 Hef ngt gﬁ %ﬁé£%°8ygﬁﬂ§ vggg et ratfon of the
projection Iens t 2 f sur € 346 spective points
of thg‘“'1 gri &lp‘)'mf %?E é?e% ng‘aetgee yﬁ]g‘rlg% te {ﬁ& néd%ségéﬁefgspect I ve points
of the grbri(lcoeaé tbeéfostvhi'é,lwgﬁdan illumination angle (NA) not

less than ol defined by means of the convex lens. Light
passed through the grid pattern passes through the
pPinhole 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 advahce 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 imagee
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 offa normal
to the wavefront, the imaging position of the image

of each point of the grid pattern.ahifts from an



have been affected by different influences of wavefront aberration (phase).
More specifically, 25 since |light rays advance in the di reﬁgirﬁﬁRggRq{mgnal
to the wavefront, the inaging position of the inmage of each point of the
grid pattern shifts froman 28 FEBRUARY 2006 - 8 idealistic position by an
amount determned by tilt of the coresponding point on the wavefront. In
.consideration of it, deviations of the inmages of respective points of the
grid pattern froman 5 idealistic grid are neasured and, based on it, tilt
anounts of the wavefront at respective points in the pupil plane are

obt ai ned. 1&?&’62151%5??%&\/@%%’9#%% gyt 'ttcg%agggggq%d tﬂx el@ilef ront

aberration cul waverron erration nedsuring nethods as
proposed Iy e 28U LRAEH UpSs P60 odVBaviali g0 a5, 078, 00 are
POl e ! B RIRRA ST B PRRR S PO RPN DO 1o
o5 Py Sl FR05 AR ok e s bELE A od e FLL o e
pupi | Pl aneyiths £8al goiti rE087 HehQulldts AHELCIbasBACHRUTL AGCPL LI Ng O
equation (1) below, due to the
amounts of the wavefront at respective points in the
prupil plane are obtainad. 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 1lens thereby to restrict the wavefront position and,
on the basis of a positional deviation of a pattern
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 positive;y control the
25 shape of the object spectrum by disposing a pinhole
at a pupil plane (i.e. pupil filter), as in Hartman

method. However, in practical exposure apparatuses,



pinhole filter, only information related to a certain snall wavefront
region can be obtained. It is desirable to positively controlgggRuLRYS06PE
of- the object spectrum by disposing a pinhole at a pupil plane (iI.e. pupi
filter), as in Hartman nethod. However, in practical exposure apparatuses,
28 FEBRUARY 2006 - 9 this is difficult to acconplish because of the space
of a barrel or of a purging structar @ necessary for contam nation
prevention, for exanple, and for the reason of cost. 5 On the other hand,
in the nethods as proposed in aforenentioned U S. Patent Nos. 5,828, 455

and 5,978,085, a pinhhole iis provide just underneath he obj ect surface.
Thus, the t8j%ds GEEtiertdde QHﬁ?*Ré}nggaﬁéWﬂﬁr ﬂséﬁﬁ?eunlike

equation (1) 1Q bel ow, Fog%%er transformincluding a phase term E(x) =

F-1[G(f) Qff @ Rayrel or a PYTIERGr SHTYTIRT PP ¥ £PX) . opti cal
anplitude function of imge . _object spectrum 15 : il
(V\rr/gvef ronFPW‘iﬁﬁ’t?ﬁgl%’(fﬁg‘?e’ﬁ%E%P&f{ﬁ%ﬁi% appley 4n b#éft I%g’pf‘ the present

i nvention to rovgde a creticle having a test pattern by which an optical
char act er P8R8 FPS%ction optical 20 system can be neasured very

pre0|§§ly, and a nethg% the other hand, in the methods as

proposed in aforementioned U.S. Patent Nos. 5,828,455
and 5,978,085, a pixihole 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(£) ‘p(£) ‘W (£)] e
F-1l: Fourier inverse transform
E(x) : optical amplitude function of image
G(f) : object spectrum
15 w(f) : pupil (wavefront) -function
P(f) : pinhole function
It is an object of the present invention
to provide a reticle ha;ring a test pattern by which
an optical characteristic of a projection optical
20 system can be measured very precisely, and a method
of measuring an optical characteristic of a projection
optical system by use of such a reticle.
Also, it is an object of 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



of measuring an optical characteristic of a projection optical system by
use of such a reticle. Also, it is an object of the present ,giFpBRUAN2008
provide a reticle having a test pattern 25 by which an opt. cal
characteristic of a projection optical systemcan be nmeasured in accordance
with a procedure conpletely diffeﬁeg fromthat shown in the 28 FEBRUARY
2006 - 10 aforenentioned two U. S. patents, and a nethod of neasuring an
optical characteristic of a projection optical systemby use of such a
reticle. Particularly, it is an object of the 5 present invention to provide

ticl ' t.est tt whi ch, at | t f,b f
posi 11 on. SLRTPURALIGHAAT FUP! n S HALTBFE" of P & FOERAY Ravef ront
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optical system by use .of such a re%;ele. DS URE OF THE | NVENTI ON] A
first aspé‘?ﬁtb‘?a%(héypﬁ'te%n]?yi REEN O PUEBNReFREIE S icl e having a test

pattern for 15 measur eJre an.optical.characteristic o%ha proj ection

_ _ n&.of ti
optical system and i tE35 ERUFEEEST A% 1R 2PhePIESFH tEsFPSattern has a
paitern SHLECLE LyaiSher oL SRPLARS 2 ML SPLEY Sommgeent of

pattern by which at least one of best focus position,
astigmatic aberration, curvature of field, and
wavefront aberration of a projection optical system
.can be measured very precisely, and a method of

10 measuring an optical characteristic of a projection
optical system by use of such a reticle. |
[DISCLOSURE OF THE INVENTION] |

A first aspect of the 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 pr;oducled thereby are

25 partially cancelledwith each other at the pupil plane,

thereby to reduce or suppress the high frequency

component.



20 system A second aspect of the present invention relates to the first
aspect, and it is characterized .in that said test pattern FE hﬂ§§> 6
spaces adapted so that plural diffraction |ights produced thereby are
partially cancelled with each other at the pupil plane, thereby to reduce
or suppress the high frequency coppppent. 28 FEBRUARY 2006 - 11 A third
aspect of the present invention relates to the first aspect, and it i's
characterized in that said test pattern has an opening for producing a
predet er mi ned periodi c conponent at the pupil plane 5 of said projection

optical system and pafififa Q8BAIAIDE OLHE LAl APOSIhGeRiRM O Said

openi ng, for producing a periodic conponent different fromsaid periodic

component i, {0g PUPLhePEIRS Ik, PARUCEL 29 BREAA oY PLER 10 A

fourth asp e present invefition ates to the first aspect, and it
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aberration, and that sai tggt pattern has a shape adapted so That, even
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optical _ ef ocused, substantially no asymmetrical” i mage
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openings formed at opposite sides of said opening, for
préducing 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 asymmetrical 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 infention
concerns a reticle having a test pattern for

25 measurement of an optical characteristic of a
pProjection optical system, and it is characterized in

that said test pattern has lines and spaces adapted



relates to the first to fourth aspects, and it is 20 characterized in that

the optical characteristic is one or nore of best focus posit) ' e
aberration and curvature of field. A sixth aspect of the pre%%EEBpﬁé%h?ﬁ@%

concerns a reticle having a test pattern for 25 neasurenent of an optical
characteristic of a projection optical system and it is characterized in
that said test pattern has Iinesaﬂuﬂ%ﬁaces adapt ed 28 FEBRUARY 2006 - 12
so that substantially only zeroth order light is directed to an i mage pl ane
of said projection optical system A seventh aspect of the present

i nvention 5 concerns a retjcle having a test pattern for. neasurenment of an
optical ci®r dhati supst@ntrably eodivo FRR tRaPTERR glrﬂgéﬁdlist is
characterized in _that sajd test_pattern has lines and spaces in which

with respSdrectadrepan 11padei PLEpPOAL FRIEFPTIAGHIRR PP CRhter to a
periphery, a pitch of the lines is substantially constant while w dths of
the spaceSY&Y®®ual |y decrease. An eighth aspect of the present invention
concerns a reticle havingﬁg tEst%égitern for 15 measuyrenent of an optica

characteristic of a- &R o ech ofykhepredgnt IYhtd QR eri zed in

h [ rn h in n in i ch
that Sg dctoenscte r?.tstg retaisc e lexsavaindg SJ)aé:eesst pame%d 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 diraction the'reof and from

10 a center to a periphery, a pitch of the lines is
substantially constant while widths of the spaces’
gradually decrease.

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

15 measurement of an optical characteristic of a
projection optical system, and it is characterized in
that said 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 nin'fth 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.



Wi th respect to a repetition direction thereof and from a center to a

periphery, a pitch of the spaces is 20 substantially consta | \
of the spaces gradually decrease. A ninth aspect of the prgseﬁrlgﬁl%ﬁ@&?pgﬁﬁ

relates to the seventh and eighth aspects, and it is characterized in that

the lines and spaces conprise 25 such_pattern that adjacent |ines are not
resol vable by said projection optTc%? Systemat the tine of said

measur enent. 28 FEBRUARY 2006 - 13 A tenth aspect of the present invention

relates to the first to ninth aspects, and it is characterized in that, by
rojecting illumnatiagn | ght upon a test, pattern of the reticle and by 5

et ecting boet 1RF 1 Eae h

| i
detecting a position & %ﬁf‘g?ra@é Gkl preastht 18VRBFIGTereby, an
optical characteristic_of the projectiaon optical systﬁm, i s .measured. An
el event h Fetedr tendhs eé’eﬁ?t it S gh 28P8CES « ARRelfi A& to ninth
aspects, and 10 it ,is characterized in that, by projecti n%,i | 1 um nati on
light uporfBp¥actepires o that r BY RECIeFFIRG PPLBR3RTor pl ur al
directions,, and b detecting gsitions of i magz__s f the tgst pattern
formed in ¥ d8REE ttd“fﬁepg 5% i Uhsthe EREYFAR aPP95PYi rect i ons, _
respectivel gy, ap; 0Bt Leal A ACTSE ST fah L (RIS YL OPLLSA SYStem s
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 plural directions, and by
detecting positions of images of the test pattern
formed in accordance with the projéctions in the plural
15 directions, respectively, an optical characteristic
of the projection optical system is measured.
A twelfth aspect of the present invention
relates to the first aspect, and it is characterized
in that the plurai directions include two directions
20 which are symmetrical with each other with respect to
a predetermined plane containing an optical axis.
A thirteenth aspect of the present
' invention relates to the tenth to twelfth aspects, and
it is characterized in that, where a numerical aperture
25 of said projection optical system is NA and an

incidence angle of a principal ray of the illumination

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



A twelfth aspect of the present invention relates to the first aspect, and
it is characterized in that the plural directions include tLbwpgREatY 966 20
which are symmetrical with each other with respect 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 nunerical aperture 25 of s34 “projection optical systemis NA and

an incidence angle of a principal ray of the illumnation 1|ight projected
is op (05ap51), said test pattern is 28 FEBRUARY 2006 - 14 fornmed, with
respect tQ object spectrum of said test patter orthogonal to

t he inci dgﬁfégeddfir thohesP tor eRJiesk sr%?lc Fuf“hﬁ-irk‘%3 rﬂaﬁ+ n light, so
as to can el .an I|tu in a section 5 f is [(1-2ap)NAV A to
NAY A] . g8t & ﬁgpg’@t"’iﬁ ’Fléhﬁ?@g@ %9 n{/&é‘ﬁt F'Bﬁlé%eﬁb"é? ns a projection

opt I cal eﬁi? i o8 s, BRRRE Rl Saut e YRf AL 8RR B0r dance i th
hi Tt eent g?x%ei%eééi%c et o G TaOIe BRsPLRTTh PR TR
pattorn i £ ShAsH o °”fﬁ‘33at2L% SRR Y7L Tloenth aspect of the present
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 éspects '
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 presant
invention concerns a wavefront aberration measuring
method for measuring wavefront aberration of a
projection optical system, and it is characterized in
25 that: a reticle having linés_and spaces in which, with

respect to a repetition direction thereof and from a

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



I nvention concerns a device manufacturing nethod, and it is characterized
by supplying a reticle for device mnufacture into a projeqgti '
apparatus as in the fourteenth aspect, and by transferri ng(ig%?tlﬁ}e(@gé%g@ of
the reticle onto a substrate. A sixteenth aspect of the present invention
concerns a wavefront aberration neasuring nethod for measuring wavefront
aberration of a projection optical @s'tem and it is characterized in 25
that: a reticle having lines and spaces in which, with respect to a
repetition direction thereof and froma center to a periphery, a pitch of
the lines i

28 FEB RY 2006 - 15 _sybstantially_copnstant while w dths of
t he space§ui LRl fy loe GORRRR %d"}‘ﬁiﬁni‘ﬂ#%faggn?:?’ﬁ r?é%a%?é no}tNI
resol vabl e by, sajd oj ection optjcal, syste i S repared, and |ight fluxes
are proj eOFAEH IR A9TRERSE ARG 1 ANACH AR R EAARO B At AThs, wher eby
plural inmages of fhe lines and spaces are fornmed thrqugh said projection
opti cal s§§g9§1" rggpé’&’i‘g(?f)%gFFi SlIEY d’fP"r’h%a& GLE q%n'ag’e’s‘ are detected
and, by use of the resyli. of defection 10 the wayvefront gherration of said
pr oj ec_%/i oRrBiE’ﬁrcea‘f' %@ét%ﬁ’?g ﬁ%?ﬁ@?eﬁ?e,é?%?é’rﬁtfé%&? gg‘ﬁe S the present
| nventd on_cancerns, & MevelopL abet AL (EY"  Me - BYNGY S0 MeasUri ng

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,



15 projection optical system and it is characterized in that: a reticle
having lines and spaces in which, with respect to a repeti tysGh gl S8V 266k
thereof and froma center to a periphery, a pitch of the spaces Is
substantially constant while w dths of the spaces 20 gradual |y decrease and
i n which adjacent |ines are not reiglgable by said projection optical
system is prepared, and light flTux@s are projected to the lines and
spaces fromdifferent directions, whereby plural inages of the Iines and
spaces are forned through said 25 projection optical system and respective

positions_of the ur | ages , .are tect ed_and, hy. use of .the result of
et ect | onthoguREERIRAE ARRL Eatd o 1o \RAk BAPIRsE 19K oRtsF i g

proj ection OEticaI (i%gteg1is detected. An eighteenth aspect of the present
i nvent i ore¥BRERr A& AGEOEFPSHt aberration neasuring 5 nmethod for neasuring

wavefront aberration of a. | ecti.on_optical syste and i.t is characterized
In that: areticle hav nalgﬁﬁkﬁnﬁﬁu?%gﬁggeggﬁtﬁg%géffgﬁ%fIines and spaces
e

in which,.with,respect to 10 a repetition directian thereof _and from a
cent er tolnYaeBé:l"i%ﬁecﬁ/’,’cﬁrstt &n" ?'et L1y ndgelrgastdﬁ’s‘f antialrfy*%onst ant

uhi | eoui diDengh 115, SRECES-ULAINAl deISREaRE - AELLR WY b ad) acent lines
| projection 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
patterns 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 projection
optical system is detected.

A nineteenth aspect of the present
invention .concerns a wavéfront ‘aberration measuring

25 method for measuring wavefront aberration of a

projection optical system, and it is characterized in

that:



projection optical system is prepared; 15 light fluxes are projected to the
plural patterns fromdifferent directions, whereby plural gﬁﬁA Sy L6k
patterns are forned through said projection optical systen1 an respective
positions of the plural pattern 20 inmages are detected and, by. use of the
result of detection, the wavefront aberration of said projection optical .
systemis detected. A nineteenth asperct- of the present invention concerns a
wavef ront aberration measuring 25 nethod for neasuring wavefront aberration
of a projection optical system and it is characterized in that: 28
FEBRUARY 2006 - 17 a reticle having plural patterns each conprising |lines
and spaces in which, aitrietissipechavingaplepstltpatteérmsctaasht her eof and
froma center to a periphery, a pitch of the spaces is substantially 5
const ant wbimpa- i iidnsl infies hendpspasegr Adueh i ghjewidds caspett rtavhi ch
adj acent lines are not resolvable by said projection optical system is
pr epar ed; al relple il tixes dieeartojettebleteofhand fiadm patéatexr fooom di fferent
di rections, whereby plural 10 inmages of the patterns are formed through
sai d proj ecpedipipiryal aspitterhy afidthesgpatiese iposubotantfialllley pl ura
pattern
5 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 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 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 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



| mages are detected and, by use of the result of detection, the wavef ront
aberration of said projection 15 optical systemis detectedlg%é Aﬁ@&&m
aspect of the present invention concerns an optical characteristic
measuring nmethod for nmeasuring 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 nenber1Baving an opening is supplied; a |ight
flux is projected to said test pattern through said opening, from an
oblique 25 direction, thereby to forman inmage of the pattern through said
projection optical system and a position of the pattern inmage is detected
28 FEBRUARYA20by usks ofinghepyesad tofof rdetaskions theeceptdsal he opti cal
characteristic of said projection optical systemis detected.. A

t went y- f | eBaragteni stichefpsadsh® jesthohoerddal ngy ategy dfsr ont
aberration nmeasuring nethod for neasuring wavefront aberration of a

proj ect i oBebpritesl. system and it is characterized in that: a reticle
having plural patterns is supplied while a nenber having an opening is
supplied; 10 |ight flRxEventy ekt agrestt IRE pbheaPreganerns through said

opening, fromdifferent . ]
5 invention concerns a wavefront aberration measuring

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

10 light fluxes are projected to the plural
patterns through said opening, from different
directions, thereby to form images of the plural
patterns through saidjpr§jection 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 deteéted.

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

20 agspect, 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



directions, thereby to formimages of the plural patterns through said

projection optical system and respective positions of the p '
15 are detected and, by use of the result of detection, theﬁa@@@Q?%E?Qﬁﬁ6

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 il that the nenber having said opening is
provided on the reticle. A twenty-third aspect of the present invention
relates to the twenty-second aspect, and it 1is characterized in that the
reticle has a convex lens 25 provided on sai'd opening. A twenty-fourth
aspect of agRecHmesand ihvkhicharpeterdgad ihdhakibBatpaterfenty-first 28
FEBRUARY 2006 - 19 aspects, and it is characterized in that the pattern

has | i neshagdldmaesand @pages wir hwhiashectitth resrpeti thiomr direction
thereof and froma center to a periphery, a pitch of the spaces is

subst ant | apPp t3 tdanst dhregliilan e Feodf apAe £3PM & IPRBOE B dFecrease and
i n which adjacent |lines are not _resolvable by said projection optical
system APeREPhANY ftda Rifeh of the prases is mRPetaRtidlk®s to the

sixteenth to twenty-first 10 aspects, and it is_characterized in that the
pat t en 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, aﬁd 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



has |ines and spaces adapted so that substantially only

Is directed to an i mage plane of said projection optical

zeroth order |ight
SYB FHBRUARY 2006

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
I ncludes a step of photoelectrically converting an aerial imge of the

| i nes and spaces. A twenty-sevent h-a&Ppeet of the present
relates to the sixteenth to twenty-fifth aspects, and it

20 i nvention
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 devel oping the
phot osensiwdwef sohst altexr286idnt afnay paicgiedt iepeop tifcalhesysbennt -

i nvention concerns a projection exposure apparatus, and it is characterized
by a node fmmawesdance #38 tREBRUARYU2GORy neéthodevefinmnyubver afi on of a
projection optical system in accordance with a neasuring nethod as in
anyone of thehesskktpeamtth to twenty-smeremyyasppeicts angndybynan | | uni nation
system for projecting illumnation light 5 onto a test pattern when the
‘reticle hadlumiheatiest sypdemefori preojpplitiady iddlantimatbpparbigbt A
twenty-ninth aspect of the present invention concerns a device

manuf a2t urdnkp rettedt patiean slieethy xepprlenbhaying ithe testdevice

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 object

25 spectrum upon a pupil plane of a projection optical

system.

Figure 5 illustrates object spectrum upon



10 manufacture into a projection exposure apparatus as in the twenty-eighth
aspect, and by transferring a pattern of the reticle onto a :

(BRI EF DESCRI PTI ON OF THE DRAWNGS] Figure 1 is a schematic 6@@?{6?%?%%9"%
15 portion of a projection exposure apparatus to which an optical
characteristic nmeasuring nethod according to Enbodinent 1 of the present

invention is applied. Figure 2 illus2tates one-dimensional light intensity
distribution of a test pattern 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 spectrum

upon a pupk |pgbakepdfane pefj acpPiroiaptienl optisiadmsysteme 5 illustrates

obj ect spectrum upon 28 FEBRUARY 2006 - 21 a pupil plane of a projection
optical system FigurBigurel éstiddiustrapapi b pupisl gplaner oifed i on opti cal
system Figure 7 illustrates a relation between an 5 optical axis direction
(Z positi pyoiadtismereptidali suishemf a pattern. Figure 8 illustrates

obj ect spectrumon a pupil plane of a projection optical system
Figure 7 illustrates a relation between an

5 .optical axis direction (2 position) and lateral
deviation of é pattern.
Figure'B illustrates object spectrum on a
pupii plane of a projection optical system.
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 patfern
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.



Figure 9 is a schematic view of a main 10 portion of a projection exposure

apparatus according to Enbodinent 2 of the present inventio | gur
illustrates a portion of Figure 9. Figure 11 illustrates a pgﬁgﬁ%%ﬂéﬁYéﬁgﬁre

15 9. 20 25 Figure 12 illustrates a test pattern according to the present
i nvention. Figure 13 illustrates a test pattern according to the present
invention. Figure 14 illustrates |Frgh2 rntensity distribution on a test
pattern projection plane. Figure 15 illustrates an exanple of a test
pattern according to Enbodi nent 3 of the present invention. Figure 16

il lustrates another exanple of a test pattern according.to Enbodi ment 3 of
the present inventioFigerecBRUARLvDbBEates) ongyiimersiongdst rat es

one-di nensjonal _light intensity distribution of a test pattern according
to Enbodi nbH@hE 4ptEens hvsdie trdRittion. ofi gurtesB PREESF™at es obj ect

spectrumon 5 a pupil plane_of a projection optical system .
according to Embodiment 3 'of the present invention.

Figure 18 illustrates object spectrum on
5 a pupil plane of a projection optical system.
Figure 19 illustrates»a relation between
an optical axis direction (Z position) and lateral
deviation of a pattern.
Figure 20 illustrates one-dimensional
10 light intensity distribution of an object image.
Figﬁi:e ‘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 jillustrates 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



Figure 19 illustrates a relation between an optical axis direction (Z
position) and lateral deviation of a pattern. Figure 20 ilb?%ﬁﬁﬁﬁﬁERY 006
one-di mensional 10 light intensity distribution of an object i mge. I gure
21 illustrates lateral deviation of a pattern according to the present

I nvention. Figure 22 illustrates neasurenment object spectrum upon a pupi
plane. 15 Figure 23 illustrates orfe-4f rensi onal | ght intensity
distribution of an object inmage. Figure 24 illustrates object spectrum on
a pupil plane. Figure 25 illustrates object spectrumon 20 a pupil plane.
Figure 26 il lustrates qne-dinensional %igghirnensity di stribution of an
obj ect i Mm@ nYmbeFo57PAltREDS: aRd; thenobd 9%k FRPCEIMM LN & i gure 28
illustrates object spectrumon a pupil plane. Figure 29 illustrates a
relation B PDHBNREBRUARY 2006 - 23 5 the number of patterns and the

obj ect spectrumon a upi | ne
J P Fg urngéiillustrates a relation between

the number of patterns and the pattern width.
5 Figure 31 is a comparative illustration of
object spectrum on a pupil plane.
Figure 32 illustrates oblique incidence
illumination method.
Figure 33 illustrates a stop 4 in Figure
10 32.
Figure 34 illustrates a test pattern
according to Embodiment 4 of the present invéntion.
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 1l9a
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



Figure 30 illustrates a relation between the nunber of patterns and the
pattern width. Figure 31 is a conparative illustration of %@jPﬁRﬁm%W
on a pupil plane. Figure 32 illustrates oblique incidence illumnation

met hod. 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 & ¢g&eral structure of a test pattern
according to Enbodi ment 4. 15 Figure 36 illustrates a general structure of
a test pattern according to Enbodinent 4. Figure 37 illustrates a test
‘pattern according to Enbodi nent 5 of the present invention. Figure 38
i |l ustrat é§E§TmfrgQ@l§$ oFifR1 FMBORING, THE | Ee¥lspect rum control | ed.

illustrates a reticl eFYIREA
- 24 [BEST FORMS FOR EMBODI NG THE INVENTION] Figure 1.illustrates an
optical cRhAx@cHs %ty ElRTACAsPAG AR RSP FDEomaspPPEirady sy shem

"according to Embodiment 1 of the present invention.

Figure 39 illustrates_a mark grpﬁg 19b as a reference pattern. Figure 40
g 1hheR tgadass avcRkdc®dh. 25 28 FEBRUARY 2006

5 Figure 1 shows a case wherein, as an optical systemn,
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 semiconductor
device manufacture, is chosen, and the present

10 invention is applied thereto.

In Figure 1, the mask 16 has 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 and enters 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



according to Enbodinent 1 of the present invention. 5 Figure 1 shows a case

wherein, as an optical system a projection lens 17 for proj.8GHEIERP3HEE" N
of a mask (reticle) 16 onto a photosensitive substrate (ma#@r) 19, ?or use

i n exposure apparatus for sem conductor device nmanufacture, is chosen, and
the present 10 invention is applied tshe_.reto. In Figure 1, the mask 16 has
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

i1 lum nation_|i.ght r il ynnati the pattern TP, L1k Fi,qure 2, the axis
of absci s§§°8er}$]%s£'$ﬁ§ de c"&?%iﬁg?e?uﬁﬁi (,Pe'{%%ea;('lgs ogif %}?%i nate represents
the intensity distri utioqv Patterns Ma, Mdl and Mb2 are 20 openi ngs having
di fferentPACdAIT 1 +PEEtion 1ight to be produced fromthe test pattern TP
provi ded on theGq§§k_16 when the sane is illumnated with the illum nation

| i ght LP havi ng tilt angle ap, passes through.a projection lens 17 25 and

Che i mtongi ty di U TR (GRS T Xh 1 (e 18) PR ot G EEha VBl ng of
aperture 26 FEBRUARY 2000 c/29 015 AP 81 L1k (S 26§ BeoRgy L Pl ane 18 o
i2n(+C/2-01)£1]1]
= C*sinc (Cf)+2al*sinc(alf) [cos[2n(C/2+A1)f]
—cos [27(C/2-A1) £]]
= C*sinc(Cf)-4al*sinc(alf) *sin(nCf) *sin (2nA1f)
10 = A(£)-H1(£) |
£f: frequency
H1(f) = 4al*sinc(alf)*sin(nCf)*sin(2nAlf)
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(1+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,
4dal*gsinc(alf) canbe regarded.as amere weight function,

which decreases as the frequency becomes high. Figure
3 illustrates actions of A(f), sin(nCf) and
25 4al*ginc(alf) desc:i:ibed above.
As regards sin (2nAlf) of H1 (£f), similarly,

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



&(f) _ Crsine(Cf)+al *sinc(alf)[exp[-i2n(-C/2-Al)f+ 5
exp[-i2n(C/ 2+al )f]-exp[-i27t(-C 2+al)f-exp[- i2n(+C 2-al)f]],=
Ctsi ne(Cf) +2al*si nc(al f)[cos[2n(C/ 2+A1)f] - cos[2n(C/ 2- A1) f ]38 EERBUARY 2004
-4al*sinc (alf) *sin (nCf) *si.n (2tntslf) 10 = A(f)-HL(f) f: frequency
H1(f) = 4al*sinc(alf)*sin(7ECf)*sin(2noif) A(f) = C'sinc(Cf) Since sin
(nCf) of H (f) has the sane period265 as A(f), the anplitude of A(f) can
be suppressed to small throughout the whole frequency region. Al so, as
regards 4al*sinc(alf) of HL(f), if a sufficiently small value al that
satisfies 1/ (2al) 2 (1+op) -NAQ' k is chosen relative to NAO at the |ight
entrance thda the2peghorpes theipwpidrplane IR ef the projestign hin the
region of pupil plane 18 of the projection lens 17, 4al*sinc(al) can be
regarded 3enam 16t o ki ghromewmtd grerewWepdighde funrgbionshavd nig eéyjuency
beconmes high. Figure 3 illustrates actions of A(f), sin(nCf) and 25
4al*si nc(mhkjimescrabue .abfhe conditieds thargeml iy of HL (f) , sinmlarly,
if a half period of sin(2ntlf) is given as not |ess 28 FEBRUARY 2006 - 26
t han the RLédi2al)of (1heppuPpiA0 A ancFiguse #dhdldnojerates actions
5 of H1(f), sin(nCf) and sin(2nAlf) described above.
By optimizing al and A1, H1(f) can be shaped,
and, on the basis of it, it is possible to obtain G (f)
with whicﬁ the amplitude of the high-frequency
component of A(f), which should be suppresséd to small
10 ' as much as possible, can be suppressed to small within
an appropriate frequency region. Also, as regards al
and Al, similarly, by adding pattetn shaping such as
a2 and A2, optimizationbasedon 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
H1(f)+H2(£f) .. .+Hn(f) is possible.
20 The object'spectrum G(f) of the test
péttern 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 lens 17 and the position of the imaging plane '19. The

amplitude distribution £ (x) of the image here is:

£(x) = F-1[G(f)-O(£)]



lens 17, it becones a nere weight function having a maxi numval ue. The
condltlon therefor is 1/(2al)<(1l+ap)NAOQ X. - Figure 4 illustr

of H(f) , sin(nCf) and sin(2aA f) described above. By opt?%?;€¥¥é§@§og
Al, HL (f) can be shaped, and, on the basis of it, it is possible to obtain
G f) wth which the anplitude of t hlgh-frequency conponent of A(f) ,
whi ch shoul d be suppressed to small as nuch as possi ble, can be
suppressed to small within an appropriate frequency region. Al so, as
regards al and Al, simlarly, by adding pattern shapi ng such as a2 and A2,

opt m zat on based o1 JihAd) e (e SR e Fagfy Tahbus ol oo (nat
L7, G BB (b S URR SPEagDLanl the sum o
cpect rum &9 b%‘%?ﬁ%%?i 559 a8l odnoP BBRUR o pERdBRRILCE o (e
A ety g, 5, A0SR U0 €0 o, oo
) o kTR LAY PR 0 e BT W e
28 FEBRUN%%?PQ@S f% om the aforementioned equation that the
imaging amplitude f£(x) is influenced only by the
wavefront aberration of the projection lens 17 in a
small region (region 25 in Figﬁre 6) on thé 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 lower-order frequencies in the
small region, distortion of the image can be reduced
to small. Therefore, as regards the relationship of
15 any positional change of the image relative to the
defocus, it is not influenced by image distortion and
it is linear. More specifically, since the test
pattern TP directs substantiallf only zeroth order
light toward the image plane, through the pupil plane
20 of the projection optical system, the relationship of
the positiogal change in the image to the defocus
becomes substantially linear.
Figure 21 shows a projection exposure
apparatus for projecting and transferring a pattern
25 of a mask 16 onto a photosensitive substrate 19, in

which two illumination lights having principal rays

LP1 and LP2 with different incidence angles (tilt



Since, upon the pupil plane 18, the object spectrum G f) has an anpl i tude

only in a circular region having a size (radius) 1-op about nt er a
position op, corresponding to the tilt angle ap of 5 the priﬁ§F§§FU§§92&$6of

the illumnation light, it follows fromthe aforenenti oned equation that
the inmaging anplitude f(x) is influenced only by the wavefront aberration
of the projection lens 17 in a snalbhgregion (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

| ower -order frequencies in the small region, distortion of the inmage can be

reduced tonsiakh- aIQe%EBQE%te@ onegatdstipet t8kat rpnehea Pigieany
posi tional change of the image relative to the defocus, it I's not

I nfl uenceds Py "BIRadikSa@;t 5G) wiichi EwbSihnged TE IS Spiesi £&sal |y, since
the test pattern TP directs substantially only zeroth order |I|ight toward

the i mage \pl PR rn! R Hr4NE £BYRIdA %?U@hgopﬂ:jfdlﬁ:i%ﬂj gptiealoptical
system the relationship of the positional change in the imge to the

defocus bepopes IUDYrAY i @héYphbeHendi€ive lbaRUSta PYOLRCKI ON exposure
apparatus for projecting and transferring a pattern 25 of a mask 16 onto a

phot 0s8NSi k4 ¥Erssfabbat nbhidh ARCHL t1Enal |dew Datiion higdEwebavi ng
principal rays LPl1 and LP2 with different incidence angles (tilt 28
FEBRUARY 2006 two pattern images TPa within the plane of
incidence (sheet of the drawing) upon the
photosensitive substrate 19 and with respect to 5.
direction of an arrow, is measured; and in which, on
10 the basis of the positional deviation A, the best focus
is detected.

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



- 28 angles) are projected on a test pattern TP (see Figure 2) on a nask
16; in which two images TPa of the. test pattern are transfgégﬁg By
projection optical system 17 onto the photosensitive substr BUBR

waf er stage; in which a positional deviation a between. the two pattern

I mges TPa within the plane of incidence (sheet of the draw ng) upon the
phot osensitive substrate 19 and withpgespect to a direction of an arrow, is
measured; and in which, on 10 the basis of the positional deviation tl, the
best focus is detected. In this enbodinent, the pattern shape of the test
pattern TP is designed so as to assure that, regardless of the defocus and

wavefront hesrahhed iR E6RvVRhYUINHA D mA&PksCaANS I5¥ catet BE 12l ati on of
the positional deviation of the pattern image relative to the defocus can

hol d its Iddisad ify1 tErGF Pafigel@O¥s $H@t QUK 98€5d (PuPs Ith£6@gHI nat es) on
t he pupllrzlane 18 of the prgjectlon 20 lens 17. The X and Y axes are axes

whi ch passdiiy ox0émh e eGaNtc@lir AL OT28 hWeh PURI Eoullds peCidrely . apsdtt he
coordi nates represent val ues having been standardized with respect to the

nuneri cal gerineediied rpesugioh -y | wipl baepbaft 4iveg poAj edld on [ ens 17.
At the pupil 25 plane 18 of the projection lens 17, the incidence position

-op of 5t heqnaskpab s ahd Bpupidi pplaanedi d r orguive RUPiin EEGe£eO.
Simul ati ons were carried out iIn
7 shows the results thereof.

Clearly, as compared with a curve 20
provided by the conventional method without using the
pupil filter of Figure 7, the curve 21 is improved in

10 its straightness. 'i'his can be understood as being
accomplished by that the high frequency cc;mponents
[-(1-0op) ‘NAO/A to (l+op) ‘NAO/A] of the object spectrum
(£>0) of the test pattern TP shown in Figure 20 are
all intercepted 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



28 FEBRUARY 2006 - 29 accordance with conventional marks and by use of a

pupil filter arranged so that light could pass through onl I
circle 25 which could be drawn about the incidence positi oés%ﬁiﬂ&/@ﬁ@%

abutting on the 5 boundary of the pupil plane 18. Curve 21 in Figure 7
shows the results thereof. Cearly, as conpared with a curve 20 provided by
t he conventional nethod w thout usi 3 the pupil filter of Figure 7, the '
curve 21 is inproved in 10 its straightness. This can be understood as being
acconpl i shed by that the high frequency conmponents [- (1l-ap) NAO X to
(1+ap) NAO A] of the object spectrum (f>0) of the test pattern TP shown in
Fi gure 20wddeh dld oprttisriczeed exb bhateadsn velatd qupid afnwmeriswdh as 15 shown
in Figure 8, and by that the anplitude of the object spectrumat the pupil
pl ane 18 ipeardderd dar alfl thes pmejectabnwopltirasshesy s temt Andpesi ti on ap of
the principal ray of the illumnation |ight upon the pupil plane 18. 20 As
descri bediatmiviance ahgdeerpodiOf@psSl athedsktipast énnth@ pupddti ni zed so
that the anplitude in the high frequency conponents of the object spectrum
G(f) of tpdarest gfattthey prim¢ipalippressedhe icalnmihation Lhight he
above-described section [-(1l-ap)NAQ A to 25 (1+cp) NAQ X] and, on the basis
of .it,2 anvwhfifdcillymiinakes Fheniesdiratpaphn TP [and widhobegpesed: More
to object spectrum G(f) of the test pattern being
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 schematic 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



specifically, this enbodi nent uses a test pattern 28 FEBRUARY 2006 - 30

which is optimzed so that, in relation to a nunerical aper
SEERREARV NS, |

projection optical systemand an incidence angle op (0Sap5l
the pupil plane) of the principal ray of the illumnation light 5 which
illumnates the test pattern TP, and with respect to object spectrum f)
of the test pattern being orthogendl t-0o the incidence direction of the
principal ray of the illumnation light, the anplitude of G(f) in the
section f, which is [ (1-2ap) NA X to NA/X] , is 10 cancelled. Figure 9 is
a schematic view of a main portion of a projection exposure apparatus
accor di ngenmtfie tedbofitomnth2 dfidlhe poeseet 1 nventoddledted bghiah a reticle
having a test pattern is to be supplied. In 15 Enbodi ment 2, description
will be nall2iptixcdkstifoous laraasyyr aftemwtiod thd haghitapessiesne neasuring
method for a projection optical systemin an exposure apparatus. This
enbodi nenthirsugdplar abhputotlegrd \2 tand aehbps ssystlehghtt eatganae a projection
optical system 20 having a mrror systemor to a projection optical system
(cat adi opsrr€asyestIam)ofiaai iy sceyle A= of A|karxgendumbemrofsystens. In
Figure 9, denoted at 1 is a light source (light source neans) for exposure
| i ght .5 Asspegaxdisry 13 ghite sioupirie s amecproduged gt pressulveld dlap or an
side) focal surface of the fly’'s eye lens 3, which
surface is light exit surface 3b thereof. Exposure
light emitted from these secondary light sources
advance via aperture stop 4, fist relay lens 5,
10 projection type reticle blind 6, second relay lens 7,
and main condenser lens 8, and it illiuninates a reticle
9 with uniform illuminance. The projection type
reticle blind 6 and the pattern bearing surface of the
reticle 9 are disposed conjugate with each other, such
15 that the projection type reticle blind 6 defines an
illumination region on the reticle 9. The pattern of
the reticle 9 is projected by a projection optical
system 10 onto a photosensitive material (wafer) W.
The aperture 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 4d 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 sizé.

An image of a test pattern 15 which is

formed on the pattern bearing surface of the reticle



excimer |aser |light source, for exanple, may be used. Where a high pressure
Hg | anp is used, exposure |light 28 FEBRUARY 2006 - 31 emtted fromthe

| ight source 1 is collected by an elliptical mrror la and, 28¥ERRUARY 2046

| i ght passes through an input lens 2 and enters a light entrance surface
3a of a fly's eye lens 3. A large nunber of 5 secondary |ight sources are
produced at a rear (reticle side)_fegal surface of the fly's eye lens 3,
which surface is light exit surface 3b thereof. Exposure |ight emtted
fromthese secondary |ight sources advance via aperture stop 4, fist relay
lens 5, 10 projection type reticle blind 6, second relay lens 7, and main

condenser d e 61 @R nktdd WABH B0 sut8t LebRE 9 iW hdlad s al | um nance.

The projection type reticle blind6 and the“pattern bearing surface of the

reticle 9y gi pPOSEnsluinel fg W [do €8681 0hNGYs tiif L1l B bt ak he

projectiof type reticle blin efines an illUmnation region on the
reticle 9.5nien A3 Felghd 11t herhel hehee118 Y RoBHIRA BY & Wi £bLCLI ON

optical system 10 onto a photosensitive material (wafer) W The aperture

stop 4 to g disethf orrRe2PeHRagHERTEBL YENS i3h JE AWIPLE ISP § hefe DY neans of
a sw tching Tmechani sm 4a, aperture stops 40 and 4d showmn in Figure 10 can

be usedl i nteh £ MNoLadbYroxAra&d1d} IS Yughtel #iRHOW PaHiNY AR abl e
aperture stop such that an apert'ure 4p can be defined at an
10a of the projection optical system 10. The plate
l1la has a slit 11b formed therein, and light passed
through the slit 1lb is received by a photoreceptor
llc, whereby it is detected (photoelectric conversion).
10 The detection system 11 (detection unit) compriéing'
plate lla, slit 11b and photoreceptor 1llc, is all
mounted on the wafer stage 12. The wafer stage 12
comérises 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 11a). The autofocus system
13 comprises a 1light sending system 13a for projecting

25  an image of a slit-like light pattern, for example,
onto the top surface of the plate l1lla obliquely with

‘respect to the optical axis 10b of the projection



25 arbitrary position and with an arbitrary size. An inmage of a test pattern
15 which is formed on the pattern bearing surface of the refigs Y 2006
FEBRUARY 2006 - 32 9 as illumnated with exposure |ight, igltsiF(rirﬂage@ on a
plate Ila constituting a detection system 11 such as shown in Figure 11.
The plate |Ila is nounted on a wafer stage 12. The rear focal surface 3b of
the fly' s eye 5 lens 3 is approxi+re3®ly conjugate with a pupil plane 10a
of the projection optical system 10. The plate Ila has a slit |IIb forned
therein, and light passed through the slit lib is received by a
phot oreceptor 1lc,whereby it is detected (photoelectric conversion). 10 The
-det ecti on optsi €l lsly ¢ letnel 0| s wal) acomplighig regediveingagystem | i b and
photoreceptor Ilc, is all nounted on the wafer stage 12. The wafer stage 12
conpri ses 18b Ko¥ séeagd vitay ref lJpast1onliiight feomlthectoprswyfaem 11 at an
arbitrary position within 15 a plane perpendicular to an optical axis |ob of
the proj et ithe oplactal 1dysttson 46-imagesttiye ibRdgbepg thwvibgbtupwar dl y and
downwardly in a direction parallel to the optical axis 10b of the
projecti orslioptitke dusflenpddttbhar.eby to set the focus position 20 of the
detector 11, and so on. In this enbodinment, there is an autofocus system 13
for debecting the focds pdsetfonusf pdwml tienedposd tsien eimlthepl ate ha). The
aut of ocus system ‘
optical axis 10b direction) of the top surface of the
» plate 1la changes, in the light receiving system 13b
the position of the image of the slit-like light
pattern as re-imaged on a light receiving plane changes.
10 Thus, by detecting the imaging position of the
slit-like light pattern, any change in the focus
position can be deﬁected.
The light receiving system has a
photoelectric detector 13c incorporated therein to
15 produce a focus signal which changes in accordance with
the position of the slit-like light pattern as
re-imaged. A control system 13d drives the 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 po'sition of the top surface of the plate



13 conprises a light sending system 13a for projectin9425 an inage of a

slit-like light pattern, for exanple, onto the top surface lla
obliquely with respect to the optical axis |ob of the projgﬁﬁF%#%§§5a£ﬁ6

FEBRUARY 2006 - 33 optical system 10, as well as a light receiving system
13b for receiving reflection light fromthe top surface of the plate Ila to
re-image the image of the light sligglike light pattern. 5 If the focus.
position (position in the optical axis 10b direction) of the top surface of
the plate Ila changes, in the light receiving system13b the position of
the image of the slit-like light pattern as re-imaged on a |light receiving

pl ane Chaﬂgsswil&mﬁé, pRe ARSI REd! BanigE I PadbetmiHedhe slit-like

| ight pattern, any change in the focus position can be detected. The I|ight

recei vi Ngr gy glefinNef efopRiMaaC agaly ﬁ@bdaﬁ.ggwiélr?:. | NEREL PRERLGA therein to
15 produce a“focus signal which changes in accordance with the position of

the slit-§hkeddy, RAdHANGESin st iR S i €i6ANERR| beygbeRckyd drives the Z
stage 12b of tﬁgﬂ%afer stg%e ﬁ% so t hat t%e focus signal from the

phot oel ecebbm debBah@fe L3F liedRiJH ANEERIuA A aedet papiped | evel . By
this, the focus position of the top surface of the plate Ila can be held at
a predet ehgi gegragei 1pBNofi PR DE P POHGeI1DPhH$ idorporated '
therein a height sensor (not shown) for detecting the
.position of the Z stage 12b with respect to the 6ptica1
axis 10b direction of the projection optical system
10.
10 Denoted at 14 is an off-axis wafer
alignment system. The wafer alignment system 14
detects alignment marks formed adjacent to respective
shot regions of the waferW. 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 aligmneﬁt of each shot region of the wafer
1l can be carried out on the basis of the alignment
mark position measured by the wafer alignment system
20 14. Further, the wafer alignment sfstem 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.iZ or a pattern such as shown in Figure 13, for

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

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



projection optical system) , or it can be shifted from that position. 25
The focus signal fromthe photoelectric detector 13c changegpgBRSWR 260! Y
linearly, with a change in focus position of the top surface-of the plate
28 FEBRUARY 2006 - 34 Ila 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 fren3s €hange in |evel of .the focus signal.
Further, 5 the Z stage 12b of the wafer stage 12 has incorporated therein a
hei ght sensor (not shown) for detecting the position of the Z stage 12b
with respect to the optical axis 10b direction of the projection optical
syst em 10.be k& dochwee @ bynttliel pio pecbi bnakesswhd asf dihgmapparayssem The
waf er alignnent system 14 detects alignment marks formed adj acent to
respecti veshsunt inefiignsref 9t hePeaiediWw dperningscadSd finrmedecti ng
bef orehand the spaci ng between the optical axis 10b 15 and the detection
center ldmxdunleomaftertlsd icppest tesyisdemdfl, thaaipesinghbhbaiareal l ed a
baseline length BD, accurate alignment of each shot region of the wafer 11
can be carpattieons aptt hedatvabldie by the gprejectirk besst 1®n neasured by
the wafer alignnent system 20 14. Further, the wafer alignnent system 14 is
oper abbe al so to det e®thesdbésts fowmnles 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 projécted'from a predetermined
direction, and an image of the test pattérn 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 11b provided on the plate 1lla is scanned.
20 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 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



Formed on the pattern bearing surface (bottomface) of the reticle 9 is a
test pattern 15. As regards this test pattern 15, a patter&siﬂﬁﬁﬁbAﬁY% 06
Figure 12 or a pattern such as shown in Figure 13, for exanple, 15 usé In
Figures 12 and 13, an opening 15a of the test pattern 15 is a pattern mhlch
Is to 28 FEBRUARY 2006 - 35 be resolved by the projection | ens 10 of the
apparatus shown in Figure 9. PeriedBe epenings 15b fornmed around or at the
opposite sides of the opening 15a are patterns not resol vable by the
projection lens 10. 5 The best focus nmeasuring nethod for the projection

|l ens 10 of the projection exposure apparatus, using the reticle 9 having

the test ppidetiitylat itheas pisDbbond) the tenttrl tssi tDonaokirst 10
illumnation |ight defined by an aperture stop 4c shown in Figure 10 is

proj ect ed téommadpé ettt tegit phiteeith @B inqninaged oponhehkest pattern
15 is projected onto a plate Ila which is nounted on the wafer stage 12,
t hrough t helptej adtai drs opdleallatwei.em 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 parEiéréafteirhe thleantagie &b demopovedl ihethéor enenti oned
first illumnation light, a slit pattern Ilb provided on the plate Ila is
scannel. 20 diimgttipassezndrloegpadtsrglstopdidedis ianatcdrargedy
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 dillumination light, is projected on the test patterxn
15. By this, an image of the test pattern 15 is
projected on the plate 1la mounted on the wafer stage
12, through the projection optical system 10. By
moving the wafer stage 12 élong 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 piate 1la is scanned.
Light passed through this slit pattern is detected by
20 use of the photoreceptor 11lc such as a light intensity
detector or a light quantity detector, for example.
Thep, on the basis of respectivé 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



using a photoreceptor lie such as a light intensity detector or a |ight

quantity detector, for exanple. Then, on the basis of resp t.ﬂgk Lilhans
(X, Y) of the wafer stage 12 in the plane (X and Y directigﬁg% PRRY 2066"

orthogonal to the optical axis direction, obtained at that tinme, and of
detection signals (Figure 14) corresponding to the light intensity or the

| i ght 28 FEBRUARY 2006 - 36 quantitg7at these positions, the central
position of the inage of the test pattern 15 being i naged upon the plate
1la is calculated. Thereafter, the stage 12b is noved in the 5 Z direction,
and the aperture stop 14c is interchanged by the aperture -stop 14d. Then,

second il |leyénihaga ofi ghe vbssepattaenPab baynhasmhedapert ithe angl e as
the first illunmination light but has a direction of incidence being
symmetri caghl atbh 1tihe f4 realédldddd) nation light, is projected on the test
pattern  15. By this, an image of the test pattern 15 is projected on the
plate |Ila nounted on tWethatktle Prrseisidn blfr Prdbespr goact i on opti cal

system 10. By noving the wafer stage 12 along a plane (X and Y 15
di recti onsgabetilagdnis) tloetdenephilcpbsditiionicfctheonimagd o &hdi recti on
parallel to the plane of incidence of the aforenentioned second
I 1 1um Bat ioesti phatttddre 15| at paicheraf |dif feoented podiighataslla is
scanned. Light passed through this slit pattern is detected by
described above, since the relationship between the
Z position (focus) and the calculated central position
of the test pattern image (shift amount of lateral
deviation) is approximateiy linear, linear
10 approximation may be carried out in regard to each of
the relationships between the Z‘position and the
central position of the test pattern image as
calculatedcxxthebasisoftestpatternimageéprovided
by use of two different illumination lights described
15 above. Also, the Z position where the thus obtained
two straight lines intersect with each other may be
automatically detected as the best focus position.
Further, the result above may be fed back to the
exposure apparatus, by which automatic correction of
20 the focus position is attainable. Further, since the
light 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 stagé scan as described above,
25 a iight-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



20 use of the photoreceptor Ilc such as a light intensity detector or

| ight quantity detector, for exanple. . Then, on the basis of
positions (X, Y) of the wafer stage 12 in the plane (X and %gﬁﬁﬁéﬁﬁhxﬁé?6

orthogonal to the optical axis direction, obtained at 25 that tinme, and of
detection signals (Figure 14) corresponding to the light intensity or the
light quantity at these positions, 3ghe central position of 28 FEBRUARY 2006
- 37 the image of the test pattern 15 being i maged upon the plate lla is
calculated. Wth the provision of a process for «calculating the central
position of the image of the 5 test pattern 15 at each of different Z

posi tions esTr bhsdeadGutto Sthee stage el dy debésthagvagiethe Z position
(focus) and the calculated central position of the test pattern inage

(shift amasitedl|péeialiondeyi higndeksaapphageanittle/ Hése&dochsnear 10
approxi mation may be carried out in regard to each of the relationships

betmeen t?@éﬁﬁ&@htbaﬁ ddl ddecutgbyal position of the test pattern imge
cal culated on the basis of test pattern inmages provided by use of two

d| fferent illum nati opurtHys, dRSE iPatebn 9iB @s Qestrihed Appsition where
the thus obtained two straight lines intersect with each other may be

aut oned | cld e saheat ed and hendethef sat® pasticba, afurghefalthe result
above may be fed back to the

locations having different heights (image heights)
from the optical axis., Test pattern exposures may be
carried out with respect to different image heights
in accordance with the procedure described

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

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

20 above can be accomplished. Such automatic correction
is enabled by performing measurement of detected data
in a signal processing éystem (not shown) of the
apparatus and by feeding back the result to a
correction optiéal system driving mechanism (not

25 shown).

Next, description will be made on

Embodiment 3 of the present invention.



exposure apparatus, by which automatic correction of 20 the focus position
Is attainable. Further, since the |Ilight pattern of an aen

test pattern 15 is sufficiently large as a few m crons, %ﬁ%ﬁﬂﬁéﬁgﬁgg
light intensity detector or the light quantity detector mhlch requires
stage scan as descri bed above, 25 a light receiving surface of a CCD or a
| i near sensor nmay be directly setmaégtbe I mging plane to receive the
aerial imge, wthout incorporating an enlargi ng 28 FEBRUARY 2006 - 38

optical systeminto the stage. By detecting the central position of this
aerial imge, the best focus position can be calculated. Further, test

PRl erns 10 1 SesEr) 360 haredel O TbORARER ERBRRAE! 0L Bl

plural locations haV|ng er ent | mage

axi s. Test%@ﬂeép 5 C¥PQ urlq:so %S‘htiq.h %o‘%: ng tatgtr 2_.3,0(;841#6 di fferent

I mage hei ght n accordance w e pr ure cr| b rei nbef ore,

and, in r%lﬁitew E %ai;ue@% hepght Femtatl%:at}fﬁs a%épgyanp%% eﬁn? may be

det ect ed IS ena measur ement of | mage curvat ur field).

Furtherrm h%tg{l[:q-:qlgeorhgfo?pgﬁb%ghq{erwezaperture stops 4c and 4d may
9 1

be rot ate eg. and sim measurenent may be carried out. This
enabl es measur enent % %ﬂu&a@aéﬁméasawaﬂb%&t}wlaﬁ%ma&’y actuating a

correction optical system provid
on a specific example of calculating the best focus

from the result of transfer of a test pattern onto a
photosensitive substrate (wafer) W.
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 pattern
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 goiné 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



inside the projection optical system 10, automatic correction of various

aberrations such as described 20 above can be acconpli shed. §$agﬁﬁg§@§6&§
correction is enabled by perform ng nmeasurenent of det ect edSdatA N &

si gnal processing system (not shown) of the apparatus and by feedi ng back
the result to a correction optical systemdriving nmechanism (not 25
shown). Next, description will be-srape -on Enbodi nent 3 of the present

i nvention. 28 FEBRUARY 2006 - 39 As conpared with Enbodi nent 2, Enbodi nent
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
Enbodi mentguds heses i Rt ka@eayi | | be made on a specific exanple of calculating
the best focus fromthe result of transfer of a test pattern onto a

phot osensi tive substr gt guxenfies )iV ubaratde dompdtpseh badwidddt anmount of
10 lateral deviation of a test pattern inmage, a distance between two

patterns snelldhPectnspecitathm TPgopal Qlihe)t Cobethecpatitd £k Sofr om t hat of
Enbodi nent 1, and a positional deviation between superposed marks is

measur ed. Fiiggixed 7land@ndhbdbobhew thabbaytr ex Al e h M idd) to® thwes of test
patterns, which are going to be used in this enbodinent. The lines in four
di recty onpattern in which the pattern width C in Figure 2 is
set to 2 micron. It is seen that, in the numerical
aperture (NA) region Nal - Nah for which the
optimization should be carried out, the amplitude of
the pattern of Figure 17 is suppressed to small. The
10 numerical aperture (NA)_of.thé 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
photosensitive 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 sﬁop 4d, the photosensitivé 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 if is defined that
the shift of the pattern image is zero with the best

focus position, a focus deviation can be represented



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 mﬁt ﬁﬁ%zoo

| inewi dth. Also, 20 as regards the nask used, what is caIIed a I nary

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 pf 1he test patterns of 25 Figures 15
and 16. The sizes illustrated in the drawing are all the sizes (nm in

terms of being converted at the inaging side (photosensitive 28 FEBRUARY
2006 - 40 substrate Wside). Figure 18 illustrates conpari son between the

obj ect sp atgmaéufé)&ﬁé &;rﬁs&fu%m;éﬁ&pén Eéﬂ%b%nl aAbihe object

spectrum I ne) o pattern in which the pattern width Cin
Figure 2 H&:ﬁ%? to 2 mcron. is seen that, in the nunerical aperture
(NA) region Nah for mhlch t he optinization shoul d be carried out, the

anplitude of ‘the pat@q@hfg rooyna ukhiStSs'PPh8S @S sS§Rl | . The 10
nunerical aperture (NA) of the projection [ens used was 0.73, the incidence

angl e op Qf; k] 4 B8 A AGLUAICE ndds EASHah ! urrtee%%'a&;k&%&&? and a
size corresponding to an opening angle of the illumnation |ight was O.1.
15 By ysingdfraBer das$tOhefit ibh%mbodiment 3, using the
Apatterns 151 and 152. Since it showed substantially
the same straightness as o_f _the result (cur\}e 21) of
using a pupil filter as described above, the
advantageous effect thereof has been confirmed. More
10 specifically, the test pattern of Embodiment 3
c‘omprises a pattern such as shown in Figure 12, 13,
150r 16, for example, and it inciude_s a pattern adapted
so that diffraction patterns produced on the pupil
pPlane of an optical system (projection lens) are
15 cancelled with each other such that high frequency
components are reduced. Namely, also this test
pattern is provided with an opening Ma as well as
periodic openings Mbl, Mb2, ... (see Figure 2) at the
boundary with the opening Ma, for producing periodic
20 components 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



phot osensitive substrate is exposed with patterns 151 and 152. Thereafter,

the wafer stage is noved so that inages of the patterns 15 .
superposed one upon another. Then, the aperture stop 4c is%gg&ﬂﬁﬁgg%ﬁéﬁ%%d

by the aperture stop 4d and, by using the aperture stop 4d, the

phot osensitive substrate is exposed with the patterns 151 and 152.
Subsequently, by using a neasuring4roel, a relative positional deviation
bet ween the i mages of the exposed patterns 25 151 and 152 is neasured. 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 28 FEBRUARY 2006 41 by

an anmuntagymaediriHE| ddetoditivh bivd vepoapat! 4n tHaBYes jebit@d € 19
illustrates the result of sinmulation for such nmeasurenment. Curve 22 depicts
the 5 resyhhgaf. measurenent in Enbodi nent 3, using the patterns 151 and
152. Since it showed substantially the sane straightness as of the result

(curve 21) of using fnpapicorddrics wstHeshiddiedeibodemerites aglyant ageous
ef fect thereof has been confirnmed. More 10 specifically, the test pattern

of Enbodi degtribed tiPreéinbeXdind [ caesUdl as tdwtnpattleiguries 12, 13, 15 or
16, for exanple, and it includes a pattern adapted so that diffraction
pat t ebns ¢gbbigued yonillempupited plmeasoreawndpto £abesystfeamaypy oj ection | ens)
e astigmatic aberration and curvature of filed can be
accomplished without being'infiuénced by aberration
‘of the projection optical system. Further, the
advantagecus effect thereof can be optimized with
10 regard to various pattern sizes to be measured or to
various numerical apertures (NA) of projection l;nses
of exposure apparatuses. High—tﬁroughput and
high-precision measurement is'attainable.
Now, description will be made on a
15 wavefront aberration measuring method accorxding 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 projectind a circuit pattern of a reticle onto a
' photosensitive 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 afcertain

angle and a certain direction is projected through an

illumination optical system and a special optical



15 cancelled with each other such that high frequency conponents are
reduced. Nanely, also this test pattern is provided with a '

wel | as periodic openings M, M2, ... (see Figure 2) atq?ﬁgﬁﬁg@gﬁ§§9®§
with the opening Ma, for producing periodic 20 conponents different from
that of the opening Ma, on the pupil plane of the optical system

Therefore, this test pattern, that 4%,-the test pattern TP, functions to
direct substantially only zeroth order |I|ight toward the inage plane through
the pupil plane 25 of the projection optical system For this reason, even
If the projected imge is defocused and also the optical system has

vavef r ont eaegidet i Phovidedt JIERRARS 00e : 4PhedsyEHBE pbedltidistortion is
created in the projected inmge. In accordance with these enbodi nents as

descri bed olfes 6 db U Cre eHEImA e arB £ 5th it hakbé ad ad¥ifllamagd | unm nat ed,
measur enent of best focus, astigmatic aberration and curvature of filed can

be acconpldisiipdidEi Red Higiigaqgingl uneced sty mbetsphi 0P oF dHw proj ection

optical system Further, the advantageous effect thereof can be optim zed
with 10 reegaitkl® YakhAsudlat tReNpiciRcibhecoptigaledydtd® o¥ari ous

nunerical apertures (NA) of projection Ienses of exposure apparatuses.
Hi gh- tr owglijah nedd bdiagh-iffAfa HmsPasvednedta ishatdaenaliltdvae
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, bymeasuringpositions 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 lighf:s 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 predeterminéd direction is projecﬁed
byan illumination optical system. Then, theposition

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



Now, description will be made on a 15 wavefront aberration neasuring nethod
according to Enmbodinment 4 of the present invention. Here, 29%E%$kﬂﬁh9ﬂﬁ@||
be made with reference to a case wherein wavefront aberration of a
projection optical systemof a projection exposure apparatus, for 20
projecting a circuit pattern of a reticle onto a photosensitive substrate
(wafer), is going to be neasured.. |gy Enbodinment 4, to a pattern or pattern

group (test pattern) TP forned on a reticle 9, 25 illumnation |ight whose
principal ray has a. certain angle and a certain direction is projected
through an illumnation optical systemand a special optical 28 FEBRUARY

2006 - 43magl eENdn PiAYgded U NEPErked UL a PROtoBR LRSI v60n of a test
pattern i nage TPa which“may be an aerial inage being defined by inmaging the

test pattguBskFLle! B mbalsirtdd 9 tdiBEEGubRE 13 OWBGlIiPBRARGiGRY Systemor 5
whi ch may be an inmage transferred to a photosensitive substrate, is

neasur ed. thBe itRS{dPRELCHR rEVE 1Ok 82 tReOYrdsbPad k8Y olfe.trnd it may be
formed on a separate reference plate. Here, as regards the aerial 1inage to

be measur ¢d1Qmid@tPht 25 FGHEROEhd Pa11Amild A0SR Leghito dde phot osensitive
substrate, there may be nore than one. Thus, by measuring positions of nore
than @ne pebhictddoes thet taBY parAthpaiderthé Bgesicle. Then,

the position of a test pattern image TPa which may be

an aerial image defined by imaging the ‘l';est pattern

through the projection optical system or which may be

an image transferred to a photosensitive substrate,

10 .is measured. As regards the positibn of each test
pattern image TPa transferred to the pl;otosensitive
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
pattern 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



the wavefront of the projection optical systemis neasured. The positions
of. respective aerial inmages 15 or transferred pattern inage§8FE§R%gﬂgpgmgn
the positions of patterns upon the reticle or a reference “plate, and these
patterns are illumnated by illumnation lights fromdifferent directions
whi ch depend on the positions of the patterns. 20 In Enbodinent 4, to the
test pattern TP fornmed on a reticlegsillumnation |ight having a.

principal ray LP with 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 inmage TPa which nay be an aeri al

i mage beidy, el | fBd DY idTBGH NGphbe At tRENLRB Puidbdereticle through
the projection optical systemor which 28 FEBRUARY 2006 - 44 -may be an

i mage trapdBigRdry0o® RIMY QsePsbilive patithidd at erni & TBaHH ed. Subsequently,
whil e changing the incidence direction of the principal ray of the

i1 um nat it dd gty 8RS tdilpitiehi 8F la Pttsr® Phalgeriswiidonbhe test
pattern on the reticle. Then, the position of a test pattern image TPa

whi ch may When agh 28 pak temgei sleimagddby aghrgjbbe ilastigaktern through
t he projection optical systemor which may be an inage transferred to a

phot osensiald jMecsnslinbe, akte notHRAsHs Peed ASahddalds ! He pofl then of each
test pattern image TPa transferred to the photosensitive
regarded as a single large pattern (image) with small
distortion. |
In this embodiment, the position of this
aerial image or a pattern image transferred to the

10 photoseﬁsitive substrate is measured, as an amount of
positional deviation from a certain reference position.
Then, tilt of the wavefront corresponding to this
positional deviation is detectea.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 Easis of the amount of
positional 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 cdordinates of the projection lens, is detected

with a good precision. Based on this, the wavefront

aberration is detected.



substrate, after the photosensitive substrate is devel oped, the position of

the devel oped test pattern inage (resist pattern) TPa is BUARY 2
the basis of the results of neasurenment in regard to the g%gﬁﬁ{on g% tﬁg

aerial imge of the test pattern TP or the position of the devel oped
pattern image thereof , the wavefront aberration on the pupil plane 10a of
the projection optical systemis 2 2asured. The test pattern TP of this
enbodi ment conprises 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 wdths of the spaces through which

| ight can pass decr , Lrecti f | r space pattern
at the center of thee%§S$3d?%Qﬂgf?gg%ogéntﬁghdkﬂgh%g%Gc#pi%hgtomard the line

or space BENEIN HlolPenllly 4P té’?%iPQ‘E@érQI ddpderbomen Rat t£10. 10 a

light intensity ion of a pattern inmage obtalned when this pattern

|5 moedplipsd BEALRE! B8N U5 JcRTbACeRled dapSagriaint fifgpbved. and al so

it can be as a sl arge pattern ge) snal

di stortiof JdEtdU s a%@pfim%okhehaﬁ%;té'aet%_ntlaio%ic%qrs sddipge or a

pattern inmage transferred to the 10 p osensitive substrafe 1 s neasured, as
an anqyntigfmeasured.by use of a test pattern according to the

present invention. If a resolving power of
measurement is taken into account, the object spectrum
on a pupil plane to be obtained should desirably have
a shape as of 5 function. It should be noted however
10 that, with only a peak as of‘6 function, no image of
the test pattern is produced. In practice, taking
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 o as having a shape to be
15 accommodated within a numerical aperture (NA) of 0.1
on the pupil plane, such as shown in Figure 22, for
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
spactrum is taken as zero, it is sufficient that the
shape of the object spectrum is held in the section
of -1.4<NA<+1.4.
Taking this into account, whether it is
25 ©possible to design a pattern which satisfies the
above-~described condition on the basis of a retile

pattern (test pattern) only, and without using a



positional deviation froma certain reference position. Then, tilt of the

wavefront corresponding to this positional deviation is det Eﬁﬁ (ﬁg,
the basis of it, the wavefront aberration is detected. 15 f%qéreéﬁer 2668

detail, the Enbodinment 4 uses a test pattern having a structure descri bed
her ei nbefore. On the basis of the anbunt of. positional deviation of an

I mge of the test pattern being illupnated 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 pattern, a tilt of the wavefront at a certain position

correspong;ﬂghg??et he Pl e&é&@?&ﬂierde tahgg}_,’ 08t Be 23 £PHPI hecOOr di nat es of
tron te th ag p

the proje efns, 1s detec W ood precision. Based on this, the

WBVerTONt 4 APELEBLLON inholGiEEL £fli ndSnEERBUARG 2085 cardlh, fEXEmedescr ption

wll be nmade j ect spectru a test pattern to ornmed on a

pupi | pl a%ﬂq&ep&gj&qﬁé&&eOﬁghsﬂl‘inwo%mdm%@ﬁe% eyt ipgl aberration of

t he projection®opti system 5 i's neasure use of a test pattern
accordi ng yr-d PRpefbgseNt invention. If a resolving power of neasurenent is
taken into account, the object spectrum on a pupil plane to be obtained

shoul dgdesi rably havethé@@pg3a§yyh§ig&g@;ignlﬂéhéﬂgannggtgoted however
distribution of a one-dimensional repetition pattern
comprising lines and spaces wherein the width of each
of the line and space is a aﬁd wherein the ration of
the line width and the space width is 1:1. If a
10 rectangular function shown in Figure 23 is g(x) and
its Fourier transform is G(f), it is sufficient that
the object spectrum shape on the pupil plane of the
projection optical system is considered only in
relation to G(f). Here, G(f) can be approximately
15 expressed as follows.
G(f) = 2a2C-sinc{af)-III(2af)*sinc(cf)
- (2)
ITI: 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) -III(2af) ... (3)
25 From equation (3)Aabove, at a period 1/2(a) sﬁown in
Figure 24, G(f) becomes an object spectrumbhaving an

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



10 that, with only a peak as of 6 function, no inmage of the test pattern is

produced. In practice, taking into account that the nunericgl R0
of a projection lens is of an order of 0.6 to 0.8, it may C%eFan o‘%#{e{ggw

spectrum w as having a shape to be 15 accommopdated within a nunerical
aperture (NA) of 0.1 on the pupil.- plane, such as shown in Figure 22, for
exanpl e. Next, the section for such gdbject spectrum is considered. Were
the nunerical aperture NA of a 20 projection lens is 0.7, while the center
of the object spectrumis taken as zero, it is sufficient that the shape
of the object spectrumis held in the section of -1.4<NA<+l.4. Taking this
i nto accogilguwdiez heghiolws obPécPospakiteund slestige pupalt @landi ch satisfies

the above-described condition on the basis of a retile pattern (test
pattern) ahhis, Bydcholdiiig tHd(ine28nGRMABYW 2800 a wikh phihsh e, to be
described later, or not wll be described. The neasuring nethod to be taken
is the olpA=Que2aRRidengr islaxposhranvaebhedgitciishedtikEiaddpefore. 5
Figure 23 illustrates a light intensity distribution of a one-di nensional
repetiti oa gablieldl spRIPELEhNFah bwesbtuli sopdcas twepaipill pd asigll h of each
5 However, it is éractically unreasonable fpr the object
spectrum on thé pupil plane such as shown in Figure
25 to take a sufficient size for c to gvoid amplitude
in the spatial frequency section f of 0<£<1/(2a), that
is, to suppress high order components, particularly
10 when considered from the standpoint of the region
(isoplanatic patch) thaélcan be regarded as the same
image height, or in view of the size of a pattern to
be measured or of the specification or precision of
positional deviation measuring tools currently
15 available. In consideration of it, a condition to
assure that high order components are suppressed
without taking c 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 also as follows.

G(f) = a0-sinc(alf)+2%i=1 i=n ai-sinc(ai

£)cos (2nibf) .. (4)



of the line and space is a and wherein the ration of the line wdth and the

space width is 1:1. If a 10 rectangular function shown in F§¥ﬁ SRY 2086 X)
and its Fourier transformis G), it is sufficient that tine olgljuéct

spectrum shape on the pupil plane of the projection optical systemis
considered only in relation to f). Here, f) can be approximtely 15
expressed as follows. f) = 2a2Csid®(af )1l (2af)*sinc(of) ... (2) IlI:
shear function convolution integration 20 C. pattern length (Il ength of
pattern) In equation (2) above, as C (constant) increases to infinity,
sinc(cf) becones a 5(f) function. Then, G f)is expressed by: Gf) =
2a2csinc(af)ll1graf) numbel) o8l itiem equati on (3) above, at a period 1/2(a)
shown in Figure 24, G f) becones an object spectrum having an anplitude
only with f=n/(B8a) (npischn (spagetg) 28 FEBRUARY 2006 - 48 Figure 24 shows
obj ect spectrumon the pupil plane. Thus, by choosing the |ine and space
width a wth whaoh alA=1d2aXViné wXdth exposure wavel ength) is satisfied, a
desired spectrum can be obtained on the pupil plane. 5 However, it is
practical |y unreasonabBeeef,othehFoulyicnt seapbes rafn i phecpedilf)pl ane such as
shown in Figure
5 is considered. The Fourier series is converged as
follows.
izeo
Epi-cos(if) = {p-cos(f)-p2}/{1-2p-cos(f)+
i=1
10 p2) (where |[pl|<1) ' ... (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 Dbetween 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<1) 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 eqﬁation (7), i.e. the goal,

in view of a practical pattern length C. In

consideration of it, in practice, P is discarded and



25 to take a sufficient size for ¢ to avoid anplitude in the spatial
frequency section f of Of<l/ (2a) , that 1is, to suppress hg gBBRUARY 2006
conponents, particularly 10 when considered fromthe standpoint of the
region (isoplanatic patch) that can be regarded as the sane image hei ght,
or in view of the size of a pattern to be neasured or of the specification
or precision of positional deviati & reasuring tools currently 15
available. In consideration of it, a condition to assure that high order
conponents are suppressed wthout taking c large, is |ooked for. Next, a
pattern having a light intensity distribution such as shown in Figure 26 is
consi der edquadii dtq9)di Appirdintilng traht-poweshoIP adh@akengd i s that,

al though the pitch b of lines is uniform (constant), there is a degree of
-freedom ozegbag@iekliyheikiwseedifih the dbsibgnimees tIMmeREe Sealse,he
rectangul ar function shown in Figure 26 can be 25 expressed also as

foll ows. €aking addarmfamedis—thatnequatic(mi(d)) aprsrd¢2imates .. (4) 28
FEBRUARY 2006 -49 2n: nunber of lines b: pitch (spacing) a0, al, a2: line
wi dt h Her o thaetzoie itn sbichs PofirEiequatbon(i(B) bPedomasnsldewed. The
Fourier series is converged as ‘
5 to 1, and therefore, a steeper spectrum is obtainable
thereby.
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 amplitude to f
10 between peaks involves an approximately constant
offset, and thef are a curve near a desired spectrum
shape not having irregularities.. Also, it is seen
from the graph that, since convergence is near coming
even at a stage where the value of n is not large, it
15 can be said that, even if the pattern length ¢ of ﬁhe
whole pattern is small, high order components can be
suppressed sufficiently. In consideration of it:
ai-sinc(aif) ~api
a0-sinc (a0f)~2ap2/(1+p2) ...(6)
20 are assumed. From equation (6), the left-hand side
is the function of f with respect to i, whereas the
right-hand side is a constant. It follows from this
that equation (6) applies only with respect to a .
particular £. Here, the effective range for f will
25 De explained. The f-region wherein approximation as

described above should be done is prasent between peaks,

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



follows. i Epicos(if) = {pcos(f)-p2}/(l-2pcos(f)+ i=1 10 p2) (where JpI<I)

I n Enbodi nent 4, the test pattern is designed while taking qﬂﬁ%ﬁ&?

of equation (5) above as a goal. Thus, when equation (5) |s app 0
equation (4) , fromequation spreading, a relation 15 between a test pattern
to be designed and object spectrumto be produced thereby is obtainable.,
Here, wvariables produced are a and P, they are internediate vari abl es
(mediation) for relating the aforesaid ttern and the object spectrumwth
each 20 other. When the pattern is designed while taking P (0O<P<l) at a
value close to 1, the object spectrum becones steep, and higher precision

measur enent becosn}eéc?gig bkgbael;.!g%?\éggngvg%gagag%ﬁ qungtlghnce P | s cl ose

to 1, the obj &ct spec rum to Ine pT OXI et eAflo équat i on
R S R T LR
SO e L R L AR 2
(9) approxi mates , oA TLAE | T2l b hBSWAL] PNl 1660MRE) Cligse
5 rewritten by using equation (6), it follows that,
within the range of |£f|<1/b and when n-,
G(f) — 2ap2/(1+p2)+2a{p- cos (2nbf) -p2})
/{1-2p-cos (2nbf) +p2} e (T
When equation  (7) is graphed by using appropriate a
10 andp, the result is such as shown in Figure 28. Figure
28 illustrates object spéctrum on a pupil plane.
Subsequently, ai is determined in practice.
From the assumption described above,
ai = api
15 a0 = 2ap2/(1+p2) ... (8)
By choosing values for a and p moderately,
ai is determined. However, depending on p given, the
shape of the object spectrum differs. Figure 7
illustratés 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 ;esolution 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



5to 1, and therefore, a steeper spectrumis obtainable thereby. Equation
(5) when graphed is such as illustrated in Figure 27. It is dA®Y 2006
curves in Figure 27 have a shape in which the anplitude to ? 0 between
peaks involves an approxi mately constant offset, and they are a curve near
a desired spectrum shape not having irregularities. Also, it is seen from
the graph that, since convergence +sSdear coning even at a stage where the
value of nis not large, it 15, can be said that, even if the pattern length
c of the whole pattern is small, high order conponents can be suppressed
sufficiently. In consideration of it: aisinc(aif)-api )
a0 si nc( a©f) Flapr¢ 1292)1llusti@tePdhaty ass dimed numbmer efudtdings (6), the
|l eft-hand side is the function of f with respect to i, whereas the
ri ght - haneSithe pattaomsinorealse sf,oithewsmpldhudse ©f thigh eqdas on (6)
applies only wwth respect to a particular f. Here, the effective range for
f will 25deepompénitseds Buppreegedn tthamakl app¥ bxisaspenm £xromescri bed
above shoul d be done is present between peaks, and it is If 1<1/b. Since
ai <b i s hdihe graph of Figure 2 FEBRYARYN200der B0 makeiary £9ses a nonot one
decreasing function. Also, if ai is suffici engI%/L smal | er than b,
ai sincPai o dmronte seima degabey comthatanhialt lengtde ¢eharded
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 c near the condition of equation (8).
10 For example, if the length of the whole
pattern should be kept at ¢0, then, from the numerical
aperture NAO of the projection lens to be measured,
the interval b0 (<2NAO/A) of the spacings within the
above~-described pattern is determined. Then, from
15 b0-:n=c0, the number of spaces, i.e. 2n+l, is determined.
It is possible that, when ai=api in equation (8) is
taken as
ai = a(1l-i/(n+1)) ... (9)
that is, as a linear decreasing series, convergence
20 is facilitated. Here, a0 is so determined that an
average value of peak interval (|£f|<1/b0) becomeé
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



as a constant. Fromthe above, if equation (4) is 5 rewitten by using

equation (6), it follows that, wthin the range of J | <1/ ?ﬁﬁhR AR T
&(f) -. 2ap2/ (1 +p2) +2a{ pcos(2nb)-p2} /{l-2pcos(2nbf)+p2} gk A

equation (7) is graphed by using appropriate a 10 and p, the result is such
as shown in Figure 28. Figure 28 illustrates object spectrumon a pupi

pl ane. Subsequently, ai is deterningg Ln practice. Fromthe assunption
descri bed above, ai = api 15 aO = 2ap2/(1+p2) ... (8) By choosing val ues
for a and p noderately, ai is determ ned. However, depending on p given,
the shape of the object spectrumdiffers. Figure 7 illustrates this. If p

|5 Laken a5 Lepshaatlie i BB 0lcA ECRNI £EL woPESLILREGARRLShooper When P

is made clOSer resolution neasu S possible. Also,

e ne afdesidigh, ifn PoSbNadhod B PARY AR HoddrlBalles) T2D O

make t he sane e as nmuch as possi ble eep t quantity. 25

Si nce equ%[bi One(Q?aé)&)Iégsog\gﬁ iQ-eAtPief sB iesolpggféé)ées(%%%%ﬂng?n does no

mean becore Tl 05e° 10 - zer o, equation I'S not” appr The graph
70 FESRUT, B0 o ST BRI LRV Y B85 Spesouver of i
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 pupil plane
or at'any other location within the imaging systen,
as in the Hartman 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
tést 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 wﬁich, 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
optical 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



conmponents is suppressed to small. It is seen from the graph of Figure 29

that, in order to make apn close 5 to zero to sone degree, W@I{"}M{%%
length ¢ is required for the whole pattern. In considerati(?ri% 0 'S, In

practice, it is a possible way to use a function with which it can be kept
in an appropriate pattern length ¢ near the condition of equation (8) 10
For exanple, if the length of the whefe. pattern should be kept at cO then,
fromthe nunerical aperture NAO of the projection lens to be neasured, the
i nterval bO (<2NAQ X) of the spacings within the above-described pattern is
determ ned. Then, from 15 bO n=cO the nunber of spaces, i. e. 2n+l, is

determ negigliei § RASSIHHE §OPhctWRe aRTFUntLibAVRLI BAs Beds taken as
ai = a(l-i/(n+l)) ...(9) that is, as a |linear decreasing series,

conver genea g LPibadweth ik SfenEl o tAE pPesBddPiFéRbBad rdits an aver age
val ue of peak interval (I1f1<1/bO beconmes equal to zero. Figure 30 shows

conpar i SO INES Weghe B@URd ok Sy aREmC YAl YA n WPeGuRe) 1194 and n=21.
Al so, Figure 31 shows Fourier transformw th patterns ™25 produced with them

It is seeqddPPrlNEndARL£821 st8GeAlION £5) a8taeR8Id0 of TERaVAVET I ONt

aberration nmeasuring nethod 28 FE RUARY 2006 - 53 disclosed in this

appl i cait i gy dis€son beSlarPalih£§8 Y8 8htest pattern, 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 S.

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 bé 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 ezﬁbodiment. The test pattern TP of

Figure 34 has been optimized with respect to a design

wavelength 248 nm and a projection lens with a



I s designed, in accordance with the concept described above, so as to
optim ze the shape of object spectrum to be produced on a Qélﬁ%imgl ek 2
projection optical 5 system By this, substantially only zero 0 éer l'i ght
can be directed to an inage plane through the pupil plane, wthout use of a
pi nhol e on the pupil plane or at any other location within the imaging
system as in the Hartnman net hod,- sgh-that high precision 10 neasurenent
of wavefront aberration is assured. Next, description will be made on a
wavefront - aberration neasuring nethod in which such test pattern and
oblique incidence illumnation are used practically. 15 Referring to

Fi gures 9nulde 808a8%paftuedQRANESE Of7 \aueacudr aaREEA; 18R ERESUT i Ng
met hod according to the present invention will be explained. This

enbodi MentcdHBWIEE Nde dcedbed ReMtiibefhra. PirojesdldsH pRXOSHH ee@ppar at us,
wavefront aberration 20 of a projection optical systemthereof is neasured.

Thi s enbogieiBled EadPd|d&wdt &1 Nt r @8k rie0sudhpPa 8] €EOWAMN IS FIGHIKE appar at us
having a projection optical systemusing | enses but also to various
proj ecti o3sexqaOsSB6e appar atuses having a projection 25 optical system using
mrrors or one using lenses and mnirrors in conbination. The projection
exposus e apparatus shaenthe £8skbERUABYn290¢ Hidrst 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 projected onto a
plate lla which is mounted on the wafer stage 12,
10 through the projection optical system 10. ﬁy 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
15 pattern 1l1lb provided on the plate 1lla is scanned.
Light passed through this slit pattern is detected by
using a photoreceptor 1llc such as a light intensity
detector or a light quantity detector, for example.
Then, on the basis_of respective poéitions (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 ﬂpqn

the plate lla is calculated.

Then, the position of the aperture 4b of



Figure 9 has the structure and function as has been described with

reference to the precedi ng enbodi nents. Al so, the detectio ¥§%ﬁﬂﬁ%} wn
in Figure 11 is nmounted on a wafer stage 12, for detectionqgﬁ‘t e 2508°

position of an inage of a test pattern, as has been . described in the
precedi ng enbodi nents. Figure 32 is a perspective view for explaining the
manner of oblique incidence illumngion of a test pattern, for neasurenent
of 10 wavefront aberration of the projection optical system in the

proj ection exposure apparatus of Figure 9. In Figure 32, an aperture stop 4
Is driven by a driving systemd4a (Figure 9), so that, as shown in Figure

33, for CHHD | fpol BEROVdP 0o | A12REH WY o BRofaPoRE ahanged Treel y in

X and Y directions. I s arrangenent, the reticle incidence angle or

direct onf e PERELPabNCBUA of BdTAMSEL LGBzl Bk amde changed

freely. Theretore, over the ol e pupi the projection lens 10, it

'S 20 POSgielehd ELONECNT T he et I IGIRILE £ PERLUE chinylidlpti on |1 ght

at a desired position ere e neasurenent Is just to Al so, the

aperture PR dsDegod YA AN L GoeLbH! e AT SE pELRULR $b StV detalls

of a test pattiern 25 TP used In this embodinment. The test pattern TP of
Fi gur e5 34 jRa5,RERA L8Rl W LR ¥h LEFSRREQL rbe 3 P8 e EYEIRNG h 248 nm and

a projection I'ens with a 28 BRUARY 2006

the first illumination light. Then, the central
position of an image TPa of the test.pattern'upon the
X-Y plane orthogonal to the optical axis direction is
calculated. Further, shift of the aperture 4b

10 position and calculation of the central position of
a pattern image are repeated unfil the whole pupil
prlane 10 of the projection lens 10 is covered.

Since the light pattern of an aerial image

of the test pattern 15, also in this embodiment, is

15 sufficiently large as a few microns, in place of the
light intensity detector or the light quantity
detector which requires stage scan as described above,
a light receiving surface of a CCD or a linear sensor
may be directly set at the imaging plane to receive

20 the aerial image, without incorporating an enlarging
opticai system into the stage. On the basis of
detecting the central position of this aerial image,
the wavefront aberration can be measured.

The positional information (positional
25 deviation information) of the thus obtained test

pattern image TPa bears tilts of the wavefront at

positions corresponding to respective positions on the



- 55 5 nunerical aperture (NA) of 0.7, in accordance wth the concept
descri bed herei nbefore. The test pattern to be used has a re
such as shown in Figure 35 or 36. To the test pattern pr,ggﬁggﬂugﬁﬁa&ky
illumnation |light defined by the aperture stop 4 shown in Figure 33 is
projected froma predeterm ned direction, and an inmage of the test pattern
TP is projected onto a plate |la wdgh.is nmounted on the wafer stage 12, 10
t hrough the projection optical system 10. By noving the wafer stage 12
along a plane (X and Y directions) orthogonal to the optical axis direction
and in a direction parallel to the plane of incidence of the

aforenenﬂpyﬁghfﬁlgheHﬂogﬁ@@ILga brédfecttishi Lehs pagtiern |1 b provided on
the plate | l'a is scanned. Light passed through this slit pattern is

detected Ipa1disi A9idnPHAKSE8PERE [drestidyasha IshHfe i #FeRgety detector
or a light quantity detector, for exanple. ~Then, on the basis of respective

posi ti ons YarafBoRt 43 ANGIE! ot 23R Vadist Be Rlianes (SeapdeY directions)
orthogonal to the optical axis direction, obtained at that tine, and of

det ect | On vk 6n €Fai b S ot 06T PRIV AWa  Oniend i@é papgnsity or (he
light quantity at these positions, the central position of 25 the inmage TPa
of thestegldivdt£r8 ¢BnRRAINWL 6ARUEY HRGRuddwd Plat Biklddtukal sl at ed.
the like, that is, for example, “Least-squares phase
estimation from the phase difference” by H. Takajo and
T. Takahashi. Therefore, also in this case, the
wavefront of the projection lens 10 was created by
10 calculations using plurallpositional infoimation of
the test pattern image TPa. It should be noted that,
if Zernike polynomial approximation précessing ié
carried out, the wavefront aberration can be express;ed
in terms of Zernike coefficient at each term.
15 Practically, simulations were made and a
certain wavefront was given by Zernike polynomial. On
the other hand, while using a test pattern TP,
positional deviations of pattern images TPa formed
under the oblique incidence illumination carried out
20 from some directions were calculated. Through a
simple calculation operation to be described below,
Zernike coefficients were calculated. Then, the
degreé of consistency between the calculation results
and Zernike coefficients set by the above-described
25 Zernike polynomial, was examined.

The wavefront as set by the

above~-described Zernike polynomial is C6 (0.057), C7



Then, the position of the aperture 4b of 28 FEBRUARY 2006 - 56 the aperture
stop 4 is shifted to another position. |In that state, thro Mool
procedure like that - of the first illumnation |ight but mﬁ#ﬁ%&?R’ gﬁ@?@@
the position in Z direction, the test pattern TPis 5 illumnated with Iight
froma direction different from the first illumnation Iight. Then, the
central position of an inmage TPa of bhg test pattern upon the X-Y plane
orthogonal to the optical axis direcélon is calculated. Further, shift of
the aperture 4b 10 position and cal cul ation of the central position of a
pattern image are repeated until the whole pupil plane 10 of the projection

l ens 10 is,gokered. ~§ NGE | 1.ght f a ri lpage +Of .the test
pattern 15,(Gép§(%‘%i'n%§rﬁ? 'edr%b(e;)diérr’g%t(?é)?@?qg}‘gﬂff?gia%rit I%it/1 I(argeté)s a few

microns, |9 PLage Aodfe 4! dBLLAGNMLYOFCLRE! QLA {d0Pn! b@NLp@uant ity

det ect or equi res stage scan as described above, ~a lNght receiving

surface szgr%egé)% A%%Elsﬁﬁ%ogstéﬁ?ﬁgﬁ?b?ew% Szeélsﬁgctth%oi magi ng

pl ane to receive aerial ‘i nage, ncorporatihg an enl argi ng

opti cal sy?;?m iwateoré $LaQ%e diés bg?i $hef gb,%?{fc#;ﬂgll he central

position o hi s aertal Thage, 'the waveiront ratTon can be neasured.

fhe posi 1088k diHALWILAR 62084} 0N%he RundRi/dd] UpSRLARERHAY) Of the
t hus obt ai ned test
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 6=0, /2, ®, and 3nn/2,
thus total nine conditions. Positional deviations
10 under these éonditioné are fep:esentéd by dx1, ...,
and dx9 and dyl, ..., and dy9. The tilt of the
wavelength at each pupil coordinate position where the
pPrincipal ray passels when illuminated under these
illumination conditions, can be expressed in terms of
15 the sum in each Zernike term in x and y directions,
while using variables conversion, as follows.
8W/3x = 4rcos6-C4+2rsin6-C6+{6r2cos26
+3r2-2}C7+6r25in0 -cos®-C8+12rcosd - {2x2-1} - C9
where W is wavefront aberration.
20 Similarly,
OW/8y = 4rsin®-C4+2rcos0-C6+6xr2sinb-cos6-C7
+{6xr28in20+3r2-2}-C8+12rsinb-{2rr2-1}-C9
Based on the above, the following matrix

formula was prepared and respective Cn coefficients

25 were calculated.



pattern image TPa bears tilts of the wavefront at positions correspondi ng
to respective positions on the . 28 FEBRUARY 2006 - 57 pup ﬁhﬂﬂgR%QQogf
the projection lens 10. Calculation nethods for creating t shape of
wavefront as a whole on the basis of tilts of the wavefront at respective
positions inside the pupil 5 plane are conventionally discussed in
literature or the like, that is, (gb exanpl e, "Least-squares phase
estimation fromthe phase di f f er ence by H Takajo and T. Takahashi
Therefore, also in this case, the wavefront of the projection |ens 10 was
created by 10 cal cul ations using plural positional information of the test
pattern image TPa. It should be noted that, if Zerni ke polynom al

approxi mati on processing is carried out, the wavefront aberration can be
expressed in ternms of Zernike coefficient at each term 15 Practically,
simul ati ons were made and a certain wavefront was given by Zernike

polynom al. On the other hand, while using a test patterpn TP, positional
devi ati ons df dgpittern i mgeyg TR fopwad gnder Hbe obbbgue incidence
illumnation carrijed out 20 |from somne directions were cal ¢ul ated. Through a
si npl e cal cUl aiar| operatior Pdde péri bd@ beb88®% FERnike coefficients
were cal cul qted. Then, the |degree of consistency between|the cal cul ation
results and Zernilke coeffidients set” by the above-described . -
C4
dx9 ' pd49 p69 p79 p89 p9so Cs
dyl | = A/NA - | gq41 g61 g71 g8l g91 | - C7
dy2 qd2 g62 ql2 gB82 'g92 Cs
Co
L .
10
| dyo | 245 g69 g79 g89 q99 |
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 j, pij 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



25 Zerni ke pol ynom al, was exam ned. The wavefront as set by the
above-descri bed Zerni ke polynomal is C6 (0.05X), C7 28 FEB Rﬁgﬁgqm0§8
(0 05X) , C8 (0.02X) and C9 (0.03X) Here, Cn (n=6 to 9) represents a
coefficient of the n-th termof the Zernike polynom al (as standardized
wWith respect to. r=1, where r is the radius of the pupil polar 5

coordi nates and OSr51). The nunericgh aperture (NA) of the projection |Iens
was 0. 7, and the incidence angle r of the oblique incidence illum nation
and the azinuth angle 6 were r=0.07, and 0.9, and 6=0, n/2, n, and 31[/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
wavel engt h at each pupil coordi nate position where the principal ray passes
when illum nated under these illumnation conditions, can be expressed in

terms of 15 the sumin each Zernpkerketmin x and y directions, while using
vari abl es. conversion, as follows. 8W2x = 4rcos8C4+2rsi neC6+{ 6r 2c0s28
+3r 2- 2) C7+6r 2si n6¢coseC8+12r cos6{2r2-1}C9 where Wis wavefront aberration.

20 Sim Farty, SWoy — 4rsrn Sne SULT
+{ 6r2si n26+3r2-2) C8+12rsin6{2rr2-1}CO B e above - the foll ow ng
matris SET LENS INVENTION INVENTION PUPIL FILTER
WAVEFRONT () NA 0.64 NA 0,73 NA 0.73
C6é 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 points on ;:he pupil plane
20 (i.e. the number of oblique incidence illuminations)
is enlarged, additional improvements in precision or
measurement of higher o:;der aberration is attainable.
To the contrary, where measurement points on the pup;i.l
plane (oblique incidence illuminationl) 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.



formul a was prepared and respective Cn coefficients 25 were cal cul ated. 28
FEBRUARY 2006 - 59 - dx1p4lp61p71p81p91 dx2p42p62p72p82p92 g ﬁgBﬁﬁARYzmm
9p49p69p79p89p99C6 dy | =a/ NAg41qg6l q719819g91C7 dy2q42q62972q % 2Ca 9
Ldy9Jq49969q799qB9g99 15 Here, dxj and dyj are positional deV|at|ons on the
pupi | plane corresponding to the incidence angle of the oblique incidence
Illumnation and the azimuth angle j, p and qgij are fine coefficients of
respective Zernike terns, NAis the ZG'ﬁbherlcal aperture of the projection
lens, and Ais the wavelength. The results are as shown bel ow. 25 28
‘FEBRUARY 2006 - 60 TABLE 1 CALCULATI ON RESULT 5SET LENSI NVENTI ONI NVENTI ON

PUPIL FILTER This is effective to automatic correction of

aberration of a projection optical system in an
exposure apparatus.
Further, plural test patterns TP may be
5 ©provided at plural locations on the reticle 9. 1In that
case, in accordance with the procedure described above,
exposures of these patterns may be performed and
wavefront aberrations at different image heights can
be measured. Thus, by actuating a correction optical
10 system in a projection optical system 10, automatic
aberration correction of the projection optical system
can be accomplished.
Next, description will be made on
Embodiment 5 of the present invention. The Embodimen.t
15 5 will be described with reference to a specific
example in whic'h a test pattern TP is transferred to
a photosensitive substrate (wafer). W and wavefront
aberration is measured. A test pattern 19a to be used
differs from that of Embodiment 4, and it comprises
20 a mark 20a which can be seen as shown in Figure 37 when
sup.erposed with marks 2la (reference pattern). A
positional deviation between these marks is measured,
in relation to each of the grids TPX of the mark 20a.
Figure 38 shows a mark group 19a including the mark
25 20a, while Figure 39 shows a mark group 19b including
the mark 21la.

In Figure 38, each grid TPX has a pattern



VWAVEFRONT( X) NA 0. 64NA 0.73 NA 0.73 C6 COEFFO0. 050. 0500. 0500. 050 C7
COEFF0. 050. 0470. 0500. 050 C8 COEFF0.020.0190.0170. 020 9
COEFFO. 030. 0280. 0290. 030 10 15 It is seen fromthe above thaP FERRGARY 2000
measuri ng nmethod has a sufficient nmeasurenent precision for detection of
Zerni ke coefficients (lens aberration) Further, in this neasuring nethod, if
t he nunber of neasurenent points ongae pupil plane 20 (i.e. the nunber of

oblique incidence illumnations) is enlarged, additional inprovenents in
precision or neasurenent of higher order aberration is attainable. To the
contrary, where neasurenent points on the pupil plane (oblique incidence

i 11 um nat is@WrarEn SEL gaked 26(Ai b BaAWBR)Y Sime fgLatdingtliiweso the Zernike
coefficients which are just to be obtained, desired aberration can be

measured ggradighef FhgaiehBs .a28 HEBRYNDA 2006h- thle déme is effective to
automatic correction of aberration of a projection optical systemin an

exposur e apm¥wildich , Fahtihedhe dlineakideht ipattlsy nsad&® asy that SoProvi ded at
plural locations on the reticle 9. In that case, in accordance with the
procedur erdgurrd (@5 apoB6,. exposures of these patterns nmay be perfornmed and
S As regards the linewidth of each mark 21la
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 21la, transferred to a photosensitive substrate,
should preferably be approiimately 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
apinhole 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 restricti_on 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 glasé surface. There is no
necessity of shifting the position of the #perture 4b
25 of the aperture stop 4 of the illumination system as-

in Embodiment 4. When large~c illumination is carried

out to the reticle 9, the marks TPX can be illuminated



wavefront aberrations at different inmage heights can be neasured. Thus, by

actuating a correction opti ca! 10 systemin a projection optzlsﬁBRS(}/ﬂgr{gdllsO,
automatic aberration correction of the projection optical system ‘Can~“be

acconpl i shed. Next, description will be made on Enbodi nent 5 of the present
I nvention. The Enbodinment 15 5 will be described with reference to a
specific exanple in which a test pattern.JP is transferred to a

phot osensitive substrate (wafer) W and w8Pefront aberration is neasured. A
test pattern 19a to be used differs fromthat of Enbodinment 4, and it
conprises 20 a mark 20a which can be seen as shown in Figure 37 when

super posed w th. parks.,2la (r e ftern). ' I.tJd 0 I ation

bet ween t hese %ﬁsl?%uﬁéﬁ‘&gé B inﬁhﬁ% atfgloo'%l ?jgfgggh%no @%Jéegﬁi g'SI’PX of
the mark 20a. _Fi e_38 shows I [ O 1 i udi n e [k 25 20a,
whi | e Figure:ﬁf%ﬁg&gnEQﬁﬁ gr%ﬁgal é&ré%%d?%&d%%ﬁfﬁﬁgkkghéﬁ§n Fi gure
38, each grid_TPX has_a .patter E UARY 20 - 462 shown in Figure 34(A)
or 34(B). The %r%}:?ﬁﬁnﬁlnesvg(g}lggs zl;g% éﬁau%eggé:célr'e designed with the sane

BT T C L T R S
limtations Wil fumination light to be supplied from the
illumination system is not greater than ¢l1.0 and where
an incidence angle o of illumination light not less
than 1.0 is necessary for the measurement, as shown
in Figure 40, a convex lens 22 may be provided above
10 the pinhole 21 to collect the illumination light more.
In that case, the pupil plane 10a as a whole of the
pProjection lens 10 can be covered. Further, in Figuré
40, since each mark 21la of the mark group 19b is used
as a reference, there is no pinhole or convex lens on
15 the upper glass-.surface thereof. It should be noted
that the light i‘ay shown in Figure 40 represents the
light having a largest incidence angle, among plural
illumination lights impinging on the mark group 19a.
Next, description will be made on the
20 exposure sequence of a test pattern using the reticle
9 of Figure 40. The marks 20a and 21a are exposed under
an ordinary illumination condition (o>0.7).
Subsequently, the wafer stage 12 is moved so that the
marks 20a and 21la are superposed one upon another, and
25 these marks are exposed similarly under the ordinary

illumination condition. Then, the photosensitive

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



the pattern dependency of a neasuring tool for neasuring transferred
patterns of marks 2la and 21b is taken into account, the f] ' ] to
be 10 defined after developing a transferred i mage of the ?ré;rﬁthygi\v%E
transferred to a photosensitive substrate, should preferably be
approximately the same as the grid wdth of Figure 38. Here, the linew dth
of each mark 2la was 2 mcrons. 156l sposed 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 wth the central position of the

mar k group shown in

Figure 40. This pinhole 21 has a function for applying

20 restrighbBNolfo 8HE &rlidsqf & heDitiobpplogitiohali deviidatedénn |ight,
illumnating the test pattern, in relation to each of dispositions
(posi ti onbptabeinhechdbtkasTR s tderbaWRar@dsiss0auahdc@1alhbse is no
necessity of shifting the position of the aperture 4b 25 of the aperture
stop 4 ofmbhAguirlddiByhahsanofy s aefsuringErded NeBy pe¥Bopmisige- a
illumnation is carried out to the reticle 9, the marks TPX can be
i Il um nat ed12%1RBRARYr3e@e sifip tov thel ithud neihtaiinkidlutadm di fferent
directions, sinmultaneously, and they are transferred to the photosensitive
subst rsat epbeidilkaiah. déleiatiidnd hea i wavd€romtanos ecobattlerl | arlye-c 5
illumnation light to be supplied fromthe

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-described test patterns (20a,

19a, 21a, 19b) may be provided at plural locations on

one and the same reticle or on separate reticles. 1In

that case,

the procedure including exposure,

measurement and calculation may be carried out as

15 described above, and the wavefront aberration for

different image heights can be measured.

[Industrial Applicability]

In accordance with respective embodiments

described above, oblique incidence illumination and

20 an optimized test pattern are used, by which high

precision measurement of wavefront aberration can be

accomplished without use of a pinhole in a projection

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.



illumnation systemis not greater than al. 0 and where an incidence angle
a of illumpation light not less than 1.0 is necessary for ,xRGpRRASY SHFRN .
as shown in Figure 40, a convex |lens 22 may be provi ded above 10 the
pinhole 21 to collect the illumination light nore. |In that case, the pupi
pl ane 10a as a whole of the projection |ens 10 can be covered. Further, in
Figure 40, since each mark 2la of .tgg mark group 19b is used as a
reference, there is no pinhole or convex |l ens on 15 the upper glass surface
thereof. It should be noted that the light ray shown in Figure 40
represents the 1ight having a largest incidence angle, anong plural

illum nation |ights inphpghee ,Ohdit & HéRFAréian Nexdsuteseki ption will
be nmade on the 20 exposure sequence of a test pattern using the reticle 9

of Figure wivefhenBldiSe20ata0h 31A Ad& BXBRSYS WHlGibeRRa®idary
illumnation condition (c>0.7). Subsequently, the wafer stage 12 is noved so

that the é@&%éc%g%gﬂEkgéémab&'Sﬂ“ﬂfﬁ@@@renﬁgﬂ¥¥héwgthSh and 25 these
mar ks are exposed simlarly under the ordinary il |'umi nation condition. Then,

the phot os@gsbbuye appadtdeds wtingeuekeeedueeﬁat@‘d bddratiohespect to 28
FEBRUARY 2006 - 64 each of the grids, a relative positional deviation

bet weeb t heothEs thlcansheabed rificn $& titly Dt iki z80assE efe fialise of a
measuring tool. By performng calculation processing to the thus obtained

pl ur al devices can be accomplished.



5 positional deviations, a wavefront is created. In regard to this
wavefront, approximation such as Zerni ke polynomal, for e ;

carried out. Then, coefficients for Zernike terns are calcz g?ggpAgﬁgﬂPﬁe
wavefront aberration is detected. 10 The above-described test patterns (20a,
19a, 2l1a, 19b) nmy be provided at plural |ocations on one and the sane
reticle or on separate reticles. In tpaéquse, t he procedure including
exposure, neasurenent and cal cul ation nay be carried out as 15 descri bed
above, and the wavefront aberration for different image heights can be
measured. [Industrial Applicability] In accordance with respective

enbodi nents descri bed above, oblfﬂgg i 'Qﬁ& LI lum nation and 20 an
optim zed test pattern are used, %)y V\AEIi @%J i gcﬁ%éreci si on neasurenent of

wavefront aberration can be acconplished without use of a pinhole in a
projection |eas. The advantageous effect can be optimzed with respect to

various pattern sizgqd to prg%§gigddei€§3gaE%ﬁﬁgp Lgakegpertures (NA)

of projection |lenses of exposure apparatuses. , hi gh-throughput and

hi gh-preci si OR JIRASILAORAY J5 i 18502k At FEBRUARY 20060 G5 Further,

where the neasurenent result of wvavefront aberration is fed back to an

aberration Cﬁ&f&fééﬂﬂoﬁﬁfn%ﬂbﬁﬁ 89 s®EPS Uhta APeeRiYed 2 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 pattern has an opening
for producing a predetermined periodic component at

20 the pupil plane 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.

25

4. A reticle according to Claim 1,

characterized in that said projection optical system



exposure apparatus arranged for automatic aberration 5 correction or
aberration setting optimzed for actual devices can be acc?ypthﬁﬂgﬁﬂqgﬁﬁ
FEBRUARY 2006 - 66 - SCOPE OF CLAIM5S 1. Areticle having a test pattern for
measur enent .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 conpgngpt_of spectrumat a pupil plane of
said projection optical system 10 27 A reticle according to daiml,
characterized in that said test pattern has lines and spaces adapted so
that plural diffraction lights produced thereby are partially cancelled

ith h j , : 15 th
W th each y of W&véﬁ%g%@%t Bhsgi_éré)éfaﬁ Lhar ehy Fga&%ﬂwgsaﬂﬁélgeagﬁss the

hi gh frequency co ) A retiéle accordingto aracterized

|0 that saidl!esknRlk! Yl f8sdalo0RAUNT oddl PREZUCIN Andggdster m ned

peri odi ¢ conmponen pupil plare of s projection optical system

and Do ogie opeal g5l BRERLAL nnosh enpbdE ShiendofpopLad. for

produci ng a periodi C conponent di ent sal C component, at

the bubi! dBeDa®l oyiAldh PLOI 8EkELRUANE | Cobb SR a Phy fnoht reticle

accordi ng
5 asymmetrical image distortion is produced.

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

10 aberratioﬁ and curvature of field.

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

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

an image plane of said projection optical system.

7. A retigle having a test pattern for
20 measurement of an optical characteristic of a
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.ﬁhile widths of the spaces

gradually decrease.



characterized in that said projection optical

system 28 FEBRUARY 2006 - 67

has wavefront aberration, and that said test pattern has a SO
R ABARPLEY a6

that, even where an inage of the said test pattern forned

proj ection

| mage distortion is produced. 5. Areticle according to Caima1,
characterized in that the optical characteristic is one or nore of best
focus position, astigmatic 10 aberrati en68&nd& curvature of field. 6. A
reticle having a test pattern for measurenent of an optical characteristic

of a projection optical

has |ines and spaces adapted so that substantially only zeroth order

is directed to

reticle having a test pattern for 20 nmeasurement of an optica
characteri sti onedsurepegitecaf oanoppitciatakychamactienistdei ofd 4 n that said

test pattern has |ines and spaces in which, with

optical systemis defocused, substantially no 5 asymmetri cal

system characterized in that said 15 test pattern

i ght

an igage @ aretidtlsailthpingest testomatieraysieoam 7. A

respect to a repetition

‘direction therrodiantitmoppiicchisaistema gharphteyizediinithaAtsadd ines is

25 substantially constant while wi dths of the spaces

FEBRUARY 2006 tegg pattern has lines and spaces in which, with

5

10

15

20

25

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.

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.

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

optical system is measured.

11. An optical 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, from one direction

gradual |y decrease. 28



B. Areticle having a test pattern for neasurenent of an optica

characteristic of a projection optical system characteriz I }
test pattern has |ines and spaces in which, with 5 respect ?@'gﬂ?gggﬁy??gﬁ

direction thereof and froma center to a periphery, a pitch of the spaces
is substantially constant while wi dths of the spaces gradually decrease.
10 9. Areticle according to aim?7, characterized in that the |lines and
spaces conprise such pattern that adjacget |ines are not resolvable by
said projection optical systemat the time of said neasurenent. 15 10. An
optical characteristic neasuring nethod characterized in that, by
projecting illumnation |ight upon a test pattern of a reticle as recited
in any one ofoflpiuBal diPeendohy,danhdcbiynde2@caipesiddsdrt idnsaanoi mage of the
test pattern formed thereby, an optical characteristic of the projection
optical systeimagesreafutbd. tést Amtaptrncdbroledr dat @dcindameasuriing 25

nmet hod characterized in that, by projecting illumnation |ight upon a test
pattern of a tke¢iptejeatiorsi iedthe phyprededdfreCitdiors,l - 9, from one
direction 28 FEBRUARY 2006 -69 or plural directions, and by detecting

posi tions of respectively, an optical characteristic of the

projection optical system is measured.

12. An optical characteristic
measuring method according to Claim 11, characterized
in that the plural directions include two directions
which are symmetrical with each other with respect to

a predetermined plane containing an opticél axis.

13. An optical characteristic
measuring method according to Claim 10, characterized
in that, where a numerical aperture of said projection
optical system is NA and an incidence angle of a
principal ray of the illumination light projected is
op (0<op<l), said test pattern is formed, with
respect to object spectrum G(f) of said test pattern
being orthogonal 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/A2 to NA/i].

14. A projection exposure apparatus,
characterized by a mode for measuring an optical

characteristic of a projection optical system in



i mages of the test pattern forned in accordance with the projections in the
plural directions, respectively, an optical characteristic 3% UARY 2006
projection optical systemis neasured. 12. An optical characteristic
measuring nmethod according to Caim11l, characterized in that the plural
directions include two directions which are symmetrical with each other
Wth respect to a predeterm ned plane containing an optical axis. 13. An
optical characteristic measuring nethod 3gcording to Cl aim10,
characterized in that, where a nunerica? aperture of said projection
optical systemis NA and an incidence angle of a principal ray of the
illumnation light projected is op (OSopSl), said test pattern is forned,

Wi th respect d@-ORi&cde SPEERTM &pticol eAbdabealiBRlilCmBashiiing Or t hogonal
to the incidence direction of the principal ray of the illumnation |ight,

SO as to cangthad aEPrédieledoinEidiknia, saati 8y EnWhilGhininatlich 2ap) NA 2,

to NA/1]. 14. A projection exposure apparatus, characterized by a node for
measuri ng an sppitieml focharepéetingi £1 Dhmanptopacliightophiteala esitemin 28
FEBRUARY 2006 -70 accordance with an optical characteristic nmeasuring
met hod as regidtaderm when na 10et holle byaaing| thal bestopatsgshemst or proj ecting
illumnation |ight onto a test

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 of the reticle onto a

substrate.

16. A wavefront aberration measuring
method for measuring wavefront aberration of a
projection optical system, characterized in that: a
reticle having a pattern of 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 constant while widths of the spaces
gradually decrease and in which adjacent lines are not
resolvable by said projection optical system, is
prepared, and light fluxes are projected to the
pattern of lines and spaces from different directions,
whereby plural images of the pattern of lines and
spaces are formed through said projection optical
system; and

respective positions of the plural images are



pattern when a reticle having the test pattern is supplied into the

apparatus. 15. A device manufacturing nethod, characterized 6%%? i a
reticle for device manufacture into a projection exposure a g#ﬁghégﬂﬂ6

recited in Claim14 and by transferring a pattern of the reticle onto a
substrate. 16. A wavefront aberration neasuring nethod for neasuring
wavefront aberration of a projection optical system characterized in that:
a reticle having a pattern of |ines andygpaces in which, wth respect to a
repetition direction thereof and froma center to a periphery, a pitch of
the lines is substantially constant while wi dths of the spaces gradually
decrease and in which adjacent lines are not resolvable by said projection
optical systelgtecstefrapd)edy asd bfghhef lrexad tand getjeedtiech ,t cclidie pattern
of lines and spaces fromdifferent directions, whereby plural imges of the
pattern of | iwsesfinontspbeesatienfofneditihpoogecidod ppdjieatli ey <yEm cal
system and respective positions of the plural inmages are 28 FEBRUARY 2006
-71 detected immdijebgctied.of the result of detection, the wavefront
aberration of said projection optical system is detected. 17. A wavefront
aberration neasuring

17. A wavefront aberration measuring
method for measuring wavefront aberration of a
projection optical system, characterized in that: a
reticle having a pattern of 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 and in which adjacent lines are not
resolvable by said projection optical system, is
prepared,.and light fluxes are projected to the
pattern of lines and spaces from different directions,-
whereby plural images of the pattern of 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, the
wavefront aberration of said projection optical system

is detected.

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

a reticle having plural patterns each



met hod for neasuring wavefront aberration of a projection optical system

characterized in that: a reticle having a pattern of |ines ﬁf@%ﬁ§63§§i0@5
which, wth respect to a repetition direction thereof and center to

a periphery, a pitch of the spaces is substantially constant while w dths
of the spaces gradually decrease and in which adjacent |ines are not

resol vabl e by said projection optical system is prepared, and |light fluxes
are projected to the pattern of lines anmd-spaces fromdifferent directions,
wher eby plural images of the pattern of |ines and spaces are fornmed through
said projection optical system and respective positions of the plural
imges are detected and, by use of the result of detection, the wavefront
aberrati on ofcempdipingetines eptlii splcegstiamwhishjeteditedcesiBectA wavef r ont
aberration measuring nethod for neasuring wavefront aberration of a

proj ecti on opéicebetytiom dibarddver thedeod temst fropn et icdntdraviag pl ur al
patterns each 28 FEBRUARY 2006 -72 conprising |ines and spaces in which,

Wi th respect periphecpet Bt PdhCHi Pécithen limesedfs avdbstramtialnhter to a

peri phery, a pitch of the lines is substantially constant while w dths of
the spaces greaeRatpptdebiégswidiRg Ph KecsPagiesc eduaidy Hecrrase

resol vabl e by said . . . : .
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 directions, whereby plural
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

optical system is detected.

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

a reticle having plural patterns each
comprising lines and spaces in which, with respect to
a repetition direction thereof and from a center to a
periphery, a pitch of the spaces is substantially
constant while widths of the spaces gradually decrease
and in which adjacent lines are not resolvable by said
projection optical system, is prepared;

light fiuxes are projected to the plural

patterns from different directions, whereby plural



projection optical system is prepared; |light fluxes are projected to the
plural patterns fromdifferent directions, whereby plural inages of the
patterns are forned through said projection optical systen12§ﬁ%BW€§H€%@?W%
positions of the plural pattern imges are detected and, by use of the
result of detection, the wavefront aberration of said projection optical
systemis detected. 19. A wavefront aberration neasuring nethod for
measuri ng wavefront aberration of a prqig tion optical system
characterized in that: a reticle having ptural patterns each conprising

| i nes and spaces in which, with respect to a repetition direction thereof
and froma center to a periphery, a pitch of the spaces is substantially

constant whi lig Wi iy qfnd %lf’avt;tgn?lg‘?%y&;%?gﬂrhéfd JefEERR <304 1N Whi ch

adj acent lines are not res proj ectionoptical system is

prepared; |ight,f &5 Ykt L ed.t o  plural patterns fromdifferent

directions, %%eﬁef&ﬁpluréﬁngggkééga%a@ 2 -73 images of the patterns are

formed through said @@Qﬁagﬂfvb(ﬁﬁéf%ﬂoﬁ%“%f”@h@“ﬂlﬁ?é?ﬁggk¥% osi tions of
y

the plural pattern ineagés are detected and, by use o result of
detection, thaaseelNiaaRRItad 14 Ofbypaidk Ol 5| POsult of

detection, the wavefront aberration of said projection

optical system is detected.

20. An optical characteristic measuring method
for measuring an optical characteristic of a
projection optical system, characterized in that:

a reticle having a light-shielding member
having an opening and a test pattern is supplied;

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

a position of the pattern image is
detected and, by use of the result of detection, the
optical characteristic of said projection optical
system is detected,

wherein the test pattern has lines and
spaces for directing substantially only zeroth order
light to an image plane of the projection optical

system.

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

a reticle having plural patterns is supplied

while a member having an opening is supplied;



optical systemis detected. 20. An optical characteristic neasuring nethod

for measuring an optical characteristic of a projection opt, 6
characterized in that: a reticle having a |ight-shielding né%gé?na%ﬁé?ggoan

opening and a test pattern is supplied; a light flux is projected so said
test pattern through said opening, froman oblique direction, thereby to
forman imge of the pattern through said projection optical system and a
position of the pattern image is detectedg_and, by use of the result of
detection, the optical characteristic of said projection optical systemis
detected, wherein the test pattern has lines and spaces for directing
substantially only zeroth order light to an image plane of the projection

optical system 21. A ygnefEelkedbgireabire]ctRaUiNgEIREdor measuring
wavefront aberration of a projection optical system characterized in that:

a reticle havagr@kns athPah§Rr BSilSopeARhyed £ ol laa f& gryHer having an
opening is supplied; 28 FEBRUARY 2006 -74- |ight fluxes are projected to the

plural pattaivettiongh shedebpenbngorin amadiekl efenthe @ilnacdl ons, thereby
to formimages of the plural
patterns through said projection optical system; and
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 21, characterized in that the member having said

opening is provided on the reticle.

23. A measuring method according to
Claim 20 or 21, -characterized in that the reticle has

a convex lens provided on said opening.

24, A measuring method according to
Claim 20 or 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 substantially
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



patterns through said projection optical system and respective positions of
the pattern images are detected and, by use of the result o i

t he wavefront aberration of said projection optical systenniqs%ggﬁgékgngQZ.
A measuring nethod according to Caim2l1, characterized in that the nenber
having said opening is provided on the reticle. 23. A neasuring nethod
according to Caim20 or 21, characterized in that the reticle has a
convex | ens provided on said opening. 2449g5A neasuring nethod according to
Claim20 or 21, characterized in that the pattern has |lines and spaces in
which, with respect to a repetition direction thereof and froma center to
a periphery, a pitch of the spaces is substantially constant while w dths
of the spacescpsafisial § y- der| eenerasbdripedhinhtaditaceet paitresrareagot

resol vable by said projection optical system 25. A neasuring nethod
accordi ng to hiwyeonendfs@8c&EBRIARYe@086 tHStChabstah@ialdy, omdiar acterized
in that the pattern has |ines and spaces adapted so that substantially only
zeroth order deghthicrdéer etightt bsadireagedptanenofimagei ¢hlang extt i on opti cal
system 26. A neasuring nethod according to any one of Clains 16 - 21,
characteri zedsaid tprd jedkeion optical system.

26. A measuring method according to
any one of Claims 16 - 21, characterized in that the
detection of respective positions of the plural images
includes a step of photoelectrically converting an

aerial image of the pattern.

27. A measuring method according to
any one of Claims 16 - 21, characterized in that the
detection of respective positions of the plural images
includes a step of exposing a photosensitive substrate
to an image of the pattern and a step of develoéing

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.



detection of respective positions of the plural images i ncl28EEBRUARY2006
phot oel ectrically converting an aerial imge of the pattern. 27. A
measuring method according to any one of Cains 16 - 21, characterized in
that the detection of respective positions of the plural inmages includes a
step of exposing a photosensitive substrate to an image of the pattern and
a step of devel opi ng the photosensitive-débstrate. 28. A projection exposure
apparatus, characterized by a node for nmeasuring wavefront aberration of a
projection optical systemin accordance with a nmeasuring nethod as recited
in any one of Cains 16_- 21, and gy an illumnation system for projecting
iIlumination lightZont® 9eVést BarréprtuiHey Medhos QReTREASTE $8E t est
pattern is s lied _into the ratus. .28 FEBRUARY 2006 -76 29. A device
manuf act ur i ng Fret WORLY ERdr AcEETLbAE 16 SENHES AGRRLASHER% U v ce

manuf acture into.a roj ection_exposure apparat%%jgiufecikﬁq in {g?jn128,

and by transfr?iRGtACRaFFRPRYGE %garrgttiugl &%ont sdstratd®

and by transferring a pattern of the reticle onto a

substrate.



