- PRQJECTI ON SYSTEM W TH METROLOGY RELATED APPLI CATI ON( S)
This apnlication is a continuation of U S. Applicatior "t~ 772/027 0EnQ,

filed ! and U. S. Application No. 12/837, ¢ ly 16,
2010. 7 >hings of the above applications d
her el n Lly 1 1 TI TlILC., I3AC}<G?GJND O: THE I NVENTI O\I [ | |JIIUL vl 1L ||ugr aphy
systens, projection optics forman image jof an illum nated object, such as
a reticle, on a substrate, such as a sem conductor wafer or flat panel
di splay substrate, that is coated with a photoresist. Illumnating the

10photoresi st to expose the substrate, then etching the exposed substrate
causes a pattern to formon the substrate that mmcs the inage wwth a
resolution determ ned by the optical systemand the size of the features on
the reticle. At present, RMHAEEEONIYSEEMIMNETE METRGILQEY| i cations in the
sem conductor and flat panel display industries is under three mcrons and
continues to shrink. 15Even m nute changes in the relative positions and
attitudes of RBlATEDAPRLIGAHON(Bhd substrate can adversely affect the
imge quality. In nechanically stable systens, heating and cooling of the

| ens by the illuniTasirphicstoanise cnagjrmmeionhéUI&qu&)iitcatM@el%%w}ﬁOogledmri ng

exposure, th e or o] of .the |] omthe illum i sour ce,
causi ng chané@b’ﬂizgﬁiﬁnaﬁé§fgﬁ?5%?W$§oik%giééi% 1(E%h%%%ﬂgkﬁiﬁe?gﬁoptical
el ements i5n tdagird ©AchingMufell aboRte h%iﬂfbatim dré idcBfotNedherBhdyacRyd@ef rom t he
surface of the substrate. At the high doses used in sone processes, the

focal plane can shift significantlﬁ during a single exposure, blurring the
i mge recordéﬁACKIFH%UEEU@Eﬂgging E?N@N'systens conpensate for focal plane

shift using nore stable structures, 25 nore frequent calibration, and nore
interferometric ndaPipPOHRERPhESYsteRa PEriectionapirs Mrgcdedmegnobd used to

corpensate. il 414, B05F Lt B CHRSNR AL CORIAARIAGN 1A
flat panel display substrate, that is coated with a photoresist. Illuminating the

10  photoresist to expose the substrate, then etching the exposed substrate causes a
pattern to form on the substrate that mimics the image with a resolution determined
by the optical system and the size of the features on the reticle. At present, the
desired feature size for applications in the semiconductor and flat panel display
industries is under three microns and continues to shrink.

15 Even minute changes in the relative positions and attitudes of the reticle,
lens, and substrate can adversely affect the image quality. In mechanically stable
systems, heating and cooling of the lens by the illumination source may be the
largest source of error. During exposure, the lens absorbs some of the light from the
illumination source, causing changes in both the refractive indices and shapes of the

20  optical elements in the lens, which, in turn, shift the focal plane away from the
surface of the substrate. At the high doses used in some processes, the focal plane
can shift significantly during a single exposure, blurring the image recorded in the
photoresist.

Prior systems compensate for focal plane shift using more stable structures,

25  more frequent calibration, and more interferometric measurements. For example,
metal blocks can be used to compensate, actively and passively, for expansion or

contraction in the lens and lens supports. As the blocks change temperature, either
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because they absorb incident |light or are actively heated or cool ed, they
expand and contract to offset sinultaneous expansion and rantractinn nf the
| ens. Th sation can al so be used with nodel 3
shift de il ibration data or with interferon its of
the relative positions of the Ssubstrat e %and the |ens. Unf ortunately,
thermal conpensation is slow, and interferonetric neasurenent requires

bul ky equi pnent and optical. agcess to the supstrate or the substrate stage.
I'n additi on%a@fss%ywééw o T GRFtYAYSIcakd OR C%%legﬁla%fé@awﬂand

at mospheri ¢ RLARIUNE offER Rt BodsQ& P sFHARARSn M R W BRI TErhhe! d
curvature and astignmatism 10Alternatively, changes in focus can be

measur ed and wompeesitied cdmalse berpedsatiedpdels phipcal plgrmsbnt derevddSroror fi duci a

ks, to deternm th | at.i | ti f th | | . d
Tobatr at o, 0 EliBelBn S of Vi nbForsgi e M fndiEe! &F PR Hiridre et M ner ei n

by reference gubstidiSaRitht 1@k Y Uné§amaiche $hdia NebnHRASAIon id0dwIk@t i ngs to
nmeasur e defocus in photolithographic sgstens due to thermal effects. 15The

Wal | ace syst dptcrimmgesiriamepsusemet sequirgs pwlks sqeibmeat angl aptisalgicceshéo thens onto a
second grating.i.n.an | e.plane o Jens. A.relay.lens | s_the
second or ati mPuRHS O MERAG RN n TS Mook N RRT el RART 1 nge

spaci ng det era@ichgtbebin ithespaticepissak, ¢deatisa Btusihdngscatdugtaingimgsicld n t he
Wal | ace system tilting the second grating about its center with respect 20
to the i mage PrafecandadignéisBdges of the second grating out of the lens's

depth of i el d. ASAl?erﬁﬁ%l%ﬁ?zi}fgeg I oé%&g%%éﬁ%gﬁt?%%ﬁd E&‘?ecitéaa(gﬁepl ane, then

the Mire pattern appears at t e detector cause the
edges of the ®epenctgh) atinggligirecrautarkd, of fidudal aks,he détonnisic shu fetasive owar ds

AL ARG T NN S AT I
si mpl e way ofer ARARHSOGUH:AGH By héToroRE infilBRirdPUCRINE0GsihOSUSas hAROE 1 1

this way at only one radius in t el d does not ensure determnation of
hi gher - or der gitergs4e insasire defobusas phstolithogtapbm sysidmb idet o harmyatciicets. | n

addition, .th ratings are .not on.the reticle.or the substrate, so they
root be g VB B RS ke bl Bl et R SR BRIGRo 2) he
def ocus accur@tdidyeratdidnIn iMakeplandNOf thé 16391 A6 GiytiensMEABBNAC Sécoall grating
incorporated herein by reference in its entirety, extends the use of

peri odi ¢ st r et defeeipy vudisiceerds aMairg pattern with a fringe spacing determined by

the periods of the first and second gratings.
In the Wallace system, tilting the second grating about its center with respect

20  to the image plane moves the edges of the second grating out of the lens’s depth of
field. As a result, if the lens focus is at the image plane, then the Moiré pattern
appears only at the middle of the detector because the edges of the second grating
are out of focus. As the focus shifts towards or away from the image plane, the
Moir¢ pattern shifts left or right, depending on which way the second grating is

25  tilted. Although this is a simple way of measuring defocus in real time, monitoring
focus change in this way at only one radius in the field does not ensure
determination of higher-order aberrations, such as astigmatism and field curvature.
In addition, the gratings are not on the reticle or the substrate, so they must be
registered precisely to the reticle and the substrate to track defocus accurately.

30 U.S. Patent No. 7,301,646 to Wegmann et al., incorporated herein by

reference in its entirety, extends the use of periodic structures and substructures to
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3 - nmeasure astigmati smand Petzval surface position. Like the Wallace
system thea Wanmann cvstem includes gratings at the object and i naae

pl anes, f a projection lens. In the Wgn wever ,
there ar gratings, each of which is orie...... ... .. ....erent
direction (e.g., X, y, and 45). NbasuriﬁQ'Sthe phase of the wavefront
transmtted through a particular pair of gratings yields a wavefront whose

phase depends, in part, on aberrations due to therngl fects on the |ens.
Unl 1 ke VAl | adBessWeghish ey Prigel élﬂria_c]srppﬁflea-_ Eﬁe{{ﬁ%\’@i‘ﬁ%ﬁygeah&lq maged
through the W\l@%ﬁaﬁf sylsfieh fURAEL Qttaﬁn%s-raﬁ e SHORLAE BRER flﬂ%s,%@egﬁ‘vé?ﬁc‘cﬁ‘ds e

ei ther or 10both the "‘production pattern to be printed and the substrate
i nterfere w titojebtgondpns. clalthaMegnmeoh aystanl hodes g therd arcdddi ftairo of gtablegs aner as

used to inmage the.grati.ngs nust r i n stabl e between Jduring .

reasur ement o copt o Hathin el SRR bA L i B ol efirine |

record ansi MBEEphARBLf the wdlicfrbRrAd@ittcd thtowgh b @aARar Qﬁirbhgraﬁlﬁ\%@ﬁéldé pl us any
m sal i gnment of the object and i mage pl anes). 15U.S. Pat ent s. 6,320,644

and 6, 483, 57 2wavs§oat vhossiphpssoteperdsain pagimen p iy deccle thamal effesys erether ence
in their entﬁg%}ies, describe alignnment nethods that elimnate the effects
of canera nisaTrgnnent. In the Sinpson patents, alignnent involves

proj ecting fiduci amlierwallae, Wegtahe'dgedinigs atchrintel drcthe rétitioaghinagéens
system The images of the fiducial marks on a reticle are detected with a
camera 20 nodhiosgh the nlaneeaftls lytrge at Biscrapliraerhadraan perapsieeitheher syst em
Because tjhe | | it I

i gned popartyEgrENIRGTANATIA Ne R BRI P Rl SRS IE RS,
stabl e. As a andsudchaniedlidgsipmgln delittmydreaaterdsheed ®finake thel gatim)singss t he

lens to the reticle. The fida@bgh,narks, caneri and/or(%&pzﬁnust be

al i gned to t HEMSUEANGPVerbieAingmagasyiricaighdt hacameyg BEISREITEA to the

25reticle. | nnaddichledR, theh ¥ Wil (L88d GRMASR haNnd stifted OBE IAhRIohat 8F 0 t he
lens limts the flexibility of the system by increasing the %ulk and nass

of the | ens asserdlipjus any4nisal GUMYARY tEEFoljlelEt anNVEBRGd |hNeEs).

15 U.S. Patent Nos. 6,320,644 and 6,483,572, both to Simpson et al. and
incorporated herein by reference in their entireties, describe alignment methods that
eliminate the effects of camera misalignment. In the Simpson patents, alignment
involves projecting fiducial marks on or embedded in the reticle through a lens
system. The images of the fiducial marks on a reticle are detected with a camera

20  mounted to a metrology plate that is coupled to the lens system. Because the camera
is mechanically coupled to the lens, it is always aligned properly to the lens,
provided that the mechanical coupling is stable. As a result, aligning the camera to
the reticle also aligns the lens to the reticle. The fiducial marks, camera, and/or lens
must be aligned to the substrate, however, for the substrate to be aligned to the

25  reticle. In addition, fixing the camera (and the metrology plate) to the lens limits the

flexibility of the system by increasing the bulk and mass of the lens assembly.
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Enbodi ments of the present invention include a projection system and
correspondi na nethod for estimating a position of an imne relative to a

substra he projection systeminclude pr CS,
which n r nore objectives, configured t ge(s)
of one A netrol ogy pl ate4 di sposed between the projection

optics and the substrate supports first and second sensors that are
configured to sense the positions of the netrology plate relative to the
substrate an I i . Toget her, the sensors and the

met r ol ogy pl &Wﬁ%ggiﬁw*ﬁ%gy core that can be used to |ocate and
10 match the imag he su trate surface.. gxagn% e.nmet hods and, appar at us
for estimting | ‘iﬂt“élﬁ’éts TRy Cion joelids HPHoiasHPR SYSEER 8% conduct or

devi ces, suc h:o?t%slﬁ)?l gtrﬁéth&chfo@%stﬁﬁalﬂgm 1[5bsftidnr8ftah‘¥ﬂ§ges1te@eftlvg kS RL@Bratef OF Use
in electronics, including, but not cel | “phones, personal

digital assi sﬁwmpée;s of GinpRrogcEon siokcan mhldle$>r01a¢td>n@mhe$, véligemapictuddenices .
15Because .the nmetro chani ca ed fromthe projection
oot oo e TRk Shthud Bl TR B iRl B BL O AP R 21 P4 e
met rol ogy pl %&rol@é’_‘f ﬁl@&@il@oﬁé&ﬁoet@% ﬁl%ﬂ?@@lbﬁ@@tl@sﬂﬁld@é’ %Usﬁht@tshly[%rﬁso each
other. The sensors provide indications of this novenent to a processor,

whi ch est i matfest andpeeind;sepsoss thetyse comlgguredtogensgdhe positiensd ﬂh%@trcﬂag%d on
th t f t
the posi ti NSy ﬁélgﬁ;}v W‘ﬁttﬁeo%lg)gt)fatg?{?& ﬁleeflﬁlagé ?’%glp\éﬁn;ge& 0 o&e@%{, S“[ﬁlec n‘%}g

i mge. cou eRt e roI ogy

core) from t hie picaplgl iphitc il ec@sahi @éGolspyrudit AN s bé aycdad ildmateamd accurate
coordi natlon of multiple images on a single substrate For exanpl e,
decoupl ed OnetPeFibEY | 154&&% &théélﬂbsﬁéte%l&facq st peodhandyPriateer of i mages

associ at ed Wi dbip, ﬁ] ggg{éﬁe%%gﬁ trﬁaﬁrbe%l%&ﬁo' t%grléa% ?ﬁﬁﬁlt‘&l&l?tofr R&visyy face of

a single substrate. tion ani ca ecoupl ing the netrol ogy
pl at e from t hsaclpaogaaiitarchgptand shipsfdmi Mlsmﬂdﬁ@laye,sfogmseflhelqctmmm Y,

i ncludi ng space for additjona rs, and rel axes constraints on
expansi on/ oot AUTEIIoP WOgbie R Lo tes 6 ABd FHGT Stgems. Compitet,
Fundanment al | ]2 cHIRC AMPHBEr BIFRICHN gk at e (system metrol ogy core) allows
30greater design fléxibility to make a super-stable, robust reference base

for all tlle 5 - Bagpuetthnmetologdiphiat i negebminallyi @Cb‘hléed;ffgtﬂéh\? pfojectiases

tability tol th t d { th
camor a/ | ons. REb R Een BT SR M B ei 00 care o

sui tably Stabh&rd'@% ﬂh@g%rﬁbéﬁﬁng(uﬁhdmb dﬁaﬁe eptmhbveRiaae &f éRGtlct. nmount ed
to the canera or j ective; e decoupl ed netrol ogy 5plate according to
this embodi meHie sspsorhrovidgardicasions AEBIEBOLITANTL 9 & ProgFsshe wthiceesaitiatasiay

i npacting ot o5 1t1%¥%tfa{9 @%g@?&ﬁ[vﬁ%%t e surfac%: {I'Sﬁ tl?erg)o%ﬂ 8%8% ﬁlelrﬁe%olll an

appar atus ana correspon curvature

i mge thal calatbeclatbedowhd iilrfabe whd theihage. mechani cal |y decoupl ed netr oI ogy

pl ate. One or nore sensors detect the sagittal

Mechanically decoupling the metrology plate (system metrology core) from
the projection optics allows simultancous formation and accurate coordination of
multiple images on a single substrate. For example, decoupled metrology plates can
be used to estimate the positions of images associated with two or more projection
25  optics relative to the surface of a single substrate. In addition, mechanically

decoupling the metrology plate from the projection optics provides added design
flexibility, including space for additional sensors, and relaxes constraints on
expansion/contraction of components due to heating, etc.

Fundamentally, a decoupled metrology plate (system metrology core) allows

30  greater design flexibility to make a super-stable, robust reference base for all the
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10and tangential foci of the inmage associated with a substrate, possibly
during evnneura nf the substrate. The sensors nmay be di sposed on a
decoupl € late, like the ones described here

coupl ed s uses information about the sagit. . . ool

)

foci to estinave vnie field curvature of the i mage. The processor may al so

use calibration data acquired before exposure to 15conpute or refine the

estimate of field curvatur Ser vos, conpensate for the estimated field
8@”@?

e.
curvat ure andMRSTRYFAPTALAIDSYSIRESIR MG YA M1 phe3ses ipP ancRpoROhst rate to

a best-fit plapgRARAUMURIEuNS! fich RENRThNRE/ILARILISS URE ASs artSw@BRV e,
exanpl e net hods "and apparatus for estimating field curvature nay be used to

fabri cat e sendigobaintedeikbioicceds a suthlyagadomptrbbgy phitpsowdtatdd n-fi | m

transi stor 20di I e I OF e i | ectronics, i.ncludin t not limted
Lo ool Conod Ry Rk iRt BB SobiseE He e bunB i Mot ™ Lo
ot her el egt r g6 all@vdiag %o thBRI o SR e fdon bhlh IBRAWI NGSyithout  The

foregoing will be apparent fromthe follow ng nore particul ar description
of exanpl e erisedfivebninepasting HECT e ¢WMPONgBts; | | ustrated in the

25acconpanyi ng dr awi_n i ich.lihke refer e characters refer t he
sane parts througﬂﬁ%@gfﬁggﬁﬁ??g?5%%W%T%“%$a ﬁ%a8§§§?%%33%§%nﬁ%Fﬂﬁé§essariIy

to scal e, enpRfsusng fisliead ahet ofarpingpedhdtpamnbé Lidcdstittas:d wighchodi ment s of
the present inventjon. FIGS., | A and 1B are elevation views of a

proj ection systdaniselboduprngied mctringdivhint Onepr MRE sPegeAstestilereitth. 6 -
FIG 1C agpd . ol . [ : ! : { ations for
the proj abti onoayBeltiR e ool AlRe o oRITHINIARAE o RN 4RHED 70

el evati on vi espoqire atthe atibstmreg dhsansorsmephé dgposed oha deengdedmpiosliogy on of a

nmetrol o late with respect to sition of an
gy p ptlate,vﬂke the onég described %m%?n. A processor coup{egf%g Sc?he SENSOrs uses

information about the sagittal and tangential foci to estimate the field curvature of
the image. The processor may also use calibration data acquired before exposure to

15  compute or refine the estimate of field curvature. Servos compensate for the
estimated field curvature and astigmatism by matching an upper surface of the
substrate to a best-fit plane associated with the actual image surface. As above,
example methods and apparatus for estimating field curvature may be used to
fabricate semiconductor devices, such as computer chips and thin-film transistor

20  displays, for use in electronics, including, but not limited to, cell phones, personal

digital assistants, computers, solar cells, and other electronic devices.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be apparent from the following more particular
description of example embodiments of the invention, as illustrated in the
25  accompanying drawings in which like reference characters refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead being placed upon illustrating embodiments of the present invention.
FIGS. 1A and 1B are elevation views of a projection system according to

embodiments of the present invention.
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5according to enbodi ments of the present invention. FIG 3 is an
el evation view of an autofocus sensor configured to sense a nn<itinn nof a

nmet r ol og ‘espect to a position of a substr: )
enbodinme.... <. .... ..2sent invention. FI 4 is an ele

illustrating the shape of an aerial image surface. 10FIG 5 is a flow
diagramthat illustrates determ nation and correction of changes in pure

focus, astigmatis and field c ture usjng an aer| i mage .sensor.. FI G
6 is an el evati oanJpe\}\g djb %ﬁﬁkﬁ?élw%%w&%wawo P Wsms or the

obj ective, ang,s %gy%gl@%%rlﬁhpmstmg@pgl ments of the present invention.
FIG 7A is an eI evati'on view of an alternative SMC, dual objectives, and
15substrat e accor dila§. 24— bkl eetios Vm‘wstdfetepalemg¢ sanﬂmsrwbnﬁ)gured:toGS 7B and
7C are flow di a%rams t hat |IIu trate se brat on of an SMC with

two obj ect i ve§ RERPHING Ao SrYH NaKS lbrreg)lfei‘ig% %ngg}ﬂnq VeRtEon.

FIGS. 8A and BBaing t6labalintntdfalsp @ﬁen@ﬁrﬁjeﬁﬁérﬁd reticle alignnent marks
(PRAMs) used to align an SMC to prol ection optics accordi ng to enbodi nments

of 20the present |1ﬂ Atl§ yhelertien V@%hﬁmam@ﬁumeém C@Ilﬁ Qcs$A$d Gur at i ons

for sensing djff Lr.or udin ophal

i sal + gnmont PerPRET b iRading il Rsreb 05 AIRePlp o ARH T R Gbrcingto
DETAI LED DES(ER{HB‘&[@M&HHEH@@ISMENBHW 25A descrl ptl on of exarrpl e
enbodi nents of the_invention fol | A and_ 1B show a

proj ection syst emflfo4indn elé‘éaﬁloeéf%éblsv@l%atb@ ébafweé?f an iyl a%gel@ef%% uch as
a varer do sem CONGELEIN s AbuARIAS LY MARS telirh RaforPLRANELAM BAL L &1 0105

on aretlcle 104 rojection o roduction pattern 105
from the retidhegekQdpunstfoals, assighdatisim) aveit fedd byrvatord mshngmmza:tnabmagauemr 102,
30 to an inmage 150F Tur. ni n on. the il um nat |10n sour ce 1102 exp gﬁ/le&
phot or esi st ( not IG. 618 an evation view of an example system metrology core'(
objective, and substrate according to embodiments of the present invention.
FIG. 7A is an elevation view of an alternative SMC, dual objectives, and
15  substrate according to embodiments of the present invention.
FIGS. 7B and 7C are flow diagrams that illustrate set up and calibration of an
SMC with two objectives according to embodiments of the present invention.
FIGS. 8A and 8B are elevation views of projected reticle alignment marks
(PRAMSs) used to align an SMC to projection optics according to embodiments of
20  the present invention.
FIG. 9 shows plan views of PRAM configurations for sensing different types

of errors, including translational misalignment, rotational misalignment, zoom

errors, and distortion.

DETAILED DESCRIPTION OF THE INVENTION

25 A description of example embodiments of the invention follows.
FIGS. 1A and 1B show a projection system 100 that can be used to pattern a
substrate 130, such as a wafer of semiconductor or a piece of glass, with a
production pattern 105 on a reticle 104. Projection optics 120 image the production
pattern 105 from the reticle 104, which is illuminated by an illumination source 102,

30  toanimage 150. Turning on the illumination source 102 exposes photoresist (not
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7 - shown) on the substrate 130 to a dose of illumnation in the inmage of
the produetion nattern 104. After exposure, the production nattern 105 may
be excha ferent pattern by switching the I or
the subs. ., be replaced or noved to a new | o age
132. 5l deally, t he i mage 150 is coinci dent™ with one of (ne suriaces o the
substrate 130. If the substrate 130 |s a p| ece of glass coated with indium

tin oxide (1 TO hot or esi t, t he i mage be cpi nci dent
with the uppefOyp e e T fg%lafrmaé@fléle CATYEF AL PERctioh
i mge nay be c}ﬂ&@ﬂnemeqxﬁe‘?e SUEL ﬁfegarBéﬂ&fno%Bﬂté}ﬁ%oS %X%%Qg@d'n edgjryeen

| ayers coated onto the subs rate such as | ayer 10deposited on a
silicon or galiffengnt Iaarﬂsﬂnbwmlw@li@the retichr Bt dndéor thaheibbtmeigé3ABRydei fts with

respect to the su rate 130 due to | ens heating, vibrations, and other
envi ronnent alre%lg?et %?Vegi%anﬁgg?%ﬁpﬂﬁvlﬁjﬁeﬁ?g&@ ution of the image
patternedsinto thGIdéauQrS’EHe%ﬁ d 350 AUbinRAcAXRAB Bh&of NBBIITAIcE BNfheishibdtRe:
prolectlon optics 120, |ncIu§|ng t hose i nduced by heating, may cause the

i mage 150 to M&r pf be sebraiatsel 3rapeicce of glasy copBdeyithidign tlh exidm)qudl i ty.
Sensor S on a I’E%%OI'QSI%ng[%F' Qxaaﬁtl qe ]tﬁe et & aysl%e %%%ctl&enE W?t?l%h Iij t IP%I‘ 1 ege 150 and

t he upper surt'ace St'rat m sa hrent and

di stortion canrfae efahé pﬁdt@&s@ﬂd&l@émammemm@enﬁlybaq)'rdua&ted tRgaurfeasor
(AI'S) 302 detects the locatjon of the image 150 relative to the netrol ogy
pl ate 162 andh#felpfigessthe bavdary bdwoen @M%rﬁéowd pHE ﬂil%@étraltsé%spﬁh PRk, a

proj ect eqr et gﬁm r 4 d rse
al i gnmen'i1 of deﬁ{?’“ﬁ,&%l EI%% on toqgﬁfrﬁgﬁ:c e (!Lé\g%P hﬁ%gtﬁa@ﬁ[ cat {S?rrllﬁb t he
transver se pogith respecofo thheubsmatpel 305e wo tcns hee&mgptzlbtmohmandreth*eol ogy plate

162. The netrol o late 1 al so ac ompdat es .t wo. sensors that neasure the
al i gnnent  of PHEOHEEHE! 5 qjﬁfla% degrading thafesitian P14 Mmags patgined injg the

reflective a's'uBﬁfH%@B(ﬁ&ﬁﬁ{n%rE g&ﬁ@ RB&rARMs (r?t)he%Po @&bﬂf®ﬁ9§lﬁy %{c‘ﬁmlﬁ@de up
of an autofocus transmtter 402 and an autof ocus recei ver 404

Toget her, t hehosstindilced Py pkating, B8P cavse Sh3Rage PRANG werpswrch2igt, shapt, Gitizus
transmt aut focus recei ver 404, RAS 502, and interferonmeter 136

ter 4
forma sy@terf?ﬁ%’td ﬁyn%ﬁf’raéla Bo that floats free of the projection optics

120. The system 3&BoaBdrs oh aGetfoMe pioe 180 dclBt the ldaloml TR hbde T8Y add SO be
mechani cal |y decoupled fromthe substrate stage 132, as shown in FIGS. | A

and 1B. As shbowpnas syfage of ghe subgrate § fdsastgt @mm@@h@rwby apbdistortgm Gag be

suspended fro 4 r d by a
arani te base o Ch AP eBiagRad  n alidihul ol s | RCAPREAEC 20 T
bridge 142 i doadtida of diefihagde 160 thaiveroirahétedlo@pplaresl 6220d wiay absocsehsentic st age
124 and flexures 126, .the prOjectlon optics 120 and the s sten1netro|ogy

core 160 28( mehaRs e pnaged 596 Hymuprly. ﬁdlmJﬁ%té‘i’ﬂéFr‘iliCE%ﬁl!gW@BUﬁPM R&Mhch ot her.

Instead, t he sensor 204 measures transverse alignment of a PRAM 202 on the reticle 104 to give

an indication of the transverse position of the image 150 with respect to the
metrology plate 162. The metrology plate 162 also accommodates two sensors that
measure the alignment of the metrology plate 162 to the substrate 130: (1) a
25  reflective alignment system (RAS) 502 and (2) an autofocus system made up of an
autofocus transmitter 402 and an autofocus receiver 404.
Together, the metrology plate 162, AIS 302, PRAM sensor 204, autofocus
transmitter 402, autofocus receiver 404, RAS 502, and interferometer 136 form a
system metrology core 160 that floats free of the projection optics 120. The system
30  metrology core 160 and metrology plate 162 may also be mechanically decoupled
from the substrate stage 132, as shown in FIGS. 1A and 1B. As shown in FIG. 1B,
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flexures 126 allow the projection optics 120 to be noved relative to the

other el ~~—=*- "= **=- projection system 100 using the c~' '~ ~*~~~ 124,
FI GS. 1( rate different arrangenents for a
relative .c....c... «. the reticle 104, projection optic. i _ __Dbstrate

130 using data 1l0acquired by sensors (déé%Tibed bel ow) in t he éysten1
nmetrol ogy core 160. In each arrangenent, the sensors neasure the position

of the nmetrol | ate 162 with respect an aerial i.mg 52 .and with
respect to ¢ 189 %ub papalopsoread 0GR SR ] frqm@!géaéetsﬂmgg? i‘ﬂl’ iftod The
sensors N { NemS kSUBROMERLH0| QaXiCOLE 130 LRDSHirork iR AEAUIDEA iRLay L0 a

processor 180, which uses’the data to estimate the position of the 1l5aeri al
i mage 152 wi tthe prspebtidgol 42ne aboalostpled ® th8Projection opiss Kiowama icoluFinGtagkC, t he

180, ncl troll 86 .t hat djust th
D of ect 1 on opi2dcad fEits FE a5 Rrofefit Beiedage el meGige e goo
adj ust abl 8 ORhicEBlobdPlat@Nell)Qke AotGRMAMcALBEAGR IS SadAREE. Akstalalt hef rOm t he

sensors in the system netrol ogy core 160." Sone sensors, such as the PRAM
sensor 204, JXbixuresrlfeebewites propstiomppfidRAZ0%@be maved tedadtyepe theenthdry t o

determ ne posjtion error. .includin tation error [ | ation error, and
var tous 1 o ne SpST e broigcbp MG ApRUShE AL SRR wabt PE £ oA S 502

detect attitude ermigsS, 1depd hDnllgatt@ditRrdnt Gtlefeaidads fandljnddici elad debiise of
hi gher-order aberrations, including astigmati smand field curvature, as

expl ai ned belRgwtiopsahibe sitiste lib projgion gRfiehl Pagndbribebupll d utiB2 4% or al | of
the sensqps !a!eﬂﬁiPé‘d W&h% PREEAHQDEL riﬁtﬂeﬁs‘}]gteﬂ&ﬁétrélﬁgy cathget Eg%a%ﬁt ato

determ ne al i gnment “con rons that correct "for errors due to
m sal i gnnment arpagérhemnthe semso)s meadu@bks pastiticonof thevmatdioky piutd bbsithg t he

posT U1 dl s acqulred by e SENSOl Sy LIE BroResser I my e o job
the substrat gsuf 681 JaQv. Mt KinsHQLEIHE HiBH hiR IR éor To@lhanent
condition, the canmera controller 186 may adj ust the transverse position,
9 - acquired data to a processor 180, which uses the data to estimate the position of the
15  aerial image 152 with respect to the substrate 130.
As shown in FIG. 1C, the processor 180 includes a camera controller 186
that can adjust the projection optics (objective) 120 by actuating a reticle stage 106,
adjustable optics 123, and/or a column Z stage 124 based on data from the sensors in
the system metrology core 160. Some sensors, such as the PRAM sensor 204,
20  interferometer 136, and RAS 502, are used primarily to determine position error,
including rotation error, translation error, and various forms of image distortion.
Other sensors, such as the AIS 302, detect attitude error, depth misalignment
(defocus) and indications of higher-order aberrations, including astigmatism and
field curvature, as explained below.
25 The processor 180, which may be coupled to any or all of the sensors in the
system metrology core 160, uses the collected data to determine alignment
conditions that correct for errors due to both misalignment (position error) and
aberration. In addition to using the position data acquired by the sensors, the
processor 180 may use a job specification 184 to determine how best to align the

30 aerial image 152 to the substrate surface 130. After determining the optimum

alignment condition, the camera controller 186 may adjust the transverse position,
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rotation, height, tip, and/or tilt of the reticle 104 (FIGS. | A and 1B)
relative to the oroiection optics 120 using the reticle stane 106 The
canmera c 36 may al so adj ust the height of the iwics
120 rel a substrate 130 using the colum Z st _ ;amer a
controller 186 can al so corrpensate for 5%berration by actuating the

adj ustabl e optics 123, e.g., by causing |ens el ements 122 (FIG 1A) to nove

back and forth in the beam r qut of the beam
path, and/ or "B3tiPRAICTE; difRRT Ot%lt\é\gtggtr%tw? @P eﬁﬁ and dPATSI9E 8 e beam
pat h. ld2o] %E‘t?ox%ﬂtﬁﬁ‘@%rﬁﬂh ﬁl%%f“clb E‘tagé 06. hhe éaﬂf‘erzpé&ﬁﬁﬁlépf 86L88y al so

i ncl udes a substrate st age con that can be used to nove the

substrat e 13Qlseiadust the ht(zt afjdhe 1)32 ectibheopsmb §20 =tativs tathe sobstitateo] 30arsir3 2

synt hesi zes fromthe S. 502 and th rfero ter 136 with the job
Shect T1cat: o N BTS2t a8 G TR Hoo B ARECoPRETSIEE r at o 130,
Next, thessubgbfradch 5 aa@ut@QMRd élh&@iblé—gl?{logqagse L1 Betdusiallo® gaabds 1 t he
stage 132 that cause the stage 132 to translate, rotate, tip, and/or tilt

t he substrat dFIG0LA)S nawrb@fak prt forth s o beemenativevadgentermees infp efeibobl ed
met r ol ogy pl ahe E ql?éatg nl(tii/ o%ﬁgaﬁ grﬁe%mt%rrgta][ n‘a%) hoetr 30 rela? %tot trh‘%lt cd Ifl é)g{h

exanpl e, the ne can be pOSItI onedPpet ween ere and the

proj ection optics Iamk;h hmmgemetue;ﬂotvﬁ 1O AEG 0D nmpros@@aorss) didvaihcldaésect
reflections of the projected beamfromthe inage, substrate, substrate

stage, or ancﬁtlhﬁétat%ﬂ?gea%tréﬂert K@ thatege bs ugrd tefmqweéhwﬁ]se%tﬁuléﬂ waihtthes. The
met r ol 0gy; (20 smé%tlgz G ARFafi&tlR '&Bht%tgtqgé 9y1{tﬁées z%ghat%*tf‘ont’ HUEELS %ﬁz beam

fromthe projection optics onto the substrat t|n
met r ol ogy pl and tﬁ@mtemfetc&ﬁd:tex:tjmgltls tlrefjalm@e@rﬁdahen ﬂr&ct roaiemgmlqtﬂ m e))tmminh

respect to the opt| iSO ectlon tlcs g the
substrate at PEf tﬂﬂfﬁgghq SHﬁtth’ée é)%q ﬁsﬁg Rt Sérta‘?eeg gg(@og lgé I\/tet rol ogy

Core Const r UGHd QfcaR B nQﬁ’?d AbisBe 23EUAMLRe SN 178 LS 2hR®te GORLES tlfa SMCs)
conbi ne the preC|S|on coordi na e systens of many sensors into a single

ref erence fraﬂmé/orAllttth@uthtrathé3$N@apalybpdateft or float with respect to the

proj ecti optics nd the su s t that ch sensor

the vari 335 coor di é%a Sy PERED Eyn‘tieéf?h%leint?ﬁg&ﬁ t%tstrp%l%&‘gpqsg t he ot her
sensors and C&&M’efbﬁh@h@dﬁk@[@alnTPof@@ pld)itise rhangyeﬁmteantbla oSIEBRAS S i N

the 30 system netrol ogy core should be nounted to or enbedded in a stiff,

thermal |y st distecosithertigleeand daprogection aptiasraad baSoHBCHRIBIC O MAFe SINFQLEr |
Corni ng ul t rqhatod}é’te ?]%%Qétt%(?tlg of he\jl'vb(%%] t%%ljlt)@m gtl[o%fﬁﬂe tuﬁgé ggiﬂgs’tra‘%r st af (gt her

material with a surficren I'Cl en expansmn (CTE).

One exanpl e Qﬂtﬁg@mmﬂfheﬂ&ﬁﬁacaohlt]gﬂ thapt eRle o tiieugbidtton shicehThe nivauliged to a
granite brldge to support a netrol ogytégl ate made of material with a | ow

CTE. The 28 nméil#te g2 ls91 bercenfiguied ffRRICEICar PIPIdRiREHIceR romhfeDrejeslion QR ct ur e
to suspend t ﬂl@ mﬁé i

metrol ogy fr rab‘r?rlt% I glgsugl iggR%Y/Itt %lrg\sﬁ?egrr?? rléetg ((,I;AP a'g[gggéntlsn rsglﬁgﬁ%ed%ed in an
ul tra-1 ow expactsilogy pla@ieith respect to the optical axis of the projection optics and placing

the substrate at an image in the path of the reflected beam.

System Metrology Core Construction and Operation
25 Example system metrology cores (SMCs) combine the precision coordinate
systems of many sensors into a single reference frame. Although the SMC may drift
or float with respect to the projection optics and the substrate, it is important that
cach sensor in the various coordinate systems maintains a known relationship to the
other sensors and coordinate systems. To meet this requirement, the sensors in the
30  system metrology core should be mounted to or embedded in a stiff, thermally stable

structure. Such a structure can be made out of Invar, Corning ultra-low expansion
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surroundi ng the imge field. Autofocus sensors, interferoneters, and
al i gnnent <vetenre are also nounted to the netrology frerm 10Tha DRAM . ALS,

and AF s¢ e in a region between the objecti vt ptics)
and the ¢ The sensors extend inﬁg t he objecti re
outside the portion of the field used forYprinting production patterns.

Each sensor is conpact enough to fit within the clearance between the

proj ection op nd § he substrate sta tively, st leotlcal
rel ay asserrbl(wé;ﬁ%#%? Py PatY Pty aﬂ)%\?ﬁw ql%ﬂgé?@@ﬁ@@ unt ed
el sewhere on thgglam@%@gglggxcpjgpte The laser interferoneters are al so
nounted to the nmetrol ogy frame are (though the | aser head may be

mount ed on anot herOrsethm@)lbod%mcmutmnsaugldtslml stetatwi oglichlisaimeunted/ toext end
to the edges of ectl o tha e Mm.rrors age that
ol oct 1 he 1St Wil RibasCh BPSBRuOB PRisbigRePHY ke B LR T
20range. BecaH&®1Ofy PaRGS kinehmaGQNS H&add ©NBs stédlGhuatrdtb8useag tRfsniai | abl e
materials, the extended portions of the nmetrology plate nmay be separate

pi eces of | ovin@ipEe ﬁva‘théldﬁ Ger-gpesiaHilesit] ?h@mlé@lmeﬁomyérﬂm@ml@@ew ol ogy
plate. Alter rfgﬁ_/&M‘:"se}%o[r d %ur ]{ segﬁg ?eﬁqe({r;%%{ n Hi?rlajlqgw ex}aaﬂéonefrbr | dge or

base, with mrrors a e SYyS core ere erence

beans of the supbendies aﬁeﬁﬁgéﬁelau |Pd1té1601235§éh§cﬁ@ﬁﬁérfh@niehﬁs SMTalipimeits or
additional interferoneter axes may be enpl oyed. Longitudi nal Alignnment and
Aberrat i on COWHENs &t Ao mountedlf!‘@?;meﬁrﬂl%ylﬁqn&?st rate how aut of ocus sensors

4021404 qpd aer | alidRGEVEATS AN (AR IR Y58Eh bOVELDMLRRIRL NS of

the substrate 130 an I mage ucti attern
shows an el e\(ptdjmen|optAcsofand1t1reeshbsﬁame 1D @ﬁsmpextaﬂlcéﬂhtmhbrmbjmhbe ﬁeidplin;tect

grating pattern 31 nd pr.od pat rn 105. In the exanpl e shown in
FIG 2A the %%P@éé 3}%%@%@%3?%1@?@ qrm&n&aagrmlm%@gﬁ iﬁap@ ori ent ed
sub-gratings Jdsedid ébnﬁ}%@{ érf&ru H’%‘J Bpxklﬁhm%l%é &lgélﬁﬁdesd&wé’éﬁ%é b%}l&tISHB adsur e;
ot her patterns may al so be swta le. Alight source 310 1l mna es the

grating 312, aaddhpsubSede stoge.opltemstivedp spbd qﬁtcabmlawraa@mwes g belusedrionat ed
oot 10, 02 b Pl St R S RSB Ry o e
150. The laser interferometers are also mounted to the low-CTE metrology frame

are (though the laser head may be mounted on another structure). Portions of the

metrology plate may extend to the edges of the projection stages so that the mirrors

on the stage that reflect the laser beams have clear travel through the stage’s entire

20  range. Because of practical considerations, such as the size of available materials,

the extended portions of the metrology plate may be separate pieces of low CTE

material mechanically coupled to a central metrology plate. Alternatively, the

interferometers may be mounted to the bridge or base, with mirrors attached to the

system metrology core. The reference beams of the interferometers could be

25  directed to the SMC mirrors or additional interferometer axes may be employed.

Longitudinal Alignment and Aberration Compensation
FIGS. 2A—4 illustrate how autofocus sensors 402/404 and aerial image
sensors (AISs) 302 are used to find the heights of the substrate 130 and the image
150 of a production pattern 105. FIG. 2A shows an elevation view of a reticle 104
30  imprinted with both an object grating pattern 312 and production pattern 105. In the
example shown in FIG. 2A, the object grating pattern 312 includes two orthogonally
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A mrror 314 in the AIS 302 redirects the projected i mage of the grating
312 fromthe nlane nf the image 150 to an inmage grating nattarn 218 \whj ch

is siml ‘st grating 312 and tilted about ar n
equi val e (For exanple, the gratings 312 aliu vav uy oo
identical or they may be scaled to accou {-10for magni fi cation.) The

overl apping grating patterns 312 and 316 forma Mire pattern 330 that is
sensed by a canmerg 322. As in the Wall ace system descri above, the peak
modul at i on pd¥IRIcYRuBRraREs Kisidrie MR OEAHOS B eHEHIT: i ele S eiiice of e
second grati r&hé{a@tt@ﬁ@ﬁla '&Fso%%rsh_ﬁéblé.”ﬁg%hf QK& 319 iMTun@fatdé thd Eﬁtihé gpeverse
positions of deeply nodulated fringes 332 (and regions of decreased

15nodul at i on @84yojeetaincepties 1 Hepropehen wmgsfof theallfimomiteddrames i o thespect to

th i grat i tt .330. . Rel ti. 18 and ' 320
mmge the equitoar nt. PROMEISHS bl 1o HsPRroiS3 Ghtel! fafedortdit ay 1o an
i mage pl age Qfrodit@oBhti@n N8} tRIhB pBde of HcGmadB15hows an al ternative Al'S 342

that uses a mrror gEG to direct Iight to 20a pixilated detector array 344
instead of to a setengoys ktindbe 41%5302 edgycty Hcingaicsted imagapiithe gigting3 62
Because the t of.arr i rhodic.in two.di mensions, .kt .can . used as
2 sampti ng. grun s PRl e aeo R0 e e iRl BRCRL AR prlch S RE € e
relative to tthefipt geifingB12 bed tineDebodt at hxigwdthih anldduevaldnephaspl7.n@o@r at i ng
316 shown in FIG 2A, the detector arrag 344 is suspended fromthe

metrol ogy pl &xampE2theegatings déd apdabomey &p idppfisal i theyinay §a walsd 49 gecount

equi val e t f Wpa=Tell o i LI.kor 346
can be £t eq b DR B T o e B I G Ll oy
344 senses arpattom@s 0348 icamsabipondimegatia2t Ae intheeWtllgraystag dddRibsdnpl ed at

a spatial frequency equal the pixel .pitch, i.e., Mbi r attern whose
frihge modul 4peh bromahauodyfiergobiier ef B et miiadudohsnds & e ve to the
metrol ogy 30pfiahfe¥the secorkPorating 316 frbth @R actfal bR BN QAL LAt I ve Al'S
systens that use separate object gratings 363 and 372, respectively,

| ocat ed i n pltemesrsutnsitens phti¢oplyegaidwiated Mitinges 38 A éarpl ragionoét ddgecaprdoduct i on

tt 5. Th bj ect t ] 63, and 37 i | L.uni nat.ed, and
Phe. trandn ¢ (B HRERG ) Bt 1gLConP OhgioohBMs BfBefrtn it waNFE "
Sm;jr { ﬁr s 364 @ithodfdtern B ECIAV& s 3PREAVS Secoh@ nRHET) igiadt kidSudant 372
an e

Ui

plane 317 to a camera 322 whose detector array is an image plane of the Moir¢
pattern 330.
FIG. 2B shows an alternative AIS 342 that uses a mirror 346 to direct light to
20  apixilated detector array 344 instead of to a second grating 316, relay optics 318,
and mirror 320. Because the detector array is periodic in two dimensions, it can be
used as a sampling grating, provided that its period (i.c., pixel pitch) is small relative
to the pitch of the image grating 312. Like the sampling grating 316 shown in FIG.
2A, the detector array 344 is suspended from the metrology plate 162 and tilted
25  about an axis within a plane 317 equivalent to the plane of the image 150.
(Alternatively, the mirror 346 can be tilted as well as or instead of the array 344.)
The detector array 344 senses an image 348 corresponding to the object grating 312
sampled at a spatial frequency equal to the pixel pitch, i.e., a Moiré pattern whose
fringe modulation depends on the position of the image 150 relative to the metrology

30 plate 162.
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production pattern 105 are |ocated at substantially equival ent planes, the
projectinn ontirs 120 i mages the object gratings 363, 37?7 t~ tha inmnan

pl ane of tion optics 120. The object grating th
respect (v « pruwne 373 that is nomnally SqU|vaIent to 3
production pattern, so it is projected td%a 10 tilted |nage pl ane 377 via a
mrror 384. Relay optlcs 378 image the Mire pattern that appears when

view ng the inage obj ect grating 372 through an ntllted
grating 376 onto rTE& é%l? S(ae ey téiﬁeteeet%ww asile OPBEL
transmtter Ag%n@%@%@@?@‘%ésp%&ﬁ%w @6ca‘f€%‘§n%[a%eél§tﬁ>‘§tahﬁalﬁﬁé R Gt H’ﬁe

di stance bet wee he netrol’ogy platé 162 and the 15substrate 130. The
aut of ocus t r gremi dfttles pr46120t®mnaselarﬂ 0auftlbe @cpnsatb ehjer 4 atings33 pndpay altees

t owar ds the s rfac e SUbsl;Lg 8 e at a The be m 403
reflects of f ' H%““é st“t & TPEYNLEd BeayAe 4 |tE‘%t‘a€ﬁ*eﬁ’SPJﬁf“%’o PHD VForm a
refl ect ed sbeafirdfy36a4HdCIV4l fesﬁ&h@@ltye(ﬂ;ebé’ustelﬂﬁ: &g@d@%ﬁlﬁﬂgs sex8i7yard 4R4. If the

autof ocus transnmitter 402 and the substrate 130 nove towards or apart from
each ot her, tiedicon hetterreflpé@tel loeptgsbitrpubd@Biadliicfpizalent plangs, the ghicctioausi ng

the refl eCt ed tP%? &egthffbj ﬁgﬁaﬁngsw ???o tﬁ%‘hﬁf%g%l eoefltﬁ‘e Eecfi 4. For

exanple, if the su 0 a hew 5 %n en the

beam 403 r ef I@@t;g;lmmaa et graAiAp 300 i ©ltdd it efsb@ﬁtceﬂptaﬁemﬁ%tishat m sses
the receiver 404. Changes in angul ar alignment may al sq cause the refl ected

beam I4?3 to dwnppalbsguivelongipibe pl %#H@f@@@ﬂ%pam , SOrtRIRiNAY S ted B 4 f i culth
to tell wget ”ﬁ{ed&@%éﬂ?.ﬁén ﬁgﬁaﬁla%?h%%ggg@ Rglhgggt?t s 37likG ngnt’tt Vi Eféc%ﬁ{ to the

nmetrol ogy plate ens to | he no t1on point
405 onto the thﬁm@pefees whABd veling uttaﬁmSgerMahutlbere«sitJecarg‘mtgnglmthiuegttantm—lt
about the nomna refle7t|on oi nt 42125 If the substrate 130 tilts about
the noni nal rHfCE&ngy %&iﬂtﬂ BR324 new position 410, it 30 reflects a

devi ated beam 417 giaat jfavi.ak ﬁ%wﬂﬁ@ﬁﬂt&ﬁ%u@@éﬂsﬁﬁﬂter%@Qn& Quiolfeut RGeivker 404.
As |l ong as the deviated beam 417 falls wthin the nunerical aperture of the

| ens 406, - 403 arc uged to estgn1Qehei chagwe betveced éhd mtwolope plateali6Z andtthe t he

receiver 04| b i | sa | tion as t eu-de' ed beam
Mul ti pl e ‘dut &Pﬁ%@g i%@n]ét}e au6(¥fo %58@35@%8?3‘ t8FPﬁ %(4)1?@1 gubst rate
tilt sensor GagpddatcdSRrhrliPthe 88FhNIERITRMKELe BPL blaNcihL afizle. $HE bdanapgh ti |l t
about the nom nal reflection 405, which can al so be described as 5tilt

about a poi ntreBedieet theambstrc hafhtrretorpiag) réﬂ@qt@ﬁ ppsit 4§ to form a refipeted 4
| I1ustrates how the agld % d%@&?e?bﬂtle atlFofJ) 3%%94@”1#?@ ﬁ&%mﬁ! om pl anar

due to aberrations,’ par |cu ar ose 1n uce ens ing, drift, and

ot her pertur hetink@itr 408 atte rsulb?s%ﬂteam/tﬁoveatﬂw&fcﬁ o(r apdrt &b@wabh oihiat, ttlegns t he
hei ght of the image 150 with respect to the netrology plate 162. In sone

cases, ad¥i grfat rlvetiviyrorniciirsbiftsHelt ongrkt sausiigdhe gt daym (A0 & valkdbe
Into f OCUS ator G ihghENtoRLANERectd U 0FP For example, if the substrate 130 shifts down to

a new position 420, then the beam 403 reflects off a point 425 to form a reflected
beam 427 that misses the receiver 404.
Changes in angular alignment may also cause the reflected beam 403 to shift

25  with respect to the receiver 404, making it difficult to tell whether the substrate 130

has shifted or tilted with respect to the metrology plate 162. Using a lens 406 to

image the nominal reflection point 405 onto the receiver 404 ecliminates

measurement ambiguity due to tilt about the nominal reflection point 405. If the

substrate 130 tilts about the nominal reflection point 405 to a new position 410, it
30  reflects a deviated beam 417 that deviates from the nominal path to the receiver 404.

As long as the deviated beam 417 falls within the numerical aperture of the lens 406,
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positive | enses, the tangential focus is ahead of the sagittal focus.

Astigmat® -~ ~=-="*"-2 | enses usually produce two perpendi ~l~r "lina" |mages
at diffe with a circular blur-the "circle ¢
conf usi c h between the line inpages. Astigmat ict the

finest resolution to the diameter of thelérrcle 150f |east confusion.
Astigmatismis usually correlated wwth Petzval field curvature, a condition

in which the actual |mage surface curves away from.the surface of the
noni nal imgéﬁaf?@s APITAHSS ﬂl?,‘IetVWéf_idebe&F’eﬁﬂv%“‘%/ W&geC%wﬁQ%&S@s@naﬂ& tgeg, one
each for the gagiddatibn 80fhetARALNEd Pdeafr@INulthBlutdBY S Bhidrebe adt@dlis of

curvature. The difference in radii of 20curvature causes the separation
bet ween t he isanfoncoglsiwitheesbstbe alhsenkdOcandeiused waselwd ¢dmpadid msgtionhi ch

causes di fferent fiel i thin the i e to_have different "best-fit

o anes, » or et it dioth bRutnatayBRHEs S5 Na e SRR R Rus
error acrgss tihgoatRhbidt Sthesthak thR MenihaTwefledkioh px@p! e, subfields 154 and
156 have different best-fit planes because they are | ocated at different

di st ances from t h&1954¢ldyptrates bpwitheadtuwel ghapesd thaviszasarléfepn devadte fileer sagi tt al
and tangential,_ fogus. | I ONs b sed. t.0 esti h gl focal
Surface 158 atLaS BERAGRRTRLLRT U B R el el TRy
field curvat Weetufhabost Agdatiiban dbaye, ke Al (hbr shbed) modites thamadigd ofefcor e
exposure, then estimted during exposure, as described bel ow. For nore

i nf or mati on dMaget PYHHbirespectity %}edﬂ@tml%x PRt 16gndn seHe Fassh @ptigtHs Mak ee,
e.g., 304 C LR f i { N s

Wl ey-| ntle@r scﬁagneﬁgg%%ﬁ$§W%g%%1 r%ﬁ%@%%{’ g%hﬁerczllk%&%plﬁ e Sé}nergllgset inits
entirety. - pbditive lenses, tHel tehgentialsfoeusfik akieadicdighicasagittabfocus.| Astignadtes how an
Al'S can be used as. a field curvature sensaor. Fir.st,. the autafocu AF)
sensor is callOBHXF &ispplphrodussiy oeaPREIcHll s dhe’tigaget & HSEN M08 ¢ on
of the nmetrolpgy, Blahs vl atheVeirte of IR ORLABY >S8R 8 AepRAICKALE taNidde
substrate stage (602). Next, an on-axis nodul ation transfer 5function (MIF)
sensor that iimages: tAssigntabemmedy obtoigyths éinssiresohitloade thbatiameticnelsthe bieclposi ti on
of the aelri al fjlmage ffocus (604). Moving the MIF sensor throughout the field
maps t he Pocdll (GRS Y %be (baseline field curvature) relative to field

center focus (606)Astanthtik@asdin@lly kerdbd it Rizhaseld disvpas) 4 éRdgicafint he
sagittal and tangential (S & T) foci at the AIS field |ocation (608).

100nce the auvibtbtyscsehsenecandacctraryssgvay rosathictspefpest thhegmivahingac used
during operat;isgn( 9?(9.)4@)3{&% N3 t%%@%é &Q%%@H&Yanﬁyl%b,e e aﬁh ?&%Eé‘%drg% g the
e di e heigh e

aut of ocus sensor 1S Us t0 sense erence in ative to

t he metr ol ogyandltéigntidifrapphaaehaie difcromdeadii bheurdathef dtesliFaos®iniridii of
conparisgn to the calibrated | ocation of the netrology sensor package on

the substiat €UStaye creepihe sRpffitin bojweeae sy facanurbicet LosandhoHei ght of the
proj ection ophies LaiPLiRY &zﬂl‘ghféhlisw?%fég&rtm | }&esé{mﬁﬁﬁ%e(i é%)to ﬂle[(}reprac“ ce,

the projection optics nay be driven posi ti1 on~based on i nput
from ot her selifarst “best-fit pldies,”@upputs pdralidi¢o MeSmiage fozadhictetheaggdpate i n
real -tine or at

resl 1 or AL BRLOBrl ahe LU L erals, L opssnse changes dptectadyin the
(616). Pure fiRCUAiFRANB6s-itiplfres bEHARIBSY b 1bNEed AUISER RUSRRY From the
25  center of the image 150. Measurements of the sagittal and tangential focus locations
may be used to estimate both a medial focal surface 158 and a best-fit plane 153 for
the entire field. Fortunately, field curvature and astigmatism may be calibrated and
estimated before exposure, then estimated during exposure, as described below. For
more information on astigmatism, field curvature, and other aberrations, see, ¢.g.,

30 D.C. O’Shea, “Elements of Modern Optical Design,” Wiley-Interscience (New York

1985), incorporated herein by reference in its entirety.
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the field) of the inmage relative to the nmetrol ogy plate cause the sagittal

and tang~-—"*"~" -~ *o0 nove by the sane anobunt in the sane direction. Once
it is de her the AI'S has sensed a pure focu ),
i nf or mat by the AIS can be u dto estimate ) ~ust

(624) the hei ght of the 25substrate rel atf \7e to the projection optics or
vi ce versa. Changes in astigmatismcorrelate in a known vvay to changes in
field curvature, |c cayses,.the s t al d tangenti foci nove by
anmounts that diff El%@ A %ﬁ?ltﬂa?géﬁusgﬁt%ﬁt)wan %@S%ﬁ%f%&‘é ce in

movenment of téﬁ?va%xﬂ‘é's&ﬁs@% BiRd, thangeriche(af hsdr%s @alm(@o% aﬁﬁ% gratism

and since the astigmatismis 30correlated to field curvature, ormation
rel ating to thlesemsveweleterofnctthepeagon ofathe arettotogy géate r@haltlvbdca m:ezmldw used to

Sesummt on 2yl ARERE oh D SWERET: bl (Do ol 3 oS o MEBRS b e

shape of tshe fyn@@R (MTH) SRk et i%(f}ﬁ\(’d cﬁdﬁ!@m@ﬁml‘ﬁ@%eﬂs@ﬂ@&ﬁa détdiihdsehd 1S
bei ng used for exposure enabl es term nation of a best-fit plane (620). If

t he subst r at eostigpef ths aerialymage ﬁgcus (8049, Moavapptha 1 ER peyoer broughpuwtithe
topogr aphy ”ff?z&” eg??ltei)f?catpl)h%ne Iaag{ fln quela%tl%f 6%&61'1‘%&{ S%o etlg ?nqgtpe can be

included in ane P nat I on pl ane can

be used by tftec@xsoemﬁ@rea@hgahmﬁm jlflardgbhseﬂlﬁe phdigéhsafitiaf @gu&l s&f vos the
projection optics ransverse ignment and Systens with Multiple

(624).
Proj ection q&t‘lil%tliﬂl(&g‘ é) fac at%léﬁéﬁﬁieidcloafité)@r(é%)t hat shows how a
mechani cglyl y decougl adn IORELLR &Qé‘orl%ﬂiﬁeﬁigz%ﬂaéafﬂﬁ%% ng 34! mage 150

to a substrate 130 in greater det ai | on t ol ogy plate 262
nmeasur es t he duriageperaten (fd9) df the phbtotitiwgraphy eyvgy. hiapeeatﬂﬁﬁtheeﬂuaifom to the

surface of the substrate 130 by ng a fiduc on the substrate
130. Ali gnmﬁﬁnw&%ﬁaﬁ%gené%@é&eéﬂe&fg w%%ﬁ%ﬂdﬁ el Har) er 180
det erm ne t he R8s} B%Hé&ﬁe hitotdREs Eé%v?bﬁn%@&bgﬂlﬂﬁttg tHIRYSHiBFAe diBWhiohbel S
usually calibrated relative to the rest of the system netrol ogy core before

exposur e. I f thhmetrelogyp lsowyr plchbge d6theisgbsiatagytagt (662)r Sarhipally thiesystsnor ar ray
(ot shou) L0, 09,202 Setceia, an, Lomo o IR AUGLS) i et s
the i mage of rhheackicflurd plojdPBbK opt@esShiyf Bo driv@hab @ mciédoshldarbaséeRemginng on
the nature of the alignnent.
from other sensors.
The output of the AIS is read repeatedly in real-time or at appropriate time
intervals to sense changes detected in the sagittal and tangential foci relative to their
20  calibrated positions (616). Pure focus changes (i.c., changes in the focus throughout
the field) of the image relative to the metrology plate cause the sagittal and
tangential foci to move by the same amount in the same direction. Once it is
determined whether the AIS has sensed a pure focus change (618), information
gathered by the AIS can be used to estimate (622) and adjust (624) the height of the
25  substrate relative to the projection optics or vice versa.
Changes in astigmatism correlate in a known way to changes in field
curvature, which causes the sagittal and tangential foci to move by amounts that
differ in sign, magnitude, or both. Since the difference in movement of the sagittal
and tangential foci is a measure of astigmatism and since the astigmatism is

30  correlated to field curvature, information relating to the movement of the sagittal and

tangential foci can be used to estimate (620) shape of the image. (With one AIS
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20Al t hough the RAS 502 is used primarily for transverse alignnent, error in
hei ght rev ranca tha inmgge of the fiducial mark to appear nnt nf facng

bl urri ng \n anount proportional to the ab rror.
Anbi gui t error can be resil ved by novin p or
down relative to the fiducial mark to see’if the blur i1ncieases ui

decreases. It can also be resolved with 25data coll ected by ot her sensors,
i ncludi ng the autofocus sensors 402 and 404  (Fl A),.or an i val ent
sensor dedi cafBEtH a}%alfrﬂ@%qn_rﬁfrﬁata%l%aaémmfrmés RiS) grhbintie knorzv%é@ Hor s
204, al so Ca's'h%lje iRk BRIRAvTRERnRkAEN ofﬁ%h%?ég%ox?@f”the E@l’&%@béiﬁ%ﬂ?&i of a
PRAM 202 (FIG 1A) on the reticle 104 (FIG 1A). Because the PRAM 202 and
t he producti dor gpaosecrndl)ss {dr@indih ofirdeitditiplor (0BQ@. rlEthechbstth@ishaphis 30

projection optics 120 imge the PRAM 202.and the. production. pattern 105
(FIG 1A) to YR¥{&% Vi aaﬁép%@g PHEC ?Faag%“"fgﬂ?ogﬁ@ PESUCPYeP&et i ng t he

| nage of e infordhGrion FISAMIAQEL QRS el UIBRIEOR (BOBUL T} fiant T ansver se
di spl acenent and rotational alignnment of the imge 150 relative to the

metrol ogy pl atetcrmamtion §6208s dhe besd-fit plage ean be uspdibaithe pstasnto ot &new tarkelo
shows interferoneter 2 and 236 us e the 5Stransverse positions
g farod, 20 Tt Rl SR

of the netrology plate ectively, relative to a
granite base 140. (The interferoneter 136 shown in FIGS. | A and 1B can be
used to nmake Trhessawel/iveasur @eSkteys Tig Makipld RoprebeOprie32 and 236, which

are mounted on an interferonmeter stack 144 projecting fromthe base 140,
emit |aser beans tidfaPds? slepghs dpgmnyihgt zisq&o@vsap@e@qramaﬂ]y dReyRtedd on t he

net r ol ogyjopl %&@9%5@at%g%t@ﬁsea&élgg%&%mﬁa;g?%B@% Amlswgteggg iﬂ%féaf%? 8et430 and

234 reflect the be e interfero ers 232 an tect the
refl ected beaddRADF@Bdwucihagnatmiamyfpdate 862 nehgmed the imolsvesstipesitiofi of the di st ances

betueen the LS5 23000 23 AR Lhe LaLor oL oMl Bl ot ack ke Cogroes
that can be usgd chan&siaRhitIB0! AichmaMSHEERBrRegéduk@bythe RR& dindityyol ogy
plate 262 relative to the substrate stage 132.

the controller 180 determine the image location in the RAS’s coordinate system,

15  which is usually calibrated relative to the rest of the system metrology core before
exposure. If the metrology plate 262 is aligned correctly, a detector array (not
shown) in the RAS 502 detects an image of the fiducial mark that is correctly
aligned and in focus. Deviations from the correct alignment cause the image of the
fiducial mark to shift, rotate, and/or blur, depending on the nature of the alignment.

20 Although the RAS 502 is used primarily for transverse alignment, error in
height may cause the image of the fiducial mark to appear out of focus, blurring the
image by an amount proportional to the absolute height error. Ambiguity in the
height error can be resolved by moving the RAS 502 up or down relative to the
fiducial mark to see if the blur increases or decreases. It can also be resolved with

25  data collected by other sensors, including the autofocus sensors 402 and 404 (FIG.
1A), or an equivalent sensor dedicated to maintaining focus of the RAS 502.

PRAM sensors 204, also called projected image alignment sensors 204,
sense images of a PRAM 202 (FIG. 1A) on the reticle 104 (FIG. 1A). Because the
PRAM 202 and the production pattern 105 (FIG. 1A) are both on the reticle 104, the

30  projection optics 120 image the PRAM 202 and the production pattern 105 (FIG.

1A) to the same plane as the image 150. As a result, detecting the image of the
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FIG 7A shows an alternative decoupled nmetrology plate 362 that can be used

wth [eft =2nd riaht gphjectives 128a and 128b to image t~ =~ trtoves ~to a
single s ) and/or to inmage patterns onto two once.
Because Jy plate 362 is not c?gpled to eithe 28a or
128b, the objectives 20128a and 128b can bé adjusted i ndependently. For

exanpl e, they can each be adj usted in position, attitude, and magnification

to conpensatgpfor i.ffer. rror.s a]?d rates of q(lﬁlft or to, accompdat e

different pr N %%m aign oty dhe trasygrsqyigplagement pkyosionalst i mmt es
the al i gnment,gfmbRiCoMRe f9d 5@%09&1@&&@é@ﬁe%traog%a@&%zt 9s liherisupst rate 130,
and interferometers 232 and 236 nonitor the transverse 25di stance between

t he netrol ogredtatdetadio®land to t he substrate 130. In addition, each

objective 128a, 1 S own et of rs,304a, 3 each of
ohl ch measur e t nd IFop 2RPohost e BRI Te Pags (BT ENE 19 50b i t
respect tg thengREEOMREINRbAIR n%&?olog@splwelzbz Red sager 3t eadedivehnagaieki | | ed
in the art, alternative decoupled 30 netrol ogy plates ma acconmodat e nore
than two obj degigvante base HQwa(T‘Ev@ttyrferpméteﬁé% shaygyindileSe ldand BB d3ndken into
multiple netrg ubspl.ate each ted with a
particul ar objsgé:)g)yv%keot}lgS‘%l eﬁ? or?nél% viel.\fge I%R%{e qleterSEéaBQ%?%e“Zh al €6 al | ow

for independandurael sisimmedrfcddmétbestadi mtprMﬁSUHg)Fr@MltﬁteEhsb hao, dnfielas@t r ol ogy
sub-pl ates are decoupl ed fromthe O%Jsectl ves or decoupl ed from each ot her
or both and th§ams toysrls myFers 2ah anb2 t%?t%@ﬁ%@%% ¢ BretrRlogy ke (s) and

substrat gs) . 2'55? &ié_ﬁtﬂge‘és@r}gn o aﬁéecﬁ? lngﬁé I SESTH afti A4 F@Hetc{ ﬁ%%eﬁh?la‘ﬁﬁ“ 0”

Optics |aramsthat il trate set’ up
cali bration, theimc&ﬁdrbmeﬂeys,23f2cnmdéz3éyiste%thmdﬂa:ctewd»eaas qamxtucprgapecﬁeremne opt | cs

(al so call ed ca or o Set u 700, wn 7B, begi ns
by nmounting (&% rr;as até‘ﬂ? Qﬂ)&GQNQ’?BF ig(ﬁalil‘téﬂln posi tion
under the sy%@%&ﬁﬂ&&%mi{hm. @'h e th ﬁl‘éﬁ’@&l%ﬁcersrégﬁse ceaes%xf&dagrtﬁ%g%shave

been previously nounted to the SI\/(% and aligned such that all Sensor ranges

overlap by atiniteaigterfehecexigeds ut ogelveamsed@ esatgish tikiranseamdpasitom dfghe
S A YEE N ATE N AT S T
| ocation i nf or mat ifG. PAQKLHE an BYerhfte/ el RBSuPIBRNMERSTORY Blate ﬁ@%sfcaﬁ e relative
hei ghts are set, a reticle wwth the PRAMs or other Tiducial
used with left and right objectives 128a and 128b to image two patterns onto a single
substrate 130 and/or to image patterns onto two substrates at once. Because the
metrology plate 362 is not coupled to cither objective 128a or 128b, the objectives
20  128a and 128D can be adjusted independently. For example, they can each be
adjusted in position, attitude, and magnification to compensate for different errors
and rates of drift, or to accommodate different production images and settings. As
in FIG. 6, a RAS 502 estimates the alignment of the metrology plate 362 with
respect to the substrate 130, and interferometers 232 and 236 monitor the transverse
25  distance between the metrology plate 362 and to the substrate 130. In addition, each
objective 128a, 128b has its own set of PRAM sensors 304a, 304b, each of which
measures the location of a respective image plane 150a, 150b with respect to the
metrology plate 362.
As will be understood by those skilled in the art, alternative decoupled

30  metrology plates may accommodate more than two objectives. Alternatively, the

metrology plate can be broken into multiple metrology sub-plates, each of which is


ip-temp
Rectangle

ip-temp
Rectangle


marks is nounted (706) to the reticle chuck, which is placed in |ts nom nal
position in all six axes (x, y, z, 0, tip, and tilt) boo~d ~n oenline

provi dec anuf acturer. The projection opti st age
are ther 1 X, y, and O to brrng t he proj e« t he

m d- capture ranges of the PRAM sensors. 20Next, the sensors operati ng
ranges are verified (710) to ensure proper operation if necessary (712),

t he sensors and/ or or ns.are a ted to ensy verl ap
of the sensor8aoctaishd ePd )Cu ar OgJeCUr-q (eseb@ Qhigctisey dviegolay bitelaies olso
calibration pfigGess mZi@Peﬁd@ﬁ‘ttadﬁfsﬂn&ﬁ% ﬂleao%ée%ﬁ%k @Fovtuﬁ% tﬁ@ctth&ﬂn%tr&fogs}‘é‘ub-

projection optics, and SMC are nount ed in their nom nal 25positions.
Bef ore it er atplates araldﬁmiaddmrﬁﬂ& di:eg:twss OIadenemplod gy wensthcr palokiaged ( VSP)

is nounted in,the substrate st nd can he .positjoned. usi t he substrate
sage s i nt erbel Bosts B bE eRitREeEBuRE o R FEESHE e vep
i ncl udes several specialized sensors-two of which are used for these

cal i brat i ans:SeaupldRNGaNE&lioeofSy QMR AempRIProfeb@n Dpasr es | ateral image
position errors of 30 Ero jected fiducial marks; a Mdul ation Transfer

Function (MIF) serdd6S. /B apd d§ areflawplisaserns taf 6W5Wteéetplﬁ)cﬁné@ﬁ]e‘2¥a@@1atr ng as a

f t f
i ﬁ?gr Im(;'?r gn i g%é@vdﬁ%{ 9813%%%5?6% Wgtﬂ %tggfgroi&%{]%ﬂr&%r elcél?ﬁ%ocgﬁr on ber ng
sanpl ed. The d#RRtisey)sSetsuaT(), shivat mrHIGaVBybe:g@qrﬂ Bnaocu@ing (702 thakystonat i ons

are perforned in the pl ane defjned by the notion of the P. The TAS
measur es | at dPEFOIPHAEEC HFME) dtbhaampingl nasitionangeiibe syem Brifdes, BEs gk in t he

MBP on thg 5%‘&@5&5@& BraPlRgR1C @éﬁs%?sqla% be& VIBF_{I% nRfuptddGo AMSME 4! arly, the

Al'S and the MIF sensor neasure displacenment along the optical axis (i.e.,
in z), albei talugaedrgrcﬂrtlﬁafte]rlemsomgw@xrvelrap byethastqhm&petmd opebretlmg ﬁngs fixed
n the P.on u trate

in space on t wher e F resides

Stage. The TASTRFRIIAN e COLHEE B POTSEDS bausYRHITBT0ar NoUs TOT#Es | n
the image plang payjedfdnBpVicOBeikE aRREL708] R154139E the NNMC AR uhe MIF
sensor are typically used for intermttent (calibration) measurenents,

wher eas t he Smtlsen@f@rrgat(qn IéOVld@Chby AedensridanuhzctRAM sensors) are used to
cont oS!y Mo ke L3R PRSI OGS Al o ST ARG B,
reference in rhirks ﬁﬁh@dxﬁéd’(m@% th@tdtioleashuol Wikth Blptace@ it A ﬁdmmat R®ition
appropriate -Irﬁ\ gllfsllxdgc(éls E(slxI y,rrzEl Iékgp,%g?i tzlytl{l‘t:)ased on values provided by the lens
manufacturer. The projection optics and reticle stage are then moved (708) in x, v,
and 0 to bring the projected images to the mid-capture ranges of the PRAM sensors.
20  Next, the sensors’ operating ranges are verified (710) to ensure proper operation; if
necessary (712), the sensors and/or sensor positions are adjusted to ensure proper
overlap of the sensors’ ranges (714).
FIG. 7C illustrates an iterative calibration process 750 that can begin as soon
as the reticle stage, projection optics, and SMC are mounted (752) in their nominal
25  positions. Before iterative calibration 750 begins, a metrology sensor package
(MSP) is mounted in the substrate stage and can be positioned using the substrate
stage’s interferometer control to sample any field location. The MSP includes
several specialized sensors—two of which are used for these calibrations: a
Transmissive Alignment Sensor (TAS) measures lateral image position errors of

30  projected fiducial marks; a Modulation Transfer Function (MTF) sensor is used to

map modulation of a projected grating as a function of camera Z position. The
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gratings is placed at the nom nal object plane of the projection |ens
(establiched durinn set up). This reticle also contains T
features propriately |located to correspond t Al S
sensors ... ... ..., region. 20lnitially, the TAS neast ad to
find the projected calibration fiducial'ﬂ%ﬁges accurately enough 1n X, VY,
and 0 (754) to position the MSP sensors so the projected fiducial inages

are within the peasurenent ranges of the MSP sensors, The cgl | ected TAS
measur ement s e BB S Gt _Zrlﬁ%%ﬁ@atc%lew%st@t%mmﬁ het Towe. sefiS e ihng
stage positi qp&RAYNY sRephel 4B RESP sdnsHSGRSSAEMntiABRL dB1ahfaddfh&G  7B) can

25be repeated as necessary until the sensors and stages are aligned
correctly. Ombbtahengurojpedommetdfinthecplame datmge by dreemoten 6fitkdMSP.be wit hin the

measur enent ranges.of e MSP sensors, the .inmage ape J.s, f,ocused and

Tevel ed (758) oo, SUBHAR A AT e e atne Bt e RMEARTEN: p f ocus.
The i mage 5pl aBgadRaaithd VISP ch HE by Fh R eh ol Ynskdad Gif 'Bgin%%ﬁﬁfof HRWMC. at several
30field locations (758). Best focus is determ ned by scanni ng the MIF

sensor slit aumeledyttheApd epdticddThsensphpcaturedivplpedmaend along the qritiselax)s
positions. The Z pqsiti.on. -.19 - ran ns.the rial Jfec Si tion.
B canera 2 GoeltolblioRing qbfrny rRpE-AORRRBARSE R, Pe ASThES R e ot or

for instance)spey drehp SMITC,NohdréasMBRXMTIRRchidelinahd BISP ¢h the salistiadt skfcl Mhc” Best
Focus" position for that field location, A plane is fit to the data and
represents t NeAPREdtheddTR sersppcanplep g drivegfto vouseoids iy thagaagemiancsivet i cl e

is tippeqgand,siiht g s‘ilgst%a?é/ g%}%et .hlqleimggnd ARSI PRREBr A tf[lg{:éf?tlﬁgd kg Z-

Measur ement and adj ust men iterated as necessary un he measur enent
confirns the ipteapeehe@alibrate )inscab@emlen@nehérosuhe MO sensbat(i.antht Al hed V5P

sensi ng pl ane yth the P | ocated at the AF sensi | ocation, the AF
signal and At PRDSQISE ancAISey @RS @P@F%tﬁevﬁgdé’gﬂ & -s)pEequent I y

used as referppgg oy alcUess Lth ¥WRINIRNUILPLRE: NIBYSS, 004D 18Rdr Loy el ness
changes (whet her commanded or due to systemdrift). To operate accurately

in a conditi ancosperedthieinby safctcicSngerstiresy.ar e not at the nom nal val ues
determn above, the.sensor .response should be cal, ted throu t he
expect ed Pange. of ‘bBUITEHBHeth OQATEIEIhS THEPPOHS dAP TS afdly e 1F

responses canyrihggad plaecit £thd ifwihalbjdte pRME bNthe (AsicEGRINEER (Iéstmq_tslh@dn with a
preci sion di SR| acenment sensor (760) (e.g a linear variable differenti al

transducer (LOMDTR setomp. Shisgelicle also portaing RRYAM gad ASS &agiragthetase cor r espondi ng
o A S A B oS SRR oS AR BB L5 O
and tilt, mayepennecessary - ’
20 Initially, the TAS measurements are used to find the projected calibration
fiducial images accurately enough in x, y, and 6 (754) to position the MSP sensors so
the projected fiducial images are within the measurement ranges of the MSP sensors.
The collected TAS measurements are used to determine (756) whether or not the
sensor and stage positions should be adjusted; if necessary, setup 700 (FIG. 7B) can
25  be repeated as necessary until the sensors and stages are aligned correctly. Once the
projected fiducial images are verified to be within the measurement ranges of the
MSP sensors, the image plane is focused and leveled (758) so subsequent TAS
measurements are collected while in focus.
The image plane position is determined by finding “Best Focus” at several

30  field locations (758). Best focus is determined by scanning the MTF sensor slit

across the projected grating at several camera Z (focus) positions. The Z position
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20 if the camer a Z nDtlon exhi bits excessive tip/tilt errors. If additional

uncal i b~ "~ ""ion optics are present (764), the prorece far catyp and
calibra ited for each set of projection opti

associ a wrs. Before proceedlng wi th in-plane t he
cross coupling and sensitivities of all dmera control degrees of freedom

are established (766). These 25include the six degrees of freedomin the

reticle chuck, canera the three rees of freedomin the adjustable
optical el emdAREC SPAPSthE @era@Q%%CwOﬁﬂwnaﬁ%g erﬁ&ﬁ%ﬁloamm%wgﬁ‘éﬂyraa|

posi tions thrpugautndob ﬁlt‘h@%t&%roﬁ?ﬁrﬁﬁdn@éb s S REaRT; 5% Rghxidemef fects on
the i mage map using the TAS sensor. Sensitivities and cross coupling

coef fi ci ent s rhedulaidn isrpicbuied as dre ‘Bestdétcas’ pasgtbnipr thaafigidilogtivhe Agrianer e
resul ting 30dat.aset. This results in a 10x corr coeff.icie mat ri x
a1 he ddpPLbehs A B EERehS it st e T RAEE R g SPEH ke The

associ at ed r as@pxasHpkd @il BREN IRV the ind@c - THEBSAEra & Klji&Pmded as wel |

t hroughout each step in this calibration and their sen5|t|V|t|es are

simlarly estMpisugmeant archedjniimbet-arg Herated gameemnsarp intilHbe prRAMrgBeMor s shoul d
be appr opr ' atc%rlf %%ﬁhgﬁe&gﬁ%{mg %qs QL an(affoceursr&) { Sre a?l % Hl%ng ! en[ds dlg:,: g(rji Us

i nst ance, OI’S ar e Ioca ed on e Sane

it may not bqﬂﬁﬁsswbhﬁxﬂﬂsﬂﬂﬁﬁﬁmnnﬂuﬂaglhﬁh@ﬁbt@ﬁm&ﬂ@ﬂﬁEmgmﬂﬁh@A@Sstortion
change. Different field radii should be sanpled to satisfy this case
wi t hout ambi gigngls.are recordeé}w@é@&%&%bb@)@@%? PHPequcaHy uppdhas TeiSERCH BRIESY med, a

si ngl e- axigs rWﬁéFQﬂorﬁ%'?l gq%%ggf%ﬂg% 1@0(911@5@%&@%& g@lﬁe%ﬂsr%% ang&d {necﬁ{e {gns to

t he ot her axes at ar nom nally re nove) are applied. A
subst anti al | wysmmelrdgcurate, "purer” notion results Callbratlon

continues (b e Setebrietien 1 A S0 LM pORL Lan CT70), glog row
i mage i s nmadepdgbithal NEuLARISBNRATabOVY e selitre GORSE dhbiildas cafithfdaci ent ™
15depends on the errors expected to bé present in the inmage. The nunber and
throughout the expected range of operation. The camera Z motion and AIS sensor
15  responses can be calibrated (762) by measuring the camera Z motion with a
precision displacement sensor (760) (e.g., a linear variable differential transducer
(LVDT), cap sensor, or the like) and recording the corresponding AF and AIS sensor
signals for each Z position. Each sensor may have its own unique calibrated
relationship. Three LVDTs, to measure camera Z plus tip and tilt, may be necessary
20  if the camera Z motion exhibits excessive tip/tilt errors. If additional uncalibrated
projection optics are present (764), the process for setup and calibration is repeated
for each set of projection optics and its associated SMC sensors.
Before proceeding with in-plane calibrations, the cross coupling and
sensitivities of all camera control degrees of freedom are established (766). These
25  include the six degrees of freedom in the reticle chuck, camera Z, and the three
degrees of freedom in the adjustable optical element. This is done by moving each
motion axis to several positions throughout its range of operation and recording the
effects on the image map using the TAS sensor. Sensitivities and cross coupling
coefficients for all motions can be determined by analyzing the entire resulting
30  dataset. This results in a 10x10 correction coefficient matrix if all the degrees of

freedom listed above are accounted for. The associated responses from each PRAM
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| ocations of the sanple points are chosen to adequately sense and

differert:~*~ *+~~~ expected error conponents. Canera ¢ 4) and
confirm ments (775) are iterated until in-g errors
have be: _ - mnimzed. Wth the_systemin this cpciinccu ooute,

t he PRAM sensor signals are 20recorded (?:’@O). These val ues are used in the

control loop for image position (and nmagnification and distortion) control
during subsequent syste eration. The .process of neasuring and

adj usti ng thgev%?éa@ fﬁ&%fg]# el @60%%%Whé@mﬁm@@@tﬁp&f@&fﬁ%n optics
center line igplieatesteistniiis SHBalHat e stage coordinate system After this
has been done for all projection optics on the system the MSP is 25 noved

to the nomi nal | ocBteirmmbsf anhlecRaBswhitte RRAMuehsay sholihbbdRiPropriate forasur es

the | ocation of a S ali gnnent rk that i ccur.at el a n the MSP.
I thi s mmnndf® PREDG R MEBOT AN Fhee oaniard FRansm Gt PePEEa |

pr QdUCtl 0n | NBARE S 8RQRdRAShE Birhe ﬁ@lﬁtré‘diui,lit!}ﬁay ﬁo_t%%tp@bslibléfﬂ@disé&ﬁ%) . During
daily operation only a sub-set of these calibration tests nmay be 30 needed.

Typi cal | y t henggnofiescippghanggden 8 dsistreehapee hDiffesendeld mdiishodd i X, Y

| ocations, and _a i . chgck of t, facus,is done on-axis. Small
adj ust nent s is(r%mlphegl{ogéﬁyﬁlgsa%;g?z‘iv?%?lét elgul%de to tune up these

rel ati onshi ps, andddeahe ithisec SMbragnstave Béar Roemyd |t ebgs heseh.cad he
relati onship between the optical center line of the gr oj ected i mages and
the RAS unit Pegommaded padithsipdiesied gnpll sareactions 9dhaothasexes fhafrapeld. 5

Proj ect edyRetj cl: i ( gp@@) E L « ation
vi ew of g&%do%galgnﬂgq%%t)ggwﬁse E?rse a§ 4t h%ltsuwt():s(glar%1 tlt%ielﬁrjlsogég‘aétcgrag#i glrllr%%ﬁhe
reticle 104 whétioridesultset r ol ogy plate 162. Beans illum nate the PRAMs 202,

whi ch are typicall t or near the_ e of reticle 104. Because PRAMs
202 are in the sa @raéwe C&E“‘E“r?é“ﬁﬂ]&g%g? IRnAEQn of 4n OP@@%P?%OI}@%M e 104,

10_the pr o] echiifhoRidsdf: SROcHERGBsEDE (BEMEERAZ ARGLILNE REARUGHLAST gat tern

105 to the plane of the I mage 15 Mrrors 206 typically near the edge of

the field of th¢ amgsfis tlade psiog et TAR saor (7321 20 hali qosstituteh Esuffisinstii t t ed PRAM
beans to position sensors 204 that are in planes substantially . equival ent
Uo the SUP ackPERS NS HEYS FAPSIEde O° FRAEN 8 TS et e m o PUm BN nd t he
substrate surpag@endbeths isiinpRpofl aredhodth b ans@stely RMmdbldnpfbehtiastte t he
projection optics 120. As the projection optics 120 heat up or cool down,

for i nstance,cxppricd pigjeonBOneRiy-eSampig adasmacntp/dduaidrpnéhanies det ected by
the position rﬁ&@&%&%m&%ﬁﬁ)%ée ﬁ%}g@é{?glein%i%?er]gd%hio%ee%l%% in%’beg\f'gdegg oRpoke

detectors, position-se ors, y other suita ector. A
processor 18Gnipthiz&d. WBth1th} spypen abihys cifdedingd fatc!t@ic PRAM KSns3Dghdlt mat es

chucks and other el enents in response to signals ] o
recorded (780). These values are used in the control loop for image position (and
magnification and distortion) control during subsequent system operation.

The process of measuring and adjusting the image position also determines
where the projection optics center line is located in the substrate stage coordinate
system. After this has been done for all projection optics on the system, the MSP is

25  moved to the nominal location of the RAS unit (or units). The RAS unit measures
the location of a RAS alignment mark that is accurately located on the MSP. In this
manner the distance from the center line of each projected production image to each
RAS unit center line is established (782).

During daily operation only a sub-set of these calibration tests may be

30 needed. Typically the projected image is checked with the MSP for several X, Y

locations, and a quick check of best focus is done on-axis. Small adjustments in the
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fromthe sensors 204. For exanple, if the sensors 204 detect a signal

indicat*~ ~f ~ *-~=~lation change, the controller determ nac tha daqgree of
error a e reticle chuck 106 or substrate ¢ lj ust

t he pos mage 150 rel ative tg t he substrat« ;essor
180 al Su culipelisdl €5 fOI’ theta errors 25 hd Ot her pOt Elivi ar y 11nynci —Ol‘der

errors, such as magnification, distortion, and trapezoid, by actuating
rel ati ve novenent of the reticle 104
dsio

, proj.ection optic and t he
substrate 13¢amera are thenanadgpo LG ta?ﬁeaﬁlﬁﬁ? tﬂsv@dﬁkﬂkﬁlﬁjéﬁ‘? K97 s on a

separate retigfedc0GRuedark et PHANGLFHRHRBL LA de SPHEMRERBE lilDofithe Pl ane
of a production pattern 105 rather 30 than on the reticle 104 itself A beam

i |lum nates tritejcatcd enagsiane tHRAMS MRS aramakasunyil endtheZaBbrdiior dats bateas
transmtted g%an1 hrough the projection optics 120. Because - 22 - the
alternative f1€912 and the production pattern 105 are a simlar optica
di stance fromthe projection optics 120, the projection optics 120 i mage

t he al t er patime;RAMALR Anginichermrigdpeingn pattern 105 to approxi nately
the sane plane as the image 150, A mrror directs the transmtted PRAM beam

to a position 5serddbr 8a0aan glevgioncrewof PRAMS 2% addhfeM ssnsareg)4 haberd 7.
FIG 9 shows pl i i.ffer t , . of PRAM
i mge Iocatig%§g§%¥)?ﬁﬁfﬁéﬁgﬁ%é?ﬁsggugg%?%%§E§ﬁﬂ%?ga% ?ggﬁ%gﬁgﬂnggﬁgngenent
802 i ncl udes RRWMRRAR) whieh s t§pitalbnatcir av@tthe eddel of repdos@H Béddas: thé a circle
near the perineter

f the field of view Two PRAM images can be used to
detect fiel d-P%Mﬁr%ﬁ%F%méhqWp@&%ﬁéﬁ'@@%ﬁi@m%@nﬁ}%w © &iglq) 0%
transver 59 T QhahloRl bR aGALL Hedtd A5 bh3dld Lo RRAON i 3pggTENt 804
i mages 801 di

i ncl udes four tributed at the corners of a rectangle at
t he peri net erthoplanhef the emegoTS0viMdimorT o6 spoaiy nearrtbmepredthaceld bévigsed t o

e e e RS Ton e Mg BRV b S rfhob Bosna 1)
and ort hogonalgatyat@kd Rrplares SubstadigNy tBvafer®td thol stirf&d ofBKAGIUsHateanpendi cul ar
to the Y axis. The third arrangenment 806 extends the PRAM f eedback system

to hi gher or dért ist hgscpR\(4ragdbe 8ibstrale sudicstare intileoptical gistapersrfeae of a

rectanglg atté9§1ﬂ§rigﬁfer.onk%ngt&i?%ﬂ of view, and another pair of PRAM
i mges 8 f ar IR TS E pé%l?i s of differing field radius. The

third arrangement 2080¢rdjedtioa®pHsER( eablgh 8E€Eool HanavRF iftadts phaigeipent (X
and y), transverse rotation (OA transverse magnification (MK and M),
trapezoi dal diS8treeyes aad prpsapr@duying cliyngrodiserasd by the pagitian seisetsd0ti on, and

g1 a1 9 g OB, 1 ST O PG 0 T b
and that theyethgtorgtorany efhfaemﬁtab]e',[d&teptomj acprocgssor 180 (FIGS. 1B-1D) operably
20 coupled to sensors 204 actuates chucks and other elements in response to signals
from the sensors 204. For example, if the sensors 204 detect a signal indicative of a
translation change, the controller determines the degree of error and actuates the
reticle chuck 106 or substrate stage 132 to adjust the position of the image 150
relative to the substrate 130. The processor 180 also compensates for theta errors
25  and other potentially higher-order errors, such as magnification, distortion, and
trapezoid, by actuating relative movement of the reticle 104, projection optics 120,
and the substrate 130.
FIG. 8B shows an alternative PRAM 212 that is on a separate reticle located
in a plane substantially equivalent to the plane of a production pattern 105 rather

30 than on the reticle 104 itself. A beam illuminates the alternative PRAM 212, and a

mirror 216 directs the transmitted beam through the projection optics 120. Because
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25 of the production pattern 105. Likew se, the nunber of PRAM i nages 801

depends ~~ thk~ Ad~civad precision and type of error dete~*’~~ rh~or~ the
nunber ¢ nents is equal to up to the nunber s 801
times tr legrees of detection i mge 801. if

each PRAM sensor 204 can sense error in- Bgfh x and y, and there are six
PRAM i mages 801, then the PRAM 30sensors 204 can be used to detect up to

A e I X R N M
systems and S&ﬁ&ﬁc%lfrdm Ut AREAY RIS 190 nhitechen YoRA [oDsheaduel reticles

to formthe objects 1 maged by the projection systens descriBed herein. For
exanple, a l %temabeaHRéMl2b%a1$ct‘éanrpe@ﬂuauompatem¢0i)tq apptoxpinately the sdma
5digital mrror devic o-,scannijg m.rror, or |ch|ceto
roduce an | IS BETHERTD AcHRET AR B AR Gdhe A5 t ne
i mge. Al tser rk@héo‘z‘@béll asldegeriel mathacfeddhcb® FEM . @e@d i th a spatial 1ight
nmodul ator (SLM that nodul ates the anplitude and/or phase of the

i 1lumnating beamFI@e9tSh¢‘ﬁS plﬁgﬁt@%&fldefé@entmhgmeré& ®y $0bfantli8ghrfeni tti ng
di odes (LEDS) Fg&]gl ?Y ca’Pon e )b g fv%% ﬁe?c? lg "I%mﬁrgt and le%?e%rcs
nodar at ad- di re PI )

(VCSELs), can orm spa y varying ans in the

obj ect pl ane.g0RtakIL@Ise 6o PR 1fnragm £l M, dlb,rﬁanaaln;ay@oséthﬁdéé@ELcuarer@ytﬁ may
also be magnified to formpatterns at the object plane of the projection
optics that dhergimstanridhe Heldiataiimglve PWé@BS?SrCéPé’e urpblodleteshitling beans

and modul 5t echfobl SAUEARS B BRELLANeTnd 0) 1R RERIGGHLOR, LBRY o5 and! or

t he 15subs and” fiduci al scri bed
above. Har d\/van@naﬁimhnsm(zw;aibe ifmbnd amgeckicof &eftincndes four PRAY inmpgenB80bn can

Lake the for ot o0, erli Lol har duece obed! rent _ on, epL /Sl ofjvare
L 2P 5L SRR A, 000 L) TR [ sl v .
m crocode, etteansverse rotation (6,), transverse magnification (M, and My), trapezoidal dlstortlon
15 (Zx and Ty), and orthogonality error, i.e., when the X axis is not exactly
perpendicular to the Y axis. The third arrangement 806 extends the PRAM feedback
system to higher order: four PRAM images 801 are distributed at the corners of a
rectangle at the perimeter of the field of view, and another pair of PRAM images
801 are at intermediate positions of differing field radius. The third arrangement
20 806 can be used to detect transverse displacement (x and y), transverse rotation (6,),
transverse magnification (M and M,), trapezoidal distortion (7 and 7y),
orthogonality, radial distortion, and tangential distortion (in x).
In general, the PRAM images 801 may be distributed in almost any fashion,
provided that their locations are known and that they do not interfere with projection
25  of the production pattern 105. Likewise, the number of PRAM images 801 depends
on the desired precision and type of error detection, where the number of error
components is equal to up to the number of PRAM images 801 times the number of
degrees of detection per image 801. For instance, if each PRAM sensor 204 can
sense error in both x and y, and there are six PRAM images 801, then the PRAM

30  sensors 204 can be used to detect up to twelve different types of error, depending on

the arrangement in the field.
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Furthernore, the invention can take the formof a conputer program product

accessi bl ~ f-~~~ ~~nputer-usabl e or conputer-readabl e mdi nm nravi ding
program « by or in connection with a conput uction
executi ol For the purposes of gi s descripti usabl e
or conputer readabl e nedium can be any aé aratus that can contaln, store,

communi cate, propagate, or transport the programfor use by or in
connection with the %tr%ptl on e@fe?’uti on system apparatus, or device. The
medi um can bel /G EME QYR €M ERYNEITIEdUEht i cal , el ectromagnetic, 30

infrared, or sem cQAAUARL Bpti&Y §§s%‘éﬂls(8{d @R@ﬁ@hﬂ&o@ﬁla@%’éaﬁeﬂso% Re@r Opagation
medi um Exarrpl es of a conputer-readabl e nediruminclude a sem conductor or

solid state inst@dl of rotecierty, fomgwethj@tmamg;:d by thenoyabien systepustdescribedket t e, a

random access ne onI netic disk
o o TR ok e T RS E R Seet 205 M i e MR Ao bt i ok
- read onbky @ﬁ%hlﬁ%&%@ gal@@@&ﬁfﬁlng@hﬁ%r ol &@Qﬁ%pﬁ@dé&&ﬂp\ﬂldﬁe% DVD. 5A
dat a processing syst em sui table for stori ng and/ or executing program code

wi || include igrgingdsemdhas Sfmsél@ﬁsascé@SSéme?@G péﬁmeé@tfqrpl the impgh.rectly to
menory el eney}élgerganlve r?lg r‘he I‘e?lé/lg tcgrmz)eb e lac-er(q| t}fal':fl&r ) ”&ﬁat%?fso ]{/}E hatj e | ocal

nmenory errpl (0] uri act'ual’ "execut1on O m CcoO or age,

and cache ﬁErfﬁdeLﬂ&eS/\ﬂhb@hlpﬂlmlad&/Of phaseroaﬂye 1Btmﬁﬁﬁgﬁg béariit Cbesdiatlighome program
code in order to reduce 10 the nunber  of nmes _code must be retrieved from
bul k st or age QUicFhguekecataysaf light- emlﬁ}%&ﬁdﬁ‘é&%%@ﬁ) d g gevaried-ceYiie| udi ng

but not - ljigm tGek, Lo KRY Qg’ﬁ%@é (VéSEEé)aéfa% be“rﬂh&\hét@% dfied gﬁt‘é%m‘?E n} &fan be

coupl ed to t he system directly or throu I ntervenin
controllers. Mm@b@arMapheeolgecrt@yanal Mcbmted)qulnesd‘rdm StLives, &S @mayscandnabl e

the data 15 pr sing systemto bego oupled to dat cessing
systens or r%ggf BN 18RS %&%F@g’é‘g’égeé%gﬁ@é? tFWS&Eg‘ﬁ Oi% El?]@’é?]géfg private
or public netygikson dRAS Mt a&%alt%lQOagﬁg t&HRENPE atE anfé%e afningst a few

of the currentl’'y avail able types of network adapters. Wiile this’invention
has been par thicemb and ynodhipted lwhtisaess cab bel alagrted tQﬂlerme@ﬁeomqslcs ond'ratipl e

enbodi nent.s t hereof, .| il 1 Qe st ood, b se ski.ll.ed in the art that
vari ous rclﬁanggg Stfage W&b&ﬁle\éﬁ? 0‘55?%"5%%%}1%62(1%&31&‘{ (}eé‘fl?'lje\%agﬂ%%t departing
fromthe scope of the invention enconpassed by the appended cl ai nms. For
exanpl e, the p@imelO@w Rfbise (JrilRlade PHijvalowr € measurenent, and sensors

descri bed above nay be used with optical sources, ultravi oI et sources,
X-ray sources, %e invention can take the form of an entirely hardware embodiment, an
entirely software embodiment or an embodiment containing both hardware and
software elements. In a preferred embodiment, the invention is implemented in
20  software, which includes but is not limited to firmware, resident software,
microcode, etc.

Furthermore, the invention can take the form of a computer program product
accessible from a computer-usable or computer-readable medium providing program
code for use by or in connection with a computer or any instruction execution

25  system. For the purposes of this description, a computer-usable or computer
readable medium can be any apparatus that can contain, store, communicate,
propagate, or transport the program for use by or in connection with the instruction
execution system, apparatus, or device.

The medium can be an electronic, magnetic, optical, electromagnetic,

30  infrared, or semiconductor system (or apparatus or device) or a propagation medium.

Examples of a computer-readable medium include a semiconductor or solid state
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25el ectron- beam sources, and ion-beam sources. - 25 - CLAIMS What is

claimed i<® 1 A svstemfor estimating a position of an ’ to a
substr at m conpri sing: 5projection optics ¢ 0j ect
the imac gy plate that is nmechanically decc

proj ection optics; first and'Q%Cond SENSOrS coupr vu tu e

nmetrol ogy plate, the first and second sensors being configured to sense

positions of the nmetrology plate 10relative to .the substrate and the i mage,
respect i vel y; MRy, magnetig’t o&é%r%‘b‘fa%gpcéﬁ%t%fdé%ﬁﬁ?’é‘&a‘ﬂ 0 AP S O%%d

second sensorRANTG RSS9 r(nfabg}g[ & BiolOmESHetifRl® afd Bﬁ%i)ﬁéa@ QisRf the
image relative to the subStrate” based onthe positions of the netrol ogy

pl ate rel ati eurtant txmmedhsfiaptice dskd mdedd cagect diSR- Acagysdyememsry (C124 ai m 1,
further incluygi | ural ,.sets of projecti optics. 3. Asystemas in claim
2, wherein tﬁgégﬁu%ﬂpagﬁ?lgkafe_ '“82@5%"22%"2@@% configured to project
plural images. 4. AdapreFasg byltced alitkbll, fordiefied ﬁl&&l%x@&ltﬁ@ﬁ@%hﬁ' e I's

di sposed in an optical path between the projection optics and the

substrate. 20villipclggesatdeasheng proe¢sserpoupledideeetronindirgotsde momagy clemgys of a
P o9uct! on PSR 58035S, 0 Al S BenS Rl LR RRFLAARY |
source. during actual execution of the program code, bulk storage, and cache memories
which provide temporary storage of at least some program code in order to reduce
10 the number of times code must be retrieved from bulk storage during execution.
Input/output or I/O devices (including but not limited to keyboards, displays,
pointing devices, etc.) can be coupled to the system either directly or through
intervening 1/0 controllers.
Network adapters may also be coupled to the system to enable the data
15  processing system to become coupled to other data processing systems or remote
printers or storage devices through intervening private or public networks. Modems,
cable modem and Ethernet cards are just a few of the currently available types of
network adapters.
While this invention has been particularly shown and described with
20  references to example embodiments thereof, it will be understood by those skilled in
the art that various changes in form and details may be made therein without
departing from the scope of the invention encompassed by the appended claims. For
example, the metrology plate, field curvature measurement, and sensors described
above may be used with optical sources, ultraviolet sources, X-ray sources, even

25  electron-beam sources, and ion-beam sources.
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means for estimating the position of the image relative to the
o o A~ w N
substrate based on the positions of the metrology plate relative to the

substrate and the image.

An apparatus for estimating field curvature of an image, the apparatus
comprising:

an aerial image sensor configured to detect sagittal and tangential foci
of the image and to provide information about the sagiﬁs%_l and tangential
foci; and —~ = = i =

a processor operably coupled to the aerial image sensor and
configured to estimate field curvature based on the information about the

sagittal and tangential foci.

An apparatus as in claim  wherein the aerial image sensor is disposed on a

metrology plate.

An apparatus as in further including;:
a height sensor configured to detect a distance from the aerial image

sensor to a surface,

An apparatus as in claim  further including;
a servo configured to adjust optics in response to actuation from the

processor based on the information about the sagittal and tangential foci.

An apparatus as in claim  wherein the processor is further configured to

cstimate a shape of the image.

An apparatus as in claim  wherein the processor is further configured to
estimate a best-fit plane that corresponds to an optimum fit between the

image and a substrate.

A method for estimating field curvature of an image, the method comprising:
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detﬁcting sagittal and tangential foci of the image; and
w N N

: : : LA o
estimating field curvature of the image based on information about

the sagittal and tangential foci.

A method as in claim  wherein detecting the sagittal and tangential foci
and estimating field curvature occur during exposure of a substrate

positioned at or near an image plane associated with the image.

~ ~ ~

~N
A method as in claim  further including:
mapping an image plane associated with the image to provide a

baseline field curvature before detecting the sagittal and tangential foci.

A method as in claim  further including;:

detecting a distance from the aerial image sensor to a substrate.

A method as in claim - further including:
adjusting at least one of a lens and a stage based on information about

the sagittal and tangential foci.

A method as in claim  further including:
estimating a shape of the image based on information about the

sagittal and tangential foci.

A method as in claim  further including:
estimating a best-fit plane that corresponds to an optimum fit between

the image and a substrate.

An apparatus for estimating field curvature of an image, the apparatus
comprising:
mcans for detecting sagittal and tangential foci of the image and for

providing information about the sagittal and tangential foci; and
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means for estimating field curvature based on the information about

the sagittal and tangential foci.

A method of making a semiconductor or thin-film transistor device, the
method comprising:

detecting sagittal and tangential foci of an image associated with the
semiconductor or thin-film transistor device;

cstimating ficld curvature of the image based on information about
the sagittal and tangential foci;

if necessary, adjusting the image based on estimated field curvature;
and

illuminating a substrate with the image associated with the

semiconductor or thin-film transistor device,
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