; le3e';"'445L8"8T; 6; T, q CRYSTALLI ZATI ON APPARATUS AND CRYSTALLI ZATI ON
METHQD 5 Technical Field The present invention relates to a crystallization

apparatus and a crystallization nethod. Specifically, the pre ' n
relates to an apparatus and a nethod for formng a crystalli zmmmm’”’mmmmu"r
sem conductor film 10 by irradiating a polycrystalline sem conductgfsefi| m
or an anor phous sem conductor filmwth a {aser beam whose phase is

nodul at ed usi ng a phase-shift mask. Background Art Convention ‘mmnmmﬂmu ww
materials of a thin-film215 transistor (TFT) used for, e.g., 3‘

el ement that controls a voltage fozbe applies +orphxgls of a Iiquigepesnysta
display (LCD) are roughly dividedo?nto anor phous silicon and polysilicon.
The el ectron nobility of the polysilicon is higher than that of 20 the

anor phous silicon. If, therefore, a transistor is formed by polysilicon,
its switching speedshacomes Thiosher Haram vshalnpo icry strrangizetTaon eETebby
anor phous silicon, which brings about the advantages that the response
speed of a display can increase and the design 25 margi ns of other
conponents can decrease. |f, noreover, peripheral circuits such as a driver
circuit @ad a DAC as well as a dispTeghmiacal uRi¢ldre 2 incorporated into
the display, they can be operated at higher speed. Though polysilicon is
formed of a set of cPystrtespihsinvestidrcrebate®bidiaycrgstankizahient hat
of 5 imge crystal silicon. A small-sized transistor that is formed by

pol ysilicon hasRPyrafbtemst &4 utidhkization method. Specifically,

the present invention relates to an apparatus and
a method for forming a crystallized semiconductor film
10 by irradiating a polycrystalline semiconductor film or
an amorphous semiconductor film with a laser beam whose
phase is modulated using a phase-shift mask.
Background Art
Conventionally, the materials of a thin-film
15 transistor (TFT) used for, e.g., a switching element
that controls a voltage to be applied to pixels of
a liquid crystal display (LCD) are roughly divided into
amorphous silicon and polysilicon. The electron
mobility of the polysilicon is higher than that of
20 the amorphous silicon. If, therefore, a transistor is
formed by polysilicon, its switching speed becomes
higher than that of a transistor formed by amorphous
silicon, which brings about the advantages that the
response speed of a display can increase and the design
25 margins of other components can decrease. If,
moreover, peripheral circuits such as a driver circuit

and a DAC as well as a display main unit are



t he nunber of crystal grain boundaries in a channel section. A
crystallization nmethod for generating | arge-dianeter imge crystal silicon
has recently been 10 proposed in order to inprove the electron nmobility and
| essen the variations in the nunber of crystal grain boundaries in a
channel section. As a crystallization nmethod of this type, there has
conventional ly been known phase control exginmer 15 | aser annealing (ELA)
for formng a crystallized sem conductor film by applying an exciner |aser
beamto a phase-shift mask that is parallel and close to a polycrystalline
sem conductor fj em ct £ e j t he
phase contr ol Z%Aﬁigg%fgt%@2£#%§g%h?n@lggygg&aﬁ% %,é%%rggc%g§£?2%§e€£Vbl.
21, No. 5, pp. Ri&&B87spL0P0. The same technology is also disclosed in Jpn.
Pat. Appl n. KOKAI™ Publication No. 2000-306859 (KOKAI date: Novenber 2). The
phase control ELA gemgsageSpalykghicobnt esskbymadl @iEshrkbut bencefsaal
inverted peak pattern in which the light intensity of a portion
correspondi ng tgatnphases shiéttsectmnoni bityhes phaser shhéh thask ©§ 3
approximately zero (a pattern of light intensity which is approxi mately
zero in the cenimagefctrhetphaselshofit nhskmahd-siddéntyanststaseshabwar d
the periphery thereof). A polycrystalline sem conductor filmor 5 an

anor phous seni chhdiermed fhy mPe syt addat kadswit hrobyemr daviagiaheonsghn
intensity distribution of an inverted peak pattern. As a result, a nelting
region i s gener BRRdPTAPAE cOf darEetat t aTehe Peghdarneensnty aharrebuti on,
and a crystal nucleus is fornmed 10 in a, portion gnnelted or solidified
first in accor ddREel it h %h%r$%F§%%hzﬁEb§% peghedi APENSFRGEREIBBpr oxi mat el y
zero. Crystal grows L@tera I¥ fromthe Cﬁ%ﬁtal nucIeHs tomardt&tsageriphery
(I ateral gromﬁh;af%eg haPat e atfaPgeSHY 3hBl er * 5T ngle 2P yEEEFRE1E RS
describ above i a y o] oL m C Lal i,z

sem conduct or f?fﬁé%%é%p%+yéﬁgggntggéﬁﬁgév%aé%% %g%§?¥§naﬁ%§gggggh?89 mask

that is parallej,andnct evé?iéﬁ&@%‘:%d'&ﬁéoﬁﬁﬁbéw b$ 599%1{'8\.“'%“ the

e
proxy nmethod has a drawback 1 n whi 20 the phase-shift Tmas S

cont am nat ed dugotiRqaPiasi PR 9f chhsnsenkeepdygtor fil mthereby to prevent
good crystallization. Applicant of the present application therefore

proposes a technol oggs(kmegesdeflogcustashhadrnetl ber mhag 2%pa,crystal |ized
sem conductor film by defocusing a sem conductor filmwth respect to an
i mge-form ng opiscabnsysteonbhay bsennkeopnspHabet werhralphasémshi ft 4
mask and a substrate to be processed (sem conductor filn). Applicant also
proposesla t echhabegyapineagaendA(FbRhodprofoaninagbngraatatdgeefior ni ng
optical systemto optically conjugate a phase-shift mask and 5 a

senm conduct or f PERLGAAAREGERT n§1 chYs@EPEV%@E 3BnPE6ABALL bRSPFI REBR tO

defining the nunerjcal aperture of the image-f in ptical systemon its
| aser bean1enit?iﬂba§?aéglgﬁcﬁﬁa nghed %ﬁegaﬁéiighngﬁé HéPﬁéugonethod and

10 i mage NA net ho a KrF.excine ht source, t hat

d enerally, | agser |
oLt pULS a Kr P cRcPHRIF RS oPLEAaR SPASHTGHESBE pot LPsenpRogBa TRRE 'S0 i s an
| mage-form ng °BEhﬁ8£né¥§£8?‘%? .'STHEdSeQBi?ﬁSb@gkﬁet58358fc88%k8%'
material (e.g., SiTrca grass). I'n'this case, e
20 ELA are disclosed in, for example, Surface Science,
Vol. 21, No. 5, pp. 278-287, 2000. The same technology
is also disclosed in Jpn. Pat. Appln. KOKAI Publication
No. 2000-306859 (KOKAI date: November 2).
The phase control ELA generates a light intensity
25 distribution of an inverted peak pattern in which

the light intensity of a portion corresponding to

a phase-shift section of the phase-shift mask is



15 oscillation wavel ength band of the KrF excinmer |aser beamis relatively
broad (about 0.3 nmat full width at half maxi nrum see FIG 5), and the

i mge-formng optical systemcauses a relatively large chromatic
aberration. Consequently, an influence of the 20 broadband wavel engt h of
the KrF excinmer |aser beamand the chromatic aberration of the

i mage-form ng optical systemcan prevent aszrequired light intensity
distribution from being generated on a substrate to be processed, such as a
sem conduct or filn1 In order to 25 generate a required light intensity

di stribution on, M@Ié?té)éré [Mpddc&an c?r? 1howghin thad i £ heyemgband
rrowe

of a | aser bean1|s na using a prism a diffraction gratlng or the

like. If, hoveves,addie, wavehangd afra ir@st%eb@&méﬁ HATF1o08Eh 2 fe 1 ASEFL UNI t
will be |ncreased in size and conplicated and its output will be lowered. 5

Using a | aser hesm WheseswavebendinSrdpdd O ogener ehe Yoet ehdight intensity
distribution in a mddle portion M between adjacent two inverted peak

pattern porti onshd¥eést)accopani gcr pytanl ine egethacosdwttof seelikl&x 4). In
the crystallization process, a crystal 10 nucleus is sonetinmes forned in a
posi ti on of theswsidrpiothesendebrdpoter obi Mwherertddiafehtwititensity is
llow (or in an undesired position). Even though a crystal nucleus is fornmed
in a desired posidhlorhathed | dherhb gk omthen%\hﬂilﬂ‘sfﬁ ikutieomn ehe crystal 15
nucl eus toward the periphery thereof, stops in a position of the mddle
portion M wher @ h1Y¢iHRd | BratsPa b efee r ea%%sa respkts et kBrY that a

| arge crystal will be prevented fromgrow n An ob%ect Ofl%gﬁ pr esent

invention is tofFRA 2@?%35?9%4a}W|§%f?5 a%ﬁ%dWh RistBdid

crystallization, rret hod cacﬁ)abl e,.of formn a cr €]rnuc us in a.desir

position and al PdWFHg & %/%tfléjrb‘f% ’o\/\iﬂ’l ateraf u%ll?’%cf?gﬂe?rom
the crystal nUCir?UgtIlS&r{;{F&E%?%{ (ﬁa&? if‘cﬁﬂﬁlg&aﬂa{ﬂ fﬁyér{;lrs LaLD. 25

Di scl osure of Il nven e pro em according t aspect

gl; n;) ??SPL gsent b PMENE I O o £ LS R \hﬁoé’é ov{ ged infeRsLrysial bpgabiona8pPr at us

zero. Crystal grows laterally from the crystal nucleus
toward its periphery (lateral growth) to generate
a large-diameter single crystal.

15 As described above, prior art (proxy method) for
forming a crystallized semiconductor film by applying
an excimer laser beam to a phase-shift mask that is
parallel and close to a semiconductor film is known.
However, the proxy method has a drawback in which

20 the phase-shift mask is contaminated due to abrasion of
the semiconductor film thereby to prevent good
crystallization.

Applicant of the present application therefore
proposes a technology (image defocus method) of forming

25 a crystallized semiconductor film by defocusing
a semiconductor film with respect to an image-forming

optical system that is interposed between a phase-shift



a phase-shift mask having at | east two phase-shift sections; an
illunination systemwhich emts a |ight beamof 5 a given wavel ength range
to illum nate the phase-shift nask; and an i mge-form ng optical system
arranged in an optical path between the phase-shift mask and a subject to
be processed, the phase-shift mask 10 converting an intensity pattern of
the Iight beamemtted fromthe illum natign systemso as to have a |ight
intensity distribution having inverted peak pattern portions having a
smal | est peak value of light intensity in portions corresponding to the
phase- shift 15 R0 I o Ancudfpl H 0% d g |p Al eam | o eositbi ot Lo
crystallize the substrate, erein the phase-shift nmask and the subject are
arranged in a cenoat enROBsi ddon Hfsd Nerdp@aes fOTfé Mgh ot d¢al isygd am and
20 the image-form ng optical system has an aberration corresponding to the
gi ven wavel engtieties@e 40 {oFdn@ind B imd@osféymthgtopbida Dnspétavavef orm
patterns with no swell of intensity in a mddle portion between the
inverted peak padt@sti@orly asnpngdte s ubheed-sREfAacasldingdito a second
aspect of the present invention, there is provided a crystallization

appar at uss conpra ssemgi condectoghfibovaned frchnen terastaphtzédam of a gi ven
wavel engt h range a phase-shift mask having at |east two phase-shift
sections, and c¥emEcendiechEer iRt Enshy ydehinkre e tmensri¢ght apebliesi tt ed
fromthe light source so as to have a light intensity distribution having
i nverted peak paftieht PreeofRIMRELCPTHFRL i AIYSHITt9Ri 5tF ohR3eT RSP nt s
corresponding to the, phase-shift sections and applying the |ight beamto a
subj ect to be p?%%%%%ﬁkl?%ﬁ%ﬂ crystallize the substrate; and neans for

e 'tng?g;é%%"?%%@%ﬁifggﬁﬁ?ﬁ%gi%5;”13%%%???_5@%?@%5?@ wgé
wavel engifis ar e gl egent. andaf of .00, 21 oDtk At eRSLY, 15 dLst {ibyti on o
t a m e e

wavef or m patt erns no swerl rntensity in port T on ween

the inverted peggupgét@ﬁgtpgﬁ{%99§ QnKipeefePhéft1a£@£0Bﬁ%@9%$0aahieﬁrd

aspect of the present inventio there 1s provided a net

crystallizing 29;8,8ubj 8Cimb 0o PEaPERGESSEs byni L haghnabiRIng baseashi ft
mask and irradiating the substrate with a |ight beam having a |ight

intensity distripstépntoiti Dyenied peak pahyeentppetoonspvhese |ight
intensity is lowest in portions corresponding to at |east two phase-shift
25 sections of matephase{shgf) shskcatbeaseihodIvonpisscage,itham nating
t he phase-shift mask with a |ight 8 beam of a give wavel ength range; and
15 oscillation wavelength band of the KrF excimer laser
beam is relatively broad (about 0.3 nm at full width at
half maximum: see FIG. 5), and the image-forming
optical system causes a relatively large chromatic
aberration. Consequently, an influence of the
20 broadband wavelength of the KrF excimer laser beam and
the chromatic aberration of the image-forming optical
system can prevent a required light intensity
distribution from being generated on a substrate to be
processed, such as a semiconductor film. In order to
25 generate a required light intensity distribution on

a semiconductor film, it can be thought that the

waveband of a laser beam is narrowed using a prism,



formng a light intensity distribution, which has no swell of intensity in
a mddle portion between the inverted peak pattern portions, on the subject
through 5 an image-form ng optical system the imge-form ng optical system
being |l ocated to optically conjugate the phase-shift nask and the subject
and having an aberration corresponding to the given wavel ength range. 10
Brief Description of Drawings FIG 1 is a gchematic view showi ng a
configuration of a crystallization apparatus according to an enbodi nent of
the present invention. FIG 2 is a schematic view of the internal 15

structure of anai&%yg}g@£igﬂ ﬁyétgﬁ?sggmgh'nlfkgi 1IfE| Sgéagngth are a

pl an view and a side view eac ng a phase-shift mas in the

crystal lization,appaiabuss &' Gaséri 5e8n0i8PRashOWEAY 8 hLhgBE {iAtengily 20
distribution of Inverted peak pattern portions formed by an i mage defocus

net hod and an ipagendNAaBEROEN bl & SnéScamPlaphtshowhAgian eseplitation
wavel ength distribution of a KrF exciner laser light source in an exanple

of nuneric val ugslacker Uowgreéd.t he 25 enbodi ment of the present invention.
FIGS. 6A and 6B are illustrations of an influence of a chromatic aberration
of an inmege-form ng Uptihgak la8er beam whose waveband is narrow,
generally, the light intensity distribution in a middle
portion M between adjacent two inverted peak pattern
portions R is accompanied by an irregular swell (see
FIG. 4). 1In the crystallization process, a crystal
10 nucleus is sometimes formed in a position of the swell
of the middle portion M where the light intensity is
low (or in an undesired position). Ewven though
a crystal nucleus is formed in a desired position,
the lateral growth, which starts from the crystal
15 nucleus toward the periphery thereof, stops in
a position of the middle portion M where the light
intensity decreases. It is thus likely that a large
crystal will be prevented from growing.
An object of the present invention is to provide
20 a crystallization apparatus and a crystallization
method capable of forming a crystal nucleus in
a desired position and allowing a crystal to grow in
a fully lateral direction from the crystal nucleus to
thereby generate a large-diameter crystal grain.
25 Disclosure of Invention
To solve the problem, according to a first aspect

of the present invention, there is provided



systemin the enbodi nent of the present invention. FIG 7 is a graph
showing light intensity patterns fornmed on a substrate to be processed by
optical elements of respective wavelengths in the exanple of 5 nuneric

val ues according to the enbodi nrent of the present invention. FIG 8 is a
graph showing a light intensity distribution fornmed finally on the
substrate to be processed in the exanple of nuneric val ues according to 10
t he enmbodi nent of the present invention. FIGS. 9A and 9B are illustrations
of the structure and function of an etalon that converts a broadband | aser

beam into optical, §§%¥ﬂéﬁégféﬂfgﬁgéggﬁpgn@gﬁﬁgggghén di fferent
enbodi

nodi fications to the ment of the present invention. FIGS. 10A and

10B are charts of an, qsichddath 0f: Wavek enghingli st ributt obwefpRabégbhi seUr Ce
and point images formed by a plurality of wavelength |ight beanms. FIG 11

is a graph showidwrideht intensity 20 patterns fornmed on a substrate to be
processed by optical elenents of different wavel engths in the nodifications
to the enbodi nent ofah hel pieseatiomvenpsteon. wirl€n 4Rits a piaph sbawmi of a
light intensity 25 distribution forned finally on a substrate to be
processed i n t he qibdei iwate barsgtio tdegentodi heminite heheresese-snvEnt i on.
mask; and
an image-forming optical system arranged in
an optical path between the phase-shift mask and
a subject to be processed, the phase-shift mask
10 converting an intensity pattern of the light beam
emitted from the illumination system so as to have
a light intensity distribution having inverted peak
pattern portions having a smallest peak value of light
intensity in portions corresponding to the phase-shift
15 section, and applying the light beam to the subject to
crystallize the substrate,
wherein the phase-shift mask and the subject are
arranged in a conjugate position of the image-forming
optical system, and
20 the image-forming optical system has an aberration
corresponding to the given wavelength range to form
a light intensity distribution of waveform patterns
with no swell of intensity in a middle portion between
the inverted peak pattern portions on the subject.
25 According to a second aspect of the present

invention, there is provided a crystallization

apparatus comprising:



10 FIGS. 13A to 13E are sectional views of steps of manufacturing an

el ectronic device using the crystallization apparatus according to the
enbodi ment of the present invention. 5 Best Mdde for Carrying Qut the

I nventi on An enbodi nent of the present invention will be described with
reference to the acconpanying drawings. FIG 1 is a schematic view show ng
a configuration of a crystallization apparatus according to the 10

enbodi ment of the present invention, and FIG 2 is a schematic view of the
internal structure of an illum nation systemshow in FIG 1. Referring to
FIGS. 1 and 2, the crysightizahion @rpanathscef .t NegREeBEh S@bgd?ﬂsah
includes an illumnation system 2 15 that 1llumnates a phase-shift mask 1.
The illum nati opa$ystegrrR Pasqd; KrF excinmer |aser light source 2a that
supplies a | aser beam having a wavel ength of 248 nm a beam expander 2b
arranged in sequenceaophhbe-knset heam Ravihyngtsidesef tibephhgbtsROft
source, a first fly-eye lens 2c, a first condenser optical system 2d, a
second fly-eye tedsi@esangnd sesvadt toadensentepsital psyséem 3f. thbe | aser
beam supplied fromthe |ight source 2a expands into one having a given

di amet er 3 hr oughighte Ré&abmeami ekpdnfieom2bhantlighensenteessdhasftoshafey-eye

|l ens 2c. Thus, a plurality of small |ight sources are formed on the rear
focal plane of aheifhtsinteéysdyy distirilensior, handnyi ghvefradeseak beans
fromthe small |ight sources illumnate the incident plane of the second

fly-eye | ens 2eP#Rt@rsuperihposednpashi bahtntBLGRSLRE 15 sPWedhdehser
optical system2d, As a result, 5 a plurality of smal| |ight sources the
nunber nore thaRPtReS sraFFeFPGRELIRSul2esBNnP ﬁ%efégngoEE ChPRRe2BE t he

first fly-eye lens. 2 f th focal f th d
Hy ey Tens 2cSPBLARYI R8eT B PREMCHAI P PRGHECLoLPCEe PFPURPARRC Phe

phase-shj ft 10 i eri fashj,on through the second
condensgiéoptic§?§§§%%%g%§fEthéhgggggg?fyggée | ens 2c and the first

condenser optical SYRLEM,2doRKRR:Ag! khS! 100MRIBRLACe A4 Ligehi 1St

honogeni zer unifornms the intensity ™ w respect 15 to t angl'e o

i nci dence on thg,pBasRyeAi EhnfgBSkudn Fhetsemrendifhy- g¥eml 8pg1284and the
second condenser optical system 2f nmake up a second honobgeni zer, and the

second honogeni ggeé yibfergshbbeai plepsiiyywbthopespett el emantsnwhnbage
position on the phase-shift 20 mask. Thus, the illum nation system applies
a | aser beam hawanglangahpoateudifbenrehtghhdi ibensnyyadilstyhtbihtenstioyt he
phase-shift mask 1. A | aser beam whose phase is nodul ated by the
phase-shl$t nas#igtisbappbhedft gadesabst patéednsowheh28opsweédsed t hr ough
an imge-formng optical system 3. The phase-shift mask 1 and the substrate
4 are |ocated i AnhAngptycanl 9 vbAflgarerposrt PBAVELNt hBei AAYerEeAnPRGX
pattern portions on the subject.
According to a third aspect of the present
invention, there is provided a method of crystallizing
20 a subject to be processed by illuminating a phase-shift
mask and irradiating the substrate with a light beam
having a light intensity distribution of inverted peak
pattern portions whose light intensity is lowest in
portions corresponding to at least two phase-shift
25 sections of the phase-shift mask, the method

comprising:

illuminating the phase-shift mask with a light



12 optical system 3. The substrate 4 is obtained by sequentially form ng an
underlying fil mand an anorphous silicon filmon a plate glass for liquid
crystal displays by chem cal vapor deposition. 5 The substrate 4 is held in
a.given position on a substrate stage 5 by a vacuum chuck, an el ectrostatic
chuck or the like. The substrate stage can be noved in X, Y and Z
directions by a drive nechani sm not shown. gFI G. 3A and 3B are schematic
views showi ng 10 a structure of a phase-shift mask. Generally speaking, as
described in the foregoing prior art, the phaseshift mask is made of a

transparent nmedilup gfga,%gvquégg%§H§§ﬁr@éggﬁgvggg adj acent regions that
b

vary in thickness. In a undary of a step (phase-shift 15 section) between

the adjacent regionSfo£ﬁ§nehaS@1§Htfinﬂeﬁgieyfa&§e£§bah@ohDCkH@eh haser
beam fl uxes and nakes theminterfere with each other and provides the

intensity of theoiggedensr! aseenbenin whith @iperéodbeal onSpatwakn the
distribution. 20 More specifically, with reference to FIG 3A the
phase-shift maskniehtsdspéisk shapedrphasetiegspnsnl ehangubbheot tmwotiyhes,
which are alternately arranged in one direction (horizontal direction in
FI G 3A).5The famnsimphastoregnonopbicall shetemcobdephmsgerEgioingb are 25
formed to make a phase difference of 180 between their transmtted | aser
beam fl uxes. |fophecphasestemfbenngklacatedotpredrbicailycaogingsthavi ng a
refractive index 13 of 1.5 with respect to a | aser beam whose wavel ength
is 248 nm a stEpeoph2as-ahift PefketBetRefUPhecti #8¢ BA¥SRIregi on la and
the second phase region |b, as is understood fromF| G 3B. In other words,
there is 5 a 2482 ndPBFFREreRCcECTRePRPRRHRE st BetiReRl BBRNWR B FRGFBNs 1a and
1b. A boundary between the first phase region |a and the second phase
region | b corresPpdhls to a phase-shift section Ic. If an i mage def ocus

nmet hod (96 an i mage NA nethoﬁ%iég bﬁsggghkggntgfaﬁrggghggl syst em whose

| i ght source supplies a single-waveleng narr ow | aser beam and

whose i mage- f orm ng E&lc§'i§¥§?EEh@@ét%hﬁ@%&w”?h@@?hgaéiEanFBEréHﬁéhrate

4 is located in a defocus position of an image-tformng optical "section (or

15 the Uun?riCabfaﬂ?&kyéﬁa@iiEB@ibHHQ€%£958h§9a@8&£8@hg5f5t§H1On its laser
beamemtting side is defined), with e result that a | aser beam having a

l'ight intensityeg@bstiimbhti 68 6heaprebBy¥att edvprakopattern corresponding to
t he phase of the phase-shift mask 1 is 20 applied onto the substrate 4, as
illustrated in FIG #IGThe lisght scheansityvdest bfbuheotnhagsnthe fol | ow ng
characteristics. The light intensity is a mninmminverted peak val ue of
approxi nbbel y zetouchuaepo$i ahonltonirspondi aAystemeabhwof iph&3€- shift
sections Ic of the 25 phase-shift mask 1, and increases one-di nensionally
and continuously towdEESthéRparPpRBr #Irer 8nPlB8 VAREr Bd pedRdeaVaeév or

toward the first phase region la and _ . _
each showing a phase-shift mask used in the

crystallization apparatus.
FIG. 4 is a graph showing a light intensity
20 distribution of inverted peak pattern portions formed
by an image defocus method and an image NA method.

FIG. 5 is a graph showing an oscillation
wavelength distribution of a KrF excimer laser light
source in an example of numeric values according to the

25 embodiment of the present invention.
FIGS. 6A and 6B are illustrations of an influence

of a chromatic aberration of an image-forming optical



14 the second phase region. Referring to FIG 4, the light intensity
distribution in the mddle portion M between adjacent two inverted peak
pattern portions R, which are fornmed 5 in accordance with adjacent two
phase-shift sections |Ic, exhibits an irregular swell (an undul ate
distribution in which the light intensity repeatedly increases and
decreases). In this case, it is desirable o generate a crystal nucleus in
a position 10 where the inclination of the inverted peak pattern of the
light intensity distribution is great (a position indicated by reference
numeral 11 merﬁé%&g%@?&hé”&%&iﬁeﬁé 5Pt R 9BBEsERERN; Avbhxegdnyval ue). 1T,

however, there (a repeat of projections and 15 depressions) in

t he ”‘dd|e_p0rt|0n_N@@@.desﬁé'QegrQFHV§ho@iﬁEY§§§htn&ﬁk@ﬂ§1t§ phkekynto be
generated in a position of the swell where the light intensity is |low (an
undesired positferméadssal egubytteferescee nppBtaksdad) by 28pEvealt hough a
crystal nucleus is generated in a desired position, the lateral growth that
starts fromtheeteyshas oOfictessetvitvbewpeeiphgtst herehé wkbhpséopfat a
portion L of the boundary between each of the inverted peak pattern

porti ons R and nhmeniddial28s pactoodiMy wherket dBbddihent nbEnshey
decreases. In other words, the lateral gromh starting fromthe crystal

nucl eus wi || beprésenedindenheéorange of the 15 width Wof each of the
inverted peak pattern portions (the distance between the proximal ends of
the inverted peak paFFErn8péﬁtPoﬁ§?PBrSbﬁylags?aﬁééhseﬂﬂééﬁsﬁéwnts or their

he inverted peak paf! Pt PORS20r SERETaRS!

e oo Gt e L SR et I a2 L RCSRT Y SHESEREES Fochear oui ng.

I idental ly, i the i def hod,_. th . dt h f h of th

mverted peak pRrCeFREa iR obbeCERA B d RE B ORRYES el bRs S EEOF bRy Ben
f he di . i ; the i -f i

o car L0 0s o ShENERLAQiRERLEEP LRE pPBGEnRLIRAER B0 1E | TROE LOT M N
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in the imge NA neth h Wof eac the 1 nverted peak pattern 15

portions is subgh@nthattyogaykvaheBtaliont heatesshitbi-08 af bthedbaREe- f or m ng
optical system As described above, the KrF excinmer |aser |ight source 2a

supplies a | aselabeanbvh@sendscopbtathbnehamehesgbl bandeirsntel atively broad
unl ess the band is 20 particularly narrowed. |If the inage-form ng optical
system 3 i s nadeavélangthgl ént gpEferenpt modh fiabeibak te. the, silica
glass), a relatively large chromatic aberration occurs. In the present
enbodi mehd, an embadimeftocfuthenpeecstns chventiipn.aberration 25 (generally
an anmount of occurrence of a wave aberration) of the inmage-formng optical
system 3 is defined FAGEccédPBantd i0Bhatge CHSELE| &ffi 6 REFllAAGHRN

wavelength distribution of a light source and point
images formed by a plurality of wavelength light beams.
FIG. 11 is a graph showing light intensity
20 patterns formed on a substrate to be processed by
optical elements of different wavelengths in the
modifications to the embodiment of the present
invention.
FIG. 12 is a graph showing a light intensity
25 distribution formed finally on a substrate tc be
processed in the modifications to the embodiment of

the present invention.



16 band of | aser beans supplied fromthe KrF excinmer |aser |ight source 2a.
Therefore, no swell of light intensity occurs in the mddle portion, and
the substrate (sem conductor filnm 4 can be irradiated with 5 a | aser beam
whose light intensity distribution has inverted peak pattern portions. The
principle of the present invention will be described below wth reference
to a specific exanple of nuneric values. 1) FIG 5 is a graph show ng an
oscillation wavel ength distribution of the KrF excinmer |aser |ight source
in the exanple of nuneric values according to the present enbodinent. In

this graph, the hor'%?&éa'1§A'§o'@§§C§%§$ @c998h5h0918 grg§pg?gﬁgg o0 the

| engt h 15 obt ai ned by subtracting romthe wavel ength and
the vertical axm§nuPQbE§£§§ the esgbtlshienabbtiessityngrehative value) As
shown in FIG 5, the |aser %eanlenltted fromthe KrF exciner |aser |ight
source 2a has actayssianzhdienshpyar2Btdbskebbuliing 85 ahwhemBodMaeat
specifically, the central wavelength ~ of the |aser beamis 248.55 nm and
the full width af bakfpraxenuminfehbéonscillati on wavel ength distribution
is about 0.3 nm(full wdth at half maximumO ~ . 0.15 nnm). 25 In the
exanpl e of nuneric val ugssadtodai figr t©athelpy edent teebhuverniont he

i mge-formng optical system3 is nade of only silica glass and telecentric
for both 17 obj ect Aandmbrddaesitdes &heapregealt imyehticat Wwéal Were
specifically, the whole length of the inmage-form ng optical system3 (the
di st ance betmeeﬁeﬁﬁélBBPeWﬁ BurpherenAd tRethARGECSUPRRYENTI §T2BODIRM (an
4f 5 optical system f = mm, and the nunerical ,aperture thereof on its
| aser beamenitting &t8e Fslﬁ £, SPREMALLGnVA&Y S ONAHGfatHQH LR OYRraC on

2 0.05. Th h h hi f | h
;Kzgg?;hi;f masRT12 gFBF%QT&ﬁaFﬁ18Feggéﬁgégugﬁgcgﬁgggn§8 gﬂgnsclgnaadelb

'S 10 - e Ehaathendnesdkap! eetEnt gkvaﬂtagﬁgeaaarﬁ&eg gosit Lon due

to the c romat i erfation o ormng optircal Syste will now

be descri bed “‘EBhEﬁB%%@”%Ee%O | &8e §ét@?ﬂa§55t1§c%ﬂ?§ B?i romatic

aberration occurs n thé image formng optical system t beans

em tted from one;paiha@lohN8yaRERCho@¥l $nOFeE .t HE ph@%@r§9h5ttaask
whi ch do not rely upon their wavel engths, “are focused through the

i mage-form ng optizeal 1systiem, 3tHROBr9REa20ipaitibnoBpbhealnti 6&l tagi s 0 of
the surface 4a of the substrate 4 to thereby forma point image. In the
present enbodi npatsehawembndiacahr dnafludeabenr aflloninatins systee 2
i mge-formng optical system 3. Therefore, as shown in FIG 6A, of the
i ght beamn that illuminates a phase-shift mask 1. The
illumination system 2 has a KrF excimer laser light
source 2a that supplies a laser beam having a
wavelength of 248 nm, a beam expander 2b arranged in
sequence on the laser beam emitting side of the light
20 source, a first fly-eye lens 2c, a first condenser
optical system 2d, a second fly-eye lens 2e and a
second condenser optical system 2f.
The laser beam supplied from the light source 2a
expands into one having a given diameter through the
25 beam expander 2b and then enters the first fly-eye

lens 2c¢. Thus, a plurality of small light sources are

formed on the rear focal plane of the first fly-eye



25 emtted fromone point on the optical axis O of the phase-shift mask 1,
a light beam 13 of a central wavelength is focused upon the optical axis O
on 18 the surface 4a of the substrate 4, a |light beam 14 of a wavel ength
shorter than the central wavelength is focused upon the optical axis O
above the surface 4a of the substrate 4 (on the inmage-formng optical
system5 side), and a |ight beam 15 of a wavel ength | onger than the central
wavel ength is focused upon the optical axis below the surface 4a of the
substrate 4 (on the opposite side of the image-form ng optical system.

Consequent | y, ifeﬁ@ezgreéﬁ&tlfﬁQPdﬁfEQés 5febé£ﬂ€t5P$@”£ﬁQ Qﬁéiieﬁié%E”‘O”e

poi nt on the optical axis of e phase-shift mas rman | mage, rchis

defocused to el ongatesal oiignilgroptihsal naxiienP gsahodbeated bycanhat ched
ellipse in FIG 6B, on the surface 4a of the substrate 4. Since, noreover,

t he inmage-form ngylSyopiégal 26yshem Supsrimbesent thsnion bribughdese the
anounts of defocus in all points on the flat surface 4a of the substrate 4

are al nost equafiteteashdehber, opbicéhesiysege 28.defscasedsubta direction
parallel to the optical axis. Paying attention to the points 20
correspongli ng ta pheraespecdfvemadlel eggt hsoofcesagbs elmhgatedrenthae
direction of the optical axis, or the points defocused fromthe surface 4a
of the substratehd, smakl| lgphti sevensesyodi thei baerohotahablgneophethen t he
surface 4a of the substrate 4 is one 25 obtai ned by superinposin
(synt hesi zi ng) fight fhyeasetyepat£erasef éprpadbyn| Fhat reptxéeceat the
respective wavel engt hs. 19 The follow ng Table 1 shows a rel atiagnship
bet ween an amouRtadf AbveEREngERCRAshlUceNenteRANFSt haPeRE bhEAFRETBY

subtracting the_centra velength ~ fromthe wave|length of each of the
oht “beans andchf SHotht LEOBE FOHEFERAE AFRABELF af RBWPCARBIRRLOF def ocus:
- m thatjocours Lp eagh of the gL Beans, due Lo, Lhe,chromaLig gberration
of the image-forntng op?ica? gys%e 3" n the exanpl e 8? nunrer ¢ val ues

according to thgoﬂéﬁﬁ%QE g@QQgﬂeggsaéﬁ b seen from Table 1 that 10 the
c n

anount of wavel ength disp enent the amount of |ongitudinal aberration
are alnost in proporghanrteseaghyokher 1ehBesrebali eRehicprghowBniyBnkabl e 1

o optical system 2d make up a first homogenizer, and the
first homogenizer uniforms the intensity with respect
15 to the angle of incidence on the phase-shift mask 1.
The second fly-eye lens 2e and the second condenser
optical system 2f make up a second homogenizer, and
the second homogenizer uniforms the intensity with
respect to an in-plane pcsition on the phase-shift
20 mask. Thus, the illumination system applies a laser
beam having an almost uniform light intensity
distribution to the phase-shift mask 1.
A laser beam whose phase is modulated by the
phase-shift mask 1 is applied to a substrate 4 to be
25 processed through an image-forming optical system 3.

The phase-shift mask 1 and the substrate 4 are located

in an optically conjugate position of the image-forming



result of conputations perforned on the assunption that the inmage-formng
optical system3 is a thin lens. 15 This relationship is generally
established even in the actual image-formng optical system3 that is
farmed by a conmbination of a plurality of |enses. 20 Table 1 5 10 15
Anmount of Wavel ength Di spl acenent Anount of Longitudi nal Aberration Anount
of Wavel ength Di splacenent 0.00 0.05 0.10 {15 0.20 0.25 0 19 39 58 77 97
-0.05 -0.10 -0.15 -0.20 -0.25 Amount of Longitudinal -19 -39 -58 -77 -97
Aberration FIG 7 is a graph showing light intensity pattern fornmed on the
substrate by a LJ e es i ngt I X | e of
numeri c val ues %%%gé%?ngy%%gihé'pfggén¥§% %%#ﬁe%t?éF#%§£gﬁ?§ gggraph
showing a |'9htsé<§\§@ﬁ§i£}{19' BOF NG| 9N hhdallyiher FRUNOAnghe substrate 4 in
association with the phase-shift nmask in the exanple of nuneric val ues
accor di ng to thgnpsesephoesbedi nesh. £1 tmFb a 7plaeéegease pypel ahu2d
indicates a light beam (solid Iine) whose wavel ength coi ncides wth the
central wavel engihstal de§prepsebnpuokrenic2? vadocatlesoaitight beam
(one-dot - one-dash |ine) whose wavel ength is displaced by 0.05 nmfromthe
central wavel enTihéd substedteeficesnbekbdain2d ghdesapesihibngbt beam (broken
i ne) whose wavelength is displaced by 0.1 nmfromthe central wavel ength
~,, reference a2dubsheabe SBagadbchyes wWarnght chealh (enoclectopetdhsn

i ne) whose wavel ength is displaced by 0.15 nmfromthe central wavel ength
~, reference nuﬁ%@%g o5 thai takes aThfghtbpEantechhpAc| FAB) PRNBIESd 1in
wavel ength is 5 displ ace nmfromthe, central wavel ength and

d by 0.2, :
refe{ence numer %t §6aPﬂd?CQ¥E§051PP§h?Yb%aﬂ¥%Yﬁr@%9 BP1BHelahsAPPIRe) whose
th is displ b . 25 f th tral . | th ~. Ref i
Lo B a7 a7 igne | AEGRe) 28 Patt dPnogh FERREatey THETF: GREMBEEm 21 whose
wavel engt b c0|ng|g?§ug%%pepg§ SG§BE?E—§RY? eﬂQ%F.~ &8£E?§E?gdgﬁégkﬁﬂ§ | i ght
a and a nrd

intensity distribution having rnvertéd peak p ern portron dl e
portion shown in.F - e asol vayehengt-h_disp esn mthe
central 15 wave %nggﬁcffbgﬁgﬁﬁi%Pﬁun?vgﬁae %fbeacﬁ g?tfhgﬁg B 58

shift mask is made of a transparent medium, e.g.,
a quartz substrate having adjacent regions that vary in
thickness. In a boundary of a step (phase-shift

15 section) between the adjacent regions, the phase-shift
mask diffracts the incident laser beam fluxes and makes
them interfere with each other and provides the
intensity of the incident laser beam with a periodical,
spatial distribution.

20 More specifically, with reference to FIG. 3A, the
phase-shift mask 1 has slit-shaped phase regions la and
1b of two types, which are alternately arranged in one
direction (horizontal direction in FIG. 3A). The first
phase region la and the second phase region 1lb are

25 formed to make a phase difference of 180° between their
transmitted laser beam fluxes. If the phase-shift mask

1 is formed of silica glass having a refractive index



inverted peak pattern portions increases to sone extent, but a degree to
which the light intensity suddenly decreases fromeach of the inverted peak
pattern portion toward the nmddle portion is |lowered 20 (the |evel of
naormal peak patterns |ocated both sides of each of the inverted peak
pattern portions is lowered. In the |ight beam whose wavel ength is

di spl aced greater than a fixed distance, ijz., the |light beanms 24 to 26
whose wavel engths are each 25 di splaced greater than 0.15 nmfromthe

central wavelength ~, the light intensity does not decrease from each of
the inverted peak patter r gg: n
nor mal peak pat ernzé o@c%% ;)Loééaé algrr(g\é? ﬁ%ses%\éf% wr% N ens t}3(/ f(;ccurs

in the mddle po z{)e'rﬁr‘[‘ £S5 1485 I # beds ahpves f&ﬁnéa%@tw&@n@méyfpﬁéﬁerns 5

formed by I|ight ans of respective wavelengths (i.e., the light intensity
patterns shown gk dd GeqlolBa SAREMHPOSEELAD A S Nr@gld®htn) Aenséty
distribution that is finally forned on the surface 4a of the substrate 4.

I n the exanpl e widenwsod FedmeBId) I corTh ngtlior therds esemérenbodi ment, as
shown in FIG 8, the surface 4a of the substrate 4 is irradiated with t he

| i ght bedm of & |l24htnm ndefitetgnpatirerthidcltesHube oredmviboigh atimor mal peak
pattern (angle pattern) in which the light intensity has no swell in 15 the
mi ddl e portion Motmeels tared i Hver tRdpeada patbetveporthonti Rebuphiser eases
slightly and substantially nonotonously toward the center of the mddle
portion. Conseqieditdly, lamndrike ateerrd dpkatant &&l genbl ateEr ogPeRds | #ot he
m ddl e portion Mbut in a position where the inclination of the inverted
peak pattern pottRRmseothihe E’F‘F%ﬂh’foﬁln}f%nm ty distribution is great (or a
position where the in enS| tggn a fixed va

i thermor . the i ght 7t 4176y A86ee T REEOetrash FiOEhe borREaRY)
bet ween 1e(j'ich of, the | {’&Et@d rtlaak Qiaétfrgy:g%ﬁlwgsg f‘f&lhE gon]fggl e portion

M (no nornal peai p%? erns are rred) i nCreases ightly and

nonot onously to %ﬁé#ﬁ{@§ eg{ w£9§1§%9 PoﬁnggwN&aﬂgeigggfe%eéﬂe.

| ateral growth t1ng rom e cryst AucT eus fonard 1ts peri phery is

not limted to Lhg fRnge Pxﬁa%@ﬁféﬁ‘&ﬂiﬂ 0<§p€§8§1 0£¥§P&n5hé£w§h¥1§9t P&k

pattern portions. Thus, in the presen enbodi men a crystal nucleus can be

generated in a Q@éff&@il@ﬂﬁlth@ns@lﬂgtﬁa@@n@ﬂ@rﬁb&a{téateﬁaé geovthsfromthe
crystal nucleus can be achieved to forma |arge-dianeter crystallized

sem conduct or fpd#itldn Ther en nomadoet Fonaing expl annt seat 0bncoadi ti onal
expressions to obtain a light intensity distribution of patterns in which
t he |ight5i nt enshé¢ ynimer easksasérghtéyodnthevimigeolstiyibowapditae center
of the mddle portion M The width Wof an inverted peak
system on its laser beam emitting side is defined),
with the result that a laser beam having a light
intensity distribution of an inverted peak pattern
corresponding to the phase of the phase-shift mask 1 is
20 applied onto the substrate 4, as illustrated in FIG. 4.
The light intensity distribution has the following
characteristics. The light intensity is a minimum
inverted peak value of approximately zero in a position
corresponding to each of phase-shift sections 1lc¢ of the
25 phase-shift mask 1, and increases one-dimensionally and

continuously toward the periphery from the inverted

peak value, or toward the first phase region la and



15 pattern portion formed when a | ongitudi nal aberration due to the
chromatic aberration of the image-form ng optical system 3 has a maxi num
value Dis given by the foll owi ng expression (1) based on the theory that
is generally understood as a nethod of determning 20 a diffraction pattern
of a Becke line. W=2 X1.2 ( ~~D2 1/2 . . . (1) where ~, is the
central wavel ength of a | aser beam supplied; fromthe Iight source 2a.

Consi dering a process of the conputation in the 25 above exanple of nuneric
values, it is desirable that the width Wof each of inverted peak pattern

portions be subgtaniiably thessapesaspthe pitch X between the = 24 inverted
peak pattern portions (see Fl 8)"1n order to obtain a light intensity

di stribution of pattgeBsrin¥yhtshrife Li gbhei NigRsi tytrbnstegses slightly
and nonot onously toward the Center of the m ddi e portion M™5 Mre

speci fically, t&E%tfiEﬁti@ﬁ?ﬂﬁitHePﬁid@l@é%@ftE@@de$@ﬂwé@ntQ@jé&@ﬂt beam
24 in FIG 7 is close to this condition. nsi dering that an adequate

advant age i s obtw netlvéftédepah it batt ofn easht Ddns NKerieticheake padtred
portions is sonewhat close to 10 the pitch X between the inverted peak
pattern portionsy &¢cosdaesée rabtle adpecene fobdl ohhng-skpfesseohi¢y be

est abl i shed between the width Wand the pitch X. 0.5 X X ~2 XX ... (2) A
rel ati onshi p beltoeepxihelipstan Xrpegweah stells(apverdedapeak pattern
portions and the pitch P between the phase-shift sections of the
phase- shi ft maskIataEpehaen uponvikhel | Magel Foh ki hateRghtYi EaPeahedt Yt he

i mge-formng optical system3. In the exafﬁle of nuneric¢, val ues according

to the present SR Heht 2N U RECRABYL: f of i R FraGRPE1 caki bR of the

[ -f ' tical 3 i I ificat] d thus t itch X
petween (he nvar CirBLaK. pa¥RF oo Fr £ GhECbOr nEhGLGUa Th £ HESHI FRRP

v e Pogscel ke M6 PR S L e L o

25 expression ( e condi't1ons OW NG~ ExPrF éss

derived, as are.fhoseyf {he-HotloWiNg: £XBLESSHODs(4reat (a position

indicated by reference numeral 11 where the light
intensity is not higher than a fixed value). 1If,
however, there is a swell (a repeat of projections and

15 depressions) in the middle portion M as described
above, a crystal nucleus is likely to be generated in
a position of the swell where the light intensity is
low (an undesired position indicated by reference
numeral 12).

20 Even though a crystal nucleus is generated in
a desired position, the lateral growth that starts
from the crystal nucleus to the periphery thereof will
stop at a portion L of the boundary between each of
the inverted peak pattern portions R and the middle

25 portion M, where the light intensity decreases.
In other words, the lateral growth starting from the

crystal nucleus will be limited to the range of the



25 0.25X2/ (2 X 1.44 ~. ) ~D~4X2/ (2 X1 . 44 ~ ) ... (3) 0.87 ~D ~ ~,
/X2 ~1 .389 . . . (4) Substituting X =10 ~ mand ~, - 0 . 24855 ~. mfor
5 the expression (4) as specific values of the exanple of nuneric val ues,
the follow ng conditional expression (5) is obtained with respect to the
maxi nrum val ue D of the |ongitudinal aberration due to the chromatic
aberration of the inmage-formng optical sypiem 3. 10 35 umc D s 560 ~cm
(5) Referring again to Table 1, it is understood that the conditional
expression (5) is satisfied even though an anount of | ongi t udi nal

aberration 97 ~@2%E9rﬁeﬁgogggﬂgokotﬁgueggékgg hé@% gggﬁgrgr?gpgighginun1l5

wavel engt h is us as the maxli mum va I na erration or

an amount of | opghtugiBaknabepeahiben BReapPbeohkeSRARMi BY thet BRvBALE4W dth
is used. As descrlbed above wth reference to Table 1, the image-form ng

optical system geMktpafrehhopBELE0RY, aber tBEI @Nshafica bbaRaenr gbahtanship
bet ween an anmount of di spl acenent of a wavel ength fromthe central

wavel ength ~. apd 8ReapDUDtinftdekoeHsréanhanpiateabihgnuiyndi nal
aberration). In other words, the maxi numvalue D of the |ongitudi nal
aberrati ol correéspendiby sba2bsthe Hatteaubdtfiicah)be Bxpoessddrbplihe
follow ng equation (6). D=k X0 ~. . ( 6) 26 where ~ ~, is a half
width at hal f nbakgancimsthé Lﬁtehsreﬁouesprebanted Sfomhegrbasen.beam
supplied fromthe |light source 2a, and k is a coefficient showing a ratio
of the anount oinﬁédéaﬁélﬂﬁrthé BhﬁuhmageoﬂeéP§BEa@@ﬁbﬁ@roﬁhﬂavégﬁthh from
the central wavel ength ~.. e conditional expression can thus be
nodi fi ed to theCfofPERki A EBﬁdFPVSH&PdeRSPESEPBEeE?)PﬁFFﬁOPéf¥Péﬁ€é to the

relationship of Emos Egtkggpg6%10 go tﬁe 1/2E% bower o% tﬁe d %ance (7)

10 between the image surface of the image-forming optical
system 3 and the substrate 4 (i.e., amount of defocus)
if the image-forming optical system 3 has adequate
resolution. On the other hand, in the image NA method,
the width W of each of the inverted peak pattern

15 portions is substantially equivalent to the resolution
of the image-forming optical system.

As described above, the KrF excimer laser light
source 2a supplies a laser beam whose oscillation
wavelength band is relatively broad unless the band is

20 particularly narrowed. If the image-forming optical
system 3 is made of a single type of optical material
(e.g., silica glass), a relatively large chromatic
aberration occurs. In the present embodiment,
an amount of occurrence of a chromatic aberration

25 (generally an amount of occurrence of a wave
aberration) of the image-forming optical system 3 is

defined in accordance with the oscillation wavelength



10 In the present enbodinment, it is desirable to satisfy the conditional
expression (4) or (7) to obtain a light intensity distribution of patterns
in which the light intensity increases slightly and nonotonously toward the
center of the mddle portion. In the 15 foregoing enbodi ment, the KrF
excinmer |aser |ight source 2a supplies a | aser beam having a Gaussi an
intensity distribution as a whole. As a madification to this, however, the
KrF excimer laser |ight source 2a can supply a | aser beam havi ng a maxi mum
intensity at 20 a plurality of given wavel engths that differ from one

anot her. I GS. o andk 9B e fddihstapld ons, ofr i 1sd 1GH WS N0 faunsit | ons

of different etalons eac verts a broadband wavel ength |1 ght

beam into 25 alr?ddtﬁtalé&ﬁ»ée‘ 34 ghtrihsan®,of, did fefent yavelangths as
nodi fications to the present enbodi nent. The etalon shown 1n FIG 9A is an

air gap type etilinhand, tdwturs 2% shwmiduiRkd Go9B dis, aursdltirk type etal on.
FI GS. 10A and 10B are charts showng a |ight source oscillation wavel ength
di stribution anghpairdtd nagesi daridmestdyy @i )urdlddry of eneed letgddh Wi tght
beans in the 5 nodifications to the present enbodi nent. The etal on 28 shown
in FIG %A is nadesgr dean pdiosofl jpgrtal irdderfd ity pliat tosi D8ai endha@8b
arranged with a given gap t therebetween. These parallel flat plates 28a
and 28b are eacinferimt mdak reafsirRremogfiiayss. In the etalon 28 10 so
formed, a |ight beam that has passed through the first flat plate 28a,

e.g., a laser beam iBhapprireinbe anll/ e refeeetediByeRr htoR nét Hen®e sur f ace
of the second flat plate 28b and finally emtted fromthe second flat_plate
28b as |ight ha¥8sF B Rt YD JRTLEENAS & ehetReC Whis S XaiRt @iyt hs
differ fromeach other. In this case, a peak interval b ~, between a
plurality of (FUIFETIF 1135 %%bodi ment) discrete wavel ength |ight beans,

whi ch ar.e fornmed by et al on_28 based on.a broa engt h i nci dent
| aser béghl is 20 re%£§3ent%% %yg¥%% f%??%ﬁ?%gggqggg?g%ﬁ?%§$ 8 ~, - ~, 2/

(2tcos 6 ) . - wafBledll Carscienlbifogest fale vl efoienl) 2541 onthand

wavel ength lig eamthat 1s 1 nherently supplied omthe I'1ght source 2a

and i ts val ue |5, 248 5 AMid &Hen2Pe N LSAMe FDMI §4 pabs 0ficcandlifyi So an
incident angle of a laser beamto the etalon and its value is 0 degree. To
obtain a peak imerygdsént &fb&idmentm fortexanptaph, 28 horizontal
axis indicates a position corresponding to the length
15 obtained by subtracting 248 nm from the wavelength
(unit: nm) and the vertical axis indicates the
oscillation intensity (relative value). As shown in
FIG. 5, the laser beam emitted from the KrF excimer
laser light source 2a has a Gaussian intensity
20 distribution as a whole. More specifically, the
central wavelength A of the laser beam is 248.55 nm,
and the full width at half maximum of the oscillation
wavelength distribution is about 0.3 nm (full width at
half maximum A A = 0.15 nm).
25 In the example of numeric values according to the
present embodiment, the image-forming optical system 3

is made of only silica glass and telecentric for both



a given gapt has to be set to 231 ~.cm In other words, a |light beam
havi ng four peak wavel engt hs whose peak shapes are the sane in the
intensity distribution as shown in FIG 10A can be obtained based on a 5

br oadband wavel ength |ight beam supplied fromthe |ight source 2a by the
action of the etalon 28 with a gap t of 231 ,u m The |ight beam having
four peak wavel engths includes a first wavel ength optical conponent Al
whose 10 central wavelength is 248.3 nm a second wavel ength optical
conponent Bl whose central wavelength is 248.433 nm a third wavel ength
optical conponens B2 Winse; el rad queviet eNgtdah$1 2806 i 1 &d ardpdirth
wavel ength optical conponent A2 whose central "15 wavelength is 248.7 nm 1In
this case, as siypwm #itdlG, 10R whw1d i 1stigvRvetr engd hippfécadrgpmgponent Al
forns a point inage Cl, which is defocused due to a chromatic aberration of
the image-for mdgr @il Casisast BN Bhe aDyEaibe ISetti@se dite abbjdet substrate 4
20 (toward the inmage-form ng optical system 3). The second wavel ength
optical conmponefirBicd camd ehelefmedseshipdacd) | g0 @l het yeeend f he surface
4a of the substrate 4 and the point image CL. Simlarly, the third

wavel engtth opt i gat i cahpoyeinem B2f for 280 andef ozud eth@Snpoenicé regee P2urd a
position that is dianetrically opposed to the point inmage DI with regard to
the surface 4a dier¢rf sebsitatbaser beegn oeebsetng spde The ¢ olirt NTRAvel engt h
optical conmponent. A2 forms a defocused point inage C2 in a position that is
di anetrically obbb‘é‘%ln%‘él?lheN%o?%ttlil?rabgl‘é&lW?ho? et beR o the QuPPace 4a
of the substrate 4. The intervals of 5 these p1, D2, C2)

are the same. Thee poththirelgesvask F%%I%@%ﬁengg %e%gg fg%éfi%ib%’the
i cative of BUCTSCUbbEL I TRgE T hat ™1 Hoe| BAGRE chTi FeThe bl FRBLFRCBS ¢ he
TPt enai 14 di st TERETSN 1 rat Ty ¥ ot Bt of Tt N SUr't ate 4% of the subsrate 4
formed by the 15 vavel engtRCaRt Sal tampaneit s rAls b1 TeE S AT ORTERE 1T be

under st ood t hat¢§ hensapRradyent ageeasathah 6t the aheye-sbfmuap type etal on
can be obtained from another type of etalon, e.g., a solid type etalon with

a reflecting fibpt28al ogyetéhes sile ndw2beadtsanspadenithl atfsubsteate 29
having a thickness of t as showmm in FIG 9B. FIG 11 is a graph showing a
light intensitytpafiesn barard 6B.t he substrate by each of the four

wavel engt h optical components (Al, Bl, B2, A2) 25 described above.
Referringsto FIG 11When thechirghttint ehsirryptpant ecpsrtoinethbyimhgesecond
and third wavel ength 30 optical conponents Bl and B2 whose wavel engt hs
are each rel ati fergirposetieat havebanrdl whvbkehgems~emiheef §ROM| Ahensity

tends to decrease to sone extent from each of the inverted,geak %taern
hift ma ’

portions t owar dPPRet on the optical axis O of the phase-s

which do not rely upon their wavelengths, are focused
through the image-forming optical system 3 upon one

20 point on the optical axis O of the surface 4a of
the substrate 4 to thereby form a point image. In the
present embodiment, however, a chromatic aberration
occurs in the image-forming optical system 3.
Therefore, as shown in FIG. 6A, of the light beam

25 emitted from one point on the optical axis O of the

phase-shift mask 1, a light beam 13 of a central

wavelength is focused upon the optical axis O on



5 mddle portion therebetween. In contrast, in the light intensity patters
formed by the first and fourth wavel ength optical conponents Al and A2
whose wavel engths are each distant fromthe central wavel ength ~, the
m.ni rum val ue of each of the 10 inverted peak pattern portions increases,
whereas the light intensity does not decrease fromeach of the inverted
peak pattern portions toward the mddl e pordion therebetween or no swell of
the light intensity occurs in the mddle portion. 15 FIG 12 is a graph
showing a light intensity distribution obtained by synthesizing the optical

component s shouyd il 6cd 1y andefLagl LypLoraed, on 4he; shbshegher 4. ofs shoun

in FIG 12, a intensity 20 stribution in ich™no swe of Iight
intensity occurs jfivéhenstiddigopesti enaM beEVeSR:Ehe WwaveltRgrReak pattern
portions R but the light intensity increases nonotonously toward the center
of the mddl e ppstho8dMipds theabpyital nedienotfisosyrtReesdargtet he 35
substrate 4. Thus, any crystal nucleus is not generated in the mddle
porti on M but celne bsultloteata a posi thenimbeeefdéhringcbpbatadnspdtéene

i nverted peak 31 pattern portions Rin the light intensity distribution
is great.5Sincestdie) ) ighd aniegsttyeamctbasésaneavedbaongshyloogardthae
center of the mddle portion Mnore clearly than in the above-descri bed
enbodi ment, 5 theel atetndlcvyvedéngtbwih Soausedgupennthecepsiablnasieus
toward its periphery is easy to reach al nost the central part of the mddle
portion withoutP®kprigthenfueface thecfahje srPERE2GEdEN(BR EBBh of the

i nverted peak pattern portions, 10 In the present nodificatiopn, too, a

crystal nucl eusCRBASHES gBhEFaPed PR 4MAEET FBHTHBEi PPBACAndS ARt 8Bequat e

| ar e di anvter. GIYSPATPRELE sEii ERRABEESF i FHECERPRC noPaobydn fgoedh™
For the Shape ariiFReinahosroor BTt Br LA CERLER LGS Bant Beam 15

gner, 10 {habykgeLigs aboks EraceLgmnty Lhalp, LRcEsEL chcsocgclions o

positively and EPBH%QBguéhMn&oﬂﬁédobh§g8§n5§5sob hhejphddheegopyi on than in
t he above enbodi menf. In the above nodification, a broadband wavel engt h

light beamis canMettredi 810ipspl vhakity eB,waxetragkhr2cki ght ofeans using
an etal on. However, the present invention is not limted to this. If a
plurality of | askee baebpsrahbat 4sli ghhky, vacyebnepgcthkatmage-£32miagel engt h
are synthesized, a plurality of desired wavel ength |ight beans can be

obt ai nedlisi ng appliioral sygtehn Bi ght tsdarevtséct fonsbbth sapgpkyi hgel i ght
beans whose central wavel engths generally differ from5 one another and a
synt hesi zi ng seeéPPBRtFoPLsfAfREYFziiRgall points on the flat surface 4a

of the substrate 4 are almost equal to each other, and
the image is defocused in a direction parallel to
the optical axis. Paying attention to the points

20 corresponding to the respective wavelengths of images
elongated in the direction of the optical axis, or
the points defocused from the surface 4a of the
substrate 4, the light intensity distribution finally
formed on the surface 4a of the substrate 4 is one

25 obtained by superimposing (synthesizing) light
intensity patterns formed by light fluxes of the

respective wavelengths.



a plurality of laser beans supplied fromthe |ight source sections.

Instead, a plurality of desired wavel ength |ight beans can be obtained by
inserting a multi-filmmrror, which reflects only the Iight beam 10 of a
specific wavel ength, into an illum nation optical path of a broadband

wavel ength |light beam In this case, it is seen fromFIG 7 that a great

i nprovenent can be provided sinply by elimaoating only the central

wavel ength that contributes to a swell of the intensity 15 distribution the
nost. The above enbodi nent enpl oys the phase-shift mask 1 that is fornmed by
one-di mensi onal | y arfl@é‘ggé‘g%%%?n&l{g%lé’fl5£h$w§h§pfé’l£€§§§sﬁff§' 888ween

correspondi ng to phases . wever, the present 1nvention is not
limted to thispbifiohPhasershdfdndBskatsigtadsmdof Mg Pycha®- dé mensi onal |y
arrangi ng four rectangul ar regi ons corresponding to phases 0, ~/2, ~, and
3~/ 2 can be useshtdiHdDEB PO Eot FacOENSrthe Geptvse-wivélemmpstk Aavirign an

i ntersection point (phase shift section) of 25 three or nore phase shift

| i nes and for nethsucdvé harigtiheo f nd i ab £ ofh¢ hei glotpbeams rams nan t amcendf a
circular region with the intersection point at the center can be 33 used.
Mor eover ,5 a phase-kinditwdbka haathengrat tom c (hpoust epf cde fespondiumy to a
phase-shift section and set such that a phase difference between a
transmtted |igthabearswtsthe ereubbirthe epliahnl peansdueubei Blye s
transmtted |ight beam beconmes ~ can be used. The light intensity

di stribution cahpaeohpurRdr everer ot hehdetyrestagRInguePHEC®E desirabl e
to observe and confirmthe Ii%ht intfnsi y distribugion on the actu

|
surface to be pFYeeed 1R hERSUPFARRIE P heMERPHERdY &%ST%CG%r?h?g,g?he
f to b d h ly.t ded b ical t t
Focerve a I oht EHean AT OuoHarR e pi bRubt deerhel okhraETs BEhEihen a
o ‘ . . . .
constrai s and RueToret| 85 2 BiGRYEn AT ERLLEBL: PHRAPERE ISR bE 1

providing a f1upseseeqti phat g0 LbeoRUsEaCE1£0sbeL A 0E6BSEE o 8L hod of

manuf acturi ng an efectronic device by the manufacturing device and net hod
of the present iavendiRorw | thberdeseibhsdipi sRokef enengg1E01 FLESs 13A 20
to 13E. As illustrated in FIG 13A, an underlayer film3l (e.g., a

| ami nated fil mpésabt SON Eohpubaviogs apéhrcknedsonf the assandtaonSthatfil m
having a thickness of 100 nm and an anorphous sem conductor film 32 25 (e.
g., Si, G and She¢eimagh-havmbggaophickhesgsoémabois &0thimt be280 nn) are
formed all over a rectangul ar insulation substrate 30 (e. g., alkaline

gl ass, si%ica TBisgratsiiphabipcisaaenpobyini defabyishedi euenvapothe
deposition, sputtering and the |ike. Then, an exciner |aser beam 33 (e. g.,
KrF and XeCl) iachpplit@age-parning aptieslt A¥SEaRf dcEhef tRefarBRBhBYS
sem conductor 5 film 32. To agglg tEe e{ciner Igser beam the device and
met hod of the above™ehBaEinBNPLafePLYEAlIEBNSEGLERERS; the amor phous

sem conductor film32 is crystallized into a polycrystalline sem conduct or
film34 as shown in FIG 13B. The polycrystalline



10 sem conductor film34 so forned is converted to a polycrystallized or
single crystallized sem conductor filmwhose crystal grain positions are
controll ed and whose crystal grain dianeter is larger than that of a

pol ycrystal line sem conductor filmfornmed by the 15 conventi onal

manuf acturi ng devi ce. The polycrystallized sem conductor film34 is
processed by photolithography to formislanpd-like sem conductor filns 35.
As shown in FIG 13C, an Si02 filmhaving a thickness of 20 nmto 100 nmis
formed on 20 the underlayer film 31 and sem conductor film 35 as a gate
insulation film36 by chem cal vapor depalsi¢i dbn, sputtering or the liKke.
Then, a gate electrode 37 (e. g., silicide and MoW is fornmed in a |l ocation
corresponding to the sem con25 ductor film35 on the gate film 36. Using
the gate el ectr OB &f a mask, inpurity ions 38 (phosphorus is used when
the device is amdvehanngl traosdstorp.abd 03boboronlbs usezlo whem.2% is a
P- channel transiﬁgéﬁﬁaégﬁ%ﬁmplanted into the sem conductor film 35 to nake
this filman N typ r a P type. After that, the entire device is anneal ed
in a nitrogen atnosphere (e.g., for 5 one hour at 450) to activate the
inpurities in tHE¥EH dhductor film35. As a result, the seniconductor
film35 serves asomgsOudtea®¥l and a dpain 429both baving a7high $mpurity
concentration, d a channel region 40 | ocated therebetween, corresponds to
the gate 10 el et Y87 And having a low i npurity concentration. An
interlayer insulation film39 is fornmed on the gate film 36. Then, contact
hol es are fornmed in those portions of the interlayer insulation film 39 and
gate film 36 t hahm@wit e@bond to the source 41 and drain 42. 15 After that,
a source el ectrogevdBeagicha drai rOelD&ctredeld4, whith areOekéctr+calby
connected to theng#Ig@eﬁén@nd drain 42 through the contact holes, are
formed on the interfayer insulation film 39 by deposition and patterning,
as shown in FIG_13E. It _can be 20 understood that the thin-filmtransistor
so formed is a |AFQeeHi @feter polycrystal or nonocrystal since a

sem conduct or theénfotusithe chanvel 40-Bs proceSsed by-Faser beain
irradiation as described with reference to FIGS. 13A and 13B. The switching
speed of such 25 e?F%ﬁ%?%tor is higher than that of a transistor using an
amor phous sem conduckeg to wWai ghgpgphaggabwhagmighaprphiedsifly pattern

pol ycrystallized or single crystallized 36 transi stor can be designed to
have a liguid cryshad dni vhagshusethos Bpdaaliynet beamef ofnktegpatedve
circuits such as a nenory (SRAM DRAM and a CPU. A circuit that requires a
wi t hst andi ng vokaageenhgther iedtha Sxampaevophouseséni vahdast eccbrbimawhi | e
a transistor of a driver circuit that requires high-speed nmobility is

pol ycrystal | i zedootheppoesgstabhbedimenhdusFiGal 8Appl RcagbRbht ghowing

a light intensity distribution finally formed on the
substrate 4 in association with the phase-shift mask in

10 the example of numeric values according to the present
embodiment. In FIG. 7, reference numeral 21 indicates
a light beam (solid line) whose wavelength coincides
with the central wavelength A, reference numeral 22
indicates a light beam (one-dot-one-dash line) whose

15 wavelength is displaced by £0.05 nm from the central
wavelength A, reference numeral 23 indicates a light
beam (broken line) whose wavelength is displaced by

+0.1 nm from the central wavelength A, reference



As descri bed above, according to the present 10 invention, an inverted peak
pattern light intensity distribution is fornmed on the substrate to be
processed, in which the light intensity does not decrease in the boundary
bet ween each of the inverted peak pattern portions and the m ddle portion
15 therebetween but increases nonotonously toward the center of the mddle
portion through a cooperation between a |ixht source for supplying |ight
beans within a given range of wavel engths and an i mage-form ng opti cal
system havi ng an aberration corresponding to 20 the range of wavel engt hs.

Consequent |y, q.uﬁ%%/lsélalzy%#&@agﬁg A)el:g%erptx[er@%ag‘lq iﬂv@— i&‘?@'—&’é’é‘ﬂ“ on and

an adequate |ater growth fromthe crystal nucleus can be achieved to form
a | arge-di anet ey LIy shipddd 200, SR ductorsdiddaq | # ot N aROUSom
descriptions, a subject to be crystallized i's regarded as a substrate to be

processed. It wHd detwndengdeoteidat Ahe reuliregicd aume¥albeprocessed is
an anor phous and polycrystalline layer or filmfornmed on the substrate, as

descri bed i n t hendbhoatee erdodi giehtbedn (alysiml line) avisadstwatel émgih sedf i s
also included in the present invention and, in this 5 case, the substrate
serves as a subjexgldaceddpriddegseh fHua rteedenitriad baverlesigdii iZed i s not
limted to silicon. For exanple, another sem conductor such as Ge and Site
can be used. Thendatefémnies motetali2edindicabesi zohtulet dredvut has only to
be nmetal if 10 it has crystallinity. In the present_invention,

crystal | izati on{ Heese-defprove Tdgeh derek Wioze e eelenath ohs ¢birbaaesl e,
the crystallization of an anorphous matter neans that it.is converted to a
pol ycryst al | i néP%r Ti%rege 1€ Y18 thgt (&R thand Waral g tts 2a'pol ycrystalline
matter neans t hat itRiﬁ converfed Eg a inagﬁ.c%gsta natﬁer. £ﬁ tHe pr esent
i nvention, the phaseXShFFF R&ctPoh Bt fhe® phhSRtshi e RhEk PEERGE i mited
to a bo ary o i i e regi uft i s 20 a
near by ngtion %SEW%ﬁ %%uﬁ@%ﬁ@fg%g %%%%t?iﬁgggggaﬁggé?gﬁ%%ﬁ %é%ﬁg%#gghield

region that extends 8hongedbe, bAUBMRINGEL he pdd dmalnd 5 ! ded

in one of adjacent ase regions, t-shie on 1s a phase-shift

section. |n othekr dREISy @NstPVShE £6h 2R PERY p@%@f@dp?éakogaaﬁgamg a_peak
value of the mninumstrength is formed to Correspond to the light-shield

region. 38 CpofcioM Sadd A £iysial bobzeiobRnNsBERAr ahUBIGONPLising: a
phase-shift mask having at | east two phase-shift sections; 5 an
illum nation sysdesavahj chs ethéswavéighytbedisplaaegi feomwakel eagthatange to
illum nate the phase-shift nask; and
15 wavelength A, the minimum value of each of the
inverted peak pattern portions increases to some
extent, but a degree to which the light intensity
suddenly decreases from each of the inverted peak
pattern portion toward the middle portion is lowered
20 (the level of normal peak patterns located both sides
of each of the inverted peak pattern portions is
lowered. 1In the light beam whose wavelength is
displaced greater than a fixed distance, i.e., the
light beams 24 to 26 whose wavelengths are each
25 displaced greater than *£0.15 nm from the central

wavelength A, the light intensity does not decrease

from each of the inverted peak pattern portions toward



an image-formng optical systemarranged in an optical path between the
phase-shi ft mask and 10 a subject to be processed, the phase-shift nmask
converting an intensity pattern of the light beamemtted fromthe
ilLlumnation systemso as to have a light intensity distribution having
inverted peak pattern portions having a small est peak value of light 15
intensity in portions corresponding to thesphase-shift section, and
applying the light beamto the subject to crystallize the substrate,
wherein the phase-shift nask and the subject are arranged in a conjugate

positi on of t hejragerd ol mdic. 20 Oftd Al YR il ddid MRasylof 00

optical system has an aberration corresponding tothe given wavel ength
range to form gl ght JNtEASI Tt ¥ i SidH th Uit 1Qh Off t ay&haF N AR IS gt no
swell of intensity in a mddle portion between 25 the inverted peak pattern
portions on thgsubjaet. 2. The crystallization apparatus according to
claim1, wherein the aberration corresponding to 39 the given wavel ength
range is a chronmati caabgssatilosd tdlsdve eptlesent ght hattapsical paorgponent s of
di fferent wavel engths vary in imge-form ng positions alnost in a direction
of an optd cal afdmued ¥ IHghicrbesned |0 ate spe cpipes atarse oottt ngl t&- claim 1
or 2, wherein the illumnation systemhas a |ight source which supplies a

| i ght beam havitige al iGhussieveiie) arafitenns ishensity HiGtribwlion as a
whol e. 10 4. The crystallization apparatus according to claim1, wherein
the illuninati cFHRSEIEAIRE &0 |9-fR 1% curkighihi EHE Db Y el ST iR i Bram
having a maximumintensity at a plurality of given wavel engths that differ
from one anot hefhat 5% il by yEaEmed 2n iThe estactorditg to claim 4,

wherein the give vel engt hs_ar rovid at_.alnost. reqgu] ar_intervals
within the gi ve?iﬂ?/% Ehgih rhg .‘96‘?X efiecr%trélm‘?rzja?i\g#i%%%ar at us

accor di NG to 20_cl aicanél\%otgo StI%‘%A/gBa{éaé'&g h&]ﬂé@ﬂﬁeéﬂurg§d§ﬁ&!’rydﬁ§ an etal on
C i'ng

havi ng an int_era\l/%(fo%e enre i'on planes correspon 0 an interval
between the g'Vﬁﬂsmagﬁl@W@t§§rface 4a of the substrate 4 is irradiated

with the light beam of a light intensity pattern

distribution having a normal peak pattern (angle

pattern) in which the light intensity has no swell in
15 the middle portion M between the inverted peak

pattern portions R but increases slightly and

substantially monotonously toward the center of

the middle portion.

Consequently, any crystal nucleus can be generated

20 not in the middle portion M but in a position where

the inclination of the inverted peak pattern portions

of the light intensity distribution is great (or

a position where the intensity is not higher than

a fixed value). Furthermore, the light intensity does
25 not decrease in the boundary between each of the

inverted peak pattern portions R and the middle portion

M (no normal peak patterns L are formed), but increases



7. The crystallization apparatus according to 25 claim4 or 5, wherein the
| i ght. source has a plurality of light source sections which supply |ight
beans of central wavelengths that differ from 40 one another in
accordance with the given wavel engths and a synt hesi zi ng section which
synt hesi zes a plurality of |ight beans supplied fromthe |ight source
sections. 5 8. The crystallization apparatuys according to claim2, wherein
when a maxi num val ue of a | ongitudi nal aberration caused due to the
aberration based on the |ight beam supplied fromthe light source is D, a

central mavelqu%gﬁagg% t &iﬁggo$5ﬁgﬁ§}§m%éﬁgkérgﬁgJé%ﬁ{@kléght source is

~., and a pitch e Inverted peak pattern portions formed on the

subject is X, afolhQMNg SXPFESSIN t5etdfdsd ) ehe O1aBdral Qyrowth/ X2 ~ 1
.389. 9. The crystallizati'on apparatus according to 15 claim2, wherein

when a central yevetengtfreh the &+ ghtabeame seppl tecafdonté heetighérgource
is ~, ahalf wdth at half nmaxi mumof the intensity distribution of the

| i ght beam suppis etbf rommited | tghthsordege | of ~tlae coedfh co&néacmddbLatheag a
rati o of an amount of 20 defocus to an amount of displacenent of a

wavel engtth fromihercentpedk eaetengtoriioss k, Bmdsa pint the beteeentt he

i nverted peak pattern portions forned on the subject is X, a follow ng
expression is seathediment. aogyystil -n@ileus —can hxogengraged 5 10. A

crystallization apparatus conprising: a |light source which emts a |ight
beam of a gi verd desired position and a considerably lateral growth

from the crystal nucleus can be achieved to form
a large-diameter crystallized semiconductor film.

10 There now follows an explanation of conditional
expressions to obtain a light intensity distribution of
patterns in which the light intensity increases
slightly and monotonously toward the center of the
middle portion M. The width W of an inverted peak

15 pattern portion formed when a longitudinal aberration
due to the chromatic aberration of the image-forming
optical system 3 has a maximum value D is given by the
following expression (1) based on the theory that is
generally understood as a method of determining

20 a diffraction pattern of a Becke line.

W=2 X 1.2 (- D/2)1/2 cee (1)
where A is the central wavelength of a laser beam
supplied from the light source 2a.

Considering a process of the computation in the

25 above example of numeric values, 1t is desirable that
the width W of each of inverted peak pattern portions

be substantially the same as the pitch X between the



wavel engt h range; 41 a phase-shift mask having at | east two phase-shift
secti,ons, and converting an intensity pattern of the |light beamemtted
fromthe light source so as to have a light intensity distribution having
inverted peak 5 pattern portions whose light intensity is |owest at points
correspondi ng to the phase-shift sections and applying the light beamto a
subject to be processed to crystallize thegubstrate; and nmeans for
changi ng the |ight beam of the given 10 wavel ength range such that the

| ight beam applied to the subject has a plurality of optical elenents whose

wavel engths are fiffelente AN S G (L ensidy gl SLLTOUEL O O
?% 0 S 6$EI%% dre p

waveform patterns w ensity ina md ortion between

the inverted pegk i patieimk POLLd 005 i der SUbE 86t oA loadBerns in

crystallization apparatus according to claim10, wherein the neans sets the

light intensityyeiSt it Dt ni CEORST af | Dic b ded Nl phiesey siihdt mask such
that a mddl e portion between the waveform 20 patterns has a nountai n shape
on the subject .mdiotdteu€ryst@bdidathoncappar ad fistlaccntddhg porcla@ mel0 or

11, wherein the neans includes optical nmeans provided between the |ight
source arfd t he Ndmasesddfficmbkyt otledahpeght hentemght thematoérn he gi ven 25
wavel ength range, which is emtted formthe |ight source, so as to have a
plurality of optéredseompbments Whoskivkbvdbeayths brelHEf ferentcameeappl y
the 11ght to this condition. Considering that an adequate

advantage is obtained if the width W of each of

inverted peak pattern portions is somewhat close to

10 the pitch X between the inverted peak pattern portions,
it is desirable that the following expression (2) be
established between the width W and the pitch X.

0.5 X X =2 X X ce. (2)
A relationship between the pitch X between the

15 inverted peak pattern portions and the pitch P between
the phase-shift sections of the phase-shift mask 1
depends upon the image-forming magnification of the
image-forming optical system 3. In the example of
numeric values according to the present embodiment,

20 the image-forming magnification of the image-forming
optical system 3 is equal magnification and thus the
pitch X between the inverted peak pattern portions
coincides with the pitch P between the phase-shift
sections. Substituting the expression (1) for the

25 expression (2), the conditions of the following

expression (3) are derived, as are those of the

following expression (4).



42 beamto the phase-shift mask. 13. The crystallization apparatus
according to claim9, wherein the neans includes optical neans provided
bet ween the phase-shift mask and the subject 5 to change a |ight beam
havi ng i nverted peak pattern portions, which is emtted fromthe
phase-shift mask, so as to have a plurality of optical conmponents whose
wavel engths are different and apply the lixght beamto the subject. 10 14. A
met hod of crystallizing a subject to be processed by illumnating a
phase-shift mask and irradiating the substrate with a Iight beam having a
light intensity distgibe2op, ok inverjed pegkpatterp pRr i ansy whose |ight
intensity is lowest Ih portions 15 corresponding to at |east two
phase-shift sections of the phase-shift mask, the nethod conpri sings)
illumnating the phase-shift nmask with a Iight beam of a give wavel ength
range; and form ng aglgghk ipmtensyxy df stridwti on, which has 20.no(ayell of
intensity in a mddle portion between the inverted peak pattern portions,
on the subject throughbaditaagegfRrai ng epiiaed Ayst em248iss ipmgEofor m ng
optical systembeing |located to optically conjugate the phase-shift mask
and the subj ecttledekpresgi@d &h) aberspecbdhicovabspandf nghe oexéamep §¢ veh
wavel ength range. 15. The nethod according to claim 13, wherein 43 the
m ddl e portion m@meahCiwabwg$tyt@¢sf¢lb@w?@% ePndihbona hi pXBAGPEion
. ﬁQi./N&ﬁ( . ARAL. A9U . A9h™ . A&, . AU . A&U . AQU . A9A . AGA . A9. . A&A ./\8[ . A9Us. A&

. A9h" . AQU' . AQALS ILAS. %@halm%\ Wbl r%@?ecmto TAJ@@J magimumgvalng D ada . Agu

. A9A" . A9. s. A9As. AQU . A&Us. Q&h A 57 q"'T
°J}xsn|d Z]ca]c%?%a}%%?%%?@%?%é]%%?E%TE%?Ea?E%]E%]E %TE%T@E#Ea]ca]ca]ca]c
ajca]ca]ca]ca]c % g%ca] g cRal J g %
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value D of the longitudinal aberration corresponding to

25 the half width can be expressed by the following
equation (6).

D=k X A .. (6)
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from the light source 2a, and k is a coefficient
showing a ratio of the amount of defocus to the amount

5 of displacement of wavelength from the central
wavelength A . The conditional expression (4) can thus
be modified to the following conditional expression (7)
with reference to the relationship of the equation (6).

0.087 < k- AL - A/X2 = 1.389 cee (T

10 In the present embodiment, it is desirable to
satisfy the conditional expression (4) or (7) to obtain
a light intensity distribution of patterns in which the
light intensity increases slightly and monotonously
toward the center of the middle portion. 1In the

15 foregoing embodiment, the KrF excimer laser light
source 2a supplies a laser beam having a Gaussian
intensity distribution as a whole. As a modification
to this, however, the KrF excimer laser light source 2a
can supply a laser beam having a maximum intensity at

20 a plurality of given wavelengths that differ from one
another.

FIGS. 9A and 9B are illustrations of the
structures and functions of different etalons each of
which converts a broadband wavelength light beam into

25 a plurality of light beams of different wavelengths as
modifications to the present embodiment. The etalon

shown in FIG. 9A is an air gap type etalon and that
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10B are charts showing a light source oscillation
wavelength distribution and point images formed by
a plurality of wavelength light beams in the

5 modifications to the present embodiment. The etalon 28
shown in FIG. 9A is made up of a pair of parallel flat
plates 28a and 28b arranged with a given gap €
therebetween. These parallel flat plates 28a and 28b
are each formed of transparent glass. In the etalon 28

10 so formed, a light beam that has passed through the
first flat plate 28a, e.g., a laser beam is applied to
and/or reflected by the incident surface of the second
flat plate 28b and finally emitted from the second flat
plate 28b as light having a plurality of optical

15 elements whose wavelengths differ from each other.

In this case, a peak interval 0 A between a plurality
of (four in this embodiment) discrete wavelength light
beams, which are formed by the etalon 28 based on

a broadband wavelength incident laser beam, is

20 represented by the following equation (8).

82 = A2/(2tcos ) ce. (8)
where A 1is the central wavelength of a broadband
wavelength light beam that is inherently supplied from
the light source 2a and its value is 248.5 nm in the

25 present modification, and 6 is an incident angle of
a laser beam to the etalon and its value is 0 degree.

To obtain a peak interval 06 A of 0.133 nm, for example,
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words, a light beam having four peak wavelengths whose
peak shapes are the same in the intensity distribution
as shown in FIG. 10A can be obtained based on a

5 broadband wavelength light beam supplied from the light
source 2a by the action of the etalon 28 with a gap t
of 231 um.

The light beam having four peak wavelengths

includes a first wavelength optical component Al whose

10 central wavelength is 248.3 nm, a second wavelength
optical component Bl whose central wavelength is
248,433 nm, a third wavelength optical component B2
whose central wavelength is 248.566 nm, and a fourth
wavelength optical component A2 whose central

15 wavelength is 248.7 nm. In this case, as shown in
FIG. 10B, the first wavelength optical component Al
forms a point image Cl, which is defocused due to
a chromatic aberration of the image-forming optical
system 3, above the surface 4a of the substrate 4

20 (toward the image-forming optical system 3). The
second wavelength optical component Bl forms a
defocused point image D1 between the surface 4a of the
substrate 4 and the point image Cl. Similarly, the
third wavelength optical component B2 forms a defocused

25 point image D2 in a position that is diametrically
opposed to the point image D1 with regard to the

surface 4a of the substrate to be processed.
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The fourth wavelength optical component A2 forms
a defocused point image C2 in a position that is
diametrically opposed to the point image Cl with regard
to the surface 4a of the substrate 4. The intervals of
5 these point images (Cl, D1, D2, C2) are the same.
The point images are included in an elliptic region
(indicated by hatching) corresponding to an elliptic
hatched portion indicative of a defocused image that is
elongated in the direction of the optical axis in
10 FIG. 6.

In the present modification, too, the light
intensity distribution finally formed on the surface 4a
of the substrate 4 is one obtained by superimposing
(synthesizing) light intensity patterns formed by the

15 wavelength optical components (Al, Bl, B2, AZ).

It will be understood that the same advantage as
that of the above air gap type etalon can be obtained
from another type of etalon, e.g., a solid type
etalon with a reflecting film 29a on either side of

20 a transparent flat substrate 29 having a thickness of t
as shown in FIG. 9B.

FIG. 11 is a graph showing a light intensity
pattern formed on the substrate by each of the four
wavelength optical components (Al, Bl, B2, AZ2)

25 described above.
Referring to FIG. 11, in the light intensity

patterns formed by the second and third wavelength
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light 1nten51ty tends to decrease to some extent from
each of the inverted peak pattern portions toward the

5 middle portion therebetween. In contrast, in the light
intensity patters formed by the first and fourth
wavelength optical components Al and A2 whose
wavelengths are each distant from the central
wavelength A, the minimum value of each of the

10 inverted peak pattern portions increases, whereas the
light intensity does not decrease from each of the
inverted peak pattern portions toward the middle
portion therebetween or no swell of the light intensity
occurs in the middle portion.

15 FIG. 12 is a graph showing a light intensity
distribution obtained by synthesizing the optical
components shown in FIG. 11 and finally formed on the
substrate 4.

As shown in FIG. 12, a light intensity

20 distribution in which no swell of light intensity
occurs in the middle portion M between the inverted
peak pattern portions R but the light intensity
increases monotonously toward the center of the middle
portion M, is finally formed on the surface 4a of the

25 substrate 4. Thus, any crystal nucleus is not
generated in the middle portion M but can be done in a

position where the inclination of the inverted peak
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more clearly than in the above-described embodiment,

5 the lateral crystal growth starting from a crystal
nucleus toward its periphery is easy to reach almost
the central part of the middle portion without being
limited to the range of the width of each of the
inverted peak pattern portions.

10 In the present modification, too, a crystal
nucleus can be generated in a desired position and
an adequate lateral crystal growth from the crystal
nucleus can be achieved to form a large-diameter
crystallized semiconductor film, as in the above

15 embodiment. In the present modification, the degree of
freedom of design for the shape and the number of peaks
of each wavelength light beam is higher than that in
the above embodiment. It is thus easier to achieve
a light intensity distribution in which the light

20 intensity increases positively and monotonously toward
the center of the middle portion than in the above
embodiment.

In the above modification, a broadband wavelength

light beam is converted into a plurality of wavelength

25 light beams using an etalon. However, the present
invention is not limited to this. If a plurality of

laser beams that slightly vary in oscillatiocn
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beams whose central wavelengths generally differ from
5 one another and a synthesizing section for synthesizing
a plurality of laser beams supplied from the light
source sections. 1Instead, a plurality of desired
wavelength light beams can be obtained by inserting
a multi-film mirror, which reflects only the light beam
10 of a specific wavelength, into an illumination optical
path of a broadband wavelength light beam. 1In this
case, it is seen from FIG. 7 that a great improvement
can be provided simply by eliminating only the central
wavelength that contributes to a swell of the intensity
15 distribution the most.
The above embodiment employs the phase-shift
mask 1 that is formed by one-dimensionally arranging
two types of slit-shaped phase regions corresponding to
phases 0 and n. However, the present invention is not
20 limited to this, but a phase-shift mask that is formed
by two-dimensionally arranging four rectangular regions
corresponding to phases 0, =n/2, w, and 3n/2 can be
used. Furthermore, in general, a phase-shift mask
having an intersection point (phase shift section) of
25 three or more phase shift lines and formed such that
the integral of the complex transmittance of a circular

region with the intersection point at the center can be
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such that a phase difference between a transmitted
light beam of the circular step and its surrounding
5 transmitted light beam becomes n can be used.
The light intensity distribution can be computed even
in the design stage, but it is desirable to observe and
confirm the light intensity distribution on the actual
surface to be processed (the surface to be exposed).

10 To do this, the surface to be processed has only to be
expanded by an optical system to receive a light beam
through an image pickup device such as a CCD. When
a light beam for use is ultraviolet rays, the optical
system subjects to constraints and thus the light beam

15 can be converted to a visible one by providing
a fluorescent plate on the surface to be processed.

A method of manufacturing an electronic device by
the manufacturing device and method of the present
invention will be described with reference to FIGS. 13A

20 to 13E.

As illustrated in FIG. 13A, an underlayer film 31
(e.g., a laminated film of an SiN film having a
thickness of 50 nm and an SiOp film having a thickness
of 100 nm) and an amorphous semiconductor film 32

25 (e.g., Si, Ge and SiGe each having a thickness of about
50 nm to 200 nm) are formed all over a rectangular

insulation substrate 30 (e.g., alkaline glass, silica
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glass, plastic, and polyimide) by chemical wvapor
deposition, sputtering and the like. Then, an excimer
laser beam 33 (e.g., KrF and XeCl) is applied to part
or all of the surface of the amorphous semiconductor

5 film 32. To apply the excimer laser beam, the device
and method of the above embodiment are used.
Consequently, the amorphous semiconductor film 32 is
crystallized into a polycrystalline semiconductor film
34 as shown in FIG. 13B. The polycrystalline

10 semiconductor film 34 so formed is converted to a
polycrystallized or single crystallized semiconductor
film whose crystal grain positions are controlled and
whose crystal grain diameter is larger than that of a
polycrystalline semiconductor film formed by the

15 conventional manufacturing device.

The polycrystallized semiconductor film 34 is
processed by photolithography to form island-like
semiconductor films 35. As shown in FIG. 13C, an SiOjp
film having a thickness of 20 nm to 100 nm is formed on

20 the underlayer film 31 and semiconductor film 35 as
a gate insulation film 36 by chemical vapor deposition,
sputtering or the like.

Then, a gate electrode 37 (e.g., silicide and MoW)
is formed in a location corresponding to the semicon-

25 ductor film 35 on the gate film 36. Using the gate
electrode 37 as a mask, impurity ions 38 (phosphorus is

used when the device is an N-channel transistor, and



10 10 10Y 3: 109 ()-Y @QgLlO% ()-,~ ~~i z[ <b@F 109%& () -

3109%&' ()-9Z"10%&' ()-!9Z"10%& ()-!nY" 10965& ()-!VY"10%& ()-' [} <b@! L

+n 109& ()-F @109 ()-F ' 109& ()-!L! nt10%°P& ()-!L! nt 109& ()-F

109 ()-[1a?1@10'1 @MLOY ()-1 @MLOYBE ()-! 14"109%& ()-F 010% & ()-Y
109 ()-L +nf 10% ()-na?@ 10! 9@ 10% () - F

9L10%& ()-!n G 10965& ()-!x G 109%RWPW' ()-35 109%&' ()- 10 10} !zXJ<@10 10
10! LOZ"109& ()-4 !'LOZ"109& ()-4 !99% 10983& ()- !9% 109 ()- 9@ 109%& ()-F
1" % QuUV7 @

boron is used when it is a P-channel transistor) are
implanted into the semiconductor film 35 to make this
film an N type or a P type. After that, the entire
device is annealed in a nitrogen atmosphere (e.g., for

5 one hour at 450°) to activate the impurities in the
semliconductor film 35. As a result, the semiconductor
film 35 serves as a source 41 and a drain 42 both
having a high impurity concentration, and a channel
region 40 located therebetween, corresponds to the gate

10 electrode 37 and having a low impurity concentration.

An interlayer insulation film 39 is formed on the

gate film 36. Then, contact holes are formed in those
portions of the interlayer insulation film 39 and gate
film 36 that correspond to the source 41 and drain 42.

15 After that, a source electrode 43 and a drain electrode
44, which are electrically connected to the source 41
and drain 42 through the contact holes, are formed on
the interlayer insulation film 39 by deposition
and patterning, as shown in FIG. 13E. It can be

20 understood that the thin-film transistor so formed is
a large-diameter polycrystal or monocrystal since
a semiconductor that forms the channel 40 is processed
by laser beam irradiation as described with reference
to FIGS. 13A and 13B. The switching speed of such

25 a transistor is higher than that of a transistor using
an amorphous semiconductor to which no laser beam is

applied. A polycrystallized or single crystallized
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driving function and a function of integrated circuits
such as a memory (SRAM, DRAM) and a CPU. A circuit
that requires a withstanding voltage is formed in

5 an amorphous semiconductor film, while a transistor of
a driver circuit that requires high-speed mobility is
polycrystallized or monocrystallized.

Industrial Applicability
As described above, according to the present

10 invention, an inverted peak pattern light intensity
distribution is formed on the substrate to be
processed, in which the light intensity does not
decrease in the boundary between each of the inverted
peak pattern portions and the middle portion

15 therebetween but increases monotonously toward the
center of the middle portion through a cooperation
between a light source for supplying light beams within
a given range of wavelengths and an image-forming
optical system having an aberration corresponding to

20 the range of wavelengths. Consequently, a crystal
nucleus can be generated in a desired position and an
adequate lateral growth from the crystal nucleus can be
achieved to form a large-diameter crystallized
semiconductor film.

25 In the above descriptions, a subject to be
crystallized is regarded as a substrate to be

processed. It will be understood that the subject to
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or film formed on the substrate, as described in the
above embodiment. To crystallize a substrate in itself
is also included in the present invention and, in this

5 case, the substrate serves as a subject to be
processed. The material to be crystallized is not
limited to silicon. For example, another semiconductor
such as Ge and SiGe can be used. The material is not
limited to a semiconductor but has only to be metal if

10 it has crystallinity. In the present invention,
crystallization means improving a degree of
crystallization. For example, the crystallization of
an amorphous matter means that it is converted to
a polycrystalline or image crystal matter, and that of
15 a polycrystalline matter means that it is converted to
a image crystal matter.
In the present invention, the phase-shift section
of the phase-shift mask is not limited to a boundary or
a point between different phase regions, but includes
20 a nearby portion of the boundary and point. For
example, when a light-shield region that extends along
the boundary of the phase~shift mask is provided in one
of adjacent phase regions, the light-shield region is
a phase-shift section. In other words, an inverted
25 peak pattern portion having a peak value of the minimum
strength is formed to correspond to the light-shield

region.
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5 an illumination system which emits a light beam of
a given wavelength range to illuminate the phase-shift
mask; and

an image-forming optical system arranged in
an optical path between the phase-shift mask and
10 a subject to be processed, the phase-shift mask
converting an intensity pattern of the light beam
emitted from the illumination system so as to have
a light intensity distribution having inverted peak
pattern portions having a smallest peak value of light
15 intensity in portions corresponding to the phase-shift
section, and applying the light beam to the subject to
crystallize the substrate,
wherein the phase-shift mask and the subject are
arranged in a conjugate position of the image-forming
20 optical system, and
the image-forming optical system has an aberration
corresponding to the given wavelength range to form
a light intensity distribution of waveform patterns
with no swell of intensity in a middle portion between
25 the inverted peak pattern portions on the subject.
2. The crystallization apparatus according to

claim 1, wherein the aberration corresponding to
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the given wavelength range is a chromatic aberration
that represents that optical components of different
wavelengths vary in image-forming positions almost in
a direction of an optical axis.

5 3. The crystallization apparatus according to
claim 1 or 2, wherein the illumination system has
a light source which supplies a light beam having
a Gaussian wavelength-to-intensity distribution as
a whole.

10 4. The crystallization apparatus according to
claim 1, wherein the illumination system has a light
source which supplies a light beam having a maximum
intensity at a plurality of given wavelengths that
differ from one another.

15 5. The crystallization apparatus according to
claim 4, wherein the given wavelengths are provided at
almost regular intervals within the given wavelength
range.

6. The crystallization apparatus according to

20 claim 4 or 5, wherein the light source includes
an etalon having an interval between reflection planes
corresponding to an interval between the given
wavelengths.

7. The crystallization apparatus according to

25 claim 4 or 5, wherein the light source has
a plurality of light source sections which supply

light beams of central wavelengths that differ from



& 10% & ()-S! & 10%&' ()-Ss:!10%& ()-f! s:110%":"& ()-f s10% & ()-8

=} A?2YNCO! 9°6 1094 & ()- 410% & ()-1& nf109% " & ()-s& nt 1098& () - s

3+10% & ()-! &FZ"10% " & ()- rstuxNuV70@ 10% & ()- ~ @O%& ()-"

“@0% & ()-°3 10% & ()- 10UU 10UU 10UUI 9° 6 10%4JU& ()-N SAEUV70@ 3

310% & ()-&@M0% & ()-3 s@O0%B & ()-3 1048 & ()- 10% & ()-

10% & ()-qaBuVv703 ,)10%& ()-3 ' 109% & ()-!Q#" 10%"& ()- !110% & ()-
,109% & ()- 10% & ()->0dEuV703 F4&10% & ()-F 2&10% & ()-3 0S10% & ()-F
.10% & ()-9-M 10% & ()-3 +10% & ()-Ocuvwx{bCO 10% & ()- L10% & ()- 10"

10 one another in accordance with the given wavelengths

and a synthesizing section which synthesizes
a plurality of light beams supplied from the light
source sections.

5 8. The crystallization apparatus according to
claim 2, wherein when a maximum value of a longitudinal
aberration caused due to the aberration based on
the light beam supplied from the light source is D,

a central wavelength of the light beam supplied from
10 the light source is A, and a pitch between the
inverted peak pattern portions formed on the subject is
X, a following expression is satisfied:
0.87 = D - A/X2 = 1.389.
9. The crystallization apparatus according to
15 claim 2, wherein when a central wavelength of the light
beam supplied from the light source is A, a half width
at half maximum of the intensity distribution of
the light beam supplied from the light source is A4,
a coefficient indicating a ratio of an amount of
20 defocus to an amount of displacement of a wavelength
from the central wavelength A is k, and a pitch
between the inverted peak pattern portions formed on
the subject is ¥, a following expression is satisfied:
0.087 = k- AA - A/X2 = 1.389.
25 10. A crystallization apparatus comprising:
a light source which emits a light beam of a given

wavelength range;
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sections, and converting an intensity pattern of the
light beam emitted from the light source so as to have
a light intensity distribution having inverted peak

5 pattern portions whose light intensity is lowest at
points corresponding to the phase-shift sections and
applying the light beam to a subject to be processed to
crystallize the substrate; and

means for changing the light beam of the given

10 wavelength range such that the light beam applied to
the subject has a plurality of optical elements whose
wavelengths are different and forming a light intensity
distribution of waveform patterns with no swell of
intensity in a middle portion between the inverted peak

15 pattern portions on the subject.

11. The crystallization apparatus according to
claim 10, wherein the means sets the light intensity
distribution in cooperation with the phase-shift mask
such that a middle portion between the waveform

20 patterns has a mountain shape on the subject.

12. The crystallization apparatus according to
claim 10 or 11, wherein the means includes optical
means provided between the light source and the phase-
shift mask to change the light beam of the given

25 wavelength range, which is emitted form the light
source, so as to have a plurality of optical components

whose wavelengths are different and apply the light
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13 The crystallization apparatus according to
claim 9, wherein the means includes optical means
provided between the phase-shift mask and the subject
5 to change a light beam having inverted peak pattern
portions, which is emitted from the phase-shift mask,
so as to have a plurality of optical components whose
wavelengths are different and apply the light beam to
the subject.

10 14. A method of crystallizing a subject to be
processed by illuminating a phase-shift mask and
irradiating the substrate with a light beam having
a light intensity distribution of inverted peak pattern
portions whose light intensity is lowest in portions

15 corresponding to at least two phase-shift sections of
the phase-shift mask, the method comprising:

illuminating the phase-shift mask with a light
beam of a give wavelength range; and
forming a light intensity distribution, which has

20 no swell of intensity in a middle portion between the
inverted peak pattern portions, on the subject through
an image-forming optical system, the image-forming
optical system being located to optically conjugate
the phase-shift mask and the subject and having

25 an aberration corresponding to the given wavelength
range.

15. The method according to claim 13, wherein
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the middle portion has an intensity distribution of

a mountain shape.



